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Abstract 1 

Acyl-CoA-binding proteins (ACBP) bind to long-chain acyl-CoA esters and 2 

phospholipids, enhancing the activity of different acyltransferases in animals and 3 

plants. Nevertheless, the role of these proteins in the synthesis of triacylglycerols 4 

(TAGs) remains unclear. Here, we cloned a cDNA encoding HaACBP1, a Class II 5 

ACBP from sunflower (Helianthus annuus), one of the world’s most important oilseed 6 

crop plants. Transcriptome analysis of this gene revealed strong expression in 7 

developing seeds from 16 to 30 days after flowering. The recombinant protein 8 

(rHaACBP1) was expressed in Escherichia coli and purified to be studied by in vitro 9 

isothermal titration calorimetry and for phospholipid binding. Its high affinity for 10 

saturated palmitoyl-CoA (16:0-CoA; KD 0.11 µM) and stearoyl-CoA (18:0-CoA; KD 11 

0.13 µM) esters suggests that rHaACBP1 could act in acyl-CoA transfer pathways 12 

that involve saturated acyl derivatives. Furthermore, rHaACBP1 also binds to both 13 

oleoyl-CoA (18:1-CoA; KD 6.4 µM) and linoleoyl-CoA (18:2-CoA; KD 21.4 µM) esters, 14 

the main acyl-CoA substrates used to synthesise the TAGs that accumulate in 15 

sunflower seeds. Interestingly, rHaACBP1 also appears to bind to different species of 16 

phosphatidylcholines (dioleoyl-PC and dilinoleoyl-PC), glycerolipids that are also 17 

involved in TAG synthesis, and while it interacts with dioleoyl-PA, this is less 18 

prominent than its binding to the PC derivative. Expression of rHaACBP in yeast 19 

altering its fatty acid composition, as well as the composition and size of the host 20 

acyl-CoA pool. These results suggest that HaACBP1 may potentially fulfil a role in 21 

the transport and trafficking of acyl-CoAs during sunflower seed development. 22 

 23 
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1. Introduction 1 

Acyl-CoA metabolites play a central role in many biological processes, such as 2 

vesicular trafficking, gene expression or lipid metabolism [1]. Moreover, the content 3 

and composition of these acyl-CoA esters modulates the activity of numerous 4 

enzymes [1-4]. These acyl-CoA esters are essential substrates in the biosynthesis of 5 

different molecules, including sphingolipids, phospholipids and triacylglycerols 6 

(TAGs). In plants, the biosynthesis of fatty acids (FAs) takes place in the plastid, 7 

where the FA synthase complex uses the malonyl-acyl carrier protein to produce 8 

long-chain FA derivatives through successive cycles of condensation, reduction and 9 

dehydration [5]. A large proportion of these FAs (18:1 >> 16:0 > 18:0) are exported 10 

and rapidly esterified to their acyl-CoA derivatives at the plastid membrane by a long 11 

chain acyl-CoA synthetase [6-8]. These acyl-CoAs are then made available to be 12 

incorporated into glycerolipids through the action of the acyltransferase in the 13 

Kennedy pathway, or through the acyl editing pathway in which they are incorporated 14 

into phosphatidylcholine (PC) by lysophosphatidylcholine:acyl-CoA acyltransferases 15 

(LPCATs). Moreover, acyl-CoAs can be further modified through elongation in the 16 

cytosol by FA elongases. Oleate chains esterified to PC can be desaturated via 17 

oleate and linoleate desaturases to produce polyunsaturated FAs (PUFAs) [9]. These 18 

PUFAs can be exchanged and again incorporated in the acyl-CoA pool by the acyl 19 

editing pathway involving LPCATs [10], or they may be transferred to a diacylglycerol 20 

(DAG) molecule by a phosphatidylcholine:diacylglycerol acyltransferase (PDAT), 21 

producing TAGs in a reaction that does not involve the acyl-CoA pool [11]. In the 22 

case of sunflower a relevant contribution of PDAT to TAG synthesis was reported by 23 

Banas et al. [12]. The acyl-CoA pool is also utilized in the production of TAGs by 24 

acyl-CoA:diacylglycerol acyltransferase (DGAT) [2]. 25 

The first acyl-CoA-binding protein (ACBP) was identified in the rat brain as a 26 

diazepam-binding inhibitor [13], and further ACBPs were then later isolated as small 27 

10 kDa proteins in the cow [14] and yeast [15]. The overexpression of ACBPs in 28 

animals and plants augments the amount of acyl-CoA esters, which enhances the 29 

production of phospholipids and TAGs [15-19]. In addition, ACBPs stimulate the 30 

activity of the different acyltransferases that are necessary for phospholipid synthesis 31 

[20-22]. In yeast, overexpression of either bovine or yeast ACBP augments the 32 

intracellular acyl-CoA pool in vivo [23], while depletion of ACBPs modifies the acyl-33 

CoA composition and alters their morphology [24, 25]. Moreover, the expression of a 34 
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small ACBP from canola in Arabidopsis oilseed upregulated and modulated the acyl-1 

CoA pool, and modified the FAs produced [19]. 2 

In Arabidopsis, there are six genes that encode ACBP proteins and these fall 3 

into four different classes. Class II ACBPs (AtACBP1 and AtACBP2) are membrane 4 

proteins that possess ankyrin repeats in their C-terminal domain that facilitate 5 

protein-protein interactions [26-28]. Class I (AtACBP6) and Class III (AtACBP3) 6 

ACBPs only contain the acyl-CoA-binding (ACB) domain, yet they differ in their size 7 

and subcellular localization [29]. Thus, AtACBP3 is targeted to the extracellular 8 

space [30] and is larger than the cytosolic AtACBP6 (10 kDa) [31]. Class IV ACBP 9 

are the largest members of this family (AtACBP4 and AtACBP5) and they are found 10 

in the cytosol [32, 33]. They possess conserved kelch motifs, which potentially 11 

participate in protein-protein interactions [28, 32]. More recently, ACBP families have 12 

been identified in other crop plants like rice [34] and Brassica napus [18, 21, 35, 36].  13 

Both AtACBP1 and AtACBP2 localize to the plasma membrane and 14 

endoplasmic reticulum (ER), and they fulfil key roles in seed development [26, 27]. 15 

For example, AtACBP1 participates in cuticle formation [37], and it regulates seedling 16 

development and germination [38]. In this regard, the Arabidopsis acbp1/acbp2 17 

double mutant was embryonic lethal, which indicates an essential role of AtACBP1 18 

and AtACBP2 in plant development [39]. More recently, AtACBP1 was shown to 19 

modulate the synthesis and FA composition of sterol through protein-protein 20 

interactions, serving as a lipid modulator of gene expression [40, 41]. 21 

Here, we set out to identify and clone a cDNA that encodes ACBP from 22 

developing sunflower seeds. The transcript isolated encodes a Class II HaACBP1, 23 

which was expressed strongly during seed development and oil synthesis. The 24 

recombinant HaACBP1 (rHaACBP1) demonstrated high affinity towards the main 25 

classes of acyl-CoA esters and phospholipids present in sunflower seeds. Moreover, 26 

when this protein was overexpressed in yeast, the lipid composition and acyl-CoA 27 

pool of its heterologous host was altered by its activity. 28 

 29 

 30 

2. Materials and methods 31 

 32 

2.1. Biological materials 33 
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Sunflower (Helianthus annuus L.) seeds from the CAS-6 wild-type sunflower 1 

line were germinated in wet perlite at 25 °C and incubated in a germination chamber 2 

for 2 weeks. The seedlings were then moved to turf bags in growth chambers 3 

equipped with fertirrigation on 25/15 °C (day/night), 16 h photoperiod cycles, and with 4 

a photon flux density of 300 µmol·m-2·s-1, until the vegetative tissues or developing 5 

seeds were harvested. Flowers were bagged to avoid crossed pollination. No hand 6 

pollination was necessary. 7 

The HaACBP1 was expressed heterologously in the Saccharomyces 8 

cerevisiae W303-1A strain (MAT a, ade2-1, his3-11, leu2,3-112, trp1-1, ura3-1, can1-9 

100) to study its activity. 10 

 11 

2.2. Cloning a cDNA encoding sunflower ACBP1 12 

Developing sunflower seeds (approximately 0.4 g) were harvested 15 days 13 

after flowering (DAF), and ground in liquid nitrogen (N2) using a precooled sterile 14 

mortar and pestle. Seed mRNA was isolated from the total RNA using the Micro-15 

FastTrack Kit (Invitrogen, Groningen, The Netherlands) in 33 μL TE buffer (10 mM 16 

Tris-HCl [pH 8.0], 1 mM EDTA) and cDNAs were synthesised using a Ready-To-Go 17 

TPrimed First Strand Kit (Amersham Bioscience, Roosendaal, The Netherlands). 18 

The TBLASTN algorithm [42] was used to analyse the cDNA encoding 19 

Arabidopsis thaliana ACBP1(AtACBP1) and AtACBP2, and to search the sunflower 20 

expressed sequence tags (ESTs) available in public databases to identify mRNAs 21 

putatively encoding sunflower Class II ACBP homologues. As a result, ESTs 22 

corresponding to the 3´ terminal fragment of the HaACBP1 cDNA were identified and 23 

their corresponding 5´ end was amplified by RACE [43]. In this procedure, a 24 

Universal Primer Mix (UPM) and Nested Universal Primer (NUP) were used as the 25 

forward primers, while the ACBP-5rac1 and ACBP-5rac2 oligomers derived from the 26 

known sequence were used as the reverse primers (see Table S1 for the primer 27 

sequences, all of which were synthesized by Eurofins MWG Operon, Germany). 28 

ACBP-1F and ACBP-1R were then used to amplify the full coding sequence by PCR, 29 

and this full-length sequence encoding HaACBP1, including the ATG and STOP 30 

codons, was deposited in GenBank under accession number KJ826407. 31 

The putative transmembrane region of HaACBP1 was predicted using the 32 

Consensus Constrained TOPology prediction server (CCTOP, 33 

http://cctop.enzim.ttk.mta.hu) [44]. Primers were designed with internal SphI and 34 
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KpnI restriction sites (SphIACBP1-F and KpnIACBP1-R, respectively) to amplify a 1 

fragment encoding HaACBP1 without the anchor sequence. The PCR product was 2 

cloned into the pMBL-T Easy vector (Genaxxon BioScience GmbH, Biberach, 3 

Germany) and several clones were sequenced on both strands by SECUGEN 4 

(Madrid, Spain) to confirm the identity of the clone using the BLAST software [42]. 5 

The plasmid bearing HaACBP1 was then digested with SphI and KpnI, and the DNA 6 

fragment obtained was ligated into the SphI-KpnI sites of pQE-80L (Qiagen, Hilden, 7 

Germany) to produce a fusion protein with a (His)6-tag at its N-terminus. Removal of 8 

the first 30 amino acids of HaACBP1 facilitated the purification of the rHaACBP1 in 9 

the soluble fraction, like the recombinant AtACBP1 [45]. Sequencing confirmed the 10 

resulting construct was in the correct reading frame and it was designated as pQE80-11 

HaACBP1. The recombinant plasmid was expressed in the Escherichia coli 12 

BL21(DE3)Star pLysS strain. 13 

To assess the activity of HaACBP1 following its heterologous expression in S. 14 

cerevisiae, the full-length cDNA sequence encoding HaACBP1 was amplified with 15 

the SpeIACBP1-F and XmaIACBP1-R primers (Table S1). According to the Kozak 16 

optimization sequence [46], one nucleotide in the forward primer was replaced in 17 

order to improve its expression (Table S1). The PCR fragment was digested with 18 

SpeI and XmaI, before it was cloned into the yeast p416GPD expression vector [46] 19 

and transformed into the S. cerevisiae W303-1A strain by electroporation [47]. 20 

 21 

2.3. Analysis of the HaACBP1 protein 22 

HaACBP1 homologous protein sequences were retrieved using the BLASTP 23 

program (www.ncbi.nlm.nih.gov). Alignment with other amino acid sequences 24 

encoding ACBPs deposited at GenBank was performed using the ClustalX v.2.0.10 25 

program under default settings [48]. These alignments were used to generate a 26 

phylogenetic tree based on the neighbor-joining algorithm [49]. The percentage of 27 

replicate trees in which the associated taxa clustered together in the bootstrap test 28 

(500 replicates) was calculated according to Felsenstein [50], with evolutionary 29 

distances computed using the Poisson correction method [51] and based in the units 30 

of the number of amino acid substitutions per site. This analysis involved 181 amino 31 

acid sequences. All ambiguous positions were removed for each sequence pair 32 

(pairwise deletion option). There were a total of 610 positions in the final dataset. The 33 

resulting ‘phenogram’ was drawn using the MEGA X program [52]. 34 
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 1 

2.4. Modelling the three-dimensional structure of HaACBP1 2 

Homology modelling studies of the putative HaACBP1 protein structure were 3 

carried out with IntFOLD version 5.0 [53, 54], using the following PDB entries as 4 

templates for the final HaACBP1 tertiary structure: 5jhqA, 5ijmA, 3v31A, 2cquA, 5 

3ui2A, 3c5rA, 5d68A and 2f8yA. All of these entries correspond to proteins including 6 

ACB and/or ankyrin repeat domains. The model obtained (Figure 2) has a confidence 7 

of CERT and a p-value of 8.994 x 10-5. Furthermore, molecular docking was 8 

performed with SwissDock [55, 56] and FunFOLD [57] using coenzyme-A 9 

(ZINC8551087) as the substrate. The UCSF Chimera package was used for critical 10 

residue mapping and model visualization [58]. 11 

 12 

2.5. RT-qPCR analysis of HaACBP1 expression 13 

Total RNA was isolated from developing sunflower seeds at 16, 20, 25 and 30 14 

DAF, roots, stems, green cotyledons (1, 4 and 7 days after imbibition; DAI) and 15 

leaves as described above (see section 2.2), which served as a template (5 µg) to 16 

generate cDNAs and analyse them by real-time quantitative PCR (RT-qPCR) using 17 

specific primer pairs (QHaACBP1-F and QHaACBP1-R, Table S1) and SYBR Green 18 

I (QuantiTect SYBR Green PCR Kit, Qiagen, Crawley, UK). The reactions were 19 

carried out in a MiniOpticon system to monitor the resulting fluorescence (Bio-Rad), 20 

maintaining the reaction mixture at 95 °C for 5 min before subjecting it to 40 PCR 21 

cycles of: 94 °C for 15 s; 59 °C for 30 s; and 72 °C for 30 s. Calibration curves were 22 

drawn up using sequential dilutions of the cDNAs and the Livak method [59] was 23 

applied to calculate the relative expression in the samples. The sunflower actin gene, 24 

HaACT1 (GenBank Accession number FJ487620), was used as an internal reference 25 

to normalize the relative amount of cDNAs from the samples, amplified with the 26 

specific QHaActin-F4 and QHaActin-R4 primer pair (Table S1). 27 

 28 

2.6. Expression and purification of rHaACBP1 in E. coli 29 

Cultures of E. coli BL21(DE3)Star pLysS cells harbouring pQE80-HaACBP1 30 

were grown at 37 °C with vigorous shaking in 300 mL of LB media (1% Bacto 31 

Tryptone, 0.5% yeast extract and 1% NaCl [pH 7]) supplemented with 100 μg/mL 32 

ampicillin and 34 μg/mL chloramphenicol. The expression of the recombinant protein 33 

was induced by adding 0.4 mM isopropylthio-β-D-galactoside (IPTG) when the 34 
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bacterial culture reached an OD600 value of 0.4. After a further 5 h incubation at 37 1 

°C, the cells were harvested by centrifugation and resuspended in 8 mL native lysis 2 

buffer (50 mM NaH2PO4 [pH 8.0], 300 mM NaCl, 10 mM imidazole). The cells were 3 

sonicated on ice, applying 10 cycles of 10 s bursts at 200-300 W with a 10 s cooling 4 

period in between. The cleared lysate was obtained by centrifugation (10,000 g for 1 5 

h at 4 °C) and purified on a 1 mL NTA-Ni agarose column (QIAGEN). The protein 6 

extract was loaded onto a previously equilibrated column and the column was then 7 

washed with 5 volumes of washing buffer (50 mM NaH2PO4 [pH 8.0], 300 mM NaCl, 8 

20 mM imidazole). The bound proteins were finally eluted with 2 mL of native elution 9 

buffer (50 mM NaH2PO4 [pH 8.0], 300 mM NaCl, 250 mM imidazole) and the sample 10 

eluted was dialyzed against the Isothermal titration calorimetry (ITC) binding buffer 11 

(50 mM K2HPO4 [pH 7.6], 0.3 mM EDTA and 175 mM KCl: [60]). The purified protein 12 

(Figure S3) was concentrated using Amicon Ultra-15 Centrifugal Filters (Millipore) 13 

and the protein concentration was determined by the Bradford method [61]. 14 

 15 

2.7. Isothermal titration calorimetry (ITC) study of acyl-CoA ester binding 16 

ITC experiments were performed on a MicroCal iTC200 system (MicroCal). The 17 

acyl-CoA esters (Avanti Polar Lipids) and rHaACBP1 protein used in this study were 18 

prepared in ITC binding buffer and degassed under vacuum with stirring to avoid 19 

bubble formation, following the manufacturer’s instructions (GE Healthcare). The 20 

acyl-CoA ester in solution (250 µM) was injected into 500 µL of the protein solution 21 

(12.5 µM) in the cell at 30 °C. Each injection volume was 1.5 µL with an interval of 22 

150 s between injections. All the experimental data were analysed using Microcal 23 

ORIGIN7 software (OriginLab Corporation, Northampton, USA) and the parameters 24 

of the dissociation constant (KD) were obtained by non-linear regression fitting of the 25 

isotherm data based on a one-set of sites model [62]. 26 

 27 

2.8. Protein-lipid binding assays 28 

The binding between rHaACBP1 protein and lipids was examined following 29 

previous protocols [63]. In these assays, various phospholipids and 30 

lysophospholipids standards purchased to Sigma-Aldrich were spotted onto a 31 

nitrocellulose filter (Amersham, GE), and incubated for 1 h at room temperature in 32 

the dark. The filters were then blocked for 1 h in Tris-Buffered saline buffer (TBS: 10 33 

mM Na2HPO4, 1.8 mM KH2PO4 [pH 7.4], 140 mM NaCl, 2.7 mM KCl) supplemented 34 
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with 1% non-fat milk (Bio-Rad) and then incubated for 2 h with rHaACBP1 (final 1 

concentration 1 µg/mL) in blocking buffer. Subsequently, the filters were washed 2 

twice with TTBS (TBS supplemented with 0.1% Tween 20), for 10 min each wash, 3 

and then probed for 1 h at room temperature with anti-(His)6 antibodies (Amersham, 4 

GE). After three washes with TTBS, ECL signals were detected using the Western-5 

Blotting Detection Kit (Amersham, GE) to determine the protein-lipid binding. 6 

 7 

2.9. Yeast lipid analysis 8 

The mutant W303-1A S. cerevisiae strain was transformed with the 9 

p416GPD::HaACBP1 construct or the empty plasmid as a control [64]. The cultures 10 

were grown for 24 h in (SC)-Ura medium supplemented with 2% (w/v) glucose and 11 

then diluted to an OD600 of 0.4 in the same medium. The yeast culture was incubated 12 

for 48 h to obtain a stationary phase cell culture and then diluted to an OD600 of 2 in 13 

200 ml of the same medium. The cells were then collected by centrifugation at 5,000 14 

x g for 10 min and washed twice with 10 mL of distilled water. For extraction, 2 mL of 15 

methanol plus 1 mL of glass beads (710-1180 µm; Sigma-Aldrich, USA) was added 16 

to the yeast pellets, which were then vortexed at maximum power for 10 min. 17 

Subsequently, 4 mL of chloroform was added to the tubes with 1 mL NaCl (0.9 % 18 

w/v), and the tubes were then shaken and centrifuged at 2500 x g for 2 min. The 19 

lower phase was transferred to a clean tube while the resulting residue was extracted 20 

twice with 2 mL of chloroform following the same procedure and the chloroform lower 21 

phases were combined. The combined chloroform phase was re-extracted with 1 mL 22 

of methanol plus 0.5 mL 0.9% NaCl in a step involving shaking and centrifugation at 23 

2500 x g for 2 min. The upper phases were discarded and the chloroform phase 24 

containing the lipids was evaporated under nitrogen at 40 ºC. The lipid residues were 25 

then dissolved in 1 mL of chloroform and stored at -20 ºC under nitrogen. 26 

Glycerolipid species were determined by high-performance liquid 27 

chromatography (HPLC). A volume of 0.4 mL of the total lipid extract was loaded 28 

onto a LiChrolut 0.5 g silica gel cartridge (Merck, Germany) using a vacuum 29 

manifold, and then equilibrated with 2 mL of chloroform, as described previously [65]. 30 

In this method, non-polar lipids (TAGs and DAG) were eluted with 10 mL of 31 

chloroform and then the polar lipids were eluted with 10 mL of methanol. Both 32 

fractions were dried to completeness under nitrogen and then resuspended in 1 mL 33 

hexane or 1 mL hexane/2-propanol (3:2) for non-polar or polar lipids, respectively. 34 
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Non-polar and polar lipids were analysed on a direct phase LiChrospher 100 Diol (5 1 

μm) column (Merck, Germany), applying both the official Cd11d-96 AOCS method 2 

and the method described elsewhere [66]. The chromatography system consisted of 3 

a Waters 2695 Module (Milford, MA) equipped with a Waters 2420 ELSD. The data 4 

were processed using the Empower software and the ELSD was regularly calibrated 5 

using commercial high-purity standards purchased from Sigma-Aldrich for each lipid. 6 

To determine the yeast FA composition, 0.1 mL of the total yeast lipid extract 7 

was trans-esterified to their FA methyl esters (FAMEs) in a methylation reaction 8 

carried out for 1 h after the addition of 2 mL of methanol/toluene/sulphuric acid 9 

(88/10/2; v/v/v). Methyl esters were then extracted with 2 mL of heptane and 10 

analysed by gas-liquid chromatography (GLC). The chromatography system 11 

consisted of a Hewlett–Packard 6890 gas chromatograph (Palo Alto, CA, USA) 12 

coupled to a flame ionization detector and using a Supelco SP-2380 fused-silica 13 

capillary column (30 m length, 0.25 mm i.d., 0.20 µm film thickness: Supelco, 14 

Bellefonte, PA, USA). The carrier gas used was hydrogen at 28 cm s-1, the 15 

temperature of the detector and injector was maintained at 200 °C, the oven 16 

temperature was 170 °C and the split ratio was 1:50. Peaks were identified by 17 

comparing their retention times with those of the corresponding commercial 18 

standards (Sigma-Aldrich). 19 

 20 

2.10. Acyl-CoA analysis 21 

Acyl-CoAs were extracted from the transformed yeast and their acyl-etheno 22 

derivatives were obtained as described by Larson and Graham [67]. The O.D. of the 23 

cultures was adjusted with fresh medium and 50 mL of culture was centrifuged at 24 

1500 g for 10 min to pellet the cells. Heptadecanoyl-CoA (1 nmol; Avanti polar lipids) 25 

was added as an internal standard, and the cells were washed with 10 mL of distilled 26 

water and pelleted again. The cell pellets were lysed by vortexing at the maximum 27 

power for 2 min with 250 µL of freshly prepared extraction buffer (2 mL 2-propanol, 2 28 

mL KH2PO4 25 mM [pH 7.2], 50 µL glacial acetic acid and 80 µL BSA 50 mg/mL) plus 29 

1 mL of glass beads (710-1180 µm; Sigma-Aldrich, USA). The lipids were then 30 

extracted 3 times with 200 µL hexane saturated with 2-propanol and water 1:1 v/v. 31 

Subsequently, 5 µL of saturated ammonium sulphate was added and the protein was 32 

precipitated by adding 600 µL methanol/chloroform 2:1 v/v. The tubes were vortexed 33 

and incubated at room temperature for 20 min, and then finally centrifuged at 13,000 34 
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g for 2 min. The aqueous supernatants were then transferred to fresh tubes and dried 1 

under nitrogen at 40 °C. The dried residues were dissolved in 300 µL 2 

chloroacetaldehyde reagent (0.5 M chloroacetaldehyde solution diluted in 0.15 M 3 

trisodium citrate/citric acid [pH 4.0], 0.5% w/v SDS) and the derivatization reaction 4 

was carried out at 85 °C for 20 min in dark. 5 

Acyl-CoA etheno derivatives were analysed by HPLC using a Waters 2695 6 

separation module with an XBridge C18 column (250 x 0.5 mm, 5 µm: Waters, Spain) 7 

and a Multi λ Fluorescence Detector 2475 (Waters, Spain), and using a modified 8 

version of the quaternary gradient system described previously [67]. The solvents 9 

consisted of A: 1% acetic acid; B: 90% acetonitrile, 1% acetic acid; C: 0.25%, 10 

trimethylamine, 0.1% tetrahydrofuran; D: 90% acetonitrile. The flow rate was 0.75 11 

mL/min and the analysis temperature was 40 °C. The gradient elution profile followed 12 

the steps: 0–7.0 min, A–B 90:10 to A–B 20:80; 7.0–7.1 min, A–B 20:80 B to A–C 13 

20:80; 7.1– 9.0 min, A–C 20:80 to C–D 90:10; 9.0–34.0 min, C–D 90:10 to C– D 14 

25:75; 34.0–35.0 min, C–D 25:75 to D 100; 35.0–39.0 min, D 100; 39.0–40.0 min, D 15 

100 to A–B 90:10; 40.0–45.0 min, A–B 90:10. The detector was set to an excitation 16 

wavelength of 230 nm and a detection wavelength of 420 nm. The peaks were 17 

quantified attending to the internal standard signal and the data were processed 18 

using the Empower Login software. 19 

 20 

 21 

3. Results and discussion 22 

 23 

3.1. Sequence analysis of HaACBP1 24 

Although a sunflower Class I ACBP was characterized previously [68], no such Class 25 

II proteins have been reported. Here, we identified and studied the function of a 26 

Class II ACBP in this oil crop, proteins believed to be essential regulators of plant 27 

metabolism as evident through the embryonic lethality of the Arabidopsis 28 

acbp1/acbp2 double mutant [39]. When the Arabidopsis thaliana AtACBP1 and 29 

AtACBP2 protein sequences were used to probe the sunflower expressed sequences 30 

tags (ESTs) deposited at the NCBI using the BLASTP algorithm [42], an incomplete 31 

EST for HaACBP (EL478536.1) was identified and its corresponding N-terminal 32 

region was amplified by RACE [43] with the appropriate primers (Table 1S). The full 33 

coding sequence of HaACBP1 was amplified from a developing sunflower kernel 34 
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cDNA library and cloned into the PQE80 plasmid for expression in E. coli. The 1.05 1 

kb HaACBP1 cDNA amplified encoded a putative protein of 349 amino acids, with a 2 

predicted molecular weight of 39.33 kDa, 61% solubility and a pI of 4.43. We took 3 

advantage of the recently available sunflower genome ([69]; 4 

https://www.heliagene.org/HanXRQ-SUNRISE/) to identify the corresponding gene 5 

(HanXRQChr15g0485641), HaACBP1. This is the only complete Class II ACBP 6 

present in sunflower genome. In this regard, other gene was found 7 

(HanXRQChr08g0225131) coding for an incomplete protein of this class that only 8 

displays the n-terminal side of an ACBP losing homology in the rest of the sequence. 9 

Phylogenetic analysis with a set of 181 Viridiplantae Class II ACBP protein 10 

sequences was performed to examine their relationship with HaACBP1 (Figure 1). 11 

The HaACBP1 sequence was included in the Asteraceae family along with other 12 

closely related species like Lactuca sativa and Cynara cardunculus (78% and 76% 13 

identity, respectively). This family of ACBP1 sequences was closely related to those 14 

of the Solanaceae family (68% identity approx.), order Lamiales, or species in the 15 

Asterids group including Camellia sinensis, Daucus carota, Coffea arabica or 16 

Ipomoea. Adjacent to this group lay the sequences from species of the Brassicales 17 

order, including four copies of Class II ACBP described in Brassica napus [35] and 18 

those from Arabidopsis, AtACBP1 and AtACBP2. All dicot species appeared to be 19 

separate from the monocots and mosses, with sequences from the latter used to root 20 

the phylogenetic tree. The palm oil tree is a monocot of great economic importance. 21 

The ACBPs of this species were recently studied by Amiruddin et al. [70], resulting a 22 

single gene coding for class II ACBP. This gene clustered within the Polaes I group in 23 

Figure 1, together with those from other species within the Arecacea family. The 24 

deduced amino acid sequence for HaACBP1 was aligned with that of the Class II 25 

ACBPs from Arabidopsis and other plants included in the phylogenetic tree (Figure 26 

S1), revealing strong homology in the ACB domain typical of ACBPs (Figure S1, 27 

green box) and in the ankyrin repeat known to mediate protein-protein interactions 28 

(Figure S1 red box), [27]. The CoA-binding site in the ACB domain [71] was highly 29 

conserved in all the sequences analysed (residues Y132, Y135, K136, K158 and 30 

Y177 in sunflower). Moreover, a hydrophobic sequence in the N-terminal domain 31 

(Figure S1, yellow box) allows the protein to anchor to the plasma and ER 32 

membranes [45, 72]. This membrane anchoring was supported by the prediction of 33 

its subcellular location using DeepLoc [73] (Supplementary Figure S2), which 34 
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proposed a very likely localisation of HaACBP1 at the ER membrane. However, 1 

experimental evidence is still pending to confirm the exact location of this protein. 2 

The HaACBP1 amino acid sequence was used to predict its tertiary structure 3 

with IntFOLD version 5.0 [53, 54]. In accordance with the sequence alignments 4 

(Figure S1) and previously characterized ACBPs [35, 74], two different domains were 5 

again identified in sunflower ACBP1 (Figure 2): (i) an ACB domain (in green) with its 6 

typical four helix structure (panels A and B); and (ii) the ankyrin repeats with helices 7 

oriented in parallel. In addition, CoA interaction was predicted using SwissDock [55, 8 

56] and FunFOLD [57] (Figure 2), corroborating the implication of residues Y132, 9 

Y135, K136, K158 and Y177 (in purple) in this process. 10 

 11 

3.2. Studies on sunflower ACBP1 expression 12 

The transcriptional profile of HaACBP1 mRNA was analyzed in developing 13 

seeds, leaves, stems, roots and seedlings, and HaACBP1 expression was detected 14 

in all the tissues assayed, with the highest levels of the transcript in the developing 15 

seeds and stems (Figure 3). This pattern is consistent with the broad expression of 16 

its homologue, AtACBP1, which is involved in stem cuticle synthesis, and that 17 

promotes abscisic acid signaling during seedling development and seed germination 18 

[37, 38]. Strong HaACBP1 expression in sunflower seeds could also indicate it fulfils 19 

a role in the biosynthesis of lipids in oil-accumulating tissues. In general, the 20 

expression of HaACBP1 was weaker in vegetative tissues (roots and leaves) and 21 

germinating cotyledons relative to that in the stems. Its homologue in rice 22 

(OsACBP4) is also expressed in seedlings and developing seeds but unlike 23 

HaACBP1, OsACBP4 is strongly expressed in the leaves rather than the stems [34]. 24 

In the case of B. napus, the gene BnACBP1 was expressed at high levels in 25 

developing embryos together with the class I form BnACBP6 [75] suggesting an 26 

involvement in oil synthesis. In palm oil tree on the contrary, EgACBP1 was 27 

expressed in oil accumulating tissues (mesocarp and developing endosperm) 28 

although it was not the predominant form, which were EgACBP6, EgACBP3 and 29 

EgACBP4, ACBPs of the class I and III [75]. All these results points that ACBPs of 30 

the class II are generally expressed in oil accumulating tissues, although their level of 31 

expression with respect to other forms could vary along plant species and families.  32 

3.3. Expression of sunflower rHaACBP1 in Escherichia coli 33 
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The in vitro characterization of HaACBP1 was facilitated by its overproduction 1 

in E. coli and its purification by affinity chromatography. To favour recombinant 2 

HaACBP1 purification in the soluble fraction, the first 30 amino acids of the protein 3 

were removed using a similar strategy to that employed in the purification of 4 

recombinant AtACBP1 [45], with a (His)6-tag fused to its N-terminal end. Here, we 5 

have to consider that His tag could modify protein properties. However, this method 6 

has been broadly used to study the properties of a large variety of proteins and 7 

enzymes. The protein was expressed in E. coli and the different fractions obtained 8 

during purification were analysed by SDS-PAGE (Figure S3). The protein was 9 

strongly expressed in the soluble phase and it was purified almost to homogeneity. 10 

The purified protein was recovered and dialyzed prior to performing the ITC and filter-11 

binding assays. 12 

 13 

3.4. The interaction of rHaACBP1 with different acyl-CoA esters 14 

One of the most remarkable properties of ACBPs is their capacity to bind to a 15 

wide range of acyl-CoA esters [33, 76], their specificity for these metabolites 16 

representing a feature that defines their activity. The affinity of HaACBP1 towards 17 

different acyl-CoA esters was studied through ITC, a technique widely used to 18 

determine the affinity or binding energies between proteins and metabolites [77], 19 

including ACBPs from different plants [78, 79]. As HaACBP1 was expressed strongly 20 

in developing seeds (Figure 3), 16:0-CoA, 18:0-CoA, 18:1-CoA and 18:2-CoA, the 21 

main acyl-CoAs found in seed tissues [80], were included in this study. The value of 22 

KD given by the ITC studies is a measurement of the affinity of between the protein 23 

and the different substrates, being the equilibrium dissociation constant between 24 

them. Recombinant HaACBP1 purified from E. coli extracts displayed stronger affinity 25 

for saturated 16:0-CoA and 18:0-CoA so they displayed lower KD values (0.11 µM 26 

and 0.13 µM respectively) than for the monounsaturated 18:1-CoA (KD 6.36 µM) or 27 

the polyunsaturated 18:2-CoA (KD 21.4 µM: Table 1). The affinity determined for 28 

18:3-CoA, the major acyl-CoA found in sunflower leaves [80], was the weakest of 29 

those calculated (KD 25.8 µM), whereas no binding of 24:0-CoA was detected (Figure 30 

S5). Another set of saturated and unsaturated very long chain (VLC)FA acyl-CoAs 31 

were also studied (26:0-CoA, 30:0-CoA, 20:4-CoA) and while neither 26:0-CoA nor 32 

30:0-CoA bound to HaACBP1, 20:4-CoA bound to the protein albeit weakly (Figure 33 

S5). 34 
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It is noteworthy that when the thermodynamic characteristics of the 1 

interactions were considered, HaACBP1 bound to 16:0-CoA and 18:0-CoA with 2 

favourable enthalpies and entropies (for 16:0-CoA, the ΔH = -5.3 kcalmol-1 and –TΔS 3 

= -4.3 kcalmol-1), suggesting both hydrogen bonding and hydrophobic interactions 4 

are important for these interactions. As the lipid becomes increasingly unsaturated 5 

through to 18:2-CoA, the binding affinity to HaACBP1 drops, driven in particular by 6 

the loss of a favourable entropy while the change in enthalpy of the interaction 7 

remains unchanged (for 18:2-CoA, the ΔH = -5.8 kcalmol-1 and TΔS = -1.4 kcalmol-1). 8 

This suggests that the unsaturated lipid has a weaker hydrophobic interaction 9 

surface, which would be consistent with what one might expect when comparing 10 

saturated and unsaturated lipids binding to hydrophobic patches on the protein 11 

surface. 12 

The high affinity towards unsaturated 16:0-CoA and 18:0-CoA might indicate 13 

HaACBP1 plays a role in metabolic pathways requiring saturated acyl-CoAs, like 14 

those involved in the biosynthesis of surface lipids [81] or the synthesis of 15 

sphingolipid bases [4]. This function would be in good agreement with the known role 16 

of AtACBP1 in Arabidopsis cutin [37]. The synthesis of sunflower oil requires high 17 

fluxes of transference of 18:1 and 18:2 to TAG. This transference, is mostly 18 

supported by the enzymes PDAT and DGAT [12]. Acyl-CoAs are not substrates for 19 

PDAT, so only DGAT would be involved with ACBP proteins. HaACBP1 displayed 20 

low affinities towards those fatty acids (6.4 and 21.4 µM), so it is expectable it does 21 

not have a direct contribution in this reaction favouring the interaction between the 22 

enzyme and the substrates. Furthermore, sunflower glycerol phosphate 23 

acyltransferase (GPAT), involved in the first step of de novo glycerolipid synthesis 24 

has a preference for saturated acyl-CoAs [3]. This involvement in saturated FA 25 

metabolism was also supported by the increase in 18:0-CoA levels in siliques of the 26 

Arabidopsis acbp1 mutant, whereas the reduction in most of the polyunsaturated 27 

phospholipid species [39] demonstrates how this protein influences FA composition. 28 

Moreover, rHaACBP1 was seen to bind monounsaturated and polyunsaturated acyl-29 

CoA 18:1-CoA and 18:2-CoA, the major FAs found in sunflower TAGs [80]. Although 30 

AtACBP1 also interacts with acyl-CoA esters [76, 82], the most important difference 31 

between HaACBP1 and its homologue AtACBP1 is the affinity of the latter towards 32 

VLCFA CoA esters [37]. We found that rHaACBP1 did not bind to saturated (24:0-33 

CoA, 26:0-CoA, 30:0-CoA) and polyunsaturated (24:4-CoA) acyl-CoA esters (Figure 34 
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S4 and S5), whereas AtACBP1 did bind to these CoA esters with reasonable affinity, 1 

especially the 24:0-CoA associated with the synthesis of cuticle lipids [37]. Hence, 2 

there appears to be functional differences between these proteins according to the 3 

plant host. Interestingly, while AtACBP1 displayed some affinity towards 18:3 [82], 4 

the affinity of rHaACBP1 was weakest towards polyunsaturated 18:3-CoA, which is 5 

not present in the acyl-CoA pool from developing sunflower seeds or in its oil 6 

composition [80]. This seems to indicate that HaACBP1 is not involved in the transfer 7 

or trafficking of these FAs. 8 

 9 

3.5. The affinity of rHaACBP1 towards different phospholipid species 10 

The affinity of HaACBP1 for different phospholipids was analysed using in vitro 11 

filter binding assays. The biochemical affinity of recombinant Arabidopsis [39, 76] and 12 

rice [34] Class II ACBPs to different phospholipids has been studied. To characterize 13 

the interaction of rHaACBP1 towards different phospholipids, experiments were 14 

carried out with PC, phosphatidic acid (PA), lysophosphatidic acid (LPA), and 15 

lysophosphatidylcholine (LPC: Figure 4A). These phospholipid classes are important 16 

intermediates in the synthesis of glycerolipids through the Kennedy or acyl editing 17 

pathways [6, 9], and some of them can be produced by catabolic enzymes like 18 

phospholipase D (PLD) or A2 (PLA2). In this regard, previous studies on AtACBP1 19 

demonstrated that it could modify the levels of PA and LPC when overexpressed in 20 

Arabidopsis under freezing and ABA-induced stress [63]. HaACBP1 bound poorly to 21 

both PA and LPC derivatives, displaying slightly higher activity towards PA(14:0, 22 

14:0) and PA(18:1, 18:1 - Figure 4A). The binding capacity of this protein was 23 

stronger towards PC species, especially PC (14:0, 14:0), PC(18:1, 18:1) and PC(18.2 24 

18:2), the latter present in remarkable amounts in developing sunflower seeds [66]. 25 

Poor interactions were observed towards saturated PC (16:0, 16:0) and PC (18:0, 26 

18:0). This profile was similar to that found in sunflower HaACBP6 [68] but it 27 

contrasted with the Class II Arabidopsis ACBPs that have higher affinities towards 28 

PA and LPC than the sunflower enzyme [39, 63, 83]. Interestingly, the affinity of 29 

HaACBP1 towards glycerolipids esterified to 16:0 and 18:0 was always weak, in 30 

contrast to its affinity for saturated acyl-CoAs (Table 1). The strong binding capacity 31 

for derivatives esterified to short-chain FAs was also unexpected, as those species 32 

are not detected in sunflower. In experiments to further characterize the affinity of this 33 

protein for PC and PA species, using serial dilutions of these lipids, rHaACBP1 34 
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displayed stronger affinity for PC species (Figure 4B), particularly PC(18:2,18:2), a 1 

glycerolipid especially abundant in developing sunflower seeds [66]. The interaction 2 

with PA(18:1,18:1) was weaker than that with PC species. 3 

 4 

3.6. The impact of recombinant HaACBP1 production on yeast lipid composition 5 

ACBP proteins like HaACBP1 interact with acyl-CoA esters, which are central 6 

intermediates in lipid metabolism. Furthermore, HaACBP1 is expressed strongly in 7 

developing sunflower seeds, in which lipid synthesis is very active, and it is located in 8 

the membranes of a variety of structures including the ER, the site of glycerolipid 9 

assembly from acyl-CoA and of other precursors like glycerol-3-phosphate and LPC. 10 

The expression of exogenous proteins in Saccharomyces cerevisiae can be used to 11 

study membrane-bound enzymes or proteins related to lipid metabolism, such as 12 

desaturases or acyltransferases [84, 85]. Yeast is a eukaryotic microorganism that 13 

undergoes cellular compartmentation, it is easy to transform and can be grown in 14 

controlled conditions to produce reproducible results. It produces a fairly large 15 

quantities of lipids, and it is especially appropriate to express and accommodate 16 

proteins targeted to the ER. Hence, the influence of HaACBP1 on lipid metabolism 17 

was assessed in yeast. The yeast genome contains genes encoding two small Class 18 

I ACBP proteins similar to AtACBP6 [86], and it is unclear if this microorganism 19 

possesses membrane bound Class II ACBPs homologous to HaACBP1. To study the 20 

effect of this protein on yeast lipid metabolism, total lipid extracts from yeast cells 21 

transformed with the p-416::HaACBP1 plasmid were compared to cells transformed 22 

with the empty p-416 vector as a control. The extract was characterized in terms of 23 

the absolute TAG content, by far the most abundant non-polar glycerolipid, and for 24 

the total polar lipids (Figure 5A). Transformed and control yeast displayed similar 25 

absolute amounts of these lipids, which tended to be slightly more abundant in 26 

HaACBP1 expressing cells, although these overall differences were not significant. 27 

The amounts of TAGs in these cultures ranged from 29 to 22 µg/mL of culture, 28 

whereas polar lipids were between 5.3 and 8.1 µg/mL, again not significantly different 29 

when HaACBP was expressed.  30 

To study the possible impact of the protein on lipid synthesis, the composition 31 

of the polar lipid species of the yeast was evaluated. The most abundant polar lipid 32 

species detected were PC, phosphatidylethanolamine (PE) and phosphatidylinositol 33 

(PI), with minor amounts of other species like phosphatidylserine (PS), 34 
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phosphatidylglycerol (PG), cardiolipin (CL), PA and LPC. Expression of HaACBP1 in 1 

yeast did not affect the proportions of the main polar lipid species (Figure 5B), with 2 

PC and PE still representing around 35% and 25 % of the total polar lipids, 3 

respectively. The proportion of PI was higher in yeast expressing HaACBP1 although 4 

these differences were not significant. The only statistically significant differences 5 

detected were in terms of PA and LPC, which were lower in HaACBP1 6 

transformants. These glycerolipids are non-structural components of the yeast 7 

membrane, and they represent the intermediates of their associated synthetic and 8 

degradation pathways. Thus, PA is an intermediate in the de novo synthesis of 9 

glycerolipids through the Kennedy pathway and it is a product of the ABA-mediated 10 

stress responses through the action of PLD on PC [87]. PLDα1 promotes ABA signal 11 

transduction by producing PA, an important lipid messenger in that signalling 12 

pathway [88]. By contrast, LPC is the primary substrate of the acyl editing pathway 13 

due to the activity of LPCAT [10]. The decrease in these species revealed that 14 

HaACBP1 has an impact on these pathways, both of which depend on acyl-CoAs as 15 

substrates. Thus, HaACBP1 can potentially bind both phospholipids and the acyl-16 

CoA substrates, favouring the acyl exchange reaction catalysed by LPCAT. 17 

The in vitro assays carried out with HaACBP1 pointed to a weak interaction 18 

with LPC and PA (Figure 4A), which could be sufficient to interfere with the reactions 19 

involving these lipid species. Indeed, studies on Arabidopsis seedlings with 20 

analogous ACBPs also displayed an important effect on these lipid species, which 21 

accumulate more PA when they overexpressed AtACBP1 upon ABA treatment, 22 

whereas the acbp1 mutant accumulates lower PA [26]. An interaction between 23 

AtACBP1 and AtPLDα was demonstrated through a yeast two-hybrid screen. The 24 

effect of ACBP1 in yeast has not been studied, yet the data might indicate there is an 25 

interaction between HaACBP1 and the endogenous PLDα of yeast [89] that could 26 

provoke a decrease in PA (Figure 5B). The same might occur with PLA2, leading to a 27 

decrease in LPC. 28 

There is evidence that HaACBP1 affects the FA composition of total lipids 29 

(Figure 5C), as evident through the increase in palmitate at the expense of oleate, 30 

whereas other FA components remained in the same proportions in both control and 31 

recombinant cultures. This effect suggests HaACBP1 may potentially interact with 32 

the FA synthase of S. cerevisiae to decrease the rate of elongation from 16:0-CoA to 33 

18:0-CoA, which is finally desaturated to 18:1-CoA. This hypothesis is consistent with 34 



20 

the high affinity of HaACBP1 towards 16:0-CoA, such that the protein could 1 

sequester 16:0-ACP from the FA synthase complex, making it available to other 2 

enzymes that catalyse the transfer of FAs to glycerolipids or other complex lipid 3 

species. 4 

 5 

3.7 The effect of HaACBP1 on the yeast acyl-CoA pool 6 

The analysis of the yeast host lipids was complemented by determining the 7 

size and composition of the acyl-CoA pool, the metabolites that interact most tightly 8 

with ACBPs. The expression of HaACBP1 clearly affected the total amount of acyl-9 

CoAs, expanding the pool size in yeast 2-fold from 38 to 71 pmol acyl-CoA/mL 10 

culture (Table 2). Importantly, the pool composition also changed, with control yeast 11 

mainly containing 16:0, 16:1, 18:0 and 18:1-CoA derivatives, with only minor 12 

amounts of the 20:1, 20:0 and 22:0 VLCFAs. The main components were 16:0-CoA 13 

and 18:1-CoA, accounting for 44.2% and 34.8% of the total acyl-CoA derivatives. It 14 

should be noted that the 18:1-CoA pool includes 18:1∆9 plus 18:1∆11 as these cannot 15 

be separated by the chromatographic system used. Indeed, these acyl-CoA species 16 

are the most commonly reported in yeast [90]. Expression of the recombinant 17 

HaACBP1 in yeast caused important changes in the relative proportions of the two 18 

main components in this pool, significantly increasing the proportion of 16:1-CoA at 19 

the expense of 18:1-CoA, which accounted for 61.1 and 25.0 % of the pool, 20 

respectively. The concentration of 20:1-CoA also diminished significantly, probably 21 

as a consequence of the deployment of its precursor 18:1-CoA. Therefore, the 22 

heterologous expression of HaACBP1 yielded an important increase in the C16 23 

derivatives in the acyl-CoA pool, which is compatible with the increase of palmitic in 24 

the FAs of yeast (Figure 5C). This phenomenon again fits well with the hypothesis 25 

that HaACBP1 diverts 16:0-CoA from yeast FAS to other pathways. The composition 26 

of the acyl-CoA pool indicates that this 16:0-CoA is very actively desaturated to 16:1-27 

CoA, yet enzymes transferring acyl chains to glycerolipids prefer 16:0, which is better 28 

represented in glycerolipids and less in acyl-CoAs in which 16:1-CoA tends to 29 

accumulate. In this regard, we have no data on the interaction of HaACBP1 with 16:1 30 

acyl-CoA or 16:1 glycerolipid derivatives. 31 

Together, these data suggest that HaACBP1 was functionally active in yeast 32 

and that it exerted an effect on the acyl-CoA pool. The incremental effect of 33 

HaACBP1 is in good agreement with previous studies when yeast ACBP or bovine 34 
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class I ACBP was expressed in yeast, expanding the acyl-CoA pool [21, 76], 1 

indicating that the function of these proteins is likely stabilized to accommodate acyl-2 

CoA metabolites in the yeast cytosol. In this regard, HaACBP1 had exerted the same 3 

effect but being a membrane-bound protein, its action occurs at the organelle to 4 

which is targeted, including the ER, plasma, or the vesicle systems [26, 71]. In the 5 

case of the HaACBP1 the probable location in ER membranes (Supplementary figure 6 

S2) reinforces its role in the process of reserve lipids synthesis in seeds. This result 7 

is in agreement with recently published data in which the class II forms from B. napus 8 

ACBP BnACBP2 was expressed at the maximum level during the oil accumulation 9 

period of embryo development [75].  10 

 11 

4. Conclusions 12 

A Class II ACBP protein (HaACBP1), structurally homologous to AtACBP1, 13 

was cloned from the sunflower plant. This protein was ubiquitously expressed in 14 

sunflower, and it was expressed most strongly in stems and developing seeds, in 15 

contrast to the Arabidopsis homologue (AtACBP1) that was most strongly expressed 16 

in seeds alone. The recombinant purified protein displayed high specificity for 17 

saturated and monounsaturaturated acyl-CoAs in E. coli, with lower affinity towards 18 

polyunsaturated acyl-CoAs and no interaction with VLCFA derivatives. In terms of 19 

glycerolipids, HaACBP1 showed high affinity towards different forms of PC, including 20 

forms present in high proportions in developing sunflower seeds like PC(18:1,18:1) 21 

and PC(18:2,18:2). This phenotype differs from AtACBP1, which associated more 22 

specifically with PA and LPC. In this regard, the substrate specificity of HaACBP1 23 

resembled Class I (HaACBP6) from sunflower [68]. When expressed in yeast, 24 

HaACBP1 altered the lipid composition. Although it did not significantly affect TAG 25 

levels, the modification of PA and LPC suggests an interaction with endogenous 26 

yeast enzymes that affect the metabolites of those glycerolipids, such as 27 

endogenous PLDα or LPCAT. The expression of HaACBP1 in yeast also induced an 28 

increase in C16 FAs at the expense of 18:1 FAs, indicating that this enzyme interacts 29 

with the endogenous FAS complex. The impact exerted by the protein on yeast acyl-30 

CoAs was also consistent with previous results, increasing the pool of these 31 

metabolites in line with the activity of other ACBPs [86] and increasing the proportion 32 

of C16 derivatives in the lipid yeast fraction. Overall, these results indicate that 33 
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HaACBP1 appears to be involved in acyl transfer associated with the acyl-CoA pool, 1 

especially in the trafficking of saturated FAs during seed development. 2 
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Tables 1 

 2 

Table 1. Thermodynamic parameters from the interaction studies of rHaACBP1 with different acyl-CoAs assessed by isothermal 3 

titration calorimetry (ITC): 16:0 (palmitoyl-CoA), 18:0 (stearoyl-CoA), 18:1 (oleoyl-CoA), 18:2 (linoleoyl-CoA), 18:3 (linolenoyl-CoA). 4 

Acyl-CoAs N ΔH (kcal/mol) ΔS (cal/mol K-1) ΔG (kcal/mol) KD (µM) 

16:0 0.9 -5.3 14.6 -9.9 0.11 

18:0 0.5 -5.8 13.3 -9.8 0.13 

18:1 0.8 -1.6 25.9 -9.4 6.4 

18:2 1.1 -5.8 5.26 -7.4 21.4 

All parameters were calculated according to Miao et al. [62] 5 

 6 

 7 

Table 2. Size and composition of the acyl-CoA pool of S. cerevisiae cultures transformed with the empty p-416 vector and the 8 

plasmid expressing the HaACBP1 protein. 9 

 10 

The data correspond to the average of four measurements ± standard deviations. The asterisks indicate significant differences relative to control cells 11 

as assessed by one-way ANOVA with a Tukey post hoc analysis and a significance level of 0.05%. 12 

 13 

Line 
Total 

(pmol/mL culture) 

Composition (mol %) 

16:1-CoA 16:0-CoA 18:1-CoA 18:0-CoA 20:1-CoA 20:0-CoA 22:0-CoA 

P-416 38.4 ± 6.0 44.2 ± 7.4 10.9 ± 2.6 34.8 ± 2.4 5.6 ± 2.3 2.0 ± 0.5 0.2 ± 0.1 2.3 ± 0.8 

HaACBP1 71.7 ± 11.6* 61.1 ± 6.7 * 7.6 ± 2.5 25.0 ± 3.2* 3.5 ± 1.1 0.6 ± 0.4* 0.2 ± 0.0 2.1 ± 0.5 
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Figure Legends 1 

 2 

Figure 1. Evolutionary relationships of taxa using ACBP1 homolog sequences. The 3 

evolutionary history was inferred using the Neighbor-Joining method, applying taxa 4 

clustering and scaling according to [49-51]. The percentage of replicate trees in 5 

which the associated taxa clustered together in the bootstrap test (500 replicates) is 6 

shown next to the branches. Evolutionary analyses were conducted in MEGA X [52]. 7 

Bryophyte species Physcomitrella patens ACBP1 sequences were used as outgroup 8 

to root the phylogenetic tree. 9 

 10 

 11 

Figure 2. Proposed structural model for HaACBP1 residues from E69 to L319 12 

docking with a CoA molecule. A and B, ribbon diagrams showing the (i) ACB domain 13 

in green, the residues involved in CoA binding in purple, and (ii) the ankyrin repeats 14 

in yellow, orange and red (the coloured residues correspond to those shown in the 15 

alignment of Figure S1). C and D, the molecular surface in the same colour code as 16 

panels A and B, the CoA molecule is in cyan. 17 

 18 

Fig. 3. Quantitative real-time PCR analysis of HaACBP1 expression in various 19 

sunflower tissues: DAF (days after flowering), DAI (days after imbibition). Expression 20 

was normalized to that of the sunflower actin gene HaACT1, and the error bars 21 

represent the standard deviation (n=3). 22 

 23 

Fig. 4. Protein-lipid interaction of rHaACBP1 with different phospholipid species. A, 24 

Binding of rHaACBP1 to phospholipids on a membrane. B, Diagram of the lipid 25 

species on the membrane shown in panel A. C, rHaACBP1 binding to the filter with 26 

serial dilutions of phosphatidylcholine (50, 25, 12.5 and 5 µM). Phospholipids: PA, 27 

phosphatidic acid; PC, phosphatidylcholine; LPA, lysoPA; and LPC, lysoPC. Fatty 28 

acids: 14:0, myristic acid; 16:0, palmitic acid;18:0, stearic acid; 18:1, oleic acid and 29 

18:2, linoleic acid. The fatty acid together with the PC or PA indicates that both 30 

positions of the glycerolipid are esterified. 31 

 32 

Fig. 5. Effect of HaACBP1 on yeast (S. cerevisiae) glycerolipids. The data 33 

correspond to the lipids produced in 200 mL of a stationary culture at OD600 = 2.0. 34 



34 

The data from yeast transformed with the empty plasmid (p-416) is shown in the grey 1 

bars and that from the yeast expressing HaACBP1 corresponds to the white bars. A, 2 

The total triacylglycerols (TAGs) and polar lipids produced in the cultures. B, The 3 

composition of the polar lipids. C, The fatty acid composition of the total lipid extract 4 

of the yeast. The data represents the average of four measurements ± standard 5 

deviations and the asterisks indicate significant differences relative to the control 6 

cells according to one-way ANOVA with a Tukey post hoc analysis and at a 7 

significance level of 0.05%: CL, cardiolipin; LPC, lysophosphatidylcholine; PA, 8 

phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, 9 

phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine. 10 
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Expression and function of a sunflower (Helianthus annuus L.) Class II acyl-1 

CoA-binding protein  2 

 3 

 4 

 5 

Supplementary material 6 

 7 

 8 

 9 

Table S1. Sequence of PCR primers used in this work. Restriction sites are 10 

underlined. Start and stop codons are represented in italics. The nucleotide 11 

highlighted in bold was changed according to Kozak [46], in order to optimize 12 

expression on yeast. 13 

 14 

Primer name Sequence 

ACBP1-5rac 1 5’- CTTCACAAGCAGCTCGGCTATGTG -3’ 

ACBP1-5rac 2 5’- CACAGGAATGCCAGCCTCGACAC -3’ 

UPM 5’- CTAATACGACTCACTATAGGGC -3’ 

NUP 5’- AAGCAGTGGTAACAACGCAGAGT -3’ 

ACBP-1F 5’- ATGTTCGACTGGCAACAGTACACTC -3’ 

ACBP-1R 5’- TCAAAGAGAGGGCGCCTGGGG -3’ 

SphIACBP1-F 5’- GCATGCATGTTTCGAGATCAAAATCTC-3’ 

KpnIACBP1-R 5’- GGTACCTCAAAGAGAGGGCGCC -3’ 

SpeIACBP1-F 5’- ACTAGTACCATGGTCGACTGGCAACAG -3’ 

XmaIACBP1-R 5’- CCCGGGTCAAAGAGAGGGCGCC-3’ 

QHaACBP1-F 5’- CCAATCAATCACCGGCGTCC -3’ 

QHaACBP1-R 5’- GTTGCCAGTCGAACATTGTG -3’ 

QHaActin-F4 5’- GCTAACAGGGAAAAGATGACT-3’ 

QHaActin-R4 5’- ACTGGCATAAAGAGAAAGCACG-3’ 
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Figure S1. Alignment of the deduced amino acid sequence of HaACBP1 (Helianthus 1 

annuus L.) against Arabidopsis thaliana (AtACBP1, gi|15238757|, and AtACBP2, 2 

gi|15234270|), Brassica napus (BnACBP, gi|674871597|), Oryza sativa (OsACBP4, 3 

gi|90399013|), Populus trichocarpa (PtACBP, gi|224132714|), Selaginella 4 

moellendorffii (SmACBP, gi|3027772991|) and Zea mays (ZmACBP, gi|226530556|). 5 

Identical residues are highlighted as black boxes and highly conserved residues as 6 

dark grey boxes. Green box, residues forming part of the anchor transmembrane 7 

helix; Blue box, ACB motif; and Red Box, ankyrin motif. ▼, residues involved in CoA-8 

binding; Δ, ▲ and ▲, ANK motifs.  9 

 10 

 11 

 12 
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 15 
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 1 

Figure S2. Subcellular location prediction of HaACBP1 proteins by program 2 

DeepLoc. from Almagro-Armenteros et al. [72]. 3 

 4 
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 18 

Figure S3. Expression and purification of rHaACBP1. The picture shows the gel 19 

electrophoresis of different fractions of E. coli obtained during purification. Protein 20 
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staining followed with 15% sodium dodecylsulphate-polyacrylamide gel 1 

electrophoresis (SDS PAGE). Arrow denotes the 31-kDa rHaACBP1 band.  2 

 3 

 4 
 5 

  6 



44 

Figure S4. Binding isothermal titration calorimetry of rHaACBP1 with palmitoyl-CoA 1 

(16:0-CoA), stearoyl-CoA (18:0-CoA), oleoyl-CoA (18:1-CoA), linoleoyl-CoA, 2 

(18:2-CoA), linolenoyl-CoA (18:3-CoA) and lignoceroyl-CoA (24:0-CoA). The graphs 3 

represented in panels below show the integrated area under each peak plotted 4 

against the molar ratio of acyl-CoA to rHaACBP1 at 30 °C. The solid line represents 5 

the best fit of the experimental data for the dissociation constant (Kd). Explain all 6 

symbols used in fig below 7 

 8 

 9 
 10 

 11 
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Figure S5. Binding isothermal titration calorimetry of rHaACBP1 with 26:0 CoA, 30:0-1 

CoA, and 20.:4-CoA. The graphs represented in panel below show the integrated 2 

area under each peak plotted against the molar ratio of acyl-CoA to rHaACBP1 at 30 3 

°C. The solid line represents the best fit of the experimental data for the dissociation 4 

constant (Kd). 5 
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