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Abstract Lipid mediators (LMs) derived from PUFAs play
important roles in health and disease. Databases and search
algorithms are crucial, but currently unavailable, for accurate
and prompt analysis of LMs via liquid chromatography-ultra-
violet-tandem mass spectrometry (LC-UV-MS/MS). A novel
algorithm and databases, cognoscitive-contrast-angle algorithm
and databases (COCAD), were developed for the identifica-
tion of LMs based on the integration of standard MS/MS spec-
tra with chromatograms and UV spectra. Segment naming
and empirical fragmentation rules were introduced to de-
termine MS/MS ion identities, along with ion intensities
used by COCAD in matching the unknown to those of au-
thentic standards. The structures of potential LMs without
synthetic and/or authentic products as standards were iden-
tified by developing theoretical databases and algorithms
based on virtual LC-UV-MS/MS spectra and chromatograms.
The performance of these databases and algorithms was tested
by identifying LMs in murine tissues.Fll These results indi-
cate that COCAD has many advantages for profiling and
identification of LMs compared with the conventional dot-
product algorithm.—Lu, Y, S. Hong, E. Tjonahen, and C. N.
Serhan. Mediator-lipidomics: databases and search algorithms
for PUFA-derived mediators. J. Lipid Res. 2005. 46: 790-802.
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Lipid mediators (LMs) biosynthesized from precursor
PUFAs such as eicosanoids, resolvins, neuroprotectins, and
docosatrienes are local autacoids that play critical roles in
human physiology and many prevalent diseases. These in-
clude cardiovascular disease, Alzheimer’s disease, psoria-
sis, asthma, and arthritis as well as the physiologic events
of inflammation and resolution (1-4). Lipidomics of LMs,
namely the study of the identity, function, and profiling of
potent bioactive LMs as well as their biosynthesis and met-
abolic inactivation, can provide a useful approach for qual-
ifying LMs as diagnostic markers in metabolomics of dis-
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ease and health and possibly in the development and
assessment of new therapeutics (5, 6). As a subdivision of
lipidomics, mediator-lipidomics is further subdivided into
eicosanomics, which focuses on the classes of bioactive
mediators derived from arachidonic acid, including, for
example, prostaglandins (PGs), leukotrienes (LT5), lipoxins
(LXs), epoxyeicosatrienoic acids, and isoeicosanoids, as well
as LMs that are derived from other lipid structures, such
as sphingolipids, diacylglycerides, lysophospholipids, and
platelet-activating factors (for recent references, see 5, 6).

Although the physicochemical properties of individual
LMs can give different chromatographic behaviors and mass
spectra that are instrument- and chromatographic system-
dependent, to facilitate profiling analyses between labora-
tories and assembling of system metabolomic maps, it is
essential to first construct databases and search algorithms
that permit accurate, prompt identification of LMs in
complex biological matrices such as human blood, urine,
and inflammatory exudates. To this end, one specific and
sensitive tool for chemical identification in mediator-lipi-
domics is liquid chromatography-ultraviolet-tandem mass
spectrometry (LC-UV-MS/MS) with atmospheric pressure
ionization (7-10), especially electrospray ionization (ESI).
Low-energy ionization of LMs with ESI generates primar-
ily molecular (or pseudomolecular) ions for low/interme-
diate energy collision-induced dissociation (CID) MS/MS
analysis and can avoid unwanted degradation products
(7). MS/MS spectra are used extensively to identify and
elucidate the structures of LMs derived from PUFAs (2-4,
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7-9, 11). LC-UV-MS/MS can also provide more spectral
information and criteria for those compounds with spe-
cific UV chromophores and assist in the elucidation of
both known and novel LM structures. In this context, many
LMs derived from PUFAs possess conjugated double bond
systems that are critical components for their bioactions;
each gives a characteristic UV spectrum (2-4, 7-9). Unes-
terified PUFAs frequently coexist in samples, and these
compounds contain 1,4-cispentadiene subunits that do not
give a specific UV chromophore signature. For example,
leukotrienes contain a conjugated triene chromophore and
lipoxins possess a conjugated tetraene chromophore.

Mediator-lipidomic databases containing MS/MS as well
as UV spectra and chromatographic profiles with appro-
priate search algorithms are imperative for accurate and
timely analysis of LMs (12). Mediator-lipidomic analysis is
summarized in Scheme 1.

Although GC-MS can be used in many cases for struc-
ture identification, the required high column temperatures
limit its use because many of the PUFA-derived LMs are
thermolabile (7). Search algorithms for GC-MS electron
impact ionization spectra have been well studied (13-15),
as have those for both GC-MS chromatograms and mass
spectra (16). The contrast-angle (or dot-product, = cosine
of the contrast-angle) algorithm is widely used. The con-
trast-angle is the angle between two spectra represented as
vectors composed of ordered peak intensities (13). Be-
cause databases and search algorithms for LMs on com-
prehensive LC-UV-MS/MS are not yet available, we ini-
tially used MassFrontier™ (ThermoFinnigan) GC-MS mass
spectral commercial software to construct a LM database
and search algorithm. The search algorithm for Mass-
Frontier is dot-product and was developed by Stein and
Scott (13, 14).

The dot-product algorithm in MassFrontier uses the in-
tensities of all peaks in MS/MS as a vector for computation
and is not concerned with the identities of ions, whether
they are molecular ions, ions derived from molecular
ions, or ions from interfering substances in the samples
(13-16). Using the ions generated from interfering back-
ground can decrease the percentage correct for best match
of the search. Even the ions generated from unknown
LMs contribute differently to the identification. For LMs,

Solid phase extraction

LC-UV-MS/MS

Lipid Mediator Profiles Y Pata mining”

Spectra and chromatograms
Lipidomic databases and
Search algorithms
Identification

Profiling of lipid mediators

Scheme 1. Mediatorlipidomics via liquid chromatography-ultra-
violet-tandem mass spectrometry (LC-UV-MS/MS) analysis of the phys-
icochemical properties, including MS/MS and UV spectra and chro-
matographic profiles.

ions generated by cleavage of the carbon-carbon bond in-
side the carbon chain have greater diagnostic yield for de-
termining the structures than the ions formed by the loss
of water or COy, which are common features of most
PUFA-derived LMs (3, 4, 7, 8, 11).

The relationships between ESI-MS/MS spectra and LM
structures have been studied extensively (2—4, 7-9). The
identification and elucidation of the unknown structures
of novel LMs by LC-UV-MS/MS are based on the relation-
ships between structural features (such as functional groups
and double bonds) and characteristics of the spectra and
chromatograms (MS/MS ions, UV spectra, and LC reten-
tion times). On C18 reversed-phase LC, chromatographic
retention times (CRTs) generally increase in the following
order: trihydroxy LMs, dihydroxy LMs, monohydroxy LMs,
and then the nonoxidized PUFA precursors (such as arachi-
donic acid) are eluted, depending on the mobile phase
used. For positional isomers of hydroxy-containing LMs,
the CRTs decrease as the hydroxy groups locate closer to
the methyl group at the w-end of the long-chain PUFA. For
instance, the CRT of 5S,14R,15S$-trihydroxy-6E,8Z,10E,12F-
eicosatetraenoic acid (LXB,) is usually shorter than that
of 5S,6R, 158 trihydroxy-7E,9E,11 Z 13 E-trans-11-cis-eicosatet-
raenoic acid (LXA,). The CRT of native LXA, (containing
a 15Shydroxy at carbon 15) is shorter than that of the as-
pirin-triggered 15-epi-LXA, but greater than that of 11-
transLXAy4, which is the natural all-franscontaining isomer
of LXA, (17).

The band multiplicity and maximum absorbance wave-
length (A,) of UV spectra are additional class- or series-
specific signatures of LMs, such as the presence of an asym-
metric singlet band with A\, ~ 235 nm for the conjugated
diene present within the lipoxygenase pathways. These in-
clude monohydroxy-eicosatetraenoic acids (mono-HETEs);
a triplet with N\, ~ 270 nm for the leukotrienes, such
as the conjugated triene within LTB, (55,12Rdihydroxy-
6Z,8E,10E,14 Zeicosatetraenoic acid); a triplet with N, ~
300 nm for conjugated tetraene, as present within LXA, and
LXBy; and, for example, an asymmetric singlet with A, ~
242 nm from the two conjugated dienes interrupted by a
methylene group, as present in the double lipoxygenation
product 5S5,155di-HETE (17). For compounds without a
class and/or series specific chromophore or with A, in
vacuum UV range (actually undetectable on our LC-UV-MS/
MS instrument) such as 1,4-cispentadiene-containing PUFAs
as well as some prostaglandins, namely PGE, (11a,15%
dihydroxy-9-oxo-prosta-5Z,13E-dien-1-oic acid) and PGFy,
(90,110,155 trihydroxy-prosta-5 Z,13F-dien-1-oic acid), which
do not possess conjugated double bond systems (17, 18),
the UV chromophore component is not used for identifi-
cation. When the conjugated tetraene of LXA, isomers is
in the all-trans geometry, the A\, is shifted to 302 nm in-
stead of 300 nm (17). The relationship between MS/MS
spectra and LM structures is of interest and presented
vide infra.

With current chemical analytical technologies, most
LMs are identified manually by comparing the spectra and
chromatographic behaviors acquired from sample tissues
with those of authentic standards of known LMs; when au-
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thentic standards are not available, as in the case of novel
LMs and their metabolites, basic chemical structures can
be obtained on the basis of the relationship between struc-
tures and features of their spectra and chromatographic
behaviors compared with those of synthetic and biogenic
products prepared to assist in the assignment. We routinely
identify LMs by comparing the unknown spectra (MS/MS,
GC-MS, and UV spectra) and CRTs with those of authentic
and synthetic standards if available or with a theoretical
database that consists of virtual UV and MS/MS spectra
and CRTs for discovering potentially novel LMs (3, 4, 12)
if standards are not available. We initially developed a the-
oretical database and algorithm according to the relation-
ships between LM structures and their spectral and chro-
matographic characteristics (12). The proposed structures
of novel potential LMs in the theoretical databases were
based on PUFA precursors and established biosynthetic path-
ways.

In this report, we focus on constructing mediator-lipi-
domic databases and search algorithms useful for the iden-
tification of LM structures using LC-UV-MS/MS with the
following objectives: I) to assemble a database using cur-
rently available mass spectral software; 2) to construct a cog-
noscitive-contrast-angle algorithm and databases (COCAD)
to improve the identification of LMs using MS/MS ion
identities that currently cannot be determined with avail-
able software; and 3) to develop a theoretical database and
algorithm for assessing potentially novel and/or unknown
structures of LMs and their metabolites in biologic matri-
ces. It is quite meaningful to develop mediator-lipidomic
databases and algorithms using ion trap mass spectrome-
ters that are relatively cheaper and popular. Moreover, the
fragmentation rules and patterns for CID spectra from tri-
ple-quadruple mass spectrometers, another popular MS
instrument, are similar to those we encounter using the
ion trap (7, 19, 20). The databases and algorithms described
in this report should be a useful initiation that can be ex-
tended to other types of MS instruments.

SYSTEMS AND METHODOLOGY

LC-UV-MS/MS-based mediator-lipidomic analysis

Chromatograms and spectra of samples and standards were
acquired in negative-ion mode using a Finnigan LC-UV-ESI-LCQ
ion trap tandem mass spectrometer (ThermoFinnigan, San Jose,
CA). The entire LC-UV-MS system control and data analysis were
performed using Xcalibur® software 1.3 (ThermoFinnigan) (24,
11, 12).

We used a LUNA C18-2 (Phenomenex, Torrance, CA) column
packed with 5 wm spherical C-18 particles. The dimension was
100 mm (or 150 mm) long and 2 mm inner diameter. The col-
umn was kept in a column heater (30°C). The LC system used a
P-4000 quaternary LC pump (ThermoFinnigan). When the col-
umn was 100 mm long, the mobile phase (methanol-water-acetic
acid, 65:35:0.01) flowed at 0.2 ml/min in C channel from 0 to 8
min, linearly ramped to methanol in D channel from 8.01 to 30
min, eluted as methanol for 5 min, and finally eluted as C again.
When the column was 150 mm, the mobile phase (methanol-water-
acetic acid, 65:35:0.01) flow rate was 0.2 ml/min through the C
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channel from 0 to 15 min, linearly ramped to methanol in D
channel from 15.01 to 48 min, eluted as methanol for 8 min, and
return eluted as C again.

UV spectra were acquired using a tandem photodiode-array
UV detector (UV-6000; ThermoFinnigan) that scanned from 200
to 360 nm. Samples were injected manually with a 7125E injector
equipped with a 100 pl loop (Rheodyne, Rohnert Park, CA). The
injection volume was 20 pl, and the amount of each LM and related
compounds in each set of analyses ranged from 0.5 to 100.0 ng.

The ion source conditions for the LCQ were set as follows:
electrospray voltage, 4.3 kV; heating capillary, 230°C and —39 V;
tube lens offset, 60 V; sheath Ny gas, 80 units (near 1.2 1/min);
auxiliary Ny gas, 3 units (0.045 1/min). The ion trap analyzer typ-
ically scanned from m/z 200 to 800 in MS mode to determine the
m/z of ESI-ion source-generated ions. The parameters for MS/MS
were as follows: damping and collision gas, He (at ~0.1 Pa); iso-
lation width, m/z 1.5; collision time, 30 ms; normalized collision
energy on base of the maximum available tickling voltage (5 V),
~38% for prostaglandins and dihydroxy- and trihydroxy-contain-
ing acyclic eicosanoids, 42% for monohydroxy-containing eicos-
anoids, and 50% for PUFAs. The settings for data-dependent
scan MS/MS were as follows: isolation width, m/z 1.5; normalized
collision energy, 40%; minimum signal required, 100,000; mini-
mum MS" signal required, 10,000; repeat count, 3; repeat dura-
tion, 0.5 min; exclusion duration, 1.5 min. Automated gain con-
trol was set at ~2 X 107 for MS and MS/MS full scan.

Deuterium-labeled PGE, (d/PGEy), d/L'TBy, and d;,,yPUFA were
routinely used in our laboratory as the internal standard to calcu-
late recoveries during sample preparation and quantification. Deu-
terium-labeled eicosanoids were also routinely used to calibrate
CRTs and account for potential daily variations in relative chro-
matographic behavior. CRTs for LMs were routinely within =
0.6 min.

Generation of eicosanoids by polymorphonuclear
leukocytes and stimulated spleen

Results from LC-UV-MS/MS for eicosanoids acquired from bi-
ological samples were used to demonstrate the performance of
the databases and algorithms constructed. One sample set was
obtained by incubations of rabbit polymorphonuclear leukocytes
(~50 X 106 cells per incubation) isolated from rabbit whole
blood and stimulated with ionophore A23187 (15 pM) and arachi-
donic acid (10 wM, 20 min, 37°C) as described (19). Samples
were also analyzed from murine spleens (kindly provided by ]J.
Aliberti and coworkers) prepared as described (20). The spleens
were collected from mice injected with homogenate of Toxo-
plasma gondii (RH strain). Incubation of samples was stopped
with two volumes of methanol, and samples were maintained at
—20°C before isolation and further analyses. All samples were ex-
tracted using a solid-phase extraction technique (21). In short,
samples rapidly preequilibrated at pH 3.5 were loaded onto
solid-phase extraction cartridges (100 mg of C18 adsorbent per
cartridge; Varian, Palo Alto, CA) and eluted with 8 ml of methyl
formate (EM Science, Gibbstown, NJ). Samples were taken to dry-
ness using a flow of nitrogen gas. Each sample was suspended in
20 pl of mobile phase C and injected for LC-UV-MS/MS analysis.

Software

For LMs and related compounds for which synthetic and au-
thentic standards were available, the databases were constructed
with MassFrontier (version 2.0; HighChem, Ltd., San Jose, CA)
(22), a commercial software designed for use with positive-ion
MS spectra generated by electron impact ionization. We imple-
mented cognoscitive-contrast-angle and theoretical algorithms
and developed databases using Microsoft Visual Studio 6.0 for
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mass spectra obtained in the negative-ion mode. All of the spec- prosta-5Z9E,13E-trien-1-oic acid, and 9a-hydroxy-11-oxo-prosta-
tra generated were processed with Microsoft Excel 2000. 57,12E,14F trien-1-oic acid; the precursors of LMs arachidonic acid
(eicosa-57,87,117,14 Ztetraenoic acid), eicosapentaenoic acid

Tests to evaluate and optimize systems of LC-UV-MS/MS ;2578711214217 Zpentaenoic acid (20:5,n-3)], docosahexa-

mediator-lipidomic databases and algorithms enoic acid [docosa-47,77,107,137,167,19 Zhexaenoic acid (22:6,

Murine tissue was extracted along with different amounts of n-3)], and linolenic acid [octadeca-97,127,15 Ztrienoic acid (18:3,
LMs, their precursors, and metabolites that were added for these n-3)1; and others: 15-oxo-eicosa-57,87,117,13F-tetraenoic acid,
experiments. Each of six different murine tissues (kidney, spleen, 58hydroxy-6 R-(Sglutathionyl)-7E,9E, 117,14 Zeicosatetraenoic acid,
liver, brain, colon, and fat) was homogenized in cold methanol. 58-hydroxy-6 R-(S-cysteinylglycinyl)-7E,9E,11Z,14 Zeicosatetraenoic

Each homogenate was centrifuged (14,000 rpm, 20 min), and su- acid, 9a,11,155trihydroxythromba-5 7,13 F-dien-1-oic acid, and hep-
pernatants were spiked with 1, 2.5, or 5 ng of the following 34 oxilin Ag [8(R,S)-hydroxy-118,12S-epoxy-eicosa-5 Z9E,14 Ztrienoic
LMs and the related compounds denoted in Table 1 (n = 2-3). acid]. Each sample was then concentrated by a stream of Ny gas,
The trihydroxy-containing eicosanoids LXAy, LXB,, 55,12R20-  dissolved into 20 pl of mobile phase C, and injected into the in-
trihydroxy-6£,87,10F,14 Zeicosatetraenoic acid; the dihydroxy- strument to acquire LG-UV-MS/MS chromatograms and spectra,
containing eicosanoids 5,15-diHETE (5,15-dihydroxy-6£,8E,117, which were then searched against the databases using the algo-
13 Zeicosatetraenoic acid), LTBy, 55,6 SdiHETE (55,6 5-dihydroxy- rithms that we developed (vide infra). For each amount of one
TE9E,117,14 Zeicosatetraenoic acid), 55,6 RAiHETE (55,6 R-dihy- compound in six different tissues, one value of percentage cor-
droxy-7E9k, 117,14 Zeicosatetraenoic acid), 125,20-dihydroxyeicosa- rect for best match was obtained. The mean and SEM of percent-
57,87,10E,-14 Ztetraenoic acid; HETEs (monohydroxy eicosatet- age correct for best match were calculated from one compound
raenoic acids), 20-HETE (20-hydroxy-5Z87,117,14%eicosatetra- group at one amount for each database/algorithm. The primary
enoic acid), 15SHETE (15Shydroxy-5E8Z117,13 Zeicosatetraenoic  measure of performance in these experiments was the correct
acid), 12SHETE (12S$hydroxy-5787,10E,14 Zeicosatetraenoic acid), best match and compound identification.

11-HETE (11-hydroxy-5£,87,12 7,14 Zeicosatetraenoic acid), SHETE
(8-hydroxy-5£,97,117Z14 Zeicosatetraenoic acid), and 5SHETE
(5Shydroxy-6£,87,11 7,14 Zeicosatetraenoic acid); the prostaglan-
din PGEy, 9-oxo-11a,15S-dihydroxy-prost-13F-en-1-oic acid, 9,15-
ﬁloxo_l la-hydroxy-prosta-513E-dien-1-oic acid, 9,15-dioxo-11a- Logic diagram used to identify and elucidate structures of

ydroxy-prost-5 Z-en-1-oic acid, 9«,15S,-dihydroxy-11-oxo-prosta- . R .. . i
52,13 Edien-1-oic acid, PGFyq, 9,15-dioxo-11a-hydroxy-prosta-135 ~ 1Ms with mediator-lipidomic databases and algorithms

RESULTS AND DISCUSSION

en-l-oic acid, 6-oxo-9a,11a,15Strihydroxy-prost-13-en-1-oic acid, The regular routes for LM identification and structure
11-oxo-prosta-52,9,12F,14 Ztetraen-1-oic acid, 15Shydroxy-11-oxo- elucidation of potentially novel LMs were followed in the

TABLE 1. Percentage correct for best match to identify LMs and their precursors and metabolites in murine tissue and organ samples using
mediator-lipidomic liquid chromatography-ultraviolet-tandem mass spectrometry databases and algorithms

Database and Algorithm LMs, Their Precursors, or Metabolites Percentage Correct for Best Match
1ng 2.5ng 5 ng
Cognoscitive-contrast-angle
algorithm and databases Monohydroxy-containing eicosanoids 100.0 = 0.0 100.0 = 0.0 93.3 = 11.5
Dihydroxy-containing eicosanoids 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0
Trihydroxy-containing eicosanoids 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0
MassFrontier Arachidonic acid, eicosapentaenoic acid, 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0
docosahexaenoic acid, and linolenic acid
Monohydroxy-containing eicosanoids 73.3 £ 19.0 100.0 = 0.0 80.0 = 10.0
Dihydroxy-containing eicosanoids 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0
Trihydroxy-containing eicosanoids 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0
Prostaglandin 87.6 = 14.4 93.3 = 12.7 89.9 = 10.4
15-0x0-ETE, LTCy, LTD,4, TXB,, and hepoxilin Ag 100.0 = 0.0 100.0 = 0.0 100.0 = 0.0
Theoretical Monohydroxy-containing eicosanoids 80.5 = 10.9 88.4 = 12.6 93.3 £ 6.5
Dihydroxy-containing eicosanoids 95.4 +12.3 97.1*+82 100.0 = 0.0
Trihydroxy-containing eicosanoids 100.0 = 0.0 100.0 = 0.0 88.9 = 19.2

Values shown are means = SEM. LM, lipid mediator. Each of the six different murine tissues or organs (kidney, spleen, liver, brain, colon, and
fat) was homogenized in cold methanol. Each homogenate was centrifuged, and supernatants were simultaneously spiked with 1, 2.5, or 5 ng of 34
LMs and the related compounds (n = 2-3). These included the trihydroxy-containing eicosanoids 55,6 R,15Strihydroxy-7E9E,11Z,13E-trans-11-cis-
eicosatetraenoic acid, 55,14 R,15S$trihydroxy-6£,8Z,10E,12F-eicosatetraenoic acid, and 5S,12R,20-trihydroxy-6£,8 Z,10£,14 Z-eicosatetraenoic acid; the
dihydroxy-containing eicosanoids 5,15-diHETE (dihydroxy-eicosatetraenoic acids), LTBy, 55,6 SdiHETE, 55,6 RAiHETE, and 125,20-dihydroxyeicosa-
57,87,10E,14 Ztetraenoic acid; the HETEs (monohydroxy eicosatetraenoic acids) 20-HETE, 15SHETE, 12SHETE, 11-HETE, 8- HETE, and 5SHETE;
the prostaglandin 11a,15S-dihydroxy-9-oxo-prosta-bZ,13E-dien-1-oic acid, 9-oxo-11a,15S8dihydroxy-prost-13F-en-1-oic acid, 9,15-dioxo-11a-hydroxy-
prosta-57,13F-dien-1-oic acid, 9,15-dioxo-11a-hydroxy-prost-5Zen-1-oic acid, 9a,155dihydroxy-11-oxo-prosta-57,13Fk-dien-1-oic acid, 9a,11a,155
trihydroxy-prosta-5Z,13F-dien-1-oic acid, 9,15-dioxo-11a-hydroxy-prosta-13F-en-1-oic acid, 6-oxo-9«,11a,15S5-trihydroxy-prost-13-en-1-oic acid,
11-oxo-prosta-579,12E,14 Ztetraen-1-oic acid, 15Shydroxy-11-oxo-prosta-5Z9F,13F-trien-1-oic acid, and 9a-hydroxy-11-oxo-prosta-57,12F,14F-trien-1-oic
acid; the LM precursors arachidonic acid, eicosapentaenoic acid, docosahexanoic acid, and linolenic acid; and others: 15-oxo-ETE (15-0x0-5Z87,
11Z13F-cicosatetraenoic acid), LTCy [5Shydroxy-6 R-(Sglutathionyl)-7E,9E,11Z,14 Zeicosatetraenoic acid], LTD, [5Shydroxy-6R-(Scysteinylglycinyl)-
7TE9E11Z,14 Zeicosatetraenoic acid], TXBy (9a,11,158trihydroxythromba-5 Z,13E-dien-1-oic acid), and hepoxilin As. For each amount of one com-
pound in six different tissues, one value of percentage correct for best match was obtained. The mean and SEM of percentage correct for best
match were calculated from one compound group at one amount for each of the three databases/algorithms (see Systems and Methodology for de-
tails).
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mediator-lipidomic databases and search algorithms that
we constructed (Scheme 2). Two types of lipidomic data-
bases for LMs were used for searching: one contains LC-
UV-MS/MS spectra and chromatograms acquired on LM
standards, and the other is based on theoretically gen-
erated LC-UV-MS/MS spectra and chromatograms. The
searches were conducted stepwise against either standards
or the theoretical databases to increase the search speed.
The search of MS/MS spectra was carried out only against
the MS/MS subdatabase with the molecular ion of interest
(i.e., M-1) and matched UV spectra (e.g., conjugated di-
ene, triene, or tetraene chromophores). Subsequently,
the matching of CRTs was performed. The standard error
for CRT5 for the chromatographic conditions used in the
present set of experiments was ~~0.3 min. Thus, only the
unknown CRT within =2 X 0.3 min of the CRT (for 95%
confidence intervals) in the databases was taken as a cor-
rect match. If the UV spectral pattern was unclear, the
MS/MS and CRT were still searched to avoid potential er-
rors in assignment. A standard LM or theoretical fragmen-
tation/ion fragmentation pattern that fulfilled the above
match criteria was then assigned to the unknown set. If
the match was a “hit” only with UV and MS/MS spectra
but not with CRT, the LM in the sample was likely to be a
geometric isomer of a known LM.

UV patterns are simply presented in the database as
Amax and divided into six clusters: ~301 nm, ~278 nm,
~270 nm, ~242 nm, ~235 nm, and vacuum UV. In con-
trast, each MS/MS spectrum has dozens of ions and there-
fore is a much larger data set than a UV A,,,. If the UV
AMmax 18 matched first, then only the MS/MS subdatabase
having LM standards with this UV A, which is a fraction
of the whole MS/MS database, needs to be searched. This
type of narrowed search is faster than that through the en-
tire MS/MS database. This will become more significant
when more and more standard MS/MS data are entered
into the database. We tested the route with MS/MS spec-
tra before UV; the search results are the same as having
MS/MS after UV data. If the UV pattern is unclear, we can

just search the MS/MS and CRT to avoid the assignment
€rrors.

Databases constructed with commercial mass spectral
software containing LC-UV-MS/MS chromatograms
and spectra measured from standard LMs

A mediator-lipidomic database using LC-UV-MS/MS
spectra and chromatograms acquired from authentic LMs
was constructed with GC-MS spectral software MassFron-
tier. The UV N, of standard LMs were written into the
subdatabase names and the CRTs were written into the LM
names, so that MassFrontier could handle the acquired UV
spectral results and CRTs for the identification of the un-
known LMs according to the logic diagram in Scheme 2.

The demonstration of the efficacy of this database was
assessed with the identification of eicosanoids biosynthe-
sized by rabbit leukocytes using LC-UV-MS/MS (Fig. 1).
For peak I in the inset of Fig. 1A, a subdatabase “mTOz
351Vacuum UV” was selected with the molecular ion of in-
terest and matched UV \,.. The search showed that the
MS/MS spectrum of peak I matched best with PGE,, with
the highest matching score of 907 (Fig. 1B). Furthermore,
the CRT of peak I and standard PGEy; matched. There-
fore, peak I was assigned as PGE,, consistent with the man-
ual identification and assessment of MS and UV spectral
and LC chromatographic features of PGE,.

COCAD: using MS/MS ion identities and intensities as
well as UV spectra and CRTs for LM identification
Identification of mass spectral ions generated from LMs. The system
with COCAD that we developed can be used to elucidate
the fragmentation of LMs in mass spectrometry and to
match unknown MS/MS spectra with those of synthetic
and/or authentic standards. In the process of matching,
the intensity of each peak is treated differently based on
the ion identity. MS/MS ions are clustered into three
types: “peripheral-cut” ions, formed by neutral loss of wa-
ter, COy, amino acid, or amines derived from functional
groups linking to the LM carbon chain as hydroxy, hydro-

Select spectra and chromatograms of MS, MS/MS, and UV
acquired via LC-UV-MS/MS for LMs in samples

| Direct searches toward compounds having expected or unexpected molecular ions

Match standard UV

in databases?

Match standard MS/MS
in databases?

Yes

Match standard CRTs
in databases?

Yes

LMs identified

| Match UV of theoretical structures in database |

| Match MS/MS of theoretical structures in database |

| Match CRTs of theoretical structures in database |

Identified isomers
of the LM standards

Potentiaily novel
LMs proposed

Scheme 2. Logic diagram for developing LC-UV-MS/MS-based mediator-lipidomic databases and search
algorithms for PUFA-derived lipid mediators (LMs). CRT, chromatographic retention time.
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Fig. 1. Identification of 11a,15$dihydroxy-9-oxo-prosta-5Z,13F-dien-1-oic acid (PGEy) generated by rabbit
leukocytes using a mediator-lipidomic database and algorithm developed with MassFrontier. A: MS/MS spec-
trum, and MS/MS of m/z 351 chromatogram (inset) were acquired for PGE, generated from incubation of
rabbit polymorphonuclear leukocytes and arachidonic acid (representative; n = 3). The MS/MS scan condi-
tions were as follows: parent ion, m/z 351; isolation width, 1.5; normalized collision energy, 42%; activation
time, 30 ms; scan of MS/MS ions, from m/z 95 to 355. The LC column used was 150 mm long, 2 mm inner di-
ameter, and packed with 5 wm of C18 particles. The gradient for the mobile phase is described in Systems
and Methodology. B: Report for the search via the MassFrontier system showing PGE, as the best match.

peroxy, carbonyl, epoxy, carboxy, amino acid group, or
amino group; “chain-cut” ions, formed by the cleavage of
a carbon-carbon bond along the LM carbon chain; and
“chain-plus-peripheral-cut” ions, formed by a combina-
tion of chain cut and peripheral cut. Molecular ions
formed during ESI can easily be converted to peripheral-
cut ions in the MS/MS process. Similarly, chain-cut ions
can also be readily converted to chain-plus-peripheral-cut
ions (Scheme 3).

Typical chain-cut ions for LMs in MS/MS are formed by
a-cleavage of the carbon-carbon bonds connecting to the
carbon with a functional group directly attached (2—4, 7,

Lu et al.

8). LMs readily undergo a-cleavage (7). We proposed
the nomenclatures illustrated in the LXA, structure pre-
sented in Scheme 3 to systematically name the segments
formed via chain cut and chain plus peripheral cut with-
out concern for hydrogen shifts occurring during mass
spectrometric analysis of PUFA-derived products. Each of
these LMs derived from PUFA has a carboxyl terminus
and a methyl terminus. An Arabic number was used to
designate the position of the functional group on the LM
carbon chain where the cleavage occurs. The uppercase
letter right after the number indicates the side of the
functional group on which the cleavage occurs: C is for

Databases and search algorithms for lipid mediators 795
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/ /\/\/ OH
15Cc ‘(\:/>\
H 15Mm
15Cm

LM name .
molecuiar ion

Retention Time .
peripheral-cut segments

chain-cut segments

uv Amax /
/

LXA4,

RT: 5.2min

300nm [M-H:sm% 5Cc=86 |5Cm=265| 5Mc=116 |5Mm=235| 6Cc=116 | 6Cm=235| 6Mc=146 |6Mm=205/15Cc=250] 15Cm=101 | 15Mc=280 | 15Mm=71
A

H20 333 247 98 217 08 217 128 187 232 83 262

-2H20 315 209 199 199 110 214 244

.3H20 297 14 a26

-co2 307 42 72 72 102 206 236

-H20-C02 289 54 54 84 188 218

.2H20-CO2 271 o 70 200
| aHz0-co2 253 182

neutral loss derived from
LM functional groups

chain-plus-peripheral-cut segments

Scheme 3. LC-UV-MS/MS database layout: example for naming LM segments. In this case, the example shown is lipoxin A4 (LXA,),
formed via chain cut, peripheral cut, and chain plus peripheral cut for interpretation of MS/MS fragmentation. RT, retention time.

cleavage on the carboxyl side of the functional group, and
M is for cleavage on the methyl side of the functional
group. Each cleavage can directly generate two segments.
The lowercase letter that follows indicates the side of the
cleavage on which the segment forms: c is for a segment
formed on the carboxyl side of the cleavage, and m is for a
segment formed on the methyl side of the cleavage. Seg-
ments formed through B-cleavage or <y-cleavage toward
the functional group are named by adding 3 or 'y between
the uppercase and lowercase letters. Because three hy-
droxy groups of LXA, are located at Cj;, Gg, and Cy; of the
20 carbon linear chain, a-cleavages can occur on the
bonds at C4-Cy, C5-Cg, C-Cs7, C14-Cy5, and Cy5-Cy to gener-
ate 10 chain-cut segments (Scheme 3). All of the possible
chain-cut, peripheral-cut, and chain-plus-peripheral-cut
segments for LXA, are listed in the table in Scheme 3.

A MS/MS ion detected from LM samples in the nega-
tive-ion mode generally is formed from a specific segment
with the addition or subtraction of hydrogen(s) caused by
hydrogen shift during the cleavage. The charge (z) of the
LM negative ion is usually equal to 1; therefore, the mass-
to-charge ratio (m/z) of a LM ion is usually equal to its
mass (m). Previous reports (7, 8, 11) and our unpublished
results (data not shown) demonstrated that the MS/MS
fragmentation observes the empirical rules regarding the
addition or subtraction of hydrogen(s) for the chain-cut
segments to form the chain-cut MS/MS ions: for segment

796  Journal of Lipid Research Volume 46, 2005

Cc, the detected MS/MS ions are Cc and Cc + H; for seg-
ment Cm, the detected MS/MS ions are Cm, Cm * H,
and Cm * 2H; for segment Mc, the detected MS/MS ions
are Mc and Mc — H; and for segment Mm, the detected
MS/MS ions are Mm, Mm *= H, and Mm *+ 2H (referred
to below as the fragmentation rules).

These rules were used to identify the segments for in-
strument-detected MS/MS ions. The interpreted ions, such
asM — H — HyO, Cc, Cc + H, and Mc — H, identified as
the MS/MS ions detected in the mass spectrometer, are
called virtual ions. One detected MS/MS ion can be inter-
preted as one or several virtual ions. Through the loss of
H,0, COy, NH3, and/or amino acids, the chain-cut ions
can form chain-plus-peripheral-cut ions. For the chain-cut
and chain-plus-peripheral-cut ions in the present report,
we focused on those formed by a-cleavages. Those de-
tected MS/MS ions uninterpretable via rule 1 and neutral
loss are taken as unidentified ions.

Modification of MS/MS ion intensities according to their identities. In
nature, isotope 3C constitutes 1.1% of elemental carbon.
If the intensity of an ion with mass M (ion charge z is 1)
containing only carbons, hydrogens, and oxygen(s) is 100,
the contribution of '®C to the intensity of the ion with
mass (M + 1) (the ion with mass 1 unit higher) is statistically
equal to 100 X 1.1% X the number of carbons in ion M,
which is listed in Table 2.2 of the report by McLafferty and
Turecek (23). The contribution of 13C to the ion (M + 2)

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

is much less than 100 X 1.1% X carbon number. The 13C
contribution of ion M to the intensities of ions (M + 1) and
(M + 2) was subtracted in the computation of the match-
ing score for the COCAD and theoretical algorithms. If
ion M could not be identified, the carbon number in the
ion (M + 1) or (M + 2) is used because M, (M + 1), and
(M + 2) generally have the same carbon number.

Chain-cut ions are most informative and can be diag-
nostic for determining LM structures such as the position
of functional groups and double bonds. Generally, there
are more chain-plus-peripheral-cut ions than chain-cut
ions, because the former are derived from the latter by
one or several neutral losses. It is likely that some chain-
plus-peripheral-cut ions have the same m/z even though
they originate by different mechanisms and represent dif-
ferent structural features. Therefore, chain-cut ions are
more specific than chain-plus-peripheral-cut ions for de-
fining the LM structure. Peripheral-cut ions in MS/MS
spectra are similar among LM isomers; therefore, they
were not specific enough for differentiation of individual
LM isomers.

According to the fragmentation rules, the nth MS/MS
peak can be identified as one or several chain-cut (C) ions,
peripheral-cut (P) ions, and/or chain-plus-peripheral-cut
(CP) ions. The weighted intensity (’I,) of each identified
ion is as follows:

=1, + (M+ DM+ "M xp)x W (Eq. 1)

where yis the MS/MS ion type identified as C, B, or CP; 1,/
is the relative intensity of the nth peak in the MS/MS spec-
trum;

c

M
is the number of chain-cut ions identified for the nth MS/
MS peak;

CPM

n

is the number of chain-plus-peripheral-cut ions identified
for the nth MS/MS peak;

M

n

is the number of peripheral-cut ions identified for the nth
MS/MS peak; and YW is the weight measuring the impor-
tance of the identified ion to determine the LM structure.
Itis 10 as “W and 1 as W or 'W. The fingerprint features
of chain-cut ions are used to define LM structure by multi-
plying their intensities by 10, which was determined to be
the best among the values (2, 10, 20, and 100) tested.
Weighted MS/MS ion intensities are used for COCAD and
the theoretical system described below. p represents the
contribution of peripheral-cut ions to I,,” (p = 3 for pe-
ripheral-cut ions formed via the loss of one COy from
each molecular ion, p = 10 for peripheral-cut ions formed
via the loss of one HyO from each molecular ion, and p =
1 for other peripheral-cut ions formed via multiple loss of
COgy and/or HyO from each molecular ion). The assign-
ment of p values is arbitrary and based on the observation
of relative intensities of peripheral-cut ions in MS/MS
spectra of LMs.

COCAD contrast angle. COCAD used a contrast-angle algo-
rithm to match an MS/MS spectrum between sample and
standards. The contrast angle is calculated as follows:

N

c,= Y (BxT) (Eq. 2)
ni]l CP, CP,
CP,= > (,B,x"IL) (Eq. 3)
njvl P, P,
P,= 3 (B,xL) (Eq. 4)
n=1
(Eq. 5)

U, is equal to C,, CP,, or P, for unknown spectrum to be
identified; S, is equal to C,, CP, or P, for standard spec-
trum.

COCAD contrast angle =
Cos '[(10 XD+ Dy +Dep) + (11 + 00p)]

where v is the uth virtual ion and Vis the total number for
one type of virtual ion formed via chain cut, chain plus pe-
ripheral cut, or peripheral cut for a specific LM.

‘s

n-v

is equal to 1 if the nth MS/MS peak can be identified as
the vth virtual ion formed via chain cut and is equal to 0
if not;

(Eq. 6)

C YPB

nov
or

)

n-v

has a similar meaning but for ions formed via chain plus
peripheral cut or peripheral cut; Nis the total number of
peaks in the MS/MS spectrum. D¢ is the dot-product be-
tween the virtual vectors of U (unknown sample) and S
(standard) formed via chain cut; Dcp and Dp are the dot-
products for chain-plus-peripheral-cut and peripheral-cut
ions, respectively. D¢, D¢p, or Dp in equation 5 represents
the similarity of ions formed via chain cut, chain plus pe-
ripheral cut, or peripheral cut between an unknown spec-
trum and a standard spectrum. None of them is greater
than 1. The uth virtual ion is not used for the calculation
of the corresponding D¢, D¢p or Dy if either U, or §,is 0.
If every C,, CP,, or P, within the vectors is 0, then D¢, D¢p,
or Dy, respectively, is assigned the value 0.

The COCAD contrast angle in equation 6 represents
how well the spectrum of the sample matches the stan-
dard: if it is 0°, the two spectra match exactly; if it is 90°,
the two spectra do not match at all. The smaller the con-
trast angle between 0° and 90°, the better the match (13,
24). The value is integrated and normalized from dot-
products D¢, Dcp, and Dp (equation 6). The numeric coef-
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ficient 10 in equation 6 was found to be the best value (2,
20, and 100 were also tested) that emphasizes the finger-
printing feature of chain-cut ions, because chain-cut ions
are more important for determining the LM structure
than are other types of ions. To normalize [(10 X D¢ +
Dcp + Dp) = (11 + wcp)] in equation 6 to be no more
than 1, 11 was used in the denominator of equation 6, and
wcp is equal to 1 if at least one MS/MS ion is identified as
a chain-plus-peripheral-cut virtual ion or is equal to 0 if no
such ion is identified. No chain-plus-peripheral-cut ion is
identified in a few LM standard spectra. Therefore, wcp is
introduced in equation 6 to normalize the COCAD con-
trast angle to 0 when matching these types of spectra
against themselves. Unidentified ions were excluded for
matching in equations 2 to 6.

According to the empirical fragmentation rules, for mono-
hydroxy-containing LMs, the vth chain-cut ion can be Cc,
Cc+1,Cm—2,Cm—1,Cm,Cm + 1,Cm + 2, Mc — 1, Mc,
Mm — 2, Mm — 1, Mm, Mm + 1, or Mm + 2. The vth chain-
plus-peripheral-cut ion can be Cc — COy, Cc — COy + 1,
Cm — HyO — 2, Cm — HyO — 1, Cm — HyO, Cm — HyO + 1,
Cm — HyO + 2, Mc — Hy,O — 1, Mc — HyO, Mc — CO,y — 1,
Mc — COy, Mc — HyO — COy — 1, or Mc — HyO — COa.
The vth peripheral-cution canbe M — H — CO9, M — H —
Hy0, or M — H — HyO — COy. For LMs having multiple
functional groups, Vis accordingly greater.

Integrating MS/MS spectra with UV spectra and chromatograms in
COCAD to identify LMs. COCAD databases incorporate the
LC-UV-MS/MS chromatograms and spectra measured
from standard LMs and the segments formed by cleavage
illustrated in Scheme 3. The features of UV spectra and
chromatograms are represented with the UV A, and
CRTs, respectively. The search of COCAD databases was
conducted stepwise, as depicted in the logical diagram
shown in Scheme 2, from UV A,;,,, to MS/MS spectra, and
then to CRTs. Using COCAD, we identified LXA, in mu-
rine spleen stimulated during exposure to 7. gondi: (Fig.
2A, B). The search was narrowed to the subdatabase with
UV Aax 301 nm (Fig. 2A, middle inset) and molecular ion
m/z 351, which were detected for the unknown peak II in
the chromatogram (m/z 251 of MS/MS 351) for the stimu-
lated spleen sample. The CRT (5.2 min) of peak II was
then matched against the candidates with the highest
MS/MS match scores (Fig. 2A, left inset). For compari-
son, searching was also conducted with the system devel-
oped with MassFrontier (Fig. 2C). Both demonstrated that
LXA, was the best match for the unknown peak II shown
in Fig. 2A. However, COCAD and MassFrontier could not
be used alone to identify the structures of unknowns with-
out LC-UV-MS/MS chromatograms and spectra obtained
for authentic and/or synthetic standards.

Theoretical database and search algorithm for
identification of potentially novel LMs

Theoretical databases consist of the segments (Scheme
3), the UV A\, and CRTs predicted for potentially novel
LMs. Searching against a theoretical database is also per-
formed stepwise as described in Scheme 2, from UV A,
to MS/MS spectra, and then to CRTs.
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Equation 7 is the matching score for an unknown MS/
MS spectrum compared with the virtual spectrum based
on the segments and the fragmentation rules.

F TN X
Matching score = { z { z (CIn X ?M,L) X (fTC +fAc)0'5J +

f=1ln=1

r N CP. CP. f s 0.5

Z 2( Lx M) % (Tp+'Agp) |+

f=1ln=1

X, Y, C, Ci

D [PInXPMnX(Tp+AP)O'5]}+ > (1,+ 1,4+ (Eg7)
n=1 n=1

The matching score in equation 7 summates the weighted
intensities of all of the identified MS/MS peaks in the
spectrum acquired from the sample. The numerator of
the formula is composed of three parts:

F[ N
Z { 2 (CIn X ?Mn) X (fTC +]AC)O'5}
r=1

n=1

summating the weighted intensities of MS/MS peaks iden-
tified as chain-cut ions;

’a N
> { > (1 M) x (T +fAcp>"T
f=1

n=1

summating the weighted intensities of MS/MS peaks iden-
tified as the chain-plus-peripheral-cut ions; and

N
Y 1, x M, x (Tp+Ap)"]

n=1

summating the weighted intensities of MS/MS peaks iden-
tified as the peripheral-cut ions.

C
M,

is the total number of chain-cut ions via a-cleavage formed
from the fth functional group and matched to the nth
MS/MS peak. Fis the total number of functional groups
in one LM. fis counted from the carboxyl terminus of LM.
For example, fis 1 for the 5-hydroxy, 2 for the 6-hydroxy,
and 3 for the 15S$hydroxy group present in LXA,. F for
LXA,is 3 (Scheme 3).

N
Y (1,x M)
n=1
summates the weighted intensities of MS/MS peaks iden-
tified as chain-cut ions formed from the fth functional
group via a-cleavage. The smallest MS/MS ion detectable
in ion trap tandem mass spectrometry is generally ~m/z
95 for LMs with a molecular ion of ~400 Da (25). To com-
pensate for the bias caused by the inability to detect an
MS/MS ion of m/z < 95, factors (/T + /AG)??, (/Tep +
JAcp)?P, and (Tp + Ap)® are used in equation 7. /T (or
ITcp) is the total number of chain-cut (or chain-plus-periph-
eral-cut) ions formed from the fth functional group via
a-cleavage. T} is the total number of peripheral-cut ions
formed from one LM. /A (/Agp or Ap) is the fraction of
JT¢ (/Tep or Tp) representing the ions within the MS/MS
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Fig. 2. Cognoscitive-contrast-angle algorithm and databases (COCAD)-based identification of 55,6 R, 15Strihydroxy-7E,9E,11 Z 13 E-trans-11-
cis-eicosatetraenoic acid (LXA,) in murine spleens. Mice were exposed to 7. gondii as described previously (20). Here, we used COCAD that
we developed (representative; n = 3). A: Identification, interpretation, and annotation of anions in a MS/MS (at m/z 351) spectrum. The
MS/MS scan conditions were as follows: parent ion, m/z 351; isolation width, 1.5; normalized collision energy, 35%; activation time, 30 ms;
scan of MS/MS ions, from m/z 95 to 355. C, chain-cut ion; Cp, chain-plus-peripheral-cut ion; P, peripheral-cut ion. The insets are chromato-
gram (at m/z 251 of MS/MS 351; left), UV spectrum (middle), and proposed MS/MS segments on LXA, (right). The chromatogram at m/z
251 of MS/MS 351was the intensity temporary profile or extracted chromatogram for ion m/z 251 in the MS/MS spectrum of parent ion m/z
351 generated by electrospray ionization (ESI). B: Report shows that LXA, was identified as the best match for the LC-UV-MS/MS data in
the COCAD system (with highest match score). C: LXA4 was also identified by searching the database constructed by MassFrontier. The LC
column used was 100 mm long (see details in Systems and Methodology).

detecting range (m/z from 95 to the m/z of molecular ion). small to be detected in ion trap MS/MS. Consequently, with-
20-HETE is a typical example. The ions formed from the out the use of factors (/T + JA) % and (/Tep + /Agp) 2, 20-
segment 20Cm and 20Cm — HyO of 20-HETE are m/z 31 HETE could have a lower matching score than other HETEs,
and 13 according to the fragmentation rules, which are too even though the MS/MS spectrum is that of 20-HETE.
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N
Y (T,+“1,+ 1)

n=1

is used in equation 7 for normalization to eliminate the
impact on the matching scores of the total peak intensities
in MS/MS spectra.

The unknown MS/MS spectrum was assigned to the LM
and/or potentially novel LM that has the highest match-
ing score in addition to having the predicted UV spectral
and chromatographic features (e.g., A, and CRTs). This
theoretical system was used successfully to identify 15-HETE
in murine spleen (Fig. 3). Peak III displayed at CRT of
20.4 min on the chromatogram (at m/z 219 of MS/MS
319; left inset) and had a UV A, of 235 nm (Fig. 3A, mid-
dle inset). Therefore, the search on the theoretical system
was narrowed to the subdatabase with molecular ion m/z
319, UV Ny 235 nm, and CRT 21 min. In this case exam-
ple, 15-HETE gave the highest matching score among all
compounds in the subdatabase (Fig. 3B). The MS/MS
peaks identified were annotated with the ion interpreta-
tion that also shows a fragmentation mechanism (Fig. 3A).
Segments of 15-HETE that matched the MS/MS peaks ac-
cording to the fragmentation rules are italicized (Fig. 3B).
For comparison, MassFrontier was also used to identify
peak III, which also identified it as 15-HETE (Fig. 3C).

Evaluation of LC-UV-MS/MS mediator-lipidomic
databases and algorithms

We used LC-UV-MS/MS chromatograms and spectra ac-
quired from murine tissue and organ extracts spiked with
34 LMs and related compounds for the evaluation. For ev-
ery known compound added (i.e., spiked) in all samples,
the search of its LC-UV-MS/MS data through a database
gives a “hit list” showing what compound matches best.
The best match has the highest matching score using the
MassFrontier or theoretical database and the smallest con-
trast angle using COCAD. Hence, the best match is either
correct or incorrect. The mean and SEM of percentage
correct for best match indicated the performance of each
database and algorithm (Table 1). Generally, COCAD of-
fered the greatest percentage correct (Table 1), which was
reasonable because COCAD takes into account both MS/
MS ion intensities and identities measured from authentic
eicosanoid standards and unknowns. The percentage cor-
rect from the theoretical system is comparable with that
from the MassFrontier system (Table 1).

Only the identified ions were used for the COCAD and
theoretical databases. The test results in Table 1 demon-
strate that it is not necessary to use all of the MS/MS ions
to identify a LM or other compounds. Moreover, in some
cases it is not obvious and cost-efficient to identify all MS/
MS ions. Rigorous identification can be done using iso-
tope labeling and derivatization, which may not be feasi-
ble or realistic for routine analyses of the biologically rele-
vant samples. We can identify a LM with precision using
one or several chain-cut ions per functional group along
with peripheral-cut ions and chain-plus-peripheral-cut ions
according to the MS/MS fragmentation rules. For exam-
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ple, we use at least four ions for monohydroxy-containing
eicosanoids, six ions for dihydroxy-containing eicosanoids,
and eight ions for trihydroxy-containing eicosanoids. Along
these lines, John Beynon and coworkers originated the
Eight Peak Index of Mass Spectra database for manual
identification of compounds (as reviewed in 26). For dif-
ferent amounts of LMs added to the samples (1, 2.5, and
5 ng), the percentage identified correctly was not signifi-
cantly different. Based on the test experiments using the
theoretical database and algorithm, the average matching
score for correct best match is 2.02 with a standard error
of 0.71 (n = 212). Therefore, the threshold score for a
95% confidence interval of matching score for correct
best match is 2.02 — 1.96 X 0.71 = 0.62.

The databases and search algorithms were developed
on the basis of LC-UV-MS/MS data of LMs. The ion inten-
sity patterns of MS/MS spectra generated from an ESI-triple
quadrupole mass spectrometer are quite similar to those
from an ESlI-ion trap mass spectrometer, because the collision
energy for both types of instruments is in the low-energy
region [a few to 100 eV (laboratory kinetic energy of ions) ]
(7, 19, 20, 27). Therefore, the constants and algorithms
described in this report may fit the CID spectra from tri-
ple quadrupole MS/MS without much modification. For
high-collision-energy (102 to ~10% V) CID spectra gener-
ated via sector or spectrum time-of-flight/time-of-flight an-
alyzer, the relative intensity patterns are quite different
compared with the low-energy spectra, although many ions
occurred for both energy situations (7, 8, 19, 20, 27); for
example, the peripheral-cut ions are less abundant than
the chain-cut ions. For ion trap and triple quadrupole MS/
MS, peripheral-cut ions are more abundant than chain-
cut ions. Our constants and algorithms give chain-cut ions
more weight than peripheral-cut ions because chain-cut ions
are more important to define LM structures. Therefore,
they may still fit high-collision-energy CID spectra. Never-
theless, the constants and algorithms should be thor-
oughly tested and modified accordingly to fit other instru-
ments.

The CRTs used in this set of experiments were obtained
using specified chromatographic conditions (for a column
of 100 mm length and some for 150 mm length; see Sys-
tems and Methodology for details) and because several
fundamental issues were our initial focus. Hence, the da-
tabases and algorithms were programmed so that the
new LC-UV-MS/MS data, including other chromatographic
conditions, can be easily entered and used in the databases.

CONCLUSIONS

Databases and search algorithms are imperative to iden-
tify LMs in a large number of complex biological samples
by LC-UV-MS/MS. Integrating MS/MS spectra with UV
spectra and chromatograms for LM identification as dem-
onstrated in the present studies significantly improves the
percentage identified correctly. For the three systems of
databases and algorithms we constructed, only MS/MS
spectra with UV spectra matched to the unknown were used
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Fig. 3. Searching theoretical LC-UV-MS/MS databases indicated the presence of 15-hydroxy-eicosatetraenoic acid (15-HETE) in murine
spleen. A: Identification and interpretation of anions in a MS/MS (at m/z 319) spectrum. The MS/MS scan conditions were as follows: par-
ention, m/z 319; isolation width, 1.5; normalized collision energy, 42%; activation time, 30 ms; scan of MS/MS ions, from m/z 95 to 323 (see
details in Systems and Methodology). C, chain-cut ion; Cp, chain-plus-peripheral-cut ion; P, peripheral-cut ion. Insets are for identified 15-
HETE in the sample: left, chromatogram (at m/z 219 of MS/MS 319), which was the intensity temporal profile or extracted chromatogram
for ion m/z 219 in the MS/MS spectrum of parent ion m/z 319 generated in ESI; middle, UV spectrum showing maximal absorption at 235
nm; right, proposed MS/MS segments on 15-HETE. The LC column was 100 mm long (see details in Systems and Methodology). B: Report
for the search via the theoretical system shows that 15-HETE has the highest matching score; report for the search via COCAD shows that 15-
HETE has the smallest contrast angle. C: 15-HETE also had the highest matching score when the LC-UV-MS/MS data were searched against

the database built with MassFrontier.

for further searching. Next, the CRTs were matched for
the compounds with a good match on both UV and MS/MS
spectra. MS/MS ions were identified by the empirical frag-
mentation rules. The ion intensities were modified accord-
ing to ion identities to calculate COCAD contrast angles
and the theoretical matching score for database searching.
The best performance was obtained with COCAD, which
counts peak intensities differently based on ion identities
during direct comparisons. Also, the theoretical systems
presented here can be used to identify novel structures of

Lu et al.

potentially new LMs without using standard LMs, with per-
centage correctly identified comparable with that of the
system developed with MassFrontier when tested with LM
chemical standards. Thus, the present results indicate that
both the COCAD and theoretical systems can be used to
provide identification and interpretations of negative-ion
MS/MS fragmentation generated during profiling of LMs
from complex biologic matrices.

The three mediator-lipidomic systems described in this
report were constructed with results from LC-UV-MS/MS
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obtained using specific LC conditions and parameters. Al-
though these low-collision-energy CID spectra were quite
similar to those acquired from triple quadruple mass spec-
trometers (7, 19, 20), the lipidomic systems need to be
thoroughly tested and modified wherever necessary to be
useful with results from triple quadruple mass spectrome-
ters, not to mention those from intermediate- and high-
collision-energy mass spectrometers. Theoretical databases
and algorithms can be powerful when used appropriately
to reduce significantly the tedious work that experienced
biochemical researchers have to do when identifying the
structures of novel LMs. However, they should consider
other information or constraints, such as biosynthetic and
metabolic pathways, stereochemistry, and bioactions, to
ensure that the results are correct. Moreover, new LC re-
sults can be entered into the systems to extend the media-
tor-lipidomic systems for use with other LC conditions.
Copies of the program and libraries can be made available
to investigators on request.fif§
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