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ABSTRACT. We have found that, in the presence of a thermophilic restriction endonuclease, thermophilic
DNA polymerase efficiently synthesizes and amplifies DNA in the absence of any added template and
primer nucleic acid under isothermal conditions. More thand®f DNA can be synthesized by 1 unit

of DNA polymerase in 1 h, and the reaction proceeds until available dNTPs are consumed. We used
mostly the Tspp09I restriction endonuclease (recognition sequend®ATT), the TsRI restriction
endonuclease (recognition sequence: NNCA(G/C)T@Nahd Vent (exo) and Vent DNA polymerase.

The synthesized double-stranded DNA has a highly repetitive palindromic sequence, e.g. (AAAAATTTTT)
and (ATACACTGTATATACAGTGTAT). In every repeating unit, there are one or two recognition sites

for the restriction enzyme. Our data show that the

high efficiency of the restriction-endonudlifdse

polymerase (RE-pol) DNA synthesis results from an efficient exponential amplification involving digestion
elongation cycles: a longer DNA with numerous recognition sites for the restriction enzyme is digested
to short fragments, and the short fragments are used as seeds for elongation to synthesize longer DNA.
A possible role of RE-pol DNA synthesis in the evolutionary development of genetic materials is briefly

discussed.

For all organisms, genetic information is carried by long
DNA. Even the smallest genomic DNA found in mycoplasma
genitalium is 580 kb in lengthlj. How is the long DNA
synthesized in the primordial environment? This is an
interesting but extremely difficult question because the first

that the tandem repetitive structure in many genes might have
been arisen by the ab initio DNA synthesis but not by gene
duplication as commonly believe@3). They imagined that

a primitive polypeptide having polymerase-like activity
synthesized long stretches of DNAs with simple repetitive

long DNA synthesis happened billions of years ago. Recently sequences, which are gradually “evolved” into degenerate
more and more tandem repetitive DNA sequences have beersequences by accumulating mutations during the error-prone

found in many organism2¢=8). Furthermore, many repeti-

replication by primordial enzyme.

tive short DNA sequences can be elongated to more than However, the ab initio synthesis of DNA observed by

50-kilobase pairs in length by DNA polymerase—15).

Ogata and Miura was very slow. The synthesized DNA could

Thus, short repetitive DNA sequences are believed to benot be detected until the reaction proceeded for 40 min to 1
served as one of the origins of large genomic DNA in modern h (20, 21). In this paper, we report that if a thermophilic
organisms. Ohno proposed that modern coding sequencesestriction endonuclease is present, the speed of the template

of DNA evolved from primordial oligomeric repeats and

and primer independent DNA synthesis dramatically in-

these repeats were elongated progressively during the coursereases. We designate the novel restriction-endonuctease

of evolution (L6—19).
Ogata and Miura found that £®0 knt DNA could be

ab initio (i.e. in the absence of any initial nucleic acid)
synthesized from dNTPs by thermophilic DNA polymerases
(from archaed@ hermococcus litoralignd archaed@hermus
thermophilusetc.) 0—22). The synthesized double-stranded
DNA had a repetitive and palindromic sequence, like
(TACATGTA),, and similar sequences were found in the
genomes of many organisma(( 21). The authors claimed
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DNA-polymerase isothermal DNA synthesis we discovered
as RE-pol. The tandem repetitive sequences obtained from
RE-pol DNA synthesis, which were restricted by the recog-
nition sequences of restriction enzymes, were completely dif-
ferent from the ab initio synthesized DNA reported by Ogata
and Miura. The high efficiency of RE-pol and digestion of
the synthesized long DNA make the birth of genomic-like
DNA (diversity of sequence) much more possible because
different restriction enzymes can help build a library of DNA
sequences and the combination of these sequences might
produce a more information-rich long DNA sequence.

MATERIALS AND METHODS

Materials.Vent and Vent (exo) DNA polymerase (from
archaeaT . litoralis), restriction enzymeds®b09I (recog-
nition sequenceJAATT), TsfRI (recognition sequence:
NNCA(G/C)TGNN), Tsp5l (recognition sequence:
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VGT(G/C)AC),Tli (recognition sequence:{DCGAG), BsBI
(recognition sequence: TTGAA), Tth1lll (recognition
sequence: GACNNGTC), BsaBI (recognition sequence:
GATNNINNATC), Tag?l (recognition sequence: {TGA),

Tfi (recognition sequence: I&(A/T)TC), PsGl (recogni-
tion sequenceiCC(A/T)GG), Apd (recognition sequence:
PUAATTPY), Hincll (recognition sequence: GTHUAC),
and EcoRl (recognition sequence: IBATTC), plasmid
pUC19, 10X ThermoPol reaction buffer, and 10X NEBuffer
2-4 were purchased from New England Biolabs. Deoxyri-
bonucleoside triphosphates (ANTPSs), restriction enZjage
(TSKEl, recognition sequencelAATT), proteinase K, and
RNase A were purchased from Ferment23).(RNase-free

DNase | was purchased from Promega, nuclease P1 from

Roche Diagnostics, SYBR Green | from Molecular Probes,
and DNase-RNase-free water from SIGMA Chemical. The
nonenzymatic synthesized oligodeoxynucleotides (ODNSs)
were obtained from Integrated DNA Technologies.
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DNA Synthesis by DNA Polymerase in the Presence of fgyre 1: DNA synthesis by Vent (ex) DNA polymerase in the

Restriction Enzyme (RE-Pol Reactiofipe standard reaction
mixture (50uL) for the restriction enzym&sb09I1 contained
1.0 unit of DNA polymerase, 0.5 unit of restriction enzyme,
0.4 mM dATP and dTTP in 1X ThermoPol reaction buffer
(10 mM KCI, 20 mM Tris-HCI (pH 8.8 at 25C), 10 mM
(NH2)2.SOy, 2 mM MgSQ, and 0.1% Triton X-100). In the
case of restriction enzymisgRI, 0.4 mM dNTPs were used
and the RE-pol DNA synthesis was carried out in a 1:1 (v/
v) mixture of 1X ThermoPol reaction buffer and 1X NEB4
buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10
mM magnesium acetate, 1 mM dithiothreitol, pH 7.9 at 25
°C). The mixture was incubated at 7€ for 45 min or
various time intervals specified, and the reaction was
terminated by adding 5aL of 1X TBE buffer (pH 8.0 at
25°C). Similar experiments were carried out in the cases of

presence of sb09l restriction enzyme. Lane M, molecular marker
in bp; lane 1, standard RE-pol reaction at’@for 45 min; lanes
2—5, control experiments in the absencelsfb09l, Vent (exo),
dATP, and dTTP, respectively; lane 6, control experiment in the
absence of both dATP and dTTP; lane 7, control experiment using
dGTP and dCTP instead of dATP and dTTP. Ten percent
nondenaturing polyacrylamide gel (stained with ethidium bromide)
was used.

Then, the reaction solution was treated by phenol extraction,
and the product was purified using ethanol precipitation. The
obtained DNA was further digested Bgpb091 and cloned

to a pUC19 plasmid at its uniqugcaRl site (GAATTC).

The insert-positive clones were sequenced by a dideoxy chain
terminated method on one strand. In the cas&spRl, the
RE-pol products were treated with nuclease mungbean at

other restriction enzymes under various conditions. Then 7.530 °C for 30 min to remove the 9 nt ®verhangs, and then
uL of the products were electrophoresed on a 10% nonde-c¢loned to a pUC19 plasmid at its unigencll blunt end

naturing polyacrylamide gel (stained by ethidium bromide
and photographed under ultraviolet illumination at 302 nm).
Also, 10uL of the above solution was added to 18D of
SYBR Green | solution (2X final concentration) for fluo-

site (GTPYPUAC).

Digestion-Elongation Cycles of RE-Pol Product in Sepa-
rate Experimentdn the polymerization experiments, 1% of
the digested DNA fragments (the RE-pol products were used

rescence measurement. The samples were excited at 497 nn#) the first cycle) in the former digestion experiment were

and emission was measured at 530 nm (at@p

Enzymatic Treatment of DNA Polymerase and Restriction
EnzymeTwenty units of the restriction enzyme (or 10 units
of DNA polymerase) was treated with 1 unit of DNase | or
(and) 1 unit of RNase A in 5@L of a solution containing
1X ThermoPol buffer and 0.1X DNase buffer (4 mM Tris-
HCI, 1 mM MgSQ, and 0.2 mM CaG). DNase buffer was
added because €ais essential to the DNase digestion. After
treatment at 37C for 2 h, 50°C for 10 min, and 70C for
30 min, 1 unit of treated DNA polymerase and 0.5 unit of

used as seeds for elongation by 1 unit of Vent (@X0NA
polymerase in the presence of 0.4 mM dATP and dTTP (or
0.4 mM dNTPs forTsRI). In the digestion experiments,
the elongated DNA products in the former elongation
experiment were digested by 0.5 unit a&®B09I. All
digestion and polymerization experiments were carried out
in 50 uL of 1X ThermoPol buffer at 70C for 0.5 h (or a
mixed buffer of ThermoPol and NEB4). Before every
elongation or digestion experiment, the DNA was purified
by phenol extraction and ethanol precipitation. Three diges-

the treated restriction enzyme were used for DNA synthesis tion—elongation cycles were carried out. Similarly, the 26
under standard conditions described above. In some case8t 10ng synthesized DNA (AATTTTTAAAAATTTTTAA-

dNTPs were also treated with 5 units/mL of DNase I.
Similarly, 25 units of restriction enzyme was treated with
0.6 unit of proteinase K in 5aL of 1X ThermoPol buffer
at 65°C for 1 h, or with 3 units of nuclease P1 in @ of
acetate buffer (30 mM, pH 5.3) at 7C for 1 h.
Molecular Cloning of Synthesized DNA and Characteriza-
tion of DNA ProductThe DNA product was prepared under

AAATTTT) was also used as seeds and three digestion
elongation cycles were carried out.

RESULTS

Efficient RE-Pol DNA Synthesis in the Absence of Tem-
plate or Primer Nucleic Acidin the presence of thespb09I
restriction endonuclease, which recognizes tAATT

the standard reaction conditions as described above, excepsequence, a large amount of DNA was synthesized by Vent

that 1 U/mL of theTsb09l restriction enzyme was used.

(exo”) DNA polymerase at 70C for 45 min (Figure 1, lane
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1). Here, no DNA was added as template or primer; only DNase I 1 s e e e

DNA polymerase, the restriction enzyme, dATP, and dTTP Wc'f::;:“';? e
were present in the reaction buffer (10 mM KCI, 20 mM Prattinase O e o o OO
Tris-HCI, 10 mM (NH,),SO,, 2 mM MgSQ, and 0.1% el gl s st | g g

Triton X-100). Thus, DNA was efficiently synthesized from
dATP and dTTP in the absence of DNA (or RNA) as initial
material. The size of RE-pol product ranged from 10 ntto 1
knt after alkaline denaturation to single strands, as analyzed
by denaturing polyacrylamide gel electrophoresis (data not
shown). The synthesized DNA could be completely digested
by DNase | but not by mung bean nuclease (a single-strand-
specific nuclease), indicating that it consisted of (at least
partially) double-stranded DNA (data not shown).

Several control experiments were done to clarify the RE-
pol DNA synthesis. Vent (exg DNA polymerase could not
synthesize DNA in the absence 8§b09I (Figure 1, lane
2), indicating that the restriction enzyme was essential to
the DNA synthesis. As expectetisb091 could not synthe-
size DNA itself in the absence of Vent (eXo(Figure 1, FiGURE 2: RE-pol DNA synthesis using the nuclease-treated
lane 3). Also, DNA could not be synthesized in the presence Tsgb09I restriction enzyme and Vent (e3dNA polymerase. Both
of only one deoxyribonucleoside triphosphate (dATP or Tsfb09l and Vent (exo) were treated according to the same
dTTP) (Figure 1, lane 4, 5). When dGTP and dCTP were protocol if not especially described. The products of RE-pol DNA

; . synthesis (70°C, 45 min) were analyzed by 10% nondenaturing
used instead of dATP and dTTP, no DNA was detected elthergel electrophoresis. Lane M: molecular marker in bp. Lane 1:

(Figure 1, lane 7). When dNTPs (consisting of dATP, dTTP, control of DNase and RNase treatment. Lane 2: DNase | treatment.
dGTP, and dCTP) were used, DNA could also be synthesizedLane 3: RNase A treatment. Lane 4: treatment by both DNase |

but the gel pattern of the synthesized DNA was different and RNase A. Lane 5: nuclease P1 treatment of Vent (exm
(Supplemental Figure 1, Supporting Information). '7I'§[509Iwas added. Lane 6: control o.f nuclease P1 treatment. Lane
. . : nuclease P1 treatment. Lane 8: proteinase K treatment of
Naturally, one could think that the DNA synthesis was tgg09]. Lane 9: a new portion of nontreat&f5091 was added
due to a contaminant. To address this problem, we pretreatedo the reaction mixture of lane 8.
Vent (exo) DNA polymerase and th&sb09l restriction
enzyme with some nucleases. If some contaminating nucleic
acids were present, the nucleases would digest them. How-
ever, the RE-pol DNA synthesis proceeded after both Vent

Temp. (°C) 50 55 60 65 70 75 80 85 90

587

(exo) and Tsp09l were treated with DNase | and RNase 434
A at 37 °C for 2 h (Figure 2, lane 24). Similarly, DNA 267
was synthesized aftdisg09I and Vent (exo) were treated 184
with nuclease P1 at /AT for 1 h (Figure 2, lane 7). Nuclease 104
P1 was chosen because its optimal reaction temperature is 64
70 °C, the same temperature at which the RE-pol DNA 51

reaction proceeded. It is a single-strand-specific enzyme, but
it can also digest double-stranded DNA at a very slow rate

(7). Again, DNA could not be synthesized in the presence

of nuclease P1 but in the absencelsfb09I (Figure 2, lane

5). Treatment of the RE-pol reaction buffer with DNase I, 2
RNase A, and nuclease P1 did not slow the reaction either.

Another question is whether the digestion activity of FIGURE3: RE-pol DNA synthesis by Vent (expDNA polymerase
TspB09I is essential to the RE-pol DNA synthesis. After N the presence ofsgb09! restriction enzyme at various temper-
Ts(509l was pretreated at 6K for 1 h with proteinase K atures. Except for temperature, the standard reaction conditions were

. . ) ' used and the DNA products were analyzed by nondenaturing
and the proteinase K was heat-inactivated at@5or 10 polyacrylamide gel (10%) electrophoresis.
min, no DNA was detected using the treated restriction
enzyme incubated with Vent (exp dATP, and dTTP  was studied in detail under various conditions. H&sgh 09I,
(Figure 2, lane 8). It indicates that proteinase K inactivated Vent (exo), and dATP-dTTP were used. Figure 3 shows
Tsb09I and the activdsb09l protein is essential for the  the results of the RE-pol DNA synthesis at various temper-
RE-pol reaction. One may argue that the incomplete inac- atures. DNA can be synthesized in the temperature range of
tivation of proteinase K could be responsible for the 55-75 °C, with the optimal temperature range of-6B0
prevention of DNA synthesis, due to the inactivation of Vent °C. At lower temperature {60 °C), the reaction slowed
(exo’). However, DNA could be synthesized again when a considerably, and longer DNA molecules were synthesized
new portion of theTsp09l restriction enzyme was added (>1 knt); At higher temperature>(75 °C), a very small
(Figure 2, lane 9), indicating that Vent (eXoretained its amount of DNA (or no DNA at all) was synthesized.
polymerase activity. The RE-pol DNA synthesis rate and the length of

RE-Pol DNA Synthesis under Various Conditioi® synthesized DNA changed with the concentration of the
better understand the RE-pol DNA synthesis, the reaction Tspp09I restriction enzyme (Figure 4). From the viewpoint

30
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FIGURE 4: RE-pol DNA synthesis at various concentration of 2 ;m
Tsb09l restriction enzyme. Except for the concentratiomgb09I, 2 2000 ]
the reaction was carried out under standard conditions and the DNA %
products were analyzed by nondenaturing polyacrylamide gel (10%) £ 2000
electrophoresis. g
1000 - *
of synthesis efficiency, the optimal concentration was within .
the 10-20 units/mL range. At lower concentration of the 0 S maaa e
restriction enzyme, longer DNA was synthesizedL (knt) Time (min)

and the reaction slowed; at. higher concentratlpn, DNA Ficure 5: Time course for RE-pol DNA synthesis by Vent (exo

became longer and the reaction slowed again (Figure 4). pNA polymerase in the presence B[00 restriction enzyme.
Figure 5 shows the time course of the RE-pol DNA (a) Nondenaturing polyacrylamide gel (10%) electrophoresis in the

synthesis. Under the optimal conditions (10 units/mL of ¢ase of 10 units/mL oTsb09l. DNA size markers are shown on

. . the left in bp. (b) Quantitative analysis by fluorescence measurement
Tspb09l), the DNA synthesis was almost completed in 1 h in the case of 10 units/mL dfsb09l. The inset shows the results

with a short lag period of 4 min (Figure 5a,b). After 2 h, the oy the first 5 min. (c) One percent agarose gel electrophoresis in
synthesized DNA was digested BAyspb091 to very short the case of 0.02 unit/mL dfsg091. DNA size markers are shown
fragments €15 nt). By measuring fluorescence (stained by on the left in kb. (d) Quantitative analysis by fluorescence
SYBR Green 1) and comparing with standard DNA measurement in the case of 0.02 unit/mLTs§b09I.

((AAAAATTTTT) »), the RE-pol reaction was quantitatively  the Tsi5001 restriction enzyme can digest the RE-pol
analyzed. The yield of synthesized DNA is as high ast90  rqqycts. To clarify the mechanism of the RE-pol reaction,
10% (theoretically possible amount _of DNA product is 12.3 he RE-pol DNA products were further analyzed by inde-
#9). Thus, DNA was synthesized with an average speed of hengent treatment with Vent (expand Tsps09! (Figure 6).
3 ng/s in the first hour. In a control experiment in which the /o expected DNA synthesized via the RE-pol reaction to
restriction enzyme was absent, no DNA was detected evenyg amplified by Vent (exo) in the absence 6Fsg509l, and
after incubation at 70C for 24 h. The speed of synthesizing amplified DNA to be digested bysps09! in the absence of
DNA was increased at leastZfimes by the added restriction  \/gnt (exa). Indeed, short DNA molecules obtained from
enzyme. Our RE-pol reaction was even 100 times faster thanihe RE-pol reaction (Figure 6, lane 1) were extended to much
the_a_b_|n|t|o DNA synthesis Ogata and Mu_Jra reporteo! (Wl_th longer molecules2 knt) after the DNA polymerase and
an initial rate of 0.031 ng/s after a lag period of 40 min), in  yegiriction enzyme were inactivated by phenol extraction and
which Vent DNA polymerase was used instead of Vent only Vent (exa) DNA polymerase, dATP, and dTTP were
(exo’) and the restriction enzyme was absei{22). The added (Figure 6, lane 2). After Vent (exowas removed
efficiency of the template/primer-independent DNA synthesis by phenol extraction, the long DNA molecules were digested
was dramatically improved by combining the restriction by Tsgb09I (Figure 6, lane 3). Then the digestion products
enzyme with the DNA polymerase. were elongated again by Vent (eXoin the absence of
When a lower concentration afsgb091 was used (0.02  TsB09I (Figure 6, lane 4). Such digestiealongation cycles
unit/mL), the speed of the DNA synthesis slowed (0.125 ng/ were repeated more than 3 times. During every elongation
s). The synthesis was linear with time (Figure 5c,d). The reaction, only 1% of the former DNA product was added.
length of the product was longer than 2 knt (Figure 5c, on DNA was elongated from 1850 nt to longer than 2 knt,
agarose gel). Again, nearly all dATP and dTTP were and the amount of DNA increased more than 100-fold. This
consumed after 24 h and the yield was close to 100%.  result shows that DNA can be exponentially amplified with
Digestion-Elongation Cycles of RE-Pol ProductSince extremely high efficiency under isothermal conditions.
the RE-pol products changed from longer ODNs to very short  RE-Pol DNA Synthesis Using Other Restriction Enzymes.
ones as the reaction proceeded (Figure 5a), it was clear thaifo check whether other restriction enzymes can carry out
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FiGure 6: Independent digestion and elongation cycles of RE-pol
products. Lane M: molecular marker in bp. Lane 1: DNA products
under standard RE-pol reaction conditions. Lanes 2, 4, 6: products
of elongation reaction by Vent (exp DNA polymerase in the
absence of restriction enzyme. Lanes 3, 5, 7, productsm 09l
restriction enzyme digestion in the absence of DNA polymerase.
In every elongation experiment, 1% of the products of the former
digestion experiment were used as seeds.
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Ficure 7: RE-pol DNA synthesis by other thermophilic restriction
enzymes: (a) 1 unit Vent (exdp DNA polymerase, 0.5 unit
restriction enzymes (5 units faragfl), 0.4 mM dNTPs, 70C (60
°C for Apd), 1 h in 50uL of 1X ThermoPol buffer; lane IPsGl;
lane 2,Bs&Bl; lane 3,Tlil, lane 4,Tth111l; lane 5,Tsp45I; lane 6,
Tfil; lane 7, Ts@RI; lane 8, Tactl; lane 9,Apd; lane 10,Tad; lane
11, Tspp09l; lane M, molecular marker in bp; (b) the reaction
conditions were optimizing (only changed conditions are shown);
lane 1,Tlil, 2 units, 75°C, 2 h; lane 2]Tfil, 6 h; lane 3,PspGl, 85
°C, 2 h; lane 4BsaBl, 5 units, 60°C, 2 h; lane 5Tsp45l, 5 units,
mixed buffer containing 0.5X NEB4 and 0.5X ThermoPol buffer;
lane 6,Tag!, 5 units, 65°C, 4 h; lane M, molecular marker in bp.

RE-pol DNA synthesis, a dozen restriction enzymes were

Biochemistry, Vol. 43, No. 42, 200413463
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Ficure 8: RE-pol DNA synthesis by Vent DNA polymerase in
the presence of restriction enzynEsfb09l. Except for the
concentration ofTsb09l, the reaction was carried out under
standard conditions (dATP and dTTP were used). Size markers are
shown on the right.

7a, lane 11), DNA was synthesized. After optimizing the
reaction conditions, all the other restriction enzymes could
also carry out RE-pol DNA synthesis (Figure 7b). Hail,
DNA was synthesized at 7% for 2 h when 2 units of il
was used (Figure 7b, lane 1). Fbii, DNA bands appeared
after 6 h (Figure 7b, lane 2). Fd®spGl, higher temperature
(>80°C) was favorable (Figure 7b, lane 3). RRseBl, DNA
was synthesized at lower temperature {6) Figure 7b, lane
4). For Tspi51, DNA was obtained using the mixed buffer
containing 0.5X NEB4 and 0.5X ThermoPol buffer (Figure
7b, lane 5).BsBlI restriction enzyme also showed RE-pol
activity when the mixed buffer containing 0.5X NEB4 and
0.5X ThermoPol buffer was used (data not shown). Thus,
all these 12 restriction enzymes could carry out RE-pol reac-
tion using Vent (exo) DNA polymerase under the respective
optimal reaction conditions. FArsgRI, the RE-pol reaction
under various conditions was also studied in detail and results
similar to those ofTsp09l were obtained (Supplemental
Figures 2-4, Supporting Information). The differences were
that, for TsgRI, DNA could also been synthesized at higher
temperature X85 °C); and the efficiency of RE-pol DNA
synthesis kept higher at high concentration of restriction
enzyme.

RE-Pol DNA Synthesis by Other DNA Polymeradas.

also used. Figure 7a shows the gel pattern of synthesizedvent (exo), the 3—5' proofreading exonuclease activity

DNA using restriction enzymdsgRI, Tsp5l, Tli, Ba$Bl,
Tth11ll, Tacfl, Apd, Tfi, PspGl, Tad, and Tsb09l. The
RE-pol reaction proceeded under the following conditions:
1 unit of Vent (exa) DNA polymerase, 0.5 unit of restriction
enzymes (5 units fofacfl), 0.4 mM dNTPs, 70C (60°C

for Apd), 1 h in 50uL of 1X ThermoPol buffer. Here all
four dNTPs are necessary because the recognition sites o
some restriction enzymes consist of A, T, G, and C. For
PspGl (Figure 7a, lane 1)Tth111l (Figure 7a, lane 4),sRI
(Figure 7a, lane 7)Tacf, (Figure 7a, lane 8)Apd (Figure

7a, lane 9),Tad (Figure 7a, lane 10), an@isfb09l (Figure

associated with Vent DNA polymerase is eliminated via
genetic engineering, without altering kinetic parameters for
polymerization on a primed single-stranded template. Vent
(exo’) has a stronger strand displacement activity than Vent
(24). We checked whether the natural Vent DNA polymerase
can carry out the RE-pol DNA synthesis. Figure 8 shows
the products of RE-pol DNA synthesis by Vent at various
concentrations ofrsb09I for different reaction time. The
results are similar to those for Vent (eyo DNA was
efficiently synthesized; the DNA products could be digested
to very short ODNs €15 nt); and the length of DNA
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Number Scheme 1: The Proposed Mechanism of the RE-Pol DNA
Sequence of clones length /nt Synthesis
AATTTT(AAAATTTTLAAAATT 3 28 a -
AATTTTTAAAAATTTTTAAAAATT 7 24 [ |
AATTTTT(AAAAATTTTT),AAAAATT 7 34
AATTTTT(AAAAATTTTT);AAAAATT 3 44 ¥ '
AATTTTT(AAAAATTTTT), AAAAATT 3 54 ———
AATTTTT(AAAAATTTTT)sAAAAATT 1 74 5
AATTTTT(AAAAATTTTT),AAAAATT 1 84
AATTATT(AAAAATTTTT),AAAAATT 1 34 ‘ Extension
AA (TTTTTAAAAA),TTTTTAATAATT 1 34
AATTTTA(AAAAATTTTT),AAAAATT 1 34
1

—

fr—t — —- 3
AATTTATT(AAAAATTTTT),AAAAATT 35
AATTTTT(AAAAATTTTT),AAAATTTTTT- 5
-AAAATTTTTAAAAATTTTTAAAAATT 63

AA(TTCTTAAGAA),TT

3 .
AA(TTCTTAAGAA), TT 5 34 Extension s
AATTGTTAAATATTTAACAATT 7 22 e}
AA(TTGTTAAATATTTAACAA),TT 1 40
Ficure 9: Sequences of DNA products obtained from RE-pol
reaction by Tsgb09I restriction enzyme and Vent (exoDNA " l
polymerase. In the last four sequences, G and C were also T P 5
incorporated when dNTPs were used instead of dATP and dTTP. R —— o —

products as well as the reaction speed changed with the
concentration off spgp09I. A difference in behavior of these
two DNA polymerases with respect to the RE-pol reaction b T EEEEEER!
was that detectable DNA could be synthesized by Vent from
dATP and dTTP in the absence ©§pb09I after +-2 h,

whereas for Vent (ex9 no DNA was detected even after restriction enzyme
24 h at 70°C (data not shown). Several other thermophilic \

DNA polymerases such &st (large fragment) and N, I =/~

DNA polymerase could also carry out RE-pol DNA synthe- V4| \\
sis(Supplemental Figure 5, Supporting Information).

Digestion by

~—

N

\

Elongation by
Sequencing and Characterization of RE-Pol DNA Prod- DNA palymersse
ucts.Synthesized DNA was sequenced with standard cloning
methods. In the case of RE-pol using restriction enzyme
Tsb09l, since synthesized DNA can be elongated and di-
gested again bysb09l, it was expected to have the recog- a(a) Hairpin-elongation model for the expansion of a tandem

nition sequence of AATT. Accordingly, the DNA product  repetitive sequence. The freé-éhd forms a hairpin structure as a
was cloned into the plasmid pUC19 vector at its unique primer—template complex, and then it extends to thed through
EcoRlI site (GAATTC). More than 30 insert-positive clones ~ Strand displacement by DNA polymerase. The length of DNA is

. doubled after every cycle, and a very long hairpin-structured DNA is
were obtained when dATP, dTTP, and Vent (e):('ﬁ)NA synthesized by repeating the strand displacement extension. (b)
polymerase were used, and the lengths of the insert DNA Digestion-elongation model for efficient amplification of DNA. The
were 24-84 bp (Figure 9). Most of the obtained sequences synthesized long double-stranded DNA with numerous recognition sites

: : is digested by the restriction enzyme to short fragments; then the short
were (ATs)n and (A5Ts)n (Supplemental Figure 6, Supporting fragments are elongated by DNA polymerase to give long DNA. The

Information). They were highly palindromic and repetitive, cycles are repeated again and again so the synthesized DNA is amplified
and the number of repeats varied from 2 to 8. Several se-with extremely high efficiency. All reactions proceed isothermally.

quences had deletions (from AAAAA to AAAA), insertions
(from TTTTT to TTTATT), or replacement (from TTTTT  pISCUSSION
to TTATT) of a single base. The similar sequences (20
clones) were obtained when Vent instead of Vent (gxo
DNA polymerase was used. When dNTPs were used instea
of dATP and dTTP (Vent (exg DNA polymerase), the re-
petitive sequences of (TTCTTAAGAAJ8 clones) and (TT-

From the presented data, the digestietongation mech-
0anism for RE-pol DNA synthesis can be proposed (Scheme
1), although it remains unclear how the DNA synthesis is

initiated. Assuming that a short DNA with a palindromic

. repetitive sequence is somehow synthesized, it can be
GTTAAATATTTAACAA) , (8 clones) were obtained. The elongated to longer double-stranded DNA by DNA poly-
RE-pol products offsgRI were cloned into pUC19 at the 1 orase as reported by other research grodipa ). Scheme
Hincll site (GTPYPUAC). Six insert-positive clones were 13 shows a hairpin-elongation model we assume. At the open
obtained, and the lengths of the insert DNA were-36 end of a long DNA hairpin, two short hairpin structures are
bp. The sequences are also palindromic and repetitive:formed @5). The free 3-end of one short hairpin initiates
(ATACACTGTATATACAGTGTAT),. Sequences similarto  the primer extension reaction of DNA polymerase, which
those of RE-pol DNA products can be found in many gen- proceeds through strand displacement to the end of the
omic DNAs (Supplemental Figure 7, Supporting Information). original molecule. The length of DNA is almost doubled in
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every cycle, and a very long double-stranded DNA is At lower temperatures<55 °C), the restriction enzyme
eventually synthesized via repeating cycles of the strand has a low digestion activity and it is more difficult for the
displacement-extension reaction. Then the long DNA is transition between the regular duplex and a hairpin structure,
digested by the restriction enzyme to short fragments to beas well as the strand displacement, to occur. At higher tem-
used as new seeds for elongation. Thus, DNA will be peratures %75 °C) the hairpin structure becomes unstable
exponentially amplified through the repeating digestion because the synthesized DNA has 100% AT content when
elongation cycles under isothermal conditions (Scheme 1b).only dATP and dTTP are used. As a result, an optimal tem-
Suppose that DNA is elongated with a speed bp/min, perature range for the RE-pol DNA synthesisTafb09I is
and DNA can be immediately digested to short ODN with 65—70 °C (Figure 3). In the case dfs[RI, the DNA can
an average length dfafter the elongation; the number of also be synthesized even at 90 because of the higher GC
DNA molecules N) can be expressed as content in the sequence of synthesized DNA (Supplemental
Figure 2).

dN = (Nndt)/I (1) Let us now turn to the questi_on of the o_rigin of the seed
_ DNA, which initiated the digestionelongation cycles dis-
N = N, exp(t/l) () cussed above. The fact that the DNA synthesis was not af-

fected by the treatment of the restriction enzyme with DNase
I, RNase A, and nuclease P1 (Figure 2) indicated that the
seed DNA was ab initio synthesized and was not present in
exp(2@) ~ No x 1%, the restriction enzyme as a contaminant. One possibility was
It is obvious that DNA can be exponentially amplified with  that Vent (exo) DNA polymerase performed ab initio syn-
extremely high efficiency. Separate digestion (by restriction thesis of DNA with random sequence with a very low ef-
enzyme) and elongation (by DNA polymerase) experiments ficiency. Among various sequences the tandem repetitive se-
strongly support this mechanism (Figure 6). DNA was quence with the recognition site (AATT) for thEsb09I
exponentially amplified by digestierelongation cycles with  restriction enzyme accidentally appeared. Then the seed DNA
high efficiency N > 100", m is the number of cycles). If  was amplified via digestionelongation cycles. We obtained
we assume that 1000 copies of 50 bp long double-strandeda detectable amount of DNA after incubating Vent (€xo
DNA molecules were present after the first minute, the DNA dATP, and dTTP in the absence of restriction enzyme &C70
would have to be amplified by more than&limes in the for 3 days, although no DNA was detectable after incubation
following 4 min (Figure 5b, inset). Thus the amplification of 24 h 23). Ogata and Miura reported that several ther-
at the initial stage must be exponential. However, the RE- mophilic DNA polymerases could ab initio synthesize DNA
pol reaction changed to a linear process after a certain amounin the absence of primers or templat2e<22). Furthermore,
of DNA was synthesized because the amount of restriction Ramadan et al. found that human DNA polymerasBNA
enzyme or DNA polymerase was not enough to keep the polymerase:, and terminal deoxyribonucleotidyl transferase

Here,t is the reaction time (min)\o is the number of initial
molecules. Ifn = 1000 bp/min 24), | = 50 bp, soN = Ng

exponential amplification, which needs a relatively high ratio
of enzymes to DNA. In addition, after enough DNA was
synthesized, the short DNA fragments could hybridize to
longer DNA and worked as primerd4). As a result, we

could observe only the linear kinetic data rather than

could also ab initio synthesize DNA even with only one
deoxyribonucleoside triphosphate such as dTd®). (How-
ever, it is very difficult to be absolutely confident that the
RE-pol DNA synthesis we describe did not result from
contamination, because it was extremely efficient and DNA

exponential amplification (Figure 5b,d). When the DNA could be amplified even with several copies of DNA as seeds
polymerase was in excess of the restriction enzyme, the rate(27). For example, another possibility was that some DNA
of DNA synthesis was determined by the amount of interacted tightly with the denatured restriction enzyme so
restriction enzyme and longer DNA was obtained (Figure DNase | could not digest it completely. This question must
4). When the restriction enzyme was in excess over DNA be addressed in further studies.

polymerase, the rate was determined by the amount of DNA A reiteration and slippage mechanism was proposed by
polymerase, which resulted in shorter products. After the Kornberg et al. as early as in 19627( 28). According to
dNTPs were exhausted, the elongation stopped and the DNAthis mechanism, one poly d(AT) strand slips on the other
products were gradually digested to very short fragments by poly d(AT) strand by an AT dinucleotide pair during every
the restriction enzyme (Figure 5a). When a very high slippage-replication cycle. This mechanism, however, cannot
concentration of the restriction enzynmel(00 units/mL) was explain the elongation in the RE-pol reaction, because it
used, however, longer DNA was synthesized (Figure 4). requires slippage by 8 nt (for (AAAATTTT,) to 18 nt (for
Unlike the DNA synthesized at lower concentrations of (TTGTTAAATATTTAACAA) ) to form a new primer
Tsb09l, it was difficult to further digest the long DNA by  template complex (Figure 9). Since DNA polymerase binds
Tsb09I at low concentrations<(20 units/mL, Supplemental and stabilizes the templatgrimer structure, the hairpin-
Figure 8, Supporting Information). Therefore, the long DNA enlongation model works well when short hairpins form only
product had a different sequence not containing AATT. The transiently at the end of the duplex (Scheme 1). Even if the
different sequence may come from a star activity of the slippage happens, its impact should be much less compared
Tsb09l restriction enzyme because of the extreme conditionsto our mechanism since the hairpin forms easily at the end
such as a high enzyme to DNA ratie {00 unitsig), low of duplex and the length of DNA is almost doubled after
ionic strength €25 mM), and high pH ¥8.0). It was every cycle.

difficult to synthesize the DNA containing the AATT The RE-pol DNA synthesis seems a common characteristic
sequence because it would be digested into very shortof many thermophilic restriction enzymes and DNA poly-
fragments which are poor substrates for elongation. merases. It was confirmed that several DNA polymerases
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(such asBst and 9N, DNA polymerase) and a dozen
thermophilic restriction enzymes could carry out the RE-

pol.

In addition to a highly efficient amplification of ab initio

synthesized DNA, a restriction enzyme may somehow help

DNA polymerase to select the sequence to be synthesized.

Only the recognition sequence of the restriction enzyme can
be amplified via the RE-pol reaction mechanism we pro-

posed. The palindromic and repetitive sequences of the RE-

pol

synthesized DNA also agreed well with the hairpin-

elongation model (Scheme 1a), in which a hairpin structure
has to form. It can be expected that when several restriction
enzymes are mixed, the DNA involving more genetic
information might be obtained from RE-pol DNA synthesis
(under study). Our findings shed a new light on the template/

primer-independent synthesis of nucleic acids as a necessary

step of prebiological evolution2@). The findings suggest
that the digestion of nucleic acids may play an important
role in the evolution of genetic material for procreating the
diversification of genetic information on the early earth.
Using a mechanism similar to RE-pol, a reaction consisting
of polymerization (growth) and digestion (generation of new
seeds) might be responsible for the foundations of life. The
polymerization and digestion activity could be carried out
by either protein, RNA, or other functional molecule.
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SUPPORTING INFORMATION AVAILABLE
One figure showing the difference in gel pattern of RE-

pol

products between using dNTPs and using only dATP

and dTTP, three figures showing gel pattern of RE-pol DNA
products usingTsgRI restriction enzyme under various
conditions, one figure showing gel pattern of RE DNA
product usingBst and 9N, DNA polymerase, one figure
showing the sequencing pattern of RE-pol product, one figure
showing the similar sequences (as RE-pol products) found
in natural genome, one figure showing the digestion pattern
of RE-pol DNA products obtained at high concentration of
Tsp09I1, and one figure showing the length of RE-pol
products on agrose gel. This material is available free of
charge via the Internet at http://pubs.acs.org.
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