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Abstract The interaction with nitric oxide (NO) is an
important aspect of the biological activity of vitamin
B,, (Cbl). Whereas the formation of nitroxylcobalamin
(CbINO) via the binding of NO to reduced CblCo(II)
has been studied in detail before, the possible intracellu-
lar formation of CbINO via reduction of nitrocobalamin
(CbINO,) is still questionable. To study this further, spec-
troscopic and kinetic studies on the reaction of CbINO,
with the intracellular antioxidant ascorbic acid (Asc) were
performed in aqueous solution at the physiological pH of
7.2. It was found that the redox pathway of this reaction
requires anaerobic conditions as a result of the rapid re-
oxidation of reduced CbICo(II). In the studied system, both
CblOH, and CbINO, are reduced to CblCo(II) by ascorbate
at pH 7.2, the CblIOH, complex being two orders of magni-
tude more reactive than CbINO,. Clear evidence for redox
cycling between CblOH,/CbINO, and CblCo(II) under
aerobic conditions was observed as an induction period
during which all oxygen was used prior to the formation
of CblCo(Il) in the presence of an excess of ascorbate. No
evidence for the intermediate formation of CbINO or NO
radicals during the reduction of CbINO, could be found.

Electronic supplementary material The online version of this
article (doi:10.1007/s00775-015-1288-9) contains supplementary
material, which is available to authorized users.

< Rudi van Eldik
rudi.vaneldik @fau.de

Faculty of Chemistry, Jagiellonian University, Ingardena 3,
30-060 Krakoéw, Poland

Department of Chemistry and Pharmacy, University
of Erlangen-Nuremberg, Egerlandstrasse 1, 91058 Erlangen,
Germany

Graphical Abstract Nitrocob(Ill)alamin can be reduced
by ascorbic acid under physiological conditions. The prod-
ucts of the reaction are cob(Il)alamin and nitrite ion. This
reaction is ca. 200 times slower than the one involving
aquacob(Ill)alamin.
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Introduction

Nitric oxide (NO) is a free radical that plays a dual role in
mammalian cells depending on its concentration. High con-
centrations of NO and its metabolites could cause harmful
effects on an organism [1]. Low concentrations of NO reg-
ulate a wide range of biological processes, such as smooth-
muscle relaxation, neurotransmission or immune response
[2—4]. Numerous studies showed that reactions of NO with
transition metal complexes such as iron porphyrins play an
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Fig. 1 Structure of vitamin B, (cobalamin): X = CN~, H,0, NO,™,
NO™, etc

important role in biological and environmental processes
[5, 6]. Another interesting aspect is the interaction between
NO and the macrocyclic Co(III) complex Vitamin B, and
its derivatives [7].

Vitamin B, derivatives, also known as Cobalamins
(Cbl), are a group of cobalt containing complexes that play
a role as cofactors for many enzymes [8]. Vitamin B, is
a six-coordinate complex of which the equatorial posi-
tions are occupied by the corrin ring. The upper (B) axial
position can be occupied by various ligands, e.g., CN in
cyanocobalamin, water in aquacob(IIl)alamin or NO,™ in
nitrocob(Ill)alamin (Fig. 1) [9]. The lower (o) position is
occupied by dimethylbenzimidazole indirectly linked to
the corrin chelate. Reactions of vitamin B, with NO play
an important role in modifying the physiological action of
vitamin B ,. Up to now it was shown that there is no direct
interaction between NO and aquacobalamin at physiologi-
cal pH [10]. However, the reduced form of aquacobalamin
binds NO rapidly and reversibly to form nitroxylcobala-
min, CbINO: [7]

CbI(IT) + NO = CbI(IIHNO™ (1

Nitroxylcobalamin is oxygen sensitive; in the presence
of air it rapidly oxidizes to nitrocobalamin CbINO, [11].
Nitrocobalamin is one of the naturally occurring forms of
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Scheme 1 Schematic presentation of the redox cycling that could
occur in the presence of ascorbate (Asc) and dioxygen

cobalamin and was isolated from biological samples, thus it
is stable in biological systems [12, 13].

The goal of this study is to investigate the possible intra-
cellular production of CbINO by reduction of CbINO,.
So far the reaction of CbINO, with the strong nucleophile
and reducing agent glutathione (GSH) was studied [14].
According to the authors, the product of this reaction is
glutathionylcobalamin CbISG, but not nitroxylcobalamin
CbINO as expected. In this study, we used ascorbic acid as
a strong reducing agent, known as intracellular antioxidant,
to study the reduction of CbINO, to CbINO (Scheme 1).
We report here our findings on the kinetics and mechanism
of the reaction between CbINO, and ascorbate (Asc) at
physiological pH.

Experimental section
Materials

Hydroxocobalamin hydrochloride (CblIOH-HCIl, >98 %)
was obtained from Sigma. Sodium nitrite was purchased
from LPPH (Poland). Ascorbic acid was obtained from
Polfa Krakow (Poland). Tris buffer was obtained from
Merck. All chemicals used throughout this study were of at
least analytical reagent grade. Oxygen-sensitive solutions of
Cbl(IT) and NO were prepared and handled in gastight glass-
ware or screw-cap cuvettes equipped with a silicone septum.
Oxygen-free argon was used to deoxygenate the reactant
solutions. Stock solutions of NO were prepared by satura-
tion of a deoxygenated buffer solution with NO gas making
use of vacuum line techniques. Oxygen-saturated solutions
were prepared by bubbling oxygen through the solutions.

General methods

All solutions were prepared in de-ionized water (18.2  Mil-
lipore). Tris buffers (0.01 and 0.1 M) were used to control the
pH (adjusted with HCIO,). Solutions of reduced cobalamin,
Cbl(II), were prepared by chemical reduction of aquacobala-
min with ascorbic acid or sodium formate under argon atmos-
phere. The identity and concentration of the reduced cobala-
min Cbl(I) were determined by UV-Vis spectroscopy.
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Measurements

UV-Vis spectra and kinetic data for slow reactions were
recorded on Perkin Elmer Lambda 25 or Shimadzu UV
3600 spectrophotometers equipped with a thermostatted
(25.0 £ 0.1 °C) cell holder (Perkin Elmer PTP-6 Peltier
System). UV/Vis spectra and kinetic data for rapid reac-
tions were recorded on an Applied Photophysics SX20
stopped-flow spectrophotometer equipped with a photodi-
ode array detector in addition to a single wavelength detec-
tor. All kinetic experiments were performed under pseudo-
first-order conditions at 25.0 £ 0.1 °C. All data were
analyzed using Origin Lab version 9.0 software.

Kinetic measurements

The rates of the reactions between CblOH, (8.5 x 107> M)
and NO,™ were determined under pseudo-first-order condi-
tions with excess of NaNO, (8.5 x 1074-8.5 x 1073 M).
Kinetic data for this reaction were obtained at pH 7.2 in
Tris buffer (0.1 M) and recorded at 354 and 532 nm.

The rates of the reaction between CbINO, (8.5 x 107>
M) and Asc were determined under pseudo-first-order con-
ditions with excess of Asc (8.5 x 107*-2.6 x 1072 M).
Kinetic data for the reaction were obtained at pH 7.20 in
Tris buffer (0.1 M). A small aliquot of concentrated NaNO,
(8.5 x 107* M) was added to the solution of CblOH,, fol-
lowed by a small aliquot of concentrated ascorbate added
to the solution of CbINO,. The absorbances at 354 and
532 nm were recorded as a function of time.

The rates of the reaction between CbINO, (8.5 x 107> M)
and Asc for varying concentrations of NO,™ at pH 7.20 (Tris
buffer, 0.1 M) were determined under pseudo-first-order
conditions with excesses of Asc and NO, . A small aliquot
of concentrated NaNO, (1.7 x 107443 x 107> M) was
added to the solution of CblIOH, (8.5 x 107> M), followed
by a small aliquot of concentrated ascorbate (2.2 x 107> M)
added to the solution of CbINO,. The absorbances at 354
and 532 nm were recorded as a function of time.

pH measurements were carried out using a HI 221
(Hanna Instruments) pH meter equipped with an AmpHel
glass electrode. The electrode was filled with a 3.5 M
KCI + AgCl solution.

Results and discussion

Studies on the reaction between CblIOH, and NO,~

The formation of nitrocobalamin (CbINO,) was initiated
by addition of NaNO, to a solution of aquacobalamin

(CblOH,) at pH = 7.2 (25 °C, 0.1 M Tris buffer) under
aerobic conditions. Rapid changes in the UV—Vis spectrum
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Scheme 2 Reaction scheme for the reversible formation of CbINO,

were observed and the reaction solution changed color from
red to pink, indicating the formation of nitrocobalamin
(CbINO,) according to the reaction shown in Scheme 2.

Figure S1 (Supporting Information) shows typical UV—
Vis spectra recorded for the formation of CbINO, in the
reaction between CblOH, and excess NO, . Five isosbestic
points were observed at 345, 353, 422, 472 and 555 nm.
The inset in Figure S1 shows the initial (A ., = 275, 351,
412, 497 and 525 nm) and final spectra (A,,,, = 272, 354,
413, 502 and 532 nm) of CblOH, and CbINO,, respec-
tively. Figure S2 (Supporting Information) shows the plot
of absorbance at 310 nm as a function of time and the best
fit to a first-order rate equation, giving the observed rate
constant k,,, = 1.126 4 0.001 s~ .

The kinetics of the reaction in Scheme 2 was stud-
ied under pseudo-first-order conditions with NO,™ in at
least tenfold excess using stopped-flow spectroscopy.
A plot of k,,, versus the total nitrite concentration at pH
7.20 is linear with a zero intercept (Figure S3, Supporting
Information). A linear fit of the data gives a slope (k;) of
(1.29 £ 0.01) x 10> M~ " s™! at 25 °C. The value of k, is in
good agreement with values reported in the literature, viz.
(1.20 £ 0.02) x 10° and 1.0 x 10* M~! s7!, respectively
[14, 15].

To obtain the equilibrium constant K, (=k,/k_;) from
kinetic data for the reversible formation of CbINO,, k_,
was determined independently from the reaction between
CbINO, and H™ as a function of H' concentration, i.e., via
an acid-catalyzed aquation reaction of CbINO,. The reac-
tions were performed at equimolar concentrations of NO,™
and CblOH, to protonate free nitrite at pH < 2 (formation
of HONO, pK, ~ 3.2) and induce the back reaction in
Scheme 2. Typical spectral changes and a kinetic trace for
this reaction are shown in Figure S4 (Supporting Informa-
tion). The spectral changes observed are exactly the oppo-
site than those observed for the forward reaction in Figure
S1. A plot of the observed first-order rate constant as a
function of H concentration (Figure S5, Supporting Infor-
mation) shows that k,, increases linearly with increasing
H™ concentration and exhibits a significant intercept, i.e.,
kows = k, + ky(H'). This behavior indicates that both free
and coordinated nitrite can be protonated to induce an
acid-catalyzed aquation of Cbl of which the intercept (k,)
presents the spontaneous process, i.e., k_; in Scheme 2. A

max
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linear fit of the data in Figure S5 gave k, (=k_;) = (1.42 &+
0.03) x 1072 s " and k, = 0.53 + 0.01 M~ s~ ! at 25 °C.
The value of k_, is very close to that reported recently by
Brasch and co-workers [14], who obtained the value in an
indirect manner from the reaction of CbINO, with glu-
tathione, and from the spontaneous aquation of CbINO.,.
Their values are in the range (1.48-1.75) x 1072 s at
25 °C depending on the way the rate constant was deter-
mined. Based on our data, K; = (1.29 + 0.01) x 10%/(1.42
£+ 0.03) x 1072 = (9.1 £ 0.3) x 10* M~" at 25 °C, which
is close to the different values reported in the literature for
the complex-formation constant of CbINO,, viz. 8.5 x 10*
M~ according to Walker et al. [14] and 2.2 x 10° M~! as
reported by Marques et al. [11].

It is also possible to determine the thermodynamic value
of K, using a spectrophotometric technique as described by
Grynkiewicz et al. [16]. The reaction between CblOH, and
NaNO, at concentration ratios between 0.1 and 5 at pH = 7.2
was studied and the UV—Vis spectra before and after the reac-
tion were recorded as a function of nitrite concentration. Fig-
ure S6 (Supporting Information) shows the UV-Vis spectra
of the reaction product for different concentrations of NO, ™.

The spectra reported in Figure S6 exhibit clean isos-
bestic points. Two wavelengths were selected where
the absorbance of the product of the reaction increases
(505 nm) and decreases (520 nm). From the corresponding

absorbance values, the parameters R;,, R, and R were
calculated using Eqs. (2)—(4).
Acpion2 at 505 nm
Ruin = (2)
Acblom at 520 nm
Acpino2 at 505 nm
Rmax = (3)
Acpino2 at 520 nm
R— Aproduct at 505 nm @

Aproduct at 520 nm

In principle, K, can be estimated from the intercept of a
plot of In(NO, ). versus In % according to Eq. (5)
and shown in Figure S7 (Supporting Information). The free
nitrite in solution at equilibrium was calculated from the
recorded spectra which allowed the estimation of the con-
centrations of CblIOH, and CbINO, at equilibrium. Due to
the relatively high value of K|, this method could only be
applied to the data points related to the concentration ratio
of NaNO, and CblOH, ranging from 1.5 to 4.0, i.e., close
to the optimal formation of CbINO, where measurable
spectral changes occur and some free nitrite is still present
in solution to maintain the equilibrium.

R — Ruin

=InK; +

In (NOz_)free m (5)
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Fig. 2 Spectral changes observed for the reaction between CbINO,
(7.6 x 1073 M, obtained by mixing CblOH, and NO, ", concentra-
tion ratio NO, /CblOH, = 40) and Asc (2.10 x 1072 M) at pH = 7.2
(25 °C, 0.1 M Tris buffer, Ar atmosphere). Spectra were recorded
every 2 min. Inset: plots of absorbance at 354 (leff) and 532 nm
(right) versus time

The intercept of the plot in Figure S7 presents
InK; = —12.0 £ 0.5 according to Eq. (5), from which it
follows that K, = (2 £ 1) x 10° M~!. This value is in close
agreement with the values reported in the literature [14,
15], viz., 2.2 x 10° and 8.4 x 10* M~!, respectively, and
especially with the kinetic value of (9.1 & 0.3) x 10* M~!
reported above as found in this study.

Studies on the reaction between CbINO, and ascorbate
atpH =17.2

Spectroscopic studies

To initiate the reaction, the solution of ascorbate (Asc)
was added to the solution of CbINO, at pH = 7.20 (25 °C,
0.1 M Tris buffer) under anaerobic conditions. CbINO, was
prepared as described in the previous section. Note that
the abbreviation for ascorbate (Asc) refers to a mixture of
the ascorbate mono-anion (HAsc™) and ascorbate di-anion
(Asc®), for which the pK,, value is 11.3. At the selected
pH, the strongest reducing species is Asc’~, it reacts five
orders of magnitude faster than the HAsc™ ion [17].
Changes in the UV-Vis spectrum were observed while
the reaction solution changed color from red to orange.
Figure 2 shows the UV-Vis spectral changes observed
upon addition of Asc to CbINO, (A« = 354, 413 and
532 nm), indicating that CbINO, is converted to reduced
cobalamin, CblCo(I) (A, = 312, 407 and 476 nm), with
isosbestic points at 335, 372, 487 and 571 nm. The insets in
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Fig. 3 UV-Vis spectra recorded for the reaction between CbINO,
and Asc at pH = 7.2 between 85 and 130 min (a) and between 160
and 250 min (b) after initiation of the reaction. Experimental con-
ditions: CbINO, (7.6 x 107> M) was obtained by mixing CblOH,
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Fig. 4 Plots of absorbance at 532 nm vs. time for a the experiment shown in Fig. 3 and b the introduction of oxygen into the reaction mixture

after 2.5 h. Experimental conditions as for Fig. 3

Fig. 2 show the corresponding absorbance vs. time traces at
354 and 532 nm.

The kinetic traces showed a short induction period
during the reduction of CbINO, to CblCo(Il), which
could be related to the presence of traces of oxygen pre-
sent in solution (see next section). The data fitted well to
a first-order rate equation with observed rate constants,
kys = (1.00 £ 0.02) x 1073 and (0.95 + 0.02) x 107°
s~!, respectively. A possible influence of the Tris buffer on
the reaction was checked by repeating the reaction shown
in Fig. 2 at 1 M instead of 0.1 M Tris buffer. The spectral
changes and calculated rate constant (see Figure S8 Sup-
porting Information) were found to be identical to that
shown and obtained from Fig. 2.

Role of oxygen

To obtain further information on the influence of oxygen
on the reaction between CbINO, and Asc, the reaction was
performed under 50 and 100 % oxygen-saturated condi-
tions. Reactions were initiated by addition of Asc to a solu-
tion of CbINO, at pH = 7.20 (25 °C, 0.1 M Tris buffer).
Spectral changes observed for these reactions are shown in
Figs. 3 and Sa. Figures 4a and 5b show plots of the absorb-
ance at 532 nm as a function of time.

Spectral changes observed under 50 % oxygen-saturated
conditions (Figs. 3, 4a) suggest that after addition of Asc to
the solution of CbINO,, several steps are observed. During
the first 85 min no spectral changes occur, suggesting an
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Fig.5 UV-Vis spectra (a) and the kinetic plot at 532 nm (b) for the reaction between CbINO, and Asc. Conditions are as given for Fig. 3
except for 100 % oxygen saturation. Note the expanded absorbance scale used in the plot (b)!

induction period for the studied reaction. This suggests that
CbINO, is reduced to Co(II)Cbl and/or CbINO, but since
these species are very oxygen sensitive they are rapidly re-
oxidized to CbINQO,. In addition, oxygen can also be con-
sumed by the oxidation of ascorbate to dehydroascorbate
(DHA) as indicated in reaction (6) [13].

Asc + O, — DHA + H,O, (6)

The spectral changes observed after 85 min (Fig. 3a)
show an absorbance decrease at 354 and 532 nm and an
increase at 476 nm, suggesting that no oxygen is left in the
solution since these changes are characteristic for the for-
mation of CbI(I). After 160 min, the reaction is still not
complete, but from this point on the absorbance decreases
at 476 nm. These spectral changes observed from 160 to
250 min (Fig. 3b) suggest the partial destruction of the
cobalamin derivatives, presumably caused by hydrogen
peroxide formed in reaction (6) [13], and the formation of
CblCo(II). When the reaction shown in Fig. 4a is stopped
after 2.5 h and oxygen is bubbled through the solution, the
induction period shows up again as shown in Fig. 4b due
to the redox cycling described above. A similar observa-
tion was reported for a related system where oxygen also
caused an apparent induction period [18]. Spectral changes
observed for this reaction under 100 % oxygen-saturated
conditions are shown in Fig. 5a. There are some spectral
changes around 350 nm, but nothing significant in the vis-
ible range over a period of 260 min. Figure 5b shows that
the absorbance change at 532 nm is practically zero dur-
ing this time. These spectra again indicate that the reduced
CblCo(Il) is re-oxidized to CbINO, as long as oxygen
and an excess of nitrite are present in solution. The spec-
tral changes observed around 350 nm are probably caused
by the oxidation of Asc and the formation of H,O, in the
solution.

@ Springer

To summarize, these results imply that in the presence
of oxygen, the reaction between CbINO, and Asc shows
an induction period during which CblCo(Il) is re-oxidized
to CbINO, as long as oxygen is present in solution. Thus,
the induction period depends on the oxygen concentration
as seen from Figs. 4 and 5b. Once oxygen is used up, the
same reaction as under anaerobic conditions is observed.
This clearly demonstrates the redox cycling of the system
in the presence of ascorbate and dioxygen as suggested in
Scheme 1.

Kinetic studies

Kinetic data were collected for the reaction of CbINO,
with Asc as a function of the Asc and NO,™ concentra-
tions. Experiments were initiated by addition of a small
aliquot of concentrated NaNO, (8.5 x 10~ M) to a buff-
ered CblOH, solution (8.5 x 107> M) at pH = 7.20 (Tris
buffer). When the reaction between CblOH, and NaNO,
was complete, a small aliquot of concentrated Asc was
added to the reaction solution. Control experiments
showed that the observed rate constants in the absence and
presence of oxygen differed significantly; the reaction in
the presence of oxygen is significantly slower as the result
of the redox-cycling referred to above. Hence, all experi-
ments were carried out under anaerobic conditions (i.e., in
Ar atmosphere).

A plot of k,, versus total Asc concentration at a fixed
nitrite concentration is shown in Fig. 6. The results suggest
that the observed rate constant reaches a limiting value at
high Asc concentration. This is typical for an outer-sphere
electron transfer reaction that proceeds via the rapid pre-
equilibrium formation of an encounter complex, followed
by the rate-determining electron transfer reaction that leads
to the formation of CblCo(II) and dehydroascorbate (DHA)



J Biol Inorg Chem (2015) 20:1069-1078

25

= )
o o
1 1

-
o
1

k.., (x10%) [s7]

o

0 5 10 15 20 25
Asc [mM]

Fig. 6 Dependence of kg, on Asc concentration for the reaction
between CbINO, and Asc. Experimental conditions: 8.5 x 1073
M CbINO,, (NO, /CbIOH, = 10), 2.1 x 1073-2.6 x 1072 M Asc,
pH = 7.2 (25 °C, 0.1 M Tris buffer)

as shown in Eq. (7). The rate expression corresponding to
the suggested reaction scheme is given in Eq. (8).

CbINO, + Asc K. CbINO, - Asc > CbICo(I)

_ (N
+ DHA + NO;

kK (Asc)

kobs = m (8)

From a non-linear fit of the data in Fig. 6 to Eq. (8),
k=33+03) x 103s ' and K = 106 + 17 M~! at
25 °C. At low concentration of Asc, Eq. (8) simplifies to
ko,s = kK(Asc), where kK represents the second-order
rate constant for the overall electron transfer reaction, i.e.,
kK = 0.35 4+ 0.09 M~! s7! at 25 °C. At high Asc concen-
tration, Eq. (8) simplifies to k., = k, i.e., the limiting value
that can be reached in Fig. 6 at high Asc concentration is
k=(3.34+0.3) x 1073 s " at 25 °C.

Further experiments were performed to study both the
influence of free nitrite in the equilibrated solution on the
observed rate constant and the mechanism of the reac-
tion between CbINO, and Asc. Thus, kinetic data were
collected for the reaction of CbINO, with Asc as a func-
tion of NO,™ concentration. Experiments were initiated
by adding a small aliquot of concentrated NaNO, solu-
tion (8.5 x 107°-4.3 x 107> M) to a buffered CblOH,
solution (8.5 x 107> M) at pH = 7.20 (Tris buffer) under
anaerobic conditions (Ar atmosphere). When the forma-
tion of CbINO, was complete, a small aliquot of con-
centrated Asc (2.1 x 107> M) was added to the reaction
solution. A low ascorbate concentration was selected to
ensure that the reactions were run under conditions where

1075
H,0 NO,
NO,
H,0
—— DMBI L DMBI
Asc | k; AsC | ks
L DMBI L DMBI

Scheme 3 Proposed mechanism for the reaction between CbINO,
and Asc
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Fig. 7 Dependence of k., /(Asc) on NO,™ concentration for the reac-
tion between CbINO,~ and Asc. Experimental conditions: 8.5 x 1073
M CbIOH,, 8.5 x 107°-4.3 x 107> M NO,~, 2.1 x 107> M Asc,
pH = 7.2 (25 °C, 0.1 M Tris buffer)

k.»s depends linearly on the ascorbate concentration, i.e.,
kons = kKK(Asc) as seen from Fig. 6 in the lower ascorbate
concentration range.

In the proposed reaction Scheme 3, CblOH, is in rapid
equilibrium with CbINO,. On addition of Asc to the equi-
librium mixture, both complexes can be reduced by Asc
to form CblCo(II) and DHA. The overall rate of the pro-
cess will depend on the Asc and nitrite concentrations.
The nitrite concentration will control the contributions of
CblOH, and CbINO, to the overall reduction process.

The experimental data are summarized in Fig. 7 and
were fitted to Eq. (9). This equation is based on assigning
different rate constants to the reduction of CblOH, and
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CbINO, by Asc and can be rewritten as shown in Eq. (9)
and (10).

ky + k3K, (NOZ_)

I+ (NOy) 9 ©)

kobs =

kobs k2 + k3K1(NO; )
(Asc) 1+ K;(NOy)

(10)

The free nitrite concentration in solution was estimated
from the spectrum of the CbIOH,/CbINO, solution at low
nitrite concentrations prior to the addition of ascorbate.
A non-linear fit of the data in Fig. 7, keeping K, con-
stant at 2 x 10> M~! based on our spectrophotometric
measurements, resulted in k, = 17.3 = 0.4 M~ s and
ky=0.13 +0.01 M~!s~! at 25 °C. The value of k, strongly
depended on the pre-selected value of K, since it presents
the extrapolated value of k. /Asc at the free nitrite concen-
tration going to zero. For instance when K, =3 x 10° M},
a fit of the data in Fig. 7 results in k, = 25.0 £ 0.6 M!
s™'and k; = 0.13 £ 0.02 M~' s~ 1. This value of k, indeed
agrees exactly with the value determined directly for this
reaction (see next section). Furthermore, the data clearly
show that the reduction of CbINO, by Asc is controlled by
the free NO, ™ concentration in solution. The reaction path-
ways shown in Scheme 3 correspond to the rate equation
given in Eqgs. (9) and (10).

These data indicate that at a low concentration of NO, ™,
kops2)/(Asc) = k, and only the reduction of CblOH, is
observed. At high concentration of NO, ™, k,p3/(Asc) = k3
and only the reduction of CbINO, is observed. Under these
conditions, k; = 0.13 + 0.01 M~' s7! is approx. 150 (or
200) times smaller than k, = 17.3 &= 0.4 (or 25.0 + 0.6)
M~ s7! from which it follows that the reduction of
CbINO, by Asc contributes not more than 5-7 % to the
overall process. The main reduction process proceeds via
aquacobalamin and represents ca. 95 % of the reaction. A
similar conclusion was reached by Brasch and co-workers
for the substitution of nitrocobalamin by glutathione which
clearly proceeded through the CblOH, intermediate [14].

In summary, in the system described above, independent
of the concentration of NO,™, the reaction is dominated by
reduction of CblOH, by ascorbate. However, the value of
ks shows that the reduction of the CbINO, complex is not
negligible and can be of significant meaning. The question
arose to which extent the spontaneous reduction of nitrite
by ascorbate can contribute to the observations under the
selected conditions. We, therefore, studied the spontane-
ous reduction of nitrite by ascorbate under the selected
conditions using CblOH, as a kinetic indicator for the con-
centration of nitrite in solution as a function of the reac-
tion time. The selected concentrations were such that the
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Fig. 8 Kinetic data measured for the reaction between CblOH, and
nitrite in the presence of Asc, as a function of delay time prior to the
addition of CblOH, to the NO, /Asc mixture. Experimental condi-
tions: 8.6 x 107> M CblOH,, 4 x 107> M NO,~, 2 x 107 M Asc,
pH = 7.2 (25 °C, 0.1 M Tris buffer)
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Fig. 9 UV-Vis spectra of Fe'l(edta) (black trace) and Fe(edta)NO
(red trace), 1 mM Fe(edta), pH = 7.2, 25 °C

formation kinetics of CbINO, was two orders of magnitude
faster than the reduction of CblOH, by ascorbate based on
the kinetic data reported in this study. The results in Fig. 8
indicate that the nitrite concentration did not decrease at all
over a period of 3 h, which is much longer than any kinetic
measurements performed on the reactions involving the
reduction of CbINO, by ascorbate.

The possible reduction of coordinated nitrite in CbINO,
by Asc was tested using Fe'l(edta) as a trap for NO, a likely
reduction product of coordinated nitrite. In this reaction,
the colorless Fe''(edta) solution (under strict anaerobic con-
ditions), black line in Fig. 9, reacts very rapidly with NO
to form the green—brown Fe'l(edta)NO complex, red line in
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Fig. 9. The reaction of CbINO, with Asc was carried out in
the presence of an excess nitrite (6 mM) and 1 mM Fe(edta)
[19]. The lack of spectral changes similar to those shown in
Fig. 9 excluded the possible generation of NO as a reduc-
tion product of coordinated nitrite in the system. Additional
negative evidence for the formation of NO was provided by
EPR spectra recorded during the reaction, which showed
no signal characteristic for the formation of NO radicals.
The NO,™ concentration in solution was also monitored
during the reduction of CbINO, by Asc as another way to
gain information on the possible reduction of coordinated
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Fig. 10 a UV-Vis spectra recorded for the reaction between CblOH,
(4.3 x 107> M) and Asc (4.3 x 107> M) at pH=72(25°C,0.10M
Tris buffer). Spectra were recorded every 2 min. Solid black line
spectrum of CblOH, before addition of Asc. b Typical kinetic trace
recorded at 351 nm for the reaction between CblOH, (4.3 x 1075 M)
and Asc (4.3 x 107" M) at pH = 7.2 (25 °C, 0.10 M Tris buffer).
Experimental data—black curve; first-order fit—red curve. The data
show some deviations during the first 20 s of the reaction as a result
of redox-cycling with traces of oxygen present in the system. This
effect becomes more visible when aerated solutions are used (see
Figs. 4,5)

nitrite. The reaction was carried out for 3 h in the presence
of an excess of nitrite, followed by the addition of a fresh
portion of CblOH, to the reaction mixture. The recorded
spectra showed the reformation of CbINO, but did not
reveal clear evidence for a decrease in the concentration
of nitrite in solution. Thus, all efforts to study the possible
reduction of coordinated nitrite in CbINO, by Asc failed.
Future work will focus on studying this reaction under
other reaction conditions, especially at lower pH.

To check the value of &, in a direct manner, the reac-
tion between CblOH, and Asc in the absence of nitrite was
studied under the selected experimental conditions.

Studies on the reduction of CbIOH, by ascorbate
atpH="7.2

The reaction was initiated by the addition of Asc to a solu-
tion of CblIOH, at pH = 7.20 (25 °C, 0.1 M Tris buffer)
under anaerobic conditions. Rapid changes in the UV-Vis
spectrum were observed and the reaction solution changed
color from red to orange. Figure 10a shows typical UV—
Vis spectra recorded for the formation of CblCo(Il) dur-
ing the reaction between CblIOH, (4.3 x 107> M) and Asc
(4.3 x 107> M). Isosbestic points were observed at 287,
334, 372, 487 and 570 nm. The kinetics of the reduction
of CblOH, was studied under pseudo-first-order conditions
with Asc in at least tenfold excess using stopped-flow spec-
trophotometry. Figure 10b shows a plot of absorbance at
351 nm versus time, and the best fit to the first-order rate
equation, which resulted in the observed rate constant,
ke = (1.32 £0.01) x 1072571,

A plot of k., versus the total Asc concentration at pH
7.20 is linear with an almost zero intercept (2 + 6) x 1073

0.35
0.30 A .

0.25 4

0.20

kobs [8-1]

0.15 1

0.10 4

0.05 -

0.00

0 3 6 9 12 15
Asc [mM]

Fig. 11 Plot of kg, versus Asc concentration for the reaction
between CblOH, and Asc. Experimental conditions: 4.3 x 107> M
CblOH,, 4.3 x 107*-1.3 x 107> M Asc, pH = 7.2 (25 °C, 0.1 M Tris
buffer)
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s~! (Fig. 11). A linear fit of the data gives a slope of
27 £ 1 M~' s7! (k,) which is in close agreement with
the indirect value obtained in the previous section and the
reported value [20] of 24 M~! s7!. Kinetic studies on the
reaction between CblOH, and Asc [20, 21], reported that
CblOH, reacts rapidly with Asc to form CblCo(II) under
the conditions of our study.

Conclusions

The reaction of CbINO,, one of the natural occurring forms
of cobalamin, with intracellular ascorbate has been studied
by UV-Vis and stopped-flow spectrophotometry. The pre-
sent study provides kinetic and mechanistic information
on this reaction at pH ~7. Under this condition, the only
product of the reaction is CblCo(II). Rate constants for
the reduction of CblOH, and CbINO, by Asc were deter-
mined as a function of nitrite concentration. The CblOH,
species reacted with ascorbate ca. 200 times faster than
CbINO,. Thus, on addition of the reductant to the equi-
librium mixture of CblOH, and CbINQO,, it reacts rapidly
with CblOH, which in turn is reformed by the aquation of
CbINO, (k_; = 1.4 x 1072 s™" at 25 °C) and so represents
the major reactive species in solution. For the reduction of
CbINO, by ascorbate, no direct evidence for the reduction
of coordinated nitrite could be found.

Our results show that the studied reactions are extremely
oxygen sensitive due to the reverse oxidation of CblCo(II)
back to CblOH, and CbINO,, in the presence of nitrite.
When the reaction is performed under aerobic or oxygen-
saturated conditions, it is significantly slower due to an
induction period that involves redox cycling of CblIOH, and
CblCo(II) coupled to the oxidation of ascorbate as long as
oxygen is present in solution.

In terms of the biological relevance of this work, it has
recently been shown that nitrite plays an important role in
heme proteins-dependent redox reactions [22], and as such
can also control the redox behavior of cobalamin as shown
in this study. Our observation that nitrite can slow down the
reduction of aquacobalamin by ascorbate by a factor of 200
at pH 7.2, due to the efficient formation of nitrocobalamin,
is really impressive and demonstrates the important role of
nitrite in controlling biological redox processes.

@ Springer
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