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GENOME METHODS 

Uniform Amplification of a Mixture of 
Deoxyribonucleic Acids with Varying 

GC Content 
Namadev Baskaran, Rajendra P. Kandpal, 1 Ajay K. Bhargava, 2 
Michael W. Glynn, 3 Allen Bale, 3 and Sherman M. Weissman 4 

Boyer Center for Molecular Medicine, 3DNA Diagnostic Laboratory, Department of Genetics, Yale 
University School of Medicine, New Haven, Connecticut 06536 

A PCR method for uniform amplification of a mixture of DNA templates differing in GC content is 
described using the two enzyme approach (Klentaql and P fu DNA polymerase) and a combination of DMSO 
and betaine. This method was applied to amplify the CGG repeat region from the fragile X region. 

Development of PCR for the amplification of 
nucleic acids has revolutionalized several fields of 
molecular biology. Since the introduction of this 
method several parameters of the system have 
been modified to amplify longer nucleic acid 
fragments (Foord and Rose 1994, and references 
within). A variety of DNA polymerases have been 
used for PCR because of their improved thermal 
stability (Lawyer et al. 1993) and editing func- 
tions (Lundberg et al. 1991; Mattila et al. 1991). 
Use of a two-enzyme approach (Klentaq I and Pfi~ 
DNA polymerase) has enabled the amplification 
of fragments up to 35 kb in length (Barnes 1994; 
Cheng et al. 1994). 

Several reagents have been shown to facili- 
tate DNA strand separation either because they 
disrupt  base pair ing [e.g., d imethylsulfoxide 
(DMSO), formamide] or isostabilize DNA [e.g., 
te traalkylammonium (TAA) salts such as tetra- 
methylammonium chloride (TMAC), tetraethyl- 
a m m o n i u m  chloride, and N,N,N-trimethylgly- 
cine (betaine)] (Melchior and yon Hippel 1973; 
Rees et al. 1993). Some of these reagents have 
been included in PCR reactions to amplify GC- 
rich templates. Recently, it has been shown that 
at lower concentrations TMAC can enhance the 
amplification of AT-rich DNA fragments, and at 
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higher concentrations it can inhibit enzyme am- 
plification (Chevet et al. 1995). However, tem- 
plates with high GC contents are variably ampli- 
fiable or completely unamplifiable even with the 
addition of DMSO, formamide, glycerol, TMAC, 
or 7-deazaguanosine t r iphosphate  (7cdGTP), 
which lowers the melting temperature of the sub- 
stituted DNA (McConlogue et al. 1988; Bookstein 
et al. 1990; Hung et al. 1990; Sarkar et al. 1990; 
Pomp and Medrano 1991). In spite of all the ad- 
vances described above there is no single method 
that has been developed that could amplify to a 
similar extent all DNA templates in a heterog- 
eneous mixture. 

There are a number of PCR applications (e.g., 
construction of cDNA library from a small num- 
ber of cells, representational differential analysis 
of two different genomic DNA, or cDNAs from 
two different cell types) for which it would be 
highly desirable to have a method whereby a 
mixture of DNA fragments of similar length (0.5- 
10 kb) can be amplified with equal efficiency re- 
gardless of base composition. Therefore, we ex- 
plored amplification by using isostabilizing quar- 
ternary amines that  did not inhibit  the DNA 
polymerases. Betaine is a natural amino acid ana- 
log and has many useful properties such as osmo- 
protection of Escherichia coli cells, stabilization of 
proteins against thermal denaturation, and iso- 
stabilization of DNA (Csonka 1989; Santoro et al. 
1992; Rees et al. 1993). However, use of betaine as 
a reagent for amplification of GC-rich templates 
has not been explored. 

In this report we studied the efficiency of am- 
plification of individual templates when ampli 
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fled in the presence of a mixture of four tem- 
plates of differing GC content using a modified 
protocol that included betaine and DMSO. This 
protocol was also applied to amplify normal and 
premutation alleles of the highly GC-rich CGG 
repeat of the fragile X region. 

RESULTS AND DISCUSSION 

PCR Using AmpliTaq DNA Polymerase 

Attempts to amplify the two GC-rich templates, 
MHCclnl ,  from the major histocompatibi l i ty 
(MHC) region (64% GC), and OCT-T1, from the 
octamer-binding protein (OCT) (80% GC), by 
AmpliTaq DNA polymerase under standard con- 
ditions (Saiki et al. 1988) with or without dena- 
turants such as DMSO (10%-15% vol/vol), beta- 
ine (up to 2.5 M), glycerol (10% vol/vol), for- 
mamide  (2.5%-10% vol/vol), and TMAC (0.1 
raM-1 M), were unsuccessful (data is not  shown). 
The other two non-GC-rich templates, (OCT1 
(52% GC) and transferrin receptor (TFR) (44% 
GC), were amplified by AmpliTaq DNA polymer- 
ase without the addition of denaturants. Several 
TAA salts at high concentrations (>1 M) have 
been shown to have an isostabilizing effect on 
DNA (Melchior and Von Hippel 1973; Rees et al. 
1993). However, TMAC at such high concentra- 
tions inhibited enzyme function (Chevet et al. 
1995). We also observed inhibition of the ampli- 
fication of OCT1 in the presence of TMAC (>100 
raM). We chose betaine, a zwitterionic form of 
TAA, because of its protection of proteins against 
thermal denaturation and its isostabilization ef- 
fect on DNA (Santoro et al. 1992; Rees et al. 1993) 
and studied its effects on amplification of GC- 
rich templates. Addition of betaine (>1 M) did not 
promote the amplification of the GC-rich OCT- 
T1 and inhibited the amplification of the non- 
GC rich template OCT1. 

PCR Using the LA System 

We tested the amplification of each of these frag- 
ments with the LA system (Barnes 1994), which 
combines a highly thermostable form of Taq 
DNA polymerase (Klentaql, which is devoid of 
5'-exonuclease activity) and a proofreading en- 
zyme (Pfu DNA polymerase ,  wh ich  has 3'- 
exonuclease activity). PCR reactions were per- 
formed with and without the addition of betaine, 
DMSO, formamide, glycerol, tetramethylammo- 
nium acetate (TMAA), and TMAC. All four tem- 
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plates, TFR (44% GC), OCT1 (52% GC), MHCclnl 
(64% GC), and OCT-T1 (80% GC), were ampli- 
fied to a similar extent in the presence of betaine 
(2.2 M) or DMSO (10% vol/vol) (Fig. 1A, lanes 
1-12). Amplification of the two GC rich tem- 
plates was not possible in the absence of DMSO 
or betaine (Fig. 1A, lanes 7,10). Addition of 5% 
DMSO or 1.1 M betaine enabled amplification of 
MHCclnl,  whereas amplification of OCT-T1 re- 
quired 10% DMSO or >1.5 M betaine in the PCR 
reaction (data not  shown) probably because the 
required amount  of denaturants varies with the 
GC content  of the templates. Amplification of 
OCT1 was abolished in the presence of higher 
concent ra t ions  of TMAC (>100  mM), TMAA 
(>100 raM), formamide (>5% vol/vol), and DMSO 
(>15% vol/vol). Although betaine at high con- 
centrations (>1.0 M) inhibited AmpliTaq DNA 
polymerase, it did not affect the LA system, prob- 
ably because of the higher stability of Klentaql 
(Barnes 1992). All four templates (TFR, OCT1, 
MHCclnl,  and OCT-T1) were also tested using 
two of the commercially available two-enzyme 
systems (the expand long template PCR system 
from Boehringer Mannheim and XL PCR from 
Perkin-Elmer), and both systems amplified the 
two GC-rich templates (MHCclnl and OCT-T1) 
only after the addit ion of DMSO or betaine. 
These observations suggest that the two-enzyme 
system can amplify the GC-rich templates in the 
presence of DMSO or betaine. 

Amplification of Heterogeneous DNA Templates 

We tested the relative efficiency of amplification 
of each template (0.5 ng of plasmid DNA) in a 
mixture of all four templates as the representa- 
tion of a heterogeneous mixture. PCR was per- 
formed in the presence of various concentrations 
of DMSO, betaine, or a combination of DMSO 
and betaine (Fig. 1B, lanes 1-10). Uniform ampli- 
fication of the four templates was achieved only 
when amplification was performed in a mixture 
of DMSO and betaine (Fig. 1B, lanes 9,10). All of 
the templates were amplified to some extent in 
the presence of 2.2 M betaine, 5% DMSO + 2.2 M 
betaine, or 10% DMSO + 1.1 M betaine (Fig. 1B). 
However, some of the four templates were not 
amplified at lower (5% or 10% DMSO, 1.1 M be- 
taine, 5% DMSO + 1.1 M betaine) or higher (10% 
DMSO + 2.2 M betaine) concentration of denatur- 
ants (Fig. 1B). We amplified the mixture of the 
four templates at a fixed concentration of betaine 
(1.0 M) with various concentrations of DMSO, 
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and also at a fixed concentration of DMSO (5%) 
and various concentrations of betaine. A combi- 
nation of 1.0 M betaine with 6%-8% DMSO or 5% 
DMSO with 1.2-1.8 M betaine facilitated approxi- 
mately uniform amplifications. As a representa- 
tive result, the uniform amplifications of all four 
templates are shown in Fig. 1B (lanes 9,10) when 
the PCR reactions were performed in the pres- 
ence of 7% DMSO + 1.0 M betaine and 5% 
DMSO + 1.4 M betaine. Although all of the tem- 
plates were amplified to some extent at a higher 
concentration of DMSO (12%-15%) or betaine 
(1.8-2.5 M) (data not shown), approximately 
equimolar yield of individual components of the 
template mixture was obtained only when DMSO 
and betaine were combined. 

Amplification of CGG Repeat from Fragile X 
Region 

We also applied this protocol for the amplifica- 
tion of the GC-rich CGG repeat region from the 
fragile X region (>85% GC) from genomic DNA 
template. JY, a lymphoblastoid cell line, genomic 
DNA (29 CGG repeats), two male genomic DNAs 
with a premutation (74 and 119 CGG repeats), 
and two samples of DNA from patients carrying 
full mutation (>1000 CGG repeats) were used for 
the amplification of the CGG repeat region from 

UNIFORM AMPLIFICATION OF A DNA MIXTURE 

Figure 1 (A) Amplification of DNA templates with 
differing GC contents (TFR, 44% GC; OCT1, 52% 
GC; MHCctnl, 62% GC; OCT-T1, 80% GC) was 
performed essentially as described in Methods. One 
nanogram of each plasmid, 50 ng of each primer, 
and 0.2 Fd of KlentaqLA-16 were used for amplifica- 
tion. The amplification was done in the presence 
and absence of denaturants (10% DMSO or 2.0 M 
betaine). The cycling conditions used were as fol- 
lows: denaturation at 95~ for 15 sec, annealing at 
55~ for 1 min, and extension at 68~ for 5 min for 
25 cycles. Lane M corresponds to the 1-kb ladder 
from GIBCO-BRL. (Lane 1) TFR; (lane 2) TFR + 10% 
DMSO; (lane 3) TFR + 2.2 M betaine; (lane 4) OCT1; 
(lane 5) OCT1 + 10% DMSO; (lane 6) OCT1 + 2.2 M 
betaine; (lane 7) MHCc ln l ;  (lane 8) MHC- 
clnl + 10% DMSO; (lane 9) MHCclnl + 2.2 M be- 
taine; (lane 10) OCT-T1; (lane 11) OCT-T1 + 10% 
DMSO; (lane 12) OCT-T1 + 2.2 M betaine. (B) Am- 
plification of a mixture of DNA templates in the 
presence of DMSO and betaine. Amounts of 0.5 ng 
of all four templates differing in size (0.72-2.7 kb) 
and GC contents (44%-80% GC) were mixed and 
used for amplification in the presence of DMSO 
(5%-10%), betaine (1.1-2.2 M betaine), or a com- 
bination of DMSO and betaine. The PCR reaction 
conditions were as described in Methods. The cy- 
cling conditions used were as follows: denaturation 
at 95~ for 15 sec, annealing at 55~ for 1 min, and 
extension at 68~ for 5 min for 25 cycles. Lane M 
corresponds to the 1-kb ladder from GIBCO-BRL. 
Each lane contains the four templates plus DMSO/ 
betaine as described. (Lane 1)+ 5% DMSO; (lane 
2) + 10% DMSO; (lane 3)+ 1.1 M betaine; (lane 
4) + 2.2 M betaine; (lane 5) + (5% DMSO + 1.1 M 
betaine); (lane 6)+ (5% DMSO + 2.2 M betaine); 
( lane 7) + (1 0% DMSO + 1.1 M beta ine) ;  
(lane 8 ) + ( 1 0 %  DMSO+2 .2  M betaine); (lane 
9) + (7% DMSO + 1.0 M betaine); (lane 10) + (5% 
DMSO + 1.4 M betaine). 

the fragile X region. The size of the CGG repeat of 
these DNA samples was determined by Southern 
blotting and probing with pE5.1 (Pieretti et al. 
1991). We initially used JY genomic DNA to test 
the amplification of the CGG repeat region under 
various conditions (10%-20% DMSO, up to 2.5 M 
betaine, or a combination of DMSO and betaine). 
The expected 300-bp PCR product was observed 
in the presence of 10% DMSO, 2.2 M betaine, and 
7% DMSO + 1.1 M betaine (Fig. 2A, lanes 3, 6, and 
7, respectively). A similar extent of amplification 
was also observed when PCR was performed in 
the presence of 5% DMSO and 2.0 M betaine (Fig 
2B, lane 1). The expected size PCR products were 
observed for the DNA containing 74 CGG repeats 
(440 bp) and 119 CGG repeats (575 bp) (Fig. 2B, 
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Figure 2 (A) Amplification of the fragile X CGG 
repeat region from JY genomic DNA was done (as 
described in Methods) using 10 ng of JY genomic 
DNA and 50 ng of each of the primers. The cycling 
conditions used were as follows: denaturation at 
95~ for 15 sec, annealing at 65~ for 1 min, and 
extension at 68~ for 5 min for 40 cycles. The de- 
naturants (DMSO and betaine) were added in the 
reaction mix, and PCR was begun, as described in 
Methods. (Lane M) 100-bp ladder from GIBCO-BRL. 
(Lane 1) No DNA control; (lane 2) no denaturants 
added; (lane 3) 10% DMSO; (lane 4) 20% DMSO; 
(lane 5) 1.1 M betaine; (lane 6) 2.2 M betaine; (lane 
7) 7% DMSO + 1.1 M betaine. (B) Amplification of 
the fragile X CGG repeat region from premutation 
and full-mutation DNA samples. The reaction con- 
ditions for amplification were essentially as de- 
scribed in Methods using 100 ng of genomic DNA 
in the presence of 5% DMSO and 2.0 M betaine. The 
cycling conditions used were as follows: denatur- 
ation at 95~ for 15 sec, annealing at 65~ for 1 
min, and extension at 68~ for 5 min for 40 cycles. 
(Markers) The 100-bp ladder from GIBCO-BRL. 
(Lane 1) ]Y DNA (10 ng); (lane 2) JY DNA (100 rig); 
(lane 3) 74 CGG repeat genomic DNA from a male 
(100 ng); (lane 4) 119 CGG repeat genomic DNA 
from a male (100 ng); (lane 5) heterozygous full 
mutation (>1000 CGG repeats) in a female genomic 
DNA (100 ng); (lane 6) full mutation ( >1000 CGG 
repeats) in a male genomic DNA (100 ng). Ten mi- 
croliters of the PCR product was loaded onto each 
well except lanes 3, 4, and 6, which received 20 i~1. 

lanes 3,4). A smear of low molecular weight prod- 
ucts (300 bp) and a faint band at 1.3 kb, probably 
attributable to nonspecific amplification or PCR- 
mediated truncation, was observed for the DNA 
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from a male patient carrying a full mutat ion (Fig. 
2B, lane 6), and only a normal size repeat band 
(300 bp) was observed for a DNA sample from a 
female patient carrying a full mutat ion as well as 
a normal gene (Fig. 2B, lane 5). Thus, the normal 
size repeat (average, 29 CGG repeats) and premu- 
tation repeat expansion can be amplified by this 
method, whereas the full mutat ion causing the 
disease (>200 repeats) is recalcitrant. 

Several PCR methods have been designed to 
amplify the CGG triplet repeat region of the frag- 
ile X site involving different thermostable DNA 
polymerases and DMSO and/or different ratios of 
7cdGTP and dGTP in the PCR reaction (Fu et al. 
1991; Chong et al. 1994; Cao et al. 1994; Levin- 
son et al. 1994; Wang et al. 1995). The substitu- 
tion of 7cdGTP in the PCR reaction results in less 
ethidium bromide staining, and detection of the 
PCR products  by UV is of ten difficult. The 
7cdGTP-substituted PCR products are often de- 
tected indirectly by using a radioactive probe, or 
the ratio of dGTP/7cdGTP is modified so that the 
product can be detected after ethidium staining 
(Fu et al. 1991; Chong et al. 1994; Cao et al. 1994; 
Levinson et al. 1994; Wang et al. 1995). As the 
present me thod  does not  involve the use of 
7cdGTP, the resulting PCR products are readily 
detected by ethidium staining. However, none of 
the methods can amplify the CGG repeats from 
the fragile X region from patients with the full 
mutat ion (>200 CGG repeats). 

Although our method did not amplify exten- 
sively long CGG repeats, it combines the benefits 
of long PCR and amplification of templates with 
high GC content. This protocol will be applicable 
in many experiments in molecular biology such 
as construct ion of cDNA libraries from small 
numbers of cells, construction of jumping and 
linking libraries, normalization of cDNA libraries, 
representational differential analysis of genomic 
DNA, cDNA selection, amplification of cDNA 
f ragments  co r re spond ing  to the  5' ends of 
mRNA, amplification of HTF islands, and use as a 
diagnostic tool for detection of various triplet re- 
peat expansion diseases. In conclusion, we have 
described here a method for uniform amplifica- 
tion of a heterogeneous population of DNA mol- 
ecules and applied this method to amplify the 
CGG repeat from the fragile X region. 

METHODS 
Amplitaq DNA polymerase (2.5 U/ixl) was purchased from 
Perkin-Elmer Cetus. Klentaql DNA polymerase (25 U/~l) 
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and Pfu DNA polymerase (2.5 U//zl) were purchased from 
Ab peptides (St. Louis, MO) and Stratagene (La Jolla, CA), 
respectively. Betaine, TMAC, and TMAA were purchased 
from Aldrich Chemical  Co. These compounds  were dis- 
solved in water, and the pH was adjusted to 9 using Tris 
base. Betaine dissolved in water wi thout  neutralization 
was also as effective as neutralized betaine in the amplifi- 
cation of DNA templates when  tested using individual 
templates. 

The four test templates used were cloned in the Blue- 
script or pUC18 plasmid: (1) a 0.72-kb 5' end of TFR (44% 
GC; n u c l e o t i d e s  352-866 ;  G e n B a n k  acce s s ion  no.  
X01060); (2) a 2.7-kb cDNA encoding OCT1 (52% GC; 
X13403) (Sturm et al. 1988); (3) a 1.6-kb Notl-linking clone 
in pUC18, MHCclnl  (64% GC) (Shukla et al. 1991); and (4) 
a 0.8-kb 5' end fragment  of OCT-T1 cDNA (80% GC; 
nucleotides 318-850 of L20433) (Bhargava et al. 1993). 
The sizes shown above for each template (except MHC- 
c lnl ,  which  includes 100 bp of the multiple cloning site) 
included 250 bp of the multiple cloning sites of Bluescript 
vector in the PCR product. The CGG repeat of the fragile X 
site was amplif ied using pr imer  C (5'-GCTCAGCTCC- 
G T T T C G G T T T C A C T T C C G G T - 3 ' )  a n d  F ( 5 ' -  
AGCCCCGCACTTCCACCACCAGCTCCTCCA-3 ' )  de- 
scribed earlier (Fu et al. 1991). 

Standard PCR with  AmpliTaq DNA polymerase was 
conducted  in Tris buffer [10 mM Tris-HC1 (pH 8.3 at 25~ 
50 mM KC1, 1.5 mM magnes ium chloride] conta ining 200 
~M of each dNTP, 50 ng of each primer (M13 forward and 
reverse, 24-mer), and 1 uni t  of the enzyme (Saiki et al. 
1988). The two-enzyme PCR approach referred to as long 
and accurate PCR (LA-PCR) was followed essentially as de- 
scribed using Klentaql  and Pfu DNA polymerase (Barnes 
1994). The reaction mixture (50 ~l) consisted of 20 mM 
Tris-HC1 (pH 9.0 at 25~ buffer, bovine serum albumin 
(150 Fug/ml), 16 mM a m m o n i u m  sulfate, 2.5 mM magne- 
sium chloride, 200/3,M of each dNTP, 50 ng of each primer 
(M13 forward and reverse), and 0.5-1 ng of plasmid tem- 
plates. Klentaql  (15 parts) and Pfi~ DNA polymerase (1 
part) were mixed by volume and referred to as KlentaqLA- 
16 (Barnes 1994). For each reaction, 0.2-0.4 ~l of Klen- 
taqLA-16 was used. The PCR was performed in an Omni- 
gene (Hybaid) PCR machine  using thin-walled tubes (0.5 
ml) from Costar. The following cycling condit ions were 
selected for 25 cycles: denaturat ion at 94~ for 15 sec, an- 
nealing at 50~176 for 1 min, and extension at 68~ for 
5 min.  All of the reaction components  were mixed wi thout  
dNTPs and overlaid wi th  minera l  oil. The tubes were 
heated at 95~ for 15 sec, and the PCR was started by the 
addit ion of dNTPs at 80~ At the end of the PCR, 10 ~l of 
the product  was loaded onto a 1% agarose gel. The DNA 
was stained with e th id ium bromide and photographed  
with a Stratagene Eagle Eye equipped with a transillumi- 
nator. Various combinat ions  of reagents such as betaine, 
DMSO, glycerol, formamide,  TMAC, or TMAA were added 
to the PCR reaction mixture, and amplifications were per- 
formed with either AmpliTaq or the LA system. 

Amplification of the CGG repeat region of the fragile 
X site was performed in the reaction mixture as described 
above with the following modifications. To the above PCR 
r e a c t i o n  mix ,  7% DMSO + 1.1 M b e t a i n e  or  5% 
DMSO + 2.0 M betaine was added. Fifty nanograms  of 
primer C and F were added for each tube. Genomic DNA 
(10 or 100 ng) from each of the samples, prepared from 
peripheral blood lymphocytes,  was used for each reaction. 

UNIFORM AMPLIFICATION OF A DNA MIXTURE 

The amplification was performed using the following cy- 
cling conditions: denaturat ion at 94~ for 15 sec, anneal- 
ing at 65~ for 1 min, and extension at 68~ for 5 rain for 
40 cycles. Alternatively, the anneal ing and extension was 
done at 68~ for 5 rain. Ten microliters of the PCR product  
was loaded onto a 2% agarose gel, and the bands were 
visualized by e thidium bromide staining. 
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