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Mismatch Amplification Mutation Assay 
(MAMA): Appl,cat,on to the c-H-ras Gene 

Rita S. Cha, Helmut Zarbl, Phouthone Keohavong, 1 and William G. Thilly 

Center for Environmental Health Sciences and Division of Toxicology, Whitaker College of Health Science and Technology, 
Massachusetts Institute of Technology Cambridge, MA 02139; 1 Department of Environmental and Occupational Health, 

Graduate School of Public Health, University of Pittsburgh, Pittsburgh, PA 15261 

We have found that under appropri- 
ate conditions, an allele-specific 
polymerase chain reaction (PCR) can 
achieve a sensitivity suitable for mea- 
suring specific, Infrequent mutations 
in single cell systems or in animal tis- 
sues. Using the 12th codon GC-to-AT 
mutation in the rat c-Ha-ras gene as a 
model system, we have defined con- 
ditions that allow for measurement 
of mutations present at frequencies 
as low as one in 10 s gene copies. Our 
approach Involved the use of PCR 
primers that created a single mis- 
match with the mutated allele (GAA) 
but created a double mismatch with 
the wild-type allele (GGA). Five out of 
the six such double-mismatch prim- 
ers we tested permitted amplifica- 
tion of the mutant allele (GAA) with 
a high degree of specificity. The spec- 
iflcity of the assay was further en- 
hanced by using a two-step PCR cycle 
consisting of a denaturation step (1 
min incubation at 94~ and an an- 
nealing/extension step (1 min incu- 
bation at SO~ in the presence of 
10% (vol/vol) glycerol. Reconstruc- 
tion experiments using genomic DNA 
demonstrate that this procedure can 
measure the presence of 30 copies of 
the transforming ras allele present 
amongst 3 x 106 copies of the wild- 
type allele. 

Alle le - spec i f i c  PCR is a modification 
of the polymerase chain reaction that 
permits specific amplification of se- 
quences differing by as little as a single 
base pair. (1-s~. The technique utilizes 
primers with specific mismatches at or 
near the 3' end to permit preferential 
amplification of one allele relative to an- 
other. Allele-specific PCR offers several 
advantages over other molecular tech- 
niques, such as restriction fragment 
length polymorphism (RFLP) (6~ or differ- 
ential oligonucleotide hybridization, (7~ 
that are routinely used for measuring 
known point mutations. The technique 
is rapid and simple and can readily be 
applied to analyze nanogram quantities 
of genomic DNA. (8,9~ However, one 
drawback of the currently available al- 
lele-specific PCR protocols is their lack of 
sensitivity. For instance, whereas RFLP in 
combination with PCR can detect a 
point mutation in genomic DNA sam- 
ples occurring at a frequency of 1 in 
10,000 or less, (1~ the previous esti- 
mate of the sensitivity of the allele-spe- 
cific PCR (determined by ethidium bro- 
mide staining) was about 1 in 40. (8~ This 
low sensitivity is due to the fact that 
primers with mismatches at or near the 
3' end are still able to extend to some 
degree under most PCR conditions. 
Kwok et al. ~ estimated the efficiency of 
a single-base mismatch primer extension 
to be between 15% and 50% per cycle of 
the efficiency for a perfect match primer 
extension, depending on the nature of 
mismatches. 

The sensitivity of mutation assays is 
not critical when analyzing a relatively 
homogeneous population of cells where 
a mutation is shared by a significant frac- 
tion of the population. However, the 
study of a heterogeneous cell population 

where only a small fraction of the cells 
(~10 -4) are expected to contain a muta- 
tion necessitates the use of an assay with 
a high level of sensitivity. In our attempt 
to improve the sensitivity of the tech- 
nique, we optimized the procedure by 
varying (1) the number and kinds of mis- 
matches in the primers, (2) the temper- 
ature and duration of the primer anneal- 
ing and extension step, and (3) the 
solvent condition of the reaction mix- 
ture. As an example, we utilized one of 
the transforming alleles of rat c-H-ras 
gene (G-to-A transition at the 12th 
codon) as the specific sequence to be 
amplified. In this paper, we describe the 
modified allele-specific PCR protocol, 
which we have designated as the mis- 
match amplification mutation assay 
(MAMA), and we demonstrate that the 
technique is sensitive enough to detect 
30 copies of the transforming allele 
present amongst 3 x 106 copies of wild- 
type allele. 

MATERIALS AND METHODS 

Development of MAMA 

Development of this protocol involved 
four variables: (1) mismatch primer se- 
quence, (2) temperature of primer exten- 
sion, (3) time permitted for extension, 
and (4) concentration of glycerol. We 
tested and optimized each of these vari- 
ables as described below. 

Mismatch Primers 

Because a single G-to-A transition was to 
be assayed, we created a series of primers 
that contained an A in the appropriate 
position and varied the base 3' or 5' to 

14 PCR Methods and Applications 2:14-20�9 by Cold Spring Harbor Laboratory ISSN 1054-9803/92 $3.00 

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

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


this posi t ion.  This series of six poten-  
t ially useful doub le -mismatch  pr imers  
con ta ined  one  mi sma tch  wi th in  the  3'- 
CTT-5' sequence of the  mu ta t ed  allele 
but  two mismatches  wi th  the  3'-CCT-5' 
sequence of the  wild-type allele (Table 
1). To test the report  tha t  a single 3' ul- 
t imate  or penu l t ima t e  m i s m a t c h  would  
no t  yield a preferent ia l  amplif ica- 
t ion,  (L12) two primers  wi th  these single 
mi sma tch  conf igura t ions  (PA and  PA-1) 
were also prepared, as were the  two 
primers carrying triple mismatches  to 
the wild-type sequence  (Table 1). All the  
primers tested are 20 nucleot ides  long 

and  synthesized by Research Genetics 
(Huntsvil le,  AL). 

Temperature and Duration of Primer 
Extension 

Instead of using a s tandard three-step 
PCR cycle consis t ing of a dena tu ra t ion  
step, a pr imer  annea l ing  step, and  an ex- 
t ens ion  step, (13'14) we tested two-step 
PCR cycles consis t ing of  a dena tu ra t ion  
step and  a pr imer  annea l ing /ex tens ion  
step. The first step was kept cons tan t  at 
94~ for 1 min ,  whi le  the second step 
was varied. Tempera ture  was varied be- 

tween 48~ and  57~ and  the  ex tens ion  
was permi t t ed  to proceed for e i ther  1 
m i n  or 5 sec. 

Concentration of Glycerol 

To test whe the r  solvent  c o n d i t i o n  wou ld  
affect the specificity of  allele-specific 
ampl i f icat ion,  we modi f i ed  the  PCR re- 
ac t ion mixture  by an add i t ion  of e i ther  
5% or 10% (vol/vol) glycerol.  

D N A  P r e p a r a t i o n  

Wild-type genomic  DNA was ob t a ined  

TABLE 1 The Mismatch  Primers Tested for Allele-specific Ampli f icat ion 

A .  
177 197 

',did type CTT GTG GTG GTG GGC GCT GGA 
mutant 

PA 

P A - I *  

p,a~- I* 

P/kA 

PCA 

PTA 

PGAC*  

PGAT * 

PGAG* 

PCAA 

Pr 

s, , ,  

I ,, 

| 

! 

! 

Wild type allele Transforming allele 

B. 5'- GCT GGA -3' 5'- GCT GAA -3' 
3'- CGA CCT -5 3'- CGA CTT -5' 

.,4,,-. Mismatches Yo(wt)*  * Mismatches Y__o(t)* * 
i 

i 

' 5 ' -  CTGA - 3' 0.70 5'- CTGA -3' 0.70 
"K 3 ' -  GACCT -5' 3'- GAC'I-I" -5' 

t 

' 5'- CTGAA -3' 0.70 5'- CTGAA-3 '  0.70 
3 ~ GACCT -5' 3'- GACTF -5' 

i, 

5'- CTAAA -3' <0.007 # 5'- CTAAA -3' 0.70 
A ~ ,  3'- G A C C T - 5  3'- GACTT-5 '  

AA 5'- CTAA -3 ~ <0.0002 ## 5'- CTA._A -3' 0.70 
: 3'- GACCT -5' 3'- GACTT -5' 
i 

CA 5'- CTC.__AA -3' <0.007 5'- CTC__A -3' 0.70 
3'- GACCT -5' 3'- GACTT -5' 

~ 

TA 5 ~ CTT.__AA -3 ~ <0.007 5'- CT!"_A -3' 0.70 
' 3'- GAC__CT -5' 3'- GA__CTT-5' 
i 

AC 5'- CTGAC -3' <0.007 5'- CTGAC-3  ~ 0.70 
i 3 ~ GACCT -5' 3'- GACT'[_-5' 

AT 5'- C T G A r  -3' <0.007 5'- CTGA'r-3 '  0.70 
3'- GACC'F -5' 3'- GAC'II'_-5' 

AG 5'- CTGAG-3 '  0.70 5'- CTGAG-3 '  0.70 
', 3'- GACCT- 5' 3'- GACI-r_-5' 
J 

CAA  5'- CCAA -3' <0.007 5'- CCA_.A -3' <0.007 
: 3'- GACCT -5' 3'- GACTT -5' 

G-AA 5'- GTAA -3' <0.007 5'- GTAA -3' 0.58 
3'- GACCT -5' 3'- GACTT -5' 

A. The solid line represents the nucleotides that are identical to the wild-type allele. All of the mismatch primers tested carry an A at position 196 
and are 20 nucleotides long, encompassing regions between positions 177 and 196 or 178 and 197 (denoted by *). 
B. The nature and the position of mismatches within the wild-type allele and the transforming allele. Mispaired bases are denoted by underlined 
bold letters. 
**Yo is the estimated efficiency of the mismatch extension during the first cycle of PCR (see Materials and Methods). The numbers are calculated 
based on the amount of specific PCR products generated following 30 cycles of PCR under the conditions specified in Figs. 2 and 3. 
#The value <0.007 was calculated based on the observation that there was no detectable amplification product (101~ copies of 74-bp fragment) 
following 30 cycles of PCR from 3 x 10 s copies of template DNA. The calculated value for Yo using the equation Yo(1 + y ) n -  1 = fold amplification 
is 0.007, indicating that under the conditions tested, less than 2100 molecules of the primers were extended from 3 x 10 s copies of template DNA 
during the first cycle. 
##The value 0.0002 was calculated based on the observation that approximately 1012 copies of 74-bp fragment were generated from 3 x 10 s copies 
of wild-type DNA following 45 cycles of PCR under the conditions specified in Fig. 2 (with the assumption that PCR was at the exponential phase 
of DNA synthesis throughout the 45 cycles; see Results). 
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from Fischer 344 rat liver by phenol /  
chloroform extractions. (as) The source of 
the t ransforming allele of c-H-ras gene 
was a rat m a m m a r y  tumor  induced by 
nitrosomethylurea (NMU, Sigma). The 
nature of alteration (G-to-A transit ion at 
the 12th codon) was identif ied by dena- 
turing gradient gel electrophoresis 
( D G G E )  (x6,aT) and confi rmed by Sanger 
sequencing (data not  shown). DGGE 
analysis indicated that 25% of the ge- 
nomic  DNA isolated from tumor  tissue 
was the mutated ms allele. Tumor tissue 
was comprised of about 50% cancerous 
cells, with the rest of the tissue being 
comprised of normal  stromal cells which 
surrounded the mal ignant  cells (histo- 
logical analysis by Dr. Robert Cardiff, 
pers. comm.). Thus, a mutan t  fraction of 
25% indicated that one allele of the 
c-Ha-ras gene was mutated in the cancer- 
ous cells. The quanti ty  and purity of 
DNA were determined by spectrophoto- 
metric measurement.  (~s) 

PCR Procedures 

For each PCR reaction, 1 I~g (approxi- 
mately 3 x 10 s copies of ras gene; see ref. 
18) of genomic DNA was mixed with 300 
nM each of P2 and P1 or one of the test 
primers, 37 I~M of each 2'-deoxynucleo- 
side 5'-triphosphates (dNTPs, Pharma- 
cia), and 1 ~l of [oL-S2P]ATP (3000 ci/ 
mmole,  New England Nuclear) in 100 ~l 
of PCR buffer (10 mM Tris-HC1, pH 8.4, 
50 mM KC1, 2.25 mM MgC12). Approxi- 
mately 1.7 units of Taq polymerase (Per- 
kin-Elmer Cetus) were added and the 
mixture was subjected to a number  of 
different PCR condit ions as described in 
the figure legends. 

Efficiency 

The efficiency of amplif icat ion during 
the exponential  phase of DNA synthesis 
was estimated by analyzing a 10-pLl ali- 
quot of the reaction mixture on a 7% 
polyacrylamide gel (acrylamide/bis-acry- 
lamide = 38/2). The PCR products of 
the correct size were visualized and 
quantitated under  ultraviolet light fol- 
lowing e th id ium bromide staining by 
comparing them to the molecular  size 
standard. For the perfect match primers 
and one mismatch  primer, the efficien- 
cies of amplif icat ion were estimated ac- 
cording to the equation (1 + Y)" = fold 
amplification, where Y is the efficiency 
per cycle during the exponential  phase 

of DNA synthesis and n is the number  of 
cycles. (18) For the primers carrying two 
or more mismatches, we estimated the 
efficiency of mismatch extension during 
the first cycle of PCR (Yo) using the equa- 
tion, Yo(1 + Y) " - "  = fold amplification, 
where Y is the efficiency of perfect 
match extension. Since any extension 
from mismatch  primers carries the se- 
quence of the primer (confirmed by se- 
quencing, data not shown), they are the 
perfect match templates during subse- 
quent  cycles of PCR. The equation as- 
sumes that the number  of templates ex- 
tended during the first cycle would be 
amplified at the same efficiency as the 
perfect match primers during cycles to 
follow. 

RESULTS 
Specificity of the Allele-specific 
Primers 

The transforming allele of rat c-H-ras 
gene used in the current study differs 
from the wild-type allele by a single nu- 
cleotide substitution at the second nu- 
cleotide of the 12th codon (Fig. 1 and 
Table 1). Since the allele to be amplified 
(the transforming allele) carries an A in- 
stead of a G at the second nucloetide of 
the 12th codon, all the allele-specific 
primers were designed to carry an A at 

128 bp 

74 bp 

PI G to A transition P2 
5acl t Sacl 
I iiii [ i 

135 196 263 279 

mismatch primsrs 

17"7 ' " 197 
~ld type CTT GTG GTG GIG GGC GCT GGA 
rnutsnt A -  

FIGURE 1 Structure of rat c-H-ras exon 1 and 
the primers used for PCR. The solid bar rep- 
resents the coding region of c-H-ras exon 1. 
The transforming allele has a G-to-A transi- 
tion at the second nucleotide of the 12th 
codon (position 196). Primer P1 is a distal 
primer that does not have any mismatches, 
and is used as a control PCR primeL For the 
allele-specific amplification, one of the mis- 
match primers and P2 were used. The ex- 
pected size PCR products using P1 and P2, and 
P(mismatch) and P2 are 128 and 74 bp, re- 
spectively. The primary sequence of primers 
P1 and P2 are 5'-CCTGGTTTGGCAACCCC- 
TGT-3' and 5'-ACTCGTCCACAAAATGGTTC- 
3' respectively. 

this position. In addit ion to varying the 
number  of mismatches  from one to 
three (Table 1), we also varied the posi- 
tion of the allele-specific adenosine res- 
idue wi th in  the primer between the 3' 
ult imate or penul t imate  position. As 
shown in Figure 2, the allele-specific 
primers carrying a single mismatch  had 
no effect on the overall PCR yield, am- 
plifying the target sequence at a calcu- 
lated efficiency of 70% per cycle during 
the exponential  phase of DNA synthesis. 
On the other hand, primers carrying two 
or more consecutive mismatches  at the 
3' end (Fig. 2A, lanes 3, 4, 5, 6, and B, 
lane 5) failed to generate any detectable 
amplif icat ion products during the first 
30 cycles of PCR. Under the condi t ion 
tested, extension efficiency (Yo) for these 
primers containing two or more mis- 
matches was less than  0.007, indicat ing 
that less than 2100 copies of the 3 x 10 s 
template copies were extended during 
the first cycle of PCR (Table 1; also see 
Materials and Methods). For the purpose 
of specifically ampli fying only the trans- 
forming allele of the c-H-ras gene but  
not the wild-type allele, we therefore 
chose to use the double-mismatch prim- 
ers that generate two mismatches  and 
one mismatch  at their 3' terminus when  
hybridized to wild-type and transform- 
ing alleles, respectively. 

For the G-to-A muta t ion  at the 12th 
codon of the c-H-ras gene, there are 12 
double-mismatch primers with the char- 
acteristic of having two mismatches  with 
the wild-type allele and one mismatch  
with the t ransforming allele. Among the 
six double-mismatch primers tested (Ta- 
ble 1: PAA, PCA, PTA, PGAC, PGAT, 
PGAG), five permitted amplif icat ion of 
the mutant  allele with a h igh  degree of 
specificity, suggesting that for the G-to-A 
transition of the ras gene the nature of 
mismatches may not  be crucial for the 
allele-specific amplif icat ion (Fig. 3, Ta- 
ble 1). A notable exception was the 
PGAG primer, which  amplif ied the wild- 
type allele with two mismatched  bases at 
the 3' (AG/CT) as efficiently as the trans- 
forming allele that had one base mis- 
match (A/C) (Fig. 3g, Yo(w~) = Yo(t) -- 

0.7). 

Optimization of the PCR Conditions 
for the Allele-specific Amplification 

For the analysis of the various mismatch  
primers described above, we utilized a 
three-step Taq PCR which consisted of 
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FIGURE 2 Specificity of mismatch primers. One-microgram aliquots of genomic DNA (-3 • 10 s 
copies of ras gene) from rat liver or NMU-induced rat mammary tumor carrying the 12th codon 
G-to-A alteration was subjected to 30 cycles of PCR using primers P2 and one of the mismatch 
primers (Fig. 1). Each cycle consisted of 94~ for 1 rain, 55~ for 1 min, and 72~ for 1 rain. 
Following the completion of mismatch PCR, one-tenth of the product was analyzed on a poly- 
acrylamide gel. The arrow indicates the position of the 74-bp transforming allele-specific ampli- 
fication band. Lane M contained 250 ng of pBR322 digested with MspI as molecular size marker. 
(A) Amplification products from wild-type rat genomic DNA. (B) Allele-specific PCR product from 
the rat mammary tumor genomic DNA. The mismatch primers tested are: (lane 1) PA-I: (lane 2) 
PA; (lane 3) PAA-1; (lane 4) PAA; (lane 5) PCAA; (lane 6) PG-AA. 

94~ for 1 min,  55~ for 1 min,  and 72~ 
for 1 min.  Following 30 cycles of PCR 
under such conditions, no detectable 
amplification product was generated 
from wild-type DNA using the double- 
mismatch  primer PAA (Fig. 2A, lanes 3 
and 4). However, when  an additional 15 
cycles of amplif icat ion were carried out, 
about 1012 copies of the 74-bp fragment 
were generated from the wild-type DNA 
(data not shown). Assuming that the 
PCR was in the exponential  phase of 

DNA synthesis during the 45 cycles, the 
estimated efficiency of double-mismatch 
extension (Yo) is about 0.0002, indicat- 
ing that approximately 70 copies of PAA 
were extended from the 3 • 105 copies 
of wild-type DNA during the first cycle 
(Table 1; also see Materials and Meth- 
ods). To reduce the extension from the 
double-mismatch primer even further, 
we first tried placing an additional third 
mismatch  in the primer. This primer 
failed to amplify the transforming allele 

FIGORE 3 Specificity of double-mismatch primers. One-microgram aliquots of genomic DNA 
(-3 • 10 s copies of ras gene) from either rat liver (W) or a NMU-induced rat mammary tumor 
(T) carrying the 12th codon G-to-A alteration were subjected to 30 cycles of PCR using primers 
P2 and each of the six different double-mismatch primers (lanes b--g). Each cycle consisted of 
incubation at 94~ for 1 rain, 55~ for 1 min, and 72~ for 1 min. Following the completion of 
mismatch PCR, one-tenth of the product is analyzed on a polyacrylamide gel. Lane M contained 
250 ng of pBR322 digested with MspI as molecular size marker. The 74-bp band represents the 
mutant-specific amplification band and the 128-bp band is the control amplification product 
using P1 and P2 (Fig. 1). The primers tested are: (lane a) the control primer P1; (lane b) PAA; (lane 
c) PCA; (lane d) PTA; (lane e) PGAC; (lane f) PGAT; (lane g) PGAG. 

(Fig. 2B, lane 5), and therefore could not 
be used for the purpose of selectively 
amplifying the mutan t  sequence. 

Our next approach was to alter the 
PCR reaction conditions. First, we short- 
ened the PCR cycle to a two-step reaction 
consisting of a template denaturat ion 
step and a primer anneal ing/extension 
step. We kept the first step constant at 
94~ for 1 min  and varied the second 
step. We tested temperatures ranging 
from 48~ to 57~ and the samples were 
incubated at the specified temperature 
for either 1 m i n  or 5 sec (Fig. 4). Under 
all the condit ions tested, no detectable 
amplif icat ion product was generated 
from I ~g of wild-type DNA following 30 
cycles of PCR, while all the mutan t  DNA 
samples were efficiently amplified. 
When  15 additional cycles of amplifica- 
tion were carried out, however, a differ- 
ence in the overall amplif icat ion yield 
from the wild-type allele became appar- 
ent (Fig. 4). Surprisingly, the signal cor- 
responding to the 74-bp t ransforming al- 
lele-specific fragment generated from 
wild-type DNA sample was min ima l  
when  the temperature was lowered to 
50~ or 48~ a condi t ion usually re- 
garded as being less stringent/specific. 
Among the condit ions tested, 94~ for 1 
m i n  followed by 50~ for 1 m i n  gener- 
ated the m i n i m u m  amoun t  of the spe- 
cific 74-bp fragment from the wild-type 
DNA sample (Fig. 4). 

Reconstruction Experiment 

The l imit  of sensitivity the MAMA proce- 
dure was estimated by a reconstruction 
experiment.  Approximately 3 • 106 cop- 
ies of (10 ~g) of wild-type genomic DNA 
were mixed with 0, 30, 300, and 3000 
copies of t ransforming allele from tumor 
genomic DNA. Each mixture was sub- 
jected to the two-step PCR using PAA as 
the allele-specific primer. At the same 
time, 30, 300, and 3000 copies of trans- 
forming allele were amplif ied in the ab- 
sence of wild-type DNA as a set of con- 
trols (Fig. 5a). Under the current reaction 
conditions, the two-step PCR using PAA 
as the allele-specific pr imer  displayed a 
sensitivity of 10 -4 . The signal from 
3 • 106 copies of the wild-type allele was 
stronger than that from 30 copies of the 
mutan t  allele alone (Fig. 5a), suggesting 
that the l imit  of sensitivity was due to 
the generation of the 74-bp PCR product 
from the vast excess of wild-type allele 
present. In an at tempt to reduce the 
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FIGURE 4 Effect of modifying PCR cycles on the specificity of PAA. One microgram (-3  • 10 s 
copies of ras gene) of genomic DNA from rat liver (W) or NMU-induced rat mammary tumor (T) 
with the 12th codon G-to-A alteration is subjected to two-step PCR using primers PAA and P2. 
Each reaction mixture was subjected to a different PCR procedure. (a) 94~ for 1 min and 48~ 
for I min. (b) 94~ for I min and 50~ for I min. (c) 94~ for 1 min and 55~ for 1 min. (d) 94~ 
for 1 min and 55~ for 5 sec. (e) 94~ for 1 min and 57~ for 1 min. One-tenth of the reaction 
time mixture was taken following 30 and 45 cycles of PCR and analyzed on a polyacrylamide gel. 
The arrow indicates the 74-bp transforming allele-specific amplification product. Lane M con- 
tained 250 ng of pBR322 digested with MspI as molecular size marker. 

overall yield from the wild-type DNA, we 
altered the solvent composi t ion of the 
PCR reaction mixture by adding differ- 
ent  amounts  of glycerol. 

Identical reaction mixtures were pre- 
pared with the addit ion of either 5% or 
10% (vol/vol) of glycerol. These reaction 
mixtures were subjected to 35 cycles of 
two-step PCR protocol (Fig. 5b,c). As 
shown in Figure 5, the addit ion of glyc- 
erol enhances the specificity of the PCR 
reaction by reducing the amplification 
of the wild-type sequence with the allele- 
specific primer. As the concentrat ion of 
glycerol increased, the signal generated 
from 3 x 106 copies of wild-type DNA 
decreased. With the addit ion of 10% 
glycerol in the PCR mixture, virtually no 
signal was detected from the sample con- 
taining 3 x 106 copies of wild-type allele 
alone while the identical mixture con- 
taining 30 molecules of t ransforming ras 
allele generated a clear signal, indicating, 
that fewer than  30 molecules of PAA 
were extended in the presence of 3 x 106 
copies wild-type allele during the first 
cycle of PCR (Fig. 5c). 

DISCUSSION 

In this study, we optimized the allele- 
specific PCR procedure with regard to its 
sensitivity utilizing one of the trans- 
forming alleles of rat c-H-ras gene (G- 
to-A transition at the 12th codon) as a 
model system. By exploring double-mis- 
match primers, altering the durat ion and 
the temperature of the primer anneal -  

ing/extension step in PCR cycle, and 
modifying the solvent composit ion of 
the reaction mixture by adding glycerol, 
we could reproducibly carry out quanti- 
tative measurement  of the t ransforming 
allele that was present at a frequency of 1 
in 100,000. This improvement  on the 
sensitivity of allele-specific amplifica- 
tion would greatly expand the general 
application of the procedure whose pri- 
mary utility thus far had been limited to 
the detection of inherited genetic varia- 
tions in human.  

Ehlen and Dubeau have reported an 
assay for detection of GC-to-TA transver- 
sion at the 12th codon of h u m a n  c-H-ras 
gene utilizing allele-specific mismatch 
primers. (s) These authors claimed a sen- 
sitivity of 10 -7 based on a reconstruc- 
tion experiment  utilizing 1 I~g of ge- 
nomic DNA. However, 1 I~g of 
mammal i an  genomic DNA contains 
only 3 x 10 s copies of an autosomal 
gene, and therefore, it would be impos- 
sible to have detected a signal represent- 
ing lower than about 10 -s .  This appar- 
ent  discrepancy may account for the fact 
that  their approach has not  been widely 
applied. On the other hand, the MAMA 
for the 12th codon G-to-A transition of 
the rat c-H-ras gene has already been 
found sufficient for measurement  of 
c-H-ras mutat ions in untreated rats at fre- 
quency as low as 10 - s  (R.S.C., W.G.T., 
and H.Z., in prep.). Moreover, an 
MNNG-induced mutat ional  hotspot (Dr. 
Alexandra Kat, pers. comm.) and an 
X-ray-induced frameshift mutat ional  

FIGURE 5 Effect of glycerol on the sensitivity 
of mismatch amplification mutation assay 
(MAMA). From the left to right, 10 i~g 
( -3  x 106 copies of the ras gene) of genomic 
DNA from rat liver was mixed with various 
amounts of tumor genomic DNA representing 
approximately 30, 300, and 3000 copies of the 
mutant sequences. The next three lanes con- 
tain only the tumor genomic DNA. Samples 
were subjected to 35 cycles of two-step PCR 
consisting of 1 min of incubation at 94~ fol- 
lowed by 1 rain of incubation at 50~ The 
arrows indicate the position of 74-bp trans- 
forming allele-specific amplification band. 
Reaction mixture contained either 0% (a), 5% 
(b), or 10% (c) glycerol (vol/vol). For the re- 
construction experiment, autoradiogram was 
utilized to visualize amplification products 
because 35 cycles of amplification from 30 
copies of template at an efficiency of 70% per 
cycle would yield approximately 3 x 109 mol- 
ecules of the 74-bp fragment, which is under 
the limit of detection by ethidium bromide 
staining. 

hotspot (Dr. Rich Okinaka, pers. comm.)  
in h u m a n  cells have also been success- 
fully measured using our approach. Nev- 
ertheless, it should be pointed out that  
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whether  or not  the specific parameters 
optimized for the 12th codon G-to-A 
transition of the c-H-ras gene will be as 
effective for other sequences remains to 
be determined. Because numerous  stud- 
ies indicate that the specificity of allele- 
specific PCR is influenced by both the 
nature of mismatches and the sequence 
to be amplified, (1,12~ it is possible that  
an optimal MAMA condit ion may need 
to be determined on a sequence-by-se- 
quence basis. 

The development  of allele-specific 
PCR utilizing 3' terminal mismatch(es) 
was based on observations that  correctly 
paired bases were much  more readily ex- 
tended by DNA polymerases than mi- 
spaired bases. (19,2~ By measuring the 
extension efficiencies of different mis- 
match primers hybridized to M13 tem- 
plate, investigators reported that  per- 
fectly matched bases were 102-106 times 
more efficiently extended than  mis- 
matched bases, depending on DNA 
polymerases and the nature of mis- 
matches. (19'2~ For the 12th codon 
G-to-A transition of the c-H-ras gene, we 
find that primers containing one mis- 
match at the ult imate or penult imate po- 
sition of the 3' end of the primer extend 
as efficiently as a perfect match primer 
with a calculated efficieny of 70% per cy- 
cle. When an additional mismatch was 
placed, about 100-fold reduction (from 
0.7 to 0.007, Table 1) in the efficiency of 
extension was observed. Under the con- 
dition optimized for the t ransforming 
allele-specific amplification, the proba- 
bility of a double-mismatch primer ex- 
tension was less than 10 - s  (Fig. 5; see 
Results). Undoubtedly, this probability 
determines the limit of sensitivity, and 
any modification of the procedure that  
results in the reduction of this probabil- 
ity would improve the sensitivity. 

Numerous studies on fidelity of in 
vitro DNA polymerization and mispaired 
base extension have demonstra ted that  
the extent of such discrimination by 
DNA polymerases is influenced by the 
number  and nature of mismatches,  (~'~2~ 
and many  factors in the reaction mixture 
such as pH, (12'21'23) the concentrat ion of 
primers, (a~ dNTPs, (12'21~ and magnes ium 
ions (mg z+). (12,23,24~ To explore the pos- 
sibility that  altering these parameters 
would further enhance the sensitivity of 
the MAMA by lowering the likelihood of 
the double-mismatch extension, we 
modified the reaction buffer by varying 
the pH between 8.4 (original condition) 

and 5.0, the concentrations of MgCl z be- 
tween 2.25 mM (original condition) and 
0.1 mM, and the concentrations of dNTPs 
between 37 ~M (original condition) and 
3.7 ~M. We chose the lower values for 
these three variables from the results of 
previous studies indicating that higher 
fidelity of in vitro polymerization is 
achieved when these values are low- 
ered. (8'2~'24~ Under the various PCR con- 
ditions tested, we observed that the over- 
all efficiency of amplification for both 
the wild-type allele and the t ransforming 
allele decreased. The extent of the reduc- 
tion in the efficiencies was comparable 
between the two alleles, and no signifi- 
cant enhancement  on the sensitivity was 
observed (data not  shown). It should 
also be noted that no detectable amoun t  
of amplification product was generated 
from either the wild-type allele or the 
t ransforming allele when pH was lower 
than 7.0 or the concentrations of MgCl 2 
were below 0.5 mM. 

The mutat ion we have utilized as a 
model system in this study, the G-to-A 
transition at the second nucleotide of 
the 12th codon of ras gene, is one of the 
most  frequently observed alterations in 
many  types of tumors of both h u m a n  
and animal origins. (2s~ Consequently, 
tumors are screened routinely for the 
presence of this mutation.  Utilizing 
MAMA for detecting the t ransforming 
ras allele in tumors would provide many  
advantages over other molecular tech- 
niques currently used, such as RFLP and 
differential oligonucleotide hybridiza- 
tion. In addition to its simplicity, speed, 
and sensitivity, the MAMA generates 
quantitative output  (Fig. 5c), providing 
an opportuni ty to measure the actual 
fraction of the sample DNA carrying the 
12th codon alteration. Assuming that tu- 
mors are clonal in origin, such analysis, 
in turn, would make it feasible to assess 
the t iming of ras gene activation. In ad- 
dition, with its present ability to detect 
30 copies of t ransforming ras alleles 
present amongst  3 • 106 copies of wild- 
type allele, MAMA may be utilized to an- 
alyze quantitatively the molecular 
events that occur during the earlier 
stages of chemically induced tumorigen- 
esis in a target organ where the number  
of cells with a mutated oncogene is be- 
lieved to be very small. Finally, it should 
be pointed out that because there is a 
restriction enzyme (MnlI) that selec- 
tively cleaves the wild-type c-H-ras allele, 
the current sensitivity of the MAMA for 

the G-to-A transition of the c-H-ras gene 
can be further enhanced by a factor of 10 
or more by digesting genomic DNA sam- 
ples prior to MAMA. 
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