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In this study the identification of proteins which are homologous to Mam proteins of
magnetotactic bacteria (MTB) Magnetospirillum gryphiswaldense MSR-1 was performed. Using
the bioinformatics methods it was revealed the role of these proteins in synthesis of extracel-
lular and intracellular, crystalline and amorphous magnetosensitive structures (MsS) in mag-
netotactic microorganisms (MO) of different taxonomic groups, including fungi. The analysis
of the results of alignments of Mam-proteins of MTB and the proteins of non-magnetotactic
MO synthesizing MsS allowed to classify the investigated MO to 4 groups in which MO differ
in their properties and localization of synthesized MsS (extracellular amorphous, extracellular
crystalline, intracellular amorphous and intracellular crystalline MsS) that correlates with the
presence of the certain Mam homologues in proteome. The obtained results could be useful for
identification of the MO potentially producing MsS with the certain properties for different
application in medicine, biometallurgy, nanoelectronics.

ITpoBenena upenTUd@UKAINNA OEIKOB, TOMOJOTMUYHBIX OejgxaM Mam MarHMTOTAKCHCHOM
6aktepun (MTB) Magnetospirillum gryphiswaldense MSR-1. Vcnons3ys MeToab 6uonHbpop-
MATUKU, YCTAHOBJIeHA POJL 9TUX OeJKOB B CHUHTE3€ BHEKJETOUHBIX W BHYTPUKJETOUHBIX,
KpuctananuecKux u amopdubeix MuC B8 MO pasianyHBIX TAaKCOHOMHUECKWX TPYIN, BKJIOUAS
rpubbl. AHanu3 pe3yaALTATOB BhEIpaBHUBaHMUM 0eakoB Mam MTB u 6e1KOB HEMATHUTOTAKCHIC-
weix MO, cunresupyroniux MuC, mossonmua BweIiZeanTs 4 rpynnsl MO, pasiauuaioninecs o
cBoiicTBaM M JoKajmusanuu cuHTesupoBaHHbIXx MuC (BHeKJeTOouHBle aMOp(HBLIE, BHEKJIETOU-
HBIe KPUCTAJANYECKNEe, BHYTPUKJETOUHBIE aMOpP(}HBe U BHYTPUKJIETOUHBIE KPHUCTAJIIUEC-
Kne MuC), 4YTO COOTHOCMJIOCH C HATUUNEM OTPeNeJIeHHBIX TOMOJIOTOB OenkoB Mam B mporeo-
me MO. ITonyueHnuble pes3yabTaThl MOTYT OBITH MCIOJb30BAHEI AJsA BhIABMeHusa MO, moTeHiu-
anrpHO cmocoO0HBIX K cuHTesy MuC ¢ ompegeneHHBIMH CBOMCTBAMU JJAA PASTIHUHBIX
TpUMeHeHUH B MeIUIINHE, OLOMETAJIYyPTUH, HAHOIJIEKTPOHUKE.

Biominepaaisaniss i cuHTes 0ioOreHHMX MArHITHMX HAHOYACTHHOK TA MATHITOYYTJIMBMX
BKJIOUYEHb Yy Mikpoopraruiamis i rput6is. O.FO.I'opobeuysv, C.B.I'opobeuys, JI.B.Coporina.

IIpoBeneno imentudikarniro 6inakiB, romosoriunmx 6inxam Mam marmiTorarcucHoill GaxTepii
(MTB) Magnetospirillum gryphiswaldense MSR-1. BukopucroByoun merogu Gioindopmaruru,
BCTAHOBJIEHO POJIb IIMX OLIKiIB y cuHTesl MO3aKIITHHHMX 1 BHYTPIKIITUHHMX, KPHUCTATIYHUX i
amopdpuux MUC B MO pisHHX TaKCOHOMIYHHX I'PyIl, BKJIKOUYarOuu rpubu. AHaiis pesyiabraTis
BupiBaioBanp 6inkis Mam MTB i 6inkis memarmirorakcucHumx MO, ari curresyiors MuC,
posBoauB BupinuTu 4 rpymu MO, 1o BigpisHAOTBCHS 32 BIACTUBOCTAMIU 1 JIOKasrisaliiero cuHTe-
soBanux MuC (mosakiairtuuui amopdui, mosakgiTuHHI KpucTadivuHi, BHYTPIIIHLOKJIiTUHHI
amopdui i BHYyTpimEpOKIiTUHH]I Kpucraniuai MuC), mio crmiBBiZHOCUTBCA 3 HASBHICTIO HNEBHUX
romoJioris Mam y nporeomi. Orpumani pesyibrary MOMKYTb OyTH BUKOPHCTAHI 3 METOK BHSB-
aeaHda MO, norernifino sgaraux m0 npoaykiii MuC 3 BUsHAUEHMMU BJIACTUBOCTAMU JJIA PisHMX
3aCTOCYBaHb y MEeIUIMHI, Oiomeranyprii, HaHOEIEeKTPOHII.
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1. Introduction

At present ability to biomineralize bio-
genic magnetic nanoparticles (BMNs) is ex-
perimentally proven for cells of all three
kingdoms of living organisms repre-
sentatives — Bacteria, Archaea, Eucaryotes
[1]. The BMNs are represented by nanopar-
ticles of biogenic origin containing iron com-
pounds (mostly ferrites). The BMNs are called
also "magnetically sensitive inclusions or
structures (MsI or MsS) because they could be
easily separated in magnetic fields created by
permanent magnets and as a rule they have
spontaneous magnetization.

Study of physical and chemical proper-
ties as well as functions and physiological
origin of the BMNs began in 1975 when
Blackmore discovered the group of so-called
magnetotactic bacteria (MTB) [2]. The in-
herent common feature of all MTB is their
ability to orient in geomagnetic field, al-
though they belong to different taxonomic
groups within Proteobacteria and Nitrospi-
rae taxons and differ both morphologically
and by metabolic phenotype [2, 3]. Response
of the MTB to the magnetic field is realized
due to presence of the intracellular BMNs
within magnetosomes that could contain dif-
ferent iron minerals predominantly magnet-
ite [2]. The magnetosomes are specific intra-
cellular membrane-surrounded structures
which are wusually collected in chains.
Biomineralization of iron oxides and sul-
fides in the MTB is strictly controlled at
the genetic level. It is realized involving the
Mam/Mms proteins localized in magne-
tosome membrane [2, 4]. Peculiarities of the
structure of magnetosome membrane pro-
teins and their qualitative composition de-
fine the structure, shape and size of the
BMNs crystals and their spatial localiza-
tion. To the present date, the Mam/Mms
proteins are most thoroughly studied for
Magnetospirillum gryphiswaldense MSR-1
[4-6]. Nucleotide sequences that encode pro-
teins involved in biomineralization are lo-
calized in mamGFDC, mms, mamAB,
mamXYZ operons within the conservative
for MTB genome fragment (130 KB) called
"magnetosome island” and partially in other
regions of the MTB genome [7]. Functions
of the majority of MI proteins are investi-
gated. These proteins can be divided into
the following functional groups. The first
group includes the indispensable proteins,
without which the BMNs biomineralization
in the MTB is impossible (MamA, MamB,
MamM, MamE, MamO, MamN). The second
group comprises regulatory proteins that
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are responsible for formation of the magne-
tosome chain (MamdJ, MamK), membrane
vesicle (MamQ@, Maml, MamlL), control of
the BMNs’ size and their number in the
chain (MamF, MamD, MamT, MamP,
MamR, MamS) [8].

The ability of BMNs synthesis is found
for a number of microorganisms (MQO) that
contain MsS and Msl. These MO don’t be-
long to the MTB because they don’t orient
in the geomagnetic field. There are iron-re-
ducing, sulfate-reducing, denitrifying bacte-
ria, green and purple photosynthetic bacte-
ria, symbiotic and pathogenic microorgan-
isms as well as archaea [9, 10]. Physical and
chemical properties of the BMNs differ in
the MO that form MsS from these proper-
ties of the BMNs in the MTB. Bacterial MsS
could contain a number of minerals, includ-
ing magnetite, greigite, goethite, lepidocro-
cite, ferrihydride, etc. [9], and amorphous
iron-containing materials [9]. Their localiza-
tion could be intercellular and/or extracel-
lular. However, mechanisms of the MsS syn-
thesis in cells of the above-mentioned MO
remain unstudied as well as the proteins
that provide initiation of the BMN forma-
tion and determine their morphological
characteristics, organization and localiza-
tion of the MO with MsS.

Until recently times the function and
physiological origin of the BMNs was stud-
ied in the MTB apart from the MO with
MsS and from eukaryotes including human
despite the fact that as it has been already
noted, the representatives of all kingdoms
of living organisms are capable to the syn-
thesize of BMNs [1]. However, the common
genetic basis of the biomineralization
mechanism of the intracellular crystalline
BMNs was identified for organisms of all
kingdoms with the use of bioinformatics
techniques [11]. This basis is grounded on
the proteins that are homologous to the MI-
encoded proteins of the MTB and on the
similarity of metabolic functions of the
compared proteins.

Detailed comparative analysis of the re-
sults of the paper [11] was mainly con-
cerned to the proteins that demonstrate ho-
mology to the MI-encoded proteins of MTB
in multicellular organisms, including
human. The chemical composition, crystal-
line structure and spatial localization of the
BMNs in the form of intracellular chains in
these organisms are almost the same as in
the MTB, and BMNs in MTB and other MO
differ only by absence of lipid vesicles and
genetic regulation of the BMNs’ shape and
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size in eukaryotes [12]. Using of compara-
tive genomics techniques revealed that the
entire set of the indispensable proteins for
biomineralization in the MTB has a high
degree of similarity to the proteins of al-
most all species of insects, fishes, birds,
mammals, the genome of which is com-
pletely sequenced and available in databases
(DB) [11]. This is in accordance with the
experimental discovery of the BMNs in the
phenotype of these organisms [1, 12]. The
absence of proteins homologous to the MI-
encoded regulatory proteins determining
lipid vesicle formation, shape and size of
the BMNs in MTB in the proteomes of these
organisms [11] is in accordance with the
experimental data about the lack of lipid
vesicles, certain shape and size of the BMNs
in these organisms cells of [12].

From this point of view it could be as-
sumed that the proteins homologous to the
MI-encoded proteins of the MTB participate
in the processes of synthesis of the BMNs
and MsS with a wider range of properties
than it was described in [9], i. e. the intra-
and extracellular nanoparticles, containing
crystalline and amorphous iron compounds.
Such iron-containing nanoparticles were ob-
served experimentally for the MsS-synthe-
sizing MO from the different phylogenetic
groups [9] and fungi [13]. For this hypothe-
sis testing it is necessary to determine the
degree of similarity of the sequences of
Mam-proteins involved in the BMNs biomin-
eralization in MTB M. gryphiswaldense
MSR-1, and the corresponding sequences in
the proteomes of non-magnetotactic MsS-
synthesizing MO and fungi. Also it is reason-
able to compare the obtained results with the
data on phenotypic properties associated with
MsS synthesis in these organisms.

The aim of this study was to identify the
proteins homologous to the MI-encoded
Mam-proteins of MTB Magnetospirillum
gryphiswaldense MSR-1 and reveal their
possible role in formation of the extracellu-
lar and intracellular, crystalline and amor-
phous BMNs and MsS in microorganisms of
different taxonomic groups, including
fungi, with the use of the bioinformatics
approach.

2. Experimental

Pairwise and multiple alignments of
amino acid sequences were realized in the
research using the free access software re-
sources "BLAST" and "COBALT", respec-
tively, of the National Center for Biotech-
nology Information. Comparison of the se-
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quences of Mam-proteins of Magnetospiril-
lum gryphiswaldense MSR-1 was performed
with the proteomes of prokaryotes - Lep-
tothrix ochracea L12, Acidithiobacillus fer-
rooxidans ATCC 53993, Acidithiobacillus
ferrooxidans ATCC 23270, Thiomonas sp.
3As, Geobacter metallireducens GS-15, Lac-
tobacillus plantarum JDM1, Lactococcus
lactis MG1363, Caulobacter maris MCS10,
Rhodopseudomonas palustris BisB18,
Staphylococcus lugdunensis HKU09-01, She-
wanella putrefaciens CN32, Dechlorosoma
suillum PS, Chlorobium ferrooxidans DSM
130381, Bacillus cereus HuAZ2-9, Pseudo-
monas aeruginosa NCMG1179; archaea —
Halococcus morrhuae DSM1307, Haloarcula
vallismortis ATCC 2971; and fungi —
Fusarium oxysporum Fobl176, Verticillium
dahliae VdLs.17. This set of strains of the
MO and fungi was constrained according to
requirement of the obligatory presence of
MsS in their phenotype which was experi-
mentally proven.

Parameters of E-value, I and C were con-
sidered in order to analyze the degree of
similarity of the proteins. E-value is a pa-
rameter that reflects the statistical signifi-
cance of the alignment and describes the
number of hits one can expect to see by
chance when searching through a database
[14]. I is the number (in %) of identical
amino acid residues of the proteins in the
alignment and C is the degree (in %) of the
overlapping amino acid sequences in the
alignment of two proteins.

3. Results and discussion

The investigated MO were divided contin-
gently into 4 groups in accordance with the
experimental data [13, 15-23] on pheno-
typic characteristics of the BMNs or MsS in
the studied MO strains. Group 1 consists of
MO that form the extracellular amorphous
MsS (Leptothrix ochracea 112, Acidithiobac-
illus ferrooxidans ATCC 53993, Acidithio-
bacillus ferrooxidans ATCC 23270, Thio-
monas sp. 3As, Chlorobium ferrooxidans
DSM 13031, Shewanella putrefaciens
CN382). Group 2 includes MO which form
the extracellular crystalline MsS (Geobacter
metallireducens GS-15, Dechlorosoma suil-
lum PS, Fusarium oxysporum Fob5176, Ver-
ticillium dahliae VdLs.17). Group 3 contains
MO synthesizing the intracellular amor-
phous MsS (Lactobacillus plantarum JDMI,
Lactococcus lactis MG1363, Caulobacter
maris MCS10, Staphylococcus lugdunensis
HKUO09-01, Bacillus cereus HuA2-9, Pseudo-
monas aeruginosa NCMG1179, Halococcus
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Table 1. Results of alignments of the sequences of proteins indispensable for biomineralization of
magnetite in Magnetospirillum gryphiswaldense MSR-1 and proteins of microorganisms synthe-
sizing extracellular magnetosensitive structures (MsS)

The strain of microorganism

E-value I, % / C, %)

Proteins of Magnetospirillum gryphiswaldense MSR-1

MamA MamB MamM MamO ‘ MamE
Group 1 — Microorganisms that synthesize extracellular amorphous MsS
Leptothrix ochracea L12 ® 1.5 Te-16 7e-18 2.9 0.47
(85/17) (23/83) (25/92) (42/15) (50/13)
Acidithiobacillus ferro-oxidans ATCC Te-12 4e-35 8e-24 le-07 2e-31
53993 @ (25/90) | (31/80) | (29/85) | (27/27) | (37/52)
Acidithiobacillus ferro-oxidans ATCC 5e-05 1e-36 9e-24 le-07 le-31
23270 @ (23/76) | (31/80) | (29/85) | (27/27) | (34/56)
Thiomonas sp. 3As ® 4e-05 4e-10 5e-09 4e-08 2e-35
(25/72) (26,/60) (24/80) (27/31) (45/50)
Shewanella putrefaciens CN32 @ 0.13 9e-25 3e-17 le-07 9e-33
(27/39) (28/84) (26/79) (27/26) (42/56)
Chlorobium ferrooxidans DSM 13031 W 2e-16 2e-24 4e-21 4e-11 6e-36
(25/85) (26/89) (28/79) (31/25) (38/61)
Group 2 — Microorganisms that synthesize extracellular crystalline MsS
Geobacter metallireducens GS-15@ Te-14 le-45 9e-41 8e-14 4e-37
(26/76) (31/92) (37/80) (30/26) (40/60)
Dechlorosoma suillum PS @ 5e-07 6e-18 6e-16 9e-12 le-35
(25/76) (25/89) (26/94) (30/26) (46/37)
Fusarium oxysporum Fo5176 m le-07 2e-10 4e-12 0.16 0.55
(23/85) (22/93) (25/66) (22/13) (27/16)
Verticillium dahliae VdLs.17 R 2e-06 4e-18 4e-14 2.2 1.2

(24/97) (25/85) (27/82) (23/16) (27/14)

Note: ® — nucleotide sequences of genome are entirely known; B — genome is sequenced partially.

morrhuae DSM1307, Haloarcula vallismor-
tis ATCC 2971). Group 4 consists of MO in
the cells in which the crystalline MsS (in-
cluding magnetite-containing) were found
(Acidithiobacillus ferrooxidans ATCC 23270,
Shewanella putrefaciens CN32, Rhodopseudo-
monas palustris BisB18). The alignments of the
sequences of proteins of M. gryphiswaldense
MSR-1 were performed with the proteins of
the MO within the each group.

Tables 1 and 2 represent the results indi-
cating statistical significance of pairwise
alignments of the sequences of Mam-pro-
teins indispensible for the BMN biominerali-
zation in M. gryphiswaldense MSR-1
(MamA, MamB, MamM, MamO, MamkE,
MamN) with the proteomes of the MO of all
four groups.

It was found that the homologues of
MamB and MamM proteins are present in
all studied MO and therefore the function-
ing of the homologues of these proteins is
obligatory for the MsS synthesis. The ho-
mologous proteins are secondary trans-
porters of Co2*, Zn2*, Cd2+ and simultane-
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ously H*-antiporters. The MamB and MamM
proteins are known as the factors initiating
biomineralization in MTB and both as secon-
dary transporters of Co2*, Zn2+ and Cd2*
from cation efflux family according to the
data of [25]. Their role in Fe2* transport
into the magnetosome and into the MTB cell
is assumed [2, 3].

It is shown that there are the same func-
tions of the proteins homologous to MamB
and MamM in all studied strains of the MO
and respective proteins in the MTB. These
proteins are integral membrane proteins
that contain six conserved transmembrane do-
mains and provide the tolerance of microor-
ganisms to an excess of bivalent metal cat-
ions, not only to Coz+, Zn?*, Cd?*, but also to
Ni2*+, Cu?+, Fe2+, ng*' [25]. Moreover, these
proteins might be involved in the transport of
these cations into the cell [24].

Microorganisms that synthesize extracel-
lular amorphous MsS (group 1). Presence of
the homologues of MamB and MamM pro-
teins of MTB is necessary for synthesis of
the extracellular amorphous MsS in MO
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Table 2. Results of alignments of the sequences of proteins indispensable for biomineralization of
magnetite in Magnetospirillum gryphiswaldense MSR-1 and proteins of microorganisms synthe-
sizing intracellular magnetosensitive structures (MsS)

The strain of microorganism E-value (I,% / C,%)
Proteins of Magnetospirillum gryphiswaldense MSR-1
MamA MamB ‘ MamM MamO MamE
Group 3 — Microorganisms that synthesize intracellular amorphous MsS

Lactobacillus plantarum JDM1 @ 0.020 Te-07 4e-09 2e-06 2e-26
(28/75) (27/22) (20/80) (26/55) (40/33)

Lactococcus lactis MG1363 @ 0.045 8e-23 H5e-24 0.001 3e-22
(35/14) (25/95) (28/80) (25/26) (39/40)

Caulobacter maris MCS10 @ 8e-10 9e-12 le-12 3e-14 2e-33
(26/68) (25/89) (29/48) (29/27) (39/37)

Staphylococcus lugdunensis HKU09-01 @ le-05 2e-25 2e-31 4e-10 2e-25
(23/82) (25/92) (30/86) (29/27) (32/27)

Pseudomonas aeruginosa NCMG1179 = 0.038 2e-11 2e-10 1e-07 5e-34
(32/40) (23/86) (25/86) (25/28) (41/54)

Bacillus cereus HuA2-9 m 2e-06 9e-39 2e-32 9¢-06 3e-25
(26/84) (31/92) (31/79) (23/44) (41/35)

Halococcus morrhuae DSM1307 B 0.003 Te-22 2e-28 0.034 le-11
(24/81) (27/82) (28/95) (27/20) (34/18)

Haloarcula vallismortis ATCC 2971 & 0.003 2e-30 3e-23 0.095 7e-18
(31/52) (27/86) (28/44) (27/20) (41/19)

Group 4 — Microorganisms that synthesize intracellular crystalline MsS

Acidithiobacillus ferrooxidans ATCC 5e-05 le-36 Qe-24 1e-07 le-11
23270 @ (23/76) (31/80) (29/85) (27/27) (34/56)

Shewanella putrefaciens CN32 @ 0.18 9e-25 3e-17 1le-07 9e-33
(27/39) (28/84) (26/79) (27/26) (42/56)

Rhodopseudomonas palustris BisB18 @ 7e-09 3e-20 5e-20 3e-11 6e-33
(25/78) (29/93) (28/87) (28/33) (41/52)
Note: ® — nucleotide sequences of genome are entirely known; B — genome is sequenced partially.

from the group 1. The ability to form the
amorphous MsS on the cell surface could be
retained due to functioning of the MamB
and MamM homologues even in the absence
of the MamA, MamN, MamO and MamE
homologues in Leptothrix ochracea L12.
Thus, we can assume that the presence of
the additional protein homologues (MamA,
MamO, MamE) in other MO from this group
can contribute to the additional phenotypic
features of biomineralization and/or func-
tions such as simultaneous synthesis of the
intracellular crystalline MsS. Indeed the
ability to synthesize the both extra- and in-
tracellular MsS was experimentally shown
for such representatives of the group 1 as
Acidithiobacillus ferrooxidans ATCC 23270
[17, 18] and Shewanella putrefaciens CN32
[26]. Thus, the simultaneous formation of
the amorphous ferrihydride particles on the
cell surface of A. ferrooxidans ATCC 23270
was found but the electron-dense intracellu-
lar particles containing biogenic magnetite
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of size of 20-30 nm with peripheral local-
ization were observed within the cells of
these bacteria. The MsS of S. putrefaciens
CN32 is represented by amorphous particles
of iron oxides on the cell surface and the
magnetite inclusions within the cells [26]. It
is known that other MO of this group are
characterized by formation of the extracel-
lular amorphous ferrihydride (Acidithiobac-
illus ferrooxidans ATCC 53993, Thiomonas
sp. 3As) and the extracellular particles of
iron oxides (Chlorobium ferrooxidans DSM
13031) [16, 18, 19]. Leptothrix ochracea L12
microorganism lacking the MamA, MamO
and MamE homologues is characterized by
the presence of the amorphous ferrihydride
particles which form a sheath around the
cell and exhibit magnetic properties similar
to the spin glass [15, 27].

More detailed search of conservative se-
quences (i.e. domains, motifs and sites) for
the MamA of MTB and corresponding ho-
mologous proteins was performed through
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the multiple alignment procedure with the
further foreseeing of their possible func-
tions and their association with the MsS
synthesis. The MamA homologues in different
MO (TPR-repeat containing proteins, sul-
fotransferases, N-acetylglucosamin-glu-
cosaminyl-transferases, pillus assembly pro-
tein PilF) possess the conserved tetratricopep-
tide repeat (TPR)-like domains with specific
functional active superficial polypeptide-
binding sites and TPR motifs that are nec-
essary for the protein-protein interactions.
The similarities in physical and chemical
properties as well as in functions of the
sequences MamA of M. gryphiswaldense
MSR-1 and its homologues in other MO
from the group 1 were found.

The multiple alignment data of MamO of
MTB and its homologues indicated the con-
served sequences in the proteins of
Acidithiobacillus ferrooxidans, Thiomonas
sp. 3As and Chlorobium ferrooxidans DSM
13031. The sequences are similar in the
physical and chemical properties and they
are located within the conserved trypsin-
like domains and DegQ(P) HtrA Do or S1
peptidase domains with the respective
polypeptide-binding sites. The detailed
analysis of their possible functions showed
that these sequences are inherent for the
trypsin-like serine proteases/peptidases, and
2-alkenal reductase. The MamO homologue
in the proteome of Shewanella putrefaciens
CN32 lacks the protease activity and it is
represented by the cation (Co2*, Zn2* an
Cd2+) efflux family transporter like the
MamB and MamM proteins.

Microorganisms that synthesize extracel-
lular crystalline MsS (group 2). Analysis of
alignments of the sequences of MI-encoded
proteins of MTB with the proteomes of MO
that form the extracellular crystalline MsS
(group 2) showed the presence of MamA,
MamB and MamM homologues in these MO.
This allows assuming that the presence of
the homologues of these proteins in proteome
is a necessary condition for the possibility of
this type of the BMNs biomineralization. The
analysis revealed that functions of the pro-
tein homologues of MamB and MamM are
similar to the functions of the respective pro-
teins in MTB.

The presence of the MamA homologues in
proteome of MO from group 2 that produce
the extracellular crystalline magnetic
nanoparticles evidences in favor of a hy-
pothesis on the importance of MamA pro-
tein for the crystalline structure formation
in the BMNs biomineralization. In particu-
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lar, cells of Geobacter metallireducens GS-
15 bacteria are able to form only the ex-
tracellular particles represented by tabular
single-domain magnetite, siderite, and also
by protomagnetite and protogoethite [21].
The precipitates of magnetite were detected
in the culture medium at the laboratory cul-
tivation of Dechlorosoma suillum PS [22].
As for fungi, the ability to form MsS was
experimentally proven only for Fusarium
oxysporum Fob5176 and Verticillium dahliae
VdLs.17 [13]. They possess the particles of
quasi-spherical shape with size of 20—50 nm
(for F. oxysporum Fobl176) and of cubic
shape with size of 10-40 nm (for V. dahliae
VdLs.17) on the cellular surface.

A more detailed analysis using the multi-
ple alignment of the sequences of MamA
protein of M. gryphiswaldense MSR-1 and
its homologues in organisms from group 2
including fungi allowed to reveal the con-
served sequences that demonstrated the con-
vergence of physical and chemical proper-
ties and they are located within the con-
served TPR-domains with the similar
binding sites.

Proteins that exhibit a high degree of
homology to MamN, MamQO and MamE of
M. gryphiswaldense MSR-1 were identified
in prokaryotic MO from group 2 but not in
fungi (Table 1). Perhaps these differences
are associated with different conditions of
an existence of these groups of organisms.
So, the representatives of fungi are aerobes
but Geobacter metallireducens GS-15 and
Dechlorosoma suillum PS are characterized
by a strictly anaerobic metabolism. In this
regard, it could be assumed, on the one
side, that these proteins are not strictly re-
quired for the extracellular crystalline MsS
biomineralization, and on the other side,
the homologues of MamO and MamE are
necessary for the MsS biomineralization
only under anaerobic or microaerobic condi-
tions. Or maybe the homologues of MamO
and MamE were not found in Fusarium
oxysporum Fob5176 and Verticillium dahliae
VdLs.17 because of the lack of information
about their full genomes. The first assump-
tion is supported by the investigation in
which relationship is supposed between the
magnetosome island gene expression with
anaerobic respiration pathways in the MTB
[28] and by the evidence that origin of the
genetic basis of the magnetite biominerali-
zation occurred in the absence of oxygen in
atmosphere [29].

It was shown that the conservative over-
lapping sequences of MamO of MTB and ho-

Functional materials, 21, 4, 2014



O.Yu.Gorobets et al. /| Biomineralization and synthesis...

mologous proteins in bacteria from group 2
show the similarity to the trypsin-like pro-
tease domain and PDZ superfamily domain.

Microorganisms that form intracellular
amorphous MsS (group 3) and microorgan-
isms that form intracellular crystalline MsS
(group 4). The results (Table 2) indicate
that the homologues of MamB, MamM and
MamE of MTB are obligatory for synthesis
of amorphous intracellular MsS in the MO
from group 3. It could be assumed from our
results that presence of the homologues of
MamB, MamM, MamO and MamE of M.
gryphiswaldense MSR-1 is sufficient for the
intracellular biomineralization of crystalline
MsS in MO from group 4. It was shown in
detailed analysis of the MamA protein
homologues in MO of this group that the
matching sequences for corresponding pro-
teins of Acidithiobacillus ferrooxidans ATCC
23270, Rhodopseudomonas palustris BisB18
and MTB possess the similarity in physico-
chemical properties to the proteins with
TPR repeat domains. The homologues of
MamA play a transport role acting as carri-
ers for Fe?* ions or chelates across cell
membrane in the MO that form the amor-
phous MsS or perform several other func-
tions. At the same time the hypothesis
about participation of MamA in the MsS
crystalline structure formation in MO from
groups 2 and 4 requires additional verifica-
tion that will be possible after increase of
available information about the new organ-
isms in these groups and the phenotypic
characteristics of biomineralization in them
as well as updating the databases with com-
plete genome sequences for these MO. It is
possible that formation of the crystalline
structure is provided by the iron-binding
protein Mms6, which does not show homol-
ogy to MamA, but actually MamA deter-
mines the correct orientation of Mms6 rela-
tive to the crystal that is formed [30]. At
present there is a confirmation of the possi-
ble transport role of MamA protein in a
number of works, i.e. it was shown that
quantity of iron uptake from the cultural
medium by MTB cells is less for cells with
deletion of mamA gene than for wild-type
cells of MTB [31]. In addition it was demon-
strated with the use of fluorescent labels
that MamA protein is located in the vicinity
to the magnetosome membrane as well as in
the cellular membrane of MTB.

There are several assumptions about the
possible function of MamA protein: since
this protein contains the TPR motifs that
form coiled coil and have homooligomeriza-
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tion sites for interactions with other pro-
teins, the role of MamA could be associated
with the assembly of multi-protein com-
plexes, protein sorting and spatial mutual
organization in the functionally active com-
plex [2, 31]. Thus, most of researchers tend
to the idea [32] that MamA is a receptor of
magnetosome membrane interacting with
cytosolic proteins and it is involved in for-
mation of the multi-protein complexes in
the magnetosome membrane. The deletion of
mamA gene did not affect the shape and
size of intracellular magnetite and the pres-
ence of lipid membrane vesicles around the
magnetosome but the magnetosomes number
in the cells was in general reduced. It follows
from the above mentioned that the absence of
MamA protein could lead to disturbance of
the both iron transport into the cell and the
spatial organization of the proteins complexes
that are essential for biomineralization in the
magnetosome membrane.

It was found that the proteins that are
homologous to MamE of MTB are present in
the proteome of all investigated MO con-
taining intracellular amorphous MsS. Pres-
ence of the homologues of MamO and MamE
proteins is observed in the MO with the
intracellular crystalline MsS. That confirms
the hypothesis about the possible role of
MamO and MamE in the intracellular MsS
synthesis.

It is known [2, 3] that MamO and MamE
protein have transmembrane localization.
MamO protein includes domain with per-
mease function, trypsin-like serine protease
domain and heme-containing domain of un-
known function (possibly provides the iron
oxidation/reduction reactions) [33]. MamE
protein contains two highly conserved PDZ-
domains that are characteristic for HtrA
family of serine proteases. These proteases
are required for maturation and subsequent
folding of secretory and membrane proteins,
for degradation of unfolded proteins and
proteins with defective tertiary structure or
spontaneous protein aggregates in a cell, for
signal transduction processes in response to
heat shock and other stressful environ-
mental factors, etc. [34]. The PDZ-domain
function consists in positioning of ion chan-
nels, transporters, receptors for the iron
compounds and signaling molecules in the
magnetosome membrane in the correct spa-
tial orientation which is essential for
biomineralization. The authors of [35] ex-
perimentally proved that the result of
transpozone mutagenesis of mamE and
mamO genes is the perturbation of the in-
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Table 3. Statistically significant alignments of the sequences of Mam-proteins of magnetotactic
bacteria (MTB) Magnetospirillum gryphiswaldense MSR-1 and human [39]

Protein of MamA MamB MamM MamN MamO MamE MamK
MTB
Protein HtrAl
homologue | ppy 5. ZnT-9 ZnT-9 Permease HtrAl HtrA2 MreB
in human
proteins ZnT10 ZnT-4 P HtrA2 HtrA3
HtrA4
E-value 1e-09 2e-18 1le-09 6e-20 3e-10 4e-30 1e-07
I, % 26 % 24 % 24 % 33 % 26 % 42 % 21 %

Note: The proteins indispensable for biomineralization of magnetite in MTB and their homologues in

human being are encircled in the bold frame.

tracellular biogenic mineral crystallization
in the MTB as well as appearance of empty
magnetosome vesicles. The similarity of the
domains and sites in these proteins of MTB
and their homologues in MsS-synthesizing
MO was demonstrated in our study.

It could be assumed on the basis of the
obtained results that presence of the homo-
logues of MamB, MamM, MamE proteins is
obligatory for the MO that form the intra-
cellular amorphous MsS. But presence of
the homologues of MamB, MamM, MamkE,
MamO, MamA of MTB in the proteome is
required for MO that are able to biomineral-
ize the intracellular crystalline magnetic
nanoparticles. As for MamN protein, it is
known [3, 35] that biomineralization of the
crystalline MsS is possible without this pro-
tein for some magnetotactic bacteria which
may be true for the MO strains studied in
our work. MamN protein is hypothetically
involved in pH regulation in the space sur-
rounding the magnetosome membrane pro-
teins [3]. While the homologues of this pro-
tein in the MO of all studied in this work
groups are transporters of arsenic, sulfate,
carbonate and other organic anions and si-
multaneously H*-antiporters [36]. The ob-
tained results (Table 1) allow assuming that
the regulation of pH in the vicinity of MsS
formation may occur with involvement of
other mechanisms, including functioning of
other proton pumps and transporters while
the participation of MamN is not obligatory.

It was analyzed the pairwise alignments of
the proteins that provide formation of the
BMNs chains (MamK and Mamd) and mem-
brane vesicles around them (MamQ@Q and
MamL), and the proteins with unknown func-
tion (MamH and MamZ) of M. gryphiswaldense
MSR-1 with the proteomes of investigated
MO. The correlation was not detected be-
tween ability to form the chains of MsS in
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MO and between presence of the MamK
homologues in their proteome. At the same
time the homologues of MamdJ (responsible
for the MsS chains formation) were not de-
tected in the proteomes of all investigated
MO. That is why we can assume that group-
ing of MsS into the chains can occur with-
out the participation of proteins that are
homologous to MamK and Mamd of M.
gryphiswaldense MSR-1. In this case, forma-
tion of the clusters and/or small chains can
be explained by magnetic forces which pro-
vide attraction of the particles after MsS
growth [37, 38]. The correlation was also
detected between the experimental data
about the absence of the magnetosome ves-
icles (surrounding lipid bilayers) in all in-
vestigated MO [13, 15—-23] and the absence
of the homologue of MamL (one of the pro-
teins responsible for the lipid bilayer forma-
tion) in their proteome. As for the second
protein responsible for formation of the
magnetosome vesicles Mam@, its homo-
logues are present in some of the investi-
gated MO. The proteins with unknown func-
tions MamH and MamZ have homologues
among several representatives of the inves-
tigated MO.

It could be assumed that the common ge-
netic basis of biomineralization of the intra-
cellular crystalline BMNs exists in MO from
the group 4 and the process is determined
by the genes that encode homologues of in-
dispensable proteins for the magnetosome
formation in MTB (MamB, MamM, MamO
and MamkE). The high level of conservative-
ness of these proteins was demonstrated by
alignment of the sequences of Mam proteins
of M. gryphiswaldense MSR-1 and human
proteome (Table 3) [39].

The set of homologues of Mam-proteins
in human is mostly similar to the set of
homologues in Acidithiobacillus ferrooxi-

Functional materials, 21, 4, 2014
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dans ATCC 23270 that possesses the intra-
cellular magnetite particles [17, 18].

All proteins from Mam-family that are
obligatory required for magnetite biominer-
alization in the majority of MTB, namely
MamA, MamB, MamM, MamN, MamO and
MamE have a high degree of homology with
the human proteins that is arising from the
data of corresponding alignments [39]. The
presence of the homologous protein in
human was shown for MamK out of all
regulatory proteins of the MTB biominerali-
zation. Moreover the common functions for
proteins MamB, MamM, MamN and MamE
of MTB and corresponding human homolo-
gous proteins were found at the comparison
of the known functions of Mam-proteins of
MTB and their homologues in humans [39].

The vesicles absence around MsS allows
to suggest localization of the proteins that
are essential for MsS synthesis in a layer of
organic material around MsS. So, the MsS
surrounding was sufficiently investigated in
archaea: it was shown the presence of the
electron-transparent centre with the dense
homogenous matrix with organic (mainly
proteins) component around it in the parti-
cles of MsS [9]. The vesicles absence and
similar organic matrix consisting of the
protein filaments was observed in human
cells around the magnetite BMNs [12].

Magnetite biomineralization occurs in
the heart cells, in the brain tissue, in liver,
spleen and in adrenal glands of human. This
process intensifies under the neurological
and neurodegenerative (Alzheimer’s, Park-
inson’s, Huntington’s diseases, neuroferriti-
nopathy, epilepsy) diseases and in qmalig-
nancies (melanoma, breast cancer, ovarian
cancer, testicular cancer, sarcoma, men-
ingioma, glioblastoma, astrocytoma, glioma
etc.). However, the mechanisms of biomin-
eralization and its role in human remain
insufficiently investigated [39]. The BMNs
are arranged in the chains (80 crystals long)
and lack the lipid vesicles, their number,
shape and size of the BMNs are different
(BMNs are simultaneously represented by
superparamagnetic and magnetic phases) in
the human tissues [40—43].

The analysis of the results of alignments
of Mam-proteins of MTB Magnetospirillum
gryphiswaldense MSR-1 and the proteins of
non-magnetotactic MO synthesizing MsS al-
lowed revealing the necessary set of pro-
teins responsible for synthesis of particles
with different phenotypic manifestations
(the amorphous/crystalline structure, ex-
tracellular/intracellular localization). So,
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the assumption that the MamB and MamM
proteins functioning is obligatory for MsS
formation was formulated. It is not always
possible to distinguish the MsS synthesis
from the passive absorption of iron oxides
or other particles by the MO [26]. In this
regard, identification of MamB and MamM
proteins in the proteome of the MO that
provide the mechanism of MsS production
allows suggesting that the MsS formation is
a result of the genetically controlled process
in each case but not biosorption.

4. Conclusions

Thus, the obtained results indicate a cru-
cial role of MamB, MamM, MamE and
MamO homologues in synthesis of MsS.
These proteins constitute the common ge-
netic basis for the control of this process
and their homologues are observed in the
proteome of the species from the distant
phylogenetic groups.

The further experimental studies of
physical, chemical and morphological prop-
erties of the biogenic MsS and updating of
the bioinformatics databases with complete
genome sequences of MsS- synthesizing or-
ganisms would allow with greater certainty
affirm the interrelation of Mam-proteins ex-
pression and MsS properties in organisms as
well as existence of the common genetic
basis and the common fundamental mecha-
nism of the MsS formation. On the other
hand, the presence of the homologues of
proteins involved in biomineralization in
the proteome of MO allows predicting the
possible ability to synthesize of MsS in the
organisms and requires confirmation of this
feature through experimental procedures.

The study of the BMNs and MsS in MO
has an important applied aspect for creating
the recombinant MO and for choice of the
magnetically sensitive MO as potential vec-
tors for targeted drug delivery [44], as
biosorbents for waste water purification and
biometallurgical applications [45], as pro-
ducers of nanoparticles for nanobiotechnol-
ogy [46] etc. The investigation of the
mechanism of MsS synthesis in different or-
ganisms is of great fundamental importance
for search of metabolic functions of the
BMNs and MsS as well as their role in patho-
genesis of the human diseases which are ac-
companied of the BMNs elevated level [47].
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