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ABSTRACT

n

A mercury-based electrochemical detector for

i

high performance liquid'chromatogrgphy has been de-
veloped for the purpose of detecting biologically

‘:actlve sulfhydryl contalnlng molecules in eluates. The-

-detector has an approximately O. 8-mm dlameter Hg pool

worklng electrode and is constructed from a<machined

block of Plexlglas. The characterlstlcs of the- detector
and its response to sulfhydryl contalnlng amino acids

and a variety of other compounds 1nclud1ng 1norganlc'

\sulfur compounds and some metal spe01es have been
studded The detector has a potentlal range from about
+0. Z\W to about 1.2 v vs/'§CE dependlng on pH,

Procedures haVe been developed for the determi-

o

nation’ of_glufathlone ‘in whole blood of reduced and

o
e *

total penlcillamlne (reduced plu oxidized penlClll-
o
\amine) in plasma, packed erythroc tes, whole blood and

&rlne, of reduced én%\j;;al cyste'ner(reducéd plus oiz:ﬁ\F\\

dlzed cystelne) in plasm2 and urlne, of total homoq'
] 7,

“cystelne (reduced plus ox1dlzed homocystelne) in plasma,

and of cystelne and glutathione in fruit: Julces. The'

e

procedures are based on the separatlon of the thlols
by hlgh perforuance catlon-exchange chromatography,.
followed by detectlon with the mercury -baged electro-
“chemical detector. The detector has a detectlon.limit

Tof approximately 10'6:M for a s

tple injection of 10 WL,



and at an eleétrode potential of +0.1 V vs._SCE,-it is
aelactive for sulfhydryl componen£s in the biological
fluids analyzed. Total thiol is determined by eleétroe’
lytic'reduction at a mercury pool electrode prior to
the HPLC analysis. | | | | %
The procedures hve been used to deﬁermine-&
glutathione in whole Blooavofvnormal adults, r%duced'
and total'peniqillamine in blood and urine_fro£ patients
on D-penicillamine therapy for rheumatoid arthritis,
reduced and totalvcySteine‘in plasma and urine of AOrmalu
adults, total hOmocystelne in plasma'of normal adults,
and cysteine and glutathione in juices from several
frults. For glutathione, the LC me thod has been checked
by comparlson with theﬁcolorlmetrlc assay based on
- reaction ‘with 5,5 —dlthiob;s-(2—n1trobenz01c a01d). Thé»'
- LC results are consistenti& slightlj lower, presamably
because 6f the greater selectivity of the LC method.

N ‘ :
The results obtained for penicillamine suggest that the

-

LC method“with electrochemical détection may provide a

!
v

useful technique for pharmacokinetic studias on D-peni-
-clllamine. For cysteine, results are presented which

suggest that cysteine dlsulfide exchange reactlons are
a source of error in the iodoacetate method for the

s

determinatlon of cysteine in plasma,
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N ‘
CHAPTER I

INTRODGBTION N )

A

A. Presgnce- and Function 64 Some Biolggically‘Active‘

b
Disufkide and\Sulfhydry&eCOntaining'Molecules

'ijlJ living organisms require sulfur in some

suitable form, and in higher animals this need is met

by the amino acids i;cysteine (I), L-cystine (II), and -

L-methionine (III) - ' | Y

| S

) o , 7H2
CH,-CH-COOH
l

SH
(1)

i
CHZ-CH—COOH
|
S
l

S

o o
CH,=CH-COOH

I .

NH,,

© - (11)

- . THQ
, : CH,,-CH,-CH-COOH
- |

2
§-CH3 \.’a
| (II1) N



,/ glycine, V)

. together with the eterocyclic compounds biotin and
'thiamine. The ingested sulfur appears in cells in only

three principal chemical frabgions which are‘tp some

/" extent interconvertidble (1). One of these is the sulfide

S Yo ‘
fraction, made up of methylated sulfhydryl groups from

mefhiohiﬁe,residu siof cellular proteins (1). Sulfur

also appears as sulfate bound chiefly as ester or amide
'sulfaﬁe in variodus polysaccharides and steroids (1).

. ) | »
Among naturally-occuring inorganic forms of sulfur is

sulfite, wth? plays an intermedlary role in- sulfate

\

metabollsm and has been detected in semlnal plasma (2).

.

Mammallan uflne generally cOntalns thlosulfate and’

~

thlocyanat?, and the,latter is known to occur in secre-

tions such as saliva (3).
/

Tﬁe thlrd fractlon of sulfur is that present in
sulfhyd;§1 and disulfide forms. The disulf}de-contai-
ning aﬁine acid cystine was first discovered in 1810 by
Wolla/é:ton (4) in stones .of bladder, whence it obtained
its/ﬁame; bnly jears later was it found in proteine (5)
d its structure established (6) In 1907 sulfhydryl
groups in protelns were discovered (7), but it was the
/ﬁlscovery of glutathione (Y\L glutamyl L cystelnyl—

/
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. ‘
HOOC-CH- C‘{?-CH2 ? NH—CH—C—NH-CHz-COOH
I I .
O‘éy CH2
(1V)

and thevstudy of its functions in the chemical dynamics
of the cell (8) which excited wide interest in the inves-
‘tigation of sulfhydryl groups. | |
| Glutathione (GSH) is the most widely distributed
nonprotein thiol in living organisme.'lts intracellular
concentration is normally at 1eaet an ordef.of maguitude
higher than thatvof'other ncnprotein‘}hiols (9). The
extracellular glutathione concentration,,however, is too‘
low to %e measured with available techniques. Despite
its tendency to oxidize, the glutathione is maintained
pregominantly in the reduced form. Small amounte-of theb
oxidized form, GSSG, are usually also detectable, but
:it_is uncertain whether these are artifacts arising.from,
the isolation procedure or whether they represent actual
presence in tissues (10) 6 ‘ .
The high intracellular GSH concenfration is
thou"ht to have several protectlve functlons. -In one of
these,\pSH is utilized as a reductant in several enzyme;
catalyzed reductlons, such as for example tue reductlon'

of H,0, (11) and of several disulfides (12 13). GSH also

protects 1ntracellu1ar.proteln agalnst radiation (14).

1



When the GSH-GSSG status of the cell is disturbed, it is

re-established ® resynthesis of GSH and/or rapid reduc-

.

N

tion of G55G. In the liver and kidney, glutathione is
involved in the detoxication of a variety of potentially
harmful electrophilic compounds ( ) through enzyme- '
catalyzed conjugation (15). The end products of the

reaction, mercapturic acids (V)
I

R-S-CH?ACH-COOH
-

. . -‘Q_‘{ , -,
. NH.ﬁ CHsy ”

"!

(V)

which are conjugutes of N-acetyl;cysteine, canlbe detec-
téd'in thevurinq, ‘ |
Apart»ffom its protective function§. glutathibne

‘has been shown to participate in the_?—glutamyl cycle,

a series of six’enzyme—catalyzed reactions which has

been proposed (16) :as one hechanism for the transport

of amino acids across céll meﬁbranes. This bycie-also

'accounts for the synthesis and’degradation of gluta-

thioﬁe.fA number of enzymes'also require GSH as coen-

‘ zyme,(17)} such as for example glyoxalase in the hydra-

tion and‘rearrangément of methyl giyokal fd lac?ic écid.
o One of‘the components needed in thevsynthesis of

giutathione is cysteine. Despite its abundance in bound

formg, there is Aormally little free cisteine or cystine

in cells and in extracellular fluids (18). Cysteine and



«Cystine are, however, both present in measurable quanti-
ties in the plasma and in the ﬁriné of normal peréons.
"~ The level of cysteine, which is prbduced by reduction

of cystine formed by hydrolysis of dietary protein and

H which appears as a metabolite in the'degradativempath—
way of methionine to sulfate, is abput 100 of the cys-
tine level, Aithough cystine. greatly predominates over

°

cysteine in extracellular fluids, the reverse is true

. ¢

inside cells becnhuse absorbed cystine is rapidly reduced

to cysteine. Since homocysteine (VI)

II\"HZ ¥
- o '?H2-CH2—CH¢COOH
SH
(VI)

appears as a metabolite linking methionine and Eysteine
(19), it would be expected to be present in normal
plasma although in low concentration. So far, however,

neither homocysteine nor homocystine (VII)

II\IH 2 v
CH2-CH2—CH-COOH

Ll

n—um—

o |
CH2—CH2-?H—COOH
-NHZ

(VII)



have been detected in the free state. The cysteine-

homocysteine mixed disulfide (VIII),

. Nit | .

CH2-CH-COOH

i N '
S
|
S

|
cﬂ2-0H2-?g-cooa

NH, . . Y

(VIII)

é}-

o

on the other hand, has beeﬁ repoftedﬂto be preseﬁt in
normal plasma (20). | | )
In congqnital metabolic defects,such as Cystih—
urig and homocystinuria, excessively large quantities
of cystine and homoéystine are excreted in the urine.
Cystinuria‘arisesqfrom a defect in ‘the reabsorption of
cystine across the renal tubules (21) whereés QOmo-
cystinuria usually 1is caused by a defic}ency in the ac-
tivity'of the e;zyme éystathionine synthetase (22). In
the case of cyst@guria, some of the cystine, dug to its
low solubility, céystallizes in the kidney aijééal
“-stones. In another human congenital abnormality, cystin-
osis, cystine accumulates in cells, probably due to a
defedt in fﬁe intracellular reductive mechanism of ab-
sorbed, cystine (23). |

)

Several thiols and disulfides are also used as



'druyg, which may be administered over prolongeﬂ periods
One of these 1is the sulfhydryi—contuining amino acid
D-penicillamine (1X),

NH2

(CH3)2?—CH—COOH

> SH

(IX)

which has been eXfensively used since 1956 (24) for
complex1né copper ions in Wilson’s dlsease and thus in-
.Ccreasing thelr urlnary excretion. The rate of ellmlna-
tlon -of other metals such as Pb, Hg, and As is also in-
'creased, but the effect on Hg and As is not comparable
with that of BAL (2,3-di@ercaptopropanol)f(25), another
‘ sulfhydryl:containing compound. D-penicillamine is aléoa
used in the tréatment ofythe above mentioned COngehital
disorders cystinuria and cystinosis where it funétions
by reacting with deposi%ed.insoluble cystineAto form the

soluble cysteine-penicillamine mixed disulfide (X),
i
- “ CH,=CH-COOH

. : - ' .

? s - v
3 ‘ l
S
l

(CH3)2C—?H—COOH

NH2

(X).



which is readily excreted in the urine. D-penicillamine
is also one of geveral drugs currently used for the
treatment of rheumatoid arthritis (26). 1ts mechanism

of action in this disease ig still not understood.

B. .kHethods for Determiniation of Biologically Active

Disulfide and vultfhydryl-Containine Molecules

Beéause of the wide interest in the chemistry
and biochemistry of disulfide and sulfhydryl-containing
molecules, a multitudevof methods has been devised for
theiﬂ defermination, Most of the techniques, however,
are rarely applied fo bibiogical samples because they
have insufficient specifiéity or low sensitivity, or
”both. In addition, sdme techniques are too tedious to
be of any practicalvvalde.

The nonprotéin disulfides can be assayed either
directly or indirectly. Direct assays include thogse
- based on fluorescent reagentsjsuch as o-phthalaldehyde
which reacts with oxidized giutéthione after derivati-
zation of reduced glutathione with N-ethylmaleimide (27),
specific enzyme-catalyzed reduction with NADPH, (10,28),
and 1on-exchange chromatography (29- 35) In most indi-
rect methods, the dlsulfldes are first reduced in one of
a variety of ways such as electrolytically (36), or with
tin‘(37), zinc (38), sulfite (3%9), cyanide (40), thiols =
(41), potassium borohydride (42), or Thiolated‘Sephadex
(43). The liberated thiol is then assayed by a suitable



technique for sulfhydryl groups. The moust fmportant of
the methods for sulfhydryl groups can be classified Ju
(a) titrationn buued~0n mercaptide formation, (b) redox
titrations, (c) electrochemical methody, (d) spectros-
copic methods, (e) enzymatic methods, and () chromato-
_graphic methods. Jince glutathione, pcnicilluminc, cyu-
teine,and homocysteiné have been of major interest in
this thesis, references will be limited fo the’ more
impﬁrtant assays available for these molecules.
a) Titrations bhased on Mercaptlide Formiation

In 1948 senesch.and Benesch (44) showed that
glutathione and cysteince could succcssfullyvbe titrated
u‘with silver iong in ammoniacal solution using an ampero-
MGtric endpoint. They applied the technique to the de-
termination of glututnione in rat blood and rat tissue
(45)., Since this initidl work, silver ions have been ex-
tensively used for the determination of small sulf-
hydryl-containing molecules. With slighf modifications
of Benesch's conditions, Sluyterman (46,47) titrated
glutathione>hnd cysteine, and Grihes (4éﬁhdetermined
glutathione routinely in erythrocytes. Aibara et al (49)
and Shol’ts (50) reported that cysteine and penicill?
amine gave high results, whereas gl&tathione Fave the
theoretical titer. Glutathione, cysteilne, and homocys-
‘teine have also beén estimated potehtiometrically with

a silver electrode (51), and Ladenson and Purdy (52)
[+

10
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“introduced Coulometrically-generated‘silver for the

titration ofvglutathione in whole blood.

Other metal ions used to titrate glutathiope and
cysteine include lead(II)'with catechol violet as end-
point indiéétor (53) and mercury(II) in aqueous (54,55)
q@d nonaqueous (56) solutions with potentiometric and
amperometrlc endpoint detection. Because of the dlffl-
culty 1n controlllnﬂ the stoichlometry of the reactlons
w1th silver(I), lead(II), and mercury(II) organo-mer-
cury reagents contalnlng only oﬁe avallable valency
have replaced most “of the other metal ions. Cysteine has
been determined with p-chloromercurybenzoate (57) and
phenylmercuric acetate (58), and Wronski (59) deter-
mined glutathione.and cysteine in the presencé of each
Other with o-hydroxymercurybenzoate using thiofluores-
cein as indicator.

b) Redox Titrations

Iodine is probably the most popular of the
various ox1dlzlnv reagents used for thlols. As early as
1925, Tunncllffe (60) reported the direct titration of
glutathione in various tissues with I2 using nitro-
prusside as endpoint indicator. With mino? modifications

such as for example the ‘introduction of starch as end-

- point ipdicator or back titration of excess iodine, this

procedure soon was widely applied to glutathione in -
blood and tissues (61-66)? Cysteine has been determined

with 12 under similar conditions (67) and alsoc with

Y

-2
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coulometrically-generated 12 (68). ‘ A

Woodward and Fry (69) titrated glutathione with
iodate after additionhbf iodide to the-sample. Divin et
al (fo)‘stated that this method gave low résults and
recommended addition of iodide to the iodate titrant -
rather than to the sample. Thé iodate melhod has since
bﬁéen used for several glutathione determinations in 
biological materials (71-73) even in the preéence of .
ascorbic acid (74). Other dxidizing agents which ﬁave
been used as titrants, particularly for cysteine, in-
clude codlometrically—gene;ated bromine (75), N—bromo-
) éuccinimide (76), copper(II) plus sulfite (77), and
ferricyaﬁidé (63). The specificity, hoﬁever, of these
oxidants is much too low to make them bPractical in most
studies of biological samples, |
¢) Electrochemical Methodé

The majority of electrochemical determinations
of glutathione and cysteine’utilizes classical polaro-
graphy. Direct determination using the anodic diffusion
 current of the thiol (78,79) has been applied to the
determination of glutathione in fruits (74,80). The
polarographic detefmination of ekcess reagent such as
methylmercuric iodide (81) and N-ethylmaleimide (82)
added to the sample has also been reported., Uther elec-
trochemical methods include the voltammetric determi-

nation of cysteine after collection on a hanging mer-

cury drop electrode (83) and the in vivo determination

12
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of cysteine in rats via cyclic voltammetryn(84).
d) ‘gﬁthroscopic Methods |

One of the moré extensiyely used color-developing‘
reagents for the detection andldetermination of gluta-

thione and cysteine is undoubtedly hitroprusside (X1).

[Fe(CN)BNO]:
(X1)

Probably the first mention of this reagent for thiols
was by Morner (5). It has frequently been used in the
presence of cyanide in screening tesﬁs for cysfinuria
and\hqmocystinuria (85), Later the-toxic cyanide was

replaced by the reductant NaBH 1n these tests (86)

4
Bleflch and Rosenbohm (87) deve10ped a procedure using
nitroprusside to determine glutathione in tissues.

This procedure soon was slightly 1mproved (88) by sub-
stltutlon of trlchloroacetlc acid by metaphosphorlc

301d for protein precipitation, and it was found to be.
an improvement on titrations with iodine because.of non-
interfereﬁce from ascorbic acid. Eyen after the addition
of cyanide (89) which to some extent stabilizes the de-

veloped color, the color formed has been reported to be

impractically temperature dependent and unstable (90).



After the introduction by Beutler et al (90) of 5,5' -

dithio-bis(?-nitrobenzoic acid),for DIKB (XI1I), '

HOOC ‘ COOH
. \_”-

(XII)

which gives rise to a much more stable color‘with-gluté—
thione, the use of nitroprusside declined rapidly. With
the DTNB method, the total of the free sulfhydryl groups

in a sample is determined accofding to Reaction 1
RS™ + DSSD =——™ RSSD + DS~ , (1)

wﬂere DTKB is:abbreviated DSS .(It is therefore nonspe-
cific for a particular thiol, but nevertheless it 1is
probably the most commonly used method for routine glu-
tathione determinutionn in biological materiais (91-93)
and has recently beenvautomated with a Technicon Auto
analyzer (94). It has also been used for cysteine in
normal and cystinuric uriné (43). A similar reagent;
dithio-bis(4-nitrobenzene) was used by'Sfevensdn q&'al
(95) to aetermine‘glﬁtathione in red bloodvceils; A
more specific assay for glutathione is obtained with the
color-developing reagent ~»lloxan (96), but low recovery
and irreproduciblé results have been reporteq with this

technique (52). Other spectrophotometric methods applied

14



to glutathjione in biological samples include heating
with conc. H,50, (97) to possibly form a thiazoline ring

by dehydration, and measuring the decrease in absorbance

NP

R

of a pallédiﬁm(II)chlorpromazine‘soiﬁtion by competitive
displacement of the ligand by glutathione (98). The for-
mer was reported to be Specific'but fo lack sensitivity.
A fluorometric method based on-tha’product formed be-
tween glutathione and'o-phthalaldehyde has also been
reported (99,100). The method ghowed no interference
ffom cysteine, homocysEeine,tand ergothioneine. Fof dys-
teine 5n biologigal materials, séveral coLbr-developing
reagents haveipeen tried. These include 2,6-dichloroben-
zoquinone (101), p;aminodimethylaniline (f02,103), nin-
hydrin in acetic acid-HC1l solution (104,105), and nor-
adrenochromé (106,107). Penicillamine is generally de-
terminéd as its blue Fe(III) complex (108). This method,
hbweVer, has been reported to 1aék precision (109). For-
homocysteine,’é method based bn the absorbaﬁce at 230 nm
of its thioester has been deséribed (12).
e) Enzymatic Methods |

Several -enzymatic methods forvglﬁgathiohe have
been described (110). These methods are based on reac-
tiéns in which,glutathiohe‘functions as a specific acti-
vator of enzymes such as glyoxalase (111),‘formaldehyde
dehydrogenase (112); or maleylacetoacetic acid isomerase
(113). Woodward (111) déscribéd an‘énzymatic:method for

& .
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glutathione based on the glyoxalase System represented

by Reactions ? and 3,

Glyoxalase I 0

éo z
CH;.~C=C + GSH T - CH.,-CH=C (2)
T - 1 sc
0 / , OH
N
. ,0 - Glyoxalase II - 40
CH,-CH-C” » CH;-CH-C” + GSH (3)
p) N 3 ~
} SG ' | OH

" OH : OH

in which he measured the rate of e;olution of CO2 from
a solution contairning bicarbonate. He used a bLot of
the volume of CO2 obtained inV2O min.,versus concen-
tration of standard'glufathione solﬁtion as calibration
curve. The rate of the reaction has since, been mea-
sured in éeveral ways. Schroeder and Woodward (114)
eliminated manometry by measuring the methvlglyoxal
dlsanpearance 1odometr1c111y. A more convenlent modifi-
cation is probably the titrimetric determination of the
rate of lactic acid fofﬁation (1&5).>Most common, how-
‘ever, is the spectrophotéﬁetric measurement (116) of the
intermediate, S-léctdylglutathione, which is“formed
quantitativelj within’'a few minutes; The other enzyﬁe
reactions used for the determination'bf glutathione
(112,113) are also followed spectrophotometrically, ei-
ther by-measuring the decrease in substrate or thé in-

crease in product concentration. These techniques are
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ext}emely sensitive and selective, and their only draw-

back is that they tend to be somewhat tedious}

f) Chromatographic lMethods L v
Glutathione and cysteine in/étzzz;iCal samples

have. been separated from naturally occqring amino acids
by paper chromatogzraphy (117-12f). This is probably the
simplést andjlenst'expensive o{ the cHromatographic

' | .
methods, but usually only semiquantitative results or

estimatles are obtained,

| Of the column chrbmatographic methods, ion-
exchange is almost the only technique used. Brigham—et
al (30) deveioped»a procedure for cysteine in piasma:and
urine using an automated amino acid analyzer w;tﬁ ninhy-
drin detection, which at the present time appea®s to be
the method of‘choice.for cysteine (122-124). %o stabi-
lize the cySfeine against oxidatiqn and_disulfide ex-
change, in which it is the deprotoﬁated sulfhydryl group
‘which is réactive, it is converted into its S-carbdxy—b
methyl derivative by reacgion‘with iodoacetic acid
be%ore the l1on-exchange step. Since the colgr-developing
reagent ninhydrin, which feacts nonspecifically with
the amino group of amino.acids, is used for deﬁection,
the cysteine'derivative‘must‘be separated from all ;ther
amino acids in the5sample‘by tne lon-exchange polumh.
This causes the analysis time to be excessively long,
i.e. 3 hours for'cysteine and. 13 Hours for cystine.
KedcntLy Tabor and Tabor (125) determined glutathione

kS

%
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by automated anion-exchange dhromatogranhy after deriva-
tization with l-cthylmnleimide and iodoacetic acid. They
also used detection with ninnydrin, and an elution time
of about 60 min.twas'needed. Cysteine, homocysteine,

and nenicillamine have also been determined by ion-
exchdngc chronaiography after oxidation w1th performic
acid (109 126, 35), and in one of the procedures’(35),
detectlon was nerformed w1€h sulfur specific iodopla-
tinate. Resins containing mercury (127,128) and radio-

110Ag (129) huve been used to separate ‘gluta-

labeled
thlone and cysteine, and in the latter, detectlon with
a sc1n+lllation counter gave detectlon limits oi

5 x 10-10

M. The gquantitative determination by gas-
“liquid chromatography after.suitable derivatization has
been reported for glutathione (130,131) and for

cysteine, homocysteine, and penicillamine (132).

C. Determlnatlon of Small Biologically Actlve Sulf-

hydryl- Contdlnlnp Molecules by lon-~ nxchan"e Chroma—

tosraphy with Electroohemical Detection

If the deiermination of only one or\gyo amino
acids in a complex biological sample is of interest, the
major disad?antage of an automated amino acid analyzer
with ninhydrin detection becomes the*time‘requirement
for a single separation which can amounf to' several
hours. This is, as has already Been pointed out,.due to .

the nonselectivify of the ninhydrin detection system
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whiqh necessitates separaiion of the one or fwo‘amino
acids of interest from all other ninhydrin-positive
molecules p{gsenp in the sample. A way around this pro-
.blem is to use selective detectors. in this thesisr this
approach has been used . to deVelop fast, sensitive, and
sélective metnods fér the analysis of bidiOgically ac-
tive thiols in biological fluids by high performance.
ion-exchange Chromayography. For tﬁis.purpose, an
electrbchemigal detector based on a mercury pool elec-
trbde has been:developed.' .
Several electrochemical detectors (133-146) Héve
béen described, and they have been shown to be simple,
sedgitive; and se}oqtjvez Carbon naste is the most com-
monly used eleptrd@@Ahaterial, on which, unfortunately,
édlfhydryl-éo;taining moleculés_afe oxidized only with
great difficulty. Mercury, hqwe§er,'i§ easily depqla-
rized by thiols over.a widé'potential range.'Defectors
using a afoppiﬁg‘mercury electrode (135,143) have‘been
described, but these are rather awkwardfand ﬁechani-
cally unstablé devices, &’detector using mercury-plated
Dpiatinum' (143) has aﬁlso.b.een‘des‘cribed, but it is un-
suitable for the'presént applicationbbeqause mercury is
cohspmed in the electrode reactidn (4)nwi1h thiols.

I{SH(+ Hgg &——== HgSR + HY + e

With this in mind, a simple stationary mercury pool

..



detector with‘high sensitivity was deveiOped. The use
of this detector in combination with modern high per=-
formancé ion-exchange chromatograpﬁy for the detérmina-
tion of biologically active sulfhydryl-containing mole<
cu]és‘provides to a great extent the éought-for charac-
teristics of simplicity, sensitivity, and selectivity.
Prior tdvthe start of this thesis fésearch.
'there were no ieports-iﬁ the literature of ibh—exchange
chromatography of biologically active sulf;ydryl;con—
‘talining molecuies with direct electrochemical detection.
K;ssinger (147) has recently menﬁionpd an uhpublished\’
procedure in which pdstecolumh additién%qf fefricyanide
is used to oxidize the eluted thiols, and the formed
ferrocyanide'is Quantitated électraohemically with a
carbon paste eléctrodé. Very recently Cox and Przyjazny
(54é>_useq a-carbon paste electr&de to detect organic
sulfur compounds eluted from a liquid chromatograph,
~and the performance of the detector was compared to
that of a flahe photometfic detector (149). Specific
deéeqtion of sulfur-containing molecules has also been
obtained with post-columnladditibn of.iodoplatinate.

(35). -

D. Overview

Since ‘electrochemical detectors for liquid
chromatography are sensitive and selective, a study was

undertaken to develop such a detector based on a mercury

20



pool whicn could be used for the detection of biologi-
~cally active uulfhydryl—contﬁininp molecules. In Chapter
III,‘the characteristics ﬁhqvpoicntinL applicability of
the developed detector are discussed. Hecause the di-
sulfides are electroactive only at very negétive’poten—
tials, they were ussayed indirectly after electroreduc-
tion at a mercury pool cnthode. The electrolysis cell
constructed for this purn03e.is described.in,Chapter IT.
A cation-exchange column was ugsed to. separate the sulf-
hydryl-containin; molecules and a study to determine
the chromatographig}conditions is presented in Chapter
v, \ N

The déQeloped method has been applied to the
determination of glutathione, penicillamine, cysteine,
homocysteine, and their respeétive disulfides and mixéd
disulfides in biological fluids.” The detailed sample
. treatments are given iﬁ Chépter 11, and the.results of
these studies are presented'aﬁd'discuésed in Chapters

V-VIII.



TCHAPTER TI

BXPERIMENTAL

v
A. Chemicals

i) Eluents and Sample Treatment
Disodiﬁm hydrogen orthophosphate (B8DH), citric

acid (BDH), boric acid (Fisher Scientific), lithium
hydroxide (J. T. Baker Chemicals), phosﬁhoric acid
(Terochem. Laboratories Ltd.), Na,H,EDTA+2H,0 (Aldrich),
metaphosphofic acid (Mallinckrodt), sodium tetfahydrido-
borate (Tgrochem. Laborato}ies Ltd.), and 5,5  -dithio-
bis(2-nitrobenzoicaacid), of DINB, (Sigma) were all
~used as feceived..All conceﬁtrations of metaphos-

phoric acid were based on‘the.weight of the mg;ed
NaPOB—HPO3 (58.0-62.0% NaPO3 and 34.0-36.0%-HP03). The
solutions of metaphosphorié acid were stored a maximum
of three days in the refrigerator before fresh solu-
itions were érepared.

-

ii) Standards ( )
Glutathi®

e (Sigma), oxidized glutathione, (Sigma),
cysteine (Nutritional Biochemicals Corp.), cyétine
(Aidrich),’peniciilamine (ICN Pharmaceuticals), homo-
cysteine (Nutritional Bioqhemicals Corp.), N-acetyl- -~
cvsteine (K&K Laboratoriegj, cysteamine (Aldriéh), and
ergdthioneine (Sigma) were used as received. The

purityvof glutathione was determined by titration with

coulometrically-generated 12 in acetate buffer using

J
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biamperometric cndpoint detection (68). Five repli-
cates gave o purity of 67.6 0.5, The purities of
cysteine and penicillamine were determined by titration
with 'Qﬁlnmnlbt;ull?—gencrntcd Brk in 1 M HCY using
biamperometric endpoint detection (75). Five renlicates
gave a purily tor cysteine of 95.0 % 0.9% and rof peni-
cillamine of 99.6 & 0.4%. The purity of homocysteine
was determined to be 99,0 1 0.3% for rive replicates

by reaction with iodoacetamide- followed %y titration
with NaOHV(WSO). The purity of cystine was determined
by first electroreducing it and then comparing it by

- chromatography with a standard cysteine solution. An
‘average value of only 80% was obtained when cystine
from an opened bottle was tested. when, hoWever, an
unoprened bottle of éystine.(nominal purity of 99y%)

was used, é purity bf 101 £ 2% was obtained. The
difference is most likely dué to adsorbed water in the
case of the opened bottle. Oxidized penicillamine
(Aldrich) was used as receiyed except in the gluta-
thione-disulfide exchange experiment, where it was re-
crystallized twice from an approximately 20% aqueous
éthanol solutionﬂto remove residual reduced penicill-
amine; The product was washed with ethanol and dried in
a vacuum dessicator. ‘fhe leVelvof reduced venicillamine
in the product was 0.0%% as compured to about 0.1%
before recrystallization. The cysteine-penicillamine

mixed disulfide was'prepared by a literature proce-



dure (151), The 1noryante sultfar compound:s sod i
sulthte (Dehawiniganm ), sodium thiosul fate (Boi), and
sodiwn sultirde (J. M. baker Chemicenls) were used as

recerved. poubly distilled water wag used througnout.,

Be bluent Prevaration

The borante-sodium hydroxide butters and the
phosphate-citrate butfers were prepared anccording to
Perrin (152). in some cases, it was necessary to dilute
~the phosphate-citrate butters with doubly diétlllcd
water to. give the needed ionic strength for optimum
chromatosraphic conditions. The phosphoric acid ecluents
were prepared by dilution ofkconcentrated rhosphoric

’
acid with doubly distilled water. All eluents were
deaerated with 02-free nitrogen (gcrubbed with 1 M
chromium(II) chloride solution) (153) for at least

15 min. before use, and they were kept under nitrogen
during use.
C. Apraratus
i) Chr¢matography

The chromatographic setup is shown schematically

: ‘ ("
in Fijgure 1. It consists of a 500-mL eluent reservoir,
a Milton Roy minipump (maximum flow rate 3 mL/min. ),
connecting Teflon tubing, a glass column, an electro-
chemical detector, and « Fisher Kecordall Series 5000

recorder. The eluent was deaerated with Oz—scruobed
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nitrogen before use and kept under nitrogén during use.
A 1 M CrCl,-0.1 M HC1l solution in contact with heavily

zinc-amalgamated Hg was used as scrubber (153) The ni-

/ ‘trogen was presaturated with water before entering the

eluent reserv01r. All Teflon tubing, the short plece

(1. 5 -mm i.d.) connecting théfeluent reservoir -and the
'pump and the ca. 50 feet (0.8-mm i.d.) connecting the 8
pump and the éolumn, was kept under nitrogen to prevent
diffusiop of O2 thréugh the Teflon tubing, the effect of
which will be discussed in Chapter III. This was accom-
plished by surrounding the Teflon tubing with Tygon tub-
ing (0.7-cm i.d.) which was constanply flushed.with N2.

1t was found unnecessary to keep‘under Né the 1 cm of

;g,

Teflon tublng connecting the outlet of the chromatogra- f"
" phic column to the 1nlet of the detector. The major por-
tion of the 50 feet-of'tubing, which served to minimize
pulsations frOmvthe pump, was coiled up in a 2-L erlen-
meyer flask, whereas the s;itch connecting the pump to
waste was kept separately in a 300-mL beaker. The é-L
erienmeyer flask Qas connected-to the pump with a short
piece of stainless steel tubing;

All columns were made of glass with an i.d. of
0.2 cm. A stainless steel filter d;;z at the bottom ser-
ved as a bed support. Column lengths varied between 30
cm and 50 cm. The cqlumhs wére either dry-packed with

Zipax 20-35 uM strong acid or strong base ion exchanger

(Du Pont) or slurry-packed with Amberlite 200-400

26
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mesh strong acid or strong 5ase ioﬁ—exchange resin
(Mallinckrbdt). In cases where the resin at the top of
the column Was quickly contaminated by samples such as
concentrated urine, a 0.2 x 3-cm precolumn was used.
This was easily repacked witkout wasting too much
'packing‘material. A éeptum injection port was attached
to the column, and syringe injec(igg,(10 uL) was used
for all samples. The columns, tubing, connectors, and
valves were obtained from the'Cheminért,Division of
:Laborafory Data Control. The electrochemiéal'oetector
will be descr;bed in detail in Chapter 1I1. |
ii) Electrolysis Cell 4
The electrolysis cell used to reduce the disul-

fides is based on a‘mercury pool cathode. It (Figure 2)
consists of a 1.5 X S5-cm tube with an inverted U-shaped
side arm (1-mm i.d.) attached to the side:approximately
1 cm from the bottom. A Hg pool of 0.7-cm depth is.
used, Electrical contact to the Hg‘is made via a Pt
wire éealed info the bottom. The gide arm is filled
with saturated NaCl-2% Agar and dips into ; beaker con-
taining saturatedﬂﬁaCl qnd-a Pt wire counter electrode.
The saturated NaCl was made slightly alkaline to avoid
evolution of Cl,. With a Small magnefic stirring bar-
on top ot 'the iHg poqQl, this cell ic suitavle for sample
volumes down tc a few hundred micgoliters. Saﬁples were

electrolyzed at a conSLunt current ‘of 6.43‘mA, provided

by a Leeds « Northrup constant current coulometer. This
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Figure 2. Mercury pool elecgysis cell.

See t‘éx)t ,.«,:'for‘ details.
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gave rise‘td a'ﬁoltagé drop of about 6 V across the
cell. It wus found conveniént‘to'feducexsimgltaneouqu
several ®amnles with muitiple,eletholysis ceils‘con—
nected in series. Oxyecen~free nitrogen ubuélly was
pas$ed-ovef‘the solution during electrolysis.

The salt bridgb has been attacned to the side
»rather than having 1t dip inﬁo the solution from the
top of the tube so thnt magnetic sfirring can be gséd
with samples volumes down to a few hundféd microliters.
. Also, tﬁe cell resistance is émallef, permitting fhe use
of several cells in ‘series Qithout e&ceedang the output
1im}t of the coulometef. Initially, the salt bridge was
filled with saturated,KCl—?% Agar, This, hokever, rave
rise 16 decreased reténtion times/for'the thiol and
caused tailing of the peaks. During electrolysis at:
6.4% mi for 10.min., the approximately 4 x 1072 moles

of H' thch are reduced are replaced by cations from

2he salt bridge. When these are XK' iPns, they are more
strongly rgtained on the Zipax SCX cation exchangér
than are Ka' ions in the buffer. ln‘high concentrations,
the; tend to saturate the column, ‘thereby réducing.the
retention time for the thiol. Saturated NaCl-24% Agar in
the Salt bfidge eliminated this‘problcm. when eleétro-
lyzing small samples, care must be taken ?9 ensure that
the samples a}e shfficient]y acidic to avoid quantitaé

tive reduction of the protons{ All samples were made

0.2 I in HC1 pnrior to electrolysis.

29
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iii) ‘Miécéllaneous

All pH measurements weregperformed with a Fisher
combination electrode attached to, a Beckman Zeromatic
analég pﬁ meter; The pH meter was standardizedkuith
Fisher Certified Buffers of pH 4.0f 7.0, and 10,0, All
measurements wéfe done at foom temperatﬁre.

A PAR Model 174A Polarographic analyzer was used
for the po]arographicCexperimeﬁts»and as a potentiostat
to’control thne potential of the electrochemical detec-
tor. The detector cell resistances were measﬁred at s
I kHz with a 16504 Impedancelﬁridge, General Radio Cbm-

pany. All couldmetric experiments were done at 6,43 mA
-with a Leeds & Northrdp constant current‘coulometer.
Centrifuging was done wWith an 1EC HN-S centrifuge with

a maximum rotation speed of 2800 rpm.

D. Sample Treatment Prior to Analvsis

The general outline of the various sample treét-
ments is shown iﬁ Figure 3. Common to all treatments is
the rapid acidification of the sample to precipitatq
protein after the sample has been removed from its bio—m
logica1~environmeht. The acidification also stabilizes
the thiol towards air-oxidation as well as "freezing" any
disulfideé exchange;reacpions because in both reactions
thefthiol group pérticipates in its deprotonated form.
The followingvdesbribes'the details of‘the treatments

for the different samples. All blood samples were ob-
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‘tained .from the Kkheumatic Disease Unit at the University
of Alberta, and the fruits were obtained from’'a commer--
cial distributor. |
Plasma: ipproximately 5 mL of blood was collected in a
Vacutainer (Fisher Scientific) which contained é
K HELTA solution. The K HEPTA is present to complex

o

calcium and thus prevent clotting of the blood. EDTA
WAS‘preferred to other anticoagulentzreagegts such}as
heparin because it also complexes heavy metal iéns

which otherwisé catalyze the air-oxidation of the

thiols. After collection of the blood, the Vécutniner'
was gently §haken to mix the contents, énd then centri-
fuged immediately a® 2500 rpm for 5 mln. With a 1-mL
tuberculln syringe, O 8 mL of thex@laoma was withdrawn
and added to a 10 X 75-mm testﬁtube containing: 0.2 ﬁL

of 200 to 500 g/L métaphdﬁbhoric acid..The>sma11er‘
amount of metaphosphorié acid was.gsed in the cysteine
assay, whereas the larger amount wgs used in the peni_
cillamine assay. The contents were mixed well and, after
~about 10 min., the tube was centfifuged at 2éboyrpm for ‘, E“N;\
10 min. to remove pr601p1t*tea rrotein. The super-
natant liquid was W1thdrawn with a 1-mL tuberculin
syringze and forced through'a O.45—um pore diameter fil-
ter, which was heid in a filter holder'(Millipore) fit-
ted to the syringe. The filtrate was collected in a

10 X 75-mm test tube. Aliquots of 10 uL of the filtrate

. were used to analyze for nonnrotein thiols by HPLC. To



détermine the total amount of a specifig thiol, 1i.e.
redu;ed-plus the amount present in symmetrical and non-
synmmetric:] disuffidé forms, O.?%'mL 01! the filtraté
was diluted with 0.75 mL of 0.4 P HCl. This solution
wag placed';n the electrolysis cell (see %ection ) and

électrolyzed for 10 min. Aliauots of 10 ul, of the

. , N
electrolyzed solution were then analyzed for total re-

duced nbnprotein thiol by HPLC.

Packed Erxthfocvkﬂqz* Whole blood was collected and
centrifuqed‘in the Vacutainer as described above fOr.
Plasma. After.estimating the hémafbcrit, the plasma was
withdrawn with a t;bercuiin svringe, The packéd'cells 
were then twice washed with their volume of normal éa—
line solution (0.9% NaCl). After each washing, the: “
Vacutainer was centrifuged at 2500 ropm for 5 min. The
supernatant was withdraﬁn and, with 100 uL Drummond
Midrocapé, 0.2 mL of packed cells'ﬁas transtferred to,a
10 x 75-mm test’tube contéining‘O.7'mL of EDTA solution
2H2EDTA/L). EDTA is added to complex heévy
‘metal ions ﬁresent in the water and in the red blood

(0.2 g Na

cells and thus inhibit catelytic air-oxidation dufing

hemglysis. The contents were mixed well and, after

1 min., 0.1 mL of 500 g/L metaphosphorié acid was added

to the test tube. Again the contents were mixed well.
After about 10 min., the tﬁbe was centrifuged at 2500

‘ rpm for 5 min. to remove the vnrotein precipitate. The

supernatant was forced through a 0.45 um pore diameter

/
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filter, and the fiitrate was,collected in a 10 X 75-mm
test tube. The reduced and the total nogbrotein thidl
in the filtrate werfidetermined és described above for
the plasma filtrate.

whole_lood

(Fisner Scientitic) contrining a K4HEDTA solution. with
100 uL Drummond Microcaps, 0.1 to 0.2 mL of the fresh
blood was added t§ 0.7 mL of EDTA solution (0.2 g
NazH?EDTA/L) in a 10 x 75-mm test tube and the contents

mixed well. After 1 min., metaphosphoric acid was added

to give a total volume of 1.0 mL. when 0.1 mL of whole

blood was used, for example in the procedure for gluta-

thione analysis, O.? mlL of 100 g/L metaphosphoric acid
was added to the hemolyzed blood. In the case of‘peni-
cillamine where O.2>mL of whale blood was used, 0.1 mL
ot 500 g/L metéphosphoric acid was added. The conténts
were mixed well and treated further as described above
for packed erythrocytes.

Urine: 1In the determﬁeatidn of penicillamine, 2.25 mL
of freshly delivered urine was acidified with 0.25 mL
of 2 M HQl. For the assay of‘Cysteiné, about 30 mL of
uriﬁe was collected directly in a beaker éontéining

5.0 mL of 2 N HCl to avoid any time delay between deli-
very and acidification. The volume was determined by -
weighing the beaker with nnd without the urine. If a
précipitate formed, about 5 mL of the‘uriné was centri-

fuged for 5 min. at 2500 rpm. A small aliquot of the
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clear urine was then diluted up ‘to 20-fold with ().;). i
HC1 and 10 ul, injected onto the column, Tot 1l thlol WAS
determlned by electrolyzing for310 to 15 min. an ali-
quot of the urine diluted at least 2:25 with 0.2 M HC1.
The longer electrolysié time was necessary if the di-
lution was oﬁly 2:25. Aiiquots of 10 uL of the electro-
'Iyzed solution were injected onto the column.

-

Fruit Juices: Wwith a 1-mlL fuberculin syringe, 0.5 mL
of fruit juice was added to a 10 x 75-mm test tube con-
taining 0.5 mL of 2% H3PO4. The contents were mlxed
well and centrifuged for 5 min, at 2500 rpm. The super-
natant was withdrawn with a 1-mlL tuberculln syringe and
forced‘through a 0.45-:M pore diameter filter which was
held in a filter holder (Millipdre) fitted to the
syringe. The filtrate. was collected in a 10 x 75}mm
test tube. Juice was obtained from the fruits by making

a small cut in the ékin aﬁd squeezing.



CHAPTER III

MERCURY-BASED ELECTROCHEMICAL DETECTORS FOR. HIGH PERFOR-

MANCE LIQUID CHROMATOGRAPHY

A. Introduction . -

Since the early studies of “chromatopolarograéhy"
by Kemula and coworkers (154), a variety of electro-
chemical detectors for liquid chromatography (LC) has
been described (133-146). According to the measurémen( ’
system, these detecto:s can be classified as either v
voltammetric, coﬁlbmetric, potentiomeﬁric, or conducto—
metric; The voltammetric detectors are in most cases
mbre'accufately'referred to as hydrodynamic c¢hrono-
amperometric detectors or as amperometric deteqtors
since the current measurement is Qarried out at\cons%ant
potgnﬁial; Included in this category would‘be the \\\
mercury-based detector developed in this thésis re-
Séarch. The main advantége of the amperometric detecto;s
over the more commonly used”LC?fetectors such as the
differential refractometer and the UV detector is their
much higher. sensitivity to electroactive compounds.
Additionaily, seldctivity is possible through the choice
of electrode potentiai. The 1atter characteristic has
been used recently by Blank(;o achieve an instrumental
separation with a dual electrode detector (144), |

The pr1n01p1e of selectivity can be understood

from Figure 4, which shows schematically two polaro-

l
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Figure 4. Schematic figﬁre ofia polarographic reduction

~wave (molecule B) and an oxidation wavé

(molecule A). i_ is cathodic current and ia

c
y}a§anodic current,
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ggdms; for molecule A an anodic wave with a half- wave
ﬁotential of about -0.15 V va. GCE, such as 18 obtalned
from a thiol in acidic solution (Equation 4), and for
molecule B a cathodic wave, At an applied potential of
0.0 V vs. SCE, only compound A is electroactive, where-
as at a potential of -0.7 V vs. SCE, only compound B
becomes electroactive. If, for example, A and B are not
peparated by the column, an electrochemical detector
can detect either one of them without interference from
the other by operation of fhe detector at the appro-
‘priate potential.\ ‘, a
The response of any current measuring detector
is dependent on the rate of mass ;ransfer to the elec-
trode surface. According to Levich (155), the limiting
current iL/for convective diffusional mass” transfer is

L4
K

in general given by Equation 5,

i : Ken:Eev®C (5)

1 5
] ‘

} ‘ - e o

where k is a constang ‘ﬁ endent on"the'kinematic vis-
cosity of the elugnt,:§g§9Aiffusion coefficient of the
elegptroactive species, arrd the geémetry and area of the
electrode, n is the number of electrohs, F ig the Fara-
daf constant, v is the volume flow’rafé, and C is the
bulk concentration of the electroactive species. The

exponent o of the volume flow rate is determined by the

specific nature of the hydrodynamic conditions and

v



generally has a value between 1/3 and ,72 (156), For an
electrode w1th a conver51on efficiency of 100%, « is
unlty. A detector based on such an %;ectrode is called
a coulometric detector since the tlme inhtegral Nof the
measured current is relateq by Faraday’s law to\the
nunber- of equivalents of an electroactive species'which
have passed the electrode. For amperometric déteetors,
the conversion efficiency is usually‘lese than 10%.

A variety of electrode materials hag eeen used
(133-146), including carbon, carbon pasfe; glassy carbon,
mercury (DME), mercufy-plated'platinum, and platinum.
Detectors based on a carbon electrode respond to thiols
only at the very pOSltlve end of their worklng protential
range (147), and there are no reports, of their use for
direct detection of blologlcally active sulfh-dryl-con-
taining molecules. Mercury-based detectors,'on the cther
hand, reSpond to sulfhydryl- contavnlng molecule: over a
wide potentlal range; #T§f range depending on the solution
pH. ln the development of a mercury-based electrochemlCdl
detecfor, neithexr the DME.norrthe merbury-plated‘pla-
tinum electrede were investigutled because of the in- ’
herenf mechanical limitatione of the DME and the ekpec-'
t€d limited lifetime of the mercury—plafed platinum due
to the oxidation of‘mercury in the electrode process
(Eguation'4). The polarography of thiols is complicated
' by adsorption and is still,nbt complq}ely understood.,

If, however, adsorption occurs on the Hg pool of the

g
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detector, it does not limit its use.

',

B. Experimentel . Faiy

The peart of the electrochemical detector de-
veloped in this‘thesis.is a small mercury pocl workfng
electrode., Of the several‘designs studied, that shown
in Figure‘S was found to be the most\sati§factory. The
body of the detector is machined from a block of tran-
sparent Plexiglas, and has a channel through which the:
__column effluent pésses. A channel perpendicular to‘ahd | =
in contact Qith the'efgluenf channel contains the Hg
electrode and a well holds a reference electrode. Elec-~
trical contact between the reference ang worklng elec-
trodes is accompllshed by means of tﬁe channel labeled B
in Figure 5. The diameter of the effluent and Hg chan-
nels is the same as the internal diameter‘of the Teflon
tubing (0.8 mm). As shown in Figﬁre 5, the Hg channel
is connected to a short piece of Teflon tubing, the
“other end of which may be attached to the eide of the
Ple;iglas block and filled with mercury. The filling

can be accomplished easily with a 2-mL syringe. Suf-

-+ ficient Hg 1is added to bring the outer edge of the mer-

cury column flush with the bottom of the effluent chan-
nel ‘Electrical contact between the Hg working electrode
and the’ PAR Model 174A Polarographlc Analyzer is accom-
plished‘via a platinum wire inserted into the mercury

column in the Teflon tubing. The diameter of the Pt
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Figure 5. Cross-section of mercury pool electrochemical

detector constructed from a Plexiglas block.

The A channels HéveAan internal diameter of
AT ,

0.8 mm. The B channel has an internal diameter

of 0.2 mm, See text for other details.

&
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wire is of the same order as the internal diameter of °
the Teflop tubing{\The ealculated vdiume of the plug of
-effluent in coﬁtact.with the Hg pool is < 0.5 ulL, The

volume of‘the plug can be varied byvchanging the depth

to which the Pt wire is 1nserted ‘in the Hg column,
which raises the surface of the Hg pool, or by changlng

the qlameter of the bore hole containing the mercury 4
»column. To simplify the adjustment of the level of the
. Hg pool, the Hg column can be attached to a sepafate
Plexiglas block Such.es that shown in Figure 6. A stain-
less steel screw wieh an. attached stainless.steei rod
inserted ihto’the end of the.Hg column is used to con-
‘trol the level of the Hg pool. A Pt wire is glued into

the Plexiglas block to make electrical contact with-the
bottom end of the Hg column. v - | |

' Azsaturated célomel electrode with a fiitted _
glass Junctlon is used as reference electrode. The welleﬂg

in whi SCE is piaced is fllled with saturated KC1.

A cournter electro (Pt w1re) is placed downstream in

SN

an overflow beaker and serves as a current sink, i.e.

the measured curreﬁt.flows between the counter elec- . :

‘trode and the working electrode. In a three-electrode

system c n51st1ng of a worklng eleZtrode, a counten
electrode, and a reference electrode, essentlally no

currenf<fl Qs“through the reference electrode thus eli-
minating any internal IR drop durihg current flow. Con-

sequently, the control of the working electrode poten-
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tial is more accurate-than in a classical two—qlec—
trode system. Y
The distance between the reference electrode and

the Hg pool is approx1mately 0.5 cm. [Because the refe-

 rence and working electrodes are sepgarated by a small

dlameter channel, and because the r erence,electrode
is positloned in thevcurr path between the working

and counter electrodes, there will be an IR drop be-

tween the tip of the SCE and the working electrede

v

which is not compensated for by the potentiostat (157,
158). The magnitude of the IR drop will depend on the
distence between the working electrode and the refe-
rence electrode, the ionic strength of the.elueﬁt énd
the magnltude of the current flowing. As discussed in
Section C a large resistance between the tip of-the
SCE and the Hg cool (uncompehsated‘cell resistance) can
cause nonlinear calibraticn curves. With a distance_of

0.5 cm between the fritted glass juncticn SCE and the

" Hg pool,‘the cell resistance was less than 100 kO for

eluents with an'ienic strength greater than 0.01.
| A Hg-based detector was_also constructed from

standard, commercially available tee connectors. Such

a detector is depicted in Figure 7. In the same way es

‘described above; the bottom opening of the tee is con-

nected to a short piece of Teflon tubing which is
attached to the side of the tee and filled with Hg.

With a detector of this design, the reference and

45
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Figure 7.

-
Cross-section of.a mercury pool
electrochemical detector constructed
from a standard chromatography
connector, See text for details.

&
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counter electrodes are both placed downstream in an
overflow beakef; Unfortunately, with this simple ar-
rangement, the uncompensated cell resistance between

" the réference and working.electrodes can bé‘large and
‘yﬁhg.advantage of a three-electrode system is lost. In
éuéh’a case, equivalent performance can be obtained

' from a classical two-electrode configuration using the
SCE as'a-countér electrode. To minimize the uﬁcompen—

. sated cell resistance with this detector design,kthe
length of tubing 1eading from thé detebtor outlet to
the overflow beaker should be as short as possible.
Fér tube leﬁgths o£_10 cm or\gé;g(/E/Zell rgsistance as
large as several ﬁeéohms was ob;erved.

Variations on the detector designs in Figures 5
and 7 also have‘been studied. For example,'a.detechr
in which the tee connector is fbtated 90°,from the ori-
entation shown in Figure 7 was investigated. The bore .
‘hole ét the bottom was filled with Hg and the toﬁrbore
hole was connected to the outlet of the ion-exchange
column. In this design% the mobile phase impinges di-

rectly on the electrode surfacé:\A detector in which"

the angle between adjacent bore holes is 120° also was

studied. ‘The characteristics of these detectors were

similar to the detector{in‘Figure 7. As dicussed in

Section C, to eliminate uncompensated cell resistance,

a detector design based on the wall-jef configuration

(159) was briefly investigated.

47



48

The detectors were characterized partly with a
chromatographic column in the flowing stfeam and partly
without a column. A 0.2 x 50-cm column, slurry- packed
with Amberllte 200-400 mesh strongly acidic catlon—
exchange resin in phosphate~citrate pH 7.0 buffer and
a 0.2 x 50-cm column, dry-pecked with Zipax SCX
were.used. Samples-wefe injected via a six-posifion
rotary valve or through a septum with a syringe, éemple 
volumes ranging ffomvlluL to 100vuL were used; the
smaller volumes were injected with a syringe. As de-
scribed in Chapter II, Section C, all buffers were de-

aerated and all the Teflon tubing was kept under N,.

C. Characterization of the Mercury-Based Electro-

chemical Detectors

1) Uncompensated Cell Resistance

The three-electrode sysfem ugsed in the electro4 
chemical detector is contmolled by a potentiostat (PAR
| Model 174A) which keeps fhe applied potential diffe-
rence between ‘the working electrode and the reference
electrode constant. Th}s potential difference,oetween
the working and reference electrodes is composed of an
interfacial potenﬁial difference at the Hg. surface-
electrolyte interface ;;E depending on- fhé amount of
current flow1ng between the working and counter elec~
trodes and the electrolyte registance (uncompensated | N

cell resistance), a potential gradient through the
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electrolyte between the working electrode and the tip
of the reference electrode. Since there is only an ex-
tremely small current flow through the reference elec-
trode at any time, there will be virtually no potential
drop across it. For the electrochemical detector shown
in Flgure 5, the reference electrode is positloned in
the current path between the working and counter elec-
trodes. The potential gradient through the electrolytg
between the reference -and worklng electrodes will thus
decrease and increase as the current flow decreases and
increases. As this potential changes, the potential at
the Hg surface-electrolyte interface also changes,
since the potentlostat operates to keep the sum of both
constant. In cases when the detector is used to detect
compounds hav1ng'a narrow limiting current plateau or
is operated at a potential close to the polarographic
~half-wave potential .of the compound to‘achieve selec- -
tivity, highly nonlinear calibration curves can be ob-
tained. If, for example, compound A in Figure 4 were to
be determined a potentlal of 0,0 V vs. SCE which is
’»in the mlddle of the llmlting current plateau, might be
chosen. With a large detector cell re31stance, ‘the Hg
surface-electrolyte interface potential would be
changed toward more negative potentials as the conoen-»
tration ano.thus the meaeured current of compound A
increases. At gome concentratlon, the potent1al on the

electrode moves off the limiting current plateau, and



the response of the detector to concentration changes
becomes gradually nonlinear. A plot of current vs.
concentration of compound A would under these condl—
tions become nonlinear as soon as the detector no lon-
ger effectlvely operates on the limiting current pla-
teau. At low pH, thiols have a narrow limiting current
plateau such as indicated for compound A in Flgure 4,
It is therefore espec1ally important that the control
of the Hg electrode potential is accurate for the de-
termination of thiols; ) _ . Y

‘ The‘bffect of uncompensated cell resistance on
calibration curves obtained for glutathlone using an
~app11ed potent1a1 of 0.0 V vs. SCE is shown in Flgure 8.
‘These data were obtained from 10-uL injections onto the
SO—cm leax SCX column using the pH 2.5 phosphate~
citrate buffer mobile phase, Data are shown for a con-
‘centratlon range centered around 10 -4 M GSH sinCe this
is the range for treated blood‘samples. With the de-

tector in the configuration shown in Figrore 5, the un-

compensated cell resistance was 75 k@ a . tne linear

calibration curve in Figure 8 was obtained. When the %ﬁﬁ%“
. : ) T ‘

S€E was placed 10 cm downstream in the overflow beaker, Ak S

the uncompensated cell resistance increased to about
2 megohms, and the nonlinear calibrativn curve in Fi;
gure 8 was obtained. As discussed above, this nonllne—
arity is. due to a shift of the effectlve working elec-

trode potential in the negative direction when the
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Figure 8. Calibration curves for glutathione obtained
from 10-uL injections onto a 0.2 x 50-cm
column of Zipax SCX cation exchanger with

a pH 2.5 phosphate-citrate mobile phase.

e——e——e : uncompensated cell resis-

tance = 75 kQ

Y

o——o0——o0 : uncompensated cell resis-

tance = 2 MQ
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1
current in the circuit increases anodically. This.

‘causes the cathodic background current to increase -
slightly (Section C, iii) and the anodic GSH current to
decrease because of its voltammetric behav13s at pH
2.5 Polarographlcally a half-wave potential of -0.16 V
vs. SCE is obtained at this pH with no extended limi-
'ting current plateau betweeh the GSH wsve.(Wave‘A, |
‘Pigure 4) and the Hg dissolution wave.

3 The proq1eﬁs associated with uncompensated cell
;:slstance can be mlnlmlzed by for example increasing
the ionic strength of the eluent. The 1onic strength,
however, w111 ‘be determlned in part by the requirements
of'the separatlon step. When low ionic strength eluents
are needed, a means fc; post -column elect?olx’g,aé¢?---\
tion mlght he attached in front of the ectqr. This
makes the setup somewhat_more 1nvolyed'and, consequently,
this approach has not been studied. The uncompenssted |
cell resistance canlilso be mlnlmlzed by placing the
reference electrode ;s close as poss1b1e to the indi- .
cating electrode. For the appllcations described in
Chapters VjVIII, 1t was satisfactory to position the
SCE 0.5 cm downstream of the Hg pool. At this distance,

‘no back diffusion of chloride from the SCE was encoun-
tered. Todccdbletely eliminate the uncompensated cell
resistance, a detector desigh based on the wall-jet -

eiectrode configuration first described by Yamada and

Mstsuda (159) was briefly investigated. In this design,

“Y

R W WO



the IC effluent impinges normally on the Hg pool. The-
solution then exits to waste via two diametrically %,
opposed cﬁannels, one containing the reference elee-‘
trode, the other the Pt counter electro&é. Because the
effluent tendeé to exit preferentially via onme of the
channels and because bubbles, once trapped over the Hg

pool, were dlfficult to remove, the study of this

approach to ellmlnatlng uncompe %e¢d cell resistance Y

was discontlnued.
i) Charging?Die%harginglburrent

The phase boundary befeeen the Hg pool~sﬁrfaee
and the electrolyte can, in its simplest forﬁ, be re-
presented accordlna to Helmholtz as a parallel plate
capacitor (160) One phase carries a negative cha:gew
and the other a pqsitive‘charge forming a Helmholtz
electriocal double leyer.'The double layer capacity is
a complex function of electrolyte concentration and
conposition. Since the potentlal dlfference across the
double layer ig malntalned at a constant value by the
potentlostat, a change in electrolyte concentration or
compositionicauses a change in the chargeigensity.on
the Hglsurface. This gives rise to a non-Faradaic cur-
rent flow whleh cannot be distinguished by the recor-
ding system.from a Faradaic current.

Whenever a real sample is analyzed chromatogra-
phieally, it very”rarely has a composition identical to

~ the eluent. ConSequently, in ion-exchange
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yays be an unretained com-

hich gives rise to a non-
Faradalc current flow i. ef.a charging-discharging cur-

rent. These will be pointed_out%ip several chromato-

6

, grams shown in Chapters V-VIII.

The charging-dischafging phenomenon can also
cause retained nonélectroacﬁ?ﬁ%«ions to give an appsr
rent- Faradaic detector responseﬁ ;f these ions are- pre-
sent in high enough concentratlon. Flgure 9 shows how
the Hg-based electrochemlcal detector responds to pot-
assiun and sodium ions in {0 yL of 0.1 M KNO, and 0.1 M
NaNOB?injecﬁed onto the 0.2 x 50-cm Zipax strong cat-
ion-exchange columnn, The eluent used -was 0. 5% H3 4
In the applications described in Chapters V-VIII, these
retained artifacts did not present any problems.

When chromatographically separating several com-
ponents in a sample, a gradient,eiution system may be
needed to svercomé the general elution problem (161).
such a case, the charging or discharging of the elec-

trode-solution interface due to eluent change will cause

a baseliﬁe drift until the eluent composition does not

- change any more, The severity of the drif@fﬁlll ob-

. viously depend upon the*&afference in comp081tlon be--"

tween the eluents and the slop %pf the gradient An ex-
ample’ of a’stepw188 gradient performed with the chrom—
atographic system descrlbed 1n.Chapter II, Sectlon C,

is shown in Figure 10. Initially a phospﬁatefcitrate

N
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Figure'9.

$

Response of the mercury pool electrochemical
detector to 10-uL injections of solutions

containing 0.1 M NaNO, ahd 0.1 M KNO,

‘respectivély. A 0.2 x 50-cm column of Zipax

SCX cation exchanger was used with a’O 5%
H3PO4 mobile phase. The peak appearlxé at
about 1.5 min. after injection 1sldue to

double layer capacitance effects.
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Figure 10,

™

Response of the mercury pool,eléctro-

chemical detector to a stepped gradient’

elution.
Initiél eluent : phosphate-citratevbuffer
" of pH 2.5 and ionic
strength of 0.04.
‘Final elueht : phosphate-citrate buffér

of pH 3.0 and ionic

strength of 0.08.
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buffer of pH 2.5 and ionic efrength‘of 0;04 was pumped
through the'syetem. The eluent reservoir was then swif-
ched to a pﬁospnate-citrate buffer of pH 3.0 and ionic
strength of 0.08. Figure 10 shows the detector response
for the transition period betweenﬂthe two eluents. As
can be seen, the baseline drift is about 1.5 ni. This
isticceptable for pra'iicai applica%ions since typical
_peak currents range from 1 to 50 nA. S
‘iii) Background Current

The background current of the Hg-based electro-
.chemical detector is a function of pH as well as of
_ionlc strength of the moblle phase, but shows no sig-
“niflcant flow rate dependence in thé range from O, 3 to
0.9 mL/mln. Figure. 11 shows how the background current
changes with applied potential at pH 2.5 and pH 7.1.
Both electrolytes had 'an ionic strength of approxi-
mately 0,35 and gave a total cell resistance of~8 kq ;
most of which i3 the resistance ofvphe SCE since no
further decrease in cell resistance was meaeured at
higher ionic strength. The most significant difference
is fhe’smaller potentiai range at lower pH which is due
to the evolution of'hydrogen af 1ess negative pofen-
tials. At pH 2.5; the operating range is from +0.2 V
to about -1.0 V ve. SCE, whereas at pH 7.1, the nega-

‘tive limit is about -1.3 V vs. SCE. At the positive end

‘of the potential range, the backgrcund current is anodic

and increases rapidly as the electrode potential is made
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figure 1.

61

Background current of the detector in

Figure 5 as a function of electrode

potential.

e : citrate buffer of pH 2.5 and

° .
ionic Btréngth of 0.35,
o o——o : citrate buffer of pH 7.1 and

iogic strength of 0,35,
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more positive, due to Hg oxidation. At any given paten-

, ‘
-]

tial, the background current is constant with time (i.e.
has a low noise level), Consgsequently, even though the
peak current may be much iess than the>background cur-
"rent, it still can be measured precisely. In Figure 12,
the background current VS.. applied potential is shown
- for two citrate buffers.having ionic strengths of 0.3
‘and 0.03. The pH’s were 5.0 and 5.1, respectively. As
- 'can be seen, the background cufrent decreases by about a
“factor of four with a’&ecrease in ionic_strengthvfrom 0.3
to 0.03, which indicates that it is due to électroactive»
impurities as well as traces of residual oxygen.

Since 0, is electroactive over almost the entire
Qorking range of the detector, it is essential to keep
its concentration at a négligible level, This is
achieved by deae.r'ation of the mobile phase and by
keeping all the Teflon tubing inwa“nifrogen atmosphere.
To indicate the severity of O, diffﬁsion thféugh the
Teflon tubing, Figure 13 shows the background current
vs. applied potential for the pH 7.1 buffer (ionic . \
strength O.35) with ang without nitrogen surroun- |
ding the Teflon tubing. It is app;renf that with the
Tefion tubing in an air atmosphere, sufficient O2 dif-

" fuses‘through to cause.intolerable_backgrqund currents

- at negative potentials as low as =-0.2 V vs. SCE.



Figure-12.

!

Background current of the detector in

64

Figure 5 as a function of’/electrode

potential.

° o-

o 0-

o 3

cit:éfe buffer
ionic strength
citrate buffer

ionic strength

of pH 5.0 and
of 0.3,

of pH 5.1 and
of 0.03,
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Backgiound current of the detector in
Figure 5 as a function of electrode
potential fof a citrate buffer of pH 7.1
and ionic strength of O.éS.d

e : Teflon tubing kept under N2.
’

0—0 o : Teflon tubing kept in air’

atmosphere. B
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D. Detector Response to Electroactive Molecules

In principle, any coupound electroactlve within .
the working rangeiof‘a Hg electrode is detectable uith
the Hg-based detector. However, at h{gh‘enough‘concen-
tration, some compoundsfmay foul up the surface of the.
Stationary Hg pool to such:an‘extent that practlzal use
is very_limited, Species included‘in this‘category \
might be ﬁeavy“uetal.ions_which form amalgams after re-
duction, and sulfide which might cover the Hg surface
with insoluble Hg(II) sulfide. To evaluate the geneégl

usefulness of the detectors, the response to silver

ions and sulfide ions was briefly investigated by in-

Jection of approximately 100 pL of standard sokutions

L

with a six-p081tlon rotary valve 1njectornghé§ﬂeEectqr

PO

was opergted at 0.0 V V8. SCE and no column was used.

'Sulver standards were prepared 1n 0.1 M NaClO4 which

was also used as eluent. The standards gave linear re-

spénse below a sllver ion ‘concentration of about 10”7 -4 M. - .

N

'No electrode contamlnation was observed within the

time perlod of the calTbratlon wvhich 1nd1cates that the

detector«does have 'some applicatlon to the dé&tection of

,,,,, W o
electr@aétlve m%tal 1gns in eluen¥ streams.
‘&
The calibration curve obtalned for sulfide, which

is of more interest, at least from an environmental point -

of view, ig shown in Figure 14. The solvent used was a

borate-NaOH buffer of pH 9. 6 which was also used for the

preparation of the sulfide standards. A fresh Hg poo} wasg



».

L {
Fié&re 14. CalibrFation cur?q for sulfide obtained
from 100—pLﬁin5ections‘withod% using‘a_
column. A pH 9.6 borate-NaOH@bufferfwasl
used as solvent, and the detector in Figure
T wés opef@ted at 0.0V vs. SCE. -
- Current I is anodic peak currght in-nA.
' Conpentrations are in units of moles/L.
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used, and the staﬁdards were_injeeted in order of in- W
creasing concehtratibn. Ae can be.seen.from Figure 14,
the detector is very sensitive‘to sulfide with a iimit
V) of detection in thie'experiment of about-10-7 M sulf
fide. The calibrajiBn curve makes a break at about

6

5 x.107° M sulfide which is probably due to Hg'surfaee

effects. At higher concentrations of sulfide, the sur-
face of the mercury slowly became covered with a black
film of Hg(II) sulfide. These results indicate that a

semi-continuous deteetion system for low levels of sul-

o

fide in aqueous solutions 'should be possible. A short
anion-exchange column may be needed in front'of the de-
tector to sufficiently retain sﬁlfide to avoid"inter-
ference from charglng-dlscharglng currents, and an auto-
mated 51x-position rotary vaheg «could inject samples at

regular 1ntervals. ‘
& -
S s The seconﬂ category of fdmpounds to whlch the

' detector w111 nespond 1ncludes all molecules whkgh fo¥m
¥ @
' a Hg complex wifh awsuff1c1ently hlgh formation con-

stant to depo;grlze the Hg/ ele%trode within its worklng
&
range without foullng up ifs surface, féﬁmexample thlols,
g v
and any electroactive s ecies for which tHe Hg behaves -
; . - _ ‘

as an inert electrode

To illustrate theAreépense of
the detector to biol gically actlve sulfhydryl -contai- %
ngng moLgcules whr7 have been ofvprlmary interest in " _‘ y
this research, it respOnse to QSH will be descriﬁed,

, Based on polarographic results for GSH (as
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. .
summarized by wave A in Figure 4), an electrode _poten~"

tial of 0.0 v va. SCE is used for GSH detection. Iheb

'polarography of GSH is complicated by adsorption and is
,  8till not completely understood. It is accepted, hOwT%
ever, that the‘ahodic current at O. O V vk, SCE is due :
to ox1datlonfof the Hg to form HgSG and not to oxl-
dation of the sulfhydryl group, itself (78,79,162,163).
‘adsorption occurs on the Hg pool of the detector,;it
does not limit its use. Excellent reproducibilit'
obtained from successive injections of a given GSH con-
fcentration and, when the concentratlon is increased or -

\,
- decreased, the glrst peak from repllcate 1n3ect10ns is

1dentical to others in the set. For example, the ave-

exchﬁnge coldhn W1th a pH 7.0 m.
‘w‘bh a standard»

- _For.example, tﬁeﬁkﬁﬂcedure descrfbed by Ladenson and
Purdy (52) has been used to prepare whole blood for
ana1y31s. The sample medium contains 50 g/l metaphos-
phoric acid which, when. elQﬁﬁﬂ from the»column, gives
rise to. a large, unretalnedﬁpeak due to double layer -

.3 capacitance effects.wghe GSH peak caﬁ-be adequately re-
solved from tgis peak and from peaks due to other sulf-

, Q‘J%hydryl compounds which mlght be present by using the

LI

"

Y
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Zipax SCX column with a pH 2.5 mobile phase of low
ionic strength (about 8 x 10'3): However, with this

sample medium, the reprodﬁcibility is poor, presumably

n_due to 1rreproducible changea of the Hg surface. By

application of a cleanlng pulse of +0 6 V vs. SCE for
5 8 between each injection, the reprodu01bllity is im-
provedﬁ'Forveiample, the average peak current from fif--

o : - - P
teen 10-uL injections of 10”% M GSH was 21.2 nA with a

1standard deviation of 0.17 nA. Using a lower concen-

. ‘tration of metaphosphorlc a01d (20 g/L) made the use of

a cleaning pulse unnécessary. Also, when moblle phases
of hlgher ionic strength are permltted for the chroma-

tographlc eepanatlon’ as for example for penlcillamlne )

_and cystelne, no cleanlng pulse is needed between_.

sample 1nJect10ns.

To give some indicatlon of the sen31tivity of

the Hg pool detector to orgaﬁé “sulfhy yl comp

when used with the PAR 174A B@larogr pth Analyzer,

-6

2 uL of 5 x 10”% M GsH, which Sérresponde to 3 ng of GSH,

was injected onto the'ﬁo—cm(Amberllte catlon-exchange
columng@A'peak current o{;O 2 nA was obigaed with a
signal -to-noise ratlo of 14 1, where o/N = average sig-
nal amplltude/RMS noise w1th RMS noise = average-peak-
to- peak noise/2.5. Calculatlons 1ndlcate approximately
0. 5% of the GSH is consumed in the electroé@?reactlon

at a flow rate of 0.5 mL/min.

At an electrode potential of 0.0 V vs. SCE, the

. ~ /




Ji
Hg pool detector is highly selective towards the sulf-
hydryl containing amino acids in an amino acid mixture.
Injection of 1 x 10 -3 M solutions of~the amino acids
glycine, lysine, asparticqacid; gfutamic acid and his-
tidine, caused no-detector response at a 20-nA full
scale sen81tivity. As a result’ of this high selecti-
vity, it is only necessary that theaion-exchange column

separate.the sulfhydryl compounds from each other and

not necessarily from the other amino acids and - peptides

~

in the sample. N hi;b

‘The response of the detector to disulfides at a

‘potential of -1 2V vs, SCE was briefly investigated.

As pointed out 1u&Chapter VI, the detection limit tur-

ned out to be too high to be applicable to bioclogical

g samples.

_The detector also re3pondS'to inorginic sulfur-

containing molecules such as sulfite and t
4 . ~
as illustrated by the calibration curve for thiosulfate

iosulfate,

T in Figure 15.vSulf1%% showed a very similar calibration

curve. Aliquots of 10 uL were injected onto a 0.2 x 50-
cm column of 200-400 mesh Amberlite strongly acidic

cation-exchange resin. The detector was operated at

"+ 0.1°V vs, SCE. Figure 15 shows that the detector. is
. 4 2
extremely sensitive towurds these ions.

- To see how the detector,behaved towardsvelectro-

\‘.4

active metal'ion’speciés which are reduced to soluble

species of a lower oxidation7state, a calibration curve

¢
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VFigure 15. Calibration cqfve for thiosulfate using a - ' 3 g@
| pH 8.1 phosphate-citrate mobile phase. '
. Aliquots of 10 uL were injectéd‘gnto a

| 0.2 x 50-cm column of 200-400. mesh Amber-
lite stfongly acidic»¢ation-exchange¥§esin.
~ The eiectrochemical detector was operéted
at +0.1 V vs. SCE. Current I is anodic

peak current in nA. Concentrations are in.

units of moles/L.

}
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for ferricyanide was Obtained. The supporting electro-
lyte was Q.1 M KN03:'About 100 uL of standard was in-
jectbdeith the six-~position rotary valve without using
a colﬁmn. The detector which was operated at &0 V vs.
SCE gave a linear response below 10'3.M ferricyanide.
No sighificant flow rate dependence of sample peak"
current was observed in the range from 0.3 to 0.9
mL/min.lOther‘metal ions or metal combmexes which are
A}

not reduced to the metallic state, would be expected to

show similar behavior.



CHAPTER IV)

. TON-EXCHANGE CHROMATOGRAPHY

A. General Principles

.Small ﬁolecules which are present in solttibﬁ_aS'
ions, are normally most conveniently separated by ionﬁ
" exchange chromatography (164). The sgfhration.is bééed .
on a reversible stoichiometric éxchange of ions between
5 stationary ion-exchange phase and an exterﬁal liquid

\ \

_mobile phase. The cation-exchange process is represen-
! .

ted by Equation 6 o : |

(R™A )i + qu — (R-B+)r + A;q . (6)

and the anion-exchange process by Equation 7

'(R“x‘)r + Y;‘q — (R*'Y7),. + Xaq (7
' 2

" where A%, BY, X7, and Y~ are éounter-ions and RY is the
fixed charge Within the éxchanger.‘The subscripts r and
aq refer to the exchanger phase and the external so-
iution phase”(usual;y aqueéus), respéctively.'A sepa-
ration is obtained because Ef_the different affinities
of the solute ions for the ion-exchange phase.
Compounds éuch as amino acidé which, depending
on the.solution pH, may have a pqsitiie or negative

overall charge, can in principle be éepérated by

78 . -



7?‘
cation- or anion-exchange chromatography. The choice

depends primaril

o 0N the distribution of the fractio-
- ’ )

{5 of the amino acids to be separated.

¢

nally ionized fo
In this the31s, major 1nterest has been fokueed on the
separation of glutathlone, penlcillamine, and cysteine.,
The macroscopic jonization schemes for glutathione and |
penioillamine Oor cysteine are shown in Figures 16 and
17, respectively, Por the fully protonated form of
glutathione, four mécroecopic acidity constants are ob-
tained, i.e..bK1'= 2.12, pK, = 3.53, pK, = 8.66, and

3
PK, = 9.62 (165). The macroscopic deprotonation con=

stants for penicillamine (166) and cysteine (167) are:
presented in Table 1, U31ng these constants,,the dlstegir
‘,butlon of the fractionally 1on1zed forms of these mo%a—
cules was calculated accordlng to Laltinen and Harrly
(168) (Flgures 18- 20) From a comparlson of the dlstri-‘
'butlon of the anionic forms of cysteine and peHICIll-'
amine as a function of pH, it is apparent that a Separa;
ntion of these two‘amino acids on en anion?exchange COo-
“lumn might oe expected to be veryAdifficult'without ri-
gorous pH control. The more pronounced difference in
species dlstrlbution at low pH would seem to favor a
separation by cat10n~exchange chromatography with penda
0111am1ne belng the more strongly retalned

The concentratlon equllygrlum constant Kf for_a

cation-exchange process (Reaction 6) is given by:
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TABLE 1

Macroscopic Acid Dissociation Constants' of Peni-

- cillamine and CYsteine

Pééici lgmine , ‘v Cyéteine
PK, ,2.44 - ' 1,77
pKzt ;T '( 8.33
oK 10.46 ‘; 10.78
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f%gure319.

\

pH dependence of the distribution of the
fractionally ionized forms of penicills- -

amine.
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kB - - (8)

If the resin is nearly completely in the I form, and if

(0] > [57]

the distribution coefficient Kpg (Equation 9) becomes f

aq’ Frace exchange conditions prevail and

essentially constant, independent of [B+]aq (169).

w

R™BY] _ ™A%
Kg . = -l——IéLE- = KE J;—:—lf; = const. (9)
[B ]aq [A Jaq

As soon as [B+Jaq approaches the concentration of AY in
the aquéous phase, Ky will decrease with increasing
[B+]aq' Consequentily, tracé exchange conditions, which
are necessary for iinear elution chromatography, require
.1ow sample loading comparea tb the exchange capacity of
the ion exchanger‘and’moderately,high ionic strength in
the mobile phase. | |

The capacity factor (170),

>

t.o-t, R°B*] v -
= I - = 5. = [ ]I‘ S ) ’ (10)

o n [B+]aqvm

of a sample component expresses the affinity of the -
‘resin for that component.-In Equation 10, t.. is the re-
tention time for a sample component, t  the retention

time for an unretained component, and’n® the total

89



number of moles in the stationary phase of fhe sample
component in equilibrium with the total number of moles
n™ gf the component in the mobile phase. Vg aﬁd,Vmiare
the volumes of the stationary and mohile phasés, re-
spectively. In the experiments described in Chapters
V-VIII, tﬁe retention time for.the ﬁnretained component
was determined from the charging-discharging peak. For
'cation-exchange chromatography, the capacity factor of

a weak acid (HA) with a dissociation constant

- ‘ag (11)

may be influenced markedly by changes in pH. By combi-
ning Equations 9, 10, and 11, it can easily be shown .

that, at constant ionic strength, a decrease in pH will

. 1 e s .
increase k due to the increase in the concentration of .

the protonated form of the sample component (171). It

can also be shown that, at constant pH, k' thgoretically

is proportiongltto thé.reciprocal of the counter-ion

~ concentration in the eluent (171). The value of k' can

also be adjusted by the type of counter-ion used in the
mpbife phase, i.e. mobile phasés containing Li+, H+, or
Na' would reﬁresént,weak elueﬂfs,Lwhereas mobile phases
containing divalent metal ions would be strong eluents

(172).
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In most processes which involve columns with

]

conventional ion-exchange resins such as the Amberlite
resins, the rate deterﬁining step is solute diffusion
inside the resin particle (173-175). In modern HPLC,
this problem of long diffusion ﬁ?ths has been minimized
by the introduction of'ion-exchange resins confined to
.a thin layer on ; suitable solid core. The pellicular
Jdon exchangers or controlled surface porosity ion
exchangers (173-175) such as Corasil (Waters), Vydac
(separations Group), and Zipax (Du Pont) comprise one
group of these nonconveﬂtional jon exchangers. With
these stationary phases, the speed with which a sepa-
ration can be performed is increased, and the band
spreading due to resistance to mass transfer in the
stationary phase is decreased. Because of the presence
of a so0lid core which may give rise to adsorption-
desorptionwphenomena, their behavior is rarely exactly
predictable from conventional ién-exchange chromato- .
graphy. The exchange capacity of the pellicular ion
vexchangérs ié low (typically 1-10 microequiva}ents/g),

' '
and thps a sensitive detector is required.
_ _ & :

- B., Results

In this section, the results of an investigation.
0f the chromatographi abehavior of glutathione, peni-
cillamine, cysteine, { d several other thiols on cat-

ion exchéngers are presented. Their separation on Amber-



92

lite strong anion-exchange resin and on Z1ipax SAX strong
anion exchanger was also investigated, but %nly bricfly
because the speciey distribution diagrams in Figures 18-
20 indicate that the 9epardt10n should be gonslderdbly
easier on cation- exch;nge resins. Also, Odedtlon of
the thiols is expected to be less of a problem at the
1qw pH of the eluents needed for separation by cation-
exéhange as indicated by the results in Figures 18-20.
For the initial separation studies with cation
exchangers, Amberlite 200-400 mésh strong cation-ex-
change resin was used. For rEasoﬁb discussed in Section
A, the resin was soon replaced with Zipax SCX strong ™~
cation exchanger. To obtain a general indication of its
retention characteristics, several biologically active
sulfhydryl-containing molecules were studied‘under dif-
ferent conditions on a 0.2 x 30-cm Zipax SCX column.
The mobile phases were all phosphate-citrate buffers.
Net retention times vs. mobile phase pH for glutathione,
cysteine, penicillamine, ergothioneine (XIII), homocys-

teine, cysteamine (XIV), and N-acetyl-cysteine (XV}

3)3

ﬁc,HZ—CHacoo'

N NH

Qh%//
SH

Y(cH
|

(XI11)



\.]

' 1, N=CH,~CH,-5H

(x1vVv)

i N CH.
| s

0=C

l
NH

I
CH2-CH-COOH
| ‘

SH

(xv)

are presented in Figure 21; The analytical prpcedureé
described in Chapters V-VIII are based on these re-
sults. Since the ionic strength of the mobile bhase de-
creased from 0.2 to about 0.02”when changing the pH i
ffom 4.1 to pH‘2L2, the increase in retention time is"
a‘result of a decrease in pH as well as in ionic '
strengfh; Aé can be seen, N-acetyl-cysteine, which is
not’protSnated to form a cationic &pecies, is unre-
tained under all tested conditiéns, and an anion- '
exchange resin would probably be a better choice for
this molecule. To illustrate the ease with which some
of the studied th;ols can be“separated under isocratic
conditions on the 0.2 X 50-cm Zipax SCX column, Fiéure
22 shows a chromatogram of a mixture of N-acetyl-

cysteine, glutathione, cysteine, and homocysteine. The
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Figure 21.

Net retention times vs. mobileAphase‘pH

for several biologically active sulfhy-

dryl-containing molecules.

o - o - o : Glutathione ]
A A A ¢ Cysteine
d a o Pénicillamineﬁ
X —— X x..: Ergothioneine
.
s ° e : Homocysteine
A A A 'stteamine

] — m——® : N-acetyl-cysteine
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Figure 22.
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{

" Response of the mercury.pbol electrode

détector to a 10-uL_injection'of a solution

containing 1 x 1072

M N-acetyl-cysteine,
4 x 1072 M glutathione, 4 x jO-s M cys-
teinék and 1 x 10”4 M homocysteine. A
O.2ﬂx'50-cm column. of Zipax SCX cation

exchanger was used with a pH 2.5 phosphate-

citrate mobile phase. The flow rate was

0.5 mL/min, Order of elution: N-acetyl-

cysteine, glutathioné, cysteine, and homo-

cysteine,
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mobile phase was a pH 2.5 phosphate-citrate buffer w1th'
an ion%cjstrength of 0 01. N-acetyl cysteine appearedv
_unretained, but no 1n3ect10n artifacts were observed 1n
the“chromatogram since the mixture was prepared in mo-
bile»phaee. | |

| vﬂs canvpe seen from Figure}21, glutathione is
rather weakly retained on the Zipax SCX resin beads. A

’.mobile phase of pH 2.5 gives a_ ' of about 1.4 at the low

ionic strength of about 8 x {0~>. Since the blood ma-
trix in wﬁich_giutathione is to be determined gives rise
to an unretained charging-discharéing peak with the
electrochemlcal detector,‘a ¥' value of this order is
needed to avoid any interference from the unretalned
peak It would, however, be de31rab1e to increase the
ionic strength of the mobile ghase from the point of
view of small uncompensated detector cell resistance

and maintenance of trace exchange condltions. A de-
.crease in pH below 2 did not change k signlf%cantly.‘
This" is mainiy due to the counteracting effects of an
increase in ionic etrength (protori ion concentration)
and an’ increase in tﬁ% concentratlon of the fully pro-c
tonated form of glutathlone (H4L‘). The ‘effect of
changing the mobile phase counter-ion from Na* te : A
- which should make the eluent weaker, is also counter-

" acted cy the increesed ionic strength.: The possibility"

of changing the mobile phase cation from Na¥ to Lit



‘for which the resin should have the 1owést selec?I;ity‘
(172), was thereforeuinveséiggted. S:veral,buffers
made up of LiOH and citric aci& or phosphoric acid
were tested. The observed k' values‘increased‘onlyv' >

"slightly as compared tolthe valhes obtained with the

eluents containinngaf; In addition, non-Faradaic de- .

tector response to retaiﬁed Na* ions ih the sampié

became a problemAas the Na® ions héppened to héve_‘“

.approximately the same retention time as glutathioné.

The number of theoretiéalyplates N'(176) balcu-

lated” from

' t : o
oyl e

was about 300 for the 0.2 x 50-cm Zipax SCX column,
which corresponds to a height equivalent‘of a theo--
retical plate (HETP) of 0.17 cm. In Equation 12, F?
is the retention time. of a~samplq component and Wy

is the base width in units of time of the peak ob-

tained for shat component. J

+ -~



S : CHAPTER V -

DETERMINATION OF GLUTATHIONE IN WHOLE BLOOD

‘A, Introduction \3 ’

VA variety of assay methods has beén repofted

for glutathioné in érythrocytes. Apart from the ehzy-.
maticléssays (110-116) which tend to be somewhatbte-
dious and 1nvolved, all methods for.the determlnatlon
of glutathlone either lack select1v1ty or sensit1v1ty.
The success of many of them for the determination of
glutathione in whole blPod is solely due to the high

' concentration of glutathione as well as its large ex-
' {QGSS over other nonprotein thlols.
In this chapter, a highly selective and sensi- ¢
‘tive method for the determinafioﬂ of glutathione in
whole blood is descrlbed The method is based on a se-b
paratlon of glutathlone from other nonprotein thlols by
high performance cation-exchange chromatography fol-
lowed by detectioh with a mercury;based electrochémical
defector (LCEC). Results for several normal blood sam-
plés are,presehted and compared to the resﬁlts obtained

with the DTNB method.

B. Chromatographic Conditions

A pH 2.5 phosphate-citrate bﬁffer'with an ionic
sfrength of about 8 x’1'0"3 was used as eluent. For the

' separation step, the 0.2 x 50-cm Zipax SCX column was -:

E) - ’ 100
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cC. Results

To find sultablk conditions for the storage of \

standard glutathione (aBH) solutions, the stablllty of
several GSH ‘solutions was studied The concentration of
GSH was made 1.00| x 10 3 \M and, in one experiment, the

solvent was doubl distilled water (solution PH 3.5),

whereas in a secon experlhent, the water contained -

1 g/L Na H,.EDTA-2H (solutlon pH" 3N8) A1l solutions

272 2
were kept in 10-mL v lumetric.flasks and stored at room

temperature or in a r frlgerator at 4 C. The stablllty

\

of the GSH in the two olq¢1ons stored at room tempera-

ture and in the EDTA-c tainlng solution stored at 4° C
1s shown as a functlon f time in Figure 23. The éon-
centrations in Figure/ 23 were obtalned by comparlng the
peak height obtaine chromatographlcally to that ob-

tained for a freshly prepéred GSH solutién, The GSH

/ N
concentration inf%he solution containing no EDTA which

p was stored at 4° C, decreased by 2-3% after two4weeks.
‘Apparently; the added\iDIA complexes trace heévy mbtsl
ions which otherwise“catalyZe the air-oxidation 6f GSH.

- The procedure used for the preparation of the

whole blood filtrates was a 8lightly modified version



Figure 23.

Time -course for the stability of

1.00 x 107> M GSH

(4)

-(B)

(c)

N
in distilled water containing 1 g/L

Na,H EﬁTA-zﬂzonwhen stored at 4° ¢

272

in distilled water containing 1 g&/L

oH,EDTA" 2H,

teﬁperature

Na 0 when stored at room

in distilled water when stored at

room temperature.
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of that described by Ladenson and Purdy (52). After the
protein precipitation step, most of the samples were
filtered through a medium fast 4.25-cm filter rather
than cent;ﬂwuged. Both methods gave identiéal results
when compared, and since the filtration Step'is a few
minutes faster thah'centrifugation, a significant
amount of time mig?} be saved when performing routine
GSH analyses. . { ‘ Q |

An EDTA solutien of 100 mg/L was used by Ladén-
son and Purdy for the hemolysis step. When using tgis
soiution,vhowever, some of the sambles tested éhowe%’a»
sléw decrease in GSH concentration after having been
filtered. Increasing- the concentration“of EDTA;to‘f~g/L
qtabilized the filtrétes,'probab1y~because of a more
complete cohplexatioh of heaVy.metal ions present in’
the sample. |
/ For the proteln pr801pitat10n step; a metaphos-
phorlc acid concentration of 100 g/L was used rather
than the 250 g/L"used by Ladenson and Purdy. This did
not affect the stability of the treated samﬁles, and
-the double layer cgpacgiancqieffedt.of the éiqétré-
chemical detector for the unretained component became
less serious. Itlalso_eiiminated the need for a "clea-.
ninglpuléé" aé discussed in Chapter III, Section D.

A typical chfbmatogram,of GSH in a whole blood
filtrate is shown in Figure 24. As can be seen, the

elution of GSH takes about 5 min. Ergothione‘ilne,-{rhich | /{Q.
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Time, min.

Figure 24. Representative chromatogram of a treated
whole blood sample. Injected volume was 10 ulL

containing 290 ng GSH.
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has been reported to interfere in all methods except
the enzymatic ones, gave a capacity factor of 4.6 and
thug did not interfere. However, no ergothioneine peak
was obsefved in any of the tested blood samples. A
calibration curve was used to quantify glutathione,
with standard GSH solutions injected between e;ery
five samples. As shdwn in Figure 8, the calibration
curve is linear up to about 5 x 10~% M GSH at which
concentration the curve becomes slightly concave due
to the effects of uncompensated detector cell re-
sistance.‘standard GSH solutions were prepared in
20 g/L metaphosphoric acid. Since cysteine is eluted
shortly after GSH, the bossibility of improving the
reproducibility of'the results from replicate injec-
tions using this amino acid as internél standard
was briefly investigéted. The reproducibility turned
out to be slightly worse than without the internal
standard, and since the elution time per sample in-
creased considerably, the approach wéé diségntinued.
The concentrations determined by the LCEC method
for the GSH in fresh whole blood samples obtained from
five normal adults are shown in Table 2, together with
. the results ébtained on the same samples‘by the DTNB
method (90). Also ihcluded are the red blood céll (RBC)
‘cqncentration of the blood samples, from which the o
quantity of GSH per million erythrocytes was calculated.

The concentrations of GSH are averages with their

~
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standard deviations for five replicates. Recovery ex-
periments of GSH were performedfby addition of a known
amount of GSH to the EDTA solution used for hemolyzing

the samples. For the LCEC method, a recovery of

102 * 4% was obtained, and for the DTNB method, the re-

covery was 98 t 4%.

D. Discussion

'The‘normal fange for GSH concentrations in blood

is 0.9 x 1072 - 1.7 x 1077 moles/L of whole blood, all

of which is in tie erythrocytes (110). Since there 1is
a considerable varlatlon 1n the RBC count from indivi-

dual to 1nd1v1dua1 the G%ﬁ level in blood should pre-

;ferably be expressed in units of, for example, moles per

million erythrocytes. This gives, as shown in Table 2,
a much narrower range for the actual intracellular
lefels of GSH. It should be noted.that the erythrocyte
level of that sample (sample 3 in Table 2) falling out-
side the normal range is considerably lower than those
of the other samples‘and that the actual intracellular
GSH level is very high.

From Table 2, it is apparent that the chromato-
graphic procedure gives consistently sllghtly,lower
reshlts than the DTNB method which is probably due to
the much higher discrimination of the former against

potential interferences such as cysteine and ergothio-

" neine. Table 2 also shows that the standard deviations

\
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obtained with the chromatographic method are approx1-‘ -
mately the same_ as those obtained w1th the DTNB method.
The major disadvantage of the DTNB method is the large
number of reagenté needed in the sémgle~treatment which
consequently demands more time and care bef sample. ‘- .
The LCEC method for the determination of GSH in
whole blood has sevéral advantages'over the multitude
of analytical techniques described for GSH.‘It is fast
and sensitive, and shows a high degree of discrimina-
tion againsf other sulfhydryl-containing molecules.
The speed and:sensitiviFy_are éue largely to thg char-
acteristics of the Hg-based electrochémicaihdetector.
In this determlnatlon, the detector was operated at
0.0 V vs. SCE, and slgnals are obtained only as those
compounds which are electroactive at this potential are
eluted through the detector. Since the thiols are the
only components of whole blbod which are electroactive
at this potential, this reduces considerably the re-
quirements and the time of the chromatOgraphic step.
For example, in a recently described anion-exchange
procedure for GSH with nlnhydr;n detection (125),
épproximately 60 min. were needed for elution as com-
pared to about 5 min. with the LCEC method. Because of
the high selectivity of the LCEC method for sulfhydryl-
contaiﬁing molecules, other biologically active thiols
such as cysteinylglycine and glutamylcysteine can also

be assayed by appropriate choice of chromatographic



" comditions. This should make the LCEC method attractive

in studies of biosynthesis and metabolism of GSH.
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CHAPTER VI

]

DETE&MINATION oF PENICILLAMINE IN BLOOD AND URINE

A. Introduction

In spite of the wide use of penicillamine in
mediciné, very little is known about its pharm;c010gy.
The known hetabolites:Q£ penicillamine in mén are peni-
cillamine disﬁlfide (PSSP); thé\sznicillamine—cysteine
mixed disulfide (PSSC), and S-methylpenicillamine (177;
178). In a recent study of the metabolism of penicill-
amine, these metabolites could account for only some
50% of the penicillamine admihistefed for the treatmenf-
of cystinuria (178).

‘In this chapter, a'Cation—ethange procedure
with electrochemical detection is described for the de-
terminatioh of reduced penicillamine (PSH) and the
total penicillamine (reduced plus oxidized disulfide
metabolites) in the nonprotein fraction of plasma,
.erythrocytes, whgle blood, and urine. The total peni;
cillamine is determihéd after electroreduction’at a
mercury pool electrode. Results for Slood aqg urine
frOm'rheumatoid‘arthritis.pétients on penicillamine
therapy are presented and discussed. Only the D-isomer

of penicillamine was used in this work.
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.B. Chromatographic Conditions

A phosphate-citrate buffer of ,pH 3.0 and }onic
strengtﬁ of 0.04 was chosen as eluent. Théﬁd;ZgiJBO-Cm
Zipa# SCX strong cation-éxchange column was used for
the separation sﬁép; For some separations, a 0.2 x 3-cm
precolumn alsé packed with Zipax SCX was added. It was
added primarily for the urine samples, which, after re-
peated J;jections, tended to contaminatq'the exchanger '
ﬁhich first came into contéct with the sgmple. A flow
rate of 0.7 mL/min. was used, and the electrochemical

detector‘yaé operated at +0.1 V vs. SCE. |
| Without tﬁé precolumn, a-capacity factor of |
about 2.2, depending slightly‘on{the packing procédure,
,was.obtained for penicillamine with the above condi-
tions. Both cysteine and glutathione»gave_k' values of
less thén 0.5 and'appeared as pérf of the unretained

charging-discharging peak.

C. Results

- e R R e R - e - -

thiols are readily oxidized (179), the stability of re-

duced penicillamine solutions was studied to find stable

\

conditions for standafds and samples. Figure 25_Bhows
the stability of 1.00 x 10-3_M7PSH'in distilled water
(solution pH 6.2) stored at room temperature (Curve A)
and 4° ¢ (Curve B), and of 1.00 x 107> M PSH in dis-

tilled water contéining 1 g/L NézHZEDTA-2H20 at room



Figure 25.

Time
1.00

(A)

(B)
(C)

course for the stability of

x 102 M PSH

in distilled water (solution pH 6.2)

' stored at room temperature (259 ¢)

in distilled water stored at.4° C

in distilled water containing 1 g/L

NazHéEDTA-ZHZO stored'at“réom tem-~

perature.
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femperature (Curve C).VA curve identical to C was ob-
;?é?ﬁ??*ﬁgr a penicillamine-EDTA so;utioﬁ stored at 4° C.
EDTA apparently stabilizes the PSH solutions by com- |
plexing trace metals_whgch cafalyze°thi$1 oxidation
(179). The data in Figure 25 wefe obtainéd by,comparing
the“peék height obtained chromatographically for a
'stored‘soiution to that of a freshly prebared PSH-stan-

dard. Simifar experimenfs with PSH in 0.2 M HC1l solu-
” | .

‘tion, in jormal urine to which 2 M HCl was added to

give a fingl HC1l concentration of 0.2 M; and in 50 g/L
| metaphosphokic acid solution indicated that PSH in
these solutiéns is stablé’for.atvleast a day at room
tempe;atﬁre. | |

" The staﬁility of reduced penicillamine in,uriﬁe
was also studied to determine how soon after délivery
the urine has to be acidified to avoid significant loss
Qf{PSH by oxidation. The results in Figure 26 indicate
that urine samples should be acidified immediately
after delivery. The results were obtained by adding
0.1 mL of a 1,00 x 10”2 M PSH solution to 0.8 mL of
normal urine. After a given time periodyﬁthe mixture.
was acidified with 0.1 mL of 500 g/L metaphosphoric
acid. The peak from 10-uL injections was then compared
fo that of a urine solution to which hetaphosphdrié
acid had been added before the PSH. From similar ex-

periments) it was determined that the PSH concentration

'in plasma is not decreased significantl} during the
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Figure 26. Time course for the stability of

1.1 x 10°% M PSH in normal urine

at room temperature,
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time required.for centrifugation and‘analysis, possibly
1 because the EDTA present initiaily ih the Vacutainer
compleies trace metals which catalyze thiol oiidation.
§§§§g§gg_gggyg§ Standard curves were obtained
‘by plotting peak height (nA’) vs. the PSH concentration
of.standard solutions. Tpe caiibration curve for plasma
was prepared from standaré PSH solutions containing
50 g/L metaphosphoric acid. Calibration curvés for re-
- duced penicillamine in urine and for total PSH in
.plasma, erythroeytes, whole blood, and urine were pre-=
pared from standard PSH solutlons 1n 0.2 M HC1. Cali-
bratlon curves were linear from 5 % 10 =7 M.to 1 x 10 -3 M
PSH. At 5 x 1077 n the.signal-tOAnoise.ratio was 5:1,
~where S/N = average signal amplitude/RMS noise with RMS \
noiee = average.peak-to-peak»noise/z 5. To give some -
1ndlcat10n ‘of the sen31t1v1ty 'of this method, 10 ulL
of 5 x 10~7 M psH corresponds to 0.75 ng of PSH.

[N

Dlsulflde Exchange Reactlons Thiols and disul-

fides undergo disulfide exchange reactions (180), the
'rates of which are pHvdgbendent decreasing rapidly as
' the pH decreases because the deprotonated form of the
thlol is the reactlve form (181) In thevprocedure for
the determination of PSH in whole blood: the sample is
first heﬁolyéed with a dilute EDTA solution at near
neutral pH.VHemol;sis releases the reduced and 0xidized

penicillamine as well as the other thiols and disul-

fides of the erythrocyte. After about 1 min.,



metaphosphoric acid is added which lowers t?é ph, thus
essentially stopﬁing any disulfide exchange, and pre-
cipitates the proteins. To determine if a significant
amount of PSH is forméd or lost by disulfide exchahge
with oxidized or reduced glutathione,'GSSG and GSH,
respectively, the forward rates for the disulfide ex-
change reactions represented.by Equations‘?}, 14, and

15 were measured.

. PSSP + GSH s=——= PSSG + PSH (13)
PSSC + GSH === GSSC + PSH (14)

. !
GSSG + PSH 3= PSSG + GSH . (15)

Penicillamineécysteine mixed'disulfide (PssC) was tes-
ted in addition to‘PSSP since both have been found to
be major metgpolites in patients treated for rheumatoia
arthritis with D-penicillamine (177,178). Thé experi-
ments wefe‘performed'at 25° C in a phosphéte-citféte ~
buffer of pH 7.5 and ionic strength of 0,04. Ali so-

. lutions were thoroughly deaerated before’mixing, and
oxygenescrﬁﬁbed nitrogen was bubbled through the so-
lutions auring'the reaction to provide effective mixing.
In the study of Reactions 13 and 14, the PSH concentra-

tion was measured as a function of time by determining

18
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the PSH in aliqﬁdts. The reaction waé stopped by making
the aliquots 0.2 M in HCl. For reaction times of ldss
than 1 min., the whole test solution, rather than an
aligquot, was acidified by rapidly adding enough 2 M HC1
with a tuberculin syringe to make the final solution
0.2 M in HCl. In the study of Reaction 15, the GSH con-
centration was measured as a funct;bn of time by HPLC
(Chapter V). The initial .change in PSH concentration is
too small to permit precise values fprhthe forward rate
constant k. to be obtained when the decrease in PSH is
,measufed, | ‘ _

The time course for formation obeSH by disul-
fide exchénge'in a sqlu%ion initially containing
1.00 x 1073 M PSSP and 1.00 x 10-3<M GSH is shown in
Figure 27. From the;initial rate of the reaction which
is Linear‘with time up to about 3 min. as shown in
Figure §8,fthe forward rate constant (defined by Equ-‘
ation 16) for Reaction 13 was fouﬁg to be ¢
2.8 x 1072 L/mol-s.‘L ' S

o |
_4[rsn] ke[psse][osn] (16)

dt

Changing either the injtial PSSP or the GSH concentra-
tion by a factor of 2 did not alter the observed. rate

constant. The forward rate constants for Reactions 14
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'Figure 27.

Time course for the formation of PSH by the

disulfide exchange reaction

PSSP + GSH =——= PSSG + PSH

Solution conditions were phosphaté%citrate

buffer of pPH 7.5 and ionic strength of‘0.04,
25° C. The solution initially contained

1.00 x 1077 M PSSP and 1.00 x 10”3 M GSH.
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Pigure 28. Time course for the initial 3 min. of
’ the reaction for which the results are

shown in Figure 27.
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(and 15 at identical coﬁg:;ions'werev0,73 L/mol-s and J
0.43 L/mol-s, respectively. These rate constants coup-
led with the small concentrations of GSH and GSSG in
the hemolyzed solutions indicate that essentlally no

-PSH is lost or formedg?y disulfide exchange during the

-‘ hemolysis step.

“ .
Reduced Penicillamine in Blood and Urine: Fig-

ures 29 and 30 show typical chromatograms obtained for
a urine and a whole blood sample from a rheumatoid
arthritis patient on penicillamine therapy. The sharp,

unretained peaks at ca. 1 min. after Sample injection

are due to a comblnatlon of double layer capa01tance

effects,\ﬁpich result from the sample medlum beln,ﬁ 
ferent from the mobile phase, and detector.response to
chloride, traces of cysteine and, in the case of whole
blood and erythrocyte sémples, reduced,glutathione in
the sample. Bdth cysteine and reduced glutathione are
essentially unrétained with the chromatographic con-
ditions used. The peak apbearing between the PSH peak
at about 3 min. and the unretained peak in Figure 30
. 18 possibly due to hydrolysis products of GSH such as
L-cysteinylglycine or v-L-glutafiyl-L-cysteine since it
did not éppear in plasma éamples. |
The reduced penicillamine»levels of the urine

and blood from“outpatients at fhe University of Alberta
HOSpital who were being treated with 750 mg of D-penl-

cillamlne per day for rheumatoid arthritis are listed

123
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Représentative chromatogram obtained for

'a urine sample from a patient on D-peni-

cillamine therapy for rheumatoid arthritis.
Peak height corresponds to 5.7 x 10”2 M
PSH. A

4
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Pigure 30.

Representative chromatogram obtained for
a whole blood sample from a patient on
D-penicillamine therapy for rheumatoid

arthritis. Thé penicillamine peak occurs

‘at about 3 min. Peak height éorresponds'

to 2.2 x 10~6 M PSH..
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in Table 3. The penicillamine was taken orally in doses
of 250 mg. Approximate time intervals after the last

e
tablet as indicated*b “the patients are al'so listed in

Table 3. The average relative standard deviations for
the determlnation of reduced penicillamine in the
various sample media,~ alculated from the results of
3-5 injections for sachvsample,sare also given in Tabls
3. The relative standard deviations for the packed
erythrocytes snd yhoie_blood results are generally iar-
ger than'those for urine and plasma snalysis bscajse,
aftér sample preparation, the,PSH_leveis of the packsd
erythrocytes and ﬁhole bloOd'samples encountered in
this work approach the detection limit of the detector.
Recoveries of 98 % 3% and 99 % 3% were obtained for PSH
added to two separate.plasma samples immedistely before
acidification. The amount of PSH added was of the same
order as that orlglnally present. ‘

Besides plasma, several seruﬁ samples from
’patients treated with D-pen1c1llam1ne for rheumat01d
arthritis were assayed for PSH. The serum which was

treated the same way as plasma, gave considerably lower

results than those obtained for plasma. When”exposed to

air without having been acidified, the samples showed a_

rapid decrease in PSH concentratlon. The dlfflcultles

encountered with serum as dgfgared/to plasma are there-

fore most probably due ﬁse.abSence 6of EDTA in the
case of serum which eaves heavy metal ions free to

. 128
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catelyze eir oxidation of PSH.

Total FPenicillamine in Blood and Urine: The
procedure for total penicillamine gives the sum of the
reduced‘penicillamine and the oxidized penicillamine
(PSSP and PSSC) (178,182) in the nonproteln fraction.
The procedure is based on the quantltative reduction of
the oxidized forms, followed by determination by HPLC
of the tgfal reduced penicillamine. Several methods of
disulfide reduction were studied in_addition to the
electrolysis method;

A chéhical reduction‘of PSSP with NgBH4‘at room
‘temperature was attempted. To 5 mL of 1.0 x 1072 M PSSP,
deaerated with oxygen-scrubbed nitrogen, was added
100 mg of solid NaBH4. After 30 min., the reactioninés '
‘stopped by dropwise addition of 30% H3PO4; Tnis gave a
yield of less than 5%, in agreement with reported re- .
enlta-(42). Addition of cu?t as catalyst increased the
yield to 66%. Other metal 1ons, e.g. Fe3+ Zn2+, ;nd
Hg2+, as catalysts gave lower and 1rreproducible yields.
All metal ions were complexed with excess EDTA at the
completion of the reaction. Besides giving less than
quantltatlve reduction, procedures with NaBH4 were te-
dlous and requlred complete deaeration of samples,
which caused excessive foam;ng of urine samples. Reduc-
tion. with sulfite was alsorattempted? but without‘suce’

cess. Some “attempts based on reduction by disulfide

eichange with sulfhydryl-containing molecules gave low l



yYields. An additional conéideration is that the thiol
added.in excess should preferébiy bé unretained with
the chromatogr%phic-conditions used so as to avoid
interference with the.PSH determination or séturation
of the ion exchanger. | »

Electroreduction at a Hg pool cathode was found
to be quantitative for both PSSP and PSSC, was complete
withln 10-15 min. at an electrolysls current of 6.4% mA,
and did not require deaeration of the sample solution
'.elther before qQr durlng electroly51s. The recovery of
PSSP (1.00 X 1077 M) added to the urine of several
rheumat01d arthrltls]patients on penicillamine therapy
was 100 % 3%, 98 + 2%, and 97.5 * 24, and 98.2 t 1.3%
recovery’was obtained for PSSP added to 8 normal urine
Bsamples. Penicillamine-cystéine mixed disulfide gave
recoveries of 99 * 2% énd 98 * 2% when added to‘normal
urine to give a 1.00 x 1072 M psscC solution. All urines
were diluted at least 2:25 with 0.2 M HCl because it
was observed that‘i yellowish film formed on the Hg

surface and gave poor recoveries for several less di-

: 1utéd urinejsamples; Recoveries of 103 1+ 3% and 97 + 3%

were obtained for PSSP added to the plasma of rheuma-~

toid arthritis patiehts. For PSSC, the recoveries were

98.5 * 3% and 99 * 3%,
The total.penicillamine levels in the urine and
blood from patients treated with 750 mg of D-penicill-

amine per day for rheumatdid.arthritis are given in

131



Table 3. The average relative standafd>deviations for
the determinations, calculated as described above for
reduced_peniciilamine, are also given in Table 3.

To determine if the results listed in Téble p)
for re uced and total‘éenicillamihe in plasma, paeked
erythrocytes, and whole blood are internally consis-
tent, t%e reduced and totalﬁpenicillamiﬁe concentra-
tions of whole blood were predicted from the levels
found for.plasma and packed erythrocytes and the esti-
mated hematocrif. The calculated and observed concen- -
trations show good agreement. | |

Direct detection of oxidized penlclllamlne with
the electrochemical detector operated at -1.2 V vs. SCE
was also attembgegf/;i:O.Z X BC-em Zipax SCX column
was used with.a phosphate-citrate buffer of pH 4.0
‘(ionie strength of 0.1). Under these conditions, the
detection limit was approximatelys x 104 M pssp, .
which is too high for direct detection to be apﬁlicable
to the gsamples ehcountered in the éresent work.

Plasma_Clearance_Test: To determine whether the
assay developed for penicillamine would be of practical
value in more extensive pharmacokinetic and bioqvaila-
bility studies in patients receiving D-penicillamine
for rheumatoid arthritis, a PSH clearance test was per-

formed in two volunteers in collaboratlon w1th the Rﬁeu-

matic Disease Unit at the University of Alberta: Figure .

31 shows the plasma levels;obtained.after ingestion of

132
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Figure 31. Time course for plasma penicillamine con-

centrations in two subjects after inges4

tion of 750 mg of D-penicillamine.

" o——o0 o: Subject A. Initial dose of
250 mg and then 500 mg
D-pehicillamine 4 hours
later. | v
° . e : Subject B. Single 750 mg

dose of D-penicillamine.
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‘Ject‘A, a normal male adult,

750 mg of D-penicillamine in ,the two volunteers. Sub-
/}hag not received any pre-
vious penicillamine and ingested initially 250 mg, then
4 hours lat;r a further SOO mg. Subject B, a female
adult with rheu@gﬁoid arthritis, had received 250 mg
of D-penicilldﬁine on the two preceding days and on
the morning of the testF‘immediately after the initial
blood sample, ingested 750 mg D-penicillamine in a
éingle dose. Urine was collected in HCl-containing ves-

sels over the next 8 hours in two 4-hour periods. The

results.of this are shown in Table 4.

.

D. Discussion ‘ v

The very low penicillamine detectiOnclimits of
the procedure described in this chapter result from the

high sensitivity of the Hg pool electrode for the sulf-

Y

hydryl group. Selectivity is achié%edvby co%@ﬁing the
electrode with a liquid chromatographic separétion. Be-
cause the detect&! responds only to chloride and tke

A\
YN .
sulfhj&ryl-épnta;ﬁ}ng amino acids and peptides in the
,.-‘; 2 ™

@

sample when ope‘%at a potential of +0.1 V vs., SCE,

-1t is only.necessary that thg}chromatOgraphic steﬁ

separate penicillamifie from the other sulfhydryl-con-
taining moleéules. This is easily and quickly done;
with the mobile phase and chrbmagsgraphic column used,
penicillamine is eluted with a retention time of ca.

3.3 min. whereas cystéine and glutathione are essenti-
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ally unretained.

In contrast, the chromatographic\step.in auto
analyzeikprocedures with ninhyd;in%ﬁetection must re-
solve the penicillamine from ail other ninhydrin-
positive components of the sample. Because of.the com- - h
plexity of biological fluids, this can require long |
elutlon times. For example, in a recent study of pen1—
cillamlne metabollsm,,elutf’h tlmes on the order of
8 hours were necessafy to elute penicillamine disul=-"
fide (178). It is of interest that with the auto_anas
lyzer method no reduced penicillamine could be detected
in fresh urine from patients on D-penicillamine therapy
for the treatment of rheumatoid arthritis/or cystin-
uria (178), which is considerably differe;t from the
findings of the present study (Table 3). The failure to
detect reduced penicillamine in the previous study
could be due to its rapid oxidation since no mention is
made of precautions to exclude oxygen from reagents or
moblle phase, or to incomplete resolution of reduced
penicillamine from other ninhydrin-positive components,
perhaps glycine (109). |

Reduced penlclllamlne in urlne and plasma gene- .
rally is determined colorlmetrically as its Fe(III)
complex (108), although this method has been reportedx
towiack precision (109). Ox1dlzed penicillamine gene-a
rally is determlned by auto analyzer methods with nin-

hydrin.detectlon. Other methods in the literature
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include a gas chrométographic determination of the
esterified forms»of reduced and oxidized penicillamine’
as their thiazolidine or Schiff base derivatives, re-
spectively (132), and an auto.analyZer procedure for
total penicillamine which is based on its quantitative
eonversien to penicillaminic acid by performic acid
oxidation, with ninhydrin detection (109). An immuno-
logical'assay,also'has‘bee described (183). It would
seem that the methods dJ;ci;bed in this chapter offer
advantages over the methods mentloned above in terms of
simplicity, analysis time, and the ease with which thls
method can determine-both the reduced arpd Qx1dlzed
penicillamine.

' For the patients encountered in this work, bot?
the free and the ox1d;zed genlclllamlne in the blood
was distributed unevenly betWeen the plasmé and'ery-
throcytes,'with the reduced ﬁenicillamine concentration
some 2-4 iimes higher and the total penicillamine some
5-10 tlmes higher in the plasma. It also is of interest
that the distribution between the reduced and ox1d1zed
forms is conelderably dlfferept for plasma and red ’
blood cells, as indicated by<the {atio of total ﬁeni- s
cillamine to reduced: penlcillamlne§concentratlons |
(Table 5). _Most slgnlflcant perhaps, is the flndlng
that most of the penicillamine in the red blood cells

is in the zeduced form, since the reduced form i8 the

active form in the treatment of methylmercury (184) and
a g ", o
_@1 L z.



TABLE 5

Ratio of Total Penicillamine to Reduced Penicillaminea

-Patient

10
11
12

13

Urine

2.9

- 97

11

3.9

5.4

607
36

8'3

,PlaSma Erythrocytes !yhoie Blood'

2-5
3._

4.1

3,2
4.3
3.‘3'
4.6
3.0

3.6

Packe

1"2
1.1

1.0

102

1.3

a) Calculated from thé results in

d

Table 3.

2.1

3.7

4.6

2.5

2.6

L2077
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lead (185) poisoning by penicillamine, and in the pos-
tulated mechanism of action at the molecular level in
the treatmentdof cystinuria (186). Consideking the -
intraceliular reducing power‘of the eryfhrocytes, it is
to be expected that most of the vp'enicillamine in the
‘red blood cells will Se’f'preslent in thelreduced form.
Oxidized penicillamine, once inside the cell, is redu-
ced in any of three ways (187). |

a) Enzymatically catalyred reduction by disul-
fide exchange with the excess glutathione presentuin .
 the cell.

b) Reddctieﬁ by‘diSulfide exchange as in sys-
tem a), but without enzymatic catalysis..

¢) Direct enzymatic reduction of the penic111-

r

amine. disulfide bond represented by Reaction 17.,

PSSP + H —» 2PSH  (17) "

NAD(P)H - NAD(P)*
The oxidized glutathlone prodﬁbed by processes a) and b)
'is rapidly reduced with a reduced pyrldlne nucleotlde
in the presence of glutathione reductase, thus main-
taining the GSH-GSSG status of the cell.

The wide range of penicillamine concentrations .



’seen in Table 3 correlate poorly with. the‘lntervals
after ingestion. As these were estnmates given by the
patients, they are very. approximate values, but this
may also reflect differences in the pharmacokinetics
of the drug in different individuals. Penicillamine
appears to be rapidly excreted through the kidney os
domonstrated‘by the relatively high concéntration of
penic&llamine found in the urine of'paﬁients when coh-
pured fo the concentrations seen in plasma. In the twoi

subjects studied in moreodetail,_xhe plasma levels

appeared to peék between one and two;hohrs after inges-

tion of the drug (Figure 31) and then fell rapidly with

B! .
- significant urinary excretion, not only of oxidized,

but also of reduked penlcillamine. It is of interest

‘that the ratio of\total penicillamine to reduced peni-
cillamine (Bigure 32) in thé'two subjects rapidly in-
the normal range obtained from Table 3

fbi patients treated with D-penicillamine>0vér an ex-
tended‘time period. This indicates that the oxidizing
power of tﬁgfplasma towards reduced penicillamine de-

_creases after prolonged treatment with this-drug. pro-

bably due to extensive formation of serum protein-

penicillamine mlxed disulfides (PrSSP) and reductlon of

.serum protein-cysteine mixed dlsulfldes (PrSSC) accor-

ding to Equations 18 and 19.

PrSSC + PSH =——> PrSSP + CSH - (18)

-
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Figure 32.

Time course for the ratio of total peni-
cillamine to reduced peniéillamine cal-

culated from the data in Figﬁre Bv.

o : Subject A.

o : Subject B,

IToTTOTT ¢ Normal range according to -
Table 3 for patients treated
‘ with D-penicillamine over

an extended time period.
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PrSSC '+ PSH =—— PrSH + PSSC (19)

If the reduced penicillamine is the active form of thé'
drug in the treatment of rheumatoid arthritis, the
above postulafion couid partly explaih why most pati-
ents need to be treated for several months before a
significant imprdvemeﬂt is observed.

No attempts werévmade £&jfry to fit a pharmaco-
kinetic model to the data intFigﬂ}e 31 since a single
dése experiment rarely is‘énpugh for reliable kinetic
results. In addition, the drug was taken orally rather
'than.intravenouély.which céhplicatés the situation to—
- such an extent thét often two completely different mo-
dels can be fitfed to the data from a single concen-
tration-time curve (188). The expefiment, however, sug-
gests that the described method may provide a useful

technique for a more detailed study on the bioavail-

ability and pharmacokinetics of D-penicillamine.
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CHAPTER VII

DETERMINATION OF CYSTEINE IN URINE AND PLASMA AND OF

‘ “~ ‘ HOMOCYSTEINE IN PLASMA

A. Introduction

The current methods of choice for the'determi-

nation of cysteine, homocysteine, -and their oxidized
formg cysting, homocys;ine; and the cysteine-homoéyé-
\teine'mixed'é@sulfide seem to bé.autqmated amino acid
analyses with ninhydrin detection.(20,36,32) requiring
67ﬂ3'hours per run; Cysteine and homocysteihe are usu-
aily convertéd to their S-éarboxymethyl derivatives by
reaction with iodoacetate before the separation step
(30). | |

| In this phggter, a simple and sensitive cation-
exchange proce@gfékwith:ﬁleétrochemi?al detection is
described for the determination of reduced cysteine and
total cysteine in urine and plaéma ahd.of tota;'homo-
cysteine in p&asma; The totals of cysteine'and‘homocys-
teine afé determinedAafter‘electroredﬁction at a mer-
\‘cury ﬁool e1ectrode. Results aré.presented which sug-
gest that the disulfide exchange reactions betﬁeén»cys-
teigé, cystine, and plasma albumin and itg cysteide
mixed disulfides are a source of error in the iodb-
acetate mgthod'(30) forvthe determination of cysteine

in'plasma.

-
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B. Chromatographic Conditions

For the urine samples, a 1% H3PO4 soiution was
qped as eluent, and for the piasma aampiesy a pH 2.5
phosphate-citrate buffer of ionic stréngth of 0.03 was
used. The separationg were performed on the 0.2 x 50-cm
column dry-packed with Zipax‘SCX étrbng cation ex-
‘changer. A flow rate of 0.5 mL/min. was used, and the

electrochemical detector was operated at +0.1 V vs. SCE.

Under these cohditions;:tha,capacity factor for cysteine '

was 1.4 and the capacit& factor 'for homocysteine was

3.2

C.‘ Results

R R T P e R T T

stteiné in Urine: ~The reduqed‘ahd total cys-
teine levels found in the urine of four ﬁormal adulf
males are listed in Table 6. Also listed in Table 6 are
the results .of recovery studies for cystine. In the re-
covery.studies,'1.0 mL of a 5.00 x 10-5 ﬁ cystine_so-'
lufion was/added‘to 4.0 mL of urine diluted 2}25 with
0.2 M HCl; Figure 33 shows "a representative bhrqmato—
gram‘of_reduced cysteine.in a urine sample. The unre-
tained peak appearing at about 1.5 min.’i§'due to double
layef capacitancé effects,asvwell as'detéctor respdpse
t0‘chloridé in thg sample, |
| ;;A standard addilion proceduré was used for guan-
titaéion of cysteine in ﬁriné'rather than a-calibration

curve because the retention time of the cysteine

"146
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Figure 33,
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BN

Representative chromatogrgm‘from‘the'determi-
nation of cysteine in a ufine sample. The

sharp unretained peak at about 1,5 min. is

due to changes in double la&er capacitance

at the meré;ry surface as wéll_qs to the
detector response.té éhloride present in the
sample, Peak height corrésﬁonds to 1.6 x 10”2 M

cysteine,
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»* 18 affected by the urine matrix, probably due \to the
high concentration of potassium ions which tend\to
saturate the resin. The standard addition was pér ormed

by adding 0.9 mL of diluted urine to O#meL_of a

1.5 x 10°* M or a 3.0 x 107% M cysteine solution in

0.2 M HCl. The detector showed linear response for cys- %
o . ¢

teine concentrations in the range ‘of 10”2 M to 10~° M,
which is about the limit of detection. ' I
b 91§;§i§§;ééé-ﬁemesxgzei.gg-12-12&é§r3§= The pro- /

cedures developed fo; pIaSma samples bermit the de%er—
mination of the leveis of reduced cysteine, total'gys
'teinerhich includes cystine and any other nonprotein

-~ disulfide forﬁs of cysteine, and totalvhomocysteine
which has,been reported to be presényyin:no;mal plasma

 in the mixed disulfide form with cysfeinet(zo).‘A re-
presentati#e chromatogram of an electr;?yzgd pPlasma
‘sample is shown‘in‘Figure 34 whére the cysteine peak
_appelrs at 4 min. and the’homocysteihe‘peak at about
6.5 min. Thedpe:is in Figg;g 34 were identified by com-
parison with standard solu%ions cont&ining‘40 g/L meta-
'phosphofic acid and 0.2 M Hél. Under these conditions,

’ a k' of 2.4. The results obtained for

Iy o
the plasma from five normal adults are presented in

ergothioneine has

 Table 7.°
During the development of the procedufe, the
contents of one Vacutainer were left exposed-to air

for about 5 min; after centrifugation to determine the
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Figure 34, uRepreséntative'%.f

A

Bmatogram frdm the detection
of cySteine and homocysteine in an electrolyzed
plasma sample., The.sparp unreta%ged peak at
abogt 1.5 min. is due to changes in double
layer capacitance at the mercury surface as

| well as to the detector response to chloride ”

; present in the sample. The cysteine peak
appears at 4 min. and the homocysteine peak ///‘=
at about 6.5 min. Between 1/2 min. and 2 min.,
recorder sénsitivity wés,changed to keep the’
unretained peak on scale. Péak heighfs corre-
spond to 6.0 x 10_5 M cysteine and

’ -6 .
6.1 x 10 M homocysteine. _ ;i
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L

éxtent Yo which cysteine is.losf by oxidation before
the sample can be acidified. A decrease of approxi-
mately 5% from’the'initiai dysteine concentration wés
observed, indicating this not to be a gignificant
source of error. -

Recovery studies were done fof»cysteine and cys-
tine; For cyétine, recoveries of 96 ¢ 4% and 99 * 5%
were obtained by adding 0.5 mL of 5.0 x 1074 M cystine
to 4.5 mL of* treated plasma. Several different recovery
studies were doﬁe fdrAéysteine. In one sﬁudy, cysteine
was added to the metaphosphoric acid sélution used to
precipitate the plasma proteins. One aliqudt of the o
plasma was then acidified with metapho;ﬁﬁoric.acigﬁseil

lution and another with the metaphosphorib~aéid‘to which

-
-

had been added cysteine. Two sepa;ate exﬁeriments“gave

,[W§§coveries of 97% and 98%,'whitﬁ validates the procedures
‘dﬁsed.b . . . ' :

In another cysteine recovery study,!

the Vacu-
tainers were opened befdre'blood collection, deaerated

with 0,-scrubbed nitrogen, and 0.10 mL of a deaerated

2
standard cysteine solution in 0.9% NaCl was added. The
Vacutainers were then evacuated on avvaéuum 1iﬁg? Blood
was then collected, acidified, centrifuged, ant
aﬁaiyzed'as pefore. As indicated in Table 8, recoveries

of approximately 15% were obtained for additions of

cysteine'caiculated to increasevthe plasma cysteine
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concentration by O 72. x 10° -5 M, O. 93 x 10 -5 M, and

1 1.40 x 1072 M, ‘In these studies, the volume of blood

‘collected was,obta@ned by ;he difference in weighf&“{
the tube before and after collection, and the plasma
volume wés'calculated from the measured hematocrit, In
the calculations, it was assum&d that a negligible

amount of cysteine enters the blood cells., To determine

- if the amount of EDTA in the Vacutainer has any effect

,gqxthe recovery, a recovery study was done using a stan-
p
kﬁid solutlon of cystelne Wthh ‘also contained 1 g/L of

NaszEDTA—ZHzo. Again, ‘the recovery was about .15%. Fin-

ally, the plasma samples to which standard cysteine sol-

utions lad been added were eléctrolyzed and the total

- cysteine determined. As can be seen from the results

&

presented in Table 8, after electrolysis, the recovered

. amountvwés twice that added (i.e. 200%).

~ D. Discusgsion

The levels obtained for reduced cysteine in

urine (Table 6) agree well with those reported by Brig-

. ham et al (30), but are considerably lower than the

normal range of 5.8 X 1077 - 9.0 x iO'S_M obtained with
the DTNB method by Rootwelt (43). ?he total pysteine

- levels in Table 6,)however; are in good agreement with

the normal range réported by3ﬁootwelt (43), who meas-
RN
ured total cysteine after reduction of cystine with

Thiolated Sephadex. The sum of cysteine and cystine

A
1]
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measured chromatographically by Brigham et al (30), on

the other hand i8 considerably lower than the total

cysteine .levels presented in Table 6. It ha@ been shown

that acid hydrolysates of urine give considerably higher
cystine levels than nonhydrolyzed urine (189) due to the
presence of conaugated cystine. In the ‘above procedure,
partial hydroly!'! of the conjugate would be expected as

well as total reductlon of liberated and eonaugatedrcys—

tine during electrolysis. This, in addition to the con-

tributlon from small amounts of mlxed dlsulfldes, may

<
N

explaln the high cystine values as compared to those

'reported by Brigham et al.

The levels obtained for reduced cysteine in plas-
ma (Table 7) lie in a rather narrow concentration range,
which is con iderablj lower than the ranve reported by !
others (30,122, 123), all of whom used 1odoacetate to
make the S-carboxymethjl derivative of cysteine, How-
ever, the %ofal'cysteinevlevels are all hdgher than the

sum of the reported normai cysteine and. cystine levels

“(30,190). The results from the second set of plasma cys-

. teine recovery studies (Table 8) suggest that these dif-

~ ferences result from relatively fast disulfide exchange

: equilibria in the plasma, which affect the results ob-

tained by methods which employ Sécarboxymethyl'or'other
S-me thyl cysteine derivatives.(see later).

Table 7 also shows the concentrations of total
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plasma homocysteine. These concentratidns are several
‘times higher than would be expected if homocysteine were
presenf primarily“in-the stteine-hom?cysteine mixed QE:/)
sulfide form (20). Unless some unidentified sulfhydryl-
contéining molecule interferes with the above homoc&a-
‘teine determination,vthe}difference must be accounted
for by the'ﬁresence'qf homoﬁyéﬁine.

Taken fogether, the ‘'results of the various
plasma recovery studies. indicate that the added cys-
teine is not lost by oxidation due to the presenbe of
»oxygen. If so, the recovery after electrolysis would be ﬁ;;
100% rather than the 200% observed Instead, they are
consistent with a rather fast dlsulfidé'exchange equi~-
‘librium between cysteiné (CSH), cystine (CSSC), protein-
sulfhydryl groups (PrSH),.and ﬁréfein-cysteiné mixed.
disulfides (Prssc) as represented by Equation 20.

' CSH + PrSSC ==——= CSSC + PrSH (20)

Evidénce for protein-cysteire mixed disulfides_in

plas@a was first obsegved by King (19J5;and/a normal
concentration of about 300 micromolar has béen_indi-
cated (19:2,).' "The serum protein sulfhydryl content of
normal persohs’is quite sfable, and rarely fluctuates
below the 400-600 mlcromolar range (193). Usln§ these

values and the meaaured concentrations of cystelne and
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cystine, an equilibrium constant as defined by Equa-
tion 21

_[csscj[Prsﬁ]

[csH][Prssc] (21)

was estimated for the above reaction. As can be seen
from Table 8, the calculated values for K from results
oepained.with and without the eddftion of cysteine are
approximately the same, which indicates that the disul-
fide excbange'eqﬁilibriﬁm is gstaﬁlished within the
time ecale.of these expefiments (approximatelyl16 min.).
The presence of a rather fast equilibrium between serum
albumin and thiols or disulfides has also been observed
by others (194,195).
In those methods which use excess 1odoacetate to

make the S-carboxymethyl derlvatlve of cystelne, the
protein-SH groups are also converted into the S-carboxy-
methyl derivative form. Dependihg on the rate constants
for the reactiOn between 1odoacetate and cystelne and
for the reaction between iodoacetate and the protein-SH
groups, the ‘equilibrium represented by quation’20 will
shift to thebleft 0T to the right during derivatization.
Since the methods employing the’ S-carboxymethyl deriva-
tlve of cystelne give high results for cysteine and low

results for cystine when compared with the results
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obtained by the HPLC method wlth electrocheﬁléél detec- %
tlgnévit_appears that iodoacetate reacts faster with
cjsteine than with the protein-SH groups. Thié‘causes ,
the equilibrium rqpreéentedjby Equation 20 to shift to
the left resulting in a production of more cysteine
‘which gives high ‘values for cysteine apd low values for
cystinesln the HPLC method with electrochemical detec- .
tion, the position of the equilibrium is frqzen‘upon
acidification of the plasma. These considerations
suggest that the results in Table 7 more nearly répre- <
sent normal plasma cystelne and cystine levels than do
the currently accepted values (30 122 123, 190). |
The descrlbed HPLC methods are fast and sensi-

“tive, and both the reduced and total é}b eine levels

and %he total homoc&steine‘}evel can be det iﬁed.
Since the thiols are the only components, apart from
‘chloride, of plasma and urine whlch are electrodcti
at the applied potential of +0.1 V vs. SCE, this re-
duces cohsidefably the requirehenfs and%ihe'time of the
chromatographic step as compared to amino acid'analyzer

procedures‘using hinhydrin detection,



CHAPTER VIII

DETERMINATION OF. CYSTEINE AND GLUTA&HIONE IN SOME

FRUITS \

A. Introduction

N

The main nonprofein thiols in plants are cys-
teipe and glutathione. Exceptibns include the mung
bean, which contains hoﬂogiutathione (196). Nonbrotein
thiols "are thought to be involved in various aspects of
plant physiology, ihcluding,shch brocesses as proto-~
plasmic streaming (197); electron transport and phos-
~ phorylation during photoaynthesis (198), cell division
(199), and keeping asconblc a01d in its reduced form
(80). They also are thought to ‘be involved in frost
hardiness (200,201), and it has been demonstrated that
‘thiol compounds and thiol reagents can fegulate the
ripening of Bartlett pears (202). Knowledge about these
processes at‘the molécular level, which at pfesent ig
limited, reQuires'selective and sensitive methods of
analysis. There are few reporfé in the literature on
the determination of non?fotein*thiols in fruits and
‘vegetables.‘ N y

In this chapter, the approach of liquid ‘chroma-
tography with selective electrochemical detection to
determine the concentrations of cysfeine and gluté»_
thione in some fruits is described. Since the technique

is applicable to thiols in general, it should be easily
: .. ,

. 161
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extendable to the determlnationAof oyateinp and other
SR
"thiol. compounds in plant proteinmhyarblysates and other

food pro%hgi , ( T w ,
B. Chromatogggghic ;%ﬁg%{fS%UKW_ﬁ | f;;u‘i S
A O. 5% H,PO, solution was ﬁéed aB e;uggt“ SgP:-nw;é N
~ration of cysteine and glutathlone was performed qp the {‘fawu_%
0.2 X 50-cm Zipax SCX strong catlon-exchange oolumnp A@H LV

LA
i

flow rate of 0.5 mL/min. was used, and the electro-ﬁ

ﬁt

chem1ca1 detector was operated at +0,T v V8. SCE. Und%

. these conditions, the capacity factor for glutathlone'
was 0,9 and for cysteine 1.8.

C. Results

Figure 35 shows a typical chromatogram obtained
for juice from a ripe tomato treated as deégribed'at
thé end of Chapter II. The unretained peak at about

°

1.5 mih;,after sample’injection is due to double layer
capaciﬁance effécts combined with detector respOnset%o
chloriée in the sample. The peaks at ca. 3 min. and:4.5
min. are due to glutathione and,cysteihe,”reSpectively.
The total elution time is'aﬁout 6 min. The limits of
detection for the described conditions are ca.

=6 1 for glutathione and ca. 3 x 10"® M for cys-

2 x 10
teine. The levels of glutathione and cysteine in .
various fruits investigated are listed in Table 9.

~Standard mixtures of glutathione and cysteine were
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Figure 35. ~ Representative chromatogram obtained from
Jjuice frém,a riﬁe tomato. Peak heights
cortespond to 6.8 x 1072 M glutathione

“and 4.6 x 1072 M cysteine.
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TABLE 9

’

b

in the Julce of Varlous Frults

\

\

N\,

b

a) The concenfrations

cate analyseo with average relative standard
~deviations of i 4,0%.

b) 10?¢x moles/L.

Sample. . [osu]® [csH]
- . '\\»;

‘Tomato 1 ‘ 16,5 171
Tomato 2 \ 6.6 10,6

Tomgto 3 - X 13.6 9.2

B x - . - LN

- -Tomato juice (Libby’s) |’ 2.2 2.1

Orange 1 : 11.6 0.9

. Orange 2 7.6 0.8

Green .grapes 18.5 0.9
Lemorn ' \ 1.7 V 9.3 .

Kiwi-fruit -~ 22.5 1.7

Cantaloupe 6.9 0.4

given are the result of repli-

3
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"~ D. Discussion
. t -

- Iy
o

prepared-ih 1% H3P04 and:calibratiom curves wefe pre-
pared in terms of the height of the chromatographlc
peak vs. thiol concentratlon.

The stability of d&stelne and glutathlone to

oxidation in some of - th@ Julces was also Btudied. The

“julces were left exposeX\to the a1r at room temperature

for varylng perlods of time before acidification with
H3PO4 Typical results are presented in Tabie\10 In

the juice from the tomatoes, glutathlone appears to be
oxidized faster than cystelne, which is surprlslng in

v1ew of the report that’glutathlone is the more stable

towards oxldatlon (203). In general it is to be ex-

)
pected that the stablllty of the tﬁéolqﬁfllf depend on

the pH of the Juice, and as discussed fh Chapter 17T,
Sectlon D, once the sample is a01d1f1ed both cysgglne\

.and glutathlone are stable on the  time scale of these :

+

. determinatlons.

The descrlbed "HPLC method 1s fast and sen51t1ve,

Pl

%?nd‘ylth thls %ethod both the cystelne anﬂgglut%thlone
By :.q‘h« ® 55‘
levels canmbe determined simultaneously. Since the

-3

thiol compounds are the only components of fruit which
are electroactive at the applied potential of +0.1 V
vs. SCE,' the only requirement of the chromatographic
step 1s that it separate cysteine from glutathlone. To
test. for potentlal interference from ascorblc 801d a

A

T

‘-

A
£
r
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TABLE 10 |

W

Stability of Cysteine (CSH) and Glutathione §GS§)‘in

"Fruit Juices to Oxidation.

-

Tomato Juice

Orange Juice

‘Time® [6sH] ® [csH] P [GsH] P [csH] P,
w0 16.5 17;{ 5 | 116 0.9
4 nr 16.9 16.3 11.8 0.9
T 1oar 14.2 16.4 11,4 0.9
12 hr | 11.9‘

@

18.0

a) The length of time the fruit juice was exposed

to air before acidification.

b) 105”1 mples/L.

b
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1.0 x 107% M solutiom of this vitamin was injected'ont%‘

the column, ThlB gave no response apart from the unre-

Vd

- The present study focused on the development®of

tained peak at about 1, 5 min, _
a method for the determination of the reduced forms»of
cysteine and glutathione. With aﬁpre-electrolysis of B
the sample at a mercury pool electrode as destrléed in ‘Jtt
the previous chapters for blood and urin® analyses, 1t<'
should be possible to determlne the totals of the cys- '
teine and ' of the glutathlone in the reduced and the
nonproteln disulflde forms by this method.

Other methods which have been used for the de-

termination;of the nonprotein thiol content of fruits

and otner plant materials include an argentimetric-"

perometric tltratlon (200 204, 205), polarography

.....

=paper chromatography (208) In comparison
to the HPLC method the titration, polarographi¢, and
.%olorlmetric methods provide only the total non roteln
thiol” content The filter paper chromatography method
‘1s selective but considerably more involved Jansen and
Jang (207) achieved selectlvity by an elaborate pro-
cedure which required some 60 liters of Julce.v

It is of interest that, ef the various fruits .

investigated, only the tomatoes contained a significant
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' L)
amount of cysteine. This result is in disagreement with
the results of Zuman (80) who concluded from polarogra-
. phic measurements that his tomato'samﬁles‘éontained only
glutathione. It may be that the different kinds of to-
matoes studled contain different relative amounts of
cystelne ggd glutathione. The two oranges tested con-
tained less glutathione and cysteine than found by
Miller and Rocklard (208).‘Aga;n,‘this may be due to
different Qarietieé,or to the oxidation of thiol during
: storage‘of the oragges. The highesf glutathione concen-
tratiqns were found in,kiwi-fruit'and green grapes,

whereas the lowest level'appeared in the lemon.

S
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