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AN ABSTRACT OF A DISSERTATION

Arabidopsis thaliana ACYL-CoA-BINDING

PROTEIN: STRUCTURE, FUNCTIONS, GENETICS

By

Raymond S. Pacovsky

A cDNA clone from Arabidopsis thaliana encoding a protein with 92
amino acid residues waS identified as the gene that encoded an acyl-CoA-
binding protein (ACBP). Coding sequence of this clone was expressed in
E. coli, and the gene product (10.4 kDa) was purified. Recombinant A.
thaliana ACBP (rAthACBP) bound acyl-CoAs selectively and protected these
esters from microsomal acyl-hydrolases. ACBP was shown by Western blot-
ting to be expressed in all tissues of Arabidopsis and Brassica napus,
and ACBP was markedly up reqgulated during storage lipid biosynthesis.
Therefore, we conclude that ACBP is a housekeeping protein in all cells
involved in acyl-CoA utilization.

The thermodynamics of binding for a number of different acyl-CoA
esters to rAthACBP was analyzed using titration microcalorimetry and
van't Hoff analysis. Binding affinity between acyl-CoA and rAthACBP

increased as acyl-chain increased. The overriding contribution to free



energy was enthalpy, rather than entropy, at 27° C. Unsaturated or mono-

hydroxylated C;g-CoAs bound to rAthACBP with similar binding constants.

van't Hoff analysis indicated that the optimal temperature of binding
was 15° C, and this set point was determined more by temperature-depen-
dent entropy than enthalpy. A marked entropy-enthalpy compensation
existed so that over a moderate range of temperature or cellular salt
concentrations the binding of a particular acyl-CoA to rAthACBP would
change only slightly. Although binding was driven by enthalpy, release
of ligand was entropy dependent. To our knowledge, this is the first
report to suggest ligand release is entropy driven.

Southern analysis of A. thaliana and other species indicated that
the gene encoding ACBP (designated acb) is part of a small multi-gene
family. Northern hybridization to A. thaliana RNA suggested that all
tissues express low to moderate achb levels. In developing oilseeds and
germinating seedlings, acb was strongly expressed indicating an invol-
vement not only in triacylglycerol biosynthesis, but also fatty acid
utilization for R-oxidation or the glyoxylate/gluconeogenesis cycles.
The acb gene appears transcriptionally regulated and may be a target for
alteration of gene expression in oilseeds to alter o0il composition or in

germinating seedlings, to alter carbon utilization patterns.
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CHAPTER 1

ACYL-CoA-BINDING PROTEINS (ACBP); STRUCTURE AND FUNCTION

One function common to all living organisms is the biogenesis of a
membrane that serves to separate self from environment. Biological
processes such as cell cycle, cellular differentiation, and embryonal
development often involve the biosynthesis of new cellular membranes,
which is controlled by complex molecular mechanisms. One of the
molecules involved in this rich drama is the acyl-CoA-binding protein

(ACBP). Here is it's story.

A. Acyl-CoA-binding protein: Biochemistry

1. Sources of ACBP

ACBP has been found in all cells of higher eukaryotes, usually as
a "housekeeping" protein, but in some tissues, it has also been
recruited for specialized functions (Alho et al., 1988). Free fatty
acids (FAs) or free acyl-CoA esters can be toxic to cells as a result of
their ability to act as detergents that disrupt protein folding or
membrane integrity. Earlier work in animal systems was initiated to
find proteins that bind to acyl-CoAs or FAs, thereby protecting the cell
against damage that would otherwise result when FAs are mobilized for
cellular processes. it was initially believed that the fatty acid-bind-
ing protein (FABP) and acyl-CoA-binding protein (ACBP) were identical
(Haunerland et al., 1984) because a partially purified protein extract
from cow liver was capable of binding both FAs and acyl-CoAs.

However, Knudsen and colleagues demonstrated and confirmed the
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presence of ACBP in a preparation of bovine liver FABP because of the
ability of ACBP to cause termination of fatty acid synthetase (FAS) at

medium-chain lengths (Cg-C;;) in vitro (Hansen et al., 1984). This
premature termination at less than C;g or C;g required the presence of

an acyl-CoA-utilizing system, in the form of either a binding protein
(for example, bovine serum albumin or ACBP), an alpha-cyclodextran, or a
microsomal TAG-synthesizing system (Knudsen and Grunnet, 1982).

Using a number of approaches, some of which utilize other
properties of ACBP that will be discussed later, ACBP or the cDNA
encoding this protein have now been isolated from a number of animal
species, such as human (Marquardt et al., 1986), rat (Mocchetti et al.,
1986; Knudsen et al., 1989), mouse (Owens et al., 1989), bovine
(Mikkelsen et al., 1987), pig (Chen et al., 1988), ox (Webb et al.,
1987), duck (Todaro et al., 1991), insects (Synder and Feyereisen, 1993;
Kolmer et al., 1994) and yeast (Rose et al., 1992; Knudsen et al.,
1993). An alignment of the polypeptide sequences or the derived amino
acid sequence from the various animal cDNAs demonstrates a high degree
of homology within these ACBPs (Figure 1).

In plants, a cooperative pathway exists between the endoplasmic
reticulum and the plastid for the biosynthesis of galactolipids
containing polyunsaturated FAs (PUFA). Export of acyl chains from the
chloroplast (mainly in the form of oleoyl-CoA) towards the endoplasmic
reticulum results in a return of diacylglycerol moieties, perhaps in the
form of phosphatidylchloine (PC) containing two di- or triunsaturated
acyl chains which will be used for the biogenesis of thylakoid galacto-
glycerol lipids (Arondel and Kader, 1990). Transfer of oleoyl-CoA from

plastid to ER is likely regulated by ACBP, whereas movement of glycero-



Animal ACBPs aligned to show a comparison of amino acid

Figure 1.

Residues that are in contact with the adenosine-3'-phosphate

residues.

Residues that

or the pantotheine group have a "b" above that column.
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KQAT box (acyl-tail binding) and DAWN box (CoA binding) are underlined.

30
30
30
30
30
30
30
30
30

SQAEFEKAAEEVRHLKTEKPSDEEMLTFIYGH

Man

SQAEFEKAAEEVKNLKTKPADDEMLTFIYSH
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Tort.

* Abbreviations:
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lipids to the plastid may be due to a presumed class I lipid transfer
protein (LTP). Intracellular phospholipid transport (class I activity)
must be distinguished from the extracellular transport facilitated by
other LTPs that have been isolated and whose cDNA was cloned from plants
(Bernhard et al., 1991).

The information presented in this thesis represents the first
characterization of the polypeptide encoded by any plant ACBP gene
(acb). Prior to this work, the plant protein had not been character-
ized, although subsequently, putative cDNAs have been isolated from a
number of different sources. Hills et al. (1993) used a polymerase-
chain reaction (PCR) approach to isolate a presumptive ACBP cDNA from
rapeseed (Brassica napus) and provided evidence that there are multiple
loci for the ACBP gene in this plant, a result similar to that of acyl-
carrier protein (ACP) in B. napus (Safford et al., 1988). As a result
of genome sequencing projects, cDNAs have been isolated from rice (Oryza
sativa; Uchimiya et al., 1992), corn (Zea mays; Keith et al., 1993),
Arabidopsis thaliana (Newman et al., 1994) and castor bean (Ricinus
communis; van de Loo et al., 1995) that have high sequence identity to
the A. thaliana ACBP (Chapter 2). With the exception of the rapeseed
and Arabidopsis experiments, none of these randomly selected cDNA

sequences have been further investigated.

2. Functions of acyl-CoA-binding protein/diazepam-
binding inhibitor

Acyl-CoA-binding protein has multiple names and multiple
functions. Historically, the ACBP polypeptide was first purified from
rat brain on the basis of its ability to displace diazepam (Marquardt et

al., 1986) from the gamma-aminobutyric acid receptor type A (GABA,)



5

receptor (Stephenson, 1995), and it was, therefore, given the name
diazepam-binding inhibitor or DBI by Guidotti et al. (1983). ACBP or
DBI is also known as endogenous benzodiazepine or endozepine. ACBP does
not appear to be the direct neurotransmitter in the brain. Rather, two
different peptide fragments, resulting from endoprotease digestion,
appear to serve that role (Ferrero et al., 1986).

In addition, DBI has been purified from a number of peripheral
organs, such as pig intestine (Chen et al., 1988), rat liver (Knudsen et
al., 1989) and bovine liver (Mogensen et al., 1987). DBI has been shown
to be expressed in all rat tissues, with the highest expression in
adrenal gland, liver, and the somatic tissue of the testes (Bovolin et
al., 1990), and the lowest expression was found in spleen, lung, and
muscle (Knudsen et al., 1989). Endozepine-like peptides have also been
found enriched in the epithelium of the rat gastrointestinal tract
(Steyaert et al., 1991).

In contrast to these GABA-ergic receptors, often regarded as the
"central" type of benzodiazepine receptor, there is the "peripheral"
type of benzodiazepine receptor, which is located on mitochondria and
regulates steroidogenesis. DBI influences steroid biosynthesis
(Papadoupoulos et al., 1991) by stimulating cholesterol delivery to the
inner mitochondrial membrane (Yangibashi et al., 1988). Recently,
antisense oligonucleotides for DBI were shown to inhibit hormone-
stimulated steroid production in Leydig cells (Boujrad et al., 1993).

It is still uncertain to what extent ACBP/DBI is a true
multifunctional protein. In plants and yeast, there is no nervous sytem
(so no GABA-ergic pathways) and no glucose-induced insulin secretion.
Clearly, there are fewer possibilities for ACBP to have specialized

functions in yeast or plants. A unicellular organism like yeast
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performs all of the basic metabolic functions and does not require
complex intercellular signaling and interactions necessary in a
multicellular organism (Mandrup et al., 1991). The highly conserved
nature of ACBP through evolution suggests that ACBP performs a similar
function in all these organisms (Knudsen et al., 1993). Research into
the plant ACBP should address the question: Can this housekeeping
protein have specialized functions in certain cell types or during

certain states of ontogeny?

3. Acyl-CoA-binding protein: Structure and mutant studies

There has been interest in the physical properties and structure
of this protein since it was suggested that ACBP is an acyl-CoA carrier,
or that it requlates the size of the acyl-CoA pool (Knudsen et.al.,
1989). The first three-dimensional structures for ACBP (bovine) were
determined by one-dimensional (Andersen et al., 1991) and two-
dimensional nuclear magnetic resonance spectroscopy (Andersen and
Poulsen, 1992). Later, high resolution nuclear Overhauser enhancement
spectroscopy (NOESY) produced structures to a resolution of 1.4 A for
both the apo-enzyme (Andersen and Kragelund, 1992) and the holo-enzyme
(Kragelund et al., 1993).

The animal homologue is a highly conserved 10 kDa protein
containing 86 amino acid residues arranged into 4 helical regions
(Andersen et al., 1991). These helices span residues 1-15, 20-36, 51-60
and 65-85. All of the ACBPs isolated to date contain two highly
conserved regions. The first, in the second helical region, is five to
seven amino acids in length (underlined in Fiqure 1, above) and was
shown to be the hydrophobic binding site for the fatty-acyl chain by

photoaffinity labelling (Hach et al., 1990). The second, in the loop
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between the second and third helix (underlined in Figure 1), has high
affinity for the CoA portion of the molecule, although there are other
amino acid residues outside of this region that make contact with the
adenosine-3'-phosphate or the pantotheine portion (marked with a "b" in
Figure 1) of the CoA head group (Knudsen, 1991).

The overall structure of bovine ACBP has been described as a
shallow bowl which has a rim and exterior sides that are highly hydro-
philic but contains an interior and an exterior base that are predomin-
antly non-polar (Andersen and Poulsen, 1992). Helical regions Al and

A4, then A2 and A3 run in parallel pairs with two lysines (Lys;3 and
Lys3;) at the inside bottom of the bowl (Figure 2). An earlier

alternative description for the conformation of this protein likens it
to a boomerang with helix 1 and 2 in anti-parallel arrangement in one
arm and helix 3 and a portion of helix 4 forming the other arm of the
boomerang (Knudsen, 1991). The hydrophobic binding site lies in the
angle connecting the two arms.

The adenosine-3'-phosphate binds near residues of each of the four
helices so that this group lies over the opening to this shallow bowl
(like a hat) and allows water to be excluded from the hydrophobic pocket
(Kragelund et al., 1993). The polar part of the pantetheine and the
pyrophosphate are structured in the bound ligand to form an interface
with solvent. The ligand also forms a set of contacts where the
adenine, pantetheine, and the palmitoyl-chain are associated. Therefore,
overall the structure of the ACBP/ligand complex is organized to protect
the lipophilic portions of the acyl-CoA molecule from the agqueous medium
(Kragelund et al., 1993).

The individual binding of either free CoA or free long-chain FAs



()
Figure 2. Structure of the recombinant bovine ACBP. Stereo views of

the lowest energy structure of the bovine ACBP-palmitoyl CoA complex
showing the (a) fold of the palmitoyl-CoA in the ACBP binding site.
The ligand is shown as a ball and stick model and the protein as a
smooth ribbon through the peptide backbone. (b) Close-up of ligand-
protein interactions with only interacting residues of the protein
shown. (after Kragelund et al., 1993. J. Mol. Biol. 230, 1260-

1277).
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to rACBP has been reported to be significantly weaker than the binding
of intact ligand (Rasmussen et al., 1990; Rosendahl et al., 1993). The
binding site is organized so that only long-chain acyl-CoA esters will
bind strongly, and neither of the two main ligand constituents alone has
the necessary determinants to bind strongly. Docking of short chain
acyl-CoAs in the binding site shows that the omega-end of the chain
cannot reach the lipophilic cavity in the bottom of the binding site
(Andersen and Poulsen, 1992). Very long acyl-CoAs will probably extend
beyond the lipophilic pocket and bring the aliphatic omega-end into a
non-favorable contact with solvent.

ongoing work by Knudsen and his Danish colleagues has resulted in
the characterization of the structure and ligand binding of bovine ACBP
variants that were generated by site-directed mutagenesis (Roepstorff et
al., 1995; Poulsen, personal communication). Twelve different oligonuc-
leotide-directed mutants were screened for altered ligand binding and
specific residues were identified that are critical for acyl-CoA
binding. Salt bridges or/and hydrogen bonds were formed between ligand

and Alag, Tyr,pg, Lyss3y, Lyssq and Tyry; (Figure 1). Substitutions of

other amino acids in the mutant ACBPs resulted in lowered affinity or
specificity for the acyl-CoA tail in ligand (Roepstorff et al., 1995).
An overall comparison of the structures between the apo- and holo- forms
of the protein suggests that ligand binding was not associated with

major conformational changes.

4. Plant acyl-CoA-binding proteins
Prior to the initiation of this work, nothing was known about

plant ACBPs. The first indication that a plant ACBP had been isolated
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and cloned was reported in December 1992 by the Arabidopsis genome
sequencing project at Michigan State University (Newman et al., 1994).
The cDNA clone (pSCC12T7P) containing 464 bp and an open reading
frame encoding a polypeptide with 92 amino acids had 57% sequence
identity to bovine ACBP (Chapter 2). While this work was in progress,
an ACBP cDNA was derived from B. napus (Hills et al., 1994). Using
degenerate oligonucleotide primers synthesized to encode those amino
acids that were highly conserved and form either the acyl-chain binding
pocket (KQAT box) or the contact points with the CoA head group (DAWK
box), a PCR amplification product was cloned and subsequently used as a
probe to clone the full-length cDNA. The Hills et al. (1994) clone
encoded a 92 amino acid clone with a 76% sequence identity to the A.
thaliana clone (pSCC12T7P). All the residues that bind the adenosine-3'-

phosphate of the CoA moiety (Ala;, Tyri3g, Lyss3s, Lyssg, Tyrq4) were

present with the same relation found in ACBPs from other species.

The Brassica and Arabidopsis ACBPs both appeared to be cytosolic
proteins since these clones lacked a signal peptide (Figure 3). Ex-
pression patterns in Brassica (Hills et al., 1994) and Arabidopsis
(Chapter 2) indicated that ACBPs were present in all plant tissues. 1In
particular, the ACBP mRNA was highly expressed during seed mid-maturity
or seedling germination when TAG biosynthesis or R-oxidation activities
were significant (Chapter 4).

Additional cDNAs for ACBP were isolated serendipitously as part of
the Japanese rice cDNA sequencing project (Uchimiya et al., 1992) and
the corn EST sequencing project (Keith et al., 1993). 1In addition,
Turner and Somerville found a castor bean ACBP cDNA while screening mid-

maturity castor seed cDNA for the castor hydroxylase gene (van de Loo et
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Figure 3. Fungal, insect and plant ACBP sequences aligned so that a
comparison of amino acid residues can be made. Residues that are
invariant in all ACBPs have a "+" sign above that column. Residues that
are conserved in all fungal, insect or plant ACBPs have a "A" above that
column. The KQAT box (residues bind acyl tail) and the DAWK box

(residues bind CoA head group) are underlined.

b b b

A + A A A + A 4
S.c VSQ-LFEEKAKAVNELPTKPSTDELLETLYA 29
S.m VSQ-LFEEKAKAVNELPTKPSTDELLELYSG 29
M.s. MSLQEQFD AASNVRNLKSLPSDNDLLETL A 31
D.m. M SE-QF A AA KVKSLTKRPSDDEFLOQL A 30
Ath MGLKEEFEEHAEKVNTLTELPSNEDLLTITLYSG 31
Bha MGLKEDFEEHAEKVKKLTASPSNEDLLTILYG 31
Ghi MGLKEEFEEHAEKVKTLPAAPSNDDMLTILYG 31
Osa MGLQEDFEAVRRKGKTLPESTSNENKLTILYG ND
Rco MGLKEDFEEHAEKAKTLPENTTNENKLTILYG 31
Zma MGLQEEFXEHXEKAKTLPESTSNENKLTILYG 31






12

59
59

KEKPGIFNMEKDRYKWEAWE
KEKPGIFNMKDRYKWEAWE

S.c. LYKOATVGDND -

Sm. LYKOQATVGDND -

62
60

Ms. LEKOQASAGDADPANRPGLLDLUEKGEKAKFDAWH
KPGLLDLKGKAKWEAWN

Dm. LEKQOQASVGDNDTA -

61

RPGMFSMKERAKWDAWK
RPGMFSMKERAKWDAWK
RPGMFNMREKYEKWDAWK
RPGIFAQRDRAKWDAWK
RPGMFNMADRAKWDAWK
RPGIFYQKDRAKWDAWEK

Ath LYKOAKFGPVDTS

61

LYKOATVGPVTTS

Bna
Ghi
Osa

61

LYKOATVGPVNTS

ND
61

LYKOATVGDVNTA -

Rco LYKOATVGPVNTS

61

LYKOATVGDVNTTPD -

Zma

helix 3 ------

/-----

-~/

helix 2

86

S.c. NLKGKSQEDAEKEYIALVDQLTIAKYSS?*

86

Sm. DLKGKSQADAEKEYIAYVDNLTIAKYSSH™*

90
86

KKAGLSKEDAQKAYIAKVESLIASLGLO Q?®*

M.s.

*

Dm. NKQKGKSSEAAQEYITFVEGLVAKYA

Ath AVEGKSSEEAMNDYITKVKQLLEVAASKAST* 92

AVEGKSTDEAMSDYITKVKQLLEAEASSASA®* 92

Bna
Ghi
Osa

89

AVEGKSKEEAMSDYITKVKOQLLEEAAASAARAS * 92

AVEGKSKEEAMGDYITKVKOQLFEARAGSS *

90

Rco AVEGKSKEEAMSDYITKVEKQLLEEAAASA*

89

LFEGKSKDEAMNDYITKVKQLQEEARAMAST*

Zma

----_--------/

helix 4

--/ /-_--_-___-__-_

helix 3

s.m.,

Saccharomyces cerevisiae;

S.c.,
insect: M.s.,

fungal:

Abbreviations:

Drosophila
Brassica napus;

D.m.,

Manduca sexta;

Saccharomyces monacensis;
melanogaster;

Ghi,

Bna,

Arabidopsis thaliana;
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Osa,
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Zea mays.

Rco, Ricinus communis; and

Oryza sativa;
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al., 1995), while Reddy et al. (1996) isolated a putative ACBP from
cotton. The Oryza sativa (D28303), Gossypium hirsutum (U35015), Zea
mays (T25215), and Ricinus communis clones are aligned with the
Arabiopsis thaliana (T04081) and Brassica napus (X77134) sequences
(Figure 3; Genebank accession numbers in parenthesis). 1In addition,
sequences of fungal origin (the yeasts: Saccharomyces cerevisiae and
Saccharomyces monacensis) or insect origin (Drosophila melanogaster and
Manduca sexta) are also aligned with the plant-derived ACBPs (Figure 3).
A comparison between the appropriate designators and a range of
physical properties (molecular weight, extinction coefficient and
absorption coefficient) for the purified recombinant proteins is listed
below (Table 1). These values have been derived by the laboratory of

Jens Knudsen, University of Odense, Denmark (personal communication).

B. Acyl-CoA-binding protein: Physiology

1. Animal versus plants: Lipid biochemistry

Long-chain fatty acyl-CoA is the metabolically active form of
FAs in both animal, fungal and plant cells. Various enzymatic conver-
sions of the FA substrate occur as an acyl-CoAs including certain
desaturations, chain elongations, glycerolipid esterifications, and
oxidation reactions in all higher organisms. Besides being a very
important acyl-donor, acyl-CoA is a metabolic intermediate that acts as
a modulator of various enzymes and specialized cells (Taupin et al.,
1993). In contrast to animal cells, where ACBP has been processed and
recruited for neuropeptide and endocrine functions, plant ACBP has as
its sole function the sequestration and transport of acyl-CoA to various
sites within the cell (Figures 4 and 5).

The ability of ACBP to bind acyl-CoAs was discovered by Mogensen
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Table 1 Physical characteristics of a collection of ACBPs.

organism designator MW extinction coeff. absorption coeff.
(daltons) mM-1 cm-1 Almg/ml
(210 npm)
human humACBP 9950+ 16.50 1.657
dog dogACBP 9989+ 17.78 1.798
rat ratACBP 9938+%* 15.22 1.531
bovine bovACBP 9955+ 16.50 1.657
mouse musACBP 9938+%* 15.22 1.531
duck dckACBP 9656 * 16.50 1.709
tortoise torACBP 9834+ 16.50 1.678
chicken chkACBP 9687+ 16.50 1.703
pig pigACBP 9807* 16.50 1.682
yeast SceACBP 9930 17.78 1.791
S. mona. SmoACBP 9953 19.06 1.915
A.thaliana AthACBP 103861 15.22 1.465

* includes N-terminal acetyl group

t includes N-terminal methionine
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et al. (1987). Knudsen's group utilized protein fluorescence or
electromagnetic spin resonance (ESR) spectroscopy to demonstrate that
acyl chains of 8 to 16 carbons bound to ACBP to the same extent
(Mikkelsen and Knudsen, 1987). Acetyl-CoA and butyrol-CoA bound only
slightly (Knudsen et al., 1989). 1In the ESR binding experiments, acyl-
CoAs with 14 to 22 carbons in the chain displaced 12-doxyl-stearoyl-CoA
from bovine ACBP with high affinity (Rosendahl and Knudsen, 1992).
However, the presence of 1, 2, or 3 double bonds in the chain did not
affect binding significantly.

Apparent Kgs for palmitoyl-CoA and oleoyl-CoA were determined to

be 0.22 uM and 0.14 pM respectively (Rasmussen et al., 1990) using a
Lipidex assay that subsequently has been shown to give false binding
values. Reports indicated that long-chain acyl-CoAs have several
reqgulatory functions (Woldegiorgis et al., 1982; Knudsen, 1990), such as
in moderating the activity of acetyl-CoA carboxylase (Nikawa et al.,
1979), the mitochondrial adenine nucleotide translocase, and interacting
with hormone receptors such as the nuclear triiodothryronine receptor
(Li et al., 1990). Similarly, extramito-chondrial R-oxidation is
reqgulated by the size of the acyl-CoA and FA pool (Kaikaus et al.,
1993).

However, the actual physiological effect of acyl-CoAs in the cell
is obtained in the low-to-mid nM range. In contrast, animal acyl-CoA
concentrations are reported to be from 22 to 83 nmoles/gram tissue
(Rasmussen et al., 1993). This corresponds to between 240 png ACBP/ml
(or 25 uM ACBP) and 850 pg ACBP/ml (or 87 uM ACBP). If long-chain acyl-
CoAs were found free in the cytosol, both FA synthesis and ATP

biogenesis would be completely inhibited in the liver (approximately 50
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nmoles/g tissue) where high rates of both these processes occur. Both
acetyl CoA carboxylase and the mitochon- drial nucleotide translocase
were protected against acyl-CoA inhibition in the presence of ACBP
(Rasmussen et al., 1993).

Compare these values with the ACBP concentrations from Arabidopsis
seed (140 pg ACBP g-1 FW or 45 puM ACBP) or mid-maturity Brassica seed
(205 pg ACBP g1 FW or 65 uM ACBP) where rapid TAG biogenesis is occurs
(Chapter 2). Fully mature vegetative tissue like root or leaf have
levels of ACBP from 5 to 30 pug ACBP g°! FW (or 0.7 to 5 uM) indicating a
significantly smaller acyl-CoA pool in plant cells compared to well-fed
animal cells (Chapter 2, thesis). Unfortunately, it is not possible to
compare ACBP levels with the concentration of endogenous acyl-CoA esters
in plants since measurement of acyl-CoA in plants is difficult (Kopka et
al., 1995).

Acyl-CoAs can be removed from the mitochondrial acyl-CoA
synthetase (Rasmussen et al., 1994). Overexpression of the recombinant
ACBP in transgenic yeast significantly increased the acyl-CoA pool size
(Mandrup et al., 1993b) demonstrating that ACBP in vivo can act to
increase the acyl-CoA pool.

Cells must continuously utilize non-esterified FAs released by the
action of acyl-CoA hydrolases (ACH) found in the endoplasmic reticulum,
vacuolar membrane, plasma membrane and in the cytoplasm. Within cells,
the free FAs are converted to acyl-CoA esters with the aid of ATP and
the action of a fatty acid:CoA ligase, more commonly referred to as an
acyl-CoA synthetase (ACS). This reesterification of certain FAs (for
example, highly unsaturated FAs) provides special acyl-CoAs (Thompson et
al., 1993) that can be reincorporated into glycerolipids without loss of

unique FAs (Figure 4). ACS, then, allows the cell to handle a large
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Figure 4. Involvement of acyl-CoA binding protein (ACBP) in lipid
biogenesis and turnover. Fatty acid biosynthesis (1) produces FAs for
the chloroplast acyl-CoA synthetase (2) which generates the substrate
for ACBP (3). Acyl-CoAs must be transported to endoplasmic reticulum
(4) for phospholipid biosynthesis and fatty acyl desaturation, mito-
chondria (5) or peroxisome (6) for R-oxidation, lipid bodies (7) for
TAG biosynthesis, plasma membrane (8) for retailoring reactions, and

perhaps the cell wall (9) for wax (cutin and suberin) biosynthesis.
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flux of non-esterified FAs, a process more prevalent in animals than in
plants.

In vivo FA biosynthesis occurs principally in plastids (Ohlrogge
et al., 1979), while enzymes involved in the synthesis of non-plastidal
membrane lipids and TAG are localized in microsomes (Mudd, 1980).
Therefore, an intracellular transport molecule may be required to
mediate transport of acyl-CoAs from plastids to the endoplasmic
reticulum (Figure 4). Similarly, use of energy stored in TAG by
germinating seedlings or the turnover of membrane phospholipids requires
transport of liberated FAs, in the form of acyl-CoAs, to glyoxysomes for
the glyoxylate cycle (Figure 5) or mitochondria for subsequent
R-oxidation (Harwood, 1988).

Activation of long-chain FAs, catalyzed by long-chain ACS, is a
central reaction in the metabolism and utilization of fatty acids. 1In
animal cells, it is the first step of R-oxidation, while in plant cells
it is involved at many points: lipid biogenesis (substrate formation)
and the glyoxylate cycle (substrate activation), in addition to R-
oxidation (Fiqure 5). Fatty acids are synthesized as acyl-acyl carrier
proteins (acyl-ACP) by a dissociable type-II fatty acid synthetase (FAS)
complex within plastids (Ohlrogge and Browse, 1995), and free FAs are
released from the FAS complex by the action of thiocesterases (Harwood,
1988). These FAs can then diffuse across the outer chloroplast
envelope, where they will encounter ACS and become esterified to
Coenzyme A. Subsequently, they will participate in the anabolic and
catabolic reactions within a cell that result in either membrane or
neutral lipid biogenesis (Thompson, 1993), energy generation, or the
glyoxylate cycle and gluconeogenesis (Ohlrogge and Browse, 1994).

In plants very-long chain FAs (VLCFA) are required for wax
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Figure 5. 1Involvement of acyl-CoA binding protein in triacylglycerol
utilization during seed germination. Fatty acids released from TAG in

seed lipid bodies (1) by lipases. These FAs are converted to acyl-CoAs
through the action of acyl-CoA synthetase (2). These acyl esters must
be transported by ACBP (3) to the glyoxysome (4) for use in the glyox-
ylate cycle and gluconeogenesis or for R-oxidation. The mitochondria

(5) can also produce energy for the cell through R-oxidation.
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biosynthesis (Kolattakudy, 1987), and in the case of some oilseeds, the
VLCFAs can be found in storage TAG. In the high erucic acid lines of

rapeseed, Cjp.; and Cy,.; FAs make up to 55% of seed TAG (Sebedio and
Akman, 1981), while Arabidopsis TAG contains at least 10% C,p and Cp;

FAs in the seed oil (Voelker et al., 1992).

In animal cells, VLCFAs are continuously provided by circulating
albumin complexes in the blood or lymph. 1In some cases, extracellular
hydrolases will liberate non-esterified FAs from phospholipids near the
cell surface. Within the cells, these FAs are converted to acyl-CoAs
that can then be used for energy generation, or in the case of arachi-
donic and eicosapentenoic acids, the corresponding acyl-CoA forms are
substrates for the lipoxygenase reactions that result in the formation
of the prostaglandins and other eicosanoids (Papadoupoulos et al.,
1991). Liver and adipose contain high levels of non-selective ACS
providing these tissues with the ability to handle large amounts of
varioﬁs free FAs, converting them into glycerolipids for storage or

export (Mangroo and Gerber, 1992).

2. ACBP and DBI: Physiology

In animals and yeast, long-chain acyl-CoAs play a central role in
regulation of metabolism as allosteric regulators of several enzymes and
translocators including protein kinase ¢, glucokinase, acetyl-CoA
carboxylase (Nikawa et al. 1979), citrate synthetase, and mitochondrial
ATP/ADP translocase (Woldegiorgis et al. 1982). Therefore, the relative
amounts and types of acyl-CoAs within a cell represent a dynamic balance
between synthetic and hydrolytic processes.

Initially, binding specificities for bovine and rat ACBP for
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acyl-CoAs of different chain lengths were determined by fluorescence
quenching of hydrophobic tyrosines in ACBP (Mikkelsen and Knudsen,
1987). Acyl-CoAs having a chain length of 10 to 20 were bound with

increasing affinity, with C;g- and C;9-CoAs showing the tightest binding

(Rosendahl et al., 1993). The binding affinity and stoichiometry of 1
mol acyl-CoA/mol ACBP was confirmed by Rasmussen et al. (1990). Only

recently has work been done on the C,,- and Cy4- acyl-CoAs (Rasmussen et

al., 1994), which may be important in plants that contain VLCFA in
storage TAG (Taylor et al., 1991) or use VLCFA to produce long-chain
fatty alcohols (von Wettstein-Knowles, 1993) for surface waxes
(Kolattakudy, 1987).

Although once used with great regularity (Li et al., 1993), the
binding assays based on displacement or the Lipidex-1000 procedure have
come under increasing criticism (Vork et al., 1990). Apparently the
Lipidex-1000 assay can significantly under report the maximum acyl-CoA
binding. For this reason, a non-radioactive, and yet direct, technique
was sought for both the binding of acyl-CoAs to ACBP or free FAs to
FABP. Titration microcalorimetry is a suitable alternative to the
Lipidex assay, with a large number of additional benefits (Miller and
Cistola, 1993) that will be discussed in Chapter 3 (thesis).

ACBP has been found in all animal tissues examined as a cytosolic
protein (Knudsen et al., 1989). The highest ACBP concentration was
found in liver (0.3-0.6% total soluble protein) which amounted to 400
nmol/g protein (Knudsen, 1990). This is two- to four-fold the reported
concentration of acyl-CoA (108-250 nmol/g protein) reported by
Woldegiorgis et al. (1985), but recent acyl-CoA measurements (360 nmol/g

protein) indicate that these earlier values were significantly low
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(Rosendahl and Knudsen, 1992).

Therefore, sufficient ACBP may exist in animals to bind the entire
acyl-CoA pool. The cellular concentration of ACBP and long-chain acyl-
CoA in rat livers was approximately equimolar 25 to 35 nmol/g tissue,
with about 20% of the acyl-CoA located in the mitochondria. ACBP is not
found within the mitochondria. Acyl-CoAs within mitochondria are bound
to acyl-CoA utilizing enzymes, predominantly those of the R-oxidation
cycle (Knudsen, 1990). Occasionally, concentrations of up to 50 nmol/g
tissue were found (Rasmussen et al., 1993). If the liver ACBP concen-
tration is 30 pM, the cytosolic acyl-CoA/ACBP ratio is 0.8, and the

average Kq for ligand binding is 4.5 X 10-14 M, then the free cytosolic

acyl-CoA concentration will be 0.2 pM (Rasmussen et al., 1994).

The very high binding affinity and low free acyl-CoA concentration
immediately raises the question as to which pathways can ACBP donate
acyl-CoAs. Using multilamellar phosphatidylcholine liposomes immobil-
ized on nitrocellulose-containing l4C-hexadecanoyl-CoA, bovine ACBP was
capable of selectively extracting radiolabelled acyl-CoAs and delivering
them to either carnitine palmitoyl-transferase of intact mitochondria or
to microsomes for phosphatidate biosynthesis (Rasmussen et al., 1994).

Oon the basis of the presence of ACBP in S. cerevisiae, a unicell-
ular organism expressing mainly metabolic functions (Rose et al., 1992)
and extreme structural conservation through phylogeny, ACBP could be

classified as a housekeeping protein (Mandrup et al., 1992).

3. Comparison of ACBPs with fatty-acid binding proteins
FABP has been suggested by a number of workers to be involved in

intracellular storage and transport of free FAs. Since FABP can also
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bind acyl-CoAs (Bass, 1988), the question of which protein, ACBP or
FABP, is involved in acyl-CoA metabolism has arisen. The concentration
of FABP in rat liver was about five-fold greater than the concentration
of ACBP (Knudsen et al., 1989). Therefore, ACBP must exhibit a much
greater affinity for acyl-CoAs than FABP in order to play the dominant
role in the metabolism of acyl-CoA.

ACBP was able to give practically complete protection against
microsomal ACH (Chapter 2), whereas high FABP concentrations relative to
the acyl-CoA concentration gave only slight protection (Rasmussen et
al., 1990). Interestingly, it has been shown that ACS was stimulated
by the addition of FABPs (Burrier et al., 1987). Some of the previous
reports of FABP interacting with acyl-CoAs was due to ACBP impurities in
FABP preparations (Knudsen, 1990), a situation that has been recognized
before (BSrchers et al., 1990) and was noted after the very first FABP
was purified (Haunerland et al., 1984). Similarly, a new study using
FABP indicated oleoyl-CoA bound at two sites with a moderate affinity

(Kq = 3 to 14 pM) using the Lipidex-1000 assay (Hubbell et al., 1994), a

value that is 10 to 100 times larger (lower affinity) than oleoyl-CoA
binding to ACBP.

Of even greater physiological significance, two FABPs were unable
to extract significant amounts of acyl-CoAs from multi-lamellar
liposomes (Rasmussen et al., 1990), while ACBP was able to extract
acyl-CoA efficiently under similar conditions. These results suggest
that ACBP could protect membranes and enzymes against the damaging
detergent effects of acyl-CoAs (Mandrup et al., 1992). In addition,
ACBP, but not FABP, was capable of protecting acyl-CoA from hydrolysis

by microsomal thiocesterases (Rasmussen et al., 1990).
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4. ACBPs and cellular metabolism

Apparently, ACBP plays a significant role in the lipogenic process
and may alter both the quality and quantity of the lipids produced.
These experiments on ACBP affinity for acyl-CoAs and the tissue
concentration of ACBP (two- to four-fold excess compared to acyl-CoA)
clearly demonstrate that acyl-CoAs are bound to ACBP and not to FABP in
vivo. ACBP, then, was intimately, if not exclusively, involved with the
metabolism and transport of acyl-CoAs in cells (Knudsen, 1990).

If ACBP is directly involved in acyl-CoA metabolism within cells,
one would expect the level of ACBP to vary with developmental status of
a given tissue. When 3T3-L1 fibroblasts were induced to differentiate
into adipocytes, which synthesize and store large quantities of TAG, the
level of ACBP as measured by ELISA increased three- to ten-fold while
ACBP mRNA increased two- to six-fold (Hansen et al., 1991).

In our experiments with measuring ACBP concentration directly
using antibodies raised to the recombinant protein, we found an 8-fold
increase in Brassica napus seeds during mid-maturity, a time when there
was rapid TAG production (Chapter 2, thesis). Due to the difficulty of
measuring in vivo acyl-CoA concentrations (Post-Beittenmiller et al.,
1992), it was not possible to compare acyl-CoA and ACBP levels to one
another. 1In addition, Mogensen et al. (1987) clearly demonstrated that
the presence of ACBP could cause FAS to prematurely release medium-chain
FAs in vitro. Given these results, ACBP was proposed to act as an acyl-

CoA pool former and/or transporter of acyl-CoA (Knudsen et al., 1993).

C. ACBP genes (acp): Structure and expression
1. Genome organization for achb genes

Southern blot analysis of rat liver DNA using a 458 bp-EcoR I ACBP
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fragment as a probe indicated that there were six hybridizing fragments
seen in each lane (Hansen et al., 1991). Since none of the restriction
enzymes cut within the ACBP exons, each fragment would correspond to at
least one exon in the rat genome. Given the small size of the coding
region for the expressed ACBP, it was likely that the probe hybridized
either to the functional ACBP genes, possible isoforms, or to one or
more related pseudogenes (Hansen et al., 1991).

The rat ACBP gene was cloned by Mandrup et al. (1992) and was used
to examine the ACBP gene family in the rat. There were one expressed
gene and four processed pseudogenes, one of which was shown to exist in
two allelic forms. 1In Southern blot analysis, ACBP cDNA probes hybri-
dized to several fragments in genomic DNA of rat (Mocchetti et al.,
1986), human (Gray, 1987) and mouse (Owens et al., 1989) indicating that
ACBP was encoded by a small multi-gene family. A human variant has also
been cloned from a human hypothalamic cDNA library suggesting that the
ACBP pre-mRNA might be subject to alternative splicing.

The expressed ACBP gene in rat was organized into four exons and
three introns. There was a remarkable correspondence between the ends
od each exon in acb and the ends of each of the four helices of the
protein (Mandrup et al., 1992). In both rat brain and liver,
transcription was initiated from either two major or a number of minor
initiation sites. The promoter region of the ACBP gene was located in a
CpG island and lacked a canonical TATA box, thus exhibiting all the
hallmarks of a typical housekeeping gene (Mandrup et al., 1992). No

evidence was found in this 1992 study for alternative splicing.

2. ACBP gene expression in heterologous systems

Expression of a synthetic gene for bovine recombinant ACBP (rACBP)
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in E. coli resulted in 12-15% of total protein as ACBP (Mandrup et al.,
1991). This ACBP migrates in SDS-PAGE in an anomalous fashion, as shown
before (Mogensen et al., 1987). It has an apparent MW of 7.2 kDa
instead of the actual MW of 10 kDa. No attempt was made to determine if
overexpression of the rACBP altered E. coli lipid pools, acyl-CoA
concentration, or total FA composition. However, considering that it is
acyl-ACP and not acyl-CoAs that have a central role in lipid biosynthe-
sis in prokaryotes, one may not see a difference.

The same synthetic rACBP was placed under an inducible yeast
galactose promoter, and heterologous overexpression was followed in
transgenic yeast (Mandrup et al., 1993b). Expression of rACBP resulted
in a significant increase in the cellular acyl-CoA pool, which was
correlated with ACBP levels. Palmitoyl-CoA also increased significantly
while steroyl-CoA and oleoyl-CoA decreased. This suggests that ACBP, by
removing acyl-CoA from the yeast FAS-ACS complex, may cause an early
termination of chain elongation (Mandrup et al., 1993b). Similarly,
this work indicates that ACBP not only transports acyl-CoAs, but it also
determines the size and composition of the acyl-CoA pool.

Expression of ACBP mRNA was maximal in rat liver postnatally at
day 1, whereas it increased linearly in kidney and heart from day 1 to
adulthood (Mandrup et al., 1992). The biosynthesis of ACBP was up-
regulated in the cerebellum and cerebral cortex of rats made tolerant to
benzodiazepines (Mochetti et al., 1991). This up-regulation in ACBP
biosynthesis indicates that there was a feedback signal that compensates
for the probable desensitization or down-regulation of the benzodiaze-
pine receptor acquired after chronic exposure to the drug.

The transcript for ACBP is highly enriched in brain (Taupin et

al., 1993), in adipocytes synthesizing TAG (Hansen et al., 1991) and in
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liver cells of rats that have been fed a high-fat diet (Rosendahl and
Knudsen, 1992). In brain cells desensitized to alcohol, ACBP was
up-requlated since it is the precursor for two neuropeptides which bind

to the GABA, receptor (Guarneri et al., 1990).

3. Plant isoforms of ACBP

Southern blot analysis of Brassica napus indicated that there were
six ACBP genes (or genes and pseudogenes) present (Hills et al., 1994),
although only 5 bands were visible following Southern hybridization. B.
napus is an amphidiploid species derived from the diploid species B.
rapa and B. oleracea. Three of these loci have been mapped to chromo-
somes 5, 8 and 9, while a fourth locus maps to chromosome 15. Two of
the loci have yet to be identified with a linkage group (Hills et al.,
1994). No work was performed to determine how many of the putative
genomic sequences were expressed in rapeseed. This work suggests that
there three acb genes in the diploid crucifers. 1In the tetraploid B.
napus one would expect six copies of the gene.

One might expect that there would be at least two isoforms in
plants, one "housekeeping" version expressed in all cells and then a
second specialized isoform with differences in the C-terminal portion of
the protein. The various isofoms might be expected to dock with differ-
ent acyl-utilizing enzymes. Since the specificity for this interaction
would be built into helix 4 of ACBP (Chapter 2), we might expect that
the C-terminal portions of the different acb isoforms would display the
greatest sequence divergence. The expression pattern for the single
isoform isolated from B. napus suggested that more than one isoform may

function in any cell type (Hills et al., 1994).
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D. Conclusions

The acyl-CoA-binding protein described here has some unique
properties in terms of lipid-protein and membrane-protein interactions.
At the molecular level, two-dimensional nuclear magnetic resonance
spectroscopic analysis of both the protein and protein-substrate complex
have revealed several important structural features which suggest
function. The concentration of ACBP increases or decreases along with
changes acyl-CoA pool size.

Oon the basis of the broad range of distribution within an
individual organism, its biochemical properties, gene structure and
mode of acyl-CoA binding, we conclued that ACBP is a housekeeping
protein. Also, it is clear that in the conservation of amino acid
sequence over three biological kingdoms, ACBP can certainly be
considered a housekeeping protein. However, cell-type specific
expression of ACBP (usually referred to in these studies by its other
label, DBI) in several animal tissues suggests the existence of specific
regulatory mechanisms for DBI/ACBP gene expression. ACBP/DBI, then, has
a dual nature: it served as a housekeeping protein in certain cell
types, but it has been recruited for additional specific, physiological
tasks in specialized cell types or under certain environmental
conditions. Alho's group has recently proposed that ACBP/DBI was
significantly uprequlated in secretory tissues with high energy
consumption (Malpighian tubes, adipose tissue, adrenal glands, gametes,
and larval, but not the adult brain, of Drosophila melanogaster),
suggesting that ACBP was involved with energy metabolism in certain cell
types that depended on substrate (FA versus monosaccharides) for energy

production (Kolmer et al., 1994).
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Despite an extensive body of literature, it remains to be
unequivocally established what physiological function ACBP fulfills. A
number of secondary effects have been attributed to this protein or to
its peptide fragments (neurotransmitter inhibition, steroidogenesis,
insulin secretion, antimicrobial effects). However, none of these

secondary effects have been convincingly demonstrated.

Postscript
and yet relation appears
A small relation expanding like the shade
of a cloud on sand
a shape on the side of a hill.
- Wallace Stevens
a shape inside of a cell.
an idea, a force, a gale.
- Raymond Pacovsky
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CHAPTER 2

CHARACTERIZATION OF AN ACYL-CoA-BINDING PROTEIN FROM

Arabidopsis thaliana

Abstract

A cDNA clone was obtained from Arabidopsis thaliana that encodes a
protein containing 92 amino acid residues with high sequence identity
(57%) to bovine acyl-CoA-binding protein (ACBP). The coding sequence of
this clone was expressed in E. coli and the gene product (10.4 kDa) was
purified. The recombinant A. thaliana ACBP (rAthACBP) was shown to bind
acyl-CoA esters and protected acyl-CoAs from degradation by microsomal
acyl-hydrolases. Antibodies that were raised to rAthACBP recognized the
native Arabidopsis ACBP and also cross-reacted with a number of other
plant ACBPs, including rapeseed (Brassica napus) ACBP. The pattern of
expression and level of the gene product were examined in various
tissues of Arabidopsis and Brassica using Western blotting. A. thaliana
tissues contained between 3 and 143 pg AthACBP g-1 FW depending on the
tissue (0.4 to 14 nmol g-1 FW). Developing B. napus seeds underwent a
12-fold increase in ACBP levels during seed maturation and triacylglycer-
ol accumulation (20 to 250 pg ACBP g1 FW), with the highest concentra-

tion corresponding to 26 nmol g-1 FW.

INTRODUCTION
Acyl-CoA-binding proteins (ACBP) have been found in all animal

tissues examined (Knudsen et al. 1993). 1In yeast, the genomic DNA for
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ACBP has been cloned (Rose et al. 1992). 1In insects, ACBP cDNAs have
been isolated (Snyder and Feyereisen, 1993; Kolmer et al. 1994), and in
Brassica napus (Hills et al., 1993) and Ricinus communis (van de Loo et
al., 1995) cDNAs have been cloned. These low molecular weight (approx-
imately 10 kDa) cytosolic proteins were normally found in concentrations
that are sufficient to account for binding of the entire acyl-CoA pool.
The human, bovine, rat, and porcine ACBPs were highly conserved proteins
and demonstrated approximately 56% sequence identity (Knudsen, 1993).
More importantly, there was nearly 78% identity in the deduced amino
acid sequence of the two conserved regions that define the hydrophobic
pocket and the loop that binds the acyl-CoA head group.

Although it has been demonstrated that ACBP from rat and bovine
sources binds long-chain acyl-CoA esters with high affinity (Rasmussen
et al., 1990; Rosendahl et al., 1993), the actual biological function of
ACBP is not known. Overexpression in yeast resulted in an increase in
cytosolic acyl-CoA concentrations (Mandrup et al., 1992). These and
other observations have led to the suggestion that ACBPs are involved in
the intracellular transport and storage of acyl-CoAs (Knudsen, 1991).
The ability to sequester long-chain acyl-CoA esters may prevent
allosteric inhibition of specific enzymes (for example, acetyl-CoA
carboxylase, glucokinase, citrate synthetase, protein kinase c;
Rosendahl and Knudsen, 1992) and may protect cells from the adverse
effects of high concentrations of acyl-CoA on membrane integrity
(Mandrup et al., 1992).

It has been established, in rat and bovine systems, that ACBP is a
housekeeping protein based on its gene structure and expression charac-
teristics (Mandrup et al., 1992). Rasmussen et al. (1993) speculated

that this housekeeping protein was involved in acyl-CoA metabolism but
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was not a protein that had specialized functions correlated with tissue
specificity.

De novo FA biosynthesis occurs primarily in the plastid (Ohlrogge
et al., 1979). FAs are only converted to acyl-CoAs upon export to the
cytoplasm. The route of transport from plastid to incorporation into
glycerolipids by acyltransferases of the ER is unclear. Because of the
importance of acyl-CoAs as substrates for all of the non-plastidial
acyltransferases, this project was initiated to assess the role of this
protein in plant lipid metabolism. A recent report described a putative
ACBP cDNA from rapeseed (Hills et al., 1994), but to date, no work has
been reported that characterizes the plant protein. 1In this study, we
describe ACBP from Arabidopsis thaliana, demonstrate its ability to bind
acyl-CoAs, and characterize tissue specificity and temporal differences

in ACBP expression in developing B. napus seeds.

MATERIALS AND METHODS
Bacterial strains and plant material. The Escherichia
coli strains used were DH5alpha (Bethesda Research Laboratories) and
BL21(DE3) (Studier and Moffatt, 1986). Arabidopsis thaliana ecotype
Columbia was grown in a growth chamber (16 hr photoperiod, 279/23° C,
450 umol m-2 sec-l). Fully expanded leaves and mid-maturity siliques
were harvested, frozen in liquid nitrogen, and then transferred to a
-80° C freezer. After the entire shoot had been removed and the soil
washed away, roots were patted dry and similarly frozen and stored. Dry
A. thaliana seeds were used directly for protein extracts. Brassica
napus cv. Bridger, Cuphea lanceolata cv. Ait, Carthamus tinctorius cv. S
- 400, Nicotiana tabaccum cv. SR1) and Coriandrum sativum were dgrown in

a greenhouse under natural conditions (15 to 16 hr photoperiod, 320/23¢
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C, maximum PPFD 920 pmol m-2 sec-!). Fully expanded leaves, early
maturing silique, staged seed derived from inflorescences tagged at the
point of flowering then removed from the silique and labeled according
to days after flowering (DAF), and young flowers and roots of Brassica
napus were collected. Similarly mid-maturity seed and fully expanded
leaves of Cuphea, safflower, tobacco, and coriander were harvested. All
of this tissue was frozen in liquid nitrogen within 10 min of being
collected and was stored at -80°0 C. Mid-maturity seed and fully expanded
leaves of Glycine max cv. Dare were harvested from a field at Michigan
State University, were frozen on dry ice (-56° C) and were subsequently
stored at -80° C.

cDNA clone. A 464 bp cDNA that contained an ORF which encoded
a polypeptide (Figure 6) with a high degree of sequence similarity to
bovine ACBP (57% identity) or the human ACBP (49% identity, Figure 1)
was obtained from the Arabidopsis thaliana genome project (Newman et al.
1994). The original clone (EST 20896, Genbank Accession Number T04081)
was derived from a cDNA library that had been constructed from poly(A)*-
RNA isolated from all tissues of Arabidopsis thaliana (Newman et al.
1994) in a lambda ZipLox (Palazzolo et al. 1990) vector system. The
plasmid (pSCC12T7P), a pZLl derivative (Gibco BRL, Gaithersburg, MD),
was obtained by in vivo excision using the phage Pl cre.

Protein overexpression. Cloning sites at the 5' and 3' end
of the cDNA coding sequence were added so that the Arabidopsis DNA could
be placed in-frame into an E. coli expression vector. The cDNA insert,
originally contained in plasmid pSCCT7 (a pzZLl derivative) was amplified
by polymerase chain reaction (PCR) using PCR primers that generated an
in-frame Nde I site at the 5' end (ccatATGGGTTTGAAGGAGGAA) and a BamH I

site proximal to the tandem stop codon at the 3' end (ggatccICAGGTTGAAG-
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Figure 6. The nucleotide sequence and derived amino acid sequence of
Arabidopsis thaliana ACBP. Start Methionine is at position number 1 and

stop codons are underlined.

-60 TTCTCCGTCTTACACTCATTIAATTCTCCT
-30 ACCAATCTCAACTTCCGACGTCTATTCATC
1 ATGGGTTTGAAGGAGGAATTTGAGGAGCAC
M G L K E E F E E H
31 GCTGAGAAAGTGAATACGCTCACGGAGTTG
A E K VvV N T L T E L
61 CCATCCAACGAGGATTTGCTCATTCTCTAC
P S N E D L L I L Y
91 GGACTCTACAAGCAAGCCAAGTTTGGGCCT
G L Y K Q A K F G P
121 GTGGACACCAGTCGTCCTGGAATGTTCAGC
v D T S R P G M F S
151 ATGAAGGAGAGAGCCAAGTGGGATGCTTGG
M K E R A K W D A W
181 AAGGCTGTTGAAGGGAAATCATCGGAAGAA
K A vV E G K S S E E
211 GCCATGAATGACTATATCACTAAGGTCAAG
A M N D Y I T K V K
241 CAACTCTTGGAAGTTGCTGCTTCCAAGGCT
Q L L E V. A A S K A
271 TCAACCIGATGAATCAAATCCTCATCTGCA
S T * «*
301 GTAACTTTATCTTAAGCATCAAAATAACAT
331 TGCATAAGACTTGTTCTTTGCTCTTGTGTT
361 TCTATCATATTTAAGCTATCTTNCTTTGTC
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CCTTGGA) of the gene.

The acb-1 start and stop codon are underlined above. Mutagenized
bases used to facilitate cloning at the 5' end (Nde I site) or at the 3'
end (BamH I site) are in lower case. Heat denatured pSCC12T7P (50 ng)
plasmid DNA, 25 pmol of each of the two primers, 20 nmol of dNTPs and
2.5 U of Tag polymerase in 100 pl 1 x Tag polymerase buffer were
polymerized for 30 cycles of 1 min at 920 C, 1.5 min at 559 C and 1.5
min at 720 C. The amplification product was gel purified, blunt-ended
using Klenow fragment and ligated into the EcoR V site of pBluescript
using T4 DNA ligase and polyethylene glycol 4000 (15%) to enhance
blunt-ended ligation.

After selection in DH5alpha and isolation of the correct
recombinant plasmid, a Nde I - BamH I digest was performed, and the
insert bearing ACBP was gel purified. The fragment was then subcloned
into either pET3a or pET15b that had also been digested with Nde I and
BamH I and was then transformed into E. coli BL21(DE3). Following
verification of the correct recombinant plasmid (pRO412 or pRO414) in
BL21(DE3), ten ml cultures (2 X YT media) were grown and induced with
IPTG. Cells were lysed with 0.5% SDS, the extracts were clarified by
centrifugation (10,000 x g, 10 min, 4° C) and soluble proteins were
examined on SDS-PAGE mini-gels (15% polyacrylamide).

There was a prominent band at approximately 8 kDa in the case of
cells carrying pR0412 (pET3a derivative) or pRO414 (pET15b derivative),
whereas no band was visible in extracts from BL21(DE3) alone or cells
carrying pET3a or pET15b. One L cultures were inoculated with cells

carrying either pRO412 or pRO414, and at an ODgyo of 0.5, the cultures

were induced with IPTG. After 4 additional hours of growth (final ODggg



36

= 1.2), cells were spun down and resuspended in distilled water. Soluble
proteins were obtained after repeated flash-freeze/thaw cycles. The
recombinant ACBP (rACBP) represented approximately 30% of total soluble
protein for a total yield of 40 mg ACBP/L culture.

Antibody preparation. The rACBP was partially purified using
an initial ammonium sulfate (60%) precipitation (ACBP remains soluble)
followed by a preparative polyacrylamide gel purification (16 cm x 20 cm
gel, 16% polyacrylamide, 8.5 mg total protein loaded). Proteins
separated by electrophoresis were transferred to nitrocellulose paper
(0.2 um pore size), then stained with 0.05% Ponceau Red. The readily
visualized ACBP band was cut out. The yield in the entire 15-cm wide
band was approximately 800 pg of ACBP (1.0 mg appeared to remain in the
gel and 1.0 mg migrated through the first nitrocellulose filter onto a
backup nitrocellulose filter).

Two 1.5-cm sections of the nitrocellulose (each containing 80 pg
ACBP) were separately dissolved in 0.5 ml of methyl sulfoxide. Each one
was either mixed with 0.5 ml of Hunter's TitreMax or 0.5 ml of complete
Freund's adjuvant. These preparations were then injected subcutaneously
into two separate rabbits, 0.1 ml at each site of injection, by the
University Laboratory Animal Research (ULAR) Facility at Michigan State
University. A booster shot containing an additional 40 pg was applied
after 25 days. Antisera were collected at two-week intervals.

Antibody titre was determined using immunodot blot. An extract
of BL21(DE3)/pR0O412, induced to produce the recombinant ACBP, was
diluted to 100 ng ACBP ul-l; 1.0 pl then was spotted onto a nitrocellu-
lose square (1.0 cm2). Proteins transferred onto these squares were
then fixed with 15% formaldehyde and blocked with 1 x blotto. Antisera

were diluted from between 1:250 and 1:3000 with 1 x blotto. Two nitro-
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cellulose squares were incubated with each primary antisera dilution.
Secondary antisera consisted of goat anti-rabbit antisera conjugated to
alkaline phosphatase, diluted 1:2000 in 1 x blotto.

To determine the sensitivity of the anti-ACBP antibodies, an
extract of the recombinant A. thaliana ACBP that had been raised in E.
coli was diluted from between 100 to 0.1 ng ACBP pul-l and 1, 3 or 5 pul
of each of these preparations was spotted on a strip of nitrocellulose
filter paper, along with an extract of BL21(DE3) that did not contain
pRO412 or pRO414 and a spot of distilled water (buffer control).
Proteins were fixed and filters were blocked. These filters were
incubated with primary antisera (1:1000 dilution) and secondary antisera
(1:2000) as described above.

Protein purification. E. coli cells (BL21(DE3)/pR0O412) were
grown in 2 x 1 L flasks of 2 X YT media (containing ampicillin at 200 pg
ml-1l) to an ODggg of 0.5 and then were induced with IPTG. After
approximately 7 hours of additional growth, cells were pelleted (11,750
g for 10 min). Pellets were resuspended in distilled water to a total
volume of 25 to 30 ml. Phenylmethylsulfonyl fluoride (PMSF) was added
to a final concentration of 0.8 mM. Cells were lysed using four
freeze-thaw cycles with vortexing in between cycles. The cell lysate
was frozen in liquid nitrogen until solid a final time, thawed quickly,
and then heated to 55-60°© C in a water bath.

Additional water was added (175 ml) and the cell debris was
homogenized with a homogenizer (Brinkmann Instruments, Westbury, NY).
Then, TCA was added with continuous homogenization to a final
concentration of 5%. The mixture was left on ice for one hour and then

was centrifuged at 16,300 g for 12 min at 4° C. The TCA pellet was
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resuspended in 100 ml of 30 mM Tris-HCl, pH 9.0. A second TCA
precipitation was performed, and the resulting pellet was resuspended in
30 mM Tris-HCl, pH 9.0. The pH was adjusted to 9.0 with 10 M NaOH
before loading the solution onto a Q-sepharose fast-flow anion exchange
column. The column was eluted with a linear gradient of 0-0.5 M NaCl in
30 mM Tris-HC1l, pH 9.0. Fractions (10 ml each) were collected and
analyzed for the recombinant ACBP by SDS-PAGE. Fractions with highly
purified ACBP were pooled.

Binding Assay. The Lipidex-1000 binding assay is one means to
demonstrate high affinity acyl-CoA binding (Rasmussen et al., 1990).

The indicated amount of [1- l4C]hexadecanoyl-CoA (specific activity 1.9
x 1012 Bgq/mol or 50 mCi/mmol) was diluted to a final volume of 150 ul of
binding buffer (10 mM potassium phosphate buffer, pH 7.4). Either ACBP,
bovine serum albumin (BSA), or acyl carrier protein (ACP) was dissolved
in 50 pl of binding buffer to a concentration of 0.8 uM. l4Cc-palmitoyl-
CoA and protein samples were mixed (final protein concentration was

0.2 pM while acyl-CoA concentrations were 0.1, 0.2, 0.3, 0.4, and 0.5
W), incubated at 379 C for 30 min, then chilled on ice for 10 min.
Samples were mixed with 400 pl of ice-cold 50% slurry of Lipidex-1000 in
binding buffer. After 20 min on ice, the samples were centrifuged
(12,000 g) for 5 min at 4°©C. A 200 pl aliquot of the supernatant was
removed and counted for radioactivity. Replicas and controls were
according to Rasmussen et al. (1990).

We also devised a novel binding assay using native 10% PAGE to
test partially purified extracts for binding of [14C]-oleoyl CoA.
Exactly 0.5 nmol of rAthACBP was incubated with 0.5 nmol of [14C]-oleoyl
CoA (specific activity 1.9 x 1012 Bg/mol or 55,000 dpm total) in a

volume of 20 pl for 30 min at 4° C. Immediately after incubation, 8 ul
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of 4 x native PAGE loading buffer was added to each sample, and the
entire mixture was loaded onto a native discontinuous polyacrylamide
(10%) gel. The proteins were separated, the gel was dried and
autoradiography was performed.

Acyl-CoA hydrolysis protection assay. Hydrolysis of
acyl-CoA was measured according to the following protocol. 1Incubation
of 20 puM [14C)-oleoyl-CoA (50m Ci/mmol; 2000 pmol) was carried out with
safflower microsomes (176 pg total protein) in 0.1 M phosphate buffer,
pH 7.2, in a total volume of 100 pl for 3 or 6 min at 27°© C. BSA or ACBP
were at a final concentration to 20 uM. Reaction was terminated by
addition of 500 pl of chloroform:methanol:water (50:50:1) and lipid
extraction (Bligh and Dyer, 1951) was performed. Fifty pl of the total
lipid extract was spotted on a silica gel TLC plate, along with free
fatty acid standards. The TLC plate was developed in
chloroform:methanol:acetic acid:water (85:15:10:3.5) and visualized with
iodine. Free fatty acid spots were scraped and then counted using
liquid scintillation.

Protein extracts. Extracts were prepared from various tissues
of Arabidopsis thaliana, canola, safflower, soybean, tobacco, coriander,
and Cuphea using an extraction buffer that contained 50 mM Tris-HCl, pH
7.0, and 1.0 mM phenylmethylsulfonyl fluoride. Protein concentration
was determined by Bradford (1976) assay. Immature rapeseed embryos at
specific developmental stages were collected (2 to 45 days after
flowering, DAF). Extracts were prepared and protein was quantified.
ACBP levels were estimated on Western blots where either 90, 45, 30 or
15 pg of total protein had been added to each lane.

Western blot analysis. Protein (15 to 90 pg total) was

denatured in SDS/R-mercaptoethanol and was applied to a 16% or 20%
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SDS-polyacrylamide gel. Following semi-dry transfer to nitrocellulose,
bands were visualized using a 1:1400 or 1:1800 dilution of the primary
antisera and a 1:2000 dilution of the alkaline phosphatase-conjugated
goat anti-rabbit antiserum. ACBP band intensities of plant extracts

were compared to E. coli recombinant ACBP standards.

RESULTS

The A. thaliana cDNA contains only one open reading frame that can
encode a polypeptide of no more than 18 amino acids. This clone
contains appropriate 5' sequences for ribosome binding (Figure 6) and
efficient translation (Kozak, 1989) in plants (A at -3 and G at +4).

At -40 bp, there is an in-frame stop-codon (underlined, Figure 6),
indicating that this cDNA sequence could not encode an acyl-CoA-binding
domain of a larger polypeptide. There is also a tandem stop-codon at
base pairs 277 to 282. Alignment of the bovine and human ACBP amino acid
sequences with the derived amino acid sequence from the A. thaliana
ACBP, indicates the sequence identity between Arabidopsis ACBP and
bovine or human ACBP was 57% or 49%, respectively (Figure 1).

The coding sequence of pSSC12T7P was subcloned into E. coli
expression vectors pET3a and pET15b. After induction with IPTG, a major
protein band was detected at 8 kDa. Based on the cDNA sequence, the A.
thaliana ACBP contains 92 amino acids (Figure 6), encodes a polypeptide
of 10,385.75 kDa (including the N-terminal methionine), but migrates in
SDS-PAGE with an apparent MW of only 8.2 kDa. This anomalous migration
of ACBPs in SDS-PAGE was observed first for bovine ACBP by Mogensen et
al. (1987). The mature plant protein is likely to contain only 92 amino
acids, which would have a molecular weight of 10,236 kDa since the

N-terminal methionine is probably removed, as is the case in all animal



std ACBP crude TCA 22 20 21 23 24 25
std prep ppt Sepharose Q fractions

Figure 7. SDS-PAGE of proteins from ACBP purification steps. Lane 1,
low molecular weight standards; lane 2, 200 ng ACBP standard; lane 3,
initial supernate from BL21(DE3) debris; lane 4, protein following two
TCA precipitations; lane 5, Q-sepharose fraction 22; lane 6, Q-sepharose
fraction 20; lane 7, Q-sepharose fraction 21; lane 8, Q-sepharose
fraction 23; lane 9, Q-sepharose fraction 24; lane 10, Q-sepharose,

fraction 25.
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(Knudsen, 1992) and yeast (Rose et al., 1992) ACBPs. The estimated
isoelectric point from the derived amino acid sequence is 5.04.

Sequence comparisons suggested clone pSSC12T7P encoded a plant
ACBP. To obtain more direct evidence for this assertion, several
methods were used to examine the ability of the protein encoded by
pSSC12T7P to bind acyl-CoA.

ACBP purification. The putative rAthACBP was purified to near
homogeneity. Two successive TCA precipitations significantly enriched
the rACBP from BL21(DE3) cells that expressed the protein (Figure 7,
lanes 3 and 4), while the Arabidopsis ACBP in fractions 20 through 23
from Q-sepharose anion exchange chromatography were over 95% pure
(Figure 7, lanes 6 through 8).

Mobility assay. Binding activity of rAthACBP (pET3a-rACBP) or
rAthACBP-polyHis (rAthACBP fused to a poly-His tract; pET15b-rACBP) was
examined by native PAGE (Figure 8). Labeled [14C]-oleoyl-CoA remained
bound to rAthACBP or rAthACBP-polyHis during and after native gel
electrophoresis. The mobility of the radioactive bands in native (10%)
PAGE matches that of the rAthACBP and rAthACBP-polyHis as visualized by
Coomassie-blue staining (data not shown).

The rAthACBP-poly-His fusion protein was longer by six His resi-
dues (98 amino acid residues rather than 92 residues) and contained six
or more positive charges more than rAthACBP. The shift towards a more
basic protein and the greater MW (7.5% of total) explained the differ-
ence between the original rAthACBP and the fusion protein (Figure 8).

Lipidex-1000 binding. The ability of the purified rACBP
(fraction 22, Figure 7, lane 5) to bind acyl-CoA was demonstrated with
the Lipidex-1000 assay. For comparison, bovine serum albumin and

acyl-carrier protein (ACP) were also tested. BSA has a demonstrated
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| lane 1 2

W 14C-0CA bound to an
E. coli protein

14C-OCA/rAthACBP-poly-His

14C-OCA/rAthACBP

| * unbound 14C-OCA

| pPRO414  pRO412

Figure 8. The activity of the rAthACBP in a crude protein extract
from E. coli BL21(DE3) ce}ls is illustrated in this autoradiogram of a
native gel (10% PAGE) where a crude protein extract containing rAthACBP
protein capable of binding [14C]-oleoyl-CoA. Lane 1, rAthACBP-polyHis

(from BL21/pRO414); lane 2, rAthACBP (from BL21/pR0412).
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Figure 9. Demonstration of comparative binding of oleoyl-CoA esters
to rAthACBP (triangles), bovine serum albumin (boxes) and acyl-carrier
protein (circles) by the Lipidex-1000 assay. Results represent the

means of triplicate analyses.
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ability to bind acyl-CoA (Mogensen et al., 1987), thus serving as a
positive control. ACP however does not bind acyl-CoA and thus was
included as a measure of non-specific binding. Both ACBP and BSA were
effective at binding [14C]-palmitoyl-CoA at low UM concentration

ACP did not bind palmitoyl-CoA to any appreciable extent (Figure 9).
There was an increase in amount of ligand bound as [14C]-palmitoyl-CoA
concentration increased for both the ACBP and BSA, as one might expect.
Lipidex data are presented here (Figure 9) in order to demonstrate
binding of acyl-CoA by ACBP. Because of the competitive binding between
ACBP and Lipidex for acyl-CoAs (i.e., ACBP can extract bound acyl-CoA
from Lipidex at 0° C) interpretation of Lipidex binding data is complex
(Miller and Cistola, 1993), yet can be a guide for assessing relative
binding (Rosendahl et al., 1993). Future experiments using
microcalorimetry will be designed to accurately determine binding
affinities.

Acyl-CoA hydrolysis protection. Acyl-CoA hydrolysis assays
were conducted using safflower microsomal preparations. There is
usually enough ACBP present in cells to bind the acyl-CoA present and in
animal systems, ACBP has been found to have direct impact on formation
and maintenance of acyl CoA pools> For these reasons, it has been
proposed that one function of ACBP is to protect against acyl-CoA
hydrolysis by the hydrolytically active microsomal membranes (Rasmussen
et al., 1993). The effectiveness of rAthACBP on protection of acyl-CoAs
from hydrolysis was compared to that of BSA in the safflower microsomal
system. Purified rAthACBP protein and BSA were both effective at
protecting acyl-CoA from hydrolysis (Figure 10). ACBP had a slightly
higher protective effect than BSA (approximately 30% less oleoyl-CoA

hydrolysis). ACBP and BSA decreased acyl-CoA hydrolysis by over 75%.
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Figure 10. Acyl-CoA acyl-hydrolase protection results. Incubation of
14c-oleoyl-CoA with microsomal preparations either containing no protein

(crosses), BSA (triangles) or ACBP (circles).
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Free acyl-CoAs can incorporate into membranes, the result of which may
be quite deleterious to membrane-associated enzymatic activities and
other membrane functions (Figure 10). These in vitro assays demonstrate
the effectiveness of recombinant plant ACBP at preventing acyl-CoA
hydrolysis as had been demonstrated previously for recombinant bovine
ACBP<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>