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The PCR technique is one of the most 
powerful tools in modern molecular ge- 
netics. It enhances greatly the potential- 
ity of recombinant DNA technology. 
This technique, however, is often 
plagued by artifacts mostly attributable 
to the spurious annealing of primers to 
sequences only partially identical to the 
true recognition sites. This problem is 
often encountered when total genomes 
are used as templates given the high ge- 
netic complexity and the extremely low 
target-to-total DNA ratio. Moreover, if 
the spurious annealing of primers occurs 
in between the two recognition sites, 
smaller products, which are amplified 
more efficiently, become predominant 
over the desired product. 

Several ways to overcome this diffi- 
culty have been devised, m One possibil- 
ity is to employ a different set of primers 
until a satisfactory result is obtained. 
However, this solution is laborious and 
is not practicable when the amplified 
DNA must end at fixed borders (e.g., for 
subsequent cloning in an expression 
vector). Another way to increase PCR 
specificity is to increase as much as pos- 
sible the annealing temperature and/or 
add formamide to the reaction mix- 
ture. (z~ Usually, this procedure improves 
the specificity of the reaction but is not 
effective when the two primers have dif- 
ferent annealing temperatures. This oc- 
curs because annealing conditions that 
are stringent for the primer with lower 
melting temperature may be too relaxed 
for the other primer. It should be out- 
lined that while primers should ideally 
have the same melting temperature val- 
ues, experimental restraints (e.g., 
primer-dimer formation) and/or practi- 
cal considerations can sometimes lead to 
the use of primers with different melting 
temperature. 

The PCR method described in this pa- 
per seems to have overcome most of the 
problems mentioned above. It also 
yielded the expected products, virtually 
uncontaminated, in cases where the 
standard PCR procedures failed. The key 
features of our method are the follow- 
ing: (1) tailed primers, i.e. oligonucle- 
otides containing 15-20 nucleotides 
complementary to the recognition sites 
on the template DNA tailed at their 5'- 
ends with an unrelated sequence of 
-10-15 nucleotides (the entire primer 
should be at T m ~ 72°C); and (2) a two- 
step amplification reaction, that is, sep- 

arate primer extensions with each 
primer at its highest annealing tempera- 
ture followed by PCR cycles in which an- 
nealing and extension temperatures co- 
incide (72°C). In the first step of the 
reaction, only a few molecules contain- 
ing the tailed primers at their 5'-end are 
synthesized. The entire primers in turn 
become new and unique high-strin- 
gency recognition sites in the following 
PCR cycles. Because for obvious consid- 
erations, the probability of recognition 
sites for the entire primers in the original 
DNA template is close to zero, the latter 
is excluded from the subsequent PCR cy- 
cles (therefore minimizing the possibil- 
ity of aspecific priming) and replaced by 
the molecules produced by the very first 
primer extensions. 

The proposed methodology is de- 
picted schematically in Figure 1 where, 
for the sake of generality, the most un- 
favorable situation is considered, i.e., 
when the annealing temperatures of the 
two oligonucleotides to their target se- 
quences are significantly different. In 
the case of primers with the same melt- 
ing temperature, an obvious simplifica- 
tion of the procedure is possible. 

The first step (Fig. 1, step 1) entails a 
series of primer extensions (about five) 
of the oligonucleotide (oligo 1) with the 
lower annealing temperature (T1), and 
produces molecules with oligo 1 at their 
5'-end. 

In the next step (Fig. 1, step 2) the 
second oligonucleotide (oligo 2) is 
added to the reaction and five PCR cycles 
are performed at the annealing temper- 
ature (Tz) of oligo 2 (T z > T1). The first 
of these PCR cycles is actually a primer 
extension reaction of oligo 2 that pro- 
duces the two types of molecules indi- 
cated by A and B. From the second cycle 
on, a true PCR occurs where oligo 1 an- 
neals over its entire length to the newly 
synthesized template of type B, produc- 
ing the type of molecules indicated by 
type C. 

The last step (Fig. 1, step 3) is a high- 
stringency two-step PCR (35 cycles) at a 
temperature (72°C) that imposes anneal- 
ing of the entire oligonucleotides and is 
optimal for the Taq polymerase exten- 
sion. Such reactions produce type C mol- 
ecules only. 

Our method minimizes spurious hy- 
bridizations both by annealing short se- 
quences at their highest allowed temper- 
ature and by minimizing the number of 
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FIGURE 1 Schematic outline of the modified PCR procedure. Stippled and solid boxes represent 
primer recognition sites on the template. Bent arrows represent the oligonucleotide primers, 
with the black tilted bar indicating the 5'-end tail. T 1 and T 2 represent the optimal annealing 
temperatures of oligonucleotides 1 and 2, respectively, to their recognition sites on the template. 
The reaction steps and type A, B, and C molecules are discussed in the text. 

such annealings. After the first primer 
extensions, new templates are produced 
containing recognition sites longer than 
the original ones and with no correspon- 
dence in the initial template. Hence, in 
the following cycles at the anneal ing 
temperature of 72°C, only these new 

templates are amplified while the bulk of 
initial DNA is excluded from the reac- 
tion. 

The proposed method was tested in 
two cases in which standard PCR proce- 
dures gave unsatisfactory results with a 
prevalence of undesired spurious prod- 

ucts. The first case concerned the ampli- 
fication of a region of the h u m a n  ge- 
nome encompassing one intron of the 
h u m a n  heterogenous nuclear ribonucle- 
oprotein (hnRNP) A1 gene (3) using prim- 
ers with recognition sequences in the 
two flanking exons. As shown in Figure 
2A, the standard PCR (with both sets of 
primers, normal  and tailed ones) yielded 
very little of the expected 330-nucleotide 
band contaminated by a great number  of 
spurious fragments of different sizes. 
This result is probably attributable to the 
fact that the hnRNP A1 gene belongs to a 
mult igene family with numerous  pseu- 
dogenes scattered in the genome, (3) 
many  of which can be recognized by the 
primers and yield artifactual amplifica- 
tion products. Moreover, sequence anal- 
ysis revealed that one of the two primers 
has possible additional recognition sites 
in downstream exons (data not shown). 
The addit ion of formamide (2~ improved 
the specificity of the reaction only 
slightly (see Fig. 2A). On the contrary, 
when  the same region was amplif ied by 
our procedure as described previously, a 
significantly better result was obtained 
(see Fig. 2B). The expected band was 
clearly p rominen t  and virtually free of 
contaminat ing products. 

The other case investigated was the 
amplif icat ion of an internal  region of 
h u m a n  lamin  B2 cDNA encoding the nu- 
clear localization signal of the protein. (4) 
For this experiment  a truncated lamin  B2 
cDNA cloned in pUC19 plasmid was 
used as template with two primers (see 
the legend to Fig. 3) f lanking the region 
of interest. As shown in Figure 3 (left), 
with the standard PCR protocol several 
smaller bands were produced by the re- 
action, in addition to the expected 155 
nucleotide band. Also in this case, the 
amplif icat ion of this region with our 
modified procedure e l iminated the spu- 
rious products and yielded only the de- 
sired band  (see Fig. 3, right). 

Interestingly, we found that a slight 
modificat ion of the method  allowed the 
addition of both oligonucleotides at the 
beginning  of the reaction. In this case, 
only one primer extension is performed 
at the anneal ing temperature (T1) for 
oligo 1, followed by five PCR cycles at 
the anneal ing temperature (T2) for oligo 
2 and, finally, by 35 cycles of high-strin- 
gency PCR (anneal ing temperature, 
72°C). The first pr imer extension reac- 
tion (at T1) generates two types of ex- 
tended molecules; one from oligo 1 an- 
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FIGURE 2 PCR amplification of a region of the human genome. A pair of 19-nucleotide-long 
oligonucleotides, BP4 (5'-ACGCTCACGGACTGTGTGG-3') and BP5 (5'-GTTTGGATCTCTCAT- 
TACC-3'), were synthesized complementary to sequences in exons 5 and 6 and flanking the fifth 
intron of the hnRNP A1 gene. The distance between the two target sites on the template is 330 
nucleotides. The modified (tailed) oligonucleotides N-BP4 and N-BP5 (36 nucleotides) were 
obtained by adding the sequence (unrelated to the template) 5'-GGCATAGCTGAATGCAT-3' to 
the 5'-end of both BP4 and BP5. The underlined sequence is the recognition site for the restric- 
tion endonuclease NsiI. The calculated melting temperatures for BP4 and BP5 are 62°C and 52°C, 
respectively, while those of the tailed oligonucleotides N-BP4 and N-BP5 are > 72°C. PCR ampli- 
fications were performed using a Perkin-Elmer AmpliTaq kit in the presence of 1.2 t~g of HL-60 
cellular DNA and 1.5 I~g of each oligonucleotide. The 100-t~1 reactions were run in a Perkin-Elmer 
Thermal Cycler according to the schemes shown. (A) Standard PCR with normal primers (BP4 
and BP5) or tailed primers (N-BP4 and N-BPS) performed as in the scheme below. (Lanes 1,4,5,13) 
Molecular weight markers (pBR322/HaelII); (lanes 2,6) no DNA; (lane 3) standard PCR with 
primers BP4 and BP5; (lane 7) standard PCR with primers N-BP4 and N-BP5; (lane 8-12) standard 
PCR with primers N-BP4 and N-BP5 in presence of 1-5% formamide. The arrow indicates the 
position of the expected band. The positions of unextended oligonucleotides are shown also. (B) 
Modified PCR (see Fig. 1) with tailed primers N-BP4 and N-BP5. (Lane 1,5) Molecular weight 
markers (pBR322/HaelII); (lane 2) no DNA; (lane 3) standard PCR as in A; (lane 4) modified PCR 
as in the scheme below (see Fig. 1). (C) Modified PCR with both tailed primers present from the 
beginning of the reaction (see text). (Lanes 1,4) Molecular weight markers (pBR322/HaelII); (lane 
2) no DNA; (lane 3) modified PCR as in the scheme below. 

nealed at h igh stringency (Fig. 1, type B), 
and the other  from oligo 2 (type A) an- 
nealed at low stringency. While the first 
type is enriched for the desired mole- 
cules, the second can be contamina ted  
by molecules derived from spurious 
primings of oligo 2. Analogous to what  is 
described above, in the next five cycles 
at T 2 only type B molecules can be am- 
plified exponentially.  On the contrary, 
type A molecules increase only  linearly 
because Tz is not  permissive for the an- 
nealing of oligo 1. The final 35 cycles at 
high-stringency PCR (annealing temper- 
ature, 72°C) will select further for ampli- 
fication of the products of the initial 
primer extension with oligo 1 and yield 
only type C molecules (see Fig. 1). 

When  this procedure was tested in 
the amplif icat ion of the h u m a n  hnRNP 
A1 protein intron, the same result as that  
observed with the two oligonucleotides 
added stepwise was observed (Fig. 2, cf. C 
and B). 

In conclusion, the PCR procedure de- 
scribed in this paper drastically im- 
proved the specificity of the reaction un- 
der condit ions where standard PCR 
procedures yielded p redominan t ly  spuri- 
ous products. In principle, this me thod  
can solve many  of the problems caused 
by spurious hybridizat ion of primers and 
may be helpful in the amplif icat ion of 
sequences belonging to mult igene fami- 
lies. From an applicative poin t  of view, 
our procedure is very simple and re- 
quires no prel iminary work when, as is 
often the case, primers are already tailed 
at their 5 '-end with restriction enzyme 
sites for subsequent cloning. (x's) 

To this regard it should be men t ioned  
that  cloning of PCR fragments is often 
plagued by the presence of spurious 
product. Methods have been devised to 
select for the desired product  such as 
those (6) based on the use of an addi- 
t ional set of primers in a second PCR. 
Our me thod  can instead attain the same 
result in one step and with a single set of 
primers. 

ACKNOWLEDGMENTS 

This work was funded partially by the 
Progetto Finalizzato Ingegneria Genetica 
C.N.R., Rome. F.W. was supported by a 
fellowship of the Fondazione Adriano 
Buzzati-Traverso. 

PCR Methods and Applications 79 

 Cold Spring Harbor Laboratory Press on June 23, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Technical Tipslllllllmw   

ii~, :~ii~ ~ ~i !~i~i . . . .  

m m 

N S t  oN+S-1 g ) S..| LI) A d d  N-$124  

~:i i:i i ̧ 

FIGURE 3 PCR amplification of a region of the cDNA for the h u m a n  lamin B2 protein cloned in 
a pUC19 plasmid. A pair of 36-nucleotide-long tailed oligonucleotides, N-SLN and S-HD, were 
synthesized complementary  to the sequences of the region of h u m a n  lamin B2 cDNA encoding 
the nuclear localization signal. The distance on the template between the two oligonucleotides 
is 129 nucleotides. The sequence of N-SLN is 5'-GGCAGGCATTCA-ATGCAT-AGCCCTTGGCAG 
CGGCCC-3'. The under l ined sequence is the recognit ion sequence for the restriction endonu-  
clease NsiI. The calculated mel t ing temperature for anneal ing of N-SLN to the template is 64°C. 
The sequence of S-HD is 5'-GGCAGGCATTCA-GTCGAC-CACAAACTTGCCCTCCAG-3'. The un- 
derlined sequence is the recognition sequence for the restriction endonuclease Sail. The calcu- 
lated melt ing temperature for the anneal ing of S-HD to the template is 56°C. PCR amplification 
mixtures (100 ~l) contained 10 ng of plasmid DNA and 1.5 ~g of each oligonucleotide. Reactions 
were run according to the schemes below. (Lane 1) Standard PCR; (lanes 2,3) molecular weight 
markers (pBR322/HaelII); (lane 4) modified PCR. 
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