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of Double-Stranded DNA
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Annealing Temperature
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ABSTRACT

A new method to produce hot-start con-
ditions in PCR is described. Short double-
stranded DNA fragments were found to in-
hibit the activity of DNA polymerases from
Thermus aquaticus and Thermus flavus.
This inhibition is not sequence specific, but
exclusively dependent on the melting tem-
perature of the fragments as shown by its
correlation to their melting curves as mea-
sured. This property is exploited by adding
fragments of the appropriate length to the
PCR mixture during the reaction setup and
thereby preventing the DNA polymerases
from extending primers anneal ed nonspecif-
ically at lower than the optimal temperature.
By amplifying ten copies of phagel DNAin
the presence of 2 ng of nonspecific DNA, it
isshown for three different primer pairshow
the melting temperatures of the double-
stranded DNA fragments have to be adapted
to the cycle profilesto obtain predominantly
specific productsin the 0.5 g range.

INTRODUCTION

Especialy in the amplification of
low copy number targets in a back-
ground of nonspecific nucleic acids,
hot-start PCR has been shown to elimi-
nate undesirable amplification prod-
ucts. These products result from the ex-
tension of nonspecifically annealed
primers that occurs during the reaction
setup at temperatures below the opti-
mum for specific annealing (2,4).

Hot-start PCR has been implement-
ed so far by mechanically separating a
reagent (7), by blocking the DNA poly-
merase with an antibody (8) or by using
AmpliTag Gold® (PE Biosystems, Fos-
ter City, CA, USA), amodified form of
AmpliTag DNA polymerase that isin-
active at room temperature (1). In two
recent reports, single-stranded DNA
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aptamers (oligonucl ectides selected by
an in vitro selection procedure) were
shown to inhibit the activity of various
DNA polymerases. At temperatures be-
low 40°C, the aptamers inhibited the
enzyme, while at temperatures above
40°C, they became inactive as inhibi-
tors. This has been shown to be useful
in amplification of low copy number
targets in a background of nonspecific
DNA (3,9).

In this report, we first provide evi-
dence that from various DNA poly-
merases tested, the widely used Taq
and Tfl DNA polymerases are inhibited
by short double-stranded DNA frag-
ments. Second, the presence of these
fragments in PCR mixturesis aso ap-
propriate to produce hot-start condi-
tions. In contrast to aptamers, the inhi-
bition depends only on the melting
temperature of the fragments, but not
on their sequence. Specificity-en-
hanced hot-start PCR is especially use-
ful because the temperature at which
the activity of the polymerase is re-
leased is adaptable to the conditions re-
quired using the melting temperature of
the DNA fragments. Moreover, the pro-
tection against mispriming at a lower
than optimal temperature persists
throughout the PCR due to the thermal
reversibility of theinhibition.

MATERIALSAND METHODS

DNA Polymer ases

Used in these experiments were:
AmpliTagq DNA polymerase, Taq DNA
polymerase (Roche Molecular Bio-
chemicals, Mannheim, Germany), Bio-
theemO Taq DNA polymerase (gen-
Xpress, Vienna, Austria), Tfl DNA
polymerase (Epicenter Technologies,
Madison, WI, USA), Tth DNA poly-
merase (Amersham Pharmacia Biotech,
Uppsala, Sweden), Vent DNA poly-
merase (New England Biolabs, Beverly,
MA, USA) and Pwo DNA polymerase
(Roche Molecular Biochemicals).

DNA Samples

| DNA was purchased from Roche
Molecular Biochemicals. The oligonu-
cleotide primers were selected using
OLIGO 5.00 primer analysis software

(Medprobe A.S., St. Haunshaugen,
Norway) and were synthesized either
by MWG (Ebersberg, Germany) or by
genXpress. The | DNA correspon-
dence of the primer pairs were: (i)
forward 20393-20417 and reverse
21355-21335; (ii) forward 20393—
20417 and reverse 2212022 096; (iii)
forward 10443-10467 and reverse
11413-11394.

The sequences of the double-strand-
ed DNA fragments used have been de-
signed arbitrarily, starting from a pre-
determined length and modified only to
the extent necessary to prevent hairpins
and dimer formations (according to
OLIGO), but not selected in any other
way. The melting temperatures of the
primers and double-stranded DNA
fragments were cal culated from thefol-
lowing equation: 69.3 + 0.41 (G+C)%
-650/L where L is the oligonucleotide
length (T, cac). Furthermore, the
melting temperatures of the double-
stranded DNA fragments were deduced
from their melting curves (Ty, meas)
that were measured in the PCR condi-
tions. Table 1 summarizes the sequen-
ces of the primer pairs used.

Hairpin Extension Assay

For testing the temperature depen-
dent inhibition of Taq and Tfl DNA
polymerase by the presence of various
double-stranded DNA fragments, a
hairpin extension assay was performed
as described previously (9). Modifica
tions of the original protocol are sum-
marized in the Figure 1 legend.

Amplification Conditions

As atest system for low copy num-
ber target amplification, we amplified
target sequences of 1 kb or 1.7 kb
length, respectively, starting with ap-
proximately 10 copies of a phage |
genome in the presence of 2 ng of non-
specific DNA consisting of 1 g of calf
thymus DNA and 1 ng of Escherichia
coli DNA (if not indicated otherwise).

The 50 nL standard reaction mix-
tures contained the following compo-
nents: 0.4 nM of each primer, 0.2 mM
of each dNTP (Amersham Pharmacia
Biotech), 1.5 mM MgCl, (MgSO, for
Vent and Pwo DNA polymerase), 10
copiesof | DNA, 0 (control) or 2 g of
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Table 1. Primersand Double-Stranded DNA Fragments Used

Figure 1. Effect of temperature on the inhibi-
tion of Tag DNA polymerase by the presence of
doublestranded DNA fragmentsE, E-1and E-
2. Hairpin extension assay in 50 nL reaction vol-
ume with 0.25 U of Tag DNA polymerase and 0.5
pmol of end-labeled DNA hairpin fragment was
carried out either in the absence (lane b at 50°C
and lane ¢ at 60°C) or in the presence of 1 mV
double-stranded DNA fragment E (panel 1), E-1
(panel 2) and E-2 (panel 3) at indicated tempera-
tures for 10 min. Lane a control, hairpin
fragment incubated without polymerase. The ex-
tension products were resolved on 15% polyacry-
lamide (wt/vol) gels under denaturing conditions
(7 M urea). Arrows in each panel of the figure
show the position of the extended hairpin.
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Primer Sequence (5¢to 39 Tm calc. Tm meas.
1: forward ATCAGAAACGAACGCATCATCAAGT 59.7
reverse GCCTCGCATATCAGGAAGCAC 61.8
2: forward ATCAGAAACGAACGCATCATCAAGT 59.7
reverse  AAACAGCCACAAAGCCAGCCGGAAT 64.6
3: forward GGAATGAAGTTATCCCCGCTTCCCC 66.3
reverse CCAGGTCTCCAGCGTGCCCA 65.5
+ Strand of double-stranded DNA fragment:
A AGCGGATAACAATATCA 455 55.5
B ATTAACCCTCACTAAAG 45.5 53.5
C AGTCAGTAGTAACCAG 46.6 56.0
D CACCACAAACAGAAAC 46.6 56.2
E AGCGGATAACAATATCACA 50.2 60.0
E-1 ACGGATAACAATATCACA 46.9 56.5
E-2 CGGATAACAATATCACA 455 52.5
F CACCACAAACAGAAACAGAAC 55.9 63.0
G CGGGAATTCTGGCTCTGC 58.2 69.5
nonspecific DNA and 1 U of DNA
polymerase using the standard buffer as
supplied with the respective enzyme.
Double-stranded DNA fragments were
prepared by annealing equimolar
amounts of their single strands in 1’
standard buffer by slowly cooling to
room temperature after heating to 75°C
for 5 min. One unit of DNA poly-
<« merase and 0.6 ny of QOu_bIe-stranded
3%% DNA fragments, if not indicated other-
TeC) .54 58 g2 wise, were either combined in a tota
(°C) ™52 %% 5658 9 82 g, 6 volume of 5ni 1" standard buffer be-
fore addition or added separately to the

reaction mixture. In any case, the frag-
ments should encounter the DNA poly-
merase before the template and primers
are added. All reactions were set up at
room temperature and finally overlaid
with 35 nL of light mineral oil (Sigma,
Vienna, Austria).

The PCRs were carried out in 0.2
mL reaction tubes using a 96-well
Robocycler©, both from Stratagene (La
Jolla, CA, USA). Cycling conditions
were as follows: 2 min at 93°C, fol-
lowed by 45 cycles consisting of 50 s at
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Figure 2. Binding of double-stranded DNA
fragment G to Taq and Tfl DNA polymerase.
The mobility shift assay was performed as fol-
lows: 5 U of the respective enzymes were mixed
with 2.5 pmol of 5¢end-labeled DNA fragment G
inatotal volumeof 10 1" reaction buffer, incu-
bated for 10 min at room temperature and subject-
ed to electrophoresis. Thelabels ssand dsindicate
the positions of single- and double-stranded DNA
in the control. Lane 1, control (no polymerase
added); lane 2, Tag DNA polymerase; lane 3, Tfl
DNA polymerase. The electrophoretic separation
was performed using 3% (wt/vol) Metaphore-
Agarose® (FMC). The arrow shows the position
of the retarded double-stranded fragment.

60°C, 1 min (length of target sequence:
1kb), 1 min30s(1.7 kb) at 68°Cand 1
min at 93°C; and 1 final extension cycle
of 50 sat 60°C, 2 min or 4 min, respec-
tively, at 68°C, except Figure 5, Panel A
(see legend). The PCR products were
analyzed by 1% agarose gel electropho-
resisand ethidium bromide staining. As
the molecular weight standard, we used
the 1 kb plus ladder from Life Tech-
nologies (Vienna, Austria).

RESULTSAND DISCUSSION

Figure 1 showstherepresentativere-
sults of the hairpin extension assays.
Three double-stranded DNA fragments
of the same sequence but of different
length were compared for their ability
to inhibit the activity of Taq DNA poly-
merase at different temperatures. The
fragments used were shortened by one
(Figure 1, panel 2) and by two nu-
cleotides (Figure 1, panel 3) compared
to fragment E (Figure 1, panel 1, se-
guences are summarized in Table 1).
The incubation at temperatures lower
than the fragment melting temperature
as measured resulted in a complete in-
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Figure 3. Comparing the effect of double-stranded DNA fragments of different sequences on the
ability of Taq and Tfl DNA polymerase to amplify low copy targets. PCRs using primer pair 1 con-
tained 10 copies of | DNA in the presence of 2 ng of calf thymus DNA (lanes 2-7 and b—g). AmpliTaq
DNA polymerase (lanes 1-7): lane 1, control (no calf thymus DNA, no DNA fragments); lane 2, control
(no DNA fragments); lane 3, + strand of DNA fragment A; lanes 4, 5, 6 and 7, double-stranded DNA
fragment A, B, C and D, respectively; Tfl DNA polymerase (lanes a—g): corresponding to lanes 1-7. See
Table 1 for the sequences of primersand DNA fragments. Reaction mixtures and parameters were as de-

scribed in Materials and Methods.
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hibition of the DNA polymerase. Its ac-
tivity was fully retained at 66°C (Panel
1), 62°C (Panel 2) and 58°C (Panel 3)
as can be seen from the extension of the
3¢ recessed ends of the hairpins com-
pared to the control. These resultsindi-
cate the inhibition to be strictly related
to the measured melting temperatures
(Tm meas. PlUs an additional 6°C), but
not to melting temperature values esti-
mated by calculation that differed be-
tween 7°C and 10°C (Table 1). Hairpin
extension studies using Tfl DNA poly-
merase including DNA fragments A—G
lead to exactly the same conclusions as
above and therefore are not shown.

The selective binding of Tag and Tfl
DNA polymerase to double-stranded
DNA fragment G isillustrated in Fig-
ure 2. Only the migration of the double-
stranded fragment isretarded, while the
mobility of single-stranded DNA that
resulted from incomplete renaturation
of the complementary strands remains
unchanged.

Figure 3 summarizes the amplifica
tion results obtained by using Tag (lanes
1-7) and Tfl DNA polymerase (lanes

Figure 4. The effect of different amounts of
double-stranded DNA fragment A on product
yield and reaction specificity. PCRsusing primer
pair 2 contained 10 copies of | DNA in the pres-
ence of 2 ng of nonspecific DNA. Biotherm Tag
DNA polymerase was combined with various
amounts of double-stranded DNA fragment A:
lane 1, control (no DNA fragment added); reac-
tionsshown inlanes 2, 3, 4, 5, 6 and 7 contained
0.3,0.6, 0.9, 1.2, 2.4 and 3.6 ng of double-strand-
ed DNA fragment A, respectively. Reaction para-
meters were as described in Materials and Meth-
ods. The positions of the specific amplification
product (upper arrow) and of the double-stranded
fragment added (lower arrow) are indicated.
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a-0). Double-stranded DNA fragments
of different sequences were tested for
their ability to enable a successful low
copy number target amplification in the
presence of a high background of non-
specific DNA (lanes 4-7 and d-g; se-
guences summarized in Table 1). The
presence of the DNA fragments enabled
the amplification of the specific target to
asimilar amount (estimated by compar-
ing visually the fluorescence intensity).
This amplification was completely sup-
pressed in the controls (lanes 2 and b)
and also if + and - strands of the differ-
ent DNA fragments were added as sin-
gle strands to separate reactions (shown
for the + strand of DNA fragment A in
lanes 3 and c). Despite the presence of
double-stranded fragments, complete
suppression was observed when Vent or
Pwo DNA polymerase were used, and
only minor amounts of specific product
were obtained with Tth DNA poly-
merase (data not shown).

The amount of double-stranded
DNA fragments required for amaximal
yield of specific product has been de-
termined (Figure 4). Here, 0.6 ng of

fragment A per unit of Biotherm Taq
DNA polymerase were found to be op-
tima (lane 3), while the addition of
>1.2 g resulted in complete inhibition
of enzyme activity (lanes6 and 7).

Tag DNA polymerase bound to
high-affinity oligonucleotide ligands
(aptamers) has been reported to retain
its full activity at temperatures above
40°C. Astheactivity of Tag DNA poly-
merase is reported to be already more
than 15-fold higher at 55°C compared
to that at 37°C (6), the extension of
misprimed oligonucleotides at temper-
atures above 40°C during the initial
heating of the reaction mixture is ex-
pected to occur more frequently and
therefore be more detrimental to reac-
tion specificity.

Figure 5A shows how a maximum
of specificity is obtained by a precisely
calibrated adaptation of the melting
temperature of the double-stranded
fragments to a given cycle profile. We
compared the ability of double-strand-
ed DNA fragments of different melting
temperatures to suppress the amplifica
tion of undesirable sequences when

1 2 3 4 5

12 3456

Figure 5. Influence of melting temperatures of double-stranded DNA fragments on reaction speci-
ficity. In panel A, the high melting temperature primer pair 3 and Biotherm Tagq DNA polymerase were used
toamplify a1 kb target sequence starting with approximately 10 copiesof | DNA in abackground of 2 ng
of nonspecific DNA. The cycling conditions were asfollows: 2 min at 93°C, followed by 45 cycles consist-
ing of 50 sat 66°C, 1.5 minat 78°C and 1 min at 93°C; and 1 final extension cycle of 50 sat 66°C and 3 min
at 78°C. Lane 1, control, no double-stranded DNA fragment added; lanes 2, 3, 4 and 5 contained 0.6 ng of
double-stranded DNA fragments A, E, F and G, respectively. See Table 1 for the sequences of primers and
DNA fragments. In Panel B, a1.7 kb target was amplified using primer pair 2 and Biotherm Tag DNA poly-
merase (10 copiesof | DNA, 2 ng of nonspecific DNA, for cycling conditions see Materialsand Methods).
Reactions shown in lanes 2, 4 and 6 were allowed to cool to room temperature for 5 min after the first de-
naturation step. Lanes 1 and 2, controls, without double-stranded DNA fragment; lanes 3 and 4, containing
double-stranded DNA fragment A; lanes 5 and 6, containing double-stranded DNA fragment E.
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using high melting primers (primer pair
3, Table 1) and two-step PCR using
78°C as the annealing-extension tem-
perature. The resultsindicate that effec-
tive hot-start conditions are obtained if
the reaction mixtures contain double-
stranded DNA fragments with mea-
sured melting temperature values be-
tween 60°C and 70°C (fragments E-G
in lanes 3-5). The addition of DNA
fragment A (T meas. 55.5°C) re-
sulted in amplification of the target se-
guence together with several nonspecif-
ic sequences (lane 2), while in the
control (no DNA fragment added), no
specific product was obtained (lane 1).

The usefulness of specificity-en-
hanced hot-start PCR is not restricted
to specifically amplifying low copy
number targets in a high background of
nonspecific DNA. If the target number
wasraisedto2” 104 molecules and the
background was reduced by 50%, thus
resembling a more usual PCR applica-
tion, specificity and product yield were
still significantly enhanced compared
to the controls (not shown).

Generally, for achieving maximal
specificity in PCR, it is conceivable to
use the highest possible stringency at
the highest permissible temperature.
Nevertheless, the melting temperature
values of primers (as calculated by the
usua software programs) are aways
lower than those that provide maximum
specificity (5). However the addition of
double-stranded fragments of the ap-
propriate length enables a PCR to be
run at annealing temperatures of low
stringency without any adverse effects
on reaction specificity.

The full-time protection against
mispriming events is shown in Figure
5B. Even by temporary remova of
PCR probes from the machine, thereby
allowing them to cool down to room
temperature, no unfavorable effects on
reaction specificity and product yield
were noticed (lanes 5 and 6). In con-
trast to the optimal protection obtained
by the addition of double-stranded
DNA fragment E, the presence of its
truncated version (fragment A) allowed
some nonspecific amplification accom-
panied by reduced product yield (lanes
3 and 4). Mainly, nonspecific products
are seen in the controls (lanes 1 and 2).
This prevention of extending misan-
nealed primers can be explained by the
thermal reversibility of theinhibition.

Although it is conceivable that the
double-stranded DNA fragments may
cause false priming themselves in cer-
tain instances, we never observed such a
phenomenon of interference. Under
PCR conditions, renaturing of comple-
mentary fragments is most likely
favored over annealing to template se-
quencesof only partia complementarity.

In summary, the variant of hot-start
PCR presented offers the possibility to
select the temperature range at which
Tag and Tfl DNA polymerases are in-
hibited and thus prevented from ex-
tending misannealed primers, a protec-
tion that persists during the entire
amplification. The high degree of spe-
cificity obtained should render this pro-
cedure useful in a variety of applica
tions such as the amplification of vira
sequences out of tissue samples.
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