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Aim. To design the maps of matched and mismatched potential hairpin structures in the genomes of human
and animal coronaviruses. Methods. Bioinformatic analysis of coronaviruses nucleotide sequences, atomic
force microscopy. Results. Thermodynamically stable matched and mismatched inverted repeats forming
hairpin structures that can appear in genomic RNA of the human and animal coronaviruses (severe acute
respiratory syndrome virus, murine hepatitis virus, porcine epidemic diarrhea virus, transmissible
gastroenteritis virus, and bovine coronavirus) are determined. The maps of hairpin localization (which are
a part of the genome signaling mechanisms) are obtained for the genome of coronaviruses. Conclusions.
The genes encoding replicase and spike glycoproteins of coronaviruses are the main sites of the localization
of potential conservative structural motives. The hairpins are shown to be conservative structural elements
inside the set of coronavirus isolates of one species.
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Introduction. Similar to other non-canonical forma-
tions, hairpin-loop structures, which can be formed in
nucleic acids by inverted repeats, are significant ge-
nome elements, playing a specific biological role. It is
believed that they are involved in the regulation of
DNA replication and transcription [1, 2].

The method of fluorescent flow cytometry allowed de-
termining ~10 hairpin-loop structures in the nucleus [3].

© Institute of Molecular Biology and Genetics NAS of Ukraine, 2009

Besides a specific role of matched and mismatched
inverted repeats in mutagenesis, they are associated
with a series of human genetic diseases (hereditary
angioneurotic edema, antithrombin deficiency, and de-
ficiency of human serum cholinesterase) [4].

Regardless of rather intense study on palindrome
localization in genome of different organisms, the role
and distribution of hairpin structures in genome of vi-
ruses and bacteria are still to be determined. Therefore,
we have searched for potential hairpin structures in
coronaviruses genome. The family of coronaviruses
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(CoV) includes porcine epidemic diarrhea virus, infec-
tious bronchitis virus, murine hepatitis virus, and trans-
missible  gastroenteritis There are also
coronaviruses of humans, cattle, horses, and cats. Se-
quencing proved that severe acute respiratory syn-
drome virus (SARS-CoV) may also be related to
Nidovirales order, Coronaviridae tamily, Coronavirus
genus.

Coronaviruses are divided into three serogroups,
each having cross serological reactivity and similar ge-
nome organization. All known human coronaviruses
belong to groups I and II. SARS-CoV forms a new
group 1V, since [the] performed genetic and antigenic
researches demonstrated its being distant from all the
known groups of coronaviruses [5].

[The] Current work presents distribution of
matched and mismatched inverted repeats in the ge-
nome of certain coronaviruses, highly dangerous for
humans, [the] severe acute respiratory syndrome virus,
in particular. An analysis of the maps of potential hair-
pin structures showed that the distribution of inverted
repeats is the same within the set of coronavirus
isolates of one species.

Therefore, the comparison of the distribution of
hairpin structures may serve as another instrument
(along with philogenetic analysis) in the research of
evolutionary relations and genome organization of
both coronaviruses and representatives of other spe-
cies.

Materials and Methods. Complete sequences of
isolates of severe acute respiratory syndrome virus

virus.

(SARS-CoV) (number AY27848, AY279354,
AY268070 of GenBank database), bovine coronavirus
(AF220295), transmissible gastroenteritis  virus

(NC _002306), infectious bronchitis virus (AY251817,
AY251816, AF391157, AF391156, AF391154,
AY237817, AY223860, AF470630, AF4, 70629,
AF470628, AF467921), porcine epidemic diarrhea vi-
rus (NC_003436), murine coronavirus (NC_0018460),
feline coronavirus (AY204523, AY204524,
AY204525) as well as pGEMEX plasmids (X65317)
were used in the work.

Oligo (version 3.4) [6] and RNA2 of GeneBee
package [7] were used to search for matched and mis-
matched inverted repeats and to determine their ther-
modynamic parameters.
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Atomic force microscope (AFM) Nanoscope III
with D-scanner (Veeco Instruments Inc., USA) was
used. AFM images of the sample of supercoiled pUCS
plasmid DNA (2665 bp) after application on standard
amino amica were captured in the air in “height” mode
using tapping variant of AFM and unsharpened probes
of KTEK International company (Russian Federation)
with resonance frequency of 300-360 kHz. The sample
was prepared according to the method, previously
described in [8].

Results and Discussion. It has been revealed that
hairpin-loop structures may be a part of promoters and
transcription termination sites as the presence of
cruciforms is a signal for the stop of RNA-polymerase
and termination of synthesis of RNA-transcripts with
subsequent dissociation of the complex, formed by
RNA-polymerase and DNA-RNA-transcripts. One of
the mentioned transcription terminators for T7
RNA-polymerase is the site of transcription termination
of pGEMEX plasmid which is an internal transcription
terminator, ~ 90 bp long, with the efficiency of 70-80%
[9]. The analysis of the site of transcription termination
of pGEMEX DNA for the presence of thermodynami-
cally stable inverted repeats allowed us to find a mis-
matched inverted repeat of 28 bp long, with the free en-
ergy —AG = 11.2 kcal/mol. The termination of T7
RNA-polymerase transcription with elongation of tran-
scription on pGEMEX DNA matrix, containing this in-
verted repeat in the site of the terminator, has been pre-
viously demonstrated in vitro [10]. Therefore, taking
into consideration the parameters of pGEMEX DNA
hairpin and literature data concerning the parameters of
hairpins in hairpin-loop structures, observed in the
course of in vivo [11] and in vitro [12] experiments,
hairpins with the loop length of 5 nucleotides and mini-
mal energy —AG ~ 9 kcal/mol were selected for further
analysis.

The diagram of their distribution on the physical
map of SARS genome (Fig.1) was built on the basis of
determined potential (i.e. thermodynamically stable)
hairpins in SARS virus genome (Table). It is notewor-
thy that the hairpins determined are conservative struc-
tural motives for SARS virus. The comparison of their
localization on genome of several SARS isolates
showed that their location is the same for the majority
of hairpins. In our opinion, it may serve as evidence to a
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Matched and mismatched thermodynamically stable hairpin-like structures, which may possibly be formed by inverted repeats, in
genomic RNA of severe acute respiratory syndrome virus (number AY291451) for GenBank database

4 Stembl;“g‘h’ L"""r'f“gth’ -G, keal/mol Location on genome Protein Type of repeat
1 15 4 16,9 2570-2603 Replicase A Mismatched-2
2 14 4 12,6 2959-2990 Replicase A Matched-1
3 17 3 14,5 2894-2929 Replicase A Mismatched-1
4 15 4 11,5 3261-3294 Replicase A Mismatched-1
5 10 3 12,7 3481-3503 Replicase A Matched-1
6 16 4 12,3 4051-4086 Replicase A Matched-1
7 15 4 14,6 5668-5701 Replicase A Mismatched-1
8 12 6 15,1 5338-5367 Replicase A Mismatched-2
9 20 5 17,2 6983-7028 Replicase A Mismatched-2
10 11 5 11,5 7140-7166 Replicase A Matched-1
11 11 4 10,3 8634-8659 Replicase A Matched-1
12 14 4 12,3 10921-10952 Replicase A Matched-1
13 12 7 10,3 12314-12344 Replicase A Mismatched-1
14 11 3 10,7 13363-13387 Replicase A Mismatched-1
15 13 5 13,8 13404-13434 Replicase A Mismatched-1
16 14 4 16,3 13888-13919 Replicase B Mismatched-2
17 16 3 15,7 13945-13979 Replicase B Mismatched-2
18 10 3 12,7 16460-16482 Replicase B Mismatched-1
19 11 4 11,4 17166-17191 Replicase B Mismatched-1
20 17 4 16,1 17521-17558 Replicase B Mismatched-2
21 8 3 11,5 20230-20248 Replicase B Matched-1
22 15 6 11,3 21376-21411 Replicase B Mismatched-1
23 11 4 11,8 23447-23472 Glycoprotein S Mismatched-1
24 17 5 16,9 23636-23674 Glycoprotein S Mismatched-2
25 19 4 16,6 24075-24116 Glycoprotein S Mismatched-2
26 10 6 10,4 26102-26127 Gene E Matched-1

N o te. Types of repeats mismatched-1 (matched-1), mismatched-2 correspond to hairpins with the energy value (-AG) of over 10 and 15
kcal/mol, respectively. Locations of hairpins, sequences and secondary structures of which are presented in Fig.2, are in bold.

specific role of hairpin structures in the chain of ter contains non-complementary nucleotides or dele-

signalling mechanisms of SARS virus functioning.

tions of nucleotides in one of the chains of hairpin

All the repeats analyzed were divided into two stem). Besides, the repeats were differentiated into
types — matched and mismatched ones (the stem of lat-  three groups according to their energy level. The first,
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Fig.1. Physical map of severe acute respiratory syndrome virus (number AY291451) with indicated locations of known genes. Arrows
indicate the location of determined thermodynamically stable matched and mismatched hairpin structures; asterisks indicate hairpin
structures, the location of which coincides with that of similar structures of another isolate of SARS virus (number AY278488); J, {, -
mismatched hairpins with the energy -AG over 10 and 15 kcal/mol respectively; 4 - matched hairpins with the energy over 10 kcal/mol.

second, and third groups consisted of repeats with the
energy (-AG) of 10-15, 15-20, and 20 kcal/mol, re-
spectively.

The sequence and secondary structure of two typi-
cal mismatched inverted repeats, the energy of which
exceeded —15 kcal/mol, are presented in Fig.2. We used
the same method to obtain the diagrams of distribution
and parameters of hairpin-like structures for bovine
coronavirus (Fig.3), murine coronavirus (Fig.4, @), por-
cine epidemic diarrhea virus (Fig.4, ), and transmissi-
ble gastroenteritis virus (Fig.4, ¢).

It should be mentioned that approximately two
thirds of coronavirus genome is a matrix for the synthe-
sis of replicases 1 A and 1B, one third of the genome en-
codes structural proteins (nucleoprotein, spike
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glicoproteins S, M, and E) as well as a series of
non-structural proteins (Fig.1).

Among analyzed sequences of animal coronavirus
isolates and SARS virus, the highest susceptibility to
forming hairpin-like structures was revealed for SARS
virus, and a possibility of forming up to 26 structures
for one isolate was demonstrated (Table). The majority
of hairpin-like structures (20 out of 26) can be formed
in the genes, encoding replicase (Fig.1).

The authors of [13] used computer modelling (the
program, predicting secondary RNA structure) to in-
vestigate the secondary and tertiary structures of 3'-un-
translated region (UTR) of genome RNA of
SARS-CoV, structural elements of which play a signifi-
cant role in replication of viruses, [as] compared to
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Fig.2. Secondary structure, formed by inverted repeats in the fragment of
severe acute respiratory virus (number AY291451) (complementary sequences
are shown in bold, flanking sequences are shown in italics): a - two mismatched
inverted repeats with length of 32 and 34 nucleotides (vertical lines show their
symmetry centres, arrows indicate their orientation); b - hairpin structures,
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presented in Table.
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Fig.3. Physical map of bovine coronavirus (number NC_003405) with indicated locations of known genes. Arrows indicate the location of
hairpin structures; asterisks indicate hairpin structures, the location of which coincides with that of similar structures of another isolate of
bovine coronavirus (number AF220295); question mark corresponds to hairpin structures, the location of which does not coincide for two
mentioned isolates of bovine coronavirus; J, §, 1 - mismatched hairpins with the energy (-AG) over 10, 15, and 20 kcal/mol respectively; ¥ -

matched hairpins with the energy over 10 kcal/mol.

structures of the same regions of previously character-
ized coronaviruses. Three conservative structural mo-
tives were shown in 3'UTR — hairpin-like structures and
a single local secondary hairpin-like structure, formed
in the course of folding 3'-end RNA fragments of
SARS-CoV.

It should be mentioned that the structure of a hair-
pin, determined by computer analysis, depends on both
the search algorithm used and the hairpin parameters.
Therefore, contrary to the authors of [13], we concen-
trated our efforts on the search for thermodynamically

stable matched and mismatched repeats, i.e. the ones,
actually observed in previous experiments. We did not
consider mismatched repeats with more than two pairs
of non-paired nucleotides and with the size of a loop ex-
ceeding six nucleotides. The example of such thermo-
dynamically stable hairpin is a hairpin-loop structure,
formed by two hairpin structures in supercoil pUCS
plasmid (Fig.5). pUCS8 plasmid contains several in-
verted repeats which can form hairpin-loop structures.
Free energy AG of the most stable structure (indicated
with arrows in Fig.5) is —17.8 kcal/mol, 11 bp form the
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stem of the hairpin, and the loop contains four nucleo-
tides. However, G—T pair is not considered as non-com-
plementary one in RNA2 program of GeneBee soft-
ware, used by us to predict the secondary structure of
coronavirus RNA. The formation of G-T Wat-
son-Crick pair is possible due to the formation of rare
tautomer enol and iminoforms of nucleotides [14].
[The] Presented AFM image of hairpin-loop structure

312

of pUC8 DNA demonstrates that among several palin-
dromes, which are a part of pUCS8 DNA, the only one
and the most stable thermodynamically, hairpin-loop
structure is formed in vitro.

The possibility of formation of 23 thermodynami-
cally stable conservative structural motives was
shown for genomic RNA of bovine coronavirus
(Fig.3). The location of the majority of these motives
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Fig.5. AFM image of supercoiled pUCS plasmid in the air. Image
size - 372 nm x 372 nm. Arrows indicate two hairpins, forming
hairpin-loop structure. The insert size with zoomed image of
hairpins is 55 nm x 62 nm.

coincides with the location of hairpins for another iso-
late of bovine coronavirus (indicated in Fig.3) similar
to isolates of SARS virus.

The analysis of genomic RNA of murine hepatitis
virus (Fig.4, a) allowed revealing 12 hairpin-like struc-
tures in this sequence. The investigation of genomic
RNA of porcine epidemic diarrhea virus proved the
possibility of forming 18 hairpins (Fig.4, ), 10 of
which are located in the site of the gene, encoding
replicase.

The investigation of a complete sequence of
genomic RNA of another porcine coronavirus — trans-
missible gastroenteritis virus — testifies to the possibil-
ity of existence of 11 hairpin-like structures, nine of
which are also located in the gene, encoding replicase
(Fig.4, ¢).

The composition of localization maps of inverted
repeats brings up several questions. Firstly, two hair-
pins at 5'- and 3'-ends of DNA matrix chain are suffi-
cient for initiation and termination of transcription. At
the same time, the sequence of gene, encoding replicase
A of bovine coronavirus, contains 14 hairpins. There-
fore, a biological function of the majority of hairpins re-

vealed is yet to be defined. Secondly, the absence of
hairpins at 5'-end of the gene of replicase A of SARS vi-
rus (Fig.1), bovine coronavirus (Fig.3) testifies to the
fact that similar[ly] to hairpins, other non-canonical
DNA structures (triplexes, in particular) may serve as
signals for enzyme binding. Thirdly, SARS virus dif-
fers from other coronaviruses both in qualitative char-
acter of distribution of hairpins and in their quantitative
parameters. For instance, the number of highly stable
mismatched inverted repeats with the energy —AG over
15 kecal/mol for SARS virus is seven, while only two re-
peats with the free energy —AG over 20 kcal/mol and
one repeat with the energy over 15 kcal/mol were found
for bovine coronavirus. The abovementioned testifies
to the possibility of using the distribution of thermody-
namically stable inverted repeats for the purpose of
structural differentiation of viruses.

Therefore, the computer analysis of isolates of dif-
ferent animal coronaviruses and SARS allowed [of] de-
termining the main localization sites of potential con-
servative structural motives to be genes of replicase and
spike glycoproteins of coronaviruses. We believe that
the comparison of the distribution of hairpin structures
may serve as another instrument (along with
philogenetic analysis) in the research of evolutionary
relations and genome organization of both
coronaviruses and representatives of other species. Be-
sides, the maps of hairpin distribution obtained may be
important for further investigation on molecular mech-
anisms and regulatory role of such alternative struc-
tures as hairpin and hairpin-loop structures, which are
often discussed in literature [15, 16].

The work was partially supported by grants of AMS
47/2002 and AMS 72/2007 of the Academy of Medical
Sciences of Ukraine.

0. IO. Jlumancwra

bioindopmaTnyHuii aHani3 iHBEPTOBAaHUX HOBTOPiB T€HOMY KOpPO-

HaBIipyCiB
Pesrome

Mema. Cmeopenns kapm 10Kanizayii 00CKOHAIUX | HEOOCKOHAIUX
NOMEeHYIHUX WUNUTbKOBUX CIMPYKMYD Y 2eHOMI KOPOHAGIPYCig Nio-
Ounu i meapun. Memoou. Bioinghopmamuyunuii ananiz nykieomuo-
HUX NOCIO08HOCM el KOPOHABIPYCi8, AMOMHO-CUNO8A MIKPOCKONIS.
Pezynemamu. Buznaueno mepmoounamiuno cmadinvii 00CKoHani
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ma HeOOCKOHANl IHGepMOBANi NOBMOPU, SKI YMBOPIOIOMb WNULb-
KO8 cmpykmypu, wo modxcyms eunuxkamu y eenomuiu PHK kopo-
Hagipycie n00uHU | MEAPUH — 6IPYCI8 MANCKO20 20CMPO2O

pecnipamopro2o cuHOpomy, 2enamumy Muuii, enioemiunoi diapei

CBUNI, MPAHCMICUBHO20 2ACmMpoeHmepumy ma Ouva1o2o Kopo-
nasipycy. Cmeopeno kapmu 10Kanizayii wnuibox (AKi € 0OHUM i3
NAHYI02I6 CUSHATTLHUX MEXAHI3MI6 (YYHKYIOHYBAHHSA 2eHOMY) Ha 2e-

Hnomi KopoHnagipycie. Bucnoeku. Ocnognumu caumamu 10Kanizayii

NOMEHYIHO MOJICIUBUX KOHCEPBAMUSHUX CIMPYKINYPHUX MOMUBIE €
2eHU penniikasu ma 21iko- npomeinie wiunie koponasipycie. Lllnune-
K081 CINPYKMYpU € KOHCep8amMugHUMU eleMeHmamu ecepeouti Ha-
b6opy i301amie 00H020 6UQY KOPOHABIPYCIE.

Kniouoei crosa: 6ipyc mssicko2o 20cmpozo pecnipamopHozo
CUHOPOMY, KOPOHAGIPYC, WNUILKOEA CMPYKMYpA, iHEepMO6aHUll
nosmop.

0. I0. Jlumanckasn

BuonndopmaTnyeckuii aHaaIu3 HHBEPTUPOBAHHBIX TOBTOPOB

reHOMa KOPOHABUPYCOB

Pesrome

Leny. Coz0anue kapm 10KAIU3AYUU COBEPULCHHBIX U HECOBEPULCH-
HbIX NOMEHYUANHBIX WNULEYHBIX CMPYKIMYP 8 2eHOME KOPOHABUDY-
cos uenoseka u dcugomuvix. Memoowt. Buoungopmamuueckuil
aHanU3 HYKIeOMUOHbIX NOCAe008AMeENbHOCHEl KOPOHABUPYCOS,
amomHo-cunosas mukpockonus. Pesynemamut. Onpedenenvt mep-
MOOUHAMUYECKU CIAOUTIbHbIE COBEPUIEHHbIE U HECOBEPULEHHbIE UH-
6epmuposannble NOGMOPLL, 0OPA3YIOWUE WNULEYHbLE CIPYKIMYPbL,
Komopuwle Mo2ym @o3Huxams 6 cenomnou PHK xoponasupycog ue-
J108€KA U AHCUBOMHBIX — GUPYCOG MAINCEN020 OCMPO20 PECRUPAMOP-
HO20 CUHOPOMA, 2eNAMUMA MbIUU, INUOEMULECKOU duapeu CGUHbU,
MPAHCMUCCUBHO20 2ACMPOIHMEPUMA U OblUbe20 KOPOHABUPYCd.
Co30anvl Kapmol 10KAIUAYUY WNUTLEK (AAAIOWUXCA OOHOU U3 Ye-
neil CUeHAIbHBIX MEXAHUZMO8 PYHKYUOHUPOBANUS 2eHOMA) HA 2eHO-
Mme KopoHnagupycog. Buereodwst. Ocnosnvimu cailmamu 10Kaiu3ayuu
NOMEHYUATILHO BO3MOICHBIX KOHCEPBAMUBHBIX CIMPYKMYPHBIX MO-
MUBOB CYIAHCAM 2€HbL PENIUKA3bL U 2AUKONPOMEUHOB WUNOE KOPO-
nasupycos. Llnuneunvie cmpykmypuvl AGIAIOMCSA KOHCEPBAMUG-
HbIMU dNIeMeHmMamu GHympu Habopa u30aamos 00H020 6UOd KOpPO-
HABUPYCO8.

Kurouegvie crnoga: upyc msiceioco ocmpo2o pecnupamopuozo
CUHOpOMA, KOPOHABUPYC, WNULCYHAS CIMPYKIMYPA, UHEEPMUPOBAH-
HbIll NOBMOP.
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