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ITockonbKy Ipy cBOpauMBaHUY O€JIKa BTOPHUYHAS CTPYKTYpa (POpMHUPYETCs paHbIle TPETHIHOMN, CIEAYET M0JIarars,
YTO pa3pyLUIeHHE BTOPHUYHOM CTPYKTYpHl NPHUBOAWT K AECTAOMIM3ALMHM TPETHYHBIX KOHTAKTOB M KOMIIAKTHOTO
ro0ymsapHOro coctosiHusA. OIHAKO MPOIECC Pa3BOPAYMBAHUS CONPOBOXKIACTCS YBEIMYEHHEM IUIOIMIAAN JOCTYITHOH
PacTBOPHUTEIIO HEMOISAPHONW MOBEPXHOCTH, YTO HEBBITOJHO B CIy4ac PacTBOPOB B YHCTOW BOJE M MOXKET MOCITYKHTh
MPUYIMHON HEKOTOPOH KWHETHYECKOH CTaOMIM3AIlH KOMITAKTHOTO cocTostHAA. Monekynsl JIMCO MOTryT 3HaYHTEIEHO
YCKOPHUTB 3TOT IPOLIECC, COMBBATUPYS HETIOISIPHBIEC YIACTKH.

SIpkoe OoTIMUYME KOMIAKTHBIX J€30PTaHH30BAHHBIX CTPYKTYp, ABIAIOMIMXCS, O BCEH BUIMMOCTH, KMHETHUECKU
YCTOWYMBBIMU MHTEPMEANATaMH, B KOTOPHIE MIPEBpaIlaeTcsi OENOK B CUMYJISIUAX C BOJOH, OT Pa3BEPHYTHIX, OJIM3KHUX K
CITy4alHBIM KJTyOKaM KOH(OpMaluii, KOTopble OBICTPO 00pa3yloTCsi B ONHAPHBIX CMECSX, TPEOYeT 3KCIIepUMEHTaIbHON
MPOBEPKH Ha OCHOBE JIETAIEHOTO HCCIIEIOBAHHS KOMIUIEKCOM (hH3HMYECKUX METOIOB.
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Abstract. The recently published most complete set of thermodynamical data on self- and hetero-complexation of
aromatic molecules measured under comparable conditions of experiment was analysed with an aim of getting insight
into contribution of various entropic factors to n-stacking in aqueous solution. It was found that the experimental entropy
change on n-stacking is determined by counterbalancing effect of two principal factors, viz. the hydrophobic interaction
(positive contribution) and the loss of degrees of freedom (negative contribution), modulated by electrostatic contribution.
The mixing entropy contribution originating from the overall ordering of system due to n-stacking complexation is zero.
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Introduction.

Understanding the role of various physical factors in n-stacking of aromatic moieties in solution is of fundamental
interest in physical chemistry, and is required for getting insight into a range of processes of chemical and biological
interest [1-3]. Much theoretical and experimental work has been done towards understanding the nature of forces driving
the complex formation stabilzed by stacking interactions, although the interrelation of enthalpic and entropic factors in
the net Gibbs free energy of the zt-stacking is still under discussion. The most vivid examples are the long-lasting problems
of decomposition of =-stacking energy onto energetic contributions from various physical factors
[4-6], the role of entropic factors [7-9] and hydration [10] in aggregation of aromatic moieties, the origin of enthalpy-
entropy compensation [11], and the problem of overall meaning of ©-stacking [12].

Aromatic molecules is the most representative example of the n-stacking forming domains used as model systems
to get insight into the nature of m-stacking interactions [1-6]. Recently [13] the most complete set of thermodynamical
data on aggregation of small aromatic molecules (experimental enthalpy and entropy changes, AHexp and ASexp) was
reported collecting more than 50 self- (X+X) and hetero-complexation (X+Y) systems measured under comparable
conditions of experiment (i.e. aqueous solution, pH~7, 1~0.1). The uniqueness of this dataset, as compared to analogous
thermodynamic data collections published before, is determined by two main features: (i) solution conditions are close to
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what is most often met in natural biological systems, and (ii) it mainly includes the heterogeneous complexations of
different by structure molecules which allows more extended discussion of the role of various factors (e.g. electrostatic,
charge-transfer, structural) in the stability of m-stacked complexes in aqueous solution.

In the present work the thermodynamic dataset [13] is anaysed in terms of a contribution of various entropic factors
to m-stacking in aqueous solution.

Results and discussion.

General patterns in thermodynamic parameters of w-stacking.

Analysis of the thermodynamic data reported in [13] enables drawing the following set of conclusions:

(i) the m-stacking complexation follows standard linear enthalpy-entropy compensation, suggesting no apparent
deviation of the complexation process from common thermodynamical behavior of small molecules in agqueous solutions,

(if) the AHex quantity is always negative independent on the type of molecule X or Y involved in the aggregation
process,

(i) the ASexy quantity also takes negative values (with few exceptions) independent on the type of molecule X or
Y,

(iv) the thermodynamic patterns for the hetero-association X+Y and self-association of its components, i.e. X or Y,
are generally similar suggesting that the overall thermodynamic properties of self- and hetero-association may be
considered complementary to each other (the specific deviations of hetero-association from self-association are discussed
in detail in [13]).

Let us further try to understand how this data can extend our knowledge of thermodynamic nature of n-stacking.

The negative values of AHexp is quite expected and can be explained by predominant contribution to the enthalpy of
van der Waals and electrostatic interactions. In contrast to AHexp, the negative magnitudes of ASep does not have an
apparent interpretation. The common view, currently dominating in literature states that classical hydrophobic interactions
give the largest contribution to z-stacking in solution, or the hydrophobic and van der Waals/electrostatic factor
commensurate at the best [2,13]. It suggests that ASe, should take large positive values or small values close to zero
(negative or positive). However, the experimental values of ASep do not support this expectation. To the best of our
knowledge, this fact has not been explained so far, and reveals a gap in current understanding of such fundamental
phenomenon as w-stacking in solution.

The composition of the net experimental entropy of the z-stacking.

Let us consider the principal contributors to the experimentally measured entropy change on aggregation of aromatic
molecules.

The entropic part of the Gibbs free energy change on aggregation in solution is made of the following principal
components, viz.

ASexp = AShyd +AS, +AS; +AS,, 1)

(i) hydrophobic contribution, ASpyq, originating from disordering of water shell on formation of stacked
complexes,

(ii) electrostatic contribution, ASe, originating from changes in ionic environment and dielectric properties of
nearest hydration shell on complexation,

(iif) changes in the overall number of degrees of freedom (translational, rotational and vibrational), ASgt. This factor
has recently been recognised as being responsible for the dependence of equilibrium aggregation constant on the humber
of molecules in an aggregate [7,9] and is used to explore the experimental aggregate distributions [7,14,15],

(iv) contribution due to overall ordering of the interacting molecules into the distribution of various by length -
stacked oligomers (dimers, trimers etc), ASmix. This factor is often called ‘the mixing entropy contribution’ [8] and is
sometimes included into analysis of thermodynamic quantities [7,14].

The hydrophobic contribution always results in positive values of ASpyq and cannot be responsible for the observed
negative values of ASey. The sign of the electrostatic contribution, ASe, may either take negative or positive values
depending on the sign of interacting molecules. Although it is currently difficult to unambigously quantify the entropic
part of electrostatic contribution to n-Stacking, however, analysis of literature (see [13] for review) allows drawing the
following qualitative conclusions:

- reactions of the formation of -stacked complexes in aqueous solution are commonly characterized by small net
electostatic contribution to the energetics of complexation due to counterbalancing effect of interaction with solvent and
intermolecular interaction,

- the interacting molecules collected in Supplementary feature different charges changing from repulsive (++ or —
—) to attractive (+-) contribution of the electrostatics to the net energetics of complexation. However, it does not affect
the sign of ASexp,

- attempts to quantify the electrostatic contribution to the heat capacity change for ligand-DNA binding reactions
(typically following the attractive +— pattern of electrostatic interaction) [16] have generally concluded that the
hydrophobic contribution dominates over the electrostatic.

From these statements it follows that the electrostatic contribution (ii) is most likely not the dominant factor in the
magnitude of ASep. It acts as a fine tuning of the magnitudes of thermodynamical parameters, as evidenced by the
recognized concept of ‘electrostatic complementarity’ in aromatic mt-stacking [17].
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The factor (iii) of the changes in the number of degrees of freedom has been quantified in [6] and takes deep negative
values of the entropy change, ASq, commensurable with ASyq. Hence, the factor (iii) may potentially be responsible for
ASexp<0.

The factor (iv) of the overall ordering of the system should also give negative entropic contribution, ASmix, however,
it has not been quantified so far. This is the hole in current understanding of the entropic composition of n-stacking which
will be considered in detail below.

Grand partition function of the self-assembling system.

It is known that the overwhelming majority of aromatic molecules exert pronounced tendency to aggregate in
aqueous solution (also referred to as self-association or self-assembly) resulting in formation of -stacked dimers, trimers
etc. [13,18]. The aggregation is most often considered to be non-cooperative and isoenergetic allowing to take the
equilibrium aggregation constant, K, equal on each stage of aggregation. This model although being simplified,
nevertheless, remains the most extensively-used approach enabling to describe wide variety of aggregations and extract
the thermodynamical parameters from experiment. Hence, as a partial case, this model also includes the m-stacking
complexation, discussed here. Let us find the exact form of the grand partition function, Z, of non-cooperatively self-
assembling system.

The most appropriate for the context of the present paper investigation of the grand partition function of the non-
cooperatively self-assembling system was accomplished in [19]. Detailed derivation of Z with further anaysis of
equilibrium state is given in Supplement. Below we shall discuss the key points and conclusions of this analysis.

If the system, containing No idential molecular units which are able to interact with each other and form complexes
with unrestricted number of molecules in them, is at isobaric-isothermal equilibrium, hence, the equilibrium distribution
of oligomers with different number of molecules, i, in them is being formed, viz. N1, N2, ... Ni, ... Further construction
of the grand partition function of such system yields the expression

N,! >, AG
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where AGl =—kTInK is the Gibbs free energy change and the aggregation constant, K, related to the formation of

each interface between the molecules in any oligomer; k is the Bolzmann constant.
(2) can be further used to get the Gibbs free energy of the system (taking monomer molecule as a reference state Gi)
as
= N,!
G:GlNO—kTInZ:GlN0+Z(|—1)NiAGl—kTInW 3)
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The principal feature of (3) is decomposition of the net energy, G, onto the sum of the terms containing G; and AG;
representing the thermodynamics of formation of immediate interface between neighboring molecules in complex, and
the third term containing factorials. The latter term accounts for the overall ordering of the system due to formation of
different-by-length aggregates, and, thereby, may be related to the mixing entropy contribution to the Gibbs free energy.

Evaluation of (3) under equilibrium state (i.e. searching for the condition of G minimum) results in expression

i-Lpg
N, = K™N; @

By transforming K and N; to standard molar units, eq.4 will thus represent the fundamental law of mass action, used
arcross different fields of physical chemistry which deal with the aggregation or complexation phenomena. Let us think
over the importance of the result obtained.

The role of various entropic factors.

The general form of the grand partition function (2) either accounts for the mixing entropy, ASmix (as the factorial
coefficient before the exponent), and defines K as a function of the energy, AG;, of immediate interface between
neighboring molecules which does not contain any contribution from the ordering, ASmix. So, if the
aggregation/complexation process is investigated using the mass action law, eqg.4, hence the experimental entropy change,
ASexp (N0 matter how it is measured, viz. using direct heat effect determination in calorimetry, or using temperature
dependence of K within the framework of van’t Hoff approach), does not contain the contribution from ASmix. The
overwhelming majority of known thermodynamic studies of the m-stacking in solution (including the dataset [13]
discussed here) uses the law of mass action, hence, ASmix should be excluded from analysis of the composition of ASexp.
It immediately allows answering the main question of this work concerning the origin of the negative sign of ASey, and
interrelation of various contributors to the net entropy change on n-stacking, viz.

- the major reason for ASe<0 appears to be the loss of degrees of freedom on complexation (ASgs),

- the overall ordering of system due to aggregation does not contribute to ASey (i.e. ASmix=0),

- electrostatic contribution, ASe, is not predominant, acting as a fine tuning of the net entropy of stacking in
solution,

- summary: the experimental entropy change on m-stacking is determined by counterbalancing effect of two
principal factors, viz. the hydrophobic interaction (positive contribution) and the loss of degrees of freedom (negative
contribution), modulated by electrostatic contribution, i.e. ASexy =~ ASdf + ASpyg + ASel.
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It is important to note that the set of conclusions formulated is valid for aqueous solutions only. w-stacking in non-
aqueous systems may feature different interrelation of electrostatic / hydrophobic factors, whereas the mixing entropy
contribution, ASmix=0, is independent of the type of solution.

Concluding remark regarding the zero contribution from ASix.

The above-discussed result, ASmix=0, is not apparent from the very beginning and may be questionable. For example
one may argue on the validity of the argument regarding the distinguishability of the monomers consituting each oligomer
(raised by anonymous referee), which was used for derivation of the grand partition function in (2). In fact the zero value
of ASmix directly originates from this assumption and therefore is of principal importance for the main conclusion of this
work. An opposite viewpoint assumes the dynamic exchange of the molecules inside an aggregate, which requires
modification of (2) and will eventually yield ASmix#0 (see [8] for more discussion). If that would be true the aggregate of
molecules would be equivalent to ideal gas (in terms of statistical thermodynamics) constrained within a container in
which all molecules are freely exchangeable by their positions, and thereby are really indistinguishable. We consider that
such view is incorrect at least for the n-stacked oligomers of aromatic molecules discussed in the present work. First, the
direct proton-proton intermolecular nOes in nuclear magnetic resonance spectra do not average down to zero (as would
be the case for freely tumbling molecules), thus evidencing the formation of stable complexes of aromatic molecules (see
[13] for review). Second, the translational diffusion coefficient of aromatic molecules features well pronounced
concentration dependence which is well predictable using concept of formation of linear aggregates with fixed positions
of molecules forming them (see [21] and references therein). Third, it has long been experimentally shown that the loss
of translational entropy on covalent and non-covalent complexation of protein units results in similar values well predicted
from statistical-thermodynamic grounds [22], which suggests that the positions of the molecules within a complex are not
exchangeable. Fourth, recent attempts to decompose experimental Gibbs free energy on separate contribution from
various physical factors based on the concept of fixed molecules forming n-stacked dimers, have been characterized as
successful (see [6] and references therein). In summary we consider that once the complexation of molecules has occurred
(resulting in formation of an aggregate), each of the molecule in the aggregate looses three translational and rotational
degrees of freedom (part of the lost freedom may actually be restored due to formation of intermolecular vibrational
degree of freedom or other residual motions inside the complex [6]). It means that the positions of molecules within an
aggregate are getting labeled, and, hence, they are becoming distinguishable, which supports the result ASyix=0 obtained
in the present work.
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CTATUCTUYECKHI AHAJIN3 SKCITEPUMEHTAJIBHBIX 3HAYEHUI XUMHUYECKHAX CJIBUTOB
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AHHOTaHl/Iﬂ. MCTOI[OM TJIaBHBIX KOMIIOHEHT IIPOBCACH aHaJIN3 JKCHIECPUMCHTAIbHBIX 3HAYECHUH XMMHUYECKUX
C/IBUTOB HEOOMEHHBAIOUIMXCSl MPOTOHOB CaMO- M HECAMOKOMILJIEMEHTApHBIX JI€30KCHOIUTOHYKICOTHIOB Pa3IMYHOTO
COCTaBa M IOCJIEJOBATEILHOCTH OCHOBAaHMH B IleNH. BBIABIGHBI NpPU3HAKM, HanOoJiee CYLNIECTBEHHO BIIHMSIOIIUE HA

MarHUTHOE SKpaHUPOBaHUE IIPOTOHOB OCHOBAHHN PAaCCMOTPEHHBIX KOPOTKUX (pparmentoB JJHK.

KiioueBble ciioBa: JAC30KCUOJIMTOHYKIICOTU, XUMHYCCKUM CIABUT, TPUIJICT, I'NTaBHbIC KOMIIOHCHTbI .

STATISTICAL ANALYSIS OF EXPERIMENTAL VALUES OF PROTONS CHEMICAL SHIFTS
OLIGONUCLEOTIDES OF VARIOUS CONTENT AND BASE SEQUENCE IN THE NUCLEOTIDE CHAIN
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Abstract. The analysis of experimental values of chemical shifts of non-exchanging protons of
deoxyoligonucleotides of various content and base sequence in the nucleotide chain has been made using the method of
Principal Components Analysis. Most important factors influencing the shielding of protons of the considered short
fragments of DNA are revealed.
Keywords: deoxyoligonucleotide, chemical shift, triplet, the principal components.

B nacrosieir pabote MpoBeAeH CTATUCTUUSCKHUI aHATH3 SKCIIEPUMEHTAJBbHBIX 3HAYCHUI XUMHYECKUX CIBHTOB
HEOOMEHUBAIONIUXCSI MPOTOHOB CaMO- M HECAMOKOMIUIEMEHTAPHBIX JIE30KCHOJIHIOHYKICOTHOB. B  kauecTBe
CTaTHCTHYECKOTO MeToJa 0OpabOTKH JaHHBIX HCIOJIB30BAJICS MeToj riaBHbix KoMmoHeHT (MI'K). MI'K sBusiercs
KJIACCHYECKUM METOJIOM CHIDKCHHUSI Pa3MEPHOCTH JAHHBIX MyTeM OTPECNICHUS] HE3HAYUTEIBHOTO YUCIa JTHMHEHHBIX
KOMOHMHAIIMH UCXOTHBIX TIPU3HAKOB, OOBACHSIOMINX OOJIBIIYIO YaCTh U3MEHYUBOCTH JJAHHBIX B LIEJIOM.

Llenbro naHHOW paboOTHI SIBJISIIOCH NPOBEIEHHE CPABHUTENLHOTO aHAIN3a PE30HAHCHBIX CHUTHAJIOB (XMMHYECKHX
C/IBUTOB) MPOTOHOB JIE30KCHOJIMTOHYKJICOTH/IOB, OTJIMYAIOIIUXCS JUIMHOM M MOCIIeI0BaTENbHOCThIO OCHOBAaHHUM B ETIH.
XUMUYECKUN CIIBUT, SIBJISIOLIMNACA OJHUM M3 SKCIIEpUMEHTAIbHbIX NapamerpoB SAMP, HenocpelncTBeHHO CBsi3aH C
ANIEKTPOHHBIM W MAarHUTHBIM OKPY)KEHHEM MOJIEKYJI M TMO3BOJISIET H3y4YUTh KOH(OPMALMOHHBIE OCOOEHHOCTH
COE/IMHEHUI HENOCPEeCTBEHHO B pacTBOpe. TeTpaHyKIICOTH[bl, PACCMOTPEHHBbIE B paboTe, MpPEACTABICHBI MSTHIO
caMOKOMILIeMeHTapHbIMU TIocienoBatenpaocTsivu: 5'-d(GCGC), 5-d(CGCQG), 5'-d(ACGT), 5-d(AGCT), 5-d(TGCA),
rekcanykieoruaamu - 5-d(CGTACG), 5-d(CGCGCQG), 5-d(TACGTA) u okramepom - 5'-(GACATGTC) [1,2]. K
HECaMOKOMIUIEMEHTAPHBIM  [OCJIEIOBATENILPOCTSIM, HM3yYeHHbIM B pabore, orHocsarcs Tterpamepsl 5'-d(AAGC),
5-d(CTGA), 5-d(CGAA), 5'-d(GAAG) u renramep - 5'-d(GCGAAGC) [3]. Kax1blii U3 1€30KCHOTUTOHYKICOTHUIIOB ObLIT
pa3OuT Ha TPHIUIETHI, OTIMYAIOIIMECS COCTABOM W JIOKAIM3AlMedl OCHOBAaHHWH, YTO MO3BOJIMIIO NPOAHAIU3HPOBATH
0COOCHHOCTH MarHMUTHOTO 3KPaHUPOBAHHS IPOTOHOB LICHTPAIBHOTO B TPHILIETE OCHOBaHMS [4].

B 3aBUCHMOCTH OT JUIMHBI NTOCJIE0BATEIbHOCTH TPHUILIETHI OJJHOTO COCTaBA MOTYT OBITh KaK TEPMHHAIbHBIMH, TaK
Y BHYTPEHHHMH; T€PMUHAJIbHBIC TPUILIETHI, B CBOIO OYepe/ib, MOTYT NMPUHAJIEKATh Kak K 5'- | Tak U K 3'- KOHILy LIeTH;
LEHTPAIILHOE OCHOBaHHE MOXKET OBbITh OKPYXKEHO JBYMsI IypHHAMH, MUPUMHUANHAMYU WM KaKOH-ITMOO0 depeayrouecs
KoMOnMHanue# OCHOBaHMH. Bce 3TH «IIpu3HAKI» MOTYT OBITH WCIIONB30BAaHBI JJISI BBIABICHHS OCOOEHHOCTEH
9KPAaHUPOBAHUS MPOTOHOB a30TUCTHIX OCHOBAHUH METOJIOM TJIaBHBIX KOMIIOHEHT.

B tabaure 1, B kauecTBe npuMepa, pUBEIeHbl XHMHUYECKUE CABUTH ITPOTOHOB LIEHTPAILHOT'O a/ICHHHA M CaXapHbIX
OCTaTKOB, BXOJSIIIUX B TPHUILIETHI, COAEPIKAIME TOIBKO IIyPUHOBBIE OCHOBaHMS. TPHUILIETHI B3ATHl KaKk U3 caMoO-, TaK U
HECaMOKOMIUIEMEHTAPHBIX J1€30KCHOJIMIOHYKIICOTHIOB. BeposTHOCTE 00pa3oBaHMsI MOJICKYJISIPHBIX JIYTUIEKCOB JIIS



