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Abstract: The reduced form of aquacobalamin binds nitric oxide very effectively to yield a nitrosyl adduct,
CbI(Il)=NO. UV—vis, H-, 3P-, and!®>N NMR data suggest that the reaction product under physiological
conditions is a six-coordinate, “base-on” form of the vitamin with a weakly bawtimethylbenzimidazole

base and a bent nitrosyl coordinated to cobalt aptisie of the corrin ring. The nitrosyl adduct can formally

be described as CbI(IHNO~. The kinetics of the binding and dissociation reactions was investigated by
laser flash photolysis and stopped-flow techniques, respectively. The activation parameferaSf, and

AVF, for the forward and reverse reactions were estimated from the effect of temperature and pressure on the
kinetics of these reactions. For the “on” reaction of Cbl(ll) with NO, the small positiSeand AV* values

suggest the operation of a dissociative interchamges(ibstitution mechanism at the Co(ll) center. Detailed
laser flash photolysis andO NMR studies provide evidence for the formation of water-bound intermediates

in the laser flash experiments and strongly support the propksetechanism. The kinetics of the “off”
reaction was studied using an NO-trapping technique. The respective activation parameters are also consistent
with a dissociative interchange mechanism.

Introduction inhibition of NO actions in vivo, as well as NO-induced
inactivation of selected cobalamin-dependent enzyhémw-
ever, to our knowledge, kinetic and mechanistic details of the
reaction between reduced cobalamin, Cbl(ll), and NO are
presently unknown.

In this study we report our findings on the kinetics and
mechanism of the reversible binding of NO to the reduced form
of cobalamin in aqueous medium. In this context, temperature
and hydrostatic pressure effects on the reaction rate were studied
by laser flash photolysis and stopped-flow techniques. This
enabled a quantitative kinetic and mechanistic description of
the reaction system on the basis of rate constants and activation
parametersAH*, AS’, and AV¥) for the forward and reverse
reactions. We recently reported a similar study on the reversible
binding of NO to metmyoglobir.In addition, H-, 1N-, and
Detailed spectroscopic and kinetic studies have recently shownsip NMR experiments were performed to resolve the nature of
that no direct interaction between NO and aquacobalamin occursthe reaction product. Since nitrite ions are usually present as
and therefore reaction 1 cannot account for the observedimpurity in aqueous solutions of N&8their reactivity toward
physiological effects. However, UWis, EPR, and resonance  reduced cobalamin was also studied, and the results are
Raman spectroscopic studies indicate that the reduced form ofcompared with that obtained for NO.
vitamin Bj» reacts with nitric oxide to form a Cbl()NO ) )
complex23 and the formation constant for this proceks= Experimental Section
(1.04 0.5) x 108 M1, has recently been reportédhus, the Materials. Hydroxocobalamin hydrochloride and methylcobalamin
effective binding of NO to reduced cobalamin (which is present Were obtained from Sigma. Other chemicals used throughout this study

under physiological conditioA§) may be responsible for were of analytical reagent grade. All solutions were prepared from
(4) Pezacka, E. HBiochim. Biophys. Actd993 1157,167.

Numerous studies on the structure and reactivity of vitamin
B12 have resulted in speculations about the mechanisms of its
biological functions. One of the recent interests in this area
concerns the use of aquacobalamin and its reduced form (vitamin
B12r, Cbl(I1)) to modify the physiological action of nitric oxide
in vivo.1~2 According to observations reported in the literature,
such interactions may play a role in various biological processes
involving nitric oxide. The first possible explanation for these
experimental observations involved nitrosyl complex formation
according to the overall reaction given in 1.

Cbli(ll) —H,0 + NO= CbI(Ill)-NO + H,O (1)

T Jagiellonian University. (5) (a) Watanabe, F.; Saido, H.; Yamaji, R.; Miyatake, K.; Isegawa, Y.;
* University of Erlangen-Nmberg. Ito, A.; Yobisui, T.; Rosenblatt, D. S.; Nakano, ¥..Nutr.1996 126, 2947.
(1) (@) Kruszyna, H.; Magyar, J. S.; Rochelle, L. G.; Russel, M. A.; Smith  (b) Watanabe, FBitamin 1992 66, 617.
R. P.; Wilcox, D. EJ. Pharmacol. Exp. ThefL998 285 665 and references (6) (a) Nicolaou, A.; Kenyon, S. H.; Gibbons, J. M.; Ast, T.; Gibbons,
therein; (b) Wolak, M.; Stochel, G.; Hamza, M.; van Eldik,IRorg. Chem. W. A. Eur. J. Clin. Irvest. 1996 26, 167. (b) Nicolaou, A.; Ast, T.;
2000Q 39, 2018 and references therein. Anderson, M. M.; Schmidt, W.; Yeboah, F. A.; Gibbons, W.Biochem.
(2) Brouwer, M.; Chamulitrat, W.; Ferruzzi, G.; Saulus, D. L.; Weinberg, Soc. Trans1994 22, 224S.
J. B.Blood 1996 88, 1857 and references therein. (7) Laverman, L. E.; Wanat, A.; Oszajca, J.; Stochel, G.; Ford, P. C;
(3) Zheng, D.; Birke, R.J. Am. Chem. Soc2001, 123 4637 and van Eldik, R.J. Am. Chem. So@00], 123 285.
references therein. (8) Feelish, M. JCardiovasc. Pharmacol1991, 17, 25.
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deionized (Millipore) or triple distilled water. Reagent solutions were of a nitrosylcobalamin solution (prepared in 0.1 M HG)QOwith
prepared and handled in gastight glassware due to the high oxygen-deoxygenated NaOH under nitrogen atmosphere. Fevplue was
sensitivity of cob(ll)alamin, nitrosylcob(ll)alamin and NO. Oxygen-  determined at 28C for two different concentrations of nitrosylcob(l)-
free argon and nitrogen were used to deoxygenate reagent solutionsalamin (1 x 107 and 2 x 107 M). Spectrophotometric titration of
Stock solutions of nitric oxide were prepared by saturation of reduced cobalamin under similar experimental conditions ([Cbk#)]
deoxygenated buffer with NO gas (Linde 93) with the use of vacuum 1 x 104 M, 25°C, | = 0.1 M) resulted in o = 2.9+ 0.1, a value

line techniques. The NO gas was purified from higher nitrogen oxides in good agreement with literature ddfa.

by passing through concentrated KOH solutions or an Ascarite I NMR Measurements.Samples fotH- and®P NMR were prepared
column. Solutions of [PHedta)HO]?>~ were prepared in water and by chemical reduction of aguacobalamin in deoxygenat&ai followed
adjusted with NaOH to the desired pH under nitrogen atmosphere. by addition of gaseous NO. The apparent pH{pH pH meter reading
Acetic acid/sodium acetate buffer (0.2 M) and Tris buffer (0.1 M, = pD — 0.4) was adjusted to the desired value by additions of DCI or
Sigma, pH adjusted with HCI{p were used to control the pH where  NaOD. Samples were transferred under nitrogen atmosphere to oxygen-
required. tight NMR tubes. Spectra were recorded on a Bruker Avance DPX300

Preparation of Cbl(ll) and Cbl(ll) —NO Solutions. Reduced ~ NB spectrometer operating at 300.13 and 121.5 MHZIfoNMR and
vitamin B, was prepared via chemical reduction of aquacobalamin P NMR, respectively. Chemical shifts were referenced internally to
under nitrogen atmosphere. Three different reducing agents (ascorbicTSP (trimethylsilyl propionatetH NMR) and TMP (trimethyl phos-
acid, sodium borohydride, and sodium formate) were used in the study, phate,**P NMR).
the selected reducing agent depending on the type of experiment *N-enriched nitrosylcobalamin was prepared ipODby mixing
performed. To avoid the presence of reductant in studies on the redoxaquacobalamin (X 1072 M) with 99% enriched nitrite in a ca. 1:5
reaction between cob(ll)alamin and NQzinc amalgam was used to ~ molar ratio and subsequent anaerobic reduction of the Cb{fiNO,
generate Cbl(Il). The identity and concentration of the reduced cob(ll)- complex with ascorbic acid. The solution pH was adjusted to the desired
alamin were determined by UWis spectroscopy. In most of the  value as described above. Formation of the nitrosyl complex was
experiments performed, the nitrosylcob(ll)alamin complex was prepared confirmed by the UV-vis spectrum of a diluted sampl&N NMR
by addition of gaseous NO to reduced cobalamin under nitrogen spectra were recorded on a Bruker Avance DRX400 WB spectrometer
atmosphere. Other procedures were used in the case of the laser flaskquipped with a superconducting BC-94/89 magnet system, at 40.56
photolysis and®N NMR studies, as will be described in detail below. MHz. Chemical shifts were referenced externally to neat nitromethane.

Kinetic Measurements. Laser Flash PhotolysisKinetic data and Water Exchange at the Co(ll) Center in “Base-Off" Cbl(ll).
activation parameters for the binding of NO to cob(ll)alamin were “Base-off” cob(ll)alamin was prepared via chemical reduction of
studied by nanosecond laser flash photolysis using a LKS 60 Applied aquacobalamin ( 10°% M) with sodium formate (0.2 M) in 0.1 M
Photophysics spectrometer. In ambient-pressure experiments the deoxyHClOs under strictly oxygen-free conditions. Ten percent of the total
genated solution of methylcobalamin was mixed in an appropriate Sample volume of’O-enriched water (normalized 19.2%0 H.O,
volume ratio with the NO-saturated solution, transferred to a gastight D-Chem Ltd.) was added to the sample. The solution containing the
quartz cuvette and photolyzed (for 1 min) with the full spectrum of a Same components as the NMR sample, except for the Cbl(ll), was used
high-pressure xenon lamp. The sample was allowed an additioral 10 as a reference solution. Transfer of the sample into the gastight NMR
15 min to equilibrate in a temperature-controlled cuvette holder. A pill- tubes was performed in a glovebox under nitrogen atmosphere.
box optical cell combined with a high-pressure cell and equipfnent ~ Variable-temperature/pressure FD NMR spectra were recorded
was used for experiments at pressures up to 160 MPa. at a frequency of 54.24 MHz on a Bruker Advance DRX 400WB

Flash photolysis of CbI(IF-NO was initiated with a laser beam ~ SPectrometer. The temperature dependenééline broadening was
generated from the second harmonic of a Nd:YAG laser (Surelite 1-10, determined in the temperature range 2283 K. A homemade high-
Continuum:lex = 532 nm, pulse duration 7 ns, pulse energy 245 mJ). Pressure probé was used for the variable-pressure experiments
Spectral changes were monitored at 313 nm using a 100 W xenon archerformed at the selected temperature (283 K) and'at pressures 1, 30,
lamp, monochromator, and photomultiplier tube (PMT-1P22). The 60,90, 130, and 150 MPa. The sample was placed in a standard 5 mm
absorbance reading was balanced to zero before the flash. Data werd!MR fube cut to a length of 45 mm. The pressure was transmitted to
recorded on a digital storage oscilloscope, DSO HP 54522A, and the sample by a movable macor piston, and the temperature was
transferred to the computer for subsequent analysis. controlled as described elsewhéte.

Stopped-Flow Kinetics.Samples of Cbl(II)>NO for studies on the
“off” reaction were prepared by bubbling NO through the chemically
reduced cob(ll)alamin. The excess NO was removed from the solution  Spectroscopic StudiesWhen gaseous nitric oxide is added
with the use of nitrogen. _ _ to a solution of cob(ll)alamin, rapid changes occur in the

The kinetics of NO release from nitrosylated cob(ll)alamin was characteristic UV-vis spectrum (Figure 1), indicating the

studied on a thermostated-.1 °C) stopped-flow spectrometer (SX-  fqrmation of nitrosylcob(ll)alamitr3 according to reaction 2.
17MV, Applied Photophysics) by rapid mixing of a CbIHNO

solution (4x 104 M) with an excess of [Fe(edta)B]>~ (0.2 M). The K,
reaction was monitored at 520 nm (pH 5.0 and 7.4) or 471 nm (pH Chl(l) + NO = ChbI(1)—NO 2
3.6) (the measured rate constants at a given pH were independent of kot

the observation wavelength). High-pressure stopped-flow experiments i ) )
were performed at pressures up to 130 MPa on a custom-built The same final spectrum can also be obtained by anaerobic

instrument described previoushKinetic traces were recorded on an  photolysis of methylcobalamin, adenosylcobalamin, or aqua-
IBM-compatible computer and analysed with the OLIS KINFIT (Bogart, cobalaminin in the presence of nitric oxidéor via chemical
GA, 1989) set of programs. reduction of Cbl(II1)-NO, under oxygen-free conditions.
Kinetics of the reaction of Cbl(ll) with N@ was followed at pH The spectral changes observed for reaction 2 depended on
4.0 in the thermostated0.1 °C) stopped-flow unit described above.  the selected pH. At pH 1, five isosbestic points characteristic
Additional experiments at pH 5.5 and 7.4 were performed in the for the reaction of “base-off’ cob(ll)alamin with NO (Scheme
thermostated £0.1 °C) cell compartment of a Shimadzu UV-2001 a) were observed at 260, 336, 397, 495, and 535 nm. At pH 4
spectrophotometer. The absorbance change at 455 nm was monitore(ieven isosbestic points c;ccur}ed a’t 292’, 332, 390, 423, 466,

to determine the observed reaction rates. . -
Acid Dissociation Constant of Nitrosylcob(Il)alamin. The K, of 485, and 530 nm, featuring the reaction of the deprotonated,

nitrosylcob(Il)alamin was determined by spectrophotometric titration (10) Lexa, D.; Saveant, J. MAcc. Chem. Res1983 16, 235 and
references therein.

(9) Spitzer, M.; Gartig, F.; van Eldik, RRev. Sci. Instrum 1988 59, (11) Zahl, A.; Neubrand, A.; Aygen, S.; van Eldik, Rev. Sci. Instrum.
2092. 1994 65, 882.

Results and Discussion
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Figure 1. Spectral changes recorded for the titration of a Cbl(ll) solution ¢7.B0~> M) with an aqueous NO saturated solutionX210-3 M)
at pH 7.4 (0.1 M Tris-HCIQ). Inset: Plot of absorbance at 313 nm as a function of added volume of NO saturated solution.

Scheme 1 formation of protonated, “base-off” nitrosylcob(ll)alamin (Scheme
1d). Spectrophotometric titrations of nitrosylcob(Il)alamin re-

H,0
' sulted in a [, value of 5.1+ 0.1 (25°C, | = 0.1 M).
+ H', pK,=2.9 The K, values characterizing the “base-on” “base-off”
e @ + H0 equilibrium are one of the most characteristic chemical proper-
®) DMBI ties of cobalamins and usually fall in the range from ap-
proximately 4.0 to—2.422 It has been stated in the literature
Protonated base-off Cbl(IT) Deprotonated base-on Cbl(II) that the difference between theékKpof a given cobalamin
derivative and that of the free nucleotide base (i.eq-id-
ribofuranosyl-5,6-dimethylbenzimidazolelp= 5.56 at 25°C)

@@ || + NO (© || + NO is a critical parameter that reflects the strength of interaction
between the metal center and the nitrogen atone-&fMBI
ligand314 In the case of Cbl(IF-NO, this difference is

o- o unusually small compared to that with most cobalamin deriva-

N N tives, indicating a weak CeN(DMBI) bond. It follows that

+ H', pK,=5.1 coordination of NO significantly weakens the interaction
@ ‘d— betweena-DMBI and the cobalt atom. Such conclusion is in
@ D&Bl line with literature data on strong-field Co(ll) nitrosyls (repre-
senting thg M-NO} 8 type species), which are typically square-
Protonated base-off Chi(IIT)-NO® Deprotonated base-on Cb(II[)-NO* pyramidal, five-coordinate complexes due to a stror@ms
labilizing effect of the NO ligand>'6However, the occurrence
“base-on” vitamin (present at pH 3, Scheme 1c) with NO. ~ ©f pH-dependent spectral changes in the visible spectrum of
The reaction product formed at pH 4 has essentially the sameCPI(I)~NO and a noticeable (although small) difference in the
UV—vis spectrum as that formed at pH 1 (i.e., protonated PKavalue of nitrosylcobalamin and that of the free nucleotide
nitrosylcob(ll)alamin). However, small but significant changes Pasei**”suggest that the deprotonated DMBI nitrogen donor
in this spectrum occur in the pH range-@ (Figure 2). in Cbl(11)—NO does interact with the cobalt center.
Accordingly, the position of isosbestic points observed in the ~ This conclusion is further supported by a 148 NMR
reaction of “base-on” Cbl(ll) with NO at pH 7.4 is shifted to Measurements. As can be seen from the data in Table 3ithe

slightly different wavelengths (i.e., to 285, 330, 382, 483, and chemical shifts for the benzimidazole B2H, B4H, and B7H
545 nm). protons in deprotonated nitrosylcob(Il)alamin at gk 8.8

The character and magnitude of the pH-induced changes in&€ quite similar to those observed in “base-on” cobalamins,
the UV—vis spectrum of the reaction product suggest dechela- (13) Brown, K. L.; Hakimi, J. M.; Nuss, D. M.; Montejano, Y. D.;

DMBIH"

DMBIH'

tion of the weakly coordinated nitrogen b&sat pH < 6 with Jacobsen, D. WInorg. Chem.1984 23, 1463.
(14) Brown, K. L.J. Am. Chem. S0d.987 109, 2277 and references
(12) (a) Formation of protonated “base-off” species at{H is clearly therein.
evidenced by spectral changes in the range-2Z3D nm (characteristic for (15) Scheidt, W. R.; Ellison, M. KAcc. Chem. Red999 32, 350.
protonation of le-p-ribofuranosyl-5,6-dimethylbenzimidazé®e and ad- (16) (a) Duffin, P. A.; Larkworthy, L. F.; Mason, J.; Stephens A. N,;

ditional changes in the range 43650 nm!2*¢The pH-dependent spectral ~ Thompson, R. M.Inorg. Chem. 1987 26, 2034. (b) Bultitude, J.;
changes were reversible and thus do not result from contamination of the Larkworthy, L. F.; Mason, J.; Povey, D. C.; Sandell |Borg. Chem1984,
sample with oxygen. (b) Trommel, J. S.; Warncke, K.; Marzilli, L. . 23,3629. (c) Groombridge, C. J.; Larkworthy, L. F.; Masorinarg. Chem
Am. Chem. So@001, 123, 3358. (c) Sirovatka, J. M.; Finke, R. G.Am. 1993 32, 379.

Chem. Soc1997 119, 3057. (17) Brown, K. L., Peck-Siler Sinorg. Chem 1988 27, 3548.
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Figure 2. UV—vis spectra of nitrosylcob(Il)alamin (¥ 104 M) (a) at pH 3.0, Amax (2 Nnm): 258, 276, 285, 316, 346 (shoulder) and 472 nm;
(b) at pH 7.4 max 256, 277 (shoulder), 320 and 476 nm. Inset: Plot of absorbance at 520 nm versus pH for nitrosylcob(Il)alamin. Experimental

conditions: [CbI(I)"NO] = 2 x 104 M, 25 °C, | = 0.1 M (NaClQ).

Table 1. Comparison ofH NMR Chemical Shiftaf the Dimethylbenzimidazole Protons in Nitrosylcob(ll)alamin with the Corresponding

Signals in Selected Cobalamins and FeeRibazole-3-phosphate

nitrosylcob(Il)alamif adenosylcobalamin ~ (CN),Cbl  a-alkylCbl
DMBIe DMBIH*¢ DMBI  DMBIH* DMBI DMBI a-ribasole-3"-phosphate
proton assignment (PHapp=28.8)  (PHapp=3.1)  base-on base-off base-off base-off DMBI DMBIH*
B2 7.40 9.15 6.95 9.16 8.35 8.35 8.41 9.13
B4 6.76 7.45 6.24 7.44 7.46 7.37 7.46 7.41
B7 7.20 7.53 7.16 7.55 7.36 7.31 7.35 7.18

a Shifts relative to trimethylsilyl propionate, excepiribazole phosphate (shifts relative to DSSThis work. ¢ Alelyunas, Y. W.; Fleming, P.
E.; Finke, R. G.; Pagano, T. G.; Marzilli, L. @. Am. Chem. S0d.99], 113 3781 and references thereffBrown, K. H.; Brooks, H. B.; Gupta,
B. D.; Victor, M.; Marques, H. M.; Scooby, D. C.; Goux, W. J.; Timkovich, RAm. Chem. S0d.991, 30, 3430.¢ DMBI and DMBIH™" designate
deprotonated (DMBI) and protonated (DMBtHform of cobalamin, respectively.

but differ significantly from those typical for “base-off’, DMBI-

off” Cbl(Il) =NO (pHapp < 4) was observed in our studies at

deprotonated cobalamin derivatives. With decreasing pD, the —4.30 ppm, a value in good agreement with the literature data

protonation-sensitive B2H and B4H signals progressively moved
downfield® and were observed at acidic pD as sharp singlets
at positions typical for “base-off’, protonated cobalamins (Table
1).

To further investigate the strength of the interaction between
the cobalt ion and the DMBI ligand!P NMR spectroscopy
was employed?® The 3'P chemical shift for protonated, “base-

(18) (a) The K4 value for nitrosylcobalamin obtained by following the
chemical shift of the benzimidazole B2 hydrogen as a function of,pH
pKa(apparenty= 5.1+ 0.2 (measured in fD, 22°C, [CbI(II)—NO"] =1
x 1072 M). This value is in very good agreement with th&.pvalue
determined by spectrophotometric titration of nitrosylcobalamin. (b)
Experimental and literature data demonstrating that the appatent p
determined in RO equals the i, in H,O are given in: Alelyunas, Y. W.;
Fleming, P. E.; Finke, R. G.; Pagano, T. G.; Marzilli, L. &.Am. Chem.
Soc 1997, 113,3781 and references therein.

(19) It has been shown that th¥> chemical shift of the phosphodiester
in the cobalamin f* side chain is almost identical in all “base-off’
cobalamins but varies in a linear manner with the strength of the Co
Npwmei bond in “base-on” cobalamins. Although the variation of the observed
chemical shifts across the series of “base-on” cobalamins is small (from
—3.66 observed for Cbl(ll)pD to —4.39 ppm observed for GfCHy)-
Cbl, chemical shifts referenced to TMPJP NMR provides a reliable
method to estimate the strength of the-@dpmei bond in many cobalamin
derivativest®-d (b) Calafat, A.; Marzilli, L.J. Am. Chem. S0d.993 115
9182. (c) Brown, K. L.; Evans, D. R.; Zubkowski, J. D.; Valente, E. J.
Inorg. Chem1996 35, 415. (d) Brown, K. LInorg. Chem1986 25,3111.

(e) Brown, K. L.; Hakimi, J. M.; Jacobsen, D. W. Am. Chem. S0d.984
106, 7894.

for other “base-off” cobalamin¥¢Its position changed slightly
with increasing pD and a final value4.23 ppm was observed
for the deprotonated cobalamin (gJg > 7). This observation
further suggests interaction between deprotonated DMBI and
the cobalt center in Cbl(lHyNO. This interaction, however, must
be weak, judging from the similarity in th&P shifts for the
protonated and deprotonated forms of the complex.

To obtain direct information on the coordination mode of
NO in Chl(l1l)=-NO, 15N NMR spectroscopy (which is known
to be a sensitive technique to probe the nature of the nitrosyl
ligand in solutioA®) was employed. The labeled CbIH}*NO
complex exhibits a resonance at ca. 785 ppm (see inset in Figure
S1, Supporting Information) at pkh= 7.6, that is, for “base-
on” nitrosylcob(ll)alamin. This value falls into the range’8ifl
shifts observed for porphyrin and Schiff base Co(ll) nitrosyls
with strongly bent NO, which are usually viewed as diamagnetic
Co(lll)—NO~ complexe& (Table 2). The position of thé°N
resonance moved upfield with decreasing pH to 745 ppm (as
observed at pkhp = 3.5), such that protonation of nitrosylco-
balamin resulted in a ca. 40 ppm upfield shift of the signal.
Deshielding of the NO nitrogen atom in deprotonated CbK]I)
NO (compared to the protonated form) results from stronger
bending of the M-N—O group in a “base-on” complex, that
is, a larger shift of Co d-electron density onto the NO ligahd.
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Table 2. >N NMR and Structural Data on Square-Pyramidal' Co
Complexes with a Bent Nitrosyl Ligand

M—NO bond length o(**N)?2

complex M-N—O angle ppm
Cd'(TPP)ENO)P 127 1.833 771
CO'(OEP)ESNO)>© 123 1.844 760
Cd'(acacen)eNO)? 122 1.821 714
Cad'(benacenj¢NO)d 123 1.831 723
Cd'(salen)f>NO)¢ 127 1.807 725
Cd'(corrin)(**NO)e 785

aNitrogen shifts relative to neat liquid nitromethafi&®eference 16c.
¢ Reference 159 Measured in deuterated organic solvents (ref 16a).
¢ This work, pH= 7.6.

The well-resolved®N NMR spectra and the well-definéi
NMR spectrum of nitrosylated cob(ll)alamin (Figure S1 in
Supporting Information) indicate that the complex is diamag-
netic. This results from the combination of the unpaired electron
of the paramagnetic’dCo(ll) center with the odd electron
residing on ther* orbital of nitrosyl, with subsequent formation
of the Co-NO bond. This process can be looked upon as a
formal oxidation of Co(ll) to Co(lll) with formation of a
(L)Co"—NO~ species (in analogy to other strong-field five-
coordinate (L)C#—NO~ and (L)I'"—NO~ complexes). A
similar conclusion was recently reached on the basis of
resonance Raman datdor this reason the reaction product
CbI(I)—NO will in the remainder of the text be denoted as
Cbl(lll) =NO~.

To our knowledge, crystallographic data on nitrosyl-
cob(ll)alamin are not yet available, and therefore the-DMBI
bond distance is not known. However, it can be estimated by
comparison of structural data on reduced cobaldhiinand
typical Co(ll)-NO~ complexes? Structural studies on por-
phyrin and Shiff base Co(ll) nitrosyls revealed a 0.18 A

displacement of the metal above the mean plane of the equatorial

ligand® In “base-on” cob(ll)alamin, however, the relatively
large cobalt atom is displaced approximately 0.12 A below the
corrin ring toward the DMBI bas®. Thus, coordination of nitric
oxide to “base-on“ cobalamin presumably results in the 0.3 A
upward movement of the cobalt atéfConsequently, a similar
lengthening of the CeDMBI bond can be expected. Taking
into account the data on the E®MBI bond distance in “base-
on”cob(Il)alamin reported in the literature (1.99.25 A)20.21

the Co-Npmei bond distance in nitrosylcob(ll)alamin should
fall into the range 2.292.55 A.

Kinetic Studies

Laser Flash Photolysis.Irradiation of the Cbl(l11)-NO~
complex with a laser beani. (= 532 nm) in aqueous solution

produces a significant increase in absorbance at 313 nm,

indicating the formation of Co(ll) species and free NO. The

Wolak et al.

ChI(II) —NO™ ™ Chi(Il) + NO -2 Chi(Iil) —NO™

3)

To determine the exact nature of the photogenerated Co(ll)
species, a thorough study of the transient spectra recorded
immediately after the flash (usually within 1@s) was per-
formed. Four examples selected from a series of experiments
at pH’s ranging from 1.0 to 7.4 are presented in Figure 3 along
with the corresponding spectral changes occurring in the thermal
reaction between Cbl(ll) and NO. The electronic spectrum in
the selected wavelength range is sensitive to changes in the
nature of the axial ligands coordinated to the metal center. A
comparison of the transient and thermal spectral changes at pH
1 in the wavelength range 3860 nm clearly shows that in
both cases the reaction with NO involves the same process, that
is, substitution of a water molecule in the “base-off” form of
the complex. In addition, the rapid spectral changes observed
in the laser flash experiment at this pH were followed by an
approximately 20 times slower process (dotted lines in the
spectrum presented in Figure 3a). The nature of this process
was not fully investigated (our main interest being the reaction
occurring under physiological conditions, i.e., at pH 7.4), but
on the basis of the experimental observations it may be ascribed
to the photoinduced formation ofnitrosylcobalamin, in which

the nitrosyl ligand is coordinated at thesite of the corrin ring®

The spectral changes observed for the reaction of Cbl(ll) with
NO at pH 4.0 and 5.0 (Figure 3, b and c) differ in the case of
the thermal and photoinduced reactions. In particular, the
transient spectra recorded at pH 4.0 (during flash photolysis of
protonated nitrosylcobalamin) are significantly different from
that obtained in the thermal reaction of “base-on” Cbl(ll) with
NO at the same pH. The character of the photoinduced spectral
changes and location of isosbestic points is, however, very

imilar to those observed at pH 1. On increasing the pH further,
he transient spectra recorded after the flash change progressively
from that characteristic for the nitrosylation of the “base-off”,
water-coordinated complex to that observed in the reaction of
the “base-on” species with NO (see thermal and photoinduced
spectral changes at pH 7.4 in Figure 3d). Thus, the electronic
spectra of the reactive intermediates formed at the lowest and
highest pH are practically identical with those of “base-off” and
“base-on” cob(ll)alamin, respectively, whereas the character of
the photoinduced spectral changes in the pH rangé dary
as a result of changes in the molar ratio of the “base-on”/"base-
off” intermediates produced from the corresponding forms of
nitrosylcobalamin at different pH.

It follows from the above observations that although the
formation of the “base-off” cob(ll)alamin is thermodynamically
unfavorable at pH> 3 (i.e., this form of Cbl(ll) does not
participate in the thermal reaction at pH above 4), the “base-

transient spectrum decayed exponentially (in the presence of (23)(a) Support for such an explanation comes from the following

an excess NO) to the original spectrum of nitrosylcob(ll)alamin.
The photochemical reaction induced by the laser flash can
therefore be expressed as given in reaction 3.

(20) (a) Sagi, I.; Wirt, M. D.; Chen, E.; Frisbie, S.; Chance, M.JR.
Am. Chem. Sod99Q 112,8639. (b) Giorgetti, M.; Ascone, |.; Berrettoni,
M.; Conti, P.; Zamponi, S.; Marassi, B. Biol. Inorg. Chem200Q 5, 156.

(21) Krautler, B.; Keller, W.; Kratky, ChJ. Am. Chem. Sod989 111,
8936.

observations: (i) the slower process was observed atkpH i.e., where

the a-DMBI ligand is protonated and does not coordinate to cobalt at the
a-site of the corrin ring?® (i) substitution of NO at the more crowded
a-site of the corrin ring may be slower than the formation of the
p-diastereoisomer, exhibit pseudo-first-order kinetics in the presence of
excess NO and depend on the free NO concentration; all of these points
are in line with our experimental observations; (iii) the spectral changes
for the slower reaction are similar to those observed in the fast process
(i.e., formation of thgs-nitrosylcobalamin) but shifted to longer wavelengths;
thus, the electronic spectrum of the compound formed in the slower reaction

(22) (a) Upward movement of the Co atom (and, consequently, the change exhibits a red-shift typically observed fordiastereoisomers of alkylcobal-

from downward to upward folding of the corrin ring) is expected to be a
fast process due to the high flexibility of the corrin ritf§.Formation of
the nitrosyl complex results in the formal oxidation of Co(ll) to Co(lll)

amins23c (iv) evidence for the formation of small amounts®f nitrosyl-
cobalamin under acidic conditions (pki5) was also provided bH- and
15N NMR spectroscopy. (b) Zou, X.; Brown, K. L.; Vaughn, Qnorg.

(i.e., shrinkage of the metal center) and further promotes metal movement Chem 1992 31, 1552. (c) Zou, X.; Brown, K. LJ. Am. Chem. S04 993

through the corrin ring. (b) Brown, K. L.; Zou, X.; Marques, H. ¥.Mol.
Struct. (THEOCHEM998 453 209.

115 6689. (d) Brown, K. L.; Zhao, D.; Cheng, S.; Zou, Korg. Chem.
1997 36, 1764.
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Figure 3. Transient spectra recorded in the laser flash photolysis of nitrosylcob(ll)alamin in the pH rafge Inset: Corresponding difference

spectra obtained in the thermal reaction between Cbl(Il) and NO.

Scheme 2
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concentration of water compared to that of nitric oxide used in
this study (typically [NO}ax = 1.5 x 1073 M), water binding

to the “base-off” Co(ll) center produced after the flash must
occur prior to the reaction with NO (experiment@hs values

for the binding of NO did not exceed a value of x6L0F s71).
Accordingly, photolysis of the “base-on” nitrosylcobalamin
(formed as the main reactive intermediate atpH) in aqueous
solution results in the formation of the five-coordinate complex
with a weakly coordinated-DMBI group (Scheme 2), which
coordinates a water molecule prior to ring-closure (i.e., strength-
ening of the Ce-DMBI bond).

Interaction of thea-DMBI ligand with cobalt in the five-
coordinate intermediate is expected to cause further labilization
of the 5-position (in comparison with that observed in the “base-
off” Cbl(ll)). Thus, a water molecule present in the proximity
of the metal centéf may bind extremely fast (although weakly)
at thef-site of the five-coordinate intermediate. The presence
of such a labile water molecule would not show up in the
electronic spectrum of the “base-on” intermediate but may be

off” species are apparently formed in the laser flash experiments anticipated from the experimental evidence presented in the

in the pH range 46. According to the most self-consistent

kinetic section of this study.

reaction scheme based on all the experimental evidence outlined ijnetics of the “On” Reaction. NO binding to reduced

above, photodissociation of NO from nitrosylcob(ll)alamin leads

cobalamin was studied under pseudo-first-order conditions with

to the formation of the unstable intermediates presented in regpect to NO. The transient spectra decayed uniformly accord-
Scheme 2. The four-coordinate intermediate formed from “base- ing to pseudo-first-order kinetics (Figure 4) at each selected pH

off” nitrosylcobalamin (the major photolytic product at pH

5) rapidly binds a water molecule to produce the “base-off”
Cbl(Il) species prior to the recombination with NO. This
conclusion is supported byO NMR measurements on water
exchange at the Co(ll) center in “base-off” cob(ll)alamin (see
data reported below), which resulted kg, = (3.6 £ 1.2) x

107 s71 (298 K, 0.1 M HCIQ). Taking into account the high

(i.e., 1.0, 3.6, 5.0 and 7.4). Plots of the observed rate constant
versus [NO] were linear under all conditions (see inset in Figure

(24) (a) In this respect it may be important to point out that structural
data on Cbl(ll) revealed the presence of two ordered water molecules located
in the close proximity of the metal center at {Bwsite of the corrin ligand4?

(b) Langan, P.; Lehmann, M.; Wilkinson, C.; Jogl, G.; Kratky, Gltta
Crystallogr. 1999 D55, 51.
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Figure 4. Typical kinetic trace for the formation of the €ENO bond following the laser flash. (Inset) Plot kf,s vs [NO] at pH 7.4 (0.1 M
Tris-HCIOy). Experimental conditions: [CbI(H}NO™] = 4 x 105 M, [NO] = 0.3-1.5x 103 M.

Table 3. Rate and Activation Parameters for the Binding of NO to The activation parameters determined for the “on” reaction,

Cbi(ln) viz. a small but significant activation enthalpy, a small positive
pH 1.0 3.6 5.0 7.4 activation entropy, and more diagnostically, a small positive
Koy x 1085 M-1s! 50+02 53+0.2 64+04 7.4+02 activation volume, cannot be correlated with a simple bond-
AV Fpemimoll  +5.34+0.3 +52+ 0.3 +5.4+ 0.2 formation process at the vacant coordination site of “base-on”
AHoyf, kJ mol?t 25.64+ 0.6 24.5+0.7 cob(ll)alamin. Such a process would result in a significantly
ASy, JK ™ mol™* +9+2  +7+2 negative volume of activation (due to bond formation and partial
aMeasured in 0.1 M HCIQ  Measured at 23C, mean value of oxidation of the Co(ll) center), which is apparently not the case.
three determinations. The small positiveAV,," value is, however, very typical for a

] ] o substitution reaction involving the displacement of a coordinated
4). No measurable intercepts were obtained, indicating that the\yater molecule at a metal center in terms of larmecha-

reverse “off” reaction is too slow to be observed in the laser pism?26.27 This suggests that the rate-determining step involves
flash experiment. The second-order rate constaai} Were  water displacement at the Co(ll) center of reduced cobalamin
determined as a function of temperature in the rang8%°C produced during flash photolysis.

at pH 5.0 and 7.4 to construct Eyring plots from which the
activation parametesHo, andAS,," were determined. Further
information on the reaction mechanism was obtained from the
effect of pressure on the observed rate constant, from which
the activation volume for the “on” reaction was determined
AVF = —RT(d In(kon)/dP)1. The results of these experiments
are reported in Table 3 and in Figure S2 (Supporting Informa-
tion).

As can be seen from the data summarized in Table 3
reformation of the CeNO bond in neutral aqueous medium
occurs extremely rapidly witkon = 7.4 x 1® M~1s71 (25°C,
pH 7.4). This value compares well with the second-order rate
constants reported for the reactions of free radicals with reduced
cobalamin and several other Co(Il) complexes with macrocyclic
ligands?>26 Interesting is our observation that the flash pho-
tolysis experiments produced practically the sd@evalue at
pH 1.0 and 7.4, although different species exists in solution in
the absence of NO under these conditions (see Scheme 1).

At pH 1.0, photolysis of the “base-off” nitrosylcobalamin with
a protonated dimethylbenzimidazole group results in the rapid
formation of a five-coordinate aqua intermediate. Thus, in this
case the binding of NO is expected to be controlled by
' displacement of a coordinated water molecule. The similarity
in the values oky, and the activation volumes at pH 1.0 and
7.4 suggests formation of a similar species during flash
photolysis of the nitrosyl complex at pH 7.4, with the difference
’ that the dimethylbenzimidazole group is not protonated under
such conditions and interacts with the cobalt(ll) center (as
mentioned before, stronger labilization of a water molecule in
the reactive intermediate produced at high pH compared to that
formed at low pH is therefore expected). The striking similarity
in the volumes of activation found at pH 1.0 and 7.4 (average
values of three series of experiments) provides substantial
evidence for the operation of dg@ mechanism in the reaction
under study. Additional evidence supporting this conclusion
comes from the comparison of activation parameters for the

(25) Bakac, A.; Espenson, J. thorg. Chem 1989 28, 4319.
(26) van Eldik, R.; Cohen, H.; Meyerstein, [horg. Chem 1994 33, (27) Drljaca, A.; Hubbard, C. D.; van Eldik, R.; Asano, T.; Basilevsky,
1566 and references therein. M. V.; le Noble, W.J. Chem. Re 1998 98, 2167.
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Scheme 3
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“on” reaction, AHo," and AV,," (Table 3) with that obtained According to the Swift and Connick equatiéhthe reduced

for the water exchange on the “base-off” Cbl(ll) aqua complex transverse relaxation timeTy} is related to the exchange rate

formed at pH 1.0, which mimics the aqua intermediate produced constankesx = 1/t and to the NMR parametens, (transverse

during flash photolysis (see the following discussion of kinetic relaxation time of water in the inner sphere of Co(ll) in the

results and Table 4). absence of chemical exchang@&),s (nuclear relaxation time
The kinetic observations are in line with the earlier conclu- of water molecules outside the first coordination sphere), and

sions on the nature of the reactive intermediate produced in theAwn, (difference in resonance frequency of watéd nuclei in

laser flash experiments and can be rationalized by the reactionthe first coordination sphere and in the bulk solvent) as given

sequence proposed in Scheme 3. The unstable intermediatén eq 5a.

produced during the flash rapidly coordinates a solvent molecule

to forr_n the aqua complex, which sgbsequently undergoes ligand 11 Tor 24 (TonTor) 1y Ame 1

substitution with the NO nucleophile to produce the Cbl¢tI) == — —> >t (53

NO~ complex. The latter reaction follows a dissociative T Tl (Tom "+ 7 )+ Awy, Taos

interchangelg) mechanism for which the observed rate constant

(ko) and its activation volume are almost identical for pH 1.0 In the system studied, the contribution off44 and 1Mes to

and 7.4. 1/T,- was negligible (as also shown for related systems described
The operation of a similar dissociative interchange ligand in the literaturé®), so that eq 5a can be simplified to eq 5b.

substitution mechanism for the photoinduced reactive intermedi-

ates can also account for surprising results obtained in the studies 1 1 Aw.2

on the recombination of reduced cobalamin and selected — = —__m (5b)

macrocyclic Co(ll) complexes with organic radicals reported T Tz, 2+ Ao,

in the literature®® In these laser-flash studies the recombination

rate constants of the methyl radical with Cb'(”) were identical The temperature dependence and pressure dependek@e of

(within experimental error) in the pH range +.3.0, despite  (taken from the transition state theory) are given in eqs 6a and
the change in the coordination mode of Cbl(ll). It was also gp,

noticed that five-coordinate (i.e., with a vacant coordination site)

and six-coordinate macrocyclic complexes (with water coordi- _ _ %

nated as the sixth ligand) reacted with similar rate constants kex = (kg T/h) exp[(A§/R) (AHRT) (6a)

and the recombination rates varied little with the nature of the k., = k.2 expl (—AVIRT)P} (6b)
X X

radical studied. All of these observations can be accounted for
in terms of rate-determining water exchange at the Co(ll) center . .
whereke, is the rate constant for solvent exchange at ambient

in the reactive aqua intermediate produced after the laser flash. . .
q P pressure and other symbols have their usual meaning. The NMR

Water Exchange Kinetics. The rate of water exchange on N .
the paramagnetic Cbl(ll) aqua complex and the corresponding and kinetic parameters were calculated by the use of nonlinear
least-squares method applied to eq 5b, in which, Was

activation parameterafex’, ASs, andAVe,') were determined aced b 5 A q functi
at pH 1.0 from the effects of temperature and pressure on the'€Placed by eq a_an @m Was expressed as a function
proportional toA/T.28-31 In total, four series of measurements

bulk water!’O signal. In this respect, the reduced transverse ; d for th q GaTvpical
relaxation times I, were calculated for each temperature and WEre performed for the system under stad¥ypical temper-
ature dependence of the reduced transverse relaxation rate is

pressure from the difference in line widths observed in the S . ;
presence and in the absence of the metal comptex,,{ and presented in Figure S3 (Supporting Information).

Avsonens respectively). (28) (a) Swift, T. J.; Connick, R. El. Chem. Phys1962 37, 307. (b)
Swift, T. J.; Connick, R. EJ. Chem. Phys1964 41, 2553.

1 1 A A 4 (29) (a) Cossy, C.; Helm, L.; Merbach, A. Fhorg. Chem.1988 27,

T_zr = ﬂp_m( Vobsd™ AVsonvend 4) 1973. (b) Helm, L.; Lincoln, S. F.; Merbach, A. E.; Zbinden, Borg.

Chem.1986 25, 2550.

. . . (30) Bloembergen, NJ. Chem. Phys1957 27, 595.
In the above equatiorPy, is the mole fraction of water (31) Newman, K. E.: Mever, F. K.; Merbach, A. & Am. Chem. Soc.

coordinated to the Co(ll) ion. 1979 101, 1470.
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Table 4. Rate and Activation Parameters for Water Exchange on “base-off” Cob(Il)alamin at pH 1

kex at 298 K AH* AS AV* at 283 K Kex? Kex®
st kJ mol1a JKImol-1a cm® mol~1a st st
(3.6+£1.2)x 107 23+ 3 —-24+ 10 +3.2+ 1.0 (2.5+0.6) x 107 (2.2+0.8) x 107

aThe error limit indicates the range of measured val@é&ate constant at atmospheric pressure extrapolated from the pressure dependence data
measured at 283 K.Rate constant at 283 K calculated from the temperature dependence data.
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Figure 5. Plot of koss Vs [Fe(edta)RH0%7] for the “off” reaction. Experimental conditions: [CbhI(IHNO™] = 2 x 107* M, pH = 5.0, 25°C. Inset
UV —vis spectral changes for the reaction of CbI(HNO~ with [Fe(edta)HO]?>~ at pH 5.0.
In the case of our system the pressure dependencksfor Scheme 4
was measured at 283, (a temperature close to the maximum in ko
the plot of In(172,) vs 1/T, where In(1T2,) is dominated by the CPIA-NO Kon ChID + NO ,
term tm(Awm)?). The reduced relaxation time (calculated ac- ks U ky t[Fe(edia)(H0)™
cording to eq 4) and the value afwm3® (which shows a
negligible pressure dependefbevere substituted into eq 5b
to determine Iy, at each pressure. The plot of kaf versus
pressure was linear (as shown in Figure S4, Supporting experiments, extrapolation to [NO¥ 0 did not give a
Information), and the activation volume was calculated directly measurable intercept from which the rate constant for the “off”
from the slope £ AV¥/RT). Thek.,? value at ambient pressure  reaction ko, could be estimated. It was, however, possible to
extrapolated from this plot was in good agreement with the measure the rate constant for the release of NO directly in a
corresponding,” value calculated for this temperature (283 stopped-flow experiment by mixing the CbI(H)NO™ solution
K) from the temperature dependence data. with high concentrations of [Péedta)(H0)]2~, an efficient
The activation parameters (mean values from four indepen- scavenger for NO.

dent experiments) are presented ir_l Ta_lble 4. The small positive The spectral changes observed for the reaction between
value found for the volume of activation suggests that water Cbl(l1) —NO~ and [Fé (edta)(HO)J2~ indicate the formation
Qxchange in the “basg-ofz;cob(ll)alam'ln follows a dissociative cob(ll)alamin. The reaction was followed at 520 nm (at pH
interchange mechanis#>* A comparison of the rate and g5 g angd 7.4) or at 471 nm (at pH 3.6). The observed first-order
activation parameters for the water exchange process with thosg e constant decreased to a limiting value with increasing
reported for the binding of NO in Table 2 supports our earlier .,ncentration of [PHedta)(HO)]> (Figure 5). This behavior

arguments in favor of a dissociative interchange ligand substitu- .o pe accounted for in terms of the reactions given in Scheme
tion mechanism involving the displacement of coordinated water »

by NO on the Co(ll) center produced after the flash.
Kinetics of the “Off” Reaction. As mentioned above, due
to the very highkopsq values observed in the laser flash

[Fe(edta)(NO))* + H,0

Application of the steady-state approximation to the NO
intermediate allows the observed first-order rate constant to be
expressed as in eq 7.

(32) This was necessary since the line widths obtained for different
samples of the complex were not identical. The origin of these differences o
is not apparent. However, the shape of the curvature presented in Figure = kot K[Fe(edta)(HO)™ | + ky K_,[Cbl(I1)]
S3 (Supporting Information) and the corresponding activation parameters bs — o
obtained in the separate experiments differed only slightly. kz[Fe(edta)Ho ] + kon[Cbl(”)]

(33) Awn at 283 K was calculated with the use Afvalue determined
as a parameter from the temperature-dependence data. o )

(34) Merbach, A. E.; Helm, LCoord. Chem. Re 1999 187, 151. When [Fe(edta)(kD)]?" is in large excess, eq 7 predicts rate

()
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Table 5. Kinetic Data for the Dissociation of NO from

ChI(ll) —NO~ cm(n)""ﬁ NO |
pH 3.6 5.0 7.4 = “Ho
g
Kofr, 25 17401  3.3+0.1 5.6+ 0.2 = :
AVt P cmE mol? +4.140.2 +7.9+05 5
AHi*, kJ mol?t 72+2 76+ 1 g 4102
ASy*, ImoliKt  +34+5 +24+5 E +5.4% 0.
3 At 25 °C. " Mean value of three determinations. i—, +7.94 0.5
= | _Cbln-H,0 +NO
=
=
saturation, since under such conditions dissociation of K@ ( E ~25% 07 _
step) becomes rate-determining. The decreasdgig with A~ CbIIN-NO™ + H,0
increasing concentration of [Fe(edta)®)]%>~ results from the & R Transition S Prod
fact thatkos is much smaller thak_», the rate constant for the cactants ransition State roducts

release of NO from [Fe(edta)N®] (k- = 91 s'1 at 25°C, pH Reaction Coordinate

= 5.0)* Using [Fe(edta)LO]*~ at the appropriate concentration  figure 6. Volume profile for the photoinduced reaction ChlHi,0
(i.e., 0.1 M), the temperature and pressure dependendgs of  + NO = CblI(lll)—NO~ + H,0 at pH 7.4.

were studied in the ranges—385 °C and 0.3130 MPa,

respectively. constant in the thermal reaction) would be larger than that

It follows from the kinetic data summarized in Table 5 that observed in our laser flash studies. In fact, it has been shown
dissociation of NO from CbI(Il)"NO™ is slow and a high  that formation of the CeNO bond in Co(ll) Schiff base and
activation barrier must be overcome to break the-8® bond. porphyrin nitrosyls in noncoordinating solvents (such as toluene)
Positive activation volumes obtained for the “off’ reaction can occurs with second-order rate constants in the range-(L7)
be accounted for in terms of a dissociative interchange mech- x 10° M~ s~1 and the corresponding activation energies fall
anism in which the breakage of the €NO bond is partially in the range 412 kJ mot 138 that is, the process is almost
accompanied by strengthening of the-@&%DMBI) bond. A diffusion-controlled.
small but significant increase in reaction rate and a more positive |t proved difficult to verify the actual rate of thermal process.
activation volume observed at higher pH point to a more Preliminary experiments showed that the reaction between intact
dissociative mechanism for the deprotonated form of nitrosyl- cob(ll)alamin and NO is much too fast to be observed on a
cob(ll)alamin. This can be rationalized in terms of a facilitated stopped-flow time scale and it is difficult to conceive another
displacement of the NO ligand due to the presence of a lone kinetic technique that will allow to follow this reaction.
pair of electrons on the deprotonated dimethylbenzimidazole However, the value of the overall equilibrium constaio =
base. (3.1+0.6) x 10/’ M1 (20°C, pH 7.4, 0.1 M Tris-HCIQ) was

An alternative explanation for the more positive activation measured directly through a combination of spectrophotometric
volume observed at pH 7.4 can be offered. Elongation of the and potentiometric techniquésSince the overall equilibrium
Co—NO bond in the transition state (positive contribution to constant determined in a nonkinetic way equ&Jgko and the
AVyi*) is accompanied by CeDMBI bond formation (negative kinetically measuredks = 3.40 &= 0.05 s (20 °C, pH 7.4),
contribution toAVeg). At high pH, DMBI is already partially K'on can be estimated as (140 0.3) x 10® M~ s71, Although
coordinated to the cobalt center, such that the negative contribu-thek'y, value calculated in this way is a bit lower than the value
tion to the observed activation volume could be smaller than obtained in the laser flash experiments under similar experi-
that observed at lower pH (i.e., in the pH range53, where mental conditions (viz., 6.% 1® M~1s71, 20°C, pH 7.4, 0.1
initially protonated DMBI of “base-off” Cbl(l11)}"NO~ coor- M Tris-HCIOy), it may be subjected to relatively large errors
dinates to the cobalt ion to form “base-on” Cbl(ll). as a result of uncertainty in the determination ofkthg value3’

Overall Reaction Processln terms of the overall system, For that reason the difference betweep and Ko, does not
the kinetics of the “on” reaction studied by laser flash photolysis allow a quantitative comparison of the thermal and photoinduced
differs from that expected for reaction between Cbl(ll) and NO reaction. However, it may be concluded in a qualitative way
at pH > 3. Due to the fact that the intermediates occurring in that thek'o, value is close to that observed in our laser flash
the laser flash and in the thermal reaction are not the same, theexperiments. Thus, the kinetics of the thermal reaction is not
data do not allow construction of energy and volume profiles expected to differ significantly from that measured in our studies.
for the overall reaction 2 at a physiological pH. It is, however, ~ Reaction between Cbl(ll) and NG~ To study the possible
possible to construct a volume profile for the binding of NO to influence of nitrite impurities on the investigated system,
the photogenerated aqua complex at pH 7.4 as shown in Figureadditional experiments with Cbl(Il)/N© at pH> 4 (i.e., where
6. The volume profile once again illustrates fheharacter of Chl(ll) is in the a-DMBI-coordinated, “base-on” forg§) were
the reversible displacement reaction. performed. Addition of nitrite to Cbl(ll) solutions under strictly

If the thermal rea_ction between intact “Igas_e-on” cob(ll)alamin ~"(36) (a) Morlino, E. A.; Walker, L. A.; Sension, R. S.; Rodgers, M. A.
and NO at pH> 3 is controlled by NO binding at the vacant J. Am. Chem. S0d.995 117, 4429. (b) Hoshino, M.; Konishi, R.; Tezuka,
coordination site, the thermal reaction should occur faster thanN-; Ueno, I.; Seki, HJ. Phys. Chem1996 100, 13569. .
that observed in the flash photolysis experiments (where the (37) The equilibrium NO concentrations in solution were measured with

N @t p y > p the use of an NO electrode (Isolated Nitric Oxide Meter, WPI Instruments,
reaction involves substitution of coordinated water on the “base- model 1ISO-NOP200) in solutions of a known ChbI(HINO=/CbI(Il)
off” Cbl(ll) species generated photochemically). In such cases concentration ratio (determined by WWis). The measured equilibrium

; : ; ; e constant is high, and therefore the equilibrium concentrations of NO in
nitrosylation of Cbl(1l) under biological conditions would be () i eie Glose to detection limits of the electrode, i.e., in the nanomolar

close to diffusion-controlled, that is,'d& (NO binding rate concentration range. Although the giv&Ro is a mean value of several
determinations, it may be subjected to experimental uncertainty larger than

(35) Schneppensieper, T.; Wanat, A.; Stochel, G.; Goldstein S.; Mey- the calculated standard deviation. However, this value is in reasonable
erstein, D.; van Eldik, REur. J. Inorg. Chem2001 In press. agreement with that reported recently in the literafure.
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Figure 7. Spectral changes observed for the reaction of Cbl(Il) with, NQa) [CbI(Il)] = 1 x 104 M, pH 5.5, (b) after the reaction with NO,
(c) after oxidation of the final reaction mixture with air. (Inset) Typical kinetic traces recorded as a function of nitrite concentration atipid=5.5 (
455 nm).

oxygen-free conditions resulted in significant BVis spectral 1.210°
changes (Figure 7). These indicate that Cbl(ll) is converted to 1
a mixture of Cbl(l1I)>NO,~ (formed in the reaction of oxidized 1.0x10°

cobalamin with excess NO see reaction 9) and CbI(IlHNO~ :
(presented in Figure 7, spectrum b). It follows that nitrite can - 4 g,40°-

partially oxidize Cbl(ll) to Cbl(Ill) and simultaneously produce §
NO, which rapidly reacts with a second Cbl(ll) molecule as £ 6 oxo°-
described above. The very rapid binding of NO to form e
Cbl(Il) =NO~ accounts for the partial (approximately 50%) - . -
oxidation of Cbl(Il) even in the presence of a large excess of § 400
nitrite. The overall reaction (in the presence of an excess of
NO,™) may therefore be presented by the following reactions: 20x10°
. + and 0.0 T T T T T T T T
2Cbl(I) + NG, +2H 0.00 120x107  2.40x107  360x107  4.80x107  6.00x10”

Cbl(111) —H,0 + CbI(ll) —NO "~ (8) [HONOJ’, M*

_ - K _ - Figure 8. Dependence of the reaction rate on [HORI@} the reaction
Cbl(in) H,0 + NG, Cbi(in) NO, +H,0 (©) of Cbl(Il) with NO,~. Experimental conditions: pk 4.0, [Cbl(I)] =

o _ ) _ 5 x 1075 M, [NOy] = (1-7) x 103 M, 25 °C.
The kinetics of reaction 8 was studied under pseudo-first-order

conditions with NQ~ in at least 10-fold excess. The observed Scheme 5

reaction rate strongly increased with decreasing pH and increas- K,
ing total nitrite concentration, which can be accounted for in HONO === NO,+H
. . . . ka
terms of the increasing HONO concentration. Typical absor- HONO +HONO —— 11,0+ NO' + NO,

bance/time plots recorded at 455 frare shown in the inset in
Figure 7. The observed traces were typical for a pseudo-zero- ;
order reaction and exhibited a sudden inflection point when a Chiil) +NO  —2%—s  CHII)-NO'

1:1 [CbI(II)—NOz L:[CbI(lIl) =NO~] product mixture was

formed. The observed zero-order rate constant increased linearlyformation of NO" from two molecules of HONO (presumably
with [HONOJ? (as demonstrated by the plot &fps versus via the formation of MO; which decomposes to NOand
[HONOJ? in Figure 8) and exhibited a substantial dependence NO;7), as shown in the second reaction in Scheme 5, and
on pH. In analogy to the reaction of [Hedta)(HO)]>~ with subsequent rapid reaction of NQuith Cbil(ll).

nitrite described in the literatuf®,we conclude that the rate- Taking into account that [HONO¥ [NO2 Jiota[H 1/([H 7]
determining step for the pseudo-zero-order path involves + Kg), the pseudo-zero-order rate constant for the mechanism
outlined in Scheme 5 can be expressed as in equation 10.

chian +No*  —B%— oy 4 No

(38) Redox reactions of Cbl(Il) are influenced by the equilibrium between
the a-DMBI protonated “base-off” and ring-closed “base-on” forms, but . . 5
the latter species is considered to be more important in the context of this Rate= 2k {[NO.~ H/(H™T + K 10
the 1 k{INO, TuoulH U([H T+ KJ}*  (10)

(39) At this wavelength the extinction coefficients of Cbl(ll) and
Cbl(Il)=NO~ are almost identical, and the decrease in absorbance was The value ofk, = 18 + 1 M~1 s71 obtained from the slope in

only due to oxidation of Cbl(ll) to Cbl(lll) (i.e., was not affected by the i ie i i i i i
rapid subsequent reaction of Cbi(ll) with NO to Cbl(HNO ") Figure 8 is in fair agreement with that reported in the literature

(40) Zhang, V. Kotowski, M.; van Eldik, Rinorg. Chem.1988 27, for the formation of NO from nitrous acid*® Comparison of
3279 and references therein. the standard reduction potentials of HONO and “base-on”
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Cbl(l1) (+0.99° and+0.201° V vs NHE, respectively) suggests  on the microsecond time scale with a high binding constags (
that in analogy to the P¢edta) system, oxidation of CbI(Il) = 3 x 10’ M~1). The reaction product formed at physiological
could also proceed via a pseudo-first-order path. The rate- pH has been characterized with the use of several spectroscopic
determining step for this reaction route would involve the direct techniques (UV-vis, 1H-, 15N-, and3!P NMR) as a diamagnetic
reduction of HONO by Cbl(ll). Co(lll) complex containing a strongly bent NQigand. The
combination of ambient and high-pressure kinetic techniques
HONO -+ CblI(ll) + H* 5, Cbi(lll) + NO+H,0  (11) (i.e.,. laser fla.sh' phqtolysis, stoppedjﬂow, ad NMR)
provided key insight into the mechanism of the reaction. In
—d[Cbl(I))/dt = 2k [CbI(I1)][HONO] 12) particular, the nature of the reactive aqua intermediate generated
in the laser flash could be resolved. Although the nature of this
However, a contribution of the pseudo-first-order pathway was intermediate differ to some extent from that anticipated in the
not observed under the experimental conditions employed (i.e.,thermal reaction, the kinetics of the thermal and photoinduced
pH 4.0, [NG Jiota = 0.001-0.007 M, and pH 7.4, [N@ Jiotal nitrosylation of reduced vitamin 8 is not expected to differ
= 0.1-0.5 M). This indicates that oxidation of Cbl(Il) by NO significantly.
is a very efficient process and the observed spectral changes This study provides further chemical evidence that Cbl(ll),
were therefore controlled by the rate-determining production rather than its oxidized form, efficiently binds NO to form the
of NO™. stable Cbl(111)>NO~ complex. This process may contribute to
Irrespective of the details of the reaction mechanism, the the observed biological interactions of vitamin,Bvith NO.
experiments performed clearly show that the reaction of reduced
cobalamin with NQ~ is several orders of magnitude slower ~ Acknowledgment. Studies at UEN were supported by the
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Supporting Information Available: H- and *®N NMR
spectra of nitrosylcobalamin (at pf4 = 5.4 and 7.5, respec-
tively), temperature- and pressure dependendepbbtained
from laser flash photolysis studies, temperature dependence of
Conclusions the reduced relaxation timeTk/, and the corresponding pressure
dependence ok for 17O water exchange on “base-off”

_In summary, the present study provides kinetic and mecha- ooha1amin (PDF). This material is available free of charge via
nistic information on the reaction of nitric oxide with the reduced ha nternet at http://pubs.acs.org.

form of aquacobalamin (cob(ll)alamin). Formation of the Chbl-
(1) —NO~ adduct in aqueous solution has been shown to occur JA010530A



