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The hexC locus of Pseudomonas aeruginosa PAO1 was localized to a 247-bp segment of chromosomal DNA on
the multicopy broad-host-range vector pRO1614. The presence of this plasmid (pPZ196) in strain PAO1
produced the so-called “hexC effect,” a two- to ninefold increase in the activities of four carbohydrate
catabolism enzymes, glucokinase, glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydratase, and
2-keto-3-deoxy-6-phosphogluconate aldolase. The extent of the hexC effect was restricted, since three indepen-
dently regulated metabolic enzymes were not affected by the presence of the kexC plasmid. Furthermore, the
hexC-containing plasmid did not suppress catabolite repression control. Nucleotide sequence analysis of the
segment of DNA encompassing hexC revealed a 128-bp region rich in adenosine-plus-thymine (AT) content
separating two divergent open reading frames (ORFs). Transcriptional start sites for these two genes were
mapped to the intergenic region, demonstrating that this sequence contained overlapping divergent promoters.
The intergenic region contained potential regulatory sequences such as dyad symmetry motifs, polydeoxyade-
nosine tracts, and a sequence matching the integration host factor recognition site in Escherichia coli. One of
the ORF's encoded a 610-amino-acid protein with 55 to 60% identity to 6-phosphogluconate dehydratase from
E. coli and Zymomonas mobilis. The second ORF coded for a protein of 335 amino acids that displayed 45 to
60% identity to the NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (GAP) family of enzymes. The
NAD-dependent GAP gene on the P. aeruginosa chromosome was previously unmapped. GAP was found to
exhibit the hexC-dependent increase in its basal activity, establishing it as a fifth catabolic enzyme in the

multioperonic hex regulon.

Pseudomonads utilize a number of alternative pathways for
the catabolism of carbohydrates to carbon and energy (re-
viewed in reference 37). In Pseudomonas aeruginosa, the
coordinately regulated enzymes glucokinase (GLK), glucose-
6-phosphate dehydrogenase (ZWF), and the Entner-Doudor-
off pathway enzymes 6-phosphogluconate dehydratase (EDD)
and 2-keto-3-deoxy-6-phosphogluconate aldolase (EDA) play
a central role in the dissimilation of glucose to pyruvate and
glyceraldehyde-3-phosphate (Fig. 1). These enzymes are coin-
duced by growth of P. aeruginosa on such diverse carbohy-
drates as glucose, gluconate, mannitol, and glycerol (33, 37).
Also, their expression is subject to catabolite repression con-
trol (CRC) by succinate or other intermediates of the tricar-
boxylic acid (TCA) cycle (40, 58).

The genes encoding these four enzymes (glk, zwf, edd, and
eda) were mapped by transductional analysis to 39 min on the
PAO1 chromosome (14, 30, 47). Cloning and complementa-
tion analyses revealed, however, that the four genes were
expressed from separate promoters (15, 57), indicating that the
genes were not contained in a single operon. Two regulatory
effects further defined this group of genes. The first was the
hexR mutation, thus far inseparable from edd, which caused
loss of inducibility of glk, zwf, edd, and eda (15, 47, 57). The
second was a locus designated hexC (15), also closely linked to
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edd, revealed by its presence on a multicopy plasmid (pPZ190)
which did not complement mutations in glk, zwf, edd, and eda
(57). Wild-type strain PAO1 containing pPZ190 exhibited the
so-called “hexC effect,” a two- to ninefold increase in activities
of GLK, ZWF, EDD, and EDA in extracts from cells grown
without inducer (57). Taken together, these genetic and phys-
iologic data indicated that glk, zwf, edd, and eda constituted a
multioperonic regulatory unit, which was designated the hex
regulon (50).

In experiments described here, hexC was further localized to
a 247-bp Xhol-Xmalll DNA fragment encompassing a 128-bp
region positioned between the 5’ ends of two divergent open
reading frames (ORFs). The ORFs were identified as the gene
for EDD and the previously unmapped gene (gap) for NAD-
dependent glyceraldehyde-3-phosphate dehydrogenase (GAP).
Also, coregulation of GAP with the other enzymes of the hex
regulon was established. Finally, the transcriptional start sites
for gap and edd were mapped to the intergenic sequence,
demonstrating that this region contained divergent promoters
for gap and edd, and potential regulatory sequences within the
sequence were identified.

MATERIALS AND METHODS

Bacterial strains and plasmids. P. aeruginosa PAO1 was
used throughout this study for measurement of enzyme activ-
ities. Plasmid pRO1817 (15) was constructed by insertion of a
6.0-kb EcoRI chromosomal fragment of P. aeruginosa PAO1
into pRO1614 (44). This plasmid complemented mutants
deficient in GLK, EDD, and glucose transport activity. Plasmid
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FIG. 1. Routes of glucose and gluconate metabolism in P. aeruginosa. Steps mediated by enzymes of the hex regulon are represented by the

larger dark arrows. CM, cytoplasmic membrane.

pRO1836 (57) was constructed from pRO1817 by deletion of a
Sall fragment from pRO1817 (Fig. 2). Plasmid pPZ196 (2.9
kb) was derived from pRO1836 and contained a 247-bp
Xhol-Xmalll fragment of DNA (Fig. 2). Plasmid pPZ421
contained the same 6.0-kb EcoRI fragment as pRO1817
inserted into pPZ375, a broad-host-range vector constructed
by insertion of the oriV’ of pRP1 (44) into pGEM-3Z(+)
(Promega Corp., Madison, Wis.). Plasmid pPZ432 (5.4 kb) was
constructed by insertion of an Ncol-Xhol fragment from
pPZ421 into pPZ375. When possible, plasmids were main-

tained in Escherichia coli DHS5a. E. coli and P. aeruginosa
strains containing plasmids were maintained on media contain-
ing ampicillin (100 pg/ml) and carbenicillin (500 ng/ml),
respectively.

Cell growth, extract preparation, and enzyme assays. Basal
salts medium (BSM), growth conditions, and extract prepara-
tion have been described previously (33). For cell extracts,
bacteria were disrupted either by sonication or by use of a
French pressure cell.

Activities of the following enzymes were assayed spectro-
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FIG. 2. Partial restriction map of the 6.0-kb insert of pRO1817 (also of pPZ421) with the region encompassing gap, hexC, and edd expanded.
The respective locations of the fragments contained in pRO1836, pPZ432, and pPZ196 are delineated by black bars. Abbreviations: E, EcoRI; H,

HindlIll; S, Sall; A, Aval; X, Xhol; N, Ncol; M, Xmalll; Y, Sphl; B, Bcll.
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photometrically by measuring the change in 45,4 of reduced
pyridine dinucleotide as previously described (33, 57, 58):
ZWF, EC 1.1.1.44; GLK, EC 2.7.1.2; EDD, EC 4.2.1.12; EDA,
EC 4.1.2.14; and gluconokinase, EC 2.7.1.12. 2-Keto-3-deoxy-
6-phosphogluconate was kindly supplied by H. Paul Meloche
of the Papanicolaou Cancer Research Institute, Miami, Fla.

NAD- and NADP-dependent GAP (EC 1.2.1.12 and EC
1.2.1.13, respectively) activities were measured by monitoring
the increase in A4, of reduced pyridine dinucleotide (9).
Reaction mixtures consisted of 50 mM Tris-HCI (pH 8.0), 10
mM (each) 2-mercaptoethanol and MgCl,, 0.3 mM NAD or
NADP, 0.25 mM glyceraldehyde-3-phosphate, and 5.7 mM
Na,HAsO,. After a 5-min preincubation, reactions were
started by addition of cell extract. Amidase transferase (EC
3.4.1.5) activity was measured in whole-cell suspensions by
monitoring the production of acetohydroxamate from acet-
amide and hydroxylamine hydrochloride (6).

The protein content of cell extracts was determined spectro-
photometrically by the method of Kalb and Bernlohr (35) or by
the method of Lowry et al. (39).

DNA preparation, manipulation, and transformation. Plas-
mid DNA was isolated by the alkaline lysis method (51). DNA
manipulations were performed as recommended by the sup-
pliers of enzymes, Bethesda Research Laboratories (Gibco-
BRL), Rockville, Md., International Biotechnologies Inc., New
Haven, Conn., and Promega.

Transformation of E. coli was done according to the proce-
dure outlined by Sambrook et al. (51). Transformation of P.
aeruginosa cells was done according to a previously described
modification (44) of the procedure of Mercer and Loutit (41).

DNA sequencing and analysis. The Sanger dideoxy chain
termination method was used for all sequencing (52). For the
region encompassing the 1.7-kb insert of pRO1836 (Fig. 2),
Hpall, Taql, Aval, HindIll, and Sall fragments were cloned
into the M13mp8 and M13mp9 vectors, which were then used
to prepare single-stranded DNA (56). Areas of edd and gap
outside the Sa/l-HindIII insert of pRO1836 were cloned from
pPZ421 as Sall, Sphl, or HindIIl-EcoRI fragments into
pGEM-3Z(—) (Promega). The resulting constructs were used
to make single- or double-stranded template. The M13 for-
ward and reverse universal sequencing primers were used
whenever possible. Additional oligonucleotide primers were
obtained from the Nucleic Acid Core Facilities of the Massey
Cancer Center (MCV/VCU) or the ECU School of Medicine
Biotechnology Program. Sequencing reactions were carried
out with the Tag-track system of Promega. Addition of 20%
(volivol) deionized formamide to the polyacrylamide gels
facilitated the clarification of the regions of sequence that were
high in G+C content. Nucleotide sequences were analyzed by
using the University of Wisconsin Genetics Computer Group
sequence analysis software package (24).

RNA isolation. Total RNA was isolated by the acid lysis
method described by Von Gabain et al. (63). Prior to extrac-
tion, cells were mixed with chloramphenicol (100 pg/ml) to
improve message recovery (38). After initial isolation, RNA
was treated with DNase I to remove any contaminating DNA.
Purified RNA was stored at —70°C in 50% formamide.

RNase protection analysis. *>P-labelled runoff transcript was
synthesized by using the Gemini II Core System (Promega)
and [a->’P]CTP (Dupont, NEN Research Products, Boston,
Mass.). Transcript specific for gap message was made by
utilizing HindIII-digested pPZ432 as template and T7 poly-
merase. EcoRI-digested pPZ432 and SP6 polymerase were
used in preparing edd-specific runoff transcript. Total RNA
isolated from log-phase cultures of P. aeruginosa PAO1 was
hybridized overnight at 65°C with 500,000 cpm of runoff
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TABLE 1. Effect of plasmids pRO1614, pRO1817, and pPZ196 on
activities of carbohydrate catabolism enzymes in extracts of
P. aeruginosa PAO1 grown without carbohydrate inducer

Enzyme specific activity (nmol/min/mg of protein)”

GAP
GLK ZWF EDD EDA NAD NADP
dependent dependent

Strain (Plasmid)®

PAOI 18 10 4 29 4 21
PAOI(pRO1614) 17 6 4 NDf 7 2
PAOI(pROI1817) 97 34 8 ND 210 30
PAO1(pPZ196) 50 50 36 9 24 2

“ Bacteria were grown to late log phase in BSM—20 mM lactate. Crude cell
extracts were prepared for use in enzyme assays as described in Materials and
Methods.

b Results are from one representative experiment.

€ ND, not determined.

transcript. The hybridization mixture was precipitated, dis-
solved in RNase digestion buffer (Promega), and treated with
RNases A and T1, and the products were purified and resus-
pended in running buffer (8 pl of 80% formamide, 1 pg of
bromophenol blue per ml, xylene cyanol). Samples were
resolved by polyacrylamide gel electrophoresis alongside a
sequence ladder prepared from pPZA432 as template and
reverse or forward primers by using the Taq-track system of
Promega.

Primer extension analysis. Primer extension analysis was
generally done according to the procedure described by Sam-
brook et al. (51). Two synthetic oligonucleotide primers were
used for mapping of the transcriptional start sites of gap and
edd. The primers for gap were CATGGACGCTGTCTGAC
TGG and CGCGGTAGTGGCCGGTATAC, and the primers
for edd were CGCAGCCCGGACCATCTCGA and GCGCT
ACGGGCCTGGATGCG. RNA isolated from log-phase cells
was hybridized at 42°C overnight with primer (50,000 cpm) that
was end labelled with [8-*°P]JATP (Dupont, NEN) by using
polynucleotide kinase (Gibco-BRL). Extension reactions were
carried out on the resulting DNA-RNA hybrids by using the
reverse transcription system of Promega. Actinomycin D (50
pg/ml), 2 mM deoxynucleoside triphosphates, and 50 U of
avian myeloblastosis virus reverse transcriptase were used, and
the reaction mixtures were incubated at 42°C to minimize
artifacts (51). After extension, the RNA was digested with
RNase A, and the single-stranded DNA extension product was
isolated, dissolved in tracking buffer, and resolved on a poly-
acrylamide gel alongside a sequencing ladder prepared from
pPZ421 and the same respective primers.

Nucleotide sequence accession number. The nucleotide se-
quence data reported in this paper will appear in the EMBL
and GenBank nucleotide sequence databases under accession
number M74256.

RESULTS

Further definition of hexC. Previously, hexC had been local-
ized to a 0.6-kb BclI-Ncol chromosomal fragment (Fig. 2)
which failed to complement mutants deficient in GLK or EDD
activity (57). To further delineate the hexC locus, plasmid
pPZ196 (Fig. 2) containing a 247-bp Xhol-XmallIl chromo-
somal fragment was constructed and tested for the hexC effect
(56). Activities of GLK, ZWF, EDD, and EDA in crude
extracts of P. aeruginosa PAO1(pPZ196) grown in BSM-20
mM lactate were two- to ninefold higher than those of the
same enzymes in bacteria without pPZ196 (Table 1), demon-
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1 CCAGGGCGGGACGGTCGGCAGATGTTGCCGGAGAGACAGCCGCCAGCCAAGCGCCGGCGG 60

END R W G N L S ETVF S C A G
61 ATATCGACCTATCAGAATCAGCGCCAGCCGTTGAGGCTCTCGGTAAAGCTGCAGGCGCCC 120

E E A S S M A NRMTFATFULTEURGT CGTL
121 TCTTCCGCGCTGCTCATGGCGTTGCGCATGAAGGCGAACAGCTCGCGGCCGCAACCGAGA 180

N G D Q P APETLSRAQWEA ATDTDTVTL
181 TTGCCGTCCTGCGGCGCCGGCTCCAGGCTGCGCGCCTGCCATTCGGCGTCGTCGACCAGC 240

VRLEGNVGDV VRV RDGDU RTULTR RA
241 ACCCGCAACTCGCCGTTCACCCCATCCACCCGCACCCGGTCGCCGTCGCGCAGGCGCGCC 300

L PG GA I AEUPSVHTIAAPUVIKG S
301 AGCGGACCGCCGGCGATGGCTTCCGGACTCACATGGATGGCCGCGGGCACCTTGCCCGAC 360

A G S MR G DT V KF G R D QUL V
361 GCCCCGGACATGCGCCCGTCGGTGACCAGCGCCACCTTGAAGCCACGATCCTGCAGGACC 420

G L F PTULI KU HILEUPMGNA ARUPGU QT F
421 CCGAGGAACGGCGTGAGCTTGTGCAGCTCCGGCATGCCGTTCGCCCGCGGGCCCTGGAAA 480

R V V A VL DRETLTETGAI KT FA AAA AL S
481 CGCACCACGGCGACCAGGTCGCGCTCCAGCTCGCCGGCCTTGAAGGCCGCGGCCAGGCTG 540

A Q DHF I RV PAEV V QHEUPA AUV A
541 GCCTGGTCGTGGAAGATCCGTACCGGCGCCTCGACCACCTGGTGTTCCGGCGCCACCGCC 600

8 VX MV GRGLNGEMTLURILGGE A
601 GAGACCTTCATCACGCCGCGACCGAGGTTGCCCTCCATCAGGCGCAAGCCGCCTTCGGCG 660

8§ F P KDULUPRILTIAEUDTULS ST REPGE
661 GAGAACGGCTTGTCCAGCGGACGCAGGATGGCTTCGTCGAGACTCCGTTCCGGCCCTTCG 720

R WV LRGDETULTFU?PERTYRURILG?P
721 CGCCAGACCAGCCGGCCATCCTCGAGGAACGGCTCGCGGGTGTAGCGGCGCAGGCCGGGG 780

G AV TQVDEHTILTLSGSGDTULTLOQRTIIL
781 CCGGCGACGGTCTGTACGTCCTCGTGAAGCAGCCCGCCGTCGAGCAGTTGGCGGATCAGG 840

F S M G G A AQF HNTIUDAQGNUZPYTI
841 AAGGACATGCCGCCGGCCGCCTGGAAGTGGTTGATGTCGGCCTGGCCGTTCGGATAGATG 900

R A LTUPV VHSLESMDAG QWTTULQTI
901 CGCGCCAGGGTCGGCACCACATGGGACAGCTCGGACATGTCCTGCCAGGTCAACTGGATG 960

G A AQA I ALTULUBHTLTHNTSG G T A
961 CCCGCCGCCTGGGCGATCGCCAGC TGGTCGAGCCGCC G 1020

L L AV VSNV IAKEUDVTIEA AMTPUV
1021 AGCAGCGCCACCACCGAGTTGACGATGGCCTTCTCGTCGACGATCTCCGCCATCGGCACG 1080

Y NG N E PTTULIR S A QRAATET RS STLE
1081 TAGTTGCCGTTCTCGGGGGTCAGCCGGCTGGCCTGGCGTGCCGCTTCGCGGCTGAGTTCG 1140

DRLPTNUPNVTFSAGPULUHTILGMUV
1141 TCGCGC TGACGAAGGAGGCACCGGGCAAGTGCAGGCCCATCACC 1200

E VLRV QNTNATG Y F cC T G P A
1201 TCCACCAGGCGAACCTGGTTGGTATTGGCGGTGCCATAGAAGGTGCAGGTGCCGGGTGCA 1260

H Y S A ME S A LLETETRTAIKGTEA AT
1261 TGGTAGGAGGCCATTTCCGAGGCCAGCAGCTCTTCGCGAGTGGCCTTGCCTTCGGCGAAC 1320

L QRVAAIKETIKNSTIGTUPMZPGG P
1321 AGTTGGCGCACCGCGGCCTTTTCCTTGT 'CGGTCGGCATCGGCCCGCCCGGG 1380

L L G P V I K

F VTPILHGT F S A A S
'TGGGCAGGTGGCCGAAGGAAGCAGCCGATAACAGGCCCGGCACGATCTTG 1440

v
1381 ACGAACACGG'

D CVGLCLAADT FMNUBHSTULATIA AT
1441 TCGCAAACACCCAGGCACAGCGCTGCATCGAAC TGTGAGACAGCGC >GGTG 1500

S M A I V DRSALSTULEMGUZPETG QT
1501 GACATGGCGATCACGTCGCGGCTGGCCAGCGACAGTTCCATGCCCGGCTCGCCCTGGGTC 1560

V GG DCMAPV GG AV S A SRV SR RT
1561 ACCCCGTCGCACATGGCCGGCACGCCGCCGGCGACACTGGCCGACCGAACCGATCTCGTG 1620

C A G P K I L GRVFPARUVPQHASL
1621 CAGGCGCCTGGCTTGATCAGGCCCCGGAAAGGCGCTCGAACCGGCTGGTGCGCCGAGAGC 1680

M DN Y A S VI AVNAQNMTLTZ ERTULTQ
1681 ATGTCGTTGTAGGCGGAAAC CAC C TCATCAGCCGC 'CTGC 1740

K DS EGCAAV GHALNGT CTPTLTG
1741 TTGTCGCTTTCGCCACAGGCCGCGACCCC 'CGCACGGC: 'CG 1800

P E L Y R Q
1801 CGGTGOGGCCCC‘I'PGCPGGCCGQGCCCGGACCATCTCGAGGTAGCGCTGGCGAGTGGCC 1860

ASRAQIRRTVELVRPHI(<--EDD
1861 GCGCTACGGGCCTGGATGCGGCGGGTGACTTCGAGCACACGAGGGTGCATGGCAGATTCT 1920

1921 CCTACAGACTATCAATTGTTGTTTTTACAACATAATCATCGGTTGAAGGATGTTTACTTT 1980

gap’ —> GAP-->M
1981 TC'I'!'!'CIGGACGAAATGTAATGGMTACCACAACAATAGMAMCGACCI‘CATTA 2040
edd’

strating that the 247-bp Xhol-Xmalll insert of pPZ196 con-
tained the entire hexC locus.

The effect of the hexC locus had been analyzed only with
respect to the four carbohydrate catabolism enzymes, GLK,
ZWF, EDD, and EDA. The question of whether AexC might
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T I R L A I NGV FGIRTIGT RNUVILRATL
2041 TGACTATCCGCCTGGCCATCAACGGCTTCGGTCGCATCGGCCGAAACGTTCTTCGCGCCC 2100
Xmalll
Y T GH Y REQLQV YV ATINDTULSGTDA
2101 TGTATACCGGCCACTACCGCGAACAGTTGCAGGTAGTGGCGATCAATGACCTCGGCGACG 2160

AV NAHLVF QYD S VHGHT FUPGEUV
2161 CCGCGGTCAACGCCCACCTGTTCCAGTACGACAGCGTCCATGGACACTTTCCCGGCGAGG 2220

E HDAES LRV MGDURTIA AV S ATIR
2221 TCGAGCACGATGCCGAAAGCCTGC "GACCGCATCGCCGTCAGCGCCATCC 2280

N PA EL PWIK S LGV DTIUVULETCT G
2281 GCAACCCGGCGGAACTGCCCTGGAAGAGCCTCGGCGTGGACATCGTGCTCGAGTGCACGG 2340

L F TS R DKM AAAHTLAGQAGAGT KV L
2341 GGCTCTTCACCAGCCGCGACAAAGCCGCTGCCCACCTGCAGGCCGGCGCCGGCAAGGTGC 2400

I S A PG KDV EATVV Y GV NUHTR RSG
2401 TGATCTCGGCGCCCGGCAAGGATGTCGAAGCCACCGTGGTCTACGGCGTCAACCACCGAG 2460

V V RA S HRTIUVSUNASU CTTNT CTLA
2461 GCGTCGTGCGCGCCTCCCATCGGATCGTCTCGAACGCCTCCTGCACCACCAACTGCCTGG 2520

PV A Q VLHRETLGTI G T T
2521 CACC CC l*‘df‘l"‘CGCGAGC'l'GGGCATCGAGCACGGCCTGATGACCACCA 2580

H A Y TNDOQNTULS DV Y HUPDTULYRA
2581 TCCATGCCTACACCAACGACCAGAACCTCTCCGACGTGTACCACCCGGACCTGTACCGCG 2640

R S ATQ S M I PTI KTGAA AEA AVGTL
2641 CACGTTCGGCGACCCAGTCGATGATCCCCACCAAGACCGGCGCCGCCGAGGCGGTCGGCC 2700

VLPEULAGI KT LTS GTULAVU RV PVIN
2701 TGGTCCTGCCGGAACTCGCCGGCAAGCTTACCGGGCTGGCGGTGC >C A 2760

VSLVDLTVQVARDTSVDEVN
2761 ACGTGTCGCTGGTCGATCTCACCGTGC 'CC 2820

R L LREASI KGSUPVILGYNTAQZPTL

2821 A« AAGCCAGCAAGGGCTCTCCGGTGCTCGGCTACAACACCCAGCCGC 2880

VS VDV FNHDUPRSSIFDANIUHTK
2881 TGGTGTCGGTGGATTTCAATCACGACCCGCGCTCGTCGATCTTCGACGCCAACCACACCA 2940

V § 6 R LV KA AMAWYDNEUWGT F SN
2941 AGGTCAGCGGCCGGCTGGTCAAGGCGATGGCCTGGTACGACAACGAGTGGGGCTTCTCCA 3000

R M L DS ALALAAA AT RYD
3001 ACCGCATGCTGGACAGCGCCCTGGCGCTGGCOGCCGCCCGOGAC‘!GAOGCGCCTCAGCGG 3060

FIG. 3. Nucleotide and predicted amino acid sequences of the
3,060-bp region of DNA encompassing gap, hexC, and edd. The ORF
for edd extends from bp 1910 to 78 (complementary strand); gap
extends from bp 2040 to 3047. ATG start and TGA stop sites are in
bold. Putative Shine-Dalgarno sequences are in bold and underlined.
Transcriptional start sites for gap and edd are indicated by arrows with
either gap® or edd®. Xhol and Xmalll restriction sites delineate the
smallest cloned DNA fragment to which kexC has been localized.

affect other catabolic enzymes was addressed by determining
activities of the following independently regulated enzymes:
gluconokinase, a gluconate catabolism enzyme (37); NADP-
dependent GAP, a constitutively expressed gluconeogenic
enzyme (46, 57); and amidase, an enzyme involved in the
catabolism of aliphatic amides (19, 20). None of these enzyme
activities was affected by the presence of pPZ196 in strain
PAOL1 (Table 1 and data not shown), demonstrating that the
hexC effect may be restricted in scope to similarly regulated
carbohydrate catabolism enzymes.

GLK, ZWF, EDD, and EDA expression is subject to strong
CRC caused by growth in the presence of succinate or other
intermediates of the TCA cycle (40). To probe the relationship
between CRC and kexC, we asked whether pPZ196 suppressed
succinate-dependent CRC in strain PAOL1. Activities of GLK,
ZWF, and EDD in extracts from cultures of PAOI,
PAO1(pPZ196), and PAO1(pRO1836) grown in minimal me-
dia with glucose, in the presence or absence of succinate, were
compared. No differences in the degrees of succinate-depen-
dent repression of the enzymes in the bacteria grown in
glucose-succinate were found, demonstrating that hexC does
not suppress CRC (data not shown). Thus, the hexC effect
appears to be separate from and recessive to CRC.

Nucleotide sequences of edd and gap. Figure 3 presents the
nucleotide sequence of the entire region encompassing gap,
edd, and hexC and shows the predicted GAP and EDD amino
acid sequences.
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FIG. 4. Comparison of the peptide sequences of EDD from P. aeruginosa (Pa), E. coli (Ec) (21), Z. mobilis (Zy) (3), and dihydroxy-acid
dehydratase of E. coli (Ilvd) (13) (made by using the PILEUP program of the University of Wisconsin Genetics Computer Group [24] and the
PRETTYBOX sequence display program [64a]). Identical residues are in black boxes; similar residues are in gray boxes.

(i) edd. Computer analysis of initial sequence data revealed
an OREF extending from within the 247-bp fragment in pPZ196
whose predicted amino acid sequence exhibited a high degree
of homology with the EDD sequences from E. coli (21) and
Zymomonas mobilis (3). The complete edd sequence from P.
aeruginosa consisted of 1,833 bp encoding a 610-amino-acid
protein with a predicted molecular weight of 65,140 (Fig. 3,
bases 1910 to 78). A putative Shine-Dalgarno sequence which
displayed 7 bases complementary to the 3’ end of P. aeruginosa
16S rRNA (55) was identified 13 bases upstream of the ATG
start codon. No terminator-like sequences were apparent
downstream of the TGA stop codon. The G+C content of edd
(69.1%) was similar to that of the P. aeruginosa genome
(67.8%). Codon usage also was found to be similar to that of
other P. aeruginosa genes (64).

The amino acid sequence predicted by the ORF exhibited
60% identity with and 76% similarity to the amino acid
sequénce of EDD from E. coli (21) and 55% identity with and
71% similarity to that of EDD from Z. mobilis (3) (Fig. 4). Like
EDD from E. coli and Z. mobilis, P. aeruginosa EDD exhibited
close resemblance (51% similarity and 30% identity) to the
product of E. coli ilvD, dihydroxy-acid dehydratase (13). The
most striking conservation among all four peptide sequences
consisted of the two segments ALVTDGRMSG (residues 507
to 516) and HVSPEA (residues 526 to 531).

(ii) gap. An ORF divergently oriented to the EDD gene
displayed a high degree of homology at both the nucleotide

and amino acid levels with the GAP family (7, 11, 12). The
ATG start codon was located within the 247-bp Xmalll-Xhol
fragment, and the ORF extended 1,011 bp to a TGA stop
codon (Fig. 3, bases 2040 to 3047). A 6-bp potential Shine-
Dalgarno sequence (55) was present 13 bases upstream of the
ATG start codon. No terminator sequences were found in the
few nucleotides sequenced downstream from the TGA stop
codon. The G+C content of gap (66.7%) was similar to that of
genomic P. aeruginosa DNA (67.8%), and codon usage was
consistent with that of other transcribed genes in P. aeruginosa
(64).

A 335-amino-acid protein with a molecular weight of 36,238
was predicted by the ORF (Fig. 3). Comparison of the amino
acid sequence with GAP sequences from a number of organ-
isms produced a range of identity values from 45 to 60%, the
highest being that for Rhodobacter sphaeroides (Fig. 5) (11).
NAD-binding (residues 1 to 154) and catalytic (residues 149 to
336) domains exhibited equivalent homology. Residues 153 to
160 in the P. aeruginosa peptide, ASCTTNCL, were found to
be identical to the catalytic site consensus motif of the GAP
family (A)SC(T)Txx(L), as determined by comparison with the
Prosite protein motif database of GenBank (24). Other resi-
dues thought to be involved in NAD binding and the catalytic
reaction carried out by GAP, including D-38, H-183, T-185,
T-213, R-237, and Y-308 (7), were also conserved in the
predicted sequence of the peptide.

Identification of NAD-GAP as the gap gene product. The
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FIG. 5. Comparison of the peptide sequences of GAP from P.
aeruginosa (Pa) and R. sphaeroides (Rs) (11) (made by using the
BESTFIT Program of the University of Wisconsin Genetics Computer
Group [24]). The sequences exhibited 74.9% similarity and 60.1%
identity. Lines indicate identity; dots mark similarity; single dots above
sequence delineate lengths of 10 amino acids.

striking identity of the predicted protein with the GAP family
of enzymes clearly suggested that this ORF encoded GAP.
However, confirmation of the ORF’s identity by complemen-
tation analysis was not possible because of a lack of P.
aeruginosa gap mutant strains. Instead, GAP activities in
extracts from noninduced cultures of strains PAOI,
PAO1(pRO1614), and PAO1(pRO1817) were compared to
determine whether GAP activity was subject to the same
copy-number effect from pRO1817 as were GLK and EDD
activities (15) (Table 1). Because inducible NAD-dependent
and constitutive NADP-dependent GAP enzymes are found in
P. aeruginosa (46), both activities were assayed (Table 1).
NADP-dependent GAP activity did not vary significantly in
any of these extracts. However, NAD-dependent GAP activity
was elevated 20- to 30-fold in extracts from cells harboring
pRO1817, demonstrating that the ORF encoded NAD-depen-
dent GAP (Table 1).

Inclusion of gap in the hex regulon. Two observations, the
physical proximity of gap to hexC and edd on the chromosome
and the glucose inducibility and catabolite repression of GAP
activity by succinate (46), suggested that gap was a fifth
member of the hex regulon. To test this hypothesis, NAD-
dependent GAP activity in extracts of noninduced P. aerugi-
nosa PAO1 containing the hexC plasmid, pPZ196, was mea-
sured. NAD-dependent GAP activity was sixfold higher than
that in extracts from strain PAO1 without a plasmid or with the
vector alone (Table 1), indicating that GAP expression was
affected by hexC in the same manner as GLK, ZWF, EDD, and
EDA expression.

Identification of the transcriptional start sites of edd and
gap. RNase protection analysis was carried out on RNA
isolated from log-phase cultures of strain PAOL1 to locate the
transcriptional start sites of gap and edd. These studies local-
ized both start sites to the intergenic region, at approximately
bp 1980 for edd and bp 2000 for gap (Fig. 3 and 6).

Precise confirmation of the gap and edd transcriptional
initiation sites was obtained by primer extension analysis. The
start of gap transcription mapped 33 bases upstream of the
ATG start site of the ORF (Fig. 7; Fig. 3, base 2007). Because
a sufficient yield of the extension product for edd could not be
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FIG. 6. RNase protection analysis of the transcriptional start sites
of gap and edd. RNA was isolated at 30-min intervals from log-phase
cultures of P. aeruginosa PAO1 grown in BSM-20 mM lactate (lanes
L1 through L4) or BSM-20 mM lactate (lanes G1 and G2) plus 20 mM
glucose added as an inducer (lanes G3 and G4). Total RNA (20 p.g)
from each sample was hybridized with runoff transcript specific for
either gap or edd message and treated as described in Materials and
Methods. Protected RNA fragments were resolved alongside a se-
quencing ladder to determine their sizes. Arrows indicate the largest
protected fragments for each mRNA.

produced by using RNA isolated from strain PAO1, RNA was
isolated from strain PAO1 carrying the EDD structural gene
on plasmid pPZ421. The resulting primer extension product
mapped 87 bp upstream of the ATG translational start site of
edd (Fig. 8; Fig. 3, base 1997). Thus, only nine bases separated
the respective transcriptional start sites for edd and gap (Fig.
3).

The RNase protection studies were performed on RNA
from cultures grown in either BSM-20 mM lactate alone or
BSM-20 mM lactate to which 20 mM glucose was added as an
inducer. Neither GAP nor EDD message was detectable in
noninduced cultures of strain PAO1; quantities of both mes-
sages increased markedly after addition of glucose (Fig. 6).
These data confirmed earlier Northern (RNA) analysis evi-
dence suggesting that expression of GAP and EDD was
controlled at the transcriptional level (56).

Analysis of the 128-bp hexC intergenic region. The 128-bp
intergenic region exhibited 35.4% G+C content, compared
with the 67.8% G+C content of Pseudomonas chromosomal
DNA. Inspection of this region revealed the following features.

(i) Upstream region of gap. A sequence perfectly matching
the —10 rpoD-type consensus sequence of P. aeruginosa (48)
occurred upstream of the gap transcriptional start (Fig. 9). Two
sequences with 5 of 6 bases matching the —35 rpoD-type
consensus sequence occurred at —35 and —45 bases upstream
of the start of gap transcription at (Fig. 9). A sequence
exhibiting near perfect homology with the integration host
factor (IHF) consensus site of E. coli was located at bases 70 to
82 upstream of the transcriptional start site (Fig. 9). Several
inverted repeats were noted in the sequence upstream of gap.
Two of these motifs overlapped the —10 and —35 regions, and
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FIG. 7. Primer extension analysis of the transcriptional start site of

gap. Total RNA was isolated from log-phase cultures of P. aeruginosa
PAO1 grown in BSM-20 mM lactate to which 20 mM glucose was
added. RNA was isolated from cells harvested prior to (lane N) and 30
(lane I;) and 60 (lane I,) min after the addition of glucose. RNA (20
ng) from each time point was hybridized overnight at 42°C with a
[8-*?P]ATP-end-labelled 20-mer (see Materials and Methods) and
extended with avian myeloblastosis virus reverse transcriptase by using
the Promega reverse transcription system. The extension product was
then resolved alongside a sequencing ladder prepared by using the
same oligonucleotide as a primer. The transcriptional start site is
marked by the arrow.

a third, closely resembling the Hut repressor protein binding
site of the histidine utilization system in Pseudomonas putida
(1, 32), overlapped the IHF-like site (Fig. 9).

(ii) Upstream region of edd. A match of 4 of 6 bp with
Pseudomonas rpoD-type consensus sequences occurred at po-
sition —10, overlapping a deoxyadenosine-rich tract similar to
the —10 region of algB (AAAACAA [65]) (Fig. 9). No
sequences with close matches to Pseudomonas rpoD-, rpoN-, or
rpoF-type —35 consensus sequences (48) were found upstream
of edd, nor were dyad symmetry elements present.

DISCUSSION

A 3,060-bp segment of the P. aeruginosa PAO1 chromosome
was sequenced, revealing the presence of edd and gap, two
genes in the hex regulon. These genes diverged from within a
247-bp Xmalll-Xhol fragment shown to carry the hexC locus.
The edd and gap transcriptional start sites were mapped 9
bases apart within the 128-bp intergenic region, and sequences
which may play roles in transcriptional control of edd and gap
and in creation of the hexC effect were identified. .

This report expands to three the number of conserved EDD

J. BACTERIOL.

-83 -

FIG. 8. Primer extension analysis of the transcriptional start site of
edd. Total RNA was isolated from a log-phase culture of strain
PAO1(pPZ421) grown on BSM-20 mM lactate prior to (lane N) and
15 (lane I,) and 45 (lane I,) min after addition of 20 mM glucose. RNA
(50 pg) from each time point was hybridized overnight at 42°C with a
[8-*P]JATP-end-labelled 20-mer (see Materials and Methods), ex-
tended, and resolved alongside a sequencing ladder as described
previously. The transcriptional start site is marked by the arrow.

genes from bacterial species that have been sequenced. The
predicted molecular weight of the protein (65,000) agrees well
with the estimated subunit M, of the Z. mobilis enzyme
(63,000) (53). The EDDs (53) and dihydroxy-acid dehydratase
(22) belong to a subclass of hydrolases that are thought to
contain iron-sulfur clusters. The amino acid sequence of
dihydroxy-acid dehydratase contains three closely spaced cys-
teine residues (Fig. 4, residues 189, 192, and 195) reminiscent
of the iron-sulfur binding signature of ferredoxins (8). The
EDDs (Fig. 4) contain no such motif; however, there are four
invariant cysteines (residues 42, 114, 156, and 222) and nine
invariant histidines (residues 47, 81, 144, 171, 217, 305, 308,
490, and 526) which are potential ligand binding sites. Exam-
ples of proteins utilizing widely spaced cysteine or histidine
residues complexed with iron include fumarate nitrate reduc-
tase regulatory protein (27), lipoxygenase (34), rubrerythrin
(36), and prostaglandin endoperoxide synthase (54).

This study is the first to map the gap locus on the P.
aeruginosa chromosome. The gene for NADP-dependent GAP
had been cloned separately on a cosmid and shown to be
unlinked on the chromosome to the zwf-edd-eda locus (2). The
predicted molecular weight of 36,238 for the gap-encoded
protein agrees with the reported subunit M, of 38,000; the
enzyme in native form is a tetramer (29).

Divergent transcription of genes from a small regulatory
area is not unusual in bacteria (4). Five examples of such
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FIG. 9. Nucleotide sequence upstream of mRNA start sites for edd and gap. The sequence includes bases 1905 to 2045 as shown in Fig. 3;
mRNA start sites are marked with labelled arrows. Sequences similar to rpoD-type Pseudomonas consensus sequences (48) are boxed at —10, —35,
and —45 from the mRNA start site of gap and at —10 from the mRNA start site of edd. Dyad symmetry motifs are marked with pairs of arrows.
The part of the sequence similar to the IHF recognition sequence is indicated with asterisks. IHF consensus sequences from E. coli (23) and
rpoD-type consensus sequences (48) are shown above and below the sequence (Y equals C or T; R equals A or G; S equals G or C; W equals A

or T; and N equals any nucleotide). Start sites of edd and gap ORFs are indicated on the ends by arrows.

transcription in Pseudomonas species have been described,
those involving the AutC and hutF genes (1, 32), the xylS and
xylR genes (31), and the catR and catBC genes (49) in P. putida;
trpl and trpBA in P. aeruginosa (10); and the tcbR and t¢cbCDEF
genes in Pseudomonas sp. strain P51 (62). In each case, at least
one of the divergent genes encodes a regulatory protein. This
is the first report of an arrangement in which the two divergent
genes encode metabolic enzymes. The spacing of the transcrip-
tional start sites of these two genes (9 bases apart) places the
—10 regions of the divergent promoters on opposite sides of
the DNA helix, separated by less than one turn. Effects on
initiation resulting from the binding of two polymerase mole-
cules to this small region are difficult to predict. However,
preliminary results from Northern blot analysis of edd and gap
messages indicate that edd may be expressed earlier than gap
following induction by glucose. The fact that we had to clone
edd onto a multicopy plasmid in order to detect the transcripts
suggests a low level of expression relative to that of gap.
Thorough kinetic studies will be needed to determine the
transcriptional sequence of events at these closely spaced,
divergent promoters.

Relatively little is known about transcription or the nature of
promoter elements in Pseudomonas species (17, 48). However,
the edd-gap promoter region exhibited several features similar
to those of functionally significant sequences in other Pseudo-
monas promoters, including —10 and —35 consensus se-
quences, poly(A) tracts, an IHF recognition sequence, and
inverted repeat sequences. Sufficient data concerning P. aerugi-
nosa have emerged to suggest consensus sequences similar to
those recognized by E. coli RNA polymerase sigma factors
RpoD, RpoF, and RpoN (17, 59, 60). Close matches with
RpoD consensus sequences occurred at —10, —35, and —45
bases upstream of gap; the spacing between the rpoD-type
consensus sequences varies from 16 to 22 bases (48). A match
of 4 of 6 bp with the —10 consensus sequence occurred
upstream of edd (Fig. 9). The poly(A) tract upstream of edd
bears resemblance to poly(A) tracts in the promoter regions of
other Pseudomonas genes (5, 17, 25, 26, 31, 45, 65). Upstream
poly(A)-rich tracts of nucleotides are associated with strong
promoters in E. coli (18) and with DNA curving and bending
(28). Although the relationship of these motifs to promoter
activity in Pseudomonas spp. is largely unknown, such se-
quences have been shown to be important for xylR and xylS
expression in P. putida (16, 25, 31, 43). IHFs are DNA-binding
and -bending proteins, studied extensively as they occur in E.
coli (23) and more recently as they occur in other species,
including P. aeruginosa (31, 42, 61, 65). Expression of algB and
algD in the alginate pathway of P. aeruginosa (42, 61, 65) and
xylS and xyIR in the toluene pathway in P. putida (16, 25, 31)
has been shown to involve interaction of an IHF homolog with
RpoN-type (0>*) promoter sequences. The significance of an
IHF recognition site upstream of the putative RpoD-type (¢7°)
promoter for gap remains to be investigated.

The hexC effect probably results from titration of a repressor
protein when the repressor binding site is present in multiple
copies. Dyad symmetry motifs, strategically spanning the —10
and —35 regions upstream of gap, showed no homologies with
documented repressor binding sites (Fig. 9). The symmetry
elément resembling the Hut repressor binding site, while
matching the Hut sequence almost perfectly, was centered 70
bases upstream of gap, in a region unlikely to be involved in
blocking RNA polymerase binding (Fig. 9). However, the
overlap of this Hut-like potential binding site with the consen-
sus IHF sequence is quite provocative, as protein binding to
the THF sequence could be blocked by a repressor protein.
Commonalities between the promoters for gap and edd and the
DNA sequences upstream of glk, zwf, and eda, the other genes
under hexC control, should reveal potential repressor binding
sites. This work is presently ongoing in our laboratory.

In summary, we have determined the sequences for edd and
gap, the latter having previously been unmapped in the case of
P. aeruginosa, and have expanded the hex regulon to include
gap. The divergent promoters for these genes occur in a 128-bp
intergenic region which contains key elements for understand-
ing the hex regulon. The mechanisms by which gene expression
from these promoters is controlled by the hexC locus, catabo-
lite repression, and other regulatory signals are currently being
investigated.
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