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Introduction Overview of the lipids identified by different Reverse Phase | Reverse Phase | Normal Phase | Normal Phase mm MS/MS spectra annotated by SimLipid
LC-MS techniques using electrospray ionization (ESI) and reversed phase chromatography have successfully been used to profile complex MS/MS workflows (-) Auto MS/MS | (+) Auto MS/MS (+) Auto (-) Auto
lipid samples. Normal phase (NP) LC-MS separates phospholipids into their respective classes based on their respective polar head Table 3 shows the different types of lipids MS/MS MS/MS Normal Phase (+) MS/MS 718.5378 [M+H]+
groups and with little influence from their sn-1 and sn-2 fatty acid substituents. In contrast to NP separations for lipid analysis reverse detected by different MS/MS workflows. Some X X Yes X
phase (RP) separations have the signature characteristic of discriminating lipids according to the overall polarity and the fatty acid of the identified lipids belonging to bile acids & derivatives
composition in the sn-1, sn-2, and sn-3 locations. One major challenge faced by researchers in employing such workflows is the lack of derivatives and steroids may be false positives X Yes Yes X
software tools to automate the data analysis. We have developed SimLipid to address this challenge. since these lipids are identified only in a single Yes Yes X X
type of workflow with low scores and there is no [/ [cfE ¥ Yes X X
Methods evidence of those lipids in other workflows X Yes Yes X
Total lipid liver extracts were purchased from Avanti Polar Lipids (Alabaster, AL). Dried lipid extracts were reconstituted in 2:1 without any scientific reason. However, there ~ FYTEE T ves Yes Yes Yes Normal Phase (-) MS/MS 716.5243 [M-H]-
chloroform/methanol and further diluted in mobile phase A to a concentration of 200 ng/uL. Injections of 5 uL (1 pug extract) were are also cases when lipids belonging to specific m X Yes Yes X
analyzed by RP or NP phase LC/MS. RP separations were performed on an Agilent Zorbax EclipsePlus RRHD, 2.1 x 100mm, 1.8 um column classes namely TAG, DAG, PC, SM and PG could X Yes Yes X
with a binary gradient, and NP separations were performed on an Agilent Zorbax Rx-Sil, 2.1 x 100mm, 1.8 um column with a binary not be detected by different workflows. For PE AT Yes Yes Yes
gradient on an Agilent 1290 UHPLC system. The LC eluent flowing at 0.35 ml/min was directly analyzed by mass spectrometry with the example, LC-MS/MS experimental runsinthe  [JEE ves X Yes Yes
following parameters: positive ion mode yield highest number of T Yes Yes Yes Yes
identified PC lipids. However, LC-MS/MS runs in [T ves Yes Yes X
6540 Q-TOF with Dual Agilent Jet Stream Source negative ion mode could not detect a single PC [/ x Yes Yes X
Instrument Mode 2 GHz, extended dynamic Capillary Voltage 3500 V (+), 3000 (-) lipid. The non-detection of lipids in some types [l X X Yes X Reverse Phase (+) MS/MS 718.5378 [M+H]+
range, m/z 1700 of workflows are investigated and probable X Yes X X
Polarity positive or negative Nozzle Voltage oV reasons along with software remedies are X Yes X X
EEEN N PETRERES =005C - JUE IS Sk explained in the following sections. Table 3: Lipids detected by different MS/MS workflows. abbreviations:N Gsp: Neutral glycosphingolipids; 0GP: Oxidized
Drying Gas (Nitrogen) 11 L/min Oct 1 Rf Vpp 750V glycerophospholipids |
Nebulizer Gas 35 psi Acquisition Speed MS-only: 1 spectra/second (MS); Auto MS/MS: 3 Figure 2 and 3 depicts the number of lipids identified for different classes after subjecting the sample to different workflows. th - B
SpeCtra/Second (MS)’ 3 SpeCtra/S (MS/MS) (a) Frequency of Annotated Lipids from (b) Frequency of Annotated Lipids from ) (;) Frequency of Annotated Lipids from Normal -
Norr:al Pthe (+) lon Mode FI)VIS/MS Rever(:ed Phyase (+) lon ModepMS/MS ! thse (-) lon Mode IF\)/IS/MS ® Freq“e”Pcﬁaife‘(\_r;r}gﬁaﬁjgdip,{ﬁé/f,\r,‘,’sm eversed Reverse Phase (-) MS/MS 716.5243 [M_H]_
Sheath Gas 300 °C Auto MS/MS Isolation Width: Narrow (~1.3 amu) - 454 10 - 3s 25 23
Parameters Collision Energy: 20 eV o - e 50 2 »
Sheath Gas Flow 12 L/min Reference Correction 2 points at m/z 121.050873 (+), m/z 922.009798 (+), - o . B 15 ;
2 points at m/z 112.985587 (-), m/z 980.016375 (-) - 7 oy aasamnl | | § . . ’
The first step in data analysis for profiling workflows is to extract molecular - - béféoj;ij%g;@eO@QS}&;& QL L < 5 | 1 I 0 : ; : 0 e e e« Table 4: MS/MS spectra from different experimental workflows wherein peaks are annotated with corresponding fragment ions from PE (16:0/18:1) lipid by SimLipid
features from the results where features are defined by retention time and \/\/\/\—/_\/\/\/j\ .\\f&% o = - . . . & @*&é\, K @7,@*’ ¢ software. M-NL+H is the fragment ion generated due to the loss of head group i.e., loss of phosphoethanolamine from the lipid.
mass. A feature condenses the abundances from all the specified adducts ° o/ - SimLipid software streamlines the process of combining lipids identified by different experimental workflows and exports the fragment
and isotopes of a compound into a single compound. Molecular features R \/\/\/\/Z\/\/\/\J\G/% Figure 2: Frequency of lipids categorized on the basis of different classes Figure 3: Frequency of lipids categorized on the basis of different classes identified from ions that are observed in different spectra thereby facilitating easy review of the identified lipids. Figure 8 shows the prototype results
were extracted with MassHunter Qualitative Analysis (Version B.07.00). - o :;jr?anst;ﬂ(i()j |f£:,)r:/|§3)|eN:/|rsr?E/:sprj;§ (+) lon Mode MS/MS and (b) Reversed S)nzlormal Phase (-) lon Mode MS/MS and (b) Reversed Phase (-} lon Mode MS/MS of lipids identified from normal phase LC-MS/MS data of both the ion modes exported into MS excel file.
SimLipid database has been created containing 36,299 lipids and 1,305,386 Rz /\/\/\/W\/T ' |
structure-specific in-silico characteristic ions (1-4). Table 1 presents a list of ) ) . . Identifying Glycerophosphocholine lipids
prototype in silico fragments generated by SimLipid for the sodiated lipid Figure 1: Structure of the TG(18:1(92)/18:1(92)/18:1(92)) Effectn{e workflow for identifying Glycerolipids _ , _ Despite having PC lipids identified with the most frequency in positive ion mode for both NP and RP workflows (Figure 2), no PC lipid
species TG(18:1(97)/18:1(92)/18:1(92)) (Figure 1) and corresponding From Figure 2 and 3, we have observed that there are 45 TAGs annotated in the RP (+) MS/MS run. However, not a single TAG is could be detected in negative ion mode. On further investigation of the data, we observed that the problem originates from the

detected in the NP (+) MS/MS run. Similarly, only 1 DAG is annotated in NP (+) ion mode MS/MS run as compared to 80 in RP (+) ion
mode MS/MS run. This observation can be explained by the lack of retention of neutral lipids such as TAG, DAG, and cholesterol species
with the NP silica-based stationary phase in combination with these mobile phases. These unretained neutral lipids would likely be

nomenclature used by the program to annotate MS/MS spectra. parameters we chose in the feature finding algorithm. Due to the modifier ammonium acetate used in the LC mobile phases, PCs in

negative ion mode form mainly acetate adducts [M+OAc]-, and there are no [M-H]- ions or other adducts (ex. [M+Cl]-) typically
observed. Therefore, the feature finding incorrectly assumed that the [M+OAc]- ion is an [M-H]- ion and assigns the wrong neutral mass

SimLipid creates a list of candidate structures for each lipid MS/MS spectrum based on precursor m/z value and other information. For found in the column .vou‘j fraction (W't_hm the f!rst minute of chromatography), ?nd were thus exc.luded from the retention time window to the feature, causing database searches to fail for these ions. This problem is addressed by SimLipid by allowing the user to select the

each candidate feature, in-silico fragment ions are matched against the experimental MS/MS data. A scoring mechanism was developed used for feature finding in t.he extraction aflg‘orlthm. This observation ?ISO hlghllghts one of the dlsac?lvantages of NP chromatography desired ion species to override the default ion species provided by MFE (Figure 9). On performing the search using this software feature,

in order to differentiate isobaric candidates. Results obtained from two different MS/MS database searches can further be combined versus RP cl?romzflto.graphy n tl.wa.t not all lipid classes can be resolved in a single run. i.e. RP separations are more comprehensive when 22 PC lipids each from the NP — MS/MS run and RP — MS/MS run are identified (generated report in Figure 10). 14 PC lipids could be

together to report those lipids identified in both the runs thereby enabling validation of lipids using diagnostic ions observed in negative it comes to identifying glycerolipids. verified by combining MS/MS data from both the ion modes for NP-LC MS/MS workflow while 55 PC lipids could be verified by

ion mode MS/MS spectra as well as those observed only in positive ion mode MS/MS spectra. combining MS/MS data from both the ion modes for RP-LC MS/MS workflow. Similar workflows can be employed to identify SM and PG
lipids.
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Fragment Structure Displayed Description SimLipid Nomenclature Lipid Identification using product ions from MS/MS spectra HOME NG PAGHLAOIT OIS  DATA W W o
. . . . . . . . . . . . . . . . . . . Al - i v [h=s I:"E TENEES Tz
by SimLipid The efficiency of the SimLipid’s proprietary scoring algorithm explained in the methods section is depicted using the TAG lipid identified L. - & | 6 1] - o ———— : = — T =
. . at retention time 34.255 minutes in the reversed phase LC-MS/MS workflow (Figure 4). The TG(16:0/16:0/18:3) is identified as ranked 1 e R , i | | [ _ v
B = |On — LOSS Of One neutral fatty aCId M - <C: DB > = H . . o o o . o o . o . e d . o . = e e S — = —— = = — 19:0 C00-:311.2949:760.77, I’é‘l lB_L!'u'EF 200ug... ID15@678.471... £78.4718 F
T T _ lipid with a score of 0.2453 while isobaric lipid TG(16:1/16:1/16:1) is identified to be the 2" ranked lipid with a score of 0.2167 out of 1 | msoon mms 0 s, ssea sssn 2 smmmonmemsn 200 smomn 1300 2 ony HODIAZETOT 15 Liver 200u3..[D17@756.465.. 75%.3691 v
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PO & /%) P (figure 5). The MS/MS data does not provide enough information to identify the location of the double bonds in the fatty acyls. However, ¢ oo s 0 scommoisons smsu omn 3 oommamsnnar e wess a0 3 owsvamssimon B N T T T T T 2
’ ouble bonds In the Ta acl . . . . . . . CaHOSP-152 90416877, Profiles/Compounds Checked: 428/423 dfy Range di
/\A/\/E/\/\WO | E 1 1 y there IS enough data In the SpeCtra to dlfferentlate the fatty aCyIS Wlth dlfferent numbers Of Carbons and dOUbIe bonds. Flgures 6(a) and 5 4.403 LMGP0O401033° 824.5567 40 5 [C46HB1010P+Na] 1- 847.5432 3.8829 1 0.029 HG+N=a:195.0027:38.18 4304 82355 1.3815 1 0.085 ;3:26;):291155291:?:;46377’ Spe R g | E t
o WP = LEETSAR 6(b) show the MS/MS spectra featuring 9 major peaks denoted by P1-P9 annotated with fragment ions generated from the first ranked s ooz zirasss i
. . « . « ® . 6 4.486 LMGPD401003 7765567 36 1 [C42HB1010P+Na] - 799545 19022 1 006 H|'u'12;:)92\25?455334195153?23 = 4489 7755493 04439 1 0058 :;7178:.:55419{1-?2‘:;5699:.18196-331 ~Search Parameters
C—-ion B Loss of one sodium carboxylate residue M - <C:DB > - Na-H |Ip|d'TG(:'|.6:O/16:O/18:3) and th.e second r.anked |Ip.ld TG(16:1/16:1/16:1). Here, for the lipid 'I'.G(.16:O/16:O/18:3), P1 c?rrespondmg the B I T
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|° © 'g'l . . L. . . CBHBOSP:152.9951:145.6, Paolarity: INegati'ue TI MSMS Error Tolerance (+/-): " Da  mDa ¥ ppm IlD.U
\/\/\N_ﬂ/\/\/\)\/%) the chain 18:3. However, for the second ranked lipid TG(16:1/16:1/16:1), the presence of fatty acyl 16:1 is explained by P1 and P7, all the R g s isi oot N N it Cotecory: ot e
I =y major peaks in the spectrum namely P2, P5 and P6 are left unexplained. SimLipid assigns a penalty for the missed peaks with the I e T e T L i M B IRL W — P ps——— e
magnitude of the penalty decided by the relative intensity of missed out peaks. Hence, SimLipid predicts the lipid TG(16:0/16:0/18:3) as se et [ i — R - it
_ 1 1 0 141 H H 1 . . . . . COUNT: 19 ] M o -——+ 0% M +Mal lvceralinids
G-ion B Loss of 2 fatty acids; one from position 2 and the Gk where k represents the fatty acid retained in the most probable lipid structure for the MS/MS spectrum at retention time 34.255 minutes. Fieure 8 Lipid identified using MS/MS data from both the ion modes exported into earet s B11
M other from either position 1 or position 3. It the fragment structure. & - 1P & P M+ [~ Prenol Lipds [PR] [ COP-Giyceras B
: A _ MS excel file. I~ Saccharolpics (51 I Glycosyiglycerophospholpids _|;|
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I to generalise the fragmentation pattern, Simlipid - E-g., I3 q N = e =7 phase LC-MS/MS workflow. CITmESSUUME S B LmES i iinio Smm ousaRaSoinBoiwsese Figure 9: Typical Simlipid software interface to select ion species that we
e generates 3 J fragments by considering loss of any of Lo e —_ [eera— . 000000 . CETmTmIOUTED  MNER MDD DSITImITmmim amemtleommmumnm want, to override the ion species provided by molecular feature finding
the 2 fatty acids unconstrained to position 1 and 3. e = e -: eais Specirum: iz varsis imsnaiy SEmESEE thm oem Lo ihain smmvaleeoo.pn algorithm.
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! Figure 4: Typical user interface of SimLipid software displaying the data in a ol MO L e e e ey i i R L e e
E.g., F2(R1) selected .cef file at a glance. Lipids identified at retention time 34.255 minute miz = -~
) _ ) ) . ) T (a) . |0 Matched W Unmatched| _ o - o .
Acylium W Protonated acylium ion (3,4) RC=0+ in the reversed phase LC-MS/MS workflow is displayed. Figure 10: PC lipids identified from negative ion mode MS/MS data by using
' | i i e s . . . epe  u [M+AcO] adduct.
lon N S S Where R represents the alkyl group that is Utilizing MS/MS data from variable ion modes for identification ; Mass Spectrum: miz versus Intensity
I attached to the CO group with a single bond. of Glycerophospholipids and Sphingolipids I s ps,/pm y
Simply, it is the number of carbon atoms -1 Structural characterization of lipids from GP and SP categories 5 | | \ / Conclusion
resent in the fatty acid. E.g., 17:1C=0+ i i i ificati = . . : N o
> i 2 Esmg tandem mfs;spectr;)metzryﬁa.ta ;_eq(l;'lr'es |d“ent|;:|ca(;c|on of ; l : Mass spectrometry based experimental workflows, despite being one of the most popular platforms for qualitative and quantitative
ead group, sn-1 chain and sn-Z chain. Iraditionally, the degree o i me mw s we we w0 wo s em s w0 e mw se ew e 1om ini i i i i i i i i
Table 1: Prototype in silico fragments generated by SimLipid for the sodiated species of lipid TG(18:1(92)/18:1(92)/18:1(9Z)). structural ir;formation ohtained as a result of this ar’mal i< varies b = - lipid data analysis, are challenging because different experimental workflows are suitable for different classes of lipids. At times, data
) f i Y } Y o (W Watched ¥ Unmatched] from multiple experimental workflows need to be mined to characterize lipids definitively. This necessitates dynamic software tools
the type of instrumentation used. In negative ionization mode : : : s
Results and Discussions tardem mass spectra tend to vield sl and sn.2 fatt acid residue Figure 6: MS/MS spectrum with 9 major peaks denoted by P1-P9 at retention that not only support different types ofdata analysis prc?toc-ol-s based on experimental w?rkflows but also has the capability to
The peaklists containing detected Data File Type SimLipid SimLipid 4.40 (MS2 data ¢ . h'ph 't fth y " 1Yth inid time 34.255 minute in the reversed phase LC-MS/MS workflow annotated simultaneously process data from multiple workflows. SimLipid software has been redesigned to address these challenges and
ds and MS/MS dat 4.40 from variable ion modes) ragmen _S' w '_C_ reyea € fatly acid composition © _e 'PIG, with (a) TG(16:0/16:0/18:3) which is ranked 1 lipid and (b) TG(16:1/16:1/16:1) extensive data analysis was carried out using its automated features. The ability to identify lipids structures accurately using data from
compounas an ata were whereas in positive ion mode MS/MS spectra are more likely to which is ranked 2. - - oy : : Dt : : ifi
L : variable ion modes and sophisticated experimental workflows provided by Agilent’s Q-TOF instrument series enables significant
generated by qualitative analysis Reverse Phase (+) MS only 4108 1172 feature fragment ions corresponding to only head groups, thereby : : : . : : : L : :
ft Table 2 sh th R Ph MS onl 1399 430 . _ . . ’ improvement in the quality of lipidome data analysis. The entire process is expedited including both the experimental and
sortware. lable 2 shows the summary everse Phase (-) only only head group information was routinely obtainable from bioinf i lvsis. This i th d confid in the identificati flioid
£ linid annotation results of sinele & _ ioinformatics analysis. This increases the accuracy and confidence in the identification of lipids.
(l_)C/ pS e | o g Reverse Phase (-) Auto MS/MS 278 (247) 65 3c positive mode fragmentation. Hence, in order to achieve structural information from tandem
by SimLinid software. For ea?h Reverse Phase (+) Auto MS/MS 972 (612) 226 mass spectrometry data, both positive and negative ionization Reference
annotated compoum;I there may be Normal Phase (+) MS only 2281 644 modes need to be utilized. The PE(16:0/18:1) lipid was [1]. Murphy, Robert C. Mass spectrometry of phospholipids: tables of molecular and product ions. llluminati Press, 2002.

' ‘ < Normal Phase (_) MS only 561 250 identified in all the four experimental I\/IS/I\/IS runs (Figure 7)_ [2] Cheng, C., Gross, M. L., Pittenauer, E. Complete struc.turfall eluadat'lon of tcrlacylgylcerols by tandem sector mass spectrometr\(. Anal..Chem. 1998, 70, 4417-4426.
more than one possible matching lipid Table 4 shows the MS/MS spectra from different experimental [3] McAnoy A.M., Wu C.C., and Murphy R.C. Direct Qualitative Analysis of Triacylglycerols by Electrospray Mass Spectrometry Using a Linear lon Trap. J Am Soc Mass
annotation. SimLipid correctly Normal Phase (+) Auto MS/MS 774 (308) 141 5c i - ore ) cated with i Spectrom 2005, 16, 1498-1509.
distinguishes isobaric lipids either based Normal Phase (-) Auto MS/MS 195 (126) 72 :CNOF OV:L_’S W ebre? pia 'ijareftanno aTE KV/I'S/h;(;rreSpf[)n .|ng [4]”Murphy R.C., Jlalmes P.F., McAnoy A.M., Kranlk J, Dlucho;lav E., Barkley R.M. Detection of the abundance of diacylglycerol and triacylglycerol molecular species in

. ragment ions by SImLipid sortware. |1 he spectra In cells using neutral loss mass spectrometry. Analytical Biochemistry 2007, 366, 59-70.
on score or after combining results Table 2. Summary of lipid annotation results comparing single LC/MS data files from liver lipid extracts by SimLipid . . :
. o . . . negative ion mode feature peaks corresponding to fatty acids
obtained from varying ion modes. software. The parentheses denote only compounds with MS/MS scan information. while those in positive ion mode feature head groups
Figure 7: PE(16:0/18:1) lipid was identified in all the four MS/MS runs by SimLipid.




