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a b s t r a c t

A D11 desaturase from the oblique banded leaf roller moth Choristoneura rosaceana takes the saturated
myristic acid and produces a mixture of (E)-11-tetradecenoate and (Z)-11-tetradecenoate with an excess
of the Z isomer (35:65). A desaturase from the spotted fireworm moth Choristoneura parallela also
operates on myristic acid substrate but produces almost pure (E)-11-tetradecenoate. The two desaturases
share 92% amino acid identity and 97% amino acid similarity. There are 24 amino acids differing between
these two desaturases. We constructed mutations at all of these positions to pinpoint the sites that
determine the product stereochemistry. We demonstrated with a yeast functional assay that one amino
acid at the cytosolic carboxyl terminus of the protein (258E) is critical for the Z activity of the C. rosaceana
desaturase. Mutating the glutamic acid (E) into aspartic acid (D) transforms the C. rosaceana enzyme into
a desaturase with C. parallela-like activity, whereas the reciprocal mutation of the C. parallela desaturase
transformed it into an enzyme producing an intermediate 64:36 E/Z product ratio. We discuss the causal
link between this amino acid change and the stereochemical properties of the desaturase and the role of
desaturase mutations in pheromone evolution.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The integral membrane fatty acyl desaturases (FADs) in the
Lepidoptera have evolved to function not only in normal cellular
lipid metabolism, but also in the biosynthesis of moth sex phero-
mones that are more or less species-specific chemical signals for
mate recognition (Knipple et al., 2002). Desaturases are key en-
zymes producing the great diversity of moth pheromones (Knipple
et al., 1998; Liu et al., 2002; Roelofs et al., 2002; Jeong et al., 2003;
Li�enard et al., 2010). They introduce double bonds at different lo-
cations in the fatty acyl chain in E or Z configurations. Most desa-
turases active in moth pheromone biosynthesis prefer 14e18C
substrates (Li�enard et al., 2008; Ding et al., 2011). Based on the
position in which the double bond is introduced and their phylo-
genetic relationships, desaturases in Lepidoptera can be organized
into different groups. Most of them fall into three major groups; a
D9 (16C > 18C) clade with a preference for palmitic acid, a D9
(18C > 16C) with a preference for stearic acid, and a third clade
comprising D11, D10, bifunctional desaturases and other
).
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desaturases (Roelofs et al., 2002; L€ofstedt et al., 2016). The first two
clades comprise mostly homeostatic desaturases, which are
important for maintaining the fluidity of cell membranes, whereas
the third clade contains desaturases mainly dedicated for phero-
mone production.

Some desaturases have evolved multiple functions that entail
conjugated double bonds (Moto et al., 2004; Matou�skov�a et al.,
2007; Serra et al., 2006) and in some cases the same desaturase
can produce a triple bond in the acyl chain of moth sex pheromones
by sequential action (Serra et al., 2007). There aremany desaturases
reported that interact with the same substrate, but their products
may have strikingly different stereochemistry and have a strong
influence on species specificity of the sex pheromone (Hao et al.,
2002; Liu et al., 2004; Bu�cek et al., 2015). Different moth species
often use specific ratios of E and Z isomers of their fatty acid-
derived sex pheromones. These differences may be determined
directly by the isomer ratios produced by the desaturases or they
may bemodulated by the subsequent action of fatty acyl reductases
(FARs), critical in transforming the fatty acyl precursors into volatile
pheromone components (Lassance et al., 2010; Li�enard and
L€ofstedt, 2010).

A desaturase from Choristoneura rosaceana (CroD11, GenBank
accession no. AF545481) operating onmyristate produces a mixture
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of E/Z11-14:CoA in a ratio of 1:7 (Hao et al., 2002), whereas the
desaturase from Choristoneura parallela (CpaE11, GenBank accession
no. AF518014) also interacts with myristate but produces almost
pure E11-14:CoA (Liu et al., 2004). In the present study we address
the consequences of sequence variation for the stereochemical
output of the activity of these desaturases. We constructed muta-
tions of CroD11 based on the amino acids found to be different in
comparison with CpaE11 to investigate the influence of these spe-
cific sites on the product specificity of the enzymes.
2. Materials and methods

2.1. Vector construction and mutagenesis

To construct a series of mutated CroD11 desaturases, the entry
clone harboring the wild type CroD11 desaturase (synthesized by
GeneArt, invitrogen) was used as a template. Two PCR fragments
were generated for each target construct, by using the specific
primers as shown in Table 1 and in combination with M13 forward
and reverse primers (Atanassov et al., 2009). The two fragments
containing the attL1 site and attL2 site (recombination sites for
Gateway® technology) were cut from the agarose gel and purified
using the Wizard® SV Gel and PCR Clean up system (Promega
Biotech AB, Nacka, Sweden). Their concentration was measured by
Table 1
Primers used for mutagenesis.

Primer Sequence

12LM GTTGAGGATAT
12antisense GCTTTTCCTCGC
16del_E ATCTTCCTGAGA
16antisense ACAAGCTTCTCA
19LW CTTCCTGAGAG
19antisense TTGAGGAGCAA
33QE GCTGCTCCTAG
33antisense GGTTGGTGTAG
45WG CTGCTGACCTTC
45antisense GACCAGCAATA
65IV CTGCTAAGTGG
65antisense GATAAGAGCCA
69LI CAGACCATTAT
69antisense CCATCTCGTTCA
88AS TGGTGCTCATA
88antisense AGCCTTGTAAG
95TA CATAGATCTTAC
95antisense TGATCTGAAGA
103IM CAGATCATCCTG
103antisense GCTGTTGAAGA
109SA ATCTTCAACAG
109antisense AGCAGAGTTCT
116HN118IV GAGCTTCCAGA
116antisense CTATGATCCCTA
161AG163TM CCCTGAGGTTA
161antisense TAGATATCGCT
174IV GAGCGATATCT
174antisense GAAACCTCAGG
250MI251TA TGCCTGCTGAG
250antisense TCTCACCAAGG
252FL TGAGAACAAGA
252antisense CTCACCAAGGC
258ED TCATTGCTTGCC
258antisense ATGGTGGTAGT
259NS GCTTGCCTTGG
259antisense GTGGTAGTTGT
286KQ TCGGAATGAAT
286antisense GAAGAAATCGA
309KN ACTGCTTCCGA
309antisense CTTCATCCTGCT
321VI GAAGAGAACCG
321antisense ATACTTTTGACC
NanoDrop2000 (Thermo Scientific, Saveen Werner, Malm€o, Swe-
den) and their mole amount was calculated, then a fusion PCR was
performed by adding each of the two fragments in the same molar
amount, along with PCR buffer, dNTP and phusion® Taq (Thermo
Scientific), in a 20 mL reaction. Thermo cycle conditions were as
follows: 98 �C 30 s, then 10 cycles of 98 �C 5 s, 72 �C 2 min, then the
reaction was cooled quickly to 4 �C. Two mL of this fused product
was taken to a new tube to be used as template for a new round of
PCR reaction, with M13þ and M13� primers to amplify the suc-
cessfully fused mutated genes. The PCR product was checked by
electrophoresis on agarose gel and purified with the promega kit as
before. The fragment was then cloned into pYEX-CHT-DEST by LR
reaction (Atanassov et al., 2009), and recombinant constructs were
analyzed by sequencing.
2.2. Yeast heterologous expression

The pYEX-CHT recombinant expression vectors containing the
mutated desaturase genewere introduced into the double deficient
ole1 elo1 strain (MATa elo1::HIS3 ole1::LEU2 ade2 his3 leu2 ura3) of
the yeast Saccharomyces cerevisiae, defective in both desaturase and
elongase functions (Schneiter et al., 2000) using the S.c. easy yeast
transformation kit (Life technologies). For selection of uracil and
leucine prototrophs, the transformed yeast was allowed to grow on
GGAATCTGATATGCCTGAGAGCGAGGAAAAGC
TCTCAGGCATATCAGATTCCATATCCTCAAC
GCGAGAAGCTTGAGAAGCTTGT
AGCTTCTCGCTCTCAGGAAGAT

CGAGGAAAAGTGGGAGAAGCTTGTTGCTCCTCAA
CAAGCTTCTCCCACTTTTCCTCGCTCTCAGGAAG
AAAGTACGAGATTATCTACACCAACC
ATAATCTCGTACTTTCTAGGAGCAGC
GGTTACGGGCATATTGCTGGTC
TGCCCGTAACCGAAGGTCAGCAG
CAGACCGTTATTCTGGCTCTTATC
GAATAACGGTCTGCCACTTAGCAG
TCTGGCTATTATCCTGAACGAGATGG
GGATAATAGCCAGAATAATGGTCTG
GGCTTTGGAGTCATAGATCTTACAAGGCT
ATCTATGACTCCAAAGCCTATGAGCACCA
AAGGCTGCTGTGCCTCTTCAGATCA
GGCACAGCAGCCTTGTAAGATCTATG
ATGATCTTCAACAGC
TCATCAGGATGATCTG
CCTGGCTTTCCAGAACTCTGCT
GGAAAGCCAGGCTGTTGAAGAT
ACTCTGCTATTAACTGGGTTAGGGATCATAG
ACCCAGTTAATAGCAGAGTTCTGGAAGCTC
AGAAGAGGGGTAAGATGATCGATATGAGCGATATCTA
CATATCGATCATCTTACCCCTCTTCTTAACCTCAGGG
ACTCTAACCCTGTCCTGAGGTTTC
ACAGGGTTAGAGTAGATATCGCTC
AACAAGATAGCCTTAATTGCTTGCCTTGGTGAGA
CAAGCAATTAAGGCTATCTTGTTCTCAGCAGGCA
TGACCTTAATTGCTTGCCTTGGTGAG
AAGCAATTAAGGTCATCTTGTTCTCA
TTGGTGATAGCTTCCACAACTACCACCAT
TGTGGAAGCTATCACCAAGGCAAGCAATGA
TGAGAGCTTCCACAACTACCAC
GGAAGCTCTCACCAAGGCAAGC
TGGACCGCTCAGTTCATCGATTTCTTC
TGAACTGAGCGGTCCAATTCATTCCGA
TGAGAACATCAATAGCAGGATGAAG
ATTGATGTTCTCATCGGAAGCAGT
GTGATGGTACTGATATAAGCGGTCAAAAGTAT
GCTTATATCAGTACCATCACCGGTTCTCTTC
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SC plates containing 0.7% YNB (w/o amino acid, with ammonium
sulfate) and a complete drop-out medium lacking uracil and
leucine (Formedium™ LTD, Norwich, England), 2% glucose, 1% ter-
gitol (type Nonidet NP-40, Sigma-Aldrich Sweden AB, Stockholm,
Sweden), 0.01% adenine (Sigma) and 0.5 mM oleic acid (Sigma) as
an extra fatty acid source.

After 4 days incubation at 30 �C, individual colonies were picked
to inoculate 10 mL selective medium and then grown at 30 �C and
300 r.p.m for 48 h. Yeast cultures were diluted to an OD600 of 0.4 in
20 mL fresh selective medium containing 2 mM CuSO4 with sup-
plementation of the biosynthetic precursor, i.e. the methyl myr-
istate (14:Me) (Larodan Fine Chemicals, Malm€o, Sweden). The
FAME precursor was prepared at a concentration of 100 mM in 96%
ethanol and added to reach a final concentration of 0.5 mM in the
culture medium (Ding et al., 2011). Yeasts were cultured at 30 �C
with Cu2þ-induction.

After 48 h yeast cells were harvested by centrifugation at 3000g
and the medium was discarded. Total lipids were extracted using
3.75 mL of methanol/chloroform (2:1, v/v), in a glass tube. One mL
of acetic acid (0.15 M) and 1.25 mL of water were added to the tube
to wash the chloroform phase. Tubes were vortexed vigorously and
centrifuged at 2000g for 2 min. The bottom chloroform phase,
about 1 mL, containing the total lipids, was transferred to a new
glass tube. Fatty acid methyl esters (FAMEs) were made from this
total lipid extract by acid methanolysis. One mL of 2% sulfuric acid
in methanol (v/v) was added to the tube, vortexed vigorously, and
incubated at 90 �C for 1 h. After incubation, 1 mL of water was
added andmixed well, and then 1mL of hexanewas used to extract
the FAMEs.

2.3. GC-MS analysis of fatty acids

The methyl ester samples were subjected to GC-MS analyses on
a Hewlett Packard 6890 GC coupled to a mass selective detector HP
5973. The GCwas equippedwith an INNOWax column (30m� 0.25
mm � 0.25 mm), and helium was used as the carrier gas (average
velocity: 33 cm/s). The MS was operated in electron impact mode
(70 eV), and the injector was configured in splitless mode at 220 �C.
The oven temperaturewas set to 80 �C for 1min, then increased at a
rate of 10 �C/min up to 210 �C, followed by a hold at 210 �C for
15 min, and then increased at a rate of 10 �C/min up to 230 �C
followed by a hold at 230 �C for 20 min. The monounsaturated
fatty-acid products were identified by comparing their retention
times and mass spectra with those of synthetic standards. The
double bond positions were further confirmed by DMDS derivati-
zation (Buser et al., 1983) and subsequent GC-MS analysis. FAMEs
(50 mL) were transferred to a new tube, 50 mL DMDS was added and
the mixture was incubated at 40 �C overnight, in the presence of
5 mL of iodine (5% in diethyl ether). Hexane (200 mL) was added to
the sample and the reaction was neutralized by addition of
50e100 mL Na2S2O3 (15% w/v in water). The organic phase was
recovered and concentrated under a gentle nitrogen stream to a
suitable volume. DMDS derivatives were analyzed on an Agilent
6890 GC system equipped with an HP-5MS capillary column
(30 m � 0.25 mm � 0.25 mm, Agilent) coupled with an HP 5973
mass selective detector. The oven temperature was set at 80 �C for
1min, raised to 140 �C at a rate of 20 �C/min, then to 250 �C at a rate
of 4 �C/min and held for 20 min (Wang et al., 2010).

2.4. Desaturase modeling

The membrane topology of the moth desaturases was con-
structed based on TMHMM prediction (Krogh et al., 2001) and the
desaturasemodels published previously (Libisch et al., 2000; Gagn�e
et al., 2009; Vanhercke et al., 2011; Meesapyodsuk et al., 2007; Man
et al., 2006). 3D structural models were constructed with SWISS-
MODEL (http://swissmodel.expasy.org) based on the 3D structure
of mSCD1 (Bai et al., 2015) and hSCD1 (Wang et al., 2015). Docking
analyses of the substrate myristic acid-CoA were carried out with
Autodock Vina (Trott and Olson, 2010).

3. Results and discussion

By comparing the amino acid sequence of CroD11 and CpaE11,
we found differences to be restricted to 24 amino acids (Fig. 1),
although the stereochemical output e i.e. the E to Z isomer product
ratio of the two enzymese is very different. In order to pinpoint the
site(s) that control the product stereochemistry of the CroD11
desaturase, a series of mutated versions of CroD11 were created by
fusion PCR and Gateway™ methods. All in all 21 mutations were
performed, three of them containing two neighbouring amino acid
changes (i.e. 116 þ 118, 161 þ 163, 250 þ 251) and the remaining
containing one amino acid change only. The mutated constructs
were confirmed by sequencing and subsequently used to transform
the yeast strain deficient in both desaturase and elongase (ole1/
elo1). The yeast transformants were cultured in the presence of
methyl myristate supplemented as substrate and the yeast fatty
acid composition was analyzed. It was shown that when
exchanging the amino acid at the sites in Fig. 1, from CroD11 to their
counterpart in CpaE11, in most of the cases, the catalytic activity
was not affected at all (Table 2). In two cases (Q33E and S109A), the
enzyme activity was totally disrupted; possibly because the
changes interrupt the substrate binding motif of the enzyme, as the
asparagines (N) following positions 38 and 112 (corresponding to
75 and 148 in hSCD1) are important substrate binding residues of
the enzyme (Wang et al., 2015). When another site, at position 258,
located near the third histidine rich motif, was changed from E to D
(from glutamic to aspartic acid), the Z activity decreased dramati-
cally (Fig. 2), thus affecting the stereochemical output. This mutant
was assayed in several replicates, confirming the result. When the
reciprocal mutation of the 258D in CpaE11 to E was assayed, it was
found to bestow CpaE11 with Z activity (Table 3, Fig. 3). Our inter-
pretation is that the glutamic acid at position 258 is critical for the Z
activity of CroD11. We observed that the CroD11_E258Dmutant did
not completely abolish the Z activity of the enzyme, and likewise,
the CpaE11_D258E mutant did not completely modify the Z ratio of
the products to the level of the wild type CroD11. This suggests that
there are other amino acids influencing the stereochemical speci-
ficity of desaturase besides 258E/D. The amino acid at position 258
is among several residues that form the secondary coordination
sphere of the dimetal unit (Bai et al., 2015) (Figs. 4 and 5), all of
which are likely to have an influence on the enzymatic activity of
the desaturase.

Desaturases that catalyze the introduction of double bonds into
fatty acyl chains form two distinct classes, however, they all require
molecular oxygen and an electron donor, mostly cytochrome b5
(Okuley et al., 1994). One group is formed by soluble desaturases
operating on substrate acyl-acyl carrier protein (ACP) complexes,
found in plants and localized in plastids (Lindqvist et al., 1996), and
usually introduce the first double bond in a saturated molecule (Los
and Murata, 1998; Knipple et al., 1998). The other group, including
the majority of fatty acid desaturases (FADs), are membrane-bound
desaturases recognizing acyl chains esterified to CoA or phospho-
lipids, and they are involved in biosynthesis of (poly)unsaturated
fatty acids (Tocher et al., 1998). These desaturases are characterized
by possessing three histidine rich motifs, all on the same side of the
membrane, and four to six membrane-spanning helices (Sperling
et al., 2003). The two groups are completely unrelated although
they use the same cofactors and act similarly regarding product
stereochemistry (Shanklin and Cahoon, 1998; Sperling et al., 2003).

http://swissmodel.expasy.org


Fig. 1. Sequence alignment of CroD11 and CpaE11 with the mammalian SCD1s. Identity and similarity between the two insect desaturases were, 311/335 (92%) and 326/335 (97%)
respectively. Magenta font represents amino acids in the cytosol, turquoise amino acids are in the ER lumen and the black amino acids anchor in the ER membrane (trans-
membrane), as predicted by TMHMM Server v. 2.0. The boxes in the alignment are the sites at which mutations were performed. Histidine boxes are shown as underlined. Key
residues involved in substrate binding are labeled with solid balls and the amino acid position 258 is indicated with a star.
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The alkane hydroxylases, acetylenases, epoxygenases, and even
the enzymes that catalyze the postulated decarbonylation of al-
dehydes are all variations of the membrane-bound desaturases
(Shanklin et al., 1994; Sperling et al., 2003). They all house a di-iron
complex, and are evolutionarily very close to each other. Evidence
to support this close relationship includes the fact that as few as
four amino acid substitutions can convert a D12 desaturase to a
hydroxylase and as few as six result in conversion of a hydroxylase
to a desaturase, reflecting the catalytic plasticity of fatty acid
modification enzymes (Broun et al., 1998). This has led to a wide
range of studies using mutagenesis to investigate the functional
aspects of desaturases, linking regioselectivity, substrate specificity,
and chemoselectivity (desaturation/acetylenation ratio), to a
defined region or motif of the desaturase sequences (Vanhercke
et al., 2011; Gagn�e et al., 2009; Meesapyodsuk et al., 2007).

The recently determined 3D structure of membrane bound acyl-
CoA desaturases mSCD1 (Bai et al., 2015) and hSCD1 (Wang et al.,
2015) provide a detailed explanation of the structure-function re-
lationships of membraneebound fatty acid desaturases; along with
the crystal structures of the castor and the English ivy soluble ACP-
desaturases (Lindqvist et al., 1996; Guy et al., 2007) which already
provided some insights for engineering desaturases with novel



Table 2
The E/Z isomer ratios produced by mutated CroD11 compared with wild
type CroD11. In CroQ33E and CroS109A, the enzyme activity was totally
disrupted.

Mutations E11-14:CoA/Z11-14:CoA

CroD11_wt 35:65
CroL12M 31:69
Cro16del_E 33:67
CroL19W 34:66
CroQ33E e

CroW45G 31:69
CroI65V 35:65
CroL69I 30:70
CroA88S 32:68
CroT95A 35:65
CroI103M 36:64
CroS109A e

CroH116N_I118V 42:58
CroA161G_T163M 36:64
CroI174V 35:65
CroM250I_T251A 35:65
CroF252L 33:67
CroE258D 86:14
CroN259S 31:69
CroK286Q 35:65
CroK309N 34:66
CroV321I 35:65

Table 3
The E/Z isomer ratios produced bymutated CroD11 and CpaE11 compared with
their wild type counterparts. N ¼ 5, (±SEM).

Reciprocal mutations E11-14:CoA/Z11-14:CoA

CroD11_wt 35:65 (±1.4)
CroD11E258D 91:9 (±1.5)
CpaE11_wt 99:1 (±0.13)
CpaE11D258E 64:36 (±3.7)
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catalytic activities and specificities (Cahoon et al., 1997; Guy et al.,
2006; Whittle et al., 2008). The majority of fatty acid desaturase
mutagenesis studies are based on mapping onto a topological
model as shown in Fig. 4. Our model is constructed in light of
several models described in various studies (Libisch et al., 2000;
Gagn�e et al., 2009; Vanhercke et al., 2011; Meesapyodsuk et al.,
2007; Man et al., 2006). Consistent with the structure of mSCD1,
TM2 and TM4 have a few amino acids that protrude out of the
membrane and provide some of the coordinating residues for the
di-iron active site (Bai et al., 2015). The residues 95e116 form a
helix similar to helix 1 in SCD1 that is amphipathic and probably
resides at the interface between the cytosolic domain and the lipid
bilayer.

Many endeavors have been made to address the different
functional aspects of desaturases. By constructing the chimeric
Boofd6 desaturase, Libisch et al. (2000) found that chain length
specificity is determined by transmembrane helices 1 and 2 that are
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Fig. 2. Fatty acid methyl ester profiles from GC-MS analyses of yeast expressing the wild typ
font indicates methyl esters that are the product of the desaturase, and the smaller grey
occurring in the yeast cells.
involved in forming the substrate-binding site. Meesapyodsuk et al.
(2007) showed that two amino acids in the C-terminus determined
the ratio of D15/D12 products of CpDesX from Claviceps purpurea,
providing some insights into the nature of regioselectivity of this
desaturase. Recently, swapping of a single amino acid (A224I) in the
fatty acyl substrate binding tunnel introduced E/Z14-desaturation
activity to MsexD2 which is a desaturase already exhibiting Z11-
desaturation and conjugation activity (Matou�skov�a et al., 2007;
Bu�cek et al., 2015). This study lead to the identification of a mini-
mal structural motif that can bestow new desaturation activity and
hence underlined the inherent evolvability of pheromone biosyn-
thetic FADs which can shape the moth pheromone composition.

Previously it was shown that the three histidine rich motifs
(Fig. 4) are crucial for the catalytic activity of a desaturase (Shanklin
et al., 1994; Haritos et al., 2014), mutation of any of these histidines
disrupt the desaturase functionality, presumably disturbing the di-
iron binding at the catalytic center. Even the amino acids flanking
the histidine rich motifs are critical for the catalytic properties, as
shown in the study of the plant FAD2 desaturase (Broun et al., 1998;
Broadwater et al., 2002). They demonstrated that two amino acids,
adjacent to the di-iron binding region, determine the product chain
length distribution and reaction outcome. Moreover, by using
random mutagenesis Vanhercke and colleagues found that a
limited number of amino acid changes close to the membrane
surface, can have a significant effect on the regioselectivity and
chain length specificity of an acyl-CoA fatty acid desaturase
(Vanhercke et al., 2011). These studies suggest that these scattered
amino acids that are not involved in the formation of the mem-
brane anchor may build up the catalytically active sites. A better
understanding of the structure-function relationships of fatty acid
desaturases would open up the possibility to manipulate the dou-
ble bond position of substrates with various chain lengths to make
novel and valuable fatty acids or fatty acid derivatives.
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font indicates methyl esters that are supplemented to the yeast medium or naturally
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Fig. 3. Fatty acid methyl ester profiles from GC-MS analyses of yeast expressing the wild type CpaE11 (upper trace) and the mutated CpaE11_D258E (lower trace). The larger black
font indicates methyl esters are the product of the desaturase, and the smaller grey font indicates methyl esters are supplemented to the yeast medium or naturally occurring in the
yeast cells.

Fig. 4. Topological model of CroD11 desaturase spanning the ER membrane. The amino acids of the histidine-boxes in the cytosol, crucial for the catalytic activity of desaturase, are
depicted as magenta circles. The numbers along the peptide chain indicate the positions of mutations made in this study.

Fig. 5. Residues forming both the primary and secondary coordination shell around the dimetal center in CroD11 and CpaE11. Histidine residues (purple) are the first coordinating
residues and the red residues are the secondary coordination residues. The metal ions are shown as green spheres. The aspartic acid, and glutamic acid at position 258 are labeled.
The substrate myristic acid-CoA, shown docked at the highest scoring position according to Autodock Vina (Trott and Olson, 2010), is in green.
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Regarding the stereochemistry of the desaturation product, the
amino acids in the immediate neighborhood of the di-iron center
determine the geometry and the size of the hydrophobic cavity
(reactive cavity), which will affect the stereochemical outcome of
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the reaction as proposed by a study on a D8 sphingolipid desaturase
(Beckmann et al., 2002). This desaturase catalyzes the formation of
both Z- and E- double bonds suggesting the active site cavity is large
and flexible enough to bind the substrate in two alternative con-
formations, which results in the Z- or E- outcome respectively
(Beckmann et al., 2002). Moreover, an insect derived palmitoyl-CoA
D11 desaturase showed different catalytic behavior when given
substrates of different chain length (Pinilla et al., 1999). With the
increase of chain-length, the proportion of E-isomer decreased
dramatically, suggesting that when the length of the overhanging
alkyl residue is increased, the chance to accommodate two
conformational isomers in the active site decreased.

The available sequence data do not yet allow recognition of the
critical amino acids responsible for the differences in the stereo-
chemical outcome of desaturase reactions. In the present study, we
found an amino acid in the vicinity of the third histidine rich motif
that contributes strongly to the Z activity of an insect-derived
desaturase. Loss or gain of this amino acid results in loss or gain
of Z isomer in the product output (Table 3). In the docking exper-
iments (Fig. 5), the 258E/D residue is shown to contribute to the
formation of the secondary coordination sphere of the dimetal unit,
along with 129D, 133D and 228N. Thus, this residue could be
influencing the shape of the reactive cavity and may play an
important role in the catalytic property of this desaturase.

Chain length and double bond positional specificities of a sol-
uble plant fatty acid desaturase have been studied in great detail
(Cahoon et al., 1999). The amino acid contact residues in the sub-
strate binding channel of the soluble fatty acid desaturase were
identified, and subsequently replaced with different residues to
modify the enzymes activity. But these residues are in most cases
not transferable to the acyl-CoA type desaturases. Tyr104 on TM2
probably has a crucial role in determining the substrate length in
mSCD1, because it is capping the end of the substrate tunnel (Bai
et al., 2015). When the threonine at the corresponding position
was changed to tyrosine, the Calanus hyperboreus desaturase
(ChDes1) lost its ability to accept cerotic acid, while retaining the
ability to desaturate 18:0 (Meesapyodsuk and Qiu, 2014). In our
moth desaturases, CpaE11 and CroD11, the highly conserved Tyr is
replaced by Asn, it would be interesting to change it back to Tyr to
see how this affects the substrate chain length preference.

Our study demonstrates that one amino acid is critical for
determining the stereochemical specificity of a Lepidopteran
desaturase. This parallels a previous mutagenesis study addressing
substrate preference of the fatty acyl reductase involved in phero-
mone biosynthesis (pgFAR) (Lassance et al., 2013) and further
substantiates the idea that single amino acid polymorphisms may
underlie drastic changes in pheromone composition. E/Z isomer
ratios are important for the activity and species-specificity of moth
sex pheromones (L€ofstedt et al., 1991). The E/Z ratio produced by
the desaturasemay be subsequentlymodulated by the selectivity of
the pgFAR (Lassance et al., 2010, 2013) but in many cases the ste-
reochemistry of the desaturation may directly influence the E/Z
ratio between the final pheromone components. Our results also
demonstrate the potential for tailor-made production of specific
insect pheromone components in cell and plant factories
(Hagstr€om et al., 2013; Ding et al., 2014) through protein engi-
neering of the desaturases involved.
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