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Elongation of Tandem Repetitive DNA by the DNA Polymerase of the
Hyperthermophilic Archaeoithermococcus litoraligt a Hairpin-Coil Transitional
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ABSTRACT. DNA is replicated by DNA polymerase semiconservatively in many organisms. Accordingly,
the replicated DNA does not become larger than the original DNA (template DNA), implying that replicative
synthesis by DNA polymerase alone cannot explain the diversification of primordial simple DNA. We
demonstrate that a single-stranded tandem repetitive oligodeoxyribonucleic acid (oligopDNA) composed
of a palindromic or quasi-palindromic motif sequence ane-28% GC content is elongated in vitro to
more than 20 000 bases at-7D4 °C by the DNA polymerase of the hyperthermophilic archaeon
Thermococcus litoralisvithout a bimolecular primertemplate complex. The efficiency of elongation
decreased when the palindromic structure of the oligopDNA was destroyed or when the GC content of the
oligopDNA was outside the range of 250%. The thermal melting transition profile of the oligoDNA, as
observed by ultraviolet spectroscopy, exhibited a biphasic curve, reflecting a ell@gin transition at
31-40°C and a hairpir-coil transition at 76-77 °C. The optimal reaction temperature for the elongation,

for instance, of oligopDNA (AGATATCTy (72 °C) was very close to its hairpircoil transition melting
temperature (70.4C), but was markedly higher than the temperature at which duplex oligopDNA can
exist stably £35.9 °C). These results suggest that a hairpin-based “intramolecular prieraplate
structure” is formed transiently in the oligopDNA, and it is elongated by the DNA polymerase to long
DNA through repeated cycles of folding and melting of the hairpin structure. We discuss the implication
of this phenomenon, “hairpin elongation”, from the standpoint of potential amplification of simple DNA
sequences during the evolution of the genome.

DNA polymerase (pof) plays a central role in the monoribonucleotidesi( 5) or modified oligoribonucleotides
replication of cellular DNA during cell division, base (6, 7). Although such reactions would be meaningful from
excision repair, and recombination and is therefore essentialthe standpoint of early evolution of genetic material in that
for maintaining the integrity of organismg)( The enzyme  they do not require the presence of life or life-related
catalyzes orderly addition of complementary nucleotide basesstructures, the synthesis of a large polymer of nucleotides
to the 3-end of primer DNA along template DNA, forming  has not been demonstrated in these reactions. In the
a phosphodiester bond between’@B8d OH moiety of the  primordial world, what was in short supply must have been
primer and an incoming.-phosphate moiety of the nucle-  the long template of a nucleotide chain to copy. How did
otide. Finally, a complete copy of the original DNA sequence |ong DNA appear on the early earth? Up to now, nothing
(template) is synthesized)( According to this reaction, the  has accounted for the ab initio synthesis of long DNA on
DNA strand elongated from the primer DNA does not the early earth.
become larger than the template DNA. The genome of a
present organism is composed of huge complex DNA that
carries copious amounts of genetic information. It is reported

that oligonucleotide can be synthesized nonenzymatically mentary DNA or inverted repeats). It has been known that

from modified monoribonucleotides (ribonucleosidé 5 ome of these DNAs can form al struct o
phosphorimidazolides) in the reaction catalyzed bydivalentfS S s can form unusual structudgs Eor

metal ions 2, 3) and is self-replicated using modified mstanc;e, palindromic .DNA seéquences gspeually have the
potential to form an intramolecular hairpin structure, as

confirmed by ultraviolet spectroscop®-18), differential
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base pair; kbp, kilobase pair§ti, Thermococcus litoralisoligoDNA, palindromic sequences are repeated in tan Z5); such

oligodeoxyribonucleic acid; Tris, tris(hydroxymethyl)aminomethane; S€duences exist frequently in genome a'f'd have been found
B-gal, f-galactosidase. near promoters25, 26), receptor binding site{, 28), and

10.1021/bi0013243 CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/13/2000

In the genome of many organisms, there often exists a
characteristic short stretch of DNA, e.g., microsatellite DNA,
direct repeats, dA/dT tracts, and palindromes (self-comple-
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replication origins 29, 30). Thus, it is likely that the ng) or ATIi pol (24 ng) and 4 nmol each ef-32P-labeled
palindromic sequences are or have been important and(final specific activity of 110uCi/umol or 4.0 MBgfmol)
indispensable for the regulation of cellular metabolism. Itis or nonlabeled dNTPs (dATP, dTTP, dGTP, and dCTP) in
also likely that the repetitive palindromic sequences existed 20 uL of buffer A, which contained 20 mM Tris-HCI buffer

in the genome of primordial organisms and have played (pH 8.8, at 25°C), 10 mM KCI, 10 mM (NH,).SQO,, and 6
important roles, or they once existed as primordial genetic mM MgSQ,. In many experiments, the mixture also con-
materials that were later used as sources for diversificationtained 2 ng of oligopDNA, unless stated otherwise. The most
of the genome of modern organisms. frequently used oligopDNA, (AGATATCTy) is hereafter

We have recently discovered that pols of the hyperther- named “standard oligopDNA". Unless otherwise specified, the
mophilic archaeohermococcus litorali§Tli) (31) and the ~ reaction mixture was incubated at 7@ for 20 min, and the
hyperthermophilic eubacteriuffhermus thermophilu€3?2) reaction was terminated by the addition ofl1 of 500 mM
can synthesize large DNA of more than 20 kilobase pairs ethylenediaminetetraacetic acid (pH 8.0). Its 5% trichloro-
(kbp) without a set of primer and template DNAs, elements acetic acid-insoluble material was next collected by filtration
absolutely required for common replicative DNA synthesis 0On a glass microfiber filter (Whatman), and the amount of
by pol (1), under an isothermal condition of 7€ (33, 34), radioactivity was measured using a liquid scintillation counter
indicating that pols potentially have the ability to synthesize (37). The experimental error of this assay, in terms of the
DNA without preexisting genetic information (ab initio DNA  coefficient of variation, was 5%. In other experiments, the
synthesis). The DNA synthesized in this fashion is composed reaction mixture was electrophoresed on a 0.8% agarose gel
primarily of tandem repetitive palindromic or quasi-palin- (Seakem GTG, FMC) as described previousy)( The gel
dromic sequences having four nucleotide bases (A, T, G, was subsequently stained with @§/mL ethidium bromide
and C). For instance, long DNA having sequences of and photographed under ultraviolet illuminatic8v).
(AGATATCT),, (TACATGTA),, and (TAGTTATAACTA), Demonstration of the Elongation of OligoDNAhe 3-
was synthesized ab initi®8—35). We also found that the ~ end phosphate moiety of oligopDNA was first labeled, by an
GC content (mole percent of the sum of G and C in DNA) exchange reaction, witly{*?P]JATP using T4 polynucleotide
of the product DNA increased almost linearly when the kinase according to the manufacturer’s instructions. Next,
reaction temperature increase8b) Interestingly, similar ~ the labeled oligoDNA (2 ng) was added to the standard
sequences are found in centromeric satellite DNA and reaction mixture containing 0.8 unit @fli or ATIi pol and
noncoding regions of many natural gen88+35). 4 nmol each of four nonlabeled dNTPs in 20 of buffer

On the basis of these findings, we thought that oligo- A The mixture was incubated at 7. Aliquots (2uL)
deoxyribonucleic acid (oligoDNA), having the sequence Were next taken at.the various indicated times and subjegted
described above or a similar sequence, might be elongated® 6% polyacrylamide gel electrophoresis under denaturing
to long DNA when added as a “seed” to a mixture of a DNA conditions (in the presencef & M urea), followed by
synthesis reaction byfli pol, despite the absence of a autoradiographyd7). _ _
complex of primer and template DNAs. In this paper, we Gel Electrophoresis of OligoDNA under Nondenaturing
show a novel enzymatic reaction in which various tandem €onditions Each oligopDNA was dissolved in buffer A
repetitive palindromic or quasi-palindromic oligopDNAs ~C€ontaining 5% glycerol at a concentration of:@/mL. The
added to a reaction mixture for DNA synthesis are elongated Solution (254L) was heated at 74C for 10 min and then
by Tli pol to very long DNA at high temperatures. The the reaction quenched in an ice/water mixture for 1 min. The
important factors required in this reaction are high temper- Solution was next electrophoresed on a 5% NuSieve 3:1
ature, the DNA structure, and the GC content of the added 29arose gel (Seakem GTG, FMC) in a solution containing
oligoDNA. On the basis of our results, we propose a model 80 MM Tris-borate buffer (pH 8.9), 5 mM ethylenediamine-
“hairpin elongation” for the elongation of short DNA. We tetraacetic acid, and 10 mM KCl at 2&. The gel was next
also discuss the implication of this novel reaction in terms Stained with highly sensitive fluorescent dye GelStar (Bio-

of potential diversification of primordial genetic material. Whittaker Molecular Applications) and photographed under
ultraviolet illumination using a yellow filter.

MATERIALS AND METHODS Molecular Cloning of the DNA Synthesis Produthe
DNA synthesis product (elongation product) was prepared
Materials The 3-phosphorylated oligoDNAs and deoXy- in the standard reaction mixture for 20 min as described
ribonucleoside triphosphates (dNTPs) were obtained from ahove, except that the scale of the reaction was 5000-fold
Amersham Pharmacia Biotech. (DNA sequences are alwaySjarger (100 mL). The product DNA was purified by phenol
shown from 5to 3.) A 48-base fragment of ascherichia  treatment, ethanol precipitation, and CsCl centrifugat&¥. (
coli f-galactosidaseftgal) gene used as a control represents The yield determined by absorbance at 260 nm wasut50
nucleotides 17051752 of its genomic sequence (GenBank A 10 ug aliquot of the product DNA was partially digested
accession number J01636). Recombindintpol and ATIi at 15°C for 20 min in a 25L solution containing 50 mM
pol, a mutanfli pol in which the 3—5' exonuclease activity  Tris-HCI buffer (pH 7.6), 10 mM MnG} 25 ug of bovine
(proofreading activity) is lacking due to replacements of serum albumin, and 0.02 unit of deoxyribonuclease I. It was
Asp**and Glu**with alanine 86), were obtained from New  then purified with a MicroSpin S-400 HR column (Amer-
England Biolabs. T4 polynucleotide kinase and deoxyribo- sham Pharmacia Biotech). The partially digested DNA was
nuclease | were obtained from Roche Diagnostics, and next cloned into a pUC19 plasmid vector linearized3myga,
restriction endonucleases were from Toyobo. and clones containing insert DNA were obtained after
DNA Synthesis Reactio’ mixture of a standard DNA  screening. The sequences of the insert DNA were determined
synthesis reaction contained 0.8 unit of eitfAdir pol (38 by a dideoxy chain termination method on both strard®. (
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Digestion of the DNA Synthesis Product with Restriction A B c
EndonucleasesEach DNA (0.8 ug) synthesized in the Time TH ATl Time (min)
presence of either (AGATATCE) (ACTTAAGT)s, of (min) 0 0042 DULIERBERE, 1200
(AAAGCTTT)s was digested with either 18 units #bd,

16 units ofAlul, 12 units ofScd, or 18 units ofHindlIl at

37 °C for 2 h. The digested sample was electrophoresed on
a 0.8% agarose gel, and the gel was stained and photographed
as described above.

Measurement of the Thermal Melting Temperature of 0031250204810
OligoDNA The thermal melting temperatur&. of oligo- e
DNA was determined in buffer A at a concentration ef1l0 5 - 400
ug/mL from an absorbance (260 nm) versus temperature . " H“ ol

curve. The temperature was increased from 20 to (D0 i ' U
and then decreased from 100 to 2D at a rate of 0.28C/
min using a diode array single-beam spectrophotometer 0

(Ubest-50, Jasco) equipped with a thermal circulator (HD25, O Wetmin

Julabo) and a program for temperature control (Labworld). Fisure 1: Time course of DNA synthesis bgti and ATIi pols

The sample SOIu.tion was overlaid with mineral 9" to prevent (A) A standard reaction mixture cgntaining 2ng Of393-la€eled
evaporation during the measurement. The oligoDNA con- 4gmer palindromic oligopDNA (AGATATCT (standard oligoDNA)
centration was estimated from extinction coefficients cor- and eitherTli pol or ATli pol was incubated at 72C, and 2ulL
rected according to the nearest nucleotide val@6s Prior aliquots were taken at 0, 0.3, 1, 2, 5, 10, and 20 min. Samples
to the measurement @f,, samples were pretreated by heating ‘é"fgjeeggg“tgpgg':gf:g c?gnr :p(:]‘;“tagurmg sﬂg%gg'zgf% f@J%' SRdatge;
at 99°C for 5 m_'n' The heated sample was next cooled at a single-stranded chain. Size markers are shown on the left. (B) The
rate of 2.5°C/min to 4°C and was kept at 4C for at least  standard reaction mixture containing 2 ng of nonlabeled 48mer
48 h until the measurement was taken. Thg was oligopDNA (AGATATCT)e was incubated at 72C with eitherTli
determined from the peak of the computer-generated deriva-Pol (upper panel) oATIi pol (lower panel) for the indicated times,
tive of the absorbance versus temperature curve. The me|tingelectrophoresed on an agarose gel under nondenaturing conditions,

furth ivzed to obtain t ition th and stained with ethidium bromide. Size markers are shown on
curves were further analyzed 1o obtain transition thermo- e right. (C) The standard reaction mixture containing 2 ng of

dynamic parameters as follows. The derivativéd@) was nonlabeled 48mer oligoDNA (AGATATCT)(circles) or no oli-
plotted against temperature, whdres a molar fraction of goDNA (triangles) was incubated with fouaf?P]dNTPs at 74
coil as calculated from the absorbance cur® @ndT is (tc):l fokr variguls )timAeTsl._ Thle( vThii):teu;e rr?i)scﬁs;:oi]i]egr;%joﬁirt]?—gi‘ pI)D%A

acK symbpols) o 1 PO .
the absolute_ temperature.,Next, the p_e_ak valuiid Bhas synthesi/zed was thenpmeasuredyas the amount of radioactivity
was determined. The van’'t Hoff transition enthalpyH) incorporated into acid-insoluble material.
was calculated from the equatiockH = 4RT2(df/dT)max
whereR is the gas constant (8.31 J mblK 2. ASwas  of the newly synthesized DNA (1100 pmol, 360 ng) was
calculated from the equatiohS= AH/T,,. The experimental 180 times larger than the amount of the added oligoDNA (2
error (coefficient of variation) of thd@,, measurement was  Ng). This means that the reaction is not a common replicative

- 800

g
DNA synthesis (pmol dNMP)

k200 .

-0§

0.1%. DNA synthesis in which the amount of newly synthesized
DNA never exceeds that of template DNA)( In other
RESULTS words, the reaction depicted in Figure 1C represents some

. . DNA synthesis in which the added oligopDNA is markedly

DNA Synthesis Is Enhanced by OligoDNA Due to Its ampilified either in its sequence or in its chain number (or
Elongation. Tli pol synthesized DNA from fourd-32P]- both).
dNTPs without a primertemplate complex or oligoDNA, When the reaction with the oligoDNA ardi pol was
after a lag time of 40 min, at an initial rate of 6 pmol/min as ¢ontinued beyond 40 min, the amount of DNA that was
determined by the amount of radioactiVity incorporated into Synthesized decreased (Figure :‘)' presumabiy due to
acid-insoluble material (Figure 1Ca), confirming our  degradation of the synthesized DNA by the-3' exonu-
previous observation of ab initio DNA synthesB3( 35). clease activity of Tli pol (36). This view was further
When 0.1ug/mL 48mer repetitive palindromic oligopDNA  sypported by the finding that there was no decrease in the
(AGATATCT)s (standard oligoDNA) was present in the  amount of DNA synthesized biTli pol, mutantTli pol in
reaction miXtUre, DNA SyntheSiS b-y“ pOl started without Wthh 3-5 exonuciease activity was |ackin§6) (Figure
a lag time at an initial rate of 94 pmol/min (Figure 1@). 1C, O). The appearance of a large amount $P[dNMP
We examined this 0||gODNA ﬁrst, because the sequence monomers after reaction for 390 min withli p0| also
AGATATCT was most frequently found in the product of  sypports this view (data not shown). The maximum amount
the ab initio DNA synthesis bfli pol (33, 35). The above  of [32P]JdNMP incorporated in DNA byfli pol was greater
result indicates that the O“gODNA enhances the DNA than the amount incorporated in DNA WT“ poil Suggest-
SyntheSiS in the reaction mixture in which a bimolecular |ng that the 35 exonuclease activity piays an auxiiiary,
primer—template complex is absent. but not indispensable, role in this reaction. It is likely that a

The maximum amount of DNA synthesized in the reaction nucleotide inappropriately incorporated into thes8d of the
described above was 1100 pmol after 40 min, correspondinggrowing chain is removed by thé-35' exonuclease activity
to 6.9% of the maximal DNA theoretically possible with all  (activity present inTli pol but not inATIi pol) before the
four dNTPs (16 nmol) in the reaction mixture. This amount next nucleotide is incorporated.
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Ficure 2: Effect of reaction temperature on DNA synthesisTiiy

pol in the presence of oligopDNA. The standard reaction mixture
for DNA synthesis was incubated wiffli pol and 2 ng of 48mer
palindromic oligopDNA (AGATATCT) (standard oligoDNA) at the
various indicated temperatures for 20 min. The reaction mixture
was next electrophoresed on an agarose gel under nondenaturin
conditions. Size markers are shown on the left.

Next, we examined the time course of the change in size
of the added standard oligopDNA (AGATATC{)in which
the 8-end had been labeled witfP, in theTli pol reaction
using nonlabeled dNTPs as substrates. The size ofhe
labeled oligoDNA increased from 48 bases to about 500
bases in 20 s witili and ATli pols, as demonstrated by
denaturing polyacrylamide gel electrophoresis (Figure 1A).
This finding indicates that the oligopDNA added to the
reaction mixture is elongated and that its apparent DNA
synthesis-enhancing activity is due to its elongation during
the reaction. The size of the reaction product, namely, the
elongated oligoDNA, reached well above 20 kbp after
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Ficure 3: Effect of the length of the added oligopDNA on DNA
synthesis byTli and ATIi pols. A standard reaction mixture
containing 134 pmol of palindromic oligopDNA of (AGATATCY)
series fi = 0—15) was incubated at O (white symbols) or at 74
°C (black symbols) for 20 min with eithdrli pol (circles) orATIi

§0| (triangles). The amount of acid-insoluble radioactivity was then

etermined. The motif sequence AGATATCT is the same as that
of the standard oligopDNA (AGATATCT)
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Ficure 4: Effect of GC content of the added oligopDNA on DNA
synthesis byTli and ATIi pols. A standard reaction mixture

100

reaction for 40 min, as judged by agarose gel electrophoresiscontaining 2 ng of 48mer repetitive palindromic oligopDNA with
(Figure 1B). Some DNAs, as a smear, were much larger thandiffering GC content as indicated and eitffér pol (white bars) or
20 kbp, and they appeared near the top of the gel (FigureATli pol (black bars) was incubated at 7€ for 20 min. The

1B). It is unclear why there are two types of DNAs (small
DNAs and large DNAs) on the gel. All DNA synthesis
reactions described hereafter were carried out for 20 min;
DNA synthesis therefore solely represents the elongation
added oligoDNA, since ab initio DNA synthesis does no
occur during this period as shown in Figure 1C. Although
we chose 6 mM for a MRS concentration (this was optimal)

in most of the experiments, the elongation of standard
oligoDNA also occurred in 0550 mM Mg*" (data not

shown). When the reaction temperature was changed from

64 to 84°C, the amount of DNA synthesized [yi pol in
the presence of the standard oligpDNA was maximal at 72
°C (Figure 2). The synthesized DNA became shorter and
smaller in amount above 7Z. A similar result was found
in the reaction withATIi pol (data not shown). The result
indicates that the optimal temperature of the reaction is abou
72°C.

Various Repetitie Palindromic OligoDNAs with 2550%
GC Content Are Efficiently Elongatedo determine what
kind of oligoDNA is preferentially elongated bByli and ATl

amount of acid-insoluble radioactivity was then determined.

elongation of the oligopDNA. We found that oligopDNAs with

of& shorter repetitive motif sequence, e.g., (GACAGCT),
t (AGACT)s;, (AGATCT);, and (AGATACT), were not

elongated (data not shown). When the reaction was per-
formed with oligopDNAs with either 25 or 50% GC content,
the amount of dNMP incorporated in DNA was 650 or 640
pmol, respectively, byTli pol (Figure 4, white bars). The
level of DNA synthesis byTli pol decreased dramatically
when the GC content of added oligopDNA was outside the
range of 25-50% (Figure 4, white bars). Essentially similar
results were found for DNA synthesis #yTli pol (Figure

4, black bars). This means that oligopDNAs with-250%

GC content are preferentially elongated in the DNA synthesis

treaction at 74C.

When various repetitive palindromic oligopDNAs with 25%
GC content were added to the DNA synthesis reaction
mixture, the amount of dNMP incorporated into DNA varied
depending upon its base sequence (Figure 5). Although there

pols, we investigated the effect of the length, GC content, are substantial differences in the amount of DNA synthesized,
and a base sequence of the repetitive palindromic oligopDNAs it could be concluded that repetitive 25% GC oligopDNAs
on DNA synthesis by these pols. The elongation of the addedare elongated efficiently regardless of their base sequences,
oligoDNA, as determined by the amount of radioactive DNA if their repetitive motif sequences have a palindromic
synthesized byTli and ATIi pols, was observed with  structure (Figure 5). It is noteworthy that while the presence
oligoDNAs which were more than 24 bases long, e.g., of the palindromic structure in the repetitive motif sequence
(AGATATCT)3 (Figure 3). This indicates that more than is important, oligopDNA having a quasi-palindromic sequence
three palindromic repeat units are required for efficient is also elongated, albeit not efficiently, provided that the
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Ficure 5: Effect of a base sequence of palindromic oligopDNA on 600
DNA synthesis byTli and ATIi pols. A standard reaction mixture
containing 2 ng of 48mer repetitive palindromic oligopDNA with 400
25% GC content as indicated and eitlir pol (white bars) or 200 |
ATIi pol (black bars) was incubated at 7€ for 20 min. The = & ~ 2/
amount of acid-insoluble radioactivity was then determined. I I T s L
deviation of the motif sequence from the palindromic 2 RN &
>

structure is small, as we demonstrate in the next paragraph. _ _ _
ligoDNA Having a Palindromic Structure Is Preferen- FIGURE6: Effect of a palindromic structure of oligoDNA on DNA
Oligo g synthesis byTli and ATIi pols. A standard reaction mixture

tially Elqngated.We _next e>_<am|ned th_e '”f'“er_‘ce of the containing 2 ng of fully repetitive but nonpalindromic 48mer
destruction of the palindromic structure in the oligoDNA on  4|igoDNA (A) or partially repetitive palindromic 48mer oligoDNA
the DNA synthesis reaction to determine to what extent the (B) as indicated was incubated at 7@ for 20 min with eithefTli

palindromic structure in the oligopDNA molecule is required pol (white bars) orATIi pol (black bars). The amount of acid-

i iti i-pali i i insoluble radioactivity was then determined. Note that in panel B,
forDt’Hi rieg’z?&-r\é\/: en repetlltlv?_ dquz_sf:c pallrtldfromlctholl the sequence motif X AGATATCT is palindromic, whereas the
90 ( )s (& nucleotide different from the sequence motif Y= AGATTACT is nonpalindromic. Fully

standard oligopDNA shown by the letter in heavy type) was repetitive palindromic oligopDNA (AGATATCTY) (standard oli-
added to the DNA synthesis reaction mixture wikh or goDNA) and a 48mer fragment gtgalactosidase geng-gal) were

ATIi pols, the amount offP]JdNMP incorporated into DNA  used as controls.

dramatically decreased (Figure 6A, bars 3). Likewise, the was almost the same as the sum of the amounts of DNA
level of DNA synthesis decreased with other oligoDNAs synthesized when each oligopDNA was added individually.
having quasi-palindromic or nonpalindromic repetitive motif In a similar experiment, when two oligopDNAs (AG-
sequences (Figure 6A, bars-8). (The borderline between  ATAACT)s and (AGT TATCT)e, which were complementary
nonpalindromic and quasi-palindromic sequences is notto each other, were incubated together, elongation was not
strictly defined in this work.) The influence of the destruction found at all (data not shown). These results suggest that
of the palindromic structure was marked in (AGRAGA )s duplex (dimer) DNA, namely, a primettemplate complex
(Figure 6A, bars 9), in which the degree of destruction was that could be formed between complementary strands (ho-
most marked (1.2 vs 750 pmol of standard oligopDNA by moduplex in palindromic oligopDNA and heteroduplex in
Tli pol). nonpalindromic oligopDNA), is not formed at 7£. Elonga-

We next examined the effect of various repeats of the tion may well occur if duplex is a necessary and sufficient
nonpalindromic motif sequence AGARCT introduced structure, because the two oligopDNAs described above are
between the repeats of the palindromic motif sequence completely complementary to each other and they can form
AGATATCT to determine to what extent the repetitiveness a dimer, but not a hairpin, structure. The absence of DNA
of the palindromic motif sequence in the oligoDNA is synthesis with these oligopDNAs strongly excludes the
required for the reaction. When the number of repeats of possibility that duplex is not formed under our reaction
the nonpalindromic motif sequence AGAACT was in- condition or duplex, if present, is not utilized for elongation.
creased, the level of DNA synthesis gradually decreasedThis interpretation was further supported by a thermal
(Figure 6B, bars 37). The effect of the position of the melting experiment as we show later.
nonpalindromic motif sequence AGARCT introduced in DNA Elongated by Tli Pol Contains the Same Sequence
the oligoDNA (repeat of the palindromic motif sequence as the Added OligopDNATo determine the base sequences
AGATATCT) on the DNA synthesis reaction By pol was of the product DNA synthesized bii pol in the presence
marked when AGATACT was present at the'-Bnd, of oligoDNA, it was partially digested with deoxyribonu-
whereas this directional specificity, namely, whether at the clease I, and was cloned into a plasmid vector. In the DNA
3'-end or at the 5end, was unclear in th&Tli pol reaction synthesized in the presence of various repetitive palindromic
(data not shown). oligoDNAs, the sequences of the cloned DNAs were the

When the DNA synthesis reaction was performed in the same as those of the added oligopDNAs (data not shown),
presence of both nonpalindromic oligopDNA (AGATAR)s indicating that the added oligopDNAs were faithfully elon-
and nonpalindromic, but complementary, oligopDNA gated without changing their original base sequences.
(TGATATCT)s, the amount of DNA that was synthesized However, we cannot rule out rigorously the possibility that
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(AGATATCT)g (ACTTAAGT)g (AAAGCTTT)g 0.055
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2
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Ficure 8: Thermal melting profile of repetitive palindromic 48mer

oligopDNA (AGATATCT)e. The absorbance of oligopDNA, at a

concentration of kg/mL in buffer A, was measured at 260 nm as

a function of increasing—t) or decreasing{ — —) temperature.

The point of theTy, of transition 1 (duplexhairpin transition) is

shown by a white arrowhead, and the point of Theof transition

6 7 8 9 101112 13 2 (hairpin—coil transition) is indicated by a black arrowhead. The

left inset shows th&,'s of transition 2 as a function of oligopDNA

concentration, each point being a mean of three or four experiments.

The right inset shows th€&,'s of (AGATATCT), series, whera

= 1-15, as a function of their nucleotide lengths.

0.6 -

12 3 45

FiGure 7: Restriction enzyme analysis of the DNA product
synthesized b¥li pol in the presence of various 48mer oligoDNAs.
Each DNA product synthesized Byi pol in the presence of various
repetitive palindromic oligopDNAs with 25% GC content, as
indicated in the top line, was treated individually with or without
the indicated restriction enzyme at 3C for 2 h, and the treated ~ Secondary structure is present.) The melting temperafije (
samples were then electrophoresed on an agarose gel undepf transition 2 was always independent of the concentration
fhe gel. The recoanition sequence of each restiotion enzyme that’) 2IJODNA (Figure 8, leftinse), as expected from the fact
was used Xba, Alul, Scd, or Hindlll) is shown on the right of that this transition is an mtramolecula.r event. On the other
each enzyme name. hand, when the temperature of the oligoDNA solution was

gradually decreased from 100 to 20, a typical absorbance

there are some sequences that have changed during the DNA€rsus temperature profile exhibited a monophasic pattern
synthesis reaction, due to the limited number of clones thatdue to the disappearance of transition 1 (Figure 8). The
were analyzed. The base sequence of the product DNA wasabsence of transition 1 in the decreasing-temperature experi-
also confirmed by a restriction enzyme. As shown in Figure ment would be due to the fact that duplex formation, which
7, the product DNA was completely digested by a restriction is responsible for the absorbance change of transition 1, is a
enzyme when its recognition sequence was also found invery slow process; the duplex formation would hardly be
the sequence of the oligopDNA added to the DNA synthesis observed at the rate at which the temperature is decreasing
reaction mixture. For instance, when (AGATATGTWhich in this experiment (0.28C/min) as pointed out by Xodo
could be written asTCTAGAA),,, was added to the DNA ~ and co-workers ¥6). The Ty, of transition 2 was again
synthesis reaction mixture, the product DNA (Figure 7, lane independent of the oligopDNA concentration in the decreas-
1) was completely digested bba (Figure 7, lane 2), whose  ing-temperature experiment. Essentially the same biphasic
recognition sequence is TCTAGA. This means that the melting profiles have been reported by many workers who
sequence TCTAGA is ubiquitous in the product DNA. [Note assessed the thermal melting of a series of palindromic
that, judging from the cutting frequency of the 6-base cutter 0ligoDNAs, including repetitive palindromic (dA-dT)9,
Xba, the average fragment length of random-sequence DNA 11, 12, 16-18).
digested byxba is 45 (4096) bases.] On the other hand, the  The findings of the above investigators clearly demon-
same product DNA was not digested at all by other restriction strated that transition 1 was due to interstrand homoduplex
enzymes Alul, Scd, and Hindlll) whose recognition se-  formation and that transition 2 was due to intrastrand hairpin
guences were not found in (AGATATCd{Figure 7, lanes  formation @, 11, 12, 16—18). In addition, when the repetitive
3-5). palindromic 48mer oligopDNAs (AGATATCT) (TGATAT-

The Reaction Temperature for the DNA Synthesis Is CloseCA)s, (AACATGT T)s, and (AGGTACCT)s were incubated
to the Hairpin Melting Temperature of the Added OligoDNA at 74°C and electrophoresed immediately on a nondenaturing
Repetitive palindromic oligpDNAs were thermally melted, polyacrylamide gel at 2%C, their electrophoretic mobilities
and the change in the absorbance at 260 nm was measuredere the same as those of 24mer duplex oligoDNA used as
as a function of temperature by ultraviolet spectroscopy a marker (Figure 9, white arrow), implying that the oli-
(Figure 8). When the temperature of a solution containing goDNA had a hairpin structure under the experimental
the standard oligopDNA (AGATATCT) (0.1 ug/mL) was conditions. [Note that the electrophoretic mobility of single-
increased from 20 to 10TWC, an absorbance versus temper- stranded DNA becomes almost the same as that of half-length
ature curve exhibited a biphasic pattern of melting transitions, double-stranded DNA, when it takes a hairpin structd@ (
i.e., “transition 1” (duplex-hairpin transition) at 35.9C 18).] When theT,, of transition 2 (hairpin-coil transition)
(Figure 8, white arrowhead) and “transition 2” (hairpin  of the oligopDNA of the (AGATATCT), series was measured
coil transition) at 70.4C (Figure 8, black arrowhead), as as a function of its length, it was 633 in 24mer DNA
demonstrated by Xodo and co-workers regarding various and 70.4°C in 48mer DNA; a further increase in length did
palindromic oligopDNAs {2, 16—18). (“Coil” is defined as not increasel, substantially (Figure 8, right inset). It is
unstructured single-stranded DNA in which no specific noteworthy that theT,, (70.4 °C) of transition 2 of the
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Ficure 9: Nondenaturing agarose gel electrophoresis of various
repetitive oligopDNAs. Each oligopDNA was dissolved in buffer A
containing 5% glycerol and heated at 7@ for 10 min and then
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Ficure 10: Model of hairpin elongation of repetitive palindromic
oligoDNA (AGATATCT)g by Tli pol. OligopDNA (A) forms a
hairpin structure by folding back (B), and then its ends melt partially
due to the high temperature near the hairnil transition (C).
Next, the 3-end arm of the hairpin locally forms a small hairpin
(D), andTli pol elongates the oligoDNA from thé-8nd by making
use of the intramolecular primetemplate structure thus formed
(E). The newly synthesized stretch of DNA is shown in heavy type.
The small hairpin is next incorporated into the large hairpin by

the reaction quenched in an |ce/wate( mixture. The solution was slippage (F) because of the high temperature at which base pairing
next electrophoresed on a nondenaturing 5% NuSieve 3:1 agarosef the nucleotides is unstable. These cycles of hairpin formation,
gel and stained with the fluorescent dye GelStar. A 48-base fragmente|ongation, and slippage are repeated until large DNA (G) is made.
of the 5-galactoside gene3{gal) was used as a control for a 48-
base coil. Positions of 48-base duplex, coil, and hairpin are shown
by black arrows. The position of 24-base duplex DNA is shown
by a white arrow. Size markers, as double-stranded DNA, are shown
in base pairs (bp) on the left.

Since the amount of dNMP incorporated into DNA i
pol at 74°C in the reaction mixture containing (ATATATAY)
was only 110 pmol as compared to 750 pmol of standard
oligopDNA (AGATATCT)s, the deviation of the added
oligoDNAs from the hairpir-coil transitional state may be
critical for its efficient elongation.

The values of transition enthalpyAH) and transition

Table 1: Thermodynamic Parameters of the Hairgboil
Transition of Various Repetitive Palindromic 48mer OligoDNAs
with 25% GC Content

oligoDNA? Tm(°C)  AH (kJ/mof™)  AS(J mof*K™) entropy AS) were next calculated to examine whether there
(AGATATCT)s  70.4 327 952 was a correlation between these values and the amount of
(TGATATCA)s 715 299 863 dNMP incorporated into DNA in the presence of various
(ﬁggggpﬁ ;g% 283 ;g? repetitive palindromic oligopDNAs with 25% GC content.
EACTTAAGT%Z 729 305 881 These thermodynamic parameters were not correlated \{vith
(TCTTAAGA)s 72,5 303 877 the amount of dANMP incorporated into DNA (Table 1). This
(AAAGCTTT)s  76.8 321 917 means that the efficiency of the elongation of the added
g’%2¥g$2;6 ;8-3 %g? ggg repetitive palindromic oligopDNA with 25% GC content in
. . : S ) .
(AACATGTT)e  73.4 307 886 the Tli pol reaction is not d!r_ectly r(_alated to itsH or AS _
(TTCATGAA)s  73.0 306 884 In summary, tandem repetitive palindromic or quasi-palin-
(TAGATCTA)s 718 301 873 dromic oligopDNA markedly enhances the DNA synthesis
gﬁgé@cﬂﬁge ;‘11-2 %2; ggg by Tli andATli pols. This is because the added oligopDNA
6 . “ H 7 H H : H
(TATGCATA)e 734 307 336 works as a primer’ an.d |s.elorjgated in _the_ reactu_)p at high
temperature, in which it exists in a hairpigoil transitional
mean+ standard 72.5+ 1.7 306+ 9 864+ 61
deviation state.
2 The sequences are shown fromt® 3. DISCUSSION

On the basis of the result that the reaction temperature, at
which added oligoDNA is efficiently elongated, is close to
its hairpin melting temperature, we propose a model “hairpin
elongation” for DNA elongation byli andATIi pols in the
presence of repetitive palindromic or quasi-palindromic
oligoDNA (Figure 10). According to this model, the added
of the reaction temperature of 7€ (Table 1). On the other  oligopDNA (Figure 10A) first forms a hairpin structure by
hand, theTy’'s of transition 1 were between 31 and 0. folding back at or near its center at a high reaction
Therefore, it is strongly suggested that the 48mer 25% GC temperature (Figure 10B). The hairpin next melts partially
repetitive palindromic oligopDNAs (Table 1 and Figure 5) and transiently (Figure 10C). The partially meltéebBd arm
are elongated at a hairpircoil transitional state when  of the hairpin folds back locally to form a small hairpin,
incubated at 74C, and that a duplex structure is not involved eventually resulting in an “intramolecular primeiemplate
in this reaction. When th&@,, of transition 2 of 0% GC structure” whose ‘3end is recessed (Figure 10D). The 3
oligoDNA (ATATATAT) ¢ was measured, it was 60°&. end is next elongated by pol (Figure 10E). Finally, the small

standard oligopDNA (AGATATCTy was very close to the
optimal temperature (7ZC) of the DNA synthesis reactions
(Figure 2).

TheTy's of transition 2 of various repetitive palindromic
oligoDNAs with 25% GC content were between 70.4 and
76.8°C (Table 1). These temperatures were witthid.6 °C
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hairpin will be integrated into a single large hairpin by elucidating the mechanism of triplet repeat expansion and
slippage (Figure 10F), because hairpin structures are unstablenany genetic diseases.

at high temperatures (around 72). We speculate that such Smith proposed that DNA whose sequence is not main-
a round of hairpin formation and intrahairpin slippage is tained by natural selection will exhibit tandem repetitive
repeated, and finally, the oligopDNA added to the reaction patterns as a result of unequal crossing over, if a strand
mixture is elongated to form huge DNA (Figure 10G). While exchange in the recombination process depends on a
the model in Figure 10C shows partial melting of the hairpin, sequence similarity4@). Replicative slippage has also been
it would also be possible that the hairpin melts completely proposed as a mechanism of gene amplification by other
and then folds back again to form argcessed structure. It authors 49). Our example of DNA elongation might be

is possible that, in the intermediate of Figure 10D, the 5 another example of gene amplification, if the gene to be
end arm also folds back and takes a hairpin structure, andamplified satisfies two conditions, namely, a sequence close
the structure may temporarily hinder the elongation from the to a palindromic structure and GC content appropriate for
3'-end arm. However, we think that there will be instants in the temperature where the organism lives, since the melting
which a hairpin is formed only in the-&nd arm of the DNA temperature of DNA is strongly influenced by its GC content;
molecule. In the same instantdi pol will be able to elongate  the higher the GC content, the higher the melting temperature

DNA from the 3-end. (16—18). For instance, if the organism is living at @4
It is known that a long polymer of simple repetitive DNAs °C, 25-50% GC content would be appropriate. We also
can be synthesized in the presence of oligopDNA A3y found that a similar phenomenon, namely, elongation of

E. coli pol | at 37 °C (40). Kornberg and co-workers repetitive palindromic oligopDNA with about 25% GC content
suggested that a mechanism of the elongation of {(A§) at 74°C, occurred with DNA polymerases froithermus
probably intermolecular slippage-replication cycles of two aquaticus(Tag), Thermus brockianysand Pyrococcussp.
molecules of the oligoDNA that form a primetemplate (N. Ogata, unpublished data). This suggests that expansion
complex @0). Schlotterer and Tautz reported1j that of the genome by hairpin elongation might have been a
bimolecular (heteroduplex) repetitive oligopDNAS, e.g., (TEC) ubiquitous phenomenon in organisms living in high-temper-
(GGA)s, were elongated bE. colipol | at 37°C. It suggests  ature environments on the early earth. The mechanism of
that the same intermolecular slippage mechanism proposedjene amplification by means of hairpin elongation would
for (AT)s elongation 40) occurs. In the case of (A )and occur frequently on the chromosomal DNA, in which 3
(TCC)/(GAA); elongations, hairpin formation was not ends are copious, such as on a newly synthesized lagging
pointed out 40, 41). The (TCCY(GGA); example 41) strand. The hairpin elongation model requires a freertl,
strongly indicates that the intermolecular slippage synthesisbut not a free 5end. This means that if such a phenomenon
occurs in the DNA synthesis . colipol | in the presence s really taking place in the chromosomal DNA, elongation
of oligoDNAs, because these oligopDNAs are theoretically would occur frequently in the newly synthesized lagging
unable to form a hairpin structure. Contrary to the examples strand.
described above, it is noteworthy that the elongation of Ohno proposed that the first set of coding sequences that
oligoDNA occurs (Figure 1A), as a unimolecular reaction, arose in the prebiotic world were repeats of oligomer, the
with a single species of oligopDNA that forms a hairpin number of bases in these oligomeric units not being multiples
structure (Figures 8 and 9). Therefore, our finding of the of three 60, 51). His idea for nucleotide elongation is that
DNA elongation and our hairpin elongation model must be nonpalindromic pentanucleotides polymerize from mono-
discriminated from the intermolecular slippage elongation nucleotides in the presence of Znand imidazole by a
reported previously40, 41). nonenzymatic event. They are then ligated to decamers, each
All eukaryotic genomes contain a number of various consisting of these two repeat units. These decamers, as the
simple repetitive DNA sequences, e.g., microsatellite DNAs, template, are replicated by the same event, and finally,
which are composed of di-, tri-, tetra-, and pentanucleotide decamer duplexes are elongated to long duplexes through a
motifs. They are widely dispersed in the genome, and exhibit melting—reannealing process, just like a polymerase chain
frequent instability that is caused by deletion and expansion reaction. However, a practical elongation synthesis, which
events during replication. In the human genome, there areis compatible with these models for yielding a long poly-
also many simple tandem DNA repeats. For instance, nucleotide, has never been reported in a nonenzymatic event.
trinucleotide repeat sequences (triplet repeats) are familiar The minimal genome size required for life has recently
as a cause of genetic diseases, such as Huntington’s diseasbgeen estimated to be 31318 kbp by several investigators
fragile X syndrome, myotonic dystrophy, and Friedreich’s using completely different method§2—54). It is not at all
ataxia @3, 24, 42, 43), which are collectively called “triplet ~ clear how such huge polynucleotides were synthesized by
repeat diseases”. Many triplet repeat diseases are caused bgol. By means of the elongation mechanism demonstrated
the instability of CNG repeats, where N is either A, T, G, or by us in this investigation, long DNA of more than 20 kbp
C. It has recently been postulated that the triplet repeats ofis easily synthesized when short (at least 24-base long) DNA
a CNG type 44, 45) can form a kind of partial hairpin  having a palindromic or quasi-palindromic repetitive structure
structure and can be expanded by an intermolecular slippageexists as a starting material (Figure 3). If homologous
event following hairpin formation during DNA replication recombination and gene duplicatidsbf additionally occur,
in a lagging strand4d, 46, 47). If this reaction mechanism  then gigantic DNA might easily be synthesized. Shiba and
really exists, our finding of the DNA elongation reaction co-workers recently reported that a set of 42mer primer pairs,
partly resembles the triplet repeat expansion. Further inves-forming 8-10 complementary base pairs in tHa&gion and
tigation into the elongation mechanism of repetitive palin- having double-mismatch pairs at thefréhds, was elongated
dromic oligopDNA may provide useful information for up to 12 kbp by thermophilic pol$6). Thus, it is plausible
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that a primitive oligopeptide with pol-like activity elongated
short repetitive palindromic DNA to long DNA in a high-
temperature environment, and that the long DNA then
gradually evolved into a variety of nonrepetitive and non-
palindromic DNAs by accumulating numerous mutations
during replications catalyzed by the primordial enzyme which
fortuitously would have had a low replication fidelity. The
crucial point of our hairpin elongation model is that huge
DNA can be created from short DNA without complementary
template DNA in a simple in vitro reaction system.
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