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Enzymatic modification by point mutation and functional analysis of an omega-6 
fatty acid desaturase from Arctic Chlamydomonas sp. 
Woongsic Junga,�, Eun Jae Kima,b,�, Se Jong Hana,b, Sung-Ho Kangc, Han-Gu Choia, and Sanghee Kima 

aDivision of Polar Life Sciences, Korea Polar Research Institute, Korea Institute of Ocean Science and Technology, Incheon, Republic of Korea; 
bDepartment of Polar Life Sciences, University of Science and Technology, Incheon, Republic of Korea; cDivision of Polar Ocean Sciences, Korea Polar 
Research Institute, Korea Institute of Ocean Science and Technology, Incheon, Republic of Korea  

ABSTRACT 
Arctic Chlamydomonas sp. is a dominant microalgal strain in cold or frozen freshwater in the Arctic region. 
The full-length open reading frame of the omega-6 fatty acid desaturase gene (AChFAD6) was obtained 
from the transcriptomic database of Arctic Chlamydomonas sp. from the KOPRI culture collection of polar 
micro-organisms. Amino acid sequence analysis indicated the presence of three conserved histidine-rich 
segments as unique characteristics of omega-6 fatty acid desaturases, and three transmembrane regions 
transported to plastidic membranes by chloroplast transit peptides in the N-terminal region. The 
AChFAD6 desaturase activity was examined by expressing wild-type and V254A mutant (Mut-AChFAD6) 
heterologous recombinant proteins. Quantitative gas chromatography indicated that the concentration 
of linoleic acids in AChFAD6-transformed cells increased more than 3-fold [6.73 � 0.13 mg g� 1 dry cell 
weight (DCW)] compared with cells transformed with vector alone. In contrast, transformation with 
Mut-AChFAD6 increased the concentration of oleic acid to 9.23 � 0.18 mg g� 1 DCW, indicating a change 
in enzymatic activity to mimic that of stearoyl-CoA desaturase. These results demonstrate that AChFAD6 
of Arctic Chlamydomonas sp. increases membrane fluidity by enhancing denaturation of C18 fatty acids 
and facilitates production of large quantities of linoleic fatty acids in prokaryotic expression systems. 
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Introduction 

The survival of cold-adapted micro-organisms, including 
Arctic green microalgae, is facilitated by unique characteristics 
of their proteins and membranes and their genetic responses 
to thermal changes.[1] Many studies have focused on the 
activities of extracellular enzymes under cold conditions.[2,3] 

Additionally, many species produce and maintain adequate 
concentrations of sugars and polyols that act as cryoprotec-
tants, which lower the freezing point.[4–8] The cellular 
membranes of psychrophilic micro-organisms comprise spe-
cific fatty acid components that maintain fluidity to transport 
substrates and avoid physical damage at low temperatures.[9,10] 

Planktonic micro-organisms in a semisolid matrix undergo a 
phase shift from water to a semi or completely enclosed 
matrix.[11] The desaturation of fatty acids with an appropriate 
number of bonds in the cis configuration can reduce the 
transition temperature from the solid to liquid crystalline 
phases by conferring sufficient membrane fluidity to micro-
algae living in the Arctic region.[9] 

Fatty acid desaturases (FADs) convert saturated fatty acids 
(SFAs) into mono and polyunsaturated fatty acids (MUFAs 
and PUFAs, respectively) by catalyzing desaturation 
reactions.[9] Among the three types of FADs, acyl-ACP, and 
acyl-lipid desaturases catalyze desaturation of fatty acids in 

plant cells.[9,12,13] Transcription of the genes encoding 
acyl-lipid desaturases in Synechocystis was upregulated at low 
temperatures.[14,15] Therefore, it was suggested that PUFA 
accumulation at low temperatures was due to upregulation 
of FAD expression.[9] The omega-6 FAD (delta-12 FAD) 
catalyzes the introduction of a double bond at the delta-12 
position of oleic fatty acid (C18:1 cis-9) to synthesize linoleic 
fatty acid (C18:2 cis,cis-9,12).[16–18] Omega-6 FADs are 
categorized as FAD2 or FAD6 according to their localization 
within the endoplasmic reticulum and plastidial membranes, 
respectively.[13,17,19] FAD6 may catalyze desaturation reactions 
to generate linoleic fatty acids in the chloroplast and plastidial 
membranes of Arctic Chlamydomonas spp. A recent transcrip-
tomic analysis of an Arctic Chlamydomonas sp. (ArF0006) in 
the KOPRI culture collection of polar micro-organisms 
(KCCPM) was performed by pyrosequencing.[20] The data 
revealed partial sequences of genes encoding putative 
desaturases and antifreeze proteins (AFPs).[20] 

In the present study, we performed rapid amplification of 
cDNA ends (RACE)-polymerase chain reaction (PCR) based 
on partial desaturase sequences and obtained a full-length 
cDNA of one ArF0006 FAD (AChFAD6). The deduced 
AChFAD6 was compared with FADs from various other 
organisms and its structural characteristics and cellular 
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localization analyzed. Moreover, the activities of recombinant 
AChFAD6 and mutant AChFAD6 (Mut-AChFAD6) proteins 
were investigated by quantitative fatty acid methyl ester 
profiling. 

Materials and methods 

Isolation and culture of an Arctic Chlamydomonas sp 

ArF0006, an Arctic Chlamydomonas sp., was isolated from 
ice-covered freshwater near the Dasan Station located in 
Ny-Ålesund, Spitsbergen, Norway (78°55′N, 11°56′E). Single 
cells of ArF0006 were maintained in the KCCPM. ArF0006 
strains were grown in Tris-acetate phosphate medium under 
25 µmol photon m� 2 s� 1 (16:8-hr light/dark cycle) at 4°C. 
ArF0006 was identified as a Chlamydomonas sp. by morpho-
logical observation and molecular phylogeny in a previous 
study.[20] 

Isolation of an orf and analysis of the deduced  
omega-6 FAD amino acid sequence 

ArF0006 cells were harvested by centrifugation at 5,000g for 
10 min at 4°C. Total RNA was extracted using the RNeasy 
Plant Mini Kit (Qiagen, USA). Full-length cDNA was gener-
ated from total RNA using the 5′/3′ RACE Kit, 2nd Generation 
(Roche, Germany). More than two forward and reverse 
primers based on the omega-6 FAD contig (ID, contig00093) 
nucleotide sequence were designed to determine whether the 
putative omega-6 FAD gene was present in ArF0006 cDNA 
(Table 1, Supplemental Table of Kim et al.[20]). Gene-specific 
primers for amplification of the omega-6 FAD of ArF0006 
were designed next (Table 1). After PCR amplification of 
ArF0006 omega-6 FAD (AChFAD6), the amplified products 
were examined by electrophoresis on a 1% agarose gel and 
subjected to DNA sequencing (Macrogen, Korea). The 
AChFAD6 sequences were identified by tBlastx search against 
the amino acid sequences in the NCBI database.[21] The 
AChFAD6 sequences were deduced using the translation 
algorithm in the ExPASy package.[22] The deduced amino acid 
sequences were examined using the following software 
packages: (1) SignalP[23] for identification of signal peptides; 
(2) TargetP,[24] ChloroP,[25] PCLR chloroplast localization 
prediction,[26] and LocTree2[27] for analysis of localization of 
AChFAD6; and (3) HMMTOP,[28] TMpred,[29] and DAS[30] 

for prediction of secondary structures and transmembrane 
regions. 

Alignment and phylogenetic analysis of AChFAD6 and 
FADs from other organisms 

Amino acid sequences that showed high identity with 
AChFAD6 were identified in the NCBI database by 
comparison using the BlastP algorithm (Arabidopsis lyrata 
subsp. lyrata, XP_002867319; A. thaliana, NP_194824; 
Descurainia sophia, ABI_73993; Brassica napus, AAT_65208; 
Nicotiana tabacum, AIA_22326; Solanum acaule, AGW_ 
21688; S. cardiophyllum, AGW_21690; S. commersonii, 
AGW_21689; Tarenaya hassleriana, XP_010548500; Jatropha 
curcas, ABU_96742; Carthamus tinctorius, AEK_06379; Olea 
europaea, AAW_63039; Gossypium arboreum, KHG_05619; 
Theobroma cacao, XP_007011948; Portulaca oleracea, ACB_ 
14275; Morus notablis, XP_010086850; Arachis hypogaea, 
ACZ_06070; Medicago truncatula, XP_003610331 and 
KEH_38076; Glycine max, NP_001238236; Oryza sativa var. 
Japonica, BAD_09897; Ginkgo biloba, AEJ_87848; Physcomi-
trella patens, XP_001778886; Mesostigma viride, ABD_58898; 
Chlorella vulgaris NJ-7, ADB03432; Ch. vulgaris, ACN59567; 
Ch. variabilis, XP005843960; Coccomyxa subellipsoidea, XP_ 
005648776; Auxenochlorella protothecoides, XP_011397648; 
Monoraphidium neglectum, KIY_93798; Chlamydomonas 
reinhardtii, XP_001693068; Chlamydomonas sp. W80, BAA_ 
83822; Chlamydomonas sp. ICE_L, AEK76074) (Figure 1). 
The selected amino acid sequences were aligned using the 
ClustalW algorithm.[31] Phylogenetic analysis was performed 
by the distance method using 5,000 bootstrap repetitions. 
The unweighted pair group with arithmetic mean method 
was used to construct phylogenetic trees using the MEGA6 
software.[32] 

The amino acid sequences of AChFAD6 were aligned with 
those from green microalgae using the ClustalW algorithm[31] 

in the BioEdit software.[33] For alignment of amino acid 
sequences and analysis of conserved regions of AChFAD6, 
Chlorella vulgaris NJ-7 (Chlo_vul_01, ADB03432), Chlorella 
vulgaris (Chlo_vul_02, ACN59567), Chlorella variabilis (Chlo_ 
var, XP005843960), Chlamydomonas reinhardtii (Chla_rei, 
XP001693068), and Chlamydomonas sp. ICE_L (Chla_sp, 
AEK_76074) were used (Figure 2). 

Expression of AChFAD6 in E. coli 

To investigate AChFAD6 activity, an expression construct was 
prepared using the pET32a (þ) expression vector. The 
AChFAD6 gene was amplified using gene-specific primers 
containing the restriction site sequences for the BamHI and 
XhoI restriction enzymes (Table 1). Moreover, an AChFAD6 
mutant (V254A, Mut-AChFAD6) was produced by site- 
directed mutagenesis to assess the functional changes caused 
by replacement of amino acids in the third membrane- 
spanning region (Table 1). Purified AChFAD6 PCR products 
and the pET32a (þ) expression vector were digested with 
BamHI and XhoI, and the digested products were purified 
and ligated using T4 DNA ligase (Elpisbio, Korea). Ligates 
were transformed into DH5a E. coli competent cells 

Table 1. Primers used in this study. 
Name of primers Sequences of primers (50→30)  

50/30 RACE primers  
contig00093 50 RACE R2 CCAGGGGTCAAAGGGGTAGATG  
contig00093 50 RACE R3 GATGGAGATGAGGAAGAGCGAG  
contig00093 30 RACE F2 GGCTACCACTTCTGGATGAGCA  
contig00093 30 RACE F3 ATGTCCAAGATCCCGTGGTACAAC  
contig00093 30 RACE F4 CTGCCCAACAACATGTAAAGGGC 

Gene-specific primers  
AChFAD6_For GCGG GAATCC ATGCAGGCAACAGCGTGTGC  
AChFAD6_Rev GCGG CTCGAG TTACATGTTGTTGGGCAGCA 

Primers for site-directed mutagenesis  
V254-Sense GAGCAGCAGAAGCCGCGCGCGCTTGTCA 

GCCTGGCAGCC  
V254-Antisense GGCTGCCAGGCTGACAAGCGCGCGCGG 

CTTCTGCTGCTC  
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(Enzynomics, Korea) and plated on Luria–Bertani (LB) agar 
containing 100 µg ml� 1 ampicillin (Sigma, USA). The 
expression plasmids were extracted from the transformants 
(LaboPass Plasmid Miniprep Kit, CosmoGenetech, Korea) 
and subjected to DNA sequencing (Macrogen, Korea). The 
plasmids were transformed into E. coli BL21 (DE3) competent 
cells (Enzynomics, Korea). E. coli containing the pET32a (þ) 
plasmid only was used as the negative control. A single colony 
was inoculated into LB broth with 100 µg ml� 1 ampicillin and 
incubated with continuous shaking at 37°C until an OD600 of  

∼0.5 was reached. Isopropyl b-D-thiogalactopyranoside 
(IPTG) was added to the culture to a final concentration of 
1 mM, followed by incubation for 3 hr under the conditions 
described above. The expressed proteins were resolved by 
12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), followed by Coomassie blue staining. 
Western blot analysis was performed to detect AChFAD6s 
fused to Trx and His tags. Proteins were transferred from gels 
to PVDF membranes (Millipore, USA) using a semi-dry 
transfer apparatus (Atto, Japan). Primary mouse anti-His 

Figure 1. Phylogenetic analysis of omega-6 FADs from organisms related to Arctic Chlamydomonas sp. FAD (AChFAD6) generated using the unweighted pair group 
method with arithmetic mean method. Numbers on branches show bootstrap values from 5,000 repetitions. Bootstrap values with lower than 50% support were 
discarded.  

Figure 2. Alignment of amino acid sequences of omega-6 fatty acid desaturases from Arctic Chlamydomonas sp. and various related organisms. Asterisks indicate the 
conserved transmembrane histidine-rich motifs characteristic of FADs. AChFAD, Arctic Chlamydomonas sp. in this study; Chlo_vul_01, Chlorella vulgaris; Chlo_vul_02, 
Chlorella vulgaris NJ-7; Chlo_var, Chlorella variabilis; Chla_rei, Chlamydomonas reinhardtii; Chla_sp, Chlamydomonas sp.  
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(Young-In Frontier, Korea) and secondary antimouse IgG- 
horseradish peroxidase (Young-In Frontier, Korea) antibodies 
were used for Western blotting. Protein bands corresponding 
to AChFAD6s were detected using a colorimetric Western blot 
system (Opti-4CN Substrate Kit, Bio-Rad, USA). 

Fatty acid composition of E. coli cells expressing 
AChFAD6 

The fatty acid composition of cells harboring AChFAD6 and 
Mut-AChFAD6 was investigated by fatty acid methyl ester 
(FAME) analysis using a gas chromatograph (YL-6100GC, 
Korea) equipped with a flame ionization detector and a capil-
lary column (Agilent, USA). Total lipids were extracted from 
20 mg of freeze-dried samples as described previously.[34] 

The fatty acid components in the organic phases were 
analyzed. FAME analysis was performed as follows: (1) 
3 ml min� 1 in constant flow mode, (2) incubation at 100°C 
for 5 min followed by a temperature increase to 240°C 
(4°C min� 1), then a hold for 20 min, and (3) 250°C detector 
temperature. Chromatographic peaks of FAME components 
were assigned and quantified using the Supelco 37 Component 
FAME Mix as a standard (Sigma, USA). Total fatty acid con-
tents were assessed based on the internal standard (1 mg C16:0 
in hexane) together with the gas chromatographic peaks. 
Production yields are presented as milligrams FAMEs per 
gram dry weight of E. coli cells. The gas chromatography 
analysis was performed three times independently. 

Results 

Isolation and characterization of AChFAD6 

The ORF of the ArF0006 FAD gene (AChFAD6) was amplified 
and verified by 5′/3′ RACE PCR from ArF0006 cDNA. The 
AChFAD6 nucleotide sequence detected was 1,274 bp in 
length, including start and stop codons. The deduced amino 
acid sequence of AChFAD6 comprised 424 amino acids with 
a molecular weight of 48.2 kDa. Comparison of the nucleotide 
and amino acid sequences using the BLAST algorithm in 
NCBI resulted in categorization of AChFAD6 according to 
the delta-12 and omega-6 FADs. 

Sequence alignment and phylogenetic analysis  
of AChFAD6 

The phylogenetic relationships of AChFAD6 with other pro-
teins were analyzed by comparison of their amino acid 
sequences. AChFAD6 showed high sequence identity to FADs 
of the following green microalgae strains: Chlorella sp. 
(GenBank ID, ACN59567; 94% sequence identity), Chlorella 
sp. NJ-7 (GenBank ID, ADB03432; 94% sequence identity), 
Chlorella variabilis (GenBank ID, XP_005843960; 81% 
sequence identity), Chlamydomonas sp. W80 (GenBank ID, 
BAA83822; 66% sequence identity), and Chlamydomonas 
reinhardtii (GenBank ID, XP_001693068; 64% sequence 
identity). Multiple alignment and phylogenetic analyses using 
the ClustalW algorithm[31] and MEGA6[33] demonstrated that 
omega-6 FADs from higher plants and green microalgae 
existed separately, and AChFAD6 was closely associated with 

the clade of green microalgal omega-6 FADs (Figure 1). This 
result strongly suggested AChFAD6 to be a green microalgal 
FAD that converts MUFAs into PUFAs. 

In silico characterization of AChFAD6 amino acid 
sequences 

Three conserved histidine-rich domains (amino acids 
148–152, 184–188, and 346–350) were detected in the 
AChFAD6 sequence; these are important for fatty acid desatu-
ration (Figure 2).[9,35,36] The primary and secondary structures 
of AChFAD6 were analyzed using computational software. 
First, AChFAD6 is likely intracellular due to the absence of 
signal peptides, as determined using the SignalP software 
(Figure S1).[23] AChFAD6 was found to be located in chloro-
plast membranes by TargetP[24] and ChloroP software.[25] 

ChloroP provided information regarding the length of 
presumed chloroplast transit peptides (cTPs). The PCLR 
chloroplast localization prediction software[26] robustly 
supported the chloroplast localization of AChFAD6, with a 
high value of 0.861 (threshold for predicted chloroplast 
targeting, 0.42). In addition, the localization of AChFAD6 
was predicted using the LocTree2 software (Figure S2).[27] 

The secondary structure and transmembrane regions of 
AChFAD6 were next investigated based on the amino acid 
sequence. The entire sequence of AChFAD6 comprised 
a-helices and b-strands (Figure 3). Three chloroplast mem-
brane-spanning regions were identified using the TMpred[29] 

and DAS[30] software packages (Figures 3 and 4). These 
membrane-spanning regions comprised a-helices, and 
histidine-rich motifs were located within or near the a-helix 
structures. Moreover, mapping of disulfide bonds of eight 
cysteine residues in AChFAD6 sequences using the DIpro 
software[37] in the SCRATCH protein predictor package resulted 
in prediction of three disulfide bonds (6Cys–17Cys, C124–C150, 
and C330–C340) (Figure 3). The 50Cys and 392Cys residues 
were found to retain free thiol functional groups. 

Recombinant expression and detection of AChFAD6s  
in E. coli 

The enzymatic activity of recombinant AChFAD6s expressed 
in E. coli was investigated. One mutagenic AChFAD6 
(V254A, Mut-AChFAD6) was generated by site-directed 
mutagenesis to monitor the effect of substitution of an amino 
acid in the third membrane-spanning region. The pET32a (þ) 
expression vector was used to ensure correct folding of 
AChFAD6s in E. coli. Recombinant AChFAD6 and Mut-ACh-
FAD6 were expected to be of 68.2 kDa. As no SDS-PAGE band 
was observed, Western blot analysis was performed to detect 
expression at levels as low as nanograms per microliter 
(Figure 5a). Colorimetric immunoblot analysis indicated 
successful expression of both AChFAD6s at the predicted 
molecular weights (Figure 5b). 

Fatty acid composition of E. coli cells harboring 
AChFAD6s 

The fatty acid composition of E. coli harboring AChFAD6 and 
Mut-AChFAD6 was investigated by gas chromatography 
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FAME analysis. Total fatty acids were extracted from 20 mg 
dry weight of E. coli expressing pET32a (þ) (negative control), 
AChFAD6, and Mut-AChFAD6. Total fatty acid levels were 
38.07 � 0.97, 63.66 � 1.27, and 64.71 � 0.97 mg g� 1 DCW 
for the negative control, AChFAD6, and Mut-AChFAD6, 
respectively (Table 2). Oleic (C18:1, n-9) and linoleic (C18:2, 
n-9,12) acid levels were elevated in cells expressing AChFAD6 
(Figure 6b). In cells expressing Mut-AChFAD6, the oleic acid 
concentration was significantly higher (Figure 6c). Oleic and 
linoleic acid levels in cells expressing AChFAD6 were 7- and 
2-folds higher, respectively (5.45 � 0.16 and 6.73 �
0.13 mg g� 1 DCW, respectively), compared with the negative 
control (Table 2). The oleic acid concentration significantly 
increased by ∼10-fold (9.23 � 0.18 mg g� 1) in cells harboring 
Mut-AChFAD6 (Table 2). Therefore, AChFAD6 and 

Figure 4. Prediction of transmembrane fragments of AChFAD6. (a) Dense alignment surface profile of AChFAD6. Strict cutoffs are shown as lines and (b) AChFAD6 
transmembrane fragment pattern. Numbers to the left of the helices indicate the locations of amino acids.  

Figure 3. Amino acid sequence and secondary structure analyses of AChFAD6. Italic and underlined amino acid sequences indicate chloroplast transit peptides. Bold 
and red amino acid sequences represent chloroplast and plastid transmembrane regions. Cysteine residues and disulfide linkages are indicated by blue dots and blue 
lines, respectively. The histidine-rich motifs are indicated by upper asterisks and bold characters. a-helices and b-strands are indicated by gray lines and yellow-red 
ribbons, respectively.  

Figure 5. Heterologous expression of recombinant AChFAD6s in E. coli and 
detection by immunoblotting. (a) Coomassie blue staining and (b) Western blot 
analysis. M, protein size marker; U, E. coli cells harboring the pET32a (þ) vector 
(negative control); 1, E. coli cells harboring AChFAD6; 2, E. coli cells harboring 
Mut-AChFAD6.  
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Mut-AChFAD6 derived by single substitution with nonpolar 
amino acid residues in the membrane-spanning region might 
catalyze introduction of double bonds at different positions in 
SFAs. 

Discussion 

The genus Chlamydomonas is highly adaptable. Photosyn-
thetic micro-organisms living in polar regions play important 

roles in aquatic ecosystems as primary producers. ArF0006 in 
the KCCPM provides a good model for the investigation of 
genes related to environmental stress and cold adaptation, 
such as those encoding FADs and AFPs.[20] Among the genes 
identified by transcriptomic analysis of ArF0006, the FAD 
gene was investigated. The full-length cDNA of ArF0006 
FAD (AChFAD6) was determined to comprise 1,274 bp 
encoding 424 amino acids. The amino acid sequence of 
AChFAD6 showed a sequence identity of up to 94% with 
FADs from two strains of the genus Chlorella. Phylogenetic 
analysis of the amino acid sequences of AChFAD6s and FADs 
from a wide range of organisms, including higher plants, 
indicated AChFAD6 to be a typical FAD of green microalgae, 
completely separate from the FADs of higher plants (Figure 1). 
Therefore, these two types of organisms possess FADs with 
different amino acid sequences and thus likely evolved 
separately. 

Omega-6 fatty acid desaturase gene contains three 
histidine-rich motifs (HDCGH, HNQHH, and HVPHH) 
based on alignment with the sequences of five FADs of green 
microalgae. These conserved histidine motifs are typical fea-
tures of FADs and catalyze the binding of ferric irons.[9,10,38,39] 

These amino acid sequence characteristics have been reported 
in delta-12 and omega-3 FADs from Antarctic Chlorella sp. 
and Chlamydomonas sp.[17,40] Currently, the structure and 
substrate specificity of acyl-CoA delta-9 desaturases from the 
marine copepod Calanus hyperboreus were reported.[10] The 
second membrane-spanning fragment is crucial for the 
desaturase activity of C. hyperboreus delta-9 desaturases, and 
tyrosine in this integrated region is a key residue for determin-
ing the length of the fatty acid chains of the substrates.[10] The 
primary and secondary structures of AChFAD6 sequences 
were analyzed in detail. Twenty-two amino acids in the 
N-terminal region were predicted in silico to be cTPs.[24–27] 

The following three criteria for the determination of 
stromal-targeting transit peptides have been reported:[12,41] 

(1) an uncharged N-terminal domain beginning with Met- 
Ala and terminating with a Gly or Pro residue; (2) the absence 
of acidic residues and enrichment of Ser or Thr in the central 
domain; and (3) enrichment of Arg residues in the C-terminal 
domain.[41] First, the amino acid sequence of the N-terminal 
region of AChFAD6 was found to begin with Met-Gln-Ala 
and end with a Pro residue at position 22. The uncharged 
amino acids Cys, Pro, Gln, and Thr were distributed among 
the first 10 amino acid residues. Second, three Ser/Thr residues 
were detected, but no acidic residues were identified. Finally, 
two continuous Arg residues were present in the C-terminal 

Table 2. Dominant contents of fatty acid methyl esters (FAMEs) in expressed E. coli cells modified by induction of AChFAD6 and mutant AChFAD6 (Mut-AChFAD6). 
Micro-organisms analyzed 
Escherichia coli 

C. reinhardtii CC-125  pET32a (þ) (negative control) Induced cells by AChFAD6 Induced cells by Mut-AChFAD6  

C12:0 [mg g� 1 (%)]  1.54 � 0.05 (4.06 � 0.24%)  2.99 � 0.17 (5.32 � 0.97%)  3.48 � 0.17 (5.39 � 0.35%) N/D 
C14:0 [mg g� 1 (%)]  3.85 � 0.15 (10.13 � 0.65%)  5.02 � 0.25 (8.93 � 1.58%)  5.38 � 0.21 (8.32 � 0.45%) N/D 
C16:1 [mg g� 1 (%)]  1.11 � 0.06 (2.92 � 0.23%)  1.26 � 0.05 (2.24 � 0.38%)  2.23 � 0.07 (3.45 � 0.16%) 1.00 � 0.02 (0.77 � 0.03%) 
C18:1 [mg g� 1 (%)]  0.56 � 0.05 (1.48 � 0.17%)  5.45 � 0.16 (9.67 � 1.52%)  9.23 � 0.18 (14.27 � 0.49%) 1.40 � 0.04 (1.08 � 0.05%) 
C18:2 [mg g� 1 (%)]  2.06 � 0.12 (5.43 � 0.45%)  6.73 � 0.13 (11.92 � 1.76%)  4.24 � 0.13 (6.56 � 0.30%) N/D 
Total fatty acids ( mg g� 1)  38.07 � 0.97  63.66 � 1.27  64.71 � 0.97 130.00 � 1.56 

N/D, not detected.   

Figure 6. Gas chromatography peak profiles of total fatty acids. (a) E. coli cells 
harboring pET32a (þ) (negative control) and (b) E. coli cells harboring AChFAD6, 
and (c) E. coli cells harboring Mut-AChFAD6.  
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domain. Therefore, AChFAD6 would be categorized as a 
FAD6 isoform localized in the chloroplast membrane and 
the stromal space within the chloroplast.[13,17,19] The second-
ary structure of AChFAD6 includes three a-helix structures 
within the chloroplast membrane. The first and third con-
served histidine-rich motifs were exposed to the cytosolic 
compartment, and the second was located inside the chloro-
plast. Similar to C. hyperboreus delta-9 desaturases, a tyrosine 
residue (175Y) was present in the second transmembrane 
region. Among the three disulfide bonds predicted by 
DIpro,[37] the second disulfide bridge (124C–150C) is respon-
sible for interactions with ligands such as ferric irons. The 
cysteine residue at position 124 is the first residue exposed 
to the cytosol, and 150Cys is positioned in the center of the 
first conserved histidine-rich motif. The peptide region includ-
ing 124Cys and 150Cys is contained within the catalytic center 
of the C-terminal region and interacts with ligand ions.[9,10] 

These findings suggest that the disulfide cross-link in the 
catalytic domain exposed to the cytosolic compartment contri-
butes to maintenance of the catalytic structure in which the 
histidine residues bind to ligands.[14,18] 

To evaluate the desaturase activity of AChFAD6s, recombi-
nant proteins were produced using a prokaryotic expression 
system. In addition, a single nucleotide substitution of valine 
for alanine was generated by site-directed mutagenesis. The 
254 Val is the starting residue and a component of the a-helix 
in the third integral membrane region. Therefore, mutation 
from Val to Ala, a small nonpolar amino acid, might alter 
the activity of Mut-AChFAD6. Expression of AChFAD6 and 
Mut-AChFAD6 in E. coli was induced by 1 mM IPTG and 
detected as clear bands of the expected molecular weights. 
Omega-6 FADs catalyze the conversion of monoenoic into 
dienoic fatty acids, which play key roles in maintenance of 
membrane fluidity at low temperatures.[9,16,17] Cells harboring 
AChFAD6 and Mut-AChFAD6 showed different patterns of 
oleic (C18:1, n-9) and linoleic (C18:2, n-9,12) acids (Figure 6 
and Table 2). The linoleic acid concentration was higher than 
that of oleic acid in cells harboring AChFAD6. The linoleic 
acid composition (11.92 � 1.76%) was 2-fold higher than that 
of the negative control (5.43 � 0.45%). Moreover, the ratio of 
linoleic acid to total fatty acids was higher than that of oleic 
acid (9.67 � 1.52%). These results suggest AChFAD6 to be a 
typical omega-FAD catalyzing the desaturation of MUFAs into 
PUFAs. However, the fatty acid profile of E. coli expressing 
Mut-AChFAD6 differed significantly from that of AChFAD6. 
Surprisingly, a single point mutation resulting in a single 
amino acid substitution modified the activity of the wild-type 
enzyme. First, Mut-AChFAD6-expressing cells showed a high 
oleic acid concentration, in contrast to AChFAD6-expressing 
cells (Figure 6c). Similarly, oleic and linoleic acid concentra-
tions differed between cells harboring AChFAD6 and Mut- 
AChFAD6 (Table 2). The oleic acid concentration (14.27 �
0.49%) was ∼10-fold higher than that of the negative control 
(1.48 � 0.17%). Moreover, cells harboring Mut-AChFAD6 
exhibited a ∼4.60% higher C18:1 fatty acid concentration 
(14.27 � 0.49%) than that of cells bearing AChFAD6 (9.67 �
1.52%). In contrast, Mut-AChFAD6 expression induced a 
linoleic acid concentration of 6.56 � 0.30%, which was lower 
than that by AChFAD6 expression. Mut-AChFAD6 showed 

enzymatic activity similar to that of stearoyl-CoA desaturase 
(SCD); i.e., conversion of SFAs into MUFAs.[9,10,39] Valine 
and alanine are hydrophobic due to their aliphatic side chains. 
However, these two amino acids have different molecular 
weights (99.1 and 71.1 Da for valine and alanine, respectively) 
and hydropathy scales (4.2 and 1.8 for valine and alanine, 
respectively). The first amino acid and its neighbors in the 
third membrane-spanning domain may thus be the targets 
for genetic modification to improve enzymatic activities and 
to increase the PUFA yield for industrial applications. 

In conclusion, we performed genetic, structural, and 
functional analyses of a chloroplast-targeted omega-6 FAD 
from Arctic Chlamydomonas sp. AChFAD6. AChFAD6 was 
grouped with FADs and was found to contain cTPs, three 
membrane-spanning regions and three conserved histidine- 
rich motifs, which are typical features of chloroplast-specific 
FADs from green microalgae. The structure and enzymatic 
activity of AChFAD6 were similar to those of the chloro-
plast-targeting omega-6 FADs of psychrophilic micro- 
organisms. An amino acid substitution (V254A) in the third 
transmembrane domain resulted in a change from FAD to 
SCD activity. Mut-AChFAD6 should be further investigated 
by site-directed mutagenesis and subjected to structural 
analysis by X-ray crystallography. 

Conclusion 

The gene and the deduced amino acid sequences of omega-6 
fatty acid desaturase were isolated to reveal the survival of 
Arctic Chlamydomonas sp. in cold environment and to 
identify enzymatic activity in the heterologous system. Arctic 
Chlamydmonas sp. omega-6 fatty acid desaturase with 
48.2 kDa showed enzymatic activity enhancing the concen-
tration of linoleic fatty acid in the E. coli expression system. 
In addition, site-directed mutant, V254A, showed high SCD 
activity, that was different activity to wild type. From the 
result, the first amino acid in third membrane-spanning region 
is crucial to maintain omega-6 fatty acid desaturase activity. 
Therefore, genetic modification on the membrane-spanning 
regions of FADs might increase the yield of target fatty acids 
and modulate enzymatic activities for industrial application. 
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