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Kinetic studies involving the use of both stopped-flow and diode array spectrophotometers, show that the reaction
between SNAP and captopril in the presence of the metal ion sequestering agent, EDTA, occurs in two well-defined
stages. The first stage is a fast reaction while the second stage is slow. The first stage has been postulated to be
transnitrosation, and the second stage involves the decay of the newly formed RSNO to effect nitric oxide (NO)
release. Both stages are found to be dependent on captopril and H* concentration. The rates of the transnitrosation
increased drastically with increasing pH in the first stage, signifying that the deprotonated form of captopril is the
more reactive species. In the case of the second stage the variation in pH showed an increase in rate up to pH 8 after
which the rate remained unchanged. Both stages were clearly distinguishable and easily monitored separately.
Transnitrosation is a reversible reaction with the tendency for the equilibrium to break down at high thiol
concentration. Second-order rate constants were calculated based on the following derived expressions:
—d[SNAP]/dt = k(K sucapsu[CapSH])/ (Ksucapsu + [H*])[SNAP]. &; is the second-order rate constant for the forward

reaction of the reversible transnitrosation process. At 37 °C, k; =785+ 14 M's

!, activation parameters AH# =

49 + 2 kJ mol™', ASi* = =32 + 2 J K" mol™'. The activation parameters demonstrate the associative nature of the
transnitrosation mechanism. The second stage has been found to be very complex, as a variety of nitrogen products
form as predicted before. However, the following expression was derived from the initial kinetic data: rate =
kK[SNOCap][CapS~]/(K[CapS~] + 1) to give k, = 13.3 £ 0.4 x 10 s and K = 5.59 + 0.53 x 10* M~', at 37 °C,
where k, is the first-order rate constant for the decay of the intermediate formed during the reaction between
SNOCap and the remaining excess CapSH present at the end of the first stage reaction. Activation parameters are

AH* =37+ 1kImol?, AS}* = —181 £ 44 J K~ mol™".

Introduction

Increasing biological and physiological interest has occurred
in the field of nitric oxide research owing to its remarkable
action in vivo as a vasodilator.! Not only is focus placed on
the molecule itself but also on compounds®>* which are able to
deliver NO to biological sites. Hence, during the last decade
a profound explosion in S-nitrosothiol (RSNO) research took
place. Focus on S-nitrosothiols!*¢ is placed more on their ability
to store and transport NO in the body owing to the extremely
short life of NO which ranges from several minutes in vitro,” to
1-10 s in vivo.® Naturally occurring S-nitrosothiols such as S-
nitrosohaemoglobin® have shown to be directly linked to blood
regulation within the body, and the well-known S-nitroso-N-
acetyl-D,L-penicillamine (SNAP) (Fig. 1) has shown the ability
to inhibit platelet aggregation and assist in vasodilation.'®!
SNAP has already been isolated and its crystal structure
obtained.” It is a rather stable nitrosothiol, possessing varied
values for the half-life (7, ), depending on the concentration of
copper(i1) and thiolate ion in solution. 111314
Transnitrosation''¢ is a well-known reaction between RSNOs
and thiols and is termed as the transfer of NO from an S-
nitrosothiol to a thiol to form a new RSNO species [eqn. (1)].
This reaction is of biological importance as the newly formed
RSNO may be the better species to effectively deliver NO
to cellular components (due to its instability or permeability
through cell membranes compared to the original RSNO). But
more notable is the fact that this type of reaction is extremely

1 Electronic supplementary information (ESI) available: Tables of
pseudo-first order rate constants for reactions of SNAP with captopril.
See http://www.rsc.org/suppdata/ob/b5/b500915d/
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Fig. 1 Chemical Structures of (a) SNAP, (b) SNOCap.

common among RSNOs in vivo. In fact, it has been noted that
protein activity can be altered due to this process."”

RSNO + RS'H = RS'NO + RSH (1)

NO-donating drugs appear to work along with captopril
in certain biological reactions,”® namely, in the inhibition of
angiotensin converting enzyme (ACE) activity. The mode by
which this occurred, was at the time not very clear. It is
therefore the intention of this paper to investigate in detail the
underlying possible mechanisms involved in the concomitant
addition of the well known NO-donating species, SNAP, to
the angiotensin converting enzyme, captopril. This reaction is
of particular interest if S-nitrosocaptopril (SNOCap) (Fig. 1)
is formed from transnitrosation, since the decomposition of
the newly formed SNOCap**?* would release the biologically
significant species, NO and captopril, to the system. Nitric oxide
would affect vasodilation, platelet aggregation and its many
other functions** while captopril®***” would inhibit angiotensin
converting enzyme (ACE), thus establishing the dual activity®
on the part of SNOCap. It has also been suggested that NO acts

This journal is © The Royal Society of Chemistry 2005



as an endogenous inhibitor of the ACE and may be additive to
the ACE inhibitory effects of captopril.

Results
Nature of the reaction

There appears to be an initial rapid reaction between SNAP and
captopril, when 0.4 mM SNAP is mixed with 20 mM captopril
(CapSH), bringing about a shift in wavelength, as seen in Fig. 2.
Each successive spectrum in Fig. 2(a—d) shows a gradual shift
from the initial SNAP to the formation of the new nitrosothiol,
SNOCap. The wavelength of maximum absorption shifts from
340 nm (indicative of SNAP) to about 332 nm (indicating the
presence of SNOCap). Therefore, owing to the closeness of
these wavelengths and the resulting overlapping of the spectra,
it proved difficult to obtain clear spectral changes, (as shown
in Fig. 2) in the UV region. The absorbance-time trace also
indicated that this fast reaction could not be monitored in
this region. The repetitive scanning was therefore attempted
in the visible region of the absorption spectrum, giving rise to
the spectra seen in Fig. 3 (a), which clearly shows the rapid
simultaneous increase and decrease in absorbance at 547 nm
and 590 nm respectively (inset Fig. 3 (a)). This is also observed
for the reactions between SNAP and some other well-known
thiols.* The forbidden ny — w* transition is responsible for
the absorption maxima observed in the visible region. The low
extinction coefficients of SNAP and SNOCap in the visible
region resulted in the necessity to use high concentrations of
the reactants to ensure good absorbance changes during the
monitoring of the reaction.
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Fig.2 Spectral changes during the reaction of SNAP with captopril in
the region 250-500 nm. Conditions: 0.4 mM SNAP, 20 mM [captopril];,
pH = 7.0, 50 uM EDTA, ionic strength = 0.5 M (NaCl electrolyte), and
at 25 °C. Spectra a, b, ¢ and d taken 0.5, 12, 94, and 290 seconds from
start of reaction respectively.

After thisinitial fast reaction, a slow reaction proceeded which
could easily be monitored in the UV region of the spectrum as
shown in Fig. 3(b). There was a general decrease between ca. 300
and 450 nm with a maximum change at 332 nm. The presence
of this second stage is also detected in the visible region as
the decrease in absorbance at 547 nm, and occurs after rapid
increases in absorbance readings at this same wavelength, as
shown in Fig. 4. This absorbance-time profile clearly shows
the formation and subsequent decay of SNOCap at 547 nm.
Owing to the higher extinction coefficients of RSNOs in the UV
region, and since there was no interference from other spectra,
the second stage was more easily monitored in this region of
the spectrum. The final absorbance was ca. zero, which strongly
confirms the total loss of NO from the RSNO.

Stoichiometry

Usually, the reaction mixtures are allowed to sit for approxi-
mately an hour or more to ensure that the reaction has come
to completion, however in this case the absorbances were
taken immediately after the solutions were prepared, as it was
observed that the solutions rapidly changed colour from green
(indicative of the presence of SNAP) to rose-red (indicative
of SNOCap) which intensified with time. Hence the rapid
formation of SNOCap was clearly indicated by these results as
well as the rapid occurrence of transnitrosation. The absorbance
readings were again taken after several hours and there was
no change in the overall feature of the plot nor the breakpoint
previously obtained. Within the range of captopril concentration
for stoichiometric studies the overall reaction was found to be 1 :
1 (Fig. 5), and this clearly reflects the first stage of the reaction
stoichiometry.

The variation of captopril concentration

A plot of kg, values versus captopril concentration for the
first-stage reaction shows a linear dependence on captopril up
to a concentration of 0.07 M, as shown by Fig. 6(a). The
experimental data are listed in Table 1S.1 The plot shows a very
small intercept which may relate to the slow self-decomposition
of SNAP, or to the presence of an equilibrium process. The
second stage is also captopril dependent and a plot of kg,
versus [captopril] (Table 2St) results in a straight line with an
intercept equal to zero (Fig. 6(b)). This absence of an intercept
indicates: (i) the possibility of a large equilibrium constant (of
the order 10° and higher) which is known* to produce non-
measurable intercepts for plots such as that shown in Fig. 6(b),
and (ii) the low thermal and photolytic decomposition of
SNOCap.

pH variation

With respect to the first stage; the rates do not increase drastically
until about pH 8, where the ionized form of captopril becomes
predominant (Table 3St). Below pH 8, the rates remain slow
and slightly unchanged (Fig. 7(a)). In the second stage, rate
constants increase to about pH 8 and then remain unchanged
beyond pH 8 (Table 4St), as shown in Fig. 7(b). This stage
involves the decomposition of the newly formed SNOCap,
in the presence of excess captopril and remaining N-acetyl-
D,L-penicillamine (products of the first stage). The repetitive
scan (Fig. 3(b)) clearly indicates complete decomposition of
SNOCap, as it goes to zero absorbance at maximum wavelength
of 332 nm. Also, due to the high stability of SNOCap it is
safe to deduce that this RSNO species is decomposing by the
effect of the thiols present in solution and not due to thermal,
photochemical or self-decomposition. The effect of trace metal
ions on the decomposition of RSNOs is not a consideration
in these reactions, as ethylenediaminetetraacetic acid (EDTA)
was added to all reaction mixtures to sequester any trace ions
present.

Discussion

The reaction between SNAP and captopril has yielded two
distinct stages. The first stage is transnitrosation while the
second-stage is expected to be the decomposition of the newly
formed SNOCap. Transnitrosation reactions are known*"* to
be equilibrium processes. S-thiolation®** reactions are slower
than transnitrosation reactions and will not affect the kinetics
of transnitrosation in this study.

First stage

The first stage is postulated as transnitrosation and further
confirms the accepted view'** that the NO moiety is transferred
from SNAP to captopril via nucleophilic attack of the thiolate

Org. Biomol. Chem., 2005, 3, 1640-1646

1641




0.14

0.1

absorbance

0.15
100 150
o 0.1
c
]
2
2
£
L]
0.05 4
0 T T v T
450 500 550 600 650 700
wavelength / nm
(a)
0.4 -
0.3 4
8
=
2 02
I}
?
<
0.4 - " 0.1 4
0.35 4 | 0 T T T . r T
2000 4000 6000 8000 10000 12000
time/s
0.3
0.25 4
®
o
c
S
2 0.2 4
o
7]
E-1
©
0.15
0.1 4
0.05 4
0 T
245 295 345 395 445

wavelength / nm
(b)

Fig. 3 (a) 1" Stage: Spectral changes for the reaction of SNAP with captopril. Conditions: 0.01 M SNAP, 0.03 M [captopril];, pH = 7.02 (0.1 M
phosphate buffer), 50 uM EDTA, ionic strength = 0.5 M (NaCl electrolyte), and at 25 °C. Cycle time of 6 seconds. Inset: Absorbance versus time (in
seconds). (b) 2™ Stage: Spectral changes for the reaction of SNAP with captopril. Conditions: 0.4 mM SNAP, 20 mM [captopril], pH = 7.38 (0.1 M
phosphate buffer), 50 uM EDTA, ionic strength = 0.5 M (NaCl electrolyte), and at 25 °C. Cycle time of 4 min. Inset: Absorbance versus time (in
seconds).
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Fig. 4 Absorbance-time plot for the reaction between SNAP and
CapSH at 547 nm. Conditions: 3 mM SNAP, 70 mM [Captopril],
50 uM EDTA, pH = 7.30 (0.1 M phosphate buffer), ionic strength =
0.5 M (NaCl electrolyte), at 25 °C.
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Fig. 5 Stoichiometric plot for the reaction of SNAP with captopril.
Conditions: 0.01 M SNAP, 50 uM EDTA, pH = 6.85 (0.1 M phosphate
buffer), ionic strength = 0.5 M (NaCl electrolyte), at 25 °C and 1 =
590 nm.

anion (CapS~) on the nitrogen atom of NO in SNAP, to yield
S-nitrosocaptopril (SNOCap). At higher pHs, the deprotonated
form of captopril (pKcasu 9.8)% is the predominant species,
as such the thiolate anion (CapS~) is the driving force of the
reaction and is indicated by the increase in rates with increase in
pH. Hence, the reactions indicated by k', k', and k, in Scheme 1
are not included in the rate expression.

k
— SNOCap + NAPS'

SNAP + CapS’

\
Keapsu || H' Knapsu ||H

SNAP + CapSH SNOCap + NAPSH

L

Scheme 1 Reaction mechanism for the first stage of the reaction
between SNAP and CapSH.

Excess captopril will drive the equilibrium to the right, thus
limiting the occurrence of the reverse reaction (k,). This is
actually the case, as values for k, have errors as high as 300%,
and as such these values are not reported in this study. Hence,

—d[SNAP
Rate = % = k;[CapST][SNAP]
(assuming k. is negligible) 2)

The value of [CapS~] can be derived from the equilibrium
equation in Scheme 1 as,

KCapSH [CapSH],

CapST] = )
[CapST] [H*] 4+ Kcapsnu

(©)
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Fig. 6 (a). 1 Stage Captopril-dependent decomposition of

SNAP. Conditions: 3 mM [SNAP], 40-70 mM [CapSH];, 50 uM
[EDTA], ionic strength = 0.5 M (NaCl electrolyte), temp = 25 °C,
pH = 7.30 (0.1 M phosphate buffer), 4 = 590 nm. (b). 2™ Stage:
Captopril-dependent decomposition of SNAP. Conditions: 0.4 mM
[SNAP], 6-40 mM [CapSH];, 50 uM [EDTA], ionic strength = 0.5 M
(NaCl electrolyte), temp = 25 °C, pH = 7.38 (0.1 M phosphate buffer),
A =332 nm.

[CapSH]; is the total captopril concentration employed in the
reactions. Substituting the value of [CapS~] into eqn. (2), the
rate expression for the reaction is obtained.

Keopsu[CapSH]r
Rate = kj———————[SNAP 4
' [H*] 4+ Keapsu [ ] @
Under pseudo-first-order condition,
ko, =kt KCapSII[CapSH]T (5)

[H+] + KCapSH

Using eqn. (5), the non-linear regressional analysis of the
experimental data in Table 3S was carried out utilising the com-
puter programme (Sigma Plot-Jandel Scientific, USA). Values of
the calculated pseudo-first-order rate constants obtained from
the analysis are also listed in Table 3S. It should be noted that
the error associated with the k., values at high [H*], i.e. low
pH values (pH 6.3 and 6.7), are high, since the concentration of
CapS- is negligible at these pH values. The fitted curve generated
from the analysis is shown in Fig. 7(a). The values of k; as listed
in Table 1 are associated with a very small error (~2%) at the
temperatures indicated. The quantification of [NAPSH]; was
done as outlined by Wang ez al.*

The comparatively low activation enthalpy (AH# = 49 +
2 kJ mol™'), combined with a negative entropy of activation
(AS# = =32 +£ 2 J K~! mol™") indicates a facile nucleophilic
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Fig. 7 (a). 1** Stage: Observed first-order rates (k) versus pH for the
reaction between SNAP and Captopril. Conditions : 3 mM [SNAP],
40 mM [CapSH];, 50 uM [EDTA], ionic strength = 0.5 M (NaCl), 1 =
590 nm, and at 25 °C. () Experimental points and (—) calculated line
from eqn. (5). (b). 2™ Stage: Observed first-order rates (ko) versus pH
for the reaction between SNAP and Captopril. Conditions : 0.4 mM
[SNAP], 15 mM [CapSH];, 50 uM [EDTA], ionic strength = 0.5 M
(NaCl), A = 332 nm, and at 25 °C. (A) Experimental points and (—)
calculated line from eqn. (8).

attack by captopril via an ordered transition state as described
below.

0
NAP—S--N---S— CAP

Second stage

Since there is some change in the rate constant in the pH range
6.5 to 8, it can be assumed that the ionized form of captopril
(CapS~) is participating in this second stage reaction as well. It
is important to note that within this same pH range, the fully
protonated form of captopril has its concentration unchanged.
The very high stability of SNOCap (formed at the end of the

first stage), indicates the possible formation of an intermediate
(D to facilitate its breakdown. An unstable three member ring
intermediate (Scheme 2) has been proposed; which readily
breaks apart to give the disulfide and NO~ due to the delocalized
electrons on the nitrogen of nitric oxide. It is quite apparent from
the data in Table 4S that only the deprotonated form of captopril
is the reactive species which forms the intermediate, since a clear
indication of saturation is observed in the pH variation data,
and on the basis of this observation, a mechanism depicted in
Scheme 2 is proposed.

[0}
Il

N
Vi ks
PAC—S-----"s—cap —» CapSSCap + NO’

SNOCap + CapS’
Scheme 2 Mechanism for the 2™ Stage reaction.

The rate expression deduced from the above mechanism is
shown as eqn. (6).
k,K[CapS~J[SNOCap]
Rate = —
K[CapST]+1

(6)

Under pseudo-first-order condition with respect to captopril,
eqn. (6) becomes eqn. (7).
kK
ko s = 1 o1 7
® " K+ 1/[CapST] ™
On substituting the value of [CapS~] from eqn. (3) into eqn. (7),
the calculated pseudo-first-order rate constant becomes:
kK

( [H* ]+ Kcapsi )+K

Kcapsu[CapSH]r

kobs = (8)

K and k, are the equilibrium and first-order rate constants
respectively for the overall reaction in Scheme 2, and are
obtained from the incorporation of eqn. (8) into the Sigma
Plot program. Although eqn. (8) appears to be non-linear with
respect to [CapSH]y, the first-order dependency of the captopril
is justified because the other parameters in the denominator of
the rearranged equation are negligible with respect to [H*].

The calculated k., are shown as the solid line in Fig. 7(b),
while the experimental values are indicated by the data points.
Beyond pH 8.2 there is scattering, but the rate constants appear
to be relatively unchanged within experimental errors. Second-
order rate constants are derived from the product of K and k,
and are shown in Table 1.

The intermediate with a three member ring structure has been
proposed on the basis of a facile production of disulfide’”* and
NO-~. Both species have been reported as possible products in
other nitrosation reactions. Singh et al®® reported production
of ammonia and nitrous oxide, with nitrous oxide presumably
produced almost quantitatively from NO~, from the transni-
trosation reaction between glutathione molecules. In our case,
nitrous oxide has also been detected as one of the byproducts.
The large equilibrium constant (K) values indicate a strong

Table 1 Second-order rate constants and activation parameters for the reductive decomposition of SNAP by captopril®

T/°C k¢/10%> dm?® mol~! s7! ki /1074 s7! K/10* dm® mol™! k>/dm’ mol~! s7!
20.2 2.57 £0.04 548 £0.16 3.601 £0.21 19.8 +1.3
252 3.754+0.03 7.42 +0.22 4.50 +0.30 334+24
30.2 5.41 4+ 0.08 9.57+£0.30 5.66 4+ 0.40 542442
37.0 7.98 £0.14 13.3+£0.40 5.59 £0.53 744+ 7.4
AH#*/kJ) mol™ AH */k] mol™!
49 +£2 3741
AS#/J K mol™! AS#/J K~ mol™!
-32+£2 —181 +44

“ ky 1s derived from eqn. (5). k, and K are derived from eqn. (8). k, = k; x K.
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driving force towards the formation of an intermediate which
releases nitroxyl ion in a rate determining process.

It is interesting to note that the activation enthalpy (AH,* =
37 £ 1 kJ mol™") for this second stage is smaller than that of
the first stage, although the reaction is much slower than that
of the first stage reaction. This is because the AH,* has been
compensated by the large entropy of activation (AS;* —181 +
44 J K~! mol™!). The large and negative entropy of activation
is justified due to the expected formation of a well organized
transition state where S—N bond breaking occurs to form the
stable disulfide.

In the presence of various reductants it is not surprising
that the reduced form of *NO, the nitroxyl ion, NO~, is the
nitrogen product of the second stage reaction. It has been
established* that the interconversion of NO~, *"NO and NO*
can take place under cellular conditions, so all three species
should be considered when establishing the biological activity
of nitric oxide. Under the experimental conditions employed,
a number of subsequent complex reactions (not shown) are
possible which may lead to the formation of a variety of nitrogen
containing species.” Wong et al.¥' proposed a comprehensive
reaction scheme which accounts for all the N-species identified at
the end of such reactions involving a thiol and an S-nitrosothiol.
This proposed scheme speaks to the complexity of such RSNO-
R*SH reactions and the variety of routes that can lead to the
decomposition of RSNO in the presence of R*SH. The more
commonly met N-products detected under aerobic conditions
using [SNAP] = 0.2 mM, [CapSH}; =2 mM, pH =72, =
0.5 M (NaCl) and at 25 °C; were NO,~ = 37%, NO < 5% and
NH,OH = 1%. These results are based upon the initial [SNAP]
and are averages of duplicate determinations. Any unaccounted
percentage could be of NHj;, and N,O. N,O was also detected
(but not quantified) by GC-MS.

Experimental
Materials

SNAP was prepared and its purity checked according to
previous experiments.” The NO vibration frequency obtained
from infra-red analysis was 1480 cm™' (Lit."* 1483 cm™'). The
product was obtained in a 70% yield with a melting point of 152—
154 °C, (Lit.,"” 68% yield and mp 152-154 °C). The maximum
wavelengths (4,,.,) and corresponding extinction coefficients (&)
obtained were 340, 590 nm (H,0); and 1042, 13 M~ cm™',
respectively (Lit.* (H,0) 340, 590 nm; 815, 12 M~ ecm™).

Captopril was obtained from Sigma Chemical Company, and
was of analytical grade, obtained in at least 99% purity.

All other chemicals were also obtained from either Sigma or
Aldrich Chemical companies, and of the same grade and purity.
All reactions were carried out in deionized water, obtained
from a Labconco Water Processor. EDTA was added to all
experiments so as to eliminate catalysis by trace quantities of
metal ions, namely copper.

Stoichiometric determination

A series of molar ratios of captopril and SNAP were mixed
together under an inert (argon) atmosphere. The final ab-
sorbance values were then measured at 590 nm (wavelength of
maximum absorption change for SNAP) and plotted against
the [total captopril]/[SNAP] ratio in order to determine the
reaction stoichiometry, which would be indicated by the distinct
breakpoint in the graphical plot.

Kinetic measurements

The first stage of the reaction was monitored on a Hi-Tech
Scientific SF61 DX2 stoppped-flow system (with a diode array
rapid scanning option) interfaced with a DELL V333c computer
and operated by a KinetAsyst software (ver. 2.2, 1999). The

second stage was monitored on a Hewlett-Packard 8453 Diode
Array instrument, equipped with a multicell transport system
and interfaced with a ChemStation programme. All kinetic
measurements were thermostatted at the required temperature
by a PolyScience Digital Temperature Controller with the use of
a circulating bath. The first stage of the reaction was monitored
at both 590 (SNAP decay) and 547 nm (SNOCap formation) and
not in the ultra-violet region of the spectrum, as there was a close
overlap of the peaks belonging to SNAP (340 nm) and SNOCap
(332 nm). The reaction between SNAP and CapSH was studied
under aerobic conditions, and the following parameters were
employed for a detailed kinetic study.

First stage. Studies were done over the range 0.04 <
[captopril] <0.07 moldm=3, 6.3 < pH <9.4,20 < temperature <
37 °C, [SNAP] = 3 mM, [EDTA] = 50 uM, and at fixed ionic
strength of 0.5 M (NaCl). Analyzing data at both wavelengths
(i.e. 547 nm and 590 nm) gave the same results, and only those
at 590 nm are reported. Very good first-order behaviour was
observed and pseudo-first-order rate constants (k) reported
are the average of two kinetic runs with less than 5% standard
deviation. Ionic strength (/) was maintained at 0.5 M, using
NaCl as the supporting electrolyte.

Second stage. This stage was studied at 332 nm, with
[SNAP] = 0.4 mM, [EDTA] = 50 uM, and over the ranges
0.006 < [captopril] < 0.04 mol dm~3, 6.3 < pH < 94, 20 <
temperature < 37 °C, and at fixed ionic strength of 0.5 M (NaCl).

pH Studies

pHs below 8 were maintained using phosphate buffer while
borate buffer was used to maintain pHs above 8. Prior to use,
stock solutions of captopril were taken to near neutral with
NaOH. The actual pHs of the reaction mixtures were analyzed
using an Orion Expandable Ion Analyzer EA 920 meter fitted
with Cole Parmer electrodes.

Product detection

Nitric oxide. A calibrated World Precision ISO-NOP elec-
trode fitted to a WPI ISO-NO Mark II meter was employed in
detecting NO in the reaction systems (saturated with argon gas).
Calibration of the electrode was done by generating NO from
the reaction of NaNO, with excess H,SO, and KI. A continuous
flow of argon was maintained at approximately 250 cm® min~'
and vessel pressure about 1 atm.

Nitrite. The oxidation of nitric oxide is expected to give
nitrite under aerobic conditions, and is easily detected via the
spectrophotometric method known as the Griess test.** This
test is based on a diazotisation reaction whereby the resulting
intensity of the red coloured complex is directly proportional
to nitrite concentration, and is measured photometrically. The
experimental samples (at pH 7) were treated in the same manner
as the standards and checked against the calibration curve in
order to calculate the concentration of nitrite in the solution.

Hydroxylamine. The presence of hydroxylamine (NH,OH)
was detected according to Magee and Burris,” by noting the
absorbances of the test solutions at 705 nm on a conventional
UV-VIS spectrophotometer.

Nitrous oxide. Nitrous oxide* was identified by GC-mass
spectrometry, as the headspace gas of selected experiments
under anaerobic conditions. This method is not suitable for the
quantification of nitrous oxide (N,0O).
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