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Abstract

Ceramide is a huge lipid family consisting of diversified structures including various modifications 

in the fatty acyl chain and the long chain base (LCB). In this contribution, negative-ion ESI linear 

ion-trap multiple-stage mass spectrometric method (LIT MSn) towards complete structural 

determination of ceramides in ten major families characterized as the [M – H]− ions is described. 

Multiple sets of fragment ions reflecting the fatty acyl chain and LCB were observed in the CID 

MS2 spectrum, while the sequential MS3 and MS4 spectra contain structural information for 

locating the double bond and the functional groups, permitting realization of the fragmentation 

processes. Thereby, differentiation of ceramide molecules varied by chain length, the LCB 

(sphingosine, phytosphigosine, 6-hydroxy-sphingosine), and by the modification (α-hydroxy-, β-

hydroxy-, ω-hydroxy-FA) can be achieved; and many isomeric structures in the biological 

specimen can be revealed in detail.

Keywords

ceramide; tandem mass spectrometry; linear ion-trap; lipidomics; electrospray ionization

1. Introduction

Ceramides are ubiquitous and are one of the major lipids in the lipid bilayer. They are 

involved in many important physiological processes including apoptosis, differentiation, 

migration, adhesion, immune responses and cell senescence [1-6]. In the epidermis, 

ceramides (Cer) comprise the major constituent of sphingolipids and are known to play 

diverse roles in the outermost layers of the skin function such as water retention and 

provision of a physical barrier [7-10].
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Ceramides consist of a long-chain aliphatic amino alcohol referred to long-chain base 

(LCB), to which a fatty acyl chain is attached via an amide linkage. They are huge family 

comprising diversified structures, varied by the chain length, the location and number of 

unsaturated bond, as well as by the modification such as the presence of hydroxyl group on 

the LCB and the fatty acyl substituents. Thus, heroic efforts have been attempted for 

structural characterization of this lipid family. Among them, mass spectrometric approaches, 

including GC/MS [11, 12], high energy FAB MS/MS [13, 14], and more recently, low 

energy ESI tandem mass spectrometry with or without online HPLC [15-23] have been 

reported.

Ceramides are readily detectable by ESI-MS in both positive-ion and negative-ion modes. In 

the positive-ion mode, ceramides are desorbed as [M + H]+ and [M + H – H2O]+ ions 

simultaneously, and ions in the form of [M + Alk]+ (Alk = Li, Na) are also seen, dependent 

on the presence of Alk+ when ionization takes place [15-22]. In the negative-ion mode, 

ceramides form [M - H]− and [M + X]− (X = Cl, RCO2
−) ions. The [M + RCO2]− adduct ion 

can be formed with HCO2
−, CH3CO2

− [16, 21], as well as with long chain palmitate 

(C15H31CO2
−) and oleate (C17H33CO2

−) (personal observation).

CID tandem mass spectrometry on the [M + H]+ and [M + Li]+ ions in the positive ion 

modes, applying FAB-tandem sector [13, 14], ESI-tandem quadrupole and Q-TOF [15, 17, 

21, 22], as well as on the [M – H[− ions in the negative ion mode applied FAB-tandem sector 

[13, 14], ESI-ITMS [24, 25], and ESI-tandem quadrupole [16, 19] have been used to identify 

both fatty acyl and LCB substituents of the molecules, and CID tandem mass spectrometry 

on the [M + X]− ions (X = Cl, RCO2) yielded insufficient data for structure characterization 

[16]. None of the above mentioned methods permits complete structural characterization. In 

contrast, LIT MSn on the [M – H]− ions of all 10 ceramide subfamilies (Scheme 1) included 

in this study yielded complete information that results in the location of the double bond and 

the hydroxyl groups of the molecule. The MSn (n >3) feature readily available for a LIT 

instrument also affords further insight the fragmentation processes, leading to unveil the 

complex structures in the biological specimen that contains many isomers.

2. Materials and Methods

2.1. Mass spectrometry

Both high-resolution (R=100,000 at m/z 400) and low-energy CID tandem mass 

spectrometric experiments were conducted on a Thermo Scientific (San Jose, CA) LTQ 

Orbitrap Velos mass spectrometer (MS) with Xcalibur operating system. To form exclusive 

[M - H]− ions, ceramides were dissolved in 1% NH4OH in methanol and infused (1.5 μL/

min) onto the ESI source, where the skimmer was set at ground potential, the electrospray 

needle was set at 4.0 kV, and temperature of the heated capillary was 300°C. The automatic 

gain control of the ion trap was set to 5×104, with a maximum injection time of 50 ms. 

Helium was used as the buffer and collision gas at a pressure of 1×10−3 mbar (0.75 mTorr). 

The MSn experiments were carried out with an optimized relative collision energy ranging 

from 25-45% and with an activation q value at 0.25, and the activation time at 10 ms to leave 

a minimal residual precursor ion with abundance around 20%. The mass selection window 

for the precursor ions was set at 1 Da wide to admit the monoisotopic ion to the ion-trap for 
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collision-induced dissociation (CID) for unit resolution detection in the ion-trap or high 

resolution accurate mass detection in the Orbitrap mass analyzer. Mass spectra were 

accumulated in the profile mode, typically for 2-10 min for MSn spectra (n=2,3,4).

2.2 Ceramide Standards and Nomenclature

Ceramide standards of d18:1/24:1 and d18:1/18:1 were purchased from Avanti Polar Lipids 

Inc. (Alabaster, Al); and the rest of others were prepared as described [26-28]. The 

designations and abbreviations recommended by IUPAC (http://www.chem.qmul.ac.uk/

iupac/lipid/) were used. The designation of ceramide is in the form of d(or t)LCB/FA, with d 

denoting a dihydroxy and t denoting a trihydroxy long chain base (LCB), and FA refers to 

fatty acid. The sphingosine (sphing-4-enine) and sphinganine LCBs, for examples, are 

designated as d18:1, and d18:0, respectively. Fatty acyl moieties with or without hydroxyl 

substituent were denoted as hFA or nFA, respectively; while sphingosine ceramides with α-, 

β-, or ω-hydroxyl fatty acyl substituent was designated as d18:1/αhFA-Cer, d18:1/βhFA-

Cer, d18:1/ωhFA-Cer, respectively. Therefore, N-α-, N-β-, and N-ω-hydroxy-palmitoyl-

sphingosine, for example, are designated as d18:1/αh16:0-Cer, d18:1/βh16:0-Cer, d18:1/

ωh16:0-Cer, respectively. The nomenclature of Motta et al [29], expanded by Robson et al 

[30] and Masukawa et al [20] is used for abbreviation of ceramide subfamily (Table 1). The 

designation of the fragment ions is according to those previously published [16]. In short, 

fragment ions arising from losses of water, HCHO, and of [H2O + HCHO] are common ions 

seen for ceramides, and are designated as “c” ions. Thus, ions such as [M – H – H2O]−, [M – 

H – HCHO]−, [M – H – H2 - HCHO]−, [M – H – 2H2O]−, and [M – H – H2O - HCHO]− (in 

the m/z descending order) are designated as c1, c2, c3, c4, and c5 respectively. Fragment 

ions possessing fatty acyl chain structure are designated as “a” ions; while ions bearing the 

structural information of long chain base are designated as “b” ions. Therefore, N-

acylethanolamine (NAE) anion ([NAE – H]−) and [(NAE – H) - H2]− ions that carry 

structural information of fatty acyl chain are designated as a1, and a2 ([a1 – H2]) ions 

respectively. Fragment ions such as [LCB - H]− and [LCB - H - HCHO]− that related to the 

LCB structure are designated as b1, and b2 ions, respectively (Table 1).

3. Results and Discussion

3.1 Complete structural characterization of N-acyl sphingosine (d18:1/nFA-Cer) (Cer[NS] 
with unsaturated fatty acyl substituent

Complete structural characterization of ceramides containing double bond in the fatty acyl 

chain is exemplified by the [M - H]− ions of N-nervonoyl-D-erythro-sphingosine 

(d18:1/24:1-Cer) at m/z 646, which yielded the MS2 spectrum (Figure 1a) consisting of the 

common ions at m/z 628 (646 - H2O) (c1), 616 (646 - HCHO) (c2), 614 (646 – [H2 + 

HCHO]) (c3), and 598 (646 – H2O - HCHO) (c4) similar to those obtained with a tandem 

quadrupole instrument [16]. However, these ions are more prominent, consistent with the 

notion that collision activated dissociation in an ion-trap is a resonance excitation process in 

which the consecutive fragmentation processes are minimal. The spectrum (Figure 1a) also 

contained the predominant ions of m/z 406 (a2) and 390 (a3) and ions of m/z 365 (RCO2
−), 

364 (RCONH−), 347 ((RCO2
− - H2O) that identified the 24:1-fatty acyl chain, along with 

Hsu Page 3

Biochimie. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.chem.qmul.ac.uk/iupac/lipid/
http://www.chem.qmul.ac.uk/iupac/lipid/


the ions of m/z 237 (b4), 263 (b5) that recognized the d18:1-LCB (Table 1), giving 

assignment of the d18:1/24:1-Cer structure [16].

The ion of m/z 365(a6) corresponds to the 24:1-FA anion (RCO2
−). The origin of the ion 

may derive from the initial cleavage of the C2-C3 bond of the LCB that eliminates an 

aldehyde (C13H27CH=CHCHO, 238 Da) residue and form an N- acylaminoethanol (NAE) 

anion (C23H45CONHCH2CH2O−) at m/z 408 (a1). This bond cleavage is consistent with the 

observation of the deprotonated aldehyde anion of m/z 237 ([C13H27CH=CHCHO – H]−) 

(b5) arising from loss of NAE leaving the charge on the LCB. The loss of H2 from m/z 408 

gave rise to a deprotonated N-nervonoylaminoethylen-1-ol ion at m/z 406 

(C23H45CONHCH=CHO−) (a2), which rearranged to a carboxyethenolamine anion 

(C23H45COOCH=CHNH−) before forming a carboxylate anion at m/z 365 (C23H45CO2
−) 

(a4) by loss of an azirine (41 Da) residue (Scheme 2a, route a). The observation of the 

carboxylate anion (RCO2
−) ion of m/z 365 reflecting the 24:1-fatty acyl group provides the 

most useful information to identify the FA moiety of the molecule. Loss of H2O from m/z 
408 yielded ions of m/z 390 (a3), which further expelled an aziridine (43 Da) to m/z 347 

(Scheme 2a). The ion of m/z 347 can also arise from m/z 365 by loss of H2O. These 

fragmentation processes have been previously supported by CID MSn studies on the 

authentic N-acylaminoethanol and its H-D exchanged homologs [16] and further confirmed 

by accurate mass measurements using high resolution mass spectrometry (data not shown).

The mechanism(s) leading to formation of the ions at m/z 616 (646 - HCHO) (c2), and 628 

are shown in Scheme 2b, and 1c, respectively. Further dissociation of the ions of m/z 616 

gave rise to ions of m/z 598 and 268 (b2), arising from losses of H2O and of the fatty acyl 

moiety as a ketene (loss of C22H45CH=C=O), respectively. The cleavage of the C(2)-N(CO) 

bond also gave rise to m/z 364 (a7) (Scheme 2b). Further dissociation of the ions of m/z 628 

yielded ions of m/z 263 and 364, simultaneously (Scheme 2c, route c1), as well as the ion 

pair of m/z 237 and 390 (route c2), indicating that the ions of m/z 628 may consist of an 

oxetane ring. These fragmentation pathways were supported by the MS3 spectra of the ions 

of m/z 616 (646 → 616) and of 628 (646 → 628) (data not shown).

The ion of m/z 614 arose from loss of [H2 + HCHO] residues (Scheme 3a) and gave rise to 

ions of m/z 420, 404, and 266 by further elimination of a C12H25C≡CH, C13H27CH=CH2, 

and a C22H43CH=C=O residue, respectively (646 → 614; Fig 1b). The spectrum (Figure 

1b) also contained the acylamine anion of m/z 364 (RCONH−), the ions of m/z 596 (614 - 

H2O), and of m/z 404, representing a stable N-acyl, N-dehydroepoxide anion (a2). MS3 on 

the ions of m/z 404 (646 → 614 → 404; Figure 1c) yielded ions at m/z 306 and 250 arising 

from charge-remote fragmentations with β-cleavage and γ-H shift (allylic bond cleavages) 

(Scheme 3a). The presence of these ions demonstrated that the double bond is located at 

C-15 of the 24:1-fatty acyl chain [31].

The MS2 spectrum of the d18:1/18:1-Cer at m/z 562 (Table 1), and the MS3 spectrum of the 

ions of m/z 530 (562 → 530) (not shown) contained analogous ions arising from the same 

fragmentation processes. MS4 on the ions of m/z 320 (562 → 530 → 320; Figure 1d) gave 

rise to ions of m/z 242 and 186 arising from the similar CRF processes involving β-cleavage 

with γ-H shift, leading to locate the double bond at C-9 [31] (Scheme 3b).
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3.2. Identification of N-acyl sphinganine (d18:0/nFA-Cer) (Cer[NdS] and N-α-hydroxyacyl 
sphinganine (d18:0/αhFA-Cer) (Cer[AdS])

One of the feature in the product–ion spectrum of the N-acylsphinganine is that the [M – H - 

HCHO]− ion is nearly absent, when acquired under an optimal collision energy. For 

example, the MS2 spectrum of the d18:0/24:0Cer at m/z 650 (Figure 2a) contained abundant 

ions at m/z 632 (650 – H2O), 618 (650 - [H2 + HCHO]) and 602 (650 – H2O - HCHO), but 

ions at m/z 620 (650 – HCHO) is not observed. The saturation in the LCB also alters the 

fragmentation processes. For example, the RCONH− ions (a7) at m/z 366 become less 

prominent, and ions at m/z 268 (618 – C22H45CH=C=O) arising from further loss of the 

fatty acyl ketene become visible; and the ion at m/z 269, analogous to m/z 267 seen for 

d18:1/nFA-Cer is absent. These differences indicate that cleavage of N-CO bond to 

eliminate a fatty acyl ketene is a more facile fragmentation process than cleavage the 

N(CO)-C2 bond that formed the RCONH− ions for N-acylsphinganine ceramide family. 

Other ions characteristic to this ceramide family were observed at m/z 300 (b1), representing 

an 18:0-sphinganine anion, and at m/z 239 (b5) representing an anionic aldehyde ion arising 

from cleavage of the C2-C3(OH) bond of the LCB (Scheme 4a). Cleavage of the same C2-

C3(OH) bond with simultaneous release of H2 also led to the ion of m/z 408 (c1), in which 

the charge may reside at the oxygen attached to C1 (Scheme 4a, route c). The ions of m/z 
300 and 239 are 2 Da heavier than the ions of m/z 298 and 237 observed for N-

acylsphingosine, consistent with the cleavages of bonds as proposed. The above 

fragmentation processes were further supported by the MS2 spectrum of the d18:0/18:0-Cer 

at m/z 566 (Table 1), which contains the analogous ions. The differences in the ions formed 

by d18:0/nFA and d18:1/nFA, provide structural differentiation between these two ceramide 

families.

The substitution of nFA by αhFA in the structure facilitates the fragmentations, leading to 

substantial change in the MSn spectra of d18:0/hFA-Cer. For example, the LCB anions at 

m/z 300 are prominent in the MS2 spectrum of the d18:0/αh16:0-Cer at m/z 554 (Figure 2b), 

due to loss of the fatty acid moiety as [CO + C14H29CHO] (Scheme 4b). Similar cleavage of 

CO-C2(OH) bond also led to m/z 328 (b8) by loss of an aldehyde (C14H29CHO). The ions at 

m/z 271 (a6), 253 (a8) and 225 (a9) are indications of αh16:0-FA (described later). Other 

noticeable ions observed at m/z 314 (a1), 312 (a2), and 296 (a3), arose from the similar 

cleavages of the LCB. All the ions related to LCB such as ions at m/z 286 (b1) and 254 (b3) 

225 (b5) are 14 Da (CH2) lighter in the MS2 spectrum of d17:0/αh16:0-Cer at m/z 540 

(Table 1), consistent with the structure.

3.3. Characterization of t18:0/nFA-Cer (Cer[NP]) and t18:0/αhFA-Cer (Cer[AP])

The fragmentations of the molecules were facilitated by the hydroxyl group at C-4 of the 

phytosphingosine LCB and the α-hydroxyl group on the fatty acyl substituent, resulting in 

drastic decline in the common ions that distinct them from other ceramide families. Figure 

3a illustrated the MS2 spectrum of the t18:0/20:0-Cer at m/z 610, which contained the ions 

at m/z 592 (c1), 578 (c4), 574 (c5), and 580 (c2). The low abundance of the common ions 

observed in the spectrum is consistent with the presence of abundant NAE anions of m/z 354 

and of RCO2
− ion of m/z 311 (C19H39CO2

−), arising from the fragmentation processes 

activated by the hydroxyl groups. The cleavage of the C2-C3(OH) bond with charge residing 
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on the fatty acyl end and LCB, respectively, gave rise to NAE anion of m/z 354 (a1), and α-

hydroxyaldehyde anion of m/z 255 (b5) (Scheme 5a). The ions of m/z 354 undergo 

rearrangement and dissociate to ions of m/z 311 by loss of azetane. The pathway led to m/z 
592 possessing an oxetane ring due to loss of H2O is similar to that shown in Scheme 2c. 

Further dissociation of m/z 592 (610 → 592; Figure 3b) gave rise to ions of m/z 366 (592 – 

C14H29CHO) and aldehyde anions of m/z 225 (C13H27CH=CHO−), simultaneously, via 

cleavage of the C3-C4(OH) bond (b1 cleavage) activated by the 4-OH group; and ions of m/z 
336 and 255 (b2 cleavage) from cleavages across the oxetane ring; while cleavage of C(2)-N 

(CO) bond (b3 cleavage) yielded ions of m/z 310 and 281, simultaneously (Scheme 5b). 

Further dissociation of ions of 578 (c4) also gave rise to the acylamine anion 

(C19H39CONH−) at m/z 310 and ions of m/z 267 via cleavage of the C2-C3(OH) bond 

(Scheme 5c). The above fragmentation processes were supported by the MS3 spectra of the 

ions of m/z 592 (610 → 592) and 578 (610 → 578) (data not shown). Ions of m/z 267 and 

255 are diagnostic ions for recognition of the C-18 phytosphigosine (t18:0-LCB). Analogous 

ions at m/z 239 and 227 were observed in the MS2 spectrum of t16:0/18:0-Cer at m/z 554 

(Table 1).

Extensive fragmentations were also observed for t18:0/αhFA-Cer. Thus, the MS2 spectrum 

of the [M - H]− ion of t18:0/αh20:0-Cer at m/z 626 (Figure 3c) contained prominent RCO2
− 

ion at m/z 327 and the NAE anion at m/z 370 reflecting fatty acyl substituent, while ions of 

m/z 608 (c1), 596 (c2), 594 (c3), 590 (c4) and 578 (c5) are of low abundances. The ions 

recognizing the t18:0-LCB component were also observed at m/z 267 (b6) and 255 (b5). The 

ions of m/z 309 and 281 arose from further dissociation of the RCO2
− ion of m/z 327 

(C18H37CH(OH)CO2
−) by elimination of an H2O and [H2 + CO2] residues, respectively. 

This fragmentation process was supported by MS3 on the ions of m/z 327 (626 → 327, 

Figure 3d). The formation of the ions of m/z 327 (RCO2
−), 309 (RCO2

− - H2O) and 281 

(RCO2
− - [H2 + CO2]) is characteristic to the αh20:0-fatty acid, providing its differentiation 

from other ceramides containing nonhydroxy-, β-hydroxy, or ω-hydroxy-fatty acid moiety. 

The observation of the ions of m/z 239 (b6) and 227 (b5), which are 28 Da (C2H2) lighter 

than the ions of m/z 267 and 255, respectively, in the MS2 spectrum of t16:0/αh20:0-Cer at 

m/z 598 (Table 1) is consistent with the presence of t16:0-LCB.

3.4. Distinction of N-α-hydroxyacylsphing-4-enines (d18:1/αhFA-Cer) (Cer[AS]), N-β-
hydroxyacylsphing-4-enines (d18:1/βhFA-Cer) (Cer[BS]) and N-ω-hydroxyacylsphing-4-
enines (d18:1/ωhFA-Cer) (Cer[OS])

The [M – H]− ions at m/z 664 (d18:1/αh24:0-Cer), 692 (d18:1/βh26:0-Cer), and 776 (d18:1/

ωh32:0-Cer) representing ceramides consisting of sphingosine-LCB with α-, β-, and ω-

hydroxyl fatty acid substituents, respectively, were investigated. As shown in Figure 4a, 

common ions at m/z 646 ([M - H - H2O]−) (c1), 634 ([M - H - HCHO]- (c2), and 632 (([M - 

H – H2 - HCHO]− (c3), 628 (c1 - H2O]−) (c4) and 616 (c1 – HCHO) (c5) in the MS2 

spectrum of the [M - H]− ions of d18:1/αh24:0-Cer at m/z 664, where ions at m/z 646, 628 

and 616 involving water loss are more abundant than those seen in the d18:1/nFA-Cer (§3.4) 

earlier due to the presence of α-hydroxyl group. The cleavage of the C2-C3 bond of the 

LCB followed by loss of H2 led to the NAE anions of m/z 424 (a1), which expel an azetene 

to form 2-hydroxy tetraeicosanoic anions (RCO2
−) of m/z 383 (a6), following a 
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rearrangement process as seen earlier. The observation of ions at m/z 365 (a8) and 337 (a9) 

from sequential losses of H2O and [H2 + CO2], respectively, from the ion of m/z 383 

(Scheme 6a) indicates the presence of αh24:0-FA. Other ions specific to d18:1/αhFA family 

was seen at m/z 268 (b2), arising from 634 ([M - H -HCHO]−) (c2), which eliminates CO 

and the fatty acid substituent as a terminal aldehyde (C22H45CHO) by the facile 

fragmentation process activated by the α-OH of the fatty acyl substituent (Scheme 6b).

The MS2 spectrum of d18:1/ωh32:0-Cer at m/z 776 (Figure 4b) is similar to that of 

d18:1/24:1-Cer (Figure 1a), excepting that the [M – H - HCHO – H2O]− ion at m/z 728 (c5) 

ion is the most prominent, probably attributable to the presence of the ω-hydroxyl group that 

permits additional H2O loss. The spectra similarity suggests that the fragmentation processes 

of d18:1/nFA-Cer and d18:1/ωhFA-Cer are similar. The ions reflecting the ωh32:0-fatty acyl 

substituent of the molecule were seen at m/z 495 (RCO2
−), and 494 (RCONH−), and the 

ions at m/z 298 (b1), 268 (b2), 263 (b4), and 237 (b5) recognizing the d18:1-LCB are of low 

abundance, similar to those observed for d18:1/nFA-Cer. Further dissociation of the ion of 

m/z 495 (776 → 495; Figure 4c) gave ions of m/z 477 (loss of H2O) and 451 (loss of CO2) 

and the spectrum is identical to the MS2 spectrum of the [M – H]− ion of ω-OH 32:0-FA 

standard (data not shown), supporting the presence of ωh32:0-FA moiety.

In contrast, the MS2 spectrum of d18:1/βh26:0-Cer at m/z 692 (Figure 4d) is dominated by 

the ion of m/z 340, arising from preferential cleavage of C2-C3(OH) bond of the fatty acyl 

group to release an aldehyde and resulted in a d18:1/2:0-Cer anion (scheme 7a). This facile 

bond cleavage led to the decline of the ions of m/z 674 (c1), 662 (c2), 660 (c3), and 664 

(c5). The ions of m/z 674 (692 - H2O) may represent a d18:1/26:1-Cer resulting from the 

H2O loss involving the 2-OH group to become a 26:1-fatty acid (Scheme 7b). The MS3 

spectrum of the ions of m/z 340 (692→340; Figure 4e) is identical to the MS2 spectrum of 

the authentic d18:1/2:0-Cer (data not shown); and the MS3 spectrum of the ions of m/z 674 

(692→674; Figure 4f) also contains ions characteristic to a d18:1/26:1-Cer, confirming the 

fragmentation processes.

3.5. Complete structural characterization of N-ω-hydroxyacyl-6-hydroxysphing-4-enine 
(t18:1/ωhFA-Cer) (Cer[OH]) and N-α-hydroxy-6-hydroxysphing-4-enine (t18:1/αhFA-Cer) 
(Cer[AH])

The t18:1/ωhFA-Cer family was found in human stratum corneum, where t18:1/ωh30:0-Cer 

is the most abundant [27, 30]. The MS2 spectrum of the [M - H]− ions of t18:1/ωh30:0-Cer 

at m/z 764 (Figure 5a) is dominated by common ions at m/z 746 (764 – H2O), 734 (764 – 

HCHO), and 716 (764 – HCHO - H2O); and the ions at m/z 732 (loss of [HCHO + H2]) (c3) 

was nearly absent. The ions of m/z 467 (RCO2
−) and 466 (RCONH−) reflecting the ω-

hydroxytriacontanoic acid moiety (ωh30:0), and the ions at m/z 314 (b1) and 279 (b4) that 

identify the 6-hydroxysphingo-4-enine LCB are of low abundance. The prominence of the 

common (c) ions together with the decline of acyl-related (a) and of LCB-related (b) ions 

indicates that the molecule is more stable due to the extra-long fatty acyl chain. The 

indication of the presence of an additional 6-hydroxy group on the LCB [27, 30] was seen 

by the presence of the ions at m/z 314 (b1), 284 (b2) and 279 (b4), which are 16 Da (one 

oxygen) heavier than the analogous ions of m/z 298, 268 and 263 observed for the d18:1-
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LCB ceramide. The MS3 spectrum of the ion of m/z 314 (764 → 314; Figure 5b) contained 

ions at m/z 284, 266, 255, 223, and 197, arising from cleavages of the C-C(OH) bonds 

(Scheme 8a); and the MS3 spectrum of the ion of m/z 279 (764 → 279; Figure 5c) also 

contained abundant ions of m/z 197 and 110/111, along with m/z 223 arising from similar 

cleavages of the C-C(OH) bonds. The observation of these ions points to the position of the 

OH group at C6 (Scheme 8a).

The cleavage of the C5-C6(OH) bond of the LCB gave rise to the ions of m/z 566 which 

yielded ions of m/z 548 and 530 via consecutive loss of H2O; while cleavage of the C2-

C3(OH) bond gave rise to ions of m/z 510, which further eliminated H2O to form ions of 

m/z 492 (Scheme 8b). The observation of these ions due to the presence of the 6-OH group 

on the LCB distinguishes t18:1/ωhFA-Cer from other ceramide families.

In contrast, the [M - H]− ion of t18:1/αh24:0-Cer at m/z 680 (Figure 5d) undergoes more 

vigorous fragmentation when subjected to CAD with optimal energy, attributable to the 

presence of the α-hydroxyl group of the fatty acyl substituent. Product ions reflecting the 6-

hydroxysphing-4-enine LCB were also seen at m/z 314 (b1), 284 (b2) and 279 (b4) and 253 

(b5). The MS3 spectra of the ions of m/z 314 and 279 (data not shown) are identical to those 

shown in Figure 5b and 5c, respectively. These results, again, readily locate the 6-OH group 

of the LCB. The ions at m/z 426 (a1), 424 (a2), 408 (a3), 383 (RCO2
−) (a6), and 382 

(RCONH−) (a7) reflecting the h24:0 fatty acyl substituent are prominent. The ions of m/z 
383 along with ions of m/z 365 (383 – H2O), and 337 (383 – [H2 + CO2]) arising from 

further dissociation, indicates the presence of αh24:0-Fatty acyl substituent. The observation 

of the minor ions at m/z 482, 464, and 436 arising from the similar fragmentation processes 

as shown in Scheme 8b, is consistent with the presence of t18:1-LCB.

3.6. Characterization of ceramide in biological specimen with isobaric isomers

The application of the present method to reveal the complex ceramide structures in the 

biological sample is exemplified by characterization of the [M – H]− ion of m/z 710 isolated 

from human stratum corneum. The MS2 spectrum (Figure 6a) contained low abundance 

common ions at m/z 692 (710 - H2O), 678 (710 – [H2 + HCHO]), 674 (692 – H2O), along 

with prominent ion set of the 383 (RCO2
−), 365 (RCO2

− - H2O), and 339 (RCO2
− - H2O - 

CO), pointing to the presence of αh24:0-fatty acid substituent. These ions were formed 

together with ions of m/z 344 ([LCB – H]−) (b1), 295 (b6), 283 (b5) that are 28 Da (C2H4) 

heavier than ions of m/z 316 (b1), 267 (b6), and 255 (b5) seen for t18:0-LCB as shown in 

Figure 3a, signifying the presence of t20:0-LCB. The above results led to assign the t20:0/

h24:0-Cer structure. The assignment is further supported by the presence of the ions of m/z 
382 (RCONH−) (a7), 426 ([NAE –H]−) (a1), 438 (RCONH− + C3H4 (a10), and 408 

(RCON−CH=CH2) (a3) reflecting h24:0-FA, and by the presence of 309 (b4) arising from 

t20:0-LCB.

A second set of ions at m/z 411 (RCO2
−), 393 (RCO2

− - H2O), and 365 (RCO2
− - H2O - 

CO) reflecting the h26:0-fatty acid substituent, and the set of ions of m/z 316 (b1) ([LCB – 

H]−), 267 (b6), and 255 (b5), signifying the presence of t18:0-LCB are also present in the 

spectrum, pointing to the presence of t18:0/h26:0-Cer. This assignment is consistent with the 
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presence of the ions of m/z 410 (RCONH−) (a7), 454 ([NAE –H]−) (a1), 466 (RCONH− + 

C3H4) (a10), and 436 (RCON−CH=CH2) (a3) that reassured the presence of h26:0-FA.

Two other minor isomers of t22:0/h22:0- and t16:0/28:0-Cer are also present. The 

assignment of t22:0/h22:0-Cer is supported by observation of the ions at m/z 355 (a6), 337 

(a8) (overlap with C23H47CO2
− - 46) and 309 (a9), along with m/z 354 (RCONH−) (a7), 398 

([NAE – H]−) (a1), 410 (RCONH− + C3H4O) (a10), and 380 (RCON−CH=CH2) (a3) 

reflecting the presence of h22:0-fatty acid substituent, and the ion set of m/z 372 ([LCB – 

H]−) (b1), 323 (b6), 311 (b5), signifying the presence of t22:0-LCB. The presence of t16:0/

h28:0-Cer minor isomer is seen by the ions of z 439 (RCO2
−), 421 (RCO2

− - H2O), and 393 

(RCO2
− - H2O - CO) reflecting the h28:0-fatty acid substituent, along with the ion of m/z 

239 (b6) (the ions expected at m/z 288 and 227 are too low to be seen) that identifies the 

t16:0-LCB.

The structural assignment were further supported by the MS3 spectrum of the ion of m/z 678 

(710 → 678; Figure 6b), which gave rise to major RCONH− ions (a7) at m/z 382, 410, 354, 

and 438 (abundances in the descending order), reflecting the h24:0-, h26:0-, h22:0- and 

h28:0-FA substituents, respectively, along with the b6 ions at m/z 295, 267, 323, and 239 

reflecting the t20:0-, t18:0-, t22:0- and t16:0-LCB, respectively. The m/z 382/295, 410/267, 

354/323, and 438/239 ion pairs gave assignment of t20:0/h24:0-Cer, t18:0/h26:0-Cer, t22:0/

h22:0, and t16:0/h28:0-Cer structures, consistent with the identified structures.

4. Conclusions

The present study is the first time that LIT MSn mass spectrometric approach towards 

complete structural characterization of ceramides as the [M – H]− ions is demonstrated. The 

various ceramide families included in this study all yield distinct MSn spectra, thereby, 

differentiation of isobaric ceramide isomers can be achieved. The observation of multiple 

sets of fragment ions reflecting the fatty acid and the LCB substituents is essential, in 

particular, in the structural identification of ceramides in biological specimen that often 

consists of many isomers. In contrast, structural information obtained by LIT MSn on the [M 

+ H]+ ions of ceramides is inadequate to give assignment of the location of the functional 

groups, such as the hydroxyl group and double bond of the molecules [21, 23, 32]. Complete 

characterization of the complex ceramide structures in human stratum corneum and in 

mouse epidermis using the present method is currently in progress in our laboratory.
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Highlights

• Complete structural characterization of ceramides in 10 subfamilies is 

presented

• Linear ion-trap multiple stage mass spectrometry provides structural 

details and reveals the mechanisms underlying the fragmentation 

processes

• Multiple sets of fragment ions regarding to fatty acid and long chain 

base substituents lead to confident structure assignment and isomer 

differentiation

• Isomeric structures in a biological specimen are identified
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Figure 1. 
The LIT MS2 spectrum of the [M – H]− ions of d18:1/24:1-Cer at m/z 646 (a), its MS3 

spectrum of the ions of m/z 614 (646 → 614) (b), MS4 spectrum of the ions of m/z 404 (646 

→ 614 → 404) (c), and the MS4 spectrum of the ions of m/z 320 (562 → 530 → 320) (d), 

arising from d18:1/18:1-Cer. The MS4 spectra locate the double bond of the fatty acyl chain.
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Figure 2. 
The LIT MS2 spectrum of the [M – H]− ions of d18:0/24:0-Cer at m/z 650 (a), and of d18:1/

αh16:0-Cer at m/z 554 (b).
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Figure 3. 
The MS2 spectrum of the [M – H]− ions of t18:0/20:0-Cer at m/z 610 (a), its MS3 spectrum 

of the ions of m/z 592 (610 → 592) (b); and the MS2 spectrum of the [M - H]− ions of 

t18:0/h20:0-Cer at m/z 626 (c), its MS3 spectrum of the ions at m/z 327 (626 → 327) (d).
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Figure 4. 
The MS2 spectrum of the [M – H]− ions of d18:1/h24:0-Cer at m/z 664 (a), of d18:1/ω32:0-

Cer at m/z 776 (b), and it MS3 spectrum of the ions of m/z 495 (776 → 495) (c); and the 

MS2 spectrum of the [M – H]− ions of d18:1/βh26:0-cer at m/z 692 (d), its MS3 spectra of 

the ion of m/z 340 (692 → 340) (e), and of m/z 674 (692 → 674) (f). The MS3 spectra of 

m/z 340, and m/z 674, are identical to the MS2 spectra of the [M - H]− ions of d18:1/2:0-

Cer, and d18:1/26:1-Cer respectively, leading to define the d18:1/βh26:0-Cer structure (see 

Scheme 7 for detail).
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Figure 5. 
The MS2 spectrum of the [M – H]− ions of t18:1/ω30:0-Cer at m/z 764 (a), its MS3 spectra 

of the ions of m/z 314 (764→ 314) (b), and of m/z 279 (764→ 279) (c), and the MS2 

spectrum of the [M – H]− ions of t18:1/αh24:0-Cer at m/z 680 (d).
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Figure 6. 
The MS2 spectrum of the [M – H]− ions of a phytosphingosine-LCB with αhFA ceramide at 

m/z 710 isolated from stratum corneum (a), and its MS3 spectra of the ions of m/z 678 

(710→ 678) (b). The spectra contained multiple sets of ions leading to define the multiple 

isomeric structures.
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Scheme 1. 
Structures of 10 ceramide subfamilies included in this study. Designation in (*Parenthesis) is 

nomenclature of Motta et al.[29], expanded by Robson et al [30] and Masukawa et al [30]. 

In this system, the initial letter of the sphingoid base: S, dS, P, and H represent sphingosine, 

dihydrosphingosine, phytosphingosine, and 6-hydroxysphingosine, respectively; the fatty 

acid residues: N, A, O, and B represent nonhydroxylated acyl, a-hydroxyacyl, b-

hydroxyacyl, and w-hydroxyacyl, respectively. As shown are ceramides with C18-LCB. 

More cermide structures please see Table 1.

Hsu Page 19

Biochimie. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
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Scheme 3. 
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Scheme 4. 
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Scheme 5. 
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Scheme 6. 
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Scheme 7. 

Hsu Page 25

Biochimie. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 8. 
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