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Bacteria containing spontaneous null mutations in pcaH and -G, structural genes for protocatechuate
3,4-dioxygenase, were selected by exposure of an Acinetobacter calcoaceticus strain to physiological conditions in
which expression of the genes prevents growth. The parental bacterial strain exhibits high competence for
natural transformation, and this procedure was used to characterize 94 independently isolated spontaneous
mutations. Four of the mutations were caused by integration of a newly identified insertion sequence, IS1236.
Many (22 of 94) of the mutations were lengthy deletions, the largest of which appeared to eliminate at least 17
kb of DNA containing most of the pca-qui-pob supraoperonic gene cluster. DNA sequence determination
revealed that the endpoints of four smaller deletions (74 to 440 bp in length) contained DNA sequence
repetitions aligned imprecisely with the sites of mutation. Analysis of direct and inverted DNA sequence
repetitions associated with the sites of mutation suggested the existence of DNA slippage structures that make
unhybridized nucleotides particularly susceptible to mutation.

Spontaneous mutations, the source of evolutionary change,
are not random. Nor are they predictable (16). Since the ob-
servation of mutational hot spots (3), it has been apparent that
the predisposition for change in DNA is influenced by its own
primary sequence (9, 17, 20, 24, 66). DNA sequence repetitions
frequently flank the sites where deletion mutations occur (1,
45, 60), and DNA sequence-directed mutations have been im-
plicated in the substitution, addition, or deletion of base pairs
(10, 56, 59). Thus, analysis of mutations may help to define the
properties of regions where they occurred, but a full under-
standing of how DNA context influences mutation is far from
achieved.
Another approach to understanding the basis for variations

in DNA sequence is to analyze mutations that have been se-
lected, directly or indirectly, during evolution. DNA sequences
conserved in widely divergent genes are likely to encode es-
sential functions such as amino acid residues required for li-
gand binding, catalysis, or protein folding. Knowledge concern-
ing these processes has advanced considerably with the
revelation of crystal structures in which the function of speci-
fic amino acid residues can be discerned (2, 55). Such infor-
mation facilitates alignment of conserved residues in diver-
gent proteins and indicates some of the constraints that have
been placed upon genetic variation in natural populations.
Where selection for specific amino acid residues has not been
imposed upon DNA primary sequence, the consequences of
genetic fluidity may be detected. Even here, change does
not appear to have been entirely random. In some cases,
genetic variation appears to have been achieved by the ac-
quisition of sequence repetitions that may be detected at the

level of either protein (51, 69) or DNA (12, 21, 31, 43, 46, 49,
62).
In sum, the evolution of DNA sequence can be perceived as

an interplay between the dictates of protein and gene. The
contributions of each are most readily discerned in the frame-
work of the following information. The crystal structure of an
enzyme provides a background for understanding how primary
sequence influences its function. An evolutionary record sug-
gests how change may have been achieved or constancy may
have been maintained in different regions of primary structure.
Powerful procedures for analysis of mutations may give indi-
cations of the possibilities for variation presented by the DNA.
The above criteria for investigation are met by protocatechuate
3,4-dioxygenase and its structural genes, pcaH and -G, in Acin-
etobacter calcoaceticus.
Protocatechuate 3,4-dioxygenase (Fig. 1) is distributed

broadly among microorganisms (18, 53), where it contributes
to dissimilation of aromatic growth substrates via the b-keto-
adipate pathway (48). The crystal structure of the enzyme from
two bacterial sources, Pseudomonas putida (47) and A. cal-
coaceticus (64), has been determined. The protein contains
nonidentical subunits in equal number: the a subunit (40) is
encoded by the pcaG gene, and the b subunit (37) is encoded
by the pcaH gene. The latter subunit binds ferric ion, which
contributes to catalytic activity. Ligation of the iron is achieved
by two tyrosyl and two histidyl residues, and these amino acids
are conserved within the primary structures of widely divergent
dioxygenases (32). The a and b subunits of protocatechuate
3,4-dioxygenase share common ancestry and are folded in sym-
metrical array to form the functional protein in which the a
subunit contributes to substrate binding (47). Genes for the
respective b and a subunits have been sequenced and are
expressed in the order pcaH and -G in A. calcoaceticus (32) and
other bacteria (23, 70).
A. calcoaceticus ADP1 exhibits extraordinary competence

for natural transformation (38), and this trait allows modified
DNA to be either introduced (14) or recovered (29) from the
chromosome. The possibility that A. calcoaceticus genetics
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might be applied effectively to analysis of spontaneous muta-
tions in the pcaH and -G region emerged from observation of
the growth properties of organisms carrying a pcaBDK deletion
that inactivated PcaB and PcaD, enzymes required for metab-
olism of the product of protocatechuate 3,4-dioxygenase (41)
(Fig. 1). Such organisms do not grow with succinate in the
presence of p-hydroxybenzoate, the metabolic precursor of
protocatechuate. Exposure to p-hydroxybenzoate selected
strains carrying secondary mutations blocking metabolism of
either p-hydroxybenzoate or protocatechuate. Replacement of
the original pcaBDK deletion with wild-type DNA produced
strains in which the selected mutations were the sole barrier to
growth with the aromatic substrates (34). The location of the
selected mutations then could be detected simply by exposing
cells to a series of fragments containing nested deletions of
wild-type DNA on plates containing p-hydroxybenzoate as
growth substrate (12, 13).
The purpose of this investigation was to select for and to

characterize spontaneous mutations that inactivate pcaH and
-G. Selection procedures were modified to yield solely strains
lacking a functional protocatechuate 3,4-dioxygenase. Many of
the selected strains were altered in the pcaH and -G primary
sequence, and analysis of the mutations gives insight into
mechanisms underlying genetic variation in the protocat-
echuate 3,4-oxygenase structural genes.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used in this study are
listed in Tables 1 and 2. Except where indicated, cultures were grown at 378C in
minimal medium (50) supplemented with 10 mM succinate, 5 mM p-hydroxy-
benzoate, 5 mM quinate, 2.5 mM benzoate, or 10 mM glucose. Escherichia coli
strains were grown in LB medium (58) supplemented as necessary with ampi-
cillin (75 mg/ml) or tetracycline (12.5 mg/ml).

Transformation of A. calcoaceticus. Recipient A. calcoaceticus strains were
grown overnight in 5 ml of minimal medium containing 10 mM succinate. After
addition of 10 ml of 1 M succinate, the cultures were incubated for 30 min and
then spread upon plates containing selective growth medium. Donor DNA was
dropped on the cell lawn, and transformant colonies appeared after 1 or 2 days
incubation at 378C.
Crude preparations of donor DNA were prepared by lysing donor cells from

a 5-ml culture in 0.5 ml of saline-citrate buffer containing 0.05% sodium dodecyl
sulfate at 608C for 1 h (38). Purified DNA or DNA generated by PCR was used
in amounts ranging from 0.1 to 1.0 mg. Transformation with plasmids contain-
ing chromosomal inserts can lead to recombination of the entire plasmid into
the chromosome. Therefore, transforming DNA to be selected after chromo-
somal insertion was separated from vector DNA by digestion with restric-
tion enzymes. Plasmids to be selected and maintained as independent replicons
were not linearized before their introduction by transformation into recipient
strains.
Selection of mutant strains unable to express pcaH and G.Mutations blocking

expression of pcaH and -G were selected in strain ADP500 which carries the
DpcaBDK1 and DcatD101::Kmr deletion mutations (33, 41). The DpcaBDK1
mutation prevents metabolism of carboxymuconate and thus prevents growth of
cells that accumulate this metabolite from quinate, p-hydroxybenzoate, or pro-
tocatechuate (Fig. 1). Growth in the presence of p-hydroxybenzoate or proto-
catechuate is made possible only by mutations that block their conversion to

FIG. 1. Role of protocatechuate 3,4-dioxygenase in bacterial metabolism. One set of metabolic reactions, requiring the qui genes, gives rise to protocatechuate from
quinate. A convergent metabolic reaction, requiring pobA, forms protocatechuate from p-hydroxybenzoate. Metabolism of protocatechuate in cells that cannot express
pcaB causes accumulation of b-carboxymuconate to levels that prevent growth with succinate. Thus mutants unable to express pcaHG can be selected by exposing them
to medium containing 10 mM succinate and 1 mM protocatechuate. The pcaD and catD genes encode isofunctional enzymes (35, 68). Expression of catD is required
for growth with benzoate, but this gene can be complemented by pcaD which is expressed constitutively in cells containing null pcaHGmutations (6). Following selection
of pcaHG null mutations in strains containing both DpcaBDK1 and DcatD101::Kmr, the DpcaBDK1 deletion can be replaced by providing the corresponding wild-type
DNA (as the DNA insert from pZR3) accompanied by selection for growth with benzoate (33).

TABLE 1. Bacterial strains

A. calcoaceticus
strain

Relevant genotype or
phenotype

Reference or
source

ADP1 Wild type (strain BD413) 39
ADP6 pcaG6 pcaG3006 15
ADP70 leu3001 This laboratory
ADP141 pcaJ3125 Dben-cat3141 15
ADP239 pobR10 13
ADP248 pobA10 12
ADP252 pobA11 12
ADP500 pcaG6 DpcaBDK1 DcatD101::Kmr 33
ADP602 Dqui-1::Kmr 19
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carboxymuconate (for example, mutations in pcaH and -G). The pcaD and catD
genes encode isofunctional A. calcoaceticus b-ketoadipate enol-lactone hydro-
lyases which are required for the respective metabolism of protocatechuate and
benzoate (35, 68). Because the pcaD and catD genes encode isofunctional prod-
ucts, DNA containing pcaD can be selected in transformants by demanding
complementation of the DcatD101::Kmr deletion during growth with benzoate
(33).
For selection of strains unable to express pcaH and -G, single colonies of

succinate-grown strain ADP500 were spread upon plates containing 10 mM
succinate and 1 mM protocatechuate. This selective medium usually yielded
several colonies that grew in the presence of protocatechuate. To assure the
isolation of strains carrying independently occurring mutations, only one proto-
catechuate-resistant strain was selected from each colony of succinate-grown
strain ADP500. Three additional sequenced mutations (pcaH11, pcaG11, and
pcaG19) emerged from similar selection for growth of mutants containing the
DpcaBDK1 deletion with 10 mM succinate but in the presence of 1 mM p-
hydroxybenzoate (12).
A general assessment of wild-type DNA remaining in the protocatechuate-

resistant mutant strains was achieved by using them as donors that might give
rise to recombinants from recipient cells carrying different mutations prevent-
ing growth with either p-hydroxybenzoate or quinate (Fig. 1 and 2). Recom-
binants that had acquired DNA corresponding to Dqui-1 were selected on
plates containing 5 mM quinate; the other recombinants were selected on
plates containing 5 mM p-hydroxybenzoate. The presence of lengthy deletions
in the protocatechuate-resistant strains was indicated by their inability to re-
pair the mutations pcaJ3125, Dqui-1, pobR10, pobA10, pobA11, pcaH2, and
pcaG3006 (Fig. 2). Such strains retained the ability to transform strain ADP70
carrying the leu-3001 mutation, which prevents growth in the absence of leucine
(30).
Additional insight into the length of deletions was given by transformation of

the protocatechuate-resistant strains with the 11-kbp EcoRI restriction fragment
from pZR1; this 11-kbp insert contains all of the structural genes of the pca
operon (Fig. 2). Recipients that were not transformed by DNA from pZR1 were
inferred to have mutations extending outside the pca operon.
Donor strains that appeared to lack lengthy deletions were genetically modi-

fied for further analysis by replacement of the pcaDBDK1 deletion with the

HindIII insert from plasmid pZR3 (Fig. 2). Recombinants were selected on
plates containing 5 mM benzoate. Growth on this medium was possible because
the DcatD101::Kmr mutation in the recombinant strains was complemented by
the wild-type pcaD gene (Fig. 1). The pcaD gene is expressed constitutively in
strains carrying null mutations in pcaH and -G because such dysfunctions cause
the endogenous metabolic accumulation of protocatechuate which elicits expres-
sion of all of the pca genes (6). Since growth with benzoate demands constitutive
expression of the acquired pcaD gene in recombinants carrying the DcatD101::
Kmr mutation, observation of transformant colonies on benzoate suggested that
they were blocked in pcaH and -G. Strains containing pcaH and -G mutations as
the sole barrier to growth with p-hydroxybenzoate were further characterized by
selection of transformants on this growth substrate after exposure of cells to
linearized DNA from pZR2 and its subclones, pZR210 and pZR211 (Fig. 2 and
3). The HindIII insert in pZR2 contains the wild-type pcaH and -G genes (Fig.
2), and subclones containing nested deletions allowed mutations to be located
rapidly within 200 bp (Fig. 3). This information allowed the design of primers for
PCR amplification and DNA sequencing.
Measurement of revertant frequency. After growth of mutant cells from a

single colony in 5 ml of minimal medium with 10 mM succinate, the number of
revertant cells was determined by spreading aliquots of the culture on selective
and nonselective medium. The revertant frequency was the fraction of CFU that
gave rise to colonies on the selective medium.
Isolation of DNA. Plasmid DNA was isolated by the alkaline lysis method (5).

Chromosomal A. calcoaceticus DNA to be used as template for PCR was puri-
fied by the following modification of a published method (4). Cells from
a 5-ml culture were suspended in 1 ml of 50 mM Tris-HCl (pH 8.0)–20
mM EDTA. Proteinase K and sodium dodecyl sulfate were added to final
concentrations of 1 and 2 mg/ml, respectively. The mixture was incubated at 378C
for 10 min in order to allow lysis. Water was added to a final volume of 5 ml.
After two extractions with 5 ml of phenol-chloroform-isoamyl alcohol (25/24/1,
vol/vol/vol) and one extraction with chloroform-isoamyl alcohol (24/1, vol/vol),
the DNA was precipitated with 2 volumes of ethanol and redissolved in 500 ml
of TE (10 mM Tris-HCl, pH 8, 1 mM EDTA) buffer containing 10 mg of RNase
per ml.
DNA sequence analysis. Cloned double-stranded DNA was sequenced using

the Sequenase kit version 2.0 (United States Biochemical, Cleveland, Ohio) and

FIG. 2. Map of A. calcoaceticus genes associated with metabolism of quinate (qui) and p-hydroxybenzoate (pobA, pobR) via protocatechuate (pcaIJFBDKCHG).
Vertical arrows show the locations of mutations in recipient strains used to locate deletions in donor DNA derived from spontaneous mutant strains. Mapping of the
spontaneous mutations was refined by analysis of their ability to form wild-type recombinants after exposure to DNA inserts carried in the indicated recombinant
plasmids.

TABLE 2. Plasmids

Plasmid DNA insert Reference or source

Derived from pUC18 67
pZR1 11,062-bp EcoRI fragment containing pcaIJFBDKCHG operon and quiBC 9 14
pZR2 2,392-bp HindIII fragment containing pcaK9CHG 32
pZR3 2,754-bp HindIII fragment containing pcaB9DK9 32
pZR211 1,373-bp SalI-HindIII fragment containing pcaH9 and -G 33
pZR2102 Subclone of pZR211 containing 93-bp deletion This work (Fig. 3)
pZR2103 Subclone of pZR211 containing 210-bp deletion This work (Fig. 3)
pZR2105 Subclone of pZR211 containing 314-bp deletion This work (Fig. 3)
pZR2106 Subclone of pZR211 containing 378-bp deletion This work (Fig. 3)
pZR2107 Subclone of pZR211 containing 514-bp deletion This work (Fig. 3)
pZR2108 Subclone of pZR211 containing 667-bp deletion This work (Fig. 3)
pZR2109 Subclone of pZR211 containing 720-bp deletion This work (Fig. 3)
pZR2111 Subclone of pZR211 containing 865-bp deletion This work (Fig. 3)
pZR2113 Subclone of pZR211 containing 983-bp deletion This work (Fig. 3)

Derived from pUC19 (pZR210) 1,017-bp HindIII-SalI fragment containing pcaK9CH9 33
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either the supplied sequencing primers or custom-designed primers (25). Se-
quencing of chromosomal DNA was performed after amplification of the rele-
vant locus by PCR. A set of 11 different oligonucleotides (17-mers) correspond-
ing to different sites within the 2.4-kbp HindIII fragment containing pcaH and -G
served as primers for DNA amplification and sequence analysis. PCR was per-
formed with the DNA Thermal Cycler and AmpliTaq DNA Polymerase (Perkin
Elmer Cetus, Wilton, Conn.) under the standard conditions recommended by the
manufacturer. Denaturation was assigned 1 min at 948C, annealing was done for
2 min at 378C, and polymerization was done for 3 min at 728C. The reaction was
run for 30 cycles with automatic extension of the polymerization step by 5 s per
cycle.
DNA amplification for sequence determination was performed in two steps.

The first step was a symmetric PCR with 1 mg of chromosomal DNA as template
and 100 pmol of each primer in a volume of 100 ml. The second step was an
asymmetric reaction using 100 pmol of one primer and 1 pmol of the other
primer in 100 ml containing 2 ml of the first reaction as a template in order to
produce an excess of the DNA strand to be sequenced. Prior to sequence
analysis, the amplified DNA was separated from oil by chloroform extraction and
from all small components including oligonucleotides by filtration using Ultra-
free-MC Filter Units Low Binding Cellulose 30,000 NMWL, type PLTK (Milli-
pore, Japan). Sequence determination was performed as described for double-
stranded DNA.
The nucleotide sequence reported here contains several corrections of the

earlier reported DNA sequence for this region (32) and is available under
accession no. L05770 from GenBank.

RESULTS

Screening mutant strains for the presence of wild-type DNA.
The initial selection for protocatechuate-resistant derivatives
of ADP500 yielded 94 independently isolated mutant strains.
Strains containing large deletions were identified by assessing
the ability of their DNA to transform recipients carrying mu-
tations at different loci in the 18-kbp region containing pcaH
and -G (Fig. 2). Roughly a quarter (22 of 94) of the mutations
appeared to be large deletions extending from pcaH and -G
beyond one or more of the other examined alleles. The dele-
tions were of various lengths, and differences in transforming

capabilities allowed the large deletions to be classified in six
groups (categories I to VI, Table 3). Half (11 of 22) of the large
deletions appeared to eliminate all of the tested alleles in the
17 kbp of DNA extending from pcaJ3125 to pobA10 (category
I, Table 3). There was no predominant pattern indicative of
hot spots for deletion within the pca-qui-pob region of the
chromosome.
The four mutants in category VII (Table 3) appear to con-

tain deletions including the pcaJ3125 allele and extending up-
stream into a promoter region required for expression of the
pca operon. With two exceptions, these mutants and those in
categories I to VI did not grow with p-hydroxybenzoate after
exposure to linearized pZR1 (Table 4). The 11-kbp EcoRI
fragment in this plasmid contains the 8-kb pca operon, 114 bp
extending upstream from the pca operon, and about 3 kbp of
DNA downstream from the pca operon. Thus the absence of
growth with p-hydroxybenzoate after transformation with the
EcoRI fragment indicates that the recipient contains deletions
extending outside the pca operon.
Of the 68 remaining mutants (categories VIII and IX, Ta-

bles 3 and 4), only 2 did not yield transformants after exposure
to linearized pZR1. The two exceptional strains may be
blocked in the pca promoter region. Consistent with the inter-
pretation that expression of their pca operon is blocked, they
failed to grow with benzoate after exposure to pZR3 which
contains DNA overlapping the DpcaBDK1 deletion.
Only one of the strains containing deletions that appeared to

extend outside the pca operon (categories I to VI, Tables 3 and
4) acquired the ability to grow with benzoate after exposure to
pZR3. In contrast, pZR3 conferred the ability to grow with
benzoate upon 53 of 68 mutants in categories VIII and IX
(Tables 3 and 4). Mutations in 46 of these 53 recombinants

FIG. 3. Locations of the termini of nested deletions used to map pcaHG mutations. A. calcoaceticus DNA fragments were carried as inserts in pUC19. Nested
deletions were derived from pZR211, and all inserts contained DNA fragments ending at the HindIII site downstream from pcaG. The first nucleotide in each nested
deletion is indicated by a numeral corresponding to the position of the nucleotide in the DNA sequence of the pZR2 HindIII fragment as shown in Fig. 4.

TABLE 3. Classification of spontaneous mutants as donors of wild-type alleles

Category No. of mutants
in category

Presence (1) or absence (2) of wild-type gene corresponding to: Minimum length (kb)
of deleted DNApcaJ3125 pcaH2 pcaG3006 Dqui-1 pobR10 pobA11 pobA10

I 11 2 2 2 2 2 2 2 17
II 1 2 2 2 2 2 1 1 16
III 3 2 2 2 2 1 1 1 15
IV 4 1 2 2 2 2 2 2 16
V 2 1 2 2 2 1 1 1 7
VI 1 1 2 2 1 1 1 1 1.3
VII 4 2 1 1 1 1 1 1 0.0
VIII 5 1 2 1 1 1 1 1 0.0
IX 63 1 1 1 1 1 1 1 0.0
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FIG. 4. Locations of spontaneous mutations in coding strand of the 2,392-bpHindIII restriction fragment containing pcaHG. Nucleotide substitutions caused by mutation
and corresponding amino acid substitutions are marked by vertical arrows. The ends of lengthy deletions are indicated by overlining and underlining. Nucleotides removed by
short deletions are shaded. Double underlining marks sequences tandemly repeated as a consequence of the respectivepcaH6 and pcaH13 mutations. The 3-bp pcaH21
duplication shares its locus with pcaH13 and is both overlined and double underlined. Respective sites where the 1.2-kp insertion sequence IS1236 integrated into the
chromosome are marked INS I, INS II, INS III, and INS IV. Nucleotides acquired in short insertion mutations are shown above the DNA sequence.
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were located within the pcaCHG region by demonstration of
their ability to grow with p-hydroxybenzoate after transforma-
tion with the 2,392-bp HindIII restriction fragment from pZR2
(Fig. 2).
Nested deletions derived from pZR2 (Fig. 3) allowed pcaH

and -Gmutations to be mapped with greater precision, and this
information was used to select primers for DNA amplification
and sequencing of the mutations. As the mutated DNA se-
quences were identified (Fig. 4), they allowed a measure of the
length of overlapping wild-type DNA that is required for re-
combination to take place. The average length of overlap was
70 bp. The longest overlap, 160 bp, was short enough to allow
the mutant nucleotides to be discerned on a single DNA se-
quencing gel. The shortest overlap required for recombination
was 4 bp (Fig. 5).
General properties of spontaneous mutations within pcaH

and -G. DNA sequence modifications associated with each of
42 spontaneous mutations within pcaH and -G are depicted in

Table 5 and Fig. 4. Four of the mutations were caused by
insertion of a 1.2-kbp DNA fragment. Each of the DNA inserts
yielded the same restriction pattern, and their nucleotide se-
quence through 100 bp from the site of insertion was the same.
Thus it appears that the Acinetobacter chromosome contains
an insertion sequence, now designated IS1236, whose migra-
tion can cause spontaneous mutations. There were seven other
insertion mutations all of which were tandem duplications;
their respective lengths were 61, 7, 3, 2, (one instance), and 1
(two instances) bp. There were 14 deletion mutations. Four of
these exceeded 73 bp in length. The respective lengths of the
other deletions were 12, 3, 2 (three instances), and 1 (six
instances) bp.
Among the 16 nucleotide substitutions causing dysfunctions

in pcaH and -G, there was a strong preference (15 of 16 cases)
for replacement of G z C base pairs. Nine of the nucleotide
substitutions were G z C3A z T transitions, three were
G z C3T z A transversions, three were G z C3C z G transver-
sions, and one was an A z T3G z C transition. A genetic event
that occurred twice is the pcaG1 mutation, which is a
G z C3A z T transition. This mutation lies within the site of the
3-bp DpcaG18 deletion (Fig. 4), and thus this region seems to
be particularly susceptible to mutation. Strain ADP6, isolated
from the wild-type strain ADP1 in a prior investigation, con-
tains two mutations, pcaG6 and pcaG3006. The wild-type allele
corresponding to the latter but not the former mutation is
carried in the nested deletion DNA insert of pZR2109. Re-
placement of pcaG3006 with DNA from pZR2109 yielded
strains retaining pcaG6, a result confirmed by DNA sequenc-
ing. This mutation, a T z A3G z C transversion, causes substi-
tution of Ser-64 with Gly in the a subunit without apparent

FIG. 5. Assessment of the minimum overlap required for transformation of a mutant allele. The recipient strain containing the pcaG15 mutation was spread upon
a plate containing p-hydroxybenzoate as growth substrate, and linearized plasmids containing different nested deletions derived from pZR2 (Fig. 3) were streaked across
the plate. All of the nested deletions contained DNA overlapping the locus of the mutation (position 2007) by 385 bp in the downstream direction. Overlap of 122 bp
in the upstream direction was sufficient to give rise to frequent transformants (pZR2111), and some transformants were formed when recipients were exposed to DNA
containing only a 4-bp overlap in the upstream direction (pZR2113).

TABLE 4. Classification of spontaneous mutants as recipients
complemented by specific donor DNA fragments

Categoriesa

Growth (mutants grown/total no. of mutants)

With p-hydroxybenzoate
after exposure to DNA

insert in pZR1

With benzoate after
exposure to DNA
insert in pZR3

I–VI 0/22 1/22
VII 2/4 0/4
VIII 5/5 5/5
IX 61/63 48/63
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TABLE 5. Sequenced mutations in pcaH and -G

Mutation Length (bp)
Location in
DNA
sequence

Substitution

Enzyme
functional at: Straina

208C 378C

Deletions
DpcaCH1 440 655–1094 ADP6315
DpcaG3 302 1588–1889 ADP6311
DpcaH19 128 1333–1460 ADP6417
DpcaG16 74 2078–2151 ADP6348
DpcaH7 12 807–818 ADP6338
DpcaG18 3 1537–1539 ADP6504
DpcaG2 2 1548–1549 ADP6115
DpcaG8 2 1768–1769 ADP6342
DpcaG9 2 1793–1794 ADP6127
DpcaH8 1 824 ADP6312
DpcaH20 1 1369 ADP6209
Dpca21 1 1425 ADP6242
DpcaG5 1 1669 ADP6234
DpcaG12 1 1893 ADP6412
DpcaG3006 1 2001 ADP6

Tandem insertions
pcaH6 61 748–808 ADP6212
pcaH13 7 1161–1167 ADP6217
pcaH21 3 1165–1167 ADP6505
pcaG4 2 1602–1603 ADP6237
pcaH18 1 1252 ADP6146
pcaG14 1 1991 ADP6106

Insertions of IS1236
pcaH2 769–770 ADP6133
pcaH3 774–775 ADP6119
pcaH10 967–968 ADP6409
pcaH14 1199–1200 ADP6108

Nucleotide substitutions causing termination
of translation

pcaH4 774 TAC3TAG ADP6408
pcaH5 780 CAG3TAG ADP6314
pcaH9 884 GAA3TAA ADP6205
pcaH12 1052 CAA3TAA ADP6407
pcaG15 2007 TGG3TGA ADP6210

Nucleotide substitutions causing
replacement of amino acids

pcaH11 975 GGT3GCT 1 2 ADP2509
Gly3Ala

pcaH15 1220 CGT3AGT 2 2 ADP6125
Arg3Ser

pcaH16 1229 CAC3TAC 2 2 ADP6138
His3Tyr

pcaH17 1251 GCA3GTA 1 2 ADP6222
Arg3Ser

pcaG1 1538 ACA3ATA 1 2 ADP6116
Thr3Ile

pcaG6 1681 AGT3GGT 1 1 ADP6
Ser3Gly

pcaG7 1708 GAA3AAA 2 2 ADP6244
Glu3Lys

pcaG10 1799 CGT3CTT 2 2 ADP6509
Arg3Leu

pcaG17 1850 CCA3CGA 2 2 ADP6501
Pro3Arg

pcaG11 1886 GCA3GTA 1 2 ADP2507
Ala3Val

pcaG13 1942 CGT3TGT 1 2 ADP6208
Arg3Cys

pcaG19 1951 TTT3GTT 1 2 ADP6510
Phe3Val

a Strains with reported designations higher than ADP6000 were isolated as part of this investigation and contain the DcatD101::Kmr mutation. This mutation is not
present in reported strains with designations lower than ADP6000.
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effect on the overall activity of protocatechuate oxygenase.
Additional DNA sequencing revealed that pcaG6 occurred
during preparation of strain ADP500 from the wild-type strain
ADP1. Therefore, the mutant strains selected in this investi-
gation contain pcaG6 maintained from strain ADP500.
Most of the spontaneous pcaH and -G mutations were sta-

ble; only 6 of the 42 examined mutants gave rise to revertants
with frequencies exceeding 1028. Revertants arose with fre-
quencies less than 1027 from one of the nucleotide substitu-
tions (pcaH4), from one single-base-pair insertion (pcaG14)
and from two mutations (pcaH10 and pcaH14) caused by the
1.2-kbp insertion sequence. Substantial instability was ob-
served with two tandem duplication mutations. The 61-bp du-
plication pcaH6 yielded revertants with a frequency of 1024,
and a revertant frequency of 1026 was observed with the 7-bp
duplication pcaH13. The DNA sequences of revertants formed
from pcaH4, pcaH10, and pcaH13 were identical to those of
corresponding loci in the wild-type strain, so true reversion has
occurred in these instances.

DISCUSSION

The extent of DNA deleted by spontaneous mutations varies.
In light of earlier investigations of spontaneous mutations (1,
59, 60), it was anticipated that many of the selected strains
would contain lengthy deletions, and natural transformation
was used to estimate the length of deleted DNA. Since use of
A. calcoaceticus natural transformation for deletion mapping
was a novel procedure, it was important to establish the min-
imum length of donor DNA required to give rise to recombi-
nants. The 338-bp insert in pZR2113 yielded recombinants,
and in one instance recombination required an overlap of only
4 bp between donor DNA and recipient allele (Fig. 5). This
brief region of sequence identity required for recombination
helps to account for the success of mutagenesis of A. calcoace-
ticus by natural transformation with ligated DNA fragments
(65). Since natural transformation can detect small DNA seg-
ments, it can distinguish between genuine deletions (in which
absence of function can be traced to a DNA segment absent in
the donor strain) and transpositions (in which function is ab-
sent but the corresponding DNA can be rescued from the
donor strain). The available evidence indicates that the appar-
ent deletions in every case resulted in loss of DNA from the A.
calcoaceticus chromosome.
Role of DNA sequence in directing the endpoints of dele-

tions: loops that may help to define regions of hybridization
between slipped DNA strands. DNA sequence repetitions fre-
quently flank the endpoints of deletions (1, 9, 45, 59, 60), and
it is not surprising that sites of the four lengthiest deletion
mutations sequenced in this investigation are marked by flank-
ing DNA sequence repetitions (Fig. 6). Presumably the DNA
sequence repetitions allowed hybridization between comple-
mentary strands to guide the location of events causing dele-
tion. The repeated sequences do not align precisely with the
sites of deletion, and it is reasonable to infer that additional
factors may influence such sites.
Realignment of slipped DNA strands would be more likely if

they offered multiple opportunities for hybridization after slip-
page. Indeed, an analysis of lacI deletions in E. coli led to the
suggestion that hybridization of palindromic DNA might form
DNA secondary structures that could serve as intermediates in
formation of the DNA strand realignments preceding deletion
(26, 27, 57). Analysis of other genetic systems has revealed
inverted repetitions that might enhance mispairing between
extensively slipped DNA strands (9, 45, 66).
Examination of DNA sequences near the sites of pcaH and

-G deletions in A. calcoaceticus suggests how multiple DNA
strand interactions could help to form secondary structures
determining the sites of deletion. An example is shown in Fig.
7, which depicts how loops formed by hybridization between
slightly slipped DNA strands could scaffold nucleotides that
appear to hybridize after greater slippage. Figure 7A shows the
5 bp presumed to align prior to the 128-bp pcaH19 deletion
(also shown in Fig. 6). Figure 7B indicates how each of the
interacting five nucleotide sequences could be framed by hy-
bridization between loops of slightly slipped DNA strands.
DNA slippage structures inferred from the locations of clus-

tered mutations.Within the 1,373-bp pcaH and -G genes there
were 31 sequenced mutations that were either nucleotide sub-
stitutions or frameshifts (the duplication or deletion of 3 or
fewer base pairs). In three instances (positions 770 to 780,
1537 to 1548, and 1991 to 2007, Fig. 4), mutations were clus-
tered to the extent that three or more occurred within a DNA
segment of 17 bp or less. Secondary structures in DNA may
account for clustering of these mutations. Those falling be-
tween positions 770 and 780 will be discussed below in the
context of Fig. 11. The other clusters of mutations are repre-
sented in Fig. 8. Figure 8A depicts three localized mutations
(pcaG14, DpcaG3006, and pcaG15) occurring at nucleotides
that are likely to be exposed by intrastrand loops. Likewise,
Fig. 8B shows how hybridization between strands after slippage
of 12 to 23 nucleotides could form a structure accounting for
the occurrence of four independent mutations within a 13-bp
DNA sequence. Thus secondary structures formed between

FIG. 6. DNA sequence repetitions flanking the sites of deletions. The coding
DNA sequences bordering the sites of lengthy deletions (Fig. 4) are shown. In
this and subsequent figures, DNA removed by deletion is shaded, underlined,
and overlined. Positions where two or more contiguous nucleotides are identical
in aligned DNA sequences from the same strand are marked by asterisks.
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slipped DNA strands may leave unhybridized nucleotides vul-
nerable to mutation.
Clustered mutations and potential DNA slippage structures

at the beginning of pcaH. Certain sequences at the beginning
of pcaH appear to have been freed from major selective con-
straints imposed at the level of protein. This portion of protein
structure is not represented in PcaG nor in any of the other
homologous intradiol dioxygenases that have been sequenced
(63). As shown in Fig. 9A, few amino acids have been con-
served in the NH2-terminal amino acid sequences of PcaH
from A. calcoaceticus and Pseudomonas cepacia (70). Compar-
isons of the DNA sequences encoding these portions of pro-
tein structure shows that little DNA structure has been con-
served from ancestral sequences (Fig. 9B).
A propensity to genetic fluidity is indicated by clustering of

mutations in the beginning of pcaH. Four of the 42 sequenced
mutations lie within the 10-bp region extending from positions
771 to 780 in the wild-type sequence (Fig. 9C). None of these
mutations is an amino acid substitution. Since the selection
procedure used to isolate spontaneous mutants demanded de-
ficiencies in pcaH and -G expression, it is likely that additional
mutations, causing amino acid substitutions in the NH2-termi-
nal region of PcaH, existed but were not selected because they
did not impair the activity of the protein. Therefore the fre-
quency of observed mutations at the beginning of pcaH may
give an underestimate of the frequency with which mutations
actually occurred. Further evidence for toleration of mutation
at the level of protein is presented by the fact that the loss of

the tetrapeptide caused by DpcaH724 encoded by the DNA
does not completely inactivate the enzyme.
The region of nucleotides 770 to 780, containing the four

closely clustered mutations, lies within the 61-bp DNA seg-
ment that was duplicated as pcaH6, and at the end of this
duplication is the 12-bp segment that is deleted by DpcaH7
(Fig. 9C and 10). It is reasonable to propose that the DpcaH7
deletion was preceded by a slippage of 12 bp, and it is notable
that alignment after such slippage may account for elimination
of a base leading to the DpcaH8 frameshift mutation (Fig. 10).
Further involvement of the 12-bp slippage in mutation is sug-
gested by the apparent ability of downstream DNA to form a
loop leading to interstrand hybridization with the location
where the four clustered mutations occur at positions 770 to
780 (Fig. 11A). Intrastrand hybridization can form additional
loops that correlate with these sites of mutation (Fig. 11B and
11C). Thus it appears that freedom from evolutionary con-
straints at the level of protein allowed DNA to acquire sec-
ondary structures suggested by the susceptibility of nucleotides
to mutation.
Contributions of the complementary triplets CAC and GTG

to DNA slippage structures. Comparison of divergent DNA
sequences suggested that the nucleotide triplets CAC and
GTG frequently flank DNA segments that may enter into
slippage structures (34, 46, 49). Genetic analysis indicated that

FIG. 7. DNA secondary structures scaffolding potentially hybridizing re-
gions. (A) A 5-bp repetition (59-GAAAA/39-ctttt) could allow hybridization of
slipped DNA strands near the endpoints of the 128-bp DpcaH19 deletion. (B)
Direct repetitions, separated by 13 nucleotides in the upstream sequence and by
17 nucleotides in the downstream sequence, would permit hybridization between
slightly slipped DNA strands to frame the 5 nucleotides that are proposed to
bring the upstream and downstream sequences together prior to deletion. In this
and following figures, solid lines connect contiguous nucleotides forming por-
tions of loops in proposed DNA slippage structures. Dashed vertical lines mark
locations where two or more contiguous nucleotides in slipped DNA strands
could enter into hybridization. Uppercase letters depict bases in the coding
strand, and lowercase letters represent bases in the noncoding strand. Comple-
mentary DNA slippage structures, in which the positions of the coding and
noncoding strands are reversed, could be formed and thus add to the stability of
DNA slippage structures. See the legend to Fig. 6 for more information.

FIG. 8. Potential DNA secondary structures exposing nucleotides that un-
dergo mutation. In this and subsequent figures, the complementary triplets CAC
and GTG are highlighted because they frequently flank positions that contribute
to the formation of proposed DNA slippage structures. (A) Inverted repetitions
between positions 1980 and 2020 may allow loops exposing positions 1992, 2001,
and 2008 to changes associated with the respective pcaG14, DpcaG3006, and
pcaG15 mutations. (B) Hybridization between strands after slight slippage (12 to
23 nucleotides) could form a complex loop in which regions undergoing the
DpcaG18, pcaG1 and DpcaG2 mutations were exposed. It should be noted that
pcaG1 was observed in two independently derived mutant strains (as indicated by
the marking 23). See the legends to Fig. 6 and 7 for more information.
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59-GTGG frequently flanks the sites of frameshifts, deletions,
and transpositions in E. coli lacI (22). Further evidence for the
potential contribution of GTG or CAC to the initiation of
DNA strand separation and realignment emerges from iden-
tification of these triplets at the sites of loops in the physical
structure of DNA (28). The nucleotide triplets contribute to
the formation of a bend in DNA at a binding site for the E. coli
catabolite gene activator protein (61) and are maintained in
DNA at a corresponding position in number of different ca-
tabolite gene activator protein-binding sites (11). The relative
ease with which GTG exchanges protons with solvent sug-
gested that it represents a portion of DNA structure that is
readily opened; CAC and GTG often are present at DNA sites
associated with transcription, replication, and recombination
(44). All of these processes require that a portion of the double
helix open into single-strandedness, the same state required for
the formation of DNA slippage structures.
The triplets GTG or CAC do not invariably flank DNA

sequences that appear to enter DNA slippage structures, per-
haps because the contribution of the triplets to strand slippage
need not be direct. There is reason to believe that a single
region may enter into several different DNA slippage struc-
tures, and formation of one DNA slippage structure may trig-
ger establishment of another. Therefore, the potential contri-
bution of GTG or CAC to initiation of a set of DNA slippage
structures cannot be discerned until the full set has been iden-
tified. Further evidence in this regard is likely to emerge from
increased identification of nucleotides that are vulnerable to
mutation.

Potential selective benefit of DNA sequence repetitions. This
investigation was prompted by observation that the acquisition
of DNA sequence repetitions appeared to play a major role in
the divergence of structural genes for intradiol dioxygenases
(32, 46). In light of other studies, it seemed possible that a
survey of spontaneous mutations would reveal some that make
partial DNA sequence repetitions more perfect (10, 56). Such
mutations were not evident among those that caused loss of
protocatechuate 3,4-dioxygenase function. The most fre-
quently observed nucleotide substitutions were G z C3A z T
transitions that can be interpreted as the consequence of the
deamination of exposed guanine residues (7, 8).
It must be recognized that examination of null mutations has

focused upon the failings of what appears to be a highly
evolved set of interactive DNA slippage structures. These
structures were acquired during divergence of genes from their
evolutionary homologs, and they have been maintained in the
absence of significant selection for DNA sequence at the level
of protein. It therefore seems possible that the slippage struc-
tures are selected at the level of DNA and that a plausible
function for the structures is repair (52, 54). Breakdown of this
process could result in short DNA sequence duplications ob-
served in this and other (36, 42) investigations. An effective
avenue to analysis of the function of DNA slippage structures
may be to explore their contribution to reversion of unstable
mutations. The unstable chromosomal mutations isolated in
this investigation did not revert with discernable frequency
when subcloned on plasmids. This evidence alone indicates
that the factors governing constancy and change in DNA are
influenced by its structure.
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FIG. 9. The location of mutations in the beginning of pcaH. (A) Asterisks mark amino acids conserved in the NH2-terminal amino acid sequence of PcaH from
P. cepacia and A. calcoaceticus. (B) The corresponding aligned DNA sequences contain few similarities, and these can be attributed to codon requirements for the few
conserved amino acids. (C) Seven of the 42 sequenced mutations occurred in the first 80 bp of pcaH. Four of the mutations are clustered in the 10 bp between positions
770 and 780. In this depiction, the DpcaH7 and DpcaH8 mutations might be regarded as independent, but potential interaction between these mutated regions is shown
in Fig. 10. See the legends to Fig. 6, 7, and 8 for more information.

FIG. 10. Slippage of 12 nucleotides can allow an alternatively hybridization
pattern accounting for the pcaH7 deletion. Elimination of a single base pair,
experienced in DpcaH8, would bring the lengths of slipped DNA strands into
alignment. See the legends to Fig. 6, 7, and 8 for more information.
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