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ABSTRACT: Marine algae are a major source of ω-3 long-chain
polyunsaturated fatty acids (ω3-LCPUFAs), which are condition-
ally essential nutrients in humans and a target for industrial
production. The biosynthesis of these molecules in marine algae
requires the desaturation of fatty acids by Δ6-desaturases, and
enzymes from different species display a range of specificities
toward ω3- and ω6-LCPUFA precursors. In the absence of a
molecular structure, the structural basis for the variable substrate
specificity of Δ6-desaturases is poorly understood. Here we have
conducted a consensus mutagenesis and ancestral protein
reconstruction-based analysis of the Δ6-desaturase family, focusing
on the ω3-specific Δ6-desaturase from Micromonas pusilla (MpΔ6des) and the bispecific (ω3/ω6) Δ6-desaturase from Ostreococcus
tauri (OtΔ6des). Our characterization of consensus amino acid substitutions in MpΔ6des revealed that residues in diverse regions of
the protein, such as the N-terminal cytochrome b5 domain, can make important contributions to determining substrate specificity.
Ancestral protein reconstruction also suggests that some extant Δ6-desaturases, such as OtΔ6des, could have adapted to different
environmental conditions by losing specificity for ω3-LCPUFAs. This data set provides a map of regions within Δ6-desaturases that
contribute to substrate specificity and could facilitate future attempts to engineer these proteins for use in biotechnology.

ω-3 long-chain polyunsaturated fatty acids (ω3-LCPUFAs)
such as docohexaenoic acid (DHA, C22:6Δ4,7,10,13,16,19) and
eicosapentaenoic acid (EPA, C20:5Δ5,8,11,14,17) are conditionally
essential fatty acids in humans that are vital to healthy
metabolism.1 Deficiencies in these dietary fatty acids result in a
reduction of cell membrane fluidity that can adversely affect
neurotransmission and contribute to cardiovascular disease.2,3

However, most animals have a limited capacity to synthesize
ω3-LCPUFAs as they lack key desaturase enzymes that
catalyze the production of ω3-LCPUFAs from precursors
such as linoleic acid (LA, C18:2Δ9,12) and α-linolenic acid
(ALA, C18:3Δ9,12,15) by introducing double bonds into fatty
acid acyl chains. In nature, marine algae are some of the
primary producers of ω3-LCPUFAs via the Δ6-desaturase-
dependent pathway, which then accumulate in fish oils that
serve as a major dietary source of ω3-LCPUFAs for humans.
However, due to the scarcity of marine resources, relying
wholly on fish oils for dietary ω3-LCPUFA requirements is
projected to be unsustainable. More efficient methods of ω3-
LCPUFA production are thus of interest, the development of
which requires a better understanding of the enzymes that
catalyze the rate-limiting commitment step in their synthesis,
Δ6-desaturases.4−7

Δ6-Desaturases belong to the family of membrane-bound
front-end desaturases, which catalyze double bond formation
at specific positions near the fatty acid carboxyl end. Δ6-
Desaturases specifically introduce a double bond between the
acyl-chain C6 and C7 and preferentially target substrates such
as LA and ALA that already possess several double bonds,
including bonds at the Δ9 position.4,8 Although crucial to
LCPUFA production pathways, these enzymes have proven to
be extremely difficult to characterize in depth. Very few high-
resolution structures of membrane-bound fatty acid desa-
turases have been determined, none of which are of Δ6-
desaturases, and these enzymes cannot be easily purified in an
active form. Sequence-based modeling and topology studies
have nonetheless provided cursory information about the
organization of these enzymes, generally predicting a four-
transmembrane helix (TMH) topology that resembles that of
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the few crystallized Δ9-desaturases.9−11 These TMHs form
one portion of the enzymes’ desaturase domain, which also
contains the enzyme active site and three conserved histidine-
rich motifs (His boxes) that are thought to coordinate a di-iron
center.12−15 Δ6-Desaturases are also known to require a fused
b5 cytochrome domain at their N-terminus for their activity,
which functions as an electron donor during catalysis.16−18

However, although several other desaturases are capable of
accepting electrons from cytoplasmic cytochromes, mutating
key residues in the b5 domain of Δ6-desaturases renders the
enzymes nonfunctional, hinting that this domain may serve
additional roles in Δ6-desaturases.19,20
The LCPUFA Δ6-desaturase-dependent biosynthesis path-

way was recently reconstructed in model and crop plant
systems using the Micromonas pusilla Δ6-desaturase
(MpΔ6des) (Supplementary Figure 1).4,5,21,22 MpΔ6des was
chosen to catalyze this reaction, because it is among the most
active Δ6-desaturases that preferentially recognize ω3- over
ω6-LCPUFA precursors to be identified from algae or
plants.4,6 Other Δ6-desaturases, such as that from Ostreococcus
tauri (OtΔ6des), do not display a preference for ω3-LCPUFA
precursors and are therefore less desirable for biotechnology
applications.23,24 Although MpΔ6des is an efficient and
moderately ω3-specific Δ6-desaturase, further optimization of
this enzyme, particularly in terms of its specificity for ω3-
substrates such as α-linolenic acid, would result in enhanced
recombinant LCPUFA production in plants. Mutagenesis
studies have revealed that the second putative TMH, the
regions adjacent to the conserved histidine motifs, and the C-
terminus affect the regioselectivity and the preferred substrate
chain length of membrane desaturases.10,11,25,26 However,
although Δ6-desaturases have been identified that naturally
prefer either ω3- or ω6-fatty acids,23,27−31 detailed muta-
genesis studies to modify ω3/ω6-fatty acid preference have not
been performed, to the best of our knowledge. Similarly, the
evolution of ω3/ω6-fatty acid specificity, including divergence
between MpΔ6des and OtΔ6des, has not been investigated in
detail.
Here, we have conducted an intensive mutagenesis study

aimed at understanding Δ6-desaturase specificity through the
introduction of consensus mutations from the larger algal
desaturase family and ancestral protein reconstruction. This
study identifies several regions of the protein that affect
substrate preference, including a more significant role for the
cytochrome b5 domain than previously thought. These results
combined with modeling and topology predictions also suggest
mechanisms by which desaturases gate substrate specificity.
Overall, this work takes important steps to elucidate the
complexities of desaturase substrate specificity, laying a
foundation for the future engineering of these critical enzymes
along the ω3-LCPUFA production pathway.

■ METHODS
Yeast Vectors and Strains. An isogenic strain of

Saccharomyces cerevisiae S288C (his3D200, ura3-52, leu2D1,
lys2D202 and trpD63)32 was used throughout this project for
the expression of the wild type and variants of MpΔ6des. The
pYES2-ura yeast expression vector containing the wild-type
MpΔ6des gene was used for the expression and mutagenesis of
the desaturases. Escherichia coli TOP10 cells were used for
plasmid preparation and cloning procedures.
Phylogenetic Analysis and Structural Modeling of

Algal Δ6-Desaturases. MpΔ6des (UniProt C1MMV2) was

used as the query sequence, and BLASTP was used as the
search engine to retrieve 100 homologues of front-end
desaturases in the nonredundant protein sequence data-
base.33,34 After the sequence set was processed using the
CD-HIT suite35 to remove sequences with sequences that are
>90% identical, duplicate sequences and highly similar
sequences were removed. The number of sequences was
reduced to 57, which were aligned with the MUSCLE
algorithm36 in the MEGA6 program.37

A phylogenetic tree was constructed using the maximum-
likelihood method implemented by the MEGA6 program.37

The phylogenetic tree was constructed using the maximum-
likelihood method with the LG rate matrix and bootstrapped
with 100 replicates. The ancestral protein AncΔ6 was
constructed from the phylogenetic tree using the empirical
Bayesian method that is implemented in the PAML4 software
package.38 Because of the low degree of sequence conservation
of the N-terminus, fragment 1−54 of wild-type MpΔ6des
replaced the low-confidence inferred N-terminus of the
ancestor.
The transmembrane topology prediction was carried out

using the CCTOP Web server39 and the visual representation
generated using the PROTTER Web server.40 Amino acid
sequences for MpΔ6des, OtΔ6des, and AncΔ6 were then
submitted to the Phyre2 Web server for homology protein
structure prediction.41 Desaturase domains for all three were
modeled using the two available acyl-CoA desaturase
structures [Protein Data Bank (PDB) entries 4YMK42 and
4ZYO43] as templates, and cytochrome b5 domains were
modeled using several free cytochrome b5 structures as
templates.

Construction of MpΔ6des Variants. The previously
constructed pYES2-ura plasmid with the MpΔ6des gene
cloned between the KpnI and SacI sites was used as the
template to generate the desired single mutants. Primer pairs
were designed according to the QuikChange site-directed
mutagenesis protocol.44 A T7 primer was used with the
antisense primer, and a Gal1 terminator primer was used with
the sense primer of each mutagenesis primer pair to generate
DNA fragments with the desired mutation in the overlapping
region. The DNA fragments and the KpnI/SacI-digested
pYES2 vector were assembled using an in-house Gibson
assembly kit.45 The resulting coding regions were confirmed by
sequencing. The 23 algal Δ6 consensus mutants were
constructed and cloned by GenScript.

Functional Expression in Yeast. Yeast expression
plasmids were transformed into S. cerevisiae S288C using the
Yeast-1 transformation kit (Sigma-Aldrich, Australia), accord-
ing to the provided protocol. Transformants were screened on
yeast minimal growth agar supplemented with 2% agar, 2%
glucose, and an amino acid mixture lacking uracil (SC−-Ura
Glu). Successful transformants were confirmed by colony
polymerase chain reaction.
Starter cultures of S288C transformants were set up in 5 mL

of SC−-Ura medium supplemented with 2% glucose. After
incubation overnight at 28 °C while being shaken, yeast cells
were washed with sterile deionized water. The washed yeast
cells were resuspended in 5 mL of SC−-Ura medium
supplemented with 1% Tergitol, 2% galactose, 0.25 mM α-
linolenic acid (C18:3n-3Δ9,12,15), and 0.25 mM linoleic acid
(C18:2n-6Δ9,12) at an OD600 of ∼0.3. After overnight
incubation at 28 °C while being shaken, the yeast cells were
washed successively with 5 mL of 1% Tergitol, 0.5% Tergitol,
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and deionized water to remove non-incorporated free fatty
acids. The yeast pellets were freeze-dried for lipid analysis.
HA Tagging of Wild-Type MpΔ6des and Its Variants.

Primers were designed to add an influenza hemagluttinin (HA)
tag onto the N-terminus of MpΔ6des via blunt-end ligation.
The N-terminal HA-tagged variants were generated by
assembling the N-terminus of the tagged WT MpΔ6des with
the variant genes and the KpnI/SacI-digested pYES2 vector
using an in-house Gibson assembly kit. The tagged coding
regions were confirmed by sequencing.
Lipid Analysis. Fatty acid methyl esters were prepared

from the freeze-dried yeast pellets by transesterification with 1
mL of the methylation solution (10:1:1 MeOH:dichlorome-

thane:HCl) for 2 h at 80 °C. After the addition of 1 mL of
deionized water into each sample, the methylated fatty acids
were extracted with 0.3 mL of the extraction solution (4:1
hexane:dichloromethane) and reconstituted in hexane before
GC analysis.4 The desaturation efficiency was calculated on the
basis of the integrated peak area as described previously4 and
normalized using the wild-type desaturase result in the same
assay set.

Western Blot Analysis. The S288C transformant cultures
were prepared as for the feeding assay, except that Tergitol and
fatty acid substrates were not added to the induced culture.
The yeast cell pellets were washed with 1 mL of 0.1 M Tris-
HCl (pH 7.2). The yeast lysate was prepared using 0.5 mm

Figure 1. Phylogenetic analysis of desaturases. (A) An unrooted phylogeny tree was constructed using MEGA version 6. The analysis demonstrated
the clear phylogenetic separation of algal, fungal, and animal desaturases. Desaturase sequences included in the tree are identified in Supplementary
Table 1. The bootstrap values (100 bootstrap repetitions) of major nodes are denoted. The identity of the protein at each node is presented using
its UniProt ID with MpΔ6des and OtΔ6des denoted for the sake of clarity. (A) The posterior probability distribution and mean posterior
probability of the inferred Δ6-desaturase ancestor AncΔ6 are shown as a cumulative probability graph for posterior probability intervals of 0.1.
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zirconium oxide beads and a Bullet blender (Next Advance,
Cambridge, MA) in 200 μL of resuspension buffer [50 mM
Tris-HCl (pH 7.9), 20 mM glycerol, and 1 mM DTT]. The
total protein concentration was determined using the Bradford
Protein Assay Kit (Thermo Scientific, Waltham, MA) with
albumin as a standard for each Western blot.
A sample of protein lysate equivalent to 40 μg of total

protein was run on a NuPAGE 10% Bis-Tris Protein Gel
(NOVEX, Thermo Fisher Scientific) and transferred to a piece
of a nitrocellulose membrane using a semidry transfer
apparatus (Hoefer Semiphor, Pharmacia). The membrane
was blocked for 1 h with blocking buffer [5% skim milk
suspension in 20 mM Tris-HCl, 8% NaCl, and 0.1% Tween 20
(pH 7.6)] and probed with an anti-HA antibody at a 1:5000
dilution (Sigma) in blocking buffer. The membrane was then
washed four times with 20 mL of TBST [20 mM Tris-HCl, 8%
NaCl, and 0.1% Tween 20 (pH 7.6)] for 10 min and probed

with the anti-mouse horseradish peroxidase-conjugated anti-
body at a 1:10000 dilution in blocking buffer. The membrane
was washed four times again as before, and a 1:1 mixture of a
peroxide solution and the luminol/enhancer solution from the
SuperSignalchemiluminescent substrate kit (Pierce) was
added. The blot was visualized with ChemiDoc (Bio-Rad).

■ RESULTS
Phylogenetic Analysis of MpΔ6des Homologues. In

the absence of any molecular structure to guide mutagenesis,
we first sought to obtain deeper insight into these proteins
through phylogenetic analysis. Previous phylogenetic studies of
membrane-bound desaturases revealed the evolutionary
separation of acyl-CoA desaturases and acyl-lipid desaturases.4

For the purpose of consensus mutation design and ancestral
protein reconstruction (APR), we conducted a focused
phylogenetic analysis of MpΔ6des homologues. The protein

Figure 2. Predicted topology of MpΔ6des. (A) The corrected four-TMH topology for algal Δ6-desaturases is shown as a PROTTER topology
schematic. The N- and C-termini as well as the His box motifs indicated are known to be cytoplasmic. (B) Phyre 2 models of MpΔ6des and
OtΔ6des are shown side by side with the crystal structures of MmΔ9des and HsΔ9des. All four desaturases adopt a four-TMH topology. However,
MmΔ9des and HsΔ9des do not possess a cytochrome b5 domain; therefore, despite the correct identification of the MpΔ6des and OtΔ6des b5
domains by the Phyre2 algorithm, their exact position relative to the linked desaturase domain in each protein is unknown.
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basic local alignment search tool (BLAST) was used to search
the nonredundant protein database with the MpΔ6des protein
sequence.34 A cutoff of 26% sequence identity to MpΔ6des
was applied to obtain a data set of closely related sequences
containing Δ4-, Δ5-, and Δ6-desaturases from animals, simple
unicellular organisms, and marine green algae (Supplementary
Table 1). No close homologues were found in modern plants.

The phylogenetic analysis of the members mentioned above
using a maximum-likelihood algorithm showed the clear
separation of animal desaturases from the Δ5- and Δ6-
desaturases of other organisms (Figure 1). In each group, there
are separate Δ5-desaturase and Δ6-desaturase clades. Algal
Δ6-desaturases form one clade, whereas the Δ5 clade contains
Δ5-desaturases from algae and a number of other related

Figure 3. Activity and specificity of MpΔ6des consensus variants. (A) Conversion efficiencies for both ω3- and ω6-substrates (ALA, black; LA,
white), defined as the percentage of ω3- or ω6-substrate converted to products of Δ6-desaturase-dependent pathways, are shown for the MpΔ6des
variants identified by consensus mutagenesis, normalized to wild-type conversion efficiency (n = 3 ± 1 SD). Results are grouped by the consensus
set in which they were predicted. Combinatorial mutants, grouped with OtΔ6des, are named by the mutations included, with S-N representing the
S201N mutation, E-D the E222D mutation, and A-L the A270L mutation, with the exception of V3, which includes all three mutations mentioned
above. (B) Relative ω3/ω6 specificities for all variants are shown, normalized to the ω3:ω6 ratio of the wild type (n = 3 ± 1 SD). A ratio of >1
represents an increase in ω3 specificity, whereas a ratio of <1 represents an increase in ω6 specificity, relative to that of wild-type MpΔ6des.
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unicellular organisms.46 Δ4-Desaturases are present in only
algae and form a distinct clade from the other algal desaturases.
Considering that Δ4-desaturation is the last step of ω3-
LCPUFA biosynthesis that converts DPA to DHA (Supple-
mentary Figure 1), the clustering of algal Δ4-desaturases may
indicate a later gene duplication event as part of cold
adaptation, because the increased level of desaturation of the
C22 chain could result in higher membrane fluidity.47−50

Despite the evolution of land plants from an algal common
ancestor, the rare higher-plant Δ6-desaturases are thought to
have originated through retrotranscription, rather than by
direct inheritance.51 Hence, the absence of a modern plant
acyl-CoA Δ6-desaturase homologue is not surprising.
Topology Prediction of MpΔ6des. Although the algal

Δ6-desaturases have been functionally characterized, we
understand little about how their function relates to their
structure.4,28,30 Only two classes of membrane-bound desatur-
ase topologies have been experimentally verified. Most
eukaryotic desaturases adopt a four-TMH topology, including
the Mus musculus and Homo sapiens Δ9 acyl-CoA desaturases
(MmΔ9des and HsΔ9des, respectively), which are the only
two membrane-bound desaturases for which high-resolution
crystal structures have been determined (PDB entries 4YMK
and 4ZYO, respectively).42,52 A second topology, first validated
in the Bacillus subtilis Δ5 acyl-lipid desaturase (BsΔ5des),
possesses six TMHs instead.53 Although these three proteins
almost certainly evolved from a common ancestor and share
conserved functional motifs that include their active site and
the three His boxes, all three show substantial sequence
variation from MpΔ6des, ranging from 16% to 20% identity
(Supplementary Figure 2). To investigate the structure of
MpΔ6des and its interaction with the membrane, we
performed a transmembrane helix prediction using the
CCTOP topology prediction server,39 which predicts mem-
brane protein topology via the consensus of 10 different
topology prediction models enhanced with available structural
information from the TOPDB protein topology database.

The CCTOP consensus predicts three putative TMHs in
MpΔ6des. However, unlike control predictions made for
MmΔ9des and BsΔ5des, which are accurately predicted as
possessing four and six TMHs, respectively, across the majority
of the modeling methods and cross-references used by
CCTOP, the level of agreement between models for MpΔ6des
is weaker, with the 10 methods predicting between three and
seven TMHs (Supplementary Figure 3). In addition, the
proposed three-TMH consensus cannot be accurate, as all
three His boxes (positions 191−195, 228−232, and 398−402)
and both termini are known to be cytoplasmic.10,11,46,54 Across
all 10 models as well as in the consensus topology, however,
TMHs are predicted to occur in roughly the same positions as
in MmΔ9des. It is therefore likely that the true topology of
MpΔ6des possesses four TMHs, with the predicted TMH1
helix instead forming adjacent TMH1 and TMH2 helices
similarly to MmΔ9des and HsΔ9des (Figure 2A). We then
used the Phyre2 Web server41 to generate homology models of
MpΔ6des and OtΔ6des (Figure 2B). Both resulting models
utilize the existing Δ9 desaturase and cytochrome b5 crystal
structures, further suggesting homology to these four TMH
desaturases, and place the four MpΔ6des TMHs at positions
150−169, 173−189, 305−323, and 329−349.

Identifying Determinants of MpΔ6des Specificity
through Consensus Mutagenesis. Δ6-Desaturases from
different organisms are known to catalyze Δ6-desaturation of
different acyl chains, with MpΔ6des, for example, exhibiting
high specificity for ω3-substrates whereas OtΔ6des demon-
strates comparable activity on both ω3- and ω6-fatty acids.
Rationally inferring and engineering the determinants of
desaturase specificity is however a difficult task given
experimental limitations when working with desaturases. A
lack of available high-resolution structural information prevents
the use of computational design tools to predict specificity-
linked residues in Δ6-desaturases, and the low-throughput
nature of existing activity assays for these enzymes precludes
the use of specificity-altering methodologies that require the

Figure 4. Position of specificity-altering MpΔ6des mutations. (A) Ribbon representation of MpΔ6des with mutated residues identified as colored
spheres as per their effect on enzyme substrate specificity (enhancing ω3 specificity, enhancing ω6 specificity, or having no substantial effect on
specificity). The conserved His box motifs are colored yellow, and a [(Z)-octadec-9-enyl] (2R)-2,3-bis(oxidanyl)propanoate substrate analogue,
shown as orange sticks, is modeled bound to the enzyme active site based on analogue-bound structures of MmΔ9des and HsΔ9des. Several
mutations cluster near either the His box motifs or the substrate binding site. Others, however, are located in distal positions such as the
cytochrome b5 domain. (B) A rotated view of the MpΔ6des ribbon with the cytochrome b5 domain hidden for the sake of clarity highlights the
position of the substrate binding cleft.
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screening of a large number of mutants such as directed
evolution. We thus turned to consensus mutagenesis to locate
positions responsible for MpΔ6des substrate specificity, as
introducing high-probability mutations from the desaturase
family in the context of the MpΔ6des scaffold is likely to yield
stable and functional enzymes, and these mutations are also
more likely to encode specificity information than random
mutations.
For this purpose, we used three different amino acid

consensus sets to identify suitable mutation sites. The first,
based on an alignment of algal Δ4-, Δ5-, and Δ6-desaturases
(including the Δ5-desaturases from other unicellular organ-
isms), identified 10 residues that are highly conserved
throughout the alignment but differ in MpΔ6des (Supple-
mentary Figure 4). The second, based on an alignment of the
six identified algal Δ6-desaturases (Supplementary Figure 5),
identified a further 23 residues that are highly conserved but
not present in MpΔ6des. Finally, to investigate the difference
in specificity between MpΔ6des and OtΔ6des, as OtΔ6des is
the characterized algal Δ6-desaturase whose substrate specific-
ity is most different from that of MpΔ6des, we identified four
additional residues located in functionally relevant regions
(near the heme binding region of the cytochrome b5 domain or
the His boxes of the desaturase domain) that vary between
these proteins (Supplementary Figure 6).
Following identification of these putative specificity-linked

positions, a series of MpΔ6des single mutants were generated
by reverting the MpΔ6des amino acid at each position to the
consensus amino acid. The resulting variants were expressed in
yeast and compared to wild-type MpΔ6des using a yeast
competition assay to determine the effect of these mutations
on enzyme activity against ω3- and ω6-substrates [C18:3n-
3Δ9,12,15 α-linolenic acid (ALA) and C18:2n-6Δ9,12 linoleic acid
(LA), respectively] (Figure 3A, Supplementary Figures 7 and
8, and Supplementary Table 2). As Δ6-desaturases, including
MpΔ6des, cannot be readily purified in an active form,55

whole-cell measured activity values (triplicate) were normal-
ized against a wild-type MpΔ6des control included in every set
of assays. The level of Δ6-desaturase expression was
determined using Western blots and was comparable to the
level of wild-type MpΔ6des expression for all tested variants
(Supplementary Figure 7). Nonetheless, the ratio of the ω3/
ω6 activities, which is unaffected by expression or activity
levels, was used to determine the enzyme specificity (Figure 3B
and Supplementary Table 2). Of 37 point mutations, 13 were
shown to increase ω3 specificity by at least one standard
deviation (SD), six were shown to increase ω6 specificity by at
least one SD, and 18 were neutral (within one SD) in terms of
their effect on substrate specificity.
Mapping mutation sites and effects onto our MpΔ6des

model (Figures 2A and 4A) shows one cluster of specificity-
modifying mutations at positions 221−223 along with a dearth
of nearby neutral mutations. This site lies in the enzyme’s
substrate binding cleft near the triad of His box motifs and can
therefore be easily rationalized as affecting specificity (Figure
4B). This result is also consistent with previous studies of
front-end desaturases, which demonstrated that mutations near
His boxes could affect either substrate preference or the
regioselectivity.56 The remaining mutations partition through-
out the MpΔ6des structure displaying no clear pattern,
highlighting the complex nature of the interactions governing
desaturase substrate specificity. However, four specificity-
linked mutations are found in the MpΔ6des cytochrome b5

domain, such as the V74I mutation that nearly doubles the
enzyme ω3:ω6 activity ratio relative to that of the wild type.
Although the importance of the cytochrome b5 domain has
been well documented in regard to electron transport during
Δ6-desaturase catalysis, knowledge of specific interactions
between the cytochrome b5 and desaturase domains remains
elusive as the only structures of membrane-bound desaturases
determined to date do not contain a cytochrome b5 domain.
These results are thus, to the best of our knowledge, the first
evidence of a link between this domain and Δ6-desaturase
substrate specificity. This is consistent with evidence that the
front-end desaturases arose from an early fusion event with a
cytochrome b5 protein, followed by the co-evolution of the
cytochrome b5 domain with the desaturase,57 to form a
cooperative substrate binding site.
In addition to the 37 single-point mutants characterized

above, we also generated three double mutants to better
understand potential interacting positions throughout the
MpΔ6des desaturase domain, each containing two of the
three mutations among S201N, E222D, and A270L. These
mutations were chosen as they are all found in OtΔ6des and
individually increase ω6 activity. The resulting double mutants
all demonstrate decreased ω3 specificity, with an additive effect
observed when the A270L mutation is combined with either
S201N or E222D. The effects of S201N and E222D on the
other hand are not additive, with the S201N/E222D double
mutant showing no significant changes in specificity compared
to that of the S201N mutant alone. Introducing all three
mutations into MpΔ6des however nonetheless leads to a
further increased ω6 specificity compared to that of any double
mutant, generating the least specific MpΔ6des variant tested
and highlighting the complex interactions responsible for
MpΔ6des specificity.

Effects of Substrate Conformational Restriction on
Δ6-Desaturase Specificity. Along with identifying specific-
ity-linked positions in Δ6-desaturases, our kinetic results
(Figure 3) show a distinct correlation between activity and
specificity in these enzymes. Almost universally among tested
mutations, those that further increase the ω3 specificity of
MpΔ6des come at a cost to overall enzyme activity against
both ω3- and ω6-substrates, while mutations that reduce ω3
specificity lead to increased ω6 activity rather than reduced ω3
activity. This correlation highlights the difficulty the enzyme
faces in discriminating between ALA and LA. Both are acyl
chains of the same length, differing by only a single double
bond that imparts additional rigidity and forces chain curvature
into ALA compared to the more flexible LA. Strikingly,
MpΔ6des catalysis is far more efficient on the more
conformationally restricted ω3-substrate, suggesting that
specificity in MpΔ6des and related desaturases is gated by
substrate entropy and that conformational preorganization is
crucial to efficient catalysis. Thus, further increases to ω3
specificity likely occur through further conformational
restriction of the substrate via exclusion of conformational
states that are accessible to ω6-substrates but are poorly
populated in the more rigid ω3-substrates, in turn leading to
overall decreased rates of catalysis. Likewise, a decreased ω3
specificity would occur through reduced conformational
stringency, increasing ω6 activity without adversely affecting
ω3 activity.

Reconstruction of an Ancestral Δ6-Desaturase.
Beyond the contributions of individual positions to specificity,
the results of our consensus mutagenesis studies also hint at
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how substrate specificity evolved among members of the
desaturase family. Although stemming from the larger set of
sequences, mutations belonging to the consensus set of Δ4/
Δ5/Δ6-desaturases are neutral or enhance ω3 specificity
(three neutral and seven ω3-specific mutations), suggesting an
evolutionary bias toward ω3-substrates among front-end
desaturases. Mutations from the set of algal Δ6-desaturases,

however, do not bias toward either LA or ALA specificity (13
neutral, five ω3-specific, and five ω6-specific mutations). In
addition, the four characterized members of the Δ6-desaturase
clade display vastly different specificities, from ALA and LA
conversion efficiencies of 63% and 5% for MpΔ6des to 71%
and 73% for OtΔ6des, respectively (Supplementary Table 3).
To address the question of whether the ω3 specificity of

Figure 5. Structural insights into desaturase specificity from an ancestrally reconstructed Δ6-desaturase. (A) Conversion efficiencies for both ω3-
and ω6-substrates (ALA, black; LA, white) are shown for characterized Δ6-desaturases (n = 3 ± 1 SD). (B) Relative ω3/ω6 specificities for
characterized Δ6-desaturases are shown (n = 3 ± 1 SD), with AncΔ6 displaying strong ω3 specificity, albeit less so than MpΔ6des. (C) The
substrate binding pocket of Δ6-desaturases is formed by TMHs 1, 3, and 4 at the enzyme’s surface, with the cytochrome b5 domain positioned
nearby due to its direct link to TMH 1. A [(Z)-octadec-9-enyl] (2R)-2,3-bis(oxidanyl)propanoate substrate analogue molecule is modeled bound
to the enzyme active site based on analogue-bound structures of MmΔ9des and HsΔ9des. (D) TMH numbering highlighting the orientation of
helices around the substrate binding pocket. The b5 domain is shown as a ribbon to indicate its relative position. (E) The grand average of
hydropathy models based on the primary sequence of the four TMHs shows a decreased hydropathy for TMHs 1, 3, and 4 in Δ6-desaturases
relative to control Δ9-desaturases. (F) The Phyre2 model of AncΔ6 demonstrates a potential interaction between the N-terminal loop of the
cytochrome b5 domain in Δ6-desaturases and their substrate binding cleft.
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MpΔ6des or the substrate promiscuity of OtΔ6des is a
recently diverged phenotype, the substrate specificity of the
putative common ancestor of the algal Δ6-desaturase family
was tested. This ancestor, AncΔ6, was inferred from the algal
Δ6 clade juncture using a phylogenetic tree (Figure 1). The
mean posterior probability of the resulting AncΔ6 sequence of
0.90 is comparable to that of other successfully reconstructed
ancestral proteins.58 Notably, AncΔ6 exhibits greater full-
length expression than the wild-type proteins, which is
consistent with previous examples of proteins generated
through ancestral sequence reconstruction (Supplementary
Figure 7).58 AncΔ6 displays activity comparable to, if slightly
lower than, that of the wild-type proteins and is specific for ω3-
fatty acids, albeit less specific than MpΔ6des (Figure 5A,B).
This suggests that the substrate promiscuity toward ω3/ω6-
substrates observed in OtΔ6des could be a more recent
adaptation in response to environmental changes. Notably, the
sequence differences between AncΔ6 and MpΔ6des tend to
cluster in the cytochrome b5 domain and the cytosolic loop of
His Box I, implying a role for these regions in improved ω3
specificity. In contrast, the sequence differences between
AncΔ6 and OtΔ6des tend to cluster in the cytochrome b5
domain and the region between His Box II and putative
TMH3.

■ DISCUSSION
Our results demonstrate that front-end desaturase substrate
specificity is the result of subtle and complex interactions
between residues throughout the enzyme. Notably, we show
that the cytochrome b5 domain, previously thought to be
involved primarily in electron transfer during catalysis,59 is also
implicated in front-end desaturase substrate recognition.
Considering the subtle structural difference between ω3- and
ω6-substrates, these results suggest that the cytochrome b5
domain plays an additional role in refining the geometry of the
substrate binding cavity and imply that it is physically part of
the binding site or modifies the shape and/or nature of the
binding site via outer-shell interactions.60 On the basis of
homology to known desaturase structures, as well as the
cytosolic position of the desaturase domain N-terminus, we
can putatively position the b5 domain of front-end desaturases
in the cytosol near the cleft formed by TMHs 1, 3, and 4
(Figure 5C,D). As this cleft contains the substrate binding
pocket, the b5 domain would thus be poised to interact with
both the substrate and the desaturase domain. Further
examination of the TMH sequences in front-end desaturases
also reveals that these three helices are less hydrophobic than
those found in characterized desaturases lacking a fused b5
domain (Figure 5E), while TMH 2, which does not contribute
to forming this cleft, is similarly hydrophobic across both sets
of desaturases. This increased hydrophilicity in front-end
desaturases suggests a weaker membrane interaction and also
explains the difficulty in accurately predicting TMH topology
in MpΔ6des. In addition, the N-terminal portion of the
cytochrome b5 domain in front-end desaturases shares little
homology with cytochrome b5 proteins, instead consisting of a
proline and charged amino acid-rich motif resembling
intrinsically disordered regions in other proteins. The
conformational flexibility of such a region coupled with weaker
membrane interactions in the desaturase domain could allow
for interactions between the b5 domain and the Δ6-desaturase
substrate binding pocket. Such a contact was observed in the
AncΔ6 Phyre2 model, demonstrating potential complemen-

tarity of the b5 N-terminal tail and the TMH 1, 3, 4 cleft and a
potential mechanism for substrate gating by the b5 domain
(Figure 5F).
In addition to an examination of their function, our

reconstruction of an ancestral Δ6-desaturase also helps us to
understand how these enzymes evolved. MpΔ6des was
originally isolated from M. pusilla CCMP1545, which is
identified as being from the Atlantic Ocean (English
Channel),61 and is one of the most ubiquitous strains of
marine algae.62 However, M. pusilla CCMP1545 is absent in
the oligotrophic, high salt and high light, Mediterranean Sea,
where O. tauri OTTH0595 is instead abundant.62,63 Rather
than geographical barriers driving divergence between species,
differences among salt concentrations, light intensities, and
nutrient availabilities in some habitats might be an alternative
selection pressure.64,65 Increased levels of unsaturated fatty
acids can maintain an adequate level of membrane fluidity and
protect the photosynthesis machinery, thereby increasing the
salt tolerance of photosynthetic organisms.47,66−68 Further-
more, excess photoassimilates are stored in the form of
polyunsaturated fatty acids as a means of preventing oxidative
stress under high-light treatment.68−71 OtΔ6des activity
produces comparatively elevated levels of ω6-fatty acids,
which can then be incorporated into membranes and
contribute to an increased degree of membrane ordering.
Thus, it is expected that the promiscuity of this enzyme will
result in a reduction in membrane fluidity given a similar level
of LCPUFA incorporation. However, the higher temperatures
in the Mediterranean Sea can mitigate these effects, promoting
a higher rate of overall desaturation over specificity to increase
fitness in a high-light environment. The colder environment of
the Atlantic, on the other hand, requires organisms to develop
higher membrane fluidity, hence promoting the evolution of
more stringent Δ6-desaturases that display reduced rates of
ω6-fatty acid production. Thus, we propose that the high salt
concentration and high light levels of the Mediterranean Sea
might have driven the divergence of the O. tauri Δ6-desaturase
for high salt and light tolerance.

■ CONCLUSION

Although most enzyme engineering and evolution studies use
enzymes that can be readily purified or easily assayed or for
which high-resolution structural information is available,
desaturases present a more difficult system to study due to
the lack of all three factors. To circumvent these complicating
factors, we used a combination of consensus mutagenesis,
modeling, and ancestral sequence reconstruction to probe
desaturase activity and specificity. Of 37 consensus mutations
found throughout the algal desaturase clades, all expressed and
were active, and several encoded altered specificities that
provided new insight into the substrate specificity of these
proteins. Several of the variants that we have produced could
have value for biotechnology or as the basis for future biotech-
based research, including variants with ≤8-fold increased ω-3
substrate specificity (albeit with loss of activity) and increased
levels of expression in yeast (AncΔ6) that could prove to be
useful, depending on the rate-limiting factors in recombinant
systems. Overall, our study has revealed new and useful insight
into the structure−function relationship and evolution of these
useful enzymes. This highlights the power of bioinformatics-
inspired engineering approaches for generating small and
manageable variant libraries for enzymes that are otherwise
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difficult to engineer, while also paving the way for the future
engineering of industrially relevant LCPUFA desaturases.
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