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configuration would lead to a correspondingly
larger decrease in the stability of the naphthylazo
compounds. The two dyes which contain an
amino group in ortho position to the azo group
again show a double band spectrum, probably as a
result of the two possible paths of resonance, as
cdescribed above. These compounds also show some
phototropism (although their rate of reversal is
also high), indicating that the hydrogen bond which
is possible between the amino group and the azo
nitrogen in these compounds is not as strong as
that in dyes of Type IITand V. The normal batho-
chromic effect of a methyl group is not discernible
from the spectra of these two compounds.

The spectra of the four azo dyes derived from
B-naphthol (Type V) are not affected by irradi-
ation of this type, probably because of the exist-
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ence of a strong hydrogen bond in these molecules,
similar to that shown in Fig. 8. The strong dis-
placement of the main absorption band toward
longer wave lengths and the absence of a second
band in the spectra of these compounds is consistent
with this structure, since the formation of an ad-
ditional chelate ring would be expected to cause a
large bathochromic shift?* and to provide a single
preferred path for the resonance in the molecule.
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The polarography of glutathione in the reduced (GSH) and oxidized form (GSSG) has been studied. Reduced glutathione
gives two anodic waves at the dropping mercury electrode. The normal wave is well defined and corresponds to the forma-
tion of a mercurous compound {GSHg). The current-voltage curve in the pH region from 1 to 10.5 has been found to obey
the equation for the reaction: Hg 4+ GSH = GSHg 4+ H* 4 e. Normal diffusion currents have been observed with GSH
over the entire pH range investigated. The diffusion coefficient of reduced glutathione is calculated to be 5.6 X 10~% and
1.7 X 107 %cm.2sec. "t at pH 1 aund 10.82, respectively, at an jonic strength 1 and at 25°. The characteristics of the second
wave greatly depend upon tle jonic strength of the medium. At an ionic strength of 1 it is fairly well defined and its height
is of the same order of magnitude as that of the normal wave. It is suggested that the second wave corresponds to the
formation of GSHg(II). Oxidized glutathione gives well defined reduction waves. Surface active substances like gelatin
or thymol at low concentrations hardly affect the GSSG wave. Larger concentrations of thymol shift the waves to more
negative potentials, This is accounted for by the electro-capillary behavior of thymol and GSSG. GSH is more capillary
active at the dropping electrode than GSSG. The characteristics of the GSSG waves in the presence and absence of an excess
of GSH are accounted for quantitatively by the sequence of reactions: (14) + (15) = (12) in which reaction (14) is the rate
and potential determining step and equation (12) is the over-all reaction. The diffusion coefficient of oxidized glutathione at

ionic strength 1 and pH 10.3 is caleulated to be 4.5 X 1078 cm.? sec. 7' at 25°.

A polarographic study of glutathione in the
reduced (denoted as GSH) and oxidized form (de-
noted as GSSG) is described in this paper. The
results are compared with those obtained with the
amino acids cysteine and cystine.!?

Catalytic polarographic waves obtained with
glutathione have been described by Brdicka.?
NMore recently Reiser,* Coulson, et al.,’ and Tachi,
et al.,® reported on diffusion-controlled current—
voltage curves of glutathione.

Materials. —Glutathione in the reduced state was a
Pfanstiehl product. The purity of this product was 99%
us determined by titration witll cupric copper.” Stock
solutions 0.01 and 0.1 3/ in GSH were prepared in air-free wa-
ter. Only freshly prepared stock solutions were used. A 1072
A\ stock solution of oxidized glutathione (GSSG) was pre-
pared by passing purified air through a 2 X 10~% M GSH
solution in an ammonia buffer (0.1 3 in NHyCl, 0.1 M in
N11,) whicli contained a trace of copper (2 X 1077 M) asa

i11 1. M, Kolthoff and C. Barnum, THis JourNAaL, 62, 3061 (1940).

i2y I. M. Kolthoff and C. Barnum, ibid., 68, 520 (1941).

i3y R. Brdicka, Collection Czechosloy. Chem. Communs.,
(14335, .

(4) R. G. Reiser, Uuniv, Pittsburg Bull,, 40, 220 (1944).

5, D. M. Coulson, W, R. Crowell and S. L. Friess, A nal. Chem., 22,
525 (19350).

{6) 1. Tachi and 8. Koide, International Polarographic Congress in
Prague 1, p. 386G (1051).

t M. Kolthoff and W Stricks, Anal. Chem., 28, Y63 (19511,

5, 148

catalyst. The progress of the oxidation was followed po-
larographically. The air bubbling was continued until the
GSH wave had disappeared. Toward the end of the reac-
tion ammonia was driven out from the solution with air.
The solution, which was stored in a refrigerator, was found to
be stable for several months. Cysteine which was used in
the form1 of its hydrochloride was a Pfanstiehl product,
Cystine, C.p., was from Merck and Co., Inc. Stock solu-
tions of cysteine and cystine were prepared in the same way
as described in a previous paper.® All the otlier chemicals
used were commercial C.p. reagent grade products.

Experimental Methods

Current-voltage curves were measured at 25.0 = 0.1°
with the manual apparatus and circuit described by Lingane
and Kolthoff® and automatically with a Heyrovsky self-
recording polarograph. All potentials were nleasured
against the saturated calomel electrode (S.C.E.). Oxygen
was removed from the solution in the cell with a stream of
oxygen-free nitrogen which was purified by bubbling through
vanadous sulfate.’ During an experiment an atmosphere
of nitrogen was maintained over the solution. Corrections
were made for the residual current.

The characteristics of the capillary used were: m = 1.56
mg. sec.”1, £ = 4.82 sec. (open circuit); m¥u'/s = 1.748
mg.%isec.”/2; h = 80 cm.

The pH was measured with a Beckman pH meter, Labora-
tory Model G. A glass electrode made of the usual 015
type electrode glass was used for solutions with pH below

(8) I. M. Kolthoff and W. Stricks, THIs JoUurNaL, T2, 1952 (1950),
(9) J. J. Lingane and I. M. Kolthoff, ibid., 61, 825 (1939).
(10} 1.. Meites and T. Meites, Anal. Chem., 30, 084 {1048),
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monia buffers the half-wave potential is
found to be more negative than that

4 observed in phosphate or borate buffers
T == of the same pH and ionic strength. In

MICRO AMPERES,

0.1 VOLT
-————

the latter two buffers as well as in dilute
perchloric acid solutions reversible waves
were obtained at glutathione concentra-
tions of 103 A or less. At higher GSH
concentrations the wave exhibits a flat
maximum in borate, phosphate, am-
monia or acetate buffers but has a nor-
mal appearance in dilute perchloric acid
solutions.

Surface active substances like gelatin
(0.005%) or thymol (saturated) have no
effect on the shape of the anodic wave
at various pH. Reduced glutathione
markedly reduces the surface tension
of mercury asis evident from the electro-
capillary curves (drop time against ap-

E {(VOLT),

Fig. 1.—Polarograms of 1078 M GSH in various buffers (s 1): (1)

phosphate, NaNO;, pH 10.82; (2) borate, NaNO;, pH 6.93;
NaNO;, pH 5.13; (4) phosphate, NaNOQs, pH 5.22.

9.5 while measurements were made with the Beckman
“‘General Purpose’’ glass electrode at pH above 9.5.

The ionic strength of the supporting electrolyte was ad-
justed by the addition of appropriate quantities of sodium
nitrate or potassium chloride.

Results and Discussion

1. Reduced Glutathione (GSH)—Some 50
polarograms were taken with solutions of various
concentrations in glutathione in buffers from pH 1
to 10.5. For the sake of brevity the results are
not tabulated but in connection with the discussion
essential data are presented in the form of graphs.

All GSH solutions gave a well-defined anodic
wave and another relatively poorly defined second
wave (see curve 4, Fig. 1) at potentials more posi-
tive than that where the normal diffusion current
of GSH was observed. The shape of these waves
was found to be affected by pH, nature of the
buffer, and concentration of

plied potential) obtained in an ammonia
buffer of pH 10.3 (u = 1) and in 0.1 M
perchloric acid (1 M in NaNOQO;) (see
Fig. 2), the effect being greater at higher
pH. At pH 10.3 the electrocapillary
maximum is shifted from —0.5 to about —0.65 v.
(GSH is anion) while a shift from —0.6 to about
—0.5v. is found at pH 1.0 (GSH is cation). Fig-
ure 2 illustrates that the electrocapillary curves in
the presence of GSH exhibit a discontinuity on
both the positive and negative side of the half-
wave potential (—0.502 and —0.028 v. at pH 10.3
and 1.0, respectively), indicating that the product
of the anodic reaction (GSHg) as well as GSH are
electrocapillary active. In fact, the electrocapil-
lary curve obtained with a 5 X 10—* A/ (GS).Hg
solution was found to be identical with that of
10—* M GSH (see Fig. 2A).

It is shown below that the diffusion current of the
GSH wave corresponds to a transfer of one electron
permolecule of GSH. The following electrode reac-
tions were considered.

GSH T~ B +e

(8) acetate,

(1)

glutathione. In solutions  *°

with a pH considerably (a)

>
@

5.2 {

5o (8) 1

greater than 9 the normal

>
o

{1 l
4.8

wave becomes drawn out
indicating an irreversihle

>
>
2%

4.6

electrode process (compare
curves 1 and 2 in Fig. 1).
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This was confirmed by anal-
ysis of the waves. A spe-
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seen from a comparison of
the c¢-v curves obtained
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with an acetate and phos-

“
»

36

phate buffer of practically
the same pH (5.13 and 5.22,

3.2

3.4

respectively) and of the
same ionic strength, as illus-
trated in curves 3 and 4 of E
Fig. 1. The analysis indi-

t4 2 o -2 -4
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Fig. 2.—Effect of GSH, (GS);Hg and GSSG on the electrocapillary curve: A, (1) ©
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cates that the electrode supporting electrolyte (0.1 M HCIOs M NaNO;, pH 1); (2) A with 10~% I GSH; (3)

process is irreversible
acetate buffers.

in 3 with 5 X 1074 M (GS),Hg.
In am- 0.9 M KClL pH 10.3); (2) A with 1078 M GSH; (3) B with 5§ X 10~ M GSSG.

B, (1) © Supporting electrolyte (0.1 M NH,C], M NH;,
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2GSH = B + 2¢ (2)
If the electro oxidation is reversible and occurs
according to equation (1) the plot of log (ta — 7)-7
versus the potential should yield a straight line with
a slope of 0.059. If equation (2) represents the
(reversible) reaction a plot of log (14 — 7)%/7 vs.
£ should be a straight line with a slope of 0.0295.

T
)

!
i
) !
.
!

1

|

r.2 4
: |

pt
tid-1)?

IS
LOG

! /I, i :
7 ' :
" ; ‘
-1.2 A/KJ " i . -2.4
- 30 -34 -38 -2
E (VOLT),
Fig. 3.-—-Anulysis of wave of 107% 3/ GSH ut pH 6.93,
v it A, plot log (ia — #)/i »s. E; B, plot log {(7ua — i)2/1
vs. B

An example of the plots is given in Fig. 3 corre-
sponding to a solution 10-* M in GSH in a borate
buffer of pH 6.93. The plot of log (14 — %)% ws.
I< gave a straight line with a slope of 0.055. This
value is close enough to the theoretical slope of
0.059 to allow the conclusion that equation {1)
represents the electrode reaction. Similar results
were found upon analysis of waves obtained in 10
11 GSH solutions over the pH range between 1
and 9.3. The equation of the wave is given by

E = Ey, — 0059 log (ig — iV/i {3)

This equation holds in perchloric acid solutions,
and in buffers containing phosphate, borate and
amonia at concentrations of ammonia equal to or
smaller than 0.1. The equation is not satisfied
11 acetate buffers and in buffer solutions with a
pH greater than 9.5. Also i1 dilute perchloric acid
solutions the equation does not hold when the
(GSH concentration is equal to or greater than 2
X 107% M. Equation (2) was not Tound to be
satisfied in any of the sclutions tested.

Kolthoff and Barnum! concluded that the anodic
cysteine waves correspond to the formation of
slightly dissociated mercurous cysteinate according
to the equation

RSH 4 Hg > RSHy -+ 11" 4 ¢ 4
P

Apparently a simmilar reaction is involved in the one-
clectron anodic process of glutathione at the
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dropping electrode. If reaction (4) is reversible
the mercury in GSHg should be reversibly reducible
at the dropping mercury electrode.

Experiments with glutathione and mercurous
nitrate indicated that GSHg is not stable and de-
composes in solution with formation of mercury
and (GS),Hg. A borate buffer (pH 6.94) which was
2.5 X 107 M in (GS),Hg and 5 X 10~* M in gluta-
thione was polarographed. The composite wave
obtained with this solution was analyzed and
found to have the same characteristics as the anodic
wave observed in a solution of 10—% J/ GSH alone
in the same buffer. Figure 4 gives the ¢—v curve
of this wave and the plot log (z — (44)a/{¢d)c — )
vs. I, where (14). 1s the anodic and (44). the cathodic
diffusion current. ¢ is taken positive for the

1o d 40 1.0
éaf”
X} : o8
0.6 i ; 0.6
)
0.4 : Z 0.4
i 2
0.2 } ; 0.2 g
‘ b a
0.0 | 00 =
! <
: 02 ‘L n ‘ 0.2 g
- é[ ‘ Lo
0.4 [ | : : 0.4 E
] &A b ;
-o6 | ! - ‘_ ! 0.8
i i
-0.8 | g | | -o.8
1.0 : ! .10
. )] # —Awﬁg i -1.2
12 _—:t‘ -"'\ | J# (B) ‘ ‘y
-1.4 ! ; : H -1.4

-20 -24 -28 -32 -36 ~-40 -44 -48 -52 56

E (VOLT),
Fig. 4.-—c-v curve A, and plot log |i — (in)al/{(dn)e — /]
v . B, of w mixture of 5 X 10! W/ GSH, 2.5 X 10~ A/
(GS)1Hg at pH 6.9, » = 0.2.

cathodic and negative for the anodic current. The
experiment was repeated in 0.1 M perchloric acid,
the solution being 1 A{ in sodium nitrate. The
log plot has the same slope as at pH 6.9. The
cathodic wave obtained in a borate buffer (pH 6.9)
which was 5 X 10—* 1/ in mercuric glutathionate
inn the absence of GSH was also analyzed and
found to have the same characteristics as the com-
posite wave (plot log 7/(44 — %) vs. E was a straight
line of slope 0.051). An experiment carried out
with a solution 5 X 107+ 1/ in (GS),Hg in the pres-
cnee of an excess of mercuric acetate (5 X 10 4
M) in a borate buffer (pH 6.9) did not give consist-
ent results since the diffusion current of both the
excess mercury and the (GS).Hg were found to de-
crease on standing. A detailed study of the re-
actions of glutathione with mercury and other
metals is planned.

The results of these studies allow the conclusion
that GSH is not being oxidized to GSSG at the
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dropping electrode but that it depolarizes the -6

mercury with formation of (unstable) GSHg,
The reduction wave of (GS).Hg corresponds
to the reduction of a univalent cation. Ap-
parently the following reaction is very rapid

(GS)Hg + Hg = 2 GSHg (5)

the GSHg being the compound which is re-
duced. In this connection it may be men-
tioned that the reaction between mercuric
chloride and mercury has been found to be
very rapid at the dropping electrode.!!

The equation of the anodic wave corre-
sponding to reaction (4) is

E = E° 4+ RT/nFIn [GSHg]° [H*]°/[GSH]* (6)

where E is the potential of the electrode, E°
the standard potential of reaction (4) and
the expressions in the brackets are concen-
trations (activity coefficients are neglected)
of the reacting substances at the surface of
the electrode. Considering that the sulfhy-
dryl group in GSH is a weak acid with an
ionization constant K it is easily derived
from the previous discussion that E at 25°
is given by

E = E° + 0.059 log k/k;, + 0.050 log { [H*] +

K} — 0.059 log (ig — )/i (7)

POLAROGRAPHY OF GLUTATHIONE
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Fig. 5—Half-wave potentials of GSH and cysteine (RSH) vs. pH:
GSH, u 1: A, HCIQO,~-NaNOQ;; ~0O«, acetate; ©, phosphate; 3, am-
monia; X, borate, x0.15and 0.2: ®,borate. RSH, u1: -({3 -, phos-

phate; A, 0.1 M NaOH; -@i-, ammonia, s 0.1 to 1.0; . 0.1 Jf

NHyNO;.

where & and % are constants which are pro-
portional to the square roots of the diffusion co-
efficients of glutathione and the mercury gluta-
thione compound (GSHg), respectively. In equa-
tion (7) [H*] is written instead of [H*]°, since we
consider buffered solutions only.

The half-wave potential is expressed by

Eipy = E' + 0.059 log {[H*] + K} (8)

where the constant E’ is equal to E° 4 0.059 log
k/k1 at 25°.

The half-wave potentials which were taken from
" the plots log (¢ — %)/ versus the potential are
plotted versus pH in Fig. 5.

By extrapolation of the GSH-curve of Fig. 5
the value of E’ which corresponds to the half-
wave potential at “pH 0" is found to be 40.033 v.
v5.S5.C.E.

The experimental data agree well with equation
(8). pKi (K of the sulfhydryl group) of gluta-
thione is 9.12.!2  Thus K} becomes negligibly small
as compared to the hydrogen ion concentration at a
pH less than 8. In acid region the plot is a straight
line with a slope of 0.058 as compared to the
theoretical value of 0.39 at 23° (eq. 8). At a pH
greater than 9.5 the hydrogen ion concentration
becomes negligibly small as compared to K} and
the half-wave potential becomes practically con-
stant and independent of pH (see Fig. 5). Be-
tween pH 7.6 and 9.2 the line is curved as is theo-
retically to be expected. The data plotted on Fig. 5
also show the specific buffer effect. In acetate
and ammonia buffers values of Ei, deviate from
those on the drawn line.

With cysteine (RSH) in ammonia and phosphate

(11) I. M. Kolthoff and C, 5, Miller, TH1s Journar, 638, 1405 2732
(1941).

(12) B. J. Cohn and J. T. Edsall, “Proteins, Amino Acids and Pep-
tides,'"" Reinhold Publishing Corp., New York, N. Y., 1043,

buffers of various pH no effect of the kind and con-
centration of the buffer was found. From Fig. 5
it is seen that the plot for cysteine is similar to that
for glutathione. The dissociation (titration) con-
stant pKj of the sulfhydryl ‘group of cysteine is
10.281% as compared to 9.12 of GSH. For this
reason the E.,~pH plot for RSH is a curve between
pH 9.3 and 10.5 and becomes a straight line at
pH greater than 10.5 (Fig. 5). At such a high
pH E.), of cysteine is 0.1 v. more negative than
that of GSH.

The similarity of the plots E./, vs. pH for gluta-
thione and cysteine indicates that only a variation
of the dissociation of the sulfhydryl group deter-
mines the characteristics of the anodic wave of each
of the compounds while the electrode reaction is
independent of the degree of dissociation of other
groups in the molecule.

The diffusion current of reduced glutathione was
found to be proportional to the GSH concentration
in the concentration range between 5 X 10~¢
to 2 X 10—% M over a pH range between 1 and 10.8.
This is made use of in the polarographic determina-
tion of glutathione. Cysteine does not give a truc
diffusion current in the pH raunge between 2 and 9.
For a 10—% M/ GSH solution the diffusion current is
practically constant in the pH region from 1 to 9
and independent of the kind of buffer used. At pH
greater than 9 the diffusion current decreases
slightly.

Diffusion coefficients were calculated for gluta-
thione at pH 1.0 and 10.82 from values of the
diffusion current (2.42 and 2.26 ua, respectively, for
10—% M solutions). Using the Ilkovic equation!?
for the diffusion current

(13) D. lkovie, Collection Czechoslov., Chem. Communs., 6, 408
(1034); J. chim. phys., 85, 129 (1938).
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iqg = 605 nDY/2:Cm?/st"/s (9)
and taking the proper values for ¢ from Fig. 2 the
values for D of reduced glutathione at ionic strength
1 and at 25° are found to be 5.6 X 1075 and 4.7
X 108 cm.?sec.™! at pH 1 and 10.82, respectively.
In borate buffers of pH 7 and of ionic strength 0.2
and 1 the values for D are found to be 5.7 X 10-%
and 5.4 X 107% cm.? sec.”}, respectively. Kolt-
hoff and Barnum! calculated a value for the
diffusion coefficient of cysteine in 0.1 Af perchloric
acid of 7.0 X 10-% cm.? sec.”! at 25°. Consider-
ing the greater molecular weight of the tripeptide
the smaller value of D of GSH as compared to that
of cysteine is reasonable.

In polarogram IV of Fig. 1 a second anodic wave
of GSH is seen which is almost of the same height
as the first (normal) wave. It reaches a limiting
value just before the anodic dissolution of mercury
in the buffer used. Similar “‘abnormal’’ waves were
found in perchloric acid solutions and in phosphate
and borate buffers. In these media at an ionic
strength of 0.15 this wave exhibited a flat maximum
and changed only slightly with the GSH concentra-
tion. For example, in a borate buffer (pH 9.2,
w 0.13) the height of the wave varied from 0.59
to 0.75 wa when the GSH concentration was in-
creased from 0.5 to 1.5 X 10~* M. 1In the above
media at an ionic strength of 1 the second wave was
fairly well defined and did not exhibit a maximum.
Its height was approximately the same as that of
the first wave and roughly proportional to the
GSH concentration. Thus in a phosphate buffer
(pH 5.2) of ionic strength 1 the height of this wave
was found to be 1:.00, 2.31 and 3.45 wa at GSH
concentrations of 5 X 104 10~% and 1.5 X 103
M, respectively. At all pH and GSH concentra-
tions investigated the wave was found to occur at a
potential 0.55 v. more positive than the half-wave
potential of the normal wave.

In amperometric titrations to be reported on in a
subsequent paper it was found that under certain
conditions GSH gives two end-points upon titra-
tion with mercuric mercury, the first one corre-
sponding to (GS),Hg and the second to GSHg(II).
In GSHg(II) the mercury is bound to a carboxyl
and mercaptide group. A possible interpretation
of the second anodic wave is that it occurs by oxida-

MICRO AMPERES.
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Fig. 6.—Reduction waves of 5 X 107* M oxidized gluta-
thione in various buffers: (1) pH 1. 0.1 A HCIO., M
NaNO;, (1A) same as (1) with 0.00259, gelatin; (2) pH
9.2, ammonia buffer, KCl, (2A) same as (2) with 0.0056%
gelatin, (2B) saue as (2) with 0.0087% gelatin; (3) pH 7.0
borate buffer, NaNOs, saturated with thymol.
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tion of GSHg(I) to GSHg(II). Equation (10)
accounts for the normal wave and eq. (11) or
(11a) for the second wave.

HOOCGSH + Hg —»> HOOCGSHg(I) + H* + e~ (10)

HOOCGSHg(I) —> (|;ng(11) + H* +e- (11)
|
coo
HOOCGSH + Hg —> GSHg(II) + 2H* + 2e~ (lla)
\
Cco0

2. Ozxidized Glutathione (GSSG)—Some 100
polarograms were taken with GSSG in various buf-
fers in a pH range between 1 and 10.3. The re-
sults are not tabulated but important data are
presented in the form of graphs.

Polarograms of GSSG in strongly alkaline
medium do not give consistent results since oxi-
dized glutathione decomposes in these sohutions
with formation of GSH. Ina § X 10~* M GSSG
solution which was 0.2 M in potassium hydroxide a
marked decrease in height of the GSSG wave and
an anodic GSH wave were observed on standing.
Eight minutes after addition of alkali about 209
of the GSSG was decomposed by hydrolysis as
determined polarographically. Cystine was found
to be stable under these conditions. These find-
ings are in agreement with Schoberl’s!* statement
that cystine is more stable in alkaline medium than
glutathione.

GSSG gives only one wave (compare GSH)
over the entire pH range investigated. This wave
is steeper and better defined than that of cystine.?
In 5 X 10=* M GSSG solutions a pronounced
maximum occurs at pH 1 (see curve 1, Fig. 6) and
in acetate buffer of pH 5. At pH 7 the maximum
becomes considerably flatter. The height of the
maximum decreases with increasing ionic strength
and temperature. At a pH of 8 the maximum
disappears, but reappears at a higher pH (9.2 to
10.3) at potentials when the diffusion current has
been reached (see curve 2, Fig. 6).

Gelatin at concentrations of 0.00125 to 0.00259,
suppresses the maximumn and has hardly any effect
on the half-wave potential and on the diffusion
current. Increasing amounts of gelatin give rise to
waves which are drawn out, the effect becoming
more pronounced with decreasing pH and ionic
strength. At a gelatin concentration of 0.0087%,
and at a pH of 9.2 a diffusion current region is not
attained (see curve 2B, Fig. 6) even though the
wave starts at the same potential as in the absence
of gelatin. Thymol at concentrations lower than
10—* M suppresses the maximum at pH 9 without
affecting the half-wave potential markedly. Higher
concentrations of thymol shift the wave to more
negative potentials. Thus a 5 X 10—* M GSSG
solution at pH 7 which was 5 X 10— M in thymol
gave a half-wave potential of —0.53 v. which upon
saturation of the solution with thymol was shifted
to —0.95 v. At this high thymol concentration
the wave exhibits a rounded maximum (see curve
3, Fig. 6). It is interesting to note that thymol at
concentrations of 10~* to 1.5 X 10~* A affects the
location of the GSSG wave to a considerably smaller
extent than that of the cystine wave.? This is

(14) A. Sclisber]l, A, 507, 111 (1933); 538, 84 (1939),
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1073 to 5 X 10~* M in GSSG at pH

10.3 to 5.1 in the presence of 0.0025%,
gelatin and at ionic strength 1. At

lower ionic strength (0.35to 0.1) straight

134

lines of slope 0.055 to 0.060 were ob-
tained only in the absence of a maxi-

e ~—
4.4 s W g

mum suppressor. In the presence of
0.0025%, gelatinor 7.5 X 10~° to 10~ M

(4)

thymol GSSG solutions of ionic strength .

0.1 to 0.35 and pH 8.2 to 9.1 gave waves
with plots of log (44 — 7)/7% vs. E consist-

ing of two intersecting straight lines with
slopes 0.055 (at potentials more positive

DROPTIME (SEGONDS),

than the half-wave potential) and 0.086

(at potentials more negative than the
half-wave potential), respectively.

GSSG solutions at pH markedly lower
than 5.1 at ionic strength 1 and in the

presence of 0.00259, gelatin gave drawn-
out waves.

The slope of the plot of log (1a — 7)/22

3.5

vs. potential was found to be unaffected
by the height of the mercury column

-l -2 -3 -4 -5 -8 -7 -8 -9 "0 -u1 -Le

€ (VOLT).

Fig. 7—Effect of oxidized glutathione and of thymol on the electro-
capillary curve in a borate solution (pH 7, x4 1) at 25°: (1) borate solu-
tion (2) with 5 X 10~* M GSSG; (3) with 5§ X 10~* M GSSG, satu-
rated with thymol; (4) borate solution, saturated with thymol.

being made the basis of an analysis of mixtures of
cystine and oxidized glutathione.

From electrocapillary curves given in Fig. 7 it is
seen that GSSG is capillary active at the mercury-
solution interface. At pH 7 it displaces the electro-
capillary maximum to more negative potentials.
Saturation of the GSSG-free buffer with thymol
gives a curve with a flat drawn-out top without
distinct maximum. At —1.1 volts curves 1 and 4
coincide. At this potential thymol is desorbed.
In a solution saturated with thymol the GSSG
wave starts approximately at the potential where
thymol is being desorbed (—1.0 v. see curve 3,
Fig. 7). Comparison of Figs. 2 and 7 reveals that
GSH is much more capillary active at the mercury-
solution interface than is GSSG.

The over-all reduction of GSSG at the dropping
mercury electrode may be represented by an equa-
tion similar to that of cystine?

GSSG + 2¢ + 2H* —> 2 GSH (12)

If this electrode reaction were reversible the
potential at any point of the reduction wave at 25°
should be expressed by

E = E' + 0059 log {[H*] + K} +
0.0295 log (iq — 4)/i® (13)

where the constant E’ is equal to E° — 0.0295
log k/k1%. E° is the standard potential of reaction
(12) and K is the titration constant (Ki) of the
sulfhydryl group in GSH. Thus when E is plotted
versus log (ta — 1)/1% a straight line with a slope of
0.0295 should be obtained. An example of a plot
of log (4a — ©)/7% vs. E in an ammonia buffer is
given in Fig. 8 This plot is a straight line with
slope 0.058 instead of the expected value of 0.0295.
The same result was found in solutions which were

L3 L4 IS

(30 to 100 cm.) and by an increase in
temperature from 25 to 50°.

Ryklan and Schmidt¥ found that
iodide ion catalyzes the establishment
of the equilibrium between the oxidized
and reduced forms of glutathione. A so-
lution which was 5 X 10—* M in GSSG
and 0.2 M in potassium iodide at pH 8.9 (borax
buffer, ¢ 0.35) in the presence of 10~* A/ thymol

(A)
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a
\
\
[:

‘c\o\ \A
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'

-5¢ 58 -80 -62 -84 <66 <-68 -70 -72 -74 -7
E (vOLT),
Fig. 8.—Plots of (A), log (49 — 7)/42 and (B), log (44 — 1)/1
versus potential of 5 X 10-¢ M GSSG in M NH; 0.1 M
NHC], 0.9 M KCl, 0.00259%, gelatin; pH 10.34.

(15) L. R. Ryklan and L. A. Schmidt, Univ. Calif. Publ. Physiol., 8,
257 (1949).
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gave a drawn-out wave with a half-wave potential
of —0.664 v. which was 32 millivolts more negative
than that of a solution containing 0.2 A/ KCl
instead of 0.2 M KI. Apparently the mechanism
of the reduction of GSSG is very complicated in
the presence of iodide. !

Half-wave potentials of GSSG are plotted as
functions of pH and log 14/2, respectively, in Fig. 9.
. At pH equal to and lower than 8 the plot E,
zs. pH is a straight line of slope 0.060 and is curved
at higher pH as required by equation (13). In
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action. On this basis the equation of the wave at
25° is given by
E = E; 4+ 0.05%9 log [GSSG|°[H*]°/[Gs' |°[GSH]® (14A)
where E, is the standard potential of reaction (14).
In the usual way!® it can be derived that [GSSG]°
is proportional to (44 — 4) while [GS']° and [GSH]°
are proportional to 2. Thus it is found that
E=E' 40059 log {[H*] + K} +
0.059 log (ia — 7)/i% (16)

where £” is a constant.

The half-wave potential at 25° is deter-

mined by

Ey, = E" 4+ 0.059 log | [H™] +

-0¢

K} —0.059 log 14/2 (17)

E” which corresponds to the half-wave
potential at “pH 0 is derived from curve

O ="

]
o
o

A of Fig. 9 to be equal to 0.119-0.059 log
124/2. For a GSSG concentration of 35
X 10~ M (14 2.26 pa.) E” is found to be

€, (VOLT),

\,\

+0.116 v. v5s. S.C.E.
Equations (16) and (17) are in agreement
with the experimental results. From equa-

1

03 | i

tion (14) it is evident that GSH should
i affect the characteristics of the GSSG-re-
J duction wave. If the concentration of the

I
3 L3 5 6 7 8 ]
P H.

Fig. 9.—Half-wave potential of oxidized glutathione vs. pH and vs.
log i4/2 at 25°: A, Eysves. pH(5 X 107¢* M GSSG); B, Ei/2vs. logid/2
at pH 8.3, X, acetate: ©, ammonia; A, phosphate; O, borate.

contrast to reduced glutathione no specific buffer
effects are observed with GSSG.

The variation of £, with the height of the mer-
cury column which might be appreciable if adsorp-
tion phenomena affect the characteristics of the
wave!” was found to be negligibly small in a 5 X
10—+ M GSSG solution at pH 8.36 (ammonia buffer,
w 1). Thus at mercury heights of 30, 80, and 100
can. the half-wave potentials were found to be
—0.589, —0.597 and —0.397 v., respectively.

According to equation (13) the plot Ei, vs. log
tq- 2 would be a straight line with a slope of 0.0295.
At GSSG concentrations varying from 10~* to 10~
M at constant pH a straight line with slope 0.060
was found. An example of a plot of Fis, vs. log
ia 2 at pH 8.3 is given in Fig. 9.

From the above it appears that the slopes of the
plots log (ia — 1)/i? vs. E as well as those of E./, vs.
log 14/2 are twice as great as required by equation
(13). Our results indicate that the potential deter-
mining step involves a reversible reaction with a one-
clectron transfer. The following mechanism ac-
counts for the observed effects.

(SSG + ¢ + H- == GS + GSH
Gs 4 e 4+ H* —> GSH

(14)
(15)
OS8G 4+ 2¢ + 2H Y (___’ 2 GSH (12}

It is reasonable to assume that reaction (14
which involves the cleavage of the disulfide bond
is the rate-determining step of the electrode re-

168y T. ¥. Laviue, /. Biol. Chenc, 118, 583 (10361
ibid., 128, 27 11937-1938).

1Ty 1 Rata, Coflertion Carcmslyr, Chem. Comomys., 160 1 11951,

(5. ‘Toepnies,

reduced glutathione is made sufficiently
large such that the concentration of GSH
at the interface of the drop can be assumed
to be the same as that in the bulk of the
solution equation (16) becomes

E =E"+0059log [[H*] + K} +
0.059 log (ig — 1)/1 — 0.059 log Cosu (18)

where Cgsu is the molar concentration of reduced
glutathione added. The half-wave potential in the
presence of an excess of GSH should be given by

Eiy=E"4+0.0591og {[H*] + K} —0.059log Cusn (19)

In the presence of sufficient GSH the plot log
(ta — 1)/i vs. E should be a straight line with slope
of 0.059 and the half-wave potential should change
by 0.059 v. to a more negative value as the GSH
concentration is increased 10-fold. Also, the hali-
wave potential must be independent of the GSSG
concentration in the presence of excess of GSH.

Experimentally these postulates were found to be
correct. Solutions of 5 X 10—* M GSSG in an
ammonia buffer at pH 10.34 have been polaro-
graphed in the absence and presence of 1.6 X 102
M GSH. GSH at this high concentration sup-
presses the maximum of the GSSG wave and there-
fore gelatin was not added. The two plots of log
(¢ — 1)/7° and log (i¢ — 1}74 vs. I, respectively,
are given in Figs. 8 and 10. A comparison of
these figures indicates clearly that the plot of log
(4 — 1)/i vs. E is a curve in the absence of GSH
but a straight line with slope of 0.060 in the pres-
ence of GSH. On the other hand the plot of log
{({a = 1)/%% vs. E is a straight line with slope of 0.05%
in the absence of GSH but curved in the presence
of GSH. A set of data obtained with a 5 X 10~
M GSSG solution of pH 10.35 and in the presence of
GSH at concentrations varying from 10-% to 4

10

(18 1. M. Kolthoff und J. J. Lingane, “Polarography,' Interscience
Publishers, Inc., New York, N, Y., 1046
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Fig. 10—Plots of (A), log (ia — )/4% aud (B), log (44
— 4)/i versus potential of 5 X 107%* M GSSG in 1.6 X
10-2 M GSH, M NH;, 0.1 3/ NH,C1,0.9 M KCl, pH 10.35.

X 10~% M are presented graphically in Fig. 11
which gives a plot of log Cosu vs. Ev,. It is seen
that up to a GSH concentration of 1.6 X 10~*
M the plot is a straight line with slope of 0.059.
At higher concentrations of GSH (3 X 10-2 M
and higher) the half-wave potential of GSSG does
not change any more with the GSH concentration
but assumes a constant value of —0.79 v. This
may be accounted for by the fact that the strongly
capillary active GSH at higher concentrations
displaces the GSSG wave to more negative poten-
tials comparable to the effect of thymol. At a
potential of —0.79 v. the GSH is desorbed (see
Fig. 2). Experiments which were carried out with
varying GSSG concentrations (2 to 7.3 X 10~*
M) but at the same concentration of GSH (1.6
X 10—2 M) confirm that the half-wave potential
(—0.763 v. at pH 10.35) of GSSG is independent of
the GSSG concentration in the presence of an ex-
cess of GSH as required by equation (19). A com-
parison of experiments with 5 X 10=* M GSSG
at pH 8.2 and 10.34, respectively, in the absence of
GSH with the corresponding experiments in the
presence of 1.6 X 10~% J/ GSH shows that the shift
of the half-wave potential of GSSG with pH (0.065
v. in the absence and 0.063 v. in the presence of
GSH) is practically the same in the absence and
presence of reduced glutathione. Zi/, and 4 of re-
duced glutathione at a concentration of 102 M is
not affected by the presence of 5 X 10~* M/ GSSG in
an ammonia buffer at pH 10.3 and ionic strength 1.

From experiments with a 5 X 10~* M GSSG
solution at pH 7 which were carried out at varying
temperatures it is interesting to note that an in-
crease in temperature from 25 to 50° causes a shift
of Eis, by 31 millivolts to a more positive potential.

L

-68 -0 -2 74 -76 -78 -£0 .
E4+ (vouT).
Fig. 11.—5 X 10~* M GSSG in the presence of an excess
of GSH at pH 10.3 (ammonia buffer); plot of Ej; vs. log
Casx.

Apparently the ease of breaking the disulfide bond
of GSSG increases with increasing temperature.

The diffusion current of GSSG hardly changes
with pH. The presence of reduced glutathione at
concentrations of 10~% to 4 X 102 M was found
to have no effect on the diffusion current of GSSG.
The diffusion currents measured with solutions
10~% to 10—% M in GSSG were found to be propor-
tional to the concentration. Experiments carried
out in an ammonia buffer at pH 836 and at a
GSSG concentration of 5 X 10—* M with heights
(h) of the mercury column varying from 30 to 100
cm, gave 4/ h-values of 0.24 to 0.25 after correc-
tion for back pressure. The wave can thus be
considered to be diffusion controlled. Gelatin at
concentrations not larger than 0.00259%, as well as
thymol (7 X 10—% M) have practically no suppress-
ing effect on the diffusion current. The increase
of the diffusion current with temperature is about
1.539, per degree as measured between 25 and 50°,
a normal value for a diffusion controlled limiting
current.’®* Using the Ilkovic equation the diffusion
coefficient of oxidized glutathione at ionic strength
1 and at pH 10.3 is calculated to be 4.5 X 10~°
cm.* sec.”!, as compared to a diffusion coefficient
of cystine of 5.3 X 107® cm.? sec.~!in 0.1 N hydro-
chloric acid at 25°.2
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