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Zebrafish A-5/A-6 fatty acid desaturase (Z-FADS) catalyzes the cascade synthesis of long-chain polyun-
saturated fatty acids (PUFAs), thereby playing a pivotal role in several biological processes. In the current
study, we report that the Z-FADS protein exists in close proximity to certain cytochrome b5 reductases
(CYB5R2 and 3) and elongases (ELOVL2, 4, 5 and 7) on the endoplasmic reticulum, as determined using
fluorescence microscopy and fluorescence resonance energy transfer. HeLa cells co-transfected with zeb-
rafish fads and elovi2, 4, and 5 produced docosahexaenoic acid (DHA), as detected by gas chromatography.
In addition, immunofluorescence cytochemistry and Western blot data revealed that Z-FADS is present in
the mitochondria of HeLa cells. Collectively, our results implicate that Z-FADS, the sole fatty acid desat-
urase ever been identified in zebrafish, can serve as a universal fatty acid desaturase during lipogenesis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Vertebrates are unable to synthesize most polyunsaturated
fatty acids (PUFAs) de novo, and thus precursor compounds must
be obtained from the diet [1,2]. In general, ingestion of plants or al-
gae provides essential fatty acid precursors, such as linoleic acid
(LA, 18:2n-6) and a-linolenic acid (ALA, 18:3n-3), and these are
used to synthesize long-chain polyunsaturated fatty acids (LC-PU-
FAs), including arachidonic acid (AA, 20:4n-6), eicosapentaenoic
acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3).
Fatty acids are subjected to multiple desaturation reactions; these
reactions are catalyzed by a series of proteins, which include cyto-
chrome b5 reductase (CYB5R) [3], elongase (elongation of very long
chain fatty acids, ELOVL), and fatty acid desaturase (FADS).
Initially, LA and ALA are converted into acyl-CoAs by CoA ligase;
the LA and ALA acyl-CoAs are then desaturated by A-6 desaturase,
generating y-linolenic acid (GLA, 18:3n-6) and octadecatetraenoic
acid (OTA, 18:4n-3), respectively. These compounds are subsequently
extended by two carbons by an elongase to form Co LC-PUFAs;
finally, the carboxylate end of each C,q LC-PUFA is desaturated
by a A-5 desaturase to produce AA and EPA, respectively [4]
(Fig. S1).
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A regio-selective desaturation process is conducted for the for-
mation of a C=C bond. This desaturation process requires CYB5R to
provide the electrons necessary for the turnover of FADS, whereas
ELOVL performs a two carbon elongation at the carboxylate end of
a fatty acid [5]. CYB5R is an NADH-dependent flavin reductase [6]
involved in the microsomal electron transport system; this protein
exists in both a membrane-bound and a soluble form [7,8]. ELOVL
elongase catalyzes condensation, which is believed to be the first
step of the elongation cycle. To date, seven homologs of ELOVL
(1-7) have been identified, all of which contain multiple trans-
membrane helices, and reside in the endoplasmic reticulum
(ER) [9,5]. ELOVL1, 3, and 6 are responsible for the elongation
of long-chain fatty acids (LCFAs), as well as saturated and
mono-unsaturated fatty acids. On the other hand, ELOVL5 extends
GLA and OTA (Fig. S1). ELOVL2, 4, and/or 5 may be involved in the
elongation of LC-PUFAs (including AA and EPA), while ELOVL7 is
believed to be involved in the elongation of GLA [10].

FADS is a non-heme diiron enzyme whose desaturation involves
the reaction with molecular oxygen at the active site, thereby gen-
erating diiron intermediate(s) for the desaturation of LCFA [11,12].
FADS contains an N-terminal cytochrome b5 domain with a heme-
binding motif, HPGG, which is essential for desaturation [13,14].
Genes encoding FADS are often clustered together; most vertebrate
fads clusters contain three genes: fads1, fads2, and fads3. However,
only a single fads gene has been identified in zebrafish (encoding
zebrafish FADS (Z-FADS)), which has been demonstrated to exhibit
activity similar to that of both mammalian A-5 desaturase and A-6
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desaturase [15,16]; the zebrafish genome does not contain a gene
homologous to fads3 [4].

In mammals, DHA biosynthesis involves two elongation steps.
First, EPA is converted into a 24:5n-3 precursor, which is then con-
verted into tetracosahexaenoic acid (THA, 24:6n-3) by a A-6 desat-
urase. After peroxisomal beta-oxidation, THA is converted into
DHA [17] (Fig. S1). In certain marine fish (e.g. Siganus canaliculatus)
and algae, DHA is synthesized from EPA via sequential elongation
and desaturation by a A-4 desaturase [18] (Fig. S1). In zebrafish,
it is suggested that ELOVL4 is involved DHA biosynthesis [19];
however, the identity of the desaturase in this process remains un-
known. To identity the relevant desaturase in zebrafish, we used
fluorescence resonance energy transfer (FRET) to examine interac-
tions between Z-FADS and ELOVLs or CYB5Rs [20]. We demon-
strate here that Z-FADS interacts with CYB5R2, CYB5R3, and
ELOVL2, 4, 5 and 7. Furthermore, we reveal that co-transfection
with zebrafish fads and elovl2, 4, and 5 is sufficient for the forma-
tion of DHA in HelLa cells. Our results contribute to the understand-
ing of DHA biosynthesis and the role of Z-FADS in lipogenesis in
zebrafish.

2. Materials and methods
2.1. Zebrafish husbandry and cDNA preparation

The wild type zebrafish AB strain was maintained at the Taiwan
Zebrafish Core Facility, Academia Sinica, Taiwan. Total RNA was
extracted from zebrafish using TRIzol (Invitrogen), and reverse tran-
scribed using SMART™ MMLV Reverse Transcriptase (Clontech).

2.2. Construction of expression vectors

PCR with specific primers (Table S1) was used to amplify the
zebrafish fads, elovl, and cyb5r genes. PCR was performed using
zebrafish ¢cDNA and amfiFusion High Fidelity PCR Master Mix
(GenDEPOT). The PCR amplicons were digested with restriction
enzymes (Table S1), and then ligated into the corresponding
vectors. The eukaryotic expression vectors listed in Table S1
were prepared. The vectors contained the following constructs:
(i) pDsRed-monomer-C1-CYB5R: Discosoma sp. red fluorescent
protein (DsRed) fused to the N-terminus of an CYB5R (1,2 or 3);
(ii) pDsRed-monomer-C1-ELOVL: DsRed fused to the N-terminus
of an ELOVL (2, 4, 5, or 7); (iii) pcDNA3CF-ELOVL: FLAG tag
fused to the C-terminus of an ELOVL; (iv) pHis-ELOVL-FLAG: a
poly-histidine tag fused to the N-terminus, and a FLAG tag fused
to the C-terminus of an ELOVL; (v) pEGFP-N1-FADS; enhanced
green fluorescent protein (EGFP) fused to the C-terminus of
Z-FADS; (vi) pEGFP-C1-FADS: EGFP fused to the N-terminus of
Z-FADS; and (vii) pcDNA3CF-FADS: FLAG tag fused to the C-terminus
of Z-FADS. The identities of all constructs were confirmed by DNA
sequencing (MB biotech, Taiwan).

2.3. Fluorescence resonance energy transfer (FRET)

Lipofectamine2000™ (Invitrogen) was used to transfect HelLa
cells with vectors encoding Z-FADS, CYB5R, or ELOVL proteins.
FRET experiments were designed as the following pairs: (i) HeLa
cells co-expressed with EGFP-Z-FADS/Z-FADS-EGFP and DsRed-
CYB5R/DsRed-ELOVL; (ii) HelLa cells co-transfected with
pcDNA3CF-ELOVLs and pEGFP-N1-FADS/pEGFP-C1-FADS were
hybridized with monoclonal anti-FLAG M2 primary antibodies,
and then with Rhodamine-conjugated goat anti-mouse IgG sec-
ondary antibodies (Millipore); (iii) HeLa cells transfected with
pHis-ELOVL-FLAGs were hybridized with rabbit anti-6xHis Tag
primary antibodies (LTK BioLaboratories), and then with mouse

anti-FLAG M2. The same cells were subsequently hybridized with
goat F(ab’), anti-rabbit IgG tetramethyl rhodamine isothiocyanate
(Rhodamine TRITC) (Leinco technologies Inc.) and FITC AffiniPure
goat anti-mouse IgG (Jackson ImmunoResearch). All the transfec-
ted cells were subjected to a confocal microscopy (Leica, TCS-
SP5-AOBS).

The acceptor photobleaching method was used to determine
the efficiency of FRET. Green donor fluorescence from EGFP
(507 nm) or FITC (519 nm) and red acceptor fluorescence from
DsRed (592 nm) or Rhodamine (572 nm) were detected using a
confocal microscope (Leica, TCS-SP5-AOBS) and two individual
detectors (HyD3, Leica) to prevent the interference from light leak-
age. The donors were excited at 488 nm; donor fluorescence was
de-quenched by bleaching the acceptor with 100% laser power at
the appropriate wavelength (i.e., 547 or 557 nm) 25 times, and
the resulting increase in donor fluorescence was measured. The
distance between the two fluorophores was determined using
the following equations:

E = (Donorpesc — Donorye ) /DONOTpos

E=R/(RG+1°)

where E is the energy transfer efficiency, Donorp; is the fluores-
cence intensity of the donor after photobleaching, Donory,. is the
fluorescence intensity of the donor before photobleaching, and Rg
is the 50% FRET distance between two fluorophores.

2.4. Immunofluorescence cytochemistry (IFC)

HeLa cells were transfected with either pEGFP-N1-FADS or
pEGFP-C1-FADS. At 18 h after transfection, the cells were fixed
and incubated with either rabbit anti-COX IV (GeneTex) (which
specifically recognizes mitochondrial cytochrome c¢ oxidase
(COX)) or rabbit anti-ERp57 (GeneTex) (which specifically recog-
nizes ERp57, a protein disulfide isomerase in the endoplasmic
reticulum (ER)). Cells were subsequently incubated with the goat
F(ab’), anti-rabbit IgG Rhodamine TRITC secondary antibody
(Leinco Technologies). Fluorescence was monitored using an Inverted
Fluorescent Microscope (Zeiss, Axiovert 200M). Cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen).

2.5. Isolation of mitochondria and Western blotting

The mitochondrial membrane fraction of cells expressing FLAG-
tagged Z-FADS was isolated as described previously, with some
modifications [21]. Briefly, at 18 h after transfection with
PcDNA3CF-FADS, Hela cells were washed, collected, and resus-
pended in NKM buffer. Cells were subsequently pelleted and resus-
pended in homogenization buffer. The cells were then
homogenized on ice by passing them through a 1 mL syringe with
a 261/2 G needle 20 times. After centrifugation, pellets containing
the mitochondria were collected and resuspended in a mitochon-
drial suspension buffer.

For Western blot analysis, the mitochondrial membrane frac-
tion was separated by SDS-PAGE and then transferred to a mem-
brane. Rabbit anti-COX IV and mouse anti-FLAG M2 were used as
primary antibodies. Rabbit anti-Lamin A/C (GeneTex), which recog-
nizes Lamin A/C on the nuclear lamina, was used as a negative con-
trol. Secondary antibodies (goat anti-rabbit IgG (Sigma) or goat
anti-mouse IgG (Dako)) conjugated to alkaline phosphatase were
used, and proteins were visualized by NBT/BCIP staining
(ThermoScientific).
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Fig. 1. Fluorescence resonance energy transfer (FRET) between Z-FADS and CYB5R or ELOVL proteins. (A) FRET between the indicated DsRed-CYB5R proteins and Z-FADS-
EGFP or EGFP-Z-FADS. (B) FRET between the indicated DsRed-ELOVL proteins and Z-FADS-EGFP or EGFP-Z-FADS. (C) FRET between the indicated ELOVL-FLAG proteins and Z-
FADS-EGFP or EGFP-Z-FADS. Data are the means of five experiments.
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Table 1
Distances between fluorophores as determined by fluorescence resonance energy
transfer (FRET).

Sample FRET efficiency (%) Ro (A) Distance (nm)
Z-FADS-EGFP + DsRed-CYB5R1 N/A - -
Z-FADS-EGFP + DsRed-CYB5R2 16+ 1 63 ~8.4
Z-FADS-EGFP + DsRed-CYB5R3 6.0+ 0.5 63 ~9.9
Z-FADS-EGFP + DsRed-ELOVL 2 11+1 63 ~8.9
Z-FADS-EGFP + DsRed-ELOVL 4 113 63 ~9.0
Z-FADS-EGFP + DsRed-ELOVL5 111 63 ~9.0
Z-FADS-EGFP + DsRed-ELOVL 7 113 63 ~8.9
Z-FADS-EGFP + ELOVL 2-FLAG 7.5+1.8 60 ~9.1
Z-FADS-EGFP + ELOVL 4-FLAG 132 60 ~8.3
Z-FADS-EGFP + ELOVL 5-FLAG 327 60 ~6.9
Z-FADS-EGFP + ELOVL 7-FLAG  N/A - -
EGFP-Z-FADS + DsRed-CYB5R1  0.10+0 63 -
EGFP-Z-FADS + DsRed-CYB5R2  8.1+0.5 63 ~9.5
EGFP-Z-FADS + DsRed-CYB5R3  9.1+0.5 63 ~9.3
EGFP-Z-FADS + DsRed-ELOVL 2 9.7 +2.7 63 ~9.2
EGFP-Z-FADS + DsRed-ELOVL 4 8.6+ 0.8 63 ~9.4
EGFP-Z-FADS + DsRed-ELOVL 5 2.1 +0.8 63 ~12
EGFP-Z-FADS + DsRed-ELOVL 7 12 +2 63 ~8.8
EGFP-Z-FADS + ELOVL 2-FLAG 8.5+2.4 60 ~8.9
EGFP-Z-FADS + ELOVL 4-FLAG 3.2+ 0.4 60 ~11
EGFP-Z-FADS + ELOVL 5-FLAG 17 +3 60 ~7.8
EGFP-Z-FADS + ELOVL 7-FLAG  N/A - -
His-ELOVL 2-FLAG 131 60 ~8.3
His-ELOVL 4-FLAG 110 60 ~8.5
His-ELOVL 5-FLAG 7.8+0.6 60 ~9.1

His-ELOVL 7-FLAG N/A - -

N/A: not available (the distance between the fluorophores may be too great).

2.6. Fatty acid analysis

HeLa cells were co-transfected with pcDNA3CF-FADS and
pcDNA3CF-ELOVL2, 4, or 5. At 18 h after transfection, HeLa cells
were washed with PBS and incubated for 3 h in DMEM containing
ALA (5 pg). Cells were subsequently washed and trypsinized. Cellu-
lar lipids were extracted with n-hexane, as previously described
[22]. After treatment of cells with acetyl chloride in methanol,
the derived fatty acid methyl esters (FAME) were analyzed by gas
chromatography (GC). Fatty acid identity was determined using a
Supelco® 37 Component FAME Mix standard (Sigma-Aldrich).
The GC system (Agilent HP6890 plus) was equipped with a flame
ionization detector and a HP-5 capillary column (Agilent). The
carrier gas was nitrogen, and the flow rate was 1 mL/min. The
initial oven temperature was set at 120 °C and held for 30 min; this
was followed by a ramp (3 °C/min) to 250 °C, which was held for a
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Fig. 3. Orientation of the N- and C-termini of ELOVL transmembrane helices. (A)
Diagram depicting the use of ELOVLs tagged at both the N- and C-terminus for
determining their relative orientation based on FRET. (B) FRET efficiencies between
the N- and C-terminus of the indicated ELOVLs. Data are the means of five
experiments.

further 20 min; the last step consisted of a final ramp (5 °C/min) to
300 °C, which was maintained for 20 min. The injection port was
set at 300 °C in splitless mode.

3. Results
3.1. Z-FADS interacts with CYB5Rs and ELOVLs
HelLa cells were co-transfected with either pEGFP-N1-FADS or

PEGFP-C1-FADS, and vectors expressing DsRed-tagged cyb5r1-3,
elovi2, 4, 5, or 7, or FLAG-tagged elovl2, 4, 5, or 7, thereby generating
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Fig. 2. Sub-cellular localization of Z-FADS. (A) Z-FADS is localized to the endoplasmic reticulum (ER) and mitochondrial membrane, as demonstrated by immunofluorescence
cytochemistry. Rabbit anti-ERp57 (marking the ER) and rabbit anti-COX IV (marking the mitochondrial membrane) were recognized by goat anti-rabbit IgG conjugated to
Rhodamine (red). Z-FADS was tagged with EGFP (green). Nuclei were stained with DAPI (blue). (B) Western blot analysis. The left lane was loaded with total cellular extract
and the right lane was loaded with isolated mitochondrial extract (anti-Lamin A/C was used to confirm the absence of nuclear lamina in the purified fraction). Anti-FLAG M2
was used to probe for Z-FADS-FLAG and anti-COX IV was used to probe for the mitochondrial membrane.
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22 combinations. Yellow areas in dual color fluorescence overlay
images indicate co-localization of EGFP-Z-FADS (green) and either
CYB5R or ELOVL (red) (Fig. S2). Z-FADS does not appear to interact
with CYB5RI1, but clearly interacts with CYB5R2 and CYB5R3
(Fig. S2A). Z-FADS also interacts with ELOVL2, 4, 5, and 7 (Fig. S2B).

FRET was subsequently used to confirm the observed interac-
tions. The distances between the N-terminus of Z-FADS (the donor)
and the N-termini of CYB5R2 and CYB5R3 (the acceptors) were 95
and 93 A, respectively (Fig. 1A and Table 1). Consistent with the
fluorescence microscopy results, FRET was not observed between
Z-FADS and CYB5R1. FRET analysis confirmed the interaction
between Z-FADS and ELOVLs (2, 4, 5, and 7) (Fig. 1B), with the
distance between the Z-FADS C-terminus and the N-termini of
ELOVL2, 4, 5, and 7 being 89, 90, 90, and 89 A, respectively
(Table 1). Although FRET was observed between Z-FADS and
ELOVL7 tagged with DsRed at the N terminus, it was not observed
between Z-FADS and ELOVL7 tagged with FLAG at the C terminus
(Fig. 1B and C, Table 1).

3.2. Z-FADS is expressed on the ER and mitochondrial membrane in
HelLa cells

To determine the subcellular localization of Z-FADS, we stained
Hela cells expressing Z-FADS with an endoplasmic reticulum (ER)
marker, anti-ERp57, and a mitochondrial marker, anti-COX IV.
Z-FADS was co-localized with ERp57, suggesting it is present on
the ER, as previously speculated [23] (Fig. 2A, upper panel). Z-FADS
also co-localized with COX 1V, indicating that it resides on the
mitochondrial membrane (Fig. 2A, lower panel). This finding was
confirmed by subjecting the mitochondrial membrane fraction of
Hela cells to Western blot against Z-FADS (Fig. 2B).

3.3. Modeling of ELOVL transmembrane protein structures

The orientations of the N- and C-termini of ELOVLs were deter-
mined by subjecting HeLa cells expressing double-tagged His-
ELOVL-FLAG proteins to FRET analysis. A FRET signal is predicted
if the N- and C-termini lie on the same side of the ER membrane
(either the cytosolic or lumen face) within 1-10 nm of each other
(Fig. 3) [24]. The FRET efficiencies for ELOVL2, 4, and 5 were
13 +1%, 11 £ 0%, and 7.8 + 0.6%, respectively. However, FRET was
not observed between the N- and C-termini of ELOVL7 (Fig. 3B
and Table 1).

3.4. Production of DHA in HeLa cells

To determine whether desaturases other than Z-FADS are re-
quired for lipogenesis in zebrafish, HeLa cells were co-transfected
with Z-FADS and ELOVL expression vectors, before being incubated
with ALA. Fatty acid methyl esters (FAME) were extracted from
these Hela cells and analyzed by GC. The extracted compounds
were compared with FAME standards (37 saturated and unsatu-
rated fatty acids of various lengths (Cg—Cy4); Fig. 4, upper panel).
DHA signals were observed in cells co-transfected with the zebra-
fish fads and elovl genes (Fig. 4, lower panel), but not untransfected
control cells (Fig. 4, middle panel). The incremental production of
EPA and DHA are evidenced from the untransfected and transfec-
ted Hela cells. The peak area ratios for (16:1):(18:0):EPA:DHA
were changed from 1.0:2.1:0.32:0.18 to 1.0:1.9:0.44:0.27. These
results indicate that both EPA and DHA are synthesized in HeLa
cells transfected with zebrafish fads and elovi2, 4, and 5.
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Fig. 4. Gas chromatography analysis of DHA formation. HeLa cells co-transfected
with zebrafish fads and elovi2, 4, and 5 produced additional EPA (retention time =
71.7 min) and DHA (retention time = 77.8 min). Cells were incubated with ALA.
Upper panel: PUFA standard; middle panel: PUFA derived from untransfected HeLa
cell extract; lower panel: PUFA derived from transfected HeLa cell extract.

4. Discussion

This study is the first to demonstrate that Z-FADS interacts with
CYB5Rs (2 and 3) and ELOVLs (2, 4, 5 and 7), as shown by fluores-
cence microscopy and FRET. Furthermore, we observed FRET be-
tween the respective N- and C-termini of ELOVL2, 4, and 5,
indicating that their termini reside on the same side of the lipid bi-
layer, within 83-91 A of each other (Fig. 3 and Table 1). FRET was
not observed between the N- and C-termini of ELOVL7 (Fig. 3B and
Table 1). This suggests that the three-dimensional structure of
ELOVL7 in the membrane may be distinct from that of ELOVL2, 4,
and 5. The C-terminus of ELOVL7 may be located on the other side
of the membrane to the N-terminus, or it may be embedded within
the membrane itself. These data will be useful in determining the
topology of the ELOVL proteins.

Proteins of the FADS family are known to be distributed on the
ER membrane. However, the findings of earlier activity assays sug-
gested that FADS proteins may also be expressed in other organ-
elles [25,26]. Our fluorescence microscopy and Western blot data
show that Z-FADS is expressed in the mitochondria (Fig. 2). These
results are consistent with an earlier report that FADS1 is
expressed in baboon mitochondria [26]. In baboons, alternative
splicing generates eleven FADS1 proteins, most of which localize
to the mitochondria. On the basis of their common localization,
the baboon FADS1 variants and Z-FADS may share similar but yet
unidentified roles. This role may be related to beta-oxidation of
DHA precursors in mitochondria [19] or peroxisome, which is
required for DHA synthesis in most, but not all, biological systems.

Z-FADS has been reported to possess both A-5 and A-6 activity
[15]. Furthermore, ELOVL7 is required for the elongation of C;5 and
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Cyo0 PUFAs [27]. Thus, our finding that Z-FADS possibly interacts
with the N-terminus of ELOVL7 suggests that these two proteins
may be involved in LA and GLA desaturation, and the subsequent
elongation required to form C,o PUFAs. In rabbits, ELOVL5 is
believed to be involved in C;3-C,o elongation, while ELOVL2 is
involved in either C;3-Cyo or Cy9-Cyy elongation [28]. Our FRET
results indicate that Z-FADS and ELOVL2/5 are in close proximity,
further supporting a role for Z-FADS in desaturation during
Cy18—Cyo elongation [15,25] (Fig. S3). We also demonstrate here
that HeLa cells co-transfected with zebrafish fads and elovi2, 4,
and 5 are able to synthesize DHA (Fig. 4); this finding, combined
with the observed interaction between Z-FADS and ELOVL4
(Fig. 1 and S2), and the previous report that zebrafish ELOVL4
elongates LC-PUFAs, including DHA [19], suggests that Z-FADS is
involved in DHA biosynthesis through ELOVL4 (Fig. S3). The
absence of additional fads genes from the zebrafish genome
[6,18,29] suggests that Z-FADS may serve as a universal fatty acid
desaturase during lipogenesis.
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