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v ABSTRACT |

several rerated dlsulfides (RSSRT’have been studled by 1H -

Q”NMR.j The reactlons'take place 1n two stepé%

T . s . ) + :
e . RV o A
3 . . o . - A\ s e

R PsH + RSSR :szsg +RSH . - &7
: .; ‘_ ’ . ‘_{‘,' ‘. . . pSH + . PsSR ‘ : PS% + RSH o
BN The k;netlcs and equlllbrla of the émidatlon Of

ben1c1llam1ne by glutathlone dlsulflde thform,bln the ‘

,flrst step, penlclllamlne glutathlone mlxed dlsulflde and

A A
<

'glutathlone and 1n the second step, pen1c1llam1ne

disulflde and g@utathlone have been studled over xhe pH '

v
o

drange 4-9 by 1H NMR. Slmllarly,_the klnetlcs and
<

equlllbrla of the reactlons of PSH W1th Cystlne were .
L. :
v,vcharacterlzed over the pH range 5 8 whlle the reactlons =

r}WLth the drsulfldes of cysteamlne, homocystelne, 2;f
| . ‘,'.'7.*‘ LI

rmercaptd“panol mercaptoacetlc ac1d 3-mercapt0proplon;c

LA

'ac1d and mercaptosuccrnlc ac1d were studled at neéiral

@

pH. ‘The klnetlcs and equlllbrlaﬁﬁf the Odeatlon of N-

~acetylpen1c111am1ne by glutathlone dlsulflde were also 1'-“

‘studled at. neutraf<'H Condltlonal equlllbrlum and rat
: 7

iv



At

vdconstants for the oxldatlon of- pen1c111am1ne by o ‘ ;

3glutathlone dlsulflde and cystlne at pH 7.4 are presented
'and dlscussed in terms ‘of the metabollsm of pen1c111 1ne

For all the dlsulflde§ studled, the ‘rate and

'equlllbrlum constants for the flrst etep are much 1arger

.
3o 2

'than th05e for the secon&’step. The extemt to whlch the

A
a’ ® v

flrst reactlon occurs ‘is w1th1n a factor of ~3 of that %

] YT

t

predlcted by a. random dlstrlbutlon, whlle the extent to

which the §%cond reactlon occurs is con51derably ‘less than

for a rand?m dlstrlbutlon (a factor of.~20) This

-lndlcates a small tendency for pen1c1llam1ne to form 1ts
¢

‘ m;symmetrlcal dlsulflde by thlol/dlsulflde exchange

¥

&

reactlons This and t}zle smaller redUC1ng power of
pen1c111am1ne as compared to cystelne and glutathlong are.

attrlbuted to steric hindrance from the methyl groups

’ ad]acent to the sulfur.

The rates and equlllbrla of the thlol/dlsulflde

exChange reactions studied are dependent on the
3 protonatlon states of the spec1es involved. In order to
li:p; characterlze fully-the thlol/dlsulflde exchange reactlons
d‘jof PSH w1th ox1dized glutathlone ‘and. cystlne 1n terms of

) v .
/ ‘the reaCthe spec1es 1nvolved the ac1d/base chemlstry of TR

(iv/'“ the reactants and products were studled usxng 1H and 13C

3 chemlcal shlft data The ac1d/base chemlstry of the

ammonlum groups of pen1c111am1ne glutathlone mlxed

A



[ : 4 : :

“disulfide has been charaoterized'by 13¢ NMRfand that of
thi ammonium groups of pen1c1llam1ne cysteine mixed |
disulfide'by 1y NMR. ,The,mixed disulfldes.were formed by
:thlol/dlsulflde e;rhange. Chemical shift‘titration.data
were obtalned s1mu1taneously for the mlxed dlsulfldes, the
tthlS, and the symmetrlcal dlsulfldesjln the mixture. |

Slnce the:. fractlonal tltratlon of 1nd1v1dual ammonlum

groups can be obtalned dlrectly from chemlcal Shlft data,

1t was not necessary to fsolate the mlxed dlsulfldes. The
chemlcal Shlft data 1nd1cates that the two ammonlum groups

of ei&h of . the mlxed drﬁulfldes are’ tltrated over the . same"

/ Va N

pH range, Wlth the(aé}dlty of the ammonlum group of the

(pen1c111am1ne part of the pen1c1llam1ne glutathlone mlxed'

8

'dlsulflde 4, 4 tlmes as ac1dlc as that of the glutathlone

part. In the. pen1c111am1ne cyst%lne mlxed dlsulflde, the
penlcx 1am1ne‘ammon1um group is 1.7 tlmes as acidic as
_‘that of the cystelne part Macroscoplc and m1croscoplc
"ac1d dlssoc1atlon constants ‘are reported for each.of the
nlxed d1sulfldes.- The advantages of NMR as a method for

character1z1ng the ac1d/base chemlstry of mixed dlsulfldes

4

r

'1s dlscussed
f

From the above ac1d/base study, the pH 1ndependent

. . 4 .
'equlllbrlum and rate/constants for - the tthl/dlSulflde

Z'exchange reactlons wrltten in terms of the reactlve

44,

sspec1es present 1n the pH range used (whldh anludes

v

.Vi.
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phy51olog1cal pH) were calculated; Fromvthe pH dependence

- of the rate of the reaction of PSH“wlth cystine and

oxldlzed glutathlone and the spec1es dlstrle:Ign dlagrams
versus pPH, the reactlve specxes were 1dent1f1ed .as
pen1c111am1ne with its amino group protonated and 1ts
thlol.group deprotonated. The reactive spec1es for the
dlsulFldes cystine, oxidized glutathlone, pen1c111am1ne—

cystelne mlxed dlsulflde and pen1c111am1ne glutathlone

‘mixed dlsulflde are the spec1es w1th the amlno groups

protonated

Y

“.
r.

Flnally, the Ox1dat10n of captoprll (CpSH) by

_glutathlone dlsulflde (GSSG) via thlol/dlsulflde exchange

2

to form, in the flrst step"apsss and GSH and in the

_second step, CpSSCp and GSH, has been studled in aqueous

solutlo b lH NMR. Due to slow rotatlon around the amlde
n by

bond(s) of Cp%H and CpSSCp and of the/captoprll part of *f

-

.CpSSG,‘separate resonances are observed for- the cls and L

trans conformatlons across these bonds., ConformatronalA

equlllbrlum contants were estlmated as a functlon of pH ‘

L

 for CpSH CpSSCp and CpSSG from the 1ntenslt1es of

»resonances for “the cis and’ trans 1somers._ These'

v

. 1. ' L
-equlllbrlum constants were used in the determlnatlon of ‘
_ ¢ , L

Ly

equlllbrlum constants for the two steps in. the ox1datlon-

of. CpSH by GSSG.“ The results suggest that CpSH has a d

+

- greater tendency to reduce dlsulflde bonds by

AN SRR £ 5



thiol/dlsulfide exchange at phy81ologica1 pH, and thus

form mixed disulfides, than do the’ thiol groups in amino

~acids. Also, the conformational equilibrium constants; )
1nd1cate that, at phy51ological pH, approximately two
" thirds of the %aptopril either free or in .a disulfide
‘form,_has the trans conformation. o~
| ¢
/ C B
: N ]
‘ R o

Vsl
«.@

.% ‘ A
e
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CHAPTER I

THIOLS, DISULFIDES AND THIOL/DISULFIDE EXCHANGE REACTIONS

“A. - Introduction

T Y
f

Sulfur is an essential element for living organisms,

3

V'J belng a constltuent of several amlno ac1ds, many peptides.
; and’ protelns and numerous other blologlcal molecules In
peptldes and protelns; sulfur is commonly present in the
thiol (sulfhydryl) group of cystelne (1), the dlsulflde

group of cyitine (II)Hand the_thloether group of

methionine’ (I11).

]

H N?HCOZ CH,
v + - ?HZ : ‘ é )
H,NCHCO; ‘ . s - &H
' o . el
(I:Hz B o ? ‘ CH,
~ . A +0
: SH - . o CH  HyNCHCO, -
! H,;NCHCO, ‘
v 2 Mmoo d
V -
Q L3
: Q . ‘ X . < »

The roles of the thlol dlsulflde and - thloether groups in

peptldes and protelns are’ varled gncludlng the
.
malntenance of oxldatlon/reductlon equlllbrla, the

¢}

<
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act1v1ty of numero i's enzymes and stablllzatlon of

macromolecular str cture of protelns L1, 2]. The tthl
r L
grOup is also present in several drug molecules, 1ncl%dlng
_topfijTl-

penicillamine (B,B—dimethyl cystelne, V),
-L- prollne, V) and’

~.

[2(s)-3-mercapto- 2-methy1 l-oxopr

British ant1—Lew151te 02 3»d1mercaptopropanol Vl).

J‘
, 2 V
4
 .CH,

. o 'C|H, \CH |
 HNCHEO: . HSCHEH N 7o CHchCH T
HC-C-CH, . GH & cHcom L

C-C-CH, C;(I)‘ . - SHSHOH
~ SH S ' - Y
- T
v , 4V SR c
. f‘ ~

;ethiol~groups in peptides,'proteinsland.drng

_;ee are characterlzed by their hlghdreactléliy_agdn'

. dlverse chemlcal reactlons 1n whlch they o

;c1pate | Among the most lmportant are reactlons‘wnich:*\&‘f'
vlt ln the ox1datlon of tthlS to dlsulfldes o |

@

he Oxidation of’Thiol.Grongg:

The metabollsm and blologlcal fun'tlon of thlols f'

depends to a large extent upon the ease w1th whlch they
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"are ox1d1zed. Under the mild ox1dlzlng condltlons of

blologlcal systems, dlsulfldes are the products of the
ox1dat10n reactlons There are several dlfferent pathways
by whlch thls ox1dat10n occurs in: blologlcal systems,
’1nc1ud1ng autox1dat10n and ox1datlon by dlsulfldes

- Autox1dat10n refers to ox1datlon by dlssolved

oxygen. The dlsulflde product can be a symmetrlcal

:disulfide or a mixedﬁdiSulﬁlde, as.shown by Equatlons

‘and 2;

o IR : S S
4RSH, + 0y + 2RSSR + 2Hy0 © (D)

N : " ’ v' J . ) . .
C2RSH +2R'SH +°03 » 2RSER'+ 26,0 . (2)

o
BRORE {J

The rate of dxldatlon depends on several factors,“
1nclud1ng pH; temperature, thlol concentratlon[ the nature
of the thlol and the presence of m?tal 1mpur1t1es [3]

. The rate/of ox1datlon 1ncreases w1th pH,'whlch suggests .
'that the actlve spec1es is the'deprotonated thlolate*

a : :
anlon, RS~”_ The overall oxldatlon reactlon 1s thought to

s : ;

‘occur by thé follow1ng Steps [3 4] opyf'

_ {(3)';

:fi5)'



2RS+ » RSSR. 7 = S (e

| 02?-‘+.H2O >1/2 05 + 20Hf . m

~
Step 4 1is proposed to be the rate determlnlng step
Autox1dat10n of thiols is catalyzed by traces of metal
‘“j ions, partlcularly Cu(II) and Fe(III) [5]

Ox1datlon of thlols by dlsulfldes proceeds accordlng

to the 2- step reactlon sequence represented by Fquatlons 8

,and 9.

RSH + R'SSR' 7 RSSR' + R'SH . . ",g'(s)'
.. RSH + RSSR' 7 RSSR + R'SH . 9y -
Q. 2rsH + R'SSR' ? RSSR + 2R'SH - (10)

' These reactions are generallY’referred'to as ' E
| tthl/dlSUlflde exchange reactlons.'

" The overall ox1dat10n occurs 1n two - steps, W1th the ?ﬁp

' mlxed dlsulflde RSSR formed as a: stable 1ntermed1ate 1n 7_.frf

the f1rst~step Numerous mlxed dlsulfldes have been.*

.

1dent1f1ed in: bloloqlcal systems,llncludlng cystelne—".
&
homocystelne mlxed dlsulfnde 1n human plasma [6 8], S

=

cyste1ne-pen1c1llam1ne mlxed dlsulflde ln human urlne [9],-

- : '«

cystelne glutathlone mlxed dlsulflde in llver homogenatev_;thj
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~

k.
[10] and calf lens [11], and glutathione-coenzyme A mixed
i
~disulfide in rat [12] and bovine [13] liver. Protein-
small molecule mixed disulfides also occur in biological
fluids. Among the most well Characterlzed is that formed
between the thiol group of bovine serum albumin (B5A) and
cysteine; the thiol group of apb:oximately 40% of
naturally—occurring BSA'exists‘i; the form of a mixed
disulfide with cysteine. It ié;for this reason that
nonintegral values (typically 0.6-0.7) are obtained for
the number of thiol groups in BSA [14].

Among oxidants for thiols, disulfides are of

yparticular importance pecause .they react with thiols to
" form only disulfides, and théy show little reactivity witb
Fther functional groups in biological molecules.. This

highly specific nature of the reaction of disulfides with

5

tthlS forms the ba51s for the most widely used methods
for determining the levels of thiol- contaln%ﬁ’ molecules
in biological fluids. Among‘the disulfide reagents for °
tthlS, 5,5'—dithiobis—(2—nitrobehzoic acid) (Ellman's

3

reacent, DTNB, VII) [15] is the most popular

- €O, co;

1

. »



Ellman's reagent reacts with thiols according to the
overall reaction

L 3

2RSH + ESSE , RSSR + 2ESH (11)

where ESSE represen Ellman's reaqént‘and—ESH, 2-nitro-5-
thiobenzoic acid. Bdcause the equilibrium for Equation 11
lies far to the right, RSH‘is quantitatively oxidized to
)RSSR by an excess of Ellman's reagent. The. amount of RSH
oxidiied'is determined from the absorbance at 412 pm, the
Amax for the anibn of ESH: Ellman's reagent itself does
ndq/;béorbpsignificantly at this wavelength.

The disulfides 2,2'-dithiodipyridine (VIII) and 4,4'-

dithiodipyridine (IX) are also widely used as reagents for

thiols [16,171. = .8
A
oo OO0

Vil T~ - IX

The thiOpyridonés formed by reaction with thiols absorb

strongly at 340 and 324 nm, respectively. .



Thiol/disulfide exchange reactions are of
considerable impgrtanée in living systems. 1In cells and
"in biological fluids, they provide the reaction pathway by
which the various thiols and disulfides present are
maintained in avsgéié*of dyriamic equilibrium.. They also
arerimpértant in the metabolism of thiol—containing drug
molecules, and in some cases they form the chemical basis :
for their pharmacological and therapeuti¢ activity. The
thiol/diéulfide'exchange reactions of the drugé
peniéillamine andicéptopril with relgtively‘low molécular

weight disulfides are the subject of this thesis.

C. The Uses of Penicillamine in Medicine
: /

Penicillamine (IV) is a structural -an éog of the

naturally-occurring amino acid cysteine (), in which the

two hydrogens on the ﬁ-garbon of cystei are replaced by
m;thyl groups. PSH can be obtained by j/acid hYdrolysis of
penicillin, and was first found inlvivo in 1953 by Walshe
in the urine of patien§$>being treateéd with penicillin |
[18]. Sébsequently,'pghicillamine itself has been found
to be of use in medicine.
The first use of penicillaminé ih medicine was for

the treatment of wilSQn's,disease, an inherited metabolic

disprder in which Cu2+ is accumulated in various tissues



¥ts chemical structure, Walshe

A}

of the body. Because of»
deduced .that it should’ chelate divalen£~metal ions,
including'Cu2+, and'theréby promote its excretion'frbm
patients with Wilson's disease. This proved to be
correct, and today penicillamine is the drug'qf choice for
the treafment of Wilson's disease [19]. it also is dééd
for the treatment of intokication by otﬁer heavy metals,
including pp2t and H92+.t20]. ~

Penicillamine also is used for the treatment of
cystinuria, a metabolic disorder in which'preéipitétes of -
the relatively i;soluble disulfide cystine (solubility of
7.8 x 10_4.M_in pH 6.95 phosphate buffef [21]) form in the
renal tract [22]. 1Its use' for the treatment of cystinuria
was based on the observation that penicillaminé reaété

with cystine to form the penicillamine-cysteine mixed

disulfide (PSsC, X) [239.

+
H,Ntlzuco;
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Because PSSC is con51derably more soluble than CSSC
treatment w1th pen1c1llamine results in decreased
.formation of cystine precipitate as‘well as dissolution of
the deposits formed_priqr to treatmeﬁtrvith
penicillaﬁine. Thus, the molecular basis for this
therapeutic use of penicillamine is the thiol/disulfide -
exchange reaction involving PSH and CSSC. Althoqghfall
the pathways by which PSH is meﬁabolized have net yet been
identified, this is considered to be the major pathway in 
all patients treated with penicillpmine, regardless of the
disease being treated [9] LeSS'thaﬁ half of an injected
dose of penicillamine is recovered in the urine, and of
that, the ma]ority is the PSSC mixed disulfide, with a
small amount of PSSP and a trace of PSH [9, 24] ’

The most recent, and currently the most widespread,
use of penicillamiﬁe‘in medicine is for the treatment of
rheumatoid‘arthritis [25,26]. The rationale which led to .
the study pf éenicillamine in‘rheumatoid arthritis:was
based on g‘possible reaction of the thiol group of
penicillamine with the disulfide bqads ef rheumatoid
factor [27] Penicillamine is effective for the treatment
of rheumat01d arthritis, and Ais con51dered by some to be
the drug of ch010e for treatment of severe rheumat01d
arthritis. Although the mechanism of action at the

.molecular level has not been elucidated, thiol/disulfide



exchange reactions involving penicillamine @re undoubtedly -

: \
involved [28].

D. The Use of Captopril in Medicine

}:Captopril (v) is a)recently,developed druéﬁfqr the
treatment of high blood pfessure.A High»bloodhpressure can
result from the over‘productlon'of the octapeptide
angloten51n 11, which causes the constriction of;blood
vessels, from the inactive decapeptide angloten51n I, the
cenyersion.bging catalyzed by‘angiotensin—cqnve;tlng ;
enzyme [29-311. Captopril wasbdesigned to inhihit"

_ anglpten51n convertlng enzyme by 1nteract1ng w1th the -
enzyme at its acxive gite. The;design of the molecule was
" based on the assumption that the active site ot.this
carbezypeptidase—like | enzyme is >si'n1i lar to thq of’
carboxypeptldase—A, whose actlve ‘site has been
characterized by crystallography [32] Both anglotens1n-

‘cdnvertlng enzyme and carboxypeptldase A contaln a- Zn2+

ion at thelr actlve Sltes, and a key feature in the desxgn

of captopril was, the assumptlon that 1ts thiol group would

bind to the Zn2+ of anglotensln—convertlng enzyme [29 31]
" The metabollsm of captopril- has yet to be eluc1dated,

however by analogy with pen1c111am1ne, it seems likely

‘that’thiol/dlsulflde‘exchange reactions involving

10
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disulfides such as cystine and oxidized glutathione will

be important metabolic pathways.

B Eh&oi[pisulfide'Exchange Reactions: Equilibrium

Considerations

-Because of their importance,‘throl/disulfide/exchange
reactlone involving thiol- contalnlng biological molecules
have been the subject of a large amount of research This
researdh'hasuinCluded studles ‘of both thelr kinetic and
- their e@ﬁilibrium properties. In rhie-section, some
relatlonshlps whlch are used to characterlzes' |
thiol/disulfide exchange equlllbriaAare presented and then
previous'studies of thiol/disulfide exchange reactions
wﬁich are particularly reievant to this thesis are
dlscussed | |

The overall oxidation of a thiol to its dlsulflde
occurs via two consecutive,‘reversible equillbr;a; |
Fquatlons 8 and 9. ‘The equilibrium constants forethe
reactlons are deflned as: | | |

[RSSR'J[R'SH]

S Ko = [RSSR][R'SHj. v E
. R2c ~ [rsHI[RSSR'] o (13)




N

P

[RSSR] R SH]
[RSH] [R SSR' ]

K3

c (14)

K3c'=.K1‘cK2c | ' (15)

If the distribution c% R and R' among the various thiol

‘and dlsulflde species 1is determlned by probablllty, ch

will equal 2 Koo will equal 0.5 and- K3 will equal 1.

Thls random dlstrlbutlon was first observed by McAllan and’

coworkers during synthesis. of symmetrlcal and

unsymmetrical disulfides - from varlous‘mlxtures of “two .

~thiols [33] Equ111br1um constants ch'K3c are related to

the dlfferences in the oxldatlon -reduction potentlals of

the - three couples, deflned by Equatlons 16 18, accordlng

to Equations 19-21.

RSSR + 28* + 2e” ? 2RSH - - (16)
E ngg'.+ ont + 2e” ? RSH + RS'H:t‘ - (17)
R'SSR® + 2ut + ze“j_zR'sé - . (18)
4E°RSSR'/R$H,§'SH - E"-R'ssR"/R'sH'= :2*%%§f32 1s§1$10‘_(1§j'
‘EORSSk/RSH - E;RSS%'/§SH,R'SH f —2 fﬁg RT 1eg Ko (20)
| | -2. 3O3IRT

12

E°rgsr/RSH ~ E'R'SSR*/R'SH ° T nF 109 Kic (21)

-
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Dge to- the affinity éf sulfur for metals, it has not been

possible-to_measure‘thé standard oxidétionfredhction

potentials for th;ols directly. Rather, theif standérd‘_

- potentials have been determined indiréétly by'meaéuring ©
‘equilibrium conétants for their oxidation by oxidizing

. agents of known standard potential. Standard potentiéls

obtained in this wéy for the cystine (CSSC)/bysteine'(CSH)
(Equation 22) and oxidized'glutathione (GSSG)/glutathioné .

(GSH) (Equation 23) couples are summarized in Table 1.

2CSH ’ . (22&\‘//r~\

2GSH | (23)

cSSC + 2e” + 207

R

+

+ ¥

. GSSG + 2e” f,ZH

GSSG and GSH have the structural formulae XI and XII.

~ Pial

Qo
\
. ' '
8 0
,'o,cci:ucu,cn,cNHti:HCNch',co;
S ’NH: . ?Ht» &
| : S
S
e 1 0] o)
- 70,CCHCH,CH,CNHCHCNHCH,CO, OC GH CH, CH, CNHCHCNHERES, -
,. L " ‘_"' . X NH; ’ 7'?“2.
. - SH

xi- A X
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A'F. Previous Studies of Thiol/Disulfide Exchange Reactions

The kinetics and equilibria of thiol/disulfide
exchange reactions'of a variety of thiols with the
csSC/CSH and GSSG/GSH systems, asvwell as,with related
Emall molecdfes,(and thiol/disulfide‘containing proﬁeins,
have been studied. Because_both the reaotants and
products are thiols and disulfides, anlessential part of

this research has been the development of methods with

REo °
Vh

which reactants and/or products could be monitored

selectlvely The methods which have been developed are
] »

generally based upon a phy51cal or chemical property of

15

one,?f the reactants and/or products, and thus are limited

to spec1f1c systems. }

Among the earliest studies:.of thlol/dlsulflde
exchange\reactlons 1nvolv1ng biological molecules are
those of Kolthoff, Stricks and Kapoor [21], who, in 1955,
reported equilibrium conetants for the reactions of GSH
‘and mercaptoacetic acid (HSCH2C02H) with CéSC.’ Tﬁe»
"equ111br1um constants were.calculated from the 1ncreased
solubllrty of CSSC whlch 1s only sllghtly soluble overb‘
the pH randggs -7 (the solublllty of CSSC 1n 'pH 6 95
phospﬁate buffer: is 7 8 x 10'4 M) in solutlons containiné

GSH or MSH. The solublllty is increased by the reactlon

of GSH and MSH with CSSC to form the more soluble mlxed



e

,,,,,

= | ' o 16

dis] Uﬂi?SSG‘and CSSM and the thiol CSH. The

. ;onstants'obtained in this study for the
}Iange reaction are listed in Table 2. From
3Iibrium constants, the standard eiéotrode' d e
:ﬁi‘for the GSSG/GSH couple was calculatéd to be
:;V relative to that for ‘the. CSSC/CSH couple.

:nff et al also made the 1mportant observatlon that
jactIVe spec1es in these reactlons‘are the thlolate

%.s, GST, MS™ and CS~, and not the undlssoc1ated thiols
inSH and CSH. ThlS has since been found to- be true in
;;us other studies of thlol/dlsulflde exchange
._reaaﬁions_[34-38],

1957 and 1958, Eldjarn and'Pihl [34-36] reported

v“;um constants at pH 7.4 and 37 C “for
;dlsulflde exchange reactlons 1nvolv1ng CSH and- GSH
and the related dlsulfldes cystamlne A{c'ssc’, XIII), N, N -

dlacetylcystamlne (Ac' SSC A, XIV) and several derlvatlves :

NH’,c»Hchz-'—S—S"—'C,HzCHzNH‘:  CH; ﬁNHCH 2CH, =S s-cu CH; NHﬁCH,

o T

Xin XIV

‘ = Lo
of cystamine. The method used by Eldjarn and Pihl to



- Table 2. _Thiol/disulfide exchange reaction equilibrium

. constants
R'SSR' - RSH /' K¢ Koe- K3,  Reference.
cssci. o GsH 2.8 1.0 . 2.8 . . 21
cssC ' _ /C/"SH - -4.76 - 0.75 3.6 34
cssc  /AC'sH  5.00  0.62 3.1 - 34
Gssg / C'sH 5.00 ~ 0.34 1.7 34
essg/  Ac'sd .2.86 o0.28 0.8 - 34
- csse GSH 3.2 1.2 3.9 37
GsH = 3.74  0.791 4,72 38

PSH 0.13 ~0.01 - - -9
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‘measure the equlllbrlum constants was based on the
~:reactlon of tthlS with dlsulfldes whlch were labelled
'w1th the radloactive 1sotope 35g, ‘ Reactlon products were
‘separated by paper electrophoresxs at pH 2. ;Wlthathls.

" method, the concentratlons of three of the five spec1es
present in the thlol/dlsulflde exchange reactlon (e g.
~Cc'ssc', C'ssC and C SH when -CSH exchanges w1th c’ SSC )
ncould be . determlned. Some of the results obtalned 1n
_these stud1es.are llsted in Table 2 | 'From the magnltudes

of the thlol/dlsulflde equlllbrlum constants, Eldjarn and

Plhl calculated the reductlon potentlal for the CSSC/CSH, -

c! ssc /c SH and AC SSC A/AC SH couples to be +o 0101

b-O 0071 and +O 0030 V respectlvely, relatlve to. that of ;Z
the GSQG/GSH couple at pH 7.4 and 37 C. Eldjarn and o
‘Hambraeus used the 358 1sotope method to estlmate the hf'

ﬁklnetlc and equlllbrlum propertles of the reactlon of

—pen1c1llam1ne w1th cystlne at - pH 7 4 [9] The equlllbrlum L

constants are llsted 1n Table 2. The equlllbrlum constant

‘Kz for the formation of PSSP was reported to be 7_a;'fhﬂ{,l_'_p»

', R ) . . <

5'gpract1cally zero.ap;‘:/ N fﬁtw

9

-

: Jocelyn studled the direct: reagglon of GSH w1th CSSC 7[;5

'as well as the reverse reactlon of CSH W, th Gssé neh:gf'

C

;method used to obtaln the equlllbrlum constants for the'ufle;nf

' stepw1se exchange reactlons (Equatlons 8 and 9) and the‘."

‘overall exchange reactlon 1nvolved determlnlng (1) the GSH

ﬁ,'f,u

©

s LR

D
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concentration in equilibrium:reaction mixtures by
measuring the absorbance which develops at 265 nm when
concentrated HCl‘is added to GSH solution, (ii) the total
thiolvconcentraﬁion, and thus the CSH concentration by
difference with the GSH concentration from (i), by
measuring the absorbance'at 4lé nm after reactioﬁ with
DTNB, and (iii) the GSSG concentration by first
sélbctively réducing GSSG by an enzyme catalyzed reaction,
then determining total thiol as in (11), and finally,
calculating the GSSG by dlfference knowing total thlol
before rgduction of GSSG from (ii). The equilibrium
constants for the exchange reaction of GSH with CSSC are
given in Table 2. The standard potential of the GSSG/GSH
and CSSC/CSH>couples determineé‘EE‘pH 7 in this work are

-~

given in Table 1. The method used in this study is
iimited to exchange reactions involvin; glutathione, since
determinations (i) and (iii) are based on specific
reactivities of GSH and GSSG respectively. However, it
has not been applied to the study of other exchange

. .
reactions of glutathione, perhaps because of "the

uncertainties introduced by determining all the
‘ . RJAN
concentrations except that of GSH by difference.
At about the same time, Gorin and coworkers [38] also

repb;ted equilibrium constants for the exchange reaction

of GSH with CSSC, as well as the reaction of GSH and CSH



L

with 4,4'-dithiobisbenzene sulfonate (XV) [3934i]. Their

‘Hoss@s-ssqn

XV

valuesvfor the equilibrium constants for the‘GSH/Césc
exchange reaction at pH 6.6 and 25°C are given in Table
2. These values were obtained by anélyzing the
equilibrium mixture for the concentrationsﬂof”all five
species using an amino acid analyzer. The equilibrigm
constants -are, in general, in good agreement with those
reported by Jocelyn'and by Kolthoff, Stricks and Kapoor.
From this value fd& the equilibrium constant, Gorin and
Doughty [38] calculated the standard.potentiéi for the
GSSG/GSH couple to be -0.017 V relagiverto that for the
CSSC/GSH couple. It is clear from the works of Kolthoff
and coworkers, Jocelyn, and Gorin and coworkers that the
standard potentials for the GSSG/GSH and CSSC/CSH couples
are similar. | |

The kipetics of the reaction of GSH w;tﬁ cystine and
with a éeries of alkylmercaptan-cysteine mixed disulfideé
(RSSC) were»Studigd by Weber, Hartter and Flohé [42].
Reaction rates were determined by measuring théArate of

prpductibn of GSSG, using the coupled enzymatic reduction

20
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~of 'GSSG (Equation 24) as the indicator reaction.

Glutathione
Reductase

GSSG + NADPH + HY = « » 2GSH + NaDppt (24)

The reduction of GSSG was folqued by measuring the

, v
absorbance due to NADPH at 360 nm. The initial rate of
the exchange reaction is bimolecular, with the second

order rate constant for the reaction:

. GSH + RSSC.+ GSSC + RSH (25)

héving the values R = cysteine, 0.2190; methyl, 0.06040;
benzyl, 0.05040; ethyl, 0.03460; propyl, 0.03130; N
N isopropyl, 0.0182?;_and t-butyl, 0.00%99 M lgec™! at pH
7.“ Of particula; intefest to the present study is the
relatively small rate constant observed when R is
~t-butyl. This was attributed to steric effecﬁs due to the
bulkinesé of the t-butyl group. Ve

In ﬁhe most detailed studies of the mechanistic ;f 
aspects of thiol/disulfidé exchange reactions involVin&f
biélogical disulfides to date, Szajewski aqd Whitesides
[43] examined the dependence of the rate and equilibrium~

constants for the reaction of a series of thiols with GSSG

ot
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on. thiol structure. Thiols studied included both mono and

dithiols, with particular emphasis on those that are used
to reverse or prevent autoxidation of thiol groups in

proteins, e.g. dithiothreitol (Xxv1i), dithioerythritol

(XV1I1), ' |
CH,SH CH,SH
H—é—OH H-é-OH a L
HO—?—H H—?—OH
CH,SH CH,SH
XVI ! Xvit

meréaptoethanol (HSCH2CH20H), and mercaptoacetic acid
(HSCH2C02H). The rate of release of GSH- from GSSG was
determined at pH 7.0 anq 30;C by usingiarfast,enzymafic
following reaction in'which GSH is converted to Sflaqtoyl

glutathione (XVIII) by reaction with meﬁhylglyoxal in the

/

o o
'o:cgi CH,GH, ¢ NH?Hg NHCH,CO’
NH,* CH, )
SCCHOHCH,
XVill B
presencé of the enzyme glyoxalése-l. The concentrétion of

XVIII was monitored spectrophotometrically by measuring
its absorbance at 240 nm. Although this method appears to
be convenient for méasuring both the kinetic and

equilibrium properties of exchange reactions involving

4
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GSSG, it cannot be used with the aminothiols cysteine and

HoNCHoCH,SH, and presumably the related aminothiol
penicillamine, because they also react with methylglyoxel
to form species whlch strongly absorb at 240 nm. The
results of this study were interpreted to indicate that
thiol/disulfide exchange is a’ mechanistically simple Sy2

displacement reaction which follows the Brénsted relation:

: - . 1
log k = C +puc PKAUS + Be PKR + Big pKj (26)

where nuc is nucleophile, c¢ is central and lg iefleaving
.group sulfur. A correlation was f&und between the pKA?of
the thiolate nucleophile and the rate of its attack on a
sterically unencumbered disulfide bond, with the rate
constant incfeasing as the pKp increases. Bpyce Bc\qu
-B1q are Bronsted coefficients and c is a constant \_ﬁ,
neggessary for the equation to fit the observed data. )

In addltlon to these studies, there have been several
studles of thlol/dlsulflde exchange reactton% 1nvolv1ng

r

thiols such as GSH and CSH with aromatic dis 11fides such
as DINB (VIi1), 2,2'- and 4,4;'dithiodipyridine (VILII and
IX); and 4,4'—dithiebisbenzepe sulfonate (XV), [39—41;44—
54]: It has not pggﬁ possible to measure equiliﬁ}ium

constants for these reactions because the equilibrium lies

23
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"far to the right due to the weak disulfide bonds formed by
aromatic dlsulfldes and the low pKp values of the aromatic
thiols. However, their kinetics have been studied in
detail sy using the absorbance.of the.arométic thiolate
anions. The studies of Hupe and coQorkers [45-47]) have
provided a detailed picture of the mechanjism of the
exchange reaction with DTNB. Their results indicate that
displacement occurs by an SN2 pathway involving no
klnetlcally distinguishable metastable intermediate, which
agrees with the conclusions of Whitesides and coworkers

for alkyl drsulfldes [43].

'G. This Thesis

As described above, the molecular basis for the

‘medical use of penicillamine and captopril, aﬁell as

their metabolism, depends largely on the chemistry of
their thiol grbups. Among the several reaetions possible
for thiol groups in living systems,_thiol/disulfide
exehange reactious'are of particular importance.
Thlol/dlsulflde exchange r?éétionsloflpenicillamine-and
captoprll are the subject o% this thesls

The main technlque used to study these exchaude
reactions is 1H NMR with some results also obtgﬁned

by 13C NMR. NMR was used for these studies because it
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providee information at the molecular level. Thus, it
might be possible to characterize directly thiol/disulfide
exchange reactions by observation of resonances from some
or é&} of the species involved.

As discussed previously, the rates and equilibria of
thiol/disulfide exchange reactions aré’dependent'on the

protonation states of the species involved. Although the

‘acid/base chemistry of most of the thiols and symmetrical‘

disulfides studied in this thesis have, been reporged
previouely, there are no reports in the literature‘on the
acid/pase chemistry of mixed disulfides. In order to be
able tovcharacterlze fully the exchange reactions of PSH
with ox1d1zed glutathlone and cystlne, the ac1d/base

’ chemlstry of the mixed dlsulfldes pPSSG and PSSC has been
studled along with the a01d/base chﬁmlstry of several of
the other thiols and dlsulfldes involved. . The ac1d/base-
chemistry of the mixed disulfides was characterized using
chemical shifr.data obtained for solutions in»whidh the
miked disulfide was formed in situ by reaction of PSH with
the“appropriate disulfide. Simultaneously, data were
 obtained on the_acid/baseIChemistry of:the thiole.and
disulfides innequilibrium‘with thehmixed disulfide. This;
detailed information which;can be obtained at the
molecular level for tthl/dlSulflde exchange reactrons at

equilibrium 1llustrates one of the main advantages of. NMR
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for these studies. Tﬁe.results‘obtained for the acid/base
chemistry Of‘thiols, disulfides and mixed disulfides are
presented in Chapter IiI.

" A study of the equiiiogium and kinetic properties of
the pen1c1llam1ne/ xidized glutathlone exchange reaction
ﬁls presented in/Chapter IV)‘ This reaction was studied for
several reasons: (i) Glutathione, both in its reduced'and
oxidized forms, 'is thought to be a natural constituen£ of
every living cell. For example, GSH is present at the 2
" mM level in human erythrocytes Thus, reactions of PSH
’w1th oxidized GSH are likely to be 1mportant in the
metabolism of PSH. Also, because of the’ 1mportance of GSH
in biologicel systeﬁs, information about its reactions

with thiols is of general interest. '(ii) To a first

approximatioh, GSSG mi s a model for disulfide
ns, since the cystinyl group is bonded at’
both Yits amino anducarboxyl groups to other amino acids
via'peptide bonds.  (iii) The results of studies of the_
excﬂgnge reactions of other thiols w1th GSSG are avallable
for comparison. This is of interest because it is thought

]

.that‘stegicvhiﬁcrance due to the two methyl groups on the ‘ ‘

carﬁOn bearing the tﬁiol group makes PSH somewhat |

different from other thiol compounds 628]. L S ¢
In ngptef~v, the results of a study‘Of the ’

equilibria.and kinetics of the reaction of PSH with
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cystine are presented. This reaction was chosen for study:
because of its impggtance (i) as the molecular basis for

the use of PSH in the treatment of cystlnurla and (ii) as
t

a pathway for the metabollsm of PSH. This reaction has

been studied previously, however these studies have only
I

provided estimates of the equlllbrlum ¥d kinetic \
properties of the reaction at pH 7. In Chapter V, the
kinetics and equilibria of the reaction have been studied

over a wide range of solution pH so as to characterize

l . B .
their pH dependence. Similar results are also presented

in Chapter V for the reaction of PSH with several other

disulfides.

The results of studies of thiel/disulfide‘exchange'
reactions of caétopril afe presented in Chapter VI. The
most detaiied study involQee the reaction of captopril
w1th GSSG. 'The‘thiel/disulfide.exchange reactions of

r

captopril are found to be con51derably more complicated

i

than those of PSH since captopril exists in twa dlfferent

conformations which are in equilibrium. .



. CHAPTER II 4
EXPERIMENTAL .8

A. Chemicals

D-penicillamine, PSH,;reduced'and oxidized
glutathione, GSH and GSSG, }espectively,‘N—acetyl—D,L-
'penicillamine; D,L-cysteine and 5,5';dithiobis—(2—
nitrobeﬁiBic acid) (DTNB), all from ngma Chemical

Company, were used as received unlesq stated otherwise.
1 :

On several occasions, PSH was first %lectrolyzed to reduce

I !

traces (<1%) of oxidized penicillamine; On one occasion,
stock SOlutions of PSH and GSSG were passed throdagh a
cation excﬁange column (as described below) for reﬁoval of
possible metal ion impurities. 'D—péniCillamine digulfide,
D, L-PSH, 2—h§éroxyethy1‘disulfide.(98%), cystamine,
éysteamine (2—aminoethanethiol) and imidazole (99%), were .
obtained from Aldrich'Chemical Company, Inc.
Mefcaptosuccihic acid was from AldriCh‘or‘Easﬁman Organic
Chemicalé./ D,L~-cystine, di;hiddiglycolic acid'and D;L—

. hdmocystihe were from ICN.PhSrmaceuticalé, Inc. 'D,L—f~
homocysteine was ffom Nutriﬁional Biochemicals
Corporation{\ 3—MercathpfopiOnic acid andnthé’oxidized

: ;e . . : -
form of both mercaptosuccinic a%id and D,L-2~
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mercaptopropanoic acid were synthesized by Dr. A. Arnold
of this>laboratory. Reduced and oxidized captopril were
'generously proQided by E.R. Squibb and Son, Inc. Tert-
butyl alcohol (TBA, BDH Chemicaﬁs)r sodium 272-dimethyl-2_
silapentang-5;5u1fonate (DSss, Merck Sharp and/bOhme £
Canada Limited) aﬁd 1,4 dioxane'(BDH Chemicals) were used
as chemical shift internal referencesl iThe saii bridge
for the elestrolysis cell was made with agar from Baker
and Adamson. All other chemicals were reageqt grade and
were used without purification unless otherwise stated.

Potassium chloride (American Scientific and'Chemical
dr Fisher Scientific Compaﬁy Ltd.) was purified by pasing-
through a column packed with Dowe£f50w—X8 cation ethsnge:
resin (J.T;ABaker ChemicalVCo.). Tﬁevresin was first
pfspared by washing Wiﬁh'G E:ECL'(Fisher'Scien;ific'
Coméany Ltd.), 2 M NaOH (American Scientific and Chemical
or BDH Chemicals), and then methanol (Asachemia gtd.).
Doubly disﬁilled water was used to rinse the resin be;ween
.ths vérious steps. Usually, the washlng/rlnSLng cycle, was
repéated one more tlme. .The resin was then poured into a
1.5 x 16.¢ﬁ cslumn fittsd at the bo;tom with a cotton
plug. Appfoximately‘one liter of 1 ﬂ_KCi solution was
eluted ;t ~2“millili£ers;per minate.‘ The first 50
mllllllters ‘were discarded. After passing through the
column, EDTA was added to the KCl solution (0.003 M EDTA)
to complex trace metal lqnﬂlmpurltles.

¢
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were chosen on the ba51s of 11terature pKA values for the

'B. Preparation of Solutions

The required»amounts of thiols and disulfides were

weighed and dissolved in ~5 milliliters of acidified 1 M

' KC1l solution contalnlng 0..003 M EDTA. The KC1l solutPon

used was prev1ously purlfled by passing through a Dowex-

50X ion exchange column to remove divalent'metal ions

, whlch catalyze the oxidation of thiols [57] The

resultlng acidic solutions were then diluted to the
required volume and kept tightly stoppered at 4°C. Unlesg\

otherwise stated, all solutions are in 1 M aqueous KCl
2 us o

solution containihg 0.002-0.003 M EDTA. . \/

The concentratlons of the thlol and dlsulflde stock
solutlons, usually O. 1 M, Qere calculated ~on the bas1s of’
weights of solid used. The purlty of several of the‘ PR

:
disulfides used was determined by titrating thelr

ca{boxyllc acid groups w1th NaOH, using the 1ndaCf§ors m-

cresol purple or bromothymol blue. These two 1nd1cators

carboxyllc ac1d groups. For the tltratlon of GSSG, the
indicator waSXChosen on the basis of a publlshed trtratlon
curve [58]. The purlty of PSH and GSH was checked by

]

tltragizggzhelr th\fl groups hx/the method of Benesch and
Benesch (59]. In thls method, the th101 group is reacte»

'Eodoacetamlde accordlng to the reactlon/

© .



RSH + ICH,CONH, » RSCHCONHp + HY + 17 (27)

The protons llberated are then titrated w1th carbonate—
free NaOH [60]: The NaOH solutlon used was standardlzed
by titration of potassium hydrogen phthalate (Analar,
dried for »>2 hours at a temperature of iZOQC) witﬁ
phenolphthaleln as iddicator; ‘ | @

The procedure used for the reaction of thioliéroups
W1th 1odoacetamlde is as follows: first the pH of the RSH
solutlon ‘is ad]usted to "the methyl red 1nd1cator end~p01nt
{~ pH §$3) Excess 1odoacetam1de is. added and thec the
solutlon ‘is tltrated with base to ‘the. phenolphthalelq,end
point. The pH is 1ncreased to increase the'rate of the
aileatlon reactlonr, The protons llberated as reactlon 27
proceeds lcwer‘the'pH, and more base is added ‘to return
- the pH to the phenolphthaleln end point. After the

reaction is over (< 5 mlnutes), the solution is titrated

”
»

’back to the methyl red indicator end point.' P
The amount of RSH present is calculated from:
ks

, - - ‘ R
. ’ - . T

moles: RSH present = moles base - moles. acid gzg)ivf



Occasionallyf the concentration of the .PSH stock

‘solution was determined by the DTNB method [15,61]. In

the presence of excess DTNB, the stoichiometric ratio

between PSH and the aromatic thiol anion TNB is 1:1. =7

32

.  ArSSAr + PSH » ArSSP + ArSH - L (29)

&

P

ArSSAr, ArSSP and ArSH represent DTNB, tﬁe;mixed.disulfider;¢, 

¢

>

of PSH with DTNB and TNB anion,zrespectively. The -

>

concentration of ArSH was determlned by measurlng the

[y

absorbance, A, at 412 nm on a Cary 118 spectrometer at
25°C. Using Beer~s law, the: concentratlon of PSH was

calculated as

[psu] = A/ab o ‘. B “{-."(30);i

where .a is the‘°'molar absorpt1v1ty coefflclent of TNB

(14100 + 300 ‘M-lem=1 at pH 7 and 25°C, in 0. 05 M phosphate\

: buffer) and b is the cell path length (1.00 cm);= The-ga

molar absorpt1V1ty coeff1c1ent was determlned 1n the same
buffer contalnlng known amounts of mercaptoacetlc or 3_, ;
mercaptOprOPanOLc ac1d whlch had been standardlzed by pH

E

tltratlon or by the method of Benesdh and Benesch [59]



The thiols andudisulfides used were foﬁnd to have a
pu*ity >98%, except for GSH and (-SCH,CH,COOH)j which were
found to be 96% each. The presence of water and/or
oxidized GSSG is probably responsible for the gﬁrities of
‘less than }00%. The.proper correction was applied to
solutions of these two compounds in order to give the
corréct concentratidﬁs as calculated from the weights.

At pH less than 4, thiol oxidation is slow (as will
be shown later), thus acid wa; added to lower the pH and
solutions were stored at 4°C to minimize air oxidation. "

All solutions containing thiols and disulfides were
manipulated in such a way as to minimize air oxidation.
This included degassing the sofﬁtions with N, or argon,
cévering the solutions with a N, or argon atmosphere
during pH adjusﬁments and tiﬁe course studies, and by °
flushing the NMR tubes with N, or argon before adding the

"

sample solution.

4

C. " Electrolysis Cell

The PSH stock solutions Qere generally électrolyzed
at a Hg pool electrbde (Figure 1), using a constant
curren£ of 6.4 mA, to reduce trace amounts.of oxidized
PSH. The electrolysis cell [62] consisted of an inverted

-

U-shaped, tube Ofﬂ~l mm i.d., one arm of which was placed

¢ ?
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Figure 1. Schematic diagram of the electrolysis cell.



1 cm from the bottom éf a l.5 x 5-10 cm tube which
contained a pool of Hg ~0.5 cm in depth. The Hg bool was
connected to the negative lead of a Leeds & Northrup
constant currernt coulometer via a platinum wire which was
sealed into the bottom of the tube. Thg other arm Yas
dipped into a small beaker containing a saturatedwsélution
of NéCl. The pbsitive lead of the coulometer was.
connected to a platinum or copper wire counter electrode
which was dipped into this solution. To provide\Fontact
between the salt solution and the solution in the Hg-
containing tube, the U-shaped tube was filled with
saturated NaCl/2% Agar.

During electroiysis, the éample solution (>2 mL) was
stirred under an argon or N2 étmosphere with a magnetic
stirring bar placed On tob of the Hg‘poql.. |

The reduction of PSSP is represented by Equation 31.

2HY + 2e~ + pPssp » 2PSH (31)

Since two moles of protons are needed for ‘each mole of

! .
PSSP reduced, the pH of the solution was adjusted to pH ~2

/ —

by thefaddition of concentrated HCl. Periodically, the pH
of the solution was checked with a combination pH

electﬁode dipped diréctly into the electrolysis é!ll and

// | - <
)
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~ HCL was added if the solutionlpH Qas greater than pH 3.
To test the efficiency of fhe electrolysié~sYstem, a
solution containing 90% PSH (4 millimolar) and 10% PSSP
(0.4 millimolar) was reduced. A 1y NMR spectrgy taken 5
minutes after the start of eléctrolysis showed né PSSP
gresonances indicating that within 5 minutes, thé PSSR had
been completely reduced. In the course of this
experiment, the pH had increased by 0.5 pH unit, as
predicted by Equation 31. In another experiment, 0.02 M
oxidized mercaptoacetic acid (MSSM) was electrolyzed.
Figure 2 shows NMR spectr; taken at vérious times during
the electrolysis. As/éxpected,.this sélutibn, which is 50

times more concentrated, had no(getectable amount of MSSM

left after 153 minutes (top spectrum in Figure 2).

D. pH Measurements

pH measurements were made at 25°C, using a water bath
and a jacketed cell, or at ambient temperature if the
temperature was 25 * 1°C. The pH readings were taken with
standard Fisher Accumet or Orion pH meters. Either a
standard glass electrode with a fiber tip, saturated
calomel reference electrode or a microcombinatipn

electrode were used. .The pH meters were calibrated with

potassium biphthalate, phosphate-NaOH and potassium
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3.70 3.60  3.50 3.40

PPM

200 MHz 1 NMR spectra measured during the
electrolysis of 10 milliliters of an aciaic
solution of 0.02 M dxidized mercaptoacetic acid
to the reduced form. The electrolysis current
was 6.4§milliamperes. Aliquots were removed

and quenched at the times indicated.
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carbonate-borate-KOH standards»of 0.05 M each and noninal
pH values of 4.00, 7.00 and 10.00, respectively.

pH measurements for solutions prepared in D;0 were

converted to pD values as follows [63]:
pD = pH meter reading + 0.4 (32)

The pH values of solutions in several of the kineﬁic
runs were determined indirectly frpm the chemical shifts
of imidazole in the solutioﬁ) This is .discussed fur;her
in Chapter III. The procedure invo}ved adjusting quickly
the pH of the solution to the appfdgimate'pﬂ value
desired, and then the solutioﬁ was degassed. The
imidazole indicator in the solution provided a convenient
way of monithing the pH of solutions in sealed NMR tubes
during long time course studies. The dse of imidazole as
\nginternal pH indicator is restricted to the pH regidn

6.3-8. More details can be found in Chaptéq III.
i

°

E. Nuclear Magnetic Resonancqueasureﬁents

1. Instrumentation and Method . g
NMR spéctra were obtained on Bruker WH-200, WH-400 or
“WM-360 spectrometérs,"All.spe¢tra were measured by the

pulse/Fourier transform (P/FT) method. :The probe
, , e _ _

i
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temperaiuré was occasionélly adjustgd to 25°C (WH-200)
with a variable temperature unit but most experiments were
carried out at the ambient’ probe temperature which was 25
+ 2°C. TFor the !3C experiments, ai; was blown ovef the
sample tube in the proﬁe to minimize sample heatiﬁg which
accompanies the use of broadband 1y decoupliné. In this
way, fhe temperature was maintained close to 25°C.

Spectrometer operation was under tbe conprol of an’
Aspect 2000 computer system. Procéssing of ffee.induction
decays (FIDs) was also done on the Aspect 2000 systém
using standard Bruker software.

Most of the studies of thiol/disulfiée'exchange
equilibria and kinetiés were done in aéueous solution.
The presence of the large water resonance (Hy0 proton
chcentration ~110‘§) causes a dyﬁamic range problém for.
measurement of lH NMR spectra by‘the p/FT method. To
avoid the dydamic range problem, the water resoﬁance was
partially removéd by the technique of solvent
suppression. 1In this experiment, the water resonance 1is
sa;uragedby applying via the decoupling éhahnel a stfong
radio frequency pulse at its resonance freguency for about
2 seconds duration [64]. The decodpler is then gated off,
the»normaI.Observation pulse is applied, andvthevEID is |

collected. |

Most lH NMR speétra were obtained with the WH-200 NMR
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speétrometer. Because thé magnet in this spectrometer is
very stable (e.g. no detectable drift over a period of an
hour), it Qas possible to run the aqueous samples without

P : .
the use of a field/frequency lock. To lock the 5
spectrometer would have required the aaaitién of a
deuterated compound to the sample solution, thch would
have increased the possibility of contamihation. One’
result of not having a lock signal.is that it is more
difficult to shim the magnet, and thus resonances are
broader than would normally be obtained with optimum
shimming.

So that concentrations could be obtained from signal
intensities, the delay' time between guccessive pulses was
set to at least 5 times the longest spin-lattice ™
- relaxation time (Tl) of the resonances of interest. The
delay is the suh of the decoupling!%ime plus the time
requi?ed for the acquisition pflihe FID. The spectral
sweep width and the number of points in the final
frequency domaln spectrum were sucAl!hat there were at
least 5 p01nts above the half height of each resonance so
that accurate resonance intensities could be obtalned for
quantitative analysis [65]. |

Another¢potential-source of efror in making

1

‘quantitative measurements from NMR specfra’obtained'%y the -
: S . T
P/FT method is that excitation by the:pdlse may not be

EY . g



uniform across the entire spectral wiéth [66]. By using
resonances that are close together, the effect of this
source of error is minimized. fIn an experimént involving
mercaptoacetic acid and GSSG, £he RF carrier frequency was
progressively shifted and the intensities of the |
resonances of interest were measuréd as a function of the
distance between the signal and the carrier. frequency to
féee whether the intensities of various signals decrease in
magnitude. No significént changes in the NMR intensities

were detected.

2. Chemical Shift Measurements,, ;

1

Proton chemiéal'shifts were measured #élative to the
X !

internal’re%erence tert-butyl alpohol‘(TBA3 but are
reported relative to the hethyl resonances ‘of DSS. The
methyl resonance of tert-butyl alcoﬁbl in 1 g_aquépus KC1l
solution containing 0.003 M. EDTA was found to be 1l2397-',
ppm tb high frequency from DSS ét pH 4.02, 7.40 and 10.07.

13¢ chemical shifts were measured relative to 1-4
dioxane but are;reported relative to TMS. The chemical
shift of dipxaﬁé was set at 67.40 ppm [67] with respeét'to
TMS. ‘ o S | ‘ g

In the acid-base chemistry‘stuaies, it was found that
“the TBA chemical shift varied witﬁ reSpec£ to éioxane‘at

pH 0.5. Therefore, the chemical shift studies were

carried out at pH > ~0.5. ' : , 4‘ 
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3. T, Measurements

The determlnatlon of concentration from the 1nten51ty

of resonances in spectra measured by P/FT NMR requires

“4

that the nuclear magnetlzatlon return terqulllbrlum
before the puf;e is applied. To ensure that this is so, a
repetition time (the time between successive pulses) y
greater than 5 times the longest spin-lattice relaxation

O

time (Tl) of the resonances of interest was used.

a

To set the repetition time toO the appropriate value,
Ty values need to be known. Ty values were determined on
selected samples by the inversion-recovery method [681], |
which consists of the pulse sequence 180° -1—90
acquisition-delay. Thg 180° pulse inverts the
magnetlzatlon whlch theniis allowed to recover by spin-
lattice relaxation for tl e t. The 90° pulse samples the
magnetization to determlne the. amount of recovery The

N

repetltlon tlme, i.e. the time. between successive.
experiments, is set to greater{than 5 times the estlmated
T, values. The experiment is repeated at different =
values, giving a series of sPectra of the type shown 1in
Figure 3. |
The, relaxatlon times were obtained by fitting the

intensity versus t data to Equation 33 u51ng Hanssum s

methqg [69] anggkhe non -linear least squares program KINET

A

[701. S S
1" °
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200 MHz 14 NMR spectra measured by the
inversion-recovery method for determination of
T, values for 0.01 M PSH at pH 4 in aqueous 1_&
KC1/0.003 E_EDTA solution and at 25°C. Numbers
by spectra-indicate = values (4n seéonds) in

~ the inVersionﬁrecovery‘pulse‘sequence and
chemical shifts are relative,thDSS. The q
resonances, with increasing chemical shift, are
from the two methyl resonances of PSH, a '

spurious peak, the CHZ—CHg-grOUP_Of EDTAﬂ the

CHa of PSH and the four CH, gfoups of EDTA,

e "

respectively. . L
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. T 1
My = Mg (1 +.k(1- exp(T—))) exp(T—) (33)
1 1
|
‘ . .
where Mg and M, are resonance intensities at t =7 and at

equilibrium, respectively. My is obtained from the

_resonance intensity”at t » 5Ty. 'k is an unknown
\

inhomogeneity parameter and T is the repeé&lign time.

To measure spin-lattice relaxation times, it ls
necessary to use pulses which give flip angles close té
180° and 90°. The pulse length féf a 90° fllp angle on
the WH-200 spectrometer was determined using a sample -
consisting of 0.01 g_PSHuin‘l M 8queous KCl -solution
containing 0.003 M EDTA; The procedure consisted of
. measuring 51gnal 1nten51ty as a function of ‘pulse
length.  The results are shown 1n'Flgure 4 :‘Erom-a
:comparison of resonance intensities, a value ef 6.2 usec
was selected for4a 90° pulse. A value of 12. 4 usec was:
used for a 180° pulse @§§ §$

The values of - T, as a function of pH are summarlzed

in Flgure 5 fé} the methyl resonances of PSH, PSSP and

sgg PSSG and in Table 3 for PSSC. The results 1n Flgure 5 @

*

show that the Ty values are falrly 1ndependent of pH
ekcept for those of PSH. The Tl values in Table 3 for

PSSC show a slight genefal increase withupﬁ.

44
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PSSG

'Flgure 5. . l‘values as a functlon of pH for the methyl
‘protons of - o.vpl M PSH, 0 02 0. 04 M. PSSG. and
0,02 M PSSP in 1 M aqueous KCl solutlon

_ - contalnlng 0 003 M EDTA at 200 MHz and 25 C.

A
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Table 3. T, values of the methyl protons of PSSC in a
0.026 M PSSC solution in aqueous 1 !_KC1/0.003 M

EDTA, measured at 200 MHz and at 25°C.

T, {sec)?
pH | Downfield Upfiefd
o
1.01 . 0.28 : 0.35
4.03 '0.36 * 0.44
5.50 0.33 0.43 -
10.05 0.39 . o.s5

Ayncertainty is #5%.
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“From the results in Figure 5 and Table 3, a
repetition time of 5 seconds was selected for most

experiments.

4. MArea Measurements

The aréas under resonances in NMR spectra mesured by
the P/FT method are directly related to ;he concentration
of nucfei giving the fesonance if reéetition.times of
greater than 5T, are used. Under optimum conditions, an
overall precision of 2% is possible {71]. In this thesis,
spectra were measured with repetition times of greaier
than STl, and the areas of the resonances were used to
determine concéntrations from which equilibrium constants
and rate constants were obﬁained.

The relative areas under the resonances of interest
were measured by three metﬁods: éi) planimeter, (ii)
triangulation, and (iii) integration"subroutihe in the
Aspeét 2000 software. Most of the areas were measured by
method (iii). However, methods (i) and (ii) were ﬁged'
when reéonances were~sma11 and partially overlapbing with
other resonances“and/or the baseline ‘was poor. This was
usually the case, for example, when it wag ‘necessary to

.

use mllllmolar concentratfbns to slow down reaction Tates
¥

SO, that the 1n1t1al stage of the kinetics’ could be

AN

o'rved.l . . ’ N
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Y

Thiol/disulfide exchange reactions with bulky
reactants and thiol oxidations are totally defined by
measuring the concent;ation of one thiol or one
disulfide. For example, for the thiol oxidation of“PSH to
PSSP, both species concentrations are calculated from the
relative areas Iy and Iy in Figure 6. Figure 6 shows a
typ1ca1 gpectrum with the 1ntegral ‘trace from which areas
were obtained. The figure shows the resonance for the

L.
methyl groups of PSH ‘and PSSP in a mlxture/of the two. As
Qiscussed in Chapter III, the two hé£hyl groups of PSH -+
have different chemical shifts, as do the two methyl
groups of PSSP. The two resonances from PSH and the two
from PSSP are identified in the figure. The [
concentrations of PSSP ang PSH were calculated from the
éreas under the'resonances x and y, which are given by the
vertical dlsplacement of the 1ntegral trace Iy and IY' |
The fractlonal concentrations (f) of the total PSH as PSH

i

and PSSP are given by Equations 34° and 35:

o o

R | £(PSH) = 4 (34)
TX Y

. 1*»

‘ - £(PSSP) = 371 (35)

The\concentfqtions of 'PSH and PSSP are given by Equations

36 and 37:
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PSH

160 140
PPM |

Figure 6. 200 MHz spectrum for a mlxture of PSH and PSSP
show1ng the amplltudes of the integral for PSH

and PSSP resonances.
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[psH] = £(PsH) « [PSH], . + (36)
[psspP] = f_(_gg_g_?l « [PsH], (37)

. ¢ \
[pPSsH], is the initial concentration of PSH. The factor 2

accounts for the two methyl groups giving each resonance
of PSSP. \\
For thiol/disulfide exchange reactions involving a °
. bulky reactant such as PSH, a single kinetic equilibrium
step is observed, as will be shown in Chapter IV. The
species concentrations are given by equations similar to
Equations 34 and 36. | | <
To determlne the accuracy of concentrations determlned
for the various components of a mixture from areas measured
by the integration softw;re, a series of solutions con-
taining PSH and PS!E'£; varying ratios was prepared.
Figure 7 shows the ratio of [PSS?]/([PSSP] + [PSﬂ])
obtained from the integral ﬁface ploited‘versﬁs that calc-
ulaped from tﬁe concentratiens of PSH and PSSP in the
mixtures. The average deviation betweeﬁ the theoretical
and observed ratios is 0.02. This indicates that the.
relative errOrs in measurehent of conceﬁtrations from the
integral traces are largest when there is a lew concen-
,t;atlon of one component. Whenever posslble, conditions

-

.
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Figure 7. Cglibr‘ation curve for synthetic mixtures of PSH K
: . and PSSP in 1 M KC1/0.003 M EDTA solution at
200 MHz and-25°C. The ratio [PSSPJ/([PSHJ +
[PSsP]) found by NMR is plotted. versus the
_ ratio calculated from the amounts ad.ded.
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were adjﬁgked in ofdef to minimize this uncertainty.
When, a series of»sﬁectra were measured with éﬁl same- %@&

spéctrometer settings and conditions,vé.g.'in time course (

studies, the ffactipnal concentrations were determined

from peak>heights rather than areés. The procedure used

involved girst calculating a facior whiéh relates peak

heigh£ to fractional concentration; this factor was then

used to calcﬁlaﬁe fractional concentratidné from peak

heights. The method used will be illustrated with the

spectrum in Figure 6. 1In .the first step, the data in

Figure 6 is u&@d,to calculate the height resonance X would

"
el

C %y 53 . ., ,
have for thesefexperimental conditions if all the

penicillamine in the solution were PSSP, Hjgg:

| (1, + 1,) -
Hioo = Hxy —3 ' o (38)
X ' o

In analyzing data from a time course study, Hjgqg i8.

calculated from several spectra taken near the end

PSSP in the other spectra taken with thefe same

.measurement conditions is calcul d with-EquatiOn 39::

“’/ | Hx
. £(PSSP) = F—=—
e 100 .
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F. Ionic Strength Correction

The literature values for acid dissociation constants
of compouhds studied in this‘xgsearch were generelly
obtained under conditions different from ihoee used
here. The literature values were usually obtained by pH
titrationlexperiments at 25°C but at a variety of
different ionic stfengths. Liﬁeratura values were
converied to the ionic strength used in this work (r =1
M)-so that comparisons could be maAe with aqid
dissociation constants determined in éhapter 111. Also,
1iteratqre values are needed for the evalue;ion of sbme of
the thioi{ﬂisulfide exchange kinetic‘daﬁa.

The ionic strength dependence of‘j_thelacid~

. S : - o ‘,b o .
dissociation constants can be accounted for by using

oo o i . L .
activity coefficients calculated with the Davies equation

.

[72-74]:

1/2
A Z 2I

-log y{ : 1—;—1—7— 0 1 Z {40)

where A =. O 5115 (l/mole)l/2 ahd y‘ is the act1V1ty
coeffic1ent for a species of charge Z.
Generally, ac1d dlseoc1ation constants in the

.11terature are mlxed concentration-activ1ty a01d -

dlssoc1atlon constanﬁs. For exampleg the mixed constant

54
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for the acid-base equilibrium:

is given by

HA™ 2 Bt + A° (41)
ay [A]

Kp = — (42)
A [(HA]

Fi

wﬁere ay is calculated from the pH meter reading. The

thermodynamic acid dissociation constant, KX, which is
. &

" independent of the ionic strength of the solution, is

giyén by

In terms of®™oncentrations,

D

4§

<

‘a, a
H A
KT = — (43)
A HA
T oo s
K' is given by
o .
. YA[A]aH .
K: == (44)
YﬁA[HA] ] o

" o

where YA and yyp are activity coefficients. Substituting

Equatlon 42 into Equatlon 44, Equation 45 1s obtalned

From Equation 45,

SR e - (45)

A Yua Y/

&

the relationship between the-literature

r

55
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K values, Kp(lit), and Ky at I =1 M is given by Equation

46.

v, (lit) v

A HA .
K, = i K (lit)
A A

Yaa (118D vy A

(46)
Yygp and yp are the activity coefficients at I = 1 M as
calculated from Equation 40 and yA(lit) and {HA(lit) are
the activity coeéfficients for.the literature ionic |
strength. )

M’ . : ) .
Even though "the proper method of calculating the

.a' . . .

activity coefficient of hybrid ions is still not
&} : H

‘completely clear"” [75], such expressions con;ainingﬂtwp

: P .
empirical constants are satisfactory for a 1:1 electrolyte

up to an ionic strength of 1 = 1;g_[603q,1

AN

¥

G. Non-Linear Least Squares Program ' .

The values of sevefal constants wgfegdbﬁaihed:ﬁ§

fitting experimental data to a model using-thg‘nqpélinear

¢ iy

least squargesypr

- A A | R
acid ‘di§sociatsion ¢8nstants, .chHemical shifts of various
t Lo v e : ' R E T

RN

. L 4 5:’,.; s AP ] ‘ . ) X . . X . ‘
species not opserved. directly, and rate and equilibrium

the unknown parameters, whi

-*

constants. The ,variables in -the ‘experimental data " ™.

included pH, chemical shift and time. The estimates of

v

56

ﬂ@f%m KINET [70]. These constants include ..

ch;aré'requifed bx'KxﬁET:,weréih~
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obtained by inspection of the experimental data. Values
obtained for constants by KINET are usually reported with
a linear standard deviation which indicates the quality of

the fit.

H. Chemical Shift Titration Experiments
- 3

" 'To illustrate how chemical shift titration data, i.e.
the variation in chemical shift with QH, were obtained, a -~n§¥
;detailed descr%ption of the procedure used for PSH will be "’i'r‘
glven here. These data were¢used in Chapter III for the '
‘calculatlon of the macroscoplc acid dlssoc1at10n constants

7

of PSH. Chemical shlft titration data for other molecules
° » N : * -
were obtained by'similar'procedures.

A 100 milliliter solﬁtionvcon;aining 0.010 M PSH,

0.002 §_TBA, 1 M KC1 and#OLOO3_§_EDTA was prepared in

deionized @onbly’dietilled water. ‘ﬂfgon-gas was tnen -
bubbled through the solutlon for ~8, minutes. AVSOi o :i
e»mllllllter portion was taken for the preparatlon of o L s
samples covering the pH range 0.5—4., The pH was.adjusted“‘ |
:e”by adding small amounts of concentrated HCl or NaOH as
-necessary\\\yhe HCl or NaOH was added on ‘a plgtlnum wire

sO that very small amounts could be added to cause. small

'fchangesaln pH. One mlnute after the addltlon of base or-

acid, a  pH reading_was taken. ‘The solutlon was dlluted by
. L . ‘- [ S
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<10% by the total amount  of HClland NaOH added. At

»

selected pH values, D 5 m111111ter aliquots were
‘transferred to 5 mm NMR tubes. In this partlcular

example, 18 amples were taken to deflne the pH region 0 5

-«

to 4. At the end of the titration, the solution was
discarded and the pH meter calibration checked.
The second 50 milliliter portion of the PSH solution

was tltrated from pH 4 to 12 by the same procedure. .FOrty'

-

- NMR samples were taken over this pH reglon._ The 58 NMR
tubes were kept at 4°C until . they were used. o
Proton NMR measurements were made on the Bruker WH-

20Q. without a fleld/frequency lock as descrlbed earller.

To obtain good 51gna1 -to- n01se, 50 scans were averaged for )

= each Spectrum. The samples were run at the am 1ent probe

b

temperature of 24°C. A sweep w1dth of 1500 Hz\was used
‘The FID was . collected in 16K . data points, wh1dh results 1n

a digital resolution of 0 lé‘Hz/p01nt‘1n:theefrequency'
| -
' domain spectfum obtalned by Fourler transformatlon. The ~\~.

[N
~ A

repetﬁ$1on t1me was 5.4 seconds.- The water resonance - was
g suppressed by gatlng on the - decoupler at the water'

resonance frequency for . 2 seconds, ‘as descrlbed 1n sectlon g"'
\ U " . LS
LEL The chem1ca1 Shlfts of the -two methyl resonances of

N o
PSH were measur%d w1th respect to TBA. The uncertalnty in.

“ [l LT

/"3:!

__) the chemlcab shlft was O 001 ppm or 0 2 Hz., .

e L .
. : R T . * T e
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I. Kinetic Studies

»

Two methods were used to obtain time cOuéSe kinetic:

AN

data for the thiol/disulfide‘exchangé.reactions. In the

first method, the time course was followed in situ by

measuring NMR spectra as a function of time with sthe
. . . N *
sample continuously in the spectrometer. In the second - 4

method, aliquots were removed from the reaction mixture as

LS

f function of time, the react}on wii_SEEEShEd' and then

-

NMR spectra were measured for.all the aliquots taken once

the reaction was over. "One representatlve experlment of
. o, ‘ ‘ '-
-each type will be descrlbed o . pmzﬁ

-

The reacti®n mlxtures, whlch cons1sted of a thiol and
a‘disulfide as inltialbreactants, were usually prepared
from 0.1 M stock solutlons of the thiol and dlsulflde ygji
Typlcally, 1-2 mllllllters %f each stock solutlon were
used The allquots of the. stock solutlons were brought to

the de51red volume with 1 M aqueous KCl/O 003 MrEDTA

P

. aolutlon.. Then the pH of each solutlon ‘was" adjustedﬁto -

the approprlate value If a long delay was.necessary

before the start of the klnetlc experlment, these tw01

freshly prepared solutlons were frozen SOlld by placxng

Athem moment%rlly in. contact w1th dry ice and then they

were stored at —2°C.ﬂ Prlor to the: beglnnlng of the tlme

course study, these samples/were thawed and egulllbrated;

Voo - . Ty L
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3

v . Ky .
to 25°C or room temperature. At time = 0, the two

e

reactants were qulckly mlxed together. 1In thoserstudies -
by method one, a 0 5 mllllllter allquot was transferred tO-
‘a 5 mm NMR tube whlch had been prev1ously flushed w1th B 'p;

argom gas The(NMR tube .was put in the spectrometer and

s k: LR : x’ :
equlllbrated to the probe temperature‘fotr~3 mlnutes.p_:-gi

During: that tlme, the frequency of the decoupler was set

to the water resonance frequency Then time course data g ~{
W&

were obtalned by runnlng the spedtrometer in an automated

’

',‘wode; Spectra were obtalned at preselected tlmes. w1th

succe551ve spectra stored on disk for proce§31ng later.lt"-"

Approx1mate1y ten spectra were generally collected mt f;fL_gfui

‘times approprlate to cover the complete ﬁame course._ The

¥ e RS

spectra were then analyzed}to obtaln areas and~thus~~ : k
s SNRIE

ffact Qnal concentratlons Py one of. the tedhn1ques~ff‘_kff R
descrlbed earller.. r _1,-T i o 1";1 T i
oAy Ty R B o L

The pH of the solutlon was taken,/at some later tlme,b;‘

s

from the remalnlng solutlon whlch was/stored in: the pdf ;?yici}{l

freezer unt11 pH' measurement.;j~?'

In those studles by method two,/O 5 mllé &1ter'?}7?fff"
o allquots were withdrawn from- h: l

-n" ‘

1n a l—dram v1a1,‘and then

lowerlng the pH w1th a f_
. L - ’

he ! X . :
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.value of 0.5-2. At' the sﬁérf of . the reaction;’aliquots
were taken evgry'ZO ;econds or so, and then thg_ﬁime
interval was increased to minutes, etc.. After quénéhing,
the éample'was traﬂsfef?ed t§ an NMR.tube and stq;éd.at
4°C qnﬁil_measurement of the séectrum,

| The rate of thiol/ﬁisulfide exchange is pH  ,'~ .
dependent. %t;bring éhe rate for the various regcﬁioﬁs tsé .
4£ime Scales at which they cod%d be measured, differeht
»concehtrations Qefe used in different ﬁH‘regions. vfdr

reactions carried out in the pH range 4-5, reactants

.Vthe concentration range‘0;010—0.024_§_were u§ed,, t pH’4;
~8 days were needed for the system to reach.eQuilibrium

whereas at pH 5, most of the aaﬁa weré_collectéd

overnight. If the system had'not yet come'tO'equilibrium,
the sample was left in‘a3Qater;bath a£ 25°C and daﬁa .
collected again the next day orflaﬁer in' order to complete -

_the time course curve. In this pH range, both:
thiol/disulfide exchange and'air oxidation reactions were.

slow.

L]

At pH ‘values greater than 6, the rates were faster

and thus smaller:conceqtrations were used. Hoyever,'the
minimum. concentrations which cgﬁlaﬂbe used-werebdic£at;é
by ;hé sensitivity of the NMRAspectromeﬁef.‘ . i
Cdncentr§£ions of OLOOl to 0;0023§_wére heeded‘to~ob£aih

spectra with reasonable signalfﬂbfnoise and in a

a

* ‘ ’

-
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R | |
’sufficiently short time that enough successive spectra
could he collected by method.cne to define the kiﬁetic
curve. . . e' " . o
To illusrate,methcd‘gne, an~experiment‘in‘which
kinetic data'fofgthe reacﬁg%n of‘Psﬁiwith“GSSG were
chtained'will be described. The‘pH cf the.teaction
mixture was 6.97, and the reactants were both present at a |
'cchcentration of 0.002 M. Equilihrium Was reachea in ~80
minhtes; Dufing\that ihterval, 12.spectra were collected,.

'each resulting from\the'averaging of 18 -scans. An

‘acquisition time of 1.6 seconds was used, and an

~

additional -delay of 6 seconds was used between_scaﬁs'to
. ‘ : . ‘ s

ensure acomplete spin—lattlce»relaxation. The4tcta;/£ime

for acqu1s1tlon of each spectrum was 137~ seconds (t1/2'

,

the mldp01nt is 68.5. sec) Thls.ls ~3% of the time-
requlred for the reactlon to reach the ééu1llbrlum.
p051t10n.'-A larger'collectlon t1me would result';n the
‘data not accuratelyvrepresentlng the fractlonal
concentratlon at a given p01nt of the.klnetlc curve. - Egch
aklnetlc p01n% on the time course curve represents the time
'eiapsed since[the;mixing<§? the ihitial-reactahts plus the
.value of’tl/z. The S/Nwof‘the first kinetic point;for thea
' reactantfPSH iS'SO;andcdecreaSes;tOGQO at eqﬁilibrium.
V‘Coffesbondihély, the‘S/N forvthe prqquct'PSSG‘increases

continuously to a final value of 50. The S/N ratio used .
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is defined by Equation 47 [76].
' X 2.5 . L
- o os/N =822 | @

LN

S and pr arecthe 51gna1 1nten31ty and peak to peak
intensity of ‘the noise in the basellne, respectlvely

For each spectrum, the area ‘was determlned ‘using
methods descrlbed in Section E, and then the fractional
Lconcentratlons of PSH and PSSG were calculated These
values, together with the times at whrch thekspectra were
measured; were fitted uSLng KINET to an equatlon for a
second order reaction‘to obtaln the rate- constant for the'
reaction. | |

The'measurement of ‘reaction rates at‘high pH by
method one was accompanled by air ox1dat10n of PSH.‘ As‘
w111 be seen later, PSH ox1dlzes readlly at. these pH
values.v For example, at pH .7, some 5% of the total area
after 30 nlnutes w111 be due to ox1d1zed PGH for a |
solutlon contalnlng‘orlglnally 0 002 M PSH. In order toa'

_— _mlnlmrze alr oxld)tlon in the hlgh pH studles, method two

was_used._ To.1llusrate, at pH 8. 45 and with’ both | |

~.

‘\\ reactants present at a concentratlon of 0.002 M,

. R |
\\qd;llbrlum was reached in ~10 mlnutes. At these low.
concentratlons, ~20 mlnutes of slgnal'gVeﬁaging‘waS‘needEdf“
i S : Lo Ty = - S

-
s

\
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» . ’
“to obtain a gpectrum with an adequate S/Ngratio..
Theisolution pPH was monitOred;in the time course

studies becauSeAthe rate depends on pH. For reactlon
mixtures of 0. OOl 0.003 M 1n 1n1t1al reactant .
tconcentratlons for PSH and GSSG, ' the pH was observed to
decrease by ~0 02 unit durlng the complete course. vThlsj
change-lseso small that it will have a negllglble effect
onlthe'rate_constants calculated from the time course
dataf'_ |
*r-gg. o . o -ﬁs A
J. Equilibrium Studies S

_ Because of the autoxidation d% thiols, .it was -
necessary in the equilibrium studies togdegas'samples'

which took a long time to come to eguilibrium.r-Two- .
methods of degassing the sample weré\;Jgi4ﬁ.degassi (R
under vacuum and bubbllng inert’ gas through the saéife. -’-‘;'sl

0.

The bubbllng technlque conslsted of pa351ng nltrogen
or argon gas v1a a Pasteur plpet ‘or mlcrOSLntered tube |
through the entlre volume of the sample. ‘Then durrng_.:.glk "
sample-preparatlon,'e.g; adjustment of pH.‘thefdelivery; |
’tube was removed from the solutlon and placed a few'
centlmeters above the solutlon surface to‘;roduceéa con—'
l-tlnuous blanket of fnert gas over the solutlon. NMR tubes
. o :

v_were also flushed w1th ‘the. gas before they were used



R However, thls approach could not be used to study systgms;v‘

whlch requlred ‘more than a few hours to- come to

. - 5.

,equlllbrlum dueito'ox1datlon by»re51dual air. To study

T

systems Whlch requlred longer perlods of time to come to

i}

equ}llbrlum; g days, the sample was degassed on a

vacuum.line. R S ' . T PR

The vacuum*llne consxsted of a trap contalnlng llqu1d 'iﬁ

. o
by

nltrogen or a dry 1ce glycol slurry, aePlranl'gauge-and‘a o &ﬁ

w

‘series’ of valves c0nnect1ng the vacuum portlon of the line.
. ‘\.ﬁ:;' . .
to a rotary pump.: For connectlon to the vacuum 1rnen

P

o Q”\ . .
male ground glass 301nt was attached to the top of the NMR Q§‘

nube,f When attaching the ground glass jolnt to the NMR
) '*tube, a sllght constrlctlon was made near the top of the T

*

-T NMR‘tube for easy seallng of the tube.- The degassxng ;y% r;:~;ﬂ
procedure was as follows.. A freeze—pump-thaw cycle waslrl‘?;f
begun by SOlldlleng the sample in the NMR tube and then o
openlng the proper valve to the sample in the NMR tube
when the pressure had decreased to. O 05 0 1 mm Hg After

a. few mlnutes, the valve was closed and the sample allowed }g

vy WA h

L to reach room temperature. The cycle was repeated at
least. 3 tlmes.‘ The NMR tube was then sealed at the

“.yconstrictionyby‘heatlng'wlth.a gas torch.;-
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which were degassed showed flttle or no sign of . 0x1dat10n

L and product concentratlons.» The tlme course daha were»]f{rl

. PUN [ v \. iy X
co N ST JCT. S 66
RN b ’ PRI ’

R l o H .

L ¢ B RN

o v e .

e . n\\b [
L ~

er Oxldatxon of Penic111aminerin Aquéous Solutlon ‘ \i
N,

A ; S LS o
u.wn : ;,~1.t»m5nm ;ﬁ \u;»wf‘ﬁ 3.‘; .

the presence of alr [3 4 17§77 83], \Pen1c1llam1ne samples

conflrmlng that thetreactlons that take place 1n the: S

- A o e

‘presence of air: probably 1nvolve oxygen- ¢~~[1 BRI o

-~

Sy

2PSH + 1/2 05 » PSSP + Hy0 . .. (48)

o

. or, in‘the‘presencejof’two-th%%ls

o e
-

PSH—+ XSH + 1/2 05 » PSSX + Hy0 . ' (49)

Te

”"51nce ox1dation by elther of these reactlons would lead tO .f

:"errors 1n the equlllbrlum and klnetlc constants determlned

in thlS thesis,_the ox1datlon o& PSH by oxygen was r‘;5<“

stud ed Thls lnvolved measurlng tlme courses for the

oxldaplon of PSH as a functlon of pH and 1n1t1al reactant

_obtalned by NMR. 0x1dat10n reactlons 1nvolv1ng two"
3 t‘nlolwas in Equatlon 49 were not studled buz the
formatlon of PSSX was observed 1n some experlm nts.

'u;descrlbed 1ater in thls thesls. ?T’- RS R

"N\ ) B : . Tl . - i - . L BRS o



14

3

l. "Rate of Oxidation of PSH versusppH

’ e ' ’ -

» lH NMR spectra measured as a functlon of tlme for a

- 0 03 M sdlutlon of PSH at pH 8. 07. are shown 1n Figure 8

These spectra show ‘the déthyl region.' As described |
lprev1ously, the two methyl groups‘of PSH glve two separate

'resonances 1n thls reglon, as do the two methyl groups of

PSSP. The spectrum at the bottom of the flgure indlcates

g

L)

" that llttle ox1dat10n takes place durlng the flrst 5

hours.; The two. smaller resonances at l 44 and l,54 ppm

1ncrease with tlme and were a531gned to the reactlon

‘ A i':%

_product, PSSPc These chemlcal shlfts are s;mllar to those

measured separately for a solutlon of PSSP.) The . reactlon

‘V-‘"’

.,hours.’»

S

t'%alculated from the relatlve areas of the PSH and PSSP'
,resonances.. N'plot of fractlon reacted Versus t1me

c'fvlndlcates that the reactlon W111 be complete 1n ~200

"_ox1dat10n of PSH by a1r was : carrled out. Ten mllllllter
B portlons of: O 0042 M PSH were placed 1n 15 mllllllter
i~]v1als (hypo v1al from PlerceDChemlcal Company) The pH of

1}3the solutlons were. then adjusted to selected values 1n the<7

s
R

L rangev4—10 The v1als>were loosély stoppered wrth a

was’ followed for 192 hours._ The extent of reactlon was

’ A detalled study of the pH dependence of the

e R

o Septum,‘however, the metal seal was’, not crlmped The e

",v1als were then stored at 25 G.,

- -.7:' .: ’
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- Figure 8.,
e vin aqueous t'M KCl/O 002 M EDTA solutlon ‘at pH 8.07 and
rv»25°c. *The time- course of -the. reactlon was follOWed by. .
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1H NMR spectra versus tlme for “the’ ox1datlon of O 03 M PSH

%uenchlng allquots as a functhn of tlme.: Spectra are, not
plotted wlth the same- vertlcal and horlzontal scales. 'The
;hemlcal shlfts shown are approxlmate only for the flrst
four spectra and w1th respect to DSS. ' ’ B

68 .
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TLme course data were col}ected over a. perlod of 2 to
6 days by quenchlng 0.5 m111111ter aliquots*of reactlon

mixture’ and then measurlng the NMR spectrum for the
allquot. The results are summarlzed in Flgure 9. The

11near1ty of the,plots is Characterlstlc of zero order

[ o

reactlons, i. e. reactlons in whlch the rates are’

ndependent of both PSH and PSSP concentratlons. "The -

L.

69

change in the oxldatlon rate at pH 10,24, 1nd1cated by the"

A\
dotted llne ine. Flgure 9, 1s probably due to a sudden

'n*agltatlon of the reactlon vessel durlng the sampllng step

t 60 hours whlch lncreases 02 concentratlon in solutlon'
a4

and therefore the rate of oildatlon.' After a whlle, the
>02‘concentrat10n returns to the' same levél as before and

cdhsequently to the same oxidatlon rate..”

~

A The 1n1t1al rates of ox1datlon, deflned by Equatlon;

50

_:-rate 1nlt1a1 = A [PSH]

A time” -

- were calculated from the slopes of the concentratlon

'yiVe¥Susatlme plots of Flgure 9 at t -v0-; Flgure 10 ShQWS?

- thé,init%él rates plotted as a function of pH.f At pH 4 B

ifﬂtheiratehof oxldatlon lS slow.f As the pH 15 lncreased

]the'rate~of;ox1datloni1ncreases,'reachingja’maxlmum{rate}clf
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.Plot of inltlal rates for the varlous tlme
E ,:'.-_ff"'.vacourse curves 1n F:Lgure 9 (1n unlts of
‘?i,mllllmolar per hour) versus pH showing the
‘f?effect of pH on the 1n1ti?1 rate‘
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'sSOmewherefaround‘pﬁtj;SZfintAhigherng;thefraﬁgfdecreaﬁes,b,
.';tagaln.fﬂgfﬁ.:j;r”n ginpv:;;?if‘%ldpfgjf 7,,b:lbtf"}¢ii¥h9
| The pH rate ‘prof;le shown 1n FJ.gure 10 is slmll’t, to

rfthat observed for the oxldatlon of GSH to GSSG [09] and\

-

3_cyste1ne to cystige\[ﬂfj Slnce thls type of pﬁ/rate ;Jﬂf"

-‘;profile 1s not observed for mercaptoacetlc ac1d [79] and,

'bfslnce 1t was observed 1n thls research that capt0pr11 and

:'jfmercaptosucc1n1c ac1d undergo l;ttle ox1datlon, 1t would

v frseem that thls type of dependence of the rate of th101

Jfoxldatlon on pH cannot be a characterlstlc property of the

,_ithlol group alone but r ther, it must depend 1n some way jdgf?

'”7-upon the ac1d—base charjcterlstlcs of the amlno group as f'

i Lo
\\ ‘ i o !

",i[well [79]

Plots of PSH coﬁaentratlon versus tlme for solutlonsv*”v

‘.

*1fo1n the pH range 6 7 were found to be hharacterlzed by

-¢,’,\’ T

'fffreglons hav1ng two dlstlnct rates of reactlon,vas shown 1n Lf

”7?-Flgure 11. The tlme at whlch the ¢ransxt10n from the"p”'

.bhfobserved apparently because the PSH 1s ox1dxzed

'”“;completely before the transltlon could occur.‘ In 1ny

o

'fﬂlnitlal rate to the flnal rate occurred decreases as the

l_pr 1s 1ncreased from 6 to 7 At pH 7 9 no tran51tron 1s :f,'”

‘
B Tenle ey ..

‘v.

:bifcase, thls change, lf present at pH > 9 or pH < 6 \1s

" g;results.jV

' ?“dlfflcult to detect becaus% the reactlons are so slow that755flf

"fmeasurlng tlme becomes 80 long as to be 1mpract1ca1.~,_tﬁffuf”“

.

’these long tlmes,.lt was dlfficult to obtaln reproducxble '”f“ifd
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The two distinct rates of reaction observed above for
_ - L Sy o
PSH seem to indicate the titration of some catalyst by the
» ' :

product PSSP. When no free catalyst remains, a second
oxidation pathway which occurs at a much slower rate,

takes over. This tYpe of behaviour has been observed for
‘ : ' \ . N\
< other thiols [82,83] and depends on the initial )

L o . . ”
concentration of thiolfused and its relative concentration

with respect to Ozfconcentration’in solution [82].

)

L]

2. Rate‘of PSH Oxidation versus Initial PSH and PSSP

Py

Concentratlons,

Further studies were carrled ant to verlfy that the
ox1datlon of PSH is zero order with respect to PSH vand

PSSP concentrat;ons. A w1d€’range of concentrations,
- ‘

typical of those ‘used in the research described later in

—
[

’ this'thes§s, were studied. | . 4 \

The time courses obtained for three solutions

contalnlng PSH at concentratlnﬂ of 0.0039, 0.0076 and

0. 012 M are presenﬁed in Flgure 12 The ;nltlal rates of

L)

“oxidation are 0.10, Q.O7l and 0.099 millimolar per hour,
réspectiveiy,oi.e. wi:hinfexperiméntal,error_gﬁey are
;inaependeht of the ipifial'PéH concentrations. In another
series of éxéer;ments, the‘;até of oxidation of 0.0039 M.
PSH was measured agva fﬁnctios 6fA§he cOncentration of
ppsép.adQed tagthe golﬁtién. ‘%%eVresults presented in
‘figure 13 sthrﬁha£ th; r;téwof'oxidagidn'of PSH is

. . : | ‘_ ‘3.— —_—
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Figure 13.__Plot§,o£~the initial oxidation rate (in units

Sf-millimolar per RJour) for 0.0039 M PSH

between pH 7.4-7:§§;nd 25°C, versus initial

'PSS?vconceptrétions. Thé rate of air
oxidation of ?SH is independent of PSSP

concentrations.
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independent of PSSP concentration. .

Examlnatlon of oxldatlon'reactlon curves reveals that
the kinetic behavmour of the PSH ox1dat10n is not subject
to.the initial PSH or PSSP concentratlons,under ‘the
presént,experi%ental conditione used. The oxidation of
PSH via°Equation 49 was*ﬁot-measdred.but'evidence |
presented later in the thesis Showe that these are faster
than those of Equation 48 probeblyvbecause of.;ess overell
steric hihdranceﬁv J. .

Aswﬁentio ed earlier, reactions that were slow were
Astudled under reduced pressure and in sealed NMR tubes.

In order to test the eff101ency of the freeze—pump-thaw
cycle in removing oxygen from the sample, a 0. 06 M PSH

:solution at pH 8 (near-the maximum-rate of‘ox1dat10n in

Figure'ld) was prepared accordingly and sealed in a 5 mm-

.

NMR tube as descrlbed earller. After 10'daYs,:nc sign'of :H“

PSSP was detected in the lH NMR spectrum. - However, the ln

77

NMR spectrum shows that ~3% of Psgﬂhad been ox1dlzed afterr

33 days probably by the very small amount of re51dual air. .

. !
* e /’
. o



CHAPTER II1

ACID/BASE CHEMISTRY OF SELECTED THIOLS AND DISULFIDES

IN AQUEOUS SOLUTION

A. Introduction

In Chapters IV and V, the klnetlcs and equlllbrla of. -
thlol/dlsulflde exchange reactlons 1nvolv1ng pen1c111am1ne
. with ox1dliéd glutathlone and penlcilvhmlne w1th cystlne‘
are 1nvest1gated : Both systems are studled over a w1de_
range of pH values. Complete analysis of the data_
-requlres a prlor knowledge of the a01d dISSOC1at10n
constants of the thlols and dlsuif;des (Flgure 14)
1nclud1ng the pen1c1llam1ne glutathlone and, pen1c1llam1ne—
-cystine mlxed dlSU1fldeS 3 and 8 in Flgure 14 -therature

values are avallable fOr the a01d dlssoc1att\n constants

: of the thlols and symmetrlcal dlsulfldes, but not fov the
mlxed»dlsulfldes.. In thlS chapter, thelr ac1d : v.'Fi\

dissociation'constants are de' rmlned by lH and 13C NMR

spectroscopy 2

The NMR method for deter fnlng ac1d dlssoc1atlon

xti'constants 1s 1deally sulted to the present work because 1t-
does not requlre a pure sample'of the acid.: Rather,’the
"fractlonal tltratlon_of a01d1c'groups,'from'which.acidh

78
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1. Pen1c111amine (PSH)

. NHg* “CH-C00™

CH3~E~CH3
SH

--2. Oxldized Penlcxllamlne (PSSP)'.fg; B j:;¥

o NH3‘—CH cob“
'_CHB-:fCB3

CH3-C CH3 - ‘ " . . 
 f»-NH31— H—COO r,.- H_; “  7;’;}

vn]3;3 Pen1c1llamlne-Glutathlone Mlxed Dlsulflde (PSSG)Q}

i iﬁj:. iH3 ﬂ‘   T
N - I S- S"‘CH2—

. Figure 14.

o '*a,-' coo— o,
. ' " o . ‘ : e :
H—C-CHZ—CH2 lH—NH3

B
. RN

» C-NH-CHz—COO

‘4. Glut_athione - (GSH) | - g
L Qfo  ¢ ,"=‘?00_:' S ‘ -
1 ’ e PR
TH C—CH2~CH2—CH-NH3 .
N -CH2—COO
o .
O o ',1?

Structural formulae of some thiols and di-
stulfldes 1nvolved 1n thlol/dlsulfide exchange.“
“vreactlons.; SRS ‘ . ‘ :

i



N . 5., oxidized Glutathione (GSSG)
coo™ - e ; | f\o‘ OO
. o Ay
NHy*-CH- ~CH,<CH;~CyNH ~ 'NH C—CH2—CH2-CH NH3

H-CHp-5-8- CH2—CH R

C-NH "CH 2 —COO
" “\
0 \\ .
é

6., gystelne (csH) G

o T

¥ NHy -CH-COO

}:$Hi._::}

gystlne (CSSC)

N 3*-CH-CO0™
,,32‘ '-

8 ,“\»,,}'ff::“‘;:L? i iyéjﬂ ;

'gan 3+—éH coo

.8;‘ Pen1c1llam1ne Cystelne Mlxed Dlsulflde (PSSC)

".NH3T-CH coo™

' Figure 14. (Continued)
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"\
1dissoCiation\constants‘can;bepcalculated,'oanbesql"
‘determined directlxifﬁoﬁ_NhR'cheﬁical shifts. Thns, with
the NMR method fit’is notfnecessarysto’prepare anpnre
“sample of the m1Xed dlsulflde. 'The procednreEUSed in this
work. _ 1nvolved reacting pen1c1llam1ne w1th oxldlzed

'Lglutathlone and w1th cystlne to form an equlllbrlum .’;
imlxture contalnlng the de31red $uxed dlsulflde as well as
;the thlols;and the symmetrlcal dlsulfldes; Chem1ca1 shift
data were obtalned for the mlxture as a functlon of pH.
~~W1th the hlgh resolutlon of the spectrometer used 1n this :
ivwofk it was. p0531ble to resolve resonances not only for
the mlxed dlsulflde, but also for the tthlS and | |
symmetrlcal dlsulfldes, maklng it p0331b1e to deternlne
' 51multaneously the acld dlssoc1atlon constants for all the
thiols and dlsulfldes ln the equlllbrlum mlxtnre:»
‘Also, 1n thls chapter, the pH dependence of the (T'f

chemlcal shlfts of the 1H resonances of 1m1dazole are

characterlzed for the purpose of u51ng 1m1dazole as ‘an.
A :

nternal pH 1nd1cator 1n the tthl/dlSUlflde exchange e

- stud;esyah_”

'B. Determination of Acid Dissociation Constants by NMR

Fetets

~In general proton transfer reactlons are fast on the

_'hNMthimesSCaletso-that, as the ac1d1c groups of a molecule



!

are’tltrated the observed chem1ca1 shlfts are the
populatlon welghted averages of those w1th the groups 1n.
thelr protonated andvdeprotonated forms. The method used.
to extract acid diSSOCiatioh constants from‘the chemical
Shlft data depends on whether the acid is monoprotlc or:
polyprotlc and, in the latter case, on whether the
chem1ca1 Shlfts are affected by the protonatlon state of a
'51ngle actdic group or by several groups. .In the flrstP
51tuatlon, the resonance w111 be reﬁerred to as a unlque

_resonance(and, 1n the second case, as a common resonance.

1. Monprotlcpﬁcfgg;

For a moao///tlc ac1d HA, the observed chemlcal

. - i
'shlft 5obsd' for a. resonance from nuclel located near ‘“

.enough to the ac1d1c group to be affected by 1ts state of"
'protOnatlon is the populatlon welghted average of ltsz.
chemlcal shlfts [84] when the molecule is protonated, GHA"

fand deprotonated 5A

. SRRt | T o
T:where “HA and aA are the fractlonal concentratlons of the _
v'm01ECUIe in the protonated and deprotonated forms (“HA + ;ﬁ"'

faA : i; In terms of the spec1es present aHA’and aA are .

’,;deflned as_
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o [EAl EE .
WA e CP

[

A “TaAl + (A3 - .. 153

By appropriatehsubstitution using the acid dissociatipn IRt

constant,

, , SHtA]", SR
KA_-.-:.[‘HAj o ;4‘[’, e¥37(54)i

~ Equations 55 and 56 Are obtained.

weo

S -

.§v e a
b

B T L A RO St .
' there-aH?represents'the-activity'ofdhydroge

%, S
Qn i&
!

S determlned dlrectlY from the PH meter readlng ”izwf”

u

(IO‘PH meter readlng) - In the above expre551ons énd 1n [~’f”"’

_.‘v‘ .-

thoseito come,‘the charge Of the proton and of the varlous s

spec1es has been omltted for brevlty \ff-?

*



Substltutlon of these equatlons ‘into Equatm\n 51
Y1elds.' | ' |
. o
R

8 =, . (57)
bsd
“Qobs i aH4+ KA | B o , B

v \\\

N i T o o e
\Thls equatlon expresses the observed chemical Shlft’

B in térms of the experlmental varlable, pH and. the three ”‘

.

consta ts, 5HA"5A and KA' For»many ac1ds,v5HA‘and'§abcan

be obtalned dlrectly as the llmltlng chemicail shlfts at

%

‘h low and hlgh pH, respectlvely, in. whlch case KA 1s the

/

84

I

only unknown 1n Equathn 57 KA can be extracted from thel‘“

chemlcal shlft data Wlth Equatlon 57 by several

1procedures, the procedure used in thls the51s anOlVes

7. . (\

flttlng the chemlcal Shlft data to Equatlon 57 by means ofj.

Sy

ﬁfthe non llnear least squares method " The non llnear leastu;

3

K squares calculatlons were done wlth the computer program

| KINET: ertten by Dye and Nlcely [70] ‘ If GHA and/or 5A e

"cannot be determlned dlrectly from experlmental data, e g.F

.

E due to overlap w1th another resonance, these can be

”? treated as unknowns along wlth KA in the non llnear least:?

’f(squares curve’ flttlng

12;1 Drprotlc Ac1ds 'f;‘f.‘ﬁaﬂ f;wv ﬁ_;;lv“'f

The procedure used to evaluate the ac1d dlssoc1atlonf

‘~-5constants for dlprOth ac1ds depends on whether the":,"



pectrum contalns only common resonances, i e._resonances';'i

o

-85

whose chemlcal Shlft depends on the state*of protOnatlon

of both aC1d1c groups or unlque:

,group, i.e. resonances Whose che 1ca1 Shlft depends only

. on the state of protonatlon of/6ne of the two aCLdlc ff'r:
' b R

fﬂgroups.

fﬁmacrosco if and m1crosco 1c ac1d base chemlst of
L P P

':dlprotlc ac1ds Wlll be consldered

of 51m11ar ac1d1ty and thus are

range [85]

e

I L

At the macroscoplc

‘,_con51der only the case in whlch

dlssoc1atlon is descrlbed by

Ky,

e

W

e

)

a [HA]

level,

A +H

Before dlscussxng the spec1f1c nethods, the

the ac1d

3?ﬁ§51ﬁ~73“-'""’

',d[ﬁAj:gtwn'vblﬁ

‘ .

: The disCuSSIOn w1ll

the mwo ac1dic groups are

e

vsonances for each ac1d1c R

tltrated over the same pH L

o)
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\:,At the molecular level the proton in the monoprotonated
”‘form, HA,‘w1ll be dlstrlbuted between the two ac1d1c .
- ;groups (II and III 1n Equatlon 62) dependlng on thelr =

vrelatlve ac1d1t1es. The ac1d dlssocaatlon at the :t

’ff“mlcroscoplc level is descrlbed by the follow1ng ﬂéheme.

-

o

Cp——Hay e

S e

._-_Hu)‘ : R SRR WL LR

'rAWhere kéi; kaZ" a12 and ka2l are the mlcroscoplc aCld
. ._-A'\)..‘-

“

hvif‘dlssoc1atlon Fonstants._ The last number of the subscrlpt .

'kjfidentlfles the aCLdlC group belng deprotonated 1n that

*g}step, a precedlng number 1dent1f1es the group deprotonated 'x"'

: *f,“ln a prev1ous step These m1croscop1c ac1d dlséoc1atlon ;Oﬂ-gﬁ~ﬁ

"»} constants are deflned by Equatlons 63 66; I“”

v‘t;%hti'::f:;’ﬁ} r::jn'}ffj;aH[II] B e
v“,tW'nW"b”»fft:nfélk [I] S s T T

Ln k,g aH[III] Ir;f{vsfi?h?feihe)bv“fh



—
N

o L T A‘,aH[IV] ';f«
e A T Ky T

B |
=

Crrzl} -0 o

* The macroscopic constants are related to the microscopic

| kalé azl““

- Fagr Kan *’*"',"f‘-él"%i’?-i* Kazkazl o (69)

“;fléyg Common Resonance Method [86]

S The chem1ca1 Shlft observed for a common resdﬁﬁﬂce;j;,_gzag¢

; fﬂ ¥5obsd' is! 9iven bY"'eii;ftTIkiff‘*

i 5obsd (_.‘ aHzA 6H2A+ aHA‘SHA + “A‘SA 3 (70) g

Cate e




a

.where TH A agp @nd ap are the fractional concentrations
and-&HzA, éyp and 5A,'the chemical shifts of the common
resonance for the H,A, HA and A forms (aH At ogp toay T

1). The fractional concentrations -are defined as:

fH,Al .

Myq = (71)
- HaA [H,A) + [HA) + [A]

(HA]" .
x = (72)
HA [H2A] + [HA] '+ [A]
S | a _ [A] (73)
s EB#,A) + [HAD + [A] .

\Substitugéon of Equations 59 and 61\fof KH2A and Kyp into

. Equations 71, 72 and 73 leads to

5 2
. i H (74)
" |
"2 aHQ Yoy Ky a+ K
2% * N Kaa
: 2y Xy a .'j* .
; } Ha
: THA T T2 (75)
. % T % Mua Y feoa Maa :
.
) ®u,n “Ha
ap -~

. ) : (76)
‘ . ay * gy KH2A + KH2A Kan

o
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Substituiion of Equations 74, 75 and 76 into Equation 70

yields
a, 26, . +a §,, + K, . K. &
i %n t % S fea Y feoa faa Oa

2 -
ay * 3y KHZA * KHZA Kua
o

8obsd (77)

Equatioh 77 exprésses the observed.chemical shift ih terms
of ay, thé experimental variable and the five constants,
GHZA' SHA Op KH2A and Kyp . 5H2A and 6Alcan gften be
obtained directly as the limiting chemigal shifts at lowy
and high pH, respecéively. However, é&yp CAnnot generally
be obtained directly because, if the two groups are of
similar acidity, there is no pH at which HAiis the only
sgecigs present. KHéA' ¥HA and 5ﬁ£ can be optained
’éimulianeo;sly by fitting the common resonance chemical
shift data to Equation 77 with ﬁhe non-linear ieast
sqdares pfogram KiNET. |

b,',Uniqué.Resonance Method [86])

The' procedure used to evaluate the macroscopic pKp's
Qhén there was a dnique resonance for each acidic group
ihVolvedidetérmining the average number of protons.per
molecule, P, erm the chemicalishift data and ;hen fitting
the p vs pH daté“to’obtain the pKp's. For a diprotic |
acid, p is defined as: |

LR e I

o
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2[H,A] + [HA)

p = »' . (18)
[H%éz/i/kﬁgj + [A] o

. . i 3
Substitution of Equations 74 and 75 into Equation 78
yields:
!
’ 2a 2 + a
_ H aHKH2A | | :
p = 2 ‘ (79)
a + a K '
. H H H A + KHZAKHA

P was obtained from the chémical sﬁif£ data as follows.
Since each resonance is uniqué: ips chemiqai shift is the
weighted average of the chemical shifts when the
particular acidic groupsistrotonated and deprotonafed.
For exambie, the ébserved chemical shift' for the unigue

~

fesonanée for acidic group 1, bobsd, 1+ is given by:

bobsa,1 = f1,pé1,p * f1,401,4 - (80)

where fl,p and fl,d are the fractional.concentrations, and

-
B}

6l,p ahd 81 g the chemical shifts of the unique resonance
when the acidic group 1 is protonated and deprbtonatéd.

The fractional concentrations are given by:

'[11 + [111]
(1) + [113 + [111] + [1IV]

(81)
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(1] + £113‘+ [111] + [g{j

£y, = (82)
where the species are defined by Equation 62. For groﬁp
2, the fractional concentrations are given by:

[1] + [11] ’ B

f2,p * = | (83)
(1] + [11) + [111] + [1V] P

[111] + [1V]

£2,4 7 ' (84)
(1] + [11) + [111] + [1V]
Substitution of- the telatiohship fl,p + fl;d = 1 into
Equatioh 80 leads to |
obsd, 1 1,p | :
T S S (85)
. 1,4 1,p ’

and 51,d are the 1imitfhg shifts at 1Qw'and high pH, E

‘o

51,p
respectively. With Equation 85, the fractional

deprotonation of group 1 can be calculated ftom the
. chemical shift data fqr~Uniqhe fésonance_l}’ Thev
fractional deprotonation of groupbz,vfz'd can be

calculatéd.fromgthe chemical shift data for tﬁe"dniéue

resonance for group 2 using a similar equation. § is then

calculated with Equation 86.
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P=2-f1,a- %4 | (86)
The‘macroscopic constants'KHZA'and KHA are obtaihed by
fitting the §'vs pH . data to Equation'79~using the non-
linear least squares program KINET. |
The procedure used-to'evaluatecthe:microscopic acid

'diésociation constants ka1s Kaar ka1o- and: ka2l involves

calculatlng the ratio of the concentratlons of the spec1es

I1 and III (Equation 62). From Equations 63 to»66, this

ratio is,given,by Equation 87,

[11] a1 Ka21
I

o]
=

Ka2 _ka12

From Equations 82 and 84, this ratio is'alsoAgiven'byE»'

'[II]J 1,4

:,[IIIIA led - o

aA'isFthe fractiohalzconcentraiion of séecieﬂ
’ D a
76);'.ThelmiCEOCd%stants'caﬁ be detefmihedefrom-the‘:
,_aVefage ratio,‘II/III calculated from the chemlcal shlft
_data of the two unlque resonances at several pH values,l

(Equatlon~88) and Equatlons 67 68.and_87,~ Eor example,

~k,o can be calculated\u51ng Equaticns 67 ahd'B?:

(88)
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3IV (Eduation:.



93

S KHQA ‘ - , . _
k&z = (i1 ' - : . (89)
v

ka1 can be determined from the value of kéz aud”Equation5
67. Similarly k,;5 and ko) 3re evaluated from Equations’ .
68 and 87. | | |

C. Chemical Shift Data for the Penicillamine/Oxidized

Glutathione System:

A, B, D'anq E‘iﬁlFigure léfarevlH>NMR‘spectra'of*pH
I77‘d solutions of‘PSh, GSSG; GSH and PSSP, respecthely
kThelr structural formulae are shown in Flgure 14 o
'Spectrum C is for a solutlon prepared by m1x1ng PSH and
'GSSG. The spectrum was obtalned w1th1n a few hours afterl.

' _miiihg ‘As w111 be shown in Chapter IV,.PSH reacts w1th

GSSG on’ thls tlme scale to produce PSSG however, the

'further reactlon of PSH W1th PSSG to form PSSP is 50 slow:-ﬁrr

”‘fthat there is no detectable PSSP in" the’ mlxture. Each

'esolutlon also contalns t butyl alcohol for an - 1nternal

'-reference,'and 0 003 M EDTA., Resonance as51gnments are ;:

fo

'7'3glven in Table 4.

The extra resonances 1n Flgure 15C are a851gned to l':*’:

B those of PSSG based on general st01chlometry of the

»‘thlol/dlsulflde reactlon and on results from a reductlon

:experlment w1th dlthlothreltol (DTT) The proton tlme h:;“.’”'



~Table 4. Assignment of the various resonances of Figure

.15,

i

Molecule  Chemical Shift

versus DSS, ppm

CTBA- . 1.2397
CEDTA . 3,24
| | . 3.63
PSH . - 1:47
| o 1.57
o 0 3.68
G§sG 2.15
T ase
2.9-3.3
3.79
3. 80-:
. : ~4.8
GsH - ,2 16_ o
C2.96

7...3.80
| VIS T
PSSP © - - . 1.43
BRI . 1.53
R P 0}
PSsG ¢ 1.39
| pssG S e
2015
S 254

3.8
_y';'53 8
' ‘33 8

Ea

L@ ‘AB. part of an ABX pattern
"5 b X. part of an ABX pattern._.;;

v,lfj' fG1u-c
2,9-3. 3

- Group

~Assignment

| CH,

CH,~CH),

' CH,-COOH
\CHj |

CH3

“CHy

Glu-Cﬁ'

Glu-C o
Cys-Cg (AB)?
»Gly4ca'(AB)ﬁ |

Glu-C

R

 cys=C,. (X)P
'ﬂ.Giu—C“’ L
- "Glu- C
; : r',Cys—cB (AB)a
3178ﬁﬁ_‘wﬁ_,ﬁﬁ_31y cﬁ~LAaL

-<"UD

Glu-C

.CYS—C (x)b ;,.
jCH3ﬂiv :

"'CH3' o

X 'CH oo

@

" ‘CHB'.

G].U"CB
¥

“‘nys-Ca (X)b

«

‘.‘_'{J. i

94

 Cys-Cg (AB)a"ff”

S cHy T

;gﬂ Gly-Ca (AB)
R DR Glu—C :



. Figure 15..
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c PSH GSSG. P$35G, GQH

l GSSG

200 MHz 1H NMR spectra of A) 0. 10 M psn. B)

i_;O 093 M GSSG, ) mlxture prepared from 0. 050 M

. psH and 0.047 M GSSG, D) 0.050 M GSH and E)
xEO 020 M PSSP. at the amblent NMR probe B
' ,temperature of 26 C.. Each solution was[@V

fprepared in aqueous 1 M KCl solutlon

“efcontalnlng 0. 003 M EDTA and some t-butanol

;(TBA) for 1nterna1 reference at pH 7 0.5i
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‘course spectra shqow that these extratresonances decrease
in intengity upon reacting with DTT and confirm,the
© presence of a disulfide bond in PSSG. The iﬁ~nuclei.of
the two methyl groups of PSH PSSG and PSSP give separate
resonances because of the asymmetrlc center at the a-
carbon [87] As shown rn spectra A and E,neach a protOn
‘resonance is a singlet."However,vbecause of thefextensiVe
overlap ofiresonances in the 2-4 ppm region in ‘spectrum C,
‘the‘methylfresonances were used to Study'the reaction of

:ﬂ“;PSH'with GSéG. Also; the methyl resonances are further
from the_stronglnater slgnal (~4 8 ppm) than the other
";resonances, making thelr,detectlon,ea51er at lowr'z

’ concentration.A.In addition; they.are three times as
1ntense as the resonance for the methlne proton of PSH,

the only other 1H resonance for PSH and PSSP andvfor the'
»PSH part of PSSG. Spectra for the methyl protons of. PSH
'and-PSSP are’ shown_ at several pH values ‘in Flgure 16.andb
'2'17;:respect;vely.' Ian;gure 18 are shOWn:spectra for'thei
nethyidprotong in.a‘nixture containing.originallyupsnj
”;PSSP and GSSG. ,Thisihirture'prodUCes‘PSSG. dAssignments‘
fln Flgure 18 were made by.comparlson w1th spectra 1n

'F;gures 16 and 17 The extra methyl resonances 1n Flgure
"dLBnQerefa551gned to those of PSSG." The chemlcal shlfts of
"the”two;methyl resonances for PSH, PSSP and PSSG are'> |

5;p10££edvversus pH 1n Flgure 19

B



97

11.06

9.05

6.99

3.0

PRIW

16 -1.‘4';] o 12 .

PPN\

_Figuferlﬁlj Methyl reglon of the 200 MHz 1H NMR spectra of e.“'

 0 010 M PSH in aqueous 1 M KCl solutlon S
' contaxnlng 0.003 M EDTA - and 0. 003 M TBA as _7“

 ;1nternal reference at 26 C.



Figure 17.

11.08

9.06

6.95

. 5.09

PPN\

Methyl reglon*%f the 200 MHz 1H NMR spectra of

0. 020 M PSSP contalnlng some TBA 1n aqueous I8

M, KCl solutlon contalnlng 0. 003 M EDTA.

S,

98
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.97

a7

508,

.. 298

j‘concentratlons were O 02_‘ PSH, O 01 M PSSP
fO 01 M GSSG and, some TBA ”n aqueous 1 M KCl
,O 003 M EDTA solutlon. T R R R

Methyl reglon of the 200 MHz lH NMR spectra ofwée;
Efa mlxﬁure of PSH. PSSP an GSSG._ The orlglna11”§;3 
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16

1.4

Chemieal Shift, ppm

'7'fy2_

W

. Figure 19.

e pH |

”.‘. (4 '. PR A . FER U‘

IH chemlcal shiff/data for the two methyl SRR

 v£resonances (Flgure 18) of. PSH PSSP and PSSG
~ versus DSS.in agueous 1’ M KCL,_O 003 ‘M EDTA
*solution., The smooth curves through the

"fchemlcal shift data of PSH are theoretlcal

':fcurves calculated w1th Equatlons 57 and 77 andf:f}g‘

the constants in Table 7 L
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A;‘B, D and E 1n Flgure 20 are/13C NMR spectra of pH
.4 solutlons of PSH GSSG, ‘GSH and PéSP respectlvely
| Spectrum C is for a solutlon prepared by m1x1ng 0 20 M PSH .
| and 0.078 M GSSG The solutlon was bubbled with a1r after
o equ111br1um was reached to ox1d1ze PSH to PSSP and GSH to B
GSSG. Then more PSH was added and the procedure | e
:repeated . Thls resulted in a solutlon contalnlng more
.ﬂPSSG than would be present 1f the tOtal amounts of PSH R
(0. 20 M) and GS%G added had been mlxed dlrectly Also,.ih
the solutlon contalns sbme PSSP.‘ Resonance assxgnments ﬁj:ffv'
h;are glven 1m Table 5.: A551gnments were done usxng i
publlshed chemlcal Shlft data‘[88] and standard proceduresftfin
'fsuch as the effect of pH on the chemlcal Shlft of T‘L‘;:d _,-
g o

f;resonances<¢or nucle1 near to ac1d1c groups. As in the

s

'.TNMR spectra of PSH PSSG and PSSP the two methyl groups

ey

: *glve chemlcally shlfted 13C resonances.‘dju-f'f'”'

13

.........

C spectra were measured as a functlon of pH for thejjm--

Q :

»ffsolutlon used to obtaln spectrum C 1n Flgure 20 : The g;{@];u

'xresults are tabulated 1n Table 5 Because some resonance& ;fi[

v‘f'cross over as the pH xs changed gt;resonances 6 and 26

'_;cross over as the pH 1s lncreased from 4 5 6 12 3 13C

'fﬁpspectra were obtalned for aSSLgnment purposes, at pH 4 9

“ . and 13 for 1nd1v1dua1 solutlons of PSH, PSSP GSH and _ijjg,)

R

*\4. t

ersc.- T ”‘
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Figure 20.

N

N

D GSH
o 19l 20 2 22, 2324
4 . N .
E PSSP

0
vt d .
70 60 50 40 30 20
PPM

.\‘3c NMR spectra (90.56 MHz) of A) 0.1 M PSH, B) .0.1 M-

GSSG, C) 0.064 M PSH, 0.019 M PSSP, 0. 101 M PSSG, 0. 022 M
GSH and 0.014 M GSSG, ‘D) 0.1 M GSH and E) 0.1 M PSSP.
Each solution contained 0.03 M dioxane ‘as 1nternal
reference.. Solutions A, B, D and E were at pH 4.0 in 1 M
XCl -aqueous solution; solution C was at pH 4.52 in O, 4 M

' KCl aqueous solution. 'The thiol and disulfide
_concentratlons in solution ‘C were calculated from:

resonances 1, 5, 9; 4, 8, 12; 14, 19, 26; 16, 24 and
28.\LSee Table 5 for adsignment. The resonance labeled 0
is for the 1nterna1 reference dioxane whlch was set at
67% 40 ppm. :
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1. Acid Dissociation Constants for Penicillamine

_hThe deprotonation schéne'for'§sﬁ is shown in Figure
21. At low pH, PSH is a triprotic acid. However,'since
the carboxvlic acid group titrates completely'before the
ammonium and thiol groups are tltrated,‘the dissociation

of the carboxylic acid grOupvcan be treated as the

106.

dissociation of a monoprotic acid. The .ammonium and thiol ‘

groups are 51mllar in ac1d1ty and thus their tltratlon

ranges overlap Wlth reference to the general dlscusélon

of dlproth acids présented earller, KAZ and Kp3 in Flgure

21 are equlvalent to KH2A ‘and KHA,jrespectlvely (Equatlons

59 and 61)« Kpy for PSH was evaluated from: the ;H

chemical shift data shown in Figure l6land 19,over the pH

' range 1-5. The two ‘sets. of ohemioal shift}data for the
two separate methyl resonances were eValuated
1ndependently to yleld two values for KAl by flttlng the
data to Equatlon 57 as descrlbed above for the monoprotlc
aCid. The chem1Calvsh1fts;for>the*H3A and H2A forms of -
"§SH.are summarized inofable.6'and the thwvalues for pKAil
are llsted in Table 7. ,'These tables also contaln the ly

) chemlcal shlft values,.llterature pKA values and pKA
'values determlned later 1n thls chapter for the other
wth;ols‘and*dlsulfldes. - |

Two sets of values for the- macroscoplc ac1d

dlSSOCIatlon constants KAZ and KA3 were Obtalned from the o
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HaAt == HpA === HA~ ==A2~

mFigﬁrefZl- Macroscoplc and mlcroscoplc ac1d dissoclatlon

'_.schemes for pen1c1llam1ne and cystelne ='-‘”‘jfff?"
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_ resonance since CB is a quaternary carbon and thus 1ts

obtalned u51ng the common resonance method_ ‘
.13C chemlcal Shlft ‘vs pH data to Equatlon 77

.fllmltlng chemlcal shlfts at low and hlgh pH 1n Tab'

pH 4-12 1§ chemical shift data (Figure 19) of the two

methyl resonances of Figure 16. Because of the-proximity
_ . ,

of the methjl protons to the ammonium and thiol groups,

‘each methyl resonance is affected by the protonation state

of each acidic group. Ka2 and-KA3 were obtained by
fitting each set of chemical shift data to the equation

presented above for the common resonance method (EquationA_
"~ 77). The chemical shlfts obtalned for the three
: protonated forms of PSH in the pH range 4 12 “and the

" values obtained for pKAz_and_pKA3 are given in Tables 6

and 7, respectively.

Values for KA2 and KA3 were also d;termlned from the’
13C chemlcal Shlft data 1n Table 5 u31ng the chemlcal
shift of the C carbon,of Psu. The;resonance for this

carbon is well'resolved from the‘other”resonances over the

entlre pH range. It also 1s closer to the ammdnlum group ‘

than are the methyl carbons, and thus 1ts chemlcal Shlft

is more sen91t1ve to deprotonatlon of the ammonlum

'group The C resonance is more 1ntense than the CB ‘

1nten51ty is- not slgnlflcantly enhanced by the nuclear .

13

flttlng the

Thy
% . .

111

,Overhauser effect [89].~ Values for K 2 and KA3 were 'b'ﬂb



oy

112

were- used for the chemlcal shlfts of the H2A and A

specxes The values obtalned for KA2 and KA3 are glven 1n

*

Table 7; the value obtalned ﬁor GHA is 67.31 ppm.

It is shown in. Chapter IV that the reactlve thiol
spec1es in the thlol/dlsulflde exchange reactions . are the
thlol deprotonated forms. For PSH, these are species III
and V 1n Flgure.2l, The fractlonal concentratlon, a, of

_the various protonated forms of PSH 1s»shown as a function

o
i% °

. of pH in’Figufe 22. These curves weretcalculated‘uslng

"“the values determlned in this work for pKAl, pKA2 and e

rd

PKa3z.. ForTexample, the spec1es dlstrlbutlon (curve I 1n

Flgure 22) of ‘the fully protonated form of PSH, H3A+ in
T c

Flgure 21 was’ calculated as follows.‘

. _‘3 o L ' - ' Lo
. ‘ . ' aH RO _,w._‘ | Bt

| 3 v
?" oAyt aH.FA1 aHKAl A2 * KAIKA2KA3

'Thetothersfwerefcalculated'similarly'usihg different térms
in the numeratOr..'The distributiod50f HA (Cufve (111 +

1V) in Flgure 22) between spe01es III and IV (curves III

\\and IV in Flgure 22) was: calculated u51ng mlcroconstants
kal2 and ka13 ;?d aII calculated u51ng the macroscoplc
constants determlned 1n thls work “III and aIV.were -

~calculated: w1th Equatlons 91 and 92
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o

.ullterature KA3 and KA4 were calgulated from the

H S .
)
S _ ral3. C o v
' ‘_1;IV T a 1Y S ‘(92)_»

*-The literature"value for'pkalz‘E90]'corrected-to the ionic

fstrength condltlons of thls work is 8. 02. ;The

mlcroconstant Pkal3 was calculated from the values of

v'pkal2 and PKA2 w1th an equatlon analogoﬁs to Equatlon

67. The values of the mlcrOSCOplC ac1d dlssoc1at10n ‘

/

constants, pka13, pka123 and pka132 of PSH (Flgure 21)

' together w1th varlous m1croconstants of other molecules

‘.are llsted in Table 8._ In calculatlng pka123 and Pka132'

equatlons 51m11ar to Equatlon 69 were used

2. Ac1d Dlssoc1atlon Constants for Reduced Glutathlone.'

114,

The deprotOnatlon scheme for GSH ls shown in. Flgurelffn

S < y :
A23 Macroconstants KAl and KA2 were . taken from the

13C
¥

thchemlcal shlft data for GSH llsted in. Table 5

The ac1d dlssoc1atlon constants were evaluated by the s.“

-unlque resonance method descrlbed above.. SlnCe the Glu—C
“fcarbon is. seven bonds removed from the thlol group but o

Vfonly one’ bond removed ff%m the ammonlum group,'changes 1nv

"fjbe due only to the t1trat10n of the ammonlum group, i. ei

'S

0 S

7g?1ts chemlcal shlft 1n the pH reglon 5 12 are con51dered to
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the Glu-C_ resonance is treated as a unique resonanée for
the ammonium group. Similarly, the Cys-C, resonance is
treated as a unique resonance for the thiol group. The
fraétional titration of the ammonium and the thiol groups
kfi;d and £2,4 respectively) as a function of pH was 7
calculated. from tﬁe Glu-C, and Cys—Ca_ChemiC31 shift data
using Equation 85. From the ffactional titration
valges, B, the averaée number of ac%dic protons per GSH
‘molecule, was caléulatgd with Equatioh_86. The results
are plotted in Figure 24. Kp3 -and Kpg were obtained by
fitting the p daﬁa in Figure 24 to Equation 79; Kp3 and
A KA4-are’equivalent to KH2A and Kygp in Equation ?9. _The
results areAgiven in Table 7. Aiso given in Table 7 are
literature values for Kpj apd Kpg, as well as for Ka1 and
‘Kpp [91-941. oy

The fractional concentrations of the various . #
’ protonated,fbrms‘of GSH are shown as a function of pH 'in
Figure .25.. The curves wéreicalculéted using macroscopic_
constanté listed in Table 7E Since thgetﬁiol deprotonated
species are the reactiye‘specieé in the thiol/d%§dffide
.exchange feadtions, thevdistribution of theﬁgﬁgéiés HAz—
(Vv +.Vi in Figure 23) between species V anévV}TWas
calculated usiﬂg the values er the microconstants pk;j23
and pK;124 (idehtified_in.Figure 23) listed in Table 8.

The average literature value for pkyyp3s corrected to the

118
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ionic strength conditions of this work is 8.91  0.09

0
[91,92]. The. values of pka124, pka1234 and pka1243 were

calculated from the values of pka123 and other

macroconstants in a manner similar to those of PSH above.

3. Acid Dissociation Constants for PSSP

The deprotonation scheme for PSSP is shown in Figure

2. Because PSSP is a symmetrical disulfide, k,323
. 5 ' o . ~ i’ |

ka124 = KA3/2, and kal234 = ka1243 = 2KA4- The Varlous
values are listed in Table 8. Literature values for KAl -
KA4-are‘1isted in Table 7 [95,96]. Values,fortKA3'and~KA4
* were .determined from.the.13C;chemicaltshift'data in Table
5 for the C, carbon of PSSP. ‘The data.were treated using -

the unique resonance method since the Cq carbon is One'
hond removed from one ammonlum group and six bonds removed
from the other. However, proton exchange“ls rapld on the _
NMR time scale and a451ngle averaged resonance is observed
for C,. Thus, the chemlcal shift corresponds to the H2A
form at pH 5 and to the Az“ form at pH 12,

CorreSpondlngly, the fractlonal change in the chemlcal
shlft at a glven pH from that at pH 5 to that at PH 12
glves the fractlonal tltratlon of the two ammonlum )
gronps. p.lsbgrven by. the eqnat;on-

. \

p 2 - 2f.d' B - o ‘('9,.3’)“ :

C
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. ' 123
P

P

where f3 (f; g = f5 3 = fd) varies from 0 to 1 and was
calculated with Equation 85. The values obtained for Kn3
and Kpgq by fitting the P versus pH data to Equation 79’ate

-

B 'foé—Eéﬁﬁ‘ T'aﬂ::l‘vé\fiﬂ . N T e e ““;iw
| Fractiona}'conc ;zrat'ons/%aiculated from the f

macroconstants are gzottgxfin Figurej27. Because of the

symmetr1cal nature of the molecule,, the H3A form is

equally dlstrlbuted between spec1es II and IIT and the HA

form between-spec1es V and VI.

4. Acid Dlssoc1atlon Constants for GSSG

The deprotonatlon scheme for GSSG is shown in Flgure
28.‘ therature values are not available for the
mlcroconstants for the‘carboxyllc ac1d group, and no
attempt was made to determlne ghem in thls work since it
blS the deprotonatlon at the ammonlum ‘group . whlch ‘is
1mportant in the thlol/dlsulflde exchange studles.

'therature values for the macroscoplc constants for the

| carboxyllc ac1d groups, KAI - KA4, are glven in Table 7

"[93 94] ' As w1th PSSP, ‘the mlCrOSCOplC constants for the
v ammonlum groups are 51mply related to their macrosc0p1c

constants by the equatlons ka12345 = ka12346 F KA5/2 and

'ka123456 4 al23465 = 2KA6 These. are listed in .Table

. 8. Macroconstants KAS and KA6 were evaluated from the
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chemical shift data in Table 5 for Glu-C,. The»data were

treated by the unlque resonance method since each GlurC

carbon is one bond removed from one ammonium group and

sixteen bonds removed from the other. The treatment was
‘identical to that'described above for PSSP. The values
obtalned for Kas and Kpg are glven in Table 7. Tﬁe

species dlstrlbutlon calculated for GSsG frém the -

macroconstants is glven in Flgure 29, Because of the
¢

A

symmetry, HA3 is equally dlstrlbuted between VI and VII. .

5. Acid Dissociation Constants for PSSG . '

The deprotonation scheme for PSSG is shown‘in Figure
30. There are no literature‘valuesfor any of thedacid
dissociation qonstants of PSSG. ‘No attempt was made to
fdetermlne the macroconstants for the carboxyllc acid
groups since 1t is the deprotonatlon at the amino groups

whlch is of interest in ‘the thlol/dlsulflde exchange

studles. MacroscoplcAconstants‘KA4vand KAS and
mlcrosc0p1c constants ka1234, ka1235' etc. in Figure 30"

were calCulated from 13¢ data

Macroscoplc constants KA4 and Kas were caiculated

',3from the. 13C chemlcal Shlft data in Table 5 for the Glu -C r

'and PSH—C carbons of PSSG.,.13C chemlcal shift t;tratlon‘

data for‘thePSH-#C and Glu=C,q ~carbons of PSSG arfe
o i k
' presented in Flgure 31 Slnce 11 bonds separate the

126
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‘Chemical Shift, ppm -

s

b R [+ Rk I

g .A\

the pen1c1llam1ne and glutamyl alpha carbons
of PSSG (Table 5) versus nss.jm - e

pH dependence of the l3C chemlcal shlfts of ~fv



130

PSH-C_ carbon from the glutamyl ammonium group in PSSG,
éhanges in the chemical shift of the éSH—Ca resonance can
be assumed to be due only tovchanges in thé protonation
state of the penicillamine ammoniuh group. The - fractional
titration of each of the ﬁwo ammoni um group; (£4,d and
fsld)‘was calculated from the.i3C chemica}fshift‘data
using .an equatioé analogous to Equatibn 85. The

A

fractional .deprotonation curves for groups 4 and 5 are

shown in Figure 32. The average number.of titratable

I\

ammonium protons per molecule, B, was then calculated as a

E

furiction of pH from the fractional titration data using

Equation 86. The P ‘'versus pH data are also shown in
Fiéure”32; “

The_vélues for'tﬁe macrqconstants Kpg and Kpsg were
obtained by'curve }itting the p versus bH data’ianigure

32 to Equation 79. The results are given in Table 7. The .

solid curve through the § vs pH data in Figuré 32 is

- theoretical for Equation 79 using the values listed in

>
.

Table 7.
o .
Microconstants for PSSG were calculated from the

macroconstahts~by calculating the average ratio of the
concentrations of species 1I and III. (Figure 30) using

Equation .88. This ratio is equal to the ratios

kKa1234/ka1235 and ka12354/Ka12345- The average value

obtained for the ratio from data at 8 pH values (data
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1.6
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_ 04r

Figure 32.

The pH dependence of the fractlonal titratlon
of the pen1c111am1ne (f4 a) and glutamyl '
(f5 q) ammonium groups of PSSG and the average
number of ammonlum protons per PSSG molecule
(p). The smooth curve through the B data is
the theoretlcal curve calculated w1th Equatlon
79 and the constants in Table 7.
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between pH 7.5 and 10.5 in Figure 31\”is 4.38 with a

standard deviation of 0.53. The microconstants listed in

~

[ 3

Table 8 for PSSG were calculated from this average ratio
and the macroconstants using Equations 67, 68, 87 and 88

as shown earlier.

Figure 33 shows the pH dependence of the distribution

W

of PSSG among its various ammonium protonated forms using
p

. , ‘ \ -
the macroconstants and microconstants listed in Table 7
and 8 respectively. The pH dependence of the distribution
-~ of PSSG among épecies II1 and III was calculated using

\

[ .
equations similar to Equations 91 and 92.°

D. Chemical Shift Data for the Penicillamine/Cystine

sttem

_ Spectra A, B, D and E in Figure 34 are 1H.NMR spectra
of 0.2 M PSH, 0.2 M CSSC, 0.4 M CSH and 0.0l M PSSP ;
solutions, resbectively at pH 10 in D4O. Spectrum C is
for a solution containing a mixture of 0.1 M PSH and 0.1 M
CSSC.' The spectrum was obtained a few hqdrs after
mixing. The_structural f&rmulae of ﬁhese thiols and
digulfides-a‘e éhown in Figure 14. |

The lH pectra of PSH 'and PSSP were discussed

previously. | The g NMR spectrum oﬁjCSH;(Figure,34D)

consists of|an ABX pattern. The AB part is centered ag 1;

)
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Figure 33. Species dlstrlbution dlagram of the mixed

dlsulfide, PSSG. Numbers refer to the various
deprotonated forms in Fiqure 30; the solid

curves were generated w1th pkal234'= 8.22,

PK,1235 = 8.86 pKpg = 8.13 and PKps = 9.24,

J
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A PSH
‘ ]
- :
B ’ cssC
M . AAJL
c PSH+CSSCmPESC+CSH
.

E PSSP

p

4.0 : 3.0 20 10
PPM

{

+

200 MHz 1H NMR spectra in D20 of A) 0. 2 M PSH,
B) 0.2 M CSSC, c) 0.1 M PSH + 0.1 M cssc D)
0.4 M CSH and E) 0.01 M PSSP at pH 10 and at

the ambient probe temperature of 26°C.
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2.83 ppm and is from the two noneguivalentdmethylene |
protons on Cg, while the X part, centered at 3.48 ppm, is
from the methine proton’on C,. Figure 34B shows the
Spectrum\of CSSC which also consists of an ABX pattern
wWwith the same assignment., In spectrum c, the'spectrum.
shows additional resonances besides’those from:PSH‘and
CSSC. These are a551gned to PSSC and CSH. _ As will be”
shown later in ChapterTV, PSH reacts readlly w1th CSSC,
this time scale} to produ e both PSSC and CSH. However{
the rate of reaction of the mlxed dlsulflde, PSSC w1th a .
second PSH molecule to form PSSP and CSH lS ,much slower,rki}"\
so that no detectable amount of PSSP is observed as’ shown :
in Figure 34C. Table 9 gives the resonance a531gnments
‘for the spectra of PSH, CSSC, CSH;'PSSP and PSSC in Figure
» L . » ;

The lH'Nr;dR;spectrum of PSSC-consiSts.ofia singlet.at_
3 37 ppm from the methine proton on the C, part of PSH and i_i
a multiplet at 3.5 ppm due to the X part from the methlne |
proton on c of the cystelne part of the molecule. The AB
part is centered at 2 9 ppm and  is from the two _'
nonequlvalent methylene protons‘on Cﬂ Of the cystelne part'
of the molecule The CH resonance of the PSH part of
PSSC 1s well resolved from that of PSH, PSSP and PSSCP(CSHh f

"Ipart) and from the CH2 resonances of the cystelne m01ety

of the three CSH contalnlng molecules over a w1de pH
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Table 9. Assignments of the 1H resonances of PSH, PSSP,

CSH, CSSC and PSSC resonances in Figure 34.

Molecule Chemical Shift, - Group
~ppm vs DSS Assignment
TBA 1.2397 CHj
PSH 1.27 . CHj
1.55 | CH,
3.29 . CHa
Q¢
cssc ~ 2.8-3.2 |  CH,p(AB)
‘ 3.5-3.6 - CHa(X) )
CSH 2.6-2.8 ~ CHyg (AB)
3.4-3.5 ~ CHa(X)
PSSP - 1.29 CH,
- 1.39 . ' CHj
- 3.28 | CHa
Tdssc Y4 1.28 CHj
| 1.41 CH,
2.6-3.2 . CH,R(AB)
3.37 - CHa(PSH part)
. 3.4-3.6 CHa(X) o
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range, as shown by the chemical shift data plotted in.
Figure 35. The equilibria and kinetics of the
thiol/disulfide‘exchange reactlons were characterized
using the methine as well as the methyl resonances
described next. - ~ ) |

The 1y nuclei of the two methyl groups of PSSC give
two separate resonances at l.éB.and'1;41‘ppm due to the
asymmetrigrcenter_at the g-carbon as in PSH, ?SSP'and
PSSG. d ‘
To illustrate the resolution between methyl
resonances. for the varlous spec1es, spectra for the methyl
protons of PSSC in a mixture contalning PSH, PSSP and PSSC

are shown in Figure 36. Assignments in Figure 36 wereb

'made‘by comparison with spectra A, B, D and E in Figure

-34. Flgure 35 shows the .chemical shift of the two methyl

resonances of - PSSC together w1th those of PSH and PSSP for

o comparison,' The chemical shlft data plotted in Figure 35

for PSHVand PSSP are thosevdescribed earl:ertin Figure
"l9f The flgure shows that the hlgh fleldg;ethyl resonance
’of PSsC is. well resolved from the PSH and PSSP resonances,

1,whereas those of PSH and PSSP overlapped at pH < 1.

However, as w1ll be shown in Chapter V, there is 11tt1e4

PSSP formed 1n the reactlon of PSH with CSSC and thus the :

-overlap of PSH and PSSP resonances is not a- problem. -lnr'

__thevlntermedlate pH'range,3-8, the overlap*between.thee,iv

.
. S -
Il
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lé6r

Chemical Shift, ppm_
1

14+ .
- -
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- «Figure 35. .Chemical,Shifts of the methine and,hethyl
o protons of PSH, PSSP and the PSH part of PSSC.

.y as a function of pH. =~ - = . -
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6.9

51

31

 TBA,
L pHO.98

16 18 14 - 13 vz
ML

'"Flgure 36. : Methyl reglon of the 200 MHz lH NMR spectra of :
" a mixturegof PSH, - PSSP and CSSC. The origlna1‘ _
. o .-‘ concentrilons con51sted of 0 008 M ‘PSH, 0 001 Lo
P ) PSSP, 0.002 M CSSC and 0.0007 M TBA in 1 M- |
KCl aqueous sokutlon confa.nllg 0. 003 M EDTA

;ﬁ.__:



PSSC and PSSP methyl resonances is quite extensive. In’
_order'to detect small amounts of PSSP unambiguously in
fhese cases, 1i.e. dgring equilibrium;and timeucpurse
studies of the reaétion, the pH of the reaction solution
was adijusted to.éither a low or high pH value in order to

“

achieve dn'increase in resolution. This will be discussed
~in,greater detail in -Chapter V.
The lH chemical shift data for PSSC in éigure 35 were
for a solution prépared by mixing 0.03 M PSH aﬁd 0.09 M
cystine at pH 8.8. After reaction for 15 minutes, the
“solution was bubbled with air for 3 days to oxidize the
CSH';nd PSH to CSSC and PSSP.  The final éoncentrations‘of
PSSP anleSSC were 0.003 ﬂ_ahd‘0.03 E_respeétively as |
déterminedvfrom the relétive aréas of’the various methyl?l
resohanées. iDue to its.low solubility, CSSC precipiéatég
from_tﬁe’soluﬁioq. Tﬁe.concentration of CsSC femaining in
soldtibﬁf@aé'smali enough that it" did not interferé,with
the‘dhemicalbshift_measu}eménts of other‘reéonahces‘suéh

as the CH and CH, resonances of the cysteine part of PSSC.
I o ' ‘ S _

1. ACih Disso¢iAtion Constants of CSH .
'31CSH,cbntains the same .acidic groups as PSH, and thus
'itsﬂécid/base?éhémi8£ry is deéctibed,by,the deprotonation

-
Anvm et

  ‘scheme shownfin‘rigure.ZI for’PSH.

140
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therature values for K, Kpp and KA3 are listed'in
JTable 7 - The fractlonal concentratlons of the varlous
'protonated forms of CSH calculated from the three |
macroconstants are shown in Flgure 37 as a functlon of

pH. The species dlstrlbutlon of HA between CSH spec1es
III‘and IV in Flgure 21 was calculated using llterature
jvalues for the mlcroconstants ka12 and X al3: arII and “IV
 were calculated uslng Equatlons 91 and 92. ,The llterature
.value for Pkalz [97 100] corrected to the 1on1c strength
condltlons used in thls work is 8 48, Other

j " ) - Y
mlcroconstants were calculated from thlS value and )

141

macrocpnstants in Table 7 and the results ‘are llsted 1n S,

B ‘ o vt
-Table 8. As shown 1n Flgure 37 the specles distrlbutlonSj

» of III and v of CSH 1n the pH reglon 6 12 .are almost -
equa} Thls contrasts w1th the dlstrlbutlon of spec1es '
III and IV of PSH in Flgure 22 where the fract10nal

concentratlon of . III 1s much greater ﬁéﬁ% ﬂ&at of IV. _”5

2. Acid Dlssoc1at10m Constants of CSSC

The deprotonatlon scheme of cystlne is shown 1n1',ﬂ»' s

dFlgure 26 therature values for KAI'-KAZ' KA3 and KA4

,are llsted in Table 7 Fractlonal concentratlons |
"'calculated from the four macroconstantsaare plotted lnn'
}ﬂFlgure 38 As w1th PSSP and GSSG the mlCIOSCOplC |

constants for the ammonlum groups are s1mply related tQ

oo
I
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. bhanges in the chemical shift

C gt N

L
Y . 8
their macroscopic constants by the equations, k3,3 =

Ka124 = KA3/2 and Ka1334 = Xa1243 = 2Kng-

3. Acid Dissociation Constants4of PSSC

144

The. deprotonation scheme for PSSC is shown in Figure

Y A -

. 26.- There are no literature values for the four

macroconstants of PSSC, Kp; = Kpg. These four values were

determined by 1 NMR us}ng”the methine chemical shift data

’

of Flgure 35, .

The lH chem1ca1 shift data (Flgure 35) for the CH
resonances of ‘the penicfllamine in ahd cysteine moieties
. o , S . 2
of /PSSC were used to calculate the fractional titration of

/

* h
o

the two carboxyllc groups .of PSSC (fl d and f2 d) over the

pH range '1-5 using Equatlon 85.

Since thé proton on the C, carbon of the

/

‘penicillamine part of the molecule is seven bonds removed

)
Ty

from the car%oxylic acid~grotp,of;the cysteine part,
of the proton onvthe\
penicillamine ¢"carbon over the pH range 1-5 are assumed

13

_to.be due only to tltratlon of the pen1c1llam1ne

¢

carboxylic ac;d group. leewise, changes in the chemlcal

/

jshlft ‘of the cystelne Cq proton«are assumed to be due to

titratlon of the cysteine carboxyllc ac1d group. Hence,
tﬂg Chemiéa; shift data Qhre treated by the unique

resonance method using Equation 86 to calculate p. The °.

)
~



. titration of “each of the two ammonium groups (f3,d and

/
o

macroscopic constants, KAf/and Kpo, were obtained by
fitting P versus pﬁ data to Equation 79 as described
earlier. The values obtained are listed in Table 7.
Macroscoplc constants Ka3s and Kpg4 were also
calculated from the dhemlcal shift data for the- two a
protons over the pH range 4-12. Agaln, the data were
treated by the unique résonance method. Fractional
f4,d) was calcnlated as a function ef pH from the chenical
shift data in the pﬁ range 4-12. The ammonium groups of
the PSH and CSH parts are labelled 3 and 4 respectively.

Figure 39 shows the two fract10na1 tltratlons as a

function of pH. p was then calculated and the results

“used to obtain Kp3 and K 4. P data are shown as a

s

[y

function of pH in,Figure 39,

Microconstants were calculated from the _
. N @ . ’ » "
macroconstants By calculating the‘average ratio of the
1 .

concentrationsvof species Q and VI (Figure 26), which is
equal to the ratios ¥5123/ka124 and Ka1243/Ka1234- The

average value obtained for the ratio using Equation 88 is

4

1.70 + 0.05 from data at\21 pH'values. The microconstants

\

were calculated using-this value and Equatlons 67 68 and

~ -

- 87 as described earller.. The" results are listed in Table

Rl

8.
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W

A oH

| Fighre‘39. The‘pH dependence of the ffactional titration
- of thé penicillamine (f3fd) and cysteine
'(f4,d) ammonium groups of PSSC and the average.
number of ammonium groups per molecule (p).
'.TheAsmoofh curve through'the P data is the
theoretical curve calculated with»Equation 79
for the values of KA3 and‘KA4 listed in Table

7“.

IS



The .species distribution diagram for PSSC is shown in

Figure 40.

E. pH Dependence of the Chemical Shifts for the 'H

Resonances of Imidazole

N

‘Because it was not convenient to measure the pH of

some solutions in the thiol/disulfide exchahge

experiments, imidazole was used'as an internal pH ‘
S | 3 o
indicator. The basis of the method is that the chemical.
shifts of the lH NMR resonances for imidazole are pH

. Y =

dependent. 'This pH dependence is characterized.in this °
section for use in the later studies.

The acid dissociation equilibrium for imidazole is:

H  H H H. .
\c - c/ . N c/ -
/ \ + KA . ’ / \ * ‘
, HN\ 4NH = HN\ 4N + H | (94)
v H 2

The acid dissociation equilibrium for imidazole can be

expressed as: L , S . L

Ia)

pH = pKA + log T V P (95)

Y
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In. the NMR experlment, the fractlons in the protona;ed .

"B \'&

(fHA) and deprotonated (fp) forms are dbtalned frdm‘;he

chemical shift data, rather’ than the concentrations.

since [A] = £,([HA] + [A]) and [HA] - fHA([HA] + [AJ).

EquatlonMQS can be rewrltten as \

Y

Y

. . "fA ‘ DR B
PH = pKy - log 2= (96)
- A e
£, and fy.can be expressdfl in terms of the observed
chemicalfshiftfas;/ff | T Ty
B R SN SR SR
' . ~obsd HA S, . ,

| ‘“\\\\e;ez//(f‘ B

15

o —6 R
». : A pdd SRR -
S e oy (98)

v."i ‘ A HA\\ '9 ?
Substltutlon of these equatlons 1nto Equatlon 96 ylelds i

. . bsd  HA, -
pH = pKp + log (6? §v5 _.T)_
: - S TA qbsd:-

| "'=(‘_99)'t~ A

B




of pH in Figure 4}. Each spectrum consists of two

150

1H NMR spectra for 1m1dazole are shown as a function

&
k

SLnglets of relative 1nten31ty approx1mately 1:2,

correspondlng to the protons C2-H and C4 5~ "

_respectlvely. ‘Chemlcal Shlft data.are presented as a

‘function of pH in‘Figure 42. These data were treated. by

the method descrlbed at’ the beglnnlng of thls chapter for
a"monoprotlc acxd ’Values of 7.28 + 0,01 and 7. 27 + 0./01
were obtalned for the pKA from the C2-H and C4 5-H data,
respectlvely These are in good agreement w1th the
llterature values of Tydl [101] and 7.15 [102] ad]usted to

j\‘
“the present ionic, strdngth condltlons. Although good

.estlmates of the chemlcal shlfts for the HA. and A forms of

o 1m1dazole could be obtalned frotu the 1low and hlgh pH

chemlcal shlft data, 6HA and 5A were also treated as

. unknowns ln the non—llnear least squares curve flttlng

calculatlons.; The values obtalned for GHA and 5A are:

o’

8 7000 + O, 0007 ppm and 7 7820 . 0. oooe ppm for C2-H and

,:+_

+

7 4892 '+ O 0005 ppm and 7 1380 + 0 0006 ppm for c4, 5 H.
The equatlons whlch relate the.observed chemlcal shlft to '
pH aref for the C2—H and C4 S-H resonances, respectlvely:i

6obsd -8, 7000) | “”(1605 S
77820 “>aobsd.\_l‘_‘ - (00)

U pH = T 28 + log (
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Flgure 41 1H NMR spectra at. 200 MHz of 0 05 M 1midazole
- - ,Ef- 1n l M aqueous KCl 0 003 M EDTA solutlon... ;:»'_1.
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- 7.4892 - -

obsd -
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S | 5 L
‘pH = 7.27 + - log. ( obse. =) .. (01) .

7.1380 -

T A

The most accurate values of pH can be obtained from‘

1m1dazole chemlcal Shlfts over' the pH range 6 3-8. 3.

( 0uts1de thls range, the chemlcal shlfts approadh those of"

the HA and A spec1es, and small errors in chemlcal shlft

: measurement result 1n relatlvely large erfbrs in pH.:El
o _ . -



.’rea%siOnsAinvolving.penicillamine.(1 in Figure 14) are of

l;PSH/GSSG system are - descrlbed by ';_~

' CHAPTER IV ¢~

.o
3+

EQUILIBRIA AND KINETICS OF PENICILLAMINE/OXIDIZED
GLUTATHIONE THIOL/DISULFIDE EXCHANGE REACTIONS
&

A. Introduction

As discussed in Chapter I, thiol/disulfide exchange ° )

A )

‘importance for the understanding Of'penicillamine

metabolism. In thls chapter, the equlllbrla and- klnetlcs

of the thxol/dlsulflﬁeqﬁ§ohange reactxons for the -

pen1c1llamlne/glutathione system are characterized over a

range of'sOIution conditions. Glutathlone is generally

“the most abundant non—proteln thlol in: cellular systems,

e.g. it 1s present at the 0.002 M level in human ')v

| erythrocytes [108 109]. The reduced form, GSH-(4 in"
' Flgure 14), is in equlllbrlum w1th 1ts oxldlzed form, GSSGf_

(5 in Flgure 14), ‘and the equillbrlum favors ‘the. GSH form. L

For examg}é“\in lthy human erythrocytes, greater than

f99% of the glutath1one 1s 1n the GSH form [110] How%ver
,1n blood plasma, the extracellular flUld contains a small"

"_amount of GSSG and no measurable amount of GSH [111]

The thlol/dlsulflde exchange teactions for the 'ﬁf.l:

,
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PSH + GSSG. ? PSSG + GSH IR (102)

PSH + PSSG | PSSP + GSH (103)
~ ' R |

'!As shown 1é~Chapter 111, the flve spec1es 1nvolved 1n\\v
‘these two reactlons ex1st in Varlous protonated forms,elﬁ
dependlng on the-solutlon PH, and thus, the equlllbrla andt?“
kxnetlcs of these two reactlons are expected to be pH B

' dependent., In thls chapter, these reactlons have been
studled ovér the pH range 4-10. Flrst the equlllbrla and
then the klnetlcs of the reactlons are descrlbed. |

' R B i
: The equlllbrla and klnetlcs for the ox1datlon of\

’

P

acetyl D, L—pen1c1llam1ne (N PSH, XIX) by glutathlone B

dlsulflde at neutral pH are. also reported ';-eh_;jihx*

»Ei:‘ cnxonucuco ~57‘fgﬁifrjg_¢,griro*ﬁf “
Tl A ;_Tscwrc CH, P
“1}-’v“f3m,l*7{f" ;ﬂj;a;;; 5?j,§f751ft'ajf;/ R

In the above stud1 S, glutathlone d1sulflde was j1]§' : ‘
ztural occurance ln b;@loglcal 3tf!¥*¥*"

”'systems [111 112] becaugf 1t 1s 1nvolved in’ the *g;f

o L T T T
L e R T D T e B T e T T



metabolism—of PSH [28] and, because, to a first

apﬁroximation, it serves ‘as a model for dlsulflde bonds in

protelns since 1ts cystlne is placed between “two amlno

fa01d residues.

" B. Determination of Equilibrium Constants

-

~

. '.

L : As mentloned above, the equlllﬁrlum constants for
’reactlons 102 and 103 are expected to be pH*deﬁendent‘
because of the acld/base reactlons 1nv01V1ng amlno, thlol

and carboxyllc ac1d groups over the pH range studled.
.1"'

-These pH dependent equlllbrlum constants can be expressed

b

in terms of the ac1d dlssoc1atlon constants of the

-reactants and products and the equllfbrlum constants for

wthe équlllbrla wrltten in terms of the fully deprotonated

b._spec1es accordlng to the model shown below.ﬂ'

TR EHE R A

1y The!Model e

[

‘ The thlol/dlsulflde exchange reactlons,'wrltten 1nv

3ﬁterms of all spec1es 1n thelr fully deprotonated forms

. arem,V:ﬂ o

ps2” + Gsse™ 2 pssedT 4683 . (10a)

156
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where tne varlous spec1es are deflned in Flgures 21 23"i -

26 28 and 30 in Chapte§ III’ The exchange eqUillbrium 'f;ﬂfffﬂ?ﬁ
VJ v ) . :

constants for these reactlons ameq

R PSSG 6sdTy e e
T K1~‘.[ ][ ];:; o (108)
.. Les J[GSSG ) ek

. [PSSP ][Gs ]tj~

7 es? ][PSSG3 je;};s,f,ﬂ

N : . —
]

TR Expen“‘entaHY' eQU1llbr1um constants for reactlons

102 and 103 were measured over a range of pH values.,f" e
R b

,A-Slnce thelr magnltude depends on pH, due to prOtonatlon

: ._’ . 'y ' R
_51_constants are condltxonal equlllbr um constants and will 7~<<=~}“

‘,]jbe refe:red td as ch and K2Cr.'Qﬁ”f‘f53*' . l“uf‘"773"ﬁmf.’?¥"7{

;reactlons oc@prrlng 81multaneouslyi ﬁhese equlllbrlumj:ffff3{7"’”

LR sifj_;f;_‘;-.“[pssGJ EGéH]* o
| e L [GSSG] ?t""?‘

':;V?f;eff'tpssp] [GSH]_Z}ijf~7f_'
éf'EPssc] [p'

R

R N
A

"




/

- "4-K1'.!.‘A -y
Ps’+ GSSG' = PssG’ +Gs’

o o

(pspsw) GssG” o psse’ (asHTasT)

R AL SN

L .'0 2~ , -
~ PsH’ GSSG PSSG™  GSH

y

S ; K}C‘ PR .
"Sl1t4(;$SN31 ;5£= F&;S(;t + (35*1,

o
o

Figure 43. The model used to evaluate equilibrium and

kinétic data for the‘PSH/GSSG’exchange

reaction in the pH range'ixlo. . L
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§§
dissociation constants are defiped and their values giQen
in Chapfer III. At a given pH, the fractidnal;

o

conéentrations of PssG3-, GS?', Ps2~ and GSSG?~ are given

by a) — a4 réspectivelyaﬁf o S =y
s oF K. K-
« [pssG™ ] i A4 AS '-(110) :
1 ° {pssGcl, _ 2 - o)
't o+ + K K
3 * % Kag T Padas
NV 3
[Gs 1 >~ A3 A4 '(111)»
a2 - =
) [GsH], . . 2 ‘
S + .+ K _ K
' % T % a3 T Ta3 a4
L 2- K _ K _
’ _[ps™ 1 ~ A2A3 o '(112)\
T .%3 " [psHI. .2 . ‘ ‘ (1]
’ ‘ ' £ a. o+ + K o
| A I VR PIY
}. : .
4~ . KK . e
[GssG ] _ A5 A6 T
= = = : (113)

ag = = — ——
Hassel 3y Tay K ? Kgs a6

W

Rearrangement of these equations and. substitution

. into Equation 108 Yieids: .‘ ’ B ‘ ‘."'“\f
- rpsse’T1les 71 ;% % -
ch .='_. o . (a " ) ( l,,14)
Y J{ps” Jfessc 1 .1:2 -
frém which £he-equa£ibn ‘ ’ ‘
. i . a‘ Q- . :
- T T | -
| . Kie = k(—) - (115)
\ : o1 % R ‘



is obtained. According.to Equation 115, K, can be -

+160"

calculated from ch, using values for ay -~ ag WhiCh canvbe“ﬁ

calculated for ‘the pH at which . ch.is measured.

TR L
Ky can be related to ch by the’ ‘same approach.. The

result iss: |

Kac = K2 (5

“where ay - a3lare defined:by Equations‘110-112:and'
: . : K . . ._.
[pssp ] Ka3 Xaq

[PSSP] 2 . o o
: + - + K - _
"aH % a3 ¥ A3AKA4

2. Determlnatlon of Equlllbrlum Concentratlons

lH NMR spectra of reactlon mlxtures contalnlng the

N
\

various spec1es 1nvolved in reactlons 102 and 103 were -

‘,

characterlzed in Chapter III As described in Chapter‘

i

). .:(ile)d

. (:11-"7)' o

VIII well resolued methyl resonances are observed for the ‘

three dlfferent forms of pen1c1llam1ne (PSH PSSG and

o

B PSSP) ‘ The equlllbrlum constants, ch and ch were .

< etermlned u51ng equlllbrlum concentratlons calculated

froml\he\intens1t1es of the methyl resonances for Lo

dlfferent solutlon condltlons by the follow1ng

procedures, Flrst, the areas of well resolvedzkesonances



," .

7

for PSH, PSSG aﬁd invsome cases, PSSP, were‘determined

"descrxbed in Chapter II.' The fraction-(f) efvthe tetal,

J ’

'pen1c1llam1ne 1h each of these three forms was ‘then

/
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as

: calculated from the relatlve areas us1ng Equatlons 118— .

d;zomfb o N

A i ‘
L.f ’area PSH, TesGhance .
Psﬂf' .~ total area 1, - (118)
| . area PSSG’resonahce : G
/. -"PSSG" " total area _(319)
ol ik area PSSP resonance , léb\
f PSSP total area /! (; ,)';
.y ) ) & ¥ T
| ’ 'ﬂ

where tot l area equals the sum of the areas for the PSH, o

\ ,7;

’PSSG and SSP resonances. Concentratlons of the three i

f.pen1c1ll#m1ne spec1es were then calculated from these

~'s and the 1n1t1al PSH concentratlons, [PSH] withtV

s 121—123,j T 5,?i:‘ .
| IesH]y = fpgy (PSR, - C (121
- s ﬁ - ST
ool - fresg DSl . Gz
o o | i SRS R
[PssPl, = fpggp [PSHI/2. o (123)



1904

The factor 2 in Equatlon 123 accounts for the fact that |
for each methyl resonance of PSSP, 6 methyl hydrogens are o
1nvolved versus 3 for each of the methyl resonances of PSH. *_

. S N

and PSSG. The equlllbrlum concentratlons of GSH and GSSG

were then calculated from these concentratlons and [GSSG]

and [PSH] w1th Equatlons 124 and 125. f;j; i_é‘_{jv  “j»N
e "EGS“]tF‘ .[Psﬁlo‘ - [psHl. '.-'-(‘1‘2,4,-‘)
2 ' - [PSH] -_' '[.'pst].o = [,Ps’s_f_c;]t
[c;ssc;]t = [GSSG] — (.125)

ey - . .

e

ch and ch were then calCulated°by substltutlon of these
' DL , o

concentratlons 1nto Equatlons 108 and 109.-

’.3,ﬂrExper1mental Data :» ffsﬁ*,g'.sf Lf;::.f.‘[ f(eid='

e

o+

Equlllbrlum data were collected for three dlfferent

‘ sets of experlmental condrtlons-» (1) 1n 020, under an

argon atmosphere, (11) in H20, under an argon atmosphere

and (111) in HZO, under reduced pressure, 1 e. the NMR

¥
tubes were degassed under vacuum and then sealed. The

.\\.

,latter technlque was found to be necessary for the
‘hmeasurement of K2cr s1nce the klnetlcs of this reactron
.fare slow and -at the long reactlon tlmes requlred .aerial
h’ox1datlon of PSH and GQH lead to 1rreprodu01ble results;

w1th experlmental condltlons (1) and (11)

,.p-_
0.



The results obtalned in Da? and H2o under an. argon
atmosphere are presented 1n Tables 10 and ll, ‘
respectlvely The areas measured for the PSH and PSSG

';methyl resonances were obtalned less than 24 hours after

’Z_‘mlxlng the reactants for t?e data in Tableérlo and 11

163

' Beyond thls tlme, PSSP and PSSG resenances 1ncrease due to -

.'alr OXLGatlon of psn and GSH to. PSSP and PSSG. When an

’jllncrease ln the PSSP or PSSG resonanc s was detected (due,

-jto aar oxldatlon){?area measurements were stopped. .As

'usi'shown later 1n thxs chapter, the klnetlcs of reactlon 103 'l;‘

‘hhat these concentratlons andtgﬁ values are suff1c1ently S

‘e

h.slow that reactlon 162 has reached equlllbrlum before'r

;ffuoxldatlon to form PSSP beglns.u Thls was also conflrmed byh :

. ‘f~ . . : . /
'fa constant value obtalned “for. the relatlve areas when

‘;measurements were made hourly from the tlme of m1x1ng.
"j;Thus, these solutlons are at equ111br1um w1th respect to

‘.'reactlon 102 but not reactlon 103.. Under~these

\

':condltlons, the amount of PSSP present 1s 1n51gn1f1cant

. and the fractlonal concentratlons of PSH and PSSG in-

L,_Tables lO and ll can be determlned by Equatlons 118 and

¢

‘"_‘ll9_ The total area is taken as the sum of the areas of

i PSH and’ PSSG resonances.ﬁ The relatlve areas of PSH and

"PSSG in Table 10 are- 1nsen51t1ve to the solut’on pH up to'>

"_pH ~ 8 At greater pH values, the areas of PSH resonancesi'

L

h'7decrease and correspondlngly those of PSSG 1ncrease,

— . [}

. . - . : L o ’ . TN



~ .

~ 3.80

. 6.42

7.23
T 736
8136
" 8.44

.60
;10.53_‘,

Table 10.

pD.

equilibrium constanty ch.

‘[psH] 2

4.51:
4.53 -
4.94"
5.48
5.62
6.25

1 6.75

9.38

under a blanket of argon gas.

" 60.0
360;1
60.0°
60.0
‘60,1

60.0

160.0 . -
60.1. .
60.0.-
60.0
60.‘1‘ SR
60.1
60.0
60.0
- 60.1
6041,,’7

“Lessc],
mM o

60.0

600
60.0.
60,0
60.0uif’
60.0

60?6;1'

~60.0

. 60.0
© 6040
- 60.0

R

60.0

" 60.0
. 60.0

‘area PSH

45.0
. 45.6
46.6
44,0
45:2
45.8
5.0
S 47.0.
L4409
- 49.3
. 45.8
45,67 L
437
fo38;8.'
 39;6uiv
22;9]‘

bUncertalnty 1n ch value 1s ~15%.

v

Experlmental values of the conditlonal

as a function of pD;

érea'§SSG:

55.1

\ §6,7tfg L
_54.2 0 o0
{56 3
B 61 2
61.0
'vaa 0

,'°

/o
& were measured in Sltu at 25°C and/w1th1n 24 hours.

55.0 .
54,4 -
"53?4}

56.0

54.8
54,2
. 5“55;q
~53.0

b
ch

2 N

1,49

1.43

S1V3y
1.62
. 1.48

\ 1.. 40

L0

1.55

1.4
1. 42_u

CLes
vﬁ=2.49;}g.*
. 2.45 .
”.’12;73;fij"

. aSolutlons prepared in 2 M NaClO4, 0 0005 M EDTA in. D0 T
" The equlllbrlum‘eonstants.fj__



Table 11, Experlmental values of the cond1t10nal

equll;praum constant, ch,.as a function of pH

o

" 10.01 .

aSolutlons were prepared 1n aqueous 1. M KCl contalnlng

e pH [psu] 2
7.24 26,17
7.46 ~. 102
7 7.46. - 102
Sa ‘ .
| 7446 '8.58
8,01 8.58"
8..04 26.1 .
| 9.13 26.1
o >9;i6 8.58

[GssG],
T mM.
2199
132

120

8.03
121;9
21,9
. 8.03

8 _0103 .

N

Ky

C

0.95 .
1.14

I.;r

1.597

1.05

~

be 003 M EDTA Equlllbrlum constants were- calculated from

4spectra for quenched allquots

i 75 hOurs after mlxrng of the reactants

1r2§°c,',

LoE

R Allquots were taken w1th1n

' Temperature was -

165 . ¢

h



_102 to the rlght.» Thls corrésponds to an’ 1ncrease 1n the‘
' e e
value of ch at pH > 8. IR SO

The regults obtalned in HZO under reduced pressure 1n

sealed NMR tubes are glven in Tables 12 and 13. The

_ purpose of these experiments was to evaluate sz as well

166

das ch, under condltions where aerlal ox1dat10n to form'. R

PSSG and PSSP is mlnlmlzed For thlS, 1t was necessary to p*ﬁvw

N

?establlsh when the second reactlon had come to

Sy .
<

1equ11ibr1um. The extent of. the reactlon 1n the sealed

every few days for a perﬁod up to approx1mate1y one

2 vl

é,mOnth : Typlcal data obtalned over a 17 day perlod for a
v'pH 6.9 sample are shown 1n Table 12 These data 3 |

. ‘demonstrate that the flrst reactlon reaches equlllbrlum

]rapldly, w1th1n the tlme of the flrst measurement, and
';then, the second reactlon reaches equlllbrlum somewhat

‘lfmore slowly After 27 hours,»the area of PSSP shows th’t

»
-/,

vthe second reactlon (Equatron 103) has not yet reached
"fequlllbrlum. From these data,vthe forward rate constant
K N O
:for the seCond reactlon is estlmated to be 0. 0004

1 B

: \tubes was qenerally monltored by measurlng 1H NMR spectra C
IR .

™o

”t;M'lmln v; whlch 1s 1n good agreement w1th klnetlc results~vﬁ,

presented later 1n thls chapter. Because of the slowness RN

rof the second reactlon, data for thls reactlon (Table 13)

Qﬁwere obtalned over a long perlod of tlme to ensure the ;V.th~'



WM,_,.. .L..moo oﬂ“ MNO ,m UN& ﬁcw NH o , m¢ A‘w UH& aaxe. mmsam> ommuw>m mﬁﬁw
%mﬂ‘»w.pwi N . _ a..ESHuQAHAsUw @mﬁum&&%um% uoc mﬁnmnoum wmﬂ moH ﬁOAuUmwmv

- m,_,.w .HOa ooH mcoAumswm ccm umaﬂm HmUHEwsv maoumana mcams kumHsvﬁmv mm

e , e u... “m.,_w_u.mcoHuav:Ou Amoau:wcA uwocs hamsomcmuHsEam cwuouacos

Thet s

q‘w.:OAUﬁHOm wEmw w:u 30 mmamEMm amuw>wm woxz wmsam> mmmuw>m w:v me.wa pue. UH& 303 wwsam>n

.U mN .wusumuw&&w&

ﬂ.<ma z ao o Ucm mﬁbnmcaeH W ¢o o meo momo o .mmm z Navo o .coaumuuCQOCOU _
AMﬂuﬁcH,_.<BQm z moo o mcacamucoo COHHDHOW Hox Omsvm Z a ‘ut Uwummwum mcoﬂusHowm

“mmao 0 _bo«.._ﬂ_._.._. et Cstsy mmmmm 9~ Nnmm L ovmvm .___,._wom._m,
\%J@WJ,mwmowo_:uhemH;, @p wmwm_, | w muv¢. w:;mmowww; i  ommom_ o¢mm p .www¢wm.@wmome
‘(,mﬁ.,o..o«;vvéh_ oa m@ mmm omo??» Nn?w E

H_u;,.mmaowo” .dosﬂ .  mua.. _ ..muov.,W:mffmqam_f‘tfwmfl, w i 1.;. ﬁ;,ww; vmjmmm_
RS - MmJH.A.ﬂ_.Nmﬂﬂi@@,ﬂ;“mﬁmv. @W _nwwﬂm_,..ﬁ.amwwH mNmm h‘ mmN¢ w .a%th
P R w_. _f.,n, T ,Aiw R R Awad&mcaEHv ;_&mum
w e i gmoam . dSSsd mwumdn.wmmm.mNMMm ,mmmwmvum:. .Umm_w umaﬁw HmanmSU. mEHB.

. ,.J«....../., R : q m.mmﬂﬂu mzz @mammm ur wMSmwwum Owosowu Hwocs .UN&

-

v:w Uﬂx mucmumcou ESAuDaaasvw wﬁu HOM wEau wo ﬁOAuocsm e, mm vmcamuﬂo mwsam> : NH 0H£@P

. L

. o



‘Table 13. - Values obtained as a function of pH for %he : 1jw-'

: equil;hbrium constam’.s ch and ch undgr reduced /

o

.'*,lfbﬁgfﬁ [PSHB " lessely -
SRR l,@“\;w STl
N ~mM:ﬁ-:vg,,--fva;,_-h g

B 2\0 250 17eb |
;;lsill_ | 4314 i:ié4}§7}ff4d7?e£}53f,7e5?$ P
’lf5ﬁi£gf“3 48 3 :T;?‘:4a 7“t'if?fdii%351ffi5dﬁf. | _;,dlﬂq
””dS}asd . 25 3  l_ié5 of?dfrﬁfiu}§é4l;fijlb o | d' :
6.00° 'iﬂ. 43, 4 ”d}‘f24 9:5;f‘o'iji;ii?;}f?f;bﬁfigf5”°ﬂ“
"n}d 5!91/4f i 2 t}lf3o slfff;;f;}i}43f?f{f;9lbéédi;=e**5”“
o _3‘21?9i?ff""48,3,;¢lfd?f48ﬁ3l:iigdokfi¥iéﬁfl55J6*¢3déﬁfi;’
'rikféfffééd?;]574l?if§sf‘iff?§;é. 1 ,d?° 0385;ff#;;0;;

S\ T T e S
| /e.100 484 . 488 1.42° '6ﬁ6435 T

./ sl97 a2 30.8 . 8.79 ,o;zq4qgﬁj};~?4*

R

: * EDTA.v Temperature, 25 C.; Sealed NMR tubes. :

‘ bReactibn 103 15 not yet at equiribqium. R

‘igeaction followed for 2 Qays. Relative heights were

*qi | used.ni }ogﬁﬁjg;ovk";;,ﬁ;ge,-fgyfx L




’ R SOt c D R

e EREE ;;: _v tv s L..?n,‘ ,,% e
,;esecond reactlon had come to equrllbrlum.: Due/Fo th@“&'jhﬁfr7 L
frelatlvely small amount;gf PSSP whxch forms,;rt was'Lﬂfﬂ‘:
;'t.{hdlfflcult to measure'KzC wlth a hrgh degre;‘of’pr:C1510h.d;dgit"
» Imldazole was added as an’ 1nterna1 pH 1nd1ca£g: fof:lﬁxﬁyfx
;Afsone.sampies ins the pH range 6 5 K\B The”pH dependencehﬁ
?L;of 1ts chemlcaf)shlfts" as characterlzed An" Chapter III,f

:-

A

'fﬁwas used to monltor the pH.. As shown 1n Table 12 the pH

t.of the solutlon 1s relatlvely stable /bhanglng by only

’:iO;v3 pH un1t over 17 days.? At pH 8 thls change 1s tw1ceh}y$?“}j
t?!as much The cause of thls small change ls unknown and no

Thfalbeaks due to penLCLllamlne—conmalnlng 5pec1es produced by
’¥;81de reactlons were detected at pH 6. 9.3 However, at pH >
Aigd,.as:manyvas three unldentlfled pen1c1llam£§e resonances

~'ff;were observed presumably formed by 51de reactibns.\vThelr

; chemhcal Shlfts are r QG l 32 and 1 13 ppm w1th respect

-‘z“gﬁbeDS at pH 10 Thelr rates of appearance depend on the
Hffxiihlhsolutlon pH,}lncrea51ng as the pH 1ncreases. At pH 10
‘jxthelr rate constants were estlmated to be ~ 106 tlmesi¢§7“: '

“':smaller than the forward nate for reactlon 102 At the \

icopcentratlons used in these experlments, these.addltLonal ‘1iﬂ
. TR : //’fygﬂc

“irvsresonances were flrst notlced at 21 dgys, 8 days and 30 (

:hhours after m1x1ng at pH 8‘:9 and 10 'respectlvely f;ﬁo\}f

Tl

*gfaddltlonal resonances wire observed at pH 7 for as long as""

et PRSI SN

3?;30 days. :




'_t-; \g Calculatlon of pH Independent Equlllbrlum Constants

.?f. were used In the flrst a valué wa'fﬁly

The equlllbrlum constant, Kl, defxned by Equation f;xu

i

- 106 ‘was’ calculated from the ch values given m"rables

x ; . 0 :

10 13 usmg Equatlon 115 Two procedures” t° °ca1°‘ﬂate Kl-»r-v

.

.".

'”3Zf from each of the Klé'values 1Lsted 1n Taples 10 13 ‘Tﬁéié*’*

?;a:'values given 1n Chapter III for the ac1d dlssobiatlon

\"”;?constants, and the Kl value calculated w1th Equatlonlgi”

; term “1“2/“3“4 was calculated at“f'cpbpartlcular pH using

- “;115 For example, at pH 3 80 thQ ratlo “1“2/a3a4 equals ‘%hu

‘-fff;24 7 from whlch a Kl value of 36 8 1s calculated a; PH

':uﬂ.;B 06 the ratlo 1s 37 l and Kl is. 26 7‘ etc.- The average ;g;f

’ H'llnear standard devration was O 9 d The values predlcted 5

. ._,n“_ 'f‘ H

ﬂu;the alaa/a3a4 values at pH 3 03 and 8 06 :

7f¥ﬁexampleS are l 41 and l 31 respectlvely._ To furth,r'show*>” |

'7F1gure 44 Also plotted as the solld curvevlsfthe‘;{
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18
161 -

14

10

_ch_

Figure 44.

o

v & . .
. Plot’ of the conditional equilibrium constant

K for the reaction of PSH with GSSG, veisus
the golution pH or'pD. The solid line thrbugh

the paints is the theoretical dependence of

. Kyo on RH predicted by equation 115 with Ky =

034:8_ aﬁd the constants in Table 7.

%
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115. Agreement between the théoretfcal curve and the
experimental data is excelient, péfticulafly at pH < 8. .
At pH » 8, there is more scatter in the da;é due to the
problem bf air oxidation described above énd to’thgv
increased’sepsitivity'of K;. to the érrdr in the solution
PH, howéver, there is ggneral égreement between the .
experimental and predicted behavior; - o E
 The equilibrium constant Kp, defined by Eéuaiiqn 107,
was éalculated from the six values 1isted‘fof‘ch in Taﬁle
13 using Equatidn 116. The data atipH <‘6_wer§ nét used,
even though PSSP was present; because reactionf103,had not
vet reached equilibgium. The behavior of Kéé»as»a |
function of pH is similar to that‘obéervgd‘fof Kic. .The
same two procedures described above for thé caléulatioﬁ of. -
Ky from K. wer?'also used for Kj. Thg'individua; valﬁe
obtained by multiplying each Ky value by ‘the Valﬁe fof:
‘ajag/ajag at that pH ar?'liété&}in column 4 of Table 14.
The avefage of these six valges‘is K2'=.0.85’t 0.21" E
(standard.d;viation). .The value‘obtaingd'by’fitting the
data to Equation 116 with KINET is 0.994 * 0.098, (linear’
standard devi;tioﬁ). The predictea ?alues for K, as a
_function of pH are 1iéted in column 5 éf Tab1e 14,
Considering the unce;ﬁainty«in-thé méasufément of.fhe
kequilibrium concentration of PSSP asrdiscuséed éarlier in‘
this chaptef, theré‘is reasohable’agreement between thél

-

~experimental predicted values of Kyg-
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Table 14. Observed and predicted values fo:'ch in aqueous

pH

7.35

. 8.06

A Y 9'- 10

26.0

26.0

solution.?

25.6

25.0

16.7

~—

” ‘\KZC

0.0220
0.0306
0.0385
0.0336
10.0435

0.244

"apata are those of Table 13.

bralculated using Ky

0.573

0.794

0.986

0.840 "

0.726

' . "v“‘{: .
prediﬁ?ed

.0.0382

0.0383

0.0388 .

0.0397
0.0596

0.205 .

0.994 and Equation 1l6.

»

DA
P
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C. . Determination of Rate Constants

P

In this section, the kinetics of the thiol/disulfide .

reactions for the penicillamine/glutathiore system are
g _ _ .

“%he equlllbrlum constants, the magnitudes of ‘the rate

constants depend on pH because of protonatlon of the

thiol, amino and carboxyllc acid groups. The klnetlcs of

the thlol/dlsuhflde exchange reactlons are characterlzed

by the four'gr dependent condltlonal rate constants, klc'j

kKoor k3¢ and k4c' as deflned in Equatlons 126 and 127

kKie

PSH, + GSSGy ————=* PSSG, + GSH, ©(126)
r . . :
- ‘ 4‘,'k3C_'j , o | ,
PSH, + PSSGy ::k_"—".___—*'P_ss_pt-WéGSHt o (127)

where PSH, 1s ‘the sum of the concentratlons “of the varlousf

protonated forms of PSH at the partlcular pH,_etc.

‘As dlscussed 1n the prev1ous Sectlon.,the rate Of the 3{-

second reactlon is much slower than the flrst and thus the7

P

, klnetlcs of these two reactlons can . be characterlzed

“characterized for a range of solution conditions. As with

, .
/
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separately. The kinetics of the first reaction were
characterized by measuring kic-as a~function of\pH over

the PH range 4 to 9. .The reverse rate constantlefzc} can
'then be calculated from klc and ch, the cond}tlonal _
equilibrium constant for reactlon-102'atwthe partlcular;

pH. TheAkinetics of the second reactionfwere.s o .

‘charaCterg&ediby'measuring kK4c over a range of pH.

~ values. The rate constant, "k3¢ can then be calculated

A

from k4c and Ky, the condltlonal equ111br1um constant for~‘
+ '

the second reaction at‘the’partlcular pPH.

1. The Reaction of PSH with GSSG ». {‘p" ,

The klnetlcs of the reactlon of PSH w1th GSSG were

Studled over the PpH range 4 to 9 w1th concentratlons of

-

»reactants ranglng from 0. 0015 M to 0. 024 M. Altogether, h

\

L twenty -two klnetlc t1me course. runs were successfully

carrled out, elther 1h 51tu 1n a 5 mm NMR tube, or In\a

~.
-

,reactlon vessel In the latter case, alquOtS were - »ff\*<\;p

dw1thdrawn as a functlon of tlme and quenched by lowerlng o
the pH._ Experlmental detalls are descrlbed in- Chapter

dII;’ Typlcal tlme course spectra are shown 1n Flgure 45
Solutlons of PSH and GSSG at pH 4 (left spectra ‘in Flgure»»p
‘45) were mlxed together at tlme zero and a 0. 5 mL allquotbf
transferred to‘a NMR tube.{ The reactlon was followed in |

_situ bypmeasuring NMRfSpectra,as a functlon;of~t1me. The
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';fresonances were detected after 83 hours (top spectrum),

’;jtlme in Flgure 46 (top flgure)

'reaCtion at

425 mlnutes and progre351vely 1ncrease 1n int n51ty

’l.pthereafter. These are due to the product PSSd\ “No PSSP

'ffnor after 8°days._ Concentratlons were calbuladed ‘as - a

",functron of tlmv from relatlve areas as descrlbed earller :

bottom speCtrUm,vtaken'154 minutes after mi ing shows only
.the two resonances of PSH, 1nd1cat1ng a- slf

S S

S

nh‘thls pH However, two new. resonances become v151ble after -

1n Chapter II. vThese results are plotted .as a functlon ofv:f

0

e
, .

flserles of spectra on. the rlght of Flgure 45 A small

"-_freactants. The area measurements ‘of the PSH and PSSG
"f’resonances were stopped after 29 mlnutes and,the progressgjt

hcurves calculated from these spectra..~'

Generally, 1t was observed that PSSP concentratlons

. 7o

’*reach no more than a few percent of the total PSH

At pH 6 61 'the reactlon 1s faster as shown by the" j

”-‘amount of PSSP 1s detected at 37 mlnutes after mlxing the o

‘5::concentratlon at the end of the tlme course

1

~pH > 7 5 and 1 2% was' detected 1n the pH range 5 6 7
N pHij’ ~8% of the total PSH concentratlon (O 002 M) was
fox1d1zed to PSSP at the end of two klnetlc runs. The

"'overall trend observed 1s con51stent w1th the results

?uIn51gn1f1cant amounts of PSGP were detected at pH 4- and at :i

'fffound 1n Chapter II (Flgure 10) for the dependence of the -
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L0 72000 4000 6000 aooo 1oooo _1‘2,o_oo 14000
R SN Tlme mn

0 25 30

Tlme mln

Figure 46.° Klnetlc data for the formatlon of 'PSSG by reactlon of PSH

&

"w1th GSSG at pH 3. 96 an¢a9 01.» The initial ‘ ; a§z3 Mj,ﬂhj,.
"concentratlons of PSH and GSSG were 0. 0160 M at PH 4 s
'73 96. At pH 9.01, the 1nit1al concenttatxons were R

0.00143 M PSH and 0.00137 M GSSG. The extent of. reaction
‘!was followed in-.situ (pH 3 96) and by quenchlng the V '

o ;_}_:" v7'reacti0n (pH 9 01) as-a functlop of tlme.-

. P
|
.



; klc' whlch 1s determlned malnly by the data near the o

- » ' : )

{

rate of ox1dat10n of PSH on the solutron pH;H This small
amount of PSSP ‘at pH 7 "did not, affect the value of Kic
31gn1flcantly‘ Thls was substantlated by’ the agreement,
between klé values obtalned by curve f1tt1ng and those‘i
obtalned from the 1n1t1al slope. For example, the lower'
‘limit of the rate- constant at pH 6. 97 with 7% PSSP

-1 -1

present at the end of the tlme‘course is 10.0 M~ min

. from~the 1n1t1al 510pe whereas klc,.from the curve f1tt1ng

3 e
= U

of the entlre tlme course data is 11.4 M lmln 1 The.

o presence of PSSP at the end of the reactlon affects malnly

~ the determlnatlon of the edulllbrlum concentratlon and not

el

beglnnlng of the experlment.f ThlS 10% dlfference 1s

L3R Ao <
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’ typlcal of- the uncertalnty assoc1ated w1th klnetlc studxes'f

[11@] R

In order to mlnlmlze errors in the determlnatlon of_j

the forward rate constants due to alr ox1dat10n at hlgh

"~w~pHrﬂthesln1tLal reactant concentratlons were.adjusted so

'that suff1c1ent reactlon of PSH Wlth GSSG to form PSSG had
.-l

occurred to characterlze the klnetlcs of the'reactlon_i

-y, . P

before signlflcant ox1dat10n of PSH had. taken place For =

'fggf:example,‘accordlng to Flgure 10 Chapter II 1ess than 1%

-

of the PSH 1n a 0 0025 M solutlon at pH 9 w111 be oxldlzed

Tto PSSP durlng a 30 mlnute perlod U81nq th1s calculatlon -

":as a. rough guldellne, the reactlon of PSH w1th GSSG at pH



L reactron'[;13} 1s-glyenuby::"'~li73/7Q1?;; &f

ihll29 51mp11f1es, at t1me ;.Q;;tés-

[ ’ 3

9.01 was studied by preparing a reaction mixtureihaVing;

‘,

- was followed by the quenchlng method descrlbed in Chapter

Ilf' The reactlon was completed Wlthln 15 mlnutes (Flgure

180

PSH and GSSG concentrations of 0.0014 M. The time course“.'

46, bottom)., No.srgn1f1cant=amount1of_PSSP‘wae detected I

at the end of the tlme course.

a,ﬂ The Qrder of the Reactlon

Although other thlol/dlsulflde exchange reactlons d

have been shown to be second order 0verall and fr{st order

in thlol and dlsulflde 1 e. 51mple SNZ dlsplacement -

(.

reactlons [43, 45], and to proceed via the thlolate anlonj;fﬁj

kR

[21 34 38, 43 45, 49], the flrst klnetlc experlments done on

"the PSH/GSSG system were de51gned to verlfy that thlS is

also the order of thls reactlon._ The rate of the forward
8

d'rljv :-. _,:_h  dfpéécj \ d[PSHJ

ECRE

N N

“hl PSH GSSG PSSG and GSH respectlvely If the reactlon 1s

o where’a; b;‘c and a 1nd1cate the order w1th¢resPect tO“}ﬂ L

R i ’/) D
o performed by m1x1ng Solutlons of PSH and GSSG, Equatlon



'where rate(t_o) 1s the 1n1t1al rate of the reactlon and

rate(y 0 - fkl'c:c[-PSH]oa[:GSSGJOP T s

[PSH]o and- IGSSG] are the 1n1t1al concentratlons of PSH

'and GSSG.; The 1n1t1a1 rate of the reactlon is glven by f@,w

ﬂhe slope of tlme course curves for PSH and PSSG_ ;f_b§ :ikf'."”"

Toe

BT o A concentratlon 2
Cmmte(e0) T ST ey %“3”

rLThe values of a and b were determlned at: pH 6 6 551ng

L]lnltlal rates dbtalned from the t1me courses for the

‘

f}3f1n1t1a1 rate of O 78 M/mln lt'

l',dformatlon oﬁ-PSSG. A pH of 6 6 was selected for thls

lj‘experlment because,, t thls pH, the rates of the reéctlon\H

-\

vare convenlent for contlnuous monltorlng 1n 51tu 1n the
:".,NMR spectrometer.~ | R
bvfdl‘The tlme course data were obtalned from three klnetlc-rlc
;i_runs and plotted as a functlon of t1me as 1n Flgure 46 ’
'°faiThe 1n1t1al forward‘rates were obtalned from the 1n1t1al.“
zslopes of the PSSG curves, as determlned by draw1ng a.irfi;
'?*stralght llne through the orlgln and the flrst few }lgsdh‘ fj'
.,iélfpolnts. The 1n1t1al forward rates are presented 1n‘Tablelf,%‘_ﬁ

rd15' When both PSH and GSSG concentratdons areCO 004 M,»an7‘:

';‘_ed. The 1n1t1al rate

I | . o o-181
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.. Table 15.:ADeterm1natlon of the forward raté and order of,;"

o *fthe reactlon of PSH w1th GSSG.
,‘:[?SHJQ.;_'.pcesGJO e Ratefg) kit

y“mMjf o mM j'ffﬁ;r.“eM/min IR Mf?qinf%;i“

4. oow-eT. 4,000 % 6:61 S, 0,78 7'1:"**4;9f~3£7

"v‘;4 oo;’j3‘*jta;bq,7fj7ej*-6;59_«fj’ 1. d/ -5;671”‘yf;5.9£*'“"

fJJl;T-;TI-:“" GRS
o, averagexien sian o

.'faSolutlons were prepared 1n aqueous 1 M Kcl solutlon
'ff_ contalnlng .003 M EDTA.f The extent of\fhe reactlon was;;,f‘
monltored 1n 51tu at 25 C 1n a 5 mm NMR tube Wthh had
I)(..

"fr been flushgd wlth argon gas.<;fi:ﬂv;@t:3w"‘

'.7"

"vv bCalculated from the 1n1t1a1 ;ate USlng Equatlon 132. ,i{f(f&ffE



R ‘pH 6 6

'“of thvalues by f1tt1ng tlme course data to

a}gsecond order revers;ble klnetlc model 1s approprlate ‘:*

183

cf;lncreases fo. 1 8 _/mln when the(GSSG concentratlon is
'}'i;doubled lndlcatlng that b lltd leew1se, the 1n1t1a1‘
trfrate 1ncreases to 1 8‘_/m1n when‘the PSH concentratlon.ls:!
:“_doubled blndlcatlng that a ls also 1 ‘ Thus, these data,f‘

"conflrm that the rate equation for the reactlon of PSH

R R 5:v’

?1rwith GSSG 1s second order OVerall and flrst order 1n both:

rate(t~0) klc_[PSH] [GSSG]L o neny
r3,1w=f““"a'v;t o S T

Forward rate constants/were also estlmated from the

"_f1n1t1al rate data 1n Table 15 by d1v1d1ng the 1n1t1al ratehjffa;ﬂ

f,gby the 1n1t1al concentratlons of the reactants,' The

,"v

i_'results are llsted 1n column 5. of Table 15._ The average ':'”

";;;of these values 1i 5 4 ; 0 4 M 1mln 1:"_Because of the ,T”’

w . b L

,'e1n1t1a1 rate method used thls 1s a. lower llmlt for klc athLd“

'u;;b{ The Klnetlc Model B
To characterlze the kinetlcs 1n more detall the;ﬂlg &

8

. ©

””jandltlonal rate constant, klc was evaluated over a range

/“Lsecond order.;

...

revers;blellietlc model.-,fhe t1me coursevdata rn Flgure

47 for ‘% conc’;ntratlon jump experlment show that the

. u
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w

the thiol/disulfide exchange reacpion. An aliquot of GSH
was added to a reaction vial céntaining an eqﬁilibrium .
mixture of 0.0003 M PSH,"0.0001 M PSSP and 0.0008 M

PSSG. The equilibrium concéntrations of GSH- and GSSG were
0.001:M and.OSOOOS M respectively (assuming no GSH had

——

been oxidized to GSSG). The concentration of GSH was

increased by 0.0013_g_at‘t =-355 minutes and then a 0.5 mL
aliquot of this solution was transferred to a NMR tube.

The reaction was monitored in situ by NMR.. The

concentration of PSSG is seen to decrease with time and

the concentration of PSH to.iﬁcrease, as predicted by Le

‘described by Equation 126 is a second order reversible

Chatelier's principle for the reaction presénted by
Equation 126. It is¥SE interest to note the increased

concentration of PSSP in Figure 47 with respect to the ¢

original equilibrium concentration of PSSP and the slight

increase during the time course study. This is due to air

\
b

oxidation of PSH in the vial while it sat on the

‘laboratory bench”and in the NMR tube. Froth the initial

slopes of the time courses of PSH and PSSG in Figure 47,

the rate constanpz koo 1is estima®g-to be ~10 M"lbmin'l

4 .

which is in good agreement with values calculated ffom Kic

R

and Kigs These results indicate- that the reaétion

. _ _
reaction. . The integrated form of a second order

reversible rate expresssion is given by Equation 133

- [114].

185
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k

lc . :

) In(B) = (-X—)t \ (133)
where t = time after mixing of reactants and
X - ? : '

e ‘ _

2R B_ - X_(A_+B ) ° (134)
A B (X +X) - X X(A +B )
- oo e e o o

B - A B (XX {135)
and X = concentration of a product molecule at time t, Xq°
:; its concentratiOn at'eduilibrium, and A, and By are the
initial concentrations, of the two reactants.' For the
reaction.described by Equation‘126,_Ao and By are [PSHI]g
and [GSSG] . 'Xrand‘x are the'suns Of all the various
‘protonated forms of PSSG at time t and at equlllbrlum,
respectlvely. ~The validity of thls model foﬁ the PSH/GSSG
’exchange reaction is further demonstrated .by the llnearlty
of the plot of In B versus time for a typlcal data set in
Flgure 48. Slmllar plots for data at several pH'values
hover the pH range studled showed 51m11ar llnearlty.- ﬁate
constant Xye could be obtalned by multlplylng the slope byv
the value of A. However, rather than evaluatlng klc by .

?
this method, the time course data were fltted to a
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modified form of the rate equation (Equation 136) using
the’non-linear least squares program KINET.'

o - ot
. : A_B X, (1 exp(k,, t))

3 | : o o .
xe(AO+BO) A_B (1 fexp(klc t]) o |
— , A

X

This equation is mcte‘convenient to use in the adn;lihear
least sqdares curve fitting calcul.ation.k.Xe and klc were
both treateddas unknowns. The'program adjusts thedinitlal
‘estimates‘given fcr Xé aﬁd kie tvobtain theubest‘fit”of
the model to the experimental data.'\ |

c. -Experimental Data

Typlcal tlﬁe couf;;\ﬁgta for the formation of PSSG at'-
' pH values 4 and 9, along with the.theoretical tihefccufse‘
“curves predicted by the Values obtained-for kié‘and Xd‘
from the f1t of the data to Equatlon 136 are shown in [b
Figure 46 . "f : 'j i.. : : o g;

Time_coufse data from twenty two exéeriments,‘
covering the pH' range 4;9; wereftreated ih'thistayjtc'f-
4obtaiﬁ Valdes for Kle and:X . The values obtalned for klc _,'d
are listed 1n Table 16 A range of concentratlons, from‘:i
0.001 M to O 020 M was used in these studles. The_values:efid
for klc vary from 0.026 M lmln -1 at pH 4 to 158 M~ lmiaf}A
at pH: 9. The values calculated for the equlllbrlum‘}

'constant, ch from thevvalues-for Xé,»aVeraged 1«1 il0;3



189

Table 16. Conditional rate constants for the reaction of
»

PSH with GSSG as a function of pH.2

;{PSH]O . [esscl, pH kP s DEVE - -
M mM L M lmin7! M"lmi.n"1
13.3  © 6.67 ©  3.96 0.0381 ©0.0077 . .
16.0 . 16.0  3.96  .0.0263. ~  0.0013
24.0 . ,16.0 ~ 3.96 © 0.0339 0.0040 -
g.00 ~ 16.0  .3,97 £ 0.0313 © 0.0056
9.52 . 16.1 '3.97  0.0269 0.0012 -
20.0  .20.0 ©4.99 0.186 . 0.0041
20,0 10.0 . 5.00 0.191 . 0.0077
10.0 - 20.0.  5.01 0.225 0.0045
4.00 8.00 . 5.B5 - 1.475 0.054
8.00 - ~  8.000 .  5.96 1.809 1 0.033
4,00 8.00 - 6.59 7.03 © 0.23
4,12 4.04 6:61 6.45 ~  0.43
4.00 © - 4.00° - .6.61 5,92 0.24
8.00 400 6.67 7.51 0.30
8,00  2.00.. . 6.73  B.46 0.54"
2,060 1.00  6.93 . _15.00. - 0.96
2.00 © . .2.00  6.97+  11.39 0.23
322 - 33 7.48 -60.0 . 5:2
3,020 2,97 .8.04 80.4 7.2
2.06  2.00 - 8.45 135.4 6.8
C2.02 - 1/98 . 8.89 - 158 13
1.43 '11,37.fu~‘@-‘j9.01" %_;146 e bz

aPrepared in 1 M aqueous solutlon contalnlng 0 003 M

" EDTA. Temperature, 25 C. ‘ ' ,' _
bCalculated from Equatlon 136 ; Réactiauésfo}lowedfin situ
or by, the quenching method o -‘ A. e
cLlnear standard dev1at10n glven by KINET | 3-.2%i
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over the pH range 4—8fvas compared to the average value of
1.4 + 0. 2 calculated for the same pH range uslng ‘the. data

in Tables lO l3.‘ The agreement between these-two yalues

is reasonably good, consxderlng that more ox1dat10n of PSH-

to PSSP occurred in the klnetlc experlments and the )

' 51gnal to-n01se ratlo was ‘lower 1n the tlmé course

spectra.

| d. Calculatlon of pH Independent Rate Constant

The 1ogar1thm of the klc values llsted 1n Table 16

P v

increases - llnearly W1th pH up to pH ~7 as shown in Flgure.,

49, The slope of the plot up to thls pH 1s 1 Above pH
7, the slope is less and as the pH 1ncreases, the plot
.levels off at pH ~9 ' Thls pH dependent behav1our is.

consrstent w1th a: model 1n whlch the reactlve thlol

spe01es is in the thlol deprotonated form.ﬂ There are two”

'tsuch penlclllamlne spec1es pos51ble, PS (spec1es III 1n'7""

'Flgure 21) in whlch the thlol group 1s deprotonated and

'the~am1no grOup protonated and P82 (spec1es V) 1n whlch';?V

'both groups are deprotonated.s Both of these species are 7f

present at low/concentratlon over the pH range 4 to 7 as‘,

blndlcated by the spec1es dlstrlbutlon of III and V ln"
lFlgure 22.] The pH dependence of the concentratlons of the
’1actual reactlng forms of pen1c1llam1ne over the pH range

Tstudled should parallel the pH dependence observed for

-

?“klc' The 1ogar1thm of the fractlonal concentratlon of PS o

'r~‘.

q 9

B—
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.'.

“ps- (NH3 s-)

loga or logk, . -
I

P e,

h‘41:

tFigl’ir-ei49'-.t'Plots of the logarlthm of the fractlonal R

concentratlon,‘a, for® the spec1es PSHO PS

-‘3;and P82 = and of the condltlonal rate constant‘fhfg

h.:klc as a functlon of pH., The SOlld curvev R
through the eXperlmental p01nts 1s ‘the

bu”;‘theoretlcal curve. predlcted by Equatlon 140 f.*-

“and the value kl = 190 M lmln L‘fh
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-

| and'PSZ':are'plotted over'this éH ranye in Figure 49. The»
slope Of the plot'for»PS’ is 1 over,thegpH ranoe 5 to 7.h‘
whereas ‘that for P82 is 2, indicating:the“reactivef

spec1es to be the amlno protonated thlol deprotonated

form, i. e.,PS \ |

B There 1s also the p0551b111ty that the rate" constant
tdepends on the protonatlon state of GSSG. However, the '
_curves 1n Flgure 29 lndlcate the predomlnant spec1es to Q%;n

V‘Gssez 1,e. the specles 1n wh1Ch the fOur carboxxllc ac1d

xgroups are deprotonated and the two amlno'groups |
protonated At the low end of the “pH range studled ‘the e’
'spec1es ESSG becomes 1mportant whereas at the hlgh pH S
‘fend GSSG3' becomes lmportant.v ‘The pH 1ndependent rate
fconstant kl was evaluated from data OVer the pH range 5 toi,f;}w
:féi As dlscussed below, the rate at pH 4 appears to be
' faster, Wh1ch may be due to the presence of GSSG‘, whereas'{g
‘at pH 9 the rate seems to be unaffected by ‘the. presence
afof some’ GSSG3 3 e. PS aPparently reacts wlth GSSG2' :fd<h"‘
"d,GSSG3f‘at‘a simllar rate.'fr; | REE RN

The rate equatlon for the forward reactlon,bln terms f.f°

"”«'of the pH 1ndependent rate constant kl.fi }-"’

rate =k [ps”Ilesse27) - (137)
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The"relaﬁionship~between k; and klc'Is given.by_chation‘

138.

-~

Xy [PsHI [GssGl, = k[PsT1lessc®™] (1384,

where [GSSGly * ‘[GSSG2 3.
Rearranglng thls Equation leads to

S b O
o le T 1 IpsH],

(139)
[ps ]/[PSH]t is the fractlon of pen1c111am1ne 1n the PS”

"form, whlch can be calculated from mlcroscoplc and

-gmacroscoplc ac1d dlssoc1at10n constants

| (e . kal'zxAlaH' - S ;
¢ "1.53'+'K"'a2+}< K »+K K. K :
P AL 2% 7 TAl A2 A3

]

',where ka12' KAl' KA2 and KA3 are the ac1d dlssoc1atlon
'constants for pen1c1llam1ne, as deflned 1n Chapter III.
,‘Representlng the fractlonal concentratIOn of PS by @

Ylelds<'le' ”

(140) -
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The behav1our of klc as a functlon of pH predlcted by thlsj-'”

model can be- qualltatlvely compared with the results in’
Figure 49 In'the-pH-range 4—6 KAla% >. aa, aHKAleZ'

KAlKA2KA3 and Equatlon 140 51mp11f1es to

t Y

»

ke = e

Taking{the logarithm of both sideséA

. 1og klc = pH + log (kl al2) . (143yf

.whlch predlcts that, in the pH range'4—6 theﬁplot‘oftthe

logarlthm of klc versus pH w111 be llnear w1th a slope of .

1 al2
K

log klc" log ——————-h=kconstant%.~; .'j(144):l

A2

Thls equatlon predlcts that the plot should level off to a R -

constant value at pH ~ 9 Both trends are observed 1n the_f* -

o eXperlmental data, where log klc~1ncreases W1th pH w1th a f7

""slope of 1 up to pH 7 and then approaches a constant valueviﬁ,f

'L,of ~2 3 at pH 9.: Thls corresponds to kl ~ 200 M lmln 1

A value for the rate constant kl was obtalned from the 17 Vf S

e lkl values over the pH range 5 .to 9 by flttlng them to i7f:_fl
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]

_a/)//, EquatiOn 140 with- the noh;liuearﬂleast squareshprogram?_'f
B KINET.; The value. obtalned is kl 190 M'lmln1 W1th a
'llnear standard dev1at10n of 5 M~ lm:m -1 { The flt of the - t. .
data to the model can be;seen bvhcomparlson ofﬂthe solid
eurvehianigure 49. whiCh is predieted:byvthis value for o

'klf and the experlmental values.~ EVen‘though data at pH >i:f"e

q' R

i5>were used to evaluate kl, the theoretlcal curve 15'
fextended to pH 4 to show that the model does not -
‘a.satlsfactorlly flt the data at thls pH presumably because
h}the react1v1ty of GSSG2°’and GSSG are dlfferent.“ The.f
B rate constant kl was also obtalned by calculatlng“a valuehd»f““
fremwea h klé and the value for a at that pH u51ng

f}Equatlon 141 , The results are llsted 1n{Tab1e 17 ffﬁeifrf'ifﬁ

Calculatlons were als

ﬂ‘..( ._y,_ )

L whlch 1ncluded the spec1es“f

”'gas 1nd1cated by thetplots 1n Flgure122 the concentratlon

'€55T§fof P82 1s very low 0ver the entlre PH range Studled

| 7a2;_ The Reactlon of Glutathlone w1th Ox1d1zed Penlclllamlne ifg
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'f,ﬂfshown 1n Flgure 50 Due to the slowness of the reactlon,

':hf(Fquatlons 48 49 Chapter II) and GSH to GSSG'i

: . o197
: "\,\» e N | ) !
Kge :

“GSHy f‘Psspt;;?+7e5§§QSSeﬁ; :PSﬁt*g; ”Vﬁfs(&ﬁsq_;‘

were studled over the pH range 5 to 8 Known 1n1t1alv;jm

*{concentratlons of PSSP and GSH were mlxed and the reactlon

A

| T'aiJmonltored by NMR e;ther 1n251tu 1n an’\\R\tube or by

~7tak1ng allquots from the by action v1al as a functlo of ’fh

”fhtlme and quenchlng by lqwerlng th_ pr

Typlcal spectra obta1ned as a functlon of tlme ari'

ke

‘f*hlgher concentratlons were necessary than used 1n the 1;3; 3

4C“Lthe three resonances to obtaln the concentratlons of PSH,::
T{PSSG and PSSP.. The tlme course curves for the formatlon
wf}of PSH and PSSG and the dlsappearance of PSSP for the dataj}tfndf
jfln Flgure 50 are plotted 1n Flgure 51 As expected 'the o
'iﬁiconcentratlons of PSH and PSSG 1ncrease 1nit1ally and thatff;r”

ﬁ‘of PSSP decreases.. After ~50 hours, however,””

i{;concentratlons of PSSP and PSSG gradually 1ncrease whereas{':ﬁn

T

: /
that of PSH decreases. These changes beyond 50 hours are

1

:‘:fprobably due to alr ox1dat10n of PSH to PSSP and PSSG

Because offf

-:¢~these 1nterfer1ng reactlons, the rate constant, k4b~wasﬂ;j‘5
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Figure 50 .

200 Mﬂ;
;;;GSH wltﬂbpssp at, pH. 8. 03, The 1n1t1a1 concentratlons ' -
 'were 0,108 M GSH and 0,100 L} PSSP in 1 M'KCL- ‘solutédn s
. ‘contalnlng 0 003 quDTA.. Temperature of the water bath, R
_ﬂf25 C.- The extent of ‘the” reactlon was" monltored by ’
3'quench1nq allquots of the reactlon mixture[.
'hz.the quenched allquot was ~0. 5., Prlor'tdfthe NMR g
, ;emeasurement, each allquot was adjusted to” pH ~q ior
“fbetter resolutlon of the methyl resonances.””1,;ﬂ;._71;,,f1”_g

1 198

108 .

s

Y rﬁ YT

O 04 PPM / DIV

”1H NMR tlme course spectra for the reactlon 6ﬁ?u i

The pH of

- '{N.,
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g§timated by the initial slope method using an ?quatioh
anélogoﬁg to Equation 132, The reéction‘conditions énd :
:the values obtained for k,. are'summééized in.Table 18.
The values for k4clvary from 0.00025 to 002 M™lmin™l in
the pH range 5 to 8. These are ~1000 times;sméller than
'the vélqes of k¢ oﬁserved over the same pH range. The
éeneral pH dependence of k4o is similar to'tﬁat observed
for k1 in ?igure 49, indicating the reactive glutathione
species to be the thiol‘deprotonated form. As with
penicillamine, there are two poséible thiol deprotonated
glﬁtathione species, Gs2- aﬁd GS3‘, with the amino group

protonated and deprotonated, respectively. However the

slopes of plots of the Iog of the fractional concentration
4 ' :

)

of these two forms vefsus’pH are different, i.e. 1 and 2,
respectively. ' The slope of a plot of log k4é versus bHTis
aPPrOXimateiy l; indiéatihg Gs2- ﬁo be the.reéctiQe
species. ‘over tzéhgxperimental pPH range 5—6.5,'the

- species PSSPC, i.e. specigs HpA in Figure 26 ihuChapter
111, is the predominant formjof oxidized penicillaminel‘ i w
At pH > 7, a significant fraction is ‘present as PSSP~ /and

PSSP~ (Figure 27). A kinetic’model that deals Qith theée
three.speciés of PSSPWsimultaneousiy is quite complex and.

the k4o data in Table.18 éré too few and scattered or the
vcalculationvof specific rate constanﬁs“gor PSS?“Jand

/ o o

PSsp2~. Therefore, the pH dependence is analyzed GSing‘
v _ y ;
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Table 18. Conditional rate constants for the reaction of

GSH with PSSP. - S | T
pH EGSH]o‘ [pssPl, | kt‘lrc:-a ' ~\//;
‘mM' < M R M~ Imin~!
5.11 ' 100 99.9 0.00025
5.74 100 - 100 . 1 0.00094
6.54 31.9 - 33.4 0.0040
7.03 31.9 33.4 " 0.0052
7.35  31.9 33.4 | 0.012
8.03 108 | 100 0.021

AReactions were monitored at 25°C either_ig'siﬁubo;;by the‘
quenching method, in 1 g;équeous KC1 solution containing
0.003 ﬁ_EDTA under a blanKet of argon gas. Average values
were calCﬁlatedvfroh the initial slopes Qf the
,concentration.of ?SH ana PSSP vs time cu}veé Qith an

~ - .
" average standard deviation of +10%.



’ ,5.11, 1.6; 5. 74 1.4; 6 54, 0. 94° 7.03,

u

data over the pH range 5-6.5 in terms of a model involving

only the reactlon of GSz' w1th PSSPO.

k
4 : .
Gs?~ + PSSP ——» PSSG™ + PST © (146)
_ - A
In the pH range 5-6.5, PSSG’ is the predominant species
(Figure 33, Chapter I1I). Fquation 147 gives the

relationship between k,. and k4.

al23 2n
K4 7 ¥4 (—7'+ K, .a, + K .K )

%n T "A3%H T TA37A4

where ka123 is the microscopic acid dissociatiOn.cohstant v

for GSH and Kas and KA4 are macroscoplc constants as

o

defined in Chap@er III. The quantlty 1n parenthe31s is

" the fraction a oflglutathione in the GS? orm. Values

for k4 were calculated from the values of X c in Table 181
w1th Equatlon 147. The calculated valu are (pH k4)

0. 40- 7. 35 0. 464

.f 8. 05 0520. The aVerage of the first three values in - the
pH range 5-6.5 is kg = 1- 30 + 0.34. Atva > 7,e;he ‘

neqatlvely charged spec1es PSSP- and PSSP2* are llhely tot

be less reactive toward the doubly charged spec1es G§2

than the neutral spec1es PSSPO used in the model

202

'(147)‘



This would result in loggt k4o values at pH > 7 and a

smaller k4 value, as 1s observed in the above resudts

203

051ng the average of k4, values of k4c were predlcted '

in the pH range 5-6.5. The values, predlcted are (pH k4c
predicted in M “lmin~ l) 5,11, 0.00021; 5.74, 0. 00088
6.54, 0.0056. Although the scatter between the observed
and calculatedﬁvalues'for.k49 is reLatlvely ‘large duerto
problems in measuring Kgct there is general agreement
confirming the val}dity‘of this'simple.mOdel in the pH

' range 5-6.5.

D. Reaction of'N*Acetyl-D,L—Peniciliamine with Oxidized .

Glutathione .

The klnetlcs and equlllbrla of the N- aCetyl
pen1c1llam1ne/GSSG exchange reaction were studied for
_comparison w1th the klnetlcs and equlllbrla of the ‘
:penicillamine/GSSG system. Figure 52 shows the methyl n
reglon of lH NMR. tlme course spectra for a solutlon

gcontalnlng N- PSH and GSSG . at pH 6 58 Three palrs of

methyl resonances are observed-"one palr is for the two o

N- acetyl pen1C1llam1ne methyl groups and the other two
-palrs are for the methyl groups in the mlxed dlsulfldés of
- N-PSH w1th GSSG N~ PSSG Two palrs of resonances are .

:observed for N PSSG due to the two dlfferent L
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- 103

— 51

24

e—|l—nN-PsH - |TBA

15 14 13 12

B ’..F'igure' ‘5',2‘.' 200 MHz lH NMR tlme course spectra for the
o "'reactlon of N PSH. w1th GSSG The resonances o
- are from the met'hyl groups on N-PSH._ In1t1a1 5 o
‘concentratlons were 0.00365. M and 0. 0348 M. for f
' N-PBsH ana GSSG. respectlvely ~[TBA) = o. 004 ,
| i pH 6 58 in 1 M. KCl aqueous solutlon



conflguratlons.f N—acetylaD—peniciilamine-glutathione
mlxed dlsulflde and N—acetyl—L—pen1c1llam1ne glutathlone
'mlxed dlsulfxde. 'In these two conflguratlons and in GSSG,

glutathlone is in the L form. Slnce the reactant’ N- ~PSH is

'a racemlc mlxture, the two palrs of resonances from the N-

gPSSG have equal 1nten51t1es. Throughout the tlme course
study in Flgure 52 these two - palrs of resonances aﬁe of :
’fequal 1nten31ty 1nd1cat1ng that the two conflguratlons of

N=- PSH w1th GSSG have 1dent1ca1 klneth rates.,

The equllbrlum and rate'constants for the N- PSH/GSSG :

14exchange reactlon were determlned u51ng procedures
idescrlbed above and in Chapter II._uThe values of ch,;

':whlch is deflned-by-an equatlon s;milar to Equatlon 108

R}

‘- were found to be (pH ch) '6195,_2,55 10.15; 7.44, 2.60

©£.0.13; 8 oz 2,79 ¢ 0.13. A value of 0. 747 * 0’012
M*lminfl was measured for the forward condltlonal rate ;
“constantvkié atIpH~6.58.: A pH 1ndependent forward rate

.‘constant of 3660 M 1mln ; 1s cakculate for kl from the

-A‘:klc value at pH 6 58 by assumlng the r actlve spec1es in ”_"

’ ”3fthe N PSH/GSSG exchange reactlon at pH 6 58 to be the udf‘

o carboxyl and thlol deprotonated form of N PSH.’ GSSG2 15_"

Vtthe reactlve form of GSSG at thls pH In the above

o

"d"of N PSH [115] Slnce the ac1d dlssoc1at10n constants of'

. |

'fthe mlxed dlsulflde are not known, a pH 1ndependent

"H-fcalculatlon, a. pKA of 10 27 was used for the thlol group ;'“ e
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equilibriam constant for thefreaction of thepthiolw
o deprotonated formvof,NePSh with Gssa2- cannot be . A;-‘”
calculated. - | | | | | |

| As no- ox1d1zed N-PSH; was detected the: equlllbrlum
‘constant for the second N- PSH/GSSG thlol/dlsulflde
- exchange reactlon could not be determlned under the |

',experlmental condltlons used 1n thls study S s

E. Discussion -

It is well establlshed that thlol/dlsulflde exchange -
'reactlons are mechanlstlcally 51mple Sn2 dlsplacement n'
reactlons [43 45], and that they proceed v1a the thlolate
~anion [21 34 38 43 45 493 For both PSH and GSH, therelhv
are two thlolate spec1es p0951ble, PS and G82 1n whlch
_pthe tthl group lS deprotonated and the amlno group |
| protonated and PSZ‘ and GS3 “in whlch both groups are‘d

- ;deprotonated' The PH. dependence of the condltlonal ratevu:~,‘__f

'V"constants lndlcate that PS fand GSZ" are the-reactlve?

'.specles.b The dlsulflde spec1es 1nvolved 1n the ox1dat10n

‘”%of Pé and G52. are GSSGz',:PSSG _and PSSP ﬁ These af; ”-;‘
hﬁthe predomlnant dlsulflde forms as shown 1n the varlous‘:“
"spec1es dlstrlbutlon dlagrams of Chapter 111.;,Jd‘~ Y

e Fquatlons 148 and 149 descrlbe the two stePs in the

v ox1datlon of PSH by GSSG 1n terms of the spec1es involved

“xf‘and Equatlon 150 descrlbes the OVerall reactlon.i_lir‘

.

v



-
K'l - , _
PS™ + GSSG2~ g————*> PSSG™ + GS2~ (148)
K', _ |
PS” + PSSGT z———>pssP® + Gs?7 . (149)
| o K's. - |
« . 2PS§T + GSSG2‘Z;:::::!*PSSP’ + 2Gs2- _t;(lSQ)

.

" The two pH independent eguilibrium constants, K'; and K'jp

-can be determinedjfromythe values;of’Kl and‘K2 ca&culatedf

&

earlier and'the'following relaeionships:

. - KPSSG_PSSCkVGSH_
o | . K“=VK'F A4 A5 al234
-1 1 “GssG_GSSG _PSH '
| Kns  Xae a123.

PSSPy PSSP, GSH

ki, A3 A4 al234
2 PSSG, PSSG, PSH ’
- a4 a5 “a123

Ko =

quatibns'151‘and 152 wefe deriVed‘from Equations_lOGﬂahd
107, A value of 0 56 + 0, 02 was calculated for K'l'and a
"Value bf~0-0143 0. 0014 for K ‘2 These values were

'_dcalculated from Kl and K2 u51ng 11terature Values fbr the

(151)

'i(lsil
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'-umlcroscoplc constants for PSH and GSH measured under 1on1c ’

'strength condltlons dlfferent from those used in thls.

“ .



A*’condltlonal equlllbrlum and rate constants calculate

208.

_vork. ‘Usianmicroscopic constants'correCted to the ionic
strength conditions'nsed'in’thiSIWOr#, K'y and_KFé were
.calculated to be10219'and’0.6049 respectively This
'1nd1cates that the actual values for K' 1 and K' 5. are very
‘sensitive to the mlcrosc0p1c constants used\ln the
calculatlons ‘ |
~The rate constants kl and k4 are for the forward and

-reverse reactlons in Equatlons 148.and 149, respectlvely,
fe Xy = 100 ¥ “min“l and k4 = 1.30 Mlmin"l. The
reverse forward rate constants of Equations 148 and 149,
k2Aand k3,-respect1vely, are estlmated from;the/gﬁﬂﬁﬂ#ﬂ_
independent equilibrium constants, &'i.andk'é'and the . |
relationships: K'j = kl/kz and K 2 k3/k4 to be. k2 =340
* ZO'M'lninflland k3 = 0. 019 + 0 005 M 1m}n 1; |

] At phy5101oglcal pH, thloi.groups arekalmost-ﬂ
compieteiyhprotonated‘andithevreactiVe thioledeprotonatedf
dSpecies(PSf and"GS2 represent a mrnor fractlon of the o
jtotaliﬁsn“and Gsh: Also, 51nce the pKA s of the thlol ‘
dgroups of PSH and GSH are dlfferent, the fractlon of PSH
*,present as PS is dlfferent from the fractlon’of GSH v

-[Present as GSZ v Thus, at phy51ologlcal pH, the'pn'hM':H

-condltlonal equlllbrlum and rate constants are dlfferent

"from the above values for K l‘K 3 and kl~k4

: »
fthese values for a pH of. 7 4 are llsted 1n Table 19

el



: Tablé-lQ.,-Condltlonal equlllbrlum and rate constants for
,the PSH/GSSG thlol/dlsulflde exchange reactlons

at pH 7.4, ' ‘(~nf _«ff’\
Constant S ﬁ  fValné

| '0.039
0.053 .

SR
v'2a;9.Mf1mia‘1’ 1a‘_ . :'_*;’

;min'

kag \ 7 0.00047 M7
o kge T Lo.012 M~ lmin~1

N . . e
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o

ﬂ-ndltlonal equlllbrlum constants were - calculated
:tlons llS and 116 w1th the two pH 1ndependent
;tum constants Kl and Ky. | Slmllarly,‘the

ional rate constants klé and k4¢ at pH. 7.4 were
gulated from Equatlons 140 and 147 From these_vnfh
{dltlonal equlllbrlum and rate constants the condltlonal

i‘e constaﬁts k2c and k3c were calculated fron the}

JolloW1ng expre331ons- ch k1c/k2c and ch k3c/k4c

?_e results-are llsted in Table 19 The values of’ k2c’and ﬁi_'
ic

¢

so obtalned are 1n good agreement w1th the values,"l°{;;
mated earller from the concentratlon jump experlment
:and the equlllbrlum t1me course studles, respectlvely.,

}'If the p051t10n of equlllbrlum 1n the two stepw1se R
il.ns‘was governed by random dlstrlbutlon,lKlé and ch‘

ﬁd‘be 2. and O 5 respectlvely, and K3c would equal l.

:The'values obtalned for ch and K2c dlffer from these:;;:jﬂ
H,rvalues by factors of 1 5 and 13 respéctlvely.aalorgsfhfgfigﬁaJP;ﬁff
ff,icomparlson, Gorln and Doughty [38] reported values of chpi"E‘AS:
' | l 27 and K2c~--0 27 at pH 6 6 and 25 C for the reactlon'; ‘
ihof cystelne w1th glutathlone dlsulflde.. Pen1c1llam1ne_7fdf¥'
y'f'dlffers from cystelne 1n that the thlol group of |
u'”ipen1c1llamlne is adjacent to two bulky methyl groups,niifa
;}whlch hlnder 1ts/react1v1ty [28] The large dlfference ;i' h
hbetween klc and k3c 1nd1cates thls 1s partlcularly-true 1n

h”:the reactlon of PSH w1th PSSG, 1n whlgh there also are two



o methyl groups adjacent to the spec1f1c dlsulflde sulfur at"
| jﬁwhlch the reactlon occurs.. The large dffference between T

. k$§ and k2c suggests that the methyl groups also hlnder

S . the’ access of thlelate roups to the dlsulflde group of

N ?

*PSSP. Sterlc effects on th1 /dlsulfrde exchange

freactlons have been observed prev1ously for related o

'systems.. Equlllbrlum constants for tthl/dlsulflde
':exchange 1nvolv1ng a serles of a&kyl tthlS and dlsulfldes »;;.TR

_dlffer from the statlstlcally predicted values by a. factor

8
of 2 or less, except for the reactlon of t butyl thlol

‘leth/n-butyl t-butyl mlxed dlsulflde [39] ' lso, exchange
q_equlllbrlum constants fOr the reactlon of a; serles Gf 2- B

iamlnoethane thlols w1th 4 4 -dlthlobls(benzenesulfonate)

o ‘. : ‘FMH__
{pare near statlstlcal values except for those hav1ng two T

‘lf‘methyl groups next to the thlol [49] Weber et al.,found,-;l
that the rate of reactlon ot‘GSH w1th>RSSC where R 1s ang?”i»
::{alkyl group and CS 1s cystelneiwto form RSH and thettd”:" v;:?_‘f
;fcysiflne glutathlone’mlxed%dlsulflde is slowest when R. 1sif,

JOR T

’;-butyl and 1sopr0py1 [42]‘.

“fThe Gorrespondlng values for

- fthe reactlon of PSH w1th GSSG at pH 7 3 are ch ?2:ﬁ}f'lp,r'

-1 lm1n ;. Thls value for o

hg?kl 4 9 M m1n l and k2c = l 9 M
d~f:kl¢ 1s less than that for PSH, even though kl ls larger
| ngor N PSH, beeauséﬁ%he fractlon of the N~PSH 1n whlch the ,’;7

'7‘th101 group 1s deprotonated at pH 7 4 1s less.‘}rﬁ
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The small value for ch'ln Table 19 1nd1cates that !

-‘the tendency to form PSSP from the mlxed dlsulflde ls

'ysmall.: The small value for k3d suggests that the PSSP

found as-a metabollte of pen1c1llam1ne [116 117] rs formed

Vf‘sreactlons. It has been Proposed that,‘ln cells, the

‘.not by thlol/dlsulflde exchange but by other oxldatlonpf*tni

’nonenzymatlc reductlon of PSSP by GSH followed by the f"':l. '

'enzyme catalyzed reductlon of GSSG to GSH 13 an eff1c1ent

Tﬂyand proteln thiols, w1ll be of mlnor 1mportance 1n the

riiivalue obtalned for k4c 1n thls study suggests that,»onces

'»formed reductlon of PSSP by other thlols,'lncludlng GSH;f;‘d

.-\.

"nfmetabollsm of pen1c1llam1ne._'

'1”l?“> In blologlcal systems, tthlS undergo several

]

'“ox1datlons v1a thlol/dlsulflde exchange reactlons w1th

1fare ox1d1zed 1s measured by the overall cond1t10na1

"system for the reductlon of PSSP [28] However, the small f}*”

‘5dlsulf1des [117 135] The relatlve ease by whlch thlols'fga

equlllbrlum constant K3c: 1 e. K3c:f chxzc.; From the y“pﬁ;

ﬂvalues of Klé‘and K2c 1n Table 59 K3c ’o 053 Tne‘_nfs

- detall 1n Chapter V.-;;ﬁ

T 3yovera11 condltlonal constant K3C 1s related to the :

~ ﬂ

L{GSSG/GSH and PSSP/PSH couples and glvegt;he relatlve

.‘reduc1ng power of thlols.;_Thls 1s dlscussed 1n more

“;J*f*#"

”g-:dlfferenCe between the formal electrode potent1a1 o; the;_f-“fﬁ“



CHAPTER V

,.'.
[

EQUILIBRIA AND KINETICS OF THIOL/DISULFIDE EXCHANGE
REACTIONS OF PENICILLAMINE WITH CYSTINE

AND RELATED DISULFIDES

A. Introduction

The thiol/disulfide exchangg reactions of
penicillaminé with Systine are of interest because they
form the basis for the treatment of’cystindria where a
h;gﬁ plasma concentration of CSSC. is found [17];Ahowever
-the reactions have not been qhaqtitaﬁively
characterized. .The.formation ofvcystine stones in the
kidneys'of cystinuric patieﬁtsAiQ reduced by £r¢atment}
with PSH [22,117]; the mode of actionfis tﬁe reaction of
PSH with the relatively 1nsoluble cystine to form the more

/

soluble pen1c1llam1be cystelne mlxed dlsulflde (PSSC 8 in

Flgure 14) Othe#fuses of penicillamine in medicine are
for the treatmeﬁ; of heavy netal p01son1ng [136 137] and
rheumatoid arthritis (138]. In these ‘cases, the
thiol/disulfide exchange reaction of PSH with
extracellular- cystlne is a potentlal competing pathway by

which PSH is metabollzed. In extracellularxilulds, CsscC

" predomlnates over cystelne [17] whereas in cellular
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systems, absorbed CSSC is reduced to CSH via reaction with
the predbmihant'thiol GSH. : ‘ N
' The thiol/disulfide exchange reactions involving PSH

and CSSC are described by Equations 153 and 154.
PSHy + CSSC, | PSSC¢ + CSHy  (153)

PSH, + PSSC, , PSSP, + csHt; - (154»
Due to the acid/baée properties of the five species
involved, the characteristid'beﬁayibr of the above.
reactions, as described“by the equilibridh‘and‘fate
constants, are expeétedlto 5e pH dependent. ’Studiéébof
these reactions in agueous sbipﬁion over thevpﬂ-range 5-12.
are described in this chapter. |

Equilibrium and kinetic data for thiol/disulfide

<

exchange reactions involving PSH and several other -

¢ .

disulfides related to CSSC were also studied by lH NM

spectroscopy. ) C L
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B. Determination of Equilibrium Constants for the

PSH/CSSC System

The eéuili?;ia and kinetics of the thiol/disulfide v
~ exchange reactions for the PSH/CSSC system are .pH
depgndent, aé‘wasvalso.the case fér the PSH/GSSG system in
Chapter IV. The.positions of the £wo.thiol/disulfidé'
equilibria in Equations 153 an45154 were measured
experimentally over a wide pH rangé to give a series of

"conditional equilibrium constants, K;. and K,., defined as

tpssc]tECSHJt

Kl i - (155)
c [PSHJt[csscjt
[PSSPJt[CSHiz

Ko (156)

C = ”\ P IES
| LPSH]t[ ssc]t

.

_The thiol/disulfide exchange reactions can be written

in terms of the. reactant and product species in their

fully deprotonated forms:

K1 | -
pS2” + CSSC?” === pssc?” + cs?” . (157)

K2 ) ,
ps2~ + PSSC2~ m———= PssP?~ + 82~ (158)



. can be done conveniently by uéing the fractional

f

The' equilibrium constants for the two consecutive,

reversible equilibria are defined as

-

_ [pssc’ 3rcs’)
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LS 5. 5o (159)
(ps™ Jlcssc™ 1 -~

K2 © 7 o- < (160)
(pssc™ 1[{ps™ 1] ; . ’

&

where the various sﬁecies are defined in Figures 21 and 26

in Chapter III. Ky is related to Kj. by the acid

dissociation constants of PSH, CSSC, PSSC and CSH. This

concentrations of PSSC2', CSzf, ps2- and_CSSCz", i.e.‘ai,
@y, a3 and ag, respectively{ where
| o

[pssc® ]

Kn3kag <

E 3 * Kaz * KasKag

In Equaﬁion 161, KA3_and Kpgq are the third and fourth'aéiq

S ‘ . ; s
dissociation constants for the molecule PSSC. Similarly,

“1 * resscl_ - T 2 o (1e1)

Y

Lo :
, ;[CS: ] 1 : SO
2 [CsHT_ - (162)
2—- _ A

*3 . TpsHI_
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[cssc ]

a4 = tcssc]t (164)

ay = o4 are defined in terms of aq}d dissociation‘

constants and solution pH in a manner similar to Equation

L]
161. Rearrangement and substitution of these equations

,

into Equatlon 159 gives Equatlon 115 in Chapter IV for ch

in terms of Ky Similarly, Kpg is glven ;n terms of Ky by
Equation 116 With.astdefined'as in Equation 117 for the

7

 fractional concentration of PSSPZ‘.

1. 'Experimental’Data

The condltlonal equlllbrlum constants, Klé and Koo
were determlned over a range of pH values under reduced
pressure and in sealed NMR_tubes. The equlllbrlum
concentrations of PSH, PSSsC and PSSP were measured from
the reiative'afeas of their resonances. As snbwn in '\
Cnapter 111, 8 NMR sbectra of the reactlon mlxture_;
containing the five spec1es (Flgure 36 in Chapter\III)'

&

d shows overlapplng methyl resonances for PSSC and PSSP for

solutlons at pH < 8.

Since the amount of PSSP produced by the reactlon of
‘PSH 1th ‘the mixed dlsulflde PSSC 1s small, estlmates of

the condltlonal equlllbrlum constants were obtalned at pH
< 8»by neglectlng the thlol/dlsulflde exchange Efactlon of

PSH with PSSC. The error introduced by this approx1matlon



was found to be negligible as the pH independent

equilibrium constants calculated (pH(% 8) were consistent,

L

within the uncertainty of‘the'experiment, with the range

of equilibrium values calculated‘at pH > 8 from data*where'

the amount of PSSP produced was 1ncluded in the

equlllbrlum calculatlons. Well resolved methyl resonanceSL

”are;pbserved.at pH > 8 for the three specles involved
(Figure 36). The equilibrium concentrations of PSH, PSSC

‘and. PSSP were calculated from the areas;of_the_methylv-

resonances as described in Chapter IV. The equilibrium -

'concentrations of CSSC and CSH were then_calculated by
difference.

The condltlons used and the Values obtalned for ch
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'and ch are llsted in Table 20 The extentvof reactlon 1n"h

!

the sealed ‘tubes was monltored by measurlng lH NMR spectra'

every few days for a perlod of up to 15 days.» As in the
prev1ous studles, NMR measurements were made over a long
_period of‘time to enSure that the second_reactlonil
(Equatlon 154), which 1s slow, had come ‘to equlllbrlum.
Extra resonances due to pen1c1llam1ne contalnlng spe01es

were observed after long perlods of tlme, e.g ~6 days‘

l'.after m1x1ng the reactants at pH 8 Collectlon of

, eQUlllbrlum data.was stopped before 51gn1f1cant amounts ofjjfh

hE

'these spec1es had formed

Y
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‘Téble 20. Condltlonal eq\lllbrlum constants, ch and K2c
for the pen1c1llam1ne cystine tthl/dlsulflde

exchange reaction as a functlon of pH a

pi  [PsH],® [csé’c]ob K)o Koo
5.96 ~ 1.0l 1,02  4.48 . -
7.95 . 1.0l S 1.02 418 -
L 8.7# 3.55 '4.49 S 3.70  10.0279
. 8.93  5.07 o 3.00 5.08 }6,04701
9.07  3.55 . 4.49 5.40 0.0544
.46  3.55  4.49 . 5.57 “0t0427
*;10.00 ~ 5.07 e 43.00 ‘ﬂ‘ _~_5;48 . ;, -

10.02  3.55- - - 4.49 6.19  .0.0423

‘aWater bath temperature, 25°C. Solutions prépared in 1'M
aqueous KC1 solutlon contalnlng 0. OQG M EDTA. Reactlonse
studled in sealed NMR tubes.

’

pInltlﬁl concentratlons.



@ “.b i .‘ o
" 'As shown‘in Table 20, the values of;KiC and ch'are
relatively pH independent} However, at higher pH, Kic .
1ncreases whereas ch‘stays relatlvely constant e.g. at
pH ll ch and ch were estlmated to be'~50 and ~0.06,

~
respectlvely.

2. Determinat on of/ihe pH lndependent Equilibrlum’
- Constants
"The éguilibriuﬁ c,o'nstants,“;K1 and kz; defined byf

Fquatlons 159 and 160 respectlvely,iwere calculated from
Equatlons 115 and 116 and the values llsted in. Table: 20
us;ng the tvyo procedures descrlbed in Chapter IV The
results are3llsted in Table 21.  The’ average of the elght
Kl values in_Table 21'is'l2,6 w1th a standard dev1atron~of
2 2. A value of 12.0 with a11inear estimate(of’the;;‘ |
standard dev1atlon of 1. 5 was obtalned by the second

'.method u51ng the non- llnear least squares program KINET.
'=h51m11ar1y, the average of the flve K2 valdeslln Table 22
column 4, is 0.10 # 0.03. A value of Ky =."o,.v'o'99.:¢ 0.012
- was obtalned W1th the second method of calculatlng K2.‘

fThe last columns 1n Tables 21 and 22 show reasonable

agreement between the observed and predlcted values of ch

v
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@ . v
Table 21. Comparison‘between obéOrVed and predicted
‘ conditional equilibrinm.conStant, ch-a i
pH . ‘:g_;.z_j b klc B "'-fixtl Kiéc B
o - ~ predicted ,
5.9 2.06  4.48 924 s.82
7.95 2.78  4.78  13.3  4.32
v8}77 ‘ .‘3,10 _4“31700 11?2 c 3.88
8.93  2.99 5.08 . is,z - 4.02 |
$9.07 , 2:86_’e 5.40 *»15;4' | .4;21', k
9.46 2,44 5,57 136, 4.92
1000 1,92 5.8 10.5 6.27
10,02 1,90 6.19 1.7  6.34
aCondltlons are those of Table 20, 77' o
kaue to the large uncertalnty in the Value of pKA4 (cssc)
1n Table 7 thls constan@ was. treated together w1th Kl aS
an unknown in the non 11near least squgres program
KINET. - The' value obtalned is 9 24 O 10 _-i‘ . v',fh
Calculated using Kl - 12.0_:';,5-gnd;mquatiqﬁglis; |
v o . SRR RE T A R -



- Table 22. iCéﬁpariéon between'ébéerved and‘ﬁfééié&edhAg
. coﬁditionai‘equilib;ium'COnsﬁant;_KZC;§ |
ORI ) ' . N
PR aigz Kse o K Kz?b |
o | predicted
8.77 2.79  0.028. 0.078 0,035 &é\
©8.93  -2.64  0.047 = 0.12 ‘: 0;937; T
9.07  2.52 . 0.054  0.14  0.03p
o.46  2.22 0.043 - 0.095 0.044
10.02 '.\ii83  . 0.042 'O.b77 r ,0;b54'_f>

?Condltlons are those in Table . 20.

bCalculated u51ng Kz b 0 099 + 0. Olz,and Equatlon 116}
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C. Determination of Rate Constants for the PSH/CSSC
. .

sttem

The klnetlcs of the thlol{dlsulflde ‘reaction iﬁ; the
peniC1llem1ne/cyst1ne system were characterlzed 1n'aqueOQS
solution over a range of pH. The conditional rate

¢

- constants kjo, kpaos k3¢ and kge are_defided as

#
_ klc . S A
PSH, + CSSC, “=—==2= PSSC, + CSHy - (165)
' -~ kag : ‘ ' 3
| - k3¢ P . . -
PSH, + PSSC,‘'=——= PSSP, + CSHy ~~  (166)
. R .

~As discussed invChapteEJIV, the rate of the second .=~
~reactibn is much.slower‘than the’firSt- and the. kineticév

‘of these two reactlons can: be determlned separately “The

4

’klnetlcs of the reactlon of PSH w1th CSSC were_

\characterlzed over the pH- rangefs -8 whereas those of CSH

tw1tthSSP,were stud;ed atapH > ;O,

& T L S e .
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1. The Reactlon of PSH W1th CSSC

The cond1t10na1 rate constants for the PSH/CSSC

system were determlned over the. pH range 5 8 with

: ”’7Tconcentratlons of“reacfants ranglng trom 0. UUl M toﬁﬁrodé.
g:v The kinetics were followed elther in s;tu or by -
Quenching aliduots aSSa‘functIon.of tiﬁet‘

Flgure 53 shows time course spectra for the reactlonw

- ,of 0.005 M 'PSH with 0.003 M cssc at pH 6. The'bottom [
.spectrum,utaken 5 mlnutes after m1x1ng the reactants,;'

‘“shows two major methyl resonances;, These were as51gned toQ

*

the two non- equlvalent methyl groups of PSH;p The smaller:-}
A ) R -
resonances, asslgned to the two methyl groups of PSSC,‘
progre551vely 1ncrease in 1nten51ty thereafter, whereas.~
H_those of PSH decrease;n The equlllbrlum p051t10n 1s |
:-reached 1n ~100 mlnutes after m1x1ng the reactants.- %he
ytl-doverlapplng resonances of PSSC and PSSP at pH < 8 (Flgure'
36 Chapter III) prevents dlrect detectlon of ESéﬁ)whlch

is llkely to become SIgnlflcant w1th long reactlon tlmes '

o : .
’ ) : r;) .

f~due to aerlal ox1dat10n of PSH and CSH. For example,.,, ép‘<;.3

-jspectrum taken 53 hours after mlxlng the reactants shows a-

a

relatlve lncrease 1n PSSC resonance 1ntens1t1es above'

¢!

H"Vf,those at 130 mlnutes._ Thrs 1nd1cates ox1dat10n of PSH andtghfpu;f

n”f’CSH to- PSSP ‘and PSSC (Equatlons 48 ang 49) At 130

nes, no 51gn1f1cant amount of PSSP was found : Thls

e

= / L
;ts that the reactlon of PSH wlth PSSC~¢0 glve PSSP RS
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oeul |
PSHI "ﬂpsu-

‘ o 04 ppm/dw e

Figure 53. 200 MHz tlme course spectra for the reactlon  ”‘°

‘_'v_fconcentratlon, 0. 00504 M PSH and 0. 00297 %
..CssC. Reactlon was Carrled out at 24 C in
‘u51tu, 1n31de a 5 mm NMR tube in 1 M aqueous 5 " :

‘KCl solutlon contalnlng O QOS M EDTA

aof PSH - w1th CSSC - Solutlon pH, 5 94, Inltlal _-_u
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and CSH 1s slower than the reaction of PSH w1th CSSC and Ji;h s
- , e
consequently, ki¢ values were determlned separately from N
The reactlon tlme course curves for PSH and PSSC

the other condltlonal rate constants.

derlved from Flgure 53 by rntegratlon of both sets of E;"
. Q@
. resonances and conver51on of areas to PSH and PSSC _;}f;_g' ey

' 5concentratLons as descrlbed 1n the prev1qus Chapter are

Tlshown 1n Flgure 54 The data in Flgure 54 were treated by~u5"/ |

’ .

3

‘thquatlon 136 1n Chapter v for an- overall second order

"rever51b1e reactlon. The values obtalned are klc 8 35 fq*'-

'f-M lm1-n -1 and X = 0 00214 M.v The two SOlld curves 1n
fFlgure 54 are the predlcted curves for these values.v The
'ffgood flt between the exper1menta1 p01nts and the

Tcalculated curves suggests that the flrst geactlon for thevuiiifgﬁ
. e s

'TPSH/CSSC system 1s a: second order rever31ble reactlon w1th

Tireactlon 166 belng negllglble,,.f“- et ;1¢

: Tlme course data from s1x erperlments,‘coverln§;£hén;?:;srjp_

R S

viﬂ pH range 5 8 were treated by Equatlon 136 to obtaln

17values of klc and Xe as a functlon of pH.‘gThe results for

'Tff;klc are 11sted 1n Table 23.‘ The magnltude»of klc’varles

"-_tfthe range O 0001 M to 0 005 M due to the low solubllrty of

1‘ffrom 1 22 M 1mln-_l at pH 5 to 465 M 1m1n ; at pH 8.1o1dfff;;fﬁff53

_'ﬁthese studles,,reactant concentratlons were restracted to

~fcyst;ne.5¥,
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- Figure 54. The concentratlons of PSH and PSSC as a

' ’ afunctlon of time for the experlment described
in Figure 53. The solid lines are theoretical
fbrAédsecond order reaction with k;. = 8.35
M~Imin~! and X, = 0.00214 M in Equation .136.
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Tab}e 23.

pH

) .. 228

Forward conditional rate constants, k;. for the

reaction of PSH with CSSC as a function of pH.?2

[PSH]é

mM

3.02
5.04
5.04
5.04
3.02

2.00

|

[csscl,

. mM

1.98

1.12

klc

@M'lmin‘

1.22

7.75

oY

.8.35

46.2

97.2

465

M~ Imin”

sTOP
1

130

3solutions in aqueous 1 M KCl containlng 0.003 M EDTA.

Temperature,

followed in 51tu or by quenchlng

25°C.

The ektent of the reaction was

bLlnear standard dev1atlon from the non-llnear 1east

squares fit.

i
!

-
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The solubility of CSSC at ?ny 8 is ~0.0005 M
[21,139]. There¢fore, the solutions at pH < 8 in Table 23
~are all saturated initially with CSssC. 'Usually, no
precipitate was observed initially. As the reaction
prog;esses,_CSSC is being conéumed by the reaction and its
concentration decreases.  The amount of CéSC remaining, is
sometimes less than its solubility of ~0¥0005 M, in which
case the concenprétion of CSSC remaining is below the
saturation level. For others, the amount of CSSC n
remaining at equilibrium is greater than its solubility.
In ﬁﬁis case; a precipitéte forms slowly and becomes \
visible after a few days, i.e. well after the completion
of thé reaction. \

At pH 4, CSSC precipitated before the equilibrium

position was reached and the experiment was stopped. It

- is assumed that the‘saturation.phéhomenon does not affect -

significantly the rate of the reacpioh and(lhenée, the
magnitude of kic' |

The logarithm of the kj. Vglueé listéd in Table 23 is
'plotﬁéd versus pH in Figure 55. The slope of the plot up
to pH 7_is.l.‘?Beyondva 7. the plot levels off \l
grédjally; Thfs pH dependence is consistent with a model
in which the reactive thiol species is in the tﬁioi—r”
deprotonétedv orm. The pH dependencéﬂof thé £wo possible
thiolate anionms, PS~, in which the thiol group is

-
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a of PSH in the amlno—protonated thiol-
deprotonated (PS ) and amlno—deprotonated

‘thiol- deperonated (Psz‘) forms and of the ?
forward rate constant klc for the reactlon of

PSH with' CSSC versus pH. The solid curve
through the experimental points is the
theoreticai curve predicted by Equation 140 -

and k; = 1091 M lmin7l.
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: Figure 55. The logarlthm of the fractlonal concentratlon
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deprotonated and the ammonium group protonated and PS2-

are olotted as a function of pH in Figure 55 over the pH
range 5-8. The slope of the log apg- vs pH plot is one
over the pH rangeéS-?) while that in which both groups are
deprotonéted. logapg2-, is two. Since the pH dependent
behavior of log klc‘parallels the pH dependence of the PS”
form ovef‘the pH raﬁée studied, logapg-, the reactive
thiol- deprotonated specles is concluded to be PS”™

“There is also the possibility that the’rate constant
~depends on the protonatlon state of CSSC. However, the
theoretlcal curve predlcted by the model hav;ng a 51ngle
rate constant, ks is in excellent agreement with the
»experimedtal data (Figure 55). This indicates-that elther
there is no dependence of k1¢ on the protonationbstaterf
CSSC over the pH range 5-8 or the fractional concentratlon
of the reactive form of CSSC is constant over thls pH
'range. The various, curves in Figure. 38 show that the
fractional concentration of the cerboxylate-deprotonated,
amino4pr0tonated form, CSSCO,‘vaties‘from'l‘to 0.4 over
| the pH§range,548,;whi1e that of CSSC” (one amiho'group
_protonated) varies from 0.001 to 0.6. The results in.
Flgure 55 suggest that the rate constants for the reactlon
of PS” with CSSCO‘and CSSC™ are 51m11ar ‘as seen by the

good fit Of the experlmental data to a model’ hav1ng a

single rate constant. At pH > '8, the condltlonal rate



constant was found to be smaller, “due po$Sib1y to the less
favorable reaction between PSS~ and the highly charged
species CSSCz”. Also, the fraction of PSH as Ps2- is .
increasing. n

From the above results, the kinetic expression for

the forward reaction in terms of the molecular species
h _

present in the pﬁ\}ange 5-8 is

. Cky _ .
PS™ + (CSSCO + CSSCT) — (PSSC® + PSSC”) + cs”  (167)
" The relationship between'kl and'klc_is given. by EquatiOn
140 in Chapter IV. The pH independent‘rate constant;,kll

vwas;evaluated from the conditional rate constants 1n Table

23 by fitting them to Equation 140 w1th ‘the non-linear
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least squares program KINET. The value obtained is 1091 *

53 M~ lmin~l. The fit of the data to the model can,be seen

by comparison of'the solid curve.in'Figure'SS with the

piotted experimental values or by comparison of ‘the
predicted klc valués in Table 24 (column 5) with the o
observed: values (column 3) : The value for the pH

1ndependent rate constant kl was also obtained by

calculating a value for a: in Equation 141 1n Chapter IV at -

each pH value.‘ The results are also presented in Table 24

for a (column 2) and for kl (column 4). vahe average_of_kl;

from the 6}values is~1065 133 M~ 1min 1; -
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Table 24. .Comparison between observed and predicted

pH

5.07

5.89
5.94
6.72
6.93

8.05

conditional forward rate constants as a function

of pH.

903
137

122

21.2

13.5

1.98

197.2

465

kK
M imin~

1100

- 1060.

1020
978
1310 .

922

1

a
' klc

predicted
M~lmin-1

1.21

550

8Calculated using k) = 1091 M~lmin~! and Equatign 140. For

the con@itions used, see Table 23.
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2. The Reaction of CSH with PSSP

The kinetics of the reaction of CSH with PSSP

K4c . .

csH; + psspy ————=PSSCy + PSHy  (168)
were studied over the pﬁvrange 10-12. The rate of this
reaction'was sonslow that alcombination‘of'high Known
lnltlal concentrations of reactants, CSH and PSéP ‘andv
Ihlgh solutlon pH were used to collect enough data within a
‘reasonable period of time. At pH < 8 CSSC preCLpltates
out due to its‘low'solubility, and low 1n1t1al

concentratlons of ‘CSH . and PSSP were used. However, under

23»4‘,"

thesefcondltlons,'l e; ~0 001 M each of CSH and PSSP, the |

forward rate of the reactlon was too slow to be

S

”convenlently studled. For example,'at pH 7 25 the amount

of PSSC produced was ~3% of the 1n1t1al PSSP concentratlon’

after a. perlod of 24 hours for a solutlon contalnlng 0. 005'

P

M‘reactants.‘ The estlmated value. for . k4c from these data

"1s ~0. 008 M 1m1n 1, At solutlon pH‘!?B CSSC 13 mudh morev*.f'

‘.soluble and hlgher known 1n1t1al concentratlons of CSH and_'

‘aPSSP were USed SO that w1th1n a few hours,_enough k1net1c

’prlnts could be collected to determlne k4c more

accurately. The reactlons at pH > 10 were monltored by
L,

»"taklng allquots from the reactlon vessel -as a functlon of



et
)

time and quenching by lowering the pH to aboutvl., Prior
to NMR measurement, each aliguot was adjusted to pH ~9,

frozen solid and kept at -2°C in the freezer untll its use

et

on the same day. At pH 9, thfee of the six methyl
resonances of the'pénicillamine—contalning species are
well resolved from each‘other aefshoyn.in.Figure 36 of
Chapter III. With this method, further reaction between

CSH and PSSP in each alidquot after the second pH

< adjustment from pH 1 to 9 is kept to a minimum.

The reaction between CSH and PSSP at these high pH

values is slow, e.g. 2 hours after mixing.the'reactants,

only 5% of the 1n1t1al PSSP concentratlon has been
consumed by the reactlon. Slnce each spectrum requires

less than 10 mlnutes for temperature equ111bratlon and

data collectlon, the errors due to the further reactlon of’

CSH w1th PSSP are therefore small Figure 56'5hoWs the

methyl and nethlne resonances in typlcal tlme course

,spectra.-‘The varlous-resonances‘were a551gned to the

individual thiols and'diSulfides.by comparison of their

235

chemical shifts with those of Chapter III.i The resonancesz>

for. PSSC and: PSSP 1n Flgure 56 are not suff1c1ently well

‘resolved for accurate integratlon when’ the relatlve area

B l‘

of PSSC is small ’ Therefore, methlne resonances were also

used to measure the extent of reaction. The fractlons of :

*

pPSH and PSSC were calculated from the methyl and methlne '



RN

— T ]-gi’ ———
S ppm/dmslon el

. Fi’gu.reSIG.‘ ,.200 MHz lH NMR tlme course spectra of the
N -V methyl and methlne groups c;f PSH, PSSP and
‘ ."PSSC in a solutlon contalnmg 1n1t1a11y 0 102
| M CSH ‘and 0. 100 M PSSP. The: reactlon was
" carrled out at pH 12 44, allquots were o
_"querxched as a functlon of time by lowerlng the o
o . pH /g ‘__’~0 5 and then the pH was raised to. pH 9 ‘”T.\' :
. ,-;-}"‘,qv.when NMR spectra were run 50 that resolved” l
-,"._-._.Ai,resonances would be obtalned for ‘the varlous
e species. ¢ The pH wa not,‘ldentlcal for eac‘n el
' ,‘t;.allquot | o ‘ “.‘_i o ‘
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d -
reglon, respectlvely and the fractlon of PSSP calculated

by»dlfference. As expected the 1nten51t1ee for PSH and
fPSSC'r98°n§n0?§~1ncr9§3e and that of PSSP decredses. The
7reactlon betueenhCSH and PSSP is slow as evidenced'by the
'.bottom spectrum' afterv4 4 hours, only 8% of the lnitial
':PSSP has been used by the reactlon.. 340 hours after
m1x1ng'the:reactants, extra small resonances appeared
(resultsinot'shoﬁn) 1nd1cat1ngrthat_addltlonal~g
.rpenlclllamlne contalnlng spe01es are belng/produced at a ,
rate approx1mately 300 tlmes slower than that of the
'CSH/PSSP forward reactlon.' Because of this 1nterfer1ng'
;reactlon,'the rate constant, k4c' was estlmated by the
tlnltlal 510pe method The time. course curves for PSH,
,PSSC and PSSP calculated from Figure 56 are shown in
[~Flgure“57n Values calculated for k4c from the 1n1t1al
'~ slope are (pH, k4cj - 10. 39, 0.0052 M 1m1nv};’10.73, |
. 0.0037 M" lmln ¥ 11,95, 10,0033 lmln 1, 12'44' 0.0029
,:M 1m1n 1?) The 1n1t1al concentratlons of CSH and PSSP 1n‘”
_the four.eXperlments were 0 102 M and 0 lOO M respectlvely
'hln aqueous 1 M: KCl/O 003 M EDTA solutlon.
: For the thlol/dlsulflde exchange reactlons 1nvolv1n§
y?;fpsa wlth GSSG and PSH w1th cssc k1¢ is. found to decrease

o as solutlon pH 1ncreases at pH > 9, possxbly as a result

”3}iiof electrostatlc effedts when the spec1es are hlghly

.w;,
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Figure 57. Progress curves for PSH, PSSC and PSSP as

obtalned from data of the type shown 1n Flgure
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charged e.g. CSSCZ' Therefore, a direct extrapolation

'of k4c values at hlgh pH to 1ower pH, e. g. pH 7.4, is not

feasrB}e\\ However, 1t was observed that the ratio between_g_

L

reasonable agreement w1th the estlmate of ~O 008 M

At pH 9. and klc at pH 7.4 for‘PSH/CSSC and PSH/GSSG

' . | - ‘ ’
_systems 1s 1.4 and 2 4 respectlvely Assuming'that the

values of k;é\behave 31m11arly,'a rough estlmate can be
&

extrapolated from the k4c value at PH 10 The result thus

;Obtalned is. k4c (pt 7.4) ~o 003 M“lmln’l whlch is in

~lnin-1

fatupH,7325,

D. Reaction of Penicillamine'with,Other.Disulfidesv

TQ&,.,"

R

The reactlon of pen1c1llam1ne w1th other dLSUlfldeS

”of blologlcal lnterest 1nclud1ng cystamlne and
,ibhomocystlne, and w1th non—blologlcal dlsulfldes was

'"n,anestlgated for comparlson w1th the results obtalned for

'”[,CSSC and GSSG. The condltlonal equlllbrlum constants, ch'

’,;>cysteam1ne (CySSCy),;homocystelne (HSSH),

‘ffand ch for the thlol/dlsulflde exchange reactlons of PSH

T[}W1th the dlsulfldes (structures shown 1n Flgure 58) of

'Tﬂmercaptoethanol (ESSE), mercaptoacetlc ac1d (MSSM),,
‘{fmercaptoproplonlc ac1d (PrSSPr) and mercaptosuc01nic ac1d

i ~_(SuSSSu) were measured 1n aqueous solutlon\at pH between 7

1

Ly

‘N a

'f?and 8.v Solutlons used were degassed 1n the NMR tube by )
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A)"[Cystamine (cysscy)

ﬁH3+—CH2eCH2-SfSQCﬂz;CHerH3*

- B) Homocystlne (HSSH)
NH3 -CH- coo ’

NH3 -CH—COO
‘/; _C) 1Hydroethyl Dlsulfxde (ESSE) ;  ;#? :ﬁ

.1}4ﬂf” gE U
-~ .H CH2~CH2-s-s—CH2-CHz-OH o

R

‘D)-,biihioaiglyéolie‘Acid%(ﬁséu)ff *,;*m

3 OOC—CHZ-S S-CH2-COO

1°dli°roplomc Acid (Prsspr) SO

f —caz-s—s CHZ-Cﬁz-COO ;;j ,;5jq_3_g;;

 ;?) Mercaptosucc1n1c Ac1d Dlsulflde (SuSSSu"

ooc-cn-cnz-coo

.y T T00C=CH=CHSCO0T:

’Figure'58;f:sﬁ:ucﬁufalffﬁfmﬁ;agfbff%éiégtgdjéigulfidgé}g_



“dissociation constants of these various mixed Qisulfﬁtes

vcalculated by fitting the concentratién of - PSSR as_a

241

b
the freeze—pumphthaw method and the NMR tube sealed.

2

Sgectra‘were measured at times up tQ 200 hours after

mixing the reactants to ensure that the equilibrium

Y
H

‘position had been reached" The conditional equilibrium

onstants were then calculated from the 1ntenslt1es of the
ﬂ
methyl resonances by the methods descrlbed in Chapter

IV. The results obtalned for Ko and ch at physiological

L

pH are llsted in Table 25 together with the . inltlal

7

_concentratlons of PSH and disulfides used. The values of

3

‘ the pH 1ndependent equ111br1um constants Kl and Ko for the

reactlons written in terms of the fully deprotonated :

Ay
spec1es cannot be calculated from the condltlonal

'-equllibrlum constants in Table 25 since the acid

are not known.*‘ ‘_ ' "“ \‘; L . (
‘ Condltlonal rate constant ko was also determined for
the thlol/dlsulflde systems l*sted 1n:Table 25. The
klnetlc data Were collected elther in situ or by the
quenchlng method One or‘two kinetic experlments‘were'

arrled out’ 1n the pH range 5.5- 7 6 Timé course spectra

<

were collected and the concentratlons of the mixed

’

‘_dlsulfide, PSSR determined from the relatlve lntenslties

. of the methyl resonances for PSH ' and PSSR. Then, klc was

.

function of time to Equation;136.' As before, the‘reactionl-

, .

) . . . .

<. i i
P S ‘

o
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Table 25. Conditional ‘equilibrium constan{ﬁ:s for the
reaction of penicillamine with selected

disulfides (RSSR) in the pH range 7-8.%

RSSR [psu], [RSSR], pH Kie - Kpe
' mM mM
, B |
‘cysscy  49.1 53.8 6.95 1.64:0.11  0.029:0.006
- 49.1  53.8 7.38  1.78$0.02 0.031:0.008 '

49.1 53.8 . 7.93 1.96:0.19  0.034:0.003

HssH £ 0.988 1.05 6.96 1.24. 0.033

ESSE  57.3  51.7 '7.16  1.81#0.05 0.022#0.001
57.3 51.7  7.49 1.86:0.16 . 0.027:0.002
57.3 51.7 '8.13 1.40°  0.022°

MSSM  63.7 69.2 7.40 2.54 -

| 54.9 186.7 7.41  2.44 . -

o 4

PrssPr  49.1 50.1 7.01  1.40:0.24 --
49.1 50.1 7.43 1.40:0.32  0.027:0,003
49.1 50.1 7.93 §1.09:0.01  --

Susssu  54.5  61.9 7.0l 2.08:0.31 0.015
54.5 61.9  7.42  2.04¢0.23  0.025:0.004

'54.5  61.9 7.97  1.45:0.14 _ -z

@25°Cc, 1 M aqueous.KC1l solution containing 0.003 M EDTA.:

-~ ) i
~ . ' : A
LI ’ y
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/

~of PSH w&ﬁh PSSR was observéd to be much sléwer than its
reactidé with RSSR and the kinetic experiments were
étOpped}befbre significant aﬁounts of PSSP were k
detected. The values obtained for kjc togéther with the
conditions used are listed in Table 26.

Assuming the rééctive PSH species to be PS™, pH

independent raié constanﬁs can be calculated from the data

'in>Tab1e 26 using Equation 140. The results are (RSSR, ki

kiﬁ M'lmin'l)Q‘ CySSCy, 797 + 316; ESSE, 63.4 tl3.l{/MSSM,
229 & 27; PrSSPr-., 92 + 6; -s{;sss@_i. 0.95 + 0.23. By/

compafison, the values for CSSC andvGSSG'are ky. =:1091 ¢

1

respectively.

53 M'lmihﬁL-and ky = 190 + 7 M lmin~
| vOf practical interest is the relative rate for the
vfeaction of PSH with diﬁferent‘optical isomers of;
symmetrical disulfidés. The.results obtaihed for the
r?action-pf~the‘disulfide (GSsG) with the D and the L
- isomers of N4acetylpenicillamine'were,discussed earlier
and can be referred to fo; comparison. "Time course
séeckra for the reaction of PSH with the varioﬁs’optﬂcal'
isomérs of SuSSSu are shown in Figure 59. At ﬁime v 7.5
"min, only thé'two methyl reéonances of ?SH\aré present.
.Two new sets ofvresonénces appear at t =17 min and these
"were'assigned to the mixed ‘disulfide of PSH wipﬁ SuSSSu

- (PSSSu). The methylvresonahces_for PSSSu at high field

.show a doublet whereas those at low field overlap: The '

N
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[3 ) .
Table 26. Conditional forward rate constants for the
reaction of penicillamine w1th selected
disulfides (RSSR) a ’ '

RSSR [-.PSHJO [rRsSrR], . pH Kie STDP :
mM CmM M~ lmin=l M‘lmin’l_.
CyssCy  34.5 37.8 5.65 2.43 . 0.02
34.5 35.1 5.56 3.52 0,13
| 'ESSE - 31,3 39.0 5.49 0.187 - 0.009
-~ 33.7 35,1 5.58 0.228 . 0.007
MSSM 35.0 35.1 '5.49  0.688  0.018
34,5 35.0 5.57 0.787 0.094
PrssPr  32.8 - 33.7 5.50.  0.276 0.018
SuSSSu  48.4 49.4 7.58  0.208  0.008 |
| 32.8  33.1 7.61 - 0.309  0.017 . = .

a8l M KCl aqueous solutlon containing 0.003 M EDTA.
bLlnear standard devxatlon from the. non- -linear least

. squares program. L o S L
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B 0.1 PPM/DIV"

<'v'Fig'ure 59. 200 MHz lH spectra of the met‘nyl groups 1n a.
-solutlon which contalned 1n1t1a11y 0.0328 M

| PSH and 0.0331" M SuSSSu as a functlon of .

. time. 1 M KC1, 0,003’ M EDTA, pH 7.61,_-25°c.

¥
b



result of random reaction between PSH and the hree pairs
of optical isomers for SuSSSu (1~2-1) is’th;;'
of the three thlol/dlsulflde exchange reactnons is

similar. 'This is supported by the equal 1ntenslt1es for
the two methyl resonances of PSSSu at hlgh fleld |

Ferthermore, ‘from the behav1or of these two methyl

the extent

246

resonances as a functlon of time, the rate 18 essentlally oo

’,\‘
e

{ '\*
1dent1cal, as was also found to be the case for the N-
acetylpenicillamlne/GSSG system.
s . - . . . " ,. : .B‘

: . . . a ' o !
) o R ‘ e

E. Discussionr | B

The equ111br1um constants ﬁor the PSH/CSSC system 1n-fg,f-“

Table 20 are pH dependent condltlonal equlllbrlum

constants in. terms of all the specles ex15t1ng at the

partlcular solutlon pH In terms of\the reactlve spec1es;

;fh Ancludes the
u*gﬁae exchange reactlons

present 1n‘the.pH range,S&B'
phy31ologlcal pH, the tthl/dlB
‘ taklng place are: ;'§

e

PS™ 4 .PSSCO m==—> PSSP® +:CH

PS™, 4 cSSCO me——= PSSC® + C8™ . (169) -
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+

PS™ and CS” are the carboxylate-deprotpnated and anﬁgo~
protonated\forms of PSH and CSH. The pH 1ndependent o | %%&
equilibrium constants, K' 1 and XK' 91 are related to the
.values for Ky - and K2 by equations 81m11ar to Equatlons 151
 and '152. Values obtained are K'; = 5.36 * 0. 67 and K’ 2 =
0.019¢ + o. 0023. o |

The pH 1ndependent rate constants for Equatlon 169
are ky = 1091 M~ Imin~ -1 as determlned from rate data
obtainedsover the pHarange 5—8'and ks =‘k1/K'1,‘= 204 .
Mlmin=l. similarly, k.4 ~ 0.2 M"Imin~! ana k3 = K'p x kg =

Lt

~ 0.004 M~ lmln_%éfor Equatlon 170
' Fquatlons‘ﬁbr the thlol/dlsulflde exchange reactlons
.of PSH w1th the other dlsulfldes studled cannot be wrltten
.1n terms of the react1Ve spec1es present at pH 7 because ‘_ ,
 the fractlonal concentratlons of the mlxed dlsulfldes :
cannot be calcnlated as their ac1d dlssoc1atlon constants_l
‘,:are nbt-anwn; 'Censequentiy; the pH 1ndependent . g
‘equiiibtaum constants fér.the reactlons in terms of the 5 . Z("
ireactlve spec1es cannot be determlned
x'; Cond1t10nal equlllbrlum and rate constants for the
‘ reactlon of PSH Wlth CSSC at phy51ologlca1 pH ‘are of -
‘ﬁfpractlcal 1nterest 1n medlclne because the reactlon 1s the
1ba51s for the treatment of cystlnurla.; U51ngva- P |
'bAelndependent equlllbrlumgand rate constants determlnedv

N N



earlier, the values of ch ' ch and k., were calculated
from Equatlons 1115, 116 and 141 respectlvely. Others were
calculated as shown previously for the PSH/GSSG system.
The results are. 118ted in Table 27 hese results suggest
that the mechanlsm of actlon in the treatment of

cystinuria would be due malnly to the thlol/dlsulflde
\

248

X

exchange of PSH with relatlvely 1nsoluble CSSC to form the'v

more soluble mlxed dlsulflde PSSC.  The second reactlon

1nvolv1ng PSH with PSSC weuld be a negllglble pathway in

the metabollsm of PSH, Slnce the equlllbrlum constant ch‘

is of 1ntermed1ate value and Koo exceptlonally low,“

~‘pen1c1llamlne has a large tendency to form PSSC.y

”Reactlons w1th CSSC are., fast and equlllbrium lS reached 1nl

~10 mlnutegv
. Condltlonal equ1llbr1um and rate constants at

..thSlologlCal pH. for the réactlon of PSH w1th other
_ dlsulfldes (RSSR) studled are summarlzed 1n Table 28

?together wlth the results obtalned w1th GSSG and CSSC.

Also’ 1lsted is the cond1t10na1 equlllbrlum constant K3c T

'yffor the overall reactlon of PSH w1th RSSR, o

SN

.

:pszHtv+}RsSRt';=:;=::5?§SP£a¥‘2RSH£,Q f5117l)7fjl |



Table 27. Conditional equilibrium
the PSH/CSSC thlol/disul
at pH 7.4,

Constant

&
B o7

.a.‘v._" ‘
K3c = Kic Koeo
Pye = K1c/Kie-

o -
k3c k4 K2c

-

dEstlmated from the data at pH 7.25
. ii‘.

and rate constants for

fide exchange reaction

Value

'5.13

0.0238

0.123

- 210 M 1m1n -1 i _ ,

40, 9 M™ 1m1n 1

'~Q;9003~M’1m1ﬁF3°‘

~0,01 M7 imin1

and Eéuatiéh 147.

249
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and K3C would be 1 The valuesaobtalned for chvrange

.'PSSC to form PSSP than predlcted by . random probablllty._

ande3¢ = ch".KZCf‘ The values for Ky, 'and Ky, for the
reaction of PSH with'the eight disulfides are quite
‘similarr If the distribution of PSH and RSH groups were
governed by random probablllty, a mixture orlginally

contalnlng 2 moles PSH ‘and 1 mole RSSR for example, would

give, at equilibrium, the following amounts- RSSR and

PSSP, 1/4 mole each; PSSR, 1/2 mole, PSH and RSH, 1/2 mole

' each,‘ i"”ch _nd ch~would be 2 and 0. 5 respectlvely,.’

o

{:?from 1 24 to 2 49 except for the reactlon of PSH with CSSC

hosé value (ch = 5 lQ) dlffers from the random

'a_dlstrlbutlon value .of" 2 by a factor ~3 - In contrast, the

seven-values of K2C (~0 03) dlffer from the random pf

‘_dlstrfbutlon value by a factor of ~20 These results w"
e 1nd1cate that, even though the reactlon of PSH w1th RSSR

is random, 1n the reactlon of PSH thh 1ts mlxed dlsulflde 'f,~-

ke

B . .'.J)
‘PSSR PSH has con51derably less tendency to react w1th

gé That 1s, the equlllbrlum constants are not sen51t1ve to

'«structural changes 1n the groups attached to the sulfux

'”dthlol/dlsulflde exchange reactions 1nvolv1ng a serles Of

“alkyl thlols and dlsuifldes [39], a serles of substltuted

o

f::2—am1noethane thlol and 4 4--d1thlobls (benzene sulfonate)

‘b: : n B ‘,7.

dj]([49] and glutathlone reactlng Wlth a serles of

o’

251

AR

.ffl atom except\vhen sterlc factors are 1nvolved. The*_f’.“ -
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mércaptoalkane—CYsteine mixedldisulfi s [42] have been -
reported to have such sterlc factors. o
‘The values llsted in Table 28 for e conditional

rate constant klc.cover a w1de range in cpntrast to_thOSeT

.

for ch. The condltlonal rate constant for.'

mercaptosucc1n1c aC1d dlsulflde 1s a factor of ~1000 ress

than those for cystlne and cysteamlne dlsulflde. These oy v"h; ¥

R

results dao not

l

'déntlfy the factors Wh1Ch govern the rate 8

of reactlon,,hog ver they do suggest that the total

eleCtrostatic:ch arge on the disulflde is’ important._ For ﬁfﬁfa
example, mercaptosucc1n1c ac1d dlsulflde has a Charge of

: -4 at pH 7 4, whereas the dlsulfldes w1th a total charge

= ‘. :
of 0 or —2 have klc value 1n the lntermedlate range..~

Cystlne and cysteammne dlsulflde, whlch have total chakges

of 0 and +2 respectlvely, have the largest value for t e :

rate constant because thelr reaction with the PSH reac lve

-.\' Vi LA

Aspe01es 1s electrostatlcally nbre favorable.- The reactlve ng;
pen1c1llam1ne spec1es 1n each react;on is presumably Ehe :‘V€l‘7

e
~

*\;g‘ same wx%h a charge of -1 :letl}f'_ffnffo:;,*j_15*;7r"i;f7sz

:~515' The RSSR/RSH palr Of molecules forms the redox couple"“ﬁ

REe " 2e” + 2HY + RSSR, 2 2RSH 0 f/ (172)
B "“J'f
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w1th a formal electrode potentral ERSSR/RSH " The

dlfferences between the formal electrode potent&al for the :
L} -
~various. RSSR/RSH redox couples and that of PSSP/PSH couple

Q.

a e- related to the values for the overall equlllbrlum : o

:co stant K3c (Table 28) by Equatlon 173 f211.

- AE° = ERSsr/RsH ~ EBSsp/psH * pF 1M K3 (173)
. ' . ':; "’# Lo / v :
Y'The'differenCeé;_AE°' llstednln Table 28 are all T

’~negative., Thls 1ndlcates that the tthl form, RSH,'of all R
. .

:seven dlsulflde molecules studled has greater reduq%ﬁhﬂ;’ j

'_;power (1s more eas1ly oxldgzed) than PSH at phy51ologlca1 «f”dilft
1pr;{ Thls smaller reducing power of PSH 1s due to 1ts T

_ .
‘smaller tendency to. form 1ts symmetrlcal dlsulflde PSSP.}

(“ : : PR

"As mentloned earller, thls 1? due to sterlc effects of the

B /

v*;ptwo methyl groups in PSH. fﬁ¢="f :ﬁ;

P - . { . ‘ s S ) 3 v
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A STUQY OF THE FORMATION AND CQNFORMATIONAL EQUILIBRIA

- OF. SYMMETRICAL AND MIXED DISULFIDES OF CAPTOPRIL ' }jgyyk"
: g R LA . RSO

" A. “Introduotionfff°

Capt°p’11' 1= (9'3'mercapto— -methylpropanoyl)—L-éfff

proline (CpSH). 1s a’ recently devaloped drug for the ;,f‘ ;

treatment of high blood pressure [29 31] Tbe thiol group;sfg””’
| is the key funCtlonal group in the metabolism of

captoprxl,\unﬁergoing oxldatlon and thlok#disulfide

L exchange reactlons w1th dlsulflde molecules to form

B

”jp/\vququs captOprll-oontalnlng meta olites. The major
;_'/ \ e :
\ ﬁm tabolltes are captopr11 disulf?be (CpSSCp) and miXed

B
\

\d1¥ulf1des wrgp thlol—containing Bmino acids, peptides and

- \ .
;“protelns [140 143] These are thought to play a role inr




H | ' JCH
Pads Padal]
CH, \ HO,CCH \
HscHCH_ _N__ A<M HSCHCH.  .m S
L SCTUSCHCO == ' SCTUNeH,
CH, i ? CH, |i CH, '
o S 0 (1)
*r | ) o . .

The relative populations of the cis and trans forms are

, . -~ \
dependent on the protonation states of the two functional,
groups of captopril [145). Captopril disulfide and

)

captopril-containing species .are also expecﬁéd to bé
present in aquéous solution as the cis and tfans forms
since cis-trans isomérism is a: characteristic featuge of
proline-containing pepéides E145—148];

" The conformational equilibria of‘Captopril have.
“ previously been characterized in detail [145j; 'Hoﬁevér,
the‘conformational equiiib#ié ofVCéptopril-contéining j

disulfildes have not been studied yet. .

Since the rate of ihterdhange between the cis and

trans conformations by rotation around the C-N pond of the

peptide linkage is slow on the NMR time scale [147—153],
, _ oy
NMR is a convenient method for detecting the presence of

cis/trans isomers and for studying simultanegusly the

equilibrium distribution of the isomers [145,148].

¢

In this c¢hapter, the results of ly NMR studies of the
. N \ )

confo;hational»equilibria'of captopril and paptdprilf

glutathione mixed disulfide (CpSSG) in aqueous (P,0)

255 '
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_solutiOns are described.; 1H NMR titratiOn Qﬁrvés‘were
analyzed to obtain copfoéﬁptional eqqiiibrium constants
" Oover a wide rangelofva.

( The oxidation\Of.CpSH by GSSG via thiol/disulfide

s . .
exchange is of interest since this type of Teactlion plays

a key role in the formatlon of Captoprll containing
hS /

metabolites. Equatlons 175 and 176 descrlbe the formation

of symmetrical and mixed disulfides of CpsH by reaction

P N

with GSSG. ™.

N~——— “ \,_\
CpSH, + GSSG, I CpSSG, * GSHt . (175)
CpSH, + CpSSGy %.CpSSCpy '+ GSHy (176)

v

The results of 1H NMR studies‘of these two thiol/disulfide\
exchange reactions between capéopril‘and glﬁtathione } \
disulfide .are also reporied in.this chapteY. The
equilibrium consfahts.were determined with thé aid of the

- coﬁfofmatiohal equilibrium constants mentiOnedraboVe.o |
Glutathlone dlsulflde was chosen because of its natural
occurance [17], captoprll glutathione mi'xed dlsulflde has
upeen detected as a metabpllte of captoprll 1140,141] and,

tb a first a ‘roximation, GSSG serves as a hmodel for
pp

disulfide bonds in proteinS‘beéause itsvcystine is between

i

256



two amino acid residues.

T

B. Conformational Equilibria of Captopril and Captopril-

Containing Species

CpSH, CpSSG and CpSSCp exist as equilibrium mixtures |

of cis and trans isomers with_reSpect to the'conformation
, across the peptide bonds 1nvolv1ng the proilne amlno
group. The c1s/trans equilibria for, K each of these systems
will now be characterized individually. This is neoessary
in order to characterize quantitativeiy‘the

thiol/disulfide exchange reactions of captopril with GSSG.

1. Conformational Equilibria of Captopril

Although thefconformational eqnilibriun of captopril
has already been characterlzed in detail [145], the study
was repeated ﬂnder the present eXperlmental condltlons.

Figure 60 shows the 360 MHz lH NMR spectrum of CpSH
in Dzo solution contalnlng 1M KCi at a pH meter readlng

(pH*) of 6. The 1H spectrum'consists of two hlghly

coupied Spln systems | the -CHZCH2CH2CH- spln system of

o 25%

-

the prollne moiety and the -CHZCHCH3 spin system from the o

3-mercapto 2-methyl 1 oxopropyl group Q.The éresence of

two ‘sets of resonances for each type of hydrogen due to - .

the existence of both cis and trans 1somers further -

complicates the spectra. For example, the speotrum shows

°
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. . Captopril

" Coptopril Divitide

~

NS

4” . . 3 ‘ g

ppm

Figure'60.-,360 MHz 1H NMR spectra of O 062 M captoprll o
‘ ,(pr 6 0) and 0. 042 M capt0pr11 dfsulflde
fpH* = 6.0) In the 1- 1.5 ppm reglon, the ’

galn was reduced by a factor of 2.



K

[«
"multlplet patteﬁns at 3 4-3.9 and 4,3- 4 4 ppm whlch ‘are T
a Y Sl

| S
for. hYdrogens on. the proline re31due Resonances in the e

le spectrum were a531gned on the ba31s of prev1ously . Ra

259

. ° Q
clearly the dOubllng of several resonance patterns, o »{
including the methyl resonances at 1:1-1.2 ppm and the ')v‘§Q¥?.

publlshed resﬁlts on captoprll [145] Theva351gnments are - §,

as follows: l 1-1. 2 ppm, the methyl hydrogens of the 3F e &
. ’*‘ﬁ"ﬂ B

*'mercapto 2~methyl 1 oxopropyl group (the methyl reglon 1s

R

expanded ‘in Flgure 61 ‘and the resonances are asSLgned to‘

~ the cis and trans 1somers in Table 29) 1. . 8- 2 4 ppm, the 'gfed

,hydrogens on C_ and CB of the prollne re51due, 2, 5—3 l

Cy
ppm, the two hydrogens on c3 and one hydrogen on C2 of the

o 3- mercapto-z—methyl lwoxoprOpyl group,.and 3. 4 3 9 ppm and

4, 3 "4, 4 ppm, the two hydrogens on Cé ‘and the one hydrogen

‘on Ca, respectlvely,'of the prollne resldue. In the 3 4—

37

3 9 ppm reglon, the resonances at 3 4 3 7 and 3 7-3. 9 ppm

‘-]are from c1s and tfans 1somers respectlvely Due to the a

omplex1ty of the multlplet patterns and the exten51ve_,ft’

overlap of resonances, no attempt has been made to extract

”the chemlcal shlft for the varlous resonances of the two ‘f'

o forms.

‘;'p The trans conformatlon of captoprll has been a331gned N

-

as the more abundant 1somer [145] on the ba51s that 1t is L

»the most abundant 1somer for other prollne contalnlng

peptldes,' e.g. gl,ycy?L—prollne, glycyl—L~hydroxypr011ne,,’

e
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’_ TablevZ?. 1dentification of captopril-containing species.

|

JConformatibn'offfhe - Species-

SEedies . Captopril Amide Bond(s) Number
N E AT — Lo T

CpSH(y) . ¢ + 7t trans « !
cpsH(gy' .t oeis 2
ncPsscﬁ(tg) o E;ahs,ugyans : f;,f-‘ S3

CPSSCP(ye) » | jtranspocis oo 4
. . / : . . ‘ . . ‘ -
‘CpSSG(py - /" grans R 6

CPS$G () | BRI o cis o ,ﬂ“' | .



-~

@ ‘ . L . ‘ ’ g -
L*alanyl-L—proline, and’for‘the;related peptides N-acetyl-
sarc031ne and glycylsarcosine. - o ’ °

) ' ' '
" As mentloned earller, the relatlve populations of the

cis and. trans forms are- dependent on the protonation state

©

of the molecule.' The fractronal concentrations of the two
’1somers were determlned as a functlon of pH* under }he

present eXperlmental condltlons by usxng the relatlve

¥ areas of the multlplet patterns in the 3. 4- -3. 9 ppm reglon

/ ‘ h

/ 0 i
IS (CH2 6) The results are summarlzed in Flgure 62. The
SN

fractlonal concentratlons for the fully protonated (at 1ow

pH), monoprotonated (aﬁ\neutral pH) and fully deprotonated

&'

and 0 71. The correspondlng fractlonal concentratlons for :

the c1s 1somer (fII) are 0. 13, 0. 37 and 0. 29

262

‘ (at hlgh‘pH) forms of the trans 1somer (fI) are 0.87, .0. 63

w

_respectlvely These forms correspond to" CpSH . CpSH andi‘“','

I

Cpsz, respectlvely. The protonatlon states were a551gned

] . Yoo . SEL

,f"to the varlous forms of CpZﬂfuiisi the ac1d dlssoc1at10n o '
_ constants for the tthl an carboxyl groups. The pKA A

‘;”ﬂZiiges for the carboxyllc aC1d groups are 2 86 and 3 52

for the trans and c1s.1somers, respectlvely,.and the pKA

H] : .
'"-trans and cis forms [145]

The fractlonal concentratlons of the cis. and trans'

'1somersgcalcu1ated from the relatlve areas of the methyl

_resonances (Flgure 61) are in good agreement wlth the

. 1
|
! . R . PPN

-

. values for the sulfhydryl groups are 9 71 and 9 99 for the ;”:rf
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above results whlch were obtalned from the CH2 B*resonance

VlntenSltleS (Flgure 62). For example, the fractlonal\

concentratlon (f ) calculated for the trans isomer of CpSH
at pH* 6 u51ng the methyl resonance 1nten51ty is 0 61

A

.

The equ111br1um constant Kc/t' for the c1s/ttans

equlllbrlum,ln Equatlon 174 is. glven by Equatlon 177

L K ‘ . e &
- [eis] 1. ~ :? “
: K = =7 L 77)
K C t = . R
) / | Ttrans] fI _ R N £
¢ Lo o [ . . ‘ .
‘eFrom the fractlonal concentratlons determlned above for : )
‘the varlous protonated forms of CpSH i e..at low,'neutral
fand hlgh PH, . the equlllbrlum constants are calculated to R
'be 0;15, 0.59 t 0 03 and 0. 41 respectlvely. -ﬁ';
o ' S v ," _j F , -
2. Conformatlonal Equlllbrla of - Captoprll Dlsulflde &
a Captoprll dlsulflde ex1sts as\§a‘equ111br1um m1Xture f{ o
of c1s and trans 1somers w1th respect to the peptlde bonds
,~of both captoprll re51dues. _The result is three 1somers
©oas descrlbﬁf by the follow1ng equlllbrla-
CpSSCp(tt) K1 B O ARV TS
S TR T '43“1,' R 5 - 4 R
T [ e CDSSCD«.:, e

CDSSCD(cc) Koc/tc SR



fwhgre CpSSCp(tt) stahds for the equlllbrlum concentratlon

A onformatlon.
ANy

Lﬂ shown 1n Flgure 60 The a351gnment is basxcali!x(ld‘samei.;“

)“ as - that for reduced captopr11 The spectrum comprlses the

S A
/
fa

ﬁ-”'
'T;‘resonances for the fOur env1ronments‘<
the four env1ronments are clearly obsei L'_’gu:¢761)¢.ﬁ~#”-v.

‘tf The a551gnments are glven 1n Table 29

Ktc/tt' ch/tt‘ahd ch/tc are equlllbrlum cohstants ‘
; . -

deflned as T R o ,\ /- . -

';":“ " - ‘ ‘ N ». ' . '
L SR ' \; B ‘ )
¢ Ry (epSScp (o))
5 P #c/tt [cPSSCp(tt)j

- (179)

oo epssep( o] o
' K o = (tc) . .
o Meeler TToESTR T (800

e vf.*-iK:wig;.” cpssCp (o))

7 . , : . . S Doy
/ & . O

'fﬂf’(iai)?t‘;

L o

9 fjof CpSSCp 1n whlch both captopr11 re81dues %ave the trans*“

5" : 1

The 360 MHZilﬁ NMR spectrum of captopX\} Exsulﬁlde is-

spectra of captoprll re51dues 1n four dlfferent

ot

¥

env1ronments due to the c1s/trans 1Sq'er1zatlon (Equatlov
178) Only the methyl reg}On shows well resplve ;fo5777

i
.‘5..

fowr»_o_blets from o

—.-\

- ‘f;f"""" P



T

"ﬂfll 02 The fractlonal concentraﬁlon could not be

’prSSCp

o PN . ) : . : - ’ )
o A S o g SRR, e -' . o -

As was theé .case f?r reduced captoprll, the resonances .

".for the - CH% 5 hydrogens (3 4 3 8 ppm ‘in Flgure 60) ‘cor\;51st
- of two sets of nultlplet patterns correspondlng to=fﬁe X\J |
‘*trans and 615 envrronments of CpSSCp Frpm these,athe-
hconﬁormatlonal egurllbrlum was: oharaoter};ed as - a functlon :
h_of pH. However, the relative areas of these resonances‘il_f
\;glve total fractlonal concentratlons for . the c1s s
(fIItotal).and trans <f1t¢tgl) envxronments; L e.-ie
‘.sfiﬁ faﬂ‘fit;;;i (?;FPSSCp§§E;;S;p§CPSSCP tc)]) Cte2)
SR .""5_77 S total 5-'f'v o
i | fIItotal 51(2[¢psscp(2Eégs;c£§psscp(tc?]) (183)5'fwﬁﬁ
T DA SR total ’ _ e )
| '? The values of fItotai and fIItotal,{asucalouiated fme;fﬁeiz
{i CH2 6 relatlve areas, were found to be relatlveiy e
h‘.lndependent of pH.i For example,uthe total fractlonal rrT“
|  Concen%rat10n (fItotal) for the tra\s.confornatlon 1s 0“93 sfﬂ
“th{at pﬂ* 0.75 and 0.72 0. 03 over éhe pH*;range 3. 75,v_.?"h

s

':ofdetermlned over the pH* range 1 3 due to prec1p1tatlon of

‘fgffj~'l

The equ111br1um constant,_ c/t' bétween the c1s and

Y

1‘ﬂltrans CpSSCp env1ronments (Equatlon 184)

Lk
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- _ : k-: [0181 total _=;fIItotal ] o ?.h;:,
. S C/t ttrans]t tal ' }:ﬁItotal L /3(184)

- \15 calculated to be 0.38 + 0.04" for '=t‘ne"-p‘”f range 3 75—.; R

11 02«_ As the pH 1s decreased and the carbo ylate groups

are protonated, the total fractlonajd " ntratlon of the:»i ;_'

¥ /
. trans 'rsom g

decreases to O 20. fitf : ’ RS s

- The characterlsatlon of the C1s/trans equlllhrla of,
.eCpsécp'from the methyl resonanee:lnt;hslt&es 1s necessary df;
‘7T1n order to study the th1 l/dlsulfide exﬁhangeareactlo"ofifzff-

;7r15CpSH with GSSG which ihv 1ved qdantlfy%ng overlapplng

Jf?methyl resonances.e7iJ o - -

' The methy; reglonvln Flgure 61 shows four doeblets p;'f
“}froﬁ the four dlfferent env1ronments (Equatlon 178) A
'ifGaussian resolutlon enhancement routlne was used to:itgﬁ,vh.
lflresolve the varlous methyl resonances., SlX of thegelght
limethyl resonances are well resolved whereas two overlap athfr
| .vl 18 ppm vs DSS.e Theseéhethyl resonances were asslgned |
G ;L(Tablé 29) to the varlous CpSSCp 1somers (Equatlon 178)
ﬁliBy analogy W1th reduced captoprll the most abundant’”

“Qresonances at l 18 ppm and l 20 ppm (palr no.l3) were

..a551gned to the 1somer in- whldh both amlde bonds are transif': E
. . . (' K " L : k )

b'_ffflp(CpSSCp(tt))_ The least 1ntense palr of methyl resonances5h'fg

e
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- - .

at 1.18 ppm and 1,16 ppm (pair no. 5) was assigned to the

1

two methyl resonances of CpSSCp(CC) The remaining two

doublets (palr no. 4) of equal and intermediate 1nten31ty

4

; were asslgned to CpSSGp(tC)
The fractlonal concentratlons of the three CpSSCp
isdmers (Equation 178) were determined at pH* 5.90, 5.99
: P -~ )

“and .10 from the relative intensities of the four methyl.

. . I-4 )
C 'doublets. From these, the three equilibrium constants

cc/tc' Ktc/tt and ch/tc (Equations 179-181) were

A 4
alculated. The results are listed in .Table 30. lThe
L.
averagé‘equlllbrlum constants are: cc/tt = Owgd4
0.0QS, Ktc/tt = 0.84 + 0.01 ané ch/tc = 0.171 + 0.006.

/ . C .y . \
‘'The overall equilibrium constant, Kg/ (Equation

4

184),_was‘also &ete%mined using the results obtained from

the’methyx region for compargéon with the value calculated
, . . 13 . ] . . ’
“from CH, § resonancdés. Kg/¢ 1S related to the various

equiiibrium constants by Equation 185.

' - S (2K cc/tt b ’Kté/tt)
c/t 2+ Ktc/ttJ

(185)
|

/

2

Kc/t was calculdted at three pH* values using the results
“in Table 30..° ‘The average of the three values is O. 397 +
0,006 which is in excellent agreement with the value

obtained above using the relative intensities efjthe cis
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Table 30. The conformational equilibrium constants of

'CpSSCp at pH¥* 6.2

pH* Kee/tt Kec/tt | Kee/te
5,90 . 0.143 . 0.855 ~0.167
5.99 0.139 0.826 - 0.168
6.10 0.140 - 0.846 - 0.177

average 0.144+0.005 0.84t0.0§' 0.171+0.006

30,044 M CpSSCp in Dp0 containing 1 M KCI, 0.003 M EDTA and

0; 05 M imidazole.
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and trans CH, § resonancesa_ This excellent agrkement
indicates that the resolution enhancement method used for %
reselving the methfl resonances does not distort the
methyl areas significantly and therefore can.be used, .
under these experimental conditions to resdlve resonances °
so'tnat the variousfequilibria.can be quantified.

Equation 185 suggests that, since the values of Kc/t
are pH 1ndependent, the various' equilibria and equlllbrlum

G -»

'constants of CpSSCp in Equation 178 are also pH

independent over the same pH range.

3. Conformational Equilibria of the Mixed Disulfide of

Captepril with Glutathione.

Figure 63 shows the 360 MHz 14 NMR spectrum of the
methyl region for the mixed disulfide of cantopril with:
glutathione (CpSSG).j fhe mixed disulfide was formed by
reacting 0.009 M CPSH with 0.018 M GSSG in' 1 M KC1
solutlon (in Déo) at'pn*’7 1. ,CpSsG, GSH and CpSSCp were
formed by thiol/disulfide exchange (Equations 175 and
'176). After reaction for 15 min, ‘the solution was stirred
in air for 18 days to ox1d1ze Cpsﬁ to CpSSCp and GSH to
GSSG' in order to 51mp11fy the NMR spectrum. Under these
condlt;onsu less than 10% of the total captoprll‘ls
present‘astpSSCp and no CpSH was detected.’ The two sets

of methyl'doubiets (pairs no. 6 and 7) in Figure 63 are
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1.20 : 1.18

- ~ pPPM

ly NMR spectrum of the methyl region bf a pH*

Figure 63.

S

7,0 solution containing'captopril-glutathione
mixed disulfide andﬂcaptopril dis@lfide.f
Details of the preparation, of thebmixed
disulfide'are.given in the text. Gaussian

multiplication was used to enhance the

resolution.
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_trans form tﬁan at hlgh pH. However,'ln contrast to.f4

v 272

A

./

due to the c1§ and trans 1somers of the captoprll residue
in CpSSG. As before, the most abundant resonances have
been assigrned to the trans isomer. Using the'relative
intensities of the methyl doublets, the conformatlonalt

equilibgium (Equation 186) was studied.
Rum 4 : |

/
% S
CH, /C.HCO.Z» *CH, sz :

CH=N. - | “0,CCH—N

\ . : \

) c=0 o . ;=O
H,C-CH —_— H,C ?H
CH, ' P (186)
3 S
s ;i
.. . S - . T
. NH, CH, o NH’ CHZ

[
o CéHCH CH, CNHéHCNHCH co, "0,CCHCH CHENHCHﬁNHCH,co,

™.
N

. - \\
At low pH, the methyl resonances of the c1s form are\\\
both less intense and less well re501Ved from those of the

9

' ,results observed at hlgher pH, the CH2 5 multlplet
,patterns at low pH were suff1c1ently well resolved from
" the glyc1ne resonances of glutathlone re51dues in GSSG and
| CpSSG for dlrect 1ntegrat10n and calculatlon of fractlonal

concentratlons ' Consequentlzj at pH* < 3 the fractlonal

concentratlons of the cis and trans isomers of CpSSG were

determlned from the relative 1ntenslt1es of the CH2 6

~._
B



multipiet patterns Whereashat higher pH they were

determined from the relatlve 1nten51t1es of the methyl

‘“,“

resonances.‘ When u31ng the methyl resonances, peak

\

_ he1 hts w re used instead of areas 1n order to m1n1m1ze
‘heights e

) CpSSCp (resonances 3, 4 and 5 in Flgure 63)

~~dconformatlon is 0. 67 i 0.01 and 1ndependent Of PH over the'

I

_the contélbutlon from the re51dual methyl resonances offﬂ

& .

... The: fract10nal concentratlons of the trans and c1s’

forms of CpSSG were determrned as a functlon of pH over

.

the pH* range O 92 lO 98 ‘and - the results “are presented 1n

Figure”64. The fractlonal concentratlon of the trans

1a

273

"'pH* range 4 8 5 .correspondlng to an equ111br1um constant,ft>

| K c/t' of 0.49 + O 02. As the pH 15 decreased the‘

B A
. ; .““.

"carboxylate group becomes protonated and the fractlonal

o e

.concentratlon of the trans 1somer lncreases to O 86 + 0. ozl,,ﬂf

"Mat pH* < 2 (Kc/t" O 16 + O 02) At pH > 9 where the

.

CpSSG spec1es becomes fully deprotonated the fractlonal

concentratlon of the trans 1somer also 1ncreases (to 0. 740_13?

E 0.003)‘(and Kc/t,deéreasesgto 0.351 + 0. 005)

-~
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Figure 64;,.The:fractionalGcohdeﬁtratidhs70f:the¢cis_§ﬁd"~
. trans forms of captopril-glutathione mixed
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C. . Egulllbrlum Constants for the Thlol/Dlsulflde Exchange

' Reactlons Between Captoprll and Ox1dlzed Glutathlone

The. conditional equiiibrium'constants Kyc and ch-for'
‘the ox1datlon "of CpSH by GSSG described by Equatlons 175
and 176 were determlned at pH: 5. ch_and Ko, are deflned'

- as

[CpssGJtEGsH]£;

| K1e'® repswT lesser, - © LD
‘g; S B [Cp:S.SCp],‘t[G;SH]‘t. S \ '
. ch = EPSHJtECpSSG]t B (l88') :

8

- where [CpSSG]t is the total concentratlon (c1s + traHS),of

‘CpSSG, tc.‘ Equlllbrlum concentratlons were calcul%%ed

Y

from the 1ntensrtles of the methyl resonances for the

_Ivarlous captopr11 contalnlng spec1es.-’

275

Flgure 65 shows the methyl reglon of the NMR spectrum :

bjufor a pH* 6. O solutlon prepared by reactlng CpSH w1th
rGSSG ' The spectrum was obtalned 341 hours after m1x1ng
::the reactants to ensure that equlllbrlum had been k
hreached Thebreactlon was . c&%rled out in a sealedaNMR ;P

ftube 1n order to mlnlmlze air oxldatlon of thlols to

o

'rdlsulfldes.- The spectrum shows several well resolved

7methyl r%sonances for the 01s and trans forms of CpSH
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1 | RPN RSN FER IS DM SRS S |
120 118 116 . 114 <142
1 : ,, o | o7

Figdre 65} The methyl reglon of the lH NMR Spectrum Of a
o solutlon prepared by reactlng 0. 045 M CpSH |
‘with 0.041 M GSSG at woH* 6.0 for 341 hours in
;:a degassed sealed NMR tube. Resolutlon waS"‘n
'.enhanced by Gau551an multlpllcatlon

"Resonance a551gnments are glven 1n Table 29

5 .
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- CpSSCp; Ktc/tt and ch/tc' usxng Equatlon 189

277

CpSSCp and CpSSG. The‘fractional concentrationsfwere
calculated from the;relatiYe areas of’these resonances'asti
described in Chapters II,and Iv. B
The equlllbrlum concentratlons of the various spec1es -
in Fquatlons 187 and 188 were determlned from the Lelatlve

1ntensxt1es of the methyl resonances and the lnitlal

reactant concentratlons as follows. 'The total area<of»the

methyl resonances for CpSH was obtalned by doubliﬁ% the,JJ

| Lo V\f'(
sum of the areas of its resonances at- 1 13 and l 14 ppm. ;
] I

The total area of ‘the methyl resonances for CpSSCp was

calculated from the area of lts resonances at 1 l7 and

1.19 ppm (sum of areas A) and the values determlned

above for the two conformatlonal eQulllbrlum contants of

el ’ Ve

. ER
<y e

" .total area = 2A(1 # Kf*etc,+'h =) (1é§)ftv5
;0 F | 5 , CC/”‘-j'Kﬁgfkt,spk AR
L ;0 { .
v L

nghe dlfference between the total methyl rEsonanceyarea and.

3 &4

>'°the areas for the CpSH and CpSSCp resonances glves the

;1total area of the methyl resonances for CpSSG 'Next,:“

i Q

"fractlonal concentratlons were calculated from the\
1relat1ve‘areas of CpSH CpSSCp and CpSSG>and the total

‘; »t R ; ’ B
,\rmethyl resonance area Equ111 m concentratlons of; CpSH, {ff\

‘h,CpSSG and CpSSCp were then calculated u51ng these



frattional concentrations-and the initial concentration of
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CpSH. - The'equilibrium“concentrations of GSSG and GSH were :

<

calculated by difference using these concenfrations and -
" the initial cdncentration of GSSG as shown in Chapter‘IV.

~ The values ‘calculated for ch and Ky (Equatlons 187

Vand 188) from three separate experlments in’ the pH* range :

5.9-6.1 are 2.1+ 0,1 and 1.5 + 0.6 respectlvely ,The

1arge uncertalntles reflect the accumulatlon of err‘gs
) that result from obtalnlng concentratlons by dlfference

D. .Discussion

AP*' Cls/Trans Conformatlonal Equlllbrla of CpSH,‘CpSSCp

AI‘} . . | N : ’x. .
. . L N - ; 0h .

and CESSG _{ S ; ) L ' J: S o \-

. .

- The ‘more abundant lsomers of CpSSCp and CpSSG were

o a551gned the trans conformatlon based ,on. prev1ous flndlngs

N\

L that the more abundant conformatlon for prollne contalnlng =

dlpeptldes such as glycyl L prollne, glycyl~L— lh'
.ihydroxyprollne, L—alanyl—L—prollne [148] and captoprll

,;l B

x_[l45] is the trans conformatlon._:‘

| The fractlonal concentratlon of the transnf;:b"
?'conformatlon of these dlpeptldes 1ncreases when the{:
'carboxylate group is protonated V‘Forke;ample, the‘

'«fractlonal concentratlon of the trans conformatlon of

dglycyl L—prollne 1ncreases from 0. 65 to 0. 84 when the S

SR
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’carboxylate group is protonated [148] This behaviour is

very slmllar to that observed in thlf

"abundant 1somers of CQSH CpSSCp an CpSSG;.:T

- Q.

The c1s/trans equlllbrlum conétants for CpSH CpSSCp,

ijSSG and the prollne contalnlgg dlpeptldes.are summarlzed

279,

study for the more . ..

ln Table 31 | The equlllbrlum constants fdr the - carboxyl- L

a

s protonateg (low pH) forms of CpSH, CpSSCp and. CpSSG are -

1equ1te 51m11ar to eadh other and. to those for the prollne—~v,9-"

: contalnlng dlpeptldes., The enhanced stablllty of the

:‘trans 1somer at low pH (see footnote b p. 280) probably

*.results froiéfntramoleCUlar hydrogen bondlng between the’ o

‘prOtonated rboxylate group and the ca?bOnyl OXygen of

'h;the peptlde bond ' Thls is shown schematlcally 1n XX ‘»7
< -

' ’Molecular models 1nd1cate that such hydrogen bondlng is.

“fnot p0531ble ln the c1s lsomer. ei-

~;fThe enhanced stablllty of the trans conformatlon of

jprollne contalnﬁhg d;peptldes at low pH was found to be-_hﬁfd

",due to. such hydrogen bondlng [147 148 154]
o

At hlgh pH (see footnote d p 280), the':zj |

i



Table 31. Cis/trans_dOnformatiOnal equilibrium cOnstants

for proline-containing molecules.?
o Tae
" Molecule

280

‘Low’prf:'Nentrai'pHC: Hrgh;gﬁd_

*

glycyl-L—prollne L _Oflév_'? - 0.54 ‘;". 0. 72
glycyl-L—hydroxyprollne - 0;14_" '_ 0,52 ‘ ."0Q59
’HL-alanyl—L-prollne '. 0,12 . 0754. = [’30{89"

. captopril ;}v‘d f.v.ﬂ_ ~:720,15 S ';\ao¢59“ ' vf'0;4i

: captoprll dlsulflde 'I];d'_'0;2bf ‘ v‘d0¢38fyp ' _;O.38f :“

captoprlldglutathlone s R S LA S
' ‘mixed disulfide 0016000 0 0.49- 7 .0.35

g

d to the conformatlon across the prollne amlde bond

:HTgbCarboxyl tthl and amlno groups, lf Present,farep,rf’-~’ﬂ S

IR )

o protonated.-;n; v
@r;CCarboxyl groups deprdtonated thlol and amlno groups,:lf
present, protonated.“vn'”'

ndCarboxyl, th101 and amlno groups,rlf present,,;i;q
: deprotonated a"ﬁffi";;‘i}f?;f“ffnf:f tf: )ﬁ:Nf}:v+

'5«£eference 148 T

ﬁifK /t EClsiltotal/Etranthotay

i o N LN - i E o
, SR :
SR T

aDeflned as Kc/t ‘ [015]/[trans] where cis and trans refer .



i“‘v s o | : B - . .2812

conformationalIéquilihrium constants“for Cpsﬁ 'CpSSCp andﬁ
d_ CpSSG are appreximately the same, but are less than kor/f

the prollne contalnlng dlpeptldes.' The enhanced stablllty

of the trans conformatlon of the fully deprotonated (hlgh

pH) form of. CpSH is presumably due to the 1ncreased-charges”:
’_repu151on between the deprotonated carboxyllc ac1d and ‘
d_thlol groups L145] 1n the cis 1somer.' In CpSSG and the :i
proline contalnlng dlpept1633; the orlgln of . the enhanced;”~"'

-

.Stablllty at hlgh pH 1s not so obV1ous
'fgk The magnltudegof the c1s/trans equlllbrlum.constantsiti e

gln Table 31 for the neutral pH forms of CpSH, CpSSCp angb.vf;':
:CpSSG suggests that apprOX1mately two thlrds of the |

‘,captoprll both 1n the reduced and in: the oxldlzed stateuf

'i-has the trans conformatlon at phy51ologlca1 pH._'f_ff‘P“*'

S T

CpSH/GSSG Thlol/DlsulfldQ;Exchange Reactlon fj,@_vﬁ

-*

'f' The thlol/dlsulflde exchange equlllbrla between CpSngax
_and GSSG (Equatlons 175 176) and the conformatlonal '
sequlllbrla of CpSH CPSSCP and CpSSG are: summarlzed 1n_*ﬁ**’

h‘Flgure 66 ’ The n1ne equlllbrlum constants were determlned j;w*‘
) ‘) E .

7,at pH* 6.\ Slnce the condltlonal equlllbrlum censtants 1n
. ERA :

»fthe related systems PSH/GSSG and PSH/CSSC are essentlally

f7~ﬁpH 1ndependent up to pH values at whlch deprotonatlon of

'fthe tthl group beglns to occur “thé‘condltlonal Q

:‘equ111br1um constants obtalned for the reactlon of CpSH

A
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with GSSG at pH* 6 probably describe the reaction up to pH

~8 as well. )

The reactive sbéciés in the .oxidatioh of C?SH by G§§G
is presumably the thiol-deprotonated species, CpS™ . Tﬁ;k/\
~thiol/disulfide exch;nge reactions written in terms of the

reactive species are

- 2- 2- 2- .
CpS~ + GSSG*~ [ CpSSG“  + GS (190)
cps™ + CpsSsG2~ 7 CpssCp?” + 652" (191)
. A « '(A’

o

The equilibrium constants for Equations 190 and 191}cannot
be calculated'from the values determinéd for Ky and Kpo
at pH*'6 since not all the acid dissociation conqpanﬁé are
known. |

The overall thidl/disulf{de exchange reaction between
'CpSH and GSSG is given by Equagion'192 |

<«

‘ 2CpSH + GSSG ? CpSSCp + 2GSH  ° (192)

<

& .

&‘, o » .. . ‘ ’
The overall conditiomal equilibrium constant, K3qs 18
calculated to be 3.2 + 1.2 using the relation Ko =
K1¢K2c' 1f the thiol/éiéulfide reaction was governed by

random Qﬁstribution, Kic and Kyq would be 2 and 0.5

283
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. B3
respectively and K5, would be 1. ,The,corresponding values
for tue reactionrof‘cysteine (CSH) with GSSG and for PSH |
,with GSSG can be used for comparison. At pH 6.6 and 25°C,
the equilibrium constants for the reaction of CSH with

- 0,27 and Ky, = 0.34. For

GssG [38] are K. = 1.27, Ky,

the reaction of PSH with GSSG at pH 7.4 and 25°C (Chapter
IY),_these values are Ky, = 1.36, Ky, = 0.039 and Kj.
0;055, The values for Kj3.for the reactions involving
both CpSH and CSH with GSSG -are within a factor of 3 of

’

the random distribution. The value fcr the reaction of
PSH with GSSG is much smaller due probably to rts two
bulky methyl groups adjacent to the thiol group, which
hinder the reaction of PSH with penicillamine-glutathione -
mixed disulfide in the second step (Equation 103).

The differeuce between the formal electrode .
potentials;(AE°') of the GSSG/GSH and CpSSCp/CpSH couples
is 0. 015 V as calculated from Equation 173 (where AB =
EGSSG/GSH - ECpSSCp/CpSH) and the value of K3c for CpGH
By comparison, the AE® " value in Table 28 1s -0.0378 V at
pH 7.4 for the reactlon of PSH w1th GSSG.

The AE®' value for the reactlon of CSH with GSSG
(AECSH) at pH 6.6-7.0" [21 37,38] is reported to be in the

. range -0.013 to ~0.018 V. These results 1nd1cate that
E°' (CpSH) > AE°'(CSH) >.Aﬂf'(pSH), i.e. CpSH has a

greater tendency to reduce disulfide bonds by
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thibl/disulfide exchange reaction than doAthioi groups in
amino acids such aS<CSH éhd.?SH. " The Valﬁe of AE°'(CSH)
'is-greater than AE®'(PSH) due to'bulky methyl groups in
PSH as mentioned earlier. Tﬁe‘drigin of_the gféatér value
of AE°'(CpSH) overfAE°'(CSH) is not so obvious.

These résults furtﬁer‘indicate that, if the disuifide
bond in-GSSG is a'good.modél for thoée in‘éroteins, CpSH
is more capable‘pf"reducihg protein”disulfide bohds thén
CSH. This conclusibn is supporﬁed by the finding that
CpSH is mofe efféctiVe for the activation 6f5§apain»by
reduction of a disulfide boﬁdiat ipé‘actiQé site than is

cysteine [155].



CHAPTER VII
CONCLUSION

The objective of the reseatch pfesented in this
thesis has been to characterize,the«tendency of thiol
groups of penicillamine andﬁcaptopril to react with
.disulfide groups ingamino acidS‘and Reptides.» The
feactions between thiol and.disulfide groups are
thiol/disulfide eichange reactions, and'the overall

+

reaction results in the ox1dat10n of the thiol to its

%
dlsulflde form while the dlsulflde is. reduced to 1ts thlol
form The overall reaction takes place in two steps; onev;
product of the- flrst step is a mlxed dlsulflde whlch then
reacts ‘with another thlol molecule to form the symmetrlcal
:disulfide. These reactlons were-studled'lnvthls thes;s D
'because they are thought to be the most 1mportant
reactlons in the metabollsm of pen1c1llam1ne and captoprll
Lo, 140—143] » EVen though these reactlons have been |
thought to be- 1mportant 1n the metabolism of pen1c1llam1ne
- for some tlme; and more recently for captoprll, they have
_not been characterlzed in deta11 presumably due to the

[leflculty of mOnltorlng these types of reactlons

286



To characterize'the tendency of'the7thioi group of

penicillamine to react with disulfides, the kinetics and

<

equilibria of its reaction with the disulfide groups in

287

oxidized glutathiOne, cystine andLrelated_disulfides'were‘--

studied. The reactions with the dlsulflde group of

ox1d1zed glutathlone were studled for several reasons, the

most ;mportant‘belng thatvox1d1zed glutathlone is present
in intact cells and biological fluids and also its

disulfide group serves as ‘a convenient model for disulfide

‘groups in proteins. The reactions with the disulfide

group of cystine were studied bedéuselthis'reaction is

~thought”to be the most important pathway5for‘the
._metabolism of.pénicillamine, regardiess ofdthe diSease

’belng treated [9], ‘as well as belng the baSlS for the i

treatment of CystlHUTla w1th pen1c11lam1ne [23] To

'characterlze the" tendency of the tthl group of captoprll

'7'to react with d;sqlfrdeigroups, the equlllbrla for the

_reéction'of captopril'with o?idlzed'glutathlone-were,‘;‘j

studled

[

The klnetlcs and equlllbrla of the reactlon of

pen1c1llam1ne w1th ox1d1zed glutathlone and wlth cystlhe Qf“
were characterlzed by lH NMR. From the pH dependence of

’the obserVed rate constant for the reactlon of

penlClllamlne w1th both dlsulfldes, thé reactlve \
¥

':;pen1c1llam1ne spec1es at phy5101091cal pH was 1dent1f1ed

8
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(as the amino;protonated' thiol- deprotonated‘é\?m of
pen1c111am1ne while the/reactlve dlsulflge spec1es are the'
amlno-protonated, carbdxyl deprotOnated forms of ox1dlzed
glutathlone and»cyst;ne. To. be able to calculate the rate
andsequilibrium'constants for. the specific reactions which
occur at phys1ologlcal pH, it was necessary.to determine
ac1d dlssoc1atlon constants for the pen1c111am1ne— |
glutathlone and pen1c1llam1ne cystelne m1xed dlsulfldes
hformed 1n the two reactlons. Prlor to thls work no ac1d

i dissociation constants hadﬂbeen determined-for mlxedr |
'dlsulfldes such -as these, presumably due to the nece551ty
of haV1ng the compound in. pure form forlconVentlonal -
:methods of measurlng ac1d dlssoc1atlon constantsrf This is
not a requlrement of the NMR method for measuriné ac1d |
’:dlssoc1at10n‘constants 51nce informatlon 1s obtalned’at o o
'the molecular level In thls work the ac1d/base |

_ﬁchemlstry of the mlxed dlsulfldes was convenlently studred

.

by NMR by reactlng tthl wlth dlsulflde to form the mlxed 5;"o'}x
'i;dlsulflde 1n solutlon and then maklng NMR measurements on

the equlllbrlum mlxture. Both macroscoplc and mlcroscoplc

“vac1d dlSSOClatlon constants were obtalned from chemlcal

Shlft data for the mlxed dlsulfldes PSSG and PSSC. ;The:xa

[

hemlcal Shlft data 1nd1cate that the two ammonlum groups _;

dln each mlded dlsulflde are of 51m11ar ac1d1ty Thus the i

. -monOproto/ated form of each molecule ex1sts as a. mlxture_



289

of protonatlon isomers. For PSSG, the ammonium group of
}the pen1c111am1ne part "of the molecule is 4.4 times as
‘:ac1d1c as that of the\glutathlone part, whlle for PSSC the
pammonlum;group of the pen1c1llam1ne part is. 1 7 times as
“"lacidic3as that of the cysteine part This work
demonstrates that .new and lmportant information about the
solution“ohemistry.of mlxed dlsulfldes‘can be obtalned by
m. |
U51ng these ac1d dlssoc1atlon constants for the mlxed
dlsulfldes and acid dlSSOClathn constants for the tthls
o
: nd dlsulfldes, equlllbrlum constants for the two steps in
ithe oxldatlon of amlno—protonated thlol deprotonated
’penlclllamlne by amlno—protonated carboxyl deprotonated
_GSSG and cystlne were calculated from the pH dependent
equ111br1um constants Slmllarly, both forward and.
reverse rate constants for both steps in the'
;thlol/dlsulflde reactlon were calculated from the observed
.\JpH dependent rate constants . These pH 1ndependent rate
.nand equ111br1um constants for the reaétlon of ‘
d'pen1c1llam1ne w1th GSSG are dlscussed on pages 206 208
;whlle those for the reactlon of pen1c1llam1ne w1th CSSC
"_are dlSCUSSed ‘on pages 246 247 : Thls 1s the flrst tlme
gthat the reactlve spec1es 1n thlol/dlsulflde exchange
reactlonslof pen1c1llam1ne have been 1dent1f1ed and thatvj'

,,vthe klnetlcs and equ111br1a of the reactlons have been S
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quantitatively charactetized. This researchvhas‘shown
thatyNMR is a convenient and powerful tecnnique for
studylng thlol/dlsulfbde exchange reactlons since all the
species 1nvolved in :the two steps of the reaction can.be
observed with the\chemical shift dispersion_of high field
(NMR spectrometers. |
The study of.the’reaction of'the thiol group of> i
captopril w1th the dlsulflde group of oxidized glutathlone
was restrlcted to character1z1ng the equlllbrla for ‘the
two steps of the reaction over a narrow pH range near
physlologlcal pH- The'equ1llbr1a 1nvolved‘are mcre
vcomplex.than_thcse,fpr the analqgous‘reacticns}of
peniclllamine due to tneiexistence of'app;eciable
';concentratiCns of both cis anthrans isomets with respect
to the: conformatlon across the captoprll amlde bond Td
be able to descrlbe the thlol/dlsulflde exchange
equlllbrla,. it was necessary to characterlze flrst the
conformatlonal equ111br1a of captoprll captOprll
dlsulflde and captoprll glutathlone mixed dlsulflde. .Thev
: results obtalned from the conformatlon equlllbrlum study |
are dlscussed on pages 278 281._ U51ng these
conformatlonal equlllbrlum constants,-equlllbrlum

constants were calculated for the two steps 1n the

reactlon of captoprll w1th GSSG to form CpSSCp and GSH
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To relate the flndlngs to the physxologlcal
51tuat10n, condltlonal rate and equlllbrlum constants for
pH 7.4 were‘calculated from the pH 1ndependent constants
for the reactlon of PSH w1th GSSG and CSSC. The pH 7 4
condltlonal‘constantstdlffer from the pH 1ndepenaent
constants because the}reactivevthiol-deprotonated species

. L.
_are a minor fraction of the total thiol at pH 7.4 and the

;fractlonal concentratlons of ‘the deptotonated thlol
spe01es are not the same for the varlous thlols 51nce
thelr pKA sﬁ%re different. The condltlonal rate’ and
equlllbrlum constants are summarlzed in Table 2810n page.
250. Also listed are~COnditional constants whlch were'

Q

determlned for the reactlon of pen1c1llam1ne w1th several
other dlsulfldes. These results are dlscussed in detall

on paées 248-252" ConditiOnal equillbrlum constantsuweret
also estlmated for the two steps in the reaction of
captoprll wlth GSSG at pH 7. 4, the values belng ch ='2.l‘
Land K2c = 1. 5.- Of partlcular 31gn1flcance is the flndlng:~
that ch for the reactlon of pen1c1llam1ne with the

_dlsulfides studled as well as ch for the reactlon of CpSH R

w1th GSSG are all w1th1n a factor of ~2 of the random

;j,fdlstrlbutlon value of 2 whereas the values for ch for all

seven pen1c1llam1ne/dlsulf1de systems studled are

‘f}c0951derably less than the random dlstrlbutlon value of
. t

‘0 5 and consxderably less than ch for the reactlon of -
e . .

o
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captopril with CpSSG. These:results are interpreted to -
indlCate’that the reaction of penicillamine with'
"pen;lcillarnine mixed disulfidels ‘hindered by the bulky.
methyl groups adjacent to the reacting centers.~ This
suggests‘that the PSSP found as a metabolite‘of PSHYf‘
,[116,117] is not formed by:thiol/dlsulfide exchange
reactions but by-other 0xidation reactions. This‘is
further supported by the magnltude of the ‘rate constant
for the reaction of PSH w1th PSSG at pH 7.4, and is
’dlscussed on-page 2l2 : However, the value of‘KéC‘for the
:reactlonvﬁﬂ captoprll w1th CpSSG 1nd1cates that the CpSSCp
found as a metabollte of captoprll [140 143] could be

| formed by’ thlol/dlsulflde exchange.’ ‘
The rate constant for the reductlon of PSSP by GSH
‘was found to be very small relatlve to the rate constant
for the reductlon of PSSG by'GSH, and this also wasip A
, interpreteaj£0‘be-dueito steric»hindranCe'Of:the reactiYe -
. centerbln‘RSSP; Thls is a. 51gn1f1cant flndlng because_

[

Jellum et'al; [28] have proposed that ox1dlzed

<

_.pen1c1llam1ne 1n cells W1ll be converted to the reduced

form by the nonenzymatlc redugtlon of PSSP by GSH followed

by the enzyme catalyzed reductlon of GSSG to GSH

'”f’summarlzed by Equatlons 193 195 iéﬂ

sﬁ



GSH
- GSH
'GSSG + NADPH

”

However, the

?nt pathway

’ dlscussed

;w1th R SSR

- f.GSSG i +o 015 v.

_Msuggests that

two redox couples

K4c

+ PSSP Z_——:———= PSSG + PSH

o k3c

k

w 2c - :
+ PSSG s=——=—=> GSSG + PSH

‘@lutathione

+ ut
reductase

: A}

™~

~ 2GSH + NADPY

(193)

(194)

293

(1_95)_';

small value Hetermined in this wOrk'for:»"

reaction 193 1s too slow to prov1de an -

for the‘reductlon of PSSP. :

“

on pages 252 253, the . oVerall

,;1onal equlllbrlum constant, K3C,=

;ference between the formal electrode potentlals,

l :ge 250) xange from —0 0269 to-—O 0421 V.

‘@

~ated from K3C for the reactlon of

Comparlson of the AF

for the reactlon of

to form RSSR and R SH is determlned‘by the~

AEO' -

The AE°' values obtalned from K3cb'¢\

:,the reactlon of PSH w1th seven dl%ulfldes (Table 28

The AE°l

aptoprll w1th

values

Pcalculated from K3c for the reactlon of P H w1th GSSG and

ﬂ;;captoprll w1th GSSG 1nd1cate that the thlol group of

‘icaptoprll has a greater tendency to reduce dlsulflde bonds R

value'



by thlol/dlsulflde exchange than do the thlol groups of
pen1c1;lam1ne and cystelne, whlch hai/g/greater reduc1ng
fstrength‘than penicillamine., As.dlscussed:on pages 284-
‘285; thls conclug;on is supported by the 1ndependent if.

flndlng that captopr11 is more eff1c1ent for the

hLactlvatlon of papaln‘by reductlon of a dlsulflde bon gat
'1ts actlve site than is cystelne [155], -and suggests t
tthl/dlSUlflde exchange reactlons may be even more

1mportant in the metabollsm of captoprll than in the

metabollsm of pen1c1llam1ne.t"
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