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Abstract:
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Reduced glutathione coordinates (S bonded) to cobalt in 5’-deoxyadenosylcobalamin at pH 7.4 and in

methylcobalamin at pH 4.0 by displacing the 5,6-dimethylbenzimidazole group from the sixth coordination site.
Uv-visible spectral studies, photolability, and pH optima for these two glutathione complexes with By, confirm

that 5,6-dimethylbenzimidazole has been displaced by reduced glutathione.
enzymes is much less stable to light when glutathione is coordinated in place of 5,6-dimethylbenzimidazole.

The Co-C ¢ bond in the two co-
Elec-

tron spin resonance spectra of the reduced glutathione-5’-deoxyadenosylcobalamin complex and the diaquo-

cobinamide-reduced glutathione complex were compared after photolysis under anaerobic conditions.

The results

from this experiment show that reduced glutathione does not form a stable complex with Co?*, and after quantita-
tive homolysis of the Co-C ¢ bond, then 5,6-dimethylbenzimidazole recoordinates to Co?* in place of reduced

glutathione.

Sulfhydryl groups are believed to be very important
in vitamin Bj; dependent enzymes. With the ex-
ception of bacterial methyl malonyl coenzyme A (CoA)
mutase, all Bj,-requiring enzymes so far discovered have
a sulfhydryl group either as a functional group on a sub-
unit of an enzyme, or else a thiol compound of low
molecular weight is necessary as a coenzyme. In-
hibition of enzyme catalysis by sulfhydryl specific re-
agents is found in the Bi; enzymes ethanolamine am-
monialyase,! glutamate mutase, 23 diol dehydrase,* and
methionine synthetase.> A low molecular weight thiol,
such as lipoic acid or dithioerythritol, is essential for the
enzymes ribonucleotide reductase,® L-B-lysine mutase,’
methionine synthetase,® and glutamate mutase.® The
reaction between thiols and aquocobalamin has been
studied extensively.®~!* For this reaction aquoco-
balamin is either reduced to cob(Il)alamin (Bj;-r) or
else the thiol coordinates in place of water in the fifth
coordination site. However, ligand substitution reac-
tions on the biologically important B;» coenzymes 5'-
deoxyadenosylcobalamin and methylcobalamin have
not been studied to our knowledge. We have chosen
reduced glutathione to study $5,6-dimethylbenzimid-
azole displacement because this thiol is a peptide which
best simulates the type of interaction which may be ex-
pected to occur in proteins. Furthermore, earlier
studies with By, derivatives have established that re-
duced glutathione will coordinate to cobalt. 114
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Experimental Section

5’-Deoxyadenosylcobalamin was synthesized and purified by the
procedure of Law, er al.l® Aquocobalamin was obtained by
photolysis of methylcobalamin under aerobic conditions, and di-
aguocobinamide was synthesized by photolysis of methylaquo-
cobinamide (Penley, ez a/.'¢). Reduced glutathione was purchased
from Nutritional Biochemicals. For experiments conducted under
anaerobic conditions, solutions were degassed with O:-free argon.
All experiments with alkylcobalamins were carried out in subdued
light.

Methods. Uv-visible spectra were recorded using a Perkin-
Elmer-Coleman 124 spectrophotometer. The percentage of each
species present in a spectrum was calculated by using a least-squares
program on Bi: compounds developed for an IBM 1800 computer.
Anaerobic cuvettes were set up by continuously evacuating and
flushing with O.-free argon. Esr experiments were carried out
with a Varian V-4502 spectrometer operating at X-band frequency.
Co?* esr spectra were recorded at 85°K, and g values were cal-
culated from the known frequency obtained by using a Hewlett-
Packard 5420-A 12.4-GHz digital frequency meter. Samples for
Co** esr experiments were transferred under anaerobic conditions
to quartz esr tubes via a gas tight syringe. After transfer these
samples were immediately frozen in liquid N.. 1,2-Propanediol
was added to each esr tube (1: 4 v/v) in order to enhance the esr
signal.

Results

5’-Deoxyadenosylcobalamin-Glutathione = Complex.
When 1.0 ml of 5§ X 10-% M 5’-deoxyadenosylcobalamin
is mixed with 0.5 ml of 0.2 M reduced glutathione at
pH 7.5, there is a shift in the visible spectrum to a
typical “base-off” cobalamin (Figure 1). The Amax
shifts from 525 to 465 nm. The complex with a An.x at
465 nm is still photolabile, and upon photolysis in the
presence of air, the spectrum shifts to give that of the
aquocobalamin-glutathione complex which has been
previously reported.!! The titration of 5’-deoxyaden-
osylcobalamin with reduced glutathione was carried out
by adding 0.2 ml of various concentrations of reduced
glutathione to 1.0-ml aliquots of 5’-deoxyadenosyl-
cobalamin (2 X 10—% M) in 0.05 M KH,PO, buffer at
pH 7.4. For each reaction the spectrum was recorded
from 420 to 650 nm, and the concentrations of the
glutathione complex vs. free 5’-deoxyadenosylcobal-

(15) P. Y. Law, D. G. Brown, E. L. Lien, B. M. Babior, and J. M.
Wood, Biochemistry, 10, 3428 (1971).

(16) M. W. Penley, D. G. Brown, and J. M. Wood, ibid., 9, 4032
(1970).

Journal of the American Chemical Society | 95:3 | February 7, 1973



300 400 500 600
WAVELENGTH , nm

Figure 1. Uv-visible spectrum of the reduced glutathione-5'-
deoxyadenosylcobalamin complex at pH 7.4 (——) and the reduced
glutathione-aquocobalamin complex at pH 7.4 (- - -).

amin was determined by the computer program de-
scribed under Methods. The concentration of reduced
glutathione to form a complex with 2 X 1075 M 5’-
deoxyadenosylcobalamin was 1.2 X 10-! M (6000
times the concentration of the alkylcobalamin) (Figure
2). The formation of the glutathione complex depends
on the absolute concentration of reduced glutathione
rather than the relative concentration. For this titra-
tion an isosbestic point was obtained at 475 nm. When
a similar titration was carried out with aquocobalamin,
2.5 X 10~* M reduced glutathione was required to
form a complex with 2 X 10-5 M aquocobalamin (ten
times the concentration of aquocobalamin) (Figure 2).
Apparent log K; values for the glutathione complexes
formed between 5’-deoxyadenosylcobalamin and aquo-
cobalamin were 0.5 and 4.8, respectively. The log K
for the aquocobalamin—-glutathione complex was pre-
viously reported as 4.9.77 A very high concentration of
reduced glutathione relative to 5’-deoxyadenosylcoba-
lamin is required to displace 5,6-dimethylbenzimidazole,
and this is not too surprising since the log K; for the for-
mation of monocyanocobalamin from aquocobalamin
with cyanide ion is 5.6, but the displacement of benzi-
midazole with a second cyanide to give dicyanoco-
balamin gives a log Kt of 2.7 at pH 7.4.

Schrauzer® has reported that in the presence of
thiol, aquocobalamin undergoes the following equilib-
rium.

H /H
\O

s 2+

> low
~Co + RS = ¢ Y Neo” o+ RS

(- o
B B B
When 1.0 ml of 10~% M aquocobalamin in 0.05 M
KH,PO, buffer at pH 7.4 was mixed with 0.5 ml of 0.2
M reduced glutathione, the reduced glutathione aquo-
cobalamin complex was formed (Figure 3). When the
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Figure 2. Complex formation at different reduced glutathione
concentrations with 2 X 1075 M solutions of aquocobalamin (O) and
5’-deoxyadenosylcobalamin (@) at pH 7.4,
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Figure 3. The instability of the reduced glutathione-aquocobala-
min complex to heat. Uv-visible spectrum taken under anaerobic
conditions of 1075 M reduced glutathione-aquocobalamin complex
at pH 7.4 before heating (——-), and after heating to 100° for 1 min
(+-+). The stability of the reduced glutathione-5’-deoxyadenosyl-
cobalamin complex to heat (10~5 Af) before heating (——) and
after heating at 100° for 1 min (-~ -).

solution containing this complex is degassed with argon
and heated at 100° for 1 min, then the reduced glu-
tathione-aquocobalamin spectrum collapses to give
cob(Il)alamin  (Figure 3). These data support
Schrauzer's proposed scheme. When the same reac-
tions were conducted and examined by esr, then upon
heating the reduced glutathione-aquocobalamin com-
plex, cob(I)alamin and a sulfhydryl radical signal were
observed. When the same reaction was repeated with
5’-deoxyadenosylcobalamin in place of aquocobalamin,
then little change in the uv-visible spectrum was ob-
served (Figure 3).

The pK, for the reduced glutathione sulfhydryl
group is 9.7.7 Therefore, in the pH range of 2-7, this
group is protonated. The coordination of reduced
glutathione to alkylcobalamins is therefore independent
of the dissociation of the sulfhydryl group to give the
thiolate anion. When reduced glutathione coordinates
in place of §,6-dimethylbenzimidazole, then it is to be
expected that protonation and displacement of benz-
imidazole should promote complexation with reduced
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Figure 4. The pH dependence for the formation of the reduced
glutathione-5’-deoxyadenosylcobalamin complex. Different pH
values were adjusted in 0.1 M citrate-phosphate buffer: reduced
glutathione-5’-deoxyadenosylcobalamin complex (%) (Q), ““base-
on” 5’-deoxyadenosylcobalamin (%) (@), and “base-off”’ 5’-deoxy-
adenosylcobalamin ( %) (@).

glutathione. Figure 4 shows the amount of reduced
glutathione complex formed with 5’-deoxyadenosyl-
cobalamin as the pH is decreased. Due to the large
number of acid-base equilibria to be considered in both
reduced glutathione and 5’-deoxyadenosylcobalamin it
is difficult to determine a pK, value for the displace-
ment of reduced glutathione. However, from this pH
profile it is clear that reduced glutathione forms a much
more stable complex with 5’-deoxyadenosylcobalamin
than 5,6-dimethylbenzimidazole.

Methylcobalamin-Glutathione Complex. Methyl-
cobalamin reacts with reduced glutathione in an identi-
cal way to 5’-deoxyadenosylcobalamin. The reaction
of methylcobalamin with reduced glutathione was
studied at pH 4.0 because at pH values greater than 8.7,
the methyl group is transferred from cobalt to the sulf-
hydryl group.!* When methylcobalamin (5 X 10-5 M)
is mixed with reduced glutathione (0.15 M), a spectrum
resembling “base-off”” methylcobalamin is obtained;
there is a shift in the Anax of the o band from 530 to
490 nm. The resulting reduced glutathione-methyl-
cobalamin complex is stable to heat but unstable to
light. Photolysis of this complex in the presence of air
yields a product with an identical spectrum to reduced
glutathione-aquocobalamin (Figure 1). Furthermore,
the reduced glutathione-methylcobalamin complex
shows similar pH dependency to the reduced glu-
tathione-5’-deoxyadenosylcobalamin complex (Figure
4),

Stability of the Co-C o Bond in the Reduced Gluta-
thione-Alkylcobalamin Complexes. The photolability
of the Co-C o bond in the reduced glutathione-alkyl-
cobalamin complexes was compared to that of their cor-
responding alkylcobalamins by using covalently spin-
labeled corrinoids labeled in the B ring.2° Esr was
used to monitor the interaction between the unpaired
electrons on cobalt and piperidine-N-oxyl during
homolytic cleavage of the Co~C bond with light. The

(19) G. Agnes, H. A. O, Hill, S. C. Ridsdale, J. M. Pratt, F. S. Ken-

nedy, and R. J. P. Williams, Biochem. Biophys. Acta, 252, 207 (1971).
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Figure 5. Photolysis rates for the reduced glutathione spin-labeled
alkylcobalamins compared with spin-labeled alkylcobalamins.
Reduced glutathione spin-labeled 5’-deoxyadenosylcobalamin com-
plex (X), spin-labeled $5’-deoxyadenosylcobalamin complex (@),
reduced glutathione spin-labeled methylcobalamin complex (Q),
and spin-labeled methylcobalamin complex (O). Experimental
methods are given in the text.

reduced glutathione is slowly oxidized by the piper-
idine-N-oxyl derivative to glutathione sulfate.?! How-
ever, the rate of disappearance of the nitroxide esr
signal is much slower for the oxidation-reduction reac-
tion than it is for the interaction between the unpaired
electrons generated by photolysis. In these photolysis
experiments the spin-labeled alkylcobalamin solutions
were degassed with argon and transferred anaerobically
to the quartz esr cells. A projector with a 250-W
tungsten filament lamp was placed 80 cm from the esr
cavity. The rate of photolysis was determined by re-
cording the change in the intensity of a single nitrogen
hyperfine esr signal using the method of Law, et al.!®
Figure 5 shows the relative rates of homolytic cleavage
with light of the Co~C bond for methylcobalamin and
5’-deoxyadenosylcobalamin compared to their corre-
sponding reduced glutathione complexes. The relative
rates for the photolysis of the glutathione complexes of
methylcobalamin and 5’-deoxyadenosylcobalamin, re-
spectively, compared to the uncomplexed alkylco-
balamins were 3.8 and 4.6 times faster. Similar results
were obtained spectrophotometrically for this photol-
ysis reaction.

Reduced Glutathione-Diaquocobinamide Complex.
Diaquocobinamide (5 X 10-% M) reacts with reduced
glutathione to give a complex. The reaction occurs
smoothly at concentrations of reduced glutathione less
than 6 X 10-* M at a pH of 7.4. The resulting com-
plex has Amax at 495, 420, and 351 nm which differ
markedly from the reduced glutathione-aquocobalamin
complex (Amax 510, 420, 375, and 330 nm). The re-
duced glutathione-diaquocobinamide complex is heat
labile, but no reduction to Co'! occurs upon raising the
temperature as is the case for the reduced glutathione-
aquocobalamin complex. Upon heating the reduced
glutathione-diaquocobinamide complex, the uv-visible
spectrum collapses to give a Amax at 351 nm and a broad

(21) J. D. Morrisett and R. Drott, J. Biol. Chem., 244, 5083 (1969).

Journal of the American Chemical Society | 95:3 | February 7, 1973



! | | 1
400 250 500 550
WAVELENGTH |, nm

Figure 6. The reduction of diaquocobinamide with reduced gluta-
thione. Spectra represent: (a) diaquocobinamide (5 X 1075 M)
at pH 7.4 (—); (b) reduced glutathione added to (a) at a concen-
tration of § X 1078 M (——+), 2.5 X 107¢ M (---),5 X 10¢ M
(—++),107* M(X),and 2 X 1073 M (- - -).

absorption maximum at 530-440 nm. This spectral
change was accompanied by a sharp decrease in extinc-
tion of the chromophore. The dissociation constant
of the reduced glutathione-diaquocobinamide com-
plex was determined to be 4.6 X 10~7 M compared to
the reduced glutathione-aquocobalamin complex
(1.3 X 10~% M), and therefore the cobinamide complex
is much more stable. These data suggest that reduced
glutathione is coordinated at the sixth coordination
site. When diaquocobinamide (5 X 107% M) reacts
with concentrations of reduced glutathione in excess of
6 X 10~* M, a second species is formed (Figure 6).
This species has a Amax at 470 nm which indicates that
the original reduced glutathione-diaquocobinamide
complex has been reduced to Co!!. The formation of
this Co'! species is not instantaneous, and its rate of
formation can be measured by the change in extinction
at 510 nm after the addition of reduced glutathione.
This transition was shown to be dependent on the con-
centration of reduced glutathione added to reaction
mixtures (Figure 7). When an oxygen electrode was
used to determine the O, concentration in the reaction
mixture during this reduction reaction, it was found
that O, removal had a direct correlation with the rate of
the reaction. The reduction of the reduced gluta-
thione-diaquocobinamide complex is shown to be de-
pendent on the removal of O, from the solution by un-
complexed reduced glutathione. Potentiometric titra-
tions have shown that aquocobalamin is reduced more
easily than diaquocobinamide.?? The standard elec-
trode potentials for these reactions are as follows

Eo, V
€
aquocobalamin —> cob(IT)alamin —0.03
€
e
diaquocobinamide === cob(Il)inamide —0.74
e

Also
glutathione + 2e + 2H+ Z=> 2 reduced glutathione +1.9

Use of the relationship between the emf of the cell and
the reaction of free energy (AG = —nFE;) makes it
clear that reduced glutathione will not reduce either

(22) H. P. C. Hogenkamp and S. Holmes, Biochemistry, 9, 1886
(1970).
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Figure 7. Rate of reduction of diaquocobinamide by reduced
glutathione at pH 7.4.

aquocobalamin or diaquocobinamide. At a concen-
tration of 0.2 M, reduced glutathione does not reduce
aquocobalamin (Figure 2). The fact that reduction of
diaquocobinamide does occur at 10—% M reduced glu-
tathione indicates the formation of a reduced glu-
tathione-aquocobinamide complex is a prerequisite for
reduction of the cobalt atom. Coordination of reduced
glutathione to the sixth coordination site would raise
Ey > +40.19 which would make the cobalt atom more
electrophilic. These data help to explain why the re-
duced glutathione-alkylcobalamins are more photo-
labile.

Co'! Electron Spin Resonance Studies with the Re-
duced Glutathione Complexes. Co!! corrinoids were
generated in different ways from the different reduced
glutathione complexes: (1) a Col! species was pro-
duced by heating the reduced glutathione-aquoco-
balamin complex at 100° for | min, (2) the reduced
glutathione-alkylcobalamin complexes were converted
to Co!l by photolysis of the Co-C ¢ bond under an-
aerobic conditions; (3) for the reduced glutathione-di-
aquocobinamide complex an excess of reduced glu-
tathione (0.05 M) to cobinamide (5§ X 10—3 M) was suffi-
cient to generate Col!, The Col!! esr spectrum of (1) was
a typical “base-on” spectrum,?® with a shoulder at
g = 2.52 (Figure 8a). The shoulder is interpreted as
the sulfur radical which would be formed when reaction
1 proceeds.

When the Co®! esr spectrum from reaction 2 was ex-
amined, it was also shown to be a typical “base-on”
spectrum (Figure 8b). This result shows that upon
generation of Co!' by photolysis, the reduced glu-
tathione dissociates and 5,6-dimethylbenzimidazole re-
coordinates. Values for g, 4,%, and 4N of cob-
(IDalamin were determined in the presence and absence
of reduced glutathione. With no reduced glutathione
gL = 232, 4)% = 100(10~%) em™!, and 4N = 17.3
(10~ cm~! over a pH range of 6.0-10.0.2* With re-
duced glutathione g, = 2.33, 4, = 104(10~% cm™!,
and 4¥ = 17.1(10~% cm~!. These values recorded
with reduced glutathione are similar to those published
by Cockle, et al.,24 of spectra taken in 0.8 M reduced
glutathione. Cockle, et al.,* found g, = 232,
A% = 103(10~% ecm~!, and 4 ¥ = 17.1(10=% cm~L

(23) J. H. Bayston, F. D. Looney, J. R, Pilbrow, and M. E. Winfield,
Biochemistry, 9, 2164 (1970).
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(a) Spectrum obtained by

Esr spectra of cob(I)alamin.
heating the reduced glutathione-aguocobalamin complex at 100°
for 1 min., (b) Spectrum obtained by photolysis of the reduced
glutathione-5’-deoxyadenosylcobalamin complex under anaerobic
ccnditions.

Figure 8.

These data help to confirm that reduced glutathione is
displaced by 5,6-dimethylbenzimidazole in the Co!!
species. Since 5,6-dimethylbenzimidazole has a pK,
of 2.5 in cob(Il)alamin, and a pK. of —2.4 in aquo-
cobalamin, it is possible that the pK, for coordination
of reduced glutathione has increased by several pH
units.

The Co!! spectrum from reaction 3 was similar to a
“base-off” spectrum (Figure 9a). The eight gy mul-
tiplets were resolved. The values for g, = 2.003,
g, = 2.48, and A4, = 135(10)"* cm~! Electro-
lytically reduced diaquocobainamide give g; = 2.005,
g, = 258, and A4,% = 133(10)~* ecm~.2® These
data indicate that cob(Il)inamide generated with re-
duced glutathione does not have reduced glutathione
coordinated to it. The difference in g, for the above
values may be due to the presence of different anions in
reaction mixtures, because when diaquocobinamide is
reduced with sodium formate at pH 7.0, then different
g values were determined at different concentrations
of sodium formate (i.e., with 0.1 M, g, = 2.58; 1.0 M,
g, = 252;3 M, g, = 250, and 6 M, g, = 2.48).
Also at 3 M sodium formate a sharp signal is observed
at g = 2.33. This signal is identical with the one
formed when thiolate replaced formate as the reducing
agent.?* The 4,%° = 135(10)~* ¢cm~! at high concen-
trations of sodium formate is similar to that value ob-
tained by electrolytic reduction. These data indicate
that no direct interaction between formate and Co'
occurs.

Discussion
Coordination of reduced glutathione to 5’-deoxy-

(25) R. A, Firth, H. A. O. Hill, J. M., Pratt, and R. G. Thorp, Chem.
Commun., 1013 (1967),

Figure 9. Esr spectra of cob(Il)inamide. (a) Spectrum obtained
by the redusction of diaquocobinamide with excess reduced gluta-
thione. (b) Spectrum obtained by the reduction of diaquocobina-
mide with 3 M sodium formate,

adenosylcobalamin and methylcobalamin provides the
first evidence for a possible role for sulfhydryl groups in
reactions catalyzed by B, enzymes. In a recent pub-
lication Toraya, et al.,? have shown the importance of
sulfhydryl groups in the binding of 5’-deoxyadenosyl-
cobalamin to 1,2-propanedioldehydrase apoenzyme.
Although high concentrations of reduced glutathione
are required to facilitate the displacement of §,6-di-
methylbenzimidazole, the proximity effect of cysteine
residues in B, enzymes could satisfy this condition.
When reduced glutathione displaces 5,6-dimethylbenz-
imidazole, then the Co~C ¢ bond is labilized, and homo-
Iytic cleavage would be promoted.?2?* In methionine
synthetase apoenzyme if the sulfhydryl groups are
blocked, then the protein is unable to bind cobal-
amins.!t2* However, in methionine synthetase, en-
zyme-bound methylcobalamin is much more stable to
light, and from our studies if sulfur is coordinated to
the cobalt in this enzyme, then it is to be expected that
the Co-C bond should be more photolabile. Diol
dehydrase holoenzyme is not inactivated by sulfhydryl
reagents which suggests that coordination of sulfur to
Co in this enzyme protects against inactivation.®

Our observation that the reduced glutathione-aquo-
cobinamide complex is reduced to Col! by excess re-
duced glutathione raises the question as to whether the
Co!! esr spectrum observed for By, enzymes really repre-
sents an active intermediate.?>®! In some Bj.-cat-
alyzed reactions large quantities of thiols are added to
reaction mixtures, and a reaction between thiol and
alkylcobalamin in these enzymes could explain many of
the esr observations. The ease with which the methio-
nine synthetase holoenzyme reacts with propyl iodide
suggests the presence of a Co-S intermediate.?

In conclusion the position of sulfhydryl groups, in
Bi» enzyme catalysis should not be ignored, and more
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11, 2599 (1972).
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emphasis should be placed on studying the involve-
ment of cysteine residues in the mechanisms of inter-
action between Bi; apoenzymes and their coenzymes.
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Communications to the Editor

Mechanism of the Photoisomerization of Isoxazoles
and 2-Cyanophenol to Oxazoles
Sir:

The photochemical rearrangement of isoxazoles to
oxazoles is usually assumed to proceed vig an azirine
intermediate.'=¢ In this communication, we present
evidence for the formation of isonitrile intermediates in
this photoisomerization. In addition, some evidence
has been obtained for the direct photochemical con-
version of a nitrile to an isonitrile.

Benzoxazole (IIT) and 2-cyanophenol are the photo-
products of indoxazene (I) at room temperature.®
When indoxazene is photolyzed at —77 and —196°¢
with a 254-nm light source in a KBr matrix or neat film,
ir bands are observed at 3350 (-OH), 2220 (-C=N), and
2130 (-N=C) cm~'7" The bands at 3350 and 2130
cm~1, assigned to II, disappear on warming in the dark,
and a band at 1065 cm™!, an intense band in the ir spec-
trum of benzoxazole, appears. The 2220-cm~! band,
assigned to the cyano grouping in 2-cyanophenol, does
not change in intensity in the dark reaction. The pres-
ence of benzoxazole and 2-cyanophenol was confirmed
by tlc and uv. Azirine infrared absorption was not

observed. 38
N=C
N 2, EI A, @:%
o/ OH 0
11 Juil

COClguC H,CO.H

1

NEt,

: jNHCHO
OH

v
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