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ABSTRACT DNA from the aml6 mutant of bacteriophage
4X174 may be replicated in vitro and expressed in vivo to give five
classes of revertants. Each class may be specifically induced by
the appropriate biasing of the concentrations of deoxynucleoside
triphosphates in a predictable manner. The frequency of each
reversion follows a kinetic rate equation relating it to the concen-
trations of the triphosphates involved in the substitution. The re-
versions corresponding to TAG -- GAG, AAG, CAG, TGG, and
TCG are calculated to occur with frequencies of 5 X 10-7, 4 X
10-7, 4 X 10-7, m2 x 10-7, and -5 x 10-9, respectively, at the
concentration of triphosphates found in vivo. The frequencies are
in the range found for the reversion of the phage in vivo and so
are consistent with errors in nucleotide selection by DNA poly-
merase (deoxynucleosidetriphosphate:DNA deoxynucleotidyl-
transferase, EC 2.7.7.7) III being largely responsible for the
rate of spontaneous mutation in vivo. The relative frequency
of mispairing leading to misincorporation is: purine-purine pu-
rine pyrimidine >> pyrimidine pyrimidine, confirming predictions
from model-building studies that transversions arise through pu-
rine-purine mismatches.

The fidelity of replication of DNA and the molecular basis of
mutation are now amenable to study by a combination ofkinetic
and genetic techniques with in vitro and in vivo methods. Bac-
teriophage DNA may be copied by a DNA polymerase (deoxy-
nucleosidetriphosphate:DNA deoxynucleotidyltransferase, EC
2.7.7.7) in vitro under controlled conditions, and the products
may be transfected into Escherichia coli to produce viable prog-
eny phage (1). By using DNA containing a known point muta-
tion, errors in nucleotide selection by the polymerase may be
detected by an increase in the population of wild-type rever-
tants (2, 3). These errors may then be compared with the re-
version frequency of the particular mutation in vivo found from
classical genetic measurements.
An in vitro system of exceptional utility for studying poly-

merase accuracy in E. coli is the replication of double-stranded
replicative form (RF) DNA ofbacteriophage 4X174 to form sin-
gle-stranded (ss) 4X174 DNA (RF -- ss). DNA polymerase III
holoenzyme, in conjunction with single-stranded DNA binding
protein, rep protein, and gene A protein, produces multiple
copies of the single-stranded viral (+) DNA by using the minus
strand of the RF duplex as template (4). The particular advan-
tages of this system are: (i) it uses DNA polymerase III holoen-
zyme, which is thought to be the enzyme responsible for the
major replication of the E. coli chromosome; (ii) many copies
ofsynthetic DNA are produced from one parent template so that

the phage produced on transfection are predominantly from the
synthetic progeny; (iii) only one strand of the duplex DNA is
coped so that kinetic analysis isgreat simplified; and (iv) only
single-stranded DNA is produced so that there is no possibility
of error correction from the mismatch repair systems now
thought to check base pairing in duplex DNA (5).
By applying this procedure to the replication of DNA from

the am3 mutant of 4X174, which contains the transition TGG
-- TAG at position 587, it was shown that the accuracy of the
polymerase in vitro is very similar to the overall accuracy in vivo
(6). Further, by biasing the concentrations of deoxynucleoside
triphosphates (dNTPs) to favor the reversion (high dGTP and
low dATP concentrations in copying -A-T-C-), back mutations
can be induced at high frequency. This approach has now been
successfully applied to the replication of4X174 DNA catalyzed
by the T4 polymerase system (7, 8) and by DNA polymerase I
from E. coli (9) to show that these enzymes have similar
accuracies.

In the present study, we examine the reversion in vitro of
the aml6 (gene B) mutant of 4X174 by systematically biasing
the concentrations of dNTPs to favor specific transitions and
transversions in the amber codon. This mutant, which has a G
-- T transversion at position 5276 in a region where genes A
and B overlap (10, 11), was chosen because it is known from its
viability in suppressor-containing host strains (12, 13) that at
lent three reversion pathways give rise to acceptable amino acid
substitutions because they are the same as those inserted by the
suppressors (Table 1).

MATERIALS AND METHODS
Materials. Reagents and enzymes have been described (6).

DNA polymerase III holoenzyme, ssDNA binding protein, rep
protein, and dUTPase (dUTP nucleotidohydrolase, EC 3.6.1.23)
were generously provided by A. Kornberg, as was gene A pro-
tein by S. Eisenberg. E. coli CQ2 (supF) was obtained from U.
Hibner. 4X174 aml6, provided by W. E. Borrias, was plaque-
purified, and high-titer stocks were produced by published pro-
cedures with E. coli CQ2 as the permissive host (13). 4X174
aml6 RF DNA was prepared by a modification of the Hirt pro-
cedure (14, 15).

Methods. 4X174 RF I DNA (1.4 X 10-2 pmol) was replicated
in a 25-.lI reaction mixture at 30'C for 1 hr and then isolated
by procedures similar to those described by Fersht (6). The
modified reaction mixture contained 50 mM Hepes HCl (pH

Abbreviations: RF, replicative form (covalently closed, circular, super-

helical DNA); ss, single-stranded; dNTP, deoxynucleoside triphos
phate; Pur, purine; Pyr, pyrimidine.
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Table 1. Reversion pathways at the aml6 locus*
Leu Arg Phe Arg

wt = T-T-G-A-G-G aml6 = T-T-T-A-G-G
Glu am

Nucleotide
in amber Amino acids encoded
codon Substitution gene A gene B
T G Leu-Arg Glut
T A Leu-Arg Lys
T C Phe-Arg Glnt
A G Phe-Gly Trp
A C Phe-Arg Ser§
A T Phe-Trp Leu
G A Phe-Lys Ochre
G T Phe-Met Tyr
G C Phe-Thr Tyr

wt, Wild type.
* aml6 in gene B caused by G T at position 5276; gene A reads as
in upper frame.

t Wild type.
i aml6 grows in supE-containing cells that insert Gln.
§ aml6 grows in supD-containing cells that insert Ser at the amber
codon.

8.1), 10 mM MgCl2, 40 mM NaCi, 0.16 mM EDTA, 5.5 mM
dithioreitol, 16% (vol/vol) glycerol, 800 ,uM ATP, bovine serum
albumin (0.15 mg/ml), 52 units ofDNA polymerase III holoen-
zyme, 300 units of rep protein, 27 units of gene A protein, 67
units of ssDNA-binding protein, 200 units of dUTPase, and
various concentrations ofdGTP, dATP, dTTP, and dCTP. (This
reaction mixture gave better rates and yields with less enzyme
than was used previously.) The dNTPs were preincubated with
the dUTPase for 2-25 min at room temperature prior to reac-
tion. However, no radioactive triphosphates were used in the
preparation of DNA destined for spheroplast assays, as the ra-
dioactive reagents caused higher background reversion fre-
quencies. Instead, the extent of reaction (always 4 or 5 progeny
strands per input RF template) was monitored in separate, par-
allel studies with labeled materials. The product DNA was ex-
pressed at 30'C with spheroplasts prepared from E. coli C600
(supE) as described (6). Indicator bacteria were E. coli C for wild
type and E. coli CQ2 for aml6. Plaques were scored after 3-4
hr of incubation at 370C or 5-6 hr at 30'C and then again after
overnight incubation. About 104-10-3 infective centers were
formed per DNA particle.

Representative plaques from each experiment were stored
in 50 mM sodium tetraborate solution and later tested for
growth at different temperatures.

RESULTS

Reversion of 4X174 aml6 in Vivo. A single plaque ofamber
mutant, grown in liquid culture at 360C to give about 1010
phage, produced revertants that fall into three clear classes
based on their temperature sensitivity between 30 and 390C:
(i) vigorous wild type at a frequency of 1-2 x 10-7; (ii) ts re-
vertants at a frequency of 1.0 X 10-6 that do not grow at 390C
but form small plaques at 370C and are as vigorous as wild type
at 30'C (for the purpose of this study, these will be denoted as
"ts37"); and (iii) ts revertants at a frequency of 1.5 x 10-6 that
form small plaques at 30'C and are not viable at 350C (denoted
as "ts3o"). In addition to the ts37 revertants at 370C, small
plaques were also observed at a frequency of 4 x 1-7. How-
ever, upon plaque purification, these appeared identical to the
tS37. Similarly, tiny pin-point plaques were observed at a fre-
quency of -5 x 10-7 at 30TC, which on isolation appear to be

a mixture of tS37 and ts30. Our interpretation is that these small
plaques are produced by reversion on the plates, whilst the
larger plaques of ts37 and ts30 are produced predominantly dur-
ing the last round of replication in liquid culture.

Production of Mutants During Replication in Vitro. The
basic strategy of these studies was to induce mutations during
replication by biasing the dNTP pool to favor the replacement
of a chosen nucleotide in the amber codon by a selected alter-
native. For example, to produce GAG by copying the sequence
-A-T-C- in the complementary strand, elementary reasoning
dictates increasing the concentration ofdGTP and lowering the
concentration ofdTTP in the replication system to increase the
probability of dGTP rather than dTTP pairing with dA. How-
ever, a more detailed analysis of the kinetics of mutation sug-
gests that the concentration of the following nucleotide to be
incorporated may affect the mutation frequency (6). This is be-
cause the 3' -- 5' exonuclease activity of the polymerase acts

as a proofreading function, excising a proportion of the mis-
matches as they are incorporated and before chain elongation
can occur. Because the permanent incorporation of a mismatch
requires chain elongation, and the rate of this depends to some
extent on the concentration of the dNTP following the mis-
match, a general expression for the reversion frequency, v, is:

a[dNTpInC] [dNTPFol]
v = [dNTpCor] K + [dNTPFOI[

where superscripts Cor, Inc, and Fol designate the correct, in-
correct, and following dNTPs. K is a complex ratio of rate con-
stants for binding, hydrolysis, and elongation and is not the
value of K; for the normal polymerization reaction. When K
<< [dNTP ol], Eq. 1 reduces to the simple expression:

v = a[dNTPInc]/[dNTPCOr].

When K >> [dNTPFol], Eq. 2 reduces to

a[dNTPInc] [dNTpFol]
K [dNTPCor]

[2]

[3]

[Previously (6), Eq. 3 was found to hold for TAG -) TGG in the

reversion of {*X174 am3. ] The analysis of, and the search for,
directed mutations must involve examining the concentration
dependance of v with respect to the three dNTPs.

The RF DNA used in the replication studies in vitro was
produced from aml6 phage containing 2.2 x 10-7 wild type,
1.9 X 10-6 tS37, and 2.0 x 10-6 ts30 revertants. On replicating
this DNA in vitro at 30TC in the presence of40 ,uM each of the
four dNTPs, the infective centers formed from transfecting
spheroplasts at 30TC consisted of 2.3 x 10-6 wild type, 4.1 x
10-6 ts37, and 1.3 x 10-5 ts3o revertants. Phage release assays,

Table 2. Revertants of 4X174 aml6 produced in vitro

Base Phenotype, plaque size* Production
Change pairing 300 370 400 420 430 rate law
T- G A:G 1 1 1 1 8 1 X 10-6 [dG]/[dT]
T- A A:A 1 1 1 1 pp 3 x 10-7 [dAI/[dT]
T-. C A:C 1 1 1 1 s 3.6 x 10-7[dC]/[dT]
A- G T:G 8 - _ 10-2[dG]2/[dA]
A-- C T:C 1 1 1 8 pp 10-4[dC][dG]/[dA]
A- T T:T
G- C C:C
G - T C:T
(Unknown in vivo 1 s - - )
* Incubation temperature is in degrees Celsius. 1, Large (3-6 mm in
diameter); s, small (1-2 mm); pp, pin-points on incubation overnight
on L-plates with E. coli C as indicator.

Proc. Natl. Acad. Sci. USA 78 (1981)
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FIG. 1. Dependence of phage reversion frequencies (v) on the bias of dNTPs during DNA replication *, Infective center; o, phage release assays.
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is essentially independent of dATP concentration at 1000 uiM dCTP and 10 ,uM dTTP. (UpperRight) Mutation of TAG-- AAG. This is independent
of the concentration of the following dNTP (dNTPFol = dATP), being linear with dATP concentration. (Lower Right) Mutation of TAG -- TGG
producing temperature-sensitive (tS30) revertants (because of the small burst size, the phage release assays have been multiplied by a factor of 2
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which produce phage in proportion to the burst size and the
number of infective centers formed, gave similar proportions
of wild-type and tS37 revertants but only 5 x 10- ts3o rever-
tants. The proportion of revertants could be increased dramat-
ically by the appropriate biasing of the ratio of dNTPs. (It will
be seen later that of the 2.3 x 10-6 wild-type revertants pro-
duced on transfection, 1.7 x 10-6 are calculated to be reverted
during replication in 40 1LM- of each dNTP by replacing the T
of the amber codon by A, C, or G.)

Classification of Mutants According to Kinetics of Produc-
tion and Phenotype. Five different reversion pathways in vitro
were identified from the rate laws of production of mutants
(Eqs. 2 and 3). This classification was strengthened by the ob-
servation that the revertants fall into at least three and probably
four classes according to their temperature sensitivity ofgrowth
(Table 2). Reversion to wild type (GAG) was clearly indicated
by a series of experiments varying the concentrations of dGTP
and dTTP (Fig. 1). At constant [dTTP], the production of mu-
tants increased linearly with [dGTP], and at constant [dGTP],
the production was inversely proportional to [dTTP]. dGTP was
clearly competing with dTTP for the first position in the amber
codon, forming revertants with a frequency of 1 x 10-6 [dGTP]
/[dTTP]. The revertants formed large plaques up to about
42.50C. Similarly, reversion to CAG, a codon known to give rise
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FIG. 2. Detection of pyrimidine pyrimidine mispairing. The mu-

tation of TAG-. TCG was detected by infective-center assays of the

DNA produced at highdCTP and dGTP and low dATP concentrations.
(UpperLeft) Increase in reversion frequency with dCTP concentration
at 970 MM dGTP, 10 ,pM dATP, and 197 ^M dTTP.. (Upper Right) In-
crease in reversion frequency with dGTP concentration at 985 uM
dCTP, 10 MM dATP and 197 uM dTTP. (Lower) Reversion frequency
inversely proportional to dATPconcentration at985 M dCTP, 970 pM
dGTP, and 197 MM dTTP. It is calculated that, from the DNA produced
at 985 pMM dCTP, 970 dGTP, 197 MM dTTP, and 10 pM dATP, a

freluency of 9.6 x -106 revertants results from TAG-. TCG, 4.9 x

10- from TAG -. GAG, and 1.8 x 10-s from TAG -. CAG. Also 4.1

x 10-6 are tS37 and 0.6 x 1076 are wild-type revertants carried over

from the parental DNA. Six out of 7 large plaques picked from a plate
of 70 grown at 37TC were, found to be phenotypically different from
those previously isolated under conditions that produce. GAG- and
CAG-coding revertants (see Table 2). The shallow dependence of 1/
dATP concentration is caused by the background of these latter
mutants.

to viable phage (Table 1), was indicated by the kinetics of Fig.
1: revertants were formed with a frequency of 3.6 x 10-7
[dCTP]/[dTTP]. The revertants were as vigorous as wild type.
Reversion by the third possible change in the first position, TAG
-- AAG, was also found (Fig. 1) with a frequency of 3 X 10-7
[dATP]/[dTTP]. These revertants were slightly. more temper-
ature sensitive than wild type or TAG -- CAG, forming pin-
point plaques (<1-mm diameter) at43TC, atwhich parallel stud-
ies with the other two gave small plaques (1-2 mm).

In all three cases, the rate of mutation followed the simpler
Eq. 2 and was independent of the concentration of the "follow-
ing" nucleotide, dATP, in the concentration ranges examined
(apart from a small increase caused by the parallel pathway of
TAG -- AAG).

Reversion at the middle position was also readily observed
at low dATP and high dGTP concentrations (Fig. 1). Under
these conditions, ts mutants were formed that appeared to be
the ts3O noted in vivo. These were readily distinguishable from
the wild type produced by high dGTP and low dTTP concen-
trations because of their characteristic temperature sensitivity
and small plaque size. They were produced with a frequency
of 1 x 10- [dGTP]2/[dATP] (Fig. 1 Lower Right). This is very
similar to the rate law previously observed for the reversion of
am3, which also involved TAG -- TGG (6). Under the condi-
tions ofthe present study, am3 was found to revert with a similar
frequency of 1.7 X 10- [dGTP]2/[dATP]. The rate law of Eq.
3 is followed: the concentration of dGTP is involved twice as
explained above.

The reversion TAG -- TCG was also detected at high con-
centrations of both dCTP and the "following" nucleotide,
dGTP, and low [dATP] (Fig. 2). The frequency followed 1 x
10-4 [dCTP][dGTP]/[dATP]. Although at the highest ratio of
[dCTP] [dGTP]/[dATP] examined, there was only a two-fold
increase above the background reversion frequency caused by
the presence ofspontaneous mutants and those induced by TAG
-- CAG + GAG at the high dCTP and dGTP concentrations,
we are confident that there was the production of a new mutant
because (i) the data obtained were the most precise of this study,
the spheroplasts used being particularly active; and (ii), more
importantly, the new mutants showed a further class of tem-
perature sensitivity. The mutants produced at high dCTP, high
dGTP, and low dATP concentrations were similar in temper-
ature sensitivity to (and possibly slightly more than) those pro-
duced at high dATP and low dTTP concentrations but were
markedly more temperature sensitive than those produced from
high dCTP or high dGTP and low dTTP concentrations (Table
2). The distinction is fortunately unambiguous.

High concentrations of dTTP did, not cause any increase in
the number ofrevertants but, instead, gave a smaller proportion
than produced at 40 ,M each of dGTP; dTTP, dATP, and
dCTP, presumably by decreasing the reversion at the first po-
sition in the amber codon.
No significant increase in the number of ts37 mutants was

observed in any of the experiments in vitro despite ts37 being
the major revertant in vivo. This revertantpresumably arises
in vivo at the ss.-. RF stage of replication. By the process of
elimination, it must be one of three undetected transversions
at the end of able 2 that arise through either a T T, C-C, or
CT mismatch at the RF -- ss stage or through an AA, G-G,
or G-A mismatch at the ss -* RF step.

Sinha and Haimes (8) have replicated both strands of #X174
aml6 RF DNA (RF -* RF) using the T4 enzyme system. Wild-
type revertants were noted at afrequency of 1.2 x 10-7 [dGTP]
/[dTTP] and temperature-sensitive mutants at 1.6 X 10-7
[dGTP]/[dATP]. The- latter are presumably the ts3o of this
study.

Proc. Natl. Acad. Sci. USA 78 (1981)
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DISCUSSION
4X174 aml6 has proven to be a most useful mutant for deter-
mining the nature of reversion pathways. Of the eight possible
mismatch changes that can revert TAG to a sense codon, five
have been observed in vitro and a sixth has been identified in
vivo (Table 2). The classification has been greatly aided by the
mutants falling into four or possibly five groups according to
temperature sensitivity of growth. This has enabled us to mea-
sure the frequency of all three combinations ofpurine (Pur) and
pyrimidine (Pyr) mismatches (PurPur, PurPyr, and PyrPyr)
and their dependence on the concentrations of dNTPs.

Concentration Dependence of Mispairing Depends on Se-
quence. The reversion frequencies induced during replication
in vitro vary with the concentration of dNTPs according to the
rate law (Eq. 1) that was previously derived (6) but fall into the
simplified versions of Eqs. 2 and 3 (Table 2). For substitution
of A, G, or C for the T in TAG, the misincorporation frequency
follows the ratio of [dATP], [dGTP], or [dCTP] to [dTTP] and
is independent of the concentration ofdATP, the following nu-

cleoside triphosphate, in the concentration range examined
(>40 raM). However, when dGTP is the following nucleotide,
as in the reversion to TGG or TCG, its concentration is critical.
The factors governing this behavior are as yet unknown, but
mutation frequencies are clearly dependent on the precise se-

quence of nucleotides.
Relative Frequencies of Mispairings Are PurPur PyrPur

> PyrPyr. Our data support qualitatively the theory of Topal
and Fresco (16) on the nature of permitted mispairings. From
model-building studies of mispairings that can form comple-
mentary hydrogen bonds and fit into the geometry ofthe double
helix of DNA, they propose that transversions arise through
Pur-Pur mismatches but not PyrPyr. They also calculate that
PurPur mismatches are formed within an order of magnitude
of PurPyr mismatches. It is calculated from the rate laws in
Table 2 that, for the substitution of another nucleotide for the
T in TAG, the relative frequencies of A-G, ALA and ANC mis-
pairings are 10:3:3.6. For the replacement of A in the second
position, T-G pairing is 100 times more favored than T-C. The
tS37 mutant, which can only arise through a Pyr-Pyr mismatch
during the RF -- SS stage, occurs at too low a frequency to be

observed.
Thus, mispairings are catalyzed by DNA polymerase III

holoenzyme with the relative frequencies PurPur PyrPur
>> Pyr-Pyr.
The Error Rate of the Polymerase in vitro Is Similar to the

Phage Mutation Frequency in vivo. The ratio ofdATP to dCTP
to dTTP to dGTP in exponentially growing E. coli is known with
reasonable accuracy to be about 2.4:1.9:1.9:1 (17-19). There is
uncertainty about the absolute concentrations, but dGTP ap-
pears to be in the range of 20-100 ,uM (6, 17-19). Substituting
these values into the rate laws of Table 2 gives the following
reversion frequencies for concentrations of dNTPs mimicking
those in vivo: TAG -- GAG, 5 10-; TAG -* AAG, 4 X 10;

TAG -- CAG, 3.6 X 10-7; TAG TGG, 8-40 X 10-8; TAG
-- TCG, 1.6-8 X 10-9. These figures are within an order of
magnitude ofthose expected for reversion frequencies of 4X174
in vivo, although there is some uncertainty in calculating the
precise values in vivo because ofthe unusual mode ofDNA rep-

lication. For example, in this study ts30 and ts37 are produced

at frequencies of about 5-15 X 10-7; Denhardt and Silver (2)
report values of 1.1 X 10-6, 1.7 X 10-6, and 4.3 X 10-8 for the
reversion of am6, am8 and am9, respectively. Combined with
our original observation on the accuracy (6), this strongly sug-
gests that the error in base selection by the DNA polymerase
is responsible for the spontaneous mutation rate of OX174 in
vivo. A
The chromosome of E. coli is replicated far more accurately

than is the phage (the error rate is 1-100 X 101 (21)), although
the same DNA polymerase is used for both. There is good evi-
dence that the additional accuracy is achieved by a postrepli-
cative mismatch repair system that patrols the double-stranded
DNA, recognizes the daughter strand by its methylation pat-
tern, and excises mismatches (5). Thus, the spontaneous mu-
tation rate in E. coli is determined by a combination of the ac-
curacy of the DNA polymerase and an attenuation factor due
to mismatch repair. Bacterial mutator genes (22) may involve
the DNA polymerization reaction per se, factors controlling the
concentrations ofdNTPs, the mismatch repair systems, and the
DNA methylation systems.
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