
Critical Reviews in Biochemistry and Molecular Biology, 28(2):83-126 (1993) 

Biochemical Basis of DNA Replication 
Fidelity 

Myron F. Goodman, Steven Creighton, Linda 5. Btoom, and John 
Petruska 
University of Southern California, Department of Biological Sciences, Los Angeles, California 
90089-1 340 
Referee: Dr. Thomas A. Kunkel, Natl. Inst. of Environmental Health Sciences, Laboratory of Molecular Genetics, 
Research Triangle Park, NC 

ABSTRACT: DNA polymerase is the critical enzyme maintaining genetic integrity during DNA replication. 
Individual steps in the replication process that contribute to DNA synthesis fidelity include nucleotide insertion, 
exonucleolytic proofreading, and binding to and elongation of matched and mismatched primer termini. Each 
process has been investigated using polyacrylamide gel electrophoresis (PAGE) to resolve )*P-labeled primer 
molecules extended by polymerase. We describe how integrated gel band intensities can be used to obtain site- 
specific velocities for addition of correct and incorrect nucleotides, extending mismatched compared to correctly 
matched primer termini and measuring polymerase dissociation rates and equilibrium DNA binding constants. 
The analysis is based on steady-state “single completed hit conditions”, where polymerases encounter many 
DNA molecules but where each DNA encounters an enzyme at most once. Specific topics addressed include 
nucleotide misinsertion, mismatch extension, exonucleolytic proofreading, single nucleotide discrimination using 
PCR, promiscuous mismatch extension by HIV-1 and AMV reverse transcriptases, sequence context effects on 
fidelity and polymerase dissociation, structural and kinetic properties of mispairs relating to fidelity, error 
avoidance mechanisms, kinetics of copying template lesions, the “A-rule” for insertion at abasic template 
lesions, an interesting exception to the “A-rule”, thermodynamic and kinetic determinants of base pair dis- 
crimination by polymerases. 

KEY WORDS: DNA polymerases, DNA synthesis fidelity, mutagenesis, base pair structures, discrimination 
free energy. 

I. INTRODUCTION studies on Escherichia coli DNA polymerase I3 
showed that specificity of nucleotide incorpora- 
tion in DNA replication is a template-directed 
process. Because of similarities in the structures 

Watson and Crick’s discovery of DNA base 
pairing‘s2 followed by Kornberg’s biochemical 
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of base pairs and mispairs, template-directed base 
selection is far from error free, and DNA replica- 
tion errors occur at frequencies sufficient to re- 
quire the intervention of auxiliary error correcting 
systems. Examples in E.  coli include poly- 
merase-associated proofreading exonu~leases,”~ 
postreplication methyl-directed mismatch repair 
enzymes,*-’O and mismatch-specific DNA glyco- 
ases.”-’2a These enzymes in conjunction with po- 
lymerases maintain mutation rates at levels suit- 
able for both cell survival and evolution. 

Recent technical advances have made it pos- 
sible to address a range of fundamental questions 
germane to mechanisms of DNA synthesis fi- 
delity and mutagenesis. In this article, we focus 
on topics relating to mechanistic aspects of fi- 
delity. The topics include probing the structure 
of base mispairs using physical and enzymatic 
measurements; the effects of sequence context 
on the rates of nucleotide insertion and fidelity 
of DNA synthesis by various polymerases; be- 
havior of polymerases in the vicinity of coding 
and noncoding DNA template lesions; and pos- 
sible origins and magnitudes of free energy dif- 
ferences allowing polymerases to discriminate 
between correct and incorrect base pairs. 

Much of our work has relied on a gel fidelity 
assay designed for rapid and convenient mea- 
surement of polymerase activity at arbitrary po- 
sitions along a DNA template strand. In Section 
11, we show how gel band intensities can be ana- 
lyzed to obtain polymerase kinetic parameters 
and fidelities. In Sections 111 and IV, we sum- 
marize experimental findings relating to the top- 
ics introduced earlier. Recently, in collaboration 
with J.  Beechem, Vanderbilt University, we have 
begun to examine nucleotide insertion and re- 
moval kinetics in the transient time domain using 
time-resolved fluorescence spectroscopy. 

11. DNA POLYMERASE FIDELITY 

There are two steady-state methods for meas- 
uring fidelity of DNA polymerases, one called 
“competition” and the other “kinetic”, re- 
viewed in Reference 13. The first involves direct 
competition between right (R) and wrong (W) 
dNTP substrates for insertion into DNA by the 
enzyme. The second measures incorporation ki- 
netics, velocity vs. [dNTP], separately for each 

substrate, to evaluate kinetic parameters used to 
deduce fidelity. Application of the kinetic method 
to a wide range of questions concerning fidelity 
is the main subject of this article. 

We examine three contributions to fidelity: 
( 1) misinsertion efficiency (fins), which measures 
the relative rates of inserting W compared to R 
nucleotides and is the reciprocal of insertion fi- 
delity; (2) mismatch extension efficiency (f,,,), 
giving the relative rates of extending W compared 
to R primer 3’-termini; and (3) misincorporation 
efficiency, which takes into account the effects 
of exonucleolytic proofreading on misinsertion. 
Extension and proofreading can be regarded as 
competing reactions in which there is either elon- 
gation from W or R primer termini or excision 
of a W or R terminal nucleotide. 

A. Misinsertion Efficiency 

Labeled f,,,, misinsertion efficiency is de- 
fined as the ratio of the velocities for inserting 
W and R nucleotides opposite a given template 
base when dWTP and dRTP are present at equal 
concentration in solution. In a direct competition 
experiment, to detect W incorporation in the pres- 
ence of R, a significant pool bias is needed, i.e., 
large excess of dWTP. Also, because the right 
nucleotide is inserted preferentially over the 
wrong, a condition must be selected to maintain 
[dWTP]/[dRTP] approximately constant. Al- 
though misincorporation can be measured di- 
rectly in a double label experiment having W and 
R substrates present in the same reaction (see, 
e.g., Reference 14), fin, can be determined more 
conveniently by measuring V,,,/K, for each sub- 
strate separately,” 

The V,,,/K, value for each substrate corresponds 
to the linear slope of the Michaelis-Menten curve 
at low [dNTP]. 

The proof that relative reaction rates of two 
competing nucleotides can be deduced from V,,,/ 
K, evaluated for each nucleotide separately was 
discussed by Fersht.I5 A general expression for 
nucleotide insertion velocity is v = (k,,JK,) 
[polymerase-DNA] X [dNTP], where kaC = 
V,,,/[total polymerase-DNA]. For W and R sub- 
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strates competing at the same site, the polymer- 
ase-DNA concentrations for the two substrates 
are the same and hence cancel in the expression 
for the velocity ratio, v,/v,. It follows that 
v,/v, equals the ratio of V,,,/K, for W and R 
substrates multiplied by [dWTP]/[dRTP], the pool 
bias ratio. Because fin, is defined as v,/v, when 
[dWTP] = [dRTP], its value is given by Equa- 
tion l .  

1. Steady-Sfate Polymerization Kinetics 

Three kinetic parameters can be evaluated 
from steady-state measurements on polymerases 
in the absence of proofreading, V,,, and K, for 
nucleotide insertion, and KD, the polymerase- 
DNA equilibrium binding constant. l 6  A gel fi- 
delity assay developed in our laboratory can be 
used to make such kinetic measurements rapidly, 
accurately, and at a large number of sites.l7-I9 

The gel assay uses band intensities of 5r-32P- 
labeled primers and extended products separated 
electrophoretically to measure nucleotide inser- 
tion velocities. In Section II.B, we describe how 
velocities are derived from band intensities mea- 
sured by densitometry and integration. Models 
for polymerase action are discussed that enable 
one to evaluate kJK, at any template site by 
using ratios of band intensities. From band in- 
tensity ratios as a function of [dNTP] or [DNA] 
one can evaluate polymerase kat and K, values 
for each dNTP17-20 or polymerase-DNA disso- 
ciation rate constants, &ff,2D and polymerase-DNA 
equilibrium binding constants, KD.21 

B. Gel Fidelity Assay 

The objective of the gel assay is to measure 
polymerase fidelity at any target site along a DNA 
or RNA template strand. Two types of reaction 
are possible, a “running start’’ reaction, in which 
template-bound primer is extended by several 
bases to reach a designated site where reaction 
velocity is determined (Figure la), and a “stand- 
ing start’’ reaction where reaction velocity is de- 
termined at the first template site next to the 
original primer terminus (Figure lb). 

Polymerase-catalyzed reactions are per- 
formed with 5 r-32P-labeled primers annealed to 

a. Running Start 

dGTP 
A dNTP 

1 2 3  

b. Standing Start 

FIGURE 1. Examples of primer-template sites at which 
reaction kinetics are measured for right and wrong nu- 
cleotides. (a) Running start reaction in which reaction 
velocity vs. [dNTP] is determined for insertion opposite 
template base T. A “saturating” concentration of dGTP 
is used to extend the primer to reach the template T 
site. The substrate dNTP (right or wrong) is used at 
various concentrations for insertion opposite T. (b) 
Standing start reaction in which velocity vs. [dNTP] is 
measured for insertion opposite template base C, using 
either a right or wrong dNTP substrate. 

unlabeled templates. The primers are extended 
at their 3‘-ends by template-directed addition of 
one or more nucleotides. Reactions are quenched 
after a short reaction time, t, when less than 20% 
of the original primers are extended. Separate 
reactions are performed for correct and incorrect 
nucleotides, and unextended primers along with 
extended products are resolved as bands on gel 
by PAGE (Figure 2). 

The end product of a gel assay experiment 
is an autoradiogram of gel lanes, as shown in 
Figure 2. From a running start experiment, each 
lane has an intense primer band followed by one 
or more running start bands and a target (T) band. 
From a standing start, there are only the primer 
and target bands. The intensities of individual 
bands in each lane are integrated and normalized 
relative to the total integrated intensity of all rel- 
evant bands in the lane. The normalized (relative) 
band intensities in each lane are designated L, 
I,, . . . , IT-,, IT with 0 indicating the original 
primer band and T the target band. 
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Summary of Gel Fidelity Assay Design 

"2-3 = - k 2 -  

d A T P  l y Y I  

l l l l  

C . 1  
0 .  c 
C. C 

0 0 8 9  9s t b S 

d C l P l m N l  
0 . 5 1  t a 4 I I 

d l T P  I m Y I  

Nucleotide Insertion Velocity at Site 3 

gel band P 1 2 3 

P 1 2 3 gel 
band 

FIGURE 2. Summary of the gel fidelity assay. A running start reaction to extend a 32P-labeled primer (Figure la) 
is used to measure the correct insertion opposite T of dAMP or incorrect insertions of dGMP, dCMP, or dTMP as 
a function of IdNTP]. Gel bands corresponding to the target template T, site 3, and previous template C, site 2, are 
integrated by densitometry or phosphorimaging, and the velocity to go from site 2 to 3 is calculated. A relative 
velocity, used for determining misinsertion efficiencies, f,,,, Equation 1, is obtained by taking the ratio of integrated 
band intensities at the target and previous template sites, 13/12. In cases where there is extension beyond the target 
site, T, I, + , + I, + + . . . should be added to I,. The polymerase-DNA dissociation rate from the site prior to the 
target, required to obtain the "absolute" velocity for insertion,2o is obtained experimentally as shown in Figure 5. 

Previously, on the basis of a steady-state ki- 
netics analysis, 1 7 s i 8  we have used the following 
expression for determining nucleotide insertion 
velocity in a running start experiment, 

with t being the reaction time. This expression 
was derived by considering additivity of primer 
extension times (reciprocals of extension veloc- 

ities) without considering microscopic steps in 
the enzymatic rate of converting primers to ex- 
tended products. Under conditions where (I, + 
IT - l)/t is held constant, V,- I--rT, the velocity of 
extending primer from T - 1 to T, is simply pro- 
portional to the band intensity ratio, IJIT - 
The band intensity ratio is then a convenient rel- 
ative velocity measurement. For a standing start 
experiment, with T = 1 and IIG&,, the equation 
for insertion velocity is simply 

* In cases where there is extension beyond T, in the absence of proofreading exonuclease, I, + , + I, + 

be added to I,; in the presence of exonuclease, the intensities I, + 

+ . . . should 
+ I, + 

+ . . . should be added to I, + ,. 
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v,, = I,/t (3) 

Velocities measured by Equations 2 and 3 for 
running and standing starts, respectively, are 
found to vary with substrate concentration in ac- 
cordance with Michaelis-Menten kinetics. 17-19 In 
both cases, V,, and K, values can be obtained 
for W and R substrates and fin, can be determined 
by Equation 1. While running starts tend to give 
higher V,, and K, values than standing starts 
at the same target site, they yield similar fin, Val- 
ues. l9 

From the V,, may be calculated a catalytic 
rate constant, k,, = V,,,/[total polymerase- 
DNA]. However, in order to estimate total po- 
lymerase at the target site, one needs models to 
interpret the velocity evaluated by Equation 2. 
This is a global velocity from site T-  1 to T, to 
which various microscopic steps (binding, en- 
zyme conformational change, catalysis and dis- 
sociation) may contribute. Of particular concern 
is the possibility that the observed V,,, may be 
limited by polymerase dissociation from primer 
template, and therefore the actual rate of catalysis 
may be underestimated. 

The determination of k,,, is easiest to make 
under“sing1e-hit” reaction conditions, to which 
models like those described in the following sec- 
tions apply. With these models one can extract 
rate constants having a clearly defined micro- 
scopic meaning. 

1. Analysis of Running Start Reactions 

Figure 2 depicts a typical running start ex- 
periment, with [DNA] being the concentration of 
annealed primer template, [Pol] the concentration 
of DNA polymerase, and [dNTP] the substrate 
concentration for insertion at target site T in ad- 
dition to whatever dNTP is needed for extending 
primer to the site prior to target, T - 1. The re- 
action is initiated at time 0 by mixing dNTP and 
Pol-DNA solutions and terminated at time t by 
adding a quenching agent (EDTA). 

Using [Pol] much less than [DNA], we as- 
sume that each polymerase molecule collides with 
a randomly selected template-bound primer and 
remains associated for a period of time before 
dissociating and moving on to a new randomly 

selected template primer (Figure 3a). The reac- 
tion time, t, is chosen short enough so that only 
a small fraction of primers is extended, and the 
probability that a polymerase will reassociate with 
a primer already encountered is small. During its 
association with template primer, polymerase has 
an opportunity to add one or more nucleotides to 
the primer 3’-terminus. The probability of nu- 
cleotide addition depends on the identity of the 
template base next to the primer terminus and 
the concentration of dNTP in solution. 

Under single encounter conditions, the prob- 
ability that polymerase extends primer is closely 
related to the probability that polymerase disso- 
ciates from primer template. The ratio of the two 
probabilities determines the relative intensities of 
bands T-  1 and T on the gel. Band T -  1 be- 
comes intense when the dissociation rate at site 
T-  1 is large compared with the extension rate 
for T-  1 + T. Band T- 1 becomes faint and T 
becomes intense for the opposite reason, i.e., 
rapid extension with respect to dissociation. 

While it is impossible to force polymerase 
molecules to associate with a given primer tem- 
plate only once during the reaction, it is possible 
to engineer reaction conditions so that single hits 
predominate. Note that there are four classes of 
primer-template molecules present in the reaction 
at any given time: (a) unhit, (b) singly hit, (c) 
multiply hit, and (d) incompletely hit, where the 
reaction is quenched before the enzyme either 
adds a nucleotide or dissociates. We want to see 
bands arising mainly from classes a and b when 
products are run on the gel. Thus it is important 
to determine ways of reducing the proportions of 
c and d. 

The mechanistic interpretation of band in- 
tensities requires microscopic models to describe 
the mechanics of band formation. Here we pres- 
ent a Standard model for polymerization-disso- 
ciation, a Translocation model allowing poly- 
merase to translocate in a dNTP-independent 
manner, and a Proofreading model that includes 
3’-exonuclease activity. In these models poly- 
merases are assumed to perform under “single 
completed hit” conditions, i.e., a polymerase 
molecule encounters any given primer template 
only once during the time course of reaction and 
either adds one or more nucleotides or dissociates 
from primer template before the reaction is 
quenched. 
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b. 

Gel Band Intensities - 
13 : hit + extended by 3 

lz : hit + extended by 2 

11 : hit + extended by 1 

lo : unhit or hit + unextended 

-1 

Single hits predominate when lo/(lo+1i+12+13) > 0.80 

Probabilitv of base addition in a sinale encounter 

P(Add base 1) = c 

P(Add base 2) = c (12+13)/(1i+lz+l3) 

P(Add base 3) = c (13)/(11+12+13) 

FIGURE 3. (a) Schematic representation of the course of a typical kinetics reaction in a small 
volume of the reaction mixture. Gray ovals labeled “a” and “b” represent polymerase molecules 
and the large arrows represent their movement during the time of the reaction. The pairs of small 
and large lines represent labeled (*) DNA primer/template molecules and the numbers, + 0, + 1, 
+ 2, + 3 indicate primer templates “hit” by polymerase and the number of nucleotides added to 
the primer during the course of the encounter. Thus, “a” is shown adding a single nucleotide 
(indicated by + 1) to the primer template at the top left, then associating and dissociating from 
another primer template without adding a nucleotide ( + 0), then adding two nucleotides to another 
primer template (+2), etc. Note that polymerase “b” ended the reaction still bound to a primer/ 
template, (“incomplete hit”) and a single primer/template suffered two encounters with a poly- 
merase (“multiple hit”). (b) Gel bands observed when the reaction mixture is fractionated by 
PAGE. Regardless of the model used to explain the gel bands, the intensities of the bands reflect 
the population of extended primers. If most of the hits during the course of the reaction are single 
hits, then the intensities of the bands will reflect relative probabilities that the polymerase dis- 
sociated at the given location along the template by the equations shown. Note that “c” is the 
(unknown) probability that the polymerase adds the first bass in a given encounter. 
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a. Single Completed Hit Conditions 

Assuming that each primer template has the 
same probability of interacting with a polymer- 
ase, then the number of hits that a primer template 
experiences is a random variable with a Poisson 
distribution.22 When the reaction is quenched, the 
fraction of primer templates with single and mul- 
tiple hits can be calculated from a Poisson dis- 
tribution, by measuring the fraction of unex- 
tended primers. The ratio of single to multiple 
hits declines as the fraction of unextended primers 
declines. A simple rule of thumb is that multiple 
hits can be neglected if less than 20% of the 
original primer templates are extended. Under 
these conditions less than 2% of primer templates 
experience multiple hits. The use of either excess 
unlabeled DNA or heparin to trap polymerases 
following dissociation from a labeled primer tem- 
plate can also ensure that single hit conditions 
are satisfied. However, excessively high trap 
concentrations may have the undesirable effect 
of stimulating diss~ciat ion.~~ 

A predominance of complete over incom- 
plete hits is also desired. An incomplete hit oc- 
curs when quenching interrupts the polymerase 
before nucleotide addition or dissociation occurs. 
The contribution of incomplete hits to gel band 
intensities can be neglected if [Pol] 4 [DNA], 
e.g., less than 1 polymerase per 50 primer tem- 
plates. Also, the effect of incomplete hits can be 
virtually eliminated by polymerase trapping. 

For single completed hit conditions the pat- 
tern of extended bands can be easily analyzed. 
The probability of extending a primer beyond a 
given template site depends only on the proba- 
bility that poIymerase terminates processive 
polymerization at that site (Figure 3b). The ratio 
of relative probabilities for polymerase to extend 
primer from T- 1 to T or to dissociate at site 
T - 1 is given by the ratio of band intensities, IT/ 
1,- 1.  Interpretation of this band intensity ratio as 
a function of [dNTP] depends on the model cho- 
sen to describe the probabilities. 

b. Standard Model 

This model for interpreting running start band 
intensities is perhaps the simplest one possible. 
A polymerase molecule first binds to an original 

primer template (site 0) and, with a probability 
dependent on [dNTP] for primer extension, adds 
one or more nucleotides to reach site T - 1. After 
this, the polymerase will either dissociate with 
some probability independent of [dNTP] or add 
the next nucleotide with a probability, kPl, re- 
lated to [dNTP] for insertion at site T by the 
Michaelis-Menten equation (Figure 4a). 

When associated with primer template, the 
polymerase is continuously vulnerable to ther- 
mally driven dissociation either in the presence 
or absence of dNTP substrate molecules. For sim- 
plicity, we assume that the polymerase has fixed 
probabilities of dissociation and incorporation at 
all sites along the DNA template with respect to 
reaction time, but not position. In other words, 
at any template position there is a [dNTP]-inde- 
pendent dissociation probability (kOff) and a 
[dNTP]-dependent polymerization probability 

At the target site, the enzyme either inserts 
a nucleotide opposite the target base on template 
and contributes to I, (the intensity of gel band 
T) or dissociates from template and contributes 
to ITd1 (Figure 4a). Thus, IT is proportional to 
the probability of insertion, kp,/(kpol + koff), and 
IT.-l is proportional to the probability of disso- 
ciation, koff/(kpol + koff). Hence, (IT/IT- I )  = k,/ 
koff so that the nucleotide insertion rate for T - 1 
3 T is given by 

(kpo,). 

(4) 

The intensity ratio IT/IT-l* is measured at 
different dNTP concentrations and fit to a rec- 
tangular hyperbola to obtain apparent values of 
K, and relative V, = (&/I,- I)ma* for each d". 
The product of (IT/IT--)max and hff is the maxi- 
mum value of k,, according to Equation 4. From 
the kpol maximum is obtained the catalytic rate 
constant, 

In Figure 5, we show how a kOff measurement 
can be made to obtain representative data for 
DNA polymerase off-rates required to calculate 
kPO1- 

* See footnote under Section B. 
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(a) Standard Model 

Band T-1 Band T 

(b) Translocation Model 

u Band T 
Band T-1 

( c )  Proofreading Model 

4 kon 4 k’on 

Band T-1 Band T Band T+ 1 

FIGURE 4. Three models of the elementary processes occurring 
during progressive DNA polymerization that give rise to gel bands. 
(a) Standard Model - after the addition of each base the poly- 
merase can either dissociate with constant probability per unit time 
(k,) or add the next base with probability per unit time depending 
on the [dNTP] through the Michaefis-Menten relation: b, = 
kJdNTP]/(K, + [dNTP]). (b) Translocation Model - after addition 
of each base the polymerase will first translocate to the next site 
at constant probability per unit time (k,,J after which it is able to 
add the next nucleotide as in the Standard Model. (c) Proofreading 
Model - as in the Standard model except that after adding the 
first base and reaching position T there is a constant probability 
per unit time (kJ that the exonuclease will excise the base and 
return to the unextended state (position T - 1). This excision pro- 
cess is in competition with a constant rate of dissociation at position 
T (k’,”) and a Michaelis-Menten rate (k’J of polymerization to 
position T + 1 - both of these processes will mitigate the effec- 
tiveness of the exonuclease. 

90 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



At t = tl, t2, t3,-., t n ,  
in separate reactions, 

to form band 2 

After adding a T opposite A, polymerase 
either adds A, with rate constant, kpoi, or 
dissociates with rate constant, koff, and is 

At t = 0 add 
polymerase, 
labeled add target dATP 
primer- template 
DNA, unlabeled trapped 
trap DNA and 
dlTP to form 
band 1 

t2 t3 time tl 

koff given by first order 
rate constant for decay of I2 

0.9 

0.8 

0.7 

0.6 
-I- .- - 0.5 

2 0.4 

0.3 

0.2 

0.1 

0.0 

v 

o 1 0  20 30 40 50 60 70 ao 90 
Delay Time (s) 

FIGURE 5. DNA trapping experiment to measure hw for polymerase in running start. The data shown 
(bottom right) are for a one base running start experiment using E. coli pol I (Klenow fragment, exo-), a 
=P-labeled primer bound to unlabeled template, and excess unlabeled trap DNA. The squares (0) represent 
data obtained with the template sequence shown (top right); dlTP being used for insertion at site 1 and 
after a delay time, t, dATP is added for insertion at site 2. The band intensity ratio, I& + 1-J is plotted 
against t to obtain an exponential decay curve, e-*,,', from which ld, is evaluated. The decay occurs 
because polymerase dissociates from primer template in the absence of dATP, and is captured by the 
DNA trap. For the template shown (o), 3' . . . ATAG . . . , = 0.03 s-l. For the other template used 
(0), 3' . . , CTAG . . . with dGTP instead of dlTP for insertion in site 1, and [dATP] kept the same for 
insertion at site 2, k,, = 0.28 s - l .  

c. Translocation Model 

To the Standard model (Figure 4a) we now 
add a translocation step with a rate constant, k,,,,,, 
prior to dNTP binding and catalysis (Figure 4b). 
Contributions to IT- can now arise from enzyme 
dissociation events occumng either before or after 
translocation. Analysis of the band intensity ra- 
tio, IT/IT-i*, derived from the steps shown in 
Figure 4b gives 

kpd = ~ O ~ I T / ~ T - I ) [ ( ~  -k a)/ 

* See footnote under Section B. 

where u = k',ft/kt,,,, with k'off and hff being 
the polymerase dissociation constants before and 
after the k,,, step, respectively. The dNTP-de- 
pendent insertion rate k,, is now the product of 
the rate obtained by Equation 4 and the factor 
shown in square brackets that depends on bms. 

For processive polymerases, translocation 
rates along DNA are typically much faster than 
dissociation rates from primer-template termini. 
Our measurements for a variety of exonuclease 
deficient polymerases, including E.  coli pol I 
exo- , bacteriophage T7 exo- , AMV and HIV- 
1 reverse transcriptases, indicate that transloca- 
tion rates must be at least several nucleotides per 
second, while dissociation rates, although strongly 

91 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



dependent on template po~i t ion ,~’ ,~~ are around 
0.11s. Thus, for polymerases showing moderate 
to large procession the square-bracketed factor in 
Equation 6 is close to unity, and to a good ap- 
proximation, kpol is again given by Equation 4 
and k,,, by Equation 5. 

For the case of distributive enzymes, e.g., 
pol p, knowledge of u is required to determine 
k,, by Equation 6. However, kpol evaluation is 
not needed to obtain nucleotide misinsertion fre- 
quency, fin,, by Equation 1. Only the ratios of 
V,,,/K, for wrong and right insertions are re- 
quired to calculate fins. The V,,,/K, values can 
be determined with dNTP concentrations low 
enough so that kpol is much less than k,,,. When 
[dNTP] is well below K,, I&.-, increases lin- 
early with [dNTP] and the slope equals V,,/K,. 

d. Proofreading Model 

In the case of polymerases having 3’ to 5’ 
exonuclease activity it is necessary to modify the 
interpretation of the insertion probabilities. It is 
now possible for an enzyme at site T-  1 to add 
a nucleotide to get to site T, then remove the 
inserted nucleotide and dissociate from site T - 1. 
This means that the band intensity ratio 
Ir/Ir - depends not only on [dNTP] for insertion 
opposite site T, but also depends on [dNTP] for 
insertion opposite T +  1. The reason is that ex- 
onuclease at site T competes not only with dis- 
sociation at that site, but also with polymerization 
as well. The effect of the exonuclease is reduced 
if the rate of polymerization to the next site is 
made large. Such a reduction is known as the 
next correct nucleotide effect. 25,26 

The Proofreading model is depicted in Figure 
4c. As before, the target and preceding sites are 
labeled T and T - 1, respectively. The site T + 1, 
immediately following the target site, is now in- 
cluded in the analysis. We assume that reaction 
conditions are chosen so that production of band 
T +  1 is final and cannot be reversed by the ex- 
onuclease, while reversal is possible from T to 
T - 1. When the system is solved to obtain band 
intensity ratios there are now two expressions: 

To determine fidelity in the presence of ex- 
onucIease an apparent relative insertion rate, K~ 

= (k,/kff) [kfpl/(k,,, + krpJl, needs to be 
determined. If klpl is much greater than k’off then 
K~ is approximately the same as K in Equation 
7a. We use the ratio I,+ ,/I, = p as the indicator. 
If p is much greater than 1, then K ~ ,  the relative 
insertion velocity at the target site, can be mea- 
sured as (I, + IT+ &IT- ,. 

In the event that p is small then additional 
information is required to estimate K’. Deter- 
mination of kloff at site T and measurement of 
the band intensities at two different concentra- 
tions of the next correct dNTP are needed. If 
these measurements are made then the exonu- 
clease rate constant can be calculated, 

where ~ ~ , p ~  and ~ ~ , p ~  are measurements of K 

and p at the two different concentrations. Know- 
ing kfOff, one can determine klpol by Equation 7b 
and in combination with b,, in Equation 7a find 
K~ at each [dNTP]. 

It is important to remember that K ~ ,  depends 
on the concentration of the next correct nucleo- 
tide, because krPl is dependent on this concen- 
tration. As the concentration is raised, the ap- 
parent insertion rate also increases. This increase 
in rate is more pronounced for misinsertions be- 
cause correct insertions are less likely to be ex- 
cised by exonuclease. Thus, high concentrations 
of the next correct nucleotide tend to be muta- 
genic. 

2. Analysis of Standing Start Reactions 

In the standing start reaction, a relative re- 
action velocity can be determined at a template 
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site immediately adjacent to the primer 3’-ter- 
minus (Figure Ib). As with running starts, the 
initiation of reaction occurs at time 0 by mixing 
dNTP and Pol-DNA solutions and termination 
occurs at time t, by adding quenching agent. The 
main difference between standing and running 
start experiments is that standing starts only yield 
gel bands for unextended primer and the product 
of extension by a single nucleotide. Because there 
are no bands present for extension to the site prior 
to the target site, we have no information about 
the probability that an enzyme-DNA complex 
added a nucleotide before it dissociated from the 
primer template. 

Accordingly, the rate measured in a standing 
start experiment is the rate of the slowest step 
for the cycle of polymerase association with DNA, 
nucleotide insertion, polymerase dissociation and 
reassociation with a new primer template. The 
V,, for a standing start is not necessarily a mea- 
sure of the rate of polymerization from one site 
to the next but may be the rate of enzyme-DNA 
association or dissociation. Even so, ratios of 
V,,/K, for wrong and right nucleotides mea- 
sured in the linear region at low [dNTP] still yield 
misinsertion efficiency in accordance with Equa- 
tion l.  

C. Proofreading Contribution 

Proofreading refers to the excision of poly- 
merase errors at the replication fork by a 3’ to 
5’ exonuclease activity. A variety of prokaryotic 
and eukaryotic DNA polymerases contain such 
activity, either within a single polypeptide as for 
E. coli pol I, pol 11, bacteriophage T4, T5, T7, 
eukaryotic pols 6 and E, mitochondrial pol y, or 
as a separate polypeptide subunit, e.g., E in E. 
coli pol I11 holoenzyme (for a review see Ref- 
erence 27). Several polymerases , e . g . , eukary- 
otic pol p, Thermus aquaticus polymerase, AMV 
and HIV- I reverse transcriptases, have no known 
associated exonuclease activities. Whether these 
enzymes can act in concert with external exo- 
nucleases remains an open question. 

Proofreading appears to remove approxi- 
mately 95 to about 99.5% of single base substi- 
t u t i o n ~ . ~ ~ - ~ ~  However, DnaQ ( M U D )  mutant al- 
leles in the pol I11 €-proofreading s u b ~ n i t ~ . ~  in E. 

coli exhibit an elevation in mutation rates of four 
to five orders of m a g n i t ~ d e . ~ ~ * ~ ~ - ~ ~  A failure in 
proofreading may increase mutations by lo2- to 
103-fold, and saturation in methylation-directed 
mismatch repair may also contribute a 102-fold 
i n c r e a ~ e . ~ ~ . ~ ~ , ~ ~  

Similar estimates have been made for the 
contribution of T4 polymerase associated exo- 
nuclease to fidelity.3c32.38*39 Several mutator and 
antimutator polymerase (fs gene43) alleles in bac- 
teriophage T4‘-2 known to perturb nuclease/po- 
lymerase activity  ratio^,^,'^,^^ exhibit up to two 
orders of magnitude alteration in mutation rates 
in base substitution pathways. However, 
the properties of these mutants are dependent on 
the specific pathways involved. It has been shown 
by Ripley and Shoemakef7 that a T4 gene43 
“antimutator” allele, highly antimutagenic in an 
A * T 4 G C pathway, is mutagenic for simple 
frameshifts. 

Polymerase errors destabilize primer 3 ’ -ter- 
mini. The effect is to delay continued polymer- 
ization from mismatched termini. 23725*26.48-52 Re- 
duced extension from mismatched compared with 
correctly matched termini (see Section II.D) pro- 
vides an opportunity for selective proofreading 
of misinserted nucleotides . 25.26*52 

A simple schematic diagram (Figure 6 )  il- 
lustrates how polymerase may switch between 
incorporation and proofreading A nu- 
cleotide is added when the primer terminus is in 
the annealed state (A), and the primer 3’-terminus 
is excised when in the melted state (M). The 3’ 
to 5’ exonuclease activity defined by the rate 
constant, k,,, is the probability per unit time to 
excise a nucleotide from state M at a given tem- 
plate location. The fraction of nucleotides re- 
moved from state M is proportional to the nu- 
cleotide excision rate constant, h,,, multiplied 
by the relative concentration of melted primer 
termini. Even though b,, is the same for matched 
and mismatched termini, selective removal of 
mismatched primer termini occurs, because the 
population of mismatched termini in state M is 
much greater than in state A (i.e., k, S kA), 
while the reverse is true for correctly matched 
termini. 

A potential problem with this simple picture 
is that melting temperature differences between 
oligonucleotide duplexes containing matched and 
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FIGURE 6. States and transitions in a simple kinetic model for nucleotide insertion and pro~freading.~, '~~ In state 
A, the dNTP binding site is empty and the terminal base is in its base-pairing position. A transition out of state A 
occurs by either the association of a dNTP (transition to state P, rate constant k,), or dissociation of the terminal 
base from its base-pairing position (transition to state M, rate constant k,,,). A transition from state M occurs by 
either the excision of the 3'4erminal base (rate constant k,,,) or reassociation of the terminal base to its pairing 
configuration (transition to state A, rate constant k.). A transition from state P occurs by either the formation of a 
phosphodiester bond ([dNTP] dependent Michaelis rate k,,,,) or the dissociation of the dNTP (transition to state A, 
rate constant k-,). Following either excision or insertion, a shift occurs one base backward or forward to allow the 
cycle to repeat. When cycling occurs, the terminal base is assumed to be in an equilibrium distribution between 
states A and M.26 

mismatched termini are much too small to ac- 
count for high proofreading specifi~it ies.~~ Per- 
haps by exclusion of water in a polymerase active 
cleft, it may be possible to amplify free energy 
differences between matched and mismatched 
base pairs over those observed in aqueous solu- 
tion. 53 However, a key experimental observation 
is that a significant fraction of correctly inserted 
nucleotides are excised as free dNMP in vitro, 
at rates approaching V,,, rates for nucleotide in- 
corporation. 5*14,25,28 In the case of wild-type T4 
polymerase, about 20% of dAMP inserted op- 
posite template T was For the case 
of E. coli pol 111, correct A * T and G - C pairs 
were edited approximately 12 and 6%, respec- 
tively.28 For the T4 tsLJ4l antimutator polymer- 
ase, containing an anomalously high exonu- 
clease/polymerase r a t i ~ , ~ , ~ ~  about 40% dAMP 
inserted opposite T was turned over. l4sZ5 Even if 
proofreading exonucleases can impose additional 
active site specificity to excise mismatched ter- 
mini, it is clear that a sizable fraction of correctly 
matched termini are also destroyed. 

Thus, proofreading is an expensive means of 
reducing replication errors. This is especially true 
for T4 bacteriophage, which not only codes for 

most of its own deoxyribonucleotide metaboliz- 
ing  enzyme^,'^.^' but appears to have a multien- 
zyme complex dedicated to the de novo synthesis 
of dNTP ~ u b s t r a t e s . ~ ~ ~ ~  An important conclusion 
to be drawn is that exonucleolytic proofreading 
must be providing the cell with an essential com- 
ponent for maintaining genetic integrity, other- 
wise it would probably have been replaced much 
earlier by more accurate polymerases or by more 
efficient postreplication mismatch repair sys- 
tems. From an evolutionary standpoint, it is in- 
teresting that T4 antimutators having high nu- 
clease/polymerase ratios may be unable to 
compete effectively with wild-type (43 +) be- 
cause of the high nucleotide turnover cost/ac- 
curacy r a t i ~ . ~ ~ , ~ ~  

Polymerase and exonuclease domains for E.  
coli pol I and T4 polymerase appear spatially 
distinct, based on X-ray crystallographic studies 
on Klenow fragment59-60 and T4 gene43 mapping 
and mutagenesis studies.61*62 It has been proposed 
that pol 1 switches from synthetic to degradation 
modes by a mechanism involving an initial melt- 
ing of DNA in the enzyme cleft and subsequent 
sliding to bring the melted primer terminus to the 
exonuclease active site.60 The original Brutlag 
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and Kornberg proposal4 that 3’ to 5’ exonuclease 
functions as a proofreader was based on the abil- 
ity of pol I to excise single terminal mismatches 
more rapidly than correctly matched termini. It 
now appears that as many as four base pairs at 
the primer terminus (one mispair and three cor- 
rect pairs) have to be melted to excise a single 
terminal mismatch.63 When presented with a mis- 
matched terminus, a significant fraction of pol I 
molecules appear to dissociate from primer tem- 
plate prior to excision.bl In contrast, T4 proof- 
reading may be occurring in a highly processive 
manner, in which excision is likely to occur prior 
to diss~ciation.~~ For T4 polymerase, there is also 
evidence suggesting that excision of a single ter- 
minal mismatch is optimized during forward DNA 
synthesis (at saturating dNTP concentrations) 
when melting of two to three base pairs is oc- 
curring.23,63+65*66 Based on a comparison of the 
removal of matched and mismatched nucleotides 
from primer 3’-termini using the e subunit of E .  
coli pol I11 holoenzyme, it was concluded that 
the source of proofreading specificity is the greater 
melting capacity of mispaired termini.67 

At this stage of our knowledge about proof- 
reading, it is useful to reemphasize some early 
ideas suggested by Bessman and col- 
leagues. s~14*68*69 An important correlation was 
noted between the exonuclease/poIymerase ratios 
of certain T4 mutant DNA polymerases and the 
genetic properties of the T4 mutants; antimuta- 
tors, notably tsLl41, had higher exo/pol ratios 
than wild type, while mutators, e.g., tsL56, had 
lower  ratio^.^.'^.^^ An extensive study, correlating 
the in vivo mutagenic behavior of a large number 
of T4 mutator and antimutator alleles with the 
properties of the polymerases purified from 
each,68 strengthened the general notion that exo/ 
pol ratio served as one important determinant of 
base substitution mutagenesis, keeping in mind 
the caveat mentioned earlier that the properties 
of the mutants are dependent on the specific path- 
ways involved; for example, a T4 gene43 anti- 
mutator allele, highly antimutagenic in an A * T 
+ G C pathway, was found to be mutagenic 
for simple frame~hifts.~~ The work of Nossal and 
Her~hfield~O-’~ clearly demonstrated that other 
parameters were equally important. The T4 
gene43 mutator, tsL88, had an exo/pol ratio sim- 
ilar to wild type, but had a higher nucleotide 
misinsertion efficiency. 72 They also showed that 

the T4 CBZ20 antimutator allele, now known to 
be identical to tsLI41 ,61*73 had difficulty in strand 
displacement. 74 Perhaps, this difficulty enabled 
the 3’-exonuclease to compete more effectively 
with the polymerase reaction to enhance proof- 
reading. However, L141 antimutator polymerase 
was found to have a much higher nudease ac- 
tivity than wild type on single stranded DNA in 
the absence of dNTP s ~ b s t r a t e s . ~ ~ ~ ~  Perhaps there 
is an additional contributing factor to the high 
replication fidelity associated with the mutant 
tsLZ4l bacteriophage, an impediment to forward 
translocation that acts in concert with a highly 
active proofreading exonuclease. 

Proofreading by exonuclease may become 
more proficient when there is an inhibition in 
polymerization or forward translocation, caused 
either by an intrinsic fault in the polypeptide, or 
by a diminished dNTP substrate p001.25*26 Com- 
paring polymerases from mutator L56, T4 wild 
type, and antimutator L141, Clayton et al.25 
showed that the large differences in incorporation 
fidelity and nucleotide turnover present at satu- 
rating concentrations of dNTP substrates, dis- 
appeared at low [dNTP]. The point is that while 
there may be many independent ways to alter the 
absolute synthetic rates of the excision and in- 
sertion steps, the exo/pol ratio proposed by Bess- 
man remains an important parameter in fidelity. 

In Section 1V.D (Figure 17) we mention an 
interesting T4 mutant polymerase isolated by L. 
Reha -Kran t~~”~~  that appears to have a normal 
exo/pol ratio, but has a moderately strong mutator 
phenotype. The purified polymerase appears to 
exhibit an aberrant translocation property that en- 
ables it to bypass DNA template lesions with 
abnormally high efficiency. 76 Clearly, there is 
still much to be learned concerning how proof- 
reading and polymerization are balanced to op- 
timize DNA synthesis fidelity, and, as suggested 
recently by von Hipple and co-worker~,~~ a deeper 
understanding of proofreading mechanisms awaits 
future presteady state kinetic analyses. 

D. Extension of Mismatched Base Pairs 

In the previous section, we discussed how 
DNA synthesis fidelity may be modulated by 
competing reactions, nucleotide insertion, and 
exonucleolytic proofreading. An important factor 
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that couples the two reactions is the ability of 
polymerase to elongate primers containing mis- 
matched 3’-termini. 

1. General Properties of Primer 
Mismatch Extension 

Compared with nucleotide insertion effi- 
ciency, fin, given by Equation 1, the correspond- 
ing expression for mismatch extension effi- 
ciency, eXt, is more complex.5o 

(9) 

By definition, ex, is the relative rate of adding 
the next correct nucleotide onto a mismatched 
compared with a correctly matched primer ter- 
minus, where Vmax,R and Vmax,w are the maximum 
velocities for addition of the next correct dNMP 
to matched and mismatched primer termini at 
equal concentration. The parameters pR and pw 
are the catalytic rate constants for insertion di- 
vided by the polymerase dissociation rate con- 
stants for matched and mismatched primer ter- 
mini, and KD,R and KDVw are the equilibrium 
constants for polymerase disassociation from 
matched and mismatched primer-template ter- 
mini. [S] is the concentration of next correct 
dNTP. 

Diagrams of the competition events for fin, 
and ex, are shown in Figures 7a and b. In the 
case of nucleotide insertion, right and wrong 
dNTP substrates are competing for the same 
primer terminus (Figure 7a), while for extension, 
right and wrong primer termini are competinp: for 
the same correct dNTP to be inserted at thf, next 
template site (Figure 7b). Unlike the expression 
for fin,, which does not depend on [dNTP] or 
polymerase-DNA dissociation constants, KD, the 
expression for ex,, quation 9, depends explicitly 
on substrate concentrations and K, for R and W 
termini. 50 

a. Binding Affinities to Matched and 
Mismatched Primer Termini 

We recently used AMV RT to measure values 
for e,:1.50 and binding constants21 for all com- 

binations of matched and mismatched primer- 
template termini. We and others have found that 
K, values were roughly similar for both matched 
and mismatched t e ~ m i n i , ~ ’ . ~ ~  usually within a fac- 
tor of ten, while mispair extension efficiencies 
are generally less than correct pair extension ef- 
ficiencies by lo3 to lo6. Thus, in most instances, 
inefficient elongation of mispairs is caused by a 
kinetic b l o ~ k ~ ~ * ~ ~ - ~ ~ . ~ ~  as opposed to a more rapid 
dissociation of the polymerase from a mispaired 
terminus. 

b. Mispair Extension Efficiency 
Dependence on Next Nucleotide 
Concentration 

Equation 9 can be used to make a plot of 
ex, as a function of the concentration of next 
correct dNTP (Figure 8). The relative efficiency 
for extending mismatches decreases dramatically 
with decreasing [dNTP] . Maximum discrimina- 
tion is achieved in the limit [dNTP] + 0, in which 
case ex, + fomi,,. The latter is the “intrinsic” m i s -  
match extension effi~iency,~’ obtained by ex- 
trapolation to [dNTP] = 0, 

The intrinsic ex, value, Ein, is analogous to 
the misinsertion efficiency, fin,, Equation 1, in 
the sense that both are defined by Vm,/Km for 
izactions involving wrong compared with right 
substrates. In both cases, V,,, and K, represent 
the so-called true values, i.e., calculated from 
extrapolating to infinite primer-template DNA 
concentration. However, there is a subtle, but 
important, difference in the interpretation of VmU/ 
K, for the insertion and extension reactions. 

Nucleotide insertion proceeds by an ordered 
bisubstrate reaction, where polymerase binds the 
primer template first, and dNTP substrates bind 
subsequently to the polymerase-primer-template 
c ~ m p l e x . ~ ~ . ’ ~  The “apparent” Vma,/K,,, for the 
reaction (V-/K,,JaPp = (Vmax/Km)mJ(l + Kd 
[D]). The misinsertion efficiency, fin,, can be 
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a) INSERTION KINETICS: 

dATP d T P  
$ 1  

\ I  

L‘\ )I 
v 
T A G  

b) EXTENSION KINETICS: 

1 
dCTP 

“- i  
T G  

dCTP 
I 

,I‘ i 
T G  

FIGURE 7. Competition events for nucleotide insertion and mis- 
match extension. (a) Insertion kinetics with right (dATP) and wrong 
(dlTP) substrates competing for addition onto the same 3’-primer 
terminus. (b) Extension kinetics for addition of the “next correct” 
(dCTP) nucleotide onto either matched or mismatched primer 3‘- 
termini. 

calculated using any convenient primer-template 
concentration (saturating [DNA] is generally 
used); the DNA dependent, 1 + Kd[D] term, 
cancels when taking the ratio in Equation 1, be- 
cause the polymerase is bound at the same primer- 
template site when right and wrong dNTP sub- 
strates are competing for insertion (see Figure 
7a). 

However, the DNA dependent terms do not 
cancel in the expression for ext unless the binding 
constants for matched and mismatched primer 
termini are about equal. Fortunately, this con- 
dition appears to be satisfied for all of the current 
K, measurements. If future studies using differ- 
ent polymerases do reveal significant differences 
in K, values, we have shown that intrinsic ext 
values, P-, can be measured accurately by Equa- 
tion 10a when [D] <K,, i.e., when nucleotide 
insertion velocity varies linearly with DNA con- 
~ent ra t ion .**~~~ 

c. Application to Single Nucleotide 
Discrimination Using PCR 

An important technique that exploits PCR 
methodologys0**’ is the selective amplification of 

a desired DNA molecule in the presence of an- 
other DNA molecule differing from the first by 
one or more single base changes.82-88 In one ver- 
sion of this technique83 amplification occurs from 
primer templates that are either perfectly matched 
or from ones that contain a single base mismatch 
at primer 3’-terminus corresponding to the single 
base change in the two templates; in other ver- 
sions multiple mismatches are present at the 3’- 
terminus.88 

The analysis for ex. described in the previous 
section (Equation 9, Figure 8) can be used as a 
practical model to predict conditions to achieve 
optimized allele-selective amplification. ** 
Selective amplification of an allele during the 
first PCR cycle should, in accordance with Equa- 
tion 9, increase as the concentration of next cor- 
rect dNTP decreases. An experiment by Ehlen 
and D ~ b e a u ~ ~  confirmed this point, because se- 
lectivity went from greater than 105 at low [d”] 
to no measurable amount at high [dNTP]. Be- 
cause Tuq polymerase has no associated proof- 
reading activity, it has been used to carry out 
allele-selective amplification at high tempera- 
tures. An important feature of the Tuq polymer- 
ase is that, in comparison with other polymerases 
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FIGURE 8. Predicted change in mismatch extension efficiency 
as a function of normalized substrate concentration.m In graph- 
ing Equation 7 (see text), we have assumed for simplicity that 
the concentrations of DNA with matched and mismatched primer 
termini are the same, and that their equilibrium dissociation con- 
stants are the same. f& has been set equal to 0.1, corresponding 
roughly to extension of G * T mismatches by AMV RT. t," is the 
minimum value of f&,, when [S] + 0. pw is the ratio of the 
polymerase rate constant, b,,, to the rate constant for disso- 
ciation from a mismatched primer terminus. Note that as con- 
centration of the next correct nucleotide, [S], increases, mis- 
matched termini are extended with efficiencies that approach 
those for correctly paired termini, a prediction that was borne 
out in an experiment by Ehlen and Dubea~.*~ 

(see Section II.D.2 following), it exhibits ex- 
tremely low mismatch extension efficiencies for 
most of the common mismatches. 89,90 Tug ex- 
tends most mismatches with efficiencies in the 
range of to and values for 
extension of pur pur and C C mismatches. As 
a function of temperature, between 45°C and 
70"C, the apparent V,,/K, values measured for 
Tuq polymerase, increased in parallel for exten- 
sion of matched and mismatched primer ter- 
mini.89 Thus, the low values observed for f",,, 

(Equation lob) appear to be approximately tem- 
perature independent. 

2. Promiscuous Mismatch Extension by 
HIV- 1 and AMV Reverse TranSCriiptaS8 

The virus believed to be responsible for AIDS, 
HIV-1, is believed to mutate rapidly. An impor- 
tant component in the mutagenic behavior is the 
viral encoded reverse transcriptase , HIV- 1 RT. The 
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enzyme contains an associated RNase H activity, 
but there is currently no evidence for the presence 
of 3 ’ -exonuclease proofreading. 

Nucleotide insertion kinetics at steady 
~ t a t e ’ ~ * * ~ ~ ~ ~ ~ ’ - ~  and presteady ~tate~’~~~ have been 
investigated for HIV- 1 and AMVRT. Relative effi- 
ciencies of nucleotide misinsertion and mismatch 
extension on DNA and RNA templates were 
investigated using the gel assay, 19*20*50.91*92,96a and 
mutational spectra were determined on both tem- 
plates by an in vitro transfection assay.5’.91~99-102 

Misinsertion efficiencies for these reverse 
transcriptases fall within a general range of fins 

pend on the type of mispair formed, e.g., inser- 
tion of T opposite template G is usually consid- 
erably easier than G or A opposite G, and also 
on the surrounding sequence context. 19*20 These 
fin, values do not appear to be systematically 
greater than for eukaryotic DNA pol a,  having 
no associated exonuclease activity. 19s0.103 In- 
deed, AMV RT was generally observed to have 
lower fin, than Drosophila pol a.19.50 However, 
as observed by Kunkel and co-workers, the mu- 
tagenic spectrum of HIV-1 RT contained muta- 
tional hot spots attributed to primer-template mis- 
alignment, whereas AMV RT did not.’” 

Although fin, values for reverse transcriptases 
appear “normal”, ex( values do not. Both HIV- 
1 RT and AMV RT show an ability to extend 
most mismatches with high efficiencies. For ex- 
ample, AMV RT extended a G(primer) 

T(temp1ate) mismatch with about 18% effi- 
ciency compared with A T and a T * G mis- 
match with 2.5% efficiency relative to C - G!50 
The cxt values for AMV RT50 are one to three 
orders of magnitude larger than corresponding 
values for Taq polymerase .89 

A plot comparing the relative efficiencies of 
mismatch extension, ex( = fomin evaluated by 
Equation 10b Cy-axis), and f,,, by Equation 1 (x- 
axis) for AMV RT and pol cx from Drosophila 
and calf thymus is shown in Figure 9 . * O  Most of 
the data points for AMV RT fall above the di- 
agonal signifying that mismatch extension effi- 
ciencies are larger than misinsertion efficiencies. 
In the cases of G 6 T and T * G, ext is between 
3 and 4 logs greater than fin,. In contrast, the two 

-10-3 to ~ ~ ~ 5 ~ 1 9 . 2 0 . 5 0 . 5 1 ~ 9 1 , 9 2 . 9 9 - 1 0 1  The values de- 

sets of pol a data are scattered on both sides of 
the diagonal. 

A comparison of HIV-1 RT nucleotide mis- 
insertion and mismatch extension efficiencies with 
those of AMV RT, using DNA and RNA tem- 
plates, showed that the two reverse transcriptases 
have similar general properties in forming and 
extending single base mismatches.” As in the 
case of AMV RT, HIV-1 RT also extended mis- 
matched termini with high efficiency. An ex- 
ample of the impressive mispair extension ability 
of HIV-1 RT is shown in Figure 

In Figure 10a, addition of 13 nucleotides to 
a primer 3 ’-terminus are visible on the gel. These 
include a run of three consecutive mispairs, C * A, 
A C, C 9 A. Typically, there are strong pause 
bands visible at primer-template sites containing 
mispairs. However, for HIV-1 RT, the low in- 
tensity of the bands representing the two mispairs 
following the initial C A mispair illustrates the 
ease with which the enzyme can extend the A * C 
and C * A mispairs. This extension without paus- 
ing is unlikely to be the result of deamination of 
C to U, because the concentration of template or 
substrate deamination products are negligible in 
the assay. Also, AMV RT shows strong pause 
bands at the same mispaired primer-template sites 
bypassed by HIV-I RT. A second ilhstration of 
the absence of pausing is shown in Figure lob, 
where there are not visible pause bands at either 
T T or T * C positions. 

It may be biologically significant that exten- 
sion efficiencies are largest for G T and T * G, 
that is, for the same mispairs that are easiest to 
form. One might expect, therefore, to find these 
two mispairs overrepresented in base substitu- 
tional mutational spectra in vivo. Use of an in 
vitro transfection assay has shown that a signif- 
icant class of HIV-1 RT mutational hot spots, 
both base substitutions and simple frameshifts, 
arise from transient misalignments. lol However, 
it was also shown that AMV RT is unable to 
catalyze mispairs using a slippage or misalign- 
ment mechanism.I0’ In Section 1V.D. we discuss 
findings that HIV-1 RT, but not AMV RT, can 
efficiently bypass abasic template lesions using 
misaligned primer-template termini. A possible 
model to explain the exceptionally high rate of 
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FIGURE 9. Comparison of extension efficiencies and insertion efficiencies for AMV reverse transcriptase and pol 
a from Drosophila and calf thymus.50 The t, value determined for each mispair is plotted against the corresponding 
f,,, value for AMV RT (a) and pol a (b) in cases having the same primer 5'-nearest neighbor (A or G). The dashed 
line corresponds to t* = f,,,. Closed circles indicate f,,, values determined in "running start" reactions (Figure la) 
where polymerase inserts two correct nucleotides prior to the mispair. Open circles are the corresponding "standing 
start" reactions (Figure lb) in which the mispair is made directly off the primer end. All f,, values for calf thymus 
pol a (inset) are obtained in standing start reactions with a primer terminus having nearest neighbor A.4B 

HIV-1 mutagenesis is that HIV-1 RT is able to 
catalyze nucleotide addition at distorted termini 
that cannot be used by cellular polymerases or 
even by non HIV-1 reverse transcriptases. 

111. SEQUENCE CONTEXT EFFECTS ON 
POLYMERASE DISCRIMINATION 

As a replication fork proceeds along a DNA 
template strand, it encounters a variety of DNA 
sequences. There are different mechanisms to 
account for base sequence perturbations on fi- 
delity. In a model proposed by Streisinger,Iw 
frameshift mutations can occur in homopolymer 
template regions by a strand slippage or displace- 
ment mechanism. Kunkel and c011aborators~~~-~~~ 
have shown how small displacements of one or 
a few nucleotides can stimulate both base sub- 
stitution and frameshift mutational hot spots. 107a 
Ripley and co-workers'08-''o have shown that 
larger displacements giving rise to hairpin loops 
can also generate base substitutions and frame- 
shifts. 

A. Effects of Sequence and Polymerase 
Characteristics on Insertion Fidelity 

Mutational hot and cold spots in DNA are 
dependent on surrounding sequence. Therefore, 
it is necessary to study interactions between en- 
zyme, primer-template, and dNTP substrates to 
gain an understanding of molecular events that 
determine polymerase error rates. There are sev- 
eral experiments suggesting that polymerases may 
be directly in contact with about five to eight 
bases in primer template.11*~112 It might be ex- 
pected that local averaging over this many bases 
might act to dampen differences in nucleotide 
insertion fidelities. However, an example of nu- 
cleotide misinsertion rate dependence on neigh- 
boring sequence and enzyme identity is shown 
in Figure 11. l9 The enzymes used, Drosophilu 
pol a and AMV RT, contain no detectible 3'- 
exonuclease activity. 

At two separate template sites pol a was ob- 
served to incorporate dAMP opposite A (Figure 
l l a ,  left side), while AMV RT is able to form 
A A mispairs at the first but not the second site 
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5 1 3 2  P CCN 
GGTACATTGTCAAC 

C *A 
C * A  
A* C 
A *  T 
C*G 
A *  T 

A *  T 
C*A 

A* C 

C*A 

A*T 

C*G 

C*G 

P 

dCTP(pM) 55 CL 
0 0.2 0.8 3.0 

0.4 1.5 6.0 dATP(CLM) 

b. N = T  

T *A 

T*C 

T *A 

T*T 

C*G 

C*G 

P 

dTTp(iM) 630 1870 3660 
1380 2610 5500 

FIGURE 10. Gel autoradiograms showing HIV-1 RT catalyzed primer extensions forming correct A - T and incorrect 
T . T base pairs.20 The variable dNTP substrate concentration used for insertion opposite the M13 DNA template 
target site is shown below the original primer band (p) in each lane. (a) the correct incorporation of A opposite T 
is followed by formation of three consecutive mispairs and four correct base pairs. (b) the incorrect incorporation 
of T opposite T is followed by a correct base pair, an incorrect base pair, and another correct base pair. A fixed, 
saturating, [dCTP] = 55 FM is used for elongation of the primer P to reach the template target site T. The 0 pM 
dlTP control is shown in the first gel lane. 

(Figure l la ,  right side). At a different set of 
template sites, pol 01 was able to incorporate 
dGMP opposite G (Figure 1 lb, left side), whereas 
AMV RT barely incorporated G opposite G at 
the first site and there was no detectible G mis- 
incorporation at the second site (Figure 1 lb, right 
side). These data illustrate a second important 
point, namely, the dependence of base mispair 
extension on surrounding sequence. The sites 
designated as p5 and p8 (Figure 1 lb) both contain 
G followed by a C so that in the presence of 
dGTP, the initial G - G mispair could have been 
extended by addition of the next correct base to 

form a G * C base pair. Pol 01 is able to catalyze 
mispair extension at site p8, but not at site p5, 
even though at p5 initial formation of the G G 
mispair is catalyzed more efficiently (Figure 1 1 b) . 

The data in Figure 11 provide a clear qual- 
itative illustration of the fact that there can be 
significant effects of sequence context on nu- 
cleotide misinsextion and mismatch extension, and 
that these effects can differ depending on poly- 
merase identity. The effect of sequence context 
on the efficiency of forming the four transition 
and eight transversion mispairs was investigated 
with pol a and AMV RT by measuring fin,, Equa- 
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a. A * A  MISPAIR 

DNA POLYMERASE a 

A 
5-P-t A . A  

-AGG-p 
(Site @A) 

. dATP(mM)o.i 10.41 1 .1  
0.2 0.0 

A * A  
A A - T  

""P-AAt A . T  
-TT CG- 

P (Site p14) 

b. G*G MISPAIR 
DNA POLYMERASE a 

G-C 

(Site p 8 )  
T * A  
P 

AMV REVERSE TRANSCRIPTASE 

A - A  
P 

dATP (mM10.7 1 2.7 I 4.7 
1.4 3.5 

A - A  
A 9 T  
A *  T 
P 

dATP(mM)o.os I 1.4 I 4.7 
0.7 2.7 

AMV REVERSE TRANSCRIPTASE 

G * G  
A * T  
A ' T  
P a m m u w m  

dATP ()rM) 20- 
dGTP (mM) 0.1 I 0.6 1 2.3 I 

0.3 12 4.7 

G = G  
T *  A 

FIGURE 11. Gel autoradiograms showing primer extensions with mispairs of type A - A or G - G formed by 
increasing substrate c0ncentrations.lo In (a) the misinsertion of dAMP opposite template A (indicated by arrow) is 
observed for pol a at sites p2A and p14 and for AMV RT at site p2A. At site p14, the A .  A misinsertion by AMV 
RT is much less frequent and can be seen only in autoradiograms with longer exposure times. In (b) the corre- 
sponding results for misinsertion of dGMP opposite template G at sites p5 and p8 are shown. Only slight misinsertion 
by AMV RT is found at site p5 and no detectable misinsertion at site p8. 
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tion 1, using at least three separate template target 
sites for each mispair. For every mispair, both 
enzymes showed at least a 5-fold effect and, more 
generally, a 10- to 50-fold range of misinsertion 
efficiencies. l9 Singer and c ~ l l a b o r a t o r ~ " ~ ~ ~ ' ~  and 
Topal and co-~orkers"~ have made a similar se- 
ries of observations of localized sequence effects 
on formation of base pairs using the base ana- 
logue 06-methyl G .  

6. Model Systems Using 2-Aminopurine 
to Investigate Sequence Context Effects 
on Fidelity 

Bessman developed an exceptionally useful 
model system to study DNA synthesis fidelity us- 
ing the mutagenic nucleotide analogue, 2-amino- 
purine deoxyribonucleoside triphosphate (dAPTP) 
as a substrate for bacteriophage T4 mutator, 
wild-type, and antimutator DNA polymer- 
ases. 14365~116118 AP can form normal basepairs 
with T and base mispairs with C to drive bi- 
directional A - T - G C transition muta- 
t i o n ~ . " ~ - ' ~ ~  An important advantage of the sys- 
tem is the easily measurable insertion efficiencies 
of the analogue as a nucleotide substrate. In com- 
petition with dATP for insertion opposite tem- 
plate T, fin, (AP * T) -14%;14*25,125.126 in com- 
petition with dGTP for insertion opposite C, fin, 

(AP * C) - 1 %;I2' and when AP is present on the 
template, fins (C * AP) -5%,122.125.126.128-130 rep- 
resenting insertion of dCMP vs. dTMP opposite 
AP. These high-insertion efficiencies are in con- 
trast with values on the order of to loT6 
for naturally occurring base mispairs. 13*19*52*77*131- 

133 Although AP * T base pairs are stabilized by 
two H-bonds in a normal Watson-Crick config- 
 ration,'^^ they are considerably less stable than 
A - T base pairs based on differences in melting 
temperatures and are removed preferentially 
by proofreading exonucleases. 14*25 A description 
of base-pairing structures involving AP as well 
as other mispairing structures is presented in Sec- 
tion 1V.A. 

1. Incorporation of AP 
Deoxyribonucleotides at Many Template 
T Sites in vitro 

Pless and Bessman performed an experiment 
in which equimolar concentrations of dAPTP and 

dATp competed for incorporation opposite T sites 
on ax174 DNA template, using T4 wild-type 
and tsLl4l antimutator T4 DNA polymerases. 
Measurements of AP and A incorporation were 
made at 57 different template T sites.'18 The most 
striking result was that the range of AP/A incor- 
poration ratios varied, for the antimutator poly- 
merase, from a high of 20 and 14% to a low of 
0% for 5'-neighboring pyrimidines T and C, re- 
spectively, and from about 7 to 0% for neigh- 
boring purines. 

These data using tsLl4l antimutator poly- 
merase were extensive enough to investigate how 
perturbations in AP insertion and excision effi- 
ciencies correlate with sequence context. 136 For 
nucleotide insertion, it appeared that AP com- 
peted with A more effectively when pyrimidines 
were present as primer 3 '-termini. Base-stacking 
effects appeared most pronounced for 3'-primer 
(i.e., 5'-neighbor) T; fins (AP) was predicted to 
be about 35% when stacking occurred next to 
T.136 In contrast, insertion of the analogue next 
to G or A appeared to occur four-to fivefold less 
efficiently, fin, -7 to 8%. The highly active tsL141 
proofreading e x o n ~ c l e a s e ~ * ~ ~  appeared to exert a 
dominant effect on the relative fraction of AP 
incorporation opposite T. Here the data showed 
no correlation between nearest-neighbor stacking 
partner and removal of AP. However, there was 
a marked correlation between editing and the av- 
erage DNA stability in the ten-base region (one 
helical turn) surrounding AP. 136 Exonucleolytic 
editing appeared most effective in AT-rich and 
least effective in GC-rich regions, in accordance 
with an earlier report of Bessman and Reha- 
Krantz. 69 

Nucleotide insertion efficiencies are likely to 
be sensitive to base stacking forces between in- 
coming dNTP substrates and primer-template ter- 
mini at the replication fork. Base-pairing free 
energies (including base stacking and H-bonding) 
between incoming dNTP substrates and at the 
primer terminus should affect the orientation and 
residence time of right and wrong substrates in 
the polymerase active cleft. However, it is not 
the absolute magnitudes of the stacking interac- 
tions that should affect insertion fidelity. Rather, 
it is the dgferences in base-pairing free energies 
for matched vs. mismatched dNTP substrates that 
is expected to determine fins.25~48~'25~130.137~138 It is 
possible that the relative interactions between in- 
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coming dNTPs and the base at the primer 3'- 
terminus act as a major determinant of insertion 
specificity, and extension may also be influenced 
by 5'-neighbors. 

Forces that tend to stabilize or destabilize 
newly formed matched or mismatched base pairs 
should also affect proofreading. However, be- 
cause X-ray crystallographic data on Klenow 
fragments9.60 and kine ti^^^.^.'^^ and sequence 
comparison data61.140-14E corresponding to a va- 
riety of other polymerases demonstrate that poly- 
merase and exonuclease activities exist either as 
separate polypeptides or as structurally distinct 
domains on a single polypeptide, melting of two 
or more base pairs23*63.65-66 may be required to 
transfer the DNA from polymerase to exonu- 
clease sites. Therefore, effects of sequence con- 
text on the proofreading component of fidelity is 
likely to be affected to a considerably greater 
extent by changes in the average stability of groups 
of base pairs in the vicinity of the polymerase 
cleft rather than by the relative stability of a single 
stacked doublet containing either a correct or in- 
correct base pair at the primer terminus. 

2. Fluorescence Detection of 
2-Aminopurine Insertion 

Free dAPTP exhibits strong fluorescence 
emission at 350 nm, which is quenched when 
incorporated into DNA149s1so A reduction in 
dAPTP fluorescence can be measured during 
DNA synthesis to follow the kinetics of incor- 
porating dAPMP into DNA. In a series of ex- 
periments that we have begun in collaboration 
with Beechem and co-workers at Vanderbilt Uni- 
versity, AP insertion kinetics were measured us- 
ing exo- Klenow fragment. The main experi- 
mental objective was to determine whether there 
are significant differences in the velocities of AP 
incorporation next to different nearest-neighbor 
base-stacking partners located at the primer 3'- 
terminus. Previously, an analysis of the AP in- 
sertion component136 using experimental data from 
Pless and Bessman"* indicated that AP insertion 
rates differ depending on whether insertion oc- 
curs next to purines or pyrimidines. These results 
were for T4 L141 polymerase; Pless and Bessman 

also used Klenow fragment, but did not see as 
much variation from site to site. 

Insertion of dAPTP opposite T has been mea- 
sured on synthetic primer templates of identical 
sequence except for the base at the primer ter- 
minus (Figure 12). AP insertion rates appear 
greatest next to G ,  C, and A, and smallest next 
to T. The largest difference in insertion rates is 
about a two- to threefold reduction when T is 
situated at the primer 3'-terminus compared with 
G. The rate of AP insertion by the Klenow frag- 
ment correlates with the thermodynamic stabili- 
ties of DNA doublets containing AP T base pairs 
derived from DNA melting data. 13s*136~151 How- 
ever, speculations concerning the general signif- 
icance of this observation should be postponed 
until future measurements are made using dif- 
ferent sequence contexts and other polymerases. 

The key point is that AP fluorescence mea- 
surements are extremely sensitive and provide 
direct measurements, in real time, on catalytic 
rates for AP incorporation into DNA and for ex- 
onucleolytic removal as dAPMP from 3'-termini. 
Using a stopped flow syringe system, fluores- 
cence measurements can be made from a few 
milliseconds (presteady state) to several minutes 
(steady state). The fluorescence measurements in 
the presteady state kinetics region and the running 
start gel assay are directly comparable, because 
both assays measure the rate of extension of the 
primer from one site to the next. 

3. Sequence Context Effects on 
Polymerase Dissociation Rates and 
Proofreading Fidelity 

In order to calculate absolute (as opposed to 
relative) nucleotide insertion rates by the gel as- 
say, it was necessary to measure the first-order 
dissociation rate constant of the enzyme from the 
template T-  1 position, prior to insertion at the 
target site, (see Equation 4 and Figure 5). For 
AP insertion by exo- Klenow fragment, we found 
that k,, was about sevenfold faster when G was 
present in place of T at the primer terminus. 
Thus, the change of just a single base at the 
primer terminus can cause a significant alteration 
in the rate constant governing polymerase dis- 
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FIGURE 12. Reaction time courses showing decrease in fluores- 
cence as dAPMP is incorporated into primer/ternplates having iden- 
tical sequence except for the 5'-nearest neighbor base stacking 
partners. Reactions were performed at 20°C using 5 nM Klenow 
exo- (D355A, E357A), 70 nM primer/template, and 0.2 pMdAPTP. 
The prirner/templates associated with each time course are indi- 
cated in the figure and have the following sequence: 5'-Y 

whereY * Z = T -  A (TA- l), G C (TC- l) ,  A - T ( l T -  i), and C G 
3'-2 TAG 

(TG - 1). 

sociation from primer-template DNA. Given a 
five- to eight-base region over which the poly- 
merase cleft is in contact with DNA,111.139 a sin- 
gle base change at a primer terminus can result 
in a binding free energy difference of about 1 
kcallmol . 

If, at some sites, polymerase dissociation can 
compete with forward translocation, then an or- 
der of magnitude reduction in polymerase bind- 
ing could affect fidelity by reducing the proba- 
bility to excise a misinserted nucleotide during a 
processive synthesis mode. If there are differ- 
ences in the probability to excise a terminal mis- 
match from running vs. standing start reactions, 
then sequence context effects on polymerase dis- 
sociation may be responsible for hot and cold 
base substitution via their effects on proofread- 
ing. 

IV. STRUCTURAL FEATURES OF BASE 
MlSPAlRS RELATING TO DNA 
SYNTHESIS FIDELITY 

In the two 1954 articles by Watson and Crick 
describing the structure of DNA, the question of 
spontaneous errors in DNA was It 
was proposed that base mispairs would occur dur- 
ing DNA synthesis when the common bases were 
present as disfavored tautomers. A disfavored 
imino tautomer of either adenine or cytosine could 
form a double H-bonded Watson-Crick structure 
with a favored amino tautomer of its partner re- 
sulting in an A - C mispair. Also, a disfavored 
enol tautomer of either guanine or thymine could 
form a triple H-bonded Watson-Crick structure 
with a favored keto tautomer of its partner re- 
sulting in a G * T mispair. Despite lack of any 
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supporting evidence, these structures are pre- 
sented in genetics and molecular biology text- 
books as the explanation for the occurrence of 
base substitution transition mutations. To account 
for transversion mutations, Topal and Fresco152 
proposed a model in which one of the bases in 
a mispair is a disfavored tautomer in a syn con- 
formation. 

A. Evidence for ionized and Wobble 
Base Mispalrs 

We are unaware of any experiments demon- 
strating the involvement of disfavored tautomers 
in forming base mispairs. Two lines of evidence, 
NMR studies and X-ray crystallographic data, 
suggest that in duplex DNA, both base mispair 
partners are present as favored amino or keto 
tautomers. Examples include: (1) A C mis- 
pairs153 stabilized by two H-bonds in a protonated 
wobble c ~ n f o r m a t i o n , ' ~ ~ ~ ~  which undergoes a 
transition at pH above 7.5 to form a reverse wob- 
ble containing a single H-b~nd"~;  (2) wobble 
G * T m i s p a i r ~ ' ~ ~ . ' ~ ~ . ~ ~ ~ ;  (3) wobble G * A mis- 
pairs in which either both bases are anti158*160 or 
are G(anti) A(syn)I6l or G(syn) A(anti)162; (4) 
2-AP - C mispairs present either as a protonated 
Watson-Cri~k'~~ or neutral wobble 
and ( 5 )  5-B * G and 5-F * G that exist in a pH- 
dependent equilibrium between ionized Watson- 
Crick and neutral wobble structures. Struc- 
tures of the base mispairs mentioned above are 
shown in Figure 13. 

8. Formation of Base Mispalrs by 
Polymerase as a Function of pH 

Based on thermodynamic considerations, 
Ramsay Shaw and colleagues have proposed that 
base mispairing may involve ionized base pairs.166 
Structural studies using physical measurements 
on duplex DNA containing internal base mispairs 
were in agreement with a model of ionized struc- 
tures for base mispairs involving bromouracil as 
originally proposed by Lawley and 
However, it is still possible that such structures 
may not accurately reflect the state of purines 
and pyrimidines while incorporated as mispairs 

during DNA replication. It has been observed that 
when present in an in vitro DNA synthesis system 
either as a template base or as a deoxynucleoside 
triphosphate substrate, polymerases form B G 
mispairs much more easily than T G mis- 
 pair^.'^^-^'^ It was reported by Driggers and 
Beattie171 that B G mispairs were incorporated 
more readily by polymerase with increasing pH, 
suggesting that B - G mispairs can be formed 
with the anionic form of the analogue (Figure 
13k) during DNA synthesis. 

The equilibrium between keto and enol forms 
of bromouracil or fluorouracil is not dependent 
on pH. As pH is increased to produce an increase 
in the concentration of anionic B or F, a corre- 
sponding decrease occurs in the concentration of 
keto and enol forms. Accordingly, for B * G and 
F G mispair frequencies, resulting either from 
insertion of 5-halodUMP opposite template G or 
dGMP opposite template 5-haloU, various pre- 
dictions can be made: (1) if the ionized form of 
B or F can form mispairs with G either as a 
template or substrate nucleotide during DNA syn- 
thesis, then fb for haloU G by Equation 1 should 
increase with increasing pH since the fraction of 
the ionized species increases with increasing pH; 
(2) if the enol form of haloU is required to form 
mispairs with G, then fins should decrease with 
increasing pH since the fraction of the neutral 
en01 species decreases with increasing pH; and 
(3) the corresponding efficiencies of correct base 
pair formation, haloU A should decrease with 
increasing pH since ionized B or F are not likely 
to stably base pair with A. 

In recent experiments using AMV RT,172 we 
have observed that the pH-rate (fin, is a relative 
rate) profiles for B a G and F G (Figure 14) 
appear to support a mechanism that involves in- 
corporation of ionizated bases rather than disfa- 
vored enol tautomers since fhs increases with in- 
creasing pH. Similar observations have also been 
made with B and F present on the template. How- 
ever, the mispairing efficiencies, fin, for B - G 
and F G, are between one to two orders of mag- 
nitude higher when B and F are present on the 
template. 171*172 Although we cannot completely 
eliminate the possibility that ionization of an 
amino acid side chain in the enzyme active site 
contributes to the observed fidelity dependence 
on pH, the absence of a titration-like curve for 
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H 
I 

H-N 

Adenine (iminopCytosine Tautomer 

H 
I 

c) 
H-N. 

AdenineQtosine 
Protonated Wobble Base Pair 

GuanineOThymine or Bromouracil 
Wobble Base Pair 

R - CH3 or Br 
H- 

Guanine*Thymine (enol) or Brornouracil 

AdenineQtosine 
Reverse Wobble Base Pair 

f) 
H 

N-H 
H' 

Guanine (antipAdenine (anti) 

sugar' 

Guanine (antipAdenine (syn) 
Guanine (syn)*Adenine (anti) 

FIGURE 13. Proposed structures of base mispairs. 

incorporating C opposite G supports the idea that 
DNA base ionization is the major cause of base 
mispairs during DNA synthesis. Thus, in light 
of the recent NMR, X-ray, and enzymatic studies 
on base mispair structures, it no longer seems 
reasonable to require involvement of imino and 
enol tautomers in spontaneous mutagenesis, al- 
though a role of disfavored tautomers cannot be 
formally eliminated. 

C. An Error Avoidance Mechanism in E. 
coli Dependent on the Product of the 
MutT Gene 

E. coli has a substantial number of genes 
devoted to cleansing the genome of errors made 
during DNA replication by pol HI or during repair 
by pol I and possibly pol II. Mutations in these 
genes generally exhibit strong mutator pheno- 
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2-AminopurineGytosine 
Protonated Base Pair 

2-Aminopurine*Cytodne 
Wobble Base Pair 

Guanine-Bromouracil 
ionized Base Pair 

FIGURE 13 continued. 

6 7 8 9 10 

PH 

FIGURE 14. Misinsertion efficiency, f,,, of FdUMP and BdUMP opposite 
template G as a function of pH using AMV RT. 
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types for specific mutational pathways. Exam- 
ples of some well-characterized mutator gene 
products include: (1)  mutD, the +subunit of the 
pol 111 holoenzyme complex responsible for 
proofreading at the replication f ~ r k ; ~ . ~  (2) mut 
H,L,S, the system responsible for postreplicative 
methyl-directed mismatch repaiP-lO and the de- 
struction of heteroduplex DNA resulting from 
interspecies (3) mutY, a gly- 
cosylase specific for removal of a misinserted A 
in A * G, A * C,11.173 and A 8-oxoG mis- 
matches;174 and (4) mutM, 8-oxyguanine DNA 
glycosylase, 175 that cuts duplexes containing 8- 
oxoG * C base pairs.12 The adenine and 8-oxyG 
glycosylases function independently of the state 
of d(GATC) methylation and do not require mum, 
mutL, mutS, or mutU gene products. All of these 
enzymes, methylation dependent and indepen- 
dent, share the common property of operating on 
DNA following an error. 

Mutations at the mutT locus in E.  coli result 
in 1000-fold increase specifically in the T + G 
transversion The product of the 
mutT gene is a dGTPase.178*179 In contrast to other 
mutator genes, by preventing formation of G - A 
mispairs,180.181 the dGTPase apparently has an 
important role in error avoidance rather than in 
postreplication error correction. In a recent re- 
view, Reference 12a, it has been suggested that 
mutT is a part of a pathway, designated as the 
“GO system,” which in E.  coli, is composed of 
at least 3 proteins, mutM, mutT, and mutY. 

Hydrolysis of 8-oxodGTP was observed to 
be 500-fold greater for the oxygen damaged sub- 
strate 8-oxodGTP compared with dGTP. 182 This 
interesting observation led Sekiguichi and co- 
workers to propose that the role of mutT gene 
product is to eradicate 8-oxodGTP from the nu- 
cleotide pool. 182 However, one might question 
the proposal on the grounds that it is unlikely 
that 8-oxodGTP pools are sufficientIy large in 
vivo to mandate the presence of such a dedicated 
enzyme activity. There are many potential check 
points in both de novo and salvage pathways in 
deoxyribonucleotide biosynthesis that could serve, 
in principle, to eliminate oxidized nucleoside and 
nucleotide analogues before reaching the dNTP 
level. Bessman and c o - w o ~ k e r s ~ ~ ~  proposed a 
general role for the mutT dGTPase, in which this 
enzyme is required to hydrolyze syn isomers of 

dGTP and its analogues, because the syn isomer 
of G can form a relatively stable mispair with 
A.162 Among the four common dNTPs, dGTP 
has the highest equilibrium concentration of syn 
isomers. Presumably, hydrolysis would have to 
be coupled to replication, because a rapid re- 
equilibration between syn and anti isomers would 
occur if the hydrolysis were occurring in the pool 
of free dGTP. 

Because 8-oxodGTP is present predomi- 
nately as a syn isomer, its elimination from de- 
oxynucleotide pools may simply be a conse- 
quence of the more general requirement to exclude 
“normal” dGTP syn isomers. The observation 
by Sekiguichi and co-workers182 that 8-oxodGTP 
is hydrolyzed much more efficiently than dGTP 
may reflect the fact that there is a much smaller 
syn component present in dGTP than in its oxi- 
dized analogue. A measurement of 8-oxodGTP 
pool size in E.  coli, and a comparison of muta- 
genesis under aerobic and anaerobic conditions 
might help to clarify the role of the mutT dGTPase 
in vivo. However, it has recently been mentioned 
that “mutator strains grown aerobically or ana- 
erobically have equal mutation rates,” IZa sug- 
gesting, to us, that perhaps that syn G isomers 
other than 8-oxodGTP might be involved in the 
mutT mutagenesis pathway. 

In contrast to the paucity ot data on enzymes 
that might be present to protect dNTP substrate 
pools from contamination by exogenous damage, 
there are a wide variety of prokaryotic and eu- 
karyotic enzymes available to excise DNA tem- 
plate lesions caused by radiation and chemical 
damage. One of these enzymes, the mutM gene 
product in E .  identified originally as a 
formamidopyrimidine (FAPY) DNA glycosylase 
Vpg gene),183 is able to remove 8-oxoG from 
DNA. When present on the template strand, 8- 
oxoG preferentially mispairs with A during rep- 
lication causing G --* T transversions. 184*185 

D. Copying DNA Containing Template 
Lesions 

DNA lesions can arise spontaneously in vivo 
either from endogenous effects of temperature 
and pH, or from exogenous perturbations from 
many different sources. To cite a few familiar 
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examples, UV radiation causes cyclobutane di- 
mers and 6-4 photoadducts; oxidative damage 
results in thymine glycol and 8-oxoguanine; al- 
kylating compounds cause numerous base 
modifications including 06-alkylguanine, 02- and 
04-alkylthymine; AAF bulky adducts result from 
exposure of DNA to N-acetoxy-2-acetyl amino- 
fluorine; abasic lesions occur as a result of gly- 
cosylases acting on either damaged or chemically 
modified bases or by spontaneous depurination 
and depyrimidination reactions. Eukaryotic and 
prokaryotic cells contain constitutive and in- 
duced enzymatic activities that repair specific 
types of DNA damage. For example, methyl 
transferases that repair 06-MeG are expressed 
constitutively and can be induced in bacteria and 
animal cells. 186-’88 SOS-induced DNA repair’89Jw 
is a negatively regulated pathway in E .  coli con- 
sisting of more than 20 genes, under lex A re- 
pressor control. ‘90-l~~ SOS “error prone” repair 
is turned on in the presence of sufficient DNA 
damage to saturate the “error free” repair path- 
w a y ~ , ’ ~ ~  permitting the cell to replicate past le- 
sions, such as pyrimidine dimers and abasic sites, 
that would otherwise act to inhibit or block nor- 

Lesions can be classified according to their 
coding or miscoding properties and according to 
the degree of DNA synthesis inhibition. Cyclo- 
butane dimers, e.g., TAT, that continue to code 
for A insertion impose a s t r ~ n g ’ ~ * J ~ ~  but not abso- 
lute barrier to bypass replication. 198*200*201 DNA 
containing thymine glycol, a nonplanar ring struc- 
ture, appears to be nonmutageniczo2 but strongly 
inhibits repli~ation.~~’ Alkylated bases206210 and 
8-0x0G184~185 form mispairs in vitro and are mu- 
tagenic in vivo but are copied relatively eas- 

mal replication. I3.193.195-197a 

ily. 113.1 14.21 I  

1. Insertion Opposite Abasic Lesions - 
Sequence Context and the “A-Rule” 

Abasic (apurinic/apyrimidinic) lesions are 
important biologically and have served as an ex- 
cellent model system to study the properties of 
noncoding lesions in vivo and in vitro.212 In vitro 
measurements of nucleotide incorporation op- 
posite abasic lesions (X) distributed randomly in 
DNA revealed a strong preference for incorpo- 
ration of dAMP opposite X.213-215 These results 
resulted in formulation of the A-rule,216 which 

suggests that DNA polymerases tend to insert A, 
as a default mechanism, to continue synthesis in 
the absence of strong template coding signals. 
Because it is now straightforward to incorporate 
single abasic lesions into template DNA in a site- 
directed fashion,’7~13s~217~218 it is possible to study 
abasic site mutagenesis and inhibition in defined 
sequence contexts. 17* 197,218-21? 

Drosophilu pol OL has been used in a running 
start gel assay to measure insertion of A, G,  T, 
and C opposite a site-directed abasic lesion as a 
function of time (Figure 15).” The insertion ef- 
ficiency, fin,, for each of the four normal deoxy- 
nucleotide substrates opposite X, next to four 
different base stacking partners at the primer 3’- 
terminus, has been measured.” Insertion of A 
opposite X was found to be favored for each of 
the base stacking partners, by factors of about 6 
to 10 over G and 20 to 40 over C and T. For 
inserting A opposite X where there was about a 
fivefold difference between the largest insertion 
efficiency, next to primer T, when compared with 
the smallest efficiency, next to primer G. De- 
oxynucleotide insertion data using HIV- 1 RT were 
similar to that obtained with pol a. Sequence 
context effects on insertion opposite X was also 
observed in an in vivo transfection experiment in 
E .  coli, where an abasic site was located in either 
of two locations.’y7 At one location, the order 
was 80% A, 15% G ,  4% T, and 1% C. At the 
other site, the order was 54% A, 25% T, 20% 
G, and 1% C. 

2. Extension Past Abasic Lesions - 
Sequence Context and the “A-Rule” 

In a recent set of experiments, HIV-1 RT and 
AMV RT were used in standing start gel assay 
to measure the effect of varying the template 
nucleotide downstream from the abasic site on 
extension of each of the four bases situated op- 
posite X.220 It was not possible to use Drosophilu 
pol a to compare with the earlier insertion results, 
because pol a extension efficiencies were too 
small to quantitate. For HIV-1 RT, the extension 
efficiencies were highest when A was situated 
opposite X for each of the four downstream tem- 
plate bases. The extension efficiencies in de- 
scending order were A > G b C,T. Extension 
past the abasic lesion was virtually absent for 
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d?P dNTP 
5L32p primer 

3' template A x G T~ 

0 

A-X 
T. A 

P 
1 2  5 w ) 2 0 4 0 6 0  

TIME (min) 

C 
ubm- 

T- X --- 
T- A 

P 

1 2 5 K ) a o r o 6 0  
TIME (mini 

b 
G-X 

1 . A  
P 

1 2 5  10204060  
TIME (min) 

d 
c-x - *  . I  -- 
1 . A  

P 

1 2  5102040060 
TIME (min) 

FIGURE 15. Gel autoradiogram showing the insertion of nucleo- 
tides opposite an abasic site X as a function of reaction time for a 
template oligomer 3'-AXGT8, using Drosopbila pol a.'' The dNTP 
substrates for insertion are a, dATP; b, dGTP; c, dTTP; d, dCTP. 
The lowest band represents unextended 32P-labeled primer mole- 
cules; bands designated by T * A and N - X represent primers elon- 
gated by insertion of T opposite A (i.e., single base running start) 
and N = A, G, T, or C opposite X. 

AMV RT. There are two additional observations 
centered on extension past abasic lesions that 
might have important biological ramifications. 

a. Direct Compared with Misalignment 
Extension 

Using HIV-I RT, when C was located op- 
posite X, we were unable to detect extension by 
direct addition of the next correct nucleotide. 
Also, beginning with a C * X terminus, we failed 
to detect incorporation of dCMP opposite a 
downstream template G (Figure 16 top right). 
However, beginning with precisely the same C * X 
terminus, we had no difficulty observing incor- 
poration of dGMP. Apparently, G was incorpo- 
rated opposite the template C located two nu- 
cleotides beyond the abasic site. This event could 
occur through a primer-template misalignment 
mechanism, described by Kunkel and co-work- 

e r ~ , ~ ~ ~ * ~ ~  by collapsing the abasic site and re- 
positioning the primer terminal C opposite the 
downstream G (Figure 16 bottom right). Exten- 
sion was abolished when the template C was re- 
placed by another base. We also found that an 
A - X terminus, by far the easiest to extend by 
direct addition of a nucleotide, was inefficiently 
extended from a misalignment conformation. 

These kinetic data appear to agree with recent 
NMR experiments showing that A stacks stably 
within the plane of the helix221*222 when it is op- 
posite an abasic site, while C and X are located 
extrahelically.221 The stacking forces stabilizing 
A opposite X may act to preclude formation of 
a transiently misaligned primer template. The op- 
posite may be true concerning the behavior of C, 
where its inherent instability when situated op- 
posite X may favor transiently misaligned primer- 
template structures. If so, direct nucleotide ad- 
dition onto the primer terminating in C may be 
strongly disfavored. Perhaps the A-rule in inser- 
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sociate in order to switch between polymerase 
and exonuclease active sites.23 The conclusion is 
that while proofreading acts to inhibit bypass of 
abasic sites, there are additional important prop- 
erties of the polymerase, and, perhaps, other pro- 
teins that can alter the extent of mismatch exten- 
sion by limiting access of the exonuclease to repair 
the lesion.223,224 

V. THERMODYNAMIC AND KINETIC 
ASPECTS OF CORRECT AND 
INCORRECT BASE PAIR 
DISCRIMINATION 

Nucleotide insertion and excision fidelities 
can be characterized in terms of "effective" free 
energies between correct and incorrect base 
pairs.25*125~'37*'38 A free energy difference at the 
polymerase active site, AAG,, can be defined in 
terms of the ratio of wrong-to-right insertions 
given by Equation 1,  as 

A rough estimate for the range of AAG, values 
is about 3 to 7 kcal/mol, covering a range of 
misinsertion efficiencies from lo-' (e.g., G * T 
and T - G mispairs) to about (e.g., pur pur 
and pyr pyr mispairs). For proofreading exo- 
nuclease, assuming that the turnover of newly 
inserted mismatched to correctly matched base 
pairs can occur with efficiencies that vary from 
about 90 to 99.596, gives a range for AAGex-l 
to 3 kcal/mol. 

Such AAG, values are phenomological be- 
cause they do not refer to an actual transition 
state in the catalysis pathway; however, they do 
provide an estimate of the energies involved in 
discrimination. If we make the assumption that 
the enzymatic pathway is the same for incorpo- 
ration of right and wrong nucleotides, then the 
only place that base pairing free energies will 
show up will be as perturbations in the free ener- 
gies of intermediate states. In this situation, the 
AAG, will always be less than or equal to the 
actual base paring free energy difference, be- 
cause conservation of energy forbids it from being 
higher. Thus an observed fidelity of must 
come from a base pairing free energy difference 
of at least 7 kcal/mol. 

Is it reasonable to suppose that differences 
between correct base pair and mispair stabilities 
in the enzyme's active clefts are sufficient to 
account for insertion and excision fidelities? What 
active site constraints might the enzyme impose 
to optimize discrimination between matched and 
mismatched base pairs? One can pose questions 
such as these concerning possible sources that 
might account for or at least contribute to inser- 
tion and proofreading discrimination. 

A. Estimating the Base Pairing Energy 
Difference in the Active Site Using 
Aqueous Melting Data 

The most straightforward way to estimate the 
free energy difference of the matched and mis- 
matched base pairs in the DNA is to measure the 
melting temperature and heat of melting for a 
series of DNA duplexes containing single defined 
base pair changes. When this is done, it appears 
that base pairing cannot provide any number near 
the requisite amount of free energy to account 
for the observed fidelities of DNA polymer- 
a s e ~ . ' ~ . ~ ~ . ~ ~ ~  This makes it necessary to invoke 
models of the polymerase active site that modify 
the base pairing free energy differences observed 
in solution. 

Thermal melting data have been obtained us- 
ing duplex DNA oligonucleotides with either 
matched or mismatched base pairs at a defined 
location. 225226 Comparing a matched and single 
mismatched base pair located internally, AAG" 
values are typically between 1 to 3 k c a l / m ~ l . ~ ~ ~  
Base pairing standard free energy differences are 
generally much lower when the mispair is placed 
at a primer terminus, for example, between 0.3 
to 1 k c a l / m ~ l . ~ ~  Thus, AAG" values obtained by 
melting DNA in aqueous solutions are much 
smaller than those pertaining to nucleotide in- 
sertion fidelities. The AAG" values, from the 
melting of terminal base pairs and mispairs, are 
closer to but still less than the effective free en- 
ergy differences reflected by proofreading spec- 
ificity. 

Although values of AAG" may be small, in- 
dividual enthalpy (AAIP) and entropy (AASo) 
terms in AAG" = AAH" - T AAS", can be quite 
large. For example, comparing the melting of 
terminal mismatches G * T, C - T, and T - T with 

114 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A * T gives values of AAG" of only 0.25, 0.33, 
and 0.41 kcal/mol. However, the corresponding 
values for AAH" are much larger, i.e., 1.2, 2.2, 
and 4.5 k~al/mol.~* The small AAGO values occur 
because large values of AAHO are compensated 
for by large values of AAS". The correlation be- 
tween AHo and AS" for melting of DNA doublets 
containing correct and incorrect base pairs, and 
for the melting of proteins has been referred to 
as enthalpy-entropy compensation. Recently, we 
have shown that enthalpy-entropy compensation 
takes the form of a rectangular hyperbola, AS" 
= aAH"/(b + AH"), where a and b are con- 
stant~.~*' A significant number of correct and 
incorrect base pairs are located in the linear re- 
gion of the curve so that a plot of AAHo vs. AAS" 
gives a straight line. 

8. Discrimination between Base Pairs 
and Mispairs by DNA Polymerases 

From a physical-chemical perspective, one 
would like to gain insight into how polymerases 
exploit free energy differences between right and 
wrong base pairs to achieve high levels of in- 
sertion and excision specificity. By what mech- 
anisms and to what extent might polymerases 
exploit free energy differences between matched 
and mismatched base pairs? Are polymerases able 
to enhance specificities of insertion and excision 
by imposing additional base pairing constraints 
in the enzymes' active cleft? 

We have suggested the possibility that the 
strong correlation observed between AAH" and 
AAS" comparing matched and mismatched base 
pairs in aqueous solution offers a plausible means 
for polymerases to exploit the enthalpic com- 
ponent as an energy source for discrimination 
during nucleotide insertion and excision .48 In the 
relatively nonaqueous environment of an enzyme 
active cleft, an incoming dNTP substrate or a 
nucleotide present at the primer 3'-terminus can 
interact with a template base with reduced com- 
petition from water. Because water forms H-bonds 
with DNA bases, the partial exclusion of water 
might amplify differences in enthalpy between 
right and wrong base pairsaS3 

Alternatively, the active site of the polymer- 
ase may be designed in such a way that near 
perfect base pairing of the incoming base and the 

opposing base on the template is required for the 
proper alignment of the reactive groups of both 
substrates. Without proper alignment of the re- 
active groups, catalysis is impossible. The free 
energy required to put the two base pairs in proper 
alignment may be much higher than the free en- 
ergy of the alignment adopted when the two bases 
are unconstrained in duplex DNA. This would 
explain why the solution melting data is inap- 
propriate for estimating fidelities; mismatched 
bases in the duplex DNA simply do not adopt 
the required configuration needed for active site 
catalysis, and the free energy measured tells noth- 
ing about the energy of that conformation. 

C. K, and V,,, Discrimination 

The "kinetic" expression for the nucleotide 
misinsertion ratio, Equation 1, can be expressed 
as a product of K, and V,,, discrimination terms 
as follows: 

The magnitudes of K, are usually much smaller 
for insertion of right (R) compared with wrong 
(W) nucleotides, fK el, and the magnitudes of 
V,,, are usually larger for R compared to W 
insertions, f, < l .  

Consider that the observed V,,, and K, Val- 
ues are for the reaction depicted in Figure 18a, 
the incorporation of a nucleoside monophosphate 
into the primer DNA with subsequent release of 
PPi. Because the PP, concentration is usually small 
in most reactions, the step where PPi is released 
from the complex is assumed to be irreversible. 
Thus, the kinetic parameters measured represent 
the effect of all of the possible intermediate states 
of the complex between dNTP binding and PP, 
release (Figure 18b). Rate constants from a va- 
riety of steps in the reaction pathway, including 
dNTP binding, enzyme conformational changes, 
phosphodiester bond catalysis and product re- 
lease, contribute terms to the steady-state expres- 
sions for V,,, and K,. Presteady state measure- 
ments may give additional information about the 
system, because they measure the rate of incor- 

115 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



a. "Macro" picture of dNTP incorporation 

PPi 

E*D, E*Dn+, 

b. "Micro" picture of dNTP incorporation 

+dNTP PPi 

Factors which stabilize this state or 
enhance the PPi off-rate will show 

up in Vmax 

Factors which stabilize this state or 
enhance the dNTP off-rate will show 

up in Km 

FIGURE 18. Two pictures of dNMP incorporation by a DNA polymerase. (a) The macroscopic 
picture - there is a single rate of incorporation dependent on [dNTP] and [PPJ. Assuming that 
[PPJ -0, this gives a Michaeiis-Menten relation between incorporation rate and [dNTP]. This is 
the picture that gives rise to gel bands in a steady-state assay. Note in particular that while the 
rate of PP, dissociation may influence the observed incorporation rate, the rate of dissociation of 
the polymerase will not influence it. (b) The microscopic picture - after binding a dNTP molecule 
the polymerase-dNTP-primerhempiate complex can undergo a series of conformational and/or 
chemical changes culminating with the irreversible dissociation of PP, (irreversible because we 
assume [PPJ -0). Some of the rate arrows in this diagram can be observed using presteady 
state kinetic gel assays because actual incorporation of dNMP into the primer may occur early 
in the pathway. 

poration of dNMP and not the rate at which the 
enzyme dissociates from the product. Thus, the 
kinetics of fast steps before PPi and product re- 
lease can be measured by these techniques. Po- 
lymerases may have the or different24~s2 
rate-limiting steps for insertion of right and wrong 
nucleotides. 

While it is important to acknowledge this 
kinetic complexity in the polymerase fidelity 
pathway,229 we believe that it is useful to inves- 
tigate idealized ' 2 5 ~ 1  30, 37*138 to explore 

how K, and V,, discrimination might affect in- 
sertion fidelity. That is, we attempt to give some 
meaning to the actual values of K, and V,, in 
the system. First, note that the K, term is indic- 
ative of the amount of time that the dNTP remains 
bound to the complex in a given encoun- 
ter.25.12JJ37J38 High K, means that the dNTP either 
dissociates more rapidly when the complex is in 
its initial state in Figure 18b, or that it spends 
more time in that initial state. Conversely, high 
V,,, means that the PPi is released more rapidly 
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when the complex is in its final state, or that the 
system spends more time in the final state. Using 
these observations it is possible to make a few 
broad statements about the meaning of K, and 
V,,, discrimination for the insertion of the correct 
and incorrect nucleotide. 

For the K, discrimination component fK, we 
assume that f K  = K,,R/K,,w is an estimate of the 
relative residence times of wrong compared to 
right dNTP substrates bound in the polymerase 
active cleft.25.125.137~138 The magnitude of this 
component will depend on how much of the total 
base pairing free energy is devoted to stabiliza- 
tion of the dNTP in the complex. Factors that 
perturb the differential stability of dNTP com- 
plexes will show up in fK. A recent presteady 
state kinetic analysis23o confirms our earlier 
~ u g g e s t i o n ” ~ ’ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  based on steady state anal- 
ysis that T4 DNA polymerase exhibits significant 
discrimination against misinsertion during the 
nucleotide binding step. 

The V, discrimination component, fv = 
Vmax,W/Vmax,R, is determined by the relative rates 
of creation of PPi when the dNTP is engaged in 
the complex. The magnitude of this component 
will depend on the contribution of base pairing 
free energy to the rate of PPi dissociation, or the 
stability of the state of the enzyme just before 
PP, release. Because it is hard to see how base 
pairing free energies could affect the PPi disso- 
ciation rate, we will assume that factors that per- 
turb the differential rate of formation of bound 
PP, for right and wrong dNTP complexes will 
show up in V,=. 

Given these two different modes of discrim- 
ination available to the polymerase, it is possible 
that the effects of sequence context is different 
depending on whether the polymerase is in a K, 
or a V,, mode of discrimination. That is, the 
polymerase may have different sensitivities to the 
small perturbing influence of nearby bases, de- 
pending on where the base pairing energy man- 
ifests itself in the catalytic cycle. 

0. Correlations between K, and V,,, 
Discrimination Ratios and Base 
Misinsertion Hot Spots and Cold Spots 

Measurements made with AMV RT showed 
an interesting correlation between misinsertion 

hot and cold spots and relative fK and fv values.19 
Misinsertion hot spots were found to occur pre- 
dominantly next to primer-3’ pyrimidines, pri- 
marily T, when K, discrimination predominates 
(f, < f,), while hot spots occurred mainly next 
to purines when V,,, discrimination predomi- 
nates (f, G fk). Thus, there appears to be a def- 
inite correlation between the sensitivity of the 
polymerase to different types of nearest neigh- 
bors and the mode of discrimination being used. 

Base stacking can influence fv and fK. Strong 
base stacking from a primer terminating in G 
might reduce the degrees of freedom of bound 
right and wrong substrates immediately prior to 
phosphodiester bond catalysis. If most confor- 
mations for a wrong-bound dNTP do not result 
in catalysis but those for a right-bound dNTP do, 
then a differential reduction in the relative num- 
ber of nonproductive-to-productive conforma- 
tions will tend to increase Vmax,W relative to Vmax,R. 
Insertional hot spots may occur more frequently 
next to primers terminating in G when fv el, 
i.e., when V,,, discrimination is large. Base 
stacking can also influence the relative residence 
times of wrong and right dNTPs during compe- 
tition for binding to the enzyme-DNA complex. 
Because H-bonding and base stacking presum- 
ably act synergisti~ally,~~ * strong stacking may 
preferentially stabilize a complex involving a right 
dNTP. Insertional cold spots may occur more 
frequently next to primers terminating in G when 
f K  G 1 ,  i.e., when K, discrimination is large. For 
insertion of AP in competition with A opposite 
T by T4 L141 antimutator polymerase, K, dis- 
crimination was found to be large,2s and insertion 
cold spots appeared to occur mainly next to pur- 
ines.118*136 One should keep in mind that insertion 
hot and cold spots occur infrequently. We spec- 
ulate that their occurrence might be related to 
specific base-stacking interactions that perturb E- 
DNA-dNTP complex stabilities and limit the 
number of degrees of freedom of bound dNTP 
substrates. At normal template sites, f/f,,, may 
be close to unity irrespective of sequence context. 

In the future, we intend to expand our use 
of presteady state fluorescence techniques using 
2-aminopurine (Section II1.B .2) to measure in- 
sertion and proofreading of the analogue opposite 
T and C with a variety of polymerases in different 
sequence contexts. This approach may lead ul- 
timately to a more complete understanding of the 
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mechanisms relating sequence dependent muta- 
tions to kinetic properties of DNA polymerases. 
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