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Abstract—Structural and functional characteristics of the regular glycoprotein layers in prokaryotes are ana-
lyzed with a special emphasis on aerobic methanotrophic bacteria. S-Layers are present at the surfaces of
Methylococcus, Methylothermus, and Methylomicrobium cells. Different Methylomicrobium species either syn-
thesize S-layers with planar (p2, p4) symmetry or form cup-shaped or conical structures with hexagonal (p6)
symmetry. A unique, copper-binding polypeptide ‘CorA’/MopE (27/45 kDa), which is coexpressed with the
diheme periplasmic cytochrome ¢ peroxidase ‘CorB’/Mca (80 kDa) was found in Methylomicrobium album
BGS8, Methylomicrobium alcaliphilum 207, and Methylococcus capsulatus Bath. This tandem of the surface
proteins is functionally analogous to a new siderophore: methanobactin. Importantly, no ‘CorA’/MopE
homologue was found in methanotrophs not forming S-layers. The role of surface proteins in copper meta-

bolism and initial methane oxidation is discussed.
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The common feature of many prokaryotes is the
presence of regular glycoprotein layers at the external
surface of their cell wall (CW), which are referred to as
S-layers [1—4]. These structures of oblique, tetra- or
hexagonal symmetry are intensively studied by various
methods but still remain the most enigmatic compo-
nents of microbial cells as regards their functions and
origin [5—7]. This review presents the state-of-the-art
and prospects of investigation of the structural and
functional organization of S-layers in different groups
of prokaryotes. Special attention is paid to the organi-
zation of S-layers and surface proteins involved in cop-
per metabolism in aecrobic methanotrophs.

GENERAL CHARACTERIZATION
OF PROKARYOTIC S-LAYERS

S-Layer proteins and genes. With few exceptions,
S-layers are formed by homopolypeptides or glycopro-
teins. Their sequences in different prokaryotes have a
low homology and their molecular masses (MM) are
in the range of 25 to 200 kDa. As a rule, S-layer pro-
teins are characterized by a high content of hydropho-
bic and acidic amino acids and lysine, which are
responsible for the total negative charge and pl value
in the range of 4—6, but few or none sulfur-containing
amino acids [7, 8]. The proteins of the S-layers of lac-
tobacilli with pI values between 9.4 and 10.4 are an
exception. The S-layers of thermophilic prokaryotes,
as opposed to mesophilic ones, have a slightly higher
content of hydrophobic and basic amino acids [8, 9].

1 Corresponding author; e-mail: trotsenko@ibpm.pushchino.ru

Glycoproteins form crystal lattices of oblique (p1,
p2), tetragonal (p4), or hexagonal (p3, p6) symmetry at
microbial cell surface. Structural units of the S-layer
are 3—30 nm in size and may consist of 1, 2, 3, 4, or
6 identical (glyco)protein monomers depending on
the type of symmetry (Fig. 1a). The lattices formed by
S-layer proteins have pores of 2—8 nm in diameter and
5—10 nm in depth.

In bacteria and archaea, S-layer proteins make up
to 15% of the total cell protein content. Calculations
have shown that ~5 x 10° S-protein molecules are
needed to completely cover the surface of one bacillary
cell [9]. Consequently, bacteria with a doubling time of
20 min must synthesize about 500 S-layer protein mol-
ecules per second, which demonstrates the efficiency
of the promoters of the respective genes. The genes
encoding S-layer proteins have been identified in
400 species of prokaryotes, with more than 40 genes
being cloned and sequenced [10, 11]. It is notable that
phylogenetically divergent prokaryotes have no
homology between S-layer proteins.

The S-layer genes are usually transcribed as mono-
cistronic units and are expressed from one or more
promoters [12]. The promoter of the S-protein of Lac-
tobacillus acidophilus is almost twofold more efficient
than the lactate dehydrogenase promoter, which is
considered to be one of the strongest bacterial promot-
ers. In most cases, S-protein gene transcripts contain
the elongated 5' untranslated regions, which form a
hairpin-like structure preventing rapid degradation of
the S-protein mRNA by RNase [13—15]. At the
same time, S-protein mRNA has a longer half-life
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Fig. 1. The schemes of packing of S-layers having tetragonal (a), oblique (b) and hexagonal (c) symmetry and the arrangement of
protein subunits at the cell surface of gram-positive (d) and gram-negative (e) bacteria.

(10—22 min) than the mRNA of most bacterial pro-
teins (2—4 min). Such a long lifetime of S-protein
mRNA may create problems for the cells during the
abrupt changes in environmental conditions inhibit-
ing bacterial growth. Nevertheless, S-proteins are usu-
ally absent in the cultivation medium, i.e., there is a
strict regulation and coordination of their synthesis
and cell growth.

Regulation of the synthesis of S-layer protein has
been most thoroughly studied in Thermus thermophi-
lus, where the respective protein SIpA repressed the
transcription of the slpA gene; the mechanism of
such repression has not, however, been elucidated.
The C-terminal fragment of the SIpA protein binds to
the untranslated N-terminal sequences of mRNA;
accumulation of this protein in the cytoplasm of a
thermophile can stop its own translation in case of
sudden cessation of cell growth. Campylobacter fetus
possesses up to 8 different gene homologues that can
be expressed at different stages of infection, which
allows the pathogen to alter the CW immune proper-
ties [16].

As a rule, the carbohydrate part of the glycoprotein
makes up to 10% of the S-layer mass and may be rather
diverse. The S-layer carbohydrate of Clostridium ther-

mohydrosulfuricum consists of rhamnose and man-
nose, while that of Desulforomaculum nigrificans con-
sists of glucose, mannose, galactose, and rhamnose,
and that of Sulfobacillus thermosulfidooxidans consists
of mannose, glucose, xylose, galactose and glu-
cosamine [8, 9]. The S-layer of Bacillus stearothermo-
philus has two types of carbohydrate chains: one of
them contains rhamnose and the other one contains
glucose, N-acetyl glucosamine, and di- N-acetylman-
nuronic acid [17]. The S-layer glycoprotein of
Clostridium symbiosum contains N-acetylgalac-
tosamine, N-acetylmannosamine, and a glucosamine
derivative [18]. The glycoprotein of Halobacterium
halobium and H. salinarium has N- and O-bound gly-
can chains containing galactose, galacturonic, glucu-
ronic, and 3-O-methylgalacturonic acids, as well as
N-acetyl glucosamine [19]. Apart from glycosylation,
posttranslational modifications of S-proteins include
the attachment of lipids, phosphate and sulfate
groups, or proteolytic processing [20]. The study
of S-layer proteins by the method of circular dichro-
ism showed the low contents of a.-helix (2—14%) and
B-helix (20—35%) but a high level of aperiodic struc-
tures [21].
Cell surface association of S-layers. In gram-posi-
tive bacteria, S-proteins are associated with the sec-
MICROBIOLOGY Vol. 82
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ondary CW polymers such as teichoic, teichuronic or
lipoteichoic acids and lipoglycans, which, in turn, are
covalently or noncovalently bound to peptidoglycan
(murein) (Fig. 1b) [22]. The specific domain named
SLH-motif (S-layer homologous) is responsible for
direct association of S-layers to the peptidoglycan car-
bohydrate [23, 24]. It is interesting that the SLH-motif
is homologous to the regions of the C-terminal part of
some exoenzymes associated with the cell surface:
polysaccharide-hydrolyzing cellulase and xylanase
[25]. However, the cell wall “anchoring” of S-proteins
by SLH sequences is not characteristic of all gram-
positive bacteria, since the S-proteins of B. stearother-
mophilus [26], Lactobacillus brevis [27], and Coryne-
bacterium glutamicum 28] contain no SLH-motifs.

In gram-negative bacteria, S-layers adjoin the
outer membrane lipid bilayer (Fig. 1c); at the same
time, the attachment of S-layers may be mediated
by: (1) divalent cations interacting with the charged
components of  lipopolysaccharides [27—29];
(2) (non)specific bonds between the N-terminal
region of the S-layer (or carbohydrates of glycosylated
S-proteins) and peculiar forms of lipopolysaccharides
[30—32]; and (3) hydrophobic interactions with fatty
acids [28, 33, 34].

In archaea, S-layers are in direct contact with the
cytoplasmic membrane (CM), being anchored by the
hydrophobic regions of protein projections [35]. Obvi-
ously, S-layers serve as immobilizing structures for
subjacent membrane lipids and proteins, indirectly
influencing the CM properties. The calculations per-
formed for Staphylothermus marinus showed that up to
5% of membrane lipids could be immobilized during
the interaction with the S-layer [36].

The influence of S-layers on the physicochemical
properties of subjacent CW components of gram-pos-
itive bacteria has been proved by the studies of artificial
S-layer/membrane complexes [37]. Purified S-layer
proteins were recrystallized at the surface of homoge-
nous lipid mono- and bilayers and, as a result, the
membranes became less fluid and elastic but more
resistant to heat and hydrostatic pressure. It is quite
probable that in gram-negative bacteria with the high
protein content in the outer membrane their interac-
tion with S-proteins also considerably changes the
physicochemical properties of the membranes [38].

The basic models of three-dimensional organiza-
tion of the best studied S-layer proteins at the cell sur-
face of gram-positive and gram-negative bacteria and
the modern methods of in vivo visualization of S-lay-
ers in their environment have been summarized in the
recent review [39].

Potential functions of S-layers. The presence of
S-layers in prokaryotes of most phylogenetic groups
suggests the common functional purpose of these
structures, although the attempts to elucidate their
role have usually resulted only in recitation of their
most probable, useful, or significant functions. The
specific role of S-layers has been shown for the physi-
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ological groups of microorganisms inhabiting certain
econiches; however, there is obviously no function
in common for all prokaryotes [6]. The capacity of
S-layer proteins for self-organization into paracrystal
structures in vivo or in vitro with the minimum
expenses of metabolic energy leads to the suggestion
that S-layers are ancient forms of CW that have devel-
oped into matrix proteins and porins [3, 6]. This
hypothesis is favored by the data that S-layers perform
the morphogenetic function in archaea and in repre-
sentatives of the most ancient bacterial phyla: Thermo-
toga, Aquifex, and Thermus [9, 40]. Insufficient under-
standing of the ecophysiological role of S-layers is par-
tially due to the preferential study of isolated
structures or proteins, the interaction of which with
other CW components or with the environment of the
cells has remained out of sight of researchers for a long
time. This situation was additionally complicated by
specifics of the respective experiments, compared to
the study of isolated individual proteins [23, 37].

The key role of S-layers in maintenance of cell
shape and structural integrity is most evident
in archaea, where S-layers are the CW only rigid com-
ponent [35, 41]. Though spontaneous mutants lacking
S-layers do not occur among the Archaea, the cultiva-
tion of Haloferax volcanii on a magnesium-free
medium resulted in the loss of S-layers, with the cells
losing their inherent globular shape [42].

In gram-positive bacteria, the lattice protein struc-
ture of S-layer may be to a certain extent considered as
an equivalent of periplasmic space [9]. Detailed study
of microbial CW ultrastructure using cryo-electron
tomography revealed that the significance of this com-
partment, which is obvious for gram-negative bacte-
ria, is underestimated in gram-positive bacteria and
archaea. Thus, B. subtilis and S. aureus lacking S-lay-
ers have a more bulky peptidoglycan compared to the
species possessing S-layers and even form the periplas-
mic space [43, 44]. The thickness of the peptidogly-
can—teichoic acid complex in B. subtilis and S. aureus
is up to 33 and 19 nm, respectively [43, 44]. On the
contrary, the bacilli and clostridia possessing S-layers
have a much thinner peptidoglycan (3—6 nm) [45].
The folding, export, degradation, and storage of exo-
proteins may occur in the periplasmic space formed by
S-layers. For example, bacillary S-layers have been
shown to contain the exoenzyme-binding sites. In
Staphylothermus marinus, the S-layer is located at a
distance of 70 nm from CM, contacting it with specific
“stems”, in the center of which there are two copies of
the thermostable protease that endures heating up to
95°C asa free protein and up to 125°C as a component
of S-layer [46]. S-Layer-associated exoamylase was
found in B. stearothermophilus [17].

S-Layers have a “porous” structure and, hence,
perform the function of a biofilter regulating the entry
of necessary nutrients and the release of metabolites
[5, 9]. S-layers also act as ion exchangers: they bind
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organic nutrients or toxic metals and retain them close
to the cell surface [47].

Protection from immune response should be men-
tioned as one of the specific functions of S-layers. The
S-layers with pores of 2—4 nm in diameter protect the
cells from the attack of lytic enzymes, the action of
surfactants and various toxic reagents, or the penetra-
tion of intracellular parasites, such as Bdellovibrio bac-
teriovorus 2, 47].

The special function of S-layers is to provide for
cell adhesion [9]. The thermophilic bacilli with S-lay-
ers have a much higher adsorption capacity on posi-
tively charged or hydrophobic surfaces compared to
S-layer-defective mutants. It has been shown for many
prokaryotes that S-layers, independently or in combi-
nation with other surface components, e.g., LPS, can
intensify autoagglutination of the cells [2].

The ability of prokaryotes to form S-layers and the
peculiar features of organization of these structures
prompted their application as taxonomic markers, at
least for some groups of microorganisms. In particular,
S-layer morphology correlates with the taxonomic
position of cyanobacteria, although individual strains
are characterized by specific and even unique details of
S-layer organization [48]. At the same time, S-layers
of different species of Bacillaceae differ considerably
in the molecular mass and degree of glycosylation of
proteins, the pore size of the crystal lattice, and
other parameters [5, 41]. Moreover, some bacteria lose
S-layers when cultivated under laboratory conditions
[49, 50]. Bacteria with more than one S-layer are
known [4, 49]. Bacillus anthracis and Brevibacillus
brevis [51], representatives of Aquaspirillaceae
[52, 53], and some archaea [40] have a double S-layer.
B. stearothermophilus, along with the S-layer, has an
additional protein layer under the inner surface of the
peptidoglycan layer; both protein layers were retained
after treatment with lysozyme [49].

The orderly microstructure and the ability for self-
assembly in vitro in solutions and on solid carriers (sil-
icon plates, metals, polymers) or on the interphase
boundary (lipid membranes, liposomes) are a basis of
diverse applications of S-layers in nanobiotechnolo-
gies [54]. S-Layers are used for the construction of
epitope carriers in vaccines or of ultrafiltration mem-
branes with the same-sized pores, as well as in highly
sensitive biosensors by way of fixation of antibodies or
other molecules in the nodes of the crystal lattice.
Available information about the composition and
genetic organization of S-layers reflects the new possi-
bilities of their application. The gene-engineering
approaches may be used to incorporate specific func-
tional domains into S-layer proteins, with mainte-
nance of the ability of chimeric proteins for self-
assembly. These approaches resulted in development
of novel types of affine structures, micro carriers, pro-
tein membranes, diagnostic devices, and vaccines.
Special reviews are recommended for more detailed
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acquaintance with the potential fields of application of
S-layers [55, 56].

PHENOMENOLOGY OF S-LAYERS
OF AEROBIC METHANOTROPHS

Properties of the surface layers and proteins of
methanotrophs. Aerobic methanotrophs are repre-
sented by 20 genera of the classes Alpha- and Gam-
maproteobacteria, as well as by the genus Methylaci-
diphilum of the phylum Verrucomicrobia. By now,
S-layers have been revealed in all species and strains of
methanotrophs from the genera Methylomicrobium,
Methylococcus, and Methylothermus (Gammaproteo-
bacteria). S-Layers have been described in Mc. capsu-
latus (Texas and 874) and Methylothermus thermalis
MYTH, Methylomicrobium album BGS,
Mm. alcaliphilum (6 strains), ‘Mm. modestohalophi-
lum’ 10S, Mm. buryatense (6 strains), Mm. kenyense
AMOI1 and Mm. japanense N1 [57, 58]. These metha-
notrophs, except for the mesophilic nonhalophilic
neutrophile Mm. album BGS, can grow at enhanced
salinity (Methylomicrobium) or temperature (Methylo-
coccus and Methylothermus). S-Layers have not been
found in methanotrophs of the genus Methylobacter,
including the halophilic species of this genus. One
should note the absence of S-layers in the representa-
tive group of aerobic methylobacteria (>40 genera)
growing on methanol or other oxidized or substituted
methane derivatives.

Though surface layers with periodic striation are
present in the alphaproteobacterial methanotroph
Methylosinus trichosporium OB3Db, they are formed in
the late stationary growth phase, and their nature and
type of symmetry have not been determined [59]. Very
unusual surface structures have been found in some
representatives of the genus Methylocystis [57, 59, 60].
These are tubes of 40 or 70 nm in diameter and 0.03—
1.2 or 2.5 um in length with radial location relative to
the cell surface (Fig. 2a). The tubular structures are
formed by helically twisted fibrils consisting of protein
globules (Fig. 2b). Their chaotic arrangement at the
cell surface does not correspond to the formal defini-
tion of S-layers, and their functional purpose has not
been determined.

On the contrary, in the thermotolerant methan-
otroph Mc. capsulatus Texas, S-layers of the p4 sym-
metry with a lateral lattice parameter of 60 A are
located under the capsule [59]. Tetragonal S-layers of
another strain of this species, Mc. capsulatus 874, were
found under suboptimal conditions of culture growth
but were lost (absent) in the cells growing at the maxi-
mum rate in the medium with completely balanced
mineral composition and gas phase components [61].

In contrast to the above prokaryotes, including
Mec. capsulatus, which have S-layers as lattices of pla-
nar (2D) geometry, methanotrophs of the genus Merh-
ylomicrobium form more complex spatially organized
structures. In particular, the S-layer of the mesophilic

MICROBIOLOGY Wl. 82 No.5 2013



SURFACE LAYERS OF METHANOTROPHIC BACTERIA

533

Fig. 2. The ultrastructure and supramolecular organization of tubular surface formations of Methylocystis echinoides 2. Negatively
stained preparation (a, b); ultrathin section fragment (c); tentative organization of protein subunits as a helical band (d); sche-
matic representation of the packing of subunits as a double flattened helix (e). Tubular structure (T); outer membrane (OM);

intracytoplasmic membranes (ICM). Scale bar is 50 nm.

nonhalophile Mm. album BG8 is formed by a mono-
layer of goblet-shaped structures (45—55 nm in diam-
eter and about 60 nm in depth) arranged in the p6 sym-
metry. There is a protein globule in the center of each
“cup” with the walls formed by fibrillar proteins [62,
63]. In the three strains of Mm. alcaliphilum (20Z, 18,
and 2S) isolated from the soda lakes of Tyva and
Kulunda steppe (Russia), S-layers are also represented
by hexagonally arranged cup-like structures of 36 nm
in height and 33 nm in diameter, with a packing den-
sity of 900 U/um? [64—66]. Figure 3 schematically
shows the morphological unit of the S-layer of
strain 20Z.

In six strains of Mm. buryatense (4G, 5G, 6G, 7G,
5B, and 3S5), cup-like structures are 40 nm in height
and 29 nm in diameter but are more densely packed
(1225 U/um?). Another S-layer morphotype has been
described in Mm. kenyense AM1 and the five strains of
Mm. alcaliphilum (FM3, E3, 4S, 4S1, and 5S).
Ultrathin sections of these methanotrophs show
S-layers as a monolayer of “upturned” hollow cones,
18 nm in height and 13 nm in diameter, also packed at
the cell surface in the p6-symmetry [66, 67].

It should be noted that methanotrophs of the genus
Methylomicrobium have one more type of supramolec-
ular organization of S-layers. Thus, Mm. alcaliphilum
MLI1 (isolated from the Mono Lake, United States)
and the neutrophilic halotolerant Mm. modestohalo-
philum 10S isolated from salt wedge estuaries of the
Crimea form two-dimensionally organized S-layers
with protein subunits arranged in oblique (p2) symme-
try [66, 68]. Consequently, the species or strains of the
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genus Methylomicrobium have different S-layer mor-
phology.

It is notable that the above morphotypes of S-layers
of methanotrophs, including goblet-, cup-, or cone-
shaped structures, have been described previously in
photo- and chemoautotrophic bacteria. For example,
the photosynthetic bacteria Pelodyction clathratiforme
and Chromatium buderi [69, 70] have cup-shaped
S-layers with cups of 35 nm in diameter and in height,
which rest upon a 15-nm long and 5-nm thick stalk,
and the latter is based on a thin electron-dense layer
located above the CW lipoprotein layer. The S-layer in
the p6-symmetry consisting of “upturned” hollow
cones of 25 nm in height and 13 nm in diameter is
formed by Chromatium okenii and C. weissei [71]. The
finer protein particles (5 nm in diameter) form a net at
the cell surface of Chromatium gracile and marine
nitrifying bacteria [72]. Such type of S-layer organiza-
tion is predominant in marine and freshwater purple
sulfur bacteria [70]. Among heterotrophs, three-
dimensional S-layers similar in shape to those in
Mm. alcaliphilum 207 were found in Flexibacter poly-
morphus [73]. The cup-shaped structures of this
marine bacterium are 25 nm in diameter and 24 nm in
depth.

Similar to most prokaryotes, the proteins of S-lay-
ers of methanotrophs are glycosylated, which is con-
firmed by their especially sharp contours in case of
prefixation of the cells with ruthenium red [65]. The
protein content in the S-layer of strains 20Z and 10S
was 80 and 96%, respectively, and the carbohydrate
component in Mm. alcaliphilum 20Z consisted mainly
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Fig. 3. The ultrastructure and supramolecular organization of cup-shaped surface formations in Methylomicrobium alcaliphilum
20Z. Electron microscopic images of different profiles of isolated, negatively stained, cup-shaped structures (a—j) and schematic
representation of the packing of protein subunits as the bundles radially diverging from the “cup” base (k). Scale bar is 50 nm.

of glucose (92%), while in the strain 10S it consisted of
glucose (76%) and galactose (14%).

In Mm. alcaliphilum 20Z, S-layers were detected
during cell cultivation on methane in the presence of
NaCl under alkaline or neutral conditions, but disap-
peared during cell growth on methanol or in a salt-free
medium under methane [74]. Interestingly, methanol-
grown cells of Mm. buryatense 5B did not lose S-layers,
but cup-shaped structures in this case were less con-
trasted after pretreatment of the cells with ruthenium
red [75].

The presence of S-layers in halophilic and thermo-
philic/tolerant methanotrophs is in agreement with
the function of these structures as a molecular frame-
work that provides for additional CW rigidity and pre-
vents cell lysis during salinity and temperature fluctu-
ations. In principle, one more function may be sug-
gested for the S-layers of moderately thermophilic
methanotrophs: methane binding under conditions of
limited solubility of the gases. This function is also
important at high growth rates of salt-dependent mor-
photype I methanotrophs, when CH, and O, uptakes
increase. This assumption is indirectly confirmed by
the fact of enhanced methane solubility in the matrix
of S-layers of the strain 20Z [76].

ASSOCIATION OF S-LAYERS
WITH THE SURFACE PROTEINS
OF METHANOTROPHS

The composition and functions of surface proteins
were most actively studied in Mc. capsulatus Bath, the
first model methanotroph for which the complete
genome sequence was annotated [77]. The chromo-
some of this thermotolerant organism, consisting of a
circular DNA molecule of 3.304 Mbp, contains
3120 predicted encoding sequences, as well as
51 insertion elements from various families. Genomic
analysis revealed the multicopy genes responsible for
the primary oxidation and assimilation of methane

carbon, transport, amino acid biosynthesis, and
energy metabolism. The high content of duplicate
genes and the presence of sterols and trans-fatty acid
isomers in the outer membrane contribute to the
adaptation of Mc. capsulatus Bath to the fluctuating
environmental conditions [78, 79].

Proteomic approaches were used to demonstrate
that Mc. capsulatus Bath has the components of sur-
faceome (a complex of cell surface-associated pro-
teins) different from those of other gram-negative bac-
teria [80, 81]. Most of the outer membrane proteins
have a B-cylinder structure and belong to the group of
TonB-dependent receptors accelerating the transport
of high-molecular compounds (e.g., vitamin B,). An
ample quantity of lipoproteins has been found, such as
thermally regulated proteins MopG, Mopl, MopF
(Methylococcus outer membrane proteins) and other
proteins of the OmpA family [81].

In the pre-genome epoch, the outer membrane-
bound proteins MopA, MopB, MopC, MopD, and
MopE with molecular masses of 27, 40, 46, 59, and
66 kDa, respectively, have been described in Mc. cap-
sulatus Bath [82]. It confirmed experimentally that
MopC and MopD exist in vivo as a heterodimer with a
total molecular mass of 95 kDa and presumably form
a porin for copper ions. MopE (66 kDa) proved to be
the major one of the outer membrane proteins; in its
C-terminal region, between amino acids 291 and 306,
there is a conservative region characteristic of mem-
brane proteins of the OmpA family involved in sub-
strate transport [83]. The MopE protein contains a
signaling sequence, which is cleaved after alanine-204.
The C-terminal sequence of the MopE protein shows
a high homology with the surface 27-kDa protein
‘CorA’ (copper repressible), which has been previ-
ously characterized in Mm. album BGS8 [63] and was
recently found in Mm. alcaliphilum 20Z [84]. MopE
was expressed at a low concentration of copper ions in
the medium, and the mature protein (45 kDa) was
found in the culture liquid of Mc. capsulatus Bath.
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The MopE protein has a specific site for the
copper ion binding, which is formed by histidine resi-
dues His-132 and His-203 and kynurenine (the prod-
uct of tryptophan-130 oxidation) [85]. However, when
obtained by heterologous expression in E. coli, the
MopE protein contained no kynurenine and did not
bind copper, which was indicative of the presence of a
specific mechanism of tryptophan-130 oxidation.
Analogous conservative amino acids are also present in
the ‘CorA’ proteins from Mm. alcaliphilum 20Z and
Mm. album BGS8 [84]. Analysis of the sequenced
genomes revealed that the ‘CorA’ homologues were
unique for the methanotrophs forming S-layers,
because the respective genes have not been found in
the genomes of other bacteria.

Electron microscopic studies of Mm. alcaliphilum
20Z with the antibodies against gold-labeled ‘CorA’
protein showed that ‘CorA’ was localized in the base of
the cup-shaped structures of S-layers [84]. The mutant
with insertion in the ‘corA’ gene did not grow in the
presence of CH,, while during its growth on methanol
the cup-shaped structures of its S-layer either were
chaotically arranged close to the CW surface or
formed aggregates in the intercellular space as a bilayer
of “cups,” with reciprocal orientation of their bases.
Consequently, the presence of the ‘CorA’ protein is
necessary for growth on methane and for attachment
of the S-layer to the outer membrane. On the contrary,
no viable mutant in the ‘CorA’ protein could be
obtained in Mm. album BG8 [86].

It should be noted that the designation ‘CorA’
(copper repressible) proposed for the copper-
repressed protein of Mm. album BGS8 [63] is not quite
correct, because this abbreviation (CorA, cobalt resis-
tant) had been previously assigned to an extensive
family of magnesium transporters functioning in bac-
teria and archaea, as well as in animals and humans
[87, 88]. The CorA magnesium transporter gene
homologues are also present in the genomes of meth-
anotrophs Mm. alcaliphilum 207, Mm. album BGS,
Ms. trichosporium OB3b, M. silvestris BL2, and
Mb. tundripaludum SV96, with the exception of
Mec. capsulatus Bath [84]. It is notable that ‘CorA’ and
MopE of methanotrophs show no more than 7% iden-
tity of amino acid sequences with the magnesium
transporters.

In Mm. album BG8 and Mm. alcaliphilum 20Z, the
‘corA’ gene is located in the same operon with the
‘corB’ gene encoding the periplasmic diheme cyto-
chrome ¢ peroxidase (CCP) [84, 86]. In Mc. capsula-
tus Bath, the mopE gene was also coexpressed with the
mca gene encoding CCP, which is similar to c-type
cytochromes (30% identity) and contains two heme-
binding motifs [89]. The Mca and ‘CorB’ proteins
have a 49—52% identity. In spite of the minor similar-
ity of their sequences to those of other proteins of the
bacterial CCP family, as well as the higher protein
molecular mass (78 kDa compared to 35.5 kDa), their
differences do not affect the functional area. This fact
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gave grounds to ascribe Mca and similar proteins to a
novel group of bacterial peroxidases, characterized by
the presence of additional elements of the secondary
structure.

The classical bacterial CCP are periplasmic two-
domain proteins. The C-terminal domain contains a
heme with high redox potential and the N-terminal
domain contains a heme with low redox potential.
CCPs have two calcium binding sites. Site I located in
the monomer between the two domains has a high
affinity and is always occupied with a Ca** ion. On the
contrary, the low-affinity site II is formed during
dimerization of the enzyme [90]. Some bacteria were
shown to have a subgroup of CCPs containing three
heme-binding motifs.

It is supposed that CCPs protect bacterial cells
from exogenous or endogenous hydrogen peroxide
[91] by catalyzing its conversion into water using two
electrons of redox proteins (small redox proteins,
SRP):

2SRP + H,0, + 2H* — 2SRP oxidized + 2H,0.

Such proteins are monoheme cytochromes, cupre-
doxin, azurin, and pseudoazurin [86]. It is supposed
that water photooxidation may be a source of exoge-
nous H,0, for bacteria and the respiratory chain may
be a source of endogenous H,0,. Periplasmic CCPs
have not been found in all gram-negative bacteria;
their physiological role is not quite clear, especially in
the presence of other peroxide-degrading enzymes in
the cells: catalase and non-heme peroxidases, includ-
ing alkyl hydroperoxide reductase, which reduces
organic hydroperoxides to respective alcohols [92].

The genes encoding diheme CCP have been found
in the genomes of morphotype I methanotrophs of the
genera Methylocaldum, Methylomicrobium, Methylo-
coccus, and Methylobacter, including those forming no
S-layers, while type II methanotrophs (Methylocystis
and Methylosinus) have only open reading frames with
a 7% identity of the product with the ‘CorB’ protein.
Acidophilic methanotrophs Methylocella silvestris
BL2 and Methylacidiphilum infernorum V4 were shown
to have no diheme CCP homologues [84].

The recombinant protein ‘CorB’ from
Mm. alcaliphilum 207 has a peroxide-degrading activ-
ity. Immunocytochemical analysis with gold-labeled
antibodies showed the localization of ‘CorB’ in the
periplasm [84]. On the contrary, in Mc. capsulatus
Bath, the Mca protein was found at the external sur-
face of CW, which does not quite conform to the peri-
plasmic localization of other members of the family of
diheme CCPs [89, 93].

The cells of the mutant Mm. alcaliphilum defective
in the ‘corB’ gene did not lose S-layers, more actively
oxidized methane, and had a high growth rate on
methane in the alkaline medium (pH 11), where wild-
type cells did not grow [84]. Such phenotype of the
‘CorB’ mutant confirms involvement of diheme CCP
in the regulation of the level of H,O, (the key interme-
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diate of methane monooxygenation). Methane oxida-
tion by the MMO complex includes the stage of H,O,
formation, which is subsequently degraded in the
active center, releasing the radicals directly participat-
ing in catalysis [94]. Obviously, the diheme CCP cata-
lyzing H,0, transformation to water controls the level
of reactive oxygen species (ROS), e.g., during limita-
tion by methane. In the CCP mutant, the level of rad-
icals and the rate of CH, oxidation increased.

One more function of diheme CCP has been sug-
gested for methanotrophs: tryptophan oxidation to
kynurenine in the surface proteins MopE or ‘CorA’
[81]. This assumption is based on the similarity of the
CCP structure with the diheme fragments of the
MauG family characterized in methylamine-growing
methylobacteria [95, 96]. The MauG protein is neces-
sary for the biosynthesis of the functional methyl-
amine dehydrogenase (MADH) and catalyzes the
modification of tryptophan tryptophylquinone, the
cofactor of MADH [95].

Based on the above, we proposed a hypothesis
explaining the coexpression of ‘CorA’ and ‘CorB’ in
the methanotrophs with S-layers. Diheme CCP
(‘CorB’) modifies the ‘CorA’ (or MopE) protein by
oxidizing tryptophan-130. It contributes to the bind-
ing and transport of Cu?* ions to pMMO, probably
with the involvement of other carrier proteins. In case
of copper deficiency, the level of ‘CorA’ and ‘CorB’
expression increases, intensifying the cation transport
to pMMO and providing the reaction of methane oxi-
dation, whereas ‘CorB’ is a regulator of the H,O, level.
In the ‘CorB’-lacking mutant, near the MMO active
center (in the periplasm and, probably, ICM), the
concentrations of H,O, and, as a consequence, of oxy-
gen radicals, increase, which is accompanied by a
higher rate of methane monooxygenation [84]. In this
case, the oxidation of tryptophan-130 to kynurenine
(the necessary condition for Cu binding in the ‘CorA’
protein) is performed nonenzymatically due to the
action of high ROS concentrations [89]. However, this
hypothesis requires experimental confirmation.

It should be noted that 57 proteins containing the
heme-binding motif were identified in the genome of
Mc. capsulatus Bath; five of them were members of the
cytochrome css; family and four proteins have been
pre-annotated as CCP [77, 93, 97]. However, only one
CCP has been characterized: the enzyme is a
homodimer with a subunit of 35.8 kDa, similar to most
of the known proteins of this family [98].

The homeostasis of copper ions in methanotrophs
involves a rather complicated system of integral outer
membrane proteins, because several cell surface-
bound cytochromes ¢ have been revealed, with the
level of their expression in Mc. capsulatus Bath regu-
lated by the concentration of this cation. In addition,
the copper level regulation in methanotrophs, includ-
ing Mc. capsulatus Bath and Mm. album BGS, also
involves a chromopeptide methanobactin (1.2 kDa),
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which is functionally analogous to Fe-siderophores
pyoverdine and azotobactin [93, 100, 101]. Methano-
bactin (Mb) consisting of 7 amino acid residues and
other functional groups forms a compact pyramid, in
the base of which there is a chromophore, 4-thionyl-
5-hydroxyimidazole, which binds copper ions in the
stoichiometric ratio of 1 : 1 [98]. Cu-Mb shows an oxi-
dase activity and catalyzes the dismutation of O; to
H,0, and H,0, reduction to H,O [99]. Cu-Mb is
therefore a redox-active molecule capable of superox-
ide and hydroperoxide detoxification without forma-
tion of hydroxyl radicals [102, 103]. It is supposed that
Mb is involved in the regulation of pMMO activity in
the periplasm and in the copper-dependent expression
of soluble and particulate MMO forms in the cyto-
plasm [101].

Intriguingly, the alpha- and gamma-proteobacte-
rial methanotrophs differ in the levels of extracellular
Mb: Ms. trichosporium OB3b excretes more Mb into
the medium than Mc. capsulatus Bath or Mm. album
BGS8 [104]. In addition, the Mb of Mm. album BGS8
has a lower affinity to copper than the Mb of Ms. fri-
chosporium OB3b. The methanobactins of methano-
trophs also differ in molecular mass and spectral prop-
erties (UV absorption, fluorescence, and EPR spectra)
[104]. The Mb from Ms. trichosporium OB3b can even
remove Cu(l) from the Mb of gamma-proteobacterial
methanotrophs. Consequently, this siderophore may
be a factor regulating the composition of natural
methanotrophic communities under conditions of
copper deficiency. The available data demonstrate that
methanobactins form a structurally diverse group of
molecules [105].

In the absence of Cu(Il) or Cu(I), Mb binds Ag(I),
Au(lll), Co(Il), CddI), Fe(Ill), Hg(Ill), Mn(lI),
Ni(IT), Pb(Il), U(VI), or Zn(Il), but not Ba(Il),
Ca(II), La(IT), Mg(II), and Sr(II). The binding con-
stant for these metals is lower than for Cu(ll), and
copper in Mb can replace other metals, except for
Ag(I) and Au(III). The growth and activity of Mb-
synthesizing methanotrophs may be accompanied by
in situ solubilization or immobilization of many met-
als, determining their potential ecophysiological sig-
nificance [106].

It is supposed that methanotrophs synthesize Mb
from the peptides formed on ribosomes, and the gene
encoding the peptide precursor for Mb was identified
in the genome of Ms. frichosporium OB3b. Since Mb-
like compounds were recently found in yeast mito-
chondria, these molecules are a more universal biolog-
ical phenomenon than the peculiarity inherent in
methanotrophs only [107].

The mechanisms of Cu-Mb absorption by me-
thanotrophs are unknown. By analogy with the trans-
port of other siderophores, Cu-Mb can be recognized
by TonB receptors of the outer membrane and incor-
porated via the periplasmic binding proteins TonB-
ExbB-ExbD and ABC transporters integrated into the
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inner membrane, with at least one of them being spe-
cific to Cu-Mb [108].

It would be reasonable to suggest that Mb and the
‘CorA’/‘CorB’ system have analogous functions:
H,0, detoxification and copper transport to MMO.
Based on the experimental data it has been supposed
that S-layers of methanotrophs screen the Cu-Mb
transport into the cells [84]. As a consequence, it is
necessary to realize a compensatory mechanism to
maintain cation homeostasis and regulation of the
H,0, level. The ‘CorA’/‘CprB’ tandem acts as such a
mechanism. At the same time, while the important
ecophysiological role of S-layers in methanotrophs is
doubtless further investigation is required [84].

In conclusion, it should be noted that the cell enve-
lope of aerobic methanotrophs is a brilliant example of
multifunctionality of this structure performing the
interaction between these bacteria and the environ-
ment. However, in spite of the obvious progress in the
study of the surfaceome of Mc. capsulatus Bath as a
model organism, it is necessary to answer a number of
fundamental questions concerning the structural
organization of CW in various methanotrophs and the
functions of associated proteins. It is necessary to
determine the gene sequences encoding the protein
components of S-layers and to understand the follow-
ing: (1) what are the peculiar features and mechanisms
of interaction between Mb and CW components in the
methanotrophs synthesizing S-layers; (2) what is the
role of S-layers in the thermal and osmotic adaptation
of these bacteria; and (3) why S-layers are absent in
aerobic methylobacteria not growing on methane.

Thus, further systemic genoproteomic comparative
research of the proteins of the surfaceome of different
methanotrophs, including the assessment of strength
of the promoters of the respective genes, are of
undoubted interest due to the possibility of construct-
ing new systems of heterologous expression of target
peptides exposed at the surface of recombinant strains.
It is especially promising due to nonpathogenicity of
methanotrophs, their low protease activity, and the
ability to reach high cell density during the cultivation
on simple mineral media.
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