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21The lipidome of the human lens is unique in that cholesterol and dihydrosphingomyelin are the dominant clas-
22ses. Moreover, the lens lipidome is not static with dramatic changes in several sphingolipid classes associated
23with both aging and cataract. Accordingly, there is a clear need to expand knowledge of the molecular species
24that constitute the human lens sphingolipidome. In this study, human lens lipids have been extracted and sep-
25arated by thin-layer chromatography (TLC). Direct analysis of the TLC plates by desorption electrospray
26ionisation–mass spectrometry (DESI–MS) allowed the detection over 30 species from 11 classes of sphingolipids.
27Significantly, novel classes of lens lipids including sulfatides, dihydrosulfatides, lactosylceramide sulfates and
28dihydrolactosylceramide sulfates were identified.

29 © 2014 Published by Elsevier B.V.
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34 1. Introduction

35 The lipid profile of the human lens is unique compared to other an-
36 imals [1], producing one of the most saturated and ordered cellular
37 membranes anywhere in the human body [2]. Glycerophospholipids
38 are of low abundance in the human lens [1], particularly in the nucleus
39 where their levels decrease dramatically with age [3,4]. Moreover, most
40 glycerophospholipid classes are dominated by plasmanyl species, i.e.
41 lipids where one of the carbon chains is linked to the glycerol back-
42 bone via a saturated alkyl ether linkage [5]. By contrast cholesterol
43 is found in high concentration in the human lens, with a ratio of up
44 to 8:1 (cholesterol:phospholipid) in the centre of the nucleus [6]. Its

45concentration is so high in older lens nuclei that pure cholesterol bilayer
46domains have been observed [7].
47Sphingolipids are another abundant lipid class present in the human
48lens and are dominated by the sphinganine backbonewith either a 16:0
49or a 24:1 fatty acyl chain [8–10]. Dihydrosphingomyelin (DHSM) is the
50dominant sphingolipid class comprising up to 47% of total phospholipid
51and 72% of sphingolipid in older lenses [1,3,11,12]. This is in contrast to
52other human tissues and fluids, e.g. human plasma, where DHSM ac-
53counts for less than 1% of total sphingolipids [13], and the lenses of
54other animals, e.g. rat, cow, pig and mouse lenses, where DHSM con-
55tributes less than 3% of the total phospholipid content [1]. Besides
56DHSM and sphingomyelin (SM), ceramide (Cer) and dihydroceramide
57(DHCer) have been detected in significant concentration in the nuclear
58region of older human lenses [4]. Ceramide-1-phosphate (CerP) and
59dihydroceramide-1-phosphate (DHCerP) have also recently been iden-
60tified in the human lens [14,15]. The presence of glycosphingolipids in
61the lens was first reported in the mid 1960s [16]. To date, several
62glycosphingolipids classes have been identified in the human lens in-
63cluding dihydrolactosylceramide (DHLacCer) [8,14,17] and numerous
64gangliosides (GM1, GM2, GM3, GD1a and sialyl-Lewis x containing
65neolacto-series gangliosides) [8,18,19]; however, these represent a
66minor proportion of total human lens lipids; up to 5% [20,21]. Owing
67to the low abundance of these lipids the majority of this work has
68utilised extensive extraction and purification methods followed by thin
69layer chromatography (TLC) and visualisation using various reagents
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70 [17,22]. The acyl chain components of total glycosphingolipids or
71 glycosphingolipid classes have been determined by gas–liquid chro-
72 matography following hydrolysis [8,19]. While these studies have
73 provided valuable knowledge as to the composition of the human lens
74 lipidome, such techniques require numerous preparative and analytical
75 steps and do not allow direct molecular structure elucidation.
76 To provide molecular-level characterisation, lipids separated on TLC
77 plates are routinely “scraped off” and extracted for further analysis by
78 mass spectrometry (MS). This procedure is time-consuming, and the re-
79 covery of lipids is often poor [23]. Direct coupling of ambient ionisation
80 mass spectrometry techniques with TLC however, has enabled the
81 direct analysis of TLC plates without further sample preparation
82 [24–26]. The direct analysis of TLC plates by desorption electrospray
83 ionisation (DESI) mass spectrometry has proven particularly successful
84 [27], and has been used for the analysis of natural products [28], pep-
85 tides [29] and lipids [23,30]. Here we describe the use of TLC–DESI
86 mass spectrometry to characterise the molecular composition of human
87 lens sphingolipids. This approach is shown to be useful for the detection
88 of a variety of lipid classes, including the detection and identification of
89 several new classes of lens sphingolipids.

90 2. Materials and methods

91 2.1. Materials

92 All solvents used were HPLC grade and purchased from Crown Sci-
93 entific (Moorebank, Australia). Primuline used for staining TLC plates
94 was purchased from Sigma Aldrich (Castle Hill, Australia). Lipid stan-
95 dardswere synthesised by Avanti Polar Lipids (Alabaster, USA) and pur-
96 chased from Auspep (Parkville, Australia). MilliQ water (Millipore
97 Synergy UV, Billerica, MA, USA) was used for the TLC mobile phase.
98 Glass-backed normal phase TLC plates (Merck, Silica gel 60F254) were
99 purchased from Crown Scientific (Sydney, Australia).

100 2.2. Lenses

101 Human lenses were obtained from eyes donated to the NSW Lions
102 Eye Bank at the Sydney Eye Hospital, (Sydney, Australia) within 2–6 h
103 of death, and were stored immediately at −80 °C until required. All
104 work was approved by the human research ethics committees at the
105 University of Sydney (#7292) and the University of Wollongong (HE
106 99/001).

107 2.3. Lipid extraction

108 Lens lipids were extracted as described previously [1]. Briefly, lenses
109 were homogenised in methanol:chloroform (2:1 v/v) containing 0.01%
110 butylated hydroxytoluene (BHT) at a ratio of 20:1 solvent to tissue.
111 The homogenates were rotated overnight at 4 °C. Aqueous ammonium
112 acetate (0.15 M) was added to the lens homogenates in a ratio of 8:4:3
113 (chloroform:methanol: 0.15M ammonium acetate) and the tubes were
114 centrifuged at 2000 g for 5 min. The organic layerwas retained and2mL
115 of 2:1 (v/v) chloroform:methanol was added to the aqueous layer and
116 the procedure was repeated. The organic extracts were combined and
117 1 mL of aqueous ammonium acetate was added. The mixture was
118 homogenised, the top (aqueous) layer was discarded, the remaining or-
119 ganic layer was evaporated to dryness under a stream of nitrogen and
120 the samples were then reconstituted in 500–1000 μL of methanol:
121 chloroform (2:1 v/v) containing 0.01% w/v BHT.

122 2.4. Thin layer chromatography

123 For TLC analysis, approximately 20 μL of the lipid extract (~1 mM)
124 was spotted drop-wise onto a TLC plate using a micro-spotter. The
125 plate was then left to dry in the fumehood and then developed in
126 75:25:2.5 chloroform:methanol:water (v/v/v). Approximately 20 μL of

127a 0.5 mM mixture of SL standards containing equimolar amounts of
128DHSM, DHCerP, sulfatide (ST), DHLacCer, glucosylceramide, Cer and
129DHCer was also spotted onto a normal phase, glass-backed TLC plate.
130TLC plates were stained with 0.05% (w/v) primuline in 4:1 acetone to
131MilliQ water and visualised under 365 nm UV light. The digital images
132of the stained plates were converted to black and white for greater con-
133trast and to enhance visualisation of faint spots. The retention factor (Rf)
134values were calculated for each spot on both the standard and extract
135plates (where the Rf value is the distance between the spot and the
136baseline dived by the distance between the solvent front and the base-
137line). Separation was limited to approximately 35 mm owing to the
138travel constraints of the DESI stage.

1392.5. Desorption electrospray ionisation–mass spectrometry (DESI–MS)

140Positive and negative ion DESI–MS spectra were acquired directly
141from the TLC plates using a 2-dimensional (2-D) OmniSpray® ion source
142(Prosolia Inc., Indianapolis, USA) coupled to a linear ion trap mass spec-
143trometer (LTQ, Thermo Fisher Scientific, San Jose, USA). Xcalibr Tune
144Plus 2.0 (Thermo Fisher Scientific, San Jose, USA)was used for spectral ac-
145quisition. Methanol was used as the spray solvent with typical conditions
146for TLC–DESI–MS experiments based on the work of Cooks et al. [31] as
147listed in Table 1.

1483. Results

1493.1. Thin layer chromatography

150A TLC plate loaded with the lipid standard mix (see above) is shown
151in Fig. 1 A and a TLC plate loaded with approximately 20 nmol of lipid
152extract from a 20-year-old human lens is shown in Fig. 1 B. DHSM had
153the lowest Rf, owing to the high polarity imbued by the fixed charge
154on the choline head group. CerP and ST also had low Rf values owing
155to the presence of a phosphate or a sulfate group, respectively. Itwas ob-
156served that Rf valueswere inversely proportional to the number of sugar
157groups, i.e. DHLacCer (2 sugar groups) b GlcCer (1 sugar group) b Cer
158(no sugar groups). DHCer and Cer are relatively less polar as they do
159not contain any sugar moiety or fixed charge; thus, they travelled the
160furthest along the TLC plate. To further confirm these assignments and
161to identify individual molecular species the TLC plate was analysed by
162DESI–MS and DESI–MS/MS utilising collision-induced dissociation (CID).

1633.2. Sphingomyelin (SM) and dihydrosphingomyelin (DHSM)

164Due to the very low abundance of glycosphingolipids in the lens, a
165relatively concentrated lipid extract (~1 mM) was spotted onto a TLC
166plate for separation prior to detection by DESI–MS. The DESI source

t1:1Table 1
t1:2Optimised parameters used for DESI- Q2.

Instrumental parameter Setting t1:3

Positive Negative t1:4

Solvent flow (μL/min) 15.0 15.0 t1:5

Nebulising gas flow rate (psi) 80 80 t1:6

Spray voltage (kV) 5.0 −5.0 t1:7

Tube lens voltage (V) 110.0 −110.0 t1:8

Capillary voltage (V) 5.0 −5.0 t1:9

Capillary temperature (°C) 275.0 275.0 t1:10

Ion injection time (ms) 500.0 100.0 t1:11

Sample holder velocity (μm/s) 250.0 250.0 t1:12

Microscans 3 1 t1:13

Acquisition time (s) 1.02 1.02 t1:14

CID collision energy (arbitrary units) 25–30 25–30 t1:15

CID isolation width (Da) 1.5–3.0 1.5–3.0 t1:16

Incident emitter-surface angle 55° 55° t1:17

Collection angle (sample-inlet angle) ~10° ~10° t1:18

Short emitter sample distance 1–2 mm 1–2 mm t1:19
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