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a b s t r a c t

A gene putatively encoding a �9 desaturase-like protein was cloned from the isolated marine bacterium
Pseudoalteromonas sp. MLY15. The 1134 bp open reading frame, designated as PhFAD9, codes for a 377
amino acid peptide with a molecular weight of 43.4 kDa. The protein was supposed to be a membrane-
bound desaturase and its possible topology model was predicted using the Phobius program. The PhFAD9
protein was confirmed to be functional with high �9 desaturase activity when expressed in Escherichia
�9 desaturase
Pseudoalteromonas
Membrane topology

coli. The PhFAD9 E. coli transformant accumulated palmitoleic acid, which accounted for 91.7% of the
cellular C16 fatty acids after 2 h of induction. The ability for bioconversion of stearic acid to oleic acid was
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. Introduction

cis-Unsaturated fatty acids (UFAs) have profound effects on the
uidity and function of biological membranes. Because the steric
indrance imparted by the rigid kink of the cis-double bond results

n much poorer packing of the acyl chains, UFAs have a much
ower transition temperature than saturated fatty acids. Most liv-
ng organisms, ranging from bacteria to humans, respond to low
emperature stress by using an oxygen-dependent fatty acid desat-
ration pathway to increase the relative UFA content of membrane

ipids so that the biological membrane can be remained in the
orrect physical state for good physiological function [1]. Under-
tanding the mechanisms involved in the adaptive regulation of
embrane lipid composition requires the identification of those

nzymes which mediate the critical steps in synthesis of UFAs
efore uncovering the factors which influence their specific activity
nd expression [2].

The fatty acid desaturases, which catalyze the desaturation
eactions by introducing double bonds into fatty acyl chains,
an be divided into two evolutionary unrelated classes: one is

he class of soluble acyl-ACP desaturase, the other consists of

embrane-bound enzymes including the acyl-CoA desaturase
nd the acyl-lipid desaturase [3]. The membrane class is more
idespread in nature [4]. The fact that they are found in cyanobac-
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enting the medium with exogenous stearic acid.
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eria [5] and yeasts [2] suggests that they likely arose earlier than
he soluble plastid desaturases found in higher plants [6]. Bacteria
ave an alternative pathway to produce UFAs without desaturase
7,8], however, some reports suggest that the integral membrane
esaturases are utilized in bacteria more extensively than initially
hought. The cold shock-induced, membrane-bound desaturase
rom Bacillus subtilis has regioselectivity of �5 [9]. A model of
he regulatory pathway involving the �5 desaturase was proposed
o adapt to temperature shifts by inserting double bonds into the

embrane acyl-chain [10]. From the results of a systematic anal-
sis of fatty acid desaturases found in the genome data of 397
rganisms, some other bacterial sequences, falling into the same
roup composing of desaturases from plants and cyanobacteria,
re good candidates to be desaturases [11]. A membrane-bound
9 desaturase in Mycobacterium tuberculosis was experimentally

erified [12]. Two aerobic desaturases were added to the enzymes
sed for fatty acid metabolism in Pseudomonas aeruginosa and these
lternate pathways provide a mechanism to modify existing mem-
rane phospholipid fatty acids and to produce UFAs from exogenous
aturated fatty acids [13,14]. Recently, we also reported the iden-
ification and functionally characterization of a membrane-bound

9 desaturase from Psychrobacter urativorans DSM 14009 [15].
UFAs, especially monounsaturated fatty acids, were impor-
ant for growth of the marine bacteria [16]. The biosynthesis
f UFAs generally was initiated by a �9 desaturases in the
esaturase-mediated pathway [4]. Although sequences from some
arine bacteria with significant similarity to �9 fatty acid desat-

rase genes have been submitted to the public databases, their

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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unction in most cases has not yet experimentally demonstrated. In
he present work, we succeeded in cloning a gene encoding a puta-
ive desaturase from the identified strain Pseudoalteromonas sp.

LY15, which was isolated from sea water and had a relatively high
FA content. We determined its function by heterologous expres-

ion in Escherichia coli. The expression product was revealed to have
high �9 fatty acid desaturase activity and classified as a mem-
rane desaturase. The fact that the �9 desaturase might be used in
complementary pathway for UFA synthesis by some marine bac-

eria would contribute to the study of adaptation to cold marine
onditions.

. Materials and methods

.1. Bacterial strains, plasmids and growth media

The isolated strain MLY15 from sea water was cultured at
0 ◦C and in a medium containing (L−1) 5 g tryptone, 10 g yeast
xtract, 10 g NaCl, 3 g MgSO4·6H2O, 1 g Na2SO4·10H2O, 1 g K2HPO4,
g NH4NO3, 5 mL corn steep liquor and 18 g agar at pH 7.0,
hich was identified as Pseudoalteromonas sp. MLY15 based on

6S rDNA sequence analysis and its morphological and physiolog-
cal characteristics defined in the Bergey’s Manual of Systematic
acteriology [17]. E. coli DH5� (Clontech, Staint-Germain-en-Laye,
rance) strain and pMD18-T vector (TaKaRa, Dalian, China) were
sed in all routine DNA manipulations and cloning procedures.
. coli Rosetta (DE3) (Novagen, Merck Chemicals Ltd., Notting-
am, United Kingdom) was used as the host for the pET21a (+)
Novagen, Darmstadt, Germany) plasmid containing the desaturase
ene from Pseudoalteromonas sp. MLY15. The recombinant E. coli
trains were grown on Luria–Bertani broth containing the required
ntibiotics.

.2. PCR-based cloning

Genomic DNA of Pseudoalteromonas sp. MLY15 was
btained using the standard phenol/chloroform precipita-
ion protocol [18]. For cloning of the desaturase gene from
train MLY15, the CODEHOP primers of DE1 (CGGATCCAC-
ACAGGCA(A/T/C/G)GT(A/T/C/G)GA(C/T)(A/G)A) and DE2 (CGAA-
ATGTGGTGGAAGTTGTG(A/G)TA(A/T/C/G)CC(C/T)TC), which had
een previously designed for cloning of the �9 desaturase gene
rom P. urativorans DSM 14009 [15], were used. PCR amplification
as carried out in a total volume of 50 �L containing 1 �L of

enomic DNA, 1 �L of Taq DNA polymerase (Fermentas, St. Leon-
ot, Germany), 5 �L of 10× Taq buffer (with MgCl2), 4 �L of dNTP
2.5 mM each), and 1 �L of the above primers (20 mM), under
he following procedure: initial denaturation at 94 ◦C for 5 min,
ollowed by 30 cycles of 94 ◦C for 45 s, 50 ◦C for 1 min and 72 ◦C for

min, and a final extension at 72 ◦C for 4 min. The amplified 400 bp
CR fragment was sequenced after DNA agarose gel purification
TaKaRa, Dalian, China).

Subsequently, two primers, AGTTGTACGCTGAGATAGAGAAT and
ATATTGGTATGTCACGGGTGTT, were designed according to the

t
w
t
c
p

able 1
atty acid compositions of Pseudoalteromonas sp. MLY15 under the different temperature

emperature conditions Fatty acids (%)

15:0 16:1 16:0

◦C, 96 h 9.3 44.0 9.7
0 ◦C, 48 h + 4 ◦C, 48 h 10.8 38.4 10.5
◦C, 48 h + 20 ◦C, 48 h 13.6 35.1 12.8
0 ◦C, 96 h 12.1 34.0 11.8
s B: Enzymatic 56 (2009) 96–101 97

anking regions of the putative desaturase gene in Pseudoal-
eromonas haloplanktis TAC125 (Genbank accession no. CR954246)
nd based on the sequence information of the obtained PCR frag-
ent. The PCR mixture and amplification conditions were the

ame as described above with the exception of the annealing tem-
erature (52 ◦C). The amplified 1.2-kb PCR fragment purified by
el-extraction was cloned into the pMD18-T vector and sequenced.
s a result, the nucleotide sequence containing 1134 bp of the
utative desaturase gene from Pseudoalteromonas sp. MLY15 was
etermined.

.3. Topology prediction

The distribution of the hydrophobic amino acids was analyzed
sing Kyte-Doolittle hydropathy scale with a window size of 19
http://www.expasy.ch/cgi-bin/protscale.pl) [19]. Topology predic-
ions were done using HMMTOP [20,21], TMHMM [22], DAS [23],
Mpred [24], SOSUI [25], TopPred [26] and Phobius [27].

.4. Expression of the desaturase gene in E. coli

For cloning of the target gene the following primers
ere designed: CGGGATCCATGAACAAACCACCACT and CCG-
TCGAGTTAACTAAAAGAGGCTT containing ATG start and TAA stop
ites (italicized), and BamHI and XhoI cloning sites (underlined),
espectively. PCR was performed under the same conditions as
escribed above except for using Pfu DNA polymerase (Fermentas,
t. Leon-Rot, Germany). The resultant PCR product was isolated
nd digested with BamHI and XhoI restriction endonucleases
TaKaRa, Dalian, China) and then ligated into the BamHI/XhoI
ites of pET21a (+) vector to generate an expressing construct,
hich was transformed into E. coli Rosetta (DE3) by CaCl2 method

18]. Positive transformants screened on the LB agar plates with
mpicillin and chloromycetin resistance were further validated by
ontrol PCR and subsequent sequencing.

For the expression of this putative desaturase gene in E. coli, indi-
idual colonies of E. coli Rosetta (DE3) cells transformed with the
ecombinant plasmid were grown overnight in 5 mL LB medium
ontaining 100 �g/mL ampicillin and 34 �g/mL chloromycetin at
0 ◦C. Then aliquots of the cultures were taken to inoculate 35 mL
f fresh LB medium supplemented with corresponding antibiotics.
ells were cultivated until the OD600 value reached 0.8–1, then

sopropyl-�-d-thiogalacto-pyranoside (IPTG) was added at a final
oncentration of 0.4 mM and the incubation was shifted to 25 ◦C.
t various intervals after addition of IPTG, the cells were harvested

rom 35 mL culture. In order to test the activity of the overexpressed
roduct to stearic acid, cultures were supplemented with 400 �M
tearic acid at inoculation and collected after 4 h of induction. Cen-

◦
rifugation was done at 8228 × g for 5 min at 4 C. The pellets were
ashed with 0.9% NaCl solution and stored at −70 ◦C until use. Con-

rol experiments were performed under the same experimental
onditions using E. coli transformants containing empty plasmid
ET21a (+).

conditions

Unsaturation (%) UFA/SFA

17:1 17:0

32.8 4.2 76.8 3.3
34.8 5.5 73.2 2.7
31.5 7.0 66.6 2.0
34.8 7.3 68.8 2.2

http://www.expasy.ch/cgi-bin/protscale.pl
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.5. Total cellular fatty acid analysis

The fatty acid compositions of Pseudoalteromonas sp. MLY15
nd the recombinant E. coli cells were analyzed according to the
IDI protocol (Microbial Identification System, Microbial ID Inc.,
ewark, Delaware, USA). Fatty acid methyl esters (FAMEs) were

eparated and analyzed by Gas chromatography–mass spectrome-
ry (GC–MS) (Thermo Finnigan TRACE DSQ GC/MS, USA). The GC
as equipped with a 30 m DB-5 ms capillary column (internal
iameter 0.25 mm, film thickness 0.25 �M) using helium as carrier
as with a linear velocity of 1.0 mL/min. The column temperature
rogram was composed of an initial temperature at 100 ◦C, ramp-

ng at 25 ◦C/min to 200 ◦C, followed by heating until 300 ◦C with
0 ◦C/min. The injector temperature and transfer-line temperature
ere both 250 ◦C. Ionization energy was 70 eV. The ion-source tem-
erature was 250 ◦C. Scan mass range was 50–400 amu.

. Results and discussion

.1. Bacterium identification

The bacterial 16S rDNAs of stain MLY15 amplified by PCR using
rimers BSF8/20 (AGAGTTTGATCCTGGCTCAG) and BSR1541/20
AAGGAGGTGATCCAGCCGCA) [28] were cloned into the pMD18-T
ector (TaKaRa) and sequenced by Invitrogen Corporation, Shang-
ai, China. 1528 bp of the obtained partial 16S rDNA sequence
howed 99.87% identity with Pseudoalteromonas sp. ER72M2 16S
ibosomal RNA gene (Genbank accession no. AF155038) by per-
orming a BLAST search using default parameter. The morphological
nd physiological characteristics of this strain also supported the
esult that it belonged to Pseudoalteromonas genus, which was thus
amed as Pseudoalteromonas sp. MLY15 afterwards [29].

.2. Fatty acid composition analysis of Pseudoalteromonas sp.
LY15

Pseudoalteromonas sp. MLY15 was cultured on the media plates
nder four different temperature conditions. As shown in Table 1,
his strain contained five kinds of fatty acids. Grown either at 20 ◦C
r 4 ◦C, the unsaturation degree of its cellular fatty acids was more

han 65%. UFA/SFA was 2.2 at 20 ◦C while it was 3.3 at 4 ◦C. When
he growth temperature was changed from 20 ◦C to 4 ◦C, UFA/SFA
as close to that at 4 ◦C. A similar effect was observed when it
as changed from 4 ◦C to 20 ◦C. These results proved that Pseu-

oalteromonas sp. MLY15 had a relatively high UFA content and

[
t

t
F

ig. 1. Phylogenetic relationship between the putative desaturase amino acid sequence
enBank accession numbers for the selected sequences are shown in parentheses. Seque
nd MEGA 3.1 [34] using default parameters.
s B: Enzymatic 56 (2009) 96–101

eposed to growth temperature changes by altering its fatty acid
omposition. More UFAs were synthesized in the cells at lower
emperatures.

.3. Cloning of desaturase gene from Pseudoalteromonas sp.
LY15

A DNA fragment of about 400 bp was amplified from Pseu-
oalteromonas sp. MLY15 using CODEHOP primers DE1 and DE2
30]. The amplified DNA-fragment showed a very high identity
99%) to a putative desaturase gene in P. haloplanktis TAC125.
herefore, another pair of primers were derived from the flank-
ng regions to get the full gene sequence. The acquired nucleotide
equence had an open reading frame of 1134 bp, designated
s PhFAD9, encoding a �9 fatty acid desaturase-like protein
ith 377 amino acid residues, a calculated molecular weight of

3.4 kDa and a theoretical isoelectric point of 9.45. A Blast search
http://www.ncbi.nlm.nih.gov/blast/) revealed that the primary
tructure of this putative desaturase was almost the same as that
n P. haloplanktis TAC125 (Genbank accession no. YP341374) which
as not been characterized, except for K304R. Phylogenetic anal-
sis also demonstrated the homology between PhFAD9 and the
utative fatty acid desaturase from other marine bacteria (Fig. 1).
he three histidine-rich motifs containing eight histidine residues
ere found as HXXXXH (58–63), HXXHH (95–99) and HXXHH

233–237), which are typical among membrane-bound acyl-CoA
nd acyl-lipid desaturases [31]. The importance of the conserved
istidine residues was studied by site-directed mutagenesis of
tearoyl-CoA desaturase of rat [31] and of the �12 acyl-lipid desat-
rase of Synechocystis sp. PCC 6803 [32]. They are potential ligands
or iron atoms and believed to be responsible for di-iron binding at
he catalytic center.

.4. Topology prediction of the putative desaturase

While essentially no three-dimensional structural informa-
ion is available for these difficult-to-purify enzymes, to date,
xperimental evidence on the topology of membrane enzymes
hat contain the conserved His-motifs, mainly derived from stud-
es performed in acyl-lipid �5 desaturase from B. subtilis [35],

embrane-bound alkane hydroxylase of Pseudomonas oleovorans

36] and mouse stearoyl-CoA desaturase [37], has provided a model
hat might be extended to most membrane desaturases.

The distribution of the hydrophobic amino acids of the puta-
ive desaturase from Pseudoalteromonas sp. MLY15 was shown as
ig. 2A. A variety of tools are available to predict the topology of

s from the isolated Pseudoalteromonas sp. MLY15 and other marine bacteria. The
nce alignment and phylogenetic tree construction were done by clustalx 1.81 [33]

http://www.ncbi.nlm.nih.gov/blast/
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trol strain, whether the stearic acid was added or not, still supported
that the PhFAD9 protein was capable of using palmitic acid. GC–MS
analysis of FAMEs revealed that a small and obvious fatty acid peak
corresponding to oleic acid methyl ester, which accounted for 3% of
ig. 2. Hydropathy plot and comparison of the predicted topology of the putative
rom the amino acid sequence of the desaturase in Pseudoalteromonas sp. MLY15 us

arkov model (HMM) methods, HMMTOP [20,21] and TMHMM [22], the Dense Alig
M domain is represented as a rectangle and the number of predicted TM domain i

ransmembrane proteins. However, few of the currently best known
nd most widely used methods can give the reasonable topol-
gy model for this Pseudoalteromonas desaturase with the default
arameters (Fig. 2B), including TMHMM that was thought to be the
est performing transmembrane prediction program [38]. Consid-
ring that three conserved His-motifs would be on the same side of
he cytoplasm to form the potential di-iron active site, Phobius is
robably the best candidate tool here for this enzyme that predict
common membrane topology consistent with the experimental

esults [35,37]. The deduced protein contained four hydrophobic
omains between amino acids 7–30, 36–57, 155–174 and 180–199,
hich would be long enough to span the membrane bilayer twice,
ith both the N- and C-termini facing the cytosol.

.5. In vivo study of �9 desaturase expressed in E. coli

To determine the function of the �9 desaturase-like protein, the
hFAD9 gene was cloned into pET21a (+) vector and expressed in
. coli Rosetta (DE3) as described in Section 2. At various intervals
fter addition of IPTG, the cultures were collected and their fatty
cid compositions were analyzed by GC–MS. The conversion ratio
f cellular palmitic acid into palmitoleic acid was time-dependent
Fig. 3), indicating that it can be controlled through expression time.
he desaturation level of C16 fatty acids was 91.7% while the con-
rol was 47.3% when measured only 2 h after induction (Fig. 3). The

ccordingly ratios of palmitoleic to palmitic acid were 11 and 0.9,
espectively.

As the candidate substrate stearic acid for �9 desaturase was not
resent as the major component fatty acid in E. coli cells [39], the
ecombinant strain and the control were inoculated to the media

F
c
c
C
w

rase in Pseudoalteromonas sp. MLY15. (A) Kyte–Doolittle hydropathy plot derived
indow of 19. (B) The results from seven types of prediction methods (two hidden

t Surface (DAS) [23], TMpred [24], SOSUI [25], TopPred [26] and Phobius [27]). The
ated for each. The positions of His-motifs are represented as the bold H.

ithout and with stearic acid at the final concentration of 400 �M.
he partial patterns of cellular fatty acids for 4 h after induction
ere shown in Fig. 4. The great changes in the pattern of palmitic

nd palmitolic acid between the PhFAD9 transformant and the con-
ig. 3. The unsaturation degree of cellular C16 fatty acids in E. coli Rosetta (DE3)
ells transformed with the control vector pET21a (+) (�, �) or with the PhFAD9
onstruct (�, ♦). (�) and (�) represent the percentage of palmitoleic acid in cellular
16 fatty acids; (�) and (♦) represent the ratio of palmitoleic to palmitic acid. Cells
ere collected at different intervals after induction.
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ig. 4. Gas chromatograms of methyl esters of fatty acids obtained from E. coli trans
ultivated at 25 ◦C for 4 h after induction. For (C) and (D) stearic acid was added to
leic acid methyl ester. The other peaks at the retention time of 6.45 min and 7.37
ethyl ester, respectively, which came from the E. coli biomass.

he total fatty acids in the recombinant cells, was detected in case
hat the media were supplemented with stearic acid. These results
emonstrated that the product encoding by PhFAD9 gene was a �9

atty acid desaturase, which can be actively expressed in E. coli and
ad the ability to catalyze the conversions from palmitic and stearic
cid to palmitoleic and oleic acid, respectively. It was supposed that
he exogenous stearic acid was incorporated into the membrane of
. coli before it was desaturated by the �9 desaturase. If the amount
f the incorporated stearic acid in the membrane was not limited to
he desaturation reaction, this enzyme probably preferred palmitic
cid to stearic acid in vivo.

. Conclusion

The tolerance of organisms to chilling determines their choice
f natural habitat. The related molecular mechanism for cold adap-
ation has attracted great interest for several years [40]. UFAs play
key role for the maintenance of appropriate fluidity and thereby

he correct function of biological membranes. The genes and the
ene products involved in fatty acid biosynthesis and metabolism
eed to be identified and characterized as a prerequisite for com-
rehensive research into these mentioned processes. In this study,
e identified a marine bacterium belonging to the genus Pseudoal-

eromonas, which grows at 20 ◦C [17]. A gene encoding a �9 fatty
cid desaturase involved in monounsaturated fatty acid biosynthe-

is in the identified strain Pseudoalteromonas sp. MLY15 has been
loned and functionally expressed in E. coli. Enzymatic activity of
he target protein was confirmed by GC–MS analysis of the cellular
atty acid composition, to demonstrate that this enzyme can effec-
ively catalyze the desaturation of both palmitic acid and stearic [
nts. The control strains (A) and (C), and the PhFAD9 transformants (B) and (D) were
edia at the final concentration of 400 �M. The arrowhead indicates the position of
ere identified as 3-hydroxymyristic acid methyl ester and cyclopropane fatty acid

cid. This work should be useful for further research of the genetic
ngineering about UFA production [41] and the improvement of
old-tolerant organisms for some specific purposes.
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