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To determine the nature of spontaneous mutational events in cellular genes in hamster cells, mutant adenine
phosphoribosyltransferase (aprt) genes were cloned and the regions to which we mapped alterations were
sequenced. A variety of nucleotide changes were found to occur in the 12 mutant genes analyzed. Most
mutations were simple base-pair substitutions-transitions (both G. C -- A - T and A - T -- G- C) and
transversions. The only multiple mutation was a simple transition next to a single-base-pair insertion. Of the
12 mutations, 4 were more complex, involving small deletions or duplications. Two of these were similar to
previously described deletions in that they occurred between short direct sequence repeats. No hot spots were
detected. Three independent mutations were characterized at one restriction endonuclease site, although no
other mutations were detected in the nucleotides surrounding this site in other mutant strains. At a functional
level, sequence changes were either in exons (resulting in missense and, in one instance, nonsense mutations)
or at splicing sites.

Mutational alterations or deficiencies in the products of
selectable genetic loci in cultured somatic cells have been
demonstrated in numerous laboratories (for reviews, see
references 7 and 27). However, very little is known of the
structural alterations in genes giving rise to variations in
phenotype. To examine these events in Chinese hamster
ovary (CHO) cells, we collected a large number of strains
with spontaneous mutations of the autosomal locus coding
for the nonessential salvage enzyme adenine phosphoribosyl-
transferase (APRT) and analyzed the strains at the molecular
level for alterations in aprt gene structure (19).

aprt is a particularly attractive locus for analyzing muta-
tional events. The gene is autosomal, but a strain hemizyg-
ous for aprt has been identified (4, 19), making it possible to
collect single-step spontaneous mutants. Furthermore, aprt
is a small gene (14; Fig. 1): a 3.8-kilobase BamHI fragment
contains all the sequences necessary to transform APRT-
cells to APRT+. This allows, in many instances, localization
of mutational events in vivo to restriction endonuclease sites
and rough mapping of deletion or insertion termini (19). Also
crucial for the consideration of aprt as a model for the study
of gene variation in mammalian cells is that it is a true
endogenous gene with the low mutational rate inherent to
such loci, unlike many exogenously introduced genes (28) or
shuttle vectors (6) which have unusually high mutational
rates or high frequencies of rearrangements.

In our previous investigations we found that only about
10% of APRT mutants resulted from deletions or insertions
of more than 30 base pairs (bp). The great majority had no
detectable alterations of gene structure, as judged by fine-
structure restriction endonuclease mapping. A number of
these mutations were, however, localized to restriction
endonuclease recognition sites in the aprt gene, since the
nucleotide alterations produced by the mutations led to the
loss or gain of the site. We cloned these mutant aprt genes
and sequenced the base-pair changes causing the alterations
of the sites. Here we report the properties of these muta-
tional events and discuss mechanisms for their production.

* Corresponding author.

MATERIALS AND METHODS

Mutant collection. Cell culture techniques and mutant
selections have been described previously (19). Spontaneous
APRT mutants were selected from CHO strain D422, which
is hemizygous for aprt (4, 19). Replica cultures were grown
from an initial 100-cell inoculum to 2 x 106 cells in a medium
(GIBCO Laboratories), 4 ,uM thymidine, and 2.5% dia-
lyzed fetal bovine serum-2.5% horse serum. All the cells
from each replica were plated in 8-azaadenine-containing
selective medium. To ensure that all the mutants obtained
were truly independent, only one drug-resistant colony was
picked from each positive replica culture. With this protocol,
the rate of occurrence of APRT mutants was 4 x 10-8 per
cell per generation. In this manner, a collection of 120
mutant strains was obtained.

Southern blot analysis. The protocols used for extraction
of high-molecular-weight DNA, restriction endonuclease
digestion, and Southern blot analysis have been described in
detail (19). All probes were labeled to high specific activity (2
x 108 dpm/min per p.g) by nick translation (23).
Hybridization with oligonucleotides. The oligonucleotide

5'-CCTAACAGGCCTAGACTC-3' was synthesized by an
automated solid-phase phosphite triester method (Applied
Biosystems 380B). Oligonucleotide probes (150 ng) were
endlabeled by using T4 polynucleotide kinase in the pres-
ence of 50 mM Tris hydrochloride (pH 7.6)-10 mM MgCl2-5
mM dithiothreitol-0.1 mM spermidine-0.1 mM EDTA-250
pCi of [-y-32P]ATP (>3,000 Ci/mmol) for 60 min at 37°C. The
labeled molecules were purified by electrophoresis on a 20%
denaturing polyacrylamide gel, followed by elution into 500
,ul of 1 mM EDTA. This yielded probes with a specific
activity of 5 x 108 to 1 x 109 dpm/lpg.

Restriction endonuclease digests of genomic DNAs were
electrophoresed on a 1% agarose gel and treated as de-
scribed previously (29), and the gel was dried under vacuum.
The gel was wetted, and hybridization was performed for 14
to 18 h at 50°C in 6x SSC (0.9 M sodium chloride, 0.09 M
sodium citrate) containing 1Ox Dendhardt solution, 50 p.g of
sheared herring sperm DNA per ml, 10 ,ug of poly(A) per ml,

1445



1446 NALBANTOGLU ET AL.

79

31 Xho
37 2 Taq 68

Bam Pvu RV RI Stu Pst Pvu Xba Kpn Bam

--IALV IV0 IW 1301 4.0j
Msp Msp Taq Hinc + Eco Msp Msp+Msp Msp Aha Hinc Hind

99 5 115 6
120

FIG. 1. Restriction map of aprt locus of CHO cells. The posi-
tions of spontaneous mutations localized by lost or gained restric-
tion endonuclease sites are indicated by the mutant strain numbers
above or below the sites affected. The restriction sites of the
4.0-kilobase fragment were assigned on the basis of our DNA
sequence for this fragment (21). U, Exons determined by homology
(87%) with the mouse cDNA sequence (9).

0.1% sodium dodecyl sulfate, 10% dextran sulfate, and
labeled probe (6 x 106 cpm/ml). The gel was rinsed quickly
three times in 6x SSC-0.1% sodium dodecyl sulfate at 50°C.
The most stringent wash was performed in 6x SSC-0.1%
sodium dodecyl sulfate at 54°C, 2° the melting temperature
for this oligonucleotide, for 4 min with constant agitation.

Cloning and sequencing of mutant aprt genes. Genomic
DNA which had been digested with EcoRI and HindIII was
size fractionated on agarose gels and cloned into EcoRI-
HindIII-digested bacteriophage XNM1149. Ligation, in vitro
packaging, and screening of recombinants were performed
by using previously described protocols (20). Fragments of
interest were subcloned directly from X minipreps (15) into
M13 vectors mpl8 or mpl9 (22). Sequencing was performed
by the dideoxy chain termination method (25) using [a-
35S]dATP (3). The polymerization reaction was primed ei-
ther by the 17-mer universal primer (22) or by appropriate
internal primers (19-mer). Sequencing reaction mixtures
were doubly loaded onto 5% polyacrylamide denaturing gels
(thickness, 0.4 mm; length, 65 cm), allowing analysis of the
sequence up to 500 bp from the priming site.

RESULTS
Mutant aprt alleles with altered restriction endonuclease

sites. Restriction endonuclease digests of mutant DNAs were
analyzed for alterations of aprt gene structure after fraction-
ation on agarose gels and transfer to nitrocellulose filters. In
a number of strains (12 of the 120 analyzed; Fig. 1), losses or
gains of restriction endonuclease sites were detected, thus
allowing localization of mutational events to these modified
sites in the mutant genes. The sites which were affected were
fairly evenly distributed over the aprt locus. Although two or
three independent mutants may have lost the same site, no
single hot spot predominated. One small region, however,
appeared to be the target of most of the mutations, the third
exon between the StuI site (which includes the splice accep-
tor) and the XhoI site.
To analyze the mutations of the aprt locus which were

localized to these restriction endonuclease recognition se-
quences, mutant genes were cloned from genomic libraries
produced in the X vector NM1149. The region of the aprt
gene bearing the mutation was then sequenced after subclon-
ing into the appropriate M13 vector. The results of these
analyses are presented below according to the type of
modification which occurred.

Single-base-pair substitutions. The type of event most
frequently observed (5 of 12) was a simple transition muta-

tion (Fig. 2). Both A T -- G- C and G- C -* A T
transitions were found, with three of the five being A. T -

G. C. Only one of the G - C -- A. T transitions (S120)
occurred at a potentially methylatable CpG site, although
this dinucleotide was present in many of the affected restric-
tion endonuclease recognition sequences.
Two of the mutations analyzed were transversions (S31

and S77; Fig. 2). Mutant S115 is slightly more complex,
having two base-pair alterations of the MspI site (nucleotide
position 1756). There was both a G. C -- A *T transition
and an adjacent insertion of an A . T base pair (Fig. 2). The
net result was a transition and frameshift mutation. No

strain map wild type
site sequence

mutant
sequence

alteration

transitions:

Eoo RI
S5 gained CAGGGfq ATTCT_CAGGG ATTCT

Eco RI GTCCCtJTAGA GTCCC TAAGA
1700

S6 gained GCTGCfGGCC GCTGC GGGCC
MspI CGACGLJCCCGG CGACG CCCGG

2190

Pst I
S68 lost TCTGC AGGCTG __TCTGC GGCTG

Pst I AGACGJTCCGAC AGACG CCGAC
1970

Tai I
S99 lost GATC ACTACA _ GATCGqCTACA

Taq I CTAGC JGATGT CTAGCPGATGT
700

Msp
S120 lost CATCCIGAAGC CATCCp GAAGC

Msp I GTAGG[C CTTCG GTAGG CTTCG
1760

transversions:

Stu I
S31 lost AGGCC[fAGACT__AGGCC AGACT

Stu I TCCGG A TCTGA TCCGG TCTGA
1690

Xho I
S77 lost CTCTC [dAGTAT CTCTC nTAGTAT

Xho I GAGAG rJTCATA GAGAGLA TCATA
1810

G:C - A:T

A:T- G:C

A:T- G:C

A:T-- G:C

G:C -A:T

T:A - A:T

G:C - T:A

multiple changes:

Mop I
Si 15 lost CTCAT CGGAA CTCAT GGAA C:G - TT:AA

Msp I GAGTA| GCCTT GAGTA GCC1T
1760

FIG. 2. Spontaneously occurring base-pair substitutions at the
aprt locus. The nucleotide substitutions resulting in the loss or gain
of restriction endonuclease sites are indicated for each strain in
which alterations were detected. The numbering of nucleotides
represents the positions of these nucleotides in the 4.0-kilobase
fragment.
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further alterations were detected in about 1,000 bp of adja-
cent DNA sequenced in S115 and the other mutants.
The mutations also generated a variety of alterations of the

aprt gene product. All occurred in coding regions or splice
junctions even though these sequences represent only about
15% of the target locus. S68 contains a modification of a
splice acceptor sequence, as determined by the alignment of
the genomic hamster sequence with the mouse cDNA (9) and
the presence of a consensus splice acceptor sequence at this
site (Fig. 2; 18). Most of the other base-pair substitutions
resulted in missense mutations, whereas the alteration in
mutant S77 produced an in-frame nonsense codon.
Complex mutations. Four of the mutant genes had either

small deletions or insertions which were not detectable by
altered mobility of aprt restriction fragments on Southern
blots. S2 contains a 9-bp deletion including the StuI site (Fig.
3). It occurred between two short (4-nucleotide) direct
repeats, one copy of which is retained in the mutant gene.
S63 contains another small deletion at the same StuI site
(Fig. 3). The nucleotides deleted in this mutant are different,
being adjacent to those affected in S2. This deletion is also
flanked by short nucleotide repeats (CC), with one copy
retained in the mutant allele.
Mutant S37 lost an EcoRV site at nucleotide position 604

in the second exon of the aprt gene as a result of a 24-bp
deletion (Fig. 3). Again, short direct repeats (CTCC) sur-
rounded the deleted nucleotides, but unlike the events
described above, both copies are largely retained in the
mutant gene and three new nucleotides, or perhaps rear-
ranged nucleotides from the deleted fragment, were intro-
duced. Analysis of the surrounding and deleted nucleotides
revealed some short inverted repeats, although none of these
was predicted to form potentially stable secondary struc-
tures (5).
Mutant S79 like S77 lost the XhoI site at nucleotide

position 1805. However, the sequence of that region of S79
demonstrates that a very different event took place (Fig. 3).
The loss of the XhoI site was the result of a duplication of 7
bp 5' to the XhoI site, which were then inserted into the
middle of the site, with the addition of two more nucleotides.
The heptanucleotide duplicated is flanked by a CTC
trinucleotide, and a CCTCC pentanucleotide is found 5' to
the duplicated fragment.

Is the region of aprt which includes the StuI site a mutational
hot spot? The observation that the three mutations at the
StuI site all altered different nucleotides, as well as the
occurrence of another mutation (S5) nearby, raised the
possibility that this region of the aprt gene might be prone to
mutation to produce the APRT- phenotype. To test this, we
probed genomic DNA digests of our collection of spontane-
ous APRT mutants with a labeled oligonucleotide spanning
the StuI site and six nucleotides on either side of it (a total of
18 nucleotides). Under conditions in which a single-base-pair
mismatch would prohibit hybridization, digests of DNA
from mutants known to have alterations in this region,
including S31, which has only a single-base-pair substitution,
did not hybridize with the end-labeled probe (Fig. 4). In
contrast, a clear signal was obtained after hybridization with
all the other mutant DNAs. Thus, no other alterations were
detected in the nucleotides immediately surrounding the StuI
site in 120 independent mutants.

DISCUSSION

Our findings indicate that a variety of events produce
spontaneous mutations at the aprt locus. In the mutants

16 0

wild type CCTC TTCAT ACAGG CTA ACTCCAGGG

GGAGAAGT TGTCC|GGATCTGAGGTCCC

I

CCTC TCTCAT CTAGACTCCAGGG
GGAGAGAGTA G CTGAGGTCCC

wild type CCTC TCTCATCCTAACAGG TAGACT
G TGGG

GGAGAGAGTAGGATTGTCC GATCTGA 4]TCCC

CCTCTCTCATCCTAACAGG GGGG
GGAGAGAGTAGGATTGTCC

wild type CTCCITGTTCCFAGGGATATCTCGCCCCTCCT
GAG AACAAGGGTCCCTATAGAGCGGG(J

S37

'- -

CTCC TGTTCCT
GAGG AGGA

1Iwo
wild type CCTCCT TGCTCTC GAGTATGGC

GGAGGATACGAGAG .CTCATACCG
\

S79 CCTCCT ATG&TCTCCTAT G T AGTATGGC

GGAGGATACGAGAGGATACG CTCATACCG

FIG. 3. Nucleotide sequence of complex alterations at the aprt
locus eliminating restriction endonuclease sites. The boxed regions
represent short sequence homologies at the two deletion termini in
S2 and S31 and newly inserted nucleotides in the mutant alleles in
S31 and S79. Short direct repeats formed by the duplication in S79
are indicated by arrows. The numbering represents the positions of
the nucleotides on the map in Fig. 1.

examined, no one type of alteration or target sequence
predominated. Independent mutations occurred at some
sites (e.g., three aprt mutants lost the StuI site), but in each
instance different nucleotides were the targets and different
changes occurred. However, the analyses reported here
were limited to mutants which lost restriction endonuclease
sites, since these provide in vivo confirmation of the se-

quences determined in vitro. We cannot eliminate the pos-
sibility that a hot spot outside these regions might exist and
upset our spectrum.

Several mechanisms have been proposed to account for
simple base-pair substitutions. Transitional hot spots in the
lacI gene of Escherichia coli have been identified at 5-
methylcytosine residues (8) at which deamination produces
G0 C -* A. T substitutions. A similar mechanism has been

suggested for 5-methylcytosine at methylated CpG sites in

S63

S2
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4e 5 27 28 tj fD.).) sA. J.J J4t..repeat is also present in the nucleotides which would be
- ~ looped out by slipped mispairing of the two nearby direct

repeats, potentially stabilizing this structure (Fig. 5). Thus,
*. * * an attractive rationalization of the event in S2 is that the
'.* *nucleotides looped out were the ones deleted (Fig. 4). But

this is not the situation for S63 since the deletion occurred at
* . b the base of the proposed stem loop or else partially elimi-

nated the structure on the opposite strand. In the larger
*.* deletions reported previously, deletion termini occurred in

* -_ w 6 _ . _-regionsrich in inverted repeats capable of forming stable
secondary structures, although these were not necessarily

*66 eliminated by the mutation (20). Structures similar to the one
* in which the mutation in S2 occurred have been identified as
* hot spots for mutation in the RII region of phage T4 (24) and

the lacI gene of E. coli (10). It clearly cannot be called hot in
aprt since it represented only about 1% of spontaneous
mutations and, apart from the two affecting the StuI site, no
other mutations in our entire collection mapped to the

5 56 57 58 59 60 61 6 3 6 6 5 nucleotides immediately surrounding this site. On the other
hand, this region of the aprt locus appears to be a target for

...~*.s -*.egene rearrangements. In addition to the two small deletions
*

. reported here, one of the termini of the 421-bp deletion in
8***iS118 falls about 30 bp away (20) and a -y radiation-induced

*-z@ . . deletion-insertion mutation occurred at the same site as
.1**,,4those in S2 and S63 at nucleotide 1690 (which is the

nucleotide next to the one altered in S31) (4a).
Mutants S37 and S79 have small rearrangements quite

W ~ ^ ~ ~- " t different in nature from those described previously. S37
* * * ;. contains a small deletion, and S79 contains a duplication
*.- occurring some distance away in the genome. There are

* similarities between the two in that the nucleotides altered in
*,@ * both mutant alleles are bounded by the tetranucleotide

CTCC and both copies of this short direct repeat are largely
retained in the mutant genes. This is in contrast to deletion

robe of digests of genomic DNAs from spontaneous events we have characterized in which only one copy of the
Its, using an end-labeled oligonucleotide. Mutant DNAs
the number above each lane) digested with PvuII were repeat
by electrophoresis on agarose gels. The gels were then proposed to explain the generation of these mutations.
bridized with a labeled 18-mer oligonucleotide contain- Alterations similar to that in S37 have been generated in
site (position 1684). vitro during replication of DNA templates by DNA polymer-

ase I in the presence of terminal transferase (12), and
therefore this mutant gene could be a result of a replication

genome (2). Of the seven single-base-pair substi- error. One could also imagine the duplication in S79 being
racterized in this study, only two occurred at formed by slipped mispairing of the CTCC in the nascent
ethylcytosine sites, and only one of these was the DNA chain during replication. Insertion and excision of
nsition predicted by the deamination pathway. procaryotic transposable elements in vivo can also generate
)pears that this mechanism cannot explain the small deletions or duplications (11).

events at the aprt locus. This is not particularly surprising
since active genes are typically undermethylated (30) and
analyses of MspI-HpaII sites have indicated that these are
unmethylated in the aprt structural gene (M. Meuth, unpub-
lished observations). The presence of the two transversions
among the simple base-pair substitutions is notable since it
has been proposed that this type of mutation is the conse-
quence of a replicational bypass of spontaneously occurring
apurinic sites in DNA by an error-prone DNA polymerase
(13, 16, 26). But even though mammalian polymerases
behave as though error prone in vitro, (13), such events do
not appear to be the dominant cause of spontaneous muta-
tion in vivo.
Four of the mutations were the result of small (less than 25

bp) rearrangements of nucleotides at the aprt locus. Again,
all four involved different nucleotides and events. The small
deletions in mutants S2 and S63 resembled previously re-
ported larger (40 to 2,000 bp) deletions in that they occurred
between two short direct repeat sequences, only one of
which is retained in the mutant gene (20). In S2 an inverted

A
A C

T A

C G S2
S5

1670 CS63 1700

CCCCCTCTCTTCATCITAGACTCCAGGG[GATTC TT
G G G GG AG A GAG TAGATCTG G TOCCCT A A GA A

TT S31
C G

C G

FIG. 5. Possible structure produced by slipped mispairing of
short direct repeats flanking the deletion in mutant S2. The positions
of other mutations mapped to this region of the aprt gene are

indicated by arrows (S2) or boxed nucleotides. A splice site consen-
sus sequence occurs at nucleotide 1685. Nucleotide numbering is in
accordance with the map in Fig. 1.
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At a functional level all of the mutations occurred within
coding regions of aprt or at splice junctions. Over half of the
mutants which lost sites did so within a short 200-bp region
of aprt (StuI to XhoI), although it could be argued that there
are simply more vulnerable restriction endonuclease sites
within this region. Most of the mutations were simple
missense mutations, but splice acceptors were also a signif-
icant target. Two of the small deletions, those in S2 and S37
(but not that in S63, which is immediately adjacent to that in
S2) included splice acceptor sites. One of the single-base-
pair alterations (S68) modified a consensus splice acceptor;
in this instance ApG was modified to GpG. A similar ApG
GpG alteration in the human ,-globin gene totally inactivates
the acceptor site (1). In a similar study of a small collection
of spontaneous mutations at the dihydrofolate reductase
locus of CHO cells, modifications of splice sites were
predominant (17). We also detected an in-frame amber
mutation in S77 which could be of use in analyzing suppres-
sion of cellular genes in mammalian cells.
These analyses, together with our earlier work (20), show

that a variety of events are responsible for spontaneous gene
variation at cellular loci in hamster cells. They also provide
a data base for analyzing the effects of chemical mutagens,
carcinogens, and cellular mutator genes in modifying this
spectrum.
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