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Molecular mechanisms underlying catalytic activity of
delta 6 desaturase from Glossomastix chrysoplasta and

Thalassiosira pseudonana®

Haisu Shi (5075%)," Rina Wa (%% H )" Yan Zheng (¥5#i), and Xiging Yue ({f 2/X)
College of Food Science, Shenyang Agricultural University, Shenyang 110866, P.R. China

Abstract Delta 6 desaturase (FADS2) is a critical bifunc-
tional enzyme required for PUFA biosynthesis. In some or-
ganisms, FADS2s have high substrate specificity, whereas in
others, they have high catalytic activity. Previously, we ana-
lyzed the molecular mechanisms underlying high FADS2
substrate specificity; in this study, we assessed those underly-
ing the high catalytic activity of FADS2s from Glossomastix
chrysoplasta and Thalassiosira pseudonana. To understand
the structural basis of this catalytic activity, GcFADS2 and
TpFADS2 sequences were divided into nine sections, and a
domain-swapping approach was applied to examine the role
of each section in facilitating the catalytic activity of the over-
all protein. The results revealed two regions essential to this
process: one that extends from the end of the fourth to the
beginning of the fifth cytoplasmic transmembrane domain,
and another that includes the C-terminal region that occurs
after the sixth cytoplasmic transmembrane domain. Based
on the domain-swapping analyses, the amino acid residues at
ten sites were identified to differ between the GCFADS2 and
TpFADS2 sequences, and therefore further analyzed by site-
directed mutagenesis. T302V, S322A, Y375F, and M384S/
M385 substitutions in TpFADS2 significantly affected FADS2
catalytic efficiency.ll This study offers a solid basis for in-
depth understanding of catalytic efficiency of FADS2.—Shi,
H., R. Wu, Y. Zheng, and X. Yue. Molecular mechanisms un-
derlying catalytic activity of delta 6 desaturase from Glos-
somastix chrysoplasta and Thalassiosira pseudonana. J. Lipid
Res. 2018. 59: 79-88.
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Both linoleic acid (LA, 18:2*%'%) and a-linolenic acid
(ALA, 18:3A9’12’15) are essential for human health but cannot
be synthesized by the body, and therefore must be obtained
from dietary sources (1). Delta 6 fatty acid desaturase
(FADS2) is a critical enzyme in the fatty acid biosynthesis
pathway that controls the conversion of LA and ALA to
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~y-linolenic acid (GLA, 18:3*%*'?) and stearidonic acid (SDA,
18:4%01219) respectively (2—4). The level of FADS2 catalytic
activity determines the rate at which LA and ALA are con-
verted as well as the volume and type of products produced.
For example, whereas the body generally converts ALA to
EPA (20:5>%17) and EPA to DHA (22:5*" 10131619 4¢ 4
low rate (5-8), a high level of endogenous FADS2 catalytic
activity promotes the production of long-chain PUFAs, such
as arachidonic acid (AA, 20:4A5’8’H’14), and EPA from LA and
ALA, respectively. This is evident from the fact that various
organisms harbor FASD2s with high or low catalytic activity
for LA and ALA as a result of differences in their FASD2 gene
and/or amino acid sequences.

Presumably, these differences mainly occur within the
FADS?2 substrate-binding and/or catalytic domain(s) that
determine its substrate specificity and catalytic activity, re-
spectively. Specifically, a substrate can only be catalyzed by
the FADS2 catalytic domain(s) after having been bound by
the FADS2 binding domain(s). A previous study by our re-
search group analyzed the molecular mechanisms underly-
ing FADS2 substrate specificity and confirmed the FADS2
substrate-binding domains (9). Notably, the catalytic activ-
ity of the generated chimera FADS2s was much lower than
that exhibited by the analyzed wild-type FADS2s, likely due
to incurred disruptions of the three-dimensional structures
of their catalytic domains. Thus, the present study further
investigated the molecular mechanisms mediating FADS2
catalytic activity in Thalassiosira pseudonana and Glossomastix
chrysoplasta.

A comparison of the FADS2 catalytic efficiency for ALA
in various species (supplemental Table S1) revealed that
the marine microalgae, T. pseudonana, which exhibits a
strong capacity for EPA and DHA production, exhibits high
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FADS2 (TpFADS2) catalytic efficiency for both LA and ALA
compared with other plants and fungi. Specifically, its con-
version efficiency is 68% for LA in the w-6 pool, and 80%
for ALA in the w-3 pool; however, this high catalytic efficiency
is associated with low specificity (supplemental Table SI)
for both substrates. In contrast, the stramenopile marine
microalga, G. chrysoplasta, also produces a high level (46%)
of EPA but exhibits a FADS2 (GcFADS2) with a limited abil-
ity to convert LA to GLA, and ALA and SDA, only achieving
a conversion efficiency of 6% and 7%, respectively. More-
over, GCFADS2 also exhibits a low substrate specificity for
both substrates (supplemental Table S1).

Although various research groups have previously cloned
and sequenced the FADS2 genes of many organisms (10-18),
and our own group previously analyzed the molecular mech-
anism underlying FADS2 substrate specificity (9), itis still not
clear which key domain and/or amino acid mediates FADS2
catalytic activity. This is largely a reflection of the fact that, to
date, no information is available regarding the FADS2 crystal
structure; however, Wang et al. (19) and Bai et al. (20) re-
cently analyzed the crystal structure of human and mamma-
lian FADS9 (delta 9 desaturase), respectively. The results of
their analyses showed the three-dimensional FADS9 struc-
ture to be mushroom-shaped, and revealed key FADS9-
binding and catalytic sites for the first time.

In the present study, TpFADS2 and GcFADS2 genes were
synthesized and their catalytic activity for LA and ALA then
characterized in Saccharomyces cerevisiae. Furthermore, the
TpFADS2 and GcFADS2 domains were recombined to pro-
duce various chimeras that were subsequently expressed in
S. cerevisiae, to enable identification of the location of key
sequence regions essential for substrate catalysis. Finally,
site-directed mutagenesis was targeted to these key regions
to confirm sites essential for FADS2 catalytic activity.

MATERIALS AND METHODS

Strains and plasmids

TpFADS2 (GenBank accession AY817155) and GcFADS?2 (Gen-
Bank accession AAU11445) genes were synthesized by Shanghai
Sunny Biotechnology Co. Ltd;INVScl yeast strain (Invitrogen) was
used for heterogeneous expression and catalytic activity determi-
nation for TpFADS2, GcFADS2, and each chimera. Plasmid
pYES2/NT C (Invitrogen) was used for each chimera expression.

Media and gene synthesis

LB agar plates and SC-Uracil synthetic minimal medium was used
as described previously (9). Codon optimized TpFADS2 and
GcFADS2 genes were synthesized and subcloned into the vector
pUC57 and transformed into Escherichia coli Top 10.

Primer design, PCR amplification and sequence analysis
for GCFADS2 and TpFADS2

For TpFADS2 and GcFADS2 gene amplification, primers were
synthesized based on TpFADS2 and GcFADS2 gene sequences.
The forward primers were FT'p and FGc and the reverse primers
were RTp and RGc (all primers are listed in supplemental Table S1).
After initial denaturation at 95°C for 5 min, PCR amplification
was performed in 30 cycles of 50 s at 95°C, 50 s at 58°C, and
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2 min at 68°C, followed by a final extension at 68°C for another
10 min. The recombinant plasmids designated pYES2-GcFADS2 and
PYES2-TpFADS2 were constructed as described previously (9).

Construction of each chimeric gene by reciprocal section
swapping

According to the transmembrane topology of FADS2 (hydro-
philic regions and hydrophobic regions), GcFADS2 and TpFADS2
genes were divided into nine regions (Fig. 1). To determinate
catalytic activity of each regions, the corresponding regions of
both FADS2 enzymes were systematically exchanged to construct
recombinant swap genes, which were generated by overlap exten-
sion PCR with the primers listed in supplemental Table S1. The
protocol of PCR used was the same as described previously (9).
The hybrid genes were ligated into the pYES2 plasmid and trans-
formed into competent Top10 cells.

Site-directed mutagenesis of GcFADS2

For site-directed mutagenesis, oligonucleotide primers were used
to introduce nucleotide substitutions into TpFADS2 using the Fast
Site-Directed Mutagenesis Kit. Ten mutants derived from the
GcFADS2 gene were constructed, where amino acids were substi-
tuted with the corresponding residues in the TpFADS2 gene
(V295T, T299S, L303F, 13061, A315S, H360D, F368Y, S377M/
L378M, H381N, and L383I). Mutation primers are listed in sup-
plemental Table S1.

Yeast transformation, heterologous expression in
S. cerevisiae, and measurement of chimeric desaturase
activity for LA and ALA

Constructs pYES2-Chimera 1~18, pYES2-TpFADS2 and pYES2-
GcFADS2 were transformed into S. cerevisiae. GEFADS2 and
TpFADS2 genes were induced under the conditions described
previously (9). Then the expression level of each chimeric desatu-
rase in S. cerevisiae was determined by Western blotting analysis as
described previously (9).

Lipid extraction and fatty acid analysis

Lipids from an equivalent weight of cells were extracted and
methyl-esterified, and fatty acid content was analyzed by GC as
described previously (21).

Kinetic analysis

Kinetic studies were carried out using 0.25 or 0.5 mM cisLA/
ALA substrate. The substrate was added to the induced medium
for 12 h (720 min). V,,. and K,, values of each recombinant
TpFADS2 and GcFADS2 by mutating amino acids were calculated
by the Michaelis-Menten equation.

Topology prediction

The predicted topology model for GEFADS2 and TpFADS2 was
performed with prediction of transmembrane helices in proteins
(Fig. 2). The domain responsible for substrate specificity of FADS2s
analyzed previously was described together with the region respon-
sible for their catalytic activity in one predicted topology model.

RESULTS

Cloning and characterization of TpFADS2 and GcFADS2
To characterize the catalytic activities of TpFADS2 and
GcFADS2, 1452- and 1395-bp DNA fragments were ampli-
fied using FTp/RTp and FGc/RGce primers, respectively
(supplemental Table S1). After their (pYES2-TpFADS2
and pYES2-GcFADS2) successful expression was confirmed
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Fig. 1. A:Skeleton map of the amino acid sequences of TpFADS2 (black bar) and GcFADS2 (white bar), which were divided into 9 sections
shown by dotted lines. The braces indicate their trans-membrane sequences. B: Map of each FADS2 chimera constructed by reciprocal sec-
tion swapping. Regions in black bars originated from TpFADS2 and regions in white bars originated from GcFADS2. Substrate conversion
efficiency of each chimera was classified into three groups: +, <10%; ++, 11—25%; +++, >26%.

via Western blot analysis, the generated constructs were in-  catalyzed the conversion of LA and ALA at a rate of 5.6 =
cubated with fatty acid substrates. As a result, TpFADS2 was ~ 0.8% and 7.6 + 0.6%, respectively (Table 1). These results
shown to convert LA and ALA at a rate of 65.6 + 1.8% and are consistent with those previously reported by Hsiao et al.
77.6 + 1.9%, respectively, while conversely, GCFADS2 only ~ (10) and Tonon et al. (22).
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Multiple sequence alignment of the FADS2s

The cloned GcFADS2 amino acid sequence was shown to
share 51.87% identity with that of TpFADS2. To determine
the structural basis for FADS2 catalytic activity, a multiple
sequence alignment was performed to compare several
FADS2s, which were arranged according to their capacity for
ALA catalytic activity (i.e., such that those with a stronger
catalytic activity for ALA were placed above those with a
weaker ALA catalytic activity). The FADS2s with high catalytic
activity were expected to share a homologous fragment/site
that was absent from the sequences of those with low catalytic
activity; however, the results of the conducted alignment re-
sult failed to identify such a fragment or site (supplemental
Fig. S1).

Construction and expression of fusion genes in yeast

To identify which structural elements are functionally
involved in TpFADS2 and GcFADS?2 catalytic activity, each
enzyme was divided into nine sections as follows: Section 1,
the N-terminal end region before the first cytoplasmic
transmembrane domain; Section 2, the first and second
transmembrane domains; Section 3, the region extending
from the end of the second transmembrane domain to the
beginning of the third cytoplasmic transmembrane domain;
Section 4, the third transmembrane domain; Section 5,
the region extending from the end of the third transmem-
brane domain to the beginning of the fourth cytoplasmic

TABLE 1.
recombinant plasmids (pYES2-GcFADS2 and pYES2-TpFADS2) by adding 0.

Section 8

Fig. 2. The predicted topology model of FADS2.
Four transmembrane o-helices span the ER lumen
and the other polypeptides extend into the cytoplasm.
Black solid rectangles indicate each domain boundary.
Blue lines and blue dots indicated the areas and sites
influencing substrate specificity from our previous
work, whereas red lines and red dots indicated the key
areas and sites influencing catalytic activity, respec-
tively. ER lumen: endoplasmic reticulum lumen.

transmembrane domain; Section 6, the fourth transmem-
brane domain; Section 7, the region extending from the
end of the fourth transmembrane domain to the begin-
ning of the fifth cytoplasmic transmembrane domain; Sec-
tion 8, the fifth and sixth transmembrane domains; Section
9, the C-terminal region following the sixth cytoplasmic
transmembrane domain (Fig. 2). The expression levels of
the 18 generated chimeras in S. cerevisiae were then quanti-
fied via Western blot analysis, and the molecular weight of
each was confirmed to be consistent with that predicted
(Fig. 3).

Locating key FADS2 catalytic activity domains

The catalytic activity of each construct was next deter-
mined by measuring the levels of the remaining substrate
and conversion products present in lipids extracted from
the transfected S. cerevisiae cells. The results of this analysis
showed that while the catalytic efficiency of GcFADS2 was
5.6 + 0.8% and 7.6 + 0.6% for LA and ALA respectively, that
of chimera 7 (GcFADS2 aa285-315 replaced by TpFADS2
aa291-324) was increased to 25.0 + 1.3% and 35.3 + 3.5%, re-
spectively. Conversely, where TpFADS2 exhibited a catalytic
efficiency of 22.6 + 2.6% and 15.3 + 0.9%, for LA and ALA,
respectively, that of chimera 16 (TpFADS2 aa291-324 re-
placed by GcFADS?2 aa285-315) was decreased to 65.6 + 1.8%
and 77.6 = 1.9%, respectively. The catalytic efficiency of
chimera 9 (GcFADS2 aa359-458 replaced by TpFADS2

Fatty acid compositions (% w/w) of the total lipid contents of yeast transformants harboring the control plasmid (pYES2) and the

5 mM cissLA or 0.5 mM cissALA or both substrates (0.25 mM cissLA and

0.25 mM cis-ALA substrates)

Transformants

PYES2 (control) PYES2-GcFADS2 pYES2-TpFADS2
Fatty acid +LA" +ALA" +LA and +ALA +LA +ALA +LA and +ALA +LA +ALA +LA and +ALA
16:0 (PA) 21.9+0.5 226+0.3 23.6 0.7 25.6+0.1 23.5+0.1 22.2+0.5 222+0.2 237+05 25.5 +0.6
16:1 (PA) 106+0.2 11.7+0.6 12.6 £0.3 11.3+0.6 12.7+0.3 11.1+0.3 11.5+0.1 13.3+0.3 12.6 +0.5
18:0 (SA) 10.2 +£0.5 8.8+0.5 9.3+0.2 95+0.3 9.6 +0.5 10.5 + 0.6 93+03 105+05 9.3+0.3
18:1 (OA) 11.3+0.5 125+0.3 11.6 +0.2 13.1+0.2 9.9+0.2 12.2+0.5 9.6+0.6 10.2+0.6 11.1+£0.5
18:2 (LA, »-6) 40.3 +0.3 ND 22.1+0.5 38.0+0.2 ND 18.1 +0.4 17.6 +0.3 ND 7.2+0.4
18:3 (ALA, ©-3) ND 39.5+0.2 21.5+0.8 ND 37.4+1.0 20.1+0.3 ND 15.2 +0.6 5.0 +0.6
18:3 (GLA, w-6) ND ND ND 1.9+0.1 ND 1.1+0.3 222 +0.5 ND 13.0+0.5
18:4 (SDA, »-3) ND ND ND ND 2.8 +0.4 1.6 +0.1 ND 249+ 0.9 15.5+0.8
LA conversion rate’ — — — 4.9+0.1 — 5.6 +0.8 55.6 + 1.4 — 65.6 + 1.8
ALA conversion rate” — — — — 7.1+0.5 7.6+0.6 — 62.3 +0.7 776+19

“There was no significantly difference in LA and ALA conversion rate between single- and double- substrate supplementation.
Conversion rate = 100 x ([product] / [product + substrate]). ND, not detected; —, none.
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Fig. 3. Relative substrate conversion efficiency of each FADS2 chimera expressed in S. cerevisiae, determined by adding both substrates.
Relative substrate conversion rate = 100 x ([product] / [product + substrate]) / densityyg. Densityyy is the optical density value of Western
blotting. Western blotting of recombinant gene expression in S. cerevisiae is below each histogram of conversion rate. The number under the
abscissa indicates corresponding chimera. A: substrate conversion efficiency and Western blotting of chimera 1-9; B: substrate conversion

efficiency and western blotting of chimera 10-18.

aa370-484) for LA and ALA increased to 31.3 + 1.5% and
26.5 + 4.0%, respectively. Finally, the replacement of the
2a359-458 region of GCFADS2 resulted in a significant reduc-
tion in catalytic activity against both substrates, such that chi-
mera 18 exhibited a catalytic efficiency of 19.6 + 0.2% and
10.3 £ 2.9% for LA and ALA, respectively, which represented
the lowest rate observed among the TpFADS2 chimeras (chi-
meras 10-18) (Fig. 3). No other chimeras exhibited a signifi-
cantly different catalytic efficiency for LA and/or ALA
compared with that exhibited by GCFADS2/TpFADS2. These
results suggest that the amino acids in sections 7 and 9 of
FADS2 likely critically mediate its catalytic activity.

Localizing second-level areas within the key FADS2
catalytic activity domains

To further identify key functional areas within sections
7 and 9, section 9 was equally divided into three ‘second-

level’ sections, which were systematically exchanged with
a second-level section 7 region between GcFADS2 and
TpFADS2, to produce additional recombinant gene se-
quences (Fig. 4). The results of an analysis of the gener-
ated second-level chimeras showed that the catalytic
efficiency of chimera 7-1 (“VRALAF” in GcFADS?2 re-
placed by “PYSIMY” in TpFADS2) for both LA and ALA
was increased to 16.6 + 0.6% and 15.2 + 0.3%, respec-
tively, compared with that exhibited by GcFADS2 (Fig. 5A).
Likewise, replacement of aa359-383 (section 9-1) of
GcFADS2 with aa370-394 of TpFADS2 resulted in a sig-
nificantly increased (25.6 + 1.9% and 24.6 + 1% for LA
and ALA, respectively) catalytic efficiency for both sub-
strates (Fig. 5B). Replacement of the other two second-
level sections (sections 9-2 and 9-3) of GcFADS2 had no
significant impact on its catalytic efficiency for either sub-
strate (Fig. 5B).

Mechanism of catalytic activity for delta 6 desaturase 83



A Section 7
—

chimera 7 [

TpFADS6
GeFADSO |

Fig. 4. A partial comparison of sections 7 and 9 be-
tween GcFADS2- and TpFADS2-deduced amino acids.
Section 7-1 indicates the different area between Gc-

chimera 7-1 L . A . )
Section 7 FADS2- and TpFADS?—deduced amino acids. Sectlon 9

Section 9 was equally divided into 3 second-level sections, de-

B ——— noted section 9-1, section 9-2, and section 9-3. Arrows
chimera 9 below the alignment indicate the amino acid positions

Section 9-1 Section 9-2 Section 9-3

that were selected for site-directed mutagenesis.

TpFADS6
GeFADS6

fv*wfcgqlq*qv hhlfp”pr‘n' h v fcke qvkyhed gcel 1sv

H360D  F368Y

H381N
L3831

S377M/L378M

Identifying amino acids that critically mediate FADS2
catalytic activity

To further understand the molecular mechanism underly-
ing FADS2 catalytic activity, a series of constructs with muta-
tions within sections 7 and 9-1 was next generated (Fig. 4).
The LA and ALA conversion efficiencies were subsequently
shown to be greatly reduced in the single mutants V295T,
A315S, and F368Y, as well as the double mutant S377M/
L378M, to arate of 15.9+0.5%, 15.6 £ 0.7%, 22.6 + 0.1%, and
13.6 £ 0.6%, respectively, for LA, and 11.2 +0.1%, 5.3 + 1.3%,
26.3 +0.7%, and 15.2 + 0.3%, respectively, for ALA (Fig. 6A).
Targeted mutagenesis of T299S, L303F, I1306L, H360D,
H38IN, and L383I did not induce any major changes to
FADS2 catalytic activity for either substrate (Fig. 6A). Con-
versely, the catalytic efficiency for both substrates was signifi-
cantly enhanced in the single mutants T302V, S322A, and
Y375F, as well as the double mutant M384S/M385L (Fig. 6B).
These results suggest that the T302, S322, Y375, and M384/
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M385 substitutions in TpFADS2 (corresponding to the V295,
A315, F368, and S377/1.378 substitutions in GcFADS?2) likely
alter FADS2 activity because these regions play an important
role in FADS2 catalytic activity. Furthermore, by analyzing the
effect of substrate concentration on catalytic activity, the cata-
Iytic efficiency of all wild-type and mutant FADS2s was shown
to be slightly reduced upon exposure to 0.25 mM compared
with 0.5 mM cis-LA/ALA. In contrast, the sites identified to
critically influence FADS2 catalytic activity remained consis-
tent at all analyzed fatty acid concentrations (Tables 2, 3).

Kinetics of each mutant desaturase

The affinity of each recombinant TpFADS2/GcFADS2 was
next assessed by evaluating their reaction rates in the pres-
ence of varying fatty acid concentrations, (where V,,,. and
K, were calculated using the MichaelissMenten equation)
(Tables 2, 3). The results of this analysis showed that the K,

values for both substrates that were exhibited by the single

O Conversion
C18:2)%

GeFADSG chemera 9 chemera 9-1 chemera 9-2 chemera 9-3

Fig. 5. Relative substrate conversion efficiency of chimeras 7-1, 9-1, 9-2, and 9-3 expressed in S. cerevisiae, determined by adding both sub-
strates. Relative substrate conversion rate = 100 x ([product] / [product + substrate]) / densityyy. Western blotting of recombinant gene
expression in S. cerevisiae is below each histogram of conversion rate. A: chimera 7-1; B: chimeras 9-1, 92, and 9-3.

84 Journal of Lipid Research Volume 59, 2018



A 85.00%

80.00% |
75.00% |
70.00% |
65.00% |
60.00% |
55.00% |
50.00% |
45.00% |
40.00% |
35.00% |
30.00% |
25.00% |
20.00% |
15.00% r
10.00% |

5.00%

0.00%

Relative conversion rate %

TpFADS6 T2998 L303F [306L A3158

60 kD—
50 kD—

V295T

—a— - — -

25.00%
22.50%
20.00%
17.50%
15.00% |
12.50%
10.00% |
7.50%

Relative conversion rate %

5.00%
2.50%

0.00%

GceFADS6 L3131

60 kD—

T302V S306T F310L

S322A

OConversion
(C18:2)%

m Conversion
(C18:3N3)%

H360D F368Y S377M/L378M H38IN L3831

L =

OConversion
(C18:2)%

m Conversion
(C18:3N3)%

D367H Y375F M384S/M385L N388H 1390L

50 kD—

Fig. 6. Relative substrate conversion efficiency of each mutant from section 7 and section 9-1. Relative substrate conversion rate = 100 x
([product] / [product + substrate]) / densityyy. Western blotting of recombinant gene expression in S. cerevisiae is below each histogram of
conversion rate. A: Each mutant from TpFADS2; B: each mutant from GcFADS2. The mutants of V295T, T299S, L303F, I306L, A315S,
H360D, F368Y, S377M/L378M, H38IN, and L383I from TpFADS2 correspond to the mutants of T302V, S306T, F310L, L3131, S322A,
D367H, Y375F, M384S/M385L, N388H, and I1390L from GcFADS2, respectively.

mutants, V295T, A315S, and F368Y, as well as the double mu-
tant, S377M/L378M, were much higher than those exhibited
by the other TpFADS2 mutants. Conversely, the K,, values
were markedly decreased in the single GcFADS2 mutants
T302V, S322A, and Y375F, and the GcFADS2 double mutant
M384S/M385L, compared with those exhibited by the cor-
responding TpFADS2 (by a factor of ten) and GcFADS2 mu-
tants (Table 4). Together, these results suggest that of all the
mutant constructs, the four mutant GcFADS2 desaturases,
T302V, S322A, Y375F, and M384S/M385L, had the strongest
affinity for both substrates.

DISCUSSION

The results of the present study indicate that the FADS2
cytoplasmic region extending from the end of the fourth

transmembrane domain to the beginning of the fifth trans-
membrane domain (section 7) critically mediates FADS2
catalytic activity (Figs. 4A, 5A). Comparing the GcFADS2
and TpFADS2 sequences within this segment revealed one
variant area (“VRALAF” in GcFADS2 and “PYSIMY” in
TpFADS?2) that includes five different sites. These are 295V,
299T, 303L, 3061, and 315A in GcFADS2, and 302T, 3068,
310F, 313L, and 322S in TpFADS?2 (Fig. 4). Of the mutants
that included this area and these sites, chimera 7-1, which
harbored both V295T and A315S, displayed a large de-
crease in its conversion rate for both substrates (Fig. 5).
The topological model of FADS2 suggests that both 295V
and 315A are located in the cytoplasm (Fig. 2), and are
likely closely associated with FADS2 catalytic activity. It may
be that sites 302T and 322S in TpFADS2 (which corre-
spond to 295V and 315A in GcFADS2) strongly influence
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TABLE 4. Kinetic analysis of each recombinant TpFADS2 and GcFADS2 by mutating amino acids

Mutants
Fatty acid TpFADS2 V295T T299S L303F 13061 A315S H360D F368Y S377M/L378M H38IN L3831
Vi © 18:2 (LA) 0.40 0.34 0.63 0.48 0.29 0.41 0.34 0.61 1.19 0.44 0.51
18:3 (ALA) 0.54 0.32 0.83 0.56 0.72 0.27 0.54 0.34 0.91 0.71 0.55
K," 182 (LA) 187.66 1544.62  627.58  388.28  427.59 1584.02 299.32  2556.04 3547.49 268.73  394.04
18:3 (ALA) 250.52 1243.70  691.91 49587  739.78  1464.57 458.76  4412.12 2244.97 521.88  458.13
Mutants
Fatty acid GcFADS2  T302V  S306T F310L L3131 S322A  D367H  Y375F M384S/M385L N388H  I390L
Ve 18:2 (LA) 0.12 0.07 0.13 0.13 0.07 0.10 0.09 0.06 0.10 0.22 0.51
18:3 (ALA) 0.27 0.07 0.26 0.23 0.12 0.11 0.13 0.07 0.08 0.19 0.16
K, 18:2 (LA) 1268.06 36.98 1340.53 1399.73 1020.82 159.35 1282.81  106.54 321.97 2182.43  6375.00
18:3 (ALA)  2315.63 23.87  2621.65 281250 1250.00 129.31 1519.23  89.41 123.64 1821.43  4403.13
“V,uex and K, were calculated by the Michaelis-Menten equation. Bold text indicates sites identified to critically influence FADS2 catalytic activity.

max "

FADS?2 catalytic activity via induced alterations to their po-
larity (incurred by the presence of the different amino ac-
ids), which may in turn cause changes to the shape of the
FADS2-binding pocket that inhibit substrate binding.

The results of the present study also indicate that the
C-terminal region located adjacent to the sixth cytoplasmic
transmembrane domain (section 9) may significantly influ-
ence FADS2 catalytic activity (Figs. 4B, 5B). Furthermore,
the result of the second-level assessment of this area re-
vealed that section 9-1 most significantly impacted FADS2
catalytic activity, and only six amino acid sites differ be-
tween the GcFADS2 and TpFADS2 9-1 sections. As shown
by the results of the analysis of FADS2 catalytic activity in S.
cerevisiae, the single mutant F368Y and the double mutant
S377M/L378M both mediate FADS2 substrate catalysis,
likely because the F368 and S377M/L378M residues are lo-
cated just upstream and downstream of the third conserved
FADS2 histidine box, respectively, which is thought to be
associated with FADS2 enzymatic and/or substrate binding
activity (9). All other mutants did not induce any signifi-
cant change to the rate of LA and/or ALA conversion, sug-
gesting that their mutated residues are likely located at a
distance to the delta 6 C-C substrate bond.

Based on the conducted kinetic analysis, the T302, S322,
Y375, and M384/M385 substitutions in TpFADS2 (corre-
sponding to the V295, A315, F368, and S377/L378 substi-
tutions in GcFADS?2) significantly impacted FADS2 catalytic
efficiency, resulting in the exhibition of low K,, values by
the mutant FADS2s. Thus, these residues likely have strong
affinity for LA and ALA under normal conditions.

The present study divided the GcFADS2 and TpFADS2
genes according to their respective transmembrane topol-
ogies. The fact that none of the generated chimera se-
quences exhibited abolished catalytic activity for both
substrates suggests that their three-dimensional structures
were not disrupted by this division. Although the results of
the present study identified several key sites that critically
mediate FADS2 catalytic activity, mutation of the majority
of these did not affect FADS2 substrate specificity. Muta-
tion of only a few sites, including the TpFADS2 sites I306L
and H360D, and the GcFADS2 site I390L, appeared to in-
duce a propensity for FADS2 to favor the binding of a par-
ticular fatty acid, suggesting that these may be associated
with substrate specificity (Tables 2, 3). Notably, the mutation
of these sites did not significantly impact FADS2 catalytic

activity for either substrate, suggesting that they are likely
not closely relevant to substrate catalysis. Together, these
results suggest that the motifs/residues that mediate
FADS2 catalytic activity and substrate specificity are not lo-
cated in the same region of the FADS2 sequence.

CONCLUSIONS

Although some organisms have FADS2s capable of high
substrate specificity and others have those capable of high
catalytic activity, no FADS2 has yet been identified to have
both high substrate specificity and high catalytic activity.
The present study cloned and characterized the catalytic
activity of GcFADS2 and TpFADS2 for both LA and ALA.
Reciprocal domain swapping was performed to identify
critical regions and, eventually, precise fragments of
GcFADS2 and TpFADS2 that mediate FADS2 catalytic ac-
tivity. Thus, the results of the present study provide valu-
able insights into the relationship between the primary
structure and catalytic activity of delta 6 desaturases. Con-
tinued research is required to confirm the FADS2 regions
that mediate both its substrate specificity and catalytic activ-
ity and to elucidate the molecular mechanisms underlying
these processes, enabling, in turn, a better understanding
of PUFA metabolism and w3-PUFA (e.g., EPA and DHA)
production. Bl
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