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ABSTRACT

The photoreactive fatty acid 11-m-diazirinophenoxy-[11-*H]-undecanoate was
shown to be taken up specifically by the long chain fatty acid transport system
expressed in Escherichia coli grown on oleate. This photoreactive fatty acid
analogue was therefore used to identify proteins involved in fatty acid uptake in E.
coli. The fadL protein, required for fatty acid permeation of the outer membrane
of E. coli was labeled by the probe, confirmed to be exclusively in the outer
membrane and to exhibit the heat modifiable behaviour typical of outer membrane
proteins. The apparent pl of the incompletely.r denatured form of the protein having
the mobility of a 33 kDa protein was 4.6 while that of the fully denatured form was
consistent with the calculated value of 5.2. The denaturation was reversible
depending upon the protein to detergent ratios, The photoreactive fatty acid
partitions into the outer membrane, resulting in extensive photolabeling of the lipid;
a high affinity fatty acid binding site is not apparent in total membranes labeled
using free fatty acids due to this large capacity of the outer membrane. However,
when the free fatty acid concentration was controlled by supplying it as a bovine
serum albumin complex, the fadL protein exhibited saturable high affinity fatty acid
binding, having an apparent K, for the probe of 63 nM. The specific labeling of the
fadL protein was increased as the.pH was decreased from 8.0 to 6.5; this labeling
was abolished by diethylpyrocarbonate (DEPC) pretreatment of total membranes,
suggesting that binding of fatty acids to the substrate binding site of the fadL protein

involves an electrostatic interaction, possibly with a histidine residue.
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The photoreactive fatty acid is easily capable of identifying a membrane-
bound fatty acid binding protein. Despite increasing the sensitivity of the method
500-fold, no evidence was found for the presence of a fatty acid binding protein in
the inner membrane of E. coli which is consistent with the proposal that fatty acid
permeation across the plasma membrane is not protein-mediated but occurs by a
simple diffusive mechanism. A fatty acid binding protein was also not detected in
the periplasm, the aqueous compartment that separates the inner and outer
membrane of E. colli.

The fatty acid uptake activity in E. coli was reduced upon starvation whereas
proline uptake was not affected. This effect was not due to de-energization of the
membrane, depletion of intracellular ATP, or changes in the total amount of fatty
acyl-CoA synthetase which is required for fatty acid uptake. The inhibitory effect
of starvation was rapidly reversed by the addition of D-lactate, L-lactate, succinate
or acetate. Fatty acid uptake was insensitive to concenirations of the uncoupler
carbonyl cyanide m-chlorophenylhydrazone which abolished the Ay, dependent
proline uptake, suggesting that the rate-limiting step is not directly coupled to or
affected by the magnitude of Apy,. The stimulatory effect of D-lactate on oleate
uptake increased the affinity of the transport system for fatty acid and the maximal
rate of uptake, the K, values being 37.0 and 10.6 #M and the maximal rates being
0.29 and 2.30 nmole/min/mg of protein in the absence and in the presence of D-
lactate, respectively. This clearly shows that the saturable, rate-limiting step is

protein-mediated and is being affected by starvation and D-lactate. The fadl
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protein is not rate-limiting nor is permeation of the pgriplasmic space or the inner
membrane since no fatty acid binding proteins were detected with the photoreactive
fatty acid probe in these compartments. The fatty acid taken up by the starved and
D-lactate activated cells was used for cellular phospholipid and fatty acyl-CoA
syntheses; the levels of fatty acyl-CoA were approximately 100-fold lower than the
phospholipid levels which suggest that fatty acyl-CoA synthetase is involved in the
rate-limiting step in the overall process. The fatty acyl-CoA and phospholipid levels
were both stimulated in response to D-lactate; the fact that in such activated cells
the leyel of fatty acyl-CoA was increased despite the higher rate of its utilization in
phospholipid synthesis shows that fatty acyl-CoA synthetase is the step being
regulated. This is consistent with the above interpretation that fatty acyl-CoA
synthetase is rate-limiting in fatty acid uptake. The regulation of fatty acid uptake
by starvation and D-lactate is therefore likely due to regulation of fatty acyl-CoA
synthetase activity.

Investigation into the mechanism of regulation of fatty acyl-CoA synthetase
showed that D-lactate did not affect the activity of the enzyme directly. However,
fatty acyl-CoA synthetase was found to be activated by about 20-fold by Triton X-
100 and by another 4-fold by the addition of bacterial membranes devoid of
endogenous enzyme. It was shown that fatty acyl-CoA synthetase is co-isolated with
the inner men‘-hrane in the presence of D-lactate but not in its absence; these results
suggest that recruitment of the enzyme to the inner membrane by D-lactate results

in its activation and consequently in the increased level of fatty acid uptake.



The involvement of fatty acyl-CoA synthetase in fatty acid uptake was studied
directly using inner membrane vesicles. The vesicles were characterized functionally
by assessing proline uptake. The uptake of proline in vesicles prepared from cells
grown on oleate, glucose and palmitate was dependent on the state of energization
of the membrane, indicating that these vesicles are functionally comparable to those
prepared by others. It was determined that vesicles prepared from cells grown on
oleate were destabilized by freeze-thawing which is required for trapping CoASH
and ATP, while those prepared from glucose and palmitate grown cells were not.
Fatty acid uptake in palmitate vesicles containing fatty acyl-Cc;A synthetase was
dependent on exogenously trapped ATP and CoASH. These results demonstrate
that fatty acyl-CoA synthetase is directly involved in fatty acid uptake in £. coli and
suggest that the observed effects of starvatic.i and D-lactate on oleate uptake in
whole cells are related to regulation of fatty acyl-CoA synthetase. This in vitro
system will allow for the study of the recruitment of fatty acyl-CoA synthetase to the

inner membrane by D-lactate, succinate, L-lactate, acetate and their metabolites.
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1.0. INTRODUCTION
1.1. Structural Organization of the Cell Envelope of E. coli

The cell surface of E. coli, a gram-negative bacterium, consists of an inner and
an outer membrane separated by an aqueous compartment called the periplzsmic
space, and a peptidoglycan layer. The peptidoglycan layer, located in the periplasm
is composed of a complex network of oligosaccharides and proteins and confers
rigidity to the cell (Fig. 1) (Nikaido and Vaara, 1985).

The inner or plasma membrane is composed of 60-70% proteins, 30-40%
phospholipids and approximately 1% carbohydrates (Kaback, 1971). The major cI'ass
of phospholipids is phosphatidylethanolamine {(65-709%) however, there are significant
amounts of diphosphatidylglycerol (15%), phosphatidylglycerol (10-15%),
phosphatidic acid (5-10%) and phosphatidylserine (5%) (Kaback, 1971).

The outer membrane of E. coli is not a typical biological membrane; the inner
leaflet contains phospholipids whereas the outer leaflet is composed predominantly
of lipopolysaccharides (Hancock, 1984; Nikaido and Vaara, 1985).
Lipopolysaccharide (LPS) is amphipathic in nature and contains 5 or 6 fatty acids
attached to the hydrophobic diglucosamine phosphate backbone (Lipid A) (Fig. 2).
The hydrophilic oligosaccharide core which is attached to Lipid A, contains 2-keto-3-
deoxyoctanoate and a variety of heptoses and hexoses (Fig. 3) (Hancock, 198.4;
Nikaido and Vaara, 1985). This complex organization of the cell envelope of E. coli

renders the cells impermeable to both hydrophobic and hydrophilic substrates.



1.2, Transport Mechanisms in E. coli

Transport of metabolically impon"tant substrates across cell membranes can
occur by passive or facilitated diffusion or by active transport. Passive diffusion does
not involve a protein and is defined as the movcmeﬁt of a molecule down its
electrochemical or concentration gradient without the expediture of energy. The rate
of diffusion of a compound across the lipid bilayer is dependent on its hydrophobicity
and is proportional to the concentration gradient across the membrane. This process
lacks specificity and is not saturable. Facilitated diffusion is also not energy-
dependent; however, in that process, the movement of a molecule down ils
electrochemical or concentration gradient is catalyzed by a permease in the
mgmbrane. This process is much faster than passive diffusion and exhibits specificity
and saturability, Active transport involves the movement of a solute against an
electrochemical or concentrati(;n gradient. This process is catalyzed by a permease
in the membrane and requires energy. This mechanism, like facilitated diffusion,
exhibits specificity and saturability (Wilson, 1978).
12,1 Permeation of Solutes across the Quter Membrane

The outer membrane is highly permeable to small hydrophilic molecules (600
daltons and less) due to non-specific aqueous channels called porins (Fig. 1) (Nikaido
and Vaara, 1985). The diffusion rate of small negatively charged molecules however,
is considerably slower than that of positively charged molecules (Nikaido and Vaara,
1985); this is thought to occur as a result of the presence of a Donnan potential

(negative inside) which is generated by the presence of the highly negatively charged
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membrane-dcrived oligosaccharides (Nikaido and Vaara, 1985). Permeation of larger
hydrophilic compounds such as vitamins, nucleosides and maltose across the outer
membrane are facilitated by specific proteins (Nikaido and Vaara, 1985); the maltose
specific (LamB) and nucleoside specific (Tsx) outer membrane proteins were shown
to have substrate binding sites (Luckey and Nikaido, 1980b; Maier et al., 1988) and
to form channels (Boehler-Kohler et al., 1979; Nakae, 1979; Luckey and Nikaido,
1980a; Maier et al., 1988)

In ‘contrast, the outer membrane serves an impermeable barrier to
hydrophobic compounds including detergents, antibiotics and long chain fatty acids
(Nikaido and Vaara, 1985). This unusual property of the outer membrane was shown
to be related to the highly negatively charged lipopolysaccharides bound to the
extracellular face of the outer membrane (Fig. 1) (Nikaido and Vaara, 1985).
However, the mechanism by which LPS affects the permeability of hydrophobic
compounds across the outer membrane is unclear.

LPS is anchored to the outer membrane by non-covalent interaction with
outer membrane proteins and by divalent ca_tion cross-bridging of adjacent LPS
molecules (Hancock, 1984; Nikaido and Vaara, 1985). Chelation of magnesium ions
with EDTA (ethylenediaminetetraacetate) in alkaline Tris buffer results in the
removal of LPS and disruption of the outer membrane. This was shown to increase
the permeability of the outer membrane towards hydrophobic compounds.
Furthermore, it was shown that outer membranes containing LPS with smaller

hydrophilic oligosaccharide cores are permeable to hydrophobic compounds (Nikaido
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and Vaara, 1985; Vaara et al., 1990). Based on these observations it was suggested
that the divalent cation bridging of LPS and the large hydrophilic surface of the cell
provided by the negative charge of LPS may be responsible for the poor permeability
of the outer membrane to hydrophobic compounds (Hancock, 1984; Nikaide and
Vaara, 1985).
1.2.2, Permeation of solutes across the Inner Membrane

The inner membrane, unlike the outer membrane, is impermeable to almost
all solutes. Permeation of metabolically important substrates across the inner
membrane is facilitated by specialized active transport systems. These systems are
grouped into three major classes: periplasmic binding protein system, membrane-
bound system and group translocation (Wilson, 1978).
12.2.1 Periplasmic Binding Protein Transport Systems

Transport systems in this class are typically composed of three inner
membrane-bound proteins and one périplasmic substrate binding protein (Ames,
1986). Transport is inactivated by osmotic shock due to the loss of the periplasmic
binding protein (Wilson, 1978). Examples of periplasmic binding protein transport
systems are those for histidine, maltose, branched-chained amino acids, oligopeptides,
ribose, B-methyl galactoside and phosphate (Ames, 1986). Ho.wever, the most
studied are the histidine and maltose transport systems.

In general, periplasmic binding proteins have a high affinity for their substrate;
they are very stable and are present in large quantities (Ames, 1986). The inner

membrane-bound components are present in small quantities (Ames, 1986). The
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membrane bound components of the maltose transport system, malG and malF are
integral membrane proteins whereas malK is a peripheral membrane protein. In
contrast, the membrane bound components of the histidine transport system hisP,
hisQ and hisM are all integral membrane proteins (Ames, 1986). It was postulated
that the three membrane-bound components form a complex.

The malK and hisP proteins are homologous to each other and two highly
conserved regions (designated site A and B) show homology to the ATP-binding sites
of several proteins, including the proton translocating ATPase, adenylate cyclase and
RecA protein (Ames, 1986). Biochemical characterizations have shown that the
malK and hisP proteins have at least one nucleotide binding site and that ATP is the
natural substrate (Ames, 1986).

Biophysical studies have shown that the histidine {his/) ana maltose (malE)
binding periplasmic proteins undergo conformational changes upon substrate binding
(Ames, 1986). Although it was never shown directly, genetic evidence suggests that
this conformationa! change may expose a region of the binding protein which is
crucial for interacting with one of the inner membrane components; genetic evidence
suggests that the loaded AisJ protein may be interacting with the membrane-bound
hisP protein (Ames, 1986). Based entirely on indirect evidence it was postulated that
interaction of the loaded periplasmic binding protein with the membrane-bound
component leads to release of the substrate from the periplamsic protein and
exposure of binding site (s) on the membrane-bound component (s).

The uptake of histidine and maltose is energy-dependent. Because hisP and



9

malK are both capable of binding ATP, it was believed that uptake is dependent on
ATP rather than directly on the electrochemical potential of the membrane (Ames,
1986). However, it has never been demonstrated that uptake is coupled to ATP
hydrolysis. Recently, reconstitution of the maltose (Dean et al., 1989; Davidson and
Nikaido, 1990) and histidine (Bishop et al., 1989; Prossnitz et al., 1989) transport
systems in inner membrane vesicles as well as in proteoliposomes have clearly shown
that transport is ATP dependent.

1.2.2.2. Membrane-bound Transport Systems

The substrates transported by members of this class are not chemically
modified and all of the proteins involved are firmly bound to the membrane.
Transport is not inactivated by osmotic shock (Wilson, 1978; Ames, 1986). The best
characterized example of this class of transport system in E. coli is the lactose
transport system.

Transport of B-galactosides across the inner membrane is coupled to the
electrochemical potential and is catalyzed by a protein (lac permease) encoded by
the lacY gene (Kaback, 1986; Kaback, 1992). This protein, a beta-galactoside -H*
symporter uses the electrochemical potential across the inner membrane as the
driving force (Kaback, 1986; Kaback, 1992).

The lac permease consists of 417 amino acid residues; limited proteolysis, site-
directed immunological studies, laser Raman and Fourier transform infrared
spectroscopy, chemical modification, circular dichroism and studies with lac

permease-alkaline phosphatase fusion proteins indicated that the protein is made up
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of 12 hydrophobic alpha-helical segments (Kaback, 1992). Site-directed-mutagenesis

suggested that Arg302 of segment 9 and Glu325 and His322 of segment 10 are
involved in the translocation of the H* during lactose transport. Further, Arg302 and
His322 may also be part of the substrate binding site (Kaback, 1991).
1.2.2.3. Group Translocation Transport System

Group translocation couples transport of the molecule with chemical
modification. The uptake of D-glucose and certain other sugars across the inner
membrane of E. coli is mediated by vectorial phosphorylation via the
phosphoenolpylluvate-phosphotransferasc system (PTS). This system catalyzes the
transfer of phosphate from P-enolpyruvate via specific proteins to the appropriate
sugar being translocated across the inner membrane by specific permeases (Dills et
al., 1980).
1.3. Fatty Acid Uptake and Metabolism in E. coli

The outer membrane of E. cofi is impermeable to long chain fatty acids (C,,
to C,g). Despite this barrier, E. éolz‘ can grow on these as a sole carbon source due
to the co-ordinated expression of enzymes involved in both fatty acid uptake and
metabolism (Overath et al., 1967; Overath et al., 1969; Weeks et al., 1969; Klein et
al., 1971; Hill and Anglemaier, 1972). The genes encoding the proteins for fatty acid
uptake and metabolism are located in different regions of the chromosome and make
up a regulon called the fad regulon (Overath et al., 1967; Klein et «l., 1971; Hill and

Anglemaier, 1972; Nunn and Simons, 1978).
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1.3.1. Regulation of the fad Regulon

" The enzymes of the fad regulon are expressed when E. coli is grown on long
chain fatty acids (C,,-C,g) (Overath et al,, 1967; Overath et al., 1969; Weeks et al.,
1969; Klein et al., 1971; Nunn et al., 1979) but not by medium chain fatty acids (C;-
C,p) even though they can serve as substrates for metabolism (Overath et al., 1967,
Overath et al., 1969; Weeks et al.,, 1969). Mutants capable of growth on both long
and medium chain fatty acids have been isolated; these mutants express the fad
regulon constitutively (Overath et al., 1969; Weeks et al., 1969; Simons et al., 1980a;
Sirmons et al, 1980b). It was postulated that they contained lesions in a gene
encoding some regulatory element which was called fadR (Overath et al., 1969).

The gene for fadR was mapped to 25.5 min on the chromosome (Simons et
7al., 1980a) and has been cloned (DiRusso and Nunn, 1985) and sequenced
(DiRusso, 1988). It codes for a single polypeptide having a molecular mass of 26,954
daltons calculated from the deduced protein sequence (DiRusso, 1988). A helix-turn-
helix motif, typical of regulatory proteins which bind DNA is located in a 20 amino
acid segment near the N-terminus (DiRusso, 1988). The fadR protein was shown to
act as a repressor (Simons et al., 1980a; Simons et al., 1980b). Moreover, using the
lacZ gene fused to the fadABC, fadE and fadL genes, it was clearly shown that the
fadR protein regulates expression of the fad regulon at the transcriptional level
(Clark, 1981; Sallus et al., 1983; Nunn, 1986a). In addition to the fad regulon, the
f;adR protein negatively regulates the expression of the enzymes involved in acetate

metabolism {(ace operon ) (Maloy et al., 1980; Maloy and Nunn, 1981; Maloy and
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Nunn, 1982; Nunn, 1986a) and positively regulates the expression of the enzymes

required for unsaturated fatty acid biosynthesis (Nunn et al,, 1983, Nunn, 1986a).
1.3.2. Fatty Acid Mets;bolism

Fatty acids are degraded by the g-oxidative pathway (Fig. 4). The first step
is activation of the fatty acid to the fatty acyl-CoA derivative, This reaction is
dependent on ATP and CoASH and is catalyzed by fatty acyl-CoA synthetase. This
enzyme is essentially cytosolic (Kameda and Nunn, 1981) and is encoded by the fadD
gene (Overath et al., 1969). Purification and subsequent biochemical characterization
of the enzyme showed that the native fatty acyl-CoA synthetase has a moelecular mass
of 130 kDa and a monomeric molecular mass of 47 kDa (Kameda and Nunn, 1981).
The purified enzyme has been shown to have specificity for fatty acids of various
chain lengths (Kameda and Nunn, 1981). The fadD gene was recently cloned (Black,
1991).

The fatty acyl-CoA is dehydrogenated to the corresponding e, 8 unsaturated
fatty acyl-CoA by fatty acyl-CoA dehydrogenase. During this reaction one molecule
of reduced flavin adenine dinucleotide (FADH,) is produced. Although it is known
that fatty acyl-CoA dehydrogenase is encoded by the fadE gene, very little is known
about this enzyme.

The «, 8 unsaturated fatty acyl-CoA is hydrated to form g-hydroxy fatty acyl-
CoA. The oxidation of the hydroxy fatty acyl-CoA to the 3-ketoacyl-CoA is
accompanied by the reduction of one molecule of nicotinamide adenine dinucleotide

(NADH"). The 3-ketoacyl-CoA then undergoes thiolytic cleavage to give acetyl-CoA
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and a two carbon shorter acyl-CoA which re-enters the cycle at the second step
(Nunn, 1986).

The hydration, oxidation and thiolytic cleavage steps are catalyzed by enoyl-
CoA hydratase, 3-hydrexyacyl-CoA dehydrogenase and 3-ketoacyl-CoA thiolase,
respectively. These enzymes together with the isomerase and the epimerase are part
of a multienzyme complex (Binstock et al., 1977; O'Brien and Frerman, 1977,
Pramanik et al., 1979; Pawar and Schultz, 1981; Feigenbaum and Schultz, 1985). This
complex was purified and found to have an azéz arrangement; the o subunit has a
molecular mass of 78 kDa and the B subunit has a molecular mass of 42 kDa
(Binstock et al., 1977; Pramanik et al., 1979; Pawar and Schultz, 1981). Thiolase
activity was shown to be associated with the 42 kDa g subunit whereas the other four
activities are associated with the 78 kDa « subunit (Binstock et al., 1977;
Praminik et al., 1979; Binstock and Schultz, 1981; Pawar and Schultz, 1981; Spratt et
al., 1984). The a and 8 subunits are encoded by the fadB and the fadA genes,
respectively (Spratt et al,, 1984), which have been cloned (Spratt et al., 1984) and
sequenced {DiRusso, 1990).
1.3.3. Mechanism of Fatty Acid Uptake

The uptake of long chain fatty acids in .E. coli was shown to occur by a
saturable and energy-dependent process (Frerman and Bennet, 1973; Maloy et al.,
1981; Kameda et al., 1987). Genetic analysis has shown that this process involves
fatty acyl-CoA synthetase, the first enzyme of the g-oxidation pathway (Fig. 5) (Klein

et al., 1971). Subsequent genetic and biochemical characterizations have established
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5
that a 43 kDa protein encoded by the fadL gene was also required for fatty acid

uptake (Nunn and Simons, 1978; Nunn et al., 1979; Ginsburg et al., 1984), The fadL
protein was purified to homogeneity and shown unambiguously to be located in the
outer membrane (Fig..S) (Black et al., 1985; Black, 1988). This protein has an
apparent isoelectric point {pI) of 4.6 (Ginsburg et al., 1984) and exhibits a heat-
modifiable behaviour on sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Black et al., 1985) which is typical of outer membrane proteins of E.
coli (Schnaitman, 1973; Nakamura and Mizushima, 1976); the fadL protein has a
molecular mass of 33 kDa when solubilized at 25°C in the presence of SDS whereas
solubilization at 100°C (in the presence of the same amount of SDS) causes the
protein to migrate more slowly, exhibiting a molecular mass of 43 kDa on SDS-
- PAGE (Black er al., 1985).
1.3.3.1. Cloning and Sequencing of the fadl. Protein

The gene for the fadL protein has been cloned (Black et al., 1985) and
sequenced (Black, 1991). It contains a region of hyphenated dyad symmetry at -74
(5-TTTCTTAGATCATATTTGAAA-3) which has some homology to sequences
involved in binding of cyclic AMP and catabolite gene activator protein (Black,
1991). Two other regions of hypenated dyad symmetry were found at positions + 12

(5-TCTAAGATGTACCTCAGA-3") and +44 (5'-

' CTCTGTTACAGCACGTAACATAG-3), respectively; it is thought that these
regions may play a role in the regulation of the fadl gene (Black, 1991).

The molecular mass of the fadL protein deduced from the DNA sequence is
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48,831 daltons. The first 27 amino acid residues contain features common to the
signal sequence of other outer membrane proteins; the sequence has a charged
segment followed by a hydrophobic segment and a signal peptidase I recogonition
site Ala-Trp-Ser (Black, 1991). Comparison of the predicted amino acid sequence
of the fadL protein to that of other outer membrane proteins showed that the fadL
protein is significantly homologous only to the P1 outer membrane protein of A.
influenzae type b bacteria (Black, 1991).
1.3.3.2. Role of the fadL protein in Fatty Acid Permeation of the Quter Membrane
It was shown that the rate of oleate uptake in fadL deficient cells
complemented with the cloned gene was much higher (2-3-fold) than cells expressing
wi}d-type fadL protein (Black et al., 1985). Binding analyses using cells that are
unable to transport fatty acids due a defect in fatty acyl~boA synthetase showed that
fadL* cells were capable of binding 4-7 times more fatty acid than fadL cells (Nunn
et al., 1986; Black, 1990). Furthermore, antibodies against the fadL protein partially
inhibited fatty acid binding to fadD fadL™ cells (Black, 1991). Based on these
findings it was proposed that the fadL protein functions as a long chain fatty acid
receptor. Linker mutugercsis studies suggested that in addition to its receptor
function, it may also act as a fatty acid translocase (Kumar and Black, 1991); this
study also provided evidence suggesting that a region at the N-terminus of the fadL
protein is important for long chain fatty acid bin<ing while a region at its C-terminus

is involved in translocation.
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1.3.3.3. Mechanism of Fatty Acid Permeation of the Plasma Membrane of E. coli

Protein-mediated translocation of many solutes across the plasma membrane
of E. coli is rate-limiting in their uptake and coupled to the electrochemical potential
(Wilson, 1978; Ames, 1986; Kaback, 1986; Kaback, 1991). Fatty acid uptake has
been reported to be inhibited when the membrane potential was abolished by
uncouplers (Frerman and Bennet, 1973; Maloy et al., 1981; Kameda et al., 1987), and
to increase as the magnitude of the proton gradient was increased (Kameda et al.,
1987); this led to the proposal that translocation of fatty acids across the plasma
membrane may be rate-limiting and involve a proton-fatty acid co-transporter.

1.4, Fatty Acid Uptake in Eukaryotic Cells

Fatty acid uptake in Ehrlich Ascites tumor cells (Spector et al., 1965)
adipocytes (Abumrad et al., 1981; Abumrad et al., 1984; Schwieterman et al., 1988;
Sorrentino et al, 1989 ), 3T3-L1 adipocytes (Trigatti et al., 1991) hepatocyte
(Stremme] et al., 1985a; Stremmel and Berk, 1986b; Stremmel, 1987; Potter et al.,
1989; Sorrentino et al., 1989), heart myocyte (Stremmel, 1988; Sorrentino et al., 1989;
Stremmel, 1989), alveolar type II cells (Maniscalco et al., 1990), jejunum (Stremmel
et al., 1985), and Candida tropicalis (Trigatti et al., 1992), occurs by a high affinity and
saturable process (Stremmel et al., 1986; Stremmel, 1987). Limited proteolysis
(Mahadevan and Sauer, 1974; Stremmel and Berk, 1986) and a-bromo-palmitate
treatment (Mahadevan and Sauer, 1971; Mahadevan and Sauer, 1974) of the plasma
membrane of intact hepatocytes, and treatment of adipocytes with 44-

diisothiocyanostilbene-2,2-disulfonate (DIDS) and sulfo-N-succinimidyl derivatives
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of fatty acids (Abumrad et al., 1984; Harmon et al,, 1990) resulted in substantial loss
of fatty acid uptake. It was therefore proposed that perxlneation of fatty acids across
the plasma membrane involves a protein and is the saturable, rate-limiting step in
the overall process instead of fatty acid metabolism.
1.4.1. Possible Involvement of a 40 kDa Protein, a 85 kDa Protein and a 22 kDa
Protein in Fatty Acid Permeation of the Plasma Membrane

A 40 kDa protein, although it is similar to the mitochrondrial glutamate-
oxaloacetate transaminase (Berk et al.,1990), was presumed to be involved in fatty
acid permeation across the membrane since antibodies against this protein, initially
isolated from the plasma membrane of hepatocytes, partially inhibited fatty acid
ugtake in these cells (Stremmel et al., 1985a; Stremmel and Theilman, 1986) and
binding to isolated plasma membranes (Stremmel, et al., 1986a). These antibodies
were also shown to cross-react with a 40 kDa‘ protein in the plasma membrane of
adipocytes (Sorrentino, et al.,, 1989), heart myoctyes (Sorrentino, et al., 1988) and
jejunal microvillous membranes of the gut (Stremmel, et al., 1985b). In addition to
the 40 kDa protein, a 85 kDa protein in adipocytes was heavily labeled by DIDS and
sulfo-N-succinimidyi derivative of fatty acids which have been shown to result in
inhibition of fatty acid uptake (Abumrad et al., 1984; Harmon et al., 1991). The 40
kDa protein or the 85 kDa protein was not detected with a photoreactive fatty acid
analogue in the plasma membrane of 3T3-L1 adipocytes; the photoreactive probe
did, however, label a 22 kDa protein which appears to be preseat in small amounts

and to have a high affinity for fatty acid (Trigatti et al., 1991).
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1.4.2. Fatty Acid Permeation of the Plasma Membrane occurs by Passive Diffusion
The_:.\bove studies suggest that the 22 kDa, 40 kDa and 85 kDa proteins may
bé involved in fatty acid uptake. However, the roles of these“proteins in the process
is not clear. Other studies using erythrocyte ghosts (Brori‘ng et al., 1989), heart
myocytes (Rose et al., 1989; DeGrella and Light, 1980a, DeGrella and Light, 1980b)
and perfused livers (Cooper et al., 1987; Noy et al., 1986) suggest that fatty acid
permeation of the plasma membrane occurs by diffusion rather than by a protein-
mediated event. Moreover, mode!l membrane studies have shown that long chain
fatty acids readily partition into the membrane and undergo flip-flop (Doody ef al.,
1980; Brecher et al., 1984; Pjura et al., 1984; Hamilton and Cistola, 1986; Storch and
Kleinfeld, 1986; C;)oper et al., 1989). Flip-flop is thought to be facilitated as a result
of th(.e pKa of the fatty acid being increased upon partitioning into the hydrophobic
environment of the membrane (Storch and Kleinfeld, 1986). These studies also
suggest that fatty acid can cross the lipid bilayer without the involvement of a plasrﬁﬁ
membrane protein and that desorption of the fatty acid from the membrane would
be slow.
1.4.3. Involvement of Low Molecular Weight Cytosolic Fatty Acid Binding Protein
Desorption of fatty acid from the inner leaflet of the plasma membrane was
postulated to be rate-limiting in the process of fatty acid uptake in mammalian cells.
Indirect evidence suggests that this step may be facilitated by low molecular weight
cytosolic fatty acid binding proteins (cFABP) (Brecher et al., 1984; Peeters et al.,

1989a; Peeters and Veerkamp, 1989; Trotter and Storch, 1989; Paulussen et al., 1990;
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Waggoner and Berniohr, 1990; Trigatti et al., 1991). These proteins are found in a
variety of tissues from different species including human (Ishaque et al., 1982; Das
et al., 1988; Jones et al., 1988; Lam et al., 1988; Stewart and Driedzic, 1988; Peeters
et al., 1989b; Sa et al., 1989; Schoentgen et al., 1989; Kanada et al., 1989; Baxa et al,,
1989; Armstrong et al., 1990; Paulussen and Veerkamp, 1990; Veerkamp et al., 1991)
and comprise about 2-5% of all cytosolic proteins (Bass et al.,, 1985a; Bass et al.,
1985b; Paulussen et al., 1989; Veerkamp et al., 1991)., The cFABPs vary in size (14-
16 kDa) (Veerkamp et al., 1991;) and many of their genes have been cloned and
sequenced (Gordon et al., 1983; Lowe et al., 1985; Heuckeroth, et al., 1987; Sweetser
et al., 1987; Billich et al., 1988; Tweedie and Edwards, 1989; Veerkamp et al., 1991),
indicating that they belong to a family of genes encoding low molecular weight
cytosolic proteins involved in binding hydrophobic ligands (Neerkamp, et al., 1991).

The low molecular weight cFABPs were shown to bind fatty acids using
ﬂuore-sc'ence spectroscopy (Storch et al., 1989; Trotter and Storch, 1989), electron
spin resonance (Fournier and Rahim, 1985; Fournier and Richard, 1988), nuclear
magnetic resonance (Cistola et al., 1989) and a highly radioactive photoreactive fatty
acid analogue (Trigatti et al., 1991). The affinity constant of these proteins for long
chain fatty acids vary between 6.10 and 2.0 uM (Bass, 1985; Lowe et al., 1987,
Schulenberg-Schell et al., 1988; Veerkamp et al., 1991). In general, the stoichiometry
of fatty acid bound to the various cFABPs is about one, indicating that these proteins
have 1 binding site (Wilkinson and Wilton, 1987; Paulussen et al., 1988; Chinander

and Bernlohr, 1989). The fatty acid binding site for these proteins has not been
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identified. However, x-ray crystallography of the rat intestinal cFABP showed that

the fatty acid is located in the interior of the protein which appears to be
hydrophobic; orientation of the carboxylate group of the fatty acid suggest that it may
be interacting electrostatically with arginine-106, glutamine-115 and two water
molecules (Sacchettini et al., 1988; Sacchettini et al., 1989; Veerkamp et al., 1991).
1.5. PhotoafTinity Labeling Approach for Identifying Receptors, Substrate-Binding
Sites and Translocases

Chemical cross-linking derivatives and suicide inhibitors have been used to
identify the active sites of enzymes, the amino acid residues involved in catalysis and
for the identification of receptors. Another approach, involving photoaffinity labeling
ha_s also been used to identify receptors (Walter et al., 1977; Mohler et al., 1980;
Pascual et al., 1982; Bayley, 1983; Seidman et al., 1984), to identify the subunit in a
multi-subunit protein that binds the substrate or cofactor and to determine the
number of binding sites (Lau, 1977; Standring and Knowles, 1980; Munson, 1981;
Chen and Guillory, 1981; Knight and McEntee, 1985; Julin and Lehman, 1987,
Powers-Lee and Corina, 1987; Scholz and Kwok, 1989; Lin et al., 1980), and to
identify proteins involved in transport (Chowdhry and Westheimer, 1979; Staros and
Knowles, 1978; Kaczorowski et al,, 1980). The major adavantages of using the
photoreactive derivatives instead of the traditional chemical cross-linking reagents is
that the photoreactive groups are stable under physiological conditions and
chemically unreactive prior to photoactivation,; this facilitates preliminary experiments

such as binding assays and biological activity determination (Bayley, 1983). The
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reactive intermediates (carbenes or nitrenes) can be generated at will and are
extremely reactive, capable of reacting covalently with carbon-hydrogen and carbon-
carbon bonds (Bayley, 1983). Furthermore, these reactive intermediates have a short
half-life and, unlike chemical cross-linking reagents, their chemical reactivity is not
dependent on the presence of carboxylic, amino, thiol or hydroxyl functional groups
at target sites (Bayley, 1983). This is an important property since the binding site of
a receptor may be devoid of the above nucleophilic groups. Thus, unlike chemical
reagents, the photolytically generated reactive intermediates are capable of reacting
indiscriminately.
1.5.1. Aryl Diazirine Precursors of Carbenes

Diazo compounds and 3-H-3-aryl-diazirine have commoﬁly been used as
carbene precursors. The synthesis of the more commonly used 3-H-3-aryl-diazirine
is depicted in Fig. 6. Photolysis of the diazirine group at 360 nm results in the
generation of carbene. This species reacts with nucleophiles and is capable of
inserting into carbon-hydrogen bonds and double bonds of unsaturated hydrocarbons
(Bayley, 1983). Another product of photolytic activation of diazirines is the linear
diazo isomer (Bayley, 1983; Ross et al., 1982; Smith and Knowles, 1973) (Fig. 7).
This species reacts only with available nucleophiles. Labeling by the linear diazo
species may be misleading, especially when attempting to identify receptors or
proteins involved in transport since the proteins labeled may not necessarily be the
proteins of interest. The linear diazo isomer can be converted to carbene by longer

photolysis time or inactivated by inclusion of thiol containing scavengers (Smith and
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Knowles, 1973; Smith and Knowles, 1975; Bayley, 1983). Alternatively, the 3-proton

can be replaced with a CF, group. Although the linear diazo isomer is still generated
upon photolysis, it is unreactive towards nucleophiles (Brunner et al., 1980; Bayley,
1983).

1.5.2. Aryl Azide Precursors of Nitrenes

A variety of nitrene precursors have been synthesized (Bayley, 1983).
However, nitro aryl azides are the most frequently used since photolysis can be
performed with visible light rather than ultraviolet which can cause protein damage
(Bayley, 1983). One of the disa;ivantages of using aryl azides is that they are reduced
to amines by thiols {dithiothreitol, mercaptoethanol) that are commonly used in
bu_ffers (Staros et al., 1978; Bayley, 1983).

The photolytically derived nitrenes are capable of inserting into carbon-
hydrogen bonds and carbon-carbon double bonds, and of reaction with nucleophiles.
However, they are much less reactive than carbenes and therefore, may be unsuitable
for labeling binding sites made up of hydrophobfc amino acid residues (Bayley and
Knowles, 1978a; Bayley and Knowles, 1978b, Bayley, 1983). In addition, during
photolysis the nitrene undergoes intramolecular rearrangements (Fig. 8). These
species are very electrophilic and have a long half-life (Bayley, 1983).

1.6. Ojectives and Rationale

The mechanism of fatty acid uptake in E. coli is poorly understood at the

biochemical level. It is known that the process is energy-dependent and involves the

cytoplasmic fatty acyl-CoA synthetase and the outer membrane fadL protein.
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O—CH,—(CH,),, —COOH

Figure 9. Structure of the diazirinophenoxy fatty acid analogues. The bold face lettering represents
tritium.
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However, the mechanism by which cellular energy is coupled to the overall process,
the mechanism by which the fadL protein facilitates the movement of fatty acids
across the outer membrane or the role of fatty acyl-CoA synthetase, and the
mechanisms of fatty acid translocation across the inner membrane or the periplasmic
space are not understood. Furthermore, it is not known whether the observed
saturability of fatty acid uptake is due to specific binding to the fadL outer
membrane protein, to the fatty acyl-CoA synthetase, to a protein in the periplasmic
- $pace or to so.me protein which may be required for fatty acid translocation or its
desorption from the cytoplasmic face of the inner membrane.

The ultimate objective of this work is to identify the saturable, rate-limiting
step in the process of fatty acid uptake. To attain this goal attempts were made to
gain further insight into the mechanisms of fatty acid translocation at each individual
step in the process. To accomplish this objective, a photochemical approach using
the radioactive diazirinophenoxy fatty acid analogue (Fig. 9) was used to directly
assess the possible involvement of proteins in fatty acid permeation of the
periplasmic space, the inner membrane and finally to determine whether the fadL
protein is capable of binding fatty acids since this has never been shown directly.

Photoreactive fatty acid analogues, used to identify the hydrophobic domains
of integral membrane proteins (Bayley and Knowles, 1979; Brunner et al., 1980;
Brunner and Semenza, 1981; Quay et al., 1981; Ross et al., 1982; Takagaki et al.,
1983a; Takagaki er al., 1983b; Brunner, 1989) have the potential for identifying

membrane-bound fatty acid binding proteins which may be involved in the
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transmembrane movement of fatty acids. The photoreactive fatty acid analogues
have been shown to be incorporated into the phospholipids of E. coli in vivo (Olson
et al., 1979; Quay et al., 1981) and to be used as long chain fatty acids by rat liver
microsomal enzymes for the synthesis of fatty acyl-CoA and phospholipids as well as
for phospholipid synthesis and fatty acid acylation of membrane proteins in L-cells
(Leblanc and Gerber, 1983; Capone et al., 1983). 1t is therefore expected that these
photoreactive fatty acid probes would label proteins involved in the transmembrane
movement of fatty acids.

E. coli cells expressing the fad regulon but defective in the cytoplasmic fatty
acyl-CoA synthetase, are unable to take up fatty acids, It was suggested that this
enzyme is essential for fatty acid uptake. However, this was never shown directly or
biochemically. To study whether fatty acyl-CoA synthetase was involved, right side

out inner membrane vesicles essentially devoid of cytoplasinic enzymes were uscd.



2.0. MATERIALS AND METHODS
2,1. Materials

The ML308 (i" z' y*) and K12 (W3001) strains of E. coli were obtained from
the American Type Culture Collection., The RS3338 strain (fadR fadL) was
obtained from the E. coli Genetic stock Centre, Yale University, New Haven, CT.
The MC1060 strain was obtained from Dr. Bialkoska-Hobranska of the Cancer
Research Group, McMaster University, Hamilton, Ontario. All bacterial strains
were stored in Luria-Bertani medium containing 15% glycerol (w/v) at - 20°C
(Sambrook e:r al., 1989).

The lithium salts of D-lactate and L-lactate, the sodium salts of (ATP)
adenosine 5-triphosphate and coenzyme A (CoASH), the luciferase-luciferin assay
kit, thiamine, polyoxyethylene 20 cetyl ether (Brij 58), lysozyme, deoxyribonuclease
(DNase) I, ribonuclease (RNase) A, succinic acid, palmitic acid, chloramphenicol,
o-nitrophenyl-g-D-galactoside, bovine serumalbumin (BSA) (Fraction V), N-methyl-
N’-nitro-N-nitrosoguanidine (MNNG), L-proline and isoelectric point (pI) marker
proteins (3.6-6.6) were purchased from Sigma Chemical Co. Teflon screw-cap vials
(1.5 ml) were purchased from Pierce, HVLP (0.45 #M) filters and nitrocellulose
paper were obtained from Millipore Corporation and vaccenic acid from Serdary.
Prestained molecular weight markers, reagents for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), 2-dimensional polyacrylamide gel
electrophoresis (2-D PAGE) and silver staining were obtained from BioRad and

[(*I)protein A and liquid scintillation fluid were purchased from Amersham.

31
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{*H]oleic acid (10 Ci/mmole), L-[*H]proline (15 Ci/mmole), the tissue and gel

solubilizer, Solvable, Atomlight, [*H]-oleoyl-CoA and [PH]NaBH, (15-60 Ci/mmole)
were purchased from New England Nuclear, Oleic acid was purchased from Fisher
Chemical Co. Osmium tetraoxide and triphenyl phosphite methiodide were
obtained from Aldrich Chemical Co. Sodium meta periodate was purchased from
J.T. Baker. X-ray films (XAR) were purchased from Eastman Kodﬁk and
preparative thin-layer chromatography (TLC) silica gel plates (PLK 5 linear K) were
from Whatman, Solvents dimethylformamide (DMF), methanol,
hexamethylphosphoramide (HMPA), petroleum ether, chloroform, diethyl ether)
were purchased from Caledon or J.T. Baker.
2.2. Methods
2.2,1. Synthesis of 11-DAP-[11-*H]-undecanoic acid

The synthesis of 11-DAP-[11-*H]-undecanoic acid was performed as described
with some modifications (Leblanc et al., 1982).
2.2.1.1. Oxidation of Vaccenic Acid

Vaccenic acid (3.5 mmoles) was dissolved in 35 ml of 20% water in dioxane
and neutralized by the addition of 1.1 equivalents of an aqueous solution of 1 N
NaOH. The oxidation was initiated by the addition of 4.6 ml of a 2.5% solution of
osmium tetraoxide in butanol and 3.5 g of finely ground sodium meta-periodate,
The reaction was allowed to proceed in the dark at room temperaiure with vigorous
shaking for 5 min. Another 3.5 g of finely ground sodium meta-periodate was added

and the incubation continued. After 1 h, 3.5 g of finely ground sodium meta-
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periodate was added and the reaction was allowed to proceed. Upon completion
of the réﬁctian, as judéed by TLC analysis using petroleum ether/diethyl ether (1:4)
as the deve‘loping solvent, the solvent was evaporated under reduced pressure. The
resulting residue was resuspended in 55 ml of water. The pH of this solution was
adjusted to 3-4 with 1 N HCI and extracted 3 X with 35 ml of petroleum
ether/diethyl ether (1:1). The ether extracts were pooled and evaporated under
!reduced pressure, The oily residue was dissolved in 7 ml of 250 mM Na,CO, and
residual aldehyde was removed by extracting 3 X with 7 ml of petroleum ether. The
semialdehyde was recovered by adjusting the pH of the aqueous phase to 3-4 with
1 N HCI followed by extraction with 7 mi of petroleum ether/diethyl ether (1:1)
three times. The extracts were pooled and the ether was evaporated under reduced
pressure. The residue was dissolved in 5 ml of 250 mM Na,CO; and extracted 3 X
with 5 ml of ‘pezroleum ether to remove residual osmium tetraoxide. The aqueous
phase was acidified to pH 3-4 with 1IN HCl and the semialdehyde was extracted into
petroleum ether/diethyl ether (1:1). The ether was evaporated under reduced
pressure and the semialdehyde was dissolved in absolute ethanol at a concentration
of 500 mM. To purify the semialdehyde further, the ethanol was diluted to 10%
with water and applied to an ODS column (bed volume of 5 ml). The column was
washed with 30 ml of water to remove polar contaminants. The semialdehyde was
eluted with 20 ml of diethylether. The ether was evaporated under reduced
pressure and the semialdehyde was dissolved in absolute ethanol at a concentration

of 500 mM. The yield of semialdehyde was 50%-60%. The semialdehyde was
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characterized by 'H-NMR spectroscopy (Leblanc, 1991).

2.2.1.2. Reduction of the Semialdehyde with [3HjNaBH4

An equivalent of the ethanolic solution of semialdehyde was titrated to pH
10 with 1 N NaOH and added to solid sodium borohydride. After the reaction was
allowed to proceed for 15 min at room temperature, another equivalent of
semialdehyde was added. Additions of semialdehyde was continued in 15 min
intervals until no bubbling was observed upon addition of an aliquot of the reaction
to 10 ml of diethylether containing 12 mM HCL. After the sixth addition of
semialdehyde, the reaction was allowed to proceed for another 2 h. The pH of the
reaction mixture was adjusted to pH 3-4 with 1 N HCl and the ethanol was diluted
to 10% with water and the reduced product was extracted into diethyl ether. The
extracts were combined and the ether was evaporated under a gentle stream of
nitrogen. The residue was dissolved in a small volume of diethyl ether and applied
to a preparative silica gel plate. The piaée was developed with diethyl
ether/petroleum ether (15:1). After autoradiography the hydroxy fatty acid was
scraped from the plate and eluted with diethyl ether. The yield of the hydroxy fatty
acid, based on radioactivity, was greater than 90%.
2.2.1.3. Preparation of the Methyl Ester of the Hydroxy Fatty Acid

The diazomethane was prepared by reacting 5 mmoles of MNNG with 1
equivalent of KOH (5 N) in 1 ml of cold water. The diazomethane was collected
into 5 ml of cold diethyl ether that was overlaying the reaction. The diethyl ether

solution containing the diazomethane was distilled into another 5 m! of cold diethyl
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ether by gentle warming.

To the dried hydroxy fatty acid was added 10 equivalents of a chilled diethyl
ether solution of diazomethane and the reaction was allowed to proceed for 10 min
on ice. The esterification reaction was terminated by evaporation of the ether and
diazomethane under a stream of nitrogen while on ice. The residue was dissolved
in a small volume of diethyl ether and applied to a preparative TLC plate. The
plate was developed with diethyl ether/petroleum ether (15:1). The hydroxy fatty
acid ester was visualized by autoradiography and eluted with diethyl ether. The
yield of the ester was 80%-90%, based on radioactivity.

2.2.14. Preparation of the Iodo Fatty Acid Methyl Ester

To the dried hydroxy fatty acid methyl ester was added 10 equivalents of
triphenyl phosphite methiodide (1 M) in dry DMF and the reaction was allowed to
proceed at room temperature in the dark. Upon completion of the reaction as
determined by TLC analysis using diethyl ether/petroleum ether (4:1) as the
developing solvent, the DMF was diluted to 25% with water and applied to an ODS
column (5 ml). The column was washed with 30 ml of water prior to elution of the
iodo fatty acid methyl ester with diethyl ether. The iodo fatty acid methyl ester was
‘further purified by preparative TLC using diethyl ether/petroleum ether (4:1). The
product was visualized by autoradiography and eluted with diethyl ether. The yield
of the iodo fatty acid ester was 80%-90%, based on radioactivity.
2.2,1.5. Preparation of 11-DAP-[11-*H]-undecanoate Methyl Ester

Diazirinophenol was prepared and characterized by '"H-NMR spectroscopy
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as described (Leblanc and Gerber, 1983). The diazirinophenol in 1 ml of HPLC

grade methanol was reacted with an equivalent of sodium methoxide. After removal
of the solvent under reduced pressure the phenoxide was dissolved in dry HMPA
at a concentration of 100 mM; 2 equivalents of the phenoxide was added to the
dried iodo fatty acid methyl ester and the reaction was allowed to proceed at room
temperature in the dark under nitrogen. Upon completion of the reaction as
determined by TLC analysis using petroleum ether/diethyl ether (4:1) as the
developing solvent, the reaction mixture was applied directly to preparative TLC
plate and developed with petroleum ether/diethyl ether (4:1). The product was
visualized by autoradiography and eluted with diethyl ether.
22.1.6. Saponification of 11-DAP-[11-*H]-undccanoate Mcthyl Ester

To the dried ester was added 10 equivalents of KOH (100 mM in 95%
etiianol) and the reaction was allowed to proceed for 10 h at room temperature in
the dark. The pH of the solution was adjusted to 3-4 and the DAP-fatty acid was
extracted into diethyl ether. The ether extracts were combined and evaporated
under a stream of nitrogen. The residue was dissolved in a small volume of diethyl
ether and ﬁpplied to a preparative TLC plate and developed with diethyl
ether/petroleum ether (4:1). The DAP-fatty acid was visualized by autoradiography
and eluted with diethyl ether. The yield of the photoreactive fatty acid, based on
radioactivity, was 809%-90%. The specific activity of the DAP-fatty acid was
determined based on the molar extinction coefficient of the diazirine at 350 nm

(€=310). The photoreactive fatty acid was routinely stored in diethyl ether at -20*C
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in the dark,
22.2. Cell Growth

Aliquots of cells grown initially in Luria-Bertani media at 37° C with shaking,
were diluted into M9-minimal media (42 mM Na,HPO,, 22 mM KH,PO,, 8.6 mM
NaCl, 18.9 mM NH,C], 1 mM MgSO,,7H,0O and 0.1 mM CaCl,) supplemented with
5 pg/ml thiamine, 5 mg/ml Brij 58, 5 mM oleate or 25 mM glucose and grown at
37+ C with shaking (Maloy et al., 1981). After reaching a cell density of 4.8 x 10°
cells/ml the celis were diluted into fresh complete M9-minimal media and grown
at 37°C with shaking to a cell density of 4.8-6.4 x 10° cells/ml. RS3338 was grown
as described above using 3.5 mM oleate and 30 mM acetate as the carbon source
(Qverath and Raufuss, 1967).
2.2.3. Uptake Assays in Whole Cells

Cells were harvested by centrifugation at 10,000 x g for 10 min at 4°C and
washed twice with cold washing buffer (M9-minimal media containing 0.5% Brij 58
(w/v), pH 7.0). The cells were resuspended in washing buffer at a cell density of
2.4 x 10 cells/ml; an aliquot (500 ul) of cells was diluted into an equal volume of
washing buffer containing 200 zg/ml chlofamphem’col and incubated at 25°C with
shaking (gyrorotary shaker) for 30 min (Klein et al., 1971; Nunn et al., 1979; Black
et al., 1987). D-lactate (40 pmoles) in 500 ul of incubation buffer (washing buffer
containing 100 pg/ml chloramphenicol) was added and the incubation continued.
After S min, either [*H]oleate (500 g1 of 300 uM; 250 mCi/mmole) or L-[*H]proline

(500 gzl of 200 uM; 750 mCi/mmole) in incubation buffer was added and the
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incubation continued at 25° C with continuous shaking. At the specified time, a 250
gl aliquot of the incubation mixture was diluted into 5 ml cold washing buffer,
vacuum filtered, and washed twice with 5 ml cold washing buffer. The filter was air
dried and the retained radioactivity determined by liquid scintillation counting,
2.2.4. Proline Uptake in Inner Membrane Vesicles

Proline uptake was routinely performed as described (Kaback, 1971). An
aliquot (50 ul) of vesicles in 100 mM phosphate, pH 6.6 was added to 50 ul of 20
mM magnesium sulfate (in water) and incubated at 37°C with vigorous shaking
(gyrorotary shaker). After 15 min, 50 ul of 80 mM D-lactate in 50 mM potassium
phosphate, pH 6.6 was added followed by the addition of 50 x1 of 20 1M [*H]proline
iq 50 mM potassium phosphate, pH 6.6. The incubation was continued at 37°C
with shaking and at the specified time 40 pl of the reaction was diluted into 2.5 ml
of 100 mM lithium chloride and filtered. The filter was washed once with 2.5 ml
of 100 mM lithium chloride and the radioactivity retained was quantitated by liquid
scintillation counting.
22.5. Determination of Cytoplasmic ATP Content

Washed cells (1.2 x 10%) in 500 ul of washing buffer were added to an equal
volume of washing buffer containing 200 ug/ml chloramphenicol and incubated with
shaking at 25°C for 30 min; 500 gl of incuhation buffer with or without D-lactate
(40 umoles) was added. After a 5 min incubation at 25°C, 500 ul of cold
incubatidn buffer was added and cellular ATP was isolated (Joshi et al., 1989) by

adding 500 ul of the incubation mixture to 250 ul of ice-cold 24% perchloric 2cid



39

(v/v) and incubation on ice for 20 min. The sample was centrifuged for 5 min using
a Beckman microcentrifuge at 4*C and 500 ul of the supernatant was added to 125
ul of 4 M KOH and 125 pl of 2 M KHCO,. After 30 min on ice, the sample was
centrifuged as described above and the supernatant was diluted 100-fold and assayed
for ATP. An aliquot of the diluted cell extract (40 ul) was added to 100 ul of 135
mM glycylglycine, pH 8.0 containing 37.5 mM MgCl,. After the addition of 60 ul
of H,O and 50 pl of luciferase-luciferin solution (40 mg/ml), light emission was
recorded using a Thorn Emi Gencom Inc. C-10 photon counter. The ATP isolated
from the same number of unstarved cells was also determined.
2.2.6. Lipid Analysis

ML308 cells were incubated with [*H]oleate as described in Section 2.2.3.
At the specified time, an rliquot (300 ul) of the incubation mixture was added to
900 u! of cold washing buffer and centrifuged at 15,000 rpm for 10 min at 4°C. The
cell pellet was washed once with 500 gl of cold washing buffer and resuspended in
100 pl of distilled water. A solution (375 ul) of CHCl;/MeOH (1:2,v/v) was added
and incubated at 25°C for 30 min; to this mixture was added 125 ul of CHCI; and
125 ul of distilled water (Bligh and Dyer, 1959). Phase separétion was achieved by
centrifugation of the sample and the solvent from each phase was evaporated under
reduced pressure. The dried residues from the organic phase and aqueous phase
were dissolved in CHCl;/MeOH (1:1, v/v) and MeOH/H,0 (1:1, v/v), respectively
and analyzed by TLC using CHCl,/MeOH/H,O (65:25:4, v/v/v) for the former or

butanol/H,0/acetic acid (50:30:20, v/v/v) for the latter. The radioactive product
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was visualized by fluorography (Randerath, 1970) and quantitated by liquid

scintillation counting.
22.7. Measurement of Acyl-Cc;A Synthetase Activity

Acyl-CoA synthetase activity was assayed at 37°C as previously described
(Kameda and Nunn, 1981). The incubation mixture consisted of 200 mM Tris-HClI,
pH 7.5, 8 mM MgCl,, 5 mM mercaptoethanol (MSH), 20 mM NaF, 0.1% Triton X-
100 (w/v), 75 uM [*H]oleate (1.2 Ci/mmole), 10 mM ATP and 2.5 mM CoASH.
The reaction was terminated by diluting 100 ul of the incubation mixture into 500
121 of a mixture of isopropyl alcohol/heptane/1 M sulfuric acid (40:10:1, v/v/v). To
this mixture was added 300 ul of heptane and 300 ul of water. After phase
separation was obtained the organic phase was removed and the aqueous phase was
extracted 4 times with 1 ml of diethyl ether. The total radioactivity in the aqueous
phase was determined by liquid scintillation counting. Control reactions in the
absence of ATP and CoASH were subtracted as blank values,
2.2.8, Measurement of g-galactosidase Activity

B-galactosidase activity was assessed at 25* C by measuring the release of o-
nitrophenol at 420 nm (Malamy and Horecker, 1964). The reaction mixture
consisted of 40 mM sodium phosphate, pH 7.5, 0.1% Triton X-100 (w/v) and 0.5
mM o-nitrophenyl-g-D-galactoside,
2.2.9, Isolation of Total Membranes

Total membranes were prepared by a modified procedure of Witholt et. al.

(1976). Cells grown in M9-minimal media as described in Section 2.2.2 were
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harvested at 10,000 x g for 10 min at 4 C and washed once with cold 10 mM Tris-
HCIl, pH 8.0. The washed cells were resuspended in 200 mM Tris-HCI, pH 8.0 at
2.4 x 10° cells/ml. After the addition of 400 ul of 100 mM potassium EDTA, pH
7.8 and 400 ul of 12 mg/ml lysozyine, the suspension was diluted with 81 ml of H,O
and incubated with stirring at 25°C for 30 min. The suspension was diluted with
19.5 m! H,O followed by the addition of 20.5 ml of 1 mg/ml DNase 1 and 1 ml of
1 M MgSO,. This mixture was incubated at 37 ° C with shaking for 30 min, and then
centrifuged at 1200 x g for 15 min at 4°C. The supernatant was centrifuged at
210,000 x g for 90 min at 4°C and the pellet obtained was washed twice with 25 mM
sodium phosphate, pH 6.5. The washed membrane, resuspended in 25 mM sodium
phosphate, pH 6.5 at a protein concentration of 5-10 mg/ml, was frozen in liquid
nitrogen and stored at -80°C.
2.2,10. Inner and Outer Membrane Separation

Inner and outer membrane separation was performed as described (Osborn
et al., 1972). ML308 grown in M9-minimal media as described in Section 2.2.2 were
harvested at 12,000 x g for 5 min at 4°C and resuspended in cold 10 mM Tris-
Acetate, pH 7.8, containing 750 mM sucrose at 7 x 10° cells/ml. After the addition
of 714 ul of 2 mg/ml lysozyme, the suspension was incubated in an ice-water bath
with stirring for 2 min and 30 ml of 1.5 mM sodium EDTA, pH 7.5 was added
slowly over a 10 min period. The incubation was continued for an additional 30 min
and the suspension was slowly transferred to 179 ml of ('201(1 stirring water. This

suspension was incubated for 10 min and then centrifuged at 1200 x g for 15 min at
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4*C. The resulting supernatant was centrifuged at 50,000 rpm for 3 hr at 4*C. The

membrane pellet was resuspended in a small volume of cold 250 mM sucrose, 3.3
mM Tris-Acetate, pH 7.8, 1 mM sodium EDTA using a 23 gauge needle and diluted
to 30 ml with the above buffer. After centrifugation at 50,000 rpm for 3 h at 4°C,
the pellet was resuspended in 800 ul of 25% sucrose (w/v), 5 mM sodium EDTA,
pH 7.5 and subjected to equilibrium density centrifugation 35,000 x g for 14 hr in
a discontinous sucrose density gradient (Osborn et al., 1972). The inner and outer
membranes were pelleted by centrifugation at 50,000 rpﬁ for3 1 ota°C. Inner and
outer membranes, resuspended in 25 mM sodium phosphate, pH 6.5, were frozen
in liquid nitrogen and stored at -80°C.
2.?.11. Preparation of Inner Membiane Vesicles in the Presence or Absence of D-
lactate

ML308 grown in M9-minimal media as described in Section 2.2.2 were
harvested at 10,000 x g for 10 min at 4°C, washed twice with cold 10 mM Tris-HCl,
pH 8.0 and envelope vesicles prepared essentially as described (Konings and
Kaback, 1973). The cells (3 g wet wt) were resuspended in 240 ml of digestion
buffer (30 mM Tris-HC|, pH 8.0 containing 20% sucrose (w/v) and 100 ug/ml
chloramphenicol) with or without 20 mM D-lactate and stirred at 25°C. The
potassium salt of EDTA, pH 7.0 and lysozyme were added to final concentrations
of 10 mM and 2.3 mg/ml, respectively, and the digestion was allowed to proceed at
25°Cfor 30 min. The spheroblasts were harvested at 10,000 x g for 10 min at 4" C

and resusjended in 15 ml lysis buffer (10 mM potassium phosphate, pH 6.6
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containing 5 mM MgSO,, 10 pg/ml DNase 1 and 10 pg/ml RNase A) with or

without 20 mM D-lactate and incubated at 37°C for 30 min with continuous
shaking. Following centrifugation at 800 x g for 60 min at 4°C the resulting
supernatants {(crude lysate) were centrifuged at 46,000 x g for 60 min at 4*C, The
pell'ets (vesicles) were resuspended in 12.5 ml of cold 100 mM potassium phosphate,
pH 6.6 with or without 20 mM D-lactate and centrifuged at 46,000 x g for 60 min
at 4°C. The washed vesicles were resuspended in a small volume of cold 50 mM
potassium phosphate, pH 6.6 and frozen in liquid nitrogen in small aliquots and
stored at -80°C.
2.2.12, Preparation of Inner Membrane Vesicles for Uptake Assays
2._2.12.1. Extensively Washed Vesicles

ML308 was grown as described in Section 2.2.2 in MA-minimal media (40.2
mM K,HPO,, 22.1 mM KH,PO,, 1.7 mM Nagcitrate. 3H,0, 0.407 mM MgSO,.
TH,0, 7.6 mM (NH,),SO,) supplemented with 35 mg/ml Brij 58 and 5 mM
palmitate or 25 mM glucose to 5.6 x 10° cells/ml (Kaback, 1971). Envelope vesicles
were prepared essentially as described (Kaback, 1971). The cells were harvested by
centrifugation at 10,000 x g for 10 min at 4°C and washed twice with cold 10 mM
Tris-HCI, pH 8.0. The cells (1 g wet wt) were resuspended in 80 ml 30 mM Tris-
HC], pH 8.0 containing 20% sucrose (w/v). After the addition of potassium EDTA,
pH 7.0 and lysozyme to final concentrations of 10 mM and 2.3 mg/ml, respectively,
the suspension was incubated at 25° C with stirring for 40 min. The suspension was

centrifuged at 16,000 x g for 30 min at 4°C. The pellet was transferred to a cold
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motor driven Potter homogenizer containing 2 ml of cold 100 mM potassium
phosphate, pH 6.6 containing 20% sucrose (w/v) and 20 mM magnesium sulfate, 10
mg/ml DNase 1 and 10 mg/ml RNase A and homogenized at 4°C. The uniformly
dispersed pellet was transferred to 500 ml 50 mM potassium phosphate, pH 6.6 pre-
equilibrated at 37°C and incubated at 37°C with vigorous shaking for 15 min.
Potassium EDTA, pH 7.0 was added to a final concentration of 10 mM and the
incubation continued at 37° C. After 15 min magnesium sulfate was added to a final
rconcentration of 20 mM and the incubation continued for another 15 min. The
lysate was centrifuged at 16,000 x g for 30 min at 4°C. The pellet was resuspended
in 1 ml of cold 100 mM potassium phosphate, pH 6.6 containing 20% sucrose (w/v)
apd 10 mM magnesium sulfate by homogenization and diluted to 4 ml with the same
buffer. Aliquots (2 ml) of the homogenate were layered on top of 8 ml of cold 100
mM phosphate, pH 6.6 containing 60% sucrose {w/v) and 10 mM magnesium
sulfate and centrifuged at 64,000 x g for 90 min at 4°C. The layer of pure vesicles
at the interface were removed and diluted to 12 ml with cold 100 mM potassium
phosphate, pH 6.6 containing 10 mM potassium EDTA and centrifuged at 45,000
x g for 30 min at 4° C. The pellets were homogenized vigorously in 1 ml of cold 100
mM potassium pilosphate, pH 6.6 containing 10 mM potassium EDTA and diluted
to 12 ml with the same buffer and centrifuged at 45,000 x g for 30 min at 4°C, The
pellet was washed two times more as described and resuspended in 100 mM
potassium phosphate, pH 6.6 at a protein concentration of 5-10 mg/ml. The vesicles

were frozen and stored in liquid nitrogen.
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2.2.12.2. Less Extensively Washed Vesicles

ML308 was grown in MA-minimal media supplemented with 35 mg/m! Brij
58 and 5 mM palmitate as described in Section 2.2.2. The cells were converted to
spheroblasts as described in Section 2.2.12.1 and collected by centrifugation at
10,000 x g for 10 min at 4°C. The spheroblasts (2 g wet wt) were resuspended in
10 m| of 10 mM potassium phosphate, pH 6.6 containing 2 mM magnesium sulfate,
10 pg/ml DNase 1 and 10 pg/ml RNase A (Konings and Kaback, 1973) and
incubated at 37° C with vigorous shaking for 15 min. Magnesium sulfate, DNase 1
and RNase A were added to bring the fina! concentrations to 5 mM, 20 pg/ml and
20 pg/ml, respectively, and the incubation continued for another 15 min. The lysate
was centrifuged at 800 x g for 60 min. The supernatant was carefully removed and
centrifuged at 46,000 x g for 60 min. The pellet, resuspended in 50 mM potassium
phosphate, pH 6.6 at a protein concentration of 5-10 mg/ml, was frozen and stored
in liquid nitrogen.
2.2.13. Preparation of Antisera to a Synthetic Peptide of the fadL Protein

A peptide (acetyl INEGPYQFESEGK-NH,) at the C-terminus of the fadL
protein was synthesized and linked covalently to keyhole limpet hemocyanin using
m-maleimidobenzoic acid-N-hydroxysuccinimide ester (Multiple Peptide Systems,
San Diego, CA). Antisera to the coupled peptide were raised in rabbits as
described (Black, e al., 1987) and screened by western immunoblotting as described
(Burnette, 1981) except the blots were treated with 1% BSA. Bound antibodies

were detected with ['*!protein A followed by autoradiography (Burnette, 1981).
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2.2.14. Determination of the Unbound 11-DAP-[11-*H]-undecancate Concentration

in the Presence of Various BSA Concentration
2,.2.14.1. Determination of the Partition Ratio of 11-DAP-[11-*H]-undecanoate
at Various Concentration in the Absence of BSA
The partition ratio of 11-DAP-[11-°H]-undecanoate at 1 uM to 400 uM was
determined as described (Spector et al., 1969). The sodium salt of the probe (27
Ci/mmole) in 500 ! of 25 mM sodium phosphate, pH 6.3 was placed in 1.5 ml vials.
The fatty acid solution was overlayed with 500 pl of heptane. The vials were sealed
with a teflon screw-cap and incubated with gentle shaking for 16 h at 37°C. The
radioactivity in each phase was determined by subjecting a small aliquot to liquid
sgintillation counting. The equilibrium probe concentration in each phase and the
partition ratio were ."allculatcd as described (Spector et al., 1969).
'2.2,14.2. Determination of the Unbound Probe Concentration
To 1.5 ml vials containing 500 gl of 200 M 11-DAP-[11-H]-undecanoate
(sodium salt) and varying concentrations of BSA (2000 uM to 50 uM) in 25 mM
sodium phosphate, pH 6.5 were added 500 ul heptane. The vials were sealed with
teflon screw-cap and incubated with gentle shaking at 37°C for 16 h. The amount
of radioactivity ‘i each phase was determined by liquid scintillation counting and the
equilibrium concentration of the probe in each phase was calculated. Using the
information obtained in Section 2.2.14.1 and as described (Spector et al., 1969) the

unbound probe concentration at the various BSA concentrations was determined.
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2.2.15, Fatty Acid-BSA Method of Labeling

[11-31-1]ll-m-DAP-undec;anate (26 nmolcs) was incubated with BSA (26
nmoles) in 125 pl of 25 mM sodium phosphzte, pH 6.5 at 37°C in a polystyrene
cuvette. After 60 min, 25 ul of total membranes (75 ug of protein) were added and
the incubation continued for 15 min. The sample was placed in a metal cell holder
located at the focal point of 1000 watt xenon/mercury lamp and photolyzed for 30
sec at 365 nm, Light at wavelengths below 310 nm was filtered by passing the light
through a filter (Corning 7-51) contained in a water-filled optical glass cell (5 x S
cm) and a filter {Cerning 7-51) attached to the window of the metal cell housing
(Leblanc et al., 1982). The photolyzed sample was centrifuged at 435,000 x g for 90
m.in at 4°C using a Beckman TL-100 ultracentrifuge, The membrane pellet was
washed twice with 200 ul of 25 mM sodium phosphate, pH 6.5 containing 0.4% BSA
(w/v) pre-equilibrated at 25°C. The washed membrane was resuspended in water
at a protein concentration of 0.5 mg/ml.

2.2.16. Free Fatty Acid Method of Labeling

Unless otherwise indicated, isolated membrane, 0.5 mg/ml of protein, in 25
mM sodium phosphate, pH 6.5 or 4.8 x 10° cclis/ml in M9-minimal media, pH 6.5
were incubated with 10 pM [11-°H]11-m-DAP-undecanoate at 4°C for min and
photolyzed as described in Section 2.2.17.

2.2.17. Preparation of Whole Cells for SDS-PAGE
The photolyzed cells were centrifuged for S min at 25°C using a Beckman

Microcentrifuge, The cell pellet was resuspended in 10 ul of 10 mM Tris-HCI, pH
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8.0; S ul of a solution coataining 100 pg/ml lysozyme and 1.5 mM sodium EDTA,

pH 7.8, was added arlld the suspension incubated at 25°C for 30 min. The
incubation mixture was diluted with 5 ul of a solution containing 20 mM magnesium
sulfate and 600 pg/m! DNase 1 and incubated at 37°C for 30 min. After an equal
volume of 125 mM Tris-HCl, pH 6.8 containing 10% SDS (w/v), 20% MSH (v/v),
20% glycerol (w/v) and 0.02% bromophenol was added, the sample was boiled for
5 min and analyzed by SDS-PAGE as described (Laemmli, 1970).
2.2.18. Sample Preparation for 2-D PAGE

'An aliquot (40 ul) of membrane (20 pg of protein) was added to 10 ul of 250
mM Tris-HCl, pH 6.8 containing 2.5 mM MgCl, and 0.53% SDS (w/v) {A) or 1.2%
SDS (w/v) (B) and boiled for 5 min; a solution (20 gl) containing 17.5% MSH
(v/v), 7% ampholytes (3.5/10:4/6:6/8, 1:2:2) and 2.1% NP-40 (w/v) or 4.8% NP-40
was added to preparations A and B, respectively (Ames and Nikaido, 1976). Urea
(18 mg) was added to 17.5 u1 (5 ug of protein) of each preparation and analyzed by
2-D PAGE as described in Section 2.2.19.
2.2.19. 2-D PAGE Analysis

Isoelectric focusing was performed as described (Ames and Nikaido, 1976)
using a BioRad Minifocusing Protean 2 apparatus. The samples were overlayed
with buffer composed of 4.5 M ultrapure urea and 1% ampholine (3.5/10:4/6:6/8,
1:2:2) and electrophoiesed at 500 volts for 10 min followed by 750 volts for 5 h.
The focused gels were equilibrated for 5 min in 5 ml of 62.5 mM Tris-HCI, pH 6.8

containing 10% glycerol (w/v), 5% MSH (v/v), 5% SDS (w/v), and 0.01%
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bromophenol blue and electrophoresed on 109 polyacrylamide gels using a BioRad
Mini Protean 2 apparatus (O'Farrell, 1975).
2.2.20, Preparation of Periplasmic Proteins

The periplasm was isolated from oleate grown MC1060 cells by osmotic
shock (Neu and Heppel, 1965). Cells were washed twice with 10 mM Tris-HCI, pH
8.0 containing 30 mM NaCl and resuspended in 30 mM Tris-HCI, pH 7.3 containing
209 sucrose at a density of 1.0 x 10' cells/ml. A solution of potassium EDTA (250
mM), pH 7.0 was added to a final concentration of 1 mM and the mixture was
incubated at 25°C with continuous shaking. After 10 min the incubation mixture
was centrifuged at 10,000 x g for 10 min at 4°C, The cells were resuspended in cold
dltstillcd water at a density of 1.0 x 10" cells/ ml and incubated at 4°C for 10 min.
The cell suspension was centrifuged as above and the supernatant containing the
periplasmic proteins was collected.
2221, Partial Purification of Acyl-CoA Synthetase
2.2.21.1. Lysis of Cells

Spheroblasts of oleate grown ML308 cells (7 g wet weight) were prepared
and lysed in 10 mM potassium phosphate, pH 7.5 containing SmM MgSO,, 10 pg/ml
DNase 1, 10 ug/ml RNase A and 0.1% Triton X-100 as described in S;ection
22122, The crude lysate was centrifuged at 46,000 x g for 60 min at 4°C. All
subsequent steps were performed at 4°C as described (Kameda and Nunn, 1981).
22212. DEAE-Sepharose Chromatography

The supernatant was applied to a DEAE-Sepharose column (45 ml bed
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volume) pre-equilibrated with 10 mM potassium phosphate, pH 7.5. The column

was eluted with 45 ml of potassium phosphate, pH 7.5 followed &y a 320 ml linear
gradient of 10 mM potassium phosphate, pH 7.5 to 300 mM potassium phosphate,
pH 7.5. Elution was monitored at 280 nm and by acyl-CoA synthetase activity.
Fractions containing acyl-CoA synthetase were combined.
2.2.21.3. Ammonium Sulfate Precipitation

The enzyme solution from Section 2.2.21.2 was brought to 60% saturation
with finely ground ammonium sulfate. The precipitate was collected by
centrifugation at 14,500 x g for 10 min at 4°C. The pellet was redissolved in 10 ml
of 10 mM potassium phosphate, pH 7.5 containing 20% glycerol (w/v) and dialyzed
against 4 1 of 10 mM potassium phosphate, pH 7.5 containing 20% glycerol (w/v)
for 6 hours at 4°C.
2.2.21.4. Hydroxyapatite Chromatcgraphy

The dialyzed solution was applied to a 15 ml hydroxyapatite column pre-
equilibrated with 10 mM potassium phosphate, pH 7.5 containing 20% glycerol
(w/v). The column was eluted with a 120 ml linear gradient from 50 mM to 300
mM potassium phosphate, pH 7.5 containing 20% glycerol (w/v). The elution was
n;onitored at 280 nm and by acyl-CoA synthetase activity. The fractions containing
acyl-CoA synthetase were combined. Small aliquots of the enzyme solution were
frozen in liquid nitrogen and stored at -80°C.
2222, Miscellaneous Methods

Protein was quantified as described (Lowry et al., 1951) using BSA as the
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standard. Silver staining of proteins was performed as specified by the supplier
(BioRad). Polyacrylamide gels were processed for fluorography as described
(Bonner and Laskey, 1974). Electrophoretic transfer of prdteins onto nitrocellulose
was performed for 14 h at 30 volts using transfer buffer composed of 25 mM Tris,
192 mM glycine, 20% methanol (v/v) and 0.05% SDS (w/v), pH 83. The
radioactivity in protein on polylfacrylamide gels was quantitated by eluting the protein
from the excised gel using Solvable, as described by the supplier, followed by liquid
scintillation counting in 10 ml of Atomlight. Radioactivity was determined by liquid
scintillation counting in 10 ml of aqueous counting scintillant. Oleic acid was
neutralized with 1.1 equivalents of KOH in 50% ethanol. 11-DAP-[11-°H]-
updecanoic acid in 1 ml of 95% ethancl was neutralized with 1.1 equivalents of
NaOH; the solvent was removed under reduced pressure and the fatty acids were
dissolved in the appropiate buffer at the desired concentration. Liquid scintillation

counting was performed on a Beckman LS 7800 counter.



3.0. RESULTS AND DISCUSSION
3.1. Optimization of Photolysis Conditions

The demonstration of the involvement of a translocase in the permeation of
fatty acids across the plasma membrane of cells is a formidable task. This is in part
due to the lack of alternate stereoisomers or analogues of fatty acids; the use of
stereoisomers has played a pivotal role in establishing the involvement of a
translocase in the membrane permeation of other metabolically important substrates
such as glucose. In addition, the lack of methods for the identification of
membrane-bound fatty acid translocases is another reason for the slow progress in
the understanding of fatty acid permeation of cell membranes.

The development of a synthesis for highly radioactive photoreactive fatty acid
analogues (Leblanc et al., 1982; Gl;pta et al., 1977; Brunner and Richards, 1980) has
provided a novel approach which has the potential to facilitate the direct
identification of proteins having a high affinity for fatty acids in cell membranes.
Optimum conditions for the labeling of such proteins were therefore assessed.

The high reactivity of the carbene generated from the diazirine by photolysis
at 365 nm allows for rapid crosslinking of the photoreactive fatty acid analogue to
proteins in membranes (Bayley, 1983). However, it has been reported that the
efficiency of activation of the diazirine to the carbene can be affected in the
presence of membranes (Bayley, 1983; Takagaki et al., 1983). The time required for
complete activation of the diazirine to the carbene was therefore assessed in the

presence of membranes. This was monitored indirectly by the intensity of labeling
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Figure 10. Time course of photolysis of 11-DAP-[11-3-undccanoate in the presence of varying amounts
of membrines. Tolal membranes prepared from MC1060 cells grown on oleate, were incubated with
10 &M 11-DAP-[11-*H}-undecanoate (3.75 Ci/mmole) at 0.1 mg/ml (A) or 0.5 mg/ml (B) of protcin
at 4+C for 5 min, as described in Section 2.2.16. Afier photolysis at 365 nm for the times indicated,
a portion of the samples (10 ug of protein) was solubilized and analyzed by electrophoresis on 12%
polyacrylamide gels as deseribed in Section 2.2.17. The gels were processed for fluorography as
deseribed in Seetion 22,22,
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Figure 11. Effcct of photolysis times at different power output on non-carbene related labeling of
proteins. 11-DAP-{11-*H]-undecanoate (20 &M, 3.75 Ci/mmole) in 25 mM sodium phosphate, pH 6.5
was photolyzed at 1000 (A) or 200 (B) watts for the times indicated and immediately incubated with
membranes (0.5 mg/ml) at 25°C for 1 h in the dark. A portion of the samples (10 g of protein) was
solubilized and analyzcd by clectrophoresis on 12% polyacrylamide gels as described in Section 2.2.17.
The gels were processed for fluorography as described in Scetion 2.2.22.
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of various proteins by 11-DAP-[11-*H]-undecanoate inisolated membranes (Fig. 10).
In the presence of 100 ug of membrane protein/mi, the intensity of labeling of a 43
kDa protein and a 37 kDa protein was maximal after 5 sec of photolysis (Fig. 10A,
arrows). Furthermore, when the photolysis was performed at a protein
concentration of 500 pg/ml maximum labeling of the 43 kDa and 37 kDa proteins
were also obtained within 5 sec (Fig. 10B, arrows).

Rearrangement of the diazirine to the linear diazo form was reported to
occur during photolysis at 365 nm (Bayley, 1983; Smith and Knowles, 1973). The
linear diazo species has a long half-life and reacts preferentially with thiol,
carboxylic, hydroxyl and amino groups (Bailey, 1983; Smith and Knowles, 1973).
The photoreactive group of the fatty acid analogue in the linear diazo form will
react preferentially with proteins having one of the aforementioned functional group
exposed. This is of particular concern since proteins labeled by the photoreactive
fatty acid analogue may not necessarily have a role in the transmembrane movement
of fatty acid.

To assess whether the linear diazo species was generated during photolysis
at 365 nm, post-photolytic labeling of proteins by 11-DAP-[11-*H]-undecanoate in
isolated membrane was monitored (Fig. 11). This was accomplished by photolyzing
the photoreactive fatty acid analogue followed by incubation with the membranes
for 1 h in the dark. Irrespective of the length of time of photolysis no membrane
proteins wére labeled (Fig. 11A). However, when the intensity of the 365 nm light
was reduced by decreasing the power output of the lamp from 1000 to 200 watts,

several proteins were labeled post-photolytically (Fig. 11B). These results
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Figure 12. SDS-PAGE analysis of proteins labeled with 11- DAP - 11-3H |-undecanoate in total Jysates
of MC1060 grown on olcate or glucose. The cells (4.7 x 10%) were lysed and treated with DNase 1 as
ducrlbcd in Scction 2.2.9. The total cell lysate (0.1 mg/ml) was incubated with 10 xM 11-DAP-[11-

H] -undecanoate and 0.08% deoxycholate in 50 Tris-HCI, pH 8.0 at 0¢C or 37+C. After photolysis at
the times specified, the sample (25 ug of protein) was solubilized and analyzed by eleetrophoresis on
a 12% polyacrylamide gel as described in Section 2.2.17. The gel was processed for fluorography as
described in Section 2.2.22,
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show that under optimum photolysis conditions (1000 watt}, very little linear diazo
species is generated. The labeling of proteins by the photoreactive fatty acid probe
at 1000 watt (Fig. 10) was most likely due to the carbene rather than the linear
diazo species.
3.2. Labeling of Fatty Acid Binding Proteins in Total Lysate of E. coli

The photoreactive fatty acid analogues were shown previously to be
biologically active (Leblanc and Gerber, 1984; Leblanc et al., 1982; Capone et al.,
1983). It is therefore expected that 11-DAP-[11-*H]-undecanoate would label fatty
acid binding proteins in E. coli. Several proteins were labeled with the probe in
total lysate prepared from both fatty acid and glucose grown cells (Fig. 12); the
aPsence of labeling of the 70 kDa, 55 kDa, 43 kDa, 40 kDa, 37 kDa and 18 kDa
proteins (arrows) in the lysate of glucose grown cells shows that the expression of
these proteins is induced by fatty acid and repressed by glucose. The levels of
labeling of proteins in the lysate of cells grown on glucose are insensitive to the
temperature or time of preincubation with the photoreactive probe. The extent of
labeling of the proteins in the lysate from cells grown on oleate also remained
constant at 0°C as the incubation was increased from 1to 5 min. However, at 37°C
the intensities of labeling of the 43 kDa, 37 kDa, 35 kDa and 18 kDa proteins
(arrows) at 1 min were much higher than those observed at 0°C. As the incubation
at 37°C was increased to S min, in addition to an increase in the intensity of
labeling of the above proteins, two other proteins having molecular masses of 70
kDa and 55 kDa (arrows) were intensely labeled. The fact that these proteins were

not significantly labeled at 0°C, as well as the latency of labeling at 37°C, suggest
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Figure 13, Uptake of 11-DAP-[11->H]-undecanoate in ML308 grown on oleate or glucose. Washed
oleate (@) or glucose () grown cells (1.2 x 109) in 1.0 ml of incubation buffer were incubated at 25-C
for 30 min with shaking. D-lactate (40 gmoles) in 500 gl of incubation buffer was added and the
incubation continued at 25°C for S min. 11-DAP-{11-*H}-undecanoate (0.15 umole, 3.75 Ci/mmole)
in 500 g! of incubation buffer was added and the incubation continued. At the specified times, the
incubation mixtures were assayed for uptake of the probe as described in Section 2.2.3.
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Figure 14, SDS-PAGE analysis of the time dependent labeling of proteins in glucose or oleate grown
MCL060 cells. MCI060 was starved it 37°C for 15 min as described in Section 2.2.3 and incubated
with 11-DAP-|11-*H]-undecanoate (3.75 Ci/mmole) at 37°C as described in Scetion 2.2,16. Al the
times indicated, 150 gl of the incubation mixture was photolyzed. A portion of the labeled cells (43
x 107} was solubitized and analyzed by elrctrophoresis on 12% polyacrylamide gels as described in
Section 2.2.17. The gels were processed tor fluorography as described in Scction 2.2.22,
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that these proteins were labeled by the photoreactive fatty acid analogue that had
undergone metabolism. This conclusion is consistent with other studies showing that
11-DAP-[11-*H]-undecanoate was recognized as long chain fatty acids by a variety
of mammalian (Leblanc, et al., 1982; Capone, et al., 1983; | - and Gerber,
1984a) and E. coli metabolic enzymes (Greenberg, et al., 1976; Olso... ot al., 1979).
3.3. Uptake of 11-DAP-[11-H]-undecanoate by E. coli
Cells grown on oleate were capable of taking up the probe while glucose
grown cells were not (Fig. 13). The internalization of 11-DAP-{11-*H]-undecanoate
was also monitored by labeling of the proteins which were labeled in the cell lysate
(Fig. 12). Incubation of cells grown on glucose with 10 uM 11-DAP-[11-*H]-
undecanoate at 37°C resulted in minor labeling of the 37 kDa and 35 kDa proteins
(Fig. 14A, arrows). The extent of labeling of these proteins remained essentially
constant as the incubation was continued for 8 min. The fact that absolutely no
labeling was observed for the proteins labeled in the cell lysate (Fig. 12) indicates
that these cells totally exclude the probe. Photolysis of oleate grown cells after a
brief pre-incubation with 11-DAP-[11-*H}-undecanoate (10 gM) resulted in
significant labeling of the 70 kDa, 55 kDa, 43 kDa, 40 kDa and minor labeling of
the 35 kDa and 18 kDa proteins (Fig. 14B, arrows). The extent of labeling of these
proteins was dramatically reduced with increasing pre-incubation times beyond 1
min, indicating that the probe was being depleted. These results showed that the
photoreactive fatty acid analogue was being taken up speciﬁcally by the transport

system expressed in oleate grown cells. The lack of uptake in glucose grown cells
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showed that the level of passive permeation in the absence of the transport system
is very low. The observation that the photoreactive fatty acid is recognized as a long
chain fatty acid by the E. coli transport system and metabolic enzymes showed that
this probe is appropriate for labeling proteins involved in this process.
3.4. Labeling and Identification of the fadL Protein

The fadL protein was shown to be necessary for fatty acid permeation of the
outer membrane of E. coli (Ginsburg et af,, 1984; Maloy et al,, 1981; Nunn and
Simons, 1978; Black et al., 1987; Black, 1990; Kumar and.Black, 1991). However,
the mechanism by which this protein facilitates the transmembrane movement of
fatty acids is not understood. It was proposed by others (Nunn et al., 1986; Black,
1990; Kumar aﬁd Black, 1991) that the fadL protein binds fatty acids based on the
following observations: fadD fadL™ cells bind 4-7 times more fatty acids than fadD
fadL cells {Nunn et al., 1987; Black, 1990); antivodies against the fadL protein
partially inhibited fatty acid binding to fadD fadL* cells (Black, 1990); mutations in
the N-terminus of the fadL protein resulted in reduced binding and fatty acid uptake
(Kumar and Black; 1991). Although these studies showed a correlation between
binding and the presence of a functional fadL protein, they have not demonstrated
directly that this protein is responsible for the binding ob.served. An alternative
explanation might be the binding of fatty acids to sites within the periplasm of the
. fadD fadL* cells; these sites being inaccessible to fatty acids when the fadL

proteins’s function was inhibited by antibody biading or mutation of the fadL gene.



62

OLEATE GROWN
ML308

kDa acioic BASIC

66 —
45 —
29 —
18.4 —
14.3 —
A
GLUCOSE GROWN
ML608
66 —
a5 —
29—
18.4—
B
OLEATE/ACETATE
GROWN
fadR faal.

Figure 15. 2-D PAGE analysis of proteins labeled with 11-DAP-|11-*H]-undecanoate in ML30K and
fadR fadL cells. ML308 grown on oleate or glucose and fudR fudl. cells were starved for 15 min at
37°C as described in Section 22.3, and then labeled with 11-DAP-{11->H]-undccanoate (375
Ci/mmole) at 4*C uvsing the free fatty acid method as deseribed in Scction 22,16, The labeled cells
were lysed as described in Section 2.2.17 and solubilized as described in Section 2.2.18 using S ul of
250 mM Tris-HCl, pH 6.8 containing 1% SDS (w/v}) and 10 4l of 4 solution containing 17.5% MSH
(v/v), 7% ampholytes and 4% NP-40. Urea (15 mg) was added (o 14 »l of the preparation (4.8 x 1’
cells) and analyzed by 2-D PAGE as described in Section 2219, The gels were processed for
fluorography as described in Scction 2.2.22.
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Figure 16. 2-D PAGE analysis of proteins labeled with 11-DAP-[11-3H]-undccanoalc in total
membranes prepared from fudR fadL and glucose or oleate grown ML308 cclls. The membranes were
labeled with 11-DAP-[11-*H}-undecanoate (15 Ci/mmole) at 4'C using the free fatty acid mcthod, as
described in Section 2.2.16. The labeled membranes were solubilized at an SDS to protein ratio of 2.6
using Condition A of Section 2.2.18. 2-D PAGE analysis was performed as described in Section 2.2.19
and the gels were silver stained or processed for fluorography as decribed in Section 2.2.22.
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Therefore, to determine more directly whether the fadL protein is capable of
binding fatty acids, the photoreactive fatty acid analogue 11-DAP-[11-H]-
undecanoate was used. |

Labeling of oleate grown ML308 cells with a high concentration (10 uM) of
the probe followed by 2-D gel electrophoresis showed light labeling of proteins
having molecular masses of 75 kDa, 66 kDa and 37 kDa (arrows) while a 33 kDa
protein having an apparent pl of 4.6 (box) was heavily labeled (Fig. 15A). In
ML308 grown on glucose (Fig. 15B) and fadR fadL cells (Fig. 15C) the 75 kDa, 66
kDa and 37 sz} proteins (arrows) were also labeled; however, the 33 kDa protein
(box) could not be detected. Furthermore, the 33 kDa protein was labeled by the
pfobe in total membranes prepared from ML303 grown on oleate (Fig. 16A, box)
but not from ML308 grown on glucose (Fig. 1613, box) or fadR fadL cells (Fig. 16C,
box). The induced expression of the 33 kDa protein by growth of the cells on fatty
acid, its presence in the membrane, the fact that it was not detected in the fadL
deficient mutant and that it has pI comparable to that reported for the fadL protein
(Ginsbusg et al., 1984; Black et al., 1987; Black et al., 1985) suggest that the labeled
33 kDa protein is the fadL protein.
3.5. Specificity and Saturability of Labeling of the fadL Protein

Labeling of the fadL protein by 11-DAP-{11-H}-undecanoate suggested that
the protein is capable of binding fattv acids. However, in addition to the fudL
protein being labeled by the probe, other proteins having molecular masses of 75

kDa and 37 kDa (arrows) were also labeled in total membranes prepared from
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oleate grown cells (Fig. 16A, arrows) and in the intact cells (Fig. 15A, arrows). In
whole cells the fadL protein (box) was labeled more heavily than the 75 kDa and
37 kDa proteins (arrows) (Fig. 15A). As indicated by a shorter exposure of the gel
of Figure 16A, the fadL protein was labeled to the same extent as the 75 kDa and
37 kDa proteins in the isolated membranes. This increase in labeling of the 75 kDa
and 37 kDa proteins in isolated membranes v-as attributed to increased accessibility
of the probe as a result of the removal of the lipopolysaccharide during the
preparation of the membranes. As detected by silver staining, the 75 kDa and 37
kDa proteins are major membrane proteins (Fig. 16D, arrows and Fig. 16E, arrows)
whereas the fadL protein is less abundant (Fig. 16D, box). Qualitatively, the ratio
of the intensity of labeling to the intensity of silver staining of the 75 kDa and 37
kDa proteins is low as would be expected for proteins having a 10\;v affinity for fatty
acids. Therefore, labeling of these proteins may be non-specific, most likely due to
the photoreactive fatty acid probe partitioning into the membrane and interacting
with the hydrophobic domains of the proteins. In contrast, the ratio of the intensity
of labeling to the intensity of silver staining of the fadL protein is high suggesting
that this protein has a high affinity for fatty acids. The non-specific labeling of the
major proteins suggests that some proportion of labeling of the fadL protein was
also due to non-specific labeling under these conditions.

The detection of high affinity fatty acid binding sites requires the use of

nanomolar concentrations of the fatty acid. However, at these concentrations a high



66

kDa 1 2

. o
45 e

Rt

B
¥

N
©
|

o e

18.4 —
14.3 —

Figurc 17. SDS-PAGE anaulysis of 1otal membrancs labeled with 11-DAP-{11-31)-undecanoate using
the fatty acid-BSA method. Total membranes prepared from ML30S grown on oleate (lane 1) or
glucose (lane 2) were labeled with 200 aM of 11-DA P-[11-*H}-undecanoate (3.75 Ci/mmalc) and
washed as described in Section 2.2.15.  Labeled and non-labeled membranes were solubilzed and
analyzed by electrophoresis on a 10% polyacrylumide gel as described in Seetion 2217, The gel was
processed for fluorography as described in Section 2.2.22.



67

| I | | | l | | i | | | |
[11-7H] 11-m-DAP-UNDECANOATE: ALEUMIN MOLAR RATIO
—
A VY SR T T 8 A
a5 w - ™ o
L5 (4]
] ® -
»
E 24 - : —
g
~ 20+ : _
3
1] 16 |- -
- °
o _
|
o0 8t -
<
- 4 -
L1ty

200 400 600 800 1000 1200 1400
FREE [11-3H] 11-m-DAP-UNDECANOATE (nM}

Figure 18. Labcling of the fadL protein with varymg 11-DAP-[11-*H]-undecanoate concentration using
the fatty acid-BSA method. 11-DAP-[11-3H[-undccanoate (1038 nmoles, 3.75 Ci/mmole) was
incubated with various amounts of BSA in 500 ¢l of 25 mM sodium phosphate, pH 6.5 at 37°C. After
1 h, 100 &l of total membranes (300 ug of protein) isolated from oleate grown oleate cells were added
and the incubation continued for 15 min. After photolysis, 510 ul of the samples were centrifuged at
435,000 x g for 90 min at 4*C and the membrane pellets were washed twice with 600 ul of 25 mM
sodium phosphate, pH 6.5 containing 0.4% BSA. The membranes were resuspended in 100 xl of
water, solubilized and analyzed by electrophoresis on a 12% polyacrylam:de gel as described in Section
22.17. The fadL protein was visualized by fluorography and its radioactive content was quantitated
as described in Section 2.2.22,
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affinity site in membranes is usually not apparent due to the fatty acid interacting
with the large number of low affinity sites (membranes, surface 6f the glassware)
available (Spector et al., 1965). To saturate the low affinity slites without affecting
the free fatty acid concentration, the fatty acid is routinely presented as a BSA
complex which serves as a reservoir for free fatty acid.

Labeling of total membranes prepared from oleate grown cells with a low
concentration of 11-DAP-[11-*H]-undecanoate (200 nM) using the fatty acid-BSA
method resulted in preferential labeling of the fadL protein (lane 1 of Fig. 17,
arrow). The reduction of labeling of major proteins (37 kDa and 35 kDa, arrows;
determined by coomassie staining) in total membranes isolated from oleate (lane
1)_ or glucose (lane 2) grown cells suggests that the fadL protein was labeled
specifically under these conditions and confirms our conclusion that the major
abundant proteins (37 kDa and 35 kDa) were labeled non-specifically by the probe

.when used in the low micromolar concentration range. The 66 kDa protein (arrow)
present in both membsranes is due to the residual BSA that is not removed during
washing of the photolyzed membrane.

The fact that the fadL protein was labeled specifically at low concentration
of 11-DAP-[11-°H]-undecanoate suggests that this protein has a fatty acid binding
site. In order to confirm the presence of such a site the saturability of labeling of
the fadL protein was determined using the fatty acid-BSA method. The free probe
concentration was varied by modulating the probe to BSA molar ratio. As the free

probe concentration was increased from 50 nM to 1400 nM the fadL protein was
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labeled saturably (Fig. 18). Lineweaver-Burke analysis of the data from Fig. 18,

indicated that the K, for 11-DAP-[11-°H]-undecanoate was 63 nM which is
approximately 4 times lower than that obtained from binding assays using fadD
fadL". cells (Black, 1990). These resuits demonstrated for the first time that the
fadL protein has a high affinity for fatty acid and that this binding is saturable. This
also shows that the photoreactive fatty acid analogue can identify a membrane-
bound fatty acid binding protein. The saturability of labeling of the fadL protein
demonstrates that his protein has-a substrate binding site. The lamB and Tsx
proteins, required for permeation of maltose and nucleoside respectively, across the
outer membrane of E. coli, have been shown to have substrate binding (Luckey and
Nikaido, 1980b; Maier, et al., 1988) and to function as substrate specific channels
(Luckey and Nikaido, 1980a; Maier, 1988). Although the precise mechanism of the
fadL protein in facilitating fatty acid permeation across the outer membrane is not
known, it is possible that the fadL protein functions similarly.
3.6. Binding of Fatty acid to the fadL Protein Invalves an Ionic Interaction
Fatty acid uptake in E. coli has been reported to be maxima. 4t pH 7.0
(Maloy er al., 1981) whereas binding of fatty acids to fadD fadl* cells was not
significantly affected over a range of pH (Black, 1990). Others have concluded that
the effect of pH on fatty acid uptake was related to metabolism of fatty acid rather
than fadL activity; further, they also concluded that binding of fatty acids to the

fadL protein occurs by a hydrophobic interaction (Black, 1990). However, evidence
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Figure 19, Labeling of total membranes with 11-DAP-{11-*H}-undeeanoate in sodium phosphate at
various pH. Total membranes prepared from MCI06) grown on oleate (A) or glucose (B) were
labeled with 11-DAP-[11-*H]-undecanoate (3.75 Ci/mmole) at the indicated pH as described in Section
22.16. A portion of the labeled samples (10 wg of protein) was solubilized and analyzed by
electrophoresis on 12% polyacrylamide gels as described in Section 2.2.17. The gels were processed
for fluorography as described in Section 2.2.22.
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Figure 20. Labeling of total membranes with 11-DAP-[11-*H]-undecanoate in imidazole-HCl at various
pH. Total membranes prepared from MC1060 grown on oleate was labeled with 11-DAP-[11-°H]-
undecanoate at the indicated pH as described in Section 2.2.16. A portion of the labeled samples (10
ug of protein) was solubilized and analyzed by clectrophoresis on a 12% polyacrylamide gel as
described in Section 2.2.17. The gel was processed for fluorography as described in Section 2.2.22.
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has been presented which showed that binding of fatty acids to mammalian low
molecular weight cytosolic fatty acid binding proteins (Sacchettini et al., 1988) and
BSA (Jonas and Weber, 1990) involves an arginine residue. It is therefore possible
that binding of fatty acids to the fadL protein involves an ionic interaction. This
was determined directly by assessing the effect of varying the nH on labeling of the
fadL protein. The free fatty acid method was used instead of the fatty acid-BSA
method since the unbound probe concentration may vary as the pH was changed.

The intensity of labeling of the fadL protein increased as the pH was
decreased from 8.0 to 6.5 (Fig. 194, arrow). Although non-specific labeling also
increased as judged by the increased labeling of the major proteins (37 kDa and 35
kDa, arrows), the ratio of the intensity of labeling of the fadL protein at pH 6.5 to
the intensity of labeling at pH 8.0 was significantly higher than that of the 37 kDa
and 35 kDa proteins. In membranes prepared from glucose grown cells, labeling of
the 37 kDa and 35 kDa proteins increased only slightly as the pH was changed from
8.0 to 6.5 (Fig. 19B, arrows). This effect was reproduced in other buffers (Fig. 20)
which excludes the possibility of some specific ionic effect due to the components
of the buffer used. The increase in labeling of the fadL protein as the pH decreases
is therefore not due to an increase in non-sp.eciﬁc labeling but rather to an increase
in specific labeling. This suggests that binding of fatty acids to the fedL protein
involves an ionic interaction and is indicative of the involvement of histidine rather

than lysine or arginine. These results however, do not exclude the possibility that
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Figure 21. Effect of DEPC on labeling of the fudL protein. Total membranes (0.5 mg/ml) prepared
from MC1060 grown on olcate were incubated without or with DEPC (25 mM in dry DMF) in 25 mM
sodium phosphate, pH 6.5 for 1 h at 4*C. The membranes were pelleted by centrifugation at 125,000
x g for 60 min at 4°C and washed once with chilled 25 mM sodium phosphate, pH 6.5. The
membranes were labeled 50 nM 11-DAP-[11-H]-undecanoate (3.75 Ci/mmole) and washed as
described in Section 2.2,15. The labeled membranes (5 ug of protein) were solubilized and analyzed
by electrophoresis on a 12% polyacrylamide gel as deseribed in Section 22,17, The gel was processed
for flucrography as described in Scction 2.2.22,
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Figure 22, Heat-modifiable behaviour of the fadl prolcm Total membranes prepared from ML308
grown on oleate were labeled with 200 nM 11-DAP-[11- 3H)-undecanoate (3.75 Ci/mmole) and washed
as described in Scetion 2.2.15. An aliquot (10 &) of the sample was added to 10 ul of 125 mM Tris-
HCI, pH 6.8 containing 2 mM NaEDTA, 4.7% SDS (w/v), 20% glycerol (w/v), 20% MSH (v/v) and
0.02% bromophenol bluc and solubilized at 100°C (lanc 1) or 25*C (lanc 2) for 5 min prior to
clectrophoresis on a 10% polyacrylamide gel. The gel was processed for fluorography as described in

Scction 2,2.22,
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binding may also involve a hydrophobic interaction.

Diethylpyrocarbonate is used routinely for modifying histidine residues and
has been used to show that histidine residues are involved in the catalytic activities
of ribonuclease (Miles, 1977) and aminopeptidase of brain cortical synaptosomes
(Chan et al., 1983). The involvement of histidine in fatty acid binding was therefore
studied by assessing the effect of diethylpyrocarbonate on labeling of the fadL
protein in total membranes. At a diethylpyrocarbonate concentration of 25 mM,
labeling of the fadL protein was completely inhibited (Fig. 21). This further
suggests the involvement of histidine in fatty acid binding.

3.7. Electrophoretic Behaviour of the fadL Protein

The mobility of E. coli outer membrane proteins on SDS-PAGE is dependent
on the temperature of solubilization (Nakamura and Mizushima, 1976; deGeus et
al., 1979). The fadL protein exhibits the same heat-modifiable behaviour (Black et
al., 1985). When the protein is solubilized at 25°C, the apparent molecular mass
of the protein is 28 kDa (Fig. 22, lane 2, arrow). However, solubilization at 100°C
results in the protein migrating more slowly with an apparent molecular mass of 43
kDa (Fig. 22, lane 1, arrow), which is comparable to that reported (Black et al.,
1985) and to the size deduced from its DNA sequence (Black, 1991). This suggests
that under these solubilization conditions the protein is fully denatured while under
less vigorous conditions the protein is not and consequently, migrates anomolously.

The apparent pl of the fadL protein was also affected by the conditions of
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Figure 23. 2-D PAGE analysis of labeled membranes solubilized at varying SDS to prolein ratio.
Total membranes isolated from oleate grown ML308 and fadR fadl cells, were labeled with 200 oM
11.DAP-[11-3H]-undecanoate (3.75 Ci/mmole) using the faty acid-BSA method and washed as
described in Scction 2.2.15. The ML308 membranes were solubilized at an SDS to protein ratio of 2.6
(Pancls A and D) or 6 (Pancls B and E) using Conditions A and B of Scction 2.2.18, respectively, The
fadR fadl. membrancs were solubilized at an SDS to protcein ratio of 6 (Panel C). 2-D PAGE analysis
was performed as described Section 2.2.19 and the gels were silver stained or processed for
fluorography as described in Section 2,2.22,
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Figure 24, Western immunoblot analysis of total membrancs. Total membrancs prepared from ML308
grown on olcatc (A) or from fadR fadL cells (B) were solubilized ut an SDS to protein ratio of 6 using
Condition B of Section 2.2.18. The protcins were scparated by 2-D PAGE as deseribed in Section
22,19, transferred to nitrocellulose as deseribed in Section 2.2.22 and probed with a polyclonal
antiserum to the fadL peptide (1:2000 dilution). The bound antibody was detected by incubation with
[*31]-protein A followed by exposure to a Kodak XAR film at -80-C.
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solubilization. The fadL protein has a molecular mass of 33 kDa and an apparent
pl of 4.6 despite the sample being boiled at an SDS to protein ratio of 2.6 (Fig.
23A, box). This pl is the same as that previously reported (Ginsburg et al., 1984)
but it is not in agreement with the calculated value of 5.2 based on its published
sequence (Black, 1591). However, solubilization by boiling at an SDS to protein
ratio of 6 resulted in the fadL protein migrating as a 43 kDa fully denatured protein
with the expected pl of 5.2 (Fig. 23B, box). Silver staining also showed that the
increase in the SDS to protein ratio resulted in a shift of the molecular mass of the
protein from 33 kDa (Fig. 23D, box) to 43 kDa (Fig. 23E, box).

Immunoblot analysis of separated membranes with a polyclonal antiserum to
a synthetic peptide at the C-terminus of the fadL protein showed that the 4;3 kDa
protein having a pl of 5.2 was recognized by the antiserum in ﬁembrmes prepared
from ML308 grown on oleate (Fig. 24A). This result, together with the observations
that a 43 kDa protein was not detected in the membranes prepared from fadL
deficient cells by labeling (Fig. 23C) or by immunoblot analysis (Fig. 24B) further
support the conclusion that the 43 kDa protein is the fadL protein whose pl is 5.2
when the protein is completely denatured. These results also showed that under
conditions reported (Ginsburg et al., 1984) the protein is behaving anomolously.
The nature of this behaviour is not understood. However, it has recently been
shown that the outer membrane porin protein renatures in the presence of the

negatively charged LPS (Eisele and Rosenbusch, 1990); it is therefore possible that
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Figure 25, SDS-PAGE analysis of proteins labeled with 11-DAP-[1 1-*Mj-undecanoate in the periplasm
of ML308 grown on olcate. Oleate grown cells (1.0 x 10'% were washed and treated with 1 ml of Tris-
EDTA as described in Section 2.2.20, The permeabilized cells were centrifuged and the supernatant
(Tris-EDTA) was removed. The cell pellet was resuspended in 1 ml of cold water and incubated at
4+C for 10 min. The incubation mixture was centrifuged and the supernatant {(osmotic shock fluid) was
removed. The cell pellet (shock pellet) was resuspended in 1 mi of 30 mM Tris-HCI, pH 7.3
containing 20% sucrosc. Proportionatc samples of untreated cells (lane 1), Tris-EDTA supernatant
(lanc 2), osmotic shock fluid (lanc 3) and the shock pellet (fanc 4) were labeled 11-DAP-[1 1-3H)-
undecanoate (3.75 Ci/mmole} at 4*C as described in Section 2.2.16. Each sample was solubilized and
analyzed by electrophoresis on a 12% polyacrylamide gel as described in Section 2.2,17. The gel was
processed for fluorography as described in Section 2.2.22.
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the observed behaviour is related to an association between LPS and the fadlL
protein. The fact that the pI of the protein becomes more basic when the protein
is fully denatured is consistent with this interpretation.

3.8. Labeling of Periplasmic Proteins with 11-DAP-[11-*H]-undecanoate

The passage of many hydrophilic molecules such as histidine and maltose
(Ames, 1986) through the periplasmic space of E. coli is facilitated by specific
periplasmic binding proteins. At present it is not known whether a similar
mechanism is involved in the movement of fatty acids across the periplasmic space.
To assess whether periplasmic proteins may be involved, the periplasm was isolated
from Tris-EDTA permeabilized cells by osmotic shock (Neu and Heppel, 1965) and
lél.bcled with the photoreactive fatty acid probe.

In the intact cells the fadL protein (large arrow) was heavily labeled while
proteins having molecular masses of 66 kDa (arrow head), 47 kDa (small arrow),
37 kDa (large arrow) and 35 kDa (small arrow) were lightly lab.el.ed (Fig. 25, lane
1). These proteins are outer membrane proteins (Fig. 27D) and were labeled more
intensely in osmotically shocked cells (Fig. 25, lane 4). This is due to increased
accessiblity of probe to the outer membrane as a result of removal of
lipopolysaccharides during the Tris-EDTA treatment. In contrast, no proteins were
labeled by the probe in the osmotic shock supernatant (Fig. 25, lane 3) or in the
supernatant after Tris-EDTA treatment of the intact cells (Fig. 25, lane 2). The
radioactive material at the bottom of the gel (lanes 1, 2 and 3) is related to labeling

of LPS. The absence of a fatty acid binding protein in the periplasm strongly



81

suggests that fatty acid permeation of the periplasm of E. coli is not protein-
mediated.
3.9. Mechanism of Fatty Acid translocatioﬁ across the Inner Membrane of E. coli
Protein-mediated translocation of many solutes across the inner membrane
of E. coli is rate-limiting in their uptake and coupled to the electrochemical
potential (Kaback, 1971; Ramos and Kaback, 1977). Fatty acid uptake has been
reported to be inhibited when the membrane potential was abolished by uncouplers
(Kameda ef al., 1985; Maloy et al., 1981), and to increase as the magnitude of the
proton gradient was increased (Kameda et al., 1987). This led others to propose that
translocation of fatty acids across the inner membrane may be rate-limiting and
involves a proton-fatty acid co-transporter (Kameda et al., 1985). In contrast,
physiochemical studies using artificial lipid bilayers have shown that long chain fatty
acids by virtue of their hydrophobic nature, readily partition into the membrane and
undergo flip-flop rapidly (Noy and Zakim, 1985; Cooper et al., 1989; Storch and
Kleinfeld, 1986; Cooper et al., 1987). Flip-flop is most likely facilitated as a result
of the pKa’s of the fatty acid being increased upon partitioning into the hydrophobic
environment of the membrane (Hamilton and Cistola, 1986). These studies argued
that removal of fatty acids from the bulk solution and their subsequent transfer
across the lipid bilayer by a membrane bound protein is not required (Noy and
Zakim, 1985; Cooper et al., 1985; Cooper et al., 1987). To assess directly whether

an inner membrane protein may be required for the transmembrane movement of
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Figure 26. Scparation of inner and outer membranes from ML308 grown on oleate by equilibrium
density centrifugation in a discontinuous sucrose gradient. Inner and outer membranes were separated
from total membranes by equilibrium density centrifugation as described in Section 2.2.10.

Fractions (1 ml) were collected and analyzed for density and absorbance at 280 nm.
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Figurc 27. 2-D PAGE analysis of proteins labeled with 11-DAP-{11-H[-undecanoate in inner and
outer membranes isolated from ML308 grown on oleate. Inner and outer membrancs were labeled
with 20 gM 11-DAP-[11-*H}-undccanoate (15 Ci/mmole} at 4*C using the free fatty acid method as
described in Section 2.2.16, The labeled membranes were solubilized at an SDS to protein ratio of 2.0
using condition A of Section 2.2.18. 2-D PAGE analysis was performed as described in Section 2.2.19.
The gels were silver stained (Pancls A and B) or processed for Muorography (Pancls C and D) as
described in Scction 2.2.22.
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fatty acids the photoreactive fatty acid probe was used to label pure inner
membrane.

| Inner and outer membranes were separated from total membranes prepared
from ML308 grown on oleate by equilibrium density centrifugation in a
discontinuous sucrose gradient (Osborn et al., 1972). Fractions were collected and
analyzed for density and absorbance at 280 nm. The outer membrane has an
equilibrium density of 1.23 g cm™ whereas the inner membrane has a density of 1.15
g cm’ (Fig. 26). These values are comparable to those reported for inner and outer
membrane of E. coli (Osborn et al., 1972). The isolated inner and outer membranes
were labeled separately with a fl'igh, non-limiting concentration (20 uM) of 11-DAP-
[1_1-3H]-undecanoate under equilibrium conditions and analyzed by 2-D PAGE. The
method was modified in order to increase the sensitivity by at least 500-fold (the
specific activity of the probe was increased to 15 Ci/mmole; the probe concentration
was increased to 20 sM; the analysis of purified membranes allowed an increase in
the amount of relevant protein on the gel; the exposure tirne was increased from
12h to 15 days). This increase of sensitivity is confirmed by the observed increase
in labeling of the fadL protein in the outer membrane (compare Fig, 27D, inner
arrows to Fig. 16A, box). Silver staining showed that several outer membrane
proteins are present in the inner membrane in small quantities (Fig. 27A); these
include the 75 kDa (outer arrow) and the 37 kDa proteins (inner arrow);
furthermore, the outer membrane is contaminated with a small amount of the inner

membrane, indicated by the presence of a major inner membrane protein having a
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molecular mass greater than 100 kDa (Fig. 27B, inner'arrow). These results clearly
show that the separation method is efficient and that the resulting inner and outer
membrane fractions are essentially pure.

In the outer membrane (Fig. 27D), several proteins including 75 kDa (outer
arrow), 37 kDa (outer arrow) and the fadL proteins distributed between the
incompletely and completely denatured forms (33 kDa and 43 kDa, inner arrows,
respectively), are labeled while the only labeled proteins (75 kDa and 37 kDa)
observed in the inner membrane (Fig. 27C) are those derived from the small
percentage of the outer membrane contaminant. The fact that the increased
sensitivity method was unable to detect any fatty acid binding proteins in purified
in_ner membrane strongly suggests that translocation of fatty acid across the inner
membrane of E. coli does not involve such a protein. The process is therefore likely
to be one of non-protein-mediated passive diffusion of the fatty acid across the inner
membranes.

3.10. Effects of Starvation and Metabolic Substrates on Fatty Acid Uptake in E.
coli

Prior to assaying fatty acid uptake activity, the cells are routinely starved of
a carbon source by others (Klein et al., 1971; Nunn et al., 1979; Black et al., 1987,
Kameda et al., 1987; Black, 1990; Kumar and Black, 1991) to deplete fatty acids
carried over from the growth media. This is done in order to avoid dilution of
radioactive fatty acid used.to monitor to fatty acid uptake. However, this starvation

resulted in a substantial reduction in the rate of oleate uptake in ML308 grown on
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Figure 28. Effcct of starvation times on the rate of olcate uptake into ML308 grown on oleate. cells
(1.2x 10%) in 1.0 ml of incubation buffer were incubated with continuous shaking at 25+C for the times
indicated, [*H]-Oleate (0.15 pmoles) in 1.0 mi of incubation buffer was added and after 1 min, the
uptake of oleate was assayed as described in Section 2.2.3. The rate of oleate uptake was expressed
as a percentage of the rate observed after 1 min starvation.
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Figure 20. Effect of various metabolic substrates on oleate uptake into starved ML308 cells. Oleate
grown cells (1.2 x 10%) in 1.0 ml of incubation buffer were incubated at 25°C with shaking. After 30
min, 500 ¢! of incubation without (0) or with 40 sumoles of D-lactate (®) or acctate (1) or L-lactate
(¢) or succinate (M) was added and the incubation continued at 25°C for 5 min. [*H|-Olcate (0.15
umoles) in 500 ul of incubation buffer was added and the incubation continued. At the specified
times, the incubation mixtures were assayed for oleate uptake as described in Section 2.2.3.
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Figure 30. Time-course of D-lactate activation on the rate of oleate uptake into starved ML308 cells.
Washed oleate grown cells (1.2 x 10%) in 1.0 ml of incubation buffer were starved by incubation for 30
min at 25°C with continuous shaking. D-lactate (40 moles) in 500 sl of incubation buffer was added
and the incubation continued for the times indicated, [°H]-Oleate (0.15 gmoles) in 500 gl of
incubation buffer was added and the incubation continued. Afier 1 min, the mixture was assayed for
olcate uptake as described in Section 2.2.3,



89

OLEATE UPTAKE (nmole/mg of protein)

TIME (min)

Figure 31, Effect of D-lactate on oleate uptake into starved ML308 and K-12 cells grown on oleate
or glucose. Cells were grown on oleate (ML308: Ol K-12: o ,@) or on glucose (Ml.308 M), washed
and suspended in incubation buffer at a dcnsnty of 1.2 x 107 cells/ml as described in Scction 2.2.3.
After starvation of the cells (1.0 ml) for 30 min at 25°C, 500 al of incubation buffer without (O,0) or
with 40 ymoles of D-lactate (M, @,s) was added. Alter 5 min, [*H]-oleate in incubatiion buffer (500
#l of 300 xM) was added and the incubation continued at 25°C. At the times specified aliquots of the
incubation mixtures were assayed for oleate uptake as described in Section 2.23.
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oleate (Fig. 28).

The reduction in the rate of oleate uptake was attributed to partial de-
energization of the cells during starvation. Therefore, the effect of various energy
sources on oleate uptake in starved ML308 cell.s was investigated (Fig. 29). The
addition of D-lactate, L-lactate, acetate or succinate resulted in a marked
stimulation in the rate of oleate uptake. While D-lactate was the best, L-lactate was
about 80% as effective; acetate was almost as effective as L-lactate whereas
succinate was 70% as effective as D-lactate. The stimulation of oleate uptake by
D-lactate was close to maximal by 15 min (Fig. 30).

The stimulatory effects of the metabolic substrates on oleate uptake further
suggest that starvation might be de-energizing the cells. However, it was reported
that the rate of oleate u‘ptake in starved fadR cells was not affected by succinate or
other energy sources (Maloy et al., 1981). It is therefore possible that the effect of
starvation on oleate uptake is unique to the ML308 strain. The effect of starvation
on oleate uptake in the wild-type K-12 strain was determined (Fig. 31). The starved
oleate grown cells exhibit similar rates of uptake, the ML308 strain being a little
more active than the K-12 strain. A brief incubation of the starved cells with D-
lactate stimulated oleate uptake in both ML308 and K-12 cells grown on oleate by
about 3-4-fold but not in ML308 grown on glucose. The observed effects are
therefore not related to the strain of E. coli used.

3.11. Effects of Starvation and D-lactate on the State of Energization of the Cells

Fatty acid uptake in E. coli was reported to be energy-dependent and coupled
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Figure 32. Effcct of starvation times on the rate of proline uptake into ML308 grown on oleate. Cells
(12x 10%) in 1.0 ml of incubation buffer were incubated with continuous shaking at 25*C for the times
indicated. [’H]-Prolin (0.10 gmoles) in 1.0 ml of incubation buffer was added and after 1 min, proline
uptake was assayed as described in Scction 2.2.3. The rate of prolinc uptake was cxpressed as a
percentage of the rate observed after 1 min starvation.
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Figure 33. Elfect of CCCP on oleate and proline uptake into D-lactate activated ML308 cells. Washed
olcate grown ML308 cells were resuspended in 100 mM Tris-HCl, pH 8.0 containing 0.5 mM KEDTA
at a density of 1.2 x 10'° cells/ml and incubated at 25°C. After 2, 100 ul of the permeabilized cells
were added to 900 ul of incubation buffer and incubated at 25°C with shaking for 30 min. D-lactate
(40 pmoles) in 250 u! of incubation buffer was added. After 5 min, 250 sl of incubation buffer
without (M) or with CCCP (16 nmoles) (OJ) was added. After 2 min, 500 xl of [*H]-oleate (0.15
xmoles) (A) or {*H]-proline (0.1 smolcs) (B) in incubation buffer was added. At the specified times,
the incubation mixtures were assayed for uptake as described in Section 2.2.3.11
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to the electrochemical potential (Maloy et al., 1981; Kameda et al., 1987). The

observed effect of starvation on oleate uptake may be related to de-energization bf
the membrane. However, proline uptake which is known to be coupled to the
electrochemical potential (Kaback, 1971; Kaback, 1972), was not affected during the
starvation (Fig. 32). This indicated that the magnitude of the electrochemical
potential was not affected by the starvation and that the observed effects of
starvation and D-lactate on oleate uptake were not related to the membrane
potential.

To assess more directly whether the electrochemical potential was involved
in fatty acid permeation of the inner membrane, the effect of the uncoupler CCCP
on oleate uptake was determined. The amount of uncoupler required to abolish the
electrochemical potential was ascertained by determining the amount required to
maximally inhibit proline uptake. The use of 8 uM of CCCP which was found to
inhibit proline uptake essentially completely (Fig. 33B), had no effect on oleate
uptake (Fig. 33A). This clearly showed that the rate-limiting step in fatty acid
uptake is not directly coupled to or affected by the magnitude of the electrochemical
potential. This conclusion differs from that of others who have concluded that fatty
acid uptake is coupled to the proton gradient (Kameda, 1987). This apparent
discrepancy may be due to the fact that their experiment was performed with a
much higher concentration of the uncoupler. The inhibitory effect they observed is
may be due to the loss of acyl-CoA synthetase activity resulting from depletion of

cellular ATP rather than a direct effect on the electrochemical potential.
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Figure 34. Determination of the cellular ATP content during starvation of oleate grown ML308 cells,
Cells (1.2 x 10%) in 1.0 ml of incubation buffer werc incubated with continuous shaking at 25-C for the
times indicated. Cold incubation buffer (1.0 ml) was added and cellular ATP was isolated and
quantitated as described in Section 2.2.5,
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Figure 35. Determination of the cellular ATP content during incubation of the starved ML308 cells
with D-lactate, Oleate grown cells (1.2 x 10%) in 1.0 ml of incubation buffer were incubated with
continous shaking at 25-C for 30 min. D-lactate (40 smoles) in 500 ! of incubation buffer was added
and the incubation continued for 5 min. Cold incubation buffer (500 xl) was added and cellular ATP
was isolated and quantitated as described in Section 2.2.5.
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Figure 36. Effect of oleate concentration on the initial rates of oleate uptake into unactivated or D-
lactate activated ML308 cells. Washed oleate grown cells (1.2 x 10°) in 1.0 ml of incubation buffer
were incubated with continuous shaking at 25+C for 30 min. Incubation buffer (500 ul) with () or
without (o) D-lactate (40 umoles) was added. After 5 min, 500 ul of the appropiate concentration of
[*H]-cleatc in incubation buffer was added. After 1 min of incubation the mixture was assayed for
oleate uptake as described in Section 2.2.3,
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The above results suggest that the observed effects of starvation and D-
lactate on oleate uptake are not related to changes in the electrochemical potential.
Furthermore, the cytoplasmic ATP content measured using a luciferase-luciferin
assay (Joshi, 1989), was not significantly affected during the starvation (Fig. 34) or
during the incubation of the starved cells with D-lactate (Fig. 35). This is consistent
with literature reporting that much more extensive starvation was required to
deplete cellular ATP (Joshi, 1989) or to de-energize the membrane as judged by
proline uptake (Berger, 1973). Therefore, the effects of starvation and D-lactate on
fatty acid uptake do not appear to be related to the state of energization of the
cells.

3.12. Effects of Starvation and D-lactate Activation on the Rate Constant of
Transport

The affinity of the transport system for oleate as well as the maximal rate of
oleate uptake was affected by starvation and D-lactate (Fig. 36). The K was
reduced by about 3.5-fold by the addition of D-lactate, being 37.0 uM in its absence
and 10.6 uM in its presence; the V,,, was increased about 8-fold by the addition of
D-lactate, being 0.29 nmole/min/mg of protein in its absence and 2.30
nmole/min/mg of protein in its presence (the K, and V,,, were determined by
Lineweaver-Burke analysis of the data of Fig. 36). It was observed that D-lactate
activation can increase the affinity by as much as 5-fold and the transport rate by
as much as 10-fold. This shows that D-lactate activation resulted in a higher affinity

(K, is reduced 3.5-fold) as well as in a higher overall transport rate (V,, increased
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Figurc 37, Effect of Tris-EDTA permeabilization of ML308 cells on fatty acid uptake. Warshed oleate
grown cclls were resuspended in incubation buffer (@) or in 100 mM Tris-HCI, pH 8.0 containing 0.5
mM KEDTA (o) at a density of 1.2 x 10" cells/m! and incubated at 25°C. After 2 min, 100 4! of the
cells were added to 900 ¢l of incubation buffer and incubated at 25+C with shaking for 30 min. D-
lactate (40 pmoles) in 500 ul of incubation buffer was added. After 5 min, [*H]-oleate (0.15 umoles)
in 500 1 of incubation buffer was added and the incubation continued at 25¢C. At the times specified
an aliquot of the incubation mixture was assayed for oleate uptake as described in Section 2.23,
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8-fold). The observation that both the affinity for the fatty acid and the V,,, of

transport were affected, suggests that the rate-limiting, saturable step in the uptake
process was being regulated by starvation and D-lactate,
3,13. The Rate-Limiting, Saturable Step in the Fatty Acid Uptake Process

The saturability of fatty acid uptake (Fig. 36) clearly showed that the rate-
limiting step is protein-mediated. However, the identity of the rate-limiting step is
not known. Permeation of fatty acids across the outer membrane is facilitated by
the fadL protein. Although this protein binds fatty acid saturably and with high
affinity (Fig. 18) it is not involved in the rate-limiting step. This conclusion is based
on the observation that Tris-EDTA disruption of the outer membrane which leads
to an increase in the uptake of hydrophobic compounds (Nikaido and Vaara, 1985)
did not affect fatty acid uptake (Fig. 37 and Black et al., 1987). The absence of a
fatty acid binding protein in the periplasmic space indicates that translocation of
fatty acids across this compartment is not rate-limiting (Fig. 25). Furthermore, the
observations that oleate uptake was not affected when the membrane potential was
abolished (Fig. 33A) and that a fatty acid binding protein was not detected in the
inner membrane using photoreactive fatty acid analogue (Fig. 27C) suggest that the
transmembrane movement of fatty acids across the inner membrane is not rate-
~ limiting.

Mutants deficient in g-oxidation enzymes were shown to be capable of fatty
acid uptake, suggesting that degradation is also not rate-limiting (Maloy et al., 1981).

It is therefore possible that either activation of fatty acid to the thioester by acyl-
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Figure 38. A schematic representation of possible rate-limiting steps in the process of fatty acid
uptake. e.t.c., electron transport chain; ACS, acyl-CoA synthetase; apH, proton gradient; ay, electrical
potential,
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Figure 39, TLC analysis of ccllular phospholipid and fatty acyl-CoA syntheses during olcate uptake,
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Figure 40. Elfcct of D-lactate on fatty acyl-CoA and phospholipid syntheses in starved ML308 cells,
V/ashed oleate grown cells (1.2 x 10%) in 1 ml of incubation buffer were incubated for 30 min at 25°C
with continuous shaking. Incubation buffer (500 xl) without (CJ) or with (H) D-lactate (40 amoles)
was added and the incubalion continued for 5 min. [FH]-Oleate (0.15 pmoles; 7.4 Ci/mmole) in 500
ul of incubation buffer was added. At the specificd times, the incubation mixtures were assayed for
the extent of phospholipid (A) and fatty acyl-CoA (B) synthesis as deseribed in Section 2.2.6.
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CoA synthetase or utilization of fatty acyl-CoA for phospholipid synthesis is rate-

limiting (Fig. 38). To assess whether activation or utilization may be rate-limiting,
the use of oleate taken up by starved and starved, D-lactate activated cells for the
syntheses of cellular fatty acyl-CoA and phospholipids was determined. At the times
indicated during the uptake assay, the cells were subjected to a Bligh-Dyer
extraction. The organic phase containing phospholipids and the aqueous phase
containing acyl-CoA were analyzed by TLC (Fig. 39). In both the starved and
starved, D-lactate activated cells, the. internalized oleate was incorporated in
phosphotidylethanolamine (PE) (R, = 0.42) and phosphatidic acid (PA) (R,= 0.24)
(Fig. 39A). The syntheses of phospholipid (Fig. 39A) and oleoyl-CoA (R, = 0.45)
(Fig. 39B) were both much higher in D-lactate activated cells than in starved,
unactivated cells. Quantitatively, D-lactate activation resulted in a 6-fold increase
in the synthesis of both phospholipids (Fig. 40A) and fatty acyl-CoA (Fig. 40B).
Furthermore, the levels of fatty acyl-CoA in starved and starved D-lactate activated
cells were at least 100-fold lower than the phospholipid levels. This suggests that
activation rather than utilization (Fig. 38) is rate-limiting in the overall process of
fatty acid uptake. The increase in the level of cellular fatty acyl-CoA in response
to D-lactate under conditionsqof increased phospholipid synthesis suggests that the
observed effects of starvation and D-lactate on fatty acid uptake are related to the
regulation of acyl-CoA Synthetase activity: D-lactate must result in increased fatty
acyl-CoA synthetase activity in order to produce higher levels of fatty acyl CoA

despite higher rates of its utilization in phospholipid synthesis.
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Figure 41. Dctermination of acyl-CoA synthetase activity in starved and D-lactate activated ML308
cells, Washed oleate grown cells (1.2 x 10%) was starved and activated with D-lactate as described in
Section 223, The cells were lysed as described in Section 2.2.10. Acy!-CoA synthetase activity in total
lysate prepared from starved (o) or starved, D-lactate activated (@) cells, was assayed as described in
Section 2.2.7. :
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Figure 42, Effect of D-lactate on the activity of crude £. coli acyl-CoA synthetase, Spheroblasts of
ML308 grown on oleate were prepared and lyscd in the absence of D-laclate as described in Section
2.2.11. The crude lysate was centrifuged at 46,000 x g for 60 min at 4C. The supernatant was assayed
for acyl-CoA synthetase activity as described in Section 2.2.7. using 400 &M (*H]-olcate (247 Ci/molc)
in the presence (closed symbols) or absence (open symbols) of 20 mM D-lactate and in the presence
(®,0) or absence (4,4) of 0.1% Triton X-100.
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Figure 43. Effcct of Triton X-100 on the activity of partially purified E. coli acyl-CoA synthetase.
Acyl-CoA synthetase was purified as described in Section 2.2.21 and assayed in the presence (@) or
absence (o) of 0.1% Triton X-100 as in Secction 2.2.7 using 400 xM [PH]-oleate (300 Ci/mole).
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3.14. Regulation of Fatty Acyl-CoA Synthetase

The effect of D-lactate on fatty acid uptake appears to be related to an
increase in acyl-CoA synthetase activity. This was not due to an increase in the
amount of the enzyme during the incubation of the starved celis 'with D-lactate (Fig.
41). The observed changes in fatty acyl-CoA synthetase activity must therefore be
due to regulation of existing enzyme by another mechanism. To assess whether acyl-
CoA synthetase is directly activated by D-lactate, the activity of the enzyme in
cytosol prepared from oleate grown cells was measured (Fig. 42). When the assay
mixture contained Triton X-100 as described (Kameda and Nunn, 1981), the activity
of acyl-CoA synthetase in the presence or absence of D-lactate was not significantly
different. The activity of the enzyme was not affected by the addition of D-lactate
when Triton X-100 was excluded. However, removal of Triton X-100 from the assay
resulted in a 4-fold reduction in the activity of acyl-CoA synthetase. Activation by
Triton X-100 (by 20-fold) was also observed with DEAE-sepharose, ammonium
sulfate precipitation and hydroxyapatite purified enzyme (Fig. 43). These results
clearly show that the enzyme is not directly activated by D-lactate. Instead it
appears that fatty acyl-CoA synthetase becomes activated when associated with a
hydrophobic surface.

Activation of fatty acyl-CoA synthetase in the presence of Triton X-100
implied that the enzyme may require lipids for full activation. In the presence of
extensively washed inner membrane vesicles prepared from E. coli grown on oleate

(essentially devoid of endogenous acyl-CoA synthetase) and Triton X-100, the
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Figure 44, Effect of Triton X-100 solubilized £. cofi membranes on the activity of partially purified
E. coli acyl-CoA synthetase. Acyl-CoA synthetase was purified as described in Section 2.2.21 and
assayed with (@) or without (o) extensively washed inner membrane vesicles as described in Section
2.27. The final concentration of [*H]-oleate (300 Ci/:nole) was 400 4M.
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TABLE 1
Effect of D-lnctate on the membrane association of
fatty acyl-CoA synthetase

Membranes, prepared and washed in the presence of D-lactate as described in Section 2.2.11,
were washed twice by resuspension and vigorous homogenization in cold 100 mM potassium
phosphate, pH 6.6 containing 20 mM D-lactate, The final membrane pellet was resuspended
in 1.7 ml of cold 59 mM potassium phosphate, pH 6.6. The fractions were assayed for g-
galactosidase and fatty acyl-CoA synthetase aclivities as described in Sections 2.2.8 and 2.2.7,
respectively.

Membranes were prepared and washed in the absence of D-lactate as described in Section
22,11, The washed membrane pellet was resuspended in 2 ml of cold 50 mM potassium
phosphate, pH 6.6. The fractions werc assayed for g-galactosidase and fatty acyl-CoA

synthetase activitics as described in Sections 2.2.8 and 2.2.7, respectively.
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activity of partially purified fatty acyl-CoA synthetase, based on initial rates, was 4
times higher than that obtained in the presence of just Triton X-100 (Fig. 44).
However, the actual leve! of activation of the enzyme in the presence of membranes
is most likely higher than that observed since the assay was performed under
limiting conditions. These results therefore suggest that activation of fatty acyl-CoA
synthetase may be lipid dependent.

The observations that fatty acyl-CoA synthetase activity was stimulated by
Triton X-100 solubilized membranes and that fatty acid uptake as well as cellular
acyl-CoA synthesis was stimulated in response to D-lactate, suggest that in vivo it
is possible that D-lactate stimulates fatty acyl-CoA synthetase activity by promoting
its association with the inner rﬁembrane. To test this possibility, inner membrane
vesicles were prepared in the presence and absence of D-lactate. The extent to
which fatty acyl-CoA synthetase was in the membrane bound fraction was
determined; the removal of cytoplasm during lysis and washing was assessed using
the constitutively expressed beta-galactosidase as a marker enzyme. The first wash
of the membrane prepared in the presence of D-lactate removed essentially all of
the cytoplasm (2% of the beta-galactosidase activity remained) while the fatty acyl-
CoA synthetase activity remained associated with the membrane (Table 1A).
Further washing of the pellet by vigorous homogenization as described (Kaback,
1971) resulted in 59% of the fatty acyl-CoA synthetase activity still being retained
in the pellet (Table 1A). In contrast, membranes prepared in the absence of D-

lactate and washed once retained 4% of the beta-galactosidase activity and only
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21% of the acyl-CoA synthetase activity (Table 1B). After correction for retention
of the soluble cytoplasmic fraction, the recovery of acyl-CoA synthetase in the
membrane fraction was 17% in the absence of D-Lactate and 130% in the presence
of D-lactate. These results show that the presence of D-lactate during lysis results
in isolation of essentially all of the acyl-CoA synthetase in the membrane fraction
while in the absence of D-lactate, lysis results in removal of most of the enzyme
from the membrane. These results together with the ones discussed above suggest
that the observed effects of starvation and D-lactate on oleate uptake may be
related to regulation of acyl-CoA synthetase activity by reversible association with
the inner membrane,
3.15. Biochemical Analysis of the Involvement of Acyl-CoA Synthetase in Fatty Acid
Uptake

Genetic studies have shown that fatty acyl-CoA synthetase is necessary for
fatty acid uptake in E. coli (Klein et al., 1971; Overath et al., 1969; Maloy et al.,
1981; Black et al., 1987). Results obtained from this study suggest that this enzyme
is rate-limiting and regulates fatty acid uptake. Moreover, regulation of fatty acid
uptake by fatty acyl-CoA synthetase appears to be related to changes in its activity
by reversible association with the inner membrane. However, the involvement of
fatty acyl-CoA synthetase in the uptake process was never demonstrated
unambiguously. To assess more directly whether fatty acyl-CoA synthetase is
involved in the uptake process, fatty acid uptake in inner membrane vesicles was

studied.
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Figure 45. Time-course of growth of ML308 on oleate. ML308 grown in Luria-Bertani media was
diluted 1000-fold in M9 minimal media containing S mM oleate and grown as described in Scction
2.2.2. After reaching a density of 4.8 x 108 cclls/m! the cells were diluted into fresh M9 minimal media
containing 5 mM oleate and grown as described in Section 2.2.2. Al the specificd times an aliquot of
the culture was used to determine the O.D. at 660 nm.
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These vesicles are in the same orientation as the inner membrane in intact
cells and have been used extensively to study the mechanism of sugar and amino
acid transport across the inner membrane of E. coli (Kaback, 1972). However, more
importantly, these vesicles are essentially devoid of cytoplasm; consequently, the role
of acyl-CoA synthetase can be unambiguously assessed in the absence of other
cytoplasmic enzymes. Unlike in whole cells, hydrophobic compounds are now
directly accessible to the inner membrane due to the removal of the outer
membrane.

The strain of E. coli that is commonly used to isolate inner membrane
vesicles is ML308; the yield of vesicles is higher and less contaminated with outer
membrane that other strains, including the wild-type K-12 strain (Kaback, 1971).
The ML308 strain expresses S-galactosidase constitutively which can be used as a
marker to assess the extent of removal of the cytoplasm during the preparation of
the vesicles. In addition to this strain being able to grow on fatty acid (growth
constant (k) = 0.11, doubling time (DT) = 2.75 h) (Fig. 45), it is as active in fatty
acid uptake as the wild type K-12 strain (Fig. 31). These cells are therefore suitable
for studying the involvement of acyl-CoA synthetase in fatty acid uptake using inner
membrane vesicles.

3.15.1. Characterization of Vesicles Prepared from Cells Grown in Different Media

It has been shown that the membrane of inner membrane vesicles is de-
energized and that it can be re-energized by D-lactate or ascorbate/PMS (Kaback,

1972). The level of energization of the membrane of vesicles prepared from ML308
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Figurc 46. Effect of D-lactate on proline uptake in inner membrane vesicles prepared from ML308
grown in M9 minimal media containiag oleate or glucose. ML308 was grown in M9 minimal media
containing 5 mM oleate (A) or 25 mM glucose (B) as deseribed in Section 2.2.2. Extensively washed
vesicles were prepared as described in Section 2.2.12.1. Froline uptake was assayed in the absence (o)
or presence (@) of 20 mM D-laclate as described in Section 2.24.
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Figurc 47, Effect of D-lactate on proline uptake in inner membrane vesicles prepared from ML308
grown in MA minimal media containing oleate or glucose. ML308 was grown in MA minimal media
containing 5 mM oleate (A) or 25 mM glucose (B) as described in Section 2.2.12.1. Extensively washed
vesicles were prepared as described in Section 2.2.4. Proline uptake was assayed in the absence (o)
or presence (@) of 20 mM D-lactate as described in Section 2.2.4.
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grown in M9 minimal medium containing oleate as the carbon source was
determined. This was assessed indirectly by monitoring proline uptake. The rate
of proline uptake in the presence of D-lactate was about 1.4-fold of that obta.ined
in the absence of D-lactate (Fig. 46A). This shows that the membrane of these
vesicles is still energized. The membrane of vesicles prepared from cells grown in
M9 minimal medium containing glucose was also energized (Fig. 46B), indicating
that this was not due to the substrate used for growth.

The possibility that this lack of de-energization of the membrane is related
to the medium used for growth was considered. Vesicles were prepared from
ML308 grown in MA minimal media containing oleate and assayed for proline
uptake. In the absence of D-lactate, the rate of proline uptake was very low in
comparison to that obtained in the presence of D-lactate (Fig. 47A). Similarly, the
rate of proline uptake in vesicles prepared from cells grown in MA minimal media
containing glucose is low (Fig. 47B). These results confirm that the lack of de-
energization of the membrane prepared from cells grown in M9 minimal medium
is related to the growth medium used. Therefore, the cells used to prepare vesicles
were routinely grown in MA minimal media.

3.15.2. Stability of the Vesicles to Freeze-thawing

Acyl-CoA synthetase requires ATP and CoASH for activity. Both of these
can be introduced into the vesicles by freeze-thawing. It was reported that the
stability of inner membrane vesicles was not affected by freeze-thawing (Kaback,

1971). To ensure that vesicles prepared from cells grown on oleate are stable to
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Figure 48, Effect of freeze-thawing on the stability of inner membrane vesicles prepared from ML308
grown in MA media containing oleate or glucose. Extensively washed inner membrane vesicles were
prepared from ML308 grown in MA minimal media containing 5 mM oleate (A) or 25 mM glucose
(B), as described in Section 2.2.12.1. Proline uptake in unfrozen (@) or freeze-thawed (o) vesicles was
assayed in the presence of 20 mM D-lactate as described Section 224,
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Figure 49, Effect of freeze-thawing on the stability of inner membrane vesicles prepared from ML308
grown in MA minimal media containing palmitate. Extensively washed inner membrane vesicles were
prepared from ML308 grown in MA minimal media containing 3.5 mM palmitate as described in
Section 2.2.12.1. Proline uptake in unfrozen (@) or freeze-thawed (W) vesicles was performed in the
presence of 20 mM D-lactate as described in Section 2.2.4,
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freeze-thawing, proline uptake was assessed. The rate of proline uptake in freeze-
thawed vesicles was much lower than that obtained for unfrozen vesicles (Fig. 48A).
However, the rate of proline in vesicles prepared from cells grown on glucose was
the same before and after freeze-thawing (Fig. 48B). These results suggest that. the
observed instability of vesicles prepared from cells grown on oleate may be related
to the substrate used for growth of the bacteria and not instability of the proteins
involved in proline transport.

It is known that the membrane fluidity is affected by the fatty acid
composition of the phospholipids (Nikaido, 1990). This is dependent on the
substrate used as the carbon source for growth in the case of bacteria (Nikaido,
1990). Therefore, it is expected that the lipids of oleate grown cells would contain
a higher percentage of oleate than cells grown on ‘qucose. Consequently, the
membrane of oleate grown cells would be expected to be more fluid than that of
glucose grown cells. It is therefore possible that the increased fluidity of the
membrane of vesicles prepared from cells grown on oleate affects proper resealing
of the vesicles after freeze-thawing. If this is the case, then vesicles prepared from
cells grown on palmitate a saturated fatty acid, should not be destabilized by freeze-
thawing since the membrane should be more rigid. The rate of proline uptake in
vesicles prepared from cells grown on palmitate was essentially the same before and

after freeze-thawing (Fig. 49).
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Figure 50. Effect of D-lactalc in vesicles preparcd from ML308 grown in MA minimal media
containing palmitate. Extensively washed inner membrane vesicles were prepared from ML308 grown
in MA minimal media containing 3.5 mM palmitate as described in Section 2.2.12.1. Prolinc uptake
was assayed in the absence (O) or presence (M) of 20 mM D-lactate as described in Section 2.2.4.
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Figure 51. Effect of CCCP on proline uptake in inner membrane vesicles prepared from ML308 grown
in MA minimal media containing palmitate. Extensively washed inner membrane vesicles were
prepared from ML308 grown in MA minimal media containing 3.5 mM palmitate as described in
Section 2,2.12.1. Prior to assaying prolinc uptake, inner membrane vesicles were pre-incubated without
(®) or with (¢) 5 M CCCP for 2 min in the presence of 20 mM D-lactate as described in Section
224,
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3,15.3. Energy Dependence of Proline Uptake in Vesicles Prepared from Cells

Grown on Palmitate

The uptake of proline in inner membrane vesicles was shown to be entirely
dependent on energization of the membrane (Fig. 47A and B) and as reported
(Kaback, 1972). Proline uptake in vesicles prepared from cells grown on palmitate
is also dependent on energization of the membrane (Fig. 50). The rate of energy
driven proline uptake is approximately 2 nmoles/min/mg of protein which is the
same as that reported. This shows that these vesicles are as active as those reported
(Kaback, 1972). The low rate of proline uptake in the absence of an exogenous
energy source implies that the vesicles are essentially devoid of endogenous
sgbstrate and/or metabolic enzymes capable of re-energizing the membrane. The
fact that the vesicles are capable of energy dependent vectorial translocation shows
that they are resealed in the right orientation since it was reported (Hare et al.,
1974) that inverted vesicles are unable to transport proline. The uncoupler CCCP
de-energizes the membrane by abolishing the electrochemical potential. This leads
to inhibition of proline uptake. The sensitivity of proline uptake to CCCP in
vesicles prepared from cells grown on palmitate was assessed. In the presence of
CCCP the rate of proline uptake was very low in comparison to that obtained in the
absence of CCCP (Fig. 51). This further shows that these vesicles exhibit many of
the characteristics reported for vesicles prepared by others.
3.154. Fatty Acid Uptake in Vesicles Containing Acyl-CoA Synthetase

The activity of acyl-CoA synthetase is dependent on CoASH and ATP.
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Figure 52, Effcct exogenous CoASH and ATP on oleate uptake in ianer membrane vesicles prepared
from ML308 grown on palmitate. Inncr membrane vesicles (1.1 mg of protein/ml) were frozen in
liquid nitrogen in 25 mM potassium phosphate, pH 6.6 without (o) or with (@) 25 mM ATP, 3.1 mM
CoASH and 10 mM magnesium sulfate. The vesicles were thawed at 37°C. An aliquot of the vesicles
(150 ul) was incubated at 37°C for 15 min. The uptake assay was initiated by the addition of 150 ul
of {*H)-oleate (1320 Ci/mole) complexed to BSA (346 sM oleate/346 uM BSA) in 25 mM potassium
phosphate, pH 6.6. At the specificd times, 50 ul of the incubation mixture was added to 2.5 ml of 100
mM Tris-HCI, pH 8.0 and filtered. The filter was washed once with 2.5 ml of 100 mM Tris-HC), pH
8.0. The filter was air dricd and the retaincd radioactivity determined by liquid scintillation counting,
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Therefore, if this enzyme is involved in fatty acid uptake, the rate of uptake in
vesicles containing the enzyme should be dependent on CoASH and ATP,
Exogenous CoASH and ATP was introduced into vesicles prepared from cells grown
on palmitate by freeze-thawing. The vesicles contained approximately 50% of the
total enzyme. The fatty acid was presented as a BSA complex instead 9f a
detergent micelle in order to minimize lysis of the vesicles. The free fatty acid
concentration under these conditions was 125 nM. In the absence of exogenous
CoASH and ATP the rate of oleate uptake was low while a stimulation of oleate
uptake was observed in vesicles containing CoASH and ATP (Fig. 52). This shows
that acyl-CoA synthetase is involved in fatty acid uptake. The fact that no fatty acid
binding proteins were found in the inner membrane together with observation that
fatty acid uptake was not coupled to the electrochemical potential suggest that acyl-
CoA synthetase is necessary and sufficient for fatty acid permeation of the inner
membrane of E. coli. The results further suggest that th;: 'observed effects of
starvation and D-lactate on oleate uptake in whole cells are related to regulation
acyl-CoA synthetase activity.

At present the role of acyl-CoA synthetase in the fatty acid uptake process
in E. coli is not clear. It was shown that fatty acids readily partition intu the lipid
bilayer. However, the rate of fatty acid removal from the membrane is very slow.
This is related to the large amount of energy required to disrupt the hydrophobic
interaction between the fatty acid and the membrane lipids. In cells, excessive

accumulation of fatty acids in the plasma membrane would result in lysis of the
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cells, In mammalian cells, low molecular weight cytosolic fatty acid binding proteins
have been implicated in the desorption of fatty acids from the bilayer (Paulussen
and Veerkamp, 1990; Peeters et al,, 1989). It is possible that acyl-CoA synthetase
may also be involved in a similar function in the uptake of fatty acids across the
inner membrane. Consistent with the proposed role of fatty acyl-CoA synthetase is
the finding that under conditions where fatty acid uptake was stimulated, acyl-CoA
synthetase was found to be entirely associated with the membrane.
3.16. Overview

The mechanism of fatty acid uptake in E. coli was poorly understood at the
biochemical level. It was known that the process is energy-dependent and involves
acyl-CoA synthetase and the fadL protein which is required for translocation of fatty
acids across the outer membrane. However, the mechanism by which cellular
energy was coupled to the overall prczess or the mechanism of fatty acid permeation
of the inner membrane or across the periplasmic space, or the role of acyl-CoA
synthetase were not understood. Furthermore, it was also not known whether one
of the above proteins or a ;.\ ~tein which may be required for fatty acid translocation
across the inner membrane or the periplasm, is involved in the saturable, rate-
limiting step.

To identify the saturable, rate-limiting step in the overall process of fatty acid
uptake, attempts were made initially to gain further insight into the mechanism of
fatty translocation at the various steps. To accomplish this objective, a

photochemical approach involving radioactive photoreactive fatty acid analogue was
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used to directly assess the possible involvement of proteins,

The photoreactive fatty acid probe was shown functionally to be recognized
by mammalian and E. coli (Greenberg, et al., 1976; Olson, et al., 1979; Leblanc et
al., 1982; Capone et al., 1983; Leblanc and Gerber, 1984) enzymes involved in fatty
acid metabolism, Uptake analysis using a filter assay (Fig. 13) showed that 11-DAP-
[11-H]-undecanoate was taken up specifically by the transport system expressed in
E. coli grown on oleate. Furthermore, the probe was capable of labeling proteins
hhving an affinity for fatty acids in total E. coli cell lysate (Fig. 12) and during the
uptake of the probe in cells grown on oleate (Fig. 14). Thus, the photoreactive fatty
acid probe is a suitable tool for identifying fatty acid binding proteins involved in
fatty acid uptake.

The mechanism by which the fadL protein facilitates the transmembrane
movement of fatty acids across the outer membrane is not understood. Binding
analysis using fadL mutants led to the proposal that this protein binds fatty acid
(Nunn et al.,, 1986; Kumar and Black, 1991; Black, 1990). However, no direct
evidence has been reported which supports this conclusion. A 33 kDa protein
having an apparent pl of 4.6 was labeled with the photoreactive fatty acid analogue
11-DAP-[11-°H]-undecanoate in intact E. coli. The labeled 33 kDa protein was
shown to be the fadL protein by its induced expression (compare Fig. 15A, box and
Fig. 15B, box), presence in isolated membranes (Fig. 16A, box and Fig, 23B, box),
the lack of detection in intact fadl deficient cells (Fig. 15C) and isolated

membranes (Fig. 16C and Fig. 23C), heat-modifiable behaviour (Fig. 22),
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localization to the outer membrane (Fig. 27D) and recognition by an antiserum to
a peptide of the fadL protein (Fig. 24A).

The fact that the fadL protein was labeled specifically and preferentially over
abundant membrane proteins at low concentration of the probe (nanomoiar) (Fig.
17, lane 1) indicated that the protein has a fatty acid binding site. The presence of
such a site was confirmed by the observed saturability of labeling of the fadL
protein (Fig. 18). Therefore, through the use of photoreactive fatty acid analogi. .
it was demonstrated that not only is th'e fadL protein capable of binding fatty acids,
but it does so saturably and with high affinity.

The intensity of labeling of the fadL protein by 11-DAP-[11-°H]-undecanoate
was found to increase as the pH was decreased from 8.0 to 6.5 (Fig. 19A and Fig.
20). The increase in labeling of the fadL protein was significantly higher than that
observed for the labeling of major membrane proteins. This increase in labeling is
therefore not due to increased non-specific labeling, instead this was attributed to
an increase in specific labeling.

The increase in the fadL protein’s affinity for the probe as the p¥ was
decreased from 8.0 to 6.5 must be due to protonation of an ionizable group or
groups on the protein. On the basis of the pH profile of labeling and the
involvement of an basic amino acid residue (arginine) in fatty acid binding to
mammalian Iow molecular weight cytosolic fatty acid binding protein and BSA, the
most likely candidate is a histidine residue. However, one cannot exclude the

possibility that protonation of a carboxylic acid group on the protein leads to an
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increase in it's affinity for fatty acid. In support of the involvement of a histidine
residue is the finding that pre-treatment of isolated membranes with DEPC, a
reagent relatively specific for histidine at pH 6.5, resulted in inhibition of labeling
of the fadL protein (Fig. 21).

| The mechanism by which fatty acid in the periplasmic space is delivered to
the inner membrane is not clear. By analogy to other transport mechanisms (eg.
histidine, maltose, phosphate) in E. coli (Ames, 1986), it is possible that fatty acid
permeation of the periplasmic space is also protein-mediated. Iowever, the fact
that no fatty acid binding proteins were detected with the photoreactive fatty acid
probe in the periplasm isolated from cells grown on oleate (Fig. 25, lane 3) strongly
suggests that this step is not protein-mediated.

The transmembrane movement of fatty acids across the inner membrane was
proposed to be coupled to the electrochemical potential and involve a permease
(Kameda, 1987); this is based on the observations that fatty acid uptake in whole
cells was irhibited when the membrane potential was abolished by uncouplers.
Using the photoaffinity labeling method no evidence was found for the presence of
a fatty acid binding protein in the inner membrane (Fig. 27C) which is consistent
with the proposal that fatty acid permeation across th:: plasma membrane of cells
is not protein-mediated, but occurs by a simple diffusive mechanism. Furthermore,
it was determined that fatty acid uptake was not directly coupled to or affected by
the magnitude of the e'lectrochemical potential (Fig. 33A).

Acyl-CoA synthetase has been shown genetically to be necessary for fatty acid
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uptake in E. coli (Klein et al, 1971; Overath et al, 1969; Black et al, 1977).

However, the involvement of this enz}me in the process was never demonstrated
biochemically or unambiguously. The development of a method for preparing right-
side out inner membrane vesicles has led to much of our current understanding of
bacterial transport mechanisms (Kaback, 1971). Therefore, inner membrane vesicles
were used to assess biochemically whether acyl-CoA synthetase is involved in fatty
acid uptake. The inner membrane vesicles used in this study are stable upon
storage and to freeze'-thawing (Fig. 49); they are essentially devoid of endogenous
energy sources (Fig. 47) and were highly impermeable (Fig. 50).

Vesicles containing acyl-CoA synthetase and exogenously introduced CoASH
and ATP are able to take up fatty acid while vesicles containing just the enzyme
could not (Fig. 52). The CoASH and ATP dependency of fatty acid uptake in acyl-
CoA synthetase containing vesicles demonstrated directly for the first time that this
enzyme is necessary for fatty acid uptake in E. coli. Furthermore, the observations
that fatty acid translocation of the inner membrane is not coupled to the
electrochemical potential or involves a protein further suggest that acyl-CoA
synthetase is also sufficient for uptake across the inner membrane,

The saturability' of fatty acid uptake in E. coli (Fig. 36) clearly showed that
the rate-limiting step is protein-mediated. This step cannot be translocation of fatty
acids across the periplasmic space or the transmembrane movement across the inner
membrane since no fatty acid binding proteins were detected in either compartment

(Fig. 25, lane 3 and Fig. 27C). Although the fadL outer membrane protein binds
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fatty acid saturably, it is not involved in the rate-limiting step (Fig. 18). This

conclusion is based on the observations that Tris-EDTA disruption of the outer
membrane, which leads to increase in the. uptake of hydrophobic compounds
(Nikaido, 1985), did not affect fatty acid uptake (Fig. 37; Black, et al, 1987).
Mutants unable to metabolize fatty acid by g-oxidation were capable of fatty acid
uptake (Maloy et al., 1981), suggesting that degradation of fatty acid is not rate-
limiting. The involvement of acyl-CoA synthetase at the rate-limiting step in the
overall process was suggested by the finding that the level of cellular fatty acyl-CoA
was significantly lower than the level of phospholipids during the uptake of
exogenous fatty acid (Fig. 4U).

Biochemical processes in cells are highly regulated. This can occur at the
level of gene expression or more directly by modulation of the activity of one or
more enzymes involved in the process. Fatty acid uptake in E. coli is regulated by
gene expression since this process is induced by growth on fatty acid. This study
clearly shows that the fatty acid uptake process itself is subjected to control. The
rate of fatty acid uptake was found to be inhibited by starvation (Fig. 28 and Fig.
31). The fact that the rate of oleate uptake was reactivated by D-lactate (Fig. 30
and Fig. 31) and by other energy sources (Fig. 29) suggested that during starvation
the cells may have been de-energized. However, the inhibitory effect of starvation
on oleate uptake did not appear to be related to de-energization of the membrane
since proline uptake, which is known to be coupled to the electrochemical potential

was not affected (Fig. 32) and since oleate uptake unlike proline uptake (Fig. 33B),
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was virtually unaffected when the electrochemical potential was collapsed by CCCP
(Fig. 33A). It was also determined that the cytoplasmic ATP content was not
affected during the starvation (Fig. 34) or during the incubation with D-lactate (Fig.
35). It was therefore concluded that the effects of starvation and D-lactate on
oleate uptake are not related to the state of energization of the cells.

The observation that D-lactate activation increased the V_,, of oleate uptake
by about 8-fold and reduced the K, by 3.5-fold (Fig. 36) indicated that the rate-
limiting step is beiné regulated by starvation and D-lactate. Evidence obtained in
this study suggest that acyl-CoA synthetase may be involved in the rate-limiting step.
Consequently, the utilization of oleate taken up by starved and starved, D-lactate
activated cells for the synthesis of fatty acyl-CoA was determined. The results show
that D-lactate activation stimulated the rate of cellular oleoyl-CoA synthesis by
about 6-fold (Fig. 40B) thus, suggesting that the effects of starvation and D-lactate
on oleate uptake are related to regulation of acyl-CoA synthetase activity,

The change in acyl-CoA synthetase activities in starved and starved, D-lactate
activated cells are not related to changes in the amount acyl-CoA synthetase during
the starvation and reactivation (Fig. 41) or to a direct interaction between D-lactate
and the enzyme (Fig. 42). It was determined using a crude preparation that acyl-
CoA synthetase activity is activated in the presence of Triton X-100 (Fig. 42). The
fact that activation by Triton X-100 was also observed for acyl-CoA synthetase
partially purified by DEAE-Sepharose chromatography, ammonium sulfate

precipitation and hydroxyapatite chromatography (Fig. 43), suggests that the enzyme
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becomes activated when associated with a hydrophobic surface. In addition,
activation of fatty acyl-CoA synthetase also appears to be dependent on lipid (Fig.
44).

In vitro, a number of enzymes in E. coli (pyruvate oxidase and
phosphatidylserine synthetase (Russell, et al., 1977a; Russell, et al., 1977b; Blake,
et al., 1978; Recny, et al., 1985; Hamilton, et al., 1986; Louie, et al., 1986) and in
mammalian cells (protein kinase C, phospholipase A,) (Nishizuka, 1984; Parker, et
al, 1986; Gennis, 1989) whose activities are regulated by reversibl;a membrane
association in vivo, are activated in the presence of membranes or detergents. The
fact that acyl-CoA synthetase was stimulated by Triton X-100 suggests that in vivo
D-lactate may activate the enzyme by promoting its association with the membrane.
Preparation of inner membrane vesicles clearly showed that D-lactate promoted an
association of acyl-CoA synthetase with the membrane (compare Table 1A with
Table 1B). This finding strongly suggests that the effects of starvation and D-lactate
on oleate uptake is due to regulation of acyl-CoA synthetase activity by reversible
association with the inner membrane.

3.17. Conclusions

It was demonstrated that a photoreactive fatty acid analogue is. capable of
identifying a membrane-bound fatty acid binding protein and this probe was used
to demonstrate directly that the fadL outer membrane protein of E. coli binds fatty
acid saturably and with high affinity. Evidence obtained suggests that binding of

fatty acids to the fadL protein may involve one or more histidine residue. Using the
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photoaffinity labeling method, no evidence for a fatty acid binding protein in the
periplasmic space or in the inner membrane was found, Translocation of fatty acid
across the inner membrane is not rate-limiting in the overall process or directly
coupled to the electrochemical potential. The: observed energy-dependence of fatty
acid uptake is due to the requirement of ATP.

Acyl-CoA synthetase was shown to be necessary and sufficient for fatty acid
permeation of the inner membrane using inner membrane vesicles. Evidence
obtained suggests that acyl-CoA synthetase is involved in the rate-limiting step and
in the regulation of fatty acid uptake. Regulation of fatty acid uptake by acyl-CoA
synthetase appears to be related to changes in its activity by reversible association

with the inner membrane.
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3.18. Future Investigations
3.18.1. Identification of the Fatty Acid Binding Site of the FadL Protein of E. coli
The saturability of labeling of the fadL protein shows that the protein has a
fatty acid binding site. However, the location qf this site is not known. The
identification and characterization of the fatty acid binding site of the fadL protein
should be pursued. This can be accomplished by determining the site of attachment
of the photoreactive fatty acid to the protein using protein chemistry. Conservative
"mutagenesis of the region surrounding the site of attachment of the pi'obe followed
by photoaffinity labeling should determine the importance of that region in fatty
acid binding to the fadL protein.
3.18.2. Identification of Amino Acid Residues Essential for Fatty Acid Binding to
the fadLL Protein |
The pH profile of specific labeling of the fadL protein with the probe
indicated that binding of fatty acid to the protein involves an electrostatic
interaction. Based on this pH profile, inhibition of labeling by DEPC suggested that
binding of fatty acid to the fadL protein involves a histidine residue. The protein
contains 5 histidine residues. Each of these can be changed individually by site-
directed mutagenesis. The effect of each change on the affinity of the fadL protein
for the photoreactive fatty acid will establish the importance of that histidine residue

in the binding of fatty acid to the protein.
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3.18.3. In Vivo Analysis of Recruitment of Fatty Acyl-CoA Synthetase to the Inner

Membrane of E. coli

The results obtained in this study strongly suggest that fatty acyl-CoA
synthetase is rate-limiting in fatty acid uptake and regulates this process. This
regulation of fatty acid uptake by fatty acyl-CoA synthetase appears to be related
to changes in its activity by reversible association with the inner membrane.
Regulation of fatty acyl-CoA synthetase activity by recruitment was based on the
finding that under conditions where both fatty acid uptake cellular fatty acyl-CoA
synthesis was stimulated, the enzyme was associated with the inner membrane.
Furthermore, the activity of the enzyme was stimulated in the presence of detergent
solubilized E. coli membranes. Recruitment as the mechanism of regulation of fatty
acyl-CoA synthetase activity in vivo remains to be established. A method for this
type of analysis however, is not currently available.

An approach which has the potential for facilitating in vivo analysis of
recruitment is photolabeling with photoreactive fatty acid incorporated into the
membrane lipids of the cells. To detect cross-linking of the photoreactive lipid to
the recruited enzyme, **P-phosphate is incorporated into the phosphate group of the
lipids. Pieliminary experiments showed that E. coli can grow on 11-DAP-
undecanoate supplemented with a low concentration of acetate and that the specific
activity of the phosphate incorporated into the membrane lipids is high, However,
vecruitment of fatty acyl-CoA synthetase to the membrane was not observed. This

was due to a severe background problem during autoradiography of the gel. At that
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time, an antibody against the enzyme was not available. In the future, fatty acyl-
CoA should be immunoprecipitated and then analyzed by SDS-PAGE. |
3.18.4. Identification of the Physiological Recruiting Agent

Fatty acid uptake as well as cellular fatty acyl-CoA synthesis in starved E. coli
was stimulated by D-lactate, L-lactate, succinate and acetate. However, D-lactate
did not directly activate fatty acyl-CoA synthetase in vitro. It is therefore reasonable
to assume that a metabolite common to the above compounds, recruits the enzyme
to the inner membrane. The end product of metabolism of D-lactate, L-lactate,
succinate and acetate is acetyl-CoA which is also the end product of fatty acid
metabolism.

Two approaches can be used to assess whether acetyl-CoA or other
metabolites is the physiological effector. The first is stimulation of pure fatty acyl-
CoA synthetase activity by acetyl-CoA in the presence of inverted inner membrane
vesicles to- provide the enzyme with the physiologically relevant face of the
membrane. The second approach which can be used to assess recruitment of fatty
acyl-CoA synthetase is to determine whether more of the enzyme is associated with
the membrane in the presence of acetyl-CoA. This can be done by pelleting of the
membrane followed by Western immunoblot analysis.

3.18.5. Lipid Requirement of Activation of Fatty Acyl-CoA Synthetase

Fatty acyl-CoA synthetase was activated by Triton X-100 solubilized E. coli

membranes isolated from cells grown on oleate. This stimulatory effect was also

observed for Triton X-100 solubilized membranes prepared from the cells grown on
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glucose. These results indicated that the enzyme may require lipids for activation,
To examine the lipid requirement of activation of fatty acyl-CoA synthetase, lipids
isolated from E. coli should be used. Studies should also be focussed on the lipid

specificity of activation.
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APPENDICES

The synthetic work described in Appendices A and B was conducted before
transferring into the Ph.D. program. The work should not be considered as being
part of the main thesis since it does not have any direct relevance to the study of
fatty acid uptake in E. coli. However, the synthetic schemes developed for micro-
scale synthesis of phospholipid and fatty acyl-CoA can be used to synthesize
photoreactive phospholipid and fatty acyl-CoA derivatives which could be used to
identify enzymes involved in fatty acid and lipid metabolism,

Appendix A: An Improved Synthesis of Phospholipids

The peptide dinitrophenylpropylthreoninamide (DNP-Pro-Thr-NH,) wasused
as a model system to develop better acylation conditions for the synthesis of
phospholipids using catalyst-activated anhydride. The acylation rate was found to
be inversely related to the polarity of the solvent, chloroform alone resulting in
much better rates of reaction than did pyridine, dimethylformamide or mixtures of
these solvents. Anhydride activated by 4-pyrrolidinopyridine (PPY) was twice as
reactive as that activated with 4-dimethylaminopyridine (DMAP). It was shown that
the phosphate group of phosphatidylcholine (PC) interferes with the acylation by a
process which could be reversed by means of the addition of a 200-fold excess of
PPY. This reversal is not due to base catalysis by the PPY; the results suggcsf that
a mixed anhydride may be formed with the phosphate and that this can be reversed
by high catalyst concentrations to produce the reactive acylating agent. The

acylation rates for lysophosphatidylcholine (lyso PC) using optimum conditions were
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found to be approximately 50 times faster that the best rates reported in the
literature, the reaction being complete within 5 min even using only a slight excess
of anhydride. Acyl group migration was assessed du.ring these reactions and no
increase in migration of the acyl groups could be detected due to thiese reaction
conditions. The procedure described provide significant improvements over previous
methods described for large scale, as well as highly radicactive micro-scale
phospholipid synthesis.
Appendix B: Synthesis of Acyl-CoA Thioesters

An improved synthesis of fatty acyl-coenzyme A has been developed which
permits the synthesis of highly radioactive fatty acyl-coenzyme A. Conditions were
dgveloped to solubilize the coenzyme A under anhydrous solvent for the acylation.
The complete activation of fatty acid to the imidazolide is described and the
acylation of the coenzyme A under anhydrous conditions was shown to result in the
conversion of the fatty acid to the fatty acyl-coenzyme A derivative. The synthetic
product was shown by its chemical and biochemical reactivity to be the pure
thioester of coenzyme A. The purification of the fatty acyl-coenzyme A by reverse-
phase chromatography is described. The yield of pure fatty acyl-coenzyme A was

essentially quantitative,
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INTRODUCTION

According to the model proposed by Singer and Nicolson (1, a biological
membrane is composed of two major components: lipids, the most abundant being
phospholipids, and proteins which are classified into two classes, integral proteins
which traverse the entire span of the lipid bilayer and extrinsic proteins which are
only partially embedded into the membrane. It is well established that these proteins
are involved in a variety of membrane functions such as energy transduction,
communication and transport of metabolically important substrates (2. Currently,
most studies are directed at understanding the mechanism of action of these proteins
in the aforementioned functions by using a functional approach. However, others are
attempting to gain an insight into the function of the protein by determining the
topology of the protein in its native form. More specifically, the topology of the
transmembrane segments of these proteins are of significant interest since they are
important in such functions as transport of metabolic substrates and ions, and
transmembrane signalling.

A variety of experimental approaches, including in situ proteolysis, molecular
genetic approaches, immunological methods, vectorial labeling using impermeable
reagents and hydrophhobic labeling, are used to identify the transmembrane domain.
The former three approaches allow for identification of that portion of the protein

exposed at the membrane surface. In contrast, hydrophobic labeling approach allow
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for identification of the transmembrane segment (3). This approach relies or: the use
of penetratipg chemical agents which are capable of reacting with specific residues
of the protein exposed to the lipid core of the membrane. However, the major
disadvantage of this approach is that it relies on chemistry, which utilizes groups such
as amino, sulfhydryl, phen;;)lic or aliphatic hydroxyl and carboxylic acid groups.
Therefore, these chemical reagents are only capable of reacting with amino acid
residues whose side chains possess of the necessary functional groups. The other
disadvantage of this approach is the chemical agents are added from the outside
which diffuse into the membrane and react with groups on the protein, non-
specifically with respect to site location; the location of the chemical agent is
undefined (4).

Another method of hydrophobic labeling recently introduced is the use of
photoreactive fatty acids attached to phospholipids (5,6,7,8). The use of this inethod
would serve to enhance site specific labeling since the location of the photoreactive
group within the membrane can be manipulated (4). That is the location of the
photoreactive group within the membrane can be varied by varying the length of the
fatty acul moeity of the phospholipids. urthermore, thes »hotor~active groups do
not require the presence of specific functional groups since the reactive species is a
carbene generated photolytically. Therefore, in comparison to other chemical
approaches it is expected that the structural resolution obtained with the
photoreactive probes would be greatly enhanced.

The chemistry that is required for the synthesis of photoreactive phosphalipid
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probes is analogous to those required for the synthesis of phospholipids. Of the
approacies available for the synthesis of phospholipids, most involve acylation of a
preformed phospholipid backbone such as glycero-3-phosphorylcholine or 1-acyl-3-
phosphorylcholine (Fig. 1). The reactive derivatives of fatty acid that are used are
fatty acid anhydride (10,11), fatty acid imidazolide (12,13,14), fatty acid chloride (15),
fatty acid-trifluoroacetic anhydride (16) and 2-thiopyridyl fatty acid ester (17). The
major drawback shared by all of these phospholipid synthetic approaches is that the
secondary hydroxyl group of 1-acyl-glycero-3-phosphorylcheline is very unreactive.
This usually leads to long reaction times and poor yield. To increase the yield, the
activated fatty acid derivatives are usually used in large excess (10,15,16,17).
Furthermore, vigorous conditions such as high temperature (13,15) and strong bases
(12,14) have been attempted. Under these conditions it is possible that side
reactions, such as isomerization and degradation of starting materials may be
enhanced. To minimize the use of harsh conditions, catalysts such as 4-
dimethylaminopyridine (DMAP)(18, 19) and4-pyrrolidinopyridine (PPY) (20,21) have
been introduced. Using one equivalent of 4-dimethylaminopyridine with 1.5
equivalents of fatty acid anhydride to acylate l-acyl-glycero-3-phosphorylcholine,
Gupta and Khorana (18) were able to obtain 90% yield in 24 h. _In the absence of
4-dimethylaminopyridine a yield of 10% was obtained in 20 days.

For photoreactive phospholipid synthesis the use of excessive amounts of the

fatty acid derivatives and low yields are not desired since the syntheses of the
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photoreactive faity acid analogs are laborious. In addition, the photoreactive fatty
acids are not available in large amounts and are highly radioactive. High
temperature must also be avoided since the photoreactive groups are thermolabile.
Long reaction time is also not desired since it has been demonstrated (22) that 1-
acyl-glycero-3-phosphorylcholine undergoes isomerization under prolonged exposure
to acylation conditions. This process is catalyzed by acid or base and is proposed to
occur through acyl or phosphoryl migration (Fig. 2) (22). Therefore, the ideal
synthetic scheme required for the synthesis of radioactive photoreactive phospholipids
should result i1. + high yield, avoid the use of harsh conditions, allow the use of near
equimolar amounts of the activated fatty acid and glycero-3-phosphorylcholine or 1-
acyl-glycero-3-phosphorylcholine, and a short reaction time.

Preliminary experiments using the anhydride approach developed by Gupta
and Khorana (18) to prepare radioactive photoreactive phospholipids on a nanomile
scale resulted in poor yield and the reaction time extended beyond 24 h. Attempts
to increase the yield by increasing the ratio of 1-acyl-glycero-3-phosphorylcholine to
anhydride also resulted in poor yields and the reaction proceeded at a much slower
rate. With the imidazolide approach (14) a very low yield of the radioactive
photoreactive phospholipids was also obtained. These preliminary experiments
indicated that these approaches were not, in general, adaptable to a small scale
preparation of phospholipids. Therefore, it was evident that a new synthetic scheme
had to be developed, one which would allow the preparation of small amounts of

radioactive photoreactive phospholipids very efficiently. In order to accomplish this,
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a critical and systematic evaluation of the different parameters involved in
phospholipid synthesis was required. To perform this systematic analysis
quantitatively we have taken advantage of the following properties of the peptide,
DNP-Pro-Thr-NH,:

a, The dinitrophenyl group provides a very convenient

chromophore which can be monitored on the HPLC at 365 nm.

b. As illustrated below, the position of the hydroxyl group

of the model peptide, DNP-Pro-Thr-NH, is analogous to that of

1-acyl-glycero-3-phosphorylcholine.

DNP—Pro—g—NH NH,, 20&{

OH Hoﬁ +

3 2CjEO‘TH20H2N(Cﬂs) 3
DNP-Pro-Thr-NH, 1-acyl-glycero-3-phosphorylcholine

It has been reported (18) that acylation at the phosphate occurs during the
preparation of 1,2-diacyl-glycero-3-phosphorylcholine. For this reason, DNP-Pro-Thr-
NH, was also used instead of 1-acyl-glycero-3-phosphorylcholine. Since the model
peptidé does not contain other reactive groups, conditions that affect acylation of the

hydroxyl group can be analyzed without interference.
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MATERIALS AND METHODS

Palmitic acid, 4-dimethylaminopyridine, N,N-carbonyldiimidazole, 4-
pyrrolidinopyridine, 1,2-dipalmitoyl-glycero-3-phosphorylcholine and
dicyclohexylcarbodiimide were purchased from Sigma. [*H]palmitic acid was obtained
from New England Nuclear and 1-palmitoyl-glycero-3-phosphorylcholine from
Serdary.

Dry benzene was obtained by distillation over calcium hydride followed by
storage over 4A° molecular sieves under nitrogen. Reagent grade
dimethylformamide was re-ndered anhydrous by azeotroping with dry benzene under
reduced pressure and stored with 4A° molecular sieves under nitrogen. Dry
chloroform prepared by distillation over phosphorous pentoxide was stored under
nitrogen at -20°C in the dark. .Anhydrous pyridine was stored over 4A° molecular
sieves and under nitrogen in the dark after it was prepared by distillation over barium
oxide. During each distillation anhydrous conditions were maintained by allowing a
continuous flow of nitrogen throughout the distillation apparatus.

4-dimethylaminopyridine and 4-pyrrolidinopyridine were further purified by
recrystallization according to the procedures of Gupta et al, (18) and Manson et al,
(21), respectively. The resulting pure materials were made anhydrous by repeated
evaporation of dry benzene under reduced pressure.

Palmitic acid, 1-palmitoyl-glycero-3-phosphorylcholine and 1,2-dipalmitoyl-

glycero-3-phosphorylcholine were freed of residual water as described above.
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Preparation of fatty acid imidazolide and annydride
A, Fatty acid imidazolide:

The fatty acid imidazolide was routinely prepared by transferring 20 pmoles
of the fatty acid (1 M in dry DMF) to a flamed pyrex tube containing 1.5 equivalents
of CDI (0.2 M) in 15% DMF/85% benzene. After the vessel was flushed with
nitrogen the reaction was allowed to proceed for 1 h at room temperature. Upon
completion of the reaction the content was then diluted with dry benzene to 40 mM
and transferred to another flamed pyrex tube containing 4 equivalents of dry
Sephadex LH-20 (capacity 1.15 x 10 moles of hydroxyl group/mg). The tube was
flushed with nitrogen and the contents shaken for 1 h at room temperature, then
centrifuged to obtain the imidazolide free of Sephadex LH-20.

B..  Fatty acid anhydride:

Preparation of fatty acid anhydride was accomplished by reacting 3
equivalents of DCCD (.2 M in dry CCl,) with fatty acid (4 M in dry CCl,) for 5h
at room temperature and under a nitrogen atmosphere (23). After removal of the
dicyclohexylurea precipitate, the solvent was evaporated under reduced pressure and
the dried residue dissolved by adding the required volume of dry benzene to afford
an anhydride concentration of 40 mM.

Preparation of 1,2-diacyl-glycero-3-phosphorylcholine from glycero-3-
phosphorylcholine:

To a siliconized pyrex screw cap tube (13 x 100 mm) containing an anhydrous

residue of glycero-3-phosphorylcholine (as the CdCl, complex) (54 pmoles) was added
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185 umoles of palmitic acid anhydride (600 pCi). After 40 equivalents of PPY was

added and the total volume adjusted to 1074.2 pl with dry chloroform, the reaction
vessel was flushed with'nitrogcn and the reaction allowed to proceed at room
temperature. After 12 h an equal volume of aqueous methanol (10% H,O in
MeOH) was added and the solvent removed under reduced pressure. The dried
residue was dissolved by adding 500 ul CHCl,/MeOH (1:1) and applied to a
preparative TLC plate. The plate was developed with CHCl,/MeOH/H,O (65:25:4)
and the products were visualized by autoradiography. The product, 1,2-diacyl-glycero-
3-phosphorylcholine, was eluted with CHCl,/MeOH/H,O (1:2:0.8) and further
purified by gel filtration on Sephadex LH-20. Sephadex LH-20 chromatography was
performed on a 1.0 x 76 ¢cm column with CHCl,/MeOH (1:1) as the eluant. Yield
of .1,2-diacyl-glycero-3-phosphorylcholine exceeded %0%.
Calculation of rate constant:

The rate constants were calculated according to the pseudo-first-order
equation outlined below:

K = Kapp -t Kapp = In [At] [At] = [peptide] at time t

[ANHYDRIDE]ave [Ao] [Ao] = initial [peptide]
Synthesis of Model Peptides:
A, DNP-Proline Synthgsis
During the synthesis and subsequent storage of DNP-Proline, as with the other
DNP-peptides, care was taken to protect these compounds from prolonged exposure

to light. L-proline (150 upmole) was dissolved in ethanol/water (3:1, 2 ml) in the
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presence of 2 equivalents of triethylamine; the dinitrophenylation reaction was
initiated by the addition of 2,3-dinitrofluorobenzene (DNFB) (1.3 equivalents). After
3 h at room temperature the reaction was diluted with 2 volumes of aqueous 10 mM
sodium phosphate (dibasic), pH 7. Following removal of the ethanol under reduced
pressure, the excess FDNB was selectively extracted into diethyl ether. Subsequent
acidification of the aqueous phﬁse to pH 1-2 by titration with 6 N HCI, permitted the
extraction of DNP-proline into ethyl acetate. The extracts were washed with water
and then evaporated under reduced pressure. Residual water was removed by drying
the DNP-proline several times from a mixture of anhydrous benzene and DMF.
DNP-proline was stored as a 0.25 M solution in anhydrous DMF over a molecular
sieve (4A.°) and under nitrogen.

B.. DNP-Peptide Synthesis:

(a) DNP-prolylserinamide and DNP-prolylthreoninamide: DNP-proline was
activated by the addition of 1.1 equivalents of CDI in dry THF as a 60 mM solution
and incubated at room temperature for 1 h under nitrogen. To the reactive
imidazolide derivative, 3 equivalents of the hydrochloride salt of serinamide or
threoninamide was added as a freshly prepared 1.45 M aqueous solution in the
presence of 1 equivalent of tetrabutylammonium hydroxide.

After a 12 h period, c;ach peptide reaction was diluted with a 0.5 volume of water and
the desired DNP-peptide extracted into ethyl acetate. Isolation and purification of
the peptide products were accomplished by preparative HPLC on a reversed phase

pBondapak C,; column which was equilibrated and run isocratically with 1% acetic
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acid in aqueous methanol. The elution conditions that were used for DNP-
prolylserinamide were 10% methano! while those for DNP-prolylthreoninamide were
15% methanol. The DNP-peptides were dried several times from dry benzene.
DNP-prolylthreoninamide was stored as a 1 mM solution in anhydrous chloroform

under a nitrogen atmosphere.
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RESULTS AND DISCUSSION

A, Analysis of Parameters involved with the Imidazolide Approach

Of the approaches available for the synthesis of phospholipids, the ones using
fatty acid imidazolide are particularly attractive. The reactivity of the imidazolides
are considered to be comparable to the acid chloride (24). Unlike the acid chloride,
the imidazolide derivative is a mild acylating agent. Preparation of phospholipids
with fatty acid chloride usually result in a mixture of chloro-deoxy-
glycerophosphorylcholines as the major side products (25). With the anhydride
approach one equ‘ivalent of the fatty acyl substituent in the anhydride is not used
since the leaving group is the fatty acyl carboxylate. Therefore, in comparison to
these approaches, the imidazolide approach would appear to be the most suitable for
the synthesis of radioactive photoreactive phospholipids.
A.1.0 Analysis of Parameters Required for Fatty Acid Imidazolide Preparation
A.L1 Conditions for Complete Activation of Carboxylic Acid Groups

Other work in our laboratory has utilized the imidazolide derivative of
diprotected trimesic acid ((Me, SiCH,),TMA) to derivatize hydrophobic proteins.
It was established by spectral analysis at 310 nm that complete activation of the
carboxyl group of diprotected trimesic acid can only be achieved if a slight excess of
carbonyldiimidazole (CDI) is used. However, acylation of the model peptide, DNP-
prolylserinamide (DNP-Pro-SerNH,), with activated reagent prepared in this manner
resulted in an incomplete reaction due to the formation of another product as

observed from HPLC analysis of the reaction: this product was identified as an
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imidazole-N-carboxylic ester of the DNP-peptide (Fig. 3). To circumvent this side
reaction, it was necessary to remove the unreacted CDI prior to acylation of the
DNP-peptide. Therefore, upon completion of the activation reaction removal of the
unreacted CDI was accomplished by incubating the reaction mixture with dry
Sephadex LH-20 in benzene for 1 h. Under these conditions it was determined that
CDI reacted preferentially with the Sephadex LH-20. Accordingly, this system was
adopted for the activation of fatty acids.

A.1.2 Evaluation of the Efficiency of Activation in Different Solvents:

The scheme used for the analysis of the different parameters linvolved with the
imidazolide approach is outlined in Fig. 4. These analyses were performed with
DNP-Pro-SerNH, instead of DNP-prolylthreoninamide (DNP-Pro-ThrNH,) since the
primary hydroxyl group of the DNP-Pro-SerNH, peptide is approximately IQ X more
reactive than the secondary hydroxyl group of the DNP-Pro-ThrNH,.

Although activation of the diprotected trimesic acid with CDY was routinely
performed in dimethylformamide (DMF), it was necessary to determine whether this
solvent was also suitable for the activation of fatty acid. Since an appropriate system
to analyze the activation of fatty acid directly was not available, the time course of
acylation of DNP-Pro-SerNH, was relied on as an indirect assay.

As illustrated in Figure 5, the efficiency of activation in two other solvents,
10% DMF in tetrahydrofuran (THF) and 25% DMF in benzene was compared to
that in DMF. From the initial rates of acylation of DNP-Pro-SerNH, with

imidazolide prepared in these three solvents indicated that activation of the fatty acid
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Figure 5. Time-course of acylation of DNP-Pro-ScrNH, with palmilic acid imidazolide prepared in
different solvent systems. The fatty acid imidazolide was prepared in DMF (0), 10% DMF in THF (a),
and 25% DMF in benzene (@) by reacting the fatty acid with 1.5 cquivalents of CDI for 30 mins. After
the reaction mixtures were incubated with dry Sephadex LH-20 for 1 hr, aliquots were transferred to
reaction vessels and the solvent was removed under reduced pressure, To the dried residue (5 umolcs),
5 equivalents of anhydrous tricthylamine (2 M in CHCl,/DMF, 4:1) was added followed by 10.5 al of
CHCl,/DMF (4:1). The reaction was initiated by adding 2 ul of the peptide (25 mM in DMF). The
progress of each reaction was determined by HPLC, At the indicated time, an aliquot {3 xl) of each
reaction was diluted in 47 4l aqueous DMF from which 30 4l was applicd onto an ODS column pre-
equilibrated with 30% methanol in 10 mM sodium acctate, pH 4.4, The column was cluted with a lincar
gradient and the eluates werr: detected by monitoring at 365 nm,



23
occurred more efficiently in 109 DMF in THF and in 25% DMF in benzene. Since

these two mixed solvents are less polar than DMF suggested that the polarity of DMF
promoted another side reaction during the activation reaction. This side reaction was
thought to be the synthesis of fatty acid anhydride.

To determine whether anhydride formation occurs during the preparation of
the imidazolide derivative in DMF diprotected trimesic acid was used. The phenyl
group of this reagent provides a chromophore which can be used to monitor the
reagent at 280 nm directly on the HPLC. Therefore, after the diprotected trimesic
acid imidazolide was prepared in DMF or in 25% DMF in benzene the resulting
imidazolides were incubated with trimethylsilylethanol (TMSE) for 2 h. Once the
esterification reaction was completed, an aliquot of each incubation was diluted in
aqueous DMF and analyzed by HPLC. If the reagent was fully converted to the
imidazolide derivative then the only product which should result from the TMSE
incubation is the triprotected trimesic acid. However, if the activation reaction
resulted in a mixture of imidazolide and anhydride, two products should be observed,
one corresponding to the triprotected trimesic acid and the other the diprotecteed
acid. Analysis of the activation reaction performed in DMF or in 25% DMF in
benzene by this approach conclusively showed that anhydride synthesis was
in fact favoured in DMF but not in 25% DMF in benzene.

A.1.3 Analysis of the Time Required for Optimal Activation
Aliphatic acids are in general less reactive than aromatic acids. Consequently,

the time required for complete activation of the fatty acid would be greater than the
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Figure 6. Time-course of acylation of DNP-Pro-SertNH,, A time-course of the preparation of palmitic
acid imidazolide. At 30 min (@), 60 min (o) and 120 min (CJ) during the preparation of palmitic acid
imidazolide in 25% DMF/75% benzene an aliquot of the activation reaction mixture (20 gmoles of fatty
acid) was diluted to 40 mM with dry benzene and incubated with dry Sephadex LH-20. After 1 hr 25%
of the fatty acid content was transferred to a reaction vessel and the solvent was evaporated under
reduced pressure. To the dried residue, 5 equivalents of tricthylamine (2 M in CHCly/DMF, 4:1) was
added followed by 10.5 ¢l of dry CHCl,/DMF (4:1). The reaction was started by adding 2 ul of 25 mM
DNP-Pro-SerNH,. At the indicated time 3 4l of the reaction was diluted in aqueous DMF and analyzed
by HPLC.
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Figure 7. Effect of Solvent on the Rate of Acylation of DNP-Pro-SerNH,. Standard acylation conditions
described in the legend of Figure 1 were used to determine the kinetics of acylation in CHCL,/DMF
(4:1) (@), CHCI;/PYR (4:1), and CHCl,/DMSO (4:1} (). In DMF (o), PYR (O), and DMSO (A) the
acylation reactions were performed as described except that the final concentrations of the peptide and
the imidazolide were 4 mM and 100 mM, respectively. The progress of each reaction was analyzed by
HPLC.
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30 minutes routinely used to fully activate the COOH group of diprotected trimésic
acid. To determine the optimal time required for complete activation of the fatty acid
in 25% DMF in benzene, the initial rate of acylation of DNP-Pro-SerNH, was used.
The rationale is that as more of the fatty acid imidazolide derivative is formed the
rate of acylation of the DNP-peptide should also increase.

The time courses of acylation of DNP-Pro-SerNH, with imidazolide obtained
at different times during the activation of the fatty acid are shown in Figure 6.
Comparison of the rates obtained with imidazblide at 30, 60 and 120 mins during the
imidazolide preparation indicated that -optimal activation of the fatty acid was
achieved if the activation reaction was allowed to proceed for at least 1 h.
A.2,0 Evaluation of Acylation Parameters
A.2.1 Influence of Solvents on the Rate of Acylation

It is understood that one of the factors which can also influence the rate of an
acylation reaction is the solvent (26). Therefore, a number of mixed solvent systems
capable of partially solubilizing 1-acyl-glycero-3-phosphorylcholine under anhydrous
conditions were analyzed for their ability to promote acylation. Shown in Figure 7
are the results obtained for the acylation of DNP-Pro-SerNH, in these solvents. The
rates of acylation of DNP-Pro-SerNH, obtained in the solvent systems containing
80% chloroform (CHCL,) were much higher than those obtained in the neat solvents,
Furthermore, since the initial rates obtained in the mixed solvent systems (CHCl,/X
(4:1)) were approximately the same suggested that the solvent property of chloroform

was responsible for the difference in the rates observed.
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This enhancement due to chloroform was initially attributed to the presence
of HC! which may have formed upon storage of chloroform. Therefore, the HCI
present in the chloroform would react with the fatty acid imidazolide to give the fatty
acid chloride. This explanation appeared to be possible since Staab et al, (27) had
reported the synthesis of acid chloride derivatives by passing anhydrous HCl gas into
a vessel containing imidazolide in a nonpolar solvent such as THF. However, the pH
of an aqueous wash of 5 ml of chloroform in storage for a month negated the
presence of HCI. Furthermore, during the acylation reaction 1 M triethylamine was
present. Therefore, it would be expected that the HCl would react prefe‘rentially with
the triethylamine base.

An alternative and more plausible explanation for the increased reactivity of
the imidazolide in the mixed solvents is that the chloroform was capable of hydrogen
bonding with the carbonyl oxygen of the fatty acid imidazolide. This could only be
possible if the chloroform was also polarized. Polarization of chloroform may occur
since it contains three electronegative chlorine atoms. The net result is that the
carbonyl carbon of the activated fatty acid would become very electrophilic.

A22 A Comparison of the Reactivity of Fatty Acid Imidazolide and Anhydride

The primary consideration which led to the analysis of the imidazolide
approach was the reactivity of these derivatives. As already mentioned, Staab et al,
(24) suggested that the reactivity of the imidazolide derivatives are comparable to
their corresponding acid chloride and anhydride counterparts. However, from the

rates observed (Fig. 8) when the acylation of DNP-Pro-SerNH, was performed with
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Figure 8. Time course of Acylation of DNP-Pro-SerNH, with Palmitic Acid Imidazolide squares) and
Anhydride (triangles). Aliquots of anhydride and imidazolide were transferred to reaction vessels and
the solvent was removed under reduced pressure. To the dried anhydride (5 umoles) or imidazolide (5
gmoles), 5 equivalents of tricthylamine (closed symbols) or 0.125 equivalents of anhydrous DMAP (0.5
M in dry DMF) (cpen symbols) were added, followed by 21.7 ul of CHCl;/DMF (4:1). The rcactions
were started by adding 2 ul of the peptide and the progress of each reaction was monitored by HPLC.
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the anhydride under standard conditions, indicated that the fatty acid anhydride was
approximately 2 X more reactive than the corresponding imidazolide. This suggested
that although the fatty acid is activated when converted to the imidazolide derivative,
it is much more stable than the anhydride.

As a further test of the stability of the fatty acid imidazolide, the acylation
reaction was performed in the presence of a nucleophilic catalyst 4-
dimethylaminopyridine which is known to increase the reactivity of the anhydride
(18,28) in the absence of other bases (Fig. 8). The increased reactivity of the
anhydride due to 4-dimethylaminopyridine was attributed to the conversion of the
anhydride to a very reactive intermediate (Fig. 9) (28). Therefore, if the imidazolide
was stabilized further activation would not occur in the presence of 4-
dimethylaminopyridine and consequently no increase in the acylation rate is expected.
As illustrated in Figure 8, in the presence of a catalytic amount of 4-
dimethylaminopyridine (0.125 equivalents) no rate enhancement was observed with
the imidazolide whereas with the anhydride the action was essentially completed
within 1 h. This further supported the notion that the imidazolide must be stable and
therefore, less reactive than the anhydride.

An alternative explanation for the lower rate of acylation observed with the
imidazolide is that under the current conditions used to remove unreacted CDI,
removal of the activated fatty acid by the Sephadex LH-20 also occurred. This
possibility was excluded since no loss of radioactive palmitic acid imidazolide was

observed after the 1 h incubation with Sephadex LH-20.
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Figure 11. Reverse-phase HPLC Chromatograms of A. DNP-Pro-ThrNH,, B. DNP-Pro-ThrNH, in

the presence DMAP and C. Analysis of an acylation reaction between DNP-Pro-ThrNH, and DMAP
activated palmitic acid anhydride.
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B. Analysis of Parameters Involved with the Anhydride Approach

As a result of the increased reactivity of the anhydride over the imidazolide,
especially in the presence of the catalyst 4-dimethylaminopyridine led to the work
which is described.

As already shown by Gupta et al, (18) and others (19,28,29), in the presence
of 4-dimethylaminopyridine the reactivity of the fatty acid anhydride was greatly
enhanced. By using H-NMR spectroscopy, Hofle et al, (28) have shown that this was
due to the conversion of the anhydride to a very reactive intermediate, 1-acyl-4-
dimethylaminopyridinium salt (Figure 9). Since preliminary experiments using the
approach developed by Gupta et al, (18) to prepare highly radioactive photoréactive
phospholipids resulted in poor yields, conditions that affect the reactivity of the 1-
acyl-4-dimethylaminopridinium salt was investigated. The approach used to analyze
the different conditions is outlined in Figure 10. According to this scheme, under a
particular test condition, the model peptide, DNP-Pro-ThrNH, is acylated with the
fatty acid anhydride. To determine the time course of acylation of the DNP-peptide,
an aliquot of the reaction is removed at different time intervals and analyzed by
HPLC. The rationale for nsing this approach is that if the reactivity of the 1-acyl-4-
dimethylaminopyridinium salt is affected then this should be reflected in the rate of
acylation of DNP-Pro-ThrNH.. |

Shown in Figure 11 are typical HPLC chromatograms of A. DNP-Pro-ThrNH,,
B. DNP-Pro-ThrNH, with 4-dimethylaminopyridine and C. analysis of an acylation

reaction between DNP-Pro-ThrNH, and fatty acid anhydride activated with 4-
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Figure 12. Solvent effects on the rate of acylation of DNP-Pro-ThrNH,. Palmitic acid anhydride was
prepared as described under Materials and Methods. Aliquots of the anhydride solution were
transferred to reaction vessels and the solvent was removed under reduced pressure. To the dried fatty
acid anhydride (1.25 umoles) 20 ul of Pyr (W), CHCl,/Pyr (4:1) (), or CHCl; (@) was added; followed
by 0.02 equivalents of DMAP (10 mM solution in appropriate solvent). The reaction was initiated by
adding 2 ul of the peptide (623 uM in appropriate solvent). At the indicated times, 5 ul aliquots were
diluted in aqueous DMF (10% H,0 in DMF) and analyzed by HPLC.
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dimethylaminopyridine. The peaks eluting art 10.32 and 15.07 min in chromatogram
C corresponds to DNP-Pro-ThrNH, and the fatty acid acylated DNP-Pro-ThrNH,,
respectively.

Since the catalyst-activated anhydride is very reactive, small amounts of the
DNP-peptide (4M) are routinely used. At millimolar level of the DNP-peptide the
reaction is completed almost instantaneously. Thersfore, by using micromolar
amounts of the peptide, meaningful information concerning the reactivity of the
catalyst-activated anhydride can be obtained from the kinetics of acylation of the
model peptide. |
B.1.0 Analysis of Conditions that Affect the Reactivity of the Catalyst-Activated
Anhydride
B.1.1 Analysis of the Effect of Solvent quarity

Using the approach described above the effect of solvent on the reactivity of
the 1-acyl-4-dimeti‘1ylaminopyridinium salt was assessed. Shown in Figure 12 are the
rates of acylation of DNP-Pro-ThrNH, obtained in chloroform, chloroform/pyridine
(4:1) and pyridine. These solvents are the ones most often used for phospholipid
synthesis. In chloroform the reaction was essentially completed within 30 min,
whereas in chloroform/pyridine (4:1) and pyridine the reaction was only 60% and
10% completed, respectively. If the initial rate of the reactions were arranged
according to the polarity of the solvents, it is apparent that the rate is optimal in the
less polar chloroform than in the polar pyridine. This therefore suggested that the

reactivity of the 1-acyl-4-dimethylaminopyridinium salt is enhanced in chloroform.
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The enhanced reactivity of the i-acyl-4-dimethylaminopyridinium salt in non-polar
solvents was also reported by Hofle et al., (28) and Jampel et al., (29).
B.12 A Comparison of the Reactivity of 4-dimethylaminopyridine and 4-
pyrrolidinopyridine-activated Anhydride

Another catalyst which was also known to enhance the reactivity of fatty acid
anhydride is 4-pyrrolidinopyridine (20,21). It has been reported (28) that the 4-
pyrrolidinopyridine-activated anhydride was at least 2 times more reactive than the
4-dimethylaminopyridine-activated anhydride. Furthermore, thc mechanisam by
which 4-pyrrolidinopyridine activates the anhydride is analogous to that of 4-
dimethylaminopyridine (28,29). Shown in Figure 13 is a comparison of the kinetics
of acylation of DNP-Pro-ThrNH, with fatty acid anhydride activated with 4-
dimethylaminopyridine or 4-pyrrolidinopyridine in chloroform. In the absence of
either catalysts no acylation of the DNP-peptide was observed within 6 min.
However, when the fatty acid anhydride was activated with 4-dimethylaminopyridine
or 4-pyrrolidinopyridine, the rate of acylation of DNP-Pro-ThrNH, was significantly
enhanced, Calculation of the initial rate constants revealed that the catalyst-activated
anhydrides were approximately 1000 times more reactive than just the anhydride.
Although the 4-dimethylaminopyridinium-activated anhydride was considerably more
reactive than the arhydride, it was approximately 2 times less reactive than ihe 4-
pyrrolidinopyridine-activated anhydride. These results therefore confirmed that the
4-pyrrolidinopyridine-activated anhydride is much more reactive than the 4-

dimethylaminopyridine-activated anhydride.
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Figure 13. Effect of Catalysts on the Rate of Acylation of DNP-Pro-ThrNH,. Palmitic acid anhydride
was prepared as described under Materials and Methods. Dry chloroform (188 4l) was added to reaction
vessels containing dried palmitic acid anhydride. After the anhydrides were dissolved, 10 ul of dry CHCl,
(W), 0.1 M PPY (v), or 0.1 M DMAP (@) was added. Each reaction was initiated by adding 2 &l of

DNP-Pro-ThrNH, (623 M in dry CHCl;). At the indicated times, an aliquot of each reaction was
diluted in agucons DMF and analyzed by HPLC.
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Figure 14. Theoretical Plot of the Effect of Varying the Concentration of PPY on the Rate of Acylation
of DNP-Pro-TheNH,.
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Figure 15A. Effect of Varying the Concentration of PPY on the Rate of Acylation of DNP-Pro-ThrNH,.
Acylation of DNP-Pro-ThrNH, in the presence of increasing amounts of PPY (0.2 M) in CHCl, was
accomplished by reacting 0.63 nmoles of the DNP-peptide with 1 gmole of palmitic acid anhydride in
a total volume of 100 xl. The progress of each reaction was analyzed by HPLC at 0.5, 1.0 and 1.5 min.
The rate constant at cach PPY to anhydride ratio was calculated from the extent of the reaction which
was based on the HPLC chromatograms, as described in Materials and Methods.

Figurc 15B. Effect of Increasing Amounts of Base on the Rate of Acylation of DNP-Pro-ThrNH, with
Palmitic Acid Anhydride in the Presence of 1,2-diacyl-glycero-3-phosphorylcholine. To reaction vessels
containing 1.0 xmole of palmitic acid anhydride dissoived in dry CHCl,, varying amounts of a 2 M
solution of PPY in CHCIl, was added (.). To another set of reaction vessels containing 1.0 umole of
anhydride and 10 equivalents of PPY in CHCl,, varying amounts of triethylamine (2 M in CHCl;) was
added (O). After the content of cach vessel was thoroughly mixed, the total volume was adjusted to 99
ul with 50 mM PC (1.0 umole). At 0.5, 1.0 and 1.5 min after the addition of 1 al of 930 xM DNP-Pro-
ThrNH,, 25 ul aliquots of the reaction was diluted in 10% water in DMF and analyzed by HPLC. Rate
constants were calculated as outlined under Materials and Methods.
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B.1.3 Determination of the Optimal Amount of 4-pyrrolidinopyridine Required for

Maximal Rate of Acylation

The pKa’s of 4-pyrrolidinopyridine and 4-dimethylaminopyridine are 9.90 and
9,70, respectively. Consequently, it was of interest to determine if the rate
enhancement observed in the presence of these catalysts was also due to general base
catalysis. The approach used involved varying the amounts of the catalyst use and
observing the effect on the rate of acylation of DNP-Pro-ThrNH,. The rationale is
that if a base catalysis mechanism was also involved, then a plot of the rate or rate
constants versus the ratio of catalyst Ito anhydride should result in a biphasic curve
(Figure 14). The lower curve would correspond to the activating effect and the upper
curve the base effect. The isolation of the base effect is of particular importance
since base catalysis was suggested to be responsible for the isomerization of 1-acyl-
glycero-3-phosphorylcholine under acylation conditions (22).

As shown in Figure 15A, a straight line was obtained instead of a biphasic
curve. This suggested that the sole mechanism responsible for the catalytic effect of
4-pyrrolidinopyridine was its ability to convert the fatty acid anhydride to the 1-acyl-4-
pyrrolidinopyridinium salt. Since the rate of acylation of DNP-Pro-ThrNH, increased
gradually as the ratio of 4-pyrrolidinopyridine to anhydride is increased suggested that
the reaction between 4-pyrrolidinopyridine and the anhydride to give the reactive 1-
acyl-4-pyrrolidinopyridinium salt occurred by way of an equilibrium dependent
process (Figure 16). That is, the formation of the reactive intermediate does not

occur simply through a one to one interaction. Therefore, the increase in the rate
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indicated that the position of the equilibrium must be pushed further in favour of the
preparation of the l-acyl-4-pyrrolidinopyridinium salt as the ratio of 4-
pyrrolidinopyridine to anhydride is increased. The levelling of the rate at a ratio of
10 must signify that the anhydride was completely converted to the 1l-acyl-4-
pyrrolidinopyridinium salt. However, more importantly these results emphasize the
direct dependency of the acylation rate on the position of the equilibrium between
the anhydride and the reactive intermediate. Similar findings were reported by
Jampel et al, (29) and Hofle et al, (28).
B.2.0 Influence of the Phosphate Group of 1,2-Diacyl-Glycero-3-Phosphorylcholine
on the Rate of Acylation

An additional variable which could conceivably affect the acylation of 1-acyl-
glycero-3-phosphorylcholine (lysoPC) is its phosphate group. In comparison to the
secondary hydroxyl group, the phosphate would be expected to be much more
reactive. Furthermore, the reactivity of the secondary hydroxyl group of lysoPC
would also be affected by steric hindrance imposed by the fatty acyl chain at the first
position. Therefore, under acylation conditions one would expect acylation of the
phosphate group to occur much more readily than at the secondary hydroxyl group.
The net effect of this interaction would be that the yield of the desired product (1,2-
diacyl-glycero-3-phosphorylcholine, PC) would be reduced. For this reason it was
necessary to determine if the phospﬁate group does interfere with the acylation at the

hydroxy! group.
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Figure 17. Effect of the Phosphate Group of 1,2-diacyl-glycero-3-phosphoryicholine on the Rate of
Acylation of DNP-Pro-ThrNH, under Optimal Conditions. To reaction vessels containing 1.0 gmole of
palmitic acid anhydride in dry CHCI;, 10 cquivalents of PPY was added. After the content was
thoroughly mixed, the total volume was adjusted to 99 4l with 0.2 M PC that had been previously
incubated with (@) or without (O0) 4A* molecular sieve for 5 h. At 0.5, 1.5 and 2.5 min afier the
addition of 1 al 630 M DNP-Pro-ThrNH,, 25 4l aliquots were diluted in aqueous DMF and analyzed
by HPLC. Rate constants were calculated as described under Materials and Methods and expressed as
a percentage of the rate constant obtained in a control reaction without PC.
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The approach used involved performing the acylation of DNP-Pro-ThrNH,

with completely catalyst-activated anhydride in the presence of varying amounts of
PC. The reason for using PC instead of lysoPC is two-fold. Firstly, the effect of the
phosphate on the kinetics of acylation of the DNP-peptide could be analyzed without
an additional site competing for the reagent. Secondly, steric hindrance which would
be encountered in the real system (acylation of lysoPC) would be simulated under
these conditions since a very small amount of the peptide is used.

The rationale is that if the anhydride interacts with the phosphate group of
PC, then the effective concentration of the activated anhydride would be reduced and
as such should result in a decrease in the rate of acylation of the DNP-peptide.

As illustrated in Figure 17 (closed circle), as the ratio of PC to anhydride was
increased, the rate of acylation of DNP-Pro-ThrNH, decreased. This suggested that
the phosphate group does interfere with the acylation of the hydroxyl group by
interacting with the anhydride.

Alternatively, the same observation as the above would result if water was
present. In the presence of water the rate could be reduced by either hydrolysis of
the activated anhydride or by an increase in the overall polarity of the solvent. Since
each reaction contained the same amount of fatty acid anhydride and 4-
pyrrolidinopyridine, the most likely source of water would be from hydration of the
phosphorylcholine group of PC. Therefore, upon increasing the amount of PC used,
the water content would also be increased. To test the possibility of water being

present it was necessary to further dry the PC after it was rendered anhydrous by
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Figure 18. Time course of Water Removal by 4A* Molecular sieve. To determine the efficiency of 44
molecular sieves in removing water in the presence of PC, 55 gmoles of anhydrous PC in 1.079 ml of
dry chloroform was incubated with 10 4l of tritiated water (specific activity of 7.1 uCi/xl) under nitrogen.
At the indicated times after the addition of 10 individual molecular sieve beads, the sample was
centrifuged for 5 min and 2 4l of the supernatant was removed under a nitrogen atmosphere and added
to Amersham aqueous scintillant. Counting was performed in a Beckman scintillation counter.
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azeotroping under reduced pressure.

Molecular sieves 4A° are used routinely to maintain dry conditions of
anhydrous solvents, The efficiency of these molecular sieves to remove water in the
presence of PC was determined by adding 550 pmoles of tritiated water to 55 umoles
of dried PC in anhydrous chloroform before the molecular sieves were added. The
kinetic of rémoval of water by the molecular sieves showed that after a 30 min
incubation 90% of the water was absorbed by the beads (Figure 18). The remaining
10% which corresponds to one molecule of water per PC molecule required an
additional 2 h and 20 min before complete removal of water was attained.

Therefore, after 55 umoles of PC w:is rendered hnhydrous and dissolved in
anhydrous chloroform, molecular sieves were added and the incubation was allowed
to.proceed for 5 h at room temperature. Under these conditions, residual water
associated with PC should be completely removed by the molecular sieves, as
indicated by the above results. After this incubation, the experiment described in the
legend of Figure 17 was repeated. The results obtained, (Figure 17, open square),
were identical to that obtained with PC which was not pre-incubated with molecular
sieves. This further verifies that the effect observed in the presence of the phosphate
could only result from an interaction between the phosphate and the anhydride.
B.ES.O Reversal of the Interaction between the Anhydride and the Phosphate Group
of 1,2-Diacyl-Glycero-3-Phosphorylcholine

As suggested above, the interaction which may occur between the phosphate

and the reagent is direct acylation of the phosphate (Figure 19, pathway B). The
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product which would result from this interaction is a mixed anhydride. Consequently, -

it should be possible to convert this mixed anhydride back to the reactive
intermediate by increasing the amount of 4-pyrrolidinopyridine used. Conversion of
the mixed anhydride to the desired 1-acyl-4-pyrrolidinopyridinium salt is ensured
since the leaving group in this mixed anhydride would be the phosphate. In general,
the leaving group of a mixed anhydride is usually determined by the acidity of each
acyl group (30).

To verify this suggestion, acylation of DNP-Pro-thr-NH, was performed with
equimolar amounts of anhydride and PC in the presence of varying amounts.of PPY.
The rationale is that if the interaction between the phosphate and the anhydride can
be reversed by using more 4-pyrrolidinopyridine then the effective concentration of
the catalyst-activated anhydride should increase, and this should be reflected in the
rate of acylation of DNP-Pro-ThrNH,. As shown in Figure 15B (closed circle), as the
ratio of the catalyst to PC was increased, the rates of acylation of the DNP-peptide
also increased. At a molar ratio of 180, maximal rate of acylation of the DNP-
peptide, DNP-Pro-ThrNH,, was achieved. This therefore suggested that the
interaction between the phosphate and the anhydride was reversible and as proposed,
must represent an acylated phosphate (Figure 19, pathway B). These results are also
consistent with the notion that formation of the mixed anhydride is the preferred
reaction under acylation conditions (10 mM anhydride, 10 mM PC and .1 M PPY)
since a large amount of the catalyst was required to regain the original rate observed

in the absence of PC.
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B.4.0 Evaluation of other Variables which could account for the Observed Effect of
the Phosphate under Acylntibn conditions
B.4.1 General Base Catalysis

An alternative explanation for the decrease in the rate of acylation of the
model peptide is that the presence of PC has caused the solvent (CHCl,) to become
more polar and as indicated by our solvent analysis results (Figure 12), this decrease
could be explained by a lowering of the reactivity of the catalyst-activated anhydride
intermediate. Hence, the increase in the acylation rate observed as the PPY to PC
;'atio increases (Figure 15B, closed circle) would not be due to the reversal of the
mixed anhydride to the 1-acyl-4-pyrrolidinopyridinium salt as proposed initially
(Figure 19, pathway B). It is therefore possible that this increase in the rate of
acylatioq of the model peptide is due to general base catalysis. To test this
possibility, acylation of DNP-Pro-ThrNH, was performed with equimolar amount$ of
PC and completely catalyst-activated anhydride, and varying amounts of triethylamine
(pKa, 11.0).

As shown in Figure 15B (closed square), essentially no change in the rate
constant was observed as the ratio of triethylamine to PC was increaed to 200. These
results exclude base catalysis as the mechanism responsible for the observed increase
in the acylation rate as the ratio of PPY to PC is increased. In addition, these results
further support the existence of an equilibrium between the catalyst-activated

anhydride and the mixed anhydride.
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Figure 20, Effect of Increasing Amounts of PPY on the Rate of Acylation of DNP-Pro-ThrNH, with
Palmitic Acid Anhydride in the Presence of Tetrabutylammonium Chloride. To reaction vesscls
containing 1.0 gmole of palmitic acid anhydride and 1 equivalent of tetrabutylammonium chloride (0.1
M in CHCly), varying amounts of PPY (0.25 M) was added. After the content of cach reaction was
thoroughly mixed, the total volume was adjusted to 99 ul with CHCl;, At 0.5, 1.0 and 2.0 min after the
addition of 1 4! 630 ¢l DNP-Pro-ThrNH,, 25 sl aliquots w~.¢ diluted in aqueous DMF and analyzed by
HPLC. Rate constants were calculated as outlined under Matrials and Methods,
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B.4.2 Ionic Effect

While there have been no reports on the effect of anhydrous organic salts on
the reactivity of the catalyst-activated anhydride intermediate, Fersht et al,, (31), using
a stop-flow kinetic approach and aqueous buffers as the solvent, have shown that in
the presence of a concentrated solution of salt the reactivity of the intermediate is
significantly reduced whereas the rate of formation of the reactive intermediate is
increased. The increased rate of formation of the reactive intermediate was
attributed to greater stabilization of the transition state developed from the
interaction between the anhydride and the catalyst. Although the effect of salt on the
equilibrium between the starting materials (anhydride and catalyst) was not studied,
their results implied that in the presence of salt the aforementioned equilibrium
remained unaffected. It was therefore of interest to determine how the equilibrium
between the anhydride and PPY, and the 1-acyl-4-pyrrolidinopyridinium salt is
affected when an organic salt other than PC is used, under anhydrous conditions.

For this analysis a similar approach to that described in the legend of Figure
15A was used. In essence, acylation of the DNP-peptide was performed with
equimolar amounts of anhydride and the tetrabutylammonium chloride (TBA-CIl) salt
in the presence of varying amounts of PPY.

As illustrated in Figure 20, maximal rate is obtained at a PPY to TBA-Cl ratio
of 10. Since in the absence of any salt maximal rate was also observed at a PPY to
anhydride ratio of 10 suggested that the equilibrium between the starting materials

and the 1-acyl-4-pyrrolidinopyridinium salt is not affected by the presence of TBA-CL.
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However, the rate of acylation of DNP-Pro-ThrNH, obtained in the presence of

TBA-Cl was approximately 23% of that obtained in the absence of salt. Although
this result supports the findings of Fersht et al., (31), more importantly it suggests that
an ionic effect is not associated with the presence of PC. Therefore, the cémplele
reversal of the inhibitory effect of PC on the rate of acylation when a large excess of
PPY is used must represent the complete conversion of the mixed anhydride back to
the reactive 1-acyl-4-pyrrolidinopyridinium salt (Figure 19, pathway B).
B.5.0 Acylation of 1-Acyl-Glycero-3-Phosphorylcholine

As a test of the validity of the acylation conditions derived from the model
peptide work, analytical samples of 1-acyl-glycero-3-phosphorylcholine were acylated
with palmitic acid anhydride and a trace amount of tritiated palmitic acid anhydride
activated with different amounts of 4-pyrrolidinopyridine. The progress of each
reaction as monitored by TLC and the radioactive products were visualized by
fluorography. A typical TLC analysis of the kinetics of acylation of lysoPC is shown
in Figure 21. As illustrated, an intense radioactive spot corresponding to PC was
observed within 1 min. Quantitation of the PC product for each reaction was
obtained by assaying the radioactivity in the spot and then normalizing this to the
total radioactivity applied. The kinetics of acylation undcr'conditions described
above (Figure 22) indicated that as the PPY to lysoPC ratio was increased, the time
required to obtain 100% yield of PC decreased. Under optimal acylation conditions
derived from the model peptide system, a maximum rate of acylation of lysoPC was

also observed; a 100% yield of PC was obtained in 5 min.
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Figure 21, A Typical TLC Analysis of the Kinetic of Acylation of 1-acyl-glycero-3-Phosphoryleholine
with Palmitic Acid Anhydride. After the TLC plate containing quenched aliquots of the reaction at
different time intervals was developed with CHCl,/MeOH/H,0 (65:25:4), the plate was dipped in 7%
(w/v) solution of 2,5-diphenyl-oxeozol (PPO) in dicthyl ether to enhance visualization of the radioactive

products after exposure at -70°C.
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Figure 22. Time course of Acylation of 1-palmitoyl-glycero-3-phosphorylcholine. The reactions were
set up by adding O (), 2 (0), 20 () or 40 (®) cquivalents of PPY (4 M in CHClLy) with respect to
lysoPC, to siliconized 100 ul reaction vessels containing 1.8 umoles of palmitic acid anhydride and 432
xCi of [*H]palmitic acid anhydride with a specific activity of 30 Ci/mmolc. After the content was mixed
and the total volume adjusted to 12.5 al with dry chloroform, the reactions were initiated by adding 12.5
al of lysoPC-TFA salt (100 mM in CHCl,). At the indicated times, an aliquot of cach reaction was
quenched in aqueous methanol and applied to TLC plates. The plates were then developed with
CHCl,/MeOH/H,0 (65:25:4) and the products were visualized by fluorography. The spots
corresponding to fatty acid and PC werc removed and assayed for their radioactivity conteat. The PC
was quantitated by normalizing the radioactivity associated with its spot to the total radioactivity applicd.
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B.6.0 Analysis of Isomérization

Another important factor which must be considered during the preparation of
heterochain phospholipids is isomerization of the lysoPC starting material. As
mentioned previously, this process is catalyzed by acid or base and has been
demonstrated to occur under conditions where the rate of acylation is very slow (22).
The strategy used to determine whether isomerization is favoured under our
optimalacylation conditions is shown in Figure 23. According to this scheme, 1,2-di-
{*H]-acyl-glycero-3-phosphorylcholine prepared from glycero-3-phosphorylcholine
(GPC) is digested with phospholipase A,. Phospholipase A, specifically hydrolyzes
the fatty acyl moiety bonded to the second position of phospholipids. The resulting
1-*H]-acyl-glycero-3-phosphorylcholine is acylated under optimal conditions (40
equivalents of PPY) with non-radioactive palmitic acid anhydride. The product, 1-
[*H),2-diacyl-glycero-3-phosphorylcholine, is subjected to a second phospholipase A,
digestion in order to determine the extent to which acyl migration, the most prevalent
form of isomerization, has occurred under acylation conditions. One should also
keep in mind that isomerization could also occur during the first phispholipase A,
digestion and subsequent purification of the resulting lysoPC. If acyl migration is
induced under our acylation conditions or prior to acylation then the radiolabelled
fatty acid to position 1 of 1-acyl-glycero-3-phosphoryicholine will be transferred to
pbsition 2. Therefore, TLC analysis of the phospholipase A, digestion of the
synthetic phospholipid should indicate the liberation of radiolabelled fatty acid. On

the other hand, if no migration has occurred, then a single radioactive spot
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Figurc 24, Time Course of Phospholipase A, Digestion of 1,2-diacyl-glycero-3-phosphorylcholine
Prcparcd under Optimal Acylation Conditions. Diacyl-glycero-3-phosphorylchoine (5.5 umoles) and 1,2-
[PH]diacyl-glycero-3-phosphorylcholine (8.43 xCi, 2 smoles) prepared from glyccro-}phosphorydchohnc
were suspended in 98 xl 10 mM HEPES, pH 7.5 and sonicated at room temperature for 15 min. To this
mixture 2 ul 1 M CaCl, and 100 xl 1.02 mg/ml phospholipase A, wers added. After 5 min the products
were extracted with 960 ul CHCl;/McOH/H,0 (1: 1 0.4) and subjected to gel filtration on Sephadex LH-
20 as described in Materials and Methods. The 1-[*H]acyl-glycero-3-phosphorylcholine obtained by the
above proccdurc was acylated with palmitic acid anhydride under optimal conditions (Figure 22). The
resulting 1-[*H],2-diacyl-glycero-3-phosphorylcholine was treated with phospholipase A, as described
above. At the indicated times, aliquots were applied directly to a TLC plate which was then developed
with CHCl,/MeOH/H,0 (65:25:4). The products were visualized by fluorography and the spots
correspondingtofattyacid, 1,2-diacyl-glycero-3-phosphorylcholine and 1-acyl-glycero-3-phosphorylcholine
were removed and assayed for their radioactivity content.
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corresponding to 1-acyl-glycero-3-phosphorylcholine will be observed. By assaying the

radioactivity of the products resulting from the digestion, this should permit us to
determine quantitjdtively the extent to which the isomerization process is favoured
under our system.

Shown in Figure 24 is the time-course of phospholipase A, digestion of
phospholipid obtained by the strategy described above. As illustrated, complete
digestion of the synthetic phospholipid was obtained within one h. Comparison of
the radioactivity content of the lysoPC and fatty acid products at 1 h indicated 10%
migration.

Although acyl migration was observed, we do not believe this to be due to our
acylation conditions for the following reasons. Firstly, Dennis and coworkers (22)
have recently showed that 1-acyl-glycero-3-phosphorylcholine exposed to alkaline pHs
(e.g. conditions under which the phospholipase A, digestion is performed) resulted
in an equilibrium mixture containing 90% of the 1-acyl and 10% of the 2-acyl isomer.
Secondly, from results obtained by the above authors the rate or rate constant of acyl
migration in chloroform was determined to be 2.9 x 10* M min!, Thus, indicating
that in chlorofirm the acyl migration reaction is not favoured. Furthermore, in
comparison to the experimentally determined rate constant of acylation (37.6 M
min™) of lysoPC under optimal conditions, the rate of acyl migration is approximately
1.3 x 10* times slower. However, it could be argued that under our optimal acylation
conditions ( 2 M PPY, 75 mM anhydride, 50 mM lysoPC) the rate of acyl migration

is significantly increased due to catalysis by PPY. Therefore, if the acylation reaction
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was performed with a comparatively small amount of PPY, one would expect a
decrease in the rate of acyl migration and thus a lower extent of migration. Acylation
of 1-[*H]-acyl-glycero-3-phosphorylcholine in the presence of 2 equivalents of PPY
(0.1 M) also resulted in 10% migration. This result, in conjunction with the above
observations, further supports our conclusion that under our acylation conditions no

appreciable amount of acyl migration is induced.
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‘Summary

Using the model peptides to systematically evaluate parameters involved with

phospholipid synthesis we were able to show the following:

a.

The fatty acid anhydride is approximately 2 times more reactive than the fatty acid
imidazolide.

The reactivity of the catalyst-activated anhydride intermediate is solvent
dependent. Of the solvents tested, chloroform optimally enhanced the reactivity
of the catalyst-activated anhydride.

Preparation of the intermediate, 1-acyl-4;pyrrolidinopyridinium salt, occurs by way
of an equilibrium dependent reaction.

The phosphate group of 1,2-diacyl-glycero-3-phosphorylcholine interacts with fatty

_acid anhydride under acylation conditions. This interaction causes a reduction in

the rate of acylation of the secondary hydroxyl group of DNP-Pro-ThrNH,.
This interaction between the phosphate and the anhydride can be completely
reversed if sufficient catalyst only is used.

Acylation of 1-acyl-glycero-3-phosphorylcholine under optimal acylation conditions
derived from the model peptide system results in a 100% yield of PC within 3
min,

Acyl migration does not occur to any .appreciable extent under our optimal

acylation conditions.

It should also be mentioned that the results obtained with the 4-pyrrolidinopyridine

catalyst parallel-the results obtained with 4-dimethylaminopyridine.
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INTRODUCTION

A variety of chemical approaches have been described for the synthesis of
fatty acyl coenzyme A. These involve acylating coenzyme A as the lithium or
sodium salt with commonly available fatty acid acylating reagents such as
anhydride (Simon and Shemin 1953; Stadtman, 1957; Pullman 1973), mixed
anhydride of ethyl hydrogen carbonate (Goldman and Vagelos 1961), acid chloride
(Seubert 1960; Bishop and Hajra 1980; Hajra and Bishop 1986), N-
hydroxysuccinimide ester (Lapidot et al. 1967; Chauban and Dakshinamurti 1980),
and more recently, with the imidazolide (Kawaguchi et al. 1981). Due to the low
solubility of coenzyme A salts in organic solvents, the acylation reactions have
been routinely performed in aqueous solvents at pH 7-9 (Stadtman, 1957; Seubert
1960; Chauban and Dakshinamurti 1980; Kawaguchi et al. 1981) or high
temperature (Bishop and Hajra 1980; Hajra and Bishop 1986). However, under
these conditions poor solubility of the reagents or various competing reactions
often result in low yields even though an excess of the acylating reagent or
coenzyme A is used.

These approaches are not suitable for micro-scale syntheses involving scarce
and valuable fatty acid analogues such as highly radioactive photoreactive fatty
acids. This report describes a method for solubilization of coenzyme A in
anhydrous organic solvents and for its acylation by fatty acylimidazolides in dilute
solutions under mild conditions; this procedure results in essentially quantitative

recovery of the fatty acid as the fatty acyl CoA. The purification of the fatty acyl



coenzyme A by HPLC and gel filtration methods is described.
MATERIALS AND METHODS | |

Palmitic acid and N',N'-cargonylaimidazole (CDI) welle purchased from
Sigma Chemical Co. Coenzyme A (CoASH) as the free acid was obtained from
Boehringer and [3H]pﬁlmitic acid (30 Ci/mmole) from New England Nuclear. 1-
palmitoyl-glycero-3-phosphorylcholine was purchased f{rom Serdary and
triethylamine fi..::: Pierce,

Dry dimethylformamide (DMF), prepared by the addition of 0.1 volume of
dry benzene and evaporation of 0.2 volumes.under reduced pressure, was stored
over 4A molecular sieves under nitrogen. All other anhydrous solvents were
prepared by distillation under nitrogen. Benzene was reﬂuged for 4 hours prior
to distillation from calcium hydride, followes by storage over 4A molecular sieves
under nitrogen. Reagent grade chloroform (CHCl;) was extracted with distilled
water, distilled from phosphorous pentoxide and stored under nitrogen at -20°C
in the dark. Pyridine was refluxed with barium oxide for 2 h prics to distillation.
Triethylainine was distilled from ninhydrin and stored over 4A molecular sieves
under N, at 4°C in the dark. Palmitic acid was freed of residual water by
repeated addition of dry benzene and evaporation under reduced pressure.
Solubilization of Coenzyme A

The free acid form of CoASH was suspended in dry CHCl; at a

concentration of 115 mM (based on dry weight). Following the addition of 4

equivalents of anhydrous triethylamine (2 M in dry CHCl), the CoASH was
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diluted to 80 mM with dry DMF, and the content was vigorously mixed. The final

concentration of CoASH was determined based on the molar extinction coefficient

(e = 16,400) of CoASH at 260 nm (Seubert, 1960).

Preparative Synthesis of Fatty Acyl Coenzyme A
a) ion of | imidazoli

The imidazolide was prepared as described (Morton et al. 1988). The fatty
acid (1 M in dry DMF) was transferred to a flamed pyrex screw cap tube
containing 1.5 equivalents of CDI (2 M) in 15% DMF in benzene and the reaction
was allowed to proceed for 1 h at room temperature under N, The imidazolide
was diluted with dry benzene to 40 mM and transferred to another flamed pyrex
screw cap tube containing 4 equivalents of dried Sephadex LH-20 (capacity, 1.15
x.10® mole/mg) per mole of excess CDI. The tube was flushed with N, and the
content was rotated for 1 h at room temperature. The reaction mixture was
centrifuged for 5 min and the supernatant containing pure imidazolide was
recovered.

b)  Acylation of Coenzyme A:

The tetra-triethylammonium salt of CoASH was routinely acylated at a final
concentration of 50 mM with 1.5 equivalents of the imidazolide in CHC],
containing 20% DMF,

mall 1 nthesis of Fatty Acyl Coenzyvme A
a) The fatty acid (40 mM in dry benzene) was transferred to 2 equivalents of

CDI (160 mM in dry CHCI, containing 20% benzene). The reaction was allowed



to proceed fo 4 h at room temperature under nitrogen.
b) Acylation of Coenzyme A: |

Fatty acyl imidazolide prepared as described above was used to acylate 2
equivalents of the tetra-triethylammonium salt of CoASH in CHCl,/DMF (4:1).
The final concentration of imidazolide and CoASH were 10 mM and 20 mM,
respectively.
HPLC Analysis of Acylation Reaction

The extent of acylation of CoASH was routinely analyzed by HPLC, using
a Millipore-Waters system equipped with two M-430 pumpé, a 720 system
controller, a M-730 data module, a WISP 710B automatic injector and a 440
absorbance detector. At specific times an aliquot of the reaction was diluted into
100 mM sodium acetate, pH 4.4/methanol (1:1, v/v) and applied onto a 4.6 x 15
cm reverse-phase C;g Altex ion-pairing column (5 uM) pre-equilibrated with 50
mM sodium acetate, pH 4.4 at 40°C. The column was eluted at 1 ml/min as
shown in Fig. 4 and the eluate monitored at 254 mm.
Purification of the Fatty acyl Coenzyme A

Fatty acyl coenzyme A was purified by HPLC on a reverse-phase C,y Altex
ion-pairing column equilibrated with 50 mM sodium acetate, pH 4.4. The column
was eluted at 1 m}/min with a linear methanol gradient for 12 min.

Purification by gel permeation chromatography was achieved by applying
the mixture directly onto a Sephadex LH-20 column (1 x 76 cm) pre-equilibrated

and developed with CHCl,/MeOH/H,0 (1:1:0.2, v/v/v).



ization of .i E ] nzym
a.)  Biochemical:

Microsomes were obtained according to the procedure of Suzue and Marcel
(1972). ‘The microsomal fraction, suspended in a 0.25 M sucrose solution
containing dithiothreitol (1 mg/ml), was aliquoted and stored at -20°C under
nitrogen. Protein content was determined according to the method of Lowry et al.
(1951).

Synthesis of 1,2-dipalmitoylphosphatidylcholine by rat liver microsomes
using the palmitoyl coenzyme A prepared as described above, and 1-
palmitoyllysophosphatidylcholine was performed as described (Leblancand Gerber,
1984).

b} Chemical:

Purified fatty acyl coenzyme A (20 nmoles, 1 uCi) was reacted with 9
umoles of ethanolamine in 20 gl dry pyridine at room temperature. At various
times an aliquot (2 ul) was spotted directly on a TLC plate. The plate was
developed with CHCl,/MeOH (9:1, v/v) containing 1% (v/v) acetic acid. The
radioactivity was visualized by fluorography. The products were scraped from the

plate and the radioactive content was assessed by liquid scintiliation counting.
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RESULTS AND DISCUSSION

Chemical synthesis of fatty acyl coenzyme A thioesters reported so far have
been routinely performed in a mixture of water and tetrahydrofuran at high pH
and temperature primarily to solubilize CoASH and the activated fatty acids.
However, under these conditions the yields of product are variable and depend on
the polarity of the fatty acid used.

For micro-scale synthesis involving highly radioactive fatty acids and
analogues such as photoreactive fatty acids reproducible and highyields are clearly
essential, Conditions that solubilize both CoASH and the acylating agent under
anhydrous conditions avoid hydrolysis of the activated acid. The solubility of the
activated fatty acid would be improved under these conditions, while a polar salt
of CoASH would be insoluble. In order to render the CoASH soluble under
anhydrous conditions, the free acid of CoASH was suspended in dry CHICIl; and
reacted with 4 equivalents of anhydrous triethylamine. Addition of dry DMF to
a concentration of 20% (v/v) resulted in a clear solution of the tetra-
triethylammonium salt of CoASH; this salt of CoASH is also soluble in pyridine,
DMF or mixtures of these solvents in CHCl,. As determined by HPLC analysis,
this solubilization procedure did not promote oxidation of the coenzyme A and
resulted in solution of the CoASH under anhydrous conditions.

A variety of fatty acid acylating agents can be used to acylate the tetra-
triethylammonium salt of CoASH under these anhydrous conditions. Since the

thiol is a good nucleophile, it is possible to avoid highly reactive acylating fatty
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Figure 1: Time course of activation of palmitic acid with varying amounts of CDI. Palmitic acid (1.2
smoles, 13.3 Ci/molc) was rcacted with 1 (@) or 2 (M) equivalents of CDI in 20% benzene in CHCI,
as described under small scale synthesis of Materials and Methods. The extent of activation was
assessed by diluting an aliquot (2 xl) of the activation reaction at the specified times into 18 ul of 0.5
M ethanolamine in dry pyridine. The reaction was allowed to proceed for 1 h at room temperature
and 10 ul was spoltcd on a TLC plate. The plate was developed with CHCl;/MeOH (9:1, v/v)
containing 1% acctic acid. The radioactive products were visualized by fluorography, scraped from
the plate and quantitated by liquid scintillation counting.
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acid derivatives which are likely to result in degradation of sensitive fatty acids or
acylation of the hydroxyl groups on the CoA. We have previously shown that the
fatty acyl imidazolide is less reactive than the anhydride or the acid chloride
(Mangroo and Gerber, 1988). Its use avoids acylation of hydroxyl groups present
on the CoASH; these can be easily acylated by the more reactive reagents under
anhydrous conditioﬁs, while this would require strong base catlysis in the case of
imidazolides (Mangroo and Gerber, 1988). The fatty acid imidazolide was chosen
for this study since it avoids these side reactions and affords quantitative recovery
of the fatty acid in the desired product.

The reactivity of the fatty acyl imidazolide was determined in the anhydrous
solvents pyridine, DMF and CHCl, as well as in mixtures of these (data not
shown); it was found that the reactivity of the imidazolide increased as the polarity
of the solvent decreased, thus being highest in chloroform; although the addition
of 20% of one of DMF or pyridine to CHCI, resulted in substantial loss of activity,
the solvent chosen for these studies was 20% DMF in CHCl, since the tetra-
triethylammonium salt of coenzyme A was found to be readily soluble in this
mixture while it was insoluble in chloroform.

Small scale synthesis of fatty acyl coenzyme A involving scarce fatty acids
must be aécomplished using only a small amount of the acid and thus requires the
activation of the fatty acid with CDI to be performed under dilute conditions. The
rate of activation of the fatty acid with CDI under these conditions is expected to

be slow and the extent of formation of the fatty acid imidazolide was therefore
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Figure 2: Time course of fatty acid acylation of varying amounts of coenzyme A in the presence of
CDI. Palmitoyl imidazolide (3 xmoles) prepared as described under small scale synthesis in Materials
and Mcthods, was reacted with 3 xmoles (s), 4.5 pmoles (@) or 6 umoles (M) of the tetra-
tricthylammonium salt of coenzyme A in a total volume of 300 4! CHCl,/DMF (4:1). At the times
indicated, aliquots of the reaction were diluted into methanol/100 mM sodium acetate, pH 4.4 (1:1,
v/v) and analyzed by HPLC.
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Figure 3: Time course of fatty acid acylation of coenzyme A in the abscace of CDI. Palmitoyl
imidazolide (1.8 xmoles), prepared as described under preparalive synthesis of Materials and
Methods, was reacted with the tetra-tricthylammonium salt of coenzyme A (1.2 gmoles) in 25 x4l of
CHCIl;/DMF (4:1), At the times indicated, an aliquot of the reaction was diluted into methanol/100
mM sodium acetate, pH 4.4 (1:1, v/v) and analyzed by HPLC.
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monitored indirectly by its quantitative conversion to the fatty acid ethanclamine
derivative. The latter was ﬁuriﬁed by TLC and the radioactivity determined. As
shown in Fig. 1, activation of palmitic acid with 1 equivalent of CDI was slow and
incomplete; however, with 2 equivalents of CDI, activation of the fatty acid was
faster and proceeded to completion within two hours.

The time course of acylation of the tetra-triethylammoﬁium salt of
coenzyme A with palmitoyl imidazolide prepared as described above is shown in
Fig. 2. This activation procedure used an excess of CDI and the direct acylation
of the CoASH without removal of this excess CDI resulted in only 38%
derivatization of the CoASH within 3 h when 1 equivalent of CoASH was added.
Furthermore, the reaction did not proceed to completion even when longer
reaction times were used (data not shown). This was due to the excess CDI
reacting with‘the thiol group of coenzyme A, thus preventing the desired acylation
reaction, However, as shown in Fig. 2, addition of an excess of CoASH resulted
in complete conversion of the fatty acyl imidazolide to the coenzyme A thioester.

The addition of an excess CoASH is the simplest means to obtain complete
conversion of the fatty acyl imidazolide and this is the preferred route for synthesis
where availability of the fatty acid is limiting. In large scale syntheses where the
addition of an excess of COASH may be too expensive, .an alternate means of
ensuring complete acylation involves the removal of residual CDI prior to the
acylation. It has been shown that this can be readily done (Morton et al. 1988) by

the use of anhydrous Sephadex L.LH-20. This procedure results in the complete
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Figure 4: HPLC analysis of fatty acid acylation of cocnzyme A. Cocnzyme A as the tetra-
triethylammonium salt (1.2 ymoles) was incubated without (A) or with (B) palmitoyl imidazolide (1.8
umoles) prepared as described under large scale synthesis of Materials and Methods, in 25 ul
CHCL,/DMF (4:1). After 1 h 3 ul of each incubation was diluted into 97 4l methanol/100 mM

sodium acetate, pH 4.4 (1:1, v/v) and 50 al of the quenched reactions were subjected to HPLC
analysis,
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removal of any excess CDI and leaves the fatty acid as the imidazolide. The time
course of the acylation by the imidazolide which had the excess CDI removed by
prior incubation with anhydrous Sephadex LH-20 is shown in Fig. 3; the acylation
now proceeded to completion even when the. imidazolide and CoASH were present
in equimmolar amounts,

The purification of fatty acyl coenzyme A derivatives using reverse phase
HPLC is shown in Fig. 4. The separation shown represents 2 substantial
improvement over earlier methods (Seubert 1960; Pullman 1973; Kawaguchi et al.
1981) this method was used for monitoring the acylatio.n reaction as well as for
preparative isolation i the fatty acyl coenzyme A. An alternate preparative
isolation also used was chromatography on Sephadex LH-20 in CHCl,/MeOH/H,0
(1:11:0.2, v/v/v). In cases where the procedure is to be used for very large scale
syntheses, chromatography of the reaction on a Dowex 50 column in the H* form
would afford the free acid of the fatty acyl coenzyme A and this could then readily
be converted to the desired counterion form.

The characterization of the fatty acyl coenzyme A was done by both
chemical and biochemical means. Reaction of the coenzyme A derivative with
ethanolamine, as described in Materials and Methods, resulted in total recovery
of the fatty acid as the fatty acyl-ethanolemmide (data not shown). Hence, the
fatty acid must be present in the form of an active thioester in the CoA derivative.
It was also determined, as described in Materials and Methods, that rat liver

microsomes were able to utilize the synthetic coenzyme A derivative for the
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synthesis of phosphatidylcholine from lysophosphatidylcholine; all the fatty acid of

the coenzyme A derivative was recovered in the phosphatidylcholine formed (data
not shown). The synthetic product was therefore concluded to be the pure fatty
acyl thioester of coenzyme A. The procedure described thus results in essentially

quantitative conversion of a fatty acid to the fatty acyl CoA derivative.
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