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S-Nitrosothiols and heme nitrosyl speciese nitric oxide (NO)-
derived metabolites that provide an endogenous reservoir f NO
and also play roles in prote&nitrosation, that is, transnitrosation
of thiols (or thiolates) in protein%;® thereby regulating protein
functions and signal transduction pathwaydntriguingly, endog-
enous N-nitrosamines are present in similar abundanceSto
nitrosothiols? and though they are thought to play similar physi-
ological roles toS-nitrosothiols? their transnitrosation reactivities
and their contribution to biological events are little understood.
Aromatic N-nitrosamines,N-nitrosotryptophan derivatives, can
generateS-nitrosothiol$® and can also act as direct NO dondrs,
but little is known about theStransnitrosation reactivities of
aliphatic N-nitrosamines, such as proline derivatives. Herein we
describe theStransnitrosation reaction oéliphatic N-nitroso
derivatives of 7-azabicyclo[2.2.1]heptan@s-(0), which resemble
conformationally constrained proline derivativégnd its chemical
features, that is, reactivity and chemoselectivity.
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TheseN-nitroso derivatives of 7-azabicyclo[2.2.1]heptanes do not

act as NO donors themselves, but can transnitrosate thiols. On the(®
basis of the calculated activation energies of transnitrosation and

the aorta smooth-muscle relaxation activities of thébaitro-
samines, we present a possible scenarig-whnsnitrosation from
aliphatic N-nitrosamines, leading to indirect generation of NO.

The N—NO bond of theN-nitroso derivatives of 7-azabicyclo-
[2.2.1]heptanes tends to be wedlgnd this is reflected in reduced
rotational barriers of the NNO bonds in solution and nitrogen-
pyramidal structures of thi-nitroso group in the solid state. To
increase the reactivity and hydrophilicity of these compounds, we
synthesized the benzo derivativ@s10 (see Supporting Informa-
tion).

The reactivity of the N-NO bond ofN-nitrosamines, or in other
words, the propensity to release NQor NO) in acidic solution,
can be estimated with the Griess meth®dWell-studied nitrosating
reagents, such a¢-nitrososulfonamides (e.g\N-methyl-N-nitroso-
p-toluenesulfonamide (MNTS)) were used as positive controls of
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transnitrosatio* All the bicyclic N-nitrosamines2—10 were
positive in the Griess assay (Figures S1 and S2) whekéas
nitrosaminel did not generate any dye at &llt was confirmed
that no NO was generated from thé-nitroso derivatives of
7-azabicyclo[2.2.1]heptanes at physiological pH (7.4, in PBS buffer)
by means of an ESR spin trap experiment (Figure'Sbhus, these
aliphatic N-nitrosamines are not direct NO donors under neutral
conditions!?

To examine theN-nitroso compound-dependent formation of
Sqitrosothiols from thiols, we studied the W\isible spectroscopic
change upon transnitrosation in an aprotic solvent. We choose
triphenylmethylthiol as a model thiolS{nucleophile), because
Sqitrosotriphenylmethylthiol 11) is sufficiently stable to be well
characterized® To study the chemoselectivity of transnitrosation,
pyrrolidine, a mimic of proline, was used as a model secondary
amine (N-nucleophile).

The bicyclic N-nitrosamine derivative/ undergoes transnitro-
sation reaction with triphenylmethylthiol to afford tBanitrosothiol
11 (eq a)” This is consistent with the relevant spectral changes
(Figure 1b and the MNTS case (see Supporting Information, Figure
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S3b)) and was also confirmed by ESI mass spectrometry (Figure
S4e). In contrast, the monocyclic aliphalienitrosopyrrolidinel2,

a mimic of N-nitrosoproline derivatives, did not nitrosate triph-
enylmethylthiol in chloroform even during 50 h at 3 (eq b and
Figure S3d). These activities are consistent with the Griess assay
results. In contrast, ndN-nitrosopyrrolidine was formed from
pyrrolidine by the action of (Figure 1d (arrow) and eq c). Thus,
the transnitrosation reaction @fexhibited chemoselectivity, that

is, Stransnitrosation was preferred oWitransnitrosation. Similar
chemoselectivity was observed for the bicydlenitrosamine8
(data not shown). In aqueous solution (methanol/water (20:80) or
DMSO/PBS buffer (20:80)), the transnitrosation reactio® afso
occurred with glutathione (GSH), a ubiquitous endogenous thiol,
to form S-nitrosoglutathione (GSNO) (eq d), as indicated by the
absorption spectral change (Figure S3f) and the detection of the
formed GSNO by ESI mass spectroscopy (Figure S4f).
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Figure 1. Absorption spectral changes in the presence of NO-donating
agent. (a)SNitrosotriphenylmethylthioll1 (authentic, 1 mM, CHG| 37

°C); (b) 7 + triphenylmethylthiol in CHG, 37°C; (c) MNTS+ pyrrolidine

in CHCl, 37 °C; (d) 7 + pyrrolidine in CHC}, 37 °C.

To shed light on the feasibility of transnitrosation reaction of
the N-nitroso derivativesZ, 12, 13 (a model ofMNTS), and14)
DFT calculations were carried out, assuming a2-8ke mecha-
nism#*because no transnitrosation reaction occurred in the absence
of a potent nucleophile, such as thiols. The calculated reaction

energies at the DFT levels are summarized in Figure S8 and Table Supporting Information Available:
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Figure 2. Relaxation of rat aorta smooth-muscle strips witiNitrosamines

(n = 3~4); dose-dependent increase of relaxation. Asterisk indicates the
maximum relaxation induced by 3% DMSO.

NO via Stransnitrosation. Thus, the present compounds may
provide a lead for developing a new class of slow-release NO
donors, which generate NO indirectly throu§Hransnitrosation.

Acknowledgment. This work was supported by the 21st COE
project from the Ministry of Education, Science, Sports, Culture
and Technology. T.O. is grateful for a Grant-in-Aid for Scientific
Research (No. 17109001) from Japan Society for the Promotion
of Science. We also thank Prof. Hiroshi Nishihara and Mr. Kousuke
Namiki, Department of Chemistry, Graduate School of Science of
our university, for assistance for ESR measurements.

Detailed discussions and

S1. The calculated transition states (TSs) for transnitrosation haveexperimental and calculation details. This material is available free of

a four-membered cyclic arrangement of the atoms, involving proton
transfer from sulfur to nitrogen (e.grS-14-CHs;SH).
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A model S-nucleophile (methylthiol) andN-nucleophile (methyl-

amine) are used. The present computational results, i.e., magunitude

of activation energies and overall reaction energies (endotherm/
exotherm) are consistent with the experimentally observed high
transnitrosation reactivities an®nucleophile selectivity of the
present bicyclidN-nitrosamines?

To investigate the ability of the bicyclic nitrosamines to induce
biological events, experiments were carried out with isolated rat
aortic strips. The tested compounds exhibited concentration-
dependent relaxing of aorta strips preconstricted with norepinephrine
(Figure 2). TheN-nitroso derivatives of 7-azabicyclo[2.2.1]heptanes
(5—8) were effective, and was as potent as sodium nitroprusside
(SNP), a positive control vasodilator. The monocy®lioitrosamine
1 essentially did not relax the aorta, while the vehicle, DMSO, itself
showed some relaxing activity. Both hemoglobin, a typical NO

charge via the Internet at http://pubs.acs.org.
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guanylate cyclase via the induction of NO (see Figures S6 and S7).
In summary, we showed here that aliphdioitroso derivatives

of 7-azabicyclo[2.2.1]heptanes, which are not direct NO donors

under physiological conditions (pH and temperature), exhibit

Stransnitrosation reactivity. Thedénitrosamines showed a smooth

muscle-relaxing effect, presumably through indirect generation of
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a7) The second-order rate constant f¥fnitrosamine 6 and tnphenyl-
methylthiol in chloroform wagops~ (1.1+ 0.25)x 101 M~1s 1 at 20
°C, under a single component approximation of a second-order reaction.
In the case oR, an Arrhenius plot of the rate constants of the reaction
with triphenylmethylthiol provided the activation enerdy, = 22.0 +
1.8 kcal/mol, which is in good agreement with the DFT calculated values
[21.4 kcal/mol (BB1K/6-3%#G(d,p)); 27.5 kcal/mol (B3LYP/6-3&G-
(d)), in the case of a model thiol, methylthiol] (see Supporting Infomation).
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