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ABSTRACT DNA from qX174 is replicated in vitro with
a fidelity similar to that found genetically. A mutation of TAG
TGG may be induced, however, by varying the concentra-

tions of deoxynucleoside triphosphates, with a frequency pro-
portional to [dGTPf2/[dATP]. This complex concentration de-
pendence is consistent with the active participation of a
proofreading mechanism that hydrolytically excises mis-
matched base pairs as they are formed. A simple kinetic analysis
predicts that the frequency of misincorporation depends on the
ratio of incorrect to correct deoxynucleoside triphosphates times
the concentration of the next triphosphate in the sequence to
be added. This suggests that spontaneous mutation by misin-
corporation depends crucially on the composition of the de-
oxynucleoside triphosphate pool.

The fidelity of replication of DNA is extremely high. The fre-
quency of spontaneous point mutation in Escherichia coli is in
the region of 10-8-10-10 per base per replication (1), and the
frequency in phages is within 2-3 orders of magnitude of this
(2, 3). Such accuracy is very difficult to measure in vitro by use
of synthetic templates and the misincorporation of radioactively
labeled deoxynucleoside triphosphates because of trace levels
of contaminants. A biological-assay has recently been developed
to overcome these difficulties and to avoid other artifacts; it uses
the rate of reversion of the OX174 am3 mutant during repli-
cation of its DNA in vitro (4, 5). [The mutant has a G - A
transition at position 587 in the Sanger sequence (6), converting
the TGG codon for tryptophan to the TAG terminator. The
mutation has no effect on phage assembly or DNA replication,
but just prevents cell lysis (7).] The initial study involved the
partial replication of the viral (+) strand by using DNA poly-
merase I of E. coli and a restriction fragment as a primer (4).
The resultant DNA was then transfected into spheroplasts, and
the progeny phage or infective centers were assayed for
revertants. However, in the absence of added mutagens, no
revertants could be detected above the background reversion
frequency [(1.7 + 0.6) X 10-61, and only a lower limit of 1/7700
could be placed on the accuracy of polymerase I. The second
study used the reconstituted T4 replication system to replicate
the replicative form (RF I) DNA of OX174 to produce progeny
double-stranded RF DNA (5). Again, on transfection no re-
vertants were detected above background, placing a lower limit
of 5/107 for the accuracy of the T4 polymerase.

In the present study, I apply this procedure to the RF DNA
single-stranded (ss) DNA step in the replication of OX174,

using the reconstituted enzyme system of DNA polymerase III
holoenzyme, rep and ssDNA-binding proteins from E. coli, and
the phage-encoded gene A protein. In the presence of ATP and
the four deoxynucleoside triphosphates, multiple single-
stranded circular copies of the viral (+) strand are made by

using the complementary strand of the RF I DNA as template
(3, 8, 9). This is the stage in vivo at which RF DNA is multiplied
to give progeny. The strategy is to vary the concentrations of
the deoxynucleoside triphosphates during replication in vitro
and to examine the concentration dependence of the error rate,
if any.

MATERIALS AND METHODS
Materials. Deoxynucleoside triphosphates were obtained

from Sigma. Thin-layer chromatography on Polygram poly-
ethyleneimine (PEI) sheets [1 M HCO2H/0.5 M LiCl or 4 M
NaO2CH (pH 3.4) (10)] showed that dATP, dTTP, and dCTP
were greater than 99% triphosphate whereas dGTP contained
6.7% dGDP but no detectable amounts of other triphosphates
(<0.1%). Oligo(dT)12 and poly(dA) were obtained from
Miles.
DNA polymerase III holoenzyme [3.5 X 105 units/mg (11)],

ssDNA-binding protein [2.3 X 104 units/mg (12)], gene A
protein [5.5 X 106 units/mg (13)], rep protein [4 X 107 units/mg
(14)], and dUTPase [2 X 107 units/mg (15)] were kindly pro-
vided by U. Huebscher, R. Fuller, N. Arai, and J. Shlomai of
this laboratory. OX174 and its DNA were the gifts of J. Kobori.
kX174 RF I DNA was prepared by a modification of the Hirt
procedure (16, 17).

Oligo(dT)12([3H]dC)o.05 and oligo(dT)12([3H]dT)2 were
prepared as described by Brutlag and Kornberg (18).

Methods. OX174 RF I DNA (1.4 X 10-2 pmol) was repli-
cated in a reaction mixture (25 kil) containing DNA polymerase
III holoenzyme (300 ng, 105 units) ssDNA-binding protein (1.6
,gg, 36.8 units), rep protein (25 ng, 1000 units), gene A protein
(9 ng, 50 units), dUTPase (0.1 ng, 200 units), ATP (800 ,gM),
dCTP (40 ,uM), various concentrations of dGTP, dATP, and
[3H]dTTP (900 cpm/pmol), Tris-HCl (55 mM, pH 7.5), di-
thiothreitol (6.5 mnM), glycerol (20% vol/vol), MgCl2 (10.8 mM),
NaCl (76 mM), EDTA (0.26 mM), and bovine serum albumin
(0.19 mg/ml). (The deoxynucleoside triphosphates were
preincubated with the dUTPase for 2 min at room tempera-
ture.) After 1 hr at 300C, duplicate samples were assayed for
extent of incorporation of [3H]dTMP by acid precipitation onto
nitrocellulose filters while the remainder was extracted with
phenol at 65°C (19), precipitated with ethanol and washed. The
products were examined by electron microscopy by the
Kleinschmidt formamide technique (20).

Spheroplasts from E. coli W3350 were prepared by the
method of Guthrie and Sinsheimer (19). Transfection and in-
fective center assays were performed as described by Benzinger
(21), whereas progeny phage were produced by the method of
Pagano and Hutchinson (22). Indicator bacteria were E. coli

Abbreviations: RF I, covalently closed, circular superhelical (replicative
form) OX DNA; ssDNA, covalently closed, single-stranded OX DNA
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C for wild type and E. coli CR (su + ) for am3 (3, 7). Plaques
were scored after 3-4 hr of incubation at 370C. About 10-4-
10-3 infective centers were formed per DNA particle.

Infective Center Compared with Phage Release Assay.
Transfections were performed under conditions where the
number of infective centers produced is linear with DNA
concentration (19). The number of progeny phage produced,
however, is equal to the number of infective centers multiplied
by the number of viable phage produced per center (n100-200
in the present experiments). Thus, when mixtures of wild-type
and mutant DNA, which may give different yields of progeny
per infection, are analyzed, the infective center assay gives the
better measure of the reversion frequency. It is seen later in
Table 1, however, that the two procedures agree within a factor
of 2.

RESULTS
The Product DNA. The incorporation of [3H]dT into the

DNA replicated in vitro corresponded on average to about five
to eight circles produced per circle of input RF I DNA. The
number of infective particles produced, determined by infec-
tive center assays using phage extracted samples of q5X174
ssDNA for calibration, was about 50-60% of this. Examination
by electron microscopy of the products formed at the lowest,
intermediate, and highest concentrations of dGTP used (Table
1) showed the following compositions, respectively: single-
stranded circles, 84, 87, and 85; single-stranded linear mole-
cules, 11, 9, and 9; double-stranded relaxed circles, 4, 4, and 4;
and double-stranded linear molecules, 0, 0, and 2. No remaining
supercoiled RF I DNA was found. It is seen in Table 1 that the
phage used for preparation of the RF I DNA contained about
2 X 10-6 revertants. After transfection of the DNA extracted
from this phage, the progeny phage had a slightly increased
proportion of revertants, about 4 X 10-6. Both the RF I DNA
and the DNA produced in vitro at 8.4 ,M dGTP form about
3 X 10-6 revertant phage after transfection. Transfection of the
DNA thus produces phage that is phenotypically very similar
to the parent.

Increasing the concentration of dGTP relative to dATP to
favor the A G transition, however, caused a dramatic in-

crease in the number of revertants. At 1010 MM dGTP and 10.0
,M dATP, the reversion frequency increased 2000-fold to
1/150, as measured by progeny phage release, and to 1/300,
as determined by the number of infective centers. This increase
clearly represents mutation in vitro. The data appear reliable.
The results of the infective center assays paralleled those of the
progeny release assays, despite being performed under vastly
different ratios of DNA to spheroplasts. The individual assays

were also consistent over a 3- to 10-fold range of dilution.
The presence of dGDP as an impurity did not perturb the

experiments. Addition of dGDP to 400 MM did not alter the
reversion frequency (Table 1).
Dependence of Reversion Frequency on Deoxynucleoside

Triphosphate Concentration. The nonlinear relationship be-
tween the reversion frequencies and the concentrations of
dGTP and dATP may be easily simplified. In Fig. 1, the loga-
rithm of the reversion frequency is plotted against log [dGTP],
with [dCTP] and [dTTP] held constant at 40 MM and [dATP]
approximately constant at 9.5-12 MuM. The slope of +2.0 shows
that the frequency varies at [dGTP]2. A similar plot (Fig. 2)
against log [dATPJ at 911 uM dGTP has a slope of -1.0,
showing that the frequency varies as 1/[dATP]. Combining all
the data (at 40,uM dTTP and dCTP), the reversion frequency
calculated from the infective center assays is given by:

Frequency = 0.0333 [dGTP]2/[dATP].

Calculated from the progeny phase assay, it is:

Frequency = 0.0659 [dGTP]2/[dATP].

[1]

[2]

The fit is very good; the correlation coefficients are, respec-
tively, 0.986 and 0.998.

Revertants Are Mainly Wild Type. Restoration of the lytic
function with increasing [dGTP] indicates that the amber codon
TAG is removed by the replacement of the T or A by G. The
data in Table 1 and Fig. 2 show that dGTP competes with
dATP. However, there is no competition between dGTP and

Table 1. Reversion frequencies of kX174 DNA synthesized in vitro
Wild-type revertants/
am3 mutants,* X 106

Concentration, MM Infective Progeny
dGTP dATP dTTP centers phage

2.0 ± 0.2t
3.9 + 0.21
3.0 ± 0.4§

8.4 9.5 40 2.9 ± 0.5
93 9.5 40 54 i 16

202 12.0 40 156 ± 66 119 ± 5
404 12.0 40 650 + 100 1110 i 80
810 12.0 40 1400 + 200 3280 + 180
910 12.0 10 1510 + 330 1930 ± 150
910 12.0 40 2430 ± 470 4670 ± 350
910 12.0 160 3700 ± 800 4480 ± 320
910T 12.0 40 2630 ± 280 4690 ± 980
910 60.0 40 686 72 941 ± 46
910 119.0 40 341 ± 52 564 ± 100
910 238.0 40 121 i 22 107 + 13
1010 10.0 40 3380 410 6620 ± 170

* Mean ± SEM from two to five determinations. A total of 18,286 mutants and 12,855 revertants were
scored, generally at least 100 for each set.

t Parent phage.
I ssDNA from parent phage.
§ RF I DNA template.
¶ 400 AM dGDP was also present.
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FIG. 1. Dependence of reversion frequency on [dGTP] at ap-
proximately constant [dATPJ (9.5-12 ,uM). *, Progeny phage assays;
0, infective center assays. Slope of solid lines = +2; slope of broken
line = +1.

dTTP; a 16-fold increase in [dTTP] at 911 AiM dGTP leads to
no decrease in reversion frequency. The codon must therefore
be converted to TGG, the wild type.

At the higher concentrations of dGTP, however, the mutation
frequencies suggest that multiple mutations may occur. This
should not affect the calculations. It is suggested later (Eq. 6)
that mutations are strongly biased to changing A-G to G-G.
Because there are only about 170 of these pairs in OX174 that
lead to amino acid changes, the majority of phage at even the
highest [dGTP] should have no mutations induced. In support

E -3.1

0

log [dATPI
FIG. 2. Dependence of reversion frequency on [dATPI at constant

[dGTPJ (911 piM). 0, Progeny phage assays; 0, infective center assays.
Slope of lines = -1.
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FIG. 3. 3'-5' Exonuclease activity of DNA polymerase III ho-
loenzyme as a proofreading function. 30'C, 75-Al reaction volumes.
DNA polymerase III holoenzyme (600 ng, 200 units), (dT)12([3H]-
dC)0.05 (665 pmol of nucleotide), Tris-HCl (50 mM, pH 7.5), di-
thiothreitil (5 mM), glycerol (11%, vol/vol), NaCl (12 mM), and bovine
serum albumin (0.15 mg/ml). (A) 516 pmol of (dA)600 and 0.8 ,ug of
ssDNA-binding protein; (B) as A but plus 1.5 umol of dTTP (0) and
plus 1.5 umol of [3H]dTTP (2 X 107 cpm) (0); (C) as B but plus 6250
pmol of (dA)300; (D) as C but without the DNA-binding protein. In
all cases, the 3'-P3H]dC was completely excised in about 10 min under
polymerizing conditions.

of this, the yield of viable phage was found to be constant over
the entire range of concentrations. In any case, the effects of
multiple mutation leading to nonviable phage should cancel
out in the ratio of revertants to am3 because both are derived
mainly from the progeny.

3'-5' Exonuclease Activity of DNA Polymerase III Ho-
loenzyme Is a Proofreading Function. The 3'-5' exonuclease
activity of DNA polymerase I from E. coli appears to be a
proofreading function for the removal of mismatched base
pairs: mismatched bases at the 3' terminus of synthetic primers
are excised before elongation occurs (18). Although it has been
shown that polymerase III from E. coli has the analogous 3'-5'
exonuclease activity (23, 24), it has not been shown that elon-
gation occurs with the excision of the mismatches. The [3H]dC
at the 3' terminus of (dT)12([3H]dC)0.05 annealed to (dA)6w0 was
excised under a variety of polymerizing conditions in the
presence of dTTP (Fig. 3). This is not caused by the 5'-3' activity
of the enzyme (23, 24) because, on replacing
(dT)12([3H]dC)o.o by (dT)12([3H]dT)2, the radioactivity was
retained under polymerizing conditions. It is unlikely that the
excision was caused by an impurity of polymerase I because the
enzyme was prepared from a polA -polB - mutant (11).

DISCUSSION
The replication of kX174 RF I DNA to ssDNA by the recon-
stituted enzyme system has several major advantages as a system
in which to study fidelity and spontaneous mutation. (i) It uses
the DNA polymerase III holoenzyme, believed to be the poly-
merase responsible for the major amount of replication of the
E. coli chromosome. (ii) Only one strand of the template is
copied and only one type of strand is produced, thus reducing
complications in analyzing the effects of changing the con-
centrations of deoxynucleoside triphosphates. (iii) Multiple
copies of the strand are produced, so that the progeny far out-
number the parent. (iv) The synthetic viral strands approximate
the infectivity of authentic OX DNA.

Reversion Frequencies In Vitro Are Consistent with Those
Found In Vivo. At low concentrations of dGTP, revertants are
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at background level, but at high concentrations of dGTP to
favor the A - G transition, revertants are detectedl..wih- ,a
frequency of 0.0333 [dGTP]2/[dATP]. Extrapolation of -this
formula to concentrations of dATP and dGTP found in E. coli
([dATP] ; 56 AM, [dGTP] k 28,M, and [dCTP] t [dTTP] ;

50 AtM; calculated from ref. 25 with a ratio of dry weight to wet
weight = 0.25 and water space of E. coli = 72% (26)) predicts
a reversion frequency of 0.5 X 10-6, compared with an ob-
served value of 1.7 X 10-6(4).

Concentration Dependence of Reversion Frequency Is
Consistent with a Proofreading Mechanism. If the 3'-5'
exonuclease activity of the polymerase acts during chain
elongation as an editing mechanism to remove mismatched base
pairs, then the simplest mechanism for misincorporation is the
following:

kex

dNTP dN'TP [31
misaddition elongation

The fraction incorporated is given by the product of the relative
rates of addition of incorrect (dNTP) and correct (dN"TP)
triphosphates to the chain multiplied by the probability that
elongation, rather than excision, occurs. For two substrates
competing for a common site, the former term is given by
(kcat/KM)N[dNTPI/(kcat/KM)N[dN"TPI (27, 28), in which k~t
and KM are the usual Michaelis-Menten quantities and N"
refers to dN"TP, etc., and the latter term is given by kel/(kel +
kex)

It may be reasoned intuitively that the elongation rate, and
hence the proofreading efficiency, must depend to some extent
on the concentration of the next nucleotide (dN'TP) to be
added. For example, at one extreme, when the next nucleotide
is absent from the mixture, elongation will not occur and so
errors are bound to be excised by the 3'-5' exonuclease activity.
It may be shown (see Appendix) that at low concentrations of
the following nucleotide, the ratio of incorrect to correct nu-
cleotide misincorporated (Vmis) is given by:

P"mis = a [dNTPJ"dN'TP] [4]

In the present study, both N and N' = G and N" = A. The ob-
served concentration dependence of the reversion frequencies
in this study is thus consistent with the 3'-5' exonuclease activity
being a proofreading function. The recent, independent ob-
servation that the misincorporation of 2-aminopurine into DNA
with T4 polymerases increases with increasing concentrations
of triphosphates is also consistept with this proposal (29).

Implications of Concentration Dependence of Error
Frequency. If similar kinetic considerations apply in vivo, then
spontaneous mutagenesis by nucleotide misinsertion depends
crucially on the relative concentration of the correct and in-
correct deoxynucleoside triphosphates and the absolute con-
centration of the following nucleotide to be inserted. This
predicts that changes in the distribution of deoxynucleoside
triphosphate pools will affect mutation rates. It is possible that
some mutator genes function by changing the relative con-
centrations of nucleotides. The same criteria apply to the
measurement of error rates in vitro. Eq. 4 and those below
make predictions that can be tested in other systems and with
other codons and that will aid in experimental design.

APPENDIX
C#Mcentration dependence of misincorporation
kinetics
To illustrate the intuitive arguments above, consider one of the
simplest mechanisms for the elongation/excision step (Eq. 5).
The enzyme, having misinserted N instead of N", may either

E EEwN~NT
N k .y E k3[dN'TP] N TP

I kex |Lk4
ENN

[5]

move to the new primer terminus (where binding of dN'TP and
elongation occur) or excise N while at the previous terminus.
For simplicity, it is assumed that the frequency of excision of
correctly paired nucleotides is negligibly small. The ratio of
excision to elongation may be calculated either by application
of the steady-state assumption or by the method of Cleland (30).
By the logic and notation described for Eq. 3, it may be shown
that:

vMis = ,B k2k3k4 [dN'TP]
k3k4 [dN'TP](k2 + kex) + k-2kex(k-3 + k4)' [6]

in which 3 = (kcat/KM)N[dNTPI/(kcat/KM)N-[dN'TP].
The term in [dN'TP] follows saturation kinetics: at low

[dN'TP], vmis is linear in [dN'TP] and reduces to Eq. 4; at high
[dN'TP], Vmis becomes independent of [dN'TP] and tends to
3 k2/(k2 + kex) In the present study, the misincorporation of
dGTP is still in the linear region of the curve at 1 mM, whereas
the misincorporation of the unnatural 2-aminopurine (which
is misinserted at a relatively highi frequency) saturates at lower
concentrations (29).

Mechanisms more explicit and complex than Eq. 5 (e.g., in
refs. 29 and 31) may also be shown to give misincorporation
kinetics similar to Eq. 6.

The work reported in this paper was undertaken during the tenure
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