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Halobacterium salinarium PHH4 synthesizes gas vesicles in the stationary growth phase by the expression of
14 gvp genes arranged in two clusters. The chromosomal gypACNO (c-gvpACNO) gene cluster (encoding the
major structural gas vesicle protein GvpA and the minor structural protein GvpC) was transcribed as three
mRNA species starting at one promoter during the stationary phase of growth. The second gene cluster,
c-gvypDEFGHIJKILM, was transcribed during all stages of growth as a relatively unstable, single mRNA with a
maximal length of 6 kb. In addition, a 1.7-kb c-gvpD transcript was synthesized during stationary growth
starting at the same promotor as that of the c-gypDEFGHIJKIL.M mRNA. The expression of the first two genes
located in this unit (c-gvpD and c-gvpE) was also monitored by Western blot (immunoblot) analyses using
antisera raised against these proteins synthesized in Escherichia coli. While the cGvpD protein was present only
during early exponential growth and disappeared during gas vesicle formation, the cGvpE protein was present
during cGvpA and gas vesicle synthesis in the early stationary phase of growth. Previous data indicated that
c¢GvpD is involved in repression of gas vesicle formation, whereas cGvpE is a transcriptional activator for the
c-gvpA promoter. The appearance of both proteins during the growth cycle is in line with the functions of these
proteins in gas vesicle synthesis. The mechanism of the differential translation of cGvpD and c¢GvpE from the
c-gvypDEFGHIJKLM mRNA still has to be elucidated, but antisense RNAs complementary to the 5’ terminus
as well as the 3’ portion of the c-gypD mRNA might be involved in this regulation. Such RNAs occurred during
early stationary growth when the cGvpD protein level decreased and may possibly inhibit the translation of the

c-gvpD mRNA.

Various aquatic bacteria as well as halophilic archaea pos-
sess gas vesicles conferring buoyancy to the cell and enabling
them to float to the surfaces of their watery environments. Gas
vesicles are proteinaceous structures filled with gas by passive
diffusion (for a review, see reference 31). Among halophilic
archaea, Halobacterium salinarium, Haloferax mediterranei, and
Natronobacterium vacuolatum synthesize gas vesicles (7, 15, 18,
27).

The 14 genes involved in gas vesicle (Vac) synthesis of H.
salinarium and Haloferax mediterranei are clustered in a
genomic region termed the vac region. Different vac regions
which are located either on endogenous plasmids (p-vac) (such
as the 150-kb plasmid pHH1 of H. salinarium PHHI1 and the
plasmid pNRC100 of H. salinarium NRC-1) or on the chro-
mosome (c-vac for the second vac region in H. salinarium
PHH1 or mc-vac for the vac region in Haloferax mediterranei)
have been characterized (5, 8, 14, 16). The wild-type strain H.
salinarium PHH1 contains the two vac regions p-vac and c-vac,
but only the p-vac region is expressed and leads to the synthesis
of spindle-shaped gas vesicles throughout the growth cycle.
The c-vac region is expressed only when the p-vac region is
deleted, as has been found for H. salinarium PHH4 carrying
plasmid pHH4, which is a 35-kb deletion variant of plasmid
pHHI (15, 21). In contrast to the spindle-shaped gas vesicles of
wild-type H. salinarium PHHI, c-vac-encoded gas vesicles are
cylindrical and appear only in the stationary growth phase. H.
salinarium NRC-1 exhibits a gas vesicle phenotype similar to
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that of H. salinarium PHHI, and the vac region found on
plasmid pNRC100 is almost identical to the p-vac region (12,
16, 22).

The gas vesicle protein-encoding genes (gvp) of each vac
region are arranged in two clusters: ggpACNO and, oriented in
the opposite direction, ggpDEFGHIJKLM (8, 12). The require-
ment of p-gvpO for gas vesicle synthesis was under debate (4),
but deletion of this gene results in gas vesicle-negative trans-
formants, indicating that p-gvpO is essential for gas vesicle
production (20). The genes gvpA and gvpC encode the gas
vesicle structural proteins; the 8-kDa GvpA protein forms the
ribs of the gas vesicle wall, and the more hydrophilic 20-kDa
GvpC protein is possibly located on the outside of the wall,
tightening the overall gas vesicle structure as in the case of
cyanobacterial gas vesicles (9, 12, 13). In addition, the halobac-
terial GvpC protein determines the shape of the gas vesicles
(20). The roles of the other gvp genes and their products in gas
vesicle synthesis have not yet been elucidated; however, there
is strong evidence that gypD and gvpE and their products are
involved in the regulation of gas vesicle synthesis (10, 19, 23).
(i) Transformation of the gas vesicle-negative Haloferax volca-
nii with various constructs containing p-vac genes revealed that
p-gvpDE are not necessary for gas vesicle assembly; their ab-
sence, however, leads to a reduced amount of gas vesicles. A
repressor function could be assigned to the 5'-terminal portion
of the p-gypD mRNA when it acts on p-gvpFGHIJKLM mRNA
synthesis (19). (ii) Similarly, a deletion internal to mc-gvpD in
the mc-vac region (AD) leads to an overproduction of gas
vesicles in Haloferax volcanii transformants (10) and the addi-
tion of mc-gvpD again reduces the amount of gas vesicles to
wild-type levels in such AD transformants (23), suggesting that
GvpD is involved in the repression of gas vesicle synthesis.
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The p-vac region of H. salinarium PHHI is transcribed as
four units throughout growth: one transcript covers the p-
gvpFGHIJKLM genes and occurs prior to the p-gvypDE mRNA,
whereas the p-gypA (and p-gypACNO) transcripts are synthe-
sized throughout the growth cycle (8, 19). The p-gvpO mRNA,
starting at the promoter located at the 3’ end of p-gvpN, ap-
pears predominantly during exponential growth (20). Inspec-
tion of c-gupA expression in H. salinarium PHHI1 revealed that
this promoter is inactive throughout the growth cycle (15). In
H. salinarium PHH4, however, the c-gypA mRNA is found
during stationary growth and parallels the appearance of gas
vesicles.

In this report, the expression of the entire c-vac region is
investigated by analyzing the transcripts formed throughout
the growth cycle of H. salinarium PHH4. In addition, the ac-
tivity of the c-gypD promoter is analyzed in wild-type H. sali-
narium PHHI. Antisera raised against the cGvpD and ¢cGvpE
proteins, synthesized in Escherichia coli, are used to assess the
appearance of these proteins by Western blot (immunoblot)
analysis. The two proteins are encoded by consecutive genes
that are cotranscribed throughout the growth cycle, but sur-
prisingly, they appear sequentially during the growth of H.
salinarium PHH4. Antisense RNAs complementary to the c-
gvpD region likewise appear at specific stages during growth
and may inhibit the translation of c-gypD mRNA.

MATERIALS AND METHODS

RNA isolation and Northern (RNA) analysis. Isolation of total RNA from H.
salinarium was carried out as described previously (8). For Northern analyses,
the RNAs were separated on formaldehyde agarose gels (1). For probe gener-
ation, strand-specific RNAs were synthesized as recommended by Stratagene
with recombinant Bluescript vectors containing a 236-bp KpnlI-Drall fragment
(AntiA), a 200-bp SacII-BstEII fragment (AntiDI), a 650-bp NotI-BstEII frag-
ment (DII), a 289-bp BamHI fragment (AntiDIII), a SacI-Nrul fragment (AntiD/
E), and a 663-bp Apal-PstI fragment (AntiF). The following DNA fragments
were labelled according to the random priming procedure with [a->?P]dATP
(11): the 236-bp Kpnl-Drall fragment containing the c-gvpA4 gene (probe A), the
358-bp Xhol-Sphl fragment containing the c-gvpN gene (probe N), the 410-bp
Pyul-BamHI fragment containing the c-gupO gene (probe O), and the 860-bp
Xhol fragment containing the c-gvpl/K genes (probe 1JK).

Preparation of protein crude extracts and Western blot analysis. Total pro-
teins of H. salinarium cells were isolated from 5-ml cell suspensions. The cell
pellets were resuspended in 0.4 ml of Tris-EDTA buffer containing 10 pg of
DNase I per ml and dialyzed overnight against distilled water. The dialyzed
suspension was centrifuged for 20 min at 12,000 X g for membrane removal.
Protein samples of 20 wg were separated on Tricine-sodium dodecyl sulfate
(SDS)-16% polyacrylamide gels according to the method of Schigger and von
Jagow (28). Western blot analyses were performed as described previously (10)
by the enhanced chemiluminescence system from Amersham.

Determination of the 5’ terminus of the c-gypD mRNA by primer extension
and S1 nuclease analysis. The determination of the 5’ terminus of the c-gypD
mRNA by S1 nuclease analysis was done as described previously (8). For primer
extension analysis, the cDNA was produced as described by Reiter et al. (24)
with the Bethesda Research Laboratory reverse transcriptase kit, the 5’ 32P-
labelled oligonucleotide 5" TGGGGCACCGTTGACCA 3’ (positions 5816 to
5832 of the c-vac sequence; EMBL accession no. X94688), and total RNA. The
labelled cDNA was analyzed on a 6% polyacrylamide sequencing gel along with
a sequencing ladder generated with the above-described oligonucleotide as the
primer.

Determination of the 3’ terminus of the c-gypD mRNA by S1 nuclease analysis.
For the generation of a labelled probe derived from the c-gupDE region, a 544-bp
fragment was amplified by PCR with two oligonucleotides (5" GTATTCGGC
GATGATGTCGTCGCCGAC 3’ and 5" GCTACACGTCATTAGCATGG 3').
The fragment was cut with Hinfl and Aval, yielding a 5’ overhang at the Hinfl site
of a 261-bp c-gvpD fragment (positions 4517 to 4256 of the c-vac sequence). This
probe could hybridize to the 3’ ends of transcripts starting from the c-gvpD
promoter (8), ranging in size from 1,539 to 1,800 nucleotides (nt). After purifi-
cation of the 261-bp fragment, the Hinfl site was labelled with [a->*P]dATP with
the Klenow enzyme; 500 ng of the Hinfl-4Aval DNA fragment was incubated in
a solution containing 1X Fill-in buffer (U.S. Biochemicals), 0.1 mM dTTP, 30
wCi of [a->?P]dATP, and 5 U of Klenow enzyme for 20 min at room temperature.
The mixture was centrifuged through a P30 spin column. Hybridization and S1
nuclease digestion were carried out as described previously (15, 25). The se-
quence ladder was obtained with an oligonucleotide with the sequence 5’
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GGGTCGGCAGCGAGAACTCCACGTCGGCGT 3', which binds to nt 4374
to 4403 of the c-vac region (EMBL accession no. X94688).

Expression of c-gvpD and c-gvpE in E. coli, isolation of the protein, and
production of antibodies. The c-gvpD gene was amplified by PCR with oligonu-
cleotides containing Bg/II and HindIII sites (5" GACCACACAGACAGATC
TATGAGCGCACGC 3’ and 5" GAGGTCGTCCAAGCTTTCACACCATCTC
CGTGAG 3'; underlined sequences mark the respective restriction sites) and
cloned into the pQES8 expression vector (Qiagen, Chatsworth, Calif.) which
contains a 6-His-residue tag 5’ to the BamHI cloning site. For the amplification
of the c-gvpE gene, oligonucleotides containing BamHI and HindIII sites were
used (5" CACGGAGATGGTGTGGATCCATGGACGACCTC 3" and 5" GCC
GTACGTGTAGAGGTAAGCTTCACTCATCC 3'). The correct fusion of the
translational reading frame with the His tag was confirmed in both cases by DNA
sequencing. The E. coli strain M15(pREP4) (33) containing the repressor plas-
mid pREP4, which carries the lacl gene encoding the lac repressor, was trans-
formed with the expression plasmid pQE8 X D or pQES8 X E, containing the
c-gvpD or c-gvpE gene, respectively. An overnight culture of E. coli containing
one of the above-described plasmids was diluted 1:10 in Luria broth containing
100 pg of ampicillin per ml and 25 pg of kanamycin per ml and grown at 37°C.
Protein samples were drawn from the culture before and after induction with
IPTG (isopropyl-B-p-thiogalactopyranoside) to a final concentration of 1 mM.
After 4 h of growth, cells were collected by centrifugation, resuspended in
phosphate-buffered saline, disrupted by pressure (in a French press; Aminco
Co.), and again pelleted by centrifugation. The pellet was resuspended in a
solution containing 7 M urea, 100 mM NaH,PO,, 5 mM B-mercaptoethanol, and
10 mM Tris-HCI (pH 8.0). The suspension was centrifuged, and the supernatant
was loaded onto a nitrilotriacetic acid (NTA) column and washed with a wash
buffer (7 M urea, 100 mM NaH,PO,, 5 mM B-mercaptoethanol, 10 mM Tris [pH
6.3]). In both cases the proteins were eluted from the column with wash buffer
containing 250 mM imidazole and dialyzed against phosphate-buffered saline.
Antibodies against the ¢cGvpD protein were obtained by using chickens for
immunization. Chickens were injected intramuscularly with up to 1 ml of solution
containing 100 pg of recombinant protein in 0.5 ml mixed with 0.5 ml of com-
plete Freund’s adjuvant and given booster injections twice with 100 and 30 pg of
protein, respectively. Polyclonal antibodies (immunoglobulin Y [IgY]) were pu-
rified from egg yolk in the following way: the intact yolk of one egg was washed
with water to remove the egg white and then mixed thoroughly with 40 ml of
Tris-buffered saline, incubated overnight at 4°C, and centrifuged (Heraeus cen-
trifuge, 4,000 rpm, 20 min). Insoluble components were precipitated from the
supernatant by addition of 3 ml of 10% dextran sulfate (in Tris-buffered saline)
and 7.5 ml of 1 M CaCl, for 30 min at room temperature. The mixture was
centrifuged as described above, and insoluble components were again precipi-
tated by the addition of 3 ml of 10% dextran sulfate (in Tris-buffered saline).
After another centrifugation step, the supernatant was used in a 1:1,000 dilution
for Western blot analyses. For antiserum production against the cGvpE protein,
a rabbit was injected with 100 g of protein and given booster injections twice at
intervals of 3 weeks. The antiserum was used in a 1:100 dilution for Western blot
analyses.

RESULTS

Northern analyses to determine mRNAs derived from the
c-vac region. Total RNA of H. salinarium PHH4 was isolated
from samples collected throughout the growth cycle (see Fig.
4) and investigated by Northern analyses. Samples were taken
during exponential growth (samples 1 and 2), early stationary
to mid-stationary growth (samples 3, 4, and 5), and late sta-
tionary growth (samples 6 and 7). Gas vesicles were first ob-
served as light-refractile bodies in cells contained in sample 3,
i.e., in the early stationary growth phase. The location of the
probes used relative to the c-vac map is shown in Fig. 1A.

The Northern analyses were performed with RNAs from
samples 2 to 7. The c-gupA-specific probe indicated large
amounts of the 0.34-kb c-gvpA transcript from early stationary
to mid-stationary growth (samples 3 to 6), whereas during
exponential growth no c-gvpA transcript was detectable (refer-
ence 15 and this report) (Fig. 1B, blot A). Almost no signal
corresponding to c-gvp4 mRNA was seen in the late stationary
growth phase. In addition to the major 0.34-kb c-gyp4 mRNA
that has been described previously (15), larger transcripts were
detected in smaller amounts: a more prominent 2.5-kb mRNA
and fainter, smeary signals corresponding to transcripts of ap-
proximately 1.0 and 4.4 kb. The 2.5-kb transcript appeared in
parallel with the c-gvyp4 mRNA. Since the same pattern of the
larger transcripts was also seen with probes derived from the
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FIG. 1. Northern analyses of sense transcripts. (A) Schematic view of the c-vac region, with each gvp gene represented by a box. The names of the probes used for
Northern hybridization are indicated over black bars above the respective genes and are described in Materials and Methods. The arrows underneath the map indicate
the transcripts detected by Northern analyses. (B) For Northern analysis, 5 pg (blots A, N, and O) or 10 pg (blots DIIT and IJK) of total RNA isolated during growth
of H. salinarium PHH4 was separated on formaldehyde agarose gels. Numbers given above the Northern blots correspond to samples collected during various phases
of growth (exponential [lane 2], stationary [lanes 3 and 4], and late stationary [lanes 6 and 7]). The blot labels (IJK, DIII, A, N, and O) reflect the names of the probes
used. Numbers and lines on the left indicate the sizes (in kilobases) of the hybridizing mRNAs.

c-gvpN and c-gvpO genes (Fig. 1B, blots N and O), we assume
that all transcripts initiate from the same site, determined to be
20 to 21 bp upstream of the ATG start codon of c-gvpA (15).
The gupO probe also detected smaller transcripts in minor
amounts (Fig. 1B, blot O). The 0.34-kb transcript spans the
c-gvpA gene, whereas the 2.5-kb transcript encompasses c-
gvpACNO. The longer 4.4-kb RNA should also cover se-
quences located further downstream of c-gvpO (Fig. 1A).
Transcription of the c-gypDEFGHIJKLM genes was investi-
gated with various strand-specific RNA probes derived from
c-gvpD and a DNA probe from the c-gvplJK region. Aliquots of
the same RNA samples used for the detection of the c-gvp-
ACNO transcripts were investigated in these experiments. The
c-gvpD-specific probe DIII (Fig. 1B, blot DIII) revealed hy-
bridizing signals with sizes of up to 6 kb in all samples, indi-
cating that the c-gypDEFGHIJKLM genes were transcribed as
relatively unstable mRNAs. An mRNA of 6 kb could span this
entire gene cluster. Similar hybridization signals were also
found in samples taken during early exponential growth (data
not shown). The 23S and 16S rRNAs are visible as white spots
in these Northern blots, and putative RNA species hybridizing
around these areas are usually due to compressions. A tran-
script of 1.7 kb was, however, detected in the late stationary
growth phase (Fig. 1B, blot DIII, lanes 6 and 7) and was also
seen with probe DII derived from the 5" end of the c-gvpD gene
(data not shown). With the c-gvplJK-specific probe, similar
results were obtained: transcripts of up to 6 kb were detected
in samples 2 to 4, but the size decreased in sample 5, whereas
samples 6 and 7 did not indicate hybridization signals (Fig. 1B,
blot IJK). These results suggested that RNA degradation (also
observed in samples 6 and 7 with the DIII probe) occurred
predominantly from the 3’ ends of the mRNAs. The 1.7-kb
c-gvypD mRNA species seen in samples 6 and 7 with the DIII
probe cannot be visualized with the IJK probe.
Determination of the 5’ and 3’ termini of the 1.7-kb c-gvpD
mRNA. The start site of the c-guypDEFGHIJKLM mRNA has
been mapped previously and lies 116 nt upstream of the ATG

start codon of the c-gvpD gene (8). To determine whether the
1.7-kb transcript observed with the DIII probe (and also with
probe DII [data not shown]) (Fig. 1) starts at the same pro-
moter, S1 nuclease mapping and primer extensions were per-
formed (Fig. 2A). Protected fragments and cDNA signals were
observed with all investigated RNA samples, implying that the
c-gvpD promoter is active from exponential up to stationary
growth. The length of the cDNA was in both cases 231 nt,
locating the start site at the same site, 116 nt upstream of
c-gvpD.

S1 nuclease protection studies were also done to determine
the 3’ terminus of the 1.7-kb c-gvpD mRNA (Fig. 2B). RNAs
isolated from samples 2 to 7 were analyzed with a 3’ end-
labelled 261-bp Hinfl-Aval fragment from the c-gupDE region.
The highest amount of the protected hybrid was found with
sample 7, which also corresponds to the data obtained by
Northern analyses (Fig. 1B, blot DIII). The size of this RNA-
DNA hybrid was 178 bp, locating the 3’ terminus of the c-gypD
transcript 1,716 nt downstream of the transcriptional start site
of c-gypD and 120 nt downstream of the TGA stop codon of
the c-gypD gene, at the second adenosine of the sequence 5’
ATCGACGAC 3’ (Fig. 2C). A stem-loop structure which
might be involved in the termination of the 1.7-kb c-gvpD
mRNA could form 7 nt upstream of this termination site.

Expression of c-gvpD and c-gvpE in E. coli, and isolation of
both proteins for antibody formation. To investigate the ex-
pression of the c-gypDE genes at the protein level, antibodies
were raised against cGvpD and cGvpE, synthesized in E. coli
with the pQES expression vector system (Qiagen). The recom-
binant proteins contained N-terminal 6-His-residue tags, and
purification was performed under denaturing conditions (Fig.
3). Protein samples were drawn from the culture before and
after induction with IPTG (Fig. 3A, lanes 1 and 2 for cGvpD).
Cells were disrupted by pressure, and the proteins were solu-
bilized with urea (Fig. 3A, lane 5 for cGvpD; Fig. 3B, lane 2 for
c¢GvpE). This suspension was loaded onto an NTA column,
and the proteins were eluted with wash buffer containing im-
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FIG. 2. S1 nuclease and primer extension analysis to determine the 5’ end
(A) and 3’ end (B) of the 1.7-kb c-gypD mRNA and the nucleotide sequence of
the region downstream of the c-gvpD stop codon around the termination site (C).
The oligonucleotides used for the generation of the probe are described in
Materials and Methods. (A) S1 nuclease mapping (lanes 1 to 4) and primer
extension analysis (lanes 5 to 10) to determine the 5’ terminus. The RNA used
for S1 nuclease analysis derived from the early exponential phase of H. salina-
rium PHH4. Lane 1, 0.5 pg of RNA; lane 2, 1 pg of RNA; lane 3, 0 pg of RNA;
lane 4, 15,000 cpm-labelled DNA. The RNAs used for primer extension analysis
derived from H. salinarium PHH4 sample 3 (lanes 5 and 6), sample 4 (lanes 7 and
8), and sample 6 (lanes 9 and 10). Lanes 5, 7, and 9, 10 pg of RNA; lanes 6, 8,
and 10, 20 pg of RNA. The sequencing ladder in lanes marked A, C, G, and T
was generated with the same primer as that used for the primer extension
analysis. The asterisk in the complementary DNA sequence marks the 5’ termi-
nus as determined by S1 nuclease analysis; the circle indicates the end of the
c¢DNA as determined by primer extension analysis. (B) Determination of the 3’
end. In lanes 2 to 7, 10 pg of RNA of H. salinarium PHH4 derived from samples
2 to 7 was hybridized with 50,000 cpm of the c-gvpD probe and digested with S1
nuclease. The sequence ladder (in lanes marked A, C, G, and T) was obtained as
described above. The arrow indicates the protected fragment of 178 nt. (C)
3’-terminal DNA sequence of the c-gvpD gene with the TGA stop codon (in
boldface type) and adjacent sequences. The numbering on the right side is
according to the c-vac sequence. The asterisk indicates the termination site of the
c-gypD mRNA. The possible stem-loop structure formed by the underlined
sequence upstream of the termination site is shown underneath.

idazole (Fig. 3A, lane 9 for cGvpD; Fig. 3B, lane 6 for cGvpE).
Because of the 6-His-residue tag, both fusion proteins were
930 Da larger than the proteins deduced from the c-gypD
sequence (54 kDa) or the c-gvpE sequence (21 kDa). The
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FIG. 3. Purification procedure of cGvpD and cGvpE from E. coli. (A) SDS-
polyacrylamide gel electrophoresis (PAGE) of crude extracts of E. coli pQE8 X
D and purification procedure of the c-GvpD protein. Lane 1, cell lysates of E. coli
pQES8 X D before induction with IPTG; lane 2, 4 h after induction with IPTG;
lane 3, soluble crude extract of E. coli pQE8 X D protein after disruption by
pressure; lane 4, insoluble crude extract of E. coli pQE8 X D protein after
disruption by pressure; lane 5, solubilized crude extract after treatment with 7 M
urea; lane 6, protein markers (sizes in kilodaltons are indicated at the right side);
lane 7, flow-through of protein extract after loading onto the NTA column; lane
8, flow-through of proteins after washing with wash buffer; lane 9, purified fusion
protein after elution from the NTA column with imidazole. (B) SDS-PAGE of
cell lysates of E. coli pQE8 X E and purification of the c-GvpE protein. Lane 1,
soluble crude extract of E. coli pQES8 X E protein after disruption by pressure;
lane 2, soluble crude extract of E. coli pQES8 X E protein after treatment with 7
M urea; lane 3, flow-through of proteins after loading onto the NTA column;
lane 4, flow-through of proteins from the NTA column after washing with wash
buffer; lane 5, protein markers (sizes in kilodaltons are indicated at the right
side); lane 6, purified fusion protein after elution from the NTA column with
imidazole.

anti-cGvpD antibodies were formed in chickens, whereas the
anti-cGvpE antiserum was produced in rabbits.

Detection of c-GvpD, c-GvpE, and c-GvpA in H. salinarium
PHHA4. H. salinarium PHH4 crude extracts used for Western
blot analyses were prepared from the same samples taken
throughout the growth cycle for the Northern analyses (Fig. 4).
For comparison, the appearances of cGvpA and gas vesicles
were monitored throughout the growth cycle by Western blot
analysis with an antiserum raised against isolated gas vesicles
from Haloferax mediterranei (10).

Detection of cGvpD. Prior to the immunization of the chick-
ens with the purified cGvpD protein, the IgY fraction was
tested for nonspecific binding with protein sample 1 of H.
salinarium PHH4 and the purified cGvpD protein of E. coli
(Fig. 4, blot GvpD, control lanes D and 1). No reaction was
seen with the purified cGvpD protein from E. coli, whereas in
H. salinarium sample 1, the pre-IgY fraction detected two
protein bands because of a nonspecific binding (Fig. 4, blot
GvpD, control lane 1). With the anti-cGvpD IgY fraction for a
similar Western blot analysis, a strong reaction was found with
the cGvpD protein purified from E. coli (Fig. 4, blot GvpD,
noncontrol lane D). Binding signals were observed with a pro-
tein of the expected size (54 kDa) in protein samples of H.
salinarium PHH4 obtained from the early exponential growth
phase (Fig. 4, blot GvpD, noncontrol lanes 0 and 1); the signal
declined in samples 2 and 3 and remained low up to late
stationary growth (Fig. 4, blot GvpD). A protein sample taken
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FIG. 4. Growth-dependent sampling of H. salinarium PHH4 cells, and West-
ern blot analysis of cell lysates using anti-cGvpD (GvpD), anti-cGvpE (GvpE),
and anti-gas vesicle (GvpA) antisera. Growth curve for the culture development
of H. salinarium PHH4 depicting the sampling course for microscopic observa-
tion and protein and RNA isolation. Numbers 0 to 7 indicate the time points
when samples were taken, and arrows designate the points in the growth cycle
when cGvpA was detectable by Western blot analysis and gas vesicles were
visible. Numbers above lanes 0 to 7 in each Western blot correspond to these
protein samples. Twenty micrograms of protein was applied in each slot. In blot
GvpD, lanes designated D contain the purified cGvpD protein isolated from E.
coli pQE8 X D. Proteins in the control lanes were probed with antibodies
obtained from egg yolk prior to the immunization, whereas the noncontrol lanes
were treated with the anti-cGvpC antiserum. In blot GvpE, lanes designated E
contain the purified cGvpE protein isolated from E. coli pQES8 X E. Proteins in
the control lanes were probed with antiserum obtained from a rabbit prior to
immunization, whereas the noncontrol lanes were treated with the anti-cGvpE
antiserum. In blot GvpA, the expression of cGvpA was assessed with the anti-gas
vesicle antiserum described by Englert et al. (10). The arrow indicates the
reaction of the antiserum with GvpA aggregates and partially disaggregated gas
vesicles. The 8-kDa marker designates the cGvpA monomer.

in the very late stationary growth phase (after 240 h) showed
no cGvpD protein (data not shown). Thus, cGvpD is primarily
synthesized during exponential growth, when c-gyp4A mRNA
and gas vesicles are not present. The 1.7-kb c-gypD mRNA that
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appeared in late stationary growth was obviously not translated
into cGvpD protein.

Detection of cGvpE. The preimmune serum taken before
immunization was tested with sample 4 of H. salinarium PHH4
and with the purified ¢cGvpE protein of E. coli (Fig. 4, blot
GvpE; control lanes E and 4). No reaction was seen with either
sample. Western blot analysis using the anti-cGvpE antiserum
indicated a strong hybridization signal with the purified cGvpE
protein from E. coli (Fig. 4, blot GvpE, noncontrol lane E). As
expected, this protein was slightly larger (due to the 6-His-
residue tag) than the size of cGvpE deduced from the c-gvpE
sequence. Protein samples of H. salinarium PHH4 showed no
hybridization in sample 2, a weak hybridization signal in sam-
ple 3, and a strong signal corresponding to the expected size of
21 kDa in samples 4 to 7 (Fig. 4, blot GvpE). The sample taken
in the very late stationary growth phase (after 240 h) again
indicated no ¢GvpE protein (data not shown). Thus, cGvpE
was present in H. salinarium PHH4 during stationary growth
and occurred parallel to the synthesis of cGvpA (see below).

Detection of cGvpA. For comparison, the anti-gas vesicle
antiserum raised against isolated gas vesicles from Haloferax
mediterranei was applied. This antiserum detects the major
8-kDa gas vesicle structural protein, GvpA, in all gas vesicle-
producing halobacteria (10). The cGvpA protein was detected
in samples 4 to 7, and aggregates of GvpA and partially dis-
aggregated gas vesicles were detectable already in sample 3
(Fig. 4, blot GvpA). Such GvpA aggregates can also be ob-
served with protein samples of Haloferax mediterranei, H. sali-
narium PHH1, or cyanobacterial gas vesicles (10, 19, 32). Non-
specific reactions were seen with all samples.

In summary, these results indicated that, despite the fact
that the c-gypDEFGHIJKLM mRNA was present throughout
growth, the first two proteins encoded by this mRNA appeared
at different times during the growth cycle: the cGvpD protein
was present only during early exponential growth whereas the
cGvpE protein occurred during stationary growth parallel to
c¢GvpA and gas vesicle formation.

Presence of GvpD and GvpE in wild-type H. salinarium
PHHI1. The presence of cGvpD and cGvpE in H. salinarium
PHHI1 was assessed with the same antisera described above.
Soluble proteins were isolated from samples collected through-
out the growth of H. salinarium PHHI1 and used for Western
blot analysis. With the anti-cGvpD antibodies, a strong reac-
tion was found with a protein of a size similar to that deter-
mined for cGvpD (54 kDa), which appeared in the exponential
growth phase (Fig. 5, lanes 1 to 3), and less strong reactions
were observed up to the mid-stationary growth phase (Fig. 5,
lanes 4 to 6). No reaction was seen in samples taken from the
late stationary growth phase (Fig. 5, lanes 6 and 7). As ob-
served with H. salinarium PHH4, the binding with the 70-kDa
protein was again caused by nonspecific cross-reactions. Since
a protein sample of a Haloferax volcanii transformant express-
ing the p-vac region showed no binding with the anti-cGvpD
antibodies (data not shown) and the p-gypDE genes are tran-
scribed in stationary growth only (19), these results indicate
that the cGvpD protein must be synthesized in H. salinarium
PHHI1. With the anti-cGvpE antiserum in a similar Western
blot analysis, no reactions could be detected (Fig. 5, blot
GvpE). Thus, the cGvpE protein is not present in H. salinarium
PHHI1.

Detection of antisense RNAs in the c-gvpADEF region in H.
salinarium PHHA4. For the detection of putative antisense
RNAs complementary to the c-gvpDE region of the c-gypDEF-
GHIJKLM mRNA, strand-specific RNA probes were used for
Northern analyses. The positions of the probes and the results
of these experiments are presented in Fig. 6. With the probes
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FIG. 5. Western blot analysis of wild-type H. salinarium PHHI cell lysates
using anti-cGvpD and anti-cGvpE antisera. Twenty micrograms of protein was
applied in each slot. Total proteins were isolated throughout the growth cycle.
Lanes show growth phases as follows: early exponential (lane 1), exponential
(lanes 2 and 3), late exponential (lane 4), early stationary (lane 5), stationary
(lane 6), and late stationary (lane 7). The lanes designated D and E contain the
purified cGvpD or c¢GvpE protein isolated from E. coli pQE8 X D or E. coli
pQES X E, respectively. The arrow at the left of blot GvpD indicates the 54-kDa
cGvpD protein; the arrow at the right of blot GvpE marks the cGvpE protein.

AntiF and AntiA for Northern analyses, no hybridization sig-
nals could be detected (data not shown). Antisense RNAs
were, however, observed with probes specific for the 5'-termi-
nal portion of the c-gypD mRNA (AntiDI) and for the 3’
portion of the c-gypD mRNA (AntiD/E) (Fig. 6). The AntiDI
probe indicated two small RNAs of 0.28 and 0.19 kb in samples
2 to 4, i.e., at the transition from late exponential to stationary
growth, parallel to gas vesicle synthesis and the decline of the
c¢GvpD protein. Neither sample 1 nor samples 5 to 7 contained
these two RNAs, but both appeared in large amounts in sam-
ples 3 and 4 (Fig. 6, blot AntiDI). Also, the AntiD/E probe
indicated RNAs of 0.28 and 0.18 kb most strongly in samples 3
and 4 but not in sample 2 or in samples 6 and 7 (Fig. 6, blot

1 kbp
AntiF AnGD/E AutiDI AntiA
[M-F T & D FHal c-0]
Anti D/E Anti DI
234567 1234567
'L 1.7

1M
M = e =

FIG. 6. Northern analyses for the detection of antisense RNAs in the c-
8gpADEF region. The names of the probes used for these hybridizations are
indicated over black bars above the respective genes. For Northern analyses
(lower part), total RNAs (10 pg each) isolated during the growth cycle (Fig. 4)
were separated on formaldehyde agarose gels. Numbers above the Northern
blots correspond to the samples taken during growth. Only Northern blots that
gave signals are presented; the AntiF and AntiA probes did not reveal any
hybridization signal (data not shown). Lines and numbers at the right of the
Northern blots indicate the sizes (in kilobases) of the hybridizing antisense
RNAs.

DIFFERENTIAL SYNTHESIS OF cGvpD AND cGvpE 4017

AntiD/E). The search for DNA sequence similarities between
the c-gypD 5’ region and the region hybridizing with the an-
tiD/E probe revealed no similarities. Thus, the two antisense
RNAs detected with both probes were clearly different.

DISCUSSION

Gas vesicle synthesis in halobacteria is a process of unex-
pected complexity: it requires the activity of 14 gvp genes or-
ganized as two clusters. One cluster comprises the genes c-
gvwwACNO, and the second unit, oriented in the opposite
direction, comprises the genes c-gypDEFGHIJKLM (4, 8). In
this study we investigated the transcription of the entire c-vac
region in H. salinarium PHH4 and analyzed the expression of
the two genes c-gypD and c-gvpE at the protein level. Recent
studies showed that both Gvp proteins are involved in the
regulation of gas vesicle synthesis (10, 17, 19, 23, 26).

The c-gypACNO gene cluster is transcribed from a start site
located 20 to 21 bp upstream of the c-gypA start codon (15),
resulting in the major 0.34-kb c-gypA transcript and a minor
transcript of 2.5 kb spanning c-gypACNO. Longer transcripts
also cover additional sequences further downstream. These
transcripts are possibly due to read-through of a putative ter-
mination signal, as is often found for archaeal transcript ter-
mination (6, 24). The transcription pattern of c-gypACNO dif-
fers slightly from the expression of the mc-gvypACNO genes in
Haloferax mediterranei. Besides the major transcript encom-
passing the mc-gypA gene, three additional mRNA species
appear covering mc-gvpAC, me-gvpACN, and mc-gypACNO; all
formed because of read-through of termination signals (9, 26).
The plasmid-borne p-gupACNO operon of H. salinarium PHH1
contains in addition to the p-gvpA promoter (leading to the
major p-gvpA and the minor p-gypACNO transcripts) a further
promoter in front of p-gvpO, underlining the importance of
this gene for gas vesicle synthesis (20). The deletion of DNA
sequences located further downstream of p-gypO or mc-gvpO
has no effect on gas vesicle formation, whereas the deletion of
gvpO always results in Vac-negative transformants, indicating
that the gvpO gene represents the boundary of the vac region
(10, 20). In the gas vesicle-synthesizing cyanobacterium Calo-
thrix species PCC 7601, the gvp4 and gvpC genes in the
gvpAIA2C operon are cotranscribed and an antisense RNA
covering gvpA1 and gvpA2 might be involved in the regulation
of their expression (2, 3). No antisense RNA covering gvpA4 is,
however, detectable for these genes in halobacteria (references
20 and 26 and this report).

The second transcriptional unit of the c-vac region com-
prises the genes c-gypDEFGHIJKLM, which were transcribed
as one unit throughout growth, resulting in a relatively unsta-
ble mRNA. No additional promoter could be detected in the
c-gvpEF region, as was found for the p-vac region (19). The
c-gvpD promoter is active throughout growth; thus, the c-gvp
DEFGHIJKLLM mRNA is already present during exponential
growth and prior to the formation of c-gvypA and c-gypACNO
mRNAs. In late stationary growth, an additional transcript of
1.7 kb covering c-gvpD was formed. The transcription of the
gvpD to gvpM genes is similar in Haloferax mediterranei, in
which one promoter active throughout growth drives expres-
sion (8, 26). Again, transcription in the p-vac region of H.
salinarium PHHI1 is different, since the p-guypDEFGHIJKLM
genes are differentially transcribed as two units. In this regard,
the p-gvpFGHIJKLM mRNA occurs exclusively during expo-
nential growth whereas the p-ggpDE mRNA is found only in
stationary growth (19).

Monitoring the cGvpD protein level in H. salinarium PHH4
revealed an unexpected result: despite the presence of an
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FIG. 7. Scheme of the protein content and diagram of c-vac transcripts during growth of H. salinarium PHH4. + and — refer to the presence or absence of cGvpA,
c¢GvpE, and cGvpD. The numbers stand for samples taken during the growth cycle that are from early to late exponential growth phases (0, 1, and 2), early to stationary
growth phases (3, 4, and 5), and late stationary growth phase (6 and 7). The transcripts are depicted as arrows, whose thicknesses differentiate between large or small
amounts of transcripts. The arrows designated AntiD/E and AntiDI indicate the approximate positions of the hybridizing antisense RNAs.

mRNA covering c-gvpD throughout growth (as part of the 6-kb
c-gvpDEFGHIJKLM or 1.7-kb c-gypD mRNA), the cGvpD
protein is detectable only during early exponential growth, up
to approximately 24 h before the c-gyp4 mRNA appears and
gas vesicles are formed. Since the amount of cGvpD is much
smaller from that time point on up to the late stationary phase,
the translation of the mRNA into cGvpD must somehow be
inhibited. Moreover, we observed a growth-phase-dependent
characteristic of cGvpE, because the cGvpE protein was not
present during exponential growth but occurred in stationary
growth parallel to the formation of cGvpA. Thus, the two
genes located near the 5’ end of the c-guypDEFGHIJKLM
mRNA were translated at different times during growth. The
mechanisms leading to this differential synthesis are still under
investigation, but in the case of c-gvpD, antisense RNAs might
interfere with the translation into protein.

Such antisense RNAs complementary to the 5'- and 3'-
terminal parts of c-gvpD appeared during early stationary
phase parallel to the decline of the amount of ¢cGvpD protein.
It is possible that translation of the c-gvypD mRNA is inhibited
because of binding of these antisense RNAs to the mRNA,
whereas the expression of the remaining reading frames of the
c-gvpDEFGHIJKLM transcript (as shown for c-gupE) remains
unimpaired. The antisense RNAs could mediate their function
by the formation of RNA-RNA hybrids to prevent efficient
translation, but these RNA-RNA hybrids could also be targets
for subsequent cleavage by a specific RNase. Such a double-
stranded/single-stranded-specific RNase activity has already
been identified in H. salinarium. This enzyme acts, e.g., during
lysogenic growth of the halobacterial phage ¢$H in which, be-
cause of the presence of an appropriate antisense RNA, the
5'-terminal part of the early lytic mRNA is removed by a
specific cleavage (29, 30).

However, the 1.7-kb c-gypD mRNA that appeared in sta-
tionary growth was not translated into protein, although no
antisense RNAs could be detected during these stages of
growth. In addition, a similar correlation with the appearance
of antisense RNAs and inhibition of c-gypE mRNA translation
was not possible since no antisense RNAs were detected dur-
ing early stages of growth (17). Thus, the reason for the lack of
c-gvpE translation during exponential growth still needs to be
elucidated, but it is also possible that the cGvpD protein is
involved in this process.

The appearance of the two proteins cGvpD and cGvpE was
also investigated with wild-type H. salinarium PHHI1. In con-
trast to the c-gypA promoter, which remains inactive in this
strain, the c-gypD promoter was active (as determined by S1
nuclease analysis [data not shown]) and cGvpD protein was
subsequently detectable during growth. No cGvpE protein was,
however, present, which is most probably the reason why the
c-gvpA promoter remains inactive in this strain, since the
cGvpE protein is required as the transcriptional activator for
the activity of the c-gypA promoter. This has been directly
demonstrated by transformation experiments and was also ob-
served with the mc-vac region (17, 26). Thus, H. salinarium
PHHI1 does not contain c-vac-encoded gas vesicles.

Combining the results presented here with previous data,
the expression of the c-vac region in H. salinarium PHH4 takes
the following pattern (Fig. 7). During exponential growth
phase (Fig. 7, samples 0, 1, and 2), the c-gyp4 promoter is
inactive and no gas vesicles appear (15). The lack of c-gvp
ACNO transcription in this stage of growth is due to the ab-
sence of the cGvpE activator protein, required for c-gvpA pro-
moter activation (17). The c-gypDEFGHIJKLM genes are tran-
scribed, but the translation of c-gvpE is inhibited. In contrast,
the cGvpD protein, which is involved in the repression of gas
vesicle synthesis, is present during exponential growth. In the
stationary growth phase (Fig. 7, samples 3, 4, and 5), the
amount of cGvpD is strongly reduced. At the same time, var-
ious antisense RNAs complementary to the c-gypD mRNA
appear and might prevent its efficient translation into ¢cGvpD.
Parallel to the decline of the cGvpD protein, the cGvpE pro-
tein is synthesized at this time, leading to the transcriptional
activation of the c-gypA promoter and the subsequent forma-
tion of c-gypA4 as well as c-gypACNO mRNA, followed by gas
vesicle synthesis. During late stationary growth (Fig. 7, samples
6 and 7) the amounts of the different antisense RNAs are
strongly reduced. A 1.7-kb c-gypD mRNA occurs, which is,
however, not translated into cGvpD protein.

The regulation of c-vac-encoded gas vesicle synthesis is com-
plex and involves different factors acting either at the transcrip-
tional level (such as ¢GvpE [17, 26]) or at the translational
level (possibly mediated by antisense RNAs), as implied by the
observations described here. Further experiments are, how-
ever, necessary to uncover the reason(s) for the differential



Vou. 178, 1996

synthesis of the two regulatory gas vesicle proteins cGvpE and
cGvpD.
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