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Abstract

Nitric oxide (NO) research in biomedicine has been hampered by the absence of a method that
will allow quantitative measurement of NO in biological tissues with high sensitivity and
selectivity, and with adequate spatial and temporal resolution. 4-amino-5-methylamino-2",7’-
difluorofluorescein (DAF-FM) is a NO sensitive fluorescence probe that has been used widely for
qualitative assessment of cellular NO production. However, calibration of the fluorescent signal
and quantification of NO concentration in cells and tissues using fluorescent probes, have
provided significant challenge. In this study we utilize a combination of mathematical modeling
and experimentation to elucidate the kinetics of NO/DAF-FM reaction in solution. Modeling and
experiments suggest that the slope of fluorescent intensity (FI) can be related to NO concentration
d DAF-FM
according to the equation: —[FI]=2ak1[NO]2[02]k NE)]+[DAF ]FM] where a isa
proportionality coefficient that relates FI to unit concentratlon of activated DAF-FM, kj is the NO
oxidation rate constant, and k was estimated to be 4.3 + 0.6. The FI slope exhibits saturation
kinetics with DAF-FM concentration. Interestingly, the effective half-maximum constant (ECsq)
increases proportionally to NO concentration. This result is not in agreement with the proposition
that N,O3 is the NO oxidation byproduct that activates DAF-FM. Kinetic analysis suggests that
the reactive intermediate should exhibit NO-dependent consumption and thus NO3 is a more likely
candidate. The derived rate law can be used for the calibration of DAF-FM fluorescence and the
quantification of NO concentration in biological tissues.
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1. Introduction

The measurement of nitric oxide (NO) in biological samples has been hampered by the lack
of sensitive probes that can detect NO in nanomolar levels without interference from other
species. The available methods for NO detection include the colorimetric Griess reaction,
chemiluminescence, electron paramagnetic resonance, electrochemical and fluorometric
analyses [1; 2; 3]. Available assays to asses NO availability measure free NO or NO
oxidation products (i.e. NO;, NOj, N»C3) and signaling derivatives (i.e. S-nitrosothiols,
cGMP). Available methods vary in their sensitivity, specificity and interference from
biological constituents. NO is highly reactive with other modalities and has a very short
half-life and steep concentration gradients. Determining local availability and intracellular
concentrations has proven to be quite challenging.

Fluorometric methods have been used to assess intracellular NO levels [4]. The development
of fluorescent probes in recent years has provided sensitive and specific assays that are
gaining wide applications in measuring nitrogen oxides [5; 6; 7; 8; 9; 10; 11]. NO-reactive
fluorescent indicators allow bio-imaging of NO with high spatial resolution, permitting
investigation of two-dimensional NO production in real time by digital fluorescence
imaging, which is not possible with other methods [7]. These fluorescent probes may be
used to measure nanomolar levels of NO /n vitroand in vivo [12]. Diamine derivatives of
fluorescein are the most widely used NO fluorescent probes (i.e. 4,5 Diaminofluorescein
(DAF-2) and 4-amino-5-methylamino-2”,7’-difluorofluorescein (DAF-FM)). Exposure of
these compounds to NO, generates highly fluorescent triazole derivatives (DAF-T) [13].
Fluorescence to NO, however, is achieved only under aerobic conditions, indicating that
these fluorescent probes react with an oxidative product of NO, rather than NO itself [14].
The nature of the NO active derivative has not been established, although N,O3 has been
proposed as a candidate for the reactive intermediate [14]. An alternative reaction scheme
has also been proposed [15] where activation of DAF-FM occurs through a two step process
by initially reacting with NO, radical. Therefore, controversy exists as to the actual kinetic
mechanism for the reaction between DAF-FM and NO.

The vast majority of studies incorporating the use of DAFs have only reported relative
changes in fluorescent signal [16; 17; 18; 19; 20]. Quantification of NO concentration
(INQY]) in biological tissues using fluorescent probes is hindered by a series of challenges,
including uneven dye loading, dye leakage, motion artifacts, photoactivation and
photobleaching [14; 21; 22]. In addition, the dye may also exhibit increase in fluorescence
due to the presence of cations [23]. Most importantly, elucidating the kinetics of NO-dye
interaction is a prerequisite for developing meaningful calibration protocols. In this study,
we utilize mathematical modeling and experimentation to investigate the reaction of NO
with DAF-FM and to gain further insight into the actual intermediate that activates DAFs.
Based on the proposed mechanism and kinetic law, recommendations for calibration of
DAF-FM fluorescence and the quantification of NO in biological tissues are provided.

2. Methods

2.1 Kinetic analysis

We investigated the kinetic mechanism that leads to activation of DAF-FM by NO and the
formation of the triazole derivative, DAF-T. Assuming that the intermediate product of
NO’s autoxidation reacting with DAF-FM is N,Og, [24] DAF-T formation will proceed
through the following reactions [7; 20; 25].
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2NO+0; — 2NO3  (Reaction 1)

° k
NOZ+NOk\——‘N20a (Reaction 2)
=)

k
N,0,+H,0 = 2NO; +2H*  (Reaction 3)

N,O3+DAF-FM % DAF-T (Reaction 4)

Reaction rate constants kq (3.15x108 M~2s71), k, (1.1x10° M~1s71), k., (8.1x10%s™1), and k3
(38130 s71) have been previously reported [26]. Applying the law of mass action to this
reaction scheme yields differential equations that can be solved numerically to describe the

rates of change of NO, NO3, N,O3, and DAF-T (see Appendix).

Activation of DAF-FM by an oxidation product of NO, rather than NO itself, will affect the
functional dependence of the rate of DAF-T formation on the reactants. Assuming that the
concentrations of unstable intermediates (i.e. NoO3 and NO3) are small relative to the
reactants, and therefore show negligible rates of change, a Pseudo Steady State
Approximation (PSSA) can be employed for their concentrations. This simplifies the
proposed kinetic mechanism (Reactions 1-4) and yields Equation 1:

[DAF-FM]
ks/ka+[ DAF—FM]

d
< [DAF-T]=2k, [NOJ*[ 0] (Equation 1)

[DAF-FM]
Y= Ke/ka+| DAF—EM] is the fraction of NOg that is utilized to activate DAF-FM at any
given moment (i.e. rate of reaction 4 over reaction 3 and 4). Note that the kinetic mechanism
and the simplified kinetic behavior depicted in Equation 1 are analogous to the kinetics of
nitrosation of thiols by NO in [27]. Equation 1 simply states that the formation rate of the
triazole derivative, DAF-T, will be limited by the rate of NO oxidation (Reaction 1) and the
fraction of N,Oj3 that reacts with DAF-FM. This approximation was validated against the
numerical solution of the system for the assumed parameter values for kq, ko, K5, k3 and a
wide range of values for k4. Assuming a constant fraction y, Equation 1 can be integrated to
give the increase in DAF-T after the addition of a bolus amount of NO. For limiting initial
NO concentrations ([NOJ;) this increase will be approximately equal to:

A[DAF-T]=y/2[NOJ; (Equation 2)

Thus, a linear dependence between fluorescent intensity (FI), and total amount of NO added,
is possible under some conditions despite a square dependence of the increase in Fl on [NO]
at any particular instance.

Dulbecco’s phosphate buffered saline was purchased from Invitrogen (Grand Island, NY).
DAF-FM was from Molecular Probes (Eugene, OR). Spermine NONOate (SPER/NO) was
from Cayman Chemicals (Ann Arbor, MI). DMSO (dimethyl sulfoxide anhydrous) was
purchased from Sigma-Aldrich (St. Louis, MO), and the sodium hydroxide (NaOH), 2N
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solution was from Fisher Scientific (Fair Lawn, NJ). A 7 mM stock solution of DAF-FM
was made with DMSO. Dilutions to final working concentrations were done by the addition
of DPBS. Spermine NONOate (t1/2= 230 minutes at 22—-25°C) was chosen as a slow
releasing NO donor. Final working concentrations were made with DPBS immediately prior
to experimentation.

2.3 Measurement of NO

3. Results

We investigated the NO released from a NO donor (SPER/NO) at 25°C, obtaining the
resulting [NO] profile using a NO sensitive electrode (ISONOP, WPI; Sarasota, FL).
Different concentrations of the NO donor (50 nM to 500 wM), were prepared in an aerated
buffered solution (pH 7.4). The NO released was detected using the electrode. The reaction
of DAF-FM with NO liberated from the NO donor was monitored using a computer
controlled automatic microplate fluorometer (GENios; TECAN, Inc.; Durham, NC).
Samples were loaded in black 96-well plates and fluorescence intensity (FI) was recorded at
an emission wavelength 535 nm followed excitation at 485 nm. FI increase with time was
recorded at different combinations of DAF-FM and NO donor concentrations to assess the
dependency of FI on both DAF-FM and NO.

3.1 The “Clamped NO” protocol

First, we examined the NO release pattern from SPER/NO in aerated solution. An NO
donor, with a relatively long half-life, can provide continuous release of NO over the
duration of a typical experiment (~ 15 minutes). Figure 1A shows representative model
simulations (Eq. A.1) for the evolution of NO in an aerated solution ([O,] = 2.77x1074 M) at
three different SPER/NO concentrations (10, 500 and 1000 M). Simulations were
performed utilizing an Ordinary Differential Equation solver based on an explicit Runge-
Kutta method in MATLAB. NO is released and accumulates until reaching a maximum
concentration (represented by a circle) that is followed by a slowly decaying plateau. The
time it takes to reach this plateau differs depending on the concentration of the NO donor
and its assumed half-life. At higher concentrations, this plateau is established faster. This
offers a relative steady level of NO which can be maintained over the duration of an
experiment, similar to the “clamped NO protocol” in [28]. (Note that the “clamped NO
protocol” of this earlier study utilizes CPTIO rather than dissolved O as the main route of
NO consumption.)

This relative steady level of NO, during the plateau phase, is a result of the balance between
NO release by the NO donor (S) and NO consumed by the rate limiting oxidation reaction of
NO (R = ~ 4k;[NOJ?[O5]), and can be approximated by Equation 3:

[NOJ ~ s |nkg[NOdonor] (Equation 3)
V(0,1 \~ 4K,[04] |

where Ky is the dissociation rate constant (kq = In 2/t1/,), and n is the moles of NO released
for every mole of NO donor. In Equation 3 we have assumed a constant release rate for the

1
NO donor which is a valid assumption for texperiment <7112, Thus, a 100 times increase in
[NO donor] (i.e. 10 and 1000 .M SPER/NO) should yield only a 10-fold increase in
“clamped” [NQ], given the square relationship.

The theoretical prediction for a square dependence between NO and NO donor
concentration was verified experimentally. Figure 1B shows a representative tracing using
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the NO-sensitive electrode. NO evolves in a buffered solution of 500 .M SPER/NO. After a
short accumulation phase, a maximum [NO] is reached. A slight decay after the peak is
observed as the NO donor is slowly consumed over time. The maximum NO concentration
reached was recorded and average values (n=4) at different SPER/NO concentrations (50
nM to 500 M) are summarized in a log-log plot (Insert in Figure 1B). A linear fit of the
data yields a slope of 0.51 + 0.21. The slope is not significantly different than 0.5 (p=0.95).
Thus, experimental data is in agreement with the theoretical predictions suggesting that the
[NQ] is proportional to the square root of [SPER/NQ].

3.2 Dependence of fluorescence intensity on DAF-FM and NO concentrations

A representative numerical simulation from the model in the Appendix is presented in
Figure 2A. DAF-T formation is depicted as a function of time, for 5 M of DAF-FM and 50
M of SPER/NO. At t=0, the slope of the curve is zero as a result of the absence of free NO
initially. DAF-T formation begins to increase as NO evolves, until a maximum rate of
change is reached (i.e. maximum slope, Bmax). This corresponds to the point of maximum
NO concentration in Figures 1A and 1B. Thus, the Bmax of the DAF-T formation curve, can
be correlated to the clamped NO concentration levels.

Assuming that DAF-T is the main fluorescently active species in the solution, we expect that
F1 will be proportional to the DAF-T concentration. Thus, FI should exhibit a similar profile
in time with the [DAF-T] generated from the model. Figure 2B depicts a representative
experimental tracing of FI upon mixing of [DAF-FM] and [SPER/NO] (5 oM and 50 pM
final concentrations respectively) in the fluorometer. The experimental tracing of FI and the
model predictions for [DAF-T] show a similar profile in time.

Fluorescent Intensity vs. NO donor—In a series of experiments, we investigated the
dependence of FI on [NO] by varying the concentration of SPER/NO, while keeping the
concentration of DAF-FM constant at 5 .M. Fluorescence measurements were taken in the
fluorometer and representative results are depicted in Figure 3A for SPER/NO
concentrations of 10 uM, 100 pM and 1 mM. As expected, we observed an increase in
maximum slope (Bmax) When increasing [SPER/NO]. To test the relationship between NO
donor and Brmax, average maximum slopes (n=5) were calculated for six different SPER/NO
concentrations (10 — 1000 tM). Data is summarized in Figure 3B as a log-log plot. A linear
fit gives a slope of 0.99 £ 0.03. This slope is not significantly different than 1 (p=0.74).
Therefore, experiments show a maximum slope in FI (Bmax) that is proportional to NO
donor concentration. Data in Figures 1-3 combined, suggests that Bmay is also proportional
to [NOJ2. This is in agreement with the kinetic analysis (Equation 1).

Fluorescent Intensity vs. DAF-FM—To investigate the dependence of the FI on DAF-
FM, a series of experiments were performed by varying [DAF-FM] at constant [SPER/NO].
Experiments were repeated for different [SPER/NO]. For each combination of [DAF-FM]
and [SPER/NQ], the maximum slope Bmax Of the FI curve was recorded. Figure 4A depicts
representative results. Average Bmax values (n=5) are presented as a function of DAF-FM
concentration and for two different NO donor concentration. We observe saturation
dependence of Bmax 0N DAF-FM and thus the following n equation was utilized to fit the
data.

[DAF-FM]
ECso / [DAF-FM]

max= Max Bmax (Equation 4)

where maxpmax is the maximum Bax at saturating DAF-FM concentrations, and ECxy is the
concentration of DAF-FM for half-maximum Bmax-
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Fitting with Equation 4 allows us to estimate maxBmax and ECsq at each [SPER/NO].
maxPmax increases linearly with SPER/NO concentrations (i.e. maxpmax is 20.1 and 1.9 for
125 M and 12.5 uM of SPER/NO respectively). This linear relationship has been
previously noted [20; 29]. Therefore, the slope Bmax Of the FI curve shows a linear
dependence on [SPER/NO] and thus exhibits a square dependence on [NQO]. This is in
agreement with Equation 1 (maxBmax=2k1[NO]2[O5]). Surprisingly, however, the estimated
ECsq values also increase with NO donor concentrations (i.e. ECgq is 5.3 and 1.0 for 125
M and 12.5 uM of SPER/NO respectively). This was not anticipated based on Equation 1
and thus, the observed dependence of EC5g on NO questions the proposed kinetic
mechanism of DAF-FM activation by N,O3 (Reactions 1-4).

Experiments at eight different SPER/NO concentrations (5-500 M) were performed. At
each NO donor concentration, five different DAF-FM concentrations (0.1-10 M) were
utilized to estimate a single ECsgq value for each combination. The log-log plot of the
average ECgq values from n=5 repetitions are depicted in Figure 4B. A linear fit of this line
has a slope of 0.59 + 0.06. The slope of this line is statistically different than 1 (p<5.5x107°)
and 0 (p<1.2x107®) and close to 0.5. Thus, our data points toward a ECsg that is
proportional to [SPER/NO]Y2 and thus proportional to [NO].

Figure 5 shows the dependence of ECsp on NO. SPER/NO concentrations were translated to
NO concentrations based on Equation 3 and NO-electrode recordings that show 500 M NO
donor correspond to 3.2 M NO. A linear fit of the data in Figure 5 gives:

ECs50=k[NO] (Equation 5)

with k = 4.3 £ 0.6. Equations 1, 4 and 5 suggest the following rate law for DAF-T formation
rate.

[DAF-FM]
k[NO]+[DAF-FM]

d
a[DAF—T]:Zkl [NOJ*[0,] (Equation 6)

3.3 A Revised Kinetic Mechanism

Equation 6 suggests that the fraction of the unknown NO byproduct X that reacts with DAF-
, [DAF-FM]

FMis? ~k[NOJ+[DAF—FM]- An effective EC5o=k[NO] that is NO dependent can be

achieved if this active intermediate is consumed through an NO-dependent pathway. (i.e. y’

is the rate of reaction of X with DAF-FM over the rate of reaction with DAF-FM plus the

rate of NO-dependent consumption of X).

k
INO+0s —> ...... X
X+DAF-FM — DAF-T
X4+NO > ......

Thus, our data argues against the proposition that this species is NoOs. Previous studies have
argued for a different reaction mechanism where conversion of DAF-FM to DAF-T occurs
after DAF-FM is initially oxidized [15; 22; 30]. NOS is proposed to be this oxidating agent,
and the measurement of the fluorescently derived triazole product reflects this oxidation.
N,O3 has also been suggested as the active intermediate involved in thiol nitrosation [27].

However, recent work has provided evidence for a more important role of NOS, rather than
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N>Og, in thiol nitrosation [31; 32; 33; 34]. The resemblance of the kinetic behavior between

DAF-FM activation and GSH nitrosation, also makes NO3 an attractive candidate for the
unidentified reactive intermediate in DAF-FM activation by NO. A potential kinetic

mechanism that assumes NO3 as the oxidative product of NO that reacts with DAF-FM
would include Reaction 1-3 as well as Reaction 5 instead of Reaction 4.

k
NOS+DAF-FM = .....—> DAF-T (Reaction5)

Assuming the DAF-FM oxidation by NOS is the rate limiting step in Reaction 5, a PSSA can
be utilized to simplify Reactions 1,2,3, and 5 yielding the rate of DAF-T formation:
[DAF-FM]

kgk
(ksafz ik@) [NOJ+[DAF-FM]

d
3, | PAF-TI=2k, [NOJ’[0,] (Equation 7)

kgks
Comparing Equation 7 with Equation 6 we get k= (ks(k—2+k8)) =4.3%0.6 Based on the
values for the other reaction rate constants, we can an estimate a value for kg in the reaction
of DAF-FM activation to be 8.2x10” M~1s™1. This value is of the same order as the

oxidative rate constant of similar vicinal diamines by NO; (i.e. rate constant for 1,4-
phenylenediamine is 4.6x107 M~1s71 [30; 35]).

4. Discussion

A number of methods have been employed to measure NO and related nitrogen oxides. NO
sensitive fluorescent probes have often been used to detect NO levels, however, most studies
provide data in relative fluorescence and quantification of NO concentration fluorescently
has not been accomplished. This is due to several experimental limitations that may arise
when utilizing DAF-FM in many systems (i.e. motion artifacts, uneven dye loading,
photosensitivity and dye leakage) as well as due to an incomplete understanding of the
kinetics of DAF-FM activation by NO. Characterizing the active intermediate for DAF-FM
activation and analyzing the kinetic mechanism will aid in overcoming some of these
limitations.

Active intermediate of DAF-FM activation

The dependence of DAF-FM fluorescence on the presence of O,, suggests that DAF-FM is
activated by a byproduct of NO oxidation rather than NO itself. NoO3 has been previously
proposed as an intermediate that can play this role. An alternative reaction mechanism has
also been proposed according to which the activation of DAF-FM occurs as a two-step
process [30]. The first step is the oxidation of DAF-FM via a one electron species such, as

NO3, yielding a nitrosamine intermediate that reacts further with NO to form the fluorescent

triazole DAF-T. The data presented in this study supports the second mechanism of NO3 as
the reactive intermediate in DAF-FM activation [15; 22; 30]. Although our data does not
directly show a two-step activation process, it does suggest that the initial oxidation step of

DAF-FM by NOS; to be rate-limiting.

A mechanism based on NOS rather than N,O3 as the reactive intermediate would exhibit
similar, but not identical kinetic behavior (Equation 1 vs. Equation 7). In both mechanisms,
DAF-T formation is limited by the rate of NO oxidation and both exhibit saturation
dependence on DAF-FM concentration. However, based on the second mechanism, the
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effective ECsg is NO dependent. Experimental data (Figure 4) demonstrates such a

dependence of ECsp on [NO] and point towards NO; as the active intermediate for DAF-FM
activation. However, any NO oxidation byproduct, that would exhibit NO dependent
consumption, could satisfy the observed behavior.

Several studies have proposed a significant role of NO, radical in nitrosation of thiols [31;
32; 33; 34]. Given the similarities between the nitrosation of thiols and the observed
activation of DAF-FM, we can assume that a similar kinetic mechanism is likely. It has also
been suggested that the relative importance of NO, vs N,O3 mediated thiol nitrosation will
be dependent on the amount of [NO], with N,O3 becoming important only at high [NO] (i.e.
greater than 20 M is predicted in) [36]. Given the similar kinetic constants between the
nitrosation of thiols and the activation of DAF-FM, we can assume that the maximum NO
concentration of 5 M utilized in our experiments favor the NO, mediated nitrosation
pathway.

Thus, our experimental data, corroborates earlier suggestion that NO is the intermediate that
activates DAF-FM through the formation of a one electron oxidation product of DAF, which
then combines with NO to form DAF-T [30]. However, this might suggest a major
limitation for DAF-FM as a NO fluorescence probe as other strong one electron species
could also affect DAF-FM oxidation and thus the resulting fluorescent signal. Evidence of
this has been noted in a recent study by Zhang et a/, where it was found that species such as
dehydroascorbic acid and ascorbic acid can potentially affect the DAF-T fluorescent signal
[37].

Use of NO Donors for calibration standards

Theoretical considerations, corroborated by experiments, suggest that slow releasing NO
donors can provide steady levels of NO concentrations in aerated buffered solutions. This is
ideally suited for creating calibration standards. The half-life of the NO donor needs to be
significant relative to the duration of the experiment (i.e. ty/2 > 10texperiment) SUCh as no
significant consumption of NO donor occurs over this time frame. The “clamped NO”
concentration will depend not only on the stoichiometry, half-life, and concentration of NO
donor, but also on the rate of NO consumption. In the absence of other NO scavengers, the
reaction with dissolved O5 will limit this rate and will lead to a square dependence between
[NO donor] and [NO]. An appropriate time from the initiation of NO donor release is
required for reaching this plateau NO concentration. This time can be approximated by the
ratio of the NO plateau over the initial release rate (i.e. vjag > (4k1[O2] nky[No donor] 12,
NO electrodes can validate these predictions and test the relationship between [NO] and
[NO donor] in a particular system. Alternatively, NO standards can be created using NO gas
as described in [38] and such methods may offer several advantages, particularly in cellular
systems, at the expense of more complex instrumentation.

Calibration using bolus addition of NO

Studies have sometimes utilized the addition of a solution containing a known NO
concentration for assessing NO fluorescence of a fast releasing NO donor [39; 40]. Such an
addition of a bolus amount of NO will result in a change in NO fluorescence that will stop
when NO (or DAF-FM) is consumed. This information is difficult to interpret as the [NO]
and/or [DAF-FM] concentrations may change significantly during the course of the
experiment. Thus, a linear increase in final fluorescence after addition of solutions with
different NO concentration does not guarantee a linear dependence of fluorescence on [NO]
at any particular instance. For example, Equation 2 shows that under some conditions the
final change in NO fluorescence will be linearly dependent on the amount of NO added on
the system, even though at any particular moment the increase in Fl is proportional to [NO]?
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(Equation 6). Thus, a calibration curve using solutions with different NO concentration
standards may not be ideal for time-dependent monitoring of NO.

Kinetics of DAF-FM activation

Unlike many other fluorescence indicators that bind reversibly with the molecule of interest,
DAF-FM reacts with the active NO derivative in an irreversible manner. The irreversibility
of DAF-FM activation has two main implications. First, the fluorescence signal should
remain constant and should not decrease when NO disappears. As a result, any observed
drop in FI is an artifact that should be attributed to experimental limitations such as dye
leakage, motion artifacts, photobleaching etc. Second, the NO concentration levels correlate
with the rate of DAF-T formation and thus with the rate of FI increase (i.e. assuming a linear
dependence of FI on [DAF-T]). Thus, a relationship between the slope of FI and [NO] (and
not NO release rate) should be sought. This relationship will be governed by the reaction
mechanism of DAF-FM with NO and based on our theoretical and experimental data can be
approximated by:

[DAF-FM]
k[NO]+[DAF-FM]

d d
35| Fl=a 5 [DAF-T]=2ak, [NOJ’[02] (Equation 8)

where a is a proportionality coefficient that depends on the fluorescent yield per mole of
DAF-T, and k is estimated from our experiments to be 4.3 £ 0.6 oM DAF-FM/uM NO.
Inspection of Equation 8 suggests two limiting cases. In Case |, when [DAF-FM]K k [NO],
Equation 8 reduces to:

d d k
E[Fl]zaa[DAF—T]=2(1/¥1[NO][OZ][DAF—FM] (Equation 8a)

This would suggest a DAF-T formation rate that is proportional to [NO] and [DAF-FM]
under these conditions.

In case I, when [DAF-FM]>> k [NO], Equation 8 reduces to:

d d
E[FI]:aa[DAF—T]=20A<1[NO]2[02] (Equation 8b)

This would yield a DAF-T formation that is independent of the [DAF-FM] and is
proportional to [NOJ2. Typical experimental protocols utilize LM concentrations of [DAF-
FM], while in many biological tissues and conditions, nM levels of NO are anticipated.
Thus, the second scenario is more likely to occur. Although the kinetic data was acquired
from mixing DAF-FM and NO donor in aerated buffered solutions, similar behavior may
hold in biological tissues. Ideally, the applicability of Equation 8a or 8b should be verified
on a particular system and a method of analysis should be designed accordingly. For
example, normalizing FI(t) with initial fluorescence may be required according to Equation
8a but not according to 8b to yield data slopes independent of [DAF-FM]. Nevertheless,
phenomena such as uneven dye loading, motion artifacts or dye leakage can still affect
fluorescence through their effect on coefficient a.

The absence of reliable methods for quantifying NO in biological tissues has provided a
significant obstacle in elucidating NO functions in biomedicine. NO sensitive fluorescent
probes are ideally suited for such investigations by allowing spatio-temporal NO
monitoring. Despite several drawbacks associated with the use of DAFs, these fluorescent
probes have adequate sensitivity for assessing physiological levels NO that are usually in the
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nanomolar range. The kinetic information provided in this study can assist in the

de

velopment of calibration protocols that will enable us to quantify cellular NO levels in

different systems. Future studies should test the kinetic behavior in assessing intracellular
DAF-FM metabolism and validate fluorescent based quantification of NO against other
established methods (i.e. Chemiluminescence, electrochemical).
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Mathematical model of the proposed kinetic mechanism

Applying the law of mass action to the first reaction scheme (i.e. Reactions 1-4), yields four
differential equations for the rates of change of NO, NO3, N»Og, and DAFT as follows:

d[NO

Rl 2k [NOP[0a]- ko NOSIINOT+ [ N:03]  (Ea A1)

d[NO

ANy [NOP[0s]-ka[NOINOI+k 5[N205]  (EqA2)
d[N;0g3]

i =ks[NO;][NO]-k_>[N2O3]-k3[N2O3]-k4[ N2O3 ][ DAF] (Eq.A.3)

d[DAF-T]

o =k4[N,O3][DAF]  (Eq.A4)

For the revised reaction mechanism, that assumes DAF activation by NO; (i.e. Reactions
1,2,3, and 5), Egs. A.2-A.4 are modified to reflect this change.
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d[NO

[ h 2 =2k;[NOJ*[0,]-k[ NO,][NOJ+k_»[N,O3]-ks[NO,][DAF] (Eq.A5)
d[N,O
[ - 8]=k2[NOZ][NO]—k_Z[N203]_k3[N203] (EQAS)

d[DAF-T]

a0 =ks[NO:][DAF] (Eq.A7)

Differential equations can also describe the change in the O, and DAF-FM concentrations.
However, we can assume that due to the abundance of O its concentration will remain
essentially constant while the total concentration of the dye is preserved. Eq. 5 can then
estimate the concentration of DAF:

[DAF]=[ DAF];—~[ DAF-T] (Eq.A8)
where [DAF]; is the initial dye concentration.

An NO donor, with a relatively long half-life, can provide continuous release of NO over the
duration of the experiment. To model this scenario, Eq. A.1 is modified to incorporate the
NO release:

d
a[N0]=S—2k1[NO]Z[Oz]—kz[N()z][N0]+k—z[N203] (Eq.A9)

where S is the NO release rate given by:

S:2kd[NOd0n0r]exp(_kdt) (Eg.A.10)

kq is the dissociation rate constant of the NO donor and is inversely proportional to the half-
life (kg = In 2/tyy).

Although simulations exhibited in Figure 1A were performed for the proposed kinetic
mechanism, an identical simulation is achieved for the revised kinetic mechanism (not
shown). Similarly, the simulated evolution of DAF-T over time follows comparable profiles
for both kinetic mechanisms. Figure 2A shows simulations for the first kinetic mechanisms
(Eq. A.2, A3, A4, A.9) assuming a ks value of 4.0x108 M~1s71,

Modeling parameters utilized

Parameters Values
Ky 3.15x106 M—2s71
k, 1.1x10° M1s71
K, 81000 s
ks 3813057t
Kq 4,0x108 M1s71
ks 8.2x107 M1s1
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Parameters Values
Km 4.27
[0,] 2.77x1074 M
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[DAF]
K, [NOJ+[DAF]

t[FI]=20k1[NO]2[02]
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Figure 1.

(A) Predicted continuous release by 1000, 500 and 10 M SPER/NO. Maximum NO release
is indicated by the dot with a constant increase until a pseudo steady-state plateau is reached.
(B) NO release from 500 M SPER/NO over time, detected by an NO electrode (n=4). The
dot indicates when maximum [NO] is achieved. (B-Insert) Log-log plot displays the
relationship between [NO] and [SPER/NQ] using maximum [NO] from ranging [SPER/NO]
detected by the electrode. The linear fit of the log-log plot has a slope of 0.508 with a
standard deviation of 0.208. The slope is not significantly different than 0.5 (p=0.95).
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Figure2.
Fluorescent intensity curves obtained from solutions containing 5 pM DAF-FM and 50 uM
SPER/NO (A) simulation (B) experimental, indicating when Bax iS achieved.
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Figure 3.

(A) Fluorescent intensity curves showing the dependence of [SPER/NQO] (10 M, 100 pM,
and 1 mM) on slope (Bmax). (B) Log-log plot of Bmax and [SPER/NO] (n=5). A linear
relationship is observed having a slope of 0.99 with a standard deviation of 0.03. This slope
is not significantly different than 1 (p=0.74).
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Figure 4.

(A) Data fitting for Bmax With respect to [DAF-FM] at 12.5 and 125 pM [SPER/NQ] (n=5)
indicating ECgq values of 1.0 and 5.3 respectively. (B) Log-log plot of ECsg and [SPER/
NO] (n=5) with a linear relationship having a slope of 0.59 and a standard deviation of 0.06.
The slope of this line is statistically different than 1 (p<5.5x107°) and 0 (p<1.2x107°) and
close to 0.5.
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Relationship of the dependence of ECsq on [NO]. The linear slope of the line yields the

value of K KEC...=4.27 with a standard deviation of 0.57.
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