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A decade ago Jacobsen and co-workers reported the first evidence for the presence of glutathionylcobalamin
(GSChl) in mammalian cells and suggested that it could in fact be a precursor to the formation of the two coenzyme
forms of vitamin B;,, adenosylcobalamin and methylcobalamin (Pezacka et al. Biochem. Biophys. Res. Commun.
1990, 169, 443). It has also recently been proposed by McCaddon and co-workers that GSCbl may be useful for
the treatment of Alzheimer's disease (McCaddon et al. Neurology 2002, 58, 1395). Aquacobalamin is one of the
major forms of vitamin By, isolated from mammalian cells, and high concentrations of glutathione (1-10 mM) are
also found in cells. We have now determined observed equilibrium constants, Kgps(GSChl), for the formation of
GSCbl from aquacobalamin and glutathione in the pH range 4.50—6.00. Kqus(GSChl) increases with increasing pH,
and this increase is attributed to increasing amounts of the thiolate forms (RS™) of glutathione. An estimate for the
equilibrium constant for the formation of GSChl from aquacobalamin and the thiolate forms of glutathione of ~5
x 10° M~ is obtained from the data. Hence, under biological conditions the formation of GSChbl from aquacobalamin
and glutathione is essentially irreversible. The rate of the reaction between aguacobalamin/hydroxycobalamin and
glutathione for 4.50 < pH < 11.0 has also been studied and the observed rate constant for the reaction was found
to decrease with increasing pH. The data were fitted to a mechanism in which each of the 3 macroscopic forms
of glutathione present in this pH region react with aguacobalamin, giving ky = 185 M1 s, k, =28 + 10 M!
s71, and k; = 163 £ 8 M~! s, The temperature dependence of the observed rate constant at pH 7.40 (~k;) was
also studied, and activation parameters were obtained typical of a dissociative process (AH¥ = 81.0 + 0.5 kJ
mol~! and AS* = 48 + 2 J K~* mol~%). Formation of GSCbl from aquacobalamin is rapid; for example, at ~5 mM
concentrations of glutathione and at 37 °C, the half-life for formation of GSCbl from aquacobalamin and glutathione
is 2.8 s. On the basis of our equilibrium and rate-constant data we conclude that, upon entering cells, any free
(protein-unbound) aquacobalamin could be rapidly and irreversibly converted to GSChl. GSChl may indeed play an
important role in vitamin By,-dependent processes.

Introduction of vitamin B, and its derivatives, and/or neurological
disorders. Numerous studies have established that the most

The vitamin B, derivatives and B-dependent enzymes > ;
abundant forms of B isolated from human tissue and serum

have been active areas of research since vitamin B ! ) i
(cyanocobalamin, X= CN-, Figure 1) was first isolated from '€ @denosylcobalamin (AdoCbl, % S'-deoxyadenosine,

liver and bacterial broths and the structure was elucidated Fi9ure 1), methylcobalar?in (MeChbl, % CH), a}quacob:ell—
by Dorothy Hodgkin in the 19505A deficiency of B, in amin ("Izgcwj X = H0),* and sulphitocobalamin (SODI",
humans can lead to either megaloblastic anemia (“perniciousX = SC*")- Vitamin By itself has also been found in much

anemia”), which is typically associated with malabsorption sma:ler§am0unts in humans, and is more prevalent in
smokers®

* Author to whom correspondence should be addressed. E-mail: nbrasch@
kent.edu. Current address: Department of Chemistry, Kent State University, (1) General references for vitaminiBand the B,-dependent enzyme

Kent, OH 44242. reactions: (a) Banerjee, R., EGhemistry and Biochemistry ofi3
T Dedicated to Dr. Charles R. Clark, University of Otago, New Zealand, John Wiley & Sons: New York, 1999. (b) Pratt, J. M. Handbook

in celebration of the retirement of a true scholar in the field of kinetics and on Metalloproteins Bertini, 1., Sigel, A., Sigel, H., Eds.; Marcel

mechanism. Dekker: New York, 2001; p 603.
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Conwersion of Free Aquacobalamin to Glutathionylcobalamin
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Figure 1. (a) Structure of the cobalamins, showing the two axial sites

(upper= 3, lower = a) with respect to the corrin ring. (b) The structure of
the fully protonated form of glutathiong{L-glutamyl+-cysteinylglycine).

Out of the 15 or so B-dependent enzyme reactions
currently known, two occur in human$leCbl-dependent
methionine synthase and AdoCbl-dependent methylmalonyl-
CoA mutasé. In the former reaction, a methyl group is
transferred from methyltetrahydrofolate to homocysteine via
MeChbl to generate methionine and tetrahydrofolate. This

Institute of Aging in the United States is currently recruiting
patients as part of the VITAL study to investigate the
potential of B, pharmaceuticals to decelerate the progression
of Alzheimer’s disease, and it is likely that similar studies
involving large numbers will be initiated soon in other
countries.

Almost a decade ago Jacobsen and co-workers suggested
that glutathionylcobalamin, GSCbP (X = glutathione,
y-glutamylcysteinylglycine, Figure 1b), should be added to
the list of biologically important forms of vitamin 8 from
the identification of GSCbl in a variety of mammalian cell
types? From a chemical point of view this is not especially
surprising, since glutathione can be found in concentrations
of up to 10 mM in cells of higher animal8,and GSChl is
readily formed by reacting excess glutathione with aqua-
cobalamin’a.7t8a|n addition, experiments in which the
utilization of various B, derivatives by rabbit spleen extracts
were compared led Jacobsen et al to propose that GSCbl (or
a closely related thiolatocobalamin adduct) was a precursor
of cob(l)alamin and hence the two coenzyme forms of
vitamin B;,, AdoCbl and MeCbf282.9%hat is, upon removal
of the S-axial ligand, HOCbl" is formed, which reacts with
GSH to form GSChl. It has not yet been established whether
these species are free or protein-bound. GSChbl may interact
directly with the active sites of methionine synthase or
methylmalonyl-coenzyme A mutase, where it undergoes
reduction to cob(l)alamin and subsequently reacts with either

(5) (a) McCaddon, A.; Davies, G.; Hudson, P.; Tandy, S.; Cattellnt.
J. Ger. Psych1998 13, 235. (b) Nilsson, K.; Gustafson, L.; Hultberg,
B. Dementia Geriatr. Cognit. Disord2002 14, 7. (c) Vafai, S. B.;
Stock, J. B.FEBS Lett.2002 518 1. (d) Seshadri, S.; Beiser, A,;
Selhub, J.; Jacques, P. F.; Rosenberg, |. H.; D’Agostino, R. B.; Wilson,
P. W. F.; Wolf, P. AN. Engl. J. Med2002 246, 476. (e) Postiglione,
A.; Milan, G.; Ruocco, A.; Gallotta, G.; Guiotto, G.; Di Minno, G.
Gerontology2001, 47, 324. (f) Religa, D.; Styczynska, M.; Peplonska,
B.; Gabryelewicz, T.; Pfeffer, A.; Chodakowska, M.; Luczywek, E.;
Wasiak, B.; Stepien, K.; Golebiowski, M.; Winblad, B.; Barcikowska,
M. Dementia Geriatr. Cognit. Disorcd2003 16, 64.

reaction has attracted much attention in the medical literature (6) (&) Prins, N. D.; den Heijer, T.; Hofman, A.; Koudstaal, P. J.; Jolles,

in the past few years because patients with high levels of

serum homocysteine have an increased risk of vascular

diseases including myocardial infarction (heart attack) and
cerebral stroke$.In addition, there is strong evidence that
moderately high levels of homocysteine are more prevalent

among patients suffering from neurological diseases such as

Alzheimer's disease. Furthermore, serum homocysteine
levels appear to predict cognitive decliti€. The National

(2) For examples see (a) Gimsing, P.; Nexo, E.; Hippéal. Biochem
1983 129 296. (b) Gimsing, P., Nexo, E. lfhe CobalaminsHall,

C. A., Ed.; Churchill Livingstone: Edinburgh, New York, 1983; pp
7—-30. (c) Jacobsen, D. A.; Green, R.; Quadros, E. V.; Monetejano,
Y. D. Anal. Biochem1982 120, 394.

(3) Koyama, K.; Yoshida, A.; Takeda, A.; Morozumi, K.; Fujinami, T.;
Tanaka, N.Nephrol., Dial., Transplant1997 12, 1622.

(4) (a) Kelly, P. J.; Rosand, J.; Kistler, J. P.; Shih, V. E.; Silveira, S.;
Plomaritoglou, A.; Furie, K. L.Neurology 2002 59, 529. (b)
Kawamoto, R.; Kajiwara, T.; Oka, Y.; Takagi, Y. Atheroscler.
Thromb.2002 9, 121. (c) Ogawa, M.; Abe, S.; Saigo, M.; Biro, S.;
Toda, H.; Matsuoka, T.; Torii, H.; Minagoe, S.; Maruyama, |.; Tei,
C. Thromb. Res2003 109, 253. (d) Vanizor Kural, B.; Orem, A.;
Cimsit, G.; Uydu, H. A.; Yandi, Y. E.; Alver, AClin. Chim. Acta
2003 332, 23. (e) Graham, I. M.; O’Callaghan, Bardiovasc. Drugs
Ther.2002 16, 383. (f) Quinlivan, E. P.; McPartlin, J.; McNulty, H.;
Ward, M.; Strain, J. J.; Weir, D. G.; Scott, J. Mancet2002 359, 2.

J.; Clarke, R.; Breteler, M. M. BNeurology2002 59, 1375. (b)
McCaddon, A.; Hudson, P.; Davies, G.; Hughes, A.; Williams, J. H.
H.; Wilkinson, C.Dementia Geriatr. Cognit. Disord2001, 12, 309.

(c) Budge, M.; Johnston, C.; Hogervorst, E.; De Jager, C.; Milwain,
E.; lversen, S. D.; Barnetson, L.; King, E.; Smith, A. Ban. N. Y.
Acad. Sci200Q 903 407. (d) Lehmann, M.; Gottfries, C. G.; Regland,
B. Dementia Geriatr. Cognit. Disordl999 10, 12.

(7) (a) Wagner, F.; Bernhauer, Kinn. N. Y. Acad. Scll964 112 580.

(b) Brown, K. L.; Zou, X.; Savon, S. R.; Jacobsen, D.Bibchemistry
1993 32, 8421. (c) Scheuring, E. M.; Sagi, I.; Chance, M. R.
Biochemistryl994 33, 6310. (d) Ngandu, L.; Robin, D.; EI Kasmi,
A.; Lexa, D. Inorg. Chim. Actal999 292 204. (e) Adler, N,
Medwick, T.; Poznanski, T. J. Am. Chem. S0d.966 88, 5018. (f)
Brasch, N. E.; Hsu, T.-L. C.; Doll, K. M.; Finke, R. G. Inorg.
Biochem.1999 76, 197. (g) Dubnoff, J. WBiochem. Biophys. Res.
Commun.1964 16, 484. (h) Dolphin, D.; Johnson, A. W.. Chem.
Soc.1965 2174. (i) Dolphin, D. H.; Johnson, A. WRroc. Chem.
Soc.1963 311. (j) Pezacka, E. HBiochim. Biophys. Actd993 1157,
167.

(8) (a) Pezacka, E.; Green, R.; Jacobsen, DBWichem. Biophys. Res.
Communl199Q 169, 443. (b) Pezacka, E. H.; Denison, C. J.; Green,
R.; Jacobsen, D. WI. Cell Biol. 1988 107, 860a. (c) Pezacka, E. H.;
Jacobsen, D. W.; Luce, K.; Green,Bochem. Biophys. Res. Commun.
1992 184 832.

(9) (a) Pezacka, E. H.; Green, R.; Jacobsen, D.PASEB J.199Q 4,
A2126. (b) Jacobsen, D. W.; Lee-Denison, C.; Luce, K.; Green, R.
Fed. Proc 1987 46, 1005. (c) Jacobsen, D. W.; Green,Bkood 1986
(Suppl. 1),68, 247a, 867.

(10) Zhao, R.; Lind, J.; Mérgyi, G.; Eriksen, T. EJ. Chem. Soc. Perkin

Trans. 21997 569.
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Scheme 1. Macroscopic Acid Dissociation Equilibria for Glutathione
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SAM and ATP to form enzyme-bound MeCbl and AdoCbl, determined at pH 4.50, 5.00, 5.30, and 6.00 under anaerobic
respectively. Alternatively, but less likely, GSChl is reduced conditions using UV-visible spectroscopy

to cob(l)alamin, which then binds to the active sites of

methionine synthase and methylmalonyl-coenzyme A mutase H,OCbI" + GSHTM GSChl+ H,0 (+ nHY) (1)
where it undergoes alkylation.GSCbl has been well char-

acterized-a detailed study of théH and**C NMR spectra \po o - (GSChl)= [GSChI/[H,0CHH[GSH]r, and GSH
has been carried olft X-ray absorption studies confirmthe  ofers 1o the total glutathione in its various states of

presence of a CeS bond’¢ and the electrochemical behavior protonation (Scheme 1). UV-visible spectroscopy provides
has been studietd.So far an X-ray structural determination gp, ideal method to determine the proportion @Ol and

is not availablé: although the crystal structure of a closely Gschbl in solution, since their spectra are so different
related analogueytglutamylcysteinyl)cobalamin, has been (3, . (H,OCbI") = 317, 351, 411, 499, and 527 nm; ahghyc
reported? Importantly, McCaddon and co-workers have also (GSCbl)= 333, 375, 408, 428, 535, and 562 nthJV—
recently suggested that GSCbl might be more effective thanvisible and!H NMR spectroscopy measurements showed
the currently available pharmaceutical forms gf EENCbl that, in agreement with the literatufethe cysteinyl sulfur
and HOCbI) in the treatment of B-related conditions  atom of GSCbl is deprotonated for4 pH < 10; that is,
associated with oxidative streS0f course, clinical studies  negligible “GS(H)Cbl” exists in this pH region. The details
will be required to prove or refute this. of these experiments are given in the Supporting Information.

For GSCbl to be considered seriously by the wider An acid dissociation constant for the thiol group of cys-
scientific community as a biologically important form ofB temylcob_alamar; has been reported in the literatuke(@ys-
there is a need to demonstrate that rapid formation of GSCbl(H)CPI) = 3.17° which is, as expected, several pH units

from the reaction between aquacobalamin (or hydroxyco- lower tha}n the &ﬂifor the Iigland itself (K.a 8.5). i th
balamin; K, ~7.8) and glutathione will occur in cells; that An estimate 0fKqx{GSCbI) at pH 5.5 is reported in the

is, at neutral pH conditions and at millimolar concentrations supporting information of an earlier paper'coauthored by one
of glutathione. The aim of this work was to provide the first ofus (N.E.B; a s_mgle ex_perlment was carried G[m)tter_npts
detailed study of both the thermodynamics and kinetics of to reproduce this experiment gave scattered data with a poor

. . reproducibility. Cobalamin-catalyzed aerobic oxidation of
farmation of GSChI fram HOCBIF/HOChI and glutathione. thiols to their disulfide analogues is well documented in the

A mgchanlsm f‘?f the reaction ha§ alsq been proposed. InIiterature?8 Experiments confirmed that only the reduced
addition to finding that GSCbl is rapidly formed from  ¢,nq of glutathione (not GSSG) react with aquacobalahin.
glutathione and pDCbI", we have also found that the | therefore seemed reasonable that the presence co@d
formation constant for GSChbl is significantly larger than pe the source of the irreproducibility. We carried out control
previously believed, and as such, the thiolate forms of experiments to study how fast GSH is converted to GSSG
glutathione are the first ligands to be identified which ynder aerobic conditions in the presence of GSCbl at a range
approach the remarkably strong binding affinity of cyanide of pH and GSH concentrations. Details concerning one of
to H,OCbl". Importantly, these studies also demonstrate that, these experiments are given below (in the Experimental
upon entering the cell, itis likely that free (protein-unbound) subsection entitled Determination of the Percentage of
H,OCDbI" is converted within seconds to GSChl. Glutathione Oxidation), and results show that even at pH

Results (15) Nome, F.; Fendler J. H.. Chem. Soc., Dalton Tran§976 1212.
(16) (a) Examples of theKy, of a ligand (L) dropping several pH units
upon coordination to thg site of a cobalamin: = H,0, pKa(H20)

Determination of Equilibrium Constants for the For- = 157, K«(H,OCbl*) = 7.76 (see Experimental section); £
mation of Glutathionylcobalamin. Observed, pH-dependent ImﬁﬁlzoleK(l(nij'n*)), pKz(llTéT)K:( &s.%ls;r;Ka(lzrqgc(g)IZ;) = 9.9;?\;%8
. = , =4.1; < 2. amza, M. S.
equmbnum ConStantSKObS(GSCbI)’ for the formanon of A, Pr;tt,,)J?M.J.aChem. Sog.,aDaItgn Tran994 1373. (c) Marques,
GSCbl from aquacobalamin ,8Cbl*, and glutathione were H. M.; Marsh, J. H.; Mellor, J. R.; Munro, O. Qnorg. Chim. Acta

199Q 170, 259. (d) Marques, H. M.; Breet, E. L. J.; Prinsloo, FJF.
Chem. Soc., Dalton Tran§991, 2941.

(11) Hsu, T.-L. C.; Brasch, N. E.; Finke, R. Gorg. Chem 1998 37, (17) Kallen, R. GJ. Am. Chem. S0d971, 93, 6227.
5109. (18) (a) Jacobsen, D. W.; Pezacka, E. H.; Brown, KJ.Linorg. Biochem.
(12) Suto, R. K.; Brasch, N. E.; Anderson, O. P.; Finke, RIn@rg. Chem 1993 50, 47. (b) Peel, J. LBiochem. J1963 88, 296. (c) Schrauzer,
2001, 40, 2686. G. N.; Sibert, J. W.Arch. Biochem. Biophysl969 130, 257. (d)
(13) (a) McCaddon, A.; PCT Int. Appl. 2002, WO 0287593. (b) McCaddon, Aronovitch, J.; Grossowicz, NBiochem. Biophys. Res. Commu@62
A.; Regland, B.; Hudson, P.; Davies, 8eurology2002 58, 1395. 8, 416. (e) Schrauzer, G. Mngew. Chem., Int. Ed. Endl976 15,
(14) Schneider, Z.; Stroinski, AComprehensie By Walter de Gruyter: 417. (f) Jacobsen, D. W.; Troxell, L. S.; Brown, K. Biochemistry
Berlin, 1987; pp 57 and 63. 1984 23, 2017.
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Conwersion of Free Aquacobalamin to Glutathionylcobalamin
Scheme 2
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Table 1. Equilibrium Constants for the Formation of NCSChbl and
N3Cbl from Aguacobalamin, Thiocyanate, and Azide (253)

GSCbl + H,0 (+nH")

electrolyte 1 (M)  K(NCSCbl) (M1)2  KgudN3Chl) (M~1)  reference
NaCRSO; 3.0  (1.4+0.1)x 10° (2.840.3)x 10* this work
KNO; 0.50  (1.044+0.05)x 10°P (2.7+0.2)x 10*  this work
NaCRSO; 0.50 (1.2+0.2) x 1¢® this work
KNO3 0.50 1.2x 103¢ ref 19
NaOAc 0.054 2.6x 10¢ ref 20

aQObserved value at pH 5.00Kg(HN3) = 4.1169). b Mean value of two
experiments® At room temperature.

5.02 (i.e., a pH several units below thi€dor deprotonation
of the thiolate groups of GSH)y10% of GSH is converted
to GSSG within the time frame required to obtain equilibrium
in solutions of HOCbI* and GSH ¢3 h).

We therefore attempted to determim@,{GSChbl) by
measuring the absorbances of equilibrastherobicsolu-
tions containing a fixed concentration of,®ICbl" and
varying concentrations of glutathione. A plot of observed

2.4-.
2.0-
1.6-.
1.2-.

0.8 4

[NCSCblI] / [GSCbI]

0.4

0'0 - T T T T T T T T T
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Figure 2. Plot of [NCSCbI/[GSCblI] versus [SCN/[GSH]y for anaerobic
equilibrated solutions of $OCblI (4.98 x 10> M), GSHr (1.00 x 104

M), and NaSCN ((0, 3.0& 1072to 0.150 M) (pH 5.00, 25.0C, 0.100 M
NaOAc,| = 3.0 M (NaCRS(0;)). The data have been fitted to a line passing
through the origin (eq 2), which has a sldgENCSCbl)K(GSChbl)= (1.46

+ 0.04) x 1073, The raw data are given in the Supporting Information.

given in the literaturé?2° Note that in solution “NCSChbl”
actually exists as a mixture of NCSChl and SCN&bThe
ratio of the two linkage isomers should be independent of
SCN- concentration, however, which we confirmed by
recording UV~visible spectra of NCSCbl in 0.0100 and 2.00
M SCN- (see later).

absorbance versus glutathione concentration at pH 5.00 is Figure 2 gives a plot of NCSCbI]/[GSCblI] versus [SON

given in Figure B in the Supporting Information, and is linear
between 0 and 1 mole equiv GgHhence, under anaerobic
conditions the reaction is irreversible akghd GSCbl) is too
large to be directly determined. Simulation of the data
showed thaK,,d GSCbl) must bex 2.0 x 10° M~ for the
plot to be linear (see Supporting Information).

Because the equilibrium constant for formation of GSCbl
is so large, it was necessary to determifigg{GSChl) by
measuring the absorbance of anaerobic solutions which
contained a competing nucleophile; that is, another ligand
that is known to strongly bind to #DCbl". For example,
KondGSCbl) was determined at pH 5.00 by measuring the
absorbance (357 nm) of equilibrated anaerobic solutions
containing a fixed concentration of,@Cbl* (4.98 x 10°°

M) and GSH (1.00 x 104 M) and varying concentrations

of NaSCN (0, 3.00x 1072 to 0.150 M). The reaction is
summarized in Scheme 2. Under these conditions, equilib-
rium is reached within 2.5 h. From Scheme 2 it can be shown
that

Agps— A(GSCDbl)  [NCSCbI]  K(NCSCbl) [SCN]
ANCSCbl)— A,.  [GSCbl] K (GSCbl) " [GSH},

2

where Aqps is the observed absorbance af@>SCbl) and
A(NCSCDhI) are the absorbances of GSChl and NCSCbl. The
derivation of eq 2 is given in the Supporting Information.
Values of K(NCSChl) (andK(N3sChl)) determined in this
study are summarized in Table 1, and agree well with values

[GSH}r for the data. From the slope of the line and
K(NCSChl)= (1.4 + 0.1) x 10° M~ (pH 5.00, 25.0°C,
0.100 M NaOAc] = 3.0 M (NaCRSG;); see the Supporting
Information for a description of the procedure used to
determineK(NCSCbl)), Kopd GSCbhl) = (9.5 + 1.1) x 10

M~! was obtained. This is, as expected, significantly larger
(x2) than the other value obtained under aerobic conditions,
as calculation of the latter value failed to take into account
the increasing proportion of glutathione oxidized to unreac-
tive GSSG during the experiment. The reason for choosing
such a high ionic strength for some of the measurements
will become apparent later.

Because it has been previously suggested that acetate,
which was used as the buffer in these experiments, can react
with H,OCDbl" to form (CHCOQO)Chbl, experiments were also
carried out which confirm that appreciable amounts of {CH
COO)Chbl are not formed under the conditions used to
determine Kohd GSCbI) (and Kopd NCSChl)). For further
details see the section entitled Acetate Binding to Aquaco-
balamin in the Supporting Information.

The observed formation constant for GSCbl at pH 5.00
was also determined under the same electrolyte conditions
(I = 3.0 M (NaCRS0y)) with N3~ (NaNs) rather than SCN
as the competing nucleophile. This result is given in Table
2, along with otheK,,{GSCbl) data at a total ionic strength

(19) Pratt, J. M.; Thorp, R. Gl. Chem. Soc. A966 187.

(20) Randall, W. C.; Alberty, R. ABiochemistryl967, 6, 1520.

(21) (a) Perry, C. B.; Fernandes, M. A.; Brown, K. L.; Zou, X.; Valente,
E. J.; Marques, H. MEur. J. Inorg. Chem2003 2095. (b) Marques,
H. M.; Munro, O. Q.; Cumming, B. M.; de Nysschen, €.Chem.
Soc., Dalton Trans1994 297. (c) Thusius, DJ. Am. Chem. Soc.
1971, 93, 2629.
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Table 2. Observed Equilibrium Constants for the Formation of GSCbl
from Aguacobalamin and Glutathione at pH 5.00 (25X)

Xia et al.

Table 3. Equilibrium Constants for the Formation of GSCbl from
Agquacobalamin and Glutathione (25'G) as a Function of pH

competing anion electrolyte 1 (M) KopdGSChl) (M1) pH KobdGSChl) (M) K(GSChl) (M~ha
SCN- NaCFKSO; 3.0 9.5+ 1.1) x 10 450 (5.0+ 0.4) x 10° (8.3+0.6) x 10°
SCN- KNO3 0.50 (1.8+£0.2) x 10°2 5.00 (9.5 0.9) x 10° (5.0 0.5) x 10°
SCN- NaCRSO; 0.50 (1.6+0.3) x 106 5.30 (1.8+ 0.1) x 108 (4.740.3) x 10°
N3~ NaCRSO; 3.0 (8.94+ 1.0) x 10° 6.00 (1.4+ 0.2) x 107 (7.44+1.1) x 10°
N3~ KNO3 0.50 (3.0£0.4)x 1062

aMean value of two experiments.

of 0.50 M, with either SCN or N3~ as the competing
nucleophile. Evidence for the formation of {HCbl~ at high
N3~ concentrations was also checked. The -tsible
spectra of equilibrated solutions of ,®ICbl* and either
0.0100 or 2.00 M N~ at pH 5.00 (i.e., at an N concentra-

AK(GSChI)= Kopd GSCh)Kaz + [H*])/Kas

thiol group of glutathione overlap, as do the acidity constants
for the glutamate and glycine carboxylic acid groups. As a
consequence of this, only macroscopic (mixed) values of the
acidity constants are obtainable by potentiometric titration.
From the data in Table 3 it can be seen tKgi{GSChl)

increases by approximately 1 order of magnitude for each

tion over an order of magnitude larger than those used) wereincremental increase in pH. The most reasonable explanation

very similar Aimax < 1 nm). There is, therefore, no evidence
for the formation of significant amounts of any species other
than NyCbl~. From the data in Table 2 it can be seen that
KondGSChl) is independent of the choice of the competing
anion within experimental error, validating the method used.
Kon{GSCbl) was found to be somewhat larger2(times)

atl = 0.50 M compared with 3.0 M and appears relatively
insensitive to the choice of electrolyte (i.e., K@ NaCk-
SO).

The pH dependence &,,{GSCbl) was also determined
with SCN~ as the competing nucleophile. It was necessary
to have a total ionic strength of 3.0 M, since at pH 6.00 up
to 2.00 M NaSCN was required to obtain a substantial
proportion of SCNCbI at equilibriun(50% SCNCDbI in the
equilibrium mixture)?? Control experiments in which UV
visible spectra of equilibrated solutions of,®ICbl" and
SCN™ at [SCN] = 0.0300 or 2.00 M at pH 6.00 were
recorded showed that under the conditions chosen to
determineKopndGSChbl), only NCSChbl is presenmax < 1
nm). Hence, formation of significant amounts of species such
as (NCS)Cbl~, which would need to be taken into account
in the data analyses, does not occur up to [SECN 2.00
M. Thiocyanate was chosen since, at higher pH conditions,
Ns~ was found to accelerate the reduction of GSCbl
compared with SCN We were unable to determine values
of Kopd GSChI) above pH 6.00, since in the presence of SCN
(or N37) and GluS, GSCbl is unstable, and is partially
reduced. It is well-known that RScan reductively cleave
the Co-S bond of thiolatocobalamir&.1® NaCRSO; was
the preferred choice of electrolyte at these high ionic strength
conditions (= 3.0 M), since N@ is a mild reducing agent.

Table 3 gives the observed equilibrium constafdys
(GSChl), as a function of pH for 4.56 pH < 6.00. For
this pH region, insignificant amounts of HOCbI are present
(pKa(H2OChI™) = 7.76 (25.0°C), see Experimental section).

It has been established by many authors that the hydroxy(24)

ligand of HOCbl is inert to substitution by other ligarig3
The acidity constants for the glutamate amino group and the

(22) To obtain pH dependence data at a lower total ionic strength, a
nucleophile is required which (i) binds stronger tgQ€Cbl* compared
with SCN™ and (ii) which is not capable of reducing GSChl. Despite
an extensive search, other nucleophiles could not be identified with
these properties.
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for this is that small amounts of the thiolate forms (G 8f
glutathione react with BDCbI"; that is

K(GSChl)

H,OCbI" + GS™

GSCbl+ H,0 3
whereK(GSChl)= [GSCbI]/[H,OCbI][GS].

The third macroscopic deprotonation procesgs(in
Scheme 1; Kaz = 8.72) corresponds mainly to deproto-
nation at the thiol site of glutathione, and using this value
one obtains an estimate fB(GSCbl)~5 x 10° M1, since

(4)

(a derivation of this equation is given in the Supporting
Information)?* HenceK(GSChl) is in the order of oM 1,
and as such, the thiolate forms of glutathione have a
remarkably strong binding affinity to #DCbl".

Determination of Rate Constants and a Mechanism for
the Formation of GSCbl. To probe the mechanism for the
formation of GSChl from HOCbI*/HOCDbI and glutathione,
rate constants were determined as a function of glutathione
concentration for a range of pH conditions (pH 4-50..0)
at 25.0°C.

K(GSCbl)= K, ,{GSCbl)K 5+ [H])/K,s

=% GSChl+ H

HOCbI/H,OCbI" + GSH; ,O (+nH") (5)
Figure 3 shows a plot of observed rate constags, versus
total glutathione concentration, GgHat pH 5.00, which is

typical of the results we obtained. The data can be fitted to

(23) (a) Marques, H. MS.-Afr. Tydskr. Cheni991, 44, 114. (b) Marques,

H. M.; Bradley, J. C.; Campbell, L. Al. Chem. Soc., Dalton Trans.
1992 2019. (c) Reenstra, W. W.; Jencks, W.J>Am. Chem. Soc.
1979 101, 5780. (d) Marques, H. M.; Brown, K. L.; Jacobsen, D. W.
J. Biol. Chem.1988 263 12378. (e) Marques, H. M.; Egan, T. J,;
Marsh, J. H.; Mellor, J. R.; Munro, O. Qnorg. Chim. Actal989

166, 249. (f) Conn, J. B.; Wartman, T. Gciencel952 115 72.

(a) Eight microscopic acid dissociation constants for glutathione have
been reported in the literatu?&:c and are calculated from NMR
spectroscopy data assuming that a change in the chemical shift of a
specific carbon-bonded proton is due only to ionization of the adjacent
acidic group. If microscopic rather than macroscopic values of the
acid dissociation constants were used to fit our data, the resulting
formation constants for GSCbl from aguacobalamin and the thiolate
forms of glutathione would be somewhat higher than the macroscopic
estimate of~5 x 10° M~1, (b) Rabenstein, D. LJ. Am. Chem. Soc.
1973 95, 2797. (c) Fujiwara, S.; Formicka-Kozlowska, G.; Kozlowski,
H. Bull. Chem. Soc. Jprl977, 50, 3131.
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[GSH], (M) Figure 4. Plot of kond[GSH]r versus pH for the reaction HOCbKBCbi+
Figure 3. Plot of observed rate constarps versus total glutathione T GSHr— GSCbl (- nH*) (0.100 M buffer, 25.0C, | = 0.50 M (KNG3)).
concentration for the reaction,@Cbl* + GSHr — GSCbl ¢ nH*) at pH The inset gives a plot dénd[GSH]r x 1/fraction HOCbI* versus pH for
5.00 (0.100 M NaOAc, 25.0C, | = 0.50 M (KNOy)). Data have been the same data. Fitting the data shown in the inset to eq 6 in the text while
fitted to a line passing through the origin, givikg,d[GSH}r = 18.09+ fixing pKas = 8.72, Kas = 9.63, [Ki(H20Cbl*) = 7.76, andk, = 18.5
0.08 M1sL M~1 s gives a best fit withk; = 28 + 10 M1 s"* andks = 163+8 M1

s 1as shown by the dotted curve. The dotted curve on the main figure also
a line which passes through the origin; hence, eq 5 is corresponds to a fit using these same values.
irreversible under the conditions used in this study as scheme 3

expected, sinc&(GSChl) is so large. From the slope of the GSH,”

line, kopd[GSH}r = 18.094+ 0.08 M! s* was obtained. k\‘&

Similar plots were obtained for 4.50 pH < 8.01, with two OH ony It +H ‘ Kas GS

fu_rther plots of th_e data at pH 6_.01 and 8.0_1 being given in éo +H (llo . o (llo + H0 4l
Figures D and E in the Supporting Information. All the data Ch', PK (H,0CbI") Qﬂ C,L

under aerobic conditions (pH 8.01) was obtained using a FHY ‘KM k/r

stopped-flow UV-visible spectrophotometer. Note thatB

catalyzed aerial oxidation of glutathione was negligible Gs*

within the time frame of the experiment under these

pH < 11.025 An alternative plot of the experimental data,
kond GSH}r x 1/fraction HOCDbI*, which in essence corrects
for the fraction of unreactive HOCDI in the solution (or, in
other words, a plot which shows the dependence of the rate
of the reaction on the protonation state of glutathione only),
is given in the inset to Figure 4. From Scheme 3 it can be
shown that

conditions.

Rate constants for the reaction between HOCH)EbI
and glutathione at pH 8.3111.0 were determined under
anaerobic conditions using either a stopped-flow spectro-
photometer (pH 8.31) or a conventional Cary 1E this
spectrophotometer (pB 8.71). Anaerobic conditions were
necessary for pH= 8.31 since the concentrations of the
thiolate forms of glutathione become significant in alkaline . _ . _
solution. As a consequence, the rate of reduction of GSChl kopd[GSHIy x 1/fraction WOCbﬁ = ky(fraction GSH ') +
to cob(ll)alamin by the thiolate forms of glutathione becomes  ky(fraction GSH™) + ky(fraction GS™) = (k[H™]* +

rapid enough to interfere with determination of the rate of + 12 +

formation of GSChl from HOCbI/KDCbI" and glutathione. olad ]+ Kl adadIH T+ Kedaa t KadHTD) (6)

The reaction (which is again irreversible) was therefore where K.; and fK.. are macroscopic acid dissociation

monitored by U\~visible spectroscopy at an isosbestic constants corresponding to the equilibria shown in Scheme

wavelength (e.g., 498 nm at pH 9.00; 495 nm at pH 10.11) 1. Fixing pKas = 8.7224° pKas = 9.63240 pK(H,OCbl") =

for the reduction of GSCbl to cob(ll)alamin. Typical plots 7 76 (see Experimental Section), dad= 18.5 Ms (i.e.,

of kovs versus [GSHj under anaerobic conditions at pH 9.00  the limiting value ofke,d[GSH}r x 1/fraction HOCbI™ at

and 10.11 are given in Figures F and G in the Supporting jow pH) gave a best fit withk, = 28 + 10 M~X s andks

Information. The plots are linear, intercept the origin, and = 163+ 8 M~ s as shown by the dotted line on the inset

once agairko,d[GSH]r can be determined from the slope. figure in Figure 4. The fit shown on the main plot of Figure
Figure 4 summarizes the dependence of the second-ordey was also generated using these values. Given that the rate

rate constant for formation of GSChkod[GSH]r, as @ of the reaction between#Cbl" and glutathione should be

function of pH. As mentioned earlier, it has previously been relatively unaffected by the protonation state of the glutamate

established that only JCbi*, not HOCbI, undergoes ligand  amine since it is 10 bonds away from the cobalt of GSChl,
substitution reactions at thg axial site?®23 The proposed
mechanism is given in Scheme 3, which has three pathways(25) SHee rtlef 24. %irgde)bJ([j%?H]Ttis rapiC_#I,y dirtninistftling irltr?wagrltituqite for .
. . . . . . pH values> 8.5 In addition to signiticant scatter in the data, It IS no
involving the different r_nacroscoplg fo_rm§ of glutgthlone with meaningful to attempt to fit our data to pathways involving the four
respect to its protonation state existing in solution for 4.5 microscopic forms of glutathione present in the pH region of this study.
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Figure 5. Plot of In(kepd[GSHIT) versus 1l/temperature for the reaction
given in eq 5 at pH 7.40/ (= 0.50 M (KNQ3)). Best fit of the data to the
Eyring equation givedAH* = 81.0+ 0.5 kJ mof! andAS*F =48+ 2 J
K=1 mol1.

and that theK,s ionization process mainly corresponds to
deprotonation of the thiol of glutathione, one would expect
k. to be similar in magnitude t&s, rather thark;. This is
not the case, and simply reflects the fact thatis not

Xia et al.

of GSH. (It should also be kept in mind that the concentration
of GSH in cells is in vast excess (over 6 orders of magnitude)
compared with the concentration of the vitamigp, Beriva-
tives.)

Our values 0Kq,{ GSChl) at pH 5.00 ((0:93) x 1P M1,
Table 2) are considerably larger than earlier reported
estimates oK,p{GSCbl) (5 x 1° M~1 (pH 4.7, temper-
ature not specifiedj and (1.14 0.3) x 1° M~ (pH 5.5,

25 °C)™). These latter two values were determined under
conditions where significant amounts of glutathione are
oxidized to its disulfide form within the time required to
reach equilibrium £3 h). They are therefore less reliable,
and, as anticipated, smaller than the values obtained in this
study. From the pH dependencekaf{GSCDhl) in the region
4.50-6.00, an estimate d€(GSChl) in the order of 5 10°
M~! was obtained. The formation constant for GSCbl is
remarkably large, and as such the thiolate forms of glu-
tathione are the first ligands to be identified which even
approach the extremely high binding affinity of cyanide for
H,OCbI" (K(cyanocobalamimz 10 M~1;,2” the next largest
reported formation constant ki{sulfitocobalamin)= 2.2 x

10’ M1 29). The large formation constants of cyanocobal-
amin and thiolatevitamin By, model complexes are at-

accurately determined in the data fit, hence the large tributed toz-bonding from the ligand to the cobaft:2®

experimental error associated with this value. This is a direct

result of a combination of factors, including the fact that (i)
the k; term of eq 6 only becomes significant for pH 8.2
(PKaz = 8.72), and under these conditiorgpd[GSH}r is
already small since the proportion of,®ICbI" is rapidly
decreasing with increasing pHKgH.OCbI") = 7.76), (ii)

Fendler and Nome studied the thermodynamics and
kinetics of the reaction between ,8ICbI*/HOCbI and
cysteine!® and determined an observed equilibrium constant
for the formation of cysteinylcobalamii,{CysChl)= (2.4
+ 0.2) x 10° M1 at pH 5.5 (25.0°C), which is within an
order of magnitude of our value &f,,{GSChl) at similar

the relative insensitivity of the observed rate constant to the PH conditions. Their value was determined by a method

protonation state of both the thiol and amine of glutathione,

in addition to (iii) the added complication that the thiol and
amine acid dissociation constants overlap significantly.
Determination of Activation Parameters at pH 7.40.

similar to that used in this study; that is, by measuring-tVv
visible spectra of equilibrated solutions containingXCbi*

and cysteine in the presence of a competing nucleophile.
However, their studies were carried out under aerobic rather

The temperature dependence of the second-order rate conthan anaerobic conditions, and within the time frame of their

stant,kopd[GSHIy, for the reaction given in eq 5 was studied

experiments it is quite likely that a significant amount of

by measuring the observed rate constant at a series ofcysteine was converted to its disulfide form as a result of (i)

glutathione concentrations at 6 temperatures (£830°C).

Bi,-catalyzed oxidation of cysteine (as we observed for

The results are summarized in Figure 5, which gives an glutathione-see Experimental Section), and (ii) homolysis

Eyring plo€® of In(kebd[GSHELT) versus 1T, where T =

of the Co-S bond of CysChl, generating cob(Il)alamin

temperature. The data were fitted to a line, and values of (Which is rapidly converted to }DCbI" in the presence of

AH*=81.0+ 0.5 kJ mott andAS =48+ 2 J K1 mol?

air) and CysS-SCy&. Indeed, the authors noted that for

were calculated from the slope and intercept, respectively. @PProximately equimolar concentrations of thé€bl" and

Discussion

Although strictly anaerobic conditions are not physiologi-

cally relevant, measurement of equilibrium and rate constants

cysteine reactants, the resulting CysChbl rapidly decomposed.
Considering both these decomposition reactions consume
reduced cysteine, we regard their valuekgi{CysChl) as
an estimate only. (Note that both Bcatalyzed oxidation of
cysteine and decomposition of CysChl as a result of So

under anaerobic conditions is simply a means to accuratelybond homolysis are effectively masked in the presence of

determine these values without other reactions which involve
O, interfering; that is, the reaction between aquacobalamin
and glutathione proceeds regardless of the presence o
absence of air. Glutathione exists predominately in its

reduced forms in cells, with the ratio of GSH/GSSG being
determined by factors other than the-Batalyzed oxidation

(26) Espenson, J. HChemical Kinetics and Reaction Mechanisraad
ed.; McGraw-Hill: New York, 1995; p 156.
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r

air and excess cysteine, since under these conditions aerial
oxidation of cob(l)alamin and/or cobalamin(ll) products to
give H,OCDbl" is rapid, as is the subsequent reaction between

(27) Baldwin, D. A.; Betterton, E. A,; Pratt, J. N&. Afr. J. Chem1982
35, 173.

(28) Firth, R. A.; Hill, H. A. O; Pratt, J. M.; Thorp, R. G.; Williams, R.
J. P.J. Chem. Soc. A969 381.

(29) (a) Brown, K. L.; Kallen, R. GJ. Am. Chem. Sod.972 94, 1894.
(b) Brown, K. L.; Gupta, B. DInorg. Chem 199Q 29, 3854.



Conversion of Free Aquacobalamin to Glutathionylcobalamin

H,OCDbI" and cysteine to regenerate CysCbl. The observationwith neutral 3-methyl)(@-aqua)cobaloxime compared with

that several thiolate derivatives ofiBappear to be stable

neutral RSH. This result has been discussed in dptnd

only in the presence of air and excess thiol has been notedt was concluded that ligand-to-metal effects may be

by a number of authors.)
Aquacobalamin is one of the most abundant forms of
vitamin By, isolated from human tissues. The formation

important in stabilizing the transition state.
Fendler and Nome also investigated the kinetics of the
reaction between ¥DCbI"/HOCDbI and cysteiné> There are

constant of GSCbl, clearly large enough to ensure formation problems associated with their data treatment, however (see

of GSChbl from aquacobalamin and millimolar concentrations
of intracellular glutathione, is, in practical terms, irreversible.
An important part of this study was also to determine if the
glutathione concentration in cells is sufficient tapidly

the Supporting Information for further discussion). The rate
constant for the reaction betweea®Cbl" and HSCHCH-
(NH3™)CO,~, which is the only species present in mildly
acidic solution, is 11.5 M* sL. This value is, as expected,

convert aguacobalamin to GSCbl; that is, are the kinetics similar in magnitude to theé; pathway for the reaction
favorable for GSChbl formation? The observed rate constantbetween HOCbI and glutathione, 18.5 M s

for formation of GSCbl was found to increase with decreas-
ing pH, reaching a limiting value for pH& 6. The decrease
in kopd[GSH]r with increasing pH is accounted for by only

Given that both our thermodynamic and kinetic data for
the formation of GSCbl from KOCbI*/HOCbI and glu-
tathione indicate that aquacobalamin will be rapidly con-

H,OCDbI™ (not HOCDbI) reacting with glutathione. Fitting the verted to GSCbl when mM concentrations of glutathione are
data to the rate law for the mechanism shown in Scheme 3present, why has GSCbl only recently been isolated from
with k; fixed at 18.5 M st gavek, =28+ 10 M ts? human cells? Jacobsen and co-workers have suggested that
andks = 163+ 8 M~! s7L. Hence, by comparing; andks GSChbl is not stable under the conditions used to extract and
it is apparent that deprotonating both the glutamate amineseparate the B derivatives in the majority of studies. In
and the cysteine thiol protons of glutathione results in only addition, to detect GSCbl (or its decomposition product

a modest{5x) increase in the rate of the reaction between sulfitocobalamiff), it was necessary for them to develop new

H,OCDbI* and glutathione.

HPLC procedures for characterizing cobalamins from éells.

The temperature dependence of the second-order ratéAfter working with GSCbl for several years, we also believe

constant at pH 7.40~k;) was also investigated, allowing
activation parameters to be determin@d{ = 81.0+ 0.5
kJ molt andAS* = 48 4+ 2 J K~ mol1). A significantly
positive value folrASF suggests that the reaction is occurring
via a dissociative or I4) type of mechanisr At pH 7.40
and 37.0°C, kopd[GSH}r = 48.7+ 0.1 M~ s L. From these
results it can be concluded that even at low intracellular
glutathione concentrations, the conversion ofO&bl"/
HOCbDI to GSCbl will occur within seconds in biological
systems; for example, at 5 mM GSH at 37, the half-
life for the reaction is 2.8 s.

Brown and co-workers examined the kinetics of the
reaction betweengtmethyl)(-aqua)cobaloxime and a va-

this is quite plausible. In solution,Cbl" and glutathione
exist in equilibrium with GSChbl, albeit in very small
guantities. Since the aerial oxidation of glutathione to its
disulfide form is catalyzed by B derivatives'® an aerobic
solution of GSCbl could potentially eventually be converted
to H,OCbl" and GSSG. Additionally, in the presence of
excess glutathione under alkaline conditions, GSChbl is
reductively cleaved to give Cbl(l) (which is rapidly oxidized
to Cbl(ll)) and GSSG. Indeed, the relative ease in which
GSChl is reductively cleaved by nucleophilic attack of the
thiolato forms of glutathione at the-axial site of GSCbl to
form Cbl(l) led Jacobsen and co-workers to propose that,
upon entering the cell, B derivatives are initially converted

riety of thiols (mercaptoacetate, 2-mercaptoethanol, and {0 GSCbl prior to being reduced to Cbl(l), assisted by protein-
methyl mercaptoacetate) and proposed a mechanism similapound or free thiols. The reduced, enzyme-bound cobalamin

to that shown in Scheme 3 in whiclf-(methyl)@-aqua)-
cobaloxime reacts with both the RSK)and RS (k) forms
of the thiols?°2 Accurate values of botk; andk, could be

can then react with eithe3-adenosylmethionine or ATP to
form enzyme-bound vitamin B coenzymes MeCbl or
AdoChbl, respectively. This seems a much more feasible way

obtained from this study since, unlike the reaction between Of generating cob(l)alamin compared with simple outer-

H,OCDbI" and GSH, the K, of the aqua ligand off-methyl)-

sphere reduction of cobalamins by a reductant to generate

(a-aqua)cobaloxime is at least 2.8 pH units higher than the cob(l)alamin, given the low (for biological systems) redox

pK, of the three thiols. Interestingly, althoughandk, are

potential of the Cbl(I1)/(1) redox couple{490 mV versus

once again within the same order of magnitude, the valuesNHE for methionine synthase-bound cob(ll)alamin/cob(l)-

of k; (50.4, 49.6, and 55.2 M s! for mercaptoacetate,

alamin)3! Facts supporting this hypothesis include finding

2-mercaptoethanol, and methyl mercaptoacetate, respectivelyjhat compared with CNCbl and BCbl, (i) methionine

are larger than those fégs (12.8, 27.3, and 24.2 M s~ for

synthase utilizes GSChl more readily as a cofactor in the

mercaptoacetate, 2-mercaptoethanol, and methyl mercapmethylation of homocysteine to methionitiii) the conver-

toacetate, respectively), which is unexpected since-the
charge on RSwould be expected to enhance its reactivity

sion of apo-methionine synthase to holo-methionine synthase
is faster with GSCht2and (iii) the yield of AdoChbl is higher
when GSChl is added to the cell cultdfen addition, model

(30) Given that HOCbI" and GSChl have different charges, as do the Studies have shown that GSChbl is readily converted to MeCbl
entering and leaving groups in the substitution process, caution must
be used when inferring the type of mechanism from the activation (31) Jarrett, J. T.; Choi, C. Y.; Matthews, R. 8iochemistry1997, 36,
parameters. 15739.
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in the presence of a thiol an8adenosylmethionin®. Of Experimental Section
course, direct observation of GSChbl in in vivo rather than Hydroxycobalamin hydrochloride (HOGBICI, 98% stated

in vif[ro lysed cell extracts v_voul_d unequivocally demonstrate purity by manufacturé?) was purchased from Fluka. Glutathione
the importance of GSCbl in biology. (GSH, 98%; i.e., in its reduced form) was purchased from Aldrich,

NaN; (99%) and potassium hydrogenphthalate 99.9%) were
Recently M nan -workers pr that |
ecently McCaddon and co-workers proposed that GSCb obtained from Labchem, MES, TES, TAPS, and CAR&re from

could be' a mgre effective therapegtlc |n. thg treatment of Sigma, and KN@(99%), NaOAC (99%), and NaSCN 08%) were
neurological disorders associated with oxidative stress suchgom BpH. Sodium trifluoromethanesulfonate (NaSB) was

as Alzheimer’s diseasé.They have suggested that such prepared by neutralizing a concentrated, aqueous solution of
disorders are associated with the development of a “func- trifluoromethanesulfonic acid with NaOH, reducing it to dryness
tional” Bi, deficiency (where “functional” refers to deriva- ~and drying overnight under vaccum at 0. Glutathione solutions
tives of vitamin B, which can be directly utilized by the  Were prepared directly before use.

B.-dependent enzymes), in contrast to “classical” clinical "€ Percentage of water in HOCHICI('nH0) (10 3%, 15
- . . . .+ 2%, two different batches) was determined by converting HOCbl
deficiencies arising from reduced intake or malabsorption

. . . . ~ HCIl to (CN)CbI~ (0.10 M KCN, pH 10.0 =3.04x 1M1
of the vitamin. They postulate that oxidative stress will impair -1 34)(. k ( P Fas

the Bir-dependent methionine synthase reaction and also  ajj pH measurements were made at 25with an Orion model
compromise the intracellular reduction of-Bo its active 710A pH meter equipped with an Orion 9101 BN glass electrode
co-enzyme forms due to a scarcity of glutathione in its and an Orion 900200 double junction reference electrode. The outer
reduced form. However, it is not yet established whether chamber of the reference electrode was filled with 1.60 M;NH
administered GSCbl would provide any benefits compared NO#/0.200 M NaNQ, pH 7.0, which has been shown to have the
with H,OCbI*, although it may well be absorbed better and/ same performance characteristics as the usual KCI filling solution.

ined | in the bod di h h The electrodes were standardized with BDH buffer solutions at pH
or retained longer in the body. Our studies show that upon 4.01, 6.98, and 10.00. Measurements in alkaline solution were

entering the cell, free ¥0CblI" will be quickly convertedto  carried out under a nitrogen or argon atmosphere. Solution pH was
GSChbl by intracellular glutathione, provided glutathione is adjusted using concentrated HY@R;SOsH, or KOH solutions
available in its reduced form. as necessary. The error in individual pH measurements0a32.

IH NMR spectra were recorded on an Inova 500 MHz spec-

Note that it is currgntly unc'?ar_Whether significant trometer equipped with a 5-mm thermostated (25.0.2 °C) probe.
amounts of free B derivatives exist in cells, or whether 5 solutions were prepared in £, and TSP (3-(trimethylsilyl)-

Bi2 derivatives are always protein-bound. Further studies arepropionic-2,2,3,3-¢ acid, sodium salt) was used as an internal
also required to establish whether intracellular glutathione standard.

concentrations are sufficient to readily convert protein-bound UV —visible spectra were recorded on a Cary 1E spectropho-
aquacobalamin to protein-bound GSCbl, or indeed, whethertometer equipped with a thermostated cell changer (23001 °C),

aquacobalamin can readily react with the cysteine thiol operating _with Wi_nUV Bic_> s_,oftware (versic_m 2.00). Rate const_ants
. . were obtained using the fitting program Olis KINFIT. For reactions
groups of proteins to form protein-S-Chls.

with half-lives t;,) < 18 s, data were obtained and analyzed using
To summarize, in this study we have carried out a detailed an Applied Photophysics SF 17 MV stopped-flow spectrophotom-

investigation of both the thermodynamics and kinetics of eter (25.0+ 0.2°C) and kinetic analysis software. For experiments

formation of GSCbI from HOCbI/HOCI and glutathione conducted under anaerobic conditions, solutions were degassed

. . - using three freezepump—thaw cycles and transferred to air-free
and found (i) the formation constant of GSCbl is much larger Schlenk cuvett@8 under N.

than previously believed and (i) aguacobalamin reacts pgiermination of the Acidity Constant for H,OCbI*. A
rapidly with glutathione to form GSCbl. Reliable values of {ocpkHCI solution (30.00 mL, 5.02< 103 M,% | = 0.50 M
KobdGSChl) are reported for the first time under anaerobic (KNO3)) was titrated with aliquots of a NaOH solution (8.60
conditions, avoiding unwanted side reactions involving the 102 to 0.240 mL, 0.107 M] = 0.50 M (KNGs)), giving pKa(Hz-
aerial autoxidation of glutathione by,B In the course of =~ OCbI") =7.76 4+ 0.02 (25.0°C, I = 0.50 M (KNG)).

this work we have found that the equilibrium betwees H Determination of K(NCSCbhI). A.series of squFions with K
OCbI* and glutathione is rapidly shifted, and the relative 90" = 5-53x 10" M* and varying concentrations of NaSCN
amounts of HOCbI™ to GSCbl can be perturbed by factors (0. 333> 10 to 2.50x 10°% M) were prepared in vials (pH

such as pH, introduction of air to an anaerobic system, and(32) (a) It has been demonstrated'byNMR spectroscopy that commercial

the glutathione concentration. Investigations on the stability HOCbrI]-HCI is notkas pure as claimed r?y the manufactdferb)

. . - Brasch, N. E.; Finke, R. Gl. Inorg. Biochem1999 73, 215.
of GSChbl in the presence of glutathione as a fqnctlon of pH, (33) Abbreviations: NaOAe- Na(OOCCH), MES= (2-[N-morpholino]-
air, and other factors are currently underway in our labora- ethanesulfonic acid), TES (N-tris[hydroxymethyl]methyl-2-amino-

: : : ethanesulfonic acid), TAPS= (N-trislhydroxymethyllmethyl-3-
tory. From our studies we conclude that GSChl is a likely aminopropanesulfonic acid) CAPS: (3-[cyclohexyl-amino]-1-

form of protein-unbound vitamin B in mammalian cells propanesulfonic acid).
; : (34) Barker, H. A,; Smyth, R. D.; Weissbach, H.; Toohey, J. |.; Ladd, J.
and t_hat GS_CbI could very well play an |mportant_ _role_ in N.: Voleani, B. E.J. Biol. Chem.196Q 235 480.
the biochemistry of B-dependent processes. Identification (35) Hay, B. P.; Finke, R. GRPolyhedron198§ 7, 1469.
; ; ; ; (36) All reported mole amounts and concentrations of HOEBI are
of GSCbl in Wh.0|e cells in vivo WOL_IId _unequlvoca‘”y corrected for the percentage of water present (see Experimental
demonstrate the importance of GSCbl in biology. Section).
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Conversion of Free Aquacobalamin to Glutathionylcobalamin

5.00, 0.100 M NaOAc| = 3.0 M (NaCRS(;)), capped, and left
to equilibrate fo 1 h at25.0°C (water bath). The absorbance of

added via a syringe into an air-free Schlenk cuvette under positive
nitrogen pressure which contained a small amount of solid HOCblI

each solution was measured at 315 nm by visible spectroscopy usingHCl, and the cuvette was shaken and transferred to the cell holder

the same cuvette (1 cm) for all measuremerNCSChbl) was

of the Cary 1E spectrophotometer. The absorbance at 498 nm (pH

also determined using the same procedure at a total ionic strength8.71-9.51), 495 nm (pH 10.11), or 388 nm (pH 11.0) was

of 0.50 M with either NaCES0O; or KNO; as the supporting
electrolyte K(NCSChl) could also be determined from absorbance
data collected at 351 nm.

Determination of K(NsChl). A series of solutions with fDCbI*
= 9.29 x 1075 M36 and varying concentrations of NaKD, 3.33
x 1076t0 5.00x 102 M) were prepared in vials (pH 5.00, 0.100
M NaOAc,| = 3.0 M (NaCRS(Q)), capped, and left to equilibrate
for 1 h at25.0°C (water bath). The absorbance of each solution

monitored. The kinetic data at pH 8.31 was collected at 498 nm
under anaerobic conditions using the Applied Photophysics stopped-
flow spectrophotometer. Glutathione solutions were freshly prepared
and control experiments showed th2% oxidation of glutathione
occurred between preparing the solutions and data collection at the
pH conditions and glutathione concentrations employed for the
measurements.

Data fits to the equations given in the text were carried out using

was measured at 315 nm by visible spectroscopy using the samethe program Microcal Origin version 3.5. All experimental errors

cuvette (1 cm) for all measuremernkg§N3;Cbl) was also determined
using the same procedurelat 0.50 M (KNGs). K(N3Chl) could
also be determined from absorbance data collected at 351 nm.
Determination of Kop(GSCbl). A series of solutions with [k
OCbl"] = 4.98x 1075 M,38[GSH} = 1.00x 104 M, and varying
concentrations of NaSCN (0, 3.0010°2 to 0.150 M) at pH 5.00
(0.100 M NaOAc, = 3.0 M (NaCRSGs)) were prepared in vials
in the absence of air (glovebox) by the addition of an air-free
solution of HOCb{HCI to air-free NaSCN/GSH solutions. A small

are reported as one standard deviation of the mean value.
Determination of the Percentage of Glutathione Oxidation.
A typical experiment was carried out as follows. An aerobic solution
of GSH (6.25x 10° M) and GSCbl (6.25«< 10°°> M) was freshly
prepared in pH 5.02 buffer (1.2 103 M NaOAc). At periodic
intervals a freshly prepared Ellmans solution (0.400 mL, 1x27
102 Min 0.10 M phosphate buffer, pH 8.0) was added to aliquots
of the GSH/GSCDblI solution (1.60 mL) and the absorbance at 412
nm was measured. From the known extinction coefficient of the

volume of several of the samples were transferred to a Schlenkreduced Ellman’s reagert € 1.36 x 10* M~ cm™t at 412 nm?’
cuvette for monitoring the extent of reaction by visible spectroscopy the percentage of glutathione oxidized to its disulfide form, GSSG,

(300—800 nm), and the vials were capped and left to equilibrate in
a glovebox. Immediately upon reaching equilibriu2(5 h later),

the solution from each vial was transferred to a cuvette (one cuvette

used for all measurements), and its absorbance (256)0was
determined at 357 nm.

at times~1, 3, 5, 7, 23, and 25 h after preparing the solution were
calculated as 4, 10, 13, 16, 35, and 40%, respectively.
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Supporting Information Available: Evidence that GSCbl exists
as GSChbl between pH 4.01 and 10.11; ploAgf versus mol equiv
GSHr for equilibrated anaerobic solutions of®ICbI™ and GSH
at pH 5.00 and details of the simulation of these data (Figure B);
description of the procedure used to detern{BICSCbl) at pH
5.00, 25.0°C, | = 3.0 M (NaCRSG;); evidence that acetate binding
to HOCbl* is minimal; plots ofkons versus [GSHj for the reaction

and the reaction was monitored using a Cary 1E spectrophotometef/OCDI/HOCDI" + GSHr — GSCbl ¢+ nH) at pH 6.01, 8.01,
or an Applied Photophysics stopped-flow spectrophotometer. The 9.01, and 10.11; discussion on ref 15; Ahagata from which Figure

rates of the reaction at pH 4.58.01 were determined under aerobic

2 was generated; derivation of eqs 2 and 4. This material is available

conditions and the reaction was monitored at 350 nm. The rates offfee of charge via the Internet at http://pubs.acs.org.

the reactions at pH 8.3111.0 were measured under anaerobic
conditions. In a typical experiment, 4.0 mL of freshly prepared

1C040022C

anaerobic GSH solution of the appropriate pH and ionic strength (37) (a) Boyne, A. F.; Ellman, G. lAnal. Biochem1972 639. (b) Eliman,

(pre-thermostated to 25.QC in a circulating bath) was quickly

G. L. Arch. Biochem. Biophy4.959 82, 70.
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