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ABSTRACT

Mutagenesis of protooncogenes has been postulated to contribute to the
initiation and progression of human cancer. Activating mutations in the
H-ras gene are predominantly single-base substitutions and are most fre

quently identified at codons 12, 13, and 61. We have analyzed the effects
of DNA sequence context at specific codons that are hot spots for raj
mutation with respect to abnormalities in copying by purified DNA poh -
merase a, a major eucaryotic replication enzyme. Exon 1 of H-ras gene
was inserted into M13 mpl9, single-stranded DNA constructs were iso

lated, and the progression of synthesis by polymerase a was measured.
Strong termination sites were found in codons 12 and 13. Pausing at these
codons is abolished when the template is mutated at the middle base of
codon 12, the same alteration that converts H-ras into an activated onco
gene. Resistance of codon 12 in double-stranded constructs to digestion

with restriction enzymes and computer investigation of the ras sequence
suggest that these termination sites are in a region of secondary structure.

The frequency of sequence alterations within DNA chains that have
been extended past codons 12 and 13 was found to be <0.01. We consider
a variety of mechanisms by which the potential secondary structure in
volving codons 12 and 13 may contribute to the pausing of DNA poly
merase a and to the generation of clustered mutations at this site.

INTRODUCTION

Mutations affecting the functions of genes involved in signal trans-

duction, growth, and differentiation may be a major factor in the
phenotypic changes that characterize cancer. The ras oncogene family
(H-ras, K-ras, and N-ra.c) encodes highly homologous Mr 21.000

guanine nucleotide binding proteins, which are located on the inner
surface of the plasma membrane and appear to be involved in signal
transduction (1). These genes are frequently mutated in a large per
centage of human tumors. The activated ras oncogenes appear to
constitutively turn on the signal transduction pathway by being locked
in the GTP form either through mutations that impair intrinsic GTPase
or that increase the guanine nucleotide exchange rate. Even though
mutations at many positions can activate ras genes, the mutations
detected in human or animal tumors are predominantly base substi
tutions and are localized in few hot spots at codons 12, 13, and 61.
Oncogenic p21 ras proteins with amino acid substitutions at position
12 or 61 have an impaired GTPase activity (1). Since these specific
raÃgene mutations appear to be closely associated with tumor initi
ation and progression, elucidation of the mechanisms of the genera
tion of these mutational hot spots is important for understanding the
origins of cancer. Accumulating evidence indicates that ras oncogenes
play a key role in chemical carcinogenesis (1). Cell transformation
studies indicate that certain chemicals induce point mutations at
codons 12 and 61 in these protooncogenes and suggest that the local-
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ization of mutations to specific nucleotides may result from prefer
ential interaction with environmental mutagens or resistance of these
codons to DNA repair.

Several arguments indicate, however, that environmental mutagens
are not the sole origin of mutations in these cancer-related genes. No

correlation has been found between levels of exposure to known
cancer risk factors and many human cancers (2-4). It has been shown

that virtually every form of genetic damage identified in human can
cers occurs spontaneously and at a significant rate in cultured cells
that are not exposed to environmental mutagens (5). It is argued,
therefore, that endogenous processes contribute significantly to mu-

tagenesis and possibly to carcinogenesis (3). Elevated frequency of
errors committed during DNA replication constitute one of the major
sources of endogenous mutagenicity. Based on the frequency of mis-

incorporation by DNA polymerases in vitro it has been postulated that
errors by these enzymes if uncorrected by DNA repair mechanisms
contribute to the spontaneous mutation frequency in cells. These en
zymes generally generate single base substitutions in DNA during in
vitro DNA replication and these are frequently clustered at specific
sequences (6-8). DNA polymerases might therefore be a contributing

factor in the accumulation of mutations at hot spots in raÃgenes.
Analysis of the behavior of DNA polymerase a, a major DNA repli
cation and DNA repair enzyme of mammalian cells (9), during the
replication of the exon 1 of H-rai, is the subject of this work.

MATERIALS AND METHODS

Bacteria. Escherichia coli MC 1061 [hsdR, mcrB. araD, Â¡39\-(araABC-
leu), 7679\lacX74, gall/. galK. rpsL, thi], the transformation host, and a F'
derivative of strain CSH50 \\(pm-lac)thi, ara. strA/F'(proAB. la-da-zh

M15)]. used as an indicator for the transfected E. coli MC 1061. were provided
by T. A. Kunkel (National Institute of Environmental Health Sciences).

Chemicals and Enzymes. The oligonucleotides primers used for extension
reactions were synthesized by Operon Technologies, Inc. Deoxynucleoside
triphosphates were from Sigma and [y-'2P]ATP (3000 Ci/mmol) was from

Amersham Corp.
Calf thymus polymerase a-primase and HIV-RT1 were purified as previ

ously described (10. 11). T7 DNA polymerase and sequenase were obtained
from U. S. Biochemical Corp. and T4 polynucleotide kinase. restriction en
zymes Bam\\\. Kpnl, Pvull, Nael, Hpall. and Narl were from New England
Biolaboratories. Ligase was purchased from GIBCO BRL and Taq DNA poly
merase was purchased from Perkin Elmer Cetus.

Construction of Recombinant M13 mpl9/ras DNA Molecules. The plas-
mids pbc-Nl and pT24-C3 (American Type Culture Collection) containing,
respectively, the wild type H-ras protooncogene and the activated H-ra.v on
cogene (GC â€”*AT transition mutation in position 2 of codon 12) were digested

with BumtÃ¬land Kpnl resulting in a 2-kilobase fragment containing the entire

first exon of the ras gene. The isolated and purified fragments were cloned into
the polylinker region of the bacteriophage M!3 mpl9. The nucleotide se
quences of the exon I of both the protooncogene and oncogene after insertion
into the vector were confirmed by sequencing (12). The protocol used to
achieve the construction of modified codon 15 ras sequence involved 3 sep
arate rounds of oligodirected mutagenesis to change GGC into CTT. Sequenc
ing analysis confirmed the changes.

DNA Polymerase Activity. In assays for calf thymus DNA polymerase
activity, the reaction mixture contained, in a final volume of 15 fil 20 m.M

1The abbreviations used are: RT.reverse transcriptase; HIV.human immunodeficiency

virus; wt ras, wild type ras: act ras. activated ras: DTT. dithiothreitol.
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4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer (pH 7.8); 3 HIM

MgCU; 1 HIMDTT; 20 to 500 /IM of dATP; dCTP, dGTP, and dTTP; 60 to 100
ng of 5'-[12P]-labeled primer-template; and 3 to 6 units of DNA polymerase a.

For assays with bacteriophage T7 DNA polymerase the reaction mixture con
tained, in a final volume of 15 Â¿xl80 niM potassium phosphate buffer (pH 7.5);
6 niM MgCl,; 5 ITIMDTT; 25 mm NaCl; 500 /J.Mof dATP, dCTP, dGTP, and
dTTP: 60 to 100 ng of 5'-["P]-Iabeled primer-template; and 1 unit of T7 DNA

polymerase. With HIV-1 reverse transcriptase, the reaction mixture contained,
in a final volume of 15 p.160 min Tris-HCl buffer (pH 8.2), 7 ITIMMgCK; 1 mm

DTT; 0.5 HIMEDTA; 10 niM KCI; 100 H.Mof dATP, dCTP, dGTP, and dTTP;
60 to 100 ng of 5'-[32P]-labeled primer-template; and 0.5 to 7 units of HIV-1

RT. In all these reactions, the ratio of enzyme molecules to 3'-OH primer

termini molecules is between 14 and 24.
Isolation of DNA Bypass Products. The procedures used were those pre

viously described (13). Briefly, the 24-mer synthetic primer 5'-d(CAGGCT-
CAC CTCTATAGTGGGGTQ-3' (Operon Technologies. CA) was labeled at
its 5' terminus using [y-32P]ATP and annealed to single-stranded M13 mpl9/

ras recombinant DNA. The labeled primer, which complements nucleotides
1760-1783 of exon 1, was extended in vitro by calf thymus DNA polymerase
a at 37Â°Cfor 90 mm. DNA synthesis was terminated by the addition of EDTA

(pH 8.0) to a final concentration of 6 mm in 100 Â¡uand the reaction mixture
was centrifuged through a Sephadex G-50 minicolumn to remove salts and
unincorporated [y'2P]ATP. After it had dried, the replicated DNA was heat

denaturated and resolved by electrophoresis through a 8% sequencing poly-

acrylamide gel. Dideoxy sequencing reactions (12) were also carried out on
M13 mpl9/ras recombinant DNA to determine the location of the bypass
products (chains that accumulate at position 1624). The bypass products were
then excised from the gels and the DNA was extracted at room temperature in
presence of 300 m.MNaCl.

PCR Amplification, Cloning, and Sequencing of the Bypass Products.
Amplification of the isolated bypass products was carried out as follows.
Approximately 0.1 ng of the bypass product was mixed with lOpmolofeach
primer (PCRas L and PCRas R) in a total volume of 100 /Â¿Icontaining 10 ITIM
Tris-HCl (pH 8.3); 50 niM KCI; 1.5 nui MgCl2; 1 ITIMeach of dATP, dCTP.
dGTP, and dTTP; and 1 unit of Ampli Taq DNA polymerase. PCRas L (5'-d-
(CGGGATCCCCCGGCAGCGCCTTGAGG)-3') covers the sequence in 5' of
codon I and contains the BamHI site. PCRas R (5'-d(GGAATTCTATAG-

TGGGGTCGTATTCG)-3') is complementary to codons 30 to 36 and contains

the Â£roRI site. The reaction mixtures were heated to 94Â°Cfor 2 min followed
by 30 cycles of DNA reannealing (52Â°C;1.5 min), elongation (72Â°C;1.5 min),
and denaturation (94Â°C; 1 min). The PCR products were analyzed on a 2%

agarose gel containing ethidium bromide and were purified by extractions with
phenol, phenol/chloroform, and chloroform followed by precipitation with
ethanol. The PCR products were then digested with EcoRl and BamHl. ligated
into the polylinker region of M13 mpl9 using I unit of ligase, and incubated
overnight at 16Â°C.E. coli MC1061 cells were electroporated in the presence of

2 /J.1of ligation reaction at 2 kV, 25 /xF, and 400 ohms using a Gene-Pulser
electroporator (Bio-Rad Laboratories). The transformed cells were plated with
E. coli CSH50 cells. Colorless plaques were picked, single-stranded DNA was

prepared, and the inserted DNA segment in 100 clones was sequenced (12).
Restriction Analysis of Isolated Bypass Products. The radioactive bypass

products were annealed to single-stranded M13 mpl9/wt ra.v recombinant
DNA and digested at 37Â°Cfor 90 min in a final volume of 50 (j.1with 8 units

of Pvull (codons 22 and 23), Nae\ (codons 11 and 12), Hpall (codons 11 and
12), or Atari (codons 10 and 11). The products of digestion were then heat
denaturated, resolved by electrophoresis through a 8% sequencing polyacryl-

amide gel, and analyzed alongside a sequence ladder of M13 mpl9/wt ras
recombinant DNA. The controls for digestion were done with 1 (j.g of double-

stranded M13 mp2 DNA with the same digestion conditions and the products
were resolved on 0.8% ethidium bromide-containing agarose gel.

Computer Prediction of Secondary Structure. Locally stable secondary
structure interactions in the 100 analyzed nucleotides of the rus gene were
investigated downstream to 3' OH of the primer used in the extension exper

iments. This analysis was performed using the fold program described by
Devereux el al. (14).

RESULTS

Pause Sites of Polymerase a within Exon 1 of ras Gene. To
study the progression of DNA polymerase a along the ras gene as a
template, we cloned the coding strand of the wild type and activated
H-ras gene into the single-stranded M13 mpl9 DNA. After the copy

ing of this template by DNA polymerase a in presence of 500 JLLM

WT RAS ACTIVATED HAS

Intron I

Fig. 1. Pause sites of DNA polymerase a along wild type and
activated rax gene. One hundred ng of 5'-12P-labeled-prinied single-

stranded M13 mpl9/wt ra.v recombinant DNA or M13 mpl9/act ras
recombinant DNA were extended in presence of 500 fiM deoxynu-
cleotide triphosphates at 37CC for l h by the indicated amounts DNA

polymerase a. Lanes A. C. G. and T show a dideoxynucleotide
sequencing reaction utilizing M13 mpl9/wtra.s DNA (left side of the
gel) and M13 mpl9/act ra.v DNA (middle pan of the gel) as tem
plates.
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Fig. 2. Primer extension and pausing of DNA polymerase a along wild type and
activated ra.v gene which contains a modified codon 15 (GGC â€”*CTT). One hundred ng
of 5'--'2P-laheled-primer single-stranded M13 mpl9/wt ras (modified codon 15) and M13

mpl9/act ra.v (modified codon 151 recombinant DNA were elongated by 1.8 unit of DNA
polymerase a in the presence of 20 H.Mnucleotides for 0.5 and I h as indicated. Lanes A.
C, G, and T show the result of a Sanger sequencing reaction of the MI3 mplWwt ras
(codon 15 modified) DNA (left side of the gel) and the M13 mpl9/act raj (codon 15
modified) DNA (right side of the gel).

increase pausing at these sites in activated ras template. Hence, mu-

tagenesis of codon 12 appears to uniquely affect the progression of
polymerase a. Consequences of modification of other codons adjacent
to codons 12 and 13 have to be analyzed to reinforce these data.

The concentration of the nucleotide substrates affects the distribu
tion of the pause sites along the wild type ras template. Strong pause
sites are observed at codons 12 and 13 in presence of 20 Â¿IMof each
of the four deoxyribonucleoside triphosphate substrates (Fig. 3). Only
with the highest concentration of polymerase and after 90 min of
incubation at 37Â°Care these pause sites bypassed as indicated by the

appearance of additional pause sites at positions 1652-1654. How

ever, in presence of 500 /J.Mdeoxyribonucleotides, codons 12 and 13
as well as codons 23 and 24 are bypassed and downstream pause sites
at positions 1652-1654 and 1624-1626 progressively accumulate

with increased time of incubation or in the presence of larger amounts
of polymerase (Fig. 3). At both nucleotide concentrations, neither the
length of time of polymerization nor the concentration of the enzyme
seems to affect the total amounts of DNA synthesized.

In presence of 20 (J.Mdeoxyribonucleoside triphosphates, poly
merase a has been shown to be unable to catalyse the extension of a
mismatched 3'-terminal nucleotide (10, 15). Thus, the incorporation
of a mismatched 3'-terminal nucleotide into the growing DNA chain

at codons 12 and 13 could account for the observed accumulation of
DNA fragments at this site. To assess whether the pausing of poly
merase a is due to terminal misincorporation at these sites, we ana
lyzed the progression of two additional DNA polymerases along the
same M13DNA constructs of exon 1 of wild type and activated ras
genes. As seen in Fig. 4, HIV-1 RT is not blocked significantly at

codons 12 and 13. Moreover, there is no difference in the pausing
pattern of HIV-1 RT along wild type and activated ra.v templates. By

a clear contrast, the T7 DNA polymerase generates the same strong

nucleotides for l h at 37Â°C,the newly synthesized DNA products were

fractionated by polyacrylamide gel electrophoresis and visualized by
autoradiography. The reaction products migrated as a population of
DNA fragments of a limited number of discrete sizes (Fig. 1) indi
cating pausing of DNA synthesis opposite specific nucleotide se
quences within the raj gene. With the wild type sequence of the
protooncogene ras as a template, major pause sites were observed at
codons 23 and 24 and codons 12 and 13 within exon 1 and at nucle
otides 1652-1654 and 1624-1626 in intron 1. Except for the pause site

at codons 23 and 24. which was bypassed more frequently at a higher
concentration of polymerase a, the position and density of the other
pause sites did not vary at the different concentrations of the poly
merase (Fig. 1). The same strong pause site at codons 12 and 13 using
the wild type ras gene is observed when the reaction is conducted with
two other primers, a 16 nucleotides long primer (covering codons
25-30) and a 23 nucleotides long primer (covering codons 22-30)

(data not shown). Using the activated ras gene as a template with a G
to T middle base substitution in codon 12. we observed, however, a
complete lack of pausing by the same amounts of polymerase a at
codons 12 and 13 as well as a decrease in the intensity of the upstream
pause sites at the codons 23 and 24 (Fig. 1). To test whether the
alleviation of pausing by polymerase a at codons 12 and 13 is specific
to the activating mutation in the middle nucleotide of codon 12, we
examined the pattern of pausing along wild type ras template that
contained three bases substitutions (GGC to CTT) in codon 15. As
seen in Fig. 2, the extensive modification of codon 15 does not
alleviate pausing at codons 12 and 13 in wild type ra.v and it does not
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Fig. 3. Effect of change in the conditions of the primer extension reaction on pause sites
of DNA polymerase a along M13 mpl9/wt ras recombinant DNA template. Reactions
were incubated for 30 and 90 min at 37 Â°Cin the presence of two concentrations of

deoxyribonucleotides triphosphate and three different amounts of enzyme as indicated.
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HIV-RT T7pol

WT ACT WT
AC GT

I- i
codon 12
codon 13

DNA synthesis

Fig. 4. Primer extension and pausing of HIV-RT and T7 DNA polymerase along wild
type and activated ras gene. Polymerization was conducted for I h at 37Â°Cwith HX) ng

of M13mpl9/wt ra.vDNAandMB mpl9/act raj DNA by 0.7 unit of HIV-RT and 1 unit
of T7 DNA polymerase. The sequence of the activated ras template is shown in iMiie* A.
C, G, and T.

arrest site in codons 12 and 13 of wild type ras DNA as does poly
merase a (Fig. 4). Furthermore, as with polymerase a, this pause site
of T7 DNA polymerase is alleviated when the G residue in the middle
of codon 12 is mutated to T (activated template). Hence, whereas the
highly mutagenic HIV-1 RT is not blocked at codon 12 and 13, the

processive and proofreading T7 DNA polymerase is strongly blocked
at this locus as is the less processive polymerase a. The results with
T7 DNA polymerase argue against the contention that pausing of
polymerase a at codons 12 and 13 is mainly due to misincorporation
and failure to extend mismatched 3' termini since T7 DNA poly
merase has a very potent 3' â€”Â»5' exonuclease that could excise a

mismatched nucleotide after it was incorporated.
Analysis of Codon 12 in the Bypass Product. DNA sequences

that arrest the progress of a DNA polymerase may increase the prob
ability of nucleotide misinsertion by slowing down the rate of syn
thesis and allowing a greater time for the insertion of noncomplemen-

tary nucleotides. Such sequences may thus be responsible for diverse
types of replication-based mutations. It has been reported recently that

nucleotide misinsertion occurs with a high frequency at some pause
sites of polymerase a along bacteriophage M13 mp2 single-stranded

DNA (13). We have tested directly whether the strong pause sites for
polymerase a in codons 12 and 13 of the ras gene, where most of the
rax mutations are localized in human tumors, constitute a hot spot for
nucleotide misincorporation during their copying in vitro. To attain
this goal, we sequenced the bypass DNA product that accumulates
downstream at position 1624 to determine whether noncomplemen-

tary nucleotides were inserted and extended at codons 12 and 13. A
5'-[3-P]-labeled primer was extended in vitro by polymerase a over

the ras gene insert in single-stranded Ml3 mplQ/wt ras recombinant

DNA in presence of 500 JU.Mnucleotides. The replicated DNA products

were resolved by electrophoresis on a sequencing polyacrylamide gel
and the chains that accumulate at position 1624 (codons 12 and 13
bypass products) were excised from the gel and purified (see "Mate
rials and Methods"). The purified bypass products were amplified by

PCR with primers containing EcoRl and BuniH\ restriction sites and
cloned into the polylinker region of M13 mp 19 as described in "Ma
terials and Methods." The recombinant DNA was electroporated into

MC 1061 E. coli cells so as to create an out-of-frame insert in the lacZ
gene. More than 100 colorless plaques were picked, single-stranded

DNA was prepared, and the ras exon I region was sequenced. A total
of 100 clones was sequenced and not a single deviation from the wild
type sequence at codon 12 or 13 was observed. Moreover, no other
sequence alterations were observed within approximately 200 sur
rounding nucleotides that were sequenced in each of the clones. These
data suggest that when polymerase a catalyzes in vitro bypass syn
thesis of codons 12 and 13 in presence of 500 JU.Mnucleotides, it
incorporates the correct nucleotides with a high frequency at the sites
where the enzyme pauses. The possibility that polymerase a inserts
noncomplementary nucleotides at a high frequency at codon 12 and 13
and fails to extend the mispaired termini is not ruled out by our study
since the bypass product would not contain any terminally misincor-

porated nucleotides.
Restriction Analysis of the Bypass Product. To determine

whether the pause sites at codon 12 and 13 form a region of secondary
structure that might hinder the progression of DNA polymerase, we
measured the susceptibility of this region to digestion with restriction
enzymes. Chains that bypass codons 12 and 13 and accumulate at
position 1624 (bypass products from reaction containing 500 /J.M
deoxynucleotide triphosphates) were annealed to the ras gene segment
in single-stranded M13 mpl9/wt ras recombinant DNA and the par-

digestion:

Bypass product

Nar I
Hpa Il/Nael (codon 12)-

Pvu IIHpa IINae INar I

nn n n

Pvu II-

I:

IÂ»
Fig. 5. Restriction analysis of the bypass products. The radioactive bypass products

were annealed to single-stranded M 13 mpl9/wt ru\ recombinant DNA and digested al
37Â°Cfor 90 min in a final volume of 50 fil with 8 units of P\u\l (codons 22 and 23), Naei

(codons ! 1 and 12), Hpa\\ (codons 11 and 12). or Nar\ (codons IO and 11). The producÃs
of digestion with the different enzymes as resolved by electrophoresis on a polyacrylamide
gel are shown. First lane, migration of the undigested bypass products.
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G T

5' ,A TG| ACGGAATATAA

codon 1

GTGGTCGCGCC-8.6KcGl

codon12G!C!IGiGcodon

i1 ^T

3'13F

5'

DNA synthesis

Fig. 6. Potential short-range secondary structure interactions in the coding strand of the
ras gene between codon 1 and codon 13. The folding energy of the presented stem is
given. Arrow, the direction of polymerization: squares, the pause sites detected during the
replication of this sequence by the eukaryotic DNA polymerase a. This stem presents a
significant stability (free-energy G". <-5 kcal/mol). This analysis was performed using

the fold program described by Devereux et al. (14).

tially double-stranded constructs were subjected to restriction diges
tion as described in "Materials and Methods." We used two restriction

enzymes that cut at codon 12 (Hpa\\ and Nael) and two restriction
enzymes that cleave DNA at adjacent codons but not in codon 12:
Pvull in codons 22-23 and Nan site in codons 10 and 11. Products of
digestion with the individual restriction enzymes were heat denatur-
ated and resolved by electrophoresis through a 8% sequencing poly-

aery lamide gel alongside a sequence ladder of M13 mpl9/wt ras
recombinant DNA (Fig. 5). Double-stranded M13 mp2 DNA contains

18 sites for Hpall and a single site for Nael. Digestion of this control
substrate with 8 units of Hpall and 8 units of Nael results in cleavage
of 100 and 20%, respectively, of the susceptible sites (data not shown).
Modifications in the volume of the reaction or in the concentration of
enzymes did not result in higher efficiency of Nael. By contrast, digest
of the hybridized wt ras sequence results in less than 25% digestion
with Hpall and no discernible cleavage with Nael at codon 12. Cleav
age of the ras gene was the same as the control M13 mp2 DNA with
Pvull and Narl that cleave the DNA outside the region of codon 12
and 13 (Fig. 5). These results suggest that, when hybridized to com
plementary DNA, wild type ras bypass product may assume a struc
ture that renders nucleotides at codon 12 and 13 resistant to digestion
with restriction enzymes. The alternate possibility is that greater than
30% of the bypass product contains mutations within this codon. This
is highly unlikely since we observed no nucleotide sequence alter
ations observed in the 100 clones that were sequenced.

DISCUSSION

The importance of mutational hot spots in genes from humans and
other mammals is highlighted by the high frequency of base substi
tution in certain tumor associated genes such as the ras family andp53
(I, 16). Mutated ras genes are found in 30% of all human tumors and
in as many as 90% of human pancreatic adenocarcinomas (1). These
transforming mutations are predominantly base substitutions that are
localized to a few hot spots within the coding regions of the ras genes.
Most of the raÃmutations in induced and spontaneous mammalian
tumors are within codons 12, 13, and 61. To investigate potential
clustering of single base changes at specific hot spots in DNA during
the replication of the ras gene, we analyzed the progression in vitro of
highly purified DNA polymerase a primase, a major eukaryotic en
zyme involved in both replication and repair, along exon 1 of the

human protooncogene H-ra.v that includes codons 12 and 13. We show

that the progression of polymerase a along the coding strand of exon
I is diminished opposite codons 12 and 13. The arrest of DNA
polymerization is reflected by the appearance of DNA bands of un
commonly high density which can be detected on DNA sequencing
gels (Fig. 1). A very similar arrest site was also observed with products
of synthesis by bacteriophage T7 DNA polymerase (Fig. 4), suggest
ing that the highly processive mode of polymerization exhibited by
this enzyme as well as its 3' â€”Â»5' exonucleolytic activity does not

enable efficient bypass of codons 12 and 13. By contrast, HIV-1 RT is

not blocked at codons 12 and 13 (Fig. 4). Thus, this site constitutes a
replicative block to some, but not all, polymerases. The different
response of different polymerases to the same template region prob
ably reflects a different interaction of the template binding site with an
unusual structure present in the template (17). We also show that the
pausing in both the regions of codons 12 and 13 and codons 23 and 24
is abolished when the template is mutated at the middle base of codon
12, the same alteration that converts H-ras into an activated oncogene

(Fig. 1). When the concentration of nucleotide substrates is increased
to 500 JAM,the strong pause site at codons 12 and 13 remains but about
50% of the replicated chains bypass these codons and accumulate at
position 1624 of the raj gene (bypass products). A change in codon
15, however, does not alleviate the pausing of polymerase a at codons
12 and 13 (Fig. 2). It appears, therefore, that the middle nucleotide of
codon 12 constitutes a critical site which uniquely affects the inter
action of polymerse a with the ras DNA template. We have shown in
the past that a change of the sequence of a short run of nucleotides
strongly affects the pausing of polymerase a along neighboring DNA
stretches (17). Here we provide evidence to show that substitution of
even a single base strongly affects the pausing of polymerase a at
adjacent DNA stretches.

Recent results indicate that some specific pause sites in DNA may
constitute hot spots for misincorporation by DNA polymerase a (13).
Conceivably the pause sites at codon 12 and 13 might consitute such
a hot spot and misincorporation at these sites is a major factor in the
high frequency of mutations that occur at these sites. However, by
direct sequencing of the DNA copied past these sites, we failed to
reveal point mutations at a frequency >0.01 at codons 12 and 13, the
sites where the progression of DNA synthesis is interrupted. Thus, the
forced bypass synthesis by DNA polymerase a using a high concen
tration of nucleotide substrates does not result in mutations in codons
12 and 13. Furthermore, since these experiments analyze only the
extended chains we can not rule out the possibility that the 3'-termini

of the unextended chains at codons 12 and 13 contain a high abun
dance of incorrect nucleotides.

Codons 12 and 13 may constitute a region of unusual secondary
structure and a barrier for perfect hybridization. This could explain
both the pausing of polymerase a at these codons and the resistance
of double-stranded DNA constructs containing these codons to diges
tion with restiction enzymes (Fig. 5). When present in single-stranded

DNA, palindromic or quasi palindromic sequences have the potential
to form secondary structures, including hairpins, that may be respon
sible for arrest or pause of DNA synthesis. During DNA replication
the lagging strand template may contain single-stranded segments that
are the length of an Okazaki fragment. These single-stranded seg

ments could provide opportunity for the formation of hairpin loops
that arrest DNA synthesis. There are several lines of evidence sug
gesting that DNA polymerase a is associated with the synthesis of the
lagging strand (18) and that in vitro synthesis by DNA polymerase a
is inhibited by secondary structures in single-stranded DNA templates
(19-22). T7 DNA polymerase has also been shown to be unable to

polymerize through regions containing a strong secondary structure
(23). We analyzed using the fold program decribed by Devereux et al.
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(14) the stability of potential secondary structures formed at the
sequence of 100 nucleotides from codon 1 to 32 of the wild type
ras gene. As can be seen in Fig. 6, thermodynamic considerations
predict the existence of one hairpin structure extending from codon
5 to codon 12 which may explain the pause of polymerase a. This
stem has a stability of -8.6 kcal/mol. Codon 12 is situated within the

stem of this structure and codon 13 is located immediately in front of
the stem. When the corresponding sequence of the activated ras
template (G â€”>T mutation in the second position of codon 12 of the

coding strand) was analyzed, a different structure is obtained that
presents several irregularities and a lower thermodynamic stability
(-7.1 kcal/mol) (data not shown). The pause sites obtained with poly

merase a during copying of the wild type ras gene and the resistance
of codon 12 to digestion with Hpall and Nael could be due to the
presence of this stem loop, despite its low stability.

There are at least three major mechanisms by which DNA confor
mation could enhance mutagenesis and account for the preponderance
of mutations at codon 12 and 13 in the ras gene. Firstly, the clustering
of mutations in DNA could result from the arrest of the DNA repli
cation fork; the detachment and reattachment of the polymerase from
the template may increase the probability for misincorporation. The
data of Trinh and Sinden (24) suggest that secondary structure of the
lagging strand during DNA replication accounts for increased mu
tagenesis. Thus, the potential unusual structure involving codon 12 in
H-ras gene may also represent a hot spot for misincorporation in vivo

during the progression of the replication fork. Secondly, an unusual
DNA conformation surrounding codon 12 may present a preferential
site for the interaction of DNA with mutagenic environmental agents
or endogeneous reactive metabolites known to activate the H-ras gene
and cause mutations in this codon (25, 26). N-nitroso-A'-methylurea
activation of H-ras in rat mammary tumors shows complete bias for

mutation in the second position of codon 12(1). Thirdly, the clustering
of mutations could be the result of diminution of DNA repair at
regions with unusual DNA conformations. The same structure that
causes pausing of DNA synthesis may also diminish the excision of
bases altered by chemical carcinogens or the filling in of gaps in DNA
during repair synthesis by DNA polymerase. One potential source for
the localization of repair includes the secondary structure recognition
proteins (27) that may shield adducts from the DNA repair machinery
(28). Unrepaired O6-methylguanine was observed in the ampicillinase

gene of a bacteriophage fl/pBR322 plasmid chimera, which possess
75% similarity with H-ras (29). Thus, the presence of such a structure
in the H-ras gene involving the codons 12 and 13 may increase the
carcinogen-induced mutational events during the replication of these

modified codons and may contribute to the activation of the protoon
cogene.
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