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Abstract: The formation of gas vesicles has been investigated in bacteria and haloarchaea for more 
than 50 years. These air-filled nanostructures allow cells to stay at a certain height optimal for 
growth in their watery environment. Several gvp genes are involved and have been studied in Ha-
lobacterium salinarum, cyanobacteria, Bacillus megaterium, and Serratia sp. ATCC39006 in more detail. 
GvpA and GvpC form the gas vesicle shell, and additional Gvp are required as minor structural 
proteins, chaperones, an ATP-hydrolyzing enzyme, or as gene regulators. We analyzed the Gvp 
proteins of Hbt. salinarum with respect to their protein–protein interactions, and developed a model 
for the formation of these nanostructures. Gas vesicles are also used in biomedical research. Since 
they scatter waves and produce ultrasound contrast, they could serve as novel contrast agent for 
ultrasound or magnetic resonance imaging. Additionally, gas vesicles were engineered as acoustic 
biosensors to determine enzyme activities in cells. These applications are based on modifications of 
the surface protein GvpC that alter the mechanical properties of the gas vesicles. In addition, gas 
vesicles have been decorated with GvpC proteins fused to peptides of bacterial or viral pathogens 
and are used as tools for vaccine development. 

Keywords: gas vesicles; Halobacterium salinarum; protein nanostructures; acoustic biosensors;  
vaccine development 
 

1. Introduction 
Several bacteria and some euryarchaeota produce gas vesicles, protein nanostruc-

tures filled with air. Gas vesicles are spindle- or cylinder-shaped, with a width of 100–250 
nm and a length of up to 2 µm. Gas molecules dissolved in the cytoplasm freely permeate 
in and out via small holes, and the hydrophobic gas-facing interior surface ensures that 
water molecules are repelled [1]. The shell is only formed by proteins; lipids and carbo-
hydrates are absent. Cells might contain a few or more than a hundred gas vesicles. They 
scatter light and allow cells to counteract sinking and staying at positions optimal for light 
or nutrient supply [2]. Approximately 3–10% of the cell volume must be occupied by gas 
vesicles to provide buoyancy [3,4]. Both gas-vesiculated (Vac+ phenotype) and non-gas-
vesiculated cells are similar in size, but the large surface area in relation to the cytoplasmic 
volume enhances the uptake of nutrients in cells tightly filled with gas vesicles. 

Gas vesicles produced by photosynthetic cyanobacteria such as Anabaena flos-aquae, 
Planktothrix species or Microcystis aeruginosa allow the cells to float and stay near the sur-
face to convert light into chemical energy. Spherical colonies of Microcystis with diameters 
of 2–4 mm exhibit high floating velocities of 1 mm per second, and the sinking velocity 
allows a migration of 8.6 m in 4 h [5]. Heterotrophic bacteria produce gas vesicles, espe-
cially when living in cold marine or freshwater habitats [6–8]. Even soil bacteria form gas 
vesicles, such as Bacillus megaterium or Streptomyces, and also the enterobacterium Serratia 
sp. ATCC39006 isolated from brackish water [9–11]. Serratia uses gas vesicles and flagella 
to move, and both features are oppositely regulated so that a simultaneous synthesis of 
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flagella and gas vesicles is excluded [11,12]. The inverse regulation is contrary to the pres-
ence of gas vesicles and archaella (the archaeal flagella) in the extremely halophilic ar-
chaeon (haloarchaeon) Halobacterium salinarum, where Vac+ cells swim and float. Besides 
Hbt. salinarum, the moderately halophilic Haloferax mediterranei and the square Haloquad-
ratum walsbyi contain gas vesicles [13–16]. Haloarchaea thrive in the Dead Sea, salt lakes, 
or salterns and adapt to the molar sodium chloride concentrations by balancing the inter-
nal potassium chloride concentrations by the “salt-in” strategy. The cytoplasm contains 
up to 5 M salt, mainly as potassium chloride ions. Halobacterium species use the light-
driven proton pump bacteriorhodopsin to convert light into chemical energy. Since gas 
vesicles scatter light waves, they protect the cells against the damaging UV light. The halo-
archaeal gas vesicle formation is enhanced in the presence of low light intensity, high-salt 
concentrations (>17% salt), and low temperature (15 °C) [17,18]. Only a few and smaller 
gas vesicles occur in Hbt. salinarum cells grown anaerobically by arginine fermentation; 
the low energy supply under these conditions presumably causes the reduced production 
[19,20]. Additionally, methanogenic archaea such as Methanosarcina barkeri FR-1 and M. 
vacuolata produce gas vesicles. Gas vesicles of M. barkeri are only observed in cells grown 
with H2-CO2, suggesting that the gas vesicle protein (gvp) genes might be expressed in 
response to hydrogen gradients [21]. Other Methanosarcina strains contain gas vesicles 
when grown with methanol and acetate. 

The gvp genes are always arranged in gene clusters and have been studied in several 
species (Table 1). Haloarchaea contain the fourteen gvp genes as oppositely arranged 
gvpACNO and gvpDEFGHIJKLM clusters in the vac region. Hbt. salinarum PHH1 harbors 
two related vac regions on plasmid pHH1 (p-vac) and a mini-chromosome (c-vac) [22], 
whereas Hbt. salinarum NRC-1 contains two copies of the gvp1 gene cluster (related to p-
vac) and a single copy of gvp2 (related to c-vac) on two mini-chromosomes [23]. The 8-
kDa GvpA encoded by gvpACNO forms the major constituent of the gas vesicle shell. 
GvpA aggregates in a highly ordered arrangement and forms a helix of low pitch, seen as 
ribs running perpendicular to the long axis by electron microscopy [2,24]. The larger, hy-
drophilic GvpC protein is attached to the exterior surface and provides reinforcement for 
the shell [2,25]. The additional Gvp proteins are minor constituents of the shell, serve as 
chaperones, or deliver energy, such as the AAA-ATPase GvpN (Table 2). Two regulator 
proteins are involved: GvpE activates the transcription, and GvpD has a repressing func-
tion [25]. GvpD, GvpE, GvpO, and GvpI are haloarchaea-specific proteins. The gvp gene 
clusters of the methanogenic archaea contain three to four identical copies of gvpA, and 
the arrangement of the gvp genes is less dense. The gvp gene clusters lack gvpDE but also 
gvpC and gvpI and resemble in these features more the cyanobacterial gvp gene clusters 
(Table 1). It is possible that the gvp gene cluster has been acquired from other strains, since 
the gvp gene clusters of Hbt. salinarum (p-vac) and M. barkeri are flanked by insertion se-
quences or transposons [20,21]. 

In bacteria, the gvp gene cluster of Anabaena flos-aquae contains seven identical copies 
of gvpA, together with eight additional gvp genes (Table 1) [26,27]. Bacillus megaterium har-
bors the gvpAPQBRNFGLSKJTU gene cluster [9] and Serratia contains two gene clusters, 
including three genes encoding specific regulatory proteins: gvrA, gvrB, and gvrC (Table 
1) [11,28]. GvpV, W, X, Y, and Z are bacteria-specific proteins and not essential for gas 
vesicle formation. The gvp genes conserved in all gvp gene clusters are gvpA, gvpC, and 
gvpFGKLN. The latter gene encodes the AAA-ATPase GvpN (Table 2). GvpF and GvpL 
are related proteins playing an important role in protein complex formation (see below). 
Additionally, two genes related to gvpA are present but often named differently; the pro-
teins encoded are GvpJ and GvpM in haloarchaea and GvpB and GvpS (related to GvpM) 
in Bacillus, as well as GvpA2 (M) and GvpA3 (J) in Serratia. Balanced amounts of the differ-
ent accessory Gvp are important; an overexpression of single gvp genes in addition to the 
entire gvp gene cluster can result in a reduction in the amount and/or the size of gas vesi-
cles, as observed with high amounts of GvpG, H, and M in Haloferax volcanii p-vac + X 
transformants or high amounts of GvpF1, F2, and A3 in the case of Serratia [29,30]. The 
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haloarchaeal gas vesicles formation and the different Gvp proteins have been studied in 
Hfx volcanii transformants; the species offers a clean genetic background, since it lacks any 
gvp gene cluster. The original strain Hbt. salinarum PHH1 harbors two related gvp gene 
clusters that are differently expressed, grows much slower than Hfx. volcanii (generation 
time: 8 h instead of 3 h), and is more difficult to transform. 

Table 1. Gas vesicle gene clusters of bacterial and archaeal species. (+) indicates that genes or gene 
clusters are arranged in opposite directions and (−) that gvp genes are separated by unrelated genes 
not involved in gas vesicle formation; (/) describes two consecutive operons. * gvp gene clusters 
identified in genome sequences deposited at the NCBI. 

Species gvp Gene Cluster(s) 
Halobacterium salinarum 
Haloferax mediterranei 
Halogeometricum borinquense * 

gvpACNO + gvpDEFGHIJKLM 

Haloquadratum walsbyi gvpACNO/gvpFGHIJKLM 
Halorubrum vacuolatum gvpACNOFGHIJKLM 
Natrialba magadii * 
Halopiger xanaduensis * 
Haloadaptus paucihalophilus * 
Natrinema pellirubrum * 
Natronobacterium gregoryi * 

gvpACNO + gvpFGHIJKLM 

Methanosarcina barkeri gvpAAA–NOFG–JHKLM 
Anabaena flos aquae gvpAAAAAAACNJKFGVW 
Microcystis aeruginosa gvpAACNJXKFG + V + W 
Bacillus megaterium gvpAPQBRNFGLSKJTU 
Serratia sp. ATCC39006 gvpA1CNVF1GWA2KXA3Y/gvrAgvpHZF2F3gvrBgvrC 
Streptomyces coelicolor gvpOAFG–JLSK 

Table 2. Functions of the different Gvp proteins derived from Hbt. salinarum. The accessory Gvp are 
present in minor amounts and are either essential or not essential for gas vesicle formation, as de-
termined by ∆X transformants [31]. 

Protein 
Size  

(kDa) 
Putative Functions and Remarks 

GvpA 8.0 
Major gas vesicle structural protein, amphiphilic. Sequence similarity to GvpJ (50%) and 
GvpM (48%). Forms the helical ribs of the gas vesicle wall by aggregation. Structural model 
indicates a coil-α-β-β-α-coil structure. 

GvpC 42.3 
Gas vesicle structural protein, attached to the exterior surface and reinforcing the shell. Con-
tains 6–7 aa repeats of α-helical structure, 32–40 aa in length near the N-terminus; the globu-
lar C-terminal domain contains a zinc-finger motif. Determines the cylindrical shape. 

GvpF 24.0 
Essential accessory Gvp; similarity to GvpL. The only Gvp protein interacting with GvpA in 
split-GFP analysis; interacts with other Gvp. 

GvpG 10.0 Essential accessory Gvp; interacts with other Gvp. 

GvpH 19.8 
Non-essential accessory Gvp. Gas vesicles formed in ∆H transformants are weaker com-
pared to wild type. Prevents GvpM aggregation; heterodimer formed with GvpI. 

GvpI 15.8 
Non-essential accessory Gvp; basic pI of 10.8. ∆I transformants contain longer gas vesicles 
than wild type. Interacts with other Gvp; heterodimer formed with GvpH. 

GvpJ 11.9 
Essential hydrophobic accessory Gvp; sequence similarity to GvpA (50%) and GvpM (60%). 
Homology modelling suggests a structure similar to GvpA. Interacts with other Gvp. 

GvpK 12.6 
Essential accessory Gvp. Member of the putative nucleation complex. Forms multimers in 
the presence of GvpI. Interacts with other Gvp proteins 
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GvpL 32.0 
Essential accessory Gvp, structural homology to GvpF; Interacts with any other Gvp protein 
except for GvpA; platform for the nucleation complex. 

GvpM 9.2 
Essential hydrophobic accessory Gvp; similarity to GvpA (48%) and GvpJ (60%). Required 
for initial steps in the gas vesicle formation. Interacts with other Gvp. 

GvpN 39.0 
Contains a NTP binding/AAA+ domain; hydrolyzes ATP in cyanobacteria [32]. Required to 
enlarge the bicones into cylinder-shaped gas vesicles. Interacts with any Gvp. 

GvpO 13.2 Essential accessory Gvp of unknown function. Interacts with GvpA and several other Gvp. 

GvpD 59.3 
Regulator protein with repressing function; NTP-binding domain is essential for its func-
tion; presence of GvpD leads to the degradation of GvpE [33–35]. 

GvpE 20.9 
Transcriptional activator acting at the divergent promoters PpA and PpD of the p-vac region; 
the 20-nt GvpE-responsive element (UAS) is located upstream and adjacent to BRE/TATA-
box of both promoters. Both UAS overlap in the center of the 35-nt intergenic region [36–38]. 

This review summarizes recent results on gas vesicle formation and the interaction 
potential of the different haloarchaeal gas vesicle proteins. Additionally, the development 
of recombinant gas vesicles for applications in biomedical research will be highlighted. 

2. Gas Vesicle Proteins and Genes of Hbt. salinarum 
The extremely halophilic archaeon Hbt. salinarum produces spindle-shaped gas vesi-

cles by expression of the gvp genes of the p-vac region. Younger cells contain a few gas 
vesicles in small clusters or harbor >30 gas vesicles per cell (Figure 1A). This observation 
could reflect a difference in age of the cells in the batch culture; the younger cells are not 
yet filled with gas vesicles. In some cells, a cluster of many small, spindle-shaped struc-
tures is observed (Figure 1B), raising the question of whether these particles are all syn-
thesized at once, grow, and are distributed in the cell. Old cells, obtained from a surface 
layer of a culture standing for five months on the bench, are filled with many large gas 
vesicles that reduce the cytoplasmic volume of the cells (Figure 1C). Due to the high-salt 
concentration of 5 M in the cytoplasm, the cells easily lyse in water, and gas vesicles are 
released. They are rigid and stable and do not collapse when inspected by electron mi-
croscopy. 

The fourteen genes required for gas vesicle formation are arranged in two oppositely 
oriented gene clusters, gvpACNO and gvpDEFGHIJKL. A low expression of gvpACNO and 
gvpFGHIJKLM in the exponential growth phase results in a few gas vesicles [39]. The 
gvpFGHIJKLM genes are transcribed during exponential growth in minor amounts only. 
The weak PpF promoter is located in the middle of the gvpE reading frame and not induced 
by the activator protein GvpE [39,40]. The accessory proteins GvpF through GvpM are 
thus produced in minor amounts only. In the stationary growth phase, large amounts 
GvpA and GvpC occur due to a 10-fold activation of the PpA promoter by GvpE [40]. The 
promoter activities of the p-vac region were monitored earlier using the halophilic β-ga-
lactosidase BgaH as the reporter [37,38,41,42]. Recently, we quantified these promoter ac-
tivities in living cells using a salt-adapted GFP as the reporter and studied the activities in 
relation to the strong ferredoxin promoter, Pfdx, of Hbt. salinarum [40]. The basal activities 
are low; the promoter of gvpACN, PpA, reaches only 1/10 of the Pfdx activity, but the activa-
tion by GvpE leads to a 10-fold enhancement. In addition to PpA, GvpE activates PpD and, 
thus, autoregulates the expression of gvpDE. PpD exhibits a much lower basal activity, i.e., 
only 1/60 of PpA during stationary growth, but is also 10-fold induced by GvpE. The gvpA 
transcript is produced in much larger amounts compared to the gvpACN co-transcript, 
and the translation leads to large amounts of GvpA constituting the gas vesicle shell. The 
gvpN mRNA is present in lower amounts (due to a termination signal between gvpA and 
gvpC). GvpN is a AAA-ATPase and able to hydrolyze ATP, as determined for the cyano-
bacterium Anabaena sp. PCC 7120 [32]. This protein is required for the enlargement of gas 
vesicles, since Hfx. volcanii ∆N transformants (carrying except for gvpN all of the remain-
ing gvp genes of p-vac) produce tiny gas vesicles only [31]. The transcription of gvpO starts 
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at a separate promoter, PpO, that is active throughout the growth, but the function of GvpO 
is not yet known. The protein is essential, since ∆O transformants are Vac−. 

 
Figure 1. Inspection of Hbt. salinarum cells containing gas vesicles by transmission electron micros-
copy. Gas vesicles are seen as white bodies inside the cells. (A,B) Younger cells derived from a liquid 
culture grown to an optical density of 0.78. The red box in (B) places the enlarged image at the left 
side in the image on the right. (C) Old cells derived from a surface layer of a liquid culture left 
standing on the bench for five months (Faist and Pfeifer, TU Darmstadt). 

Gas vesicles are easy to isolate by lysis of the cells in water and centrifugation-en-
hanced flotation, and they are stable for many months when stored in buffer solutions in 
the refrigerator. Their protein content cannot be determined by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE), since gas vesicles do not disintegrate in sodium dodecyl sul-
fate-containing aqueous solutions. Only GvpC is released from the outer surface of cya-
nobacterial or haloarchaeal gas vesicles [43–48]. The hydrostatic pressure required to col-
lapse cyanobacterial gas vesicles is three-fold decreased when GvpC is rinsed off with 6 
M urea. In haloarchaea, GvpC is released by rinsing gas vesicles with water [46]. However, 
Western analyses with lysates of Hfx. volcanii transformants producing single Gvp pro-
teins visualize monomers of any Gvp protein by SDS-PAGE [14,29,46,49,50]. Even the hy-
drophobic GvpA and the related GvpJ and GvpM are detected as monomers, and oligo-
mers of GvpJ and GvpM smear the top, whereas many aggregates of GvpA appear near 
the top of the gel. The expression vector pJAS35 is used in these studies, where the gvp 
reading frame is expressed under the control of the strong Pfdx promoter [51]. His-tagged 
Gvp proteins (HisX) synthesized in Hfx. volcanii under native conditions can be isolated by 
affinity chromatography on Ni-NTA agarose matrices, but some of the Gvp proteins pre-
cipitate during the isolation procedure and need to be refolded in high-salt solutions 
[29,52]. In vitro protein–protein interaction studies are thus not easy to perform with these 
proteins. 
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3. Interactions of Gvp Proteins Studied by Split-GFP and Pulldown Assays 
Due to these problems, we investigated protein–protein interactions in vivo in Hfx. 

volcanii transformants, where the high-salt concentrations (3–5 M KCl) of the cytoplasm 
offer native conditions [52]. Two different methods have been applied: (i) a split-GFP anal-
ysis, where the protein–protein interaction is measured and quantified by the assembly of 
a fluorescent GFP, and (ii) pulldown assays with a bait protein tagged with the cellulose 
binding domain (CBD) of Clostridium thermocellum and a selection of the putative binding 
partners in the cytoplasm of the respective transformants with a cellulose matrix. Both 
methods are adapted to the high-salt concentrations of the haloarchaeal cell. 

The split-GFP analysis has been developed to investigate protein–protein interac-
tions in bacteria and yeast [53–55]. The green fluorescent protein GFP is split into two 
fragments: NGFP containing the fluorophore and CGFP. Cells producing the two frag-
ments in trans are not fluorescent, and both fragments only assemble when fused to inter-
acting proteins. For the split-GFP analysis in haloarchaea, the salt-adapted mGFP2 exhib-
iting a higher fluorescence compared to smGFP [40,56] was split into the two fragments 
NGFP and CGFP and fused to the two putative Gvp interaction partners under investiga-
tion [52]. Only when the two Gvp proteins interact, the fragments will assemble a fluores-
cent GFP protein, and the fluorescence is quantified using a phosphorimager. The method 
is limited to soluble proteins; hydrophobic proteins such as GvpA, GvpJ, or GvpM (A-J-
M family) have the tendency to form inclusion bodies when produced without chaperones 
in the cells. GvpM fused to the entire GFP forms aggregates in Hfx. volcanii transformants 
[57], and such aggregates interfere with the assembly of the mGFP2 fragments and result 
in a low relative fluorescence (rf value) of the respective transformants (Table 3). Rf values 
< 5 are regarded as weak interactions, and transformants harboring GvpA, GvpJ, or GvpM 
yield even smaller rf-values < 1. Due to these limitations, the interaction of GvpA mole-
cules in the gas vesicle shell cannot be investigated using split-GFP; even the dimerization 
of fragments consisting of α-helix 1 or 2 of GvpA that include polar amino acids (aa) are 
not observable [58]. A real exception is the interaction of GvpA with GvpF determined in 
A/F transformants (rf 20) (Table 3) [50]. The 23-kDa GvpF appears to bind monomeric 
GvpA. GvpF either acts as a chaperone to keep GvpA soluble and/or enables the oligomer-
ization of GvpA molecules during the formation of the ribbed shell. 

Table 3. Protein–protein interactions according to the rf values determined by split-GFP assays. The 
Gvp proteins investigated derive from Hbt. salinarum PHH1. 

Gvp * rf > 20 rf 10–20 rf 5–10 rf 1–5 rf < 1 
GvpA F -- -- N,L A,J,M,C,O,G,H-I,K 
GvpC L C,I N,F,H,K O,G,J A,M 
GvpN -- N-O,L C,F,G,H-I,J,M,K A -- 
GvpO -- N-O C,F,I,L G,H,J,K A,M 
GvpF A  L C,O,G,H-I N,K,M J 
GvpG L -- F C,N-O,I,K A,J,M,H 
GvpH I L C,F N-O A,J,M,G,K 
GvpI H C, L O,F N,G,K,J,M A 
GvpJ -- L -- C,N-O,I,K A,M,F,G,H 
GvpK -- -- C, L N-O,F,G,I,J,M A,H 
GvpL C,G N-O,F,H-I,J,M K A -- 
GvpM -- L -- N-O,F,I,K A,J,C,G,H 
* Red, major interaction protein GvpL; blue, major interaction protein GvpC; yellow, H-I heterodi-
mer; green, N-O heterodimer; grey, hydrophobic proteins of the A-J-M family. An rf-value < 5 is 
regarded as a very low interaction (after [50,58]). 
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Similarly, the GvpA-related GvpJ and GvpM both interact with GvpL, a protein re-
lated to GvpF (J/L, rf 11; M/L, and rf 12), and other interaction partners are not observed 
(Table 3) [50]. In contrast, many interactions are found with the soluble 32-kDa GvpL 
(C,N,O and F,G,H,I,J,K,M), and the AAA-ATPase GvpN (C,N,O and F,G,H,I,J,K,L,M); 
both proteins contact any Gvp involved in the formation of the gas vesicle shell, except 
for GvpA (Table 3). Additionally, the surface-attached GvpC protein (C,N,O and 
F,H,I,K,L) and GvpF (A,C,O and G,H,I,L) have several interaction partners. The least con-
tacts are found with GvpG (L,F) and GvpK (C,L) [50,58]. These data lead to the hypothesis 
that all Gvp proteins might form (a) complex(es) in early stages of gas vesicle assembly. 
The complex might initiate the formation of the gas vesicle caps starting at the tips, and/or 
ensure that the caps are enlarged until the final width of 200 nm is reached. 

The pulldown assays applied as second method confirm these interactions and sug-
gest additional contacts of the hydrophobic A-J-M Gvp proteins [50,58]. For the pulldown 
experiments, one of the Gvp proteins is fused to CBD at the N- or C-terminus (CBDX or 
XCBD) and used as bait to select the putative interaction partner in the respective Hfx. vol-
canii CBDX + Y transformants (X, Y = GvpA through GvpO). The bait and prey proteins are 
selected and purified by binding to a cellulose matrix via CBD. Using this approach, 
GvpA, GvpJ, and GvpM interact with Gvp F, G, K, and L and the heterodimer H-I but also 
with each other (A-J, A-M, and J-M) (Table 4), whereas, in the split-GFP analysis, only the 
A/F, or J/L and M/L, interactions are observed. A putative complex formation was ac-
cessed using CBDM or CBDA as bait and synthesized together with all other Gvp proteins in 
the same cells. All Gvp proteins are selected by both baits, although GvpI, K, or L do not 
directly bind GvpA. The results imply that any of the Gvp proteins contact GvpA (or 
GvpM) either directly or via another binding partner [50,58]. It is likely that the proteins 
form complex(es) during the formation of gas vesicles. 

Table 4. Interactions determined by a pulldown assay with CBD as the tag. GvpF through GvpM 
were not tested with GvpA, C, N, or O, and GvpC, N, and O were not tested with GvpF through 
GvpM. The Gvp proteins investigated derive from Hbt. salinarum PHH1. 

Gvp Interactions Observed [50,58] * 
GvpA F, G, H, J monomer + dimer, M monomer 
GvpC N, O multimer 
GvpN A multimer, C, O multimer 
GvpO A mono- + multimer, C, N 
GvpF G, H-I, J multimer, K, L, M 
GvpG F, H-I, J monomer, K, L, M 
GvpH F, G dimer, I, J multimer, K, L, M monomer 
GvpI F, G dimer, H, J multimer, K multimer, L, M 
GvpJ F, G, H-I, K, L, M 
GvpK F, G, H-I, J, L, M 
GvpL F, G dimer, J monomer, K, M monomer 
GvpM F, G, H-I, J mono- + multimer, K, L 
* Red, major interaction protein GvpL; blue, major interaction protein GvpC; yellow, H-I heterodi-
mer; grey, hydrophobic proteins of the A-J-M family. 

Surprisingly, GvpA binds GvpN and GvpO, but we cannot identify any interaction 
between GvpA and GvpC, although GvpC attaches to the exterior surface of the shell 
formed by GvpA [58]. Neither the combination CBDA-C or CBDC-A yields an interaction of 
GvpA and GvpC. One reason might be that the interaction site of GvpC in GvpA is hidden 
by the large CBD moiety fused to the N-terminus of the 8-kDa GvpA or that GvpC re-
quires the ordered arrangement of GvpA in the gas vesicle shell to interact. In the case of 
the CBDC-A experiment, the nonspecific aggregation of GvpA might prevent an interaction 
with GvpC, but the monomers and aggregates of GvpA are selected by GvpN and GvpO 
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in CBDN-A and CBDO-A transformants, demonstrating contacts of both proteins to GvpA 
[58]. It might be interesting to inspect the complexes formed by CBDN-A and CBDO-A in 
comparison to CBDC-A by electron microscopy. 

4. Effect of Mutations in GvpA, GvpJ, and GvpM 
The three proteins GvpA (76 aa), GvpJ (114 aa), and GvpM (84 aa) are members of 

the A-J-M family and exhibit sequence similarities of 50% (A-J), 48% (A-M), and 60% (J-
M) (Figure 2A). GvpA is the major gas vesicle structural protein produced in large 
amounts, whereas the other two are present in lower amounts during the early stages of 
gas vesicle assembly only. All three are essential and take part in the initial steps [31]. An 
in silico structural model of GvpA was obtained [59,60], and 3D structural models of GvpJ 
and GvpM were obtained by homology modeling [52]. The secondary structure predic-
tions suggest up to four α-helices (α1–α4) and two antiparallel β-sheets separating α1 and 
α2 (Figure 2A). The β-sheets of GvpA most likely constitute the hydrophobic interior gas-
facing surface of the gas vesicle shell. The three proteins differ in length, and 20 aa of the 
C-terminus of GvpM can be deleted without an effect on the Vac+ gas vesicle phenotype. 
In contrast, only 5 aa of the C-terminus of GvpJ can be deleted; the remaining sequence is 
essential for the function of GvpJ [61]. The N-terminal portion of GvpJ is conserved be-
tween archaea and bacteria and also in relation of GvpA and GvpM, but the aa between 
positions 81 and 114 are gvp cluster-specific (Figure 2B). 

 
Figure 2. Comparison of GvpA, GvpJ, and GvpM of Hbt. salinarum. (A) Alignment of the three aa 
sequences highlighting the conserved regions (marked by a bar on top). Polar aa are indicated in 
red (K,R) or purple (D,E) and nonpolar aa in blue. The putative secondary structure is marked by 
arrows (α-helices α1–α4, and β-sheets β1 and β2). (B) Comparison of the results on the different ∆X 
+ Xmut transformants (X = A, J, or M) with respect to the Vac phenotype. Vac+ transformants are 
shaded in green (spindle-shaped wild type gas vesicles in light green, cylinder-shaped gas vesicles 
in dark green), Vac± transformants in orange, and Vac− transformants in red. Amino acid substitu-
tions in GvpJ, leading to unstable gas vesicles, are marked in yellow. Residues not shaded are not 
explored. (*) and (😊😊 : below the alignment highlight conserved positions (after [61]). 

The effect of single substitutions on gas vesicle formation was tested for the first 60 
aa in Hfx. volcanii ∆A + Amut, ∆J + Jmut, or ∆M + Mmut transformants [58,61,62]. The ∆X con-
struct (X = A, J, or M) always contains the gvp genes of the p-vac region, except for the 
gvpA (∆A), gvpJ (∆J), or gvpM (∆M) reading frames. The Vac phenotypes of the trans-
formants obtained are summarized in Figure 2B. Approximately two-thirds of the 60 sin-
gle aa substitutions tested in GvpA yield Vac+ transformants that contain gas vesicles of 
wild-type shapes (marked in green in Figure 2B); only nine of them harbor cylinder-
shaped gas vesicles instead of the normal spindle-shaped structures [62]. A few of the ∆A 
+ Amut transformants contain mini-gas vesicles, and 14 transformants are gas vesicle-



Life 2022, 12, 1455 9 of 18 
 

 

negative (Vac−) (Figure 2B). It is remarkable that only a single aa substitution in GvpA 
results in long and cylinder-shaped gas vesicles, tiny gas vesicles, or even in the lack of 
these structures. However, also, the difference between the spindle-shaped gas vesicles 
derived from p-vac and the cylinder-shaped gas vesicles of c-vac in Hbt. salinarum is due 
to the three aa alterations observed in GvpA [63]. In the case of GvpM, the aa substitutions 
either yield Vac+ or Vac− ∆M + Mmut transformants; changes in the gas vesicle shape are 
not observed. Only the amount of gas vesicles is reduced in half of the cases (Vac±), and 
five are Vac− [61]. The largest number of Vac− transformants occurs with variants of GvpJ, 
where 34 out of 41 ∆J + Jmut transformants are Vac− (Figure 2B). Three of these trans-
formants contain unstable gas vesicles underlining that GvpJ is part of the gas vesicle 
shell. The large amount of Vac− transformants suggest that GvpJ is important and partici-
pates in several steps in gas vesicle formation. 

Despite the high conservation in the N-terminal portion of the three proteins, except 
for an alanine residue at the end of the conserved RAAIA-motif of GvpJ and GvpM and 
the related RVVAA motif in GvpA, none of the alterations of the three A-J-M proteins 
yields a similar Vac phenotype (Figure 2B) [61]. Altering the polar aa in α1 of GvpA yields 
Vac− transformants, whereas a similar alteration in α1 of GvpM does not affect the Vac 
phenotype. Similarly, alteration of a nonpolar, hydrophobic aa in α1 of GvpA does not 
affect the gas vesicle formation in ∆A + Amut transformants, but a similar alteration in α1 
of GvpM disturbs the gas vesicle synthesis in ∆M + Mmut transformants. In GvpJ, the sub-
stitution of any aa in α1 yields Vac− transformants, underlining the importance of this 
helix for the function of GvpJ [61]. The gvpJ gene is found in any gas vesicle gene cluster 
of archaea or bacteria. However, the divergent C-terminal half of the haloarchaeal GvpJ 
defines the protein as vac region-specific. Overall, the results on the three A-J-M proteins 
demonstrate that they have different functions and, despite their relationship, cannot sub-
stitute each other. 

5. GvpC Reinforces the Shell and Shapes the Gas Vesicles 
GvpC is the structural gas vesicle protein located at the exterior surface. The protein 

was first identified in Anabaena flos-aquae in A. Walsby’s lab [64]. The 193-aa sequence of 
Anabaena GvpC contains five highly conserved 33-aa repeats that might interact with the 
periodic structure provided by the aggregated GvpA at the surface of the shell. When 
GvpC is removed by rinsing the gas vesicles, the critical collapse pressure decreases from 
0.55 to 0.19 MPa and raises again to 0.53 MPa when stripped gas vesicles are reconstituted 
with recombinant GvpC, indicating that GvpC increases the strength and stabilizes the 
gas vesicle structure [44]. Antibodies raised against GvpC label both the conical end caps 
and the central cylinders of the native Anabaena gas vesicles, and the molar ratio has been 
found to be 25 GvpA to 1 GvpC [65]. Deletions in GvpC resulting in versions containing 
only the first two, three, or four of the 33-aa repeats all bind and reinforce the gas vesicles. 
However, a GvpC protein containing only two repeats binds at a lower ratio and restores 
less of the strength [48]. Thus, the number of repeats in GvpC influences the strength but, 
also, the shape of the gas vesicles, as determined for Microcyclus aeruginosa. In this case, 
the number of the 33-aa repeats in GvpC correlates with the diameter of the gas vesicle 
and inversely with its strength [66]. Wider gas vesicles have a lower critical hydrostatic 
collapse pressure. Dunton et al. [67] also studied how GvpC binds to the surface of the 
shell. After incubating Anabaena gas vesicles with trypsin and investigating the tryptic 
peptides by MALDI-TOF MS, GvpA is only cleaved at sites near the N-terminus (within 
helix α1 that is thus accessible from the exterior side), whereas GvpC is cleaved at most of 
its potential tryptic sites. Many GvpC peptides remain attached to the GvpA shell, espe-
cially both ends of the 33-aa repeats of GvpC that function as the binding site [67]. Taking 
these results into account, it is surprising that we cannot demonstrate an interaction of the 
haloarchaeal GvpA and GvpC by split-GFP or pulldown assays [58]. 

For Hbt. salinarum, the function of GvpC was investigated in ∆C transformants con-
taining a construct harboring the p-vac region that incurred a deletion of the gvpC reading 
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frame (Figure 3A) [24]. Hfx. volcanii ∆C transformants produce large amounts of irregu-
larly shaped gas vesicles up to 1.6 µm in length, and the complementation of ∆C with 
GvpC results in spindle-shaped gas vesicles similar to the wild type in ∆C + C trans-
formants (Figure 3C). The 42.3-kDa GvpC of Hbt. salinarum is larger than the 21.9-kDa 
Anabaena GvpC and contains seven less conserved repeats of 32–39 aa. Deletions of two, 
four, or all of these repeats result in GvpC variants C∆6–7 (contains repeats 1–5), C∆4–7 
(repeats 1–3), and C∆1–7 consisting of the globular C-terminal domain only (Figure 3B). 
Using these GvpC variants to complement ∆C in Hfx. volcanii transformants, gas vesicles 
of altered shapes are observed (Figure 3C). The ∆C + C∆1–7 and ∆C + C∆6–7 transformants 
are tightly filled with gas vesicles, whereas ∆C + C∆4–7 transformants produce odd-
shaped gas vesicles with rosette-like structures (Figure 3C). The spindle-shaped portion 
of these gas vesicles is often attached to a long, thin structure (25–50 nm in width and up 
to 1.2 µm in length) (Figure 4). Since the cells are not tightly filled with gas vesicles, these 
extended structures are not formed because of space limitations. It is possible that the two 
remaining repeats in C∆4–7 allow only the formation of gas vesicles with these small di-
ameters. The shape of the gas vesicles in ∆C + C∆6–7 transformants (two repeats are miss-
ing) mostly resembles that of the wild type, whereas the gas vesicles of the ∆C + C∆1–7 
transformants, formed in the presence of the globular C-terminal portion of GvpC, are 
long and thin (on average, 880 nm × 140 nm), and differ from the gas vesicles of the ∆C 
transformants (680 × 180 nm) formed without GvpC (Figure 3B) [24]. Presumably, the 
globular C-terminal portion of GvpC present in the ∆C + C∆1–7 transformants still binds 
to the shell and causes the reduction of the gas vesicle width, similar to the results on 
Microcystis aeruginosa, where the number of repeats correlate with the diameter of the gas 
vesicle [66]. 

Interaction studies with the haloarchaeal GvpC by split-GFP yield that the protein 
binds many other Gvp (F,H,I,K,L,N,O) (Table 3) [58]. Fragments of GvpC harboring the 
first three helical repeats (Nterm, aa 10–130) or the global C-terminal portion (Cterm, aa 
329–388) (Figure 3B) were used to confine these interactions. Fragment Nterm bound 
GvpC, L, and H, whereas Cterm bound GvpC, F, H, I, L, N, and O [58]. Additionally, we 
investigated whether GvpC is able to dimerize. The interactions Cterm/Cterm and 
Cterm/Nterm suggest the dimerization of GvpC via these portions, but Nterm/Nterm in-
teractions are not detectable [58]. Thus, GvpC molecules might form a mesh at the surface 
of the gas vesicle. Additionally, the interaction of the two GvpC fragments was tested with 
fragments of GvpA, and Nterm yields the highest rf value (rf 3.5), with A1–22 containing 
the α1 of GvpA, whereas all other GvpA fragments resulted in lower rf values. The α-
helical repeats of GvpC present in Nterm might bind α1 of GvpA, similar to the results 
obtained for the cyanobacterial GvpC fragments bound to gas vesicles after tryptic diges-
tion [67]. Interestingly, the presence of GvpC, GvpN, and GvpO enhances the dimeriza-
tion of GvpA when analyzed by split-GFP, suggesting that the proteins suppress an un-
specific aggregation of GvpA and support the formation of the gas vesicle shell [58]. 
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Figure 3. Gas vesicles obtained in Hfx. volcanii ∆C and ∆C + Cmut transformants. (A) Genetic map of 
the p-vac region derived from Hbt. salinarum. Arrows indicate the direction of the transcription. The 
∆C lacks the gvpC reading frame, and the C construct contains gvpC inserted in pJAS35 for the ex-
pression. (B) Different versions of GvpC lacking 3, 4, or 7 of the aa repeats labeled 1–7. The Nterm 
and Cterm fragments of GvpC used for protein–protein interaction studies are marked on top. (C) 
Transmission electron micrographs of Hfx. volcanii cells (upper lane) and isolated gas vesicles (lower 
lane) derived from the respective transformants (Faist and Pfeifer, TU Darmstadt). 

 
Figure 4. Hfx. volcanii ∆C + C∆4–7 transformants inspected by transmission electron microscopy 
after 32 d of growth on solid media (Faist and Pfeifer, TU Darmstadt). 

6. Implications for Gas Vesicle Assembly 
Gas vesicle formation in Hbt. salinarum PHH1 starts with the transcription of 

gvpFGHIJKLM and gvpACNO in the early exponential growth phase. Some or all of the 
GvpF through GvpM proteins form a nucleation complex and attract GvpA. Monomeric 
GvpA is bound by GvpF and GvpO, presumably already before GvpA is incorporated 
into the shell [50,58]. GvpF and GvpO both interact with GvpL, the major platform bind-
ing all Gvp except for GvpA. However, it is not known whether GvpL binds all these Gvp 
at once or sequentially. GvpL also attracts GvpC by binding at both ends, ensuring that 
GvpC is present in the complex and can attach to the exterior surface as soon as it forms. 
The AAA-ATPase GvpN could power the GvpA incorporation or support the subunit-
turnover in the complex. The assembly of a gas vesicle presumably starts at the tips of the 
conical cap structures, and the ribs forming this structure contain aggregated GvpA. The 
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width of the caps increases up to 200 nm and then stays constant in the cylinder portion 
of the gas vesicles. A model for the assembly is presented in Figure 5. 

 
Figure 5. Model for the assembly of gas vesicles. The interacting GvpF–GvpA (F–A) and the com-
plex formation of FGHIJKLM, as well as N–O, are shown. GvpC is presented as a rod able to form 
dimers or multimers by Nterm/Cterm and Cterm/Cterm interactions. The first gas-filled structure 
seen in cells by transmission electron microscopy is a small bicone that is enlarged to a spindle-
shaped structure. The further addition of GvpA and GvpC yields the cylinder-shaped nanostruc-
ture; the formation of the cylinder shape depends on the presence of GvpC. The cryo-electron mi-
croscopy of Hbt. salinarum gas vesicles was performed by Daniel Bollschweiler and Harald Engel-
hardt, Max-Planck-Institute for Biochemistry, Martinsried, Germany. 

GvpF has been detected at the gas-facing surface of the cyanobacterial gas vesicle 
[68], and we could demonstrate that the two residues R28 and E40 located in the β-sheet 
portion of the haloarchaeal GvpA are important for the A/F interaction [50,62]. Solid-state 
NMR studies propose that these two amino acid residues also contribute to the A/A inter-
action in the ribs [69,70]. Thus, R28 and E40 of GvpA might form ion bonds in the A/F 
interaction prior to the incorporation or support the A/A polymerization in the shell, de-
pending on the presence or absence of GvpF. The presence of a nucleation complex at the 
tip of the caps also prevents interactions of the hydrophobic gas-facing surface of the shell 
and might help to initiate the rib formation of GvpA and also close the hole at the tip [58]. 
The attachment of GvpC to this protein complex ensures that GvpC covers the surface of 
the gas vesicles from the very beginning [65]. GvpC is a long, rod-shaped protein, and the 
α-helical aa repeats are supposed to span several GvpA molecules, as well as adjacent 
ribs, to stabilize the shell [2]. However, a mesh of GvpC could also form by the interaction 
of the Cterm/Cterm and Cterm/Nterm portions of GvpC. The binding of GvpN and/or 
GvpO at the Cterm portion of GvpC perhaps interrupts this mesh at the site where GvpA 
molecules are incorporated to enlarge the shell [58]. Both GvpN and GvpO bind GvpA as 
well. A crystal structure of GvpC would shed more light on the proposed interactions and 
the formation of the GvpC multimers. Gas vesicles increase in size up to their stationary 
growth; since only the gvpACNO genes are still expressed, the GvpA, C, N, and O proteins 
are sufficient to enlarge the already existing gas vesicles. 

7. Application of Engineered Gas Vesicles 
Gas vesicles have gained a lot of interest in biomedical research. They are used to 

present polypeptides from pathogens on the surface for antigen generation but are also 
applied as stable contrast agents for ultrasound imaging or used as acoustic biosensors. 
The mechanical and biochemical properties of gas vesicles can be modulated by GvpC, 
the protein bound to the gas vesicle surface. GvpC tolerates modifications introduced at 
the C-terminus or within one of the helical repeats. 

For antigen presentation, bacterial or viral polypeptides have been fused to the C-
terminus of the haloarchaeal GvpC to display the fusion proteins on the surface of Hbt. 
salinarum gas vesicles [71]. The modified gas vesicles are easy to isolate by lysis of the cells 
in water and centrifugally assisted flotation and are nontoxic to mammalian cells. Such 
decorated gas vesicles prove to be an effective antigen display system for biomedical 
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research and diagnostics and stimulate immune reactions in rabbits or mice without the 
application of toxic lipopolysaccharide or lipoid A as an adjuvant [72]. A long-lived anti-
body response was obtained against different peptides of the Simian Immunodeficiency 
Virus, SIV (Tat, Rev, NefI) [73,74], and also against outer membrane proteins of Chlamydia 
trachomatis [75]. Antibodies raised against the latter proteins detect the pathogen in sera 
of Chlamydia-positive patients. Additionally, the effector protein SopB of Salmonella enter-
ica serovar typhimurium was fused to GvpC and the engineered gas vesicles injected into 
mice immunized with a live attenuated Salmonella vaccine strain [76]. The bacterial burden 
in mice boosted with SopB gas vesicles was reduced. In addition, the murine bactericidal 
permeability-increasing protein was displayed on gas vesicles and rescue mice from lethal 
endotoxic shock [77]. 

Another application is the use of gas vesicles derived from Hbt. salinarum, Anabaena 
flos aquae, or Bacillus megaterium as a novel contrast agent for imaging by ultrasound [78]. 
Gas vesicles scatter sound waves and thus produce ultrasound contrasts when injected in 
mice. The advantage is that they are much more stable compared to the inherently unsta-
ble synthetic micron bubbles usually applied for imaging [79]. They produce contrast in 
hyperpolarized xenon magnetic resonance imaging (MRI) and enable sensitive and non-
invasive observations of the anatomy [80,81]. Conventional MRI contrast agents are based 
on super paramagnetic ion oxide or lathanide chelates that are potentially toxic and re-
quire high concentrations in the µM range for detection. In contrast, gas vesicles filled 
with hyperpolarized 129Xe are detected at picomolar concentrations through hyperpolar-
ized chemical exchange saturation transfer (HyperCEST) pulse sequences [80,82]. 

Basic research on gas vesicles indicates that their shape and size affect the resistance 
to hydrostatic pressure, but gas vesicles also collapse at a critical acoustic pressure that is 
up to nine-fold higher than the critical hydrostatic pressure determined [83]. Gas vesicles 
of Hbt. salinarum, A. flos aquae, and B. megaterium show a differential response to hydro-
static or acoustic pressure. The halobacterial gas vesicles exhibit the largest diameters and 
are the weakest; they collapse with ultrasound at 6 MHz and a pressure of 98 kPa [83]. 
Apart from the genetic differences of bacterial or haloarchaeal gas vesicles, the mechanical 
and acoustic properties can be engineered by the replacement of GvpC on the surface by 
a modified recombinant GvpC protein [84]. His-tagged GvpCWT or a smaller GvpC variant 
lacking the N- and C-terminal portions of Anabaena GvpC were produced in Escherichia 
coli and added to purified Anabaena gas vesicles stripped off the native GvpC with 6 M 
urea. The gas vesicles devoid of GvpC collapse under a lower acoustic pressure compared 
to the gas vesicles decorated with the GvpC deletion variant or with GvpCWT [84]. Col-
lapsing gas vesicles by ultrasound leads to the lack of their contrast and allows multi-
plexed imaging through serial collapse. 

Gas vesicles are also engineered to allow an enhanced cell-specific targeting [81,84]. 
The altered GvpC display peptides such as arginyl glycyl aspartic acid (RGD) that effi-
ciently bind integrins, and gas vesicles decorated with GvpCRGD target an integrin-over-
expressing human glioblastoma cell line in vivo. A reduced uptake of gas vesicles by mac-
rophages is achieved by decorating them with GvpCCD47 harboring a peptide of the mam-
malian membrane protein CD47 at the C-terminus, and the presence of the peptide pol-
yarginine R8 (GvpCR8) leads to a more efficient gas vesicles take-up. Such GvpC modifi-
cations allow cellular labeling by gas vesicles. 

A more recent application is the use of gas vesicles as biosensors for ultrasound im-
aging of enzyme activities [85]. Anabaena GvpC proteins are engineered by incorporating 
a specific protease recognition sequence in the second helical repeat, such as the recogni-
tion sequences of the endopeptidase TEV of the tobacco etch virus or of the calcium-de-
pendent mammalian protease calpin. The rationale is that the recognition motif in GvpC 
is recognized by the respective protease, and GvpC is cleaved by TEV or calpin into two 
smaller fragments. Even if the fragments are still attached, the resulting gas vesicles are 
less stiff and undergo buckling and produce an enhanced nonlinear ultrasound contrast. 
The critical hydrostatic pressure of TEV-treated GvpCTEV gas vesicles is indeed reduced, 
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and they produce a more nonlinear contrast, whereas gas vesicles decorated with GvpCWT 
show no difference in their hydrostatic collapse pressure or in the nonlinear acoustic con-
trast after TEV treatment [85]. The insertion of the recognition sequence for the calcium-
dependent protease calpin within Anabaena GvpC yields gas vesicles showing a 50-kPa 
decrease in the hydrostatic collapse pressure in calpin- plus Ca++-containing buffers com-
pared to buffers without calpin and a robust nonlinear response by ultrasound imaging 
[85]. The latter biosensor can be used to visualize the dynamic response of calpin to Ca++ 
by ultrasound imaging. 

Additionally tested was the bacterial ClpXP, an ATP-powered unfolding and protein 
degradation machine [86]. The specific terminal ClpXP degron was fused to the C-termi-
nus of GvpC, and the sequence is recognized by the unfoldase ClpX, unfolded and fed 
into ClpP for degradation [85]. The addition of ClpXP leads to the degradation of GvpC 
but leaves the underlying GvpA shell of the gas vesicle intact. The resulting gas vesicles 
have an increased mechanical flexibility and exhibit a nonlinear ultrasound contrast. The 
system was tested in vivo in E. coli Nissle 1917 cells. GvpCClpXP-gas vesicles produced un-
der native glpXP expression in E. coli exhibit a significantly reduced collapse pressure and 
an enhanced nonlinear contrast in ultrasound imaging. The expression of ClpXP under 
the control of an arabinose-inducible promoter allows to control the ClpXP activity exter-
nally, and after induction with L-arabinose, the hydrostatic collapse pressure of the gas 
vesicles is strongly reduced (by 160 kPa), and a substantially stronger nonlinear contrast 
is observed when cells are imaged by ultrasound [85]. Such acoustic biosensors can be 
applied to measure gene expression, for example, in synthetic genetic circuits. In all these 
cases, GvpC variants allow the modulation of the mechanical, acoustic, surface, and tar-
geting properties of gas vesicles. Future research will certainly advance the use of gas 
vesicles as acoustic reporters in mammalian cells [87]. 

8. Conclusions 
Gas vesicles are unique intracellular structures used by bacteria and archaea to thrive 

in regions that are optimal for growth. They have been studied with respect to the expres-
sion and regulation of the gvp genes involved, their mechanical properties, their adapta-
tion to environmental conditions, their assembly, and their evolutionary relationships 
over the past 50 years. The size, shape, and the strength of the gas vesicle shell is genet-
ically determined, and the process of self-assembly of these nanostructures is not yet fully 
understood. However, interesting applications for gas vesicles have been developed over 
the past years. Gas vesicles scatter waves and have proved to be useful as acoustic biosen-
sors. Their mechanical and biochemical properties can be modulated by altering the sur-
face protein GvpC, and functionalized gas vesicles increase their use as acoustic reporters 
or as tool to present peptides of pathogens for the development of novel vaccines. Future 
studies will focus on the further development as biosensors but also on basic research to 
completely understand the steps driving the self-assembly process leading to the gas ves-
icle shell. Determination of the 3D structure of GvpA assembled in the shell by cryo-elec-
tron tomography and of the exact location of GvpC dimers or multimers at the gas vesicle 
surface are major questions to be solved in the future. In addition, localizing the different 
accessory Gvp proteins in the gas vesicle structure would be rewarding and also help to 
determine whether these proteins are permanently present or only found in juvenile gas 
vesicle structures. 
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