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An important biological function of hairpin-loop structures is the defense of RNA transcripts from
degradation by different factors as well as the transcription regulation due to their formation in
transcription terminators. The patterns of thermodynamically stable perfect and imperfect inverted repeats
were determined for pXO1 and pXO2 plasmids of pathogenic Bacillus anthracis strains. A sequence
analysis of these plasmids has shown the plasmid pXO1 contains 176 inverted repeats, the energy of which
varies from —30.6 kcal/mol to —10.0 kcal/mol, and the plasmid pXO2 of B. anthracis contains 57 inverted
sequences with energy from —27.2 kcal/mol to —10.0 kcal/mol. Physical maps of the pXOl1 and pXO2
plasmids with located hairpins are presented. These hairpin-loop structures are shown to be localized in the
sites of regulatory genes or the elements encoding proteins of unknown function.
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Introduction. At present, the intensive efforts of scientists
are aimed at the development of efficient approaches
to analyze so called genetic texts, i.e. nucleotide
sequences of genomes. A computer analysis is of
special importance for studying DNA text due to the
possibility to establish certain functions of different
DNA fragments: search for structural genes,
regulatory sites, etc. The accuracy of current computer
methods in determ ining genes of a known nucleotide
sequence is not higher than 70% [1].
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Being a new branch of science, genomics is still de-
scriptive and developing along with technical progress.
The sequencing of genomes has deepened and extended
our understanding of genetic information. At present,
the most important parts of genome are considered to be
exome (comprising only 1% of genome), introme,
methylome, transcriptome (a set of all RNA transcripts
in one or a population of cells), and variome (total ge-
netic variations, characterizing the species, or a sum of
single nucleotide polymorphisms) [2, 3].
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In eukaryotes and prokaryotes the conservative
fractions of genome, non-coding proteins, have very
important functions, namely, they are a source of both
sense and antisense non-coding RNAs of different
variants of introns, comprising introme (sometimes
introns may function as exons, and vice versa). The
data on introme of microorganisms would allow to
identify biologically significant properties, regulated
by introns.

Functions of various genes are known to depend on
many factors, however, the total number of elementary
regulatory factors is thought to be considerably smaller
than the total number of genes. An insignificant part of
elementary factors (compared to the total number of
genes) may be sufficient to regulate a considerable
number of genes. Genome sequences of eukaryotes and
prokaryotes contain a huge amount of information re-
lated to their molecular genetics. While scientists are
developing approaches to obtain this information and
solve various problems of genomics, much attention is
given to search of repeats, since they comprise a large
part of genome. In particular, human genome contains
over 50% of repeats, some classes of which play a vital
structural and functional role. Still, search for repeats is
a highly challenging endeavor.

Bacillus anthracis is a large rod-shaped,
Gram-positive, anaerobic bacterium, which is an etio-
logical agent of anthrax, a dangerous and often fatal
disease of both humans and animals. Along with
B. thuringiensis, B. cereus, and B. mycoides, it be-
longs to B. cereus genus. These closely-related bacte-
ria are animal (B. anthracis and B. cereus) and insect
pathogens (B. thuringiensis). B. anthracis differs from
the rest of the genus members by the presence of
megaplasmids pXO!I and pXO2, coding the synthesis
of toxins and capsules, respectively, and providing for
virulence of the bacterium. There are some known iso-
lates of B. anthracis with one or two plasmids absent.
Besides, there is a possibility of plasmid transfer
among related species or natural loss of the pXO1
plasmid [4]. There are also data on the successful
transfer of the pXOI plasmid into other bacteria and
expression of the toxins genes, such as lefand cya, in
heterologous systems [5]. The absence of one of
plasmids results in the loss of pathogenic properties of
B. anthracis strain [6].

464

The possibility of forming hairpin-loop structures
attracted attention due to their capability to regulate a
stability of microorganism’s mRNAs [7, 8]. In [9] we
determined the distribution of thermodynamically sta-
ble perfect inverted repeats for two isolates of slow
growing Mycobacterium tuberculosis with complete
genome (H37Rv and CDC1551). Regardless of a high
level of homology (over 90%) of genomes of these my-
cobacteria isolates they differ in virulence level,
namely, H37Rv is a laboratory strain, while clinical iso-
late CDC1551 is highly virulent. We proved both iso-
lates to have eight long inverted repeats of 48-62 nu-
cleotides, six of which coincide completely. At the
same time in the CDCI551 genome (contrary to
H37Rv) there is a highly stable hairpin of 58 nucleo-
tides at 5'-end of DNA template chain [9]. It was sup-
posed that localization of highly stable hairpin,
AG=-53.9 kcal/mol at 5'-end of DNA of the CDC1551
isolate may result in different degree of RNA tran-
scripts stability or different level of transcription termi-
nation efficiency in the CDCI1551 strain compared to
the H37Rv isolate, which, in its turn, may be one of the
reasons of different virulence of the strains, regardless
of similarity in physical maps of their genomes.

The inverted repeats may also serve as recognition
sites for recombinases. The presence of inverted repeats
may testify to the probability of DNA sequences trans-
fer among repeats due to the transcription or recombi-
nation [10]. An important biological function of hair-
pins is the protection of RNA transcripts of plasmids,
determining virulence of B. anthracis, from degrada-
tion by different factors. We used computer analysis to
characterize thermodynamically stable perfect and mis-
matched inverted repeats, forming hairpin-loop struc-
tures, or hairpins which may appear in the pXO1I and
pXO2 plasmids of B. anthracis pathogenic strains, and
presented the physical maps of plasmids with located
hairpins.

Materials and Methods. Isolates of pXO2 plasmid
(number AE 011191 (NC 003981), 94829 bp) and
pXOI plasmid (number AF 065504, 181654 bp) with
complete genome were used. Oligo software (version
3.4) was used to search for perfect inverted repeats and
determine their thermodynamic characteristics [11].
RNA 2 software of GeneBee was used to search for mis-
matched repeats and determine their parameters [12].
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Table 1

Thermodynamically stable hairpin-loop structures potentially

formed by inverted repeats for pXOI plasmid of pathogenic

strain Bacillus anthracis

tength by || keomel | Fosition on plasmid
18 12 -21,5 24754-24801
20 8 -23.9 24990-25038
19 4 -22,9 2611026131
18 4 -28,3 26553-26592
21 10 -20,7 42014-42065
25 12 -22,5 48010-48071
24 18 -30,6 55825-55890
19 3 -21,9 60528-60568
20 7 -28 63955-64001
13 5 -22,9 71398-71428
20 5 -30,5 72274-72318
21 8 -29,8 100450-10049
23 5 -25 105993-10604
16 5 -21,7 109971-11000
22 3 -21 114805-114851
20 13 -29,7 120940-120991
24 8 -21,2 121312-121367
24 4 -24,3 136336-136387
19 4 -21,7 137579-137620
22 3 -25,3 146102-146148
25 3 -21,4 148426-148478
18 4 -23 153484-153522
18 3 -25 159742-159782
20 3 -20,5 162053-162095
14 4 -21 169071-169102
17 17 —24,1 172043-172093
18 9 -29,3 179421-179465

Note. Perfect hairpins are shown in bold

Since software, used in this work, allows analyzing se-
quences, not exceeding 15000 bp, the complete se-
quences of pXOI and pXO?2 plasmids, obtained from
GenBank database, were cut in fragments of 14000 bp.

Results and Discussion. Repeats may be direct and
inverted, perfect (complete coincidence of their se-
quences) or imperfect (containing mismatches). In-
verted repeats in RNA and DNA molecules may be in
two different conformational states — either as single- or
double-stranded helix, or in the form of hairpin-loop
structure, consisting of a double-stranded stem and sin-
gle-stranded loop. Earlier it was shown that under phys-
iological conditions the superhelical DNA with in-
verted repeats (palindromes) may form hairpins as
fragments of cruciform structure with the stem length
not less 7 bp and the loop not exceeding 4-5 bp in
[13-15]. We have used these parameters to determine
thermodynamically stable perfect inverted repeats in
the sequences of pXOI (Table 1) and pXO2 plasmids
of the pathogenic strain A2012 B. anthracis (Table 2).

The computer analysis revealed that the pXOI
plasmid contains 67 hairpin-loop structures with the
loop not exceeding 5 nucleotides (Fig.1). The free en-
ergy (-AG) of 11 hairpins is over 20 kcal/mol (Table 1).
It is noteworthy that the pXO1 plasmid has four perfect
inverted repeats with high values of -AG (over 20
kcal/mol) and the loop of 8-13 nucleotides (positions 5,
11, 12,27 in Table 1). We believe that this fact is in fa-
vor of the in vivo existence of hairpins with loops of
8-13 nucleotides.

For convenience, the palindromes, potentially capa-
ble of forming hairpins due to interstranded complemen-
tary pairing of nucleotides in single-stranded DNA and
RNA, may be divided into long and short repeats (over
45 nucleotides and less than 45 nucleotides, respec-
tively). The pXOI plasmid may contain 17 long palin-
dromes of 45-66 nucleotides with AG ranging from -30.6
to -20.7 kcal/mol, and 10 short palindromes of 31-43 nu-
cleotides with AG from -20.5 to -30.6 kcal/mol (Table 1).
It should be noted that the majority of hairpin structures
on the physical map of the pXOI plasmid is located ei-
ther in the area of regulatory genes or in the elements of
unknown function (Fig.1, »). This fact proves the well
known literature data on the presence of cruciform struc-
tures in the regulatory fragments, in many transcription
terminators, in particular [16].
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Table 2

Thermodynamically stable hairpin-loop structures, potentially
formed by inverted repeats, for pXO2 plasmid of pathogenic
strain Bacillus anthracis

Stem length, Loop Free energy, Position on
b.p. length, b.p. kcal/mol plasmid
20 9 -20,0 13585-13634
17 4 -243 29190-29227
22 7 -27,2 37712-37762
20 6 -21,2 44958-45003
20 11 -27,1 48478-48528
20 8 -22.4 59914-59961

Note. Perfect hairpins are shown in bold.

The pXO2 plasmid may contain 25 hairpin struc-
tures with the loop up to 5 nucleotides (Fig.2). Besides,
there are two long perfect inverted repeats with the loop
exceeding 5 nucleotides and -AG over 20 kcal/mol (po-
sitions 4, 5 in Table 2).

Contrary to the pXOI plasmid, the pXO2 plasmid
contains neither long palindromes with the loop up to 5
nucleotides, nor a single perfect short palindrome with
-AG over 20 kcal/mol (Table 2). Fig.2, b shows a physi-
cal map of the pXO2 plasmid with positions of hairpin
structures found. It should be noted that functions of the
majority of genes of the pXO2 plasmid are yet to be de-
termined, and the data obtained can be analyzed there-
after. According to the results, the perfect and mis-
matched inverted repeats are highly stable genetic ele-
ments for both plasmids. The analysis of potentially
probable secondary structures allows the supposition
on the biological function of mentioned hairpins being
the protection of RNA transcripts of plasmids, causing
virulence of bacteria, from degrading by different
factors.

As shown in [18-20], the inverted repeats form cru-
ciform structures in negatively superhelical DNA both
in vivo and in vitro. There are specific biochemical [21]
and biophysical methods to detect hairpin structures in
vitro. While molecular biological methods, based on
cutting a hairpin loop with a nuclease (specific for sin-
gle-stranded DNA), allow determining the sequence
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Fig.1 Histogram of distribution of possible hairpin-loop structures
on pXOI plasmid (181654 bp) of anthrax agent (a) and physical
map of pXO1 plasmid of Bacillus anthracis [17] (b). Figures show
positions of known genes of toxins, elements IS1623, and expected
positions of 143 open reading frames. Encoding genes: lef -
endopeptidase of lethal factor, cya - calmodulin-sensitive adenylate
cyclase; pagA - protective antigen; topo I -  topoisomerase I;
gerXA, ger XB - development of spores; atx4 - positive
transregulator of expression of antrax toxin gene; pagR -
transcriptional repressor. Arrows indicate positions of
thermodynamically stable perfect and mismatched hairpin
structures; asterisks show hairpin structures, where the loop
exceeds 12 nucleotides; hairpins with the free energy over: 1 - 10; 2
-15;3-20:4-25;5-30kcal/mol

and locating the inverted repeat on the genome, modern
methods of nanobiotechnology, first of all scanning
probe microscopy, enable direct visualization of a
hairpin structure [22].
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Fig.2 Histogram of distribution of possible hairpin-loop structures
on pXO2 plasmid (94829 bp) of anthrax agent (a) and physical map
of pXO2 plasmid of B. anthracis (number AF188935, 96231
nucleotides long) (b). Location of known virulent genes (cap4,
capB, capC, capD, cape, topB) and positive trans-regulators (acpA4,
acpB) is presented in the inner circle.

Arrows indicate positions of potentially perfect and mismatched
hairpin structures, the loop of which does not exceed 12
nucleotides. Other symbols: - mismatched and perfect hairpins,
free energy of about 10 kcal/mol, the loop up to 8 nucleotides; -
perfect hairpins, free energy over 10 kcal/mol; - perfect hairpins,
free energy over 20 kcal/mol; - mismatched hairpins, free energy
over 10 kcal/mol; - mismatched hairpins, free energy over 20
kcal/mol

RNA molecules are known as the most labile
macromolecules present in cells. The level of mRNA

is regulated at the stages of synthesis and degradation.
The stability of mRNA is determined by the combina-
tion of trams- and cis-factors, the former including
exo- and endoribonucleases, and the latter being di-
vided into two classes — stabilizers and destabilizers.
Destabilizing elements provide binding of nucleases
and initiation of degradation processes, while stabiliz-
ers prevent degradation of mRNA, blocking the action
of different nucleases. One of the possible mecha-
nisms of mRNA stabilization is related to the forma-
tion of non-canonical (hairpin) structure at 3'- or
5'-end of mRNA. For instance, the formation of such
hairpin at 5'-end stabilizes mRNA of Escherichia coli
through prevention of interaction between 5'-end of
mRNA and RNAse E [23].

Besides, hairpin structures may often appear in-
side the inner transcription terminators i.e. specific
fragments of DNA template, where an elongation
complex of RNA polymerase — DNA template — RNA
trascript stops and usually dissociates. Though it is
true that many bacteria (anthrax agent among them)
seldom contain classic transcription terminators, it
may be supposed that hairpin-loop structures found
are formed to provide regulation at the level of tran-
scription.

Thus, the analysis of sequences of the pXO/I and
pXO2 plasmids of B. anthracis allowed to propose the
physical maps of plasmids with located perfect and
mismatched inverted repeats, potentially capable of
forming thermodynamically stable hairpin-loop struc-
tures. The length of highly stable hairpins ranges from
66 to 19 nucleotides, their free energy being -30.6 to
-10.3 kcal/mol.

The majority of hairpins, defined at the physical
maps of pXO1I and pXO2 plasmids, are located either
in the area of positive trans-regulators or in the ele-
ments of unknown function. We suppose that the loca-
tion of hairpin structures in the genome of pXO1 and
pXO2 plasmids is not random; similar to long
homopurine tracts, potentially capable of forming tri-
plexes, they may be situated within promoters and
terminators of transcription as well as near “hot” spots
of recombination [24].

The work was supported by grants of AMS 47/2002
and AMS 72/2007, the Academy of Medical Sciences
of Ukraine.
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0. I0. Jlumancoka, O. I1. Jlumancorkuil

Posmomin  MIMHIBKOBUX iasmigax 30yaHHKa

CTPYKTYyp Yy
cubipchKOi BUpa3Ku

Pestome

Oonicero 3 adxicaUBUX OI0I02IUHUX PYHKYIU WUNUTLKOGUX CIIPYKMYP €
saxucm PHK-mpanckpunmie 6i0 0ezpadysanvHoi 0ii pisHux ¢ak-
mopis, a Mmaxkoxc pe2ynayiss mpancKpunyii 3a paxyHox ixubo2o gop-
myeannsi y mepminamopax mpanckpunyii. IIposedeno nowyk ma
BUZHAYEHO PO3NOOINU MEPMOOUHAMIYHO CINADINbHUX OOCKOHANUX §
HEOOCKOHAUX IHgepmoganux nogmopis y naazmioax pXOl1 i pXO2
namoeennux wmamie Bacillus anthracis. Ananiz nocaiooenocmeii
naasmio pXO1 i pXO2 B. anthracis eussus, uo nepwia micmums 176
ineepmosanux nociioognocmeil 3 enepeieto  6i0 —30,6 oo —10,0
KKa/Mob, a opyea — 57 wnuivok 3 enepeieto 6io —27,2 do —10,0
krkan/mons. Ilpedcmasneno gisuuni kapmu niazmio pXO1 i pXO2 3
JOKANI308aHUMU  WRULIbKOGUMU cmpykmypamu. Ilokasano, wo
ocmanni na Gizuunux kapmax niasmio pXO1 i pXO2 pozmawosani
6 OLNANHYT peyIAMOPHUX 2eHi8 aDO0 6 eleMeHmax 3 HeBUIHAUEHOIO
@yuryicio.

Knrwuosi cnosa: Bacillus anthracis, wnunvkoea cmpykmypa,
ingepmosanuil NOSMop, Xpecmonooiona cmpykmypa.

0. 0. JTumanckasi, A. I1. JIumaHnckuii

PacnpeaeneHne HIMUAJICYHBIX CTPYKTYP B IJIa3MUAaxX BO36yI[I/ITCJI$I

CHOUPCKOI A3BBI

Pesrome

OOHOU U3 8ANCHBIX OUONIO2UYECKUX DYHKYUL WNUTEUHBIX CIMPYKINYD
saensemes sawyuma PHK-mpanckpunmog om decpadupyrouje2o oeii-
CMBUs PA3HBIX PAKMopos, a maxice pe2yiayus mpaHcKpunyuu 3a
cuem ux popmuposanus 6 mepmurnamopax mpanckpunyuu. Ilpose-
O€eH NOUCK U OnpedesleHbl pacnpedeieHUs MepMOOUHAMUYEeCKU Cd-
OUNHLIX  COBEPULEHHBIX U HECOBEPULEHHBIX UHBEPIMUPOBAHNBIX
noemopos 6 niazmudax pXOIl u pXO2 namozeHHbIX WMAMMOE
Bacillus anthracis. Anaaus nociedosamenvrnocmeti naazmuo pXO1
u pXO2 B. anthracis évisiéun, umo nepsas cooepicum 176 ungepmu-
po6aHHbIX nociedogamenvhocmeil ¢ sHepeueti om —30,6 0o
—10,0 kxan/monw, a émopas — 57 wnunex ¢ snepeuei om —27,2 00
—10,0 xxan/mone. Ilpeocmasnenvt ¢usuueckue Kapmvl NAAZMUO
pXOI u pXO2 ¢ 10KanIU308aHHBIMU WAULEYHBIMU CMPYKIMYPAMU.
IHokasano, umo nocieonue na usuueckux kapmax niazmud pXO1
u pXO2 nokanuzogansl 6 061aCmMU PEYNAMOPHBIX 2EHO8 UL 6 DJle-
MeHmax ¢ HeonpeoeneHHoU QYHKYuel.

Knioueswie cnosa: Bacillus anthracis, winunreunas cmpykmypa,
UHBEPMUPOBAHHDLI NOBMOD, KPECMOoOpaA3HaAs CMPYKMYPA.
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