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SUMMARY

Diacylglycerol acyltransferase 1 (DGAT1) catalyzes the acyl-CoA-dependent biosynthesis of triacylglycerol,

the predominant component of seed oil. In some oil crops, including Brassica napus, the level of DGAT1

activity can have a substantial effect on triacylglycerol production. Structure–function insights into DGAT1,

however, remain limited because of the lack of a three-dimensional detailed structure for this membrane-

bound enzyme. In this study, the amino acid residues governing B. napus DGAT1 (BnaDGAT1) activity were

investigated via directed evolution, targeted mutagenesis, in vitro enzymatic assay, topological analysis,

and transient expression of cDNA encoding selected enzyme variants in Nicotiana benthamiana. Directed

evolution revealed that numerous amino acid residues were associated with increased BnaDGAT1 activity,

and 67% of these residues were conserved among plant DGAT1s. The identified amino acid residue substitu-

tion sites occur throughout the BnaDGAT1 polypeptide, with 89% of the substitutions located outside the

putative substrate binding or active sites. In addition, cDNAs encoding variants I447F or L441P were tran-

siently overexpressed in N. benthamiana leaves, resulting in 33.2 or 70.5% higher triacylglycerol content,

respectively, compared with native BnaDGAT1. Overall, the results provide novel insights into amino acid

residues underlying plant DGAT1 function and performance-enhanced BnaDGAT1 variants for increasing

vegetable oil production.

Keywords: triacylglycerol biosynthesis, diacylglycerol acyltransferase, directed evolution, topology, leaf oil

production, Brassica napus, Nicotiana benthamiana.

INTRODUCTION

Plant oils are mainly composed of the storage lipid tria-

cylglycerol (TAG) (Weselake, 2005). In developing seeds

of oleaginous crops, such as oilseed rape (Brassica napus

and Brassica rapa) and soybean (Glycine max), seed TAG

serves as an energy depot supporting germination and

early seedling growth. Storage lipids are also necessary

constituents of food and animal feed, and can serve as a

substitute for dwindling petrochemical reserves in the

form of renewable feedstock for the production of biodie-

sel and industrial chemicals (Carlsson et al., 2011). With

the limited availability of arable land and our ever-

increasing population, it is of paramount importance to

generate oleaginous crops with increased oil productivity,

both in seed and non-seed tissues (Carlsson et al., 2011;

Weselake, 2016).

Plant TAG biosynthesis involves the action of acyl-CoA-

dependent and acyl-CoA-independent acyltransferases

(Chen et al., 2015). In the traditional acyl-CoA-dependent

sn-glycerol-3-phosphate pathway, also known as the Ken-

nedy pathway, three acyltransferases, namely sn-glycerol-

3-phosphate acyltransferase, lysophosphatidic acid

acyltransferase and diacylglycerol acyltransferase (DGAT;

EC 2.3.1.20), catalyze the sequential acylation of the sn-1,

sn-2 and sn-3 positions, respectively, of the glycerol back-

bone. DGAT catalyzes the final step in TAG biosynthesis,

using sn-1,2- diacylglycerol and acyl-CoA as substrates (Liu

et al., 2012). DGAT activity resides in at least two distinct

membrane-bound polypeptides, referred to as DGAT1 and

DGAT2. The overexpression of cDNAs encoding plant

DGAT1 has been used to increase seed oil deposition in
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Arabidopsis thaliana and oil crops such as soybean and

oilseed rape (Jako et al., 2001; Weselake et al., 2008; Roes-

ler et al., 2016). These results highlighted the value of

DGAT1 as a biotechnological tool for increasing seed oil

content. Moreover, plant DGAT1 has also been used to

increase TAG content in non-seed biomass and oleaginous

microorganisms (Greer et al., 2015; Vanhercke et al., 2017).

To explore the full potential of DGAT in TAG biosynthesis,

it is imperative to gain insight into the enzyme’s mecha-

nism of activity. As DGAT1 is an integral membrane pro-

tein with multiple transmembrane domains (TMDs), its

three-dimensional structure and the ensuing experiments

that would shed light on structure–function relationships in

the enzyme are yet to be described (Liu et al., 2012; Lopes

et al., 2014, 2015).

One possible approach to gain insight into structural

aspects underlying enzyme action in the absence of a

detailed three-dimensional structure is to generate enzyme

variants with amino acid residue substitutions affecting

enzyme activity (Cheng et al., 2015). Enzyme variants can

be generated by various methods, including site-directed

mutagenesis and directed evolution. Single amino acid

residue substitutions resulting in increased DGAT activity

have previously been identified in maize (Zea mays)

DGAT1 (Zheng et al., 2008) and bovine DGAT1 (Grisart

et al., 2002; Winter et al., 2002). Directed evolution is a

powerful tool for protein engineering (Packer and Liu,

2015) that has been used to generate DGAT1 variants with

enhanced activity (Siloto et al., 2009a; Roesler et al., 2016).

Previously, we developed a library of B. napus DGAT1

(BnaDGAT1) variants and established a yeast-based high-

throughput screening method to screen for BnaDGAT1

mutants with modified activity (Siloto et al., 2009a,b). As

B. napus is an important oil crop in the Brassicaceae family

and closely related to the model plant Arabidopsis, explor-

ing structure function in BnaDGAT1 would be valuable for

both basic plant lipid biology and metabolic engineering of

seed oil production. In addition, high-biomass crops,

including tobacco (e.g. Nicotiana tabacum) and sugarcane

(Saccharum officinarum), have attracted significant atten-

tion as alternative platforms for lipid production for food,

biofuel and industrial feedstock (Zale et al., 2016; Vanher-

cke et al., 2017). As DGAT1 overexpression can increase

TAG levels in non-seed tissues (Vanhercke et al., 2013; Zale

et al., 2016), it would useful to determine whether the

BnaDGAT1 variants generated via directed evolution can

further increase lipid content in Nicotiana benthamiana

leaves, compared with the native BnaDGAT1. In this study,

we explored the possible function of amino acid residues

affecting BnaDGAT1 performance through directed evolu-

tion, targeted mutagenesis, in vitro enzymatic assay and

topological analysis. In addition, we evaluated the applica-

tion of performance-enhanced DGAT1 variants in increas-

ing TAG production using an N. benthamiana transient

expression system. Results from this study provide insight

into structure function in plant DGAT1, which has the

potential to be harnessed for the improvement of veg-

etable oil production in seeds, vegetative tissues and

microorganisms.

RESULTS

Identification of amino acid residue substitutions affecting

BnaDGAT1 activity

Developing insight into amino acid residues affecting

BnaDGAT1 activity may be useful in probing structure

function in this enzyme. In our previous work, three

libraries of BnaDGAT1 variants were created by error-

prone PCR (Siloto et al., 2009a). The current study focused

on 50 of the recombinant performance-enhanced BnaD-

GAT1 variants identified via directed evolution (Figure 1;

Table S1). TAG content and fatty acid composition of the

TAG of 50 Saccharomyces cerevisiae H1246 strains hosting

the BnaDGAT1 variants were further analyzed by GC/MS.

H1246 is a quadruple mutant devoid of TAG synthesis,

therefore any new TAG production is dependent on the

introduction of cDNA encoding a functional DGAT (Sanda-

ger et al., 2002). All of the BnaDGAT1 variants resulted in

higher TAG content when produced in yeast (Figure 1), but

had almost no influence on the fatty acid compositions of

the TAG (Table S2).

The cDNAs encoding the 50 BnaDGAT1 variants were

sequenced to identify the positions of amino acid residue

substitutions. A total of 104 amino acid residue substitu-

tions at 81 sites were identified (Figure S1; Table S1). Anal-

ysis of 22 plant DGAT1s indicated that the majority of the

81 modification sites (67%) are conserved among different

plant species (Figure S2; Table S3). As many of the 50

BnaDGAT1 variants contained multiple mutations, it was

necessary to generate single amino acid residue changes

to further explore how individual substitutions affected

DGAT1 activity. Twenty-seven amino acid residue substitu-

tions at 26 amino acid sites were selected to generate sin-

gle-site mutants, which were individually expressed in

yeast H1246 for further analysis (Figure S1, underlined). In

yeast cells harvested at the early stationary phase, 19 and

six single-site mutants resulted in higher and lower neutral

lipid contents, respectively, based on the results of the Nile

red assay (Figure 2, P < 0.05). These amino acid substitu-

tions were used to study structure–function relationships

in BnaDGAT1 activity.

Characterization of BnaDGAT1 variants with single amino

acid residue substitutions

Four performance-enhanced BnaDGAT1 variants with sin-

gle amino acid residue substitutions (S112R, F302C, L441P

and I447F) and one variant (I287V) resulting in a lower level

of TAG were selected for detailed characterization. S112R
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and L441P grew slower than the wild type (WT), whereas

the other three showed similar growth rates to the WT

(Figure S3a). The yeast line producing native BnaDGAT1

and all lines producing enzyme variants exhibited high

transcript and protein levels at all measured time points up

to the stationary phase (Figure S3b–d). Yeast producing

variants S112R, F302C, L441P or I447F had higher neutral

lipid content than yeast producing native BnaDGAT1 at all

time points, whereas variant I287V had a lower TAG con-

tent (Figure 3a). In general, BnaDGAT1 variants resulting in

higher yeast neutral lipid content exhibited a higher micro-

somal enzyme-specific activity than for microsomes from

yeast producing native BnaDGAT1 (Figure 3b). Variant

I287V, however, showed lower enzyme-specific activity

compared with native BnaDGAT1 (Figure 3b). In addition,

yeast cells were also harvested at early stationary phase

for determination of TAG content and fatty acid composi-

tion of TAG by GC/MS. The TAG contents of the yeast

strains (Figure 3c) were consistent with Nile red assay

results (Figure 3a), whereas all yeast lines, producing the

native BnaDGAT1 or different variants, had TAGs with sim-

ilar fatty acid compositions (Figure 3c), which indicated

that the amino acid residue substitutions mainly affected

TAG content and not the fatty acid composition of TAG.

To further analyze the effect of amino acid residue sub-

stitutions of BnaDGAT1 on storage lipid biosynthesis, site

saturation mutagenesis was performed at site 447, where

the substitution of I with F resulted in a substantial increase

in the neutral lipid content of the yeast (Figure 2). The

BnaDGAT1 mutants were then expressed in yeast SCY62

(wild type) or H1246 strains, and yeast cells were harvested

at early stationary phase for analysis of neutral lipid con-

tent. As shown in Figure 4, several amino acid residue sub-

stitutions for I were effective in substantially increasing the

neutral lipid content of the wild type or yeast H1246. The

replacement of I with A, C, F, L, T or V resulted in substan-

tially higher neutral lipid content, whereas the replacement

of I with D, E, N, R, K, Y or the stop codon (*) resulted in

substantially lower neutral lipid content. As I, A, C, F, L and

V are hydrophobic amino acid residues, whereas D, E, N, R

Figure 1. Triacylglycerol (TAG) content of yeast

strains producing BnaDGAT1 variants. TAG con-

tents (mean � SDs) of the yeast H1246 cells were

analyzed by GC/MS. Vectors hosting mutagenized

BnaDGAT1s, LacZ gene (negative control 1, VEC)

and wild-type (WT) BnaDGAT1 (negative control 2,

WT) were expressed in a quadruple mutant Saccha-

romyces cerevisiae strain H1246, which is devoid of

TAG synthesis (Sandager et al., 2002). Statistical

analysis was performed using one-way ANOVA. The

TAG contents of all mutants were significantly

higher than in the WT (P < 0.01).

Figure 2. Relative neutral lipid content of yeast

H1246 strains hosting BnADGAT1 variants gener-

ated by single-site mutagenesis. Mutagenized

BnaDGAT1s, LacZ gene (negative control 1, VEC)

and wild-type (WT) BnaDGAT1 (negative control 2,

WT) were expressed into a quadruple mutant Sac-

charomyces cerevisiae strain H1246, which is

devoid of triacylglycerol synthesis. Neutral lipid

contents of the yeast cells were analyzed with the

Nile red fluorescence assay and presented as fold-

increase compared with the WT control (the value

of the WT was set as 1). Oil contents of all variants,

except M199T and A66S, significantly different from

that of the WT (one-way ANOVA, P < 0.05). *Stop
codon.
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and K are all polar, the results indicated that substitution of

I with a more polar amino acid residue at site 447 might

lead to a decrease in DGAT activity. Substitution of I with T

or Y were exceptions to this.

Amino acid residue substitutions affecting BnaDGAT1

activity in relation to enzyme topology

For a more comprehensive analysis of the effect of amino

acid residue substitution on BnaDGAT1 activity, all the

Figure 3. Characterization of five selected BnaD-

GAT1 single-site mutants: S112R, I287V, F302C,

L441P and I447F. (a) Neutral lipid content of yeast

strains. (b) DGAT1 activity of the selected variants.

(c) Triacylglycerol (TAG) content and fatty acid com-

position of TAG yeast strains, measured by GC/MS.

Vectors hosting mutagenized BnaDGAT1s, LacZ

gene (negative control 1, VEC) and wild-type (WT)

BnaDGAT1 (negative control 2, WT) were expressed

into a quadruple mutant Saccharomyces cerevisiae

strain H1246, which is devoid of TAG synthesis.
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mutation sites identified via directed evolution were

labeled on a predicted BnaDGAT1 topology model (Fig-

ure 5). Although the amino acid residue substitution sites

occurred throughout the BnaDGAT1 primary structure

(Figure S1), topological analysis revealed certain patterns.

Among the 81 sites of amino acid residue substitution

(Figure 5, blue circles), 24 sites (30%) were localized

within the hydrophilic region (residues 1–100) at the

N-terminal, away from the first predicted TMD. Nine (resi-

dues 437–458) and five (residues 473–493) sites were iden-

tified within or close to the ninth and 10th TMDs at the

C-terminus, accounting for 38 and 23% of the amino acid

residues of the TMDs, respectively. The functional impor-

tance of the C-terminus of DGAT1 relates to results of the

site saturation mutagenesis experiment at site 447 (Fig-

ure 4). As site 447 is buried in a TMD, the change of

hydrophobic amino acid residue to a more polar residue

might have structural effects associated with altered

enzyme activity (Figures 4 and 5). It may also be energeti-

cally unfavorable to have a polar residue buried within

the bilayer.

Among the 19 variants with single amino acid residue

substitutions that resulted in higher TAG accumulation

(Figure 2), 15 amino acid residue sites are either within or

close to a TMD; exceptions are A46P at the N-terminus,

C286Y on the loop between the fifth and the sixth TMD,

G332A on the loop between the sixth and the seventh

TMD, and Y386F on the loop between the seventh and the

eighth TMD. Moreover, 15 amino acid residue substitution

sites, including A46P, I108T, A114P, L136F, L164F, F302C,

F302L, G332A, V341L, Y386F, L441P, I447F, F449L, F473L

and L493* correspond to nonpolar amino acids. All the

amino acid residues except L493* and I108T were substi-

tuted by amino acid residues of similar polarity, which

may contribute to a more suitable enzyme conformation in

support of catalysis. The remaining three single site vari-

ants (S54T, S112R and N343I) have substitutions with polar

amino acid residues. Among them, S54 and S112 are sub-

stituted with amino acid residues with similar polarities,

whereas N343 is substituted with a nonpolar amino acid

residue. As N343 is located close to the seventh TMD, the

substitution of a polar N with a nonpolar I might encour-

age this amino acid residue to be buried in the membrane.

It was proposed that the region just preceding the pre-

dicted TMD1 (putative acyl-CoA binding site 1), which is

the most conserved region of the N-terminus, might be a

putative acyl-CoA binding site (Jako et al., 2001; Nykiforuk

et al., 2002). Another proposed acyl-CoA binding site (puta-

tive acyl-CoA binding site 2) includes the motif

FYXDWWN, which is largely conserved among DGATs and

acylcholesterol acyltransferases (Lopes et al., 2014, 2015).

A synthetic peptide of the FYXDWWN motif was used to

analyze its interaction with acyl-CoA substrate and

observed that this region appears to bind the acyl chain of

the substrate. In the same study, they also demonstrated

the interaction of DAG with the putative DAG binding site

HXXXXRHXXXP (Lopes et al., 2014). This motif is also pre-

sent in protein kinase C and diacylglycerol kinase. Several

amino acid residue substitutions in the variants are within

the putative acyl-CoA binding site in the N-terminal region

or the putative active site 2 or 3, but there are no amino

acid residue substitutions within the putative DAG binding

site (Figure 5). Four single-site variants (I108T, K110N,

S112R and A114P) have amino acid residue substitutions

located in the putative acyl-CoA binding site, with three of

them resulting in higher neutral lipid content in yeast (Fig-

ure 2), indicating that this site may play an important role

in the activity of DGAT. The single amino acid residue

Figure 4. Relative neutral lipid content of the site

saturation mutagenesis BnaDGAT1 variants at posi-

tion 447. Vectors hosting mutagenized BnaDGAT1s,

LacZ gene (negative control 1, VEC) and wild-type

BnaDGAT1 (negative control 2, WT) were expressed

in quadruple mutant Saccharomyces cerevisiae

strain H1246, which is devoid of triacylglycerol syn-

thesis, and its parental strain SCY62, respectively

(Sandager et al., 2002). Neutral lipid contents of the

yeast cells were analyzed with the Nile red fluores-

cence assay (Siloto et al., 2009b) and presented as

fold-changes from the H1246 strain hosting native

BnaDGAT1 (I447, the value was set as 1). *Stop
codon.
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substitution within putative active site 3 (L136F) also con-

tributed to increased yeast lipid accumulation.

High-performance BnaDGAT1 variants increase

triacylglycerol accumulation in N. benthamiana leaves

Previous studies indicated that the co-expression of cDNAs

encoding A. thaliana DGAT1 (AtDGAT1) and WRINKLED1

(AtWRI1) results in a substantial increase of TAG accumu-

lation in N. benthamiana leaves (Vanhercke et al., 2013). In

order to determine whether BnaDGAT1 variants can result

in higher leaf TAG than the native enzyme, cDNAs encod-

ing two variants showing high activity in yeast (I447F and

L441P) were co-expressed individually with AtWRI1 in the

N. benthamiana transient expression system. The effect of

expressing cDNA encoding native Arabidopsis DGAT1 is

shown for comparative purposes. As shown in Figure 6,

the overexpression of cDNAs encoding BnaDGAT1-I447F

or BnaDGAT1-L441P led to 33.2% (P < 0.05) or 70.5%

(P < 0.01) higher TAG content, respectively, compared with

the expression of native BnaDGAT1 cDNA. In each case,

the fatty acid composition of TAG was similar. The results

indicated that the BnaDGAT1 variants could be used to

increase TAG content in leaf tissues without affecting the

fatty acid composition. Taken together, single amino acid

residue substitutions identified via directed evolution out-

side predicted active sites could enhance DGAT1 activity

and be used to increase TAG content in vegetative tissue.

DISCUSSION

Various studies have shown that the overexpression of

DGAT1 can increase oil content in plants, microorganisms

or animals (Jako et al., 2001; Weselake et al., 2008; Xu

Figure 5. The positions of the identified amino acid residue sites on the predicted topology model of BnaDGAT1. The membrane topology of BnaDGAT1 was

predicted by Protter (Omasits et al., 2014). The original amino acid sequence of BnaDGAT1 is represented by black circles. The putative functional sites are

presented by green circles. The amino acid modifications selected by directed evolution are represented by blue circles. The single site modifications are

represented by blue circles filled with red.
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et al., 2008; Greer et al., 2015; Roesler et al., 2016). In con-

trast, comparatively little is known about structure–func-
tion relationships in plant DGAT1 because of the absence

of a three-dimensional structure for this membrane-bound

enzyme. Enzyme variants produced through directed evo-

lution, however, can be useful for gaining insights into

structure function in the absence of a three-dimensional

structure (Cheng et al., 2015; Packer and Liu, 2015). In the

current study, random mutagenesis using error-prone PCR

was used to develop a collection of BnaDGAT1 cDNAs that

encoded recombinant enzyme variants with higher or

lower activity than the native enzyme. BnaDGAT1 variants

with amino acid residue substitutions were evaluated

based on their ability to catalyze the formation of TAG in a

yeast strain devoid of TAG synthesis. One hundred and

four amino acid residue substitutions were identified at 81

sites in BnaDGAT1, and 32 of the 50 BnaDGAT1 variants

(64%) had multiple amino acid residue substitutions (Fig-

ures 1, 6 and S2; Table S1).

To further elucidate the contribution of individual amino

acid residue substitutions to DGAT1 activity, 27 single-site

mutants were generated and tested (Figure 2). Most of the

amino acid residue substitutions had either positive or

negative effects on BnaDGAT1 activity and neutral lipid

accumulation. The results also indicated that the combina-

tion of two amino acid residue substitutions does not

always affect BnaDGAT1 activity as expected. For example,

L441P increased BnaDGAT1 performance, whereas either

K110N or I287V resulted in decreased BnaDGAT1 perfor-

mance (Figure 2). Thus, the combination of L441P with

K110N or I287V may be expected to result in a lower

enzyme activity than variant L441P. The results in Figure 1

and Table S1, however, show the following activity

ranking: L441P/I287V (D9) > L441P (B10 and C7) > L441P/

K110N (D4). The most systematic way to determine possi-

ble synergies between amino acid residue substitutions

leading to enhanced BnaDGAT1 performance would be to

generate additional BnaDGAT1 variants with two or more

favorable amino acid residue substitutions.

An in-depth study of five selected BnaDGAT1 variants

suggested that the changes in yeast neutral lipid content

might mainly involve altered enzyme activity (Figure 3).

Moreover, site saturation mutagenesis at site 447 showed

that different amino acid residue substitutions could result

in substantial changes in BnaDGAT1 activity (Figure 4).

Although I447F may not be the most effective DGAT1 vari-

ant (Figure 2), this experiment does show that substitution

with conserved amino acid residues can be considered to

explore the full potential of any DGAT1 variant. In addition,

although the Nile red assay showed the effects of amino

acid residue substitutions at position 447 on neutral lipid

content, a more accurate quantification of TAG content by

GC/FID (or GC/MS) would be a useful next step to explore

the site saturation mutagenesis variants of position 447 in

more detail. This analysis may also provide information on

the effects of amino acid residue substitution on BnaD-

GAT1 selectivity.

Although the lack of a detailed three-dimensional struc-

ture makes it difficult to make a detailed structural interpre-

tation of the effects of the various amino acid residue

substitutions in the BnaDGAT1 variants, some interesting

observations could be made by mapping the amino acid

residue substitution sites onto a predicted topological

model of BnaDGAT1 (Figure 5). It is known that different

prediction algorithms vary in their prediction of membrane

topology, particularly for membrane-bound O-acyl

Figure 6. Triacylglycerol (TAG, % of tissue dry

weight) and fatty acid composition in transiently

transformed Nicotiana benthamiana leaf tissue. All

cDNAs were constitutively expressed by the CaMV

35S promoter with the co-expression of tomato

(Solanum lycopersicum) bushy stunt virus p19 viral

silencing suppressor gene (p19) and with Arabidop-

sis thaliana WRINKLED1 (AtWRI1), except for the

negative control p19 where no WRI1 or DGAT1

genes were co-expressed. AtDGAT1, P19 + AtWRI +
A. thaliana DGAT1 (AtDGAT1); BnaDGAT1, P19 +
AtWRI + Brassica napus native BnaDGAT1; BnaDGAT1-

I447F, P19 + AtWRI + BnaDGAT1-I447F; BnaDGAT1-

L441P, P19 + AtWRI + BnaDGAT1-L441P. Error bars

denote standard deviations, with n = 6 for all sam-

ples. Asterisks indicate oil content that significantly

differs from the oil content of native BnaDGAT1:

*P < 0.05; **P < 0.01. Statistical analysis was per-

formed using the Student’s t-test.
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transferases (MBOATs), including DGATs (Matevossian

and Resh, 2015). As shown in Table S5, BnaDGAT1 was

predicted to possess between eight and 10 TMDs in four

prediction programs. The amino acid residues in each

TMD slightly vary in different models, and the models pre-

dicted by TMHMM and SOSUI lack TMDs 5 and 8 and TMDs 5

and 6, respectively. The positions of most of the 81 amino

acid residue substitutions in different TMDs were similar in

all four models, except the ones on TMDs 5, 6 and 8, which

have 1, 3 and 1 amino acid residue substitution sites,

respectively. Here, we chose one model for further analysis

(Figure 5). BnaDGAT1 has several putative substrate bind-

ing sites and active sites that mainly reside in the loops

right before and after the first predicted TMD and the loops

between the fourth and eighth predicted TMD (Weselake

et al., 2000; Jako et al., 2001; Daniel et al., 2004; Xu et al.,

2008; Liu et al., 2012; Lopes et al., 2014, 2015). The major-

ity of the identified amino acid residue substitutions (72 of

81, 89%) identified via directed evolution, however, are

located outside of the putative substrate binding and active

sites (Figure 5). Directed evolution was used here as an

efficient method to identify performance-enhanced BnaD-

GAT1 variants without considering the predicted active

sites. The results indicated that these amino acids might

be indirectly involved in the enzyme catalysis, and/or that

the current model showing TMD sections, putative active

sites and putative substrate binding sites might need to be

improved. It is also noted that several amino acid residue

substitutions resulting in BnaDGAT1 variants with

increased performance are found within the hydrophilic N-

terminal domain. This segment of BnaDGAT1 was previ-

ously found to bind acyl-CoA at a putative allosteric site,

suggesting a possible role of this domain in enzyme per-

formance (Weselake et al., 2006). The current results sug-

gest certain amino acid residue substitutions of the

regulatory domain of BnaDGAT1 might modulate allostery

so as to increase enzyme activity. In addition, some of

these amino acid residue substitutions may have affected

post-translational processing of the variants. As predicted

by NETPHOSK, three sites (S54, S112 and Y386) from the 27

single-site variants contain the targets of protein kinase,

and S54 and Y386 are the putative phosphorylation sites in

BnaDGAT1 (Blom et al., 2004). Similar to the enzyme activ-

ity change caused by modulating the phosphorylation

state in other DGATs (Xu et al., 2008; Liu et al., 2012; Yu

et al., 2015), the amino acid residue substitution, S54T or

Y386F, might affect post-translational processes and thus

enhance BnaDGAT1 performance.

Some conserved residues of BnaDGAT1 are too essen-

tial to be modified, and thus might not be identified via

directed evolution. For instance, H428 is highly conserved

in the MBOAT family (Hofmann, 2000) but was not identi-

fied in this study (Figure 1). In the directed-evolution

approach, BnaDGAT1 variants with increased performance

over the native enzyme are screened (Figure 1). Amino

acid residue substitutions in the vicinity of the H residue

may result in lower or lost activity, and are thus eliminated

in the screening process. Moreover, it was demonstrated

that F469 in maize DGAT1 is associated with enhanced

TAG accumulation (Zheng et al., 2008). Substitution of the

equivalent amino acid residue (F477) in BnaDGAT1 was

identified by directed evolution, but this variant has a total

of five amino acid residue substitutions (including F477L;

Table S1). This phenylalanine is conserved in almost all

plant DGAT1s (Figure S2), and may have an important role

in plant DGAT1 activity. In future work, it would be inter-

esting to explore F477 and its 19 other amino acid residue

substitutions through site saturation mutagenesis in BnaD-

GAT1 and other plant DGAT1s.

The amino acid residue sites identified in BnaDGAT1 are

valuable for the study of other plant DGAT1s. Among the

18 single-site variants with increased TAG content (except

L493*), 16 sites are recognized as moderately or highly

conserved sites. As for the amino acid residue modification

sites with less conservation, the substitutions S54T, C286Y,

G332A or F449L occur naturally in other plant DGATs. In

nature, positive selection (Darwinian selection) is a mode

of natural selection by which new advantageous genetic

variants sweep a population (Nielsen et al., 2007). As for a

specific enzyme, positive selection can affect enzyme func-

tional divergence (Yuan et al., 2017). As the directed evolu-

tion approach used in this study is an artificial selection

mimicking the positive selection, but aimed towards a

user-defined purpose (high activity in this case), it is inter-

esting to identify positively selected sites in plant DGAT1

and compare them with the amino acid residue substitu-

tion sites identified in our study. A total of 83 positively

selected sites were identified, and 21 of them, mainly in

the less conserved N-terminus region, were included in the

81 BnaDGAT1 mutation sites (Figure S2). Therefore, these

amino acid residue sites might play important roles in

plant DGAT1s in general, in terms of molecular evolution.

With the important function of DGAT in TAG biosynthe-

sis, the BnaDGAT1 variants could contribute to meeting

the global demand for vegetable oil. As shown in Figure 6,

the introduction of BnaDGAT1-I447F or BnaDGAT1-L441P

significantly increased TAG content in N. benthamiana

leaves, compared with native BnaDGAT1. The set of amino

acid residue modifications resulting in BnaDGAT1 variants

with increased activity can potentially be used to improve

DGAT1s in other plants. Indeed, 67% of these amino acid

residue sites were conserved across plant DGAT1s. In addi-

tion, the BnaDGAT1 variants can also be directly used to

increase oil production in yeast such as S. cerevisiae and

Yarrowia lipolytica beyond what can be attained via the

naturally occurring acyltransferases. As shown in Figure 4,

variants of I447F were even effective in yeast strain SCY62

(wild-type parent strain of H1246) under conditions where
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variants compete with endogenous TAG biosynthetic

enzymes.

In conclusion, we have gained novel insights into struc-

ture function in BnaDGAT1 through directed evolution,

site-saturation mutagenesis, in vitro enzyme activity assay,

topological analysis, and transient expression of cDNAs

encoding selected variants of the enzyme in N. benthami-

ana. Our results showed that numerous amino acid residue

sites substantially affected DGAT1 activity. The majority of

the sites identified via directed evolution are located out-

side of the putative substrate binding and active sites.

Moreover, the amino acid residue substitutions resulting in

enhanced DGAT1 activity were predominantly polar. In

addition, most of the identified modification sites in BnaD-

GAT1 were conserved in other plant DGAT1s, indicating

their important functions in plant DGAT1 function in gen-

eral. From the applied biotechnology perspective, selected

BnaDGAT1 variants were significantly more effective in

increasing the TAG content of vegetative tissue, compared

with the native BnaDGAT1. In the future, it may be worth-

while to combine amino acid residue substitutions result-

ing in possible synergistic effects to enhance BnaDGAT1

activity even further.

EXPERIMENTAL PROCEDURES

Random, targeted and saturation mutagenesis of

BnaDGAT1

BnaDGAT1-mutagenized libraries were generated by error-prone
PCR using the GeneMorph II EZClone system (Stratagene, now
Agilent, http://www.agilent.com; Siloto et al., 2009a) using the
cDNA encoding BnaC.DGAT1.a (Genbank# JN224473), which is
the form of the enzyme recently purified by Caldo et al. (2015).
Single amino acid residue substitutions and site-saturation muta-
genesis at site 447 were introduced into the native BnaDGAT1
with the primers listed in Table S4 and degenerate primers using
the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene).

Heterologous expression of BnaDGAT1

Full-length BnaDGAT1 cDNAs of native gene and mutants were
cloned into the yeast expression vector pYES-Dest52 (Thermo-
Fisher Scientific, https://www.thermofisher.com) under the control
of the GAL1 promoter (Siloto et al., 2009a). To test the function of
single amino acid residue substitution on DGAT1 activity, the
encoding cDNA was inserted downstream of the GAL1 promoter
in the pYES2.1/V5-His-TOPO�TA yeast expression vector (Thermo-
Fisher Scientific). S. cerevisiae strains were then transformed with
both the experimental construct as well as the empty vector con-
trols, as described in our previous papers (Siloto et al., 2009a; Pan
et al., 2015). The S. cerevisiae strains used in this study were the
quadruple knock-out strain H1246 (MATa are1-D::HIS3, are2-D::
LEU2, dga1-D::KanMX4 and lro1-D::TRP1 ADE2), containing knock-
outs of all four neutral lipid biosynthesis genes DGA1, LRO1,
ARE1 and ARE2, and the wild-type control strain SCY62 (MATa
ADE2), kindly donated by Drs S. Stymne and U. Stahl (Sandager
et al., 2002). The recombinant yeast cells were first cultivated in
liquid minimal medium containing 0.67% (w/v) yeast nitrogen
base, 0.19% (w/v) SC-Ura and 2% (w/v) raffinose, and then grown

in minimal medium containing 2% (w/v) galactose and 1% (w/v)
raffinose for the induction of gene expression (Pan et al., 2015).

For heterologous expression in N. benthamiana leaves, WT and
different BnaDGAT1 variants were subcloned as NotI-SpeI frag-
ments in a pORE04 binary vector containing a CaMV 35S pro-
moter with duplicated enhancer region (Vanhercke et al., 2013). A
WT BnaDGAT1 gene containing an N-terminal 6XHis tag was sub-
cloned as a SalI-SpeI fragment into the same binary vector back-
bone. All constructs were transformed in Agrobacterium
tumefaciens AGL1 and infiltrated into N. benthamiana leaves in
the presence of the p19 viral suppressor protein, essentially as
described by Vanhercke et al. (2013). Gene synthesis was per-
formed by GeneArt (now ThermoFisher Scientific).

In vitro DGAT1 activity assay

Microsomal fractions were isolated from recombinant yeast cells
for enzymatic assay, and the DGAT assay was performed with
[1-14C]-labeled acyl-CoAs as substrates (Caldo et al., 2015). In
brief, the enzyme assay was conducted in a reaction mixture
(60 lL) containing 200 mM HEPES-NaOH (pH 7.4), 3.2 mM MgCl2,
333 lM sn-1,2-diolein dispersed in 0.2% (v/v) Tween 20, 15 lM
[1-14C] oleoyl-CoA (55 lCi lmol�1) (PerkinElmer, http://www.pe
rkinelmer.com) and 2 lg of microsomal protein. The reaction was
initiated by the addition of microsomes containing recombinant
DGAT1 variants and incubated at 30°C for 4 min with shaking
before quenching with 10 lL of 10% (w/v) SDS. The entire reaction
mixture was applied onto a TLC plate (0.25-mm Silica gel; DC-Fer-
tigplatten, Macherey-Nagel, http://www.mn-net.com), and the
plate was developed with hexane/diethyl ether/acetic acid
(80 : 20 : 1, v/v/v). After visualization by phosphor imaging
(Typhoon Trio + GE Healthcare, http://www.gehealthcare.com),
corresponding TAG spots were scraped and analyzed for radioac-
tivity by an LS 6500 multipurpose scintillation counter (Beckman-
Coulter, http://www.beckmancoulter.com).

Lipid analysis

Neutral lipid content in yeast cells was analyzed by Nile red fluo-
rescence assay using either a Flourskan Ascent (ThermoFisher Sci-
entific) or a Synergy H4 hybrid reader (Biotek Instrument Inc.,
https://www.biotek.com) or by GC/MS (Siloto et al., 2009b; Chen
et al., 2012; Pan et al., 2015). In brief, 100 lL of yeast culture was
incubated with 5 lL of Nile red solution (0.1 mg mL�1 in metha-
nol) on a 96-well plate. The fluorescence was measured with exci-
tation at 485 nm and emission at 538 nm, and the Nile red values
were corrected for cell density based on OD600 (ΔF/OD600). TAG
content and fatty acid composition of TAG-extracted yeast cells
hosting various BnaDGAT1 mutants were analyzed by GC/MS
(Chen et al., 2012). Total yeast lipids were extracted from lyophi-
lized yeast cells, as described previously (Pan et al., 2015). The
isolated lipids were resolved on the TLC plates with the develop-
ment solvent hexane/diethyl ether/acetic acid (80 : 20 : 1 v/v/v).
TAG bands on the TLC plate were visualized by primuline staining
and then were scraped and derivatized by incubation with 3N
methanolic HCl for 1 h at 80°C. The fatty acid methyl esters were
analyzed on an Agilent 6890N Gas Chromatograph (Agilent, http://
www.agilent.com) with a 5975 inert XL Mass Selective Detector
(Chen et al., 2012).

In N. benthamiana, total lipids were extracted from leaf tissues
using chloroform : methanol : 0.1 M KCl (2 : 1 : 1 v/v/v), as
described by El Tahchy et al. (2017). TAG was fractionated
by TLC (Silica gel 60; MERCK, http://www.merck.com) in hex-
ane : diethylether : acetic acid (70 : 30 : 1 v/v/v), and visualized by
spraying Primuline (5 mg/100 ml acetone : water, 80 : 20 v/v;
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Sigma-Aldrich, https://www.sigmaaldrich.com) and exposing the
plate to UV light. Fatty acid methyl esters (FAMEs) of TAG were
produced by incubating corresponding bands in 1 N methanolic
HCl (Supelco, now Sigma-Aldrich) at 80°C for 2 h together with a
known quantity of triheptadecanoin (Nu-Chek PREP, Inc., http://
www.nu-chekprep.com) as an internal standard to quantify TAG.
FAMEs were analyzed by GC/FID (7890A GC; Agilent) equipped
with a 30-m BPX70 column (0.25-mm inner diameter, 0.25-mm
film thickness; SGE, Analytical Science, http://www.sge.com).
Peaks were integrated with CHEMSTATION B.04.03 (Agilent).

Quantitative real-time PCR (qRT-PCR)

Yeast cells were homogenized in the presence of 0.5-mm glass
beads by a bead beater (Biospec, https://www.biospec.com). RNA
was extracted using the RNeasy Plant Mini Kit according to the
manufacturer’s instructions (Qiagen, https://www.qiagen.com). A
1-lg portion of total RNA was used to synthesize first-strand cDNA
in a 20-ll reaction volume using an optimized blend of oligo-dT
and random primers with the QuantiTech Reverse Transcription
Kit (Qiagen). Quantitative RT-PCR assays were performed in tripli-
cate using 1 ll of a 1/20 dilution of each cDNA as template along
with SYBR green PCR master mix on an ABI 7900HT Fast
Real-Time PCR System (Applied Biosystems, now ThermoFisher
Scientific) with ACT1 cDNA (GenBank# NM_001179927.1) as the
reference (Chen et al., 2012). Thermal parameters for amplification
were 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec and
60°C for 1 min. The relative transcript abundance of the target
gene in the individual seed sample was calculated using the com-
parative Ct method (Livak and Schmittgen, 2001). BnaDGAT1
expression data consisting of mean values of the biological repli-
cates were normalized with those of the ACT1 internal control.

Western blotting

Isolated protein (10 lg) was separated by 10% denaturing SDS-
PAGE and then electrophoretically transferred to polyvinylidene
difluoride membranes (Caldo et al., 2015). Subsequently, the pro-
teins were blocked with 2% Amersham ECL Prime Blocking
Reagent before incubation with V5-HRP conjugated antibody
(1 : 10 000). BnaDGAT1 content was visualized using ECL Advance
Western Blotting Detection Kit (Amersham, now GE Healthcare),
using a variable mode imager (Typhoon Trio+; GE Healthcare).
The bands were semi-quantified using IMAGEJ (Schneider et al.,
2012).

Transmembrane domain prediction

A membrane protein topology prediction of BnaDGAT1 was
obtained using the Protter visualization tool (http://wlab.ethz.ch/
protter) following the protocol described by Omasits et al. (2014).

Statistical analysis

All experiments were repeated at least twice (n is the number of
biological independent experiments). Data are shown as
means � standard deviations (SDs) when n ≥ 3, or mean � range
when n = 2, unless otherwise stated. Statistical analysis was per-
formed using the Student’s t-test or one-way analysis of variance
(ANOVA). Means were considered to significantly differ at P < 0.05.
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