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1. Abbreviations

PC, phosphatidylcholine

PE, phosphatidylethanolamine

PS, phosphatidylserine

PI, phosphatidylinositol

PG, phosphatidylglycerol

PA, phosphatidic acid

CL, cardiolipin

PUFA, polyunsaturated fatty acid

G3P, glycerol-3-phosphate

LPA, lysophosphatidic acid

GPAT, glycerol-3-phosphate acyltransferase

LPAAT, lysophosphatidic acid acyltransferase

LPLAT, lysophospholipid acyltransferase

AGPAT, 1-acyl-glycerol-3-phosphate O-acyltransferase

MBOAT, membrane bound O-acyltransferase



LPCAT, lysophosphatidylcholine acyltransferase

LPEAT, lysophosphatidylethanolamine acyltransferase

LPSAT, lysophosphatidylserine acyltransferase

ER, endoplasmic reticulum

FBS, fetal bovine serum

mLPLAT, murine LPLAT

LC-MS/MS, liquid chromatography-tandem mass spectrometry

DPPC, dipalmitoyl-PC (16:0-16:0 PC)

POPC, palmitoyl-oleoyl PC (16:0-18:1 PC)

PLPC, palmitoyl-linoleoyl PC (16:0-18:2 PC)

PAPC, palmitoyl-arachidonoyl PC (16:0-20:4 PC)

PDPC, palmitoyl-docosahexaenoyl PC (16:0-22:6 PC)

LPC, lysophosphatidylcholine

LPE, lysophosphatidylethanolamine

LPS, lysophosphatidylserine

WT, wild type



2. Abstract

Glycerophospholipids, the major components of cellular membranes, are first

synthesized in the de novo pathway (Kennedy pathway), and are matured through the

remodeling pathway (Lands’ cycle). Classically, it was considered that the remodeling

pathway generates the diversity of glycerophospholipid composition, especially by

incorporation of arachidonic acid. However, no detailed studies have been performed

until recently to confirm the roles of the de novo pathway and the remodeling pathway

for regulating glycerophospholipid composition. I studied how overexpressing

lysophospholipid acyltransferase (LPLAT) enzymes affect phosphatidylcholine (PC)

composition and acyl-CoA specificities of LPLAT activities, and studied the correlation

of acyl-CoA specificities of LPLAT activities and PC composition using various tissues.

The results suggested that the levels of 18:2-PC and 22:6-PC are maintained through the

de novo pathway, whereas the levels of 16:0-PC and 18:1-PC are regulated through the

remodeling pathway. I also identified a lysophosphatidic acid acyltransferase (LPAAT)

enzyme, LPAAT4, with high specificity for polyunsaturated fatty acyl-CoAs, especially

22:6-CoA. This supports my speculation that 22:6-PC is predominantly maintained



through the de novo pathway.

Since my studies did not clarify how 20:4-PC is regulated, I performed further

studies. I focused on LPCAT3, which has high specificity for 20:4-CoA. During

differentiation of C3H10T1/2 cells, LPCAT3 mRNA was induced, concertedly with an

increase in 20:4-containing glycerophospholipids. Generation of LPCAT3-deficient

mice revealed that LPCAT3 deficiency decreases 20:4-containing glycerophospholipids

in vivo. These data suggest that LPCAT3 is important for regulating 20:4-containing

glycerophospholipids.

My study revealed the mechanism of how LPLAT enzymes regulate the

acyl-chain composition of membrane glycerophospholipids.



3. Introduction

Glycerophospholipids (hereinafter referred to as phospholipids) are the major

constituents of biological membranes, and are known to have not only structural roles,

but also many important functional roles for cells '*. Phospholipids are a class of lipids,

which are composed of two fatty acids joined to glycerol, and contain charged head

groups at their polar ends. They are classified into several groups according to their

polar head groups: phosphatidylcholine (PC), phosphatidylethanolamine (PE),

phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG),

phosphatidic acid (PA), and cardiolipin (CL) *. Not only the polar groups, but also the

fatty acid compositon is diverse, resulting in over 1,000 molecular species of

phospholipids. The sn-1 position is mainly comprised of saturated fatty acids, while the

sn-2 position mainly contains polyunsaturated fatty acids (PUFAs). Phospholipid

composition differs between tissues, and there are many studies showing altered

phospholipid composition under pathological conditions, for example, cancer,

nonalcoholic steatohepatitis, and Alzheimer’s disease *°.

Phospholipids are first synthesized from glycerol-3-phosphate (G3P) through



the de novo pathway, also called the Kennedy pathway 7. G3P is first transformed to

lysophosphatidic acid (LPA) by glycerol-3-phosphate acyltransferases (GPATSs), and

are subsequently converted to PA by lysophosphatidic acid acyltransferases (LPAATS) ®.

All phospholipids are synthesized from the common intermediate PA, and are further

reconstituted through the remodeling pathway (Lands’ cycle) (Figure 1) °. In the Lands’

cycle, phospholipase A,s hydrolyze phospholipids at the sn-2 position producing

lysophospholipids, which is used as a substrate for lysophospholipid acyltransferases

(LPLATS) to form phospholipids again (Figure 2) '>!'. Classically, it was considered
phospholip g g y

that the Lands’ cycle is important for generating the diversity of acyl-chain composition,

especially for maintaining the level of arachidonic acid (20:4) in the sn-2 position 2.

However, recently our laboratory reported that LPAAT3, an enzyme functioning in the

de novo pathway ", prefers polyunsaturated fatty acyl-CoAs as substrates '*. Although

the Lands’ cycle was proposed more than 50 years ago ?, the LPLAT enzymes

functioning in the Lands’ cycle were identified in the last 10 years, from the

I-acyl-glycerol-3-phosphate O-acyltransferase (AGPAT) family and the membrane

bound O-acyltransferase (MBOAT) family '. Both families have important motifs
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Figure 1. The phospholipid biosynthetic pathway
Phospholipids are first synthesized through the de novo pathway (Kennedy pathway)
from G3P, and are further reconstituted through the remodeling pathway (Lands’ cycle).



Lysophospholipid
R1
HO Phospholipid

®—X \ R1
LPLATs
B R2
Acyl-CoA / ®—X

(@)
]
R2 \/\S/COA

Figure 2. Enzymatic reaction of LPLAT enzymes
LPLAT enzymes synthesize phospholipids using lysophospholipid and acyl-CoA as

substrates.

10



essential for LPLAT activities *'°. Individual LPLAT enzymes have different substrate

specificities for both lysophospholipids (acceptor) and acyl-CoAs (donor). For example,

LPCAT3 prefers 18:2-CoA and 20:4-CoA as acyl-CoA substrates, and possesses

lysophosphatidylcholine  acyltransferase (LPCAT), lysophosphatidylethanolamine

acyltransferase (LPEAT), and lysophosphatidylserine acyltransferase (LPSAT)

activities in vitrro. LPLAT enzymes also have different tissue distributions, which may

be important for the determination of the distinct phospholipid composition of each

tissue. Most LPLAT enzymes are reported to be localized to the endoplasmic reticulum

(ER), however, there are some reports which show mitochondrial localization ' or

'®, Since many of these studies were performed using

localization to the Golgi
overexpression of LPLAT enzymes, further studies are needed to study their
endogenous subcellular localization. The importance of some LPLAT enzymes has been
shown using knockout mice. For example, lysophosphatidylinositol acyltransferase 1
deficient mice show atrophy of the cerebral cortex and the hippocampus, and die within

a month . LPCAT1 deficient mice have lower pulmonary surfactant functions *°, and

LPCATS3 deficient mice are neonatally lethal, and accumulate triacylglycerol in the

11



enterocytes *'**.

Although the classical theory that the Lands’ cycle is important for

incorporating arachidonic acid into phospholipids, generating the diversity of acyl-chain

composition, was generally believed, no detailed studies have been performed to

confirm the actual roles of the de novo pathway and the Lands’ cycle. Several studies

2324

have been performed until now, to check the individual roles of LPLAT enzymes

However, no comprehensive analyses comparing all the LPLAT enzymes have been

performed. Here, I investigated how the LPAAT enzymes and the LPLAT enzymes of

the remodeling pathway contribute to the determination of the fatty acid composition of

phospholipids. I focused on PC, the major phospholipid species, and compared how

LPAAT activities and LPCAT activities differentially regulate PC fatty acid

composition.

This thesis is based upon the following papers: (1) Takeshi Harayama, Miki

Eto, Hideo Shindou, Yoshihiro Kita, Eiji Otsubo, Daisuke Hishikawa, Satoshi Ishii,

Kenji Sakimura, Masayoshi Mishina, and Takao Shimizu, Lysophospholipid

Acyltransferases Mediate Phosphatidylcholine Diversification to Achieve the Physical
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Properties Required In Vivo, Cell Metabolism, 2014 % (2) Miki Eto, Hideo Shindou,

and Takao Shimizu, A novel lysophosphatidic acid acyltransferase enzyme (LPAAT4)

with a possible role for incorporating docosahexaenoic acid into brain

glycerophospholipids, Biochemical and Biophysical Research Communications, 2014 *

(3) Miki Eto, Hideo Shindou, Andreas Koeberle, Takeshi Harayama, Keisuke Yanagida,

and Takao Shimizu, Lysophosphatidylcholine Acyltransferase 3 Is the Key Enzyme for

Incorporating  Arachidonic Acid into Glycerophospholipids during Adipocyte

Differentiation, International Journal of Molecular Sciences, 2012 *°. Dr. Takeshi

Harayama and Dr. Tomomi Hashidate-Yoshida helped me perform some of the

experiments in this thesis.
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4. Materials and Methods

Materials

Fetal bovine serum (FBS) was obtained from Life technologies (Carlsbad,

CA). 3-Isobutyl-1-methylxanthine, dexamethasone, insulin, and pioglitazone were

purchased from Sigma (St. Louis, MO). 14:0/14:0 PE and 14:0/14:0 PC were purchased

from NOF Corporation (Tokyo, Japan). All other phospholipids, acyl-CoAs, and

lysophospholipids were obtained from Avanti Polar Lipids (Alabaster, AL). Methanol,

chloroform, acetonitrile, and ammonium bicarbonate were obtained from Wako (Osaka,

Japan).

Plasmids and vectors

Coding sequences of murine LPLATs (mLPLATSs) were amplified with PCR,

ligated into the pCXN2.1(+) vector and sequenced. FLAG epitopes (DYKDDDDK)

were attached to the N-terminus.

Cell culture and transfection

14



Chinese hamster ovary-K1 (CHO-KI1) cells (provided by RIKEN BRC

through the National Bio-Resource Project of MEXT, Japan) were cultured in Ham’s

F-12 medium (Nacalai Tesque) supplemented with 10% FBS. Transient transfection

was performed with Lipofectamine 2000 (Invitrogen). Stable overexpression of

LPLATs for the lipid analysis in Figure 4, was performed by Dr. Harayama.

Transfection was performed using Amaxa Nucleofector II and nucleofector kit T

(Lonza) continued with selection with G418 (2 mg/ml for 6 days, maintained in 0.3

mg/ml). Stable overexpression of mLPAAT4 was performed with Lipofectamine 2000

followed by selection with G418 (3 mg/ml for 4 days, maintained in 0.3 mg/ml). All the

stably overexpressing cells are polyclonal.

Neuro 2A cells (ATCC, Manassas, VA) were cultured in minimal essential

medium (MEM) (Nacalai Tesque) supplemented with 10% FBS. Transient transfection

was performed using Lipofectamine 2000. siRNAs of mLPAAT4 (ON-TARGETplus

SMARTpoolsiRNA, L-051038-01) and a negative control (D-001810-10) were

purchased from Dharmacon. 5 nM siRNA was transfected with Lipofectamine

RNAiIMAX reagent (Life Technologies).
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C3H10T1/2 cells (ATCC) were grown in Dulbecco’s modified Eagle’s

medium (DMEM) with 10 % FBS at 37 °C. Cells were grown to confluence (day 0),

and were differentiated into adipocytes by changing the medium to DMEM with 10 %

FBS, 0.5 mM 3-isobutyl-1-methylxanthine, 1 M dexamethasone, 2.5 yM pioglitazone

and 10 pg/ml insulin. On day 2, the medium was replaced with the same mixture. On

day 4, the medium was changed to DMEM with 10 % FBS and 10 yg/ml insulin. From

day 6, the cells were cultured in DMEM with 10 % FBS.

Preparation of membrane fractions

Cells were sonicated with a probe sonicator (Ohtake Works) 2 times for 30

seconds in a buffer containing 20 mM Tris-HCl (pH 7.4), 300 mM sucrose, and 1x

complete protease inhibitor cocktail. Tissues were homogenized with a physcotron

homogenizer in 5 volumes of buffer containing 100mM Tris-HCI (pH 7.4), 300 mM

sucrose, and 1x complete protease inhibitor cocktail. Samples were then centrifuged at

800 x g for 10 minutes, and the supernatants were ultracentrifuged at 100,000 x g for 1

hour. After ultracentrifugation, the resultant pellets were homogenized in a buffer

16



containing 20 mM Tris-HCI (pH 7.4), 300mM sucrose, and 1 mM EDTA. Protein

concentration was measured by the Bradford method.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of

phospholipids

Phospholipids were separated with Acquity UPLC system (Waters) and were

detected with triple quadrupole TSQ Vantage (Thermo Scientific). BEH C8 columns (1

x 100 mm or 2.1 x 30 mm) obtained from Waters were used for the separation of PC.

For the separation of PA, BEH amide columns (2.1 x 30 mm) were used. 20 mM

ammonium bicarbonate and acetonitrile were used as solvents.

LPLAT activity measurement

LPLAT activities were measured by transferring acyl-CoA to

1. %7 was used.

lysophospholipids to form phospholipids. A modified method of Gijon et a

Protein from the membrane fraction was added to a reaction mixture containing 110

mM Tris-HCI (pH 7.4), 150 mM sucrose, and 0.5 mM EDTA (LPAAT activities, and

17



all LPLAT activities in figure 9), 110 mM Tris-HCI (pH 7.4), 150 mM sucrose, and 1.5

mM EDTA, 2mM CaCl,, and 0.015 % Tween20 (LPCAT activities in figure 5 and 6),

or 110 mM Tris-HCI (pH 7.4), 150 mM sucrose, and 0.5 mM EDTA, 1mM CaCl,

(LPLAT activities for C3HI10T1/2 cells), and substrates (acyl-CoAs and

lysophospholipids). They were incubated at 37 °C for 10 minutes, unless otherwise

stated. Reactions were stopped with chloroform:methanol (1:2), and lipids were

extracted by Bligh and Dyer method after addition of internal standards

(dimyristoyl-PA, dilauryl-PC, dimyristoyl-PC, dimyristoyl-PE, or 17:0/20:4 PS) **.

Products were measured using LC-MS/MS and peak areas of chromatograms were

compared with those of lipid standards.

The concentrations of substrates differ between the experiments, and are

written in the “Results” section for each experiment.

Quantitative PCR analysis

Quantitative PCR analysis (LightCycler System; Roche Applied Science,

Mannheim, Germany) was performed with FastStart DNA Master SYBR Green I

18



(Roche Applied Science). mRNA levels were normalized by a housekeeping gene,

36B4. The primers used for the experiments are listed in Table 1.

Confocal microscopy

To study the subcellular localization of LPAAT4, FLAG-tagged LPAAT4

was stably overexpressed in CHO-K1 cells. LPAAT4 was detected with anti-FLAG M2

antibody (Sigma). Anti-PDI antibody (Cell Signaling Technology, Danvers, MA),

Mitotracker Red CMXRos (Life Technologies), and anti-GM130 antibody (Abcam,

Cambridge, UK) were used as organelle markers for ER, mitochondria, and Golgi

respectively. Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor® 488

conjugate and Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 546

conjugate (ThermoFisher Scientific, Waltham, MA) were used as secondary antibodies.

Confocal microscopy was performed using LSM510 Laser Scanning Microscope (Carl

Zeiss, Germany).
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Table 1. Primers used for quantitative PCR analysis

LPAAT4 forward CAAGATCAATGCCAGACTCTGCT
LPAAT4 reverse AAACTTGTGATTGAGGACCACGA
LPCATI forward GTGCACGAGCTGCGACT
LPCATI reverse GCTGCTCTGGCTCCTTATCA

LPCAT?2 forward GTCCAGCAGACTACGATCAGTG
LPCAT?2 reverse CTTATTGGATGGGTCAGCTTTTC
LPCATS3 forward TCAGGATACCTGATTTGCTTCCA
LPCATS3 reverse GGATGGTCTGTTGCACCAAGTAG
LPCAT4 forward TTCGGTTTCAGAGGATACGACAA
LPCATH4 reverse AATGTCTGGATTGTCGGACTGAA

LPEAT]1 forward

CTGAAATGTGTGTGCTATGAGCG

LPEATI reverse

TGGAAGAGAGGAAGTGGTGTCTG

PPARY2 forward TATGCTGTTATGGGTGAAACTCTGG

PPARY2 reverse GTCAAAGGAATGCGAGTGGTCT
36B4 forward CTGAGATTCGGGATATGCTGTTG
36B4 reverse AAAGCCTGGAAGAAGGAGGTCTT

20




Mice

All animal studies were approved and conducted in accordance with the

guidelines of the Animal Research Committee of National Center for Global Health and

Medicine (approval number 14045 and 15037) and the animal experimentation

committee of The University of Tokyo (approval number 3).

Statistical analyses

All statistical analyses were performed using Prism software (Graphpad). For

comparisons of two groups, #-tests were performed. For multiple comparisons, one-way

ANOVA or two-way ANOVA were performed, followed by Dunnett’s multiple

comparison tests or Tukey’s multiple comparison tests.
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5. Results

5.1 Roles of LPLAT enzymes on regulating PC fatty acid composition

Overexpression of LPLAT enzymes affects PC fatty acid composition

To investigate how LPLAT enzymes of the de novo and remodeling pathways

regulate fatty acid composition of PC, I first transiently overexpressed various LPAATS

(LPAATI, 2, and 3) and LPCATs (LPCATI, 2, 3, and 4) using CHO-K1 cells and

studied the changes in PC fatty acid composition. Expression levels were confirmed by

western blot analysis (Figure 3A). To simplify the analyses, we focused on five major

PC species containing palmitic acid (16:0) at the sn-I position: dipalmitoyl

(16:0-16:0)-PC (DPPC), palmitoyl-oleoyl (16:0-18:1)-PC (POPC), palmitoyl-linoleoyl

(16:0-18:2)-PC  (PLPC), palmitoyl-arachidonoyl (16:0-20:4)-PC (PAPC), and

palmitoyl-docosahexaenoyl (16:0-22:6)-PC (PDPC). 10 uM each of linoleic acid (18:2),

arachidonic acid (20:4), and docosahexaenoic acid (22:6), essential fatty acids (EFAs)

that cannot be synthesized endogenously, were supplemented to the medium 6 hours

post-transfection, and cells were collected 18 hours later for lipid extraction using the

method of Bligh and Dyer **. Dilauryl-PC was added before phase separation as an

22
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Figure 3. PC composition of CHO-K1 cells transiently overexpressing LPLAT
enzymes

Modified from Cell Metabolism 20, 295-305, (2014) Harayama et al.

(A) Western blot analysis was performed with anti-FLAG M2 antibody using the
membrane fraction to confirm protein expression of CHO-K1 cells transiently
overexpressing LPLAT enzymes. Membranes were stained using Ponceau S before
blocking with 5% skim milk overnight. (B-F) DPPC (B), POPC (C), PLPC (D), PAPC
(E), and PDPC (F) levels of CHO-K1 cells transiently overexpressing LPLAT enzymes,
supplemented with essential fatty acids (10 uM each of 18:2, 20:4, and 22:6). (G)
Increases in the levels of PC species by transient and stable overexpression of LPLAT
enzymes. *, p < 0.05; and *** p <0.001 vs. mock transfectants. Statistical values are

illustrated only for increases. Error bars show the SEM.
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internal standard. Fatty acid composition of PC was analyzed using LC-MS/MS.

Overexpression of LPCATI1 and LPCAT4 increased levels of DPPC and

POPC, respectively (Figures 3B, 3C, and 3G). On the other hand, LPCAT2 and

LPCAT3 overexpression did not change the level of any of the five PC species.

LPAATI and LPAAT? tended to elevate PLPC levels with reproducibility (Figures 3D

and 3G), although no statistical significance was observed. LPAAT3 overexpression

upregulated PDPC levels (Figures 3F and 3G). None of the seven enzymes changed the

level of PAPC (Figure 3E).

Next, in collaboration with Dr. Harayama, LPAAT and LPCAT enzymes

were stably overexpressed using CHO-K1 cells, to see if more significant changes in PC

fatty acid composition could be observed. Expression levels of enzymes were confirmed

by western blot analysis with anti-FLAG M2 antibody using protein from the membrane

fraction (Figure 4A). Stable transfectants were seeded on 96 well plates, were cultured

for 1 or 2 days, and were supplemented with EFAs. Lipids were extracted with

methanol. Dilauryl-PC was added to each sample, which were dried using a centrifugal

evaporator. Samples were then redissolved in methanol for LC-MS/MS analysis.
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Figure 4. PC composition of CHO-K1 cells stably overexpressing LPLAT enzymes
Modified from Cell Metabolism 20, 295-305, (2014) Harayama et al.

(A) Western blot analysis was performed with anti-FLAG M2 antibody using the
membrane fraction to confirm protein expression of CHO-K1 cells stably
overexpressing LPLAT enzymes. Membranes were stained using Ponceau S before
blocking with 5% skim milk overnight. The membrane was exposed for a longer time
period to detect LPCAT4. (B-F) DPPC (B), POPC (C), PLPC (D), PAPC (E), and
PDPC (F) levels of CHO-KI1 cells stably overexpressing LPLAT enzymes,
supplemented with essential fatty acids. *, p < 0.05; and ***, p <0.001 vs. mock
transfectants. Statistical values are illustrated only for increases. Data are shown by the

mean + SD of triplicate measurements.
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Except for LPCATH4, stable overexpression changed PC composition more significantly

compared to transient expression (Figures 3G, 4B-4D, and 4F). The reason why we

could not see significant changes by LPCAT4 stable overexpression might be due to the

low expression level of LPCAT4. In addition, LPAAT2 and LPCAT3 stable

overexpression led to an increase in PAPC (Figure 4E).

Enzymatic activities of LPLAT enzymes of the de novo and remodeling pathway

To investigate whether the changes in PC profiles by overexpression of

LPAAT and LPCAT enzymes are due to their substrate specificity, LPAAT and

LPCAT activities of transient and stable transfectants were measured. The experiments

were performed in collaboration with Dr. Harayama. 0.01 yg of membrane protein was

incubated with a reaction mixture containing substrates (25 yM deuterium-labeled LPA

or lysophosphatidylcholine (LPC), and 1 uM each of 16:0-, 18:1-, 18:2-, 20:4-, and

22:6-CoA) for 10 minutes at 37 °C. Products were analyzed by LC-MS/MS, and the

ratio of the five products was calculated. The linearity of enzymatic product

accumulation was confirmed up to 10 minutes (Figure 5A). Overexpression of LPAATI
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Figure 5. Changes in acyl-CoA specificities of LPLAT activities by overexpression
of LPLAT enzymes

Modified from Cell Metabolism 20, 295-305, (2014) Harayama et al.

(A) Products of LPCAT and LPAAT activity assays accumulated linearly for at least 10
minutes. (B and C) Selectivity towards 18:2-CoA (B) and 22:6-CoA (C) of LPAAT
activities in CHO-K1 cells transiently overexpressing LPAAT enzymes. (D and E)
Selectivity towards 16:0-CoA (D) and 18:1-CoA (E) of LPCAT activities in CHO-K1
cells transiently overexpressing LPCAT enzymes. (F and G) Selectivity towards
18:2-CoA (F) and 22:6-CoA (G) of LPAAT activities in CHO-K1 cells stably
overexpressing LPAAT enzymes. (H and I) Selectivity towards 16:0-CoA (H) and
18:1-CoA (I) of LPCAT activities in CHO-K1 cells stably overexpressing LPCAT
enzymes. (J and K) Transient (J) and stable (K) transfection of LPAAT enzymes change
the acyl-CoA specificities of LPAAT activities. (L and M) Transient (L) and stable (M)
transfection of LPCAT enzymes change the acyl-CoA specificities of LPCAT activities.
#*k% p <0.001 vs. mock transfectants. Statistical values are illustrated only for increases.

(B-E, J and L) Error bars show the SEM. (A, F-I, K and M) Error bars show the SD.
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and LPAAT?2 increased selectivity towards 18:2-CoA, and LPAAT3-overexpression

enhanced selectivity towards 22:6-CoA (Figures 5B, 5C, SF, 5G, 5J, and 5K).

Overexpression of LPCAT1 increased selectivity towards 16:0-CoA, and

LPCAT4-overexpression led to an increase in selectivity towards 18:1-CoA (Figure 5D,

SE, 5H, 5I, 5L, and 5M). These results suggest that the changes in PC profiles by

overexpression of LPLAT enzymes (Figures 3B-3G, 4B-4F) are due to the changes in

acyl-CoA selectivity of the individual LPAAT and LPCAT enzymes. The activities of

the enzymes functioning in de novo pathway seem to affect the levels of PLPC and

PDPC, and the activities of the enzymes of the remodeling pathway seem to change the

levels of DPPC and POPC.

Correlation between tissue PC composition and LPLAT activities

I next studied whether there is a correlation between PC profiles and

acyl-CoA selectivity of LPAAT and LPCAT activities in mouse tissues in collaboration

with Dr. Harayama. I extracted membrane fractions of various tissues, and analyzed the

PC composition (Figure 6A), LPAAT activities (Figure 6D), and LPCAT activities

(Figure 6E). The ratio of the enzymatic products was calculated (Figures 6B and 6C).
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Figure 6. PC composition and LPLAT activities in various tissues

Modified from Cell Metabolism 20, 295-305, (2014) Harayama et al.

(A) The percentages of PDPC, PAPC, PLPC, POPC, and DPPC were analyzed using
different mouse tissues. Error bars show the SEM (n=3). (B and C) Acyl-CoA
specificity of LPAAT (B) and LPCAT (C) activities were measured with the membrane
fraction of different tissues. Error bars show the SEM (n=3). (D and E) The total
amounts of LPAAT (D) and LPCAT (E) products.
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Each tissue had different acyl-CoA preference for LPAAT activity (Figure 6B).

However, the acyl-CoA selectivity for LPCAT activity was quite similar among the

tissues. All tissues besides the brain showed high selectivity towards 18:2-CoA and

20:4-CoA, and exhibited very weak selectivity towards other substrates. To study

whether the acyl-CoA selectivity of LPLAT activities can determine PC fatty acid

composition, acyl-CoA selectivity of LPAAT and LPCAT activities were plotted

against PC profiles, shown in both log scale and linear scale (Figures 7A-7H).

Correlation coefficients were calculated (Figure 7I). There was a correlation between

LPAAT activity towards 18:2- and 22:6-CoA, with 18:2- and 22:6-containing PC,

respectively (Figure 7A-7D). LPCAT selectivity for 16:0- and 18:1-CoA correlated

with 16:0- and 18:1- containing PC, respectively (Figure 7E-7H). These results are

consistent with the results obtained from overexpression studies using CHO-K1 cells.

Although there are still many problems with these experiments, which will be discussed

later, my results suggest a possibility that the levels of 18:2 and 22:6 are regulated

through the de novo pathway when LPA is converted to PA (LPAAT), and that the

levels of 16:0 and 18:1 are regulated by the remodeling pathway (LPCAT) (Figure 7F).
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Figure 7. Correlation between LPLAT activity and PC composition

Modified from Cell Metabolism 20, 295-305, (2014) Harayama et al.
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Figure 7. Correlation between LPLAT activity and PC composition

(A and B) Using various tissues, LPAAT activities towards 18:2-CoA were plotted
against the amount of PLPC. Data are shown in log scale (A) or linear scale (B). (C and
D) LPAAT activities towards 22:6-CoA were plotted against the amount of PDPC. Data
are shown in log scale (C) or linear scale (D). (E and F) LPCAT activities towards
16:0-CoA were plotted against the amount of DPPC. Data are shown in log scale (E) or
linear scale (F). (G and H) LPCAT activities towards 18:1-CoA were plotted against the
amount of POPC. Data are shown in log scale (G) or linear scale (H). (I) Pearson’s
correlation coefficients of the relationship between acyl-CoA specificities of LPAAT
and LPCAT activities, and the corresponding PC species of different tissues. (J) We
speculate that 18:2-PC and 22:6-PC are mainly incorporated through the de novo
pathway, and that 16:0-PC and 18:1-PC are mainly synthesized through the remodeling
pathway.
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5.2 Identification of a novel LPAAT enzyme with preference for 22:6-CoA

Identification of a novel LPAAT enzyme

As mentioned above, my results suggested that 18:2 and 22:6 are regulated

mainly through the de novo pathway. From the studies using CHO-K1 cells, I found that

LPAATI and LPAAT?2 seem to be important for the regulation of 18:2, and LPAAT3

seems to be the main regulator for 22:6. It is known that LPAAT?3 is mainly expressed

in the testis . However, not only the testis, but also tissues such as brain, liver, heart,

kidney, and skeletal muscle contained a relatively large amount of 22:6-containing PC

(Figure 6A). I speculated that there might still be an unidentified LPAAT enzyme with

specificity for 22:6-CoA.

AGPAT4 (also referred LPAATJ) is a member of the AGPAT family, which

has high homology with LPAAT3 (Figure 8). Although there is a study about its

structure and tissue distribution *°, there are no detailed studies about its biochemical

functions. I decided to investigate whether this enzyme possesses LPAAT activity.

Mouse AGPAT4 (mAGPAT4) (NCBI accession number NM_026644) cDNA was
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mLPAAT4 1 MDLIGLLKSQFLCHLVFCYVETIASGLTIVNATQLCTLVIWPTINKQLFRKINARLCYCVSSQ 60
mLPAAT3 1 MGLLAYLKTQFVVHLLIGFVFVVSGLIINFTOLCTLALWPISKHLYRRINCRLAYSLWSQ 60

* % kk o kk %k %%k kkkk ok % % %k %k ¥ kkk ok ok ok kk kk 3k * %

AGPAT motif |
mLPAAT4 61 LVMLLEWWSGTECTIYTDPKACPHYGKENAIVVLNHKFETIDFLCGWSLAERLGILGNSKV 120
mLPAAT3 61 LVMLLEWWSCTECTLFTDQATVDHFGKEHVVVILNHNFEIDFLCGWTMCERFGVLGSSKV 120

ok okockok kkok ok ok ok ockok * %k *  kkok k kckok  kockok ok okok ok ockok Kk ok okk kkok
AGPAT motif 1l

mLPAAT4 121 LAKKELAYVPITGWMWYFVEMIFCTRKWEQDRQTVAKSLLHLRDYPEKYLFLIHCEGTRF 180
mLPAAT3 121 LAKRELLCVPLIGWTWYFLEIVFCKRKWEEDRDTVIEGLRRLADYPEYMWFLLYCEGTRF 180

kkk  kk Kk ckkk ckkk ok kk o ckkckk kk kok * k kckokk * %k % %k ok %k %k %k

mLPAAT4 181 TEKKHQISMQVAQAKGLPSLKHHLLPRTKGFAITVKCLRDVVPAVYDCTLNFRNNENPTL 240
mLPAAT3 181 TETKHRISMEVAASKGLPPLKYHLLPRTKGFTTAVQCLRGTVAAIYDVTLNFRGNKNPSL 240

Kk ckk skokk kok kkkok  ckok sk ookokokok ok ok ok ok k  kokok %k ckk o skokokokk ok kk ok

mLPAAT4 241 LGVLNGKKYHADCYVRRIPMEDIPEDEDKCSAWLHKLYQEKDAFQEEYYRTGVFPETPWY 300
mLPAAT3 241 LGILYGKKYEADMCVRRFPLEDIPADETSAAQWLHKLYQEKDALQEMYKQKGVFPGEQFK 300

kk ko ckokokk  kok kkk ok ckokokk kok kokokokokokokokokkk kk ok 3k 3k %k %k

mLPAAT4 301 PPRRPWSLVNWLFWASLLLYPFFOFLVSMVSSGSSVTLASLVLTIFCMASMGVRWMIGVTE 360
mLPAAT3 301 PARRPWTLLNFLCWATILLSPLFSFVLGVFASGSPLLILTFLGFVGAASFGVRRLIGVTE 360

k kskkk ok ok ok kk kk ok ok ok %k %k %k kk  kkk %k %k %k %k %k
ER retention motif
mLPAAT4 361 IDKGSAYGNIDNKRKQTD 378
mLPAAT3 361 IEKGSSYGNQELKKKE-- 376

k ckokok  ckokok * 3k

Figure 8. Amino acid sequence alignment of mouse LPAAT4 (mLPAAT4) and
mLPAAT3

AGPAT motif I (NHX,D motif), AGPAT motif III (EGTR motif) and ER retention-like
motifs are boxed. Putative transmembrane domains predicted by HMMTOP are
underlined. Conserved amino acids are shown with asterisks. Alignments were made

using GENETYX-MAC (version 17.0.2).
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cloned using mouse brain RNA as a template. I also constructed AGPAT4 H96A with a

mutation in an important acyltransferase motif for catalysis "°. Vector control, AGPAT4,

and AGPAT4 H96A were transiently overexpressed into CHO-K1 cells, and LPAAT

activities were measured using 0.5 y g of protein from the membrane fractions.

Expression levels were quantified by western blot analysis (Figure 9A). 25 uM 16:0

LPA (not deuterium labeled) and a mixture of 5 different acyl-CoAs (1 uM each of

16:0-, 18:1-, 18:2, -20:4, and 22:6-CoA) were used as mixed substrates. We found that

AGPATH4 possesses LPAAT activity with high specificity for polyunsaturated fatty

acyl-CoA, especially DHA-CoA (Figure 9B). I renamed AGPAT4 to LPAAT4

according to the proposed LPLAT nomenclature '°. LPAAT4 H96A showed similar

activities to the control, suggesting that the motif is essential for the enzyme activity of

LPAAT4. LPAAT4 possessed similar acyl-CoA specificities with 18:0 LPA and 18:1

LPA (Figures 9C and 9D). I also studied whether LPAAT4 possesses LPLAT activities

of the Lands’ cycle. LPCAT, LPEAT, LPSAT, LPIAT, and LPGAT activities were

measured with 25 M lysophospholipid (16:0) and a mixture of 5 different acyl-CoAs
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Figure 9. Substrate specificity of LPAAT4

Modified from Biochem. Biophys. Res. Commun. 443, 718-724, (2014) Eto et al.

(A) Western blot analysis was performed to check transfection efficiencies of proteins
used for LPLAT activity assays, using anti-FLAG M2 antibody (5 pg/lane). (B-D)
LPAAT activities were measured with 0.5 yg of microsomal protein of vector, LPAAT4,
or LPAAT4 H96A overexpressing CHO-K1 cells, using 25 uM LPA (16:0, 18:0, or
18:1) and a mixture of 5 different acyl-CoAs (1 uM each of 16:0-, 18:1-, 18:2-,20:4-,
and 22:6-CoA). Data are shown by the mean + SD of triplicate measurements. (E-I)
LPCAT (E), LPEAT (F), LPSAT (G), LPIAT (H), and LPGAT (I) activities were
measured with 0.5 ug of microsomal protein of vector or LPAAT4 overexpressing
CHO-K1 cells, using 25 yM lysophospholipid and a mixture of 5 different acyl-CoAs
(1 uM each of 16:0-, 18:1-, 18:2-, 20:4-, and 22:6-CoA). Data are shown by the mean +

SD of triplicate measurements.
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(1 uM each of 16:0-, 18:1-, 18:2, -20:4, and 22:6-CoA). Under these conditions,

mLPAAT4 did not possess any of the LPLAT activities of the remodeling pathway

(Figures 9E-91).

Kinetics of LPAAT4 as an LPAAT enzyme

I next studied the substrate binding affinities of LPAAT4 by measuring

LPAAT activities with different concentrations of 22:6-CoA and LPA. First, I studied

LPAAT activities with 25 yM 16:0-LPA and 0-10 M 22:6-CoA (Figure 10A). I next

measured LPAAT activities using 10 yuM 22:6-CoA and 0-40 uM 16:0 LPA (Figure

10B). LPAAT assays were also performed with 10 yM 22:6-CoA and 0-30 yM 18:0

LPA (Figure 10C). Activities were inhibited at higher concentrations of substrates

(22:6-CoA>10uM, 16:0 LPA>40 uM, 18:0-LPA>30 yM). The maximum velocities and

Km values calculated from three independent experiments, and are shown in the figures.

Lipid composition of LPAAT4 overexpressing cells

I was interested in whether LPAAT4 has a role for regulating the 22:6 content
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Figure 10. Kinetics of LPAAT4 as an LPAAT enzyme
Modified from Biochem. Biophys. Res. Commun. 443, 718-724, (2014) Eto et al.
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(A-C) LPAAT activities were measured with microsomal protein of vector or LPAAT4
overexpressing CHO-K1 cells, using 25 uM 16:0 LPA and 0-10 uM 22:6-CoA (A), 10
uM 22:6-CoA and 0-40 uM 16:0 LPA (B), or 10 uM 22:6-CoA and 0-30 M 18:0 LPA.

The maximum velocities (Vmax) and km values were calculated from three independent

experiments, and are shown in the insets as the mean + SEM.
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of cellular phospholipids. LPAAT4 or LPAAT4 H96A transiently overexpressing

CHO-KI1 cells were treated with 50 yM DHA in 2% FBS medium 48 h after

transfection, and lipids were extracted at indicated time points (0, 1, 3, 6, 9, 12, 24 h)

using methanol. The fatty acid profiles of PC and PE, and PS were analyzed with

LC-MS/MS. The major species of PC, PE and PS (16:0, 18:0, or 18:1 at the sn-1

position, 16:0, 18:1, 18:2, 20:4, or 22:6 at the sn-2 position) were analyzed with

LC-MS/MS. I analyzed signal intensities for individual species, and the ratio of each

signal was calculated. LPAAT4 overexpression caused an increase in the percentage of

18:0-22:6 PC (Figure 11B). However, the amounts of 16:0-22:6 PC and 18:1-22:6 PC

were not changed significantly (Figures 11A and 11C). This was unexpected because

LPAAT4 possessed clear in vitro activity towards 22:6-CoA with 16:0 LPA as a

substrate (Figure 9B). I also analyzed 22:6-containing PE and PS species (16:0-22:6,

18:0-22:6, and 18:1-22:6). However, none of them were altered by the overexpression

of LPAAT4 (data not shown). This is either due to the low catalytic activity of LPAATA4,

or endogenous other enzymes with similar activities, or both.
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Figure 11. DHA incorporation into LPAAT4 overexpressing CHO-K1 cells
Modified from Biochem. Biophys. Res. Commun. 443, 718-724, (2014) Eto et al.
(A-C) CHO-K1 cells overexpressing vector, LPAAT4, or LPAAT4 H96A were treated
with 50 uM DHA, and PC composition was analyzed at the indicated time points.
Signal intensities of 16:0-22:6 PC (A), 18:0-22:6 PC (B), and 18:1-22:6 PC (C) were
calculated as the percentage of the total PC signal. Data are shown by the mean + SEM
of triplicate measurements. Statistics were calculated with one-way analysis of variance

(ANOVA) followed by post hoc Tukey’s test; *p<0.05, **p<0.01.

40



Knockdown of LPAAT4 using Neuro 2A cells

To study the endogenous activity of LPAAT4, I performed siRNA-mediated

knockdown of LPAAT4 using Neuro 2A cells. siRNA efficiency was confirmed by

quantitative PCR analysis (Figure 12A) and western blot analysis (Figure 12B). I

measured LPAAT activity using 25 yM 16:0 LPA and 10 xM DHA, with 0.5 g protein

from the membrane fraction of control or LPAAT4 siRNA treated cells. LPAAT4

knockdown caused an approximately 40% decrease in LPAAT activity (Figure 12C),

suggesting that endogenous LPAAT4 has enzymatic activity.

I next investigated whether LPAAT4 knockdown affects fatty acid profiles of

phospholipids. Neuro 2A cells transfected with control or LPAAT4 siRNA were treated

with 50 M DHA in 2% FBS medium, and lipids were extracted at indicated time

points (0, 1,3,6,9, 12, 24 h). The major PC, PE, and PS species (16:0, 18:0, or 18:1 at

the sn-1 position, 16:0, 18:1, 18:2, 20:4, or 22:6 at the sn-2 position) were analyzed

using LC-MS/MS, and the ratio was calculated in the same procedure as mentioned in

the overexpression experiments. The percentage of 18:0-22:6 PC (Figure 12E) and

18:1-22:6 PC (Figure 12F) were decreased by LPAAT4 knockdown, however, the

41



A B «pa C
ok 192 - ' Substrate: 16:0 LPA/22:6-CoA
10 *

&% =100 50 - 25

gt g ZE ¢

E > 37 - - & 3 E 6

<2 <5 4

a2 LE2

J< 0 J£ 90

Control  LPAAT4 Control  LPAAT4
siRNA siRNA & > ev%v siRNA siRNA
ST LELE
A\ Q \fo\ 2
> L ’\v
)
XS

D 16:0-22:6 PC E 18:0-22:6 PC F 18:1-22:6 PC
c_Cu 257 (_é 6 EEEI
520 2 510
»n 3 4 %
2 15 e g
T 10+ . g, T °
S - Control siRNA 5 - Control siRNA 5 = Control siRNA
5 97 - LPAAT4siRNA 5 -+ LPAAT4 siRNA 5 -+ LPAAT4 siRNA
® 0 R0 =0

0 36 91215182124 0 3 6 9 12151821 24 0 3 6 91215 18 21 24
DHA treatment (h) DHA treatment (h) DHA treatment (h)

Figure 12. siRNA-mediated knockdown using Neuro 2A cells

Modified from Biochem. Biophys. Res. Commun. 443, 718-724, (2014) Eto et al.

(A) Quantitative PCR analysis of Neuro 2A cells treated with control or LPAAT4
siRNA. Expression level of LPAAT4 was normalized by expression level of 36B4. (B)
Western blot analysis of control or LPAAT4 siRNA treated cells. FLAG-tagged
LPAAT4 was used as a positive control (5 yg/lane). (C) LPAAT activities were
analyzed with 0.5 yg microsomal proteins from Neuro 2A cells treated with control or
LPAAT4 siRNA. 25 uM 16:0 LPA and 10 uM 22:6-CoA were used as substrates. (D-F)
Control or LPAAT4 knockdown Neuro 2A cells were treated with 50 uM DHA, and the
fatty acid composition of PC was analyzed at the indicated time points. Signal
intensities of 16:0-22:6 PC (D), 18:0-22:6 PC (E), and 18:1-22:6 PC (F) were calculated
as the percentage of total PC signal. Data are shown by the mean + SEM of triplicate
measurements. Statistics were calculated with Student’s t-test; *p<0.05, **p<0.01, ***
p<0.001
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percentage of 16:0-22:6 PC did not change (Figure 12D). Major PE and PS species

(16:0-22:6, 18:0-22:6, and 18:1-22:6) were also analyzed, however, LPAAT4

knockdown did not have any effect on their profiles (data not shown). These results are

also inconsistent with the in vitro activity of LPAAT4. However, they are consistent

with the results from the lipid analysis of LPAAT4 overexpressing CHO-K1 cells. I

need further studies to reveal the reason why the ratio of 16:0-22:6 PC was not affected.

One possible reason is that other LPAAT enzymes, for example LPAAT3, might be

mainly maintaining the level of 16:0-22:6 PA in these cells.

Tissue distribution and subcellular localization of LPAAT4

I next analyzed the tissue distribution of LPAAT4 using quantitative PCR

analysis, normalized by a housekeeping gene, 36B4. Expression of LPAAT4 mRNA

was highest in brain, followed by lung, stomach, and colon (Figure 13A). I also

performed western blot analysis to check its tissue distribution in protein level.

LPAAT4 was detected using anti-LPAAT4 antibody (Scrum Inc.) against a C-terminal

peptide IDNKRKQTD). FLAG-tagged LPAAT4 was used as a positive control.
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Figure 13. Tissue distribution and subcellular localization of LPAAT4

Modified from Biochem. Biophys. Res. Commun. 443, 718-724, (2014) Eto et al.

(A) LPAATH4 tissue distribution was analyzed by quantitative PCR analysis, using mice
at 8 weeks of age. Data are shown by the mean + SEM (n=3). (B) Western blot analysis
of microsomal protein from various tissues was performed with anti-LPAAT4 antibody
(10 pg/lane). (C) CHO-KI1 cells stably overexpressing vector or FLAG-tagged LPAAT4
were stained with anti-FLAG M2 antibody to detect LPAAT4 (green), and with
organelle markers (red) for ER (anti-PDI antibody), mitochondria (MitoTracker Red),

or Golgi (anti-GM130 antibody). Scale bars indicate 20 ym.
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LPAAT4 was detected at a molecular weight of approximately 37 kDa, which is

inconsistent with the calculated molecular weight. This is also observed in other

1323

acyltransferases, and may be caused by multiple membrane spanning domains

Highest protein expression was observed in the testis, which was inconsistent with the

mRNA expression levels (Figure 13B). I further analyzed the subcellular localization of

LPAAT4. CHO-K1 cells stably overexpressing LPAAT4 was stained with anti-FLAG

M2 antibody to detect LPAAT4, and were co-stained with organelle markers: anti-PDI

antibody for ER, MitoTracker Red CMXRos to detect mitochondria, and anti-GM130

for detection of Golgi. LPAAT4 showed a similar expression pattern to the ER marker

(Figure 13C). These results suggest that mLPAAT4 is mainly localized to the ER under

these conditions. I still need further studies to confirm the endogenous localization.
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5.3 LPCAT3 is involved in regulating 20:4-containing phospholipids

LPCAT3 might be involved in maintaining the amount of 20:4-containing phospholipids

The results from the first part of our study suggested that the amounts of 18:2-

and 22:6-containing PC are mainly regulated through the de novo pathway, and that the

amounts of 16:0- and 18:1-containing PC are regulated mainly by the remodeling

pathway. However, I could not find out how the level of 20:4-containing PC is

maintained. My results showed that endogenous LPCAT activities in CHO-K1 cells

(Figures 5L and 5M) and in all tissues (Figure 6C) have high selectivity for 20:4-CoA

remodeling pathway, while endogenous LPAAT activity showed quite low selectivity

towards 20:4-CoA. I also found that the stable overexpression of LPCAT3 resulted in a

slight increase in the level of PAPC (Figure 4E). Thus, I speculated that LPCATS3,

which shows strong activity towards 20:4-CoA * might be one of the key enzymes for

maintaining 20:4-containing PC.

LPCAT3 expression is upregulated during differentiation of C3HIOTI/2 cells into

adipocytes
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To begin with, I decided to find a condition in which LPCAT3 expression

level changes. I tried differentiating C3H10T1/2 cells *°, a mesenchymal stem cell line

into adipocytes in vitro *'. mRNA was extracted at days 0, 2, 4, 6, and 8 after starting

differentiation, and expression levels of LPCAT3 was examined using quantitative PCR

analysis. Values were normalized with the expression of 36B4. LPCAT3 mRNA

expression was increased during differentiation (Figure 14A). I also studied expression

levels of LPCATI1, LPCAT2, LPCAT4, and LPEAT]1 during differentiation. LPCAT]1,

LPCAT2, and LPCAT4 mRNAs were not detected. LPEATI expression was

dramatically decreased on day 2, and increased after that (Figure 14B). The expression

level of PPARYy2, a marker for adipocyte differentiation, was elevated during cell

culture (Figure 14C). To check if the increase in LPCAT3 mRNA expression was due

to adipocyte differentiation, and not due to the confluency of the cells, I analyzed

C3HI10T1/2 cells cultured for 8 days, with or without the differentiation mixture.

LPCATS3 expression was only elevated when cells were treated with the differentiation

mixture (Figure 14D), suggesting that the increase in LPCAT3 mRNA was caused by

the differentiation of C3H10T1/2 cells into adipocytes.
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Figure 14. LPCAT3 mRNA expression is induced during adipocyte differentiation
Modified from Int. J. Mol. Sci. 13, 16267-16280 (2012) Eto et al.

(A-C) Quantitative PCR analysis was performed to analyze mRNA expression of
LPCAT3 (A), LPEATI (B), and PPARY2 (C) during differentiation of C3H10T1/2 cells
into adipocytes. mRNA expression levels were normalized by 36B4 expression. (D)
mRNA expression of LPCAT3 in day 0 and day 8 cells. mix (+) indicates cells cultured
with the induction mixture, and mix(-) indicates cells cultured without the mixture.

mRNA expression levels were normalized by 36B4. Data shown are the mean + SEM of

three independent experiments.
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Changes in LPLAT activities and phospholipid fatty acid composition during

differentiation

Next, LPLAT activities of C3H10T1/2 cells before and after differentiation

were measured to see if the increase in LPCAT3 mRNA expression caused a change in

LPLAT activities. In this study, I will term the cells before differentiation (day 0)

“preadipocytes”, and the cells after differentiation (day 8), “adipocytes”. LPCAT3 is

known to possess LPCAT, LPEAT, and LPSAT activities with preference for 18:1-CoA,

18:2-CoA, and 20:4-CoA *. LPCAT, LPEAT, and LPSAT activities were measured

with a reaction mixture containing 5 yM each of 16:0-, 18:1-, 18:2-, 20:4, and

22:6-CoA, and multiple lysophospholipids (25 yM each of 16:0 deuterium labeled LPC,

16:0 lysophosphatidylethanolamine (LPE), and 16:0 lysophosphatidylserine (LPS)),

using 0.5 pg protein from the membrane fraction of preadipocytes and adipocytes. I

found that adipocytes showed stronger LPCAT, LPEAT, and LPSAT activities

compared to preadipocytes, especially with 18:1-CoA, 18:2-CoA, and 20:4-CoA as

acyl-donors (Table 2). These results are consistent with the substrate specificity of

LPCAT3, suggesting that LPCAT3 might have caused the increase in the activities. To
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Table 2. LPLAT activities of preadipocytes and adipocytes
Int. J. Mol. Sci. 13, 16267-16280 (2012) Eto et al.

LPCAT activity
Substrate Preadipocyte Adipocyte P value
(relative units) (relative units)
16:0-CoA 7.50 +£0.29 12.36 £ 0.68 P =0.0008
18:1-CoA 3.13+£0.19 1824 +0.61 P <0.0001
18:2-CoA 198.50 + 13.60 1821.54 + 80.62 P <0.0001
20:4-CoA 26749 £ 1145 1882 + 63.12 P <0.0001
22:6-CoA 0.56 +0.04 2.30+0.18 P =0.0002
LPEAT activity
Substrate Preadipocyte Adipocyte P value
(relative units) (relative units)
16:0-CoA 0.20 £0.02 0.82 +0.06 P =0.0001
18:1-CoA 0.09+0.01 3.10 £0.17 P <0.0001
18:2-CoA 1.36 £ 0.04 14.14 +0.63 P <0.0001
20:4-CoA 244 +0.12 14.44 +0.40 P <0.0001
22:6-CoA 0.02 +0.01 0.20 £0.02 P =0.0002
LPSAT activity
Substrate Preadipocyte Adipocyte P value
(relative units) (relative units)
16:0-CoA 0.61 £0.07 1.73 £0.05 P <0.0001
18:1-CoA 0.35+0.03 1.93+0.03 P <0.0001
18:2-CoA 2.65 +0.08 1725+0.24 P <0.0001
20:4-CoA 6.97 +0.07 2897 +£0.88 P <0.0001
22:6-CoA 0.043 +0.002 0.151 +£0.007 P <0.0001

Data shown are the signal intensity of products, normalized by the signal
intensity of internal standards. The data represent the mean + SD of triplicate

measurements. Statistical analyses were performed using z-test.
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see if the increase in LPCAT3 expression caused a change in phospholipid composition,

the profiles of PC, PE and PS between preadipocytes and adipocytes were compared.

Lipids were extracted from the membrane fraction of preadipocytes and adipocytes, and

the phospholipid composition was measured using LC-MS/MS, by detecting head

groups. Signal intensities for each species were summed up, and the percentage of each

species was calculated. Many changes were observed in the profiles of PC and PE,

including an increase in species probably containing 20:4, such as 36:4 PC, 38:4 PC,

and 36:4 PE (Figure 15A and 15B). Since detection by polar head groups does not

determine the acyl-chain composition of phospholipids, (for example, 16:0-20:4 PC,

18:1-18:3 PC, and 18:2-18:2 PC are all 36:4 PC), I further analyzed fatty acid profiles

of PC and PE by detecting fatty acid anions to confirm that the increased species (36:4

PC, 38:4 PC, and 36:4 PE) actually contained 20:4 (data not shown). Although there are

many possible explanations for these results, these increases in 20:4-containing

phospholipids might be caused by LPCAT3.

51



*

5 *

49 1 Pre-adipocytes
g — B adipocytes
5 ¥
o
G 24 L
*

14

0 T

8" o
B PE
% %k %
6-
1 Pre-adipocytes

g I adipocytes
:g _—
k]
R 2

0] T

S

Figure 15. Phospholipid compositions of preadipocytes and adipocytes
Int. J. Mol. Sci. 13, 16267-16280 (2012) Eto et al.

(A) The signal intensities of each PC species were summed up and the percentages were
calculated. The graph shows the percentage of 36:4 PC and 38:4 PC, which probably
contain 20:4. (B) The signal intensities of each PE species were summed up and the
percentages were calculated. The graph shows the percentage of 38:4 PE, which
probably contains 20:4. Data show the mean + SEM of three independent experiments.

Statistical analyses were performed using #-test. *, P <0.05; *** P <0.001.
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To study further if LPCAT3 is actually involved in regulating the levels of

20:4-containing phospholipids, LPCAT3-deficient mice were produced. Studies

performed by researchers in our laboratory showed that LPCAT3 deficient mice have

decreased 20:4-containing phospholipids, suggesting that LPCAT3 is important for

regulating their levels *'.
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6. Discussion

It was classically considered that the remodeling pathway is important for

making the acyl-chain diversity of phospholipids, by incorporation of PUFAs,

especially arachidonic acid. However, no detailed studies have been performed until

now, to confirm this classical theory. In this study, I investigated how LPLAT enzymes

maintain phospholipid fatty acid composition.

The results from the analysis of the PC composition and LPLAT activities of

different tissues showed that LPAAT activities towards 18:2- and 22:6-CoA correlate

with the amount of 18:2- and 22:6-containing PC, respectively, and that LPCAT

activities towards 16:0- and 18:1-CoA correlate with the amount of 16:0- and

18:1-containing PC respectively. The studies using CHO-K1 cells overexpressing

LPLAT enzymes showed that LPAAT activity towards 18:2-CoA was increased by

LPAATI and LPAAT2, and LPAAT activity towards 22:6-CoA was increased by

LPAAT3. LPCAT activity towards 16:0-CoA was increased by transfection of LPCATI,

and LPCAT activity towards 18:1-CoA was increased by that of LPCAT4. I also found

that overexpression of these LPLAT enzymes changed PC fatty acid profiles, which
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correlated with the change in activities. From these results I speculated that the levels of

18:2- and 22:6-containing phospholipids are mainly maintained through the de novo

pathway (at the step of LPA to PA), and that the levels of 16:0- and 18:1-containing

phospholipids are regulated through the remodeling pathway (LPC to PC). The results

provide a new view on how phospholipid composition is produced and maintained.

However, there are still many limitations to this study. I used overexpression

for many of my experiments, which is very different from natural conditions. Also, the

expression efficiencies differ between enzymes, making it difficult to compare between

enzymes. The differences in the endogenous expressions or activities between enzymes,

is also a problem. Also, the experiments using different tissues only give information

about correlations between LPLAT activities and PC composition under a certain

condition, which might differ when the assay condition changes, for example by

changing the concentrations of substrates. I still need further studies to get more direct

evidence on the speculation.

Although there are still problems to be solved, my new theory suggested that

22:6 is mainly incorporated through the de novo pathway. The only LPAAT enzyme
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identified until now with preference for 22:6-CoA was LPAAT3. However, LPAAT3 is

not highly expressed in every tissues rich in 22:6-containing phospholipids . I was

interested if there were still unidentified LPAAT enzymes. My study newly revealed

that LPAAT4, previously known as AGPAT4, possesses LPAAT activity with

preference towards 22:6-CoA. AGPAT4 was recognized as a member of the AGPAT

family from its structure, but the previous study only showed very weak LPAAT

activity towards 18:1-CoA, and the biologically relevant substrates were unknown *.

LPAAT4 knockdown using Neuro 2A cells decreased LPAAT activity with 22:6-CoA,

suggesting that endogenous LPAAT4 possesses enzymatic activity. While the

knockdown efficiency was quite high, the decrease in LPAAT activity was only around

40 %. Other LPAAT enzymes, for example LPAAT3, or still unidentified enzymes

might be functioning. LPAAT4 seemed to affect the amount of some 22:6-containing

PC species; LPAAT4 overexpression in CHO-K1 cells increased the ratio of 18:0-22:6

PC, and LPAAT4 knockdown in Neuro 2A cells decreased the ratio of 18:0-22:6 PC

and 18:1-22:6 PC. However I could not observe a change in 16:0-22:6 PC and all

22:6-containing PE and PS species. It remains unclear why significant changes were not
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seen in these phospholipids. One possibility is that, other LPAAT enzymes, such as

LPAAT3, or LPLAT enzymes of the remodeling pathway might be involved. Although

I found that the level of 22:6-containing PC is mainly maintained through the de novo

pathway in the first part of our study, I did not investigate how 22:6-containing PE and

PS are regulated, so there is still a possibility that the remodeling pathway has some

function for producing them. PS synthases and PS decarboxylases might have have

roles in regulating the fatty acid composition of PE and PS. Another possibility is that

phospholipid-degrading enzymes might be involved. Calcium independent

phospholipase A,f3 knockout mice is reported to have increased 16:0-22:6 PC in the

spinal cord *, and secretory phospholipase A, III knockout showed decrease in

22:6-constaining PCs in the testis **. LPAAT4 mRNA was expressed highest in the

brain, which is a tissue known to be rich in 22:6-containing PE and PS, mainly in the

form of 18:0-22:6 **. However, recently, a study using LPAAT4 knockout mice showed

that LPAAT4 deficiency does not change the levels of 22:6-containing phospholipids in

the brain . Although the main function of LPAAT4 might not be to maintain the 22:6

levels of phospholipids, it still might have some roles for synthesizing 22:6-containing
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phospholipids locally. There are a number of reports showing the importance of 22:6 for

the nervous system *°, and its relation to nervous disorders such as Alzheimer’s disease

738 However, it is still controversial whether 22:6 is effective as a treatment for

cognitive impairment or Alzheimer’s Disease **'. If LPAAT4 has a contribution for

synthesizing 22:6-containing phospholipids in the nervous system, it might be a good

tool for studying the true role of 22:6 for the brain.

In the first part of our study, I speculated that the levels of 18:2- and

22:6-containing PC are maintained through the de novo pathway, and that 16:0- and

18:1-containing PC are regulated through the remodeling pathway. However, my results

in the first part of the study did not reveal how the level of 20:4-containing

phospholipids are determined. LPCAT3 is known to have strong LPCAT, LPEAT, and

LPSAT activities with high selectivity towards 20:4-CoA *, and LPCAT3 stable

overexpression slightly increased the level of PAPC (Figure 4E). I thought LPCAT3

might be the key enzyme to determine the level of 20:4-containing phospholipids. In

the study using C3H10T1/2 cells, I found that LPCAT3 mRNA levels are increased

during adipocyte differentiation. I observed increases in LPCAT, LPEAT, and LPSAT
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activities, especially with 18:2-CoA and 20:4-CoA, which correlates with the activities

of LPCAT3. I also found several changes in fatty acid profiles of phospholipids

between preadipocytes and adipocytes, including an increase in 20:4-containing species.

These data suggest a possibility that increased LPCAT3 expression enhanced LPLAT

activities with 20:4-CoA, resulting in an increase in 20:4-containing phospholipids.

There are several reports showing the role of 20:4-containing phospholipids for

adipocyte function. For example, there is a positive correlation between BMI and

20:4-containing adipose tissue in children **, and another report shows that high content

of 20:4 in adipose tissue increases metabolic syndrome in Costa Rican adults *. Also,

some eicosanoids, which are produced from 20:4-containing phospholipids, are known

to act as inflammatory mediators >, and endogenous ligands for PPARy *.

However, many other interpretations can be made from the results of my

study. For example, the induction of LPCAT3 mRNA expression might be caused by

the direct stimulation with the reagents, and not by the differentiation of C3H10T1/2

cells into adipocytes. Also, the increases in LPLAT activities and 20:4-containing

phospholipids might be caused by other enzymes. Although further studies are needed
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to clarify the actual role of LPCAT3, my results suggest a possibility that LPCAT3

might have an important role for adipocyte differentiation, or the function of adipocytes.

Since the studies with C3H10T1/2 cells only showed a correlation between

LPCATS3 expression level and the amount of 20:4-containing phospholipids, LPCAT3

deficient mice were produced to gain more evidence to confirm that LPCAT3 actually

has a role for maintaining the level of 20:4-containing phospholipids. Studies by

researchers in our laboratory showed that LPCAT?3 deficient mice died a few days after

birth, which is probably due to hypoglycemia caused by malabsorption of nutrients *'.

LPCATS3 deficient mice at E18.5-19.5 showed reduced phospholipids containing C20

fatty acids, especially 20:4, which suggested that LPCAT3 has a role for maintaining

20:4-containing phospholipids. On the other hand, LPCAT3 deficiency caused an

increase in phospholipids with C22 and C24 n-6 PUFAs. The increase in 20:4-CoA

caused by LPCAT3 deficiency might have enhanced its elongation into C22 and C24

n-6 PUFAs, which are further incorporated into phospholipids **. From the studies of

LPCAT3 deficient mice it became clear that LPCAT3 has a role for synthesizing

20:4-containing phospholipids in vivo *. Since LPCAT3 deficiency did not completely
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deplete 20:4-containing phospholipids, other LPLAT enzymes might be involved in

maintaining their levels.

In conclusion, I newly found a possibility that the levels of 18:2- and

22:6-containing phospholipids are maintained through the de novo pathway, whereas

16:0- and 18:1-containing phospholipids are regulated through the remodeling pathway.

This was different from the classical theory that the remodeling pathway is important

for the incorporation of polyunsaturated fatty acids, especially arachidonic acid. I newly

identified LPAAT4, which might have a function for maintaining the levels of

22:6-containing phospholipids through the de novo pathway together with LPAAT3. 1

found that during differentiation of C3HI10T1/2 cells in to adipocytes, LPCAT3

expression, LPLAT activities that match the substrate specificities of LPCAT3, and

20:4-containing phospholipids are increased. LPCAT3 deficient mice showed decreased

20:4-containing phospholipids, suggesting that LPCAT3 has a role for maintaining

20:4-containing phospholipids. My study revealed a new understanding of how LPLAT

enzymes modulate the acyl-chain composition of phospholipids. Aberrant acyl-chain

composition is observed in various diseases, for example metabolic disorders, cancer
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and Alzheimer’s disease *°. Therefore, this study might possibly lead to a new cure or

diagnosis for these diseases.
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