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ABSTRACT

A method has been developed for the determination of
penicilfamfne, a therapeutic drug thiol, and other
naturally-occurring thiols along with their -ymmetrical and
mixed disulfides using high performance liquid
chromatography with electrochemical dotection (HPLC-ED) .
The biological thiols studied included the ami;g acid,
cysteine, its homolog, homocysteine, and the tripeptide,
glutathione.

Initia. studies examined the electrochemical behaviour
of these thiois and disulfides at the surface of the Hg/Au
electrodes. From the electrochemical results, the
coﬂ?’tions for optimum detection®™f the thiols and
disulfides were determined. The dual electrode detector was

-

operated in the series configuration with reduction of the

disulfides at the upstream electrode and oxidation of the

thiols at the downstream electrode. During subsequent
chromatographic analyses the upstream electrode was held at
-1.100 V vs. Ag/AgC} while fhe downstream electrode was
maintained at +0.150 V vs. Ag/AgCl.

The effect of the mobile phase composition on the
chromatographic behaviour of the thiols and disulfides was
also studied. The three variables examined were the mobile

phase pH, the concentration of ion-pairing reagent in the



mobile phase and the cohcentration of methanol in the mobile
phase. Adjustment of the latter two parameters in a pH 3.0
phogphate buffer mobile phase provided the resolution for
baljilno separations of various thiol and disulfide
mixtures. ' 4

Based on the electrochemical and chromatographic
studies, the methqdéloqy for the determination of the thiolsa
and disulfides of penicillamine/qglutathione mixtures and for
penicillamine/homocysteine mixtures was developed. Standar i«
of thiols and symmetrical and mixed disul fides were

a } .
[ 43 ing a thiol/disulfide exchange reaction, ,and then

were calibrated by proton NMR spectroscopy. Samples ot
human blood and urine were spiked with the standards and

7eflysed for the thiols and disulfides.

vi
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CHAPTER { ' ;

THE DETERMINATION OF PENICILLAMINE

AND ITS METABOLITES

A. Introduction

In living systems, compounds containing thiol groups
(RSH) can be oxidized to disulfideS‘FR§SR). The majority of
the thiol and disulfide groups that aré found in peptides
and proteins derive from the amino acid cysteine (I) and its

oxidized form, cystine (II).

+
P

HS—CH,—CH—CO00"~
. (I)
+ +
H3T NH 5
|
~00C—CH—CHy—S—S-—CH,—CH—C00"~

(II)

Historically, of the above sulfur-containing molecules,
cystine was the first to be discovered. ﬁn 1810, Wollaston
(1] isolated the compound from a urinary calculus, but it

wasn't until 1902 that its structure was determined [21.

v
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Cysteine was obtained in 1884 by the reduction of cystine
(3] and soon afterwards other biological compounds which
contain thiol and disulfide groups were discovered.

Both cysteine and cystine are found at measurable
levels in the non-protein fraction of human plasma and
urine, but generally their non-protein concentrations in
‘mammalian tissues are small, only about 30 - 120
nanomoles/gram of fresh tissue [4]). In extracellular
fluids, the concentration of cystine is normally higher than
that of cysteine, but this is reversed within the cell where
the cysteine is the predominant form [5). This is thought
to be due to reduction of any intracellular cysfine by
reduced glutathione within the cell.

In cells, the tripeptide, glutathione, GSH, (7-L-
glutamyl-L-cysteinyl-glycine, III) is the most abundant non-

:

protein thicl [6].

+
I i

~00C—CH—CH Z—CHz—le—NH——ICH—-C——NH—CHz——coo,‘

0 CH,

|

SH

(I1I)

The bulk of this thiol is kept in the reduced form via

the glutathione reductase-catalyzed reduction of oxidized



glutath}one by NADPH, (7). Reduced glutathione functions as
a protective agent and it has been found to reduce several
disulfides such as CSSC and HSSH [8,9] via thiol/disulfide
exchange reactions, as well as hydrogen peroxide [10]). 1In
the kidney and liver, glutathione participates in a number
of enzyme-catalyzed conjugation reactions with a variety of
toxins that result in their excretion as urinary
mercapturates [11].

As well, a number of therapeutic drug thiols have been
developed and are being used extensively for the treatment
of a variety of diseases and disorders. These include drugs
such as captopril (IV), British Anti-Lewisite or BAL (V),

and D-penicillamine (VI).

CH; CH—CH,
éoo‘
(IV)
+
HS NHj

CH,—CH—CHj, ‘ CH3——é——éH——COO'
S dn o e,

(V) (VI)



Captopril is an orally active agent that inhibits
'angiotensin I-converting enzyme and is effective in the
treatment of hypé;tension. Iﬁ also has potential use for
the treatment of congestive heart failuré. BAL is known for
its ability to bind with heavy metals and is used primarily
for heavy metal aetoxification. The reactivity and the role
of these thiol-containing drug molecules, particularly

penicillamine, has been the subject of many biochemical and

physiological studies [12-28].

B. D-Penicillamine »

Penicillamine (f8,f-dimethylcysteine or
3-mercaptovaline) was first discovered in vivo by Walshe in
the urine of a patient beapg treated with €he antibiotic,
penicillin [29]. The therapeutic use of penicillamine was
then demonstrated with patients having Wilson's disease
(30], a metabolic disorder causing the accumulation of
copper ions in various tissues of the body. Based on the
structural similarity, Walshe predicted that penicillamine
should complex divalent metal ions much like cysteine, thus
augmenting urinary metal ion excretions. Not only was this
prediction correct, but also the ability of penicillamine to
extract copper ions was found to be higher than that of

cysteine. This has been explained by the fact that

penicillamine does not undergo structural degradation in the



.

body, while cysteine is largely metabolized to sulphate
(31). Since the penicillamine remains intact, it @an chelate
more copper than an equivalent dose of cysteine.

Penicillamine has also beQn used for the removal of
other heavy métal ions from the body [17). Studies have
shown that it can increase the urinary excretion of lead
[3?,33], zinc [17] and, to a limited extent, arsenic [34].
Its efficacy in complexing mercury, gold and cadmium,
however, is poor [17].

D-Penicillamine is alsa,hsed fox the treatment of
congenital cystinuria (3%-37) and cystinosis [38]. In both
disorders there is an elé;ated level of cystine in the body.
In cystinuria, there is an increased level of cystine in the
urine and precipitation of cystine may result in the
formation of renal calculi or "stones" [(35). The solubi{ity
of cystine has been reported in the litergture to be 7.8 x
1074 moles/liter in pH 6.95 phosphate buffer [39].
Cystinuria is caused by a failure of the cells in tha renal
tubules and gut to reabsorb the cystine [5].

In cystinosis, the cellular concentratioq of cystine is
raised. This is probably due to a defect in the mechanism
within the cells used for the reduction of the disulfide to
the thiol ([40].

The theory behind D-penicillamine therapy for the



treatment of cystinuria aﬁd cyutféoui- is based on the two-
’lt0p thiol/disulfide exchange reaction, g'f' -

PSH + CSSC === PSSC + CSH | (1)

PSH + PSSC S=—="PSSP + CSH (2)
Penicillamine reacts with cystine, CSSC, to form a stable
intermediate mixed disulfide, PSSC, and cysteine. The mixed
disulfide can then react with another '‘penicillamine molecule
to form symmetrical penicillamine disulfide and another
molecule of cysteine.

The penicillamine-cysteine mixed disulfide formed in
the first step of the exchange reaction is more soluble than
cystine and is found in both the urine and plasma of
cystinuric patients undergoing penicillamine treatment. The
higher solubility of the mixed disulfide results in a
greater excretion of cystine by conversion to the mixed
disulfide and cysteine and thus lowers cystine levels in the
urine. Lowering the urinary cystine concentration reduces
the chance of formation of kidney stones or calculi.

Similarly, high concentrations of homocystine (HSSH,

VII) have been measured in the urine of patients having the

disorder known as homocystinuria [41-43].

+ +
NH; NH;
| » |

TO0C—CH—CHy—CHy—S—S—CH;—CH,—CH—C00"~

(VII)



In homocystinuria there is a defect {n the metabolism of the
amino acid homocysteine ( HSH, VIII). This results in

increased levels of HSH which oxidizes to form homocystine.

+
NH,
I

HS——CH, ~CHy—CH—CO00~
(VIII)

]

i

D-penicillamine can react with the homocystine to

generate penicillamine-homocysteine mixed disulfide and the

symmetrical penicillamine disulfide via the thiol/disulfide

exchange reactions:

PSH + HSSH 3=———= PSSH + HSH (3)
PSH + PSSH =———= PSSP + HSH (4)

This results in excretion of the mixed disulfide and a
lowering of the homocystine cgncentration in the urine.

In addition, penicillamine has been used extensively
for the treatment of certain cases of rheumatoid arthritis
that are not responsive to other conventional methods of
treatment (22,26,28,44]. The exact mode of action of the
drug in this disease has yet to be determined, but current
thecries suggest that penicillamine %nteracts with the
disulfide bonds present in the rheumétoiaffactor, possibly

by a taiol/disulfide exchange [36].



As well, sevbral other conditions, scleroderma [21,
25,36), primary biliary cirrhosis (36), and certain
disorders of the skin [36), have been treated with D-
penicillamine: The';ode of action in all three disorders
appears to be related to the ability of D-penicillamine to
affect collagen synthesis, although copper chdYation is also
an important function of penicillamine in biliary cirrhosis.

More recently, the observation that D-penicillamine
selectively inhibits the replication of the AlIDS-assoclated
virus, HTLV-III1/LAV, suggests that it may have another
therapeutic application and this has heightened further the
interest in this drug [45].

One major concern with/all applications of drug therapy
is the possibility of adveyse effects, and penicillamine 1is
not without its share of drawbacks. Long term studies have
shown that patients undergoing penicillamine treatment for
cystin¢ria or Wilson's disease have a lower incidence of
adverse effects than those being treated for rheumatoid
arthritis, but several common adverse reactions have been
noted [18,36). The common side effects reported by all
groups of patients include gastrointestinal upset, skin
rashes and renal complications. The pathways by which
penicillamine induces adverse effects are still unknown,
although an immune mechanism has been postulated for the

renal and dermatological side effects.
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Because of the widespread use of penicillamine in
medicine and ity adverse effects, {t is essential that
sensitive methods be developed for the fetermination of
penicillamine and 1ts metabolites. Witly such methods 1t

[ ]

should be posaable not only to characterize more completas
the metabolites of peniciilamine, but alao teo mongtor ¢ he
levels ot penicillamine and 1ts metatolites an the r)x;:fu[:y

patients being treated with the drug.

Pentoarl]lamine Analyoils

Farly reth do ot analyois ftor penpoiliarine wetre

derived trorm techniques used to determine aminothiolys,
‘ _ o

compounds having both an amino and a sulfhydryl qgroup. True
best methods 1nvolved a chromatographic separation with
celorimetric detection ot the eluting analytes. However,
many cf the oriqginal colorimetric methods lacked the
sensitivity ared speciticity needed for the anylys.s of
thiols at physiclorical concentrations 4¢ .

Une method for the determination of aminothiols s
an amino acid analyzer utilizing an 1on-exchange column w.*?

ninhydrin (IX) detection [47).
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CH I I CH
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(X)

Ninhydrin utilizes the amino functional group to form the
;olouréd conjugéted éomélex (X). Prior to the
chromatographic analysis, aminothiols are reacted with
iodoacetic acid to form the S-carboxymethyl derivative.

This enhances the ninhydrin reactivity of the aminothiols,
and as well, protects the thiol group from oxidation. Siﬁce
ninhydrin reacts nonselectively with amino compounds,

amihothiols must be separated from all other ninhydrin-



sensitive compounds by chromatography. This results jn

. extremely long analysis tipes, often as long'as seveggl
hours. Despite this disadvantage, the technique became
popular becapée it provided simultaneous determinatibn of a
large number of thiols and {isulfides [48-53].

More selective reactions have been developed with the
sulfhydryl group being the target. Beutler et al [54])
showed that the disulfide, 5,5'-dithio-bis(2-nitrobenzoic

.acid), or DTNB (XI), would react with thiols by a

thiol/disulfide exchange reaction to form stable coloured

compounds.

HooC COOH
é—c c—lc
OpN—C O\c—s——s—c \C-—NO 2
c—c¢C / c—<C
(XI)

These coloured compounds result from the cleavage of the
disulfide bond in the DTNB to rel%ése the highly coloured
thiol, 2-nitro-S-thiobenzoic acidf Absorbance of this
compound 1is monitored at 412 nm since DTNB does not absorb
at this wavelength. DTNB will react with any thiol, and
thus the DTNB method gives totallthiol content if moEe than
one thiol is present. The method has become the mos£

commonlv used method for the detérmination of glutathione in

biological assays [55-57]. The addition of DTNB as a post-

o



12
column reagent has been used for the analysis of
penicillamine in human urine [58]. Although the conditions
needed for the measurement of penicillamine disulfide were
not completely deQeloped, use of a second column inserted
between the analytical coluﬁn and the post-column reactor
for the reduction of the disulfide, appeared to show
promise. |

The compound 6,6'-dithiodinicotinic acid is another
spectrophotometric reagent developed for thiol detection
following separation by high performance liquid
chromatography [59]. 1Its main advantages over DTNB are that
it can form a stable product at a lower pH and can be
detected at a wavelength where the interferences from
impurities are minimized. .

Several chromatographic methods have been developed for
the analysis of thiols using pre-column or post;column
reactions to form derivatives which can be detected R
fluorometrically. Lankmayr et al [60] measured
D-penicillamine in serum by reacting it with
5—dihethylaminonaphtha1ine-l—sulfonylaziridine prior to
analysis. The derivatization reaction required 60 minutes
and a temperature of 60°C. Similarly, the fluorogenic
reagent ammonium 7-fluorobenzo-2—oxa—1,3-diazole—4;
sulphonate (SBD-F) has also been used to react with thiols

and also takes 60 minutes at 60°C to obtain complete



A\ 1 3

derivatization [61). During this latter étudy total thiol
(ie. thiol plus reduced disulfide) af well as the thiol
alone were determined. The proqedure for the determination
of total thiol content involved addition of tributyl
phosphine, a reagent known to reduce disulfides to thiols,

to a second aliquot of the sample before derivatization with

'
¥
~

SBD-F.

. The determination of thiols, disulfides and S-
sulfonates in biological samples by pre- and post-column
formation of o-phthalaldehyde derivatives with fluorescence
detection has also been reported (62,63). The reaction is
rapid and no interfering reagent or reagent byproduct
signals have been observed.

Organosulphur compounds have been separated by column
chromatography and detected by a post-column liéand—
exchange reaction with a palladium(II)-calcein complex [64].
Fluorescence of the calcein is quenched by complexation with
palladium in the post-column reagent; As the sulphur-
containing compounds élute, they react with the palladium to
release the fluorescent calcein. The reactor for this
system consisted of glass coils thermostatted in aﬁ 0il bath
and the reagent was added in‘air-segmented streams.
Glutathione, cysteine, penicillamine, methionine, cystine

and several thioureas were studied. The determination of
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Penicillamine which had been added to serum and urine was
demonstrated‘using this method.

Penicillamine has aléo been detected by fluorescence
using N-[p-(2-benzoxazolyl)-phenyl)maleimide derivatization
[65). This reagent is specific for the sulfhydryl group and
thé fluorescent derivative is stable for at least 24 hours.

Overall, the fluorescence methods display high
sensitivity with detection limits for penicfllamine and
other biological thiols im the picomole range. Table 1.1
lists some of the reported detection limits for the above
methods. The disadvantages of the fluorescence mode of
detection include long reaction times for some of the
derivatization steps, difficult reaction procedures, and the
addition of complex post-célumn reactors.

The development and use of the mefcury-based
electrochemical detector was the catalyst for the
determination of thiols by HPLC with electrochemical
dez;ction. Saetre and Rabenstein [66,67] designed a
detector cell having a small mercury pool working electrode,
a saturated calomel reference electrode, and a platinum wire
counter electrode. The calomel reference electrode was
positioned immediately downstream from the mercury pool,
while the platinum wire was located in an overflow beaker at

the outlet of the detector cell. Separation was achieved by



.15

‘uunyod ayj3 ojuo pajzoalur junowe a8yl se pajzrodayr

Toud 1°1 autajzsdorAjzsoe-N
Toud 9-0 auTa3sho .
Toud G¥°0 auotyjzeantb @3euoydins-y-afozeIp-¢‘T-LXO
19 Toud ¢€z°0 autajzsAoouoy -Z-0zuagoxonyj-,. wnyuowwme
Toud zT1 auT3sAo
Toud autajlsio O,
Toud 971 auotyzeantb
9 Toud oo0¢ autweTTTOoTUad . x97dwoo uraoTed-pd
Towd 002 ?3euUOoJINS-S-3UTasAo
1omd 0g @3jeuojIns-s-auotyzeanib
Toud Q1 auotyjzejnib pazipixo
£9 ‘ Toud 0% auotyjzeanib apAyapreireysyd-o
29 Toud gg suotyzeanih apAyaprereyiyd-o
2 - .
G8 Toud 0T ' autTaj3siAoTA390e-N spTwrSaTew auaxAd
, apTurateu [ 1Auayd
G9 Toud z1 sautweTrToTuad -(1A102eX02UBqQq-2)~-d]-N
autpratrzeirduoyns-1
0% Toud g8 auTweTrToTUad -aurtTeyjydeuoutue 1Ayautp
aoualajay 7ITUTT sajhTeuy Juabeay
uot3o93aQ uot3lezr3leATIa(

*uUOT30939p 90UBOS’IONTI Y3ITM DIJH
aseyd-asianax Aq sTOTY3 [eOTHOTOTQ JO UOTIRUTWISIBP Y3 103 SITWUIT UOTIODW™A  T°T a1apL



16
ion-exchange chromatography and was extremely rapid compared
to analyses by ion-exchange with an amino acid analyzer.

For thiol analysis, the technique did not require
derivatization. However, determination of disulfides
required analysis of the sample before and after an
elgctrochemical reduction step [68,69].

Since that time, a number of electrode materials have
been used for thiol determinations. Carbon paste electrodes
have been used for electroactive substances such as ]
catechols and hydroxyindoles, but they do not provide the
sensitivity for the deéection of thiols that are obtained
with mercury-based electrodes [70]. The kinetics of the
oxidation of thiols at carbon electrodes is usually slow
compared to mercury-based ones.

Recently, a method by Imai and co-workers [71)
derivatized thiols to catechol adducts prior to analysis by
HPLC with electrochemical detection at a glassy carbon
electrode. The procedure involved reaction of thiol with
3,5-di-tert-butyl-1,2-benzoquinone followed by three
washings with hexane to extract any unreacted benzoquinone.
Although tedious, the method has made carbon paste
electrodes a feasible-means of electrochemical detection for
sulfhydryl compounds.

Halbert and Baldwin [72] have used a chemically

modified carbon paste electrode to monitor glutathione and
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cysteine directly. Cobalt phthalocyanine is mixed with
graphife powder and Nujol to make the modified electrode.
This electrode is yeported to have the advantage of being
able to produée optimum responses at a potential setting
much lower than that required by conventional carbon paste
electrodes.

The majority of thiol determinations by high
performance liquid chromatography with electrochemical
detection use the mercury-gold electrode. The extremely low
electrode potential required for thiol detection on mercury-
based electrodes provides a low background current and
improves the detection limits compared to other electrode
materials. Applications include whole blood (67,73-76,80],
blood plasma [68,74-76,8%], urine [68,69,76], bile [74],
liver and kidney tissue samples [74,75,77-79,81], and fruits
and plant tissue [73,75,83].

Early methods for the determination of both thiols and
disulfides by HPLC,required the measurement of thiols before
and after reducti&n of the sample, where the difference ié
the .amount of thiol measured was assumed to be due to the
disulfides in®olution. The reduction of the disulfides was
performed by a chemical reaction of the sample with reducing
agents like tributyl phosphine [84] or dithiothreitol ([85],
or by‘electrochemical reduction at a mercury electrode

[68,69). Since these methods require a second analysis of
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the sample, the determination of thiols and disulfides
becomes time-consuming.

Eggli and Asper [86] demonstrated that on-line
electrolytic reduction of disulfides using ahpost-column
reactor was a feasible method for the simultaneous
determination of thiols and disulfides. A second column
containing amalgamated silver particles Las inserted between
the analytical column and the detector and performed the
reduction of the disulfides. The concept of on-line
reduction was adapted by Allison and Shoup [73] who\
incorporated the post-column reactor into the detector cell.
Two mercury-gold electrodes were placed in series within the
detector cell to monitor thiols and disulfides. In this
detection scheme, reduction of disulfides occurs at the
upstream electrode while measurement of thiols, initially
present in the sample or those generated at the upstrean
electrode, is performed at the downstream electrode. The
dual electrode detector has been used for the analysis of
thiols and their symmetrical disulfides, but only a few
papers have examined its use for the determination of mixed
disulfides.

HPLC methods for the detgination of penicillamine
with electrochemical detection have detectfion limits in the

picomole range, similar to the fluorescence methods of

detection. Unlike the fluorescence technique;, however,
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dual wercury-gold electrodes with ampero‘.tric detect;on
permit the si;Gitaneous determination of both thiols and
disulfides with minimal workup.

To date, very.few methods have been developed for the
determimation of symmetrical and mixed disulfide metabolites
of penicillamine. Both symmetrical and mixed disulfides of
penicil}aﬁine can be detected by amino acid analyzer
methods, however the long analysis times make it impractical
for routine use or clinical research.

D. This thesis )

-/'/

The extensive use of penicillamine in medicine, along
with the lack of knowledge about its function and metabolism
in the body make it an important target compound to analyze.
The therapeutic and adverse effects of penicillamine need to
be thoroughly examined and characterized. The
thiol/disulfide'exchange reaction is one of the important
metabolic pathways for the drug and results in the
production of the symmetrical and mixed disulfides of
penicillamine. Analytical methods are needed to monitor and
measure these metabolites under physiological conditions.

In the research described in this thesis, the
determination of penicillamine and several other thiols and *
their symmetrical and mixed disulfides with penicillamine by

high performance liquid chromatography with electrochemical
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detection has been investigated. First, the electrochemical
behaviour of the thiols and disulfides at the mercury-gold
electrode was characterized. Then the reverse phase ion- -
paired chromatography of the various thiols and disulfides
was investigated.

The information obtained from these studies was used to
determine the optimum chromatdqraphic cond&tions for the
analysis of biological fluids containing penicillamine, its
major symmetrical and mixed disulfide metabolites and other

biologically significant thiols and disulfides.



CHAPTER 1I

EXPERIMENTAL

A. Chemjicals

Reduced and oxidized glutathione (GSH and GSSG, respec-
tively), D-penicillamine and its oxidized form (PSH and
PSSP, respectively), sodium octyl sulfate (S0S), and L-
homocystine (HSSH) were used as received from Sigma Chemical
Company. The oxidized glutathione was labelled as being
acid-free and essentially ethanol—free. D, L-cysteine (CSH),
D,L-cystine (CSSC), and D,L-homocystine (HSSH) were obtained
from ICN Pharmaceuticals, InC.«AS/Wéll, D, L-homocysteine
(HSH) came from Nutritional Biochemicals Corporation.
Tert-butyl alcohol (TBA) from BDH Chemicals was used as the
chemical shift internal reference for the NMR analyses after
about a 500-fold dilution with D,0.

The water used in the chromatographic mobile phase was
doubly distilled and then deionized with a mixed bed resin
in a Barnstead water purification system. Reagent grade
methanol was 6btained from AnaChemia and was distilled in
glass prior to use. All other chemicals were of reagent
grade and were used as received. All samples and solutions

including the mobile phases were filtered through 0.2 um

21
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Nylon 66 membrane filters obtained from Schleicher &

Schuell.

B. Preparation of Solutions

Stock solutions of the individual thiols and disul ! ide«
were prepared by weighing out appropriate amounts of the
solid chemicals into volumetric flasks and filling them with
0.1 M phosphate buffer fixed at pH 3.0 and containing 0.001}
M Naj,H,EDTA. The concentrations of the stock solutions were

calculated on the basis of the measured weights and,

generally, were in the 0.001 to 0.010 M range. All stock
solutions were kept a maximum of two weeks. Care is neede
during sample preparation since changes in the thiol and
disulfide concentrations can occur by oxidation.

Thiols can be readily oxidized to disulfides by
dissolved oxygen in solution [87]. This process is Known au
autoxidation and its rate is dependent on a number of
conditions, some of these being pH, the presence of ‘
catalytic trace metals, and the presence of dissolved
oxygen. To minimize autoxidation of the thiol samples, the
solutions used to prepare all samples were buffered to pH
3.2.using disodium hydrogen phosphate and phosphoric acid.
The‘rate of thiol oxidation increases with pH and the
thiolate anion, RS™, has been found to be the reactive

species. The maximum rate of thiol oxidation appears to
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raised above this value [(88]. Use of 'a pH 3.0 pheish e,
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for the chromatography. LA A
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The oxi1dation ot thiols to disulfides 1¢ Catélyz¢dpt,
a

trace metal impurities 1in solution (89). Dissolving Ch

Na H,EDTA into the bufter prior to the addition of the
thiols effectively complexes any metal 1ons in solution;dni
prevents variation 1n the thiol concentration by metal-
catalyzed oxidation. . .

Also, to minimize air oxidation of the samples
. .

buffer was deoxygenated betore use byibubblinq ni
the solution and by refluxing at ‘ggse'e for.
minutes, then redu‘i&g the temperature to a Qué 30°C. The
nitrogen used for deéquenation was bubbled into an oxygen
scrubber solution made of acidified ammonium meta-vanadate
and then was passed through a water solution to prevé;t an’,
contamination by the aerosol from the vanadium solution.
Degassing with the nitrogen took place during the refluxiny
and while the buffer was cooling before being used.

Since mixed disulfides of penicillamine were not

commercially available, a thiol/disulfide exchange reaction

was used to prepare solutions having PSSR as one of 1its




reacfion products, where the RS moiety is cysteine, o
glutathione, or homocysteine. The reaction steps for the
exchange are B

PS™ + RSSR T——== PSSR + RS~ (5)

¢

PS™ + PSSR zZ—> PSSP + RS~ (6)

2 PST + RSSR T—/—— PSSP + 2 RS~ (7)

'~ where PS- is deprotonated penicillamine, RSSR is the

‘?>$ymmetrical disulfide of cysteine, glutathione, or

homocysteine, PSSR is the mixed disulfide and RS< is the .

. deprotonated cysteine, glutathione, or homocysteine. As

wlth autoxidation reactions, it is the thiolate anion that
is the reactive species [90]. 1In the first step of the
reac-ion, the penicillamine anion, PS”, exchanges with one
thiol moiety of the disulfide to generate the mixed . «
disulfide. In the second step, a second PSS~ aﬁion reacts
w1th the mlxed dlsulflde and dlsplaces a second thiol
fragment of the origlnal dlsulflde whlle forming the
penicillamine symmetrlcal dlsulflde 'Slnce the autoxidation
of the pen1c111am1ne would be a competlng‘reactlon the
thiol/disulfrde exchange was performed under nitsogen.
Individual reactant 501utiohs of PQH and symmetrical
dlsulflde, RSSR were prepared 1n 'PH 3.0 phosphate/Dzo
buffer contalnlng 0 OOI M NaZHjED%A Both reactant

solutions were in the 0.050-0. 1qo M range. One milliliter

of each: solutgon was plpetted 1nto a 5 or 10 mL- volumetrlc

24
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.flask é;d the mixture was raised to pH 11 using sodium
hydroxide. At pH 11, the penicillamine is in the reactive
PS- form. During the reaction period, the reaction mixture
was bubbled with nitrogen to prevent oxidation of the PSH.
After a reactiop time of 20 winutes the mixture was
acidified with 50:50 H3PO4:D,0 to a pH value of 3.0 or lesss
to protonate the penicillamine and prevent further
generation of the PSSR mixed disulfide. The flask was then
filled to volume with the pH 3.0 phosphate/D5,0 buffer and a
0.5 mL aliquot was placed in an NMR tube for subsequent
analysis by 1H NMR. The remainder of the solution was
diluted and used for calibration standards or sample
spiking.

Studies on the air oxidation of penicillémine have
shown that the initial rat; ®f oxidation decreases as éhe pH
is lowered Helda'a'value of 7 or raised abovera value of 8
[88]. Often, due to the high reactant concentrations, short
reaction time, and constant deoxygenation, no‘PSSP was
observed in the NMR spectra of the above mixtures or in the
chromatograms for the diluted reaction mixtures. -In these

instances PSSP from a stock solution was added during the

dilution step before spiking the biological samplés. -



C. Preparation of Samples

Whole blood was drawn into vacutainers containing
K3HEDTA and the tubes were shaken to ensure complete mixing.
The EDTA-containing tubes were chosen over vacutainers with
heparin because of the added complexing ability of the EDTA
towards trace metal ions that may be present in-the sample
aﬁd which could catalyze thiol oxidation. The blood was

transferred to centrlfuge tubes and centrlfuged at 2SOG r{n;

26

for 10 minutes. Two milliliters of the plasma were gggeétéd'

into a second centrifuge tube and diluted volumetrically
with an equal amount of cold 5% (w/v) trichloroacetic acid
(TCA) solution. The plasma and TCA were mixed well and left
for about 5 minutes to allow complete precipitation of the

plasma proteins. The sampleuW®as again centrifuged at 2500

rpm for 10 minutes. 'n;;ltant wds collected and o

filtered through a Q} | membrane filter before being
spiked with the reac It is essential that the
proteins be removed priorAto the addition of the spike to
the plasma.since the phiols in the standard mixture would
bind to the proteins and consequently be lost during the
precipitation step.

For the red blood cell study [91,?2], whole blood was
centrifuged and the plasma and white blood cells removed by

aspiration. The cells were washed four times using a N-2-

hydroxyethylpiperazine—N'-2-etﬁanesu1phonic acid (HEPES,
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Sigma Chemical Company) buffered saline solution containing | {3

150 mM NaCl, 2% (w)¥) glucose and 15 mM HEPES at pH 7.5.

Washing was performed by adding saline solution to the

cells, capping and shaking the tubes, centrifuging the

solution and then aspirating off the supernatant. The cells

were diluted about 20:80 (v/v) cells(saline solution and the

% hematocrit was measured. TypicaI&y 0.3 mL of the

cells/saline suspension was pipetted into a 1.5 mL

microcentrifuge tube containing 0.3 mL of a stock PSH

solution. A set of stock PSH solutions was prepared with

the HEPES buffered saline solution which had a range of

concentrations that would produce an extracellular PSH

concentration in‘the 1.0-10.0 mM range for the incubated
ayamples. The samples were kept on ice until incubated.
— Previous experiments by Ellory and Young have shown that no

transport occurs at this temperature [91].

For incubation, the sémples were mixed and mounted onto

a thermostatted heater set at 37°C. When incubation was
completed, the samples were returned to the ice to stop any
further transport. The samples were centrifuged and the
external PSH solution was removed by aspiration. The
remaining cells-were washed four times with a 106 mM MgCl,
solution. Penicillamine transport has been found to be‘
med.iategd by sodium ions in-solution so this secondary saliné
wash solution was composed of MgCl, rather than NaCl to help

b “
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prevent further transport of PSH into or out of the cells.
The lower concentration for the MgCl, solution is to
compensate for the increased number of ions per salt
molecule and thus maintains the same osmotic pressure on the
cells. Each wash entailed using a volumetric dispenser to
add 0.5 mL of saline to the cells, cappiné the tubes,
vortexing them briefly, centrifuging at 15000 g for ten
seconds and then aspirating off the supernatant. After the
final aspiration, 0.5 mL of 0.5% (v/v) Triton X-100/water
was added to each tube to lyse the cells. This was followed
by 0.5 mL cold 5% (v/v) TCA solution which was useMd to
precipitate the proteins in thé sample. Each tube was
centrifuged and the supernatant was filtered through a 0.2
pm membrane filter into clean vials which were promptly
capped. All saﬁples were volumetrically diluted prior to
analysis. .

For the urine samples, about 25 milliliters of urine
was collected in a beaker containing 5 mL cold 10% (v/v) TCA
solution. Upon arrival in the laboratory 2 mL of the
specimen was pipetted into a 25 mL volumetric flask and
diluted to the mark with cold 10% TCA solution. The sample
was transferred to a centrifuge tube and the tube tightly
capped. The tube was Kkept on ice for 5-10 minutes to4allow
complete depréteinization and then was centrifuged at 2500

rpm for 10 minutes. The supernatant was filtered with a
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0.2 um membrane filter and spiked with the reaction mixture

just prior to analysis.

D. NMR Analysis

The concentrations of the various thiols and disulfides
in the thiol/disulfide exchange reaction mixtures were
determined by 1H NMR analysis. NMR spectra for the reaction
mixtures were obtained with a Bruker WH-400 spectrometer -
using the pulse/Fourier transform method. All measurements
were made at ambient temperature and processing was
performed using standard Bruker software on the Aspect 2000
system. All chemical shifts were measured with'respect to i:j>
the gnethyl regonance of the internal tert-butyl alcohol
reference. This resonance was set to a chemical shift of
1.2397 ppm versus sodium 2,2—dimethyl—2—silapenténe—s—
sulfonate (DSS). |

Figufe 2.1 shows a typical 1H.;IMR spectrum for a
reaction mixture containing penicillamine, glutathione,
oxidized penicillamine, oxidized glutathione and the
penicillamine-glutathione mixed disulfide. The excessive
overlap of the resonances between 2 and 4 ppm makes it
difficult to get any quantitative measures of these peak
areas. However, the méthyl resonances for the PSH,PSSP and

PSSG are well resolved from each other and therefore they

Figure 2.1. A 400 MHz lH NMR spectrum of a mixture
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were used to determine the composition of the reagtion
mixture. The two methyl groups in each of these
molecules give separate 1y resonanc;s because of the
asymmetric center at the a-carbon [931m An expanded view of
the methyl region is shown in Figure 2.2 together with the
corresponding integral traces as determined by the
spectrometer software. Peak assignments for each of the
resonances have been previously determined [94] and are
1abelled'on the spectrum.

The peak areas for the methyl resonances of the various
penicillamine-containing compounds were measured by the
vertical displacement of the integral traces. For each
compound, the measured displacé%ents for the two methyl
resonances were added together to get a net area. The
~ratio of the net area over the sum of all the areas gives
the fraction of the total penicillamine in each of the three
forms within the mixture.

In the sample spectrum in Figure 2.2, the peaks X, Y,
and Z represent the methyl resonances for the PSH, PSSR, and
PSSP, respectively, where the PSSR is the mixed disulfide
resulting from the thiol/disulfide exchange reaction, ie.
PSSG in this case. The areas of the methyl resonances for
the PSH, PSSR, and PSSP are labelled as Iy, Iy, and I,
respectively, in equations 8 - 10. These three equations

give the fraction of the total penicillamine in each of the

penicillamine-containing compounds in solution.
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Figure 2.2. An expanded view of the methyl region of the !H
NMR spectrum in Figure 2.1. The resonances X, Y and 2
correspond to the methyl protons on the penicillamine of
PSH, PSSG and PSSP, respectively. The integrated areas of

these resonances are labelled as Iy, Iy and I,.
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f (PSH) = (8)
(E1x + EIy + IIp)

i1y
f (PSSR) = (9)
(EIx + EIy + EI,)
II,
f (PSSP) = (10)

(EIx + EIy + EI,)
Since all three compounds derive from the initial PSH,
(PSH]g, their concentrations are calculated using [PSH]y and

equations 11, 12, and 13.

(PSH] = [PSH]qg * f(PSH) (11)
[PSSR] = [PSH]g * f(PSSR) (12)
[PSSP] = [PSH]g * f(PSSP)/2 (13)

The denominator of 2 in equation 13 takes into account the
fact that there are two penicillamine moieties per PSSP
molecule. The concentrations of RSH and RSSR were then
calculated from these concentrations and [RSSR]y and [PSH]

using equations 14 and 15.

[RSH] = [PSH]qg - [PSH] (14)

[RSSR] = [RSSR]y - ([RSH]+[PSSR])/2 (15)

Frequently, the reactions were performed for such short
durations that no PSSP was observed. ‘The lH NMR spectrum

and expanded methyl region of such a reaction mixture is



34
shown in Figure 2.3 for penicillamine reacted with oxidized
homocysteine. The fractions of the PSH and PSSR in the
mixture were calculated from the relative areas for the
methyl resonances. Equations 16 and 17 illustrate this

calculation; all the terms have the same definitions

described previously. .
Ty
f (PSH) = (16)
{/t (ZIX + EIY)
ZIY
. f(PSSR) = (17)
(EIx + IIy)

Equations 11 and 12 are still used to determine the
concentrations of the PSH and PSSR, but the calculation of
(RSH] is now simplified. Substituting equation 11 into

equation 14 and factoring out the term [PSH]y gives,
[RSH] = (PSH]g * (1 - f(PSH)) (18)

From equations 16 and 17,

f(PSSR) = 1 - f(PSH) (19)
therefore,
[RSH] = [PSH]y * f(PSSR) (20)
= [PSSR]

-This also simplifies thg calculation for the concentration
of RSSR to,
[RSSR] = [RSSR]g - [PSSR] (21)
After determining the concentrations of all the )

components in the stock reaction mixture, the appropriate

/
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penicillamine-homocystejhe mixed disulfide.
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diJution factors were then used to calculate the
concentrations of all the compounds in the standards used

for the HPLC calibrations.

E<) ‘chmn&ggxnhx

\\ The separation and measurement of the thibls and
disufffdes was performed using a Bioanalygical System LC 154
chromatograph with dual mercury-gold electrodes in the
series configuration. To prepare the gold electrodes for
amalgamation, a three step polishing process was followed.
The first step gave a coarse polish and often left deep
scratches on the soft gold surface and on the plexjyglas.
Therefore it was used only when the electrode surface was
severely pitted or discoloured and could not be cleaned by

the milder polishing steps. Th®@® coarse polish was performed

- with a 600 grit silicon carbide polishing pad attached to a

&
~g1ass platéfhavwh water as'the lubricant. The electrode

® blpck?yds placed ﬁace dabn on the wetted carbide pad and

)

naﬁﬁally mong 1n a c;rcula{&motlon with gentle pressure.
'The qo}daﬁieqtrodes should have a matte finish and be

thoroqghly rlhscd dlth$water before proceeding to the second

[y

stage. = &

The second or medium ~olishing step was done on a
Texmet (Buehler Ltd) pad with 6 um diamond polishing

compounrd. A small amount of this polishing compound was
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added to the pad with an equal amount of water and ‘qain the
electrodes were rubbed over the pad with light pressure.

®This process cag often be used directly withog} e coarse
polishing step if the electrodes are not badly worn. It is
important at this stage that the electrodes be carefully
Cleaned of any particles and residual diamond polishing
compound. The final surface finish can be marred by the
abrasive particles from this step. An ultra-sonic bath
filled with distilled and deionized water was used to remove
the old particles before going to the third and final
polishing step.

Fine polishing was accomplished using a Microcloth
(Buehler Ltd) pad and several drops of a slurry made from
water and 0.05 um gamma alumina polishing com nd (Buehle:
Ltd). A*s"é\’eral minutes of circular pol ian and
rinsing Qlt water, the gold electrodes have a high lustre.
The electrodes were carefully cleaned withja soft tissue to
prevent scratches from occurring.

The electrode block was placed in a petri dish during
the application of the mercury to contaim any accidental
spillage. Triple distilled mercury was deposited onto the
electrodes and left for 3 - 4 minutes. After that time, the
excess mercury was knocked directly into a waste jar with
the edge of an index card using a slicing motion. The stock

mercury container and the waste jar were kept tightly sealed
.



when not being used. When no more,meEFury could be removed,

the electrodes were gently‘smoothed with a soft tissue to
get é ghiny finish. This slowly turns to a dull sheen. The
electrodes were left overnight ﬁo allow the‘amalgam to
‘equilibrate.

&he analytical cqlumns used in this reggarch included a
Bioanalyfica; Systems: Biophase Sum‘actad‘ /i silane (0ODS)
4.6 X 250 mm column‘and Whatman Partisil Sum ODS-3 éolumns
“of thé same dimensions. The Partisil ODS¥3 packing has 9%
carbon load by weight and is 95% endcapped, ie 95% of the
free'silanols are bound. A 4.0 cm.guard column packed with
10 u% Partisil ODS-3 was- attached to the system between the
injector and ﬁhe analytical column to tfap any strongly
édéorbing suﬁstancés from the biclogical samples so as to ‘
prolong the life of the analytical column.

A mobilé phase consisting of phosphate buffer was used
in all the studies. Generally the total phosphate
concentration was 0.1 M. The buffer was prepared by
weigh}ng out appropriate amoun%a of solid NaH2P04-H20;
adding it to doubly distilled and deionifed water, adjusting
to pH 3.0 with H3PO, and diluting to volume. If.sodium
octyl sulfate was required, it was added to the buffer prlor

to the pH adjustment. Any addition of methanol was made

after the buffer was prepared and all mobile phases



containing methanol are reported as volume/volume ratios of

methanol to

buffer. ‘

The mobile phase was refluxed under nitrogen at an

elevated temperature of about 30°C with a water-filled

bubbler attached to the top of the condenser to prevent

oxygen from

mL/min. was

sample loop.

temperature
25°C. When
set to 25°C

tubing that

entering the mobile phase. A flow rate of 1.0
used and all injections were made with a 20 uL
The column was usually left at ambient
except when the 'room temperature rose above'
that occurred, the column was thermostatically
t

and the column holder was wrapped with tygon

had cold water running through it. This coil of

tubing acted as a cooling jacket.
-4

To find the optimum separation conditions, the effect

of several mobile phase parameters on retentiom times were

studied, these being the mobile phase pH, ion-pairing

reagent concentration, and organic modifier content. To

identify the best mobile phase pH, each analyte was

chromatograrhed using 0.1 M phosphate buffers at various pH

values over

x
the range of 2.5 to 5.5. To minimize variations
]

in the composition of the mobile phases, a large 16-liter

beaker was used to make the buffer solution. Sodium

dihydrogen phosphate was weighed and mixed with about 11 -

liters of doubly distilled and deionized water. Phosphoric

acid was added to reach a pH of 2.5 and the volume was made
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to 12 liters. Two liters were removed and stored in an
opaque glass bottle. The buffer in the beaker was adjusted
to the next pH value with sodium hydroxide‘pellets and
another fwo likers were removed and stored. This was
repeated until all the required mobile phase buffers were
made. All buffers were tightly capped and stored at 5°C
until used. This procedure maintains a fairly constant
phosphate concentration since the sodium hydroxide pellets
add only a negligible amounf to the buffer volunme.

The second parameter that was examined was the -
concentratioﬁ of the iggrpairing reagent in the buffe;;j
Each compound was chromatographed with mobile phaseﬂ
containing pH 3.0 phosphate buffer (0.1 M) and sodium octyl
sulfate at concentrations covering the range of 0.00 - 1.10
mM; Finally the effect of :h organic modifier in the nobile
phésé oﬁ the capacity factor of each analyte was
investidgted.w Methanol was selected as the modifier amd was
added to the phosphate buffer. The methanol content covered
the 0;10%‘(v/v) range.

F. Hydrodynamic Voltammograms and Polarogqrams

Polarographic experiments were performed using a
Princeton Applied Research (PAR) SMDE model 303 pq}arograph
with a PAR model 174A polarographic analyzer. Thiol

. solutions were prepared in PH 3.0 phosphate buffer and were

bubbled with nitrogen for 10 minutes before each analysis.

SN
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c. W
The polarographic cell was kept under nitrogen througheut
the polarographic experiments. All scans were done at a
scan rate of 5 mV/sec. with a filter of 0.3 second and a

drop time of 1 second.

5
A4
LI

The electrochemical behavrpur of all the analytes was
also studied at the mercury—gold.electrodes of the detector
to determine the optimum detectof«settings. Hydrodynamic
voltammograms were measured Sy making replicate injections
of each individual compound at stepped potential settings.
All potentials were méasured with respect to a Ag/AgCl
reference electrode. For the thiols, the daownstream
electrode potential was varied while the uésééeam electrode
potential was held constant. For the disulfides, the
potential at the upstream electrode was varied while the
downstream electrode potential was fixed. Peak currents
were calculated from the measured peak heights. The
hydrodynamic voltammogram of the mobllé phase was made by
measuring the background current at stepped potend@als\bf
the downstream electrode without any offset current being

applied.

41
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CHAPTER III

ELECTROCHEMICAL DETECTION

The d?mands of trace determinations in biological
samples reduire that the analytical method provide high
sensitivity:‘a high degree of selectivity, and low detection
limits. For pharmaceutical assays of sulfhydryl-containing
drugs, where there are few interfering compounds and the
thiol concentrations are higher, non-chromatographic methods
are adequate (95,96]. However, for thiol and disulfide
analyses in biological samples, non-chromatographic methods
suffer from low sensitivity and often cannot selectively
distinguish between drug thiols and endogenous thiols.
Although chromatographic techniques have provided the
desired selectivity by separating the analytes prior to

ahalysis, sensitive and specific detection schemes have yet

. to be fully developed. Detection of thiols and disulfides

by methods such as reaction with ninhydrin followed'by uv
ab;orption megsurements or fluorometric derivatization
usually are- tedious and time-consuming, are nonspecific for
both thiols and disulfides, or lack the sensitivity {equired
for physiological applications. The use of electrocﬁemiéal
detection for liquid chromatography is nbt new (97,98]), but

its more recent success in biochemical applications [99,100]

42
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has stimulated research in this area, especially for thiol
and disulfide analysis [66,68,69,73,99)]).

B o)
A wide variety of electrode materials have begen used

¢

»

for electrochemi ltgetectors, but the advanéi?ﬁs of mercury
are that it has gﬁidé work'né potential range, it can be
operated at a lowgr'potentizl for t5101 oxidation and it
responds more rapidiy to thiol redox reactions than other
materials [99,100,101}. The mercury pool electrode
developed by Saetre and Rabenstein [66] displayed high
sensitivity with low detection limits and had a wide dynamic
range for the analysis of thiols. MacCrehan and coworkers
[102] and Kissinger [99] have designed thin-layer gold disk
electrodes with mercury amalgamation and these have been
applied to thiol analyses by Allison and Shoup [73].°

These thin-layer electrodes offer small detector

volumes and are therefore suitable for modern liquid

chromatographic separations. As well, for the amalgamated

selectrodes, the gold surface adds mechanical stability. All

e

of these electrodes, the mercury pool and the two thin-layer
models, were operated as amperometric detectors. That is,
the current across the working electrode and the auxiliary
electrode is measured while a fixed potential difference ig
applied between the working and reference electrodes. 1In
general, less than ten percent of the analytL passing

through an amperometric detector undergoes oxidation (or“ )

.

-



44
reduction, as the case iay be), and thus the current flow
through the detector is kept small. This‘rosults in little
change to the electrode potential (IR drop) due to the
measurement process.

In coulometric detection complete electrochemical
conversion of the analyte is required. This is achieved by
using slow flow rates and electrodes with surface areas that
are large. No; only are coulometric processes more -
destructive, but also they are acutely affected by the ceil
resistance and tend to have lower sensitivity (99] compared
to amperometric methods. This last point is due to |
increased noise and residual background current resulting
from the large electrode surface area needed to get complete

electrolysis.

B. Electrochemjistry

The principles of amperometric detection can be derived

from Faraday'é Law which states:
Q = nFN . (22)

where Q is the charge generated in coulombs, n is the number
of moles of electrons transferred in the electrochemical
Process per mole of reactant, F is the Faraday constant, ie.
96,487 coulombs/mole of ‘electrons, and N is the number of
moles of reactant undergoing the electrochemical change.

The derivative of this equation with respect to timé, given
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by Equation 23, shows that the current, i, from the
electrochemical reaction at the electrode surface is
proportional to the rate of the electrochemical process
occurring.

| §Q N
i = — = nfF — (23)
st st

Initially, as the potential is set across the reference
and working electrodes, there is a non-Faradaic charging
current observed. Once this non-Faradaic charging current
has diminished to a negligible level, the main contributing
factor to the remaining background current will be due to
the Faradaic response of the detector to electroactive
species in the mobile phase. Since only electroactive
species are detected, the background current can be kept low
by careful selection of the mobile phase components. If the
electrode reaction is limited only by the mass transport of
electroactive species to the electrode surface, then the
current will be proportional to the electrode surface area
and the flux, as described by Equation (24). '

i1im = NFAJ (24)

where ijjp is the diffusion-limited current, n and F are the
same as defined for Faraday's Law, A is the electrode
surface area, and J is the flux.

For hydrodynamic systems, the flux can be defined in

terms of various detector and analyte parameters and the
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expression for current for the thin-layer detector used in

this research expands to the following: [103)
11im = 1.467 nFACo (D/h)2/ (U/a)1/3 (a5,

The term Cp is the bulk analyte concentration in the eluent,
D is the diffusion coefficient for the analyte, h is the
detector channel thickness, U is the volume'flow rate and d
is the detector channel width. From this equation it is
evident that the‘cell geometry plays an important part in
the detector response.

The electrochemical detector used in this work is
illustrated in Figure 3.1. It consists of a lower Kel-F
block having two pressure-fitted cylindrical gold
electrodes, two thin teflon gaskets, and an upper stainless
steel block with machined holes for the cell inlet and
outlet. The upper block is made from 316 type stainless
steel and acts as the auxiliary electrode with connection
via the pin located on the top. This planar auxiliary
electrode is separated from the working electrodes by two
teflon gaskets, each having a thickness of 127 gm. The
dd%%qgor channel is determined by the oval cut out of the
center of the gaskets. The dimensions of the oval define
the cell volume, but the detection volume is calculated by
the volume of the cell that is directly over each electrode,

which has been determined to be less than 2 uL. The Ag/AgCl
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Connection Pin

316 Stainless Steel

liock

Teflon Gaskets

‘ -‘ ﬁ Hg/Au Electrodes

il Plexiglas Block

Figure 3.1 Schematic diagram of the dual Hg/Au
electrochemical detector cell. The reference electode is

located downstrear from the cell and is not shown.
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reference electrode was located downstream from the detector
cell in a reference chamber.

Since the small dimensions of the detector cell places
the working electrode very close to the auxiliary electrode,
and gzcause of the low impedance produced by the mobile
phase, there is a negligible potential drop (IR drop)
between the working electrode and the reference electrode
during the measurement of the current. As well, the current
is measured across the cell width rather than along the cell
length towards the reference electrode so the effect of IR
drop is further minimized. This stable potential control
provides increased precision in measurements made with
electrochemical detection.

For the analysis of thiols and disulfides, the dual
electrode detector was used in the series configuration
illustrated in Figure 3.2. The effluent from the column
flows seguentially over the two electrodes, each being
poised at different potentials. The upstream electrode,
located nearest’ the detector iniet, was operated in the
reductive mode while the downstream electrode was used for
oxidation. As disulfides eluting from tﬁ: column enter
the detector, they wil. be reduced to the corresponding
thiol moieties. This proceeds according to a simple
reductioq reaction.

RSSR + 2H' + 2e” ——» 2RSH (26)
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Column SR)
Etfluent RSSR 2RSH Ho( 5
—_— ~—F

Column 2RSH HQ(SR),
Etfluent . ~_ 7
‘Hg /
- r{ 3
| 2e Ry Wad

Figure 3.2 1Iljustration of series mode detection of (a)

disulfides and (b) thiols with the dual Hg/Au electrodes.
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As thls chfamatbqraphlc zone reaches the second electrodo

(1

thegire!hly qenerated thiols will, participate in the .

Qx1d ‘.i\the m hp';urface if a suitable electrode
?“» ercu

‘poxenti is applied. The reaction for this ox1d%‘10n ig

‘" -
“ 2 RSH + Hg —o Hg(SR), + 2H* + 2e” - (27)

and the liberated electrons give rise to the measured
current.

When thiols elute from the cclamn there will be no

reduction occurring at the upstream electrode since they ar.

already in tWe reduced form. A« the thiols flow over the
second electrode they wil. be detected by the same mercury
oxidation reaction descr:ped above. The upstzéam electrode
acts only as a post-colurn reactor while'tge downstream
electrode performs the measurement step. Thus, bgkh thiol«
and disulfides can be monitored from ?,siane injection,
provided they are chromatographically resqived from each
other and provided that the electrodg poteﬁfials are
appropriate for the disulfide reduction and‘ﬁﬁe ﬂefcury

*

oxidation reactions.

C. Polarography

In order to achieve the optimum operating conditions
for any given analysis by HPLC-ED, the electrode potentials
must be selected so as to provide adequate and reproducible

oxidation or reduction of the analytes without excessive

50



background noise, high background currents, or rapid
electrode degradation. Information on the electrochemical
behaviour of each analyte is needed to make optimum choices
of electrode potentials. Kissinger [99] notes that the
potential meeded for ampcfouetry is often greater than that
expected from theory and that electrode material, choice of
electrolyte and the electrode kinetics of the analyte play
major roles in the selection of practical operating
potentials. ‘

To determine the oxidation potentials for the various
thiols under investigqtion, sampled DC polarography was

initially used. Figures 3.3 - 3.6 display the polarogranms

for all of the thiols. The polarogram for 60 uM HSH, Figure

3.3, wili be used to i1llustrate the general features that
are significant to the discussions in this chapter. The
potential was scanned from +0.200 V to -0.600 V versus a
Ag/AgCl*’reference electrode at a rate ot 5 mV/sec. and the
current range was setJto 0.5 wA full scale. 1In the figure,
there are four rggions, labelled 1 - IV, which define the
overall polarogram. Region I is the breakd.~n zone where
the mercury electrode undergoes direct oxidation and it is
characterized by excessively high currents at the more
positive potentials. Potentials in this fegion are
unsuft;ble a’nce the mercury would be quickly depleted and

variations in the measured currents would arise. As well,

-

PN \
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Figure 3f3' DC-sampled polarogram of 60 #M HSH jn pH 3.0

phosﬁﬁ@te buffer. The scan rate was 5 mV/5ec. and the’

‘drop time was 1 sec.

seconds was used.
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A filtering time constant of 0.3
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high ba“md currents usually are accompanied by high
background noise and therefore there would be a loss in

\

detector sensitivity.

Region II is the o*idative Plateau. Her? the current
is the sum of both the background current and the anodic
current from the oxidation of mercury in the presence of ‘he
thiol. There is little change in the current as a function
of potential and diffusion of the analyte to the electr;de
surface is the governing factor. Region III is an »

intermediate or transition phase. The observed gnodic..

curtdht decreases as the potential is made‘lpre nggative.

Finally, region IV is where the electrode potential is
%nsufficient for the oxidation of mercury in the presencg

a thiol. This current corresponds to the background

current. ° ’ . '
. . L

. Figure'ﬁ.? shows a polarogram of the,pH 3.0 phosphate

) - ﬁa 1 A

buffer®used to prepare the thiol solutions. Note that

regions gI and III are no longer present due to the absence
of the/thiols and that region IV now is observed eover the

‘full poteftial range until it reaches the electrode
m R
breakdown zone at +0.200 V. ; ,
R At T - I
An unusual peak was seen in region IV for
penicillamine, but appears to he an artifact since a
differential pulse polarogram of the penicillamine di%KPOt '

2

.show ,any sigmal in that region.

& - .
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Table 3.1 lists the measured potentials defining the
qxidative plateau and the ‘.tential onéf;: polarographic

wave where the measufed current is haﬁ. at found on the

’

blateauf The onset potentials are determined by the
intersection of the lines that define region.;I and region
(” IiI in f‘igure 3.3. Tge potentials for the onset of the
,oxidht(ye pIateaU‘rJﬂBe from -0.275 V for penicillamine tog
0.129§ f%;<homoqysgggng. All of tl, polarograms show

direct electrbdéjE:idation océqrring at about. +0.200 V,

e L& e

%

A\

:33. A X
which is consistent with that seéfy in the background current
o e (¥
profile for the phosphate ‘buffer by itself.

4

D. odynamic Vv tamme tudies ’ &

9 Hydrodynamic voltammograms measured using hiq'

-~

performance liquid chromatography with merc.gold
electrochemical detecsors resemble polarograms since both
are based on the same electrochemical processes. However,

in polarography the analyte solution is stationary and the

dropping mer&' "‘ is the moving phase, while in
™ ?
)

hydrodynamic voltammetry the electrode is fixed and the

L]

solution is the~transient phase. This difference is

import#nt since ﬁe current measured at the dropping mercury

« -
. W

electrode has b a Faradaic and a non.daic component

while the measured chromatographic peak essentialiy

v, L4

Faradaic. The non-Faradaic current in the polarography
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Table 3.1. Potentials defining the half-wave potential and

the oxidative plateau for HSH, CSH, GSH and PSH from the

polarograms shown in Figures 3.3 - 3.6, respectively. All
* potentials were measured with respect to Ag/AgCl.

Y
Thiol Hal f-wave Oxidative Plateau
Potential ¢
HSH -0.160 V -0.129 to +0.200 V
CSH -0.165 V -o.no&c #0.200 V
GSH -0.222 V -0.158 to +0.200 V
e ».

PSH . -0.275 V -0.215 to +0.200 V .

. 'l %ﬂ,‘llw

) Lo Y ¥ ™

e . ¥ . e - .'." !

i »,
A4
, “"J

< ¥
Y P . "% d
1. cr
‘. ‘ - . ’ .' ..
‘ ’ - » ! ‘ b
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‘arises from the charging of the growing mercury drop.

In hydrodynamic voltammetry a non-Faradaic current
inftially occurs as the electrode is brought to the set
potential. Once the potential has been achieved, the non-
Faradaic c'onent of the current diminishes and the
background current results from th‘\;lectnﬁchemical
oxidation or reduction of electroactive.impurities in the

mobile phase.' After a sample has been injected, the solutes

are retained @y the&tolumn as the sample solvent travels
through it, unretqﬁhed. When the interface of the mobile

phase and the infected sample solvent passes over the
P’
electrode, a non-Faradaic charging or discharging current is

observed.and then the current returns to the normal o
'
background levels. This charging/discharging phenomenon is

the result of the differences in the composition of the

!

sample solvent compared to that of the mobile ﬁhase.

<

Because the chromatography separates the analyte from this

interface, the current measured as the'analyte passes over

-

the electrode is essentially a Faradaic current.

. "\Purthermore, since the peak gurrent is measured witﬁ.

th;\baq&ground current as the baseline, the peai current

- will be due to thé‘zisatfochemical reactionvbf the eluting
compound only. Figure 3.8 shows a typical éh:g:atogram,pf a

nixture of thiols and disulfides. The elution &f the

interface between the muabile phase and the injected sample



HSH

Faradaic
Non-Faradaic current
" current | PSH PSSP
Alnject
. background current: _
J — zero current
=

]

{
. Figure 3.8 Ty__pic:el chromatogram for a mixture 'of PSH,

g

HSH, HSSH, P5SH and PSSP using py;a.o phosphate ®uffer as
’ [

the mobile phase. -

A )
{
T ~ \'\ RS \\
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solvent into the detector is noted on the chromatogram by
the charging/discharging current observed at about 2.8
minutes. The five peaks represent the five solutes HSH,
PSH, HSSH, PSSH and PSSP and the Faradaic peak current for
the HSH is meAsured by the peak height, as illustrated in

" the figure.

Hydrodynamic voltammograms measured for the thiols,
‘HSH, CSH, GSH, and PSH with the Hg/Au electrochemical
detector are presented in Figures 3.9 - 3.12. The height of
the thiol peak in each chromatogram was measured, converted
to a peak current and then plotted‘as a function of the
.applied potential setting. The hydrodynamic voltammograms
consist of the same four regions described above for the
polarograms for these same compounds. The important feature
of,:ﬁe hYdrodynamic voltammograms, with respect to the
sel;ct{on of the operating potential for detection of thiols
at éﬁe d;:nstream electrode, is the oxidative plateau. TA%
potential }anges defining this platehMu for the thiols are
listsd in Table 3.2. By setting the downstream g}ectrode to
a potential on the pla‘eau, thére is maximum oxidation of
mercury in the presente of the %diol with little variation
in the pﬁ?k current due to small variations in apg&jgd
potential. 1In this work, ihe electrode potential was set
sliéhtly nore positive than the potential at the onset of

-

the.plateau go that Qpe peék currept would pe independent of

A

AN
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any fluctuations in the potential, e.q. due to ahy IR drop.

With homocysteine, oxidation Segins around‘-o.loo'volts
versus Ag/AgCl and reaches its plateau around +0.029 volés.
" The oxidétive plateau ends near +0.250 volts where the
current begins to increase again. A similar’trend is
observed in the voltammogram for cysteine with Ehe oxidative
plateau occdrring in the range of +0.039 to +0.250 volts.
Mercury oxidation in the presence of glutathione begins near
=0.186 volts and levels off at a potential of -0.086 volts.
The plateau reaches as far as +0.200 volts, and an'increase
in the anodic current is seen at +6.300 volts. Tﬁe locat}on
of the end of the plateau is not well definea since the
background current became too high to measure the peak
current at a potential setting of +0.400 volts. Oxidation
with penicillamine begins around -0.150 volts and reaches a
plateau'near -0.025 volts. The plateau extends to about
. +0.240 volts.

The hydrodynamic voltammograms show a general shift in
the onset of the oxidation plateau to a more positive |
potential compared to the corresponding polarograms. The
reference electrode used in both the polarograms and the
hydrodynamic voltammograms was a Ag/AgCl electrode. The
differences between the results from the polarograms and the
hydrodynamic voltammograms are as little as 0.043 V, in the

r .
case of penicillamine to 0.215 V, as observed for cysteine.



Table 3.2. - Potentials measured vs. Ag/AgCl defining the

. half-wave potential and the oxidative plateau for HSH, CSH,
GSH and PSH from their hydrodynamic voltammograms shown in
Figures 3.9 - 3.12. el

Hélf-wave

Thiol Potential Oxidative Plateau

HSH_.‘ -0.013 V +O.Q29 to +0.250 V

CSH : -0.027 V +0.039 to +0.267 V

GSH ~-0.128 V -0.086 to +0.200 V

PSH -0.080 V -0.025 to +0.240 V
(

68
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As ; result of the observations from the hydrodynamic
voltammograms {pr the thiols, the downstream electrode was
set to a potential’%f +0.150 V versus the Ag/AgCl electrode
for all subsequent studies. This potential is near the _
middle of €hé oxidative plateau for all four‘thiols and
therefore will exhibit little change in the peak current
even if small changes in the electrode potential occur.

! Correspondingly, the selected potential for the
upstream electjode should be based on the hydrodynamic
voltammaograms for the disulfides to be studied. The
hydrodynamic voltammograms for the disulfides are plotted as
peak currents measured at the downstream electrode versus
thelapplied potential at the upstream electrode. 'Although
the)actual current that is measured is due to an oxidation
précess, the species that give rise to the signal are
derived from the reduction of the disulfides and therefore
the current is plotted as a cathodic one. This format will
display the hydrodynamic voltammograms in a fashion that
resembles standard polarographic convention.

In a typical hydrodynamic voltammogram for a disulfide,
there'are three regions observed. These regions are
complementary to some of the regions observ;; in tﬁe
voltammograms for the thiols. The hydrodynamic voltammogram

for homocystine, shown in Figure 3.13, will be used to

illustrate the features of these plots. The current_in
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region I is due to the residual or bacxground‘gurrdnt. ‘This
is similar to region IV on the thiol voltammograms. Over
this potential range there is no reduction\of the disulfide
at the upstream electrode and hence no signal is measured at
the downstream electrode except for the background current.
Region II in Figure 3.13 shows the current increasing as the
potential is made more negative. Over this potential' range,
the upstream electrode reduces a fraction of the disulfide
at the electrode surface and the resulting thiols are then
measured at the downstream electrode by the chromatographic
peak for the oxidation of the mercury in the presence of the
thiol. Finally, region III corresponds to the reductive
plateau where the measured current is relatively constant as
the upstream potential becomes more negative. 1In this
potential region the reduction of disulfide to thiols is
rate-limited by the mass transport of the analyte to the
electrode surface and thus a maximum peak current is
observed.

In polarography, a fourth region having an increasing
background current is usually observed at high negative
potentials. This high cﬁrrent is due to reduction of water
at the surface of the electrode and is analogous to the high
current observed for the direct oxidation of the mercury
electrode in the polarograms or voltammograms for the

thiols. With the HPLC-ED system, a high background current
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was observed at the up;trcam electrode when its potoﬁlial
was set more negative than -1.000 volts versus Ag/AgCl.

This does not create a problem in the dual eiectrode
detection scheme, however, because the reduction of the !
disulfide at the upstream electrode is indirectly monitored
at the downstream electrode by the oxidation of !’o mercury
in the presence of the generated thiols. Siﬁce the
downstream electrode is not affected by the current at the
upstream electrode, the measured anodic current at the
downstream electrode does not display any change once the
pléteau for the reduction of the disulfide has been reached.
This is the reason why there are ozly three regions observed
on t‘! hydrodynamic voltammograms for the disulfides, even
though the upstream electrode potential is set more negative
than -1.000 volts.

~" The hydrodynamic voltammograms for HSSH, CSSC, GSSG,
and PSSP are presented in Figures 3.13 - 3.16. Table 3.3
lists the half-wave potential-and the potential range
defining the reduction plateau for each of the disulfides.
For optimum sensitivity and precision, the upstream
electrode potential should be selected from the potential
range defining the reduction plateau for the disulfide under
study. Ideally, if two or more disulfides are to be

monitored, the upstream electrode potential should be on the

reductive plateau for all the disulfides of interest.
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Table J).). Potentials measured vs. AQg/AQC]l defining the
half-wvave potonttht and the reduction plateau fros the

hydrodynamic voltammograms for the symmetrical disulfides

shown {n Fiqgures 3.1) - 1.16.
\

Half-vave

Thiol Potent ial Reduction Plateau
HSSH -0.7%7 vV rO‘QOU to ~1.402 WV
CH&C ~0.940 V -1.200 to -1.%00 W
GSSG -N.,820 V -1.0%0 to -1.400 VW
PSSP -1.0%0 V -1.1%0 to -1.2%0 W



Hence, the disulfide for which the reductive plateau begins
at the most neqative potential will determine the
appropriate potential for the upstream reduction electrode
Table ).} shows that oxidized penicillamine ham the
ROt neqgative potential for the onset of 1ts reduct ton
plateay. Thus t;r a mixture containing oxidlzed
penicillamine and any of the other dinulfiden, the uprtiear

electrode potential chould be ket to a potential in the

teductive plateau roginon of the hy@eodynamic voltammog: am

tor paap. Conerally, the electrode patential krelected (.
the upstream electrode should be S0 - 100 Y more neqgat ive
thar the potential at the onset of the plateau. bor

oxidised pentoilliamine then, the upstrear ele trode shou! |

]

be set at -1 20 voits versus Ag AgCl.  Untortunately, 1o .o
) Y i

deterjoration of the surface of the upstrear ele t1ode wa-
obnerved with this potential setting. A compromise betwoeo:
detector sensitivity and electrode lifetime was made by

using a potential ¢t -1.100 volts at the upstrear e.e t1 |
when running analyses of samples containing PusSE.

Other: 73,102 have reported fast electrode

degradaticn at high potentials and theretore use an Up stre s

potential of -1.000 volts. However, the hydrodynamic

voltammogram of PSSP indicates that, if the potential o! t*

upstream electrode 1s set to -1.000 0, eak currents wi!.
p € | &

only be about 25% of the maximum current meagured when the

L4

1!



potential of the upstream electrode (s set to a potential in
the plateau Yeqgion. This potential will not provide high '
fenunitivity for the oxidlized penicillamine. PSSP does no?
3 .

underqgo a facile reduction at -1.000 volts, but use of the
-1.100 V metting with freahly prepared electrodes producedl a
nquxrxcanlly higher r1espounse four PLIP withuut excemmive
electrode deterioration. Under these coniitionas a peab
Cuprent of Aboat BHY of the maximum Surrent at the piaten.
wan Al leved

Trhe averade lifetime of the upatrear ele trole was ;
Al Hut e weed with continual use, although thie wan rety ol
o merahat when the mot i le phase contained a high (ye . -
ekl B Con ertratyen o f oandium ootyl sucfate. W th the |
pALILInY reagent present | the upntrear e e %y zh'- wa4u the
tirat o (ol [UE omer o ury It couL Y however o e re-
amalgarmared on gt cwr o since 1ts only fungtion s v
qererate the thin s, For re-aralgamatyon the electrodes
WOl e Finced wioth 9kt etranci, air-dried, ant a <inqgle dr
of mercury want placed on oonly the upstrean electrode.  After
several rirutes the excess mercury was rer-ved as desorite:!
Ir the exjerimental section of Chapter 11 teing carel? . to
prevent the meriury from coming 1n contact with the
downstream electrode. If there was any uncertainty 1n the

condition of either electrode both were polished and

amaigamated.

e
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Thenhydrcdyn#mic.voltammograms for the mixed

disul fides, PSSG, PSSH, and PSSC dre shown in Figures 3.17 -

3.19. Figure 3.20 shows the structures of fhese three
mixed disulfides while Table 3.4 lists the half-wave
potential and the potentials defining the reduction plateau
for each mixed disulfide. Alljthrée volt&mmograms are
shifted to more poéitive potentials compared to the
voltammogram for the oxidized penicillamine. The E% value
for each mixed disulfide( PSSR, is betweé; the E% values for
the oxidized penicillamine, PSSP, and the corresponding
symmgtrical disulfide, RSSR. This seems reasonable since
the mixed‘disulfide is a composite of the two symmetrical
disulfides, PSSP and RSSR, and therefore would most likely
have an intermediate behaviour. This is illustrated in
Fig;re'3.21 which shows the overlay of the hydrodynamic
voltammograms for GSSG, PSSG and PSSP: Here thé,data are
normalized by plotting the percent reduction versug the

. *
applied potential, where 100% reduction is taken to be the

current measured at the reduction plateau.

E. Discussion

The electrochemical behaviour of thiols and disulfides
at mercury electrodes has been studied for many years.

Kolthoff and co-workers [107-109) investigated the reduction



80

‘A x93deyd uj ueatlb eaw eprInsSIp pexiu eyl eaevdead
03 pesn SUOTIFPUOOD UoFIOoNex TeofdAl ° TOBY/BY °*sSA A 0ST°0+
3% j3UE3sUOD PIOY SEBA TUTIUe0d SPOIJOSTe WROIJISBUMOD

oYl °988d 10 WUIHOWEEI[OA O«IG:hvouval LT € oanbja

(s310A) 106V/BV °"sA T¥T3Uel0d ®pPOIIDETF wwexlsdn

0091 - oor'i - 00z 4 - 000°1 - 0080 - 0090 - 0oy’

M AJ v Y v T v Y v Y v

I IR BT rarerers Ewrers e T

oL

Si-

0z -

$Z -

IUIIIND Yead

(vu)



81

*IA I@3deyd Uyl paqrAOSIp ST SPTIJINSTP PaxXIw 3yl
Jo sTsayjuks ‘A 0ST°0+ JO Terjuajod 2poI3098T2 WEIIJISUMOP

e buysn HSSd 103 weabowwel oA OfweulpoapAH 81°c @anbyd

(satoAa) T10bw/BVY °saA Hmwu:wuom 8poaI309aTd Emouummo

009'1L - ooy’ - 00} - 000t - 0080 - 0090 - 00v°0 -
B T v T M T ¥ T A T T ol

4o1-
4 o02-
4 og-
- oy -
405+

4 0g-

-4 0L -

08 -

JuaIInN) XNEad

(vu)



82

‘- 10bv/bY
*SA A 0GT 0+ 3e pIay sea Terauajzod apoaldaTd Emmuumcaoﬁ

ayl °'OSSd 103 uweibowwel [0A oﬁﬂucxvouchm 6T° ¢ ®anbtd

(satoa) T10b¥/Bb¥ "sA 1eT3uajod @pol3oaTd ueailsdn

009t - ooy i- 002’4 - 000°1 - 008°0- 0090 - 00¥°0 -

v ' v Y v ' v r v . v 52

T e
’ (=]

SC-

et )

001~

AR

i d o s a )l sa

0G4-

adaca b a4

SiL-

quaIINnN) xe’ad

(Yu)



a) PSSG ' 83

+
0 NH

R . I )
fH3 ?H3 TH-— C=— CH ,CH,~ CH — CO0
“00C=— CH— C— CHy CH-— C— NH— CH2-— coo

i
S— S — CH @)

3

2
b) PSSH
+ - +
NH H NH
I I
T00C — Cl*j— C—S—S—CH2CH2— CH —CO0
CH3
c) PSSC
+ +
NH CH3 . NH

|3 | 2
‘mm—-m——c—s—ﬁ-mb—CH—am‘

| .
CH3

Figure 3.20 Stuctural formulae of the mixed disulfi&es,
PSSG, PSSH and PSSC.
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. Table 3.4. Potentials defining the half-wave potential and ™

the reduction plateau for the mixed disulfides PSSG, PSSH

and PSSC as seen in Figures 3.17 - 3.19.

Mixed Half-wave
Disulfide Potential
PSSG -0.957 V.
PSSH -1.067 V.
PSSC -1.013 V.

Reduction

-1.054 to
-1.127 to

-1.127 to

Plateau

-1.400 V.

-1.500 V.

-1.500 V.
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of cystine and oxidized glutathione at the dropping mercury
electrode. They showed that the reduction of a disulfide at

a mercury electrode follows the reaction sequence,

——

SR + e” + HY T———= RS’ + RSH (28)

) ) ,
RS" + e~ + HY T————= RSH (29)
RSSR + 2e~ + 2H* :E::::EE 2 RSH (30)

They also showed that if the breakage of the disulfide bond
in reaction (28) were the rate-determining step, then
at 25°C the potential at any point along the polarographic
wave would be expressed by

[RSSRY " [H*)"

E = Eg + 0.05910g (31)
[RS"]"[RSH]"

where Eg is the standard potential of reaction (28) and the
superscripted terms are concentrations of the species
involved at 25°C. Since [RSSR]° is proportional to (fg-1i)
while [RS"]° and [RSH)° are prd!krtional to i, the

expression becomes:
(149-1)
E = E' + 0.059log{[HY]+K) + 0.059log ———— (32)
(12)
where K(is a constant that accounts for dissociation of the
sulfhydryl group in RSH and E' is a constant relating to the
standard potential of reaction (28) and the diffusion

\soefficients for the three species, RSSR, RS’ and RSH. The

term ig is the current at the mass transport limited plateau
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while i is the current at a given point on the polarographic
wave. At a fixed pH then, the graph of potential versus
log((ig-i)/i?) should yield a straight line with a slope of
0.059. The intercept is the summation of the first two
terms on the right hand side of Equation (32). Furthermore,
the results indicate that in the presence of sufficient
thiol, RSH, the potential is no longer preportional to
log((ig-i)/i?), but rather log((ig-i)/i).

A similar graphical analysis for the mixed disulfides
PSSG, PSSC and PSSH can be made from the hydrodynamic
voltammograms obtained by HPLC-ED. Using the voltammograms
in Figures 3.17 - 3.19, the values for log((id-i)/iz) and
for log((ig-i)/i) were calculated as a function of
potential. The plots of potential versus the log((id—i)/iz)
as well as versus log((ig-i)/i) for the mixed disulfides are
shown in Figure 3.22. Since the chromatography separates
the analytes before detection, there should be no
interference by the thiols with the electrochemical
reduction of the disulfides at the electrode. As expected,
the plots of potential as a function of log((ig-i)/i) for
the mixed disulfides were not linear. Plots of potential
versus log((id-i)/iz) displayed straight lines with slopes
of 0.073, 0.062 and 0.067, for the PSSG, PSSH and PSSC,

respectively.
\
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Figure 3.22 Comparison of log((id-i)/(iz))) to log((i

i)/1) as a function of applied potential from the

hydrodynamic voltammograms for a) PSSG, b) PSSC and

c)

PSSH in Figures 3.17 - 3.19.

»
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A rapid procedure has been outlined by Dahl, Selberg,
and Lott (110} to obtain hydrodynamic voltammetry data, but
it may not be readily applicable to the analysis of thiols
and disulfides using the mercury-gold electrodes. The:
procedure was performed on a glassy carbon electrode fui
detection of diphenylamines and called for the direct flow
of the analyte solution into the detector cell. Continual
exposure of a mercury-qold electrode to thiols, especially
at potentials where oxidation occurs, would lead to rapid

+

loss of mercury resulting i1n deterioration ot the electrode

and a chanqge in the electrode sensitivity. As well, Alliso:

90

and Shoup (73] have shown that the high negative potentials

required for disulfide cleavage are accompanied by high
background currents, making direct detection of the
reduction pot®ntial difficult. Use of the dual electrode
scheme miqght reduce the problem, but the deterioration of
the downstream electrode would still remain as the limiting

factor 1n this method.

Typic -1 ly the selected electrode potentials are
50 - 100 mV past the onset of the oxidation or reduction.
S~ '

The variatioqs.observed between the onset potentials
determined gy polarography apd the onset potentials
determined by hydrodynamic voltammetry suggest that,
although the routine use of replicate injections may be

time~co.suming, it is perhaps the best method for



determining the electrode potentials for H;LC-ED. Other
techniques, like cyclic voltammetry, may indicate the
feasibility of electrochemical detection for various target
molecules, but the practical operating settings for
electrode potentiales will still need to be determined by

direct experimentation,
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CHAPTER }V
CHROMATOGRAPHY OF THIOLS AND DISULFIDES

A.  Introductien

As mentioned in Chapter 111, the sensitivity of
electrochemical detection for thiols and disulfides can only
be fully utilized 1f the analyte pealg are
chromatographically resolved from one another. Therefore a
knowledge of their chromatographic behaviour under various
chromatographic conditions 18 necessary for the selection c!
optimum operating conditions. This chapter will examine the
effeé} of various mobile phase parameters on the reverrod-
phase chromatographic behaviour of several thiols and
disQ1fides. The mobile phase variables investigated were
the pH, the ion-pairing reagent concentration, ané the
organic modifier content. In Chapters V and VI, the results
presented in this chapter are used to optimize the
separation of several mixtures of thiols and disulfides 1n
biological fluids to permit quantitative measurement of each

. /
component . . /

B. Chromatography of Thiols and Disulfides ’

Since most ot the sulfur-containing compounds

encountered :n living organisms derive from the amino acid

92
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cysteine [113], techniques that were designed for amino acid
analysis have been applied to the determination of
biologically significant thiols. The separation of
biologiQpl yhiols and disulfides has been achieved on an
amino acid anélyzer using ion-exchange chromatography
[114,115]). Although this method has been automated, it
still suffers from long analysis times and requirés iong
colﬁmns to obtain adequate resolution for a mixture of
compounds.v Furthef%ore, ion-exchange columns tend to have
lower efficiencigs, are less stable and are less
reproducible compared to columns uséd in other LS techniques
[116].

The development of reVersed-phase high performance
liquid chromatography‘has caused the replacement of many
‘ion-exchange methods with reversed-phase ones. In reversed-
phase chromatogra?hy, retention is dependent on the
, ﬁydrophobic nature of the s;mple thle the selectivity of
the separation occurs by interactions between the solute
molecules and the mobile phase. Increases in the retention
of ionic or ionizable solutes can be obtained by the
addition of ion-pairing reagents to the mobile phase while
malterations in selectivity of ;he separation can be made

with the addition of an organic modifier to the mobile

phase.’ This control on the chromatography makes it

93
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eépecially suited to the determination of complex mixtures
of thiols and disulfides in biological samples. .

In reversed-phase chromatography the stationary phase
consists of a silica-based porous support with covalently
bonded hydrocarbon chains. The two most common types of
packing in a Feversed-phase column are octyl and octadecyl
silanes. The moﬁile phase used with this technique is
generally an agqueous solution which may contain buffer salts
" and/or an organic modifier. The mobile phase is ofteh
buffered since the resdlution in many séparations is pH

dependent.

c. Precision

L

To study the precision of the measurement system,
replicate injections of GSH, CSH, HSH, and PSH, as well as
their symmetrical disulfides were performed. From the
reproducibility of the ﬁegsured results, the precision of
the measurement step can be evaluated. Figure 4.1 shows a
chromatogram for a typical GSH sample and will be used to
define some of the chromatographic terms ;nd to indicate the
quantities measured on the chromatogram.

Since the injec%?d sample solvent has a slightly *‘
different composition compared to the mobile phase, there

will be a charging and discharging of the electrode surface

as the sample solvent plug passes over it. Assuming the
-
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Wi/2
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Figure 4.1. A typical chromatogram of a GSH sample. The

chromatographic terms ty, t, and t,' are illustrated as
]

defined in the text. As wéll, the peak width at the base,

Wy, and peak width at half the peak height, W, are

”

labelled.
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sanple solvent does not interact with the column packing
material, then the diséharging and charging currents
observed in the chromatogram will be a measure of the column
dead time or void volume. This is‘assigned the term tg in
Figure 4.1, and is the time it takeg‘the sample solvent
front to travel from the injector, through the column, and
to the detector electrodes. |

Similarly, the solute should re#ﬁzre the same amount of
time to get to the detector, But, because of interactions
involving the solute, the mobile phase and the column, it is
retarded and elutes at a later time_ Z This time is called
the solute retention time, labelled as t, in Figure 4.1, and
is measurgd with respect to the point of injection. The
adjusted retention time, t,', is the amount of time that the
solute spends sorbed on the column and therefore is
calculated by subtracting the column dead time from the
solute retention time.

ty' =ty - ty (33)
Because of differences in column dimensions and packing, the
absolute retention time is not a unique characteristic
measure of the solute retention. A more useful measure of
solute retention is the ratio of the time the solute spends
in the stationary phase to the time it spends in the mobile

phasé. This is called the capacity factor, k', and is the
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ratio of the adjusted retention time to the column dead
time, as shown in Equation 34.
t,' (ty - to)

= — (34)
to ' to

k' =

Table 4.1 lists the column dead é{me, the solute
retention time and the calculated capacity faetor for HSH,
CSH, GSH, and PSH chromatographed with a mobile phase
consistiné of pH 3.0 phosphate buffer containing 0.75 mM SOS
and 5% methanol. All measurements were made in centimeters
and were converted to minutes by dividing the distance by
the. chart speed setting. More measurements were taken for
the cysteine due to its short retention time. As well, half
of the cysteine runs were made with a faster chart speed to
get more precise measurements for t, and t,. The relative
standard deviation of k' for the thiols was 1.9% for the
CSH, 2.0% for the GSH, 1.8% for the HSH, and 1.3% for the
PSH. The CSH has the shortest retention time while the PSH
has the longest retention time. The lower percent deviation
f?r the PSH is probably due to the higher precision in
measuring the longer retention time. A capacity factor
between 2 and 5 is considered ideal. However, for the
analysis of multible components the range may extend from 1
to 15 [117] or 1 to 10 [118). Of the four thiols studied,

only the penicillamine had a k' value between 2 and 5.



Table 4.1. Retention times and calculated capacity
factors for the thiols CSH, HSH, GSH and PSH. All samples
were run on a Partisil 5 ODS-3 column using a pH 3.0
phosphate buffer as the mobile phase.

Compound Speed to ty k! average
‘ cm/min cm cm (std. dev.)
CSH 1.0 2.29 3.15  P.376 0.387

2.28 3.15 '0.382 (0.007)
2. 28 3.18 0.395.
2.30 3.20 0.391
2.29 3.18 0.389
2.29 3.18 0.389
2.0 4.59 6.30 0.372
4.52 6.29 0.392
4.55 6.30 0.385
4.55 6.28 0.380
4.49 6.26 0.394
4.50 6.28 0.396 .
4.49 6.23 0.388 '
HSH 2.0 4.43 9.49 1.14 1.15
4.40 9.49 1.16 (0.01)
_4.41 9.43 1.14
4.40 9.52 1.16
4.39 9.49 1.16
4.41 9.53 1.16
4.40 9.42 1.14
GSH 2.0 4.57 9.12 1.00 1.01
4.52 9.03 1.00 (0.02)
4.41 9.01 1.04
4.48 9.07 1.02
4.51 9.00 1.00
PSH 2.0 4.60 15.29 2.32 2.32
4.61 15.28 2.31 (0.03)
4.60 15.32 2.33
4.51 15.17 2.36

4.68 15.35 2.28
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Table 4.2 gives the k' values for the symmetrical
disulfides of homocysteine, cysteig;, glutathione, and
penicillamine. With the exception of the cystine, all of
the disulfides displayed a k' value between 2 and 7. For
this reason the relative standard deviations of the capacity
factors for the disulfides tend to be lower than those
calculated for the thiols. The. relative standard
deviations‘of the capacity factors for GSSG, HSSH, and PSSP
are 0.7%, 1.0% and 1.4%, respectively. The short retention
time for the cystine makes the measurement of its capacity
factor less precise, and this is reflected in thé slightly
larger relative standard deviation of 2.0%.

The method used to quantify the size of a
chromatographic peak can affect the accuracy and precision
of the overall analysis. The two most common methods of
quantifying peak size is by measuring peak area and peak
height. To manually measure the peak area, several
techniques may be employed [119]. Table 4.3 lists the
various manual methods for measuring peak areas aldng'with
estimates for the precision of each technique. The first
two methods assume the chromatographic peak to be a triangle
(120]. In method one, the peak width at half peak height is
measured and then multiplied by the peak height. 1In the
second method the tangents to the sides of the peak are

drawn and the peak width at the base is multiplied by the



Table 4.2. Retention times and calculated capacity
factors for the symmetrical disulfides CSSC, HSSH, GSSG
and PSSP. All samples were run on a Partisil 5 ODS-3
column using a pH 3.0 phosphate buffer as the mobile

" phase.

Compound Speed

cm/min
CssC 1.0
HSSH 0.5
GSSG 1.0

to
cm

2.71
2.72
2.72
2.71
2.72
2.75
2.72
2.72
2.72
2.78
2.79

1.12
1.13
1.14
1.13
1.11
1.11
1.13

2.22
2.21
2.20
2.20
2.22
2.21
2.20
2.20
2.20
2.20
2.19

t!’
cm

3.92
3.94
3.93
3.91
3.92
3.92
3.94
3.94
3.92
3.96
4.00

8.92
8.98
9.00
8.94
8.94
8.98
9.01

8.57
8.58
8.59
8.62
8.68
8.56

8.62

8.60
8.61
8.61
8.63

kl

0.446
0.448
0.445

. 0.443

0.441
0.426
0.448
0.448
0.441
0.425
0.434

6.96
6.95
6.90
7.05
7.05
7.09
6.97

2.86
2.88
2,90
2.92
2.91
2.87
2.92
2.91
2.91
2.91
2.94

average
(std. dev.)

0.441
(0.009)

6.98
(0.07)

2.90
(0.02)
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Table 4.2 continued.

Compound Speed

PSSP

cm/min

0.5

to
cm

1.14
1.13
1.14
1.10
1.12
1.10
1.09
1.12
1.11
1.12
1.12

cm

5.67
5.67
5.70
5.71
5.70
5.67
5.68
5.69
5.71
5.70
5.69

kl

3.97
4.02
4.00
4.19
4.09
4.15
4.21
4.08
4.14
4.09
4.08

101

average
(std. dev.)

4.09
(0.08)
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Table 4.3 Manual methods oﬁbheasuring chromatographic peak
areas.

3

Method Equation | Estimate of
- or technique\ precision(116]

l. triangular I H' * (W}) 3%
2. triangular II H * (Wp)/2 4%’
3. trapezoidal H' * (Wg.15 + Wg.g5)/2
4. planimetry trace peak -

with planimeter 4%
5. cut and weigh cut out peak and weigh 2%

H = peak height after drawing tangent lines to the two sides
of the peak.

Wy, = peak width measured at half the pea% height.
4
Wp = peak width at the base oNthg¢ peak. v

H' = peak height of the actual peak. v’

1

Wo.15 peak width measured at 0.15 of the p%ak height.

I

Wo.85 peak width measured at 0.85 of the peak height.
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peak height of the extrapolated triangle. Methods uing a
A ¢

~- 103

triangular approxi-ation are not reliable r asymmetric
peaks or overlapping pcakli Although the disulfides showed
symmetrical peak shapes, peak tailing was commonly observed
for the thiols so these methods of quantifying peak size
were inappropriate for‘thiol determinations.

In the cut and wéigh method, the chromatogram is first
photocopied, the baseline is then drawn in by pencil and
each chromatographic peak is cut out and weighed. The
precision of the method depends on the uniformity of the \
weight of the paper and on the care used in cutting out the
peaks. Planimetry is a nondestructive alternative to the
cut and weigh methbdif? ith planimetry, the peaks are traced

L.\(
\N\,
using a planimeter, making

is method rather tedious.
Increased precision of the.beak measurement can be obtained
by repeated tracings over the chromatographic peak.
However, this makes the measurement step even more time-
consuming. As well, considerable skill in using the
planimeter is required and the capabilities of the operator
will determine the precision of the method.

The trapezoidal method, which involves calculating the
average of the peak widths at.153 and 85% of the peak height
and then multiplying by the peak hsight, is reported to give
an pccurate measure of the peak sige, even for asymmetric

peaks. Similarly, both the cut and weigh technique and

-
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planimetry give excellent quantitative measurements for
asymmetric peaks, but all three require tedious and time-
consuming measurement or cutting steps.

Y The peak height measurement method is simpler and
faster than manual methods for peak area measurement. Peak
heights are measured from the baseline to the peak maximum
using a ruler or the marked divisions on the chart paper.
Peak heights are less prone to interference by adjacent
overlapping peaks so peak height measurements are preferred
when peaks are not completely resolved from each other.
Furthermore the precision of peék height measurements is no
worse than those for peak area measurements and have a
precision of 1-4% [121). Peak area methods are used when
the composition of the mobile phase is changing, eg. in
gradient elution, while peak height measurements are made
when the composition of the mobile phase is relatively
constant and there is some variation in the flow rate. 1In
general, the accuracy and simplicity of peak height
measurement makes it the more versatile method of
quantifying the size of chromatographic peaks.

Throughout this research peak heights were used to
quantify the peak sizes. Before running quantitative
analyses, it was necessary to verify that the use of peak
heights would give a good measure of peak size for any

asymmetric thiol peak. Since the cut and weigh method gives



10%

- ]
& precise measure of ank size for asymmetric peaks, a
comparison of peak height measurements to peak weights Wwas
performed. A set of calibration standayds was
chromatographed anJ the peak responses were measured by the
peak height method and by the cut gnd veigh procedure.
Figure 4.2 shows a typical chronatoqran‘for one of the
calibration standards. Plots of peak heights versus peak
weights for PSH, GSH, PSSP, and GSSG are displayed in Fiqure
4.3. Even with the tailing observed for the PSH peak there
is a good linear correlation between the peak height and the
peak weight implying that the peak height will be an
adequate measure of the peak size, even if the peak is
asymmetric. '

The precision of peak height measurements was evaluated
by determining the standard deviation for a peak heights
obtained from replicate injections of a solution having a
fixed analyte concentration. Table 4.4 gives the results
for a series of chromatographic runs of a solution
containing 25 uM GSH and 275 uM GSSG. The samples were run
using a mobile phase of pH 3.0 phosphate buffer. The
measured peak heights were converted to peak currents and
averaged. The glutathione had an average peak current of

69.7 nA with a standard deviation of 0.4 nA while the GSSG

had an average peak current of 115.2 nA with a standard

deviation of 1.0 nA. These correspond to relative standard




106

GSH

10nA PSH - PSSG

PSSP

1S

1 { Jz(\j 1 1 1
A

0 2 4 & 8 10 12 14
MINUTES

Pigure 4.2. A typical chromatogram of a mixture
containing PSH, GSH, GSSG, PS5SG and PSSP used t» compare
peak height with peak veight measurements. The mobile
phase used for the separation wvas a pH 3.0 phosphate
buffer (0.1 M) with 0.80 mM sodium octyl sulphate and 3%
methanol.
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Table 4.4.. Precision of peak height measurements for GSH

’

and GSSG using a pH 3.0 phosphate buffer as the mobile
phase and having an upstream electrode potential of

-1.000 V. and downstream eléctrode potential of +0.150 V.

versus Ag/AgCl.

d5uM  GSH

Peak

Height Range
1. 3.45 500
2. 3.45 500
3. 3.48 500
4. 3.50 500
5. 3.50 500
6. 3.50 500
7. 3.50 500
8. 3.48 500
9. 3.46 500
10. 3.50 500
11. 3.47 500
12. 3.51 500
Average
(std. dev.)

Peak
Current

69.00
69.00
69.60
70.00
70.00
76.00
79ﬁ00
g9.60
69.20
70.00
69.40

70.20

69.70
0.62

275uM

Peak
Height

14.62
14.55
14.40
14.31

14.31

- 14.21

1442

GSSG

Range
200
200

200

200

200

Peak
Current

116.

116
115

114

© 114
113.

115.

116.22
0.99

96

.40

.20

.48

.48

68

36

108
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deviations of 0.6% for the reduced glutathione and 1.0% for
the oxidized glutathione. .Even with the small peak hefbhts
measured for the glutathione the precision of the

measurement is high.

D. Retention Studies

The precision of the retention time and peak height
measured for any peak will depend, in part, on the
resolution of that peak from any adjacent peaks. By
observing the retention behaviour of thiols and disulfides
when the mobile phase parameters are varied, appropriate
conditions can be selected to optimize the separation of a
mixture and thereby maximize the precision of the
measurements.

In reverse phase chromatography it is thought that
solute molecules are adsorbed onto the stationary phase
because of hydrophobic interactions involving the nonpolar
sites on the solute molecules, the nonpolar ligands on the
stationary pﬁase and the polar mobile phase [122,123]. The
selectivity of a separation, however, is chiefly due to
specific solute interactions with the mobile phase. The
exact mechanism of this retention is not gompletely
understood and a detailed explanation of current theory is

beyond the scope of this thesis. It suffices to say that \
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selectivity of the separation of ionic molecules can be
controlled by changes in the mobile phase composition.

The retention characteristics of the thiols, HSV; CSH,
GSH, and PSH, and their symmetrical disulfides, HSSH, CSSC,
GSSG, and PSSP, were studied to determine the
chromatographic *conditions needga‘to achieve the desired
separation for the analysis of a mixture of some of these .
components. The retention behaviour of the analytes, as
measured by their capacity factor, was observed as a
function of three parametersy the mobile phase pH, the
concentration of ion-pairing reagent in the mobile phase,
and the organic modifier content of the mobile“phase. Each
of these will be discussed individually with an overview of

their effects being reserved for the final discussion

section in this chapter.

i) .Mobile Phase pH

| First, the effect of mobile phase pH on the retention
characteristics of HSH, CSH, GSH, PSH and their symmetrical
disulfides was studied. The procedure involved making
multiple injections of thiols and disulfides into mobile
phases having pH values in the range 2.5 to 5.5. This pH
range was used since it is witﬁin the working range of the
reverse phase octadecyl silane column [124] and because the

rate of thiol oxidatipn decreases significantly below pH 5.5
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Figure 4.4 shows the retention behaviour of
homocysteine, cysteine, glutathione, and penicillamine as
a function of the mobile phase pH. The mobile phase was
composed of 0.1 M sodium phosphate/phosphoric acid buffer
set at the various pH values by the addition of sodium
hydroxide.

In general, all four thiols showed a decrease in
capacity factor with an increase in mobile phase pH,
although the extent of the effect was different for each
compound. Since each compound is composed of carboxflic
acid, ammonium and sulfhydryl groups, the differences in the
ionization of these acidic functional groups will lead to
M fferences in the molecular species present in solution at
the various pH settings. These different species will have
different charges which will therefore affect the retention
of the compound.

The macroscopic ionization scheme for cysteine,

homocysteine and penicillamine is:

X K2 & - By o
HA A (35)

+
H3A HoA —

~

while the macroscopic ionization scheme for glutathione is:

K; K, K3 Ky -
H A" T H3A === HyA” = HA2~ ——=>13" (36)

The macroscopic deprotonation constants for HSH [125]), CSH,

PSH and GSH [126] are listed in Table 4.5. Using these
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Table 4.5. Macroscopic dissociation constants for CSH,
HSH, GSH and PSH.

Compound Ky K, K;3 K4 | Reference
CSH 1.87 8.19 10.29 126
HSH 2.27 8.66 10.55 125
GSH 2.05 3.47 8.67 9.49 126

PSH 2.47 7.93 10.41 126



constanfs, the frgctional concentration of the various
ionized species of each molecule was calculated as a ‘
function of pH; Since the macroscopic ionization scheme is
identical for cysteine, homocysteine and penicillamine, the
distribution diagrams for these three thiols will be
similar. Figures 4.5 to 4:7 show the species distribution
diagrams for HSH, CSH, and PSH, respectivély, over the pH
range 0 to 5.5. Over this pH range, these thiols are
'present in two molecular forms. At low pH the dominant
species is the fully protonated thiol which carries a net
charge of +1 while the doubly charged (one positive and one
negative) zwitterion becomes dominant at the higher pH
values plotted. As the pH is raised from 2.5 to 5.5 the
dominant species changes from the more strongly sorbed +1
form to'the less strongly sorbed zwitterion. Hence, a
decrease in capacity factor is observed for an increase in
the mobile phase pH.

The small k' values for the cysteine and homocysteine
made it difficult to observe any significant changes as a
function of th® mobile phase pH. However, the capacity
factor for homocysteine was larger than that for cysteine
over the entire pH range investigated. Studies on
homologous ¢ompounds have shown that increasing the number

of repeating groups e.g. the number of aliphatic carbon

114

atoms for a series of compounds, corresponds to increases in
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the capacity factor and has been generalized by the Martin

rule:

log k! = A + Bn (37)
where A and B are constants for a given homologous series
and a given LC system under isocratic elution. The term n
is the number of repeating groups within the sample molecule
[(127].

Furthermore, any changes in the carbon skeleton which
increase the hydrophobic nature of the compound should
increase the capacity factor for that compound since it will
be more readily retained by the nonpolar stationary phase.
Penicillamine is a B,8-dimethyl analog of cysteine and
therefore has an increased carbon length compared to
cysteine, and increased branching of the carbon chain.
Increasing the branching of the carbon skeleton increases
the nonpolar nature of the molecule. As expected, the
capacity factor for penicillamine, seen in Figure 4.4, is
much greater than that for cysteine and homocysteine at all
monitored pH values.

The ﬁpecies distribution diagram for glutathione in
Figure 4.8 was constructed from the calculated fractional
concentrations of the various ionized species. Three
molecular species are present over the pH range plotted:
the fully protonated form, which has a net charge of +1, the

neutral zwitterion, and the doubly deprotonated form which
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glutathione in the doubly deprotonatcd torm

le
hydrophilic than that in the zthte{&ongc form and therefo&f

. "
glutathione in the doubly deprotonatsp *orq'ia pox. «.*,‘y

at higher pH, more of the qlutatﬁ{ond V{II spend’ norp,tlme
in the mobile phase and thus 1t :;)1ve1ute faster. Thts 1s
in agreement with the observed:retention behaviour tov(I
glutathione shown in Figure‘4.8. .

The effect of mobile phase pH on the retention |
behaviour of the disulfides HSSH, CSSC, PSSP, and GSSG 1s

shown in Figure 4.9. The disulfides have? larger capacity

tactors than their corresponding tQiols at the sam

values. This is due to the increased, size of t

. &
relative to the thiols. The cys.‘ge, homo

oxidized penicill ne show little change im capacity factor

v

as a function of the pH. The macroscopic ionization scheme

for these compounds is:

Ky Koo K3_ Kq
HaA2t — H3A* - = A2- (38)

—— HAT———HAT ——

and the corresponding ionization constants for these
compounds, along with the constants for oxidized
glutathione, are listed in Table 4.6. Figures 4.10 to 4.12
show the species distribution diagrams for homocystine,

cystine and oxidized penicillamine, respectively. The three
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Table 4.6. Macroscopib dissociation constants for CSSC,

HSSH, GSSG and PSSP.

Compound Ky Ko K13
cssc 1.51 2.21 7.88
HSSH 1.59 2.54 8.52
GSSG 1.58 2.41  3.08
PSSP 1.40 2.05 7.52

&

122

—

Reference
126
128
126

126

%



123

i

e "9°y ®1qulL
Uy pe3IstyY ¥3BUOD UOJIVUFOOSSTP oy3 Huysn pejeInoTed se
suyt3ysiooumoy , 3 wexbeyp uoyINQTIISTP seyoeds °0r°y sanby4g

votIdexyg




124

9"y eIqel
Uy pPe3ISJ[ SIUVIBUOD UOFIeFOOSSTP 9y} buisn pajevInoTed
se ouj3sAo 103 wwibeyp UOCTINQTIISTP sefoeds TT°Y exnbr4

uoyaIowIy




125

*9°y ®IquUL UT PeIST] SJIULISUOD
:o«uc«oono«u eyl Huysn pejernored se sujmerrioyued
POZFPFX0 10 weabbyp uorInqyIAISTp seyoeds -Z1°'y eanby4

N
Er

uoTIONIY




126
molecular species observed in the plots correspond to the
fully protonated form, which has a net charge of +2, the
singly deprotonated +1 form, and the zwitterionic form which
has no net charge. The major species for the disulfides of
cysteine, homocysteine, and penicillamine is the
zwitterionic form. Since this species dominates over the
entire pH range examined there is little change in the
retention behaviour of these three disulfides over the pH
range studied.

Oxidized glutathione displays a significant decrease in

capacity factor as the mobile phase pH is increased. The

macroscopic ionization scheme for GSSG is: ] .
K, K> K3 K4 Kg Kg
2 4 + - . - — 2 = ———m = v 24—
HgA“ " o HgA ~— H4A — H3A ~—HoA¢  —HA ~—A (39)

The species distribution d&aqram for oxidized glutathione is
‘shown in Figure 4.13. As the pé is increased from 2.5 to
5.5, three molecular species, in turn, become dominant. At
low pH the doubly charged zwitterion species is the major
form of oxidized glutathione. As the pH is increased, the
concentration of the -1 charged species reaches a maximum
and finally at higher.pH values the -2 charged species rises
to a maximum. The decrease in the capacity factor for the

oxidized glutathione correlates well with the increase in

the negatively charged spa&cies in solution. Between pH 2.5
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and 3.5 the capacity factor for oxidized glutathione
decreases rapidly. Over this same pH region, the fraction
of the GSSG in the zwitterionic form dgcr%pses while the
fractions of both the -1 and the -2 cﬁ;rged species
increase. At about pH 3.5 the fraction of GSSG in the -1
charged form reaches a maximum and begins to decline at
higher pH values. Similarly, at pH values above 3.5 the
rate of the decrease in the capacity factor of the oxidized
glutathiéne diminishes.

For all subsequent studies a mobile phase pH of 3.0 was
used. At this pH, the major fraction of all of the thiols
and disulfides studied are present as non-ionic species. As

well, at this pH the rate of thiol autoxidation is

minimized.

ii) Concentration of Ion-pairing Reagent

Because of the short retention times for cysteine,
homocysteine, cystine, and homocystine over the entire pH
range studied in the above section, it was necessary to
further ﬁodify the mobile phase to get adequate separation
of these compounds from the solvent front. One method for
increasing the retention times of ionic solute molecules ‘is
to add ion-pairing reagents to the mobile phase [129]. Use
of ion-pairing reagents is not uncommon in reversed-phase
chromatography and many anionic and cationic ion-pairing

reagents are readily available.
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From the species distribution diagrams, the two species
which are common to all of the thiols are the neutral, non-
ionic form and the charged +1 or fully protonated form.

Only the charged species will be capable of forming an ion-
pair and since it has a net +1 charge, an anionic ion-
pairing reagent will be requiréd. Sodium octyl sulfate was
selected as the ion-pairing reagent since previous studies
[72,73,77,78,130] have demonstrated that this réagent is
suitable for the determination of thiols and disulfides.

The use of other reagents such as the sodium salt of heptane
sulfonic acid has also been réported (74,75].

The depehdence of the capacity factor on the
concentration of sodium octyl sulfate in the mobile phase
for cysteine, homocysteine, penicillamine, and glutathione
is shown in Figure 4.14. The mobile phase was composed of
0.1 M phosphate buffer at pH 3.0 and contained sodium octyl
sulfate in the concentration range of 0.000 to 0.001 M.

Since positively charged species form ion-pairs with
the sodium octyl sulfate, and since these ion-pairs are
responsible for the increased retention time of the
compound, the fraction of the compound in the positively
charged state will determine the extent of the increase in
the capacity factor. From the species distribution

diagrams, the fraction of each thiol in the fully
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protonated form, ie. having a +1 charge at pH 3.0, is 0.069
for cysteine, 0.077 for glutathione, 0.157 for homocysteine,
and 0.257 for penicillamine. These fractions pr;dict that
the effect of the concentration of the ion-pairing reagent
on the capacity factor will be smallest for cysteine and
greatest for penicillamine. The results in Figure 4.14
indicate that the capacity factor for each of the thiols

increases linearly withman increase in the concentration of

. N . \"‘ Rt . N

the jon-pairing reagenth\\Also, the magnitude of this effect
-

increases in the order CSH ® GSH < HSH < PSH, in agreement

with the above prediction{

Figure 4.15 shows the capacity factor as a function of
the concentration oé_the sodium octyl sulfate in the mobile
phase for CSSC, HSSH, GSSG, and PSSP. With the exception of
cystine, the effect of the concentration of the ion-pairing
reagent on the capacity factor was greater for the
disulfides than for any of the thiols.

The species distribution diagrams for the disulfides,
Figures 4.10 - 4.13, show that the fully protonated form
carries a +2 charge and the first deprotonated species has a
+1 charge:‘ For cystine, homocystine and oxidized
penicillamine, the major species in solution at pH 3.0 would
be the zwitterionic species. As well, there will be a small

fraction of the compounds having a single charge and an even

smaller amount having the +2 charge. Assuming that the
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species with the +2 charge will form ion-pairs more readily
than the species with the +1 charge, then the greater
influence of the concentration of the sodium octyl sulfati
on the capacity factor for the disulfides over the thiols
may be explained, in part, by the presence of more highly
charged species.

Since, at pH 3.0, the fraction of the cystine,
homocystine, oxidized glutathione and_oxidized penicillamine
in the +1 and +2 charged species are very similar, the
differences in the effect of the concentration of the ion-
pairing reagent on the capacity factor cannot be due only to
the charge characteristics of the molecules. Compered to
cystine, both the oxidized penicillamine ané the homocystine
show increased hydrophobicity and therefore are expected to
have greater capacity factors tRan the cystine. For

- oxidized penicillamine, the four methylene protons of

Egystlneﬁgre#;e‘ ed by methyl groups and this increases the
hﬁhroahab;c natur@kof tﬂ% molecule. Homocystine
xnéagporates ﬁﬂﬁ pgre methylgﬁe .groups into the overall
'lengthioththe cystine molecule which also causes an incrgase
in its hydrophobld.nature Both the ox}dlzed penicillamine

- and the homotystlne display larger slopes than the cystine
;for the relationship betwe n capacity factor and

concentration of the sodium octyl sulfate in the mobile

phase.
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Since oxidized glutathione has an increased ch‘}n
length compared.to cystine, it would be expected %0 have a
chmer retention time compared to cystina. Hogpv r, from
the species distribution diagram for GSSG in Figure 4.13, a
considerable fraction of the oxidized glutathione will be in
the anionic form at pH 3.0 . This would imply that a
significant fraction of the GSSG will reside in the mobile
phase which would reduce the retention time of the oxidized
glutathione. The net result observed is that oxidized

glutathione has a retention behaviocur intermediate between

cystine and homocystine.

111) Comncentration of Methanol

From the studies on the effect of ion-gai{q reagent
on the g

ity factors fof the thiols and disulfides, it
was seen Lhat long retention times would arise for the
disulfides when enough sodium octyl sulfaterwas added to the
mobile phase to get adequate resolution of the thiols.
Addition of an organic modifier to the mobile phase will
make the mobile phase less polar and thys increase the time
spent by nonpolar molecules in the mobile phase [122,129).
This will result in shorter retention timeslfor the analytes
that are mainly in the nonpolar form.

To study the effect of an organic modifier on the

Y
retention behaviour of thiols and disulfides, methanol was

&



1‘.£’
added to the mobile phase to cover a 0 - 10 percent range. ‘-
The moblle phase ;as a pH 3.0 phosphate buffer and the .
percent methanol was calculated as thefratio of the volume
of methanol to the total nominal volume of the mixed moblle
phase. Flgure 4.16 shows the capac1ty factor values for the
thlols as a function of the percent methanol in the mobile
phase The trends observed here are 51m11ar to those seen
in Figure 4.4 when the pH of the mobile phase was varied.
The addition of methanel increasee the solvent strength of
the mobile phase, ie. it increases the ability of‘the mobile
phase to solvate the nonpolar eolute molecules thereby
" increasing the residence time of the solute molecules in the
mobile phase and causing them to elute faster. The extent
of the effect will, of course, depend on the specific
solutes involved.

A similar trend is observed for the disulfides, as seen
in Figure 4.17. The oxidized glutathione and the.oxidized
penicillamine show significa3§ decreases in retention time
as methanol content of tpe mobile phas@ is increased while
the short retention times for cystine and homocystine make
it difficult to say if any changes are occurri due to the.
increased methanol content.

‘ These experiﬁents were repeated with a mobile phase
containing pH 3.0 phosphate bpffer and 0.75 mM sodium octyl

sulphate and varying amounts of methanol. Addition of the
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ion-pairing reagent was expected to increase the retention
times of all the compounds and reveal the effect of the
methanol on the retention behavjour of the cysteine and
homocysteine. The thidi capacié& féctors are plotted versus
the percent methanol in the mobiie phase in Figure 4.18.

Figure 4.19 is a plot of the}ﬂisulfide capacity factors
as a function of the concentration of methanol in the mobile
phase containing sodium oc%yl sulfate. From solvophobic
. theory [122,129], there should be an approximately linear
relationship between the log of the cépacity ﬁgctor and the

]

percent organic modifier in the mobile phasé. The log k'
. w

- values for the thiols and the disulfides are plotted as a

function of the percent methanol in the mobile phase in

Figures 4.20 and 4.21, respectively. As expected the plots

are denerally linear.
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E. Discussion

[l

The use of mobile phas;‘modifications has been shown to
alter the retention characteristics of cysteine,
homocysteine, glutathione, penicillamine, and their
symmetrical disulfides. Addition of the ion;pafring 7
reagent, sodiuh octyl sulfate, to the mobile phase increases-
.the capacity factor for both thiols and disulfides in a
linear fashion. Increased methanol content in the mobile
phase decreases the capacity factor of the thiols and
disulfides.

By combining both the ion-pairing reagent with methanol
in the buffered mobile phase, selective separations o§ a
mixture of thiols and disulfides should be possible. Thus
far, only the chromatography of thiols and symmetrical
disulfides has been studied. The retention behaviour of the
mixed disulfides of penicillamine, PSSR, is presumed to be
intermediate between the behaviour of the symmetrical
disulfide, RSSR, and that of the oxidized penicillamine,

jﬂPSSég The composition of the mobile phase in the following
tQ; chapters will be based on the findings in the above
sections and will be designed to optimize the separation of
both the thiols and the disulfides, including the mixed

disulfides of penicillamine.



CHAPTER V

THE DETERMINATION OF PENICILLAMINE, GLUTATHIONE

AND THEIR DISULFIDES

A. duction

Penicillamine is widely used in medicine and is known
to be metabolised via thiol/disulfide exchange reactio®s to
mixed disulfides, PSSR, and to the symmetrical disulfide,
PSSP [36]. Although methods have been developed for the
analysisrof penicillamine by HPLC, few provide a direct
measure of the disulfide metabolites. Quantitative methods
for the determination of these penicillamine metabolites
will be essential for monitoring patients on penicillamine
therapy as well as for physiological and pharmacological
studies of this drug.

Since the formation of the penicillamine-glutathione
mi;ed disulfide has been reported to be involved in the
metabolism of penicillamine [130), methodology was developed
for the determination of penicillamine, glutathione and
their symmetrical and mixed disulfides by HPLC with
electrochemical detection. The determination of reduced and
oxidized glutathione by HPLC with electrochemical detection
has been established [73] and the determination of reduced

ahd oxidized penicillamine has been demonstrated, but to
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date, there have been no reports of the determination of the
penicillamine-glutathione mixed disulfide by HPLC-ED.

Data on the electrochemical and chromatographic
behaGiour of the different compounds involved in this system
were presented in Chapters III and IV and references to the
appropriate sections in those chapters will be included,

where possible, throughout this chapter.

B. Penicillamine-Glutathjone Mixed Disulfide

The mixed disulfide of penicillamine and glutathione is
not commercially av;ilable. To produce a solution
containing the penicillamine-glutathione mixed disulfide
(Figure 3.20), a thiol/disulfide exchange reaction of PSH
with GSSG was used. The five possible coﬂpounds contained
in a solution resulting from this reaction are reduced
penicillamine, reduced glutathione, oxidized penicillamine,
oxidized glutathione, and penicillamine-glutathione mixed
disulfide. The reaction sequence is expressed by the two-
step process,

PS™ + GSSG == PSSG + GS~ (40)

PS™ + PSSG T=PSSP + GS~ (41)
The kinetics of this\exvhange reaction have been
characterized by Theriault and Rabenstein [88] using NMR
spectroscopy. The results of thosesstudies showed that the
rate of the reaction is dependent on the pH of the reaction

mixture and that the PS™ anion is the reactive specjés. It
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was reported that less than 1% of the PSH in solution at a
pH of 9 will be oxidized to PSSP during a 30 minute period
while the penicillamine-glutathione mixed disulfide reached
its equilibrium concentration in 15 minutes. This means
that the second step is the slow or rate-detefmining step.

Typically, stock solutions of 127 mM PSH and 106 mM
GSSG were prepared in a pH 3.0 phosphate/D,0 ‘buffer
containing 0.003 M Na,H,EDTA. The reaction procedure
outlined in Chapter II was followed and the final dilution
of the reactants was 1:10 in the reaction mixture. lH NMR
analysis of a 0.5 mL sample of the reaction mixture was
performed as described in Chapter II.

Figure 5.1 shows the lH NMR spectrum for the reaction
mixture of PSH with GSSG and the expanded methyl region is
presented in Figure 5.2. The three pairs of resonances
observed correspond to the methyl resonances for the three
forms of penicillamine in solution, namely PSH, PSSP, and
PSSG. The chemical shifts were measured with respéct to the
internal reference tert-butyl alcohol resonance set at
1.2397 ppm. qu PSH resonances occur at 1.5877 ppm and
1.5220 ppm.‘ The two resonances for PSSP appear at 1.5767
ppm and 1.4607 ppm while the resonances at 1.5549 ppm and
1.4333 ppm are for PSSG. Table 5.1 lists the chemical shift
data and the measured vertical displacements of the integral

traces for each of the peaks. From the measured peak
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Figure 5g2. An expansion of the methyl region of the 400
MHz spe seen in Figure 5.1. The six peaks correspond

to signals from PSH, PSSG and PSSP.
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Table ‘5.1. Chemical shift data and measured’ ampli't es of
the integrals for the peak areas of the methyl resénances
“in Figure 5.2. = .

Methyl Chemical Amplitude of

Resonance Shift Peak Integral
Assignment - (ppm) (height in mm)

. . PSH 1.588 60.6 + 0.3

, ] .

e PSSP 1.577 " 34.3 + 0.3

PSsG 1.555 33.2 + 0.3

PSH ‘ 1.522 - 57.0'%+.0.3

’ e :
PSSP 1.461° 35.8 *+ 0.3
4 ® . L ,
PSSG 1.433 ° 35.9 * 0.3

Total ™ ~ 256.8 % 0.7

" f(PSH) = (60.6+57.0)/256.8 = 0.458 + 0.003

f£(PSSP) = (34.3+35.8)/256.8,= ofz,sfg‘p.ooz-'*};{ﬁ,
B > AT, gxete
. £(PSSG) = (33.2+35.9)/256.8 = 0.269 + 0.00% "
’ .

et
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integral tiraces the fraction of each penicillamine-
containing species in solhtion was calculated using
Equations 8 - 10 in Cnppteiﬂh;. With these calculated

fractions and the initial reactant concentrations, the
- &\,/

¢

concentrat}ons of the various components in solution were

-calculafed acgording to Equations 11 - 13 in Chapter II.
-Once the concentfatio;s of all five components were
deteémined,‘the stbéi solution was diluted using volumetric :

pipetges and-flasks to’makg‘calibration standards. Thé
concentration range for the thiols was generally 0 - 50 uM
while the concgntration of PSSG andvof GSSG %aslin the'

0 - 150 uﬁ rarige. Sinée oxidized penicillamine is notﬁ
easily reduced at the upstream ele?traae the concentration
of PSSP was kept in the 0 - 1.5 mM range.

- To select the potentials for the qpstream.and
d8wnstream electrodes the hyﬁ!bdynamic volﬁammogramé from
Chapter III were examined. ﬁased on the hydrodynamic
voltammograms for oxidfzeq‘glutathione and oiidized
penicillamine, Figures 3.15 and 3.16 in Chapter III, the
upstream'electrode potentiai was set to -1.100 'V versus a
Ag/AgCl refereq?e electrode. \ At this potentfél the

penigillamine, aX¥though not at its maximum level of - .

reduct #8n, gave the.ghst‘réSponsa and the background current

A

".was;of an acceptable levet. Also, this potential setting is

»

¥ Ay 2

.‘:{ i% 3
Yy )
) o
iy
~8

-, on ;&p reduct ioh pléteau‘of the hydrodynamic voltammogram
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for glutﬁthione so small variations in the electrode
potential will nqt cause'any significant change in the
glutathione peak currents. '

The downétream electrode @otential was ‘.se‘t at +0.150
volts veréps a BRg/AgCl reference. electrode. This potential
is on the oxidation plateau of thé hydrodynamic
voltammograms for both the reduced penicillamine and the
reduced glutathione, as seen in Figures 3.11 and 3.12.

The composition of the mobile phase required for a

given separation was determined by preliminary studiés of

the type described in Chapter IV. The results in q;-oter v

demonstrate that the main mobile phase parameters 'tf;*f
affect, the chromatographic behav1our\of the analyte& are its
pH, the concentration of any 1oﬁ/;a1r1ng féq;;;t, and the
conéentration of any added organic modifier-

The selected mobile phase ﬁﬁ must be suitable for the
solutes as well as be appropriate for the chrohatography.
Studies on the autoxidation of penicillamine show that the
initial gate of oxidation incrd.hes as the pH is incriéééa
above pH 5. 6‘and reaches a maximum near pH 7.5 [88]/ {
Consequently; to minimize the p0551b111ty of thiol oxi?atlon
during the separation, the .mobile phase was kept at“a pH
less than 5 and was sparged with inert gas to reducithe

amount of dissolved oxygen in the sxé&em. The lower limit

to the mobjile phasé pH is determined by the column packing

4

) ’
.’A

‘g,f
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material. oat&decyl silane begins to hydrolyse at pH 2, so
to avoid.qolumn degeneratioﬁ the lowest mobile phase pH used
was 2.5.
From the plots of the capacity factor.for GSH, PSH,
GSSG, and PSSP as a function of mobile phase pH in Figures
4.4 and 4.9, the highest degree of separation appears to be
at pH 2.5, however, at this pH tailing is a problem for the
thiols. Two chromatograms for a mixture’of.30 kM GSH and 30
uM PSH are presented in Figure 5.3: Chromatogram i) was run
using a mobile phase composed ofl . 1 u§ph%§ph§£e buffer at
pH 2.5 and chromatogram ii) was ;unhusing a:;imilaggmobile
phase but having a pH of 3.0. A measﬁre of the selecéﬁn}ty
of a chromatographic system for two adjacent pedfé.is~the“
separation factor, a. The separation factor for two‘peaks
labelled A aﬁd B is give9 by the equation:
a(B,A) = k'(B)/k'(a) (42)
where k'(B) is the capacity‘féctor for the later elu;ing )
.peak and k'(A) is {hat for the earlier eluting peak. Thus,
all separation\ﬁaetqif will be greater than 1. A second
.ter? which is often usgd in evald’é&ng peak sepaggtion is
resolution,vRs; Pesolution ;f defined as tﬁe rati? ?f twice
the aifference between the peak retention times over the sum

of !he peak widths at the baseline. .

2 (tp(B) = ty(A))

Y(W(B) + W(A))

»
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N ' ‘
Figure 5.3 Chromatograms of a mixture of 30 uM GSH and
30 WM PSH u51ng a mobile phase of phosphate buffer at

'1)pHZSand11)pH3O s Cot,
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The terms t - (A) and t,(B) are the retention times for peaks
A and. B, respectiyely, while W(A) and W(B) are the peakv
widths of peaks A aAa B measured in.the same units of time
"am the retention times. Table 5.2 lists the measured
chromatographic parameters and the calculated separation
factor and resolution for the two chromatogréms in Figure ¢

5.3. . _ o

Although‘B}éater separation exists between'the GSH and

PSH at the lower pH, shown by the larger separAtion factor
of 1.30, tailing is observed aqd considerable overlap
occurs. Xt pPH 3.0 the glatatﬁi!he and penicillamine peaks
are narrower and although they exhibit a lesser degree of
sepafation, they are better resolved. The spécies
distribution diagrams for ﬁSH and for GSH (@dgures 4.9 and
4.10, respectively) indicate that the f?action of both of
these-compo ds in the ionic form having a +1 charge
incféa;es as the pH goes from 3.0 to 2.5. It might be that
the incfe#sed amount of.tailing at the lower pH is due to
greater -interactionh of these ionic species with silanol

»

- groups on the column._ . R

From the above results, a phosphate buffer at pH 3.0
seems éo‘be the best mobileiphase for the analysis of ‘
reduced and oxidized glutathioné, and reduced and oxidized
penicillamine. The chromatogrgphic behaviour of the mixéd

disulfide, PSsé, @m be expetsed to be similar to that pf



Table 5.2.

()

Measured and calculated values for various

chromatographic terms for GSH and PSH usinq a mobile phase

‘at pH.2.5 and at 340 as seen in Figure 5.3."
" S
() a& pH 2.5 | a
"co%pound ﬁ‘. e tr k' *®width a Resolution
n.) (mn ) (min.)
GSH 2.30 4.60 1 oo:!' o@sr‘
LI :
¢ 1.30 1.20
PSH 2.30 5.28 1.30 0.55
i) at pl
®
Compound to tr k' width Resolution
(min.) (min.) (mini
GSH  2.30 ., 4.70 1.04 0.32
1.21 1.56
PSH 2.30 ,20 1.26 0.32
O
g
o
‘ - A

.
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the lylmetriqglydisulfides, with PSSG eluting at some
intermediate time betq.en PSSP and GSSG since it has
structural and chemical similarities to both of these
compounds. Figure 5.4 shows & chromatogram of a four-
component mixture cehtaining PSH, GSH, PSSP, and GSSG using

’

'a pH 3.0 phosphate buffer for the mobile ase. The flow

rate was 1.0 mL/min. and the chart speed wbs set to0 1.0
: .

cm/min. In Flgure 5.5, the sane chromatogiaphlc conditiops

were used to chromatograph a- five-compondﬁzwgfﬂture
Coare P e e
cqntalnlqg the abovemtour b6mponentl pluf'PSSG As expected

the elutaon tlme of the mixed dlsulflde é;gggptermedlate
4
between those of PSSP and GSSG. ?{J‘

To 1mprove the separatlon of PSH.&*GSH use of an ion-

' .

pairing reagent appeared to $e a lpgio¢1 dpproach In

chapter IV it was show“that the ionbp feing reagent sodium

~ v,

octyl sulfate, caused .Incyeased retentlon t:une* for GS
IR
PSH, GSSG, and PSSP. The\cgpacﬁ‘“,factors for these

compounds’are presented as a fqnction Qf'the céﬁcentration.
of the sodlum octyl sulfate 1n Flgures a.12 and 4. .14.

Addltion of the 1o=hpa1r1ng reagent to the mobile pHase will

—~’

increase the separation between the"two overlapping thiols.
At the same time, the gisulfides will also experience the
effects of the sodium oct¥l sulfate and_ their retention
times may become excessively long. This can be counteracted

by the addition of an organic modifier to the mobile phase.
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GSH

¢
~ Iy 6SSG
¢ |
» T ’
| 10nA h .
4
INJECT U
. _ \J PSSP \

1
~L_ 2 4 6 .8 10 12

? MINUTES
[

‘Figure 5.4. Chromatogram of a four-component mixture
containing GSH, PSH, GSSG and PSSP. The mobile phase was

& PH 3.0 phosphate buffer and the flow rate was set to 1.0
aL/min. The chart speed wvas 1.0 cm/min. and the detector -
was set to -1.100 V at the upstream electrode and +0.150, V

at the downstteam electrode.

A
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Addition of methanol to the mobile phase was observed to
reduce the retention times for thiols and disulfides as
illustrated in Figures 4.15 and 4.16. Since this effect is
more prominent for theldisulfides than the thiols, the
combined effect of the ion-pairing reagent and the methanol
will be to increase the separation of the thiols while
preventing the retention times for the disulfides from
becoming too long.

From Figuri 4.18, overlap of the GSSG and PSSP peaks is
predicted at a sodium octyl sulfate (80S) concentration of
0.30 mM. Increased separation of PSSP and GSSG occurs as
the concentration of the ion-pairing reagent is decreased
below or raised above this level. 1Initially, a mobile phase
of pH 3.0 phosphaté buffer containing 0.03 mM SOS without
&ny ?ethanol'was tried. By using a low concentration of
don-pajring reagent, the thiols might be sufficiently
resolved without the disuifides becoming too strongly
retained on the colunn. .Adequate resolution was achieved

for calibration solutions prepared in buffer, however this
v

study was discontinued beca;¥e of overlap of the GSH peak

. -~ NG
with a peak from a plAsma constituent.

Te achieve the desired separation, both iom=Pfairing
reagent and methanol were added to the buffered mobile
! ] \ -~
phase. Figure 5.6 shows the effect of methanol on tHe
» .

capacity factors fer GSH, PSH, GSSG and PSSP when 0.75 mM -

7N\ A
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-

.sodium octyl.sulfate was present in the mobile phase. Fpom .

tMese . data and the linear relationship between capacity

-

ktors and the concentration of the sodium octyl sulfate in

phdqphate buﬁtef,‘separation was attempted using a
bile phase c0mpositioﬁ of pH 3.0 phosphate buffer
ontaining 0:43 mM SOS with 4% methanol. However, this
mobilg'phase did not provide adequate separation between the
disulfide peaks, so the ion-pairjing concentration was
increased to 0.65 mM SOS while the methanol content was
decreased to 3%. With this mobile phase the thiol peaks
were overlapping so the concentration of SOS was increased
to 0.80 mM SOS while the methanol content was kept at 3%.
This mobile phase gave good separation of all five
compounds. A‘chromatégram.of a five-component mixture of
GSH, PSH, GSSG, PSSG and PSSP spiked with CSH using the
above mobile phase is shown in Figure 5.7. The peak
observed four minutes after injection corresponds to
cysteine. Cysteine was added to the mixture to condition
the upstream mercury electrode and prevent the loss of the
penicillamine and glutathione. This will be described in

the following section.

C. ib ions
A series of calibration standards for GSH, PSH, and

GSSG were chromatographéd refeated¥y ovex a four day period
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(4
Figure 5.7. A chromatogram of a five-component mixture
containing GSH, PSH, GSSG, PSSG and PSSP that had beén
spiked with CSH to precondition the upstream electrode.
The mobile phase consisted of a pH 3.0 phosphate buffer
containing 0.80 mM sodium octyl sulphate and 3% (w/v)
methanol.
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to observe the changé‘ié the electrode responsé and to
.evaluate the lifetime of the electrodes. The mobile phase

ed consisted 6f pH 3.0 phosphate buffer containing 0.03 mM
. sodium octyl sulfate. The electrodes weré ng{ polished or
resurfaced with mercury during the four day period. The
electrodes\were prepared t;o days before use and the
detectof block was attached to the cp;omatograph with mobile -
phase running fhfough it for those two days. At the end of
gg;niday the detector cell was opened‘to~chéck for any
/visible'signs of eiectrode detegioration.

Th? slope of the line defining the calibra;ion curve

for a given analyte gives a méasure of the sensitivity of
the detector for that compound. Figure 5Té is a plot of the
slopes for the different compounds over the four days.
Although there is a decrease in the slope of the electrode
response,flhe detector still‘responds reproducibly and
linearly versus the sample concentration up until the fourth
day. On the last day the detector showed loss of 1inearity
for the disulfides. Upon inspection, the upstream electrode
was found to have a gold tinge signifying a loss of mercury
from the electrode surface. Samples should therefore be K
run in the same time"frame as the calibration curve and for —
analyses requiring‘high sensitivity a freshly prepared

{
electrode surface should be employed. The results for the

calibration standards of GSH, PSH, PSSP, PSSG and GSSG using
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Current (nA)

[GSH]  (uM) Ve

(NA)

Peak Current

0 25 50 75 100 125 150

180

(nA)

Peak Current

0 100 200 300 400

[GSSG) (um)

Figure 5.8. Calibration curves for GSH, PSH, and GSSG
over a four day period. Two separate series of
calibration standards were run on the second day and are
labelled as 2A and 2B. :
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.

freshly prepared electrodes with pH 3.0 phosphate Lufier
'“containing 0.03 mM sodium octyl sulfate as_the mobile phase,
are given in Figure 5.9. The calibration curves for the
disulfides QEBW good linearity. However, the plots of peak
current versus concentration for the thiols displéy a
negative y-intercept,,It was thought that therekmight be
some loss of thiol, perhaps by adsorption onto the mercury
of the upstream electrode, before it gets detected at the
downstream electrode. Addition of énother, les; retained
thiol, cysteine in this case, was found to prevent the loss
of the GSH and PSH. Figure 5.10 shows the calibr?tion
curves for standards prepared with about 10 UM CSH present.
The mobile phasé used for these calibrations contained pH
5.0 phosphate buffer with‘B,BO mM sodium octyl sulfate and
3% methanol. The detection limits, as defined by twice the
background noise, were found to be 0.3 uM for GSH and PSSG,
0.1 uM, 0.4 uM, and 30 uM, for PSH, GSSG and PSSP,

respectively.

D. Penicillamine and Glutathione jn Blood and Urine

| The peniciii?mine-glutpthione mixed disulfide can be
formed by reaction of PSH with GSSG. Traces of GSSG have
been found in bloqd?plasma, but none has been detected
within erythrocytes [132]. For this reason the metabolic

product, PSSG, will most likely appear in the plasma rather

PN
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than in the red blood cells of patients undergoing
penicillamine therapy. As well, since penicillamine and the
penicillamine-cysteine metabolite have been fdund in the
urine of patients on penicillamine treatment [36], cxcration”‘s

.5}

of other metabolic products in the urine would be expected.

-

The ability of the chromatographic system to handle

biolbgdcal samples'with adequate resolution and'éensitivity
will be important if this methodology is to be useful for
measuring penicillamine and it metabolites in biological
fluids. The detection and quantitative measurement of PSH,

GSH, PSSP, GSSG and.PSSG in plasma and urine will now be

presented.

i) PSH, GSH, GSSG, PSSP and PSSG in Plasma

A mobile phase of pH 3.0 phosphate buffer contafning
0;80 mM SOS and 3% methanol was used for the analysis of
GSH, PSH, GSSG, PSSG, and PSSP in blood  plasma. Calibration
standards were prepared in buffer and the plasma was worked
up as described in the sample pr;paration section of Chapter
II. Plasma was spiked with a standard mixture of PSH, GSH,
GSSG, PSSP and PSSG. After running the calibration
. standards, the plasma samples were deoxygenated and a 20 uL
sample was subjected to ana%ysis. Figure 5.11 is a typical
chromatogram for a spiked plasma sample. The three peakg

preceding the GSH peak belong to electroactive impurities in
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Figure 5.11. A typical chromatogram of a plasma sample
spiked with GSH/ PSH, GSSG, PSSG and PSSP. The mobile
phase was a pH 3.0 phosphate buffer containing 0.80 mM
sodium octyl sulphate with 3% methanol. The flow rate was
set to 1.0 mL/min. and the chart speed was 1.0 cm/min.
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the trichloroacetic acid used to precipitate the proteins in
the plasma during sample workup and to tthpddcd cysteine.
The recovery of PSH, GSH, GSSG, PSSP and PSSG added to
plasma was calculated as a percent of the expected nominal
concentration for each component; the results are listed in
Table 5.3.

The percent recoveries for samples that were spiked
with a second aliquot of the thiol/disulfide mixture are
listed in Table 5.3 as the percent pf thé total analyte
content and are marked with an asterisk: The percent
recovery of the second spike by itself was also determined
and is listed separately in Table 5.4. The procedure for
calculating this percentage is described below with PSH as
an example.

For a sample that was initially spiked by taking
X, mL of a standard PSH solution, having a concentration
(PSH]g¢q, and d}luting to Y; mL, the concentration of PSH in
the solution, (PSH];, will b% equivalent to

[PSH]; = [PSH)grq (X1/Y;) (44)
If X, mL of this solution were then diluted with a volume of
Yo, mL of the standard solution, then the final net
concentration in this second solution, [PSH], can be

calculated by

(X2) ([PSH]1) + (Y3) ([PSH]gtq)
[PSH), = (45)
(XZ + Yz)




! 172

Table 5.3 Percent RecoVery of GSH PSH, GSSG, PSSG and PSSP
in plasma samples. Concentrations are in uM unitl

Run Observed Expected Percent
Compound No.2 Concentration Concentration Recovery
GSH 1, 8.8 ¢+ 0.1 8.6 102 + 1
2. % 16.5 + 0.1 * 17.1 o 96 t 1
3. 10.7 ¢+ 0.1 10.8 99 + 1
4. 12.4 ¢+ 0.2 12.8 97 + 1
5. 6.1 + 0.1 6.8 90 * |
6. 12.0 ¢+ 0.1 12.8 94 ¢+ ]
7. 23.0 ¢ 0.1 23.6 97 + 1
8. 16.5 + 0.1 17.1 96 *+ 1
PSH 1. 7.8 ¢ 0.1 9.4 83 ¢+ 1
2.* 15.2 ¢+ 0.1 18.9 81 + 1
3. 9.3 ¢+ 0.1 11.9 78 + 1
4. 18.3 ¢ 0.2 21.9 83 *+ 1
5. 7.3 + 0.1 11.7 64 + 1
6. 21.0 ¢+ 0.3 21.9 9 + ]
7. 40.6 t 0.3 40.1 101 ¢+ 1
8. 28.9 t 0.1 29.1 99 ¢+ 1
GSSG 1. 6.6 + 0.1 6.7 98 +*+ 1
2.%* 13.2 ¢+ 0.1 13.4 99 + |
3. 8.7 ¢+ 0.1 8.4 103 1
4. 27.3 + 0.9 27.1 101 * 4
5. 13.5 ¢ 0.6 14 .4 93 + 4
6. 25.7 t 0.5 27 .1 95 ¢+ 2
7.* 49.7 * 0.3 49.7 100 * 6
8. 37.8 ¢+ 0.3 36 1 105 + 1
PSSG 1. 8.6 ¢+ 0.1 8.4 898 * 1
2. * 16.5 + 0.2 16.¢ 100 + 2
3. 11.0 + 0.1 10.7 103 + 1
4. 13.0 ¢ 0.6 12.8 101 * 4
5. 6.4 t 0.1 6.8 93 + 1
6. 11.9 ¢ 0.3 12.¢8 93 * 2
7.% 23.4 ¥ 0.3 23.6 100 *+ 1
8. 17.2 + 0.1 17.1 100 *+ 1

@Runs 1-3 were perforved in one experiment, runs 4 and ‘5 1n
a second, and runs 6-8 in a third.
*Runs 2 and 7 are sarples 1 and 6 with a second spike.



Table 5.3 Continued. Percent Recovery of GSH, PSH, GuSG,

PSSG and PSSP in plasma samples. Concentrations are in uM
units.

[ ]
Compound Run Observed Expected Percent

No.® Concentration Concentration Recovery

pssp 1. 71 * 4 ’5 159 + 9
2.* 133 ¢ 1 90 148 + 1
3. 107 *+ 6 57 190 ¢+ 1
4. 580 ¢+ 30 430 136 ¢ 6
5. j18 + 6 22 139 ¢+ 3
6. 3Jo7 ¢+ 1 3159 111 ¢+ 1
AR 750 *+ 10 660 113 + 2
8. 551 ¢+ 3 478 115 ¢« 1

T

qRuns 1-3 were performed in one experiment, runs 4 and 5 in
a second, and runs 6-8 in a third.
*Runs 2 and 7 are samples 1 and 6 with a second spike.

1713



Table 5.4. PorcdﬁE~rocovory of second spike for GSH, PSH,
GSSG, PSSG and PSSP in plasma samples.

Compound

GSH

PSSG

PSSP

Run No.
Run No.

Run Oblcrvod' Expected

No. Concentration Concentration
(uM) (uM)

1. 9.4 ¢t 0. 10.3

2. 17.0 ¢+ 0. 17.1

1. 8.9 ¢ 0. 11.3

2. JO.1 ¢+ 0. 29.2

1. 7.9 + 0. 8.0

2. 6.8 ¢+ 0. 36.1

1. 9.6 ¢+ 0. 10.3

2. 17.5 ¢+ 0. 17.1

1. 76 + ¢4 54

2. 550 ¢+ 10 480

1. corresponds
2. corresponds

Percent
Recovery

v 91 + 1

99

B
—

79 ¢+ 1

103 ¢ 1

99 *+ 2

102 + 2

93 ¢+ 1

102 + 2

122 + 23

115 *+ 3

to sample 2* on Table 5.3,
to sample 7* on Table 5.3.
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where (xz){[PSH]l) equals the number of moles of PSH
contributed by sapple 1 and (Y2) ([PSH]gt4q) equals the number
of moles of PSH contributed by the second spike. By
rearrangement of this expression, the number of moles
recovered in the second spike, n, can be calculated from
Equation 46.

n o= ([PSH])(X; *+ Yy) - (Xp*[PSH] ) (46)
Using the measured concentrations of (PSH], and (PSH], and
the appropriate volumes of dilution, the measured number of
moles from the second spike that are recovered can be
determined. This value is compared to the theoretical
number of moles added, (Y2) ([PSH]gtq)., and multiplied by 100
to find t"e percent recovery of the spike.

recovered moles of spike

= - : * 100 (47)
moles of spike added

The data presented in Table 5.3 covers three individua!
experiments. Runs 1-3 were performed during the first
experiment, runs 4 and 5 were made during a second
experiment and finally runs 6-8 were obtained in a third
experiment. Addition of a second spike was used in only the
first and last experiment.

In the first experiment a poor recovery was seen for
PSH, averaging only 81%. Even the second spike of PSH, as

seen in Table 5.4, showed only a 79% recovery. In the
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second experiment a low recovery for PSH was again observed.
From_both experiments, the low recovery of PSH cpupléd with
the rather high recovery of PSSP suggested that oxidation of
the PSH might be occurringi

In the final study care was taken to ensure that the
plasma and the standard PSH/GSSG mixture were kept
thoroughly deoxygenated by bubbling nitrogen into each-
solution during the spiking process. Recoveries of the PSH
were quantitative for all three runs, but the PSSP still .
showed an eievated percent recovery. No explanation for the
high recoveries of PSSP can be given at this‘time. It is |
suggested here that a matrix effect of thel plasma
confstituents or of the TCA is the cause, since quantitative
recoveries were observed for PSSP when a solution of
phosphate buffer was spiked with the standard PSH/GSSG
mixture.

Since the effect only alters the recoveries'of the
PSSP, it may be due to co-elution of a non-electroactive
compound in the matrix that enhances the reduction of the
PSSP at the upstream electrode. Recall from'Chapter III
that only a small fraction\of the analyte passing over the
electrode surface is oxidized or reduced when using
amperometric detection. Therefore any variable or compound

which increases the fraction of analyte oxidized or reduced

can cqusé increases in the percent recovery. Since no
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extraneous peaks were observed in the ‘blank solutions which
contain@d all of the matrix components except the thiols and
disulfides, the component that affécts the reduction of the

PSSP is believed to be non-electéoactive.

ii) PSH, GSH, GSSG, PSS"P and PSSG in Urine

Urine from a healthy/vblunteer not on any drﬁg
treatment was used for aIi the urine studies and was spiked
in a similar fashion tpﬁthe plasma ekxperiments. The sample
was prepared by diluting human urine by half with a 5% TCA
solution. It was tﬁen kept on ice for several minutes to
ensure complete precipitatioﬁ of proteins by the TCaA,
followed by centrifugation and q&ltration with a 0.2 um
membrang. The supernatant was then spiked with the PSH/GSSG
reaction mixture. Figure 5.12 shows a chromatogram of a
urine sample that contains 12.9uM GSH, 22.4uM PSH, 20.5uM
GSSG, 12.4uM PSSG, and 429.9uM PSSP. The results of the
recoveries for spiked samples are listed in Table 5.5.

Recoveries for'reduced glutathione and reduced
penicillamine were quantitative for all samples analysed.
The average recovery for glutathione was 98 * 4% while that
for pénicillamine was 95 + 7%. Determination of the
penicillamine-glutathione mixed disulfide was quantitative

for all samples studied. Recoveries of PSSG were in the
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Figure 5.12, a typical chromatogram of urine spiked with
12.85 uM GSH, 21.87 uM PSH, 27.10 uM GSSG, 12.85 uM PSSG
and 429.00 uM PSSP. The mobile Phase was a pH 3.0
phosphate buffer containing 0.80 mM sodijum octyl sulphate
with 3% methano]. The flow rate was set to 1.0 mL/min.
and the chart speed was 1.0 cm/min.
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Tabld 5.5 Percent Recovery of GSH, PSH, GSSG, PSSG and PSSP
in urine samples.
K

Observed Expected Percent
Compound No. Concentration Concentration Recovery
GSH 1. 11.8 + 0.2 12.8 92 + 1
2. 39.4 *+ 0.3 38.6 102 + 1

3. 25.2 t 0.6 25.9 98 + 3

4. 17.8 * 0.6 18.1 99 + §

5. 12.6 * 0.4 12.9 97 4

6. 8.0 * 0.2 7.8 103 *+ 4

PSH 1. 22.4 t 0.3 21.9 102 + 1
2. 4244 + 0.4 42.4 100 + 1

3. 35.8 * 0.7 36.8 97 + 3

4. 24.8 t 0.2 25.8 96 * 1

5. 16.8 *+ 0.1 18.4 91 + 1

6. 9.2 + 0.2 11.0 83 + 3

GSSG 1. 20.5 + 0.3 27.1 76 + 2
2. 30.6 + 0.3 33.0 93 1

3. - 7.5 £ 0.1 8.1 92 *+ 2

4. 5.3 ¥ 0.1 5.7 94 *+ 2

5. 3.7 0.1 4.1 92 + 3

6. 2.3 0.1 2.4 95 + 6

PSSG 1. 12.4 £ 0.2 12.8 - 96 + 1
2. 36.5 *+ 0.3 38.6 95 + 1

3. 10.5 + 0.2 11.5 92 + 2

4. 7.7 * 0.4 8.0 96 t 7

5. 5.3 0.1 5.7 93 + 3

6. 3.2 £ 0.1 3.4 94 t 4

P§SP 1. 430 t 17 429 100 * 6
] 2. 479 % 18 528 91 + 5
3. 580 * 41 585 99 t+ 9

4, 599 + 24 410 146 + 9

5. 413 * 17 293 141 + 8
6. 242 * 14 176 -138 + 11



180
range of 92 to 96 percent.' Similarly, the percent recovery
for GSSG was 93 t 1%. 2

- As was found in the blood plasma recovery studies, high
recaveries were obtained for oxidized penicillamine in some
;f the urine samples (runs 4-6 in Table 5.5). However, the
second éample in this table had only a 91% recovery for
PSSP. This sample was run after eight injections of other
plasma and buffer solutions had been chromatographed. It is
possible that oxidation of the"mercufy electro%s had
decreased the sensitivity of the electrodes at this time.

The. last four spiked urine samples were run in sequence
during one experiment. It is interesting to note that the
recovery of PSSP in the first spiked urine sample of this
set of four was quantitative (99%) while all subsequent
samples displayed a high recovery. The average recovery
for the last three urine samples was 142%. At e present
time ?o definitive explanations can be given fzzilhe
vari#ble recovery of PSSP. Evidently the types of matrices

being injected into the chromatograph appear to affect the

recoveries of the PSSP.

iii) PSH, GSH, GSSG, PSSP and PSSG in Red Blood Cells
Several red blood cell studies have been conducted by
Wolowyk and coworkers to try to characterize the amino acid

transport system of red blood ‘cell membranes using
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penicillamine [133]. 1In these studieq.the white blood cells
and plasma are drawn off the top of a centrifuged sam’ié of
blood. The red blood cells are washed with a saline
solution and incubéted in a penicillamine solution. After
some of the penicillamine has been transported into the
cells the extracellular penicillamine is washed away and the
cells are ruptured. The membrane residue and intracellular
proteins are precipitated with TCA and separated from the
intracellular solution by centrifugation. The resulting
supernatant is filtered and analysed for penicillamine by
HPLC with electrochemical detection.

In these experiments the measured signal was for the
free penicillamine only. Since no precautions were made to
prevent the possible admission of oxygen to the cells, some
of the intracellular penicillamine may undergo either
autoxidation or a thiol/disulfide exchange with any
intracellular disulfide. 1In order to investigate this

: 3
possibility, incubations were cakried out.acco;ﬁing to the
. S D

O.'
»

procedure outlined in Chapter II.

Table 5.6 lists results from a study éﬁ which red blood
cells were incubated in a solution of 10 mM penicillamine.
Incubation times of 30, 60 and 90 minutes were used. It was
observed that, the longer the incubation time, the greater

the concentration of penicillamine in the red blood cells.

The profile of the uptake of penicillamine by red blood
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celis is similar to the”prﬁfile for alanine uptake by human -
erythrocytes observed by Young et al (134). The
concentration of glutathione measured in the samples
remainéd fairly constant regardless of incubation time.
This is expected since the intracellular concentration of
glutathione is normally constant and is not affected by
washing the cells or by anaerobic incubation in isotonic
media i135]. The slight variation in the measured results
could be caused by small diffefences in the hematocrit of
the sampled blood suspension. Both GSSG and PSSG were
observed in all of the samples, but at much Jdower levels
than their corresponding thiols.

As well, measurements of the thiols and disulfides
present in the freshly incubated samples, were compared to
measurements for samples that were incubated in 1-2 mM
penicillamine and then stored at 4°C for several months.
The penicillamine concentration used for incubating the
stored samples is so low that any oxidized penicillamine-
will not be detectable. This accounts for the absence of
PSSP in these samples. The concentration of the PSSG for
these samples was similar to that measured in the fresh
samplgs, ie. 2 - 3 uM. However, significantly lower GSH
concentrations and higher GSSG concentrations were seen-in
the old samples. Presumably, this is the result of

oxidatioar of GSH to GSSG. The stability of the PSSG
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concentration over the long storage pPeriod suggests that it
was not generated after -aﬁple preparation. The presence of
the PSSG mixed disulfide in all of the samples indicates
that this side reaétion of penicillamine must be examined

thoroughly if uptake studies are to be completely accurate.



CHAPTER VI

t ’ PENICILLAMINE AND HOMOCYSTEINE
A Ld
A

cysteine is a naturally-occurring thiol that is a
Vgl [N

structymal homolog of the amino acid cysteine. In animals,

ﬁ is produced as an intermediate compound during
§ton of methionine to cysteine, while in plants it

J ‘éhe conve
is formed during the metabolism of cysteine to methionine.
A generalized outline of biological reactions involving
homocysteine for cysteine synthesis is shown in Figure 6.1
[(136].

From the figure it is evident that there are three
possible pathways by which the homocysteine may react. The
first is a condensation reaction with serine in the presence
of the enzyme cystathionine f-synthetase to form N

Cystathionine. This compound goes on to generate cysteine.
The second is conversion back to methionine via a methyl
transferase catalyzed reaction with a methyl donatiné
compound. Both of these processes are rapid and thus there
is usually little homocysteine present in the cycle. The
third possible reaction is oxidation, eithey to the
symmetrical disulfide, homocystiné, or to a mixed disulfide,

e.g. cysteine-homocysteine mixed disulfide.
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P; + PP © S-ADENOSYL-
METHIONINE
CHj,
ATP acceptor
S-ADENOSYL-
METHIONINE HOMOCYSTEINE
MIXED DISULFIDE
OR
HOMOCYSTINE
methyl
transferase \ﬂ
vi\\\\\ ADENOSINE
HOMOCYSTEINE
cystathionine
B-synthetase §| kf*———- SERINE
W{ A~
CYSTATHIONINE
CYSTEINE
+

a~-KETOBUTYRATE

Figure 6.1.

Outline of the methionine/homocysteine cycle

and its participation in cysteine synthesis.
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This last compound has been found in the plasma of fasting
subjects and in the urine of patients suffering from
Wilson's disease or cystinuria, but to date, no homocysteine
or homocystine has been detected in the plasma or urine of
normal, healthy subjects (18,41].

In patients having the congenital disorder,
homocystinuria, there is a deficiency in one of the enzymes
required for the metabolism of homocysteine, resulting in
elevated levels of homocysteine and its oxidized %orm,
homocys}ine. Much of the homocysteine and homocystine
appears to be bound to plasma proteins, but significant
levels of homocystine in the free form have been detected in
the blood plasma of homocystinuric patients.

Administration of D-penicillamine to homocystinuric
patients has been found to decrease the concentrations of
free homocystine in both the plasma and urine, while
increasing the urinary excretion o{ homocysteine as the
penicillamine-homocysteine mixed disulfide [42]. Sensitive
and selective methods have not been developed for the
determination of this important penicillamine metabolite.

This chapter describes the development of a rapid
method for the simultaneous determination of penicillamine
homocysteine and their symmetrical and mixed disulfides by
high performance liquid chromatography with electrochemical

detec:ion.
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B. Electrochemical Detection of PSH., HSH, PSSP, MSSH., and
PSSH I

As with the penicillamine/glutathione system discussed
in the previous chapter, the electrochemical and
chromatographic operating parameters must be carefully
selected for the quantitative analysis of penicillamine,
homocysteine and their symmetrical and mixed disulfides.

The results of a study of the electrochemical behaviour
of homocysteine, homocystine, penicillamine, penicillamine
disulfide, and the penicillamine-homocysteine mixed
disulfide at the Hg/Au electrodes of the electrochemical
detector were reported in Chapter III. To determine the
appropriate potential for the upstream electrode, the
hydrodynamic Voltammograms for all of the disulfides of
interest were examined. Figures 3.13, 3.16, and 3.18 show
the voltammograms for homocystine, penicillamine disulfide,
and penicillamine-homocysteine mixed disulfide. The
hydrodynamic voltammogram for homocystine shows an (\J
increasing peak current over the potential range of ~-0.6 to
-1.4‘;olts versus a Ag/AgCl reference electrode. The slope
of the current-potential plot is greatest between -0.6 and
-0.950 volts vs Ag/AgCl. At potentials more negative than
~0.950 volts the slope drops to only 3.3 nA/V and*maximum
current responses were observed for the homocystine peak at

these potentials. Potential settings in this range are

-~
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suitable for quantitative determinations since the peak
current is relatively independent of small variations in the
electrode potential and still provides maximum reduction of
the disulfide.

The hydrodynamic voltammograms for penicillamine
disulfide and penicillamine-homocysteine mixed disulfide are
veryxgimilar. The reduction plateau for both of them occurs
at potentials more negative than -1.150 volts vs Ag/AgCl.
Unfortunatély there is a rapid loss of mercury at the
upstream electrode in this potential range. Others have
used a potential setting of ;1.000 volts vs Ag/AgCl, but
they also reported low penicillamine disulfide sensitivity
(131]. The hydrodynamic voltammogram for penicillamine
disulfide shows that a potential setting of -1.000 volts
generates less than 25% of the maximum peak current for PSSP
reduction. Use of a potential setting of -1.100 volts vs
Ag/AgCl produces a current response that is about 88% of the
max&mum peak current and use of fresh mobile phase that has
been thoroughly deoxygenated reduces the rate at which the
mercury on the electrode is lost.

The potential for the downstream electrode was selected
by considering the hydrodynamic voltammograms for .
homocysteine and penicillamine in Figures 3.9 and 3.12. At

potentials more negative than -0.200 volts vs Ag/AgCl there

is no mercury oxidation occurring as the penicillamine
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passes thf;ugh thé detector. Between -0.200 and 0.000 there
is:an increase in the current for the penicillamine peak as
the potential becomes more positive. The oxidative plateau
is reached at about 0.000 volts and remains relatively
constant'until a potent@al of +0.250 volts. At potentials
more positive than +0.2§0 vélts the mercury on the electrode
surface is lost by oxidation and an elevated background
current is observed. The peak current of the penicillamine
begins to increase with potential in this range.

For homocysteine, no peak cuffent is detected at
potentials more negative than -¢.080 volts. As the
potential is ﬁ;de more positive than 46.080 volt t?ere is an
increase in the homocysteine peak current with the oxidative
.plateau occurring between +0.050 and +0.250 volts. The peak
current for the homocysteine begins to increase at
potentials more positive than +0.250 volts.

From these observations a potential setting of +0.150
volts vs‘Ag/AgC{uyas chosen for the downstgéam electrode. It
is located in ﬁhe central region of the oxidative plateau in
both voltammograms, indicating that it will not be
significantly affected by any potential fluctuations, e.gq.

iR drop. The background current with this potential setting

was normally between 0.0 and -10.0 nA, the typical operating

range suggested by the manufacturer.
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L)
€.  chromategraphic Conditions

The retentién characteristics of homocysteine,
homocystine, penicillaﬁine, and penicillamine disulfide were
reportéd in Chapter IV. Figure 4.4 shows a plot of the
capacity factors for the thie&s as a function of the mobile
phase pH while the results for the disulfides appear in
Figure 4.9. Both homdcysteine and homocystine had low
capacity factors over the full pH range studied and showed
only a slight decrease in k' as the pH was increased. The
éapacity factor for the symmetrical penicillamine disulfide
w- . e atively constant over the pHvrangé of 2.0 to 5.0 and
ha * = alue just under 3. A small rise in k' for the PSSP
was noted at pH 5.5. At pH 2.5 the reduced penicillamine
had a capacity factor of about 1.5 which decreased to about
1.1 at pH 3.5 and remained at this value to pH 5.5.
Although there is adequate resolution between the reduced
penicillamine, the oxidized penicillamine and the reduced or
oxidized homocysteine, the short retention times for the
latter two compounds made it necessary to add some ion-
pairing reagent to the mobile phase.

The effect of the ion-pairing reagent, sodium octyl
sulfate, on the homocysteine and penicillamine was shown in
Figure 4.14 while homocystine and penicillamine disulfide
results were displayed in Figure 4.15. The linear

relationships between the capacity factor and the ion-

¥
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pairingﬁ reagent concentration fo@ each of these compounds
are given by the equations in Table 6.1. From the slope;)ofk
the lines defined in these equations, it can be seen that
the ion-pairing reagent exerts the greatest effect on
homocystine and that this effect is some ten times great, -
than the effect observed for homocysteine. Sodium oct,
sulfatexcan be added to the mobile phase to separate the
homocysteine peak from the solvent front peaks, but may
result in very long retention times for the homocystine.
Careful choice of the sodium octyl sulfate concentration
will be required to avoid long analysis times.

The graph of capacity factor for the disulfides versus
the concentration of ion-pairing®reagent in the mobile phase
was presented in Figure 4.15. The graph shows that
penicillamine disulfide and homocystine elute at the same
time when a mobile phase containing 0.34 millimglar sodium
octyl sulfate is used. They can be separated by using a
larger or smaller ion-pairing reaéent‘concentration. To
prevent thelanalysis time from getting too long, sodium
octyl sulfate concentrations less than 0.34 mM were examined
first. Tabie 6.2 lists the capacity factors for
penicillamine, homocysteine and their disulfides as a
function of the sodium octyl sulfate concentration in the
mobile phase. These theoretical k' values were calculated

using the equations in Table 6.1 and cover the concentration

-
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Table 6.1. Equations defining the capacity factor for HSH,
PSH, PSSP and HSSH as a function of the concentration of
sodium octyl sulphate in the mobile phase.

K'(HSH) = 0.010 * [S.0.S.] + 0.37
k'(PSH) = 0.0210 * [S.0.S.} + 1.21
k'(PSSP) = 0.084 * [S.0.S.] + 1.53

k'(HSSH) = 0.107 * [S.0.5.] - 0.306

N
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Table 6.2 cCalculated capacity factor for HSH, PSH, PSSP and
HSSH for various sodium octyl sulphate concentrations

[SOS]

(mM)
1. 0.042
2. 0.085
3.  0.128
4. 0.170
5.  0.212
6. 0.265
7. 0.308
8. 0.340

HSH

0.56
0.66
1 0.75
0.85

0.95

2.05

2.26

2.47

HSSH



v

T}

)
195

range of 0.00 mM to 0.34 mM sodium oct§1 sulfate.. Since
homocystine was not well resolved from tﬁe solvent peaks
when a mobile phase with no ion-pairing reagent was used and
since it would elute simultaneously with penicillamine
disulfide when a concentration of 0.34 mM sodium octyl
sulfate was present in the mobile phase, the intermed%Ete
concentration of 0.17 .mM sodium octyl sulfate was initIaily
selected. The calculated k' values in Table 6.2 show that
at this sodium octyl sulfate concentration the homocystine
should have a capacity factor of 3.98 while the
penicillamine disulfide is predicted to have a capacity
factor of 4.89. This corresponds to about 2.5 minutes
between these two peaks. Presumably the penicillamine-
homocysteine mixed disulfide will also elute in this region.

To verify these predictions a soluiion containing
homocysteine, homocystine, penicillamine, penicillamine
disulfide and penicillqgife-homocysteine mixed disulfide was
prepared as outlined in the experimental section of Chapter
II. Typically 1.0 mL of a 30 mM solution of penicillamine
was pipefted into a volumetric flask containing 1.0 mL of 30
mM homocystine. Both solutions were prepared in a PH 3.0
phosphate buffer made with D,0 so that a sample of the final
mixture could be taken for NMR analysis. The solution pH
was elevated to 11.5 with solid NaOH and the mixture was

allowed to react under nitrogen for about 30 minutes.

.



196
Termination of the reaction was performed-by decreasing the
PH to 3.0 with 50:50 H3PO :D;0. Since the PS™ anion is the
reactive penicillamine species in the thiol/disulfide
exchange reaction (Chapter II), the penicillamine will cease
to react with the disulfides at PH 3.0 because the
sulfhydryl group will be prétonated. Once the reaction was
stopped, the volumetric flask was diluted to volume using pH
3.0 phosphate/D,0 buffer. A 0.5 mL aliquot was then taken
for 1H NMR analysis.

Figure 6.2 shows a 1§ NMR spectrum for a PSH/HSSH
reaction mixture with an expanded view of the methyl region
in Figure 6.3. Four distinct methyl resonances are'observed
in the expanded spectrum and the area under each resonance
is represented by the height of the integral trace. The
resonances at 1.48 and 1.57 ppm belong to the two sets of
methyl protons of penicillamine while the signals at 1.39
and 1.55 ppm are due to the two sets of methyl protons of
the penicillamine fragment of the penicillamine~homocysteine
disulfide. The fraction of the total penicillamine in each
of these forms was calculated from the relative areas using
equatiéns 12 and 13 iy Chapter II. The concentrations °f;
penicillamine, pPenicillamine-homocysteine mixed disulfide,
homocysteine, and homocystine were determined from these
fractions and the initial penicillamine concentration,

[PSH]y, using the equations 7, 8, 16 and 17 in Chapter II.
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wWith :ltrogen constantly flushing the reaction vessel,
no PSSP was observed in the these reaction mixtures by the
NMR analysis. To make the standard solutions for the
calibration of the detector response, the reaction mixture
was usually diluted 10-fold and an aliquot of PSSP was added
dufring the dilution to make a five-component mixture.

Figure 6.4 shows a chromatogram of a five-component
mixture contaiping homocysteine, penicillaminé, homocystine,
penicillamine d}gﬁlfide and penicillamine-homocysteine mixed
disulfide using a pH 3.0‘phosphate buffer with 0.17 mM
sodium octyl sulfate as the mobile ph;se. All five peaks
showed adequate resolution although some overlap of the
penicillamine and homocystine peaks was observed. The
retention times for the disulfides were quite short, and
hence the capacity factors were small than the expected
values. This is because the retention studies were
performed on a Biocanalytical Systems Biophase 6DS column
while a Whatman Partisil ODS-3 column was used in this
analysis. The difference in the manufacturer, no doubt,
produces differences in the stationary phase composition
which most likely accounts for the differences in the
observed retention times.

Although the above mobile phase gave good resolution

for a'l five peaks, analysis of plasma or urine samples

showed additional peaks that interfered with the



200

PSH

HSH

h PSSP

HSSH beoyy

[\ U

MINUTES B

Pigure 6.4. Chromatogram of a five-component mixture
containing HSH, PSH, HSSH, PSSH, and P in pH 3.0
Phosphate buffer. The Robile phase was a PH 3.0 phosphate
buffer containing 0.17 aM sodium octyl sulphate. A flow
rate of 1.0 nl/min. was used.
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homocysteine peak measurement. Thosq additional peaks are
due to the trichloroacetic acid used to precipitate proteins
in the plasma and urine samples. To separate the
homocysteine from these interfering peaks, a capacity factor
of about 1.0 would be required. A sodium octyl sulfate
concentration of about 0.34 mM would produce a capacity
factor of about 1.1 for homocysteine.

Figure 6.5 shows a chromatogram of a plasma sample
spiked with a five-component mixture of homocysteine,
peniéillamine, homocystine, penicillamine disulfide, and
penicillamine-homocysteine mixed disulfide. The mobile
phase consisted of a pH 3.0 phosphate buffer with 0.34 mM
sodium octyl sulfate. Excellent resolution was obtained for

all five peaks and there was no interference for the

measurement of the homocysteine peak.

D. Recovery Studies

The ability of the chromapographic system to give
quantitative results for the analysis of homocysteine,
homocystine, penicillamine, penicillamine disulfide, and
penicillamine-homocysteine disulfide in biological fluids
was studied by recovery experiments. Blood and urine
specimens were obtained from a healthy volunteer and were
worked up according to the procedure outlined in the
Preparation of Samples section of Chapter II. Aliquots of a

standard stock solution containing the oxidized and reduced
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Pigure 6.5, Chromatogram of a Plasma sample spiked with a
five-component Rixture of 19.g84 uM HSH, 19.72 uM PSH,
58.56 uM HSSH, 19.84 uM PSSH, and 494.00 uM PSSP. The
mobile phase was a PH 3.0 phosphate buffer containing 0.34
BM sodium octyl sulphate. A flow rate of 1.0 mL/min. was

used.
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forms of homocysteine and penicillamine as well as the PSSH
mixed disulfide were added to the treated plasma and urine.
Injections of each solution v;rc made and the recorded peak
currents for each component were compared to calibration
curves run on the same day.

Table 6.3 shows the results of the recovery study for
penicillamine and homocysteine in pPlasma. The average
percent recovery for 10 -~ 44 uM HSH was 104% while PSH
covering the same range had an average recovery of 102%.
Samples that were~spiked with a second aliquot are marked in
the t;$1e and appear immediately after the parent solution.
For boéh th and PSH, the second increment resulted in an
increased recovery.

In general, for a set of samples run on the same day,
higher recoveries were seen for the samples of higher
concentration. To illustrate this, note samples 5, 6 and 8
in fable 6.3. These three samples were run during one
experiment and show a correlation between thiol
concentration and percent recovery. Figure 6.6 shows a
graph of the peak current versus the theoretigal
concentration for the homocysteine in these sémples along
with part of thelcalibration curve obtained from standard
solutions prepared in buffer. The increased slope for the
‘results from the plasma samples suggests that the plasma

matrix increases the electrode response for the
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Figure 6.6. Comparison of calibration curves for HSH

standards prepared in plasma with HSH standards prepared
in buffer.
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homocysteine. A similar trend was observed for
penicillamine and is shown in Figure 6.7. The vertical
dimension of the symbols used in these figures is
representative of the standard deviation for the replicate
measurements made at eacﬁ concentration.

To correct for this matrix effect, calibration
standards were prepared using plasma from which the proteins
were precipitated and removed by filtration. Samples were
prepared in an manner identical to the standards using
plasma taken from a second individual.ﬁ Samples 9 - 13 in
the recovery tables for the plasma samples were measured
against calibration solutions that were prepared in this
manger.‘ The average percent recoveries for both of these
compounds using the plasma calibration standard curve did
not appear to be significantly different from the average
percentage found using the calibration curve from standards
prepared in buffer. The recoveries of HSSH, PSSH and PSSP
in plasma solutions are listed in Table 6.4. The matrix
effect observed for the thiols was much less for homncystine
and for the penicillamine-homocysteine mixed disulfide.
However, significantly larger than theoretical recoveries
were observed for the PSSP. Figures 6.8 to 6.10 show the
cali@ration curves for HSSH, PSSH and PSSP standards

prepared in plasma and in buffer. The difference in the

slope for PSSP in plasma compared to that found for PSSP in
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Figure 6.10. Comparison of calibration curves for PSSP
standards prepared in plasma with PSSP standards prepared
in buffer.
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dramatically changed. Again, use of calibration standards
Prepared in plasma corrects for this matrix effect and the
average percent recovery for ‘the PSSP is 107% as seen by the
last two entries in Table 6.4.

Similar recovery studies were performed for urine

-
-

samples. Table 6.5 lists the percent recovery for
homocysteine and penicillamine in urine. The average
percent recovery for the range of 12 to 40 uM homocysteine
was 106% while the average recovery for penicillamine in the
Same concentration range was 99%. Samples 8 and 9 were
measured with respect to calibration curves prepared with
Plasma standards, but do not have recovery percentages that
are significantly different from the net average.

Table 6.6 reports the recovery resul;s fol
homocystine, penicillamine disulfide and penicillamine-
homocysteine disulfide in urine. The average recovery for
homocystine covering a concentration range of 6 - 160 uM was
103%. The recovery for 10 - 110 LM penicillamine-:
homocysteine disulfide was 107%. No significant nge in
the electrode sensitivity was observed for these two
components in the urine samples. The penicillamine
disulfide showed larger than theoretical recoveries for all
but the last two sémples listed in Table 6.6. The peak

current versus the theoretical concentration for the PSSP in

the urine samples was compared to the calibration results
)
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for standards made in buffer and is plotted in Figure 6.11.
Again a distinct change in the electrode sensitivity was
seen. Use of calibration solutions prepared in urine
produced quantitative results for urine samples spiked with
PSSP, as indicated by an average recovery of 104% for
samples 8 and 9 in Table 6.6.

Further investigation of the matrix effect on the
analysis of penicillamine metabolites was performed using a
solution containing penicillamine, its symmetrical
disulfide, the penicillamine~cysteine mixed disulfide,
cysteine, and cystine. Calibration solutions were prepared
in buffer and in pretreated urine. Figures 6.12 - 6.16 show
the comparison of the calibration curves for all five
components in urine and in buffer. The non-zero intercépts
for the CSH and CSSC in the urine standards are
due to endogenous CSH and CSSC. For all five components,
increased calibration slopes were observed with the ‘urine
standards.

The results from the penicillamine/homocysteine and
penicillamine/cysteine studies indicate that matching of the
calibration matrix to the sample matrix is important. Use
of standards prepared in buffer, although adequate for some
components, is not recommended since measured quantities may
be in error by as much as 100%, as was seen for the PSSP. .

The on.iy inherent problem with using standards prepared in
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Fiqure 6.12. Comparison of calibration curves for CSH added
to urine with CSH added to buffer. The non-zero intercept
for the urine calibration curve is due to endogenous CSH.
The CSH added was the result of a thiol-disulfide exchange
reaction for PSH and CSscC.
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Figure 6.13. Comparison of calibration curves for PSH-’added
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Figure 6.14. cComparison of calibration curves for cssc
mixed with urine to CSSC mixed with buffer. The non-zero
intercept for the urine calibration curve is due to
endogenous CSSC. The CSSC added was one of five components
resulting from the exchange reaction for PSH and cSsc.

¥

e

) L
v . T Qe



Peak Current ( nA)

Figure 6.15. Comparison of calibration curves for PSSC
added to urine with PSSC added to buffer. The PSSC added
wds one of five components resulting from the thiol- !
disulfide exchange reaction for PSH and cssc.
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Figure 6.16. Comparison of calibration curves for PSSP
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from the thiol-disulfide exchange reaction for PSH and CSSC.
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urine is the increased baseline noise when analysing very
low analyte concentrations.

E. ‘Qiscussion ’. \

| Although several chromatographic methods have begn
reported for thiol and disulfide analysis, only a few
measure the various biological metabolites of the drug,
penicillamine [42,50,55,131]. The HPLC-ED methods presented
in this chaptér provide quantitative determinations of this
drug and its disu;}ide metabolites, PSSP and PSSH, in both
urine and plasma matrices. Kang et al [42] measured
5enicillamine homocysteine and their symmetrical and m}xed
dlsulfldes as the carboxymethyl derivatives using an amino
acid analyzer. Such measurements are time-consuming, and
take several hours for a s{ngle chromatographic run. The
average analysis time for samples containing homocysteine,
tﬁomocystine, pergcillamine, penicillamine disulfide, and the
penicillamine—homOCysteine mixed disulfide by HPLC-ED was
only 16 minutes. By using calibration standards prepared in
a matrix that is identical to the sample matrix, the results
for HPLC-ED determinations were found to be guantitative as
well as rapid. |

Recently Sampson et al (131]) have applied HPLC with

electrochemical detection to the analysis of penicillamine

and its penicillamine-cysteine mixed disulfide in urine
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samples. Quantification of the urinary disulfides was
performed by comparison with a single calibration standard.
The authors reported that the calibrations of cystine and
penicillamine-cysteine ﬁixed disulfide were linear over the
required assay concentration range and that this permitted
quantitative comparison of sample signals to single
calibration standards. No description of the composition of
the standard was provided and no discussion on the possible
problem of a matrix effect was addressed. 1In the work
presented in this chapter calibration curves from standards
prepared in buffer were linear but were not identical to the
responses observed for standards prepared in plasma or
urine. For the PSH/CSSC system in partidular, each of the
five compounds showed a difference in sensitivity for
standards prepared in urine compared to standamds made with
buffer, even though all calibration curves were lineAr.

Comparisons of a sample signal to a single calibration
standard reduces error that might arise from changes in the
electrode sensitivity between the time a complete set of
calibration standards are run and the analysis of the
sample. Hoﬁever, the results of this study indicate that
the possible influence of matrix conditions must be
evaluated and an appropriéte standard must be selected to

ensure that the results will be quantitative and accurate.



CHAPTER VII

-

L CONCLUSION

The primary objective of the research contained in this
thesis has been the development of methodology for the
determination of tﬁe therapeutic drug, penicillamine, and
its disulfide metabolites in biological fluids. The diverse
applications of penicillamine make it an important drug in
medicine today. Its mode of action in the treatment of
certain diseases, eg. Wilson's disease and cystinuria, is
understood at the mdl'ecular level. However, little is known
about ité function in the treatment of rheumatoid arthritis
or of its potential for the treatment gf the Acquired Immune
Deficiency Syndrome. As well, the adverse effects of the
drug have not been fully characterised or understood. Part
of this lack of knowledge stems from the absence of
quantitative analytical methods for the determination of
penicillamine and its metabolites at physiological levels in
biological samples.

For some time it has been recognized that penicillamine
can be metabolized by a thiol/disulfide exchange reaction to
produce penicillamine mixed disulfides and/or the
symmetrical penicillamine disulfide. Although the kinetics

and equilibria of these reactions have been studied using 1H .

)
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NMR, very few pyblications on the measurement of the
metabolic disulfides in biological fluids have appeared.
Previously, high performance liquid chromatography with
electrochemical detection'has been used for.the analysis of
several biologically significant thiols, including
penicillamine. In this thesis, the method was extended to
obtain direct electrochemical detection of the metabolic
disulfides by the use of dual mercury-gold electrodes. éhe
electrodes were used in the series configuration with the
upstream electrode set at a potential of -1.100 volts vs.
Ag/AgCl for the reductibn of the disulfides while the
downstream electrode was held at a potential of +0.150 volts
vs Ag/AgCl for the detection of the thiols produced at the
upstream electrode. The methods were developed for
determining penicillamine and its major metabolites,
together with endogenous thiols that would be present in
biological specimens.

During the development of this methodology, the
electrochemical behaviour of penicillamine, glutathione,
cysteine, and homocysteine and their symmetrical disulfides
at a dropping mercury electrode was investigated. As well,
hydrodynamic voltammograms for penicillamine, glutathione,
cysteine, and homocysteine and their symmetrical disulfides,
aﬂ‘?for penicillamine-cysteine, penicillamine~-glutathione,

and per.icillamine-homocysteine mixed disulfides were
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obtained using the dual mercury-gold electrochemical
detector. No such information for the mixed disulfides has
been reported before in the lithature.

Methodology for the determination of penicillamine,
glutathione, oxidized Penicillamine, oxidized glutathione,
and the penicillamine-glutathione mixed disulfide was
Presented in Chapter V. While obtaining calibration curves
for glutathione and pPenicillamine, it was observed that
although the curves were linear, there was a non-zero y-
intercept which suggested that some of the thiol was not
being detected at the downstream electrode. This was
believed to be due to thiol adsorption onto the mercury of
the upstream electrode. The problem was remedied by the
addition of another SH-containing compound which would elute
before the thiols of interest and be lost to the upstream
electrode. Subsequent calibration curves for glutathione,
penicillamine, oxidized glutathione, oxidized penicillamine
and the penicillamine-glutathione mixed disulfide showed
good linearity and had Y-intercepts of zero.

Studies of the determination of penicillamine,
glutathione, oxidized penicillamine, oxidized glutathione
and penicillamine-glutathione mixed disulfide in blood
Plasma showed quantitative results for the glutathione-
containing species, but the PSH recoveries were occasionally

low while the PSSP recoveries were slightly‘high. Similar

.
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results were obtained with the same nixt&re in urine,
although the low recoveries appeared to depend on the
con;entration of penicillamine being analysed.

In tHw determination of penicillamine, homocjsteine and
their mixed and symmetrical disul fides describe;rin Chapter
VI, the matching of the matrix of the calibration standards
to that of the sample medium was found to be a key faétor
for quantitative determinations. The recoveries of a
mixture containing penicillamine, homocysteine, oxidized
penicillamine, homocystine, and penicillamine-homocysteine
mixed Wisulfide in urine and plasma samples were
investigated. In these studies a high percent recovery for
the symmetrical penicillamine disulfide was observed.
Studies indicated that the increase in the electrode
response was probably due to the matrix of the bi ogical
medium.

This assumption was further supported by the results of
experiments performed with a set of calibration standarﬁs
prepared in urine and in buffer which contained a mixture of
oxidized and reduced penicillamine, cysteine, cystine, and
the penicillamine-cysteine mixed disulfide. Each set of
calibration standards was analysed by HPLC with
electrochemical detection. For each component, larger

slopes were observed for the calibration curves from

standaids prepared in urine over the ones made with buffer.
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These results were similar to the findings for the
penicillamine/homocystine system .and supports the theory
that the matrix of the solutions affects the electrode
response.

The results of Chapters V and vI demonstrate the
versatility of the HPLC-ED system for the determination of
penicillamine and its maffabolic disulfides. The various
mobile phase parameters that control the retention
characteriétics of the thiols and disulfides provide the
means by which the necessary separations can be achieved.
The dual electrochemijcal detectors permit quantitative
measurement for the simultaneous determination of thiols and
disulfides. The HPLC-ED method was rapid and sensitive for
the determination of pPenicillamine and its metabolic

disulfides in biological samples.
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