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Abstract: We report that small, single-stranded circular DNA oligonucleotides 26 to 74 nucleotides (nt) in size can
behave as catalytic templates for DNA synthesis by several DNA polymerase enzymes. The DNA products are
repeating end-to-end multimeric copies of the synthetic circular DNAs, and range from 1 80@ 800 nucleotides

in length. Several aspects of this reaction are unusual: first, the synthesis proceeds efficiently despite the curvature
and small size of the circles, some of which have diameters significantly smaller than that of the enzyme itself.
Second, the synthesis can proceed hundreds of times around the circle, while rolling replication of larger circular
plasmid DNAs requires other proteins for processive synthesis. Finally, the synthesis scheme produces multiple
copies of the template without the requirement for either heating or cooling cycles and requires less than stoichiometric
amounts of primer, unlike other DNA synthesis methods. We report on the scope of this reaction, and demonstrate
that the multimeric products can be cleaved enzymatically to short, sequence-defined oligodeoxynucleotides. This
new approach to DNA synthesis may be a practical way to produce useful repeating DNAs, and combined with
DNA cleavage strategies, it may represent a useful enzymatic approach to short, sequence-defined oligodeoxynucle-
otides.

Introduction termed “rolling circle RNA synthesis”, produces product RNA
strands up to 9000 nucleotides in length, and may be a useful

DNA polymerase enzymes serve to copy genetic information approach to the synthesis of biologically relevant RNAs.

by elongation of short primer oligonucleotides and proceeding We describe here studies directed at the use of small circles

along a template strand, using Watsdixick com_plem_entanty as substrates for DNA polymerases. We find that circles as
encoded by the template to incorporate nucleotide triphosphates

into the polymef. Here we report the use of an unusual class small as 26 nucleotides can serve as efficient templates, and
of synthetic DNA templates as substrates for DNA synthesis that repeating DNA strands as long as 12 000 nucleotides are

bv DNA polvmerase enzvmes. Small chemically svnthesized produced. Variation of conditions establishes optimal concen-
y poly ymes. Y syn trations of primer, circle, enzyme, and dNTP’s for best polymer
circular oligodeoxynucleotides are shown to be efficient sub-

strates for a number of polymerases, producing repeatingsym.heSi.s' We further demonstrate .enzymatic clea\(age of f[he
multimeric DNA strands which are end'-to-end copies of the muIt_lmerl_c products into un|_t-Iength oligodeoxynucleotides. '_I'h|s
circular templates “rolling circle DNA synthesis” process represents a potentially
N . . . . useful method for generation of repeating DNAs and, combined
We have previously studied circular oligonucleotides as i, cleavage strategies, a new method for generation of short,
unusual ligands for high-affinity recognition of DNA and RNA

sequence%® As part of that study we have developed methods sequence-defined oligodeoxynucleotides.
for efficient synthesis of circular DNAs and RNAs ranging in - Experimental Section
size from 26 to 74 nucleotidés. Since nucleic acids serve ) ) )
not only as recognition elements but also as encoders of genetic _ ©ligodeoxynucleotides. The procedure used for synthesis of DNA
information, we have begun a new program to examine whether 6r¢1€S3: 4, and5 has been described elsewhérghe method used

. . for construction of the other circles was essentially the published
such circular molecules might serve as enzyme substrates: . Weprocedure’: The linear precursor for circlé was B-pdmCTTTTm-
recently reported that RNA polymerase enzymes could utilizé c1TTTTTmcTTTmCTTTTTMCTTT (where mC denotes 5-methyl-
circular 34-nucleotide DNAs as templates f nao synthesis  cytosine), and the template used for cyclization was the duplex formed
of repeating RNA strandsdespite the fact that the circles do  from 5-dCCGGATCCTGGATGTTTAAAGAAAGAAAAGATT-
not contain RNA promoter sequences, and despite the smallCCGGAATTCCG and its complement. The linear precursor for circle
size and curvature of the circles. The processive synthesis,2was B-pdTTTCTTCCCTCTTCTTTCTTTTCCACCCCTTTTC, and
the template used for cyclization wasdAAGAAAGAAAAG. The

1o whom correspondence should be addressed. cyclization reactions contained &M circle precursor, 5@M template,
Abstract publlshed mﬂ\dz_/an;:e ACS Abstractd;:,ebruary 1, 1996 100 mM NiCh, 200 mM imidazoleHClI (pH 70), and 125 mM BrCN,
(1) Kornberg, ADNA ReplicationW. H. Freeman: San Francisco, 1980. nd it I d to pr d 10 h at 2@, After dialvsis and
(2) Kool, E. T.J. Am. Chem. S0d.991, 113 6265-6266. and It was allowed 1o proceed 1U h at 2G. Alter dialysis al .
(3) Prakash, G.; Kool, E. TI. Chem. Soc., Chem. Comm(891, 1161— Iyophlllzatlor_1 the product was pur_lfled by preparative denaturlng 20%
1163. polyacrylamide gel electrophoresis, and the product band was isolated
(4) Wang, S.; Kool, E. TNucleic Acids Res1994 22, 2326-2333. by excision, crushing, and eluting into 0.2 M NaCl. The salts were
Egg \é\/aﬂgy hSJGKO}?'y IIE-ET%AE' Cchr?m' %0(?1%%42 1113 ggg;gggg removed by dialysis against distilled deionized water, and the DNA
rakash, G.; Kool, E. T1. Am. Chem. So , . . . :
(7) Rubin, E.; Rumney, S.: Kool, E. ucleic Acids Res1995 23 was quantitated by absorbanc_e at 260 nm, using the nearest neighbor
35473553, method to calculate molar extinction coefficients.
(8) Daubendiek, S. L.; Ryan, K.; Kool, E. T. Am. Chem. Sod.995 Linear oligonucleotides (circle precursors, linear controls, templates,
117, 7818-7819. and primers) were synthesized on an Applied Biosystems 392 DNA
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A (pH 8.4), 50 mM KCI, 1.5 mM MgGCJ, and with incubation at 68C
g DNA primer for 3 h. E. Coli DNA Polymerase | (United States Biochemical) 0.5
\ 10-15 bases unitsfeL, 10 nM circle, 10 nM primer, 1 mM of each of the dNTP’s in
3 a buffer containing 20 mM Tri$iCl (pH 7.5), 10 mM MgC}, and
synthetic circular DNA, with incubation at 37C for 3 h. Reactions were stopped as described
26-74 bases in size above.
Time Course Dialysis Experiments. The polymerase reactions for
DNA polymerase quantitation by dialysis were carried out using 24 units of KF in 120
+ dATP,dTTP dCTP dGTP uL of a buffer containing 10 nM circle, 10 nM primer, 1 mM of each
o of the dNTP’s, 50 mM TrisHCI (pH 7.5), 10 mM MgC4, 1 mM DTT,
and 50 mg/mL BSA. Aliquots (1@L) were removed at desired time
points and added to bBL of a 40% formamide, 50 mM EDTA stop
T @ 7 D s solutiqn. DistiIIed_deion_iz_ed wate_r (S_)ﬂ_) was added and the solution
@ o _ was dlglyzed against distilled delon_lzed water (23 4 _changes, 1L
multimeric repeating DNA, ~12,000 bases long each) in a cellulose membrane with molecular weight cutoff 1000
(Schleicher and Schuell). The solution remaining in the dialysis tubing
restriction was diluted to 0.5 mL and quantitated by absorbance at 260 nm using
endonuclease an extinction coefficient of 7500 per nucleotide.
cleavage Enzymatic Cleavage of Multimers into Unit Length Oligonucle-
otides. The rolling circle reactions for restriction enzyme cleavage were

> cleavage sites

)

_— . T carried out with internal labeling so that cleaved products would retain
\ . " 5 their labels. The reaction mixture was the same as the standard
(+) ' [@5) : conditions described above except with 1 mM each of dATP, dCTP,

and dGTP, 0.165 mM ofa-[3?P]-dTTP (specific activity: 3000
Ci/mmol). Reaction products generated aféeh of synthesis were
precipitated by adding two volumes of precipitation buffer (50 mM
KCl in ethanol) and were then resuspended inP®f Taq la reaction
buffer: 10 mM NaCl, 1 mM MgCJ, 100 mM TrisHCI (pH 8.4), 10
mg/mL BSA, with 5 ukL Taq lo. (New England Biolabs). After 12
h of incubation at 68C, the products were analyzed by 10% denaturing
polyacrylamide gel electrophoresis.

Sequencing of Rolling Circle Reaction Products.Sanger sequenc-
ing of a rolling circle product was carried out using fie-end-labeled
primer B-pdTTTCTTCCCTCTTCTTTCTTTTCCACCCCTTTC, which
is the linear precursor to the circular template used in the synthesis of
the polymer. The sequencing itself was carried out using the Sequenase
2.0 kit provided by United States Biochemical.

Figure 1. (A) Schematic of rolling circle DNA synthesis, in which Results

small circular oligodeoxynucleotides act as templates for DNA poly- Processing of Circles by Various DNA PolymerasesThe
merases. Multimeric product can also be cleaved into monomer-length gchame for rolling synthesis reaction with circular oligonucle-
oligonucleotides if desired, as shown. (B) Model of a circular 26-base otides is displayed in Figure 1. We first tested the polymerase
oligodeoxynucleotide next to the crystal structure of the KF poly- i ith 4. | t'd. ircul liaod leotid
merasé? showing relative sizes. The internal diameter of the circle is reaction with a hucleotide circular oligodeoxynucieotide
~40 A; the enzyme dimensions ares5 x 65 x 85 A. using the Klenow fragment (KF) dE. Coli DNA polymerase

I. Figure 2 shows the sequences of various circles used in this

synthesizer using the standard DNA cycle. Deprotection in concentratedStudy and Figures 3 and 4 display results with the 34-nucleotide

NH,OH was carried out at 55C for 12 h. After lyophilization the circle 2.

DNA was purified by preparative denaturing polyacrylamide gel We used standard conditions for enzymatic synthesis, with

electrophoresis and quantified as described above. circle and primer at 10 nM each and 1 mM of each of the four
Standard Conditions for Rolling Circle DNA Synthesis. Unless dNTP’s. The reactions were carried out at pH 7.5,°87 for

noted otherwise in the text, the conditions for DNA synthesis using 3 h. A 12-nt primer Comp|ementary to the circle was used,

the Klenow fragment (KF) of DNA Polymerase | were as follows: 10 gnd it was32P end-labeled; alternatively, the products were

nM circle, 10 nM primer, 1mM each of dATP, dTTP, dCTP, and dGTP internally labeled by incorporation of #P-labeled nucleotide
(Boehringer Mannheim), and 4 units of KF (United States Biochemical)

were incubated in 2@L of Klenow reaction buffer (TrisHCI 50 mM trlphosphate.. . .

(pH 7.5), 10 mM MgC4, 1 mM dithiothreitol, 50 mg/mL BSA) for Early experiments using circzshowed that long DNAs were
1-24 h. The reaction was stopped by addition of/M00of a 40% generated from the short labeled primer; these were too long to
formamide, 50 mM EDTA stop solution. be resolved by a 10% polyacrylamide gel (Figure 3). Interest-

For other enzymes, the conditions used were as follows: T4 DNA ingly, when an unlabeled primer was used and labeled limiting
Polymerase (GIBCO BRL) 0.25 unitd/, 10 nM circle, 10 nM primer, dTTP was added, this resulted in a regular banding pattern of
1 mM of each of the four dNTP’s in a buffer containing 33 mM Tris  longer DNAs in the gel lane (Figure 3); size markers showed
acetate (pH 7.9), 66 mM sodium acetate, 10 mM magnesium acetate,that the repeat unit was 34 nucleotides, the same size as the
100 mg/mL BSA, 0.5 mM DTT, and with incubation at 3C for 3 h. circle. Since an A occurs only once in the circle, the synthesis
T7 DNA Polymerase and Sequenase 2.0 (T7 Pol exonuclease free), ot pause to incorporate the label once per cycle around the

obtained from United States Biochemical: 0.3 upits/10 nM circle, - . . .
10 nM primer, 10 nM of each of the dNTP’s in a buffer containing 40 temp!ate. This b‘?‘“d'”g pattern provided good evidence that
the circle was acting as a true template.

mM Tris*HCI (pH 7.5), 10 mM MgC}, 50 mM NaCl, 1 mM - . .
dithiothreitol, and with incubation at 37C for 3 h. Taq DNA Further control reactions were run to examine the reaction
Polymerase (GIBCO BRL) 0.25 unitd/, 10 nM circle, 10 nM primer, (see Figure 4). Results of denaturing gel analysis of the products
1 mM of each of the dNTP’s in a buffer containing 20 mM THEI of primer extension show that the circular structure is required
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Figure 2. Sequences of the circular oligodeoxynucleotides used as template2 and KF enzyme. Shown is an autoradiogram from 20%

templates for polymerases in this study. Shown underneath each circledenaturing PAGE gel analysis of products, which are radiolabeled either

is the corresponding primer used to initiate synthesis. Arrows indicate by (lane 1) incorporation af-32P-dTTPs or (lane 2) by initiating with

5' to 3 strand orientation; mC (used in circlg refers to 5-methylcy- 32p-labeled primer. Banding patterns produced during synthesis (lane

tosine. 1) arise from limiting concentration of dTTP in reaction, causing pauses
once per turn, since only one A is present in the circle.

for synthesis of long DNAs: A linear 34-nt oligonucleotide

having the same sequence as the circle gives very little extensiorthe most successful at generating the longest and most abundant
of the primer (Figure 4), while the closed circle gives a large products, and DNA Polymerase | holoenzyme was next most
amount of long products. Other experiments show an absoluteproficient. The two T7 variants gave smaller amounts of labeled
requirement for dNTP’s, primer, circle, and enzyme in the long products, at least under the conditions studied.
primer extension reaction. Reaction Time Course. To investigate the time dependence
We then tested a number of commercially available DNA of the rolling circle reaction, we carried out a time course
polymerase enzymes for their ability to utilize this same circle experiment using the Klenow enzyme and 42mer cirgle
as a template (Figure 5). The same radiolabeled primer wasFigure 6 shows the appearance of products over time as analyzed
used, and recommended reaction conditions were chosen fromby agarose gel electrophoresis. The results of this experiment
suppliers of the enzymes. Results analyzed by agarose gekhow that the amount of radioactivity in product bands increases
electrophoresis show that several DNA polymerases give long over a period of ca.-36 h, and that the length of the products
products by extension of the primer. The Klenow enzyme, DNA increases from 1 kb at 10 min to 2 kb at 30 min, and then to at
Pol | holoenzyme, T4 DNA Polymerase, and T7 DNA Poly- least 12 kb at 3 h. Judging by the 10- and 30-min bands, the
merase and its (exo-) variant all appear to give significant product length increases at a rate of ca. 50 nucleotides per
amounts of products predominantly longer thaR000 nucle- minute. This is slow relative to the known rate of nucleotide
otides as judged by size markers. The Taq Polymerase at 72incorporation by Pol | of ca. 600 nucleotides per minute.
°C was the exception, giving only small amounts of extended We also quantitated the number of nucleotides being taken
products. The Klenow enzyme and T4 DNA Polymerase were up as a function of time. This was carried out by stopping the
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2 &

: 7 displays results of this analysis. Under standard conditions
& _,JF‘

"

& ¥ Hﬁ‘ Qf‘;;é‘p &fw..‘.f‘ we find that the reaction approache®0% completion after
¥ e W ca. 6 h. At the plateau level, the enzyme has incorporated
= approximately 1% of the dNTP’s into polymer.

Effect of Circle Size and Sequence Since it seemed likely
that there exists a circular oligonucleotide which is too short
1018bp and curved to serve as a DNA polymerase substrate, we
investigated whether the size of the circle over the range we
517bp have synthesized would have an effect on the rolling circle
synthesis. To this end, we examined circles 26, 34, 42, 58,
and 74 nucleotides in size (see Figure 2 for sequences) as
templates for the Klenow enzyme. The results are shown in
Figure 8. The results of this experiment show clearly that all
the circle sizes tested are successful as templates for the Klenow
enzyme. The 26mer, 42mer, and 74mer all show similar

——
amounts of radioactivity and similar lengths of products,

Figure 4. Rolling circle DNA synthesis from 34mer circ(lane 1) indicating that circle S?Ze over this range does not have a large
and control experiments (lanes-8) showing the requirement for  €ffect on the polymerization. Interestingly, the 34mer shows
circularity, template, primer, enzyme, and dNTP’s for successful considerably shorter products (upt@ kb in length) than do
reaction. Shown is an autoradiogram from 1% agarose gel analysis ofthe other circles.
products, which are radiolabeled by initiating wi#-labeled primer. The circlesl—5 are all pyrimidine-rich in sequence. To test
Residual counts at the origin (lanes 5 and 6) are artifacts arising from \whether this sequence bias might affect the ability to act as a
ethanol precipitation. rolling template for the Klenow enzyme, we then examined
circle 6 (Figure 2), a compound having 22 purines of 40 total
& SR nucleotides. It was compared to cirdea 42mer containin
P B P . P ° g'
38 pyrimidines. Treatment under standard polymerase reaction
conditions revealed (data not shown) that both circles produced
; 2036bp very long bands by agarose gel electrophoresis, with very little
difference between the two circles. Thus the data indicate that
1018bp circles of quite varied sequence composition can behave as
efficient templates.

Product Length and Sequence.Agarose gel analysis of the
lengths of the products shows (Figure 8) that most of the circles
give product lengths greater than 2000 nucleotides. Some cases
(particularly the 26mer and 42mer) give products longer than
can be resolved on this gel; the lower limit is 12 000 nucleotides
for those cases. For a 26mer circle, this length corresponds to

Figure 5. Comparison of the abilities of several DNA polymerases to  at least 460 times around the template, while for the 74mer, it
process 34mer circular DNA templa2e Shown is an autoradiogram IS ca. 160 times around.
from 1% agarose gel analysis of products, which are radiolabeled by  There have previously been a few examples in the literature
initiating with 32P-labeled primer. See Experimental Section for details. in which a linear strand of DNA can act as template in the
) synthesis of product DNA strands that are longer than the

PP PR S template’1® Mechanisms proposed for this are strand slippage,
‘ cl which is most likely to occur with repetitive template sequences,
and “fold-back” synthesis, in which strands template themselves
. by forming hairpins and reversing direction. In the present case
e we have shown (see above) that linear precursors to our circles
do not serve as efficient templates, while the circles do. This
is consistent with a rolling mechanism for synthesis which
produces the very long products, and is not supportive of the
other mechanisms. However, we wished to gather separate
evidence which might support this mechanism.

One experiment which confirms a rolling synthesis mecha-
nism arises from the use ai-32P-dTTP as the source of
radioactivity rather than radiolabeling the primer. If a circle
contains a single copy of one of the four bases, then use of a
limiting amount of the labeled complementary nucleotide will
Fi i . . : Lo result in a pause before its incorporation each time around the

igure 6. Time course showing the increase in length of rolling circle . . - A .
products. Shown is an autoradiogram from 1% agarose gel analysis ofcwcle. _Smc_e the primer starts at a unique S't?’ the enz_ymatlc
products at several time points in one reaction with 42mer cBae synthesis will give predictable bands which begin at the distance

template. Products are radiolabeled by initiating i#Blabeled primer.  from primer 8 end to first pause site, and then progress upward
on the gel with a repeat length exactly the size of the circle.

‘il

il

reaction with EDTA at specific time points and dialyzing away (9) Ghosal, D.. Saedler, ANature 1978 275 611-617

unreacted dNTP’s. The remaining nucleotides in polymeric (1) (a) Cavalier-Smith, TNature 1974 250, 467-470. (b) Tattersall,
strands were then quantitated by absorbance at 260 nm. FigureP.; Ward, D. CNature 1976 263 106-109.
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Figure 7. Quantitative analysis of nucleotide uptake into polymeric products, as a function of circle and primer concentrations and ratios, dNTP
concentrations, and enzyme activity. (A) The effect of [citgiemer] concentration on nucleotide uptake, using 1:1 circle:primer ratio. Legend:
[circle-primer] = 1 nM (<), 10 nM (©), 100 nM Q). (B) The effect of varied circle:primer ratio on nucleotide uptake. The ratios aré®; (1

(0), and 1:5 ©). (C) The effect of lowering dNTP concentration on nucleotide uptake. [dNTBR]mM (<) and 0.5 mM [J). (D) The effect of

initial enzyme amount on polymer yield (as percent nucleotide uptak8)haof reaction. The nucleotide fraction incorporated into polymeric
strands was quantitated by UV absorbance of reaction products after removal of free nucleotides by equilibrium dialysis (see Experimental Section).

Figure 3 displays the result of such an experiment. Ci2cle anism alone would produce only single-stranded DNA, while
is a 34mer with a single A residue. We carried out the the addition of the second mechanism would tend to convert it
enzymatic synthesis using cold primer, cold dCTP, dATP, to double-stranded products. To test whether this was occurring,
dGTP, and labeled dTTP in limiting concentrations. Results we ran a standard reaction using cir8las template and with
show a very regular banding pattern in the gel lane, giving a internal radiolabeling. The products were then exhaustively
repeat unit of exactly 34 nucleotides, as mentioned above. Thecleaved with the restriction endonucleds la,, which has a
fastest band has length of 17 nucleotides, also as predicted basednique site in the repeating sequence, and then analyzed on a
on the distance from primer to the first A in the circle (i.e., the nondenaturing polyacrylamide gel. We used authentic oligo-
first pause site). It should be noted also that the multimeric nucleotides (single- or double-stranded) having the expected
products under these conditions are not, on average, as long asequence as markers for comparison. The autoradiogram (not
those using radiolabeled primer. This is expected, since use ofshown) revealed that the cleavage yielded one principal band
a limiting nucleotide causes pauses which will tend to shorten which co-migrates with authentic single-stranded product, and
the average strand length. little or no band which has the mobility of the duplex expected

Sanger sequencing was also carried out to confirm further from “fold-back” synthesis. Quantitation of radioactivity in
the proposed rolling mechanism. For this we used the precursorthese two positions in the gel showed a ratio of at least 4 to 1
of circle 2, a linear 34mer, as the radiolabeled primer, and we single-stranded to double-stranded products. This provides
carried sequencing on the rolling circle product from circular additional support that (at least for this sequence) the products
template2. Results show that the sequence is as predicted; thearise chiefly, if not completely, from a rolling circle mechanism.
multimer product is a regular repeating multimer copy of the  Also providing supporting evidence of a rolling mechanism
circular template. Thus we conclude that, at least for this circle for three of the circles are additional experiments in which the
and this enzyme, a true rolling mechanism is operative for the multimeric products are cleaved into predicted oligonucleotide
majority of the observed product. products by a restriction endonuclease. Those experiments are

Although the evidence points strongly to a rolling circle described below.
mechanism for the production of the observed long DNA  Optimization of DNA Yields. Since this mechanism is
products, this does not rule out a combination of rolling synthesis nontypical for most DNA synthesis carried out previously, we
and some self-priming “fold-back” synthesis. The first mech- felt it prudent to attempt to quantify the products of the reaction
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Figure 9. Effect of addition of a second aliquot of KF polymerase to
a reaction mixture with 42mer circld after 24 h. Quantitation of

nucleotides taken up during rolling circle synthesis was performed by
Figure 8. The effect of size of circular oligodeoxynucleotides on rolling  equilibrium dialysis (see Experimental Section).

synthesis products with the KF enzyme. Shown is an autoradiogram
from 1% agarose gel analysis of products, which are radiolabeled by
initiating with 32P-labeled primer.

formation. Thus we conclude that the enzyme loses activity
under the reaction conditions, having a half-life of approximately

relative to the reagents used at the start, and to begin to optimize2 h. The results also establish that ANTP’s are still viable well

the conditions for the reaction. To this end we used reactions tafter|2t4 2 and tthat any tb"f‘drif‘bgt of gro?tfjcts bt}’ the glrctt:]lar
run without radiolabeling and quantified polymeric products by emplate does not appear to Innibit product formation under these

dialysis followed by measurement of UV absorbance, as conditions. ) ) ) ) )
described above. Cleavage of Multimers into Unit-Length Oligonucleotides.

To investigate possible effects of concentrations of the species "€ enzymatic processing of the small circular templates results
involved in the reaction, we followed reactions using the 42mer " the synthesis of long repeating multimeric copies of the
circle over a 24-h period (see Figure 7) were run. Early results circular template. Some potential uses may exist for such a
indicated that the products reached a plateau after ca. 6 h,/éPeating sequence (see Discussion section). In addition, for
although dNTP’s and primer were not completely consumed. SOMe e}ppllcatlons_ it mlg.ht be desirable tp cleave the multimer
We varied concentration of one of the constituents and observedNto unit lengths since oligodeoxynucleotides of defined length
the result on the nucleotide uptake into polymer. The nucleotide @1d sequence have many uses. In addition, if such a cleavage
uptake was plotted as a percentage of total [INTP] (see FigureWere successful this _would prov_lde further ewdence that the
7). In separate experiments we varied (cirele primer) long DNA strands being synthesized are true repeating copies
concentration, circle:primer ratio, dNTP concentration, and ©f the circle.
enzyme amount. The results show (Figure 7) that all of these To test this we carried out enzymatic reactions using KF and
factors affect polymer yield. Increasing the (cirtlerimer) three circular templates of successively larger sizes of 42, 58,
concentration over a three-decade range resulted~8-éold and 74 nucleotides. These three circles were each synthesized
increase in yield. The results also indicate that a circle:primer by end-to-end dimerization of one half-length oligonucleofide,
ratio of 1:1 may be optimum; addition of extra equivalents of and so the 36mer contains two 17mer repeats, the 58mer two
circle or primer was seen to decrease yield by approximately 29mer repeats, and the 74mer two 37mer repeats. To visualize
2-fold. Lowering dNTP concentration by 2-fold did not change the products we carried out reactions using cold primer and
the amount of product, thus increasing the effective yield by labeled the products by use af32P-dTTP, which could be
2-fold. Finally, the addition of increasing amounts of enzyme incorporated once per half-cycle around a template. Figure 10
at the start of the reaction resulted in a nearly linear increase inshows the polyacrylamide gel analysis of the products of the
yield afte 3 h of reaction (Figure 8D). three reactions. The reactions show regular banding patterns

The plots of yield as a function of time show that the reaction Progressing upward on the gel, as expected for circles with two
reaches a plateau after a few hours even though dNTP’s havespecific priming sites and two pause sites.
only been consumed to the level of ca. 1%. In addition, we  We then tested the possibility of cleavage of these internally
observed that only ca. 10% of the primer is consumed. Severallabeled products. All three of these circles contain two TCGA
explanations are possible for the slowing of the reaction. First, sites, which correspond to the palidromic recognition site of
the enzyme may lose activity after a few hours; second, the the endonucleas@aq la. This enzyme has single-strand
dNTP’s might be unstable in the reaction conditions; or third, cleavage activity as well as the expected double-strand activity.
the circle might bind strongly to the polymeric product strands Reactions were run as above with internal labeling, and then
and thus the reaction might be inhibited by products. the products were cleaved using this enzyme. Results show

To test these possibilities we carried out a standard reaction, (Figure 10) that the long products are almost completely cleaved
quantifying products over 24 h, and then added a second portionto the expected products. For example, with the 42mer circle
of enzyme after this time and continued monitoring product there are two major products of cleavage seen: a 21mer band
formation. The experiment is displayed in Figure 9. Results (corresponding to the repeat unit) and an 18mer band (corre-
show clearly that addition of the second amount of enzyme sponding to the first unit from the primer to the first cleavage
resulted in a second, almost identical growth in product site). One or two minor products are also visible at 42 and 39
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Figure 10. Cleavage of multimer products arising from three different
circles 8—5) with restriction endonucleas€aqg lo.. Shown is an
autoradiogram from denaturing PAGE gel analysis of products, which
are radiolabeled by incorporation of-3?P-dTTP. Banding patterns
produced during synthesis (lanes 1, 3, 5) arise from limiting concentra-
tion of dTTP in reaction. After cleavage, predicted products are half-
length copies of the circles, which contain two copies of the same
sequence.

nucleotides; these correspond to products arising from incom-
plete cleavage of one half-circle unit from the major products.
Similar product bands are observed for the other two circles:
the 58mer circle produces a major 29mer band after cleavage
and the 74mer circle produces a 37mer band after cleavage.

Thus, the results show that the repeating multimers can indee
be cleaved using a commercially available restriction enzyme,

and this produces the expected unit-length oligonucleotides as

the chief product. Since the recognition site in the circular
template is palindromic, the multimer copy contains the same
sequence once per unit. This serves as strong evidence th
the enzymatic synthesis is a true rolling progression of the
enzyme around the circle.

Discussion

Unusual Polymerase Substrates.The successful utilization
of very small circular DNAs as polymerase templates poses
interesting structural and topological problems. It seems

al

J. Am. Chem. Soc., Vol. 118, No. 7, 19983

can be replicated efficiently. We estimate the diameter of a circle
this size to be ca. 40 A; this is smaller than the diameters of
common polymerase enzymes themselves (see Figure 1B). It
is the business of a DNA polymerase to synthesize a duplex
from a single-stranded template, and yet it is likely not possible
to form a stable duplex all the way around a 26mer circle
because of the tight radius of curvature. Indeed, most studies
aimed at cyclization of short duplexes by ligation have shown
that it is very difficult to cyclize fragments shorter than ca. 120
base pairs longt This is much longer than any of the circles

in this study.

We hypothesize, therefore, that with these synthetic circular
templates the nascent DNA strand is not hybridized completely
around the circle during enlongation. This implies that as
nucleotides are being added at thed of the new strand, the
DNA is unwinding itself spontaneously from the circular
template a number of nucleotides behind the enzyme. This
therefore implies an unusual mechanism for the small circles
and leads to a testable prediction, that as a circle becomes larger
and larger there will come a point where self-unwinding will
not occur because of lack of strain in the curved duplex. Rolling
replication of large plasmid-sized circles is known to require
unwinding and single-strand binding activities to aid in dis-
placement of the duplex in front of the polymeraseln the
present experiments the rolling replication occurs very readily
(indeed, more than 300 rounds) even in the absence of any
proteins other than the polymerase itself.

Our finding that polymerization occurs rather slowly relative
to that on linear templates is consistent with an unusual
mechanism. For example, a slow rate of progression might arise
from the additional strain which would tend to be imposed when
a nucleotide is added to the chain, thus lengthening the duplex
within a bent structure. Another possible explanation for slow
progression is that the enzyme dissociates and re-initiates
multiple times during the elongation of a given strand; this might
also be favored by the geometric constraints of the templates.
It is also possible that the circle itself may switch to a different
product strand during elongation; further experiments will be
necessary to test these possibilities.

Future studies will investigate further the lower and upper
size limits on this unusual circular template ususage. On the
small side, it is clear that there exists a circular DNA too small
to be efficiently replicated, since single-stranded nucleic acid
circles are known as small as two nucleotides in length. The
lower limit is, therefore, somewhere between 26 and 2 nucle-
otides. Reaching the upper limit (if indeed there is one) may
be dependent mostly on the ability to produce synthetic single-
stranded circles large enough for this purpose. We have begun
investigating convergent strategies for synthesizing such longer
oligonucleotide moleculesif there is a special “self-unwinding”
mechanism involved with these very small templates, then this

dleads to the prediction that there will be an upper size limit

which corresponds to the smallest relatively unstrained circular
duplex.

Another factor which arises in the rolling replication is a
topological one: as the right-handed duplex is being synthesized,
Ehere is a tendency for the new strand to be pulled through the
center of the circle once per turn. It is clear that this does not
occur, since most of the newly synthesized strands are hundreds
of turns in length, and thus would stall out the synthesis at much
shorter lengths than we observe. Two factors may negate this
topological problem: First, since the circular template is single

(11) Ulanovsky, L.; Bodner, M.; Trifonov, E. N.; Choder, Rroc. Natl.
Acad. Sci. U.S.A1986 83, 862-866.
(12) Eisenberg, S.; Scott, J. F.; KornbergP¥oc. Natl. Acad. Sci. U.S.A.

surprising at first glance that circles as small as 26 nucleotides 1976 73, 3151-3155.
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stranded it can turn itself “inside out” by rotating about any of by addition of greater amounts of enzyme. With the assumption

the phosphodiester bonds, erasing any twisting tendency.that all primers are consumed, each primer is used to make 240
Second, it is possible that the duplex unwinds itself less than a copies of the template sequence; however, the true number may
turn behind the polymerase complex, thus requiring no allevia- be closer to 2000 copies, since we estimate that roughly 10%

tion of winding tendency. of the primer is in fact consumed under our standard reaction
After we completed the majority of this work, another report conditions.
was published on rolling replication of small circular DNAs. Thus, the rolling circle reaction has a number of character-

It describes the use of DNA circles as small as 34 nucleotides jstics which make it worth study as a method for synthesis of
as templates for DNA synthesis, and they report examining three pNA. It would seem to be the method of choice for preparation
DNA polymerases for this activity. Our study is in agreement of repeating DNA sequences. As a simple amplification
with the finding thatE. Coli DNA polymerase | efficiently  method, of course, PCR is superior because of its exponential
utilizes small circles; however, their study found no other amplification and its sensitivity* On larger scales, PCR may
enzymes that operate as efficiently, although T7 and Klenow pe less economical because of its stoichiometric primer use.
fragment were also examined. Our results show, however, thatfor the rolling circle synthesis, larger scales are less of a factor
at least three polymerases process small circular templatespecause of the low primer use and the lack of heatirmpling
efficiently, and we find that both T4 polymerase and Klenow cycles. Practical application on larger scales would, of course,
are more efficient than Pol | holoenzyme. It is possible that require determination of limiting factors and analysis of reagent
differences in the reaction conditions or in enzyme activity may and catalyst cost. Our results show that the enzyme itself is
explain part of this difference. the limiting factor in converting dNTP’s to useful DNA

A number of other differences exist in the two studies. Our sequences. Two strategies for addressing this are to find ways
study has established that the lower circle size limit for to enhance the stability and lifetime of the enzyme and to
replication is at least eight nucleotides shorter than the smallestoverexpress the enzyme in the laboratory to lower its cost.
compound in the earlier study. Another difference is that the Conclusions. The present study explores the finding that
previous study utilized circles cyclized enzymatically, while our very small synthetic circular oligodeoxynucleotides can serve
templates were cyclized chemically; thus the mode of cyclization . “officient templates for DNA polymerase enzymes. The
has no apparent effect on the reaction. We have also succeedeflq|t5 establish that circles ranging from 26 to 74 nucleotides
in showing that under optimum conditions the multimer product j, gjze act as rolling templates, and that the product multimeric
strands can be longer than 12 kb in length, while the previous ganqs can be longer than 12 kB in size. The results also show
report did not resolve the lengths of the products. Finally, the y o+ 2 number of enzymes, includifig Coli Pol I, the Klenow
present results show that the single-stranded multimer productsenzyme’ and T4 DNA Polymerase, utilize these synthetic
can be directly cleaved into monomer oligonucleotides, while o hjates efficiently. Our optimization studies reveal conditions
the previous study performed cleavage only after the multimer | i, yield largest amounts of the repeating product strands,

was made double stranded in a separate enzymatic polymeri-5ng noint out that polymerase stability is the factor currently
limiting yields.

zation.
DNA Synthesis/Amplification Method. The previous study . . . .

utilizing small circles as templates did not investigate the belct:osr':eer:is[()a(f)ljsrlr?(le?hghda;o;dIrlggaﬁlr:dz Eglfﬁ: I:S)ﬁ],ih:eslsuemggs

optimization of synthesis in terms of maximizing product and Repeating DNA sequences cgn Ee us%quI) ash bridizatign robeé

minimizing catalyst (circle, enzyme) us&.We felt it worth- f P | 9 id q d fini b fy DNA-bi dp

while to investigate these factors since the reaction can be or nucleic acids and as affinity probes for -binding
proteins. If part of the repeating sequence is randomized, the

circle itself or the multimer products can be useful iiowitro

considered an amplification of a DNA sequence and thus might
selection experiments. In addition, repeating sequences can

have practical application.
If one examines the stoichiometry of the rolling reaction one - - !

be used to encode engineered repeating peptide sequences.

Finally, it is possible that, combined with efficient DNA

notes that only the dNTP’s are consumed stoichiometrically.
This is unusual for DNA amplification: the polymerase chain cleavage strategies, the new method may be used to generate
unit-length oligonucleotides in amplified amounts. Studies

reaction, for example, consumes both dNTP’s and one primer
per DNA copy. Inthe present reaction the primer is used once . I
to begin a strand and then hundreds of repeating copies areexplorlng these possibilities are currently underway.
produced; in effect, the strand is self-priming after initiation.
The circular template is, of course, catalytic since it turns over
(quite literally) hundreds of times making one product strand,
and it is possible that it may then be reused for a new strand i
a new primer is available.

An analysis of product yields under our standard reaction
conditions shows that, using a 42mer templat ng of JA952786K
multimer DNA is produced for each picomole of cirgiemer

complex. We have also shown that this can be at least doubled (14) Saiki, R. K.; Gelfand, D. H.; Stoffel, S.; Scharf, S. J.; Higuchi, R.;
Horn, G. T.; Mullis, K. B.; Erlich, H. A.Sciencel988 239, 487—-491.

(13) Fire, A.; Xu, S. QProc. Natl. Acad. Sci. U.S.A995 92, 4641 (15) Beese, L. S.; Friedman, J. M.; Steitz, T.Biochemistryl993 32,
4645. 14095-14101.
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