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Linear ion-trap (LIT) MS® mass spectrometric approach toward locating the position of double
bond(s) of unsaturated long-chain fatty acids and toward discerning among isomeric unsat-
urated fatty acids as dilithiated adduct (M — H + 2Li] ") ions are described in this report.
Upon resonance excitation in a LIT instrument, charge-remote fragmentation that involves
B-cleavage with y-H shift (McLafferty rearrangement) is the predominant fragmentation
pathway seen for the [M — H + 2Li]" ions of monoenoic long-chain fatty acids. The
fragmentation process results in a dilithiated product ion of terminally unsaturated fatty acid,
which undergoes consecutive McLafferty rearrangement to eliminate a propylene residue, and
gives rise to another dilithiated adduct ion of terminally unsaturated fatty acid. In addition to
the above-cited fragmentation process, the [M — H + 2Li]" ions of homoconjugated dienoic
long-chain fatty acids also undergo a-cleavage(s) with shift of the allylic hydrogen situated
between the homoconjugated double bonds to the unsaturated site. These fragmentation
pathways lead to two types of C—C bond cleavages that are allylic (a-cleavage) or vinylic,
respectively, to the proximal C—C double bond, resulting in two distinct sets of ion series, in
which each ion series is separated by a —CH,CH=CH— (40 Da) residue. These latter
fragmentations are the predominant processes seen for the polyunsaturated long-chain
fatty acids. The spectrum feature dependent on the position of unsaturated double bond(s)
affords unambiguous assignment of the position of double bond(s) of long-chain unsat-

urated fatty acids.
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with high-energy collisionally activated dissocia-

tion (CAD) tandem sector mass spectrometric
analyses of the cationic adduct ions of unsaturated fatty
acids with various metal ions, including lithium, cal-
cium, and barium, yield product-ion mass spectra in-
formative for identifying their double-bond location
[1-4]. These spectra contain an ion series representing
cleavage of consecutive C—C single bonds in the fatty
acid chain, and then interrupted by a gap at the location
of the double bond. Therefore, the gap is framed by two
abundant ions on either side, leading to location of the
double bond. Similar spectral features permit assign-
ment of locations of other modifications of fatty acid
structure, including branch points and hydroxyl or oxo
moieties [5-8]. The mechanism underlying the frag-
mentation processes was coined as charge-remote frag-
mentation (CRF) and was thought to be mainly a
high-energy fragmentation process [7]. An abundance
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Address reprint requests to Dr. Fong-Fu Hsu, Washington University
School of Medicine, Department of Internal Medicine, 660 S. Euclid, Box
8127, St. Louis, MO 63110, USA. E-mail: fhsu@im.wustl.edu

© 2008 American Society for Mass Spectrometry. Published by Elsevier Inc.

1044-0305/08/$32.00
doi:10.1016/jjasms.2008.07.007

of published literature discusses the fragmentation pro-
cesses of long-chain fatty acids. For example, Harvey
proposed a “charge-assisted process,” a new vision of
the mechanism apart from the charge-remote process,
to account for ions of the [M — C,H,,,, ,] series found in
the positive-ion and negative-ion high-energy CAD
spectra of fatty acids when ionized as closed-shell ([M
— H] ™ or [M + X]") species [9 and references therein].

However, the classic fragmentation processes were
also evidenced under low-energy CAD. For example,
Hsu and Turk reported the CRF for cleavage of the fatty
acyl substituent in sulfatides, leading to complete struc-
tural characterization including location of the position
of double bond of the fatty acyl moiety using tandem
quadrupole and quadrupole ion-trap instruments with
electrospray ionization (ESI) in negative-ion mode [10].

By contrast, the mechanisms underlying the frag-
mentation processes under low-energy CAD in a tan-
dem quadrupole instrument seen for the dilithiated
adduct ions of unsaturated fatty acids generated by
ESI involve mainly rearrangement of the highly labile
a-allylic hydrogen to the site of the unsaturated bond.
The structural information from the product-ion spectra
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affords assignment of the position of double bond(s)
and distinguishes among isomeric unsaturated fatty
acids [11]. In this study, we used multiple-stage linear
ion-trap (LIT) mass spectrometry to revisit the fragmen-
tation processes of the dilithiated adduct ions of unsat-
urated fatty acids generated by ESI. In addition to the
major fragmentation processes involving rearrange-
ment of the a-allylic hydrogen, as previously obtained
with a tandem quadrupole instrument, ions arising
from B-cleavage with rearrangement of y-H (McLafferty
rearrangement) [12] were also observed. Our results
indicated that the major fragmentation pathways all
involved rearrangement processes, leading to a unique
product-ion spectrum that affords unambiguous as-
signment of the position of double bond(s). With sub-
sequent use of multiple-stage mass spectrometry as
described in the companion article [13], the insight into
the mechanism of the fragmentation processes from this
study paves the way to a complete structural character-
ization of glycerophospholipids, including assignment
of the double-bond position of the fatty acid residues of
the molecules.

Experimental
Materials

All fatty acids including 8,11,14-eicosatrienoic acid
(A%11420:3), 11,14,17-eicosatrienoic (A*'*1720:3), 11-
eicosenoic acid (A''20:1), 11,14-eicosadienoic acid
(A1%20:2), 9-octadecenoic acid (A%18:1), 6-octadece-
noic acid (A®18:1), 1l-octadecenoic acid (A''18:1),
9,12-octadecadienoic (linoleic acid, A9’1218:2), 9,12,15-
octadecatrienoic acid (a-linolenic acid, A9'12’1518z3),
6,9,12-octadecatrienoic acid (gamma linolenic acid,
A®91218:3), 5,8,11,14-eicosatetraenoic acid (arachi-
donic acid, A>#111420:4), 7,10,13,16-docosatetraenoic
acid (A719131622:4) and 4,7,10,13,16,19-docosahexae-
noic acid (A*7'91311922:6) were purchased from
Nuchek Prep (Elysian, MN, USA). All other reagents
were of spectroscopic grade and were purchased
from Fisher Chemical (St. Louis, MO, USA).

Methods

Low-energy CAD tandem mass spectrometry experi-
ments were conducted on a Finnigan (San Jose, CA,
USA) linear ion-trap (LIT) mass spectrometer (MS) with
the Xcalibur operating system. Fatty acid standards
were dissolved in chloroform/methanol (1/4, vol/vol)
at a final concentration of 10 pmol/uL and lithium
hydroxide was then added to achieve a final [Li*] of
1 mM. Lipid solution was infused (2 uL/min) to the ESI
source, where the skimmer was set at ground potential,
the electrospray needle was set at 4.5 kV, and temper-
ature of the heated capillary was 300 °C. The automatic
gain control of the ion trap was set to 5 X 10*, with a
maximum injection time of 400 ms. Helium was used as
the buffer and collision gas at a pressure of 1 X 1073
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mbar (0.75 mTorr). The MS"” experiments were carried
out with an optimized relative collision energy ranging
from 20 to 25% and with an activation q value at 0.25,
and the activation time at 30-50 ms to leave a minimal
residual abundance of precursor ion (around 20%).
Mass spectra were accumulated in the profile mode,
typically for 3-10 min for MS" (n = 2, 3, and 4) spectra.
The mass resolution of the instrument was tuned to 0.6
Da at half peak height.

Nomenclature

We use a convention established by others [3] when
describing relative locations among positions in a fatty
acid chain. The terms “proximal” and “distal” reflect
the relative proximity of other positions to the carbox-
ylate moiety. For example, if the first C=C double bond
in a fatty acid chain occurs between C(5) and C(6), then
C(4) is considered proximal to the double bond, i.e., on
the side of the double bond closer to the carboxylate,
and C(7) is distal to the double bond.

Results and Discussion

MS? Spectra of the [M — H + 2Li]* Ions of the
Fatty Acid Standards with Various Unsaturated
Double Bonds

LIT MS® spectra of the isomeric monoenoic fatty acids.
Although tandem quadrupole mass spectra arising
from the [M — H + 2Li] " ions of long-chain fatty acids
are useful for differentiation among isomers that dif-
fered by the location of double bonds [11], the LIT MS?
product-ion spectra of the same ion species provide
structural information that is readily applicable for
locating the position of double bonds. For example, the
LIT MS? spectrum of the [M — H + 2Li]* ion of
A®-18:1-fatty acid at m/z 295 (Figure 1a) is dominated by
the ion at m/z 197, arising from cleavage of the
C(11)—C(12) bond, along with the ion at m/z 141,
arising from cleavage of the C(7)—C(8) bond. Interest-
ingly, the ions from the similar cleavages were seen at
m/z 195 and 141 in a high-energy CAD tandem mass
spectrum obtained with a tandem sector instrument
[14]. The ion at m/z 197 may arise from a CRF process
with participation of the y-hydrogen at C(13), which
undergoes a McLaffery rearrangement to a double bond
with B-cleavage [12], leading to a dilithiated terminal
alkenyl carboxylic acid cation (Scheme 1, route a),
whereas the similar fragmentation process with the
participation of the y-hydrogen at C(6) leads to forma-
tion of the ion at m/z 141 (Scheme 1, route b). The ion at
m/z 99, which was the most prominent ion seen in the
tandem quadrupole product-ion spectrum [11], may
arise from further elimination of a CH,=CH—CH,; (42
Da) residue via a similar fragmentation process,
whereas the consecutive losses of a CH,=CH—CH, (42
Da) residue from the ion at m/z 197 leads to formation of
the ions at m/z 155 and 113, respectively (Scheme 1).
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Figure 1. The LIT MS? spectrum of the [M — H + 2Li] " ion of A%18:1-fatty acid at m/z 295 (a), the MS®
spectrum of the ion at m/z 197 (295 — 197) (b), and the MS® spectrum of the ion at m/z 141 (295 — 141)
(c); the LIT MS* spectrum of the [M — H + 2Li]" ions of A18:1-fatty acid at m/z 295 (d), of
A'20:1-fatty acid at m/z 323 (e) and of A™18:1-fatty acid at m/z 295 (f) are also shown. The ions labeled
with “@” arise from the CRF processes with concurrence of B-cleavage and y-H shift.

These fragmentation pathways leading to consecutive
losses of a 42-Da residue were supported by the LIT
MS? spectrum of the ion at m/z 197 (295 — 197, Figure
1b), 141 (295 — 141, Figure 1c), and 155 (not shown).
In addition to the aforementioned ions that derived
from B-cleavage with y-hydrogen shift, the ions proba-
bly arising from cleavage of the C—C bonds that are
a-positioned to the double bond were seen at m/z 196
[cleavage of the C(11)—C(12) bond] and at m/z 142
[cleavage of the C(6)—C(7) bond]. These ions are dis-
tonic ions and the charge-assisted processes that have
been previously proposed may account for their forma-
tion [10]. The observation of the 197/141 ion pair plus
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the presence of the unique distonic ion pairs of m/z
196/142 readily provide information that locates the
double bond at C(9).

Similar fragmentation processes were seen for A''18:
1-fatty acid isomer, of which the LIT MS? spectrum of
the [M — H + 2Li]" ion of m/z 295 (Figure 1d) is
featured by the ion pairs at m/z 225/169, arising from
the fragmentation processes that involve B-cleavage
with y-hydrogen, along with the distonic ion pair at m/z
224/168 arising from cleavage of the C(13)—C(14) and
C(9)—C(10) bonds, respectively. These ions together
with the ions at m/z 183 (225 — 42) and 141 (183 — 42)
from consecutive losses of a CH,=CH—CH,; residue

m/z 155

m/z 197
l Loss of CHyCH=CH,

Bo, oLi

m/z 113

Scheme 1. The fragmentation mechanisms proposed for the [M — H + 2Li]" ion of A°18:1-FA.
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from m/z 225, and the ion at m/z 127 (169 — 42) from m/z
169 by a similar loss indicate that the double bond is
situated at C(11). The above-cited fragmentation pro-
cesses leading to assignment of the position of the
double bond are further supported by the LIT MS?
spectrum of the A''20:1-fatty acid at m/z 323 (Figure le),
in which the fragment ions leading to structural assign-
ment are nearly identical, consistent with the fact that
the double bond is located at C(11). Similarly, the
prominent ion pair at m/z 155/99 and the distonic ion
pair at m/z 154/100 were seen in the LIT MS” spectrum
of the [M — H + 2Li]* ions of isomeric A®18:1-fatty acid
at m/z 295 (Figure 1f), leading to assignment of the
structure of A®18:1.

LIT MS? spectra of dienoic fatty acids. The ions at m/z 237
and 141 arising from the mechanisms that involve the
rearrangement of the y-hydrogen to the outer side of
the double bond (Scheme 2A), similar to that described
in Scheme 1, were also seen in the LIT MS? spectra of
the [M — H + 2Li]" ions of A*'*18:2-fatty acid at m/z
293 (Figure 2a). These ions were seen at m/z 237 (Scheme
2A, route a), m/z 141 (route b), and m/z 99 (route c).
However, the distonic ions expected at m/z 236 and 142
were not observed. The spectrum (Figure 2a) is domi-
nated by the ion at m/z 195, which may arise from
cleavage of the C(11)—C(12) bond (a-cleavage) with
rearrangement of the allylic hydrogen at C(8) to elimi-
nate a 1-heptene residue, giving rise to a dilithiated ion
of a terminal conjugated fatty acid residue (Scheme 2B,
route a). This ion reflects cleavage of the C(11)—C(12)
bond that is allylic to the first C=C double bond lying on
the side of the double bond farther away from the
carboxylate (i.e., distal to the double bond) and pro-
vides additional information for locating the position of

y ‘,"
H
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double bonds. Similar fragmentation process involving
the distal allylic hydrogen at C(14) that is in the
a-position (allylic) to the outer double bond leads to
the formation of the ion at m/z 183 (Scheme 2B, route b).
The above-cited fragmentation pathways were further
supported by the LIT MS? spectrum of the [M — H + 2Li]"
ions of A'!20:2-fatty acid at m/z 321 (Figure 2b). The
spectrum contains the ions at m/z 265, 169, 223, and 211,
which are 28 Da ([CH,],) heavier than the analogous
ions at m/z 237, 141, 195, and 183 seen for A”'*18:2-fatty
acid (Figure 2a), reflecting the structure of A''*20:2.
The ions arising from the fragmentation processes, as
depicted in Scheme 2B, were also seen in the tandem
quadrupole mass spectra [11] and the analogous ions
arising from the fragmentation processes were seen in
all of the LIT MS? spectra of polyunsaturated fatty acids
as shown in the following text.

LIT MS” spectra of trienoic fatty acids. ~As seen in Figure
3a, the LIT MS? spectrum of dilithiated A®”'*18:3-fatty
acid at m/z 291 is dominated by the ion at m/z 193, which
arises from cleavage of the C(10)—C(11) bond with
rearrangement of the highly labile allylic hydrogen at
C(8), resulting in a stable conjugated ion of dilithiated
A6'8’1011:3—fatty acid (Scheme 3A, route a). Similar frag-
mentation process involving rearrangement of the al-
lylic hydrogen at C(11) resulted in the formation of the
ion at m/z 141 by cleavage of the C(7)—C(8) bond to
eliminate a highly conjugated 1,3,5-nondecatriene
(Scheme 3B). Since the homoconjugated hydrogens at
C(8) and C(11) (i.e., allylic to two double bonds) are the
most labile, their shifts to the unsaturated sites [to C(12)
and C(7)] may become more facile, resulting in the
prominence of ions at m/z 193 and 141. By contrast, the
ion at m/z 153 may arise from rearrangement of the less
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Scheme 2. The fragmentation mechanisms proposed for the [M — H + 2Li]" ion of A%'?18:2-FA.
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Figure 2. The LIT MS® spectrum of the [M — H + 2Li] " ions of
A%1218:2-fatty acid at m/z 293 (a), and of A'*20:2-fatty acid at m/z
321 (b). The ions labeled with “#” (vinyl cleavage) “*” (allylic
cleavage) and “@” (B-cleavage) lead to locate the double bonds of
the unsaturated long-chain fatty acids.

labile o-hydrogen at C(5), followed by cleavage of
C(8)—C(9) bond to form a terminal conjugated ion of a
dilithiated »'?8:2 (Scheme 3A, route b), which is less
conjugated (compared to the ion at m/z 193) and is of
low abundance.

The above-cited fragmentation processes are further
supported by the LIT MS? spectrum of the dilithiated
A®11920:3-fatty acid at m/z 319 (Figure 3c), which
contains the prominent ion at m/z 221, arising from
cleavage of the C(12)—C(13) bond to a highly conjuga-
ted dilithiated A*'%'*13:3-fatty acid ion, along with the
ion at m/z 169 arising from loss of a 1,3,5-nondecetriene
residue. The ion at m/z 181 arises from a similar
cleavage of the C(10)—C(11) bond with arrangement of
the a-hydrogen proximal to the first C=C bond. These
ions are 28 Da heavier than the analogous ions at m/z
193, 141, and 153, respectively, seen for A®*'?18:3. The
results are consistent with the notion that both the
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A®?1218:3 and A*'1*20:3 are «° series fatty acids (i.e.,
w®?1218:3- and w®*'?20:3-fatty acids, respectively).

The profiles of the IT MS? spectra of the [M — H +
2Li]" ions of A*'*'°18:3 at m/z 291 (Figure 3c) and of
A 141720:3-fatty acid at m/z 319 (Figure 3d) are also
similar to those of A®*'?18:3 (Figure 3a) and of A%
20:3 (Figure 3b). The former spectrum (Figure 3c) con-
tains the ions at m/z 235, 183, 195, and 141, which are 42
Da [representing a (CH,); chain] heavier than the
analogous ions at m/z 193, 141, 153, and 99 seen for
A®%1218:3, consistent with the fact that the compound is
a A*1>1°18:3-fatty acid, an w>*?18:3-fatty acid of which
the proximal double bond is (CH,); further distant to
the carboxylate group, as compared to A*?'?18:3. The
latter spectrum (Figure 3d) contains the feature ions at
m/z 263, 211, 223, and 169, which are 42 Da ([CH,];)
heavier than the analogous ions seen at 221, 169, 181,
and 127 seen for A¥11420:3, consistent with the
A11'14'1720:3-fatty acid structure, which is also an
w>*920:3-fatty acid.

LIT MS? spectra of polyunsaturated fatty acids. Arachi-
donic acid (A>8111420:4; ©**121520:4) is also an w®-series
fatty acid, similar to A%*''%-20:3-fatty acid (0®*'°20:3).
As shown in Figure 4a, the IT MS? spectrum of the
dilithiated A>®'"'%20:4-fatty acid at m/z 317 contains the
ions at m/z 261, 219, 179, and 167, which are 2 Da lighter
than the analogous ions at m/z 263, 221, 181, and 169
seen for A®'11%20:3, consistent with the presence of an
additional double bond located at C(5). The hydrogen
atoms at C(7), C(10), and C(13) are homoconjugated
allylic hydrogens (situated between two double bonds)
and are labile. Again, the prominent ion at m/z 219
arises from rearrangement of the hydrogen at C(10),
followed by cleavage of the C(13)—C(14) bond, leading
to formation of a stable dilithiated adduct ion of a
highly conjugated A%8101213.4 whereas the prominence
of the ion at m/z 179 is attributed to the similar frag-
mentation process that involves the shift of the hydro-
gen at C(7), followed by cleavage of C(10)—C(11) bond
to form a dilithiated A%>7?10:3. This latter ion (i.e., m/z
179) is analogous to the ion at m/z 181 seen for
A¥'1%20:3 (Figure 3b), but is significantly more afflu-
ent, consistent with the notion that the ion at m/z 181
represents a dilithiated ion of A7910:2, which is less
conjugated than the dilithiated A>7“10:3 ion of m/z 179
and the a-hydrogen at C(7) in A*'"*20:3 is a less labile
allylic hydrogen (next to one double bond). Similarly,
cleavage of C(7)—C(8) bond with C(4)—hydrogen shift
leads to formation of a dilithiated ion of A*7:2-fatty
acid ion at m/z 139, which is less conjugated and less
prominent than the ion at m/z 179, whereas cleavage of
C(6)—C(7) bond with rearrangement of homoconju-
gated C(10)—hydrogen results in m/z 127 due to loss of
a highly conjugated 1,3,5,8-tetradecatetraene residue.
The observation of these latter two ions supports the
presence of the double bond at C(5), consistent with the
notion that the compound is a A>*120:4-fatty acid.
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Figure 3. The LIT MS? spectrum of the [M — H + 2Li]" ions of A®?'*18:3-fatty acid at m/z 291 (a),
of A®111418:3-fatty acid at m/z 291 (b), of A511420:3-fatty acid at m/z 319 (c), and of A511420:3-
fatty acid at m/z 319 (d). Ions labeled with “4” and “*” arise from vinyl and allylic cleavages,

respectively.

The profile of the MS” spectrum of the [M — H +
2Li]" ions of A7'9131622:4 at m/z 345 (Figure 4b) is
nearly identical and ions informative for locating the
double bonds are 28 Da ([CH,],) higher than those seen
for A>#'1%20:4 (Figure 4a). The results are consistent
with the fragmentation processes and are in accord with
the fact that A7'913122.4 is also an w®-series fatty acid,

Allylic cleavage

in which the closest double bond proximal to the
carboxylate group is —CH,CH,— longer than that in
A5,8,11,1420:4.

By contrast, the A*71013161922:6 fatty acid (4, 7, 10,
13, 16, 19)-docosahexaenoic acid) contains five sets of
homoconjugated hydrogen atoms at C(6), C(9), C(12),
C(15), and C(18), along with less labile a-allylic hydro-

OLi
193
Li

B-cleavge with rearranement of allylic hydrogen
OLi

Loss of |: q

®
OLi Li OLi

141

Scheme 3. The fragmentation mechanisms proposed for the [M — H + 2Li]" ion of A®*'?18:3-FA.
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Figure 4. The LIT MS? spectrum of the [M — H + 2Li]" ions of A>®!!1*20:4-fatty acid at m/z 317 (a),
of A710131622:4 fatty acid at m/z 345 (b), and of A*71013161922:6-fatty acid at m/z 341 (c).

gen at C(3) and C(21). The fragmentation processes
reflecting cleavages of the C—C bond distal to the
a-carbons between double bonds (i.e., on the side of the
bond farther away from the carboxylate) with rear-
rangement of the hydrogens at C(18), C(15), C(12), C(9),
C(6), and C(3), respectively, lead to ions at m/z 325, 285,
245,205, 165, and 125, respectively. The cleavages of the
C—C bond proximal to the double bonds (vinyl cleavage)
between double bonds (i.e., on the side of the bond closer
the carboxylate) with rearrangement of the hydrogens at
C(21), C(18), C(15), C(12), and C(9), respectively, resulting
in the formation of the ions at m/z 273, 233, 193, 153, and

113, respectively. These latter ion series are less intense
than those in the former series, consistent with the notion
that the ions in the former series are highly conjugated
dilithiated ions of terminally conjugated fatty acids as
described earlier.

Conclusions

The [M + Li]* ion or the [M — H] ion in the
negative-ion mode is readily formed, when subjected to
ESI. However, the LIT product-ion spectra from MS”
(n=2,3,0r4)onthe [M + Li]" or the [M — H] ™ ion do
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not provide structural information for locating the
double bond(s) of long-chain fatty acids (data not
shown). The charge fixation of the [M + Li]" ions is not
strong enough that these ions dissociate in a way that
the lithium cation is lost before the CRF processes with
concurrence of shift of y- or allylic hydrogen take place
[3, 8], whereas the [M — H — H,O] and [M — H —
CO,] ™ ions arising from neutral loss of H,O or CO, are
the predominant ions seen in the MS® product-ion
spectra of the [M — H] ™ ion of fatty acids, dependent on
the degree of unsaturation. By contrast, the [M + Li]*
adduct ions of unsaturated glycerophospholipids [13]
and of unsaturated triacylglycerol (data not shown)
undergo the similar CRF upon resonance excitation in a
linear ion trap, yielding structural information for lo-
cating the double bond(s) of the long-chain fatty acid
substituents. The use of multiple-stage LIT mass spec-
trometry for locating the unsaturated bond of unsatur-
ated triacylglycerol is currently in progress.
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