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ABSTRACT

Since the gas vesicle protein (GVP) is highly conserved among the
different gas-vacuolate prokaryotes, a 29-mer oligonucleotide corresponding
to a portion of the Anabaena flos-aquae GVP gene was synthesized and used
to isolate the GVP structural gene from Calothrix PCC 7601 (= Fremyella
diplosiphon). Gas vacuole production in this filamentous cyanobacterium is
restricted to hormogonia which occur at a specific stage during the
developmental cell cycle. The GVP gene (gvpA) was localized on a 709 bp
HindIII-HincII fragment. Nucleotide sequence analysis revealed a 213 bp
open reading frame whose deduced amino-acid sequence shows a very high
homology with that of the Anabaena flos-aquae GVP. Assuming that the first
methionine residue is proteolytically processed, the molecular mass of the
Calothrix GVP is 7375 daltons. Sequences resembling the Escherichia coli
consensus promoter were found upstream from the gvpA gene. The initiator
codon of the gvpA gene is preceded by a polypurine sequence assumed to be
the ribosome binding site. Southern hybridizations with a probe specific
for the gvpA gene indicated that this gene is not plasmid-borne, and that
another homologous gene is present in the Calothrix genome.

INTRODUCTION

Gas vacuoles are gas-filled structures providing many different aquatic
prokaryotes with buoyancy and allowing their positioning at the most
favorable depth for growth (for reviews see 1-4). They are made up of
clusters of cylindrical electron-transparent structures termed ‘“gas
vesicles". These minute hollow cylinders with conical ends are generally
0.07-0.3 um in diameter with a length ranging from 0.3-1 um depending on
the strain. The membrane of the vesicles is 2 nm thick and is constituted
of a monolayer of protein molecules forming ribs ~ 4.5 nm wide that wind
around in a cylindrical structure. These vesicles are impermeable to water,
but permeable to gases. However, when gas vesicles are collapsed by
pressure, they cannot be reinflated and are presumably resynthesized by
recycling of the protein from disaggregated vesicles (5).

Gas vesicles can be isolated and purified in an intact state, provided
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that exposure to pressures is avoided (6). Detailed biochemical analysis of
isolated gas vesicles showed that protein, possibly a single polypeptide
species, is their sole organic constituent. Consequently, the gas vesicle
membrane differs from classical cell unit membranes but resembles the
proteinaceous coats of viruses (2). The gas vesicle protein (GVP) is one of
the most abundant proteins in some cyanobacterial cells (3.6 % - 10 % of
the total protein content) (5,7,8) and can be easily purified. However, its
high hydrophobicity has impeded an accurate determination of its molecular
mass by gel electrophoresis (2). Based on quantitative amino-acid analyses,
molecular masses ranging from ~ 7300 up to ~ 20,600 daltons have been
proposed (2,9). Interestingly, comparison of partial amino-acid sequences
(9), as well as immunological cross reaction experiments (9,10) have shown
that the GVP is a highly conserved protein among prokaryotes, including
eubacteria and archaebacteria.

Gas-vacuolate prokaryotes are most commonly planktonic and synthesize
gas vacuoles constitutively (1,2). However, there exist nonplanktonic
filamentous cyanobacteria in which gas vacuole formation occurs at a
specific stage in their developmental cell cycle. Gas vacuole formation in
these organisms is restricted to specialized filaments called hormogonia
which differentiate at the tapering ends of trichomes (1). In contrast to
vegetative trichomes, hormogonia are generally motile and supposedly play a
role in the dispersal of a species in its natural habitat. Changes in
environmental factors, such as 1light intensity and/or wavelength, as well
as nutrient availability have been shown to induce formation of gas-
vacuolate hormogonia (1,11-13 and G. Guglielmi, personal communication).
However, the precise regulatory mechanism of this differentiation process
remains unknown.

In this report, we present the isolation and the nucleotide sequence of
the structural gene encoding the GVP of the filamentous cyanobacterium
Calothrix PCC 7601. To our knowledge, this is the first gene encoding GVP
which has been cloned and the first molecular marker available to study
hormogonia differentiation in cyanobacteria.

MATERIALS AND METHODS
Materials

Restriction enzymes, calf intestinal alkaline phosphatase, T4 DNA ligase
and T4 polynucleotide kinase were purchased from Genofit. Klenow fragment
of DNA polymerase I, [a-32P1 dATP ( ~ 400 Ci/mmol) and [ Y-32P1 ATP
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( ~ 3000 Ci/mmol) were from Amersham. M13 forward sequencing universal
primer was obtained from Biolabs. Nucleotides and dideoxynucleotides
triphosphates were purchased from PL-Pharmacia. A1l enzymes were used
according to the manufacturer's instructions. Phage X DNA was a gift from
A. Klier (Institut Pasteur). Phages M13 mp8 and mp9 were gifts from G.
Lenzen and A. Labigne-Roussel, respectively (Institut Pasteur). A1l
chemicals were reagent grade.
Culture conditions and cyanobacterial DNA purification

Calothrix sp. strain PCC 7601 (= Fremyella diplosiphon, UTEX 481) was
grown in BGll medium (14), at 25° C. Cultures were bubbled continuously
with 1 % C02/99 % air and illuminated with cool-white fluorescent tubes (50
u E.m2.s-1), Cells were harvested in early exponential growth phase and
chromosomal DNA was isolated as previously described (15). Plasmid DNAs

were extracted from cells in late-exponential growth phase, by CsCl
gradient centrifugation as described by van den Hondel et al. (16) or
evidenced by the in-well lysis technique as described by Rosenberg et al.
(17).

Library construction and DNA subclonings

Genomic DNA from Calothrix PCC 7601 was partially digested with Sau 3A
and size fractionated on a 10 %- 40 % sucrose gradient (18). Fragments
ranging from ~ 14 to ~ 20 kilobase pairs (Kb) were dephosphorylated, then
ligated into the X EMBL3 vector (19) previously digested with EcoRI and
BamHI. Ligated DNA was packaged in vitro into the heads of bacteriophage

X and the E. coli strain K 802 (20) was infected with this packaged DNA
(21). Large-scale phage purification and DNA extraction were performed as
described (22).

Recombinant A DNA fragments were electroeluted from agarose gels and
subcloned either into the E. coli plasmid pUC9 or into the M13 phage
vectors mp8 and/or mp9 (23) previously digested with the appropriate
restriction enzymes. Strains used to propagate recombinant, pUC9 plasmids
and M13 phages, were RDP 211 [exconjugant of RDP153 (24); F128 from JM103
(25)1 and TGl, a restrictionless derivative of JM101 (25), respectively.
Plasmid DNA extraction was performed as described (26).

Synthesis of oligonucleotides

The 29-mer oligonucleotide used to probe the gvpA gene, as well as
specific 14-mer and 17-mer oligonucleotides used as sequencing primers were
synthesized by an Applied Biosystems Model 380A automated DNA synthesizer
as described previously (27).
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Hybridization with 32P-1abelled probes

Restricted genomic DNA and recombinant DNAs were electrophoresed in
0.7 % agarose gel containing 89 mM Tris-base, 89 mM boric acid, 3.2 mM acid
EDTA, pH 8.3. Cyanobacterial plasmid DNAs were electrophoresed as described
(16,17). Prior to Southern transfer, gels containing undigested plasmid
DNAs were soaked in 250 mM HC1 for 15 mn.

The 29-mer oligonucleotide probe was labelled at the 5' end with [v-32p)]
ATP using T4 polynucleotide kinase and the 236 bp HindIII-HincII DNA probe
was nick-translated (28). Conditions for Southern blots and in situ plaque
hybridizations were as previously described (29), except that the
temperatures used were 45° C with the 29-mer probe and 60° C with the nick-
translated probe.

Nucleotide sequence analysis

Sequencing in pUC9 was carried out by the dideoxy chain termination
method (30) according to Heidecker et al. (31), whereas the method reported
in the Amersham instruction booklet was followed for the sequencing in the
M13 vectors. The 29-mer initially used to probe the GVP gene and the 14 and
17-mers, specially synthesized as sequencing on one strand progressed, as
well as the universal 15-mer M13 forward primers, were used to complete the
sequence on both strands and to overlap restriction sites used in

subcloning. Amino-acid sequence and codon frequencies were deduced from the
nucleotide sequence by using the computer program of Staden (32) as
modified by B. Caudron (Institut Pasteur).

RESULTS AND DISCUSSION
Partial N-terminal amino-acid sequences of the GVP purified from two
taxonomically distinct cyanobacteria, Anabaena flos-aquae and Microcystis

aeruginosa are extremely homologous (33), confirming that GVP is a highly
conserved protein. Based upon these sequences, we synthesized an
oligonucleotide probe to isolate the corresponding gene from another
cyanobacterium, Calothrix PCC 7601. Instead of short oligonucleotide
sequences corresponding to all possible combinations of codons, we chose to
synthesize a unique, 29-bases long, oligonucleotide. For each codon, the
base composition was predicted on the basis of codon usage information
obtained from the nucleotide sequence analysis of the Calothrix PCC 7601
ps2B-1 (=psbA) gene (34) and of the Anabaena PCC 7120, nifH, nifD, nifK
(35,37), gInA (38) and rbcA (39) genes. This synthetic oligonucleotide was
used to probe a Southern blot of Calothrix PCC 7601 total genomic DNA
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Figure 1: (A) Autoradiogram of a Southern blot of Calothrix PCC 7601 total
DNA proved with the 29-mer oligonucleotide. DNA digested with EcoRI (lane
a), HindIII (lane b), EcoRI and HindIII (lane c), BglII (lane d), BglII and
HindTIT (lane e) or BqlII and EcoRI (lane f). H}%T‘idizing bands of high
molecular masses in lanes d and f are due to partial hydrolysis with BqlIl.
(B) Agarose gel and autoradiogram of a Southern blot of the recombinant

GVP7 DNA probed with the 29-mer oligonucleotide, after digestion with
Sall (lane a), Sall and HindIII (lane b) or HindIII (lane c). The size of
the hybridizing fragments, in kilobases (Kb), are shown on the right.

digests. As shown in Fig. 1A, a single hybridization band was obtained with
the different restriction enzymes tested. These results demonstrated the
high specificity of the 29-mer probe with regards to hybridization with
total genomic DNA from Calothrix PCC 7601.

To clone the sequence homologous to the probe, a genomic library from
Calothrix PCC 7601 was constructed in the A EMBL3 vector and screened.
Five A recombinants which strongly hybridized with the 29-mer probe were
selected and one of them, AGVP7, was studied further. This recombinant
carried a total insert of ~ 20 Kb as revealed by Sall digestion (Fig. 1B,
lane a). After digestion with Sall and HindIII or HindIII alone (Fig. 1B,
lanes b and c), the same 2.6 Kb band exhibited hybridization; this fragment
had the size expected from hybridization with total genomic DNA digests
(Fig. 1A, lane b). This 2.6 Kb HindIII DNA fragment was subcloned into the
E. coli vector pUC9 and a partial nucleotide sequence was obtained by using
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Figure 2: Restriction map of the DNA region from the Calothrix PCC 7601
genome which carries the gvpA gene and nucleotide sequence strategy for the
GVP coding region. Restriction enzymes are: Bg = BglIl, E = EcoRI, Hc =
HincII, Hd = HindIII, P = PstI.

he arrow represent sequenced segments with dots and stars at 5' end
points and anowheads at 3' end points for each strand. Dots indicate
sequences obtained with specific synthetic oligonucleotides. Stars indicate
sequences obtained using commercial M13 forward sequencing 15-mer primer.
The: thick lines shows the gvpA coding region, with NHz and COOH termini
indicated (N and C, respectively); bp = base pairs.

the 29-mer oligonucleotide as a primer. Comparison of the deduced amino-
acid sequence with that determined for the Anabaena flos-aquae GVP (33)
confirmed that the 2.6 Kb HindIII DNA fragment effectively carried the gene
encoding the GVP. However, the nucleotide sequence obtained from the other
strand using a specific 17-mer oligonucleotide, revealed that the 5' end of
the GVP gene was missing in this fragment. Further analysis showed that the
entire GVP gene was carried by a 1.5 Kb BglII fragment.

To complete the sequence on both strands, smaller DNA fragments were
subcloned into M13 phage vectors. The sequencing strategy is shown in Fig.
2. The sequence of 709 nucleotides extending from the HindIII site, located
on the left part of the restriction map, to the unique HincII site just
following the 3' end of the GVP coding region is shown in Fig. 3. In this
sequence, a 213 bp open reading frame was found. As shown below, 25 out of
the 29 nucleotides of the sequence used as a probe match the corresponding
sequence found in the gene encoding GVP in Calothrix PCC 7601 (gvpA gene):

29-mer 5' ATC TTG GAC AAA GGT ATC GTT ATC GAC GC-3'
Ile Leu Asp Lys Gly Ile Val Ile Asp Ala

gvpA gene 5' ATC TTA GAC AAA GGT ATC GTT GTA GAT 6C-3'
Ile Leu Asp Lys Gly Ile Val Val Asp Ala
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The amino acid sequence deduced from the nucleotide sequence of the gvpA
gene shows a very high homology with those determined for Anabaena flos-
aquae GVP (N-terminal residues 1 to 64 and C-terminal tryptic peptide)
(9,33). Only few differences are observed: i) a replacement of the amino-
acids Ile (ATC) by Val (GTA) at residue 25 (nucleotides 76-78) and GlIn
(CAa) by Glu (GAA) at residue 37 (nucleotides 112-114), which might require
only one base change in the nucleotide sequence of the Anabaena flos-aquae
GVP gene; ii) in the Calothrix GVP amino-acid sequence, there are two
successive Ala residues corresponding to nucleotides at position 199 to
205, whereas in Anabaena flos-aquae GVP there is only one residue at this
position, the second one being located at the end of the amino-acid
sequence. Although in the gvpA gene from Calothrix PCC 7601, the initiator
codon is an AUG, no methionine residue was found in any of the N-terminal
amino-acid sequences determined for the various cyanobacterial and
bacterial GVPs (9). This suggests that, in Calothrix PCC 7601 GVP, the
methionine is most likely proteolytically processed as it has been reported
for some proteins in other prokaryotic or eukaryotic organisms. More
interestingly, a stop codon UAA was located at nucleotides 214-216. This
implies that the protein encoded by the gvpA gene in Calothrix PCC 7601
contains no more than 70 amino-acid residues with a total molecular mass of
7375 daltons, if one excludes the first methionine residue. This result is
in agreement with the assumption of Walker et al. (9) who observed that the
sequence of the C-terminal tryptic peptide of Anabaena flos-aquae GVP
overlapped the N-terminal sequence by eight residues and concluded that
this protein could possibly contain only 70 residues with an overall
molecular mass of 7380 daltons. A similar molecular mass was also predicted
from X-ray diffraction studies (40). Our results, together with these
previous observations, provide an answer to the question pending for years
about the molecular mass of the GVP purified from different prokaryotes.
Indeed, numerous attempts to determine its molecular mass by gel
electrophoresis analyses led to a very confusing situation. Konopka et al.
(41) estimated a molecular mass of 50,000 daltons for the GVP purified from
the heterotrophic bacterium Microcyclus aquaticus. For two archaebacteria,
Halobacterium halobium and Halobacterium salinarium, the molecular mass
varied from 12,100 to 18,200 according to the authors (42,43). These latter
values were similar to those determined for GVPs from the cyanobacteria
Microcystis aeruginosa [14,300 (44); 15,700 (45); 14,600 (45)1 , Anabaena-
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ALA ILE GLU ALA ARG ILE VAL ILE ALA SER VAL GLU THR TYR LEU LYS TYR ALA GLU ALA
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A (18]
X X X X X X X = X X X ALA

260 280
CGCTGACTAATTCTCATGTTAAC

Figure 3: Nucleotide sequence of the GVP coding region from the genome of
Calothrix PCC 7601. The deduced amino-acid sequence (second line) for the
Calothrix GVP is juxtaposed under the nucleotide sequence (first line), as
well as the N-terminal sequence (dots) and the C-terminal tryptic peptide
sequence (crosses) of the Anabaena flos-aquae GVP. Dots and crosses
indicate identity with the Calothrix sequence at that position. Dashes
denote gaps introduced to maximize homology. Parentheses indicate
uncertainty for the corresponding amino-acid residue.

flos aquae [15,100 (46); 14.700 (42); 20,600 (33)] and Nostoc muscorum
PCC 6719 [20,000 (12)1 . The discrepancy in the apparent molecular mass is
probably due to the low solubility of this hydrophobic protein which tends
to aggregate during electrophoresis, leading to multimers of the GVP
subunit.

An examination of the 5' nucleotide sequence upstream to the gvpA gene
revealed several sequences analogous either to the -35 or to the -10

7230



Nucleic Acids Research

promoter sequences of the "nif gene-type" or the "E. coli-type" as found in
cyanobacterial genes examined so far (47-50). However, the sequences which
better fulfill the requirements for a promoter with regards to both
sequences and spacing (51) are of the “E. coli-type": 5' TTGTAT 3'
(nucleotides -136 to -141) and 5' TATATT 3' (nucleotides -117 to -122)
which are separated by 15 bp. We are nonetheless aware of the fact that
only the determination of the start site for transcription will allow the
precise localization of the gvpA gene promoter sequences.

Nine nucleotides upstream from the AUG initiator codon, the sequence
AAGG is found. This sequence is complementary to a portion of the 3' end of
the only reported cyanobacterial 16S rRNA sequence 5' UCACCucCuwu 3'
(52,53) and might correspond to the ribosome binding site.

The nucleotide sequences upstream and downstream from the gqvpA gene are
significantly richer in A and T residues than the coding region (69.6 %,
74.1 % and 59.7 % respectively, mean DNA base composition of the Calothrix
PCC 7601 genome being 42.7 mol % GC (54)). As expected in such AT rich
regions, several palindromic structures can be found. Whether the secondary
structures found upstream from the gvpA gene play a role in the regulation
of its transcription 1is unknown. Downstream from it, the largest
palindromic structure (nucleotides 237-264) has a 11 bases perfect inverted
repeat sequence and a loop of 6 bases. However, this sequence does not have
the common features of the transcription terminator sequences described by
Rosenberg and Court (51), since it is neither GC rich nor followed by a
series of T residues. As shown in Halobacteria (55-57), the production of
gas vacuoles in cyanobacteria could be determined or controlled by plasmid
genes (8). To verify the location of the gvpA gene in the Calothrix PCC
7601 genome, plasmids were extracted and Southern blot analysis of both
plasmid and chromosomal DNAs were performed using a 236 bp HindIII-HinclI
DNA fragment as a probe. This DNA fragment contains 183 bp within the gvpA
gene coding region and 54 bp of downstream flanking sequence. No
hybridization was obtained with the plasmids (data not shown) suggesting
that the gvpA gene is not harbored by one of the endogeneous plasmids found
in this strain (the plasmids speciés mentioned in ref. 11 and few others of
higher molecular weight, from 90 to ~ 135 Kb). Interestingly however, the
236 bp probe hybridized with two HindIII chromosomal DNA fragments (2.6 Kb
and 2.3 Kb) (data not shown). The 2.6 Kb fragment corresponds to the cloned
fragment in which we found the gvpA gene. The presence of another
hybridization band strongly suggests that a second gene, highly homologous
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Figure 4: Comparison of the N-terminal amino-acid sequences of GVPs from
Calothrix PCC 7601 (a) and from other cyanobacterial (b-e) and

halobacterial (f,g) strains (b-g, data taken from ref. 9). A = alanine; D =
aspartic acid; E = glutamic acid; G = glycine; I = isoleucine; K = lysine;
L = leucine; M = methionine; N = asparagine; P = proline ; Q = glutamine; R
= arginine; S = serine; T = threonine; V = valine; W = tryptophan. Dots
indicate identity of the residue at that position. Dashes denote gaps
introduced to maximize homology. Amino acids corresponding to the portion
of the sequence chosen to synthesize the 29-mer oligonucleotide is
underlined.

to the gvpA gene, exists. Based on chemical analysis of purified GVPs from
different organisms, it has been assumed that the gas vesicles could be
constituted of only one protein species (2). However, the isolation of
mutants able to produce gas vesicles with only the conical end caps, but
not the cylindrical part (41), as well as of mutants partially defective in
gas vesicle formation (8,43,58) suggested that there could exist several

Table 1. Codon frequencies in Calothrix PCC 7601 GVP coding sequence

Phe UUU O Ser UCU 3 Tyr UAU 2 Cys uUGu 0
Phe UUC O Ser UCC 1 Tyr UAC 0 Cys UGC O
Leu UUA 2 Ser UCA 2 Term UAA 1 Term UGA O
Leu UUG 2 Ser UCG O Term UAG O Trp UGG 1
Leu CUU 1 Pro CCU 1 His CAU 0 Arg CGU 2
Leu CUC O Pro CCC O His CAC 0 Arg CGC O
Leu CUA 2 Pro CCA O Gln CAA O Arg CGA O
Leu CUG O Pro CCG O Gin CAG 1 Arg CGG 1
Ile AUU 3 Thr ACU 2 Asn AAU 1 Ser AGU O
Ile AUC 4 Thr ACC O Asn AAC 0 Ser AGC 1
Ile AUA O Thr ACA 1 Lys AAA 3 Arg AGA 0
Met AUG 1 Thr ACG O Lys AAG 0 Arg AGG ©0
Val GU 6 Ala GCU 6 Asp GAU 2 Gly GGU 3
Val GUC 1 Ala GCC 2 Asp GAC 1 Gly GGC O
Val GUA 4 Ala GCA 3 Glu GAA 6 Gly GGA O
Val GUG 0 Ala GCG O Glu GAG 0 Gly GGG 0
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genes encoding gas vesicle proteins. This hypothesis is presently under
study.

Comparison of the deduced N-terminal amino-acid sequence of the GVP from
Calothrix PCC 7601 with those obtained from four other cyanobacterial
strains and two halobacterial strains shows an extremely high homology. The
low degree of divergence of the GVPs could be explained, at least in part,
by the numerous physical constraints for this type of structure. As pointed
out by Walker et al. (9), GVPs from cyanobacteria and halobacteria form two
distinct groups, but nevertheless their degree of homology strongly
suggests that they are phylogenetically related. Most of the differences
consist in conservative replacements among aliphatic residues. The wider
polymorphism in the gas vesicles of Halobacteria (2) could be the reflect
of such variations.

GVP is a small protein which consists of 51 % of hydrophobic amino-
acids. According to Walsby (2) and Armstrong et al. (12), it represents one
of the most abundant protein in many cyanobacterial cells. For highly
expressed genes, in E. coli, one of the criteria for codon usage
optimization is the preferential utilization of pyrimidines at the third
position for certain amino-acids. This has been defined by a parameter
called the P2 index (59). When calculated for the gvpA gene, the value
obtained (0.67) is close to those determined by de Lorimier et al. (29) for
the highly expressed genes encoding the phycobiliprotein subunits (a -PC:
0.79; B8 -PC: 0.70) in the cyanobacterium Agmenellum quadruplicatum PR6.
Generally, in the gvpA gene, the codon frequencies for the most abundant
amino-acids are rather similar to those encountered in the few other genes
already sequenced from the same (34) or from other cyanobacterial strains
(29,35-39,47,48,60-65).

With the gene encoding the GVP now isolated and sequenced, one can
address a number of questions regarding the gas vacuole formation process.
The gvpA gene will provide an hybridization probe to determine the number
of gvp genes and their molecular organization, not only in cyanobacterial
strains, but also in other prokaryotes such as archaebacteria. It will also
become possible to study the regulation of the gvp gene(s) in different
physiological conditions and this should help to determine precisely the
factor(s) which trigger(s) gas vacuole production. Lastly, this gene
provides the first molecular probe to study the differentiation of
vegetative trichomes into hormogonia during the developmental cycle of a
number of filamentous cyanobacteria.
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