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An 18-kbp Acinetobacter calcoaceticus chromosomal segment contains the pcaIJFBDKCHG operon, which is
required for catabolism of protocatechuate, and pobSRA, genes associated with conversion of p-hydroxyben-
zoate to protocatechuate. The genetic function of the 6.5 kbp of DNA between pcaG and pobS was unknown.
Deletions in this DNA were designed by removal of fragments between restriction sites, and the deletion
mutations were introduced into A. calcoaceticus by natural transformation. The mutations prevented growth
with either quinate or shikimate, growth substrates that depend upon qui gene function for their catabolism
to protocatechuate. The location of quL4, a gene encoding quinate-shikimate dehydrogenase, was indicated by
its expression in one of the deletion mutants, and the position of the gene was confirmed by determination of
its 2,427-bp nucleotide sequence. The deduced amino acid sequence of QuiA confirmed that it is a member of
a family of membrane-associated, pyrrolo-quinoline quinone-dependent dehydrogenases, as had been sug-
gested by earlier biochemical investigations. Catabolism of quinate and shikimate is initiated by NADI-
dependent dehydrogenases in other microorganisms, so it is evident that different gene pools were called upon
to provide the ancestral enzyme for this metabolic step.

Quinate and shikimate are abundant in the biosphere (17),
and the ability to use these compounds as growth substrates is
distributed broadly among microorganisms (7, 29, 36). In both
eukaryotes and prokaryotes, quinate and shikimate are con-
verted to protocatechuate which is metabolized by the P-ke-
toadipate pathway (Fig. 1). The first enzymatic step in the
pathway, the oxidation of either quinate or shikimate, is
catalyzed by a single NAD+-dependent dehydrogenase in
members of the eukaryotic genera Neurospora (1) and Aspergil-
lus (6, 16). Similarly, an NAD+-dependent dehydrogenase
appears to catalyze the first step in quinate catabolism by
members of the gram-positive prokaryotic genus Nocardia (5).

Initial investigations of quinate catabolism in the gram-
negative bacterial species Acinetobacter calcoaceticus indicated
that quinate dehydrogenase, the product of the quiA structural
gene (Fig. 1), is a membrane-associated enzyme that acts upon
either quinate or shikimate (38). The enzyme is induced by
protocatechuate (8), a metabolic product of quinate metabo-
lism (Fig. 1). The electron carrier pyrrolo-quinoline quinone
(PQQ) is required for formation of a functional quinate
dehydrogenase in A. calcoaceticus (23).

Genetic analysis of A. calcoaceticus ADP1 is greatly facili-
tated by its competence for natural transformation (21). This
property allowed the use of gap repair (13) to recover a
14.9-kbp chromosomal fragment. A 10.0-kbp subclone (Fig. 2)
of the chromosomal fragment extends from pcaG, a structural
gene for the dioxygenase that acts on protocatechuate (15), to
pobA, the structural gene for the monooxygenase that converts
p-hydroxybenzoate to protocatechuate (10). The pcaIJFBD-
KCHG genes andpobA were known to be in separate operons
because they respond to different metabolite inducers (8, 11).
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Physical linkage of the genes suggested that they formed part
of a supraoperonic cluster of genes with related physiological
functions (3). Yet to be determined was the genetic role of the
8.8 kbp of DNA between pcaG and pobA. More recent
investigations have shown that 2.2 kbp of this chromosomal
region is occupied by pobR (a transcriptional activator of
pobA) (11) and pobS (an apparent repressor ofpobA expres-
sion) (9), which are transcribed divergently frompobA (Fig. 2).
The function of the approximately 6.5 kbp between the end of
pcaG and the end ofpobS was still unknown.

Since protocatechuate is an intermediate in the catabolism
of both quinate and shikimate, it seemed that the qui genes
might lie betweenpca andpob in the supraoperonic cluster. An
avenue to explore this possibility was afforded by the ease with
which genetically engineered deletions can be introduced by
natural transformation into the A. calcoaceticus chromosome
(12). Here we describe the design of deletion mutations that
demonstrate the presence of qui genes between pcaG and
pobA. Investigation of quinate-shikimate dehydrogenase
(QuiA) expression in the deletion mutants allowed localization
of quiA. A restriction fragment containing quiA was cloned,
and the DNA sequence of the gene supports the conclusion
that it, unlike its counterparts in eukaryotes and gram-positive
bacteria, encodes a dehydrogenase that employs PQQ as an
electron carrier.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids
used in this study are listed in Table 1. Escherichia coli DH5aL
was obtained as a frozen suspension of competent cells from
Bethesda Research Laboratories (Gaithersburg, Md.). Plasmid
constructions were done by using vectors pBSK (Stratagene,
Inc., La Jolla, Calif.), pRK415 (22), and pUC18 (43).
Media, growth conditions, and enzyme assays. E. coli cul-

tures were grown in Luria broth supplemented as appropriate
with ampicillin (75 ,ug/ml) and tetracycline (12 ,ug/ml). A.
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FIG. 1. Metabolic steps converting quinate and shikimate to pro-

tocatechuate. A single dehydrogenase, QuiA in A. calcoaceticus,
oxidizes both quinate and shikimate. QuiB is dehydroquinate dehy-
dratase, and QuiC is dehydroshikimate dehydratase.

calcoaceticus cultures were grown in 200 ml of mineral medium
(27) with shaking in 500-ml flasks at 370C. Carbon sources were
supplied at 5 mM, except for succinate, which was provided at
10 mM. Cells were harvested by centrifugation for 10 min at
13,000 X g, washed twice with 90 mM sodium phosphate buffer
(pH 7.0), suspended in the buffer, and stored at -20TC. Cell
extracts were prepared with a Braun-Sonic 2000 sonicator,
using three 20-s bursts. Centrifugation at 8,000 X g for 10 min
in a Microfuge to remove whole cells had no influence on the
specific activity of quinate dehydrogenase observed in soni-
cated cell preparations. The protein concentrations in extracts,
as determined by the method of Lowry et al. (24), ranged from
4 to 10 mg/ml. The activity of quinate-shikimate dehydroge-
nase is associated with cell membranes and was determined by
measurement of dichlorophenolindophenol reduction by cell
extracts as described by Tresguerres et al. (38). Qualitative
observation of protocatechuate accumulation from quinate
was made with E. coli DH5a(pZR504) colonies spread on
plates supplemented with quinate and p-toluidine (28).
DNA isolation, manipulation, and sequencing. Routine

DNA manipulation was conducted according to published
procedures (2, 32). Plasmid DNA was prepared by the boiling-
lysis method (19). Subclones for sequencing quiA were pre-
pared either with restriction enzymes or by creating a set of
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FIG. 2. Schematic representation of a 10-kbp segment of the A. calcoaceticus chromosome. Sequenced genes are represented by open boxes,

and the directions of transcription are indicated by arrows. Shading marks portions ofDNA that were removed by engineered deletions. Restriction
enzymes site abbreviations: A, AccI; B, BamHI; E, EcoRI; P, PstI; S, SacI; and X, XhoI.
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

A. calcoaceticus strains
ADP1 Wild type (strain BD413) 21
ADP601 Aqui-1 (chromosomal deletion of 4.8-kbp PstI restriction fragment) This study (Fig. 2)
ADP605 Aqui-2 (chromosomal deletion of 3.0-kbp PstI restriction fragment) This study (Fig. 2)
ADP606 Aqui-3 (chromosomal deletion of 1.8-kbp PstI restriction fragment) This study (Fig. 2)
ADP607 Aqui-4 (chromosomal deletion of 2.7-kbp AccI restriction fragment) This study (Fig. 2)
ADP617 Aqui-3 recAJOO::TnS 14; this study

Plasmids
pBSK Apr Stratagene
pRK415 Tcr lacplo 22
pUC18 Apr lacp/o 43
pZR106 recAlOO::TnS within 11.0-kbp EcoRI fragment inserted in pUC19 14
pZR502 pRK415 derivative used to recover pca-qui-pob chromosomal DNA by gap repair 3
pZR503 Chromosomal fragment containing wild-type pca-qui-pob region as a 14.9-kbp 3

HindIII-SstI insert in multiple cloning site of pRK415 Tcr
pZR504 pZR503 subclone containing qui genes in 10.0-kbp BamHI-XhoI DNA fragment in This study

multiple cloning site of pUC18
pZR506 pZR504 subclone with 4.8-kbp PstI restriction fragment deleted (Aqui-1) This study
pZR509 pZR504 subclone with 3.0-kbp PstI restriction fragment deleted (Aqui-2) This study
pZR510 pZR504 subclone with 1.8-kbp PstI restriction fragment deleted (Aqui-3) This study
pZR518 pZR504 subclone containing 6.0-kbp EcoI-XhoI insert This study
pZR519 pZR504 subclone with 2.7-kbp AccI restriction fragment deleted (Aqui-4) This study

nested deletions with exonuclease III. DNA sequencing was

performed with Sequenase 2.0 (United States Biochemicals)
according to the manufacturer's directions. Oligonucleotides
were purchased from the Yale Biotechnology Center. 35S-
dATP-labeled samples were run in 8 M urea-6% (wt/vol)
acrylamide gels which were dried under vacuum and exposed
to Kodak XAR film. Sequence analysis and comparisons were

performed with PC/Gene (Intelligenetics, Inc., Madison, Wis.)
software and at the National Center for Biotechnology Infor-
mation with the BLAST network service.

Introduction of designed mutations into the chromosomes
of recipient strains. Plasmids with designed deletions in inserts
ofA. calcoaceticus DNA (Table 1) were linearized with BamHI
before transformation of recipient cells (12) on succinate
plates. After overnight incubation at room temperature, the
transformed culture was suspended in basal medium and
spread at a dilution that gave rise to single colonies on
succinate plates. Picked colonies were examined for their
ability to grow on plates with quinate as a growth substrate.
Colonies that had lost the ability to grow with quinate occurred
with a frequency of between 1 and 10%. The presence of the
designed deletion in the recombinant cells was confirmed by
restriction mapping of plasmids containing the relevant chro-
mosomal region after their recovery by gap repair (Fig. 3).

Plasmid pZR106 (14) containing a recAlOO::TnS mutation
was linearized with EcoRI before introduction of the mutation
into strain ADP606 (Aqui-3) by natural transformation. Re-
combinants that had acquired recAlOO::TnS were selected on
succinate plates containing kanamycin. The plasmid pZR503,
possessing the pca-qui-pob region, was introduced by transfor-
mation into E. coli S17-1 and then transferred intoA. calcoace-
ticus ADP617 by conjugation (34); this was followed by selec-
tion for growth with succinate in the presence of tetracycline.
Transcongugants that grew on this medium had acquired
the ability to grow with quinate. Screening for loss of pZR503
from the transcongugants was monitored by examining cells
that lost tetracycline resistance after growth from a single
colony in a 5-ml succinate culture. Dilutions of the culture
were spread on a succinate plate, and colonies that exhibited

sensitivity to tetracycline were screened for their ability to grow
with quinate.

Nucleotide sequence accession number. The quiA nucleotide
sequence has been assigned GenBank accession number
U11554.

1 2 3 4 5 6 7

FIG. 3. Restriction analysis of chromosomal fragments recovered
by gap repair fromA. calcoaceticus strains. Lane 1, A HindIII standard;
lane 2, 1.8- and 3.0-kbp PstI restriction fragments present in DNA
recovered from the wild-type ADP1 chromosome; lane 3, both PstI
restriction fragments are missing from DNA recovered from strain
ADP601 (Aqui-J); lane 4, the 3.0-kbp PstI restriction fragment is
missing from DNA recovered from strain ADP605 (Aqui-2); lane 5, the
1.8-kbp PstI restriction fragment is missing from DNA recovered from
strain ADP606 (Aqui-3); lane 6, AccI digestion of wild-type DNA
yielded a 2.7-kbp fragment; lane 7, the 2.7-kbp AccI fragment is
missing from chromosomal DNA recovered from strain ADP607
(Aqui-4).
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RESULTS

Preparation and characterization of deletions removing
chromosomal DNA between the pca and pob regions. The A.
calcoaceticus natural transformation system allows the fre-
quent recovery of recombinants containing DNA that has been
modified by genetic engineering (12). Therefore, it was possi-
ble to identify the physiological functions associated with
specified restriction fragments between pcaG and pobA by
screening the growth properties of recombinants in which the
DNA fragments were lacking.

Restriction analysis showed that the 14.9-kbp HindIII-SstI
DNA insert in pZR503 contains an 11-kbp HindIII-AccI
chromosomal segment recovered by gap repair (3). In order to
analyze the genetic functions encoded by this segment, a
10-kbp BamI-XhoI fragment was subcloned into pUC18, giving
rise to pZR504 (Fig. 2). Removal of PstI and AccI restriction
fragments from pZR504 formed the deletion mutations
Aqui-1, Aqui-2, Aqui-3, and Aqui-4 (Fig. 2 and 3), which were
introduced into the A. calcoaceticus wild-type strain by natural
transformation. Transformants that had acquired the deletions
lost the ability to grow with quinate or with shikimate. Mutant
cells containing Aqui-1, Aqui-2, and Aqui-3 grew with p-
hydroxybenzoate. The Aqui-4 deletion extends into pobR, and
strains containing this mutation did not grow with p-hydroxy-
benzoate.

Expression of qui genes in E. coli and A. calcoaceticus. The
10-kbp BamI-XhoI fragment (Fig. 2) was placed downstream
of a lac promoter in pZR504. Despite the absence of the lac
repressor in E. coli DH5a(pZR504), these cells did not express
quiA at level permitting the formation of detectable levels of
quinate dehydrogenase even after cell extracts had been sup-
plemented with 12 mM PQQ. Low-level expression of the
qui genes from the plasmid could be inferred because its pres-
ence caused protocatechuate to accumulate in E. coli DH5a
(pZR504) colonies incubated on Luria broth plates supple-
mented with quinate.

Expression of qui genes from pZR503 was apparent because
this plasmid allowed growth of A. calcoaceticus ADP601(Aqui-1
recAlOO::TnS) with either quinate or shikimate. The plasmid
was lost frequently during growth of cells in the absence of
selection for tetracycline resistance. Growth of a 5-ml ADP601
(pZR503) culture from a single-colony inoculum yielded pop-
ulations in which 50 to 80% of the cells were sensitive to
tetracycline. More than 100-tetracycline-sensitive cell lines
were screened for their ability to grow with quinate, and in
every case loss of this property accompanied loss of the
function encoded by the plasmid-borne tetracyline resistance
gene.
Mapping of qui4 and flanking DNA required for quinate

catabolism. Of the designed deletions represented in Fig. 2,
only Aqui-3 allowed chromosomal expression of quiA. Full
quiA expression was achieved during growth of ADP606
(Aqui-3) either with protocatechuate or with p-hydroxybenzo-
ate, a compound that is metabolized via protocatechuate.
When succinate was added to growth medium containing
either protocatechuate or p-hydroxybenzoate, QuiA synthesis
by either ADP606 or wild-type cells was repressed to about
70% of fully induced levels. Growth with the combination of
quinate and succinate allowed QuiA induction in wild-type
cells but not in ADP606. Since it has been established that
quinate must be metabolized to protocatechuate in order to
elicit quiA expression (39) and that all of the qui structural
genes are located between pca and pob, it could be inferred
that the 1.8-kbp PstI fragment deleted from ADP606 encodes
other genes associated with quinate catabolism. The Aqui-1,

Aqui-2, and Aqui-4 deletions prevented expression of quiA in
response to protocatechuate, and thus it appeared likely that
these deletions, unlike the Aqui-3 deletion, extended into quiA.
This inference was explored by determination of the nucleotide
sequence of DNA in the region where the endpoints of these
deletions overlap (Fig. 2).

Nucleotide sequence of qujA. The complete nucleotide se-
quence of A. calcoaceticus quiA is presented in Fig. 4. The
2,427-bp open reading frame is transcribed in the same direc-
tion as the other known structural genes in the pca-qui-pob
supraoperonic cluster. Computer analysis of the deduced
amino acid sequence of the quiA-encoded quinate-shikimate
dehydrogenase indicates that the protein contains five mem-
brane-spanning regions near its amino terminus. The deduced
Mr of the protein is 88,196.

DISCUSSION

Genes associated with quinate and shikimate catabolism
form part of the A. caloaceticus pca-qui-pob supraoperonic
cluster. The results of this investigation demonstrate that the
6.5-kbp DNA segment between pcaG and pobS in the A.
calcoaceticus chromosome contains genes required for the
metabolic conversion of quinate and shikimate to protocat-
echuate (Fig. 2). The evidence supporting this conclusion is as
follows. Deletion of restriction fragments from the chromo-
somal region betweenpca andpob prevents growth with either
quinate or shikimate yet leaves the ability to grow with either
protocatechuate or p-hydroxybenzoate unimpaired. The 10.0-
kbp BamHI-XhoI restriction fragment containing DNA bridg-
ing pea and pob conferred upon E. coli the capacity, albeit
weak, to convert quinate to protocatechuate. The same DNA,
carried within the insert of pZR503, complemented the chro-
mosomal Aqui-3 deletion by allowing growth with quinate.
Loss of pZR503 restored the Aqui-3 chromosomal mutants to
their phenotypic inability to grow with quinate. The Aqui-3
mutation does not prevent expression of quiA. The location of
this gene, inferred from the locations of Aqui-J, Aqui-2, and
Aqui-4 (Fig. 2), which prevent quiA expression, was proven by
determination of its nucleotide sequence.
The mapping of qui genes between pea and pob indicates

that the full genetic complement is a pca-qui-pob supraoper-
onic cluster which occupies about 18 kbp in theA. calcoaceticus
chromosome. Extensive clustering of chromosomal genes with
physiologically related functions has been observed before (4,
41, 44) but is unusual among bacteria. Supraoperonic cluster-
ing of genes for aromatic catabolism was first reported for
fluorescent Pseudomonas species (31, 42), but the chromo-
somal organization of these genes (18) is scattered compared
with the tight clustering observed with pca-qui-pob and ben-cat
(33) from A. calcoaceticus.

Little information on selective forces that might favor su-
praoperonic clustering is available. One possibility is that the
expression of clustered genes is not completely independent
and that transcriptional readthrough allows their unified ex-
pression under some physiological circumstances. In some
cases, experimental evidence (41, 44) supports this interpreta-
tion, but it may not be applicable to the pca-qui-pob cluster
because the structural genes quiA and pobA are separated by
the divergently transcribed regulatory genes pobR and pobS
(Fig. 2). Furthermore, the expression of pobA appears to be
tightly controlled and does not respond to protocatechuate,
which elicits expression of the upstream structural genes
(11).
Another selective force that has been suggested to favor

supraoperonic clustering is horizontal transfer of genes with
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-90 GTCA~rAACTGACTITATGCTCTGTACTCATGATCACGATACGTUGlGAGATGT

1 M S D P Q E K S H I I L K V W C F I L G L A L L I T G A F Y
1 ATGTCTGACC _ITACTACTGGTGCATTAT

31 V I G G G K L I S L G G S W Y F L I A G L M I T T S A F F M
91 GTTGTGGkACTGATTAGTGGGTTAGTCTCTGGIAATGATTAICTACCAGC'1'1'1'-lwlwl1ATG

61 E K K K A T G V W L Y A L A F I G T V I W A L I D A G F E F
181 TTCAAGAAAACACGG;GGTCTGGTrATATGCTTIGGCCTTCATTGGTACTiiAT~.GGTTAlATATGCTGTGAATT

91 W P L H S R L M F P A G. L F A A V M L T L P S I R K Y Q Y Q
271 IG G CCAT=CAGATTCACTTATF[IGIWGGTC TA CCTTGCCATCTA=TGTAAATACCAATATCAA

121 T P M S A P A Y V I G G L T V L G M L G G L Y G M F I P H E
3 61 ACCCCAATGAGCGCTCCAGAAGCTGGTGwlTACCTTAGGAATGCTGGTGGTCTGTATGGAATllTTlAATA

151 T V K A S G E E L P L V P V D P A K K Q V N W D H Y G N D A
451 ACTGTGAAAGCATCTGGCGAAGAACTACCACTTGTTCCVGTTCAGT C T

181 G G S R F V A L D Q I N R N N V S K L K E A W R F R T G D F
541 GGCGGCAGTCWC GTAACAACGTATCTAAVML P IRKYQYQCCGTACAGGTGAlIl

211 T T G T G N G A E D Q M T P L Q V G N K V F L C T P H N N I
631ACCAT AA

241 F A I D A D S G K Q L W K A E V N S T A D A W E R C R G V A
721 ACAAATCTAGCAGAACTACCAGTTACATGCATGCGGCTACAGTCGGATCG CT

271 Y F D S T Q P L V Q P T L A G A T P V A E A W A N T E C P R
811 TAGCGCIACTAGCCATTGGTACA ACCTAACAACCGTAGCTAAA¶TACTGTAGCAGCGCCAAATACTGAGTGTCCGCGA

301 R V Y T N T V D G R L I A V N A D T G A R C K D F G V N G T
901 CGTGTATATACCAATACTGTAGATGGC MTGTCGTAN~ATGTTGTAAAGAC l~T

331 V N L H E G L G E N T K A P R F E V T S A P T I A G T T I V
991 GTGAATTACATGAAGGACIIGGIGAATACTAAGGCACCT-CCGrTGAGTCAClqVGACCTACCATTGCAGGTACAACGATST

361 V G S R I A D N V A A D M P G G V I R A Y D V I T G K L R W
1081 GIYGGAGCCGTTGAAACTGAGATATGCCTGG TGGGTCATTCGTGCCTATGATGTGATrACAGGTAAATrACGTTGG

391 A F D P R N P D P N Y V L K P G E I Y K R S S T N S W A A M
1171 GCATF GATCCAC GTAATCCAGATCCAAACTACAGGAAACACCGTGAGA¶ACArAAGCAAATAACTCAGGRAGCCATG

421 S Y D P Q M N T V F L P M G S S S V D V W G G N R T A A D H
1261 TCTATGACCCGCAAATGAATACCGTGTICqCATCGAAGTTATCGTAGACGTTGGGGTAATCGTACTGCAGCCGACCAT

451 K Y N T S V L A L D A T T G K E K W V Y N T V H N D L W D F
1351 AAATATAAAAGTACTATACThAGCTCGATGATGCGAC WATIrCAGGGATBTC

481 D L P M Q P S L V D F P M K D G T T K P A V V I GT K S G Q
1441 GACTITACCAATGCAACCAAGTGTACTCCAATGAAAGATGGTACAACTAAACCTGCGGTTGTTATGACTAAATCAGGTCAG

511 F Y V L D R V T G K P L T K V I E Q P I K V A D I P G E Q Y
1531 GAATC GTAATCGTCCAAATACAAGCAC CCACA TCATATTCCTGCMGGACAATAC

541 S K T Q P R S V E M P Q I G N Q T L K E S D M W G A T P F D
1621 AGTAAAACTCAGCCGCGA ASIEUTCGCAATTGGAATAGACACTTAGAGIATATGT.GGCGACGCCATTIGAT

571 Q L M C R I N F K S M R Y D G L Y T A P G T D V S L S F P G
1711 CAGTTGATGTGTCGTATCAACIAACAGGTTATGACGGGCTT ACACCGCACCAGGTACrGATGTATCACTGAGCTrCCCGGGT

601 S L G G M N W G S I A F D P T H R Y M F V N D M R L G L W I
1801 TC"TC:GGGTGGTAGAA~rl(TATCGCATTTGATCCAACGCACCGTTATATGlw~~T&TAATGACATGCGTTACGCTGGlATr

631 Q L I K Q T P E D I K I Q A N G G E K V N T G M G A V P M K
1891 CAATTGATCAAGCAGACTCC

661 G T P Y K V N K N R F M S A L G I P C Q K P P F G T M T A I
1981 GGTACGCCATATAAAGTGAATAAAAACGATTAGCGaGCGTCCATGrAAACCAC GTACCATGACTGCAArTT

691 D M K T R Q V A W Q V P L G T I Q D T G P M G I K M G L K A
2071 WCATIY;GGTACGATTC.AAGACACGGGrCCAATGGGTATTAAAATGGGC=AAGCA

721 P I G M P T I G G P M A T Q G G L V F A A T Q D Y Y L R A
2161 CCAATTGGTATGC TACTACTTACGTGCG

751 F N S S N G K E L W K A R L P V G S Q G T P M S Y M S P K T

2251 AAACTCATCTAATGGTAAAGAGTTGAAT AAAGCAGTGGCGAGATCTTAGTAAGTGTA CGGGTTAGTCCACCAAAACT

781 G T P Y K V N K N GF A R Q S P D H G D Y V I A Y A L E K -

2341 0GC AG A_ AGT_ _ACGTGCAGATCATGGTGACTACGTITTGCATATGCCC¶CAA¶[T
FIG. 4. Nucleotide and deduced amino acid sequences of the quiA open reading frame. A possible ribosome-binding site is in boldface, and

putat 691DebaesannN rtiK oanTrRnelndQeideVhrnAdnttWitQhVQ-idnPoanLfGteTrtenIarePM0IK

double underlined. The termination codon is marked by a dash.
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ACIN DHGA M--NQPTSRSGLTTFTVII-IGLL--ALFLLIGGIWLATLGGSIYYIIAGVLLLIVAWQLYKRASTALWFYAALMLGTIIWSVWEVGTDFWALAPRLDIL 95II 1I11 I III1111 11 111111ACIN QUIA MSDPQEKSHIILKVWCFILGLALLITGAFYVIGGGKLISLGGSWYFLIAGLMITTSAFFMFKKKATGVWLYALAFIGTVIWALIDAGFEFWPLHSRLMFP 100
I 11 1111 1 11111 1111 1111 11 11 11 11 1 1

E. COLI DHG MAINNTGSRRLLVTLTALF-AALC--GLYLLIGGGWLVAIGGSWYYPIAGLVMLGVAWMLWLSKRAALWLYAALLLGTMIWCVWEVGFDFWALTPRSDIL 97

ACIN DHGA G--ILGLWLLVPAV-TRGINNLGSSKVALSSTLAIAIVLMV-YSIFNDPQEINGEIKTPQPETAQAVPGVAESDWPAYGRTQAGVRYSPLK INDQNVKD 191
I A V YS lyI

ACIN QUIA AGLFAAVMLTLPSIRKYQYQTPMSAPAYVIGGLiVLSMLGGLYGMFIPHETVKA--SGEELPLVPVDPAKKQVNWDHYGNDA RFVALDQINRNNVSK 198I I I II 1 1 1
E. COLI DHG V--FFGIWLILPFVWRRLVIPASGAVAALWALLISGGILT-WAGFNDPQEINGHLK-RRCHTAEAISPVADQDWPAYGRNQEGQRFSPLKQINADNVHK 193

ACIN DHGA LKVAWTLRTGDLKTDNDSGETTNQVPIKIGNNMFICTAHQQLIAIDPATGKEKWRFDPKLKTDKSFQHLTCRGVMYYDANNTTEFATSLQSKK ----SS 287
11 11 1111 11 11 11 III 11 1111

ACIN QUIA LKEAWRFRTGDFTTGTGNGA-EDQMTPLQVGNKVFLCTPHNNIFAIDADSGKQLWKAEVN-STADAWER--CRGVAYFDSTQPLVQPTLAGATPVAALAA 294
11111 11111 11 11 111 1 11 11111 1 1111 1

E. COLI DHG LKEAWVFRTGDVKQPNI-DPGEITNEVTPIKVGDTLYLCTAHQRLFALDAASGKEKWHYDPELKTNSFQHVTCRGVSYHEAKAEIASPEVM---------- 283

ACIN DHGA STCPRKVFVPVDGRLVAVNADISKACTDFGQNGQVNLQEFMPY-AYPGGYNPTSPGIVTGSTVVIAGSVTDNYSNKEPSGVIRGYDVNTGKLLWVFDT 386
111 1 IIII IIIIIII I III 11 II 11 I I I 11 1111 III 1111 11ACIN QUIA NTECPRRVYTNTVDGRLIAVNADIGARCKDFGVNGTVNLHEGLGENTKAPRFEVTSAPTIAGTTIVVGSRIADNVAADMEGGVIRAYDVITGKLRWAFDP 394
MIii 111 11 IlII I 11 11 1 11 1 1 III 11 1111 11 11 11111

E. COLI DHG -ADCPRRIILPVNDGRLIAINAENGKLC3ANKGVLNLQSNMPD-TKPGLYEPTSPPIITDKTIVMAGSVTDNFSTRETSGVIRGFDVNTGELLWAFDP381
ACIN DHGA GAADPNIMPGEGTT6VHNSPNAWAPLAYDAKLDIVYVPTGVGTPDIWGGDRTELKERYANSMLAINASTGKLVWNFQTrHHDLWDMDVPSPSLADIIW 486

III1 11 11 III11 I 11 III 1111 1-11ACIN QUIA RNPDPNYVLKPGEIYKRSSTNSWAAMSYDPQMNIVFLPMGSSSVDVWGGNRTAADHKYNTSVLALDATTGKEKWVYNTVHNDLWDFDLPMQPSLVDFPMK 494
III MI II I1111 1111111 1 111 11111 III 1111 11E. COLI DHG GAKDPNAIPSDEHTFTFNSPNSWAPAAYDAKLDLVYLPMGITPDIWGGNRTPEQERYASSILALNATTGKLAWSYQTVHHDLWDMDLPAQPTLADITVN 481

ACIN DHGA AGQTVPAIYVLTKTNAFVLDRRNGQPIVPVTEKPVPQTVKRGPQTKGEFYSKTQPFS-DLNLAPQDKLTDKDMWGATMLDQLMCRVSFKRLNYDGIYTP 585
11 1I 1111 II I I I 11 111111 1 111111 111111 11 11

ACIN QUIA DGTTKPAVVIGTKSGQFYVLDRVTGKPLTKVIEQPI-----KVADIPGEQYSKTQPRSVEMPQIGNQTLKESDMWGATPFDQcLMRINFKSMRYDGLYTA 589II I1 I11111 I III111H lll 11 III
E. COLI DHG -GQKVPVIYAPAKTGNIFVLDRRNGELVVPAPEKPVPQGA-----AKGDYVFPTQPFS-ELSFRPTKDLSGADMWGAThFDQLVCRVMFHQMRYEnIFTP 574

ACIN DHGA PSENGTLVFPGNLGVFEWGGMSVNPDRQVAVMNPIGLPFVSRLIPADP----NRAQTAKGAGTEQGVQPMYGVPYGVEISAFLSPLGLPCKQPAWGYVAG 681
1I1111 11 II I I 1 11 1 11 11 11111

ACIN QUIA PGTDVSLSFPGSLGGMGSIAFDPTHRYMFVNDMRLGLWIQLIKQTPEDIKQNEKVNTGMGAVPMKGTPYKVNKNRFMSALGIPCQKPPFGTMTA 689
I III 11 11 I 11 I I 11 11

E. COLI DHG PSEQG6LVFP7NL4FEWGGISVDPNREVAIAN6MALPFVSKLIP7G4GNPMEQPKDAKGTGTESGIQPQYGVPYGVTLNPFLSPFGLPCKQPAWGYISA674

ACIN DHGA VDLKTHEVVWKKRIGTIRDSLPNLFQLP---AVKIGVPGLGGSISTAGNVMFVGAT DNYLRAFNVTNGKKLWEARLPAGGQATPMTYEI--NGK YWI 77611111 1111 1 111 11 I I I lIll IM1 IIII111111 11III 776II
ACIN QUIA IDMKTRQVAWQVPLGTIQDTGPMGIKMGLKAP--IGMEIIGGPMATQGGLVFFM TQDYYLRAFNSSNGKELWKARLPVGS TPMSYMSPKTGK YVVV 787

1 1 1 1 11 1- I III III '111 1111 III 11 11 1 I ill 11l1l
E. COLI DHG LDLKTNEVVWKKRIGTPQDSMP--FPMPVPVPFMGMPMLGGPISTAGNVLFIAATADNYLRAYNMSNGEKLWQGRLPAGGQATPMTYEV--NGKQYWI 770

ACIN DHGA MAGGHGSFGTKMGDYLVAYALPDN-K 801
III III 1111

ACIN QUIA SAGG-ARQSPDHGDYVIAYALE---K 809
III1 III 1111

E. COLI DHG SAGGHGSFGTKMGDYIVAYALPDDVK 796

FIG. 5. Vertical lines indicate amino acid residues shared by the primary structure of A. calcoaceticus quinate dehydrogenase (ACIN QUIA)
and the aligned amino acid sequences of glucose dehydrogenase from either A. calcoaceticus (ACIN DHGA) or E. coli (E. COLI DHG). The
comparison reveals regions of amino acid sequence similarity conserved in the glucose dehydrogenases during evolutionary divergence of the three
proteins.

coselected metabolic functions (26, 31, 42). The available
evidence indicates that horizontal transfer has not been a
dominant force in the recent evolution ofpca-qui-pob in the A.
calcoaceticus strain used in this investigation. Our preliminary
studies have shown that a number of independently isolated A.
calcoaceticus strains do not transform mutations in the pca-
qui-pob cluster, yet these strains can serve as donors for natural
transformation of a trpE mutation in A. calcoaceticus BD413,
the parental organism for the strains used in this investigation
(21). If failure to transform is taken as a measure of genetic
divergence, the evidence suggests that horizontal transfer that
might conserve nucleotide sequences in pca-qui-pob of A.
calcoaceticus strains is no more frequent than horizontal
transfer of the essential biosynthetic trpE gene.

Since there is reason to doubt that either transcriptional
readthrough or horizontal gene transfer caused the remarkable
clustering within ben-cat and pca-qui-pob, it would be appro-
priate to explore how gene rearrangement influences the
function and stability of genes in these regions. The compe-
tence of A. calcoaceticus BD413 (strain ADP1) for natural
transformation should facilitate such investigations. It also will

be of interest to determine the extent to which supraoperonic
clustering of the catabolic genes is conserved in other A.
calcoaceticus strains, most of which do not exhibit a capacity to
undergo natural transformation (20).

Nucleotide sequence and deduced amino acid sequence of
qui4. The deduced A. calcoaceticus QuiA amino acid sequence
supports the earlier conclusion, based upon biochemical evi-
dence (23), that the protein is a member of a family of
PQQ-dependent dehydrogenases. Comparison with known
members of the family reveals that A. calcoaceticus most
closely resembles glucose dehydrogenases from A. calcoaceti-
cus and E. coli (Fig. 5). The glucose dehydrogenases share
amino acid sequence identity of 61.7%; the respective amino
acid sequence identities shared by the A. calcoaceticus and E.
coli glucose dehydrogenases with A. calcoaceticus QuiA are
32.1 and 37.3% (Fig. 5). This evidence is consistent with the
view that the divergence of quinate and glucose dehydroge-
nases preceded the divergence of glucose dehydrogenases ofA.
calcoaceticus and E. coli. More distant divergence from A.
calcoaceticus QuiA has been experienced by PQQ-dependent
dehydrogenases associated with oxidation of ethanol, metha-
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nol, and aldehydes, yet all of the PQQ-dependent enzymes
retain discernible homology, and the essential nature of some
amino residues is demonstrated by their conservation in all
members of the enzyme family.
The failure of E. coli to express quiA at directly detectable

levels cannot be attributed to an inability of the organism to
form a functional protein using the electron acceptor PQQ.
The amino acid sequence similarity of A. calcoaceticus QuiA
and the PQQ-dependent glucose dehydrogenase of E. coli
suggests that expression of the A. calcoaceticus enzyme does
not require radical departure of E. coli from physiological
traits acquired in its evolutionary experience. It is possible that
low-level expression of quiA in E. coli results from failure to
cleave a signal peptide, as has been observed before with
PQQ-dependent aldehyde dehyrogenase (37).

Separate ancestries of genes with the same metabolic func-
tion. Since its elucidation, the 13-ketoadipate pathway has
served as a model of patchwork evolution in which different
genes were brought into physical proximity as they made
interdependent contributions to complex metabolic units of
function (26, 27, 35). More recent evidence makes it possible to
discern the evolutionary origins of genes representing the
different patches (30, 40). In some instances, different gene
pools were called upon to provide enzymes achieving analo-
gous metabolic transformations in different organisms. For
example, conversion of P-carboxy-cis,cis-muconate to P-keto-
adipate proceeds by different metabolic mechanisms in pro-
karyotes and eukaryotes (27), and the participating enzymes in
the two biological groups can be traced to different ancestries
(25).
A different biological division is suggested by gene pools

called upon for the catabolic oxidation of quinate and shiki-
mate. The presently available evidence indicates that NAD+-
dependent dehydrogenases serve this function in eukaryotes
(1, 6, 16) and gram-positive bacteria (5), whereas gram-
negative bacteria, represented by A. calcoaceticus, employ the
PQQ-dependent QuiA to initiate catabolism of quinate and
shikimate.

Natural transformation as an aid in elucidating physiolog-
ical functions associated with DNA fragments. This investiga-
tion was facilitated by the high frequency with which DNA
containing designed deletions recombined into the chromo-
some as a consequence of natural transformation. The power
of this technique should be kept in mind as improvements in
physical mapping bring forth DNA segments with unknown
physiological functions. As demonstrated here and earlier (12,
14), DNA fragments fromA. calcoaceticus can be modified and
then restored to the chromosome with high frequency by direct
addition to recipient cells. Analysis of the recombinants pro-
vides evidence for the functions that have been altered as a
consequence of the genetic modifications. The extension of
these procedures may minimize mysteries associated with open
reading frames revealed by chromosomal sequencing.

ACKNOWLEDGMENTS

This research was supported by the Army Research Office and the
General Reinsurance Corporation. D. A. Elsemore was supported by
a predoctoral fellowship from the National Institutes of Health.

REFERENCES
1. Ahmed, S. I., and N. H. Giles. 1969. Organization of enzymes in

the common aromatic synthetic pathway: evidence for aggregation
in fungi. J. Bacteriol. 99:231-237.

2. Ausubel, F. M., R Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1991. Current protocols in
molecular biology. John Wiley & Sons, New York.

3. Averhoff, B., L. Gregg-Jolly, D. Elsemore, and L. N. Ornston. 1992.
Genetic analysis of supraoperonic clustering by use of natural
transformation in Acinetobacter calcoaceticus. J. Bacteriol. 174:
200-204.

4. Braun, C., and W. G. Zumft. 1992. The structural genes of the
nitric oxide reductase complex from Pseudomonas stutzeii are part
of a 30-kilobase gene cluster for denitrification. J. Bacteriol. 174:
2394-2397.

5. Bruce, N. C., and R B. Cain. 1990. Hydroaromatic metabolism in
Rhodococcus rhodochrous: purification and characterisation of its
NAD-dependent quinate dehydrogenase. Arch. Microbiol. 154:
179-186.

6. Cain, R B. 1972. The identity of shikimate dehydrogenase and
quinate dehydrogenase in Aspergillus niger. Biochem. J. 127:15P.

7. Cain, R B. 1980. The uptake and catabolism of lignin-related
aromatic compounds and their regulation in microorganisms, p.
21-60. In T. K. Kirk, T. Higuchi, and H. Chang (ed.), Lignin
biodegradation: microbiology, chemistry, and potential applica-
tions. CRC Press, Boca Raton, Fla.

8. Cinovas, J. L., M. L. Wheelis, and R. Y. Stanier. 1968. Regulation
of the enzymes of the P-ketoadipate pathway in Moraxella cal-
coacetica. 2. The role of protocatechuate as inducer. Eur. J.
Biochem. 3:293-304.

9. DiMarco, A. 1994. Personal communication.
10. DiMarco, A. A., B. Averhoff, E. E. Kim, and L. N. Ornston. 1993.

Evolutionary divergence of pobA, the structural gene for p-
hydroxybenzoate hydroxylase, in an Acinetobacter calacoaceticus
strain well-suited for genetic analysis. Gene 125:25-33.

11. DiMarco, A. A., B. Averhoff, and L. N. Ornston. 1993. Identifica-
tion of the transcriptional activator pobR and characterization of
its role in the expression of pobA, the structural gene for p-
hydroxybenzoate hydroxylase in Acinetobacter calcoaceticus. J.
Bacteriol. 175:4499-4506.

12. Doten, R. C., K.-L. Ngai, D. J. Mitchell, and L. N. Ornston. 1987.
Cloning and genetic organization of the pca gene cluster from
Acinetobacter calcoaceticus. J. Bacteriol. 169:3168-3174.

13. Gregg-Jolly, L. A., and L. N. Ornston. 1990. Recovery of DNA
from the Acinetobacter calcoaceticus chromosome by gap repair. J.
Bacteriol. 172:6169-6172.

14. Gregg-Jolly, L. A., and L. N. Ornston. 1994. Properties of Acin-
etobacter calcoaceticus recA and its contribution to intracellular
gene conversion. Mol. Microbiol. 12:985-992.

15. Hartnett, C., E. L. Neidle, K.-L. Ngai, and L. N. Ornston. 1990.
DNA sequence of genes encoding Acinetobacter calcoaceticus
protocatechuate 3,4-dioxygenase: evidence indicating shuffling of
genes and of DNA sequences within genes during their evolution-
ary divergence. J. Bacteriol. 172:956-966.

16. Hawkins, A. R., N. H. Giles, and J. R Kinghorn. 1982. Genetical
and bichemical aspects of quinate breakdown in the filamentous
fungus Aspergillus nidulans. Biochem. Genet. 20:271-286.

17. Hawkins, A. R., H. K. Lamb, J. D. Moore, I. G. Charles, and C. F.
Roberts. 1993. The pre-chorismate (shikimate) and quinate path-
ways in filamentous fungi: theoretical and practical aspects. J. Gen.
Microbiol. 139:2891-2899.

18. Holloway, B. W., and A. F. Morgan. 1986. Genome organization in
Pseudomonas. Annu. Rev. Microbiol. 40:79-105.

19. Holmes, D. S., and M. Quigley. 1981. A rapid boiling method for
the preparation of bacterial plasmids. Anal. Biochem. 114:193-
197.

20. Juni, E. 1978. Genetics and physiology of Acinetobacter. Annu.
Rev. Microbiol. 32:349-371.

21. Juni, E., and A. Janick. 1969. Transformation of Acinetobacter
calcoaceticus. J. Bacteriol. 98:281-288.

22. Keen, N. T., S. Tamaki, D. Kobayashi, and D. Trollinger. 1988.
Improved broad-host-range plasmids for DNA cloning in Gram-
negative bacteria. Gene 70:191-197.

23. Kleef, M. A. G. V., and J. A. Duine. 1988. Bacterial NAD(P)-
independent quinate dehydrogenase is a quinoprotein. Arch.
Microbiol. 150:32-36.

24. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193:265-275.

25. Mazur, P., W. J. Henzel, S. Mattoo, and J. W. Kozarich. 1994.

VOL. 176, 1994



7666 ELSEMORE AND ORNSTON

3-Carboxy-cis,cis-muconate lactonizing enzyme from Neurospora
crassa: an alternate cycloisomerase motif. J. Bacteriol. 176:1718-
1728.

26. Ornston, L. N. 1971. Regulation of catabolic pathways in Pseudo-
monas. Bacteriol. Rev. 35:87-116.

27. Ornston, L. N., and R. Y. Stanier. 1966. The conversion of
catechol and protocatechuate to ,B-ketoadipate by Pseudomonas
putida. I. Biochemistry. J. Biol. Chem. 241:3776-3786.

28. Parke, D. 1992. Application of p-toluidine in chromogenic detec-
tion of catechol and protocatechuate, diphenolic intermediates in
catabolism of aromatic compounds. Appl. Environ. Microbiol. 58:
2694-2697.

29. Parke, D., and L. N. Ornston. 1984. Nutritional diversity of
Rhizobiaceae revealed by auxanography. J. Gen. Microbiol. 130:
1743-1750.

30. Petsko, G. A., G. L. Kenyon, J. A. Gerlt, D. Ringe, and J. W.
Kozarich. 1993. On the origin of enzymatic species. Trends
Biochem. Sci. 18:372-376.

31. Rosenberg, S. L., and G. D. Hegeman. 1969. Clustering of func-
tionally related genes in Pseudomonas aeruginosa. J. Bacteriol. 99:

353-355.
32. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular

cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

33. Shanley, M. S., A. Harrison, R E. Parales, G. Kowalchuk, D. J.
Mitchell, and L. N. Ormston. 1994. Unusual G+C content and
codon usage in catIJF, a segment of the ben-cat supra-operonic
cluster in the Acinetobater calcoaceticus chromosome. Gene 138:
59-65.

34. Simon, R., M. O'Connell, M. Labes, and A. Pfihler. 1986. Plasmid
vectors for the genetic analysis and manipulation of rhizobia and
other gram-negative bacteria. Methods Enzymol. 118:640-659.

35. Stanier, R Y., and L. N. Ornston. 1973. The P-ketoadipate

pathway. Adv. Microb. Physiol. 9:89-151.
36. Stanier, R Y., N. J. Palleroni, and M. Doudorof. 1966. The aerobic

Pseudomonads: a taxonomic study. J. Gen. Microbiol. 48:159-271.
37. Tamaki, T., S. Horinouchi, M. Fukaya, H. Okumura, Y.

Kawamura, and T. Beppu. 1989. Nucleotide sequence of the
membrane-bound aldehyde dehydrogenase gene from Acetobacter
polyoxogenes. J. Biochem. 106:541-544.

38. Tresguerres, M. E. F., G. D. Torrontegui, and J. L. Canovas. 1970.
The metabolism of quinate by Acinetobacter calcoaceticus. Arch.
Microbiol. 70:110-118.

39. Tresguerres, M. E. F., G. D. Torronteguli, W. M. Ingledew, and
J. L. CAnovas. 1970. Regulation of the enzymes of the 13-ketoadi-
pate pathway in Moraxella: control of quinate oxidation by proto-
catechuate. Eur. J. Biochem. 14:445-450.

40. Tsou, A. Y., S. C. Ransom, J. A. Gernt, D. D. Buechter, P. C.
Babbitt, and G. L. Kenyon. 1990. Mandelate pathway of Pseudo-
monas putida: sequence relationships involving mandelate race-
mase, (S)-mandelate dehyrogenase, and benzoylformate decar-
boxylase and expression of benzoylformate decarboxylase in
Escherichia coli. Biochemistry 29:9856-9862.

41. Wellington, C. L, and J. T. Beatty. 1991. Overlapping mRNA
transcripts of photosynthetic gene operons in Rhodobacter capsu-
latus. J. Bacteriol. 173:1432-1443.

42. Wheelis, M. L., and R. Y. Stanier. 1970. The genetic control of
dissimilatory pathways in Pseudomonas putida. Genetics 66:245-
266.

43. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 cloning vectors and host strains: nucleotide sequences of the
M13mpl8 and pUC19 vectors. Gene 33:103-119.

44. Young, D. A., C. E. Bauer, J. C. Williams, and B. L Marrs. 1989.
Genetic evidence for superoperonal organization of genes for
photosynthetic pigments and pigment-binding proteins in Rhodo-
bacter capsulatus. Mol. Gen. Genet. 218:1-12.

J. BAcrIERIOL.


