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The ammonia was removed by evaporation and lyophilization.
The white residue was dissolved in water (10 ml) and extracted
twice with ether. The aqueous phase was acidified with 209
sulfuric acid and extracted five times with ether. The combined
ether extracts were dried in vacuo over magnesium sulfate, filtered,
and evaporated to an oily residue; [«]?*D —33° (¢ 2, 80 % methanol-
209 water) for the monosodium salt [lit.8 [«]®D —27.7° (c 8,
water) for the monosodium salt of the p-3-mercaptobutyric acid].
p-Nitrophenyl D-g-Benzylmercaptobutyrate. The compound was
prepared as described for p-nitrophenyl DL-3-benzylmercaptobuty-
rate in approximately the same yield but with p-8-benzylmercapto-
butyric acid serving as starting material, [¢]®D +19.7° (¢ 1.8, di-
methylformamide).
Anal.  Caled for C;:Hi;ONS: C, 61.6; H, 5.17. Found: C,
61.7; H, 5.25.
D-3-Benzylmercaptobutyryl-L-tyrosyl-L-isoleucyl-L-glutaminyl-L-
asparaginyl-S-benzyl-L-cysteinyl-L-prolyl-L-leucylglycinamide. The
compound was prepared as described for the comparable prepara-
tion involving the use of pL-B-benzylmercaptobutyric acid and was
obtained in approximately the same yield, mp 240-244°, [«]?*D
—38.4° (¢ 1, dimethylformamide).
Anal. Caled for Cs,ng]O]anSzZ
Found: C,58.5; H, 6.96; N, 12.8.
1-p-3-Mercaptobutyric  Acid-oxytocin. D-B-Benzylmercaptobu-
tyryl-L-tyrosyl-L-isoleucyl-L-glutaminyl-L - asparaginyl-S - benzyl-L-
cysteinyl-L-prolyl-L-leucylglycinamide (0.2 g) was reduced and
oxidized as described for the preparation of 1-DL-8-mercaptobutyric
acid-oxytocin. The deionized solution was concentrated to a

C, 58.6; H,6.87; N, 13.0.

volume of 50 ml, placed in the first five tubes of a countercurrent
distribution machine, and subjected to a total of 400 transfers in
the solvent system 0.5% aqueous acetic acid (containing 0.1%
pyridine)-1-butanol-benzene (2:1:1). The main peak as shown
by the Folin—Lowry color values had a partition coefficient of 0.6.
From the tubes in the central part of the main peak 35 mg of 1-p-3-
mercaptobutyric acid-oxytocin was obtained. In a szcond prepa-
ration (0.13 g) the reduced and oxidized material was subjected to
partition chromatography on Sephadex G-25 in the solvent system
3.5% aqueous acetic acid (containing 1.5% pyridine)-1-tutanol-
benzene (2:1:1). The central part of the main peak was rechro-
matographed in the solvent system 3.5% aqueous acetic acid
(containing 1.5% pyridine)-1-butanol-benzene (3:2:1). The
substance emerged as a sharp, single peak with an R; of 0.6. 1-p-3-
Mercaptobutyric acid-oxytocin (37 mg) was obtained with an optical
rotation of [a]*D —96.5° (¢ 0.5, 1 N acetic acid). A small sample
was subjected to gel filtration on Sephadex G-25 and emerged as a
single peak at the position of oxytocin. On paper chromatog-
raphy it behaved as a homogeneous compound. For analysis a
sample was dried in vacuo at 100° over phosphorus pentoxide and a
loss in weight of 4.8 % was observed.

Anal. Caled for C44H57012N1152: C, 525, H, 671, N, 15.3.
Found: C, 52.2; H, 6.61; N, 15.2.
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Hydroxocobalamin reacts with thiol compounds, as exemplified by glutathione, to form relatively weak
Previously reported inconsistencies in the generality of this reaction are ex-

plained in terms of the simultaneous role of thiol compounds as complexing and reducing agents.

he exact function of the cobalamins in biological

systems is not as yet known. Prominent among the
proposed mechanisms of their action are the modera-
tion of enzymatic sulfhydryl disulfide oxidation-reduc-
tion systems by the protection of sulfhydryl groups®
and a role in methyl group transfer reactions.® Re-
cently, Wagner and Bernhauer* found that glutathiono-
cobalamin (CSG) upon alkylation gives coenzyme
analogs with the alkyl group bound directly to cobalt.
Dubnoff? has reported that the complexation with
hydroxocobalamin is unique to glutathione: homo-
cysteine, cysteine, and mercaptoethanol converted hy-
droxocobalamin to By,. CSG would thus appear to
be of special importance as a potential link between both
mechanisms. This study reexamines the reactivity of
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New York, N. Y., 1960: (a) Chapter 15; (b) p2; (c) p 55.

(3) H. R. V. Arnstein, " The Biochemistry of Vitamin Bys,” Biochemi-
cal Society Symposium No. 13, Cambridge University Press, Cambridge,
England 1955, p 92.

(4) F. Wagner and K. Bernhauer, Ann. N. Y. Acad. Sci., 112, 580
(1964).

(5) J. W. Dubnoff, Bicchem. Biophys. Res. Commun., 16, 484 (1964).

thiol compounds with hydroxocobalamin, with partic-
ular emphasis on glutathione.

Results

Addition of GSH to an aqueous solution of COH
changes the color from red to violet virtually instan-
taneously. Subsequent addition of acetone yields a
reddish violet precipitate. The average GSH/COH
ratio for two independently prepared precipitates was
found to be 0.97 by tracer and microbial assays for
cobalamin and a ferrocyanide colorimetric assay for
GSH. A ratio of unity has also been inferred from
electrophoretic behavior? and from reaction with p-
mercuribenzoate.?

A spectrophotometric investigation of the stoichi-
ometry in solution (Figure 1) indicates the formation of
only one complex. Reasonably sharp isosbestic points
are noted at 542, 443, 364, 337, and 273 mu. Extrap-
olation of both sections of plots of absorbance wvs.
molar ratio (0 to 10) at various wavelengths gave lines
intersecting at a ratio of unity, again indicating a 1:1
interaction.

A chromatographic study of the reaction, summarized
in Table I, also indicates that only one interaction
species is formed. Both the conjugate acid—base forms
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of COH [i.e., C(H,O)* = C(OH)"], pK = 7.1, are con-
verted readily into this species. Conversely, oxidation
of GSH before or during chromatography resulted in
the liberation of the conjugate forms of COH.

Table I. Chromatographye of Glutathionocobalamin
Detection ——
Compound R; Ninhydrin Cobalamin
CSG 0.33 + b
COH 0.57,0.23 4
GSH 0.48,0.25 +
GSSG 0.25¢ +
GSH/COH, 2:1 0.35¢ + +b
GSH/COH, 12:1 0.35¢ + +b

e System: 70 % aqueous 1-propanol, Whatman No. 4 paper, cir-
cular. ® No free COH was detected. ¢ Both hands disappear on
complexation. ¢ Also showed additional bands with R; <0.25.
¢ Also showed ninhydrin-positive bands corresponding to GSH and
trace GSSG.

Studies of the interaction of amino acids, summarized
in Table II, show that the sulfhydryl group is the com-
plexing moiety. Amino acids with —SS— and -SCH;
groups were without effect on the chromatography or
the absorption spectrum (in acid, neutral, or alkaline
media) of COH. Cysteine, on the other hand, in slightly
acidic solution at a molar ratio of 9, and when
suitably protected against oxidation, gives a spectrum
virtually identical with that of the GSH complex. A
similar spectrum is found initially in the presence of a
several hundredfold excess of ethanethiol in a nitrogen-
flushed cell, but here the spectrum changes rapidly
(#:, of several minutes) to that of By,,.®

Table II. Cobalamin Complexation of Thiols

Key
functional — Interaction® ——

Compound group uv C
Glutathione -SH + +
Oxidized glutathione -SS- — —
Cysteine -SH + +
Cystine -SS- - -
Methionine -SCH; — —
Ethanethiol -SH +

e UV = ultraviolet and visible absorption spectra; C = paper
chromatography; + indicates complexation; — indicates no inter-
action.,

An analogous corrinoid—sulfhydryl reaction is known:
factor B changes color from reddish orange to purple
upon addition of the hydrosulfide ion, but the reaction
is readily reversed in the presence of oxygen.’

CGS is converted readily to dicyanocobalamin, as
indicated qualitatively by paper chromatography and
quantitatively (98.5 %) by use of the Rudkin and Taylor?
method. Spectrophotometric and paper chromato-
graphic investigation did not reveal any interaction
between CCN and GSH, indicating that the cyanide ion
is a considerably stronger complexing agent than the
sulfhydryl group.

(6) H. Diehl and R. Murie, Towa State J. Sci., 26, 555 (1952).

(7) P. George, D. H, Irvine, and S. C. Glauser, Ann, N. Y. Acad. Sci.,
88, 393 (1960).

(8) G. O. Rudkin, Jr., and R. J. Taylor, Anal. Chem., 24, 1155 (1952).
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Figure 1. Interaction of glutathione and hydroxocobalamin at

pH 4.70. COH concentration constant at 7 X 10~ M. Molar
ratios, GSH/COH: —--—, 0/1; —----, 0.45; , 0.8;
——, 1.1, ———,2,5,9,

The stabilizing effect of COH on the —-SH group of
unbuffered GSH is shown by the following data. Solu-
tions of GSH in distilled water containing various
amounts of COH were flushed with nitrogen, stored in
the dark at room temperature for 120 hr, and analyzed
for —SH by a colorimetric ferrocyanide method.
When the initial COH/GSH ratios were 0, 0.1, and 1,
respectively, the residual mercaptan values (expressed
as 77 of initial GSH) were 8.5 = 2.5, 16, and 789, re-
spectively. In the absence of any interaction, the addi-
tion of alkali (as COH) would be expected to increase
oxidation of GSH. These results thus suggest that
principally only that amount of GSH in equilibrium
bonding to COH is stabilized.

Discussion

In view of the many functional groups of GSH, the
formation of a 1:1 complex does not in itself preclude
the possibility of multiple bonding. However, multiple
coordination to the cobalt ion is excluded by steric,
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thermodynamic, and kinetic considerations:” four
coordination positions of the cobalt complex are occu-
pied by the extremely stable, more or less planar corrin
ring, and the remaining two coordination sites that com-
plete the octahedral configuration lie on opposite sides
of the fairly wide corrin plane. Bonding elsewhere in
the chromophoric system is eliminated by the formation
of a complex with the same spectral features as the CSG
complex by the small, monofunctional ethanethiolate
ion and the absence of any interaction of corresponding
amino acids in which the sulfhydryl group is blocked.
Bonding anywhere else is eliminated by the electro-
phoretic demonstration? of the proper charge distri-
bution as a function of pH? for the remaining one amine
and two carboxy groups of GSH. The presence of a
new, doublet band in the spectrum in the 270-290-mpu
region, although reminiscent of the benzimidazole
uncoupling effect noted by Beaven, et al.,!® is perhaps
best explained as an intrinsic feature of a cobalt—sulf-
hydryl bond.!!

For the ligand replacement reaction shown in eq 1

- 0

H,0-Co - + GSH = GS-Col + H,0"
Lbenz Lbenz:]

the value of the stability constant, K.gg = (CSG)-
(HH)/(COH)(GSH), is 10 when evaluated in 0.05 M
acetate buffer at pH 4.70. CSG is thus a considerably
weaker complex than CCN, based on the estimate of
1012 M—! for the stability constant of the latter com-
plex.” Although the simple application of the mass
action law can hardly be expected to be an adequate
representation of behavior in a physiological environ-
ment, it nevertheless indicates that CSG is completely
dissociated, whereas CCN remains completely associ-
ated, at a physiological pH and concentration level
[e.g., in liver, <1 ppm CCN,*® 1750 ppm GSH'2].

The GSH-COH reaction, in which the sulfhydryl
group is the complexing moiety, appears to be a pro-
totype of the general reaction of COH with thiol com-

(9) F. A. Isherwood, " Glutathione,” Biochemical Society Symposium
No. 17, Cambridge University Press, Cambridge, England, 19359, p 3.

(10) G. H. Beaven, E. R. Holiday, E. A. Johnson, B. Elllis, and V.
Petrow, J. Pharm. Pharmacol., 2, 944 (1950).

(11) M. P. Schubert, J. Am. Chem. Soc., 53, 3854 (1931).

(12) H. Waelsch, Advan. Enzymol., 13, 273 (1952).

pounds. Dubnoff,? however, has indicated that the
reaction is unique to GSH, an exactly opposite con-
clusion. Smith?*® has pointed out other reported
inconsistencies in the behavior of thiol compounds.
These apparent inconsistencies are readily resolved by
consideration of the dual role of thiols.

Thiol compounds simultaneously function as com-
plexing agents and as reducing agents. There is con-
sequently a thermodynamic and kinetic competition
between these functions, the final outcome of which must
obviously depend, among other parameters, on the abso-
lute and relative concentration of the thiol, on its oxida-
tion-reduction potential, and on the relative strengths
and concentration of all the cobalamin-complexing
ligands in solution. To the extent that thiol complexes
form in any solution (and complexation is usually a
rapid reaction), the concentration of the reducing agent
is decreased, and the resistance of the cobalamin to
reduction is simultaneously increased by its incorpo-
ration into a more stable species. Low relative con-
centrations of thiol thus favor complexation and poten-
tially greater stability of the cobalamins, whereas high
relative concentrations ultimately favor reduction of
the cobalamins. The rate of reduction, however, to
the extent that it depends on the concentration of
uncomplexed cobalamin, i.e., aquocobalamin, would
still depend on the thermodynamic stability of the
various cobalamin complexes, including the thiol com-
plex, in solution.

Experimental Section

Chemicals. Cyanocobalamin (CCN) and hydroxocobalamin
[COH, aquocobalamin, cobalaminium hydroxide, vitamin B,
Biau, a-(5,6-dimethylbenzimidazolyhhydroxocobamide] were ob-
tained within Merck and Co., Inc. Glutathione (GSH) was ob-
tained from National Biochemical Corp. and oxidized glutathione
(GSSG) from Schwartz Laboratories, Inc. Preboiled, nitrogen-
saturated distilled water was used for the preparation of solutions.
Operations were performed in dim light and solutions were stored
in the dark.

Techniques and Equipment. A Cary Modei 11 spectrophotom-
eter and 1-cm quartz cells were used to obtain the spectra. Chro-
matography was performed in a darkroom maintained at 25 & 1°,
using a circular paper technique.’® Cobalamin bands were located
by their red color, whereas amino acids were located after a nin-
hydrin spray.

(13) T. Medwick, R. G. Johl, and N. Adler, J. Chromatog., 9, 118
(1962).
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