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Separation of regioisomers and
enantiomers of triacylglycerols containing
branched fatty acids (iso and/or anteiso)

A combination of two chromatographic and one enzymatic methods was used for iden-
tification of the molecular species of triacylglycerols (TAGs) from Streptomyces avermi-
tilis. Streptomyces avermitliswas cultured on various carbon sources and the ratio of iso-
(i-FAs), anteiso- (ai-FAs), and straight-chain- (n-FAs) fatty acids was modified by precursor-
directed biosynthesis. Saturated TAGs were separated from other lipids (including TAGs
containing unsaturated FAs) using Ag* ion cartridges. Analysis of TAGs wereperformed
by RP-HPLC/ESI" tandem mass spectrometry. Both the synthetically prepared sn-TAGs
and the natural mixture of TAGmolecular species of wereseparated and identified by tan-
dem MS. The structures of synthetic TAGs werefurther confirmed by pancreatic lipase,
which cleaves sn-TAGs into sn-2-monoacylglycerols. The retention times (¢R) of the indi-
vidual regioisomers and enantiomers were found to be depend on the structure of the
TAGs. If one branched acyl (iso or anteiso) is present in the TAG molecule, then the elu-
tion order is enantiomer (n/n/br), opposite enantiomer (br/n/n), regioisomer (n/br/n). In
the case where two branched acyls are in the TAG molecule, the order of the elution is
different, that is, br/n/br, n/br/br, br/br/n. In all cases, it was further demonstrated that
tandem MS of either synthetically prepared TAGs or TAGs obtained from natural material,
thatis, n-16:0/ai-15:0/n-16:0 and i-16:0/n-15:0/i-16:0 are identical. Unfortunately, it is not
possible to distinguish by ESI* tandem MS such TAGs, which differ only in the branching
of the acyls. The results of our analyses of TAGs are in good agreement with previously
published data in other streptomycetes.

Keywords:
Branched fatty acids / Enantiomeric separation / Enzymatic hydrolysis / RP-
HPLC/MS-ESI* / Streptomyces / Triacylglycerols  DOI 10.1002/elps.202000320

B Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

or antiparasitic, etc. drugs. They also contain a very large
genome (~ 8 million base pairs), which is about twice as large

Branched chain fatty acids (Fas), that is, iso and anteiso,
occur predominantly in Gram-positive bacteria [1]. FAs are
biosynthesized by condensation of branched coenzyme A
(e.g., isobutyryl, isovaleryl, or 2-methyl butyryl) with malonyl
CoA. The genus Streptomyces is the largest producer of
clinically used antibiotics [2], including antifungal, antiviral,
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tention times
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as other bacteria. The complete genome of many dozens of
Streptomycete species has been established, see, for example
GenBank for Streptomyces avermitilis (RefSeq NC_003155.5).

FAs analysis was performed on several strains of the
genus Streptomyces, for example, S. jeddahensis, S. mas-
sasporeus, S. hawaiiensis, S. indiaensis, S. luteogriseus, S.
purpurascens and the following FAs were identified as major:
i-14:0, i-15:0, ai-15:0, i-16:0, n-16:1, n-16:0, ai-17:1, ai-17:0,
i-17:0 [3]. The effect of salinity on the relative composition of
S. avermitilisFAs showed that the majority FAs wereanteiso
FAs(ai-Fas) [4].

Triacylglycerols (TAGs) are biosynthesized by various
strains of the genus Streptomyces [5]. Both TAGs and some
antibiotics are biosynthesized from the same precursors, that
is, short chain Acyl CoA[6-8]. Intracellular TAGs are accumu-
lated in primary metabolism and they are degraded during

www.electrophoresis-journal.com
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the stationary phase to form precursors necessary for polyke-
tide biosynthesis (e.g., actinorhodin, jadomycin B, oxytetracy-
cline, and avermectin B1). Wang et al. [6] called this strategy
dynamic degradation of TAGs, and engineered strains with
increased polyketide production.

In various species of the genus Streptomyces, the relation-
ship between the content of TAGs and antibiotic biosynthesis
was examined, for example, the overproduction of antibiotics
in Streptomyces lividans [9], the biosynthesis of TAGs in Strep-
tomyces coelicolor [10], and neutral lipid (TAG) biosynthesis in
S. avermitilis [11]. TAGs and phospholipids have been identi-
fied in wild strains and mutants of S. griseus[12]. The different
strains of Streptomyces sp. produced branched FAs in TAGs
that reached 30-40%, the structure of TAGs was confirmed
by 'H-NMR [13].

In the past, the analysis of molecular species of TAGs
from S. avermitilis by both capillary GC-MS and desorption
chemical ionization (DCI) MS with ammonia as reagent gas
was principally performed [14]. The authors identified 10
peaks, many of which contained more than one molecular
species. TAGs, for example, C15-C15-C16, C15-C16-C16, and
C15-C16-C17 were found as the majority. Unfortunately, the
methods used at that time, that is, either GC-MS or DCI-MS,
made it impossible to identify individual molecular species.
From a further analysis of the FAMEs of these authors, it is
quite clear that FAs commonly present in Streptomycetes, such
as i-14:0, n-14:0, i-15:0, ai-15:0, n-15:0, i-16:0, n-16:0, i-17:0,
ai-17:0, n-17:0, etc., were identified.

Based on our previous experiences [15] with analy-
ses of TAGs containing branched FAs, predominantly iso
and/or ai-FAs(anteiso FAs), a serial coupling of three UPRP
columnswas used. TAGs have been identified in S. avermitilis
(producer of avermectins) cultivated on a pilot scale by LC-
MS in positive ESI mode using high-resolution tandem MS.
Chiral phase columns based on tris-3,5-dimethyl-phenyl-
carbamate modified B-cyclodextrin were used for separation
of enantiomers of TAGs.

2 Materials and methods
2.1 Chemicals and standards

For a full description of all chemical compounds, see the Sup-
porting Information.

2.2 Strain and cultivation

The cultivation of the mutant strain S. avermitilis C-18 from
the collection of the Institute of Microbiology has been de-
scribed previously [16]. Similarly, as in our previous article
[17], cultivation was performed in production medium con-
taining sodium propionate, isobutyrate, and isovalerate as in-
dividual precursors at a concentration of 10 g/L. The obtained
biomass was after centrifugation lyophilized, and used for ex-
traction of total lipids.

© 2020 Wiley-VCH GmbH
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2.3 Isolation and fractionation of lipids

The extraction procedure was based on the method described
by Bligh and Dyer [18] with modification as previously de-
scribed [19]. Briefly, the lyophilized cells were suspended in a
dichloromethane-methanol mixture (2:1) for 30 min with stir-
ring, after which DCMand water were added and the DCM-
phase was evaporated to dryness under reduced pressure. To-
tal lipids were fractioned by methods described by Yener and
van Valenberg [20]. The Discovery® Ag-lon SPE Tube was
washed with 4 mL of acetone and conditioned with 4 mL
of hexane. Total lipids from four cultures (control and cul-
tivation with sodium propionate, isobutyrate, and isovaler-
ate) were applied on four tubes and eluted with hexane. The
hexane was removed in a stream of N, and TAGs were dis-
solved in the mobile phase (acetonitrile and 2-propanol (99:1,
vol/vol)) for further analysis by LC-MS. Analysis of the eluate
revealed that it contained only TAGs with saturated FAs, see
Table 1Sa (Supporting Information).

2.4 Preparation and analysis of methyl and
3-pyridylcarbonyl esters of FAs

Methyl and 3-pyridylcarbonyl esters were prepared from
TAGs using standard procedures. A detailed description of
the preparation and the GC-MS analysis is provided in the
Supporting Information. The mass spectra in the electron
ionization (EI) mode were analyzed as previously described
[21-25], see also three mass spectra of 3-pyridylcarbonyl C15
esters (Fig. 1S to 3S) in the Supporting Information.

2.5 RP-HPLC/ESI-MS?

TAGs were analyzed by an LC-MS system containing three
RP columns connected in series, see Supporting Informa-
tion. The mass spectrometer LTQ Orbitrap Velos (Thermo
Fisher Scientific, Bremen, Germany), a high-resolution
hybrid mass spectrometer equipped with a liquid chromato-
graph was used, see also Supporting Information. Run time
540 min, hold for 10, and the composition was returned
to the initial conditions over 10 min. Nine cycles had to be
performed to obtain sufficient TAGs for chiral HPLC. This
instrument was used for tandem mass spectra, multiple
precursor ion scans (PIS), and selected ion monitoring
(SIM).

2.6 TAG analysis using chiral LC/ESI-MS

The same LC system used in the RP mode was also used for
separation in chiral mode. Samples collected from nine runs
of RP-HPLC were pooled and evaporated under N, TAGs
(~1 mg/mL in mobile phase were chromatographically sep-
arated on two Astec cyclobond™ I 2000 DMP [3,5-dimethyl-

www.electrophoresis-journal.com
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Table 1. Separation and identification of TAGs from Streptomyces avermitilis by RP-LC/MS-ESI

Peak’ tR TAG [M4NH41* ACN’ Control Propc Isobu’ Isoval’
1 210.2 i-14:0/i-14:0/i-14:0 740.6763 42 0.0 0.0 34 0.0
2 225.3 i-14:0/i-15:0/i-14:0 754.6920 43 0.0 0.0 1.1 0.0
3 230.1 i-14:0/i-14:0/ai-15:0 754.6919 43 12 0.0 1.8 0.6
4 242.7 i-14:0/i-16:0/i-14:0 768.7074 44 0.0 0.0 36 0.0
5 247.3 i-14:0/i-15:0/ai-15:0 768.7076 44 1.1 0.0 1.0 0.6
6 251.2 i-14:0/ai-15:0/ai-15:0 768.7075 44 4.4 2.1 43 2.2
7 255.0 i-14:0/i-14:0/n-16:0 768.7074 44 0.0 0.0 32 0.0
8 262.5 i-14:0/i-16:0/i-15:0 782.7230 45 0.0 0.0 5.2 0.0
9 266.1 i-15:0/i-15:0/ai-15:0 782.7232 45 1.1 0.0 0.0 0.0
10 266.8 i-14:0/i-16:0/ai-15:0 782.7231 45 29 14 24 1.5
1 267.2 i-14:0/i-14:0/ai-17:0 782.7232 45 0.0 0.0 0.7 0.0
12 270.3 i-15:0/ai-15:0/ai-15:.0 ~ 782.7233 45 4.2 2.1 2.0 22
13 274.4 ai-15:0/ai-15:0/ai-15:0  782.7230 45 16.0 7.8 1.7 8.2
14 281.0 i-14:0/ai-15:0/n-16:0 782.7231 45 1.7 0.8 1.9 0.9
15 284.5 i-14:0/i-16:0/i-16:0 796.7390 46 19 0.9 47 1.0
16 285.2 ai-15:0/ai-15:0/n-15:0  782.7231 45 0.0 7.0 0.0 0.0
17 287.3 i-15:0/i-16:0/ai-15:0 796.7388 46 2.7 13 29 14
18 290.1 ai-15:0/n-15:0/n-15:0  782.7232 45 0.0 9.5 0.0 0.0
19 291.0 i-16:0/ai-15:0/ai-15:.0  796.7389 46 10.5 5.1 8.3 5.4
20 291.8 i-14:0/ai-17:0/ai-15:0 796.7390 46 1.3 0.0 1.3 0.7
21 293.3 n-15:0/n-15:0/n-15:0 782.7230 45 0.0 11.9 0.0 0.0
22 294.6 i-14:0/i-16:0/n-16:0 796.7389 46 1.1 0.0 1.1 0.0
23 299.2 i-15:0/ai-15:0/n-16:0 796.7391 46 1.6 0.8 0.8 0.8
24 304.4 ai-15:0/ai-15:0/n-16:0  796.7389 46 6.1 3.0 29 3.1
25 307.1 i-16:0/n-15:0/n-15:0 796.7390 46 0.0 35 0.0 0.0
26 307.9 i-17:0/i-15:0/i-15:0 810.7545 47 0.0 0.0 0.0 16.0
21 308.4 i-14:0/n-16:0/n-16:0 796.7391 46 0.0 0.0 0.7 0.0
28 3122 i-15:0/i-16:0/i-16:0 810.7545 47 1.8 0.9 24 0.9
29 315.0 i-16:0/i-16:0/ai-15:0 810.7544 47 6.8 33 6.8 35
30 3155 i-14:0/i-16:0/ai-17:0 810.7546 47 0.8 0.0 1.1 0.0
31 318.7 i-17:0/ai-15:0/ai-15:0 810.7544 47 0.1 0.0 0.0 9.1
32 319.1 i-15:0/ai-15:0/ai-17:0 810.7543 47 12 0.0 0.0 0.6
33 323.0 ai-15:0/ai-15:0/ai-17:.0 ~ 810.7546 47 4.6 2.3 22 24
34 3214 i-16:0/i-15:0/n-16:0 810.7545 47 1.0 0.0 1.3 0.0
35 321.7 i-16:0/i-16:0/n-15:0 810.7544 47 0.0 25 0.0 0.0
36 331.2 i-16:0/ai-15:0/n-16:0 810.7544 47 4.0 2.0 44 2.0
37 338.1 ai-15:0/ai-15:0/n-17:0  810.7546 47 0.0 0.7 0.0 0.0
38 338.8 ai-17:0/n-15:0/n-15:0 ~ 810.7545 47 0.0 1.2 0.0 0.0
39 339.3 ai-15:0/n-16:0/n-16:0  810.7546 47 23 1.1 1.1 1.2
40 342.1 i-16:0/i-16:0/i-16:0 824.7700 48 4.4 2.2 6.5 2.3
M 345.0 i-15:0/i-16:0/ai-17:0 824.7703 48 0.0 0.0 0.7 0.0
42 347.4 n-17:0/n-15:0/n-15:0 810.7544 47 0.0 6.0 0.0 0.0
43 350.3 i-16:0/ai-17:0/ai-15:0 824.7701 48 3.0 1.5 3.1 1.6
44 355.2 i-16:0/i-16:0/n-16:0 824.7702 48 2.6 1.3 2.8 1.3
45 364.1 ai-15:0/ai-17:0/n-16:0  824.7703 48 1.8 0.9 0.8 0.9
46 368.4 i-16:0/n-16:0/n-16:0 824.7701 43 15 0.7 1.5 0.8
47 370.0 i-17:0/i-16:0/i-16:0 838.7859 49 0.0 0.0 0.0 5.3
48 371.2 i-17:0/i-17:0/i-15:0 838.7858 49 0.0 0.0 0.0 13
49 3723 n-16:0/n-16:0/n-16:0 824.7700 48 09 0.0 0.0 0.0
50 374.3 i-17:0/i-17:0/ai-15:0 838.7860 49 0.0 0.0 0.0 4.7
51 375.0 i-16:0/i-16:0/ai-17:0 838.7858 49 2.0 1.0 2.1 1.0
52 384.4 ai-15:0/ai-17:0/ai-17:.0 ~ 838.7857 49 1.3 0.0 0.0 0.7
53 389.2 i-16:0/ai-17:0/n-16:0 838.7859 49 1.2 0.0 1.1 0.6
54 395.3 i-17:0/i-17:0/i-16:0 852.8015 50 0.0 0.0 0.0 29
55 402.1 i-16:0/i-16:0/n-17:0 838.7857 49 0.0 3.7 0.0 0.0
(Continued)
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Table 1. (Continued)
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Peak’ tR TAG [M-+NH,4]* ACN Control Prop° Isobu’ Isoval’
56 408.3 n-17:0/n-17:0/n>-15:0  838.7859 49 0.0 7.0 0.0 0.0
57 4104 i-16:0/ai-17:0/ai-17:0 ~ 852.8014 50 0.9 0.0 1.1 0.0
58 434.2 i-17:0/i-17:0/i-17:0 866.8171 51 0.0 0.0 0.0 6.3
59 461.1 n-17:0/n-17:0/n>-17.0  866.8170 51 0.0 45 0.0 0.0
See Fig. 1.
® ACN = ECN because DB = 0.
Sodlum propionate.
4Sodium isobutyrate.
°Sodium isovalerate.
g 13 control
g 80 19+20
S 4
§ i 6 12 2429+31(3)3
= 36
] + 17 43 44
2 s s TN Al 28 fladl (BN TR 48515255 57
§ 0 A\ A
e 60 | 18+19]2" propionate
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16
1 T 38+39 42 56
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0 [\ -
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0
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Figure 1. Reversed phase liquid chromatography/electrospray positive ionization-mass spectrometry (RP-LC/ESI-MS) chromatogram
from 200 to 500 min of total ion current (TIC) of TAGs from the four cultivations of Streptomyces avermitilis. For identification of the
peaks, see Table 1. The TIC was filtered and indicates the types of [DAG]™, ions, that is, ions resulting from loss of neutral RCOOH + NH3
from [M+NH4]" in the interval from 450 to 650 Da. The [DAG]" type ion was always the base peak.

phenyl-carbamate modified B-cyclodextrin] chiral LC
columns (5 pm, 25 cm x 4.6 mm) (Sigma-Aldrich, Ltd.) con-
nected in series. The mobile phase was a gradient introduced
at93% A and 7% B at 0 min to 50% A and 50% B over 160 min,
and subsequently, isocratically maintained for 10 min, where
Aishexane and B is a hexane,propan-2-0l(97:3% v/v) mixture
[26,27]. The flow rate, column temperature, and injection
volume were 0.4 mL/min, 24°C, and 10 pL, respectively.
The total analysis time was 185 min, that is, 160 min gra-
dient of chiral HPLC, 10 min hold, and 15 min recycle
time. Other conditions were the same as those used for
RP-LC.

© 2020 Wiley-VCH GmbH

2.7 Pancreatic lipase hydrolysis, that is,
determination of FAs at the sn-2 position

Collected peaks that were eluted at different intervals, see Ta-
ble 1, pancreatic lipase, 150 wL Tris buffer, 25 wL sodium
cholate (1 g/L), and 10 wL calcium chloride (2.2%) were mixed
in a vial, heated at 40°C for 1 min, and stirred for 2 min in a
Vortex mixer. After cooling to 20°C, 50 nL of 6 M HCl and
0.2 mL of diethyl ether were added. The reaction mixture was
extracted with 0.2 mL diethyl ether three times. The com-
bined ether extracts were separated by TLC (silica gel with flu-
orescent indicator on 20 x 20 cm TLC plates), mobile phase

www.electrophoresis-journal.com
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Table 2. Synthesis standards of TAGs and other properties

Electrophoresis 2021, 42, 1832-1843

tR (min)*  Starting compound  Reaction of FA, FA, FA3 DAG; Abundance DAG, Abundance ECN Optical
DAG with FA purity (%)

104.12 n>-16:0/n>-16:0-PC  i-16:0 n>-16:0 n>-16:0 i-16:0  551.5034 100 48 92
113.59 n>-16:0/0H-PC 2xi-16:0 n>-16:0 i-16:0 i-16:0  551.5034 100 - 48 84
113.77 n>-16:0/n>-16:0-PC  ai-15:0 n>-16.0 n>-16:0 ai-15:0 537.4877 100 551.5034 76 47 93
120.63 n>-15:0/n>-15:.0-PC  ai-17:0 n-15:0 n-15:0 ai-17:0 5234721 73 551.5034 100 47 91
119.98 n>-16:0/ai-15:0-PC  ai-15:0 n>-16:0 ai-15:0  ai-15:0 523.4721 72 537.4877 100 46 94
121.711 n>-15:0/0H-PC 2xi-16:0 n>-15:0 i-16:0 i-16:0  537.4877 100 551.5034 74 47 87
128.64 n>-16:0/i-15:0-PC i-15:0 n>-16:0 i-15:0 i-15:0  523.4721 100 537.4877 172 46 94
128.66 n>-15:0/n>-15:0-PC  i-16:0 n>-150 n>-150 i-16:0 5234721 71 537.4877 100 46 87
129.05 n>-16:0/i-15:0-PC ai-15:0 n>-16:0 i-15:0 ai-15:0  523.4721 100 537.4877 173 46 93
129.42 n>-16:0/ai-15:0-PC  i-15:0 n>-16:0 ai-15:0 i-15:0  523.4721 100 537.4877 72 46 94
141.12 n>-15:0/n>-15:0-PC  ai-15:0 n>-150 n>-150 ai-15:0 523.4721 100 - 45 93
141.24 n>-15:0/0H-PC 2x ai-15:0 n>-15:0 ai-15:0 ai-15:0 523.4721 100 - 45 86
142.83 n>-16:0/0H-PC 2xi-14:0 n>-16:0 i-14:0 i-14:0  495.4408 77 523.4721 100 44 91
®Chiral column.
hexane/diethyl ether/acetic acid (60:39:1, v/v/v). FFAs and € o Temszaraoa 7o
sn-2 MAGs were scraped off and were extracted from silica ] 7a’®
with diethyl ether and evaporated to dryness. sn-2 MAGs were ;‘, 0

: : : : o 80 {SIM523.472Da 16b[|16¢
transesterified to FAMEs as described previously [28]. Briefly, H 160
FAMEs were prepared from FFAs by means of methanolic 3

BF;[29], see again in Supporting Information.

2.8 Synthesis of TAGs

Phosphatidylcholines  and/or lysophosphatidylcholines
(Table 2) were treated with phospholipase C (Type I from
Clostridiumperfringens (C. welchii)), as described by Christie
[28]. A detailed description of the preparation methods is
provided in the Supporting Information. Three synthetic
standards, marked in Fig. 3 (see later) as A, B, and C, were
separated by chiral chromatography and it was found that the
desired TAGs, prepared by synthesis, is at least 92% pure,
see also our previous articles[26,30].

The esterification of glycerol derivatives with acids
has been described previously [31]. Briefly, diacyl- and/or
monoacylglycerol(s) were reacted with free acid(s) in the
presence of 4-dimethylaminopyridine (DMAP) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDCI) to yield the
corresponding TAG(s) (Table 2).

2.9 Statistics

The statistical analysis was performed using the IBM
SPSS Statistics (Statistical Package for the Social Sciences;
IBM Corp, 2013) Statistics software version 26 (IBM®
Corporation, Armonk, NY, USA), to explore the metabolic
relationships between different sources of carbons. Statis-
tic significant differences between molecular species of
TAGs were computed by ANOVA (analysis of variance) or
by ALSCAL (principal component analysis (PCA)). Three

© 2020 Wiley-VCH GmbH
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Figure 3. Chiral separation of natural TAGs, that is, enantiomers
and a regioisomers, see Table 3. The synthesized enantiomers are
marked bold in Table 3 or see also Table 2. The TIC was filtered
and indicates the type of [DAG]* ions, that is, ions resulting loss
of neutral RCOOH + NH3 from [M+NH4] " in the interval from 450
to 650 Da. The [DAG]* type ion was always the base peak.
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replicates (n = 3) of each analysis were used. Data were
presented as means + SD.

3 Results and discussion

Supporting information Table 1Sa shows the results of the
analysis of FAMEs by GC-MS. They were identified as
the majority depending on the added precursor, especially
straight and also branched saturated FAs. The structure of
the three major FAs (i-15:0, ai-15:0, and n-15:0) was proved
to be 3-pyridylcarbonyl (formerly called picolinyl) esters, see
Figs. 1S to 3S (Supporting Information). The mass spectra of
branched 3-pyridylcarbonyl esters (i- or ai-) are very similar
to the spectra of 3-pyridylcarbonyl ester of n-15:0. The only
exception is the gap of 28 Da, which represents the loss of
the penultimate and/or ante-penultimate carbon atom and
the CH, groups attached to them. Supporting information
Table 1Sb shows the FA content, where unsaturated TAGs
were removed after fractionation on Ag* ion cartridges. TAGs
containing one or more unsaturated FAs were removed ac-
cording to the article [20], because in the preliminary analy-
sis they greatly complicated the separation of either straight
or branched saturated chain of TAGs.

3.1 Preparation of standards

The preparation of standards is described in detail both in the
Experimental part and especially in the Supporting Informa-
tion. Standards were prepared by hydrolysis of commercially
available phosphatidylcholines with phospholipase C to give
diacylglycerols (DAGs) and these were further esterified with
the appropriate FAs. Optical purity and other characteristics
such as tR, m/z value of DAGs ions, abundance of these ions
or ECN (effective carbon number) are given in Table 2. An-
other method used to identify relevant molecular species of
TAGs was to use the ability of S. avermitilis to utilize various
sources of carbons [16,17]. Streptomycetes are able to biosyn-
thesize both primary (e.g., FAs) and secondary (e.g., antibi-
otics) metabolites using precursor direct biosynthesis. As can
be seen from Supporting information Table 1Sa, the addition
of sodium propionate increased the content of odd FAs, for
example, n-15:0 from 3.3 to 31.2% of total FAs. In TAGs, this
increase was even more pronounced, with n-15:0/n-15:0/n-
15:0 not being identified at all in the three cultures (control,
with Na isobutyrate, and Na isovalerate), whereas in the cul-
ture with Na propionate the content was of 15% of total TAGs.
By this way, that is, by a dramatic change in the abundance of
TAGs, we were able to identify total of 56 molecular species
of fully saturated TAGs, see Table 1.

3.2 RP-HPLC of saturated TAGs

The production of total FA in lipids of Streptomycetes has been
widely studied, see the articles mentioned in the introduction.
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In contrast, the composition of TAGs, that is, the identifica-
tion of molecular species of TAGs in Streptomycetes, has re-
ceived much less attention. Unlike dozens of vegetable oils
or some animal fats for which such TAGs identification have
been performed [26,31], only a few articles [14,32] have ad-
dressed the identification of molecular species of TAGs in the
genus Streptomyces.

Preliminary identification, which we have already suc-
cessfully applied several times [33-35], and which is based on
the elution order of TAGs by ECN (ECN = ACN-2xDB (ACN
= acyl carbon number; DB = number of double bonds)) was
not successful. We assume that one of the reasons is the
very high structural similarity of acyls chain in the TAGs.
By combining three HPLC columns connected in series, it
was finally possible to separate dozens of molecular species,
which in many cases differed only in the branching of the
acyls. We used Luna Omega columns (see Supporting In-
formation) which the manufacturer claims the efficiency is
350 000 plates/meter (see manufacturer’s literature). Using
tripalmitin (tR = 372.3 min) as an external standard, an effi-
ciency of ~327 000 plates/meter has been determined.

Separation of TAGs by RP usually does not cause prob-
lems if ECN are different. The separation i-14:0/i-14:0/i-14:0
and i-14:0/i-15:0/i-14:0, where the ECN is 42 and 43, respec-
tively, proceeded without problems. As can be seen from the
Table 1 and also from Fig. 1, the separation lasted almost
6 h. Further, TAGs that are very structurally similar (they
had the same ECN) were separated and subsequently iden-
tified. An example is the pair n-15:0/n-15:0/ai-15:0 versus n-
15:0/ai-15:0/ai-15:0, which differ in only FA in the position
sn-2 (straight versus branched chains). This observation was
confirmed by the characteristics obtained using synthetically
prepared standards. If two TAGs have the same m.w. and
the same type of acyls, for example, two molecular species i-
16:0/i-16:0/ai-15:0 and i-14:0/i-16:0/ai-17:0 then the identifi-
cation was based on the [DAG]" ions (neutral loss of RCOOH
+ NH; from [M + NH,]*). Peaks 29 and 30 were only partially
separated, see Fig 1. However, because ions of type [DAG]"
have different values of m/z, that is, 551.5034 Da for [i-16:0/i-
16:0]* and 523.4721 Da for [i-14:0/i-16:0]" it was possible to
identify both TAGs. In the case where the two TAGs had iden-
tical compositions of acyls, see peaks 31 and 32 in Fig. 1 and
in Table 1, the difference in the abundance depending on
the cultivation (carbon sources) was used. Peak 31 (i-17:0/ai-
15:0/ai-15:0) is over biosynthesized in the cultivation with Na
valerate as carbon source. The excess of the TAG (i-15:0/ai-
15:0/ai-17:0), that is, peak 32 was found in the control culture.
The change in the peak 31: peak 32 ratio from 0.1: 1.2 t0 9.1
: 0.6, that is, more than two orders of magnitude lies in the
different biosynthesis of these TAGs, which depends on the
carbon source, preferentially biosynthesize odd iso FAs.

In principle, the tR of fully saturated TAGs with branched
and unbranched acyls and having the same ECN increases in
bining several factors, such as the preparation of synthetic
standards, enrichment of specific TAGs by precursor direct
biosynthesis, a combination of RP-HPLC on three columns
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connected in series and finally using tandem MS (i.e., dif-
ferent m/z values for [DAG]" ions), it was possible to sepa-
rate and mainly identify dozens of saturated TAGs containing
branched acyls.

The separation of TAGs containing only saturated FAs
and having identical ECNs is a relatively large problem. Mam-
malian milk or butter contain saturated and also branched
FAs. The presence of branched chain FAs in milk has been
associated with bacterial sources. Especially rumen bacteria
were said to be responsible for the high branched-chain FAs
(BCFA) content in ruminant milk [36]. Separation of TAGs
from these sources has been described many times. An exam-
pleis Chen etal. [37], where TAGs from human milk from dif-
ferent regions of China were analysed, unfortunately for sat-
urated TAGs, see their Table 1, neither tR nor other retention
characteristics are given. Although in the article by Liu et al.
[38] several thousand molecular species of TAGs from bovine
milks were analyzed and identified, branched TAGs are not
mentioned in this article. In a very extensive publication by
Kalo et al. [39], TAGs from butterfat were analyzed by HPLC-
ESI. Although the number of identified molecular species has
reached many hundreds, branched TAGs are not identified
in this article. Butterfat TAGs with saturated FAs, for exam-
ple, 19:0/16:0/16:0 and 18:0/17:0/16:0 can be separated [39].
On the contrary, the molecular species 19:0/16:0/16:0 and
19:0/14:0/18:0 or 18:0/17:0/16:0 and 18:0/15:0/18:0, respec-
tively were not separated [39]. Further the values of m/z for
ions of type [DAG]", for example, for 18:0/14:0 and 16:0/16:0
are identical, which complicates the identification.

In article of Lisa et al. [40], where animal fats (e.g., deer,
sheep, mouflon, boar, etc.) were analyzed, it was found that
TAGs with branched acyl(s) have a lower tR on the RP than
unbranched TAGs (e.g., br-SSS = 85.1 min versus SSS =
86.2 min). Residues of TAGs were analyzed by HPLC-ESI-Q-
TOF in archaeological samples of ceramic vessels and odd sat-
urated TAGs were identified [41], unfortunately no chromato-
graphic data are given in the article again. Almost 20 years
ago, Neff et al. [42] separated saturated TAGs from coconut
oil. Pairs of TAGs, for example, n-16:0/n-16:0/n-14:0 ver-
sus n-14:0/n-14:0/n-18:0 were separated, other pairs of TAGs
(n-16:0/n-16:0/n-12:0 and n-14:0/n-14:0/n-16:0 or n-12:0/n-
12:0/n-16:0 and n-14:0/n-14:0/n-12:0) were not separated.

In the first article, the Rezanka et al. [43], saturated TAGs
having identical ECNs were separated, among many others.
An example of an RP-HPLC/MS-APCI analysis of odd chain
TAGs from Rhodococcus erythropolis was the separation of two
pairs of TAGs, for example, n-16:0/n-16:0/n-16:0 versus n-
14:0/n-16:0/n-18:0 and n-16:0/n-16:0/n-18:0 versus n-14:0/n-
18:0/n-18:0. In another article [15], TAGs were again sepa-
rated from the same microorganism when branched TAGs
were prepared by precursor direct biosynthesis by cultur-
ing R. erythropolis with different substrates (Val, Leu, Ile,
etc.). Separation of TAGs with branched and/or unbranched
acyls was not a problem, except that tR was unusually high.
Standards i-17:0/i-17:0/i-17:0, ai-17:0/ai-17:0/ai-17:0, and
n-17:0/n-17:0/n-17:0 were separated, similarly to,for ex-
ample, two molecular species (n-16:0/n-17:0/n-17:0 versus
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n-16:0/br-17:0/br-17:0); these are shown in Figs. 5, 6 and 8, 9
in Schreiberova et al. [15]. The fact, later confirmed, and also
manifested itself is that the mass spectra of TAGs differing
only in branched and unbranched acyls are identical. In con-
clusion, the separation of both individual molecular species
of saturated TAGs, including regioisomers on RP-HPLC, was
unsuccessful. Therefore, we proceeded in the next step to sep-
arate the TAGs on a chiral stationary phase column.

3.3 Tandem MS of saturated TAGs

In the positive tandem ESI-MS of TAGs, one of the majority
peaks is ammonium adducts, that is, ions of the [M+NH,4]*
type. Furthermore, [M+H-RCOOH]" fragments (also called
[DAG]" ions) were identified as base peaks. These ions
(IDAG]") were also used to identify regioisomers of molec-
ular species, see below. The probable description of individ-
ual ions obtained by tandem MS is showed for some molec-
ular species that have been synthetically prepared standards
as shown in Table 2. Figure 2 shows the mass spectra of four
TAGs containing branched acyls. Unfortunately, the fact that
the molecular species of TAGs containing acyls with the same
number of carbon atoms but differing in branching give the
same tandem MS was again confirmed. The only way to dis-
tinguish them is to separate them using HPLC with sufficient
MO MR ORI RRIHHETO S BA T the on2
position is less energetically favorable compared to the sn-1
and sn-3 positions” [44] was also confirmed in fully saturated
TAGs and thus it was possible to identify individual regioiso-
mers of branched TAGs, see below.

3.4 Separation on a chiral column

Figure 3 and also Table 3 shows the characteristics of the
separated regioisomers and enantiomers. The peaks marked
in Fig. 1 (bold and underlined numbers) were collected and
further separated on two chiral columns connected in series.
With one exception, that is, peak 23, the collected peaks from
RP-HPLC were always separated and identified. Identifica-
tion was performed both on the basis of tandem MS (regioiso-
mers) and on the identity of the tR of one of the enantiomers
with the tR of the synthesized standard, see 13 molecular
species described in Table 3. Furthermore, symmetric molec-
ular species were hydrolyzed by pancreatic lipase after collec-
tion of peak. This lipase hydrolytically cleaves TAGs to form 2-
monoacylglycerols (MAGs) and free FAs [28]. This confirmed
the structure of the appropriate TAGs in addition to the tan-
dem MS. Only peak No. 23 (RP-HPLC) unfortunately failed
to separate. According to the rule [44], the number of TAGs
(x = 3%) could contain up to 27 regioisomers and enan-
tiomers.

It is seen from Table 3 and also from Fig. 3 that the
elution order of individual molecular species varies consid-
erably depending on the number of branched acyls in TAG
molecule. If exactly one branched acyl is present in TAG,
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Figure 2. Tandem mass spectra of four synthetic standards, see Table 2. For experimental details, see Experimental conditions and
explanation of chromatographic behavior, in all figures, including mass spectra, see Results and discussion.

and it does not matter whether it is iso- or anteiso-, the or-
der of elution on the chiral column is as follows: enantiomer
(n/n/br), enantiomer (br/n/n), regioisomer (n/br/n). A com-
pletely different order of elution is in the case of two branched
acyls. The elution order is from the chiral column: br/n/br,
n/br/br, br/br/n.

This phenomenon is probably caused by two main forces,
namely the disruption of hydrophobic interaction and chiral
agreement, respectively disagreement. The branched chains
disrupt hydrophobic interactions (e.g., Van der Waals forces),
so that when the branched acyl chain is bound at the sn-1
or sn-3 positions of the glycerol backbone, the disruption is
maximized and TAG is previously eluted (have lower tR). If
branched acyls are “hidden or protected” at the sn-2 position,
then they disrupt hydrophobic forces less and have a higher
tR (eluted later). In other words, branched = disrupted = less
retained, nonbranched = not disrupted = more retained.

This phenomenon is combined with the three-point chi-
ral model [45], where the chiral center of TAG interacts with
the carbamate chiral center. Therefore, straight-chain acyls
(n-FA) in position sn-3 in the TAG are matched to better align
with the nonpolar dimethyl phenyl group of stationary phase.

Based on these two effects, several of the following rules
can be formulated. (a) If the molecule contains one branched
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FA, which is bound in the sn-2 position and thus protected,
then the disruption is minimized and the regioisomer has a
longer tR (disruption has a greater impact than chiral agree-
ment, respectively disagreement). (b) If the molecule con-
tains one branched FA and in external positions (sn-1 or 3),
disruption is greater, TAG is less retained and the chiral mis-
match enantiomer elutes first and the chiral match enan-
tiomer (n-FA to sn-3) elutes as the second, leading to the pat-
tern n/n/br, br/n/n, n/br/n. (c) If the molecule contains two
branched FAs and they are in positions sn-1 and sn-3, the ef-
fect of disruption is maximized and the regioisomer elutes
first (again, disruption has a greater impact than chiral agree-
ment, respectively disagreement). (d) If the molecule con-
tains two branched FAs and they are in both the sn-2 and sn-1
or 3 positions, the disruption effect is smaller and the enan-
tiomer with chiral disagreement is less retained and elutes
second, and the enantiomer with chiral agreement (n-FA on
sn-3) is more retained and elutes third in order, see the pat-
tern br/n/br, n/br/br, br/br/n. The behavior of br/n/br and
n/br/n can thus be explained using the above principles of
the degree of disruption of hydrophobic interaction and chi-
ral agreement for both.

The paper of Nagai et al. [46] describes separation of fully
saturated TAGs, such as 16:0/16:0/18:0 or 16:0/18:0/18:0,

www.electrophoresis-journal.com



1840 A. Palyzova et al.

Table 3. Separation of TAGs on chiral column

Electrophoresis 2021, 42, 1832-1843

Peak tR (min) FA, FA, FA3 Abundance DAG; % DAG, % ECN Confirmed
(RP-LC) chiral of mol. spec.

46 104.12 n-16:0° n-16:0 i-16:0 30 551.5034 100 - 48

46 105.14 i-16:0 n-16:0 n-16:0 100 551.5034 100 - 48 -

46 106.46 n-16:0 i-16:0 n-16:0 50 551.5034 100 - 43 lipase
44 112.38 i-16:0 n-16:0 i-16:0 45 551.5034 100 - 48 lipase
44 113.59 n-16:0 i-16:0 i-16:0 45 551.5034 100 - 48 -

44 115.43 i-16:0 i-16:0 n-16:0 100 551.5034 100 - 48

39 113.77 n-16:0 n-16:0 ai-15:0 45 537.48717 100 551.5034 76 47

39 115.11 ai-15:0 n-16:0 n-16:0 100 537.4877 100 551.5034 74 47 -

39 116.52 n-16:0 ai-15:0 n-16:0 55 537.4877 100 551.5034 31 47 lipase
38 120.63 n-15:0 n-15:0 ai-17:0 50 523.4721 73 551.5034 100 47 -

38 121.78 ai-17:0 n-15:0 n-15:0 100 523.4721 76 551.5034 100 47 -

38 122.99 n-15:0 ai-17:0 n-15:0 55 523.4721 30 551.5034 100 47 lipase
35 120.54 i-16:0 n-15:0 i-16:0 55 537.4877 100 551.5034 33 47 lipase
35 121.711 n-15:0 i-16:0 i-16:0 45 537.48717 100 551.5034 74 47 -

35 122.77 i-16:0 i-16:0 n-15:0 100 537.4877 100 551.5034 72 47 -

24 118.84 ai-15:0 n-16:0 ai-15:0 50 523.4721 36 537.4877 100 46 lipase
24 119.98 n-16:0 ai-15:0 ai-15:0 60 523.4721 72 537.4877 100 46 -

24 121.32 ai-15:0 ai-15:0 n-16:0 100 523.4721 74 537.4877 100 46

25 128.66 n-15:0 n-15:0 i-16:0 30 523.4721 n 537.4877 100 46

25 129.73 i-16:0 n-15:0 n-15:0 100 523.4721 74 537.4877 100 46 -

25 130.03 n-15:0 i-16:0 n-15:0 50 523.4721 29 537.4877 100 46 lipase
A’ 128.64 n-16:0 i-15:0 i-15:0 523.4721 100 537.4877 72 46 -

B’ 129.05 n-16:0 i-15:0 ai-15:0 523.4721 100 537.4877 73 46

¢’ 129.42 n-16:0 ai-15:0 i-15:0 523.4721 100 537.4877 72 46

23 128.84 15:0 15:0 16:0 - 523.4721 58 537.4877 100 46

18 141.12 n-15:0 n-15:0 ai-15:0 45 523.4721 100 - 45

18 142.54 ai-15:0 n-15:0 n-15:0 100 523.4721 100 - 45 -

18 143.59 n-15:0 ai-15:0 n-15:0 45 523.4721 100 - 45 lipase
16 139.82 ai-15:0 n-15:0 ai-15:0 45 523.4721 100 - 45 lipase
16 141.24 n-15:0 ai-15:0 ai-15:0 70 523.4721 100 - 45 -

16 142.48 ai-15:0 ai-15:0 n-15:0 100 523.4721 100 - 45 -

7 141.67 i-14:0 n-16:0 i-14:0 40 495.4408 34 523.4721 100 44 lipase
7 142.83 n-16:0 i-14:0 i-14:0 50 495.4408 77 523.4721 100 44 -

7 144.20 i-14:0 i-14:0 n-16:0 100 495.4408 75 523.4721 100 44

®The synthesized enantiomers are marked bold.

Mixture of synthetic standards of TAGs which have not been identified in the natural mixture, see Fig. 3.

“The mixture of TAGs was not separated, see Fig. 3.

into individual molecular species (regioisomers or enan-
tiomers) which was not successful. In the article [31], where
16:0/16:0/18:0 was also not separated by repeated HPLC
(after five cycles) on a chiral phase (cellulose tris (3,5-
dimethylphenylcarbamate)) was published. Other articles, at
least to the best of our knowledge, have not been published.

3.5 Tandem MS of regioisomers and enantiomers

The results of the tandem MS of saturated of TAGs analysis
are summarized here. As mentioned several times in this
article, three ions are always present in the molecular adduct
ion region, that is, [M+NH,]*, [M+H]", and a very minor
[M+H]* with a loss of H,O. The base peak of all tandem MS
is formed by ions of type [DAG] ™, that s, ions arising from the
loss of appropriate FA + NH; from [M+NH,]*. Based on the
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abundances of these ions and also in accordance with a previ-
ously published rule [44], which describes that “the loss of FA
in the sn-2 position is less energetically favorable compared to
the sn-1 and sn-3 positions” it was possible to identify regioiso-
mers, not enantiomers, after separation on a chiral column.
In the case of symmetric TAGs, the ratio of abundances of
ions of the type [DAG]" is about 35:100, while in the case
of asymmetric TAGs it is about 72:100, see rule previously
published [44]. Other ions of the type [MAG]", thatis, (RC =
O+74]%) and ions ([RC = O]") have low abundance and only
confirm the number of carbons in acyls in the TAG, unfor-
tunately not whether the acyls are branched or unbranched.
As in Fig. 2, where the tandem MS of the four syn-
thesized TAGs are shown, and in Figs. 4 and 5 where the
tandem MS of several molecular species obtained after
separation on a chiral column are shown, it is evident that
except for the different abundances of the [DAG]" ions, the
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Figure 4. Tandem mass spectra of the natural regioisomers (ai-
15:0/n-16:0/ai-15:0) and enantiomers (ai-15:0/ai-15:0/n-16:0 and n-
16:0/ai-15:0/ai-15:0), that is, peak 24 from RP-LC and peak 25 (i.e.,
molecular species n-15:0/n-15:0/i-16:0, i-16:0/n-15:0/n-15:0, and n-
15:0/i-16:0/n-15:0).

spectra are almost identical. The differences in the abun-
dances of all ions are not significant and therefore cannot be
distinguished between individual molecular species. As an
example, we present a tandem MS of such different TAGs as
n-16:0/ai-15:0/n-16:0 and i-16:0/n-15:0/i-16:0, where all four
FAs are different, see Fig. 2. In conclusion, in accordance
with previously published data, branched (iso or anteiso) and
unbranched TAGs with any combination of acyls, of course
of the same number of carbons, have identical tandem MS.
After separation, regioisomers can be distinguished from
each other, but not enantiomers.

3.6 TAGs in the genus Streptomyces

As mentioned above, only one article has been published (at
least to the best of our knowledge) describing the analysis of
TAGs in S. avermitilis [14]. In this article, lipids were analyzed
using a direct probe EI and GLC. Saturated C14-C17 FAs were
found to be present in the lipids. A further analysis by capil-
lary GC-MS as well as DCI identified at least 10 TAGs, with
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Figure 5. Tandem mass spectra of the natural regioisomers (n-
16:0/ai-15:0/n-16:0) and enantiomers (n-16:0/n-16:0/ai-15:0 and ai-
15:0/n-16:0/n-16:0), that is, peak 39 from RP-LC and peak 35 (i.e.,
molecular species i-16:0/n-15:0/i-16:0, i-16:0/i-16:0/n-15:0, and n-
15:0/i-16:0/i-16:0).

many peaks containing more than one molecular species. It
can be said that even though the published results of the anal-
yses are more than 40 years old, they confirm the results we
found.

The article by Batrakov et al. [32] describes the analy-
sis of tandem MS of TAGs from two Streptomycetes, Acti-
nomyces aureoverticillus (now Streptomyces aureoverticillatus)
and Actinomyces streptomycini (now Streptomyces griseus). As
expected, several molecular species were identified by MS,
unfortunately it was not possible to distinguish between
branched and unbranched TAGs. Saturated TAGs in partic-
ular have been identified, for example, in S. aureoverticillatus
16:0/16:0/17:0, 16:0/15:0/17:0, 16:0/15:0/14:0, etc.

4 Concluding remarks
Using three independent methods, that is, RP-HPLC-MS,

chiral HPLC-MS, and stereospecific hydrolysis by means
of pancreatic lipase, the separation and identification of
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dozens of molecular species of TAGs were successfully
accomplished. Standards of TAGs were synthesized from
commercially available phosphatidylcholines containing
branched acyls. Unfortunately, based on tandem MS of both
synthesized standards of TAGs and TAGs isolated from
natural sources, the mass spectra of TAGs having both
branched (iso and/or anteiso FA) and straight chain FAs
were shown to be identical. Regioisomers and enantiomers
could be separated and subsequently identified only after
further chromatography on a chiral stationary phase. The
elution order of enantiomers and regioisomers depends on
the number of branched acyls in the TAG molecule. If one
branched acyl is present in TAGs, then the elution order is
asymmetric, asymmetric and symmetric molecular species.
Using the above methods, it was thus possible to separate
and identify molecular species of both regioisomers and
enantiomers of branched TAGs. However, these methods of
analysis are not limited to bacterial TAGs, but can be used to
analyze branched TAGs found in, for example, mammalian
milk or depot fats of mammals.
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