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The rate, stoichiometry, and products for the oxidation of reduced glutathione (GSH) by 2,6- 
dichloroindophenol are dependent in part on the hydrogen-ion concentration and the presence 
of metal ions. In  the absence of added metal ions, the major products of the reaction are the 
mono- and disubstituted S-glutathionyl-2,6-dichlomindophenols. These new dye derivatives 
were separated by chromatographic techniques and characterized by utilization of 14C-labeled 
GSH. The maximum rate of formation of these substituted dye derivatives was observed in 
the p H  range 6-7. Maximal yields of these derivatives were also obtained in this pH range. 
In this process GSH and indophenol react in the molar ratio 1:l. In acid and alkaline p H  
zones there is some suppression of the substitution reaction and a concomitant increase in the 
formation of oxidized glutathione (GSSG) as an end product. However under these condi- 
tions GSSG has not been obtained as a major product. Kinetic studies over a broad p H  range 
indicate a common rate-limiting step resulting in the initial formation of an intermediate, 
GS:dye through nucleophilic attack of the GS- anion on the indophenol component, effecting 
partial transfer of an electron. The mechanism of the competing pathways leading to the 
formation of substituted indophenols and GSSG is considered briefly. Added Cu2+ ions sup- 
press the nucleophilic behavior of the thiol anion with formation of a thiol-copper complex 
which transfers electrons directly to the dye. In this case the stoichiometry is 2 moles GSH 
oxidized per mole dye reduced and, with sufficient Cu2+, GSSG is formed in theoretical yield, 
as revealed by specific enzymatic assay with the enzyme glutathione reductase. 

Investigation of the mechanism of oxidation of 
biologically important thiol compounds has presented 
a difficult experimental problem, and relatively little 
information is available for the pH zone characteristic 
of physiological processes. 

Reactions of thiols with iodine, porphyrexides, and 
reversibly oxidizable dyes such as indophenols occur 
with stoichiometries that vary with pH, concentration 
of reactants, and the presence of heavy metal ions. 
For example, cysteine is oxidized at  pH 4.5 by iodine 
with the stoichiometry 2 moles thiol per 1 mole iodine. 
However, at  pH 7 the ratio may become 1 : 1, a sulfenyl 
iodide of the type R - S I  being formed (Fraenkel- 
Conrat, 1955; Cunningham and Neunke, 19~59).~,' 
In contrast, oxidation of cysteine at  pH 7 by the obligate 
2-electron acceptor, iodosobenzoate ion, yields cystine; 
and GSH3is similarly oxidized. It was likewise observed 
in this laboratory4 that the oxidation of glutathione by 
the stabilized radical (RAD) spirocyclohexylporphy- 
rexide, a compulsory l-electron acceptor, apparently 
yields a n  S-porphyrexide -substituted thiol (type, 

* Supported by grants (CA 00392-17 and CA 03186-07) 
from the National Cancer Institute, National Institutes of 
Health, U. S. Public Health Service. 

t From Part I of the Ph.D. dissertation of Donald S. 
Coffey, Pre-doctoral Fellow of the Johns Hopkins Uni- 
versity. 

1 To whom inquiries regarding this paper should be 
directed. For a preliminary abstract see D. S. Coffey, and 
L. Hellerman, (1963) Fed. Proc. 22, 297. 

1 L. Hellerman and P. J. Geiger (unpublished work), 
working with the enzyme glutamic dehydrogenase, ob- 
served the reversible reduction of such an  intermediate by 
the prompt application of GSH or ascorbic acid. 

2 This is remindful of Raschig's (1915) suggestion of a 
somewhat related intermediate in the oxidation of thio- 
sulfate by iodine (-0IS-SH + 1 2  e -O$-SI + I-). 

3 Abbreviations: DCI, 2,6-dichloroindophenol; GSH, 
reduced glutathione; GSSG, oxidized glutathione; EDTA, 
ethylenediaminetetraacetate. 
4L. Hellerman, K. A. Schellenberg, and P. J. Geiger, 

unpublished work. For a discussion of the electron accep- 
tors, cf. Schellenberg and Hellerman (1959). 

GS: RAD), again reducible with regeneration of the 
thiol. Finally, the ions of copper, iron, nickel, and 
other metals are thought (Barron, 1951) to exhibit more 
or less specific actions with respect to the course and 
rate of thiol oxidations. 

The indophenol dyes have been used often as elec- 
tron acceptors in dehydrogenase reactions and in 
various assay systems for ascorbic acid and thiols. 
Their interaction with glutathione and protein sulfhy- 
dryl groups may involve apparent inconsistencies. For 
example, 2,6-dichloroindophenol (DCI) has been ob- 
served to oxidize cysteine or GSH a t  approximately 
pH 4.5 with formation of a leuco product in a stoichi- 
ometry suggestive of the following reaction: 

2GSH + DCI + G S S - G  + DCI(H)z (1) 

However, Basford and Huennekens (1955) and others 
have studied the oxidation of various thiols by DCI 
at  pH 7. They have observed rapid reduction of the 
dye to a leuco product in a process involving a molar 
ratio of indophenol and thiol of 1 : 1. This fact was 
at  that time interpreted in accordance with the formal- 
ism (2): 

RSH + DCI + H + +  RS+ + DCI(H)z (2) 

with the implication that 2 electrons had been removed 
from the aulfhydryl group resulting in its oxidation to 
the sulfenic acid stage (RS+ or RSOH). In the 
presence of certain metal ions, including Cu2 +, the 
stoichiometry was found to be altered to the molar 
ratio, 2 moles RSH per mole DCI reduced. With 
some thiols such as thiophenol this ratio was obtained 
in the absence of metal. 

Inasmuch as there is no conclusive evidence for the 
sulfenic acid mechanism, and because of theoretical 
objections to this postulation, we undertook an investi- 
gation of the mechanism of this reaction. Such a 
study also promised to offer leads with respect to the 
more general behavior of certain thiols under oxidizing 
conditions. On the basis of such observations as were 
discussed in the opening paragraphs, we postulated that 
an initial step in a one-to-one interaction of an indo- 
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phenol (Ip) and GSH might consist in a one-electron 
transfer resulting in formation of an intermediate. 

GS- + Ip  + (GS:Ip) - 
Subsequent events, especially transfer of GS - for addi- 
tion to a potentially quinoidal dye function to form a 
new GS-substituted reduced product oxidizable to the 
corresponding indophenol, were revealed in this investi- 
gation by means of kinetic, manometric, and especially 
chromatographic procedures. With excess GSH, the 
process may be forced to the ring addition of several 
GS-entities. 

In contrast, the course of reaction is completely 
altered, even in a pH range (6.5-7) most favorable to 
these processes, when cupric ions are added to the 
reaction mixtures. Here the stoichiometry reverts to 
the more familiar oxidation of GSH to G - S S G ,  
the quantitative nature of the action being demon- 
strable by specific enzymatic estimation of G - S S - G  
produced. Recently, Hadler et al. (1963) observed a 
modification in the dye solubility and spectra after 
reduction by cysteine, suggesting an alteration in the 
DCI molecule which implied addition of the cysteine to 
a potentially quinonic ring of the dye. 

EXPERIMENTAL 
Reagents.-Reduced glutathione (Schwarz) and cys- 

teine hydrochloride (Eastman) were assayed with 
o-iodosobenzoic acid (Hellerman et al., 1941). Sodium 
salts of 2,6-dichloroindophenol, 2,6-dibromoindophenol, 
and phenolindophenol (Eastman) were assayed with 
ascorbic acid. All reagents were characterized by 
suitable methods and include L-ascorbic acid, gluta- 
thione-14C reduced, 2.15 pc/mg (Schwarz), oxidized 
glutathione (Schwarz) , glutathione reductase, 200 eu /mg 
(Calbiochem), and reduced TPN (Sigma). Deionized 
glass-redistilled water was used. 

Kinetic Studies.-A typical assay system of 3 ml 
was made up with 1.0 ml of 0.1 M potassium phosphate 
buffer, pH 7 (33 m ~ ) ,  0.15 ml 1 mM indophenol (50 
p ~ ) ,  0.10 ml mM thiol (33.3 p ~ ) ,  and 1.75 ml water. 
Final concentrations are indicated between the paren- 
theses. Water, buffer, and indophenol were mixed 
in a 1-cm cuvet. The reaction was initiated by the 
addition of the electron donor. Absorbancy at 600 
mp was determined at 30-second intervals. 

Sodium acetate buffer was used in the pH range 4.0- 
5.5, and the absorbancy was determined a t  530 mp. 
The effect of metal ions was determined at the final 
metal concentration, 3.3 p ~ .  EDTA was present 
where noted a t  3.3 mM. 

The initial velocity, uo, is defined as pmole indophenol 
reduced ml-1 min-' x lo2, and was calculated from 
the change in absorbancy over the lirst 30 seconds. 

Identification and Separation of Reaction Products 
A 4.0-ml reaction mixture contained 2.0 ml 5 m~ 

thiol solution (2.5 mM) buffered with 0.1 M phosphate, 
p H  7, and 2.0 ml 5 mM indophenol (2.5 mM) in water. 
Final concentrations are indicated between parentheses. 
The reaction proceeded for 30 minutes a t  23" and the 
products were reoxidized by passing oxygen gas through 
the mixture for 1 hour. The reactions were conducted 
at various hydrogen-ion concentrations as noted, but 
treatment with oxygen was always performed at pH 7. 

Paper Chromatography.-The reoxidized reaction 
mixture was chromatographed on paper. The use of 
Whatman No. 1 paper gave excellent separation of 
the reaction products formed in the GSH-dichloroindo- 
phenol reaction. For separation of the reaction 
products from the cysteine-dichloroindophenol reaction, 
DEAE paper (Whatman DE20) was used. A total 

of 0.2 ml was spotted in 10-pl increments. The 
spot was allowed to dry after each application. The 
descending chromatographic technique was used with 
a solvent system 607" acetone-407" water (v/v). 
The solvent front moved approximately 30 cm after 8 
hours at 3'. The chromatograph was dried and the 
reaction products at the visible spots were eluted with 
3.0 ml of 0.5 M phosphate buffer, pH 7. 

Column Chromatography.-50.0 ml of a cellulose 
calcium phosphate gel slurry containing 66 mg of 
powdered cellulose (Whatman) per ml and 10 mg cal- 
cium phosphate per ml were introduced into a 50-ml 
buret, resulting in a packed column 20 mm in length 
(Massey, 1960). The reoxidized reaction mixture 
(2.0 ml) was placed on the column. The column was 
eluted with acetone which was gradient-diluted with 
water. After collection of 4 ml per tube in a series 
of 30 tubes, the eluent was changed to water and an 
additional 15 such partitions were collected. The 
column was then cleared with 0.1 M phosphate buffer 
ofpH 7. 

GSSG Assay.-Residual indophenol in 2.35 ml of 
the reoxidized mixture resulting from reaction of 
GSH and dichloroindophenol was reduced by the 
addition of 0.1 ml of 0.01 M ascorbate and the follow- 
ing additions were made: 0.1 ml of 0.1 M EDTA, 0.05 
ml of 3 mM TPNH, 0.1 ml glutathione reductase (20 
euiml), and 0.30 ml H20. The reaction was initiated 
by the addition of enzyme. The change in absorbancy 
a t  340 mp x 0.206 is equivalent to the pmoles per ml 
of GSSG in the reaction mixture. 

RESULTS 
Kinetics and Stoichiometry.-Some earlier titrimetric 

observations of Basford and Huennekens (1955) on 
the oxidation of glutathione and cysteine by dichloro- 
indophenol were duplicated and confirmed in this 
laboratory with 2,6-dibromoindophenol. The kinetics, 
stoichiometry, and effects of metal ions in the reaction 
of the dibromoindophenol with various reducing agents 
a t  pH 7 are summarized in Table I. 

Basford and Huennekens observed an increase 
in the velocity of the reaction with increasing hydrogen- 
ion concentration for the pH range 6.5-8.5. Tarbell 
(1961) has inferred from their data the rate equation 

h(H +) (RSH) (DCI) d(RSH) 
dt 

- __- = 

where RSH = cysteine and DCI = dichloroindophenol. 
Our observation of the reaction over a wider p H  
range indicates that the effect of hydrogen-ion con- 
centration is more complex than the above expression 
indicates. 

TABLE I 

REACTANTS AT p H  70 
REDUCTION OF 2,6-DIBROMOINDOPHENOL WITH VARIOUS 

Stoichiom- 
Reactant VO etry 

Ascorbic acid 6 . 1  1.00 
GSH 1 . 3  1 .15  
GSSG 0 0 
Cysteine 3 . 2  1.07 
Cysteine; Cu2 + 3 . 8  1.96 
Cysteine; Cu2 +; EDTA 3.0 0 .71  
Cysteine; Fez + 3 . 6  1 . 2 2  

Spectrophotometric assay a t  600 mp. Dibromo- 
indophenol 50 ,UM; reactant 33 p ~ ;  phosphate buffer, p H  7, 
33 p ~ ;  metal ion 3.3 mM; EDTA, 3.3 mM; vo, initial 
velocity, pmoles dibromoindophenol reduced per ml per 
minute x 102 at 23"; stoichiometry, moles of reactant per 
mole of dibromoindophenol reduced. 
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FIG. 1.-Effect of p H  on the kinetics of the interreaction 
of GSH and dichloroindophenol. Each value represents the 
determination of initial velocity in a separate individual 
reaction system containing 0.05 pmole/ml dichloroindo- 
phenol, 33 m M  phosphate buffer, and 33 mM acetate buffer 
adjusted to the p H  noted. The GSH concentration was 
vaned from 0.01 to 0.16 pmolelml. The initial velocity 
represents pmoles of dichloroindophenol reduced per ml per 
minute x 100 and is calculated from the change in absorb- 
ance at 600 mp for pH 7 and 8 and at 530 m r  for p H  4, over 
a 30-second period. The reactions were conducted at 23" in 
a Beckman DU spectrophotometer with a rate-recording 
chart. 

Data presented in Table I1 indicate a pH optimum 
of 6.5 for the velocity of the reaction between gluta- 
thione and also cysteine with dichloroindophenol (cf. 
Hadler et al., 1963). These data were collected with 
systems under anaerobic conditions to prevent the 
autoxidation of the dye. Reoxidation becomes a sig- 
nificant factor in the alkaline range. 

The effect of alteration of the hydrogen-ion con- 
centration upon the apparent stoichiometry of the 
GSH-indophenol reaction is in an opposite direction 
to that observed for the velocity. A 1 : l  molar ratio 
is approximated in the pH range 5.5-6.5; thus as the 
velocity approaches a maximum the ratio approaches 
a minimum. When cysteine is involved the latter 
ratio drifts slowly with time below pH 5.5; a clear end 
point is not obtained. 

The indophenol controls were assayed with ascorbic 
acid at each pH value and it was found that the acid 
instability of the dye was not a major factor for the 
time period over which the reaction was observed. 
Oxidation of ascorbic acid with dichloroindophenol 
did not exhibit a p H  optimum. The velocity of the 
reaction increased with hydrogen-ion concentration 
and became too rapid to evaluate below pH 6.0. 

TABLE I1 

OMETRY IN THE REDUCTION OF DICHLOROINDOPHENOL BY 
GLUTATHIONE OR CYSTEINE= 

EFFECT O F  pH ON THE REACTION VELOCITY AND STOICHI- 

Glutathione Cysteine 
Stoichi- Stoichi- 

DH Uli ometry vu ometry 

8 . 0  0.98 1.60 2 . 3 5  2 . 3 0  
7 .0  1 . 1 2  1 . 2 5  2 . 8 0  1 . 2 5  
6 . 5  1 .75  1.15 3 . 0 8  1 . 0 4  
5 . 5  1 . 6 7  1 . 1 2  2 . 5 5  1 . 0 3  
5 . 0  1 . 1 7  1 . 4 3  2 . 1 0  
4 . 5  0.69 1 . 5 8  1 . 8 0  

a Spectrophotometric assay a t  600 mp. Dichloroindo- 
phenol, 50 p ~ ;  thiol, 33 p ~ ;  acetate or phosphate buffer, 
33 mM; uo, initial velocity, pmoles indophenol reduced per 
ml per minute X 101 a t  23'; apparent stoichiometry, 
moles thiol per mole of dichloroindophenol reduced. 

0 2  i- \ 
I I I I I I 

20 40 60 
VOLUME % ETHANOL 

FIG. 2.-Effect of ethanol on the reaction velocity at pH 7. 
Spectrophotometric assays were conducted at 600 mp on 
individual reaction systems containing dichloroindophenol, 
50 p ~ ;  GSH, 33 p ~ ;  phosphate buffer, p H  7, 33 mM; and 
increasing volume % of ethanol. The initial velocity is 
pmoles of indophenol reduced per ml per minute X 100 
a t  23". 

While the stoichiometry and initial velocity vary 
with pH, kinetics remains &st order with respect to 
the glutathione concentration over the p H  range 4-8 
(Fig. 1). 

Effect of Ethanol.-In order to gage effects of solvent 
polarity we studied briefly the reaction rate in the 
presence of ethanol. A marked decrease in the initial 
reaction velocity was observed as the volume per 
cent ethanol in the reaction mixture was increased 
from zero to 50% (Fig. 2)) and this was not accom- 
panied by a change in the reaction stoichiometry. 

Net Electron Transfer.-Net electron transfer for 
the overall reaction was evaluated by the use of re- 
duced dye itself as an autoxidizable electron acceptor. 
Standard Warburg manometric technique was used. 
Main compartment additions were 1.35 ml of 0.5 M 
phosphate buffer, pH 7; 1.00 ml 5 mM dichloroindo- 
phenol; 0.10 ml catalase (5000 units). The sidearm 
addition was 0.75 ml of 5 mM thiol reagent or ascorbic 
acid. For the controls the main compartment con- 
tained the same reagents and the sidearm contained 
0.75 ml of water. The flasks were equilibrated with 
air at 30'. The system was closed and the reaction 
was initiated by tipping the reductant from the side- 
arm into the main compartment. The oxygen uptake 
was recorded at intervals for a 3-hour period, complete 
stability being approached for all flasks. The calcula- 
tion of the oxygen consumed permits determination 
of the net electron exchange for the reaction. 

A reaction type implying oxidation of RSH to the 
sulfenic acid stage would involve a net 2-electron 
transfer per mole of thiol, whereas oxidation to the 
disulfide would provide 1 electron per mole of thiol 

TABLE I11 
OXYGEN CONSUMPTION AND NET ELECTRON TRANSFER 

Electron 
Donor" 

Gram Atoms 
Oxygen Consumed/ 

Mole Electron 
Donor 

~ ~~ ~ ~ 

GSH 
Cysteine 
Ascorbic acid 

0.80 
0.90 
0.96 

Indophenol present was in 25% molar excess with 
respect to electron donor. 
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PAPER CHROMATOGRAPHY (ELUANT, 60% ACETONE-4O0/o H20)  

DC I 

mi 
t 

FRONT 
b 

0 .I 

D ICHLOROINDOPH E NO L 
(CONTROL) 

DICHLOROINDOPHENOL ~ 

PLUS GSH 
C B A 

COLUMN CHROMATOGRAPHY (CELLULOSE CALCIUM- PHOSPHATE GEL) 

~ DICHLOROINDOPHENOL PLUS GSH 

t IO 20 3/J 40 5p 6o-TUBE NO. 

ACETONE 100% H20 0.1 M PO4,pH 7 

FIG. 3.-Chromatographic identscation of GSH-dichloroindophenol reaction products (schematic). A 
reaction mixture containing 2.5 m M  dichloroindophenol, 2.5 mM GSH, and 0.1 M phosphate buffer, pH 7, 
was allowed to react for 30 minutes at 23'. The leuco dyes were reoxidized with oxygen and samples of 
the reaction systems were chromatographed on paper and cellulose-calcium phosphate gel at 0' (see 
Experimental). 

oxidized. Both these reactions would result in com- 
plete recovery of the initial indophenol dye after reoxi- 
dation of the reaction mixture. 

On the other hand, net electron transfer for a thiol 
addition to a quinoid ring of the dye would involve an 
apparent 2-electron transfer, but reoxidation of this 
reaction mixture would yield, in addition to excess 
indophenol used, a new glutathionyl-substituted indo- 
phenol, represented by the equation in Scheme 1. 

The glutathione-DCI products were resolved as 
three distinct spots (Fig. 3). For reference these 
spots are coded A, B, and C. The control DCI 
solution gave one spot, coded DCI. As anticipated, 
GSSG in place of GSH did not give products B and C; 
furthermore, GSH treated with iodoacetamide, to 
alkylate the sulfhydryl group, failed to produce such 
products. The cysteine-DCI system gave four spots 
on DEAE-paper chromatography, coded a, b, c, d 

C i  S G  

CI H ,, C HOG~!~~OH - - + 02 /2 -  0 = ( 3 = N 0 0 H + H 2 0  

CI SG CI SG 

SCHEME I 

Results are recorded in Table 111. It will be seen 
that for both cysteine and reduced glutathione, 1 g- 
atom of oxygen (corresponding to a 2-electron transfer) 
was consumed per mole RSH. This rules out oxida- 
tion of RSH to the disulfide under these conditions; 
and the presence of sulfur, in the new GS-indophenol 
product (made evident by chromatographic examina- 
tion of the unlabeled and 1Glabeled products as 
described below) permitted the conclusion that a 
glutathionyl-substituted product, rather than a sul- 
fenate, had been formed almost quantitatively. 

Separation of Reaction Products.-Paper chromato- 
graphic identification of the reaction products was 
achieved with the use of a solvent system 60 7, acetone- 
4oy0 water (v/v) and Whatman No. 1 paper as out- 
lined in the experimental section. This permitted 
excellent separation for the products of the glutathione- 
indophenol process but was unsatisfactory for the 
cysteine system. With DEAE-paper the cysteine 
products were resolved. The following studies were 
performed predominantly with the glutathione system 
because of the sharp resolution obtainable and in 
view also of the difficulty in quantitatively eluting the 
cysteine products from the DEAE-paper. 

(Table IV). 
The close correlation between spot DCI, the con- 

trol dye, and the spot A of the glutathione system 
suggests their identity; this will be confirmed presently. 
Spot B will be identified as an addition product of 1 
molecule of GSH with the dye, DCI-(SG); Spot C 
will be identified as the addition of 2 molecules of 
GSH with the dye, DCI-(SG)*. 

Compounds A, B, and C were separated by column 
chromatography on a cellulose-calcium phosphate gel. 
The collecting tubes were assayed a t  600 mp (Fig. 3). 

Characterization of the GSH-Dichloroindophenol Re- 
action Products.-The GSH-dichloroindophenol reac- 
tion mixture was reoxidized a t  p H  7 and the reaction 
products were separated by column chromatography 
into products A, B, and C. Comparison of these three 
products with the original dichloroindophenol dye indi- 
cates correspondence of compound A and dichloro- 
indophenol with respect to spectral properties as well 
as pK' and RF values; compounds B and C are new 
dye derivatives. The comparative data are summar- 
ized in Table V. 

14C-labeled reduced glutathione was used to deter- 
mine whether glutathione was incorporated into the 
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TABLE IV 
PAPER CHROMATOGRAPHY OF REACTION PRODUCTS~ 

Total 
Reaction Dye 
Svstem PaDer S D O t  Color RF ( 70) 

DCI (control) Whatman #1 DCI Purple 
GSH; DCI Whatman #l A Purple 

B Blue-purple 
C Blue-green 

DCI (Control) DEAE paper DCI' Blue 
Cysteine; DCI DEAE paper a Blue 

b Green (weak) 
C Brown to blue 
d Dark brown 

0 .93  100 
0 .93  28.0 
0 .65  59.8 
0.16 12 .2  
0 .50  
0.50 
0.34 
0.08 
0.00 

a A reaction system containing 2.5 mM thiol, 2.5 rnM dichloroindophenol, and 0.1 M phosphate, p H  7, was reoxidized 
Samples were paper chromatographed and the visible spots were eluted and 

Molar absorption coefficients reported in Table V were used to  calculate the per- 
following a 30-minute reaction period at 25 ". 
assayed a t  600 mp (see Experimental). 
centage of the total dye appearing in each eluted spot. 

TABLE V 
COMPARISON OF SPECTRA, MOLAR ABSORPTION COEFFICIENTS, AND pK' COEFFICIENTS OF THE GSH-DICHLOROINDOPHENOL 

REACTION PRODUCTS WITH CORRESPONDING VALUES FOR UNREACTED DICHLOROINDOPHENOL~ 

Spectrum 
P H  7 P H  3 

Molar 
Chromatographed Xm,, Absorption h l a *  A19,) mpd 

Product (mu) Coefficientc (mu) Ah."." pKIb 

Control DCI 612 20 510 0 .41  5.82 
GSH-DCI Reaction 

A 610 20 510 0 .41  5.80 
B 640 13 480 0.92 5 .38  
C 635 9 490 1 .75  5.50 

a Two ml of a reaction mixture containing 2.5 mM dichloroindophenol, 2.5 mM GSH, and 0.1 M phosphate buffer, p H  7, 
was reoxidized following a 30-minute reaction period a t  23". The reoxidized sample was chromatographed on a cellulose- 
calcium phosphate gel column (see Experimental and Fig. 3). Products A, B, and C were separated and compared to a 
similarly chromatographed dichloroindophenol control. * pK'  determined as the p H  at which there is a 50 7 0  reduction 
in the absorbance at Amax, 23'. M-' cm-1 x 103 at 600 mp; determined by assaying the dye product with ascorbic acid 
and assuming a 1 : 1 molar ratio. d Ratio of the absorbancy at 390 mp to the absorbancy at Amax, a t  p H  3. 

TABLE VI 
INCORPORATION OF LABELED GSH-14C INTO REACTION PRODUCTS AT p H  7a 

Chromatogram 

Visible Labeled Distribution of Moles GSH 
spots spots Total Label Incorporated/ 
(RF)  ( R F )  ( 70) Mole of Product 

1. GSH-14C and DCI 
A 
B 
C 
Other 

2. GSH-14C alone 
3. GSSG-14C alone 

0.83 0 
0 .65  0 .65  33.6 
0.23 0.23 56 .3  
None Diffuse 10.1 

0.48 100.0 
0.27 100.0 

0 
0 .88  
1 .87  

A reaction system containing 2.5 mM dichloroindophenol, 2.5 mM GSH with a specific activity of 4.52 pc per mmole, 
and 0.1 M phosphate buffer, pH 7, was allowed to  react for 30 minutes at 23" and was then reoxidized and chromatographed 
on paper (see Experimental). The chromatogram was dried and radioactivity was counted in a strip counter (Scanogram 
11, Atomic Accessories Inc.). The labeled spots were removed and counted in a Geiger-Muller counter. The visible 
spots were eluted and assayed a t  600 mp and the incorporation of labeled GSH in the products A, B, and C, was determined. 
These values were compared to  GSH-14C and GSSG-14C controls. 

modified dye products. Of the label, 89.9% appeared 30 minutes after which sufficient oxygen was intro- 
in compounds B and C, while compound A was devoid duced for reoxidation of the indophenols. Samples 
of the label. The activity in compound B was com- were then paper-chromatographed and the visible 
patible with the structure DCI-(SG) and compound spots corresponding to products A, B, and C were 
C was indicated to be DCI- (SG), (Table VI). eluted and assayed a t  600 mp. The data in Table VI1 

illustrate the increase in product C at the expense 
Factors Affecting the FOrWtion O f  the Substitukd of A and B as the ratio GSH:dichloroindophenol is 
Reaction Products (B and C )  increased. At very high ratios the major portion 

Concentration of Reactants-The proportion of A, of the dye was conGert2 to product C with relatively 
B, and C recovered from the DCI-GSH process is negligible recovery of products A and B (Table VII). 
dependent upon the initial molecular ratio of GSH Effects of pH.-When the reaction of GSH and 
and dichloroindophenol. With a fixed initial con- dichloroindophenol had been conducted a t  various 
centration of dichloroindophenol and varying amounts pH levels a maximum reaction rate was observed 
of GSH, reactions were conducted under nitrogen for At this same p H  level there was observed a t  pH 6.5. 
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TABLE VI1 
EFFECT OF RELATIVE INITIAL CONCENTRATIONS OF 

REACTANTS ON THE FORMATION OF SUESTITUTED REACTION 
PRODUCTS B AND C a  

Percentage of Total Dye Appearing - -  
- as Product 

- 
Molar Ratio 
GSH/DCI A B C 

0 . 2 5  7 4 . 1  2 1 . 8  4 . 1  
0 . 5 0  6 1 . 0  3 3 . 5  5 . 4  
1 .00  2 7 . 2  5 8 . 6  1 4 . 2  
1 . 5 0  10.9 35.1  5 5 . 0  
2 . 0 0  1 . 5  2 2 . 0  76 .5  

Varying ratios of GSH to dichloroindophenol concen- 
tration were obtained in individual reaction vessels by 
maintaining the dichloroindophenol concentration constant 
a t  2.5 mM and varying the GSH concentration over the 
range 0.62-5 mM. The reactions were conducted at 23' 
under atmospheric conditions in 0.1 M phosphate buffer, 
p H  7. After a reaction time of 30 minutes the leuco dyes 
were reoxidized with oxygen. Samples from each vessel 
were paper-chromatographed (see Experimental) and spots 
A, B, and C were eluted and assayed at 600 mw. 

also the minimum molar ratio for the interaction of 
dye and GSH, viz., 1 : 1 (Table 11). 

Accordingly, the effect of pH on the relative forma- 
tion of substituted reaction products B and C was 
determined. Individual reaction vessels containing 
equal molar concentrations of dichloroindophenol and 
GSH were observed at  various pH levels; after 1 hour 
the pH of all systems was adjusted to 7 and the leuco 
indophenols were reoxidized with oxygen. Samples 
of each system were paper-chromatographed and the 
visible spots A, B, and C were eluted and assayed a t  
600 mp. The pH optimum for the formation of the 
substituted reaction products B and C was found 
to be approximately 6 (Fig. 4). From these results 
and others treated in the foregoing it is evident that 
in the pH region 6-65 there is optimal formation of 
glutathionyl-substituted products associated with a 
maximal reaction velocity. At this same pH level 
there is minimal interaction of GSH and indophenol 
in the molar ratio 2-1, with formation of GSSG.5 

Effect of Cu2+.--AL1 studies conducted with added 
Cu2 + ions were performed under anaerobic conditions 
to prevent autoxidation of the thiol (GSH or cysteine). 
Deionized glass-distilled water was used, and buffer 
salts (reagent grade) were twice recrystallized. The 
marked effect observed in the presence of added cupric 
ion with respect to the stoichiometry of the action of 
dichloroindophenol with either cysteine or reduced 
glutathione is well illustrated by the data of Figure 5. 
Increasing the concentration of Cu2 + in the reaction 
system progressively alters the molar ratio of (GSH: 
DCI) to a final ratio (2 GSH:DCI) denoting oxidation 
of 2 moles GSHimole DCI reduced. The quantity of 
Cut+ required for complete transition to the 2: 1 ratio 
is approximately 0 .54 .75  of the thiol concentration. 
The effects of added Cu2 + are reflected in the character 
and yield of the products formed. The formation of 
oxidized glutathione (GSSG) was followed by the 
glutathione reductase assay procedure described under 
Experimental. Increasing concentration of Cuz + re- 
sults in a correspondingly increased production of 
GSSG as a reaction product here of thiol oxidation 

5 From Fig. 4 it  is evident that in the extremes of pH 
(4-9) and under the conditions used the substitution reac- 
tions are still a major pathway, accounting for most of the 
GSH decrease. Enzymatic estimation of the GSSG formed 
at these extremes discloses yields far below prediction on 
the basis of 2-1 stoichiometry. This aspect is under further 
investigation. 
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FIG. 4.-Effect of p H  on the formation of the substituted 

reaction products B and C and the recovery of the unsubsti- 
tuted product A. Reactions were conducted individually 
from pH 4 to 9 in systems containing 2.5 mM dichloroindo- 
phenol, 2.5 mM GSH, 50 mM phosphate buffer, and 50 mM 
acetate buffer. These reactions were conducted at 23" under 
anaerobic conditions for 1 hour. The pH was then adjusted 
to 7 in each reaction vessel and the leuco dyes were reoxi- 
dized with oxygen. Samples from each vessel were paper- 
chromatographed and the corresponding spots A, B, and C 
were eluted and assayed at 600 m r  (see Experimental). 

(Fig. 6). The yield approaches the theoretical. 
Moreover, the presence of Cu2+ is observed to decrease 
the formation of the glutathionyl-substituted products 
B and C, resulting in a large increase in the recovery 
of the unsubstituted dye product, A. This is observed 
by allowing reoxidation followed by chromatographic 
separation on a cellulose-calcium phosphate column 
(see Table VIII). It is apparent, therefore, that the 
presence of Cu2+ markedly inhibits the formation of 
the glutathionyl-substituted dye products resulting 
in an increased formation of the disulfide GSSG. 

Magnetic Susceptibility Studies.-Initial magnetic 
susceptibility studies at  23" with a Varian Gouy balance 
have indicated the rapid decay of a paramagnetic sub- 
stance within a 10-minute period when the reaction be- 
tween GSH and dichloroindophenol is conducted at  
pH 4 or 9.5. This paramagnetic decay was not ob- 
served at  pH 7. These reactions were conducted a t  a 
5 mM concentration of GSH and dichloroindophenol 
in the presence of 25 volume % ethanol.6 

Related Dyes.-It was possible to identify analogous 
glutathionyl-substituted reaction products between 
GSH and dyes related to DCI including phenolindo- 
phenol, 2,6-dibromoindophenol, as well as phenol 
blue and Bindschedler's green. Preliminary studies 
revealed the same generality of the type of reaction 
that was observed with dichloroindophenol. Such 
studies will be described elsewhere. 

6 We wish to thank Mr. Byron D. McLees for aid in the 
magnetic susceptibility studies. 
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FIG. 5.-The effect of varying cupric ion concentration on 

the reaction stoichiometry between GSH or cysteine and 
dichloroindophenol. Separate reaction mixtures containing 
50 p~ dichloroindophenol, 33 ,UM thiol, and 33 mM phosphate 
buffer, p H  6.5, were allowed to react under anaerobic condi- 
tions at 23’ in the presence of varying concentrations of 
cupric ions, final concentration in reaction mixtures from 0 
to 27 ,UM. Each reaction system was allowed to reach com- 
pletion and the stoichiometry is represented as the moles of 
GSH per mole of dichloroindophenol reduced as assayed by 
the change in absorbance at 600 mp. 

TABLE VI11 
EFFECT OF ADDED C U ~ +  ON THE FORMATION OF THE 

SUESTITUTED REACTION PRODUCTS B AND Ca 

Total Dye (%) 
Reaction System A B C 

GSH, DCI, and Cuz+  81 18 0 
GSH and DCI 42 32 26 

2.0 ml of a reaction mixture containing 2.5 mM dichloro- 
indophenol, 2.5 mM GSH, and 0.1 M phosphate buffer, 
p H  7, was reoxidized following a 30-minute reaction period 
conducted a t  23’ under anaerobic conditions. This re- 
oxidized sample was chromatographed on a cellulose- 
calcium phosphate gel column (see Experimental). Prod- 
ucts A, B, and C were separated and assayed a t  600 mp. 
These values were compared with values from a similar 
system to which had been added as cupric chloride 0.25 
mM Cuz+ prior to the addition of the GSH to the reaction 
mixture. 

DISCUSSION 
Quantitative chromatographic analysis indicates 

that the major product of the oxidation of glutathione 
by the indophenol dyes are the glutathionyl-substituted 
dye derivatives. This is particularly the case when the 
reaction is conducted in the middle pH range (pH 6-7) 
and in the absence of certain metal ions, e.g., Cu*+. 
When GSH was oxidized by dichloroindophenol, two 
glutathionyl-substituted dye derivatives were identi- 
fied (B and c). These new dye derivatives were 
separated and partially characterized. Labeling ex- 
periments clearly demonstrated that product B resulted 
from the incorporation of one residue of GSH per mole- 
cule of dye. Product C was a disubstituted derivative 
and contained two GSH residues per molecule, In- 

W I  / 

I f  

I I 1 I I I I I 
8 16 24 32 40 48 56 

ADDED Cu++ (MICROMOLAR) 

FIG. 6.-The effect of varying the cupric ion concentra- 
tion Cu*+ on the formation of GSSG as the reaction product 
of the GSH-dichloroindophenol reaction. Each value repre- 
sents a separate, individual reaction system with an added 
Cut+  concentration in the range 0-52 p ~ ,  150 p~ dichloro- 
indophenol, 100 @M GSH, and 0.1 M phosphate buffer, pH 
6.5. The reactions were conducted under anaerobic condi- 
tions at 23’ for 30 minutes following which each reaction 
vessel was assayed for GSSG with a specific enzymatic 
glutathione reductase assay procedure (see Experimental). 
The data are represented as the percentage of the total GSH 
in the reaction mixture which has been converted to  GSSG. 

creasing the ratio of GSH to indophenol in the reaction 
mixture provides a higher yield of the di-substituted 
product (C). 

Introduction of thiol substituents into quinones, 
with formation of thioether linkages, has been known 
since the early work of Troeger and Eggert (1896) 
and of Bongartz (1888). A somewhat limited insight 
has been gained of the reaction mechanism involved 
(Schubert, 1947; Meguerian, 1955; Weissberger and 
James, 1939; Weissberger and Snell, 1939; Nickerson 
et al., 1963). Schubert (1947) has shown that thiol 
groups can be added to all of the available positions 
of the benzoquinone ring. 

In the absence of added metal ions the rate of the 
glutathione-dichloroindophenol reaction is strongly 
influenced by the hydrogen-ion concentration as well 
as the polarity of the solvent system. This suggests 
the involvement of a charged species in the rate- 
determining step. This initial reaction velocity is 
likewise dependent on the concentration of GSH 
and indophenol and is observed to be first order with 
respect to the GSH concentration over the broad p H  
range 4-8. This would indicate a common rate- 
limiting pathway. We postulate the initial formation 
of an intermediate, GS: (DCI), through nucleophilic 
action of the GS- anion upon the protonated (un- 
charged) species of oxidized indophenol, DCI (not 
DCI-), effecting a partial transfer of an electron from 
GS-to the DCI component. It would be anticipated 
that the p H  optimum for the reaction velocity would 
occur when the concentration product [GS-] [DCI] is 
maximal. This would obtain a t  approximately pH 7, 
inasmuch as pK’ for GSH is 9.2 and for oxidized 
indophenol 5.7. Experimentally, the value for maxi- 
mal rate has been found in this work to be a t  6.5. 
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As stated above, the major pathway for the overall 
process results in production of S-glutathionyl-2,6- 
dichloroindophenols. Thus, the fate of the presumed 
initial intermediate involves a “rearrangement proc- 
ess” to yield such derivatives. However another 
pathway from this intermediate exists. In the acid 
and alkaline range there is decrease in the formation 
of the substituted dyes with some concomitant increase 
in the formation of GSSG, according to the net overall 
process 2 GSH + DCI GSSG + DCI(H),. The 
suppression of the substitution reaction and the 
approach to a 2 : 1 stoichiometry at high and low pH 
values possibly can be explained in part by the in- 
creased stability of the semiquinone form of the dye in 
these ranges. It was stated by Schwarzenbach and 
Michaelis (1938) that “the observation of all three 
dyestuffs, Bindschedler’s green, phenol blue and phenol- 
indophenol, indicates the following general behavior: 
strong semiquinone formation in alkaline and acid 
range and comparatively small semiquinone formation 
in the middle pH ranges.” This increased stability of 
the semiquinone could explain our observation of decay 
in reaction mixtures of a paramagnetic substance a t  
pH 4.0 and 9.5 and its absence at pH 7. Other factors 
such as the increased stability of the reduced dye in the 
acid range and the enhanced reductive properties of 
GSH in the alkaline range also may aid signscantly in 
elucidation of pH effects. 

The pathways for the glutathione-indophenol proc- 
ess, in the absence of metal ions, are illustrated 
schematically in Scheme 2.7 Pathway I, the predomi- 
nant action, favored optimally at pH 6, involves re- 
arrangement of the intermediate (I) to a leuco dye 
product (L). This is oxidized to form product B, 
which may be transformed by a similar series of events 
to give product C .  The reaction stoichiometry for 
pathway I under anaerobic conditions is 1 : l .  Path- 
way I1 is favored in the more acid and alkaline ranges 
and might involve dissociation of the intermediate 
to the semiquinone and a transitory thiol radical. The 
disulfide would form rapidly and the semiquinone 
would dismute as indicated. Pathway 11, particularly 
in dilute solutions, seemingly approaches a molar ratio 
of 2 moles of GSH required to reduce 1 mole of DCI. 
However, in the absence of added metal ions GSSG 
at no time has been obtained as the major product of 
GSH oxidation by DCI. 

cf. Hadler and Erwin, 1963. 

Metal Effects.-The addition of cuvric ions. which 
form compiexes with thiol groups, apparently .acts to 
prevent the formation of the initial intermediate, 
suppressing the formation of the substituted dye deriva- 
tives, euen at p H  6.5. In the presence of metal ions 
the thiol groups of cysteine and glutathione may trans- 
fer electrons directly or indirectly to the dye, forming 
the disulfide GSSG by a mechanism differing from 
pathway 11. With Cu2 + additions approaching the 
initial GSH concentration, GSSG becomes the sole 
product of oxidation by indophenol. Thus, while a 
catalytic element may be introduced a t  low Cu2+ con- 
centrations, the data obtained in this investigation 
(Figs. 5 and 6) point to electron transfer directly from 
thiol-copper complexes to the dye electron acceptor. 
This implies, in effect, suppression of an oxidative 
process utilizing the marked nucleophilic characteristic 
of sulfhydryl groups. Thus the progressive addition 
of Cut+ results efficiently in alteration in the pattern 
of oxidation of cysteine or GSH by indophenol in the 
molar ratio 1:1, in the direction 2 moles RSH to  1 
mole indophenol reduced, and this likewise is reflected 
in the pattern of the reaction products. In sum, the 
yield of substituted dye products B and C is signifi- 
cantly diminished, and a t  the same time GSSG is 
formed in the theoretical yield, as revealed by specific 
enzymatic assay with the enzyme glutathione reductase. 
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A simple method has been developed for the enzymatic preparation of a-D-galactosamine-1- 
phosphoric acid in gram quantities, and the product has been crystallized. The compound, 
obtained in 60% yield, has an [a]*,: = +142.6" (c = 2.0% in HzO). After N-acetylation 
with acetic anhydride, the resulting N-acetyl-a-D-galactosamine-1-phosphate was crystallized 
as the potassium salt which had an [a]:  = $112.4' (c  = 2.97, in H2O). UDP-N-acetyl- 
galactosamine was prepared by reacting mono-(tri-n-octylammonium)-N-acetylgalactosamine- 
1-phosphate with uridine-5 '-phosphoromorpholidate in anhydrous pyridine. As the product, 
UDP-N-acetylgalactosamine, is synthesized by an unambiguous route from the a anomer of 
galactosamine-1-phosphate, it also must be the LY anomer. A new procedure has been devised 
for the assay of galactokinase that is generally applicable to enzyme-catalyzed reactions where 
reducing sugars are converted to glycosides. This assay utilizes sodium borohydride for reduc- 
tion of excess substrate to the corresponding sugar alcohol. The glycosidic bond, the aglycone 
being phosphate in the present case, is cleaved with acid, and the resulting sugar is measured by 
conventional techniques. 

N-Acetyl-n-galactosamine (2-acetamido-2-deoxy-~- 
galactose) is found in many macromolecular substances 
(Kent and Whitehouse, 1955); a fungal polysaccharide 
(Distler and Roseman, 1960) is exceptional in that 
it contains D-galactosamine as well as the N-acetyl 
derivative. The precursor of the macromolecules 
is probably UDP-N-acetylgalactosamine, enzymatically 
derived from UDP-N-acetylglucosamine (Maley and 
Maley, 1959; Glaser, 1959). Although both enzymatic 
and chemical methods can be used for the synthesis 
of UDP-N-acetylgalactosamine (Davidson and Wheat, 
1963; Kim and Davidson, 1963), these procedures 
are not convenient for preparing pure, specifically 
labeled material in substrate amounts. 

Sugar-nucleotides similar to UDP-N-acetylgalactos- 
amine can be synthesized by a general method (Rose- 
man et al., 1961), but only if the corresponding 1- 
phosphate derivative of sugar is readily available. 
The problem of obtaining galactosamine-1-phosphate 
in adequate amounts, specifically the cy anomer, was 
therefore the primary purpose of this investigation. 
A simple method has been developed for the enzymatic 
synthesis of D-galactosamine-1-phosphate in gram 
quantities and, in addition, the pure compound has 
been crystallized. The hexosamine-phosphate was 
quantitatively N-acetylated by the usual procedure 
(Distler et al., 1958), and the N-acetylgalactosamine-l- 
phosphate was converted to the desired UDP-N- 
acet y lgalactosamine. 

The original procedure for the enzymatic synthesis 
of galactosamine-1-phosphate (Cardini and Leloir, 

* The Rackham Arthritis Research Unit is supported by 
a grant from the Horace H. Rackham School of Graduate 
Studies of The University of Michigan. This investiga- 
tion was supported in part by grants from the National 
Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health (A-512), from the American Cancer 
Society, and from the Michigan Chapter, Arthritis and 
Rheumatism Foundation. 

t Postdoctoral Fellow, National Institutes of Health. 

1953) was repeated and gave only small amounts of 
material, a result explained by the observation that 
yeast galactokinase exhibits a high K, for galactosamine 
(Alvardo, 1960). By modifying the original conditions 
and applying methods previously used for isolating 
the crystalline 6-phosphate esters of glucosamine, 
galactosamine, and mannosamine (Distler et al., 1958; 
Jourdian and Roseman, 1962), we have obtained 
crystalline galactosamine-1-phosphate in better than 
60 % yield. 

Since the enzyme incubations required high galactos- 
amine concentrations, it was not practical to assay 
the crude reaction mixtures by the usual method, i.e., 
determining substrate disappearance. A new assay 
technique was therefore devised that made it possible 
to measure product formation. In this assay, the 
excess substrate is reduced with sodium borohydride, 
to which the product is resistant because it contains a 
protected carbonyl group. This principle is generally 
applicable to enzyme reactions where reducing sugars 
are converted to nonreducing products such as glyco- 
sides. The product is measured, in the case of galactos- 
amine-1-P, by N-acetylation, hydrolysis, and a modi- 
fied Morgan-Elson method. With galactose, the product 
is measured as reducing sugar after the borohydride 
treatment, hydrolysis, and deionization. 

EXPERIMENTAL PROCEDURE 
Materials.--.The yeast used in this study was a 

galactose-adapted strain of Saccharomyces fragilis, 
purchased from the Sigma Chemical Co. Galactos- 
amine-hydrochloride was prepared as previously de- 
scribed (Roseman and Ludoweig, 1954). Phosphoenol- 
pyruvate, 3-phosphoglyceric acid, UMP, and A T P  
were commercial materials. UMP-morpholidate was 
prepared as previously described (Moffatt and Khorana, 
1961). 

Methods. -The following substances were deter- 
mined by the indicated procedures: protein by the 


