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N,N-Bis(carboxymethy!N,N-dinitroso-1,4-phenylenediaminé&)(fragments to release 1 equiv of Nénd
the denitrosated radical df (2), when exposed to &10 ns, 308 nm laser pulse. Specksan fragment to
give another equivalent of N@nd the doubly denitrosated quinoimine derivativel ¢8), it can recombine
with NO" to give 1 and ring-nitrosated isomers @f or in the presence of a reducing agehtan be reduced
(to speciest). Photogenerated N@an be used to probe fast reactions of biochemical interest, making
valuable research tool. This paper focuses on the chemisgyvafiose reactivity must be well characterized
if 1is to be used to its full potential. [Ru(Nh]?" (Ru'") and [Fe(CNj]*~ (Fe') were both shown to reduce
2, with bimolecular rate constants in the diffusion limit. When solutions initially containingM®f Ru",

20 uM myoglobin (Mb) and varying amounts df were irradiated, the only Mb reaction product was
nitrosomyoglobin (MbNO). In contrast, in solutions containing only Mb dndvb is converted to both
MbNO and oxidized myoglobin (metMb). When'Feras used in place of RuMb was oxidized to metMb,
but ~100x more slowly than in solutions containing only Mb ahdThis showed tha? first oxidized Fé&

to [Fe(CN)]®~ (F€"), which then oxidized Mb at the slower rate. The ratio metMb/MbNO obtained in the
experiments with Fewas 0.6, whereas the ratio predicted from previously known chemistByveds ~1
under the experimental conditions. The result is explained if, upon photalyfsist forms a caged encounter
complex P, NO*, which fragments to giv& and 2 equiv of NQ without ever releasing fre2into solution.
This hypothesis was further strengthened by analyzing the amount ojéi@rated by photolysis dfin the
absence of added reductant. The original mechanism underestimates‘tgeré@ted, a problem solved by
invoking direct release of NCand 3 from photolysis ofl.

1. Introduction must rule out the existence of side-reactions fhair products
generated by its photolysis, might undergo with the metallo-
proteins of interest. These considerations led us to do a detailed
mechanistic investigation of the photochemistryl dtiat is still
ongoing. Herein we report the latest results of this investigation.

Scheme 1 shows the major reactions that are believed to
follow irradiation of 1.1.517 The laser pulse promotes the
fragmentation ofl into 2 and NO (Scheme 1, eq 1). Specigs
is very reactive and will rapidly recombine with N(&q 1 back-
reaction), or fragment further to give the relatively stable species
3 and a second equivalent of R@Scheme 1, eq 2). More
recently, specie® was shown to be a powerful oxidanivhich

The compoundN,N-bis(carboxymethyIN,N -dinitroso-1,4-
phenylenediaminelj has been shown to release N@pon
photoactivation with 308 nm light-> NO* is now known to
play numerous important roles in human physiol&g}? and
this has provided the primary driving force for synthesizing
compounds such a$%, that are biologically inert but could
potentially be activated to release N@hce they reach specific
biological target site$31416 Though initially designed for NO
release in potential biomedical applicatidng,in our handsl
is also proving to be a valuable tool for in vitro reseattk
In this research we use the photogenerated &0a probe for o i X :
studying metalloprotein reactions that feature, at least formally, 'S I'"eversibly reduced td in the presence of a suitable electron
metal-bound NOspecies as intermediates. N&an be generated donor (Scheme 1, eq 3). In add|t|on_ to the primary reaction
from 1 in less than lus using a XeCl excimer laser, so very pathways of Scheme 1, several minor pathways appear to

fast subsequent reactions of N@ith other compounds can then become available dut_a_to recombination .OfN@th 2at either
be monitored:517Furthermore, the concentration of N@ithin the ortho or para position of the pheny rihguch recombina-

a given experiment is readily controlled, either by varying the tion processes would give rise to metastable ring-nitrosated
intensity of the laser pulse or by maintaining the laser pulse SPECieS, instead of regeneratibgas suggested by the back-
constant and varying the concentrationldfFor our purposes  '€action of Scheme 1, eq 1.
it is important to know, as accurately as possible, the concentra-  The initial motivation behind the study reported herein was
tion of NO' that is generated frorh under any given set of  to develop protocols for using as a NO generator, in the
conditions. Furthermore, befoflecan be confidently used as a  Presence of metalloproteins that are also electron donors. Gen-
NO* generator for probing the reactivity of metalloproteins, one erally, one will be interested only in the nitrosylation of a given
metalloprotein, and concomitant oxidation of this protein2oy

* To whom correspondence should be addressed. E-mail: apacheco@(Scheme 1, eq 3) will be undesirable. Our plan was to add a
uwm.edu. sacrificial electron donor to the mixture dfand enzyme, which
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N HN Figure 1. (a) Changes in absorbance at 400 nm observed after a
solution containindl is irradiated with a 10 ns, 308 nm laser pulse (6
3) Kox mJ, attenuated by 90% with a filtering solution bfref 4). (b) Same
as (a), but the irradiated solution also contained®00f [Ru(NHz)e]>".
Red +HT Ox (c) Same as (a), but the irradiated solution also contained28.af
N N [Fe(CN)]*". Single-exponential fits are overlayed on each of the three
ON CH,CO7 ON  CH,CO7 experimental traces. Traces obtained at othe!JRnd [Fé'], along
2 4 with analyses of thé,,s dependence on [Riiand [Fé'], are available

as Supporting Information.

would reduce species 2 orders of magnitude faster than the testhis mode changes in absorbance at a single wavelength could
protein could. In this regard, [Ru(N§#]?" and [Fe(CNj]*~ both be obtained for time intervals as short agsl For the fixed
proved to be suitable donors. Furthermore, as will be shown wavelength experiments the samples were held in 2:xnf®

below, important new insights into the photochemistrit afere mm fluorescence cuvettes, and the incoming laser pulses were
obtained while developing the protocols that use [RufNA" attenuated with a filtering solution df with absorbance 1, as
and [Fe(CNg]*~ as sacrificial electron donors. described in ref 4. For all other experiments the solutions were
held in 3 mm x 3 mm fluorescence cuvettes, which were
2. Experimental Section irradiated with unattenuated laser pulses, as described in ref 18.

2.1. Materials. The synthesis of the photoactive N@leasing For both the fixed-wavelength an_d ra_lpid-scanning experiments,
speciesl has been described elsewh&f&u(NHs)e]Cl, was thg m.ono.chromator entrance slit width was 0.6 mm, anql the
obtained from Aldrich, and KFe(CN)]-3H,0 from Acros exit slit width was 0.12 mm. The 418.7 nm band of holmium
Organics. Myoglobin (crystallized and lyophilized horse skeletal ©xide (IBM Standards 9420) was used as a reference for
muscle) was obtained from Sigma in the fully oxidized ferric calibrating the spectrophotometer wavelength in each mode.
form, known as met-myoglobin (metMb). For experiments 2.3. Data Analysis.Data were analyzed using the com-

requiring ferromyoglobin (Mb), the ferric protein was reduced Mercially available software packages Specfit/32, Version 3.0
by titrating it with exactly 1 equiv of Ti(lll) citraté? Al (Spectrum Software Associates), Microcal Origin, Version 6.0

photochemical experiments were performed in solutions buffered (Microcal Software, Inc.) and Mathcad 11 (Mathsoft Engineer-
with phosphateR = 50 mM, pH= 7.4). Stock solutions were N9 and Education, Inc.). Complete spectra obtained using the

prepared daily in a nitrogen filled glovebox and stored in a fridge ©!is RSM were first subjected to singular value decomposition
at 4°C until needed. (SVD) to determine the number of colored species, and to

22 Data Collection and Instrumentation. Routine UV/ decrease the noise in the matrix of absorbadtasnatrix form

vis spectra were obtained using a CARY 50 spectrophotometerOf Beer's law (eq J) was then used to calculate the concentra-
(Varian), which was installed in the glovebox. Photochemical _ LT T\ 1 ’
fragmentation of specieswas initiated with a 10 ns, 308 nm, C=@AMA)e (ee) 1)

6.0 mJ pulse from a XeCl excimer laser (TUI, Existar 200). An tions of all species in solution as a function of tifé1 In eq
OLIS RSM-1000 spectrophotometer was used to monitor the 1' A is an absorbance matrix (after cleaning up by SVD), in
absorbance changes induced by the laser pulse. The configuwhich each row corresponds to a spectrum, and each column
ration of the laser and spectrophotometric equipment has beerto a time trace at a fixed wavelengthis the matrix of extinction
described in general terms elsewhtrand some additional  coefficients, in which each row corresponds to a unique species,
details are provided as Supporting Information. Most data were and each column to a waveleng@ijs the matrix of concentra-
collected with the OLIS RSM-1000 in rapid-scanning mode tions, in which each column corresponds to a unique species,
(scanning slit width= 0.2 mm), which allows complete spectra and each row to a specific time; ahds a scalar representing

to be obtained in 1 ms. An exception are the data shown in the path length.

Figure 1, which were collected with the spectrophotometer in A value ofl =5 mm was used in experiments incorporating
fixed-wavelength mode (fixed middle slit width 0.6 mm). In 2 mm x 10 mm cuvettes, and one bf 2.55 mm was used in
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conjunction with 3 mmx 3 mm cuvettes (see Supporting
Information). The extinction coefficients far were obtained
as follows. For metMb reliable extinction coefficients are

b ]
available at specific wavelengths,and these were used to 2 002
determine the concentrations of metMb stock solutions. These g o
concentrations were subsequently used to calculate the completc @ 0.00
€ value spectrum of the protein. With tlkevalue spectrum of —é’
metMb in hand, the protein was fully reduced with Ti(lll) to 4 -0.05

Experimental traces

obtain thee-value spectrum of Mb. Finally, stock solutions of
I vaue spectru naty u — — = Calculated traces

Mb and metMb were put under N@o obtaine-value spectra
of MbNO and metMbNO, respectively.

-0.10

20 430
Wavelength (nm)

3. Results and Discussion 400 410 440
3.1. Effect of [Ru(NHz)g]?T on [NO*] Output after Pho-

tolysis of Species 1.Figure la shows how the 400 nm
absorbance of a solution, initially containing only specles
changes after being irradiated with a 308 nm, 10 ns laser pulse,~
that has first been attenuated with a filter of absorbanée 1. %_
Specie (Scheme 1) has an absorbance maximum at 400 nm, =
and the trace in Figure 1a tracks the appearance and subseque©
disappearance of this intermediafe!’ AAsoo reaches a maxi- 4 4.0
mum immediately after the laser pulse, and then decreasgs as = ]

is consumed by the reactions of Scheme 1. Notably, addition .

6.0

of 9 uM [Ru(NH3)g]?* to the reaction mixture prior to irradiation

by the laser pulse, substantially increases the subsequent rat

of disappearance 02 (Figure 1b). This suggests that [Ru-
(NH3)e]?" can reduce as shown in Scheme 1, eq 3.
Equations 2and 3 are the expected rate equations2and
NOr, based on the mechanism of Scheme 1. In eqRu-
(NH3)g]?" is abbreviated as RuFor reactions in which no [Ril

P oo+, + RN @)
d[NOT

—g — ki~ kINO[2] 3)
was added, the bracketed term in égithplifies to [NO*] +
kg). Interestingly, despite the presence of #&O°] term in
eq 2, the disappearance @&fis readily modeled using a single
exponential, except when the amountinitially generated
by the laser pulse is very high. This can be seen both in Figure
la (no added reductant) and in Figure 1b,c, in which reductants
were added to the reaction mixture prior to photoirradiation. A
detailed explanation for this phenomenon was provided in an
earlier papef. However, one can readily obtain a qualitative
understanding by noting from eq 3hat if k[NO*] = ky
immediately after the laser pulse (i.e.tat 0), then d[NC]/dt
will remain zero at allt, and [NO] will remain constant at
[NO*Jo. In practice it can be shown that [NJOremainsfairly
constant even ik[NO]o = kg, but the two terms are not too
different? This allows one to define an approximate rate
constantky ~ (k[NO*] + kg), and to write the bracketed term
of eq 2 as Ko + kox[RU"]). If only a small fraction of [Rl]o
reacts with B], then the entire bracketed term will be a pseudo-
first-order rate constarips This will be true when [Ri] >
[2]o, but it will also be true at lower [Rlo, because then
oxidation of P] will be a minor pathway compared to
recombination with NQ and fragmentation to generade

The experiments shown in Figure 1 were analyzed using the
reasoning from the previous paragraph, and from this analysis
the value ofk.x was calculated to be (24 0.1) x 1®° M1
s~1for the reduction of by RU' (see Supporting Information).
This value is 2 times larger than that determined earliekfor

2.04
0.001

0.01 0.1
time (s)

Figure 2. (a) Spectral changes (blue) observed after a solution
containing 22.1uM Mb, 75.5 uM [Ru(NHg)e]?*, and 15.7uM 1, is
irradiated with a 10 ns, 308 nm laser pulse. The representative difference
spectra shown here were collected 1, 3, 5, 7 and 30 ms after the laser
pulse. Theoretical traces (red dashed) were calculated from the known
extinction coefficients of Mb and MbNO, as described in the Experi-
mental Section. (b) [MbNO] vs time trace corresponding to the data
shown in (a). Data sets obtained under different conditions are provided
as Supporting Information.

(1.14+0.1) x 1® M-1s14and is essentially at the diffusion
limit for bimolecular reactiong? This makes [Ru(Nk)g]2" an
excellent candidate to act as a sacrificial electron donor for pro-
tecting proteins of interest from reduction ByThe methodol-
ogy was first tested on Mb, whose reactivity with N@as been
extensively documented in previous investigatiét® When
solutions containind and Mb were irradiated in the presence
of [Ru(NHz)g]?", the only reaction undergone by Mb was
nitrosylation to give MbNO (Figure 2). Irradiation of solutions
containingl and Mb, but no other reducing agent, leads to both
nitrosylation and oxidation of Mb b®.> Thus, it appears that
[Ru(NHz)g]?* rapidly reduces specigsto 4 (Scheme 1, eq 3),
before2 can oxidize Mb instead. This was the desired result.
Mb reacts quantitatively with NG Thus, the [MbNQ] that
is present after traces such as Figure 2b level out ((MBNO]
is numerically equal to the amount of [NQhat results from
photolysis ofl and is not scavenged by recombination with
Figure 3 shows a plot of [MbN®}Vs [1] initially added to the
reaction mixture (]io). The plot is essentially linear until
[MbNQO]; = 22 + 1 uM, beyond which point [MbNQ] =
[Mb]tt, the total amount of Mb initially added to the reaction
mixture. The fact that all of the Mb can be converted to MbNO
at sufficiently high L], together with the extremely good fit
of the Figure 2a data that was obtained using onlyetfo —
evp Standard difference spectrum, shows that Mb does not
undergo any side reactions under the experimental conditions.
With [1]o fixed anywhere in the linear range, the [Ru(j&P
concentration could be varied from %M to 1 mM without
significantly affecting the [MbNQ] The logical explanation is
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Figure 3. Plot of [MbNOJ vs [1] initially added to the reaction mixture
([1wy), when [Ru(NH)e]?" is used as a sacrificial electron donor. The
concentration of [Ru(Ng)¢]>" was 75.5«M in every case. The dotted
line represents [Mh}, the concentration of Mb initially present in
solution. In this and other figures, the error bars are setH% of

any given [MbNQ] value. This uncertainty was estimated from
experiments in which multiple replicates were obtained under identical
conditions'® The major sources of error are believed to be the variations

of laser pulse intensity and [Mb] from one experiment to the next
(see also Supporting Informatiot?).

that under these reaction conditions, virtually all of spe@es
was reduced t@d (Scheme 1, eq 3) before it could recombine
with NO* (Scheme 1, eq 1), or fragment to give Nénd 3
(Scheme 1, eq 2). This explanation will later be slightly modified
to accommodate the results presented in the next sections
however, numerical simulation of the Scheme 1 reactions, using
the known parametetls = (1.1 + 0.1) x I® M ts14ky =
2500 s15 andky = (2.1 4 0.1) x 10°® M~! s71, shows that

the explanation is essentially correct.

3.2. Effect of [Fe(CN)}]*~ on [NO*] Output after Photolysis
of Species 1Further experiments showed that [Fe(gN) is
also a competent sacrificial electron donor that redcesly
slightly more slowly than [Ru(NB)g]?" under comparable
conditions (Figure 1c). The value &fx for [Fe(CN)]*~ was
determined to be (6.3- 0.3) x 108 M1 s71 (see Supporting
Information), which is roughly one-third of the value for [Ru-
(NH3)g]?", and only slightly belowk for recombination of2
with NO* (Scheme 1, eq ) A new feature is that when the
experiments with Mb are repeated with [Fe(GN) replacing
[Ru(NHz)g]?*, oxidation of Mb to metMb accompanies nitrosy-
lation of Mb to MbNO (Figure 4). Interestingly, the oxidation
process is significantly slower than nitrosylation (Figure 4b);
whenl and Mb are irradiated under comparable conditions, but
in the absence of any reductant, Mb oxidation is faster than
Mb nitrosylation® It appears that the Mb oxidation seen in
Figure 4 is effected by [Fe(CMF~, as suggested in Scheme 2.
Ferricyanide ([Fe(CNj®") is a well-known oxidizing agent,
with a standard reduction potential of 360 r?ABy comparison
E° is 100 mV for [Ru(NH)e]3t,26 and 46 mV for metMIz?

Cabalil et al.
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Figure 4. Spectral changes (blue) observed after a solution containing
21.7uM Mb, 70 uM [Fe(CN)]*, and 15.7«M 1, is irradiated with a

10 ns, 308 nm laser pulse. The representative difference spectra shown
here were collected 1, 3, 5, 7, 11, 21, 41, 61, 81 and 201 ms after the
laser pulse. Theoretical traces (red dashed) were calculated from the
known extinction coefficients of Mb, metMb and MbNO, as described

in the Experimental Section. (b) [MbNO] and [metMb] vs time traces
corresponding to the data shown in (a).
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Figure 5. Plots of [MbNO}, [metMb} and [total Mb reactedy's [1] o,
when [Fe(CNjJ*~ is used as a sacrificial electron donor. The concentra-
tion of [Fe(CN)]*~ was 70uM in every case. The dotted line represents
[Mb] ¢ot.

Notice that, according to Schemes 1 and 2, the final concentra-SCHEME 2

tion of metMb ([metMb]) provides a direct measure of the
amount of2 that was reduced by [Fe(CNJ~, just as [MbNO]
measures the amount of free Ntbat escaped recombination.
Finally, note that at sufficiently highl]io:, the mixture of MbNO
and metMb accounts for all of the Mb initially added to the

- kox -
2+ [Fe(CN)g|" —ga— 4+ [Fe(CN)g]’

(O]

[Fe(CN)s]* + Mb %»[Fe(cm(,]“' +metMb  (5)

(

As is the case when [Ru(Ng$]%" is the sacrificial electron

solution. Together with the extremely good fit of the Figure 4a donor, plots of [MbNO] vs [1] at fixed ([Fe(CN}]* ot are
data that was obtained using only th@no — emp and emeivib linear until (MbNO} + [metMb}) = [Mb] . (Figure 5). Indeed,

— emp Standard difference spectra, this result shows that Mb the linear fits in both cases were found to have identical slopes
oxidation and nitrosylation are the only protein reactions under (0.39+ 0.1) over a wide range of sacrificial donor concentra-
the experimental conditions. tions. Figure 5 shows that the plot of [metMB [1] is also
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Figure 6. Simulated traces of [NQand [Ox] as a function of time,
obtained by numerically integrating eqs 2 and 3 (and corresponding
equations for d[Ox]/t and d[Red]/t), using Mathcad’'s Rkadapt
algorithm. The values df; andk, are those of refs 4 and 5, and 643
10 was used ak for [Fe(CN)Y]*~ (see text). Initial conditions: [NQ]
= [2]o = 14.4uM; [Red], = 70 uM. The calculated [N€ = 11.8
uM, which on the basis of Figure 5 would correspond 1h{ = 30
UM (This assumes that [MbN@Jrom Figure 5 corresponds to [N
from the simulation). Calculated [ONO*]; = 0.89.

linear until ((MbNQO} + [metMb]) = [Mb]«t. However, the
[metMb}; obtained at any giveri] is only 60% of the [MbNO{

generated under the same conditions, even though Mb is the

only species in solution that can be oxidized by the [Fe¢SN)
This is also clearly seen in Figure 4, but the result is not
consistent with the model proposed in Schemes 1 and 2, given
the reaction conditions, as will now be demonstrated. Figure 6
shows simulated traces for [NJ&nd [OX] as a function of time,
obtained by numerically integrating eqs 2 and 3 (and the
corresponding equations for d[Oxj/and d[Red]/t). Notice that

the calculated final ratio of [Fe(ChF~ to [NO] (JOX]+/[NO*]¢)

is 0.89, which is significantly higher than the 0.6 ratio for
[metMb]/[MbNO]; seen in Figures 4 and 5. The simulation is
fairly insensitive to the initial values chosen for [N@nd [2],

and ([Ox}[NO*]s) drops to 0.6 only when [Regd]drops to 15
uM. Furthermore, the ratio stays above 0.8 until [Rgdf 38

uM; recall that in the experiments being described ([Fe@@N)o

was 70uM.

At present we cannot give a definitive explanation for the
discrepancy between the theoretical and observed ratios of
oxidation to nitrosylation, but Scheme 3 presents some pos-
sibilities that would account for the data. All of the proposed
explanations start from the hypothesis that*N@n somehow
be liberated frond through processes that do not generate free
2in solution. The simplest explanation is that, upon photolysis,
the caged encounter complexa&nd NO can further fragment
to produce speciel and 2 equiv of NOdirectly (the process
governed bykg, in Scheme 3). The second fragmentation could
be assisted by direct attack of the photodissociated dfQhe
still bound RNO, a process that would initially produce free
N>O,, as shown in Scheme 3.,8, is not stable at room
temperatur®® and so should rapidly dissociate into 2 equiv
of NO-.

Scheme 3 also presents a second pathway for generating NO
without producing free, via a metastable cage recombination
species 1cin Scheme 3). A straightforward electron pushing
analysis of the radical intermediaesuggests that the unpaired
electron is probably significantly delocalized, putting spin

J. Phys. Chem. A, Vol. 111, No. 7, 2007211

SCHEME 3
_CH,CO3
3+N,0,—=2NO+ || g
NO
kg
hv Ker N
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Kert cage 1b
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) o I]I/CHZCOZ
ke
— > 3+N0,
2+ NOe- ON l
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2~ CHiCOz /CH2C02 /CH2C02
/ / /
oN" “cH,cOy oN" “CH,cOy oN" “cH,cOy
2a 2b 2¢

1bor lcinstead ofl (Scheme 3). Some evidence was presented
in an earlier paper that speciéb undergoes tautomerization
on the millisecond time scale to give the aromatiiitrosated
isomer of1.5 Specieslc cannot tautomerize, but we speculate
that the vicinial nitroso groups could dissociate agOp
generating speciekin the process (Scheme 3). The key feature
of both the direct release arid-mediated mechanisms is that
they would allow NOto be generated via a process other than
keee As shown earlier, when [Regl]s large the predominant
reaction of2 is expected to be reduction #& which would
result in roughly equivalent amounts of R@nd [Ox] (Figure
6). By generating N®directly without releasing fre, the two
alternative processes provide mechanisms for generating “extra”
equiv of NO, without concomitant generation of Ox.

3.3. Measurement of the [NQ] Output after Photolysis
of Species 1, in the Absence of a Sacrificial Electron Donor.
For these experiments Mb could not be used as adg@venger,
because the protein itself can act as an electron doimstead,
metMb was used as the scavenger. Unlike Mb, metMb binds
NO* weakly, with an equilibrium constattyo = 2400 M~1.22
Nevertheless, from the equilibrium expression, the amount of
NO* generated under any given set of conditions could be
measured by calculating [metMbNOfrom the difference
spectra following photolysis df (see Supporting Information).

Initially, the results of irradiating mixtures of metMf,and
[Fe(CNX]*~ were compared with those obtained earlier for
mixtures of Mb,1 and [Fe(CNg]*~. Both methods should yield
the same relationship for [NPgenerated as a function of]f:
in solution, so these experiments provided a means of checking
the results of the two analytical methods against each other. In
addition, because binding of N@ metMb is so weak, only a
small fraction of the total [NQ ever binds to metMb under a

density on the ortho and para carbons of the phenyl ring (Schemegiven set of conditions. Hence, this method allowed us to check

3, specieb and2c¢), in addition to the amine group (species
24a). If there is indeed significant spin delocalization from the
nitrogen to the ortho and para carbons of the intermediate, then
in the NO-recombination reaction the incoming R€buld re-

the [NOY] generated for solutions containing very high initial

concentrations ofl, which would have resulted in 100%
nitrosylation of Mb. Figure 7 shows the results of these
experiments; a systematic error has been corrected for in the

attach at either of these carbons, to give the metastable speciefigure, as explained in the Supporting Information. As can be
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40 T T T T SCHEME 4
3+ 2NOe -
i - hv
30 1 de
s \/ 2+NOs -
2 20 : k, Red
) Kox
=3 Ox
101 .
4
(Ve . . . i E found that [MbNO] = [metMb} when mixtures of Mb,1 and
0 20 40 60 80 100 [Fe(CNY]* are irradiated, which is also contrary to the
() (MM) prediction of Scheme 1. In that situation we proposed that some
Figure 7. Amount of NO generated as a function df][, in solution, “extra” NO* was generated through processes that did not
in the presence of [Fe(CY}, as calculated using m_eth as the NO  generate free2 in solution, as shown in Scheme 3. Such
sensor. [metMbl= 18.4uM; [Fe(CN)]*~ = 77 uM. Circles: experi- processes might also explain why the amount of jéherated

mental data. Solid line: net [NDrelease predicted from the results of  ; : :
the Mb experiments, using the linear relationship [N® 0.39[1] s in the absence of an added reducing agent exceeds that predicted

Dotted line: net [NQ release predicted using the mechanistic model by Scheme l alone. . ) )
of Scheme 4. The experiments performed to date in our laboratories provide
no direct information about the putative cage comple2 ahd
EAN T T T y NOr, or its reactions, so there is no way to meaningfully test
the predictions of Scheme 3 numerically. Instead, we used a
: highly simplified mechanistic model (Scheme 4), to test the
effect of having a pathway by which free RQ@an be
photogenerated without concomitant production of eg&he
reaction pathways shown in Scheme 4 are identical to those of
Scheme 1, except that the initial photochemical reaction is
presumed to generate sorBet 2NO" directly, in addition to
forming 2 + NO°. Because all of the rate constants for the
] Scheme 4 process are known, it can be readily modeled using
numerical integration (Supporting Information). In the integra-
. . . . ] tion process the initial concentrations @fand NO (their
0 20 40 60 80 100 concentrations immediately following the laser pulse, which we
(g (WM) refer to as 2]o and [NO]o) were treated as adjustable parameters,
Figure 8. Total amount of NOgenerated as a function of]f in and the initial concentrations of the remaining species were
solution, in the absence of any external electron donor, calculated usingconstrained by stoichiometric considerations. The Scheme 4

metMb as the NOsensor. [metMbj= 17.7uM. Circles: experimental  mode| was used to simulate the data of both Figure 7 (dashed

data. Solid line: data simulated using the mechanism of Scheme 4, as ; ; ; :
described fully in Supporting Information. Dotted line: data simulated curve) and Figure 8 (solid curve). As can be seen the simulations

using the mechanism of Scheme 1. are reason_ably good in both cases, whic_h pr_ovides_support for
a mechanism whereby N(hotogeneration is partially un-
seen, a plot of [NQ generated vs1]io is almost linear, witha  coupled from photogeneration af
calculated slope identical to that predicted from the experiments  According to the more detailed Scheme 3, recombination of
with Mb. The data do show a very slight curvature. This is 2 and NO would initially lead back to the cage complex, which
readily explained because with high concentrations, dfigher could then fragment to giv&® and 2NO in the processes
concentrations of NQare generated, and recombination of'NO governed by l and/or k3. The Scheme 4 model does not allow
with 2 (Scheme 1 eq 1) begins to compete with the reduction for these possibilities, and perhaps for this reason the numerical
of 2 (Scheme 1, eq 3). As will be shown below, a more analyses converge to different [N@ and PJo (adjustable
sophisticated treatment of the data using the known values of parameter) values for the experiments carried out in the presence
ke, ki**> and kox, allows the curvature to be modeled (dashed and absence of added reducing agent (see Supporting Informa-
curve in Figure 7). Note however, that although the more tion). There is no chemical reason why the presence of a
elaborate treatment provides valuable mechanistic insights, itreducing agent should affect the initial photoproduct distribution,
is no better than the linear treatment for empirical prediction of sg this observation highlights the limitations of the simplified
the amount of NOgenerated as a function of]f:. model. Inclusion of a N&dependent dissociative pathway that
Figure 8 shows the results obtained when solutions containing convert2+NO* into 3+2NC (Scheme 4, dotted arrow) narrows

metMb and1 in the absence of any sacrificial reductant were the gap between the predicted parameter values, without
irradiated with 308 nm laser pulses. In this case, Scheme 1affecting the quality of the fits (data not shown).

predicts that the amount of N@enerated will be governed by

the Scheme’s reactions 1 and 2. In two earlier papers we 4. Conclusions

estimated the values &f andky to be (1.14 0.1) x 1®°® M1 For photoinitiated reactions dfwith Mb and metMb, in the

s 14 and 2600+ 100 s1,5 respectively. However, the values presence of sufficiently high concentrations of [Ru@yt+

of [NO*] as a function of 1] that were computed using these or [Fe(CN]4~, the amount of free NQyenerated varies almost
numbers significantly underestimated the experimental*[NO linearly with [1]«. In addition, the slope of the [NDvs [1]iot
generated (Figure 8). Interestingly, this result proves to be line is essentially unchanged by the choice of reducing agent,
consistent with the results presented in Section 3.2. There weand also by reductant concentration, over a fairly wide range
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of concentrations. Furthermore, Mb oxidation, a side reaction resulted in Figures 1, 3, 5, 7 and 8. The fitting of very weak

that is observed when mixtures containing ofilgnd Mb are
irradiated® was completely suppressed when [Rug\H™ was

used as the sacrificial reducing agent. This allowed nitrosylation

to be studied in isolation. Thus, irradiation of mixtures contain-

ing 1, protein and a suitable reducing agent is an excellent way

of generating NOon the microsecond time scale, in readily

predictable quantities, and in the absence of confounding sideg .

products.

In the absence of a suitable reductant, the amount of free

NO- generated is no longer a linear function dfj; however,
in the studies with metMb, heme nitrosylation was the only

protein reaction seen after the laser flash. This suggests that

photolysis ofl in the absence of a reductant can still be used
to generate NGin studies of fast reactions, if the protein under
investigation is not susceptible to oxidation by intermedfate
In our own research, we use the linear relationship for
calculating the [NQ generated in the presence of an added
reducing agent® For experiments performed in the absence of
an added reductant, we determine the amount of jDerated
under a given set of conditions experimentally, by running
standards with metMb under the same conditi®ns.

The mechanistic details for the reactions that follow photolysis
of 1 are still being worked out, but Scheme 1 with the

modifications shown in Scheme 3 provide a reasonable working

hypothesis, that is at least qualitatively consistent with the

experimental data, under a variety of conditions. Moreover, the
shapes of the experimental data sets can be reproduced usinﬂj9

the simplified Scheme 4, whose primary mechanistic similarity
to Scheme 3 is that it uncouples the formation of free R@m
that of free2. The ultimate goal of this project is still to
theoretically predict the [N generated as a function of][ot,

spectral changes. This information is available free of charge
via the internet at http://pubs.acs.org.
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