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ABSTRACT Similar amino acid sequences were found in
portions of bacterial enzymes that mediate different bio-
chemical transformations. Reactions catalyzed by the enzymes
include oxygenation, decarboxylation, isomerization, and hy-
drolysis. The proteins share a common evolutionary history
because they participate in an overall catabolic process known
as the fl-ketoadipate pathway. One interpretation of the se-
quence similarities might be that duplication of a single gene
gave rise to ancestral genes for the enzymes with different
catalytic activities. According to this view, homologous se-
quences from the ancestral gene were conserved as the proteins
diverged to assume different functions. This hypothesis is vi-
tiated by comparison of the NH24erminal amino acid sequences
of sets of enzymes that mediate identical or analogous metabolic
reactions within an organism. Gene duplications giving rise to
the enzymes within each set must have followed duplication
of a putative ancestral gene for all the sets. Yet the amino acid
sequences of the proteins within each set have diverged widely,
and against this background of divergence the conservation of
sequences from an ancestor common to all the enzymes is un-
likely. Rather, it appears that most regions of sequence simi-
larity shared by enzymes from different sets were acquired
subsequent to their divergence from any common ancestor. In
some cases it appears that relatively short regions of sequence
homology were achieved by mutations causing the transfer of
sequence information from one set of structural genes to
structural genes in another set. Alignment of homologous amino
acid sequences within any single set requires the introduction
of few gaps. Because gaps are required to align sequences that
have been altered by the insertion of genetic material, the evi-
dence indicates that copies of oligonucleotides were exchanged
by genetic substitution among different structural genes as they
coevolved.

Over the last several years, we have examined structural rela-
tionships among bacterial enzymes that mediate a group of
convergent catabolic transformations collectively known as the
j3-ketoadipate pathway (1, 2). As shown in Fig. 1, the enzymes
mediate different catalytic processes: five of the six major type
reactions classified by the Enzyme Commission are represented.
In recent reports (3-6) we described evolutionary relationships
revealed by comparison of the NH2-terminal amino acid se-
quences of y-carboxymuconolactone decarboxylase (EC
4.1.1.44), muconolactone isomerase (EC 5.3.3.4), and f3-ke-
toadipate enol-lactone hydrolase (EC 3.1.1.24). The NH2-ter-
minal amino acid sequence comparisons revealed a significant
fraction of the proteins' primary structures because each of the
enzymes is an oligomer composed of identical subunits con-
taining fewer than 120 amino acid residues. Protocatechuate
oxygenase (EC 1.13.11.3) is formed by association of two larger,
nonidentical, subunits (7). The complete primary structures of
the protocatechuate oxygenase a (8) and / (9) subunits from
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FIG. 1. The j3-ketoadipate pathway. Diverse reaction types are
represented in the consecutive reactions of the pathway. The two
convergent catabolic branches are chemically analogous. For example,
'y-carboxymuconolactone decarboxylase and muconolactone isom-
erase, subjects of this report, mediate similar intralactonic re-
arrangements. Members of Acinetobacter elaborate isofunctional
fl-ketoadipate enol-lactone hydrolases: enol-lactone hydrolase I is
induced with enzymes of the protocatechuate branch, and enol-lac-
tone hydrolase II is induced with enzymes of the catechol branch.
Representatives of the fluorescent Pseudomonas group form a single
f3-ketoadipate enol-lactone hydrolase.

Pseudomonas aeruginosa have been determined. In this report
we summarize information suggesting common evolutionary
origins for amino acid sequences found within the decarbox-
ylase, isomerase, hydrolase, and oxygenase.
Homology of Isofunctional Enzymes from Different

Bacterial Genera. Enzymes of the f3-ketoadipate pathway are
inducible, and comparison of their induction patterns has re-
vealed diverse modes of biosynthetic control. For example,
'y-carboxymuconolactone decarboxylase (Fig. 1) is induced by
protocatechuate in Acinetobacter calcoaceticus (10) and by
fl-ketoadipate in fluorescent Pseudomas species (11). Despite
the differences in their transcriptional regulation, the structural
genes for isofunctional enzymes from Acinetobacter and
Pseudomonas are clearly homologous: the first 36 positions of
the aligned decarboxylase sequences have 18 identical residues
(6), and the first 50 residues of the aligned muconolactone
isomerase sequences have 28 identical residues (3).
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Acinetobac ter 1 2 3 4 5 6 7 8 9 10 ir 12 13 14
Hycdrolase I cys glu lie HIS ser lie met lie thr asn arg GUI gly lys

Acinetobacter
Hydrolase II

Acine tobac ter
Hydrolase I

1 2 3 4 5 6 7 8 9 10 11 12 13 14
pro val phe HIS phe lys asp thr leu thr ala GLN asp val

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
thr LEU ser val glx ile asx tyr pro glx ASX pro PRO ALA ile

AcHnetobacter ala LEU asp tyr ala thr phe gly gin ala ASP arg PRO ALA leuHydrolase II

FIG. 2. The NH2-terminal amino acid sequences of Acinetobacter f3-ketoadipate enol-lactone hydrolases I and II. Capital letters designate
identical residues occupying the same position in both sequences. Questions marks indicate uncertainty about the assignment of positions 26
and 28 in-the hydrolase I sequence.

Divergence of Isofunctional Enzymes Within a Single 0
Line. Representatives of Acinetobacter elaborate isofunction
enol-lactone hydrolases under different transcriptional contr
enol-lactone hydrolase I is induced by protocatechuate, where
enol-lactone hydrolase II is induced by cis,cis-muconate (Fi
1). Insofar as is known, the isofunctional enzymes are not re
ulated at the level of their activity, and therefore selection
protein sites for the binding of different chemical ligands cann
have contributed to their evolutionary divergence. Neverti
less, the NH2-terminal amino acid sequences of the isofun
tional enol-lactone hydrolases diverged widely as they c
evolved in Acinetobacter: the structures possess a sequen

Acinetobacter 26 2] 28 29Aconetobacter val glu lys alaIsomeraseJ
Acinetobac ter

Isomera se
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Acinetobac ter 1 2
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Ac1netobacter1 2
A

pro val

Pseudomonas
Isomerase

3 4
ile HIS

3 4
phe HIS

1 2 3 4
met leu phe his

eli identity of about 20%, sharing no more than 6 residues in the
ial first 29 positions (Fig. 2). A single 13-ketoadipate enol-lactone
ol: hydrolase is formed in Pseudomonas putida, and 14 of the first
Mas 24 residues in the NH2-terminal amino acid sequence of this
ig. protein (4) are identical with corresponding residues in one or
g- both sequences of the enol-lactone hydrolases from Acineto-
of bacter (5). Therefore all three enol-lactone hydrolases have
lot diverged from a common origin.
ie- Divergence of Enzymes That Mediate Chemically Anal-
IC- ogous Reactions. y-Carboxymuconolactone decarboxylase and
"o- muconolactone isomerase (Fig. 1) mediate similar intralactonic
kce rearrangements, and sequence evidence suggests that the
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val ser met pro thr asp gin ala -A- asn gin
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ser ile met ile thr asn -A- arg GLN gly lys

5 6 7 8 9 10 11 12 13 14
phe lys asp thr leu thr -A- ala GLN asp val

5 6 7 8 9 10 11 12 13 14 15
val lys met thr val lys leu pro val asp met

40 41 42 43 44 45 46 47 48
Isomerase trp arg his ile trp arg ile thr gly

23 24 25 26 27 28 29 30 31
Acinetobacter ile lys ser val glu lys ala tyr ser

15 16 17 18 19 20 21 22 23

Acindetobacter thr LEU ser val glx ile asx tyr pro

Acnetobacteri 15 16 17 18 19 20 21 22 23

Hydrolase II ala LEU asp tyr ala thr phe gly gln

Pseudomonas 16 17 18 19 20 21 22 23 24

Isomerase asp pro ala lys ala thr gln ise lys

49 50
gln tyr

32 33 34 35 36 37
gln glu leu gln arg gln

24 25 26 27 28 29
glx ASX pro PRO ALA lie

24 25
ala ASP

25 26
ala asp

? ?
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arg PRO ALAjleu|

27 28 291301
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FIG. 3. Homologous amino acid sequences shared by muconolactone isomerases with Acinetobacter enol-lactone hydrolases. As in Fig.
2, identical residues occupying the same position in both hydrolase sequences are represented by capital letters; boxes enclose identical residues
occupying corresponding positions in the hydrolase and isomerase sequences. The hydrolases resemble the isomerases more than they resemble
each other.
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Pseudomonas 1 2 3 4
Decarboxylase met asp glu lys

Pseudomonas 50 51 52 53

Oxygenase leu leu leu gly

Ac inetobac ter me 2 3
met leu pheIsomera se

A
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5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
gln arg tyr asp ala -A- gly met gln val arg arg ala val leu gly asp

54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70
gln val tyr asp gly asp gly his leu val arg asp ser phe leu glu val

4 5 6 7 8 9 10 11 12 13 14 15 16 17
gln val -A- arg met asp val his leu -A- pro val ser -A- met pro thr

Pseudononas
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Decarboxylase ala his val asp arg ser leu glu1 lys leu asn asp phe asn gly

71 72 73 74 75 76 77 78 79 80 81 82 83 84 85
Oxygenase trp gln ala asp ala asp gly glu tyr gln asp ala tyr asn

leu

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
kcinetobacter
Isomerase asp gin ala asn gin ile lys ser val giu lys ala tyr ser gin

36
glu

86
glu

33
glu

FIG. 4. Part of a computer-facilitated alignment that demonstrates segments of homologous amino acid sequences in Pseudomonas 'y-car-
boxymuconolactone decarboxylase, Acinetobacter muconolactone isomerase, and the a subunit ofPseudomonas protocatechuate oxygenase.
Boxes enclose identical residues occupying corresponding positions in the oxygenase sequence and the sequence of either the decarboxylase
or the isomerase. The computer program, designed by T. F. Smith (12), aligns sequences to achieve optimal similarity; the program takes into
account the minimal mutational distance between nonidentical residues and exacts a penalty for gaps. For the region between residues 51 and
100 of the oxygenase sequence the computer calculated homology matrices of 1082 and 944 for the respective decarboxylase-oxygenase and
isomerase-oxygenase comparisons. In a comparative study of 20 unrelated proteins the computer calculated homology matrices between 400
and 600 for optimal alignments.

structural genes for the enzymes have diverged widely from
a common origin (6). The genes evolved in somewhat different
directions in Acinetobacter and Pseudomonas and, as a result,
comparison of the NH2-terminal amino acid sequences of the
analogous enzymes from both genera reveals overall sequence
homology (6). Four pairwise comparisons of the decarboxylase
and isomerase sequences can be made: after the introduction

of several gaps, the average percentage of identical residues in
corresponding positions is 20% (6), the same percentage of se-
quence identity observed in comparison of the isofunctional
enol-lactone hydrolases from Acinetobacter (Fig. 2).
Homologous Amino Acid Sequences in Enzymes with

Different Catalytic Activities: Isomerases and Hydrolases.
Muconolactone isomerases and f3-ketoadipate enol-lactone
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Pseudomonas
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Pseud omonas
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Ac inetobac ter
Decarboxylase
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thr pro ser gln thr ala gly pro tyr val his
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Pseudomonas
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gly asn pro thr arg asp -A-
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72 73 74 75 76 77 78-
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15 16 17 18 19 20
thr glu val leu -A- gly glu

33 34 35 36 37 38 39
-A- gln glu ile trp asn arg leu

37 38 39 40 41 42 43 44
phe gln glu met ile thr arg his

79 80 81 82 83 84
tyr gin asp ala tyr asn -A- -A-

21 22 23 24 25 26
lys his val -A- -A- asn arg ser

FIG. 5. Sequence homologies evident as the decarboxylase and oxygenase amino acid sequences are aligned in different phases from those
depicted in Fig. 4.

40 41 42
ala lys pro

45 46 47
ala cys gly

85 86 87
leu glu asn

27 28 29
leu glu asn

43
asp

48
asp

88
ala

30
leu

I



5368 Genetics: Yeh and Ornston

69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88
Pseudomonas glu val trp gln -A- ala asp ala asp gly glu tyr gln asp ala tyr asn leu glu asn ala

Pseudomona1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Pseudomonas ala his leu gin leu ala asp gly val leu asn tyr gin -A- ile asp gly pro glu asn ala

8.9 90 91 92 93 94 95 96 97 98 99 100
Pseudomonas

-A- -A- -A- -A- -A- phe asn ser phe gly arg thr aLa thr thr phe aspOxygenase I II

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Hyudroloase pro val leu val leu ser leu gjj thr asp leu gly met arg asp

FIG. 6. Amino acid sequences common to Pseudomonas enol-lactone hydrolase and the a subunit of Pseudomonas protocatechuate oxy-
genase.

hydrolases mediate different biochemical reactions (Fig. 1). conclusion that ti
Therefore it is remarkable that portions of Acinetobacter the hydrolase gE
enol-lactone hydrolase I and II sequences resemble mucono- substantial diver
lactone isomerase sequences more closely than they resemble the interpretati(
each other (Fig. 3). We would like to call attention to three as- quences are pro
pects of the isomerase-hydrolase comparisons. property shared

First, optimal alignment of the isomerase sequences with Homologous
respect to the hydrolase sequences requires shifts away from Different Catal
the phase that allows optimal alignment of the isomerase se- and Oxygenase
quences with respect to each other. Pairwise comparison of quences may ha
Acinetobacter and Pseudomonas muconolactone isomerase is fortified by co
sequences reveals a sequence identity of 56% when the NH2- quences of y-ca
terminal residues are aligned (3), yet the isomerase sequences conolactone isom
must be moved from this orientation in order to achieve optimal the structure of
sequence identity in the isomerase-hydrolase comparisons of a computer-f.
shown in Fig. 3. Thus it appears that the isomerase and hy- demonstrates se
drolase sequences are not homologous in their entirety, but isomerase that re
different regions within the respective genes are homolo- the isomerase-b
gous. mologous sequei

Second, only a single gap has been introduced into four of mary structures
the five sequences in order to achieve the isomerase-hydrolase isomerases have
alignments shown in Fig. 3. Gaps indicate the accretion or loss enzymes share m

of genetic material throughout the evolution of the compared conserved from
sequences. The infrequency of gaps in the isomerase-hydrolase Homologous
comparisons indicates that the similar sequences were not Different Catal
achieved by the insertion of DNA segments into preexisting Decarboxylase.
structural genes. of Psedomonas

Third, the enol-lactone hydrolase sequences do not share most f3-ketoadipate er
of the sequences that they have in common with the isomerases. enzymes exercis
This fact suggests that the shared isomerase-hydrolase sequences remote substrate
were absent from the ancestral hydrolase gene and leads to the separated by tw

Pseudomonas 21 22 231 24 25 26 27 28 29 13031 32 33 35

Decarboxylase ala his val asp arg ser leu glu lysjejan asp phea

IIIV

Pseudomonas 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85

Oxygenase trp gin ala asp ala asp gly g tyr gin asp ala tyr asn leu

he sequences were substituted by mutation into
enes as they diverged from each other. The
rgence of the hydrolase sequences eliminates
on that the shared isomerase-hydrolase se-
oducts of the convergent evolution of some
by the isomerases and hydrolases.
Amino Acid Sequences in Enzymes with
lytic Activities: Decarboxylase, Isomerase,
The suggestion that homologous DNA se-

ve been exchanged among coevolving genes
mparison of the NH2-terminal amino acid se-
Lrboxymuconolactone decarboxylase and mu-
ierase with amino acid sequences found within
the protocatechuate oxygenase subunit. Part
acilitated alignment (12), depicted in Fig. 4,
quences found within the decarboxylase and
esemble sequences within the oxygenase. As in
hydrolase comparisons, different sets of ho-
nces become evident as the alignment of pri-
is shifted (Fig. 5). The decarboxylases and
diverged widely (6), so the sequences these

with the oxygenase are not likely to have been
a putative ancestor of all three enzymes.
Amino Acid Sequences in Enzymes with
Iytic Activities: Oxygenase, Hydrolase, and
.Sequences common to the primary structures
protocatechuate oxygenase and Pseudomon

nol-lactone hydrolase are shown in Fig. 6. The
se different catalytic activities on chemically
tes, and the biochemical transformations are
vo metabolic steps (Fig. 1). Thus the enzymes

' 36 37 38 39 40 41 42
glu -A- phe gin glu met ile thr

VI VII
86 87 88 89 90 91 92 93
glu asn ala phe asn ser phe gly

Pseudomonas1 2 3 4 5 6 7 8 9 10 11 12 13114115 16 17 18 19 20121 22 23 24 25 26 27 28 29 30
ydro a ala his i gin leu ala asp gly val ieu asn tyr gn le asp gy proglu asn ala pro val leu val leu ser asn ser leu gly

FIG. 7. Similar sequence fragments found in the primary structure of Pseudomonas enol-lactone hydrolase and either Pseudomonas
y-carboxymuconolactone decarboxylase or the a subunit of protocatechuate oxygenase. The decarboxylase and oxygenase sequences were aligned
as depicted in Fig. 4. Boxes enclose sequence fragments that appear to be shared by either of these proteins and by the hydrolase. Underlines
in boxes with the same number indicate residues whose codons differ by only a single base.
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meet none of the criteria suggested by Horowitz (13, 14) in his
proposal that ancestral gene duplications might give rise to
structural genes for enzymes that mediate consecutive meta-
bolic reactions. On the other hand, there is no obstacle to the
interpretation that substitution of the same sequences into
nonhomologous backgrounds could have given rise to the ob-
served pattern of sequence similarity.

Additional evidence, based in part on the computer-facili-
tated alignment (Fig. 4), illustrates how the exchange of in-
formation among juxtaposed nonhomologous genetic regions
could either create novel sequences or repair errors in estab-
lished genes. Part of the decarboxylase-oxygenase alignment
is reproduced in Fig. 7, where sequence segments derived from
both the decarboxylase and the oxygenase are traced to the
hydrolase. This exercise should not be stretched to form the
conclusion that the hydrolase gene was formed by intermingling
of oxygenase and decarboxylase sequences. The available data
suggest a complex pattern of information flow among different
genes but do not allow conclusions about past or present di-
rections of information transfer.

Mutation and Selection as Sources of Order and Diversity.
There is a tendency in evolutionary thought to regard mutations
as the sole cause of genetic diversity; order is the presumed
product of selection for a desired trait. Interplay of these forces
is illustrated in the commonly accepted view of how new genes
evolve. Gene copies may be created and transposed by muta-
tion; variability within genes may be developed by point
mutations or by mutations leading to small deletions or inser-
tions. A product of a mutant gene might possess a selectively
advantageous trait, an altered binding capacity or a novel
catalytic site, and organisms containing such genes would be
enriched. Additional mutations might create genetic variants
selected because they contained an altered gene product that
offered the organism an even greater selective benefit.
To leave the description as outlined above overlooks inter-

actions among coevolving genes, and this consideration shifts
our perspective on the relative contribution of mutation and
selection to order and diversity. Potential interactions include
the loss of homologous genes mediated by recombination en-
zymes and the interference of slightly divergent gene products
in their accurate self-assembly (15). These problems make it
likely that duplicated genes diverge rapidly as they become
established within a genome. Our data suggest that rapid di-
vergence may be achieved by mutations that substitute DNA
sequences with copies of oligonucleotides, either from within
the mutating gene or from another gene. Intragenic substitution
mutations would cause repeated amino acid sequences within
a protein (16), and intergenic substitutions would place seg-
ments of homologous amino acid sequences in enzymes derived
from different genetic backgrounds.

Substitution of oligonucleotides would allow fragments of

existing information to be placed in new contexts and therefore
would be a process more orderly than mononucleotide re-
placement. Additional genetic order may be achieved if olig-
onucleotide substitution serves as a basis for repair (16). On the
other hand, selection away from lengthy DNA homologies or
away from amino acid residues associated in self-assembly of
protein subunits probably is far less discriminating than selec-
tion for a specific binding or catalytic site; it is likely that any
of a diverse set of modifications would accommodate a need
for rapid divergence. Therefore, as homologous genes become
established within a genome, natural selection favors the de-
velopment of genetic diversity.
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