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ABSTRACT
The lacI gene has been used extensively for the recovery and analysis of mutations in bacteria with

various DNA repair backgrounds and after exposure to a wide variety of mutagens. This has resulted in
a large database of information on mutational mechanisms and specificity of many mutagens, as well as
the effect of DNA repair background on mutagenicity. Most importantly, knowledge about the mutational
sensitivity of the lacI gene is now available, yielding information about mutable nucleotides. This popularity
and available knowledge resulted in the use of the lacI gene in transgenic rodents for the study of
mutagenesis in mammals, where it resides in z40 repeated copies. As the number of sequenced mutations
recovered from these animals increases, we are able to analyze the sites at which mutations have been
recovered in great detail and to compare the recovered sites between bacteria and transgenic animals.
The nucleotides that code for the DNA-binding domain are nearly saturated with base substitutions. Even
after determining the sequences of z10,000 mutations recovered from the animals, however, new sites
and new changes are still being recovered. In addition, we compare the nature of deletion mutations
between bacteria and animals. Based on the nature of deletions in the animals, we conclude that each
deletion occurs in a single copy of the gene.

MUTATIONAL spectra: Occasional changes in the nate do not depend on the PuG context (Burns et al.
1986). Benzo[a]pyrene diolepoxide induces G:C→T:Asequence of nucleotides are referred to as muta-

tions. Such mutations, when in moderation, are the transversions in mammalian cells, mainly at runs of gua-
nines flanked by adenine residues (Mazur and Glick-driving force behind evolution. Mutations, however,
man 1988). Even spontaneous or background mutation,may also result in cancer and inherited disease. Endoge-
a special pastime of Drake (1996), reveals a characteris-nous processes in the cell related to cellular metabolism
tic pattern. Spontaneous mutation in mammalian cellsand DNA replication can bring about mutations (Lutz

is characteristically dominated by G:C→A:T transitions1990; Bridges 1996; Drake 1991). Mutations can also
at methylated cytosines in 59-CpG-39 dinucleotide se-be the result of exogenous insults to the cell. These
quences. This specificity of mutation is what makes itcan include physical agents such as both ionizing and
possible to infer an induced response from the determi-nonionizing radiation, heat, or chemical agents, which
nation of the sequence alterations in mutants recoveredinteract with DNA directly or after metabolic activation.
after potential exposure. It is thus the changes in muta-Studying mutations for many years has led to the con-
tional spectra that can reveal mutagenic exposures.cept of a mutational fingerprint (Glickman 1990). This

The facile analysis of mutation requires a nonessentialparadigm states that different treatments result in differ-
target gene in which mutations can be detected effi-ent mutagenic events that are characterized by both the
ciently. Several such systems are currently available, in-nature of the mutational alteration and the sequence
cluding the mammalian hypoxanthine-guanine phospho-context of the change. In essence, a specific mutagen
ribosyl transferase (hprt) and adenine phosphoribosylcorrelates with a specific pattern of mutagenic events.
transferase (aprt), and the bacterial gpt and supF genes,For example, ultraviolet light results in specific muta-
which code for a bacterial homolog of hprt and a sup-tions in Escherichia coli that are targeted to dipyrimidine
pressor tRNA molecule, respectively, and the bacterialsequences (Miller 1985), while dimethylnitrosamine
lacI and lacZ genes.causes specifically G:C→A:T transitions (Glickman et

The lacI gene: The lacI gene of the lac operon hasal. 1987). Treatment with N-methyl-N9-nitro-N-nitroso-
been used extensively for the recovery and analysis ofguanidine or N-ethyl-N-nitrosourea results in G:C→A:T
mutations in bacteria with various DNA repair back-transitions at G nucleotides preceded 59 by a purine
grounds and after exposure to a wide variety of muta-(the “PuG effect”; Burns et al. 1987, 1988), while the
gens. The LacI protein product represses the transcrip-G:C→A:T transitions produced by ethyl methanesulfo-
tion of the adjacent lacZ gene by binding to its operator
sequence (Gilbert and Muller-Hill 1970). The active
LacI protein is a homotetramer of the LacI polypeptide
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TABLE 1a DNA-binding domain (amino acids 1–59) and a core
domain (amino acids 60–359) involved in oligomeriza- The lacI gene in nucleotides and base pairs
tion and inducer binding. The DNA-binding domain
[or negative complementation (NC1) region (Miller G C G:C A T A:T
1972)] is highly sensitive to base substitution mutation.

Whole gene 311 299 610 240 233 473Many amino acids in this domain interact with nucleo-
NC1 (29–205) 52 45 97 47 33 80

tides in the operator, as is evidenced by the resolved Core (206–1111) 259 254 513 193 200 393
repressor-DNA crystal structure (Lewis et al. 1996).
When mutant LacI protein is unable to form a tetramer
and bind the operator, transcription of the lacZ gene

nomes and, therefore, single lacI genes. The presenceoccurs. In most constructs, an amino-terminal fragment,
of a mutated lacI gene is detected with a color assay byor an a-lacZ fragment, is produced. This fragment may
plating the phage particles on a lawn of bacteria in thecomplement a carboxy-terminal or omega fragment that
presence of 5-bromo-4-chloro-3-indolyl-b-d-galactopyra-is provided by an appropriate host cell. This full comple-
noside (X-gal; Rogers et al. 1995; Young et al. 1995).ment has b-galactosidase activity, which can be used in

Origin of the mutants: The DNA sequences of mutantsa screening and in a selective assay.
recovered from bacteria have been obtained from pub-The first studies using the lacI gene in bacteria for
lished literature (z14,000 mutants) and entered into amutational analysis were pioneered by the group of
computer database (de Boer 1995). Mutations in theMiller (Miller and Low 1984; Miller 1982, 1985;
Big Blue mouse, rat, and cell line have been obtainedCoulondre et al. 1978; Foster et al. 1983) by using
from our own unpublished material (z10,000 mutants)an analysis of amber and ochre mutants and deletion
and from published literature (z1500 mutants) andmapping (Miller et al. 1977). Once DNA sequencing
entered into the database. The literature references toof the lacI gene became feasible (Calos and Miller

these mutants can be found on the Big Blue web site1981), the facile generation of mutational spectra be-
(http://darwin.ceh.uvic.ca/bigblue/bigblue.htm).came a possibility. Dozens of publications, many from
The intensity of blue plaque color was estimated for athe laboratory headed by J. W. Drake, centered around
group of mutants by replating on X-gal using the CM0,the use of the lacI gene. A clever recombination assay
CM1, CM2, and CM3 color intensity standards for com-for the recovery of the mutants (Schaaper et al. 1985)
parison (Rogers et al. 1995).aided in the analysis of mutation induced by a large

The nucleotide targets in the lacI gene: The codingvariety of agents (Gordon et al. 1991; Lambert et al.
sequence of the lacI gene contains 1083 nucleotide pairs1991; Schaaper et al. 1986, 1987, 1990). This has re-
(including the termination codon) and codes for a 359-sulted in a large database of information on mutational
amino acid polypeptide. The numbering of the basemechanisms and specificity of many mutagens as well
positions used is according to Farabaugh (1978). Theas the effect of DNA repair background on mutagenic-
first transcribed nucleotide is at position 1, the firstity. Most importantly, knowledge about the mutational
translated codon is at position 29–31, and the termina-sensitivity of the lacI gene is now available, yielding infor-
tion codon is at position 1109–1111. The sense strandmation about the available sites and the effect of the
of the gene is comprised of a total of 311 guanines and“protein filter” (de Boer and Glickman 1991). This
299 cytosines, for a total of 610 G:C base pairs, and 240great understanding of the lacI gene has set the stage
adenines and 233 thymines for a total of 473 A:T basefor use of the gene in transgenic animals.
pairs (Table 1).Recently, the lacI gene was used as the mutation target

The G:C content of the gene is 56% compared to anin transgenic mice (Kohler et al. 1991a,b). The pLIZ
average of 44% in the mouse genome (Davidson 1960)plasmid containing the lacI gene was inserted into a
and 52% in the E. coli genome (Schildkraut et al.bacteriophage lambda genome and injected into mouse
1962). Because of its bacterial origin, the gene has aembryonic cells. This resulted in the generation of
relatively high percentage of 59-CpG-39 dinucleotide se-mouse lines transgenic for the lacI gene (the Big Blue
quences, compared to mammalian genes. The signifi-mouse). The construct is present in the animals in z40
cance of this difference is discussed in later sections.tandem copies. A similar construct has been made with

Mutational saturation: Knowing the complete set ofFischer F344 rats (Dycaico et al. 1994) and a rat embry-
sites in a gene where mutations can be recovered greatlyonic fibroblast cell line (Wyborski et al. 1995), while
facilitates the interpretation of mutational spectra. Fig-an embryonic fibroblast cell line has been derived from
ure 1 shows the number of base substitution sites thatthe C57BL/6 Big Blue mouse (Wyborski 1997). The
have been recovered and the total number of differentrecovery of the lacI gene from tissues of these animals
changes at these sites as a function of the number ofis greatly facilitated by the bacteriophage lambda con-
mutants from Big Blue animals that we have sequencedstruct. The addition of a lambda packaging extract to
in our laboratory. Surprisingly, even after sequencinggenomic DNA results in the formation of bacteriophage

particles containing single bacteriophage lambda ge- 10,000 mutants, the gene has obviously not yet been
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134 sites. At 62 sites in the NC1 region, all three possible
base changes have been recovered (green colored nu-
cleotides in Figure 2). We note that the classic definition
of the NC1 region ends where a large clustering of
mutation ends. The recovery approximates the theoreti-
cal limit, when most changes at third positions in codons
are considered silent. This region can therefore be con-
sidered mutationally saturated, at least when consider-
ing nucleotide positions.

Knoll et al. (1994, 1996) reported mutants recovered
after direct selection on lactose. A total of 115 different
base changes were found at 81 nucleotide positions
(only the first 195 coding positions were used in their

Figure 1.—Saturation of the lacI gene. Number of sites studies). Interestingly, when compared to the BigBlue/
recovered (m) and number of individual substitutions (d) X-gal database, fully 24.3% of these changes was not
as a function of the number of mutants sequenced in our

found in the large X-gal collection. Equally, when thelaboratory.
lactose-selected mutants were compared to the smaller
bacterial data set, 20.9% of the changes were novel.
Furthermore, only 22–26% of the recovered blue mu-saturated with base substitution mutations. The data

include mutants recovered from various tissue types tant colonies was found to harbor a mutation in the
NC1 region of the gene. This suggests that direct selec-from control animals and after treatment with a wide

variety of mutagens. More sites will be recovered as tion with lactose has a different selection threshold than
screening with X-gal or selection with phenyl-b-d-galac-additional mutagenic treatments with different se-

quence specificity are included. The number of sites topyranoside (P-gal), and as such is reminiscent of the
results obtained in the lacI system used by LeClerc etand base substitution changes found in bacteria (also

based on z10,000 substitution mutations) is relatively al. (1988). These authors used the lacI s gene, which is
alluded to in a later section, and found that mutationsmall, compared to those found in the transgenic ani-

mals. It should be kept in mind, however, that in many was not clustered to the NC1 region.
The carboxy-terminal end of the gene (after positionpublished studies using bacteria, only mutations in the

DNA-binding (NC1) region were analyzed. Because this 1015) is particularly devoid of mutation (Figure 2). This
is true in the data collection recovered from bacterialinvolves only approximately the first 200 base pairs, this

would result in fewer sites recovered overall. Even when as well as from Big Blue and, therefore, less likely to be
an artifact of sequencing strategy. Coding of this partonly the first 200 base pairs are considered in both mice

and bacteria, however, the Big Blue database still has of the gene includes the terminal a-helix that is involved
in the tetrahelix bundle formation. This helix bundlemore recovered sites and changes that are unique to

the transgenic system than the bacterial database, even is important for the formation of a tetramer structure.
Failure of the formation of a tetramer because of muta-though considerably more bacterial mutants are avail-

able for this part of the gene. At a number of sites, tion does not abolish repression ability (Brenowitz et
al. 1991), which may explain the lack of recovery ofhowever, mutations were recovered in bacteria but not

in the animal (Figure 2). The lacI gene is the only gene mutations in this region. Mutations were also recovered
in the 59-flanking sequence, viz. in the 235 and 210in which such a degree of mutational saturation has

been achieved. promoter boxes, around position 5, and at the Shine-
Delgarno sequence around position 20.Figure 2 presents all nucleotide positions at which

substitution mutations have been recovered. It also Differences in mutation spectrum recovered in differ-
ent parts of the gene: We have analyzed the mutationalshows which new nucleotides were recovered at those

positions, and the amino acids that are coded for by spectrum, as recovered from Big Blue animals, as a func-
tion of position in the lacI gene. Figure 3 shows the mainthe new sequences. The data from bacterial and animal

studies are summarized in Table 2, A–C. A total of 86 components of the spontaneous spectrum (G:C→A:T
transitions, G:C to A:T at CpG sites, G:C→T:A transver-As, 151 Cs, 157 Gs, and 113 Ts have been found mutated

in the lacI gene recovered from both transgenic animals sions, and deletions combined from various sources) in
the first 400 and the next 600 base pairs. This analysisand bacteria (Table 2C). The largest class in this tabula-

tion is the C→T transition, undoubtedly because of its involves z2000 spontaneous mutants recovered from
various tissues. Interestingly, the contribution ofcontribution to spontaneous or background mutation

in the animal. In the NC1 region (from base pairs 29– G:C→A:T transitions, especially their distribution over
59-CpG-39 sites, is particularly concentrated in the first205), we found 75.7% (134 out of 177) of the sites

mutated in the bacterial plus Big Blue data combined. 400 base pairs, where 65–85% of them are located at
59-CpG-39 sites. In the remaining part of the gene, onlyA total of 305 individual changes were found at these
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Figure 2.—Numbering starts at 1 at the mRNA transcription start. The preceding nucleotide is 21 (there is no “0”). The
translation start is at position 29–31. The initiation codon is GTG, which codes for Val, but is read as fMet at the initiation codon
(e.g., a GTG to GTC mutation would not change the Val coding, but because it is the initiation codon, it prevents initiation).
Promoter mutations are present in the 210 box and the 235 box. The Shine-Delgarno sequence is around position 20. XXX
represents a termination codon. Nucleotides in green, all three changes have been recovered; black, found in both bacteria
(P-gal) and Big Blue (X-gal); blue, found in Big Blue only (X-gal); red, found in bacteria only (P-gal).

20% of the recovered G:C→A:T transitions are found at concluded that the characteristic large percentage of
G:C→A:T transitions that occurs at 59-CpG-39 sites in59-CpG-39 sites. In contrast, deletion events are threefold

more common after the first 400 base pairs. It can be the lacI gene in animals reflects the prevalence of these
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TABLE 2

A. Changes in BigBlue (X-gal), based on 12,078 mutants

Wild-type base is mutated to:

Wild type Total sites A C G T

A 63 — 34 24 43
C 127 74 — 47 82
G 131 69 61 — 76
T 101 70 51 59 —

422

B. Changes in bacteria (P-gal), based on 13,459 mutants

Wild-type base is mutated to:

Wild type Total sites A C G T
Figure 3.—Comparison between the first and second part

of the gene. First column, G:C→A:T transitions; second col-A 30 — 17 12 18
umn, G:C→A:T transitions at 59-CpG-39 sites; third column,C 70 38 — 14 45
G:C→T:A transversions; fourth column, nonsubstitution muta-G 71 28 28 — 36
tions.T 47 31 17 27 —

218

sequence is 0.351 for the NC1 region and 0.256 for theC. All changes recovered in BigBlue (X-gal) and bacteria (P-gal)
remainder of the gene.

Differences in methylation patterns between mice andWild-type base is mutated to:
bacteria: Spontaneous deamination of methylated cyto-

Wild type Total sites A C G T sines results in G:C→A:T transitions (Ehrlich et al.
1990). In bacteria, methylation takes place at the innerA 86 — 46 34 56
cytosine of 59-CC(A/T)GG sequences and methylation-C 151 86 — 54 111

G 157 95 79 — 90 directed transition mutations can therefore be recov-
T 113 82 64 66 — ered as hotspots at these sites. These nucleotides are

507 found at positions 104, 419, 959, and 1016, and transi-
tions have been recovered multiple times at positions
104, 419, and 959 (Figure 2). Methylation of cytosines
in mammalian cells does not occur at these sequences,mutations in the DNA-binding region. The two parts of
but instead occurs at 59-CpG-39 dinucleotide sequences.the lacI gene can therefore be considered as two differ-
The spectrum of spontaneous mutations in mammalsent sequences and we show here that these exhibit quite
shows a predominance of G:C→A:T transitions atdifferent mutational characteristics. Even identical se-
59-CpG-39 dinucleotide sequences, in reflection of thisquences, which are present in different parts of the
methylation. As a consequence, z75% of all G:C→A:Tgenome, can be subject to different mutational events.
transitions in the lacI gene in Big Blue are found atThis was shown in the hrpt gene by Lichtenauer-Kal-

these sites. The gene in mice is reported to be fullyigis et al. (1996). Mutations recovered from five copies
methylated in all copies present in the genome (Pro-of the hrpt cDNA, which were inserted at different places
vost and Short 1994). This high methylation patternin the genome, differed significantly from each other,
in the lacI gene results in an increased spontaneousboth in mutant frequency and in spectrum.
background, which may mask differences in spontane-The density of 59-CpG-39 sites (total nucleotides 5 2 3
ous mutation when different tissues are compared (deCpGs) as a function of 200 base pair blocks along the
Boer et al. 1998). There are 95 CpG sites in the codinglacI gene is shown in Figure 4. In addition, the number
sequence of lacI, a density of 88 per 1000 base pairs.of those sites (as nucleotides) that have actually been
Mammalian genes generally have a lower density offound mutated and as a fraction are shown. The largest
59-CpG-39 sequences in the coding portion of theirfraction of affected sites is found in the first part of the
genes to minimize the accumulation of spontaneousgene. The largest contribution of CpG sites in mutations
mutation. For example, the mouse hrpt gene has onlyat G:C base pairs is in the first 400 base pairs of the
15 CpG sites per 1000 base pairs in its coding sequence,gene. The density of 59-CpG-39 dinucleotide sequences
while the human p53 has 35 per 1000 base pairs. Theis similar for the NC1 region and the rest of the gene
frequency of spontaneous transitions can therefore be(0.096 CpGs per base pair in the NC1 region vs. 0.086
expected to be five- to sixfold higher in the lacI geneCpGs per base pair in the remainder of the gene.) The

fraction of G:C base pairs that can be found at a CpG compared to the hrpt gene based on the number of



1447The lacI Gene as a Mutation Target

An additional explanation has been offered, however;
59-CpG-39 dinucleotide sequences, or CpG steps, are
unusually malleable (Lefebvre et al. 1995; El Antri et
al. 1993). The various conformations that can be
adopted depend on the sequence context. This may
offer an explanation for the higher fraction ofmutations
that is recovered at such sites, in addition to, or partly the
reason for the more commonly accepted explanation of
deamination of methylated cytosines. Mauffret et al.
(1991) found that elliptinium, an intercalating drug,
has a preference for binding at CpG and TpG sites.
The sequence context effect may contribute to different

Figure 4.—Percent of G:C base pairs that are part of a 59- mutability at different CpG sequences. Ketterling et
CpG-39 dinucleotide sequence (first column), recovered as

al. (1994) and Bottema et al. (1991) discuss the trans-mutation (second column), and as a percent of those found
versions observed at 59-CpG-39 sites in the human factorat 59-CpG-39 sites that are mutated (third column), as a func-
IX gene. Their analysis indicates that the mutation ratetion of position in the lacI gene.
for these events is markedly elevated compared to trans-
versions occurring at other sites. The free radical prod-
uct 8-hydroxyguanine pairs preferentially with cytosinethese sites alone. This density of potential methylation

sites in the lacI gene in the mouse compares to four per and adenine, producing G→T transversions. If this radi-
cal reaction or the mispairing is favored by CpG methyla-1000 base pairs for methylation hotspots in E. coli. The

sensitivity of the lacI system to mutation in Big Blue has tion or by CpG structural features, we would expect to
see an increase in transversions at CpG sites.been compared to that of the hrpt gene in the same

animal (Skopek et al. 1995). The fold increase after Two systems to detect mutations: Mutations in the
lacI gene can be detected by two principal methods, bothchemical treatment of mutation in the hrpt gene is sig-

nificantly higher than in the lacI gene. This may partially of which use the presence or absence of b-galactosidase
activity. The first method relies on the color of a plaquebe explained by the higher background caused by po-

tential methylation sites in the lacI gene. A lacI gene or a colony for the screening for mutants. A mutation in
the lacI gene results in the expression of b-galactosidase.with only 13 CpG sequences has been constructed by

Skopek et al. (1996) to provide a target with a potentially Besides galactose, which is its normal substrate, this
enzyme can also cleave X-gal. Cleavage of X-gal, a chro-lower background mutant frequency. The mutant fre-

quency in this construct, however, was only marginally mogenic compound, results in the production of an
insoluble dye that colors the colony or plaque blue. Alower than that of the native lacI sequence, and the

distribution of mutations, including G:C→A:T transi- lacI gene with an altered promoter, lacIq (Muller-Hill

et al. 1968), is usually used. This involves a C→T basetions, was now shifted to the 59 end of the gene, where
mutation at the remaining CpG sites was enhanced (T. substitution at position 235 in the “235” promoter box.

This mutation results in a higher level of expressionSkopek, personal communication).
Of the 610 G:C base pairs in the lacI gene, a total of of LacI protein and, therefore, in better repression of

background lacZ expression. Reversion mutants at this190 are part of the 95 59-CpG-39 sites. This amounts
to 31% of all G:C base pairs. Randomly distributed, a site have been found among mutants recovered from

the transgenic animals (Figure 2).maximum of 31% of mutations at G:C base pairs would
therefore be expected to be found at CpG sites, when A second system for the detection of mutations in the

lacI gene uses a selective assay. In addition to galactoseall changes would be recoverable. In reality, this percent-
age is lower because not all of those changes will result and X-gal, b-galactosidase can also cleave P-gal. This

results in the production of galactose, which can providein detectablephenotypic changes. Mutations in Big Blue
have been recovered at 258 G:C base pairs. G:C→A:T a sole carbon source, thus permitting the growth of

bacterial colonies. A wild-type lacI gene will, therefore,transitions at CpG sites have only been found at 47
nucleotides, while G:C→T:A transversions at CpG sites not support colony formation. This system has been

used by most researchers in bacterial studies.have been found at 51 nucleotides. This results in 18.2
and 19.8%, respectively, that can be expected to be A great many publications resulted from the use of

the lacI gene in the study of mutational mechanismsfound at 59-CpG-39 dinucleotide sequences. About 75%
of all G:C→A:T transitions are typically found at CpG and mutagenic specificity. Mutations in the recovered

mutants can be detected in either the entire lacI genesites. In addition, we notice that z45% of all G:C→C:G
and G:C→A:T transversions in all spontaneous muta- or only in the portion coding for the DNA-binding do-

main, up to nucleotide position 205, which is highlytions are found at CpG sites. Both of these percentages
are significantly higher than expected. The transitions sensitive to base substitutions. Mutants in this region

can be selected for by a NC1 assay (Miller 1972; Guare typically attributed to deamination events at methyl-
ated cytosines, when they are part of CpG sequences. et al. 1994).
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Some researchers used the lacI s gene instead, which We would expect differences in the spectra of mutants
collected with X-gal and P-gal, where this would resultcarries a single C→T transition at position 617, resulting

in a replacement of Arg 197 by Cys (Christensen et al. in a LacI protein activity level that may discriminate
between the two requirements. When the large collec-1985; LeClerc et al. 1988). This slightly “destabilizes”

the LacI protein. Together with X-gal screening, this tions of mutants recovered from bacteria with P-gal and
from Big Blue animals with X-gal screening are com-results in a system that is more sensitive to amino acid

alterations, and only z10% of the recovered mutations pared, some differences are apparent. Several mutations
were recovered in bacteria with P-gal selection that haveare now found in the NC1 region of the gene, rather

than z60%, resulting in an entirely different distribu- not been seen with X-gal screening in the large Big Blue
database, notably around nucleotide positions 110 andtion of the recovered mutants.

The nature of the lacI gene (such as q or s mutations) 147. Many sites where mutations were found in Big
Blue were not recovered in bacteria; however, this mayand the detection system are determining factors in the

nature of the mutations that are recovered, as has been partially result from the lower number of substitutions
recovered in bacteria.already pointed out by Gordon and Halliday (1995).

In the majority of the studies involving the lacI gene in Plaque color and threshold of detection: Bacterio-
phage particles with mutated lacI genes are detected inE. coli, mutants were recovered after growth selection

on P-gal. In contrast, the Big Blue mouse mutants were the Big Blue assay on the basis of a blue plaque pheno-
type. The intensity of the blue color, however, dependsscored on the basis of their plaque color phenotype on

X-gal. Knoll et al. (1994, 1996) used a lactose selection on the residual functionality of the LacI protein. Plaques
that are a very light blue color may therefore be missedsystem for the recovery of mutants from Big Blue mice.

The stringency of mutant detection may not be the during the screening. The standardized assay uses four
color standards (the CM series) that consists of foursame. Detection by color requires the formation of a

blue dye, the amount of which depends on the level of mutants with increasing color intensity (Rogers et al.
1995). We determined the plaque color of more thanrepression of the lacZ gene. Growth on P-gal depends

on the cleaving of enough P-gal to yield sufficient galac- 120 mutants upon replating, using the CM series as color
standards. Figure 5 shows the color that was observed fortose to provide a carbon source for colony or phage

growth. Using the P-gal selection system with the lacI q- these mutants as a function of the position of the mu-
tated nucleotide, regardless of the actual change. Muta-L8 gene (L8 is a lacZ promoter mutant) results in a

majority of the mutants (z70%) having a deletion or tions in the first 100 base pairs are generally dark blue.
This probably reflects the importance of the amino acidsan insertion of a four-base pair sequence (59-CTGC-

39) at the spontaneous deletion/insertion hotspot at in this region for their interactions with the DNA. Light-
colored plaques are especially common in the range ofposition 620–632, and only 11% is recovered as base

substitutions (Halliday and Glickman 1991; Schaaper positions 200 and 330. Large variations in color are seen
in this region between mutants with changes in adjacentet al. 1986). The use of the X-gal color detection system

with either the lacI q or lacI s gene, however, results in base pairs. This region coincides well with a concentra-
tion of Is mutants (which are unable to respond to in-an increase in the fraction of base substitutions (50–

87%) and a minor contribution of plus or minus four ducer) that was seen by Kleina and Miller (1990) after
extensive in vitro mutagenesis of the lacI gene. Mutationsbase pair mutations at the hotspot (0–14%; LeClerc et

al. 1988; Yatagai and Glickman 1990), which is similar in several other regions in the gene also result in a dark
blue phenotype, including between positions 430 andto what is recovered from Big Blue animals. This indi-

cates that the use of X-gal results in a much greater 500, and other regions in the portion of the gene that
codes for the core domain.sensitivity for missense mutations in the lacI gene. This

prompted Gordon and Halliday (1995) to conclude Interestingly, frameshift and stop codon mutations
can also result in the very light blue phenotype. Tablethat the bacterial spectra obtained with X-gal are a better

comparison for the mouse-derived mutations than the 4 shows selected frameshift and stop codon mutations,
as well as their positions, that were recovered as verytraditionally selected spectra using P-gal. This is cer-

tainly true when substitution mutations and the plus or light blue (CM0 or CM1) or as dark (CM3). CM0 itself
is a translation termination at base pair position 530.minus four-base pair hotspot mutations are compared.

We compared the base substitution component of these In general, however, a termination results in a dark
color, even near the end of the gene. Frameshifts gener-spectra recovered from bacteria (lacI s) with X-gal (Yata-

gai and Glickman 1990), from bacteria (lacI q) with ally result in dark-colored plaques. Interestingly, frame-
shifts at 503 and 507 and the introduction of a stopP-gal (Halliday and Glickman 1991), and from mouse

(lacIq) with X-gal. It is striking that the ratios of the codon at 530 result in a faint blue plaque color. The
frameshift at 503 and 507 adds the same 27 and 26various substitution classes are quite similar (Table 3),

with the exception, perhaps, of the data from LeClerc nonnative amino acids, respectively, before terminating
at the same position. This deletion would remove ap-et al. (1988), a compilation of data from vegetative and

ex-conjugant cells. proximately half of the protein but would possibly leave
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TABLE 3

Comparison of spontaneous base substitution spectra

Bacteria/P-gala Bacteria/X-galb Big Blue/X-galc

G:C→A:T 56.3 42.5 58.7
A:T→G:C 6.3 5.0 7.2
G:C→T:A 16.3 20.0 22.1
G:C→C:G 3.8 16.3 4.7
A:T→T:A 8.8 11.3 3.4
A:T→G:C 8.8 5.0 3.8
Total substitution mutants 80 80 235

a
Halliday and Glickman (1991)

b
LeClerc et al. (1988)

c
de Boer et al. (1997)

dimerization potential intact. Visualization of the pro- sensitivity of the assay for the analysis of the spectrum
tein structure using RasMol molecular modeling soft- and the detection of mutant induction on the basis of
ware (Sayle and Milner-White 1995) suggests that the spectrum.
one of two major surface areas involved in dimer forma- A comparison of deletion mutations: Deletion of DNA
tion is still intact. In contrast, several frameshift mutants sequence is frequently mediated by repeated sequences
near the end of the gene, e.g., a 11 frameshift at 1006 (Streisinger et al. 1966; Krawczak and Cooper 1991;
that yields a slightly larger protein, result in a dark Jego et al. 1993). Misalignment of the template of na-
plaque color. scent strand during extension or after DNA breaks can

When the detection threshold for the blue color in- result in the loss of the sequence between these repeats
creases, the light-colored mutants would be missed, po- plus one of the repeats itself. We have analyzed the
tentially skewing the mutational spectrum. This may deletions that have been recovered in the lacI gene
happen when the plating media do not conform to isolated from E. coli and lacI transgenic rodents. In
standardized protocols (Rogers et al. 1995). We have transgenic animals, the lacI gene is present as part of a
determined the DNA alterations in a collection of 22 45-kb lambda genome that is repeated z40 times in a
mutants that were scored as CM0 or CM1 from control tandem array for a total length of z1.8 Mb (Dycaico

animals in various experiments (data not shown). The et al. 1994). Deletions that have one endpoint in one
collection is small, but an Adams and Skopek (1987) copy and the other endpoint in another copy would
comparison shows a P value of 0.9 when compared with reveal themselves upon recovery as a simple intragenic
a collection of 282 spontaneous mutants recovered from deletion or as a duplication event, depending on the
liver (de Boer et al. 1997). This indicates that even location of the endpoints of the actual deletion. Approx-
though the mutant frequency may be underestimated, imately 200 deletion mutations in bacteria and 200 from
the mutational spectra are unlikely to be biased by omit- Big Blue were used in this analysis. The deletions recov-
ting light colored mutant plaques from a spectrum. This ered range in length from two to .800 base pairs in
is comforting because it allows some variation in the length. Approximately 65% of these deletions are

flanked by short, perfectly repeated sequences from one

TABLE 4

Plaque color of selected termination mutants

Position Mutation Color

503 21 FS, adds 27 amino acids CM0
507 21 FS, adds 26 amino acids CM0
530 Arg→Stop This is CM0
883 21 FS, adds one amino acid CM3
916 21 FS, adds 16 amino acids CM3
1006 11 FS, adds 19 amino acids CM3

Figure 5.—The plaque color as a function of the mutated
nucleotide position. Color is compared to the standard CM Plaque color is compared to the CM color standards sup-

plied by Stratagene (La Jolla, CA).series.
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