
One of the most important discoveries in biology of

the previous century is the classification of Archaea as

one of the three domains of life, along with Eukarya and

Bacteria. They were recognized as a separate branch of

prokaryotes by Carl Woese in 1977 based on comparative

analysis of 16S rRNA [1]. Many members of this group of

organisms are extremophiles, i.e. they occupy ecological

niches with extreme temperatures (thermophiles and psy-

chrophiles), pH (acidophiles and alkalophiles), salinity

(halophiles), etc. To date, archaea have been found in

soil, oceans, and digestive systems of humans and other

animals. Archaea possess both characteristics similar to

those of Bacteria and Eukarya and properties unique to

this group [2]. One of the unique systems of archaea is the

flagellar motility apparatus. Its extracellular part is simi-

lar to the bacterial analog and is an extended helical fila-

ment. However, these structures are fundamentally differ-

ent in architecture, assembly mechanism, and origin and

the archaeal flagella share a number of properties of bac-

terial type IV pili. There is now no doubt that the archaeal

flagella are a unique system of biological motility, and in

a recent study it was proposed to call them “archaella”

[3]. In this regard, the question arises: how do such dif-

ferent organelles as bacterial and archaeal flagella form

similar supramolecular structures?

The mechanism of bacterial flagella spiralization was

studied in detail on enterobacteria, in which a helical fla-

gellar filament is composed of only one protein subunit

named flagellin. During the co-assembly folding process

[4], this protein can have two distinct conformations

called the L- and R-conformations. Each longitudinal

row of protofilaments consists of flagellin in only one of

these conformations. Since the length of protofilaments

composed of flagellin in the L- and R-conformation is

slightly different, twisting forces leading to flagella coiling

arise on their interaction [5].

It is of interest that about 45% of the known genomes

of bacteria with a flagellar motility system have multiple

copies of flagellin genes, which might be indicative of a

selective advantage of additional flagellins [6]. The num-

ber of flagellin genes in such microorganisms ranges from

2 (Salmonella enterica, serovar Typhimurium) to 15

(Magnetococcus sp. MC-1).

Studies on Salmonella typhimurium, which has two

flagellin genes, fliC and fljB, revealed that its flagellar fil-

aments can be constructed from the product of one of

these genes. To change the flagella protein composition,

this bacterium uses the phase variation system [7] that

includes, along with the flagellin genes, a gene encoding

transcription repressor protein of the fliC gene and an

invertase gene, which controls the flagellin phase varia-

tion. The recombination mechanism (site-specific inver-

sion of the promoter-containing segment) allows the
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expression of only one of the flagellins at a given time.

The fljB gene is located in the same operon with the gene

encoding the transcription repressor of the fliC gene.

Thus, in different phases a S. typhimurium flagellum con-

sists of different flagellins, which helps pathogens avoid

host immune response by changing the antigenic deter-

minants.

The genome of another microorganism, Caulobacter

crescentus, has six flagellin genes (fljK, L, M, N, O, J),

wherein the protein products of each gene are contained

in the wild-type flagella. An interesting property of these

flagella is that different parts of the filament are com-

posed of different flagellins. Using deletion analysis, it

was shown that each of the flagellins (except FljJ) could

alone build functional filaments. Furthermore, it was

found that there are no strict requirements to the order of

flagellin incorporation into the growing flagellum, and

the observed distribution of flagellins along a flagellin fil-

ament rather reflects regulation of flagellin secretion [6].

Thus, this organism has high redundancy of flagellin

genes, the significance being not yet clear.

Currently archaeal flagella, as compared with bacte-

rial analogs, are not well understood in terms of both their

structure and function. However, analysis of genomic

sequences shows that in contrast to bacteria, the presence

of a single flagellin gene in the genome of archaea (par-

ticularly, halophilic archaea) is an exception, and multi-

plicity of flagellin genes is widespread among Archaea.

In this review, we consider the results of studies on

the role of flagellin gene multiplicity that have been con-

ducted mainly on halophilic archaea. The data suggest

that the mechanism of formation of the helical flagellar

filaments can be different even among related haloar-

chaea, wherein multiple flagellins can play both a struc-

tural role (when each of them is required for functional

filament formation) and an adaptive part (when the fla-

gellins may substitute for each other on environmental

changes).

FLAGELLAR MOTILITY OF ARCHAEA

General characteristics. So far, in the Archaea

domain flagella based motility has been described only

with flagellar filaments (Fig. 1) functioning as in bacteria,

like a propeller creating hydrodynamic forces [8].

Initially, it was believed that the archaeal flagellar

motility apparatus was identical to bacterial ones, but

detailed studies revealed fundamental differences

between them. It was shown that: 1) archaeal flagella are

substantially thinner than bacterial flagella and have no

internal channel, which indicates fundamental differ-

ences in their assembly mechanisms; 2) the protein com-

ponents of the archaeal flagellar motility apparatus have

no homology with components of the bacterial flagellar

motility system, but some of them have homology with

proteins of bacterial type IV pili; 3) the main structural

protein of archaeal flagella – flagellin – is synthesized as

a precursor protein with an N-terminal signal peptide. It

is now clear that bacterial and archaeal flagella are func-

tional analogs, but they have a different origin and are a

striking example of biological convergence. Based on the

known facts, it was concluded that the archaeal flagella

are a unique biological motility device, and recently the

term “archaella” (from archaea and flagella) was pro-

posed for them [3], which has not yet become generally

accepted [9].

The location of archaeal flagella on the cell surface

can be unipolar, bipolar, or peritrichous. Bundles of fla-

gella located at the cell poles are characteristic of

halophilic archaea [8, 10]. Strictly, a flagellar filament is a

helical strand with thickness of 10-22 nm and length of

several micrometers. Unlike bacterial flagella, filaments

of which can be both right- and left-handed, only right-

handed filaments have been described in Archaea. The

velocity of archaeal cells varies over a very wide range –

from 3 µm/s for halophilic archaea to about 600 µm/s for

some methanogens. It is interesting that if we consider the

velocity of the organisms with respect to their linear

dimensions, the methanogenic archaea Methanocaldo-

coccus villosus currently hold the record for speed among

all known organisms (500 body lengths per second) [11].

In addition to its primary role in providing motility,

archaeal flagella can mediate other functions such as

adhesion to abiotic surfaces, formation of cell–cell con-

tacts, and possibly intercellular communication [12, 13].

In Archaea, most genes encoding proteins of the

motility apparatus are located in the so-called fla-locus

(Fig. 2). This locus usually starts with one or more gene

copies encoding the main structural component of the

flagellum – flagellin (FlaA/B or FlgA/B). The flagellin

genes can be transcribed either individually or in associa-

tion with fla-associated genes lying below. In general,

Archaea (especially Euryarchaeota) are characterized by

the presence multiple flagellin gene copies in the genome,

which can be arranged into one or several operons. Some

of the flagellin genes can be located distantly from the fla-

locus (Halobacterium salinarum) and even on other repli-

cons (Haloarcula marismortui).

Fig. 1. Electron micrograph of a Halobacterium salinarum cell

with flagella. The scale bar is 500 nm.
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In addition to flagellin genes, the fla-locus includes a

set of so-called fla-associated genes that are transcribed

together. Experiments on the deletion of these genes

showed that each of them is critically needed for motility

[14-16]. In Euryarchaeota and Crenarchaeota (two main

phyla of Archaea), the set of fla-associated genes is slight-

ly different (see Fig. 2).

The flaC and flaE genes can be either individual or

fused together (Haloferax volcanii); the products of these

genes are membrane proteins. The flaD gene can be either

in the composition or at a distance (as in H. volcanii) from

the fla-locus. It has been shown on H. salinarum that gene

products of the flaCE and flaD genes can interact with

components of the chemotaxis system, and thus they par-

ticipate in switching the rotational direction of the motor

[17]. In Crenarchaeota, the flaC, D, E genes are absent,

but there is a flaX gene that is absent in Euryarchaeota

[18]. It was shown that the FlaX protein can form an

oligomeric annular structure due to the C-terminal α-

helices [19]. Moreover, it forms a stable complex with the

FlaI protein and might be involved in the generation of

torque by the flagellar motor. The functions of the flaF

and flaG gene products are not yet clear.

The products of flaH, I, and J genes are believed to

form a secretory complex involved in flagellum assembly.

Theoretical analysis of protein FlaH showed that it con-

tains a typical Walker A motif and an incomplete Walker

B motif, which is evidence of possible ATPase activity. In

the structure of protein FlaJ, several transmembrane

regions are predicted, suggesting that it is an integral

membrane protein. Furthermore, two highly charged

cytoplasmic loops are present in its structure [18, 20].

This protein is homologous to conserved membrane pro-

tein PilC of the Pseudomonas aeruginosa type IV pili sys-

tem and probably interacts directly with protein FlaI [18].

The latter is an ATPase of the secreting ATPase super-

family and possesses ATPase activity in vitro, which is

stimulated in the presence of archaeal membrane lipids.

It is assumed that the protein provides the energy to the

flagellum assembly system [21].

Another component of the motion system is the sig-

nal (leader) peptidase (FlaK or PibD) located on the

membrane. Its gene is usually located distantly from the

fla-locus. The role of the signal peptidase is to cleave the

N-terminal signal peptide from the flagellin molecule,

which is synthesized as a precursor protein similarly to

type IV pilins [22-25]. The length of the flagellin signal

peptide is 6-16 amino acid residues [26]. Genetic studies

have shown that the removal of the signal peptide is a crit-

ical step in the formation of the motility apparatus [24,

27].

Regulation of assembly of the archaeal flagellar motil-

ity apparatus. Flagella assembly and functioning are

extremely energy-intensive processes for the cell, and,

therefore they are strictly controlled by regulatory mech-

anisms. The first example of the influence of environ-

mental conditions on flagella synthesis in Archaea was the

discovery of the fact that in Methanocaldococcus jan-

naschii and Methanococcus maripaludis flagella synthesis

is induced at low hydrogen concentrations [28, 29]. It

should be mentioned that these organisms are

methanogens and use molecular hydrogen as an electron

donor in the process of methanogenesis, which is an ener-

gy source for them. Thus, starvation is one of the factors

causing flagella synthesis. A similar effect was observed on

another archaeal species, Sulfolobus solfataricus, in which

the level of flagellin gene transcription strongly increased

when reaching the stationary growth phase or under con-

ditions of nitrogen starvation [30].

The study of the Sulfolobus acidocaldarius fla-operon

revealed the presence of two promoters [16]. One pro-

moter is located upstream from the flagellin gene (flaB),

and the second is before the flaX gene, from which the

flaX-J genes are transcribed. For this organism, as well as

for the related S. solfataricus, the phenomenon of flagella

synthesis induction under starvation conditions was dis-

Fig. 2. Structure of the fla-locus in Haloferax volcanii and Sulfolobus acidocaldarius.
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covered. Under these conditions, the activation of the

promoter located upstream from the flaB gene was

increased, but the second promoter had no such effect.

These results indicate that the S. acidocaldarius genes

encoding the basal body proteins are under control of a

constitutive promoter located upstream from the flaX

gene, and thus these gene products are constantly present

in the cell. Therefore, to make the cell motile, only syn-

thesis of flagellin, whose gene is under control of the pro-

moter activated under starvation, is required. This regula-

tion system allows the cell to complete forming the motil-

ity apparatus quickly and to seek conditions that are more

favorable. In subsequent studies of this system, several

proteins regulating the biosynthesis of the motility appa-

ratus were identified [31, 32].

INVESTIGATION OF ARCHAEAL

FLAGELLA STRUCTURE

Mechanisms of assembly and function of archaeal fla-

gellar filaments. The structure of the archaeal flagellar

motility apparatus is not as well studied as the bacterial

analog. The bacterial flagellum consists of a rigid helical

filament that acts as a propeller, a motor producing rotary

motion, and a flexible hook junction transmitting torque

from the motor to the filament. In Archaea, structures

morphologically resembling the bacterial hook have been

identified only in methanogens. This area looks like a

thickening near the end of the flagellar filament [33].

Archaeal basal bodies have been seen by electron

microscopy of cells and membrane fractions treated with

the nonionic detergent Triton X-114. In methanogens

Methanospirillum hungatei [34] and Methanococcus ther-

molithotrophicus [35], structures representing two rings

connected with a rod, similar to those of gram-positive

bacteria, have been described. Furthermore, in work with

H. salinarum, the flagella bundles attached to the polar

cap-structure have been isolated [36]. On ultra-thin seri-

al cell sections, it corresponds to the discoid lamellar

structure (DLS) [37]. It was found that the flagella bundle

passes through the plasma membrane and abuts the

DLS – a complex electron dense structure 250-300 nm in

length located at a distance of 20 nm from the plasma

membrane [38, 39]. It is assumed that due to different

structure of the cell wall in Archaea, additional structures

should hold the flagellum. Currently, the exact structure

and mechanism of action of the motor generating rota-

tional motion remain unknown. For H. salinarum, it was

shown that the archaeal motor rotation is driven by ener-

gy of ATP, unlike the bacterial motor that uses the energy

of proton or sodium ion gradients [40].

The proteins of the archaeal basal body are now

being actively studied on the model organism Sulfolobus

acidocaldarius. It was shown that protein FlaI has ATPase

activity in vitro, and this activity is specifically stimulated

by adding archaeal membrane lipids [21]. Furthermore,

ATP-dependent FlaI oligomerization accompanied by

formation of a hexamer with diameter of 14 nm was found

[41]. These studies led to the conclusion that protein FlaI

is responsible for assembly and rotation of the flagellar fil-

ament. Studies of another component of the basal body,

protein FlaX, showed that in vitro FlaXc (a truncated

variant of FlaX) is capable of forming oligomeric rings

with diameter of 30 nm. Moreover, it was found that FlaX

through its C-terminal region interacts with FlaI [19].

Further experiments demonstrated that proteins FlaXc,

FlaI, and FlaH interact with each other to form a ternary

complex [42]. Based on these data, a model of the basal

body was proposed according to which the polytopic

transmembrane protein FlaJ acts as a motor assembly

platform, around which FlaX forms an oligomeric ring

with diameter of 30 nm. Then, a hexamer consisting of

FlaI is inserted into this ring. Furthermore, the FlaI

hexamer is able to form additional connections with pro-

tein FlaJ. This complex can then bind protein FlaH that,

probably accomplishes nucleotide binding and regulation

of motility.

The main part of the flagellum is a helical filament

consisting of multiple copies of one or several flagellin

proteins. A typical archaeal filament is 10-14 nm in diam-

eter, and a few micrometers in length. Models of H. sali-

narum and Sulfolobus shibatae flagellar filaments were

constructed based on electron microscopic images [43-

45]. In both cases, the surface flagellin domain forms a

three-start helical line wrapped around the core, which

has no internal channel. In both organisms, the inner fla-

gellin core is conservative in size and shape, and its thick-

ness is about 5 nm. This core is apparently formed by

hydrophobic helices of the α-N-terminal part of flagellin.

Since the archaeal flagellins have a highly conserved

region of 30-40 amino acids at the N-terminus [22, 46,

47], it is suggested that a similar structure of the filament

core is common for all flagellated archaea. In contrast to

the conservative inner domain, the outer part of the fila-

ment in these two organisms is different, which explains

differences in flagella thickness: 14 nm in S. shibatae and

10 nm in H. salinarum. Differences in the external fila-

ment part may reflect adaptation of these organisms to

specific environmental conditions [43, 45].

It should be noted that archaeal flagella are rather

resistant to dissociating agents and, unlike bacterial

analogs, are not capable of self-assembly from individual

subunits in vitro. Besides, there is still no resolved spatial

structure of archaeal flagellin. Indirect methods of analy-

sis have been used to investigate the archaeal flagellin

structure. Our group studied the domain organization of

flagellins in the H. salinarum filaments using scanning

microcalorimetry, which showed only one heat absorption

peak corresponding to a cooperative melting domain, sug-

gesting that all five flagellins of this organism have similar

thermodynamic properties [48]. The thermal unfolding of
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flagellin domains was irreversible, but it did not lead to

dissociation of the flagellar filament. Melting of the fila-

ments was observed only in experiments with filament

solutions at lower NaCl concentrations (10% or less); at

higher salt concentrations (20% NaCl), which are natural

for this microorganism, the heat absorption peak was not

found in the scanned area (up to 130°C), indicating high

thermal stability of the filaments. Interesting results for

Natronomonas (previously Natronobacterium) pharaonis

flagellins were obtained using scanning microcalorimetry

[49]. The flagella of this organism depolymerized into

individual subunits in the presence of the nonionic deter-

gent Triton X-100, while the flagellins preserved their ter-

tiary structure and melted cooperatively, although the

melting curves of monomeric flagellins and filaments

were different in shape, which might be due to destabi-

lization of the tertiary structure of flagellins after dissoci-

ation. These results indicated the importance of

hydrophobic interactions in forming the flagella struc-

ture. As in the case of H. salinarum flagella, the melting of

flagellin domains in N. pharaonis was irreversible: reheat-

ing the samples did not reveal refolding processes [49].

Glycosylation of archaeal flagellins. One of the char-

acteristic features of the archaeal flagellins is N-glycosy-

lation. For a long time, N-glycosylation was considered

as a hallmark of eukaryotes [50]. However, after the dis-

covery of N-glycosylation of the surface (S)-layer protein

and flagellins in halophilic archaea H. salinarum [51, 52]

and subsequent studies, it was shown that glycosylation is

widespread among Archaea [50].

Experiments on violation of N-glycosylation have

shown that this process is not vital for some archaea (for

H. volcanii only a growth retardation was observed), but it

is critical for the life of other archaea such as S. acidocal-

darius [53, 54]. It is believed that this posttranslational

modification allows proteins to function in severe envi-

ronments characteristic of archaea [50]. In this connec-

tion, it is interesting to note that the number of sites

where N-glycosylation occurs, as well as the attached gly-

can structure, can vary in a cell culture with environmen-

tal changes [55]. These results suggest a role of N-glyco-

sylation in adapting to environmental changes.

All flagellins of M. voltae, M. maripaludis, H. sali-

narum, and H. volcanii are glycoproteins with N-type gly-

cosylation [52, 53, 56-58]. N-glycosylation in Archaea is

a multi-step process. In the first stage, the N-glycan is

assembled in the cytoplasm on a lipid carrier through

sequential addition of carbohydrate monomers by appro-

priate glycosyltransferases. Then the glycan is transferred

across the cytoplasmic membrane by a still unknown

enzyme. The N-glycan is then entirely transferred to the

flagellin molecule and attached to the asparagine residue

in the glycosylation site (N-X-S/T, where X is any amino

acid except proline) by AglB oligosaccharyl transferase

[59, 60]. The length and structure of the attached glycan

can differ in different species.

The analysis of mutant M. voltae and M. maripaludis

strains with deletions of the agl genes (encoding proteins

of the glycosylation system), which led to a shortening of

the glycan chains, showed that the nonglycosylated fla-

gellins and flagellins bearing glycans consisting of only

one sugar do not form flagella [59, 60]. In cases when the

glycans consisted of two-three sugars, the cells had flagel-

la, but their motility on semisolid agar decreased in com-

parison with the wild-type cells carrying a normal-length

carbohydrate chain (consisting of four monomers). Most

of the known amino acid sequences of archaeal flagellins

contain several N-glycosylation sites, but not all of these

sites are connected with oligosaccharides. For example,

despite the presence of six N-X-S/T sites in the H. vol-

canii major flagellin FlgA1, glycosylation of only three of

them has been confirmed experimentally. Using site-

directed mutagenesis, it was demonstrated that all three

sites are important for the assembly or functioning of the

flagellum, since violation of each of the sites causes the

loss of motility on semisolid agar plates [53]. Thus, all of

the currently available data indicate that N-glycosylation

is a posttranslational modification crucial for proper

assembly of the archaeal flagellum.

Study of the role of flagellin gene multiplicity in

Archaea. The number of flagellin genes in Archaea varies

widely, with the multiplicity of these genes in this domain

being more widespread than in Bacteria. For example,

among 90 haloarchaea with known genomic sequences,

about 25% have no flagellin gene, 9% contain a single

flagellin gene, 43% have two such genes, and other

genomes contain three to six flagellin genes (Fig. 3). The

presence of several flagellins in the structure of flagella

was confirmed in earlier studies of the archaeal motility

apparatus [61, 62]. To determine the role of each of the

multiple flagellins in filament formation, experiments on

inactivation of the appropriate genes were conducted on

some model organisms using both insertions and dele-

tions. Among halophilic archaea, H. salinarum was the

first used in these experiments. The genome of this

organism contains six flagellin genes (flgA1, A2 forming

the A operon, flgB1, B2, B3 forming the B operon, and

the separately located flgX gene), however only the prod-

ucts of the first five genes were found as part of the fla-

gella [62]. The first experiments devoted to elucidation of

the role of each flagellin were performed using inactiva-

tion with an insert; thus, the flgA2-gene inactivation

resulted in a significant decrease in cell motility, and only

straight flagella were formed [63]. In addition, it was

shown that flgB-operon transcription was stopped in the

mutant strain. Further studies were carried out using a

deletion approach; the results showed that only straight

filaments were observed in strains with the flgA1 or flgA2

deletion, as in the case of inactivation [64]. As men-

tioned above, a bacterial flagellum is helical due to the

ability of a single flagellin to accept two conformational

states – L or R. The results of H. salinarum flagellin gene
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inactivation indicate that in this organism the FlgA1 and

FlgA2 flagellins might be analogs of two conformational

states of the single bacterial flagellin. It was suggested

that this principle of supramolecular organization of fla-

gellar filaments might be common for all archaea. This is

supported by the results of other experiments on the fla-

gellar filament of the haloalkaliphilic archaea Natrialba

magadii, composed of four different flagellins, when two

immunologically distinct protofilaments types were

found [65].

The role of H. salinarum flgB-operon genes was stud-

ied also using a deletion approach. Short curved filaments

composed of the FlgB2-flagellin were observed on the cell

surface of a mutant strain with deletion of the flgA operon

(∆flgA). However, the analysis of mutant strains in which

only the flgB1- or flgB3-flagellin genes were present

showed no similar curved structures on the surface of

these cells. It was concluded that in the absence of the

FlgB2-flagellin, the FlgB1 and FlgB3 cannot form short

curved structures [66]. Based on these results, it was sug-

gested that the H. salinarum FlgB2-flagellin forms a hook

region. However, using immunodetection of specific pep-

tide loops alternately introduced to the surface of FlgA1,

FlgA2 and FlgB2 flagellins, it was recently shown that the

FlgB2-flagellin, similarly to FlgA1 and FlgA2 flagellins, is

uniformly distributed along the filament length and is not

localized near the flagellum base, as could be expected for

a hook protein [67, 68].

The role of multiplicity of flagellin genes was also

studied on the methanogenic archaea Methanococcus

maripaludis. In experiments performed in the laboratory

of Prof. K. Jarrell (Canada), it was shown that inactiva-

tion of flagellin genes led to complete loss of motility or

its abnormalities [15]. A general conclusion from these

experiments was that every flagellin gene product is

required for normal motility. However, the role of multi-

plicity of flagellin genes remains unclear. In this connec-

tion, it is interesting that representatives of some groups

of Archaea, such as the Sulfolobus genus (phylum

Crenarchaeota), have only one flagellin gene and are

motile [30, 69].

Of special interest for studying the archaeal flagella

formation is the halophilic archaea Haloarcula marismor-

tui. This is explained by the following reasons: 1) the fla-

gellin genes are located on different replicons – the chro-

mosome and plasmid; 2) the mass of flagellins calculated

from nucleotide sequences is significantly greater than

the flagellin mass of other archaea [70]. These facts sug-

gest that the principles of flagella assembly and flagellin

biosynthesis regulation in this organism differ from those

for the previously studied archaeal motility devices.

Haloarcula marismortui was isolated from the water of the

Dead Sea; its genome contains a full set of motility genes

[70], notwithstanding that originally it was described as

having no pronounced motility [71]. In addition to the

fla-associated gene cluster, three flagellin genes were

annotated in its genome: flaB is located on chromosome I

near the fla-locus, flaA1 is on chromosome II, and flaA2

is present on the pNG100 plasmid. It should be noted that

a similar arrangement of flagellin genes, when each of

them is located on a separate replicon, is extremely rare,

and typically all flagellin genes are located on the main

chromosome. Putative protein products of the flaA2 and

flaB genes have lengths of about 450 amino acid residues

and characteristic archaeal flagellin features, such as the

presence of a signal peptide (12 amino acids) and highly

conserved N-termini. Haloarcula marismortui FlaA2 and

FlaB flagellins are homologous to each other (56% iden-

tity) and have two conserved regions in the N- and C-ter-

mini. The central flagellin part includes highly variable

regions containing insertions and deletions, and it is

apparently not involved in the formation of intersubunit

contacts but rather determines surface filament proper-

ties. The hypothetical protein product of the flaA1 gene

has length of 84 amino acid residues only, does not con-

tain a signal peptide, and therefore is unable to be secret-

ed and to form a flagellar filament. Thus, in the H. maris-

mortui genome there are only two complete flagellin

genes.

During cultivation of the H. marismortui collection

strain, two strains (phenotypes) were identified in which

the flagellar filaments had different protein composition

[72]. These differences are seen on electrophoregrams of

isolated filaments: for each of the two strains, a single

protein band was observed having a similar, but not iden-

tical electrophoretic mobility.

Mass spectrometry of the respective protein bands

showed that the filaments isolated from one strain were

composed of the FlaA2 flagellin, while filaments isolated

from the other strain were formed of the FlaB flagellin.

Fig. 3. Distribution of flagellin genes in haloarchaeal genomes.

The analysis was conducted for 91 haloarchaeal species with

known genomic sequences.
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The molecular weights of FlaA2 and FlaB flagellins cal-

culated from their amino acid sequences are 47.4 (45.9)

and 46.8 (45.4) kDa, respectively (the weight given in

brackets is for a mature protein without a signal peptide).

However, the flagellin molecular weights experimentally

determined from the electrophoretic mobility were about

70 kDa. Anomalous electrophoretic mobility of haloar-

chaeal flagellins was observed earlier; it is caused by the

high content of negatively charged amino acids in fla-

gellins [73] and due to the posttranslational modifica-

tions, particularly glycosylation [50, 56]. The resulting

strains were named the FlaA2 strain and FlaB strain.

When cultured in a rich culture medium, they were stable

and did not move to each other [72].

The existence of two strains differing in the flagellar

protein composition resembles the phenomenon of phase

variation described for enterobacteria, which use this

mechanism for protection from the immune response of

the host [74]. It was necessary to clarify how the protein

composition of the H. marismortui filaments is regulated.

Since the flaA2 gene is located on the pNG100 plasmid,

it was suggested that the appearance of the FlaB strain is

a result of plasmid loss. To test this hypothesis, the PCR

(polymerase chain reaction) was carried out using two

pairs of primers for two different and distant from each

other sections of the pNG100 plasmid. The experimental

results showed that no PCR products were synthesized

when the FlaB strain total DNA was used as the template,

while upon using the FlaA2 strain DNA the PCR prod-

ucts were accumulated. Thus, the strains FlaA2 and FlaB

are a wild-type strain and a strain that has lost the

pNG100 plasmid, respectively.

The consequence of these results is that the flagella

synthesized by the FlaB strain are composed entirely of

FlaB flagellin. It was interesting to check whether FlaB

flagellin synthesized in the FlaA2 strain or its flagella

consist of the FlaA2 flagellin only. Immunoblotting with

FlaB flagellin antibodies demonstrated that the flagella

isolated from the FlaA2 strain contained a minor quanti-

ty of the FlaB flagellin [72]. It can be assumed that the

pNG100 plasmid contains a gene of repressor protein

suppressing (but not completely) the FlaB flagellin

biosynthesis in the FlaA2 strain. Thus, the protein com-

position of the H. marismortui flagella is determined by

the plasmid, this being the first known case of such type

in the domain Archaea [75].

Electron microscopy of preparations of the FlaA2

and FlaB filaments showed that they had a distinct helical

shape. The thickness of the FlaA2 and FlaB filaments was

20-22 and 16-18 nm, respectively, i.e. they were much

thicker than the previously studied archaeal flagella. The

electron microscopy data combined with the fact that the

flagella isolated from cells of the FlaB strain consist

exclusively of the FlaB-flagellin demonstrated for the first

time that in Euryarchaeota a helical flagellum could be

constructed from a single type of subunits. This fact is

particularly noteworthy because previous studies per-

formed on some representatives of Euryarchaeota showed

that they need at least two flagellins to form functional

helical flagella [15, 63]. Thus, regardless of the fact that

the flagellins in Euryarchaeota are closely related pro-

teins, they can use different principles of flagellar fila-

ment formation.

For comparison of their motility, the FlaA2 and FlaB

strains were plated on a semisolid agar medium. It was

found that both strains formed spots around the inocula-

tion points, which means that both strains are motile,

wherein the spot diameter of the FlaB strain was about

twice as large as that of the other strain. Since the growth

rate of the cells of both strains in liquid medium is

approximately the same, it was concluded that under

these conditions the cells of the FlaB strain have higher

motility [72].

For more information on the structure of filaments

consisting of FlaA2 and FlaB flagellins, we used differen-

tial scanning microcalorimetry in native saline condi-

tions. On the melting curves, two heat absorption peaks

were observed at temperatures of 72oC (peak 1) and 80oC

(peak 2) for FlaA2 filaments and 55oC (peak 1) and 84oC

(peak 2) for FlaB filaments. Thus, FlaB filaments are

more sensitive to higher temperatures than FlaA2.

The results on the melting of H. marismortui fila-

ments differ from the data for H. salinarum, where all five

flagellins have similar thermodynamic properties and the

melting curve looks like a single heat absorption peak cor-

responding to one domain [48]. Repeated heating of the

partially (peak 1) and fully (peak 2) denatured H. maris-

mortui flagella samples showed complete irreversibility of

heat denaturation. Like previously investigated haloar-

chaeal filaments, the H. marismortui filaments do not dis-

sociate after heating.

Further studies using limited proteolysis demon-

strated that under native saline conditions, the H. maris-

mortui filaments are resistant to trypsin attack. Trypsin

treatment of the samples heated to 90°C immediately

leads to almost complete cleavage of the flagellin with the

formation of a number of products of proteolysis. For

partially denatured (completion of the first melting peak

of heat absorption) FlaB filaments, a somewhat different

picture was observed: a predominant part of total flagellin

(~80%) is cleaved in a few minutes, while some part

remains intact even at long times of incubation. This

result indicates that two forms of flagellin FlaB – FlaB-r

and FlaB-s – differing in the availability to trypsin attack

are present in the filament composition. Comparison of

the electrophoretic mobility did not reveal any differences

between FlaB-r and FlaB-s, but the results of anion-

exchange chromatography showed that under denaturing

conditions these forms are not identical. The elution pro-

files of the two forms are complicated and apparently can

be subdivided into several subforms [76]. The observed

differences are apparently the result of posttranslational
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modification of the flagellin. Archaeal flagellins typically

are glycoproteins with N-glycosylation; however, neither

FlaA2 and FlaB flagellin contains canonical N-glycosyla-

tion sites N-X-S(T). Despite this, the data of specific

staining with Schiff’s reagent and CHN-analysis con-

firmed that H. marismortui flagellins are glycoproteins

[76]. Here either N-glycosylation by a noncanonical site

or some other glycosylation type (e.g. O-glycosylation)

takes place. Recently, publications appeared showing

cases of noncanonical N-glycosylation in eukaryotes

[77], but for archaea similar cases have not been

described.

Study of molecular organization of Halorubrum

lacusprofundi flagellar filaments. The study of the H.

marismortui motility apparatus demonstrated for the first

time that functional helical flagella of halophilic archaea

could be formed of a single flagellin only. This result

showed that the previous principle when the formation of

helical filaments required at least two different flagellins is

not universal for Euryarchaeota. However, is H. maris-

mortui in this respect a unique organism, or can other

halophilic archaea also form a functional flagellum of

subunits of a single protein? In recent years, the number

of known archaeal genomes increased dramatically, and

among them there are several genomes containing only

one flagellin gene. One of these organisms, Halorubrum

lacusprofundi, was chosen for study. Halorubrum lacuspro-

fundi was isolated from the hypersaline Deep Lake in

Antarctica. According to the original description [78],

this organism is nonmotile and does not synthesize flagel-

la, while a complete set of fla-associated genes and the

single flagellin gene flaB are present in the genome

(http://www.ncbi.nlm.nih.gov/genome/1202). The pre-

dicted protein product of this gene has size of 243 amino

acids and contains a signal peptide.

The collection H. lacusprofundi culture was subject-

ed to several rounds of selection on a semisolid agar

medium, whereby cells having notable motility were

derived. These cells were used to isolate flagella by the

standard procedure. SDS-PAGE of the isolated flagella

showed the presence of a single protein band correspon-

ding to (according to mass spectrometry data) the H.

lacusprofundi flaB gene product. Electron microscopy of

flagella preparations showed that most of the filaments

have a distinct helical shape. It is somewhat surprising

that polymorphic filaments with a different amplitude

and pitch of the helix, including circular shaped fila-

ments, were observed. The thickness of the filaments was

10-11 nm. Subsequent study of the H. lacusprofundi fila-

ments using anion-exchange chromatography allowed, as

in the case of H. marismortui, the identification of multi-

ple flagellin forms different in their charge characteristics.

It was found that the filaments contain at least two major

flagellin forms. The relative content of the flagellin forms

in the filament composition was estimated by comparison

of the peak areas in the chromatograms. The share of the

major flagellin form was about 40% of the total protein

[76]. The reason for the flagellin heterogeneity, as in the

case of H. marismortui, might be the presence of post-

translational modifications. Unlike H. marismortui fla-

gellins, the H. lacusprofundi flagellin contains six canoni-

cal N-glycosylation sites. Staining of the flagellin with

Schiff’s reagent gave a positive result [76]. These results

are further evidence that the helical flagella of haloar-

chaea can be constructed of only one flagellin, and the

principle observed for H. marismortui is not unique.

Based on these data, and on the general principle

according to which for the formation of a superhelix the

filament subunits must be nonidentical, it can be assumed

that the spiralization of H. marismortui and H. lacuspro-

fundi flagellar filaments are due to conformational labili-

ty of flagellins of these organisms. An indirect confirma-

tion of this is the fact that in the filament composition

these flagellin subunits are not identical in their accessi-

bility to trypsin attack (for the H. marismortui FlaB-fla-

gellin) and charge characteristics. The difference in the

charge characteristics might be a result of varying degrees

of posttranslational modifications (glycosylation) of fla-

gellin subunits due to their different conformations.

Role of flagellin gene redundancy in H. marismortui.

The study of the H. marismortui motility apparatus

showed that the helical and functional flagellum of this

organism can be built entirely of FlaB flagellin subunits.

Thus, the biological role of the second flagellin gene

(flaA2) located on the plasmid remained unclear. In this

regard, of interest are studies that explored the role of the

redundancy of H. marismortui 16S rRNA genes. The H.

marismortui genome contains three 16S rRNA genes

(rrnA, rrnB, and rrnC) [70]. The rrnA and rrnC genes are

almost identical, and rrnB varies significantly in

nucleotide sequence. Studies have shown that the rrnB

gene is not vital [79] and, thus, the H. marismortui

genome has redundancy of 16S rRNA genes.

Investigation of the role of the redundancy showed that

the presence of the rrnB gene is a mechanism of adapta-

tion to changes in environmental temperature [80]. With

an increase in cultivation temperature, the transcription

level of the rrnB gene increased, and its gene product

replaced rrnA/C products. Theoretical analysis has shown

that the 16S rRNA encoded by rrnB possesses higher

thermal stability, and thus, the presence of the rrnB gene

increases the rate of the organism’s reaction. For genes

whose products perform the same function in different

environmental conditions, the term “ecoparalogs” has

been proposed [81]. Further analysis revealed that the H.

marismortui genome has significant redundancy level:

about a hundred genes have been suggested as candidates

for ecoparalogs [81]. It should be noted that H. marismor-

tui flagellin genes were not included in this list, possibly

because the flagellin gene multiplicity is widespread

among Archaea. The flagellin gene redundancy might be

a mechanism of adaptation, which is indirectly confirmed
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by the data of filament melting demonstrating that FlaA2

filaments are more thermally stable than the filaments

formed of FlaB flagellin [72].

It is known that the stability of halophilic proteins

depends on the salinity of the environment. To test the

hypothesis that the redundancy of H. marismortui flagellin

genes is a mechanism of adaptation, the motilities of

FlaA2 and FlaB strains were compared after growth on a

semisolid agar medium at different temperatures (40 and

50°C) and salinity (20, 25, and 30%) (Fig. 4). Under 20%

salinity and 50°C, neither strain grew. As seen from the

results, the cells of the FlaB strain, compared to those of

the FlaA2 strain, easily lose their motility when the tem-

perature increases or the salinity decreases. However,

with an increasing salt concentration, the FlaB strain

motility was restored. It is interesting that under condi-

tions of 30% salt and 40°C the cell motility of the FlaB

strain was significantly higher than that of the FlaA2

strain. The reduced cell motility of the FlaB strain under

conditions of low salt/high temperature may be caused by

disruption of the flagella assembly of the FlaB flagellin.

To test this hypothesis, the flagella were isolated from

cells growing in the liquid medium. The preparations

were analyzed by SDS-PAGE. The results showed that

under conditions when the cells of the FlaB strain were

nonmotile on a semisolid agar medium, no flagella could

be isolated from the cells growing in liquid media. The

unexpected result was that under conditions when cell

motility of both strains on a semisolid agar medium was

comparable, the FlaB flagella yield from culture growing

in liquid medium was significantly lower than the yield of

FlaA2 flagella (25% salt and 40°C) or was absent (30%

salt and 50°C). This result might indicate that the flagellin

genes are differently regulated in cells growing in liquid

and on semisolid media [75]. This issue should be studied

further.

As mentioned previously, the flagella preparations

isolated from the FlaA2 strain contain a minor amount of

FlaB flagellin that can be detected by immunoblotting

[72]. Flagella preparations isolated from the FlaA2 strain

grown under different conditions were tested for the pres-

ence of FlaB flagellin. Admixture of FlaB flagellin was not

detected under the same conditions when FlaB flagella

cannot be isolated from the FlaB strain. It was unclear

whether the lack of FlaB flagellin resulted in negative reg-

ulation of its biosynthesis or in the fact that under certain

conditions FlaB flagellin cannot form a flagellum.

Professor F. Rodriguez-Valera’s group (Spain) found that

the transcription level of FlaB flagellin in the FlaA2 strain

at 50°C is three-fold higher compared to that at 27°C (the

medium salinity in both cases was 25%). Using

immunoblotting, it was shown that flagella preparations

isolated from the FlaA2 strain grown at 27°C contain an

admixture of FlaB flagellin, and it was not detected in

preparations isolated from the FlaA2 strain grown at 50°C.

These results indicate that the absence of FlaB flagellin in

flagella preparations is the result of its inability to form fla-

gella under conditions of high temperature/low salinity

and is not due to suppression of its biosynthesis [75].

As mentioned above, H. marismortui was isolated

from the water of the Dead Sea, which is an endorheic

salt lake. An interesting property of this lake is that due to

heavy rains in the wintertime, the salinity of the water

near the surface can be significantly reduced [82].

Flagellar filaments are extracellular structures, and hence

highly susceptible to environmental changes. Under such

conditions (sudden salinity reduction), the cells having

the plasmid (FlaA2 strain) will have selective advantages.

The pNG100 plasmid carrying the flaA2 gene may play

the role of a “switch”, determining the protein composi-

tion of flagellar filaments. The transfer of this plasmid in

a cell population can occur due to horizontal transfer

Fig. 4. Range of motility of H. marismortui strains under different cultivation conditions (temperature, salinity).
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[75]. In this regard, it should be noted that as shown in a

recent study, haloarchaea can fuse with each other to

form intra- and interspecific hybrids, which considerably

facilitates the exchange of DNA between cells [83].

Study of Haloferax volcanii flagellins. Another con-

firmation of the variety of mechanisms used by various

archaea to assemble functional flagella and regulate this

process are recent data obtained in the group of Prof. M.

Pohlschroder (USA) when studying the role of Haloferax

volcanii flagellins. Haloferax volcanii is widely used as a

model organism for studying the biology of halophilic

archaea and producing halophilic proteins in preparative

amounts for structural analyses [84]. Its genome contains

two flagellin genes, flgA1 and flgA2, organized in one

operon wherein the flgA1 stop codon is separated from the

flgA2 start codon by 11 bp. To study the role of each of the

flagellins in flagella formation, a series of experiments was

performed on strains with deletion of flagellin genes [10,

27, 53]. Studies of the flagella isolated from wild-type

cells showed that flagellin FlgA1 is the major component

of the filaments, and FlgA2 is present in a minor amount

[53]. The distribution of FlgA2 along the wild-type fila-

ments, unfortunately, was not determined [10]. Deletion

of flgA1 resulted in the loss of cell motility. In this case,

according to electron microscopy, the cells retained the

ability to form filaments of FlgA2, but their number was

greatly reduced. The flagella were found in only 2% of the

investigated cells compared to 40% in the control sam-

ples. An interesting result was obtained in the study of the

strain with flgA2 deletion. This strain unexpectedly was

hypermotile compared to the parental strain. When it is

grown on semisolid agar, the diameter of the spot formed

around the point of seeding was twice greater than that of

the parental strain (at comparable rates of cell growth).

The cells of a strain with flgA2 deletion had more flagella

(3-5 per cell compared to 1-2 in control), and the flagel-

la length was almost three-fold longer than in the parental

strain. Interestingly, when the flgA2 gene integrated into

the plasmid with an inducible tryptophan promoter was

expressed in this strain, its hypermotility was preserved.

This result might indicate that a regulatory role of FlgA2

depends on the relative content of FlgA1. Furthermore,

in experiments where a mutant strain with a deletion of

the entire flagellin operon was complemented by a plas-

mid containing only the flgA1 gene or both flagellin

genes, the cell motility was recovered only when both

genes were expressed. The results obtained on H. volcanii

demonstrated that functional helical filaments of this

microorganism, as in the case of H. marismortui and H.

lacusprofundi, can be formed from the product of only

one FlgA1 flagellin gene, and FlgA2 plays a structural and

regulatory role in the flagellar motility. The authors sug-

gest that under certain conditions FlgA2 can act as a neg-

ative regulator of the filament assembly, although not

directly, but through a mediator binding to an unknown

positive regulator of the flagellin operon [10].

CONCLUSION

Flagella of bacteria and archaea are fundamentally

different structures that are similar only in appearance.

This external similarity is caused by the fact that bacteri-

al and archaeal flagella are functional analogs, and it

should be helical to function as a propeller. The spiraliza-

tion mechanism of bacterial filaments has been studied in

detail, and it is concluded that for coiling the flagellin

subunits that form a flagellar filament must be structural-

ly not identical. However, the archaeal flagellar motility

apparatus is inadequately studied, and it is interesting

how these widely differing organelles are able to form

similar supramolecular structures. Previous studies of the

motility apparatus of haloarchaea H. salinarum showed

that at least two different flagellins are required for this

microorganism to form helical flagellar filaments. It was

concluded that in H. salinarum two flagellins might be

analogs of the two conformational states of a single fla-

gellin in enterobacteria. Since the multiplicity of flagellin

genes is widespread among Archaea, it has been suggest-

ed that this principle can be universal for this domain.

In recent studies performed on H. volcanii, H. maris-

mortui, and H. lacusprofundi, it has been found that in

these archaea the helical and functional flagella can be

formed of only one type of flagellin subunits [10, 75, 76]

and, thus, mechanisms of formation of flagella helicity in

haloarchaea are more diverse than it was thought previ-

ously. Results have been obtained that greatly expanded

the preexisting views on the role of multiple archaeal fla-

gellins. For the first time, it was shown that the multiplic-

ity of flagellin genes in some of archaea might be a mech-

anism of adaptation to environmental changes used in the

regulation of flagellar assembly [10, 75].

The mechanism for the formation of the helical

supramolecular structure of archaeal filaments is still

undetermined. However, based on the existing data, as

well as on the general principle that the filament forming

subunits should not be identical to form a supercoiled

structure, we can assume that the spiralization of flagellar

filaments in H. volcanii, H. marismortui, and H. lacuspro-

fundi can be due to the existence of different flagellin

conformations. Because of the lack of data on a detailed

spatial structure of archaeal flagellins in the flagella com-

position, the question of an exact mechanism of filament

helix formation remains open.

Elucidation of the principles of formation of

supramolecular structures is one of the most important

problems in current biology. Bacterial and archaeal fla-

gella are probably the most convenient objects for study-

ing this problem. As seen from this review, the assembly of

these external cell structures occurs differently, but leads

to the same result – forming a rigid helical structure that

perfectly executes its mission. Identification of general

and specific features of the assembly mechanism will

allow the fullest understanding of this molecular–biolog-
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ical problem and make useful conclusions. For example,

the property to have highly conserved terminal regions of

the polypeptide chain common for bacterial and archaeal

flagellins, in the case of bacterial flagellin led to the

description of co-assembly protein folding, and in

Archaea to the identification of the flagellin domain

forming the outer flagellum surface. The understanding

of the relationship between the characteristics of individ-

ual subunits and the supramolecular structure formed by

them will allow purposeful change in the properties of the

natural ensembles of subunits. Prokaryotic flagella are

considered as one of the most promising objects for the

creation of artificial nanofibers with desired properties

[67, 85]. In this context, Archaea are of particular inter-

est because these organisms live under extreme condi-

tions, and their formed structures have a high resistance

to dissociating effects.
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