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Abstract
ELO-like elongase is a condensing enzyme elongating long chain fatty acids in eukaryotes. Eranthis hyemalis ELO-like elon-
gase (EhELO1) is the first higher plant ELO-type elongase that is highly active in elongating a wide range of polyunsaturated 
fatty acids (PUFAs) and some monounsaturated fatty acids (MUFAs). This study attempted using domain swapping and 
site-directed mutagenesis of EhELO1 and EhELO2, a close homologue of EhELO1 but with no apparent elongase activity, 
to elucidate the structural determinants critical for catalytic activity and substrate specificity. Domain swapping analysis of 
the two showed that subdomain B in the C-terminal half of EhELO1 is essential for MUFA elongation while subdomain C 
in the C-terminal half of EhELO1 is essential for both PUFA and MUFA elongations, implying these regions are critical in 
defining the architecture of the substrate tunnel for substrate specificity. Site-directed mutagenesis showed that the glycine 
at position 220 in the subdomain C plays a key role in differentiating the function of the two elongases. In addition, valine 
at 161 and cysteine at 165 in subdomain A also play critical roles in defining the architecture of the deep substrate tunnel, 
thereby contributing significantly to the acceptance of, and interaction with primer substrates.

Key Message 
Structural and functional analysis of the first higher plant ELO-type elongase. Structural factors critical for catalytic activity 
and substrate specificity determined.
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Abbreviations
EhELO1	� Eranthis hyemalis Fatty acid elongase 1
EhELO2	� Eranthis hyemalis Fatty acid elongase 2
FAMEs	� Fatty acid methyl esters
MUFAs	� Monounsaturated fatty acids
PUFAs	� Polyunsaturated fatty acids

Introduction

Biosynthesis of many nutritionally important very long 
chain PUFAs such as docosahexaenoic acid (DHA, 22:6n-3) 
and arachidonic acid (ARA, 20:4n-6) in mammals and some 
eukaryotic microorganisms involves an elongation process 
of cyclic four sequential catalytic reactions: condensation, 
keto-reduction, dehydration, and enoyl-reduction, by add-
ing a two-carbon unit to long chain PUFAs. The first step 
of the four reactions in a cycle is catalyzed by a condensing 
enzyme (3-ketoacyl-CoA synthase, also known as elongase) 
with high substrate specificity, as compared to the other 
three enzymes catalyzing subsequent steps, in terms of the 
chain length and the number of double bonds. Thus, it is the 
key enzyme to initiate the process for fatty acid elongation 
(Leonard et al. 2004; Jakobsson et al. 2006; Qiu et al. 2020).

Elongase is a special type of condensing enzymes catalyz-
ing Claisen reactions using long chain acyl-CoA as a primer 
and malonyl-CoA as an extender in the biosynthesis of very 
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long chain fatty acids (Heath and Rock 2002). Two types of 
elongases have been found in eukaryotes that do not share the 
similarity of sequence, structure, and catalytic mechanism. 
The FAE type of elongases occurs in plants mainly for satu-
rated fatty acid and MUFA elongations (James Jr. et al. 1995; 
Haslam and Kunst 2013). It has one or two transmembrane 
α-helices in the N-terminus of sequences anchored to endo-
plasmic reticulum membrane with a large soluble catalytic 
domain facing towards the cytosol where a Cys-His-Asn cata-
lytic triad is used for the condensation reaction (Ghanevati and 
Jaworski 2002; Haslam and Kunst 2013; Blacklock 2021). On 
the other hand, the ELO type of elongases occurs in higher ani-
mals and some eukaryotic microorganisms mainly for PUFA 
elongation; but it can elongate saturated and monounsaturated 
fatty acids in some eukaryotic species where no FAE type of 
elongases exists (Toke and Martin 1996; Leonard et al. 2004). 
The ELO-like elongases mainly for PUFA elongation were 
initially identified in fungus Mortierella alpina and worm Cae-
norhabditis elegans (Beaudoin et al. 2000; Parker-Barnes et al. 
2000). Afterwards, many elongases for PUFA elongation have 
been identified in algae (Meyer et al. 2004; Pereira et al. 2004), 
fish (Agaba et al. 2005) and mammals (Jakobsson et al. 2006; 
Logan et al. 2014). In general, this type of elongases possesses 
six or seven transmembrane α-helices stretched to the whole 
sequence to form a transmembrane helix barrel surrounding a 
substrate tunnel facing towards the cytosol where conserved 
histidines along with other residues are used for generating a 
hydrogen-bonding network to facilitate the condensation reac-
tion (Nie et al. 2021).

Interestingly, a functional ELO-like elongase (Eranthis hye-
malis ELO-like elongase 1 or EhELO1) was recently found in 
winter aconite (Eranthis hyemalis) where it is involved in the 
biosynthesis of two unusual very long chain PUFAs docosa-
dienoic acid (DDA, 22:2n-6) and docosatrienoic acid (DTA, 
22:3n-3) (Aitzetmüller 1996; Meesapyodsuk et al. 2018). 
EhELO1 is the first ELO-type elongase identified in higher 
plants and possesses the elongation activity on a wide range of 
PUFAs as well as some MUFAs. Meanwhile, RNA sequencing 
analysis of winter aconite also identified a close homologue 
coding for Eranthis hyemalis ELO-like elongase 2 (EhELO2), 
but with no apparent fatty acid elongase activity. This study 
aimed at using domain swapping and site-directed mutagenesis 
of the two highly homologous sequences to elucidate the struc-
tural factors determining the catalytic activity and substrate 
specificity of the plant ELO-type elongase.

Materials and methods

Materials

Linoleic acid, alpha-linolenic acid, and standard fatty acids 
were purchased from Nu-Chek Prep, Inc. (Elysian, MN, 

USA). HP Taq DNA polymerase, deoxynucleoside triphos-
phate, nucleic acid purification kits and DNA extraction kits 
were acquired from Bio Basic Inc. (Markham, ON, Can-
ada). Q5 high-fidelity DNA polymerase was obtained from 
New England Biolabs (Ipswich, MA, USA). Intermediate 
vector pGEM-T, HPLC and GC grade solvents, yeast and 
Escherichia coli media were either purchased from VWR 
(Edmonton, AB, Canada) or Fisher Scientific (Ottawa, ON, 
Canada). Restriction enzymes, DNA ligase, and S.c. Easy-
Comp Transformation kits were purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). Oligo primers were 
synthesized from Sigma-Aldrich (Oakville, ON, Canada).

Construction of EhELO1 and EhELO2 chimeras 
and site‑directed mutants

The full-length cDNA of EhELO2 (accession number, 
AXS59120) was cloned by RT-PCR using total RNA pre-
pared from E. hyemalis developing seeds as a template using 
primers EhELO2-F and EhELO2-R (Table S1). Ampli-
fied full-length EhELO2 was cloned into an intermediated 
pGEM-T cloning vector and subsequently subcloned into 
a yeast expression vector, pHVX2 generating EhELO2/
pHVX2. To create both chimeras and site directed mutant 
genes, the overlap extension PCR technique was adopted 
(Heckman and Pease 2007; Meesapyodsuk and Qiu 2014). 
Two overlapping fragments of each construct were amplified 
by PCR with primers (Table S1) and proofreading enzyme 
Q5 polymerase using EhELO1/pHVX2 (Meesapyodsuk 
et al. 2018), EhELO2/pHVX2 or corresponding chimeric 
gene as templates. The fragments were gel purified, mixed, 
and used as the template for amplifying the full-length chi-
meric and site directed mutagenesis genes.

Yeast expression

All mutant constructs were subcloned into pHVX2 (Vols-
chenk et al. 1997) under the control of the constitutive pro-
moter PGK1 and transformed into yeast Saccharomyces cer-
evisiae, INVSc1 using S.c. EasyComp transformation kit. 
Transformants were selected on a synthetic dropout medium 
(SD-Leu) containing 2% (w/v) glucose, 0.17% (w/v) yeast 
nitrogen base, 0.5% (w/v) ammonium sulfate, and 0.06% 
(w/v) dropout mix without leucine. To assess the elonga-
tion activity, recombinant yeast cells were grown overnight 
in 5 mL of SD-Leu medium at 30 °C. Yeast cells were then 
harvested and washed with sterile water and resuspended in 
a 5-mL of the same medium supplemented with or without 
0.25 mM linoleic and 0.25 mM alpha-linolenic acids in the 
presence of 0.1% Tergitol (Nonidet P-40, Sigma). Cultures 
were incubated at 20 °C with shaking for 2–4 days. The cells 
were then harvested and washed once with 1% Tergitol and 
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once with sterile water. Yeast pellets were used for fatty 
acid analysis.

Fatty acid analysis

Yeast total fatty acids were directly transmethylated to fatty 
acid methyl esters (FAMEs) using 2 mL of 1% (v/v) H2SO4 
in methanol. The yeast samples were incubated at 80 °C for 
2 h and then cooled on ice. The FAMEs were extracted by 
adding 1 mL of 0.9% NaCl and 2 mL of hexane. After cen-
trifugation at 2500 rpm for 5 min, the upper layer contain-
ing FAMEs was transferred into a new tube, dried under 
nitrogen gas, and dissolved with 200 µL of hexane. Total 
FAME samples were analyzed on an Agilent 6890N gas 
chromatography equipped with flame ionization detection 
and a DB-23 column (30 M × 0.25 mm with 0.25-µm film 
thickness, J&W Scientific). The temperature program was 
maintained at 160 °C for 1 min, then increased to 240 °C 
at a rate of 4 °C per min, and held for 10 min. Elongation 
efficiencies (%) of exogenously fed fatty acid substrates 
in yeast transformants were calculated by the formula as 
[(product) × 100/(substrate + product)] using values corre-
sponding to the peak area of FAMEs.

Topology prediction and structural modeling

The transmembrane protein topology of EhELO1 and 
EhELO2 was predicted using an online web server of TOP-
CONs (Tsirigos et al. 2015) with five of the topology predic-
tors (Octopus, Philius, PolyPhobius, Scampi, and Spocto-
pus). Three-dimensional structure was de novo modeled by 

Alphafold (Mirdita et al. 2022) and presented using Chime-
raX (Pettersen et al. 2021).

Results

Sequence and functional comparison of two 
ELO‑like elongases EhELO1 and EhELO2 in winter 
aconite

Two cDNAs coding for ELO-type 3-ketoacyl-CoA synthase 
or elongase (EhELO1 and EhELO2) with similar length 
were identified by searching a transcriptome of winter aco-
nite developing seeds (SRA accession number: SRP149907) 
using ELO-type elongases from fungi and animals as que-
ries (Oh et al. 1997; Parker-Barnes et al. 2000; Agaba et al. 
2005). EhELO1 and EhELO2 shared about 68% of amino 
acid identity and 80% of sequence similarity with conserved 
substitutions. Further sequence analysis showed that both 
EhELO1 and EhELO2 possessed seven transmembrane 
helices and four conserved motifs KxxExxDT, FLHxxHH, 
HxxxYxYY and TxxQxxQ in four transmembrane helices 
(III, IV, V, VI), which are typical features of ELO-type elon-
gases (Leonard et al. 2004) (Fig. 1). However, functional 
analysis of the two elongase genes in yeast Saccharomy-
ces cerevisiae showed that EhELO1 was highly active for 
elongating a wide range of 18 ℃ and 20 ℃ PUFAs such as 
18:2–9,12 and 20:2–11,14, 18:3–9,12,15 and 20:3–11,14,17, 
as well as some 18–24 ℃ monounsaturated fatty acids 
(MUFAs) such as 18:1–11 and 20:1–13, while EhELO2 
did not exhibit any elongase activity on all substrates tested 
including saturated, monounsaturated and polyunsaturated 

MESISASVRYWLVEHPLVSGFEWIEGETFGSSPKFLLTTVATYLSLTYILSITLLSPKPP1 EhELO1
MDSISANLRYWLVEHPLVSEFEWKENETWGASPQFLLTIVLTYLSLTLILSLALLSPKST1 EhELO2

VKTPSKTLTILRSISAIHNLILLALSFIMALGATLATTTKMPSKQWI-CFPANKTRSQGP61 EhELO1
AKPPS-TSTPLRLISTLHNLILVLLSLLMAVGCTLSTISQMPNLRWIFCFPPNQTPPRGP61 EhELO2

LFFWAYVFYLSKILEYVDTLLIILHNDARRLTFLHVYHHTVVTIMCYLWLHTTQSLLPLG120 EhELO1
VFFWAYVFYFSKILEFVDTLLIILSKDTRRLSFLHVYHHAVVLVMCYLWLHTVQSLVSVA120 EhELO2

IVTNATVHTVMYAYYFMCTLGKRPSWKRLVTDFQIIQFWFGLGISTLMLWFHFTGTG-CS180 EhELO1
LVTNCAVHTLMYAYYMMCAIGKRPRWKRIVTDCQIVQFVFSFGVSGVMLWFHFSGGGGCS180 EhELO2

GIWGWGFSYVFNASLLALFSAFHANNYANKDKDKKLV239 EhELO1
GIWGWIFNAVFNASLLGLFTSFHTKNYAGKKKD240 EhELO2
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Fig. 1   Comparison of two ELO-type elongase sequences EhELO1 
and EhELO2 from winter aconite. Amino acids with black back-
ground are identical. Transmembrane helices were denoted by lines 
on top of sequences with arrows towards the cytosolic side. Four 
conserved motifs in four transmembrane helices (III, IV, V, VI) were 
indicated by red star. Letter A, B, C, D on top of sequence indicate 

the start sites of four subdomains in the C-terminal domain. Two 
cysteine residues forming a disulfide in the loops of transmembrane 
helices II and III, and of VI and VII at the lumen side of endoplasmic 
reticulum were highlighted by green color. Mutagenized amino acids 
were highlighted by red color
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fatty acids (Fig. 2) (Meesapyodsuk et al. 2018). The struc-
ture similarity and functional difference of the two highly 
homologous sequences offered an opportunity to investi-
gate the structural factors for catalytic activity and substrate 
specificity.

Effects of domain swapping between EhELO1 
and EhELO2

To identify structural determinants for the functional dif-
ference in the two highly homologous sequences, EhELO1 
and EhELO2 were first dissected in the middle of two 
sequences located between transmembrane helices III and 
VI into two large half domains, which were then swapped 
with each other, giving rise to two chimeras: chimera 1 
and chimera 2 (Fig. 3). Chimera 1 was comprised of the 
N-terminal domain of EhELO1 and the C-terminal domain 
of EhELO2 while chimera 2 was made of the N-termi-
nal domain of EhELO2 and the C-terminal domain of 
EhELO1. Functional analysis of the two chimeras in yeast 
showed that without exogenous feeding of PUFAs, chimera 
2, like wild type EhELO1, could effectively elongate the 
endogenous 18:1–11 to 20:1–13 and further to 26:1–19, 
while chimera 1, like wild type EhELO2, could not elon-
gate MUFAs (Fig. 2A). And with exogenous feeding of 

two PUFAs, chimera 2, also similar to wild type EhELO1, 
could effectively elongate 18:2–9,12 and 18:3–9,12,15 to 
20:2–11,14 and 20:3–11,14,17, and further to 22:2–13,16 
(DDA) and 22:3–13,16,19 (DTA), respectively, while chi-
mera 1, similar to wild type EhELO2, did not exhibit any 
elongase activity on the two PUFAs (Fig. 2B). In addi-
tion, chimera 2, also like wild type EhELO1, possessed 
the higher elongation activity towards ω-3 PUFAs over ω-6 
PUFAs. These results clearly indicate that the C-terminal 
half of EhELO1 is critical for the elongase activity on both 
PUFAs and MUFAs.

Afterwards, the C-terminal half domain of EhELO1 was 
further dissected at the loops of four transmembrane heli-
ces into four subdomains: A (p141-p172), B (p173-p207), 
C (p208-p234), D (p235-p275), and chimeras with differ-
ent combinations of these subdomains were constructed for 
functional analysis in yeast (Fig. 3). Results showed that 
chimera 3 comprising the N-terminal domain and the C-ter-
minal subdomains A and B of EhELO2 and the C-terminal 
subdomains C and D of EhELO1 retained considerable 
PUFA elongation activity, but lost MUFA elongation activ-
ity. This result indicates that the C-terminal subdomains A 
and B of EhELO1 are essential for MUFA elongation, while 
the C-terminal subdomains C and D of EhELO1 are required 
for PUFA elongation.

Fig. 2   Elongation activity of 
two large domain-swapping 
chimeras of EhELO1 and 
EhELO2 in yeast. A Fatty acid 
analysis of the two chimeras in 
yeast without exogenous fatty 
acid feeding. Detected elonga-
tion products of 18:1–11 were 
20:1–13, 22:1–15 and 26:1–19. 
B Fatty acid analysis of the two 
chimeras in yeast with exog-
enous feeding of linoleic acid 
(LA, 18:2–9,12) and α-linolenic 
acid (ALA, 18:3–9,12,15). 
Elongated products of 
18:2–9,12 were 20:2–11,14 and 
22:2–13,16 (DDA) while Elon-
gated products of 18:3–9,12,15 
were 20:3–11,14,17 and 
22:3–13,16,19 (DTA)
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Chimera 4 comprising the N-terminal domain and the 
C-terminal subdomains C and D of EhELO2 and the C-ter-
minal subdomains A and B of EhELO1 lost the elongation 
activity of both MUFAs and PUFAs. This result indicates 
that the C-terminal subdomains C and D of EhELO1 are 
essential for PUFA elongation, but they are also required 
for MUFA elongation. Without subdomains C and D, sub-
domains A and B are not adequate for MUFA elongation.

Chimera 5 comprising the N-terminal domain and the 
C-terminal subdomain D of EhELO2, and the C-terminal 
subdomains A, B and C of EhELO1 retained substantial 
PUFA and MUFA elongation activity. However, it exhib-
ited higher elongation activity towards ω-6 PUFAs over ω-3 
PUFAs. This result indicates that C-terminal subdomain C, 
but not subdomain D, of EhELO1 is essential for PUFA and 
MUFA elongations.

Chimera 6 comprising the N-terminal domain and the 
C-terminal subdomains B, C and D of EhELO2, and the 
C-terminal subdomain A of EhELO1 lost both PUFA and 
MUFA elongation activity. As compared with that of chi-
mera 5, this result indicates the C-terminal subdomains B 
and C of EhELO1 are essential for the elongation of PUFAs 
and MUFAs.

Chimera 7 comprising the N-terminal domain and the 
C-terminal subdomains A, B and D of EhELO2, and the 
C-terminal subdomain C of EhELO1 did not exhibit any 
MUFA elongation activity, but still retained some residual 
PUFA elongation activity. This result confirms that subdo-
main B is essential for MUFA elongation and subdomain C 
is essential for PUFA elongation.

Chimera 8 comprising the N-terminal domain and the 
C-terminal subdomains B and D of EhELO2, and the C-ter-
minal subdomains A and C of EhELO1 produced the similar 
result as chimera 7. This result indicates that subdomain A 
does not enhance the capacity of subdomain C for PUFA 
elongation. As compared to that of chimera 5, this result 
also confirms subdomain B, not subdomain A, is essential 
for MUFA elongation.

Chimera 9 comprising the N-terminal domain and the 
C-terminal subdomains A and D of EhELO2, and the C-ter-
minal subdomains B and C of EhELO1 effectively elon-
gated both PUFAs and MUFAs. However, it also exhibited 
higher elongation activity to ω-6 PUFAs over ω-3 PUFAs. 
This result reaffirms that C-terminal subdomains B and C 
of EhELO1 are critical for the elongation of MUFAs and 
PUFAs, and both are essential for MUFA elongation while 
only subdomain C is essential for PUFA elongation.

Effect of site‑directed mutagenesis of amino acids 
in the subdomain C of EhELO1

As the C-terminal subdomain C of EhELO1 is most critical 
for both MUFA and PUFA elongations relative to that of 
EhELO2, we then looked into the residues in the subdomain, 
particularly those in the transmembrane helix VI that differ-
entiate the two elongases. Site-directed mutagenesis of these 
residues in EhELO1 by switching them to corresponding 
counterparts in EhELO2 showed that there were little effects 
on the elongase activity in substitutions of F212C, W218V, 
L221F and T225G, as these mutants still retained compara-
ble elongation efficiencies on both MUFAs such as 18:1–11 
and PUFAs including ω-6 PUFAs such as 18:2–9,12 and 
ω-3 PUFAs such as 18:3–9,12,15. However, dramatic change 
was observed in the substitution mutant G220S where the 
activity of both MUFA elongation and PUFA elongation was 
completely lost (Fig. 4, Table 1).

Effect of site‑directed mutagenesis in EhELO2

To confirm the amino acid at 220 in subdomain C plays a 
key role in differentiating the function of the two highly 
homologous elongases, the serine residue at the position 
in EhELO2 was substituted with its counterpart glycine in 
EhELO1 (S220G). The mutagenesis showed that the substi-
tution restored the elongation activity of EhELO2 on PUFAs 
where the elongation efficiencies of ω-6 PUFAs and ω-3 

Fig. 3   Effects of C-terminal 
subdomain swapping of 
EhELO1 and EhELO2. A 
Schematic Illustration of sub-
domain swapping of chimeras. 
Black box: EhELO1. Grey box: 
EhELO2. B Elongation activity 
of chimeras on MUFAs and 
PUFAs was represented by the 
category relative to the native 
EhELO1: + , 4 − 10%; +  + , 
11 − 50%; +  +  + , 51 − 100%; 
ND not detected

MUFAs w-6 
PUFAs

w-3 
PUFAs
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PUFAs reached about 7% and 10%, respectively (Fig. 4, 
Table 1). However, substitutions of the serine in EhELO2 
with a small hydrophobic amino acid valine (S220V) or 
a similar hydroxy amino acid threonine (S220T) did not 
exhibit any elongation activity. This result indicates gly-
cine at the position is absolutely required for the elongation 
activity.

Effect of site‑directed mutagenesis of amino acids 
in the other regions of EhELO1

Next, we investigated the residues that were highly con-
served in the other regions than subdomain C of EhELO1 
that might be important for the elongase activity. Two 
strictly conserved cysteine residues were found at positions 
108 and 237 located in the loops of transmembrane helices II 
and III, and transmembrane helices VI and VII. Changes of 
the cysteine residue at 108 to alanine or glutamine (C108A 
or C108Q) resulted in complete loss of elongase activity on 
both MUFAs and PUFAs (Table 1). This result indicates that 
the cysteine is essential and might be involved in the forma-
tion of a disulfide bond with that at 237, which was believed 
to be required for maintaining the conformation and stability 
of ELO-type elongases (Nie et al. 2021).

In addition, a systematic tryptophan scanning mutagenesis 
(Wojciechowski et al. 2015) was employed to introduce tryp-
tophan residues at positions near the catalytic histidine sites of 
the helices on the rationale that a large and hydrophobic tryp-
tophan would be tolerated at positions facing the hydrophobic 
interior of the membrane lipids, but not at positions facing 
the substrate tunnel. The mutagenesis showed that changes 
of valine at 161 (V161W), methionine at 164 (M164W) and 
cysteine at 165 to tryptophan (C165W) in the transmembrane 
helix IV of subdomain A resulted in the total loss of elongase 
activity on both MUFAs and PUFAs. Changes of threonine at 
162 (T162W) lost MUFA elongation activity, but still retained 
some residual activity on PUFA elongation. On the other hand, 
changes of threonine at 159 (T159W) and isoleucine at 163 
(I163W) to tryptophan retained substantial elongase activity 
on both MUFAs and PUFAs (Table 1). This result indicates 
valine at 161, methionine at 164 and cysteine at 165, but not 
threonine at 159 and isoleucine at 163, might be critically 
involved in defining the structure of the substrate tunnel for 
catalytic activity.

Fig. 4   Effects of site-directed 
metagenesis of the residue at 
position 220 in EhELO1 and 
EhELO2. A Fatty acid analysis 
of wild type of EhELO1 and 
substitution of the glycine in 
EhELO1 with serine (G220S) 
fed with LA and ALA. B Fatty 
acid analysis of wild type of 
EhELO2 and substitution of the 
serine in EhELO2 with glycine 
(S220G) fed with LA and ALA
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Discussion

Identification of two highly homologous ELO-like elon-
gases EhELO1 and EhELO2 with essentially different 
activity provides a good opportunity to investigate the 
structural determinants for the catalytic activity and sub-
strate specificity of the elongase using domain swapping and 
site-directed mutagenesis. For domain swapping analysis, 
we first dissected the two sequences carefully in the middle 
of sequences guided by the topological structure into two 
halves, then swapped them with each other to give two chi-
meras. Functional analysis of the two chimeras pinpointed 
the C-terminal half of EhELO1 for the critical role in both 
PUFA and MUFA elongations. Afterwards, the C-terminal 
half domain of EhELO1 and EhELO2 was further dissected 
into four subdomains guided by the topological structure. 
Functional analysis of subdomain-swapped chimeras showed 
that essentiality of subdomain C and B of EhELO1 for 
PUFA and/or MUFA elongation. Subdomain D of EhELO1 
is not required for elongation of either MUFAs or PUFAs; 
however, it might have a role in assisting subdomain C in 
elongating ω-3 PUFAs, as both chimeras 5 and 9 without 
this subdomain exhibits the higher elongation activity to ω-6 
PUFAs over ω-3 PUFAs, which is opposite to the activity 
of the native EhELO1. Interestingly, previous reports also 

noted that these regions of ELO-type elongases could affect 
the specificity of acyl-CoA substrates and length of final 
products (Denic and Weissman 2007; Vrinten et al. 2010).

After revealing the critical role of C-terminal subdomain 
C of EhELO1 for elongating both MUFAs and PUFAs, we 
then utilized site-directed mutagenesis to interrogate the 
residues in the subdomain that could differentiate the two 
elongases. Functional analysis of reciprocal switch mutants 
pinpointed the critical role of the glycine at 220 in the 
subdomain C of EhELO1 for the functionality of the two 
elongases, as substitution of it to its counterpart in EhELO2 
(G220S) lost all elongation activity and substitution of the 
serine at the same position in EhELO2 to glycine (S220G) 
restores the elongation activity of EhELO2 towards both 
ω-6 PUFAs and ω-3 PUFAs. It is interesting to note that the 
glycine residue at the position was found to be highly con-
served in a group of ELO elongases from microalgae with 
Δ9 PUFA elongation activity (Figure S1) (Qi et al. 2002; 
Petrie et al. 2010; Sayanova et al. 2011; Li et al. 2011).

The three-dimensional structure of a human ELO elon-
gase has been recently resolved (Nie et al. 2021). It pos-
sesses a narrow substrate tunnel formed by two units of 
three transmembrane α-helices (II–IV and V–VII). Struc-
tural modeling of the plant ELO-type elongases showed that 
the glycine at 220 in transmembrane helix VI of EhELO1 

Table 1   Effects of site-directed 
mutagenesis of residues 
in EhELO1 and EhELO2 
on percentage elongation 
efficiencies of MUFAs and 
PUFAs

Means of three biological replicates with standard deviation
ND activity was not detected

Substitutions MUFAs (%) ω6-PUFAs (%) ω3-PUFAs (%)

EhELO1 wild type 30.6 ± 1.5 38.3 ± 1.8 51.0 ± 1.1
 Subdomain C
  EhELO1(F212C) 27.5 ± 0.7 32.0 ± 0.7 44.0 ± 0.4
  EhELO1(G220S) ND ND ND
  EhELO1(W218V) 23.8 ± 0.3 29.9 ± 0.4 44.7 ± 0.4
  EhELO1(L221F) 30.7 ± 1.1 41.0 ± 0.9 50.6 ± 1.4
  EhELO1(T225G) 31.6 ± 0.5 39.9 ± 0.5 50.4 ± 0.8

 Cysteine
  EhELO1(C108A) ND ND ND
  EhELO1(C108Q) ND ND ND

 Subdomain A
  EhELO1(T159W) 30.2 ± 1.1 36.5 ± 1.1 42.7 ± 1.3
  EhELO1(V161W) ND ND ND
  EhELO1(T162W) ND 3.7 ± 0.1 8.3 ± 0.4
  EhELO1(I163W) 22.8 ± 0.9 27.5 ± 0.9 38.7 ± 0.9
  EhELO1(M164W) ND ND ND
  EhELO1(C165W) ND ND ND

EhELO2 wild type ND ND ND
 Subdomain C
  EhELO2(S220G) ND 6.5 ± 0.6 9.8 ± 0.4
  EhELO2(S220V) ND ND ND
  EhELO2(S220T) ND ND ND
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faces the middle substrate tunnel; thus, would play a criti-
cal role in defining the architecture of the substrate tunnel 
for substrate acceptance and interaction (Fig. 5). With the 
small size, it could widen the pocket, and with the flexibil-
ity, it could help accommodate different sizes and shapes 
of fatty acyl chains. Therefore, the change of this residue to 
serine in EhELO1 might have disrupted the structure of the 
substrate tunnel.

According to the modeled three-dimensional struc-
ture of EhELO1, the substrate tunnel is mainly defined 
by directed amino acids on transmembrane helices IV, 
VI, and VII. Besides the glycine at 220 in transmembrane 
helix VI, valine at 161, methionine at 164, and cysteine 
at 165 in transmembrane helix IV also face the middle 
substrate tunnel. However, threonine at 159 and isoleu-
cine at 163 in transmembrane helix IV face the opposite 
side of the tunnel (Fig.  5). Changing those facing the 
substrate tunnel to tryptophan resulted in the total loss of 
the elongase activity on both PUFAs and MUFAs while 
changing those facing the opposite side to tryptophan still 

retained substantial elongation activity on both MUFAs 
and PUFAs. This implies that valine at 161, methionine at 
164, and cysteine at 165 in transmembrane helix IV also 
play vital roles in defining the architecture of the substrate 
tunnel due to the critical positions. Substitution of these 
amino acids with tryptophan, an amino acid with a large 
and aromatic side chain might have disrupted the struc-
ture probably by closing off the tunnel. On the other hand, 
substitution of threonine at 159 and isoleucine at 163 with 
tryptophan could be tolerant as they face the interior of the 
membrane lipids and do not contribute significantly to the 
formation of the substrate tunnel for substrate acceptance 
and interaction.

In summary, this study has determined the structural fac-
tors critical for catalytic activity and substrate specificity 
of the first higher plant ELO-type elongase using domain 
swapping and site-directed mutagenesis. The information 
gained is useful for designing this type of enzymes to pro-
duce specific very long chain PUFAs for nutraceutical uses.
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