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Summary

1. Summary

Fatty acids are essential for the cellular metabolbut their uptake has to be tightly
regulated to prevent fatty acid associated dised&&@seins that facilitate fatty acid
uptake include CD36, FATP4, ACSL1 and Caveolin-D36, FATP4 and ACSL1
increase oleate uptake upon overexpression. CD3h istegral transmembrane
glycoprotein that directly facilitates fatty acightake across the plasma membrane.
The structural protein Caveolin-1 binds fatty acaisd is discussed as potential
interaction partner for CD36. The acyl-CoA syntketa FATP4 and ACSL1 are
localized intracellularly and activate fatty aciolg esterification with coenzyme A,
thus driving fatty acid uptake indirectly by metdbdrapping.

This study was designed to 1) quantify absolutégmoamounts of CD36, FATP4
and ACSL1 proteins in overexpressing cell lines ealdulate protein specific oleate
uptake 2) test CD36, FATP4, ACSL1 and Caveolintlcfwoperativity in facilitating
fatty acid uptake.

MDCK cells were chosen as an unspecialized andasedi model system and
overexpressing cells were generated by retrovirdladenoviral infection. Infection
of MDCK cells with increasing amounts of CD36 or HA4 adenovirus resulted in
enhanced fatty acid uptake as measured by incubaitith radiolabeled oleic acid
for three hours. Protein amounts of CD36 and FAT#4e analyzed by western
blotting and absolute protein quantities were datedl by correlation to a
recombinant protein standard. Increases in fatig aptake correlated to rising
protein amounts of CD36 and FATP4 in accordanchk wsing adenovirus quantities
used for infection.

Comparison of CD36 and FATP4 expression showedgaifiant difference in
protein quantities whereas the difference in olegtiake was much smaller: 13 ng
CD36 protein increased oleate uptake by 20 % wkeid ng FATP4 protein
resulted in 37 % enhancement. When CD36 and FATE®% wxpressed at equal
quantities, oleate uptake was still enhanced roprE0 ng CD36 protein as by 10 ng
FATP4 protein (27 % versus 4 %, respectively), ¢éating that CD36 is more
efficient in increasing fatty acid uptake than FAITHhe function of CD36 in fatty
acid transport of MDCK cells was independent froavé€blin-1, as an 80 % knock

down of Caveolin-1 did not alter CD36 dependepttd uptake.
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Immunofluorescence analysis confirmed the locabmatof CD36 to the plasma
membrane whereas FATP4 localized to the endoplassticulum and ACSL1 was
expressed at mitochondria. Co-expression of CD36 BATP4 enhanced oleate
uptake significantly more than calculated from #&ngprotein overexpression,
resulting in an increase by 49 pmol oleate/ug tptatein for co-expressing cells as
compared to 10 pmol oleate/ug total protein for 6@Bd 21 pmol oleate/ug total
protein for FATP4 overexpressing cells. Oleate kptavas similarly increased in
CD36 and ACSL1 co-expressing cells whereas FATPd ACSL1 together
enhanced fatty acid uptake less than calculated fimgle protein overexpression:
oleate uptake was increased by 30 pmol oleateAagpootein in co-expressing cells
as compared to 26 pmol oleate/pg total proteinAmP4 and 15 pmol oleate/ug total
protein in ACSL1 cells.

In conclusion, CD36, FATP1 and ACSL1 enhance fatigl uptake by two different
mechanisms: CD36 directly facilitates fatty acidngport across the plasma
membrane whereas FATP4 and ACSL1 indirectly mediatey acid uptake by
metabolic trapping of intracellular fatty acids. 8®is expressed at significantly
lower protein amounts than FATP4 but increasey fatid uptake more than FATP4
when expressed at similar quantities. The two &oA synthetases FATP4 and
ACSL1 target similar metabolic processes and tleeehow no cooperativity in
fatty acid uptake. As both enzyme act intracellylatheir impact on fatty acid
uptake is limited by the transport rate of fattydacacross the plasma membrane.
CD36 cooperates with FATP4 and ACSLL1 in enhanciegte uptake, probably due
to an efficient combination of facilitated fatty idctransport across the plasma
membrane by CD36 followed by immediate intracelulatty acid activation by
FATP4 and ACSL1.
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2. Zusammenfassung

Fettsauren sind essentiell fur den zellularen ®wthsel jedoch muss ihre
Aufnahme streng reguliert werden, um Erkrankungewvermeiden. Die Aufnahme
von Fettsduren in Zellen wird durch Proteine wie 38D FATP4, ACSL1 und
Caveolin-1 vermittelt, von denen CD36, FATP4 und3AQ die Fettsdureaufnahme
nach Proteiniiberexpression  steigern. CD36 ist einlykogyliertes
Transmembranprotein, welches direkt die Aufnahmen \Fettsauren Uber die
Plasmamembran fordert. Als potentieller Interalgmartner fir CD36 wird das
Strukturprotein Caveolin-1 diskutiert, welches Bé&tiren bindet. Die Acyl-CoA-
Synthetasen FATP4 und ACSL1 sind intrazelluldr Iskert und aktivieren
Fettsauren durch Veresterung mit Coenzym A, woduleh Fettsdureaufnahme
indirekt durchmetabolic trappinggesteigert wird.

Ziele dieser Arbeit waren 1) die Quantifizierungaloter Proteinmengen von CD36,
FATP4 und ACSL1 in Uberexprimierenden Zellliniendudie Berechnung der
Protein-spezifischen Oleataufnahme 2) die Untersoghvon CD36, FATPA4,
ACSL1 und Caveolin-1 auf Kooperativitatt bei der Wétlung der
Fettsdureaufnahme.

Als Modelsystem wurden MDCK Zellen gewdahlt und i@grimierende Zellen
durch retrovirale und adenovirale Infektion gengri®ie Infektion von MDCK
Zellen mit steigenden Mengen von CD36 und FATP4nbd@us resultierte nach
Inkubation mit radioaktiv markierter Olsaure UbegidStunden in einer gesteigerten
Fettsaureaufnahme. Die Proteinmengen von CD36 uA@PE& wurden mittels
Western Blot analysiert und absolute Proteinmergygnch Korrelation mit einem
rekombinanten Proteinstandard berechnet. Der Amnstler Fettsaureaufnahme
korrelierte mit den zunehmenden Proteinmengen vdd36C und FATP4 in
Ubereinstimmung mit den fir die Infektion genutztemnsteigenden
Adenovirusmengen.

Ein Vergleich der Proteinexpression von CD36 undl'PA ergab eine signifikante
Differenz der Proteinmengen wohingegen die Unteesiehin der Oleataufnahme
deutlich geringer waren: 13 ng CD36 Protein erhdliie Oleataufnahme um 20 %
wohingegen 701 ng FATP4 Protein in einer SteigemergOleataufnahme um 37 %
resultierten. Bei der Expression gleicher Mengen @D36 und FATP4 Protein
wurde die Oleataufnahme durch 10 ng CD36 Proteinrmesteigert als durch 10 ng
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FATP4 Protein (27 % im Vergleich zu 4 %). Dies dtutarauf hin, dass CD36 die
Fettsaureaufnahme effizienter erhoht als FATP4. Bumktion von CD36 im
Fettsauretransport von MDCK Zellen war unabhangam Caveolin-1, da ein
80 %igerknock downdes Caveolin-1 Proteins die CD36 vermittelte Qleitahme
nicht beeinflusste.

Durch Immunfluoreszenzanalyse wurde die Lokalisatiwon CD36 an der
Plasmamembran bestatigt wohingegen FATP4 auf dendoiasmatischen
Retikulum und ACSL1 auf den Mitochondrien exprimeurden. Die Koexpression
von CD36 und FATP4 steigerte die Oleataufnahmeifgignt mehr als basierend
auf der Uberexpression der einzelnen Proteine beetcund resultierte in einem
Anstieg um 49 pmol Oleat/ug Gesamtprotein fir koewigrende Zellen verglichen
mit einer Steigerung um 10 pmol Oleat/pg Gesamgpmofiir CD36 und 21 pmol
Oleat/pg Gesamtprotein fur FATP4 Uberexprimieredd#en. Die Oleataufnahme
war in ahnlicher Weise in CD36 und ACSL1 koexprirareen Zellen erhéht. Die
gemeinsame Expression von FATP4 und ACSL1 hingegteigerte die
Fettsaureaufnahme weniger als ausgehend von derxXfisession der einzelnen
Proteine berechnet, sodass in koexprimierendenerZetlie Oleataufnahme um
30 pmol Oleat/pg Gesamtprotein erhdht wurde venghc mit einem Anstieg um
26 pmol Oleat/pug Gesamtprotein in FATP4 und 15 p@lelat/ug Gesamtprotein in
ACSL1 Uberexprimierenden Zellen.

Es lasst sich schlussfolgern, dass CD36, FATP4A@EL1 die Fettsdureaufnahme
durch zwei verschiedene Mechanismen steigern: CD8fnittelt direkt den
Fettsauretransport Uber die Plasmamembran wahreéxtP4 und ACSL1 die
Fettsaureaufnahme indirekt durahetabolic trappingintrazellularer Fettsauren
beeinflussen. CD36 wird in signifikant geringererotBinmengen exprimiert als
FATP4 aber steigert die Fettsdaureaufnahme mehiFAIBP4 bei vergleichbarer
Proteinexpression. Die beiden Acyl-CoA-SynthetaB&TP4 und ACSL1 wirken
auf ahnliche metabolische Prozesse. Da beide Enaytrazellular agieren, ist ihr
Einfluss auf die Fettsdureaufnahme durch die Tranisge von Fettsauren Uber die
Plasmamembran limitiert, so dass sie keine Koop@gtin der Fettsdureaufnahme
zeigen. CD36 kooperiert mit FATP4 und ACSL1 in &hohung der Fettsdureauf-
nahme, vermutlich aufgrund einer effizienten Konaion von erleichterter
Fettsaureaufnahme Uber die Plasmamembran durch Gj236lgt von einer

unmittelbaren intrazellularen Aktivierung der Féatiseen durch FATP4 und ACSL1.

4
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3. Introduction

3.1 Fatty acid metabolism

3.1.1 Properties and functions of fatty acids

Lipids are essential for life. Together with protiand carbohydrates they make up
the most important components of mammalian nutrjtibus enabling and sustaining
animal and human life. The term lipid describesotas subgroups of hydrophobic or
amphiphilic molecules which are important for ernyesypply, needed as building
blocks for cellular membranes and play a role treicellular signaling.

The hydrophobic properties of many lipids are cdusg fatty acids. All fatty acids
are composed of a hydrocarbon chain coupled tokmxglic acid group at one end.
Although fatty acids vary in chain length and degod saturation, most naturally
occurring fatty acids have an even number of cadioms, including long-chain and
very long-chain fatty acids with 14 — 24 carbonnaso Short chain fatty acids play a
role especially in the intestine where they may utaig colonic health (Wonet al,
2006). The hydrocarbon chains of fatty acids amgcglly unbranched and can
include one or more double bonds, usuallycig conformation. In polyunsaturated
fatty acids double bonds are set apart by at least methylen group. Most
commonly occurring are the saturated fatty acidspig acid (16:0) and stearic acid
(18:0) as well as their unsaturated counterpatisipaeic acid (16:1) and oleic acid
(18:1) (Berg JM, 2003). Some fatty acids cannotslrthesized by the human
organism itself and must be taken up by nutritibhese essential fatty acids are
linoleic (18:2) and linolenic (18:3) acid.

The tasks performed by fatty acids are diverserande from energy supply over
cellular signaling and posttranslational modifioatito membrane synthesis. Lipid
droplets serve as intracellular, specialized s®ragganelles: a neutral lipid core,
mainly consisting of triglycerides and cholestemsdters, is surrounded by a
phospholipid monolayer covered with perilipin faynlroteins. If energy is required,
e.g. during physical exercise, triglycerides aré sfto glycerol and free fatty acids
which are released in the bloodstream and trarsgaot the peripheral target tissues
(Ducharme and Bickel, 2008). Fatty acids are amsmlved in regulating cellullar
processes by functioning as signaling moleculesh 18 eicosanoids (reviewed by

(Funk, 2001)). The eicosanoids include three dffiersubgroups, prostaglandins,

5
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leukotrienes and thromboxanes that are mostly ddrftom one common precursor
molecule, the arachidonic acid. Eicosanoids havafiurence on various processes,
including inflammation, antilipolytic activity anglatelet aggregation. One of the
most prominent features of fatty acids is theirtdbaotion to the construction of
cellular membranes. Lipid membranes are essemtiaddll viability and enable the
establishment of separate functional units withined or between different cells.
Glycerophospholipids  like  phosphatidylcholine,  phiwatidylethanolamine,
phosphatidylserine, phosphatidylinositol and phaesipic acid are the major
components of cell membranes, with phosphatidylokatontributing to over 50 %
to eukaryotic membrane phospholipids. Cholestesothie predominant sterol of
mammalian membranes and together with phosphatijftehhas a strong impact on
membrane fluidity. Sphingolipidsith saturated or unsaturated fatty acid side chain
make up the third group of membrane lipids (reviewg (van Meeet al, 2008)).
Imbalances in fatty acid metabolism can have sewersequences. An excess of
fatty acids may result in accumulation of triacylggrol in various organs, such as
liver, heart, muscle and pancreas. In consequemmenal cellular functions are
disturbed, resulting in apoptosis and impaired linswsignaling, caused by
lipotoxicity (reviewed by (Liet al, 2010)). Furthermore, irregulations in lipid
homeostasis were linked to the onset and progmessiacnon-alcoholic fatty liver
disease (NAFLD) and non-alcoholic steatohepatitdA$H). Elevated serum
amounts of free fatty acids have been identifietiver biopsies from obese NASH
patients (Bechmanaet al, 2010), correlating excess fatty acids with a platical
inflammation of the liver. Starting with an obegmndition, excess in fatty acids may
also contribute to the development of the metabslindrome, type 2 diabetes,
artherosclerosis and cardiovascular disease, thyshasizing the importance of

careful regulation of lipid metabolism.

3.1.2 Cellular fatty acid uptake

The uptake of fatty acids is a general processdanmrmany cell types. Fatty acids
are bound to albumin and transported in the blootheir target tissues. In order to
be further utilized, fatty acids dissociate froneithcarrier protein and are taken up
into the cells. Intracellular fatty acids are thaativated by esterification with
coenzyme A (CoA) and submitted to further downstreaetabolism. Two different
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mechanism are considered for cellular fatty acidakgx 1) passive diffusion
2) protein mediated uptake (Abumratial, 1998; Hamiltoret al, 2002). At a high
fatty acid to albumin ratio passive diffusion issdebed to be the predominant
mechanism whereas at low fatty acid to albuminosat facilitated and saturable
uptake by specialized proteins is suggested (readdvy (Abumracet al, 1999)).
Different models and candidate proteins have besnusgsed in the context of
cellular fatty acid uptake so far. Black and DiRussgued for vectorial acylation,
linking the fatty acid transport across the plagnenbrane to intracellular fatty acid
activation. Thereby, fatty acids would be trappeside the cells, thus rendering the
uptake process unidirectional (Black and DiRus€®32. For vectorial acylation, a
functional and spatial coupling at the plasma meméérof a fatty acid transporter
with a fatty acid activating enzyme is suggestedu(£t al, 2003; Kampf and
Kleinfeld, 2007) whereas another model argues fetatvolic trapping of fatty acids
at intracellular organelles rather than at the mpesnembrane. Within this model,
intracellular acyl-CoA synthetases would be suéinti to drive fatty acid uptake
metabolically: fatty acid activation would imbalanthe equilibrium of intracellular
and extracellular free fatty acids and result idri@ing force for fatty acid uptake
(Fullekruget al, 2012).

There are three likely candidates for protein medizellular fatty acid uptake: fatty
acid translocase (FAT)/cluster of differentiatiod @D36), the family of fatty acid
transport proteins (FATPs) as well as plasma mengbfatty acid binding protein
(FABPpy). CD36, an integral transmembrane protein, isligigkpressed in adipose
tissue, heart, skeletal muscle and intestine (veadeby (Abumradet al, 1999)).
Alterations in fatty acid metabolism influence CD&%pression, corresponding to a
suggested function in fatty acid uptake. Caveoli{©av-1), a structural protein, has
been proposed as possible interaction partner f086Cin mediating fatty acid
uptake. A whole family of conserved proteins, t#eTPs, are equally considered as
mediators of fatty acid uptake. Two different fuoos have been proposed for
FATPs (reviewed by (Gimeno, 2007)), implying thaey possess an acyl-CoA
synthetase activity: direct transport of fatty acatross the cell membrane versus
intracellular esterification of fatty acids. FABB&sd long-chain fatty acids and are
suggested to have tissue-specific functions. Fasrph membrane fatty acid binding
protein (FABRm) various evidence has been obtained for a potentialvement in

fatty acid metabolism. Changes in fatty acid tramsponditions were accompanied
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by alterations in FABR, expression levels, including the differentiation3d3-L1
fibroblasts into adipocytes which went along withise in fatty acid uptake as well
as an induction of FABR, (reviewed by (Brinkmanret al, 2002)). An antibody
directed against FABR) inhibited oleate uptake in the hepatocytes (Strehenal,
1986), indicating a role for FAB in liver fatty acid uptake.

A potential interplay of plasma membrane proteind atracellular proteins has
been suggested, thus making fatty acid uptake &lyhigoordinated, multistep
process. A possible model would implicate the mtemhaof fatty acid uptake by
CD36, maybe in interaction with Cav-1. Fatty acaisild then be transported by
FABPs to various organelles for activation by in&lular proteins such as FATP4
and long-chain acyl-CoA synthetase 1 (ACSL1) (Fegdy.

ooy
e

Figure 1: Model of fatty acid uptake.

CD36 is localized in the plasma membrane whereeiliates the uptake of extracellular fatty acids
into the cell, possibly in cooperation with CavHAABPs transport the fatty acids to intracellular
organelles like the ER or mitochondria, followedfhatty acid activation by intracellular enzyme such
as FATP4 and ACSL1 (adapted from (Ehelealal, 2006).
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3.2 Fatty acid translocase CD36

3.2.1 Structur and function of CD36

The fatty acid translocase (FAT) or cluster of eliéintiation 36 (CD36), is an
integral transmembrane glycoprotein with a molecwlaight of 88 kDa. The protein
is expressed on a variety of different cell typesjuding adipocytes, hepatocytes,
myocytes, platelets, mononuclear phagocytes ande sepithelia (reviewed by
(Silverstein and Febbraio, 2009)). In line withetgensive expression pattern, CD36
has been described to contain multiple functionthiwithe mammalian organism,
ranging from its action as a pattern recogniticceptor over taste perception for fat
and involvement in inflammatory responses to thi&aks of long-chain fatty acids.
CD36 represents a gene family together with tweofitoteins, lysosomal integral
membrane protein-2 (LIMP-2) as well as CD36 and BH2l analogous (CLA-1),
equally named scavenger receptor B-1 (SRB-1). @utjsoof CD36 were identified
in insects, nematodes, sponges and slime molckkiendicating that the common
ancestral gene dates back more than 300 milliorsyea

The protein structure is conserved in mammals dratacterized by a prominent
extracellular domain ending in two short cytoplasnaiils. The extracellular loop is
heavily glycosylated and features three disulfidends at conserved cysteines
(Cys243- Cys311, Cys272-Cys333, and Cys313-Cyst#fdther with at least two
ligand binding domains, one for proteins with thtmspondin repeat (TSR) domain
and one for oxidized lipids. The C- and the N-terahipart are located intracellularly
and contain two palmitoylated cysteine residues deeviewed by (Silverstein and
Febbraio, 2009), Figure 2). The C-terminal parC@f36 was shown to be required
for proper localization at the cell surface, asumc¢ation of the final 10 amino acids
caused intracellular retention of the protein (Ewe al, 2007). Furthermore,
inhibition of cysteine palmitoylation interfered twi CD36 processing at the
endoplasmic reticulum as well as with traffickingrdugh secretory pathways,
indicating a regulatory function for palmitoylation the translocation of CD36 to
the plasma membrane (Thoreeal, 2010). Although CD36 has been investigated

for decades, only little light has been shed omitscellular signaling so far.
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Figure 2: Structure of CD36

The transmembrane protein CD36 is characterized pyominent extracelluar loop that is heavily
glyosylated. The C- and N-terminus are short, adHalarly located tails that each feature two
palmitoylated cysteines. The extracellular parttted protein contains three disulfid bonds linking
conserved cysteine residues as well as ligand mgndomains for proteins with TSR domain and
oxidized lipids (adapted from (Silverstein and Felid, 2009)).

Suggestions have been made as to linking CD36 Isignep the activation of Src
kinases and nitric-oxide synthase (reviewed by (Atad, 2005)). During lipid
absorption, CD36 function is regulated by ubigation and subsequent degradation
which is initiated by digestion products (Tranal, 2011).

Many publications have so far assigned a role my{ohain fatty acid uptake to the
CD36 protein (reviewed by (Su and Abumrad, 2009036 overexpression
increased oleate uptake in COS cells while the esgion of CD36 in the plasma
membrane was confirmed (Ehehettal, 2008). Bonen and co-workers suggested a
translocation of CD36 from intracellular stores ttee sarcolemma upon muscle
contraction, thereby linking the function of CD36 fatty acid uptake to its
localization at the plasma membrane (Boeeal, 2000). The relevance of CD36 for
long-chain fatty acid uptake was further confirmmdanimal studies: the intestinal
uptake of very long-chain fatty acids was strongtyaired in CD36 null mice after
feeding a high fat diet (Drovest al, 2008). Likewise, CD36 null mice displayed a
reduction in fatty acid uptake in the muscle anghask tissue (Coburet al, 2000).

10



Introduction

In accordance with its relevance for fatty acidalgt CD36 has been implicated in
the onset and progression of pathologic conditidkesobesity, type 2 diabetes, the
metabolic syndrome and atherosclerosis (Kooeteal, 2007; Love-Gregort al,
2008).

3.2.2 Role of caveolin-1 in CD36 signaling

CD36 function in fatty acid uptake was hypothesizedbe influenced by its
localization within the plasma membrane. The calluimembrane is an
inhomogeneous structure that is subdivided in dlquidered and liquid disordered
domains. Tightly packed subdomains, predominantiysisting of cholesterol and
sphingolipids, float freely within the liquid distered phase, thus generating a
subcompartmentalization which spotlights and cowtis the bioactivity of
membrane components (Lingwood and Simons, 2010sdlso termed lipid rafts
play an important role as signaling platforms iweal in various cellular processes
by concentrating receptors and signaling molecul@se place.

Caveolae are a special subset of lipid rafts. Tlhaey small cell membrane
invaginations which are involved in cell signaliagd transport processes. They are
composed of the coat proteins caveolin-1, -2 anfC&/-1, -2, -3), with Cav-1 and
Cav-3 being essential for proper caveolae construcAlso caveolae do occur in
different cell types they are most often found dipacytes as well as imascular
endothelial cells, fibroblasts and epithelial c€lsviewed by (Chidlow and Sessa,
2010)). Cav-1 binds long-chain fatty acids withtaffinity and has been suggested
to play role in lipid traffic (Liuet al, 2002) and to modulate fatty acid transport
across the plasma membrane (Meshuédral, 2006).

When Cav-1 was investigated for its function irtyfeacid metabolism, Cav-1 null
mice developed hyperinsulinemia when nourished witfigh fat diet (Cohest al,
2003). Another study showed normal serum insuli@av-1 null mice but increased
levels of free fatty acids and triglycerides (Razetal, 2002) hinting at a role for
Cav-1 in fatty acid metabolism.

For CD36, the existence of two pools within thespla membrane was suggested:
inside and outside lipid rafts, with raft asso@atleading to an increase in fatty acid
uptake (Ehehalet al, 2008). A possible functional relationship of CD&ed Cav-1

in fatty acid uptake is still a matter of debates discussed by Su and Abumrad,
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caveolin function is regulated by Src kinases whele also been linked to CD36
signaling (reviewed by (Su and Abumrad, 2009)),dating a possible interaction.
Due to the high expression rate of Cav-1 in adipesyogether with the localization
of CD36 to lipid rafts and its role in fatty acightake Cav-1 is a worthwhile target
for investigation in the context of CD36 function.

3.3 Fatty acid activating enzymes

3.3.1 The acyl-CoA synthetase family

Fatty acids need to be activated before they carudssl by cells for energy
production, signaling and further downstream mdiakmthways. The activation of
fatty acids by esterification with coenzyme A isighly conserved process that is
performed in organisms from archea to man (revieWwgd(Watkins, 2008)). In
mammals, this reaction is catalyzed by the famflyaoyl-CoA synthetases (ACS)
which can activate fatty acids with various chandths, mostly between 12 — 20
carbon atoms. Depending on their preferred sulestraicyl-CoA synthetase are
subdivided into short-chain (G C,;), medium-chain (€— Cy,), long-chain (& —
C20), very long-chain (& — Gg) and bubblegum (z — G4) acyl-CoA synthetases
(reviewed by (Soupene and Kuypers, 2008)). Theee 26 different acyl-CoA
synthetases expressed in mammals, including 13w yor the activation of long-
chain fatty acids only. Physiologically of highésiportance are the five long-chain
acyl-CoA synthetases (ACSL1, 3 - 6) as well asdixevery long-chain acyl-CoA
synthetase (ACSVL) or fatty acid transport prote(RATP1-6), which activate
intracellular fatty acids including oleate and pidite.

Acyl-CoA synthetases play an important role indipnetabolism and are required to
ensure lipid homeostasis. The described functiomsrenifold and include substrate
provision for energy production and lipid synthebist also enzyme regulation,
protein acylation, modulation of ion channels andmbrane potential as well as
protein trafficking (reviewed by (Let al, 2010)). The localization of the different
acyl-CoA synthetase family members remains a maitetebate and includes the
controversy whether the respective proteins araliloed at the plasma membrane or
at intracellular organelles, such as the endoplasmiiculum, lipid droplets or

mitochondria.
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3.3.2 The catalyzed reaction

The acyl-CoA synthetase family members catalyzeesterification of intracellular
fatty acids with coenzyme A in order to activattyfaacids for further downstream
metabolism. During the reaction, an acyl-AMP intediate is produced under
consumption of adenosine triphosphate (ATP) (Maséte&l, 2004). In a two-step
reaction, a thioester bond is formed between theosgl group of a fatty acid and
the sulfhydryl group of coenzyme A. Initially, attfaacid is converted to an acyl-
adenylate under energy consumption, thereby meraigplATP to pyrophosphate.
In a second step, the sulfhydryl group of coenzyineeacts with the intermediate
acyl-adenylate in order to produce acyl-CoA andnadae monophosphate (AMP)
(Figure 3). Both reaction steps are completely n&lske. The equilibrium of the
reaction is shifted towards the production of &glA by fast hydrolysis of the
intermediate pyrophosphate (Berg JM, 2003).

0

+ ATP — o s PPI “‘}
R U R ~AMP
Fatty acid Acyl adenylate
¥
. - "'\-HHAMIP + HioLoh /—— . IHH""\-; CoA + AMP (2)
Acyl CoA

Figure 3: Activation of fatty acids by esterificaton with coenzyme A.

Free fatty acids are activated by esterificatiothwibenzyme A in a two-step process. At first, tiyfa
acid reacts with ATP in order to form an acyl-adateyintermediate under energy consumption. The
resulting pyrophosphate is rapidly hydrolyzed, ¢fwgrdriving the reaction. Secondly, coenzyme A is
bound to the acyl-adenylate by a thioester bondrder to generate acyl-CoA and AMP (adapted
from (Berg JM, 2003)).

Although its catalyzed reaction has been charaedrithe mammalian acyl-CoA
synthetase structure remains yet to be identifmmologies to the bacterial isoform
indicate a similar mode of action for the mammakhansion. In bacteria, acyl-CoA
synthetases act as dimers. Their structure featucesserved fatty acid Gate domain
which defines substrate specificity (reviewed byor(feris and Mattevi, 2008;
Soupene and Kuypers, 2008)). One main obstaclehtsato be overcome by acyl-
CoA synthetases is the simultaneous interactiorh Wwiydrophilic as well as
hydrophobic substrates. The bacterial acyl-CoA tsteise FACS is an elegant

example of how molecules derived from the aque@lisilar environment together
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with molecules originating from the lipid bilayeart be introduced in a common
reaction that is catalyzed by one single enzymeC&Aimers are located close to the
lipid bilayer from which fatty acid substrates atieectly obtained. A hydrophobic
cavity is formed between the two monomeric partsctvtbinds fatty acids in a
position that makes the carboxyl group accessai¢hie hydrophilic substrates. ATP
and coenzyme A are taken up through a hydrophilicaace facing the agueous
environment. After completing the reaction, the |[48gA product is released
through the hydrophilic opening (Figure 4). In clusoon, by action of the bacterial
acyl-CoA synthetase FACS a hydrophilic fatty acakbeen made accessible to
cellular metabolic pathways by coupling to hydrdighcoenzyme A (reviewed by
(Forneris and Mattevi, 2008)).
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Figure 4: Mechanism of fatty acid activation by thebacterial acyl-CoA synthetase FACS.

FACS acts as a dimer which is closely associated eeéllular membranes. Hydrophobic fatty acid
substrates originiate from lipid membranes andramsported to the enzymatically active site thioug
a hydrophobic cavity. The hydrophilic substratesPAdnd coenzyme A are derived from the aqueous
environment through a hydrophilic opening. Afteupbing coenzyme A to the fatty acid the resulting
hydrophilic product is released via the hydrophtticannel (adapted from (Forneris and Mattevi,
2008)).

3.3.3 Fatty acid transport protein 4 (FATP4)

In 1994, the first FATP was identified from a muiadipocyte cDNA library as a
protein that increased long-chain fatty acid uptaken overexpressed in adipocytes.
The protein, which was subsequently termed FATPiowed an increased
expression during the differentiation of 3T3-L1 atytes, corresponding to a
formerly described rise in long-chain fatty acidake (Schaffer and Lodish, 1994).
In the following years, six human FATPs (FATP1l-6)ere identified as
transmembrane proteins with a common, highly caresEFATP signature sequence.
The different family members are expressed in wericell types, all of which are
involved in fatty acid metabolism (reviewed by (8tat al, 2001)). Although there
Is congruency about the involvement of FATPs ityfatcid uptake, the underlying

mechanism as well as the subcellular localizatrenséll under debate.
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The family member FATP4 is expressed in adiposguéis brain, skeletal muscle,
heart and intestine. FATP4-null mice display seveien defects, including
hyperproliferative hyperkeratosis, defective barriéunction and restrictive
dermopathy. In consequence, animals die beforéosely after birth. The epidermis
of FATP4-null mice is characterized by altered digevels, with a decrease in
phosphatidylcholine, phosphatidylethanolamine dmmeasterol ester content, hinting
at a profound influence of FATP4 on lipid metaboligreviewed by (Watkins,
2008)).

Stahl and co-workers described FATP4 as a plasnmabmame localized fatty acid
transporter, that is expressed on the apical §iaterocytes (Staldt al, 1999), thus
facilitating fatty acid uptake. This view was cadicted by studies clearly showing
an intracellular localization of FATP4 at the enlgmic reticulum. Although a
function of FATP4 as fatty acid transporter wasstlencluded, a positive correlation
was shown between protein expression and fattygutiake (Milgeret al, 2006). In
accordance with increased FATP4 expression lewelgl-CoA synthetase activity
and fatty acid uptake were enhanced in hepatomalines HuH7 and HepG2
(Krammeret al, 2011) as well as in 3T3-L1 adipocytes (Ztetral, 2012). FATP4
mediated fatty acid uptake was further increasedshoyrt term insulin treatment,
hinting at a new target in insulin dependent mdiabmodulation (Digelet al,
2011). These results reverse the view of FATP4 plasma membrane located fatty
acid transport protein. It was rather shown th&taoellular activation of fatty acids
by acyl-CoA synthetases is sufficient to drive wkat fatty acid uptake.

3.3.4 Long-chain acyl-CoA synthetase 1 (ACSL1)

Mammalian long-chain acyl-CoA synthetases play apartant role in lipid
metabolism by generation of long-chain acyl-CoAeestthat have regulatory
functions. To date, five long-chain acyl-CoA synts® genes have been identified
in humans, with each gene having different trapscvariants. In 1990, the first
cDNA encoding an long-chain acyl-CoA synthetase wakated from rat liver and
subsequently termed ACSL1. Indications for a rabeeain fatty acid metabolism
were obtained by observation of an increase in AC8IRNA in rat liver after
feeding a high fat diet (Suzukt al, 1990).

15



Introduction

The intracellular localization of long-chain acyb& synthetase proteins is
controversial as different studies place them eithethe plasma membrane or at
various intracellular locations. ACSL1 has beenedietd on mitochondria, lipid
droplets and the plasma membrane (reviewed by @umu@and Kuypers, 2008)).
Upon overexpression in primary rat hepatocytes, BKICSvas found on the
endoplasmic reticulum and acyl-CoA synthetase @gtivas increased. Alterations
in fatty acid metabolism included the enhanced rpotion of oleate into
diacylglycerol and phospholipids, whereas lesstel@as integrated into cholesterol
esters. It was suggested, that ACSL1 channeleduitstrate fatty acids towards
different metabolic fates depending on enzyme Ipaibn and protein interaction
(Li et al, 2006). Another study localized overexpressed AC&L mitochondria in
Ptk2 cells. Oleate uptake was enhanced upon ACSeklerpression, verifying that
the intracellular localization of a fatty acid miebdizing enzyme is sufficient to
increase fatty acid uptake (Milget al, 2006).

ACSL1 accounts for 80 % of total acyl-CoA synthetastivity in adipose tissues
and represents the predominant long-chain acyl-€p#hetase isoform in the liver.
Following a specific knock out of ACSL1 in adiposissue of mice, animals
displayed significantly decreased rates of fatig axidation. The results hinted at a
specific function for ACSL1 in directing fatty asidtowards [-oxidation in
adipocytes (Elliset al, 2010). Impaired [3-oxidation was also observea iliver
specific ACSL1 knock out mouse model together withdecreased acyl-CoA
synthetase activity and acyl-CoA amount in therliila et al, 2009). Accordingly,
ACSL1 is involved in regulating lipid metabolism Hdirecting fatty acids towards 13-

oxidation.
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3.4 Aim of study

Lipids are essential components of life and havdtipte functions in cellular
metabolism. They contribute to the constructionceflular membranes, serve as
signaling molecules and are needed for energy gegoamd supply. Imbalances of
lipid homeostasis can contribute to onset and psmjon of diseases like the
metabolic syndrome, diabetes type 2, atherosckerasd cardiovascular illnesses.
Therefore, cellular fatty acid uptake has to befdly regulated.

Proteins implicated in fatty acid transport are ¢fiykcoprotein CD36, the acyl-CoA
synthetases FATP4 and ACSL1 and the structurakpr@av-1. CD36, FATP4 and
ACSL1 were described to increase cellular fattyd agbtake upon overexpression,
mediated by different mechanisms. CD36 is a plasmeabrane localized protein
that directly facilitates fatty acid transport weas FATP4 and ACSL1 are localized
intracellularly. They indirectly drive fatty acidptake by depleting the level of
intracellular fatty acids through fatty acid actiea, thus making them available for
downstream metabolic pathways. Cav-1 is a strukctpratein of membrane
invaginations, termed caveolae. It possesses @ bipiding site and has been linked
to mediating intra- and extracellular lipid trangpo

CD36, FATP4 and ACSL1 localization and their fuoatiin fatty acid uptake have
been a topic of interest for several years. Buldte, no analysis was performed in
which the amounts of overexpressed proteins weeantdied and then related to
their specific effect on fatty acid uptake. Accomgly, this study addressed two main

topics:

1) the molecular stoichiometry of fatty acid uptake
» absolute quantification of CD36, FATP4 and ACSLDbtpm amounts in

overexpressing cell lines
» calculation of protein-specific fatty acid uptakge felating protein quantities

to the respective increase in oleate uptake

2) the potential cooperativity of proteins requigtfatty acid uptake
» investigation of whether CD36, FATP4 and ACSL1 cargpe in facilitating
fatty acid uptake

» analysis of the influence of Cav-1 on CD36 medidédty acid transport
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MDCK cells were chosen as a model system becaeyeatie not specialized in lipid
transport, unlike adipocytes, muscle cells or @rdiells, and thus permitted an
unbiased quantitiative analysis. For experimemt&as required to generate MDCK
cells with stable protein overexpression (FATP4,SACT) or knock down (Cav-1) as
well as MDCK cells with adjustable protein overexgsion (CD36 or FATP4
adenovirus infected cells).

Absolute protein amounts of CD36, FATP4 and ACShbutd be quantified by
western blotting and calculated by densitometri@alysis by comparison to a
recombinant protein standard. Cells should be iatad with 3H-oleic acid for 3 h
and fatty acid uptake should be determined by tabeded measurement. Finally,
the specific alteration in fatty acid uptake shoblel calculated for the assessed
amount of overexpressed protein. Cellular localirats described in the scientific

literature should be verified for each protein tynunofluorescene.
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4. Material and Methods

If not otherwise noted disposable and non-dispesaidterials were manufactured
by Eppendorf (Hamburg), Greiner Bio-One (Frickerden) and Schott (Mainz).

Chemicals were purchased from the ChemikalienlZgetralbereich Neuenheimer

Feld 367 (Heidelberg), AppliChem (Darmstadt), Merdarmstadt), Carl Roth

(Karlsruhe) and Sigma-Aldrich (Steinheim).

4.1 Equipment

4.1.1 Molecular biology equipment

Table 1: Molecular biology equipment used in thistsidy.

equipment

manufacturer

agarose gel chamber

cti, Idstein

agarose gel documentation system

Peqglab, Erlangen

BioPhotometer

Eppendorf, Hamburg

centrifuges
refrigerated bench-top centrifuge 5804 R

rotors: A 4-44, F 34-6-38
refrigerated microcentrifuge 5415 R

rotor: F 45-24-11
ultracentrifuge Optima XL-90

Rotor: SW 41-Ti

Eppendorf, Hamburg

Eppendorf, Hamburg

Beckman Coulter, Krefeld

Electroporator Gene Pulser Xcell

Bio-Rad, Miinchen

electroporation cuvettes

Peqlab, Erlangen

GeneAmp PCR System 2400

Perkin Elmer, Waltham (USA)

microplate reader PHOmo

Anthos Mikrosysteme, Kdefe

microscopes
fluorescence microscope BX41

laser scanning spectral confocal microscope TCS

Olympus, Hamburg
SRdca, Wetzlar

pH meter SevenEasy

Mettler-Toledo, Schwerzenbach (Schwe

polyclear tubes for ultracentrifugation
(14 mm x 89 mm)

Beranek, Weinheim
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4.1.2 Protein biochemistry equipment

Table 2: Protein biochemistry equipment used in ths study.

equipment

manufacturer

Amersham Hyperfilm ECL

GE Healthcare, Miinchen

autoradiography hypercassette

Amersham Bioscieh@#s, Chalfont (UK)

blotting paper

Schleicher und Schull/Whatman, Bhss

developer machine Agfa Curix 60

Christiansen, Mi@mc

Protran nitrocellulose membrane

Whatman, Dassel

sodium dodecyl sulfate p@crylamide
gel electrophoresis (SDS-PAGE) chamber

Bio-Rad, Miinchen

semi-dry blotting chamber

cti, Idstein

4.1.3 Radioactive work equipment

Table 3: Radioactive work equipment used in this sidy.

equipment

manufacturer

liquid scintillation counter LS 6500

Beckman Ceu)tKrefeld

polyethylene vials for
Minis 2000

liquid scintillation countn

Zinsser Analytic, Frankfurt am Main

Safe-Lock tubes (1.5 ml)

Eppendorf, Hamburg

Ultima Gold

Perkin Elmer, Waltham (USA)

4.1.4 Cell culture equipment

Table 4: Cell culture equipment used in this study.

equipment

manufacturer

cell culture dishes (60 cm145 cm)

Cellstar/Greiner Bio-One, Frickenhause

cell culture flasks (T25, T75, T175)

Cellstar/@i Bio-One, Frickenhauser

cell culture multiwell plates (6-well, 12-well, 98ell)

Cellstar/Greiner Bio-One, Frickenhause!

cover slips (10 mm in diameter)

Marienfeld, LauiEigshofen

Microscope slides

Marienfeld, Lauda-Konigshofen

Neubauer improved counting chamber

Assistent, SeindRhon

sterile syringe filters, nitrocellulose free (0.460)

Millipore, Schwalbach/Ts
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4.2 Chemicals

4.2.1 Molecular biology chemicals

Table 5: Molecular biology chemicals used in thistsdy.

chemical manufacturer

bovine serum albumin (BSA) (A6003) Sigma-AldrictieiBheim
fatty acid free BSA (A3803) Sigma-Aldrich, Steinimei
6 x DNA Loading Dye Fermentas, St. Leon-Rot

Deoxyribonucleoside triphosphate (dNTP) mix (10 rdth) | Fermentas, St. Leon-Rot

Kanamycin Sigma-Aldrich, Steinheim

4.2.2 Protein biochemistry chemicals

Table 6: Protein biochemistry chemicals used in tlsi study.

chemical manufacturer
acrylamide/bis solution (30 %) Bio-Rad, Miinchen
ammonium persulfate (APS) Sigma-Aldrich, Steintei
ANTI-FLAG M2 affinity gel Sigma-Aldrich, Steinheim
3-mercaptoethanol AppliChem, Darmstadt
blotting grade blocker nonfat dry milk Bio-Rad, Mihen
Bradford protein assay dye Bio-Rad, Miinchen
bromphenolblue Merck, Darmstadt
Coomassie brilliant blue R-250 Merck, Darmstadt

S. Staudacher, AG J. Fullekrug,

FATP4 5 protein standard University Hospital Heidelberg

N,N,N',N'-tetramethylethylenediamine (TEMED) Appli€m, Darmstadt
Ponceau Red Serva Electrophoresis, Heidelbefg
sodium dodecyl sulfate (SDS) Sigma-Aldrich, Steinhe

Western Lightning Plus enhanced chemiluminesceB€) | Perkin Elmer, Waltham (USA)

4.2 .3 Radioactive work chemicals

Table 7: Radioactive work chemicals used in this gtly.

chemical manufacturer
oleic acid Sigma-Aldrich, Steinheim
3H-oleic acid Perkin Elmer, Waltham (USA)
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4.2.4 Cell culture chemicals

Table 8: Cell culture chemicals used in this study.

chemical

manufacturer

ampicillin sodium salt

Sigma-Aldrich, Steinheim

calcium chloride (CaG)

Sigma-Aldrich, Steinheim

cesium chloride (CsCl)

Boehringer-Mannheim, Marinmhe

Collagen R solution

Serva, Heidelberg

culture medium DMEM/MEM/OptiMEM

Gibco/InvitrogeiGarlsbad (USA)

dimethyl sulfoxide (DMSO)

Sigma-Aldrich, Steinhei

fetal bovine serum (FBS)

Gibco/Invitrogen, CarlslfdSA)

GlutaMAX-I (200 mM, 100 X)

Gibco/Invitrogen, Carlad (USA)

Hoechst 33342

Invitrogen, Carlsbad (USA)

Lipofectamine 2000

Invitrogen, Carlsbad (USA)

Mowiol mounting medium

Calbiochem, La Jolla (USA)

paraformaldehyde (PFA)

Riedel-de Haén, Seelze

penicillin (10 U/ul)/streptomycin (10 g/l)

Gibcodlitrogen, Carlsbad (USA)

Polybrene (hexadimethrine bromide)

Sigma-Aldristeinheim

Puromycin

Clontech, Mountain View (USA)

Saponin Quillaja Bark

Sigma-Aldrich, Steinheim

Teleostan gelatin

Sigma-Aldrich, Steinheim

trypsin

Gibco/Invitrogen, Carlsbad (USA)

4.3 Kits

Table 9: Kits used in this study.

kit

manufacturer

Marligen PowerPrep® HP Plasmid Purification Systerm

OriGene, Rockville (USA)

Nucleo Spin® Extract Kit Il

Macherey-Nagel, Dire

Nucleo Spin® Plasmid Kit

Macherey-Nagel, Duren

QIAquick Gel Extraction Kit

Qiagen, Hilden
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4.4 Molecular biology material

4.4.1 Molecular weight standards

Table 10: Molecular weight standards used in thistady.

weight standard

range

manufacturer

GeneRuler™ 1 kilobase (kb) DNA Ladd

21250-10,000 base pairs (b

D) Fermentas, St. Leon

Page Rulé! Prestained Protein Ladder

10-170 kilodalton (kDa

Fermentas, St. Leon-Rd

4.4.2 Antibodies

Table 11: Antibodies used in this study.

incubation conditions

antibody : characteristics manufacturer
WB | IF
primary antibodies
ms-a- 1:200,000 - monoclonal antibody AS441
B-actin (over night, 4 °C) Sigma-Aldrich, Steinhein
1:200 monoclonal antibody| sc-70642
ms-u-CD36 | - (1' h, RT) raised against humanSanta Cruz Biotechnolog
' CD36 Heidelberg
ms-o- 1:1,000 | monoclonal antibody, F1804
FLAG M2 |~ (1 h, RT) | affinity purified Sigma-Aldrich, Steinhein
polyclonal antibody, sc-894
rb-a-Cavl | 1:20,000 1:200 affinity purified, Santa Cruz Biotechnologly
(N20) (1 h, RT) (1 h, RT) | raised against human_, .
Cav-1 Heidelberg
rb-o- . . J. Fillekrug, University
FATP4 (16\5/;30rorgght 4°C) (11'1r']OOROT) - Hospital Heidelberg
(C3/5) ' ' (Milger et al, 2006)
b-0-FLAG 1:10,000 1:500 polyclonal antibody, F7425
(over night, 4 °C)| (1 h, RT) | affinity purified Sigma-Aldrich, Steinhein
secondary antibodies
-Mms-Cv2 _ 1:200 Cy2-conjugated 715-225-151
* y (1 h, RT) | anti-mouse IgG Dianova, Hamburg
-ms-Cv3 _ 1:1,000 | Cy3-conjugated 715-165-151
* Y (1 h, RT) | anti-mouse IgG Dianova, Hamburg
4-rb-Cv2 i 1:200 Cy2-conjugated 711-225-152
y (1 h, RT) | anti-rabbit IgG Dianova, Hamburg
4-rb-Cv3 i 1:1,000 | Cy3-conjugated 711-165-152
y (1 h, RT) | anti-rabbit IgG Dianova, Hamburg
-ms-HRP 1:10,000 i peroxidase-conjugated 711-035-003
* (1 h, RT) anti-mouse 1gG Dianova, Hamburg
o-rb-HRP 1:10,000 i peroxidase-conjugated 711-035-152
(1 h, RT) anti-rabbit IgG Dianova, Hamburg

western blot (WB), immunofluorescence (IF), mouss) rabbit (rb), anti), room temperature
(RT), horseradish peroxidase (HRP), immunoglobGliigG)
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4.4.3 Enzymes

Table 12: Enzymes used in this study.

enzyme activity [units (U)/ml] manufacturer

general enzymes

Antarctic Phosphatase - New England Biolabs, Framldm Main
Quick T4 DNA Ligase | - New England Biolabs, Frankfam Main
B pemcntaa | Qugen, Hider

restriction enzymes

Agel 5,000 U/mi New England Biolabs, Frankfam Main
Bglll 10,000 U/ml New England Biolabs, Frankfarh Main
Kpnl 10,000 U/mi Fermentas, St. Leon-Rot

Ndel 20,000 U/ml New England Biolabs, Frankfurt Main
Pacl 10,000 U/ml New England Biolabs, Frankfurtleain
Pmel 10,000 U/ml New England Biolabs, Frankfurtleain
Xbal 20,000 U/ml New England Biolabs, Frankfumt &ain
Xhol 20,000 U/ml New England Biolabs, Frankfum &ain

4.4.4 Oligonucleotides

Oligonucleotides were purchased from Sigma-Ald(igteinheim) and adjusted to a
working concentration of 100 uM in sterile®l

Table 13: Oligonucleotides used in this study.

primer m length | sequence (5" - 3")

s CD36-1 LC | 65.7°C| 21 TTGATGTGCAAAATCCACAGG

s CD36-2 LC | 65.1°C| 19 AAAACGGCTGCAGGTCAAC

a_CD36-2 LC | 65.0°C| 20 TCACCAATGGTCCCAGTCTC

?ggeai?'FLAG 79.7°C | 33 GGTACCAGATCTACCATGGGCTGTGACCGGAAC
?gdiagf'FLAG 741°C | 31 AAGCTTCTCGAGTTACTTGTCATCGTCGTCC
CMV forward 76.8°C | 21 CGCAAATGGGCGGTAGGCGTG

EGFP-C 62.0°C| 20 ATGGTCCTGCTGGAGTTCGT

antisense (a_), sense (s_), melting temperaturg, @meen fluorescent protein (GFP)
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4.4.5 Plasmids
Table 14: Plasmids for cloning used in this study.
plasmid characteristics tag resistence | reference Ir?lfr:lgglr
plasmids for cloning
mammalian expression ampicillin Stratagene,
pcDNA3 P - PICHIN, | santa Clara JF 001
vector neomycin (USA)
plasmid for subcloning
GFP ligation of GFP- . .
-CD36. pNice | CD36: 40 into PEGFP- FLAG | kanamycin | this work JF 782
N1, green fluorescence
expression vector for
GEP human CD36 with N- kanamvcin D. Lublin,
-CD36-FLAG terminal GFP and C} FLAG neom zin '| St. Louis JF 664
terminal FLAG, green Y (USA)
fluorescence
L .| Clontech,
PEGFP-N1 enhanced_green fIU(_)re 5- kanamypln, Mountain View JF 067
cent protein expression neomycin (USA)
i expression vector for N D. Lublin,
EEAQ’S <DNA3 | human CD36 with C{ FLAG ﬁ;"opr':"(':';' St. Louis JF 502
P terminal FLAG Y (USA)
Table 15: Retroviral plasmids used in this study.
plasmid characteristics tag resistence | reference I:Jﬁ:g:lr
retroviral plasmids
retroviral expressiof 3. Eiillek
vector, based  on ampicillin - Fuliekrug,
on , ; ; . | JF596
PQCXIP-J (pQ)| PQCXIP  (BD  Bio- puromycin | Dniversity Hos
sciences, Clontech, pital Heidelberg
Heidelberg)
retroviral expressiof MPI-CBG,
cavl- vector for stable Cav-1 ampicillin, | Dresden JF 383
ko.pRVH1puro | knock down by RNA puromycin | (Schucket al,
interference 2004)
retroviral expressiof T 7han
vector for stable _— : i
ACSL1.pRJ overexpression of ratFLAG amp|C|II|r_1, AG. J._Fullekrug, JF 659
i . puromycin | University Hos-
ACSL1 with C-terminal ital Heidelber
FLAG P g
expression vector for the MPI-CBG,
pVSV-G Vesicular Stomatitig - ampicillin (Dsrgtfgc?l?et al JF 380
Virus glycoprotein 2004) ?
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Table 16: Adenoviral plasmids used in this study.

: " : internal
plasmid characteristics tag resistence | reference number
adenoviral plasmids

basic transfer plasmid P. Keller,
pc,?/(lj\?/pshuttle- for recombinant adeno-- kanamycin | MPI-CBG, JF 101
virus construction Dresden
adenoviral shuttle
plasmid for humar - .
CD36.pAda CD36 with C-terminal FLAG | ampicillin | this work JF 780
FLAG
adenoviral shuttle
plasmid for humar
GFP CD36 with N-terminal - . JF 781
-CD36.pAda GFP and C-terminal FLAG | ampicillin | this work
FLAG, green fluores-
cence
EATPA. aldeno_\c/];ralf expression C. Becker_?II )
AdTrack- plasmi or muring _ kanamycin AG_ J. _Fu ekrug, 5 430
pCMV FATP4, cytosolic green University Hos-
fluorescence pital Heidelberg
adenoviral backbone P Keller
pAdEasy-1 | Plasmid with EL/E3 kanamycin | MPI-CBG, JF 109
deletion for recombinant
X . Dresden
adenovirus contruction
adenoviral  expression
plasmid for humar - .
CD36.pAdv CD36 with C-terminal FLAG | ampicillin | this work JF 790
FLAG
adenoviral  expression
plasmid for humar
GFP CD36 with N-terminal - .
-CD36.pAdv GEP and C-terminal FLAG | ampicillin | this work JF 791
FLAG, green fluores
cence

4.5 Buffers and media

4.5.1 Media

Luria Bertani (LB) media for cultivation of bactanwvere autoclaved before use. Cell
culture media and supplements were sterile at elgliand subsequently handled

under sterile conditions.

Table 17: Media used in this study.

medium components purpose

molecular biology

LB medium NaCl, pH 7.0, for plates: 30 g Select agarH. coli
(100 pg/ml ampicillin, 30 pg/ml kanamycin

10 g/l tryptone, 5 g/l yeast extract, 10 %/I
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cell culture

DMEM

DMEM 4.5 g/l glucose + GlutaMAX
+ 10 % (v/v) FBS
+ 1 % (v/v) pen/strep

HEK 239 cells
phoenix gp cells

DMEM low glucose

DMEM 1 g/l glucose + GlutaMAX

+10 % (vv) FBS retrovirus production

MEM 4.5 g/l glucose + GlutaMAX

MEM +10 % (v/v) FBS MDCK cells
+ 1 % (v/v) pen/strep
OptiMEM reduced serum medium adenoviral infection

lipofection

Dulbecco’s modified Eagle’s medium (DMEM), Eagle¥nimum essential medium (MEM)

4.5.2 Buffers

If not otherwise stated buffers were prepared iflipdire-H,O. The appropriate pH

was adjusted at room temperature whenever required.

Table 18: Buffers used in this study.

buffer

components

molecular biology

6 x DNA loading dye

38 % (w/v) glycerol, 0.08 % (w/v) bromphenolblue0® % (w/v)
xylencyanol

Inoue Transformation

10 mM piperazine-N,Nbis(2-ethanesulfonic acid) (PIPES) (pH 6.7 w

Buffer (ITB) KOH), 15 mM CaCJ, 250 mM KCI, 55 mM MnG!
ggl‘i’:gr(‘gtgs) bufferedl 1 32 M NaCl, 10 mM NP, 2.7 mM KCI,2 mM KH,PO,, pH 7.4

2 x adenovirus storag
buffer

e10 mM tris(hydroxymethyl)aminomethane (Tris) (pHO)}3.100 mM
NacCl, 0.1 % (w/v) BSA, 50 % (w/v) glycerol

10 x Tris acetate EDTA
(TAE)

400 mM Tris/acetate, 10 mM ethylenediaminetetraaceacid
(EDTA)/NaOH, pH 8.0

western blot

blotting buffer

25 mM Tris, 190 mM glycin, 20 % ®/MeOH

0.1 % coomassie blue

1 g Coomassie brilliant blue R-250, 300 ml MeOH,02&l H,O,
dissolved at RT, 400 mlJ®, 100 ml (glacial) acetic acid

destain solution

10 % (v/v) acetic acid, 30 % (WA§OH

4 x Laemmli buffer

250 mM Tris/HCI (pH 6.8), 50 % (w/v) glycerol , 8 gw/v) SDS, 0.02
% (w/v) bromphenolblue, 5 % (v/¥}-mercaptoethanol

running buffer

25 mM Tris, 190 mM glycin, 0.1 % (y/SDS

SDS-PAGE special
sample buffer

62 mM Tris/HCI (pH 6.8), 2 % (w/v) SDS, 10 % (w/glycerol

20 x Tris buffered
saline (TBS) Tween

200 mM Tris/HCI, 3 M NaCl (pH 7.4), 2 % (v/v) Twe@0®

Tris NaCl EDTA
(TNE) buffer

150 mM NacCl, 20 mM Tris/HCI (pH 7.4), 1 mM EDTA

Tris NaCl EDTA Tri-

150 mM NaCl, 20 mM Tris/HCI (pH 7.4), 1 mM EDTA, D% (V/v)

ton X (TNEX) buffer

Triton X-100
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radioactive assay

STOP-mix 0.5 % (w/v) BSA with fatty acids in 1x PBS

cell culture

2 x HEPES buffered 280 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-piperazitieenesulfonic
saline (HBS) acid (HEPES), 12 mM glucose, 10 mM KClI, 1.5 mM,NBO,, pH 6.95
immunofluorescence

4.8 g Mowiol, 12 g glycerol, 12 ml 40, dissolve at RT, 24 ml 0.2 M
Mowiol pH 8,5 Tris/HCI (pH 8.5), dissolve at < 50 °C, centrifuigat at 5,000 g for 15
min, use supernatant

40 g PFA dissolved in 1 1 1 x PBS at < 80°C, 10 M CaC}, 100 pl
1 M MgCl,, pH 7.4

saponin gelatine (SG)0.01 % (w/v) saponin, 0.2 % (w/v) gelatin, 0.02 %) sodium azide, ir
washing solution 1x PBS

saponin  gelatine BSA 0.1 % (w/v) saponin, 0.5 %wv) gelatin, 5 mg/ml BSA, 0.02 % (v/v

fa?(iEi)ng solutir)vr?smng sodium azide, in 1 x PBS

4 % PFA

4.6 Cells, viruses, bacteria

4.6.1 Cells

All cell lines were maintained under sterile cormatis at 37 °C and 5 % GOStocks

were stored in liquid nitrogen.

Table 19: Cells used in this study.

cell line characteristics ATCC | reference medium | passaging

for assays

canine kidney| CCL- at post-confluency,

wt MDCK MPI-CBG, Dresden MEM | 1/2 for assays,
cells 34 .
1/8 for propagation
canine kidney at post-confluency
ACSLIei 46 | cells stably) _ this work MEM 1/2 for assays,
MDCK overexpressing rat 1/8 for propagation
ACSLI ac propag

canine kidney

Cav-1 KD | cells with stable at post-confluency,

- this work MEM 1/2 for assays,

MDCK dcc?yv-nl knock 1/8 for propagation
canine kidney M. Poppelreuthe at post-confluenc
FATP4 cells stably over- AG J. Fullekrug, P Y
; - ! . ' MEM 1/2 for assays,
MDCK expressing mousg University Hospital 1/8 for propagation
FATP4 Heidelberg
canine kidney
cells stably infec- at post-confluency,
IF\J/IQDCC::EP-J ted with a retrod - this work MEM 1/2 for assays,
viral  expression 1/8 for propagation
plasmid
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for protein standards

canine kidney M. Poppelreuther
FATP4ac | cells stably overy AG J. Fullekrug, MEM at post-confluency,
MDCK expressing mouse University Hospital 1/8 for propagation
FATP4e a6 Heidelberg

ggﬁ;nitam klgc:z S. Staudacher,
/ AG J. Fillekrug,

: at post-confluency,
expressing short - . . ' MEM )
tened humar University Hospital 1/8 for propagation

 c FATP4 Heidelberg
for retrovirus production

FLacFATP4
MDCK

gag pol expres
sing human, SD- ) at sub-confluency,
embryonic  kid-| 3514 MPI-CBG, Dresder} DMEM 1/6 for propagation
ney cells

Phoenix gp

for adenovirus production

human embry-
onic kidney cells| CRL- at sub-confluency,
containing  ade{ 1573 MPI-CBG, Dresden  DMEM | 1 /¢'¢ propagation
novirus 5 DNA

human embryonic kidney (HEK), Madin-Darby canindrieéy (MDCK)

Hek293

4.6.2 Viruses

Retroviral stocks were kept frozen at -80 °C. Adenuses were stored in 50 %
storage buffer at -20 °C.

Table 20: Viruses used in this study.

virus characteristics based on reference
retroviruses
retroviral rat ACSL} ac | ACSL1.pRJ .
ACSLline overexpression (JF 659) this work
Cav-1 knock down by RNA cavl-ko.pRVH1 puro .
Cav-1 interference (JF 383) this work
generat_ed from retroviral QCXIP-J _
pPQCXIP-J | expression vector (used a this work
' e ; JF 596)
control in retroviral infection)
adenoviruses
adenoviral human CD386c | CD36.pAdv .
CD36Griac overexpression (JF 790) this work
adenoviral murine  FATP4 J. Fillekrug,
FATP4 overexpression, cytosolic GFFFATP4'pAdTraCk'CMV University Hospital
. (JF 430) : .
expression Heidelberg/this work
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4.6.3 Bacteria

For propagation and cloning procedutgscherichia coli (E. coli)bacteria were
cultured in liquid LB medium or on LB plates at 3Z. Antibiotics were added at a
concentration of 100 pg/ml for ampicillin and 30/mgfor kanamycin for selection

purposes.

Table 21: Bacteria used in this study.

strain characteristics/genotype reference
Dam- and Dcm-methylation positive bacterial cells
Escherichia coli for standard cloning procedures, high yield andtpurlnvitrogen,

of produced plasmid DNA

fhuA2 A(argF-lacz)U169 phoA ginv44 @80
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR[17
Dam- and Dcm-methylation negative bacterial cells,
used in cloning procedures with Dam/Dcm-sensitive

I . | restriction enzymes
Escherichia coli

K12 ER2925 ara-14 leuB6 fhuA31 lacY1l tsx78 gIinVv44 gal
galT22 mcrA dcm-6 hisG4 rfbD
R(zgh210::Tn10)TetS endAl rpsL136 daml13::Tn9
xylA-5 mtl-1 thi-1 mcrB1 hsdR2
streptomycin and ampicillin resistant electropanati

competent  bacterial cells, predestined ff trat IAgilent
Escherichia coli | homologous recombination events aiming at t%ra agene/agiien
BJ5183-AD-1 generation of adenoviral expression plasmids echnologies,

—— Waldbronn
endAl sbdBC recBC galk met thil bioT hsdR (Strr)
[pAdEasy-1 (Ampr)]

Frankfurt am Main

DH5a

New England Biolabs,
Tgrankfurt am Main

4.7 Software

Table 22: Software used in this study.
software reference
Adobe Photoshop 6.0.1 Adobe Systems Incorporat&d\[U
AUTOsoft version 2.3.2 Autobio Co. LTD, Zhengzhdh{na)

Tom Hall, Ibis Biosciences, Carlsbad (USA)

BioEdit version 5.0.9 http://www.mbio.ncsu.edu/BioEdit/bioedit.html

cel*D 2.5 Olympus, Hamburg
Clone Manager 5.01 Scientific & Educational SofteyaCary (USA)
ClustalW?2 European Bioinformatics Institute, Cambridge (UK)
http://www.ebi.ac.uk/Tools/msa/clustalw2/
EndNote X2 Thomson Reuters Corporation, New YorgA&)
Wayne Rasband, National Institutes of Health, Bzdhe¢
Imaged 1.45s

(USA) http://imagej.nih.gov/ij
Inkscape Community
http://inkscape.org/

Inkscape 0.48

Leica Confocal Software LCS Lite Leica, Wetzlar

Microsoff® Office Excel 2003 SP3|  Microsoft Corporation, Reduh¢dSA)
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4.8 Molecular biology techniques

4.8.1 Preparation of chemically competenk. coli

One commonly used method in molecular biology i #implification of plasmid
DNA by its introduction and subsequent expressiobacteria. Typically, competent
E. coli are used due to their increased susceptibilityhto uptake of exogenous
DNA. There are two kinds of competeht coli present that are either suitable for
heat shock transformation (chemically competentistelor electroporation
(electrocompetent cells). Most ofteR, coli DH5a are employed as the standard
bacterial strain as they give a high yield and tyuof plasmid DNA. In case of
cloning procedures including the use of Dam/Dcnsd®m restriction enzymes
E.coli K12 ER2925 can be used alternatively. The followjprgtocol for the
preparation of chemically competdat coli is based on the publication of Inoat
al. (Inoueet al, 1990).

Chemically competeriE. coli DH5a were plated on a LB plate without antibiotics
and grown at 37 °C over night. The following dayra-culture was inoculated from
a single colony in 50 ml LB without antibiotics andcubated at 37 °C and
230 rounds per minute (rpm) on a shaker for appmnaiely 8 h. Different dilutions
of the pre-culture were prepared in 250 ml LB raggirom 1:25 to 1:1,000 for an
optical density measured at a wavelength of 600(@MDso0) < 1. Bacteria were
cultured at RT and 230 rpm over night and during miext day until reaching an
ODgoo = 0.55 — 0.6. The suspension was chilled on icelfdrmin, followed by
centrifugation at 2,500 g and 4 °C for 10 min. Témaining pellet was resuspended
in 80 ml ice-cold ITB, chilled on ice for anothed Inin and again centrifuged at
2,500g and 4 °C for 10 min. Once more the pellet wasspended in 20 ml ice-cold
ITB and incubated on ice for 10 min. 1.5 ml DMSOrevadded to achieve a final
concentration of 7 %, mixed gently and the suspensliquoted on ice. The
competent cells were flash frozen in liquid nitrogand stored at -80 °C.

4 .8.2 Heat shock transformation oE. coli

Heat shock transformation is a frequently used owkthior enhancing the
introduction of exogenous plasmid DNA into competeacterial cells. For this

purpose, 0.5 pul DNA were mixed with 19 pl of cheatliy competente. coli and
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incubated on ice for 10 min. The heat shock watopeed in a pre-heated thermal
mixer at 42 °C for 1 min, followed by chilling theacteria on ice for another 2 min.
E. coliwere afterwards spread on LB plates and incubatdd &C over night.
Depending on the introduced plasmid LB plates ihyccontained either 100 pg/ml
ampicillin or 30 pg/ml kanamycin for selection poses. Bacteria being selected for
ampicillin could be immediately spread on the resipe LB plates. On the contrary,
bacteria that were expected to be resistant torkgcia were incubated in 1 ml LB
medium without antibiotics at 37 °C and 500 rpm anshaker for 40 min.
Afterwards,E. coliwere pelleted by centrifugation at 3,350 g for i, mesuspended
in 100 ul LB medium and finally spread on LB plat€ke day after transformation,

results were evaluated by counting the newly foriacterial colonies.

4.8.3 Electroporation ofE. coli

An alternative tool utilized for the transformatiari bacterial cells is the short
application of an external electric field. Thus,ldsare created within the cell
membrane thereby facilitating the uptake of plasDMA for a transient period of
time. In this study, the electroporation Bf coli was exclusively conducted when
performing homologous recombination events as phathe cloning procedure of
adenoviral plasmids. For this purpose, electrocdemé&. coli BJ5183-AD-1 were

used.

Hence, 5 pg of adenoviral vector DNA were mixedhwdD pl of electrocompetent
E. coli, transferred into an electroporation cuvette anille! on ice. The electric

shock was performed in an electroporator by apgly@rb00 V, 2002 and 250 pF.

Afterwards, bacteria were resuspended in 500 peBlium without antibiotics and,
in the case of adenoviral recombinants, immediatphgad on LB plates containing

30 pg/ml kanamycin for selection.

4.8.4 Small and large scale preparation of plasmiBNA

Plasmid DNA was extracted and purified fron coli by using commercially
available systems.

The function of the Nucleo Spin Plasmid Kit, which suitable for small scale

plasmid preparation, is based on the principle lasmid DNA liberation from
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bacteria by alkaline lysis. The DNA is subsequemibynd to a silica membrane,
purified by washing and finally eluted in low shliffer. Briefly, bacterial cells from
1 - 5 ml over night culture were harvested by dgaurgation at 11,000 g for 30 s. The
pellet was resuspended in 250 pl Buffer A1 by vorng followed by addition of
250 ul Buffer A2 for cell lysis. After incubatiort T for 5 min genomic DNA and
proteins were precipitated by using 300 ul Bufféd. Samples were centrifuged at
11,0009 for 5 min and the supernatant transferred to anpié column to which
DNA was bound during a centrifugation step at 1@,§0or 1 min. The DNA was
afterwards purified by washing with 600 ul ethao®uffer A4 and centrifugation at
11,000 g for 1 min, followed by a second round enftafugation at 11,000 g for
2 min in order to dry the silica membrane. Finatlye purified plasmid DNA was
eluted in 50 ul of AE buffer by incubation at RTrfd min followed by
centrifugation at 11,000 g for 1 min.

For large scale plasmid preparation the Marligewd?®rep HP Plasmid Purification
System was used. Its working principle is equadlgdd on alkaline lysis followed by
a precipitation step. Purification of the releafddA is performed with help of an
anion exchange resin with subsequent elution ofptaemid DNA under high salt
conditions followed by isopropanol precipitationr foesalting. In preparation,
columns were equilibrated with 30 ml of equilibaatibuffer. Bacteria from 100 ml
over night culture were harvested by centrifugatain6,000 g for 10 min and
resuspended in 10 ml Cell Suspension Buffer, foldviby alkaline lysis in 10 ml
Cell Lysis Solution at RT for 5 min. Proteins anehgmic DNA were precipitated
with 10 ml Neutralization Buffer and samples cdoged at 15,00Q for 10 min.
The supernatant was then transferred to an ecatdéithr column and the bound
plasmid DNA subsequently washed with 60 ml WaslBaéfer. In the following, the
plasmid DNA was eluted with 15 ml Elution Bufferdaprecipitated by addition of
10.5 ml isopropanol and centrifugation at 15,00@mgl 4 °C for 30 min. After
washing the pellet in 5 ml 70 % ethanol and onalfround of centrifugation at
15,000 g and 4 °C for 5 min the air-dried pelleswvdissolved in 500 pul TE Buffer.
Obtained DNA yields ranged from 0.4 — 2.8 pg/pl.
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4.8.5 Measurement of nucleic acid concentrations

Optical density (OD) measurement was performed ndelo to assess the
concentration and purity of nucleic acids in saaotiHence, the respective samples
were diluted in sterile O at a final volume of 100 pl and measured in araublet
(UV) cuvette at a wavelength of 260 nm. Multiplicat of the obtained extinction
value (Eeo) with 50 (DNA samples) or 40 (RNA samples) undemsideration of the
dilution factor gave the overall nucleic acid comication in ng/ul. By additional OD
measurement at a wavelength of 280 nm, respect®&dynm, information could be
obtained concerning the purity of the analyzed daspAccordingly, contamination
with proteins gave angkys0< 1.8 for DNA and Esorso< 2 for RNA. Impurity due

to salt or solvents showed asgesfpso < 2 for DNA and RNA samples. Typically,

DNA samples used in cloning procedures displayeBggnso> 1.8 and Eso/230> 2.

4.8.6 Agarose gel electrophoresis

During cloning procedures DNA fragments were anadlyzaccording to their
molecular size by agarose gel electrophoresis.eftie, 0.4 % or 1 % agarose was
dissolved in 1 x TAE buffer by microwave heatingrHater visualization of the
DNA samples under UV light 3.5 pl 10 mg/ml ethidimomide were added before
pouring the mixture into a sealed gel casting t@gmples were mixed with 6 X
DNA loading dye and filled into the gel pocketsubof a 1 kb molecular weight
standard were loaded on each gel, thus allowingdduatification of DNA samples
in a range of 250 — 10,000 bp by comparison with dhilized standard marker.
Agarose gels were run at 100 — 120 V for 30 — 60 amd results documented by

photography.

4.8.7 Polymerase chain reaction (PCR)

The method of PCR was first described by Mudlisal. (Mullis et al, 1986) and
within this work used in order to generate DNA fraants to which restriction sites
for later cloning steps were added. Thus, prepsaBCR was performed as

indicated below. Results were analyzed by agarekelgctrophoresis.

34



Material and Methods

Table 23: Standard conditions for performing a pregrative PCR.

1 x PCR reaction mix program
1l DNA (1 pg/ul) 5 min 94 °C
33 ul HO
5ul 10 x reaction buffer 30s 94 °C
6 pl MgCh (25 mM) 30s 59 °C 20 cycles
2 ul dNTP mix (10 mM each) 30s 72 °C
1l forward primer (100 pmol)
1l reverse primer (100 pmol) 7 min 72 °C
1l Taqg DNA Polymerase hold 4°C

4.8.8 Restriction digest

The preparative specific cleavage of DNA fragmeoysrestriction enzymes was
used during cloning procedures in order to gendratgments needed for ligation or
to linearize adenoviral plasmids for homologousonebination events. In addition,
analytical restriction digests were performed totoa the outcome of cloning
procedures.

A typical reaction mix was composed of 1 — 5 pg DNiAe appropriate restriction
enzyme in 2 — 10 x excess as well as 3 - 5 ul dgagtion buffer and was adjusted to
a final volume of 30 — 50 pl for preparativealts or 10 ul for analytical purposes
with H,O. If required, 100 ng/pl BSA were included in thecture. The amount of
utilized enzyme was calculated in reference to #pecific enzyme activity,
considering that 1 unit of enzyme would digest 1gid@NA within 1 h. Reactions
were carried out at 37 °C for 1.5 — 3.5 h, follovisdheat inactivation of the enzyme

at 80 °C for 20 min if necessary.

4.8.9 Purification of DNA

The purification of DNA samples was performed byngsthe Nucleo Spin Extract
Kit I, a system which is based on the binding dAto a silica membrane followed
by washing with ethanolic buffer. The pure DNA isdsequently eluted in low salt
buffer.

Typically, DNA purification was necessary durin@ing procedures either in order

to clean up samples after restriction digest or P@Rfollowing agarose gel
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electrophoresis so as to extract DNA samples floaréspective agarose gel. In the
latter case, fragments were excised from the agaged and the weight was
determined. 200 ul of Binding Buffer NT were adgext each 100 mg agarose and
samples incubated at 50 °C for 5 — 10 min to cotapfedissolve the agarose.
Alternatively, one volume of sample obtained froi@RPor restriction digest was
mixed with two volumes of Binding Buffer NT. Subsmeptly, the individual
samples were loaded onto columns and the contddi¢d bound to the silica
membrane by centrifugation at 11,000 g for 1 mam§les were washed with 700 pul
Washing Buffer NT3 and again centrifuged at 11,@0f@r 1 min, followed by a
second centrifugation step at 11,000 g for 2 miaragter to dry the silica membrane.
Purified DNA was afterwards eluted in 15 — 50 pliti€ln Buffer NE by incubation

at RT for 1 min and subsequent centrifugation a0QQ g for 1 min.

4.8.10 Ligation

Ligation reactions were carried out in order toneloa gene of interest into an
appropriate expression vector during the generatfadenoviral plasmids, typically
using restriction digests and purified DNA fragnenbue to the use of a quick
ligation systems reactions could be carried oua iminimum time and at RT. For
every ligation approach two controls were prepacettaining either only vector or
insert DNA whereas the specific ligation sample sessed both parts. Reaction
mixtures were prepared as shown in Table 24 argbated for 10 — 15 min at RT,

followed by heat shock transformationkncoli.

Table 24: Reaction mixtures and conditions for stadard ligation procedures.

vector control insert control ligation sample chemical
1.0 ul - 1.0 ul vector
1.0 pl 1.0 ul insert
2.5 ul 2.5 ul 2.5 pl 2 x Quick ligation buffer
1.0 ul 1.0 ul - HO
0.5 pl 0.5 pl 0.5 ul Quick T4 DNA Ligase
10 - 15 min, RT
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The next day, the outcome of the ligation reactiaas evaluated by counting the
bacterial colonies. In case of a successful ligatio colonies were to be expected for
the insert control, whereas colonies obtained ftbhenvector control indicated self
ligation of the vector and allowed for the estiroatiof the percentage of positive

colonies for the ligation approach.

4.8.11 Cloning of adenoviral plasmids

Adenoviral plasmids were generated in order to pcedadenoviruses for transient
infection of target cell lines. Therefore, the Adlacloning system was used
following the protocol described by He al. (He et al, 1998) as well as Luet al.
(Luo et al, 2007). In general, the procedure is based on @vegtor-system
consisting of shuttle plasmids as well as adenblmakbone plasmids. The specific
gene of interest is first cloned into a shuttleteedy standard cloning procedures.
There are different shuttle vectors available whishally harbour the 5’ end of the
adenoviral genome with early gene E1 and othergeneh as E2, E3 or E4, being
deleted in order to generate space for transge@eparation and prevent adenoviral
replication. Expression of the gene of interestlisen by a CMV promoter. As a
special feature, pAdTrack shuttle vectors contaitraensgene independent GFP
cassette which can be used as a control for sdat@section of the various target
cells. Shuttle vectors expressing the respectivee g&f interest are subsequently
linearized and recombined into adenoviral backbaeetors by homologous
recombination inE. coli. The resulting vector contains all genes requfmgdvirus
production in a specialized packaging cell line batks genes essential for
adenovirus production in naturally occurring cells.

In this work two different adenoviral expressiomghids were cloned, CD36.pAdv
and GFP-CD36.pAdv, aiming to achieve an overexprassf FLAG tagged human
CD36 in the respective target MDCK cell lines.
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CD36.pAdv
Human CD36.ac was amplified by PCR from template CD36-FLAG.pcD®A

thereby adding restriction sites for later clongtgps to the CD36ac Sequence. For
PCR, s _CD36.FLAG(adeno) was used as sense primea aCD36.FLAG(adeno)
as antisense primer. The resulting PCR productrason an agarose gel, purified
and subsequently cut using the restriction enzyBgHl and Xhol. Vector
pAda/pshuttle-CMV was equally digested with BgliidaXhol, followed by agarose
gel electrophoresis. The DNA band of the approprs#te was extracted from the gel
and purified. A standard ligation procedure wasfquered in order to generate
adenoviral shuttle plasmid CD36.pAda and resultifgmes screened by restriction
digest with Ndel. Successful cloning of CD36.pAdaswconfirmed by sequencing.
Shuttle plasmid CD36.pAda was subsequently linedriay digestion with Pmel,
purified and introduced into BJ5183-AD-1 electragggn competentE. coli
Thereby, homologous recombination events were érigy aiming at the
incorporation of CD36.pAda into the adenoviral Hamke vector pAdEasy-1, thus
generating CD36.pAdv. Resulting clones were analylzg restriction digest with
Pacl and positive clones identified due to theiarelsteristic appearance on an
agarose gel with DNA bands being evident at 30rikdb Z&kb, alternatively 30 kb and
4.5 kb.

GFEP-CD36.pAdv
During the cloning of GFP-CD36.pAdv Xbal was usB@pending on the flanking

sequences of the restriction site the enzyme maebsitive to methylation by Dam
methylases. This required part of the cloning psed® take part in Dam negative
bacterial cells. Hence, the appropriate plasmidsaoily had to be transformed into
Dam negativeE. coli and the respective plasmid DNA prepared in ordeertable
successful cloning.

Vector plasmid pEGFP-N1 and insert plasmid GFP-CBBAG were initially
digested with Agel and Xbal, run on an agarose agal the specific products
purified. A standard ligation reaction was perfodhte create subcloning plasmid
GFP-CD36.pNice. Resulting bacterial colonies wereened for positive clones by
restriction digest with Kpnl and Xbal. The newlyeated plasmid GFP-CD36.pNice
as well as the adenoviral vector pAda/pshuttle-CMgre subsequently cut with

Kpnl and Xbal, ran on an agarose gel and the gpebiflA bands purified. After
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performing a standard ligation procedure clonesevaralyzed by restriction digest
with Bglll and results verified by sequencing. Tinewly cloned adenoviral shuttle
plasmid GFP-CD36.pAda was afterwards linearizedhwimel, purified and

transformed into BJ5183-AD-1E. coli by electroporation. By homologous
recombination of GFP-CD36.pAda and the adenovieakbone vector pAdEasy-1
the adenoviral expression plasmid GFP-CD36.pAdv evaated. Again, successful

cloning was verified by digestion with Pacl.

4.9 Biochemistry technigues

4.9.1 Bradford protein assay

The total protein concentration in a solution wagednined by a colorimetric assay
based on the protocol of Bradford (Bradford, 1976)e Bradford protein assay dye
contains Coomassie brilliant blue R-250 which caspldy either red or blue
coloring. Protein binding stabilizes the blue foohthe dye with an absorption
maximum of 595 nm. Thus, the increase in absorpsdatirectly proportional to the
amount of blue dye in the solution and therefore lma used as a measure for protein
content.

Cells were lysed in 1 N NaOH, therefore BSA wassalged at 1 mg/ml in 1 N
NaOH in order to establish a calibration curve sl@sipould be compared to. A BSA
dilution series from 2 — 12 ng in 1 N NaOH was jarepl and adjusted to a final
volume of 25 ul. For protein measurement, cellsswarvested by incubation in 1 N
NaOH for 60 min. 25 pl of each BSA dilution as wad different amounts of the
respective sample were loaded in triplicates on6av8ll cell culture plate. The
Bradford protein assay dye stock solution was édut:5 in HO and 200 ul thereof
added to each well. Absorption was measured incGopliate reader at 595 nm and
sample values analyzed by reference to values r@utairom the BSA standard

curve.

4.9.2 Sodium dodecyl sulfate polyacrylamide gel elgophoresis (SDS-PAGE)

The method of SDS-PAGE allows the separation otgme depending on their
specific chain length. SDS, an anionic detergengakizes proteins and charges
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them negatively thus allowing a separation by siggending on the electrophoretic
mobility of the respective proteins in a polyacrgide gel.

Gels were cast in two steps, starting with the araion of the 8 % resolving gel.
Components were used in amounts as indicated b€lable 25) and mixed by
vortexing before and after addition of TEMED whidiitiated the polymerization of
the gel. The mixture was applied to a gel caststesy and isopropanol added on top
of the gel in order to smoothen the surface anggmteformation of bubbles. In a
second step, the 5 % stacking gel was prepared timeleame conditions and poured
on top of the resolving gel after the isopropanad lbeen discarded. For better
visualization of the gel pockets a small amounb@mphenolblue was added. Gel
pockets for sample application were formed by itiserof a comb in the gel caster
system. Hardened gels were either stored in maptpat 4 °C or immediately used

for gel electrophoresis.

Table 25: Composition of stacking and resolving gelas used in SDS-PAGE.

Stacking gel (5 %) resolving gel (8 %)
1.7 ml HO 2.55 ml HO
312.5 ul 0.5 M Tris/HCI pH 6.8 1.00 ml 2 Mig/HCI pH 8.8
425.0 pl 30 % acrylamide/bis solution 1.35 m| 30 % acrylamide/bis solution
25.0 pl 10 % APS 50 pl 10 % APS
25.0 pl 10 % SDS 50 pl 10 % SDS
vortex vortex
2.5 pl TEMED 4 pl TEMED

For sample preparation, cell pellets were dissoluezix Laemmli buffer and heated
at 95 °C and 1,400 rpm on a shaker for 5 min teaslihg to the denaturation of
proteins. When loading the gel, 5 pl of a proteiolenular weight marker were
applied to one of the gel pockets in order to Isenve as size standard to which
sample signals could be compared to. 15 — 30 thefrespective samples were
applied to the remaining gel pockets and the galma at 120 V, 200 mA and 50 W
for 70 min in running buffer. The progress of thel glectrophoresis could be
monitored by observation of the tracking dye brosmgiblue which was included in
the Laemmli buffer and due to its low molecular gigimoved ahead of most of the

negatively charged proteins towards the positicbigrged anode.
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4.9.3 Western blotting

By using the Western blotting technique proteirat thave been separated by gel
electrophoresis are transferred to a nitrocellulnsenbrane and afterwards detected
by incubation with specific antibodies. Consequentthis process makes proteins
available for subsequent densitometric quantiforati

Proteins were transferred from the respective SBISgnitrocellulose membranes
by the semi-dry blotting procedure. Therefore,duery gel to be blotted two stacks
of three blotting papers cut to approximate get siere soaked in blotting buffer. A
nitrocellulose membrane was cut to gel size andtlshsoaked in blotting buffer.
The SDS gel was equally incubated in blotting buHefore being transferred onto
one blotting paper stack sitting in a semi-dry tohgt chamber. The equilibrated
nitrocellulose membrane and the second blottingepatack were piled on top and
potential air bubbles removed by gently applyingssure onto the stack from the
middle towards the border. Electroblotting was @erfed by administering
100 mA/blotted gel at 120 V and 50 W for 1 h, tiudling the negatively charged
proteins from the SDS gel onto the nitrocellulosembrane towards the positively
charged electrode of the blotting chamber.

The efficiency of the protein transfer was con&dllby subsequent staining of the
nitrocellulose membrane in Ponceau Red, a dye witletection limit of protein
amounts around 0.5 — 1 pg. Its water solubilitybdes an intense, non-permanent
and unspecific protein staining with low backgroursignal. Results were
documented by scanning of the stained membranes.

In order to prevent unspecific antibody binding idgrfollowing incubation steps
membranes were first of all blocked in 2 % nonfatmilk dissolved in TBS-Tween.
Incubation was carried out under gentle agitation30 min at RT. For specific
labeling of a given protein the respective primanyibody was diluted in 2 % nonfat
dry milk dissolved in TBS-Tween and applied to tilecked membrane. Samples
were then incubated at RT for 1 h or at 4 °C ovghton a rocker. Thereafter,
membranes were washed several times in TBS-Tweelntimate unbound antibody
residues and subsequently incubated with the réspespecies-specific secondary
antibody equally diluted in 2 % nonfat dry milk siidved in TBS-Tween. After
incubation at RT for 1 h blots were again rinsedesa times in TBS-Tween for

residual antibody removal.
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All utilized secondary antibodies are linked to treporter enzyme horseradish
peroxidase which under cleavage of a chemilumimgs@gent produces a
luminescent signal that can be detected by expadsuie photographic film. The
obtained signal is proportional to the amount afifmb protein and can thus be used
as a measure for protein quantity. Hence, the Iepdobed and washed membranes
were air-dried, covered with ECL solution and inatdnl at RT for 1 min.
Membranes were then exposed to photographic Amershgerfilm ECL films in a
darkroom. Films were afterwards developed by usingommercial developer

machine and signals quantified with ImageJ.

4.9.4 SDS-PAGE analysis with ImageJ

Imaged is an open source program for image praowes$iat has been developed at
the National Institute of Health with one of itstewtial applications including the
densitometric quantification of western blot signal

Results obtained by western blotting were digieadizy scanning the developed
photographic films and saving them as jpg.file8@Q dots per inch (dpi). The single
protein bands were measured using ImageJ, resutiirane profile blot for each
captured signal. Profile blots showed the relatigasity of the respective lanes, with
darker signals giving higher peaks and broaderassgresulting in wider peaks.
Background signals were substracted from the fijp@ntification value by drawing
a baseline on the bottom of each peak, therebyudxa the underlying area from
the measurement. The obtained numbers for the mezhsueas under the peaks
showed arbitrary units and could thus only be caexgbavithin the context of one
single blot. In order to calculate absolute amouwitspecific proteins the dilution
series of an appropriate purified protein was loade each gel together with the
respective samples. During the quantification psece standard curve was
established using the arbitrary units obtained ftomsignals of the dilution series.
Afterwards, the absolute amount of a specific pnoten a western blot was
calculated by referring its arbitrary units to #nygpropriate standard curve. Hence it

was possible to quantify ng protein of any giveotgin signal.
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Figure 5: Quantification of western blot signals byusing ImageJ.

Western blot lanes were quantified using Imagel wittaining a profile blot for each measured lane.
Darker signals resulted in higher peaks, thus atdig a higher amount of detected protein on the
blot.

4.9.5 Coomassie blue protein staining

Coomassie brilliant blue, an anionic dye, is comiyamsed for the unspecific

staining of proteins and allows the visualizatidptein bands in a SDS gel.

After finishing the SDS-PAGE process gels were batad in 0.1 % comassie blue
staining solution under gentle agitation for atsted h on a rocker. Due to the
contained acetic acid proteins were simultaneotiglyd. In order to reduce the

background signal, gels were subsequently washedsdweral hours in destain
solution which was identical to the staining mieubut lacking the dye. If the

destaining process was not completely finished aftgeral hours a final destain step
was performed at 4 °C over night. The following dstained gels were digitalized

by scanning and signals quantified using ImageJ.

4.9.6 Protein purification

In order to generate protein standards for weditrnanalysis the ANTI-FLAG M2
affinity gel system from Sigma-Aldrich was used:. fiinctional principle is based on
mouse IgG monoclonal antibodies that are covaldrdlynd to agarose beads which
allow for the purification of FLAG fusion proteins.

Thus, MDCK cells stably overexpressing FLAG-taggedl P4 protein were seeded
on 145 cr cell culture dishes and grown to confluence. Oglise harvested with a
rubber scraper and pelleted by centrifugation & d@nd 4 °C for 5 min, followed
by washing in 1 x PBS and repetition of the ceag@tion step. The resulting pellet
was either stored at —80 °C or immediately usegbfotein purification.

In preparation, the agarose beads were washedder ¢o eliminate the glycerol
contained in the storage solution and to resuspgledbeads in the respective
working buffer. For each three 145 Tiell culture dishes 25 pl agarose gel beads
were taken up in 500 pl TNEX buffer, mixed by vartg and centrifuged at 1,0@D
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and 4 °C for 5 min. This step was repeated twicallfy discarding all but 50 pl of
residual buffer volume containing the washed agabesads.

A cell pellet harvested from three 145 ZToell culture dishes was resuspended in
1.5 ml TNEX buffer and incubated on ice for 30 maith pipetting the mixture up
and down after 10 min and 20 min. The Triton X-Doditained in the TNEX buffer
was used to disrupt cell membranes and solubilibéems for further purification
steps. The sample was then centrifuged at 1¢0@ad 4 °C for 5 min in order to
separate cell debris and solubilized components.slipernatant was transferred into
a new reaction tube and again centrifuged, thig @ta higher speed of 13,00t

4 °C and for a prolonged time of 15 min to elimeatmaining debris. The resulting
supernatant was carried over into the reaction tudgaining the washed agarose
beads. FLAG fusion proteins were bound to the Ig@eced beads over night at 4 °C
while rotating at slow speed. The following day,ale were sedimented by
centrifugation at 1,000 g and 4 °C for 5 min. Tlead-bound proteins were washed
twice in 1 ml TNEX buffer and twice in 1 ml TNE baf in order to eliminate the
Triton X-100, always followed by centrifugation wrdthe above conditions. After
the final round of centrifugation all supernatanaswcarefully discarded, the
remaining sample resuspended in 60 pl SDS-PAGEiapsample buffer and
incubated at 95 °C for 5 min at 1,400 rpm on a shdkor later western blot analysis
0.6 ul B-mercaptoethanol were added for proteiraleation and samples again
incubated at 95 °C for 5 min at 1,400 rpm on a shakhe purified proteins were
subsequently stored at -20 °C until further useifieation of FLAG-tagged FATP4
protein was performed at two different time poiniiglding samples with 18,7 ng/ul

and 47,5 ng/ul, respectively.

4.9.7 Establishment of a FATPA4 ac protein standard

For quantification of the specific amount of ovegyeessed CD36ac, FATP4 or
ACSL1rac protein within a given cell pellet the purified opein standard
FATP4-ac Was used. Briefly, results were obtained by comgeadifferent amounts
of the specific sample to a FATR4c standard curve via western blotting.

First of all, purified FATP4 ac protein was quantified. Therefore, 1/4 - 1/3 ¢ th
total protein amount was loaded on a SDS gel tagetith a dilution series of BSA
in 1 x PBS, ranging from 0.25 — 10 pg. Westernthigtwas performed and the
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obtained protein bands analyzed by using Imageslelly assessing the specific
amount of FATP4. s protein in ng/ul. For subsequent analysis, twdedzt
amounts of the respective protein sample were egb a SDS gel together with
defined amounts of FATR4 protein, thus yielding a standard curve to which
sample signals could be compared to. Quantificabio@D36- ac and ACSL} ac
protein was performed by using the a#=LAG antibody whereas for analysis of
FATP4 protein the rla-FATP4 (C3/5) antibody was applied.

During the course of this work three different FAfERc protein standards were
prepared which differed in their specific concetitra In order to obtain reliable
results, one of the three standards was choseef@a®mce to which the remaining
two standards could be referred to. Accordinglye #ame protein samples were
quantified once by using the reference standard @amke by using one of the
remaining standards. Results were analyzed by ldnagd if necessary a correction
factor calculated for the analyzed standard.

For production and purification of protein standatd/o different versions of the
FLAG-tagged FATP4 protein were used, including fatigth FATP4 (FATP4ac)

as well as a shortened version of FATRAE FATP4), running at 72 kDa and
33 kDa respectively. The latter protein was lackimg membrane anchor for
facilitation of the purification process und had FALAG-tag attached to the
N-terminus (as opposed to the C-terminal FLAG-tdgth@ full length protein).
Western blot analysis revealed that the localiratibthe FLAG-tag had an influence
on the signal strength obtained by application bé trbe-FLAG antibody.
Accordingly, the C-terminal FLAG accounted for aosiger signal than the N-
terminally located FLAG-tag. Thus, when comparirg tshortened- acFATP4
standard protein to the reference standard twopiemigent correction factors had to
be calculated: one for the tbFLAG antibody and a second one for thexrBATP4
(C3/5) antibody.

4.9.8 Protein quantification by western blotting

To quantify protein expression levels, 22 h afeseding MDCK cells were harvested
by trypsinization from 12-well cell culture plat€k well/sample). Cell pellets were

taken up in 100 pl 2 x Laemmli buffer and furthéuigd up to 1:100 in 2 x Laemmli
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buffer for FATP4 and ACSL1 samples if the specpiiotein amounts were very
high.
Two different quantities of each sample were loadeda SDS gel together with a
dilution series of FATP4ac protein standard to establish a standard curve. Th
range of the dilution series was adapted depenaiinthe amount of loaded protein
samples, reaching from 0.125 — 15 ng. After westdotting, protein bands were
quantified by densitometric analysis. Absolute dil@s of CD3G s, FATP4 and
ACSLI1g ac protein were calculated by reference to the FATR4standard curve.
For each sample, the respective mean was asséssexemplary quantification is
shown in Figure 6.
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Figure 6: Quantification of FATP4 protein amounts by western blotting.

Wildtype MDCK cells infected with FATP4 adenovirugere harvested from 12-well cell culture
plates by trypsinization. Two different protein amts of the same sample were loaded on a SDS gel,
with the higher amount loaded in duplicates. A FAJRs protein standard dilution series was
applied to the same gel. Protein bands obtainad fwestern blotting were analyzed densitometrically
with ImageJ and sample values related to the FAT.R4&tandard curve.

4.9.9 Radioactive oleate uptake assays

In order to determine the capacity of differentdamnof cells to take up fatty acids
under various conditions radioactive oleate uptaksays were performed. Cells
were incubated with 3H-oleic acid mixed with nowliactive oleate. With reference
to the incorporated amount of radioactivity the ralenleate uptake was calculated.
In preparation of performing the assay MDCK celkr&vseeded the previous day at
a density of 400,000 cells/well on 12-well cell toué plates. For all experiments
cells were cultured in triplicates. Whenever neagsMDCK cells were infected
with the appropriate adenovirus 6 h after seedind imcubated over night. The

following day, a radioactive labeling mix was pregghimmediately before starting
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the assay. A typical labeling mix was composedQff @M oleate and 100 uM BSA
with 0.5 Ci/mol. The appropriate amounts of noniwadtive oleic acid stock and
®H-oleic acid were mixed and the respective solvesmaporated under a weak
nitrogen flow. In the following, the remaining fatacids were taken up in 25 mM
NaOH and subsequently bound to 800 uM fatty a@d BSA by vortexing. Culture
medium without FBS was added up to the final voluagain mixed by vortexing

and until further use stored at 37 °C.

Table 26: Composition of a labeling mix as used iradioactive uptake assays.

labeling mix
amount concentration chemical
45.2 pl 20 pg/ul oleic acid stock
1.6 ul 1 pCi/ul 3H-oleic acid (50 pM)
evaporation of solvent under nitrogen flow

153.6 pl 25 mM NaOH

2,000 pl 800 uM BSA without fatty acids
13,846 ul - culture medium without FBS

Approximately 22 h after seeding 800 ul of prewadrtabeling mix were applied to

each well and incubated for either 5 min or 3 hpthe latter taking place at 37 °C
and 5 % CQ. To stop the reaction and prevent further fattig aptake, cells were

washed twice with ice-cold STOP-mix after the irdeéd time followed by two

washing steps with ice-cold PBS. Remaining fatigsevere thus bound by the BSA
contained in the STOP-mix, whereas the PBS remaoesdiual BSA in order to

prevent falsification of the results later obtainedhe Bradford protein assay. Cells
were subsequently lysed by incubation in 500 pl M&OH per well for 1 h at RT.

Lysates were afterwards transferred to Safe-Loddeduand vortexed vigorously.
250 ul of lysate were used for the quantificatidrthe contained radioactivity in a
liquid scintillation counter while part of the rememg sample served for

determination of the total protein amount by udimg Bradford protein assay.

For final analysis, the overall amount of incorgecafatty acids was calculated by
referring to the respective radioactive proportafnutilized oleic acid. This value

was subsequently related to the measured protewuminof the given samples,
stating the quantity of oleate taken up in refeeetc the amount of protein

[pmol oleate/pg protein].
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4.10 Cell culture technigues

4.10.1 Culture of immortalized cell lines

All cell culture experiments were carried out byingsimmortalized, adherently
growing cell lines. According to their specific perties, cells were utilized for
radioactive uptake assays, sample collection fasteva blots, immunofluorescence

or virus production.

MDCK cells

MDCK cells are epithelial, immortalized cells tive¢re derived from the kidney of a
female adult cocker spaniel in 1958. This cell im&equently used in order to study
transport processes as the cells show a clear-apsalateral polarity and can be
easily polarized in cell culture. In this study, ahalytical experiments were carried

out by utilizing MDCK cells.

Hek293 cells

Hek293 cells originate from human embryonic kidneslls which have been
transformed with adenovirus 5 DNA. When growingcgll culture the cells show
rather weak adherence which allows easy harvesling.cell line provides proteins
that are lacking in commonly used adenoviral vestttus enabling the replication

of adenoviruses in a cell culture system.

Phoenix gp cells

Phoenix gp cells are a packaging cell line suitédsehe production of retroviruses.
They originate from a human embryonic kidney dek land are highly transfectable
with calcium phosphate. In comparison to other pgotg cell lines, Phoenix gp
cells exclusively express the retroviral proteiag g@nd pol and therefore allow for

virion pseudotyping.

All cells were kept in an incubator at 37 °C an@5CQ, and during propagation
procedures exclusively handled under sterile camt For passaging, the
respective culture medium was discarded and ceadle washed once with 1 x PBS
in order to remove medium residues. For resuspensiccells, 2 ml trypsin/T75
flask were applied and incubated at 37 °C and 5 @ for 5 min (Phoenix gp,
Hek293) to 30 min (MDCK). Trypsin, a serine proeasleaves protein bounds

between adherent cells and the surface of celimtlishes thus allowing the gentle
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removal of adherent cells. Subsequently, cells weseispended in fresh culture
medium and transferred to new flasks in proportioink/2 to 1/8 as indicated below.

Table 27: Culture conditions for immortalized, adheently growing cell lines.

cell line characteristics medium | passaging

at post-confluency,
MDCK canine kidney cells MEM | 1/2 for assays,

1/8 for propagation
human embryonic kidney cells containhgbl\/lENI at sub-confluency,
adenovirus 5 DNA 1/6 for propagation
at sub-confluency,
1/6 for propagation

Hek293

Phoenix gp| gag pol expressing human embryonic kidney cgells DME

4.10.2 Freezing and thawing of cells

For long-time storage cells were kept frozen imilsteryotubes and stocked in liquid
nitrogen. Typically, cells were grown to subconfiag in a T175 cell culture flask
and harvested by trypsinization. 20 ml ice-colchdtad culture medium were used
for resuspension and cells were sedimented byiftegdtion at 4 °C and 100 g for
5 min. The supernatant was discarded and cells waden up in 5 ml ice-cold
culture medium containing 10 % DMSO. 1 ml cell &adiquots were initially
cooled down at a rate of 1 °C/h by sitting in aspi®panol filled freezing device at -
80 °C. After several days, stocks were transfetoetlquid nitrogen for extended
storage periods.

To start a new cell culture batch stocks were tlivepidly either at RT or in a
37 °C preheated water bath. In order to dispogbe@DMSO cells were taken up in
20 ml ice-cold fresh culture medium and sedimemgdentrifugation at 100 g for
5 min. The supernatant was discarded, cells wenespended in 15 ml prewarmed

medium and cultured under standard conditions.

4.10.3 Counting cells

In order to maintain comparable conditions betwdifierent experiments cells were
counted before seeding. Hence, trypsinized celle wesuspended in fresh culture
medium and an aliquot of several pul was countedisiig a Neubauer improved
counting chamber. Four independent quadrants cougydhe cell suspension were
counted and the mean value was calculated. Firthdynumber of cells per ml was
determined by multiplication of the obtained vahi¢éh 10,000.
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4.10.4 Production of cell pellets

For western blot analysis cells were grown in 12-well culture plates and at the
appropriate time point harvested by trypsinizat@nusual. Cells were resuspended
in culture medium, transferred to 1.5 ml Eppen®afe-Lock tubes and sedimented
by centrifugation at RT and 200 g for 5 min. Theemmatant was discarded and the
remaining pellets were washed once in 1 x PBSpwWad by centrifugation at RT
and 200 g for 5 min. The PBS was again discardedpatiets were stored at -80 °C

until further use.

4.10.5 Transient transfection of cells by lipofeatin

Lipofection is a method of introducing plasmid DNi#to cells in order to obtain a
transient overexpression of the inserted genetitemnad Lipofection reagents form
liposomes in an aqueous environment which contanréspective plasmid DNA.
By fusion of the phospholipid liposome with the ppbolipid cellular membrane an
efficient introduction of the genetic material inttoe cell is enabled. In this study
Lipofectamine 2000 was used as lipofection reagent.

For standard procedures cells were seeded theopeeday, preferably reaching a
density of 60 - 80 % at the time point of trangf@tt 1 h prior to transfection the
culture medium was replaced by medium without aotids and cells kept again at
37 °C and 5 % C® Two different master mixes were prepared, incedbat RT for

5 min, mixed and incubated for another 20 min at IO pl lipofection mix/12-well
were added dropwise to the medium and cells weltered for at least 4 h under
standard conditions. The transfection medium was tieplaced by medium without

antibiotics.

Table 28: Master mix preparation for Lipofectamine transfection.

1 x master mix for lipofection (12-well)
master mix 1 master mix 2
2 ug DNA
add 4 pl 28] 4 ul Lipofectamine 2000
100 pl OptiMEM 100 pl OptiMEM
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4.10.6 Generation of retroviruses

The retroviral system is a powerful means for tebvery of genetic material into a
variety of mammalian cell lines, resulting in afie@ént and stable overexpression of
a given gene. Although often utilized to achiever@ased gene expression
retroviruses can as well be used in order to obtamene knock down by RNA
interference (RNAI), a mechanism that is based lom degradation of mMRNA
initiated by a corresponding doublestranded RNAR(d8).

The amphotropic Phoenix system is based on the igld/lurine Leukemia Virus
(MMLV) and allows for the retroviral infection of @t mammalian dividing cells.
The Phoenix-gp producer cell line encodes the yirateins gag (core proteins) and
pol (reverse transcriptase). It can thus be psgpddtwith alternative viral envelope
proteins by co-expression with a retroviral codptgsmid, thereby altering the host
tropism of the respective virus. A commonly usediard for this purpose is the
glycoprotein G of the Vesicular stomatitis virusSV-G) which promotes fusion of
retroviral with cellular membranes and allows fobe tinfection of a high variety of
different mammalian cell types.

For generation of retroviral particles the packggiell line Phoenix-gp has to be co-
transfected with a plasmid encoding the gene @rast and the VSV-G plasmid,
resulting in the production of infectious but replion deficient retroviral particles.
The respective viral proteins gag, pol and envthesefore only expressed during
culture of the packaging cell line. The producettongral particles can subsequently
be used for the infection of various target celes, leading to the stable integration
of the gene of interest into the cellular genome.

The herein described protocol for the generatiometfoviruses goes back to the
publication by Schuckt al. (Schucket al, 2004). In preparation, a 60 &mlish was
covered with Collagen R solution and incubated at°@ for 1 h. Afterwards,
remaining collagen was removed and collagen codisltes stored at 4 °C. Two
days before transfection 1.2 x°1Bhoenix-gp cells were seeded in a 6C dish.
When reaching a confluency of 70 — 80 % 10 ml eSHr culture medium was
applied and a master mix for CapP®ansfection was prepared as indicated in
Table 29 and incubated for 5 min at RT.
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Table 29: Master mix preparation for CaPQ, transfection.

1 x master mix for CaPQ, transfection (60 cn)

add 540 pl KD
4.5 ug pVvVSV-G
13.5 ug retroviral plasmid
132 pl 1M Cagl

add 2 x HBS dropwise while vortexing

540 pl 2 x HBS pH 6.95

The transfection mix was added dropwise to thesaalld incubation was carried out
at 37 °C and 5 % CgJor 16 h. 10 ml of fresh culture medium were tla@plied and
incubated for another 8 h under the same conditibos harvesting of retroviral
particles 24 h after transfection medium was chdriges ml of DMEM low glucose
and cells subsequently incubated at 32 °C and 5% Every 24 h the supernatant
containing the freshly produced retroviral partcleas collected and another 5 ml of
DMEM low glucose were added to the Phoenix-gp parig cells. Retroviral
supernatants were passed through a sterile nilnbus? free 0.45 pm syringe filter,
shock frozen in liquid nitrogen and stored at —80uttil further use. Collection of

the retroviral particles was carried on for up tda§s post transfection.

4.10.7 Production of stable cell lines by retrovirainfection

For the generation of stable cell lines MDCK cellsre seeded on 6-well cell culture
plates aiming to reach subconfluency at the timatpd infection. 24 h after seeding
500 pl of sterile filtered retroviral supernatamgéther with 4 pg/ml Polybrene in 1 x
PBS were added to each well and incubated for 2 B2 °C and 5 % CO
Typically, approaches were performed in duplicadéesl cultured in parallel to
uninfected control cells. In order to increase effeciency of the retroviral infection
process cells were cultured with retroviral supg&amis on two consecutive days,
followed by incubation in standard medium for amot®4 h at 37 °C and 5 % GO
Only cells with successful incorporation of the gafi interest had equally integrated
a puromycin resistance gene which allowed for thebstic selection of stably
expressing cells. Thus, samples were trypsinizedded again in new medium

containing 8 pg/ml puromycin in 1 x PBS and cultuie 37 °C and 5 % GO
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During the following days, each day medium was deanto fresh medium
containing 4 pg/ml puromycin until all control celhad died. The remaining cells

were cultured to confluence and stocks preparetuftiner experiments.

4.10.8 Generation of adenoviruses

Replication deficient adenoviruses are a powelidol for obtaining high levels of
transient transgene expression in a variety oeddfit mammalian cell lines. Within
the AdEasy system pAdEasy-1 is a commonly usedoaiah vector which has
been deleted for the early genes E1 and E3, thiusnthe use of an E1-expressing
packaging cell line such as Hek293 necessary fan@drus production and
propagation. The resulting recombinant adenovirassesses the ability to infect
dividing as well as non-dividing cells without bgiable to further replicate within
the respective target cell line.

Hek293 cells were seeded 24 h prior to transfecticmdensity of 1.5 x £@ells per
T25 cell culture flask. The following day, 10 pg adenoviral recombinant DNA
were digested with Pacl in order to linearize thesmid. Incubation was carried out

at 37 °C for 4 h, followed by heat inactivationtbé enzyme at 65 °C for 20 min.

Table 30: Linearization of adenoviral plasmid DNA.

restriction digest mix
10 pl DNA (10 pg)
3ul Pacl (10 U/ul)
5ul NEB buffer 1
5ul 10 x BSA
27 ul EHO

When reaching a confluency of 50 — 70 % Hek293ce#re washed once with 4 ml
of OptiMEM and 2.5 ml of fresh OptiMEM were appliper T25 cell culture flask.
The packaging cells were subsequently transfectigl tve linearized adenoviral
plasmid DNA using Lipofectamine 2000 as the tracisé@ reagent and incubated
for 4 hours under standard cell culture conditidifee medium-transfection-mix was
afterwards discarded and 6 ml of fresh medium add#drnatively, if cells did not
respond well to this protocol, DMEM without antibzs was used instead of
OptiMEM for incubation.
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Table 31: Lipofection of Hek293 packaging cells usg adenoviral plasmid DNA.

1 x master mix for lipofection (T25)

master mix 1 master mix 2
50 pl digest product 25 pl Lipofectamine 2000
625 pl OptiMEM 625 pl OptiMEM

Adenoviral generation follows a cycle of virus atiment to the cell surface, uptake
by receptor-mediated endocytosis and translocatitmthe nucleus where the viral
replication takes place. Finally, viruses are redelfrom the cell by inducing cell
death. Lysis of the packaging cell line can themfbe used as a measure for
proceeding adenoviral replication and is typicaen 7 — 10 days post transfection.
At that time point the remaining cells were haredsby simply rinsing them off the
flask wall as they detached very easily. Samplee welleted by centrifugation at
3,200 g and 4 °C for 5 min and resuspended in iteatold 1 x PBS. Viruses were
subsequently released from the cellular nuclei éxygpming four freeze-thaw-cycles
in order to disrupt the pelleted cells. Therefqgoellets were frozen in a dry ice-
MeOH-bath, thawed again in a 37 °C water bath amtexed three times for 10 s
with being chilled in between for 10 s on ice. Foounds of freeze-thaw-cycles were
performed, followed by centrifugation at 3,200 gl@n°C for 1 min. The supernatant
containing the recombinant adenovirus was stored0atC until further use.

As to increase the amount of produced adenovireshrvested viral supernatants
were subsequently used to infect increasing numbeis’5 and T175 cell culture
flasks seeded with Hek293 cells. As soon as a thifthlf of the cells were detached
adenoviruses were harvested as described abovepréparing a high titre stock
packaging cells from 8 — 12 T175 cell culture faskere infected with adenoviral
supernatant and harvested when lysis became evigiiéait centrifugation at 1,000 g
and 4 °C for 5 min the pellet was taken up in 8galcold 1 x PBS and four rounds
of freeze-thaw-cycles were performed. The sample gemntrifuged at 3,206 and

4 °C for 1 min and the resulting supernatant mmwéd 4.4 g CsCl by vortexing. The
suspension was transferred to a polyclear ultraitegdtion tube, covered with 2 ml
of mineral oil and centrifuged in an ultracentridugvith SW 41-Ti rotor at
32,000 rpm and 10 °C for 20 h over night. The fwlltg day the virus fraction was
evident as a cloudy white band within the clear ICs@ution and could thus be
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collected by using a syringe with an 18G needlacattd. The high titre adenovirus
stock was mixed to 50 % with 2 x storage buffer staded at -20 °C.

The adenoviral titre of the respective stock wasessed by infection of mammalian
target cells with various dilutions of adenoviruglanfection efficiency evaluated by

immunofluorescent staining.

4.10.9 Infection of cells with adenovirus

Recombinant adenoviruses are capable of infectivididg as well as non-dividing
cells, therefore making the consideration of cagily much less important for
infection rates as opposed to the methods of Igimhe and retroviral infection.

For adenoviral infection, cells were seeded atdbsired density and incubated for
6 h at 37 °C and 5 % GOThe majority of experiments were performed using
12-well cell culture plates with 400,000 MDCK celieing seeded in each well.
Different conditions were tested for the processadénoviral infection, including
incubation in OptiIMEM only as opposed to OptiMEM twiadditional standard
medium as well as discarding the adenovirus aftkrof infection or incubation of
the cells with adenovirus over night. The respectinfection efficiencies were
evaluated by western blotting and radioactive elegptake assays and the most
suitable protocol was used for all further expentseas described below.

After 6 h of growth the culture medium was replabgd00 pl OptiMEM containing
the respective amount of adenovirus and incubaied th at 37 °C and 5 % GO
Adenovirus amounts were strongly dependent onrtividual titre of each stock as
well as on the particular protein expression raig ranged from several nl to several
pl per 12-well. Subsequently, 800 ul of standadt adture medium were added to
each well and incubation was carried out over niglgpically, cells were used for
further analysis by radioactive oleate uptake assay immunofluorescence

approximately 16 h post infection.
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4.10.10 Immunofluorescence

Immunofluorescent staining allows the examinatioh tbe localization and
expression of a particular protein within a cell targeting it with a specific
antibody. Subsequent binding of a species-spesiicondary antibody which is
coupled to a fluorophore enables the analysis etigpdistribution and intensity of
expression by visualization under a fluorescenagascope.

Cells were seeded the previous day at differensitlea on 10 mm cover slips,
typically in a 12-well cell culture plate. If reqad, adenoviral infection was
performed at the day of seeding and cells incubated night. The following day,
samples were washed twice in 1 x PBS followed kation in 4 % PFA for 20 min
at RT. In order to remove the remaining PFA celisavagain rinsed twice with 1 x
PBS and either directly used for immunofluorescaining or stored at 4 °C in 1 x
PBS until further use.

During the process of staining all incubation stepse performed by placing the cell
covered side of the individual cover slips on aB@roplet of SGB solution in a
humidity chamber to prevent samples from running tir order to avoid unspecific
binding of the utilized antibodies cells were iality blocked by incubation in SGB
for 10 min at RT. The primary antibody was diluiadSGB, cover slips transferred
to the appropriate antibody droplets and incubate®T for 1 h. The appropriate
species-specific secondary antibody was equallytetil in SGB. Cover slips were
rinsed three times in SG solution to remove unboamiibody residues and
transferred to the respective antibody dropletdovieed by incubation in the dark at
RT for 1h. If required, a co-staining of two antiles diluted together in SGB could
be performed under the same conditions.

After finishing the second incubation step covépssivere washed twice in SG and
1x PBS each and embedded on a microscope slishgy ddowiol as mounting
medium. For unspecific staining of DNA the dye Hu&tc33342 was diluted 1:2,000
in Mowiol, thus staining nuclear DNA during the nmbtng process. Samples were
air-dried for several hours and afterwards stote@@ °C. Analysis was performed

by fluorescence microscopy.
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4.11 Statistical analysis

If not otherwise noted, radioactive oleate uptassags were performed in triplicates
and conducted three times under independent conditEach protein sample used
for western blot analysis was quantified mostly tiplicates but at least in
duplicates. Values are given as mean with stand&ndation (SD). Statistical
analysis was performed using the analysis functibMicrosoft Office Excel by

applying the two-samplietest under the assumption of unequal variance.
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5. Results

Fatty acid uptake is facilitated by plasma membrasewell as intracellularly
localized proteins like CD36, FATP4, ACSL1 and davthrough different
mechanisms. During this study, protein amounts D8& FATP4 and ACSL1 were
quantified by comparison to a recombinant protéamdard and related to respective
alterations in oleate uptake. CD36, FATP4, ACSLH &av-1 were tested for
cooperative acting in mediating fatty acid uptakel daheir cellular localizations

verified by immunofluorescence.

5.1 Generation of stable MDCK cell lines

Stable protein overexpressing and knock down MDEK lmes were generated by
retroviral infection of the respective wildtypeastr. During this study, three different

stable cell lines were used:

- MDCK cells stably overexpressing ACSiAc (ACSL1r ac MDCK)
- MDCK cells stably overexpressing FATP4 (FATP4 MOC
- MDCK cells with stable knock down of Cav-1 (CakD MDCK)

ACSL1r ac MDCK as well as Cav-1 KD MDCK cells were generassdpart of this
work whereas the FATP4 MDCK cell line was kindlyopided by Margarete
Poppelreuther (AG J. Fullekrug, University Hospltaidelberg).

5.1.1 ACSL1 overexpression in MDCK cells is achiedeby retroviral infection

Stable ACSL} ac protein overexpressing MDCK cells were generatgdeltroviral
infection with subsequent puromycin selection. Aol stable MDCK cell line was
generated based on the retroviral expression veQ@XIP-J and served as control.
Puromycin selection of both cell lines was sucaglsperformed as assessed by the
killing of uninfected wildtype MDCK cells that wengsed for growth control. The
effective overexpression of ACSkhc protein was evidenced by protein
quantification by western blotting and correlatetlhwvenhanced oleate uptake (see
sections 5.3.7 and 5.3.8).
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5.1.2 Cav-1 knock down diminishes protein expressidevels by more than 80 %

A Cav-1 KD MDCK cell line was generated by retr@imfection to determine the

influence of Cav-1 on oleate uptake in wildtype &0D36 overexpressing cells.

Knock down of Cav-1 expression was performed vdfigiently as evidenced by

western blotting (Figure 7 A).
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Figure 7: Quantification of Cav-
1 knock down in MDCK cells.

A) Western blot showing protein
expression levels of Cav-1 in
knock down and wildtype MDCK
cells. Equal amounts for Cav-1
KD and 100 % wildtype MDCK
cell lysates were loaded together
with a dilution series of wildtype
MDCK cell lysates. Cav-1 KD
MDCK cells show significantly
diminished expression levels as
compared to wildtype MDCK
cells. Actin served as protein
loading control.

B) Densitometric quantification of

Cav-1 protein levels in knock

down and wildtype MDCK cells

using ImageJ. Results are given in
% of 100 % wildtype protein,

showing an efficient Cav-1 knock
down with 15 % residual protein

expression.

C) Cav-1 protein levels were
standardized to actin, yielding
similar ratios for all wildtype cells

and considerably lower values for
Cav-1 KD MDCK.

One representative experiment is
shown.

Densitometric quantification of the remaining piotéevels with ImageJ yielded a

reduction in overall Cav-1 expression of 85 % whempared to a dilution series of

wildtype MDCK cells (Figure 7 B). Standardizatioh@av-1 to actin protein levels

gave similar ratios for all wildtype samples wiltetvalues for the Cav-1 KD MDCK

cells being considerably lower than for wildtypdlx€0.5 and 0.6 for Cav-1 KD
MDCK as compared to 1.8 — 2.6 for wildtype MDCKIsg[(Figure 7 C).
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Cav-1 protein levels were quantified for each faityd uptake assay carried out with
Cav-1 KD MDCK cells in order to verify the stabyliof the protein knock down (see
section 5.3.9).

5.2 CD36 overexpression increases oleate uptake

Initial experiments using CD36 overexpressing MDC&lls showed a moderate
increase in fatty acid uptake as compared to cbo#éits. Radioactive oleate uptake
assays were performed to analyze whether CD36 meedi@atty acid uptake is

modulated by different (free) oleate concentrations

5.2.1 CD36 mediated oleate uptake is similarly enhaed independent from free
oleate concentrations

To vary free oleate concentrations, CP36 overexpressing MDCK cells were
incubated with®H-oleic acid bound to BSA in various proportiongaréng from
0.5:1 (50 uM oleate:100 uM BSA) up to 8:1 (800 pMate: 100 uM BSA) with
BSA concentrations fixed at 100 puM.

A
e 3001 Figure 8: Variation of free oleate
2 250 243 concentrations does not significantly
s influence CD36 mediated fatty acid
% LG 181 uptake.
> 150 -
§ e CD36FLAG overexpressing as well as
& wildtype MDCK cells were incubated
s 50- with 3H-oleic acid bound to BSA in
g 0 . various ratios (100 puM BSA, oleate
s 051 14 241 41 61 8:1 changing, 3 Ci/mol specific activity) for 3
. h. Although CD36 mediated oleate
oleate:BSA ratio uptake was increased more at higher
oleate:BSA ratios (A) no significant
B difference was observed in comparison to
e lower ratios (B).
=]
£ o 38 The assay was performed in triplicates,
§ 30 error bars correspond to standard
- deviation. n=3
% 50 - 17 19 19
5
* =
0' T L L L] L]
0.5:1 11 21 4 6:1 8:1

oleate:BSA ratio
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Although CD36 mediated oleate uptake increased Wwigher oleate:BSA ratios
(Figure 8 A) no significant difference to wildtyddDCK cells was evident as
compared to lower ratios (Figure 8 B). Hence, tbfalowing assays an oleate:BSA
ratio of 2:1 was chosen in accordance with the dgteth protocols used in our

laboratory.

5.2.2 CD36 overexpression increases oleate uptakeep a range of different

oleate concentrations

Different molar concentrations of oleate were t@sterespect to their influence on
CD36 mediated oleate uptake. Three different midariwere used ranging from
20 — 600 puM, whereas oleate:BSA ratios remainedteon at 2:1. The amount of
incorporated oleate increased with rising molauty the applied®H-oleic acid
(Figure 9 A).

Figure 9: Influence of different
120 - oleate concentrations on CD36

Eg&ss 100 mediated fatty acid uptake.

>

100 -

- 79 _72 CDBG:LAG overexpressing as well as

61 wildtype MDCK cells were
60 - incubated with BSA bound oleate
(oleate:BSA = 2:1) for 3 h.
40 - Different molar concentrations of
19 oleate were used, ranging from
20 uM (5 Ci/mol specific activity)
0 ; ; : : i over 200 pM to 600 pM (both
20 yM 200 pM 600 pM 0.5 Ci/mol SpeCiﬁC aCthlty)

204 14

pmol oleate / pg total protein

A) Oleate uptake of CD36,c and
wildtype MDCK cells at different
oleate molarities was determined as
pmol oleate/ug total protein.
40 - Twt Increasing molar concentrations of
33 B CD36 oleate caused an enhanced oleate

30 uptake.
30 A 26

B) Effect of CD36 overexpression
20 - on oleate uptake shown in %
difference to the respective wildtype
control. Only slight differences
were observed between different
0 0 0 samples.

10 1

% difference to control

20 uM 200 uM 600 uM The assay was performed in
triplicates (20 pM, 600 pM) or
duplicates (200 pM), error bars
correspond to standard deviation.
n=1
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When analyzing the effect of CD36 overexpression fatty acid uptake in

comparison to control cells no significant diffecenwas observed between the
various oleate molarities (Figure 9 B). A molar centration of 200 uM oleate was
subsequently chosen for further experiments, tsureng a sufficient amount of

H-oleate uptake for reliable readings of radioatstiv

5.3 Quantification of CD36, FATP4 and ACSL1 proteinamounts in correlation

to oleate uptake

The main body of this work incorporated 1) the noeasent of fatty acid uptake in
MDCK cells overexpressing CD36, FATP4 or ACSL1 pintby radioactive oleate
uptake assays and 2) the quantification of CD36;THFA and ACSL1 protein
expression by comparison to a recombinant proteimdsird.

5.3.1 Preparation of recombinant FATP4, ¢ protein standard

A recombinant FLAG-tagged FATP4 protein standards wgenerated for
quantification of CD36, FATP4 and ACSL1 proteinsMiDCK cells. Two different
variants of FATP4 protein were overexpressed in MOg@lls, which differed in the
localization of the FLAG-tag. One protein lackesl thembrane anchor to facilitate
the purification process. Hence, two different lirad FATP4 standard were used for
subsequent western blotting, running at 72 kDaef@iinal FLAG = FATP4iac)
and 33 kDa (N-terminal FLAG gac FATP4), respectively.

Quantification of affinity purified FATP4ac by western blotting yielded a
concentration of 18.7 ng/ul in a total volume of 80 A much higher quantity was
obtained for pacFATP4, with 47.5 ng/pl in overall 120 pul sample wole
(Figure 10 A, B).
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Figure 10: Quantification of purified  ac FATP4 protein.

rLacFATP4 protein was stably overexpressed in MDCKscalld afterwards purified using a FLAG-
tag based gel affinity system. Quantification of thurified protein was performed by SDS PAGE,
with sample values being compared to a BSA standange. 30 pl of purified protein (= 1/4 of total
sample volume) were loaded.

A) SDS gel showing purifieg a.gFATP4 protein, together with a BSA dilution seresd purified
wildtype cells serving as negative control. Wittonwassie brilliant blue staining the.cFATP4 can
be detected at 33 kDa (arrow).

B) Standard curve established from the BSA diluseries. The scFATP4 sample loaded on the gel
contained 1.4 ug of protein in 30 ul sample (bldoR, yielding a final concentration of 47.5 ng/ul.

5.3.2 Oleate uptake is significantly enhanced by FA?4 overexpression and
correlates with FATP4 protein quantities

Wildtype MDCK cells were infected with rising amdanof 0.1 — 6 pl FATP4
adenovirus that correlated with an increase in FAPRotein expression, ranging
from 1,699 — 4,223 ng FATP4 protein/sample (FiguieA). Oleate uptake was
significantly enhanced and correlated with increggprotein levels (Figure 11 B).
Correlation of the enhancement in oleate uptakeA®P4 protein was comparable
between the various approaches (Figure 11 C). Tabgether, FATP4 mediated
oleate uptake increased with enhanced protein ssiome levels while the specific

oleate uptake per 1 ng FATP4 protein remained gtead
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Figure 11: Titration of FATP4
protein levels and its influence on
oleate uptake.

For FATP4 overexpression, wildtype
MDCK cells were infected with
increasing quantities of FATP4
adenovirus.

A) FATP4 protein levels correlated
with the quantity of applied FATP4
adenovirus as shown by western blot
analysis.

B) Sample analysis by radioactive
oleate uptake assays. Cells were
incubated with ®H-oleate (200 uM
oleate:100 puM BSA, 0.5 Ci/mol
specific activity) for 3 h. Oleate uptake
increased significantly with enhanced
amounts of FATP4 adenovirus used
for infection.

C) Referring the increase in oleate
uptake to FATP4 protein levels
showed similar values for all
investigated samples and was
independent from FATP4 protein
amounts.

All  assays were performed in
triplicates, error bars correspond to
standard deviation. n=3; * p < 0.05; **
p<0.01

5.3.3 Oleate uptake increases in correlation to thamount of overexpressed

CD36 protein

Wildtype MDCK cells were infected with different guotities of CD36ac

adenovirus to analyze the influence of overexpessB36 protein on fatty acid

uptake.
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Figure 12: Oleate uptake is enhanced in CD36 overpressing cells in correlation to the CD36
protein amount.

Wildtype MDCK cells were infected with increasingantities of CD3f ac adenovirus and effects
analyzed by radioactive oleate uptake assays astkimeblots.

A) Western blot analysis of protein levels. Samplese measured in duplicates or as single values
(1 pl samples). CD36,c protein levels increased with rising amounts 0f36,c adenovirus.

B) Cells were incubated witlt-oleate (200 pM oleate:100 pM BSA, 0.5 Ci/mol sfie@ctivity) for

3 h to assess oleate uptake. Samples were measutrgalicates. Increasing amounts of CR36;
adenovirus used for infection enhanced fatty aptéike correspondingly.

C) Correlation of oleate uptake to quantities of36[protein.

Error bars correspond to standard deviation. nx®; ¢ 0.01; *** p < 0.001

Corresponding to increasing amounts of adenoviri36C protein levels were

enhanced. This effect was especially evident fis ¢efected with 8 pl adenovirus

as compared to infections with 1 pl and 4 pl. Meadwrotein levels ranged from
6.6 — 16.2 ng CD36/sample (Figure 12 A).Oleate keptaas significantly enhanced
with rising concentrations of overexpressed CD36tgin as compared to control
cells (Figure 12 B). When correlating the increaseleate uptake to CD36 protein
no obvious trend was observed. Calculated valuashezl from the uptake of 212 —
460 pmol oleate/ng CD3fnc protein (Figure 12 C).
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Quantities of incorporated oleate as well as CDB&fign expression levels were
considerably lower than previously observed for PAToverexpressing MDCK
cells.

In conclusion, infection of wildtype MDCK cells witincreasing quantities of
CD36-.ac adenovirus resulted in correspondingly enhancedouats of
overexpressed protein that correlated with increéaseate uptake.

5.3.4 At comparable protein expression levels CD3#creases oleate uptake
more than FATP4

Comparable amounts of CD36 and FATP4 protein wermrexpressed in MDCK
cells to quantify the effects on oleate uptake.diyppe MDCK cells were infected
with 6 pl CD3G.ac adenovirus and a dilution series of FATP4 ademsyiranging
from 0.001 — 0.5 pl. CD36 protein samples obtairiemn one out of three
independently performed oleate uptake assays awatidbe quantified by western
blotting due to too low protein amounts. The lowastcentration of FATP4 yielded
similar protein levels as obtained by CD36 overegpion and was subsequently
used for radioactive oleate uptake assays (Figsi, B).

CD36 overexpressing cells showed enhancement ip &atid uptake by 7 pmol
oleate/ug total protein (27 %) as compared to obrdells. On the contrary, the
effect of FATP4 overexpression at similar proteuantities caused a much smaller
increase in oleate uptake, corresponding to 1 poledte/pg total protein (4 %)
difference to control cells (Figure 13 C).

Results from oleate uptake assays were relatedoteip quantitites of CD36 and
FATP4, thereby confirming a higher impact of CD3&rt FATP4 on fatty acid
uptake: CD36 overexpression caused a 3 x higherimioleate uptake of MDCK
cells as observed for FATP4 (Figure 13 D).

Conclusively, overexpression of CD36 and FATP4anhjparable protein quantities
in MDCK cells shows a clearly higher increase iraté uptake for CD36 MDCK
than for FATP4 MDCK. This observation confirms ghmer potency for CD36 than
FATP4 in enhancing fatty acid uptake at low progirantities.
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Figure 13: Expression of similar CD36 and FATP4 prtein amounts and their influence on
oleate uptake.

Wildtype MDCK cells were infected with CD36¢ and various amounts of FATP4 adenovirus and
results analyzed by western blotting and radioaabieate uptake assays.

A) + B) Quantitative analysis of CD36 and FATP4tgio levels by western blotting. Similar protein
levels of CD36 and FATP were achieved at the lowesicentration of FATP4 used for adenoviral
infection.

C) Results obtained from radioactive oleate uptakeays. Cells were incubated witH-oleate
(200 uM oleate:100 pM BSA, 0.5 Ci/mol specific ait}i) for 3 h. Only CD36 overexpression
resulted in a clear increase in fatty acid uptake.

D) When matching the results from oleate uptakeyass$o protein quantities the oleate uptake per
1 ng protein was 3 x higher for overexpressed Cibaé FATP4 protein.

Assays were performed in triplicates, error bamsespond to standard deviation. n=3, A), B), D):
CD36 values n=2

5.3.5 CD36 is expressed at significantly lower quéities than FATP4 but

increases oleate uptake more than FATP4 when normakéd to protein amounts

In most experiments, FATP4 overexpression typicalbreased oleate uptake more
than CD36. Thus, protein expression levels for hmthteins were quantified and
related to the respective alterations in fatty agthke.

For better comparability, a high concentration @36 sc adenovirus (6 pl) was
chosen together with a low amount of FATP4 ademsv{0.05 ul) for infection of
wildtype MDCK cells.
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Figure 14: Quantitative comparison of increases ifatty acid uptake as mediated by CD36 or
FATP4 protein overexpression.

Wildtype MDCK cells were infected with 6 ul CD36g or 0.05 pul FATP4 adenovirus for protein
overexpression.

A) For radioactive oleate uptake assays cells wwerated with®H-oleate (200 uM oleate:100 uM
BSA, 0.5 Ci/mol specific activity) for 3 h. CD36 agll as FATP4 overexpression enhanced oleate
uptake as compared to control cells.

B) Increases in fatty acid uptake that were mediste CD36 and FATP4 overexpression are shown
in % difference

C) Quantification of protein amounts by westernitiohg revealed a 54 x higher expression for FATP4
than CD36 protein.

D) The oleate uptake related to ng protein CD3BATP4 was 33.5 x higher for overexpressed CD36
than FATP4 protein.

Values shown partially correspond to values degdiate-igures 16 and 17. All assays were performed
in triplicates, error bars correspond to standadation. n=4; * p < 0.05

Oleate uptake was enhanced by CD36 and FATP4 gwerssion but only in the
case of FATP4 overexpressing cells reached a &gnif increase when related to
controls (Figure 14 A). The increase in fatty acigtake was 20 % in CD36
overexpressing cells, whereas FATP4 overexpressibianced oleate uptake by 37
% (Figure 14 B). Although the effects of both pmteon fatty acid uptake were
within a comparable dimension, protein amounts @36 and FATP4 were
significantly apart: protein quantification yieldadquantity of 13 ng CD36 protein as
opposed to 701 ng FATP4 protein which correspoads %4 x higher expression of
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FATP4 protein (Figure 14 C). Accordingly, when therease in oleate uptake was
referred to protein amounts, CD36 mediated thekapté 201 pmol oleate/ng protein
whereas FATP4 had a much smaller effect (6 pmohtelag protein). This
corresponds to a 33.5 x enhanced uptake caused 36 Grersus FATP4
(Figure 14 D).

In summary, overexpression of CD36 or FATP4 proitaitMDCK cells increases
oleate uptake by 20 - 37 % as compared to wildogiks. Although CD36 protein is
expressed in much lower quantities than FATP4stdaore than 30 x higher effect

on oleate uptake when referred to 1 ng of spepifatein.

5.3.6 Co-expression of CD36 and FATP4 has a synestic effect on oleate
uptake

Co-expression experiments were performed to inyaiwhether two differentially
localized enzymes, CD36 and FATP4, might coopemtenhancing fatty acid
uptake. Therefore, stable FATP4 MDCK cells wereeaed with CD3g ac
adenovirus and compared to MDCK cells overexprgsSiD36 or FATP4 alone.
Single overexpression of CD36 and FATP4 proteirtseiased fatty acid uptake in
MDCK cells (Figure 15 A). FATP4 overexpression emted oleate uptake twice as
much as CD36, resulting in 52 % versus 25 % iner@asscompared to control cells
(Figure 15 B). Combined overexpression of both girnst additionally boosted fatty
acid uptake and caused an increase that was coaisligidigher than calculated from
single protein overexpression (122 % for CD36 arAlTF4 co-expression as
opposed to 25 % (CD36) + 52 % (FATP4) = 77 %) aeaded in Figure 15 B.

Protein quantification again confirmed a strongfetténce in CD36 and FATP4
expression levels, yielding 4.3 ng CD36 protein/sknas opposed to 539 ng FATP4
protein/sample. In CD36 and FATP4 co-expressing MDeells, protein quantities
were decreased to 42 % for CD36 (1.8 ng/sample)&né&o for FATP4 (337 ng
protein/sample) in comparison to single proteinrexpression (Figure 15 C, D). No
specific oleate uptake per 1 ng CD36 and FATP4ematould be calculated in co-
expressing MDCK cells because within this experitakesetup it was not possible to

determine to which proportion every protein conitéal to the observed effect.
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Figure 15: Combined overexpression of CD36 and FAT# proteins significantly enhances fatty
acid uptake.

To study the effect of combined protein overexgmssFATP4 MDCK were infected with 3 pl
CD36-.ac adenovirus. Wildtype as well as MDCK cells ovenegsing either CD36 or FATP4 served
as control.

A) + B) Samples were treated wifhi-oleate (200 pM oleate:100 uM BSA, 0.5 Ci/mol sfiec
activity) for 3 h. Overexpression of CD36 and FAT&dne increased oleate uptake. Co-expression of
both proteins significantly boosted fatty acid Wgtaresulting in a higher increase than calculated
from data obtained by single protein overexpression

C) + D) Western blot analysis showed clearly déferprotein levels for CD36 and FATP4 upon
overexpression. Co-expression resulted in reductfdioth protein amounts.

Values shown partially correspond to values degidte Figure 19. Assays were performed in
triplicates, error bars correspond to standardadevi. n=4; * p < 0.05; ** p < 0.01

Nevertheless, it can be concluded that combinedeapeession of CD36 and
FATP4 protein significantly increases oleate uptakéDCK cells. This effect is
considerably more pronounced than calculated basedata from single protein

overexpression.
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5.3.7 Simultaneous overexpression of ACSL1 and CD3gnificantly increases
oleate uptake in comparison to single protein overpression

ACSL1rac MDCK cells were infected with 6 pl CD36g adenovirus to
investigate a possible cooperation of plasma menebribcalized CD36 and
intracellular ACSL1 in facilitating fatty acid uge. Results were compared to
MDCK cells overexpressing either CD36 or ACSL1 &on

Overexpression of ACSL1 or CD36 alone enhancedy fattid transport to a
comparable amount, resulting in 20 % increasedt®legptake as compared to
wildtype control cells (Figure 16 A, B). Again, expression of both proteins
significantly boosted fatty acid uptake. MDCK cebiserexpressing ACSL1 and
CD36 accepted 58 % more oleate than control celsch corresponded to 150 %
increase as compared to summation of the effecsngle protein overexpression
(58 % for CD36 and ACSL1 co-expression as opposedOt % (CD36) + 20 %
(ACSL1) = 40 %) (Figure 16 A, B).

Quantification of protein amounts by western bigjtshowed significantly different
expression levels for both investigated protein€SA1 MDCK cells contained
1,198 ng ACSL1 protein/sample as opposed to 13 fnGRB6 protein/sample in
CD36 overexpressing MDCK, resulting in a 92 x higamount of ACSLlversus
CD36 protein (Figure 16 C).

Accordingly high differences were observed in theoant of oleate uptake per 1 ng
specific protein: 1 ng ACSL1 protein accounted tfog uptake of 2 pmol oleate, as
opposed to 201 pmol oleate uptake mediated by 1 QmB6Gac protein
(Figure 16 D).

In summary, CD36 and ACSL1 co-expression in MDCHKsa#isplayed a synergistic
influence on increasing oleate uptake. These esudtre in parallel with previous
findings from CD36 and FATP4 co-expression expentaésee section 5.3.6).
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Figure 16: Synergistic effect of ACSL1 and CD36 cexpression on oleate uptake.

Wildtype and ACSL} s MDCK cells were infected with CD36yc adenovirus. Samples were
analyzed by oleate uptake assays and co-expressiify compared to ACSI-lsc MDCK and
CD36:,4c MDCK.

A) + B) Cells were incubated witPH-oleate (200 uM oleate:100 pM BSA, 0.5 Ci/mol sfiec
activity) for 3 h. Overexpression of CD36 and ACSdldne equally increased oleate uptake by 20 %.
Co-expression of both proteins boosted fatty aqgiike significantly, corresponding to 150 %
increase as compared to summation of the effe¢tsraal by single protein overexpression.

C) Protein quantification by western blotting showgreat differences between the investigated
samples. ACSLlwas expressed 92 x higher than CD36 protein.

D) The specific oleate uptake per 1 ng protein ¥4@& x higher for CD36 than for ACSL1.

Values shown partially correspond to values degdiate-igures 14 and 17. All assays were performed
in triplicates, error bars correspond to stand@&wdation. n=4; * p < 0.05

5.3.8 ACSL1 and FATP4 mediated increases in fatty cad uptake are not

additive

Like FATP4, ACSL1 belongs to the family of intralcghr acyl-CoA synthetases that
activate fatty acids by esterification with coenzy®. ACSLI ac Overexpressing

cells were infected with 0.05 pl FATP4 adenovirastudy the effect of combined
protein overexpression on fatty acid uptake.

Oleate uptake was enhanced by single overexpress$ibath, ACSL1 and FATP4,

with FATP4 having a significantly higher effect. stomparison to control cells,
FATP4 enhanced fatty acid uptake by 37 % whereaSLlACoverexpression caused
only 20 % of increase (Figure 17 A, B).
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Figure 17: ACSL1 and FATP4 co-expression does nobusiderably increase oleate uptake.

To study the effect of ACSL1 and FATP4 co-exprassiiCSLI o MDCK were infected with
0.05 pl FATP4 adenovirus. Samples were comparestable ACSLE g overexpressing MDCK
cells as well as to wildtype cells infected with H24 adenovirus.

A) + B) Samples were incubated witH-oleate (200 pM oleate:100 uM BSA, 0.5 Ci/mol sfiec
activity) for 3 h. Overexpression of ACSL1 and FAITRIone increased oleate uptake, with FATP4
overexpression having a more pronounced effectexpuoession of both proteins did not significantly
differ from overexpression of FATP4 alone and wasaler than calculated from single protein
overexpression of both proteins.

C) + D) Proteins were quantified by western blaftemd yielded expression levels for ACSL1 and
FATP4 within the same dimension.

E) + F) The specific oleate uptake per 1 ng protwas in a comparable dimension for both
investigated proteins.

Values shown patrtially correspond to values degiate=igures 14 and 16. Assays were performed in
triplicates, error bars correspond to standardaden. n=4; * p < 0.05

73



Results

Although co-expression of the two proteins sigmifity increased oleate uptake as
compared to control cells (Figure 17 A) this enfeament differed only slightly from
the effect caused by FATP4 overexpression alonewaslconsiderably lower than
calculated from single effects (41 % for FATP4 aA@SL1 co-expression as
opposed to 37 % (FATP4) + 20 % (ACSL1) = 57 %) (Fegl7 B).

Corresponding protein amounts yielded roughly cample quantities for single as
well as combined overexpression for each candigateein (Figure 17 C, D).
ACSL1 was expressed at higher protein levels thahF4, with quantities ranging
from 928 — 1,198 ng for ACSL1 (Figure 17 C) and #0¥90 ng for FATP4 per
sample (Figure 17 D). Accordingly, when oleate kptwas referred to the specific
protein amounts similar results were obtained fathbinvestigated proteins.
Overexpression of ACSL1 or FATP4 alone caused atakep of 2.1 pmol,
respectively 5.8 pmol, oleate per 1 ng proteinFegl7 E, F).

Taken together, co-expression of ACSL1 and FATRategmms did not significantly

increase oleate uptake in comparison to singleepraverexpression.

5.3.9 Knock down of Cav-1 has no effect on oleateptake independent from
CD36 expression

Cav-1 has been suggested as an interaction p&n€D36 in mediating fatty acid
transport across the plasma membrane. Hence, G&y-IDCK were analyzed to
investigate whether Cav-1 modulates CD36 facilttaileate uptake in MDCK cells.
Protein quantities of Cav-1 were assessed by wedilatting in all Cav-1 KD
samples (Figure 18 A).

Densitometric analysis of protein bands yieldeésadual protein expression of 10 —
15 % for the investigated samples, thus verifyingigh and stable knock down
efficiency (Figure 18 B). Normalization of Cav-1lwes to actin showed comparable
ratios for all wildtype samples (1.0 — 2.0, 4.2 fbe smallest amount of wildtype
protein). The values calculated for the Cav-1 Kllsceeere much more lower (0.2
and 0.3) and confirmed successful reduction of gunotexpression levels
(Figure 18 C).
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Figure 18: Quantification of

A Cav-1 knock down in MDCK
| cells used for oleate uptake
assays.
knock: wt [%]
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In radioactive oleate uptake assays, CD36 overszme increased fatty acid uptake
in wildtype and Cav-1 KD MDCK cells. Cav-1 depletidid not alter oleate uptake
in wildtype MDCK cells but caused a slight change&€iD36: oc adenovirus infected
Cav-1 KD cells that accounted for an 8 % increasecampared to CD36

overexpressing wildtype cells (Figure 19 A).
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Figure 19: Cav-1 knock down has no effect on CD36ediated oleate uptake.

Wildtype as well as Cav-1 KD MDCK cells were infedtwith CD36 g adenovirus. The respective
uninfected cell lines served as control.

A) For fatty acid uptake assays cells were incubatih *H-oleate (200 pM oleate:100 pM BSA,
0.5 Ci/mol specific activity) for 3 h. CD38/erexpression increased oleate uptake in bottsiigated
cell lines. Cav-1 knock down had no effect on fattyd uptake in wildtype MDCK but caused a slight
increase in CD36 overexpressing cells.

B) Quantification of protein amounts by westernttihg showed an increased CD36 protein level in
Cav-1 KD as compared to wildtype cells.

C) The specific increase in oleate uptake per pmtein CD36 was similar for both investigated cell
lines.

Values shown partially correspond to values degidte Figure 15. Assays were performed in
triplicates, error bars correspond to standardadewi. n=4; * p < 0.05

Quantification of CD36 protein amounts showed éhligexpression level of CD36
protein in Cav-1 KD MDCK (6.6 ng/sample) as complare CD36 overexpressing
wildtype MDCK cells (4.3 ng/sample) which correldtéo an increase by 53 %
(Figure 19 B). When increases in oleate uptake wereelated to CD36 protein
levels no significant difference was observed betwavildtype and Cav-1 KD
MDCK cells (Figure 19 C).

In summary, within this experimental setup knockvdmf Cav-1 had no significant

influence on oleate uptake in wildtype and CD36rexpressing cells.
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5.3.10 Overexpression of CD36 and FATP4 increaselsost term oleate uptake

in correlation to protein amounts

The majority of oleate uptake assays in this studg performed by incubating cells
with radiolabeled oleate for 3 h. After this tintee activation of signaling cascades
as well as transcriptional regulatory processeshinltave influenced fatty acid
uptake. Thus, assays with a decreased incubatiendf 5 min were conducted.

For experiments, wildtype MDCK cells were infectedth different amounts of
CD36:ac and FATP4 adenovirus. Protein amounts correlatéth wcreasing
quantities of adenovirus: CD36 samples showed &arered protein quantity from
low (1 pl adenovirus, 8.2 ng CD36 protein/samptehigh (4 ul adenovirus, 27 ng
CD36 protein/sample and 6 pl adenovirus, 25.9 ng&protein/sample) virus
concentrations (Figure 20 A). FATP4 protein amouwhsrly increased with rising
quantities of FATP4 adenovirus used for infecti@@1 ng, 4,715 ng and 7,825 ng,
respectively) (Figure 20 B). Again, FATP4 proteimsvexpressed at much higher
levels than CD3§ ac protein.

Oleate uptake was enhanced in correlation to ripiogein amounts and was more
prominent in FATP4 than CD36 overexpressing ceN¥hereas CD36ac
overexpression slightly enhanced fatty acid uptdlke 11 — 15 %, FATP4
overexpression increased oleate uptake by 7 - 92e%fectively (Figure 20 C).
Relating the increase in oleate uptake to CD36FRkNOP4 protein amounts showed
no clear tendency for CD36 samples. Ratios rangech fuptake of 1.1 pmol
oleate/1 ng protein (4 ul) to 2.3 pmol oleate/Ipngtein (2 pl) (Figure 20 D). On the
contrary, data calculated for FATP4 samples shoavetkar trend: ratios of oleate
uptake by 1 ng protein decreased with increasirantjies of overexpressed FATP4
(Figure 20 E).

Taken together, overexpressed CRa6 as well as FATP4 increase short term
oleate uptake in MDCK cells. This effect is moreomunced for FATP4
overexpression, with the rise in fatty acid uptakeresponding to increasing protein

amounts.
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Figure 20: Overexpression of CD36 and FATP4 increas short term oleate uptake.

Wildtype MDCK cells were infected with increasingpncentrations of CD3§,c and FATP4
adenovirus. Uninfected cells served as controls.

A) + B) Western blot analysis of CD36 and FATP4tpim amounts. Protein quantities rise with
increasing amount of respective adenovirus usednfection. FATP4 protein is expressed at much
higher levels than CD36.

C) Analysis of oleate uptake. Cells were incubatéth *H-oleate (200 pM oleate:100 uM BSA,

2 Ci/mol specific activity) for 5 min. CD36 as welé FATP4 overexpression increased oleate uptake,
with FATP4 having a much more prominent effect.

D) + E) Assessment of the specific increase intelegptake per 1 ng protein. CD36 overexpression
enhances fatty acid uptake more efficiently tharm PA overexpression. The ratio of oleate uptake per
1 ng protein FATP4 decreases with increasing prajaantities.

All assays were performed in triplicates, errorsheorrespond to standard deviation. oleate uptake
assays: n=4; western blots: FATP4: n=4, CRha61 pul adenovirus: n=2, CD36 4 pl and 6 pl
adenovirus: n=3, * p < 0.05; * p <0.01
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5.4 Analysis of CD36, FATP4 and ACSL1 localization by immunofluorescence
microscopy

In scientific literature, different cellular localizations have been described for CD36,

FATP4 and ACSL1. Hence, MDCK cells were analyzed by immunofluorescence to
identify the respective localization of each protein. Stable ACSL1rac MDCK and
FATP4 MDCK as well as CD36r_ac adenovirus infected wildtype MDCK were used
for analysis of single protein overexpression. FATP4 and ACSL1r ac Overexpressing
cells were infected with CD36rLac Or FATP4 adenovirus to analyze protein

localization upon co-expression.

5.4.1 CD36 is expressed at the plasma membrane and intracellularly

For analysis of CD36 localization, CD36rLac MDCK cells were stained using a
ms-a-CD36 antibody and a rb-o-FLAG antibody. Each of the two antibodies
detected a differently localized pool of CD36rLac protein within the same cell: the
ms-a-CD36 antibody stained CD36 in the plasma membrane (Figure 21 A) as
opposed to the rb-a-FLAG antibody that showed an intracellular signal
(Figure 21 B). Overlay of both pictures confirmed the differential localization
(Figure 21 C).

Figure 21: Overexpressed CD36rLac is found in two differentially localized pools in MDCK
cells.

Wildtype MDCK cells were infected with CD36FLAG adenovirus and subsequently stained using a
ms-a-CD36 antibody (A) or a rb-a-FLAG antibody (B). Two differently localized pools of
CD36FLAG were detected within the same cell, depending on the antibody. The ms-a-CD36 antibody
shows a signal for CD36FLAG located in the plasma membrane (A) whereas the rb-a-FLAG antibody
detects CD36FLAG in the cytoplasm (B). An overlay of both pictures confirms the different
localization (C). Pictures from a representative sample are shown. Dimension bars are 20 pm.
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5.4.2 FATP4 is located at the endoplasmic reticulum

To analyze the intracellular expression pattern of FATP4, stably overexpressing
retroviral FATP4 MDCK cells as well as FATP4 adenovirus infected wildtype
MDCK cells were used.

After staining with an a-FATP4 antibody all samples showed a typical network like
structure surrounding the cellular nucleus (Figure 22). This pattern is known to be
characteristic for proteins localized to the endoplasmic reticulum and is in
accordance with former experimental data from our group (Krammer et al., 2011)
(Milger et al., 2006) (Digel et al., 2011). FATP4 localization was the same for
retroviral infected, stable overexpressing as well as adenoviral infected, transiently

overexpressing MDCK cells.

Figure 22: FATP4 localizes to the ER when overexpressed in MDCK cells.

Samples were stained using a rb-a-FATP4 antibody and analyzed by fluorescence microscopy.
FATP4 MDCK cells display a characteristic network like structure, typical for proteins localized to
the endoplasmic reticulum.

A picture from a representative sample is shown. The dimension bar is 20 pum.

5.4.3 Co-expression of CD36 and FATP4 does not change either protein

localization

Stable FATP4 MDCK cells were infected with CD36r ac adenovirus in order to
analyze the localization of each protein when co-expressed. For detection of
CD36rLac protein the ms-a-CD36 antibody was chosen, which before had
specifically detected plasma membrane localized CD36.

Immunofluorescence analysis showed that co-expression of CD36 and FATP4 did
not change the localization of either protein (Figure 23). FATP4 remained to show a
strong signal within the endoplasmic reticulum (Figure 23 A) whereas CD36rLac
was detected at the plasma membrane (Figure 23 B). An overlay of the single
pictures confirmed a clearly distinct localization of both proteins within the same cell
(Figure 23 C).
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Figure 23: Co-expression of CD36 and FATP4 does not change the localization of either protein.
Combined overexpression of CD36 and FATP4 in MDCK cells was achieved by infection of a stably
overexpressing FATP4 cell line with CD36r ac adenovirus. Samples were stained by incubation with
a rb-a-FATP4 antibody (FATP4, green) and a ms-a-CD36 antibody (CD36r_ac, red).

A) FATP4 protein is found in the network like structures of the endoplasmic reticulum.

B) CD36 localizes to the plasma membrane.

Overlay of the single pictures confirms the distinct localization of the investigated proteins.

Pictures from representative samples are shown. Dimension bars are 20 pum.

5.4.4 ACSL1 is expressed on mitochondria and does not alter the localization of
CD36 or FATP4

Stable ACSL1rLac MDCK were analyzed by immunofluorescence before and after
infection with CD36r_ac and FATP4 adenovirus. Overexpressed ACSL1 protein was
found on worm like structures in all investigated samples, typical for a localization
on mitochondria. This observation is in accordance with previous results from our
group, showing a co-localization of ACSL1rLac With a mitochondrial marker (Milger
et al., 2006) (Zhan et al., 2012).

Additional overexpression of either CD36 or FATP4 protein did not change the
distribution pattern of ACSL1rac within the analyzed cells (Figure 24 A, D).
Analysis of CD36 and FATP4 proteins in the respective samples also displayed no
alterations in localization. CD36 was expressed at the plasma membrane
(Figure 24 B) whereas FATP4 was still found on the endoplasmic reticulum
(Figure 24 E). As overexpressed CD36rLac and ACSL1rLac both possessed a FLAG-
tag, co-staining of the two proteins occured (Figure 24 A). Due to the lack of an
ACSL1 antibody for immunofluorescence this drawback could not be avoided. An
overlay of the single pictures of ACSL1 and CD36 or FATP4 confirmed a clearly
distinct localization for ACSL1 and CD36 (Figure 24 C) as well as for ACSL1 and
FATP4 (Figure 24 F) within the same cell.
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Figure 24: Co-expression of ACSL1 with CD36 or FATP4 has no influence on intracellular
protein localization.

Stable ACSL1r ac MDCK cells were either infected with CD36rac 0r FATP4 adenovirus in order to
achieve a combined overexpression. Samples were stained by incubation with ms-a-FLAG
(ACSL1rLAG), rb-a-FLAG (ASCL1fLAg), Ms-a-CD36 (CD36rLac) OF rb-a-FATP4 (FATP4) antibodies
and anlyzed by fluorescence microscopy. Co-expression of ACSL1 and CD36 or ACSL1 and FATP4
did not influence the localization of either protein.

A) ACSL1 localizes to worm like structures representing mitochondria.

B) CD36 protein is detected in the plasma membrane.

C) ACSL1 and CD36 show a clearly distinct localization within the same cells.

D) Mitochondrial expression pattern of ACSL1 in MDCK cells co-expressing FATPA4.

E) FATP4 is located on the endoplasmic reticulum.

F) Overlay of single sections shows a distinct localization for ACSL1 and FATP4 proteins.

Pictures from representative samples are shown. Dimension bars are 20 pum.

5.4.5 Cav-1 knock down does not change CD36 localization

For immunofluorescence, wildtype and Cav-1 KD MDCK cells were infected with
CD36rLac adenovirus to analyze the cellular localization of CD36. Successful knock
down of Cav-1 was verified by a diminished number of stained cells in Cav-1 KD
MDCK as compared to controls (Figure 25 A, D). CD36 protein was localized to the
plasma membrane, with no obvious alterations in expression pattern in Cav-1 KD
MDCK as opposed to wildtype MDCK cells (Figure 25 B, E).
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Figure 25: CD36 localization is not influenced by Cav-1 KD in MDCK cells.
Wildtype and Cav-1 KD MDCK cells were infected with CD36g ac adenovirus and stained for Cav-1
(green) and CD36 (red).
A-C) Wildtype MDCK cells show Cav-1 expression together with plasma membrane localized CD36
protein.
D-F) Cav-1 KD MDCK cells show a diminished number of stained cells as compared to controls.

Localization of CD36 is uneffected, with CD36 still visible at the plasma membrane.
Pictures from representative samples are shown. Dimension bars are 20 pum.
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6. Discussion

Regulation of fatty acid uptake is essential folintening lipid homeostasis and for
prevention of diseases. Two mechanism are considerdatty acid uptake: passive
diffusion across the plasma membrane and proteifitéded transport. Proteins that
have been implicated in fatty acid uptake incluake fatty acid translocase CD36 as
well as the acyl-CoA synthetases FATP4 and ACSLhak been shown that all
three proteins enhance fatty acid uptake upon apegssion but there is an ongoing
debate about their localization and mode of acfiangain a better understanding of
how each protein may contribute to cellular fattydauptake, this study correlated
molar amounts of overexpressed CD36, FATP4 and ACSLthe increase in fatty
acid uptake. MDCK cells allowed a generalized asialgnd unbiased quantification

of this process, because they are not specializéatty acid uptake.

6.1 FATP4 overexpression increases fatty acid uptak more than CD36

overexpression — due to higher expression levels

Various studies previously verified a role for CD&éd FATP4 in fatty acid uptake.
The transmembrane glycoprotein CD36 binds longrchetty acids (Baillieet al,
1996) and mediates fatty acid uptake (lbrahghial, 1996). Its overexpression
increased palmitate uptake in C2C12 muscle cebst{Bet al, 2004) and enhanced
fatty acid transport in rat skeletal muscle (Nidm@ret al, 2009). These findings
correlate with results from our own group that ewvided an increase in fatty acid
uptake upon CD36 overexpression in COS cells (Hhethaal, 2008) and human
hepatoma cells (Krammet al, 2011).

The acyl-CoA synthetase FATP4 has also been intplicen the regulation of fatty
acid uptake. Although its localization and mode aaftion remain a matter of
discussion, FATP4 overexpression was shown to aserefatty acid uptake in
Hek293 cells (Stahét al, 1999) and rat skeletal muscle (Nickersstnal, 2009).
Again, theses findings correlate with previous daban our group that showed an
increase in fatty acid uptake upon FATP4 overexgoesin COS cells (Milgeet al,
2006),C2C12 cells (Digeét al, 2011) and 3T3-L1 adipocates (Zhetral, 2012).
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Fatty acid uptake in MDCK cells was consistentlgreased more by FATP4 than
CD36 overexpression. During this study, the congoariof oleate uptake in CD36
and FATP4 overexpressing MDCK cells confirmed anhbigncrease for FATP4 than
CD36 cells as related to controls. It seemed canaduthat FATP4 had a higher
impact on fatty acid uptake than CD36. Surprisinglshen protein levels were
guantified CD36 was expressed at much lower letvels FATP4. Although FATP4
increased oleate uptake nearly twice as much as6CBdculation of the oleate
quantity taken up by 1 ng overexpressed proteieaed a more than 30 x higher
efficiency for CD36. This finding reversed the asgtion that FATP4 is more
potent in mediating intracellular fatty acid uptakan CD36. However, it has to be
taken in account that CD36 and FATP4 differ initmeolecular weights (55 kDa for
CD36:.ac Versus 72 kDa for FATP4). Correspondingly, forrapée similar protein
amounts of CD36 and FATP4 would equal about orrel timiore CD36 than FATP4
molecules. Although the difference in oleate uptekieulated for 1 ng protein would
then be reduced by a fraction CD36 still would barenconsiderably efficient than
FATP4 in facilitating fatty acid uptake.

Yet, it had to be considered that the strikinget#hce in protein amounts might at
least partially influence the analytical outconfeCD36 and/or FATP4 mediate fatty
acid uptake by a saturable process it would béyliteat at low protein amounts the
increase in fatty acid uptake would be higher tharigh protein amounts. With
increasing protein quantities the process wouldecglose to saturation, leading to a
proportionally smaller rise in fatty acid uptakeo Test this hypothesis, CD36 and
FATP4 were overexpressed at comparable low praeiounts. This time, CD36
increased oleate uptake considerably more than BARF % versus 4 %) with
FATP4 overexpressing cells barely showing a diffeeein fatty acid uptake as
compared to control cells. Comparing the effecFATP4 on fatty acid uptake at
low and high protein expression levels revealedtrikirsg difference: at 10 ng
FATP4 protein/sample oleate uptake was enhanced4bpmol oleate/ng protein
whereas at 701 ng FATP4 protein/sample the incréadatty acid uptake was
6 pmol oletae/ng protein. Again, these findings ldondicate a saturable process for
both, CD36 and FATP4 mediated fatty acid uptake.
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When MDCK cells were infected with increasing amisusf CD36 and FATP4 fatty
acid uptake was increased in correlation to ristigB6 and FATP4 protein levels.
Interestingly, expression levels of FATP4 couldebsily varied within a broad range
whereas CD36 expression rates were limited to lomcentrations of several ng per
12-well and sample. Higher dilutions of adenovinged for infection allowed for the
expression of very small protein quantities whiachlanger effected oleate uptake
whereas high amounts of adenovirus killed the te@cells.

As protein overexpression was achieved by aderowifaction in both cases it
seems unlikely that methodical restrictions mightloe cause that CD36 and FATP4
proteins were expressed at such different levelenbf adenoviral titres would have
been much higher for FATP4 than CD36 (which was modicated by
immunfluorescence experiments) they could not haseounted for such a big
difference in expression levels. The best explanaét this point seems that cells
tolerated FATP4 overexpression better and over @adar range than CD36
overexpression. The reasons for this remain speeeilaut spatial restriction could
come in mind. As shown before, we suggested a mtbdel places CD36 at the
plasma membrane for mediating fatty acid transpédhe plasma membrane is
limited in space and might therefore prevent higloants of CD36 overexpression,
thereby limiting the expression rates of functityalctive CD36 protein. A distinct
half-life of both proteins might also contributettee observed differences in protein

guantities but was not tested in our model.

6.2 Cav-1 does not influence CD36 mediated fatty ialcuptake

Cav-1 is a membrane protein that contributes toftimmation of cell membrane
invaginations (caveolae) that serve as signaliragfgrims. It was suggested that
Cav-1 is involved in fatty acid uptake via its tpbinding site (Trigattet al, 1999)

in accordance with its high expression rate in aclpes. The role of Cav-1 in CD36
facilitated fatty acid transport is still a mattef debate as there are conflicting
opinions stating or denying an interaction of CD&&d Cav-1. Evidence for a
regulation of CD36 function in fatty acid uptake KBav-1 was obtained from
experiments with Cav-1 knock out mouse embryorbeofilasts. In wildtype cells,

CD36 was localized intracellularly and at the plasmembrane, whereas in Cav-1
knock out cells the surface expression of CD36 wahslished. The altered
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localization of CD36 resulted in decreased fattyg aiptake, indicating that Cav-1 is
needed for proper plasma membrane localizationfamction of CD36 (Ringet al,
2006).Controversially, a former study conducted in CH@scand C32 cells stated
that CD36 was localized to the plasma membran@&diutound in caveolae (Zerej
al., 2003). Another group overexpressed various ansoohCav-1 in Hek293 cells
and concluded that fatty acid transport was moddldty Cav-1. As results were
obtained in absence of CD36, it was suggested @at-1 mediated fatty acid
transport occurred independent from CD36 expresgMeshulamet al, 2006).
Controversially, in chinese hamster ovary cells 6D&s expressed in detergent-
resistant membranes together with Cav-1 but faledenhance oleate uptake
independent from protein expression levels (Etral, 2008).

In this study, a knock down of Cav-1 in MDCK cellgs performed to shed some
light on a potential interaction of CD36 and Cawnlfatty acid uptake. Residual
protein levels ranged from 10 - 15 %, confirmingediicient and stable reduction in
protein quantities. In our model system, Cav-1 kndown did not change the CD36
localization at the plasma membrane of wildtype @ul/-1 KD cells. A slight
increase in fatty acid uptake was observed in CEBIMDCK cells overexpressing
CD36 as compared to CD36 overexpressing wildtydks.c€he Cav-1 KD cells
showed higher CD36 protein expression levels thdgating that increase in fatty
acid uptake was due to the higher protein quantity.

Contradictory to results obtained by other growps,could not confirm a regulation
of CD36 by Cav-1 expression with reference to laedion or function in fatty acid
uptake. Previous studies had stated that Cav-1kkdown impaired CD36 mediated
fatty acid transport, however this was not the ¢ageav-1 KD cells overexpressing
adenoviral CD36. Based on the observation that CpB@iein expression was
slightly enhanced in Cav-1 KD cells, it could besplated that knock down of Cav-
1 facilitates adenoviral infection thereby incregsCD36 protein expression levels.
In conclusion, Cav-1 knock down did neither chartge localisation nor the
functions of CD36 in fatty acid uptake in MDCK cllAs reviewed by Glatzt al.
(Glatz et al, 2010), controversial results for the interact@inCD36 and Cav-1
might result from tissue- or cell type-specificfdiences in CD36 function.
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6.3 CD36 and FATP4 are differentially localized andenhance fatty acid uptake

by distinct mechanisms

Different models have been suggested for enharfaittg acid transport, involving
intracellular as well as plasma membrane localipedteins. CD36 has been
described as a plasma membrane glycoprotein (redewy (Silverstein and
Febbraio, 2009)) that can be translocated fronacefiular sites to the PM where it
enhances FA uptake (Bonenhal, 2000).

During this study, the cellular localisation of osepressed CD36.c Was analyzed
by immunofluorescence. Two different antibodiesevesed, one targeting the CD36
protein whereas the second antibody bound to ther@inal FLAG-tag. A plasma
membrane localisation was confirmed for CD36 btgrestingly the two antibodies
detected different pool of CD36c protein within the same cell. TheCD36
antibody stained CD36 in the plasma membrane whetle@a-FLAG antibody
showed an intracellular signal.

The phenomenon of two diverse antibodies targdhegsame protein but detecting
differently localized pools has been detected leefeuch as for Cav-1 (Luetterforst
et al, 1999). A possible explanation might be that ardip accessibility could be
blocked depending on the protein localization. keminore, glycosylation is likely to
be involved in trafficking of CD36 to the plasmami@ane (Hoosdallet al, 2009)
and might influence proper antibody binding.. Adtingly, inappropriately
glycosylated CD36 would be found at a cytoplasroimalization and could only be
recognized by am-FLAG antibody. However, no CD36 was detected ie th
endoplasmic reticulum

We assume, that only plasma membrane localized dB36nctionally active in
mediating fatty acid uptake. This is in accordanth other studies that verified a
plasma membrane localization of CD36 in combinatiath increased fatty acid
uptake. Exemplarily, plasma membrane localizatidnC®36 was required for
enhancing oleate uptake in rat hepatoma cells (EByral, 2007) and insulin
mediated translocation of CD36 from an intracelldecalization to the sarcolemma
of cardiac myocytes increased fatty acid uptakek@met al, 2002). CD36 can be
inhibited by treatment with sulftsuccinimidyl oleate (SSO), leading to decreased
fatty acid uptake in adipocates (Poél al, 2005). As SSO is not membrane
permeable, only plasma membrane localized CD36ikbd, indicating that CD36

facilitates fatty acid uptake directly at the plasmembrane. It is therefore likely,
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that the effect of CD36 on oleate uptake has rdtlken underestimated in this study
as protein quantification by western blotting didt ndifferentiate between
intracellular and plasma membrane localized CD36refable quantification of
plasma membrane localized CD36 alone would recaiseibcellular fractionation,
with subsequent western blotting.

In the case of FATP4, different localizations anddtions are discussed. On the one
hand, FATP4 has been described as fatty acid toanppotein which is localized in
the plasma membrane (Stadtlal, 2001; Doege and Stahl, 2006) but controversial
studies indicated an intracellular localizatiortte endoplasmic reticulum (J&t al,
2007; Loboet al, 2007). This would imply an indirect effect for FR4 on fatty acid
uptake, mediated by its enzymatic activity.

During this study, we have consistently detecte@rexpressed FATP4 at the
endoplasmic reticulum of MDCK cells. This finding in accordance with previous
observations from our group that equally showed PATIlocalized to the
endoplasmic reticulum of MDCK cells (Milgeat al, 2006). It seems reasonable to
conclude, that in our model system FATP4 is locatettacellularly at the
endoplasmic reticulum and enhances fatty acid @ptallirectly by its enzymatic
activity. Free fatty acids are metabolically trappdyy esterification with
coenzyme A, causing a concentration gradient ofaexb intracellular free fatty
acids that drives fatty acid uptake.

The majority of fatty acid uptake assays in thiglgtwas performed by incubation of
the respective samples with radioactive oleate8far After this time, in addition to
the overexpressed proteins also signaling processesscriptional regulation and
energy storage in lipid droplets influence fattydagptake. This situation probably
mirrors metabolic conditions better than short tedeate but might also complicate
the evaluation of CD36 and FATP4 effect on fattydatransport. Additionally,
proteins might facilitated fatty acid uptake digetly at different time points.

Hence, experiments with an incubation time of 5 mere performed in MDCK
cells that overexpressed increasing amounts of CBB6 FATP4 protein. In
accordance with oleate uptake measured after 3tyrdaid uptake increased with
rising amounts of FATP4 protein. CD36 overexpragdlDCK cells showed the
similar tendency but effects were very small, pldpadue to the overall low

increase of fatty acid uptake.
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In summary, CD36 and FATP4 are differentially lozadl and enhance fatty acid
uptake by different mechanisms: CD36 is locatethenplasma membrane where it
enhances fatty acid transport whereas FATP4 islikech at the endoplasmic
reticulum and metabolically traps intracellulartyaacids by esterification with
coenzyme A. CD36 and FATP4 mediated oleate uptdigspa role in initial

transport as well as in long-term uptake.

6.4 Transport and metabolic trapping act synergistitally to increase fatty acid

uptake

After assigning different localizations and modésction to CD36 and FATP4 we

wondered whether these proteins might act in catioer for enhancing fatty acid
uptake. One model for fatty acid uptake is the areak acylation hypothesis that
proposes a cooperation of fatty acid transport sscithe plasma membrane with
subsequent activation (Black and DiRusso, 2003).

This model could nicely be applied to our systenthvCD36 acting as transport
protein and FATP4 and ACSL1 catalyzing fatty aaithvaation. In our system, fatty
acid transport and activation would be only funcéilly coupled whereas vectorial
acylation is often associated with additional sgdatoupling (Zouet al, 2003; Doege
and Stahl, 2006).

Combined overexpression of CD36 and FATP4 did nwange either protein
localization , suggesting that also the functianathanisms would be unaltered. Co-
expression of CD36 and FATP4 increased oleate apsignificantly more than
calculated from results obtained by single protaiarexpression.

Remarkably, the respective protein quantities oB&@nd FATP4 were lower in co-
expressing cells as compared to single overexmmes#ius making the synergistic
increase in fatty acid uptake even more pronountéeése results strengthen our
hypothesis that CD36 and FATP4 might act togethendgreasing fatty acid uptake.
If this assumption was correct, CD36 would shownalar behaviour in combination
with other acyl-CoA synthetases, such as ACSL1.t@aty, co-expression of two
enzymes acting in the same manner, like the twb@op synthetases FATP4 and

ACSL1, would enhance fatty acid uptake to a smatkent.
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Co-expression experiments were performed for CD3% ACSL1 as well as for

FATP4 and ACSL1. Initial immmunofluorescence anaysonfirmed the intracellular

localization of ACSL1 on mitochondria. As previopsbbserved for CD36 and

FATP4, neither protein localization was altered mpombined overexpression. As
predicted, CD36 and ACSL1 co-expression in MDCKscdisplayed a synergistic

influence on increasing oleate uptake in agreemetiit our data from CD36 and

FATP4 co-expression experiments. On the contramyexpression of ACSL1 and

FATP4 proteins caused a smaller increase in fatig aptake than calculated by
summation of the effects caused by single proteerexpression.

It seems evident, that oleate uptake mediated togcellular enzymes targets only
one metabolic mechanism and is limited by the partsate of fatty acids across the
plasma membrane and their intracellular accumulat@n-expresssion of CD36 and
FATP4 or ACSL1 on the other hand enhances fattd a@take by pushing two

different mechanisms (fatty acid transport andvation).

6.5 Conclusion

Cellular fatty acid uptake can be facilitated bgggha membrane localized as well as
intracellular proteins through different mechanisn@&D36 is a transmembrane
glycoprotein that can be translocated from an oaifalar pool to the plasma
membrane where it binds fatty acids and mediates thansport across the lipid
bilayer. FATP4 and ACSL1 are intracellular enzyntleat activate fatty acids by
esterification with coenzyme A, leading to metabalapping.

In MDCK cells, overexpressed CD36 was detectethatptasma membrane as well
as at an intracellular localization. Based on pesidata we assumed only the
plasma membrane localized CD36 to be functionatlyva in facilitating fatty acid
uptake. FATP4 and ACSL1 were expressed intracelulat the endoplasmic
reticulum (FATP4) and on mitochondria (ACSL1). Cgeession of CD36 and
FATP4 or ACSL1 with CD36 or FATP4 did not alterhat protein localization.
Knock down of Cav-1 did neither change CD36 loalan nor influence fatty acid
uptake in wildtype or CD36 overexpressing cellspatoding that Cav-1 is not
required for CD36 mediated fatty acid uptake in MO€zIIs.

CD36 was expressed at much lower protein levela #&TP4 and limited in its
maximal protein quantity, maybe due to spatial fations at the plasma membrane.
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It showed a considerably higher potency for inarepdatty acid uptake than
FATP4. Low protein amounts of FATP4 led to a greaterease in oleate uptake per
1 ng protein when contrasted with high expressexels. This hints at a saturable
process of protein mediated fatty acid uptake tméght also apply to CD36.
Increasing quantities of overexpressed CD36 or FATRotein correlated with
enhanced oleate uptake after 3 h of oleate incuta#i similar tendency was shown
in short term oleate uptake after 5 min, indicatingt CD36 and FATP4 play a role
in short as well as long term fatty acid uptake.

Co-expression of CD36 with either acyl-CoA syntketaFATP4 or ACSL1, resulted
in enhanced fatty acid uptake that was higher #t@rd be expected from single
protein overexpression. On the contrary, combineerexpression of FATP4 and
ACSL1 resulted in only a slight increase of fattydauptake. It seems conclusive,
that CD36 interacts with the acyl-CoA synthetas@3 4 and ACSL1 to enhance
fatty acid uptake according to the concept of veakacylation: a fatty acid transport
protein (CD36) ccoperates with an intracellular yene (FATP4, ACSL1) that
activates fatty acids for downstream metabolisnthincase of CD36 and FATP4 or
ACSL1, there would be a functional but no spatialpding. No cooperation is
possible between FATP4 and ACSL1 because theydbeisame manner and target
the same pathways when increasing fatty acid uptagdoth proteins are assumed
to work near their maximum capacity their actioringited by the diffusion rate of
fatty acids into the cell as well as by the accuatiah of intracellular fatty acids. By
interaction with the fatty acid transporter CD36tyfaacid uptake is not longer

restricted by the diffusion rate, resulting in aalntnigher efficiency.

92



Discussion

6.6 Suggestion of a model for facilitated fatty adi uptake involving CD36,
FATP4 and ACSL1

We suggest a model for facilitated fatty acid uptakith CD36 localized at the
plasma membrane and an intracellular localization FATP4 (endoplasmic
reticulum) and ACSL1 (mitochondria). Fatty acid ak# is mediated by two
different mechanisms depending on the respectieteior localization: facilitated
transport across the plasma membrane by CD36 dratétiuar activation of fatty
acids by FATP4 and ACSL1.

The glycoprotein CD36 is localized to the plasmamibene where it directly
facilitates fatty acid transport into the cell, fexample by lowering the activation
energy that is necessary for a fatty acid carbaxglup to transverse through an
apolar lipid bilayer (Abumraet al, 1999) or by binding of fatty acids close to the
extracellular side of the plasma membrane.

For intracellular acyl-CoA synthetases, like FAT&dd ACSL1, it was suggested
that they enhance fatty acid uptake indirectly bgtabolic trapping (Mashek and
Coleman, 2006). The activation of intracellular tyatacids is mediated by
esterification with coenzyme A, consequently prevenfatty acids from diffusing
back out of the cell and simultaneously decrea#iiegamount of free fatty acids in
the cytoplasm. The gradient from extra- and intiatae free fatty acid concentration
subsequently enhances fatty acid uptake (Figur)26

As CD36 mediates fatty acid uptake by a differerchanism than FATP4 and
ACSL1 it seems a reasonable assumption that CD8&renacyl-CoA synthetases
may act in cooperation. In this model, co-exprasscd CD36 with FATP4 or
ACSL1 would increase fatty acid uptake more thaglsi protein overexpression due
to an increased fatty acid translocation across pglesma membrane (CD36)
followed by immediate activation by acyl-CoA synfiees (FATP4, ACSL1). Co-
expression of FATP4 and ACSL1 on the other handldvowt significantly alter
fatty acid uptake in comparison to single overeggpi@n of either protein as both
enzymes are expected to work close to their maxiroapacity. Therefore, the effect
of a combined protein overexpression of FATP4 ai@SA1 on fatty acid uptake

would be limited by the transport rate of fattysaidto the cell. (Figure 26 B).

93



Discussion

Ty
:

)
J

o
Z
e

=
= contrel

& coas
L (transp ortary

FATP4
O {enTyme)

ACSL1
Q {enayme)

W Tatty acld
Y activated Fatty acld
1 fatty acld uptake

<+ Increased uptake

14t !
£
o

! Y
! Y
ol

T 11

CDJ36 and FATP4

CD36 and ACSL1

FATP4 and ACSL1

Figure 26: Model for facilitated fatty acid uptake mediated by CD36, FATP4 and ACSL1.

A) Cellular fatty acid uptake is increased by thegke overexpression of either CD36 (plasma
membrane), FATP4 (endoplasmic reticulum) or ACSinltgchondria) as compared to control cells.
CD36 directly facilitates fatty acid uptake overetlplasma membrane whereas the acyl-CoA
synthetases FATP4 and ACSL1 activate intracellflee fatty acids to make them available for

further downstream metabolism.

B) The combined overexpression of CD36 with FATRAC®36 with ACSL1 enhances fatty acid
uptake more than expected from summation of thglesieffects of both proteins. On the contrary, the
overexpression of FATP4 with ACSL1 increases fatyd uptake more than single expression of

either protein but less than summation of the retspesingle effects.
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