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The FA esters of hydroxy FAs (FAHFAs) represent a 
newly described class of lipid (1, 2). Found in mammalian 
tissues and serum, FAHFAs are thought to have anti-diabetic 
and anti-inflammatory properties (1, 3, 4). Their structure 
is relatively simple, consisting of a FA esterified to a hy-
droxy FA (HFA) substituted at carbon 5, 7, 8, 9, 10, 11, 12 
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tra-long chain OAHFAs extracted from human meibum by 
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or 13, with both acyl chains typically 16–18 carbons long 
and having up to a single degree of unsaturation. A struc-
turally related subclass of lipids, the (O-acyl)--HFAs 
(OAHFAs), differ from FAHFAs in that their HFA is  
ultra-long, typically around 26–34 carbons in length, and 
their hydroxy esterification is believed to be solely at the 
terminal () position. OAHFAs have been detected in the 
skin (5), in equine sperm (6) and amniotic fluid (7), and 
in waxy secretions from meibomian glands located within 
the eyelids (i.e., meibum) that supply the tear film lipid 
layer (8–10). In the tear film lipid layer, OAHFAs represent 
one of only two amphipathic categories of lipid (4% total 
lipid) (11) and are thought to promote tear film stability 
and prevent drying of the ocular surface (12, 13). OAHFAs 
also exist as components of complex lipids, including cho-
lesteryl esters in meibum (14) and vernix caseosa (15), and 
acylceramides in the skin (i.e., esterified -hydroxyacyl-
sphingosine) (5, 16–18). The latter have been shown to 
have a vital role in forming the skin barrier, with disruption 
to the gene essential for synthesis leading to death from 
dehydration in neonatal mice (5, 17, 18). The recent dis-
covery of this family of lipids and the demonstration of 
their diverse biophysical and biochemical functions drives 
a need to fully elucidate their molecular structure(s) and 
derive efficient pathways for their synthesis.

The lipidomes of skin, vernix caseosa, and meibum are 
highly complex and distinct from other mammalian sys-
tems in two respects. First, lipids extracted from these 
sources comprise mostly neutral classes, including wax es-
ters (WEs), triacylglycerols, diacylglycerols, squalene, cho-
lesteryl esters, and diacylated ,-diols (13, 19, 20). Second, 
the lipid components of these tissues are renowned for 
containing FAs with noncanonical acyl chain lengths and 
sites of unsaturation [e.g., sapienic acid, 16:1(n-10), is pres-
ent in vernix caseosa, skin, and sebaceous secretions] and 
methyl-branched acyl chains (e.g., iso-16:0 and anteiso-17:0 
within WEs of skin, vernix caseosa, and meibum) (21–23).

This variation in the FA building blocks leads to high 
molecular complexity and, along with the presence of 
lipid isomers, makes the conventional natural products ap-
proach of purification and spectroscopic interrogation of a 
single naturally occurring OAHFA extremely challenging. 
As a result, most of our knowledge regarding the elemental 
composition of OAHFAs is derived from MS, while infor-
mation on the fatty acyl and HFA components is gleaned 
from MS/MS (9). Both measurements, however, are blind to 
important structural characteristics that inform biochemi-
cal function, such as sites of unsaturation, carbon-carbon 
double bond configuration, hydroxylation regiochemistry, 
and the presence (or absence) of acyl chain branching. In-
deed, tandem mass spectra reported to date almost cer-
tainly represent composites of numerous isomeric species. 
While seemingly subtle, the absence of these structural ref-
erence points represents a fundamental knowledge gap 
that precludes reporting of a unique molecular structure as 
a specific target for synthesis and prevents further studies 
enabled by the availability of pure compounds. To over-
come this limitation, we have developed a customized suite 
of MS-based strategies that provide unambiguous structure 

determination of OAHFAs extracted from human meibum 
(24). Specifically, these measurements provide unequivocal 
assignment of sites of unsaturation and ester moieties, ex-
clude significant contributions from acyl chain branching, 
and assign stereochemical configuration of carbon-carbon 
double bonds. These structural insights have informed the 
first total synthesis of ultra-long chain OAHFAs that affords 
identical mass spectral fingerprints to the natural product 
across all modes of analysis.

MATERIALS AND METHODS

Nomenclature
Lipid nomenclature used throughout is based on general lit-

erature recommendations (25) and customized to describe the 
OAHFA structure (26). Briefly, sum composition OAHFAs are 
described as OAHFA X:Y, where X is the total number of carbons 
and Y is the number of double bonds. Where the stoichiometry of 
the FA and HFA chains have been determined, lipids are denoted 
as OAHFA X1:Y1/X2:Y2, where X1:Y1 defines the number of car-
bons and the degree of unsaturation in the FA and X2:Y2 defines 
the number of carbons and the degree of unsaturation in the 
HFA. Where double bond position has been determined, the tra-
ditional nomenclature “n-x” is used, where x is double bond posi-
tion from the methyl or omega () end of each acyl chain. Where 
ester position is confirmed, the OAHFA X1:Y1/y-O-X2:Y2 nomen-
clature is used, which is modeled on suggestions by Marshall et al. 
(26). Herein, y defines the ester position relative to carboxylic 
acid and where y = , the ester is linked via the terminal carbon of 
the HFA chain. Where double bond stereochemistry is deter-
mined, it is indicated as cis (Z) or trans (E), respectively.

Materials
All solvents used for meibum collection were purchased from 

Ajax Finechem. All solvents used for MS and TLC were purchased 
as the highest grade available (i.e., HPLC or higher) from VWR 
International Pty Ltd. (Brisbane, QLD, Australia) and used with-
out further purification. Reagents used for OAHFA synthesis, 
glass-backed silica 60 gel TLC plates, ammonium acetate, and bu-
tylated hydroxytoluene were obtained from Sigma-Aldrich Pty 
Ltd. (Sydney, NSW, Australia). Oleoyl stearate WE (WE 18:1/18:0) 
standard was purchased from Nu-Chek Prep Inc. (Elysian, MN). 
The Cayman AMP+ MS kit was obtained from Sapphire Bioscience 
(Sydney, NSW, Australia).

Meibum collection
This study was conducted in compliance with the tenets of the 

Declaration of Helsinki (2013) and was approved by the Univer-
sity of New South Wales Human Research Ethics Advisory Panel 
(HC15609). Meibum samples were collected from 10 participants 
aged between 20 and 30 years. No topical anesthesia was used dur-
ing meibum collection. None of the participants had any com-
plaint of dry eye; lid margin abnormalities and normal meibum 
expression was confirmed by observing the expulsion of clear 
fluid from the meibomian gland orifices following mild digital 
pressure. The meibomian gland evaluator (Tearscience, Morris-
ville, NC) was used to express the glands on the lower eyelid by 
gently pressing the evaluator for approximately 10 s throughout 
the lid below the lash line. A stainless steel ethanol-cleaned and 
heat-sterilized spatula (ProSciTech, Kirwan, QLD, Australia) was 
used to collect the expressed meibum by gently sliding across the 
orifices. The meibum was collected from the lower lids of the par-
ticipants with particular attention given to avoiding scratching of 
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the lid margin and contamination with lid epithelial cells and 
tears. Meibum collected on the spatula was placed in a glass vial 
(ProSciTech) containing 1 ml of chloroform and stirred until 
completely dissolved. The vial was capped immediately and stored 
at 80°C until used for analysis. Prior to analysis, meibum was 
transfered to a sleeved glass vial, dried under N2, and resuspended 
in 200 l of chloroform.

OAHFA purification
An enriched OAHFA extract was prepared from meibum by 

TLC. Each meibum sample was deposited dropwise by glass capil-
lary onto a Silica Gel 60 TLC plate alongside a 0.7 mg·ml1 mix-
ture of WE 18:1/18:0, OAHFA 18:1(n-9, cis)/-O-16:0 and OAHFA 
18:1(n-9, cis)/-O-32:1(n-7, cis) 2 standards (1:1:1 w/v). Each 
drop was allowed to dry completely before application of the 
next to minimize sample spot size. Once dried, the plate was de-
veloped using hexane:ethyl acetate:acetic acid (80:20:2 v/v/v) 
and allowed to dry completely before being stained with 0.05% 
(w/v) primuline in acetone:MilliQ water (4:1 v/v). Lipids were 
visualized under 365 nm UV light and the retention factor (Rf) for 
each standard was calculated (where Rf is the distance between 
the standard and baseline divided by the distance between the 
solvent front and baseline). Synthetic OAHFA 18:1(n-9, cis)/ 
-O-16:0 and OAHFA 18:1(n-9, cis)/-O-32:1(n-7, cis) 2 typically 
showed Rf values between 0.35 and 0.5. The corresponding 
OAHFA-enriched region was scraped from the meibum lane (sup-
plemental Fig. S1). OAHFAs were extracted from the silica gel by 
methyl tert-butyl ether-based biphasic lipid extraction (27). The 
process was repeated for up to 10 meibum samples and the result-
ing enriched-OAHFA extracts were combined. Enrichment of 
the meibum OAHFAs by this method was confirmed by MS (data 
not shown).

OAHFA derivatization
N-(4-aminomethylphenyl)pyridinium (AMPP) was used to 

derivatize synthetic and meibum OAHFAs using a commer-
cially available kit, as previously described (28, 29). The 1-(3- 
(aminomethyl)-4-iodophenyl)pyridin-1-ium (4-I-AMPP) was used 
to prepare 4-I-AMPP-derivatized OAHFAs by the same procedure.

OAHFA synthesis
A detailed description of the synthesis and characterization of 

OAHFA 18:1(n-9, cis)/-O-32:1(n-9, cis) 1 is described below. Syn-
thesis and characterization of OAHFA 18:1(n-9, cis)/-O-32:1(n-7, 
cis) 2 and 18:1(n-9, cis)/-O-32:1(n-9, trans) 3 is provided within 
the supplemental information.

MS
For double bond position determination, negative ion mass 

spectra of OAHFAs from meibum were acquired on a modified 
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San 
Jose, CA) equipped with a heated ESI source. Pooled meibum 
extract was diluted 100-fold in methanol spiked with 5 mM am-
monium acetate and infused directly into the ion source at a rate 
of 10 l·min1. Typical source conditions were as follows: ioniza-
tion spray voltage 3.6 kV, source temperature 45°C, transfer cap-
illary temperature 275°C, and S-lens RF level 65–70%. Nitrogen 
was used as the sheath, auxiliary, and sweep gas, while helium served 
as the bath gas. The instrument was modified to allow infusion of 
ozone from an external generator to the helium buffer gas, as 
described by Marshall et al. (26). A schematic of the modification 
is shown in supplemental Fig. S8. In a typical experiment, the flow 
rate of O2 through the generator was set at 0.2 l·min1 with gen-
erator power output at 40% to obtain approximately 220 g·Nm3 
of ozone (or approximately 17% ozone in oxygen, w/w).

Collision-induced dissociation (CID) and ozone-induced disso-
ciation (OzID) experiments were both conducted on mass- 
selected OAHFA [M-H] species using an isolation width of 1.5 Th. 
CID experiments were performed at a normalized collision 
energy of 34 (arbitrary units) with a 30 ms activation time, while 
OzID was facilitated through an increased activation time (3 s) 
with a normalized collision energy of 0. All mass spectra represent 
the averaged acquisition of at least 50 scans, acquired at a resolu-
tion of 120,000 (at m/z 400). Mass calibration was performed in 
negative ion mode prior to analysis, providing a mass accuracy of 
<3 ppm. Double bond position was assigned based on characteris-
tic neutral losses in OzID spectra. These neutral losses have previ-
ously been reported (30), but are provided for convenience in 
supplemental Table S1.

For determination of ester position within AMPP-derivatized 
OAHFAs, positive ion mass spectra were acquired on an LTQ 
Orbitrap XL (Thermo Fisher Scientific) equipped with an ESI 
source. AMPP-derivatized OAHFA in methanol with 5 mM ammo-
nium acetate was infused into the source at a rate of 10 l·min1 
and ionized under the following conditions: ionization spray volt-
age +4 kV, transfer capillary temperature 275°C, capillary voltage 
+11 V, and tube lens voltage +75 V. Nitrogen gas was used as the 
sheath, auxiliary, and sweep gas, while helium served as the bath 
gas. OAHFA [M+AMPP]+ ions were mass selected with an isola-
tion width of 1.0 Th. CID experiments were performed at a nor-
malized collision energy of 45 (arbitrary units). Higher-energy 
C-trap dissocation experiments used a normalized collision en-
ergy of 60. The mass spectra shown represent a minimum acquisi-
tion of 50 scans obtained at a resolution of 70,000.

Photodissociation (PD) and radical-directed dissociation (RDD) 
experiments were performed on a linear ion-trap mass spectrom-
eter (LTQ XL; Thermo Fisher Scientific) equipped with an ESI 
source. Typical source parameters were: spray voltage +4 kV and 
capillary temperature 250°C, with the following gas settings: sheath 
gas, 10; sweep gas, 2; and auxiliary gas, 8 (arbitrary units). Capil-
lary and tube lens voltage were set at +50 V and +250 V, respec-
tively. Nitrogen was used as the sheath, sweep, and auxiliary gas, 
while helium served as the bath gas. Ions were mass selected with 
a window of 1.5 Th and activated by either CID or PD. RDD was 
facilitated by an MS3 sequence in which PD was performed fol-
lowed by CID of the mass-selected radical cation formed in the PD 
event. The linear ion trap was modified to facilitate PD experi-
ments, as previously described (31, 32). In brief, a quartz window 
was installed on the posterior plate of the vacuum housing to al-
low transmission of 266 nm laser pulses from a flashlamp-pumped 
Nd:YAG laser (Continuum, Santa Clara, CA). The laser beam 
(30 mJ·cm2) was directed into the trap via two right-angle 
bending prisms, which were adjusted to optimize beam alignment 
with the ion cloud.

RESULTS

Identification of OAHFAs in human meibum
Negative mode ESI allows partial fractionation of meibum 

lipids, as other more abundant classes (e.g., WEs and cho-
lesterol esters) are not efficiently ionized in this modality. 
Negative ion ESI-MS of a crude lipid extract obtained from 
human meibum results in a series of abundant ions be-
tween m/z 700 and 800. Using a high resolution mass ana-
lyzer, the three most abundant [M-H] anions appeared at 
m/z 729.7, 757.7, and 785.7, and were assigned to OAHFAs 
with sum compositions of 48:2, 50:2, and 52:2, respectively; 
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an observation consistent with prior literature (see supple-
mental Fig. S9) (9, 11, 33). Gas phase purification of the 
[M-H] precursor ion corresponding to the most abundant 
OAHFA 50:2 was achieved by mass selection in a linear 

ion trap mass spectrometer. Subsequent CID yielded the 
spectrum shown in Fig. 1B. Product ions in the CID spec-
trum provided evidence for the presence of at least two 
structural isomers. Ions at m/z 281.2, 475.5, and 493.5 
were assigned as [FA-H], [HFA-H2O], and [HFA-H], 
respectively, and were consistent with a composition of 
OAHFA 18:1/32:1 (e.g., Fig. 1A). Less abundant [FA-H] 
and [HFA-H] ions observed at m/z 253.2 and 521.5 indi-
cated the presence of a second minor isomer of the form 
OAHFA 16:1/34:1. While informative, these MS/MS data 
did not provide information on the position of the ester 
linkage or the sites and stereochemistry of unsaturation, 
and did not exclude the possibility of methyl chain-branch-
ing. Assumptions about each of these possible structural 
motifs led us to propose the putative structure 1 shown in 
Fig. 1A.

Assignment of double bond positions
Assigning the sites of unsaturation in long hydrocarbon 

chains using contemporary MS and nuclear magnetic reso-
nance approaches is challenging. We have previously used 
gas-phase ozonolysis of mass-selected ions within ion-trap 
mass spectrometers to unequivocally assign carbon-carbon 
double bond position in a variety of lipids and natural 
products (34–36). The ion trap used in the present study 
was modified to perform OzID experiments (37). Mass se-
lection and trapping of the [M-H] anion derived from 
OAHFA 50:2 inside the mass spectrometer for 3 s in the 
presence of ozone resulted in the OzID spectrum shown in 
Fig. 1C. This spectrum displayed diagnostic ions at m/z 
663.6 and 691.6, indicative of sites of unsaturation at the 
n-9 and n-7 positions in the FA chain (see supplemental 
Table S1) (30). Analogous ions at m/z 383.3 and 411.3 re-
vealed both n-9 and n-7 double bonds in the HFA chain. 
While this agreed with previously reported unsaturation 
patterns for HFA 32:1 released upon saponification of 
meibum (38), the presence of isomeric OAHFA 16:1/34:1 
(see above) prevented unambiguous assignment of unsatu-
ration patterns to OAHFA 18:1/32:1 based on these find-
ings alone. To overcome this, we performed sequential 
CID/OzID experiments involving mass selection of the m/z 
757.7 precursor ion, CID to release the m/z 493.5 product 
ion corresponding to the HFA 32:1 chain, reisolation, and 
subsequent ozonolysis (Fig. 1D). An analogous CID/OzID 
spectrum targeting unsaturation in the FA 18:1 chain (m/z 
281.2) is shown in Fig. 1E. The spectrum in Fig. 1D showed 
diagnostic ions confirming the presence of two isomeric 
HFA chains with double bonds at n-9 and n-7 (m/z 383.3 
and 411.3, respectively), while similar interrogation of the 
FA 18:1 revealed only an n-9 isomer (m/z 171.1, Fig. 1E). 
Taken together, these data suggest the presence of two 
dominant regioisomeric OAHFAs in human meibum, 
namely, OAHFA 18:1(n-9)/32:1(n-9) 1 and OAHFA 18:1 
(n-9)/32:1(n-7) 2. Analogous CID and OzID experiments 
were used to interrogate the structure of meibum-derived 
OAHFA 48:2 and 52:2 (see supplemental Figs. S10, S11). 
These data provide evidence for the presence of OAHFA 
16:1(n-7)/32:1(n-9), OAHFA 16:1(n-7)/32:1(n-7), OAHFA 
18:1(n-9)/30:1(n-9), OAHFA 18:1(n-9)/30:1(n-7), and 

Fig. 1. A: Putative molecular structure of OAHFA 18:1/32:1 1 de-
rived from meibum. B: CID mass spectrum of m/z 757.7 precursor 
ion. C: The OzID mass spectrum of the m/z 757.7 precursor ion 
provided evidence for double bond positions at n-9 and n-7 loca-
tions in both HFA and FA. Sequential CID/OzID spectra identifying 
carbon-carbon double bond location in HFA 32:1 chain (D) and FA 
18:1 chain (E). The * indicates an artifact signal in the spectrum.
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OAHFA 18:1(n-9)/34:1(n-9), with the possibility of other 
minor contributing isomers.

Assignment of ester regiochemistry
OAHFAs were previously assumed to be -esterified 

based on the putative structure of the HFA liberated upon 
saponification (38). However, the recent discovery that 
FAHFA lipids exhibit a diversity of regioisomeric esters (1) 
demands that the position of esterification in ultra-long 
chain naturally occurring OAHFAs be unequivocally deter-
mined. To interrogate meibum OAHFA ester position, we 
employed a charge-switch derivatization procedure using 
AMPP (28). This approach has been reported to afford up 
to 20-fold increases in mass spectral detection sensitivity 
when used with FAs. Furthermore, CID of mass-selected 
[FA+AMPP]+ ions can induce charge-remote fragmenta-
tion to provide additional structural details (29). To this 
end, an OAHFA-enriched fraction prepared from meibum 
using TLC was derivatized with AMPP. Positive ion ESI of 
the derivatized meibum fraction resulted in an abundant 
ion at m/z 925.8, corresponding to the [M+AMPP]+ cation 
of OAHFA 50:2. Isolation of this ion and activation by CID 
resulted in a spectrum dominated by a product ion at m/z 
643.6 (supplemental Fig. S12), corresponding to the neu-
tral loss of FA 18:1 (282.3 Da) via the well-described 
charge-remote cis-elimination mechanism (26, 39). Reiso-
lation of the m/z 643.6 product ion and subjecting it to fur-
ther CID (i.e., MS3) gave rise to the spectrum shown in 
Fig. 2A. This spectrum exhibited a near complete profile of 
carbon-carbon bond fission along the hydrocarbon chain 
that was consistent with prior reports of charge-remote 
fragmentation in AMPP-derivatized FAs (29). Interrup-
tions to this 14 Da peak spacing observed between m/z 519 
and 545 can be ascribed to the unsaturation in HFA 
32:1(n-9) and HFA 32:1(n-7) (see above); but more impor-
tantly, a stark 42 Da spacing was present between m/z 601.5 
and the mass-selected precursor ion at m/z 643.6. Accurate 
mass determination showed this loss to be propene, provid-
ing direct evidence for the presence of a terminal alkene in 
the mass-selected HFA product ion. It follows that this ter-
minal alkene motif can only be derived from the unimolecu-
lar dissociation of an -substituted OAHFA, as illustrated 
in Fig. 2A. The absence of other diagnostic peak spacings in 
the spectrum supports the conclusion that this substitution 
is exclusive. The 42 Da neutral loss pattern was repeated in 
the MS3 analysis of other OAHFAs present in meibum (e.g., 
OAHFA 48:2 and OAHFA 52:2, see supplemental Fig. S13). 
Taken together, these data overwhelmingly support the as-
signment of -substitution in the HFAs in OAHFAs (9) and 
appears to be a distinguishing feature, along with the ultra-
long chain lengths, of this FAHFA subclass.

Investigation of possible methyl chain branching
The profiles of FAs and HFAs liberated by saponification 

of meibum (or its fractions) are known to include methyl-
branched structures classified as iso (methyl-substitution 
at the penultimate carbon of the chain) or anteiso (methyl 
substitution on the third carbon counted from the 
methyl end of the chain) (21–23). While small amounts 

of anteiso-chain branching have been reported for HFAs in 
meibum (38), the spectrum in Fig. 2A shows no interrup-
tions in the fragmentation pattern that would be diagnostic 
of chain branching in the HFA portion. Likewise, CID of 
the AMPP-derivatized OAHFAs did not yield analogous 
product ions for the FA chain in this structure, making it 
difficult to rule out the possibility of chain branching 
within this motif (e.g., supplemental Fig. S12B). An alter-
native derivatization strategy based on RDD has previ-
ously been deployed to specifically localize chain branching 
in lipids (32, 40). Following this strategy, an OAHFA-en-
riched TLC fraction from meibum was subjected to de-
rivatization with the customized reagent, 4-I-AMPP, using 
the protocols reported for AMPP. Positive ion ESI of the 

Fig. 2. A: MS3 spectrum of AMPP-derivatized meibum-derived 
OAHFA 18:1/32:1 shows a diagnostic neutral loss of 42 Da (m/z 
601) indicative of the presence of a terminal alkene that can be di-
rectly ascribed to -substitution of the ester on the HFA backbone. 
B: RDD mass spectrum of 4-I-AMPP-derivatized meibum OAHFA 
50:2 showed product ions resulting from carbon-carbon bond dis-
sociation along the entire acyl chain length. The uninterrupted 
nature of this pattern is consistent with the absence of methyl 
branching. A straight-chain hydrocarbon structure was thus assigned 
to both FA and HFA portions of the molecule.
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derivatized fraction produced an intense signal at m/z 
1,051.7, corresponding to the modified OAHFA 50:2. Mass-
selection of this precursor ion in a modified ion trap mass 
spectrometer facilitated irradiation of the ions with a single 
pulse from a 266 nm laser that drove prompt homolysis of 
the carbon-iodine bond and liberation of an [M+AMPP]·+ 
radical cation at m/z 924.7 (see supplemental Fig. S14). 
Mass-selection of the radical cation and subjecting it to CID 
yielded the RDD spectrum shown in Fig. 2B. The major 
RDD product ion observed at m/z 643.7 corresponded to 
dehydrated -HFA 32:1, similar to that observed for the 
AMPP derivative (compare Fig. 2A). The spectrum in Fig. 
2B also exhibited an extensive series of product ions spaced 
14 Da apart that represent dissociation of nearly every  
carbon-carbon bond along the entire 50-carbon length of  
the molecule. This exhaustive sequence coverage enabled 
careful investigation of any interruptions in product ion 
spacing that could result from methyl branching (40). In 
the absence of any 28 Da spacings in the RDD fragmenta-
tion pattern, the OAHFA 50:2 present in meibum was as-
signed, at least predominantly, to straight chain FA and 
HFA structures. RDD experiments performed on meibum-
derived OAHFA 48:2 also showed no evidence for methyl 
chain branching (supplemental Fig. S15).

Total synthesis of OAHFAs
Taken together, these data suggest that the most abun-

dant meibum OAHFA 50:2 exists predominately as two 
straight-chain isomers: OAHFA 18:1(n-9)/-O-32:1(n-9) 1 
and 18:1(n-9)/-O-32:1(n-7) 2. None of the experiments 
described thus far allowed de novo assignment of the con-
figuration of the carbon-carbon double bonds, but it is 
well-known that unsaturated lipids present in animal tis-
sues exist predominately as cis stereoisomers. Based on this 
assumption, OAHFA 18:1(n-9, cis)/-O-32:1(n-9, cis) 1 and 
18:1(n-9, cis)/-O-32:1(n-7, cis) 2 were established as tar-
gets for total synthesis that could be used as standards to 
confirm all MS data to this point and resolve the remaining 
question of alkene stereochemistry. The strategy employed 
for the synthesis of OAHFA 18:1(n-9, cis)/-O-32:1(n-9, cis) 
1 is shown in Scheme 1.

Retrosynthetic analysis suggested that the -O-32:1(n-9, 
cis) portion of 1 could be accessed from key -alkynol 
intermediate 9. The synthesis of 9 commenced with tetra-
hydropyran (THP)-protection of commercially available 
11-bromoundecan-1-ol. Treatment of the alcohol with di-
hydropyran (DHP) in the presence of catalytic p-toluene 
sulfonic acid (TsOH) gave THP-ether 4 in 95% yield. Con-
version of 4 to a Grignard reagent followed by homocou-
pling with a second equivalent of 4 using Li2CuCl4 (41)  
afforded the C22 bis-THP protected diol. Treatment of 
the crude intermediate product with TsOH in methanol at 
reflux afforded the deprotected diol 5 in 62% yield (over 
two steps) (42, 43). Monobromination of 5 with HBr in 
cyclohexane gave bromoalkanol 6 (44) (69%), which was 
protected as THP-ether 7 (45) using DHP/TsOH in tet-
rahydrofuran (THF; 92%). The anion generated from 
tert-butyldimethylsilyl-protected dec-9-yn-1-ol 8 (46) with 
n-butyllithium in THF-hexamethylphosphoramide was 

alkylated with 7 in the presence of tetrabutylammonium 
iodide at 50°C. The tert-butyldimethylsilyl deprotection of 
the crude with tetrabutylammonium fluoride afforded key 
intermediate 9 in 64% yield (over two steps). Partial hydro-
genation of 9 using Lindlar catalyst and quinoline in ben-
zene produced the (Z)-alkenol 10 in 98% yield. Oleic acid 
was coupled with 10 using dicyclohexylcarbodiimide and 
4-dimethylaminopyridine in CH2Cl2 to give ester 11 (78%), 
which, upon treatment with camphorsulfonic acid in metha-
nol-THF, afforded the penultimate alcohol 12 in 95% yield. 
Oxidation of 12 with Jones’ reagent formed OAHFA 
18:1(n-9, cis)/-O-32:1(n-9, cis) 1 in 87% yield. Analogous 
procedures were employed using fragments with modified 
carbon chain lengths to synthesize OAHFA 18:1(n-9, 
cis)/-O-32:1(n-7, cis) 2 (see supplemental Scheme S1).

When synthetic OAHFA standards 18:1(n-9, cis)/-O-
32:1(n-9, cis) 1 and 18:1(n-9, cis)/-O-32:1(n-7, cis) 2 were 
subjected to the same suite of MS analyses as meibum- 
derived OAHFA 50:2, identical spectral signatures were ob-
served, thus confirming: the locations of unsaturation 
(supplemental Figs. S16, S17); ester substitution (supple-
mental Fig. S18); and straight-chain structure (supplemen-
tal Fig. S19). However, the question of double bond 
geometry was still not resolved. A slight modification of the 
synthetic strategy wherein key intermediate 9 was reduced 
to the trans alkene (22, supplemental Scheme S2) before 
completing the synthesis as for 1, afforded the mono-trans 
OAHFA 18:1(n-9, cis)/-O-32:1(n-9, trans) 3. OzID spectra 
were obtained across a range of reaction times for the syn-
thetically derived geometrical isomers, OAHFA 18:1(n-9, 
cis)/-O-32:1(n-9, cis) 1 and OAHFA 18:1(n-9, cis)/-O-
32:1(n-9, trans) 3 (see supplemental Fig. S20). Comparison 
of the OzID spectra revealed an appreciably greater abun-
dance of ozonolysis product ions arising from the cis/trans-
OAHFA 3 compared with the cis/cis 1. More facile 
ozonolysis of trans-double bonds compared with cis-double 
bonds has been noted previously (47); but here, the com-
parison between the two sites of unsaturation within each 
lipid afforded a sensitive probe of double bond stereo-
chemistry. The ratio of OzID product ions arising from 
the HFA (m/z 383) relative to the FA (m/z 663) were highly 
conserved for each isomer across all reaction times (see 
supplemental Fig. S20B). Between the stereoisomers, the 
peak intensity ratio was found to be significantly different 
with I383/I663 = 1.7 ± 0.2 compared with 0.9 ± 0.3 for the 
cis/trans and cis/cis-isomers, respectively. Equivalent exper-
iments of meibum-derived OAHFA 50:2 returned a prod-
uct ion ratio of 0.7 ± 0.3 in excellent agreement with the 
synthetic OAHFA 18:1(n-9, cis)/-O-32:1(n-9, cis) 1, thus 
confirming the cis-configuration of both HFA and FA dou-
ble bonds in the naturally occurring lipid.

DISCUSSION

Herein, we have described complete structure elucida-
tion and first total synthesis of OAHFAs. These unusual ul-
tra-long chain lipids were first documented in meibomian 
gland secretions just over a decade ago (8), but have since 
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been detected in skin (5), equine sperm (6) and amniotic 
fluid (7), and as components of complex lipids, such as 
cholesteryl esters in meibum (14) and vernix caseosa (15) 
and acylceramides in the skin (i.e., esterified -hydroxyacyl-
sphingosine) (5, 16–18). Since their first detection, the 
assignation of the hydroxy ester at the terminal () posi-
tion has largely resulted from early work using saponified 
meibum extractions (38); however, the more recent discov-
ery of FAHFAs with multiple ester substitution positions 
has necessitated clarification of OAHFA structure. Addi-
tionally, the lipidomes in which OAHFAs are commonly 
found typically contain FAs with unusual double bond posi-
tion and methyl-branched acyl chains: both important 
structural features could impart important functional as-
pects to OAHFAs.

The data we have presented within show that the most 
abundant meibum OAHFA 50:2 consists predominately of 

two straight-chain isomers: OAHFA 18:1(n-9, cis)/-O-
32:1(n-9, cis) 1 and 18:1(n-9, cis)/-O-32:1(n-7, cis) 2. This 
largely agrees with prior work identifying key aspects of 
OAHFA components, such as FA by saponification of total 
meibum lipids. No studies currently exist exploring human 
meibum -HFA structure; however, we know from saponi-
fication of steer meibum lipids that 32:1-HFAs exist pre-
dominately as either n-7 (49%) or n-9 (51%) (38). Our 
assignment of the FA in OAHFA 18:1/32:1 as 18:1(n-9) is 
in keeping with the dominant 18:1 FA isomer observed 
across other meibum lipids, such as cholesteryl and WEs 
(21); however, small amounts of OAHFA 18:1(n-7)/32:1 
could exist below our limit of detection. While many other 
lipids found in meibum contain substantial amounts of 
methyl-branched FA, we have determined that the majority 
of OAHFA 18:1/32:1 isomers in meibum exist as straight 
chain structures. Indeed, methyl-branching is uncommon 

Scheme 1. Synthesis of OAHFA 18:1(n-9, cis)/-O-32:1(n-9, cis) 1. Reagents and conditions: a: (i) Mg, THF, 4 h, reflux then 4 in THF, 
Li2CuCl4, 10°C to room temperature, 12 h; (ii) TsOH, methanol, reflux, 16 h, 62% (over two steps). b: HBr, cyclohexane, reflux, 6 h, 69%. 
c: DHP, TsOH, THF, 0°C to room temperature, 16 h, 92%. d: (step i) tert-butyl(dec-9-yn-1-yloxy)dimethylsilane 8, n-butyllithium, THF-
hexamethylphosphoramide, 78°C to 40°C, 1 h; 7 in THF, tetrabutylammonium iodide, 78°C to 60°C, 24 h; (step ii) tetrabutylammo-
nium fluoride, THF, 0°C to room temperature, 12 h, 64% (for two steps). e: Lindlar catalyst, quinoline, benzene, room temperature, 12 h, 
98%. f: Oleic acid, dicyclohexylcarbodiimide, 4-dimethylaminopyridine, CH2Cl2, 0°C to room temperature, 24 h, 78%. g: CSA, methanol-
THF, 0°C to room temperature, 12 h, 95%. h: Jones’ reagent, acetone, room temperature, 1 h, 87% yielding the target 1.
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in monounsaturated acyl chains, but a small amount of iso-
32:1-HFA (0.4% of total -HFAs) has previously been re-
ported in meibum (38), and 1.3% of total meibum 18:1 
FA is iso-branched (21). The lack of methyl-branching 
within OAHFA structure is important, as it likely affects 
lipid packing and molecular geometry (48, 49). This may 
be particularly important within the tear film lipid layer 
where OAHFAs are the dominant amphiphilic lipid (11, 13).

In the tear film, OAHFA structure can influence fluidity 
and packing in the lipid layer (48–50) and, consequently, 
tear film stability (51, 52). In the present work, we provide 
a detailed description of the synthesis of ultra-long chain 
biological analogs of OAHFAs, which will allow further re-
search into the mode of action of these unique molecules 
in the various biological contexts in which they are found. 
Importantly, our reported synthetic strategy can be easily 
adapted to enable synthesis of OAHFAs complexed to 
other lipids, including cholesteryl esters and esterified -
hydroxyacyl-sphingosine, allowing interrogation of their 
function in their resident lipidomes.

In summary, we have shown that the most abundant ul-
tra-long chain OAHFA found in meibum, OAHFA 50:2, 
consists of two main isomers: 18:1(n-9, cis)/-O-32:1(n-9, 
cis) 1 and 18:1(n-9, cis)/- O-32:1(n-7, cis) 2. The chal-
lenges posed in determining the full structure of OAHFAs 
(i.e., low abundance within a highly complex lipidome) 
were overcome using an integrated suite of advanced MS 
experiments that afforded sufficient information to guide 
the first total synthesis of ultra-long chain OAHFA natural 
products and, ultimately, confirmation of the lipid struc-
ture. More broadly, complete knowledge of OAHFA struc-
ture and development of flexible synthetic routes enabling 
access to key analogs (e.g., double bond regioisomers, satu-
rated OAHFAs, and alkynyl derivatives) will motivate ex-
periments to elucidate structure-function properties in 
their various biological contexts.
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