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Aim. To investigate the ability of «core» 2'-5'- and 3'-5'-oligo- adenylates (OA) to interact with a-interferon —a
key protein of the 2'- 5'-OAS/RNAase L system responsible for antiviral cell defense. Methods. MALDI-TOF
mass spectrometry was used in the studies on protein-li- gand interactions. Results. It was shown that 2'-5'-A,
and its epoxy-modified analog 2'-5'-A -epo can bind to a-interferon in vitro. 3'-5'-triadenylate is also capable of
binding to this protein. One to five ligand molecules can bind simultaneously to the molecule of a-interferon. At
the same time, all studied oligonucleotides do not bind to insulin. Con- clusions. It was established that «core»
2'-5'- and 3'-5'-triadenylates are capable of multiple interaction with a-interferon to form stable complexes.
However, they do not bind to insulin which is not involved in the 2'-5'-OAS/RNAase L system.
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Introduction. In recent years oligoriboadenylates and
their analogues have been studied even more actively
than ever before as they are considered to be promising
compounds for the elaboration of novel antiviral, anti-
inflammatory and antitumor agents [1-6]. They play a
key role in the mechanism of antiviral defense of the
cell and are also involved in the processes of cell
growth and differentiation, apoptosis, pathogenesis of
diabetes, atherosclerosis, etc. Numerous works on the
investigation of biological activity of 2’-5’-oligo-
adenylates (2-5A) demonstrate that their mechanism of
antiviral activity is related to the capability of affecting
the proteins of 2’-5’-oligoadenylate synthetase/endo-
ribonuclease L system (2°-5’-OAS/RNAse L) which,
in turn, leads to the elimination of viral RNA [1, 7-11].
At present there are a number of investigated pro-
teins required for the functioning of the cellular system
of antiviral protection. First, this is RNAse L that
cleaves single-stranded viral RNA [1, 7, 12], protein
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kinase R controlling the synthesis of viral proteins [13],
and protein Mx responsible for special activity against
influenza virus [14]. However, the main role in the
antiviral protection is attributed to interferons, which
induce the expression of genes involved in the antiviral
activity of the cell, and as well are capable of inde-
pendent activation by the products of the cleavage of
hepatitis C virus RNA by RNAse L, as proven by recent
studies of Silverman [15]. While binding to protein
RIG-I, these oligoribonucleotides stimulate its ATPase
activity and, consequently, that of b-interferon gene,
the product of which, in turn, induces 2’-5’-oligo-
adenylate synthetase and the synthesis of 2-5A tri-
phosphates.

Therefore, the hydrolysis products of viral RNA are
capable of activating interferon synthesis. Still there is
a question of possible ability of “core” (non-phospho-
rylated) 2-5A, as well as 3’-5-oligoadenylates, to inter-
act directly with interferon and thus affect its functions.
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One of the modern methods to study this problem is
MALDI-TOF mass spectrometry (Matrix-Assisted La-
ser Desorption/lonization Time-Of-Flight mass spec-
trometry). This method is successfully used to investi-
gate biomolecules: aminoacids [16], peptides and
proteins [17, 18], oligonucleotides and nucleic acids
[19-22]. In particular, this approach allows studying
their modification, the ways of fragmentation, the
structure of covalent and non-covalent complexes, etc.
MALDI-TOF method is applied even wider for fast and
reliable determination of both nucleotide and amino-
acid sequences, as well as for the identification of
proteins in RNA-protein complexes [21-23]. For in-
stance, mass spectrometry has been successfully em-
ployed to sequence oligoribonucleotides containing up
to 22 nucleotides, and a number of proteins and pe-
ptide-RNA complexes in ribonucleoproteins [21, 24].

The analysis of mass spectrometry data ensures
high accuracy of determining the molecular mass of the
substance, the purity of the investigated sample and the
identification of possible impurities. This method
makes it possible to detect proteins in complex
mixtures, to study the modification of biopolymers
(glycosylation or phosphorylation of proteins, DNA
methylation, etc.) [18, 22, 23]. The key feature of
mass-spectrometric methods of analysis, including
MALDI-TOF, the most significant for the current
work, is broad possibilities of the study on
non-covalent interaction in biopolymer complexes, e.g.
protein-protein, protein-nucleic interactions, etc. [18,
22,24-28].

An important stage in the determination of probable
mechanisms of antiviral activity of oligoadenylates is
investigation of the specificities of their interaction
with target proteins participating in the antiviral
protection of the cell, such as interferon. The current
work is aimed at the in vitro study on binding of
O-interferon and insulin (a control protein that is not
involved in the 2’-5’-OAS/RNAse L system) with a
number of oligoadenylates of different structure using
MALDI-TOF method.

Materials and Methods. 2’-5’-Triadenylate
2’-5’-A, and its epoxy analogue 2°-5’-A,-epo were
synthesized by [the] phosphotriester method in solution
using 4-ethoxypyridine N-oxide [29] or N-methy-

limidazole [30] as nucleophilic catalysts of coupling
reactions.

Trimer 3°-5’-oligoadenylate 3°-5’-A, was obtained
by a standard solid-phase phosphoramidite method on
ASM-800 synthesizer (Biosset, Russian Federation).
2’-5’-A;: molecullar formula C,H,,N,O,P,, M =
925.65, MALDI-mass-spectrum — m/z = 928.12
[(M+H)], 792.18 [(M-Adet+H)']; 2’-5’-A,: C,H,,
N,,O0,,P,, M = 925.65, m/z = 926.66 [(M+H)]; 2°-5’-
A,-epo: C, H;N,.O,,P,, M = 907.64, m/z = 913.27
[(M+H)].

Recombinant interferon a-2b and human insulin
were manufactured by Interpharmbiotek and Farmak
companies (Ukraine), respectively.

Aqueous solutions of the samples were used. The
solutions of proteins and oligonucleotides were
incubated at 37 °C for 10 min. The concentration of
investigated compounds in the individual solutions and
mixtures was 10 M for all oligoadenylates, 10° M for
interferon, and 3.5-10~ M for insulin.

Mass spectrometry analysis was conducted using
MALDI-TOF spectrometer Voyager DE PRO (Applied
Biosystems, USA). The accuracy of mass
determination was 0.05 %, the measurements were
performed in the m/z range of 700-50,000. The proteins
and oligonucleotides were ionized using the sinapinic
acid (Sigma-Aldrich, USA). The molecular mass was
calculated by subtracting one from the m/z value of a
monovalent ion (proton mass = [.007 Da). The
instrument was calibrated using the calibration mixture
calmix3 from the manufacturer of the mass
spectrometer. The matrix reagent was prepared by
dissolving sinapinic acid (10 mg/ml) in the mixture of
equal volumes of acetonitrile and 0.1 % aqueous
solution of trifluoroacetic acid (Sigma-Aldrich). 1.5-2
ul of the mixture of solutions of the investigated sample
and reagent (1:1) was used for the application. A Linear
working mode of the time-of-flight detector was used
with the applied voltage of 25 kV, time delay of ion
extraction was 500 ns [31].

The fluctuations in the molecular mass value for the
same substance in different spectra can be explained by
the change in the instrument resolution depending on
the analysis parameters and incomplete reproducibility
of peak geometry.
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Fig. 2. MALDI mass spectra of insulin (@) and a-interferon (b)

The spectra were processed with Data Explorer 4.0
software (Applied Biosystems).

Results and Discussion. The method of
MALDI-TOF mass spectrometry was used to study a
number of short 2°-5” and 3°-5’-oligoadenylates as well
as the proteins insulin and a-interferon. Fig. 1 presents
the structures of oligoadenylates. Mass spectra of the
proteins are shown in Fig. 2.
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The first stage was investigation of the interaction
of 2’-5’-A, and a low-molecular protein — human
insulin. The molecular mass obtained from the mass
spectrum of insulin (Fig. 2, a) is 5,800.8 Da which is
close to the theoretical value (5,807.6 Da, error 0.12 %)
and is in good agreement with the data obtained in other
works [26]. The peaks with m/z 11,613 and 17,411
correspond to monocharged complexes containing two
and three insulin molecules, respectively, (a proton is
bound to the aggregate of two or three molecules),
while the peak at 2,896 belongs to a dicharged (doubly
protonated) insulin molecule. The peak with m/z =
6,014 may correspond to the product of matrix-protein
interaction: m/z of one of the main peaks, corres-
ponding to (M — OH)" fragment in the mass spectrum of
sinapinic acid, is 207.07. The peaks in this region are
also observed in the spectra of insulin mixtures with
oligonucleotides.

The mass spectrum of insulin mixture with 2°-5’-A
(Fig. 3, a) contains the peaks with m/z values of 929.1;
2,908.6; 5,801.3; 11,649 and 17,402 which correspond
(within the limit of accuracy of the instrument) only to
free components of the mixture (oligonucleotide and
protein). Therefore, the interaction of insulin and
2°-5’-A, was not registered in vitro.

The following series of experiments involved
O-interferon, widely used in the therapy of viral
diseases such as hepatitis C. Fig. 2, b presents the mass
spectrum of a-interferon, where the peak with m/z =
19,265 corresponds to monocharged ion of the protein.
The theoretical molecular mass of interferon o-2b
obtained from the amino acid sequence is 19,271 Da
(DrugBank: http:// www.drugbank.ca/drugs/
DBO00105), i.e. the deviation of the experimental value
is 0.04 %. The peaks with m/zvalues 9,618 and 6,417
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Fig. 3. MALDI mass spectra of the mixtures of insulin («) and
a-interferon (b) with oligoadenylate 2°-5’-A,

19246.38 -

z
__§ @ 20185.49
. |

9624.75

21124.08

| 22029.63

My ! | (2298037

VI A s AW
N e gt -4

fn wi e e i i
Wass {m'z)

Fig. 4. MALDI mass spectrum of the mixture of a-interferon and
oligoadenylate 3°-5’-A,

belong to di- and tricharged ions of 6-interferon (m/z
values are two and three times lower than that for
monovalent ion, respectively). The peak with m/z value
of 38,610 corresponds to monoprotonated complex of

two interferon molecules. The mass spectrometry data
obtained for G6-interferon by us are in good agreement
with the literature [32, 33].

Fig. 3, b presents the fragment of the spectrum of
the mixture of interferon and 2’-5’-A, which
demonstrates the formation of protein complexes with
one or several oligonucleotide molecules. Contrary to
the insulin—2’-5’-A; mixture whose spectrum contains
only peaks belonging to its components, the addition of
2’-5’-A, to interferon led to considerable changes in the
mass spectrum. In particular, the peaks with m/z values
20,179, 21,112, 22,044, 22,998 and 23,899 appear in
the spectrum of interferon-2’-5’-A; system. They
correspond to the complexes composed of one
interferon molecule and one to five 2°-5’-A, molecules.
The obtained molecular mass values are in good
agreement with theoretical ones. Thus, the deviation of
experimental m/z from the theoretically calculated
value for protein complexes with one or two 2°-5’-A,
molecules is 0.09 and 0.06 %, respectively.

As the complexes are detected after the impact of
laser ionization, their registration in mass spectra
suggests rather strong interaction between the
molecules of protein and oligoadenylate. It should be
noted that the formation of protein complex with
several ligand molecules is more difficult as compared
to the complex with a single ligand; it also decomposes
at the ionization step (before registration by the
instrument) more easily. Therefore, the formation of
stable multiple aggregates confirms quite strong
binding of a-interferon to the ligand.

At the next stage we studied the interaction of
O-interferon with a natural 3°-5’-triadenylate which
differs from 2’-5’-A, only by the type of inter-
nucleotide bonds. The mass spectrum of insulin and
3’-5’-A, mixture (Fig. 4) registers multiple interaction
of a protein molecule with one or several molecules of
oligonucleotide. Similar to 2’-5’-A,, the formation of
stable complexes containing one to five molecules of
triadenylate per protein molecule was detected. The
spectrum of the mixture also contains a group of less
intense peaks corresponding to doubly protonated
complexes (in the range of m/z 9,600—11,300).

3’-Epoxy-modified oligoadenylate 2’-5’-A,-epo
was selected for further experiments. As shown in
previous works of many authors, even a slight
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Fig. 5. MALDI mass spectra of the mixtures of insulin («) and
o-interferon (b) with oligoadenylate 2°-5’-A -epo

modification of the 2-5A structure may result in sharp
changes in its biological activity [1, 3, 5, 6]. The above
mentioned analogue of 2’-5’-triadenylate also
demonstrates interesting and diverse biological activity
[30, 34-36].

The mass spectrum of the mixture of insulin and
2’-5’-A,-epo  consists only of the peaks of
oligonucleotide and protein (Fig. 5, ). No additional
peaks were registered, i.e. the mass spectrum of the
mixture is actually the superposition of the spectra of its
components. The peak with m/z = 6,023 may be the
product of sinapinic acid binding to the protein (M =
224.21). Therefore, as in the case of non-modified
trimers, no interaction of 2’-5’-A, analogue with
insulin was registered in vitro.

The mass spectrum of the 6-interferon mixture with
2’-5’-As-epo (Fig. 5, b) contains a new peak with m/z =
20,177 which suggests the binding of 6-interferon to
2°-5’-A;-epo molecule (the deviation from the theo-
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retical value of molecular mass of the complex is 0.06
%). There are also two less intense peaks in the spec-
trum corresponding to the complexes of the interferon
molecule and two and three molecules of oligo-
nucleotide. Thus, 2°-5’-A,-epo also binds to interferon.

It is commonly assumed that antiviral properties of
phosphorylated 2-5A are related to their capability of
activating RNAse L, which, in turn, destroys viral
mRNA [1, 8-11, 37-39]. However, “core” 2-5A and
their analogues are remarkable also for other properties
which cannot be explained by the abovementioned
mechanism. In particular, these properties include the
prevention of tissue rejection after transplantation, the
effect on proliferation and apoptosis of stem cells,
cardioprotecting properties, etc. [30, 34, 35].

Therefore, new approaches should be elaborated
which would allow determining the mechanisms for
unusual biological activities of “core” oligoadenylates.
One of possible explanations may be the ability of
oligoadenylates to interact with some proteins that
determines their biological activity.

In our previous research the method of fluorescent
spectroscopy was used to demonstrate the interaction of
2’-5’-oligoadenylates and a number of their analogues
with albumin and interferon, with no binding to
immunoglobulin G [36]. The results of numerous
studies on the mechanisms of antiviral activity of 2-5A
suggest its direct relation to the activity of interferon [1,
3, 8-10, 38, 39]. The analysis of oligoadenylate-inter
feron systems performed using the mass spectrometry
method allowed us to discover rather stable interactions
between this protein and oligonucleotides. It should be
noted that the mass spectra of mixtures incubated for 24
hours at 4 °C were identical to those obtained after 10
min of incubation at 37 °C.

Conclusions. Our work presents the first study on
the interaction of oligonucleotides and proteins in vitro
by MALDI-TOF method.

It was shown that under the applied experimental
conditions the natural 2’-5’-A,, its epoxy analogue
2’-5’-A;-epo and 3’-5’-triadenylate are not capable of
binding to insulin. At the same time, all the investigated
2’-5> and 3’-5’-oligoadenylates can bind to
6-interferon, which is involved in 2°-5’-OAS/RNAse L
system, in the ratio of one to five molecules of the
ligand per protein molecule, to form stable complexes.



STUDIES ON INTERACTION OF OLIGOADENYLATES WITH PROTEINS /N VITRO BY MALDI-TOF MASS SPECTROMETRY

C. M. Jleguenxo', A. B. Pe6pi€62, B. B. TKallyKI, JI. B. ﬂy6eﬁ],
I A Jlyéeit’, 3. I0. Trauyk'
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Pestome

Mema. Jocrioumu szoammuicms «xkoposuxy 2'-5'- i 3'-5"-onicoa-
Oeninamis 63aeMO0iAmu 3 d-iHmep@epoHoM — KIYOBUM OIIKOM CUC-
memu 2'-5'-OAC/PHKasza L, 6ionogidaneHoi 3a npomugipychuil
saxucm knimunu. Memoou. /[ susuenns 63acmooitl OinoK—0nic0nyK-
neomuo suxkopucmano memood mac-cnekmpomempii MALDI-TOF. Pe-
synemamu. Bcemanoéneno 3o0ammicme 2'-5'-A; ma iio2o enoxcu-
Moougirosanozo ananoea 2'-5'-A ;-epo 36 ‘a3yeamucs 3 o-inmepdepo-
HOM in Vitro. 3 yum b6inkom modce maxodic 83aemodiamu i 3'-5'"-mpua-
Oeninam. Ilpu ybomy 0o moaekynu o-inmep@epory 00HOUACHO MOH#Ce
npueoHysamucs 6i0 0OHiei 00 n’amu MoaeKkyn aieandy. Y moti dxce uac
3 [HCYNHOM YCi Q0CTIONCEH] 0NI20HYKIeomuou He 36 's3yiomucsi. Buc-
noeku. I[lokasano, wo «koposi» 2'-5'- i 3"-5'-mpuadeninamu mHoscuH-
HO 63A€MOOTIOMY 3 O-IHMEPHEPOHOM 3 YMBOPEHHAM CMIUKUX KOMN-
nexcie. OOHaK 6OHU He 36 'A3VIOMbCA 3 IHCYIHOM, AKUU He € KOMNOHEH-
mom cucmemu 2"-5"-OAC/PHKasa L.
Kniwouoei  cnosa: onicoadeniramiu,
mac-cnekmpomempiss MALDI-TOF.

iHCYiH,  a-iHmepgepoH,

C. M. Jlesuenko, A. B. Pebpues, B. B. Tkauyk, JI. B. /[yo6eil,
U. A Jly6eiu, 3. FO. Trauyx

HccnenoBanne B3aMMOACHCTBUS OJIUT0AICHUIATOB C OCIIKAMH iR Vitro
MeTosoM Macc-cnekrpomerpun MALDI-TOF

Pesrome

Lens. HUccnedosams cnocobnocms «kopogeixy 2'-5'- u 3'-5'-onuzoa-
O0CHUNIAMO8 B3AUMOOCUCBO8AMb C O-UHMEPPEPOHOM — KII0YEGbIM
benxkom cucmemst 2'-5'-OAC/PHKasa L, omeemcmeennol 3a npomu-
sosupycuyto zawumy kiemxu. Memoowt. [[na usyyenus e3aumoole-
ticmeuil 0en0K—0UCOHYKIeomuo UCNONb306aH Mmemoo
macc-cnekmpomempuu MALDI-TOF. Pe3ynvmamol. Ycmanosiena
cnocobnocms 2'-5"-A; u e2o dNOKCU-MOOUPUYUPOBAHH020 anaLo2d
2"-5"A-epo ceazvieamuvcs ¢ o-unmepgeponom in vitro. C smum 6en-
KoM Modcem makaice 3aumooeticmeosams u 3'-5'-mpuadenunam.
Ipu smom k morexyie o-unmep@hepora 00HOBPEMEHHO MOICEMm Npu-
COCOUHAMbCA OM 0OHOU 00 NAMU MOAEKY Mu2anoa. B mo sce epems ¢
UHCYTUHOM 8Ce U3YUEHHble ONULOHYKICOMUObl He c8:3bleaomcs. Boi-
600u1. [lokasano, umo «koposvie» 2'-5'- u 3'-5"-mpuadenuramer cno-
COOHbBL K MHOJMCECINBEHHOMY 83AUMOOCUCTEUIO C O-UHMEPPEPOHOM ¢
0bpazosanuem ycmouuugvlx Komniexcog. QOOHaKo onu He CBsA3bl6d-
10MCcA ¢ UHCYIUHOM, He AGIAIOWEMCs KOMNOHEHMOM CUCMEeMbl
2"-5"-OAC/PHKas3a L.

Kniouesvie cnosa: onueoadenunamol, UHCYIUH, O-UHMeEPHEPOH,
macc-cnekmpomempus MALDI-TOF.
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