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Abstract Skin ceramides are sphingolipids consisting of
sphingoid bases, which are linked to fatty acids via an amide
bond. Typical fatty acid acyl chains are composed of o-
hydroxy fatty acid (A), esterified w-hydroxy fatty acid (EO),
non-hydroxy fatty acid (N), and w-hydroxy fatty acid (O). We
recently established a lipidomic platform to identify skin
ceramides with non-hydroxyacyl chains using tandem mass
spectrometry. We expanded our study to establish a lipidomic
platform to identify skin ceramides with «-hydroxyacyl
chains. Tandem mass spectrometry analysis of A-type
ceramides using chip-based direct infusion nanoelectrospray-
mass spectrometry showed the characteristic fragmentation
pattern of both acyl and sphingoid units, which can be applied
for structural identification of ceramides. Based on the tandem
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mass spectrometry fragmentation patterns of A-type
ceramides, comprehensive fragmentation schemes were pro-
posed. Our results may be useful for identifying A-type
ceramides in the stratum corneum of human skin.
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Introduction

The stratum corneum (SC) is the outermost layer of the skin
and acts as a barrier, protecting the organism against environ-
mental influences [1, 2]. Its unique morphology consists of
keratin-enriched corneocytes embedded in a mixture of lipids
containing ceramides, cholesterol, free fatty acids, phospho-
lipids, and triacylglycerol [3, 4]. Among these skin lipids,
ceramides are the most important lipid metabolites for the
permeability barrier function as well as for the water-holding
capacity of the skin [5]. The ceramide profiles in human SC
were reported to be altered in atopic dermatitis, allergic con-
tact dermatitis, and psoriasis [6-9].

Ceramides are sphingolipids composed of a sphingoid base
linked to fatty acids through an amide linkage. Sphingoid units
include dihydrosphingosine (dS), 6-hydroxysphingosine (H),
sphingosine (S), and phytosphingosine (P), while free fatty acid
units include «-hydroxylated (A), non-hydroxylated (N), and
w-hydroxylated (O), of which the w-hydroxyacyl chain can be
esterified to a fatty acid (E) [10]. In general, the carbon chain
number of the amide-linked fatty acid varies from C16 to C40,
while that of the sphingoid base varies from C12 to C22,
though C18 is the most common [11]. Among the four types
of fatty acid units, A- and N-type ceramides are abundant in the
human stratum corneum (Fig. 1) [12].
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Fig. 1 Structure of four AS-, AdS-, AP-, and AH-type ceramide species

Several analytical platforms, including high-performance
thin-layer chromatography [13—16], high-performance liquid
chromatography [17, 18], gas chromatography/mass spec-
trometry (MS) [16, 19], and liquid chromatography-tandem
mass spectrometry [11, 12, 20, 21], have been used to analyze
skin ceramides. Recently, direct infusion-tandem mass spec-
trometry was used for shotgun analysis of ceramides, phos-
pholipids, and triacylglycerols [22, 23]. We also established a
lipidomic platform for the identification of N-type skin
ceramides using direct infusion-tandem mass spectrometry
[24]. Currently, the mass fragmentation patterns and the struc-
ture of each fragment ion of four ceramides having «-hydroxy
fatty acids have not been completely elucidated.

In this study, we characterized the tandem mass spectrom-
etry (MS/MS) fragmentation pattern of four ceramides having
o-hydroxy fatty acids by examining their product ion scan
mass spectra. We also developed a method for identifying
and profiling A-type ceramides in the human stratum corneum
using chip-based direct infusion nanoelectrospray-tandem
mass spectrometry.

Experimental
Reagents

Ammonium acetate, chloroform, dimethylformamide,
ethyl acetate (EtOAc), imidazole, l1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI), 1-
hydroxybenzotriazole (HOBt), 2,6-lutidine, methanol,
D-ribo-phytosphingosine, tert-butyldimethylsilyl chloride
(TBSCI), tetrabutylammonium fluoride (TBAF), tetrahydrofuran
(THF), and trimethylsilyl trifluoromethanesulfonate (TBSOTY)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Synthetic ceramides CER[A(20:0)S(18:1)],
CER[A(22:0)S(18:1)], CER[A(16:0)dS(18:0)], and
CERJA(18:0)dS(18:0)] were obtained from Avanti Polar Lipids
(Alabaster, AL, USA) or Matreya (Pleasant Gap, PA, USA).

Synthesis of CER[AP] standards (Scheme 1)
General procedure for fatty acid 2

To a solution of 2-hydroxy fatty acid 1 (1.0 equiv.) in
dimethylformamide (0.1 M) at 0 °C, we added imidazole
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(3.0 equiv.) and TBSCI (3.0 equiv.). The reaction mixture
was stirred at room temperature for 6 h, diluted with EtOAc,
and washed with 1 N HCI. The organic layer was dried over
MgSO, and concentrated under reduced pressure. The crude
mixture was dissolved in 0.2 M methanol. This solution was
cooled down to 0 °C and K,COj; (2.0 equiv.) and H,O (one
third of methanol) were added. After overnight incubation at
room temperature, the solvent was removed in vacuo. The
residue was diluted with H,O and acidified to pH 4 by addi-
tion of 1 N HCI. The resultant mixture was diluted with
EtOAc, washed with H,O, dried over MgSO,, filtered, and
concentrated in vacuo to give the desired acid 2, which was
used in the next step without further purification.

((6S,7S,8R)-7-((tert-Butyldimethylsilyl)oxy)-
2,2,3,3,10,10,11,11-octamethyl-8-tetradecyl-4,9-dioxa-3,
10-disiladodecan-6-amine (4)

We added 2,6-lutidine (3.00 mL, 25.5 mmol) and TBSOTf
(2.34 mL, 10.2 mmol) to a solution of D-ribo-
phytosphingosine (3, 635 mg, 2.00 mmol) in CH,Cl,
(20 mL) at 0 °C. The reaction mixture was stirred at room
temperature for 3 h. The reaction was quenched with methanol
at 0 °C, and then the resultant mixture was diluted with
EtOAc, washed with H,O, dried (MgSO,), filtered, and con-
centrated under reduced pressure. Purification of the residue
using flash silica gel column chromatography (hexane/EtOAc,
20:1) resulted in the silyl-protected phytosphingosine 4
(1.21 g, 92 %) as a pale yellow oil.

General procedure for silyl protected ceramide 5

EDCI (1.60 equiv), HOBt (1.30 equiv), and fatty acids (1.30
equiv) were added to a stirred solution of 4 in CH,Cl, (0.02 M).
The reaction mixture was stirred under argon for 6 h. The
solvent was removed in vacuo, and the resulting residue was
purified by flash column chromatography (hexane/EtOAc,
20:1) to afford the desired silyl-protected ceramide derivative 5.

General procedure for ceramide 6

To a solution of 5 in THF (0.02 M), we added TBAF (6.00
equiv., 1.0 M solution in THF). The solution was stirred for
6 h at room temperature, followed by quenching with aqueous
saturated NH4Cl and extracted twice with EtOAc. The
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Scheme 1 Synthesis of CER[AP] standards

combined organic layers were dried over MgSQy, filtered, and
concentrated under reduced pressure. The residue was purified
by flash silica gel column chromatography to afford the de-
sired ceramide derivative 6.

2-Hydroxy-N-((2S,3S,4R)-1,3,4-trihydroxyoctadecan-2-yl)
hexanamide (ceramide A(6:0)P(18:0), 6a)

Less polar diastereomer of 6a is as follows: white solid,
yield 32 %, "H NMR (500 MHz, CsDsN) § 8.60 (d, J=
8.8 Hz, 1H), 7.49 (d, J=5.3 Hz, 1H), 6.75 (s, 1H), 6.62
(d, J=6.5 Hz, 1H), 6.20 (d, J=6.2 Hz, 1H), 5.15-5.08
(m, 1H), 4.62-4.50 (m, 2H), 4.50-4.43 (m, 1H), 4.37-
4.24 (m, 2H), 2.29-2.15 (m, 2H), 2.04-1.84 (m, 3H),
1.78 1.59 (m, 3H), 1.48-1.15 (m, 24H), 0.86 (t, J=
6.9 Hz, 3H), and 0.81 (t, J=7.4 Hz, 3H). More polar
diastereomer of 6a is the following: white solid, yield
29 %, "H NMR (500 MHz, CsDsN) ¢ 8.57 (d, J=
8.9 Hz, 1H), 6.67 (br s, 1H), 5.30-4.70 (m, 4H), 4.59
(dd, J=7.8, 3.7 Hz, 1H), 4.52 (dd, J=10.7, 4.5 Hz, 1H),
4.43 (dd, J=10.8, 5.0 Hz, 1H), 4.37-4.25 (m, 2H), 2.33—
2.16 (m, 2H), 2.05-1.86 (m, 3H), 1.79-1.58 (m, 3H),
1.51-1.18 (m, 24H), 0.86 (t, J/=7.0 Hz, 3H), and 0.83
(t, J=7.4 Hz, 3H).

2-Hydroxy-N-((28,3S,4R)-1,3,4-trihydroxyoctadecan-2-yl)
octadecanamide (ceramide A(18:0)P(18.0),6b)

Ceramide 6b is as follows: white solid, yield 82 %,
diasteremeric ratio=7:3 (assigned by the integral ratio of 'H
NMR spectrum), 'H NMR (500 MHz, CsDsN) § 8.63 (d, J=
8.8 Hz, 0.7H), 8.58 (d, /=8.8 Hz, 0.3H), 5.70-4.800 (m, 5H),
4.63 (dd, J=7.7, 3.5 Hz, 1H), 4.57-4.41 (m, 2H), 4.39-4.25

(m, 2H), 2.30-2.20 (m, 2H), 2.10-1.86 (m, 3H), 1.86-1.60
(m, 3H), 1.52-1.17 (m, 48H), and 0.87 (t, J=6.7 Hz, 6H).

Ceramide analysis and data processing

The human stratum corneum samples used in our previous
study [24] were used in A-type ceramide identification. All
individuals were enrolled with informed consent. Ceramide
profiling was performed on an LTQ XL mass spectrometer
(Thermo Scientific, Waltham, MA, USA) equipped with a
chip-based nanoelectrospray infusion system (TriVersa,
Advion Biosciences, Ithaca, NY, USA) as previously de-
scribed [24]. Briefly, each sample was infused into an ion
source for 2 min. The data collection involved a full scan
and data-dependent MS/MS scan. Ceramides having «-
hydroxy fatty acids were identified based on their characteris-
tic mass fragmentation patterns.

Results and discussion
MS/MS analysis of A-type ceramides

MS/MS analysis of A-type ceramides was performed similar-
ly to that used for N-type ceramides [24]. The targeted product
ion scan mass spectra obtained from the Nanomate-LTQ sys-
tem provided characteristic fragmentation patterns for both the
acyl and sphingoid chains, which were used for structural
identification of A-type ceramides (see Electronic
Supplementary Material, ESM). The identification procedures
for synthetic ceramide standards [A(20:0)S(18:1) (AS, MW=
609)], [A(18:0)dS(18:0) (AdS, MW=583)], and
[A(18:0)P(18:0) (AP, MW=599)] were as follows: AH-type
ceramide (ceramide class consisting of «x-hydroxy fatty acids
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and 6-hydroxy-4-sphingenine) is commercially unavailable;
therefore, the fragmentation pattern of this ceramide was pre-
dicted based on the product ion scan mass spectrum pattern of
A(24:0)H(18:1) ceramide (AH, MW=681), which is normally
found in the human stratum corneum [12]. A-type ceramide

species were found as acetate adducts similar to N-type
ceramides [24] because the ammonium acetate existed in
the constitution solvent mixture. The product ion scan
mass spectra of these adducts gave deprotonated molec-
ular ions [M-H] . Product ion scan spectra of these
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Fig. 2 Tandem mass spectra of ceramides [A(20:0)S(18:1)], [A(18:0)dS(
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pseudo-molecular ions generated valuable fragmentation
information for the identification of AS-type (ceramide
class consisting of «-hydroxy fatty acids and 4-

sphingenine), AdS-type (ceramide class consisting of  (Fig. 2).
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Scheme 2 Suggested fragmentation pathways of CER[AS] standard [A(20:0)S(18:1)] by means of collision-induced dissociation in negative ion mode
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Characterization of mass fragmentation pattern

of AS-type ceramide

The suggested fragmentation pathway of the ceramide
consisting of «-hydroxy fatty acids and 4-sphingenine (AS-

type) is illustrated in Scheme 2. These characteristic fragmen-
tation patterns can be used to identify AS-type ceramide spe-
cies with different fatty acids. The product ion scan mass
spectrum of ceramide A(20:0)S(18:1), which was obtained
by fragmenting the deprotonated molecular ion [M-H]| with
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Scheme 3 Suggested fragmentation pathways of CER[AdS] standard [A(18:0)dS(18:0)] by means of collision-induced dissociation in negative ion
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m/z 608.8 through collision, yielded a fragment ion at m/z
578.7 (the loss of CH,O moiety, al); cleavage induced the
formation of ions, with the charge retained at the fatty acyl
and sphingoid moiety with m/z 281.3 (a3) and 268.3 (a4),
respectively. AS-type ceramide also lost both the CH,O group
and water, resulting in an abundant fragment ion at m/z 560.7
(a2). Cleavage at the C2—C3 bond (see structure a in Scheme 2

for numbering of carbon atoms) resulted in a characteristic ion
at m/z 370.5 (b1) which has the charge on the fatty acid unit,
and the subsequent loss of water resulted in fragment ions at
m/z 352.5 (b2) and 334.5 (b3). Cleavage at the C2—C3 bond
from pseudomolecular ion ¢ led to a fragment ion at m/z 368.4
(c1) which has the charge on the fatty acyl unit. A loss of a
water molecule could occur at two different positions (¢ and f)
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Scheme 5 Suggested fragmentation pathways of CER[AH] standard [A(24:0)H(18:1)] by means of collision-induced dissociation in negative ion mode
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and occurred with double bond formation (m/z 590.8, d1 and
f1). One double bond could be formed between C2 and C3
(d1), and subsequent cleavage at this location resulted in frag-
ment ions at m/z 263.3 (d2) and 326.3 (d3), with charges on
the sphingoid and fatty acyl moiety, respectively. With a dou-
ble bond at this position, further rearrangement (e) can take
place, resulting in a fragment ion at m/z 327.4 (el), which is
the «-hydroxy fatty acid itself; a subsequent loss of water
resulted in a fragment ion at m/z 309.3 (e2). A second possible
position was located between C1 and C2 (f1), and cleavage at
this position resulted in a fragment ion (m/z 237.3) which has a
charge on the sphingoid unit (f2). Ceramide A(20:0)S(18:1)
also showed a fragment ion at m/z 576.7 (loss of CH;0H
moiety, f3).

Several fragments related to the fatty acyl chain were ob-
served including a3, b2, cl, d3, el, and e2. Furthermore, a4,
a5, and f2 were fragment ions related to sphingoid unit. These
results were consistent with the findings of Han [25], Hsu and
Turk [26], t’Kindt et al. [12], Shin et al. [24], and Vietzke et al.
[14].

Characterization of mass fragmentation pattern
of AdS-type ceramide

The proposed fragmentation pathway of the ceramide
consisting of «-hydroxy fatty acids and sphinganine (AdS-
type) is illustrated in Scheme 3 and described below. The
MS/MS spectrum of the ceramide A(18:0)dS(18:0) standard,
which was obtained by fragmenting the pseudomolecular ion
with m/z 582.7, yielded a fragment ion at m/z 552.7 (loss of
CH,O group, al); the subsequent loss of water resulted in
fragment ions at m/z 534.7 (a2) and 516.7 (a3). A fragment
ion at m/z 534.7 (a2) induced the formation of an ion with m/z
253.3 (a4). Cleavage at the C2—C3 bond (see structure a in
Scheme 3 for numbering of carbon atoms) resulted in a frag-
ment ion at m/z 342.4 (b1) which has the charge on the fatty
acyl unit, and the subsequent loss of water resulted in frag-
ment ions at m/z 324.4 (b2) and 306.4 (b3). Cleavage at the
C2-C3 bond from pseudomolecular ion ¢ also resulted in a
fragment ion at m/z 340.4 (c1) which has the charge on the
fatty acyl unit. A neutral loss of a water molecule could occur
at two different positions (¢ and f) with a double bond forma-
tion (m/z 564.7, d1 and f1). One double bond could be formed
between C2 and C3 (d1), and subsequent cleavage at this
location resulted in fragment ions at m/z 265.3 (d2) and
298.3 (d3) with the charge on the sphingoid and fatty acyl
unit, respectively. With a double bond at this position (d1),
further rearrangement (e) could take place, resulting in a frag-
ment ion at m/z 299.3 (el), which is the «-hydroxy fatty acid
itself, while the subsequent loss of a water molecule results in
a fragment ion at m/z 281.3 (e2). A second possible position
was located between C1 and C2 (fl1), and cleavage at this
location resulted in a fragment ion with m/z 239.3 (f2) which

has the charge on the sphingoid unit. Ceramide
A(18:0)dS(18:0) also showed a fragment ion at m/z 550.7
(loss of CH30H group, g1), and cleavage induced the forma-
tion of an ion with the charge retained at the sphingoid base
with m/z 268.3 (g2).

Several fragments related to the fatty acyl chain were ob-
served, including a3, b2, b3, cl, el, and e2. Furthermore, {2
and g2 were fragments related to sphingoid unit. These results
agree with the findings of t’Kindt et al. [12] and Shin et al. [24].

Characterization of mass fragmentation pattern
of AP-type ceramide

The MS/MS spectrum of phytoceramide A(18:0)P(18:0) gen-
erated by fragmenting the pseudomolecular ion [M-H] with
m/z 598.5 (a) through collision revealed an informative frag-
mentation pattern. Ceramide A(18:0)P(18:0) showed a frag-
ment ion at m/z 568.5 (loss of CH,O group, al), and the
subsequent loss of water resulted in fragment ions at m/z
550.5 (a2) and 532.5 (a3). Cleavage at the C2—C3 bond (see
structure a in Scheme 4 for numbering of carbon atoms) re-
sulted in a characteristic ion at m/z 342.4 (b1) which has the
charge on the fatty acyl chain, and the subsequent loss of water

Ads
As A y i & i y i Cl y
L I |
-48 -32-30 -18 -66 -48 -32  -18
AP AH
1 I ] ‘ 1 1 I I
-48-36-32 -18 .66 -48 -36-30 -18
NS NdS
] ]
-48 -30 -18 -48 -32  -18
NP NH
| l |
-3632 -18 -48 -30 -18
-18: H,0 -36: 2H,0
-30: CH,0 -48: CH,0 + H,0

-32: MeOH -66: CH,0 +2H,0

Fig. 3 General MS/MS fragmentation patterns of A-type ceramides and
N-type ceramides
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resulted in a fragment ion at m/z 324.3 (b2). A fragment ion at
m/z 324.3 (b2) induced the formation of an ion with m/z 253.3
(b3). AP-type ceramide also showed cleavage of the fatty acyl
chain, and this fragment ion showed a neutral loss of water

(cl1, m/z 298.3) and further loss of a CH,OH radical (c2, m/z
267.3). The loss of a water molecule could occur at two dif-
ferent positions (d and e) with the formation of a double bond
(m/z 580.5 and 562.5). Loss of two water molecules resulted

A(22:0)S(18:1) [M-CH,0-H,0-H] 588.7
100
3 80
§ b3
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Fig. 4 Tandem mass spectra of ceramides [A(22:0)S(18:1)], [A(16:0)dS(18:0)], [A(6:0)P(18:0)], and [A(26:0)H(18:1)]
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Fig.5 Typical mass spectrum of the ceramide extracts from the stratum corneum of human skin using electrospray ionization in negative ion mode (The

peak information is in Table 1)

in the formation of two double bonds at the C2—-C3 and C4-
C5 bonds (d1, m/z 562.5), and subsequent rearrangement
could have resulted in a fragment ion at m/z 299.3 (d2), which
is the oc-hydroxy fatty acid itself. A second possible position
was located between C1 and C2 (el), and cleavage at this
location resulted in a fragment ion with m/z 354.3 (e2) which
has the charge on the fatty acyl chain. Ceramide AP (e) also
showed abundant fragment ion at m/z 566.5 (loss of CH;0H
group, €3).

Several fragments related to the fatty acyl chain were ob-
served, including b2, b3, d3, el, and e2. Furthermore, ¢l and
c2 were fragment ions related to the sphingoid unit. These
results agree with the findings of t’Kindt et al. [12], Shin
et al. [24], and Vietzke et al. [14].

Characterization of mass fragmentation pattern
of AH-type ceramide

AH-type ceramide is not commercially available; there-
fore, the fragmentation pattern of this ceramide was pro-
posed based on the MS/MS spectrum of A(24:0)H(18:1)
(MW=681), which is found in the human skin. The pro-
posed fragmentation pathway of AH type ceramide is il-
lustrated in Scheme 5 and described below. The MS/MS
spectrum of the ceramide A(24:0)H(18:1) by fragmenting
the pseudomolecular ion [M-H] with m/z 680.5 (a)
through collision yielded informative fragment ions at

m/z 650.6 (loss of CH,O group, al) and 632.6 (loss of
CH,O0 and H,O group, a2). A fragment ion at m/z 650.6
(al) induced the formation of ions, with the charge on the
fatty acyl and sphingoid unit as m/z 337.3 (a3) and 284.3
(a4), respectively. The subsequent loss of a water mole-
cule from m/z 284.3 (a4) resulted in a fragment ion at m/z
266.3 (a5). Cleavage at the C2—C3 bond (see structure a
in Scheme 5 for numbering of carbon atoms) resulted in a
characteristic ion at m/z 426.3 (b1), which has the charge
on the fatty acyl unit, and the subsequent loss of water
resulted in a fragment ion at m/z 408.4 (b2). Cleavage at
the C2—C3 bond from pseudomolecular ion ¢ led to a
characteristic ion at m/z 424.4 (c1) which has the charge
on the fatty acyl unit. The neutral loss of a water molecule
occurred at two different positions (¢ and f) with double
bond formation (m/z 662.6). One double bond was be
formed between C2 and C3 (d1), and subsequent cleavage
at this location resulted in a fragment ion at m/z 382.4
(d3), which has the charge on the fatty acyl unit. With a
double bond at this position, further rearrangement (e)
occurred, resulting in a fragment ion at m/z 383.4 (el),
which is the o-hydroxy fatty acid itself, and the subse-
quent loss of water molecule resulted in a fragment ion at
m/z 365.3 (e2). A second possible position was located
between C1 and C2 (fl), and cleavage at this position
resulted in a fragment ion with m/z 253.2 (f2), which
has charge on the sphingoid unit.
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Table 1  Identification of A-type ceramides which are found in human stratum corneum
No. MW [M-H]" [M+CH5COO] Identified ceramides
Abundance Type Total carbon Acyl chain Sphingoid base
1 555.6 554.6 614.6 Major AH 33:1 16:0 17:1
Minor AdS 34:0 16:0 18:0
Minor NP 34:0 16:0 18:0
637.6 636.6 696.6 AS 40:1 22:0 18:0
639.6 638.6 698.6 Major AH 39:1 21:0 18:1
Minor NP 40:0 22:0 18:0
24:0 16:0
4 651.6 650.6 710.6 AS 41:1 24:0 17:1
5 655.6 654.6 714.6 AP 40:0 23:0 17:0
6 665.6 664.6 724.6 AS 42:1 24:0 18:1
7 667.6 666.6 726.6 Major AH 41:1 23:0 18:1
25:0 16:1
Minor NP 42:0 24:0 18:0
8 669.6 668.6 728.6 AP 41:0 23:0 18:0
21:0 20:0
25:0 16:0
9 681.6 680.6 740.6 Major AH 42:1 24:0 18:1
23:0 19:1
Minor NP 43:0 25:0 18:0
10 683.6 682.6 742.6 AP 44:0 24:0 18:0
25:0 17:0
11 695.6 694.6 754.6 Major AH 43:1 25:0 18:1
Minor NP 44:0 24:0 20:0
12 707.6 706.6 766.6 AS 45:1 25:0 20:1
13 709.6 708.6 768.6 Major NP 44:0 27:0 18:0
28:0 17:0
25:0 20:0
Minor AH 44:1 26:0 18:1
14 711.6 710.6 770.6 AP 44:0 24:0 20:0
26:0 18:0
15 721.6 720.6 780.6 Major AS 46:1 26:0 20:1
Minor NH 46:1 26:0 20:1
16 723.6 722.6 782.6 Major AH 45:1 25:0 20:1
26:0 19:1
Minor NP 46:0 28:0 18:0
17 725.6 724.6 784.6 AP 45:0 25:0 20:0
18 737.6 736.6 796.6 Major AH 46:1 26:0 20:1
24:0 22:1
Minor NP 47:0 29:0 18:0
19 739.6 738.6 798.6 AP 46:0 24:0 22:0
20 751.6 750.6 810.6 Major AH 47:1 27:0 20:1
25:0 22:1
Minor NP 48:0 30:0 18:0
21 765.6 764.6 824.6 Major AH 48:1 28:0 20:1
Minor NP 49:0 27:0 22:0
22 767.6 766.6 826.6 AP 48:0 26:0 22:0
28:0 20:0
23 793.6 792.6 852.6 Major AH 50:1 30:0 20:1
Minor NP 51:0 29:0 22:0
24 795.6 794.6 854.6 AP 50:0 30:0 20:0
25 807.6 806.6 866.6 Major AH 50:0 28:0 22:0
Minor NP 52:0 30:0 22:0
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Several fragments related to the fatty acyl chain were ob-
served, including a2, b2,cl, d2, el, and e2. Furthermore, a3,
a5, and f2 were fragment ions related to sphingoid unit. These
results agree with the findings of t’Kindt et al. [12] and Shin
et al. [24].

General MS/MS fragmentation pattern of A-type
ceramides

Comparison of the MS/MS spectra of AS-, AdS-, AP-, and
AH-type ceramides with different sphingoid units in the
m/z region of the pseudomolecular ion of the MS/MS spec-
trum revealed characteristic patterns for AS-, AdS-, AP-,
and AH-type ceramides (Fig. 3). The MS/MS spectrum of
AS-type ceramides showed a series of fragment ion masses
with differences of 18, 30, 32, and 48 Da, which originated
from the loss of water, CH,O group, methanol, and CH,O
and water, respectively, from their deprotonated
pseudomolecular ions. The MS/MS spectrum of the AdS-
type ceramide showed a series of fragment ion masses with
differences of 18, 32, 48, and 66 Da, which originated from
the loss of water, methanol, CH,O and water, and CH,O
and two water molecules, respectively, from their
pseudomolecular ions. The MS/MS spectrum of AP-
type ceramide showed a series of fragment ion masses
with differences of 18, 32, 36, and 48 Da, which orig-
inated from the loss of water, methanol, two water mol-
ecules, and CH,O and water, respectively, from their
pseudomolecular ions. The MS/MS spectrum of AH-
type ceramide also showed characteristic fragment ion
masses with differences of 18, 30, 36, 48, and 66 Da,
which originated from the loss of water, CH,O group,
two water molecules, CH,O and water, and CH,O and
two water molecules, respectively, from their
pseudomolecular ions. Based on these informative and
general MS/MS fragmentation patterns, we determined
the sphingoid unit of A-type ceramides. These charac-
teristic fragmentations of A-type ceramides differed
from those of N-type ceramides [24]. For example,
MS/MS spectra of AdS- and AH-type ceramides gave
the fragment ion peak originated from the loss of CH,O
and two molecules of water, whereas those of NdS- and
NH-type ceramides did not. The MS/MS spectra of AS-
and AP-type ceramides gave specific fragment ion peak
originated from the loss of methanol molecule and
CH,O and water molecule, respectively, whereas those
of NS- and NP-type ceramides did not. The fragmenta-
tion patterns of A-type ceramides were also confirmed
on A-type ceramides with different acyl chains (Fig. 4).
Therefore, these patterns can be used to classify the
sphingoid backbone of A-type ceramides in the human
skin.

Identification of A-type ceramides in the stratum corneum
of human skin

Direct infusion of lipid extracts into a tandem mass spectrom-
eter has been used for ceramide profiling in various samples
such as mouse liver [27], rat brain tissues and cerebral endo-
thelial cells [25], human plasma [28], and human skin fibro-
blasts cell [29]. In our previous study, this method was applied
to N-type ceramide analysis in the skin stratum corneum [24].

In this study, we identified A-type ceramides in the human
stratum corneum using chip-based direct infusion
nanoelectrospray-mass spectrometry. A typical mass spectrum
of human stratum corneum extracts is shown in Fig. 5. MS?
spectra were produced from the product ion scan of the acetate
adduct ion, and 25 A-type ceramides were identified based on
the mass fragmentation patterns of A-type ceramides
(Table 1). Some ions existed as A-type ceramide species,
while other ions existed as AS/NH, AH/NP, or AdS/NP mix-
tures. In addition, analysis of the fragment ions revealed A-
type ceramides that differed in amide-linked fatty acid and
sphingoid carbon chain lengths. For example, an AP-type cer-
amide with a monoisotopic mass of 728.6 Da (41 carbon
atoms) contained both the expected that most abundant ratio
A23/S18 as well as A21/S20 and A25/S16.

Conclusions

In this study, the compound structures of the subspecies of four
A-type ceramide classes (AS-, AdS-, AP-, and AH-type) were
analyzed using chip-based direct infusion nanoelectrospray-
ion trap MS. Based on the tandem mass fragmentation pattern
of these ceramides, an A-type ceramide tandem mass library
was generated (see ESM). We also applied the A-type cer-
amide MS/MS library to identify the structure of A-type
ceramides extracted from the human stratum corneum using
A-type ceramide-specific mass fragmentation patterns. Struc-
tural information for the A-type ceramide, including fatty acyl
amide substituents and sphingoid groups, were obtained using
direct infusion nanoelectrospray MS/MS in negative mode.
This platform is useful for identifying biomarkers of various
skin diseases such as atopic dermatitis, psoriasis, and allergic
contact dermatitis.
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