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Abstract: Rates for the reaction between L-S-nitrosocysteine and L-cysteine were found to be first order
with respect to concentrations of the two reactants in the pH range of 4.85 - 9.41.  The second order rate

constant was determined to be 3.10 x 10> M™'s™ at pH = 7.4 at 37 “C. Spontaneous decomposition of L-S-

nitrosocysteine proceeded with the first order rate constant, 1.46 x 10" s*' under the same conditions.
© 1997, Elsevier Science Ltd. All rights reserved.

A S-nitrosothiol has been considered to be one of most plausible candidates for the endothelium-derived
relaxing factor (EDRF).! Finally, however, EDRF was identified to be NO producing via NO-synthase
instead of a S-nitrosothiol.">  Meanwhile, the following observations have been accumulated which suggest
that NO is reserved and transported as nitrosothiols, the carriers, which then give their NO to metal prosthetic
groups or cysteine residues of the target proteins to transduce signaling:  (a) NO reacts readily with thiols to
give the corresponding S-nitrosothiols (reaction 1).** (b) S-nitrosothiols are much more stable than NO.,
which is a labile free radical in the physiological milieu. Cys-34 of serum albumin is nitrosylat.ed to form long
lived S-nitrosoalbmin which may act as a reserver and carrier of NO in plasma.®'" (c) Thiols potentiate the
action of NO. For example, relaxant action of NO on the rat anococcy geus muscle is much greater and more
prolonged in the presence of cysteine (Cys-SH) than in its absence.®  S-nitrosocy steine (Cys-SNOY) is a more
potent relaxant of endothelium-denuded stripes of rabbit aorta than NO. S-nitrosothiols add NO to soluble
guanylate cyclase® The NO binding to the heme moiety of the guanylate cyclase triggers the generation of
cyclic GMP, the next messenger in the NO-mediated signaling pathway. (d) Nitoso group transfer,

transnitrosation (reaction 3) between S-nitrosothiols and thiols takes place readily.’*!> (e) S-nitrosation of

cysteine residues of the particular proteins modulates their functions. **!7
RSH + NO ——» R-SNO + H* + & (1)
RSNO —— 1/2R-5-SR + NO @)

R-SNO + R-SH —— R-SH + R-SNO 3)

R-SNO + R-SH — R-S-S-R' + HNO 4)
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Since all physiological events are rate processes, understanding the biological roles of S-nitrosothiols
requires rates and mechanisms of the key reactions 1-4 of S-nitrosothiols. Recently kinetic data and

mechanisms for the Cys-SNO-forming reaction of NO with cysteine (reaction 1) have been reported by two

18,19

groups. When the reaction 1 is carried out under aerobic conditions, O, acts as the electron acceptor.'®"

Kinetic studies on the transition metal ion-cataly zed NO-regenerating process from S-nitrosothiols (reaction 2)
have been investigated by Williams et al.?” Ammnelle and Stamler showed in their in vitro semi-quantitative
studies of the reaction 2 that the apparent life times of S-nitrosothiols vary depending on the analytical
methods.!! The kinetics and mechanisms of the transnitrosation from S-nitrosothiols to thiols (reaction 3)
have been extensively studied by Williams and coworkers. '?

In this way, thiols produce S-nitrosothiols in biological systems, however, they also destroy S-
nitrosothiols to give disulfides (reaction 5) as reported by Oae et al.2'  On the contrary, recently Feelisch et al.
reported that the life time of Cys-NO is prolonged by the presence of cysteine in a concentration-dependent
manner’  Since the thiol concentration level in normal living cells is pretty high (ca. 5 mM)? the
decomposition reaction of S-nitrosothiol with thiols (reaction 4) is of importance but its kinetics study has not
as yet been reported. Thus, we initiated the kinetic studies of the degradation reaction of Cys-SNO in the
presence and absence of Cys-SH to solve these problems.

Experimental

Preparation of Cys-SNO: Cys-SH was allowed to react with an equimolar amount of nitrous acid in a
aqueous solution of pH 1-2 at 25 °C for 3 min at room temperature. The pH of the solution was raised to 7
by adding a NaOH solution. The solution of Cys-SNO was treated with Vio-rad Chelex 100 ion exchange
resin in an ice bath to remove any trace heavy metal ions which might be contained in the solution. Buffer
solutions and Cys-SH solution were also treated with Chelex 100, since heavy metal ions, especially Cu’,
catalyzes the decomposition of nitrosothiols as noted by Williams et al.®®  All the solutions contained 0.1
mM ethylendiaminetetraacetate (EDTA) to protect Cys-SNO from the heavy metal catalyzed decomposition.
The solution of Cys-SNO thus prepared is stable for a few days in an ice bath.

Cys-SH + HONO ——» Cys-SNO + H.0 (5)

Molar extinction coefficient of Cys-SNO (e):  Equimolar amounts of known concentration of Cys-SH in 0.1
M HCl solution and aqueous NaNO; solution were mixed in a quartz UV cuvette and the increasing absorbance
at 543 nm was recorded.  After 3 min the absorbance reached to plateau. The value of e was calculated from
the maximum absorbance of 852 M™lem™ (Amax 335 nm) and 16.8 M~'em™ (Amax 543 nm) by assuming that
Cys-SH was converted to Cys-SNO quantitatively. The experiment was repeated 3 times and was
reproducible. The same value was obtained under argon.

UV-visible spectra of Cys-SNO were recorded on a JASCO Ubest-50 spectrophotometer equipped with a
quartz UV cuvette with a water jacket to which water of 37+ 0.1 °C was circulated from aNESLAB RTE-210
thermostatted bath. When microsyringes with stainless steel needle and piston to transfer Cys-SNO into the
UV cuvette was used, metal ion catalyzed decomposition of Cys-SNO took place rapidly at a nonreproducible
rate. Therefore, pipetting of the solutions was done by an eppendorf-pipette.

All the pH values were measured at 37 °C by HoribaM 13 pH meter.  The following buffer solutions were
used : pH 4.5-5.5, sodium acetate; pH 6-7.8, sodium phosphates; pH 8-9, sodium borate.
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Results

Since most of thiols contained in peptides and proteins come from cysteine residues, kinetics of the
reaction of Cys-SNO with Cys-SH (reaction 6) have been studied.  Both the nucleophilic substitutions on
the nitroso-nitrogen (reaction 3) and on the sulfur (reaction 4) of a S-nitrosothiol with a thiol are orbital
controlled reactions®?* and therefore these reactions may occur smoothly. The reversible transnitrosation
reaction 3 and the irreversible reaction 4 take place competitively. ''  However, since R and R’ are the same
in this work, the reaction 3 does not interfere in the kinetic investigation of the reaction 6. Three fates await
the HNO formed by the reaction 6, i.e. the condensation reaction 7 to give dinitrogen oxide, single electron
oxidation affording NO (reaction 8),% and the reduction by thiol affording hy droxy lamine (reaction 9). !' In

accordance with the observation by Amelle and Stamler, '' no hydroxylamine was detected in the reaction

mixture of Cys-SNO with Cys-SH, suggesting that HNO disappears via the reactions 7 and 8 .

Cys-SNO + Cys-SH ——» Cys-SS-Cys + H* + NO ()
2NO" + 2H* ——» N0 + HyO (pKa of HNO = 4.7)%6 @
NO + ox ——» NO + ox (8)
NO" + 2Cys-SH + Ht ——» HoNOH + Cys-SS-Cys (9)
Cys-SNO ——»  1/2 Cys-8-S-Cys + NO (10)
A
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Fig. 1. Kinetic results for the decay of Cys-SNO in the presence of Cys-SH at pH 4.8 at 37.0 Aé.
The kinetic measurements of the reaction between Cys-SNO and Cys-SH have been carried out by adding the
Cys-SH solution to the Cys-SNO solution in the UV cuvette at 37.0 °C and recording the absorbance of
Cys-SNO at 335 nm or 543 nm. The rates were calculated from the slope of the time courses of the

absorbance at the initial stage. When [Cys-SNO] was fixed to a value of 9.5 mM, the initial decay rates of
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Cys-SNO increased linearly with [Cys-SH] as shown in Fig. LA,  In the absence of Cys-SH the very slow
unimolecular spontaneous decomposition of Cys-SNO proceeded with the first order rate constant (1.46 +
0.08) x 10 5™, With a fixed [Cys-SH] of 24.5 mM, the initial rates of Cys-SNO decay correlated linearly
with [Cys-SNOJ as shown in Fig. IB.  From these observations one obtains the rate equation 11.

V = k{[Cys-SNOJ} + kp[Cys-SNO] {CysSH] (11)

The second order rate constant (k;) was calculated from the slope of the line in Fig. 1A to obtain (2.11
0.07)x10?M"'s™".  From eqn. 11, the slope of the line in Fig 1B, (2.20 + 0.03) x 10> M"'s", is equal to {k,
+ki/[Cys-SH]}. Substituting k and [Cys-SH] with 1.46 x 10* s and 24.5 mM in this equation, one gets k,
=2.14 x 10° 5!, The good agreement of the two k, values calculated based on the different Kinetic data
sources, ie. Figures 1A and 1B, substantiates that Cys-SNO disappears through the Cys-SH-induced
bimolecular decomposition pathway (reaction 3) accompanied with minor Cys-SH-independent unimolecular

decomposition process (reaction 4) . The k, value was found to be independent of the pH of the solution.

4.0 : y w Table 1. .Second order rate constants for
the reaction 6 at 37 °C.
15 | 5 % i pH k, x 102 (M5

P $ % 4.85 1.85£0.21
» 30 | o - 5.34 220£0.13
2 ° 5.92 2884 0.04
:é—’ 25 | % _ 6.40 3.2410.10
™ o 7.05 2,94 +0.06
* e ¢ | 7.40 3.10+0.03
I S ° 7.60 3.43£0.10
8.15 3.71+£0.22
15 p 6 ; ” s 10 8.44 3.13£0.14
oH 8.70 2.67+0.14
9.00 2.29 £0.05
Fig. 2. The pH-rate profile for the reaction 3 at 37 °C. 9.41 1.95+0.02

The values of k, were determined in the pH range of 4.85 - 9.41 with the initial concentrations of the
reactants to be [Cys-SNO] = 9 mM, [Cys-SH] = 24 mM and [buffer] = 0.1 M. The kinetic measurement
was repeated 3 - S times for each condition. The k;, values determined in the solutions of different pH values
at physiological temperature are listed in Table 1 and the pH-rate profile is illustrated in Fig 2. It is difficult
to explain such a small pH-effect, namely, that maximum value of k, at pH 8.15 is merely 2 folds greater than

the minimum one at pH 4.85, although [H*] between the two differs by 2 x 10* folds.
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Discussion

Spontaneous Unimolecular Decomposition of Cys-SNO:  Based onk, = 1.46 x 10° s™! one can calculate
the half life of Cys-SNO in the absence of cysteine to be ca. 9 hr. at 37 °C. This value is much greater than
previous ones, i.e. the values of ca. 1.5 hr, as calculated from the Park’s second order rate constant if [Cys-
SNOJ, = 10 mM? and the values in the range of | - 2 hr, at room temperature as reported by Arnelle and
Stamler.!! These discrepancy would be due to the effect of trace amounts of transition metal ions, which was
very carefully eliminated in this work as described in Experimental Section. Thus, the k, value determined in
this work is the most reliable value for the uncatalyzed spontaneous decomposition of Cys-SNO. Such a
small k, value reveals that the spontaneous NO release from S-nitrosothiols cannot be responsible for the
biological NO transfer from S-nitrosothiols to soluble guanylate cyclase. Instead, the transition metal ions-
cataly zed NO-forming reaction of S-nitrosothiol and/or direct NO transfer from nitrosothiols to the guanylate
cyclase via bimolecular reactions of the two species may operate in the biological NO transfer from the S-
nitrosothiol to the guanylate cyclase.  The uncatalyzed decomposition of Cys-SNO is too slow to explain
the NO-transfer from a NO-carrying S-nitrosothiol to cysteine residues of the target proteins via reaction 2
followed by reaction 1. The transnitrosation (reaction 3) may be responsible for this S-nitrosothiol function.

Cys-SH-Induced bimolecular Decomposition of Cys-SNO:  S-nitrosothiols are thought to play the same
roles as NO to control vasodilation and antiplatelet, and modulation of the reactivities of hemoglobin.'
prostaglandin-H syntase,'* creatine kinase,'® glyceraldehyde-3-phosphate dehydrogenase'® erc. by the
transnitrosation reaction 2 to the respective thiol residues of these proteins. If these S-nitrosothiol-
dependent reactions contribute in biological regulations, the S-nitrosothiol concentrations have to be greater
than the threshold in the compartment sending the signal. Usual mammalian cells contain about 5 mM of the
reduced form of glutatione. > Assuming that reactivities of intraceller S-nitrosothiols and thiols are the same
as those of Cys-SNO and Cys-SH, one obtains the pseudo-first order rate constant for the decay of a
intracellar S-nitrosothiol to be 1.55 x 10* s at pH 7.4, at 37 °C from the k, value determined in this work.
Under this condition, the half-life of the S-nitrosothiol is calculated to be 75 min.  If the rate of S-nitrosothiol
formation is greater than 1.55 x 10™* s™'| the intracellar concentration of S-nitrosothiol will increase.

On the other hand, the apparent second order rate constants of transnitrosation reaction 3 are in the order
of 10 M's™" at pH 7.4."* Therefore, in order that the S-nitrosation of the target protein with intracellar S-
nitrosothiol (reaction 3) proceeds faster than the intracellar thiol dependent decomposition of the S-
nitrosothiol (reaction 4), the concentration of the target protein should be greater than 10° M.

NO™ undergoes single electron oxidation with biological oxidant (even molecular oxygen) yielding NO.

Fukuto et al. believe that NO" is oxidized to NO (reaction 8) before binding to the guanylate cyclase. The
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guany late cyclase requires ferrous nitrosy lheme, {PFe!'(N0O)],%® as a cofactor but not the ferric state. Hemin.
[PFe'"!], may accept NO" to generate [PFe"(NO)].  Then the reactions 1,2, 4 and 8 would contribute partly
and exptain why Cys-SH prolongs and potentiates the vasoditation effect of NO and Cys-SNO.

In our experiments the presence of Cys-SH did not prolong the lifetime of Cys-SNO but merely decreased
it in a concentration-dependent manner in contrary to the report by Feelish et al.*

References

1. Ignarro, L. J. Cir. Res., 1989, 65, 1.

2.a)lIgnarro, L. J.; Byrns, R. E.; Buga, G. M.; Wood, K. S. Cir. Res., 1987, 60, 82.

b) Palmer, R. M. J; Ferrige, A. G.; Moncada, S. Nature, 1987, 327, 524.

c) Furchgott, R. F. Vasodilation, ed. Vanhoute, P.D., Paven Press, New York, 1988, pp. 401.

Feelisch, M.; te Poel, M.; Zamora, R.; Deussen, A.; Moncada, S. Nature 1994, 368, 62.

4. Stamler, J. S; Simon, D. 1.; Osborne, J. A.; Mullins, M. E.; Jaraki, O.; Michel, T.; Singel, D. J;
Loscalzo, I., Proc. Nat. Acad. Sci. U. S. A., 1992, 89, 444

5. Stamler, J. S; Singel, D. J.; Loscalzo, J., Science, 1992, 258, 1898.

6. Stamler, J. S,; Jaraki, O.; Osborne, J.; Simon, D. 1.; Keaney, J.; Vita, J.; Singel, D. J.; Valeri, C. R.;
Loscalzo, J., Proc. Nat. Acad. Sci. U. S. 4., 1992, 89, 7674.

7. Girard, P.; Potier, P., FEBS Lett., 1993, 320, 7.

Rand, M. J.; Li, C. G. Annu. Rev. Physiol. 1995, 57, 659.

9. Simon, D. 1.; Stamler, J. S.; Jaraki, O., Keaney, J. F.; Osborne, J. A.; Francis, S. A Singel, D. J.;
Loscalzo, J., Ateriosclerosis & Thrombosis, 1993, 13, 791.

10. Shcarftein, J. S.; Keaney, J. F. Jr.; Slivka, A.; Welch, G. N.; Vita, J. A_; Stamler, J. S.; Loscaalzo, J., J. Clin.
Investig., 1994, 94, 1432.

11. Amelle, D. R.; Stamler, J. S. Arch. Biochem. Biophys. 1995, 318, 279.

12. a) Barnett, D. J.; McAninly, J.; Williams, D. L. H. J. Chem. Soc. Perkin Trans. 2 1994, 1131.

b) Bamett, D. J.; Rios A.; Williams, D. L. H. J. Chem. Soc. Perkin Trans. 2 1995, 1279.

13. lJia, L.; Bnaventura, C.; Bonaventura, J.; Stamler, J. S, Nature, 1996, 380, 221.

14. Hajjar, D. P.; Lander, H. M.; Pearce, S. F. H.; Upmacis, R. K.; Pomerantz, K. B., J. Am. Chem. Soc.,
1995, /17, 3340.

15. Gross, W. L.; Bak, M. I; Ingwall, J. S.; Arstall, M. A.; Smith, T. W.; Balligand, J. C.; Kelly, R. A_, Proc.
Nat. Acad. Sci. U. S. A., 1996, 93, 5604,

16. Mohr, S;; Stamler, J. S.; Brune, B., FEBS Lett., 1994, 348, 223.

17. Stamler, J. S., Cell, 1994, 78, 931.

18. Kharitonov, V. G.; Sundquist, A. R.; Sharma, V. S. J. Biol. Chem. 1995, 270, 28158.

19  Goldstein, S,; Czapski, G. J. Am. Chem. Soc. 1996, 118, 3419.

20. a) McAninly, J; Williams, D. L. H.; Askew, S. C.; Butler, A. R.; Russell, C., J. Chem. Soc. Chem. Comm.,

1993, 1758.
b) Askew, S. C.; Barnett, D. J.; McAninly, J.; Williams, D. L. H. J. Chem. Soc. Perkin Trans. 2 1995, 741.

21. Oae, S; Fukushima, D.; Kim, Y. H. J. Chem. Soc. Chem. Comm. 1977, 407.

22. Schulz, G. E.; Schirmer, R. H. “ Priniciple of Protein Structure” 1979, Springer-Verlag,

23. Oae, S.; Asai, N.; Fujimori, K. J. Chem. Soc. Perkin Trans. 2 1978, 571, 1124,

24. Klopman, G, “Chemical Reactivity and Treaction Pathse” 1974, pp. 55-166, John Wiley & Sons, N. Y.

25. Fukuto, J. M.; Hobbs, A. J; Ignarro, L. J., Biochem. Biophys. Res. Comm., 1993, 196, 707.

26. Gratzel, M.; Taniguchi, S.; Henglein, A., Ber. Bunsen-Ges. Phys. Chem., 1970, 74, 1003.

27. Park, J.-W. Biochem. Biophys. Res. Comm., 1988, 152, 916-920.

28. Craven, P. A.; DeRubertis, J. Biol. Chem., 1978, 253, 8433.

had

oo

(Received in Japan 16 August 1996; accepted 6 December 1996)



