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PCR Regimen for Enhanced Specificity and 
Yield of Targeted Genomic DNA Sequences: 

r a s  and p53 
Donald J. Phillips, Jane M. Benson, Janet M. Pruckler, and W. Craig Hooper 

Hematologic Diseases Branch, Division of HIV/AIDS, National Center for Infectious Diseases, Centers for Disease Control, Public 
Health Service, U.S. Department of Health and Human Services, Atlanta, Georgia 30333 

By weighting the PCR reaction in fa- 
vor of specificity for the target se- 
quence in the beginning cycles and 
for continued efficient amplification 
of the sequence into later cycles, we 
were able to show an improvement 
in the specificity and quantity of am- 
plified ras and pS3 sequences. In- 
creased purity and yield of specific 
products favorably enhanced post- 
PCR evaluation and interpretation of 
results using direct sequencing and 
single-stranded conformation poly- 
morphism (SSCP) analysis when 
point mutations were present in DNA 
from tumor cell lines and tissues. 

P C R  amplification of targeted ge- 
nomic proto-oncogene and tumor sup- 
pressor gene DNA sequences from tumor 
tissues followed by allele-specific hybrid- 
ization, (~-3~ RNase A mismatch cleav- 
age, (4~ direct sequencing/s-8~ or single- 
strand conformation polymorphism 
analysis (9-11~ (SSCP) is increasingly used 
to detect and characterize specific acti- 
vating or inactivating mutations in hu- 
man cancer. For a review of these and 
other methods of mutation detection see 
Rossiter et al. (12~ 

However, we have found that the am- 
plification of some selected ras and p53 
sequences from genomic DNA is fre- 
quently accompanied by amplification 
of unwanted nonspecific DNA sequences 
of varying sizes that have the potential 
to interfere with the post-PCR product 
analysis. There is also the added disad- 
vantage of specific products with low 
yields when unwanted amplifications 
occur. Other investigators have reported 
similar difficulties, especially in the am- 
plification of ras DNA sequences. (s,8,~l) 
The propensity for ras sequence primers 
to amplify multiple sequences from ge- 
nomic DNA may be related to the ras  

membership in a supergene family con- 
sisting of a large number of genes encod- 
ing the ras-related G-proteins ~ and H- 
and K-ras pseudogenes. (~4) 

The location of primers in intron se- 
quences has been used to diminish un- 
wanted amplification; however, this is 
sometimes difficult, especially when 
post-PCR SSCP analysis is the objective, 
because the detection of single-base sub- 
stitutions as mobility shifts is greatest 
when the DNA fragment size is ~<200 
bp ~176 and large fragments would entail 

additional treatment such as endonu- 
clease digestion. ~ls~ In addition, intron 
sequence polymorphisms would also be 
detected. Saiki et al. (16~ first noted the 
importance of selective priming in the 
first few cycles of the PCR to preclude 
the accumulation of unwanted prod- 
uct(s). Ruano et al. (17'~8) recognized the 
dual nature of the PCR reaction and de- 
scribed a biphasic protocol (booster 
PCR) for screening and amplification of 
low copy template that provided an ad- 
vantage in the amplification of target, al- 
though there was a loss of specificity 
with increasingly dilute samples. The ad- 
vantage in amplification efficiency of 
specific product was attained primarily 
from a stoichiometric adjustment to 
primer/template ratios to minimize the 
occurrence of primer artifacts, especially 
primer-dimer, which was mostly re- 
sponsible for diminished yield of spe- 
cific product in the conventional PCR. 
The utility of the booster PCR protocol 
was demonstrated in the amplification 
of single DNA molecules for studying 
the haplotype of multiple polymor- 
phisms. (19~ The incorporation of a 
higher than expected annealing temper- 
ature (2~ or touchdown PCR has been 
employed to improve specificity. This 
approach was used to circumvent spuri- 
ous priming and primer artifacts during 
amplification of low template copy with- 
out lengthy optimization procedures. 
However, a 250-bp nonspecific product 
was reported, presumably arising from a 
14f20-bp 3' amplimer partial match to 
template. (2~ Preheating of PCR reac- 
tants, (2~) (hot-start) to 70~ followed by 
the addition of a final critical compo- 
nent was used to launch the PCR into the 
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first cycle from a pristine state, i.e., with- 
out preamplification artifacts, which can 
arise during the first ascending tempera- 
ture. Similar stringency control of 
primer annealing but throughout the cy- 
cling process has been reported when 
formamide was incorporated in the reac- 
tion mixtureJ 22~ The importance of ap- 
proaching the first few cycles of PCR as a 
screening phase and strategies to single 
out with high stringency a particular tar- 
get sequence, which is then as the pre- 
ferred template preferentially amplified 
in the ensuing cycles with a boosted 
complement of reactants, was discussed 
in a recent commentary by Ruano et 
al.(23) 

To improve the specificity and yield 
of the amplified product, the dynamics 
of the PCR reaction was thus modified 
by incorporation of the booster PCR con- 
cept of Ruano et al. ~17'1s'23) so that the 
target sequence was selectively repli- 
cated in a stringent screening phase 
prior to the exponential amplification 
characteristic of early PCR cycles. We 
now describe those modifications that 
have enabled us to generate PCR-ampli- 
lied ras and p53 gene fragments with 
high yields, predictable specificity, and 
precision. These modifications may have 
a general utility in the amplification of 
genomic or other DNA sequences. 

METHODS 

Synthetic Oligodeoxyribonucleotide 
Primers 

Primers were selected based on previ- 
ously published data ~2'24~ and with the 
aid of a commercial computer program 
(Oligo 3.4, National Biosciences, Hamel, 
MN) that was used to select 20-met sense 
and antisense amplimer sequences with 
minimum secondary structure, dimer 
formation, and compatible Tm values 
(Table 1). Oligodeoxyribonucleotides 
were synthesized on a solid support-con- 
trolled pore glass (CPG) resin using an 
automated DNA synthesizer (Applied 
Biosystems Model 381A, Foster City, CA) 
and the beta cyanoethyl phosphora- 
midite chemical synthesis method. Oli- 
godeoxyribonucleotides were cleaved 
from the CPG and deprotected using the 
standard ammonium hydroxide treat- 
ment at 55~ and then desalted (2s) using 
10DG columns (Bio-Rad, Richmond, CA) 
as described previously. 

TABLE I Oligodeoxyribonucleotide Primer Sequences Used in the PCR 

Gene Exon Sense Anti-sense bp 

5' 3' 5' 3' 
i. H-ras 1 

2. K-ras 1 

3. N-ras 1 

4. H-ras 2 

5. K-ras 2 
6. N-ras 2 

7. p53 5 
8. p53 6 
9. p53 7 

i0. p53 8 & 

GACGGAATATAAGCTGGTGG 
GACTGAATATAAACTTGTGG 
GACTGAGTACAAACTGGTGG 

AAGCAGGTGGTCATTGATGG 
TTCCTACAGGAAGCAAGTAG 
GGTGAAACCTGTTTGTTGGA 

TGTTCACTTGTGCCCTGACT 
TGGTTGCCCAGGGTCCCCAG 
CTTGCCACAGGTCTCCCCAA 
TTGGGAGTACATGGAGCCT 

GGGTCGTATTCGTCCACAAA 99 
CTATTGTTGGATCATATTCG 107 
CTCTATGGTGGGATCATATT 109 

CGCATGTACTGGTCCCGCAT 95 
AGAAAGCCCTCCCCAGTCCT 123 
ATACACAGAGGAAGCCTTCG 103 

CAGCCCTGTCGTCTCTCCAG 268 
GGAGGGCCACTGACAACCA 223 
AGGGGTCAGCGGCAAGCAGA 237 
AGTGTTAGACTGGAAACTTT 445 

Isolation of Genomic DNA 

We used the Applied Biosystems (Foster 
City, CA) Nucleic Acid Extractor model 
340A to isolate sample DNA from human 
tumor cell lines (ATCC, Rockville, MD) 
and human primary tumor tissue speci- 
mens. Following cell lysis in 4 M urea 
and 1% N-laurylsarcosine, nuclei were 
digested in proteinase K, extracted with 
phenol/chloroform, and precipitated 
with ethanol. DNAs were rehydrated 
from the filter membranes by storage in 
water at 4~ for 48-60 hr. Sample DNA 
concentration was determined by opti- 
cal density measurement at 260 nm us- 
ing an extinction coefficient of E 1% lcm 
= 200.0. Human placental DNA was pur- 
chased from Oncor (Gaithersburg, MD). 

Polymerase Chain Reaction 

The PCR procedure for in vitro amplifi- 
cation of template DNA has been previ- 
ously described in detail. ~26'27) The con- 
ventional PCR methodology used here 
employed kit reactants for amplification 
of template DNAs, as suggested by the 
manufacturer (Perkin-Elmer Cetus, Nor- 
walk, CT), which were combined in thin- 
walled Gene Amp reaction tubes in the 
following order in water to give a pH 8.3 
final volume of 100 ~l and final concen- 
trations of: 10 mM Tris-HC1, 50 mM KC1, 
1.5 mM MgCl2, 0.01% gelatin, 200 I~M of 
each dNTP, 0.50 I~M (50 pmoles) of each 
primer, and 1 t~g genomic DNA. The 
charged tubes were then heated to 95~ 
in a heat block for 5 min to denature 
genomic DNA. Following this, 2.5 units 
of Taq DNA polymerase were added to 
the tube contents, which were then 
briefly vortexed, centrifuged, and over- 
laid with -30  i~l of mineral oil and 

placed in a thermal cycler (Perkin-Elmer 
Cetus, Norwalk, CT). An amplification 
cycle consisted of the following three 
segments: 95~ 1 min; 55~ 1 min; 
72~ 1.5 min for denaturation, anneal- 
ing, and extension, respectively. The 
PCR product was generally evaluated af- 
ter 35 cycles of amplification. However, 
as indicated in the text, amplification 
was extended to 45 cycles in some in- 
stances, and an aliquot of 10 i~l was re- 
moved at the end of the 72~ segment of 
cycles 30, 35, 40, and 45 for later evalu- 
ation and comparison with the follow- 
ing modified PCR protocol. 

In the modified PCR reaction, 1 t~g of 
template DNA was first replicated in a 
50-1~1 reaction mixture containing final 
concentrations of 10 mM Tris-HC1, 50 
mM KCI, 0.01% gelatin, 0.55 mM MgC12, 
50 ~M of each dNTP, 2.5% formamide, 
and 0.1 ~M (5 pmoles) of each primer. 
Template was premelted as above, 1.25 
units of Taq polymerase was added and 
was followed by 14 cycles of replication, 
with each cycle consisting of a DNA de- 
naturation (95~ 30 sec) and combined 
primer annealing and extension seg- 
ment (55~ 30 sec). Following this 
phase, 50 i~l of H20 containing fresh 
PCR reactants at concentrations of 10 
mM Tris-HC1, 50 mM KCI, 0.01% gelatin, 
2.35 mM MgC12, 150 ~M of each dNTP, 
2.5% formamide, 0.5 I~M (50 pmoles) of 
each primer, and 2.5 units of Taq poly- 
merase were directly added with mixing 
to the contents of the tubes having just 
completed 14 cycles of amplification. 
Thermal cycling was resumed for an ad- 
ditional 31 cycles, including an exten- 
sion segment of 72~ for 45 sec in each 
cycle. Where indicated, a lO-p.1 sample 
aliquot was removed for evaluation after 
30, 35, 40, and 45 cycles of amplifica- 
tion. 
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Single-strand Conformation 
Polymorphism Analysis 

The PCR protocols for amplif icat ion of 
genomic DNA sequences for SSCP anal- 
ysis were used as described above except 
that the final reaction volume was pro- 
portionately reduced to 10 ~l. One mi- 
croliter of [~-32p]dCTP (3000 Ci/mmole,  
NEN) was incorporated into the second 
phase of the modified PCR reaction mix- 
ture to effect internal labeling of the am- 
plified DNA fragments. PCR products 
were diluted 1/20 in 95% formamide 
containing 20 mM EDTA, 0.05% bro- 
mopheno l  blue, 0.05% zylene cyanol, 
heated to 90~ for 3 m i n  and placed on 
wet ice 3-5 m i n  before loading 1 I~l of 
sample/lane. Gel electrophoresis condi- 
tions were 4~ and 40 watts constant 
power for 4-6 hr as described previ- 
ously. (lo) 

RESULTS AND DISCUSSION 

Selection of ras (2) and p53 (24) primer 
pairs (Table 1) for PCR amplif icat ion of 
target DNA sequences was based on pre- 
viously publ ished data and computer  
analysis. Following synthesis, the prim- 
ers were evaluated empirically for their 
ability to amplify sequences of exons 1 
and 2 of the c-H-ras-1, c-K-ras-2, and 
N-ras genes and exons 5, 6, 7, 8, and 9 
with intervening sequence of the p53 
gene using placental DNA as template 
and convent ional  PCR methodology as 
described in the Methods section. Base- 
substituted activating mutat ions in 
known critical codons in exons 1 and 2 
of the ras proto-oncogenes and exons 
5-9 loss-of-function mutat ions of the 
p53 tumor suppressor gene are the most 
commonly  encountered mutat ions in 
h u m a n  cancer. The PCR amplif icat ion of 
these sequences generally produced 
DNA fragments of the expected size with 
a given pair of primers. However, poor 
yields accompanied by smears and/or 
unwanted PCR products observed as in- 
appropriately sized bands were often 
present in agarose and/or polyacryla- 
mide gels following electrophoresis and 
e thidium bromide staining as typically 
seen in Figures 1A and 2. 

To target selectively genomic se- 
quences difficult to amplify in conven- 
tional PCR, we attempted to change the 
dynamics of the PCR early cycles with a 
booster PCR (17,1a'2a) protocol in which  
the target sequence is selectively repli- 

FIGURE 1 Photograph of ethidium bromide- 
stained polyacrylamide electrophoresis gels 
showing amplified DNA fragments from ex- 
ons 1 and 2 of the H-, K-, and N-ras sequences, 
respectively (lanes 2-7). A and B contrast the 
result attained using conventional and mod- 
ified PCR methodology, respectively. The gels 
were deliberately overloaded with large sam- 
ple volumes (100 ~l) to show unequivocally 
the differences in amplification of product by 
the two protocols. Outside lanes contain a 
HaeIII digest of ~X174 DNA as size marker. 

cated in an initial screening phase by 
min imiz ing  the probability of misprim- 
ing. First, the anneal ing of primers to 

premelted template and extension of 
DNA were l imited to a single 30-sec seg- 
ment  because Taq DNA polymerase is re- 
portedly able to incorporate 24 nucle- 
otides/sec, molecule at 55~ (28) a 
c o m m o n l y  employed anneal ing temper- 
ature for 20-mer sequences with 50% 
G:C, 50% A:T. Second, molar  amounts  of 
dNTPs and primers were reduced se- 
quential ly to approximate m i n i m a l  es- 
sential concentrations for product de- 
velopment,  and formamide (22) was 
incorporated to increase the stringency 
of primer annealing.  Third, to amplify 
stringently replicated template exponen- 
tially, we spiked the reaction mixture by 
the addit ion of new reactants, as de- 
scribed in the Methods section. Thermal  
cycling was cont inued for another  31 cy- 
cles, and a cycle segment was incorpo- 
rated for extension at 72~ for 45 sec to 
permit  the polymerase more t ime to ex- 
tend the increasing amounts  of pr imed 
specific target fragments. 

Figure 1, A and B, shows ras gene DNA 
sequences following electrophoresis in a 
polyacrylamide gel and e th id ium bro- 
mide staining after 35 and 45 cycles of 
amplif icat ion in the convent ional  and 
modified PCR regimens, respectively. To 
show explicitly the difference in prod- 
ucts amplif ied from the two protocols, 
the gels were overloaded with sample, 
resulting in dense trailing bands. In ad- 
dition, excessive cycling (35) was gener- 
ally used to maximize product yield in 
the conventional  PCR for later gel puri- 
fication and direct sequencing. Lanes 2 
and 3 contain the amplif ied H-ras-1 ex- 
ons 1 and 2 fragments, respectively. Sim- 
ilarly, c-K-ras-2 exons 1 and 2 fragments 

FIGURE 2 Photograph of ethidium bromide-stained 1% agarose electrophoresis gel showing p53 
PCR-amplified DNA fragments. Lanes 2 and 3 show the p53 exon 5 amplified in conventional and 
modified PCR, respectively, and similarly, exon 6 in lanes 4 and 5, exon 7 in lanes 6 and 7, and 
exons 8-9 with intervening sequence in lanes 8 and 9. 
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1 2 3 4 5 6 7 8 9 10 

603 bp 

FIGURE 3 Agarose (1%) gel analysis of H-ras exon 2 PCR products after 30, 35, 40, and 45 cycles 
of amplification in the conventional PCR (lanes 2-5, respectively) (10 ~l sample volume). Sim- 
ilarly, lanes 6-9 show the H-ras exon 2 amplified product using the modified PCR procedure. 
(Lanes 1 and 10) HaeIII ~X174 digest marker. 

are in lanes 4 and 5 and N-ras exons 1 
and 2 fragments in lanes 6 and 7. In Fig- 
ure 1B, using the modif ied PCR regimen, 
only one band of the expected size, 
based on previously publ ished ras gene 
sequences available through the Genet- 
ics Computer Group, (29) was detected 
and confirmed by direct sequencing 
(data not shown). Outside lanes of Fig- 
ure 1, as in other figures, contain a HaeIII 
digest of ~X174 DNA for size reference. 
Figure 2 is a photograph of an agarose 
electrophoresis gel comparing in adja- 
cent lanes p53 exons 5-9 DNA fragments 
after amplification using convent ional  
and modified PCR methodology,  respec- 
tively. The presence of nonspecific prod- 
uct is indicated by smearing due to spu- 
rious amplification, probably of a linear 
nature, and is most notable in lanes 4 
and 6. Note especially the reduction in 
discernible smearing and the increased 
amounts  of specific products elicited in 
the modif ied or booster PCR protocol 
(lanes 3, 5, 7, and 9). Figure 3 shows an 
agarose electrophoresis gel of the H-ras-1 
exon 2 fragment after 30, 35, 40, and 45 
cycles of amplif icat ion in lanes 2-5, re- 
spectively, using convent ional  PCR 
methodology and similarly lanes 6-9 us- 
ing the modif ied PCR. Visual examina- 
tion of e th id ium bromide-stained prod- 
uct intensities reveals that in the 
conventional  PCR, unwanted  product is 
seen after the 30th cycle and that the 
amount  of specific product present after 
45 cycles is marginally,  if at all, different 
from that present after 35 cycles of am- 
plification. Loss of amplif icat ion effi- 

ciency in the early cycles as a result of 
reduced molar concentrations of reac- 
tants and increased stringency deliber- 
ately established in the modified PCR is 
apparent when band intensities from the 
two methods are compared after 30 cy- 
cles of amplification (lanes 2 versus 6). 
However, nonspecific bands that are 
present after 30 cycles in the conven- 
tional PCR remain undetectable after a 
total of 45 cycles in the modified PCR, 
and the yield of product is seen to in- 

crease through 45 cycles of amplif icat ion 
(cf. lanes 6-9). We did not  extend the 
amplif icat ion beyond 45 cycles in the 
modif ied PCR, a l though it would have 
been of interest to determine the point  
at which the target sequence product sat- 
urates and when  nonspecif ic  product 
would eventually appear. 

Analysis of amplif ied DNA fragments 
for SSCPs following convent ional  PCR 
amplif icat ion of the six ras and four p53 
sequences was sometimes obfuscated 
with mult iple single-strands of DNA 
making interpretation difficult or, as in 
the case of p53, a failed PCR altogether. 
However, following PCR amplif icat ion 
using the described modifications, DNA 
analysis for SSCPs has generally shown 
improved, readily interpretable autorad- 
iographs typically seen as in Figure 4. 
Shown are the electrophoretically sepa- 
rated complementary  single-strand DNA 
amplif ied fragments of exon 6 (panel A) 
and exon 7 (panel B) of the p53 gene 
from 14 samples and a no DNA control 
(lane 15). Lane 3, also a negative control, 
contains HL60 cell l ine DNA from which 
most of the p53 gene is deleted. With 
SSCP analysis, base substitution muta- 
tions are detected as mobi l i ty  shifts in 
one or both complementary  single- 
strand DNA fragments (bands) relative to 
that of a reference sequence (lane 1). The 
HUT78 cell l ine DNA in panel  A, lane 5, 

FIGURE 4 Autoradiograph from nondenaturing polyacrylamide gel electrophoresis showing a 
SSCP analysis of p53 DNA fragments amplified using the modified PCR procedure. (Lanes 2-8) 
Tumor cell line DNAs; (lanes 9-14) primary tumor tissue DNAs; (lane 1) placental DNA; (lane 15) 
a no DNA control. The sample in lane 3 is the promyelocytic HL60 cell line DNA deficient for 
most of the p53 gene. (A) Amplified exon 6. SSCPs are indicated by ~ in the HUT78, Jurkat, and 
U138 cell line DNA, lanes 5, 6, and 8, respectively. Similarly, in B, exon 7 SSCPs are indicated in 
HS683 and RD tumor cell lines and a neuroblastoma DNA in lanes 4, 7, and 9, respectively. 
Unmarked complementary single-stranded conformers in remaining lanes characterize mobili- 
ties of wild-type DNAs. 
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shows a mobi l i ty  shif t  of one  single- 
strand, and  the  absence of a no rma l  al- 
lele here  was conf i rmed  by direct  se- 
quenc ing  (data no t  shown)  in  w h i c h  a 
C:T t rans i t ion  in  the  first nuc leo t ide  of 
codon  196 (CGA--~TGA) was deter- 
mined .  Jurkat  cell l ine DNA, also in this  
panel,  lane 6, shows the presence of nor- 
mal  alleles a long  wi th  a th i rd  band.  The 
presence of no rma l  and  muta t ed  alleles 
was conf i rmed  by  direct s equenc ing  
(codon 196, CGA---~CGA/TGA). Wi th  
cell l ine U138 DNA, lane 8, a less con- 
spicuous mobi l i ty  shif t  was detected and  
sequenced to reveal a codon  213, 
CGA ~ CGA/AGA muta t ion .  In pane l  B, 
cell l ine HS683 DNA, lane 4, demon-  
strates a mobi l i ty  shif t  w i th  loss of nor- 
mal  allele wh ich  was sequenced  reveal- 
ing a codon 248, CGG--~ CAG second 
nucleot ide  t rans i t ion .  Lane 7 con ta ins  an 
RD cell l ine DNA in w h i c h  a very subtle 
mobi l i ty  shift  was no ted  and  de t e rmined  
to have a codon  248, CGG ~ TGG first- 
base t rans i t ion  muta t ion .  The loss of 
no rmal  alleles genera l ly  c a n n o t  be dem- 
onstra ted in SSCP analysis  of p r imary  tu- 
mor  tissue because of the presence of 
normal  cells, ~11) w h i c h  is typif ied in lane 
9 of panel  B wi th  a DNA from a neuro-  
b las toma surgical specimen.  A splice do- 
n-or consensus  sequence  G:T transver- 
sion (5'-GTGAG---~GT/TrGAG-3') was 
de te rmined  in this  specimen.  

These observat ions  suppor t  the  con- 
c lusion tha t  specificity, whi le  accompa-  
nied by some loss of ampl i f i ca t ion  effi- 
ciency, is a t ta ined  in the early cycles of 
PCR unde r  cond i t ions  of reduced molar  
concen t ra t ions  of reactants  and  in- 
creased s t r ingency  and  tha t  amplif ica-  
t ion  eff iciency is ex tended  in to  later cy- 
cles wi th  the  add i t ion  of fresh reactants  
w i thou t  el ic i t ing u n w a n t e d  products  af- 
ter 45 cycles of ampl i f ica t ion .  These ob- 
servations also provide  exper imen ta l  
proof  of the value of booster  PCR (17'18'23) 

in the ampl i f ica t ion  of DNA fragments  
from several loci of the  h u m a n  genome .  
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