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2

Abstract:22

Long-chain acyl-CoA synthetase (LACS, EC 6.2.1.3) catalyzes the ATP-dependent activation of 23

free fatty acid to form acyl-CoA, which in turn serves as the major acyl donor for various lipid 24

metabolic pathways. Increasing the size of acyl-CoA pool by enhancing LACS activity appears25

to be a useful approach to improve the production and modify the composition of fatty acid-26

derived compounds, such as triacylglycerol. In this study, we aimed to improve the enzyme 27

activity of Arabidopsis thaliana LACS9 (AtLACS9) by introducing random mutations into its28

cDNA using error-prone PCR. Two AtLACS9 variants containing multiple amino acid residue 29

substitutions were identified with enhanced enzyme activity. To explore the effect of each amino 30

acid residue substitution, single site mutants were generated and the amino acid substitutions31

C207F and D238E were found to be primarily responsible for the increased activity of the two 32

variants. Furthermore, evolutionary analysis revealed that the beneficial amino acid site C207 is 33

conserved among LACS9 from plant eudicots, whereas the other beneficial amino acid site D23834

might be under positive selection. Together, our results provide valuable information for 35

production of LACS variants for applications in the metabolic engineering of lipid biosynthesis 36

in oleaginous organisms.37

38

39
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cerevisiae41
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Introduction 49 

Fatty acids are carboxylic acids with highly reduced acyl chains, which act as the major 50 

energy reservoir in eukaryotic cells and the building blocks for all cellular lipids, including 51 

phospholipids, triacylglycerols (TAGs), isoprenoids, sterols, cutins, suberins and jasmonates. 52 

Free fatty acids are activated to their coenzyme A (CoA) derivatives prior to further metabolism 53 

in an ATP-dependent process catalyzed by long-chain acyl-CoA synthetase (LACS, EC 6.2.1.3). 54 

This reaction involves a two-step ping-pong reaction mechanism, in which firstly an adenylyl 55 

from ATP is transferred to a fatty acid forming an enzyme-bound acyl-adenylate intermediate 56 

and pyrophosphate and secondly, the acyl-adenylate intermediate is attacked by a CoA yielding 57 

an acyl-CoA and an AMP [1].  58 

LACS activity was first reported in guinea pig (Cavia porcellus) liver by Kornberg and 59 

Pricer (1953) [2] and was later found in numerous other organisms [1]. In plants and many other 60 

organisms, multiple LACS genes are present, which encode enzymes that appear to function in 61 

different aspects of lipid metabolism. For instance, the model plant Arabidopsis thaliana 62 

(hereafter Arabidopsis) contains nine LACS (AtLACS) genes with distinct expression patterns, 63 

subcellular localizations and functions [3]. AtLACS6 and AtLACS7 are peroxisomal-localized 64 

enzymes required for the activation of fatty acids for β-oxidation during seedling development 65 

[4,5]. In contrast, AtLACS1 and AtLACS2, which are localized in the endoplasmic reticulum 66 

(ER), are involved in surface lipid biosynthesis [6–9]. In addition, AtLACS4, another ER-bound 67 

LACS, functionally overlaps with AtLACS1 in mediating the synthesis of lipids for pollen coat 68 

formation [10]. LACS may also play a crucial role in TAG biosynthesis in plants. Indeed, de 69 

novo fatty acids synthesized in the plastid are required to be activated to acyl-CoAs by LACS for 70 

use in TAG assembly in the ER [11]. The presence of LACS activity in the plastidial envelope 71 

was demonstrated [12], and further evidence suggested that LACS was specifically associated 72 

with the outer envelope [13,14]. In Arabidopsis, AtLACS9 is the only LACS associated with 73 

plastid outer envelope and thus was regarded as the most likely candidate for activating and 74 

exporting plastidially-derived fatty acids for TAG assembly [15]. The function of AtLACS9, 75 

however, is still debatable as a recent study has shown that AtLACS9 might contribute to lipid 76 

trafficking from the ER back to the plastid [16].  77 

Regardless of the multiple roles of LACS enzymes in plants, the applications of LACS 78 

genes in engineering oleaginous microorganisms have been widely explored. Over-expressing 79 
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LACS has been shown to increase the production of fatty acid esters, fatty alcohols, waxes, and 80 

TAGs in Escherichia coli and yeast (Saccharomyces cerevisiae). For example, metabolic 81 

engineering of E. coli to produce fatty acid esters, fatty alcohols and waxes was achieved by 82 

over-expression of LACS in combination with other genes [17]. In addition, heterologous over-83 

expression of LACS from diatoms (Phaeodactylum tricornutum and Thalassiosira pseudonana) 84 

or higher plants (Arabidopsis and Brassica napus) was applied to facilitate fatty acid uptake and 85 

stimulate oil deposition in yeast [18–21]. Since LACS provides the substrates for acyl-CoA-86 

dependent acyltransferases to produce various lipids, over-expression of LACS in these 87 

microorganisms appears to contribute to directing the carbon flux to the lipid biosynthesis 88 

pathways by enhancing the size of the acyl-CoA pool. In addition, improved LACS production 89 

may directly promote substrate channeling for lipid biosynthesis considering the possible direct 90 

association or cooperation of LACS with the down-stream lipid biosynthetic enzymes [22, 23]. 91 

In these regards, further improvement of the enzyme activity of LACS via protein engineering 92 

might represent novel perspectives for engineering lipid production in oleaginous organisms. 93 

Indeed, over-expression of cDNAs encoding improved enzyme variants has been demonstrated 94 

to be a more efficient strategy to increase lipid production than using wild-type enzymes in 95 

various plant and microorganism species [24-29]. In addition, it has been shown that the 96 

beneficial mutations identified from one enzyme could be used to improve the performance of an 97 

enzyme from another species [24, 30], and thus could potentially benefit the in planta 98 

improvement of enzyme action using non-transgenic approaches such as CRISPR [31]. 99 

A few crystal structures of acyl-CoA synthetases (ACSs) from bacteria and mammals 100 

have been solved, including a medium-chain specific ACS from human (Homo spaines) [32], a 101 

long-chain specific ACS from Thermus thermophilus [33], and a very-long-chain specific ACS 102 

from Mycobacterium tuberculosis [34]. The lack of a detailed three-dimensional structure for 103 

AtLACS9, however, does not facilitate a rational design approach to modify the enzyme. Indeed, 104 

protein modification by rational design approaches are often constrained in practice since the 105 

protein structure and function relationship is intricate and hard to predict [35]. As an alternative, 106 

error-prone PCR has been used in generating enzyme variants with improved catalytic properties 107 

including increased activity, altered substrate specificity and increased temperature tolerance in 108 

the absence of detailed structure information [36–39]. This approach is so powerful and robust 109 
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that it could even identify beneficial mutations that were overlooked in rational design 110 

experiments [40,41].  111 

In the current study, our strategy is to engineer enhanced performance in LACS using 112 

error-prone PCR and site-directed mutagenesis. Two AtLACS9 variants with multiply amino 113 

acid substitutions were generated with increased enzyme activity. The possible function of key 114 

amino acid residues affecting enzyme activity was further evaluated through in vitro enzyme 115 

assays and evolutionary analysis. The identified amino acid residue substitutions provide 116 

valuable information for the modification of LACS from different species.  117 

 118 

Experimental 119 

Cloning, random mutagenesis and site-directed mutagenesis of AtLACS9  120 

The coding sequence of AtLACS9 was amplified using a cDNA preparation from 121 

Arabidopsis developing seeds and was cloned into the pYES2.1 vector (pYES2.1-V5/HIS vector, 122 

Invitrogen, Burlington, ON, Canada) under the control of GAL1 promoter and CYC1 terminator 123 

to yield pYES-AtLACS9. The stop codon of AtLACS9 was removed for in-frame fusion with a 124 

C-terminal V5 epitope. Random mutagenesis of AtLACS9 was carried out by error-prone PCR 125 

using the GeneMorph II Random Mutagenesis kit (Agilent Technologies, Santa Clara, CA) and 126 

pYES-AtLACS9 as a template. The DNA fragment containing AtLACS9 coding region and the 127 

regions on the pYES2.1 backbone (250 bp before and 155 bp after the AtLACS9 coding region) 128 

was amplified using Mutazyme II DNA polymerase and 2000 ng and 200 ng of pYES-AtLACS9 129 

plasmid. PCR reaction was performed for 30 cycles of 95oC for 30 s (denaturation), 55oC for 30 130 

s (annealing), 72oC for 2 min 10 s (extension). Site-directed mutagenesis within AtLACS9 was 131 

conducted using the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene Cloning Systems, 132 

La Jolla, CA) and pYES-AtLACS9 as a template. The primers used for the random mutagenesis 133 

and construction of various single-site mutants are listed in Supplementary Table S1.  134 

Selection of positive clones and heterologous expression of AtLACS9 variants in yeast 135 

The product of error-prone PCR was purified and co-transformed with the linearized 136 

pYES2.1 vector backbone into S. cerevisiae strain BYfaa1,4Δ (MATα his3Δ1 leu2Δ0 lys2Δ0 137 

ura3Δ0, faa1 Δ::HIS3, faa4 Δ::LYS2) [23] using the S.c. EasyComp Transformation Kit 138 

(Invitrogen) for recombination. S. cerevisiae yeast transformants were selected on minimal 139 

medium [0.67% (w/v) yeast nitrogen base and 0.2 % (w/v) SC-URA] containing 2% (w/v) 140 
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galactose and 1% (w/v) raffinose, 100 mM oleic acid and 45 mM cerulenin. Tyloxapol 1% (v/v) 141 

was also added into plates to disperse the fatty acids. After incubating at 30oC for 2~3 days, the 142 

individual colonies grown on the selection plates were then used to inoculate minimal medium 143 

containing 2% (w/v) galactose and 1% (w/v) raffinose (refer to as induction medium) in 96-well 144 

plates. The yeast cultures were grown at 30oC for 24 h and 48 h before subjected to Nile red 145 

assay (using the protocol described below).  146 

For heterologous expression of AtLACS9 variants, the coding sequences of the selected 147 

AtLACS9 variants were amplified and re-cloned into the pYES2.1 vector and the resulting 148 

plasmids were sequenced and used to transform S. cerevisiae mutant BYfaa1,4Δ. The 149 

recombinant yeast cells were cultured in 2% (w/v) raffinose minimal medium. After overnight 150 

growth, the yeast cultures were inoculated into induction medium to an optical density of 0.4 at 151 

600 nm (OD600). Yeast cultures were grown at 30oC with shaking at 220 rpm.  152 

Lipid analysis 153 

Neutral lipid analysis in yeast cells was performed using the Nile red fluorescence assay 154 

with a Synergy H4 Hybird reader (Biotek, Winooskit, VT, USA) as described previously [30]. In 155 

brief, 100 μL aliquots of yeast culture were placed in 96-well dark plates and the first 156 

fluorescence was measured with excitation at 485 nm and emission at 538 nm. Five microliters 157 

of Nile red solution (0.1 mg/mL in methanol) were then added into the yeast culture before the 158 

measurement of the second fluorescence under the same conditions. The change in fluorescence 159 

from the two measurements (∆F TAG) is correlated with the amount of neutral lipids in the yeast 160 

culture. The Nile red values were calculated based on amount of neutral lipids (∆F TAG) as a 161 

function of OD600 (∆F TAG/OD600).  162 

Protein extraction and Western blotting 163 

Microsomal fractions were recovered from the recombinant yeast cells as described 164 

previously [30]. In brief, the recombinant yeast cells were collected at the similar OD600 values 165 

(~7) during the log growth phase if not stated otherwise and then resuspended in lysis buffer 166 

containing 20 mM Tris-HCl pH 7.9, 10 mM MgCl2, 1 mM EDTA, 5% (v/v) glycerol, 300 mM 167 

ammonium sulfate and 2 mM dithiothreitol before homogenization using a bead beater (Biospec, 168 

Bartlesville, OK, USA). The crude homogenate was centrifuged for 30 min at 10 000 g, and the 169 

supernatant was further centrifuged at 105 000 g for 70 min to separate the microsomal fractions. 170 

The microsomal fractions were resuspended in 3 mM imidazole buffer (pH 7.4) containing 125 171 
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mM sucrose. All procedures were carried out at 4oC. The protein content was determined by 172 

Bradford assay using BSA as a standard [42]. 173 

For Western blotting, 5 μg of microsomal proteins were separated on 10% SDS-PAGE 174 

gel and electrotransferred (overnight at 30 mA and 4oC) onto polyvinylidene difluoride 175 

membrane (Amersham, GE Healthcare, Mississauga, ON, Canada). The membrane was first 176 

blocked with 2% ECL prime blocking reagent (Amersham) and then was incubated with V5-177 

HRP-conjugated antibody (Invitrogen). HRP conjugated antibody was detected using ECL 178 

Advance Western Blotting Detection Kit (Amersham) with a FluorChem SP imager (Alpha 179 

Innotech Corp., San Leandro, CA, USA). The band densities of AtLACS9 variants were 180 

quantified using ImageJ software [43]. 181 

In vitro LACS enzyme assays 182 

The LACS assay was performed as described previously [23] with slight modifications. 183 

In brief, the enzyme assay was carried out in a 60-μL reaction mixture containing 100 mM Bis-184 

Tris-propane (pH 7.6), 10 mM MgCl2, 5 mM ATP, 2.5 mM dithiothreitol, 1 mM CoA, 20 μM 185 

[1-14C] oleic acid (56.3 mCi/mmol, PerkinElmer, Waltham, MA, USA) and 2 to 10 μg of 186 

microsomal protein. The reaction was initiated by adding microsomal protein and quenched with 187 

10 μL of 10% (w/v) SDS after incubation at 30oC for 5 min with shaking. The entire reaction 188 

mixture was washed 4 times using 900 μL of 50% (v/v) isopropanol saturated hexane for each 189 

wash. An aliquot of the aqueous phase was analyzed for radioactivity by a LS 6500 multi-190 

purpose scintillation counter (Beckman-Coulter, Mississauga, ON, Canada). For substrate 191 

specificity assay, 20 μM [1-14C] fatty acids, including palmitic acid (60 mCi/mmol, 192 

PerkinElmer), stearic acid (58.9 mCi/mmol, American Radiolabeled Chemicals, St. Louis, MO, 193 

USA), oleic acid, and linoleic acid (58.2 mCi/mmol, PerkinElmer) were used in the assay. 194 

Sequence alignment, positive selection and protein three-dimensional structure prediction 195 

Forty-five LACS sequences were collected from different species (Supplementary Table 196 

S2). Multiple sequence alignment of LACS proteins was performed using ClustalW in MEGA 7 197 

under the default setting [44]. A neighbour-joining with 1000 bootstrap repetitions tree was built 198 

using the same software. A web server PAL2NAL (http://www.bork.embl. de/pal2nal/) was then 199 

used to construct a multiple codon alignment based on the corresponding aligned amino acid 200 

sequences. The output alignment was imported into the jModelTest 2 program [45] to determine 201 

the best-fitting evolutionary model. The general time reversible (GTR) model plus Gamma 202 
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distribution plus invariant site model of molecular evolution (GTR + G + I) was determined as 203 

the best-fit substitution model based on the lowest value of the Akaike Information Criterion. A 204 

maximum likelihood phylogenetic tree was then constructed with the PhyML webserver 205 

(http://www.atgc-montpellier.fr/phyml/; accessed on 06 Dec 2018) [46,47] according to the best-206 

fit predictive model. The posterior probabilities of sites under positive selection were calculated 207 

using CodeML program in the PAML version 4 software [48] based on site-specific Bayes 208 

empirical Bayes probabilities [49]. Three sets of models were carried out using the F3X4 codon 209 

frequency model, including M0 (one ratio) vs. M3 (discrete); M1 (nearly neutral) vs. M2 210 

(positive selection); and M7 (β) vs. M8 (β + ω). The statistical significance of each pair of nested 211 

models was evaluated by the likelihood ratio test (LRT). 212 

The AtLACS9 structure was obtained through homology modeling using PHYRE2 213 

protein fold recognition server [50]. Several homologous structures were identified as possible 214 

templates including carboxylic acid reductases (24-25% identity) and acetyl-CoA synthetases 215 

(less than 20% identities). A Nocardia iowensis carboxylic acid reductase [51] exhibiting 24% 216 

identity with AtLACS9 was used as a template to generate a model with 83% sequence coverage 217 

and a high confidence level. The following AtLACS9 residues were included in the model: 59-218 

86; 92-320; 328-371; 395-459; 468-525; 530-607; 623-691. A model based on an acetyl-CoA 219 

synthetase structure was also obtained to assess the structure. To further verify the quality of the 220 

model, I-TASSER was used to predict the 3D structure and the best models from the 2 softwares 221 

were assessed and overlaid [52].  222 

 223 

 224 

Statistical analysis 225 

Data are means ± standard deviation (SD) for the number of independent experiments as 226 

indicated. All statistical analyses were performed using the SPSS statistical package (SPSS 16.0, 227 

Chicago, IL, USA). Significant differences between two groups were determined using a two-228 

tailed Student’s t-test. The equality of variances was determined by the Levene’s test. When the 229 

variances were equal, the unpaired Student’s t-test assuming equal variances was performed. 230 

When the variances were unequal, the unpaired Student’s t-test with Welch corrections assuming 231 

unequal variances was used.  232 
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 233 

Results 234 

Selection and characterization of active AtLACS9 variants 235 

 To select active AtLACS9 variants, randomly mutated AtLACS9 cDNAs libraries were 236 

transformed into S. cerevisiae strain BYfaa1,4Δ (a double mutant with both FAA1 and FAA4 237 

genes knocked out, and it thus contains less than 10% of yeast endogenous LACS activity [18]). 238 

This yeast mutant cannot grow on the selection media containing fatty acids and cerulenin (an 239 

endogenous fatty acid synthesis inhibitor) due to acyl-CoA deficiency. The growth of yeast cells 240 

can be rescued, however, by the introduction of a cDNA encoding an active AtLACS9, which 241 

would import the exogenous fatty acids into cells and activate them to acyl-CoAs [23]. The 242 

positive colonies grown on the selection plates were cultivated in induction media for 24 h and 243 

48 h and subjected to Nile red assay. The positive colonies were screened based on their abilities 244 

to produce neutral lipids as reflected by the Nile red assay. Two colonies were found to produce 245 

neutral lipid at levels higher than the yeast expressing wild type (WT) AtLACS9 (data not shown). 246 

The coding sequences of these variant AtLACS9s were sequenced, re-cloned into the pYES2.1 247 

vector and transformed into yeast strain BYfaa1,4Δ for detailed characterization. Yeast 248 

transformed with AtLACS9 variant cDNAs showed similar growth rates to the yeast harbouring 249 

WT AtLACS9 or LacZ control (Supplementary Figure S1). Consistent with the screening results, 250 

expression of AtLACS9 variants in yeast resulted in higher or similar levels of neutral lipid 251 

accumulation (∆F TAG/OD600) relative to yeast expressing WT AtLACS9 at the early stationary 252 

phase (Figure 1). Moreover, yeast cells producing AtLACS9 and its variants resulted in higher 253 

neutral lipid content than the LacZ control (Figure 1). 254 

To analyze the production profiles of AtLACS9 variants in yeast mutant BYfaa1,4Δ, 255 

yeast cells producing AtLACS9 variants were collected periodically from the log to the 256 

stationary growth phase, and the corresponding microsomal fractions were prepared for the 257 

analyses of in vitro LACS activity and protein accumulation by Western blotting. The activity of 258 

the recombinant AtLACS9 enzyme and the variants remained at high levels during the log phase, 259 

and then decreased after reaching the stationary phase (Figure 2A). AtLACS9 variants displayed 260 

the highest activity at the early log phase, whereas the highest activity of WT AtLACS9 occurred 261 

at the late log or early stationary phase. Increased LACS activity was observed for variants 262 

L12F/C207F/L656F and D238E/P659S. The recombinant AtLACS9 polypeptide accumulation 263 
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in the microsomal fraction displaying the highest activity from each variant (Figure 2B) was then 264 

analyzed by Western blotting. The AtLACS9 variants displayed different polypeptide 265 

accumulation levels in yeast. Variant D238E/P659S had higher polypeptide accumulation while 266 

variant L12F/C207F/L656F had lower polypeptide accumulation compared to that of WT 267 

AtLACS9 (Figure 2C). After normalizing the enzyme activity to the corresponding protein 268 

accumulation [30], both variants displayed 3-fold higher normalized activity relative to the WT 269 

enzyme (Figure 2D). 270 

Effect of single site mutations on enzyme activity 271 

Since the two AtLACS9 variants (L12F/C207F/L656F and D238E/P659S) with increased 272 

LACS activity contained more than one amino acid residue substitution, the effect of each amino 273 

acid residue substitution on enzyme activity was separately determined. Five single site mutants 274 

(L12F, C207F, L656F, D238E and P659S) were generated and expressed in yeast mutant 275 

BYfaa1,4Δ. WT AtLACS9 and LacZ were used as positive and negative controls, respectively. 276 

The microsomal fractions containing the recombinant enzymes were used for enzyme assays and 277 

Western blotting (Figure 3). Compared to the WT enzyme, increased microsomal enzyme 278 

activity and polypeptide accumulation were observed for variants L12F/C207F/L656F and 279 

D238E/P659S along with the following variants with single amino acid substitution: C207F, 280 

L656F, D238E and P659S (Figure 3A and B). Variant L12F, however, displayed comparable 281 

microsomal activity but decreased protein accumulation to those of WT enzyme. The enzyme 282 

activity for each variant was then normalized to the corresponding protein accumulation level 283 

(Figure 3C) and single site mutants C207F and D238E were found to possess the highest 284 

normalized activity, which could have mainly contributed to the increased enzyme activity of the 285 

original variants with multiple amino acid residue substitutions.  286 

The substrate specificity of AtLACS9 and its single site variants C207F and D238E was 287 

assessed using different radiolabeled fatty acids as substrates (Figure 4). AtLACS9 or its variants 288 

was able to utilize all fatty acids tested, with linoleic acid (18:2 9cis, 12cis) being the most effective 289 

substrate in each case. No significant differences in substrate preference, however, were 290 

observed for AtLACS9 and its variants.  291 

Multiple sequence alignment, positive selection prediction for LACS proteins and structure 292 

prediction 293 
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Given that several amino acid residue substitutions in AtLACS9 were shown to affect 294 

AtLACS9 activity (Figures 2 and 3), it is useful to further explore the relationship between the 295 

identified beneficial amino acid residue and the putative amino acid residue sites with functional 296 

importance in LACS proteins. In this regard, sequence-based approaches, including multiple 297 

sequence alignment and positive selection prediction were performed for various LACS proteins. 298 

Multiple sequence alignment is an effective approach to identify conserved functional motifs and 299 

subfamily specific positions. In addition to the conserved sites, some unconserved sites, such as 300 

positively selected sites, may also affect protein function. Positive selection or Darwinian 301 

selection is considered to drive the sweep and fixation of the advantageous mutations throughout 302 

a population [53], and thus may have crucial roles in the evolution of protein function [54]. To 303 

test the presence of positive selection in the LACS sequence, the site-specific non-synonymous 304 

(dN) to synonymous (dS) substitutions ratio (dN/dS or ω) test was conducted by using three sets 305 

of models (M0 versus M3, M1 versus M2, and M7 versus M8) from the PAML version 4 306 

software [48]. The likelihood ratio test (LRT) of the comparison between the model pair of M1 307 

(null and neutral) versus M2 (selection) did not give a significant result to reject the null 308 

hypothesis of neutral selection (Table 1). However, the comparison between the model pairs, M0 309 

(null and neutral) versus M3 (selection), and M7 (null and neutral) versus M8 (selection) yielded 310 

the LRT statistics of 7909.3 and 783.0, respectively, suggesting that certain sites were indeed 311 

under selective pressures in LACS proteins (Table 1). No positively selected sites were detected 312 

from the model M3 (ω2=0.89758), whereas in total 63 amino acid residues were identified as 313 

sites of positive selection from the model M8 (ω=1.22349) using Bayes empirical Bayes (BEB) 314 

analysis [49].  315 

By mapping the detected positively selected sites and putative functional motifs 316 

[33,55,56] along the aligned sequences of LACS (Figure 5A), it became apparent that the 317 

positively selected sites were mainly located at the N- and C- termini of the enzymes, whereas no 318 

sites on the putative functional motifs were observed under positive selection. The beneficial 319 

amino acid residue substitutions in the identified AtLACS9 variants were further compared with 320 

the positively selected sites and putative functional motifs. Most of the beneficial amino acid 321 

residue substitutions were found to reside in the less conserved regions. L12 and D238 were 322 

predicted as positive selection sites despite that the posterior probabilities of both sites are only 323 

higher than 50%. Furthermore, the phylogenetic analysis revealed that AtLACS9-C207 is highly 324 
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conserved among the LACS9 from plant eudicots, whereas AtLACS9-D238 is more divergent 325 

and the substitution of D238E exists naturally in other LACS sequences (Figure 5B).  326 

A three-dimensional structure of AtLACS9 was then obtained to further map the two 327 

identified beneficial amino acid residue substitution sites (Figure 5C).  The best template was 328 

identified as a carboxylic acid reductase [51], which is a soluble enzyme. AtLACS9, on the other 329 

hand, has been experimentally demonstrated to reside in the envelope of the chloroplast [6, 16]. 330 

The first 20 amino acid residues of AtLACS9 are predicted to constitute a membrane-spanning 331 

segment [23] despite that the prediction results varied among different programs (Supplementary 332 

Figure S2A and S2B). Indeed, the predicted membrane-associated nature agrees with its 333 

microsomal localization in yeast (Supplementary Figure S2C) and chloroplastidial localization in 334 

Arabidopsis [6, 16]. Since both the experimental results [6, 16] and the TargetP1.1 prediction 335 

(http://www.cbs.dtu.dk/services/TargetP/; accessed on 06 Dec 2018) suggest the chloroplastic 336 

subcellular localization of AtLACS9, the protein sequence of AtLACS9 was subjected to the 337 

signal (chloroplast transit) peptides prediction using ChloroP 1.1 338 

(http://www.cbs.dtu.dk/services/ChloroP/; accessed on 06 Dec 2018) and SOSUIsignal 339 

(http://harrier.nagahama-i-bio.ac.jp/sosui/sosuisignal/sosuisignal_submit.html; accessed on 06 340 

Dec 2018). Although the N-terminal region (19 amino acid residues) of AtLACS9 is predicted as 341 

a signal peptide by SOSUIsignal, no chloroplast transit peptides are predicted from ChloroP 1.1. 342 

Therefore, the N-terminal fragment with the putative transmembrane domain was not included in 343 

the model as this section did not exhibit any homology to the carboxylic acid reductase and was 344 

thus separately added to the structure to show localization in the membrane. The identified 345 

beneficial mutation sites are shown in red, whereas the putative ATP and fatty acid binding 346 

motifs in the AtLACS9 model structure are shown in blue and green, respectively. These 347 

substrate binding sites are close to one another, suggesting that these sites may be able to 348 

facilitate the transfer of an AMP moiety from ATP to the carboxylate group of fatty acids. The 349 

identified beneficial sites, however, are present at distal sites relative to the putative substrate 350 

binding sites, indicating that these mutations do not directly affect substrate binding. Although 351 

the AtLACS9 sequence exhibits only 20% sequence identity with an acetyl-CoA synthetase with 352 

a reported three-dimensional structure, the homology structure of AtLACS9 using this as a 353 

template also gave similar orientations of the putative substrate binding sites and the beneficial 354 

sites for mutagenesis (Supplementary Figure S3). Furthermore, results of I-TASSER modeling 355 
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confirmed that the two models predicted from different software programs have a similar overall 356 

fold as shown by the overlaid structures (Supplementary Figure S4). 357 

 358 

Discussion 359 

The current study reports on the generation of performance-enhanced variants of AtLACS9 using 360 

protein engineering. To improve the enzyme performance of AtLACS9, we introduced random 361 

mutations into the coding sequence by error-prone PCR, transformed the mutagenized AtLACS9 362 

into the yeast mutant BYfaa1,4Δ, and screened for the active AtLACS9 variants by identifying 363 

positive clones on selection media followed by fluorescence detection of neutral lipid 364 

accumulation in yeast cells. After screening, two AtLACS9 variants were identified which 365 

slightly increased neutral lipid accumulation in yeast cells (Figure 1) and thus were selected for 366 

further characterization by analyzing in vitro LACS activity and polypeptide accumulation using 367 

yeast microsomal proteins. These enzyme variants were found to display increased yeast 368 

microsomal activity and altered polypeptide accumulation (Figures 2 and 3). To eliminate the 369 

influence of differences in protein abundance, the microsomal activity of each variant was then 370 

normalized to the corresponding polypeptide accumulation level. The two LACS variants had 371 

higher normalized activity compared to that of the WT enzyme (Figure 2D). Since the two 372 

activity-improved variants (L12F/C207F/L656F and D238E/P659S) contained more than one 373 

amino acid residue substitution, recombinant enzymes with single amino acid residue 374 

substitution were generated using site-directed mutagenesis to further elucidate the contribution 375 

of each substitution. The single site mutants C207F and D238E were considered mainly 376 

responsible for the increased enzyme activity, although amino acid residue substitutions of L12F 377 

and P659S also led to increases in enzyme activity to some extent (Figure 3).  378 

To interpret the effects of amino acid residue substitutions in the two AtLACS9 variants, 379 

the substituted amino acid residue sites from each variant and the predicted positively selected 380 

sites were mapped onto the multiple-aligned sequences of LACS9 proteins (Figure 5A), since 381 

both moderately conserved sites (e.g. subfamily specific positions) [57] and unconserved sites 382 

(particularly positively selected sites) [54] appear to have crucial roles in affecting protein 383 

function. The beneficial amino acid residue substitution of C207F is at a moderately conserved 384 

site, whereas two additional activity-improved variants (L12F and D238E) were found with 385 

amino acid residue substitutions at the predicted positively selected sites (Figure 5A). Indeed, the 386 
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substitution of D238E is naturally present in LACS from other plant species (Figure 5B). As for 387 

the substitution of C207F, the change from the polar C residue to the non-polar (aromatic) F 388 

residue appears to be dramatic, especially considering the capability of formation of a disulfide 389 

bond between two cysteine residues, the replacement of which might lead to changes in the 390 

tertiary structure. It should be noted, however, that although C207 is conserved among LACS9 391 

from eudicots, a non-polar and aromatic Y residue is also found at that position of LACS from 392 

many other species. Furthermore, PSIPRED analysis predicts C207 and D238E to be part of β-393 

sheet and loop region, respectively, in agreement with the PHYRE modeling results. C207F 394 

mutation may lead to secondary structure changes whereas D238E may lead to changes in loop 395 

region (Supplementary Figure S5). 396 

It is possible that the increased enzyme activity was caused by a more favorable 397 

conformation in support of catalysis, such as improved affinity to the substrates. However, 398 

mapping of the beneficial amino acid residue substitution sites onto the predicted three-399 

dimensional structure of AtLACS9 further revealed that these beneficial sites are apparently 400 

remote from the putative substrate binding sites (Figure 5C). Indeed, beneficial substitutions at 401 

residues far away from the putative functional sites are not unusual in variants generated via 402 

random mutagenesis, although these sites are easily overlooked in rational design [40,41]. For 403 

example, directed evolution of diacylglycerol acyltransferase 1 from soybean (Glycine max) [24] 404 

and canola-type Brassica napus [30,25] also identified several amino acid residue substitutions 405 

affecting enzyme activity which are far away from the enzyme’s functional sites. Mutations in 406 

these distal sites may influence enzyme conformation or regulatory sites resulting in more active 407 

conformations. Regulatory sites can be found distal from active site motifs. For example, it was 408 

recently shown that several amino acid residues substitutions within the hydrophilic N-terminal 409 

domain of B.napus diacylglycerol acyltransferase 1 could increase enzyme activity [25]. This N-410 

terminal domain represents a regulatory domain that is located away from the putative active 411 

sites near the C-terminal region [58]. Though far from the putative catalytic sites, amino acid 412 

residues substitution within the acyltransferase’s regulatory domain resulted in significant 413 

changes in enzyme activity [25]. It should also be noted that the beneficial substitutions may 414 

affect enzyme stability and thus lead to increased enzyme activity. Nonetheless, it would be 415 

worthwhile to further explore the effects of the beneficial substitutions on the enzyme’s 416 

conformation and stability. 417 



15 
 

The observed fatty acid specificity of microsomal AtLACS9 (Figure 4) is generally 418 

consistent with previously reported substrate specificity of AtLACS9 [3]. The only difference is 419 

that AtLACS9 was observed to prefer linoleic acid slightly more than oleic acid in this study, 420 

whereas Shockey et al. observed AtLACS9 showed a slightly higher preference towards oleic 421 

acid over linoleic acid [3]. It should be noted that different sources of recombinant AtLACS9 422 

were used in the assays in these two studies. Shockey et al. used the E. coli mutant strain K27 to 423 

produce recombinant AtLACS9, which provided a clean background for LACS assay due to the 424 

complete loss of endogenous LACS activity in E. coli K27. In our study, AtLACS9 and its 425 

variants were expressed in yeast stain BYfaa1,4∆, which contains less than 10% LACS enzymes 426 

in yeast background [18], and as a result, the control microsomes (LacZ) displayed a low level of 427 

LACS activity (see Figures 2A and 3A). The low level of LACS activity from the yeast 428 

background would therefore only have a limited influence on substrate specificity data depicted 429 

in Figure 4. Recently, AtLACS9 was shown to be involved in establishing a specific linoleoyl-430 

CoA pool, which is connected to lipid trafficking from the PC to the plastid [16]. Indeed, in the 431 

current study, recombinant AtLACS9 produced in yeast exhibited an enhanced specificity for 432 

linoleic acid relative to palmitic, stearic and oleic acid (Figure 4).  433 

As the only LACS associated with the outer envelope of the plastid, AtLACS9 appears to 434 

function in the activation of free fatty acids and transport of fatty acyl moieties between the 435 

plastid and extra-plastidial compartment [15,16]. Although the direction of AtLACS9 mediated 436 

transport of fatty acyl moieties is still debatable, increasing AtLACS9 activity through metabolic 437 

engineering could potentially shed light on the specific contribution of AtLACS9. In addition, 438 

AtLACS9 variants with enhanced enzyme activity may also provide potential candidates for 439 

engineering of oleginious organisms to produce fatty acid-derived compounds, including TAG. 440 

Indeed, introduction of various LACS from diatoms or higher plants into yeast has been shown 441 

to increase oil deposition [18–21]. The current study also suggested that the introduction of 442 

activity-improved AtLACS9 variants led to a slight increase in the yeast neutral lipid 443 

accumulation (Figure 1). Combined heterologous expression of an AtLACS9 variant with cDNA 444 

encoding one or more of the acyl-CoA-dependent acyltransferases of the Kennedy pathway 445 

involved in seed oil biosynthesis (see Chapman and Ohlrogge, 2012) [11] may even result in 446 

greater accumulation of TAG in yeast. A similar metabolic engineering strategy might also be 447 

explored as means of increasing the TAG content of seeds or vegetative tissue. Furthermore, the 448 
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beneficial amino acid substitutions of AtLACS9 provide valuable information for systematically 449 

engineering LACS from other species since these amino acid substitutions are at sites conserved 450 

among different species (Figure 5B).  451 

In conclusion, two activity-enhanced variants of AtLACS9 were developed via random 452 

mutagenesis combined with site-directed mutagenesis. The recombinant AtLACS9 variants 453 

produced in yeast were characterized by analysis of in vitro enzyme activity and polypeptide 454 

accumulation in microsomes. The beneficial amino acid substitution sites were further analyzed 455 

by sequence and structural analyses. Amino acid residue substitution at the moderately 456 

conserved site C207 and the predicted positively selected site D238 were responsible for the 457 

increases in enzyme activity of corresponding enzyme variants. These findings provide valuable 458 

information for improving LACS enzymes from plants which may be useful in the in vivo 459 

alteration of acyl-CoA pools.  460 
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Table 1. Parameter estimates and likelihood scores of LACS9 for site models. Positive selection 480 

by site models was performed using CODEML program in PAML. The number of positively 481 

selected sites is also shown, with the Bayes empirical Bayes (BEB) posterior probability in 482 

blankets. df, degrees of freedom; LRT, likelihood ratio test; lnL, log likelihood scores; 2∆lnL, 483 

twice the log-likelihood difference of the models compared. 484 

Model Estimates of parameters lnL LRT pairs df 2∆lnL p-value Positively selected 

sites 

M0: one ratio ω=  0.19727 -63498.3 M0/M3 4 7909.3 <0.0001 none 

M3: discrete p0=0.82713, p1=0.15115, 

p2=0.02172, ω0=0.01143,  

ω1=0.18961, ω2=0.89758 

-59543.7      

M1: nearly 

neutral 

p0= 0.96980, p1=0.03020, 

ω0=0.06927, ω1=1.00000 

-60172.6 M1/M2 2 0 1.00000 none 

M2: positive 

selection 

p0=0.96980, p1=0.02844, 

p2=0.00176, ω0=0.06927,  

ω1=1.00000, ω2=1.00000 

-60172.6      

M7: β p=0.08048, q=0.83695 -59838.9 M7/M8 2 783.0 <0.0001 30 sites (>50%) 

15 sites (>95%) 

18 sites (>99%) 

M8: β + ω p0=0.99029, p=0.14171, 

q=2.31642, p1=0.00971, 

ω=1.22349 

-59447.4     

  485 

486 
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Figure legends 667 

Figure 1. Neutral lipid content of yeast producing AtLACS9 variants. Neutral lipid content was 668 

analyzed using the Nile red assay and the values are calculated based on the Nile red 669 

fluorescence (∆F TAG) as a function of the optical density (OD600) at 600 nm (∆F TAG/OD600). 670 

Data are means ± SD, n = 3. 671 

 672 

 673 

Figure 2. Characterization of AtLACS9 variants. A, In vitro LACS activities of different 674 

AtLACS9 variants. Microsomal fractions from yeasts producing recombinant AtLACS9 variants 675 

were harvested at different time points after induction and used for the enzyme assay. The 676 

growth curve was monitored by measuring OD600. B, Relative enzyme activities of AtLACS9 677 

variants. The highest activity of each variant is shown, with the wild type (WT) AtLACS9 678 

activity set as 1.0. C, Relative protein abundance. Five micrograms of microsomal protein from 679 

the same batch of microsomes used to assess enzyme activity were used for Western blotting 680 

analysis. The relative protein accumulation of recombinant WT AtLACS9 was set as 1.0. D, The 681 

normalized relative activity of each enzyme variant was obtained by dividing the enzyme activity 682 

value by relative protein abundance, with recombinant WT AtLACS9 activity set as 1.0. For A, 683 

B, C and D, data are means ± SD; n = 2 for A, n=4 for B, n = 3 for C and D. The asterisks 684 

indicate significant differences in activity (B) and protein abundance (C) of the microsomes 685 

containing recombinant AtLACS9 variants versus recombinant WT AtLACS9 (t-test, ** P<0.01, 686 

* P<0.5). ND, not determined. 687 

 688 

Figure 3. Enzyme activity and corresponding protein abundance of AtLACS9 single site mutants. 689 

A, Relative enzyme activities of single site mutants. The wild type (WT) AtLACS9 activity was 690 

set as 1.0. B, Relative protein abundance. Five micrograms of microsomal protein from the same 691 

batch of microsomes used to assess enzyme activity were used for Western blotting analysis. The 692 

relative abundance of recombinant WT AtLACS9 was set as 1.0. C, The normalized relative 693 

activity of each mutant was obtained by dividing the enzyme activity value by relative protein 694 

accumulation, with recombinant WT AtLACS9 activity set as 1.0. For A, B and C, data are 695 

means ± SD, n = 3. The asterisks indicate significant differences in activity (A), and protein 696 
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abundance (B) of the microsomes containing recombinant AtDGAT9 variants versus 697 

recombinant WT AtLACS9 (t-test, ** P<0.01, * P < 0.05). ND, not determined. 698 

 699 

Figure 4. Substrate specificity of AtLACS9 variants. Enzyme activity data were normalized to 700 

activity observed using oleic acid (18:1 9cis) as the substrate (i.e., oleic acid supported activity 701 

was set at 100%). The microsomal activities of AtLACS9, C207F, and D238E were 4.92±0.09, 702 

6.06±0.25, 8.17±0.14 nmol [14C] oleoyl-CoA/ min/ mg protein, respectively. Microsomal 703 

preparations from the yeast mutant BYfaa1,4∆ producing AtLACS9 variants were used for 704 

analysis of enzyme assay. Data represent means ± SD, n = 3. 16:0, palmitic acid; 18:0, stearic 705 

acid; 18:1, oleic acid; 18:2, linoleic acid (18:2 9cis, 12cis).  706 

 707 

Figure 5. Sequence analysis and predicted structure of AtLACS9. A, Sequence alignment of 708 

LACS9 protein from seven typical plant species. Conserved sites are shaded. Positively selected 709 

sites with a Bayes Empirical Bayes posterior probability higher than (≥) 50%, higher than (≥) 710 

95%, and higher than (≥) 99% are indicated by the amino acid sites in green, blue, and red 711 

background, respectively. The single mutation sites are indicated by red-filled triangle. The bar 712 

above the sequence corresponds to the ATP/AMP signature motifs (I & II) and the fatty acyl-CoA 713 

synthetase signature motif (III). The putative active sites are indicated by black-filled star. The 714 

alignment was visualized and displayed using Jalview [59]. B, Amino acid sequence analysis of 715 

LACS proteins from different species. Ah, Arachis hypogaea; At, Arabidopsis thaliana; Bd, 716 

Brachypodium distachyon; Bn, Brassica napus; Cas, Camelina sativa; Cs, Cucumis sativus; Eg, 717 

Elaeis guineensis; Fv, Fragaria vesca subsp. vesca; Gh, Gossypium hirsutum; Gm, Glycine max; 718 

Ha, Helianthus annuus; Lu, Linum usitatissimum; Mt, Medicago truncatula; Os, Oryza sativa; 719 

Rc, Ricinus communis; Si, Sesamum indicum; Sl, Solanum lycopersicum; Vv, Vitis vinifera; Zm, 720 

Zea mays. Phytozome/Genbank accession number for each sequence is shown in brackets. 721 

Phylogenetic relationship among protein sequences of LACS was constructed using the 722 

neighbour-joining method. Bootstrap values are shown at the tree nodes. The amino acid 723 

substitution sites of AtLACS9 variants are marked with red-filled triangle. C, Homology model 724 

of AtLACS9 using PHYRE2 software and a carboxylic acid reductase as a template. The putative 725 

binding sites for ATP and fatty acid are shown in blue and green, respectively. The identified 726 

beneficial mutation sites C207 and D238 are shown in red. About 83% of the sequence was 727 
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modelled with high confidence. The first 58 N-terminal residues were not included in the model 728 

as the template is a soluble enzyme. Based on TMHMM and SOSUI analyses, this N-terminal 729 

segment is predicted to constitute one N-terminal transmembrane domain, which was added to 730 

the structure.  731 

 732 
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