1.0 INTRODUCTION — INSECT LIPIDOMICS

Once upon a time the life was born. It is assodiatéth lipids that represent an

important class of metabolites essential for evargwn living entity. There exist a lot of
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Han and Gross (2003) first transcription.
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defined the field of lipidomics:

" Lipidomics is focused on identifying alteratioms lipid metabolism and lipid-mediated
signalling processes that regulate cellular honaststduring health and disease. Research in
lipidomics incorporates multiple techniques to difgrthe precise chemical constituents in a
cell’s lipidome, identify their cellular organizati (subcellular membrane compartments and
domains), delineate the biochemical mechanismsugfirowvhich lipids interact with each
other and with the crucial membrane-associatedep®t determine lipid-lipid and lipid-
protein conformational space and dynamics, andtdyaaiterations in lipid constituents after
cellular perturbations. Through the detailed quematiion of a cell’'s lipidome (e.g., lipid
classes, subclasses, and individual molecular spgdhe kinetics of lipid metabolism, and
the interactions of lipids with cellular proteingidomics has already provided new insights
into health and disease.”

Many modern technologies have been developed tdifgequantify, and understand
the structure and function of key metabolic nodedipidomics. Mass spectrometric (MS)
techniques occupy a leading position in the chargzttion, identification and quantification
of lipids. Two approaches have been used. The ifingdlves a “global” cellular lipidom
analysis. The second is focused on a target lilgisiscof interest. The methodology based on



LC coupled with MS plays an essential role in thiga through different enrichment
technologies (Han, 2009).

The lipidomic techniques have been extensively useghalyse metabolite pathways
and networks associated with lipid metabolism, ésixand homeostasis, in particular in
human and animal samples. Insects represent angtb®il experimental model in biological
research and, thus, insect metabolism has beettractiae research field. Furthermore, many
aspects of lipid metabolism in insects remain warcl@his study was dedicated to develop

and apply novel LC/MS/MS methodology to investig@®@me open questions of lipid
metabolism in insects.



2.0 GOALS OF THIS STUDY
- To develop proper analytical methodology for auéerization of lipid molecular

species by LC/MS/MS. This approach involves expental steps covering lipid extraction
from various insect materials, separation, ionargtdetection and data interpretation.

- Analysis of phospholipid components occurringinsect cell membranes during
overwintering and cold hardening experiments.

- Determination of neutral lipid components fronsest haemolymph and tissue

during hormonal treatment experiments.



3.0 INSECT LIPID COMPOSITION

Lipids are a large group of heterogeneous compoahdsacterized by their solubility
in solvents of low polarity. Usually are divided tonctional lipids (lipids for storage and
liberation of metabolic energy) and structural dgpi(Tab. 1). Some of lipid types are
functional and also structural lipids, for examglerols give birth to important hormones

(steroids) and are also essential building stooepdrts of cell membrane called rafts.

Lipid class Lipid species Lipids

Neutral lipids MG, DG, TG T

Fatty acid Free fatty acids, fatty acid amidesstaooids 5

Sterols Isoprenoids, cholesterol, steroids, stehils acid %. n
s | §

[
Glycerophospholipids PC, PE, PG, PS, PI, PA, clipiis, Lyso PL, o
plasmalogens and other ether-linked phospholipids

Sphingolipids/ Sphingomyelin, glycosphingolipids, ceramides, sphiine

Glycosphingolipids phosphate

Table 1: Diversity of lipids according the lipidomic cor®lgrphy et al, 2006) and function

3.1 FUNCTIONAL LIPIDS
Functional lipids or lipids for storage and libéoat of metabolic energy are mostly

acylglycerols. Most abundant species in total ligkdract of insect tissues are TGs member of

acylglycerol group (Downer, 1978; Canavoso et @Q1.

3.1.1 Acylglycerols
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Figure 2: Main acylglycerol representatives, R — fatty amdyl residuum.




Chemically, acylglycerols consist of the glycerolar headgroup bound to one, two

or three fatty acids designated as mono -, di-tandcylglycerols, respectively (Fig.2).

Saturated fatty acids Monoenoic fatty acids
ethanoic acetic 2.0 cis-9-hexadecenoic palmitoleic 16:1(n-7)
butanoic butyric 4:0 cis-6-octadecenoic petroselinic 18:1(n-12
hexanoic caproic 6:0 cis-9-octadecenoic oleic 18:1(n-9)
octanoic caprylic 8:0 cis-11-octadecenoic cisvaccenic 18:1(n-7)
decanoic capric 10:0 cis-13-docosenoic erucic 22:1(n-9)
dodecanoic lauric 12:0 cis-15-tetracosenoic nervonic 24:1(n-9)
tetradecanoic myristic 14:0
hexadecanoic palmitic 16:0
octadecanoic stearic 18:0
eicosanoic arachidic 20:0
docosanoic behenic 22:0

Polyunsaturated fatty acids

9,12-octadecadienoic linoleic 18:2(n-6)
6,9,12-octadecatrienoic y-linolenic 18:3(n-6)
9,12,15-octadecatrienoic a-linolenic 18:3(n-3)
5,8,11,14-eicosatetraenoic arachidonic 20:4(n-6)
5,8,11,14,17-eicosapentaenoic EPA 20:5(n-3)
4,7,10,13,16,19-docosahexaenoic DHA 22:6(n-3)
Table 2: Principal fatty acid occurring in insect.

The most of the potential energy available fromlglggerols is contained within the
fatty acid component of molecule (Tab. 2). The cicaimature of FAs provides a wide range
of combinations of fatty acid structures. Twentyeth fatty acids were reported in a single
species in 1963. Nowadays, the numbers of descifit#exihas increased, but only 8 fatty
acids represent the major proportion of all FAssects. Saturated FAs are myristic acid (C
14:0), palmitic acid (C 16:0), and stearic acid :0}8 Monounsaturated fatty acids are
primarily myristoleic (C 14:1), palmitoleic (C 16:land oleic acid (18:1) and the
polysaturated fatty acids — linoleic acid (C 188y linolenic (C 18:3) (Downer, 1985).

Most insects have to receive polysaturated fatty im their diet. The dietary demands
differ substantially between species, but manyistigroved that either linoleic or linolenic
acid adequately satisfy this nutritional need. Madgvelopmental and reproduction
deformations are exhibited after non essentiay fatid feeding (Downer, 1978; Canavoso et
al, 2001).

TGs serve as a reserve of metabolic energy storethti body therefore is not
surprising that TGs are the most abundant lipictisgein total lipid extract of insect tissues.
Fat body is an analogous organ to mammals’ livet adipose tissue. TGs have several
advantages with comparison to other source of gngigcogen, for example a higher caloric
content per unit weight, more metabolic water aodesl TGs are not so bulky in anhydrous

form. These properties determine TGs to be a soofcenergy for insect which undergo



prolonged periods of metabolic activity without de®g like diapause or migratory flight and
also during non-feeding stages like embryogengsigation. On the other hand insects with
short burst of metabolic activity demands are prilpaarbohydrates users (Downer, 1985).
Diacylglycerols are the most abundant acylglycernldhvaemolymph.. DGs are the
transport form of acyglycerols and are not pres$ezd in haemolymph. DGs are carried by
lipoproteins from fat body, where they are releafedn storage TGs by lipases to fulfil

energetical demands, for example in flight musBleehakkers et al., 1984).

3.1.2Sterols
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3.2STRUCTURAL LIPIDS
Phospholipids are lipids

M= F

containing glycerol phosphate. Thejr i ]‘*-“"“"'-‘ 8

primary function is to serve likg Piseulele

hydrophilic head

building blocks of the most 9lyeacol

membrans. Diacylglycerol backbone

is esterified by the phospho-group [n

E . @hydirogen
- iti im £ fatty
sn-3glycerol position and long chain 3 _?1_:{ AR Bl
. .. | ; bond
fatty acids at positiorsn-1and2 — | £ G

positions are connected via ester bon

(Fig. 4). The diversity of PLs i k96 6% - T -
Figure 4: Structure of phosphatidylcholine.

dependent on a diversity of the lorig

chain fatty acids occurring on a phospholipid headg (Figure 5). Fatty acids in the
phospholipid structures which form biological meanrgs of insects are shown in Table 2
(refer to chapter 3.1.1 and Dowhan and Bogdand®2R0

Ra

CH
/& _HQC\/\/\/\/\/\/\/ 3
o] 0 X
\)\/ l R
Ry 0O 0. .0 x
T]/ ﬁ = CH
o 0 NN AN Y Ve ek
Bone of phosphoglyceroles Examples of fatty acid residues
H
—H e .
€ \ +  Phosphatidylethanolamine Phosphatidylinositol
NH3 OH
X OH
CHj
HO
/r—N;CHa Phosphatidylcholine HO
—HLC CHj

—H,C .
\K\OH Phosphatidylglycerol
— HoC NH3 o
I Phosphatidylserine

O OH

HO /
"~
R4 /P% OH Ra
%0 o 0 Cardiolipin
e

Figure 5: Chemical structures of main phosphoglycerols aeclin insect cells.




Phosphatidylcholines (PCs) and phosphatidylethamokes (PEs) are the most

abundant phospholipids clasgasough insects which represent more than 70%taf tipid

components (Downer, 1985). The proportion of PE$ BE@s and also of particular FAS is

species specific and also dependent on the phgsialo state of insect (overwintering,

diapause etc.). For further details, please, teféne Chapter 5.1.

Other phosphoglycerolipid classes are further igm components of biological

membrane and their presence and abundance is smgaependent (Fig. 5). Except PC and
PE, also PS, PI, PG, CL and Chol (Tab 3.) were ctiede (Gennis, 1989; Dowhan and

Bogdanov, 2002).

Origin of membrane

Lipid / protein
proportion

Percentage proportion of
majority lipids

Human myelin

34

PC 10%
PE 20%
PS 8,5%
SM 8,5%
GS 26%

Chol 27%

Bovine intervertebrate

PC 41%

PE 39%

PS 13%
Chol — trace

Human erythrocyte

0,75

PC 25%
PE 22%
PS 10%
SM 18%

Chol 25%

Rectal gland of dogfish

PC 50,4%
PE 35,5%
PS 8,4%
P10,5%
SM 5,7%

Chol — trace

Receptor membrane of

0,7-0,5

PC 24%
PE 23%
PS 9,6%

Chol 40%

Sarcoplasmatic reticulun

=

0,66-0,7

PC 66%
PE 12,6%
P18,1%
Chol 10%

Inner membrane d&.coli

0,4

PE 74%
PG 19%
CL 3%

(Genis, 1989).

Table 3: Percentual proportion of major membrane lipidsiogted from different sample

U7

Cardiolipins are found almost exclusively in ewykdic mitochondria and in bacteria

that utilize oxidative phosphorylation for protomrpping across the membrane. CLs are

protonated in physiological pH and this propertykegmthem a proton silk or a conduit for

proton in transfer processes. The CLs are not atedplessential metabolites because PGs



seems to be a substitute in many processes. Howeeelack of CLs results in reduction of

the cell growth dependent on oxidative processesv{ian and Bogdanov, 2002).

Cell membrane poses special type of domains calédts, which are rich in

cholesterol, glycosphingolipids (gangliosides),isgbmyelin and proteins (for more details

see Chapter 5.1.2.2).

Glycosphingolipids are classifie(

into broad types on the basis
carbohydrate composition (Fig. 6).
The
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ligands for receptors and mediate change in cdlabeur in response to cells environment.

SLs are also involved in membrane trafficking faample influence receptor internalization,

sorting and recycling (Munoz-Garcia et al, 2006;rMelr. and Sandhoff, 2002; Merrill Jr.

and Sweeley, 1996).
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(Merril Jr. and Sweeley, 1996).




4.0 METHODS USED FOR INSECT LIPID ANALYSIS

4.1 EXTRACTION OF INSECT LIPIDS

Lipid extraction has been extensively studiechififties of the previous century. Due
to the occurrence of long chain alkyls in the liptcuctures extraction with non-polar solvents
or their mixtures was preferred for lipid enrichrhdnpids share a large proportion in every
organism and are concentrated mostly by classix@haion methods described by Folch
(1956) or Blight-Dyer (chloroform and methanol). tWithe advent of the sophisticated
LC/MS instrumentation many authors re-examined lipgd extraction methodologies.
Honeycut et al (1995) tested three extraction nugthfor fish tissue. Hexane, acetone,
dichloromethane and Blight-Dyer (chloroform and haetol) were tested like extraction
solutions. The Blight-Dyer method generally gaveghler percent lipid values, yielding
significantly higher results for the 1g sample gi#eneycut et al, 1995).

The lipid extraction of insect samples was desdim detail by Kostal et al (2003).
After the chloroform-methanol-water extraction stee product is dried by nitrogen and kept
in — 20°C or lower temperature to prevent lipiddation. Samples are solved in 500 pl of
chloroform, evaporate, proper dilute in methanal #imus prepared for further LC/MS and
GC analysis. Chloroform is used as a primary amdage solution for lipid samples to
prevent oxidation of polysaturated fatty acid, whizan occurred with other polar solvents
contains oxygen.

Thein situ extraction - transesterification is another apphoiequently used in lipid
analysis. It involves simultaneous lipid hydrolysisd esterification steps resulting in the
formation of fatty acid methyl esters suitable §as chromatographic analysis with a FID or
MS detector (Lewis et al, 2000; Carrapiso and Gaz000).

4.2 SEPARATION TECHNIQUES (HPLC)

A wealth of methods has been developed for saparaif lipid classes.
According to literature, SPE (solid phase extragtiolTLC (thin layer chromatography),
HPLC (high performed liquid chromatography) and (g@s chromatography) have been the
most frequent approaches. SPE or TLC have bedrapplied in practice (Marcato et al,
1996; Silversand et al, 1997; Quin et al, 2000; dhil@t al, 2004; Neron et al, 2004; Persson
et al, 2007; Cw&ka et al, 2008).
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However, HPLC coupled to MS detector is at presiemtmost favourite technique for
targeted and non-targeted lipidomics (See AttachrherOther types of detectors which are
commonly used together with HPLC separation invdié and ELSD (evaporative light
scattering) detection (Patton et al, 1990; McHowaadl, 1996, 1997; Olsson et al, 1996).

Normal phase and reversed phase HPLC separatian een still popular in lipid
analysis. The mobile phases usually consist of ameth 2-propanol or n-hexane.
Chromatographic columns with C18 phases still pteafew separations were reported on
C8 columns. A particular attention is focused gmasation of PL and NL lipid classes; only a
limited number of studies have been dedicated pars¢ion of lipid molecular species. The
analysis time ranges from 20 to 50 minutes forsclasalyses. The latter approach requires
prolonged time to 130 - 260 minutes. For more tketaefer to the Attachment 1 which

summarizes analytical conditions reported for HRIfGpids.

4.3 SEPARATION OF INSECT LIPIDS
Two HPLC methods, which differ in application rangnobile phase composition and

analysis time, have been developed. The first noettas used for separation of phospholipid
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Figure 8: Typical HPLC chromatograms of lipids obtained bg tteveloped HPLC/MS methods. The upper trgce:
HPLC/MS methodology developed for PL analysis (Semg whole body extract &frosophila melanogasterThe
lower trace: HPLC/MS method for the determinatiémaonpolar lipids (fat body oPyrrhocoris apterup Particular
mobile phases are described in text below.
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molecular species and their separation from nomgdigdal classes. The latter approach was

developed for HPLC/MS analysis of DG and TG molacspecies (Figure8).

4.3.1HPLC separation of phospholipids
Final solvent composition was determined: Solu#for 500 ml of 5mM AcONH in

MeOH mixed with 5 ml of 25% NEDH, B — water, C — 2-propanol mixed with methamol i
ratio 80:20. A gradient elution was performed omfe 250 x 2.00 mm column at 150
ul/min. Although the method analysis time was 80 utws, satisfactory separation of
phospholipid classes was accomplished enablingmuaction with MS characterization of
particular PL molecular species.

PLs with saturated alkyl chains are eluted latantbinsaturated acyl homologues (Lee
et al, 2007). Separation of PL from TGs is exengaliiin Fig. 9, where TIC chromatogram of
the Drosophila body extract (upper trace) and extracted massn@agram of mass m/z
714.4 are depicted. The data indicate the presehP& C34:3 and TG C41:6 at RT = 9.49
min, 10.14 min and 44.96 min, respectively. In &ddi two peaks of isomeric PE were
observed with the same m/z value in a differerénigon time. Determination based on the
MS3 analysis in positive mode or MS2 in negativedmeeveals that for 714.3 m/z value first
peak is responsible molecule PE 16:1/18:2 andhiisecond PE 16:0/18:3.
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Figure 9: Separation of PL from TGs
(A)- TIC chromatogram of extract of whole body Bffosophila melanogaster
(B)- Selected chromatogram of ions with 713.9-714/9 value
(C)- Spectrum of peak with r.t. 9.49.
(D)- Spectrum of peak with r.t. 10.14.
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The very similar situation is observable on Fig.IBe supporting information is also
obtained by chromatography of synthetic standé&dsgyle standard chromatography followed
by chromatography of PC standard mixture to enghee retention time, responses to
extracted PCs with 786.4 m/z values. First of pdaiengs to PC 18:1/18:1 and the second
one is PC 18:0/18:2. MS investigation proved thmesadentification also for PCs from

Drosophilasample.

A peak of PC 18:1/18:2 PC 18:1/18:1 4383

10 containing C” isotope 22.02

8 TG with 786.7 m/z

6

18.37

" 4 PS with 786.4 m/z PC18:0/18:2
€ 2 11.81 23,07
g Al
S5 ¢ il Lokl | Ll
] B 22.06
g 1007 PC18:1/18:1
g o
o o PC18:0/18:2

60 | 23.06

407

20 |j
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Figure 10: HPLC separation of PCs species
(A)- Chromatogram of selected m/z 785.9-786.9 ole@ifromD. melangostesample
(B)- Chromatogram of PC standards purchased frggm&i—Aldrich Ltd.

This HPLC method provides also information about &l TG molecules, but for its

investigation presented method is unnecessariky.lon

4.3.2HPLC separation of nonpolar lipids

The mobile phase developed for DG and TG investigaonsists of two solutions: A
— 500 ml of 5mM AcONH methanolic solution mixed with 5 ml of 25% NBH, B —2-
propanole mixed with methanol in ratio 80:20. Noegence of water provides faster
separation of nonpolar lipids. The flow rate, coflynsolumn temperature are the same like
presented earlier. Time necessary for this analyas 39 minutes which enabled analysis of

principal DGs and TGs detected in insects, Fig. 11.
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By using efficient separation and ESI mass spedtomt was possible to identify
lipid isomers. Thus, lipid analysis of haemolym@mgples revealed the occurrence of two

RT: 0.00-39.01 SM: 3B DE180/182
i A 15.99
9
8
7 DG 18:1/18:1
6 1551
5 peaks of DGs 18:1/18:2 and 18:0/18:3
4 containing C” isotope
3
g 2
§ 1 13,34 13.49 L
i A
2879
2 10 B TG 16:0/18:0/18:2
§ 9 TG 16:0/18:1/18:1
8 28,37
7
8
5| peak of TG with 874.7 26.84
" containing C* isotope \
3
2
1 24.54 29,20
G|rr\|1i|[|\|||i|\||l|r1r|:|||\|:||\||||:||\||||\|w‘l"w"Tl||[:|||i\||||r|r1||||l\|l|
o 2 4 & 8 10 12 14 18 18 20 22 24 26 28 30 32 34 36 38
Time (min)
Figure 11: Extracted HPLC traces of NLs.
(A)- Chromatogram of m/z 637.9-638.9 obtained fi®ymrhocoris apteruhieamolymph after AKH |
treatment
(B)- Chromatogram of m/z 876.1-877.1 required aftBLC of fat body oP. apterus

peaks at the mass m/z 638.3, Fig. 11A. First pgases with DG 18:1/18:1 molecule and the
second with DG 18:0/18:2 according mass spectrgm8tmilarly, two peaks in the extracted
chromatogram at m/z 876.5 in Fig. 11B, which repnés HPLC/MS analysis of fat body
extract correspond with TG 16:0/18:1/18:1 and TGOMMB:0/18:2 molecular species. The

separation data are close the trends presentédratiire (Lee, 2007).
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4.4 MASS SPECTROMETRY OF INSECT LIPIDS

Van der Klift et al (2008) compared three deteci®y, ELSD and MS) in HPLC
analysis of lipids. UV detection gave the best amatographic performance but performed
poorly in overall detectability and baseline stiilELSD detector led to severe losses in
chromatographic resolution and also suffered fraffer@nces in response factor between
TGs. The MS detector showed the best overall padoce and had the added benefit of
structural information (Van der Kilift et al, 200&lso other authors declare that methodology
using LC coupled with MS plays an essential roléipidomics through different enrichment
technologies (Han, 2009). Further data relatedptd mass spectrometry including ionization
techniques are available in the Attachment 2.

This work was focused on the the following printijygid classes of TGs, DGs, PCs,
PEs, PS, Lyso PCs and LysoPEs which are dominanseatt samples and cover more then
95% of all insect lipids (experimental data). Evelgta were recorded by LCQ or LTQ
spectrometrs (Thermo Finnigen), both acquiring spewith ESI ionization and linear ion

trap analyser.

4.4.1 lonization of Insect Lipids

Each lipid class and even particular molecular igseof lipids exhibits different MS
ionization efficiency (Kim et al, 1994; Bruggerat 1997; Koivusalo et al, 2001). When the
individual lipid components are ionized togethezithonization process is further affected by
each other and effects of ion suppression or itraecement may distort true signal intensity
of particular lipid components in sample extrat¢tarf and Gross, 2005). In practice, absolute
calibration of the MS detector is difficult and dgirocessing on relative scale is a preferred
approach.

APCI is definitely the best ionization tool for Nigefer also to the Attachment 2). For
thermally labile PLs is not so fine. ESI being Higkensitive, accurate and reproducible does
not cause extensive fragmentation (Forrester e2084). Furthermore, ESI is capable to
ionize efficiently nearly all lipids except hightyonpolar sterols, their conjugates, waxes and
hydrocarbons. In combination with separation edfiy of HPLC matrix effects are
minimized and, thus, HPLC/ESI-MS is an efficientthuelology for insect lipid analysis.
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4.4.2 HPLC ESI-MS lipidomic analysis of insect samps

Similarly to other animal samples, a raw lipid extr of the whole body oD.
melanogasterisepresents a very complex mixture of componentsdJsietabolite Mapper
platform, a home-built software platform developatl the Department of Analytical
Biochemistry, Biology Centre of Academy of Sciencéthe Czech Republic for automated
computer peak detection and data compound proggsaimost 2000 of component entities
were found. The individual lipid component obtainedHPLC/MS analysis is characterized
by three descriptors, i.e. by the retention timeglkparea or height and its ESI mass spectrum
of both positive and negative ions. A library o tfull scans, M$and MS spectra of the
available lipid standards and those amenable fienHPLC/MS analysis of insect extracts
was created in the course of the thesis. The d@gtcd®rosophila melanogastePyrhocorris

apterus, Locusta migratorigerved as a source of insect lipids which werkectad.
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4.4.2.1. Adduct ions for characterization of insedipids

Protonated or deprotonated molecular ions usuaypptete with the formation of
adduct ions with alkali metals like sodium or psiam present or added in the HPLC mobile
phase (Kerwin et al, 1994; Kim et al, 1994; Brugegeal, 1997; Koivusalo et al, 2001; Hsu et
al, 2003) The presence of the adduct ions is useful indidatothe analyte molecular weight
determination. For example, Nadducts are nearly always present in positive BS$s
spectra of the major phospholipid species (PC,(Pig) 12) (Brugger et al, 1997).
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Figure 12: Pseudomolecular and sodium adduct ion comparison
Top: LC/MS TIC chromatograms with the extracted snelsromatograms of the masses m/z 714.4 and 786.4
(A,D) and their sodium adducts (B, E).
Bottom: Raw ESI full scan mass spectra of PE 18:2/{C) and PC 18:1/18:2 (F) with the respectiv@agn
[M+H] " and [M+Na[ adducts. The sodium adducts are more abundahbiime containing PC than in less
basic PE.
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4.4.2.2 Positive versus negative ion spectra of ed lipids

In addition to adduct ion formation, the positivedanegative ESI spectra are very
useful for the identification of insect lipids Navlpr TGs and DGs appear as ammonium
adducts [M+NH]", PEs occur in the [M+H]and in [M-H] forms, respectively (Fig. 14). The
same situation is observed in the PS case (datahowetn). PC give [M+H] as the principal
positive ions, while the [M+C§COO] adducts dominate in the negative ESI spectra (Fig.

14), if acetate anion is present in the HPLC mopiiase.
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Figure 13: The behaviour of nonpolar acylglyceroles in thsifiee (A) and negative (B) ionization modeg.
The DGs and TGs are observed as [M4NHdduct ions. Any signal of DGs and TGs is abserthe
negative ionization mode. For further detaile refeFig .14.
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Figure 14: Comparison of negative and positive ion detectioode in the analysis of dominant inse¢

phospholipids.

(A,E)- HPLC ESI MS chromatograms operate in positivode with the extracted masses m/z 714.4 [M+}
and 786.4 [M+H] .

(B,F)- HPLC ESI MS chromatograms operate in negathode with the extracted masses m/z 712.4 [M+
and 844.3 [M+H+58]

Raw ESI full scan positive (C) and (G) mass specfrRE 16:1/18:2 and PC 18:1/18:2, respectivelye T
differences are evident in the negative mode wHesm fBrm dominant pseudomolecular anion m/z 712 (I
PCs exhibit much less acidity and, thus by theadeetdduct m/z 844.3 (H) is the principal ion..

U
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4.4.2.3ESI CID MS? fragmentation of triacylglyceroles

TGs do not posses any ionisable functional group @amly adducts with sodium or
ammonia are observed in their ESI spectra. In raopliases containing ammonium ion
species only ammonium adducts of TGs, [M+NHare observed in positive ESI, which
enables the molecular weight of each TG molecylacies to be determined. No abundant
ions corresponding to [M+HJor [M+Na]" are observed. Number of carbons and double
bonds can be calculates from molecular weight diqadar triacylglycerol. Collision induced
decomposition (CID) of [M+NHE" ions results in the neutral loss of BEle. molecular ion
[M+H] " is observed) and acyl side-chain (as a carbozgiid [M-RCOOY) to generate diacyl
product ion. This fragmentation is characteristi@il molecular species of TGs.

This feature can be exemplified on the ESI speafttavo isomeric TGs with the same
m/z value, but a different retention time (Fig. 1%he ammonium adduct has m/z 876.5,
which corresponds to the presence of 52 carbonsvemdiouble bounds (C 52:2). The CID
MS? spectra (Fig. 15 E, G) show together with the premr m/z 859.5 different diacyl
product ions.

TG with retention time 28.4 min gives two major @inions 577.3 and 603.4. First
product ion indicates the loss of carboxylic acki1] the second loss of palmitic acid. No
other fragment ions are present which clearly iaigis the TG structure derived from TG
16:0/18:1/18:1. Thenposition of particular FA attached to glyceroleds hardly to examine
by the MS method used. Additional information mawg silver-ion HPLC (Adlof, 2004).

A TG with retention time 28.77 min gives three glamns 575.3, 579.3 and 603.4
which indicate the loss of C18:0 C18:2 and Cl&8pectively. The proposed TG structure is
therefore related to the TG 16:0/18:0/18:2.

TGs ionized by APCI with linear ion trap show veignilar features as documented in
literature by Laakso et al (1997), McAnoy et al@@Pand Cvaéka et al (2006).
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Figure 15: ESI mass spectrometry of triglycerides.
(A)- A TIC chromatogram of the extract from tRgrrhocoris apterugat body where TGs are dominari

t.

(B)- An extracted chromatogram of m/z 876.4 showougurrence 3 iosomeric components in the

sample.

(C)- A TIC chromatogram window showing the signahere CID M3 scans of the precursor m/z 876|

were performed.

4

(D) and (F)- The full scans ESI spectra of the T&aks in rt. 28.4 min and 28.77 min with a dominant

ammonium adduct. No other adducts or pseudomolemna were observed.
(E)- CID MS spectrum of the precursor ion m/z 876.4 in rt.42&inute shows characteristi
fragmentation of ammonium adduct and provides psewdecular ion [M+HJand two diacyl product
ions allowing identification of the present acyls.
(G)- CID MS spectrum of the TG with m/z 876.4 in 28.7 mingwing characteristic fragmentation
the ammonium adduct ion and providing pseudomotedah [M+H]"and three diagnostic diacyl produ
ions (Attachment 3).
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4.4.2 .4 ESI CID MS fragmentation of diacylglycerols

The mass spectra of DGs exhibit similar featuresT@s and provide [M+Ng*
adduct ions and the diagnostic fragment ions ayisiom the loss of the acyls present in their
structures. The spectra enable estimation a nurobearbons and double bonds in the
structure. In addition to ammonia loss, a conseeutiydroxyl loss as a neutral water species
is observed. The features are documented in Figli&e two DGs with m/z 638.4 were
depicted. Inspection of the CID MSspectra revealed two isomeric DGs, namely DG
18:1/18:1 and DG 18:0/18:2 at 15.7 min and 16.2, maspectively. The diagnostic fragment
ions in the CID ESI MS&spectra represent masses m/ 337.0 (loss of Ca8dm/z 341.1
(loss of C18:2) and are in accord with literatusie Mu, 2000).

22



RT: 0.00 - 38.99 SM: 7B

N B O @

13.75

25.71

2451 27.04

33.82

NL: 3.87E7

Base Peak miz=
110.00-111000F: + ¢
ESI Full ms
[440.00-1100.00] MS
Bag2

105,\
0
0
§B
0

-

peaks of DGs m/z636.4
containing C" isotope

N B2 O @

Relative Abundance

16.21
DG 18:1/18:1
15.73

DG 18:0/18:2

13.71

NL: 9.83E6

m/z= 637 90-638.90 F
+ c ESI Full ms
[440.00-1100.00] MS
Ba92

-

C

N 2 00 @

16.25

NL: 3.30E5

TICF: + cESId Ful
ms2 638.14@cid40.00
[165.00-650.00] MS
Ba92

5

G%
0
0

I
10

Ba92 #1208-1225 RT: 15.55-15.75 AV: 9 NL: 540E6

T: + c ESIFull ms [440.00-1100.00]
6382

10 +
D [M+NH.]
C36:2

g 8

c

]

£ 6l

o

4

24

3

x5 §122 |650.2

500 600

700 800

m'z

T
15 20

Time (min)

A

900 1000 1100

25

Ba92 #1249-1262 RT: 16.06-16.21

T: + c ESI Full ms [440.00-1100.00]

AV:7 NL: 891E6

638.2

100+ +

1F [M+NH,]
a0 C362

60
40: 6392

20

o b e

500 600 700 800 900 1000 1100
mz

Ba92 #1215-1232 RT: 15.64-15.84 AV- 9 NL: 4 38E4
F: + ¢ ESId Full ms2 638.14@cid40.00 [165.00-650.00]

Ba02 #1252-1272 RT: 16.10-16.35 AV- 11 NL: 7.60E4
F- + ¢ ESId Full ms2 638.14@cid40.00 [165.00-650.00]

[M-+NH,-NH,OH]

330.1 . 3411
e e [M-18:1] 1007 G [M-18:2] 603.3
8 o4 s[}E
339 - + m
g IEC 1811 IMNHNH.OHT | it ] s EC w .
E 6 6214 60 = (M+H]
e 339 1| ey [M-18:0] 621.1
sS4 c 181 407
k4 ] C 180
= 2 2[}{ 3589
" Y ‘ n It | : 1 | | Ly |
O—trrprrrprerprerpderprer ey L R LRl A L EER L) L] A R AL 1A LAk R O—trrrerprertreepbrrprrrprerprepreet e b et e
200 300 400 500 600 200 300 400 500 600
mz mz

Figure 16: ESI mass spectrometry of diglycerides.
(A)- A TIC chromatogram of the lipid extract frorhePyrrhocoris apterusqiaemolymph, where DGs are
dominant.

(B)- An extracted chromatogram of m/z 638.3 indiésativo isomeric components in the sample
(C)- A TIC chromatogram window showing the signdlese CID MS2 scans of the 638.3 precursor were
performed.
(D) and (F)- The full scans ESI spectra of the D&aks with rt.15.73 min and 16.21 min having a d@min
ammonium adduct..
(E)- CID MS2 spectrum of the precursor ion m/z &3@. rt.15.73 min shows characteristic fragmentat
of the ammonium adduct providing a pseudomoledola{M+H] and fragments allowing identification d
the present acyls.
(G)- CID MS2 spectrum of the TG with m/z 638.3 trll6.21min., showing two diagnostic acyl prodd
ions (Attachment 4).
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4.4.2.5 ESI CID MS fragmentation of lysophosphatidylcholines

LysoPC ESI spectra typically show [M+Hiogether with N& adducts [M+23] like
PCs having the positive charge site on the quamnérggen. The CID ESI M5(Fig. 17)
spectra contain [M-18]typical for water loss. The intensive m/z 184 fremt is derived
from the choline headgroup. The diagnostic fragsentable to deduce the lyso-PC identity
from its molecular weight. For the confirmationtbe acyl residue a CID MS:xperiment is
useful. The loss of [M-18-N(Ck]" is accomponied by the acylium C18:1 m/z 265.2 ion
confirming the lyso PC structure in accord witleidéture (Hsu, 2009 and Caprioli, 2008).
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Figure 17: ESI mass spectrometry of lyso PCs.
(A) and (B) A TIC and extracted ESI mass chromaagrof the lipid extract from the Drosophila
melanogaster body. The m/z 522.4 trace revealgsoaRC peak in RT 4.37 min.
(C)- A background substracted ESI full scan spectofithe peak in 4.37 min.
(D) CID MS’ spectrum of the precursor m/z 522.3
(E) CID MS® spectrum of the dominant dehydration m/z 504 pcoin showing the acylium ion of C18:1
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4.4.4.6 ESI CID MS fragmentation of lysophosphatidylethanolamines

Lyso-PE contain pseudomolecular ion [M¥Hjnd sodium adduct [M+N&]as
dominant ions in their ESI spectra. Similarly tedyPC, the fragment ions arising from the
water loss and [M+H-141]arising from the loss of phosphatidyethanolamineetyoare
diagnostic in their CID M&spectra. The characteristic acyl fragment ions lasd of the
ethanolamine moiety [M-D-(CH,),NH3]" are obtained in the CID MSpectra if an ion trap

mass analyser is used for the M&periments.
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Figure 18: ESI mass spectrometry of lyso-PEs.
(A) and (B) A TIC and extracted ESI mass chromatogrof the lipid extract from thérosophila
melanogastebody. The m/z 454.3 trace revealed a lyso-PE peBd 3.24 min.
(C) A background substracted ESI full scan spectfithe peak lyso-PE C16:0 in 3.24 min.
(D) CID MS? spectrum of the precursor ion m/z 454.3
(E) CID MS spectrum of the dominant dehydration m/z 504 pecoéhn in the MS2 spectrum (D), showing
the acylium ion of C16:0.

Present example deals with m/z value 454.3 (Fiy. RBsence of molecular ion and
sodium adduct points to phospholipids group in muale and M$ investigation prove
expected water loose (436.0) and occurrence ofmén 313.1 represent neutral loose 141
which is characteristic for phosphatidylethanolaesinM$ experiment revealed acylium ion

of FA 16:0 m/z 239.2, what proves the identificatlike LysoPE 16:0.

25



4.4.2.7 ESI CID MS fragmentation of phosphatidylethanolamines

Using the common mobile phase containing ammoniométe or acetate, PEs like
lyso-PEs provide [M+H] as the most intensive adduct ion which is commaigompanied
by the sodium adduct (Figure 19). Due to the preseri the phosphoethanolamine moiety,
the [M+H-141] loss is unique fragment ion for PEs (Hsu and TA@Q9). The fragment ion
[M+H-141]" decomposes to very important ion species [M+H-BR4COOH] which is

preferred atsn-1 position, in comparison to the acylium ion ([RQ]" arising largely in

positionsn-2
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Figure 19: Positive ESI mass spectrometry of PEs.

(A) and (B)- A TIC and extracted ESI mass chromedog of the lipid sample from thBrosophila
melanogasterThe m/z 714.4 trace revealed two isomeric PE p&aRT 9.88 min and 10.52 min.

(C) and (F)- A background subtracted ESI full sspactra of the PE in RT 9.88 min and 10.52 min

(D) and (G) CID M$ spectra of the PE precursor ion [M+Hih/z 714.4

(E) and (H) CID MS spectra of the [M+H-141]m/z 573.4 product ions dominating in the M&E spectra.
PE in RT 9.88 min (E) shows acylium ions of 16:4 48:2 and ketene loss of C16:1, while PE in RB20,.
min is characteristic by the acylium ions od Clarl C18:2 and ketene loss of C16:0. The PE stestur
can thus be assianed to the molecular species BELICIL8:0 and PE C16:0/C1¢
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Although the positive ESI mass spectra are an ieffic source of structural
information about PEs, negative ion mass spectaegen more frequently used for their
identification (Brouwers et al, 1999; Khaselev amarphy, 1999; Kerwin et al, 1994).

The [M-H] ions dominate in the PEs negative ESI spectrayagds carboxylate
anions from fatty acyl substituents esterified aher sn-Ior sn-2 position during the CID
MS? scan. The loss of neutral ketene from she2 position is the more abundant process in
the ion trap analyser (Caprioli, 2008).

The approach to the determination of the PE strastibby means of positive and
negative ESI ion trap mass spectrometry is docuedeon the HPLC/MS elucidation of two
PEs having m/z 714.4 in fat the bodyrsophila Fig.19 and Fig.20.
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Figure 20: Negative ESI mass spectrometry of PEs.

(A) and (B) A TIC and extracted ESI mass chromaagrof the lipid extract from th@®rosophila
melanogastebody. The m/z 712.4 trace revealed two isomeri@®@&ks in RT 9.50 min and 10.15 min.
(C) and (E) A background subtracted ESI full sgaecsrum of the PE peaks RT 9.50 min and 10.15 min
(D) and (F) CID MS$ spectra of the precursor ion m/z 712.4 giving risethe diagnostic product
carboxylate anions m/z 253, 279 and m/z 255, 2pectively .

The positive CID MS spectra show the characteristic ethanolamine aldloss [MH-
141T , represented by the ion m/z 573.3 in both cales.CID MS scan experiment applied
to the m/z 573.3 MSproduct ion reveals two types of product fragmetite acylium ions
corresponding PE C16:1/C18:2 and PE C16:0/C1883 ptaks with rt. 9.50-9.88 min and
10.15-10.52 min, respectively (Fig. 19,20). Theslo§ ketene fronsn-1position is presented
by the ion m/z 319.4 , which belongs to the PEdwesiafter the C16:1 cleavage, and by the

ion m/z 317.4, arising from the C16:0 cleavage .(F9y
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The carboxylate anions arising by the cleavage fthesn-2 position are generally
more abundant. Finally, the PE structures can Isggmesd as PE C16:1/C18:2 and PE
C16:0/C18:3.

4.4.2.8 ESI CID MS fragmentation of phosphatidylcholines

Positive ESI spectra of PCs are characterized bg thtensive positive
pseudomolecular ion [M+H]accompanied by the sodium adduct [M+Na}ID MS’ scans
of the [M+H]" precursor lead to two cleavage types. The firsiplives the loss of fatty acid
constituent asn-1andsn-2position [M+H-RCOOH]. The second cleavage type arises from
the instability ofa-hydrogen insn-2 position, resulting in the more favourable forroatiof
the [M+H-R2-CH=C=0] ketene ion. Consequently, the position of theyfattyl moieties on
the glycerol backbone can be assigned (Hsu and, 2009).
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Figure 21: Positive ESI mass spectrometry of PCs.

(A) and (B)- A TIC (A) and extracted ESI mass chetogram (B) of the lipid extract from tigrosophila
melanogastebody. The m/z 786.4 trace revealed two isomeriqpBé&ks in RT 22.60 min and 23.65 min.
(C) and (D) A background subtracted ESI full scpactra of the PC in RT 22.60 min and 23.65 min.
(E) CID MS spectrum of the PC precursor ion [M+Hih/z 786.4, RT 22.60 min shows acylium m/z 504.3
and ketene ion m/z 522.3 related to C18:1 FA residu
(F) CID M& spectrum of the PC precursor ion [M+Hf/z 786.4, RT 23.65 min shows acylium ions nm/z
502.3 and 506.3 and ketene ion m/z 524.3.
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The structure elucidation, deduced from the iom tp@sitive ESI mass spectra is
illustrated in Fig.21, where PC structural isomkaving m/z 786.5 and designated as PC
C18:1/C18:1 and PC C18:0 and C18:2 are comparezl k€tene fragment ion with m/z 522
and 524 is highly indicative for tren-2fatty acyl position.

Negative spectra of PC fragmentation for its strretletermination requires CID MS
technique. It disables the possibility of singlen ranalysis for PC species and structure
determination, thus no data from negative modezadion and further fragmentation are not

shown.

4.4.2.9 ESI CID MS' fragmentation of phosphatidylserines

Like other phospholipids, PSs yield abundant [M*Hfositive CID M3 scans result
in a characteristic loss of phosphoserine moig#+{fi-185]"), which is most abundant. The
CID MS? spectrum contains acylium ions of the presentsagigerwin et al, 1994; Caprioli,
2008, Hsu and Turk, 2009).
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Figure 22 Positive ESI mass spectrometry of PSs.
(A) and (B)A TIC (A) and extracted ESI mass chromgaam (B) of the lipid extract from tHarosophila
melanogastebody. The m/z 790.2 trace revealed a PS peak in@A7 min.
(C) A background subtracted ESI full scan spectaditine PS.
(D) CID MS? spectrum of the PC precursor ion [M+Hh/z 790.5 showing a characteristic serine moigty
loss [M+H-185]+ resulting here in the product iofezr05.5.
(E) CID MS® spectrum of the PC precursor ion [M+Hh/z 786.4, RT 23.65 min exhibits characterisfic
acylium ions m/z 265.3 and 267.3 and ketene iozs321.2 and 323.2.
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Phosphatidylserines do not represent an abundantlds in total lipid extract of
insects. Identification of one PS class member rgviM+H]" adduct m/z 790.5 is
demonstrated in Fig. 22. The CID KSpectrum gives a characteristic serine moietyrakut
loss with m/z 605.6. The CID MScan experiment revealed that acylium ions of B& &and
18:1 are present together with the ketene ion 8&z2and 267.0. Our PS reference standard
was PS C18:0/18:1. The more intensime2acyl in the MS spectrum may be correlated with

its sn-2position.
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4.5 Data processing of lipid analysis in insects

The developed LC/MS brings a wealth of informat@mout lipid composition in
insect biological materials collected in the couddethis work. Thus, thousands of lipid
species may occur in the insect lipid extracts iamglvery hard to process or visualize them.
Tables can be used for data presentation but dprowgide an easy survey and complex view
to the problem. Also simple statistic methods likest or ANOVA are not able to cover all
data and factors in physiological problem with sogd result data pool. One of the
statistically and also graphically solution providee multivariate principal component
analysis (PCA). This method is specially desigreddal with many variables and samples.
The numeric values of particular lipids enter te tAnalysis as the response variable.

Application of this statistic method was demongdan chapters 5.1.4, 5.1.5 and 5.2.5.
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4.6 Insect lipid study No.l: Application: Adaptation of HPTLC, GC and

HPLC/ESI/MS methods for phospholipid analyses. $tugly of seasonal changes of

phospholipid composition iRyrrhocoris apterus(manuscript).

Abstract

High performance thin layer chromatography (HPTIQ) phospholipid (PL) class
separation, GC (gas chromatography) for quantitatb PL fatty acid (FA) composition,
HPLC ESI/MS (high performance liquid chromatograpblectrospray ionization mass
spectrometry) and spectrophotometry for quantitatibindividual PL techniques have been
adapted for identification and analysis of indivatiyphospholipids (PLs) obtained from
thoracic muscles and fat bodiesR®jfrrhocoris apterusHPTLC served as a separation tool,
aiming at removal of non-polar PLs from insect agts and to separation of polar lipids,
sphingomyelin (SP), phosphatidylcholine (PC), plnagigylserine (PS), phosphatidylinositol
(P1), phosphatidylethanolamine (PE) and cardioli@). The most abundant PLs merely,
i.e. PE and PC, were processed for GC. Fatty 4€ils) were quantified by GC as methyl
esters, prepared by direct transmethylation of phokpids scrapped from HPTLC spots with
sodium methoxide. High performance liquid chromeapyy (HPLC) was used like
preseparation technique for ESI/MS method. PC dadvBre identified by HPLC retention
time and both positive and negative ion mass spewsitive ESI was used for quantification
and also provided information about types of FAha structure regarding the chain length
and numbers of double bonds. A good correlationvbet FA composition determined by
GC and the data obtained with the developed ESiM8od was found. Individual PLs were
quantified using spectrophotometry after conversionio inorganic phosphate (as
phosphomolybdate complex). The approach was apfoiethe study of seasonal changes of
PL composition inPyrrhocoris apterus.Considerable differences were found between
summer and winter samples both in the proportioAlotlasses and individual PL.
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5.0 INSECT PHYSIOLOGY APPLICATION

5.1 OVERWINTERING AND REMODELING OF MEMBRANE LIPID

COMPONENTS — DETERMINATION OF STRUCTURAL LIPIDS

5.1.1 Membrane lipid characterization

Biological membranes are assemblies of lipids amdems that separate inside from
outside and are responsible for the distinctionwbeth compartment and environment.
Membrane provides a barrier to diffusion which ibase for the establishment, maintenance,
and regulated utilization of transmembrane solutedignts, which in turn are used for
acquiring metabolic substrates and for energy prtiolo. Membranes are also responsible for
uptake and release of material into and out of bgllendo- and exocytosis. Membranes
actively participate in transmembrane signal tracidn and store pool of precursors for
lipid-derived second messengers. All membrane fanst are critically dependent on
membrane physical properties which are dictatedigi¢ molecules making the membrane
lipid bilayer (Williams, 1998). The bilayer is a ma for a wide spectrum of proteins
involved in many crucial cellular processes. Intfanore than half of total proteins in a
typical eukaryotic cell are associated with membraither as membrane integral proteins or
as proteins functioning at or near of membraneaserf Thus, it is obvious that the physical
and chemical properties of membrane directly affaost of cellular processes. Membrane
should be considered as a dynamic part of the ragéler than simply as a static barrier
(Dowhan and Bogdanov, 2002).

Primary role of lipids is to form a lipid bilayeAlthough several types of membranes
can be found through the tree of life, glyceroldzhgphospholipids are probably the most
abundant lipids used for construction of membrafdscourse, many other lipid species are
also important components, and their presence anddance is organism- and cell type-
dependent. The huge variability of membrane lipgdsasily exemplified b¥escherichia coli.
This simple bacteria possesses only three majesspgstaipid classes, just a few different fatty
acids and some precursors and modified productspiiesuch a limited selection of basic
components the number of their mutual combinatidhat is the number of individual
phospholipid species, ranges in hundreds! No septen, that the number of individual
phospholipid species reaches to thousands in nomplex eukaryotic organisms (Dowhan
and Bogdanov, 2002).
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The primary building blocks of most membranes gisecerolphosphate-containing
lipids known as phospholipids. In eubacteria anétaeyots, diacylglycerol backbone is
esterified insn3-glycerol position and at positioenl and 2 — positions are by esteric
binding connected long chain fatty acids. Diversifylipids is dependent on a diversity of
these long chain fatty acids, the length and levedaturation of fatty acids provide a many
combinations of fatty acids and also many combamatif lipid properties.

In archea the situation is different. Long chétty acids are replaced by saturated
isoprenyls, and also ether linkages are preser@adilar ether linkages are found in the

plasmogens of eukaryotes (Dowhan and Bogdanov 2002)

5.1.2 Membrane lipid organization — phase behaviour

Membranes of higher organisms are very complex urest of hundreds of different
protein and lipids. They held together by relatyweleak forces — Van der Walls, electrostatic
and hydrophobic interaction. The lack of rigid ceations like covalent bonds is very
important for the dynamics of membrane becauseowitthese strong forces the membrane
components are free enough to spin, wobble, aridséid laterally. Dynamic organization of

membrane is essential for its proper functioningél, 1995).
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Figure 23: Polymorphic phases and molecular shapes exhilitedipids.
Inverted cone shapes molecules form micelles. Ripids with two long alkyl
chains adopt a bilayer or non-bilayer structureeteling on the geometry g
molecule and environmental conditions. Thg (order gel) and l(liquid
crystalline) bilayer phases differ in the orderhait the hydrophobic domai 34
and in mobility of individual molecules (Dowhan aBdgdanov 2002).
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The phase behaviour and physical properties ppdidiin biological membrane are
highly sensitive to changes in temperature. Peatiob of membrane organization, when cell
or body temperature changes, is one consequencpoi&flothermy. At physiological
temperatures, rotations about carbon-carbon singhels are freely propagate up and down
the length of fatty acyl chains, which results ireatively fluid, disordered liquid crystalline
phase (L) (Figure 23). When temperature drops below thesjghygical range, acyl chains
adopt the altrans conformation and pack efficiently to form a higluydered gel phase (L
(Figure 25). It happens at some defined point —gbHéfluid or chain-melting transition
temperature (). The process requires a pronounced incubatiore tah temperatures
considerably below . (Huang at al, 1997). The viscosity or fluidity tife hydrophobic
domains of the lipids, which is a function of temgiare and an alkyl chain structure, causes
the difference between the ordered gel and liquydtalline phasegDowhan and Bogdanov
2002). Transition from the fluid to gel phase inésicclustering of integral membrane
proteins, reduces activity of many membrane-astgtianzymes, slows the lateral protein
diffusion, thereby reducing the efficiency of afyiliof diffusion-couple processes, and
markedly increases the permeability for cations wader, because of packing defect that
form at boundaries between micro domains of gel #ul phase lipid. In biological
membranes may region of phase separation (corgsistinoexisting domains of fluid and gel
phase lipids) extend over temperature range of 5P@G1due to diversity of present lipid
species. When temperature exceeds the physiologinge some lipids assume the inverted
hexagonal (k) phase (see Figure 24), which results in a losdilafyer integrity. The
transition to H phase (occurring at,Yis driven, in part, by a temperature induced geain
phospholipid molecular geometry from a cylindridal a conical shape (Fig. 23)(Hazel,
1995).

Biological membrane is a mixture of several typé&pid. The physical property of a
lipid mixture is a collective property determineg bach of the component lipids. A large
number of studies show that thgdtate of the membrane bilayer is required for albility
and cells adjust their lipid composition in respoibg many environmental factors so that the
collective property of the membrane exhibits thestate. Mixture of lipids with different
phase properties can also generate phase separatitin local domains formation. Such
discontinuities in the bilayer structure may beuiegd for many structural organizations and
cellular processes such as accommodation of peot@ito the bilayer, movement of
macromolecules across the bilayer, cell divisiamd amnembrane fusion and fission events.

The need for bilayer discontinuity may be the reaswt all natural membranes contain a
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significant proportion of non-bilayer-forming lisd(lipids with tendency to change their
shape to conical, Fig. 23) even thought the menguerder physiological conditions is in the
L, phase.

Addition of cholesterol to lipid mixture has a poahd effect on the physical
properties of a bilayer. Increasing amount of ci@el inhibit the organization of lipid into
the Ly phase and favour a less fluid but more orderedttre than |. phase resulting in the

lack of a phase transition normally observed in #ftsence of cholesterol. The solvent

P

Inverted Hexagonal

Phase
. Fluid, or .
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Figure 24: Solid arrows indicates the effect either a risedoop in temperature on phage
behavioural and molecular geometry of membrane giradpids. The physiological temperatufe
refers to the temperature at which an organisnthereadapted or acclimated. The dashed arrows

illustrate the presumed involvement of the invetiedagonal phase in membrane fusion

surrounding the lipid bilayer also influences thaaasitions primarily by affecting the size of
the headgroup relative to the hydrophobic domaafa®d other divalent cations reduce the
effective size of the negatively charged headgrdqipg. 25) of cardiolipin or phosphatidyl
acid allowing organization to,Hohase (cell directed transition tq Hhase is observed during
membrane fusion, see Figure 26. Low pH has thelaingffect on the headgroups of
phosphatidylserine. Since €ds an important signalling ion, it is possibletttize part of its

effects may be transmitted through changes in plogical properties of membranes. Nusrat
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et al found that Céregulates assembly of small micro domains whiclatera tight junction

on membrane (Nusrat et al, 2000).

5.1.2.1 Homeoviscous adaptation versus homeophaskaptation

The inherit sensitivity of the phase behaviour @mgsical properties of membrane
lipids to change in temperature restrict the thérmaage over which a designed set of
membrane constituents can function effectivelykRathermic organisms have to restructure
their membranes to obtain appropriate physical gmggs tha matched to the prevailing
thermal conditions, to function over a broad range environmental temperatures.
Remodelling of biological membranes is the most wamly observed cellular response to
temperature changes is. Decrease of temperatuadlyuads to one or combine adjustments.
First of them is an increased proportioncts unsaturated fatty acids. There are evidences,
required by Huang et al that both the position tiednumbers ofis double bonds isn-Zacyl
chain could exert noticeable influence on the gelliquid crystalline phase transition
behaviour of the lipid bilayer (Huang et al, 199When is the organism exposed to gentle
cooling, the latent desaturase is activating arsmb dhe induction of desaturation gene
transcription is observed (Trueman et al, 2000 Tbmpositional adaptation for PC and PE
is different. For PC largely occurs the adaptabgrsaturating fatty acid in tren-2 position,
whilst for PE is fatty acid changes involved at $imel position (Logue et al, 2000; Brooks et
al, 2002). The other one is elevated proportion pifosphatidylethanolamines to
phosphatidylcholines. Most common adaptive explanaffor this event — membrane
remodelling is a homeoviscous adaptation. This thg®is declares that optimal membrane
function is restricted to a limited range of memm@dluidities (Cossins et al, 1989). When the
temperature arises acutely, membrane becomes hygeaind conversely, as temperature
drops, fluidity falls below the optimal range andcembrane activities are constrained. In
addition, persisting exposure to temperatures almvéelow those required to maintain
optimal fluidity initiates acclimatory (within théfetime of an individual) or adaptational
(over evolutionary time) alternations in lipid coasition that largely offset the direct effect
on temperature on membrane lipid fluidity. The raekjuence of membrane order correlates
directly with body or habitat temperature, whickicates that evolutionary adaptation to cold
environments produce membranes of significantly eloverder. When compare at the
respective cell or body temperatures, membraner asdeoughly equivalent in all species,
which illustrate the essence of homeoviscous atlapteStudy of membranes d@acillus

subtilis confirm that conformation order rather than ratelipid motions is the feature of
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membrane organization subject to regulation whenperature changes (Herman et al, 1994).
The capacity of homeoviscous adaptation appedns #basic cellular response displayed by
microorganism and also by cells of vertebrate paikerms (Hazel, 1995).

There are numerous examples of membrane respansdteited growth temperature
that are difficult to explain in terms of homeowss adaptation. This suggests that
mechanisms other than the defence of lipid ordey o contribute to the thermal
compensation of membrane function. It is possibk imoderate degree of homeoviscous
adaptation could result in perfect compensationfusfction in some membranes, or the
variable degree of homeoviscous adaptation coultbemsate function to different extents in
different membranes. But the tendency of cold exposlisordered some membranes, while
not influencing or ordering others, argues agathst regulation of membrane order as a
generally applicable paradigm of membrane adapidti@azel, 1995).

Thermal compensation of membrane function and c¢gpdor homeoviscous
adaptation are not tightly linked. Thermal compéonsaof membrane function can occur in
the absence of homeoviscous adaptation and vieav&wo aspects of temperature-induced
membrane restructuring are particularly difficut &xplain in terms of homeoviscous
adaptation. First it is an accumulation of longinhpolyunsaturated fatty acids (PUFAs) at
low temperature and a positive correlation betwgrenwth temperature and ratio of bilayer-
stabilizing to bilayer-destabilizing lipids is tlsecond. Reduced levels of lipid unsaturation
promote survival at warm temperatures and the cetapbss of PUFAs (desaturase mutants)
reduces heat tolerance. The impact on membranecphpsoperties of all double bond is not
similar. For example monoenoic fatty acids are gopgo PUFAs with respect to the
magnitude of the change they produce and alsocotherlmetabolic cost of their production.
Balance, between bilayer-stabilizing (PC) and lafagestabilizing (PE) lipids, is the second
composition adjustment. Cold-adapted poikilotheilmas elevated proportion of PE to PC,
this is a commonly observed feature than fluidizeeanbrane. It is possible that the reason is
about 20°C higher temperature for PE to transitiorgel phase. Thermal modulation of
headgroup composition may thus have a greater i@daphpact on membrane phase

behaviour than on hydrocarbon order (Hazel, 1995).
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The concept of homeoviscous adaptation is an afiiaméh extension of the fluid
mosaic membrane model, which emphasizes the lddksn@-range order in membranes and
the functional importance of appropriate lipid dity. This model has been very useful, but
nowadays is not enough precise. Compensation of breara function are continuously
correlated with changes in acyl chain order, suggsthat features of membrane
organization other than lipid order are subjectdgulation when environmental conditions
change. The existence of discrete membrane domiginene feature of membrane
organization. The adaptive significance of temperinduced alternations in membrane
lipid composition may relate to conservation of @ync membrane properties, including the
maintenance of an appropriate balance between nammbnicrodomains and the ability to
regulate intracellular membrane traffic. Biomemlergmmefer dynamic phase behaviour of a
membrane rather than to the fine tuning of lipidesr According these facts a new term has
been proposed — homeophasic adaptation. Accordisgrodel, it is the relationship between
the ambient temperaturejTand the temperatures of gel/fluid ang phase transition that is

conserved even when growth temperature changegdraimre acclimation or adaptation, by
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Figure 25: The dynamic phase behaviour model of thermal adi@ptin biological membranes. An acute
rise or drop temperature alter the relationshipwbeh the ambient or body temperature g the
temperature which the membrane is functioning) #edtransition to the gel () and H, (T;) phases (a
rise in temperature decreases the interval betWgand T, while increasing the interval betweepand
Ta Whereas a drop in temperature has the oppodigete€f Acclimation or adaptation to an altered
temperature restores the proximity gftd T, and T,.
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altering the chemical composition of the membramedifies both T, and T so that
operational temperature {jTremains at a suitable interval abovg and bellow T, (Fig. 25).
The dynamic phase behaviour model also explainsesaspects of membrane restructuring
not consistent with homeoviscous adaptation. Theitige correlation between growth
temperature and the PE/PC ratio in cell membrarees lie viewed as a homeostatic

mechanism to restore the appropriate interval batwigand T, (Hazel, 1995).

5.1.2.2 Lipid microdomains and rafts

Wide variety of lipids observed in biological merabes extends beyond the concept
of a simple barrier function. One of the conseqesraf the chemical heterogeneity of lipids
is the possibility of non-random mixing in the lyda. All biological membranes are not

uniform in respect to chemical composition and ribstion of lipids and proteins.

GPI-
anchored
protein

| Src.
t kinase

Figure 26: Model of a lipid raft. A glycosylphosphatidylchoésitol-
linked protein is attached to the exterior monotagfethe membrane and a
Src-kinase to the interior monolayer of the membraw their respective
covalently attached lipids. The mechanism for @tisty and coupling Src
kinase with the glycosylphosphatidylinositol linkptbtein is hypotheticall
Clustered (dark grey) around the glycosylphosphhtidsitol are ordered
(straight alkyl chains) glycosphingolipids, sphinggelin, and PC with
intercalated cholesterol. The phospholipids witeataorated chains indicate
the more disordered liquid crystalline state of tharounding bilayer
(Dowhan and Bogdanov 2002).
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Experimental evidence has been provided that pkaparation does occur in biological
membranes, resulting in the formation of microscogomains with various size and life
times. Domains also differ in composition of pepticand lipids (Figure 26). These domains
serve to further compartmentise cellular processesfunction in physiologically important
cellular events, such as signal transduction orcyesis (Williams, 1998). They can also
strongly affect membrane structure by concentraitibgracting species in particular regions
or by excluding diffusion molecule from other regid.ipid domains exist in variety of forms
and their formation can be caused by different rapidms like lipid phase separation, protein
barriers, and electrostatic interactions betweembnane-associated components. There is
also opinion presented by Azzam et al that microalosr may participate in the cellular
mechanism of low temperature acclimation in hibengaanimals. When the temperature is
lowered in some membranes vitro, the gelation of high-melting-point lipids induckysid
segregation and lateral displacement and exclusfoproteins. Exactly same protein-free
domains were observed by Azzam et al in hibernagimignals (Azzam et al, 2000). Some
proteins or peptides bind to phosphatidic acid amdable to induce the formation of domains
or affect phase separation. Heterogeneity in ttegdhdistribution of lipids implies that some
lipid molecules may be transiently segregated damains, while others staying out of these
domains as disorganized lipids (Bandorowitz-Pik@@Qo0).

Special type of domains rich in cholesterol, glyuagolipids (gangliosides),
sphingomyelin and proteins are called the raftpidLirafts are defined as the membrane
fraction resistant to a solubilisation in the cblddetergent. The proteins co clustered in lipid
rafts are soluble globular proteins tethered tt lipfds via covalent linkage to fatty acid,
cholesterol, or phosphatidylinositol. The latteyaglsylphosphatidylinositol-linked proteins
are attached directly to the amino group ethanailarphosphate which in turn is linked to a
trisaccharide and then to the inositol of Pl Thephisgolipids and
glycosylphosphatidylinositol-linked proteins occuplye outer surface monolayer of the
plasma membrane bilayer, and the acyl chains skthpids are generally more saturated and
longer than those of the plasma membrane phosptelipLipid rafts and
glycosylphosphatidylinositol-linked proteins ardfsessociating because of their dissimilarity
with surrounding fluid phospholipids. All comples stabilized by the hydrogen-bonding.
Finally the planar shape of cholesterol favoursintercalation parallel to the ordered acyl
chains of the raft lipids with its single hydroxgtoup facing the surface (Dowhan and
Bogdanov 2002). Cholesterol plays a crucial roldetermining the physical properties of the
rafts (Bandorowitz-Pikula, 2000).
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Lipid rafts appear to be a mechanism to compartatieet various processes on the
cell surface by bringing together various recept@diated and signal transduction processes.

5.1.3 Common response of organism through membramemodelling of thermal

changes of environment

Consequence of poikilothermy is a remodelling ohtheane organization when cell
or body temperature changes. Harwood describe smkdhese changes in several group.
His study was focused on plant membrane behaviatngl cold acclimation but most of
these changes have been noticed in many inverésbiatd microorganisms. Molecular
species remodelling means a redistribution of awyieties within a particular lipid class and,
since it involves no biosynthesis de novo, probatdpresent an emergency response
(Harwood et al, 1994):

1. Cis/ transisomeration. It is well known that the melting pbof transunsaturated
fatty acid is much higher than that of equivaleilgunsaturated molecules. This, in
theory, changing of isomerism of a given fatty acalld have a dramatic effect on
membrane fluidity. This phenomena has been obsdnoretthe psychronic bacterium
Vibrio species (Harwood et al, 1994)

2. Changes in acyl chain length and fluidity. Becalm®ger-chain fatty acids have
higher melting temperatures than their shorter \edents, regulation of fatty acids
chain length provides another potential strategyttie control of membrane fluidity.
The mechanism seems to be case for most plants/@ddret al, 1994).

3. Increased unsaturation seems to be a common festtlower temperatures. Given the
huge decrease in melting temperature that is effidey the introduction of a singbés
- double bond in to a saturated chain, the above geham easy understand.
Furthermore, because many desaturases are mentlmadesnzymes (Trueman et al,
2000) that use complex lipid substrates, the irsed unsaturation can take place in
situ, and membrane fluidity may also serve to ardesaturase activity (Harwood et
al, 1994).

4. Changes in lipid classes’ proportion are observednd temperature acclimation.
This is a slower method of adaptation to changeenwironmental temperature.
Altering the proportion of individual lipid classeuld affect membrane fluidity
(Harwood et al, 1994).
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5. The final type of change that may occur as a resuld low growth temperature
alternation is another long-term response where réi® of lipid to protein in

membranes increases (Harwood et al, 1994).

The similar membrane change features were obseiuedg cold acclimation of
several insect or higher poikilotherm organisme liish. Increasing level of fatty acid
desaturation, increasing length of fatty acid ckaiand also change in ratio of
phosphatidylcholines to phosphatidylethanolaminee &ery common and significant
changes. For example the investigation were dortessnes homogenates of the larvae of
Chymomisa costatand aestivating insect prepupa (Kostal et al, 12980, 2003), adult of
heteropterarPyrrhocoris apterugSlachta et al. 2002), (Hodkova et al, 1999, 20G23lso
appears that marine crustace@ammarus spfollows the same strategy to control the
membrane fluidity (Lahdes, 2000). Also the embrysee urchirLitochynus pictuchanges
the ratio of PC to PE (Tremper et al 1999).
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5.1.4. Insect lipid study No.2.: Seasonal acquisition of chill tolerance and
restructuring of membrane glycerophospholipidsnrogerwintering insect: triggering by low
temperature desiccation and diapause progressiah 20

Abstract

Adults of the insect Pyrrhocoris apterus acquindl adlerance through the process of
autumnal acclimatization. Field and laboratory expents were conducted to separate the
triggering effects of low temperatures, desiccatiand diapause progression on the
physiological characteristics related to chill talece with emphasis on the restructuring of
glycerophospholipid (GPL) composition. Changeselative proportions of major molecular
species of glycerophosphoethanolamines (GPEtnsylgndrophosphocholines (GPChols) in
thoracic muscle and fat body tissues were followsthg HPLC coupled to electrospray
ionisation mass spectrometry. The increase inivel@rroportion of 1-palmitoyl-2-linoleyl-sn-
GPEtn at the expense of 1,2-dilinoleyl-sn-GPChok wlze most prominent feature of the
complex change observed in both tissues duringnandil acclimatization in the field. The
relative proportion of total GPEtns increased, whihe proportion of total GPChols
decreased. The relative proportion of unsaturagaty facyls slightly decreased. A similar
restructuring response was seen during acclimadizat the field and cold acclimation in the
laboratory. By contrast, the GPL changes relatedi@siccation and diapause progression
were relatively small, differed qualitatively frothe cold-acclimation response, and were
accompanied with no increase of chill tolerancehedffeatures of autumnal acclimatization,
i.e. depression of supercooling capacity and actation of polyhydric alcohols, were also
triggered solely by low temperatures.

5.1.5. Insect lipid study No.3.:Effects of acclimation temperature on thermal
tolerance and membrane phospholipid compositigharfruit fly Drosophila
melanogaste2008

Abstract

Adaptative responses of ectothermic organismseanthl variation typically involve

the reorganization of membrane glycerophospholip{@Ls) to maintain membrane
function. We investigated how acclimation at 15, @80d 25 1C during preimaginal
development influences the thermal tolerance amedctimposition of membrane GPLs in
adult Drosophila melanogaster. Long-term cold siavivas significantly improved by low
acclimation temperature. After 60 h at 0 1C, mdr@nt80% of the 15 1C-acclimated flies

survived while none of the 25 1C-acclimated fliesverzed. Cold shock tolerance (1 h at
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subzero temperatures) was also slightly bettenencbld acclimated flies. LT50 shifted down
by ca 1.5 1C in 151C-acclimated flies in comparignthose acclimated at 25 1C. In contrast,
heat tolerance was not influenced by acclimationpterature. Low temperature acclimation
was associated with the increase in proportiontiohrelamine (from 52.7% to 58.5% in 25
1C-acclimated versus 15 1C-acclimated flies, reppayg) at the expense of choline in GPLs.
Relatively small, but statistically significant eiges in lipid molecular composition were
observed with decreasing acclimation temperature. particular, the proportions of
glycerophosphoethanolamines with linoleic acid 2)8t the sn-2 position increased. No
overall change in the degree of fatty acid unsaéitumavas observed. Thus, cold tolerance but
not heat tolerance was influenced by preimaginelirmation temperature and correlated with

the changes in GPL composition in membranes oft @uhelanogaster
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5.2 LIPID MOBILIZATION AFTER THE ADIPOKINETIC HORMO  NE
ACTION

5.2.1 Response to bioenergetic demands

Flight is one of the most energy demanding insettalsiour. Metabolism of insect
flight muscle involves an integration of biochentiead physiological processes controlled
by hormonal and neural mechanisms. The demandufmststes providing energy requires
activation and control of mobilization and trangpafrfuel reserves. Regarding the utilization
of substrates during flight of the insects can Ipaddd into several groups. (1) Group
exclusively generates energy from carbohydratesgi@up using lipid oxidation; (3) group
using both strategies and finally, (4) group in ethproline act as a direct and in some species
most prominent substrate (Beenakkers et al, 1984)ization of energetic resources is
mostly controlled by small neuropeptides from AKIRBH family (for details see below).

We used the African migratory locuisbcusta migratoriaas a model species for our
studies. Locusts use predominantly lipids as ensmyce. Hovewer, lipid reserves in the
flight muscle themselves are very limited, so reseifrom the fat body have to be mobilized,
transported through haemolymh in to the flight nies¢Beenakkers et al, 1984; Oudejas et
al, 1991).

5.2.2 Regulation of lipid mobilization by AKH

The adipokinetic peptides are octa-, nona- or deaiges with N-terminus blocked by
a pyroglutamate residue and the C-terminus by adeafGade et al, 1997). The AKHs are
usually synthesized and stored by corpus cardia@@@), a neurosecretory gland connected
with the insect brain. Major function of these homas is the control of insect metabolism.
However, these peptides are pleotropic with a nunalbgon related to their metabolic role
(Kodrik, 2008).. Generally, they behave as typicaliress hormones stimulating catabolic
reactions (mobilise lipids, carbohydrates and/atate amino acids), making energy more
available, while inhibiting synthetic reactions.€el'main target tissue for AKH is fat body.
Flight is the first stimulus for releasing of AKHoim CC to haemolymph. AKH is than a
trigger a cascade of processes leading to produofienergy (Van der Horst et al, 2001).

The peptide characteristics prevent AKHs to petetsacell membrane , their signal
transduction is mediated via specific membraneptece Although a wealth of information

has been available about the action of AKHs atd&kular level, information about the
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putative AKH receptors has been obtained only icemé years. An early biochemical
characterization of an AKH receptor protein frone tfat body of the tobacco hawkmoth
Manduca sexta but subsequently molecular biological methods ehdeen used to
characterize AKH receptors from several insect iggedAKH receptors have been cloned
from the fruit fly Drosophila melanogaster the silkwormBombyx morti the American
cockroachPeriplaneta americanaand the African malaria mosquitdnopheles gambiae
Receptor specificity was proved in the ligand bigdistudies with recombinant receptor
produced in Chinese hamster ovary cells or Xen@ueytes. These receptors are typical G
protein-coupled proteins with seven membrane spgndomains, and they are structurally
related to receptors of the vertebrate gonadotrogdeasing hormone (Kodrik 2008)

5.2.3 Lipid mobilization from fat body
The model of mobilization of lipids is based osearch with the locustocusta
migratoriaand the motiManduca sextgGade et al, 2003T.his study deals with the locust

model organism.

corpus ﬂ'ght
cardiacum
] 900 FFA
O
O apolp-ill
N
AKH

energy

( N triacylglycerol =—> diacylgllycero[\
Signal ' g
transduction . +
§ glycogen ——)> trehalose —7—> trehalose we= Hight
fat body muscle

Figure27: Proposed scheme of the transduction of the hygaethic/hypertrehalosaemic signal of AKH in
the fat body of insects and general scheme of hpathilization (Van der Horst et al. 2001).

The AKH action initialized by its binding to a rguter (Fig. 28) causes G-protein
conformation. Change leads to activation of addeytgclase. The process increases CAMP
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level and is followed by the activation of A-kinaaetivity of fat body cells, which results to
activation of the TG-lipase. Activated lipase hygsts TG, stored in the fat droplets, into
DG, and the DG is moved to the membrane by a closarrier for delivery to the
haemolymph (Beenakkers, et al., 1984, Arrese €2(;1). Receptor binding of AKHs also
causes an entry of €avia channels in to the fat body dfmigratoria The role of
intracellular C&" in adipokinetic signalling is not well investigdtso far, and knowledge is

fragmentary (Gade et al, 2003).

5.2.4 Lipid transport by lipophorin

Haemolymph is an aqueous environment therefore styme of DGs shuttle is
important for transport. This role belongs to lipopns — a special group of transport
lipoproteins (Fig. 28). Their main function is mogilipids from side of absorption or storage

to side of utilization.

L Cholesterol
Phospholipids

Core containing
1,2 diacylglycerols

Apolipoproteins

Figure 28: lllustration describes a model of common lipopimt@®hospholipid capsule coupled with
apolipoprotins covers transported diacylglycerobthyowit FA attached irsn-1andsn-2position.

Insect haemolymph generally contains abundant atmolua single multifunctional
lipoprotein particle, high density lipophorin (HDLpA characteristic feature of insect HDLp
is its ability to function as a reusable shuttle fariety of lipids by the selective loading and
unloading of lipid content at target tissues. Thievides energetical advantage because

loading and unloading does not require lipophorniternalization by either lipid donor or
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recipient. Thus increases capacity for lipid tramspvithout additional lipophorin synthesis
(Van der Horst et al, 2001).

HDLp generally contains two non-exchangeable apafifeins — apolipohorin |,
apolipophorin 1l and is present circulating in ios@aemolymph. In response to the AKH
stimulated mobilization of fat body TG stores, D&® loaded on to pre-existing HDLp
particles, ultimately transforming them in to ligiénsity lipophorins (LDLp). During loading
processes facilitated by lipid transfer particleTR) several copies of amphipatic
exchangeable apolipoprotein — apolipophorin Il dlap-11l) associate with the particle
(Arrese et al, 2001; Canavoso et al. 2001). Atfligat muscles, the DGs are depleted from
the lipoprotein through the action of a membraneeblpophorin lipase in the extracellular
space. The effusion of the lipid content from tlatiple induces dissociation of apoLp-Ili
and both protein constituents (HDLp and apoLp-#ig recovered in the haemolymph and
may return another cycle of DG transport. ConsetiyieapolLp Il in the haemolymph
alternates between a lipid-free and lipophorin-lubstate (Van der Horst et al, 2001).

Many aspects of lipid metabolism in insects remaiolear. Good example is a presence
of more than one AKH in one insect species — a pimamon which has not been satisfactory
elucidated yet. A certain degree of AKH special@atvas recorded already a long time ago.
For example the Locmi-AKH-I is the most potent ifipagd mobilization assay (Goldsworthy,
1994). Further, the Locmi-AKH-II is somewhat strengthan AKH-l in activation of
glycogen phosphorylase (Oudejans et al., 1992; Wan Horst et al., 2001). Also the
inhibition of total RNA synthesis ih. migratoria FB is decreasing in the order Locmi-AKH-
[l > AKH-1I > AKH-I (Kodrik and Goldsworthy, 1995)To contribute to the elucidation of
the problem we tried in the following study to firfdhere is any specialization of particular

L. migratoria AKHs in mobilization of particular lipids.
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5.2.5Insect lipid study No.4:Locust adipokinetic hormones mobilize diacylglydsro

selectively(submitted)
Abstract:
Insects use diacylglycerols (DG) as an essemfakport form of lipids. The DG molecular
species and their fatty acid (FA) composition wemgestigated by electrospray mass
spektrometry (ESI-MS) and by gas chromatographiz fléime ionisation detection (GC-FID)
in haemolymph ofLocusta migratoriaafter application of adipokinetic hormones Locmi-
AKH-I, -1l and -lll. The analyse showed (1) a hetgeneous distribution of individual DGs
on nmol/ml level in haemolymph after the hormongliation. The results revealed that
mobilization of the DGs is molecular species-spedifith the highest proportion of 34:1 DG
(16:0/18:1 - molecular weight 595.0 Da) for all haeAKHs bearing palmitic acid (C16:0)
and oleic acid (C18:1) residues, and forming in samy about 20% of the total mobilized
DG content. (2) Additional analysis of fat bodyatylglycerols revealed that all Locmi-
AKHs mobilize the DGs selectively with the prefecterof those possessing the C18 and C16
FAs.The fat body FAs with carbon chain longer thB® did not participate on the
mobilization. (3) A derived representation of FAsi(ig the ESI MS analysis) as well as their
direct GC FID determination indicated a certain rdegof Locmi-AKH selectivity toward
mobilized DGs and hence the FAs. The Locmi-AKH4grsificantly prefers mobilization of
DGs containing unsaturated FAs (linoleic acid), lwhLocmi-AKH-II and -lll prefer

mobilization of saturated FAs (stearic and myrijstic
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6.0 CONCLUSION

Complex analytical method for biological lipid extt determination was proposed (partly
presented in Chapter 4.6).This method covers diraand separation techniques coupled
with mass spectrometry, providing structural infatimn about particular lipid classes and
even species. Published insect physiology apptioatof this method proved suitability for
routine usage. Robustness and reproducibility werdirmed due animal samples variability
(speciesl/tissue) and both PLs and NLs detailedmatation in single run analyses.

First application deals with determination of tegag factors of chill tolerance of
Pyrrhocoris apteruoccurred due process of autumnal acclimatizatigh emphasis on the
restructuring of PLs. Three triggering effect wepeoposed and investigated — low
temperature, desiccation and diapauses progresEmenincrease in relative proportion of 1-
palmitoyl-2-linoleyl-sn-GPE at the expense of liladleyl-snPC was the most prominent
feature of the complex change observed in bothigsslue the autumnal acclimatization in
the field. The relative proportion of total PEs neased, while the proportion of total PCs
decreased. The relative proportion of unsaturagaty facyls slightly decreased. A similar
restructuring response was seen during acclimadizat the field and cold acclimation in the
laboratory. By contrast, the GPL changes relatedi@siccation and diapause progression
were relatively small, differed qualitatively frotine cold-acclimation response.

We also investigated how acclimation at 15, 20 &% °C during preimaginal
development influences the thermal tolerance aacctimposition of membrane PLs in adult
Drosophila melanogasterAcclimation was confirmed by survival test whefftek 60 h at
0°C, more than 80% of the 15 °C-acclimated fliesvised while none of the 25 °C-
acclimated flies survived. Experiments resultedsitoilar trends like in previous case and
proved that low temperature acclimation was assediaith increase of PE at the expense of
PC and small but statistically significant up regidn of PE with linoleic acid but no overall
change in the degree of fatty acid unsaturation.

Last paper demonstrates, for the first time, thabilization of DGs and/or FAs from the
FB of Locusta migratoriaafter injection of AKHs is not uniform. The inddual DG species
are mobilized selectively, preferably with the DGmtaining the C18 and C16 FAs, and
especially the C18 unsaturated oleic acid. Addgilyn it seems there is also at least partial
specificity of individual locust AKHs to certain X3r FAs therewith Locmi-AKH-1 prefers
mobilization of unsaturated FAs (mostly linoleicidgcwhile AKH-II and AKH-III prefer

saturated FAs (mostly stearic and myristic acids).
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8.0 ABBREVIATIONS

AKH
AKH/RPCH
ANOVA
APCI
CAMP
CcC
CID
CL

DG
ELSD
ESI

FA
FID
GC

Hi
HPLC
Chol
LC/MS
LyPL
Lyso PC
Lyso PE
Lo

L

MG
MS

NL

PC
PCA
PE

PG

Pl

Pl

PL

PS
PUFA
SM
SPE
SL

Ta

TG

Th

TIC
TLC
Tm

uv

adipokinetic hormone
adipokinetic hormone/ red pigment concegthormone
analysis of variance
atmospheric pressure chemical ionization
cyclic adenosine monophosphate
corpora cardiaca
collision induced decomposition
cardiolipin
diacylglycerol
evaporative light scattering detector
electro spray ionization
fatty acid
flame ionization detector
gas chromatography
hexagonal phase
high performance liquid chromatography
cholesterol
liquid chromatography/ mass spectrometry
lysophospholipid
lysophosphatidylcholine
lysophosphatidylethanolamine
liquid crystalline phase

gel phase

monoacylglycerol

mass spectrometry

neutral lipid
phosphatidylcholine

principal component analysis
phosphatidylethanolamine
phosphatidylglycerol
phosphatidyl acid
phosphatidylinositole

polar lipid / phospholipid
phosphatidylserine
polyunsaturated fatty acid
sphingomyelins

solid phase extraction
sphingolipid

ambient temperature
triacylglycerol

transition temperature to hexagonal phase
total ion current

thin layer chromatography
transition temperature to gel phase
ultra violet
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Attachment 1 — Table of separation techniques melghid determination

9.0 Attachments
Source Separation Column Detector Mobile phases Lig species and
time consumption
Patto et al, 1990 HPLC N | LiChrospher Si-100 n-hexane/ 2-propanol/methanol
Kim et al, 1994 HPLC R C 18 MS methanol/ n-hexane/}OOH
Neff and Byrdwell HPLC R | Absorbosphere UHS MS/ELSD n-hexane/propionitrile TG/ 120min
1995 C18 250x4,6mm ,10um
Absorbosphere UHS
C18 250x4,6mm, 5um
Byrdwell et al 1996 HPLC R | Absorbosphere UHS MS propionitrile/ dichloromethane/TG/70 min
C18 250x4,6mm, 5um acetonitrile.
Absorbosphere UHS
C18 250x4,6mm ,10um
Caboni et al, 1996 HPLC R ELSD methanol/ chloroform/
30%NH,0OH
Marcato et al, 1996| TLC/SPE| HPLC Cc8 ELSD 0,1%tiacacid/ acetonitrile/
methylene chloride
Murphy et al. 1996 Selectosil silica 250x4,6 mmUV/ELSD n-hexane/ 2-propanol/0,1% |PI+NL/ 50min
5-6um acetic acid
McHowat et al, 1996 HPLC R |C18 uv methanol/ water/ acetonitrile PL /@0
Laakso and SFC N MS TG /50min
Manninen 1997
Silversand et al, TLC HPLC N | LiChrospher 100 Diol ELSD chloroform/fetianol/ acetic
1997 acid / water/ TMP
Fang et al, 1998 HPLC R | Alltech Jordi gel 150x4,6, 5uMS NH,OH 2%< water/ acetonitril
methanol
Homan et al, 1998 HPLC Spherisorb SW silica ELSD isooctane/ tetrahydrofuran/  |Only classes of PL/2
100x4,6mm acetone/ dichlomethane/ 2- |min
propanol/ water
Hvattum et al, 1998 HPLC N | LiChrospher 100 Diol MS chloroform/ meth&no
Landi et al, 1998 HPLC R | Lichrosorb Si-60 250x4,6mnELSD chloroform/methanol/water PL
10um n-hexane/ 2- propanol/water
acetonitrile/methanol/water
Lin et al, 1998 HPLC R C8 uv methanol/ NJOH PL standards/ 50m
Brouwers et al, 1999 HPLC R | LiChrospher followed by RPIMS/ ELSD methanol/ acetonitrile
18 250x4mm
Lin et al, 1999 HPLC R |C18 UV/ELSD methanol/ acetic acid / 2-
propanol/ water

in
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Attachment 1 — Table of separation techniques melghid determination

Sas et al, 1999 HPLC N | YMC-PAK Diol 250x4,6 mm|{ELSD n-hexane: methanol:aceton:
5um acetic acid
Carrier et al, 2000 HPLC R | AAgilent Hypersil MS
100x2,1mm, 5um
Lesnefsky et al, 2000 HPLC N | Alltech Hypersil Silica uv n-hexane/ 2-propanol/ ethanol
250x4,6mm, 5im acetic acid
Lesnefsky et al, 2000 HPLC R | Alltech Hypersil 150x2,2mmMS
5um
Morril et al 2000 HPLC N | 300x3,9mm uv n-hexanep@panol/0,1% Only classes of
acetic acid Lipids/15 min
Mu and Hoy 2000 HPLC Supelcosil LC- MS n-hexane/ 2-propanol
C18 250x4,6mm, 5um
Qiu et al, 2000 TLC HPLC R | C18 Beckman Hypersil MS NH,OH/n-hexane/ methanol
250x4,6mm, 5um
Ostrawska et al, HPLC R |[C18 uv methanol/water/ acetonitrile PL/150mi
2000
Uran et al, 2001 HPLC N | LiChrospher 100 Diol MS chloroform/ meth&no
Larsen et al, 2002 HPLC R |C18 ELSD/MS NECH;COO
Fagan et al, 2004 HPLC N |PVA-guard column ELSD dichlormethane /trigipéntang
Adachi et al, 2004 | SPE HPLC R| C8 Luna 150x1mm, 5um |Q-TOF methanol/ ethanol/ NBOO<
water
Malone and Evans HPLC RP | C 18 BetaBasic 100x1,0mmMS methanol/ 2-propanol Partially separateg
2004 3um TG/35min
Neron et al, 2004 SPE/TLC| HPLC LiChrospher 1006IDi ELSD n-hexane/2-propanol/water
100x4mm, Sum
Ohler et al, 2004 ELSD/NMR
Persson et al, 2007| SPE HPLC ELSD methanoliri@inine/0,5% |Only classes of PL/
formic acid 30 min
NL/ 60 min
Lee et al, 2007 HPLC R/NN — Chrompack ELSD/MS Only classes of NL/
Si60 300x3mm 5um 35 min
R — Ultrasphare ODS
250x4,6mm 5um
Buytovitch et al, HPLC N | Lichrosorb Si-60 250x4,6mmAPCI/MS n-hexane/2-propanol 70 minutes
2007 10um
Mawatari et al, 2007 HPLC LiChrospher 100 Diol ELSD/UV n-hexane/2-propanol/water Only classesldf P
100x4mm, 5'm 30 minut
Sinanoglou et al, HPLC R | RP Novac pack GC/MS awgacetonitrile NL/ 60 min
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Attachment 1 — Table of separation techniques melghid determination

2008

C18 300x3,9mm, 4um

Cvaika et al, 2008 | TLC HPLC RP Novac pack APCI MS acetonitrile/2-propanol TG /130 min.
C18300x3,9mm, 4um couple
with 150x3,9mm 4um

Pang et al, 2008 HPLC Diol 250x3mm, 5um MS nare(2-propanol/ water |Only classes of PL/

/formic acid 50min

Lee et al, 2008 Hypersil BDSCPS ELSD/MS n-hexane/methyl-t-butyl Only classes of NL/
250x4,6mm 5um ether/acetic acid 30 min

Van der Kilift et al, HPLC Nucleosil 100 5-SA (Ag) UV/ELSD/MS methanol/methyl-t-butyl ether| TG/ 260min

2008 coupled Zorbax elipse XDB-
C18 30x4,6mm, 1,8um

Graeve et al 2009 HPLC Chromolith Performance +ELSD isooctane/ethylacetate/2- Only lipid classes / 3

Si100x4,6mm 2um

propanol/ water

min
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Attachment 2 — Table of ionizations techniques ased detectors for lipid determination

literature ionization mode detector target lipids
PL NL
Jensen and Gross 1988 CI/FAB/
i ) MG, DG,
Duffin and Henion 1991 ESI * triple-quadrupole TG fragmentation are shown
Matsubara and Hayashi FAB +/- PC, PE, PS, CER fragmentation are shown
Kerwin et al 1994 ESI +/- triple-quadrupole PC, P5, PIl, SM
Kim et al 1994 ESI + triple-quadrupole PC, PE, P, fragmentation are shown
Neff and Byrdwell 1995 APCI + TG fragmentatiare &hown
Byrdwell et al 1996 APCI + TG fragmentation atewn
Han and Gross 1996 ESI + triple-quadrupole LysolBGo PE fragmentation are shown
Karlsson et al 1996 ESI/APCI +/- triple-quadrupole PC, PE, PS, PI, SM
Brugger et al 1997 nano ESI +/- triple-quadrupole PC, PE, PS, PI, SM fragmentation are shown
Laakso and Manninen 1997 APCI + trap TG fragméneadre shown
Cheng and Gross 1998 ESI/APCI + trap TG fragmimtatre shown
Browers et al 1999 ESI +/- quadrupole PE fragntertaare shown
Fourier transform ion cyclotron
Fridriksson et al 1999 ESI +/-  resonance PC, PE, PS, PI, PG,PA
Khaselev and Murphy 1999 ESI +/- PE fragmentaimshown
Hsu and Turk 2000 ESI + triple-quadrupole PE fragtation are shown
Carrier et al 2000 APCI + triple-quadrupole PC,B¥s0-PC
Mu et al 2000 APCI trap DG, TG fragmentation sinewn
Mu et al 2000 APCI + trap TG fragmentation arevgho
Rutters et al 2000 ESI + trap PC, PE, PS, PI, PG,PA
Taguchi et al 2000 ESI triple-quadrupole PC,PE,PS fragmentation are shown
Lytle et al 2000 ESI - triple-quadrupole PE, PC, PG fragmentation are shown
Delong et al 2001 ESI + triple-quadrupole PC (PCHE, PS fragmentation are shown
Koivusalo et al 2001 ESI +/- triple-quadrupoleftra PC, PE, PS, SM fragmentation are shown
Ekroos et al 2003 ESI + quadrupole - time of flighrap fragmentation are shown
Han and Gross 2003 ESI + PC, PE, PG, PI, PS,SM TG
Hsu et al 2003 ESI + triple-quadrupole PC, LysoPC;o-alkyl fragmentation are shown
Forrester et al 2004 ESI PC, PE, PS, PI, SM,
Malone and Evans 2004 ESI + ion trap TG fragntentaare shown
fragmentations and
Byrdwell 2005 APCI + ion trap TG regioizomers
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Attachment 2 — Table of ionizations techniques ased detectors for lipid determination

Han and Gross 2005
McAnoy et al 2005
Taguchi et al 2005
Cai et al 2006

Murphy et al 2006
Schwundke et al 2006

Thomas et al 2006
Zhang and Reid 2006
Cvacka et al 2008
Pang et al 2008

Cui and Thomas 2009

Hsu and Turk 2009

ESI
ESI
ESI
APCI/APPI/ESI

ESI
ESI

ESI (02)
nano ESI
APCI

ESI

ESI

ESI/MALDI

+/-

+
+/-
+/-

+/-
+/-

+/-

ion trap
triple-quadrupole

triple-quadrupole/ trap
quadrupole - timdight

ion trap

ion trap
ion trap
triple-quadrupole/ trap

triple-quadrupole

triple-quadrupotedp

PC, P§, PI, PG,SM

C.FPE, PS, PI, SM
PC, PE

PA
PC

PE, IS, PI, PG, SM

PC, PE, PS, PA, PG

TG

MG, DG,
TG
TG

TG

MG, DG,
TG

fragmentataoe shown

fragmentation are shown

double bound within fatty
acid determination

fragmentation/ more
ionization study
fragmentation and its
mechanisms are shown.
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Attachment 3 — Table of ions caused by loose diqadar fatty acid in particular TG

no. of carbons : no. of

m/z double bonds 12.0 140 14:1 15:0 16:0 16:1 16:2 07: 17:1 18:.0 18:1 18:2 18:3 190 19:1 204
[M+HN4]+ mass of fatty acid + NH4 217 245 243 259 273 271 926 287 285 301 299 297 295 315 313 321
816 C 484 599 571 573 557 543 545 547 529 531 515 517 519 521 501 503 495
818 C 48:3 601 573 575 559 545 547 549 531 533 517 519 521 523 503 505 497
820 C 48:2 603 575 577 561 547 549 551 533 535 519 521 523 525 505 507 499
822 Cc48:1 605 577 579 563 549 551 553 535 537 521 523 525 527 507 509 501
824 C 48:0 607 579 581 565 551 553 555 537 539 523 525 527 529 509 511 503
826 C 49:6 609 581 583 567 553 555 557 539 541 525 527 529 531 511 513 505
828 C 495 611 583 585 569 555 557 559 541 543 527 529 531 533 513 515 507
830 C 49:4 613 585 587 571 557 559 561 543 545 529 531 533 535 515 517 509
832 C 49:3 615 587 589 573 559 561 563 545 547 531 533 535 537 517 519 511
834 C 49:2 617 589 591 575 561 563 565 547 549 533 535 537 539 519 521 513
836 C49:1 619 591 593 577 563 565 567 549 551 535 537 539 541 521 523 515
838 C 49:0 621 593 595 579 565 567 569 551 553 537 539 541 543 523 525 517
840 C 50:6 623 595 597 581 567 569 571 553 555 539 541 543 545 525 527 519
842 C 50:5 625 597 599 583 569 571 573 555 557 541 543 545 547 527 529 521
844 C50:4 627 599 601 585 571 573 575 557 559 543 545 547 549 529 531 523
846 C 50:3 629 601 603 587 573 575 577 559 561 545 547 549 551 531 533 525
848 C 50:2 631 603 605 589 575 577 579 561 563 547 549 551 553 533 535 527
850 C50:1 633 605 607 591 577 579 581 563 565 549 551 553 555 535 537 529
852 C 50:0 635 607 609 593 579 581 583 565 567 551 553 555 557 537 539 531
854 C51:6 637 609 611 595 581 583 585 567 569 553 555 557 559 539 541 533
856 C51:5 639 611 613 597 583 585 587 569 571 555 557 559 561 541 543 535
858 C51:4 641 613 615 599 585 587 589 571 573 557 559 561 563 543 545 537
860 C51:3 643 615 617 601 587 589 591 573 575 559 561 563 565 545 547 539
862 C51:2 645 617 619 603 589 591 593 575 577 561 563 565 567 547 549 541
864 Ch51:1 647 619 621 605 591 593 595 577 579 563 565 567 569 549 551 543
866 C51:0 649 621 623 607 593 595 597 579 581 565 567 569 571 551 553 545
868 C52:6 651 623 625 609 595 597 599 581 583 567 569 571 573 553 555 547
870 C525 653 625 627 611 597 599 601 583 585 569 571 573 575 555 557 549
872 C52:4 655 627 629 613 599 601 603 585 587 571 573 575 577 557 559 551
874 C52:3 657 629 631 615 601 603 605 587 589 573 575 577 579 559 561 553
876 C52:2 659 631 633 617 603 605 607 589 591 575 577 579 581 561 563 555
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Attachment 3 — Table of ions caused by loose diqadar fatty acid in particular TG

878 C52:11 661 633 635 619 605 607 609 591 593 577 579 581 583 563 565 557
880 C52:0 663 635 637 621 607 609 611 593 595 579 581 583 585 565 567 559
882 C 53:6 665 637 639 623 609 611 613 595 597 581 583 585 587 567 569 561
884 C53:5 667 639 641 625 611 613 615 597 599 583 585 587 589 569 571 563
886 C53:4 669 641 643 627 613 615 617 599 601 585 587 589 591 571 573 565
888 C53:3 671 643 645 629 615 617 619 601 603 587 589 591 593 573 575 567
890 C53:2 673 645 647 631 617 619 621 603 605 589 591 593 595 575 577 569
892 C531 675 647 649 633 619 621 623 605 607 591 593 595 597 577 579 571
894 C 53:0 677 649 651 635 621 623 625 607 609 593 595 597 599 579 581 573
896 C54:6 679 651 653 637 623 625 627 609 611 595 597 599 601 581 583 575
898 C 54:5 681 653 655 639 625 627 629 611 613 597 599 601 603 583 585 577
900 C54:4 683 655 657 641 627 629 631 613 615 599 601 603 605 585 587 579
902 C54:3 685 657 659 643 629 631 633 615 617 601 603 605 607 587 589 581
904 C54:2 687 659 661 645 631 633 635 617 619 603 605 607 609 589 591 583
906 C54:1 689 661 663 647 633 635 637 619 621 605 607 609 611 591 593 585
908 C 54:0 691 663 665 649 635 637 639 621 623 607 609 611 613 593 595 587
910 C 55:6 693 665 667 651 637 639 641 623 625 609 611 613 615 595 597 589
912 C55:5 695 667 669 653 639 641 643 625 627 611 613 615 617 597 599 591
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Attachment 4 — Table of ions caused by loose diqadar fatty acid in particular DG

DG Residuum of fatty acids |
m/z 12:0 | 14:.0 | 14:1 | 15:.0 | 16:0 | 16:1 | 16:2 | 17:0 | 17:1 | 18:0 | 18:1 | 18:2 | 18:3 | 19:0 | 19:1 | 20:0 | 20:4
[M+HN4]+| 217 245 243 259 273 271 269 287 285 301 299 297 295 315 313 329 321 ‘
582 365 337 339 323 309 311 313 295 297 281 283 285 287 267 269 253 261
584 367 339 341 325 311 313 315 297 299 283 285 287 289 269 271 255 263
586 369 341 343 327 313 315 317 299 301 285 287 289 291 271 273 257 265
596 379 351 353 337 323 325 327 309 311 295 297 299 301 281 283 267 275
598 381 353 355 339 325 327 329 311 313 297 299 301 303 283 285 269 277
606 389 361 363 347 333 335 337 319 321 305 307 309 311 291 293 277 285
608 391 363 365 349 335 337 339 321 323 307 309 311 313 293 295 279 287
610 393 365 367 351 337 339 341 323 325 309 311 313 315 295 297 281 289
612 395 367 369 353 339 341 343 325 327 311 313 315 317 297 299 283 291
614 397 369 371 355 341 343 345 327 329 313 315 317 319 299 301 285 293
622 405 377 379 363 349 351 353 335 337 321 323 325 327 307 309 293 301
624 407 379 381 365 351 353 355 337 339 323 325 327 329 309 311 295 303
626 409 381 383 367 353 355 357 339 341 325 327 329 331 311 313 297 305
628 411 383 385 369 355 357 359 341 343 327 329 331 333 313 315 299 307
630 413 385 387 371 357 359 361 343 345 329 331 333 335 315 317 301 309
632 415 387 389 373 359 361 363 345 347 331 333 335 337 317 319 303 311
634 417 389 391 375 361 363 365 347 349 333 335 337 339 319 321 305 313
636 419 391 393 377 363 365 367 349 351 335 337 339 341 321 323 307 315
638 421 393 395 379 365 367 369 351 353 337 339 341 343 323 325 309 317
640 423 395 397 381 367 369 371 353 355 339 341 343 345 325 327 311 319
642 425 397 399 383 369 371 373 355 357 341 343 345 347 327 329 313 321
650 433 405 407 391 377 379 381 363 365 349 351 353 355 335 337 321 329
652 435 407 409 393 379 381 383 365 367 351 353 355 357 337 339 323 331
664 447 419 421 405 391 393 395 377 379 363 365 367 369 349 351 335 343
666 449 421 423 407 393 395 397 379 381 365 367 369 371 351 353 337 345
668 451 423 425 409 395 397 399 381 383 367 369 371 373 353 355 339 347
690 473 445 447 431 417 419 421 403 405 389 391 393 395 375 377 361 369
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Attachment 5 — Table of ions caused by loose diqadar fatty acid in particular PE

PE [M+1] PE [M-141] Residuum of fatty acidssnl

FullScan MS/MS 12.0| 14:.0 | 14:1 | 150 | 16:0 | 16:1 | 16:2 | 17:0 | 17:1 | 18:0 | 18:1 | 18:2 | 18:3 | 19:0 | 19:1 | 204
m/z m/z 200 | 228 | 226 | 242 | 256 | 254 | 252 | 270 | 268 | 284 | 282 | 280 | 278 | 298 | 296 | 304

660 | C30:2 519| 319| 291| 293| 277| 263| 265| 267| 249| 251| 235| 237| 239| 241| 221| 223| 215
662 | C30:1 521 321 | 293| 295| 279| 265| 267| 269| 251| 253| 237| 239| 241| 243| 223| 225| 217
664 | C30:0 523| 323| 295| 297 281| 267| 269| 271 253| 255| 239| 241| 243| 245| 225| 227 219
688 | C32:2 547| 347| 319| 321| 305| 291| 293| 295| 277| 279| 263| 265| 267| 269| 249| 251| 243
690 | C32:1 549| 349| 321| 323] 307| 293| 295| 297| 279| 281| 265| 267| 269| 271| 251| 253| 245
704 | C33:1 563| 363| 335| 337 321| 307| 309| 311| 293| 295| 279| 281| 283| 285| 265| 267| 259
714 C34:3 573| 373| 345| 347| 331| 317| 319| 321| 303| 305| 289| 291| 293| 295| 275| 277 269
716 | C34:2 575 375| 347| 349| 333| 319| 321| 323| 305| 307| 291| 293| 295| 297| 277| 279| 271
718 C34:1 577] 377| 349 351] 335| 321| 323| 325| 307| 309| 293| 295| 297| 299| 279| 281| 273
720 | C34:0 579| 379| 351| 353| 337| 323| 325| 327 309| 311| 295| 297| 299| 301| 281| 283| 275
730 C35:2 589| 389| 361| 363| 347| 333| 335| 337 319| 321| 305| 307 309| 311 291| 293| 285
732 C35:1 591| 391| 363| 365| 349| 335| 337| 339| 321| 323| 307| 309| 311| 313| 293| 295| 287
736 | C36:6 5905| 395| 367| 369| 353| 339| 341| 343| 325| 327| 311| 313| 315| 317| 297 299| 291
738 | C36:5 597| 397| 369| 371| 355| 341| 343| 345| 327| 329| 313| 315 317| 319| 299| 301| 293
740 | C36:4 599| 399| 371| 373| 357| 343| 345| 347| 329| 331| 315| 317| 319| 321| 301| 303| 295
742 C36:3 601| 401| 373| 375| 359| 345| 347| 349| 331| 333| 317| 319| 321| 323| 303| 305| 297
744 C36:2 603| 403| 375| 377| 361| 347| 349| 351| 333| 335| 319| 321| 323| 325| 305| 307 299
746 | C36:1 605| 405| 377| 379| 363| 349| 351| 353| 335| 337| 321| 323| 325| 327| 307| 309| 301
757 | C37:3 616]| 416 388| 390| 374| 360| 362| 364| 346| 348 332| 334| 336| 338] 318| 320| 312
759 | C37:2 618| 418| 390| 392| 376| 362| 364| 366| 348| 350| 334| 336| 338| 340| 320 322| 314
761|C37:1 620| 420| 392| 394| 378| 364| 366| 368| 350| 352| 336| 338| 340| 342| 322| 324| 316
771)|C38:3 630| 430| 402| 404| 388| 374| 376| 378| 360| 362| 346| 348| 350| 352| 332| 334| 326
773]C38:2 632 432 404| 406| 390| 376 378] 380| 362| 364| 348| 350| 352| 354| 334| 336 328
775|C38:1 634| 434| 406| 408| 392| 378| 380| 382 364| 366| 350| 352| 354| 356 336| 338| 330
777]C38:0 636| 436| 408| 410 394| 380| 382 384| 366| 368 352| 354| 356| 358| 338| 340| 332
779 C39:6 638| 438| 410| 412 396| 382| 384| 386| 368| 370| 354| 356| 358| 360| 340 342| 334
781|C39:5 640| 440| 412| 414| 398| 384| 386| 388| 370| 372| 356| 358| 360| 362| 342| 344| 336
783|C39:4 642| 442| 414 416| 400| 386| 388| 390| 372| 374| 358| 360| 362| 364| 344| 346| 338
785|C39:3 644 444| 416| 418| 402| 388| 390 392| 374| 376| 360| 362| 364| 366| 346| 348 340
786 | C39:2 645| 445| 417| 419| 403| 389| 391| 393 375| 377 361| 363| 365| 367| 347| 349| 341
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Attachment 5 — Table of ions caused by loose diqadar fatty acid in particular PE

788|C39:1 647| 447| 419| 421| 405| 391| 393| 395| 377| 379| 363| 365| 367| 369| 349| 351| 343

790 | C39:0 649| 449| 421| 423| 407| 393| 395| 397| 379| 381| 365| 367| 369| 371| 351| 353| 345

792 | C40:6 651| 451| 423| 425| 409| 395| 397| 399| 381| 383| 367| 369| 371| 373| 353| 355| 347

810 | C41:4 669| 469| 441| 443| 427| 413| 415| 417] 399| 401| 385| 387| 389| 391| 371| 373| 365
Acylium residuum of fatty acids

12.0| 140 | 14:1 | 150 | 160 | 16:1 | 16:2 | 170 | 17:1 | 18:.0 | 18:1 | 182 | 18:3 | 19:0 | 19:1 | 204

183 | 211 | 209 | 225 | 239 | 237 | 235 | 2563 | 251 | 267 | 265 | 263 | 261 | 281 279 | 287
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Attachment 6 — Table of ions caused by loose diqadar fatty acid in particular PC

PC [M+1]-RCOOH

Residuum of fatty acids

m/z 12.0 | 14.0 | 141 | 150 | 16:0 | 16:1 | 16:2 | 17:.0 | 17:1 | 180 | 18:1 | 18:2 | 18:3 | 19:0 | 19:1 | 20:0 | 20:4
200 228 226 242 256 254 252 270 268 284 282 280 278 298 296 312 304

664 | C27:0 464 436 438 422 408 410 412 394 396 380 382 384 386 366 368 352 360
6741C28:2 474 446 448 432 418 420 422 404 406 390 392 394 396 376 378 362 370
676 | C28:1 476 448 450 434 420 422 424 406 408 392 394 396 398 378 380 364 372
688 | C29:2 488 460 462 446 432 434 436 418 420 404 406 408 410 390 392 376 384
690 | C29:1 490 462 464 448 434 436 438 420 422 406 408 410 412 392 394 378 386
7041 C30:1 504 476 478 462 448 450 452 434 436 420 422 424 426 406 408 392 400
714 C31:3 514 486 488 472 458 460 462 444 446 430 432 434 436 416 418 402 410
716|C31:2 516 488 490 474 460 462 464 446 448 432 434 436 438 418 420 404 412
718 C31:1 518 490 492 476 462 464 466 448 450 434 436 438 440 420 422 406 414
720| C31:0 520 492 494 478 464 466 468 450 452 436 438 440 442 422 424 408 416
728 | C32:3 528 500 502 486 472 474 476 458 460 444 446 448 450 430 432 416 424
730 C32:2 530 502 504 488 474 476 478 460 462 446 448 450 452 432 434 418 426
732 | C32:1 532 504 506 490 476 478 480 462 464 448 450 452 454 434 436 420 428
740| C33:4 540 512 514 498 484 486 488 470 472 456 458 460 462 442 444 428 436
742 | C33:3 542 514 516 500 486 488 490 472 474 458 460 462 464 444 446 430 438
7441C33:2 544 516 518 502 488 490 492 474 476 460 462 464 466 446 448 432 440
746 | C33:1 546 518 520 504 490 492 494 476 478 462 464 466 468 448 450 434 442
751|C34:6 551 523 525 509 495 497 499 481 483 467 469 471 473 453 455 439 447
753 | C34:5 553 525 527 511 497 499 501 483 485 469 471 473 475 455 457 441 449
755|C34:4 555 527 529 513 499 501 503 485 487 471 473 475 477 457 459 443 451
757 [ C34:3 557 529 531 515 501 503 505 487 489 473 475 477 479 459 461 445 453
759 C34:2 559 531 533 517 503 505 507 489 491 475 477 479 481 461 463 447 455
761 [C34:1 561 533 535 519 505 507 509 491 493 477 479 481 483 463 465 449 457
779|C36:6 579 551 553 537 523 525 527 509 511 495 497 499 501 481 483 467 475
781 | C36:5 581 553 555 539 525 527 529 511 513 497 499 501 503 483 485 469 477
783 C36:4 583 555 557 541 527 529 531 513 515 499 501 503 505 485 487 471 479
785 | C36:3 585 557 559 543 529 531 533 515 517 501 503 505 507 487 489 473 481
786 | C36:2 586 558 560 544 530 532 534 516 518 502 504 506 508 488 490 474 482
788 | C36:1 588 560 562 546 532 534 536 518 520 504 506 508 510 490 492 476 484
790 C36:0 590 562 564 548 534 536 538 520 522 506 508 510 512 492 494 478 486
792 | C37:6 592 564 566 550 536 538 540 522 524 508 510 512 514 494 496 480 488
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Attachment 6 — Table of ions caused by loose diqadar fatty acid in particular PC

PC [M+1]-
R2CH=0 Residuum of fatty acids fromsn-1position

m/z 12:0 | 14.0 | 141 | 150 | 16:0 | 16:1 | 16:2 | 170 | 17:1 | 180 | 18:11 | 18:2 | 183 | 19:0 | 19:1 | 20:0 | 20:4
182 210 208 224 | 238 236 234 | 252 250 266 | 264 | 262 260 280 278 294 | 286

674]C28:2 492| 464| 466| 450| 436| 438| 440| 422| 424| 408| 410| 412 414| 394| 396| 380| 388
676 [C28:1 494 | 466 | 468| 452| 438| 440| 442| 424 426| 410 412| 414 416| 396| 398| 382 390
688 [ C29:2 506| 478| 480| 464| 450| 452| 454| 436| 438| 422| 424| 426| 428| 408| 410| 394| 402
690 | C29:1 508| 480| 482| 466| 452| 454| 456| 438| 440| 424| 426| 428| 430| 410| 412 396| 404
704]C30:1 522| 494| 496| 480| 466| 468| 470| 452| 454| 438| 440| 442 444| 424| 426 410| 418
714[C31:3 532| 504| 506| 490| 476| 478| 480| 462| 464| 448| 450| 452| 454| 434| 436| 420| 428
716|C31:2 534| 506| 508| 492| 478| 480| 482| 464| 466| 450| 452| 454| 456| 436| 438| 422 430
718 [ C31:1 536| 508| 510| 494| 480| 482| 484| 466| 468| 452| 454| 456| 458| 438| 440| 424| 432
720[C31:0 538| 510| 512| 496| 482| 484| 486| 468| 470| 454| 456| 458| 460| 440| 442 426| 434
728 [C32:3 546| 518| 520| 504| 490| 492| 494| 476| A4A78| 462| 464| 466| 468| 448| 450| 434 | 442
730 C32:2 548| 520| 522 506| 492 494| 496| 478| 480| 464| 466| 468| 470 450| 452 436| 444
732 C32:1 550| 522 524| 508| 494| 496| 498| 480| 482| 466| 468| 470| 472| 452| 454 438| 446
740 C33:4 558| 530| 532 516| 502 504| 506| 488| 490| 474| 476 A478| 480| 460| 462| 446| 454
742[C33:3 560| 532| 534| 518| 504| 506 508 | 490| 492| 476| 478| 480| 482| 462| 464 448| 456
744]1C33:2 562| 534| 536| 520 506 508 510| 492| 494| 478| 480| 482| 484| 464| 466| 450| 458
746 [C33:1 564 | 536| 538| 522| 508 510| 512 494| 496| 480| 482| 484| 486| 466| 468| 452| 460
750 [ C34:6 568| 540| 542 526| 512 514| 516| 498| 500| 484| 486 488| 490| 470| 472| 456| 464
752 | C34:5 570| 542| 544| 528| 514| 516 518 500| 502| 486| 488| 490| 492| 472| 474| 458| 466
755(C34:4 573| 545| 547 531| 517 519 521| 503| 505| 489| 491| 493| 495| 475| 477| 461| 469
757[C34:3 575| 547 549| 533| 519 521 523| 505| 507| 491| 493| 495| 497| 477| 479 463| 471
759|C34:2 577| 549| 551| 535 521 523 525| 507 509| 493| 495| 497| 499| 479| 481| 465| 473
761[C34:1 579| 5b1| 553| 537| 523 525| 527| 509| 511| 495| 497| 499 501 | 481| 483| 467| 475
779 C36:6 597| 569| 571| 555 541 543 545| 527 529| 513| 515 517 519| 499| 501| 485| 493
781|C36:5 599| 571| 573| 557| 543 545| 547| 529| 531| b515| 517 519 521| 501 503| 487| 495
783]C36:4 601| 573| 575| 559| 545 547 549| 531| 533| 517 519 521 523| 503| 505| 489| 497
785[C36:3 603| 575| 577| 561| 547 549 551| 533| 535| 519| 521 523 525| 505| 507| 491| 499
786 [ C36:2 604| 576| 578| 562 548 550 552| 534| 536| 520 522 524 | 526| 506| 508| 492 500
788 [ C36:1 606| 578| 580| 564| 550| 552 554| 536| 538| 522| 524| 526 528 | 508| 510| 494| 502
790]C36:0 608| 580| 582 566| 552 554| 556| 538| 540| 524| 526 528 530| 510| 512| 496| 504
792 [ C37:6 610| 582| 584| 568| 554| 556 558 | 540| 542| 526| 528 530| 532| 512| 514 498| 506
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Attachment 7 — Unpublished PLs and NLs determimatio

Unpublished determinated PLs in positive neutral
D.melanogaster whole body sample mode negative mode loose
mark [M+H] * [M-H] = | [M+59]
476 Lyso PE 18:3 476.4 474.4 - -18/-141
466 Lyso PC 14:1 466.4 464.4 - -18
478 Lyso PE18:4 478.4 476.4 - -18/-141
454 Lyso PE 16:Q 454.4 452.4 - -18/-141
480 Lyso PE 18:1 480.4 478.4 - -18/-141
494 Lyso PC 16:1 494.4 492.4 - -18
520 Lyso PC 18:4 520.4 518.4 - -18
496 Lyso PC16:0 496.4 494.4 - -18
522 Lyso PC 18:1 522.4 520.4 - -18
468 Lyso PC 14:0 468.4 466.4 - -18
452 Lyso PE 16:1 452.4 450.4 - -18/-141
660 PE 14:1/16:1 660.5 658.5 - -141
662 PE 16:1/14:0  662.5 660.5 - -141
688 PE 16:1/16:1 688.5 686.5 - -141
688 1 PE 14:0/18:2 688.5 686.5 - -141
714 PE 16:1/18:2 714.5 712.5 - -141
714 1 PE 16:0/18:3 714.5 712.5 - -141
740 PE 18:2/18:2 740.5 738.5 - -141
702 PC 14:1/16:1//16:1/14:1  702.4 - 760.4
690 PE 16:0/16:1//16:1:16:0  690.5 688.5 - -141
786 PS PS 18:1/18:2 786.5 784.5 - -185
716 PE 16:1/18:1//18:1/16:1 716.5 714.5 - -141
716 1 PE 16:0/18:2 716.5 714.5 - -141
742 PE 18:2/18:1//18:1/18:p  742.5 740.5 - -141
704 PC 14:0/16:1 704.5 - 762.5
788 PS PS 18:1/18:1 788.6 786.6 - -185
730 PC 16:1/16:1 730.6 - 788.6
704 1 PC 16:0/14:1 704.5 - 762.5
730_1 PC 14:0/18:2 730.6 - 788.6
756 PC 16:1/18:2 756.6 - 814.6
718 PE 16:0/18:1 718.5 716.5 - -141
744 PE 18:1/18:1 744.5 742.5 - -141
782 PC 18:2/18:4 782.6 - 840.6
744 1 PE 18:0/18:2 744.5 742.5 - -141
790 PS PS 18:0/18:1 790.5 788.5 - -185
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PC 16:0/16:1//16:1/16:0{/
732 14:0/18:1 732.6 - 790.6
758 PC 16:1/18:1//18:1/16:1 758.6 - 816.6
792 PS PS 18:0/18:0 792.5 790.5 - -185
758 1 PC 16:0/18:2//18:216:0 758.6 - 816.6
746 PE 18:0/18:1 746.5 7445 - -141
784 PC 18:1/18:2//18:2/18:1 784.6 - 842.6
760 PC 16:0/18:1//18:1/16:0 760.6 - 818.6
786 PC 18:1/18:1 786.6 - 844.6
786 1 PC 18:0/18:2 786.6 - 844.6
788 PC 18:1/18:0 788.6 - 846.6
Unpublished determinated
TGs in P.apterus fat body
sample
mark |[M+NH4]* | C:DB TG ID
828 828.6 C 49:5 13:1/18:2/18:2
830 830.6 C 49:4 13:1/18:1/18:2
842 1 842.6 C 50:5 14:0/16:0/20:5
842 2 842.6 C 50:5 13:1/18:2/19:2
846 846.6 C50:3 14:0/18:1/18:2
848 848.6 C50:2 16:0/16:0/18:2
850 850.6 C50:1 16:0/16:0/18:1
860 860.6 C51:3 16:0/17:1/18:2
870 1 870.6 C 525 16:1/18:2/18:2
870 2 870.6 C 525 16:2/18:1/18:2
872 1 872.6 C52:4 16:/18:1/18:2
872 2 872.6 C52:4 16:0/18:2/18:2
874 874.6 C52:3 16:0/18:1/18:2
876 1 876.6 C52:2 16:0/18:1/18:1
876 2 876.6 C52:2 16:0/18:0/18:2
878.6 878.6 C52:1 16:0/18:0/18:1
882 1 882.6 C 536 17:2/18:2/18:2
882 2 882.6 C 536 17:3/18:1/18:2
884 884.6 C 535 17:1/18:2/18:2  17:2/18:1/18:2 |2:1
886 1 886.6 C 534 17:1/18:1/18:2
886 2 886.6 C 534 16:0/18:2/19:2
888 888.6 C53:3 17:1/18:0/18:2 16:0/18:1/19:2 1:1
890 1 890.7 C53:2 16:0/18:1/19:1
890 2 890.7 C53:2 15:0/18:2/20:0
894 1 894.7 C54:7 18:1/18:2/18:4
894 2 894.7 C54:7 18:2/18:2/18:3
896 896.7 C54:6 18:2/18:2/18:2  18:1/18:2/18:3
898 1 898.7 C 545 18:1/18:2/18:2
898 2 898.7 C 545 18:2/18:2/18:1
900 1 900.7 C54:4 18:1/18:1/18:2
900 n 900.7 C54:4 18:0/18:1/18:3
900 2 900.7 C54:4 18:0/18:2/18:2
902 1 902.7 C54:3 18:1/18:1/18:1
902_2 902.7 C54:3 18:0/18:1/18:2
904 1 904.7 C54:2 18:0/18:1/18:1
904 2 904.7 C54:2 18:0/18:0/18:2
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910 1 | 9107 C 55:6
912 1 | 9127 C 555
912 2 | 9127 C 555
914 914.7 C 55:4
914 n | 9147 C 55:4
916_1 | 916.7 C55:3
916 2 | 916.7 C 55:3
926 1 | 9267 C 565
928 928.7 C 56:4
930 930.7 C56:3
942 942.7 C57:4
944 944.7 C57:3
946 946.7 C57:2
956 956.7 C 58:6

18:2/18:2/19:2
18:2/18:2/19:1
18:1/18:2/19:2
18:1/18:2/19:1
18:0/18:3/19:1
18:0/18:2/19:1
18:1/18:2/19:0
18:2/18:2/20:1
18:1/18:2/20:1
18:1/18:2/20:0
18:2/19:1/20:1
18:2/19:0/20:1
18:2/19:0/20:0
18:2/18:2/22:0

Unpublished determinated
DGs in P.apterus

haemolymph sample

mark _ |[M+NH4]* [C:DB DG ID
582 582.3 C32:2 16:1/16:1
584 584.3 Cc32:1 16:0/16:1
586 586.3 C32:0 16:0/16:0
608 608.4 C 343 16:1/18:2
610 610.4 C 34:2 16:0/18:2
612 612.4 C34:1 16:0/18:1
614 614.4 C 34:0 16:0/18:0
620 620.4 C35:4 17:2/18:2
622 622.4 C35:3 17:1/18:2 17:2/18:1
622_1 | 622.4 C35:3 17:0/18:3
624 624.4 C35:2 17:1/18:1
624_1 | 624.4 C35:2 17:0/18:2
626 626.4 C35:1 17:0/18:1
630 630.4 C 36:6 18:3/18:3
632 632.4 C 365 18:2/18:3
634 634.4 C36:4 18:2/18:2
634_1 | 634.4 C 36:4 18:1/18:3
636 636.4 C 36:3 18:1/18:2
636_1 | 366.4 C 36:3 18:0/18:3
638 638.4 C 36:2 18:1/18:1
638_1 | 638.4 C 36:2 18:0/18:2
640 640.4 C36:1 18:0/18:1
642 642.4 C 36:0 18:0/18:0

1:1
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