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T h e  distinctive ability of the 
polymerase chain  reaction (PCR) to 
produce a substantial quant i ty  of DNA 
from an initially small amoun t  of ge- 
netic material is revolutionizing 
molecular biology. The variety of high- 
ly successful applications of PCR tech- 
nology and the ease with which  PCR 
can be performed should not be 
misinterpreted as evidence that the 
PCR is a simple process. In fact, quite 
the opposite is true. A single cycle of 
DNA polymerizat ion is a complex pro- 
cess requiring the precise interaction of 
several components .  The repetitive 
cycles characteristic of PCR provide an 
addit ional layer of complexi ty  to the 
technique.  The final PCR product can- 
not be considered a unique entity, as 
even a discrete DNA band on an 
agarose gel may  contain a variety of 
DNA molecules differing from the 
original genetic informat ion by one or 
more nucleotides. 

How serious a concern is the fidel- 
ity of PCR? The answer depends on the 
precise nature of the application. In 
m a n y  instances, for example, direct 
characterization of the amplif ied popu- 
lation by DNA sequence analysis or 
nucleic acid hybridization,  r andom er- 
rors in nucleotide sequence that may 
be produced during PCR are of little 
concern. However, some PCR applica- 
tions involve the characterization of 
individual  DNA molecules or rare 
molecules present in a heterogeneous 
population.  Examples include the 
study of allelic po lymorphism in indi- 
vidual mRNA transcripts O,2) and the 
characterization of the allelic states of 
single sperm cells (3) or single DNA 
molecules. (4,s) In these circumstances, 
the fidelity (error rate per nucleotide) 
of PCR is an important  consideration, 

because errors generated during 
amplif icat ion may  interfere with the 
interpretation of data. 

During enzymatic  DNA amplifica- 
tion, the majori ty of changes in nucle- 
otide sequence can be attributed to er- 
rors made by the DNA polymerase. 
While  PCR is a recent development  in 
the field of molecular biology, the fi- 
delity of DNA polymerases has been 
studied biochemical ly  for almost 30 
years. In this review, we will at tempt to 
relate our current unders tanding of the 
mechanisms  of polymerase fidelity in 
vitro to the accuracy of enzymatic  
DNA amplification.  We begin by de- 
scribing steps in polymerase error dis- 
cr iminat ion and variables important  
for de termining fidelity. The error rates 
of several DNA polymerases that have 
been used for PCR will be described, 
first as determined in model  "one- 
cycle" fidelity assays and then during 
actual PCR. Our intent  is to focus on 
the variables known to influence the 
fidelity of DNA synthesis in vitro that 

can be controlled experimentally.  

ERROR A C C U M U L A T I O N  D U R I N G  
PCR 

Error rates in PCR vary according t o  

the precise DNA sequence and the in 
vitro condit ions of DNA synthesis. 
Several laboratories have estimated the 
error frequency (mutations per 
nucleotide per cycle) during PCR 
catalyzed by the thermostable Thermus 
aquaticus (Taq) DNA polymerase by 
cloning individual  DNA molecules 
from the amplif ied populat ion and 
determining the number  of DNA se- 
quence changes. (6-12) As seen from the 
data in Table 1, observed error frequen- 
cies during PCR vary more than  10- 
fold, from -2  x 10 -4 to <1 x 10 -5 . For 
applications of PCR products that  util- 
ize the populat ion of amplif ied DNA 
molecules, random errors at these fre- 
quencies will not interfere with the 
biochemical  analyses. However, poly- 
merase-mediated errors at a frequency 
of 1 muta t ion  per 10,000 nucleotides 

TABLE 1 Estimates of Fidelity during PCR Catalyzed by Taq Polymerase 

Error Error rate 
Target Number  frequency per nucleotide 
sequence of cycles per nucleotide per cycle a Reference 

Apolipoprotein B 30 22/8,000 1/5,600 6 
HLA-DPf~ 30 17/6,692 1/5,900 7 
R-Antit rypsin 33 7/4,700 1 / 11,000 8 
HPRT 32 
HLA-A,B 30 

20 
TCR V8 25 
HIV gag/env 30 

aError rate = I/[(observed error fre
ficiency per cycle. U) 
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T h e  distinctive ability of the 
polymerase chain  reaction (PCR) to 
produce a substantial quant i ty  of DNA 
from an initially small amoun t  of ge- 
netic material is revolutionizing 
molecular biology. The variety of high- 
ly successful applications of PCR tech- 
nology and the ease with which  PCR 
can be performed should not be 
misinterpreted as evidence that the 
PCR is a simple process. In fact, quite 
the opposite is true. A single cycle of 
DNA polymerizat ion is a complex pro- 
cess requiring the precise interaction of 
several components .  The repetitive 
cycles characteristic of PCR provide an 
addit ional layer of complexi ty  to the 
technique.  The final PCR product can- 
not be considered a unique entity, as 
even a discrete DNA band on an 
agarose gel may  contain a variety of 
DNA molecules differing from the 
original genetic informat ion by one or 
more nucleotides. 

How serious a concern is the fidel- 
ity of PCR? The answer depends on the 
precise nature of the application. In 
m a n y  instances, for example, direct 
characterization of the amplif ied popu- 
lation by DNA sequence analysis or 
nucleic acid hybridization,  r andom er- 
rors in nucleotide sequence that may 
be produced during PCR are of little 
concern. However, some PCR applica- 
tions involve the characterization of 
individual  DNA molecules or rare 
molecules present in a heterogeneous 
population.  Examples include the 
study of allelic po lymorphism in indi- 
vidual mRNA transcripts O,2) and the 
characterization of the allelic states of 
single sperm cells (3) or single DNA 
molecules. (4,s) In these circumstances, 
the fidelity (error rate per nucleotide) 
of PCR is an important  consideration, 

because errors generated during 
amplif icat ion may  interfere with the 
interpretation of data. 

During enzymatic  DNA amplifica- 
tion, the majori ty of changes in nucle- 
otide sequence can be attributed to er- 
rors made by the DNA polymerase. 
While  PCR is a recent development  in 
the field of molecular biology, the fi- 
delity of DNA polymerases has been 
studied biochemical ly  for almost 30 
years. In this review, we will at tempt to 
relate our current unders tanding of the 
mechanisms  of polymerase fidelity in 
vitro to the accuracy of enzymatic  
DNA amplification.  We begin by de- 
scribing steps in polymerase error dis- 
cr iminat ion and variables important  
for de termining fidelity. The error rates 
of several DNA polymerases that have 
been used for PCR will be described, 
first as determined in model  "one- 
cycle" fidelity assays and then during 
actual PCR. Our intent  is to focus on 
the variables known to influence the 
fidelity of DNA synthesis in vitro that 

can be controlled experimentally.  

ERROR A C C U M U L A T I O N  D U R I N G  
PCR 

Error rates in PCR vary according t o  

the precise DNA sequence and the in 
vitro condit ions of DNA synthesis. 
Several laboratories have estimated the 
error frequency (mutations per 
nucleotide per cycle) during PCR 
catalyzed by the thermostable Thermus 
aquaticus (Taq) DNA polymerase by 
cloning individual  DNA molecules 
from the amplif ied populat ion and 
determining the number  of DNA se- 
quence changes. (6-12) As seen from the 
data in Table 1, observed error frequen- 
cies during PCR vary more than  10- 
fold, from -2  x 10 -4 to <1 x 10 -5 . For 
applications of PCR products that  util- 
ize the populat ion of amplif ied DNA 
molecules, random errors at these fre- 
quencies will not interfere with the 
biochemical  analyses. However, poly- 
merase-mediated errors at a frequency 
of 1 muta t ion  per 10,000 nucleotides 

TABLE 1 Estimates of Fidelity during PCR Catalyzed by Taq Polymerase 

Error Error rate 
Target Number  frequency per nucleotide 
sequence of cycles per nucleotide per cycle a Reference 

Apolipoprotein B 30 22/8,000 1/5,600 6 
HLA-DPf~ 30 17/6,692 1/5,900 7 
R-Antit rypsin 33 7/4,700 1 / 11,000 8 
HPRT 32 16/15,000 1/15,O00 9 
HLA-A,B 30 20/21,870 1/16,000 10 

20 17/30,710 1/18,000 10 
TCR V8 25 1/1,500 1/19,000 11 
HIV gag/env 30 < 1/5,411 < 1/83,0OO 12 

aError rate = I/[(observed error frequency/number of cycles) x 2], assuming a constant ef- 
ficiency per cycle. U) 
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per cycle are an impor tant  considera- 
t ion for any PCR application that be- 
gins with a small amount  of starting 
material (i.e., less than  a total of 
10,000 nucleotides of target DNA) or 
that focuses on individual  DNA 
molecules present in the final PCR 
population.  

The proportion of DNA molecules 
that contain sequence changes is a 
funct ion of the error rate per nucleo- 
tide per cycle, the number  of amplifi- 
cation cycles, and the starting popula- 
tion size.t13,14) The populat ion of 
altered DNA molecules arises during 
PCR from two sources: (1) new errors 
at each cycle and (2) the amplif icat ion 
of DNA molecules conta in ing errors 
from previous cycles. On average, the 
same number  of DNA sequence 
changes in the final populat ion results 
from polymerase errors during the last 
amplif icat ion cycle as result from the 
amplif icat ion of errors that occurred 
during previous cycles. The formula f = 
np/2 describes the average muta t ion  
frequency (f) for PCR amplif icat ion as a 
funct ion of the polymerase error rate 
per nucleotide per cycle (p) and the 
number  of cycles (n), assuming that p 
is constant  at each cycle (for more 
detailed mathemat ica l  analyses, see 
refs. 13 and 14). Theoretically, the fre- 
quency of DNA sequence changes can 
be controlled by altering the number  
of cycles (n) and/or  the polymerase er- 
ror rate per nucleotide (p) (see Table 6 
in ref. 13). For example, as the number  
of cycles increases, the error frequency 
is expected to increase. Keeping p con- 
stant at one error per 10,000 
nucleotides per cycle, the error fre- 
quency when  n = 20 cycles is one 
change per 1000 nucleotides and in- 
creases to one change per 400 
nucleotides after 50 amplif icat ion 
cycles. Alternatively, the final error fre- 
quency can be varied by changing p, 
the polymerase error rate. Keeping a 
constant  cycle number  of n = 50, the 
final muta t ion  frequency is only 
1/2000 nucleotides if p = 1/50,000, but 
increases to 1/400 nucleotides if p = 
1/10,000. Due to the exponent ial  na- 
ture of PCR, the occurrence of an early 
error can increase the final error fre- 
quency above the average described by 
f = np/2, because the mutan t  DNA 
molecules will be amplif ied with each 
cycle, resulting in populat ions with a 

larger than average number  of 
mutants.  ~ls) The remainder  of this 
review explores the ways in which  the 
polymerase error rate, p, can be 
manipula ted  exper imental ly  as a 
means  of controll ing the PCR error fre- 
quency. 

MOLECULAR NATURE OF 
MUTATIONS 

A variety of changes in DNA sequence 
can occur during enzymatic  DNA 
amplification. These mutat ions  vary 
from single base-substitution muta- 
tions to deletions and insertions. 16-12) 
The most familiar type of muta t ion  is 
the base substitution that results from 
the misincorporat ion of an incorrect 
dNTP during DNA synthesis. Twelve 
distinct base mispairs are possible, 
varying in composi t ion and in the 
template base versus the incoming  
dNTP (e.g., T'dGTP versus G'dTFP). 
Together with the effects of neighbor- 
ing template sequence, this creates a 
variety of possible molecular structures 
among which any polymerase must 
discriminate. All DNA polymerases ex- 
amined  to date also generate muta- 
tions during DNA polymerizat ion in 
vitro wherein one or more nucleotides 
is lost or added. One factor that will in- 
fluence the types of DNA sequence 
changes (base substitution versus dele- 
tion mutat ion)  likely to occur during 
enzymatic  amplif icat ion is the se- 
quence of the target DNA. 

The frequency of deletion muta- 
tions is sequence dependent  and is in- 
creased in repetitive DNA sequences 
(for reviews, see refs. 16 and 17) Many 
examples exist for the repetitive nature 
of DNA, from simple reiteration of a 
single base, to al ternating dinucleotide 
tracts in potential  Z-DNA structure, to 
short direct repeats. The generation of 
deletion mutat ions  is likely to be 
determined by the stability of the 
mutat ional  intermediates.(16,17) The 
most c o m m o n  polymerase-mediated 
deletion error is the loss of one 
nucleotide. As first proposed by 
Streisinger, (18) one mechan i sm for the 
gain or loss of a single nucleotide is the 
misa l ignment  wi th in  a repetitive 
homopolymer ic  sequence of the DNA 
template-primer during synthesis. 
Consistent with this mechanism,  the 
error rates for some minus-one-base 
deletion mutat ions  produced by 

purified polymerases in vitro increase 
as the length of the repeated sequence 
increases. (16) Alternative models have 
also been proposed, including dele- 
tions initiated by base misinsertion. (19) 
Substantial evidence from model  as- 
says demonstrates that  polymerases 
also can generate deletions of a few to 
hundreds  of nucleotides during 
polymerizat ion in vitro. These dele- 
tions often involve directly repeated 
sequences and pal indromic  or quasi- 
pal indromic sequences that  have the 
potential to form stern-and-loop DNA 
structures.~177 

In addit ion to intramolecular  errors 
during DNA synthesis, deletions and 
other types of rearrangements can oc- 
cur between DNA molecules. Such in- 
termolecular events are thought  to 
arise when  the polymerase terminates 
synthesis on one DNA strand and con- 
tinues synthesis after pr iming  occurs 
on a complementa ry  DNA strand 
(strand switching or jumping  PCR). (2~ 
Both the presence of a h igh degree of 
sequence homology between regions 
of DNA molecules and a high DNA 
concentrat ion increase the incidence 
of this type of error in PCR. (1~176 

ERROR DISCRIMINATION BY DNA 
POLYMERASFS AND FIDELITY IN 
MODEL SYSTEMS 

Since the majori ty of DNA sequence 
changes introduced during PCR may  
be polymerase-mediated,  we will 
review what  is known about DNA 
polymerase error rates from model  in 
vitro systems. Much of our under- 
s tanding of fidelity is derived from as- 
says that quanti tate errors made by 
DNA polymerases during synthesis 
equivalent  to a single PCR cycle. (21-24) 
Among these, the broadest description 
of fidelity comes from the M13mp2 
forward muta t ion  assay, (24) which  
detects all possible base substitution er- 
rors along with a variety of base dele- 
tion and addit ion errors at a large 
number  of sites. In this assay, single- 
stranded M13mp2 DNA conta in ing the 
c~-complementation region of the Es- 
cherichia coli lacZ gene is used as the 
template for a single cycle of DNA 
synthesis. Upon transfection of an ap- 
propriate E. coli strain with the pro- 
ducts of the reaction, accurate DNA 
synthesis can be detected as dark blue 
M13mp2 plaques. However, polymer- 
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ase errors during synthesis of the lacZ 
gene result in lighter blue or colorless 
plaques, due to decreased cz-comple- 
menta t ion  of 15-galactosidase activity in 
the infected host cell. The error rates 
for specific classes of polymerase errors 
during a single synthesis cycle can be 
calculated from the frequency of light 
blue and colorless (mutant) plaques 
among the total plaques scored and 
DNA sequence analysis of a collection 
of the mutants.  A more sensitive assay 
for specific types of mutat ions  can be 
performed by using an M13mp2 
template DNA which contains a base 
substitution or deletion mutat ion,  
resulting in a colorless phenotype.  In 
these assays, polymerase errors are 
scored as DNA sequence changes that 
revert the mutan t  back to a wild-type 
or pseudo-wild-type phenotype.  This 
approach is especially useful for h ighly  
accurate polymerases. Unlike the for- 
ward muta t ion  assay, however, 
M13mp2 reversion assays are focused 
on a l imited subset of errors occurring 
at only  a few sites. 

Polymerase-mediated discrimina- 
t ion against errors during synthesis oc- 
curs at several steps in the biochemical  
reaction (Fig. 1) (for review, see ref. 
25). The first control point  is the bind- 
ing of the dNTP substrate to the poly- 
merase (step A). The rate of b ind ing  of 
both the correct and incorrect incom- 
ing deoxynucleoside t r iphosphate  is as- 
sumed to be the same. However, the 
correct dNTP substrate may  remain 
preferentially bound  to the enzyme-  
DNA complex due to hydrogen bond- 
ing and base-stacking interactions. 
Alternatively, an incorrect dNTP may  
dissociate from the E~ com- 
plex more readily than  a correct 
dNTP. (21,22) At this stage, polymerase 
error rates can be varied experimental-  
ly by adjusting the ratio of correct and 
incorrect dNTP substrates, reflecting 
the relative probabili ty that  a 
polymerase will b ind  an incorrect 
versus a correct dNTP. An example of 
such a reaction catalyzed by Taq 
polymerase is shown in Table 2 (part 
I), wherein base substitution fidelity is 
decreased eightfold by decreasing the 
concentrat ion of a single correct 
nucleotide. Imbalances in the dNTP 
pools can be either mutagenic  or 
ant imutagenic,  depending on the error 
being considered. A second point  for 

error discr iminat ion is the more rapid 
rate of phosphodiester  bond  formation 
for correct rather than  for incorrect 
E'DNA~ complexes (step B). Ob- 
servations from several laboratories 
suggest that DNA polymerases use se- 
lectivity at both steps A and B to im- 
prove base substitution fidelity, but 
that the relative contr ibut ion of the 
two steps varies from one polymerase 
to the next. (26-28) 

Once the phosphodiester  bond is 
formed between the incoming  dNTP 
and the DNA primer, the rate of 
pyrophosphate  release (step C) may  oc- 
cur more slowly in the case of incorrect 
incorporations. (21) This third level of 
discrimination,  together with the ob- 
servation that  some DNA polymerases 
catalyze pyrophosphorolysis  and 
pyrophosphate  exchange reactions, (29) 
provides the possibility that the 
presence of pyrophosphate  in a 
polymerizat ion reaction may  influence 
fidelity. Both mutagenic  (3~ and anti- 
mutagenic(3]) pyrophosphate  effects 
on the fidelity of E. coli DNA polymer- 
ase I have been observed. 

A fourth level of error discrimina- 
t ion is the selective ability of a 
polymerase to cont inue DNA synthesis 
on a correct pr imer- templa te  structure 
rather than  on a muta t ional  intermedi-  

ate (step D). The probabil i ty of preserv- 
ing any mispaired intermediate  as a 
muta t ion  is increased by reaction con- 
ditions that  increase the rate of exten- 
sion synthesis, such as h igh  dNTP con- 
centrations, h igh  enzyme concentra- 
tions, or long incubat ion times. The 
rate of mispair  extension varies for 
both  the type of mispair  and the 
polymerase. (32,33) In general, pur ine-  
purine mispairs are the most difficult 
to extend (10 -s to 10-6), while 
pur ine -pyr imid ine  and pyr imid ine -  
pyr imidine  mispairs are extended more 
efficiently (10 -2 to 10 -4 ) as compared 
to the corresponding correct base pairs 
(M. Goodman,  pers. comm.).  For the 
Taq polymerase, the failure to extend 
mispairs is not due to differential bind- 
ing of the polymerase tO correct versus 
incorrect terminal  base pairs, but  rath- 
er is due to a kinetic block to the addi- 
t ion of the next nucleotide onto the 
mispair  (M. Goodman,  pets. comm.).  
As for other DNA polymerases, the in- 
trinsic extension efficiency for Taq 
polymerase measured under  steady- 
state condit ions differs for each type of 
mispair  (M. Goodman,  pers. comm.).  

Finally, one of the most impor tant  
control points for the production of 
mutat ions  is the 3 '  ~ 5 '  exonucleo- 
lytic removal (proofreading) of 3 '  ter- 

E+DNA ~ E~ n 
n 

A 
- ~ - - - ~ - - ~  E.DNAndNTP 

dNTP 

B 

PP 
i 

E'DNA,I ~ E.DNA" PP E~ " ~  C n+l i 

dNMP 

E.DNA EoDNA 
n n 

FIGURE 1 Steps in polymerase error discrimination. This reaction scheme for error dis- 
crimination by DNA polymerases in vitro has been generalized from data for a varietv of en- 
zymes, (2s) but relies heavily on data generated using the Klenow fragment of E. coli DNA 
polymerase I. (21) (E) Polymerase; (DNAn) starting DNA primer-template of length 17; 
(DNAn+I) DNA n primer-template after incorporation of one nucleotide; (DNAn+ 2) DNAn§ 1 
primer-template after extension synthesis; (dNTP) deoxynucleoside triphosphate; (PPi) 
pyrophosphate; (dNMP) deoxynucleoside monophosphate. Letters A-E denote control points 
for error discrimination (see text for details). 
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TABLE 2 Compara t ive  DNA Polymerase Fidelity in the  M13mp2  Muta t ion  Assays 

Base subs t i tu t ion  
3 ' --,5 ' error rate per 

Polymerase Exonuclease nuc leo t ide  a Reference 

I. Taq - 1/2,400 b 13 
Taq (100 pM dNTP) - 1/290 b 13 

II. Klenow (1 pM dATP) + 1/110,000 35 
Klenow (1 uM dNTP) - 1/15,000 35 

III. T4 + 1/300,000 T.A.K. (unpubl.1 
1,80,000 c 13 

Native T7 + 1/290,000 T.A.K. (unpubl. } 
1/53,000 c 13 

Klenow + 1/45,000 50 
1/27,000 c 13 

T. litoralis + 1/31,000 P. Mattila Ipers. comm.) 

IV. AMV (500 ~M dNTPs) - 1/24,000 51 
Taq - 1/5,600 13 
Sequenase 2.0 - 1/5,000 c T.A.K. (unpubl.) 

V. Taq (4 mM Mg 2+) - 1/300,000 37 
Taq (pH 5.7) - 1/180,000 37 

All fidelity measurements were done using 1 mM each of four dNTPs and 10 m.M .MgC12 un- 
less otherwise indicated by parenthetical notations. The T4, native T7, Sequenase 2.0. AMV. 
and Klenow polymerase reactions were incubated at 37~ the Taq polymerase reactions at 
70~ and the T. litoralis polymerase reactions at 72~ 

aExcept where noted, error rates per detectable nucleotide were determined from the mutant 
frequency observed in an opal codon reversion assay as previously described. ~~2~ 

bThe base substitution error rate was calculated for changes at the first position tl'G~ of the 
TGA codon only. As determined by DNA sequence analysis, first position changes account 
for 85% of the total errors produced by Taq polymerase at equal dNTP concentrations. 

CThe base substitution error rate was calculated as described (50) from DNA sequence analysis 
of mutants produced in the M13mp2 forward mutation assay. 

mina l  mispairs to regenerate  the  start- 
ing DNA conf igura t ion  (step E) (for 
review, see ref. 34). Slow pyrophos-  
pha te  release after an  incorrect  in- 
co rpora t ion  (step C) and  slow exten- 
sion from a mispaired t e rminus  (step 
D) increase the  o p p o r t u n i t y  for selec- 
tive removal  of mis incorpora ted  nucle- 
otides by the  exonuclease  activity.  A 
direct compar i son  of the  3 ' - - - ,5 '  
exonuclease-prof ic ien t  versus exo-nu-  
clease-deficient form of Klenow poly- 
merase (Table 2, part  II) shows a seven- 
fold difference in the  base subs t i tu t ion  
error rates of these enzymes,  reflecting 
the  con t r i bu t i on  of p roof read ing  to the  
f ideli ty of this  polymerase .  (3s) 

The eff iciency of p roof read ing  as an 

error d i sc r imina t ion  m e c h a n i s m  re- 
flects a ba lance  be tween  the  compet -  
ing processes of po lymer i za t i on  of the  
nex t  correct nuc leo t ide  (step D) a n d  

excision (step E). This ba lance  is no t  
the  same for all polymerases,  as 
demons t r a t ed  by the  observat ion  tha t  
the  T4 and  nat ive  T7 DNA polymerases  
are more  accurate t h a n  is the  Klenow 
polymerase  unde r  ident ical  react ion 
cond i t i ons  (Table 2, part  Ill). Further- 
more,  this ba lance  can be modu la t ed  
by c h a n g i n g  the  cond i t i ons  of in vi t ro 
po lymer iza t ion .  For example,  proof- 
reading by the  Klenow polymerase  is 
less effective at 1 mM dNTPs t h a n  at 1 
pM dNTPs (Table 2, parts II and  Ill); the  
h igh  substrate c o n c e n t r a t i o n  increases 
the  rate of ex tens ion  from mispaired 
t e rmin i  (step D), lessening the  t ime  
available for excision of the  error (step 
E). Table 2 (part III) also il lustrates t ha t  
the  overall  f ideli ty of a po lymerase  
reac t ion  is con t ro l l ed  by the  least ac- 
curate react ion tha t  occurs. A l though  
the  proofreading-prof ic ien t  T4 a n d  na-  

tive T7 polymerases  can have an ex- 
quis i te ly h igh  f idel i ty for par t icular  
base-subst i tu t ion errors, the  fidelities 
are s igni f icant ly  lower w h e n  a larger 
n u m b e r  of sites and  classes of errors are 
m o n i t o r e d  in a forward m u t a t i o n  as- 
say. 

Given tha t  t he rmos tab le  DNA 
polymerases  are preferred for PCR, it is 
n o t e w o r t h y  tha t  prepara t ions  of the  
the rmos tab le  DNA polymerase  f rom 
Thermococcus litoralis (Vent po lymer-  
ase) con t a in  a 3 ' ~ 5 '  exonuclease  ac- 

t ivi ty (P. Matt i la  and  J. Ronka, pers. 
comm.) .  These invest igators  have 
demons t r a t ed  tha t  this  enzyme  has a 
base-subst i tu t ion error rate of 1/31,000 
in react ions  c o n t a i n i n g  1 mM dNTPs, 
similar to tha t  observed for the  Klenow 
polymerase  (Table 2, part  liD. Con-  
sistent wi th  the  possibi l i ty tha t  ex- 
onuc leo ly t ic  removal  of base- 
subs t i tu t ion  errors is occurr ing  dur ing  
po lymer iza t ion ,  the  fideli ty of this 
po lymerase  is f ivefold h igher  t h a n  the  
f ideli ty of the  exonuclease-def ic ient  
Taq polymerase  unde r  ident ical  reac- 
t ion  cond i t i ons  (Table 2, parts III a n d  
IV), and  the  3 '  ~ 5 '  exonuclease  ac- 
t ivi ty  has a slight preference for exci- 
sion of m i s m a t c h e d  ra ther  t h a n  
m a t c h e d  base pairs (P. Matt i la  and  J. 
Ronka, pers. comm.) .  

The major i ty  of commerc ia l ly  avail- 
able the rmos tab le  DNA polymerases  do 
no t  con t a in  3 ' ~ 5 '  exonuclease  ac- 
tivities. W h e n  the  fidelities of various 
polymerases  are compared  us ing 
similar  react ion condi t ions ,  the  Taq, 
Thermus thermophilus (Tth), a n d  
Thermus flavis (Replinase) DNA poly- 
merases are approx ima te ly  lO-fold less 
accurate t h a n  are the  T4 or nat ive  T7 
polymerases,  cons is ten t  wi th  these en- 
zymes be ing  proofreading-def ic ient  
(Table 2) (13) (P. Matt i la  and  J. Ronka, 
pers. comm.) .  Even a m o n g  exonucle-  
ase-deficient  DNA polymerases,  error 
rates are no t  cons tan t .  The fideli ty of 
the  AMV reverse t ranscriptase is signifi- 
can t ly  h igher  t han  the  fidelities of the  
Taq polymerase  or the  exonuclease-  
def icient  form of T7 polymerase  (Se- 
quenase  2.0) (Table 2, part  IV). Fluctua- 
t ions  in base-subst i tu t ion error rates of 
more  t h a n  10-fold have been seen wi th  
several DNA polymerases,  reflecting 
differences in po lymerase  error dis- 
c r im ina t i on  at steps A-D (Fig. 1), the  
molecular  na ture  of the  error, and  the  
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surrounding DNA sequence (for a more 
extensive discussion, see ref. 36). 

Not unexpectedly,  the fidelity of a 
polymerizat ion reaction in vitro 
depends upon the synthesis condit ions 
chosen. The influence of variations in 
reaction condit ions on the fidelity of 
Taq polymerase has revealed that even 
this exonuclease-deficient DNA poly- 
merase can be highly  accurate. Sig- 
nif icant  improvements  in fidelity 
resulted from decreasing the MgC12 
concentrat ion or the pH of the reac- 
tion. (37) Under these conditions,  the 
error rate per nucleotide polymerized 
at 70~ can be as low as 10 -s for base- 
substitution errors, similar to the ob- 
served error frequencies of proof- 
reading-proficient enzymes (Table 2, 
part V). In these studies, fidelity was 
highest  at a MgCI 2 concentrat ion that 
was equimolar  to the total concentra- 
t ion of dNTP substrates present in the 
reaction, and fidelity decreased as the 
concentrat ion of free divalent cation 
increased. (37) Low rates for both base- 
substitution and minus-one base dele- 
t ion errors are also obtained when  Taq 
polymerase reactions were carried out 
using Tris, 4-morphol ineethane-sulfon-  
ic acid (MES), and 1,4-piperazinebis 
(ethane-sulfonic acid) (PIPES) buffers at 
pH 5-6 (70~ The base-substitution 
error rate increased 60-fold as the pH 
was raised approximately three 
uni t s )  37) The fidelity of the Taq 
polymerase is moderately temperature 
dependent .  (13) Two- to threefold in- 
creases in both base-substitution and 
minus-one base deletion error rates 
were observed as the reaction tempera- 
ture was increased from 23-30~ to 
70-80~ Finally, the overall error rate 
of Taq polymerase was observed to in- 
crease as the dNTP concentrat ion was 
increased from 1 gM tO 1 mM. (13,37) 
This suggests that the fidelity of PCR 
amplif icat ion can be improved using 
low dNTP concentrations,  since un- 
extended mispairs will be lost during 
PCR because they do not  yield full- 
length DNA products for further 
amplification.  

DNA DAMAGE IN PCR 

Incubation of DNA at high tempera- 
tures during PCR produces DNA 
damage, thus increasing the potential  
for mutat ions.  One of the most fre- 
quent  forms of DNA damage is 

deamina t ion  of cytosine to produce 
uracil. (13,38) Since uracil has the same 
coding potential  as thymine ,  faithful 
replication of a template uracil by a 
DNA polymerase will result in a 
C ' G ~ T ~  transit ion mutat ion.  In PCR, 
the greatest risk of cytosine deamina-  
tion is during the denaturat ion step. 
The rate constant  for deamina t ion  of 
cytosine in single-stranded DNA at 
80~ is -1 x 10 -8 events/sec, increasing 
to -2  x 10 .7 events/sec at 95~ A sec- 
ond c o m m o n  type of DNA damage is 
spontaneous base release resulting 
from hydrolysis of the N-glycosylic 
bond. (39) The rate of this hydrolytic 
reaction is significantly increased at 
high temperatures and low pH. Depur- 
inat ion of native DNA at pH 7.4 and 
70~ occurs at a rate of -4  x 10 -9 events 
per sec. The release of pyrimidines,  
while approximately 20 times slower 
than  purines, increases significantly as 
the temperature is increased to 95~ 
The rate of spontaneous purine loss in 
native DNA is markedly increased at 
low pH. Following spontaneous base 
hydrolysis, the resulting apurinic/  
apyr imidinic  (AP) sites in the DNA can 
inhibi t  synthesis by DNA polymer- 
ases. (39) In some cases, DNA polymer- 
ases are capable of replicating past AP 
sites. As AP sites are noncoding  lesions, 
such bypass replication is error-prone 
and results in base-substitution muta- 
tions, most frequently transversions. 

The presence of DNA damage also 
increases the occurrence of jumping  
PCR. The amount  of intermolecular  
DNA rearrangements relative to intra- 
molecular amplif icat ion during PCR 
was found to be greater when  the start- 
ing DNA contained double-stranded 
breaks, AP sites, or ultraviolet light 
photoproducts.  (2~ Strand-switching 
becomes an important  consideration 
to fidelity when  ancient  DNA or DNA 
samples from forensic analyses are 
used as the original DNA for amplifica- 
tion, because these samples often con- 
tain various forms of DNA damage. (4~ 

ERROR DISCRIMINATION DURING 
PCR 

Generally, the rate of polymerase ex- 
tension from mispaired or misal igned 
primer- termini  (Fig. 1, step D) is de- 
pendent  upon the concentrat ion of the 
next correct dNTP substrate. (32) In the 
absence of proofreading, h igh dNTP 

concentrat ions decrease polymerase fi- 
delity by decreasing the amount  of er- 
ror discr iminat ion at the extension 
step, while low dNTP concentrat ions 
increase fidelity by reducing the rate of 
mispair  extension. Such error dis- 
cr iminat ion at the extension step can 
be utilized for primer-specific PCR 
amplification.(41,42) Thus, template- 
primers can be differentially extended 
during PCR, depending upon  the pre- 
cise nature of the 3 '  terminal  
mispair. (41,43) While  primers creating a 
T'G (primer-template),  G'T, C'A, or 
A'C mismatch  provide efficient ampli-  
fication, (41) the presence of an A'A 
mismatch  reduces synthesis approxi- 
mately 20-fold, and the presence of 
A'G, G'A, or C'C mismatches  reduces 
overall PCR product yield about 100- 
fold relative to amplif icat ion from cor- 
rectly base-paired primers. (43) In addi- 
tion, when  the dNTP concentrat ion is 
lowered from 800 i.tM to 6 BM, only  T~ 
mismatches  or perfect base pairs are 
extended.(43) 

Recently, Keohavong and Thilly 
have described a me thod  to quanti tate 
errors produced during PCR using 
denatur ing gradient gel electrophoresis 
(DGGE). (44) In this technique,  a 224-bp 
DNA fragment conta in ing  the HPRT 
exon 3 sequence is amplif ied by PCR. 
After purification of the desired DNA 
band by polyacrylamide gel electro- 
phoresis, the DNA strands are dena- 
tured and allowed to reanneal  in solu- 
tion, generating heteroduplex mole- 
cules between DNA strands conta in ing 
errors (mutant)  and wild-type DNA 
strands. A linear gradient of denatur- 
ant  in a polyacrylamide gel is then  
used to separate the m u t a n t / m u t a n t  or 
mutant /wild- type heteroduplexes from 
the wild-type homoduplex  molecules. 
The proport ion of mutan t  DNA mole- 
cules in the populat ion is estimated 
from either the heteroduplex frac- 
t ion (44'46) or from the wild-type homo- 
duplex fraction.(4s) Finally, the poly- 
merase error frequency per base pair 
per cycle is calculated from the mutan t  
fraction, the number  of duplications, 
and the DNA target size. If desired, in- 
dividual heteroduplex bands can be ex- 
cised to determine the exact nature of 
the mutat ion.  Unlike the M13mp2 fi- 
delity assay, which  measures errors 
produced during a single round of 
DNA synthesisJ 24) the DGGE/PCR 
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technique detects the polymerase er- 
rors that accumulate during repeated 
cycles of amplification. In this system, 
only those errors that allow full-length 
synthesis are recovered in the final 
population, whereas errors that inhibit 
extension synthesis will be lost. DGGE 
has been used successfully to 
quantitate the error frequency of PCR 
catalyzed by various polymerases un- 
der differing conditions at the HPRT 
exon 3 target locus (Table 3). (44-46) 

The fidelity of PCR catalyzed by the 
Taq polymerase as measured by DGGE 
is -1 -2  • 10 -4 (Table 3), in close agree- 
ment  with the estimates from cloning 
PCR products (Table 1) and with the fi- 
delity of Taq polymerase in M13mp2 
in vitro assays (Table 2). Higher-fidelity 
PCR was obtained using the proof- 
reading-proficient T4 DNA polymerase 
(-1/100,000) or the thermostable 
Thermococcus litoralis DNA polymerase 
(Table 3). PCR catalyzed by the chemi- 
cally modified form of T7 DNA poly- 
merase (Sequenase) yielded an error 
frequency of approximately one error 
per 25,000 nucleotides per cycle (Table 
3). These observations do not conflict 
with low-fidelity DNA synthesis ob- 
tained with Sequenase 2.0 in the 
M13mp2 assay (Table 2). The differ- 
ence presumably reflects the fact that 
the chemically modified T7 polymer- 
ase retains a low but detectable 3 '  --,5 ' 
exonuclease activity, while Sequenase 
2.0, a 28-amino-acid deletion mutant,  
is completely devoid of exonuclease ac- 
tivity. (47) The disparity may also reflect 
the selective loss during PCR amplifica- 
tion and/or DGGE analysis of some 
types of mutations that can be scored 

in the M13mp2 system. Unexpectedly, 
the high fidelity observed during PCR 
by Sequenase requires high concentra- 
tions of deoxynucleoside triphos- 
phates, and the error rate increases up 
to 1/5000 when <0.5 mM dNTPs are 
used. (46) The reason for this depen- 
dence is as yet unknown. 

The influence of PCR conditions on 
the fidelity of Taq polymerase was also 
examined using the DGGE/PCR tech- 
nique. (46) In these studies, less extreme 
synthesis conditions could be used as 
compared to the M13mp2 fidelity as- 
says, (37) since suboptimal reaction con- 
ditions resulted in a decreased ef- 
ficiency or absence of amplification. 
Nevertheless, Taq polymerase fidelity 
was observed to decrease as the reac- 
tion pH was increased from pH 8 
(25~ to pH 9 (25~ and to decrease 
as the dNTP concentration was in- 
creased from 50 [xM tO 200 [xM. (46) Sur- 
prisingly, the highest fidelity was ob- 
served at still higher dNTP concentra- 
tions. At 500 BM dNTPs and 5 mM 
Mg 2+, the observed error rate was 
1/14,000; however, amplification un- 
der these conditions was inefficient 
and generated several products other 
than the desired 224-bp HPRT frag- 
ment. (46) The fidelity of the Thermo- 
coccus litoralis polymerase is constant 
over a broad range of dNTP concentra- 
tions (10 BM to 200 ~M). (4s) However, 
when 1 mM dNTPs were used for 
synthesis, the error rate of T. litoralis 
increased to 1/10,000, (46) consistent 
with possible inhibition of proofread- 
ing activity at high dNTP concentra- 
tion.(34) 

DNA target sequences that are 

TABLE 3 PCR Error Rates as Measured by DGGE 

Error rate per 
Polymerase nucleotide per cycle Reference 

T4 - 1 / 100,000 

Modified T7 1/29,000 
1/23,000 
1/18,000 

T. litoralis 1/42,000 
1/15,000 

Klenow 1/7,700 

Taq 1/11,000 
1/5,000 
1/4,800 

44 

44 
45 
46 

45 
46 

44 

45 
46 
44 

repetitive in nature may pose special 
problems for PCR amplification. 
Strand-switching events between ho- 
mologous DNA segments have been 
observed during PCR amplification of 
HLA genes, and become more preva- 
lent during the final cycles of amplifi- 
cation when the concentration of DNA 
becomes high. (1~ An increased fre- 
quency of spurious DNA products with 
cycle number was also observed during 
amplification of tandemly repeated 
minisatellite DNA. (48) Attempts to 
amplify a segment of the human 18S 
rRNA gene using the Taq polymerase 
generated a 54-bp deletion artifact con- 
sistent with the formation of a stable 
intrastrand hairpin loop. (49) Inter- 
estingly, this deletion was not ob- 
served when the PCR amplifications 
were performed using the modified T7 
polymerase, illustrating again that  
DNA polymerases can differ signifi- 
cantly in their biochemical properties. 

SUMMARY 

High-fidelity DNA synthesis conditions 
are those that exploit the inherent 
ability of polymerases to discriminate 
against errors. This review has de- 
scribed several experimental ap- 
proaches for controlling the fidelity of 
enzymatic DNA amplification. One of 
the most important parameters to con- 
sider is the choice of which polymerase 
to use in PCR. As demonstrated by the 
data in Tables 2 and 3, high-fidelity 
DNA amplification will be best 
achieved by using a polymerase with 
an active 3 ' ----5 ' proofreading ex- 
onuclease activity (Fig. 1E). For those 
enzymes that are proofreading- 
deficient, the in vitro reaction condi- 
tions can significantly influence the 
polymerase error rates. To maximize fi- 
delity at the dNTP insertion step (Fig. 
1A,B), any type of deoxynucleoside 
triphosphate pool imbalance should be 
avoided. Similarly, stabilization of er- 
rors by polymerase extension from 
mispaired or misaligned primer- 
termini (Fig. 1D) can be minimized by 
reactions using short synthesis times, 
low dNTP concentrations, and low en- 
zyme concentrations. Additional im- 
provements in fidelity can be made by 
further manipulating the reaction con- 
ditions. To perform high-fidelity PCR 
with Taq polymerase, reactions should 
contain a low MgC12 concentration, 
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not  in large excess over the total con- 
centrat ion of dNTP substrates, and be 
buffered to -pH 6 (70~ using Bis-Tris 
Propane or PIPES (Table 2). These buff- 
ers have a pK a between pH 6 and pH 7 
and a small temperature coefficient 
(ApKa/~ allowing the pH to be 
mainta ined  stably th roughout  the PCR 
cycle. 

For amplifications in which fidelity 
is the critical issue, one should avoid 
the concept that  condit ions generat ing 
more DNA product  are the better con- 
ditions. Reactions that  optimize fidel- 
ity may  be relatively inefficient for 
amplification. The total number  of 
cycles should be kept to the m i n i m u m  
necessary to produce a feasible amoun t  
of product  DNA for the desired use. 
Thus, a l though using low pH, low 
Mg 2+, and/or  a low concentrat ion of 
dNTPs may not  produce an impressive 
a m o u n t  of amplification product as 
visualized on an e thidium bromide 
stained-agarose gel, these condit ions 
may  provide an adequate amoun t  of 
DNA for cloning purposes. Using a 
small number  of cycles will also mini- 
mize the contr ibut ion of mutat ions  
resulting from DNA damage at high 
temperature.  The DNA sequence of 
several independent  clones from the 
final PCR populat ion should be deter- 
mined  to verify that  the original DNA 
sequence has been mainta ined  during 
the amplification process. Ideally, the 
clones should be derived from separate 
PCR experiments to minimize the risk 
of overrepresentat ion of early polymer- 
use errors. 

The fidelity of DNA synthesis in 
vitro is limited by the least accurate 

reaction that  occurs. For example, the 
T~ mispair is one of the most  fre- 
quent ly  produced and most easily ex- 
tended base substitution error.(35) Even 
under  high-fidelity reaction condi- 
tions, most  of the Taq polymerase er- 
rors were the result of T~ mispairs 
that  led to A ' T ~ G ' C  transitions.(13) 
Therefore, the upper limit for Taq poly- 
merase fidelity will be the frequency 
with which the enzyme creates this 
mispair. In general, this l imitation is 
not  restricted to a particular mispair. 
The sequence of the target DNA will 
have a profound influence on the gen- 
eration of mutat ions.  Thus, the least 
accurate reaction may  be the result of 
an exceptionally high error rate at a 

particular nucleotide sequence, since 
the p h e n o m e n o n  of "hot spots" for 
polymerizat ion errors has been clearly 
established.(16) 
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