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Abstract

Nitro-fatty acids are electrophilic signaling mediators formed in increased amounts during
inflammation by nitric oxide and nitrite-dependent redox reactions. A more rigorous
characterization of endogenously-generated species requires additional understanding of their gas-
phase induced fragmentation. Thus, collision induced dissociation (CID) of nitroalkane and
nitroalkene groups in fatty acids were studied in the negative ion mode to provide mass
spectrometric tools for their structural characterization. Fragmentation of nitroalkanes occurred
mainly through loss of the NO,™ anion or neutral loss of HNO,. The CID of nitroalkenes proceeds
via a more complex cyclization, followed by fragmentation to nitrile and aldehyde products. Gas-
phase fragmentation of nitroalkene functional groups with additional y or & unsaturation occurred
through a multiple step cyclization reaction process, leading to 5 and 6 member ring heterocyclic
products and carbon chain fragmentation. Cyclization products were not obtained during
nitroalkane fragmentation, highlighting the role of double bond # electrons during NO,™
rearrangements, stabilization and heterocycle formation. The proposed structures, mechanisms and
products of fragmentation are supported by analysis of 13C and 1°N labeled parent molecules, 6
different nitroalkene positional isomers, 6 nitroalkane positional isomers, accurate mass
determinations at high resolution and quantum mechanics calculations. Multiple key diagnostic
ion fragments were obtained through this analysis, allowing for the precise placement of double
bonds and sites of fatty acid nitration, thus supporting an ability to predict nitro positions in
biological samples.
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Introduction

Nitro-fatty acids (NO,-FA) are ubiquitous molecules formed upon the nitration of
unsaturated fatty acids by nitric oxide and nitrite-derived species, predominantly nitrogen
dioxide [1, 2]. Following initial reports of in vitro formation, NO,-FA were found to occur
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under physiological conditions in animal and human blood, urine and tissues [3-8] and to
mediate a variety of signaling mechanisms [9-11].

The detection of biologically-active fatty acid metabolites was initially performed by GC-
MS, which added lengthy sample derivatization steps to protect labile groups and make fatty
acid derivatives more volatile. Although some biologically active lipid-derived species are
still being measured by GC-MS (i.e. isoprostanes [12]), most of the protocols migrated to
LC-ESI-MS methods because of shorter sample work-up times and increased preservation of
unstable and reactive products. In particular, electrophilic NO,-FA decay at accelerated rates
under the basic conditions of some derivatization reactions, while acid-catalyzed nitration of
native fatty acid occurs at low pH in the presence of nitrite, generating artifactual nitrated
fatty acids. These issues significantly complicate the value of GC-MS-based sample
analyses. The “soft” ionization of ESI-based procedures provides a more precise and
sensitive approach for analyzing samples using triple quadrupole and linear ion trap mass
spectrometers. Because of its versatility, LC-ESI-MS has been the preferred method for the
detection, analysis and quantification of NO,-FA. In this regard, NO,-FA analysis has been
performed in negative ion mode using tandem mass spectrometry, with collision induced
dissociation (CID) energies that maximize the charged and neutral losses of NO,™ and
HNO> (35eV). This approach does not provide data about regioisomer composition or
distribution [3, 4, 13, 14]. Although this technique is of value for quantification, additional
structural information about specific regioisomer distribution is lost. Thus, structural
confirmation of biological samples has relied on the synthesis and comparison to 13C or 15N
labeled internal standards [4, 15-17], resulting in a number of limitations. First, no structural
differences are observed upon fragmenting nitroalkenes versus nitroalkanes, since both
yields the same 46 Da product ion. This is of relevance, since in rodents and humans,
nitroalkanes are a metabolite of nitroalkenes [14] and the signaling actions of nitroalkenes
differ widely from nitroalkanes [9, 15, 18, 19]. In this vein, different nitroalkene
regioisomers have specific peroxisome-proliferator activated receptor y (PPARY)-mediated
signaling actions, highlighting the need for mass spectrometric methods that aid in their
elucidation [20, 21].

Nitro-fatty acids are ideal candidates for LC-ESI-MS characterization and quantification
because of the ease of ionization of the carboxylic acid and facile loss of characteristic NO,
group. Characterization of vicinal nitro-hydroxy fatty acids, a product of nitroalkene
hydration, has been simplified by the electron withdrawing properties of hydroxyl (OH)
groups, allowing for precise prediction of fragmentation products [3, 22]. The structural
characterization and fragmentation analysis of nitroalkenes was attempted using collision
induced fragmentation without conclusive results [23]. So far, the strongest mass
spectrometric structural analysis of NO,-FA is based on Li* adduction, that helps direct
fragmentation and analysis of products in the positive ion mode [24]. Although this can
provide revealing structural information, poor sensitivity induces limitations in biological
sample analysis.

CID is a fragmentation technique based on energizing an ion by collision with a neutral gas
(helium for ion trap and nitrogen for triple quadrupole spectrometers). Upon gas collisions
with the ions of interest, translational energy is transferred as vibrational and rotational
energy into the ion, which induces bond dissociation. This fragmentation is generally
heterolytic and predominantly generates even-electron ion pairs, although radical ions are
formed under some circumstances [25]. While rules to explain and predict fragmentation
patterns have been established, they are not consistently reliable for unambiguous
identification of unknown compounds [26]. This motivated better understanding of the
fragmentation of nitroalkenes to provide the structural insight needed for biological sample
analysis. Herein we characterize the fragmentation pathways of NO,-FA containing the
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following groups: nitroalkanes, nitroalkane-alkenes, nitroalkenes and bis-allylic
nitroalkenes. This study defines an unprecedented gas-phase fragmentation pathway for
nitroalkenes involving remote oxygen transfer, supported by the use of 13C labeled
standards and 1°N nitroalkenes. Fragmentation ions were characterized in the negative ion
mode using two mass spectrometers (triple quadrupole and linear ion trap) and the proposed
fragmentation pathways were analyzed by semiempirical and quantum mechanics
calculations. These findings thus permit more precise prediction of fragment ions following
MS/MS of unknown NO,-FA and their metabolites.

Materials and Methods

Solvents were obtained from Burdick and Jackson. All other materials and reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA). All NO,-FA were synthesized as
previously [4, 27]. Nitroalkanes were obtained by selectively reducing nitroalkenes to the
corresponding nitroalkane using NaBH,.

Chromatography

Isomers were separated previous to mass spectrometry analysis using a C18 reverse phase
column (2x150 mm, 3 um particle; Phenomenex) at a 250 pL/min flow rate. Nitrated fatty
acids were injected at 65% A (H,0+0.1% acetic acid), the gradient was held for 3 min, and
then the gradient was ramped to 20% A in 45 min. The column was washed at 100% B
(acetonitrile+0.1% acetic acid), held for 4 min, and switched back to initial conditions for
reequilibration for 5 min.

Mass Spectrometry

The CID spectra were recorded using a LTQ Velos Orbitrap equipped with a HESI 11
electrospray source. The following parameters were used: source temperature 400 °C,
capillary temperature 360°C, sheath gas flow 30, auxiliary gas flow 15, sweep gas flow 2,
source voltage —3.3 kV, S-lens RF level 44 (%). The instrument FT-mode was calibrated
using the manufacturers recommended calibration solution with the addition of malic acid as
a low m/z calibration point in the negative ion mode.

Fragmentation Yield Calculation

Areas under the curve for all the reported specific MRM transitions were calculated at
different concentrations in the presence of internal standard. A standard curve for each NO,-
OA and NO,-LA isomer was created for each specific transition by plotting area ratios
(analyte specific MRM peak area/internal standard peak area) against concentration ratio
(analyte concentration/internal standard concentration) and slopes were calculated. Slopes
were used as an index of detection efficiency for each particular product ion.

Computational Approaches

To test structural candidate fragments, the structures were built using the MOE program
[28]. Energies of all candidate molecules were calculated using the semiempirical PM3
method [29]. Selected candidates were fully investigated using ab initio calculations. The
structure of each fragment was optimized using Gaussian 09 [30] at the B3LYP level of
theory, with the triple split valence 6-311G basis set. Zero point vibrational energies (ZPE)
corrections were also calculated at the same level of theory.
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Results and Discussion

The first approach to structural elucidation by mass spectrometry was to study the CID-
induced fragmentation spectra of the nitro-oleic acid (NO,-OA) regioisomers 9-nitro-
octadeca-9-enoic acid (9-NO,-OA) and 10-nitro-octadeca-9-enoic acid (10-NO,-OA).

Negative lon Mode CID-MS/MS of 9-NO,-OA, and 10-NO,-OA

9-NO,-OA

10-NO,-OA

The ESI-MS-MS mass spectrum of the 9-NO,-OA [M — H]™ in negative ion mode and at
collision energies of —35 eV (using a 4000 Qtrap tandem mass spectrometer, Applied
Biosystems) showed the formation of the following ions at m/z 308.2 [M — H,0]~, 290.2 [M
—2H,0]17, 279.2 [M — HNO>] ™, 246.2 [M - 2H,0 — CO,]™ (Figure 1), as previously [3].
Similar high collision energies have been previously used in tandem mass spectrometers for
the quantification of nitro-fatty acids [3, 6, 13, 14, 31], for sensitivity optimization of MRM
transitions 324.2/46, and 324.2/279.2. The MS3 analysis of the aforementioned product ions
was similar for the 9-NO»-OA and the 10-NO,-OA isomers and was used to evaluate the
charge site and charge mobility during the fragmentation process. The MS? fragmentation of
326.3 m/z—308.2 m/z resulted in loss of H,O (m/z 290.2), CO, (m/z 264.2) and CO,+H,0
(m/z 246.2). MS? fragmentation of 326.3 m/z—279.2 m/z resulted in loss of H,O (m/z 261.2)
and loss of CO, (m/z 235.1); MS? fragmentation of NO,-[13C4g]OA for the following
product ions: 344.3 m/z—326.2 m/z resulted in loss of H,O (m/z 308.2), HNO, (m/z 279.2)
and HNO,»+H,0 (m/z 261.2), and 344.3 m/z—308.2 m/z for loss of 13CO, (m/z 263.2).
Despite a high sensitivity, no specific structural information can be extracted from these
product ions. Lowering the collision energy in the triple quadrupole MS to the 15-20 eV
range results in the appearance of additional ions that are not apparent at higher collision
energies. This motivated characterization of these ions using a high resolution ion trap mass
spectrometer in order to gain structural information and to obtain MS2 fragmentation
spectra. Unlike triple quadrupole-MS at low collision energies (17 eV), ion traps favor non-
chain-breaking products ions (HNO», H,0, and CO, losses) over chainbreaking
fragmentations resulting in a lower yield of overall product ions containing structural
information.

Fragmentation of 9-NO,-OA results in formation of an ion at m/z 168.1 fragment (Figure 1A
and Scheme 1A). Its structure was confirmed by accurate mass measurement, showing a
mass of 168.1026 that corresponds to an elemental composition of [CgH140,N] . This was
further confirmed by the fragmentation of 9-NO,-[13C15]OA, which gave an ion with a mass
of 177.1326, corresponding to [13CgH140,N]~ (Figure 1B). MS2 fragmentation of the 326.2
m/z—168.1 m/z ion resulted in the loss of CO, (m/z 124.1132), confirming that the 168.1
fragment consisted of nine carbons including the carboxylate end of the molecule and no
oxygen atoms being lost from the carboxylic acid during the initial chain fragmentation,
while both oxygen atoms from the nitro group were transferred to neutral products ions.

The MS2 analysis of 10-NO,-OA shows the formation of a specific ion at m/z 169.0864,
with a calculated atomic composition of [CgH1303]™ (Figure 1C, Scheme 1B). Further MS3
analysis of this fragment shows a loss of CO, (m/z 125.0977, corresponding to a molecular
composition of [CgH130]™ with m/z 125.0961), confirming that this product ion contains the
carboxylic acid end. Fragmentation of 10-NO,-[13C1g]OA, resulted in the formation of the
expected 178.1167 fragment corresponding to [13CgH1303]~ (Figure 1D).
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NO,-OA Fragmentation Mechanism

The proposed mechanism for the carbon chain fragmentation directed by the nitroalkene in
the absence of neighboring double bonds is shown for 9-NO,-OA (Scheme 2). The steps
proposed begin with initial rearrangement of the nitro group (see Scheme 2 sidebar),
possibly via an unstable three-member dioxaziridine ring, to form a peroxynitroso species,
followed by a 1,3-cycloaddition of this moiety with the carbon—carbon double bond to form
a 1,2,3-dioxazole intermediate. This pentacycle is labile to intramolecular retro-1,3-
cycloaddition Criegee-like fragmentation reaction to form a nitrile group (C=N) and an
unstable carbonyl peroxide zwitterion (C=0-07) that rapidly loses water through proton
transfer to form the corresponding a-, B-unsaturated nonyl aldehyde (C=0). The same
mechanism operating symmetrically describes the 10-NO,-OA fragmentation pathway
(Scheme 1B). The nitroalkene is sufficiently equidistant from both the methyl and
carboxylate termini, thus it is assumed that there are no significant directing effects or
interactions.

Negative lon Mode CID-MS/MS of NO»-LA

Similar to NO,-OA, the MS? spectra of NO»-LA (m/z 324.2) at high collision energies (—35
eV) showed the main neutral losses of H,0, 2 H,O, HNO,, and minor losses of 3 H,0, H,O
+CO5 and 2 H,O+CO, resulting in the following product ions at m/z 306.2, 288.2, 277.2,
270.2, 262.2, 244.2 respectively (Figure 2A, C, and Figure 3A, C). The main losses of H,O
derive, as for NO,-OA, from condensation reactions involving the oxygen atoms present in
the NO, group. This is further confirmed by the MS3 analysis of 324.2 m/z—306.2 m/z
and—288.2 m/z that result in the main loss of CO,, indicating an intact carboxylate group
after the initial two consecutive water losses, thus representing a non-chain-breaking
fragmentation pathway similar to NO,-OA. Fragmentation of NO,-[13Cyg]LA displayed
same neutral losses observed for NO,-LA as follows: 324.3 m/z [M — H,0]~, 306.2 m/z [M
- 2H,0]7, 288.2 m/z [M-3H,0], 295.2 m/z [M — HNO,] ", 279.2 m/z [M — H,0-13C0O,] ™,
261.2 m/z [M - 2H,0-13C0O,]~ (Figure 2B, D, and Figure 3B, D). Again, the MS? spectra of
the 306.3 and 288.2 ions confirmed the preferential condensation reaction involving the
oxygen atoms of the NO, group since the main MS3 fragment showed loss of 13CO, group.

Fragment Characterization of NO,-LA

9-NO»-LA—Using an online HPLC, the mixture of 4 NO,-LA positional regioisomers (9-
NO,-LA, 10-NOy-LA, 12-NO,-LA, and 13-NO,-LA) was chromatographically resolved.
NO,-LA positional isomers have been previously described and confirmed by NMR [4, 32].
The CID fragmentation of 9-NO,-LA resulted in the formation of three main product ions
containing structural information with m/z values of 168.1, 210.1, and 224.1 (Figure 2A).
Thus, the presence of a bis-allylic interrupted diene favored additional fragmentation
pathways (formation of 210.1 and 224.1 m/z product ions), not observed for 9-NO,-OA. The
proximity of an electron-rich = bond to the highly electron withdrawing nitroalkene and the
nitro group itself make possible a rich array of productive mechanisms. The mechanistic
pathway leading to the formation of an ion with m/z 168.1 is common between 9-NO,-OA
and 9-NO,-LA and corresponds to a cleavage of the C9—C10 double bond, with a net
transfer of one or both oxygens from the NO, group to its p carbon (C10) (Schemes 1, 2,
and 3A).

As a first approach to understanding the fragmentation mechanism, we investigated
structural candidates for the ion m/z 168.1 (168.1026, molecular composition
[CoH140,N]7). The candidate products, displayed in Supplementary Scheme 1, were
proposed based on the molecular composition and structure of 9-NO»-LA. Relative energies
of predicted fragments were calculated using the PM3 semiempirical approach [29]. From
this preliminary energetic analysis, we discarded the structures having the greatest energies
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and performed high accuracy energy calculations using Gaussian 09 [30] on the two lowest
energy structures (Scheme 4, ions 2 and 3, Table 1). We found that unsaturated imine 2 has
a total energy 14.1 kcal/mol higher than nitrile 3. The product ion with lowest energy (3)
was used as the endpoint product ion to define the fragmentation mechanism. Based on the
initial structure, product ions, energetic analysis and fragmentation mechanisms, we propose
for 3 a fragmentation pathway similar to an ozonolysis mechanism (Scheme 5). This is
initiated by a nitro-peroxynitroso rearrangement of the oxygen atoms on the nitro group to
form the charged peroxynitroso species shown (again possibly via dioxaziridine
rearrangement), followed by an intramolecular 1,3-cycloaddition on the neighboring
carbon—carbon double bond to form the intermediate five-member ring 1,2,3-dioxazole
(analogous to the well-known molozonide). This is followed by a posterior fragmentation by
retro-1,3-cycloaddition of the 5 member ring (by analogy to the oxidative cleavage Criegee
intermediate) to an aldehyde and a nitrile N-oxide. Upon relative rotation of the aldehyde
and nitrile oxide to a preferable conformation, a second 1,3-cycloaddition generates a new
five-member ring 1,4,2-dioxazole. Finally, a 1,2-hydride shift concomitant with a last
retro-1,3-cycloaddition forms a -, y-unsaturated nonenoic acid and a charged nitrile
nonanoate (3), which is detected with a mass of m/z 168.1.

The ion at m/z 210.1 (210.1132, molecular compaosition C11H1603N) corresponds to a chain
breakdown at the C11-C12 bond with the generation of a five-member ring (isoxazole)
product, while the product ion at 224.1 m/z (224.1289, molecular composition C12H1g03N)
represents a chain fragmentation at the C12—-C13 bond along with the formation of a six-
member heterocycle (4H-1,2-oxazine) (Schemes 3A, 6).

The fragmentation of the 9-NO,-[13Cg]LA confirmed a product ion containing 9, 11, and
12 carbons corresponding to ions at m/z 177.1 (177.1326, molecular composition
[13CgH140,N]"), 221.1 (221.1505, molecular composition [13C11H1603N]7), and 236.1
(236.1688, molecular composition [13C1,H1g03N]7), respectively (Figure 2B). For
structural elucidation, a similar approach as for the 168.1 m/z was used. Using the PM3
semiempirical method, energy values were calculated for several possible product structures
associated with the m/z 210.1 ion (Supplementary Schemes 1 and 2). Fragments having
lowest energies among each group were considered further. The ion product 7 shows the
lowest energy (12.3 kcal/mol lower than 6, Table 1). With regard to the non-charged product
ions, density functional calculations reveal that Structure 8 (Scheme 6, Table 1) has the
lowest energy, 9.3 kcal/mol and 11.9 kcal/mol lower than the other non-charged fragments
tested (9 and 10, respectively). For this reason, we selected Structures 7 and 8 as the
candidate product ions for which the fragmentation pathway is going to be elucidated. The
proposed mechanism of fragmentation to form 7 and 8 is shown in Scheme 7. This involves
an initial proton abstraction or transfer from the labile bis-allylic methylene unit to the
oxygens of the nitro, then a subsequent molecular internal rotation to realign the nitro group
for an intramolecular 1,3-cycloaddition of the nitronate species onto the proximal carbon—
carbon double bond (B, y to the nitro) at the y position, generating the five-member ring
isoxalole-2-ol. A posterior retro Diels-Alder addition reaction (Scheme 7 sidebar) cleaves
the final isoxazole (m/z 210.1), while simultaneously forming the new ¢ bond between the
proximal alcohol and vinyl groups. This enol spontaneously generates an aldehyde after
rapid keto-enol tautomerization to the thermodynamically-preferred isomer.

For the product ion m/z 224.1, initial calculations (Supplementary Scheme 1) indicated that
the structures with lower energies corresponded to 11 and 12 (Scheme 8). Accurate energy
calculations confirmed semiempirical data showing that Structure 11 had the lowest energy,
followed by Structure 12, 9.6 kcal/mol greater. A fragmentation mechanism for product ion
224.1 m/z is presented in Scheme 9. The initial intramolecular 1,3-cycloaddition is followed
by a retro 1,3-cycloaddition, which forms an aldehyde and a hexacyclic ylide (m/z 224.1)
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that is further stabilized by a proton transfer and tautomerization to a more stable 4H-1,2-
oxazine. Evidently, the relative placement of the nitro group and alkene are sufficiently
distant, and the carbon chain sufficiently flexible, for these intramolecular additions to
proceed. Note also the low energy differences calculated between the oxazine isomers. A
summary of the structures of the product ions for 9-NO,-LA is shown in Scheme 3A.

10-NO,-LA—The CID fragmentation of 10-NO,-LA gave three characteristic ions with m/z
values of 182.1, 224.1, and 238.1 (Figure 2C, Scheme 3B), thus showing an overall average
shift of 14.0154 with respect to the 9-NO,-LA that corresponds to a methylene group
(14.01510). These three ions contain relevant structural information and their molecular
composition is consistent with 10, 12, and 13 carbon, respectively, as confirmed by accurate
mass determination. Analysis of 10-NO»-[13C1g]LA showed the expected fragments
corresponding to ions with masses 192.1, 236.1, and 251.1 (Figure 2D), further confirming
the molecular compositions. Moreover, this indicates that the fragmentation pathways occur
analogously in the 1,4-skipped diene whether the nitro group is located at a-, B-; 8-, -
(exterior, e.g., 9-NO»-LA) as well as at a-, B-; y-, 5-(interior, e.g., 10- NO,-LA) relative
positions in the 1,4-skipped diene motif with respect to the NO, group, resulting in products
with an additional methylene group. No space charge constraints affecting the proposed
fragmentation mechanism were observed when 9-NO,- and 10-NO,-LA regioisomers were
compared.

12-NO,-LA—It was hypothesized that both 12- and 13-NO,-LA would fragment following
the same mechanisms described for the 9-NO,- and 10-NO,-LA regioisomers. Thus,
analysis of product ions would aid in the structural characterization of the neutral fragments
arising from the fragmentation of 9-NO,- and 10-NO,-LA, based on the fact that in all
cases, the charge remains locked at the carboxylate anion terminus and that these molecules
have interior relative symmetric structures with regard to nitro and alkene locations. Energy
calculations for the neutral fragmentation products were already performed for 9-NO,-LA
(Schemes 4, 6, and 8, Supplementary Scheme 2, Table 1). For the 12-NO,-LA regioisomer,
the masses of the ions containing structural information were determined to be 157.1, 171.1,
195.1, and 213.1 (Figure 3A). Accurate mass determination revealed the presence of 8, 9,
11, and 11 carbons, respectively. The use of a 13C standard (12-NO»-[13C1g] LA) confirmed
the molecular composition for ion products m/z 165.1, 180.1, 206.1 and 224.1, respectively
(Figure 3B). Loss of CO, was observed for these ion products upon MS3 analysis. Thus, the
analysis of 12-NO,-LA corroborates the proposed neutral products depicted in the
fragmentation schemes for 9-NO,-LA and 10-NO,-LA (Scheme 3).

Notably, the methylene-interrupted diene resulted in the formation and detection of two
fragments containing either a carboxylic acid or an aldehyde, with the latter most likely
derived from the carboxylic group by a loss of H,O. However, the fragmentation of the 10-
NO,-OA only exhibited the formation of the aldehyde (m/z 169.1), suggesting that the
additional exocyclic double bond on the carbon chain may favor the recyclization step (step
5, Scheme 5) or impair the formation of a reactive carbonyl peroxide upon fragmentation
(step 3, Scheme 2).

13-NO,-LA—The characteristic ions containing structural information of 13-NO,-LA were
identified with masses 171.1, 185.1, 227.1, and 209.1 (Figure 3C). Accurate mass
determinations (<3 ppm) revealed the presence of 9, 10, 12, and 12 carbons, respectively.
The molecular composition of these product ions was further confirmed by the analysis of

a 13C standard (13-NO,-[13C1g]LA), which showed the expected ions at m/z 180.1, 195.1,
239.2, and 221.2, respectively (Figure 3D). The fragmentation mechanism confirms the
formation of five- and six-member heterocyclic rings and the formation of a carboxylic acid
and an aldehyde upon fragmentation of the carbon chain. The 227.1 ion contains a
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carboxylic acid moiety that undergoes rapid dehydration, with the subsequent formation of a
ketenyl terminus (m/z 209.1). The fragmentation of 13-NO,-LA revealed a similar
fragmentation pattern as observed for 12-NO,-LA, indicating that no conformational
constraints affect the fragmentation pattern.

Fragmentation of 15NO5-LA

To gain further insight and confirmation of the fragmentation mechanism of NO,-LA, the
four isomers of 1°N-containing NO,-LA were fragmented and analyzed using high
resolution mass spectrometry. All three major product ions having structural information for
9-NO,-LA (m/z 168.1, 210.1 and 224.1) contain a nitrogen atom as evidenced by the shift in
1 Da observed upon 9-1°NO,-LA fragmentation (yielding product ions with m/z 169.1,
211.1 and 225.1; Figure 4A). Similarly, the fragmentation of 10-1°NO,-LA (Figure 4B)
resulted in a shift of product ions of 14 with respect to 9-1°NO,-LA (Figure 4A) and in a
shift of 1 Da with respect of the fragments observed when 10-NO,-LA was analyzed (Figure
2). These data confirm the fragments obtained and the presence of nitrogen in the product
ions upon fragmentation in the 9- and 10-NO,-LA isomers.

High resolution analysis of 12- and 13-NO,-LA product ions did not provide evidence of the
presence of nitrogen in the proposed structures (Figure 3). This was confirmed by
fragmentation of 12- and 13-1°NO,-LA (Figure 4C, D), which did not show a shift in the
molecular mass of the chain breaking product ions with respect to 12- and 13-NO,-LA.
Thus, both 12-15NO,-LA and 12-NO,-LA shared the same 157.1, 171.1, 195.1, and 213.1
m/z diagnostic ions and 13-15NO,-LA and 13-NO,-LA shared the same 171.1, 185.1, 209.1,
and 227.1 m/z diagnostic ions.

NO»-SA and Reduced NO,-LA

The presence of the nitroalkene was necessary to provide the electron density needed for net
oxygen transfers to the carbon f to the nitro. Moreover, an additional double bond in the
molecule allows an alternative pathway characterized by multiple cyclization pathways and
the formation of stable five- or six-member rings. The fragmentation pathways of a bis-
allylic interrupted nitroalkane-alkene were then tested. In this case, the electron density of
the alkene was present but no double bond conjugation (nitroalkene) was available to accept
the concerted flow of electrons necessary for intramolecular cyclization and oxygen transfer
reactions. In this regard, CID fragmentation exhibited a major loss of 47 Da (neutral loss of
HNO>), a product ion of 46 m/z (NO, ™) and almost no other product ions (Figure 5A). The
fragmentation closely resembled the fragments obtained by SA-NO», in which a major loss
of HNO, or formation of NO,™~ was observed (Figure 5B, C, Supplementary Scheme 3).
Finally, it became clear that the unsaturation found in nitroalkenes is a necessary
requirement for the observed fragmentation pathways. Moreover, the presence of an
electronrich double bond in the y- or 5-positions with respect to the NO, group did not
modify the fragmentation products of nitroalkanes, thus demonstrating that the highly
electron-withdrawn = electrons of the nitroalkene double bond (a, - to the NO, group)
actively participate in the oxygen transfer.

Fragmentation Yield Efficiencies for Specific Product lons

The translation of this analysis into structural characterization for confirmation of biological
NO,-FA unknowns depends on the yields obtained during the fragmentation of the specific
product ions. The slopes obtained for the m/z 324.2—46 standard curve for the four different
NO,-LA isomers were 1, representing a 100%. The data reported in Table 2 indicate
efficiency yields (represented by the slopes of the standard curves with respect to the
324.2—46 transition) for specific product ions of up to 14%. Notably, the limit of detection
(LOD), necessary to establish identity of the different isomers, was between 1.2 and 5 times
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the calculated limit of quantification (LOQ) values for the highest product ion containing
structural information for each isomer, further supporting both the theoretical and biological
value of the method.

Conclusions

By evaluating the gas phase fragmentation products of nitroalkane and nitroalkene
containing fatty acids, we propose several fragmentation pathways. These mechanisms
provide the necessary elements for more insightful characterization of this class of labile and
readily metabolized inflammatory signaling mediators. It has been previously observed that
saturated aliphatic carbon chains containing nitro groups fragment via NO,™ losses or HNO,
neutral losses, rendering fragments with no structural information. Notably, the presence of
a nitroalkene strongly favors both chain breaking fragmentation mechanisms as well as H,O,
HNO and NO,™ losses [23]. The H,0 loss occurs at the NO, group, while the carboxylic
acid retains the charge through the fragmentation process. In the case of monounsaturated
nitroalkene fatty acids, the fragmentation mechanism involves an initial rearrangement
followed by a retrocycloaddition and rupture to form fragments containing nitrile and
aldehyde moieties. In particular, ions with m/z 168.1 and 169.1 indicate the presence of a
double bond at position C9 and NO, groups at C9 and C10, respectively.

An unsaturation at positions 8- or y- to the NO, group of the nitroalkene in polyunsaturated
nitro fatty acids results in three major chain fragmentation pathways. These include nitrile
and aldehyde products, as observed for monounsaturated nitroalkenes, and five- and six-
member ring heterocycles. Several steps are involved in the formation of these species. In
particular, fragmentation of 9-NO,-LA results in specific ion fragments with m/z of 168.1,
210.1, and 224.1 with the latter showing a shift in 14 Da and having five- and six-member
rings. The 10-NO,-LA presented an overall shift of 14 Da compared with the fragments
obtained from 9-NO,-LA. The fragmentation of 12-NO,-LA resulted in a different set of
charged product ions characterized by m/z of 157.1, 171.1, 213.1, and 195.1. The difference
in 14 Da between ions with m/z of 157.1 and 171.1 corresponds to the neutral formation of
six- and five-member heterocycles (as observed for 9- and 10-NO»-LA isomers). Finally, the
fragmentation of 13-NO,-LA shows an overall shift of 14 Da compared with 12-NO,-LA
with characteristic m/z of 171.1, 185.1, 227.1, and 209.1.

The efficiency of these product ions is between 0.2% and 14% of the maximal fragmentation
obtained when following the formation of a 46 product ion (NO,™). The LOD of these
fragments is between 1.2 and 5 times the LOQ, underlining the potential and applicability of
this technique to the analysis of isomers in biological samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NO,-SA nitrated stearic acid
NO,-OA nitrated oleic acid
NO,-LA nitrated linoleic acid
9-NO,-OA 9-nitro-octadeca-9-enoic acid
10-NO,»-OA 10-nitro-octadeca-9-enoic acid
9-NO,-LA 9-nitro-octadeca-9,12-dienoic acid
10-NO,-LA 10-nitro-octadeca-9,12-dienoic acid
12-NO,-LA 12-nitro-octadeca-9,12-dienoic acid
13-NO,-LA 13-nitro-octadeca-9,12-dienoic acid
9-NO,-SA 9-nitro-octadecanoic acid
10-NO»-SA 10-nitro-octadecanoic acid
ZPE Zero point vibrational energies
LOD limit of detection
LOQ limit of quantification
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Product ion spectra of [M — H]™ ions of m/z 326.3 and 344.3 corresponding to NO,-OA and
NO,-[13C4g]OA, respectively. (A) 9-NO,-OA, (B) 9-NO,-[13C1g]OA, (C) 10-NO,-OA, (D)
10-NO,-[13C45] OA recorded at a collision energy setting of 35 eV using a hybrid FT mass

spectrometer
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Product ion spectra of [M — H]™ ions of m/z 324.2 and 342.3 corresponding to NO,-LA and
NO,-[13C1g]LA respectively. (A) 9-NO,-LA, (B) 9-NO,-[13C1g]LA, (C) 10-NO,-LA, (D)
10-NO,-[13Cyg]LA recorded at a collision energy setting of 35 eV using a hybrid FT mass

spectrometer
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Product ion spectra of [M — H]™ ions of m/z 324.2 and 342.3 corresponding to NO,-LA and
NO,-[13C1g]LA, respectively. (A) 12-NO,-LA, (B) 12-NO,-[13Cy5]LA, (C) 13-NO,-LA,
(D) 13-NO,-[13C4g]LA recorded at a collision energy setting of 35 eV using a hybrid FT

mass spectrometer
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Figure 4.

Product ion spectra of [M — H]™ ions of m/z 325.3 corresponding to 1°NO,-LA. (A)
9-15N0O,-LA, (B) 10-1°NO,-LA, (C) 12-15NO,-LA, (D) 13-1°5NO,-LA recorded at a
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collision energy setting of 35 eV using a hybrid FT mass spectrometer
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Figure 5.

Product ion spectra of [M — H]™ ions of m/z 326.3 and 328.3 corresponding to reduced NO»-
LA (nitroalkane alkene containing NO,-OA) and reduced NO,-OA (nitrostearic acid, SA-
NO,) respectively. (A) reduced NO,-LA (m/z 326.3), (B) 10-NO,-SA (m/z 328.3), (C) 9-
NO,-SA (m/z 328.3) recorded at a collision energy setting of 35 eV using a hybrid FT mass
spectrometer
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Scheme 1.

Fragmentation products of 9-NO,-OA and 10-NO,-OA. (A) Fragmentation of 9-NO,-OA
results in a characteristic ion with m/z 168.1, which can be further fragmented to elicit
neutral losses of H,0 and CO». (B) Fragmentation of 10-NO»-OA results in a product ion m/
2 169.1, which displays losses of H,0 and CO, in MS3 fragmentations
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Proposed fragmentation mechanism of 9-NO,-OA. The fragmentation proceeds through a

series of steps that include rearrangement, 1,3-cycloaddition and a final retro-1,3-
fragmentation to a nitrile and corresponding unsaturated aldehyde. Sidebar: potential

rearrangement of nitro group to hypothesized peroxynitroso intermediate
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Proposed product ions, containing structural information, and their respective neutral
fragments of the gas phase fragmentation of 4 positional nitroalkene isomers. (A) 9-NO,-
LA, (B) 10-NO,-LA, (C) 12-NOy-LA, (D) 13-NO,-LA
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Principal candidates of product ion and neutral losses obtained after fragmentation of 9-

NO,-LA to form a nitrile containing ion. lons 2 and 3 were selected for accurate free energy
determinations because they displayed the lowest energies during semiempirical product ion
calculations. Free energies are shown in Table 1. lon 3 is the proposed ion products obtained
during fragmentation
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Scheme 5.

Proposed fragmentation pathway of 9-NO,-LA. Product ion 3 and neutral loss 4 were

selected because they display the lowest free energy
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Scheme 6.

Main candidates of product ion and neutral losses obtained after fragmentation of 9-NO,-LA
to form a five-member heterocycle. lons 6 and 7 were selected for accurate free energy
determinations because they displayed the lowest energies during semiempirical product ion
calculations. Free energies are shown in Table 1. lon 7 is the proposed ion products obtained
during fragmentation in addition to the neutral fragment 8
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Proposed fragmentation pathway of 9-NO,-LA to form the pentacycle containing product
ion. Product ion 7 and neutral loss 8 displayed the lowest free energy compared with other

products
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Main candidates for product ion and neutral losses obtained after fragmentation of 9-NO,-

LA to form a hexacycle. lons 11 and 12 were selected from accurate free energy

determinations because they displayed the lowest energies during semiempirical product ion

calculations. Free energies are shown in Table 1. lon 11 is the proposed ion products

obtained during fragmentation in addition to the neutral fragment 13. Neutral fragment 13 is
a methylene group shorter than neutral ion 8 formed during fragmentation rendering the

five-member heterocycle
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Scheme 9.
Proposed fragmentation pathway of 9-NO,-LA to form the hexacyclic product ion. Product

ion 11 and neutral loss 13 displayed the lowest free energy compared with other possible
products
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Total and relative energies for the 15 tested structures. Energies were calculated using the B3LYP method and

6-311G basis set. Zero point energy corrections were applied. The displayed AE represents the energy

difference compared to the structure with lowest energy value (assigned as 0) of each structural group. Groups
are represented by Structures 2-3, 4-5, 6-7, 8-10, 11-12, and 13-15

Structure  Electronic+thermal energy at 298 K (kcal/mol)  AE(kcal/mol)
2 —-349121.24 16.1
3 —349137.30 0

4 —315491.38 0

5 —267529.07 47962.3
6 —444844.96 12.3
7 —444857.24 0

8 —195089.64 0

9 —195080.37 9.3
10 —195077.75 11.9
11 —469491.61 0

12 —469481.97 9.6
13 —219739.58 0

14 —-219730.34 9.2
15 —219727.71 11.9
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Efficiency of MRM specific transitions for LA-NO, and OA-NO,. The efficiency is expressed relative to the

maximum signal obtained, which corresponds to the fragmentation following the formation of the NO,™

product ion (324.2—46 and 326.2—46 for LA-NO, and OA-NO,, respectively)

MRM transition

Product ion efficiency (%)

9-NO2-LA
324.2 — 46
324.2 — 168.1
3242 — 210.1
3242 — 224.1
10-NO2-LA
3242 — 46
3242 —182.1
3242 — 224.1
3242 — 238.1
12-NO2-LA
324.2 — 46
3242 —157.1
3242 —171.1
3242 —»195.1
3242 — 213.1
13-NO2-LA
324.2 — 46
3242 —171.1
3242 —185.1
324.2 — 209.1
3242 — 227.1
9-NO2-0OA
326.2 — 46
326.2 — 168.1
10-NO2-OA
324.2 — 46
326.2 — 169.1

100
7.9
15
3.3

100
1.3
3.3
0.2

100
7.3
14.2
14
0.8

100
141
8.2
4.8
2.8

100
4.6

100
2.0
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