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Low molecular weight natural mediators, 2'-5'-linked oligoadenylates, play an important role in interferon-ba-
sed antiviral mechanism, participate in growth, apoptosis and other important cellular processes. Taking into
account their concentration within living cells, the 2'-5'A, oligoadenylates may act as additional biologically acti-
ve substrates, capable of regulating the S100A41 protein functioning in vivo. Aim. Find the evidence for the interac-
tion of human apo-S100A41 with 2'-5'-linked oligoadenylates. Methods. Using the circular dichroism (CD) and
heteronuclear NMR spectroscopy. Results. The obtained results demonstrated the occurrence of the secondary
structure changes in human S100A41 protein upon the interaction with 2'-5'-linked oligoadenylates as well as indi-
cated specific residues involved in this process. Conclusions. Our study points to the 2'-5'"-linked oligoadenylates
as possible additional elements of the complex system of fine regulation of the Ca’ -signal transduction pathway in

human cells.

Keywords: 2'-5'-linked oligoadenylates, S100A1.

Introduction. Triphosphorylated 2'-5'-linked oligoade-
nylates, which can be defined by the general formula
ppp(2'- 5")A,, are being synthesized in the cell through
interferon-induced enzyme — 2'-5'-oligoadenylate syn-
thase (OAS). These compounds play a key role in the
antiviral innate immunity mechanism, participate in the
cell differentiation and apoptosis processes, at the same
time being involved in diabetes and atherosclerosis pa-
thogenesis. It was demonstrated, that they can be used
as effective therapeutic compounds for oncology and
hematology treatment [ 1, 2]. Their biological activity is
mainly related to the ribonuclease L (RNase L) activa-
tion: only phosphorylated 2'-5'-linked oligoadenylates
are capable of activating the enzyme due to the presen-
ce of phosphate groups though. dephosphorylated, or
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so-called «core» 2'-5'-linked oligoadenylates, do not bind
to RNase L thus leaving the enzyme inactive [1-3].
The long-term research of 2'-5'-linked oligoadeny-
lates is based on the «interferon hypothesis» of biolo-
gical activity [1-4]. It assumes that the antiviral acti-
vity of these compounds is based on the formation of
phosphorylated 2'-5'-linked oligoadenylates and further
activation of RNase L, which specifically cleaves viral
mRNAs, therefore rendering their antiviral properties.
Nevertheless, phosphorylated oligoadenylates possess
a low stability within the cell: they are cleaved by phos-
phorylases, thus forming «core» oligoadenylates, which
display a set of other activities that have nothing to do
with the interferon—-RNase L system. In particular, 2'-
5'-linked triadenylates (2'-5'A,) and their analogues
possess cardio protector potential and may act as graft
versus host disease (GVHD) inhibitors [5]. It is worth
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mentioning, that these compounds are also capable of
executing the inhibiting effect on smooth muscle con-
traction [6].

The biological action of «core» 2'-5'A, is not fully
understood yet. Up to now, all target proteins are un-
known. Our previous experiments identified a set of
protein targets, with which the «core» 2'-5'A, and its
analogues interact: strong binding to albumin and inter-
feron and weak binding to immunoglobulin were de-
monstrated [7]. In order to investigate the ability of
«core» 2'-5'A, to interact with a-interferon — the key
protein of 2'-5'OAS/RNAase L system, responsible for
antiviral cell defense — MALDI-TOF mass spectromet-
ry was applied. It was shown, that naturally occurring
2'-5'A, and its epoxy-modified analogue (2'-5'A;-epo)
bind to a-interferon, so 3'-5'-linked triadenylate does.
Simultaneous binding of up to five ligand molecules
was demonstrated [8].

Itis a matter of common knowledge that Ca® signal
transduction is an essential mechanism, ensuring various
cell processes regulation. Multifunctional Ca”-trans-
ducing protein Calmodulin (CaM) is one of the key pro-
teins involved in it. As it has recently been shown in our
group, native 2'-5'A, binding to human CaM caused an
alteration of its functional profile [9]. The experimental
data revealed considerable (23 times) increase of its
Ca™" affinity upon interaction with «core« 2'-5'A,, its
epoxy and 3'-cordycepin modified analogues.

Using these data as a background, we decided to
perform a study, focused on another Ca*'-binding pro-
tein, human S100A1. It is the protein with known acti-
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vity during neurological disorders and several types of
cancer; its expression level serves as one of the key in-
dicators for heart failure [10, 11]. As shown recently,
the S1I00AT interacts with ryanodine receptor (RyR) in
heart (RyR1) and skeletal (RyR2) muscles [12]. The
S100A1 shares with CaM exactly the same binding site
to interact with RyR receptors [13]. The SI00A1, an im-
portant regulator of calcium cycling, revealed the mo-
dulated activity of RyR in calcium-dependent way. The
model activation of calcium release by RyR receptor in
both hearts and skeletal muscles included knock-out
RyR inhibitor (CaM).

Earlier, we have shown that dephosphorylated 2'-
5'A, and its chemically modified analogues possess si-
milar activity towards stimulating the Ca*'-currents in-
activation kine tics in HVA cell cultures [14]. Other ex-
perimental results, obtained by us, demonstrate that 2'-
5'A, stimulates the RyR mediated Ca’* release from the
sarcoplasmatic reticulum in the smooth muscle cells [6].

Current report demonstrates the recently obtained
experimental data, proving the possibility of interac-
tion between the «core» 2'-5'A, and human S100A 1 pro-
tein in apo-(Ca”" free) form.

Materials and methods. Synthesis of 2-5'-linked
oligoadenylates. Natural 2'-5'A, and its epoxy modi-
fied analogue (2'-5'A,-epoxy) were synthesized from a
solution modified by phosphotriether method [15]
(Fig. 1).

Synthesis and purification of the recombinant hu-
man apo-S100A41. The synthetic gene encoding human
S100A1 was cloned into pET-30a + plasmid and ex-
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pressed in Escherichia coli utilizing the T7 expression
system. Bacterial cells were grown at 37 °C in LB me-
dium. Expression was induced by addition of 0.4 mM
IPTG at OD,,, = 0.8. Bacterial culture was grown for 2 h
afterward. Human S100A 1 was isolated using the clas-
sical method of ammonium sulfate precipitation [16,
17] followed by the purification procedure using rever-
sed-phase HPLC on a semi preparative Vydac C18 co-
lumn [18]. The final product was identified by the elect-
rospray ionization mass spectrometry using a Macro-
mass Q-Tof spectrometer. The concentration in solu-
tion was estimated from its absorbance at 280 nm. For
the synthesis of the recombinant ""N-labeled human
S100A1 protein, the E. coli cells were grown in M9 me-
dia containing (*NH,),SO, as the sole nitrogen source
and unlabeled glucose as the sole carbon source.

CD Spectroscopy. The far-UV CD spectra were re-
corded over 260-200 nm range on Jasco J-815 CD
spectropolarimeter at 298 K in a 2 mm light path length
cuvette. For the measurements, 8 uM human Ca®'-free
form of S100A1 protein (apo-S100A 1) was dissolved in
a buffer that contained 5 mM Tris-HCI and 100 mM
NaCl (pH 7.5). The concentration of human S100A1 in
solution was controlled spectrophotometrically by mea-
suring its UV absorbance at 280 nm using extinction co-
efficient 10200 (mol 'em ") on Cary Eclipse spectropho-
tometer. The titration experiments were performed by ad-
ding the small amounts of natural 2'-5'A or 2'-5'A,-epo-
xy concentrated stock solution, prepared in the same buf-
fer. The final oligoadenylate concentration was 56 uM.

The oligoadenylate-apo-S100A1 solution elliptici-
ty values [0] were corrected by subtracting the corres-
ponding values for natural 2'-5'A; or 2'-5'A;-epoxy on-
ly and converted into the molar ellipticity [0, ;], using
the following equation:

1000,

[ ]molar A H

md

where 0, is the observed ellipticity (degrees) at wave-
length A, m is the molar concentration of protein solu-
tion and d is the path length in centimeters. The secon-
dary structure content of human S100A1 was extracted
using CDNN deconvolution software [19].

NMR Spectroscopy and S100A41 titration with 2'-
5'A4,. Al NMR data sets were acquired on Varian Unity +
500 NMR spectrometer ('H resonance frequency 500,606
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Fig. 2. CD spectra of A4po-S100A1 (black/1) in the presence of 8§ uM
(red/2), 24 puM (green/3), 40 uM (blue/4) and 56 uM (cyan/S) of
2'-5'A3-nat (a) or 2'-5'A3-epo (b).

MHz) equipped with three channels, z-gradients unit
and 'H/"”C/"N triple resonance probe head with inverse
detection. NMR sample was prepared by dissolving 0.3
mM "“N-labeled human apo-S100A1 protein in 90 %/
10 % H,0/D,0, 20 mM TRIS-d11 and 150 mM NaCl
buffer solution. Spectra were recorded at 293 K using
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
as external indirect reference with coefficients = =
= 0.251449530 and = = 0.101329118 for °C and "N
resonance frequencies respectively [20]. In order to ob-
tain the detailed information about the interaction bet-
ween apo-S100A1 and 2'-5'A,, the concentrated stock
solution containing 130 mM of 2'-5'A, was prepared in
the same buffer. The NMR titration experiment was do-
ne as four consecutive injections (10 uL. each) of stock
solution to previously prepared NMR sample. Every ad-
dition was followed by acquiring 2D 'H-""N HSQC spec-
tra. All recorded data were processed with the NMR
Pipe [21] and analyzed with the Sparky [22] software.
Results and discussion. CD spectroscopy. Far-UV
circular dichroism (CD) in the 260-200 nm range is wi-
dely used for the protein structure analysis [23]. In case of
human S100A1, the recorded CD spectrum demonstra-
tes two strong bands at around 222 and 208 nm (Fig. 2,
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Changes in human apo-S100A41 protein’s secondary structure content upon interaction with natural 2'-5' A3 or 2'-5'A ;-epoxy

Coneenization of 2585 %' 25 Ar-epoxy, %'
oligoadenylates, M a-Helix B-Tumn Random coil a-Helix B-Turn Random coil
0 54.5 13.7 21.1 54.5 13.7 21.1
8 53.2 13.9 21.7 52.9 13.9 21.8
24 50.2 14.2 23.1 51.9 14.0 22.4
40 49.8 14.3 23.4 50.6 14.2 23.0
56 48.8 14.4 23.9 49.6 14.3 23.5

Chemical shift perturbtion, ppm
1

10 20 30 40 50 60 70 80 90
Residue number

Fig. 3. A — chemical shift perturbation (csp) plot on 2D 'H-"N HSQC
spectra upon titration with 2'-5'A; (only residues with notable csp
values are presented)

a, b), which is an essential feature for the proteins with
high content of a-helical structure [24]. According to
the literature sources, the 3D structure of apo-S100A1
homodimer is dominated by four long o.-helices with
two short antiparallel B-sheets in C-terminal parts of
both Ca*"-binding loops [25].

The secondary structure analysis revealed that mo-
re than 50 % of the protein’s secondary structure con-
tent is presented by a-helical elements. The contents of
B-turns and randomly coiled elements are very low
(Table). The presented CD spectra are very similar to
those previously obtained in our group or published for
structurally similar S100B protein [26].

An addition of either natural 2'-5'A, or its epoxy-
modified derivative to the protein solution did not pro-
vide any dramatic changes in initial protein CD spectra
shape. Nevertheless, it is demonstrated that 2'-5'A; oli-
goadenylates caused tiny alterations in 3D structure re-
flected in a small decrease of molar ellipticity within
both helical bands (Fig. 2, 4, B). The analysis of apo-

282

S100A1 secondary structure demonstrated that addi-
tion of the oligoadenylate at maximum concentration,
either natural or epoxy-modified, led to a decrease in the
a-helical conformation by 6 % (Table). The value of er-
ror was determined by calculating the differences in eva-
luation of the secondary structure content within diffe-
rent regions of the CD spectra by the software. The value
turned out to be around 2 % at the average in all cases.

NMR spectroscopy of human apo-S100A41 protein
and its titration with natural 2'-5'A, oligoadenylates.
The high-resolution 3D structure of apo-S100A1 is pre-
sented as X-type homodimeric biomolecule. Each su-
bunit has two helix-loop-helix Ca*"-binding EF-hand
motifs of 93 amino acid residues. The spatial structure
S100A1 in solution was solved independently by seve-
ral groups under slightly different conditions (buffer,
pH, ionic strength) and temperatures which could lead
to small differences in Ca’" affinity [25, 27, 28]. In the
present study, the NMR data sets were acquired on NMR
sample containing 300 uM of "N-labeled human apo-
S100A1 at pH 7.2 under the same conditions as we ha-
ve used recently [28]. The sequence-specific assign-
ments of 'H and "N resonances observed on 2D 'H-"N
HSQC spectrum were transferred from previously de-
posited chemical shifts (bmrb code 18089).

A titration curve was obtained after four successive
additions (10 puL each) of 130 mM natural 2'-5'A, stock
solution prepared in the same buffer. The chemical shift
perturbations (csp) values were calculated from 'H and
N chemical shifts according to the following equation

[29]:
Ac =J02(Ac ,, )? +(Ac,, )2

An inspection of the 'H and "N HSQC NMR data
sets exhibited several amino acid residues, which de-
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Fig. 4. Surface representation of 3D structure of human apo-S100A1
protein (pdb 2LLU) solved at the same experimental conditions [28].
Residues exhibited notable csp are colored as follows: located within N-
terminal (His18, Lys21, Asp24, Lys25) and C-terminal (Val69, GIn72)
Ca™'- binding loops are highlighted in yellow and orange, respectively;
residues within linker region and C-terminal part of helix IV (Glu39,
Leud1, Phe44, and Glu91) are colored in red; at the intersubunit in-
terface (Ser2, Glu 3, Ala7, Val54, Tyr74, Thr82, and Asn87) are high-
lighted in green

monstrated notable csp values for amide groups (Fig. 3,
A). The recorded experimental data could be used to ob-
tain information about binding constants of native 2'-
5'A, oligoadenylates to apo-S100A1 [30]. The disso-
ciating constants extracted from the chemical shifts cur-
ves (Fig. 3, B) fall in the moderate 107 ... 10° M range
suggested that the interaction of 2'-5'A, with the human
apo-S100A1 protein is biologically relevant, but the
specificity is not very high.

A comparison of the obtained results with known
high-resolution 3D structure of the human apo-S100A1
[27, 28] gave us an idea about structural alterations cau-
sed by 2'-5'A, binding (Fig. 4). It turned out, that posi-
tions of the residues with higher csp values referred to
the Ca’-binding loops, which constituted the central
part of the EF-hand domains. Majority of these signals
came from the N-terminal part of the Ca*"-binding mo-
tif (His18, Lys21, As 24, Lys25, Lys30), which was
characterized by strong dependence on tiny changes in
experimental conditions such as temperature, pH or/
and ionic strength of solution. The amino acid residues
within the C-terminal region of the protein globule de-
monstrated lower csp values upon the interaction with

2'-5'A,-nat oligoadenylates: only Val69 and GIn72 re-
vealed notable csp values (Fig. 4). We suggest that even
tiny structural alterations in those regions of the protein
globule may cause changes in its Ca’ -affinity.

The linker region (Glu40-Val51), in addition to C-
terminal helix IV, constitutes another important region of
S100A1 globule, which is mostly responsible for the inter-
action with target proteins/peptides. For instance, amino
acid residues within the linker region are responsible for
the hydrophobic contacts formation in case of interaction
between S100A1 protein and Ryanodine receptor [31].
Another example is the complex between S100A1 and
TRTK12 peptide, derived from actin-capping CapZ pro-
tein, which is formed via the interactions with amino
acids within the «hinge» region (Phe44, Leu45, Lys49)
and helix IV (Ala84, Cys85, Phe88) [32].

We have recently shown that central position in the
linker region is being held by Phe44, which forms the so-
called thiol-aromatic switch that controls hydrophobic
interactions within this part of the protein globule (lin-
ker-helix 1V) [28]. Some of the amino acid residues,
located in close proximity to Phe44, demonstrated high
csp values in a response to native 2'-5'A, binding, name-
ly Thr39, Glu40, and Phe44 itself (Fig. 3, A).

As it has been previously noted, specific structural
changes at the position of Phe44 further propagated to
the whole linker [33]. As a result, notable alterations oc-
curred anywhere within the S100A1 globule. In parti-
cular, the conformational changes might lead to a.-helix
shortening by 3—4 residues (one turn) within either the
linker region [28, 33] or helix IV [25, 34]. It has recent-
ly been shown in our group, that similar structural mo-
difications caused the increase of Ca*" affinity and chan-
ges in cooperativity of Ca’-binding process [28]. The-
se effects might explain small fluctuations within the
S100AT1 a-helical content upon binding natural 2'-5'A,
oligoadenylates and its epoxy derivative (Table).

As has been previously noted, the linker region toge-
ther with helix IV contained several residues strongly con-
served throughout the whole S100 family of proteins
[28]. Comparison of the SI00A1 epitops involved in the
interaction process with natural 2'-5'A, revealed that at
least some of them formed contacts with the target pro-
teins [31, 32]. This supports an idea that oligoadenylates
might regulate interactions of Ca-signaling proteins wi-
thin S100 family with their targets in the similar fashion.
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It worth mentioning, that our experimental data de-
monstrated the impact of 2'-5'A, on the homodimeric in-
terface within S100A1 globule. Some residues exhibited
higher csp values (Ser2, Glu3, Ala7, Tyr74, Thr82, Asn
87, and GIlu91), were involved in the formation of hydro-
phobic intersubunit contacts between helices I/I' and IV/
IV' (Fig. 4). Considering a low value of solvent-acces-
sible surface area of this particular region of the protein
globule, we suppose that 2'-5'A, does not directly bind to
residues within intersubunit interface, but rather trans-
mits the effect to homodimeric surface upon binding to
Ca’'-binding loop or/and linker region. The similar effect
has previously been reported for structurally similar S100B
protein upon binding Ca** ions [35]. The tiny effect of
2'-5'A, binding to the apo-S100A 1 homodimer interfa-
ce might serve as an additional natural element, invol-
ved in the regulation of Ca’* transduction pathway.

Conclusions. In our study we have demonstrated that
2'-5'A, can act as a compound, capable of altering the
secondary structure of the human apo-S100A1 protein.
Addition of both natural and epoxy-modified oligoade-
nylates triggered the decrease of its helical structure
nearly to the same extent (around 6 %). We believe that
the changes within its helical structure might trigger
functional Ca’* signal transduction regulation through
tuning the function of human S100A1 protein. The pre-
sented experimental data obtained by CD and NMR
spectroscopy exhibits tiny conformational alterations
observed within the most important regions of the hu-
man apo-S100A1 globule caused by natural 2'-5'A, and
its epoxy-modified derivative.

Our results suggested a possible implication of oli-
goadenylates in the regulation of the of ST00A1 protein
functioning.
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Buuenns BrumBy aedocdopuiboBanux 2'-5' oniroaaeHinaris
Ha KoH(popmaito Oinka apo-S100A1 MeTogamMu reTeposiIepHOro
SIMP Ta KpyroBoro auxpoismy

0. 10. Ckopoboratos, /. M. Jloxko, 1. }0. XKykos, O. B. Ko3nos,
3. 0. Tkauyxk

Pesrome

Husvromonexynapni mediamopu npupoonoco noxooxcenmus — 2'-5'
onizoadeHinamu — 8i0icparoms 6AdNCIUBY POlb 8 AHMUBIPYCHOMY MeXa-
HI3MI, NO8 A3aHOMY 3 IHMepPHePOHOM, OHU NPUYEMHI 00 POCMY K-
MUH, aNONMO3y MA THUWUX 6ANCIUSUX NPOYECIS, WO NPOMIKAIOMb Y Kili-
muni. 3eadcarouu na snauny Konyenmpayiio 2'-5' onicoadeninamis ece-
PEOUHI HCUBOT KNTMUHU, MOICHA NPUNYCIMUMU, WO BOHU CILY2YIONb 00-
0amrkosumu 6I0N0IUHO aKMUSHUMU CyOcmpamamu i 30amHi pe2ynea-
mu ¢ynxyionysanns 6iika S10041 in vivo. Mema. Tlowyk dokazie modic-
ausocmi ezaemo0ii 2'-5" onicoadeninamie 3 ano-gopmoro oinka S100A41
noounu. Memoou. Buxopucmarno memoou AMP i K/]. Pe3ynemamu.
Ompumani Oaui 6Ka3yOMes HA me, Wo BHACIIOOK 83aeMOOTi midc 2'-5'
onieoadeninamamu ma S100A41 6iobysaromvcs nepebyoosu y 6mopum-
Hitl cmpyxkmypi ocmannvo2o. Kpiv mozo, 80anocs eusnavumu, siki came
AMIHOKUCIOMHI 3anuwKu 6epyms yuams y yii 63aemooii. Bucnoexu.
FLuoeipHo, 2'-5" onicoadeninamu € 000amKo8uUMU eleMeHMaMU CKIAO-
noi cucmemu peaynayii npoyecis, onocepedrosanux ionamu Ca’” .
Kniouosi cnosa: 2'-5" onicoaoeninamu, S100A41.

Wsyuenue Bnusiaus aedochopunupoBaHHbix 2'-5' 0IUr0aIeHUIATOB
Ha koH(popmanuio Oenka apo-S100A1 meTogaMu reTeposaepHOTo
SIMP 1 KpyroBoro AuxXpousma

A. 1O. Cropo6oraros, [I. H. JIoxxko, . 10. XKykos, A. B. Koznos,
3. 10. Tkauyk

Pestome

Huskomonexynapuvie meouamopvl NPUpooOHo20 NPOUCXOHCOEHUS —
2"-5" onueoadenunanmot — uepaiom 8ANCHYIO poib 8 AHMUBUPYCHOM Me-
Xanuzme, C6A3AMHOM C UHMEPPEPOHOM, OHU NPUYACTIHBL K POCMY Ke-
MOK, anonmosy u OpyeuM 6adCHbIM NPOYECCdM, NPOUCXOOSUWUM 6
Kkremxke. Yuumvieasn konyenmpayuio 2'-5' onueoadenunamos sHympu
JHCUBOTL KILEMKU, MOJICHO NPEONONONCUNb, UIMO OHU CLYAHCAN OONONHU-
MenbHbIMU OUO I02UHECKU AKMUBHBIMU COCOUHCHUAMU, CHOCOOHBIMU pe-
eyauposams ghynkyuonuposanue deaxa S10041 in vivo. Henw. [Touck do-
Kazamenbcme 603ModucHocmu 3aumoodeticmeus 2'-5' onueoadenuna-
mos ¢ ano-gopmoii benxa S100A41 uenosexa. Memoowt. Hcnonvzosansi
memoowt AMP u KJ]. Pesynomameut. [lonyuennvle OanHble yKazvieaom
Ha mo, Ymo 6 umoze gzaumooeticmeaus mexcoy 2'-5' onueoadenuramamu
u benxom S100A1 npoucxoosm uzmeneHs BMOPUYHOL CIPYKIMYPbl NO-
cneonezo. Kpome moeo, yoanoce onpedenumsv aMUHOKUCIOMHbIE OC-
mamxu, HenocpeoCmeeHHo YHacmeylouue 6 dMoM 63aumMo0eucmeul.
Buieoowt. Beposimuo, umo 2'-5' onucoadenunamel 561510mcsi 0ONOIHU-
MenbHbIMU JTIeMeH MaMU CIIONICHOU CUCTEMbL, pe2ylupylowell npoyec-
Cbl, 0NOCpedosanHvle UOHAMU ca™.
Knioueswie cnosa: 2'-5" onucoaoenunamot, S100A1.



STUDY OF DEPHOSPHORYLATED 2'-5'-LINKED OLIGOADENYLATES IMPACT ON apo-S100A1 PROTEIN

REFERENCES

1.

2.

3.

4

6.

8

10.

1

—

13.

14.

15.

16.

17

18.

Player MR, Torrence PF. The 2-5A system: modulation of viral
and cellular processes through acceleration of RNA degrada-
tion. Pharmacol Ther. 1998;78(2):55-113.

Silverman RH. A scientific journey through the 2-5A/RNase L
system. Cytokine Growth Factor Rev. 2007;18(5-6):381-8.
Liang SL, Quirk D, Zhou A. RNase L: its biological roles and re-
gulation. J[UBMB Life. 2006;58(9):508—14.

. Malmgaard L. Induction and regulation of IFNs during viral in-

fections. J Interferon Cytokine Res. 2004;24(8):439-54.

. Pat. USA 5571799. (2'-5') olygoadenylate analogues useful as

inhibitors of host-vs. graft response. Z Tkachuk, E Kvasyuk, G
Matsuka, I Mikhailopulo I. Appl. 1991; publ. 1996.

Filippov I, Tkachuk Z, Dubei I. Mechanisms of vessel tone regu-
lation by 2'-5'-oligoadenylates. Dopovidi Akad Nauk Ukrainy.
2010; 6:152-156.

. Tkachuk ZIu, Dubei LV, Tkachuk VV, Tkachuk LV, Losyts'kyi

Mlu, lashchuk VM, Dubei Ila. Study of the interaction of 2'-5'-
oligoadenylates and their analogues with proteins by fluorescen-
ce spectroscopy. Ukr Biokhim Zh. 2011;83(1):45-53.

. Levchenko SM, Rebriev AV, Tkachuk VV, Dubey LV, Dubey IYa,

Tkachuk ZYu. Studies on interaction of oligoadenylates with pro-
teins in vitro by MALDI-TOF mass spectrometry. Biopolym
Cell. 2013;29(1):42-8.

. Tkachuk Z, Dubey I, Tkachuk L, Dubey L, Shlykov S, Babich L. The

effect of 2'-5'-oligoadenylates on calcium binding to Calmodu-
lin. 17" Int. Symp on Ca’* -Binding Proteins and Calcium Function
in Health and Disease. 2011; 41.

Jaremko L, Jaremko M, Elfaki I, Mueller JW, Ejchart A, Bayer P,
Zhukov I. Structure and dynamics of the first archaeal parvulin
reveal a new functionally important loop in parvulin-type prolyl
isomerases. J Biol Chem. 2011;286(8):6554—65.

. Zimmer DB, Chaplin J, Baldwin A, Rast M. S100-mediated sig-

nal transduction in the nervous system and neurological disea-
ses. Cell Mol Biol (Noisy-le-grand). 2005;51(2):201-14.

. Prosser BL, Hernandez-Ochoa EO, Lovering RM, Andronache

Z, Zimmer DB, Melzer W, Schneider MF. SI00A1 promotes ac-
tion potential-initiated calcium release flux and force production
in skeletal muscle. Am J Physiol Cell Physiol. 2010;299(5):
C891-C902.

Wright NT, Prosser BL, Varney KM, Zimmer DB, Schneider MF,
Weber DJ. SI00A1 and calmodulin compete for the same binding
site on ryanodine receptor. J Biol Chem. 2008;283(39):26676-83.
Kostyuk PG, Kozlov AV, Tkachuk ZYu, Viatchenko-Karpinksi SV,
Sedova MV, Mikhaikopulo 14, Kvasyuk VI, Tselenko VI. Effect
of «core» 2'5'-oligoadenylates on the phosphorylation-depen-
dent calcium channels in GH3 cells. Ukr Biokhim Zh. 1995;67
(1):26-32.

Dubey IYa, Dubey LV. Synthesis of (2'-5')-triadenylate and their
analogues using O-nucleophilic catalysis of internucleotide
coupling reaction. Biopolym Cell. 2007; 23(6):538—44.

Dixon M, Webb EC. Enzyme fractionation by salting-out: a theo-
retical note. Adv Protein Chem. 1961;16:197-219.

. Falconer JS, Jenden DJ, Taylor DB. The application of solubi-

lity measurements to the study of complex protein solutions and
to the isolation of individual proteins. Discuss Faraday Soc.
1953;13:40.

Bolewska K, Kozlowska H, Goch G, Mikolajek B, Bierzynski A.
Molecular cloning and expression in Escherichia coli of a gene
coding for bovine S100A1 protein and its Glu32-->GIn and
Glu73-->Gln mutants. Acta Biochim Pol. 1997;44(2):275-83.

19.

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31.

32.

33.

34.

35.

Bohm G, Muhr R, Jaenicke R. Quantitative analysis of protein
far UV circular dichroism spectra by neural networks. Protein
Eng. 1992;5(3):191-5.

Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, Oldfi-
eld E, Markley JL, Sykes BD. 'H, "C and "N chemical shift refe-
rencing in biomolecular NMR. J Biomol NMR. 1995;6(2):135-40.
Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A. NMR
Pipe: a multidimensional spectral processing system based on
UNIX pipes. J Biomol NMR. 1995;6(3):277-93.

Goddard TD, Kneller DG. SPARKY 3. San Francisco, Univer-
sity of California publ., 2004.
Kelly SM, Price NC. The use of circular dichroism in the investi-
gation of protein structure and function. Curr Protein Pept Sci.
2000;1(4):349-84.

Johnson WC Jr. Protein secondary structure and circular dich-
roism: a practical guide. Proteins. 1990;7(3):205-14.
Rustandi RR, Baldisseri DM, Inman KG, Nizner P, Hamilton SM,
Landar A, Landar A, Zimmer DB, Weber DJ. Three-dimensional
solution structure of the calcium-signaling protein apo-S100A1
as determined by NMR. Biochemistry. 2002;41(3):788-96.
Ferguson PL, Shaw GS. Role of the N-terminal helix I for dime-
rization and stability of the calcium-binding protein S100B.
Biochemistry. 2002;41(11):3637—46.

. Nowakowski M, Jaremko L, Jaremko M, Zhukov I, Belczyk A, Bi-

erzynski A, Ejchart A. Solution NMR structure and dynamics of
human apo-S100A1 protein. J Struct Biol. 2011;174(2):391-9.
Lenarcic Zivkovic M, Zareba-Koziol M, Zhukova L, Poznanski J,
Zhukov I, Wyslouch-Cieszynska A. Post-translational S-nitrosy-
lation is an endogenous factor fine tuning the properties of
human S100A1 protein. J Biol Chem. 2012;287(48):40457-70.
Garrett DS, Seok YJ, Peterkofsky A, Clore GM, Gronenborn AM.
Identification by NMR of the binding surface for the histidine-
containing phosphocarrier protein HPr on the N-terminal do-
main of enzyme I of the Escherichia coli phosphotransferase
system. Biochemistry. 1997;36(15):4393-8.

Most P, Remppis A, Pleger ST, Katus HA, Koch WJ. S100A1: a
novel inotropic regulator of cardiac performance. Transition from
molecular physiology to pathophysiological relevance. Am J
Physiol Regul Integr Comp Physiol. 2007;293(2):R568-77.
Prosser BL, Wright NT, Hernandez-Ochoa EO, Varney KM, Liu
Y, Olojo RO, Zimmer DB, Weber DJ, Schneider MF. S100A1
binds to the calmodulin-binding site of ryanodine receptor and
modulates skeletal muscle excitation-contraction coupling. J
Biol Chem. 2008;283(8):5046-57.

Wright NT, Cannon BR, Wilder PT, Morgan MT, Varney KM,
Zimmer DB, Weber DJ. Solution structure of SI00A1 bound to
the CapZ peptide (TRTK12). J Mol Biol.2009;386(5):1265-77.
Groves P, Linse S, Thulin E, Forsen S. A calbindin D9k mutant
containing a novel structural extension: 'H nuclear magnetic re-
sonance studies. Protein Sci. 1997;6(2):323-30.

Nowakowski M, Ruszczynska-Bartnik K, Budzinska M, Jaremko
L, Jaremko M, Zdanowski K, Bierzynski A, Ejchart A. Impact of
calcium binding and thionylation of SI00A1 protein on its nuc-
lear magnetic resonance-derived structure and backbone dyna-
mics. Biochemistry. 2013;52(7):1149-59.

Marlatt NM, Shaw GS. Amide exchange shows calcium-indu-
ced conformational changes are transmitted to the dimer interfa-
ce of S100B. Biochemistry. 2007;46(25):7478-87.

Received 26.02.14

285



