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Genome Walking with 2- to 4-kb Steps 
Using Panhandle PCR 

Douglas H. Jones and Stanley C. Winistorfer 

Department  of Pediatrics, University of Iowa College of Medicine, Iowa City, Iowa 52242-1083 

Panhandle PCR is a method that  per- 
mits the rapid retrieval of DNA seg- 
ments flanking a known DNA se- 
quence. This method extends the 
application of PCR to the retrieval of 
DNA where only one end of the DNA 
sequence is known, so that  one can 
use PCR to walk along an uncharac- 
terized stretch of DNA. In this report, 
we demonstrate that  this method can 
be applied to the highly specific re- 
trieval of large pieces (2 .2 -4 .4  kb) of 
human genomic DNA that f lank the 
primer annealing sites. 

T h e  PCR permits the highly specific 
amplif icat ion of DNA sequences, but re- 
quires knowledge of the sequences that 
flank both ends of the sequence of inter- 
est. ~1-3~ Several methods have been de- 
veloped to permit  the PCR amplification 
of unknown DNA that flanks one end of 
a known sequence. (4-23) The number  
and variety of methods developed to am- 
plify DNA flanking a known sequence at- 
test to the scientific need for an effective 
method.  None of the existing methods, 
apart from panhandle  PCR, (23) has per- 
mitted the highly specific PCR amplifi- 
cation of >2 kb of h u m a n  genomic DNA 
that flanks a known site. This paper in- 
troduces a protocol of panhandle  PCR 
that permits the highly specific PCR am- 
plification of up to 4.4 kb of DNA flank- 
ing a known site directly from bulk hu- 
man  genomic DNA. The sequences 
retrieved were h u m a n  genomic ~-globin 
sequence (24~ and the genomic DNA 5' to 
the h u m a n  cystic fibrosis t ransmem- 
brane conductance regulator (CFTR) 
cDNA.(25-27) 

The panhandle  PCR method is illus- 
trated in Figure 1. The steps in Figure 1 
are explained in detail in the Materials 
and Methods section. Human  genomic 
DNA is digested with a restriction en- 
zyme that leaves a 5' overhang. This di- 
gested DNA is treated with calf intestinal 
alkaline phosphatase and the ends are li- 
gated to a 5' phosphorylated single- 
stranded oligonucleotide, so that the 3' 
end of each strand of digested genomic 
DNA is modified. The protruding single- 
stranded 3' ends are complementary  to a 
region of known DNA that is upstream 
to the unknown region of interest. 
Therefore, when  this complex mixture 
undergoes denaturation and anneal ing 
under  dilute conditions that promote in- 

trastrand annealing,  those single strands 
of genomic DNA that contain the com- 
p lement  to the 3' ends wil! form a s tem-  
loop structure with a recessed 3' end. 
Therefore, the ligated oligonucleotide 
can prime template-directed DNA poly- 
merization on those strands that contain 
the known sequence, resulting in known 
DNA being attached to the uncharacter- 
ized end of the unknown  DNA (Fig. 1, 
step 3). Because this polymerization re- 
action results in known DNA being po- 
sitioned on both sides of the unknown  
flanking DNA, PCR can be used to am- 
plify the unknown DNA. 

High specificity and yield are ob- 
tained by use of a hot-start strategy prior 
to generation of the initial PCR template 
(shaped like a pan with a handle;  Fig. 1, 
step 3), followed by a hot-start PCR am- 
plification, and then  a nested hot-start 
PCR amplification. The rationale for 
nested PCR amplif icat ion and for a hot- 
start strategy is detailed in two previous 
publications. ~1'28~ A hot  start was accom- 
plished by not allowing the temperature 
of the fully constituted polymerase reac- 
tants to drop below 80°C before the an- 
nealing step for priming,  this tempera- 
ture being well above the T m of any of 
the primers. The hot  start el iminates 
pr iming at low stringency, preventing 
the generation of nonspecific products. 
The T m of the protruding single- 
stranded 3' ends created by the ligated 
oligonucleotide was calculated, and the 
anneal ing temperature for forming the 
s tem-loop structure was set at 2°C below 
this T m value. The T m of each PCR 
primer was also calculated, and the an- 
neal ing temperature used in each PCR 
amplif icat ion was approximately 2°C be- 
low the mean  T m of each primer set. Two 
primers are used in each PCR amplifica- 
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FIGURE 1 Panhandle PCR. The numbered 
steps correspond to the numbered steps in 
Materials and Methods. The two complemen- 
tary strands of genomic DNA are thin and 
thick lines. DNA that flanks the known region 
of genomic DNA is enclosed by brackets and 
is striped when double-stranded. The jagged 
portion of the thick line represents the an- 
nealing region for the ligated oligonucle- 
otide. The PCR primers are numbered arrows. 
The locations of the primers in relation to the 
relevant strands of genomic DNA are shown 
at top for step 1, and the primers are not used 
until step 4. One or two nucleotides are added 
to the 5' ends of primers 2 and 4 that are not 
complementary to their template, and are 
represented by upended 5' ends. 

tion: one that is homologous  to the re- 
gion upstream to the anneal ing site for 
the ligated oligonucleotide (Fig. 1, 
primer 1 and 3) and one that  is homol-  
ogous to a region located between the 
ligated oligonucleotide anneal ing site 
and the unknown  flanking DNA (Fig. 1, 

primer 2 and 4). Use of one primer in 
each amplification (primer 1 alone in 
the first PCR amplification and primer 3 
in the second primer amplification) am- 
plified poorly (not shown), presumably 
due to large inverted repeats in the ends 
of each PCR product, which may com- 
pete with primer annealing. Primers 2 
and 4 have 1 or 2 nucleotides added to 
the 5' end that are not homologous to 
the original template. This is done as a 
precaution, to prevent short-circuiting 
of the amplification reaction. Such 
short-circuiting could occur by anneal- 
ing of the 3' end of a strand of a short, 
nonspecific PCR product (into which 
primer 2 or 4 was incorporated) to the 
targeted sequence, resulting in a short, 
nonspecific product. Because this pre- 
caution is simple and inexpensive, its ne- 
cessity has not been tested. This paper 
illustrates that this method can amplify 
longer products, with higher specificity, 
than  previously reported methods. 

MATERIALS AND METHODS 

Oligonucleotide Synthesis 

Oligonucleotides were synthesized by 
Midland Certified Reagent Company 
(Midland, TX). Oligonucleotides with a 
phosphorylated 5' end were generated 
during oligonucleotide synthesis by ad- 
dition of a phosphorylated phosphora- 
midite. The sequences of the oligonucle- 
otides and Tm values are given in Tables 
1 and 2. T m values were obtained using 
the computer  program OLIGO 3,4 (Na- 
tional BioSciences, Hamel, NM). 

Restriction Enzyme Digestion 
Followed by Calf Intestinal Alkaline 
Phosphatase Treatment 

(Step I) 

Five micrograms of h u m a n  genomic 
DNA (Clontech, Palo Alto, CA) was di- 
gested with 20-40 units of a restriction 
enzyme that yields a 5' overhang (XbaI, 
AvrII, BamHI, BclI, BglII, BspDI, BstBI, or 
MluI; New England BioLabs, Beverly, 
MA) in 100 i~l for 2 hr. The digested ge- 
nomic DNA was dephosphorylated by 
the addition of 0.05 units of calf intesti- 
nal alkaline phosphatase in 5 i~l (Boe- 
hringer Mannhe im Biochemicals, India- 
napolis, IN) with incubation at 37°C for 
30 min. The DNA underwent  glass bead 
extraction using Geneclean (BIO 101, La 
Jolla, CA), and was suspended in 50 ILl of 
TE buffer (10 mM Tris-HC1, pH. 8, 1 mM 
EDTA). Five 5-1~I aliquots were frozen for 
later use as nonoligonucleotide-ligated 
template controls. 

Ligation of Phosphorylated 
Oligonucleotide 

(Step 2) 

The remaining 25 ~l of genomic DNA 
was ligated to a 50-fold molar  excess 
of a 5' phosphorylated oligonucleotide 
(whose 5' end is complementary  to the 
single-stranded ends of restriction en- 
zyme-digested genomic DNA) in T 4 DNA 
ligase buffer (50 mM Tris-HCl, pH 7.6, 10 
mM MgClz, 0.5 mM ATP, 10 mM dithio- 

TABLE 1 Sequence of Oligonucleotides Used in Retrieval of Human  Genomic 
[3-globin DNA 

Oligonucleotide phosphorylated at the 5' end, ligated to XbaI-digested genomic DNA 
5'p-CTAGAGTCTTCTCTGTCTCCACATGCCCAGTTTCTATTGGTC. Tm of the 40-nucleotide- 

long 3' region of this oligonucleotide that is complementary to the known region of 
genomic DNA is 71.5°C. 

PCR amplification oligonucleotides 
Primer 1: 
Primer 2: 

Primer 3 (nested primer): 

Primer 4 (nested primer): 

GATGAAGTTGGTGGTGAGGCCCTG. T,~ 62.5°C 
GACTTGGGTTTCTGATAGGCACTGACTCTC. 5' 

nucleotides that are not complementary to ~-globin 
are underlined; Tm 62.6°C; Tm minus 5' GA, 60.7°C 

GTTGGTATCAAGGTTACAAGACAGGTTTAAGGAG. T m, 
62.4°C. 

GACTGCCTATTGGTCTATITFCCCACCCTTAG. 5' 
nucleotides not complementary to [3-globin are 
underlined; Tm, 64.5°C; Tm minus 5' GA, 62.9°C. 
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TABLE 2 Oligonucleotides Used to Retrieve Human  Genomic DNA Flanking 5' End 
of the CFTR cDNA 

Phosphorylated oligonucleotide ligated to Xba I or Avr II digested genomic DNA 
5'p-CTAGCTTGAGCCCAGACGGCCCTAGCAGGGAC. T m of the 30-nucleotide-long 3' region 

of this oligonucleotide that is complementary to the known region of genomic DNA is 
74.0°C 

Phosphorylated oligonucleotide ligated to BamHI-, BclI-, or BglII-digested genomic DNA 
5'p-GATCGCTTGAGCCCAGACGGCCCTAGCAGGGAC. T m of the 29-nucleotide-long 3' 

region of this oligonucleotide that is complementary to the known region of genomic 
DNA is 73.8°C 

Phosphorylated oligonucleotide ligated to BspDI-, BstBI-, or MluI-digested genomic DNA 
5'p-CGCGCTTGAGCCCAGACGGCCCTAGCAGGGAC. T m of the 29-nucleotide-long 3' region 

of this oligonucleotide that is complementary to the known region of genomic DNA is 
73.8°C 

PCR amplification oligonucleotides 
Primer 1: 
Primer 2: 

Primer 3 (nested primer): 
Primer 4 (nested primer): 

TITGGAGACAACGCTGGCCTTITC. Tm 62.2°C 
GTAATGCCAAAGACCTACTACTCTGGGTGC. 5' 
--nucleotide not complementary to CFTR underlined; 

Tm, 62.3°C; T m minus 5' G, 61.8°C 
AGGCGACCTCTGCATGGTCTCTC. Tm, 60.6°C 
GCTGCCGCTCAACCCTTFTTCTCTG. 5' nucleotide 

not complementary to CFTR underlined; T m 64.8°C; 
T m minus 5' G, 62.0°C 

threitol) using one Weiss unit  of T4 DNA 
ligase (Boehringer Mannhe im Biochem- 
icals) at 23°C for 4 hr. The ligation mix- 
ture underwent  GeneClean purification 
and was suspended in 25 izl of TE buffer. 

Panhandle Formation 

(Step 3) 

A 25-1~1 aliquot of 2x  PCR mix [1.25 
units of Taq (DNA) polymerase (Ampli- 
Taq, Perkin-Elmer Cetus, Norwalk, CT), 
100 mM KC1, 20 mM Tris-HC1, pH 8.3, 3 
mM MgClg 0.02 (wt/vol), gelatin and 400 
I~M each dNTP], prealiquoted and stored 
at - 20°C, was thawed, 18 i~1 of H20 was 
added, and 50 i~1 of mineral  oil was lay- 
ered on top. The tube was preheated to 
80°C prior to addition of 2 !~1 of tem- 
plate, to prevent nonspecific anneal ing 
and polymerization. (28) The mixture un- 
derwent the following temperature tran- 
sitions on a thermal cycler (Perkin-Elmer 
Cetus original model): 95°C for 1 rain, a 
2-min transition to 72°C for 30 sec for 
the amplification of CFTR (70°C for the 
amplification of ~-globin), then  a rapid 
transition to an 80°C-soak. Because the 
genomic DNA concentrat ion was <4 ng/ 
i~1, the denaturat ion and reannealing 
steps resulted in intrastrand anneal ing of 
the ligated synthetic oligonucleotide to 
its complementary  sequence in the ge- 
nomic DNA. (s) This is followed by poly- 

merase extension of the recessed 3' end. 
Two additional tubes, one containing 
the control template (genomic DNA that 
had been digested, but not ligated to the 
phosphorylated oligonucleotide), and 
the other containing a reagent control 
(no DNA), were processed concurrently 
in all experiments. 

Set Up of Initial PCR Amplification 

(.Step 4) 

To each of the three tubes, 12.5 pmoles 
of each primer, in a total volume of 51~1 
of H20 was added under  mineral oil 
while the tubes remained in the heat 
block at 80°C, resulting in a final con- 
centration of 0.25 ~M of each primer 
with 200 [J,M of each dNTP. 

Initial PCR Amplification 

(Step 5) 

All three tubes underwent  thirty PCR 
amplification cycles. Parameters of am- 
plification of [3-globin and <4 kb of 
CFTR were as follows: 95°C for 30 sec, 
60°C for 30 sec, 72°C for 3 min, followed 
by a final extension at 72°C for 7 min. 
Then, the reactants came to an 80°C - 
soak. Amplification of >4 kb of CFTR 
were identical, except the 72°C exten- 
sion step was 4 min  long. 

Set Up of Nested PCR Amplification 

(Step 6) 

One microliter of the unpurif ied initial 
PCR amplification product was removed 
from each tube by inserting a long, thin 
pipette tip through the mineral  oil layer, 
and then was placed in a corresponding 
second set of PCR tubes containing 
nested primers preheated to 80°C with 
the same enzyme, reagents, and primer 
concentrations as in the first PCR ampli- 
fication. 

Nested PCR Amplification 

(Step 7) 

All three tubes with the nested primers 
underwent  thirty-five PCR amplification 
cycles with thermal cycling parameters 
identical to those used in the initial PCR 
amplification, except that  the anneal ing 
temperature for the amplification of 
[3-globin DNA was 62°C. 

Detection of PCR Products 

Nine microliters of each PCR product  
was analyzed by agarose gel electro- 
phoresis followed by e thidium bromide 
staining. 

Cloning of Individual PCR Products 

PCR products were cloned into pUC19 
using recombinat ion PCR. (29) pUC19 
was digested with HindIII. Then, 2 ng of 
the linearized pUC19 underwent  twenty 
cycles of PCR amplification using prim- 
ers whose 5' ends have 24 nucleotides 
that  are complementary  to the 5' ends of 
the primers used in the nested pr imer 
PCR amplification of step 7. This re- 
suited in a vector with ends that  are ho- 
mologous to the panhandle  PCR prod- 
uct. A 2.5-1~1 amoun t  of each of two 
crude PCR products - - the  PCR-amplified 
and modified linear plasmid and the 
PCR product derived from the nested 
primers of step 7 of the panhandle  
PCR--was cotransfected into 109 trans- 
formants/izg of m o n o m e r  pUC19 (MAX) 
efficiency DH5a-competent  Escherichia 
coli (GIBCO BRL/Life Technologies, 
Gaithersburg, MD). Transformed clones 
were grown overnight  in Luria-Bertani 
Medium (LB Medium) at 37°C, and 2 I~1 
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of the growth, without boil ing or other 
extraction of plasmids, was screened for 
the recombinant  by PCR amplif icat ion 
with M13 and RM13 primers, followed 
by minigel  analysis. 

Identification of PCR Products 

Plasmids were purified by Qiagen-tip 100 
columns (Qiagen Inc., Studio City, CA). 
The ends of the plasmid inserts were se- 
quenced by the dideoxy method  (3°) us- 
ing Sequenase version 2.0 (U.S. Bio- 
chemical, Cleveland, OH) following the 
manufacturer 's  protocol and using stan- 
dard M13 and RM13 primers (Pharma- 
cia, Pleasant Hill, CA) to identify the in- 
serts. 

RESULTS 

In an attempt to amplify ~3 kb of hu- 
man  genomic DNA that flanks the 
primer anneal ing sites, 3120 bp of 
[3-globin DNA, containing 3017 bp of 
flanking DNA, was amplif ied using four 
amplification primers with anneal ing 
sites that flank one side of this sequence. 
This 3017 bp of f lanking DNA consists of 
the last base pair of the first intron, the 
remaining 1333 bp of the [3-globin gene, 
and 1683 bp flanking the 3' end of the 
[3-globin gene. (24) The PCR amplifica- 
tions were carried out on bulk genomic 
DNA. A control template and reagent 
control were also amplif ied (see Materi- 
als and Methods). Nine microliters of 
each of the three final PCR products 
were run on a 1% agarose gel. Samples 
with genomic DNA generated a back- 
ground smear of DNA, but only the tube 
that initially contained the genomic 
DNA following XbaI digestion, calf intes- 
tinal alkaline phosphatase treatment, 
and ligation to the phosphorylated olig- 
onucleotide yielded a distinct DNA band 
(see Fig. 2, lane 2 ) This product migrated 
at the predicted size and was subcloned 
using the recombinat ion PCR method 
and the crude PCR mix without  prior iso- 
lation of the band. Sequencing of the in- 
sert ends of four clones confirmed that 
the product of interest was obtained. 

Using a separate set of primers that 
anneal to the CFTR cDNA sequence, the 
panhandle  PCR method  was used to am- 
plify the G/C-rich DNA sequence imme- 
diately upstream to the CFTR cDNA us- 
ing four amplification primers. A 2303- 
bp DNA fragment, containing 2216 bp of 
DNA flanking the primer anneal ing sites, 

FIGURE 2 PCR amplification of a portion of 
the human [3-globin gene directly from hu- 
man genomic DNA using four primers that 
initially flank only one side of the amplified 
region, run on an agarose gel. (Lane 1) ~X174 
HaelII molecular weight markers; (lane 2) hu- 
man genomic DNA after XbaI digestion, calf 
intestinal alkaline phosphatase treatment, 
and ligation to phosphorylated oligonucle- 
otide; (lane 3) human genomic DNA after 
XbaI digestion and calf intestinal alkaline 
phosphatase treatment without ligation to 
phosphorylated oligonucleotide; (lane 4) no 
template control; (lane 5) ~ HindIlI molecular 
weight markers. 

was amplif ied (see Fig. 3A) and, in a sep- 
arate experiment,  a 3644-bp DNA frag- 
ment  containing 3557 bp of DNA flank- 
ing the primer anneal ing sites was 
amplif ied (see Fig. 3B). The PCR amplifi- 
cations were carried out on bulk ge- 
nomic  DNA and rendered the fragment 
of interest with high specificity. A con- 
trol template and reagent control were 
also amplif ied (see Materials and Meth- 
ods). In each experiment,  9 i~l of each of 
the three final PCR products were run on 
a 1% agarose gel, and only the tube that 
initially contained the genomic DNA fol- 
lowing restriction enzyme digestion 
(XbaI in Fig. 3A; AvrI! in Fig. 3B), calf 
intestinal alkaline phosphatase treat- 
ment,  and ligation to the phosphory- 
lated oligonucleotide, yielded a detect- 

able product following e th id ium 
bromide staining (Fig. 3, A and B, lane 
2). The two products were subcloned us- 
ing the recombinat ion PCR method.  Se- 
quencing of the insert ends of four 
clones from each experiment  revealed 
the product of interest. 

In an attempt to amplify ~4  kb of ge- 
nomic  DNA that flanked the PCR primer 
anneal ing sites and obtain new sequence 
information,  h u m a n  genomic DNA was 
digested with several restriction enzymes 
that were known not  to cut wi th in  the 
previously sequenced 3764 bp of h u m a n  
genomic DNA that lies upstream to the 
CFTR cDNA sequence originally de- 
scribed. (zs'26) The 5' end of the ligated 
oligonucleotide was modif ied to permit  
ligation to the restriction enzyme-di- 
gested genomic DNA ends (see Table 2). 
The remainder  of the oligonucleotides 
were identical to those used to amplify 
~4  kb of CFTR. The enzymes tested were 
BamHI, BclI, BgllI, BspDI, BstBI, and MluI. 
One of the enzymes, BclI, yielded a prod- 
uct of ~4  kb (see Fig. 4A). This product 
was subcloned using recombinat ion 
PCR. Sequence analysis of the ends of 
each insert in four separate clones re- 
vealed that each gave a predicted 4510- 
bp product, with 4423 bp flanking the 
primer anneal ing sites, including 630 bp 
of new sequence informat ion located 
upstream to the previously sequenced 
CFTR promoter and regulatory se- 
quence. (26) The new sequence informa- 
tion was located from - 4 3 9 4  bp to 
- 3 7 6 5  bp from the first nucleotide of 
the originally described CFTR cDNA. (2s) 
This segment was sequenced in each of 
the four clones and is shown in Figure 
4B. The first 226 nucleotides (bases 
- 4 3 9 4  to -4169)  are part of an Alu se- 
quence. (31) PCR was applied to unmodi-  
fied genomic DNA to confirm the se- 
quence located from - 4 3 7 5  bp to 
- 3 7 6 5  bp relative to the DNA sequence 
and also to confirm the presence of two 
alleles, one with an A at position - 4 3 3 2  
and the other allele with a T at that po- 
sition (data not shown). The locations of 
the PCR primers and anneal ing site for 
the ligated oligonucleotide, relative to 
the cDNA CFTR sequence, are shown in 
Figure 4C. 

DISCUSSION 

These results illustrate the power of the 
panhandle  PCR method.  Previously pub- 
lished methods have not  been successful 
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A 
B 

FIGURE 3 (A) PCR amplification of the sequence 5' to the CFTR gene directly from human genomic DNA using four primers derived from cDNA 
data, run on an agarose gel. (Lane 1) ~X174 HaelII molecular weight markers; (lane 2) human genomic DNA after XbaI digestion and calf intestinal 
alkaline phosphatase treatment, and ligation to phosphorylated oligonucleotide; (lane 3) human genomic DNA following XbaI digestion and calf 
intestinal alkaline phosphatase treatment without ligation to phosphorylated oligonucleotide; (lane 4) no template control; (lane 5) k HindlII 
molecular weight markers. (B) PCR amplification of 5'-flanking region of the CFTR gene directly from human genomic DNA using four primers 
derived from cDNA data, run on an agarose gel. (Lane 1) ~X174 HaelII molecular weight markers; (lane 2) human genomic DNA after AvrlI digestion, 
calf intestinal alkaline phosphatase treatment, and ligation to phosphorylated oligonucleotide; (lane 3) human genomic DNA after AvrII digestion 
and calf intestinal alkaline phosphatase treatment without ligation to phosphorylated oligonucleotide; (lane 4) no template control; (lane 5) k 
HindlII molecular weight markers. 

in the highly specific PCR amplif icat ion 
of large fragments (>2 kb) f lanking the 
primer anneal ing sites from bulk ge- 
nomic  DNA. The method  detailed in this 
paper differs from the initial description 
of this method in the following aspects: 
(1) A partial fill-in of the genomic DNA 
was not used, thereby avoiding sequence 
artifacts that have been encountered pre- 
viously, (23) and (2) longer primers were 
used to amplify >2 kb of DNA, permit- 
ting higher anneal ing temperatures dur- 
ing the PCR amplifications. This has re- 
sulted in very high specificity and allows 
the retrieval of large segments of DNA. 
Applications of a method  that permits 
the PCR amplification of large segments 
of DNA flanking a known region include 
the following: chromosome walking, re- 
trieval and sequencing of unclonable  
DNA, amplification of fragments adja- 
cent to cDNA, such as regulatory regions 
and in t ron-exon junctions, determina- 
tion of the insertion sites of viruses, tran- 
posons, or other DNA fragments, gener- 
ation of yeast artificial chromosome 
(YAC) endpoints,  (~3) generation of chro- 

mosome l inking fragments, and chro- 
mosome jumping.  (7) 

The original method developed for 
the amplification of unknown flanking 
DNA is inverse PCR. (4-6~ Inverse PCR per- 
mits amplification of DNA flanking a 
known sequence by circularization of re- 
striction enzyme-digested DNA. This 
permits amplification of the flanking se- 
quence by posit ioning two primers, each 
of which binds to the known sequence 
inside-out, on the circle. Therefore, this 
strategy mainta ins  specificity at each 
primer b inding  site. Difficulties with in- 
verse PCR include the requirement  for 
two restriction sites that flank the prim- 
ing region and inefficient PCR amplifi- 
cation of closed circular DNA, if a con- 
venient  restriction enzyme is not present 
between the two 5' ends of the amplify- 
ing primers. (6) Nicking the circles by 
heating is reported to ameliorate the dif- 
ficulty in amplifying closed circular dou- 
ble-stranded DNA(S'6); however, only a 
small percentage of the circles would be 
expected to be nicked between the two 
5' ends of the amplifying primers, and 

thus, any increase in the initial amplifi- 
cation efficiency would suboptimal.  In- 
verse PCR is also characterized by the 
generation of concatemers. (32) This may  
result from the polymerase-dependent  5' 
exonuclease activity of Taq polymerase, 
resulting in nick translation following 
polymerase extension from a single 
primer along a circular template. This 
nick translation would result in a prod- 
uct that can splice into the in tended PCR 
product by polymerizat ion during a 
thermal  cycle, generating a concatemer. 

There are three other methods for the 
PCR amplif ication of u n k n o w n  flanking 
DNA that have recently generated wide- 
spread interest: l igation PCR, (ls-17'z2) 
vectorette PCR, °3'~a) and capture 
PCR. °4'19) In each of these methods,  
there is an initial PCR amplif icat ion step 
in which one pr imer  anneals to a site 
that is specific for the product of interest 
and the other primer anneals  to a uni- 
versal site, appended by ligation. Each of 
the three methods has a distinct strategy 
that selects for products from the spe- 
cific primer, before PCR amplification, 
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A B 
[TGATC/~2AGCTCACTGCAGCCTCGATCTCCCAGGCTCAAGCCATCCACCTGCCTC 

-4340 AGCCTCCC(A/T)AGTAGCTGAGATCAGAAGCATGCACCACCACACCTGGCTAT 

-4290 "I 'I ' I ' I ' I ' I ' I 'A'ITI 'I ' I ' I ' IGTAGAGACAAGGTCTTACTGTG'ITGCCCAGGCTGA 

-4240 TCTCAAACTCCTGAGCTCAAGCAATCCTCCTGCCTCAGCTTCTCAAAGTT 

-4190 CTGGGATI'ACAGGCATGAGCCATGGCACCTGACCAAGGTGAGTGTATI'TA 

-4140 ACCTCATTI'TCAGGCAAGGAAACAAAAGACAGAAAAGTTAAGTAGCTI'AC 

-4090 TTAAGGTCACAGAGCTAAGTGTGGTGCCAGGATTGAAAACCTAGTTC'ITT 

-4040 ATFGCTITAGCACAAGCTATITCCACTATACTCTGTCATGTI'CAGAGAAT 

-3990 GTTGATGTCCATCAGTGGATI'CTAAATITFGAAGGATGGAGATACTGCCT 

-3940 TAqq'CTGTACATCTGCq"ITAGCACCCAAGCTCTI'GCTTGGTGAAAAATTA 

-3890 ATAGTAAACATI'CATCTITFGAGCATCTI'CAAATATCCCCTTTAGAATGA 

-3840 CATTCAACTATTAGGTCAGTAACCCCAAGAGAAAACGGTI'GqqTGAGTGT 

-3790 ATATACTGTATI'ACAAAATAAGGGGT 

S 4400 bp 

C 
primer #I  primer #3 . . . .  ~ 5~ primer #2 ~ primer #4 I 

5' "rrm~AGAC_~cGcrc.c.cc.rrr-rc 5' AGc.cGAccrcroc^Tc_m'r'c-rcrc I lgated ollgonucteotide 4~u I~ ~rc.cc..._~.GAccr^crAcTCrc.c.~oc~c.c¢o~ccL-,-r,-rJc'rcrG I 

+ 185 +27 

FIGURE 4 (A) PCR amplification of 5'-flanking region of CFTR gene directly from human genomic DNA using four primers derived from cDNA data, 
run on an agarose gel. (Lane 1) ~bX174 HaelII molecular weight markers; (lane 2) human genomic DNA after BclI digestion, calf intestinal alkaline 
phosphatase treatment, and ligation to phosphorylated oligonucleotide; (lane 3) human genomic DNA following BclI digestion, and calf intestinal 
alkaline phosphatase treatment without ligation to phosphorylated oligonucleotide; (lane 4) no template control; (lane 5) k HindIII molecular 
weight markers. (B) DNA sequence - 4394 bp to - 3765 bp upstream to the CFTR cDNA sequence. The first nucleotide of the published CFTR cDNA 
sequence is numbered at the +1 position. The BclI recognition site is boxed. The sequence from -4375 to -3765 has been confirmed by 
conventional PCR and is entered in GenBank under accession numbers (L06116 and L06117). (C) Positions of the PCR primer sequences and of the 
ligated oligonucleotide annealing site used to amplify DNA upstream to CFTR using panhandle PCR. The template is numbered according to the 
cDNA sequence, with the first nucleotide of the published cDNA sequence in the + 1 position. ~zs~ The PCR primers are underlined and the ligated 
oligonucleotide is boxed. The single 5' nucleotides of primers 2 and 4 that are not homologous to the template are in bold type. The sequence of 
the ligated oligonucleotide in this figure was used to amplify the 4.5 kb of DNA shown in A, and the product included the new sequence shown 
in B. The sequence of this template strand is from the strand antisense to that in B, because the panhandle template depicted here, and corre- 
sponding to the schematic template in step 3 of Fig. 1, is the antisense strand relative to CFTR cDNA. 

using the specific and  nonspeci f ic  
primer.  Nevertheless,  some nonspeci f ic  
products  genera ted  from the  specific 
pr imer  are no t  d i sc r imina ted  against,  be- 
cause the genera t ion  of the  ini t ial  tem- 
plate does no t  depend  u p o n  p r iming  
from a un ique  sequence  f rom the un- 
k n o w n  end. Specificity is increased by a 
hemines t ed  PCR ampl i f i ca t ion  step, in 
wh ich  the universal  p r imer  annea l ing  
site is used in c o n j u n c t i o n  wi th  a down-  

stream-specific site. In the p a n h a n d l e  
PCR m e t h o d  described, the  p l acemen t  of 
k n o w n  DNA on  the opposi te  end of the  
s t rand of interest  requires sequence-spe- 
cific a n n e a l i n g  at h igh  s t r ingency,  and  
the  pr imer  annea l ing  sites on  the un- 
k n o w n  end  of the s t rand of interest  are 
un ique  to tha t  strand. Therefore,  a full- 
nes ted PCR ampl i f ica t ion  can be carried 
out, as opposed  to a h e m i n e s t e d  PCR am- 
pl i f icat ion in o ther  methods ,  resul t ing in 

very h i g h  specificity. P a n h a n d l e  PCR, 
thus,  extends  the  appl ica t ion  of PCR to 
the retrieval of > 2  kb of DNA where  the  
DNA sequence  is k n o w n  at on ly  one  end.  
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