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induces mutations in the cognate gene
Kirk R. Thomas & Mario R. Capecchi

Department of Biology, University of Utah, Salt Lake City, Utah 84112, USA

Injection of homologous DNA sequences into nuclei of cultured mammalian cells induces mutations in the cognate
chromosomal gene. It appears that these mutations result from incorrect repair of a heteroduplex formed between the
introduced and the chromosomal sequence. This phenomenon is termed ‘heteroduplex induced mutagenesis’. The high
frequency ofthese events suggests that this method may prove usefulfor introducing mutations into specific mammalian genes.

Gene-targeting (homologous recombination between DNA
sequences residing in the chromosome and newly introduced
DNA sequences) allows the specific alteration of genes in the
mammalian genomel-4. Recently, Smithies et al." introduced a
DNA sequence into the chromosomal /3-globin locus by
homologous recombination. We have corrected mutant neomy-
cin resistance genes (neo) in the host genome via homologous
recombination with an injected plasmid DNA carrying a
different mutation in the neo gene2. In the process of analysing
these gene-targeting events, we uncovered an unexpected class
of ‘corrected’ chromosomal neor genes, which retained the
original mutation but had acquired a second mutation that
restored gene function. The acquisition of the compensating
mutation apparently occurred as a result of incorrect repair of
a heteroduplex formed between the neo gene in the chromosome
and the newly introduced neo gene. These reactions occur at a
surprisingly high frequency. In addition, we show that the neor
genes containing the compensating mutations function in mam-
malian cells and in Escherischia coli as a result of a novel
translation reinitiation mechanism.

Recombinant plasmids and recipient cell lines

We first established cell lines containing an amber mutant neo
gene integrated into the genome of the mouse fibroblast line
LMtk-. We then corrected this mutation by injecting plasmid
DNA carrying a non-overlapping deletion mutation in the neo
gene. Cell lines containing a corrected neor gene were identified
by selecting for cells resistant to the drug G418.

Figure la shows the recombinant plasmids, pRH4-14/TK
and pRH140ANae/TK, used for these experiments. These plas-
mids were derived from the parental plasmid pRH1405, which
contains sequences from the bacterial plasmid pBR322 and the
neo' gene coded by the bacterial Tn5 transposon. The pBR322
sequences supply an ampicillin resistance gene (ampr) and an
origin of DNA replication which functions in bacteria. The neor

gene was engineered to be functional both in bacteria and
in mammalian cells5. In bacteria, the neor gene confers kana-
mycin resistance; in mammalian cells the neor gene confers
resistance to the drug G418 (G418r). The herpes simplex virus
thymidine kinase gene, HSV-/fc, was introduced into the above
plasmid at the unique BamHI site to generate the plasmid
pRH140/TK.

pRH4-14/TK contains an amber codon near the 5' end of
the neo gene56. This premature polypeptide chain termination
signal renders the gene product defective in both bacteria and
mammalian cells; the mutation also creates a new Ddel site
which is used as a test for the presence of the amber mutation.
pRH140ANae/TK contains a deletion of 284 bp at the 3' end
ofthe neo gene which removes 52 amino acids from the carboxy-
terminal end of the NEO protein, rendering it non-functional.
The plasmid pRH4-14-ANae/TK contains both the 4-14 amber
mutation and the ANae deletion.

We used two recipient mouse cell lines derived from LMtk
fibroblasts. Both cell lines habour the plasmid pRH4-14/TK,
but differ in the copy number and chromosomal location of the
integrated plasmid2. The cell line LM1 contains a single copy
of the plasmid integrated into the host genome by its HindIU
ends at a locus designated 7-1. Cell line LM4 contains four
copies of pRH-14/TK integrated at four independent chromo-
somal sites designated J-1-J-4.

Generation of G418r cell lines

Plasmid DNA, (~5 molecules per cell) was injected into nuclei
of LM1 and LM4 cells, which were then selected with G418.
Injection of linear pRH140ANae/TK molecules into LM1 or
LM4 resulted in G418r cell lines at a frequency of ~1 per 1,000
cells injected (Table 1). This frequency is five orders of magni-
tude greater than the spontaneous reversion frequency2 (to
G418r of either cell line). No G418r cell lines were obtained
following injection of LM1 or LM4 with pBR322/TK, pRH4-
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Fig. 1 a, Maps of the plasmids pRH140/TK, pRH4-14/TK and pRH140ANae/TK. b, Bglll and BamHI Southern transfer patterns of LM1,
LM4 and their G418r derivatives, ¢, Ddel Southern transfer pattern of LM1, LM1-8, LM1-21 and LM1-24. a, The plasmids contain sequences
derived from pBR322, the neo' gene coded for by the bacterial Tn5 transposon and the herpes simplex virus thymidine kinase gene (HSV- tk).
The neo' gene is expressed from a bifunctional promoter, RSV-LTR, which allows expression of the neor gene in E. coli and in mammalian
cells5. pPRH4-14/TK contains an amber mutation that also creates a new Ddel site. pPRH140ANae/TK contains a 284 base pair deletion at
the 3' end of the neo gene. Each vector is represented in linear form from the unique Hindlll site. The restriction sites are designated: H,
HindHI; E, £coRl; Bg, flg/ll; N, Nael; B, BamHI and D, Ddel. Poly A, polyadenylation sequence from HSV-tk. For a more extensive
restriction map of these plasmids see refs 2, 6. b, DNA was purified from each cell line and digested with either Bglll (LM1, LM1-8, LM1-21,
LM1-24) or BamHI (LM4, LM4-9, LM4-10, LM4-29). Aliquots of DNA (5 (xg) were electrophoresed through 0.75% agarose, transferred to
nitrocellulose paper and probed with either 32P labelled, nick-translated pPRH140 (LM1) or pRH140/TK (LM4). kb, kilobases. ¢, DNA (10 jig)
from each cell line was digested with Ddel, electrophoresed through 0.75% agarose, transferred to nitrocellulose and probed with a 32P-labelled,
nick-translated, 1200-bp Ddel fragment from the neor gene of pRH140. The sizes (in base pairs) of restriction fragments generated by Ddel
digestion of the three neor alleles (wild type, the 4-14 amber mutation and the ANae deletion mutation) are given.

14/TK or pRH-14-ANae/TK (see Table 1).

Two classes of G418r cell lines were obtained from LM1 and
LM4. In the first class a wild type neo' gene was generated by
homologous recombination between the newly introduced
pRH140ANae/TK plasmid sequence and the pRH4-14/TK
chromosomal sequence. This class has been described pre-
viously2 The second class became resistant to G418r by virtue
of ‘heteroduplex induced (het-induced) mutagenesis’.

Fig. 1b shows the Southern transfer patterns of LM1and LM4
and several of their G418 derivatives. Digestion of genomic
DNA with either BamHI or Bglll will isolate the integrated
neo genes onto single fragments linked to chromosomal sequen-
ces. In the case of LM1, Bglll digestion reveals a single hybridiz-
ing band representing the single neo locus, 7-1. The Bglll
Southern transfer patterns of the G418r derivative cell lines
LM1-8, LM1-21 and LM1-24, are indistinguishable from the
parental pattern. Digestion of LM4 DNA with BamHI reveals

4 bands which hybridize to pRH140 sequences. BamHI diges-
tion of DNA from the G418r derivatives LM4-9, LM4-10 and
LM4-29 show identical patterns. Thus conversion to G418r was
not the result of acquisition of new neo sequences or rearrange-
ments of old ones.

As shown in Fig. Ic, digestion of genomic DNA with the
restriction enzyme Ddel generates a series of fragments that
allow the detection of the wild-type neor gene and each of the
neo mutant alleles, the 4-14 amber mutation and the ANae
deletion mutation. The Southern transfer patterns ofthree G418r
cell lines derived from LM1 following digestion of genomic
DNA with Ddel are also shown. Only the Ddel fragments
characteristic of the 4-14 amber mutation are seen. Similar
results were obtained when DNA from LM4 and its derivative
G418r cell lines, LM4-9, LM4-10 and LM4-29 were digested
with Ddel. These results were quite unexpected because all the
derivative cell lines were G418r.
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Fig. 2 A summary of pertinent DNA sequences from plasmids
rescued from LM1 and LM4 and their G418r derivatives. Plasmids
were rescued from each cell line as described2. 5' fragments of the
neor genes from these plasmids were subcloned into the M13
vector, mp8, and sequenced by the chain termination method . The
sequences of the protein coding strands representing codons 12-22
are shown. The amber mutations as well as the 6 base pair repeats
are underlined.

Plasmids were rescued from the genome of LM1, LM1-8,
LM1-21 and LM1-24. For these experiments genomic DNA
was digested with BamHI1 or Bglll and ligated under conditions
that favoured intramolecular ligation. This DNA was used to
obtain ampicillin resistant bacteria by transfection6. From each
cell line we rescued a class of plasmids containing the same 5'
junction with chromosomal DNA. Plasmids derived from LM1,
as expected, do not provide resistance to kanamycin, but the
plasmids rescued from the G418r cell lines do. When we
examined the Ddel polymorphism present in these rescued
plasmids, all had the 4-14 Ddel polymorphism including the
plasmids rescued from LM1-8, LM1-21 and LM1-24. Thus all
the plasmids retained the amber mutation, yet those rescued
from the G418r cell lines conferred kanamycin resistance on
bacteria.

Plasmids were also rescued from LM4, LM4-9, LM4-10 and
LM4-29 after digestion of genomic DNA with either BamHI
or Bglll. One plasmid from each G418r line was found to confer
kanamycin resistance on E. coli. When these plasmids were
reintroduced into LMtk~ cells G418r colonies were obtained at
a frequency similar to that resulting from injection of the wild-
type neor gene. Thus these plasmids contain a neor gene that

Table 1 Transformation frequencies to G418r by injecting LM1 and
LM4 cells with plasmid DNAs

Frequency of G418r
cell lines generated

by hetero-duplex Number of

DNA injected induced mutagenesis cells injected
pBR/TK 0 2x104
pRH140ANae/TK 1.2x 10-3 104
pRH4-14/TK 0 3x 104
pRH4-14-ANae/TK 0 2x 104

LM1 or LM4 cells were grown on glass cover slips (10 mm x 10 mm)
in 35 mm Petri dishes. Twenty-five cells per dish received nuclear injec-
tions of ~5 plasmid molecules per cell7. Plasmid molecules were linear-
ized with tfmdlll (pBR/TK) or Bell (PRH140ANae/TK; pRH-14/TK;
pRH4-14-ANae/TK). After the injection, the cells were incubated for
24 h in nonselective medium at 37° in a 5% CO02 incubator and then
switched to minimum essential medium supplemented with 400 [xg ml-1
G418. The dishes were scored for colonies after 3 weeks. pBR/TK
contains the 3.6 kb BamHI fragment of the herpes tk gene inserted at
the BamHI site of pBR322. pRH4-14/TK and pRH140ANae/TK are
described in Fig. 1 legend. pRH4-14-ANae/TK was created by the
deletion ofthe 284 bp Nae fragment from the neo’ gene in pRH4-14/TK.

pseudo wt-rieo' ATGATTGAACAAGATGGATTGCAGGCAGGTTCT
Met Asp Cys Thr Gin

Fig. 3 The amino-terminal sequences of wild-type and pseudo-
wild-type neor proteins are shown with the DNA sequence of the
5" end of the neor gene. To facilitate protein purification, hybrid
proteins were made by in-frame fusions of the 5' ends of neor
genes with the lacZ gene. Wild-type fusions were made with the
neor gene from the plasmid pRH140 (ref. 5); pseudo-wild-type
fusions were made with the neor gene from pLMI-1-JI. Both
fusions were constructed by inserting a blunt-ended Bcll-Pvull
restriction fragment, containing nucleotides -31 to +233 of neor,
into a blunt-ended Apal site in the 8th codon of the lacZ gene in
p93.94 (R. Weiss, unpublished). E. coli cells containing the hybrid
genes were grown to stationary phase, lysed in a French Press, and
the extract clarified by centrifugation at 280,000# for one h. The
/3-galactosidase activity was purified either by adhesion to anti-
bodies (mouse anti- /3-galactosidase, Promega Biotech), followed
by acrylamide gel electrophoresis, or by affinity chromatography9.
The sequence of the first seven amino acids of each protein was
determined on an ABI microprotein sequenator.

pseudo wt protein

functions in both bacteria and mammalian cells. The rescued
plasmids all had the 4-14 Ddel polymorphism, including those
that conferred drug resistance (/-1 from LM4-9 and LM4-10
and 7-4 from LM4-29).

The compensating mutations are insertions

We sequenced —300 bp at the 5' ends of the neor genes isolated
from the G418r cell lines. These were compared with the corres-
ponding sequences from the plasmids isolated from the parental
cell lines LM1 and LM4. As illustrated in Fig. 2, the only changes
found in the neor genes were: the insertion of a thymidine
residue 11 bp downstream from the amber mutation in pLMI-8-
J1 and pLM4-9-J1; the insertion of four bases, GGCT, inpLMI-
1-J1, pLMI-21-J1, pLMI-24-J1, pLM4-10-JI and pLM4-29-)4;
and the insertion of a guanosine residue 8 or 9 bp downstream
from the amber mutation in pLMI-36-JI.

Reinitiation of translation

To determine how neor genes containing both an amber muta-
tion and a frameshift mutation confer neor activity in both
bacteria and mammalian cells, we analysed the amino-terminal
sequence of the neo' gene products. We will refer to the gene
containing both the amber mutation and an insertion mutation
as the pseudo-wild-type gene. To facilitate analysis, the 5' 200
nucleotides of the neo genes were fused to the lacZ gene. Hybrid
j8-galactosidase containing the amino termini from the wild-type
and pseudo-wild-type NEO' protein containing the amber muta-
tion and the GGCT insertion were purified from transformed
E. coli and subjected to amino-terminal sequencing. The fusion
protein from wild-type neor-lacZ gene has the sequence Met-lle-
Glu-GIn-Asp-Gly ... as predicted (Fig. 3). However, the protein
from the pseudo-wild-type lacz gene fusion began with the
sequence Met-Asp-Cys-Thr-GIn. This protein was initiated from
an AUG codon 14 bp downstream from the normal AUG codon
in the —l translation reading frame (see Fig. 3). It now becomes
clear how the insertion mutations reverse the amber mutation.
After initiation of protein synthesis in the -1 frame, the ribosome
passes through the amber mutation, which is in the 0 reading
frame and therefore not read, and regains proper phase when
it reaches the +1 frameshift mutation (insertion of a T, G or
GGCT). Although this alters the amino-terminal amino acid
sequence of the NEO protein, this portion of the protein has
been shown to be dispensablel0.

Figure 4a shows two models that could explain how transla-
tion of the pseudo-wild-type gene begins at the -1 AUG codon.
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In model | we assume that the ribosome can enter at two sites,
AUG codons in the 0 and -1 reading frame. Model Il uses a
single entry point followed by translation reinitiation. In this
model the ribosome enters at the AUG codon in the 0 reading
frame and translates the messenger RNA until it reaches the
amber codon. There it terminates and releases the polypeptide
fragment. The ribosome then scans back until it reaches the
—1 AUG codon, where it reinitiates protein synthesis.

We performed two sets of experiments to distinguish between
these models. First, the amber mutation was removed, by in
vitro site-directed mutagenesis, from the pseudo-wild-type gene.
Second, a four bp insertion mutation was created in vitro in the
wild-type neor gene just downstream from the -1 AUG codon.
Plasmids containing these altered pseudo-wild-type and wild-
type genes were introduced into E. coli and cultured mammalian
cells to evaluate their ability to confer kanamycin and G418
resistance (see Fig. 4b). The two models make opposite predic-
tions of the resultant phenotypes. If the ribosome can enter at
either AUG then both the above plasmids should be functional;
the ribosomes entering at the -1 AUG codon would regain
proper phase on reaching either of the +1 frameshift mutations.
However, neither set of plasmids would be functional if only
the initial entry site is used because: (1) after entering the
pseudo-wild-type mRNA lacking the amber mutation, the ribo-
some would be unable to terminate and therefore unable to
reinitiate protein synthesis; (2) after entering a wild type mRNA
containing a four base-pair insertion, the ribosome would
encounter a +1 frameshift and generate a mutant gene product.
As shown in Fig. 4b, neither of these neo genes is functional in
either bacteria or mammalian cells. These results strongly sup-
port the single entry-termination-reinitiation model.

Discussion

The unexpected finding that correction of the pRH4-14/TK
sequences in the host genome of LM1 and LM4 often results
from insertion of a few base pairs downstream from the amber
mutation raises a number of questions. How did the insertions
of these base pairs occur? How did injection of
pRH140ANae/TK into either LM1 or LM4 mediate these
events? The DNA sequence surrounding the position of the
base-pair insertions contains the six bp direct repeat GGCTAT
(see Fig. 2). The fact that each of the insertions, T, G or GGCT
isatandem repeat of part of this sequence suggests a duplication-
generating mechanism.

A number of observations argue that the insertion or duplica-
tion events at this site were induced by the initiation of recombi-
nation between the pRH4-14/TK sequence residing in the
chromosome and the incoming pRH140ANae/TK sequence.
First, the frequency of generating this class of G418r cell lines
was comparable to the frequency of generating cell lines by
legitimate gene replacement or gene conversion . Second, this
frequency is five orders of magnitude greater than the spon-
taneous reversion frequency of LM1 or LM4 to G418r. Third,
we previously isolated a cell line in which both a homologous
recombination event and a het-induced mutagenic event occur-
red2. Because the homologous recombination events and the
mutagenic events each occur at a frequency of ~ 1 per 1000 cells
injected, the predicted frequency of both events occurring
independently in the same cell line is 1 per 106 injected cells.
As we obtained such a cell line after a few thousand injections,
it is tempting to postulate that the two events occurred as a
result of a concerted reaction. Fourth, we did not obtain G418r
cells from LM1 or LM4 following injection of a plasmid DNA,
pBR322/TK, that does not contain sequences similar to the neo
gene, so injection of DNA does not per se induce rampant
mutagenesis. Similarly, we did not obtain G418rcells from LM1
or LM4 following injection of pRH4-14/TK or pRH4-
14ANae/TK. These experiments demonstrate the specificity of
the reaction. Because injection of the pRH4-14/TK vector does
not induce the mutations, an important factor for triggering the
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Fig. 4 a Two models explaining the synthesis of pseudo-wild-type
protein, b, Phenotypic analysis of transfected neo’ genes, a, In
model |, ribosomes entering neor messenger RNA bind at two
binding sites, one on the 0 reading frame at nucleotide 1, the other
on the -1 reading frame at nucleotide 14. Proteins made from the
latter site would be shifted onto the appropriate reading frame by
downstream +1 frameshifts. Model Il proposes a single ribosome
entry site in the O reading frame at nucleotide 1 To use the 41 AUG
codon at position 14, the ribosome must first translate in the 0
reading frame up to the UAG (amber) codon. At this point, the
ribosome will release the newly synthesized peptide and then scan
the message until it locates the alternative AUG codon in the —
reading frame, b, Plasmids containing various neor genes were
assayed for the ability to confer drug resistance to E. coli or to
mouse L cells. The wild type neor gene (wt) from pRH140 contains
atryptophan codon, UGG, at codon 15.4-14 is the amber mutation
from the plasrpid pRH4-14 and contains UAG at codon 15. Pseudo-
wt is a sequence containing both the 4-14 amber mutation and a
downstream, four base-pair insertion of GGCT, following nucleo-
tide 56. Pseudo-wt< UAG) was derived from the pseudo-wt gene,
by removal of the UAG codon by site-directed mutagenesis”. The
mutant wt+4 was derived from the wild-type gene following the
insertion of four base pairs at position 35. GGCC was inserted at
this position by filling in the ends of an Xmalll restriction site.
The figure depicts the 5' end of the neo’ mRNA from each plasmid.
AUG (0), the translational initiation codon in the 0 reading frame;
AUG (-1), the proposed initiation codon in the -1 reading frame
at nucleotide 14; the sites of insertional mutagenesis of GGCC
following base 35 or GGCT following base 56 are indicated (+4);
UGG and UAG are the alternative states of the fifteenth codon.
Plasmids containing these mutations were introduced into E. coli
strain MH1 by CaCl2-mediated transformation or into mouse L
cells by nuclear microinjection. Sensitivity of E. coli to kanamycin
or of L cells to G418, was determined as previously described6.
+/-, Resistance to low levels of kanamycin. We believe that this
low level of resistance was again due to reinitiation of the —1 AUG
as these +1 frameshift mutations generate a new nonsense mutation
in the +1 reading frame much further downstream from the - AUG
(a UGA codon 53 bp downstream from the —1 AUG codon).

mutagenic response may be the single base-pair mismatches at
the amber mutation and/or the large mismatch at the ANae
deletion. The observation that injection of the double mutant,
pRH4-14-ANae/TK, also does not induce mutations argues that
at least the single base-pair mismatch is required. The only
mechanism that we can envision by which single base-pair
mismatches between a chromosomal sequence and an
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exogeneous sequence can influence the mutation process
requires formation of a heteroduplex.

A number of models can be drawn in which the strands in
the heteroduplex transiently misalign at the direct repeats
leading to partial duplication of this sequence as a consequence
of DNA repair. A model mechanism for the insertions found
in the LM1 and LM4 G418r cell lines is given in Fig. 5. A
misaligned heteroduplex between the neo gene in the chromo-
some and the injected neo gene is formed; a nick is then
introduced near one of the loops, generating a primer for strand
extension. The condition that the insertion mutation produces
a functional gene restricts both the position of the nicks and
the number of nucleotides that can be incorporated at the nick.
We have shown that insertions that generate a frameshift muta-
tion in the +1 translation reading frame will compensate for the
upstream amber mutation. This condition limits the number of
bases incorporated at the nick to one base, 4 bases, 7 bases etc.
The position of the nicks is also restricted. Nicks at some
positions followed by insertion of one or four bp introduce new
nonsense mutations. Thus, only a limited set of possible muta-
tions exist which generate a functional neor gene. After primer
extension, the DNA strands are ligated and the insertion fixed
into the genome by a round of DNA replication. In prokaryotic
recombination and/or DNA repair, reactions homologous to
the ligation depicted in the model may not occur; however, such
reactions do occur in mammalian cells12

We stress that all the insertion mutations that we analysed
resulted from independent events. They involve insertions of
different bases, in different cell lines, at different chromosomal
loci and were generated at different times. It is interesting that
all eight insertions occurred in the first repeat. The proximity
and/or the nature of the mismatch at the amber mutation may
account for this polarity.

The translation reinitiation mechanism described in this paper
could be a general mechanism for translating polycistronic
messenger RNAs in eukaryotic cells. After the termination of
the first protein, the ribosome could scan, forward or backwards,
for the AUG codon used to initiate translation of the second
protein. Recent reports13,14 support such a model for translation
of a polycistronic messenger. Further, the src mRNA of the
Rous sarcoma virus and some genes of the cauliflower mosaic
virus may be translated by such a mechanism1516 A similar
mechanism can also explain the observation17,18 made with in
vitro engineered templates, that translation-initiation at an in-
ternal AUG codon is stimulated by the presence of a termination
codon in frame with the upstream AUG codon.

Conclusion

As a consequence of correcting a gene residing in the host
genome by ‘gene-targeting’, we uncovered an unexpected class
of corrected genes. These genes still retained the original muta-
tion but acquired a compensating mutation. The frequency of
this event was surprising and was shown to depend not only on
homology but also on mismatched base pairs between the newly
introduced DNA sequence and the corresponding sequence
residing in the genome. All the insertion mutations occurred in
a small direct repeat proximal to the base-pair mismatch, sug-
gesting that the direct repeat is also an important component
for generating high frequency ‘het-induced mutagenesis’. The
actual frequency of mutagenesis may be much higher than the
observed frequency of 1 per 1000 cells receiving an injection
because we imposed the condition that only mutations that
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(11
5'-GCT T"GGTGGAG$)\GGCT AT GACTGGG-3'

3-CGAA TCCACCTC T CXGATAVCTGACCC-5'

nickl CCOA

1 primer extension

@GAR CACCICT\GATAICTGRAEC

realignment and ligation

GCTTUEGEBGAGAGECTATTAEECTAIGACIGEG
adgu ﬁfm

DNA replication

GCTTG3GEIBEAGAGRCTATTABETTAIGACIGEG
GGARGCCACCICITOGAT AAGIIGATACT GO

+

G AGEIGAGAGRC TABCTATTCRACTAIGACTG3G

GTEACTCTECCATCRITAGITAIACTGAT
Fig. 5 A model for the mechanism of inserting GGCT into the
chromosomal pRH-14/TK sequence. The first step features the
formation of a misaligned heteroduplex at the six base-pair direct
repeat, between the neo' gene in the chromosome and the injected
neor gene. In the second step a nick is introduced near one of the
displaced loops to generate a primer for strand extension. Follow-
ing extension, the strands are ligated and the insertion fixed into
the genome by a round of DNA replication. The positions of the
nicks were chosen to account for the insertions isolated: nick 1
would generate either the +T or the +GGCT insertions; nick 2
would generate the +G insertion. The site of the nick and the
length of strand extension is limited by the requirement to produce
a functional gene. Bold letters, the bases involved in the six base-

pair repeats; *, the bases added during strand extension.

converted the amber mutant into a functional gene will be
identified. Most such mutations would not be expected to restore
gene activity.

In future, we will examine ‘het-induced mutagenesis’ that
directs the loss of gene function rather than the correction of
gene function. These events should occur at a higher frequency
and reveal a wider spectrum of changes at the DNA sequence
level. The only apparent requirements for a ‘hot spot’ for het-
induced mutagenesis are small direct repeats proximal to base-
pair mismatches between the newly introduced plasmid
sequence and the homologous sequence in the genome. Compar-
able small direct repeats are encountered in the DNA coding
sequence of most genes, making them susceptible to this type
of mutagenesis. Permutations of this methodology should pro-
vide the means for efficiently introducing mutations into specific
mammalian cellular genes.
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