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Summary 

A cytosolic protein, able to facilitate intermembrane movements of phospholipids in vitro, has been purified 
to homogeneity from sunflower seedlings. This protein, which has the properties of a lipid-transfer protein 
(LTP), is also able to bind oleoyl-CoA, as shown by FPLC chromatography. This finding, in addition to 
previous observations suggesting that a lipid-transfer protein from spinach leaves can bind oleic acid and that 
oat seedlings contain a fatty acid-binding protein with similar features than lipid transfer proteins, provides a 
clear demonstration that plant cells contain bifunctional fatty acid/lipid transfer proteins. These proteins can 
play an active role in fatty acid metabolism which involves movements of oleyl-CoA between intracellular 
membranes. 

Abbreviations: FABP - Fatty Acid-Binding Proteins, LTP - Lipid-Transfer Protein, P C -  Phosphatidylcho- 
line, PI - Phosphatidylinositol, PE - Phosphatidylethanolamine, pI - Isoelectric point 

Introduction 

Plant cells contain proteins able to facilitate in vitro 
intermembrane movements of phospholipids [1]. 
These proteins, called lipid transfer proteins 
(LTP), have been purified to homogeneity from 
various plant tissues like spinach leaves [2], maize 
[3] or castor bean [4] seedlings. Plant LTP have 
similar properties, like molecular mass (about 
9 kDa), basic pI (around 9) and a broad non speci- 
ficity for phospholipids since phosphatidylcholine 
(PC), phosphatidylinositol (PI) and phosphatidy- 
lethanolamine (PE) are transferred from lipo- 
somes (donor membranes) and mitochondria (re- 
ceptor membranes). These plant LTP have proper- 
ties roughly similar to those of nonspecific phos- 
pholipid transfer proteins from animal tissues like 
bovine liver which are able to transfer phospholi- 
pids as well as sterols [5, 6]. In addition to these 
LTPs, proteins able to bind oleoyl-CoA and oleic 

acid (fatty acid-binding proteins; FABP) have been 
isolated from oat seedlings [7]. The experiments 
were based on the incubation of the protein with 
the fatty acids and then a separation either by the 
dextrancoated charcoal method or by isoelectric 
focusing. The fact that this protein has similar 
properties than plant LTPs led to study the eventu- 
al fatty acid binding by spinach LTP. The isoelectric 
focusing technique indicated that a binding of oleic 
acid indeed occurs on spinach LTP [8]. 

In order to provide decisive arguments in favour 
of this double property of transferring and binding 
lipids, it was tempting to study oil-forming seeds, 
like those of sunflower, which have intense fatty 
acid metabolism linked to the synthesis of tria- 
cylglycerols. Starting from germinating sunflower 
seeds, a pure LTP was isolated, having properties 
roughly similar to those of other plant LTP. When 
assayed with oleoyl-CoA, a binding to the sunflow- 
er protein was observed as indicated by FPLC chro- 
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matography of the fatty acid/protein complex. The 
present work demonstrates that bifunctional lipid 
transfer/fatty acid binding proteins are present in 
sunflower seedlings. At the light of these results 
and the previous observations on LTP from spinach 
and FABP from oat, it is concluded that plant cells 
contain bifunctional fatty acid-binding/lipid-trans- 
fer proteins. 

Materials and methods 

Materials 

Sunflower seeds (Helianthus annuus L.c.v. rodeo) 
were obtained either from experimental farms of 
CETIOM (Paris). Cholesteryl (1-14C) oleate was 
purchased from Amersham. 3H phosphatidylcho- 
line was prepared as previously indicated [9]. 

Preparation of the protein extracts 

Sunflower seeds (400 g) were grown on filter paper 
at 30 ° C in the dark for four days. All the following 
manipulations were carried out at 4 ° C. Seedlings 
were ground in 500 ml of 0.1 M Tris-HC1 (pH 7.5), 
0.4 M sucrose, 6 mM Na4 EDTA, I mM cysteine, 
9mM [3-mercaptoethanol. After readjusting the 
pH to 7.5, the homogenate was filtered through a 
double layer of cheesecloth and centrifuged at 
8,000 g for 30 min. After lowering its pH to 5.1, the 
supernatant was centrifuged. The pH of the super- 
natant was then readjusted to 7.5 and proteins were 
allowed to precipitate by adding 52 g of (NH4)2 
SO4 per 100 ml. The mixture was stirred overnight 
and then centrifuged at 8,000g for 30 min. The 
pellets were resuspended in a minimal volume of 
10 mM sodium phosphate (pH 7.2), 10% glycerol, 
8 mM [3-mercaptoethanol, 3 mM NaN3 and the re- 
suiting suspension was dialyzed for 5 hours against 
20 volumes of the same buffer in order to eliminate 
(NH4)2 SO4. After lowering the pH to 5.1, the 
dialyzate was centrifuged at 8,000g for 30min to 
remove insoluble material. The supernatant, after 
pH adjustment at 7.2, was used as the protein 
extract for further purifications. 

Transfer assay 

Transfer assays were carried out as previously de- 
scribed [2]: protein extracts were incubated with 
3PC (transferable lipid) and 14C cholesteryl oleate 
(non transferable lipid) liposomes and with puri- 
fied maize mitochondria at 30°C for 30 min. The 
mitochondrial pellets were recovered by centrifu- 
gation, resuspended in 2% Triton X-100 and the 
radioactivity measured in a liquid scintillation 
counter. The transfer activity of the protein extract 
was expressed as nmol of PC transferred to mi- 
tochondria. 

Binding assay 

The protein fractions were incubated with 100 nmol 
of oleoyl-CoA (specific radioactivity: 2 GBq.  
mmol-1; Amersham) for 30min at +4°C.  The 
mixture was then chromatographed on a FPLC 
MonoS column (Pharmacia). 

Electrophoresis 

Protein extracts were analyzed by acrylamide-SDS 
gel electrophoresis using gel slabs made from a 
7.5-15% acrylamide gardient. Gels were coloured 
using either Coomassie blue or AgNO3 [2, 3]. 

Results 

Purification of the sunflower protein 

The operations used to purify the protein are sum- 
marized in Table 1. 

Step 1. The protein extract obtained after ammoni- 
um sulphate precipitation is able to transfer phos- 
phatidylcholine from liposomes to mitochondria 
with a specific activity of 0.08 nmol mg protein -1 
min -1. 

Step 2. The protein extract was loaded on a Sepha- 
dex G75 column equilibrated with 10 mM sodium 
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phosphate (pH 7.2), 10% glycerol, 3 mM sodium 
azide and 8raM [~-mercaptoethanol (Buffer A). 
The active fractions (78-100) were pooled; they 
correspond to low molecular-mass proteins (Fig. 
1A). 

Step 3. The active fractions were applied to a 
DEAE-Trisacryl column equilibrated with buffer 
A in order to remove the acidic fractions which 
have a negligible activity. The effluent was directly 
passed through a CM-Sepharose column equili- 
brated with the same buffer. Bound proteins were 
eluted using a linear 0.01-0.25 M phosphate gra- 
dient in buffer A. Two majors peaks of activity 
were observed, CM1 and CM2, which correspond 
to a salt concentration respectively of 160 and 
200 mM (Fig. 1B). The specific activity of the CM2 
peak is equal to 2.88nmol mg -a min-1; a similar 
value was found for the CM1 peak (data not 
shown). 

Step 4. The purification of the protein was achieved 
by FPLC. CM2 fraction was chromatographed on a 
MonoS column (Pharmacia) equilibrated with 
Buffer B (Buffer A minus glycerol) (Fig. 1C). Pro- 
teins were eluted with a 0--0.5 M NaC1 gradient in 
the same buffer. The chromatogram obtained from 
CM2 showed a major peak corresponding to a salt 
concentration of 0.23 M. Fractions 22 and 23 were 
pooled and used as a purified protein having a 
specific activity of 10.56nmol mg -1 min -1. A 132- 
fold purification was noted. 

Properties of the sunflower protein 

The analysis by SDS-PAGE of CM2 fraction 
showed a single band with an apparent molecular 
mass of 9 kDa. The same band was detected in the 
CM1 peak, but with other additional bands; for this 
reason, further purifications were made on only the 
CM2 peak. The value of 9 kDa is in good agree- 
ment with those obtained from the other plant LTP 
[1], but it differs from animal nonspecific proteins 
which have higher molecular masses [5, 6]. It is to 
be noted that this protein is detected as a distinct 
band in electrophoregrams of the total extract sug- 
gesting that the protein is abundant in sunflower 
seedlings. This can be correlated to the fact that 
maize LTP represents 2 to 4% of the total soluble 
proteins as determined by immunochemical meth- 
ods [10, 11]. 

The observation that sunflower protein is bound 
on CM Sepharose indicates a high pI. This was 
confirmed by a chromatofocusing technique which 
indicated a pI near 9 (data not shown). This is in 
agreement with the high pI found in the case of 
maize, spinach and castor bean proteins although 
some acidic proteins, but less abundant, have been 
detected in these plants [1]. 

Interestingly, the transfer activity is associated 
with a double peak of activity (CM1 and CM2). 
The existence of several peaks of activity in sep- 
arations on CM column has also been showed dur- 
ing the isolation of maize and spinach LTP. That 
suggests the existence of different isoforms, which 
could have the same molecular mass and slightly 
different pI. 

Table 1. Purification procedure of sunflower protein. The different steps of purification of lipid transfer protein from sunflower 
seedlings is described in Materials and methods. The various steps correspond respectively to the protein extract after dialysis (step 1), to 
the pooled active fractions from Sephadex G75 column (step 2), the active fraction from CM-Sepharose column (isoform CM2) (step 3) 
and the final pure protein from the MonoS FPLC column (step 4). The specific activity is expressed as nmol of phosphatidylcholine 
transferred from liposomes to mitochondria per mg of protein per rain. 

Steps Protein rag- ml-1 Volume ml Total Protein mg Specific activity Purification 
nmol. mg -1- rain -1 

Crude extract (step 1) 44 120 5280 0.08 1 
Sephadex G75 (step 2) 1.5 315 472 1.06 13.25 
CM2 (step 3) 0.36 149 53.6 2.88 37 
MonoS (step 4) 0.32 4 1.3 10.56 132 
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Fig. 1. Elution pattern of sunflower proteins. A: Chromatography on Sephadex G-75. The protein extract (5 g) was loaded on a 5 x 
70 cm column equilibrated with 10 mM sodium phosphate (pH 7.2), 10% glycerol, 3 mM sodium azide and 8 mM 13-mercaptoethanol. 
The flow rate was 80 ml h-1 and 15 ml fractions were collected. The absorbance was measured at 280 nm and the transfer activity was 
expressed as a percentage of phosphatidylcholine transfered from liposomes to mitochondria using 3 ml of each fraction. Fractions 
78-100 were pooled. B: CM-Sepharose. The unbound effluent from DEAE-Trisacryl (step 3) were applied to a 2.6 x 25 cm column 
equilibrated with the same buffer indicated in A. Elution was effected using a linear gradient formed by 11 of the equilibration buffer and 
11 of the same one made up to 250mM sodium phosphate. The flow rate was 60ml h-1 and 25ml fractions were collected. The salt 
concentration was determined by measuring their conductivity. Absorbance at 280 nm and transfer activity are indicated as in A. 
Fractions 65-85 (CM1) and 86-95 (CM2) were pooled separately. C: FPLC on MonoS. 1.3 mg of the CM2 fraction were applied to a 
MonoS column (Pharmacia) equilibrated with 10mM sodium phosphate (pH 7,2), 3 mM sodium azide, 8 mM 13-mercaptoethanol. 
Proteins were eluted using a 0.5 M NaCl gradient prepared in the same buffer. The flow rate was 60 ml h-1 and I m! fractions were 
collected. Absorbance was monitored at 280 nm. The shape of the gradient is indicated by a discontinuous line, Fractions 22 and 23 were 
pooled. 
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Fig. 2. Binding of oleoyl-CoA on the sunflower protein. After incubation of 0.9 mg of CM2 fraction with 100 nmol of 14C-oleoyl-CoA 
(see Materials and methods), the mixture was separated by chromatography on a MonoS column in the experimental conditions 
indicated in Fig. 1C. The radioactivity (circles) is expressed as dpm per ml of fraction. 

Binding of oleoyl-CoA 

When the CM2 fraction was incubated with oleoyl- 
CoA, a radioactive peak, corresponding to the pro- 
tein, was detected after separation of the incuba- 
tion mixture by FPLC on a Mono S column (Fig. 2). 
Around 40% of the total 14C label was recovered 
in the protein peak. 

NH2-terminal sequence 

A NH2-terminal sequence comprising 24 residues 
has been determined for the CM2 fraction (Fig. 3). 
The most important feature of this sequence is its 
hydrophobic character, especially between resid- 

ues 6-17. The property of this part of sequence 
seems to be common to other plant LTP (maize, 
spinach or castor bean) [12]. 

Discussion and conclusions 

The present work establishes that a protein highly 
purified from an oil-forming seed, is not only able 
to transfer phospholipids between membranes but 
also to bind oleoyl-CoA. We propose that this pro- 
tein belongs to a category of bifunctional proteins 
having the ability to bind and transfer lipids. 

The sunflower protein, isolated in this work, 
shares with plant LTPs common properties: same 
molecular mass and around 9 kDa and high pI. 
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Sunf 1o~e r 
Maize  
S p i n a c h  
C a s t o r  bean 

* * I0 
I l e  Tnr Cys Ash Asp Val  Thr Gly Asu Leu Thr 

A1a I 1 e  S e t  Cys Gly Gin Va l  A1a S e t  Ala l l e  A1a 
Gly I l e  Thr Cys Gly Met Val  S e t  S e t  Lys Leu AIa 

Val  Asp Cys Gly Gln Va l  Ash S e t  S e r  Leu A1a 

* 20 
S u n f l o w e r  Pro  Cys Leu Pro Tyr Leu Arg S e t  Ser  Gly Lys Pro  Thr 
X a i z e  Pro  Cys I l e  Ser  Tyr Ala  Arg Gly Glu Gly S e t  Gly Pro  
S p i n a c h  Pro  Cys I l e  Gly Tyr Leu Lys  g l y  Gly Pro  Leu g l y  Gly  
C a s t o r  bean Ser  Cys I l e  Pro Phe Leu Thr Gly Gly Val  Ala S e t  Pro  

Fig. 3. NH2-terminal sequence of LTP isolated from sunflower seeds (present work), maize seeds [12], spinach leaves [12] and castor 
bean seeds [13, 14]. 

The determination of the NH2-terminal se- 
quence of the sunflower protein confirmed its ho- 
mology with other plant LTPs. A comparison be- 
tween those sequences shows a high homology; the 
percent match is respectively of 29.2%, 33.3% and 
20.8% with spinach, castorbean and spinach pro- 
teins which have, respectively, in total 91, 92 and 93 
residues. Interestingly, the positions of cysteine 
residues (3 and 13 in sunflower and castor bean; 4 
and 14 in maize and spinach) are conserved. The 
other cysteines, found in a total number of 8, in 
maize, castor bean and maize, are also located in 
the same positions in the LTPs [12-15]. It is sup- 
posed that these cysteines play an important role in 
the mode of action of the protein. In contrast, only 
one cysteine residue was detected in rat liver FABP 
[16]. 

The sunflower protein transfers PC and, in addi- 
tion, like other plant LTP, PI or PE (data not 
shown). In contrast, animal tissues contain differ- 
ent categories of phospholipid transfer proteins, 
transferring specifically PC or preferentially PI or 
transferring a large diversity of phospholipids [5, 
6]. These latter proteins, designated as non specific 
phospholipid transfer proteins, are also able to 
transfer sterols; for this reason, they were also 
called sterol-carrier protein 2 [17]. This protein is 
distinct from sterol-carrier protein i which is highly 
probably identical to FABP [16, 18]. The non spe- 
cific phospholipid transfer proteins from animal 
tissues share with plant LTP several properties (low 
molecular mass (14kDa) and basic character). 

The observation that sunflower protein binds 
oleoyl-CoA leads to the conclusion that this pro- 

tein belongs to the category of FABP This binding 
was shown by a separation of oleoyl-CoA and pro- 
tein by a cationic column since this protein is basic. 
In preliminary experiments carried with sunflower 
protein, other assays were carried out and con- 
firmed this binding: gel filtration on Sephadex G75 
and Lipidex assay [16]. From the experiments of 
Fig. 2, it can be calculated that 0.4mol of oleoyl- 
CoA can be bound to 1 mol of sunflower protein 
since 40% of the ligand (given at the amount of 
100 nmol) are recovered bound to 100 nmol of pro- 
tein. This suggests that sunflower protein has one 
site of binding of fatty acids per mole. The stoi- 
chiometry of fatty acid binding to animal FABPs 
has been reported to vary from one (a value largely 
found for several FABP) to two [16, 18]. 

Interestingly, a protein with a molecular mass of 
8.7 kDa, able to bind fatty acids, has been purified 
from oat seedlings [7]. This protein has a pI of 
either of 8.4 (when the protein is delipidated) or 4.8 
(with the lipidated protein). In these experiments, 
the binding assay was based on the isolation of 
protein-fatty acid complex by isoelectric focusing. 
The same assay was carried out with spinach LTP, 
indicating that this protein has the ability to bind 
fatty acids [8]. 

The properties of plant FABP-like proteins are 
different from those of animal FABP. The mole- 
cular mass of these latter proteins vary from 12 to 
14 kDa while their pI vary from 4.3 to 9.3, the rat 
liver FABP exhibiting a pI around 5.2 to 6.9 [16, 
18]. Isoforms of animal FABP have been found, as 
for plant FABP. Animal FABP, like plant FABP/ 
LTP, are abundant proteins, accounting for 4 to 5% 



55 

I ENDOPLASMIC RETICULUM 
(Acylation of phospholipids/Desaturation of fatty acids 
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Fig. 4. Scheme indicating the cooperation between organelles (endoplasmic reticulum and chloroplast) for the biosynthesis of 
galactolipids in plant cells. 

of cytosolic proteins. Based on SDS-PAGE of 
crude extracts, sunflower protein seems to be 
abundant. A precise quantitation has been made 
by ELISA for maize LTP, indicating that this pro- 
tein represents 2 to 4% of the total protein extract. 
If it is assumed that all plant LTP have a fatty acid 
binding ability, it can be concluded that, as animal 
FABP, plant FABP are abundant in the cytosol. 

One major question about plant FABP concerns 
their in vivo role. As for animal cells, it can be 
assumed that plant FABP i/facilitate the intracellu- 
lar transport of fatty acids in the cytosol; ii/regulate 
the intracellular pool of fatty acids and acyl CoA 
esters by storing these compounds since FABP are 
abundant;  iii/exert a protecting effect by avoiding 
large concentrations of fatty acids and acyl-CoA 
esters in the cytosol. 

Another possible involvement of FABP, specific 
for plant cells, could be their participation to lipid 
metabolism. It is accepted now that the site of fatty 
acid synthesis in plants is the chloroplast (or the 
plastid) [19]. The fatty acids synthesized are ex- 
ported in the form of oleoyl-CoA which is trans- 
ported to the endoplasmic reticulum and then used 
for the synthesis of polyunsaturated fatty acids 
(Fig. 4). The polyunsaturated fatty acids (linoleic 
or linolenic acids) are then transported to the plas- 
tid, esterified to phospholipid molecules, and used 
for the synthesis of galactoplipids. Alternatively, in 

oil-forming seeds, phosphatidylcholine can be used 
as an acyl donor for triacylglycerol synthesis [19]. A 
dual role for the lipid transporting proteins is thus 
plausible. 

For future investigations, it will be necessary to 
provide decisive arguments in favour of the in vivo 

role of plant FABP/LTP. One possibility is to fol- 
low the fluctuations of the amount of proteins dur- 
ing various physiological processes like germina- 
tion of seeds or greening of leaves. Another way is 
to use the site-directed mutagenesis approach to 
determine precisely the site of interaction of fatty 
acids. This could be made with maize LTP since a 
full-length cDNA has been isolated and character- 
ized [12]. The study of the expression of this cDNA 
in yeast and E. coli is thus envisaged. For long-term 
research, the use of the anti-sense mRNA ap- 
proach or the preparation of transgenic plants can 
provide decisive informations about the role of 
FABP/LTP in plant cells. 
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