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Abstract

The solution structures of self-complementary DNA hexamers with ApT or TpA base steps
on each end and with CpG or GpC base steps in the center resembling the biologically
important E-box sequences were determined. All 4 hexamers form the antiparallel-stranded
right-handed duplexes. The 1H-NMR spectra acquired at higher temperatures (up to 25° C)
showed that all duplexes are stable. The base-pair step parameters were calculated for four
middle steps of all duplexes. The analysis of macroscopic curvature gave order
TACGAT>ATGCAT>ATCGAT>TAGCTA . It was proposed that the increased macroscopic
curvature of sequence already in uncomplexed state allows for easier energy — saved
interactions with proteins.

99



Introduction

The right-handed antiparallel double-stranded DNA is one of the most essential structures in
modern biology. The knowledge of DNA structure is essential for forming complexes DNA-
protein or DNA-drug, because the helical parameters effect on the ability of protein or drug to
interact with DNA by certain sequence. Although the common structure of DNA is well
known, there are variations in the helical parameters of real molecules caused by deviations in
relative conformations of the local base pairs. Such deviations could be described by
parameters that relate complementary base pairs and sequential base-pair steps, examples are
shown in Fig. 1. These parameters give all information needed to restore the DNA structure.
Although the structures of DNA were investigated for last 40 years, there is no way to predict
the helical parameters from the sequence theoretically. So, the acute problem is to determine
how the sequential changes effect on the macroscopical DNA structure. It is worth to mention
that the stability of duplexes is directly connected to the particular sequence of DNA too.
ACGT cis-acting DNA sequence elements have been identified in a multitude of plant genes
regulated by diverse environmental, physiological, and environmental cues. In vivo transient
and transgenic plant expression studies have shown that these ACGT elements are necessary
for maximal transcriptional activation [1]. On the other hand the sequence ACGT plays the
significant role in cancer evolution [2]. The oncoprotein c-Myc has an important role in cell
proliferation, transformation, inhibition of differentiation and apoptosis. These functions most
likely result from the transcription factor activity of c-Myc. As a heterodimer with Max, the ¢
Myc protein binds to the E-box sequence (CACGTG). The purified c-Myc/Max complex
binds specifically with a high affinity to its natural target, the rat ODC gene, which contains
two adjacent, consensus E-boxes. High affinity binding results from the ability of c-Myc/Max
dimers to bind cooperatively to these E-boxes.

In paper we determined the spatial structures of four DNA hexamers, having very similar to
E-box sequence, to find out how the systematical permutation of nucleotide sequence
influences the DNA shape probably responsible for its recognition by proteins.
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Fig. 1. Pictorial definitions of parameters that relate complementary base pairs and
sequential base-pair steps.
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Fig. 2. Schematic illustration of the intranucleotide and sequential internucleotide
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Fig. 3. The sequential assignment procedure for H2’-H6/H8 resonances in ATGCAT
hexamer.
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Materials and methods

Proton NMR spectra for duplex stability experiments were recorded at 4, 10, 15, 20 and 25 C
on Varian Unity INOVA 600 MHz spectrometer equipped with a cold probe. Determination
of structures of all hexamers was achieved by analysis of two-dimensional nuclear
Overhauser effect spectroscopy (NOESY) spectra collected at 4 C with 300 ms mixing time
on samples dissolved in 90% H20/ 10% D-20. The pH for all samples was adjusted to 7.0, the
concentration was 2.5 mmol/L. The water peak was suppressed by WATERGATE 3-9-19
pulse sequence [3]. To get good water suppression the carrier frequency was set on the water
resonance. All spectra were acquired with 2048 and 512 complex points giving tomax=0.164 s
and timax=0,085 s in the F2 and F1 dimensions, respectively. The relaxation delay d1=1 s was
used. All spectra were referenced to water signal (0=5.00 ppm). Time domain data were zero
filled twice in both dimension, multiplied with cosine window function and processed with
PROSA [4]. Further analysis was done using XEASY [5]. Peak volumes from XEASY were
converted into distance constraints and fed to CYANA [6] for geometry optimization using
simulated annealing and torsion angle dynamics. CY ANA output was directed to OPAL [7], a
molecular energy minimization program. The output of statistical results is presented in Table
1. The energy-minimized molecular structures were analyzed using 3DNA software package
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Fig. 4. The superposition of 20 structures of each hexamer and schematic helix
representations.

Results and Discussion

Resonance assignment and interproton distance determination

To assign resonances we used exclusively 1H-1H NOESY spectroscopy. The NOE peak
intensity is inversely proportional to the sixth power of the distance between the protons. So
the nearest protons will give large, easy observable NOEs. For sequential assignment we used
distances shown at Fig. 2. For example, the H2'-H6/H8 assignment pathway is shown in Fig.
3. Each H6/HS8 proton gives cross-peak with H2'/H2” of its own residue and of previous
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residue. Using this fact it is possible to go through all structure and assign all H6/H8 and
H2'/H2” protons. The assignment of H1' and H3' protons were accomplished in the similar
manner using the corresponding sequential connectivities separately [9]. The assignment of
mobile NH protons gives information about the hydrogen bonds that connecting both strands
of DNA duplex together. The assignment procedure and peak integration were performed by
program XEASY. After the assignment and integration all peaks the data necessary for
structure calculation were collected.

Three-dimensional solution structures calculation

Geometrical structures were calculated from peak intensities by CYANA, so that distance
limit constraint violations are less than 0.1 Angstroms. CYANA generates upper and lower
limit distant constraints from the peak integral file, generated by XEASY. The standard B-
DNA angle constraints around phosphorous (alpha, beta, zeta and epsi angles) were
introduced allowing for +/- 30 degree extra flexibility. Watson-Crick hydrogen bond
constraints were used too. 20 best structures out of 100 calculated were used for energy
minimization. To get final energy-minimized three-dimensional structures, the energy-
minimization program OPAL was used. Files from CYANA were transformed into OPAL file
format and minimized in water solution. Each structure was immersed in water box by
generating ~ 400 water molecules in such way that thickness of water layer around the DNA
was ~ 6 angstroms. Statistics from OPAL are shown in Table 1. The AMBER energies [10]
are sufficiently low, there is almost no distance constraint violation, so, structures can be
considered to be qualitative. Superpositions of all 20 structures of every hexamer are shown in
Fig. 4. For structure analysis only central four base pairs were used, because of larger
mobility of terminal bases.

Table 1.
Structural statistics from CYANA and OPAL.
Parameter ATCGAT ATGCAT TACGTA TAGCTA

Nonredundant NOE upper 132 178 131 218
distance limits
Stereospecific assignments 5 5 6 4
Dihedral angle restraints 69 69 69 69
Physical AMBER-energies
(kcal/mol) of

solute-solute interactions | 29.42 +17.69 8.19+10.11 -10.56 £9.77 18.63£11.93

solute-water interactions -2309.13 £71.09 |-2246.20 £ 59.48 |-2330.51 £33.77 |-2256.92 +47.27

water-water interactions

-4414.98 £ 181.06

-4243.78 £ 157.61

-4730.81 £ 108.76

-4388.10 £ 109.80

all interactions -6694.68 £ 216.07 |-6481.79 £ 191.08 |-7071.89 = 115.09 |-6626.40 + 109.72
NOE constraint violations
Number > 0.10 Angstroms |0.00 + 0.00 1.95+0.38 0.00 + 0.00 1.50 £ 0.50
Sum (Angstroms) 1.71£0.21 3.24+0.15 2.43+0.19 4.35+0.17
Maximum (Angstroms) 0.09 +0.00 0.10£0.00 0.09 + 0.00 0.11+0.00
Dihedral angle constraint
violations
Number > 0.25 degrees 0.35+0.57 0.15+0.36 0.00 + 0.00 0.00 £ 0.00
Sum (degrees) 8.58 +1.89 6.86+1.13 2.80+2.07 5.14+1.70
Maximum (degrees) 2.46+0.12 2.35+0.15 1.05+0.55 1.52+0.24
Rmsd (Angstroms) 0.93+0.14 0.85+£0.13 1.05+£0.19 0.79+0.14
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Base pair and step parameters.

Table 2.

ATCGAT ATGCAT
Step Rise h-Twist Prop-Tw  Roll Incl. Step Rise h-Twist Prop-Tw  Roll Incl.
T-A 357  29.07 -3.52 0.76 2.19 T-A 347 31.31 -13.14 1.12 2.08
C-G 371 33.26 8.33 749 13.18 G-C 383 40.35 -1.31 3151 52.14
G-C 335 31 10.03 18.49 36.31 C-G 288 30.09 -1.86 3.99 7.92
A-T 3.79 34.44 -4.74 8.57 15.01 A-T  3.66 36.97 -13.45  26.54 46.61
TACGTA TAGCTA
Step Rise h-Twist Prop-Tw  Roll Incl. Step Rise h-Twist Prop-Tw  Roll Incl.
A-T 3.04 28.11 12.25 10.86 24.32 A-T 514 41 -25.55 30.43 4942
C-G 357 35.5 15.25 19.73  34.07 G-C 281 33.32 -3.5 =047  -0.82
G-C 297 32.86 14.64 14.18  25.02 C-G 3.04 39.48 -3.11 -1.9  -2.88
T-A 3.88 39.33 9.72 2599 41.67 T-A 277 34.17 -28.33 1.84 3.04
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Fig. 5. Graphical representation of central base step parameters.
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Helical and step parameters calculation

After the structure minimization, the base step and other helical parameters of all hexamers
were determined. The parameter calculation procedure were performed for all 20 energy-
minimized structures separately using 3DNA software package, afterwards the average values
with standard deviations were calculated. Full list of step and helical parameters are shown in
Table 2. The graphical representation of middle base steps parameters of every hexamer is
shown in Fig. 5.

Schematic helix representations, showed in Fig. 4. were generated from the averaged helical
parameters.

Structure analysis

The solution structure of all hexamers is that of right-handed B-DNA with the overall mean
helical twist of ~ 36°. The macroscopic curvature, that naturally correlates with base step roll
is largest for TACGTA (integral roll 70.8) and ATGCAT (integral roll 63.2) and lowest for
TAGCTA (with integral roll 29.9). The large curvature in ATGCAT and low curvature in
TAGCTA is consistent with the results obtained for the A-T/T-A steps and G-C middle base
step in other analyzed oligomers structures [11].

Interestingly that the largest integral roll coinsides with the biologically active sequence
ACGT in a central fragment that appears in the A, C, E, G boxes. These boxes are targets for
sequence specific DNA-binding of oncoprotein c-Myc/Max heterodimer and that has been
shown to directly transactivate the expression of a number of genes critical for cell
proliferation, transformation, inhibition of differentiation and apoptosis. Probably such
increased macroscopic curvature of ACGT sequence already in uncomplexed state allows for
easier energy - saved interactions with proteins.
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K. Zinovjevs, K. Jaudzems, E. Liepins. DNS heksaméru (ATGCAT, ATCGAT, TAGCTA, TACGTA) 3D
struktiiras  noteikSana, izmantojot 2D kmr spektroskopiju  Noteiktas struktiras izSkidinatiem
paskomplementariem DNS heksamériem ar ApT vai TpA bazes soliem katra gala un ar CpG vai GpC soliem
vidii, kuras atgadina biologiski svarigas “E-box” sekvences. Visi Cetri heksaméri veido labé&ji virzitu
antiparalélu spiralveida dupleksa otrejo struktiru. 1H-KMR spektru temperatiiras pétijumi paradija, ka izpétitie
dupleksi ir stabili vismaz lidz +25°C. Aréjo bazu paru palielinatas mobilitates de] DNS standartparametri
aprékinati un izanalizéti tikai katra dupleksa cCetriem vidéjiem soliem . Makroskopiskas izliektibas analize
uzradija secibu rvindd TACGTA>ATGCAT>ATCGAT>TAGCTA. Secindts, ka palielinata makroskopiska
izliektiba jau briva nesaistita stavokli varétu veicinat vieglaku, energeétiski izdevigaku DNS lokalo fragmentu
mijiedarbibu ar proteiniem vai arstniecibas preparatiem.

K. Zinovjevs, K. Jaudzems, E. Liepins. Determination of the 3D structure of DNA hexamers (ATGCAT,
ATCGAT, TAGCTA, TACGTA) BY 2D NMR spectroscopy. The solution structures of self-complementary DNA
hexamers with ApT or TpA base steps on each end and with CpG or GpC base steps in the center resembling the
biologically important “E-box” sequences were determined. All four hexamers form the antiparallel-stranded
right-handed duplexes. The 1H-NMR spectra acquired at higher temperatures (up to 25° C) showed that all
duplexes are stable. The base-pair step parameters were calculated for four middle steps of all duplexes. The
analysis of macroscopic curvature gave order TACGTA>ATGCAT>ATCGAT>TAGCTA. It was proposed that
the increased macroscopic curvature of sequence already in uncomplexed state allows for easier energy — saved
interactions with proteins or drugs.

K. 3unoeves, K.Ayozemc, I./luenunvu. Onpeodenenue npocmpancmeennoii cmpykmypul cexcamepos JJTHK
(ATGCAT, ATCGAT, TAGCTA, TACGTA), c¢ wucnonvzoeanuem o0gymepnoii cnexkmpockonuu HHMP.
Onpedenenvl cmpykmypbl camokomniemenmapuuix eekcamepos J{HK 6 pacmsope, ¢ ocnosanusimu ApT unu TpA
na konyax u CpG wiu GpC 6 yenmpe, omseuarowjue OUOI02UYECKU 8aXCHOU nociedosamenvrocmu “Ebox”. Bce
4 eexcamepa o06pazyrOm AHMUNAPAILIENbHBIN, NPaAgoguHmoegou oyniexc. 1H-AIMP cnexmpol, cHamoele npu
nosviutennou memnepamype (0o 25° C) noxazanu, umo oOyniexcvl cmadbunvhusl. [llacosvie napamempwur nap
OCHOBAHULL ObLIU BLIYUCTEHbI OISl 4 YEHMPANbHLIX NAp KadcO020 OynieKkcd. Ananuz MakpoCKONUHecKozo
uckpuenenuss cnupaiu nokasan nopsaook TACGTA>ATGCAT>ATCGAT>TAGCTA. Ilpeononooceno, umo
MAKpPOCKONUYecKoe UCKpusieHue yice 8 c60000HOM COCMOAHUU cnocobcmaeyem bojee 1E2KOMY, IHepeemuyecKy
8bI200HOMY  83auMoOOelicmeulo  aokanwhoeo @pasmenma [[HK ¢ npomeunamu unu Jj1ekapCmeeHHbIMU
npenapamamiu.
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