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Abstract

Mass spectrometry allows the relative quantificatid the regioisomers of triacylglycerides
by the calibration of their fragmentation patteidswever, due to the plethora of
regioisomers of triacylglycerides, calibration withery standard is not feasible. An analytical
challenge in the field is the prediction of thegiraentation patterns of triacylglycerides to
quantify their regioisomers. Thus, we aimed to nhéldese fragmentation patterns to quantify
the regioisomeric composition, even for those withmbmmercially available standards. In a
first step, we modeled the fragmentation pattefrikeregioisomers of triacylglycerides
obtained from different published datasets. We fbtire same qualitative trends of
fragmentation beyond differences in the type ofuatih these datasets (both [M+hHand
[M+H]™), and the type of instrument (orbitrap, Q-ToF -tcap, single quadrupole, and triple
guadrupole). However, the quantitative trends afjfnentation were adduct and instrument
specific. From these observations, we modeled ga#wely the common trends of
fragmentation of triacylglycerides in every dataseta second step, we applied this
methodology on a Synapt G2S Q-ToF to quantify #ggaisomers of triacylglycerides in
sunflower and olive oils. The results of our quicdiion were in good agreement with
previous published quantifications of triacylglyickss, even for regioisomers that were not
present in the training dataset. The species witterthan two highly unsaturated fatty acids
(arachidonic, eicosapentaenoic, and docosahexaaaiois) showed a complex behavior and
lower predictability of their fragmentation patteriHowever, this framework presents the
capacity to model this behavior when more dateaseglable. It would be also applicable to
standardize the quantification of the regioisonoérsiacylglycerides in an inter-laboratory

ring study.
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I ntroduction

Triacylglycerides (TGs) are key components of faofis because of their impact on
their physical, textural, sensory, and nutritiopedperties. TGs also constitute the main
daily source of dietary fatty acids (close to 90%)jch play a key role in different
physiological processes, such as energetic mesabotiell structure, and innate immunity
[1,2]. To achieve their physiological role, dietdipids and constitutive fatty acids have to
be digested. During this process in the gastrdingsract, gastric lipase in the stomach
first hydrolyzes the TGs, which releases the fattigs in thesn-3 position of the glycerol
backbone. Subsequently, pancreatic lipase in ttadl amestine hydrolyzes than-1 and
sn-3 positions. These successive reactions yield méieé fatty acids from then-1 and
sn-3 positions. The fatty acids in tlka-2 position yield mainly 2-acylglycerol (Figure 1A).
Consequently, the regioisomeric composition of F&&. the relative composition of the
fatty acids at then-2 position of TGs— conditions how the fatty acale absorbed. This
different absorption affects the nutrition charastes of dietary fats in foodstuffs. As
classical example, when palmitic acid is esterifirethesn-1 andsn-3 positions of TGs in
infant formulas, it is released during digestiorirae palmitate. It interacts with calcium
ions to form and insoluble soap that is excretef@es. Consequently, palmitic acid in
this type of formulas is not available as sourcerwdrgy for the infant [3]. In addition,
eicosapentaenoic acid (EPA) and docosahexaena¢@EIA) are more efficiently
absorbed and redistributed in tissues when thegstegified in thesn-2 position of the
dietary TGs [4,5]. EPA and DHA play a key role milammation as precursors of pro-
resolving lipid mediators [6]. This is one of thaionales behind the recommendation of
ingestion of fish oils withw-3 fatty acids to prevent cardiovascular diseadesvever, due
to the enzyme specificity during the digestionh fisls with different regioisomeric

composition may have different effects on cardiouéa risks. In summary, the



guantification of the regioisomers of TGs in figlsanay have a direct impact on public

health [7].

Traditionally, TG regioisomers have been determimgé@nzymatic hydrolysis and the
subsequent characterization of the products bydjghin layer, or gas chromatography
[8—11]; but this procedure is cumbersome. In addjtsilver-ion chromatography separates
TG regioisomers, but it is not high-throughput ,10n the contrary, lipidomics enables
the high-throughput study of lipids in complex sd@speven with quantitative approaches
[13]. Specifically, lipidomics already plays a kegje in food authentication [14] and in
new approaches to precision nutrition [15-17]. &ttthe-art lipidomics uses ultrahigh
performance liquid chromatography hyphenated tosrspectrometry (UHPLC-MS),
which allows the identification of the lipids undmgllision induced dissociation [18—21].

In mass spectrometry, TGs ionize in electrospra&i)Bs adducts of single charged
cations [22] ((M+Cation] with Cation=L{", Na', K*, or NH,") or in atmospheric pressure
chemical ionization (APCI) as [M+H]Both [M+NH,]" and [M+H] adducts suffer
neutral losses of the fatty acids to yield diacydglrol-like ions [23,24] (Figure 1B). From
a structural point of view, the Mﬁagmentation tendency of a fatty acid in a TGale}s
on the type of adduct, on the position of the fattid, on the structure of the fatty acid,
and on the influence of the other fatty acids @serto the glycerol backbone (interaction
term). On the other hand, M8agmentation does not allow for the fatty acidstiesn-1
andsn-3 positions to be distinguished. Because of tlasaa, thesn-1 andsn-3 positions
are usually callegxternal positions, and then-2 position is callednternal position.
Pioneering studies in the fragmentation of TGs psel mechanisms of reaction to
explain the fragmentation patterns for TGs withusgted and monounsaturated fatty acids
[25-28]. They reported a higher tendency of thigy/fatids to be lost in the external

positions when compared with the internal positishich has been studied by



computational chemistry [29]. Nevertheless, masstpmetry lacks of reproducibility
and the fragmentation patterns of molecules deperttie specific instrument. By
calibrating the relative abundance of the neutiséés of the fatty acids ofa TG in a
specific instrument, the regioisomeric composittam be quantified [30]. In the literature,
this calibration is restricted to species with tvfferent fatty acids without constraints.
This calibration uses simple linear regression@ardyield quantifications of the
regioisomers below 0%, above 100%, or with the siithe regioisomers different from

100%.

By using fragmentation patterns in mass spectrgmes aimed to quantify the
regioisomeric composition of TGs. Up to date, tusintification faces three main
challenges: A) the application of multivariate doamed calibration to species with three
different fatty acids; B) the calibration for evaggioisomer of TGs in complex samples is
not feasible; and C) the M&agmentation patterns are instrument specifiagehe
address these three challenges and report a nmogeantify the regioisomeric
composition of TGs in the context of lipidomics. achieve these aims, we hypothesized
that there are fragmentation patterns of availdkie can be used to predict the
fragmentation of non-available TGs. Consequendlyyd applied the multivariate
constrained calibration to the quantification af tlegioisomers of TGs; 2) we studied the
influence of the fragmentation energy on the fragtagon patterns of TGs; 3) we
analyzed qualitatively the fragmentation patterithe regioisomers of TGs in published
datasets; 4) we modeled the identified fragmematitterns in terms of the position of the
fatty acids, the structure of the fatty acids, #minteraction among the fatty acids; and 5)
we quantified the regioisomers of TGs in vegetallewith a limited number of

standards.



2. Materials and methods
2.1.  Notation of the TGs, of the quantification of their regioisomers, and of their
fragmentation patterns.

For a TG with three fatty acids A, B and C, theation TG(A/B/C) expressed the
three possible regioisomers, which were represeagelds(rac-B/A/C), TG(rac-A/B/C),
and TG(rac-A/C/B). The prefix rac- differed frometprefixsn- to denote a combination
of enantiomers, which cannot be distinguished agrrentation in mass spectrometry.
Consequently, the relative quantification of thgioesomers TG(rac-B/A/C), TG(rac-
A/B/C), and TG(rac-A/C/B) was defined as the petaga of the internal position
esterified with, respectively, the fatty acids A,ad C.

The structure of a TG affects the relative abundariche neutral losses of the
fatty acids under fragmentation bgllision induced dissociation (CID) [26]. We dedth
a structural parameter (SP) as the logarithm ofaties of the signals of the neutral loses
of two fatty acids, corrected by their multiplicity the TG (Equation 1). These structural
parameters compare the relative tend of two fatiysato suffer neutral loss in a pure
regioisomer or a mixture of regioisomers. We alsfingd the structural vectors (SV) to
organize these structural parameters for the mgieisomers and the mixtures of
regioisomers. In a TG with three different fattydsc(A, B, and C), the structural vector
possessed three different structural parametetrexpaessed mathematically the
fragmentation patterns (Equation 2). Under theragsion of linear behavior, we
considered the structure vector of a mixture agditiear combination of the structure
vectors of the pure regioisomers (Equation 3). fEggoisomeric composition of the
mixture is, by definition, the coefficients of tHisear combinationg(, for the possible
pure regioisomers i in Equation 3). As the quacdiiion of the regioisomers must be in

the interval [0%, 100%], we constrained these ¢oiefits to avoid negative values,



2.2.

guantifications above 100%, and quantificationsegioisomers that do not sum 100%.
Full development of the equations for the diffenemiitiplicities of fatty acids and an

illustrative example for the regioisomers of TG(R/are provided in SM-B.

Datasetsto char acterize, model, and quantify the regioisomersof TGs

To build fragmentation models, only the TGs cortegrcommon fatty acids of
vegetable or fish oils were selected: lauric atal)( myristic acid (M), palmitic acid (P),
stearic acid (S), arachidic acid (Abghenic acid (B), myristoleic acid (Mo), palmitaei
acid (Po), oleic acid (O), linoleic acid (Lgslinolenic acid (ALA),y-linolenic acid
(GLA), arachidonic acid (AA), EPA, or DHA. The stitural vectorof the datasets
selected are provided in SM-A.

The Boston dataset contained the fragmentationafatzgioisomers of TGs ionized
in ESI as [M+NH]" adducts were acquired on a ThermoFinnigan LCQ Athge ion-
trap mass spectrometer with ESI (Sunnyvale, CAheUniversity of Massachusetts
Boston [31-34]. The fragmentations were perfornta@lative collision energy of 30
(unitless scale). Calibration curves for the regpaiers of TG(rac-O/S/O)-TG(rac-
S/O/0); TG(rac-S/O/S)-TG(rac-S/S/0); and TG(racB)ST G(rac-S/P/O)-TG(rac-
P/O/S) were also acquired at the University of Maksisetts Boston.

The Pardubice dataset contained regioisomers ofilitasP, S, O, L, ALA, and GLA
that were ionized by APCI as [M+Hin five different instruments: orbitrap, Q-ToFnio
trap, single quadrupole, and triple quadrupole.[85hll five instruments the [M+H]
adduct fragmented spontaneously to suffer the akloss of the fatty acids.

The Nantes dataset was built by using the regicgssmG(rac-P/O/P), TG(rac-
P/P/O), TG(rac-P/L/P), TG(rac-S/P/O), TG(rac-O/R/C%¥(rac-O/O/P), TG(rac-P/L/S),

TG(rac-P/OI/L), TG(rac-L/L/P), TG(rac-M/O/B), TG(rd2/L/O), TG(rac-O/O/L),



2.3.

TG(rac-L/S/L), TG(rac-L/O/L), TG(rac-L/L/O), TG(ra®/O/ALA), and TG(rac-
L/L/GLA) purchased from Larodan, Solna, Sweden. fidgoisomers were analyzed on
an Acquity-Synapt G2S Q-ToF (Waters). The standamdioils were separated on a
BEH C18 2.1x150 mm (Waters) by a 16-minute gradedsiblvents: A) methanol, 2 mM
ammonium acetate, 6 mM acetic acid; and B) metli@opropanol 50:50, 2 mM
ammonium acetate, 6 mM acetic acid. The chromapbgecasystem did not separate the
regioisomers of TGs but partially separated TG wie same number of carbons and
unsaturations to obtain spectra without interfeesngeg. TG(52:2) in Figures S-1 and S-
2). The analytes were ionized by ESI in positivedmand yielded the adduct [M+NJ.
After optimization (see Section 3.2), the fragméates were carried out in the trap at 13
V of energy of fragmentation. The signals of thegfnents were corrected by the isotopic

distribution of the diacylglycerol-like ions [35].

Softwar e and statistics

Data analysis and model development were perfoim&d3.3.1 run under RStudio
0.99.902. The optimization of the fragmentatiorapaeters was carried out with function
optim from packagetats (Nelder-Mead method, minimization of the sum afiaes of
the prediction of the measured structural vectdrsg multivariate constrained regression
to quantify the regioisomers was carried out byftimetionpcls from packagengcv [36].

In all cases log stands for natural logaritithe deviation of the quantification of the
regioisomers was expressed by the bias. As theo$tine abundance of the possible
regioisomers is necessarily 100%, the values aeatly dependent and the differences
between the quantification and the reference vakiabvays zero. To avoid this effect,
the bias was defined as the absolute value ofitferehce between the measured

regioisomeric composition and the prepared regieic composition (in-house



reference material). Outliers were detected by D@ test. Comparisons were

analyzed by differences-average pl&g].

All molecules were drawn in MarvinSketch 15.9.7n@ digures were processed in

GIMP 2.8.16.
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3. Resultsand Discussion

3.1

Quantification of the regioisomer s by multivariate constrained regression.
I nter polation among pur e standar ds

To avoid senseless calibrations of the regioisarr@mposition we used
multivariate regression with constraints accordméquations 1, 2, and 3 (further
details in SM-B). To study the error of the multizée constrained calibration we used
at least 10 different mixtures of regioisomers Gf(flac-O/S/O)-TG(rac-S/O/0); of
TG(rac-S/0/S)-TG(rac-S/S/0); and of TG(rac-P/S/@¢mac-S/P/O)-TG(rac-P/0O/S),
which were acquired at the same conditions as tsdB dataset. The matrices of
regression were fitted by minimum of squares, wlyiethded the average of the biases
below 5% (minimum sum of squares column in TabléAthile previous publications
had quantified TGs with two different fatty acidsir methodology was also suitable for
species with three different fatty acids. In conmgar with previous studies, our
methodology also avoided the quantification of idlative abundance of the
regioisomers with values below 0%, above 100%,vaitid sum of the possible
regioisomers different from 100%.

On the other hand, by knowing the extremes of thibmtion +.e. the structural
vectors of the pure regioisomers— we could estirtre@enatrix of regression (an
example of the calculations can be found in SM-B%js substitution assumed a linear
relationship in the regression. In this case, trexage of the bias of the quantification
was slightly higher for the three types of mixtyrest below 5% in all cases (Table 1).
In conclusion, the characterization of the fragragah patterns of the regioisomers of

TGs allowed the quantification of mixtures by iqtelation. The underlying assumption

11



3.2

is the linear relationship between the regioisomeomposition and the structural

vectors.

Influence of the ener gy of fragmentation on the fragmentation patterns
represented by the structural vectors.

To study the specific impact of the fragmentatiaergy on the structural vectors,
we modified this parameter during the fragmentatibthe TGs constituting the Nantes
dataset. In this case, the fragmentation was paddron a Synapt G2S Q-ToF by CID
of the [M+NH,]" adducts (parent ion). All standards showed thypes of fragments:

1) [M+H]" ions by neutral loss of ammonia (minor peak);iapgglycerol-like ions by
the neutral losses of the fatty acids (predomiaaitdw energy of fragmentation); and
3) [fatty acid-COJ and [fatty acid-CO+74]ions (predominant at high energy of
fragmentation). Previous studies have suggestédttbse ions are generated
sequentially in three steps?)Ineutral loss of ammonia from [M+NH to yield the
[M+H] * ion (primary fragment),"®) neutral loss of the fatty acids from [M+Hp yield
the diacylglycerol-like ions (secondary fragmenssyd &) further dissociation of the
diacylgycerol-like ions to yield the [fatty acid-GQand [fatty acid-CO+74lions
(tertiary fragments) [26,38]. As the relative abande of the diacylglycerol-like ions
(secondary fragments) contains the structural médion that we aim to model to
quantify the regioisomers, we center the discusalmut the factors that govern the
generation of these ions. The signal of these sklrgriragments presented a wide
maximum in relation to the energy of fragmentatieg. TG(rac-POL) in Figure 2A).
However, the changes were not proportional fomimatral losses, which affected the
structural parameters (Figure 2B). Considering beisavior, the signal of the secondary

fragments depended on two reactions: 1) the reaofiproduction by the neutral loss
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of the fatty acids from the primary fragment, andHhe reactions of consumption to
yield the tertiary fragments. At low energy of fragntation, the production overrode
the consumption; situation that changed graduallinbreasing the energy of
fragmentation until they were equal at the maximAtrhigh energy of fragmentation,
the consumption overrode the production and theadsgof the secondary fragments
disappeared (Figure 2A). From a structural pointiefv, the reaction of production
depended on the structure of the parent ion —thistsire was what we aimed to model
in attempt to quantify the regioisomers. Howevke, teactions of consumption of the
secondary fragments were not directly related éosthucture of the parent ion, but to
the structure of the secondary fragments [26]. €quently, the presence of tertiary
fragments hampered the possibility of modelingfthgmentation patterns of TGs from
their structure. These tertiary fragments must b@mized to relate the patterns of
fragmentation into the primary ions to the struetaf the parent ion (and, hence, the
regioisomeric composition). Considering this fasfave chose an energy of
fragmentation of 13 V in the Nantes dataset. At #nergy of fragmentation, the
production of the secondary fragments dominateid signal and there were no tertiary
fragments. We will discuss in detail the mechaniériragmentation in different
instruments and adducts in Section 3.4, afterdbatification and modeling of the
fragmentation patterns in the datasets.

In conclusion, to model the fragmentation pattefihe regioisomers in
different instruments, the neutral losses of thiy facids of TGs should be the main
mechanism of fragmentationg, the secondary fragments should not decompose into
tertiary fragments). This behavior is expectedate@tplace at low energy of
fragmentation. As the energy transfer and the tfmedduct are instrument-specific, the

fragmentation conditions should be optimized omguestrument as described before.

13



3.3.

I dentification of the qualitative fragmentation patter ns of pureregioisomers of
TGswhen ionized as[M+NH,4]" in ESl and [M+H]" in APCI. Influence of the type
of analyzer and adduct on the fragmentation patterns from a qualitative point of

view.

To identify trends in the neutral losses of fattjda in TGs as [M+Ng* adduct
in ESI, we analyzed qualitatively the datasets f@wston [31-34] and from Nantes. To
study the trends of fragmentation of TGs ionizefMisH] " adduct in APCI, we
analyzed qualitatively the Pardubice dataset [B§]exploratory data analysis of the
structural parameters (SM-A), we found four pateshTG fragmentation in CID to
yield the neutral loss of the fatty acids:

l. Species with only saturated fatty acids. A) Thadtrral parameters
comparing two saturated fatty acids in externaltwrss were close to zero. This
behavior indicates that the number of carbons sHawainor influence in the patterns
of fragmentation [19]. B) The structural parameteomparing a saturated fatty acid
in the internal position and a saturated fatty acithe external position were lower
than zero. This behavior indicates a higher trdrehturated fatty acids to be lost in
the external position, which agrees with previasuits [29].

Il. Species with saturated and mono-unsaturated feittig avith an
unsaturation cis in position 9 (Mo, Po and O). Whempared with a saturated fatty
acid, the monounsaturated fatty acids showed ahigimdency to be lost in both the
external and the internal positions. When a TG iggdtad three monounsaturated
fatty acids, the structural parameters dependedamthe position of the fatty acid (in
this case, the structural parameters were clogese of a TG with three saturated

speciese.g. TG(rac-Mo/O/Mo) and TG(rac-P/S/P) in SM-A). ThisHavior indicates
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that the fragmentation tendencies in these TGsritlgukonly on the position and the
type of fatty acid. Consequently, there is no imté&on term in these TGs.

[l. Species with one polyunsaturated fatty acid (PUFAL, ALA, GLA,
AA, EPA, or DHA). When compared with saturated amshounsaturated fatty acids,
the tendency of PUFAs to suffer a neutral lossetated positively with the number of
unsaturations. All other factors equal, the tengidade lost was higher when the first
unsaturation was closer to the carboxylic groaig. GLA vs ALA, SM-A). This
behavior suggests the introduction of a fragmemnigbarameter for every PUFA in the
fragmentation models.

V. Species with two or three PUFAs. When there wereertftan one
PUFA, they presented lower differences in the stimat parameters than expected.
For example, under the assumption of independefnite dragmentation of fatty
acids, the structural parameter between palmiiat aed linoleic acid in TG(rac-
S/P/L) was expected to be similar to TG(rac-L/PNgvertheless, in the first case the
value was -1.34 while in the second one it wasa\@rage, 0.13 (SM-A, Boston
dataset). As PUFAs show a globular-like structure attribute this behavior to an
interaction among PUFAs8a intramolecular London dispersion forces. Thesedsr
would be weaker for species with saturated fatigisaavhich present a linear
structure. As the neutral loss of these PUFAsh#ited, these forces would increase
the energy of the transition state of the reaabibftagmentation. From a modeling
point of view, this behavior suggests the introtucof a fragmentation parameter for
the inhibition of the neutral loss of PUFAs whenrenthan one PUFA is present in the

TG species.

If we compare the ionization type in the three sets, the [M+H] adduct in

APCI (Pardubice dataset) showed the same quaétatdgmentation patterns as the
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3.4.

[M+NH,4]" adduct in ESI, but the quantitative values differigor example, Shin
TG(rac-P/O/P) was, on average, 0.89 for the addteNH 4]* in the Boston dataset,
while the value was 0.99 in the Nantes dataset AFM3n the other hand this
structural parameter was, on average, 0.57 foadaeict [M+H] in the Pardubice
dataset (SM-A). Consequently, the neutral loss wiB favored over O in the three
datasets for TG(rac-P/O/P), but the degree ofdiffisrence depended on the
instrument and adduct. These facts point to thetexce of homogeneous qualitative
trends of fragmentation in the three datasets. Hewehe quantitative trends were
adduct and instrument specific. Further comparisoneng adducts and instruments

are provided in the next Section, after modelireséhfragmentation patterns.

M odeling the fragmentation patter ns of TGs: assumptions and comparison of the

fragmentation models among adducts and instruments

To predict the fragmentation patterns of the remgioiers of TGs by the structural
vectors, we modeled the structural parametersfiesatices of the tendency of the
fatty acids to suffer a neutral loss. These tenésneere quantified by the parameters
I" for a fatty acid in a specific regioisomer. Thpseameters eventually depended on
the ratios of the rate constants of the neutraldssconsidered as reactions in
competition [38]. To relate the parametErmith the structure, the parameieof a
fatty acid was modeled as a sum of the fragmemtgtgzameterg. The fragmentation
parameters depended on 1) the position of the fatty acichnglycerol backbone, 2)

the structure of the fatty acid, and 3) the inteoeicamong fatty acid chains.

Consequently, we modeled the fragmentation tenderafithe fatty acids by the

fragmentation parameteysaccording to the trend groups identified in Set8a3: A)
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Yext fOr the external position; Bjyy for monounsaturated fatty acids with the double
bond in position 9 (Mo, Po, O); @), YaLa, YcLa, YePa @ndypua for respective
PUFASs; and D))y for the interaction among PUFAs. As the model hased on the
differences of the parametdrsthe origin of the scale was fixed for the satedatty
acids in the internal positioné. I'satins Yint, @aNdysarequaled zerojrormulae and
further details can be found in SM-The fitted fragmentation parameters
reproduced and quantified the trends observedatid®®e3.3 (Table 2). All other
factors equal: 1) the loss of an external fattylacas favored in comparison with the
internal fatty acidsyex< 0); 2) the neutral loss of a fatty acid increaséti the
number of unsaturations and the closer the positighe first unsaturation was to the
carboxylic groupymu, YL, YaLa, @andycta, in all datasets with alsgpa, andypua in

the Boston dataset); and 3) the presence of maredhe PUFA inhibited the
tendency of a PUFA to suffer a neutral logg & 0). Regarding model repeatability,
the relative standard deviation of the parametgtS/mu, YL, Yala, YoLa, andyy was,
respectively, 2.8, 5.4, 2.5, 5.7, 2.5, and 5.2%ir(fmatches in the Nantes dataset).
Consequently, despite the difference among ada@unctsnstruments (Table 2), the

fragmentation model showed good repeatability fiergame instrument.

To test the capacity of quantification of the regponers of TGs by the model, we
compared the quantification bias of the regioisawdImG(S/O/0), TG(S/S/O), and
TG(P/S/O) in the Boston dataset with the quantiiicaby multivariate constrained
regression (Section 3.1). First, we predicted thectural vectors by the parameters
in Table 2 for the Boston dataset as in SM-C. Sgyibsetly we used these vectors as
the columns of the regression matrix to apply thétivariate constrained regression
as in SM-B. The average of the quantification tpsising the model was below 10%

in all cases (right column in Table 1). In companisvith the quantifications without
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non-modeled structural vectors, the bias was hifgrahe regioisomers of TG(S/O/0)
and TG(S/S/O), but lower for the regioisomers of P{&/0O) (Table 1, last column). In
conclusion, despite a moderate increase of the, ¢h®bias below 10% was also

acceptable to use the model to quantify the regimess of TGs.

The complexity of the fragmentation of PUFAs aféztthe quality of the
prediction, specifically in species with highly amsrated fatty acids (AA, EPA, and
DHA) when another PUFA was present in the TG. kamngple, SB/aa in TG(rac-
O/AA/L) in the Boston dataset was -0.80 while thed®l predicted 0.49 (SM-A). We
address this lack of predictability to a simplitioa in modeling the interaction
between PUFAs into only one parameter. Most okfieries in the Boston dataset
with more than one highly unsaturated fatty aciésenof the form TG(rac-A/B/A)
whereas the interactioma London dispersion forces between the highly unased
fatty acids could be different in the regioisom&(facA/A/B). Consequently, we
speculate that the interaction between highly wraged fatty acids depended on the
structure of the fatty acids and their relativeipos in the glycerol backbone.
Considering that these species corresponded tadithect [M+NH] ", we also
speculate that the hydrogens of the ammonia anfbkthed structure of the highly
unsaturated fatty acids interaté hydrogen bonds to produce complex fragmentation
patterns. This factor would be absent in adductiSowit this effect, such as [M+Lipr
[M+Na]*. In summary, this complex behavior warrants furtiesearch to understand
and model the fragmentation patterns of differelhets of TGs with highly
unsaturated fatty acids [39]. Specifically, thisgarch is necessary to allow the
guantification of the regioisomers of TGs in fisls@r derived products, such as oils
enriched in DHA and EPA (accounting for more th@fof the fatty acids in these

oils).
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Comparing adducts and instruments in the dataselsrstudy, the
fragmentation parameterg, ymu, YL, YaLA, YoLa, andyy) showed the same sign but
different absolute value. This behavior of the fnegitation parameters was the
mathematical expression of the observation of commqalitative trends of
fragmentation for the adducts and modes of iorenatSection 3.3). However, this

behavior cannot be extrapolated to other addustdisgussed later.

Considering the same adduct in different instrusiene can first compare the
behavior of the [M+NK|" adducts in the Nantes and Boston datasets. Qonthe
hand, the Nantes dataset was acquired by CID iTalat low energy of
fragmentation to prevent the presence of tertimmgrhents (see Section 3.2). On the
other hand, the Boston dataset was acquired ooratmdpanalyzer with CID energy
of fragmentation of 30 (unitless scale) without ginesence of tertiary fragments. CID
fragmentations in both Q-ToF and ion-trae classified as low energy activation and
the energy transferred is vibrational [40]. Howewee observed tertiary fragments in
the Nantes dataset at high energy of fragmentabiatnot in the Boston dataset. This
fact points to a higher transfer of energy on th€dp system, at least when compared
to the ion-trap. At low energy of fragmentatiortive Q-ToF, the energy transferred
would be sufficient to excite the vibrational statd the ester groups of the fatty acids
of TGs to yield their neutral loss of the fatty@i{secondary fragments). However, it
would not be enough to excite the vibrational statiethe functional groups of these
secondary fragments to yield the tertiary fragme@tmsequently, at low energy of
fragmentation, we would expect the same mechanidnagmentation by CID on the
ion-trap in the Boston dataset and on the Q-TaRerNantes dataset. Another
potential difference in the fragmentation procassm) CID is the gas of collision. In

CID, the collisions with a noble gas convert tlenglational energy of the ion into
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internal energy, including the vibrational statesthis process, the heavier the
collision gas, the higher the transfer of enerdyj.[4h this context, we would not
expect to change the mechanism of fragmentatiochayging the gas of collision,
only the degree of dissociation would change. imcbasion and despite the
differences in the analyzers, we expected the saemhanism of fragmentation of the
[M+NH,4]* adducts in the Nantes and Boston datasets. Tétifi¢s the presence of the
same qualitative fragmentation patterns for the datasets. We address the
differences in the quantitative patterns amongumsénts to: 1) the differences in
energy transfer to the analytes during both the&ion and the fragmentation, and 2)
the different time-range between fragmentation @detection for Q-ToF and ion-trap

instruments.

We can also compare the fragmentation trends &ofNt+H]" adducts on the
five instruments in the Pardubice datagethis case, the regioisomers of TGs
fragmented spontaneously in APCI from fherH] * adduct and did not report the
presence of tertiary fragments in any of the fimalgzers [35]. As TGs are
thermolabile, we address the fragmentation to taédacomposition during the
ionization and/or the ion transfer in the mass gpeteters. Despite the differences in
the analyzers, thermal energy is also transfeodle vibrational states of the molecule.
Thus we would expect the same mechanism of fragmemntatiwong the five analyzers
used in the Pardubice dataset. This common mechangifies the same qualitative
fragmentation patterns for the [M+Hhdducts in APCI in these five analyzers. In a
similar way, we address the differences in the tjtaive patterns to the differences in
energy transfer to the analytes during both theaiion €.g. differences in the

temperature of ionization [35]).
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3.5.

35.1.

Considering different adducts, we could expectedd#hces even in the
gualitative trends of fragmentation. These diffeeswould originate in putative
gualitative differences in the vibrational statéshe different parent ions. In last term,
these differences would be linked to the diffeliatgraction between the analyte and
the cation, which would affect the structure of plagent ion in gas phase. As discussed
in Section 3.2, the neutral losses of the fattgsibor the adduct [M+Ng" in ESI
originated from the fragment [M+H]Despite we observed the same qualitative trends
of fragmentation for the [M+NK"* adduct in ESI and [M+H]adduct in APCI, we
cannot assume that the structure of the parerfMe#l]* in APCI is the same as the
primary fragment [M+H] from [M+NH4]" in ESI. From a general point of view, other
adducts €.g. [M+Li] ¥, [M+Na]*, or [M+Ag]") also present an inhibition of the neutral
loss of the fatty acids in the internal positiortiod glycerol [22,25]. However, the type
of cation could affect the intramolecular Londonctes and, consequently, the other

gualitative fragmentation patterns described irntiec.3.

Quantification of the regioisomersof TGsin vegetable oils by using a Synapt G2S
Q-ToF instrument
Assumptions of the quantification by inter polation of the fragmentation patterns

of pureregioisomers

Two underlying assumptions should be studied goeaific instrument to apply
this quantification: 1) the linearity of the resgenand 2) the equal efficiency of
fragmentation for the regioisomers. We studieddhas assumptions for the adduct

[M+NH,]" on a Synapt G2S Q-ToF fragmenting at 13 V of enardhe trap.
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Regarding linearity, we injected four types of rands of regioisomers and we
obtained a linear relationship.g. the pair TG(rac-O/P/O) and TG(rac-O/O/P) in

Figure 3).

Regarding the efficiency of fragmentation, we stéddihe sum of the signal of
the neutral losses normalized by the signal optment ion (Table 3). Our results
reproduced those previously published for the [M+&tjduct [41]. The number of
carbons (C) and the number of unsaturations (&) D& species explained the
variation in the efficiency of fragmentation by thguation log(Efficiency)= -4.1-
0.054C-0.20U (error of the fitting in Figure S-8onsequently, for coeluting species
with the same number of carbons and unsaturatemseconstructed the signal of the
common fatty acids in proportion. Subsequently,réggoisomeric composition was

calculated by using the reconstructed spectra.
Quantification of the regioisomersin vegetable oils

After ensuring the underlying assumptions of thelelowepredicted the
regression matrices of the different regioisomesmfthe fragmentation parameters
Yext YMU, YL, YALA, YGLA, @ndyy in the Nantes dataset (Table 2). An illustrative
example of the calculations can be found in SM-A&6the samples were vegetable
oils, we considered that all fatty acids with 18xxas and 3 unsaturations were ALA,
which cannot be distinguished from GLA by the mafstheir neutral loss. The
absences of GLA was verified by gas chromatograptalysis of the fatty acids (data
not shown). No species contained highly unsaturtatg acids, which are not present
in vegetable oils.

We compared our quantification and the previousported values for these oils

(Table 4, Figure S-4). As example of a TG withraflioisomers in the training
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dataset, we can consider the quantification ofélgegoisomers of TG(O/O/P) in both
sunflower and olive oils. In both cases, our queatiion yielded the pure regioisomer
TG(rac-O/O/P). This quantification agrees previstuglies, which had reported an
abundance of this regioisomer of at least 91% nilswer oil, and 95% in olive oil.
As example of a TG without any regioisomer in tlzening dataset, we can consider
the quantification of the regioisomers of TG(S/Oif.sunflower oil. In this case, our
guantification yielded a composition of 42% of T&{S/O/L), 58% of TG(S/L/O),
and 0% of TG(rac-O/S/L). A previous study by cheatheacylation reported a
composition of, respectively, 45%, 55%, and 0%,ohhs in good agreemefitl].

For a broader comparison beyond specific examplesjsed the difference-average
plot (Figure S-4). This plot did not show systemalgviations by type of regioisomer,
amount of regioisomer, and type of oil. The averaigine independent differences
was -1.4% and the standard deviation was 17%. @ensg the interval of
confidence, only one measurement was out (95% mfidence in Figure S-4). This
point corresponded to the regioisomers of TG(S/8rlsunflower oil. TG(S/S/L)
partially coeluted with TG(O/O/S), being, respeely approximately 3% and 97% of
the peak. In the spectrum of fragmentation of TS(lS/ there was a minor
contribution of TG(O/O/S), which affected the qufication of the regioisomeric
composition. After discarding this outlier (DixorGstest p-value < 2.2 16), the
average of the differences was 1.2% and the stdmt#asiation 11%. In addition, the
species present in the training dataset did now shiferences with the species not

present in the training dataset (Figure S-4).
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4, Conclusions

In this study, we describe a framework to quarttiy regioisomeric composition of
TGs by modeling their mass spectrometry fragmeontail his methodology was
applicable even for species of TGs that were r@tded in the training dataset. To
achieve this aim, we enclosed the structural inédgrom of the TGs in the fragmentation
parameters. These parameters predicted the tendency ofyadeitd to suffer a neutral
loss, which were considered as reactions in cotmpetiThe fragmentation parameters
presented the same sign for the different addumtsrestruments in the studied datasets.
This behavior suggests the existence of commomfeatation mechanism and the use of
a common model predict the fragmentation patteffis&Ss in different instruments.
However, the fragmentation parametegesented different absolute values for the
different adducts and instruments in the studigds#ds. This behavior suggests the

necessity of fitting the common model for evenytinment.

After the study of the assumptions of the moded,ghantification of the regioisomers
of TGs in vegetable oils was in good agreement pilvious results, even for
regioisomers that were not present in the traidisggset. As limitation, the fragmentation
patterns of TGs with more than one highly unsaéardatty acids were too complex to be
modeled with the up-to-date data. However, aftecdption of these patterns, this
framework presents the capability of predicting filagmentation patterns of these TGs,

which are the main components of fish oils.

As an interesting perspective to this work, anrit@@oratory ring study may establish
a universal minimal set of standards of TGs to rhdur fragmentation patterns. The
TGs with highly unsaturated fatty acids would bespécial interest in this ring study. In

addition, this ring study may establish: 1) theization and fragmentation conditions in
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different instruments to homogenize the quantieafragmentation patterns, and 2) a full
validation of the quantification of regioisomersTags. This full validation would be
achieved by the quantification of the regioison@r$Gs in fish and vegetable oils by

both reference enzymatic methods and the framewergresent in this study.

In conclusion and despite the transitory limitation TGs with highly unsaturated
fatty acids, this framework opens the quantificatd all regioisomers of TGs by using a

minimal number of standards in high-throughputdgrnics.

. Appendix A. Supplementary Materials

The datasets from Boston, Pardubice, and Nantgzraveded in SM-A. The
mathematical expression of the fragmentation padtéor the quantification of
regioisomers by multivariate constrained regress@rovided in SM-B. The description
and formulae of modeling the fragmentation pattedfrthe TGs are described in SM-C.

Supplementary figures can be found in SM-D.
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Figure 1. Structure and fragmentation of TGs. A) Structure of TG4n-16:0/18:1/18:2). The
fatty acids esterified in than-1 orsn-3 positions are collectively known as externatiyfat
acids; the fatty acid esterified in tB@2 position is known as internal fatty acid. B)
Fragmentation pattern of the regioisomer TG(ra®/1f3:1/18:2) at low energy of
fragmentation (13 V on a Synapt G2S Q-ToF). Naagyrtfragments were detected at this

energy of fragmentation.

Figure 2. Influence of the fragmentation energy on the signal of the neutral losses and

the structural parameters of the adduct [M+NH4]" on a Synapt G2S Q-ToF. A)

Logarithm of the signal (arbitrary units, AU) oktlparent ion of TG(rac-P/O/L) and the
neutral losses (NL) of NiHand the fatty acids as a function of the energyaamfmentation. B)

Structural parameters (SP) of TG(rac-P/O/L) asnation of the energy of fragmentation.

Figure 3. Response of the structural parameter s to the regioisomeric composition. Linear
response of the structural parameter between atelgalmitic acids (S§p) for mixtures of
TG(rac-O/O/P) and TG(rac-O/P/O). The adduct [M+NHvas fragmented on a Synapt G2S

Q-ToF at 13V of fragmentation energy*é®.99).
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Table 1. Calibration bias of the multivariate constrained regression. The bias of

guantified regioisomeric composition is expressetha average of the absolute value of the
deviation of the quantified value. The regressiaitrir was fitted by: A) minimizing the sum
of squares of the measured structural parametengeiry type of mixture, B) interpolation
among the average of extremes (pure regioisonard)C) by using the modeled structural
vectors as columns in the regression matrix. The ware acquired in the same conditions as

the Boston dataset. In all cases the parent idheofragmentations was the adduct [M+JH

Table 2. Fragmentation parameters (y) fitted for the different datasets.

Table 3. Efficiency of the fragmentation of the TGs depending on the number of carbons
and unsaturations. The efficiency of fragmentation was quantified laes $um of the signal
of the neutral losses of the fatty acids dividedh®y signal of the parent ion

(ENL/[M+NH 4]). The experiments were carried out on a Synapt GZ®F in Nantes at 13
V of fragmentation energy. C and U stand, respebtj\for the total number of acyl carbons

and unsaturation in the TG.

Table 4. Comparison of the quantification of the regioisomeric composition of TGsin
sunflower and olive oilswith previously reported results. The regioisomers of TGs were
quantified by the prediction of the fragmentati@itprns by the parameters in Table 2 for the
Nantes datasethe regioisomers that were not present in thissgdt@re in marked with an

asterisk.
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Tablel

Calibration Bias (%)

. - Interpolation Modeled
Regression Minimum sum .
. between average fragmentation
matrix of squares
of extremes patterns
TG(rac-O/S/O)
TG(rac-S/O/O) 2.9 50 95
TG(rac-S/O/S)
TG(rac-S/S/O) 2.1 4.1 8.7
TG(rac-P/S/O)
TG(rac-S/P/O) 3.1 3.9 3.0

TG(rac-P/O/S)

35



Table?2

ESI, [M+NH,]* APCI, [M+H]*
CID fragmentation Spontaneous fragmentation
Dataset Boston Nantes Pardubice
Instrument  lon-trap Q-ToF Orbitrap Q-ToF lon-trap SQ TQ
. Yint 0 0 0 0 0 0 0
Position
Yext -0.96 -0.65 -0.66 -0.65 -0.64 -0.70  -0.67
Ysat 0 0 0 0 0 0 0
YMu -0.21 -0.28 -0.0026 -0.050 0.014 -0.047 -0.018
T -0.32 -0.20 -0.22 -0.30 -0.11 -0.29  -0.18
Tgtfyc’f Yaia 059  -0.22 020 -016 -0081 -017 -0.14
acid YoLa -1.45 -0.82 -1.30 -1.14 -1.10 -1.27 -1.14
YAA -2.16 NA* NA NA NA NA NA
YEPA -1.86 NA NA NA NA NA NA
YOHA -3.15 NA NA NA NA NA NA
Interaction YIN 1.31 0.27 0.39 0.32 0.43 0.36 0.48

*NA, non-applicable because the fatty acid wasawatilable in the dataset
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Table3

TG(C:U) TG Efficiency of fragmentation
_ TG(rac-P/O/P) 9.47 1Y
TG(50:1) TG(rac-P/P/O) 8.11 1Y
TG(50:2)  TG(rac-P/L/P) 8.19 18
TG(52:1)  TG(rac-S/P/O) 7.42 10
_ TG(rac-O/P/O) 7.95 1%
T6(52:2) TG(rac-O/O/P) 7.42 1f
TG(52:2)  TG(rac-P/L/S) 6.72 18
TG(52:3)  TG(rac-P/O/L) 5.56 1
TG(52:4)  TG(rac-L/L/P) 3.56 18"
TG(54:1) TG(rac-M/O/B) 6.53 18"
_ TG(rac-O/L/O) 5.28 18"
TG(54:4) TG(rac-O/O/L) 4.34 18"
TG(54:4)  TG(rac-L/S/L) 3.54 1¢°
_ TG(rac-L/O/L) 3.21 16*
TG(54:9) TG(rac-L/L/O) 3.05 16*
TG(54:5) TG(rac-O/O/ALA) 3.20 10*
TG(54:7) TG(rac-L/LIGLA) 2.13 107
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Table4

Sunflower seed oil Olive oil
Regioisomer Quantified Bibliography Quantified Bibliography
T6(50:1) TG(rac-P/0/P) 100 100 [11]; 100 [42] 100 97 [22]; 98 [43]
TG(rac-P/P/0O) 0 0[11]; 0 [42] 0 3[22]; 2 [43]
T6(50:2) TG(rac-P/L/P) 91 100 [11]; 100 [42] 88
TG(rac-P/P/L)* 9 0[11]; 0 [42] 13
TG(rac-P/S/0)* 0 0[11] 0 -5*[31]
TG(52:1) TG(rac-P/0/S)* 100 100 [11] 100 105 [31]
TG(rac-S/P/0) 0 0[11] 0 8 [31]
T6(52:2) TG(rac-0O/P/0) 0 0[11]; 2 [42]; 9 [44] 0 2 [22]; 5 [43]
TG(rac-0/0/P) 100 100 [11]; 98 [42]; 91 [44] 100 98 [22]; 95 [43]
TG(rac-P/S/L)* 21 0[11]
TG(52:2) TG(rac-P/L/S) 71 100 [11] - -
TG(rac-S/P/L)* 9 0[11]
TG(rac-P/O/L) 52 45 [11]; 36 [42] 47
TG(52:3) TG(rac-P/L/O)* 48 55 [11]; 63 [42] 53
TG(rac-O/P/L)* 0 0[11]; 1 [42] 0
TG(rac-L/P/L)* 0 3 [42] 20 26 [43]
TG6(52:4) TG(rac-L/L/P) 100 97 [42] 80 74 [43]
T6(54:2) TG(rac-0/S/0)* 0 0 [11] 0 6 [43]; -5 [31]
TG(rac-0/0/S)* 100 100 [11] 100 94 [43]; 105 [31]
TG(rac-S/L/S)* 35° 100 [11] 0°
TE542) 16 (rac-s/s/0)* 65° 0[11] 100°
TG(rac-S/O/L)* 42 45 [11] 26
TG(54:3) TG(rac-S/L/0)* 58 55 [11] 74
TG(rac-O/S/L)* 0 0[11] 0
T6(54:4) TG(rac-0/L/0) 41 38 [11]; 39 [45] 62 49 [22]; 39 [43]
TG(rac-0/0/L) 59 62 [11]; 61 [45] 38 51 [22]; 61 [43]
T6(54:4) TG(rac-L/S/L) 1 0[11] 17
TG(rac-L/L/S)* 99 100 [11] 83
T6(54:5) TG(rac-L/0/L) 47 29 [11]; 27 [44]; 7 [45] 26 15 [22]; 33 [43]; 0 [44]
TG(rac-L/L/0) 53 71 [11]; 73 [44]; 93 [45] 74 85 [22]; 67 [43]; 100 [44]

SMinor component

*Negative values correspond to external quantificatiwithout constrained calibration
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Equations

S Vmixture

Ia/My Iy M, .
SPyp = In <IB/MB) =In (E) — In <M—B) (Equation 1)

SPa/Br6a/B/C)
SVreasicy = SPgscreeassic) | (Equation 2)
SPc/arca//c)

L
i 0<a; <1,Vi(regioisomer)

Y-
= z a; * SV; ; constrains -
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(Equation 3)
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