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. ABSTRACT R
= . Part 1

The'doneous solntion chemistry'of“the"methYl-
me/cury compﬂcxes ofkseveral amlno ac1ds and the peptlde_
glutathlone has bepn 1nvest1gated by proton and carbon~l3

fmagnetlc resonance spectroscopy . In an amino acid such
. as vallne the nature of ‘the complex formed is. pH dependent.‘
At low pH protons compete ‘with methylmercury for the o

.llgandhwh;ﬁp at “high pH hydroxade ions compete with the

_ 1lgand E@# thylmercury At low pH the carboxyllc ac1d

group lsgihe blndlng site in vallne while at hlgher pH

the méthylmercury is bound by the amino grouo.- Formation .

):re determined for both these complexes. Re-.

'ed fof methlonlne 1nd1cate for e flrst time

5

,§§gnif1u ..1nd1ng of methylmercury by the thloethegi;\

3 4éfoup' Thé“methylmercury leaves the thioether group and—~

;{Tmlgrates to the amlno group at high pH. The formatlon con-

- stants for the different complexes are determlned Binding
of methylmercury by‘cystelnex penicillamine and glutathlone
was 1nvestlggted over a variety of solutlon conditlons.

- In. solutlons cdntalnlng equlmolar amounts of methylmercury
_ and llgand methylmercury binds most strongly to the lon-'
1zed sulfhydryl group, w1th no detectable dlssoc1atlon of
the complex over the pBE range 0—14.. Ev1dence is presented

for some protonation of the methYlmercury—complexed sulf-

hydryl group of glntathione at pH < 2, In solutions con-
. ‘ ,J? - a .



,talnlng two moles of me%hylmercury for each mole of glut—jh

ﬁathlone, both methylmercury catlons .are bound ‘to the. sulf—
, hydryl group up to pH 4, from pH 4- 8, zAne methylmercury

shlfts(from the sulfhydryl group to the amlno group, whlle

above pH 10 1t dlssoc1ates to form Ch HgOH
. . The klnetlcs of the'llgand exchange feactions

—/)of the methylmercury-methylamlne and methy mercury—

technlques. Of the p0551ble pathways by/whlch methyl—

mercury can exchange between the free ‘and complexed form
« » : A
in the methylmercury-methylamlne system, first order dis

[4

soc1atlon is the only pathway contrlbutlhg 51gn1f1cantly

to the.methylmercury exchamge over the pH range 2 to 5.

re

The rate constant for thlS reactlon was determined to be T

3

jﬁb + 18 sec l. " For the methylmercury-glutathlone system

the major pathway for ligand exchangée depends on the -’vhifﬂlﬁg

pol
solutlon pH: Dbelow pH 2 llgand exchangerccurs mainly by~$

means of a proton- a531sted dissociation of the‘comolex

while above pH 2 the exchange takes place by dlspﬂacement
eof complexed glutathlone by sulfhydryl deprotonated glut-
athlone. The rate-~ constants for these two reactions were-

determined to be- 600 + 200»m -1 sec,_l and S 8 + 1.9 X\}OB

m_l‘sec~1. The mechanlsms Bf the llgand exchange react%ons

are discussed. 3 - .

vi
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PART 1
NUCLEAR MAGNETIC RESONANCE STUDIES OF THE

\SOLUTION CHEMISTRY OF METHYLMERCURY



¢ . - INTRODUCTION

The chemistry of -the methylmercury cation,

' " - L ~ { .
: CH3Hg(II), has been the subject_of'considerabLe research,

"partly due to 1ts unique properties (1). It,is a
_metalllc species w1th a coordlnatlon number of one (2),

it is large, hlghly polarizable and the 51mplest soft
\

ac1é (2,3), and its complexatlon reactlons may proqeed {
via an.gssoc1at1ve mechanism (4) in contrast to theldls—
soc1at1ve mechanism characteristic. of ost other metal.
' complexatlon reactlons (5) Becauée of its arfinity for
,sulfur, CH Hg(II) has been used as a hlghly selective
‘reagent for protein sulfhydryl groups for some tlme (6)
fMore recently,. it has been suggested as a chemical probe
for unpaired bases in superhelical DNA (7) ‘
LAnother dimension of interest in the chemistry

of methylmercury has been added by the recent discovery

that methylmercury can be formed from inorganic mercury

e

by mlcroblologlcal processes (8 9 '10) .. Kurland, et. al.
(8) suggested that mercury gould be alklyated by plankton
and other marine life. In 1968 Wood and coworkers (9)
demonstrated that both methylmercury and dlmethylmercury
are formed from Hg(II) 1n methanogenlc bacterla. In 1971{
. these same workers elucidated reaction pathways for both &
enZymatlc and non—enzymatlc methylatlon ‘of mercury, the'

- .

non-enzymatic‘methylatlon proceedrng via an electrophilic

- . . Y



attack by Hg(II)'on methylcobalamin_and suggested that any
microorganism capable of synthesizing methylcobalamin can
synthe51ze methylmercury (10). These studies explain'the

——

observatlon that the mercury 1n‘ylct1ms of several mercury
poisoning eg;demlcs was in the form of methylmercury,

even though the 1ndustr1a1 wastes thought to be responsxble
‘for the mercury pollutlon contained 1norgan1c mercury
(11,12). Methylmercury ‘has been shown ‘to be the most

toxic form of mercury, formlng water soluble compounds
whlch attack the central nervous. system, essentlally ir-

L)

rever51bly

Since methylmercury does ‘not exist as\ﬁH Hg
but xrather w1th1n a coordination sphere of water as

CH3HgOH2 , Qa knowledge of 1ts coordlnatlon chemlstry is

-
D

‘likely to be useful in understanding the behaviour of ¢

methylmercury in the environment and‘in biologicEl systems:

In part’I of this thesis, the results of nuclear
magnetic resonance (NMR) studies of the binding of methyi—
mercury by the nitrogen) oxygen and sulfur groups of

selected amino acids and peptides are described.

A. The AqueousvSolution Cheristry of Methylmercury

Thg first work on the aqueous,solution chemistrj
of methylmercury was reported in 1953 by. Waugh, Walton
and Laswick (14) who determined an equll;brlum constant

," fof;the-formation of methylmercuTic hydrokide as -described

i3
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.~by Equations (1) and (2).

CH HgOH + H,O (1)

Hgou,¥ + o™ 2 CH 5

3 2 v ' 3

. ‘[CHBHgOH] :
K 7 . - - (2)
[CH3HgOH2 ][03 ] ;

Y

From the pH at half neutraslzatlon in the tltratlon of
B
_methylmercurlc hydroxide with nitric ac1d and perchlorlc

acid, they obtained a value of 3.1 x 109 for K- The as-

sumptlon 1nherent in this procedure is that the only
methylmercury spec1es present during the tltratlon are
CH3HgOH2 and CH HgOH |

Twelve years- later, Schwarzenbach and Schellenberg
.(2) sho@ed by pH titration that, in addition to the
aquated species and methylmercurlc hydroxide, a dinuclear

complex in which two methylmercury cations are attached

s

to the same hydroxide ligand is also formed. The model
developed by Schwarzenbach and Schellenberg for the agueous
solution chemistry of methylmercury my described by

Equations (1) - (4).

o 4 . +
CHyHGOH + CHjHGOH,” 2 (CH3Hg) OH" + Hy0 (3)

[ (CH3Hg), ou*1 e
K, = (4)
;>, [cu HgOH][CH HgOH2 i T

The values they obtalned for Kl and K2 ‘are 2 34 X, 109 nd



a

e

2.34x102 o - . | -
The model developed by. Schwarzenbach and
Schellenberg has recently been questioned (15,16) on the
basis of a report by Grdenic,and Zado (17) that tri-
methylﬁercurioxoniumfperchlorete, [(CH3?g)3O}ClO4,'prec-_
ipitates‘from'concentrated neutral solutions~prepared‘by
titration of methylmercuric‘hYdroxide with perchloric
acid, and their conclusion fromlsynthetic studies that
methYlmercuric hydroxide does not)exist as a chemical com-
'pound‘except possiblyhin dilute equeous solution as the
‘ai sociationvproduct of t;ismethylmercuribxonium hydroxide;
[( H3Hg) O]OH. These woikets claimed to have prepared
[(CH Hg) O]OH oy a metathetical reaction between
T(CH3Hg)3O]ClO and KOH in metQanol -and concluded from
conductance data that (CH Hg)'O is stable in alkaline
(methanol) solution and that the compound prev1ously

Vthought to be CH,HgOH is actually [(CH Hg) O]JOH or its

3
dehydratlon product. These results suggest that trls-

methylmercurioxonium ion, (CH;Hg), oF , mlght also be presqfu'
. s

- in aqueous solution, invwhlch case the model of °

Schwarzenbech:and Schellenberg is incomplete. }ln Chapter:;t‘
I1I, the existence of the tfismetﬁYlmercurioxonium ion

in aqueous solution is'considered further” and the model

of Schwarzenbach and Schellenbetd_is modified td include

this ion also.
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B. The Coordinatioh Chemistry of MethYlmercury, '

Although the parént Hg(II) ion forms both two-
,coordlnate linear and four~coord1nate tetrahedral comp— .
lexes (18), the’ predomlnant coordination: number of mercury
1n;CH3Hg(II) is two (2). It has been suggested that the
coordinationlhumber‘of two is favoured for mercury in

CH
atom in completces such as CH3HgCN as compared to Hg(CN)2
(19).

. To determine the tendency~for hlgher complex

' formatlon, Schwarzenbach and Schellenber (2) measured |
the solubility of CH3HgI in 0.1 M‘K§93/£id in 0. l‘M KI.

They ohserved a solublllty of 1. 67 Q“Ib > moles/l. in

0.1 M KI compared to 1.41 x 10 -3 moles/1l in 0.1 M'KNO3

and attrlbuted the 1ncrea5ed solublllty to formatlon of

CH,

formation constant for e CH3H9I2 complex to be ap-

proximately 2, as confpated to 4 X lO8 for the formation

HgI

constant of CHéHgI . They also reported maximum valpe

of 3 for the formation c0nstants of CH Hg(CN) ~ and

CH Hg(SR)2 as compared to vaIues of 1.3 x 1014 for

2

are consxstent with a predomlnantlcoordlnatlon number of

CH3HgCN and 1. 3’f/15i6 for CH HgSCHZCH‘OHJ These results

one for CH Hg(II) S
Slmpson (20) observed th{ the formation con-

stant’ for CH HgCN dld not show any systematlc change when

3Hg(II) due to a smaller p051t1ve charge on the mercury

2 . From these solubllltw data, they calculated the__'



the concentratlon of cyanlde ‘was 'varied over .an order of
,emagnltude and also concluded higher complexes are unlm—
portant._ f o R
' Goggin and WoodWard (19) mere unablejto_detect/

complexes of the type [CH Hg(CN) ](n 1)-

, where n is
greater than one,. by Raman spectroscopy. The Raman
spectrum of an aqueous solutlon of Cﬂshgcn containing'a .
' thrde-fold'excess of potassium cyanide was"identical'with
that for CH3HgCN except for an addltlonal 1ntense,

-1

strongly polarized llne at 2081 cm ~ which 1s due to the

Ca

free cyanlde ron._ | ' |
Sytsma and Kline (21) con51dered the questlon
of chelation to methylmercury. The methylmercury com- _
,plexes of some potentlal chelatlng thlaphenols were ex-
-amined by proton magnetic resonance spectroscopy. On
the basis of the spin—spln coupling constants for coup-
ling between the methyl protons and the mercury—199

nucleus, they concluded that methylmercury is bonded only

o the sulfur atoms of the thlophenol

The mercury ion found in métﬁ/lmercury complexes.
s llnearly coordlnated by the methyl group and another
‘llgand (19,22). The hallde and cyanlde complexes of
methylmercury were found to possess C ymmetry (19),
whlle a mear -Hg—Suangle of l78(2)° in the D, L-pen101ll-
.amlnato complex of methylmercury was found hy X-ray_///>

structure determlnatlon (22) .



The first ddantiiati#e work on the formation
‘of mEthylmercury complexes by nltrogen—/'oxygen—,'and .
'sulfur—contalnlng llgands was reported by Slmpson 1n
1961 (20) He determlned the formatlon constants by pH

'methods 1nvolv1ng competltlon between OH and X for

CH3Hg(II), where b ithhe conjugate base of a strongm~

: ac1d, ‘or competltlon between H and CH Hg(II) for B~ o

<

X /i

.‘ where B~ is the conjugate base of a weak,acld, and by cﬁ
polarographlc ﬁﬂihods. The aqueous solution-mpdel,he
used was baSed on\the model of Waugh, Walton and Laswick
;fblch did not include the dimeric spe01es,\(CH Hg) OH+.h
_In some’ cases, the - value obtalned for the formatlon con—
stant depended upon the method used. For example, the
1ogar1thT~of the formatlon constant for complexatlon by
the sulfhydryl group of cystelne ‘was found to be 15.7 by
the pH method and 16 6 by the polarographlc meﬁhod ﬂhe
reason for the dlfferences was not given. The. other

llgands studled by_§1mpson which are of 1nterest:in thhs/

thesis were acetic ac1d, ammonla and glutathlone.4 He

\
\

reported values of 3 6,-8.4, and 16 5 respectlvely for the
logarlthm 62 }he methylmercury complex formation constants
' ;p hls summary, Simpson stategwihat,

ﬁroups present in prOtelns, methyl-f

P :
mercury would . blnd flrst to the sulfhydryl group. Of the

other potential coordlnatlon smtes, the 1m1dazole and
.

amlne groups are most 1mportant, at low pH methylmerculy

3 )



R
blnds egually to lmldazole and amlneﬁgroups while at pH

.greater than 6, amlne blgging becomes more 1mportant

’

than 1m1dazole blndlng.

8 . | |
- In 1965 Schwarzenbazh and Schellenbergtreported _

' the formatlon constants for a arlety of methylmercury

\(pomplexes (2) Some of thelr results are glven in Table
%1, They p01nted out some 51m11ar1t1es ‘between the methylf

mercury catlon -and the hydrogen 1on., Both have a pre—'

»

’-ferred coordlnatlon WFmber of one “and form complexes

v

L'hav1ng ligand t;on rdtios’ dreater than ‘one only at

4

very hlgh llgaigncentratlons.  Both form pol_ynuclear

. _gomolexes rn whleh'more~than one cation,is attachedrto

‘the same ligand:d | | | |

L"':» CH#Hng-)‘ - ('cnjﬁug)sz"" S g-cxstg);L.3'>‘,
For example, when L is OH , the‘complexes'CHéHgOH and

(CH Hg) OH are formed and when L is S ‘the complexes o
H3Hgs , (CH Hg&zs, and (CH Hgﬂ S are formed.
Schwarzenbach and Schellenberg p01nt out that although

" the methylmercury catlon resembles the. proton in the
51mple st01ch10metry of 1ts reactrons, its. tendency for
reactlon w1th varlous llgands 1s dlfferent.‘ Whereas tne
»stablllty of the hydrogen halldes is “HF >> Hél > HBr > HI,
the stablllty of the methylmercury halldes 1s in the
opposxte order. Also the proton in general has a hlgher

affinity for the oxygen atoms rather than the sulfur
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- Table I.  ForﬁatiQn éqpstants'for Methylmefc
“of Variouvaiganas

cer

s

a coordinated through sulfur

cédtdinated through carbon

g
i

ury Complexes

Ligand log KF—
F - 1,50
cl” 5.25. -
Br v 6.62
R S 7 8.60 -
52" 21.2 /
o™ 4 .
, . ! .
CH,HgS 163
~>' (cﬁ3ngxzs . | ) T
- » X — a . .
HOCH ,CH,~S o : Vr16.12
- ¢ .a ~
VHO—CH2—CH2—S—HgCH3 | 6.27
NH3 - o 7.60 -
/NH_CH.CH_NH -’ a5
2772 g//;////,/«=f--~** :
, /'/eN/b’/‘ . 14.1
: ' =<, ¢ ’
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atoms of bases, whereas methylmercury prefers coordination
to sulfur atoms. On the basis of these relatlve affln—

ities, the proton is con51dered a hard ac1d, whlle the

o

large easxly polarlzable methylmercury cation is. st01ch1- %2'

ometrlcally the 51mp1est ‘soft ac1d (3).

Theﬁblndlng of methylmercury by nucle051des

was studied by .Simpson (23). U51ng absorptlon spectro—.

T

scopy he determined the hitrOgen sites to whi¢h methyl-

N~

mercury binds over the pH rahgeIO - 14 for the 5 h%}urally-

occurrlng nuc1e051des. More . recently, Mansy; Wood,
Sprowles, and Tobias (lSﬂ’publlshed a more complete study
of methylmercury blndlng to pyrlmldlne nucle051des and
nucleotides u51ng Raman lefereﬁce Spectroscopy. They
conrluded that methylmercury blndS preferen71ally to ‘the
most ba51c 51te[ 1nthlscase “to One of the deprotonated
ring nltrogens in preference to an oxygen 51te.-f
Gruenwedel and Davidson (24) assumed methylmercury binds

to the deprotonated nltrogen srpes on the nucleotides in

a DNA structure, Slnce the protons dlsplaced by the
' »

~CH3Hg(II) in this way are involved in Watson-— Crlck hydrogen

=1

bonding, the methylmercury causes dehaturatlon.of the
native DNA. With tNe exception o%.Ménsy, et. gl..(lS),

the formatioﬁ of polynuclear hydroxy'complexes_of methyl-
mercury - has not been takeﬁ”into account in the study of
[s4

the binding of methylmercury by nucle051des and nucleo-

tides. Gruenwedel and Davidson assumed that at pH 5, all

11
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methylmercury not complexed by nucleoside or nucleotide
ls present as methylmercuric hydroxide.{ The reeults oE
Schwarzenbach and Schellenberg 1nd1cate that this is not
the case even at. relatlvely low total concentratlons of
methYlmercury. *‘ .

The compleXation of &giﬁylmercury by several
sulfur contalnlng ligands has been reported (25,22,26,28,3@ :
29) Goggln and Woodward (25) showed that in 1.3 M aqueous
solutlon prepared from methylmercurlc_nltrate,_dlmethyl—
. sulphide successfully competes with nitrate ions. and

' water molecules for CH3Hg(II) ions to form CH3Hg S(CH3)2 .

The X-ray structure of SOlld D, L-penlclllamlnatomethyl~

-

. mercury shows clearly that the pep1c1llam1ne is in a

zwitterlonmforﬁ and is bonded to the,methylmercury via
audeprotonated-sulfhydryl group (22). There was no

evidence for any intra- or !Qtermolecular coordlnatlon

y [l

of N or 0 atoms to the mercury atom. The 1nteractlon of
methylmercury with metallothloneln, a sulfhydryl -rich
protein, has been 1nvestlgated (26). Somewhat surprisingly,’
thloneln has a lower afflnlty for methylmercury than
cadmlum, whereas the afflnlty of glutathlone, whlch con<
'talns a single sulfhydryl group, is greater for methyl-

mercury than for cadmium (27).

The binding of methylmercury by the sulfhydryl

group: of N—acetylcystelne has been studled by Slmpson,

pklns and Hagque (28) who. concluded that two or more

-



methylmercury cations can bind to the sulfhydryl group “‘_

although they did notvdefine the solution cohditiohs under
~whic . this»would oceur,, However, Wong, et. al. (29)
isolated a 2:1 methylmerbury—peniciilamrne cemélex freﬁ
alkaline4selution and.showeg/hy X-ray»cf&stallography
that ohe;methylmercury iﬁtiQQ"is beuhd.by the sglthdryl
group and the ether hy the amihoigroup. |
"~ . Eigen, Geier apd Kru§FQ(4)ihave investigated
the dynamics of methylmercury comglexation reactiohs by
the temperature jump technlque "They determined the

forward and reverse rate constants for ligand dlsplace-‘

ment reactions—of the type shown in Equatlon (5)

-]
| K o ) .
CH.HgX . + OH z _ CH,HGQOH + X (5)
03 — 3 -
| = k_y
where X 4is Ccl1, chj I','CN”;,SCN; or 8032—.v They con-

'cluded that the methylmercury dlsplacement reactions

which they studied proceed via an a55001at1ve mechanlsm,

that -is the reacting ligand displaces the complexed ligand.

This is different from the kinetics of most metal ion
complexation reactions whieh are thought to follow a
dissociative mecha:, .sm, that is, the rate-determining step
is the leav1ng of a water m lecule from the inher_goor—yiy

: dlnatlon sﬁhere of the mct&§ ‘ion (Sfir S 2

Itfhas been demonstrated,by proton magnetic

Yot ’ -’

. r’bsohance (PMR) spectroscopy that the m’é‘thyi‘,gropp in

L

'szA

,methylmercury.ls'rgnlabwle. The,presence of satellite

N

13



rESonances whichvarise from spin—Spin'coupling of the

" protons of methplmercury to.the 16.9% of mercury nuclei
which has “a spin of 1/2 (Hg—199) in the NMR spectrum
vproves that there is no d1§s0c1atlon of the mercuryé
carbon bond.‘ Inltlally some confu51on'ex1sted because
these satellltes are broadened in the 1odo- and bromo-
methylmercury complexes (30) In early NMR studles thlS
broadenlng was 1nterpreted in terms of exchange of the
methyl groups; h“wever, later wo showed that the: ob- .
served broaden;ng~results from/quadrupole interactions
betweeh the iodine and bromine and the protons*and.not
from methyl group exchange (31f . In contrast to methyl-
mercury, the satellltes of dlmethylmercury collapsed.ln
the presence ‘of aluminum trlchlorlde due to methyl group
exchange (32). B

> In 1967, Slmpson (33) measured the digplacement

- of hydroxide ion from thevmethylmercury hydrox1de complex’

by cyanide usinngMR line broadgéning techniques. His
'results supported the conclusions concerning the associ-
ative reaction mechanism.: He also demonstrated that
polynuclear‘species such as (CHng)-20H+ arelprobably not
of-kinetic.importance and'predicted that the rate of

"exchange of methylmercury between unhlndered‘§u1fh¥dryl

A

groups would be too fast to measure by NMR 1i broadening

technlques. Recently Slmpson, Hopkins anhd Hagug .(28)

reported kinetic results obtained by proton m tic
. : rk
B SNV



resonance spectroscopy- for the blndlng of- methylmercury

chlorlde by N-acetyl L—cystelne. They concluded that

exchange of the peptlde between the free)and complexed
é?flrst order

1nated by a pathway 1nvolv1n
.complex. Due to the spin—Spinsz

;spllttlng of the broadensd resonances, they were only
able to estlmate the rate constant for ‘this first order

d155001at10n. Thelr estlmated value 1s suspect, however,

hd >

51nce the rate constant predlcted for the reaction of'

ethylmercury and. N- acetyl L-cysteine from their values
. % ‘_‘, .
and the formatlon constant of the methylmercury-cystelne

domplex (20) is six to seven orders of magnitude- larger
than tnqzrate constants for a diffusion-controlled bi-

molecular reaction. | '

S a '
SR
‘ \

C. Overview of Part I

et

. In view of the importance of methYlnercuryEand

_ the spar51ty of 1nformat10n about its coordlnatlon |
chemistry with amlno acid and peptide llgands, 1t was
decided to attempt to characterize more completely the
binding of methylmercuryxby'aminO'acids‘and peptides. On
the basis of results reported for NMR studies of methyl-

*mercury compounds, nuclear magnetlc resonance spectroscopy
was chosen as the pr1nc1pal technique for thls study.'

Both the chemlcal shift of the methyl protons.

and the mercuryéproton spinfspin coupling constant'ih

15
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. CH,HgX compounds depend on the nature of X as 111ustrated‘:

3
‘by the resuLts’?S Hatton, et. al. (30) glven in Table II
These results indicate that the absolute value of the '
Spln-Spln coupllng constant decreases as the substltuent

[y

/{s made more electronegatlve.”vIn the case of the nitrate
: and perchlorate complexes they recognized that the specles,
belng observed may be CH3HgOH ‘The dependence of the~
Spln—Spln coupling" constant og)the nature of X is further:"
illustrated by the llnear correlatlon observed between
,spin—spln coupllng constant and the aqueous solutlon pK

_ of the carboxyllc acid in a series of methylmercury

carboxylates in chloroform solutlon (34) In a study of

+he blndlng of methylmercury by "selected carboxyllc acids

in aqueous solution it waS'found that the absolute mag-

nitude of the'spin- pin coupllng constant decreases approx-'

—_—

imately llnearly as, both the pK of the llgand and the: -,
'log KF of the complex increase . (35). ‘Sytsma and Kllne (21)
.. also obserVed a linear relationship between the spin-

. «spin coupling constant ‘and pKp for the ligand-which they |

N T T ————
\\ggfttfibusgdlto the fact that both. the Spln—spln coupllng.

A

constant and pK are related to the polarlzablllty of the

ba81c srte to Whlch the proton and methylmerbury are bonded,

»

Varlation 15§the spln-spln coupllng constant has

also been attrlbuted to changes 1n the s—character of the

mercury-carbon bond. Federov, Kalinln, Gasanov, and

Zakharkln (36) observed that solvatlon caused.an increase

o~
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Table II. Chemical Shift of the Methyl Protons and the

Mercury-Proton Coupling Constant of:Methyl-
5 .

Mercury‘in Methylmercurylcomplexes;

5 - .a e l.J_ b

SSTEiEi‘ CHy ' : “CH;Hg,
cn3ﬂgCN' | 0.650. - 178.0
CHBHgOAé | - 0.525 -, ,  2R0.8
CH ,HgOH - 0.442 - | N '\‘;l 4.2
CH,HgC1 - | 0.425 215.2
CHHGNO, . 0.362 S 227.0
CH3HgC10, R 0.170 233.2
, o

! ppm vs. cyclohexane -

b - ‘. ' 7 !
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in the spln-spln coupllng constant Goggin,'Goodfeliow, _j%uﬁa
Haddock and Eary (37) also found that the sp1n4%p1n e
coupling constant depends on the ligand and 1ncreases Qn"

& 30 -0
the following order: CH3 < Ph << PMey < oN = AsMeS <a &

1T ¥ OH™ < Br < Cl7 < SMe, < pyridine < D,0.

cluded that the spln-spln coupllng constant glves a

v .
W

measure of the metal- llgand bond strength, or at least
the s—orbltal contribution - to it. The spln-spln.ioupllng
constant has’ been observed to depend llnearly on the.
relative reactivities of X in SNZ type reactlons and has
been interpreted to indicate that the affinity of various -
X groups for'the methylmercury cation is linearly dependent
_on the acidity of the respectlve acids HX (38) |
The results descrlbed above 1nd1cate that both .
the chemical shift of the methyl protons and the mercury—
\proton spin-spin coupllng constant depend on the nature
of the metal- llgand bond Because of this dependence, it
would seem that the donor group to which methylmercury is
. complexed in molecules aﬁch as amino acids #&nd peptides
’containing more than one known potential binding site
'could;possihly'be identified from the magnitude of these
parameters for the compléxed methylmercury:h In addition,
the potentlal binding sites of the llgand can be monltored
by means’ of the NMR spectra of the llgand nuclel. In
Chapter IV the nature of the methylmercury blndlng by

selected amlno acids and the peptlde glutathlone is



;characterlzed by nuclear magnetlc resonance spectroscopy

and, where p0551b1e, formation constants for the com-
plexation have been determlned ~ In Chapter V, the results
fof’NMR studles,of the dynamlcs of the reactlons oﬁ.methyl-

P k4

'mercury W1th several of these molecules are presented



CHAPTER II
'EXPERIMENTAL
\ ‘ : " -
A. Cheﬁlcals - ' V }
S—methyl L—cystelne (ﬁutrltlonal Blochemlcals
Corp.)., D, L-methlonlne (Brltlsh Drug Houses), D,L-penicill-
, amine(Aldrich Chemical Comp.), D L—vallne, tetramethyl—
ammonium (TMA) hydroxide (Eastman Organlc Chemlcals), @@'
‘tertlary—butanol, methylamine, 1,4-dioxane (Flsher
Sc1ent1flc Company) were ussd as recelved L-cysteiné
F(Nutrltlonal Blochemlcals Corp.) was recrystalllzed from
water as ths free base.. Reduced glutathlone (Nutrltlonal
Blochemlcals Corp., Terochem-Laboratorles, and Sigma
Chemlcal Company) was washed w1th a water- ethanol solutlon
and dried at 110°C pefore uSLng; Methylmercur?é hydrox1de
(Alfa inorganics) was purified as described belsw,
All other chemicals were reagent grade and were
usefpwithout further purificaﬁisn.

ot

B. bPreparation'and Standardizatidn of Methylmercuric

ar

Hydroxide : SR SR .S
The commercial methylmercﬁric hydroxide'containéd‘
aq.;cetate 1mpur1ty (40), as 1ndlcated by a 51nglet in the
proton magnetic resonance spectrum at 1.91 ppm downfleld
from the methyl resonance of sodium 2,2-dimethyl- 2v$11a—
psntane-S sulfamic acid (DDS), and an insoluble material.
206, o -

& -
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S

et

an approximately 0‘4 M solution in triply-distilled water "
ithrough a 0.2 micron membrane filter two or three times

. to remove the 1nsoluble fracqgon.' The flltrate was then

passed through an anion exchange column (DOWEX 1- XB) ln

the hydrox1de form to remove the acetate 1ons.,'51nce

K

sodium hydrox1de would not lnterfere in. the studies of

methylmercury binding no attempt was -made td remove the

N

' sodlum hydrox1de. ' -

“rﬂ The solution,was then analyzed The total

hydrox1de concentratlon of the solutlon was’ determlned by

addlng a small excess of sodlum thlosulphate to dlsplace
» “

the hydrox1de from the methylmercury hydrox1de

.
= . >

-, | | _ .
CH3HgOH ¥ 3293 | ca3ugszo3 + OH (6)

} O ’ v LN °

_ The hydroxxde Was then tltrated with standard nltrlc ac1d
““and the end point was 1ocated potentlometrlcally by

. measuring_the'pH as_ac1d-was added. The total hydroxlde

concentration of a typical stock sOlution which would he ‘
equal to the methylmercury concentration only if no ot?er‘

cation was present was found to be 0.366 X 0.005 M. By

flame photometry it‘was'foundbthat this stock solution

contained 0.030 * 0.005 M sodium ion while, by the NMR
titration procedure described-below,tthe methylmercury

concentratlon of the same solutgon was determined to be

7‘0.34 1 0.01. These results 1nd1cate that, before belng

e
!

The methylmercuric hydroxide was purified by first passing
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" is converted to sodlum hydroxlde. 3

%.%
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-paSSed through the ion exchange column, the solution con-

51sts of methylmercurlc hydrox1de and sodium acetate. on .

- passing. through the 1on exchange column the 'sodium acetate

'M
4

'§ ‘ Ion—exchanged solutlons of methylggrcurlc

hydrox1de were used as stock solutlons and were standardlzed

/
- be one of the followlng two methods.//?he flrst of these

methods is an NMR titrimetric metﬁ/d based on the for- ' . -

matlon of a l 1 complex -from methylmercurlc hydroxlde and -

_thlosulphate as descrlbed by Equatlon (6). The tltratlon

was performed 1n‘an NMR tube w1th the tltrant being added

Q-
gravimetrically from a syringe. - The endp01nt in the tlt—-

.......

ratlon was determlned by PMR by utlllzlng & he change in

the chemical shift of the methylmercury protons as t1trant

is added. On the PMR time scale, ‘exchange of CH Hg(II)
'between;OH- and 8203 is rapid ﬁﬁ&pltlng in a 51ngle averaged

resonance'pattern‘whose.chemical s%?ft,ls an average of
,. : : ) h

these parameters for the two comple%es, weighted according
to thelr relatlve concentratlons. As thiosulphate titrant
is added the chemical shift changes llnearly from that of °

CH3HgOH to that of CH H95203 The endpoint was - determlned

by extrapolation of the straight line portlons of a plot

- of chemical3shifts vs. grams thlosulfate added. From the -

grams of thlosulfate solution requxred to reach the endpoint
ancf the den51t1es of the solutlons, the concentratlon of

methylmercuric hydrox1de in the stock. solutionwwas cal-

.

culated. ;



Bedause the NMR titration procedure‘is time

-~

consumlng and lacks precxslon, a faster and more prec1se~

_ potentlometrlc method based on’ the reactlon of chlorlde

b=

.-the ,Fndp01nt, the t1tratlon '

ions with methylmercury to form methylmercurlc chlorlde

was-deVélOPed.. fj- S : | - .
cajHgon,” + 17 ¥ CHHgCl ok
B [ca3ﬁgc1]
Kp = — E o (8)
[CH4HgOH,, "1[C1 ] ‘

The formation constant for methylmercurlc chlorlde 1n
*
5 ‘ *4’

agqueous solution is 1.78 x 10 (2). The endp01nt éas

o determlned potentlometrlcally using a 51lver/511ver

chlorlde 1ndlcat1ng electrode and a saturated calomel
reference electrode. To mlnlmlze the,compet;tlon.g;

J : . . : - . »
hydroxide with:titrant for‘CHBHg(II), the titration was.

_performed in acidic'soldtion where the major fraction of

methylmercury ex1sts as the hydrated ation. Initially .

the tltratlon was attempted at pH 2 in pqueous: solutlon,_

yleldlng ‘the tltratlon curve,shown in Flgure ‘1. The tlt—'

~ration curve for these condltlons is drawn out, maklng it

difficult to obtaln prec1se endp01nts. To lncrease the

format1on constant and thus :2e sharpness of the break at

ethanol solvent system. Tltratlon curves for a range of

solvent condltions rare shown in Flgure 2. In the 80% .

] performed in a mixed water-

L]
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Figure 1l: Potentiometrlc tit *é;rve for
5.00 ml of methylmercury stock ‘8afution diluted

) to 100 ml w1th distilled water.

Loy
)vn_‘iy

24_



mV

T 200

20 .

280

L0

! 1 1 ) 1

1 1. 1

‘ml of

15 79 Z

NaCl added

Figure 2: Potentiometric titration curves
for 5,00 ml of methylmercury solution'di-
luted to 105 ml with distilled water (- e -},
20% ethanol (- e -) or 80% ethanol (- o' -).
The pH was adjusted to 2 with concentrated
Hitric acid.  The titrant was 0.0300 M

sodium chloride.

25



o | B f\;\\\T\\\\\\‘“N‘““\;‘*g;;if‘_~
ethanol by volume,titratdonithe potential‘changed oy

0. 194-9 «On going‘from . before to 1% after the eadpoint.
The 80% ethanol solvent system was‘adopted as titration
medium. The analy51s procedure 1nvolved plpettlng 5 ml

of methylmercuric hydroxide stock solutio into a 150 ml _
beaker and'adding to it 15 mls of O.Q«ﬁ/éitric acid to

’
reduce the pH 1n the flnal solutlon to approx1mately 2.

80 mls of 95% ethanol were then added and the solution
titrated with.standard sodlum chlorlde, ‘The concentratlon
. . - . ‘

of a typical stock solution was found after 4 titrations

to be 0.4463 * 0.0005 M methylmercury. )

.
< . . -

c. Preparation of Other Solutions - v

.

A stock solution-of tetramethylammonium'nitrate;

used as a referenCe for some of the chemical shift measure-

ments, was prepared by tltratlon of a 25% aqueous solutlon
of TMA hydrox1de with nitric a01d to a neutral pH.

The 'solutions used in the proton magnetlc
resonance (PMR) and carbon-13 magnetlc resonance (CMR)
measurements were prepared in trlply-dlstllled water - fromo
plpetted amounts of stock methylmercury solution and welghed

A T

_or’pipettedyamounts of the ligand. TMA nitrate, t-butanol,

o

r

or dioxane was added for an interqal chemical shift
referernce at]approximatefconcentrationsvof 0.01, 0.03, and
0.07 M respectively; To avoeid dllutlon, the pH ‘was ad- :

justed with‘cohcentrated n1tr1c ac1d or a concentrated

-



displacement reaction; . S P v

L
— . L

{

H“solutlon of pota551um hydrox1de and samples of about 0;4(

ml for PMR or 2.5 ml for CMR. were w1thdrawn at the de51red

pH values. When mole ratlo measurements were belng per-

formed at constant pH,. Eﬁe requ151te amount of llgand or
methylmercury was added, the pH adjusted and a sample w1th-
drawn. More ligand or me:hylmercury was. added to thbﬁ
solution and the same procedure followed for all samples
at'this pH. The concentratlons were corrected for the
changlng solutlon volume., Slnce hlgh concentratlons are

#

necessary in the PMR and CMR experlments (greater than
0.1 M), no attempt was ‘made to control the 1on1c strength
‘When standard nltrlc a01d was requ{red 1t was

prepared from concentrated ac1d and standardlzed W1th

prlmary standard mercurlc oxide (39) The procedure ln—"‘

A

Wi

volved welghlng apcurately samples of dry mercurlc ox1def‘

o

into Erlenmeyer flasks and then addlng approxrmately 5 ﬁr‘
moles of potassxum 1od1de dlssolved in a- small volume - of‘

water for each mole of mercurlc oxlde.' The -iodide reacts

with the’ mercurlcﬁoxlde to form two moles of hydroxlde

for each mole of merdurlc oxide aecordlng to the follow1ng

°

o -

HgO + 4I7 +. Héo. 2. HgI,” + 2087 ¢ (9)

A3

The nitric ac1d solution: was standardlzed by tltratlon ef

the hydroxide tc a phenolphthalexn endp01nt.£ Standard

solutlons of sodlum hydrox1de were prepared from saturated

é



carbonate free sadlum hydroxide solutlons and standardlzed

by titration with standardmzed nltrlc ac;d.‘ A stock
5 '6 » .'.“". L
solutlon of methylamlne was prepared from a- ﬁelghed amount

sy -

of 40% aqueous solutlon and standardized by tltratlon with

standardized nitric acid;
L

D. pH: Measurements

-

pH measurements were made at 25 tll5c with an
Orion Model 801 pH meter or a Fisher Model 520 pH meter
equlpped with elther a standard: glass electrode and a
- fibre tlp'junctlon saturated calomel reference electrode_
or a micro-combination electrode. Saturated potassium
acid tartrate, 0.050 g_phosphate, and 0;61 M sodium tet-
raborate solutions, pH values 3.56, -7.00 andf@.ls at 25°C
were used to standardige the pH meter. . :

—

E. Proton Magnetic Resonance Measurements

~ Proton magnetlc resonance spectra were obtained

at 60 MHz on a Varlan A-60 -D spectrometer rand at 100 MHz

. on a Varlan HA~100 spectrometer. Both 1nstruments were.

'equLpped w1th Varian: varlable temperature controllers.
At temperatumes less than 25°C,_the temperature of the
probe was qgtermlned using the chemlcal shift dlfference
between the methyl and hydroxyl resonances of a standard
methanol sa@ple and the approprlate equatlon of the

following set (40)'.

28
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4 B )
98° -'-48° - T = 264.4 - '2.380]48 (10)
; ‘1 . -~ .
-53° - =-3° T = 225.4 - 2.083[A6] (11)
= g.é,_"',-t~_-40° ‘T'= 195.0 - 1.810]A6] (12)

-~ 7 .

where |A6| is’ the absolute value‘ln Hz, of the chemlcal
shift difference. At- temperatures greater than 25°C, an
| ethylene glycol sample was used with. the callbratlon plot
of chemlcal shift difference between methyl and hydroxyl
resonances versus temperature supplled by Varlan.'{l
Spectra Wwere recorded at sweep rates of 0. 1
Hy, sec for the chemlcal Shlft measurements and 0.5 Hz/sec
for the spln—spln coupling measurements.- Reported‘data
are the average of several scans. Chemlcal shlfts were-"
measured relatlve to the central resonance of the TMA
trlplet or the t- butyl resonance of t-butanol. For all
measurements, the chem1ca1 shifts are reported relative
to the methyl resonance of sodium 2,2~ dlmethyl -2-sila-
.pehtane—S—sulfonlc acid (DSS) unless'otherw1se noted.
1P051t1ve shifts correspond to resonances of protons less
-shlelded than those of the reference.’ The t—butyl '
_resonance of t- butanol is 1. 24 ppm downfleld from the
methyl resonance of DSS while the central resonance of TMA

is 3 17 ppm dOanleid from the methyl resonance of DSS.

F. Carbon-13 Magnetic Resonance Measurements

g
Carbon-13 magnetlc .resonance spectra were ob-

talned u51ng a Bruker HFX-90 spectrometer operatlng at a

29
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‘frequency of 22.63 MHz &nd equipped with a Nicolet i085-
__computer. The Fourier transformvmode was used with proton.
. decoupllng.' For each free 1nduct1on ‘decay signal, 8K data

p01nts—were collected in tne computer. The spectra were .

tlme averaged using 4k or 8k accumulatlons. The fluorine—

,l9 resonance from C6F6 in a coax1al capillary was used
forvthe lock;> The frequency range of the transformed
spectra was 5000 Hz. hemlcal shifts-are reported 1n
;ppm relative“to the carbon—13 resonance of 1,4-dioxane
added as an 1nternal reference. The‘reSOnance of l 4-
dloxane is 67.4 ppm downfleld from the TMS resonance.

" Positive chemlcal shifts correspond to. less shleldlng e
than in l,4—dioxane. The chemical shift measurements are
considered accurate to within 0.05 ppm. For all meaSuree
ments the sample temperature was 25 * 1°C as measured
with a standard thermocouple.

/
' .

G. Determlnatlon of Formatlon Constants by NMR Spectroscopy

In Chapter IV of thlS the31s, formation constants

for metnylmercury complexatlon reactions, defined by

Equations (13) and (14), have

+ O : ' ‘
CH,HgOH, .+ L %7 CH3HGL + HO (13)
T [CH,HgL] . S
[CH,HgOH, "] [L] e

\
o,
Uy ’8\.'
AR

~ ’ . .
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been determined by NMR spectroscopy. The NMR spectrum‘of
@ :
methylmercury and/or the ligand reflects the complexatlon,

mwith the exact natpre of the’effect on the spectrum belng

dependent on‘the rate of exchange of the species being
observed between its free and complexed forms. If the

rate of exchange is slow, that 1is the rec1proca1 of the
lifetime of the free and complexed‘forms is less than
27AS6, where AS represents the- separatlon in Hz of the
resonances of the free and complexed forms, then separate
resonances are observed for the free and complexed forms of
methylmercury and the ligand. The 1ntens1ty of each : it

resonance is proportlonal to the concentration of that form

<

. from which the formation constant can be calculated dlrectly.‘.

If the rate of exchange is fast, that is -the
inverse of the lifetime is somewhat greater than 2nA6,
then exchange averaged spectra are observed for both the
methylmercury and llgand resonances. The observed Shlft

is a weighted average of the two forms as described by

5 = P, + P, v (15)

‘ where 60 S reéresents the observed shift, .Gé represents

the shift of the complexed llgand or methylmertury, and

Gftrepresents the Shlft offthe free llgand or methylmercury.

v Pf and-Pc are the fractional concentrations of the free

-~

and*compleXed forms. Sdbstituting Pe +/PC = 1 into

31



Equation (15), one obtains

‘ 5 Lo

The fractional conéentrations;PC_and Pe can_be obtained

from the observed shift-and the shifts of‘the‘%ree'and«

e

complexed forms, and the formation constant can be cal—

tculated from P and Pf and the total concentratlon of .

)

ligand. ST | o

L)
~

-To determine formation constants by the method
described above})

0\
be such that there is\a' 51gn1f1cant fractlonal concen-

it is necessary that solution conditions

tratlon of each form s"that,é dlffers from éf and 6C.

This can be accdmplished by utilizing competing‘equilibria.

In acidic solutloq?&competltloﬁ between protons and methyl-.

Y

- mercury for the 11gand can be utlllzed &hlle in basic
solutions the llgand ahd hydroxyl 1ons}are compe,lng:for
methylmercury. ’Using the fractional concentration deter-
_mlned for the pagtlcular solutlon condltlons from the

,observed chemlcpl Shlft and the equlllbrlum constant for

the competlng reaction, the formation constant can then:

be calculated.

. v
H. Kinetic Appllcatlons of NMR Spectroscopy

The ba51c theorles used in the study of chemlcal
N -

exchange reactions by nuclear magnetic resonance have been

| : : <

S
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treated- exten51vely in several monographs and review |
articles S41"45)- The modlfled Bloch approach has been
utilized in the present work to ‘extract kinetic data.ffom
PMR and CMR spectra. Only a brief.qualitative‘Qescription

—
-

of “this approach will be given. ' =

¥ —~
v .

T

Bloch (46) obtained a set of equations to des-
cribe thevtime dependence of the'components of the total
nuclear magnetlc moment vector per unlt volume for a col—
lectlon of nuclei with non-zero splns in the presence of ,;
a non—statlonary magnetlc field. The srmplest chémical.
system in which chemical exchange may be studied by NMR

is one in which. the nuclel are 1nterchanglng between two
different chemlcal environments, £ and c, with dlfferent '
Larmor frequencies (chemlcal shlfts). For this case, the
time dependence of the magnetigation vectors from nuclei
in'environments f dnd c can be described by Bloch eouations.
Addition of terms to these‘equations to account for the ﬂ
transfer of magrietization between the two sites leads to
the modified Bloch equations (47). Solution of.the coupled
‘equations for the two site exchange leads to a general

,expre551on (Equatlon 17) for the intensity of the NMR

1
v 9

absorptlon at a given frequency, mr(ln radlans/sec), when w
there Qs exchange between the sites .(48,49). "In EquatlonJ
(17), My represents the absorptlon signal, Aw -Amf rep-
‘reseﬁ%s tHe chemical shift difference of the nucleus in the

two environments, l/TZCvand l/Tzf are the magnetic re-

. 33
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'laxation times (line widths) in the absence of chemical

xchange, and Teo and Tg represent the average time the

nucleus spends at’ 31te C, or £ before an exchange occurs.

This general equatlon may be simplified when the rate " ” )

of chemical exchange satlsfles certaln llmltlng condltlons.
When the rate of chemlcal exchange is slow, the “
spectrum consists of two separate resonances at frequencies

Gf-andyéc (in Hz). For this situation'the average life-
: )

time Te and Tc of the nuclel in each of. the sites before

e\change to the other 51te are large compared to the in-
verse of ‘the separatlon of the resonances; that is, Tf or
Tc is greater than 2n(6 = Gf)—lq These llfetlmes-may be
determlned from the extent of broadening of each of the |
resonances by (42) |

1 7 (W!

To = 1/2 c ” wl/z,c) - -‘-[ (18) -
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where Wl/2 is the w1dth at half helght of the exchange-
r .

—N

. broadened resonance of nucle1 1n the complexed site and ,

Wl/2 G is the width of this resonance'in the absence of
14
exchange. An analogous equatlon may be wrltten for the1@~

llfetlme T The llnew1dth W ~is related to the'
f 1/2,c

14
effectlve transverse relaxatlon time T2 by‘the‘relatlon;

1
T = ﬂwl/Z,C' which takes 1nto account the .actual spln

2c »
spin relaxation time”and,broadenlng due to magnetlc fleld

: 1nhomogene1t1es.

For the condition of 1ntermedlate exchange, the

1ifetimes are of the order of thé inVerse of the‘separat1on

of the resonances and the spectrum consxsts of partlally-vr
coaresced resonances. When the llfetrmes are. small com-
pared to the inverse of the separatlon of the resonances,,l
exchange is rapid and the spectrum con51sts of an averaged_
resonance at a frequency whlch is the populatlon weighted
‘average of . and 8 2e [Equatlon (15)].. Under fast ex-

: change ccnditions, the inverse of thellifetime of the com-

plexed spec1es, 1/1 is related to the varioususpectral

. parameteks and the fractional. concentratlons by (50)

C 2 : 2 .
o o pr4r(6f-—/6_c)_ : S
e T Wy, - - (PW — (P W,, ) . (19)
A | ~"1/2,0BS £f1/w, b c.l/w,c

| od

K -

& ', . ' . ) t ,-lﬂ_

"bwhere 6f and §_ represent the shlfts of the free and ¥

' "’L

a

complexed forms (in Hz), W/2,0B8 is &he observed 11new1dth,



wl/2,f is the,l}new1dth of the free form and wl/2,c }s the

linewidth of the complexed form.

For the methylamine system discussed in Chapter |

~ V exchange between free and'complexed forms is rapid on

the NMR timescale and lifetimes were calculated using

7 .

Equation é;9); For the glutathione system also discussed

in Chapterovg}the lifetimes in the individual sites were
obtained by computing theoretical spectra as a function

of lifetime using modified Bloch equations and then

matching them to experimental spectra. ’
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CHAPTER III

METHYLMERCURY SPECIES AND EQUILIBRIA “IN AQUEOUS SOLUTxggT%

S

o~

A. Introduction

‘The aqueous solution

_ mercury chemistry in the majority .of studies of the

'aqueous soiution cheﬁistryeof methylmercuryreomplexes is
.that of Schwarzenbach and Schellenberg (2) ~ This model
was developed from pH tltrat@on “ata for solutxons con-
.talnlng 5.85 x 10 -4 g‘;o 2.19 x 10 -2 M methylmercury.
In the Schwarzenbach ‘and écheilenberg model,_CH3HgQH2

-

reacts with hydroxide ion to form CH3HgOHewhich further

reects'with CH,HgOH ta form (CH3Hg)20H+ according to

Equations (20)°-~ (24) -

- O i B S
CH3HgOH,™ + oH % CH3HGOH # HZO. S (20)
K, = I 30
R + T + ,' ,
- CH HgOH,, + CH3HgOH 2" (CH3Hg)2OH‘q + HYO (22)
| .3 | o
: {KCH3Hg) oty - .
¢ v ” K2 = ‘ ‘ " ' . o f.‘/’2'3')>.\
. [cu3§gOH2 ;HgOH] - . S

©

9 B

: Woodward and coworkers (51-53) identified the species

' CH3HgOH in aqueous solutlon by "Raman spectrosvopy and
' [

'a551gned the band at 415 cm’ 1.1n tée Raman spectra to

- 5 . ‘ &, ' R . .
@ . - ,_,e‘ ‘37 o e



‘ CH3HgOH has been cr1t1c1zed by Green (16) on: the basis

-

“

(CH Hg) on’. This assignment of the Raman spectrum to

4

, of a xeport by Grdenlc and Zado (17) that CH HgOH does.
not exist as @’ chemlcal compound _except p0551bly in dlLute -

aqueous solution as the dlssoc1atlon product of trlsmethyl—

mercurloxonlum hydrox1de, [(CH Hg) 0]OH, whlch they
clalmed to have prepared by a metathetlcal reactlon between

\

[(CH Hg) O]ClO4 and. KOH in methanol. They concluded from
conductance data that (CH Hg) O is stable rh alkallne
(methanol) solutlon and thus that the compound prev1ously
thought to be CH3HgOH is actually [(CH Hg) O]OH or its
dehydratlon product.' Lorbeth and Weller (54) have shown'
that the compound reported to_be [{CH3Hg)3O]QH by Grdenic

afd zado is a ‘hydrate of (EH JHg) ,0. ,Grdenic and zado’ (17)

. also observed that a small amount of the trismethyl-

mercurloxonlum perchlorate, [(CH Hg) of ]ClO ’ prec1p1tated
when a concentrated aqueous solut;on of methylmere-rrc

~

hydrox1de is tltrated w1th perchlorlc ac’ 1, indicating
that .some trlsmethylmercurloxonlum ion . be present in
aqueous solutlon. ‘If so an, addltlonal reaétiOn”must be

added to the Schwarzenbach and Schellenberg model to in-

.~

clude formation of the spec1es, (CH Hg) O

| U
CH3Hgoa + (CHjHg) JOH' X (CH

4
[

. 3.
JH9) ;07 + Hy 0 (24)

. [{CH,Hg) O - |
K, = -« , = s ’ (25)
[CHBHgQH][(CHJHQ)ZOH ] :
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Goggln and Woodward (53) determlned by Raman
spectroscopy that methylmercurlc perchlqrate is completely'
dlssoc1ated into CH3HgOH2 and ClO4- in aqueous solutlon:'
as predicted by the Schwarzenbach and Schellenberg model.
.They also found that, in benzene, methylmercurlc nltrate
is not d1ssoc1ated whereas in 4 M aqueous solutlon there
is an equillbrlum between und155001ated solute and the
1ons, CH3H90H2 *and NO3 ; The degree of dlssoc1atlon was
found to be 51m11ar to that of nitric ac1d in aqueous gli;fg;‘
solution. Clarke and wOodward (55) fou%d by Raman spect-ﬁ
.roscopy that the complex of methylmercury with methane-
sulfonate ions is partlally d155001ated in 4. 7 M aqueous
solutlons and completely dissociated in l M solutlon. In
the methanesulfonate complex of methylmercury, the methane—
sulfonate is ~haracterized by monodentate bondlng through
an oxygen.g “The same workers concluded that methylmercury
‘forms a l:1 comple% with sulfate, CH3HgSO4 ; which is dis~
sociated to approxiﬁately theﬁsamejextent as H§O4- in
agueous solution. | | ‘ |
. In thlS chapter, NMR and Raman results are

-

reported for the - aqueous solution chemistry of methyl—i

mercury. These,results 1nd1cate that the Schwarzenbach
and Schellenberg medel accounts for most of the ‘methyl-

mercury ~oec1es except at hlgh methylmercury concentratlons
<+

where some trlsmethylmercurloxonlum ion forms in the- j‘

neutral pH reglonal This research was done in collaboratlon

L4
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with M.C. Tourangeau and Dr. C.A. Evans (56).

, B. Results and Dlscu551on'

The PMR spectrum of: the methyl group of methyl—
mercuric hgdrox1de ln-aqueous solutlon at pH 12. 0 1s shown f

in Figuré.3 The spectrum cons1sts of a 51nglet symmet—A
&

‘ rlcally flanked by two less intense llnes.A The central

SOnance is due to methyl groups bonded to isotopes. of

mercury hav1ng.a{nus{si:\:p1n of zero whlle the satellltes
,are‘due,%o methyl groups onded- to mercury - 199 (l6%

: _natural abundance, 1= 1/2) : The chemlcal Shlft of the

methyl protons lS g1Ven by the Shlft of the central

L]
resonance relatlve "to the central resonance of TMA and the

Pl

mercuryéproton coupllng constant 1s glven by the separatxon

/

between the satelllte 11nes. The chem&cal Shlft of the

-

h"ad

methyl resonance>and the mercury proton coupllng constant
for a methylmercury dolutlon con£a1n1ng no coordinating
11gand other than hydroxxde axe pH dependent. The chemical
Shlft as a“functlon of pH, xs presented in Figure 4 and the,i

A“;'

coupllng constant as a ﬁunctlon of pH is glven in Flgure

o

H,ﬂBQU Both are for a solutlon contalnlng 10.190 M methylmercury.

N

if. the model represented by Equatlons (20)‘—.(25) des-

‘i crlbes the aquebus solutlon chemistry of methylmercury, tl.

[

fractlonal concentratlons of (CH3Hg) OH and (CH Hg) O

R
bl \

at a glven pH w111 be dependent on the total methylmercury

2y {J
concentrafloﬁ due to the unsymmetrlcal nature of the
o AR ,

1.
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Eﬁgure 3:

At

25 g0 - 35 40"

PMR spectrum of the methyl gropp of methyl-
mercury in a 0.190 M aqueous solution’ at pH =

12.0.
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| CHEMICAL SHIFT, ppm vs TMA -

S
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Figure 4: pH dependence of the chemical shift
of the methyl protons of methylmercury in’an
agqueous solution containing  0.190 M  methyl-

mercury. The curves connecting the points are

theoretical curves calculated using the con-
stants given in the thesis. S
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Figure .5: pH depende f the mercury-proton
'spin~-spin couplizgﬁsggzigﬁk of methylmercury in
an agueous solutdi® Containing 0.190 M methyl-
mercurys ~ The curves connecting the points are
the theoretical curves calculated-using the con-

. stants given in-the thesis.
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equilibria for their formation. Also the specres dist-

]rlbutlon will be pH dependent, with CH3Hg9Hchgupredom-
inant- species above a_certarn pH. The chem;cal shift of
the protons of the nethyl'group and thel 199Hg’coupllng
constant change by 0.273 ppm and 57 0 Hz. respectlvely as

the pH is lncreased from 0.26 to ~9 and then remaln constant

. as the pH ‘is 1ncreased further.i Other measurements have

‘ showﬁ%that, at pH greater than 2, the chemlcal Shlft is

the same for total methylmercury concentratlons ranglng

from 0.00437 to 0.45 M (56)." Also [(CH Hg) 4 o]c:1o does'_,_,,.@

not prec1p1tate from a pH 12 solutlon containing 0.43 M
’nethylmercury and 0.49 M NaClO4, 1ndlcat1ng that. the

, ot
concentratlon of (CH Hg) is lessrln basic solutlon
¢

»than .at neutral pH. These results lndlcate that CH3HgOH B

—_

is the predomlnant spec1es at pH greater than 9 at these

v-and-lower total methylmercury concentratlons.

‘The non-sigmoid nature of the chemical shift
titration curve in Fig. 4 indicates, that species in

addltlon to CH3HgOH and CH3HgOH2 are present in the pH.
—
region 1 to 8. It is not possible to observe the dlfferent

species directly by NMR.since time—averagedASpectra are

observed for rapidfy exchanging systems such as methyl-

*

mercury However, Raman sPectroscopy 1s capable- of - es~-

tabllshlng the presence of p0551b1e methylmricury species
¥

in sOlutlon 'if bands specific to‘thellnd1v1dual species

are‘obsefvable.

{ )
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Raman and infrared spectra of crystalllne

.[(CH Hg) O]ClO4 were recorded to- determlne the bands '

14

characteristic of’ &CH3Hg$ O (56). Except for solvent

bands, the Raman spectra of methanol and nltromethane
solutlons of [(CH3Hg) O]Clo4 are 51m11ar to those of the

solld, whlch 1nd1cates that the cation is. undlssocn.a/gd - @

Id

in these solvents. Clarke and Woodward (57) also found
[}

that (CH Hg) o' is undlssoc1ated in acetonltrlle. However,.
- the spectrum of a saturated égueous solutlon of
[(CH3Hg)3Q]ClO shows- only one J.ntense~ band in ‘@regicn

500 - 600 cm Y, at 568 cm l._ In addltlon, some weak to

medium intensity bands appear in the region 400 - 5Q0 cm—l;
These changesvcan be interpreted in_terms‘of'hydrolySis

of ‘the catlon.

Grdenlc and Zado (17) had concluded from conductl—

.rfb tltratlons of methanollc solutlons of trls(methyl—
:;Curlc)oxonlum salts with methanolic KOH that (CH Hg) ot
is undlssoc1ated in alkallne methanol solutlon. - To deter-
mine ‘if this 1s the case, the chem1cal Shlft and mercury-
~ proton coupllng constant uere measured as methanol solutlons
\N.-prepared from [(CH Hg) O]ClO4 were titrated with methanollc C
KOH.  Similar experlments were also performed in aqueous
solution.' The chemical shift results, whrch are presented
in Flgure 6, indicate that (CH Hg) 0 is not stable in’

either alkallne methanol or alkallne aqueous solutlon.

.The Raman results described above and the stoichiometry
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of the tltratlon suggest that, in aqueousfsolution,

'(CH Hgﬂ o* - hydrolyzes to form CH3HgOHVand (CH Hg) on'. .

When. base is added the (CH Hg) ou’ then reacts to form

.CH3Hg0H In methanol, undlssoc1ated (CH Hg) O reacts

1th hydrox1de, probably to form CH3HgOH :nd (CH Hg) 0.
These results are con51stent with the report by Lorbeth

&y,
and Weller (54) that ‘the substance clalmed to be

[(CH3Hg)3O]OH is actually the hydrated ox1de (CHyHg) ,0° xHZO’

The pH dependence of the spec1es dlstrlbutlon

has been determlned by Raman spectroscopy by Dr. C.A.

~ -Evans. - Raman spectra of a 0.510 M soﬁ%tlon tltrated with

5.68 M perchloric acid were recorded over the pH range
9vt030.5 at intervals of approx1mately 0.5 pH unit (56)
The high concentratlon was chosen to ‘favour the formatlon
of. (CH4 Hg) ot. 1In two of ‘the samples, at pH 6. 84 ‘and

6. 26, crystals of [(CH3Hg) 0]1C10,4 slowly appeared. From
various features in the Raman spectrum of the super— |
saturated solhtlons and the crystals at these pH S, the
(CH Hg) 0 cation does not appear to be a major specles
1n aqueous solutlon, ‘'even when the soluticwr&s super-

saturated with respect to [(CH Hg) O]ClO4 (56). From the

'flnten51ty of the band at 504 cm 1, which was assigned to

methylmercurlc hydrox1de, K3 ‘was estlmated to be 0.7 with
a probable deviatlon of 0.3. Although this value of K3

1acks prec151on, it is expected to be of the.correct order

of magnltude and leads to sonﬁ 1mportant conclu51ons.

A
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Calc£l§%ions.of speciesidisﬁribﬁtions,.based upon.this:
.value for K3, as a function of pﬁ indicate that, féf a
0.51 M methylmeqsury .solution, the maximum concentratlon
"~ of (CH. Hg) O 1s¥0 019 M and this occlirs at a pH of 6 75 .
while, at methylmercarf'concentratxons of 0.2 and 0 05, )

the maximum concentrations are 3.1 x 10'3~§-(pH 6¢4)

and 2.0 x 10-4 M (pH 5.8). The pH depehdence of the
fractional.gohcentraﬁions‘of the various spécieS'in a
0.2 M methylmercury solution is shown in Flgure 7

These gésults are based on the model described by Equatldhs
(20) -»(25)'with log»I_(l
3 = 0.7. The Schwarzenbach andJSCheilenberg model

= 2.31, log K2 ='9.29, and
K
accounts for all'butaa smallAﬁractioﬁ of the methYlmercury.
over ;he pHArange less than 1 to greater than 13 at the

‘methylmercury COncehtratiOns which have'been used in most

of tre previous studies of the solution chemistry of methyl- -

el osury mpolexes. (15) and those described in Chapters IV

and V of thy thesis.

;f?.
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'FRACTIONAL CONCENTRATION
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Figure 7: Fractional concentrations of the
methylmércugy-containing ‘species wfam aqueous
solution ‘containing 0.200 M methkylhercury.
The fractional concentrat-iSnAs_.__}@ifére ‘calculated
using @ohstants given in /Ehje:f"thesis. ‘
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amine, cysteine and glutdthione

CHAPTER v

The andlng of Methylmercury by Selected Amino Acids and-

~‘by’the Peptlde Glutathlone

A, Introduction ' C - Q)

El

To charactérize the bindihg of'methylmercury
by the potential methylmercury coordlnatlon 51tes in
peptldes and protelns, the binding Qf methylmercury by -

the amino acias valine, methidnine; cysteine; and penici

amine and the tripeptide glutathlohe w Vestigated.

Vallne was chosen as am

-

by carboxyl and amine groups; methionine, to characterize

compound to.investigate binding

the interaetion with tﬁe:thioether group; andvpenicill-

fffcause of the known

affinity of methylmercury for- he sulfhydryl group."The'

S

results of NMR studies of the'complexatlon of methylmercury

by these ligands in aqﬂﬁpus solution. are presented in thlS

chapter (58-60). x’-%‘ '?P ™

;. -
- Ve .. .

Arnge By

o)

‘ o f AETAON . s
B. ‘Results iﬁﬁ M . A 5

l

. The Blndlng of’ Methylmercury by Vallne

L:J The structural formula of vallne in”the

azw1tterlon form 1s glven by I The blndlng of. methylmercury

by vallne was 1nvest1gated using the chemlcaIWshlft of
. . * (\‘n -

- i: g ) .
(HSC)ZCHCQCOZ ‘,f{f . | o |
NH3 . % ! v -

50 '. ) {' : . ):_ N
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the methyl protons and the mercury-proton coupllng con-‘

stant of methylmercury. The chemlcal Shlft is- presented

. as a functlon of pH for both a. SOlutlon contalnlng equal’
)

concentrations of methylmercury and vallne (open p01nts)

“and a solution'of»methYImercury alone (solid pointsl;égzl;,/;w/f

/, s .
Figure 8. The coupllng constant,data/for the same solutions
is presente gﬁfé’ . As shown in the flgures, the
// ' L//

two tltratlon curves approachﬁeach other at both veryllow
"~ and very hlgh pH At very low pH, the hlgh concentratlon&
’of hydrogen 1ons results lh protonatlon of the llgand and
dlsplacement of the methylmercury, whlle at very hlgh pH
hydroxyl ions oompete w1th the 11gand for the methylmercury.
Thus complexatlon is favored in the 1ntermed1ate pH reglon.
In vallne there are two g%tentlal coordlnatlonq\

' 51tes for methylmercury' the deprotonated amlno and .

carboxyl groups. The acid dissociation constants for

these groupsddefined‘by Equations (26), - (29):are

PKy, = 2.2? and,pKA2 = 2;31 (61) | B N
. . : . . ' P ‘v\v S ‘. '4 . 4 . -
. > -
(CH,) ,CHCHCOOH + H,0 ¥ (CHy),CHCHCOO™ + Hy0"  (26)
NH, s NH,

3 L . NHy
(L") [8,07) o
K. = 2 L 27y
Al m‘zL*] - ‘

- : - . O + s Q-
(CH3)2CHCHCOO + ;azo e :(CH3)2CHCHCOQ ‘ﬁ}n3o ) (28)
+ ’ N . B ‘Jb "v ' . “
NH, _ o , ‘NHZ



CHEMICAL SHIFT, ppm vs TMA

2.34 -

2.30

2.26
2.2
28
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210 |

v

Figure 8: pH dependence of the .chemical shift
of the methyl protons of methylmercuryiin.an
agueous solution containing 0.190 M methyl-

mercury (solid points) and in an aquedus solu-

tion containing 0.265 M methylmercury and
0.265 M valime (open points) . Approximately
one~-half of the actual experimental points are

" shown.
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Figure 9: pi doocnd}me of the mercury-proton
bplll‘-bplll coupling cohstant of methylmercury

: Fin an aqueous solution confalnlnq 0.190 M
v methylmorc*ury (solid points) and in an aquoouc,
gsolution containing_0.265 M methylmercury and
ra 0.265 M wvaline (opcn points). Approximately
onc-half of. the actual ucperlm(ntal polints are

shown.
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LTI 0") .
" K = - : ' (29)
A LAY - |

~

where [HL 7 represents the zw1tter10n of vallne.- -
The complexatlon of methylmercury by the de-_

protonated carboxyl groups- of several carboxylic acids

was studied by lelCh and Rabensteln (35). These workers

found that a carboxyl complex forms over the pH range

.

1 - 9 with the amount of complex formatlon being strongly
pH dependent due to protonatlon of the llgand at the lower
end dﬁ tnls pH range and formatlon of methylmercurlc
hydrqxlde at the hlgh pH end. It was found in a s:i.mllar':~

study of the complexatlon of methylmercury by amines that

 some methylmercury—amlne complex forms over the pH range

2 - 13 and that again the extent of complex formation is:

pH dependent due to protonatlon of the llgand and for-

mation of methylmercurlc_hydrOXLde (58). The species

'distributlon determined'as a function of pH in the previous

pstudles 1ndlcates that in molecules containing both

carboxyl and amino groups, complexatlon by the carboxyl
group will be: predomlnant at pH less than 3 whlle at pH
greater than 8 blndlng to the amino group w111 be most &
1mportant. The NMR titration curves presented in Figures

8 and 9 above pH 8 are very similar to the NMR tltration
curves for the,hlndlng of methylmercury by amines whlch
indicates that,.#bove_}hls PH, methyihercury is blndlng

to the amino group. ‘ ‘

‘,‘

\
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isvdescribed by Equations 30) and (31). The formation

constant for this reaction

- -> - .
(CH;)2CHCHCOO + CH3 s (CH3)2CHCHCOO . {(30)
¥ : '

NH2 +TH2

Hg.
\ , iy -

‘[CH3HgL] . o L

KF. = + - o ’ ‘ (311

fCH Hg ] IL ]

) .
was determined in the general manner outlined,inlchapter

II Sectlon G u51ng chemical shlfb data of the tﬁpe"
presented in Figure 8. To ensure that Dnly*the amlno'

7~complex is present, da&a at pH greater than 9 Was used.
The fractlonal concentration of amlne-complexed methyl—'
£ N . .
~ mercury is given by Equatlony(32), '
. W

w
»

where Pc is the fractional c¢ncent von of complexed}

methylmercury, §, is the chehical shift of the complexed.

methylmercury, §¢ is the shift‘Qf'ffee‘methylmeICUry; and

' GOBS ie”thelobserved chemical shift:A_in this pH range,

4

the "free" methylmercury is essentlally all methylmercurlc

hxdrox1de whose chemical s 'ﬂQ°1s equal to 2.35 ppm. The

(32)-
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»
chemlcal shift of the complexed methylmercury cannot be
determined directly because at no- pH is all the: methyl—

mercury in the complexed form. Consequently an 1terat1ve

procedure was used to; sxﬁﬁl%gneously evaluate 6 and the
BN -2 A
. B
formatlon constant. Initlaliy a chemlcal shift of 2.27

It

ppm was used, which Cbrresponds to the Shlft of the nearly
level portion of thehNMR titration curve between pH 7 and
10. P, was calculated from Equation (35) usihg this ini- '.ﬁﬁy

tial value for dc-for the data at pH greater than 10. Pf

~was then calculated for each data point grom the Equation

Pf =1 - Pc. “The concentration of the complex at each pH

was then calculated from thepre}ation

[CH Hi}L] % P : o (33).
! rooal N'— - IR | ‘
where MT 1s‘the total methylmércury concentratlons At
pH above 10, essentlally all of the "free" methylmercury -

is in the form of the hydroxide and [CH HgOH] = PfMT
The concentration of methylmercury in the cationic form ' o~
is calculated u51ng Kl the formatlon constant of the.

hydroxyl complex.' (See Sectlon B of Chapter III).

r'l ) 6‘\‘ B
e -~ -[CH.HgOH] . «

[CH3Hg}] = — - (34)
: . . (2.34 x 107) [OH ] Lo

——

Lo ) : g .
Since the total methylmercury and valine concentrations

.are equal, the fractional concentration of free valine

is also 1 -ch.‘ The concentration of amino-deprotonated

']

~ ,, A

tF
T,
S
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v - ) . _ .
valine is given by e : o .

+ . ‘ %
(L7) = apP ey . o (39)

2
»

gyhere o, ecuals kAZ/KAZ + (1Y) (62). 1In this‘nanner a
value was~obtained for the formation constant Kg from ___
each data-, pplnt. Using:the average of the individual
formation constants and the 8 uSed in their calculation
a chemical shift tltratlon curve was calculated 8 was

c
then'changed‘slightly and a new sét of fotmatlon constants

AN

‘obtalned.' The 6 and log KN which resulted in the smallest
standard dev1atlon between calculated and observed chemlcal.
shift titration curves are 2.26 ppm and 7. 41.: The stan;
dard. deviation of log KE is 0. 01. The formation constants_
‘calculated from 1nd1v1dual data p01nts using the value

2.26 ppm for the chemlcal sh1 t, 6;, are glven in Table III

The formation constgnt for the complexatlon-of |

methylmercury by the carboxyllc acid .group of ZW1tterlon1c

vallne as deflned by Equatlons (36) and (39) was<evaluated

from chemical Shlft data

(CH) ,CHCHCOO™ + CH Hy'

3 2 £fCH3)2CHCHCOOHgCHj (36)
+ ‘ +
NH, - - NHg
o [HLHgC%B+] : |
..Kg = -~ { - _ \ (37)

(L7 {on g™

O



Ia.hlﬁ_lfl Calculated values for K

N
Vlog KF
7.41
7.41

7.40

N

F.‘ .
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vat pﬂrless than 3. ,The calculation of Ko is compllcated
"~ by tﬁe'fact that, in this pH region, the "free" methyl—
Amercury is dlstrlbuted among several forms and at a
given pH the spec1es dlstrlbutlon depends oOn the "free"
methylmercury concentratlon. Consequently, 6f is the
'welghted average of the chemlcal shlfts of the various
vforms of "free" methylmereury. Also, as in the determlnatlon
“of Kg, 6 cghnOt.bevmea;ured direct}y. Kg was evaluated
by an iterative procedure similar to that used in the
evaiuation of;kgﬁawith the addition of an iterative
-procedure for the evaluation of Gf for the specific "free"
;methylmercury concentratlon | In the iterative procedure
Jfor evaluatlng Gf, the concentrations of the various
vfree" methylmercury species were calculated for the "free"
:methylmercury c0ncentratlon predlcted initially u51ng the
value of 6f at the given~pH for’the 0.190 M methylmercury
| solutlon (Flgure 4) in Equatlon (32) From these concen-
. trations a new value of 6f is obtalned whlch is then used
-to predlct a new value for the "free" methylmercury con—
tcentratioq._ The 1teratlons were contlnued until the "free
methylmercury c0ncentration re?alned cqnstant. In each
1teratlon, the concentratlon of)tne catlonlc form of
'methylmcrcgry>for‘a particular "free" methylmercury con-

’

‘centration was calculated by -

oy

2K K _ - (1 '+ Kl) 4 o ,
- (Mellg 1~ + ——— [MeHg ] - (MeHg) = 0 (38)
] s '[H+] : | .free .




whlch is derived from Equatlons (20) and (22). The”con—'

centratlons of (Cé§ﬁ ) OH and CH3HgOH wer

using Equations (21) and (23) ang the concdntration of

en calculated

the cationic species obtained from Eguation (38).
; ' i *
Typically, after 4 iterations, successive P vdlues dif-
. : L 9

fered by less than 0.1 %. The concentration of eafboxylv

deprotonated valine used in the evaluation of Kg was

calculated from the relation
[HL™"] = a.P.M 3 |
“where a, = KAl/KAl

mercury concentratlon. The values of 6 and log KO which

] (62) and MT is. the total methyl¥

reaulted in the smallest standard dev1atlon between cal—
culated and observed chemical Shlft tltrat;on;curves were

2.16 ppm and 2.7. The standard deviation of log Kg is

0.2. The individual results obtained are given in Table

IV. The relative lack of precision in the carboxyl @

fOrmation constant determination, as compared to the amino’

o

‘formatlon constant determlnatlon, arises from the fact

that,the observed shift of the methylmercury d&es not

. differ greatly from‘the'shlft of the free methylmercury f

in the pH region 1-5 whereas in the high pH region,. where
the amino complex formd, the difference between the

observed and free shifts is quite large.

4 3
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Table IV.

pH

1.00
\

1.50

2.00

2.50

Calculated vValues of Kg
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2. The Binding of Methylmercury by Methionine -
The structural formula of methionine in the
zwitterionic form is o -

| 0" | b
H,CSCH,CH,CHCO, | | II | '

+
NH,

H

Natusch_ahd Porter fou%g by PMR that at low pH, Hg(II)
: was‘bound'by the thioether group (63,64) which suggests
that the thioether group might also bind methylmercury.

The'"CHZQFZCH— protons of methionine form an AMzN2 spin

the methine proton gives rise to an approximage

i? The shift of the central peak of this triplet

and amino d%oups. While this may not represent the exact

ghift of the methine proton, it i ?ﬁ‘ameter which is

sensitive to changes in the electr'w q?knv1ronment due tc \ Co
‘deprotonatlon or comp}exatlon reac,lqgs. The methyl protons

> \~
give rise to a sharp 51ngiet. N\ N

The curves through the solid p01nts ;n Figure 10
represent. the shifts of the methlne and methyl protons‘
in a 0.150 M methionine solution, while the curves through
the open points rebresent the shifts of thesebprotons-for
-é solution containipg 0.160 M methylmercufy. The curvég
through the solid points ianiguré 11 ahd i2 represent
the shift and coupling conétant of methylmerqury ih'a

solution containing 0.190 M methylmercury while the curves

3



CHEMICAL SHIFT, ppm vs DSS

220
2.40
2,60
2.80
3.00
\3.20
340 |
3.60
3,80
400

4.20

p H

Figure 10: pH dependence of the methyl
(upper curves) and methine (lower curves)
protons of methionink in agueous solu-
tions containing 0.150 M methionine
(closed points) and 0.160 M methionine
and 0.160 M methylmercury (opeén points).
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CHEMICAL SHIFT, ppm vs TMA

238 T —T T | 1 '-| 3 l"-l,l.l T
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R

Figure 11: pH dependence of the chemical
shift of the methyl prctons of methyl-
mercury in an aqueous solution containing

0.190 M methylmercury (solid points) and

- in an aqgueous solution containing 0. 160 M
methylmercury and 0.160 M methibnine .
(open points).
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Figure 12: pH dependence of the methyl-
mercury mercury proton spin=spin coupling
constant in aqueous solutions containing
0.190 M methylmercury (solid points).and
0.160 M methylmercury and 0.160 M methio-
nine (open points). -
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through the open p01nts represent the shift and coupllng
\\;on;tant\data for the solution cdhtalnlng 0.160 M methyl-

{

\d‘\ [y 2 R . ‘ (/
mercury and O. lGO‘ﬂ\methlonlne ) s : ' .

\
~

It is well known that the shifts of carbon-

>

bonded protons ckose to ac1d1c functlonal gryups are sen-

>

) 51t1ve to the deprotonatlon of;&hat functlonal group. (65).

Slnce the methlne proton is close to both" functlonal groups,» "v

1ts chemléal Shlft RS shown 1n Flgure 10 for the 0.150 M
D'methlonlne solutlon, ‘moves upfleld as the carboxyl group

1s deprotonated in the pH range 0-4; remalns relatlvely

»

constant in the pH range

“‘,and then ShlftS ‘further up-
'field in the pH reglon 7 ll asvthe amino group is de-
protonated. In the pH reglon 0- 4 the observed Shlft is

the weighted average ‘of the shlfts of the forms in whlch

-

'the_carboxyl 1s'protonated and deprotonated as descrlbed
. ’ . -

by,v \r_‘ ™ P 'X - o t G . | d
‘ K ;'/( . ‘ B B VoL . : . | g : . ‘ . . . i “‘ . .
[t N ) = P 6‘,+ P §. L. %i%ﬁf .

. h

where the sub3cr1pts P aﬂﬁ d. refer torthe protOnated and

. \' }

deprotonated forms, Substltutlon of Pp + Pd = l fhto

_‘“Equation (40) results in the follow1ngﬁEquatlons for- Pp

and P.. -

as* . - A :
o R PR S -
A‘. _ Pp = __.6._____.8__085 — d . ‘ (41) "
‘ N ) = . 3 . : .
o » ‘ . id : : .
| » - PR 6C)BS ~»6 . ’ ' T - t Y
. B P i sl . (42



‘K was then calculated from each of the obgéfkedﬂsbifts

Al
An this pH range using Equation (4%).».Similarly the
: H . : . T T
TR . R
Al Pp v .

-
3

deprotonated forms from Wthh %he acid dlssoc1at10n con-

4

stant,KA2 for the amino group was calculated The v 1ues

;fOr_pK and pKA2 are 2. 0 and 9.2, both with a standard

Al
deﬁiation of 0.1. The shift of the methyl protons in

methlonlne is essentially 1ndependeﬂt of pH over the ‘pH

Id

range 0 14 which 1nd1cates that 1t is ‘not affected by
the state of protonatlon of the dlstant amlno and carboxyl

ngUpS'umu that the thy/ether group. 1s not protonated even

\ <

‘under vely ac1d1c condltlons

(-

-

At pH less than 2 the chemlcal Shlft of the e

N

‘x mercury (see Figure 10), whereas ﬁhe. ﬂthyl protons are

- h ) e ’
. sh&fted downfleld_wﬁigh_lndlcates t'”

‘I

methylmercury is bonded to the thloether group As the
pH is increased from pH 2 the chemical Shlft curves *given
~in Figure 10 for the methlne proton %p the presence and

absefice of methylmercury become 1ncrea51ngly different,

2

whlle the curves for the methyl protons approach each

other 1nd1cat1ng that the blndlng 51te of the -methyl-
‘ - /

J

g methlne/proton i not affeéted Hy the presence of methyl—‘

t,-lhvthls pH ‘Tange,

E

v

B3
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.th//ﬁgg\ﬂéighlndlcates that a thicether complex forms

‘accordlng to Eqpatlon (44) in the lpw PpH region.f

. mercfiry is shifting#auay from the thioether gfoup'to the -

other endvoffihe molecule. At pH ~8-9,. coordination.is;
exelusivelyoto the émino end. As the pH is increaseq -
above 9, the complex begins to dlSsociate asfindicated by
the shlft of the methlne resonance of the meth«lmcrcury~ -

containing solution towards that of free methionine. K The

© .

* overlap of the twq .curves at pH greater than l3 5 in- -

dicates complete dlssoc1atlon of the complex at thls pH

The chemical. Shlft and ‘the. l ggHg coupllng /

j
constant of the ‘methyl protons of methylmercury presented

Q

‘ in. Flgures 11 and 12 also support these con<lu51ons con—

7 . .
¢cerning complexatlon of. methylmercury by methlonlne. Thus

-

]

_ L N
CHBSQH2CH2CHCOZH t OﬂéHg ‘ 2 CH3TCH2C? CHC02H (4{) N
. . : . £ . (8
- . + o ) ; ;
/ . - :
TN | +HgCHy N‘.H3‘v‘ﬁ L
B < ) - : o .y N ' - .
The:fbrmetion;constqnt'for Yhis cofiplex ig) - - vy
. 4 . . - é"“ . E - \:4 fo"
- a LHgCH 1 TP D U
. K_ = z. ° 3 ' (45)
FUE T B T + S v
. [H2L ][CH3H9'J - , 1

At highet pH, the methylmerout& shifts to the other end
of the molecule.end potentially could he ooordingted to
either the deprotonated amino or the carboxylic acid
groupsi By analogy w1th valine at pH greater than 9, th;\
methylmercury is assumed to be bound by tpﬁ amino group

~

3 b ) g



as described"by reaction (46). -The formation constant

. . o 1
CH,SCH,CH,CHCO, ™ + Ciighg” 2 CHSCH,CH,CHCO,™ . (46)

. NH, o = EHszgCH

3

for this reattion is glven by Equatlon (47) At inter-

medlate pH values a complex mav form in which the nethyl—

1CHGHgLf]

(47)

}} PR

mercury is bonded to‘;he deprotonated carboxyl group, while

<

the amlno group 1s protonated,. although it was not p0551ble

r

to 1dcut1fy such a complex in the present work
. . )' 4 AL

. b
’ The formatlon eonstants for the reactxo s des—,\
153 I3 .

cr;bed by : Equatlons (44) and (46) were determlned from NMR

data. The Formatlon codstant for the blndlng of methyl—

\J

,mercury by the thloether grgup was determlned from the

cﬁemlcal shaft‘of the methyl protons of: methionine. Th@ﬂfn

L
B ¢

- ot

chemlcar chift was meapured asif functlon ofi&he ratlo of
)
methionlﬁe to methylmercury at pH 0. and pH 1:5.: For this

study each sample was prepared separately with the exact '

g st01chlometry gchleved by plpetlng methylmeAcury stock

solutlon and addrng a welghed amount of methionihe. Only

the results at pH 0.5.were ultlmately used 51nce prellmlnary

5}

calculations 1nd1cated the p0551b111ty of 81gn1ficant

carboxyl’ complexatlon at pH 1.52 The data at pH 0. 5 are

T
AY

4

69
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.
[}

. methlonlne glven 1n Table \4 by the 1terat1ve procedure

presented inbfable V.' ‘At this low PH, the amino and
"carboxylate dentates ar= protonated as 1nd1cated by the

shift of the methine proton, and “free" methylmercury
.exists predominantly as.}he aquated cation. In all cases

a 51ngle, averaéed set of resonances was observe&, in-

dlcatlng exchange between the "free" and complexed forms .

“to be fast on the NMR timescale.

Slnce the chemlcal shift of the complexed - form

of methlonlne could not be determlned dlrectly, the for-

matlon‘constant of the thloether complex was determlned

from the chemlcal Shlft data for the methyl protons of

rdescrlbed prev1ously for the methylmercury vallne com—' R

- plexes, w1th the exceptlon that all “of the "ﬁree" methyl—f ,J

‘\b

) mercury atrthls pH is presént as tfe catlon.' Usrng thlS-

procedure, the formiylon constant wasudetermlned to be

f 87 w1th a standard dev1atlon of 4 and the chemical shift

-

. ofwthe mgthyl protons of Lhe thloether complexed methlo—.

nlne to heh\\96 ppm.f From the chemlcal shlft data for

the' methyl protons of methylmercury and the mercury proton e

% . S\l . ‘;

couplrng constant data 1n Table V, the chemlcal Shlft of
the methyl-protqns of'methylmercury bonded to the tth*

'ethdk group 1; calculated to be 1.12 ppm whlle the mercury-
proton coupllng constaht is found to be223 Hz .

-~

The formatlon constant for the amino complex

J
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o

defined by Eqdat}ons‘(46)'and (47); Qas determined~from e
chemical*shift data for the methine proton ofrmethionine

and t;eAﬁethylkprotons of methylhercury for the solution
contalnlng equlmolar amounts of methylmercurlc hydrox1de

and methlonlne. The procedure used was 1dent1cal to that
used for valine. Only data at pH values greater than DH 9
were used.to ensure that the only complex formed was the

. amino oompiex. 7Erom‘tne chemicai snirt data for the methine

proton, log KF = 7,55 + 0.02 and the chemical shift of the

Ly
methine proton in the complexed species is 4, 21 ppm. The

chemical shift data for the methyl protons ¢ of methylmercury
ylelded a'log KF of 7. 40 E 0.08 and a chemlcal shift of
O 91 ppm for these protons ‘when me;hylmercury is bonded
to the amino group.  The individual results are glven in

v

Tab*cs VI and VII. ':. S o ﬂ: . ' .

e S

" fable vi. Formation Constant values for Amlno Complex
iablie Vo

Calculated from the Shlft of the Methylmercury

Protons . c
pH . 1og Kp - -
: Tei00 ST 149 y
C s T B
o - 9.50 ) 7.40 v f.iﬁ’
£ 10.00 o 7.33 ,
s P : i - L o ' ’ .3 . ‘\ ’
T 10.50 731 . L A
11.00 L 2.43 , )
R S e J
11.50 7.49
12:00 1032

3. The Binding_of Methylmercury by Cysteine~and Penicill-
amine.
The binding of methylmercury,by the amino acids

e i TR - T
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Table VII. Formation Cofstant Values for Amino Complex .
Calculated from the Shift of the Methionine

Protonss _ “

pH : log K
10.50 7.56 .

'10.70 W53
| o x

11.00 . 1.56
11.35 . 7.54
11.77 ~ 7.55. * g
12.00 . -~ 7.59
y . 12.86 " 7.55 '
‘ : ' I\ ie |
: J‘ IS

(v



. pH in Fig. 13. Also shown for comparison is the sh;

- range 0—14,

S

cysteine (III) and penicillamine (IV) was’ studied to

Bl

HSCH.CHCO. .- o 111

v v . NH3 o ’ ) - =l
.HSC(CH3)2CHC02 : . Q ' Iv

§
. ~ + W
oy NH ¢

Aﬁ'
3 . , 3
. ) 3 W

. ‘ ‘ K ‘
characterize the binding of methylmercury by the sulf-: .

hydryl group. The chemical shift of the methyl pro

of methylmercury in a solutlon contalnlng 0. lSO’M mv ] — ~-

of the methyl protons of methylmercury in a 0.190 M

'metrylmercury solutlon.g ?hm mercury proton spln spin

coupllng constants for the ‘same solutlons are shown in

r

FigUre'l4. The chemical shifts of the resonances for the

a and B carbon atoms of, a 0.15 M cystelne solution and

¢

of a solutlon contalnlnd 0. 20 'M cyst21ne and 0. 20 M
/"'\

\ .
methylmercury are shown 1n Flgure Y15, The dlsplacement
[] }

of thé chemlcal Shlft and coupllng constant tltratqon

"y
K3

curmes of methylmercury when the solutlon contarns“cystelne

a2 N v

and of the carbon 13 chemlcal Shlft tltratlon curves of

cysteine when the solutlon contalns methylmercury 1nd1cate

: that‘methylmercury is complexed by cystelne over the pH



CHEMICAL SHIFT ,ppm vs TMA-
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' Figure 13: ©pH dependence of the chemical

shift of the.methyl protons of methyl-

" mercury in an agucousy solution contaiming-

0.190-M methylmercury (solid paints) qnd,l

in an.zqucous solution containing 0.150 M
methylmercury and 0.150 M- cysteine (open
points) . S o -
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" Figure 14: pH dependence of the mercury proton
. spin-spin coupling constant of methylmercury in .
an.aguecdus solution containing 0.190 M:methyl- ﬁ& .
‘mercury (sclid points) and in an aqueous solu-
‘tion -containing 0.150 M methylmercury and 0.150 M
,cystelne (open points).
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CHEMICAL SHIFT ,pom vs DIOXANE
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atons of cysteine in an aqucous solution
_containing 0.201 M’ cysteine (solid points) |
adg in an aqueous solution containing - 2

0.200 M cysteine and 0.200 M methylmercury
(open points). .
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To identify whioh-of the_three potential binding
' 51tes is 1nvolved in methylmercury complexation, the -
blndlng of methylmercury by cysteine was studied at pH
13 since the previous studies with Vaiine indicated that

the amino and carboxyl groups are not methylmercury—
complexed at thls pH - In Flgure 16, the chemlcal Shlft
.of the methyl protons of methylmercury is given as a
functlon‘of the cystelne toh;ethylmercury mole ratlo. //‘_//////
Also shown ‘for comparlson are the regGlts of a similar

4 experlment w1th S—methy}cystelne.' These results 1nd1catef

oS
- that of/the 3 potentlal blndlng sites of cystelne, the -

’

sulfhydryl group is the binding site 1nvolved "in the com-
e ;fgzgiloh ogro;evcoordlnate methylmercury at hlgh pH.
.Comparison of the low: pH region of the tltratlon curves
used. in the study of the binding of methylmercury by
vallne (Flgures 8 ard 9) with the. low pH region of Flgures
\13 and 14 1nd1cates that the sulfhyaryl group is the ™
blndlng 51te over the pH range 0-13. The mole ratio . |
study also clearly 1nd1cates ‘that only ohe methylmercury
is bound by the sulfhydryl group of cysteine at this pH.
- In the pH region 5-13, the chemical shifts of
the a and § carbon’ resonances of the.O}lSQ M cyeteine
14
. solution change as a result of deprotonatlon of the amino-
and sulfhydryl groups (Figure 15); acid dlssoc1atlon

constants for these deprotonation reactlons are derived

from the;carbon—l3=chem}cal shift data in Chapter VIIIL,
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) . ‘“ ‘ S .. . .
h Assumlng the sulfhydryl group to be deprotonated

= —

— U
in the cystelne complex pf ‘inethylgmercury, one can at-
o R v “w
tribute the pH dependence of thgechemlcal shlfts of the
'cystelne carbons in the solutlon contalnlng 2720 M\ -

cystelne and 0.20 M methylmercury (Flgure 15) to varl—

: atlons in the state of protonatlon of the amlno and
b N
carboxyl groups. 051ng Equations (41) and (42), theng

~ , Al

-for tﬁe acid dlSSOClathn of the carboxyl group of methyl-

. <
mereury- complexed cystelne, deflned by Equataon k48)

. v . .
> % %" v .
. . , . v + .
CH3HgSCH2CHC02H + 'HZO « CH3HgSCH2CHCO2 +~H3O |(48)
. v ~ ¥
> + - T +
7NH3- sw hﬂ3a

was determined t6 be 1.95 % 0.05 from the chemical shift

,:data.in the pH region 1-5 and the pKA2 for tﬁe'acid dis-

sociation of the amino;group defined by Equation_(49) was

found~to be 9.05 ¥ 0.04 from -the chemical shift data in

~ - 3 -* N
3H\gSCHZC'IHCOZ + HZO < CH

| g - ey '
CH .3HgSCH2CHC‘02 + 539\« | “.(49)
© R + - . “ ‘
NH  NH, SERETEE

~

the pH range 7-11. The chemical shift of the methyl

& . : .
protons of methylmercury in the solution containing 0,20 M

methylmercury and 0.20 M cystelne (Flgure 13) changes w1th

PH in those pH ranges where the carboxyl and amlno groupS'

-are being titrated ‘and presumably afgq reflects the state '

\

of protonation. The pré value det 1ned from the data

@
-~

KR!
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s

in Flgure 13 for the amino group of mekhylmercurylfomplexed

t

. Cysteine’'is 9.0 % 0.F. The chemical Shlft data in the "

pH range 1- S‘dlg:not YI%ﬁd a constant value for the pKAl

of the carboxyl group, p0551bly beé%use some protonatlon
5

.of the meth/;mercury—complexed shlfhydryl group occurs

‘thhls pH range. ‘?rotonatloh\of the methylmercury—

in Sectlon 4 of this chapter. The pK nbLues for the
’ ¥

. carboxyl andbaminold' ion reactlons pf methylmercury-

;cohplexed penicill
|
methlne proton of pen1c1ll§m1ne are 2, 0 ro.1 and 9.0 % 0 1.

3

ne from the chem1cal shift of the

The pH dependence of the chem cal Shlft of" the
,methyl protons and othhe mercury proton coupling constant ‘
of the methylmercury in axl equlmolar solution of methyl-
mercurlc hydrox1de and peﬁic1llam1ne is 51m11ar to that
'shown in Flgures 13 and T4 1nd1cat1ng that. complexatlon

- of the methylmercury to the sulfhydryl group of: pen1c1ll-

similar to the complexatlon with cystelne. These

eters w?re also measured 1nbba51c solutions con-
talnlng up to 8 M KOH. Under these extreme conditions,

the resonance for the metgyl v-gore methylmercury was
+

-4

between. that of "free“ methylmnrcury and the methylmercury .

P —

in the peprc;llamlne complex, which may 1nd1cate partlal
dissociation of the,complex.due'to competition from

"hydroxide 1on for CH3H (II) or, p0551bly, fonmatlon of a’

E complex of the type CH Hg(OB)(pen1c1llam1ne) .

\ b . o e
\ ~ .

\
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The formation constant for;the binding of methyi:
mergnry by the sulfhydryl group could not.be measured by
utfllzlng the competition between H3O ‘and CH. Hg(II) for
,llgahd or between ligand and OH for CH3Hg(II) 51nce nowhere

. in the pH reglon 1- 13 does the hydrogen 1onkcompete success-
fu}ly with methylmegcury for.the‘llgand or hydroxide ;on:

1
with the ligand for methylmercury. ' The determination of-

the formation constant was attempted by ua;ng a cbmpeting
ligqnd which forms a moderatei§ strong-complek with-methyl-r
mercury..~Possibi;itiee’suggeéted by-Schwarzenbach and
Schellenberg's\results.(ZS'are thiosulfate ions (log Kp =

11) and cyanide ibns (mog K. = 14. lf To pH 6 and 13

F
solutlons containing equlmolar conce‘gratlons of methyl—.
mercury and cysteine, thlosulfate was added' up to a tth—

psﬁlfate to methylmercury to cysteine rati of 4 to 1l to 1.
Even with,a 1arge'exceeé of thiosulfate esent; no sig-

{nlflcant amount of the cystelne ‘complex issociated‘to
'form the thlosnlfate complex, as 1ndlcated by the -absence
of a change in the chem1cal Shlft of the methyl protons of
methylmercury; In the cysteine complex, the- resonance for
these protons is at 0 74 ppm whereas in the thiosulfate !

’ complexb}t is at 0.97 ppm. o ¢ -’/'

B | Similar'experiments at a pH of 13 using‘Cyanide
ion as:the competing-iigand were'50mewhat‘mdrezsuccessful.

When the solution contained‘a 201/to 100-fold excess gf

‘cyanide to methylmercnry, the resonance for the methyrgP‘

82



pretons of'methylmercurymmoved-upf&eld. However, the shift — ——

i ’ ’ . . ’
ct the methyl protoms of methylmercury in CH_HgCN differs°

3
by less.thén.é Hz (0;03_ppm) from the chemical shift in
the Methylmercnry;cysteine complexbat,pH i3t ~Conscy.ently
these regults could only‘be used to estimate‘the loqarithm
of the formatrbn constant for the sulfhydryl complex .

defined by-Equatlons (50) and (51) to be approx1mately 15.

o o . .
SCH.CHCO. ™ + CH3Hg* ? "CH

27772 -~73

HgSCH,CHCO,™ ™ = (50)

-~

. N
NH2 ' " NH2

[cﬁ3HgL]

. - ' K = - N S -~

A ’

4 The Binding of Methylmercury by Glutathione

In the preﬁious section it was“shown'that'of the
pOtential coordination sites'in the amino acids penicill—
aming - and- cystelne, the sulfhydryl group is the strongest

coordination site for methylmercury.’lPresumably the amino
and carboxyl groups of sulfhydryl-complexed cystelne\aﬁd

: .--.. R b )
penicillamine are still potential coordination sites for

Attémpts to characterize the

4

._additional'methylmercﬂry.‘
Linding of methylmercury to these amino and carboxyl groups
‘were unsuccessfgl because the resonances do not 1nd1cate

the state of complexatlon of a 51ngle functlonal group.

- To furthgr characterlze the blndlng ‘of methylmercury in
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. S ‘ ‘~i v C
such compdexes the: bindlng of methylmercury by glutathrbne-
.-
(y—L—g1utamyl-L—cyste1nyl—glyc1ne, V) was studled
‘ H 'AO. "0
o / ~0.CCCH.,CH CNHCHCNHCH co,” o - ‘”-V
_ . NH = THZ ;f;;a
‘ SH ' » f‘ . R

‘state of the carboxYlic

‘the'sulfhydryl‘group'of;ﬁ;

residue. The cqemlcal Shlf

ishown as a funcq@qn of pH for a 0 15.M solutlon of

R

A The methylene protons of the glycyl resxdue

(NHCH2 2-; labelled A in thg,follow1ng dlscu531on), the

methylene protons of _the L~¢& s&elnyl residue" (CH —SH,

labelled B), and the methln ‘gé;ton of the Y-L-glutamyl

kabelled C) reflect the chemlcal

e

residue (’ozc(NHafitﬂf’“

-

%group of the glycyl resrdue,

dréarbOxYIic'aoid and~a-amf oups of the’L-glutamyl

_g?_protons A B,‘and C.are
glutathlone in Ff&ure 17. The chem1ca1 shlft of protons A

changes in the pH range~l-5 due to deprotonatlon%of the

' -glycyl carboxyl group, that of protons B changes 1n the

-pH range 7 11 due to deprotonatlon of the sulfhydryl group

and‘that of,proton C changes in the pH range 1-5 due to .

deprotonation of the_d—carboxylic»acid'group_of the-y-'

L-glutamyl residue and 1n the pH range 7-12 due to de-

protonatlon of 1ts a—amlno group.
. .

- 84



'CHEMICAL SHIFT, ppm vs TMA

Figure 17:' pH dependence-of the chemical

shifts of the (A) glycyl methylene protons,

(B} L-cysteinyl methylene protons, and (C)"-
. L-glutamyl methine proton of glutathione.
(0 15 M glutathlone, T = 25°).
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The chemlcal shift of the meﬁﬁyl prqtons ‘of .

?

: methylmercury and the mercur€~*roton coupllng constant for -
& g L 3 q -
methylmercury in a. solutlon contalnlng equzmplég amQuntS' .

/\l

- of pH in Flgures 19 and 20,

the chemical éhlft and mercurdﬁm;
JOS Sl

of a 0. 190 M methylﬁercury soigﬁ}oﬁ;f*Tﬁewéﬁ a presented
.ﬂ-. 4 e
in Figures 19 and 20 also 1ndieatedﬁlhdlnq,of methyimercury

by the sulfhydryl group of glutathlone.

-

At pH less‘than 2, the chemlcal Shlft of the @Q T

7

3.

‘methyl protons of mefhylmercury and the mercury proton gg“;r

| #

coupllng constant Shlft in the direction of the chemlcal'
’shlft and coupllng constant of free methylmercury. ThlS
could be caused by a‘'slight excess of methylmercury or - 1t
rcould 1nd1cate some dlssoc1at10n of the complex through

competltlon of protons with CH Hg(II) for the sulfhydryl "
3"

group or some protonatlon of the methylmercury-complexed w0
r - ]

. . . . » .
L3 . . . . .
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CHEMICAL SHIFT, ppm’ vs TMA

237

229

221

2.13

205

pH

‘Figure 19: pH dependence of the.

chemical shift of the methyl protons

of methylmercury in an aqueous solu-

tion containing 0.190 M methylmercury

(loweg curve) and in an agueous solu-
tion containing 0.150 M methylmercury
and 0.150 M glutathione (upper curve) .
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'COUPLING CONSTANT
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Figure 20; ypN dependence of the
mercury-hsotoh coupling constant of
'methylmekcury in an aqueous solution
containing 0,150 M methylmercury -
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tion contzinjng 0.150 M methylmercu
and 0.150 M glutathione (lower curvzy.
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. 'Apv" - . . ‘
sulfhydryl. The same results were obtained'for an ex-~ -

.

periment in which the glutathione‘was present in a 20%

v_exéess, indicating that thenchanges in the chemical shift
. of the'methyl protonS'of methYlmercury and the mercury-*f‘

.proton coupllng constant at pH less than 2 in Figures- 19

and 20 is not due to an excess of methylmercury. To deter—

mlne 1flthese changes are due to-d1ssoc1atlon-of t/g//”'
& .

complex, methlonlne was added to a pH 0.5 solution con—
"taining 0. 17 M methylmercury and 0. 17 M glutathlone. -If._
the methylmercury glutathlone complex 1s partlally dls-
'soc1ated the methlonlne would react with the free methyl—

- mercury to form a thloethergcomplex at this pH whlch would

- be 1nd1cated by a downfleld change in the exchange—averaged"ﬂ

Q

chemlcal Shlft of the methylmercury protons. . No detectable
change in the methylmercury chemical shift w&s observed up
to a methlonlne concentratlon of 0.34 M.. These results

suggest that the changes in-the chemlcal shift and coupllng

constant at pH less than 2 are~ ue to some protonatlon of

the- complexed sulfhydryl group.J Such a complex would be
somewhat 31m11ar to the thloether complex formed between

i

methylmercury and methlonine, in whlch the'mercury-proton

“apt

Thus 1f protonatlon of the methylmercury complexed sulf-

’ hydryl group is occurrlng at.pH less than 2 -the exchange—

averaged mercury proton coupling constant might be expected

90



to 1ncrease as observed o, -

Slnce the S -H stretchlng V1bratlon in glutathlone

produces a dlstlnctlve Raman "band in the reglon of 2580

€

b

v'ycm'l, 1t was thought that ev1dence for protonatlon at pH\J o

“ less than 2 miﬁht be . obtalhed by Raman spectroscopy., Raman
;shmples,were«prepared at pH 0.4 of a solutlon contalning?
0.42 M methylmeroury and 0.42 M glutathlone. No S- H ~

| stretchlng v1bratlon was observed, presumably because the
concentratlon of protonated complex 1s too low to be
detected by thlS method. o ' v

vﬁ ‘ To study the binding: of addltlonal methylmercﬁry

‘ by sulfhydryl compz2xed glutathlone the chemlcal shlfts .

of protf

f-A B and C were measured as a functlon .of pH .
for a solutlon contalnlng 0. 4 M methylmercury and 0.2 M
glutathlone. Due to overlap of multlplet patterns, it f

~was not poss1ble to characterlze the blndlng quantltatlvely
W

thh these data. The results suggested, however, that at
\ . . B

"pH less than approxlmately 7, two*methylmercury ions. are *

/éoordlnated to the sulfhgdryl group. - To characteriZeA‘ . -
thls lnteractlon quantltatryely, s1m11ar experlments were ‘

{
performed by carbon—13 magnetlc resonance spectroscopy. _ ' :

U LR

The carbon-l3 magnetlc resonagpe spectrum of a .

0.30 M. glutathlone solutlon at pH 7.37 f@g\hown in Flgure

. ne:-‘/

21. Ten well—resolved resonances are observed, one for
'~each carbon atom of glutathlone.’ The resonances are iden-'
tified accordlng to the’ residue and the partlcular carbon

w';.
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Aatoﬁlwithiﬁ-Ehat,residue.?giye:chemical.thfr of each
55?20p atom is sénoirivé'roldeprgtenationt;%d complexation
’reactiono oéCurrrpg at funofional groupé in'c10$e proximity
}to;the particulér cér?on atom{ The chémical shift of the
.vindivrdual carboq\ toms isvsﬁown as a function ofng ihﬁ*\

Flgure 22¢ The resonénces for -.the. GLY-C and GLY-COOH
_ carbons Shlft as the glycyl carboxylic acid group 1s
protonated. . Deprotonatlon of the sulfhydryl group is

reflected in the ‘shifts ogstne CYS-C,, CY¥S-C_ and CYS-colly

B’
‘carbons.’ The GLU-CB, GLU-C_, GLu-cONH, gnd GLU-COOH carbon
. resonances shift as both the carboxyl and amine groups

‘deprotopate. ‘ | o A . J

To elucidate the nature of higher complexes
T .

formed from méEhylmercqf@-complexed glutathione, the

¥ .
chemical"shifts of the carbon atoms of glutathione»in

°

solutlons contalnlng methylmercury at methylmercury to

-
S

:_glutathlone rg?kos of 1:1 and 2:1 were measured‘as a-

funcrlop of;pH.- Chem;cal éhiftodéta for the CYS+Ck:a?d ’
, GLUrQB}caroon atomsjcffg{ﬂg;thione are show; Sn,f‘igurejZB.j
Also shown‘are the shifts of these carbon atomé?in a |
“solution Congainrngwoh;y glutathioné} -Qompaiéoop of the

?'chemioal'shift curve for the CYS-CB'carbon of free gluta-

' thione (Solid points)-with that‘of the CYS-C 8 carboﬁ of’é
l 1 methylmercury glutathlone solutlon (half-open p01nts)

. g7
1nd1cates domplexat1dﬁ~of the methylmercury by the sulf—-

S
shydryl group over the pPH range studled. The small  changes.

S \_,__/;.

™



CHEMICAL SHIFT, ppm vs DIOXANE

Figure 22: pﬁ-%ﬁpendence of the carbon-13
chemical shifts of sthe ten glutathione car-
bon atoms in an aqueous solution contalnlng
0.30 M glutathlone N



-in the analogous GLU-C_, curvel result from changes in th
’ac1d dlssoc1at10n congiant of the amlno grqnp of methyl-
mercury complexed glutathlone when thetsulfhydryl group is
;-»complexed w1th methylmercury. Comparison of the CYS-CB
and GLU—CB chemlcal shlft curves for the 2 l methylmercury
glutathione’ solution (open points) w1th those of the 1:1
.bsolutlon 1nd1cates that in the pH range O 4 two methyl-
mercury catlons are bonded to the sulfhydry}”group. The
mercury-proton coupling constant of the methylmercury in
'Tﬁhls species is 212 Hz. As the pH 18’1ncreased above 4,
ong of the methylmercnry cations shifts to the aﬁino'group,

~ T\ : :
as indicated by the_displacement of the GLU-C 2&1 curve

B
from che f-l cuaye; The data in Figure 23 1nd1cate that

vat pH greater than 9, the second methylmercury is partlally
dissociated: from the glutathlone, presumably to form- ,
CH3HgOH by analogy with the pH dependence ‘of the blndlng
of mgthylmeféury by valine.

" To characterize these conplexes further, mole
- ratio studies were performed at'pH values 1, 4 and 8.
The results are presented- in Figures 24, 25 and 26. At
pH 1; the shift of.the/é;U4CB carbon_remains constant °/
(Figure 24) indicating no complexation to the amino group,
wnereas the CYS-CB,snift increases'up to a mole ratid of
.Zdindicating 2 metnylmercuryrcatio are coordinated at
, the'sulfhydryl site. The break i the ‘cys- ~Cg cnrve

A
occurs because no averaged resonance .could be detected in
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,ppm vs DIOXANE-
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Figure 24: Carbon-13 chemical shifts of the ‘
GLU—-CB'an'd. CYS-CB carbon atoms of glutathjione -

as a function of the
to glutathione. pH
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,this region due to exchange brOadening. The results in
Figure 25 indicate that elso at'pH 4 the sulfhydfyl group
is the only coordlnatlon site up to a mole ratio of 2.
However, the GLU—CB chem1ca1 Shlft eurve 1nd1cates that ‘f_:
at mole ratlos greater than 2 there is’ some amlno co-
ordlnatlon. The results glve:yln Figufe 26 indicate that,
at pH 8, the comp;exatlon is somewhat different. Up to.

- a mole ratio of 1, there is only‘éﬁlfhydryl coordination,
but at mole raﬁios greater tﬂan 1 the second methylmercﬁry

adds maihly to the amino group as evidenced by the down-

. field shif't-of‘the-G'LU—cB

carbon.

-C. Discussion

1. The Binding of Methylmercury by~the Functional Groups

4

‘of Amino Acids and Peptides. |
| The NMR resulte bresented in this chapter
demonstréte_ﬁhatyﬁhe‘carbOxylie acid; amino} thioether,
ena sulfhydryl groups are ail éotential bindihg sites for
methylmefcurYﬂQith the amount of binding at a'particular
siﬁe being stiongly~pﬂ-dependent; Of these binding sites,
the sulfhydryl complexes methylmercury meet strongly as
deﬁdnstfated'by the resulte in Figﬁre 16 for the mole
ratio study with cySteIBe and S-methylcysteine; invthe
mephy;mercury glutathione complex no dissociation was
- detected over the pH range 054‘to 13.5. The binding of

methylmereury by the-carboxylvanh amino sites is strongly



o & . _
pPH dependent due to protonation of the coordination site

and to formation of the more stable methylmercurie~hydroxide.”

Protonation does not compete with 86mp1bXation of the

. methylmercury at the thioether group afd the results in

Figure 10 1nd1cate that methylmercury binds to the thloethen

group of methlonlne at low pH wrare the "free" methyl-
x

mercury is present as CH HgOH2+. This indicayes that the

3
thioether group has a larxger affinity for- methylmercury

o

-than does HZO ’ . ‘ .
The'chemical.shift data presented in Figures 23,
24 and 25'indicate cenclhsiyely"thatethe second meth¥yl-
vme;cury is.eomplexed by'the.sulfhydryl g%oup of the 1:1
methylmercury glutathione complex over the pH range’0‘4 to
‘6.. The p051t10n of the resonance for the methylene protons
~of the cysteinyl re51due of glutathlone in a l 1 methyl- |
mercury glutathlone solutlon is essentially independent of
pH, indicating that the methylme;cury-complexed sulfhydryl
groﬁp is deprotonated. At pH less than 2, the chemical
shift of the methyl protons of methylhercury (Figure 19)
and the mercury-protoh coupling constant‘(Figure 20)
suggest that there is some protonation of the complex.
Binding of methylmercu}y by the sulfhydryl-rich
protein thionein»has been investigated by éhen, Ganther,

dnd Hoekstra (26) who.concluded on the basis of spectral

changes, that methylmerdury has a lower,affinity for

thionein than does Cd(1II). This is opposité to the affinity,

101
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»

order obtained ‘from NMR studles of the binding of these ’

metal 1ons by the sulfhydryl group of glutathlone (27)

The greater affinity of thloneln for Cd(II) may result

lfrom muléﬁple binding of thionein to Cd(II) whlch does

not occur in the CA(II) complex of glutathlone below pH

6 (27) nor in the methylmercury glutathione complex,

and presumably not in the methylmercury complex of thionein.
P The results in Figure 13 indicate that, upon

protonatlon of the amlno group c¢f CH3HgSCH2CHNH2CO2 the

' ouance for the methylene carbon which is two bonds V
€§§£Ved from the 51te of protOnatlon, shqfts by 4.58 ppm

whlle that for:the methlne carbon shlfts by only 1.18 ppm

even though it is one bond closer to the 51te of protonatlon.

Similarly, complexatlon of éhe ionized sulfhydryl group

by CH3Hg(II) causes the methlne carbon, whlch is separated

from the 51te of complexatlon by two bonds to Shlft by

2,22 ppm whereas the'resonance for the~methy1ene carbonz-

- shifts by onlyyo.ll.ppm even though it is directly bonded

to the site of complexation. Tbis‘is'analogous to the

relatlve shifts observed in carbon—l3 magnetlc resonance

spectra upon protonation of simple amino acids (66) and

| upon complexation of Cd(II) and Zn(II) by the amino group

of glutathlone (27)

s 2. Tne Blndlng of Methylmercury by Methionine.

The blndlng of methyhmercury by methlonlne is
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of particular interest.in view of therreviOus work on
the partitipation of the thioether group in metal come

- plexes of methlonlne (63, 64 67 ~-69). By ancomparison of
:bthe formatlon constants of the- glyc1ne and methlonlne
“_complexes of Zn(II), Li and Manning (67) showed that -
bindiné of Zn(II) by methionine is through the amino and
‘carhoxylate dentetgs. In a sim%lar but more extensive |
study, Lenz and Martell (68) concurred withvthe”con-

clusions of Li and Manning for'Zn(II) and proposed that,

. of the metal ions Aag(I), Ca(II), Cd4d(II), Co(II), Cu(II),

Hg(II), Mg(II), Mn (II), Nl(II), Pb(II), and Sr(II) only
'Ag(I) binds to the thioether‘group. McAuliffe,.QuagfiBnoﬁ
and Vablarlno (69) showed by~ 1nfrared spectroscopy that,

in the solld state at least b1nd1ng of several of these a
,and other metal 1ons by anionic methlonlnells asigroposed
;by Lenz and Martell (68). More recently, Natusch end .

| Porter (63,64) have demonstrated by protOn magnetlc «
resonance spectroscopy that a prev1ously undetected complex
in whlch Hg(II) is bonded solely to the thloether group, .
forms in aczdlc-solutlon. Still more recently, Wong,
'Iaylor, Chieh and‘certyv(70)yhave r ted that in the
complex,,D,L-methionetomethylnercﬁry,_which was- isolated
'vfrom alkaline solntion, the methylmercury is bondea‘to
the amino group‘and there is no interactionvbetween "9

methylmercury cetiongand the thioether group in the . :d

state. . . | j



“The results presented in Figure 10, provide con-
clusive evidence -or methylmercury binding to the thioether
gfoup. ‘The formation cohstant for this complex is

. v _
-relatively small; thus, it dominates the solution chemistry
- . N 7

- .
only under very acidic' conditions where the'anino

and carboxyiate groups are protonated and-are not able to
compete with the thloether site for the methylmercury
cations., Because'of the high degreevof.specificity in
the’binding of methylmercufy by the thioether group in
aeidi; solution, it may bepgbssiple fo identify methionine
resonances in the PMR spectxaﬁéf methionine—conteining o
peptides and proteidslby obserying changes.in the spect}um
as the.peptide or pfotein is‘titraﬁed with'methylmercufy

at pH.0.5.

3. pH Dependence of Ehe'Binding of Methylmercury.

* The extent of complexatien of methylmercury by

the molecules discussed in this chapter is strongly pH
‘dependent due to protonationﬁof the ligand and reaction of
methylmercury with hydroxide idén. Thus the conditional

formatioﬁ constant, defineg by Equations (52) -and (53) .

. 2]

methylmercuryfreev+ 1;gandfree 2 methylmercprycomplex

«C f= [methylmercurycomplex] L -
]

[methylmercuryf ee][llgand

(53)
free

(52) .
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is more informatlve for acgiven set of soluilon condltlons

[ ®

‘

' ,than formatlon constants of the type calculatzﬁ in- thls

: chapter 51nce the condltlonal formatlon const

..

,dlrectly the extent of complexatlon for the partlcular

-

set of solutlon condltlons for whlch it was derived The

vcondltlonal formatlon constant equals- aBKF, where o is the

fractlén of "free"’ 1lgand 1n the for‘&whlch complexes and

A .

B~ the fractlon of Sfree” methy“‘ ry as the aquated

‘catlon for these solutlon condltlons. From the_results

o

_ teported in thls.chapter,gthe orders of.conditional
stabi;ityfoﬁ=methylmercury:ccmplexes,oﬁ'sulfhydryl;,amine,;
carboxyl; and thioether ligands have beén derived as a

2

‘are included to indicate those conditions where the con-
. . . "\ ' . AN

S ] _ G -
ditional stability constants are so small that little or

function of‘pH-and are given in Table'VIII._ H~0vand OH

ncacomplex fcrms." The informati%n aummariged ih”this'
"Table shouldgbe useful when considering ﬁh{ch tjpelbf
-ccmplex will predominate in systems containiné"multi-
functional ligands. o |

)

4, _Relaticnship‘between Formation Constant and Mercury- "~
Proton Coupling'Constant

In Chapter I, 1t was noted that, for a serles

of carboxyllc ac1ds, the.absoiute magnltude of the mercury—

'proton coupllng constant decreases approx1mate1y llnearly,

{
~ as both the pKA of the carboxyllc acid and the logarlthm

nt 1ndlcates'

7106 .
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of the formation constant of the methylmercurYecarboxylic N

‘acid complex increase. Evans'et all (34) and Sheffold

‘;(71) reported a llnean decrease 1n the magnltude 'of the .

/’*‘

vchloroform with increase in the aqueous solutlon pKA qf the

R . .

_coupllng constant for CH3H902CR complexes in deutero» °

9

carboxyllc acid. In Flgure 27 the absolute magnxtuae of

v

the mercury proton coupllng constant 1s plotted as a

functlon of log K for thioether, hydroxyl,\sulfhydryl

”and amino complexes of methylmercury. The results plotted

in Figure 27 "include those obtalned in thelpresent work

and those-obtained in previous studies on these systems.

: [ ' » . :
An approxim%tely linear relationship is observed. From . - ~

i-a least squares treatment of the data J —5 09 log K_ +.

F
249. This relatlonshlp should be useful 1n determlnlnq

L . [

‘the site of complexatlpn»ln multlfunctlopal ligands.” ) /

[4 39 ’ ’ ot

~
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Figure 27: Plot of mercury-proton spin-spin
coupling constants versus the logarithm of the
formation constants of the methylmercury com-

" pléx. Values for all ligands studied in this

is as well as values reported in the lit-
erature are included. The ledst sguares
.analysis was done using the points indicated
by arrows. : v o
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HAPTER "V

KINETICS OF METHYLMERCURY COMPLEXATION REACTIONS

N -

~ A. Introduction

In nearly all of the Eigand-methylmereury
systems preseneed'inychapter 1v, as well as thgse des-
eribed in the literature, eXchange-averaged épectra were
obServeglfor both methylmercury end ligand resonenq’!g
indicating egehange between free and.complexed forme te.
‘be fast on the NMR timescale. This was puézling¢ par-
ticﬂ;arly injthe'ease of methylmercuryecemplexes of
’sﬁlthdryi—containing ligands. Since the formation .
constant offa'metﬁylmercﬁry comp1;X'is eéuai to the-ratio

of ‘the formation and dissociation rate constants as

defined by Equations (54) and'(SSJ‘ah upper limit for the

- + ’ . .
L + CH;Hg ¥  CH3HgL : (54)
ke ‘
Ko = : ‘ (55)
F EE E

dissociation rate constant can be predieted from the
formation dbhstant and a diffusion—centroiled value for
the formation rate'conetant.. Such é'ealcuiation for a
metﬁylﬁereu;y sulfhydfyi complex predicts ﬁhat kd'will be
'less‘than app::oxim.va;tely'10"'6_sec—-1 which cofresponds to
“a Aeanflifetime 6f %Ee complex of aéproximq;ely 106 sec.‘

s
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The changehip the chemical shift of the methylene protbns
of the cysteihyl residue df.glutathibne upon formation of
the methy;mercury}complex'is-approxihately;0.4’ppm SO-ﬁhat~
separate reednances foruthevfree and'complexed formSjofi
glutathlone in a solutlon *aving a'concentration-ef
glutathlone greater than methylmercury would be expected
if the lifetime of each form were greater than approxlmately
150 sec. Since exchange-averaged spectra areibser\;eé,
the reaction’representea'BQiEqﬁation”(54) must not/he the
’ only pathway by whlch methylmercury and ligand eychaqge
between the free and. complexed form. In orgder to eluéhdate
~-the exchange kinetics of methylmercury'complexes, the
exchange k;netlcs for two systems far which exchange
broaden;ng was observed were studie&{ The resﬁlts are
/ : . ' % TN

presented in this chapter. . - . ”r

o

B”/ Results . : n'( : o ‘

)//i. The Exchange Kinetics of "the Methylme:sgry Complexes

of Methylamlne. o . ' BN C PRES:

P Vo
f . plote
“ e

Broadenlng of the methylmercury resonanc\s has 5

been observed in solutions contalnlng amines and- some

L]

simple amino acids over a limited acidic pH range (58). N

In the following section of the thesis, results of a

study of the exchange kihetieg of.the;mEthylmercqry-- _ .

methylamlne complex . are presented S ' B

— . -

o)

In @ solutlon contalning equlmolar concdﬁtratlonS'

I



AN ) oL _'-'.':,3
N , ey R :
of methylmercury -and methylamlne above pH 5, exchange—

AN
N,

averaged spectra Bre observed for both methylmercury and
methylamlne protons, 1nd1cat}ng exchange of both methyl-""
mercury and methylamine betqeen the‘varlous free and'com-
plexed formé is rapid on thevNﬁR timeecale. Below pH .5,
the central resonanceé and . the two'satellite resonances

©

of the methylmercury spectrum are broadened, indicating

that exchange of methylmercu;y between the various forms

. \

\

" occurs at a rate which is meaijagle on the NMR‘timescaie.
The amount of broadening is pH/dependent. 1In this pH’ \\\\

region, the resonance for the methy’ frotons of methyl-
. <

amine is also broadened; however, 1t lS dlfflcult to

analyze the broadening in terms of exchange of methylamlne
between free and complexed forms.because the methylamlne

proton exchange klnetlcs are also slow 'in ac1d1c solutlon

and caﬁse broadenlng of the methylamlne resonance. f

“

—

The effect of temperature on the NMR spectrum
of methylmercuryxis shown in Figure 28. Thevcentral

Yy

coTponent of the methyl resonance of methylmercufy tj a
solution Acontainingx' 0.583 M methylamige and 0.146 M
methylmercury at pH 2.65 is shown in Flgure 28.° AthH
2.65, the predomlnant "free" methylmercury species are
“€H3HgQH2 and (CH3Hg)20H . At 1°C, two methylmercury
‘resohancés are obserted: the'cpfield resonance at 0.89 ppm
'gersus DSS, ariseséfrom'the methylamine-complexed methyl-'

mercury, while the downfield resonance at 1.03 ppm is an
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-Flgure 28: Central resonance of the methylmercury
“PMR spectrum of & solution containing 0.583 M nethyl-
amine and 0.146 M methylmercury as a functlon of
,temperature. pH = 2. 65 '



averaged resonance from thei"free methylmercury. Ca14
culatlon of the fractlonal concentratlons of methylmercury
.1n the free and complexed forms*u51ng the reported for- .
Vmatlon constant (58).for_the methylmercury methylamine 7
cOmplex at 25°C indicates that,'at”this pH, .approximately
one third of the methylmercury is complexed, whlch is con- .
51stent with the relatlve 1nten51t1es of the two resonancesv
at l°C. Thus at 1°C, the exchange of methylmercury between
'free and complexed forms is slow on the NMR timescale, but
exchange of methylmercury between varlous “free" forms is
fast as 1nd1cated by the exchange-averaged "free" methyl;
- mercury resonance. As the temperature is increased,'the..
two resonances broaden and coalesce'because'the'rate'of
exchange of methylmercury between free and complexed forms
'1ncreases. At 75°C, a SLngle averaged narrow resonance is
:observed representlng the fast exchange llmlt

In the evaluation of the methylmercury exchange

_klnetlcs only the exchange broadenlng of the central methyl-
mercury resonance was used.',Broadening_of the satellite
peaks-was also observad'but since.eachlsatellite-constitutes
’only 8% of the total 1ntegrated 1nten51ty of the methyl-
mercury resonance, the slgnal to noise ratio was too low

to permit the determination of prec1se llfetlmes from the
_widths of these:resonances;'

| In the methylmercury-methylamine syStem-there

are several exchange reactions occurring simulthneduSly.



<

Methylmercuri*and methyl amine are exchanging between

Q

r

¢
the

"free" and complexed-fofms, bossiblyvby the following

4 .

pathways.

' CH.,Hg

3
%

CH,HgNH,,

Cg3

»

CH;HgNH,,CH

cu.t 4+

CH3HgNH,CH,,

NH'CH3+
| k

* 4 oon”

+ .+
z
; +H

L
NH,CH
273

" CH

2CH;3

CH;HgOH + NH

o+ +
3Hg’ + NHBCH3

- 1

CH.,HgNH..CH

3 oCH4 + NH

2

CH

3

(56)
(57)
(58)

(59)

'In addition, hncomplexed methylmercury is exchanging

between its various "free" forms and methylamine is ex-

changingvbetweenaits protonated and deprotonated forms

by the reaction

CH

Nu.t o+ on”

373

% CH

3772

NH. + H

o

20

(60)

Of these reactions, only the reactidns‘represented by

Equations (56) - (58) will caﬁSe exchanéé brq&dening of

the methylmercury resonance. Exchange of methylm

Rl

ercury -

between the various'"free"-fqrms is faét,ias‘indicated by

exchange-averaged spectra for methylmercﬁry solutions,

114
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while the reaction represented by Equatidn 59 results

in exchange of methylmercury between identical, environments

‘and its rate does not influence the width of the resonance

line. .
The lifeﬁﬂme of the complexed species, Tar Was

calculated f;om~therwidth'of the eXchange-averaged eentral‘

Tesonance for methylmercury over a:range of pH values and

concentrations of methylmercury and methylamine{at 25°C.
The lifetimes. were evaluated from the w1dth at half—

height using Equation (19) presented in Chapte; II. To.

.evaluéte the lifetime from the linewidth for a given

E solution, the populations of the free and complexed forms

are required, as are the chemical shifts of the central
resonance for methylmercury in these forms. Th%;chemicel
shift of the complexed form, 2.28 ppm, is known from
previous_work_(ﬁO)i-vTheipopulatiOQS and the cheni

of the free form were calculated as described in Appendix

I. The results obtained are listed in Table IX. The

'vaer‘used,for the linewidth of the "free” hethylmercury,

- 0.38 + 0.04 Hz, was the llnerdth of the methyl resonance

of a solution containing only methylmercury. ‘The value

used for the linewidth of the compléxed .species, 0.38 % 0.04

Hz was that obtained from a pH 8.5 solﬁtion of methyl—

amine and methylmercury. At this pH, nearly all of the

‘methylmercury is in the form of the complex.

The inverse of the mean lifetime of the complex
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"Kinetic Data for Methylmercury-Methylamine

methyl— [methyl- OBS 1 B S
mercury} amine] 1/2 T ¢ f
, ' ? : N
s }_4“ L M Hz - sec™t
'4.51*0' .0.218 . 70,218 1.20 88:19  0.282  0.718
4.20 Bg.218 A 84:15 © 0.221 0.779
3,73 _\‘_ 0.2;5'1 ) 0.218'ffi;50g!>_72t8 - 0.151. 0.849
3.38 o.2f8 . 0.218 1.22  83:16 0.096  0.904
4.68 , @.218 0.437 1 00 ' 80:26  0.543  0.457
4.23  ‘01218‘ 0.437 1.96 -, 6045 "0.404  0.596
4.00 0.218 0.437 _ 2.02 6025 0.339 0.661
3.61 0.218 _fb§457‘ 2,30 5844 0.233 © 0.767
3.296 ' 0.218 . .-0.437 . 1.68  82t9  0.163  0.834
280 0.218  0.437 “1.12-1,116¢26 10.085 0.915
4.10 1 0.175 0.525 1.37  89:11  0.456 0.544 "
' 3.97 ©0.175 0.525 * 2.27 f 61+4 o 9;345 0.655
3.54 ° . 0.175 0.525 2.50"f_€0¢4 . , 0.275 0.725
'3.23 0.175 0.525 2.06 iéiq . 0.193° 0.807
2.92 0.175 0.525  1.43 111#15 ~ Tpl128  0.872
4.21 - 0;146' 40:593 : 1.21‘;"8219: - 0.560 ~ 0.440
3.90.  0.146 0.583 1.94 6746 _  0.444  0.556
3.68 . 0.146 ° 0.583  2.65  55:4  0.365 0.635
3.43  0.146  0.583 2,90  56+4  0.282  0.718
3.22 0:146 . 0.583 2.20 _?9:6 0.221  0.779
. 2,97 -’;di;ée 0.583 1.60  112:15 0.159  0.841

K , . R . ”4,,“ . e
{ ) RESTRR ‘ [ L2}
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_1s related to the rate of decrease in the concentratlon

of the complex by

—~

T, T Tdt TeT. S

where [c] is the concentration of the complex; The rate
. of decreaSe in the concentration of the complex by the
reactions which would cause broadening of the methyl-

mercﬁry’resonance [Equations (56) - (58)]

malel . kyle] + kyloH7I (] + k3 U] e] 62

D1v1510n by [c]- leads to the follow1ng equatlon which
relates the experlmentally measured mean llf/;ame to the

individual rate.constants.

v-ll)—'

B . _ \ + I o
= kl + k2[0H ] + k3[H | | E (63):

o
'The reactioﬁyrepresented by Equation (58) is

iunllkely to congrlbute to the exchange since methylmercury-

complexed amine does not possess a lone palr of electrons

to promote am electrophilic attack by the propon. The

reaction represented by Equation ., (55) can be shown not

to contribute 31gn1f1cant1y to the methylmereury exchange

3] i

.!t the values .in Table IX by predlctlng its max1mum
contrlbutﬁgk to l/T at these pH values. ‘The‘maxlmum

value for k would be the upper limit for a dlfoSIOH-

(72), 50




K

that thé_ﬁaximum'contributioh éf the term kz[OH-] at pH 4
is 1. If the rate consfant'is lesslthén the diffusidn 7
controlled.Qalue, £he contfibutioh would ge\sﬁaller. vThé'
magnitude of this term wil1_deErease as ?H decreases.

The uncertaintieé«repd;ted for 1/1c in Table IX'weré~cai—

]

culéted.Qsing only the uncertainty in the observed line—~'
widths. Additional sources of error are the values used
for Pc and P, thgff;actional populations of free and.

céﬁplexed forms Sﬁtﬂit is difficult to estimate the magﬁ'

D ~ .
nitude of this error. This error will lead to the largest

uncertainty in l/Tc‘when Pc and Pf afe very different

’ ) . ' ! ' V.b- - - N
from each other. Since l/rC does not sho%, within th

estimated uncertainties, a systematic increase as. the pH

P o

increases, the reactiqn’représented by Equation (57) must

‘not contribute significantly to methylmercury exchange -at,
. ‘ . . . ) -‘i:

the pE's listed in,Table IX. Thus Equation (62) reduces

 to

y o 1 |
T = K - (64)
c . |

. N
.- Since the uncertainty in l/TcAdue‘to errors in Pc‘aAd Pe
is greatest when P, and P, are very different from.gach

other, an average value of 70 * 18 for k, was calculatéd

1
using only that data where Pc'iéwg;ffter than 0.2. From

the relationship Ky = k_;/k;, k_; .- calculated to be
9 1 | |

3 x 107 sec’ . At pH less,qgén 2, the methylmercury

~ resonance is not exchange-broadened since at this pH and

[3

e ¥




E

lower little or no compiexed met ’_'rcury exists. At'?H'

greater than 5 _the rate of €xchange of methylmercury ‘
v

. e
becomes fast; prgibmably because of the contrlbutlon of
. 7 A

e

a reactloﬁ such:ai%that represented by. Equatlon (57) whose

rate is pH dependﬁnt

,y/ : 1

2. The'Exohangqulnetlcs of the Methylmercury Complexes

of Glutathlone.

-
'

Wlth each of the sulfur—contalnlng llgands
studied, PMR spectra were recorded . for ‘the methylmercury
in solutlons hav1ng methylmercury to ligand ratlos greater
than ope over the pH range 0- 13. In every case, a 51ng1e
;exchang?-averaged resonance pattern was %bserved, in-
:dlcatlng‘exchaﬁge of methylmercury between the varj Ax
methylmercury spec1es to be fast on the 'NMR tlmescalia

' However, the rate of exchange of ligand betwéen
"free and complexed forms ln solutions contalnlng an
excess of llgand is pH dependent. For the methylmércury- '

3 ;
penicillamine system, the llne width of the'exchange- °
averaged resonances of a solutlon haV1ng a pen1c1llam1ne
to methylmercury ratlo of 2:1 1nd1cated fast exchange
exceptﬂover\the pPH region 1.7 to 3.5 where a small amount
of hroadenlng of the awgncged penlcxllamlne methlne proton ‘i‘-
resonance was observed For the methylmercury—glutathlone

‘system, ‘the. rate of exchange of glutathlone between free~‘

and complexed forms in a solution" contalnlng an excess of

/



resonance with the Gﬁﬁ+CB resonance precludes analysis. of
broadened resonances are observed.

of.experimental,éonditioné. The mean lifetimes Weg@

estimated to be * 15%.

%] . : :

glutathione is fast at pH greater than 6 as indicated by

sharp, averaged resonances in both the.proton.'and carbon- '
13 épectra, At pH less than 6, the rate decreases and is
dependent on pH and glutathione concentration.  Due to

thé'compléxity of thé PMR" spectrum.of glutathione, the

exchange was;séudied by carbon-13 HMR. ’I‘he'CYS—COL region

of the carbon-13 speétra for a %olution containing 0.33 M
glutathione and O.IGSWQ_méthylmercury is shoﬁn as a function

of'ﬁﬁ in . Fig. 29;'thé,CYS-C resonance;is shifted more 

3
upon complex formation and thus is more sensiéi{e to kinetic

/ . : c . .
effects, however overlap of the exchange‘—averaged-"CYS_—CB

its 1inéshape. At these concentrations, the ‘exchange Ttate

. . R o d - . .
is sufficiéhtlxislow'at-pH 2.12 that separate exchange-

& o
The inverse of tﬁe méén lifetiméipf the methyxl-

.

- mercury-glutathione complex is given in Table X for a rayge

obtained by matching experimental and gomputestimulated
spectra. Spectra were simulated .as a function of the
lifetime of glutathione din each of the envirbnments.using

the Bloch phenomenolégical eqﬁatidns as‘discuséed in
. : ' Ky

Chapter II. The uncertainty of the lifétimes, due mainly

-~

to the low signal-to-noise ratio for the exchange-broadened

spectra, of which those in Figure 29 are typical, is

-

L]
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T

Flgure 29 CYS—C region of the, carbon-13 magnetic
resonance spectra of a solution containing 0.165 M

- methylmercury- glutathiene and 0. 165 M qlutathlone

as, a funetion of pH. 25°C. : S -
S



e
wis
"

s

System 2

[complexed
glutathione]

M

0.165

0.165

;0:165
0.165
0.165
0.165
0.165
0.165
0.165
0.165

0.165

0.165

[free
- glutathione]

0028 R

(Table continmied)

17

20

33

50

50

50

40 -

33

40
50
50

.~ Table X. NMR Kinetic Data for the Methylmercury-glutathione.

/
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Table X continued

“~

pH -  [éomp1eked o [free " . | - 1_' b
* glutathione] : gluta;hione]. J Te 7
o M . M | sec”!
0.80 © 0.28 ‘.1 0.28 | “$Q*§\
0.68 0.28 . o.28 100 | ‘
0.47 0 0.28 k 0.28 200

a 250¢

Obtained by comparison of experimental and computer
simulated spectra. . Uncertainty in 1/1c Values,is.éstimated

to be t 151,
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(0 - ‘ o L
Possihﬁr—reactlons g& whlch glutathlone mlght v
exchange between the free and complexed forms for the o
, » ; .
fcondltlons of Table X are: : .
. ' . k " ' | | —\'\“ . A . . v‘- ) .
S | _ + o _ S :
CH,HgSG Z CH3Hg  + GS : - (65)
\}. o= <
. -/4% k, . 5 - S
CH HgSG ({ H . 2 ‘CHJHg' + GSH . . (66)°
p— ck _ _— ’ . ‘
. Tk | ’ o
e 3 . - ] L ‘ 3
CH,HgSG + OH z CH,HGOH + GS_ . . - . (67) . -
-3 N . . i ‘ .
{ X | R - . *
o 4 - - R ‘
CH,HgSG"+ GS e CH,HgS \+ Gs . (68) «
k -
’ ’ *~ 4 *5 * ' .'\ N : ' N “ ) L X ! 4
CH,;HgSG + GSH P CH3HgSG + GSH P - (69)
\' ’ L . . )
. - , v : . : ‘ i ,»._
where GSH, GS ¢ and CH3HgSG represent sulfhydryl-protonated, o
¥ P
sthydryl deprotonated and sulfhydryl-complexed glutathlone.
The, rate of decrease in the concentratlon of the complexl
is glven by Equation (70)
' d[C] A
3 f- k [C] + k [H4 [C] + k [OH ] [C] + k (1 [F] [C] +
ksaSH[FIIC] ' | o i B ,‘:¥K70?

where [F] and [C]) are the concentratlons of. free and

complexed glutathlone and ag = (s~ ]/[F} and ag é [GSH]/[F] ; S



D1v1510n by [Cl] leads to the follow1ng equatlon for the'

inverse of the mean 11fet1me of the complex.

1 . . ) . l‘_A'J‘: ' ‘

:7‘1:_" ‘ £ ‘.".-‘
- ' : : i ! . % &

The relative importance of exchange by the reactioni
‘represented by Equation (65) can be predlcted y
assumlng,that the reaction of CH3Hg and GS in Equatlon ‘

(65) is diffusion-controlled and. therefore the rate con-

stant.k_l has a value of 1010 M lsec™!, we predict that -,

ky = k 1KF = 107" secfl, using the'formation constant

reported by Slmpson (20) for. the methylmercury-glutathlone -
complex. If the rate constant k -1 is. less than diffusion-

" controlled, kl will be even less, and thus the reactlon B

re ented by Equation (65) is predicted to contribute

negligible amount-to 1/rc. The reaé@iOn represented
! , U . . -

by Equation (67) can also be show;'notlto,contribute
81gn1f1cantly to the observed exchange, at least up to a
_pH of approximately 4. If the reactlon of OH w1th

CH3HgSG is diffusion-controlled and has a rate constant

of loloim-lsec-l} its contribution to 1/t would

~1

'only be 0.01 sec at pH 2 and 1 gt at pH 4; it is

1s somewhat less than dlffu51on--.
4

”llkely, however, that ki

‘controlled 51nce Slmpson reportedwa value of, 1. 6 x 10

'M-lsecfl for ‘the rate constant,. gpr the dlsplacement of CN

from CH3HgCH by OH (32),1n whlchvcase the cpntrlbutlon

¥



S 126

to l/'r.c from’the feaction represeﬁted by Equation (67{
’ ' : _%f TN

~will be even less. . :
: 'i$,

 The relative 1mportance of tﬁe reactlons rep-;
‘resented by Equatlons (66), (68) and (69) can be’ predlcted
from their dependence on solutloa»condltlogs. The spectra
_shown in Flgure 29 and the more exten51ve data in Table X ff
for the solution contalnlng 0.165'M methylmercury- '

'gluthathlone and 0.165 M free glutathione 1ndlcate that;» -

 the rate of exéhange'ls.pH dependent; the mlnlmum‘rate_

o -
Xy

being at pH 2.1. 'The‘lafge;gexchange”rate at pH values

less thanbé l ihdicates that exchangelcccuts by prcton—

- assisted dissociation nt the complex at these pH values,

while the increase in chhange rate at pH greater than 2.1
1s\due.to dlsplacement'cf complexed glutathione by GS .

whose cdncentratipn increasee‘as.the pH increases. if the

rate ofhexchangevby the pé'dependent teactions reptesented

by Equations (66) and (68) is negligible at pH 2ﬂ12,7£he

50gy [F1.  The ratee o
of. exchange by the reactlon represented by Equatlon (69)

value of l/T at this pH is equal to k

w111 be pH 1ndependent for the pH range of the’data lh
'Table X 51nce aSH'

the fractlon of glutathlonefpresent as
GSH, is greater than 0.999 over the pH taﬁgefl-ﬁ., fhere?
fote theucohtribution of the reactionvtepresented by
Equation (69) will be the same as that at pH 2;lé;':1f,
however, - some exchange is also occurrlng by the reactlons

frepresented by . Bquatlons (66) and (68) at pH 2. 12, the
, g .
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contribution of’the-reaction;represented bv-équation_(ﬁé)iv
tdithefobserved‘l/rc)%ill be even less, indicatind‘that'.
“the amqunt of.éxehange‘bv the reaction represented by
Equation (69) for.the eonditiens given in Table X is’
likelyvto be smalllrelative to that'bv Equatipns (66)'

and (65) Since this value.of l7 sec-llfer’l/r at'pH-

2.12 represents the upper limit for ke.ax.{F] and is small

5% SH
compared to the varlatlon observed .An l/T s We shall
neglect the contrlbutlon of thls reactlon to l/T ‘n a
prellmlnary analy51s of the data. Equatlon'(7l) then

b

'reduces to

"0

- = k, )+ ky [F] o (72)
c v

The exchange-broadened resonances of a solution containing
0.56 g.glutathiOne and 0.28 g‘methylmercury never separate
_into the resonanceS‘of the free and eomplexed fdrms,’inff |
, dicatihg that the e&change rate is cOhcentration.dependent.
The cdncentration dependence ls:alsb-indiCated by/line
shape'changes ih mole ratiovexperimehts.

: Rate constants:kzuand k4'were estimated from the

‘data in. Table x by a method of succe551ve approxlmatlons.
*] .

2
llfetlmes at pH 1ess than 2 by usrng Equatlon (72) and

,Frrst, a value was calculated for k from each of the e

assumlng k, [H ] >> k [P] ThlS procedure yielded an

3

»average value of l 27 x 10 fdr'k"' Then a value for k

4

- was calculated from each of the llfetlmes for pH greater
_ ¢ - _

K3
S e
B
Y- o

s
) 4



than 2;1;usin§ Equation.(72) and this aVerage-value for

gz. Table XI llStS the results of calculatlons of a new _:
value for k2 u51ng the meag value for k4
of k, is found to be 600 M 1sec._]§ with a standard

- The mean value

deviation of 200; this value was then used to recalculate

'/
I

k4: The mean_value-OfAthe results listed in Table XII

for k4 is 5.8 xp108 M71Sec-l with a standard deviation'of
1.9 x'108. From the value of k

9 -1 -1

. 27 k__2 is calculateq as
5.1 x 10° M “sec — using the relationship

kg = kzxsaxp R LE

© where KSH'is the microscopic acid diSsociation constant
(73) for the sulfhydryl groupband K, is the forﬁation
constant (20). o -’

’,15 the calculation of the rate constantS'it was

assumed that exchange by the reactdion represented by
Equatlon (69) was negllglble. If however, the exchange

~at pH 2. 12 is due solely to the reaction represented by

...A«

Equatlon (69), the rate constants obtalned by the above .'

procedure would be k, = 400 ¥ 250 M “leecl, k_, =

3.4 x 10° M-l‘sec-l,:k4 = 2.5 * 1.5 x 108 M_lsecfl and

kg = llO'M-lsecT;f Since the actual contribution of the
reaction.represented byhﬁauation (69) probably lies some~
.where between the two- extremes used in the above cal-‘

culatlons, the two sets of rate constants .can be con51dered

as upper and lower llmlts on the actual rate constants.



. Table XI. Calculated Valués'for k

’ .
~ Expt.
mole ratio

0.3/0.15

0.3/0.15
,9.3/9.15
0.3/0.15
10.3/0.15
0.3/0.15

, ©0.5/0.25

0.5/0.25

0.5/0.25

0.5/0.25

0.5/0.25

. 'pH

"0.48

0.65

0.72

0.90
'1.03

1.16

- 0.47 -
‘0.68

0.80

0.95

1.06 -

2'
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N
| Table XII. Calcul’atgd Vélues. for'k4.
Experiment PH 7 ay,4 [F] To 4 )

x | _____ .+ sec-l M lsec™?
0.3/0.15 3.42  4.67x1077. 100 2.1x10°
0.3/0.15 2.93 . 1.52x1077 100 6.5x10°
0.3/0.15 2.52 5.88x107° 33 5.4x108
0.3/0.15 2,32 3.71x2078 25 5.9x108
0.3/0.15 . 2.12  2.35x1078 16.7  5.1x10°
0.5/0.25 2,93 2.52x1077 .  66.7  2.6x10°
0.5/0.25 2.54 1.03x1077 50 4.7x108

0.5/0.25 2.32 6.2x1078 50 7.6x10°
0.5/0.25 2.14  4.1x1078 8.8x10° ‘



131

4

C. ‘Discussibn-
For most methy{mercury.systems, the ‘observed

NMR spectra indicate that llgand and methylmercury ex-
‘change is® ‘fast on the NMR.tlmescale. As mentloned in
ithe introduction to this chapter, this was somewhat sur--
prising considering the stability ofvsome of the cdmplexes
“formed. These:ohservations however cen be explained in
terms of two aspects of the complexetion chemistry of
methylmercury as demonstrated by the klnetle results foré
the two systems studled in this chapter., ,
Firstly, methylmercury has. a tehdency to form

polynuclear complexes. Reactions of the following type

- occur ' ' )

-

. U e S
CHjHgX + CHjHg 2 (.CH3H<3)2X, S (74)

' whlch have the effect of lablllzlng the CH3Hg—x bond.
In the methylmercury-methylamlne system,

exchange was slow enough to be observable on the NMR

(‘(“

timescale because complexes‘of the tyge (CH3Hg)2X cennot

be formed;ﬁ,However, as shewn in the previ;ts chapter, a
second methylmercury can biaﬁ to a methylmerchryfcqmplegedv
'sulfhydrylfgrouptwhich apparently lab%lizes the sulf- \\\\ )
‘hydryl-complexed methylmercury and results in fast,v
exchange—averagedvspectra for soiutions heving‘a methy’
mercury to glutathione ratio greater thah 1.

' Secondly, methylmercury complexes can react



7

———

with excess ligand according?to the following reaction

o ° CH,HgX + x* 2 CH3HgX* + X o (T5)

- .

These.two types of reactionslhave“the effect of causing

.exchange#to'he very rapid whenever there is even?a.slight.
excess of'methylmercnry‘or of ligand. - -

| Ih.the case of methylmercury-glntathione,‘tast

' exchance is observed for both proton—and carbon-l3
resonances except when excess glutathlone is. present.
-Results presented in thls chapter show that reactlons ofi~4
this-. 1lgand dlsplacement type are the predomlnant pathway
for- eﬁchange of glutathlone between free and complexed
forms. Above pH 6, exchange is rapid. Below thlS-pH '
the concentratlon of sulfhydryl deprotonated llgand 19‘

n small and the exchange by thls pathway 1s"less. At pH
less than 2 exchange is rapid agaln due to a proton-

asszsted dlSSOClatlon of the complex. In Chapter iv,

. results were presented wh1ch suggest the existence of a

protonated-methylmercury-complexed sulfhydryl which

; an
‘fhom those 5f Simpson, Hopklns and. Hague (28) who studled
the relatea llgand N-acetyl L*cystelne.' They concludedv

'from PMR measurements of methylmercury—N-acetyl L—cystelne

‘csolutlons that exchange between the "free" and complexed

132
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forms is by a pathway 1nvolv1ng first order dissoc1atlon
of the methylmercury complex.. Thelr conclu51ons are
questlonable however, 31nce ‘the rate constant for the
formatlon of the complex 1s predlcted from their dis-

soc1at10n rate data to ber%Ixcto seven orders of magnitude

°

larger than dlffu31on—controlled blmolecular rate constants.
Elgen, Geier and Kruse (4) have studied ligand

displacement reactions of the type

r kia - _ .
CH u’gon +X7 25 CHHgX + OH . (76)
k . '

\

N <) " ‘ 21

where X is a hallde ion. They have shown that kl2 is

strongly dependent on the ldentlty of X, while. k21 is

~ reasonably 1ndependent of X and they have proposed that

f
the reaction proceeds by an associative mechanism in-:

volving an intermediate of the type

The formatlon constant of CH3HgOH is Iarger than those ‘
of the hallde complexes, suggestlng that, once such an -
1ntermed1ate forms, the tendency for X to dlssoc1ate

from the 1ntermed1ate w1ll be larger than for OH . 15“

21 for the hafldes (b) both

KF and k12 1ncrease in the order C1~ < Br~ < 1, and

support of this (a) kI} < k



[ %9

(c) when X is CN  .which forms anmethylmercurygcomplex

"F
_CH;H§OH, k21‘is less“than k1 and is approximatelyns

having log'KF %’14.1, compared to log K, = 9.37 fpr

' orders of magnltude less than when X is a halmde 1on.'
| ' The mechanism,of reactlons of the type rep-l
resented by Equatlon (75) presumably proceeds through an
_ 1ntermed;ate analogous to that proposed by Eigen, Geier
and_Kruse for-methylmercuric'hydroxide~feactionsl g
' thls is the case, there®is an equal probabilitf'that bNCe
“the 1ntermed1ate forms, lt wlll dlss001ate to products or

reactants.i Thus the rate of llgand exchange is predlcted

to be ‘one half the rate of formatlon of the 1ntermed1ate, N

‘\-

‘whlch is expected to be determlned by the rate of dlf- o

fusxonal encounter or to be sllghtly less thah d;fquLQn—
P '

Y
< A.- K 2
N A

It is not khown if complex £o=”j

1nvolv1ng CH3H90H2 proceed by an- a55001at§5;;_,7

soc1at1ve mechanlsm.' In the formatlon of the methylmercury-—‘a

methylamlne complex from CH HgOH and CH NH

2 1,NH,, whrch has

3
9 -1

- a rate constant of 3'x 10° sec ~, the possxble mechanlsms

‘are: for an assoc1at1ve mechanlsm, the reactlon would

proceed through an 1ntermed1ate such as, - o

] ~

'/_A
@

N T
NH2‘CH3 P
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while for a dissociative mechanism the reaction would

.

proceed through the fbllowiﬁéitwq steps

o CH,HgOH, ? VCH3Hg S+ HYO (77)
CH,Hg' + CH.NH, 2 CH,HgNH.CH, (78)
-3 G R 3 273

with the first being the rate-determining step. " The %

results preSentéd in this thesis for the reéction of
methyiam}ne» with'CH3HgOH2ﬁ:andvother results fbr CH3HgOH2+
reportéd in the 1it¢ratﬁré_dd not alloQ Gne to distingqiéh |
betweeh‘these 2 poésibie.ﬁechanisms.p With other metal

ions, the mechanism has been identified by’ studying.the ‘

dependence of the rate of exchange on the ijentity of

the ligand5-:Forvexample; if the rate of a‘chplexation'

r

. ' ' . ++
reaction for an aguated metal 1ion M(H2Q)6 does not

depend on X, the ﬂechénism is assumed to be dissociative
with the rate of water loss being the rate—determininé\‘*i

~step. On the other hand, if the rate depends on:X, an

-

associative mechanism-is assumed: The data presently

- available for complexétion reactions of CH

I .+
HgOH do not
1 3 2

" ‘allow such an analyéis for the CHBHgOHZ+ reactions because,
. :

for thebsystems studied to date, the ‘formation constants of

" the CHBHgX cOmpleXes are sJ large that even if the reactions

are associative and proceed through intermediates such as

_ - OH, .

;Cﬂjug:/: ", the rate of the reaction will not depend

~

AN ~X .

e -



e

on the nature of X since dissociation of water from the

intermediate will be faster than dissociation of X. One

)payfﬁo,}esoive uhis\problem might be to study ligands
_*Qhosg affinity for the methylmérCurj cation‘is similar
'Eabthatvbf water. Ligands that ﬁight be suitable aré

,uthose with the thioétherbfunctionéf group. | |

ﬁThe'results répQrted in this chapter for the
ligand exchangeikinetiéé in thé methylmefcuryrglubathione
system have 1mpllcatlons as to the lablllty of methyl—
waercury in bxologlcal systems.‘ In blologlcal systems,
methylmer?ury‘Ls bound by sulfhyd?yi—containing proteins.

In the suithdbyl-éontaining lig;bds $tudied in this

thesis the méihylmercury binding was véry labile. This

was shown to be due. to the presence of excess methyl—
mercury Or excess sulfhydryl llgand. When methylmercury
is bound by a proteln it is unlikely that excess methyl-

. mercury 15 present or that there would be another nearby

-
sulfhydryl group in a position-suitéble'for binding.b
Thus these re§u1ts_Suggest:thatVthebmethQImercury bound

bby,a protéin‘is probably quite inert kinetically;'

»

BFLE
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, - APPENDIX I ' s‘_ﬁ“ 1&&»

)‘E'

Calculatlon of Concentratlons Qf Soe01es Present
lquethvlmercurv—wethyldmlne System irgfwi*
i LA

The fpllowing derivation is for the calculatioh

of the concentratlons of the spec1es present in solutions
havina equal- total concentratlons of methvlmercurv and

methylamlne, 1.e.,

(CH Hg) (MeAm), = L_- (1)

TOTAL TOTAL T

The formation constant, KF,Cof‘;he methylamine complex is

known from previous work (58): log Kp = 7.59.
‘ = [complex] , (2)
Kp CH.NH, T [CH Ry (11 A

372 3
. ~
Letting P equal the fraction of methylmercury which is
. (\Jl
complexed, Equation (3) follows from BquatlonS»(l) and

(2).

(P Lp) -
K, = : o (3)
'F (a (l PF)LT)(B(I ) ETi - ,
[cH H, ]
where ag = — 3?} — (4).
: , [CH3NH2] [CH3NH3‘)

Expressing the concentrations in terms of the acid dis-

sociation constant leads to

Ka

B — (5)
B [H+] + 'KA ,

: In‘Equatioﬁ (3), B represents the fraction of methyl-
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4

mercury in the cation form.
The free methylmefcury is distributed between

three forms- CH,Hg (II), CH HgOH, and (CH Hg) OH The

3
%g?trimef) (CH3Hg) p ; is 1gnored ‘since calculatlons show

that only a very small aﬁeunt is present at these concen-

trations of methylmercury (see Chapter III}. Because of
. the ‘'unsymmetrical nature of the equilibria relating “the

concentrations of the three forms of methylmercury, the-

concentration of methylmercury in the cation form depends

on the concentration of free methylmercury. Thus P, and

.‘.‘r‘ 4 %»,'_ ' : K

B must be determined simultaneously since the value for
'y one depends on the value obtained for the other.

Equation (3) may‘be rewritten as |,

P LT s

Kp = > ———— 77— - (6)
(Lp ogB = Polp @gf = P Ly agh + P Lo aph)
‘which rearranges to o : | .
2 2 | 2 o2 _
(KpL aBB)PC’ - (2K L, ,aBB_J.r Lo)P, + KpLp%ap8 = 0 (7)

T

EQUation (7) is a guadratic of the form ax:'+'bx=+ c =20

S o - o 2
o where .a = KoLy agB
. o P
— ‘_
b = (2R L, aBS + Lgd
’ T c = .KFLT a,B
Thus o o {T——— o S
‘ - b -Yb" - 4ac .
Pe = = 2a . ‘ o (8)

J .
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- Only the negative;réot of Eauation (7) is”physicqlly
meéningful.} The method of ;olving,fox'Pc was to make an

initial guéwg atrB,Jggg ﬁfactibn 6? méthylmeréury in theg ]
cétidn form. A.suitable i;IEZEI‘guess‘ﬁgygs is 8 =-1 which /

is equiﬁalent4tQ.assuminguthat‘éll the methyimercury is '
in the cétion form. Pe is then caléulated using Eguétibn

(8). 1Then‘using a concentration of free methylmercury

equal to (1 - PC)LT,‘aEhew value of B was obtained usiﬁg
Equation (38) éhapter IV; OThis new value of B was then

yséd to calculate a new yaiue for Pc. The iterative pro-
éédure-wés‘repeatea:untii'pc and B both converged. -

Once Pc%agd B are known the concentrations of

the.variouS'forms.of methylmeréury can be calculated

using the folléwing equations:

- s

[CH3Hg(II)] = B_(l'?c)LT | (9)

fengagor = 107%7C | aHg(ID))) (IoHT1) (10
2[(CHHg) ~ '] = LT-— [complex fCHng(iI)] - [CHiqOH]

(11)

From th  _orcencrations of the three forms of free methvl-
" mercury ind their chemical shiftqy the exchange éveraged
shift o -~ 12 free methylmercury vas calculated using

Equation (12

8¢ = Pcarron’carici.  Pommer®piMer * Prase®mase o

.l

s
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where | o 5f oy S ,‘., . :

| [cu Hg(II)] o ' L o
Poarion = — (13) Cji
ik [CH Hg(II)] + fqn HgOH] + 2[(CH Hg) out)

¢

21 '”:"'“‘Hq) OH ]
PR

= RN S— )

P . ‘
- DIMER - '[CH3Hg(1§§] + L(CHBHgoH] + 2[(CH3Hg)2OH+]
. | . fcmgugom] (N :

"BASE " oy Hg(II)] + [CH HgOH] + 2[(cn Hg) OH 1

¥

Using P and 6 the lifetime of the complexed species
&

v'was calculated as descrlbed in Chapter V.

Rl
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CHAPTER VI
INTRODUCTION .

“ —e =

The acid- base chemlstry of amlno ac1ds has been
‘a subject of 1nterest for some tlme, ach dlssoc1atlon .

constants have been used in the 1den¢1f1catlon of .amino

gacidS'and in. characterlzxng thelr solutlon chemlstry
I : . >
R o~ ”he acid-base chemistry of~am1no ac1ds is

quantltatlvely descrlbed by stepw1se acid drssoc1at10n

constants; for example, for a-trlprotlc amino ac1d squ
_ . e n . . Y,

-

‘as fully-protonated. cysteine,

'HSCH,,CHCOOH ' _ |

. , ’ S
.o NHy

H3L , ac1d dissociation occurs 1n the follow1ng stepW1se

fashlon and is descrlbed by acid dlssoc1atlon constants

N i . »I . EY s
Kl, K2 and 33. : - -

e & [
HLt 2 ' 4 oHL ‘ BT
3¢ 7 2 - |

{H*j[HZL]'

K. = ~ " (2)
1 F s ,
»[H3L ] . ,
R 4
H.L 2° H + HL~ (3)
2 -, v



O IHT)(HLT) B
Ry =~ | (4)
. B [HZL-] ‘ ’ i
ﬂ . ‘:. ,',_ ) | . . . ‘ - - N
HL™ 2. ® o+ 127 o (5)
~ . wha? ' o “
R, = — ‘ (6
L3 ) p

R

Thé most common method for the evaluation of

' acid‘disSociation constants is based on pH. titrations.

" the carboxyllc ac1d group. The ass1gnment of K

By comparlson of the KA values of cysteine w1th those of

carboxylic ac1ds, amines and sulfhydryl compounds it has

been establnshed that Kl descrlbes the deprotonatlon of

and K

y 2 3

to the remalrlng acidic groups, however, is not so
stralghtforward The pK for the sulfhydryl group of

'ethylmercaptan is reported to be 10. 50 (1) while that for

'the amino group of methylam;ne is 10.72 (2). Thus the

acid strength of the ammonkum group is of the same, order

of magnltude as that of the sulfhydryl group. Con-

‘.sequently, at the molecular level ~acid dissociation of

- deprotonated- cystelne can occur by two dlfferent path-

.

- ways, whlch are shown Below in the pioroscopic acid 7

«dissqciation sgheme.

——
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. | | | scn CHCO

. k + -k
4;4;; 3 “\\\\ 123
: -
HSCH_ CHCO.BH "« HSCHZCHCO2 o ' —SCH CHCO -
- | S

2 I 2
+ R "

NH3 . . NH3 S 4?%%9 NHé
N (1) \3&3\\* 7 *132 (v
. . h\\\\\, HSCS??HCQZ
' NH

EE L ;;‘ - I

I v : ; ,
¥ . o : . :
The microscopic ac¢id dissociation constants, defined by
- | - \ :
Eguations (7) - (10), are generally represented by lower

case k's (3). The acid dlssoc:.atlon step which is des-

cribed by a given mlcroscoplc constant is Sé;\i;led first
,:by ‘the last number in the subscrlpt, which denotes’ the

,p051t10n of the proton 1nvolved 1n the. reactlon under .
‘con51deratlon, and second by the whole set of precedlng
,numbers in the subscrlpt whlch regardless of order,'
denote the other p051t10ns from which protons have: already

,a‘» ?

'been removed " In cystelne, the carboxyl sulfhyd:yl and ’ -

’~

ammong um groups are denoted by numbers 1l; 2 ‘and 3 res-

pectively. G .
Y
kK10 = T (D
N + . )
oo _ [H)ITITII) ‘ : . ‘
e ki3 = S : (8)
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. E V) , (e
[11] ‘é?” : ' v
. + . ) ’
_ [H ][1IV]. .
pim v 53 R (10)

.

It is not possible td determine the microscopic

acid dissociation constants of cysteine from it$ pH tit-
5 . : +
ration curve alone. By pH titration the concentration

of. the monoprotonated form, which is the sum of the
concentrations'of the two individual monoprotonated forms; y

e
~can be dq“ermlned but not the concentratlons of the two

9” .
“

monoprotonated isomers.
The macroscoplc ac1d dlssoc1atlon constants

can be shown to be comp051tesjgf the mlcroscoplc constants.

at1(1r] + [111])°

\ 5‘K2 = T . (11)
kZ B kpa t klsf - (12
r, - ol

123 132

Several'pathways are available for the de-
protonatlon of sevexal of the common. amlno ac1ds. A few

examples are lyilneq&QSpartlc acid, glutamic acid,

<
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'penicillamine, tyrosine, and homocysteine.’ Many ertides
“also contaln several functional groups of 51m11ar ac1d
strength and thus can be characterlzed in thi§" way. ~Eor'%§%§Y
example, any peptlde contalnlng a ly51ne re51due has‘gi

least two amino groups, the N—termlnal amino group and

the lysine- 6-amino group. Peptldes contalnlng glutanic

or asparticlacid residues contain a terminal carboxylic
acid'plus the carboxylic acid group in the‘glutamyl'or’

aspartyd side chain. Glutathione is an example of such

a peptlde. A knowledge of the microscopic dissociation

constants for such peptl s may be useful when studying ‘ ." ‘
the chemistry of these mol cules For example,'in con-

sidering the coordlnatlon chemistry of a molecule such as
cystelne,Alf one of the .o monoprotonated forms spec-
1f1cally forms a metal c mplex, the mlcroscoplc constantsa
must be known 1nAorder t determlne the formatlon constant ‘

‘of the’ complex.-

1, most compounds have not bEen o

.

characterized in terms of their mlcroscoplc dlssoc1at10n
V.

constants because the required 1nformat10n 1§;n0t avall—‘“

able from- pPH titrations. To determine the microscopic

dlssoc1at10n constants a method of monltorlng dlS.

at specific sites is needed The various methods. whfch o
have been used té’determine microscopic ionization con-
- stants w1ll now be described using cystelne as an example

~ since 1t has been studled the most exten51vely.‘
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in the,CYSteine system, a popular approach has

'been the use of model compounds. Ryklan and Schmidt1(4)

assumed that the effect of an S-alkyl group on the de—
-‘protonatlon of a nelghborlng group would be approx1mately

the same as that® of an un- -ionized SH group. Th/y deter—

'mlned the pK for the ammonium ‘group in S- ethleysf.h
J 4"“""

- to be 8. 60 at 25°, whlch they consrdered to be” eqﬁal’to

the mlcroscoplc constant pk13 for cysteine 1tself. They

then used this value in conjunction 'with the 'macroscopic
. . : , . N :

constants to determine values for the remaining micro-
scopic constants. [Eguations (12) and (14)]). Their

results sare listed in Table XIII. -

Grafius #nd Neilands (5) determined the micro-
SCOplC dissociation constants in a similar way using the

PK, determined for the sulfhydryl group of cystelnea :;~~K

betaine, which contains a —N(QH3) groupglnsteaé of‘

W T

i - . . - o
-NH, group of cysteine. These workers assumed the*_“‘-

L i S

trimethyl ammdnium-group resemkhles the NH3+ group in its
effect on the deprotonation of the sulfhydryl group and

thus that the pK

A2 of\cystelne_betalne equals pk,, of

cystelne ‘
9

T ?
—=

“ A more dlrect approach tﬁ the problen was made
by Benesch and Benesch (6), who used - ghe ultrav1olet
o

absorptlon spectrum of the ionized -SH group. From the ’

~ [

ultraviolet data, the fractlon of the.cysteine %ﬁlf-' .

[

hydryl oups in the depro{onated form could be determined
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Téﬁle XIII. Microscopic Acid Dissociation Constants of
Cysteine. 'J -
pk12 pkl3 pk123 . pgi32 vathOd Fef.
.8.66 8.60 10.45 10.51 pH titration using (4)
* .
. : S~ethylcysteine as : .
model *cgmpound
8.65 8.75 - - pH titratfon using  (5) i
- , , S-methylcysteine and -’
Y : cysteine betaine as
- < - model compounds
-8.53- 8.86 10.36 10.03 ultraviolet absdrp— (6).
' . . _ tion spectroscopy . _
8.50 885 10.35 © 10.00 Raman spectroscopy 7y =
' 8.44 8.31 9.58 9.73 calorimetric methods (8)
'8.54 8.86 10.53 10.21 [,ultraviolet spect- 9y . °

o roscopy
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from the ratio of the absorptlon at the given pH value

to the absorptlon when the «SH/group is completely dls—
sociated, Using this fraction along wlth the macroswoplc
dissociation constants, the microsoopic\constants were
determlned.v Their‘reeults are listed in Table XIII.

The acid-base chemlstry of cystelne has been studied by

a number of other workers using the u;traviolet abeorptlon
method developed by Benesch and Benesch. Some of their-
results are also listed ip. Pable XIII. |

\

Elson and Edsall (7) detefmine%@@@& microscopic

’constants by monitoring the deprotonatlon§E§§the sulf— ' .

“hydryl group by Raman spectroscopy. The results they

ag

obtalned at relatively hlgh 1onLc strengths are close to

N -

those obtalned by Benesch and Benesch who worked at an
ionic strength near 0.2.
Wrathall, Izatt and Christensen’ (8) described e

a calorlmetrlc method for determining mlcroscoplc acid

,dlssoc1atlon constants. The method is based on the fact°

that the AH values for proton dissociation from the NH3
group of S—methylcystelne and the -SH group of mercapto-
acetic acid differ by approximately 4 &sel/mole. The

values they reported.varied greatly with ionic strength;

their results at an ionic strength of 1 arc reported in

** Table XIII. .This method_has been criticized by Wilson

and Martin (10), who point Out‘that the calori@etric

_@ethod'requires that heats for bOth sulfhydryl de-



S | Y 156

3

protonations and, separately, both ammonium deprotonations
be equal and hence independent of the ionic state of the

,.remainderfof the molecule.

Most of the experlments described above for

%the\determlnatlon of*the'mlcroscoplc acid dlssoc1at1on

o consxants'offc;ste;;ZNQETE‘possible because of the
Aaspsc;al propertles of the sulfhydryl group. Thus these

4

Lmethods are not appllcable to many amino acids and pep-

. 2 3
tldes, for example amino acids or peptldes contalnlng *

- tw0'am1no groups:or two carboxyl groups, There is no
udlrect method avaxﬁable for systems.of tbese types.

" Since the chemlcal Shlft 6,.of a magnetically-
’actlve nucleus 19 sen51t1ve to the state of protonatlon
of nearby ‘acidic groups;, nuclear magnetlc resonance
spectroscopy mlght be a general method for determlnlng }

’
mlcroscoplc acid dlssoc1at10n constants. Grunwald,

' Loewensteln and Meiboom (ll) found that, in'solutions of

’methylamlne and methylamlne hydrochlorlde, the chemical
Shlft of the methyl protons is a linear functlon of the
concentratlon ratio of acid to base plus ac1d and thus,

that it is p0551b1e to obtaln acid dlssoc1atlon constants»

xﬁﬁ

by using the chemlcal Shlft to determlne the fractlons/)

s

tof protonated and deprotonated forms. /

-
Proton magnetlc resonance spectroscopy has been

‘'used by several groups ‘of workers . to measure mlcroscoplc

¢
B

dlssoc1atlon constants.,'Lowensteln'and Roberts (12)
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studied ‘the ionization of c1tr1c ac1d u51ng the shift of

the methylene protons as a measure of the@htate of
protonation. To determine the effect of the central
carboxyl_deprotonatlon on the methylenevshlft they used

the citric acid symmetrical monomethyl ester,~-ThuS‘they -
assumed the methylated carboxyl group benavesnwith regard ”

to the chemical shift as if it were a non-ionized carboxyl
_group. Their results havé been cr1t1c1zed by Martin (13)

> ~>,

" Rigler et. al. (14) 1nvest1gated the mj

acid-base equilibria of tetracycline using protjon magnetic

resonance technlques. They used a quaternar ?thyl—

ammonlum derivative- to a351st in separatlgg,tﬁé effects'
of deprotonation of various grups on the chemical shift.

. . ¢
More recently, Walters and Leyden (15) have

applied proton magnetic resonance’spectroscopy to the
problem of microscopic constant determination of cysteine;

Since the shift of thedprotons is affected by both amino

and sulfhydryl deprotonations they found it necessary to

-use a model compound S—methylcystelne, to assign shifts

[

to the 1ntermed1ate monoprotonated spec1es. The validity
4

of deh a procedure is questlonable and is discussed
surther in Chapter VIII. Their results are in close
ag:oment with the-calorimetric results (8) bug”disagree_

R

_ with the results obtained by other methods (6,7).

In all examples of the application of NMR to

microscopic constant determination discussed thus far,



the chemical shift was affected by more than on

_protonation reaction occurring simultaneously.%ﬁaﬁ e

S

of these'deprotonatidn reactions so that chemical”
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. . ) L
compounds were used in each case to separate the. ££%

values could be obtained for the inﬁérmediateISPecies.v»
»). - L ¢ ] .

The situation is simplified somewhat when the chemical

shift is affected'only by deprotonation at a single site.

There are a few examples of such studies in the literature.»

. The acid-base chemistry of fully protonated glutathione.

and methylmercury-complexed glutathione has been studied )
. , ' ‘ \
by PMR (16). 1In glutathione, the simultaneously-

’deprotonéting groups are well removed from each other,

| ethylenediamines and N~methylpiperazine.' The shift of

group.

- thus the chemical shift of a given proton reflects the

fractional deprotonatioh_of only the nearby acidic group.
The microscopic cohstantgjwere determined from the’
fractionalvdebrotpnq?ion of each of thevacidic.groups

as ‘a function\of‘pH.‘

Creyf; van Poucke, and Eeckhaut'(l?) used a

‘similar method to obtain\the microscopic &cidity con-

stants of deprotonated asymmetric N-methylsubstituted

the methYl group is influenced only by ‘changes in the
4 ' S .

‘protonation of the nitrogen atom adjacent to the methyl

These WOrkefs'all used proton magnetic res-

onance techniques. Carbon-13 magnetic resonance is a
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potentiaily more useful tool, In the proﬁonédecoupled
carbongl3 spectrum single lines are observed for eéch
carbon atom making it possible to follow deprotonation
at each éite.in thé moleéule.' In addition the range of
chemical shifts is much larger than that observed in
proton épectra makiﬁg carbon-13 éhemical shifts more.
_Sensitive té the state of protonation. ‘Thug, iﬁ was
thought th#t carbon~13 magnetié resonance spectroscopy
might be a useful probé for té? stﬁdy of the aqid—baée

chemistry of amino acids. - T§

results obtained from a
study of the acid—base.chemigiry of cysteine and related
molecules by carbon-13 NMR a‘ﬁ_the subject of Part 2 of

-this thesis.
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CHAPTER VII

" EXPERIMENTAL

A, vChemicals
;D,Lepenicillamine, 2-aminoethanethiol -hydfo-

chloride- (Aldrich Chemical.Company) and S-methylcysteine
oy - '

(Nutfitioﬁal‘BiOChemicals Corp.) were used as received.

Cysteine (Nutritional Biochemicals Corp.). was recryk-

" tallized from water as the free base.’

’ Lr . -

All othgr/chemicals were reagent grade and were

r

; iy s .
used without further purification.

B. Preparation of Solutions

In generél all solutions were prepared aggdes—
éribed_in Chapter II SeCtidn C, with the following
modification ;o minimize ionié strength variations from
sample to sample.'_Ihitially thé,pH was adjusted tol~l3,
.with pqtaséium hydfoiide or to ~1 with giiric acid.
Nitric acid or potassium hydroxide was fhen added and
samples were withdrawn at thevappropfiaie pH values.rw
Us%Fg this procedure the ionic streﬁgth of a 0.2 M
solution, of cysteine for éxample varied from.0.9 at pH
13 to 0.7 at pH 5. |

: ~

. Xy _
C. pH Measurements . -

. {

pH measurements were made as .described in
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e

- Chapter II Section D.

D. Calculation of drogen Ion Concentration

f.

e T —

In Chapter VIII the acid dissociation constants‘m“
are determlned as concentratlon constants. To convert> | <
pH meter readlngs; whlch are related to hydrogen ion;“
.act1v1t1es, to p H, the negative logarlthm of the hydrogen
ion concentratlon, the activity coeff1c1ent must be known.

In order to calculate the activity coefficient for’ the

hydrogen ion, the ionic strength must first be calculated

using Equation (15).
(15)
where,u represents the ionic strength of a solution con-
taining i different ions Of'concentration Ci and charge

Z;- In the solutions discussed in Chapter VIII the

-
T

amount of ligand in the various charged forms was cal~-
- culated assuming approximate values for the macroscopic

constants. The concentratlons of nitrate and pota551um

ions were calculated from the amounts of nitric acid:and

pota531um hydrox1de which were added to prepare “the
.Sample. ‘The concentrations of-hydrogen anthYdroryl ions
were calculated from the solution pH. |

Once the ionic strength was calculated, the

activity coefficient for the hydrogen ion was found using

. ".N
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f- 'v ‘ . vv . . v ) ) <« . |
the Davies Equation (18) v ' S
109”&2 :0.511 (u)l/z- S - oL
— - = - "0.2(“) (16)
Toat 1w /2 | b

. where Y. is the‘activity coefficfent of an ion in charge
n. . Using the meter reading as the negative 1ogar1thm of
'the act1v1ty of the hydrogen ion and the calculated

act1v1ty coeff1c1ent P, H, the negatlve logarithm of the N

hydtogen ion concentratlon, was calculated.

pe. 23

'E.:QNon—Linear Least ‘Squares Program

j ~ In Chapter VIII the values for,macrosc0pic

4 : . . r
dlssoc1atlon constants wéie obtalned from a non-linear .

least squares analysis of the chemlcal shift data. The
non- llnear least squares program used is based on the
method described by Marquardt (19) and is. avallable in

the Chemlstry Department of the Un1vers1ty of Alberta

as ENLLSQ

F.. Carbon -13 Magnetlc Resonance Measurements

A

Carbon 13 magnetic resonance measurements were
made as descrlbed in Chapterd/;,Sectlon F with the excep-

tlon that the number of pulses was reduced to 2K,
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observing'the off resonance decoupled carhon—l3 spectrum.
In 2—amiho§thanethiol the a551gnment was made by examining-
the magnltude of the carbon-13 shifts on deprotonatlon.

Benesch and Benesch (6) have shown by ultrav1olet measure—.
SH - 4 NH3+ SH
ments that Ky Tres Ta and thus that Kl =-KAJ . The

a551gnment was made on the ba51s of the expected shift

when NH3 deprotonates {20).
: v .

2. 16 -ppm on the second' depro_;

arbon resonance shifts j
“while the other_t"‘ . 2y

shlfts 5.24 ppm The carbon ;é

most wasga551gned to the.carboﬁ Bﬁto'the amlno group. '@h

_The observed Shlft for. a#partlcular canﬁbn atom

is the populatlon welghted average of the shifts of that

«

- o . . . ¢t
carbon in forms H,L, . HL and L, that is i ' 2
;2 £ . g
SN e e
Soms PHéLGHzL T Purlap * Prépe o QL oo
N R "" i . L. :
WHere ' \3 e
v ’ . MO TN .
- y N T Ty - . .
! - . * Sy, N oo _."% . N Y- o
i :~;-;gﬁfL] e ' . R
A P’ = 2 - : (22)
LA H L . [H L] + [HL] + [ET N o -
v . 5 2 .
* L - [HL] ‘ . . l v' N Sy ) - .
6 P TE TR 33
‘v..“_ LA - L ,"Jj:Z ~‘= - [L] . N %'  I » ~ L . ‘; ‘ . l “‘ ¥
SN he? (LT + (LT F 1T, . of24)

" “The concentrat&ons'IHZL], [HL] and [L] can be ekpressea
in terms of the macroscopic acid dissociation constants:
- o b ' ’
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w1 i
) = (25)
“H,L +.2 .+ oo
2 ‘ [H']" +. [H ]Kz + K2K3
| ‘ [H+]K2), : .
, ‘ S p = - B (26)
. “HL - +.2 ¥ -
e | | IH 17+ [H.]K2 + K Ky
K.K ‘ } : ,
' 273 : -
P, = : ~ (27)
L +.2 - +.. , ,
: (g I + [H ]K2 + L2§3

and the observéé&shift can be expressed as ¢
e P

*
+.2
Moy p (5" ]K26HL * KyRgbp,
OBS : +.2 .
. . ) [H ]» +‘[H 1K, + K2§3‘
values for &, [ and § were obtain d from the horizontal

. 2 . y
. portions of the shift versus pH curves at pH 4-6 and pH

13-14 respectively. values for [H+T'andf60BS.were

meaSured'experimentally. ‘Equation (28) was used to

evaluate K2, K‘ and 8y <usingka‘non~linear least squares:’

lprogram' The values of K., K and 6 obtainedﬁid this,“

c27 73

manner were then used to- predlct the observed shlfts

1

w/
The predlcted an& observed ShlitS for- cystelne, 2-amino-

) ﬂethanethlol and penlclllamlne Aare glven in Tables XIV

‘.x

'XV and XVI Table XVII summarlzes the results of these

& o LS

‘calculatlons and presents 11terature vaiues of pK and;

-

4-" ’

P pK for comparISOn@ "In most cases, it 15 difficult to

make COmparisonsn@itH the literature values for two’
_ . : ; i .
reasons. First of a:l, the iomic strengtused for our
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. L e ~, : ' | -, -
experiments is 'Aconsig\erably higher than that used in most '
L ‘ - ) ' .
of the experimentskdeSCribed in the KiteratUre. Secondly,
- N < . N
fhe macroscoplc constants reported here are 1n terms of
, a

concentratlons whereas‘mOSt,of the:llterature values ars

mlxed constants contaln%ng both,act1v1ty and conoentratlon /

L]
terms. ‘For purposes of comparlson, a pH‘tltratlon of .

~ . N _
cysteLne was perfoxmed unger condltlons of ionic strength /

A Y

similar to that of the NMR experlment (u = 0. 8)v Values
of 8,26 X 0. 01 and 40.38 + 0. 02 werd obtained for pK, and o
‘pK3 ‘ These values compare well with those obtained by

caxbon-l3rmagnet1c resonance. | d Lo ’ \f”
. § D s »
2. Determinetion of MicrosCopic Acid‘Dissociation-Constants
\ o _
% from Cérbon—l3 Chemical Shifts.

z

,
A

At the molecular level dlssoc1atlon of the

| second,and:thi:d_protons from cysteine 1s'descr1bed‘by-the ,

! .
- .

following scheme.

l“ , . . ) i ) . .‘ . ‘ ‘\ N
scn CHco .
i;fj; TQ§Q§N ki23
HSCH O, . (1D ~SCH.,CHCO '
.‘ .~ . 2 z L,
.o+ oo ///7 ‘ ’
SO \\\\ ‘///
(1) kig\\\ x (IV)
YR HSCH qaco2
:NHZ
(111) -
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The observed shi§t,1§ a population weighted T
average of the four forms, that is i .
. . . . . . . 23 V] :. e
: i : i S o \
Sops = Prir* Prrfrr * Prrrfrir * Pl (299
where ' -
S : - o .
C . (11 s
Py = _ , (30)
&)°[11r+ [rI)] + [III} + [IV]
[11] - oy
Pr1 7 ' — : . 1)
II 1) o+ (1I) 4 (III) + [IV] SRR
[IIi]:* o 3
Prir ——— ; - (32) [+ 7 k
L Uo[I] 4 [11)] + [III) + [IV] , \

. vy

Pry. = (33)
T [x] + [II] + [III] + [1IV] \
The concentratipns of speciéer - IV can be expressga' N :
in térms'of the[ microscopic constants:
. oLwh?r o e
P, = : - ‘ (34)
I +.2 + ruatin . P A
1 [H717 + [HDkyp + [H1Kky5 * Kygkygy 7 B
C !l - .
kg,
b= 22 \35)
#}H 17+ [H»]k12 + [H ]k,4 +‘K13k132 o
< . - ) : :
N k5 L
o Pprn T T2 . e’ ' (36)
P AVI'z[H 17+ [B Tk, + [H ]k, + kyoKi39

o/



P, = 7 13:&4? (37
[H ] +.[H ]kl 4+ [H Tky3 #+ kl3k132

" and‘the shift can be expréssed’ as

- -

| 2 TS e,
£ = H'] + [H ]k12 1 - B 1k135111 +‘k13k132§IV # 'C

Cops T + 2 T

'»3'[H ) + [H Tk, + [ Mgy + k13"132 v
‘ |
. . ‘ ) . ) . . - s . P . . - (38) BN “
;/ﬁhiéﬁféan 5é rearranged to the form, . :
N SR T I S 5 ‘
Sry + 12 ix T %13 111 [H ) . i (1t 2
o 13132 ] 137132 |
‘%Bs_ | \ . \
ki, + k oo 1
1+ ”%Z'E'—li H) 4 R Gk
7" _ 137132 AR b & T
\ N ‘ , |
e . e (39) 1
w
Equation (31) is of the form.
+ | a2 SO : o ' -
... _a+b[H ]+ c[H] ‘ n - :
. %oBs T R (40)

1 +'d[H+l(+ eln’)?

A non-linear least squates eﬁélysisﬂgf data_obtaiﬁed for
a range of hydrogen ionICOncehtfhﬁions will yield tﬁef'
.coefficients'a; b, ¢, &, .and e. Howeﬁer, an'infinite
number of sets of klz’ kl3' ki32"611 and GIII wilk give

the same b. In order to resolve the mlcroscoplc dls—

L

soc1atlon constants, values for 6 ' and GII‘ are needed.

n

~
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Equatlon (38) for the mlcroscoplc constants is

51m11ar to Eﬁuatxon 6!8) dermved from the macroscoplc

»'constants. The Shlfts GH L "and 6 -are equlvalent o 81

'.and.d v The macroscoplc product K2 3 equals the mlcfo-

’.scoplc product kl3kl32 The coeff1c1ent of the [H ],ternn‘, o
in Equat;on (28) is K26HL' whlle in Equatlon (38) it is
klZGII + k136111 Equatlon (38) can be shown to be

ﬂi-exactly equlvalent to Equatlon (28) by the above replace=

ments and the follow1ng

§ . =P..8_. +P_-_8 (41)

HL - FIr°ir o CIIITIIT'
5 _ k281 N kisbrzr 0 4y
B . . . [ . T
"HL K K, ' % ; o
Kb = Kiber kKiibiio. - (43)

"2 "HL 12711 13" IIT"

[y

An alternatlve ‘way of obtalnlng ‘values for‘the
;oplc constants is to use the value GHL Pch is

obtaﬁéad for the\shlft of the monoprotonated spec 'h;)
R S N 2.

/from»the evaluatlon of the macroscoplc parameters. Slnce

A . , P o _ :
S | ’ /)
ST ey T Bpedar T Frmfrn 4 -

.where F_y and FIIiIrepresent the fractional concentrations

of species 11 and I1I and

F.. + F

1I I1I 1, R (45)°
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T
used.

Also,

1

Therefore

ahd

é

Thus, if 6;

A

-FII IS
11

Fr; _ ki
111 X13

Frp M2
Frip o X2 7
S
kip = Frfo

and 6

to determlne 6

~can- be evaluateq dlrectly from 6

and GIII

111 ..
J111 '

(46)

.. 182

{47) * -

(48)

5

using model compounds

(49)

are known, the microscopic cdnstants’

Attempts were made‘

Shmethylcystelne was, the flrst model compdund

are- 13. 16 ,

32. 04

’ and 51.95

t

At pH 5.325 the shlfts of the C

, €

B:

pH" 12 47 the correspondlng shifts are 11. 65

ppm.

whlle the CB resonance shlfted by 4 69 ppm.

Thus

the C

and CCH

27.32

If one

earbon%

e

ppm respectlvely, whi' e at‘

ahd

resonance shifts by 1.51 ppm

attrlbutes these shlfts to the deprotonatlon of the amino

group and assumes that the . C

and CB resonances of cysteine

w

: Shlft by the same amount when the amlno group is de-

&

4~
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protonated, the shifts,Qf species II and III may be pre- .

dicted‘ For example,ﬁthe Ca fesonance of cysteine is at

A

[ -
10.59 ppm in- spe01es I and 6,20 ppm 1n spe01es IV g1v1ng

a total shi of"4p§9 ppm.. if 1. Sl ppm of this shift
5 §pon

~

1§\due tq the amlno deprotOnatlon, the remalnder, 2.88

. .
the sulfhyoryl deprotonatlon * Thus

_:éies ZI”is;;o.59 - 2.88 or 7.71 - ppm.

.

In spec1e§ IiI’ e‘C §hlft is .0.59. - 1,51 or 9.08

,;;gpm.‘ The sh;jt 6H~ffor the C carbon was found from the

8
&

non- llnea* 3§ast squares frt to be 8 72 ppm One obtalns

Y 1
Ca value of 0m2€31% i gi from Equation (46) and the above}

shlfts. ﬁ?,‘«$”y';;ﬁﬁ o
: ' S 2

3 * ]

A 51mllar %naly51s of the CB

- a value of 0. 9?0 ﬁor Fi% hlS Sﬁlue doein t agree with

\II‘ u,
the value obtalne@ &rom the¢c data nor with the known
/
i»»
relatlve ac1d1t1es Qfgthe sulfhydryl and amino groqps.

) % ﬁhldha)%% Ehe mogée compound. The cystelnyl
g
’J‘g\§ .
esiduer o ﬁugiutathqone can be con51dered an N- substltuted

cystelne and’ the shi fts of the CYS- C and CYS—C8 carbon

resonances attrlbuted to sulfhnggl deprotonatlon

The shifts of the intermediate specf§§ II and III, can

4

be calculated using the observed glutathlone shifts by

* the proced;;e described above for _S—methylcystelne. "By

treating the C  data in this mapner, FIIKWas found to be

0.137, while a value of 0.748 was obtained from the

-

C et

chemical shifts gave

’TAttempts weﬂe made to perform 51n1lar calculations

183‘

. &‘1 g
ot B PR



factory.

'fvioletﬂmEasurements that the first deprotonation in 2-

~ o o _ ] N 1'8“,4'

- ) ‘ - '

.analysis ‘of the C8 data. :Again the.agréeme;t.is unsatis-

. Benesch\and<BenesCh‘(6) concluded from ultra-

P

'f'amlnoethanethlol is from the sulfhydryl grod% and the -

1isecond frOm the amino group They found that there was no

N "

"loverlap or. mlxlng of the deprotonatlon reactions. There-

r : .
fore 2 amlnoethanethlol can be considered as a model "

»

fcompound and ltS shifts used to calculate § 11 and GIII
.vﬂfor cystelne.v Since the total shift on deprotonatlon of

;both groups is not the same in 2 amanethanethlol as lt

'1s in cys*elne, ‘the shlfts due to deprotonatlon of a
fspecxflc group were estlmated by assumlng that the fractlon

of the total Shlft due to deprotonatlon of the sulfhydryl -

'group'is the same-ln 2—am1noethanethlol as it is in cysteine.

Analyg;ng the data in this way, -one’ obtalns a value of

0,729 for_FII from the CB results. The C ‘data . showed

GII'and &III both to be less than GHL so that it was e

impossible to Obtain F;p from the C, shift data.

“The results of the above calculatlons of 6 e

«ahd 6 II for cystelne from the shlfts observed 1n model - L

.compounds are summarlzed in Table XVIII The values

predlcted for the ratlo R of the sulfhydryl deprotonated
form to the amino- deprotonated form are also 1nc}uded in
thls table. To estlmate the approxlmate Value of R, pH

titratiohs of cystelne and S—methylcystelne were performed —



Table XVIII, Predicted Values bf_;S'IT ang GIII.usiﬁg'

©

Modél Compéunds.

<

o ' S ‘a a ' ol
: PRED .PRED 2+ R
. Mode} Compound: . - Carbon FII _GIII,
. o ‘ .
S-methylcysteine Co - 7.711 9,084 0.36
| Cq 39.248 - 36.952  '1l.5
Glutathione c, ~ 7.945 <. 8,850 0.16
Cq 40.045 36,155 2.9
' 2-aminoethanethiol Cq . 8.545. 8,250 -
o, o 0.205 35,99 2.7
Cq 40.20 | 995 2

a B . . D
- ppm versus dioxane

ratio of sulfhydryl-deprotonated intermediate to amino-

deprotonated intermediate.

——

185



- midroscopic cog

" at an ionic strength of 0.8 WhichiiS“approximately the .
ionic strength used in the/NMR-experiments. MacrOSCOplC

Vconstants for pK2 and pK3 of cystelne were determinéd to

{

 be 8.26 and 10.38. For S—methylcystel e a value for pK2
rl}z ‘

of 8.807was obtained. 'By assigning thif value ‘o the
: | : 11ng v .

pklé"of cysteine, the miqrgécop}.c

constant pk. 'égmined,te be 8.41, .The value of R

12-_

'obtalned fromt. ég.aata is 2.48. IR .

C. Discussion
1. -Evaluation of Macroscopic Constants From Carbon-13

Chem%cal,Shift Data.

-

. The macroscopic'constants,obtainedlfor cySteine,'

penicillamine and 2—aminoethanethiol from carbon-13
chemical shifts indicate that this is a reliable method

for determining macroscopic dissociation constants even

when the deprotonaﬁion'reactions overlap;ﬂ"The results
listed in Table XVII compare favorably with those avail-

able in the literature. o o P
2. Evaluation of Micrbscopic Dissociation Constants From

Carbon—l3 Chemlcal Shift" Data. : -

1

The evaluatlon methods descrlbed earlxer in

thxs chapter 1nd1cate that there are dlfflcultles in u51ng/

"carbon—l3 chemlcal Shift data as a means of obtalnlng

: mlcroscoplc dlSSOClatlon constants when the chemlcal Shlft.
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of the carbon atomis affected by thé/deprotohatioh of

© both groups. In such cases, it is neceSéary to know the

vshlfts of the two monoprotonated 1somers in ordsr,to
; J .’

determlne_the mIcroscoplc constants;_ These shifts cannot

‘be obtained directly since both isomers are always present.

1

One approach whlch was trled was’ the use of
imodel compounds to estlmate the shlfts of the mono-
protonated forms. . This approach was not successful whlch
is not too surprlslng in view of- the assumptlons 1nvolved
;}n the model compound approach Flrst ogball, carbon—l3
(\hafts are known to be extremely sen51t1ve to confor—-

mational Changes (26). It is. not poss1b1e to take 1ntoi”

-taccount the dlfferences in the conformatlons of the,modef'»

and the. actual compound nor the conformat10na1 changes 8

~

_ that occur on deprotonatlon.

N

- approach is that the Shlft of a g;ven carbon resonance

'upon deprotonatlon of a certaii\functlonal group is always

the same no matter whdt the state of other functlonal

Another assumptlon 1nvolved in the'model compound

L

groups. .In'other wordS'the assumption is that, for a par?,

tlcular carbon atom, SII - QI equals 6 éiII'

Recently Walters and Leyden (15) used the model~

.J

compﬁund approach 1n a determlnatlon of the mlcroscoplc

\

lonlzatlonbscheme.of cystelne u51ng;pmr.spectroscopy.

N o o _
Not,surprisinglyi %he_results they obtalned are in dls—

.~

agreement w1th *eults obtalned by other waﬁhers usxng

~

|

R

.187



T . e o 188
: . : S e . { S o L o
- . v','(._ - S b .'
more direct methods (6, 7) Both'CMR and PMR'methods have °
. the “same ba51q§§moblem-. the determlnatlon of the shlfts

of the monoprotonated spec1es, GiI'and 6 T Any expres- -
51on whlch -can be derived to descrlbe the observed Shlft ) V4

- SR
)’as a functlon of the m]croscoplc constants necessar1 y ®

“involves 61 and 6III Until good estlmates of.the e

. ‘ B . & : ' :
parameters can be obtained) it is impossible to evaluate
: . : ' : Loy
the microscopic ionization constants from NMR data.
. ' N - . ‘, . “ <

v -

3 t‘v

3. Conformatlonal Dependence of Carbon—13 Shifts.

[

. “In the results for pen1c1llam1ne presented

N~

.in Flgure 30, one of the methyl carbons shifts first 1n';

| one dlrectlon as one proton is remoVed and then ln‘the
other dlrectlon as the second proton 1s rémoved Pre-
sumably this occurs.because the ‘major conformatlonal form.
is- dlfferent 1n the deprotonated spec1es from that in

} _the protonated specles, ‘ |

| Tran-Dinh et. al. (26) have_recéntlf applied‘

carbom-l3 magnetlc resonance to the problem of determlnlng

: conformatlons of the four, amino ac1ds- alanlne, vallne,
1epc1ne and.lsoleuc}ne, Thelr results for vaLlne are\

o’ .
: representaﬁive and are dlscussed.below. The,three-con—'fr ‘
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o The p051t10n of the carbon—l3 resonance for each- e

e

methyl carbon changes unlquely w1th pH One methyl o
R

' resonance shifts as both the carboxyl and amlno groups are
. LS 7\1

' ~4
cluqed that one methyl.carbon

e

- must be locallzed in the <COO NH3 > zone. as in conformer -

deprotonated, whlie‘the othesgiethyl resonance remarns

: constant. From thls 1t was

=

I or 11 and that the relative proportlons pf‘conformers

S I and II &6 not wary w1th pH c

‘ a4l . s ¥,
In pen1c1llam1ne ﬁﬁe three conformers are Lo

CH

'CH} ~ ~CH+ SH 003

H

|

|
N7

The anomalous shifts shown by the two methyl groups (Flgure'

¥

ﬁ;; 30} can be explalned in terms of conformatlonal’changes ' ;' ¢
- as deprotonatlon proceeds.~ On gomng from H2L to -HL both

methyl groups shift by a 51m11ar dhount Wthh 1nd1ca€és

that:both Spepd some trme 1n.the crltlcal <C00", NH3+>

zone“ 'Thus a mixture of conformers II and IIT exists.
On 901ng from HL to L2 a change in. the conformatlonal

vpopdi tlon occurs.. Only one mtthyl resonance shlfxs
- ! '
turther dOanleld on~deprotonatlon suggestlng one con4f

iuLmatlon is predomlnatlng, mostLllkely III s1nce 1n thlS
‘ ¥

rotamer the two negatlvely charged groups, COO and S~

JQ' Y

_are trans to each other. _ ' o .
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. B.> Reshlts

CHAPTER VIII '7 
CARBON=13 NMR STUDY OF THE ACID BASE
CHEMISTRY OF CYSTEINE AND RELATED MOLECULES

A. »Intfeduction

N In this- chapter, the appchatlon of carbon-l3
o J
NMR to the study of the ac1d base chemlstry Of amlno

23

acids is investigated. - The compounds chosen fqr this :

study are cysteine, which has been studied extensively

bydéthef techniques, penicillamine, T : ' ’/f
‘ o S ‘ U
_ oy - . e g
HSC(CH3)2CHCOZ‘ ¢ )
. ) s - [
g A NH3 R | T
N . L S : E
and 2-aminoethanethiol . -.° L e C ‘@ghp
" N . A o e
’ *. . T . E X "f,":—- -
y | J »-»HSCHz(‘ZHZ_ \
IR ’ . ‘ o {3 NH ':}-v . o ’ B . : T N ‘
. . s ! ) 3 7 '.

no . o

e . . . - R -~

.

Flrst the. evaluatlon of macToscoplc dlssoc1atlon con-

g
-

stants uging carbon 13 rhemlcal shlft data w1ll be des—

o

e crlbed and then the attempts to evaluate mlcroscoplc dls—‘

5
«

soc1atlon c0nstants w1ll he dlscussed . - :

o . v 3

' . . 3 . .
o R B - . “
. t ) . N ] K L § °

Ce R ~

‘a' . : T o . . .
% o - R K
. X »_’ A R

1. . Determlnatlon of Macrosc0p1c A01d Dlssoc1at1on

\“*Constants from Carbon -13 Chemlcal Shifts. .

“ if163 \S
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In this section, a,method for the evaluation

of overlapplng macroscoplc ac1d dlSSOClathn constants

F
u51ng carbon-13 chemical Shlft measurements is presented

The method 1s applled Jo the evaluatlon of macroscoplc
dlssoc1atlon constants for the deprotonatiOn of the'amino‘
‘-dnd sulfhydryl groups of cystelne, pen1c1llamr?e and 2-
amlnoethanethlol The maéroscoplc dissociation ¢onstants

for these deprotonatlon reactlons w111 be descrlbed by K

P Y

.and K3 although in the case of 2= amlnoethanethlol these

dissoc1atlons really represent Kl and K2.
| o . . U
// :  H,L ? HL + H : : a7y
o [HL] [H]
) . Kz'v‘"—. —TFZ_L_]- (18)
s . HL 2 H4L . (19) )

s Lo IHm |

*' ‘ In Equatlohs (17)—(20).charges have been" onitted

o
for 51mp11c1ty. . I

Carbon~13-ﬂat -fdr'péniééllamihe;'cysteidefand~;
f EEE A Y oo ) cet . T

4‘ ﬁ . . n Q .

Z—amrnoethpnet%iolfwere

koilect‘ed over the pH range 4;13‘ :a NS
’ . ‘.. , - B
ydryl deprotonatlQﬁs 0ccur ﬁ*r”~i¥;f _

'Thls data’ lS presented in Flgures 30, 31 and 32, "For .

where the amino and sul

. cystelne and pen1c1llam1ne, the assignment. was done by '_



