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Abstract A°-fatty acid desaturase is a membrane-bound enzyme which is rate-limiting for the biosynthesis of polyunsaturated
fatty acids. A ¢DNA sequence putatively encoding a A®-fatty acid desaturase was isolated from Rhizopus arrhizus NK300037
using RT-PCR and RACE methods in our previous work. Sequence and function analysis indicated that this sequence was a novel
A°fatty acid desaturase gene which had an open reading frame of 1377bp coding 458 amino acids of 52kD. The methylotrophic
yeast Pichia pastoris has been developed into a highly successful system for the production of a variety of heterologous proteins
during the past 20 years. In this work the Rhizopus arrhizus A°-fatty acid desaturase gene RAD6 was subcloned into
expression vector pPIC3.5K to generate a recombinant plasmid pPICRAD6 which was subsequently transformed into Pichia

pastoris strain GS115 for heterologous expression by electroporation method. Total fatty acids were extracted from the induced
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cells and methylated. The resultant fatty acid methyl esters FAME were analyzed by gas chromatography GC

and gas

chromatography-mass spectrometry GC-MS . Fatty acids analysis showed that the coding product introduced a new double bond

at A6 position of appropriate fatty acid substrates including C16:1 C17:1 C18:1

linoleic acid and a-linolenic acid without

chain length specificity of fatty acids. Furthermore modification of sequence flanking AUG codon of this A°-faity acid desaturase

gene increased the expression of target gene in P. pastoris . All of these results suggest that P . pastoris is an optimal expression

system of A6-fatty acid desaturase gene.

Key words  Rhizopus arrhizus A°-fatty acid desaturase gene 7Y-linolenic acid  Pichia pastoris  expression

PUFAs

involved in roles of ranging from

Polyunsaturated fatty acids are required for
normal cellular function
fluidity  to signal

maintaining  membrane acting  as

molecules ' 2 and this have attracted considerable interest
as pharmaceutical and nutrient components 2 * . The PUFAs

n-6 and n-9
of the double bond nearest to

can been classified into three groups n-3
according to the position n
the methyl end of the faity acid. Linoleic acid LA 18:24°
12 n-6 and o-linolenic acid ALA 18 34’ 2° n-3  are
essential fatty acids because mammals lack the ability to
synthesize them. The two fatty acids can be converted intoy-
linolenic  acid GLA 18 3A°°2 6 and
octadecatetraenoic acid ~ OTA 18 4A°° 125 p.3
respectively by the catalysis of A’-fatty acid desaturase.
Subsequently  the resultant fatty acids can be  further
introduced into the biosythesis of long-chain polyunsaturated
fatty acids LC-PUFAs such as arachidonic acid AA 20 4

A8 o

ASS 11 14 17

and eicosapentaenoic acid EPA 20 5
n-3 by an alternating series of desaturation and
elongation through n-6 or n-3 pathway. These fatty acids are
not only important components of cellular structure and
function but also precursors of physiologically active molecules

thromboxanes and leukotrienes ' 3 .

such as prostaglandins
It is well known that A®-fatty acid desaturase introduces a
double bond between the existing double bond and carboxyl
terminus at the A6 position of fatty acyl chain for LA and
ALA. Except for the above-mentioned LA and ALA

studies have shown that A°-fatty acid desaturase can also act

recent

on the substrates including hexadecanoic acid C16 1A’ n-
9  oleic acid CI8 1A’ n-9

4 5A9 1215 17 21 n-3
A°fatty acid desaturase has position specificity of fatty acid

and tetracosapentaenoic acid

* . These results demonstrate that

substrates other than fatty acyl chain-length specificity.
Unfortunately  the structural information on A°-fatty acid
desaturase is scarce because of the technical limitations in
obtaining large quantities of purified protein and the intrinsic

difficulties in obtaining crystals from A®-fatty acid desaturase.

GLA has been claimed to play a crucial role in
development and prevention of some skin diseases diabetes
reproductive  disorder and others > . GLA is commonly
obtained from plant source such as evening primrose borage
and black-current © . Attempts have been also made to
produce GLA from microorganisms including bacteria fungi
367 it is evident that GLA

production from current sources is inadequate for supplying

and microalgae However

complex
18

the expanding market due to the low productivity
and expensive downstream process and unstable quality
Modification of the fatty acid biosynthesis pathways by genetic
produce desired oil in

manipulation  to transgenic

microorganisms and oilseed crops as a putatively alternative
source has been searched. A gene of AS-faty acid
desaturase and appropriate expression system for functional
analysis are two of prerequisites for the application.

In our previous work a novel A°-fatty acid desaturase
gene RAD6  GenBank Accession No. AY320288  was
isolated and characterized from Rhizopus arrhizus ° . In this
communication we report the heterologous expression of this
gene in P. pastoris strain GS115 with the aim to establish a
expression system for the function analysis of A°-fatty acid
desaturase gene providing primary basis for the studies on
PUFAs biosynthesis  structural and functional analysis of A°-

fatty acid desaturase and the future application of gene

engineering about GLA production.

1 MATERIALS AND METHODS

1.1 strains and plasmids
P. pastoris strain GSI115  his™ . mut*  and vector
pPIC3.5K used for the expression were purchased from

Invitrogen. P. pastoris manipulations were performed
according to the manufacturer’s instructions except that
pGEM-TRAD6  a
recombinant of pGEM-T Promaga Madison WI USA and

R. arrhizus A°-fatty acid desaturase gene was stored in our

indicated otherwise in the text.
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1.2 Plasmids construction and DNA sequencing

Two specific primers 5'-CTCGGATCCT
CAATATGAGTACATCAGATCGTC-3’ and 5'-
TAGCGGCCGCTTAAAATGACTTTTTGCTC-3’ that

correspond to the nucleotide sequences of start and stop
codons in bold of RAD6 respectively were used to obtain
the full-length coding sequence. The 5’ ends of forward
primer and reverse primer contain a BamH 1 and Not [
restrictive sites  underlined  respectively to facilitate
subsequent manipulation. In addition a forward primer 5'-
TAGGATCCACCATGGGTACATCAGATCGTC-3"  and  the
above- mentioned reverse primer were used to obtain another
full-length coding sequence RAD6-1 by modifying the
sequence compositions around the start codon of RAD6 to
CCACCATGG
eukaryotes at the first translation AUG
Recombinant plasmid pGEM-TRAD6 was used as the template

for PCR amplification. These primers 0.2pmol/L. were run

which is generally a consensus sequence in

codon 1011 .

on the Biometra™ T-gradient thermal cycler using a program
of 1 min at 94°C  1min at 60°C and 2 min at 72°C for 35
cycles followed by the extension at 72°C for 10 min. The
amplified products of expected length ~ 1.4kp  were
digested and subcloned into BamH I -Not [
expression vector pPIC3.5K to generate
designated as pPICRAD6 and pPICRAD6-1
confirmed by restriction analysis and DNA sequencing
TaKaRa Bio. Dalian Co. LTD China .
1.3 Transformation of P . pastoris GS115

site of the
two  plasmids

which were

P. pastoris strain GS115 was transformed with 10pg of
Sac I - linearized recombinant plasmid by electroporation
Bio-Red

Transformants were screened for their

with  MicroPulser Electroporation

Hercules USA
ability to grow for 72 h on histidine-deficient MDS plates
containing 1.34% YNB 4 x 107°% Biotin 1% Dextrose
and Imol/L. D-Sorbitol. The multi-copy intergrants were

Apparatus

selected on YPD plates containing various concentrations of
G418. In general transformants growing on plates containing
Smg/mL G418 were selected for RAD6 expression.
1.4 Analysis of genomic DNA

For the verification of gene integrated into the Pichia
genome and the determination of the phenotype genomic
DNA of a number of transformants was isolated according to
the method of Lee et al " . Colonies from the YPD-G418

plates were picked up to grow in 5 mlL minimal medium

overnight for genomic DNA extraction. PCR amplifications

were carried out with 5 pL. of genomic DNA and primers
corresponding to 5"and 3'region of the AOX1 gene forward
5'-GACTGGTTCCAATTGACAAGC-3" and

5'-GCAAATGGCATTCTGACATCC-3"  with  the
followed program 1 min at 94°C 1min at 58°C and 2 min at
72°C for 30 cycles followed by the extension at 72°C for 10

min.

primer reverse

primer

1.5 Induced expression in P . pastoris
Colonies growing on plates containing 5 mg/mlL G418
were used to inoculate 5 mL buffered complex medium
BMGY
overnight at 30°C . This 5 mL cultures was used to inoculate
100 mL of BMGY for 16 ~ 18h until the log phase growth
Agonm = 2 ~ 6

containing glycerol Invitrogen and were grown

Cells were harvested washed and
resuspended in 100 mL. BMGY. The induced expression was
carried out for further 72h at 20°C in BMMY BMGY
supplemented with methanol to a final concentration of
0.5%

washed by sterile distilled water for three times. The cells

. Yeast cells were harvested by centrifugation and

were dried and ground with mortar into a fine powder.
1.6 Fatty acid analysis

Cellular fatty acids were extracted by incubating 100mg
yeast powder in SmL of 5% KOH
saponification at 70°C for Sh. Adjusted pH to 2.0 with HCI
the fatty acid was then subjected to methyl-esterification with
4mL of 14% boron trifluoride in methanol at 70°C for 1.5h.
FAMEs  were

in methanol for

Subsequently  Fatty acid methyl esters
extracted with hexane after addition of saturated sodium
chloride FAMEs were analyzed by gas
chromatography GC  GC-9A  Shimadzu Japan
Qualitative analysis of FAMEs was performed by GC-mass
spectrometry GC-MS  using a HP G1800A GCD SYSTEM
Hewllett-packard Palo Alto CA USA .

were carried out with the same polar capillary column HP-5

solution.

Kyoto

Both analysis

30m x 0.25mm internal diameter 0.25mm internal film
thickness . The mass spectrum of new peak was compared
with that of standard for identification of fatty acid.
1.7 Southern blotting

Southern blotting was performed using the genomic DNA
extracted from the yeasts with highest-level production.
Genomic DNA was digested with BamH I

fractionated on a 0.8% agarose gel and then transferred to a

and size-

Hybond-N nylon membrane according to Sambrook et al ' .
The DNA was cross-linked to membrane by Hoefer UVCS500

oltraviolet;: erosstimken 11 Phasmagiar  San.  Francisco in GAcn
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USA and dried. Prehybridization was carried out at 50°C
with DIG Easy Hyb Buffer for 1 h

carried out overnight at 50° C with the same solution

and hybridization was

containing the digoxigenin-labeled full-length RAD6 as
probe. The followed labeling of RAD6-specific probe and
detection were carried out with the DIG DNA Labeling and
Roche

manufacturer’ instruction.

Detection Kit Beijing China according to the

2 RESULTS

2.1 Construction of expression plasmids pPICRAD6 and
pPICRADG6-1

The PCR products amplified with the two pairs of
primers combination RAD6 and RAD6-1 were introduced
into plasmid pPIC3.5K Fig. 1 between 5" AOXI and 3’
AOX1 TT to generate two recombinant plasmids pPICRAD6
and pPICRAD6-1

restriction analysis and DNA sequencing.

which were subsequently confirmed by

BamHI

Sal 1 RAD6/RAD6-1

Noll

BalTl 3AOXI(TT)

S'AOX1
Sall

PPICRAD6/RADG-1

10.38 kb W

Ampicillin

Balll \
pBR322

ort Kanamycin

Fig. 1  Construction of expression plasmid pPICRAD6/RAD6-1
5"AOX1 promoter fragment TT transcription termination HIS4 ORF
a selection marker RAD6/RAD6-1 gene was inserted between 5" AOX1
and 3"A0X1 TT .

2.2 PCR analysis of P. pastoris transformants

Plasmids pPICRAD6 pPICRAD6-1 and pPIC3.5K were
linearized by Sac I  respectively and electroporated into the
host P. pasioris GS115  his™ mut™ . Thirty-four His®
Mut® recombinants for pPICRAD6 or pPICRADG6-1 were
identified by PCR from 50 His™ transformants screened on
MDS plates. The PCR amplification results showed that
positive recombinants produced the AOX1 gene 2.2 kb and
a 1.5 kb product the control yeast transformed with plasmid
pPIC3.5K produced the AOX1 gene 2.2 kb and a 220
product. However the negative control only produced the

AOX1 gene 2.2 kb Fig.2 . These results demonstrated

Fig. 2 PCR analysis of P. pastoris integrants
1 DNA Marker DI2000 2 P. pastoris transformed with pPICRAD6
3 Mut® 4 P. pastoris transformed with pPIC3.5K 5 P. pastoris 6
pPIC3.5K.

that RAD6/RAD6-1 was stably integrated into the yeast
chromosome .
2.3 Induced expression of the R. arrhizus A®-fatty acid
desaturase gene

Heterologous expression was under transcriptional control
of the AOX1 promoter. Cells were grown in BMGY medium as
described in Materials and Methods and expression was
induced for 72h by supplement of methanol as sole carbon
source. GC analysis results of the FAMEs from the induced
cells revealed that five novel fatty acid peaks were detected in
the yeasts transformed with pPICRAD6  which were absent in
the yeasts containing control vector pPIC3.5K  Fig. 3
Among them
11.8 min and 13.2 min

methyl  ester

two main peaks showed the retention time of
similar to those of GLA and OTA
Fig.3 . Gas
analysis of this

standards  respectively

chromatography-mass spectrometry GC-MS
fatty acid methyl derivatives demonstrated that they were GLA
and OTA methyl esters Fig.4C D . The mass peak m/z =
292 and m/z = 290 indicated the molecular mass of the
methyl-derivative GLA and OTA
patterns were identical to that of the standards respectively.
The other three novel peaks were identified to be C16 2A°?

C17:2A°° and C18 2A°° by their retention time and mass
spectra Fig.4 A B E
products from C16: 1A”  C17: 1A’ and CI8: 1A°. These

results demonstrate that A®-fatty acid desaturase have position

and the fragmentation

which were A6 desaturated

specificity of fatty acid substrates other than chain-length
specificity of fatty acyl chains. Furthermore according to the
percentage of novel fatty acid products this enzyme showed
preference for C18 fatty acid substrates especially for LA and

OTA Table.1 .
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Table 1 Fatty acid compositions wt % of total lipid from yeast transformants containing pPIC3.5K pPICRAD6 and pPICRADG-1.

Fatty acid composition %

Transgenic 61 162 171 172 181 182 182 183 183 18 4
asts | 17 |
yeass 60 e o » IXE 80 N A GIA  ALA  OTA
pPIC3.5K 7.7 2.5 0 3.8 8.5 0 247 46.7 0 2.2 0 6.47 0
pPICRAD6 9.83 2.5 0.5 2.0 3.6 0.8 290 508 0.9 147 6.2 2.4 3.5
pPICRADG-1 9.5 2.3 0.8 2.2 4.0 1.3 26 478 1.9 98 107 2.0 4.7
< <
% o % %o < - *
SES O S o3 Z 3]
A = o B 3) <
(=3 Ly f <
< ) o 42 ¢
] - = g N
2 = 5 e S <
£ 7 = % 7718
= & © 35
a 3) 5
=) o ;
‘D_Q —
o Q
u ¥

Retention time/min
Fig. 3 Identification of novel peaks in P. pastoris GS115 transformed with pPIC3.5K pPICRAD6 and pPICRADG6-1 by GC analysis.
A P. pastoris GS115 transformed with pPIC3.5K B P. pastoris GS115 transformed with pPICRAD6
C  P. pastoris GS115 transformed with pPICRAD6-1.

Similarly ~same results were detected in the yeasts % 3000 5 ¢ A
. . 41
transformed with pPICRAD6-1  Fig.3 . As expected the g 2000 i 5
. = 1000
percentage of novel peaks to the total fatty acids was < 5l . Jih b2 13“]5 |0163 192 266
0 b | / )
increased . In particular the percentage of GLA and OTA was 20 40 60 80 100 120 };‘,2 160 180 200220 240 260
67
increased from 6.2% and 3.5% in GS115/pPICRAD6 to 2 4000 Y B
S 1 HE
) 2 41 |
10.7% and 4.7% in GS115/pPICRAD6-1 = Table 1~ The £ 2000 93
I . 220001 29
results suggested that modification of sequence flanking AUG < oLl | J} ' IMI» |Hd12.!:13m5150 . 206 280
codon of R. arrhizus A°-fatty acid desaturase gene not only 20407 60 80 100 120 I'If/g 160 180 200 220 240 260 280
I i . 9
maintained the specificity of A°-fatty acid desaturase but also 1000004 7 c
()
increased the expression of the target gene. %300000 no6
. £ 200000
2.4 Southern blot analysis 2 ‘ 105, 19,
. . : < 1000001 5 39 ‘ . L35 161175 194 221234261 290
Isolates with the highest-level production were selected o L1 L L
20 40 60 80 100 120 140 160 180 200 220 240 260 280
for southern blot analysis of genomic DNA. Hybridization p m/z
. T 79
bands were detected in both hybridization patterns of GSI115/ o 600004 4 b
pPICRAD6 and GS115/ pPICRAD6-1. One or two bands were S 40000 55
=3
observed in the transformants Fig.5  which indicated that < 20000 s ‘ ‘
. , NEAN “h\u .‘ln.. AIP17519 21235209 290
some transgenic strains might have more than one copy of the 200 407 60 80 100 120 140 160 180 200 220 240 260 280
m'z
vector integrated into its genome. No positive signal was 67
81 E
detected in that of yeasts transformed pPIC3.5K. However g 10000 n
g
no significant increase of target product was detected in yeasts % 5000
. . . . . <
with the increase in copy number of integrated recombinant 0 ‘,5 | u‘ IH\ N.uh L ul‘y N“ i m.] ‘\0164178 220 263 294
. . . . . 20 40 60 80 IOO 120 140 160 180 200 220 240 260 280
DNA inconsistent with the observations that the expression wz

level of product linked t i i mber of
eve O Proclics was fnked 7o an ficrease f copy nilmber o Fig. 4 GC-MS analysis of the novel peaks identified in P. pastoris

. . 14 . . .
integrated recombinant DNA which possibly have relation GS115 transformed with pPICRAD6 and pPICRAD6-1
with the characteristics of the expressing product as a A Cl16 28°° B CI7 24°° C CI8 2A°° D GLA E CI8
4A6 912 15 .
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Fig. 5 Southern blot analysis of genomic DNA isolated
from P. pastoris GS115 transformants
1 negative control 2 yeast transformants intergrated with one copy
3 ~ 4 yeast transformants intergrated with two copies 5  positive

control .

3 DISCUSSIONS

At present a range of heterologous expression systems are
available to meet the need of various proteins useful for
fundamental structure/function analysis and biotechnological
and pharmaceutical purposes. For several centuries
S . cerevisiae  as a GRAS organism has been used in the
production of food alcoholic beverages and pharmaceutical
industry. S. cerevisiae is also susceptible to genetic
manipulation and analysis  which has been even further
facilitated by the availability of the complete genome sequence
of S. cerevisiae published in 1996 ° . However the initial
limitations including oft-times instability of the engineering
strains undesired overglycosylation relatively low yields and
the lack of strong promoters have been relieved during the
past decade by a number of expression systems based on the
alternative yeasts ' . S. cerevisiae contains a A’-fatty acid
desaturase capable of producing monounsaturated palmitoleic
and oleic acid but does not carry out futher desaturation 7 .
S . cerevisiae is generally used as an expression system for the
heterologous expression of A°-fatty acid desaturase genes from
various  organisms * . However S. cerevisiae s
unfortunately  not optimal for researches on fatty acid
metabolism in eukaryotic organisms because the capability of
this yeast to synthesize fatty acids is limited. S. cerevisiae
can not produce polyunsaturated fatty acids such as CI8 2
and C18 3 whereas most other yeasts such as Candida
Pichia  and Rhodotorula species like animals and plants
are able to synthesize them ® . This leads to other limitations
for the comprehensive study of catalytic specificity of A°-fatty
acid desaturase in S. cerevisiae and future application of GLA
production. A more suitable expression host/system is
imperative .

During the past 20 years the methyltrophic yeast Pichia

pastoris has been proven to offer significant advantages over
the traditional baker' s yeast for the high level production of
certain proteins. The increasing popularity of this particular
expression system can be attributed to several factors 1 the
simplicity of techniques needed for the molecular genetic
manipunation of P . pastoris and their similarity to those of S.
cerevisiae 2 the ability of P. pastoris to production foreign
proteins at higher level  either intracellularly or
extracellularly 3 the capability of performing many
eukaryotic  post-translational  modifications ~ such  as
glycosylation  disulfide bond formation and proteolytic
processing ' . As a membrane-bound enzyme the structural
information of A°-fatty acid desaturase is scarce because of
the technical limitations in obtaining large quantities of
purified protein and the intrinsic difficulties in obtaining
enzyme crystals. With the above-mentioned advantages P.
pastorts might be contributed to meet such aims. Moreover

P. pastoris was firstly and successfully utilized for the
expression of Mortierella alpine A°-fatty acid desaturase gene
in our previous work % .

In general A°-fatty acid desaturase catalyse the
conversion of LA and ALA to GLA and OTA in n-3 and n-6
pathways. Recent studies reported the same rat A°-fatty acid
desaturase can introduce a double bond into C16 C18 and
C24 fatty acid substrates at their A6 position of fatty acyl
chains reinforcing that A°-fatty acid desaturase may have no
fatty acyl chain-length specificity but position specificity * > .
The primary products of fatty acid biosythesis in P. pastoris
are 16- 17-and 18-carbaon compounds. Among them Cl16
1IN €17 1A C18 1A’ LA and ALA are endogenously
putative substrates for A°-fatty acid desaturase Table 1
providing an optimal model to detect the catalytic specificity
of the enzyme for the fatty acyl chain length or the introduced
double bond position together with its preference for fatty
acid substrates. In this work fatty acid analysis reconfirmed
that A°-fatty acid desaturase equally introduced a double bond
into C16 1A’ €17 14’ C18 1A’ IA and ALA at their
A6 position of fatty acyl chains without chain-length
specificity. It is so far the first report about the conversion of
C17 1’ to C17 2A°° catalyzed by the same A®-fatty acid
desaturase . Furthermore according to the percentage of novel
fatty acid products and the ratio of GLA/LA and OTA/ALA
this enzyme showed preference for C18 fatty acid substrates

especially for ALA  and followed by LA  which is consistent
vitherme:obsenvayion: iy spravious; work http: /s journals. im. ac.cn
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More than two decades ago Kozak ™ ''  proposed the
scanning model of translation initiation. In most eukaryotic
mRNA
first AUG codon encountered by the 40S ribosomal submit as

it is thought that the initiation of translation at the

it scans along the 3" mRNA from 5’ m7Gcap. Sequences
flanking the AUG initiation codon are not random. In
contrast they fit a consensus sequence CCACCAugG  Kozak
sequence  of which the most conserved nucleotides in
amimals plants and fungi are the purine R usually A at
position -3 and G at position + 4. The sequence context of
the first AUG codon modulates the efficiency to halt the
scanning 40S ribosomal subunit and increase the translation.
The influence of modification of nucleotide composition
flanking initiation codon on genes expression has been first
testified in animals which was also demonstrated by the
expression of chimeric genes in plants cells and S.

25 this modification was also

cerevisiae In this work
proved to improve the expression of R. arrhizus A°-fatty acid
desaturase gene in P . pastoris . However the most favourable
nucleotide composition of the sequence flanking the first AUG
codon for the heteologous gene expression varies in animals
plants and fungi.
Moreover  the percentage of synthesized GLA in
P . pastoris transformed with RAD6 and RAD6-1 was higher
than that in S. cerevisiae transformants with the same
- Pichia

pastoris as a expression system s optimal for A®-fatty acid

genes Based on these foregoing results
desaturase gene in contrast to S. cerevisiae. Due to the
intrinsic characteristics of A°-fatty acid desaturase as a
membrane-bound enzyme attempts are being carried out to
detect the expression of RAD6 and RAD6-1 in P. pastoris at

protein level .
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