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Background: Investigation of the specific protein-DNA complexation mechanisms allows to establish
general principles of molecular recognition, which must be taken into account while developing artificial
nanostructures based on DNA, and to improve the prediction efficiency of the protein binding sites on
DNA. One of the main characteristics of the protein-DNA complexes are the number and type of contacts
in the binding sites of DNA and proteins. Conformational changes in the DNA double helix can cause
changes in these characteristics.

Objectives: The purpose of our study is to establish the features of the interactions between nucleotides
and amino acid residues in the binding sites of protein-DNA complexes and their dependence on the
conformation of deoxyribose and the angle y of the polynucleotide chain.

Materials and methods: At research of protein-DNA recognition process we have analyzed the contacts
between amino acids and nucleotides of the 128 protein-DNA complexes from the structural databases.
Conformational parameters of DNA backbone were calculated using the 3DNA/CompDNA program. The
number of contacts was determined using a geometric criterion. Two protein and DNA atoms were
considered to be in contact if the distance between their centers is less than 4.5 A. Amino acid residues
were arranged according to hydrophobicity scale as hydrophobic or nonpolar and polar.

Results: The analysis of contacts between polar and hydrophobic residues and nucleotides with different
conformations of the sugar-phosphate backbone showed that nucleotides form more contacts with polar
amino acids in both grooves than with hydrophobic ones regardless of nucleotide conformation. But the
profile of such contacts differs in minor and major grooves and depends on the conformation of both
deoxyribose and y angle. The contact profiles are characterized by the sequence-specificity or the
different propensity of nucleotides to form contacts with the residues in both grooves.

Conclusions: Our analysis have shown, that the amount and type of protein-nucleic contacts and their
distribution in the grooves depend on the conformation of the sugar-phosphate backbone, the nucleotide
sequence and the type of amino acids in the binding sites.

KEY WORDS: protein-DNA recognition; protein-DNA contacts; DNA structure; binding site
prediction; structural variations.

KOMIUVIEKCOYTBOPEHHS BIJIKU-JHK: KOHTAKTHI ITPO®LJII B /KOJOBKAX JTHK
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AKTyajbHicTh. JloCHiDKeHHS MeXaHi3MiB CHEHU(IYHOr0 OLITKOBO-HYKJIETHOBOIO KOMILIEKCOYTBOPEHHSI
JO3BOJII€ BCTAHOBHUTH 3arajlbHi NPHHIMIM MOJIEKYJIIPHOTO BIIi3HaBaHHS, AKi HEOOXIIHO BPaxOBYBATH
IpU po3po0I1li ITyYHUX HAHOCTPYKTYP Ha OCHOBI 0iOIOJIIMEpIB, a TAKOXK JUIS IMiJABUIIECHHS e()eKTUBHOCTI
NPOrHO3yBaHHs calTiB 3B'si3yBaHHs OinkiB 1 JJHK. OpHuMM 3 OCHOBHHMX XapaKTEpUCTHK OlLIKOBO-
HYKJICTHOBUX KOMIUICKCIB € KIJIBKICTh 1 THII KOHTAakTiB B caitax 3B's3yBanHs JIHK 1 Oinkis.
Kondopmaniitai nepedynosu noagiinoi cripani JHK M0oXyTh BUKIUKAaTH 3MiHU IUX XapaKTEPHCTHK.
Meta poGoTH. MeTO HAmIOro IOCHIKCHHA Oyl0 BU3HAYCHHS OCOOIMBOCTEH B3aEMOMIl MiX
HYKJICOTHIAMH 1 aMiHOKHCIIOTHUMH 3QJTHIIKAMU B CaiiTaX 3B's3yBaHHS O1JIKOBO-HYKJICTHOBHX KOMILICKCIB
B 3aJIGKHOCTI Bi KOH(POpMAIIT 1e30KCHPHO03H 1 KyTa Y MOJTIHYKICOTHIHOTO JIAHITIOTA.

Martepianu i meromu. [Ipm mocmimkeHHI MeXaHI3MIB OIKOBO-HYKJICIHOBOTO BII3HABaHHA MH
BCTaHOBWJIM MIKMOJICKYJISIPHI KOHTAKTH I 128 O1TKOBO-HYKIETHOBUX KOMIDIEKCIB i3 CTPYKTypHHUX 0a3
nannx. Kondopmauiiini mapamerpu 1ykpodocdartHoro octroy JJHK pospaxoByBanucs 3a JONOMOroro
nakery mnporpamMm 3DNA/CompDNA. KinbkicTh O1KOBO-HYKIETHOBHX KOHTAKTIB BH3HAualacs 3a
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TeOMETPUIHUM KpuTepieMm. /[Ba atoma Oinka i JIHK BBaxkammcs: B3a€eMOJIIOYMMH, SKIIO BiACTaHh MiX IX
nenTpamu Oyna Menma 4,5 A. AMIHOKHMCIOTHI 3aJIMIIKM MO3HAYANMCS 32 IIKAIOK TizpodoOHOCTI fK
rigpodoOHi a60 HEMOJSIPHI Ta TOJSAPHI.

PesyabTaTH. AHami3 po3noinry O1TKOBO-HYKICTHOBUX KOHTAKTiB MOKAa3aB, 10 HYKJICOTHAN, HE3aJIECKHO
BiZl KoHQoOpMallii, YyTBOPIOIOTH B 000X KOJOOKax Oliblle KOHTAKTIB 3 MOJSPHUMH aMiHOKHUCIOTHUMH
3IMIIKAMU, HDK 3 TiipooOHMMH. Alnie mpodiib TakKMX KOHTAKTIB PI3HUTHCS B MaJlOMY 1 BEJIUKOMY
KoJIoOKax 1 3aleKuTh SIK BiX KoH(popMmalii ne3okcuprbosu, Tak i kyra y. KoHrakTHi mpodini Takox
XapaKTepU3yIOThCS CHUKBEHC-CIEU(IYHICTIO a00 PI3HOI0 CXWIBHICTIO HYKJIEOTHAIB 1O B3aEMOJAIN 3
aMIHOKHCJIOTHHMH 3JTAIIKAMH B 000X JKOJIOOKaX.

BucaoBkn. KinbkicTh i THI OUTKOBO-HYKJICTHOBUX KOHTAKTIB Ta 1X PO3IMOMLI IO XKOJOOKaX 3aJeKaTh Bij
KoH(popmarii ykpodochaTHOro ocToBy, HYKICOTHIHOI MOCTITOBHOCTI i THITy aMiHOKHCIOT B calTax
3B'sI3yBaHHS.

KJIIOUOBI CJIOBA: 6inkoBo-HyK/IeiHOBE BIi3HaBaHHS; OUIKOBO-HYKJIeTHOBI KOHTakTh; cTpykTypa JHK;
nependadeHHsI CailTiB 3B’ sI3yBaHHsI; CTPYKTYpHI Bapiaril.
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AKTYaJIbHOCTb. HccnenoBanue MEXaHH3MOB crenuQuIecKoro 0eIKOBO-HYKJIEHHOBOTO
KOMIUIEKCOOOpa30BaHus MO3BOJISIET YCTAHOBUTH OOIINE IPHHIUITEI MOJIEKYJIIPHOTO y3HAaBaHMsI, KOTOPHIC
HEOOXOAMMO YYUTHIBATH IPU pa3pabOTKE MCKYCCTBEHHBIX HAHOCTPYKTYp Ha OCHOBE OHMOIIOIMMEpPOB, a
TaKXKe JUIs TIOBBIIICHUS 3 GEKTHBHOCTH MTPOTHO3UPOBaHMs caiiToB cBs3biBanus JJHK u 6enkoB. O mHUMHA
U3 OCHOBHBIX XapaKTEPUCTHUK OEIKOBO-HYKJIEHHOBBIX KOMIUIEKCOB SIBIIIOTCSI KOJMYECTBO M THII
KOHTaKTOB B caiftax cBs3piBanus JJHK u 6enxoB. KoHpopManmoHHBIE MEPECTPONKH TBOWHON CIIMpaTH
JIHK MoryT BbI3bIBaTh U3MEHEHUS 3THX XapPAKTEPUCTHUK.

Henab pa6orel. llenpio Hamrero uccienoBaHus OBUIO OMpeNEIeHHEe OCOOCHHOCTEW B3aMMOACHCTBHS
MEXAY HYKICOTHAAMH M aMUHOKUCIOTHBIMH OCTATKaMHU B CalTax CBSI3BIBAHUS OEIKOBO-HYKIEHHOBBIX
KOMIUIEKCOB B 3aBUCUMOCTH OT KOH(OpMAaLUK A€30KCUPHOO03bI U yIJIa Y NOJIMHYKICOTHIHON 1ICTIH.
Marepuansl m Meronabl. [Ipu uccienoBaHMM MEXaHHW3MOB OEJKOBO-HYKJIEHHOBOTO Y3HABaHUSI MBI
YCTQHOBWJIM ~ MEXMOJIEKYJIAPHbIE KOHTakThl sl 128  OenKOBO-HYKJIEMHOBBIX KOMILIEKCOB W3
CTPYKTYpHbIX ~ 0a3  maHHbIX. KoHdopmanmoHHble  mapamerpel — caxapo-¢ocgaTHOro  OCTOBa
paccunThBach C¢ nomomplo makera mnporpamMm  3DNA/CompDNA. KonnuecTBO KOHTakTOB
ONPENEISIIOCh C TOMOINBI0 TeoOMEeTpUYecKkoro kpurepus. J[Ba aroma Oenka u JIHK cuurammce
B3aUMOJICHCTBYIOIIMMH, €CIM PACCTOAHHME MEXIy MX IEHTpaMu MeHbine 4,5 A. AMHHOKMCIOTHBIE
OCTaTKH PacIpeIeIsUTUCh 0 IIKaJle TUAPOPOOHOCTH Kak THAPOPOOHBIE WITH HETIOSAPHBIE U MOJSPHBIE.
Pe3yabTaTbl. AHamu3 pacrnpeneneHnss OeIKOBO-HYKIEHHOBBIX KOHTAKTOB ITOKa3all, YTO HYKJIIEOTHIbI,
HE3aBHCUMO OT KoOH(oOpMalmu, 00pasyloT B 000MX jKelnoOkax OoJblie KOHTaKTOB C MOJISIPHBIMH
AMHUHOKHCIIOTHBIMH OCTaTKaMH, 4eM C rugpo¢oOHeiMH. Ho Npoduiap TakuX KOHTaKTOB pa3indaeTcs B
MaJOM H OOJBIIOM XEJ00KaX W 3aBUCHUT KaK OT KOH(pOpMAIMU AC30KCUPHOO3bI, TaK W yria Y.
KonrakTHple npodmim TaKKe XapakTepU3YIOTCS CHUKBEHC-CIEHM(UYHOCTBIO WM  Pa3IMYHOM
CKJIOHHOCTBIO HYKJICOTUIOB K BSaHMOﬂeﬁCTBHﬂM C aMHUHOKUCJIIOTHBIMHU OCTaTKaMH B 06OI/IX )Keno61<ax.
BoeiBoabl. KonmnyecTtBo M TN OEIIKOBO-HYKJICMHOBBIX KOHTAKTOB M MX paclpeelieHne I10 >KelloOKaM
3aBUCAT OT KoH(opmaruu caxapodochaTHOr0 OCTOBA, HYKJICOTHIHOHM IOCIEAOBATEILHOCTH W THIA
AMHMHOKHCIIOT B CalTaxX CBSI3bIBAHMSI.

KJ/IFOYEBBIE CJIOBA: 6enkoBo-HYyKJIEHHOBOE y3HaBaHHUE; OEIKOBO-HYKJIEHHOBBIE KOHTAakKThl, CTpykTypa JHK;
MpeacKa3aHue CaliTOB CBA3BIBAHUH; CTPYKTYPHOE MHOT0OOpa3ue.

Molecular recognition of DNA by proteins is a fundamental problem in molecular biology and
drug design. Investigation of the mechanisms of specific protein-DNA complexation allows us to
establish general principles of the molecular recognition, which must be taken into account while
developing artificial nanostructures based on DNA, and, also, to improve the efficiency of the
prediction of protein-DNA binding sites. The prediction of DNA binding sequences for proteins
is an unsolved problem, but significant progress has occurred in the last years [1]. To improve
the reliability of DNA-binding sites prediction, some problems must be solved. Primarily
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structural and physicochemical complementarity between DNA sequences and proteins or
between the DNA nucleotides and interacting amino acid residues are the principal factors of
specificity. That is the binding site information is depending on both protein and DNA structure
[2]. For most of protein-DNA complexes the location and sequences of binding sites are not
defined. Their experimental determination requires expensive methods. But if we have the
information about the spatial structures of the complexes, it is possible for us to predict in silico
protein-DNA binding sites [3-5].

One of the characteristics of protein-DNA complexation is the number and type of the
contacts in protein-DNA binding sites. The detailed analysis of protein-DNA interactions are
presented in Refs. [6,7]. Authors have determined all protein-nucleic contacts and separated
them according to the types of interactions and possible places of their formation in
complexes. They have found that the most common types of protein-nucleic interactions are
hydrogen bonds and van der Waals contacts. As for the primary binding sites it turned out that
more than two-thirds of the protein contacts are formed with the DNA sugar—phosphate
backbone.

Simultaneously conformational changes in DNA can lead to changes in the protein-DNA
contact profiles, which are formed, as a rule, in the grooves of the double helix [8, 9]. Since,
the DNA shape can implicate to protein-DNA binding specificity [9], we also have to look for
any peculiar properties of DNA shape.

It should be noted that in protein-DNA binding sites is observed an enriched occurrence
of the A-like conformers and mixed A/B conformers [10]. The tendency of A-like nucleotides
appearance in surface of protein-DNA complexes is accompanied by a transition of the
deoxyribose from the C2’-endo (B-like) to C3’-endo (A-like) sugar pucker. This effect is
known as the ‘sugar switching’ and facilitating by hydrophobic interactions in the minor
groove [8, 11]. Unusual DNA conformers are often concentrated in the DNA binding sites of
protein-DNA complexes. Obviously the propensity of DNA to adopt unusual conformers is
essential for their recognition by proteins. The occurrence of these non-canonical forms of the
DNA double helix can also explain the role of such DNA structures for evolution [12].

Typical re-arrangements of the DNA sugar-phosphate backbone in the complexes with
protein involve B—>A sugar switching and rotations around the four torsion angles (a, v, €, {)
with following possible conformations: gauche+ (g+), trans (1), gauche- (g-) [8,13,14]. Earlier
[15] we focused on the question of how the transition of the y angle (O5'-C5'-C4'-C3") in the
DNA sugar-phosphate backbone from classical g+ to alternative t and g- conformations
affects the local DNA interface accessible for interaction with proteins in the minor and major
grooves and evaluate the sequence dependence of such transitions?

The purpose of this study is to establish the features of the interactions between
nucleotides and amino acid residues in protein-DNA binding sites depending on the
conformation of deoxyribose and the angle y of the polynucleotide chain. The results are
based on the statistical analysis of crystallographic structures of protein-DNA complexes
from the NDB database [16].

MATERIALS AND METHODS

Data set of crystallographic structures
The data-set of the 128 protein-DNA complexes was generated for comprehensive
analysis. For the structure selection we use crystallographic coordinates of the protein-DNA
complexes extracted from the Nucleic acids Data Bank [16].
The resolution of structures solved by the X-ray crystallography is better than 1.9 A. This
resolution has been previously identified as the one that ensures accurate determination of the
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sugar puckers and backbone torsion angles as well as statistical analysis of their distribution
[13]. All chosen complexes were defined as any structure containing one or more protein
chains and at least one double-stranded DNA with more than 4 nucleotides in each chain.
From this set we excluded modified and terminal unpaired nucleotides. In order to avoid the
end effects, the terminal base pairs on both ends of each DNA structure are excluded from the
analysis. Moreover, the data-set is non-redundant, i.e. only one structure is selected from the
group of complexes containing an identical protein or its mutants. The preference is given to the
complexes with wild-type proteins and better resolution.

Calculation of the DNA structural parameters

The values of the dihedral angle y of the DNA backbone (O5'—C5'-C4'-C3’) and the
angle of pseudorotation (P) of the sugar ring for each nucleotide are calculated by means of
the 3DNA/CompDNA analyzer [17].

The angle y values are classified as gauche+ (Q+), trans (1), and gauche- (g-) according to the
classical threefold staggered pattern of the dihedrals: g+ (60° + 30°), t (180° = 30°), g- (300° +
30°). The sugar pucker is sorted into the categories of «south» B-like (120° < P < 220°) and
«north» A-like sugars (-60° < P < 60). The nucleotides with stereochemically unfavorable P and y
values outside of these domains are not included into analysis.

Revealing the atom—atom contacts in the protein—DNA binding sites

An amino acid residue is considered as forming contacts if the distance between the atoms
of the residues and the nucleotide atoms is less than a cutoff radius. Several studies have used
different methods of definitions of protein-DNA contacts in the binding sites [1, 18]. Two
atoms of the residue and nucleotide are considered to form contact if the distance between their
centers is less than 4.5A [7, 8] and afterward authors in Ref. [19] declared that this cutoff
distance gave the best determination of binding and nonbinding residues to predict binding
sites.

We also use the cutoff value of 4.5 A in our investigation. In this way, we find atoms
interacting according to all different mechanisms (hydrogen bonds, electrostatic interactions, and
van der Waals interactions). We identify the contacting pairs of atoms in the protein—-DNA
binding sites by means of the modified software package proposed in [8] that distinguishes
contacts in the major and minor grooves. The atoms of bases are also divided into groups exposed
in the major (N4, N6, N7, O4, 06, C5, C6, C7, C8, and C4 in Thymine and Cytosine) and minor
grooves (N2, N3, 02, C2, and C4 in Adenine and Guanine). The nucleotides which contain atoms
contacting with protein are classified as interacting nucleotides, with further subdivision into those
interacting in the minor and major grooves.

Twenty amino acids have different hydrophobic and polar properties [20,21]. In our
analysis all amino acid residues are separated as hydrophobic or nonpolar IFVLMAGC and
polar  WYTPSHENQDKR residues (denote by one-letter codes) according to the
hydrophobicity scale [22].

RESULTS AND DISCUSSION

Distribution of the protein-DNA contacts
In previous investigation [15] we have shown that the ability of the nucleotides to participate
in contacts with protein residues for the both grooves is connected with conformations of their
sugar moiety and torsion angle y. Now more detail analysis presented in this investigation allowed
us to make some clarifications. The protein—DNA interactions were calculated for 128 protein-
DNA complex structures. These complexes include 1765 nucleotides: 230 A-like nucleotides
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and 1535 B-like ones. The nucleotides in the classical conformation (1352 nucleotides with
the B-conformation of deoxyribose and g+ conformation of the y angle) are the most
frequently found, while the other conformations are much less frequent. For A-like
nucleotides there are: 152 g+ classical and 71 t alternative nucleotides, for B-like: 1352 g+,
53g- and 38 t. However, as previously reported [8,9,13-15], such alternative conformations
can play an important role in the process of indirect proteins recognition of their binding site
on DNA sequence. The more detailed scheme of the structure selection and base composition
can be found in Ref. [15].

In total we have analyze the 26293 amino acid—DNA contacts. The numbers of contacts
between amino acid and DNA in the both grooves are counted separately for bases and sugar-
phosphate backbone. Then, all nucleotides were divided according to their deoxyribose
conformation (the A-like or the B-like) and conformation of y angle (classical g+ and
alternative t or g-).

At first we consider the distribution of the protein-DNA interactions between the grooves.
According to our data (Table 1) A-like nucleotides more often interact with proteins in a minor
groove (3853 (2351 g+) and 2793 (1682 g+) contacts in minor and major groove, respectively),
while B-like nucleotides more often form contacts with protein residues in the major groove
(8446 (7918 g+) and 11935 (10368 g+) contacts in minor and major groove respectively)
regardless of the y angle conformation. But it should be noted that alternative A-like nucleotides
form more contacts in the grooves (1503 and 1111 contacts in minor and major groove,
respectively) than alternative B-like nucleotides with both t and g- angle y conformations (528 and
967 contacts in minor and major groove, respectively).

Table 1
Number of amino acid residue contacts with bases and sugar-phosphate backbone for
different nucleotides in the both grooves

Minor groove Major groove

A-like B-like A-like B-like

gt |t gt [t Jg- [og+ [t gt [t Jo

Base contacts
A 106 |20 244 |0 0 105 |48 774 |21 15
C 73 12 107 |7 0 336 | 94 757 |75 27
G 44 74 394 |25 13 119 247 | 1342 |37 52
T 72 24 127 |0 12 151 88 1071 | 30 67

Sugar-phosphate backbone contacts
A 455 [362 | 1858 |9 28 186 |96 1507 | 160 |28
C 791 164 | 1557 | 157 |25 401 140 | 1171 | 100 |68
G 348 1599 12196 |86 42 131 | 225 1958 | 75 70
T 462 | 248 | 1435 |53 71 253 173 1653 | 64 78

Hence the conformational transitions of sugar-phosphate backbone do not interfere with the
formation of the protein-DNA contacts in both grooves even facilitating their realization in some
particular situations (see below).

Then we examine the location of contacts in the grooves and determine that near 3/4 of the
protein-DNA contacts are formed with the sugar-phosphate backbone (19483 contacts or 74%),
and the rest one (6810 contacts or 26%) are formed with bases. At the same time the distribution
of the contacts between the grooves are differed. In the minor groove only 10% of interactions are
the contacts between residues and bases, and 90% of residues contacts are formed with sugar-
phosphate backbone. In the major groove the number of contacts with bases increases up to 39%.
These results are in agreement with the well-known idea that specific protein contacts with DNA
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bases are realized in the major groove whereas nonspecific interactions with the sugar-phosphate
backbone are occurred in the minor groove [2,6,8,].

But the percentage of contacts between protein and bases or backbone atoms in the grooves
is different for nucleotides with various conformations of the sugar-phosphate backbone. In the
minor groove, the transition to alternative t conformation of the angle y increases the
participation of backbone atoms in the contacts with proteins, especially for A-like nucleotides:
from 88% for g+ state to 91.4% for t state. In the major groove, only the transition of B-like
nucleotides to t y angle conformation alters the participation of nucleotides in the contacts,
increasing the number of backbone atom contacts (from 62 to 71%).

That is, transitions to alternative conformations of the angle y can influence the features
of protein-nucleic interactions primarily in the minor groove.

We also can notice some common patterns in the sequence-specificity of contacts for
nucleotides with different sugar-phosphate backbone conformations.

In total the greatest number of contacts with amino acid residues forms nucleotides
containing Guanine, while the other three types of nucleotide create practically the equal
number of contacts. The decreasing order of contact propensity is: Guanine > Thymine >
Cytosine > Adenine. This result is explained by the fact that Guanine exposes the greatest
number of potential hydrogen-bonding atoms on the base edges [6] and only Guanine can
serve as a hydrogen bond donor in the minor groove [23].

Conformational angle y transitions and sugar switching lead to a different participation of
all four types of nucleotides in the protein-DNA contacts.

It should be noted, that B-like alternative nucleotides contained Guanine are involved in
contacts between Guanine and amino acid residues in the minor groove while B-like alternative
nucleotides containing Adenine, do not form any contacts between Adenine and amino acid
residues. Interesting, that Thymine nucleotides with B-like deoxyribose and g- y angle
conformation more often take part in the protein-DNA contacts in comparison to other
conformations. Obviously this conformation promotes the interaction of the Thymine bases with
amino acids, which can be one of the ways of the indirect recognition mechanism realization.

For A-like nucleotides in both grooves the transition to alternative t angle y conformation
leads to even the greater increasing of the number of Guanine contacts and for their decreasing
with other bases, especially with Cytosine. The similar tendency is observed for amino acid
contacts with sugar-phosphate backbone of A-like nucleotides: the number of contacts is
increased for nucleotides containing Guanine and decreased for the other types of nucleotides.

In the major groove B-like nucleotides in t y angle state containing Adenine form more
backbone contacts than other types of nucleotides with the similar sugar-phosphate conformation.
At the same time Adenines create the fewer number of base contacts in major groove as well as
Cytosines in minor groove (both with alternative y angle conformations).

Thus the contact profiles are characterized by the sequence-specificity, that is, the
different propensity of certain nucleotides to form contacts with amino acids in the grooves.

Contacts with polar and hydrophobic amino acid residues

The analysis of contacts between polar and hydrophobic amino acid residues and nucleotides
with different conformations of the sugar-phosphate backbone shows that nucleotides form more
contacts with polar amino acids in both grooves than with nonpolar residues regardless of the
nucleotide conformation (Table 2, Total contacts).

But, the profiles of such contacts differ in minor and major grooves and depend on the
conformation of both deoxyribose and the angle y (Fig.1).

The nucleotides with classical g+ conformation of the y angle are characterized by the
similar contact profiles in both grooves independently on the deoxyribose conformation.
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There are slightly changes in contacts profiles for A-like nucleotides with alternative t
conformation of the y angle (Table 2). The percent of contacts with polar amino acids in minor
groove increases, and with hydrophobic amino acids decreases. In major groove, on the contrary,
the percent of contacts with polar amino acids decreases, and with hydrophobic amino acids
increases. These facts are in agreement with the change in the polar/nonpolar profile of the DNA
surface, available in the major and minor grooves [15].

Table 2
Percent of contacts between polar/nonpolar amino acids and nucleotides with different y
angle conformations in the both grooves

Total contacts Bases Sugar-phosphate backbone
Nonpolar Polar Nonpolar Polar Nonpolar Polar

amino acids |amino acids| amino acids [ amino acids | amino acids |amino acids
o | 2| g+ 12.7 87.3 6.9 93.1 17.0 83.0
§ :': t 14.0 86.0 13.2 86.8 14.6 85.4
E’) o | OF 15.8 84.2 11.1 88.9 18.7 81.3
2| =]t 8.2 91.8 5.5 94.5 9.3 90.7
=| e g- 16.5 83.5 18.0 82.0 15.6 84.4
° % g+ 254 74.6 43.1 56.9 22.8 77.2
slelt] 212 78.8 19.2 80.8 213 78.7
;D E g+ 21.6 78.4 18.6 81.4 22.0 78.0
Sl=|t 20.2 79.8 21.9 78.1 20.0 80.0
= | & g- 29.4 70.5 80.0 20.0 21.7 78.0

More careful evaluation of polar/hydrophobic contact profile shows that for A-like
nucleotides with alternative t conformation of the y angle the percent of residue contacts is differ
for bases and backbone atoms (Table 2). For B-like nucleotides with alternative t conformation
of the y angle in both grooves, the percent of contacts with polar amino acids increases, and
with hydrophobic amino acids decreases, especially in major groove. But the transition of B-
like nucleotides to the g- alternative conformation reduces the percent of contacts with polar
amino acids and increases it with nonpolar ones in both grooves (Table 2, Total contacts). So
we observe the significant changes in their contact profiles (Fig.1). The verification of the
results suggests that we need to be careful interpreting the high propensities of hydrophobic
amino acids contact with bases of nucleotides in this conformation (B-like sugar pucker, g-
conformation) because there are only 25 total residue-base contacts in the whole dataset.
Whatever, such minor groove contacts may play a role for proteins binding only in the minor
groove (such as Architectural), which is often associated with a dramatic widening and
extensive hydrophobic contacts [24] and contribute to specificity.

The analysis of contacts has shown, that the significant changes are observed for base
contacts rather than for sugar-phosphate backbone ones and primarily for classical nucleotides
independently of deoxyribose conformation (Table 2). For alternative nucleotides such
tendency is less defined. Only one exception is observed in the major groove for B-like
nucleotides with t conformation representing the significant changes in sugar-phosphate
backbone contact profiles. The most dramatical changes observed for the base contact profiles
in the minor groove for B-like nucleotides with g- angle y conformation we have discussed
above.

Conformational transitions of sugar-phosphate DNA backbone can affect the propensity
for DNA-binding of amino acids (Fig. 1).
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Our determination the propensity of amino acids to interact with nucleotides shows, that
the most common the protein-DNA contacts form positive charged Arginine (R) and Lysine
(K) residues (Fig. 1) and this data are consistent with the results of many studies [6, 7, 23].
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Fig. 1. Contact profiles in major and minor grooves or Number of the protein-DNA contacts between nonpolar
(IVLFCMAG, grey) and polar (TSWYPHENQDKR, black) amino acids and nucleotides with different sugar-
phosphate backbone conformations: A- or B-like deoxyribose; gauche+, trans, gauche- states of angle y.
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Tryptophan (W) has the largest propensity to form contacts with the DNA in major
groove for B-like nucleotides in alternative y angle conformations. Despite the fact that
Tryptophan is referred as polar amino acid [22], the presence of a heterocyclic system in its
side chain allows Tryptophan to participate in hydrophobic interactions. Therefore the
observed effect can be explained by the increasing of nonpolar surface in the major groove
upon the transitions of y angle into alternative conformations [15] facilitating the formation of
the specific hydrophobic contacts with nucleotides [25].

The number of Aspartate (D) contacts in DNA major groove is high for nucleotides with
any sugar pucker and t y angle conformations (Fig.1). Moreover, almost half of the contacts in
minor groove for nucleotides with B-like sugar and t y angle conformation are the Cytosine
interactions (Table 1). Recently Corona et al. [23] have shown that negatively charged
Aspartate is enriched in base interactions for highly specific DNA-binding proteins and
predominately binds to Cytosine in the major groove through a single hydrogen bond or two
consecutive Cytosines through bidentate hydrogen bonds. Obviously, transitions into t angle y
conformation contribute binding specificity through indirect readout mechanism.

The transition of B-like nucleotides into g- angle y conformation reduces the number of
Arginine (R) contacts in minor groove (Fig.1). This effect can be associated with sequence-
specificity. Arginine is prefer to bind with Guanine [6], while we have shown, that in this
conformation Thymine is more often takes part in the protein-DNA contacts (Table 1).

CONCLUSIONS

Prediction of protein binding sites on DNA will allow us to determine the functions of
proteins and understand regulatory processes in molecular biological systems as well as to
develop pharmaceutical drugs that can prevent the expression of target genes. For solving this
problem some general principles concerning the frequency of formation of the specific amino
acid-base pairs in binding sites should be formulated.

In this investigation we try to identify common features of DNA backbone
rearrangements which can effect on the ability of nucleotides to participate in contacts with
proteins. According to the results of our study one can assert the existence of certain
preferences in the formation of the protein-DNA contacts, depending on the conformation of
the DNA sugar-phosphate backbone.

The A-like nucleotides more often interact with proteins in the minor groove, while B-like
nucleotides make more contacts in the major groove regardless of the y angle conformation. At
the same time the alternative A-like nucleotides form more contacts in the grooves than B-like
nucleotides with both t and g- alternative angle y conformations.

Near 3/4 of the protein-DNA contacts are formed with sugar-phosphate backbone. Such
interactions predominate in the minor groove especially for A-like alternative nucleotides. In the
major groove the number of contacts with bases is significantly higher, but the transition of B-
like nucleotides to alternative t conformation of angle y leads to increasing the interaction
with backbone atoms.

The nucleotides form more contacts with polar amino acids in both grooves than with
nonpolar residues regardless of the nucleotide conformation, but the profiles of such contacts
differ in minor and major grooves and depend on the conformation of both deoxyribose and the
angle vy.

In the minor groove the amount of interactions between alternative nucleotides and polar
amino acids increase, and with hydrophobic amino acids decrease. In the major groove, on the
contrary, alternative nucleotides form less number of contacts with polar amino acids than with
hydrophobic ones. The polar/hydrophobic contact profile for alternative A-like nucleotides is
differed for bases and backbone atoms.
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We have shown that contact profiles are characterized by the sequence-specificity, that is,
the different propensity of certain nucleotides to form contacts with amino acids in both
grooves. In particular the transitions to alternative conformations of the angle y can influence
the specificity of the protein-DNA interactions primarily in the minor groove. But the correct
determination of preferred amino acid — nucleotide pairs in the binding sites of protein-DNA
complexes requires additional studies.

Statistical analysis of the presented protein-DNA structures allows us to make following
concluding remark. It is well known that there are no simple rules in protein-DNA recognition
[9], and the prediction of binding sites is extremely difficult, since proteins and DNA have a
significant conformational variability. Most of the methods predicting protein binding sites on
DNA are based on sequence preferences of residues and protein structure in binding site [1]
and take into account only the DNA sequence (i.e., direct readout) [26-31]. We assume that
information about conformational rearrangements of DNA (indirect or shape recognition) will
allow to supplement the results of these methods and take into consideration not only protein
features but also the structure of DNA. Such data can substantially improve the quality of
binding sites prediction.
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