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Abstract 18 

A major factor contributing to the amount of fatty acids in plant oils is the first 19 

steps of their synthesis. The intraplastidic fatty acid biosynthetic pathway in plants is 20 

catalysed by type II fatty acid synthase (FAS), formed by four enzymes. The last step is 21 

carried out by the enoyl-[ACP]-reductase, which reduces the dehydrated product of β-22 

hydroxyacyl-[ACP] dehydrase using NADPH or NADH. To determine the mechanisms 23 

involved in the biosynthesis of fatty acid in sunflower (Helianthus annuus) seeds, two 24 

enoyl-[ACP]-reductase genes have been identified and cloned from developing seeds 25 

with 75% identity, HaENR1 (GenBank HM021137) and HaENR2 (HM021138). The 26 

two genes belong to the ENR1 and ENR2 families in dicotyledons, respectively. The 27 

genetic duplication originated most likely after the separation of di- and 28 

monocotyledons. RT-qPCR revealed distinct tissue specific expression patterns. Highest 29 

expression of HaENR1 was in roots, stems and developing cotyledons whereas that of 30 

HaENR2 was in leaves and early stages of seed development. Genomic DNA gel blot 31 

analyses suggest that both are single copy genes. In vivo activity of the ENR enzymes 32 

was tested by complementation experiments with the JP1111 fabI(ts) E. coli strain.  33 

Both enzymes were functional demonstrating that they interacted with the bacterial FAS 34 

components. That different fatty acid profiles resulted infers that the two Helianthus 35 

genes have different structures, substrate specificities and/or reaction rates. The latter 36 

possibility was confirmed by in vitro analysis with affinity purified heterologous 37 

expressed enzymes that reduced the crotonyl-CoA substrate using NADH with different 38 

Vmax.  39 

 40 

Keywords: enoyl-[ACP]-reductase (ENR); fatty acid synthase (FAS); oil biosynthesis; 41 

Helianthus annuus; substrate specificity.  42 
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Introduction 43 

The ‘de novo’ fatty acids biosynthesis in plants is a process which starts in the 44 

plastid where the multienzimatic complexes: Acetyl-CoA Carboxylase (ACCase) and 45 

Fatty acid Synthase (FAS) work co-ordinately (Harwood, 2005). We can find two kind 46 

of FAS complex in the nature. In mammals, a single gen encodes a polypeptide which is 47 

able to produce the fatty acids, called type I FAS (Smith et al., 2003). The type II is 48 

present in bacteria and plants and is a dissociated system, where each component is 49 

encoded for an independent gen that generates a single protein. These proteins catalyse 50 

an individual step in the biosynthetic pathway (Brown et al., 2006). The FAS II 51 

generates as final products, palmitoyl-acyl carrier protein (ACP) and stearoyl-ACP and 52 

is formed by four enzymes: Ketoacyl-[ACP]-synthase (KASI, II and III), Ketoacyl-53 

[ACP]-reductase (KAR), Hydroxyacyl-[ACP]-hydrase (HAAD) and Enoyl-[ACP]-54 

reductase (ENR) (Li-Beisson et al., 2013). Several studies have been done on the 55 

ketoacyl-[ACP]-synthase enzymes, but just a few on the rest of FASII enzymes. The 56 

last enzyme of the complex is involved in the reduction of the double bound between 57 

the C2 and C3 in the fatty acid during its elongation. It has been described two types of 58 

ENR: (I) showing absolute selectivity for a reducing agent (NADH always) or (II) being 59 

also able to use NADPH (Harwood, 1988; 1996; 2005). This enzyme has been 60 

extensively study in bacteria, because it is one of the drugs targets to fight against 61 

tuberculosis (Banerjee et al., 1994). Moreover some bacterial and plant ENRs have been 62 

crystallized to understand the relation structure-function, for instance Rafferty et al. 63 

(1995), who analysed the structure of Brassica napus ENR.  Earlier was found that 64 

ENR normally works in vivo as a tetramer (Slabas et al., 1986). The protein belongs to 65 

the Short-Chain Dehydrogenase (SDR) superfamily, showing the typical Rossmann 66 

structure. The subunit of ENR is composed by seven β sheet (β1- β7) and seven α -helix 67 
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(α1-α7), and a determinate number of loops which can be with different lengths 68 

modifying the functional characteristics of the enzymes (White et al., 2005). In 69 

Arabidopsis thaliana and Petunia hybrida only has been found one gene encoding for 70 

ENR instead of two, as in Nicotiana tabacum and Brassica napus, alotetraploid species 71 

(deBoer et al., 1998). It was demonstrated that ENR from B. napus was able to 72 

functionally replace one of the components of the bacterial complex. The lipid analysis 73 

of the recombinant bacteria expressing the ENR gen from rape showed an apparent 74 

variation in the fatty acid profile, indicating that the enzyme carried out a limiting step 75 

for the unsaturated fatty acid synthesis; concretely the ratio 16:1/18:1 suffered an 76 

increase (Kater et al., 1994). In Arabidopsis the mutant mod1 presents an amino acidic 77 

substitution in the MOD1 gene (At2g05990) encoding for the ENR. That mutation 78 

caused a high decrease in the ENR enzymatic activity, and consequently a big reduction 79 

in the total lipids production in the mutant (Mou et al., 2000). The enzyme ENR has 80 

been biochemically characterized in four different plants, Spinacia oleracea (Shimakata 81 

et al., 1982a and c), Brassica napus (Slabas et al., 1986), Carthamus tinctorius 82 

(Shimakata et al., 1982b) and Arabidopsis thaliana (Dayan et al., 2008). Although the 83 

natural substrate of the enzyme is an acyl-ACP, it has been used another analogs as 84 

acyl-CoA or acyl-cisteamin, but as expected, the enzyme showed a higher Km with the 85 

last two mentioned substrates (Rafferty et al., 1995). The purification of ENR in 86 

safflower and rape was carried out from seed extracts using an HPLC, in spinach was 87 

from leaves extracts, but the ENR from Arabidopsis was heterologous expressed and 88 

purified in Escherichia coli. The biochemical analysis in rape was done on 89 

heterogeneous conditions, but not in the case of safflower and spinach where the two 90 

isoforms of the enzyme (ENR I,II) could be purified homogenously. The Km observed 91 

for the type I enzyme for the crotonyl-ACP was similar in most of the cases around 1 92 
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μM, on the other hand the Km observed for analogous substrates as crotonyl-CoA was 93 

higher and changed depending on the organism.  The type II ENR from both plants was 94 

not active with crotonyl joined to any of these cofactors, CoA or ACP, but showed 95 

activity with longer acyl chains. Dayan et al. (2008) developed a phytotoxic analysis on 96 

the heterologous expressed Arabidopsis ENR, where they found that high 97 

concentrations of cyperin could generate a phenotype in the plant similar to the mutant 98 

mod1. At some concentrations the production of linoleic and linolenic acids was 99 

decreased in the plant.  100 

In the present study we have looked for different alleles of ENR in sunflower, 101 

which is a relevant gene in the fatty acid biosynthesis, to find the best to optimize the 102 

total lipid content in developing seeds. Two ENR cDNAs from sunflower have been 103 

isolated, cloned and sequenced. The expression levels of these genes in seed and 104 

vegetative tissues were examined and genome copy number estimated by Southern blot. 105 

The structural model of these proteins was predicted by homology showing some 106 

differences between both isoforms. The sunflower proteins, heterologously expressed in 107 

an E. coli fabI(ts) strain with a temperature sensitive ENR, were able to complement the 108 

mutant under restrictive conditions allowing their activity to be tested in vivo by 109 

studying their fatty acid profiles. The substrate specificity of purified recombinant 110 

enzymes was assayed in vitro.  111 

  112 
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Materials and methods 113 

Biological materials  114 

Sunflower (H. annuus L.) wild-type line CAS-6 (Sunflower Collection of 115 

Instituto de la Grasa, CSIC, Seville, Spain) was grown and materials collected as 116 

described by González-Mellado et al. (2010) except for the following. The photon flux 117 

density was 250 µmol m-2 s-1.  For the quantitative expression studies seed samples were 118 

collected every other day from 12 to 30 days after flowering (DAF) and from 119 

cotyledons 1-7 days after germination (DAG). 120 

For the heterologous expression of HaENR1 and HaENR2 two different strains 121 

of E. coli were used as host, XL1-Blue (Stratagene, La Jolla, CA, USA) and JP1111 122 

(Hfr(PO1), galE45(GalS), λ-, fabI392(ts), relA1, spoT1, thiE1) from the E. coli gene 123 

bank. The bacteria were grown in SB medium (2.5% tryptone, 1.5% yeast extract, 0.5% 124 

NaCl, pH 7.5), and the liquid cultures of XL1-Blue were shaken vigorously at 37°C. 125 

When the plant genes were expressed in JP1111 they were grown either at the 126 

permissive temperature of 32oC or the restrictive temperature of 42oC. For plasmid 127 

selection 100 µg ml-1 of ampicillin was added. The specific growth rate was calculated 128 

from the plot generated from the increase in log OD600 with time. The mean of three 129 

independent experiments was used to calculate each value for the growth rate.  130 

 131 

Cloning of cDNAs encoding sunflower ENR  132 

Approximately 0.1 g of each tissue was ground in liquid N2 with precooled 133 

sterile mortar and pestle. Total RNA was extracted using a Spectrum Plant Total RNA 134 

kit (Sigma-Aldrich, St. Louis, USA), and mRNA was isolated from total RNA (1 µg) 135 

using the GenElute mRNA Miniprep kit (Sigma-Aldrich). The corresponding cDNA 136 
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was synthesized using a Ready-To-Go T-Primed First Strand Kit (GE Healthcare Life 137 

Science, UK) from DNA-free mRNA. 138 

The A. thaliana ENR1 protein sequence encoded by the At2g05990 gene was 139 

used to search sunflower expressed sequence tags (ESTs) publicly available in the 140 

NCBI database (http://www.ncbi.nlm.nih.gov/) to find putative mRNAs encoding ENR 141 

homologs using the TBLASTN algorithm (Altschul et al., 1997). ESTs corresponding to 142 

the 5´ and 3´ ends were identified. These ESTs were aligned using the ClustalX v.2.0.10 143 

program (Larkin et al., 2007) to group those with similar or identical sequences. 144 

Polymerase chain reaction (PCR) fragments were amplified with two pairs of primers 145 

designed from these groups, F-ENR1/R-ENR1 and F-ENR2/R-ENR2 (Table 1; all the 146 

primers were synthesized by Eurofins MWG Operon, Ebersberg, Germany). The PCR 147 

fragments were cloned into the pMBL-T vector (Dominon, Rhode Island, USA), 148 

transformed into XL1-Blue, and several clones were sequenced on both strands by 149 

SECUGEN SL (Madrid, Spain). The identity of the clones was confirmed using the 150 

BLASTX algorithm (Altschul et al., 1997), distinguishing two different types coding for 151 

ENR isoforms HaENR1 and HaENR2 (1179 bp in both cases). These cDNA sequences 152 

were deposited in GENBANK under Accession numbers HM021137 ǀgi:317373786ǀ 153 

and HM021138 ǀgi:317373788ǀ, respectively. 154 

 155 

cDNA and protein sequence analyses 156 

Protein sequences homologous to the predicted sequences of HaENR1 and 157 

HaENR2 were identified using the BLASTP algorithm (Altschul et al., 1997). 158 

Alignment of the amino acid sequences, including the transit peptides, for plastid ENR 159 

proteins publicly available at GENBANK was performed using the ClustalX v.2.0.10 160 

program with the default settings (Larkin et al., 2007). These entire alignments were 161 
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used to generate a phylogenetic tree based on the neighbour-joining algorithm (Saitou 162 

and Nei 1987), and the resulting ‘phenogram’ was drawn using the MEGA program 163 

4.0.2 (Tamura et al., 2007). Transit peptides were identified through alignment with 164 

known plastid ENR sequences and using the network-based program TargetP V1.1 165 

(Emanuelsson et al. 2000). 166 

 167 

Genomic DNA Southern blot analysis 168 

Genomic DNA from 2.5 g leaves of sunflower was isolated as described 169 

previously (González-Mellado et al., 2010).  DNA samples were digested with different 170 

restriction enzymes (all from New England Biolabs, UK) and electrophoresed in a 0.8% 171 

agarose gel. The gel was soaked in 250 mM HCl for 30 min, then washed three times in 172 

distilled water and finally blotted onto a Hybond-N+ transfer membrane (GE 173 

Healthcare). The filter was probed with [α-32P]dCTP-labelled HaENR1 and HaENR2 174 

gene-specific DNA probes. The gene-specific probes with a size of 1232 bp and 1208 175 

bp, respectively, were obtained by PCR amplification with the following pairs of 176 

primers: F-ENR1 plus R-ENR1XmaI for HaENR1 and F-ENR2 plus R-ENR2XmaI for 177 

HaENR2 (Table 1). Hybridization was performed in 0.2 mM sodium phosphate buffer 178 

(pH 7.2), 250 mM sodium dodecyl sulfate (SDS) and 1 mM ethylenediaminetetraacetic 179 

acid (EDTA) overnight at 65°C. The filter was washed twice in 2X saline-sodium 180 

citrate (SSC) buffer, followed by 0.1% SDS for 10 min at the same temperature. Images 181 

of radioactive filters were obtained as described by González-Mellado et al. (2010). 182 

 183 

Real time quantitative PCR (RT-qPCR) 184 

The cDNAs obtained from developing seeds and different vegetative tissues as 185 

described above were subjected to RT-qPCR with the gene-specific pair of primers: F-186 
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ENR1qpcr plus R-ENR1qpcr for HaENR1 and F-ENR2qpcr plus R-ENR2qpcr for 187 

HaENR2 (Table 1) using SYBR Green (QuantiteTect™ SYBR® Green PCR Kit, 188 

Qiagen, Germany) in an MiniOpticon system (Bio-Rad, CA, USA). The reaction 189 

mixture was heated to 50°C for 2 min and then to 95°C for 15 min before subjecting it 190 

to 40 PCR cycles of: 94°C for 15 s, 58°C for 30 s and 72°C for 15 s while monitoring 191 

the resulting fluorescence. The calibration curve was done using sequential dilutions of 192 

developing seed cDNA. The Livak and Schmittgen (2001) method was applied to 193 

calculate comparative expression levels between samples. The sunflower actin gene 194 

HaACT1 (GenBank Accession number FJ487620) was used as the internal reference to 195 

normalize the relative amount of cDNAs for all samples using primers QHaActin-F4 196 

plus QHaActin-R4 (Table 1). Biological triplicates of each seed stage and vegetative 197 

tissues samples were obtained and analysed from three independent plants. Two 198 

technical replicates from each sample were also run in the PCR machine. 199 

 200 

Expression of sunflower recombinant ENR proteins in E. coli 201 

The used expression vector pQE80L contains an N-terminal 6x histidine affinity 202 

tag to facilitate protein purification. The genes HaENR1 and HaENR2 were amplified 203 

using the primer pairs F-ENR1SacI plus R-ENR1XmaI and F-ENR2SacI plus R-204 

ENR2XmaI (Table1), respectively. The PCR products, corresponding to both genes 205 

without the peptide signal, contained the restriction sites for the enzymes SacI and XmaI 206 

at each end for cloning them into pQE80L after their digestion with such enzymes.   The 207 

constructed vectors pQE-80L::HaENR1 and pQE-80L::HaENR2 were transformed into 208 

competent E. coli  JP1111 and XL1-Blue strains, respectively. Heterologous expression 209 

of these sunflower genes and purification of the recombinant proteins was carried out as 210 

previously described (McGuire et al., 2001). Isopropyl β-D-1-thiogalactopyranoside 211 
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(IPTG) to a final concentration of 1 mM, and the cultures grown for 3 h at 37°C. Cells 212 

were harvested by centrifugation (15 min at 3200 g) and resuspended in 1 ml of 213 

purification buffer (25 mM TRIS-HCl, 300 mM NaCl, pH 7.8) plus 10 mM of DTT and 214 

5 mM of EDTA. The cells were incubated at 4°C for 30 min with 1 mg ml-1 lysozyme 215 

and then broken by sonication.  216 

 217 

Protein gel electrophoresis and Western blots  218 

Protein samples were combined with SDS-polyacrylamide gel electrophoresis 219 

(PAGE) loading buffer (63 mM TRIS-HCl pH 6.8, 10% (v/v) glycerol, 2% (p/v) SDS, 220 

2.5-5% (v/v) β-mercaptoethanol and 0.0025% (p/v) bromophenol blue) and heated at 221 

95°C for 5 min. The samples were separated by electrophoresis on 4–15% Mini-222 

PROTEAN TGX Precast Gels (BioRad, California, USA) in MES buffer (Invitrogen 223 

California, USA) and the gels were fixed and stained with 0.1% Coomassie R-250 in 224 

40% ethanol, 10% acetic acid. Molecular weight standards were obtained from GE 225 

Healthcare. Once the gels were run proteins were transferred using the kit Trans-Blot 226 

Turbo™ Mini PVDF Transfer Packs (Bio-Rad, California, USA) and a Trans-Blot® 227 

Turbo™ Transfer Starter System Bio-Rad with the program Mixed MW, according to 228 

the manufacturer. The polyvinylidene difluoride (PVDF) membrane was rinsed with the 229 

block solution [milk powder, 5% (w/v) in phosphate-buffered saline (PBS) wash 230 

solution] and shaken slowly for 1 h. The solution was discarded and the membrane 231 

washed four times for 15 min with PBS wash solution (0.1% (v/v) Tween 20, 137 mM 232 

NaCl, 10 mM sodium phosphate, 2 mM potassium phosphate, pH 7.4). For immune 233 

detection the blot was incubated with anti-polyHistidine (Sigma-Aldrich, Missouri, 234 

USA) (1/5000 dilution) overnight at 4°C. The membrane was washed with PBS wash 235 

solution as described above. The SuperSignal West Dura Extended Duration Substrate 236 
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Kit (Thermo Scientific Massachusetts, USA) was used to fuse the peroxidase to the 237 

antibody. The blot was revealed using Kodak autoradiography in the dark. To estimate 238 

the relative amount of HaENR1 recombinant protein in purified fractions, stained 239 

protein gels were scanned and processed using ImageJ software (version 1.44; 240 

http://rsb.info.nih.gov/ij/). The concentration of protein was measured using a BCA 241 

Protein Assay Kit Pierce from Thermo Scientific (Massachusetts, USA). 242 

 243 

Fatty acids analysis in E. coli 244 

Cultures of 50 ml of E. coli JP1111 fabI(ts) carrying either pQE80L::HaENR1 or 245 

pQE80L::HaENR2 were grown at 32°C to OD600 0.8 when the expression of the 246 

sunflower proteins was induced by adding IPTG to a final concentration of 1 mM.  The 247 

cultures were then placed at 32 or 42°C and grown for 2 h. Cells were harvested by 248 

centrifugation (15 min at 3200 g) and resuspended in water (1/10 from the initial 249 

volume), after two washes with water. 150 µg of heptadecanoic acid was added to the 250 

samples to serve as an internal standard for quantification. Extraction of the lipids, 251 

preparation of the methyl esters and their analysis by gas chromatography is described 252 

in González-Mellado et al. (2010).  253 

 254 

In vitro characterization of HaENR1 and HaENR2 255 

The ability of HaENR1 and HaENR2 to reduce the crotonyl-CoA (Sigma, 256 

Missouri, USA) substrate was monitored by following the decrease in absorbance at 340 257 

nm as NADH is oxidized, similar to the procedure described Dayan et al. (2008) with 258 

some modifications. Crotonyl-CoA rather than the true substrate crotonyl-ACP was 259 

used since the initial velocity of the reaction with the former was too rapid to measure 260 

in case of the B. napus ENR (Slabas et al., 1986). The purified proteins HaENR1 or 261 
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HaENR2 were added at 0.4 μg ml-1 or 8.3 μg ml-1, respectively, to a buffer (17.9 mM 262 

potassium phosphate, 1.6 mM DTT, 300 μM NADH or NADPH (Sigma, Missouri) at 263 

pH 6.8 to give a final volume of 600 μL. The reaction was started by adding the 264 

crotonyl-CoA substrate at different concentrations between 20-250 μM. The blank 265 

lacked the substrate. The reaction was carried out at 28°C and monitored each minute 266 

using the spectrophotometer Ultrospec 3300pro (Amersham-Biosciences, Nueva York) 267 

and the software Datrys Life Science (2.2.0.0 Version). The extinction coefficient of 268 

NADH ε340=6.22x103 M-1 cm-1 (Shimakata et al., 1982a) was used to convert 269 

absorbance measurements to concentration of NADH. For each enzymatic assay three 270 

independent experiments were done with the purified protein.  271 

 272 

Kinetic parameters analysis 273 

The spectrophotometric data were analysed in MSExcel (Microsoft, 274 

Washington) and OriginPro 8 (Originlab, Massachusetts). The non-lineal function in 275 

Origin allowed us to find the kinetic parameters of the Hill Equation (Michaelis 276 

constant, Km, and Maximum velocity, Vmax) that fitted best to the experimental data. 277 

 278 

Modelling of the three dimensional structures of HaENR1 and HaENR2 279 

Homology modelling studies were performed as detailed in González-Mellado 280 

(2010).  The structure of the B. napus ENR sequence with accession number UniProtKB 281 

P80030 (Rafferty et al., 1995) was used as a model for both sunflower sequences, being 282 

the most homologous ENR for which X-ray structure information is available in the 283 

database RCSB PDB (Berman et al., 2000) (PDB Entry: 1eno). This BnENR has 89 and 284 

88% sequence identity over 299 residues to the HaENR1 and HaENR2 mature proteins, 285 

respectively.   286 
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Results 287 

Cloning and sequence analysis of two sunflower enoyl-[ACP]-reductase cDNAs 288 

 Two groups of ESTs for ENR plastid enzymes in sunflower were identified on 289 

the basis of their homology to the Arabidopsis ENR gene (At2g05990). Using full 290 

length sequences for both groups two cDNAs were amplified from 15 DAF developing 291 

seed mRNA. These PCR products, consisting of 1261 base pairs (bp) for HaENR1 and 292 

1228 bp for HaENR2, were sequenced and found to be identical with the EST HaENR1 293 

and HaENR2 sequences. The protein sequences, deduced from the cDNAs of both 294 

genes using bioinformatics tools consisted of 392 residues. Through alignment with 295 

known ENR sequences and using the network-based method TargetP V1.1 to identify 296 

chloroplast transit peptides (Emanuelsson et al., 2007), Ser46 and Ser75 of the 297 

sunflower ENR1 and ENR2 sequences, respectively, were the best candidates for the N-298 

termini of the mature proteins (Fig. 1). In the case of HaENR1 proteolytic processing of 299 

the transit peptide would produce a 346 residue protein with a putative molecular mass 300 

of 36.87 kDa and a pI of 8.43, while HaENR2 would have 317 residues with a mass of 301 

33.58 kDa and a pI of 5.36. These two sunflower amino acid sequences with 75% 302 

identity were compared with homologous proteins from different phylogenetic groups 303 

such as A. thaliana, O. sativa or E. coli (Fig. 1). This alignment shows, excluding the 304 

transit peptide, which is the less conserved region, identical or highly conserved 305 

domains between the different type II ENRs (Rafferty et al., 1995; White et al., 2005). 306 

In these conserved domains homology predicts the residues involved in the recognition 307 

of NADH as Gly100, Val101, Ala102, Gly106, Tyr107, Trp127, Leu163, Asp164, 308 

Ala165, Ser211, Leu212, Ala213, Asn214, Ala236, Leu261, Thr262, Tyr263, Tyr273, 309 

Lys281, Ala308, Gly309, Pro310, Leu311, Ser313, Arg314, Ala315 and Ala316 for 310 

HaENR1 and Gly99, Ile100, Ala101, Gly105, Tyr106, Trp126, Leu162, Asp163, 311 
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Ala164, Ser210, Leu211, Ala212, Asn213, Ala235, Leu260, Thr261, Tyr262, Tyr272, 312 

Lys280, Ala307, Gly308, Pro309, Leu310, Ser312, Arg313, Ala314 and Ala315 for 313 

HaENR2 . The predicted catalytic residues of HaENR1 are Tyr263 and Lys281 assisted 314 

by Ser237 and the equivalents in HaENR2 are Tyr262 and Lys280 and Ser236. 315 

Whole sequenced genome availability of different organisms from many 316 

phylogenetic groups together with bioinformatic tools permits a better comparative 317 

analysis, identifying groups potentially sharing a common ancestor with the ENR from 318 

plants (Fig. 2). As the dendrogram shows, in some species from the Plantae Kingdom, 319 

such as Vitis vinifera, Populus trichocarpa, Zea mays or O. sativa, ENRs belong to two 320 

separate families, Type I and II, as in the case for HaENR1 and HaENR2 (Fig. 2) with a 321 

common phylogenetic origin. HaENR1 has a ≥ 79% identity with other Type I ENRs, 322 

such as V. vinifera, P. trichocarpa or Capsicum annuum and also with some ENRs from 323 

B. napus or Z. mays, which have not been classified as either Type I or II. The same 324 

relationship to these species is true for HaENR2 except that identity is ≥ 77%. The 325 

dendogram (Fig. 2) also reveals that plant ENRs are relatively close to their 326 

homologous from the Chlorophyta and Cyanobacteria. 327 

 328 

Tertiary structure prediction of HaENR proteins 329 

 The sequences of HaENR1 and HaENR2 are 89 and 88% identical, respectively, 330 

to that of BnENR (Fig. 3). Using the known structure for the latter (UniProtKB 331 

P80030), structures for the sunflower ENRs were modelled. Both have a single domain 332 

formed by seven α helices (α1-α7) and seven β sheets (β1-β7) plus intervening loops, as 333 

is shown in the ribbon structures in Fig. 4a, b. They belong as does BnENR to the short-334 

chain dehydrogenase/reductase superfamily (SDR), showing the Rossman fold (White 335 

et al., 2005) an open alpha/beta structure with twisted β sheets surrounded on both sides 336 
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by α helices. The distribution of α helices and β sheets is very similar in the sunflower 337 

proteins with a few minor differences in length. A three residue loop is present in the 338 

sunflower sequences between β2 and α2 that is absent in B. napus ENR in which β2 and 339 

α2 are contiguous. The residues involved in catalysis and NADPH/NADH binding are 340 

localized in the most highly conserved areas of the three proteins. The catalytic residues 341 

are distributed between the α4 and α5 helices plus the β5 strand with the latter being 342 

covered by the former (Fig. 4 a-d). By comparison, the cofactor binding residues are 343 

localized in loops or nearby them.  The location of the catalytic sites plus substrate and 344 

cofactor binding residues in the two sunflower enzymes are shown in Fig. 4c-d as 345 

viewed from the surface and internally. A minor difference between the two generated 346 

sunflower models is that the HaENR1 carboxyl-terminus ends in a two residue α helix 347 

that is absent in HaENR2 (Fig.4a and b) which is also not present in BnENR. A second 348 

minor difference is the organization of the loop region between the α2 helix and the β3 349 

strand. That is, in HaENR1 the former is followed by 3 loop forming residues and 4 α 350 

helix forming residues, whereas in HaENR2 5 loop forming residues are followed by 2 351 

α helix forming residues.  This, together with the change of G312 in HaENR1 to R311 352 

in HaENR2, results in a modification of the orientation of the Y107 residue (Y106 in 353 

HaENR2), see circle in Fig. 4a and b, and the modification of the reducing agent 354 

binding site (Fig. 4 c-f). 355 

 356 

Southern blot analysis of HaENR1 and HaENR2 357 

 Two DNA gel blot analyses were performed on genomic DNA extracted from 358 

sunflower leaves to evaluate the number of copies of HaENR1 and HaENR2 in the 359 

genome. An aliquot of the gDNA was digested with restriction enzymes having one 360 

(AleI) or no (XbaI, SacI and NcoI) cutting sites within the cDNA of HaENR1.  Fig. 5a 361 
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shows the single bands obtained with XbaI and NcoI and two bands generated by AleI, 362 

indicating that HaENR1 is a single copy gene. With SacI two bands (around 10.5 and 363 

12.8 Kb) are seen instead of the expected one, pointing to the existence of introns 364 

including a SacI restriction site in the gene. This possibility was strengthened by 365 

carrying out a search in the TAIR database (http://www.arabidopsis.org/index.jsp) which 366 

revealed that AtENR (At2g05990) has ten introns within the coding region of the gene. 367 

In a similar way another aliquot of the gDNA was digested with HindIII, having one 368 

target within the HaENR2 cDNA, and others lacking targets in the cDNA (SphI, 369 

BamHI, EcoRI and AleI).  Fig. 5b shows multiple bands except for the SphI lane with a 370 

single band. The latter again suggests a single gene.  The 2-4 hybridizing fragments for 371 

the other four enzymes when only 0-1 are predicted again suggests the presence of 372 

introns.  Given that the digests were complete in all cases the results infer that both 373 

HaENR1 and HaENR2 are single copy genes. Moreover, a Blast search of available 374 

Helianthus annuus ESTs performed with the HaENR1 and HaENR2 sequences reported 375 

here retrieved only nucleotide fragments corresponding to both sequences supporting 376 

our contention. 377 

 378 

Tissue expression profiles of sunflower enoyl-[ACP]-reductases 379 

 The expression of HaENR1 and HaENR2 was analysed by RT-qPCR in roots, 380 

stems, 1-7 days after germination (DAG) cotyledons, leaves of 20-day-old seedlings and 381 

12–30 days after flowering (DAF) seeds in different developmental stages (Fig. 6). 382 

Different patterns were observed for each sunflower gene. HaENR2 was highly 383 

expressed in seeds although the level decreased with age. Likewise the level decreased 384 

during cotyledon development. While HaENR1 had its highest levels of expression in 1 385 

DAG cotyledons which thereafter decreased with age although not so drastically, its 386 
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level of expression increased with seed age before falling at the end.  Only traces of 387 

HaENR2 were expressed in roots and older cotyledons. 388 

 389 

Complementation of JP1111 with the sunflower ENR genes 390 

 The constructions pQE80L::HaENR1 and pQE80L::HaENR2, which lacked the 391 

138 and 225 bases constituting the deduced plastid targeting sequences, respectively, 392 

which were replaced by a 6xHis-tag, were transformed into E. coli strain JP1111 in 393 

which the endogenous fabI(ts) encoded enoyl-[ACP]-reductase is non-functional at 394 

42oC as fatty acids can’t be synthesized.  Figure 7 a and b confirms this phenotype. 395 

When IPTG was added to induce expression of the HaENR genes, the bacteria were 396 

able to grow at 42oC (Figure 7 c and d). These results demonstrate that not only are 397 

these recombinant enzymes from sunflower functional, but also that they are able to 398 

interact with the other moieties of the bacterial FAS complex.  399 

 400 

Fatty acid modifications in E. coli cells expressing recombinant HaENR1 and HaENR2 401 

 The growth rate of the cells expressing HaENR1 was monitored under different 402 

conditions at 32°C without IPTG (functional EcFabI), at 32°C with IPTG (functional 403 

EcFabI and expressed HaENR1 or HaENR2) and 42°C with IPTG (non-functional 404 

EcFabI and expressed HaENR1 or HaENR2). The resulting values of 0.54/0.53/0.53 h-
405 

1, respectively, are not significantly different.  The same experiment with HaENR2 gave 406 

an analogous result, 0.68/0.71/0.65 h-1. The minor difference between the growth rates 407 

in the two experiments is presumably caused by slightly different environmental 408 

conditions.  Similar experiments with XL1-Bl and other genes in our laboratory have 409 

given a range of 0.47 to 0.55 h-1 (González-Mellado et al., 2010). While fewer fatty 410 

acids were present in the second of the two experiments with only the pQE80L vector 411 
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present, their fatty acid profiles were almost identical (Table 2).  The presence of the 412 

HaENR1 and HaENR2 genes, however, resulted in a decrease of the total fatty acid 413 

content to circa 25% and 32%, respectively, compared to when only the vector was 414 

present (Table 2). Reductions in fatty acid amount were also observed in the cells 415 

expressing the plant enzymes together with the endogenous EcFabI, albiet in lower 416 

proportions. When both EcFabI and HaENR1 were expressed the relative amounts of 417 

the various fatty acids was the same as when only EcfabI was expressed. If only 418 

HaENR1 was expressed, however, marked changes took place.  That is, the proportion 419 

of saturated fatty acids increased from 50 to 70%, the ratio of 16:0 to 18:0 decreased 420 

from 38 to 19% and the proportion of unsaturated fatty acids converted to 421 

cyclopropanes increased, with the amount of C17 tripling (Table 2).  The latter is 422 

characteristic for E. coli cells under stress.  Unlike what was observed with HaENR1, 423 

when HaENR2 was expressed together with EcfabI the proportion of saturated fatty 424 

acids decreased from 50 to 30%, the ratio of 16:0 to 18:0 decreased from 37 to 29% and 425 

the ratio of 16:1 to 18:1 decreased from 80 to 50% (Table 2).  At the same time the 426 

proportion of unsaturated fatty acids converted to cyclopropanes underwent little 427 

change, suggesting the cells were not under stress.  If only HaENR2 was expressed little 428 

change took place in the fatty acid profile compared to its absence.  The ratio of C16:0 429 

to 18:0 decreased from 37 to 26% and not quite a doubling of the amount of C17 430 

cyclopropane from its 16:1 precursor took place inferring that HaENR2 is more 431 

compatible with the E. coli FAS than is HaENR1.  432 

 433 

Purification of the recombinant HaENR1 and HaENR2 proteins and their biochemical 434 

characterization 435 
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 Since the complementation experiments were successful in JP1111, it was tested 436 

as a host strain for expression of the two sunflower ENRs at the permissive and 437 

restrictive temperatures of 32 and 45 oC, respectively, as well as testing XL1-Bl at 37 438 

oC.  For HaENR2 the best results were obtained using XL1-Bl. This is illustrated in 439 

Suppl. Fig. 1b which shows a Coomassie stain of the total proteins in the XL1-Bl strain 440 

after expression, the starting soluble fraction as well as affinity purified protein of the 441 

expected 36.87 kDa. By comparison, HaENR1 was not detectable when expressed in 442 

XL1-Blue, and was very poorly expressed in JP1111.  The Western blot in Suppl. Fig. 443 

1a was required to localize the HaENR1 in the gel, corresponding to a band of 45.75 444 

kDa. After affinity purification HaENR1 was only 6% of the proteins. 445 

 The capacity of the two affinity purified protein fractions from sunflower to 446 

reduce the substrate crotonyl-CoA was determined. ENRs require a pyridine nucleotide 447 

cofactor for activity. Neither HaENR1 nor HaENR2 was active with 300 µM NADPH, 448 

but instead both depended on NADH. Figure 8 shows that for both enzymes NAD+ 449 

production from NADH was dependent on concentration and time of the reaction.  The 450 

slopes generated from the graphs and the Hill equation were used to calculate Km and 451 

Vmax values. This resulted in a KM for crotonyl-CoA of 119 µM and Vmax of 9.75 452 

µmol min-1 mg-1 of protein for HaENR1 and a KM of 121 µM and Vmax of 2.37 µmol 453 

min-1 mg-1 of protein for HaENR2.   454 

  455 
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Discussion 456 

Two enoyl-[ACP]-reductase genes, HaENR1 and HaENR2, were isolated and cloned 457 

from sunflower developing seed cDNA. The deduced proteins had transit peptides 458 

targeting the mature protein to the plastid or chloroplast. Surprisingly, neither of the 459 

transit peptides showed phosphorylation motifs specific for binding the 14-3-3 protein 460 

that together with HSP70 can form a cytosolic guidance complex towards the 461 

chloroplast (May and Soll, 2000). This was the case for other previously studied 462 

sunflower proteins involved in fatty acid biosynthesis, such as FatA-type thioesterases 463 

(Serrano-Vega et al., 2005), the ω3-desaturase HaFAD7 (Venegas-Calerón et al., 2006) 464 

and the condensing enzyme HaKASIII (González-Mellado et al., 2010). Southern blot 465 

analysis of HaENR1 and HaENR2 indicated that both are most likely single copy genes 466 

as was observed in O. europaea (Poghosyan et al., 2005). Our Southern analysis also 467 

suggests the presence of introns in both genes which is expected due to the existence of 468 

conserved introns in other plant homologous ENR genes from different phylogenetic 469 

groups. 470 

The phylogenetic analysis of the sunflower ENRs with related proteins from 471 

different taxonomic groups revealed the presence of two groups of these proteins in 472 

some families from dicotyledons (type I and type II), the protein HaENR1 belongs to 473 

type I and HaENR2 to type II. However, the duplicated proteins of the monocotyledons 474 

do not belong to either group (Figure 2). This infers that the duplication of the ENR 475 

gene in the mono- and dicotyledons occurred independently from one another. Why the 476 

Brassica ENR proteins do not belong to either type I or II of the other dicotyledons 477 

remains to be explained. The existence of a common ancestor with cyanobacterial 478 

enoyl-[ACP]-reductases concurs with the cyanobacterial origin of the chloroplast via 479 

endosymbiosis (Goksøyr, 1967), as was observed for the KASIII protein from the 480 
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sunflower FAS complex (González-Mellado et al., 2010). During evolution the 481 

plastid/chloroplast ENR gene sequences have acquired transit peptides, the major 482 

difference to the cyanobacterial ENR genes. 483 

The RT-qPCR data revealed different expression patterns for the sunflower 484 

enoyl-[ACP]-reductase genes. While initially HaENR2 was very highly expressed in 485 

young seeds and HaENR1 not so, during development the former decreased while the 486 

latter increased up to 25 DAF at which time the levels of the two were quite similar 487 

(Figure 6). Taking in account that the maximum rate of lipid accumulation in 488 

developing sunflower seeds occurs around 18-19 DAF (Martínez-Force et al., 2000), 489 

these results suggests that after an initial high expression of HaENR2 a “basal” level, 490 

enough to maintain the high oil biosynthetic rate, is maintained with the expression of 491 

both genes (Fig. 6). A similar behaviour was described by Fawcett et al. (1994) when 492 

studying the mRNA expression levels of enoyl-ACP reductase isoforms in Brassica 493 

napus developing seeds. The expression changes of HaENR1 during seed development 494 

mimic that of the previously analyzed Arabidopsis At1g24630 gene, the unique gene 495 

encoding for the plastidial ENR activity (Schmid et al., 2005). During cotyledon 496 

development expression of both genes declined, especially of HaENR2. The decrease 497 

for total ENR in cotyledons presumably reflects the initial change from dark/reserve 498 

tissues to a photosynthetically active one requiring rapid synthesis of large quantities of 499 

polar membrane lipids.  Likewise, the leaves studied were young and in a phase of rapid 500 

expansion that also requires lots of polar lipids for the membranes and the developing 501 

cuticular apoplast.  Judging from Figure 6 HaENR makes the major contribution toward 502 

this synthesis, but at later stages in cotyledon development and in stems and roots 503 

makes little if any contribution (see below). 504 
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The published model of BnENR (Rafferty et al., 1995) permitted the prediction 505 

of the HaENR1 and HaENR2 protein structures, where α helices and β strands form the 506 

Rossman fold of the sunflower proteins analogous to those in the B. napus structure. 507 

The functional residues, catalytic and cofactor binding sites were localized in conserved 508 

regions of these proteins. Main differences between the secondary structures of the 509 

sunflower ENRs were the presence of a 2 residue α-helix in the C-terminus of HaENR1, 510 

and the organization of the loop region between the α2 helix and the β3 strand (Fig. 4 a 511 

and b). The influence of the last difference, together with the change of a glycine 512 

residue (G312 in HaENR1) to arginine (R311 in HaENR2), on Y107 position (Y106 in 513 

HaENR2) on the tertiary structure can be seen in Figure 4 when comparing the circle 514 

area in a vs b and the corresponding regions in c/d and e/f panels. Possibly the latter 515 

difference influences catalytic activity due to the modification of the substrate binding 516 

site(Fig. 4 c/d and e/f).  517 

The results of the complementation experiments in the E. coli(ts) strain JP1111 518 

with HaENR1 and HaENR2 demonstrates, first that these heterologous proteins were 519 

active and second were able to supply the basic functions of the bacterial protein FabI 520 

interacting with the FAS complex.  This is in accord with the results of Kater et al. 521 

(1994) in related complementation experiments with BnENR. Expression of the 522 

sunflower ENRs did not affect growth rate in contrast to BnENR, but they decreased 523 

lipid synthesis in the bacteria whether they replaced the bacterial enzyme or were 524 

expressed in cells producing EcFabI.  The decrease was larger in the absence of EcFabI. 525 

Presumably the decrease results from a structural incompatibility with one or more 526 

members of the bacterial FAS complex or the bacterial ACP. The effect on lipid 527 

synthesis was not investigated with the BnENR (Kater et al., 1994).  528 
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Both expressed sunflower proteins were also active in vitro converting crotonyl-529 

CoA to butyryl-CoA in the presence of NADH. The KM’s for crotonyl-CoA of the two 530 

enzymes were very similar circa 120 μM. This is within the previously measured KM 531 

values for crotonyl-CoA (40 to 667 μM) for ENRs from spinach, rape, Arabidopsis and 532 

Carthamus (Dayan et al., 2008; Shimakata et al., 1982a; Shimakata et al., 1982b; Slabas 533 

et al., 1986). Interestingly, heterologously expressed HaENR1 had a higher Vmax = 9.75 534 

versus 2.37 µmol min-1 mg-1 for HaENR2.  Combining this with the fact that during 535 

early development the seeds had less HaENR1 than HaENR2 mRNA infers that the 536 

former may contribute more to total seed ENR activity than is apparent from the RT-537 

qPCR measurements. To determine the real contribution of the two ENRs to fatty acid 538 

synthesis requires isolation and quantification of the two isozymes from the same 539 

tissues in which their mRNA was quantified. 540 

In bacteria the separation between unsaturated and saturated fatty acid 541 

biosynthesis occurs at 10 carbons atoms when isomerization is carried out by the β-542 

hydroxyacyl-[ACP]-dehydrase enzyme (FabA) (Fig. 9) (Brock et al., 1967). FabB and 543 

FabI compete for the cis-3- and trans-2-decenoyl-[ACP] products of FabA.  If the ratio 544 

of FabB to FabI is greater than one then synthesis of unsaturated fatty acids increases 545 

(Chan et al., 2010). The normal result is circa 50% each of saturated and monoenoic 546 

fatty acids (Fig. 9) (Garwin et al. 1980). In the case of the large excess of overexpressed 547 

HaENR2 replacing the in vivo amount of EcFabI, the saturated:unsaturated fatty acid 548 

ratio did not change (Fig. 9b). This implies that the affinity of HaENR2 for trans-2-549 

decenoyl-[ACP] is the same as that of EcFabI. Since replacing EcFabI with over 550 

expression of HaENR1, albeit only detectable in a Coomassie gel with the aid of an 551 

antibody, led to an increase of saturated versus unsaturated fatty acids (Fig. 9a), 552 

HaENR1 may have a greater affinity for trans-2-decenoyl-[ACP] than EcFabI. This 553 
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would affect the equilibrium of the FabA isomerase activity resulting in generation of 554 

more trans-2-decenoyl from the cis-3-decenoyl leading to the observed increase in 555 

saturated fatty acids. The observed differences in the fatty acid profiles resulting from 556 

expressing the sunflower genes probably do not result from their activities, but rather 557 

from the stress these overexpressed proteins instigate which induces changes in the fatty 558 

acid biosynthetic pathway (DiRusso et al., 1999). 559 

 560 

The existence of two phylogenetically separated genes coding for the enoyl-[ACP]-561 

reductase activity in sunflower, their differences regarding the expression levels in the 562 

plant tissue besides their different structural and biochemical characteristics as well as 563 

their different effects in the bacteria, suggest that HaENR1 and HaENR2 have 564 

overlapping as well as different functions in sunflower fatty acid synthesis. This 565 

knowledge could be used to increase and optimize fatty acid production in the 566 

sunflower seed in the future, changing, for instance, their levels of expression in the 567 

seed.  568 
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Figure Legends 713 

 714 

Fig. 1. Alignment of the deduced amino acid sequences of H. annuus enoyl-[ACP]-715 

reductases HaENR1 and HaENR2, with the closely related sequences from A. thaliana, 716 

AtENR1 (gi|13265591|), rice, OsENR (gi|115478314|) and E. coli, EcFabI 717 

(gi|16129249|). Identical residues are highlighted as black boxes, highly conserved 718 

residues as dark grey boxes and weakly conserved residues as light grey boxes. 719 

Residues participating in the substrate binding site are indicated with black triangles, 720 

those in the reducing agent binging site with white triangles and those in both sites with 721 

black stripped triangles. The putative N-terminal plastid transit peptides of HaENR1 722 

and HaENR2, are underlined, 46 and 75 amino acids, respectively. 723 

 724 

Fig. 2. Phylogenetic comparison of plant and algae enoyl-[ACP]-reductase homologues 725 

of the E. coli FabI protein. H. annuus sequences are shown in bold. 726 

 727 

Fig. 3. Comparison between the deduced amino acid sequences of H. annuus enoyl-728 

[ACP]-reductases, HaENR1 and HaENR2, and B. napus, BnKAR (Rafferty et al., 729 

1995). Identical residues are highlighted as black boxes, highly conserved residues as 730 

dark grey boxes and weakly conserved residues as light grey boxes. BnKAR structural 731 

elements are named as in Rafferty et al. (1995); h: α-helix; s: β-sheet. 732 

 733 

Fig. 4. Proposed structural models for sunflower enoyl-[ACP]-reductases, HaENR1 (a, 734 

c and e) and HaENR2 (b, d and f), modelled from that known for BnKAR (1eno) 735 

(Rafferty et al., 1995).  a and b, ribbon diagrams; c and d, views of the molecular 736 

surfaces and e and f, internal views of the active sites. Residues in α-helices are red, 737 
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those in β-sheets are yellow, those in the substrate binding site are blue, those in the 738 

reducing agent binding site are green, and those in the catalytic site are pink. The circle 739 

shows the tyrosine residue (Y107 in HaENR1 and Y106 in HaENR2) and the 740 

surroundings showing differences between both proteins. 741 

 742 

Fig. 5. Southern blot analysis of H. annuus genomic DNA digested with the indicated 743 

restriction enzymes and hybridized with HaENR1 (a) and HaENR2 (b) gene specific 744 

probes. Hybridizing fragments marked with arrows, and the position of DNA molecular 745 

weight standards in Kb is shown on the left.   746 

 747 

Fig. 6. Expression levels of enoyl-[ACP]-reductases in developing seeds and vegetative 748 

tissues from H. annuus, HaENR1 and HaENR2, determined by RT-qPCR from 749 

sunflower line CAS-6. Stages in cotyledon development are designated days after 750 

germination (DAG) and in seed development days after flowering (DAF). Data are 751 

mean values ± SD of three independent biological samples. 752 

 753 

Fig. 7. Sunflower enoyl-[ACP]-reductase proteins complement the E. coli fabI(ts) 754 

mutant at 42°C. E. coli fabI(ts) with pQE-80L::HaENR1 (top) or pQE-80L::HaENR2 755 

(bottom) grown with (right) and without (left) IPTG induction. 756 

 757 

Fig. 8. Substrate specificity of H. annus enoyl-[ACP]-reductase proteins, HaENR1 (a) 758 

and HaENR2 (b). In vitro assays were performed in 17.9 mM  potassium phosphate 759 

buffer, 1.6 mM DTT at pH 6.8, 28°C with 300 μM NADH and HaENR1 (0.4 μg ml-1) or 760 

HaENR2 (8.3 μg ml-1). The reaction was activated by adding the substrate (crotonyl-761 

CoA) at different concentrations (20-250 μM). The oxidation of NADH was monitored 762 
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at 340 nm. Results correspond to the average of three independent determinations as 763 

indicated before in Materials and Methods. 764 

 765 

Fig. 9. Schematic representation of E. coli fatty acid biosynthesis comparing the effect 766 

on the ratio of saturated to unsaturated fatty acids overexpressing H. annuus enoyl-767 

[ACP]-reductases, by replacing EcFabI with HaENR1 (a) or overexpressing HaENR2 768 

with functional EcFabI (b). Proteins involved in fatty acid biosynthesis in E. coli are 769 

represented. FabZ, β-hydroxyacyl-[ACP]-dehydrase; FabA, β-hydroxydecanoyl-[ACP]-770 

dehydrase; FabB, β-ketoacyl-[ACP]-synthase I; FabI, enoyl-[ACP]-reductase.  Symbols 771 

in grey define the bacterial pathway; in black represent the effect of H. annuus enoyl-772 

[ACP]-reductases overexpression in the cell.   773 

 774 



Tables 

 

Table 1. Sequence of PCR primers used in this work. 

 

Primer name Sequencea 

F-ENR1 5´-GAAGGGAAGGTTCAATCAGC-3´ 

R-ENR1  5´-CTCAACACATACCTTTCAACTTG-3´ 

F-ENR1SacI 5´-AGAGCTCTCTTCTCATCTGTCATCGGTG-3´ 

R-ENR1XmaI 5´-TCCCGGGTTACTAATGTTTGTCCATTGG-3´ 

F-ENR1qpcr 5´-TCTGCCATTACGGGTGCTC-3´ 

R-ENR1qpcr 5´-CTCAACACATACCTTTCAACTTGT-3´  

F-ENR2 5´-TCGGAGAGGTTTAGGATTGG-3´ 

R-ENR2 5´-CGGTGTGCTTGTTCACTACC-3´ 

F-ENR2SacI 5´-TAGAGCTCGCTTCCAGTGACACAAAACC-3´ 

R-ENR2XmaI 5´-TCCCGGGTTAATGTTTGGGGTCTCTTG-3´ 

F-ENR2qpcr 5´-TCAGTAGCGGTGCGAAAGG-3´ 

R-ENR2qpcr  5´-GTTTTGTGTCACTGGAAGCC-3´ 

QHaActin-F4  5´-GCTAACAGGGAAAAGATGACT-3´ 

QHaActin-R4  5´-ACTGGCATAAAGAGAAAGCACG-3´ 

 

a Restriction sites are indicated in bold



Table 2. Lipid content and fatty acid composition of E. coli JP111 strain fabI(ts) bearing the vector pQE80L, or either one of the recombinant plasmids 

pQE80L::HaENR1 and  pQE80L::HaENR2 growing on rich medium supplemented with ampicillin in three expression conditions: i) 32°C , non-induction, ii) 

32°C , induction with IPTG and iii) 42°C , induction with IPTG. Data are the average of three independent samples having SDs of <5% of mean value. a In E. 

coli the monoene fatty acids are C16:1cisΔ9 and 18:1cisΔ11. b C17 and 19 cyclopropanes derived from C16:1 and 18:1, respectively. c (16:1 + 17)/(18:1 + 19). 

 

Vectors Conditions 
Genes 

expressed 
Total 

(μg) 
Fatty acids (mol%) SAT/UNSAT 16:1/18:1c  16:0/18:0 

16:0 16:1a  17b  18:0 18:1a  19b     

pQE80L 32°C EcfabI(ts)  575 31.4 25.6 5.9 0.8 35.9 0.4 0.5 0.9 38.1 

pQE80L::
Ha ENR1 

32°C, 
IPTG 

EcfabI(ts) 
+ 

HaENR1
523 31.3 24.6 5.2 0.9 37.8 0.3 0.5 0.8 36.6 

pQE80L::
Ha ENR1

42°C, 
IPTG 

HaENR1  431 39.5 12.5 18.7 2.0 26.4 0.7 0.7 1.1 19.3 

pQE80L 32°C EcfabI(ts)  515 31.5 26.2 4.1 0.9 37.0 0.3 0.5 0.8 36.9 

pQE80L::
Ha ENR2 

32°C, 
IPTG 

EcfabI(ts) 
+ 

HaENR2
394 24.9 23.2 2.7 0.9 48.2 0.2 0.3 0.5 28.5 

pQE80L::
Ha ENR2

42°C, 
IPTG 

HaENR2  351 32.3 19.9 7.4 1.3 38.8 0.3 0.5 0.7 25.7 

 
 
 





















Supplementary Figure 1 

 

 

Supplementary Figure 1. Purification of H. annus recombinant ENR proteins. (A) Coomassie 

blue-stained SDS-PAGE (left) and Western blot (right) with anti-His antibodies of 

recombinant HaENR1 from XL1-Bl grown at 37 oC. Arrow points to expected position of 

HaENR1.(B) Coomassie blue-stained SDS-PAGE of recombinant HaENR2 from wild type 



XL1-Bl and the mutant strain JP1111 (fabIts) grown at 37 and 32 oC, respectively. T, total E. 

coli extract; S, soluble fraction; AF, affinity purified using one passage through a Ni2+-

charged HisTrap FF column; kDa, size markers. 
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