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GTCGACGGCCGATGGGGTGACGGGCGAGGAAGTCATGCGATCTCCGTGGATGCGGTCGATTGCCATTGTTGGGAAATGAGATTTATTATCATTGGCGGGC
Sall -35 -10

GGCAGGGACCGCGCAAGCCCGCGCCTTTCGATTGCGGGGCTTTTTCATTCGCTGCAGGGGCGGAGTGCAGGGCGCTTTGTCCATCTCCGCTAAAAAGTCC
Pstl

M T 1 TI11APPO GATD
," CGGG CTACA:GSAMCCTGATGACCATCACCATCAITGCTCCGCCACAGGCCGAT
Smal
AAAPAPGNRPGVAMHIDEPNMKLVYVTGTTFTCSASTETDHUW
ACCGCCACGCCGGCACCGGGCAACCGGCCCGGCGTCGCGCACATCGATCCGAACATGAAGCTGGTGACCGGAACCTTCTGTTCGGCCAGCGAGGACTGGT

CCTGCCCCCACGTATCCAGGAAGGCGTCGCCGCGTC

F EEP L E G L R LI Q S GQLRCRTIPGAQPEWHIL E G
TCGAGGAACCGCTGGAGCGCGGCCTGCGCCTGATCCTCGYGCAGABCGGCCAGTTGCGCTGCCGGATTCCCGBCCAGCCCGAGCACCTCATCGAGGGGCC

S c T 1 G D FTSAQIYGTDIK®PLRYTTIVaQLGV
GAGCCTGTGCACCATCGCCAACGATGGCGACTTCACCTCGGCGCAGATCTACGGCACCGACAAGCCGTTGCGCTACACCATCGTCCAGCTCGGCGTCGAA
Bgill
A LDSRLGWLPES GLTIRRPGGD®PRTIMSTCPAPRAMOA G
GCCCTGGACAGCCGCCTCGGCTGGCTGCCCGAGCAACTGATACGCCGCCCCGGCGGCGATCCGCGGATCATGAGCTGCCCGGCGCCGCGGGCGATGCAGG

ALASQTIA Y K AL ELAA A
CGTTGGCCTCGCAGATCGCCACCTGCCAGATGCTCGGTCCGACCCGCGATCTCTACCTCGGCGGCAAGGCCCTGGAGTTGGCCGCGCTCAGCGCACAGTT

L SGEGRTPVEE P R 1 T CSEVERI R DL L L
CCTTTCC GCCCCGTC ’FflTCACCTGCTCGGAGGTCGAGCGCATCCACGCCGCCCGCGACCTGCTGGTCGGCGCCTTGCAG

EPPSLDTLASRVGMNPRIKLTAGTFRIKVTFGASVTFSG G
GAGCCGCCGTCGCTGGACACGCTGGCCAGCCGCGTGGGCATGAACCCGCGCAAGCTGACTGCCGGCTTTCGCAAGGTGTTCGGCGCCAGCGTATTCGGCT
Y LQEYVYRLREAHRMLTCDETEANVSTVAYRVGYSPAIH
ACCTGCAGGAATACCGCCTGCGCGAGGCGCACCGGATGCTCTGCGACGAAGAGGCGAATGTCTCCACGGTGGCCTACCGGGTGGGCTACAGCCCGGCGCA
Pstl

FSI AFRKRYGI!I SPSETIR
TTTCTCCATCGCTTTCCGCAAGCGCTACGGCATCTCCCCCAGCGAGATCCGCTGAG1CI ----------------------- GTCGCCG

CTGCGGGATGACGCTGCATCTAACGAAACAGTCCGGCTGTCTAAAGCATTGCCGGCCAGGCCTCCCAGGCAAGTGAGATAAGGTCGCATTTGATAATCGT

TGCCAGGAACTGGCAACCGACCTCAGATGCTTGCCCT. CCCCATGGATCTGCCCCCCGATTCCCGTACCGCCCTGCGCGACTGGCTGACCGAGC

AGCTCGCCGACCTGCTCGGCGAACCGCTTGCTGACGTGCGCGCCCTGGCGGACGACGACGACCTGCTGGGCTGCGGCCTCGACTCGATCCGCCTGATGTA

CCIGCAGGAACGCCTGCGCGCGCGTGGCTCGACGCTGGACTTCGCCCAGT TGGCGCAGCGCCCCTGCCTGGGGGCCTGGCTCGACCTGCTGGCCTGCGCG
Pstl

GACCGGCTGTCCGCCCCGGCAACGGTCGCGCTGCCGACGGCGCAGGATCGCGATCAGCCGTTCGAGCTGTCTTCCGTGCAGCAGGCCTACTGGCTGGGAC
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170

=

GTGGCGCCGGCGAGGTGCTGGGCAACGTCAGCTGCCATGCCTTTCTGGAATTC
EcoRI

FIG. 4. Nucleotide sequence of pchR. The deduced amino acid sequence of PchR, putative promoter and Shine-Dalgarno sequences, and

selected restriction enzyme sites are indicated.

pyochelin-deficient strain IA614 and a pchR::Q-Tc deriva-
tive of this strain (K649) was examined. In agreement with
the earlier results, pyochelin readily induced expression of
the ferripyochelin receptor in IA614 (Fig. 7, compare lanes 1
and 2). In contrast, the receptor was not induced by pyo-
chelin in K649 (Fig. 7, compare lanes 3 and 4), indicating that
pyochelin-mediated receptor synthesis, indeed, requires the
PchR gene product.

Homology to AraC and members of the AraC family of
positive regulators. A scan of the Swiss Protein Data Base
identified the AraC protein of Salmonella typhimurium as
exhibiting homology to PchR. AraC regulates expression of
the araBAD operon involved in enzymatically converting

21-
123

FIG. 5. Identification of PchR. The 1.8-kb EcoRI-Sall fragment
encompassing the PchR gene was cloned downstream of a strong
phage T7 promoter in plasmids pT7-5 (lane 2) and pT7-6 (lane 3) and
introduced into E. coli K38. Following induction of T7 RNA
polymerase (see Materials and Methods), translation products of
cloned genes were labeled with [>*S]methionine-[**S]cysteine and
resolved on SDS-polyacrylamide gels. Lane 1, E. coli K38 carrying
pT7-6 without the insert. The EcoRI-Sall fragment cloned into
pT7-6 places the pchR gene in the same orientation as the strong T7
promoter.

L-arabinose to D-xylulose 5-phosphate (60). While overall
homology between AraC and PchR was low (identity, 20%;
conserved changes, 11%) the C-terminal 80 amino acids of
PchR showed a markedly higher degree of homology (iden-
tity, 33%; conserved changes, 17%) to AraC (Fig. 8). Two
helix-turn-helix motifs which are apparently involved in
DNA binding (15, 16) have been identified in this region of
AraC (11). Two such motifs were identified in PchR at
equivalent positions (Fig. 8). Moreover, a stretch of 17
residues at the extreme C terminus of PchR showed a high
degree of similarity not only to the AraC proteins of a
number of enteric organisms but also to 15 additional mem-
bers of the AraC family of transcriptional regulators (Fig. 9).

DISCUSSION

P. aeruginosa K372 is a spontaneous mutant deficient in
production of both pyochelin (35) and the ferripyochelin
receptor (36). This phenotype is likely due to a single
mutation in a gene required for expression of both pyochelin
and the ferripyochelin receptor. The fact that a single gene
(pchR) restores synthesis of both pyochelin and the ferripy-
ochelin receptor and that a PchR mutant is defective in both
receptor and pyochelin synthesis confirms this and indicates

Fur consensus GATAATGATAATCATTATC

[ MET
pchR II%QQATTGTTGGGAAATGAGATTIAIIAICATTGGC-168 bp-ATG
-35 -10

FIG. 6. Putative promoter region upstream of pchR in P. aerug-
inosa, showing the region of homology to the Fur-binding consensus
sequence of E. coli. The location of this region, with respect to the
initiating ATG codon of PchR, is indicated. Vertical lines represent
exact matches with the consensus sequence (13).
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FIG. 7. Outer membrane proteins of P. aeruginosa 1A614 (lanes
1 and 2) and K649 (lanes 3 and 4) grown in iron-deficient succinate
medium without (lanes 1 and 3) or with (lanes 2 and 4) pyochelin (100
wl/25 ml of culture). The molecular masses (in kilodaltons) of
markers in the leftmost lane (from top to bottom) are 97.4 (rabbit
muscle phosphorylase b), 66.2 (bovine serum albumin), 45.0 (hen
egg white ovalbumin), and 31.0 (bovine carbonic anhydrase). Fer-
ripyochelin receptor is indicated (arrowhead).

that genes of siderophore and receptor synthesis are regu-
lated by a common gene product.

The homology between PchR and AraC is consistent with
a role for PchR in activation of expression of pyochelin and
the ferripyochelin receptor. That the homology to AraC is
restricted to the C-terminal regions of the proteins is signif-
icant, since it appears that, while the N terminus of AraC is
involved in substrate recognition, the C terminus is specifi-
cally involved in DNA binding (15, 16, 47). In agreement
with this, two potential helix-turn-helix motifs typical of
DNA-binding domains have been identified in the C terminus
of AraC (11), and mutations affecting AraC binding to ara
DNA map to this region of the protein (15, 16, 30). Similarly,
two potential helix-turn-helix motifs have been identified in
the C terminus of PchR at positions equivalent to those
found in AraC. These data suggest that, like AraC, PchR is
a DNA-binding protein which activates gene expression.

AraC is representative of a family of regulatory proteins
(mostly activators) which show homology at the C terminus
and are predicted to operate in a similar manner. The
helix-turn-helix motif appears to be a characteristic of this
group of regulators and may represent a common mechanism
for interacting with DNA to facilitate gene expression.
Interestingly, however, the most conserved region of this
family of regulators occurs near the extreme C-terminal
regions of the proteins and only partially overlaps the second
(in AraC and PchR) helix-turn-helix motif. Within this con-
served region, two amino acids (a phenylalanine and a

PchR MTITIIAPPQI IDPNMKLVTGTF! ERGLR 55

AraC  MAETQNDPLL SPNAHLVAGL mecuni'llm.mymm 44

PchR TVQSGQLRCRIPGQPEHL1EGPSLCTIANDGDPTSAQIYGTDKPLRYTIVQLG 110
Arac unm.nnczcvxmczqwcnpcnrunpcnmcmpmszwvnqun 99
PchR V!ALDSRLG"TPEQL1RRPGGDPRIHSCPAPRAHQALASQIATC?HLGPTRDLYL 165
Arac PRAYWQB——WLTWPTI!AQTGIF!!!PDEARQLI’HFSELFGQIISAGQGBGRYSBLLA 152
Pchr ccmnmsnfnsczcnpvazpnncsmnxmmu.vcmzppsm 220
AraC  IN------- LLEQLLLRRMAVINESLHPPMDSRVRDACQYTSDHLADSHEDIASY 200
S e o o i U
Arac Wémxéqomxé‘lmsénnq}usqluul.snmm 255
PchR mﬁIATHRYTITTTTIR 296

AraC DDOLYFSRVFKKCTGASPSEFRAGCE 281

FIG. 8. Alignment of the deduced amino acid sequences of PchR
and AraC of S. typhimurium. Exact matches (vertical lines) and
conserved changes (dots) are indicated. Putative helix-turn-helix
motifs (underlined) were found in PchR by using the PC/GENE
software package. Putative helix-turn-helix motifs in AraC (16) are
also indicated.
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PchR PA 280 FSIAFRKRYGISPSEIR 296

AraC ER 266 FSRVFRKRVGVSPSDFR 282

AraC ST 261 FSRVFKKCTGASPSEFR 277

AraC EC 261 FSRVFKKCTGASPSEFR 277

AraC CF 261 FSRVFKKCTGASPSEFR 277

RhaR EC 283 FSVVFTRETGMTPSQWR 305

ToxT VC 284 FSTVFKSTMNVAPSEYL 300

TCpN VC 251 FSTVFKSTMNVAPSEYL 267

Rhas EC 254 FSTLFRREFNWSPRDIR 270

EnvY EC 228 FISVFKAFYGLTPLNYL 244

cfaD EC 243 FIRVFNKHYGVTPKQFF 259

Rns EC 243 FIRIFNKHYGVTPKQFF 259

VirF ss 240 FIRKFNEYYGITPKKFY 256

FapR EC 233 FIKTFKEYYGVTPKKFE 249

AppY EC 212 FICAFKDYYGVTPSHYF 228

CelD EC 256 FIKTFKKLTSFTPKSYR 272

MelR EC 274 FYSTFGKYVGMSPQQYR 290

VirF YE 247 FTQSYRRRFGCTPSQAR 263

ExsA PA 271 FTQSYRRRFGCTPSRSR 287

Xyls PP 297 FAENYRSAFGELPSDTL 313
FIG. 9. Conserved sequence in the carboxy termini of PchR,
AraC, and other AraC family transcriptional regulators. The first
(left) and last (right) amino acids of the homology region in the
mature sequence of each protein are indicated. Identical (x) and
similar (.) amino acids are also indicated. AraC regulates expression
of genes involved in L-arabinose utilization in Erwinia chrysanthemi
(ER) (44), S. typhimurium (ST) (17), E. coli (EC) (70), and Citro-
bacter freundii (CF) (12); RhaR and Rha$ regulate expression of the
L-thamnose operon in E. coli (68); ToxT regulates expression of
virulence genes in Vibrio cholerae (VC) (37); TcpN regulates
expression of the toxin-coregulated pilus of V. cholerae (51); CfaD
and Rns regulate expression of CS1 and CS2 fimbrial antigens in
human enterotoxigenic E. coli (14, 58); FapR regulates 987P fimbria
expression in enterotoxigenic E. coli, enabling the bacteria to attach
to the intestinal epithelia of piglets (42); AppY regulates expression
of growth-phase-dependent gene expression in E. coli (6); CelD
negatively regulates expression of the cel operon responsible for
cellobiose utilization in E. coli (52); MelR regulates expression of
the melibiose operon responsible for melibiose utilization in E. coli
(72); VirF in Yersinia enterocolitica (YE) regulates expression of the
virulence regulon (18); ExsA regulates expression of exoenzyme S
in P. aeruginosa (PA) (31); XylS regulates expression of TOL
plasmid genes encoding degradation enzymes of benzoate in
Pseudomonas putida (PP) (40); VirF in Shigella sonnei (SS) regu-
lates expression of the ipa genes involved in the invasion of
epithelial cells (41); and EnvY regulates temperature-dependent

expression of several envelope proteins in E. coli (46).

proline) were invariant in 20 different regulatory proteins
examined. These residues are unlikely to be involved in
DNA binding directly, since each regulator binds to its own
unique DNA sequence. Moreover, it is charged residues
which are likely to be involved in interactions (electrostatic)
with DNA (71). These highly conserved residues may,
however, be important for maintaining the correct disposi-
tion of the DNA-binding helix-turn-helix domains or, per-
haps, for an interaction with RNA polymerase. While such
an interaction has not been demonstrated, it is implied, in the
case of AraC, by the overlapping of AraC and RNA poly-
merase binding sites in ara DNA and by the AraC depen-
dence of RNA polymerase binding to ara DNA (43). Cer-
tainly, interactions between RNA polymerase and other
activator proteins have been reported (38). Since RNA
polymerase holoenzyme is likely to be highly conserved
among different genera, the domains of activator protcms
contacting RNA polymerase are also likely to remain rela-
tively constant.

The promoter region identified upstream of pchR includes
a sequence with homology (13 of 19 matches) to the consen-
sus binding sequence for the E. coli Fur repressor. Since Fur
is known to regulate gene expressmn in response to iron (9),
specifically repressing expression under conditions of high
concentrations of iron, this suggests that PchR expression is
smnlarly iron regulated. This is consistent with the observed
iron regulation of pyochelin (23) and the 75-kDa ferripyo-
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chelin receptor synthesis in P. aeruginosa (36). Further, it
suggests that this effect of iron on expression of components
of ferripyochelin transport is mediated at the level of expres-
sion of a required activator protein (PchR) rather than
directly at the level of expression of structural genes for
receptor and siderophore synthesis. Homology to the Fur
consensus binding sequence has also been identified up-
stream of the structural gene for the ferric enterobactin
receptor (pfeA) of P. aeruginosa, whose expression is iron
regulated (27), and in fact, a Fur homolog has been identified
in P. aeruginosa (54).

The promoter identified upstream of pchR is somewhat
distant from the initiation codon of the gene. If it indeed
functions in pchR expression, the resulting mRNA would
possess a relatively long untranslated leader sequence. Such
sequences have been identified in a number of genes, in
which they appear to be involved in posttranscriptional (i.e.,
translational) regulation of protein synthesis (10, 28). It is
interesting, therefore, that in addition to regulation by iron
expression of the ferripyochelin receptor is also regulated by
pyochelin. Indeed, pyochelin has been shown to specifically
activate expression of the receptor protein in mutants defec-
tive in pyochelin biosynthesis (32). The demonstration here
that PchR is required for this induction suggests that PchR
may be regulated posttranscriptionally by pyochelin in acti-
vating receptor synthesis. If so, it is likely that PchR also
upregulates pyochelin synthesis in response to the sidero-
phore.
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