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Abstract. DNA base pair hybridization composed of a pyrimidine (Py) and a purine (Pu)
shows characteristic electrostatic polarity by hydrogen bonds between Py and Pu. As this elec-
trostatic charge of hydrogen bond is not neutralized between hydrogen donor and acceptor, it
can induce a base pair polarity of each nucleotide, and also affect a polarity from the 5’ to 3’ di-
rection in each DNA strand. Although many Py and Pu sequences are arranged in DNA duplex
in a complex manner, we hypothesize that a Py.Pun sequence is a basic pyrimidine-purine
DNA segment (Pyu DNA segment), contrast to the Pu.Py» sequence (the Puy DNA segment). A
series of short DNA segments, 6-30 bp different pairs of synthesized oligonuleotides, were
analyzed by EtdBr-intercalated electrophorersis assay and reverse phase HPLC. The annealing
of primers composed of Pyu or Puy sequences were also evaluated by the optimized PCR. Re-
sultantly, the DNAs composed of Pyu DNA segment were more strongly intercalated by EtdBr
than those composed of Puy DNA segment. And more, in PCR the primers composed of Pyu
sequences produced more object DNA than those composed of Puy sequences. Here, we show
that the Pyu DNA segment is a basic unit of the genetic code, which can produce more specific
hybridization and more stable DNA duplex than Puy DNA segment.
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1. Introduction

The genetic code containing all of the infor-
mation for the viability and replication of cells
uses only four nucleotides [1, 2]. However, the
DNA chain has polarity in the 5—3" direction,
and using NMR, a family of self-complementary
DNA decamers containing single alpha-
anomeric nucleotides flanked by 3'-3' and 5'-5'
phosphodiester linkages showed characteristic
polarity that affected the structural and dynamic
properties of these sequences [3]. Direct evidence
of DNA polarity was also found in the three-
dimensional structure of the hairpin formed by
d(ATCCTA)n-d(GTTA)n- d(TAGGAT)n by
means of two-dimensional NMR, distance ge-
ometry and molecular dynamic calculations [3,
4]. The data indicate that the influence of polar-
ity of a closing dA:dT pair is much less signifi-
cant than that of a closing dC:dG base pair [5].
DNA polarity has also been reported at the bind-
ing sites for different proteins (enzymes), i.e., Es-
cherichia coli Rep helicase [6], yeast TATA box
binding protein (yIBP) [7, 8], XerC, XerD, and
FtsK proteins [9]. However, the molecular dielec-
trostatic polarity between donor and acceptor of
hydrogen bond was not clearly defined up to
date.

Understanding the DNA functions requires
knowledge of the structure of local sequence-
dependent conformations. Recent studies have
shown that simple repetitive d(CA/TG) dinu-
cleotide sequences adopt a left-handed non-B-
DNA structure under negative superhelical
stress [10]. Although the pattern of chemical re-
activities and the helical parameters observed for
these sequences differ significantly from those of
standard Z-DNA, the supercoil-induced confor-
mation in d(CA/TG)n sequences mimics the left-
handed Z-DNA [10]. In Escherichia coli, d(GC)n
repetitive sequences have been shown to be dele-
tion prone, but the precise mechanism of this
mutagenic pathway is still unknown. Interrupt-
ing the repeat of d(GC)n with either a d(AT) or a
d(GT) dinucleotide decreases the rate of deletion
within these sequences, and introducing
pyrimidine-purine alternating sequences beside
the d(GC) insert results in an increased rate of
deletion [11]. Instability within tracts of repeti-

tive sequences, ie., CpG islands, has recently
been associated with several genetic disorders,
including so-called triplet repeat diseases and
hypermethylation in certain forms of colorectal
cancers [12-14]. All these findings may indicate
the existence of DNA base pair polarity, which
occurs in a sequence-specific manner as an im-
portant signal for the functional elements of ge-
netic codes. In this study, we hypothesize that
the genetic code is organized in specially polar-
ized patterns for its stability and function, and
then a concept of DNA base pair polarity is
demonstrated to develop a new method of gene
analysis.

2. Materials and Methods

2.1. Ethidium bromide intercalating electropho-
resis assay

To determine the difference of hybridization
strength between PysPunePy.Pun and Pun
PynePunPyn (n =3, 4, 5, 6, 7, 8, 10, 12) a unique
experiment of DNA competition was done by an
ethidium bromide (EtdBr) intercalating electro-
phoresis assay. Because the EtdBr migrates in the
opposite direction from dsDNA in electrophore-
sis, and then only the strongly intercalated EtdBr
in the DNA duplex remains after electrophore-
sis, contrast to the loosely intercalated or stacked
EtdBr. The remained EtdBr can be detected by
UV illumination. It is clear that more EtdBr are
intercalated into the DNA duplex hybridized
more strongly (Supplementary FIG. 2). This phe-
nomenon is similar to the more intercalation of
EtdBr to the supercoiled DNA compared to the
B-type DNA [34]. However, EtdBr is strongly in-
tercalated only into the DNA duplex, and is to be
strongly bound to CG intercalation sites (Pyu se-
quence), i.e., CGCG (2 CG sites) and CCGG (1
CG site), but weakly bound to GGCC (no CG
site) [35]. The typical PynPunePysPun and Pun-
PynePunPyn sequences, CnAneTnGn and
AnCnoGnTn (n = 3, 4, 5, 6, 7, 8, 10, 12), respec-
tively, are not self-complementary in buffer solu-
tion. Each pairs of 10 pL oligonucleotides (1 M)
were dissolved in 0.2 M NaCl solution and sub-
sequently hybridized by heating up to 90°C for
10 min, and then slowly cooled at room tempera-
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ture. The hybridized DNAs were mixed with
loading buffer (0.25% bromophenol blue, 0.25%
xylene cyanol, 30% glycerol in water containing
EtdBr (10 pg/mL)) and incubated for 10 min in
room temperature to be intercalated by EtdBr.
Then the DNA sample was electrophoresed us-
ing non-denaturing gel electrophoresis (20%;
19:1 acrylamide/bis- acrylamide) at 120 V in TBE
buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.0)
for 60 min. The different pairs of oligonucleo-
tides, i.e., CnAn®TnGn and TnAneThAn (n =3, 4, 5,
6,7,8, 10, 12), TnAn®TnAn and AnTn®AnTn (n =3,
4,5,6,7, 8,10, 12), GGG(TnAn)12nCCC (n=1, 2, 3,
4 6, 12), and GGG(CrAn)nGGG and
CCC(TnGn)12nCCC (n =1, 2, 3, 4, 6, 12), were also
applied in the same procedure for the EtdBr in-
tercalating electrophoresis assay.

2.2. PCR amplication using different
oligonucleotide primers

As the strength of DNA hybridization is di-
rectly affect the annealing of oligonucleotide
primer to the template DNA in PCR, the PCR
amplication was performed using each oligonu-
cleotide of (CnAn)izm and (TnGn)izm (n =1, 2, 3, 4,
6, 12) which did not form a self complementary
hybridization. The PCR amplication until the ex-
ponential stage, 25 cycles, with optimized an-
nealing temperature was carried out to elucidate
the annealing efficiency of differently polarized
oligonucleotide primers. Six Pyu DNA segments
composed of (CnAn)12n®(TaGn)zn (n=1, 2, 3, 4, 6,
12) were bidirectionally subcloned into
pBlusescript II KS+ (Stratagene, USA) through a
EcoRI linker site. A Puy DNA segment com-
posed of AnCreGrTi2 was also bidirectionally
subcloned in order to compare with
Ci12A120T12Gr2 for their contrast DNA base pair
polarity. These subcloned plasmids were puri-
fied and used as a template, and each insert
DNA was used as a primer for the PCR. The an-
nealing temperature of CnAn and TrGn (n=1, 2, 3,
4, 6, 12) was 57 and 59°C, respectively, calculated
by a DNA tool program (http://biology.semo.
edu/cgi-bin/dnatools.pl, Southeast Missouri State
University, USA). The experimental PCRs were
done simultaneously in the optimized condition,
briefly, annealing at 57°C for the CnAn primers or

at 59°C for the TnGn primers for 30 seconds,
elongation at 72°C for 30 seconds, denaturation
at 95°C for 30 seconds, and 25 cycles of PCR.
However, the PCR was repeatedly performed
preliminarily using primer pairs between vector
and insert sequences to obtain the proper PCR
condition producing the expected DNA consis-
tently.

2.3. Reverse phase HPLC analysis

In order to elucidate the conformational
change of each DNA segment the reverse phase
HPLC analysis (Agilent Chemstation, Agilent
Technologies, USA) using ODS-AQ column
(YMC, Waters Corp.) under 0.2 M NaCl solution
, flow rate of 0.5 ml/min at 260 nm, was per-
formed wusing the double strand oligode-
oxynucelotides (AsSDNAs) of An2eTi2, AcTceAsTs,
and TsAceTsAs, which contained same number
of dA and dT, and GneCi, GcCseGsCs, and
CsGos@CsGs, which contained same number of dG
and dC.

3. Results and Discussion

3.1. Pyu DNA segment defined by DNA base
pair polarity hypothesis

The hypothesis of DNA base pair polarity
arises from the polarized electrostatic status of
hydrogen bonds between a pyrimidine (Py) and
a purine (Pu), i.e., thymine:adenine (dT:dA) and
cytosine:guanine (dC:dG), when each hybridiza-
tion occurs (FIG. 1). Regarding to the electro-
static charges of each base pairs, the pairs of
dT:dA and dC:dG showed the characteristic elec-
tric status of intermolecular hydrogen bonds. Al-
though each of thymine and adenine has one
hydrogen donor and one hydrogen acceptor for
two hydrogen bonds between them, the purine
ring of adenine can absorb the electron elicited
by a hydrogen acceptor (Ni). Thus the dT:dA
pair can be polarized by a single hydrogen bond
between oxygen at thymine Cs and amine (NH>)
at adenine Cs, producing —e charge in thymine.
While the dC:dG pair is formed by three hydro-
gen bonds, one hydrogen donor from cytosine
and two hydrogen donor from guanine. The hy-
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Figure 1. Schemes for the putative induction of electrostatic charge between thymine and adenine, and between cyto-
sine and guanine. The intramolecular electric circuit is illustrated by blue arrows. *Methyl group increases the hydro-
phobicity of pyrimidine ring in thymine. # Carbonyl group can maintain the negative electrostatic charge of thymine.

drogen donor, an amine at cytosine Cs, can in-
duce -e charge at oxygen of guanine Cs, but al-
most absorbed into the purine ring of guanine,
but the elicited -e charge at cytosine Ns is partly
transferred into the empty space of the hydrogen
donor at cytosine Cs and also transferred into
deoxyribose through its pyrimidine ring. Be-
cause there is no electron transfer in the hydro-
gen bond, the loss and gain of electrostatic
charge should be antagonistic between the two
sites of the hydrogen bond, resulted in the polar-
ized charge of about -1/2¢ in cytosine. Further-
more the hydrogen donor, an amine at guanine
C:2 can induce -e charge at the oxygen of cytosine
Cz, which is directly transferred into the deoxy-
ribose. Thus, the dC:dG pair is electrostatically

charged about -1.5¢ in a cytosine. For the calcula-
tion of base pair polarity energy we simplified
the voltage of dT:dA pair as 2aV and the voltage
of dC:dG as 3aV (FIG. 1).

On the other hand, although the ribose-
phosphate backbone is same in every nucleotide,
the oxygen of the ribose ring partly inhibits elec-
tric flow. Thus, the electric charge elicited from a
pyrimidine base can easily flow through Cs of ri-
bose and phosphate diester, producing electric
flow from the 5’ to 3’ direction. In another sense,
the ribose ring acts like a diode, inducing 5’-3’
polarity, and the transferred electron is accumu-
lated in the phosphate group, acting as a con-
denser. Between the ribose ring and the phos-
phate group a CH: group is hydrophobic and
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Fig. 2

Scheme of potential electric flow in a deoxynucleotide

A. analog pattern

B. digital pattern
, CHz (Cs)
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(#®: positively charged purine (©: negatively charged pyrimidine

—: the direction of electric flow

Figure 2. Scheme of intramolecular electric status of a deoxynucleotide and its potential electric flow.

relatively resistant to the electric flow. Therefore,
the ribose-phosphate backbone of a nucleotide
can be illustrated as a simple electric circuit
composed of a diode (ribose ring), a condenser
(phosphate group), and a resistance (CH2 group)
(FIG. 2).

From the electric circuit pattern of nucleotide
shown in FIG. 2 a single strand of DNA duplex,
for example 5-TCAGC-3, can be illustrated as
FIG. 3. The 5-TCAGC-3’" has one Pyu DNA seg-
ment, 5-TCAG-3’ and an overhanging sequence
of C charged negatively. The complementary se-
quence of 5-TCAG-3’ will be a 5-CTGA-3,
which also forms a Pyu DNA segment (FIG. 3).

The above hypothetical concept of DNA
base pair polarity, the Pyu DNA segment, and
the DNA intramolecular electric flow in DNA
duplex can provide the mathematical calculation
of DNA hybridization strength energy as shown
in the supplementary data.

3.2. Symbolization of DNA base pair polarity

From the concept of base pair polarity, we

symbolize the alphabet of A, C, G, and T de-
oxynucleotides into the polarity signals, i.e., a
pyrimidine is symbolized as a lower semicircle
in blue under the horizontal line, and a purine is
symbolized as an upper semicircle in red above
horizontal line. A and T can be distinguished by
empty semicircles in contrast to filled semicircles
for G and C (FIG. 4). A representative feature of
DNA base pair polarity program was demon-
strated in the supplementary data (Supplemen-
tary FIG. 1).

As a DNA strand is polarized from the 5 to
3’ direction according to the common mode of
transcription from the 5" to 3’ direction, the elec-
trostatic charge of each base pair can easily run
from the 5 to 3’ direction through the deoxyri-
bose-phosphate axis. The negative charge arising
from Py goes readily into the 3’ direction when a
Pu is next. Whereas the positive charge arising
from Pu is unlikely to go in the 3’ direction when
Py is arranged next. If pyrimidines (Pys) were
arranged in a repeating fashion, the negative
charges would be continuously accumulated in
the phosphate groups and work as a negative-
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Scheme of electric flow in a strand of DNA duplex and its DNA base pair polarity
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Figure 3. Scheme of electric flow in a strand of DNA duplex and its DNA base pair polarity.

charge group. And then if purines (Pus) were lo-
cated after Pys, the accumulated electrons would
overflow to the empty phosphate groups of Pus,
which are positively charged. On the other hand,
if Pys were located after Pus, no electric flow
would be expected between the former and the
latter due to the strand polarity threshold of de-
oxyribose-phosphate axis from 5’ to 3’ direction.
Therefore, every border between Pu and Py be-
comes a limiting boundary to resist the electric
flow of the DNA polarity, resulted in a division
for a Pyu DNA segment, PynPun (n is a natural
number). In the Pyu DNA segment the electric

flow is unique, centered at the border between
Py and Pu, named a central point of DNA seg-
ment. Thus, it is presumed that their molecular
interactions between DNA base pairs are
grouped and their polarity charges are recipro-
cally amplified between both strands of the DNA
segment.

3.3. Hybridization of CnA:xeTnGn and
TnAn®ThAn (n= 3,4,5,6,7,8,10, 12)

CnAn®TnGn and TnAneThnAn (n = 3, 4, 5, 6, 7, 8,
10, 12) showed higher efficiency of EtdBr in-
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Fig. 4

Scheme of DNA base pair polarity
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Figure 4. A scheme of DNA base pair polarity illustrating the characteristic symbols for the polarity of each nucleotide

(left) and a single strand of a Pyu DNA segment (right).

tercalation than the AnCn®GnTn and AnTn®AnTn (n
=3,4,5, 6,7, 8, 10, 12), respectively, as the num-
ber n increased. CnAn®TnGn and AnCn®GnTn (n =
3, 4, 5, 6) showed too weak signal of EtdBr inter-
calation in the gel, but CrAneTuGn and
AnCnoGnTn (n =7, 8, 10, 12) showed comparable
levels of EtdBr intercalation. C7A7eTG7 showed
higher EtdBr intercalation than A-CreG:T7 by
90%, CsAseTsGs showed higher EtdBr intercala-
tion than AsCseGsTs by 68.9%, CioAieTi10Gio
showed higher EtdBr intercalation than
A10C100G10T10 by 25%, and Ci2A120T12G12 showed
higher EtdBr intercalation than A12Ci2Gi2T12 by
6% (FIG. 5).

3.4. Hybridization of TnAneTnAn and
AnTn@AnTn (n= 3,4,5,6,7,8,10, 12)

TnAn®TrAn and AnTrneATn (n=3,4,5,6,7, 8,
10, 12) are typical Pyu and Puy DNA segments,
respectively, which are self-complementary in
buffer solution. The same concentration of each
ThAneTnAn and AnTneAnTn was dissolved in 0.2
M NaCl solution and heated at 90°C for 10 min,
and slowly cooled in room temperature to pro-
duce a DNA duplex of the TnAneTnAn and
AnTneAnTr, respectively. These DNA samples
were also examined by the same EtdBr intercala-
tion electrophoresis assay as the above. In the
competition between the self complementary
monomeric hybridization and the self comple-

mentary dimeric hybridization of TnAn or AnTn
oligonucleotides (n = 3, 4, 5, 6, 7, 8, 10. 12), the
oligonucelotides which have strong monomeric
hybridization will less likely form the dimeric
hybridization. The self complementary mono-
meric hybridization is composed of base pairs
with opposite polarity, but because it has a same
ribose-phosphate axis, the opposite electrostatic
charges of sense and antisense strands can be
easily neutralized. However, the retained EtdBr
intercalation after electrophoresis was not ob-
served in short DNAs, ThAneTnAn (n =3, 4, 5, 6,
7, 8) and AnTn@AnTn (n =3, 4, 5, 6, 7), but as the
DNA size increased, it appeared from
T10A100T10A10 Of the TnAn®TnAn group, while ap-
peared from AsTseAsTs of the AnTne AnTn group.
Although the retained EtdBr intercalation after
electrophoresis was too weak to detect in the gel,
the additional EtdBr staining after electrophore-
sis disclosed the dimeric hybridization occurred
from TiAweTwAw in the TnAneTnAn group,
while from AsTs®@AcTs in the AnTneAnTn group,
as the number of n increased. The monomeric
hybridization was more strongly intercalated by
EtdBr than the dimeric hybridization until
TsAseTsAs in the TnAneThAn group, while until
AsTse AsTs group in the AnTn®AnTn group. And
the dimeric hybridization of TaAneThAn (n = 10,
12) showed stronger EdtBr intercalation than the
dimeric hybridization of AnTneArTn (n=6, 7, 8,
10, 12) (FIG. 6). These findings suggest that as
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Figure 5. Hybridization of AnCn®GnTn and CnAn®TaGn oligonucleotides (n =7, 8, 10, 12) detected by EtdBr intercalation.
A: EtdBr staining pre-electrophoresis, B: EtdBr staining pre- and post-electrophoresis, C: EtdBr staining post-
electrophoresis, D: a graph for the comparisons of EtdBr intercalation between AnCn®GnTn group (a) and CnAneTnGn
group (b) from panel A. *This figure is a representative one from the repeated experiments more than three times.

the EtdBr intercalation is stronger in the
TnAneTrnAn group than in the AnTneAnTn group
n=3,4,5,6,7, 8, 10. 12), both of the monomeric
and dimeric hybridization of the TnAn®ThAn are
more strongly interacted with EtdBr than those
of the AnTn®AnTh.

3.5. Self complementary hybridization of
GGG(TnAn)lZ/nCCC (n = 1, 2, 3, 4, 6, 12)

In the self-complementary hybridization ex-
periment using GGG(TnAn)12:CCC (n =1, 2, 3, 4,
6, 12) oligonucleotides, which have all the same
number of nucleotides, 30 nt, and all the same
kinds of deoxynucleotides, i.e., 3dG, 3dC, 12dT,
and 12dA. The short Pyu DNA segment,
GGG(TrAn)122CCC (n = 1 and 2) showed higher
level of monomeric hybridization than the

dimeric hybridization. This phenomenon is
gradually shifted to greater dimeric hybridiza-
tion by increasing heat treatment from 20°C to
90°C. The monomeric hybridization of TnAn (n =
1, 2) was almost overwhelmed by the dimeric
hybridization when the temperature increased to
90°C (FIG. 7). Therefore, it is presumed that the
competition between the monomeric and
dimeric hybridization is thermodynamic and di-
rectly affected by the base pair polarity of DNA
segment. However, as the size of DNA segment
increased, TnAn (n is from 3 to 12), their dimeric
hybridization became more prominent than the
monomeric hybridization, because the bigger
DNA segment had more polarized nucleotides
strong enough to produce dimeric hybridization.
This result may indicate that the significant dif-
ferences of hybridization exist depend on the
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Fig. 6
Puy DNA segment (AnTn® AnTn)

Pyu DNA segment (TnAn® TnAn)

SCMH - - - + + + +4+ 44 - - - t t h 4 +44 4+
SCDH + + + - - - 4

I+

+ + + ++ ++ ++ * +

* SCMH: self complementary monomeric hybridization SCDH: self complementary dimeric hybridization

Figure 6. Hybridization of AnTn®AnTn and TnAneTnAn oligonucleotides (n =3, 4, 5, 6, 7, 8, 10, 12) detected by EtdBr inter-
calation. A: EtdBr staining pre-electrophoresis, B: EtdBr staining post-electrophoresis. SCDH: self-complementary dimeric
hybridization, SCMH: self-complementary monomeric hybridization. *This figure is a representative one from the re-

peated experiments more than three times.

number of Pyu DNA segment. However, both of
the self-complementary monomeric and dimeric
hybridizations are all made by hydrogen bonds
interacting between nucleotides, and may func-
tion collaterally in a DNA duplex.

When the hybridization of
GGG(TnAn)12nCCCOGGG(TnAn)124CCC (n =1, 2,
3, 4, 6, 12) pretreated at 70°C for 10 min was ex-
amined, it became apparent that as the number
of n increased the dimeric hybridization in-
creased and  became maximum  in
GGG(T1A4)3CCCoGGG(T4A4)3CCC, and thereaf-
ter the dimeric hybridization decreased greatly.
Contrast to the hybridization experiment of
TrAneTrAn (n=3, 4, 5, 6, 7, 8, 10, 12), disclosing
the increased dimeric hybridization as the num-
ber of n increased (FIG. 1 and 2), the dimeric hy-
bridization of GGG(TnAn)12nCCCOGGG(TnAn)12in
CCC was affected by the number of Pyu DNA
segment, (TnAn)i2i, resulted in the maximum in
three Pyu DNA segments, (TsA4)3, contrast to a
single Pyu DNA segment, Ti2A12 (FIG. 8). This
phenomenon may indicate that the multiple
DNA segments may have strong influence in the

formation of dimeric hybridization as well as the
increased size of DNA segment. This finding is
clear in a graph of FIG. 8C plotted by the EtdBr-
intercalated bands of the dimeric hybridization,
which is almost identical to the graph based on
the calculation by the DINAMelt server (Rensse-
laer Polytechnic Institute) programmed for
dimeric hybridization (FIG. 8E). However, when
the sum of the self-complementary monomeric
and dimeric hybridization was plotted, the
maximum EtdBr intercalation was found in
GGG(TA)2CCCoeGGG(TA)2CCC (n = 1), and
then the EtdBr intercalation was gradually re-
duced as the number of n increased (FIG. 8D).
This graph is similar to the plot by the total DNA
hybridization energy of DNA segments based on
the DNA base pair polarity of this study (FIG.
8E). Thus, we think the DNA hybridization en-
ergy obtained from the DNA base pair polarity
program may represent the whole hybridization
strength, while the calculation by the DINAMelt
server program may show only the value for the
dimeric hybridization.
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Fig.7
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Figure 7. Hybridization of GGG(TnAn)12nCCC and GGG(TnAn)12aCCC oligonucleotides (n = 1, 2, 3, 4, 6, 12) depend on
heat treatment increased from 20°C to 90°C, then the self-complementary monomeric hybridization reduced while the self-
complementary dimeric hybridization increased. Heat treatment at 20°C (A), 37.5°C (B), 70°C (C), and 90°C (D). *This fig-
ure is a representative one from the repeated experiments more than three times.

3.6. Hybridization of GGG(CnAn)12nGGG
and CCC(TxGn)12nCCC oligonucleotides
(n=1,2,3,4,6,12)

The hybridization between GGG(CnAn)izn
GGG and CCC(TnGn)12mCCC oligonucleotides (n
=1, 2, 3, 4, 6, 12) showed the heterodimeric hy-
bridization without self-complementary hybridi-
zation. The EtdBr intercalation retained after
electrophoresis at 120V for 60 min in TBE buffer
was most intense in < GGG(CA)2GGGe
CCC(TG)12CCC and gradually decreased until in
GGG(C12A12)GGGeCCC (T12G12)CCC (FIG. 9A
and C). Whereas the total dimeric hybridization

stained with EtdBr post-electrophoresis was al-
most the same in all GGG(CnAn)iznGGGe
CCC(TaGn)12nCCC (n =1, 2, 3, 4, 6, 12) (FIG. 9B
and D). However, the 30 base pair DNA com-
posed of the shortest DNA segment or the great-
est number of DNA segments,
GGG(CA)2GGGeCCC(TG)2CCC, shows the
strongest intercalation of EtdBr compared to the
others, GGG(CnAn)12nGGG®CCC(TnGn)12nCCC (n
=2,3,4,6,12) (FIG. 9A and C). While the ensem-
ble enthalpy (AH) of GGG(CnAn)12nGGGeCCC
(TnGn)12nCCC (n =1, 2, 3, 4, 6, 12), calculated as
AH = AG-TdG/dT using the DINAMelt server
(Rensselaer Polytechnic Institute) was plotted
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Fig. 8

A. EtdBr staining pre-electrophoresis

B. EtdBr staining post-electrophoresis
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Figure 8. Hybridization of GGG(TzAn)12aCCC and GGG(TnAn)12nCCC oligonucleotides (n =1, 2, 3, 4, 6, 12) and EtdBr
intercalation. A: EtdBr staining pre-electrophoresis, B: EtdBr staining post-electrophoresis, C: brightness of bands plotted
from square a in panel A, D: brightness of bands plotted from sum of square a and b, E: Ensemble enthalpy (AH ) of
GGG(TrAn)12nCCCOGGG(TrnAn)12aCCC at each temperature, calculated as AH = AG-TdG/dT using the DINAMelt server
(Rensselaer Polytechnic Institute), F: Total DNA hybridization energy calculated by DNA base pair polarity program of
this study. *This figure is a representative one from the repeated experiments more than three times.

differently from the graph of FIG. 9C when the n
increased to 6 and 12 (FIG. 9F).

Taken together, the facts that the CnAn®TnGn
and TnAneTnAn are more strongly intercalated by
EtdBr than the AnCn®GnTn and AnTn®AnTn, re-
spectively, may support the DNA base pair po-
larity concept, suggesting the CnAn®TnGn and
TnAneTrAn can induce stronger electrostatic
charge to form more stable DNA segments than
the AnCrn®GnTn and AnTn® AnTn.

3.7. PCR primers composed of different
DNA segments

In the PCRs using the pairs between the in-
sert primer of (CnAn)izn or (TnGn)izn (n=1, 2, 3, 4,
6, 12) and vector sequence primer of pBS1 or
pBS2 the DNA products were plotted a double
peak curve, disclosing the first peak by the insert
primers of (C3As)s and (T2Gz)s, a minimum by the
insert primers of (C:A4)s and (T3Gs)s, and the sec-
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Fig.9
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Figure 9. Hybridization of GGG(CrAn)12nGGG and CCC(TnGn)12aCCC oligonucleotides (n =1, 2, 3, 4, 6, 12) detected
by EtdBr intercalation. A: EtdBr staining pre-electrophoresis, B: EtdBr staining post-electrophoresis, C: Merging of
panel A and B, D: A graph for the brightness of the bands from panel A, E: A graph for the brightness of the bands
from panel B, F: total DNA hybridization energy (DHE, C watt) calculated by DNA base pair polarity program of this
study, G: Ensemble enthalpy (AH) of GGG(CnAn)12nGGGeCCC(TnGn)12nCCC (n =1, 2, 3, 4, 6, 12), calculated as AH =
AG-TdG/dT using the DINAMelt server (Rensselaer Polytechnic Institute). *This figure is a representative one from
the repeated experiments more than three times.

ond peak by the insert primers of Cr2Anz and
T12Gi2 (FIG. 6). Because the insert primers of
(CA)12 and (TG)12 usually produced non-specific
extra-bands in PCR, it was thought that (CA)x

and (TG)12 primers were composed of too small
and to many DNA segments to be annealed spe-
cifically to the target DNA. On the other hand,
the Cn2A1w or Ti2Gi2 primer was composed of a
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single DNA segment containing 24 nucleotides
polarized greatly, so that a nonspecific annealing
could be occurred if they were applied to the ge-
nomic DNA containing a lot of genes rather than
to the single plasmid DNA used in this study.
Therefore, the insert primers producing the first
peak may have an implication for the strong and
specific annealing upon the target DNA. How-
ever, the PCR using (CsAs)s or (TsGs)s+ primer
produced the maximum amount of object DNA
independently on the vector primers (FIG. 10).
However, in the comparison between insert
primers of PynPun and PunPyn, the PynPun prim-
ers, Ci2Anz and T12Gw, produced more amplica-
tion of object DNA than the PunPyn primers,
AnCr2 and Gu2Ti2 (FIG. 10). Thus, we presume
that the Ci2A12 and Ti2Gi2 primers (PynPun) are
more annealed on the template DNA than the
AnCr2 and GuT2 primers (PunPyn), because the
PysPun, a Pyu DNA segment, forms stronger hy-
bridization of the DNA duplex than the PuaPyn,
a Puy DNA segment.

3.8. DNA segment conformation by reverse
phase HPLC analysis

The reverse phase HPLC analysis (Agilent
Chemstation, Agilent Technologies, USA) using
ODS-AQ column (YMC, Waters Corp.) under 0.2
M NacCl solution, flow rate of 0.5 ml/min at 260
nm, was performed with the double strand oli-
godeoxynucelotides of AT, AcsTc®AsTs, and
TesAc®TsAs, which contained same number of dA
and dT, and with those of G120C12, GsCec®GsCs,
and CsGs®CsGs, which contained same number
of dG and dC. The AzeT12, a long A-tract DNA,
showed a much reduced peak compared to the
AcTs®@AsTs and TcAseTsAs, and then the
TeAc®TeAs, Pyu DNA segment, showed a re-
duced peak than the AsT¢®@AsTs, Puy DNA seg-
ment, by 22.6% (p=0.00018). And the Gi20C1, a
long G-tract DNA forming the quadruplex,
showed much reduced peak, however, the
CsGs®CsGs, Pyu DNA segment, showed greater
peak than the Gi20Ci2, by 63.3% (p=0.00013),
while the GeéCs®GesCs, Puy DNA segment,
showed less peak than the CsGeeCsGs (FIG. 11b).
This result indicated that the Pyu DNA segment
can form a unique conformation, resulted in the

more stable DNA duplex by enhancing the A-
tract hybridization and by preventing the quad-
ruplex formation of G-tract DNA.

3.9. Evaluation of Pyu DNA segment

Based on the Pyu DNA segment hypothe-
sized in this study the hybridization and PCR
experiment using various oligonucleotide pairs
demonstrated that the Pyu DNA segment
showed stronger hybridization than Puy DNA
segment, so that it can maintain its characteristic
DNA structure more stably compared to the Puy
DNA segment. Thereby, the entire genetic code
is able to be divided into Pyu DNA segments,
which are basic units of DNA double helix hold-
ing different electrostatic polarity. The average
number of base pairs per a Pyu DNA segment is
slightly variable depend on the regions of gene.
In the human, mouse, rat, and chick genomes the
average number of base pairs per a Pyu DNA
segment is about 4.73 bps in the promoter region
of 154,371 bps, about 4.72 bps in the intron of
46,351 bps, about 4.79 bps in the 5" untranslated
region (UTR) of 23,186 bps, about 5.07 bps in the
3" UTR of 73,150 bps, and about 4.56 bps in the
open reading frame (ORF) of 186,591 bps. The
average number of base pairs per a Pyu DNA
segment in total genome analyzed in this study
was about 4.72 bps in 483,649 bps, however, the
ORF was usually composed of the shortest Pyu
DNA segment in the genomic regions (Supple-
mentary Table 2).

All the hydrogen bonds of DNA base pairs
produce the electrostatic charge which can be di-
rectly transformed into the hybridization energy
of DNA duplex. The linear composition of DNA
hybridization may display as a DNA base pair
polarity in each strand of DNA duplex. Thus we
think that the total DNA hybridization energy
(DHE) of Pyu DNA segment in this study in-
cludes the sum of self complementary mono-
meric and dimeric hybridization, and the two
strand dimeric hybridization, while the ensem-
ble enthalpy of two strand DNA hybridization
(Rensselaer Polytechnic Institute) may represent
only the dimeric hybridization. However, al-
though the DNA polarity has not been clearly
examined due to its rapidly changing elec-
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Fig. 10
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Figure 10. Location of primer sequences in the pBluescript II KS+ vector (A) and target DNA production by the opti-
mized PCR using different pairs of primers (B and C). B: (CnAn)1zn (n =1, 2, 3, 4, 6, 12) primers paired by pBS1 or pBS2
primer. C: (TaGn)12n (n =1, 2, 3, 4, 6, 12) primers paired by pBS1 or pBS2 primer. *This figure is a representative one from

the repeated experiments more than three times.

trostatic charge of DNA hybridization, the pre-
diction of DNA melting profile by the DINAMelt
server, Rensselaer Polytechnic Institute, consis-
tently showed the decreased Tm(Conc) and in-
creased AH(kcal/mol) in the CnAn®TnGn com-
pared to the AnCrn@GnTn (n=3, 4, 5, 6,7, 8, 10, 12)
(Supplementary Table 3), indicating that the
CnAneTnGn, the Pyu DNA segments, showed the
more unique and stable hybridization than the

AnCnoGnTh, the Puy DNA segments. The finding
that the Pyu DNA segments of a DNA duplex
have more stable hybridization than the Puy
DNA segments can be ascribed to the continous
reciprocal induction of electrostatic charge reso-
nanced between both strands of Pyu DNA seg-
ments in DNA duplex. Therefore, the Pyu DNA
segments are able to maintain its specific DNA
conformation more stably than the Puy DNA
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Fig. 11
mal | méAll
500 - A ] B
] ZUU—:
500; o
o 175—_
o 150—5
—— An20T12 i —— G120 C12
i 4596.4 mAU*s ] 7613.2 mAU*s
200 | |
i AcTc® AsTs 100-| GesCs® GeCs
] 46704.6 mAU*s 3| 13783.6 mAU*s
1 ° - CsGe®CsGis
x5 AL i 22507.4 mAU*s
: sl
100 |
] 25—:
260 nm ci 260 nm
® 2 % s e g B 5

x10° mAU*s

50 -

40 -

30 -

20 -

10 -

z1] o2ty
D2ty
919V 851V

9996) 090)95)
WeLeVoL
9K)90) #95)99)

Figure 11. Reverse phase HPLC analysis of single and double strand DNAs, ODS-AQ column, running with 0.2 M
NaCl solution at 260 nm. The area of the DNA peak (mAU*s) was integrated. A: A12eT1;, a long A-tract, showed the
smallest peak contrast to AsTs®AcTs and TsAc®TsAs. The T-A step of Pyu DNA segment can enhance the bending con-
formation of A-tract. B: G126C12, a long G-tract, showed the least peak contrast to GeCc®#GsCe. And CsGsoCeGs showed
greater peak than GsCseGsCs, preventing the quadruplex of poly dG. C: A graphic comparison of the above peaks in

the same scale (mAU*s).

segments, and it is also presumed that the fre-
quent Pyu DNA segments may tend to be more
supercoiled than the Puy DNA segments. Actu-
ally in the human genome the CpG islet;
(CG)ne(CG)n, trinucleotide repeat;

(CGG)ne(CCG)n [15], (CAG)n®(CTG)n, tetrameric
repeat; (CCTG)ne(CAGG)n [16], pentameric re-
peat; (AATCT).®(AGATT),, and even dode-
cameric repeat; (C4éGCiGCG)ne(CGCGCGa)n
[17] are mainly composed of one or several Pyu
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DNA segments, which may produce a stable
DNA structure in a limited number of the re-
peats in normal genetic code, and if the number
of repeated Pyu DNA segment increased, the
DNA polarity increased too much in a single
DNA section, shifted to negative or positive po-
larity. This unbalanced DNA polarity may in-
duce a conformational change of the DNA du-
plex which becomes irregular and supercoiled,
eventually producing different genetic diseases.
Also for the normal functions and conformations
of genetic codes the binding sites of different
transcription factors and enzymes are also com-
posed of a basic polarity pattern of a Pyu DNA
segment, ie., TATA box; (TA)e(TA), E-box;
(CA)(CG)(TG)e(CA) (CG)TG), AP-1 binding
site; (TGAG)(TCA)e (TGA)(CTCA), telomere se-
quences; (TTAGGG).e(CCCTAA)n. Anthracy-
clines bind preferentially at pyrimidine-purine
step, dCG in dCGATCGG which is composed of
two Pyu DNA segments, dC-GA and dTC-GG. It
is known that the 4,5-cationic group of the diva-
lent antracycline usually interacts with the G-
tract major groove, and the 9-hydroxy group
forms multiple hydrogen bonds with a flanking
guanine [18]. However, there may exist variable
binding sites composed of non-Pyu DNA seg-
ments, i.e., GAA repeat [19, 20]; (GAA)ne(TTC)n,
polyadenylate site; AATAAASTTTATT, but
these sequences may work in different ways to
regulate gene transcription.

The binding of monovalent cations in the
minor groove of DNA A-tracts, runs of 4-6 con-
tiguous adenine (or thymine) residues, is a topic
of continuing interest [21, 22]. The localization of
cations in the A-tract minor groove would lead
to asymmetric neutralization of charged phos-
phate residues [23, 24], giving directionality to
the bending fluctuations of the helix backbone
[25-28]. The molecular dynamic modeling of A-
tract oligonucleotides disclosed that the A-tract
appeared to act as positioning elements that
make the helix phasing more precise, while Py-
Pu steps in the open hinge state serve as curva-
ture elements [22, 29]. The stable-curvature of
the helix axis requires the co-operative binding
of monovalent cation(s) to two or more closely
spaced A-tracts [30]. However, it was known
that the extended A-tract had a bifurcated hy-

drogen bonding in the A-tract major groove [31,
32]. Molecular dynamic simulation study also
disclosed that A-tract was essentially straight
(wedge angles of <1) and more rigid than generic
B-form DNA with slight base-pair inclination,
high propeller twist and a minor groove narrow-
ing 5" to 3’ [33]. We thought the curvature of A-
tract DNA is caused by the increased electro-
static potential of Py-Pu step and the bifurcated
hydrogen bonds between dA:dT pair. The for-
mer may indicate that the Py-Pu step is identical
to the central point of Pyu DNA segment at
which the total negative charge of Pys gathered
and the cations are preferentially bound, and the
latter may cause the conformational change of A-
tract by the increase of base pair polarity in
dA:dT pair.

Taken together, the Pyu DNA segments hy-
pothesized in this study showed stronger hy-
bridization, depending on the size and number
of the DNA segment than the Puy DNA seg-
ment. The Pyu DNA segment is characterized by
the DNA base pair polarity eliciting electrostatic
charge from hydrogen bonds between
pyrimidine and purine bases, which can be
transferred to the phosphate groups of nucleo-
tides, enable the intramolecular electrostatic in-
teraction between both strands of a Pyu DNA
segment without electron transfer. Therefore, we
presume that the Pyu DNA segment producing
unique hybridization stable enough to maintain
its conformation can be a basic unit of genetic
code. Based on the DNA base pair polarity the
potential energy of DNA hybridization can be
calculated and subsequently it is able to be util-
ized not only in the prediction of the efficiency of
probe hybridization but also in the gene analysis
for multiple purposes, i.e., the mutation analysis
and gene regulation.
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