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Abstract

A single-copy gene resembling the gene for the ∆9 acyl-
lipid desaturase (desC) was cloned from the
thermophilic cyanobacterium Synechococcus
vulcanus. Expression of desC in Escherichia coli
confirmed that it encodes the ∆9 desaturase. The
nucleotide sequence of the desC was characterized
by high G+C content that is typical of the sequences
of thermophilic bacteria. The deduced amino acid
sequence exhibited low Cys content and high Arg/Lys
ratio that are the attributes of thermostable enzymes.
A low level of the desC mRNA was detected in the cells
grown at 55°C, the optimum growth temperature for S.
vulcanus. About a 10-fold increase was observed in
the levels of the transcript and the protein during the
shift in temperature from 55 to 45°C. At 35°C the
amount of the desC mRNA and of the enzyme
accumulated in the cells, was 3 to 4 times smaller than
at 45°C. At both temperatures, however, lipids were
desaturated at similar rates. These results suggest that
in S. vulcanus the conversion of stearic acid into oleic
acid may be controlled not only by the de novo
synthesis of the ∆9 desaturase but, possibly, by the
activation of the pre-existing enzyme.

Introduction

In the cells of mesophilic organisms, lipid unsaturation is
caused by the exposure to low temperatures (Kates et al.,
1984; Macartney et al., 1994; Nishida and Murata, 1996).
This phenomenon was referred to as homeoviscous
adaptation, which implies that the organism desaturates
fatty acids of membrane lipids to compensate the decrease
in the membrane fluid state caused by a decrease in
ambient temperature (Sinensky, 1974). The ability of an
organism to synthesize polyunsaturated fatty acids is
thought to play a key role in cold tolerance in mesophilic
organisms (Macartney et al., 1994; Murata and Wada,
1995).

The de novo synthesis of unsaturated fatty acids during
cold acclimation was mainly dependent on the induced
expression of the desaturase genes in the mesophilic
cyanobacteria (Los et al., 1993, Los and Murata, 1994;

1998; 1999). The low-temperature-induced accumulation
of the mRNAs of desaturase genes was the result of both
enhanced transcription and the stability of the mRNAs (Los
and Murata, 1994; Los et al., 1997). The activity of the
purified ∆12 desaturase was higher at high temperatures
than at low temperatures, indicating again that low-
temperature-induced unsaturation is controlled at the level
of gene expression rather than at the level of the enzyme
activity (Panpoom et al., 1998). On the other hand, in fish,
lipid unsaturation at low temperatures was controlled by
both enhanced desaturase gene expression and the activity
of the pre-existing ∆9 desaturase (Tiku et al., 1996).

Synechococcus vulcanus is a thermophilic
cyanobacterium with the optimum growth temperatures of
55°C. We have characterized the temperature-induced
changes in lipid unsaturation in this organism and found a
very rapid accumulation of oleic acid in the charged
membrane lipids, phosphatidylglycerol and sulfoquinovosyl
diacylglycerol (Kiseleva et al., 1999). According to the fatty
acid composition of S. vulcanus, we suggested that this
strain has only one fatty acid desaturase, namely, the ∆9
desaturase. In this report, we describe the molecular
cloning of the gene for the fatty acid desaturase from the
thermophilic organism and the temperature-dependent
expression of this gene. Our results show that lipid
unsaturation by the ∆9 desaturase in S. vulcanus may be
controlled at two levels, de novo synthesis of the ∆9
desaturase and activation of the pre-existing enzyme.

Results

Cloning of the Gene for ∆9 desaturase
A region of the S. vulcanus genomic DNA, which encodes
the gene for ∆9 desaturase, was amplified by PCR using
the synthetic primers. This fragment was used for the
screening of the genomic library of S. vulcanus. DNAs were
isolated from the recombinant lambda phages that gave
positive signals, and these were tested further by Southern
blotting. Finally, a DNA fragment of 6 kb that was obtained
by digestion with SmaI was subcloned into pUC19. The
nucleotide sequence of 1068 bp inside this fragment was
determined, and an ORF of 279 amino acids was found
(Figure 1). The gene was designated as desC, according
to the nomenclature that was proposed for the
cyanobacterial genes encoding fatty acid desaturases
(Murata and Wada, 1995; Sakamoto et al., 1994a).

Southern blotting, which was performed at low
stringency conditions, of the genomic DNA of S. vulcanus
with the probe corresponding to the desC gene, revealed
that there is only one copy of the desC gene in the
chromosome of this cyanobacterium (not shown).

The alignment of the deduced amino acid sequence
of the desC gene of S. vulcanus with known cyanobacterial
∆9 desaturases revealed that this protein was only 40-45%
similar to other analogous proteins (Figure 2). The
homology between the ∆9 desaturases of mesophilic
cyanobacteria is much stronger and it reaches 90%.
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Identification of the ∆9 Desaturase of S. vulcanus by
the Expression of the desC Gene in E. coli
The identity of the desC gene was tested by expressing
the gene in E. coli. The gene was cloned into vector
pTrcHisB and expressed in E. coli in the absence or in the
presence of stearic acid in the medium. As shown in Table
1, cells of E. coli that were transformed with pTrcHisB alone
displayed a characteristic fatty acid composition. The cells
contained 14:0, 16:0, 16:1∆9, 18:1∆11, and a negligible
amount of 18:0. Therefore, 18:0 was added to the cells to
provide the substrate for the ∆9 desaturase (Sakamoto et
al., 1994a). After 4 hr of induction of the cells that contained
pTrc/desC with IPTG, the level of 18:1∆9 increased at the
expense of 18:0. The levels 16:0, 16:1∆9 and 18:1∆11 did
not change in these cells, suggesting that the product of
the desC gene of S. vulcanus specifically desaturated
stearic acid. Cells transformed with pTrcHisB did not show
any alterations in the levels of 18:0 and 18:1∆9 during
incubation with IPTG (Table 1). Thus, it can be concluded
that the cloned desC gene encodes the ∆9 desaturase of
the thermophilic cyanobacterium S. vulcanus.

Figure 1. Nucleotide and deduced
amino acid sequences of the desC
gene encoding the ∆9 desaturase
from S. vulcanus. The conserved
histidine residues are double
underlined. The sequence of the
amplified DNA fragment is
underlined. The putative Shine-
Dalgarno motif (SD) is underlined.

SD

CGCATCTAAACTCACAAACGGTGTTGAGGAGTACCTATGACATCATCCTTAGAATTGCAA   60
                                     M  T  S  S  L  E  L  Q     8
CCCCAGACCTCCCGCCTCAATTGGGGCTTTGTCTTCTTTTTAGGGGCGGTGCATATTTTA  120
 P  Q  T  S  R  L  N  W  G  F  V  F  F  L  G  A  V  H  I  L    28
GCCGCGGTTGCGCTTTTCTTTTTCTCCTGGTCGGCATTGGCCGTCACGATCTTTCTGCAC  180
 A  A  V  A  L  F  F  F  S  W  S  A  L  A  V  T  I  F  L  H    48
TGGCTCTTTGGCAGTATCGGTATTTGCTTGGGATACCATCGTCTTTTAAGTCACCGCAGT  240
 W  L  F  G  S  I  G  I  C  L  G  Y  H  R  L  L  S  H  R  S    68
TTCCAAGTGCCCCAATGGTTGGAGTACGTCATTGCTGTTGTGGGTGCCTTGGCCATGCAG  300
 F  Q  V  P  Q  W  L  E  Y  V  I  A  V  V  G  A  L  A  M  Q    88
GGAGGCCCGATTTTTTGGGTGGCAGGGCACCGCTTACACCATGCCCACACTGAGGATGAG  360
 G  G  P  I  F  W  V  A  G  H  R  L  H  H  A  H  T  E  D  E   108
ATTAAAGATCCCTACTCAGCACGGCGGGGCTTTTGGTGGAGTCATATGCTGTGGCTCGTC  420
 I  K  D  P  Y  S  A  R  R  G  F  W  W  S  H  M  L  W  L  V   128
TATCCGCAGTCCCAGTTTTTCAATGCCGAGGAGTATGCCCGCTTTGCCCCTGACCTCACA  480
 Y  P  Q  S  Q  F  F  N  A  E  E  Y  A  R  F  A  P  D  L  T   148
CGAGATCCCTTTTACCGCTGGCTAGATCGCTACTTTTTACTCCTGCAGCTTCCCCTTGCG  540
 R  D  P  F  Y  R  W  L  D  R  Y  F  L  L  L  Q  L  P  L  A   168
CTGCTCCTCTATGGCTTAGGGGGTTGGTCCTGGTTGTTGTGGGGGATGTTTATGCGAGCC  600
 L  L  L  Y  G  L  G  G  W  S  W  L  L  W  G  M  F  M  R  A   188
GTTTTTCTTTGGCACAGCACTTGGTTGATTAACTCTGCCACCCACAAATGGGGCTATCGT  660
 V  F  L  W  H  S  T  W  L  I  N  S  A  T  H  K  W  G  Y  R   208
CGCTTTGAGACTGAGGATAACTCACGCAATCTCTGGTGGGCAGCCCTCCTCACCTATGGT  720
 R  F  E  T  E  D  N  S  R  N  L  W  W  A  A  L  L  T  Y  G   228
GAAGGTTGGCACAACAACCACCATGCCTATCCCCACGTGGCCAAGGCGGGCTGGTACTGG  780
 E  G  W  H  N  N  H  H  A  Y  P  H  V  A  K  A  G  W  Y  W   248
TGGGAAGTGGATCCCACCTGGTGGGTGATTCGCACACTCCAAGGACTCGGTCTTGCCGCC  840
 W  E  V  D  P  T  W  W  V  I  R  T  L  Q  G  L  G  L  A  A   268
AAGGTACAGTTGCCACCGCCCAAAGCGTTGTCCTAATTGCCTCGGCTACGTTGGGCGATC  900
 K  V  Q  L  P  P  P  K  A  L  S  -                           279
GCCAGGTTGCTCAGCGGATGGAGACCGACGCCCTCGGTGGTCATTAACTCTTTCCAAAGA  960
GTCTTCACTTTCGTGTCATTGGGCCGCTTCTGCCGCAGTTTCACCAACGCATCGAGGGCA 1020
TCATACCAAAGGCCATTGCTGGCCAATAAATCATACTGTTGCAAGGGG             1068

Table 1. Fatty Acid Composition of Total Lipids of E. coli Transformed
with the desC Gene of Synechococcus vulcanus

      Fatty acid (mol %)

14:0 16:0 16:1(9) 18:0 18:1(9) 18:1(11)

pTrcHisB 4±1 49±3 26±1 1 tr 20±3
pTrcHisB + IPTG 3±1 50±3 25±1 1 tr 21±2
pTrcHisB + 18:0 4±1 24±2 6±1 59±3 1 6±1
pTrcHisB + 18:0 3±1 22±1 7±1 61±3 1 6±1
+ IPTG
pTrcHis/desC 4±1 44±3 26±2 3±1 1 22±2
pTrcHis/desC + 4±1 44±3 27±2 1 3±1 23±1
IPTG
pTrcHis/desC + 3±1 22±2 7±1 60±3 1 7±1
18:0
pTrcHis/desC + 3±1 29±2 9±2 44±3 7±1 8±1
18:0 + IPTG

The cells of E. coli were transformed with pTrcHisB or pTrcHis/desC (see
Methods). The cells were grown in the presence or absence of stearic acid
(18:0). The induction of the expression of desC was achieved by addition
of IPTG at final concentration of 0.5 mM into the medium. The results were
obtained in two independent experiments. Tr, trace (less than 0.6%).
Numbers in parentheses indicate the ∆ positions of double bonds in the cis
configuration.
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Structural Features of the Gene and ORF for the ∆9
Desaturase

The desC gene of S. vulcanus was characterized by
high G+C content, namely, 55% G+C. The ORF of S.
vulcanus encoded a protein of 279 amino acids with the
predicted molecular mass of 32.8 kDa (Figure 1). The most
highly conserved amino acid residues among all
cyanobacterial ∆9 desaturases were found in the His-
containing regions that supposedly form the active site of
the enzyme (Shanklin et al., 1994). The amino acid
sequence of the ∆9 desaturase of S. vulcanus contained
only one Cys residue and was characterized by a high
Arg/Lys ratio (15 Arg/4 Lys).

Temperature-Dependent Changes in Level of desC
mRNA
Changes in the level of desC mRNA were examined after
the growth temperature had been lowered from 55°C to
45°C or 35°C. Figure 3 demonstrates the changes in the
level of desC mRNA during the 24-hours incubation of cells
at 45°C. The level of the transcript increased during the
first 4 hours of incubation of cells at 45°C, and then it
gradually declined. The maximum level of the transcript
was observed after 4 hr, and it was about 8 times higher
than that observed at 55°C (Figures 3 and 5).

When cells of S. vulcanus were transferred to 35°C,
only a slight increase (2-3 times) in the amount of desC
mRNA level was observed (Figure 4). The level of the

Figure 2. Alignment of the amino acid sequences of ∆9 desaturases. Amino acids that are identical to those of the protein of S. vulcanus are replaced by
points and indicated on the top by asterisks. The conserved amino acid regions that were used for primer design are shown in shadowed boxes. Arrows
indicate the regions where the primers for amplification were annealed to the corresponding DNA sequences.

                                                   **              *
 S.vulcanus                                        MTSSLELQ-PQTSRLNWGFVFFL   22
 S.6301                                            ..----.AIRPKLAF..PTAL.M   19
 Sy.6803      MLNPLNIEYLYLSKLFDNSLIVFNKRQLFRFFVRFFFMTAALPNDSKPKLTPA.TVI..F   60
 A.variabilis                                      MT----IATSTKPQI..VNTL.F   19
 S.7002                                            MTVA-TSQ-KLPLD--.TTIIYF   19

                 *  *  *       * *           *  ** ** **   ****  * ****
 S.vulcanus   GAVHILAAVALF--FFSWSALAVTIFLHWLFGSIGICLGYHRLLSHRSFQVPQWLEYVIA   80
 S.6301       V.I..G.LL.FLPAN.N.P.VG.MVA.YYIT.CF..T..W...I.....E..K.....LV   79
 Sy.6803      TSI.LV.LL.FLPQF...K.VGMAFL.YVIT.G...T..F..CI.....N..K....IFV  120
 A.variabilis LGL..G.LF.FIPSN...A.VG.ALL.Y.IT.GL..T..F...VT.....T.K....FLV   79
 S.7002       SLI.LV.LL.FLPGN...Q.VG.FLLFH.IT.GI..T..F...V.....E..K....FLI   79

                * ** * *  **   ** **        *      ** ***  *
 S.vulcanus   VVGALAMQGGPIFWVAGHRLHHAHTEDEIKDPYSARRGFWWSHMLWLVYPQSQFFNAEEY  140
 S.6301       FC.T....H...E.IGL..H..L.SDQDV-.HHDSNK..L...F..MI.EIP---ART.V  135
 Sy.6803      IC.T..C...VFE..GL..M..KFSDTTP-.PHDSNK......IG.MMFEIP---AKADI  176
 A.variabilis LC.T..C.....E..GT..I..L.SDTDP-.PHDSNK......IG..I.HSP---SHADV  135
 S.7002       FC.T..C.....D.IGL..I..K.SDNTP-.PHDSNK......IG.MLFEIP---ARGDI  135

                   *   *  *          *  *   *   *      **    ** * * *   *
 S.vulcanus   ARFAPDLTRDPFYRWLDRYFLLLQLPLALLLYGLG------GWSWLLWGMFMRAVFLWHS  194
 S.6301       DK.TR.IAG..V..FFNK..FGV.VL.GV...AW.EAWVGN...FVV..I.A.L.VVY.V  195
 Sy.6803      P.YTK.IQD.K..QFCQNNLI.I.VA.G.I.FA..------..PFVI..I.V.L..VF.F  230
 A.variabilis P..TK.IAE..V.QF.QK..IFI.IA.G...LY..------...FVV..V.F.I.WVY.C  189
 S.7002       D.YIK.IKD....NFCQK.MV.I.VA.G.A..AW.EAWVGN...FVI..V.L.LAVVF.C  195

              **  ****** **      * * * ** * *  **********    *  *  *** * *
 S.vulcanus   TWLINSATHKWGYRRFETEDNSRNLWWAALLTYGEGWHNNHHAYPHVAKAGWYWWEVDPT  254
 S.6301       ...V......F...SH.SG.Q.T.C..V...AF...........QYS.RH.LQ...F.L.  255
 Sy.6803      ...V......F..VSH.SN.Y...C..V...TF...........QYS.RH.LQ.....L.  290
 A.variabilis ...V......F...TYDAG.R.T.C..V.V.VF..........FQYS.RH.LE.....L.  249
 S.7002       ..FV......F..KSH.SN.H.K.C..V..VT............QYS.RH.LN...I.M.  255

              *     *   ***
 S.vulcanus   WWVIRTLQGLGLAAKVQLPPP-KALS                                    279
 S.6301       .LI.CG.KKV...R.I-KVASPNN                                      278
 Sy.6803      .MT.KF.SL....-.DIKLP.ETAMANKA                                 318
 A.variabilis .MTVQL..I....-.NVKLADK.Q                                      272
 S.7002       .MT.RF..A....-.NIRLA.A.                                       277

>

<
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transcript increased up to the 8th hour after incubation at
the lower temperature, and then it decreased almost to
the level observed at 55°C (Figures 4 and 5).

We also examined the level of psaA mRNA in order to
confirm the specific effect of cooling on the expression of
the desC gene. The psaA gene encodes the core protein
of the photosystem I, and psaA mRNA is abundant in
cyanobacterial cells (Shimizu et al., 1992a). As shown in
Figures 2 and 3, the level of psaA mRNA did not change
with decrease in temperature, suggesting that lower
temperatures had a specific effect on the expression of
the desaturase gene in S. vulcanus.

Temperature-Dependent Changes in Level of the ∆9
Desaturase
Immunoblotting analysis detected a single major band of
about 32 kDa corresponding to the predicted molecular
size of the ∆9 desaturase of S. vulcanus (Figure 6). The
∆9 desaturase accumulated continuously during 24 hr of
incubation of cells at 45°C. The level of the protein
increased 8-fold in 24 hr (Figure 6 A,C). After the shift in
temperature to 35°C, the level of the ∆9 desaturase
increased only 3-fold if compared with the level of the
protein observed at 55°C. A slight decline in the amount of
protein was observed after 12 hr of incubation (Figure 6
B,C).

Temperature-Dependent Changes in Fatty Acid
Composition
The fatty acid composition of cells changed with a decrease
in temperature towards the production of oleic acid,
18:1∆9), in both 45°C-treated cells and 35°C-treated cells
(Table 2). The amount of oleic acid increased from 27% to
33% within 24 hours of incubation at 45°C, and from 27%
to 35% at 35°C. Thus, the accumulation of oleic acid had
been observed at the same rate at 35 as at 45°C,
implicating the possibility of the presence of the same
activity of the ∆9 desaturase at both temperatures.

Discussion

To examine the involvement of the gene encoding the ∆9
desaturase in the temperature-dependent changes in lipid
unsaturation in the thermophilic cyanobacterium, we have
cloned the desC gene from S. vulcanus and studied its
expression in the cells of S. vulcanus and in E. coli.

Cloning of the Gene for ∆9 Desaturase
We used two degenerated primers that correspond to the

Figure 3. Changes in desC mRNA levels during temperature shift from 55
to 45°C. The cells were grown at 55°C (0) and then they were transferred
to 45°C. The aliquots of culture were withdrawn after 2, 4, 8, 12, and 24
hours of incubation. After hybridization with the desC probe and exposure
to X-ray film, the probe was stripped and the filters were re-hybridized
sequentially with the probes for the psaA gene and for the genes encoding
23S and 16S rRNAs. 5 µg of total RNA was loaded into each lane.

Figure 4. Changes in desC mRNA levels during temperature shift from 55
to 35°C. The cells were grown at 55°C (0) and transferred to 35°C for 24
hours. The aliquots were withdrawn as described in Figure 2. After
hybridization with the desC probe and exposure to X-ray film, the probe
was stripped and the filters were re-hybridized sequentially with the probes
for the psaA gene and for rRNAs. 5 µg of total RNA was loaded into each
lane.

Figure 5. The temperature profiles of the expression of the desC gene. The
levels of the desC mRNA were determined by densitometric analysis of the
autoradiograms after northern blotting. Open circles, temperature shift from
55 to 45°C; closed circles, temperature shift 55 to 35°C. Each curve
represents the results of five independent experiments. The level of 100%
represents the maximum level of the desC mRNA determined during the
experiments.
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(Figure 2). Only four amino acids (GFWW) coincided with
the designed primer, which annealed only to the DNA at
this short specified coding region. Nevertheless, we could
successfully amplify the desired DNA fragment from the
genomic DNA of S. vulcanus.

Those degenerated primers were successfully used
for the amplification of the portions of genes for ∆9
desaturases from various cyanobacteria: S. vulcanus (this
paper), Spirulina platensis (GenBank accession number
AF002252), Synechocystis IPPAS B-274 (AF002253),
Gloeobacter violaceus, Synechocystis sp. PCC 6803 and
Anabaena variabilis M3 (not deposited). Supposedly, the
primers described in this paper could be used for
amplification of genes for ∆9 desaturase from any
cyanobacterial species.

Expression of the Recombinant ∆9 Desaturase in E.
coli
The identity of the desC gene was confirmed by its
expression in E. coli. The desC was cloned into pTrcHisB
to produce a fusion protein with His-tag at the N-terminus.
The modification of the N-terminus of the ∆9 desaturase
did not affect the specific activity of the expressed protein
(Table 1), as was shown before for the ∆12 desaturase of
Synechocystis sp. PCC 6803 (Wada et al., 1993; Sakamoto
et al., 1994a). His-residues form the active center of the
desaturase (Fox et al., 1993; Shanklin et al., 1994), and
the introduction of additional His-residues could have had
an unexpected effect on the activity of the desaturase.
However, we found that the recombinant ∆9 desaturase
was active in E. coli. This finding implies that the His-tagged
desaturase can be used for affinity purification of the active
enzyme.

Features of the desC Gene and its Product from the
Thermophilic Cyanobacterium
In contrast to other known sequences of the genes for the
∆9 desaturase, the sequence of the desC gene of S.
vulcanus was characterized by a rather high G+C content
(55% G+C). Other known genes of S. vulcanus also contain
55-60% of G+C (Shimizu et al., 1990; 1992a,b; Sone et
al., 1993; Furuki et al., 1996). Extremely thermophilic
bacteria are sometimes characterized by 60-70% of G+C
content (Smith, et al., 1997; Deckert et al., 1998). In these
terms, the genome of S. vulcanus could be referred to as
a typical genome of a thermophilic organism.

Figure 6. Changes in the level of the ∆9 desaturase upon a decrease in
temperature, as examined by Western blotting analysis. Cells were grown
at 55°C (0 hr) and incubated for 24 hr at 45°C (A) or at 35°C (B). The
position of the ∆9 desaturase is indicated by an arrow. (C) Quantified data
of the Western blotting analysis. Open circles, the ∆9 desaturase in cells
incubated at 45°C; closed circles, the ∆9 desaturase in cells incubated at
35°C. The results represent the averages of three independent experiments
with different preparations of the total membrane fractions, and 2 blottings
for the ∆9 desaturase in each individual preparation.

Table 2. Temperature-Dependent Changes in Fatty Acid Composition of Total Lipids of Synechococcus vulcanus During
the Temperature Shift from 55°C to 45°C or 35°C.

Fatty acids
(mol %) 55 oC                45 oC             35 oC

0 h 4 h 8 h 12 h 24 h 4 h 8 h 12 h 24 h

14:1 3±1 3±1 4±1 3±1 3±1 3±1 4±1 3±1 3±1
16:0 43±3 43±3 42±3 42±3 41±3 43±3 42±3 42±3 41±3
16:1 (9) 6±1 6±1 6±1 6±1 7±1 6±1 6±1 7±1 8±1
18:0 13±1 12±1 11±1 11±2 8±1 10±1 9±1 8±2 6±1
18:1 (9) 27±2 28±2 29±2 30±2 33±2 30±2 32±2 33±2 35±2
18:1 (11) 8±1 8±1 8±1 8±1 8±1 8±1 7±1 7±1 7±1

Cells of S. vulcanus were grown at 55°C and incubated at 45°C or at 35°C for 24 hours. Aliquots were withdrawn and
analyzed after 4, 8, 12, and 24 hours of temperature shifts. Deviation values are the results of three independent
experiments. Numbers in parentheses indicate the ∆ positions of double bonds in the cis configuration.

conservative regions of the known ∆9 desaturases of
mesophilic bacteria (Figure 2) to clone the analogous
enzyme from the thermophilic organism. The forward
primer was designed to represent the amino acid sequence
HDSNKGF(W/L)W. However, the corresponding sequence
of S. vulcanus turned to be quite different: YSARRGFWW
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The features that characterize the ∆9 desaturase of
S. vulcanus as a thermostable protein, are: 1) low content
of Cys (only one Cys residue in comparison with four to
five Cys residues in the analogous proteins of mesophilic
cyanobacteria) and 2) high Arg/Lys ratio. The Cys residues
were thought to be “thermolabilizing” elements, and their
introduction into thermostable enzymes was shown to
decrease thermostability (Zuber, 1988). A high Arg/Lys ratio
was also shown to be a feature of the thermostable
enzymes (Eguchi et al., 1989).

Expression of the desC Gene for ∆9 Desaturase
The desC gene of S. vulcanus was transcribed as a
monocistronic mRNA in contrast to the desC of
Synechocystis sp. PCC 6803, for which a co-transcript of
the desC with the downstream gene was detected (Los et
al., 1997). Previously, a 10-fold increase was observed in
the levels of the mRNA of the desA gene (∆12 desaturase),
desB gene (for ω3 desaturase), and desD gene (for (6
desaturase) in mesophilic cyanobacteria during downward
shift in growth temperature (Los et al., 1993; 1997;
Sakamoto et al., 1994b; 1997). It was shown that the
accumulation of the mRNAs of temperature-regulated
desaturases was due to the combined effects of
acceleration of transcription and increase in the stability of
the mRNAs (Los et al., 1997). In the mesophilic
Synechocystis sp. PCC 6803, the expression of the desC
gene for ∆9 desaturase was not regulated by temperature
(Los et al., 1997). In the thermophilic S. vulcanus, a 10-
fold increase in the level of the desC mRNA was observed
during the decrease in ambient temperature from 55 to
45oC (Figures 3 and 5). The half-life time of desC mRNA
of S. vulcanus was about 5 min at both 55 and 45°C (not
shown). Thus, some mechanisms other than mRNA
stabilization (e.g. induction of transcription) could possibly
account for the explanation of the increase in the desC
mRNA level at such high temperature as 45oC.

An 8-fold increase in the amount of the ∆9 desaturase
during a 10°C downward shift in temperature (Figure 6)
implies that the protein is synthesized de novo and ensures
the conversion of the saturated 18:0 into monounsaturated
18:1 (Table 2). It seems reasonable to assume that low-
temperature-induced desaturation of membrane lipids was
a result of activation of the expression of the desC gene,
as it had been demonstrated for mesophilic cyanobacterial
species (Los et al., 1997; Sakamoto and Bryant, 1997).
However, in S. vulcanus, rapid fatty acid unsaturation during
a 20°C downward shift in temperature was not
accompanied by such a dramatic increase in the levels of
desC mRNA and ∆9 desaturase, as it was observed during
a 10°C shift. This observation suggests that the amount of
pre-existing enzyme was sufficient to accomplish the
desaturation reaction, and that the ∆9 desaturase retains
its activity (or even is activated) with a 20°C downward
shift in temperature. The data on the expression of the ∆9
desaturase in E. coli (Table 1) at 37°C support our
suggestion that the enzyme from the thermophilic organism
operates successfully at relatively low temperatures.

Thus, the pattern of the desaturase gene expression
that was observed in the thermophilic cyanobacterium
differs from that of mesophilic cyanobacteria (Los et al.,
1997; Sakamoto and Bryant, 1997) and resembles the
pattern of expression that was described for one of the
two stearoyl-CoA desaturases of fish (Macartney et al.,

1996; Tiku et al., 1996).
Very strong retardation of growth of S. vulcanus was

observed upon the downward shift of temperature from 55
to 35°C (Figure 7). However, cells could acclimate and they
grow very slowly after a long lag phase. We suppose that
low-temperature-induced fatty acid desaturation is
necessary to resume the arrest of growth of the cells of S.
vulcanus that was observed at 35°C.

We have also observed that, unlike mesophilic
cyanobacteria that predominantly desaturate neutral
galactolipids in response to cold stress (Sato and Murata,
1980), S. vulcanus desaturates anionic lipids,
sulfoquinovosyl diacylglycerol (SQDG) and phosphatidyl
diacylglycerol (PG) (Kiseleva et al., 1999). It was shown
that anionic lipids in E. coli might affect the initiation of
DNA replication by altering the association of the DnaA
protein with the cell membrane (Xia and Dowhan, 1995). It
is possible that the rapid desaturation of stearic acid in
SQDG and PG by the ∆9 desaturase in S. vulcanus helps
the organism to adjust the rate of initiation of DNA
replication under the conditions of low temperature stress.

Experimental Procedures

Culture Conditions
Synechococcus vulcanus was obtained from Dr. Hitoshi
Nakamoto, Saitama University, Urawa, Japan. The cells
were cultured photoautotrophically at 55°C with continuous
illumination at 100 µmol/m2/s and aeration with air that
contained 2% CO2, in BG-11 medium, which was
supplemented with 25 mM HEPES-NaOH, pH 7.5 (Los et
al., 1993).

Construction of the Genomic Library
The genomic DNA was isolated from the cells by the
method of Williams (1988). The genomic DNA library of S.
vulcanus was constructed in λ-DASH II vector predigested

Figure 7. Growth curves of cells of S. vulcanus at different temperatures.
Cells were grown at 55°C, diluted to OD790=0,20 by the medium prewarmed
to the same temperature, and transferred to the cultivating chambers with
designated temperatures.
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with BamHI restriction endonuclease according to the
protocol provided by the manufacturer (Stratagene).

Gene Cloning
The probe for screening the genomic library of S. vulcanus
was obtained by the amplification of the fragment of the
genomic DNA with AmpliTaq Gold DNA polymerase (Perkin
Elmer, USA) and with the following primers, 5'-
CA(TC)GA(TC)(TA)(CG)NAA(TC)AA(AG)GGNTT(TC)(TC)(GT)
NTGG, as a forward primer and 5'-TT(TC)GGN
GA(AG)GGNTGGCA(TC)AA(TC)AA(TC)CA(TC)CA(TC)GC,
as a reverse primer. The primers were designed to
represent highly conserved regions of the known
cyanobacterial ∆9 desaturases: HDSNKGF(W/L)W, and
FGEGWHNNHHA (Genbank accession numbers D16547
and D14581). The PCR reaction was carried out in a
volume of 20 µl that contained 0,1 µg of genomic DNA and
10 pmol of each primer. The conditions for PCR were: 10
min pre-warming at 94°C for activation of AmpliTag Gold
DNA polymerase (Perkin Elmer), 1 min at 95°C, 1 min at
45°C, 1 min at 72°C, 35 cycles. An amplified fragment of
360 bp of the genomic DNA of S. vulcanus was cloned into
pT7Blue vector (Novagen). The sequence of the insert was
determined to ensure the homology of the deduced
sequence of the amplified DNA fragment to the known
cyanobacterial ∆9 desaturases. This fragment was
radioactively labeled and used for the library screening.
The recombinant lambda phage DNAs were isolated from
8 plaques that gave positive signal during the screening
procedure (Sambrook et al., 1989). Further screening was
performed by Southern blots of the isolated DNAs, which
were digested with EcoRI, BamHI, and SmaI restriction
endonucleases. Finally, a 6-kb SmaI fragment was
subcloned into the SmaI site of pUC19 vector (Pharmacia).
The nucleotide sequence of both DNA strands inside the
subcloned fragment (1068 bp) was determined using a
Sequenase Ver. 2 DNA Sequencing Kit (US Biochemicals)
and synthetic oligonucleotides as sequencing primers. The
nucleotide and amino acid sequences were analyzed with
the use of the Lasergene software (DNASTAR, Madison,
WI).

Expression of the desC Gene in E. coli
The desC gene was amplified by PCR from the genomic
DNA of S. vulcanus using the synthetic oligonucleotides
as primers: 5'-CATATGACATCATCCTTAGAATTGC, and
5'-TTAGGACAACGCTTTGGGCGGT. The amplified DNA
fragment that contained the complete coding region of the
desC was cloned into pT7Blue vector (Novagen) in two
directions to produce pdesC/F and pdesC/R. The desC
gene was excised from pdesC/R with MunI (position +43
of the ORF) and HindIII (downstream of the stop codon)
and cloned in frame into EcoRI and HindIII sites of pTrcHisB
(Invitrogen, San Diego, CA, USA). The resulting plasmid,
pTrcHis/desC, produced a fusion protein which contained
a His-tag at the N-terminus of the truncated ∆9 desaturase.
The cells of E. coli DH5α were transformed with pTrcHis/
desC and pTrcHisB. The cells were grown at 37oC to the
optical density of 0.5 at 660 nm in LB medium
supplemented with ampicillin at 100 µg/ml, FeCl3 at 10 µM
and sodium stearate (18:0) at 1 mM, and IPTG was then
added at final concentration of 0.5 mM. The cells were
further incubated for 4 hr, collected by centrifugation, and
washed twice with water.

Isolation of RNA and Northern Blotting
The RNA was isolated as follows. Aliquots (50 ml) of the S.
vulcanus cell culture were transferred into centrifuge bottles
containing 50 ml of ice-cold ethanol supplemented with
5% phenol. This treatment was applied to kill the cells
immediately and to avoid possible degradation of RNA
(Sato, 1995). The cells were collected by centrifugation
for 5 min at 5000 g, 4°C. They were resuspended in 1 ml
of the 50/100 TE buffer (50 mM Tris-HCl, pH 7.5, 100 mM
EDTA), transferred into microcentrifuge tube, collected by
centrifugation, frozen in liquid nitrogen, and stored at -70°C.
The cells were thawed on ice, and resuspended in 0.5 ml
of 50/100 TE. 0.5 ml of phenol was added, and the mixture
was incubated at 65°C for 10 min. The mixture was
centrifuged for 3-5 min, and the upper aqueous phase was
treated twice with equal volume of phenol-chloroform
mixture (1:1). The total nucleic acids were precipitated with
2 volumes of ethanol for at least 2 hours at -20°C. The
RNA was separated from DNA by LiCl precipitation
(Sambrook et al., 1989). Electrophoresis, northern blotting,
and determination of the size of the mRNA of the desC
gene were performed as described before (Los et al., 1993).
A probe for the psaA (Shimizu et al., 1992a) gene of 980
bp was amplified by PCR from the genomic DNA of S.
vulcanus with the primers 5'-ATGACCATCAGTCCAC
CGGA and 5'-TTCTTTTAGGCTGTGGCCGA. A 700-bp
DNA fragment carrying the parts of 16S and 23S rRNAs of
Anabaena variabilis was excised from pAN4 (Tomioka et
al., 1981). The radioactive probe for desC was stripped
and each filter was re-hybridized with the probe for rRNAs.

Production of Desaturase-Specific Antibodies
A PstI-HindIII fragment of pdesC/F, which corresponded
to the C-terminal part of the ∆9 desaturase, was ligated
into the corresponding sites of pTrcHisC (Invitrogen) to
produce a fusion protein. This fusion protein was
overexpressed in E. coli DH5α, affinity purified with the
XpressTM Purification System (Invitrogen) and injected into
rabbits intramuscularly and subcutaneously to produce ∆9
desaturase-specific polyclonal antibodies. The desaturase-
specific IgGs were purified from antiserum with
Immunopure IgG Purification Kit (Pierce, Rockford, IL).
Specificity of the purified IgG fraction was tested on the
purified antigen and on the extracts from the cells of E. coli
that expressed the fusion protein that was used for
immunization, or the fusion protein that was expressed in
cells transformed with pTrcHis/desC.

Protein Electrophoresis and Immunodetection
Membrane fractions isolated from cells of S. vulcanus
(Mustardy et al., 1996) were solubilized in the loading buffer
for SDS/PAGE (Sambrook et al., 1989) by boiling for 5
min. The proteins were loaded onto a 12% polyacrylamide
gels at 50 µg per lane and subjected to electrophoresis at
20 mA for 3 hr. The proteins were blotted onto a
nitrocellulose membrane with a pore size of 0.2 µm in a
semi-dry blotting apparatus (Atto Corp., Japan) at 2 mA/
cm2 for 45 min. The membrane was probed with primary
antibodies raised against the ∆9 desaturase and
visualization of protein bands was performed with Vecstain
ABC Rabbit IgG Kit (Vector Laboratories, Burlingame, CA)
and 3,3'-diaminobenzidine. Immunoblots were performed
on samples from at least three independent replicate
experiments. Density scanning of nitrocellulose
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membranes was carried out with a Scanjet 6100 (Hewlett
Packard) and analyzed using Quantity One software (Bio-
Rad).

Analysis of Fatty Acids
Analysis of fatty acids by gas chromatography was
performed as described by Sato and Murata (1988) and
Kiseleva et al. (1999).

Sequence Data
The sequence data reported in this paper have been
deposited in the DDBJ/EMBL/GenBank Data Libraries
under the accession number U90417.
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