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Reductive decomposition of a diazonium intermediate by dithiothreitol
affects the determination of NOS turnover rates

Indika N. Perera, Talal Sabbagh, Jean A. Boutros, Mekki Bayachou

Introduction

Determination of trace amounts of nitrite is crucial in a
number of mechanistic and kinetic investigations addressing
structure—function of enzymes. Examples include investigations
addressing mechanisms and kinetics of the molecular function of
enzymes such as Nitrite Reductases (NiR) [1] and nitric oxide syn-
thases (NOS) [2]. In the latter case, accurate determination of nitrite
(NO, ™) as a breakdown product of nitric oxide (NO) is of particu-
lar importance in current investigations, which aim to understand
the molecular function of NOS enzymes. Nitric oxide synthases
are heme enzymes that catalyze the in vivo synthesis of nitric
oxide, a diatomic molecule that was found to mediate numer-
ous physiological processes and is involved in the development
of a host of pathological states [3]. NO is involved in vasodila-
tion, neurotransmission, cytotoxicity, and cytoprotective processes
[4,5]. It is biosynthesized by enzymatic oxidation of one termi-
nal guanidine-nitrogen of the amino acid L-arginine through the
N-hydroxy-L-arginine intermediate, yielding L-citrulline as a co-
product (Scheme 1).

Although several methods have been developed to determine
the NOS turnovers [6-8], NO is often quantified in the form of

nitrite (NO, ™), a stable breakdown product of NO in aerobic reaction
media. Various methods are employed to quantify nitrite accurately
especially in biological samples [9-13]. The most commonly used
technique to quantify nitrite in NOS mechanistic investigations
is using a spectrophotometric assay based on the Griess reaction
through a standard calibration curve [14,15]. This assay is based on
atwo-step diazotization reaction in which acidified nitrite produces
a nitrosating agent which reacts with sulfanilamide to produce
the diazonium derivative. The diazonium ion is then coupled to
N-1-napthylethylenediamine dihydrochloride (NED) to stoichio-
metrically form the final azo-product which absorbs at 540 nm
(Supporting information, Scheme S1). The Griess assay is widely
used to determine nitrite in a variety of biological and experi-
mental matrices such as plasma, serum, urine, and tissue culture
media [16-18]. However, serious accuracy problems may arise in
the presence of interfering agents, especially if these are not taken
into account during the external calibration. It has been already
reported that the NOS enzyme itself spectrally interferes with the
final product of Griess assay [19]. The NADPH, an essential cofactor
in NOS reaction, is also a known interferent in the Griess assay [20].
John Moody and Shaw recently published a reevaluation study of
the Griess assay in terms of the extent of interference brought by
nicotinamide nucleotides in the assay medium [21]. A prior review
by Fox and Suhre documented interferences by a number of agents
including thiols [22].

Accurate quantification of nitrite is critical for reliable determi-
nation of NOS turnover and other kinetic aspects; it thus can affect
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Scheme 1. Enzymatic synthesis of nitric oxide by NOS enzymes; the reaction uses L-arginine as a substrate and oxygen as co-substrate. NADPH, FAD, FMN, and tetrahydropterin

are also necessary for the NOS function.

all derived mechanistic/kinetic interpretations. The cationic diazo-
nium intermediate that forms during the first step of the Griess
assay is vulnerable towards most reducing agents in the assay
medium, especially dithiothreitol (DTT), which is widely used in
NOS reactions. The interaction between diazonium intermediate
and DTT, especially when present in high concentrations (0.5 mM
or higher), results in a critically low yield for final azo-compound,
which seriously affects the sensitivity of the method. This, in turn,
leads to serious limitations for nitrite determination especially in
the low concentration range (i.e. 2.5-10 wM), where important
mechanistic information is usually derived through measurement
of initial rates.

In this work, we probe the nature of critical interaction of the
diazonium intermediate with DTT as a reducing agent using elec-
trochemical and spectrophotometric techniques. The study also
explores how DTT concentration affects the sensitivity of the Griess
assay for nitrite determination, even when matrix correction (i.e.
using DTT in standards) is used in the external calibration method.
The study further investigates possibilities to minimize the matrix
difference to achieve high accuracy and sensitivity using standard
addition method.

Experimental
Reagents

All the chemicals used were of analytical grade. Nanopure deion-
ized water (specific resistance > 18.2 2 cm) used in all experiments
was supplied by a Barnstead water purification system. All working
solutions of nitrite were prepared using 0.1 M standard nitrite solu-
tion. Dithiothreitol and NADPH were purchased from Sigma. The
Griess reagent kit was purchased from Promega (Madison, WI) and
was used following the technical instructions provided. Briefly, the
analyte solution is incubated with sulfanilamide first for 10-15 min,
followed by the addition of NED (10-15 min), and the absorbance
of the final azo dye (Amax at 540 nm) is recorded. It is worth men-
tioning the concentration of the Griess ingredients in the stock
solutions of the kit. Based on the chemical specifications on the
Promega kit, the concentration of sulfanilamide solution is 58 mM
while the NED solution is at 3.9 mM. These concentrations ensure
that the Griess assay ingredients are always in excess compared to
the nitrite analyte.

Apparatus

UV-vis absorbance spectra were recorded on Agilent 8453 spec-
trophotometer. Spectra were collected between 400 and 650 nm.

Cyclic voltammetry was performed in a standard three-electrode
cell using a BAS100W electrochemical workstation (Bioanalytical
Systems Inc.). A gold working electrode (CHI, Area=0.0314 cm?)
was polished with alumina slurry (successively with 0.3 and
0.05 pm), and cleaned in ultrasound bath in deionized water.

Electrochemical measurements

All electrochemical measurements were carried out in nitrogen
purged 0.05M NaCl solution. The solutions were stirred between
the cyclic voltammetric experiments; all potential are reported ver-
sus the Ag/AgCl reference electrode. After each scan in solutions of
diazonium ions, the working electrode was cleaned with piranha
solution (70% H,SO4 and 30% H,0,) and polished as described
above.

Procedure for calibration curves

The Griess assay used widely is a two-step process. First the ana-
lyte aliquot is incubated for 15 min with an excess sulfanilamide
to generate the diazonium cation. NED (in excess of the diazo-
nium cation formed) is then added to the assay medium and the
color is allowed to develop. Absorbance is recorded after exactly
15 min of reaction time. Calibration curves were constructed for the
range of 2.5-15 wM nitrite; standards were prepared using 0.1 M
nitrite stock solution. 500 pL-aliquots of standards are incubated
for 15 min each with 100 p.L sulfanilamide and 100 L NED. Deion-
ized water is added up to 1.00mL and absorbance measurement
taken at 540 nm.

To evaluate the matrix effect, samples for recovery studies are
prepared by mixing various amounts of nitrite and DTT (from 1 mM
working solutions) and diluting with deionized water to 1.00 mL.
500 p.L aliquots of each unknown were incubated for 15 min with
100 pL sulfanilamide followed by 100 wL NED and diluted with
deionized water to 1.00 mL. The absorbance is then measured and
the nitrite amount is quantified using a suitable calibration curve.

Procedure for standard addition method

Samples containing two different concentrations of nitrite (3
and 6 wM, prepared from a 0.1 M stock solution just as we did for
the regular calibration method) in the presence of three represen-
tative concentrations of DTT (0.0, 0.4, and 1.0 mM) were prepared,
giving a total of six test solutions. The total volume of each sam-
ple analyzed was 3.00 mL. The range of nitrite concentration in
these working samples was selected based on actual ranges used
in NOS reaction investigations. Each test solution was divided into
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Fig. 1. (A) Comparison of cyclic voltammograms obtained for diazonium intermediate formed in situ by adding 0.5 mM nitrite to 0.5mM sulfanilamide. (. ..) Background
voltammogram of sulfanilamide only; (—) 1st voltammetric scan after addition of nitrite; (- --) 2nd scan after addition. (B) Voltammetric response of 0.5 mM diazonium ion
formed in situ in absence (—) and presence of 0.5 mM DTT (---) and 1.0 mM DDT (.. .); all voltammograms are first scans.

six 0.50-mL aliquots. Then known amounts of nitrite standard were
successively spiked into each vial followed by appropriate amounts
of the Griess assay reagents (i.e. sulfanilamide and NED solutions).
The mixtures were incubated for 15 min. The resulting solutions
are then diluted to 1.00 mL with deionized water. Nitrite concentra-
tion in each sample was then quantified using known procedures of
standard addition method by measuring the absorbance at 540 nm.
All results presented, unless otherwise mentioned, are averages of
triplicate trials. Results are reported as averages of replicate tri-
als + standard deviation

NOS assays

The second step of the NOS reaction, i.e. the conversion of N-
hydroxy-L-arginine (NHA) to L-citrulline and NO, is generally used
in NOS mechanistic investigations and was similarly used here to
test the performance of various methods in nitrite quantification.
The NOS reaction of this step is facilitated by addition of Hy05.
For validation, three different test samples with three different
DTT concentrations, 0, 0.4 and 1 mM, were prepared in pH 7.4
HEPES buffer, each containing 0.1 mM NHA and 10 uM H4B. 300-p.L
aliquots of each test solution were put in small reaction tubes fitted
on a heating block; the tubes were kept 15 min at 37 °C. 5 p.L of puri-
fied iNOS-oxygenase domain (iNOSoxy, 22 wM) were then added
to the reaction vials. The solutions were kept for another 5min
at 37°C. The NOS reaction is started by adding 0.25 pL of 50 wt.%
H,0, and allowed to proceed for 20 min at 37 °C. The reactions were
quenched by adding 100 L ice-cold deionized water into the reac-
tion vessels and stored in ice for calibration and standard addition
measurements. All results presented, unless otherwise mentioned,
are averages of triplicate trials. Results are reported as averages of
replicate trials + standard deviation.

Results and discussions
Electrochemical results

In the first step of the Griess assay, sulfanilamide, under acidic
conditions, reacts with nitrite to form sulphanilamide-diazonium
intermediate. Most diazonium derivatives can be reduced electro-
chemically within the potential window of +300 to —500 mV versus
Ag/AgCl [23-25].

Fig. 1A shows the cyclic voltammogram for the reduction of
sulfanilamide-diazonium ion formed in situ. The voltammetric sig-
nature in the form of the irreversible reduction peak near —100 mV

shows quantitative formation of the diazonium derivative upon
reaction of sulfanilamide with added nitrite under acidic condi-
tions. A number of diazonium derivatives have been shown to form
in similar conditions, and can be electrochemically reduced to graft
the electrode surface in question [23]. Pure sulfanilamide does not
give this electrochemical response. Also, the irreversible reduction
wave in Fig. 1A exhibits a general behavior characteristic of the elec-
trochemical behavior of aryl-diazonium derivatives in that the first
scan generates highly reactive aryl radicals which attach to the elec-
trode surface and prevent direct electrochemical reduction during
subsequent cycles. As a result, and unless the electrode surface is
thoroughly cleaned and polished, second and subsequent cycles do
not show any reduction (Fig. 1A). This typical behavior is another
indicator pointing to the formation of the sulfanilamide diazonium
derivative upon nitrite addition.

The diazonium intermediate that forms during the first step
of the Griess assay is vulnerable towards most reducing agents,
especially dithiothreitol, which is widely used in media for NOS
reactions [16,26]. Fig. 1B shows the effect of DTT concentrations on
the sulfanilamide-diazonium intermediate. All scans in Fig. 1B are
first scans only, after which the electrode is thoroughly cleaned and
polished. Increasing the concentration of DTT from 0.5 to 1.0 mM
significantly decreases the diazonium reduction current. The addi-
tion of a large excess (>10mM) of DTT destroys completely the
diazonium intermediate as evidenced by total disappearance of its
reduction peak (results not shown).

UV-vis spectroscopic results

Diazonium intermediates frequently absorb at or around 375 nm
[19]. Fig. 2A shows the location of the absorption band corre-
sponding to the sulfanilamide-diazonium ion formed in situ upon
addition of 0.1 mM nitrite to sulfanilamide; the absorbance was
measured at regular time intervals. An absorption band at 365 nm
appears within 5 min of nitrite addition. The absorption continues
to increase steadily through the first 15 min and then stabilizes as
a result of nitrite depletion.

The interaction of DTT with the diazonium intermediate of the
Griess assay can also be monitored using absorbance spectroscopy.
Addition of 0.5 mM DTT to the diazonium derivative first gives rise
to a transient peak that is slightly red-shifted, which then decays
over few minutes with an isosbestic point at 406 nm (Fig. 2B). The
transient peak corresponds likely to a preliminary association com-
plex between DTT and the diazonium ion, an association that serves
as a preamble to internal electron transfer which then decom-
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Fig. 2. (A) Formation of the sulfanilamide-diazonium derivative in situ as a function of time at 20s (.. .), 5min (---) and 15 min (—). (B) Diazonium derivative in absence (—)
and presence of DTT immediately at 30s (---) and after 1 min (----), and 5min (. ..); note the slightly red-shifted transient peak that appears upon addition of DTT.

poses the diazonium derivative. The decomposition observed with
absorbance spectroscopy is consistent with our electrochemical
results, which show decrease of the diazonium derivative upon
addition of DTT. The decomposition of the diazonium derivative
is the result of electron transfer from the reducing thiol (DTT).

Effect of DTT on the slope of the calibration curve

Fig. 3 shows how the sensitivity of the Griess assay using external
calibration is affected by the presence of increasing amounts of DTT
in nitrite standards. The series of curves unequivocally show that as
the concentration of DTT increases, a marked decrease in the slope
of the linear calibration results. The presence of DTT greatly affects
the level of absorptivity at 540 nm of the final azo-compound pro-
duced by the Griess reagents in the presence of nitrite. The decrease
in absorptivity is proportional to the concentration of DTT present
as shown by the inset in Fig. 3. The effect of DTT on the slope of the
Griess calibration curve is rationalized in terms of its effect on the
initial cationic diazonium derivative of the two-step assay. How-
ever, we need to point out at this point that it is conceivable that
DTT, as a dithiol species, may react directly with nitrite to form
a mono- and/or di-nitroso-DTT derivatives, which may also con-
tribute to the decreased absorbance of the final azo-compound. To
test for this possibility, we have conducted experiments in which
we varied the order and the time of addition of DTT (i.e. before or
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Fig. 3. Effect of DTT concentration on the slope of the calibration curve of the Griess
assay. Numbers next to the curves indicate the corresponding DTT concentration
in the assay medium; Data points reported as averages +standard deviation. Inset:
plot of assay sensitivity (absorbance units per .M of nitrite) as a function of DTT
concentration.

after formation of the cationic intermediate) and comparing final
absorbances in both cases, we unequivocally show that this reac-
tion, if any, does not contribute to the loss of the final absorbing
compound in the Griess assay (Supporting information, Figure S1).
In addition, we show that the reaction of a simpler diazonium cation
(para-nitrobenzene diazonium) formed and purified in conditions
similar to the first step of the Griess (i.e. reaction of the amine
form with nitrite under acidic conditions) takes place quantita-
tively with added DTT and yields the disulfide (i.e. the oxidized)
form (Supporting information, Figure S2).

It is important to note that varying times (10, 15, 20 min) of
interaction of DTT (with nitrite and with the Griess cationic inter-
mediate) do not change the conclusion of our findings, and always
show that the primary interaction of DTT that accounts for the loss
of the final azo dye is with the cationic intermediate of the first step
of the Griess assay.

These observations are consistent with our electrochemical and
spectroscopic results pointing to the reductive decomposition of
the initial diazonium-sulfanilamide cation upon addition of the
reducing agent DTT. It is important to mention that the concen-
trations of DTT in NOS reaction media that we used here are typical

Nitrite concentration(uM)
A\
AN
lH L

15 T v T T T b T : :
0.0 0.2 0.4 0.6 0.8 1.0
DTT concentration(mM)

Fig.4. Comparison of values obtained from calibration and standard addition meth-
ods for two levels of nitrite as working “unknowns” in the presence of different
DTT concentrations. Expected values for the two concentrations (solid line with
solid squares) are to be compared with recovered values using standard addition
(dashed line with solid triangles) and calibration (dotted line with open triangles).
Data points reported as averages of triplicate trials + standard deviation.



concentrations used in NOS investigations [16,26]. These observa-
tions indicate that the response of the Griess assay is compromised
as the concentration of DTT increases. This effect is significant with
concentrations of DTT as small as 0.2 mM for the micromolar range
of nitrite (or nitric oxide) routinely encountered in NOS investiga-
tions. In addition, the series shows that the 1-mM concentration
level of DTT, usually used in reaction media supporting NOS reac-
tions, depresses the response of the assay by over 44%.

The decrease of the response of the Griess assay as a result of
DTT presence in reaction media results in significant discrepancy
between true nitrite concentrations and quantities determined
from the Griess assay using blind external calibration curves, even
when DTT is taken into account. In fact, the concentration of DTT,
being a sacrificial reducing agent in the enzyme buffer medium, is
generally not known accurately at the time of the assay. In addi-
tion, even if the concentration can be estimated, as we show in
Fig. 3, the sensitivity of the assay (slope of the linear curve) is
seriously depressed at higher DTT concentration which will affect
the evaluation of lower nitrite concentrations (or NO in the case
of NOS reaction) encountered in experiments at limited enzyme
turnovers, where lower nitrite (or nitric oxide) concentrations are
encountered. Other differences between media used to construct
calibration curves for the Griess assay and the samples matrix also
affect the accuracy of the results. For instance, in the case of the NOS
reaction, slight differences in the concentration of NADPH, another
reducing agent that can interact with the diazonium intermediate
[21],alsoresultin noticeable discrepancies in analyte recovery tests.
Together, these results show that blind external calibrations yield
large errors in the determination of nitrite and, thus, of nitric oxide
in the case of NOS reaction, particularly at low concentrations such
as those encountered under initial rates settings. The large con-
centration errors caused by DTT would significantly affect derived
kinetic and mechanistic interpretations.

Comparison of the performance for calibration and standard
addition methods

Because the presence of DTT changes the accuracy and sensi-
tivity of the Griess assay, we examined whether the method of
standard additions would better reproduce nitrite concentrations
compared to the method using external calibration [19)].

The calibration method shows significant deviations from actual
sample values at 3.0 and 6.0 uM levels in the presence of increas-
ing concentrations of DTT. It is important to note that the working
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solutions of nitrite mixed with DTT are prepared fresh and used on
the spot for the calibration and standard additions [27]. The poor
analyte recovery is particularly worse for high DTT concentrations
and/or low nitrite concentrations (Fig. 4). As for standard addition
method, although it does not entirely eliminate the matrix effect, it
has a remarkable performance compared to external calibration,
especially if one considers the level of DTT interference present
in the assay. One of the attributes of the procedure of standard
addition, because it uses spiked analyte samples, is the fact that it
averages the depressing effect of DTT at various nitrite concentra-
tions, and actually gives weight to the relatively lower effect of DTT
observed at higher nitrite concentrations. The resulting observed
effect of DTT present in the analyte sample is smaller than in
the original non-spiked sample. However, this method, although it
decreases the effect of DTT, will not completely eliminate it because
there will be always a finite level of reaction of DTT with the diazo-
nium cation generated in the first step of the Griess assay. Methods
aiming at eliminating the interference by background thiols in cases
such as measurement of S-nitrosothiols in biological samples are
known; these include an alkylation step of interfering thiols in the
medium by N-ethylmaleimide (NEM) during sample preparation
[28,29]. Conceivably, this alkylation method can also be used here
to minimize or eliminate the reducing effect of thiols such as DTT
in the Griess assay. However, this extra step is not typically used
in Griess assays performed in the context of investigation of NOS
enzymatic reactions. The standard additions method as shown here
significantly minimizes the DTT interference. Despite a certain level
of observed deviations from actual concentrations, the method is
still far more reliable than blind external calibration when DTT and
other potential interferences are involved. In addition, contrary to
matrix-corrected external calibration (i.e. with the attempt to com-
pensate for a known level of DTT), the exact level of DTT in the test
solution does not need to be known for standard additions method
[19].

Effect of DTT on the determination of NOS turnover using the
Griess assay

In this section we wanted to evaluate the effect of various lev-
els of DTT on actual NOS turnover rates through measurements of
NO produced. The catalytic oxidation of N-hydroxy-L-arginine by
inducible NOS oxygenase (iNOSoxy) results in nitric oxide produc-
tion which is measured under the conditions described in Section
2. The NO produced is evaluated through measurement of nitrite
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Fig.5. (A)NO production by iNOSoxy after 20-min reaction periods in the presence of different DTT concentrations. NO levels were calculated from external calibration curves
using the Griess assay. Error bars indicate + standard deviation. (B) NO production by iNOSoxy after 20-min reaction periods in the presence of different DTT concentrations.
NO levels were measured using standard addition method and the Griess assay. Error bars indicate + standard deviation.



using the Griess assay and suitable calibration curves. Fig. 5A shows
that the level of DTT in the enzymatic reaction medium affects
seriously the findings of the Griess assay and, thus, NOS turnover
determination. The amount of NO measured becomes significantly
lower as the concentration of DTT in the NOS reaction medium
increases (Fig. 5A).

The increasing levels of DTT transferred from the reaction
medium to the assay medium likely contribute to greater degra-
dation of the sulfanilamide diazonium intermediate of the Griess
assay, which, in turn, results in lower apparent NO concentrations.
In addition to accuracy, the standard deviation of nitric oxide deter-
mination is also affected (see error bars on chart, Fig. 5A) at high
levels of DTT (~1 mM), where the concentration of the absorbing
azo-product of the Griess reaction becomes critically low. Assays
of nitric oxide from iNOSoxy reactions containing 0 mM DTT and
0.4mM DTT resulted in relatively close concentrations of 15.537
(£2.313) wM and 13.176 (£1.621) wM, respectively (for the enzyme
amount and reaction time as described in Section 2). This sug-
gests that, at least for this typical reaction setting, the 0.4 mM DTT
level does not severely compromise the Griess assay. NOS reac-
tion media with DTT concentration levels of 0.5 mM or higher give
extremely low apparent NO concentrations when using external
calibration, which can greatly underestimate corresponding NOS
turnover rates.

Because the method of standard addition performed much bet-
ter than the method of external calibration in terms of analyte (NO)
recovery (Section 3.4), we examined if this can still hold true when
measuring NO produced by NOS in reaction media with various
levels of DTT. Fig. 5B shows NO concentrations measured from NOS
reaction media with 0.0, 0.4 and 1.0 mM DTT. Here again, the stan-
dard addition method shows improved NO recoveries compared
to the method of external calibration, even at DTT levels as high as
1.0 mM (Fig. 5B). The standard addition method has been previously
shown to correct for the poor performance of external calibration in
a multiple-step assay, developed for the determination of banned
azo dyes in different leather types [30]. In our case, the standard
addition method, due to its inherent use of spiked samples, may
be benefiting from a positive contribution of higher concentrations
where the DTT effect on the assay is relatively repressed.

Conclusion

Our electrochemical and spectrophotometric analyses indicate
that the vital diazonium intermediate of sulfanilamide in the Griess
assay reacts with the reducing agent DTT in solution which causes a
decrease in the concentration of the final absorbing azo-compound.
Therefore, the presence of DTT and other similar reducing agents
significantly affects the measurement of nitrite concentration using
the traditional Griess assay and blind external calibration methods.
The performance of the method is especially poor at low nitrite (or
NO) concentrations. The apparent lower-concentrations observed
can compromise the interpretation of initial reaction rates and
derived structure-function analysis. Our work shows that the 1-
mM concentration level of DTT, often used in reaction media of NOS
reactions, depresses the response of the Griess assay by over 44%.
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The standard addition method, on the other hand, performs better
than the conventional external calibration method, both in analyte
recovery studies, and in actual measurements of NO production in
NOS catalytic reactions. While the accuracy and sensitivity issues of
the Griess assay in the presence of reducing agents are presented
here in the context of the NOS reaction and NO determinations,
this problem is quite general [21], and applies to all cases in which
the diazonium intermediate of the Griess reaction is exposed to
reducing agents.
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