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ABSTRACT

Ever since it was found to mediate the endothelium-dependent dilation of blood vessels, nitric oxide (NO)
has generated enormous research interest throughout the biological sciences. Over thirty years of research has
identified NO as a ubiquitous and versatile regulatory factor utilized by both vertebrates and invertebrates.
The short lifetime and low concentration of NO make quantitation difficult. Here we report a method for
measuring NO using the selective reaction with 2- (4- carboxyphenyl)- 4, 5- dihydro- 4, 4, 5, 5- tetramethyl-
1H- imidazolyl- 1- oxy- 3- oxide (carboxy-PTIO) to form carboxy-PTI. We used tandem mass spectrometry to
verify the validity of this reaction, and liquid chromatography - mass spectrometry to quantitate the amount
of carboxy-PTI formed. Using diethylamine nonoate as a NO donor we demonstrate this method can quantitate
NO concentrations with a detection limit of 5 nM. We successfully determined the amount of NO generated
endogenously by frog heart/aorta when stimulated by carbachol, a non-selective acetylcholine receptor agonist.
Based on these results, we suggest that this technique can be useful for the quantitative determination of NO in
biological samples.

e We report a method to measure NO by reacting it with carboxy-PTIO to form carboxy-PTI.
e The carboxy-PTI is quantified by liquid chromatography mass spectrometry (LCMS).
e This method can quantitate NO concentrations ranging from 5 nM to 1 pM
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Background

Over the last three decades, the molecule nitric oxide (NO) has captured a great deal of interest
in many biological and biochemical fields such as neuroscience, physiology, and microbiology. NO
was initially revealed to mediate acetylcholine (ACh) induced arterial smooth muscle relaxation [1-4].
After many years of intensive research, NO has been shown to be a ubiquitous and versatile regulator
of a great variety of physiological and pathological processes such as neurotransmission, immune
response, and bacterial stress-response [5-8]. In a typical pathway, endogenous NO is generated by
an enzyme nitric oxide synthase (NOS) using L-arginine, NADPH, and oxygen. Once NO is produced, it
diffuses across the cell membrane to reach its target [8,9]. There is considerable interest in developing
methods for determining levels of NO in biological samples with high specificity and sensitivity.

Quantitative determination of NO in biological samples is particularly challenging given its short
lifespan and low concentration in biological systems - generally estimated to be on the order of
seconds and nanomolar respectively [10,11]. Several tools to detect NO in biological systems have
been developed and reviewed [12-14]. Many of the commonly utilized methods suffer from some
disadvantages [15,16]. Table 1 summarizes the major methods for detecting NO. The first method to be
widely used for quantifying NO was the Griess test, in which NO,~, a natural autoxidation product of
NO, is derivatized to a purple azo dye that can be quantified using spectrophotometry [13]. However,
the NO autoxidation process is subject to interference in biological systems, as NO and its natural
derivatives (e.g., NO,, N,O3, NO, ™) are readily trapped by biomolecules such as heme, glutathione,
sulfhydryl, and unsaturated fatty acids [10,17,18]. Thus, NO,~, the analyte of the Griess test, may
not represent the NO concentration. One method to increase the accuracy of the Griess test is
to use 2- (4- carboxyphenyl)- 4, 5- dihydro- 4, 4, 5, 5- tetramethyl- 1H- imidazolyl- 1- oxy- 3-

oxide (carboxy-PTIO) to rapidly convert NO to NO,, which is then transformed to NO,~, by reacting
with carboxy-PTIO or a combination of NO and H,0 [10,17,18].

Several fluorescence-based methods have also been developed to measure NO concentration
with high sensitivity and high spatial and temporal resolution [28]. One common method uses the
fluorescent probe 4,5-Diaminofluorescein (DAF-2) from the family of diaminofluoresceins [19,29].
Modification of DAF-2 into the diester form, DAF-FM, which allows it to be indiscriminately delivered
into the cytoplasm of cells, has further increased its usefulness [19]. However, just like the Griess
test, DAF-2 does not target NO but rather autoxidation products such as N,O3 [19]. The DAF-2 probe
also responds to common metabolites such as dehydroascorbic acid and ascorbic acid [30]. As a
result, this method suffers from false-positive signals. Similar limitations have been reported for other
fluorescence-based probes [29,31]. Recently a new fluorescent probe, FP-NO, has been described which
exploits the restriction of rotation of an N-N single bond in coumarin when NO binds, dramatically
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Table 1
Methods used for detecting nitric oxide.
Method Analyte Detection ~ Advantages Disadvantages References
limit
Griess test NO,~ uM Easy to use Low sensitivity; not [13]
(spectrophotometry) directly measuring
NO
DAF-2 (fluorescence) NO metabolites nM Easy to use; high spatial, Not directly measuring [19]
temporal resolution NO
Luciferin-luciferase NO pM High sensitivity Specialized [20]
(luminescence) instrumentation
NO electrodes NO nM High spatial, temporal Specialized fabrication  [15,21-25]
(electrochemical) resolution and instrumentation
ESI-MS/MS NO nM Instrument common in Contamination due to [26,27]
academic institutes the lack of sample
separation; low
spatial, temporal
resolution
LCMS NO nM Using a common Low spatial, temporal This paper
instrument and a resolution

frequently used reagent
in NO research

increasing its fluorescence [32]. This method is reported to have a detection limit of 47.6 nM; however,
it has undergone minimal testing in living organisms [32].

Another class of NO detection methods utilizes amperometric microelectrodes [15,21-25]. This
method has extremely high spatial and temporal precision. Over the past few years, it has also seen
significant improvements in its sensitivity and specificity [21]. Currently, it is capable of detector
nanomolar changes in NO concentration over milliseconds. Clearly, NO electrodes are a powerful
quantification tool given the right expertise to fabricate, calibrate, and use them [25,33].

A method that uses chemoluminescence to detect NO has recently been described [20]. In this
method, soluble guanylate cyclase converts GTP to cGMP and pyrophosphate (PP;) when activated by
NO. The PP; is then converted to ATP and the ATP is detected by a luciferin-luciferase assay. This
method is reported to be two orders of magnitude more sensitive than using DAF-FM [20].

A technique to measure NO that uses an o-phenylenediamine moiety to trap NO by forming a
benzotriazole group using tandem mass spectrometry (MS/MS) to quantify the resulting product was
reported [26]. However, it has been noted that the lack of a separation step could cause possible
interference in the mass spectra by molecules other than the analyte [27]. Here we present a liquid
chromatography-mass spectrometry (LCMS) based NO-quantitation method by reacting carboxy-PTIO
with NO to form carboxy-PTI and employ LCMS to detect and quantify carboxy-PTI. In biological
studies, carboxy-PTI is often referred to as an NO scavenger, because it rapidly reacts with NO and
prevents the diffusion of the gas molecule. The radical-specificity of carboxy-PTIO renders it unreactive
with most molecules in biological systems. It is reported that carboxy-PTIO reacts with O,~, but
the product of this reaction is carboxy-PTIOH instead of carboxy-PTI [18]. Moreover, the membrane
impermeability of carboxy-PTIO means this technique is free from interference by intracellular
components such as O~ [34]. Our results suggest this straightforward method has excellent precision
and accuracy when detecting NO released from the NO donor, diethylamine nonoate (DEANO). DEANO
belongs to the nonoate family of NO donors that readily dissociate in an aqueous solution, and
compared to other nonoates, DEANO has a relatively high yield of 1.5 NO molecules per DEANO.
Just as other nonoates, the decomposition rate of DEANO is low at high pH (>8) and rapid in acidic
solutions [35,36], a useful characteristic for the titration experiments of this paper. We show that our
technique can detect NO liberated from as little as 5 nM DEANO when titrated with 100 nM carboxy-
PTIO. We also demonstrate that this is sufficient sensitivity to detect NO release from a single frog
heart/aorta stimulated by the acetylcholine receptor agonist carbachol.
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Scheme 1. Schematic representation of the reactions between NO and carboxy-PTIO. NO reacts with carboxy-PTIO to produce
carboxy-PTI and NO, in Reaction 1. NO, then feeds into a cycle of Reactions 2 and 3, which consumes another molecule of NO.
Both Reactions 2 and 3 (k = 1.5x107 M~'s~! and 2.3x10° M~'s~!, respectively) are much faster than Reaction 1 (k = 6-10x 103
M-1s~1) [19]. The cycle of Reactions 2 and 3 results in no loss of carboxy-PTIO or gain of carboxy-PTI. Together, these reactions
result in an overall NO:carboxy-PTI stoichiometry between 1:1 and 2:1 [19].

Scheme

We demonstrate a method to measure nitric oxide (NO) in aqueous solutions by reaction with
carboxy-PTIO. The derivatization reaction between NO and carboxy-PTIO is shown in Scheme 1.
Previous studies have found that NO reacts specifically with carboxy-PTIO to produce carboxy-PTI and
NO, much faster than the typical residence time (a few seconds) of NO in biological samples (Reaction
1) [10,18]. NO, is not the end product of this system as it rapidly oxidizes carboxy-PTIO to carboxy-
PTIO* (Reaction 2). carboxy-PTIO* rapidly reacts with another molecule of NO to produce NO,~ and
regenerates carboxy-PTIO (Reaction 3). This results in an overall NO:carboxy-PTI stoichiometry of n:1
(1<n<2) [18]. Thus, we quantitated the change in carboxy-PTI, the reaction product, as an indicator
for the amount of NO in the solution.

Determining optimal concentration of carboxy-PTIO

To quantify the amount of carboxy-PTI in the solution, we used 10 uM tryptophan as an internal
standard. The relative abundance of carboxy-PTI was calculated from the ratio of the intensity of the
carboxy-PTI and the tryptophan (deaminated in the ionization process) peaks in the chromatograph
(Fig. 1A, see Figure S1A for a total ion chromatograph). The carboxy-PTI peak identity was verified via
collision induced dissociation (CID) (Figure S2). To determine the ranges of detection and linearity
of this method, we titrated, in quadruplicate, 100 nM, 400 nM, and 4000 nM carboxy-PTIO with
the pH-dependent NO donor DEANO and analyzed the reaction mixtures using LCMS (Fig. 1B). Each
titration reaction of carboxy-PTIO with DEANO was carried out for at least 4 hours at pH 5.5 to ensure
complete DEANO dissociation (reported t;,: 16 min at 25°C and pH 7.4) [37].
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The LCMS results show different ranges of linearity for all three titration curves. The regions of
linearity for 100 nM (Fig. 1C), 400 nM (Fig. 1D) and 4000 nM (Fig. 1E) carboxy-PTIO are found to
be 5-90 nM, 100-900 nM and 40-1000 nM DEANO respectively (see Table S1 for the regression
parameters). As an independent confirmation of the technique and of the use of DEANO as an NO
donor, we also analyzed most reaction mixtures using the modified Griess test as described in Amano
and Noda [17]. The carboxy-PTIO oxidizes NO to NO,~ which reacts with the Griess reagent. A
reference reading of the Griess test is shown for 400 nM and 4000 nM carboxy-PTIO. The region of
linearity for DEANO concentrations in the 100 nM carboxy-PTIO titration series is below the detection
limit of the Griess test, which is typically reported as 500 nM NO,~ [38]. We also found using the
Griess test the DEANO-NO stoichiometry of dissociation is 1:1.46+0.01, close to the literature value of
1:1.5 (Figure S3) [35,37].

Determining accuracy and precision of the method

Since these results indicate that 100 nM carboxy-PTIO gives the best sensitivity, we used this
concentration of carboxy-PTIO to determine the method’s accuracy and precision. In the accuracy
test, we prepared DEANO samples of 15 nM, 35 nM, and 50 nM and derivatized them with 100
nM carboxy-PTIO. The LCMS results give a carboxy-PTI relative abundance of the 50 nM sample that
is 103+£2% of the sum of the 15 nM and 35 nM samples after baseline correction (n=5 for each
concentration). The relative standard deviation of 10 samples of 100 nM DEANO derivatized with 100
nM carboxy-PTIO was found to be 2.57%, demonstrating excellent precision.

Testing the specificity of carboxy-PTIO

As seen in Fig. 1B, 4000 nM carboxy-PTIO gives an unexpected non-zero normalized carboxy-PTI
relative abundance. This suggests that carboxy-PTIO is unstable at a high concentration. To investigate
the origin of carboxy-PTI production in the absence of a source for NO (termed auto-derivatization
below), we first monitored the time-course of the auto-derivatization reaction at 4000 nM carboxy-
PTIO (Fig. 2A). This reaction is significantly slower than the reported reaction between carboxy-PTIO
and NO (k = 6-10x103 M~1s~1) [18]. Treating the solution with argon for 10 min significantly lowered
the rate of this reaction, suggesting that carboxy-PTIO reacts with a dissolved gas (Fig. 2A, solid
triangles). Interestingly, treating the solution with a low concentration (200 pM) of DEANO instead of
argon slowed down the auto-derivatization rate as well (Fig. 2A, empty circles), presumably because
this gas reagent also reacts with DEANO, its nonoate moiety, or NO. Regardless of the exact origin
of this phenomenon, the fact that 4000 nM carboxy-PTIO can produce carboxy-PTI in the absence
of NO shows that carboxy-PTIO should not be used at this high concentration. Consequently, we
think carboxy-PTIO is perhaps unsuited for quantifying high concentrations of NO, a limitation that
is unlikely applicable to biological systems (see below for an example).

Because our experiments used exclusively DEANO as the NO donor, an alternative interpretation of
our results is that carboxy-PTIO reacts with DEANO instead of NO to produce carboxy-PTI. To test this
possibility, we carried out, in triplicates, experiments using carboxy-PTIO and sulfo-nonoate (SulfoNO),
which shares the same nonoate moiety with DEANO but releases N,O instead of NO [35] (Fig. 2B). We
found that 100 nM carboxy-PTIO does not react with SulfoNO when the concentration of the latter is
as high as 8000 nM. Similarly, 100 nM carboxy-PTIO does not react with pre-dissociated DEANO, as
in this case all released NO molecules have been converted to NO,~ (Fig. 2B). We therefore conclude
that carboxy-PTIO reacts specifically with NO instead of nonoates or N,O.

Measuring NO generated by frog heart and aorta

To determine the effectiveness of this method in physiological assays, we set up an experiment
to quantitate the NO generated by the frog heart/aorta in response to the activation of acetylcholine
receptors (AChRs). To control for any pH and ionic strength effects on the reaction between NO and
carboxy-PTIO, we recreated the standard curve of DEANO titration in the frog Ringer solution (Fig. 3A).
In all physiological experiments, a heart and approximately 0.5 cm of its connected aorta were
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incubated in a series of tubes filled with 0.5 mL frog Ringer solutions containing 100 nM carboxy-
PTIO, for 30 min. We then applied 0.5 mM carbachol, a non-selective AChR agonist, and determined
the NO concentration in the solution. Carbachol produced the equivalent of 44 nM DEANO (Fig. 3B,
see sample chromatograph in Figure S1B) [39]. Blocking nitric oxide synthase (NOS) by pre-incubating
the heart in 1 mM L-NAME prevents carbachol-induced NO release, therefore affirming the release of
NO upon AChR activation. We estimate that this corresponds to a NO release rate of 1.1 pmol/min
into the extracellular medium by assuming a DEANO-NO stoichiometry of 1:1.46 (Figure S3) and an
extracellular solution volume of 0.5 mL. These results provide new quantitative insights into the well-
documented AChR-induced NOS activation in the frog heart/aorta endothelial cells and subsequent
smooth muscle relaxation [40].

Conclusions

In this work, we demonstrate the feasibility of using carboxy-PTIO, a common laboratory reagent
for the study of NO, and LCMS to effectively quantitate nitric oxide (NO) level in an aqueous solution.
We found this technique to be precise, accurate, and sensitive. We successfully utilized this technique
to quantitate the NO liberated from frog heart/aorta when stimulated by carbachol. Future work
should include automating the process of drawing carboxy-PTI-containing samples in order to quantify
NO at a higher temporal resolution. In addition, sample preprocessing and filtering will need to be
incorporated in order to apply this method to other biological systems such as the plasma and the
cerebral spinal fluid.

Materials and instrumentation

Chemicals (catalog number in parentheses)

DEANO (D5431), hydroxydiazenesulfonic acid 1-oxide disodium salt (SulfoNO, S8432) and L-
Tryptophan (T0254) were purchased from Millipore-Sigma. The Griess reagent kit (G7921) and
carboxy-PTIO (C7912) were obtained from Thermo-Fisher. NG-Nitro-L-arginine methyl ester hydro-
chloride (L-NAME, 0665) and (2-Hydroxyethyl)trimethylammonium chloride carbamate (carbachol,
2810) were purchased from Tocris Bioscience.

Chemical preparation

All chemical stock solutions were stored as instructed. The Griess reagents were stored at —4 °C.
Both DEANO (8 mM) and SulfoNO (10 mM) stock solutions were stored at pH 12.5 at —80 °C to
minimize decomposition [28]. Aqueous stock solutions of carboxy-PTIO (40 mM), L-NAME (500 mM),
and carbachol (10 mM) were stored at —20°C.

Instruments

A Waters Acquity (Milford, MA, United States) ultraperformance liquid chromatography (UPLC)
system with a 2.1x50 mm C18 reverse-phase column (Waters) was used for separations. Standard
parameters were used for both the LC and the electrospray ionization mass spectrometry (ESI-MS).
The flow rate was 0.3 mL/min and the gradient was set to ramp from 95%/5% (A/B) to 50%/50%
(A/B) over 5 min (A: H,O with 0.1% formic acid, B: acetonitrile with 0.1% formic acid). The column
temperature was 40 °C. A Xevo quadrupole-time of flight (Q-Tof) ESI mass spectrometer (Waters,
Milford, MA) was used in positive mode to detect and identify the LC peaks with an electrospray
voltage of 3 kV, source temperature of 120 °C, desolvation gas flow of 700 L/h and desolvation
temperature of 300°C. Leucine-enkephalin was used as a mass reference. LCMS data were analyzed
using Masslynx.

Griess test results were analyzed using an Agilent 8453 diode array spectrophotometer (Ramsey,
MN, United States).

We extracted the ion counts corresponding to the m/z ratios of monoprotonated carboxy-
PTI ([M+H]* = 263.14) and the internal control Tryptophan ([M-NH,]* = 188.06) from the
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chromatograph. Peaks corresponding to carboxy-PTI and tryptophan are consistently seen at T = 3.2
min and T = 1.8 min, respectively. We integrated the areas under the two peaks and calculated the
ratio of the carboxy-PTI peak over the tryptophan-peak as the relative abundance of carboxy-PTI.

Titration of carboxy-PTIO

We chose DEANO as the NO donor in this study because the rate of its decomposition can be
controlled via pH (fast in low pH and slow in basic conditions) [35,36], thereby preventing unwanted
NO generation before carboxy-PTIO was added in. We suspect other sources of NO donors (e.g.,
S-nitrosothiols) would give similar results, provided that the rate of NO generation is precisely
controlled. The titration series of carboxy-PTIO with DEANO was performed by diluting a stock
solution of carboxy-PTIO (40 mM) water to the desired concentration (100, 400, 4000 nM) and
titrating in cold DEANO (0°C, pH=12.5). The final volume and pH of the reaction mixture were 1
mL and 5.5 respectively. Because of the wide range of pH needed (5.5 to 12.5) for the precise control
of DEANO decomposition, we used unbuffered water for the titration experiments.

Each reaction was allowed at least 4 h of reaction time at room temperature before tryptophan was
added, at a final concentration of 10 xM, as an internal standard for the subsequent LCMS analysis.
Because tryptophan readily dissociated in the MS, the -NH2 (m/z 188.06) peak was monitored. For
the SulfoNO titrations, all procedures were exactly the same as described above, except DEANO was
substituted with SulfoNO. Typically, all samples were analyzed within 48 h after preparation.

Griess test

Griess tests were performed using the procedure provided by the manufacturer. In brief, 300 uL
sample, 2.6 mL dH,0, 50 L N-(1-naphthyl)ethylenediamine dihydrochloride (1 mg/mL) and 50 uL 4-
aminobenzenesulfonic acid (10 mg/mL) were mixed and allowed at least 20 min reaction time before
being analyzed by monitoring absorption at 540 nm.

Physiological assay

All procedures involving animals were approved by the Institutional Animal Care and Use
Committee (IACUC) of Grinnell College. Small (2-3 in.) frogs, species Rana pipiens, were obtained from
Carolina Biological Supply (Burlington, North Carolina, United States) and housed at 4-8 °C before
experiments. Prior to each experiment, the frog was first double-pithed as described in Lindgren and
Laird [41]. The heart with its connected aorta (about 0.5 cm in length) was separated from the rest
of the body and washed thoroughly with frog Ringer solution (112 mM NaCl, 3.2 mM KCl, 0.5 mM
Na,HPOy, 2.7 mM CaCl,, 2.0 mM Tris, pH 7.2). Each washed heart was then incubated consecutively,
for 30 min each, in 6 tubes which contained 100 nM carboxy-PTIO diluted in 0.5 mL frog Ringer
solution. Solutions also contained carbachol, L-NAME, or both (as indicated). After the incubation
was completed, tryptophan was added to a final concentration of 10 M before the solutions were
analyzed by LCMS. DEANO titration series were also performed in the Ringer solution using the same
method as described above.
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