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From DNA to lipids and... from lipids to DNA
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Lipidomics, the systems-level -

Ty

TN scale analysis of lipids and their
e i interacting partners, can be
/’ .. viewed as is a sub-discipline of
" 'metabolomics’.
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Genes encode proteins that collectively, and together with
environmental factors, lead to the metabolite inventory of a cell,

tissue or body fluid.
M.R. Wenk, Nature 2005



Lipidomics is an emerging field...
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A Global Approach to Lipid Analysis in Biological Systems

O Lipids are broadly defined as hydrophobic or amphiphilic small
molecules that originate either entirely or in part from two distinct
types of building blocks: ketoacyl and isoprene groups.

Q Lipids are structurally highly diverse owing to the many possible
variations of the lipid building blocks and how these blocks are
linked. It has conservatively estimated that the theoretical number
of lipids covering major lipid classes is close to 200 000.

O Lipids are very abundant in biological systems, constitute 50% of
the mass of most animal cell membranes and exhibit an important
degree of specialization in specific cellular compartments.

O Maintenance of an appropriate lipid composition in the cellular
membranes is required to ensure membrane fluidity, tfopology of
attached proteins, activity of membrane-bound enzymes, degree of
exposure of surface proteins, lateral mobility of receptors and
activation of specific signaling pathways.



Diverse biological roles of lipids

Membrane structure and function
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STRUCTURAL ASPECTS
OF LIPIDS



Lipids : definition

The major difference between lipids and other major components of
living tissue is their solubility in organic solvents.

Lipids are defined either by these solubility characteristics or by
the presence of long hydrocarbon chains; however, not all lipids
satisfy both definitions.

Lipids may be broadly defined as
hydrophobic or amphiphilic small molecules
that originate entirely or in part from two
distinct types of biochemical subunits or
"building blocks": ketoacyl and isoprene
groups.

Fahy E. et al, Journal of Lipid Research, 2005, 46, 839



Lipids classification:biosynthetic routes
1: Carbanion-based condensation
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Lipids classification:biosynthetic routes
2. Carbocation-based condensation

Sterols

Carbocation

intermediate




Structural diversity of glycerophospholipids

Saturated fatty acid

Glycerophospholipid
(e.g., palmitic acid)

(general structure) o
|

1cHz_o_c\/\/\/\/\/\/\/\

]
A H_o_c\/\/\/\/=\/\/\/\/
o]
Unsaturated fatty acid

; [
CH;—O—P—0—X

o~ Head-group
substituent

(e.g., oleic acid)

ether-linked alkene ether-linked alkane
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Structural diversity of glycerophospholipids

Name of Net charge
glycerophospholipid Name of X Formula of X (at pH 7)
Phosphatidic acid - —H -1
+
Phosphatidylethanolamine Ethanolamine — CH;—CH>—NH3 0
+
Phosphatidylcholine Choline — CH2—CH2>—N(CH3)3 0
+
Phosphatidylserine Serine —CHz—CI H—NH3 -1
Co0~
Phosphatidylglycerol Glycerol Rl CHz—CIH —CH2>—OH -1
OH
H o—®
6 5
Phosphatidylinositol myo-Inositol 4,5- OH H H -4
4,5-bisphosphate bisphosphate 1 4
H \OH HO 0—®
23
H H
Cardiolipin Phosphatidyl- _CIHz -2
glycerol CHOH O
I
CH,—O0—P—0—CH>
o o
.
CH—O0—C—R
(o)
| =
CH;—O0—C—R




Structural diversity of sphingolipids

Sphingosine
HO —3CH— CH=CH— (CH5);2—CHs

TCH,—0—X

Sphingolipid
(general
structure)

Fatty acid

Name of sphingolipid

Name of X Formula of X

Ceramide

Sphingomyelin

Neutral glycolipids
Glucosylcerebroside

Lactosylceramide
(a globoside)

Ganglioside GM2

— —H

l +
Phosphocholine — P—O— CH,—CH,—N(CH3)3

o-
CH,OH
(o)
Gl il
ucose OH H
H
OH
H OH

Di-’ tri-, o @ @
tetrasaccharide

Complex |
oligosaccharide 4< Glc>—<Ga|>—<a|NA>




Galactolipids and Sulfolipids in Chloroplasts

. |
* Galactose (or DiGal Ho /N9 CH: e
. M i
or TriGal) attached N\ R e
to C3 of glycerol "o
CH,OH
(o)
+ Sulpholipids contain = (G Y c—od A mm
sulphonate on sugar Yo | c!H_o_ﬂ AN A=A
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" H (DGDG)
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. o
replaces typical o—4—ch, o
phosphate charge ° o TRV
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(a sulfolipid)



Archael "Extremophile" Lipids

Glycerol phosphate
[0}

Diphytanyl groups -o—ﬂ—o—cuz

I
H
H2C—0 <} HEOH
| o--g;'gHz CH,OH
Glycerol HC
| 0—¢H2  Glycerol
HoC

l
(o]

aGle(1—2)Gal-1

 Longer acyl chains and dual head groups can can
replace 2 normal phospholipids

— Replace a bilayer with a monolayer
 Ether linkages
* More stable at high temperatures, acid environments



Chemodiversity of lipids given by:

« Backbone type : glycerol or sphingosine

* Head type : Phospho- or glyco

 Acyl, alkyl, vinyl-ether, isoprenyl and oxidized chains

« Number of chains: MAG,DAG, TAG, Lyso PL, PAF etc..

 Chains length and unsaturation index

« Double bonds positions and E/Z stereochemistry: w-6/0-3 PUFA
 Regioisomeric distribution of the chains at sn-1 and sn-2

* Phospho-heads types: PC,PE, PG, PSPT, CL, lyso

« Absolute stereochemistry at sn-2 of glycerol and of oxylipins

chiral centers (hydroperoxy- derivatives produced by LOXs)



How to call POPC in the new nomenclature system?

Compound ID : LMGP01010005 http://www.lipidmaps.org/ 8'3%8
0 0 |
/\/\/\/\/\/\/\)J\ P
O s Ohd O

]
1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine

Database identifier

-Digits 1-2: Database: LM (LIPID MAPS)

-Digits 3-4: Category: GP (Glycerophospholipids)

-Digits 5-6: Class: 01 (Glycerophosphocholines)

-Digits 7-8: Subclass: 01 (Diacylglycerophosphocholines)

-Last 4 digits: Unique identifier within subclass: 0005

This system can specify 1.68 million individual lipids.
Advantages of this alphanumeric system of lipid homenclature
for database storage and retrieval (bioinformatics manageability).



BIOSYNTHETIC PATHS TO
PHOSPHOLIPIDS



Biosynthesis of phosphatidic acid

Glucose
Glycolysis
v o
lﬂ
HO/HK\O(O/ ~on HO/X\OH
o @ HO H
Dihydroxyacetone-phosphate Glycerol
+H*
ADP
Glycerol-3- +
phosphate NAD
dehydrogenase ﬁ
HO™ ™) O?P\OH
HO H
sn-glycerol-3-phosphate
o AMP + C/OA-SH o
acyl )I\SC o~ R)J\O-
transferase Ri ° acyl-CoA !
synthetase
CoA-SH
acyl Rz)I\SCOA‘ acyl-CoA R o
transferase synthetase
CoA-SH
)OJ\ ﬁ
R Yo \S.(\O(O/P\OH
R, O H

o Phosphatidic acid

Precursors
— Fatty acids
— sn-glycerol-3-phosphate

sn-glycerol-3-phosphateis

produced fromthe

— Reduction of DHAP by
glycerol phosphate
dehydrogenase OR

— Phosphorylation of glycerol
by glycerol kinase and ATP

Acyl transferases perform two
successive esterifications with
fatty acyl Co A to generate
phosphatidic acid

%ogo0

E.A. DENNIS 2010 ©



Biosynthesis of triacylglycerols (TAGS)

O 0
)I\ Ig
R, 0/\;(\0./0/ ~OH
R, O H

9] Phosphatidic acid

phosphatidic
acid phosphatase
Pi
O /
R1)I\ O/\;S(\OH
R, O H

9] 1,2-diacylglycerol

 Phosphatidic acid
phosphatase removes the
phosphate producing 1,2-
Diacylglycerol

 An acyl transferase
)OJ\ transfers an acyl CoA to
SCoA position 3.

diacylglycerol
acyltransferase

CoA-SH
O O
R1)I\O o)kR3
Ren O H 02299,
0] triacylglycerol 066860

E.A. DENNIS 2010 ©



Biosynthesis of glycerophospholipids (GPL)

glycerol phosphodiester

Glycerophospholipids (or phospholipids) can be made from
— Phosphatidic acid OR

— Diacylglycerol

There are many different head groups which can be linked
to the C3 of glycerol by a phosphodiester bond

Cytidine triphosphate (CTP) provides the synthetic energy
In the synthesis of all PLs



Biosynthesis of glycerophospholipids (GPL)

Strategy 1: Headgroup activated with CDP Strategy 1: The polar head group
Is activated before being attached

R)I\O/\(\OH to the lipid
Ry O ™ — Used during the synthesis of PE
\Ll/ NH, and PC
1,2-diacylglycerol N
75 LA

P P
07 \O/ \O

- _O/
O
| O
Head 0 o

SRl OH OH )]\ I
/\(\o // ~ o Head
0 group

o
Ek %{ Glycerophospholipid
NN

e s

o/ \o/op\o o Strategy 2: The hydrophoblc tail

0 H ( o of diacylglycerol is activated
rather than the polar head group
OH . .

CDP-diacylglycerol gﬁ) o — Used during the synthesis of PI
and PG 090
Strategy 2. Diacylglycerol activated with CDP S wowrQ
0880

E.A. DENNIS 2010 ©



De novo synthesis of phosphatidylcholine (PC)

ATP ADP o
s L e - PCis the most abundant

| NG Choline kinase

d \/\T< phospholipid in eukaryotic cells

Choline CTP:phosphocholine i ithi
oytidy] tremsforaso Phosphocholine « PCis also known as lecithin
NH
2 CTP
B

N O

De Novo Synthesis
* Choline is phosphorylated

o 1 « Cytidyltransferase makes CDP-
ﬁ CDP-choline choline
A NGENG « C3 OH groups of DAG attacks
|\

CDP-choline Rz o H
1,2diacylglycerol \"/ 1,2-diacylglycerol
0

phosphocholine

the phosphoryl groups of the
activated CDP-choline
displacing CMP and yielding the
glycerophospholipid

transferase \
CMP
Y
0o o]
P |
R 0 : o— >~
T /X\ -o/ O\/\N /
Rn 0 > 22920,
\"/ O/w‘\l_lP[D MAPS Lo
o] Phosphatidylcholine 066\0

E.A. DENNIS 2010 ©



BIOPHYSICAL ASPECTS
OF LIPIDS
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Lipids dynamics in cell membranes

(a) Uncatalyzed transverse (b) Transverse difftfsion
(“flip-flop”) diffusion catalyzed by flippase
XA : 00
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Lipid composition of cell membranes
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Phospholipid Fatty acid Lysophospholipid

Positive

Phospholipids in which the polar head group and the fatty acid
chains have similar sizes are thought to adopt a cylindrical shape
in membranes (filled circles symbolize the polar head groups,
wavy lines represent the fatty-acid chains).

In an aqueous environment, cylindrical lipids produce stable planar
monolayers, whereas conical and inverted-conical lipids produce
monolayers with negative or positive curvature, respectively.



Structure-geometry relationships

PEs have a small head group
ou  relative to its acyl chains and
fits better on the inner leaflet
of a spherical lipid bilayer. This
~—-  conical shape creates a stress in
U the bilayer: the PE-containing
=D monolayer has a tendency to
PC PE SM aFiol adopt a negative curvature

.
v

On the other hand, PC or SM
have a larger polar head group
and fit better in the outer
leaflet (as lysoPLwhich, however
form micelles when present in
pure liquid form). They tend to
order membranes via their

Cellular lipidomics , Van Meer, EMBO sfraight chains and their high

affinity for the flat ring
Journal 2005, 24, 3159 structure of cholesterol (chol).

2
3

L

%(‘ )
}:'s’

o9




Structure-geometry relationships

MOLECULAR

LIPIDS
SHAPE

Lysophospholipids
Detergents

Inverted Cone

Phosphatidylcholine
Sphingomyelin B = I
Phosphatidylserine
Phosphatidylinositol
Phosphatidylglycerol
Phosphatidic Acid
Cardiolipin
Digalactosyldiglyceride

Cylindrical

Phosphatidylethanolamine
Cardiolipin - Ca2*
Phosphatidic Acid - Ca2*
Phosphatidic Acid (pH<3.0)
Phosphatidylserine (pH<4.0)
Monogalactosyldiglyceride

Hexagonal (H))) Cone




Lipid phases in membranes

Liquic-crystaline Unsaturated hydrocarbon chains are

liquid-disordered

E8 Lol found in most glycerophospholipids,
o so these tend to be enriched in
o-rstums)  |liguid, disordered phases
e Long, saturated hydrocarbon chains
Sorty are found in sphingomyelin (SM), so

— SM-rich mixtures tend to adopt
o-sewforws)  Solid-like phases;

i odeed, Sterols by themselves do not form
CorL) bilayer phases, but together with a
o bilayer-forming lipid, the liquid-
o-rstums)  ordered phase can form.

This remarkable phase has the high
S = the order parameter of a order of a solid but the hlgh
segment of acyl chain translational mobility of a liquid.
D, = the translational diffusion
coefficient.



What does a lipid bilayer look like?

o ¥ Hm
" ; Center slice of one
leaflet from molecular
dynamics simulation
of 200-PC lipid
bilayer.

End view.

ae H Heller, M
wf*" Schaefer & K
#% & " Schulten, J Phys

Chem 97:8343,
1993.

r"l .,.r.._n‘h)ml _.t l"T }u P
Q%;.(l;? fa) ‘,\_‘““." },,; **r’v 4 r -." .

R Q_ #’,f = Q
4'3'"‘ 4" 1-palmitoyl 2-oleoyl
phosphatidyl
choline

Nitrogen Phosphorus

Uther phospholipid atoms

http://blanco.biomol.uci.edu/
http://www.umass.edu/microbio/rasmol/slicealt.htm



http://www.umass.edu/microbio/rasmol/slicealt.htm
http://blanco.biomol.uci/edu/
http://blanco.biomol.uci/edu/

Summary of factors affecting lipid organization

Temperature and double bonds saturation

« High temperature and unsaturation favors La & HII

« Low temperature and saturation favors Lb

Lipid shape

* Predominantly bilayer lipids: PC, PI, DGDAG, PS, PG, CL
* Non-bilayer lipids: PE, CL (Me*?), Plasmalogens, MGDAG.

* High unsaturation or temperature favors non-bilayer

Local pH and ionic_strength

Reduction of charge repulsion for PA and CL favors non-

bilayer.



Membranes : fluid mosaic or...

The original description of the "fluid-mosaic” model suggested
that membrane proteins were floating in a homogenous bed of
excess lipid arranged in a bilayer

Oligosaccharide
chains of
glycoprotein

Lipid
bilayer

| = LAY ) e % e
- ‘ U@ ITZ 2
,Q@ODOOQG/)'(}Q 2OAAVIVE -
/  Inside |

A Sterol
=0

' %J In.teglral protein Pf;ltréli\neral Integral protein
Peripheral (smg:tran;— " P ~ alenl (multiple trans-
protein membrane helix) covaenvy membrane helices)

linked to lipid



Membranes : fluid mosaic or heterogenous?...

The lipid-lipid and lipid-protein interactions appear to be much
more dynamic than first appreciated. Lipid microdomains rich in
cholesterol, sphingomyelin, and glycolipids, called “lipid rafts”, play
a role in cell signaling by their relative abundance of (GPI)-

anchored proteins as well as receptor and non-receptor kinases.

Raft, enriched in
sphingolipidls, cholesterol

7

GPI-linked
protein

Cholesterol

Outside

, | Inside

v) Aclaroups acylated
(palmitoyl, L ylat

Prenylated myristoyl) Caveolin protein

protein



Lipid Rafts: evidences by Atomic Force Microscopy

When added to a preformed sphingolipid/DOPC bilayer, intestinal
alkaline phosphatase showed preferential insertion into the
sphingomyelin domains

AFM reveals sphingomyelin
rafts (orange) protruding
from a DOPC background
(black) in a mica-supported
lipid bilayer.

Placental alkaline
phosphatase (PLAP; yellow
peaks), a GPI-anchored
protein, is shown to be
almost exclusively raft
associated.

ChOIQSTer‘OI Henderson R M et al. Physiology 2004;19:39-43



CHEMICAL ASPECTS
OF LIPIDS



Lipid Oxidation and Lipids as Markers of Disease

Polyunsaturated fatty chains possess
a bis-allylic carbon which is
particularly susceptible to oxidation.

These protons can be abstracted,
either by enzymes (such as LOX and
COX) in the initial step of eicosanoid
production or by free radicals
leaving a carbon with an unpaired
electron.

This carbon-centered free radical
undergoes molecular rearrangement
to form a conjugated diene and then
reacts with oxygen (O,) to form a
peroxyl radical

H{1Cs™ "~ (CH,);COOH
H H .
Fe“*

¢< Fe2* + H

Hyq CE/V-_\(CHE)?COOH

H

|

- N —
Hi1Cs~ 7 N(CH,),COOH

*0-0 ¢

)%
H{,C (CH5);COOH

5

¢ < Fe?*+ H*
H, Fe?*
0-0
\

W —
Hi1Cs~ ¥~ N(CH,),COOH




ANALYTICAL METHODS FOR
LIPIDS ANALYSIS



How to analyze entire cellular lipidome?

Identification of all cellular lipids - lipidome
Analytical platforms with high sample throughput
Ability to quantify lipids at a broad dynamic range

Data processing & handling
Pattern-recognition; Data-mining

Integration with other "omics” data



Traditional methods for Lipids analysis: multi-step

approaches

Extraction of lipids
- TAGs, PLs, glycolipids etc

Chromatographic separation of lipids There are also:
- TLC: (followed by derivatisation, enzymatic hydrolysis to determine
scraping off bands, detection, fatty acid positions

quantification)
- LC: normal or reversed-phase
Separation of PL classes

- HPLC: with UV/fluorescence
detection (w/wo derivatisation)

- HPLC: with ELSD detection
Fraction collection

- Collection of separated PL classes
Hydrolysis N

- Fatty acids D

- Polar head group

Derivatisation T .
ese e ive
- Derivatisation of fatty acids hes Clppf'OGCh S g a

Identification of derivatised fatty acids QIObal overview of
using 6C and/or 6C-MS compositional information

regarding PLs

determination of phosphorous content

Lack of universal HPLC detector
for direct measurement of PLs.

41



Mass spectrometry

«EST (electron spray ionization)

+«MALDI (matrix-assisted laser
desorption/ionization)

» coupling with HPLC or TLC

High resolution NMR

Most common nuclear probes are
H and 3'P

Investigation of the composition,
structure and dynamics of
biomembranes

Merits
« High sensitivity

. Direct profiling of mixtures

Merits
Not destructive

Quantitative measurements

Limits

. Difficulties in quantitative
analysis

« Not adequate for structural
definition of new lipids

Limits
Low sensitivity

Strong signals overlap even at
high magnetic fields



What do actual methods measure?

Gas chromatography (GC)Lipophi“C tail HYdr'Opjl'li“C head

* OK for fatty acyls o N O N

. Not suitable for
plasmenyl or sphingolipids

chains 4=

Liquid
chromatography
(LC): information
on individual PL
classes (PC, PE,PI)

31P-NMR :
information on PL
classes

Different methods give different information but it is
often difficult to put it in a unique “information ensemble”



Mass spectrometric approaches

GC-MS
- analysis of derivatised fatty acids
FAB-MS/MS

- first applications of characterising intact PLs
- suffered from background suppression effects
API techniques

ESI-MS is most widely used

- with chromatographic separation (RP and NP phase)

- without chromatographic separation (direct infusion
experiments)

Schematic of MS/MS experiments

Selected mass collision cell Fragments from selected mass

Q1 Q2 Q3



Separation and identification by LC-MS/MS

Product ion scan

=
-
s
-

After LC separation, PL species are detect
scanning function in a triple quadrupole MS :a— 1 &t

o a2 Q3

Parent / precursor ion scan, used for PCs

Ql QZ (C D D ( D

— — & ﬁ:‘—h . "
5 At » ;
2 M IS
° . L,I_} 'o“"._—-. L ] .
masses collision cell Dot o ™ I
L L) L L) L L)
)| Q2 Q3

Meutral loss scan
[ I D [ D

P

Constant neutral loss scan, used for PEs R e
Q1 Q2 e
K ;
a1 o2 Q3
collision cell MRM scan

masses




Challenges in lipidomics

Complexity of the

Lipid extract
lipidomics (LCIMS; LCIMSIMS)
different lipidomics

strategies and capability |

to detect a number of l il ek 2ecd
individual molecular
compounds ey

Detection

lonization source

Focused
Lipidomics -
Selected Reaction

Monitoring (SRM)

Multiple Reaction
Monitoring (MRM

TARGETED ! FOCUSED | UNTARGETED

Product ion scanning

i | Number of (Daughter scan) Precursor ion scanning Neutral loss scanning
. Sensitivity ! compounds to Capability
Capability ' e tofind [0} an D)
to detect unexpected
specified molecules
individual py— -~ g— = p—
compound (need : -0 ---oD 070 -——-0 -9
structura —00 — — a0 — —0 --0
information) i vl —) —_ ---0 —O — —Cl
—0 —0 ---@ — 4
available | i non-available l 1 1
standards ' ' standards 0O e I —g -0 0 -_n
, ° =) = 5o —0 > =g
- + —e —" e —0 30 o
How complex is the analysis?
h 4 A 4 v
QU - (N 0
s By o ® o
: g o © 4 ®
D= = g A (o] —0 —0

Trends in Analytical Chemistry, 28, 4, 2009
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Phosphatidylethanolamines: Ions that lose a neutral fragment of 141
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NMR-based approaches

NMR spectroscopy (*H, 13C, and 3!P-NMR) is a powerful tool for:

* the elucidation of molecular structures of purified new lipids

* the determination of lipid profile in lipids mixtures

« for investigating the structure and dynamics of lipid membranes

For the analysis of phospholipid mixtures, 31P-NMR is by far the
most appropriate approach. The linear response and relatively high
speed of 3!P-NMR allows for accurate and selective analysis with
high sample throughput.

NMR continue to make important contributions, in particular in the
characterization of dynamic protein-lipid interactions that are
important regulatory mechanisms of trans-membrane proteins and
ion channels. However, the restricted movement of lipids in
macromolecular aggregates such as bilayers or lipoproteins leads
to line broadening and poor resolution, and therefore /n vivo
measurements are limited.



31P-NIMR spectrum : lipids profile of HelLa cells
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Our first look intfo microalgal lipidomics

RAPID COMMUNICATIONS IN MASS SPECTROMETRY
Rapid Commun. Mass Spectrom. 2003; 17: 1982-1994

Published online in Wiley InterScience (www.interscience.wiley.com). DOIL 10.1002 /rem.1142

A new solution for an old problem: the regiochemical
distribution of the acyl chains in galactolipids can be
established by electrospray ionization tandem mass
spectrometry

Graziano Guella*, Rita Frassanito and Ines Mancini

Laboratorio di Chimica Bioorganica, Facolta di Scienze MFN, Universita di Trento, 38050 Povo-Trento, Italy
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DETERMINATION OF THE REGIOSPECIFICITY OF THE

TWO ACYL LINKAGES OF GALACTOLIPIDS
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Outcome from ESI (+) tfandem MS experiments
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The positional distribution of
the acyl chains in galactolipids
can be established knowing that,
in positive-ion mode ESI-MS?
measurements, the loss of the
carboxylic acid linked to the sn-1
glycerol position always produces
a more intense peak than that
derived from the loss of the sn-
2 linked acyl chain.

Guella et al. RCMS 2003



Positive ion MS? spectra of the [M+Na]* ions of DGDG6s
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Outcome from ESI (-) in source CAD experiments
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Fruit ripening : an oxidative stress?
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Fruit ripening : an oxidative stress?
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Conclusions

< Little is known about complex fatty acids and phospholipids in
many taxa (e.g., algae and (cyano)bacteria).

» Profiling/Fingerprinting of large sample sets is possible with
current analytical platforms

< Current lipid profiling platforms screen only for common
known lipids and lipid classes

< Lipidomics studies have been mainly promoted by researchers
from biochemistry, analitycal chemistry, medical or
pharmaceutical fields

» Natural products chemists would welcome into this field
wherein they can contribute with their “great expertise™ to
developing new methods and to resolving structural problems

Lipidomics is waiting for natural products chemistsl!



