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The iron-regulated irp2 gene is specific for the highly pathogenic Yersinia species and encodes high-
molecular-weight protein 2 (HMWP2). Despite the established correlation between the presence of HMWP2
and virulence, the role of this protein is still unknown. To gain insight into the function of HMWP2, the entire
coding sequence and the promeoter of irp2 were sequenced. Two putative —35 and —10 promoter sequences
were identified upstream of a large open reading frame, and two potential Fur-binding sites were found
overlapping the second —35 box. The large open reading frame is composed of 6,126 nucleotides and may
encode a protein of 2,035 amino acids (ca. 228 kDa) with a pI of 5.81. A signal sequence was not present at the
N terminus of the protein. Despite the existence of 30 cysteine residues, carboxymethylation prevented the
formation of most if not all disulfide bonds that otherwise occurred when the cells were sonicated. The protein
was composed of three main domains: a central region of ca. 850 residues, bordered on each side by a repeat
of 550 residues. A high degree of identity (44.5%) was found between HMWP2 and the protein AngR of Vibrio
anguillarum. The central part of HMWP2 (after removal of a loop of 337 residues) also displayed significant
homology with proteins belonging to the superfamily of adenylate-forming enzymes and, like them, possessed
a putative ATP-binding motif that is also present in AngR. In addition, HMWP2 shared with the group of
antibiotic and enterochelin synthetases a potential amino acid-binding site. Six consensus sequences defining the
superfamily and four defining the family of synthetases were derived from the multiple alignment of the 30
sequences of proteins or repeated domains. A phylogenetic tree that was constructed showed that HMWP2 and
AngR are in a family composed of Lys2, EntF, and the tyrocidine, gramicidin, and B-lactam synthetases. This
finding suggests that HMWP2 may participate in the nonribosomal synthesis of small biologically active

peptides.

The environmental conditions encountered by pathogenic
microorganisms in their hosts are different from those found
in vitro. The organisms sense a number of parameters
(temperature, pH, osmolarity, ion concentration, etc.) which
may vary during the course of infection. Bacteria adapt to
environmental changes through a series of induced re-
sponses (55, 61). Most if not all of these responses are
regulated at the gene level: some genes or operons are
coordinately switched on, while some others are turned off.

One of the best-studied bacterial responses induced in the
host is the microbial adaptation to iron limitation (5). Labo-
ratory growth media contain a large excess of iron, while in
mammals, the low level of free iron (107'® M) is not
sufficient to sustain bacterial growth. To circumvent this iron
limitation, most bacteria synthesize small excreted mole-
cules called siderophores which chelate iron bound to spe-
cific eukaryotic proteins (e.g., transferrin and lactoferrin)
and are then transported back into the microorganism. Some
bacteria produce outer membrane proteins able to directly
bind transferrin and/or lactoferrin and to capture the iron
carried by these molecules (5). Finally, bacteria may also
produce hemolysins which lyse erythrocytes and liberate
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heme-bound Fe molecules (5). Synthesis of the proteins
involved in these responses is induced by iron starvation.
The genus Yersinia is composed of 11 species, only 3 of
which (Yersinia pestis, the agent of plague, and two enteric
pathogens, Y. enterocolitica and Y. pseudotuberculosis) are
pathogenic for humans. The role of iron in the virulence of Y.
pestis was described almost 40 years ago (33), but iron-
regulated proteins were identified only recently (11, 54, 60).
No precise function has yet been attributed to the iron-
regulated polypeptides of Y. pestis and Y. pseudotuberculo-
sis. In Y. enterocolitica, the species which synthesizes the
largest number of iron-regulated proteins (11), two of the
proteins, FoxA (75.7 kDa) and FcuA (81.7 kDa), are the
respective receptors for ferrioxamine and ferrichrome, hy-
droxamate siderophores utilized but not produced by Y.
enterocolitica (3, 35). Several proteins are encoded by the Y.
enterocolitica hemin uptake operon. These include HemR
(78 kDa), the hemin receptor, HemS (42 kDa), which is
either a cytoplasmic membrane permease or a hemin-degrad-
ing enzyme, and HemP (6.5 kDa) and HemT (27 kDa), both
of which have unknown functions, although it is known that
the latter is not necessary for hemin uptake (62). Y. entero-
colitica also produces an approximately 80-kDa outer mem-
brane protein which is structurally related to the FepA
protein of Escherichia coli and therefore may serve as an
enterochelin receptor (48). Finally, a 65-kDa iron-regulated
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protein (FyuA) has been shown recently to be the receptor
for the siderophore yersiniabactin and probably also for the
bacteriocin pesticin (29).

All highly pathogenic Yersinia species produce two high-
molecular weight iron-regulated proteins (high-molecular-
weight proteins 1 and 2 [HMWP1 and HMWP2]) (11, 17).
The irp2 gene encoding HMWP2 is absent from weakly
virulent strains of Yersinia species. The link between the
presence of these proteins and virulence was strengthened
by two additional observations: (i) highly pathogenic Y.
Dpestis strains which spontaneously lost the ability to produce
HMWPs were much less virulent when injected subcutane-
ously into mice (10), and (ii) a mutation in the irp2 gene of Y.
pseudotuberculosis caused the disappearance of both HM-
WPs and a marked decrease in virulence (9). Despite the
relationship between pathogenicity and the presence of the
HMWPs, the role of these proteins is still unknown.

To gain insight into the role of HMWP2, the irp2 gene and
its promoter region were sequenced. In this work, the
nucleotide sequence of irp2, the deduced amino acid se-
quence of HMWP2, and some features of the irp2 promoter
and of the structure of HMWP? are reported. The existence
of potential disulfide bridges in HMWP2 was examined, and
the location of the protein within the bacterium is discussed.
We show that HMWP2 displays significant homology to
AngR of Vibrio anguillarum and shares similarities with a
superfamily of adenylate-forming enzymes. A role for
HMWP?2 is proposed and discussed.

MATERIAL AND METHODS

Bacterial strains and culture media. The wild-type strain
Ye8081 of Y. enterocolitica biotype 1B, serotype O:8, and
two strains of E. coli, DH5a and JM101 (1), were used in this
study. pIR2 is a pUCI18 recombinant with an 8-kb Clal insert
containing the entire irp2 gene from strain Ye8081 (9).
Phages M13mpl8 and M13mp19 (1) were used for single-
stranded DNA sequencing. The Yersinia strain was grown at
28°C in peptone broth, and E. coli was grown in Luria broth,
in 2xYT, or on LB agar plates at 37°C (1). The chemically
defined medium used for the extraction of the HMWPs was
prepared as described previously (11). Iron repletion or
starvation was obtained by addition of 150 uM FeCl; or 50
pM a-a'-dipyridyl (Sigma Chemical Co.), respectively, to
the chemically defined medium. Ampicillin (100 pg/ml) was
added when needed.

Cloning procedures and sequencing. To sequence the irp2
gene of Ye8081 in pIR2, suitable overlapping inserts were
obtained by different strategies. First, several small sub-
clones were directly ligated into the replicative form of
bacteriophage M13mpl8 and M13mpl9. Second, large in-
serts were treated with exonuclease III (Erase-a-Base sys-
tem; Promega Biotec) to generate a set of smaller fragments
(1) which were inserted in M13mp phage DNA. Third,
oligonucleotides were synthesized for nonoverlapping re-
gions, using a model 391 DNA synthesizer (Applied Biosys-
tems, Inc., Foster City, Calif.). The nucleotide sequence of
the two DNA strands was determined by the dideoxy-chain
termination method (1) with use of a modified T7 DNA
polymerase (Sequenase; United States Biochemical Corp.).
Sequence ambiguities were resolved by using dITP instead
of dGTP. The nucleotide and amino acid sequence data were
analyzed with various softwares: DNA Strider (42), ClustalV
(30), and the FastA, Bestfit, Motifs, and Pileup programs
from the version 7 UNIX of the Genetics Computer Group
package (18).
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DNA manipulations. DNA electrophoresis, electroelution,
ligation, and electroporation were carried out as previously
described (13). Double-stranded plasmids were extracted
according to the procedure of Birnboim and Doly (4a), and
M13 single-stranded DNA was isolated by the method of
Messing as described in reference 1.

Primer extension. Y. enterocolitica Ye8081 and E. coli
(pIR2) were grown for 3 days in iron-rich or iron-depleted
chemically defined medium, and total RNA was extracted by
the hot phenol method of Von Gabain et al. (68), with some
modifications (12). Primer extension experiments were per-
formed with reverse transcriptase (Promega Biotec) (1).
Three oligonucleotides were used as primers (Fig. 1): P1
(positions 241 to 270), P2 (445 to 469), and P3 (505 to 534).
The DNA strands obtained after primer extension were
electrophoresed alongside the DNA sequence reaction prod-
ucts obtained with the same primers.

Cell fractionation and analysis of proteins. To obtain total
proteins, bacteria were washed three times in saline, and the
pellet was heated to 100°C in a denaturing solubilization
buffer (1). Sonication of the cells and membrane extraction
were performed as previously described (8). When needed,
the bacteria were suspended in 5 mM MgClL-25 mM
K,HPO, (pH 7) and incubated for 10 min at room tempera-
ture in the presence of either 30 mM (for membrane proteins)
or 10 mM (for total proteins) iodoacetamide prior to sonica-
tion or extraction of total proteins. All samples were diluted
in sodium dodecyl sulfate (SDS) solubilization buffer in the
presence or absence of B-mercaptoethanol and heated for 5
min at 100°C prior to electrophoresis on an SDS-7.5%
polyacrylamide gel. After migration, the gel was stained with
Coomassie brilliant blue.

Nucleotide sequence accession number. The nucleotide
sequence reported in this study has been submitted to
GenBank under accession number 1.18881.

RESULTS

Nucleotide sequence of the irp2 gene. Sequencing of the irp2
gene revealed a large open reading frame (ORF) of 6,126
nucleotides (nt) (Fig. 1). The irp2 ORF was followed by the
beginning of another OREF in the same reading frame (data
not shown). There was no significant ORF in any other
reading frame on the same DNA strand or on the comple-
mentary strand. The mol% G+C of the irp2 gene is 59.86,
which is higher than the overall value of 47 to 50 mol% G+C
for the Y. enterocolitica chromosome (4).

A 10-bp inverted repeat sequence (IR1) is present 23 bp
downstream of the TAG termination codon (Fig. 1). This
sequence may form a stem-loop structure with a calculated
AG (25°C) of 20.8 kcal (1 kcal = 4.184 kJ) (64). The absence
of a poly(T) stretch immediately downstream of the stem-
loop structure and its relatively low energy suggest that it is
not a typical rho-independent transcription terminator (46). -
In contrast, two perfect inverted repeats of 14 bp (IR2) and
12 bp (IR3), with calculated energies of —36.2 and —29.4
kcal, respectively, are located upstream of the irp2 gene and
could form tight hairpin structures (Fig. 1). IR2 was followed
by a stretch of three thymidine residues and may represent a
rho-independent transcription termination signal for the
OREF upstream of irp2.

irp2 promoter region. A potential promoter region com-
posed of a —35 (TTGTTA) and a —10 (TATTAT) sequence
separated by 19 bp and quite close to the canonical sequence
of E. coli (27) was identified upstream of the first ATG
codon, between nt 141 and 171 (Fig. 1). This region con-
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h
1 AMCGCGTGATGTAACCGGGGTCGCGCCCCCCTAAATTCC'!‘CCCTGACAG 50

51 AGGCCCGGATACCCCATCCGGGCCTCTGTTATTTCCGCCTGTTACCAACCCGAAACGGG 109
vl A -7 a— 'm—7
-10 {ta -10

110 CATAAATAAACCCGTTTCGGGTAGCATATAATTGTTAATAATTATTATTCTCAAATIAT 168
R g Furl =

... H
169 TATTCTCATATGAGAAATGCTTTTCGGTAAGACGTGCCATCAGGAGGAAAA ATG ATT 225
1 M I 2

226 TCT GGC GCA CCA TICT MG GAT TCG CTG TTA CCG GAC AAC CGC CAC 270
3 s G A P S K D S L L P D N R H 17

271 GCG GCT GAT TAC CAA CAA TTA CGC GAG CGG CTT ATA CAG GAA CTG 315
18 A A D Y o @ L R E R L I Q E L 32

316 AAT TTA ACG CCG CAG CAG TTA CAT GAC GAA AGC AAC CTG ATC CAG 360
33 N L T P Q @ L H D E S N L I Q 47

361 GCC GGC CTG GAT TCA ATA AGA TTG ATG AGA TGG TTA CAC TGG TTT 405

48 A G L D S I R L M R W L H W F 62
SBS ‘.

406 CGT AAA AAT GGC TAC CGC CTT ACC CTT CGC GAG CTG TAT GCC GCC 450

63 R K N G Y R L T L R E L Y A A 17

451 CCC ACG CTG GCG GCA TGG AAC CAG TTA ATG CTC AGC CGG TCG CCG 495
78 P T L A W N Q L M L S R S8 P 92

496 GAG AAC GCG GAA GAA
93 E N

'CC TGG CCG 540
W P 107

541 AAC ATG ACC GAA AGT CCC TTC CCA TTG

GAA

E

acc G CCG GTA CAG CAC 585
108 N M T E S T P_F P_L T__B _V_Q

cGC

R

caG

H 122

586 GCC TAC CTG ACG GGC
123 A Y LT G

ATG CCG GGG CAG ACG CTT GGC GGC GTG 630
H'bgm G QT L_G G __Vv_ 137
631 GGT TGC CAC CTG TAT GAG TTT GAA GGC CAT TGT CTG ACG GCG 675
138 6 ¢ H_ L Y Q E_F E G H C L T A 152

676 TCG CAA CTG GAG CAG GCC ATC ACG ACC TTG CTG CAA CGC CAC CCA 720
13 s ¢ L E Q@ A I T T L L Q R H P 167

721 ATG CTG CAT ATC GCC TTT CGC CCC GAC GGG CAG CAG GTC TGG CTA 765
168 M L H I A F R P D G Q Q V W L 182

766 CCG CAA CCT TAC TGG AAC GGC GTC ACC GTT CAT GAT TTA CGC CAT 810
183 P Q@ P Y W N G V T V H D L R H 197

811 AAC GAC GCT GAA AGC CGC CAG GCC TAT CTG GAC GCA CTG CGC CAG 855
198 N D A E S R Q A Y L D A L R Q 212

856 CGC CTC AGC CAC CGT CTT TTA CGC GTG GAG ATC GGC GAA ACA TTT 900
23Z R L 8 H R L L R V E I G E T F 227

901 GAT TTT CAG CTG ACG CTC TTG CCG GAC AAT CGC CAC CGC CTC CAT 945
228 D F Q L T L L P D N R H R L H 242
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946 GTC AAT ATT GAC CTG CTG ATT ATG GAT GCC TCC AGC TTT ACG CTT 990
243 V N I D L L I M D A S S F T L 257

991 TTC TTC GAT GAG CTT AAC GCC CTG CTG GCC GGA GAA TCG CTG TCG 1035
28 F F D E L N A L L A G E S L S 272

1036 GCT ATC GAC ACC CGC TAT GAT TTC CGC TCG TAT TTG CTG CAC CAG 1080
273 A I D T R Y D F R s Y L L H Q 287

1081 CAG AAG ATC AAT CAA CCA CTG AGA GAC GAC GCA CGC GCT TAC TGG 1125
288 ¢ K I N Q P L R D D A R A Y W 302

1126 CTG GCG ARA GCA TCG ACG CTT CCC CCC GCG CCC GTC TTG CCG CTG 1170
33 L A K A S T L P _P A_P V L P_L 317
1171 GTIC TGC GAA CCC GCC ACG CTA CGT GAA GTC CGT AAT ACC CGG CGC 1215
318 v_C E_P A T L R E V R N T R R 332
1216 CGC ATG ATT GTC CCA GCA ACA CGC TGG CAC GCC TTT AGC AAC CGG 1260
33 R M I V P A T R W H A F S N R 347

1261 GCC GGC GAA TAT GGC GTG ACG CCA ACA ATG GCG CTG GCG ACC TGT 1305
348 A G E Y G V T P T M A L A T C 362

1306 TTT TCT GCC GTG CTG GCT CGC TGG GGC GGC CTG ACG CGT CTG CTG 1350
33 F § A vV L A R W G 6 L T R L L 377

1351 CTT AAC ATC ACC TTA TTC GAC CGC CAG CCG CTG CAC CCA GCG GIT 1395

378 L_N I_T L_F D_R _Q P_L H_P A V 392
DR3

1396 GGC GCG ATG CTT GCC GAC TTC ACC AAT ATT CTT CTG CTG GAT ACC 1440

33 G A M L A D F T N I L L L D T 407

1441 GCC TGC GAT GGC GAT ACC GTC AGC AAC CTG GCG CGT AAA AAC CAG 1485
408 A C D G D T vV § N L A R K N Q@ 422

1486 CTC ACG TTT ACG GAG GAC TGG GAG CAT CGC CAC TGG TCC GGC GTIC 1530
423 L. T F T E D W E H R H W s G V 437

1531 GAA TTA CTC CGT GAA CTC
438 E L L R E L

CGC CAG CAG CGC TAC CCC CAC GGC 1575
R @ @ R Y P H G 452

aaa

K

1576 GCC CCG GTG GTA TTT ACC AGC AAT CTG GGG CGT TCC CTC TAC AGC 1620

453 A P_V V_F T S N L 6 R S L Y S 467
DR4

1621 AGC CGC GCA GAA TCG CCG TTG GGC GAG CCG GAA TGG GGC ATC TCG 1665

468 S R A E S P L G E P _E W_G_I__S 482

1666 CAA ACG CCG CAG GTC TGG ATA GAT CAT CTG GCG TTC GAG CAT CAC 1710
483 @ T P_Q V_W I _D H L A F E H H 497
DRS

G CTG TTC CCT 1755
L F P 512

1711 GGC GAG GTC TGG CTG CAA TGG GAC AGC AAC GAC
498 G E v w L Q L D S N D

>a

1756 CCG GCG TTA GTC GAA ACA TTG TTC GAC GCC TAC TGC CAG TTG ATT 1800
513 P A L VvV E T L F D A Y C Q@ L I 527

1801 AAC CAA CTC TGC GAT GAC GAA AGC GCC TGG CAA AAG CCG TTC GCA 1845
528 N @ L C D D E S A W Q K P F A 542

FIG. 1. Nucleotide and amino acid sequences of the irp2 gene. —10 and —35, promoter sequences; SD, Shine-Dalgarno ribosome-binding
site; IR1 to IR3, nucleotide inverted repeats; Fur, Fur-binding sites; a to e and h, locations of termination of the primer extension products;
DR1 to DRS, highly conserved stretches of amino acids repeated twice in HMWP2; H1 and H2, hydrophobic domains which may be
membrane associated; LZ, possible leucine zipper; SBS, putative SBS sharing homology to the consensus sequence F(F/Y)XLGG(H/D)S(L/T)
which has been shown to bind the activated amino acyladenylate either directly or via the 4’-phosphopantetheine cofactor; P-loop, region

containing the consensus sequence SGTTGXPKG.

tained two overlapping potential Fur boxes; Furl (nt 137 to
155) and Fur2 (nt 143 to 161) exhibit the dyad symmetry
classically found in the Fur-binding sequences (45). The
sequence AGGAGG 4 bp upstream of the first ATG codon
(Fig. 1) might serve as a Shine-Dalgarno ribosome-binding
site.

To map the transcriptional start point of the irp2 gene, we
performed a primer extension analysis using three different
oligonucleotides (P1, P2, and P3) as primers (Fig. 1) and total
RNA of E. coli(pIR2) grown under iron-rich or iron-poor
conditions as the template. No extended cDNA product was
found with primers P2 and P3, perhaps because they were
too far from the transcriptional start point. With primer P1,
extended products were obtained with RNA extracted from
iron-starved E. coli only (Fig. 2A). This result is in accor-
dance with previous data showing that the irp2 transcript is
synthesized under iron limitation but not iron repletion

conditions in Yersinia spp. (12) and that the irp2 gene is also
iron regulated in E. coli (9). At least five different extended
products (a to €) ending with an adenine residue were
obtained (Fig. 2A). A potential promoter sequence was
identified in the region from nt 141 to 171, located 17 bp
upstream of extended products d and e, suggesting that this
sequence may indeed function as an RNA polymerase-
binding site in E. coli (Fig. 1). The results also suggested the
presence of another RNA polymerase-binding site upstream
of the a to ¢ transcriptional start points. A potential promoter
region composed of a —35 (TTACCA) and a —10 (TAAACC)
hexamer, separated by 18 bp, was identified 19 bp upstream
of sites a to ¢ (nt 92 to 121) (Fig. 1). Although the degree of
identity between this region and the canonical consensus
sequence is low, the sequence seemed to be sufficiently
conserved to be recognized by the E. coli RNA polymerase.
Therefore, two potential promoter sequences were identified
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1846 GAT ATG ATG CCC GCC AGC CAG CGC GCG ATA CGC GAA CGG GTC AAC 1890
543 D M M P A S Q R A I R E R V N 557

1891 GCC ACC GGC GCC CCC ATT CCC GAA GGC TTG CTG CAT GAA GGC ATT 1935
558 A T G A P I P E G L L H E G I 572

1936 TTC CGT ATC GCT CTG CAA CAG CCG CAG GCG CTG GCG GTA ACG GAC 1980
573 F R I A Q @ P Q A L A V T D 587

1981 ATG CGT TAT CAG
588 M R Y Q

AAT TAT CAT GAG CTG ACA GAC TAT GCC CGC 2025
T D Y A R 602

2026 CGT TGC GCA GGC
603 R C A G

TTA GTC GAG TGC GTT CAG CCC GGC GAT 2070

vV Q@ P G D 617

GGA CAA CTT GTT GCG 2115
G Q L VvV A 632

618 N V A I

2116 GIT CTG GCC GIC
633 V_L A V

TAC GIT CCG GTT TCG 2160
Y vV P V. S 647

2161 TTG GAC CAG CCT
648 L D Q P

ATC TAC GCT GAC GCC 2205

L
TGG
w L
AGG GGG
R G
2071 AAT GTG GCT ATC ACG ATG TCG AAA GGC GCA
T A
CTG GTT
L v
GCC AAA
A K I Y A D A 662
CaC
H
CAG
Q
GcC
A
GGC
G

"8
Q
8
Q
8

"8

GAC GCC AGC GCC GGG 2250

2206 AGC GTC CGG CTG GTG CTC ATT TGC CAG
Q D A S A G 677

663 S VvV R L V L I C

2251 TCA GAC GAT ATT CCC GTC CTT GCC TGG
678 S D D I P V L A W

CAG GCC ATT GAG GCG 2295
Q A I E A 692

2296 GAG CCG ATC GTC AAC CCG GTG GTA CGC
693 E P I V N P V V R

CCC ACG CAA CCG GCC 2340
P A 707

2341 TAC ATT ATC TAC ACT TCC GGC TCT ACC
708 Y I I Y T 8 6 S T G V 722

Q
ACG CCG ARA GGG GTA 2385
K

2386 GTC ATT TCT CAC CGG GGA GCG CTC AAC ACC TGT TGC GAT ATC AAT 2430
723 V. 1 8§ H R G A L N T C C D I N 737

2431 ACC CGC TAT CAG GTT GGC CCG CAT GAC AGG GTIG CTG GCC CTC TCC 2475
738 T R Y Q v G P H D R v L A L s 752

2476 GCC CTG CAT TTT GAT TTA TCG GTT TAC GAC ATT TTT GGC GTA CTG 2520
753 A L L s v Y D I F G V L 767

2521 CGT GCG

GCG CTG GTG ATG GTG ATG GAA AAT CAA CGG CGC 2565
768 R A L

vV M V M E N Q R R 782

2566 GAT CCT
783 D

TGG TGT GAG CTG ATC CAG CGC CAT CAG GTC ACG 2610
W C E L I Q R H Q Vv T 797

2611 CTIC
798 L

GTC CCG GCG CTG TTC GAT ATG CTG CTG ACC TGG 2655
v P A L F D M L L T W 812

GCC GAC GCC ACG CCG GAA AAC CTG CGC GCA GTG 2700

813 C A D A T P E N L R A V 827

§ 'ﬂg (n§ 3’5 0§ "

2701 ATG
828 M

GAC TGG ATC GGA CTT GAC CTC CCC GCC CGT TAT 2745
G b w I 6 L D L P A R Y 842

fn§ m§ ZE :l:% Q§ =

P
TGG
w

2656 TGT GAA
E
CTT
L
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2746 CGG GCC TTC CGG CCA CAA GGA CAA TTT ATC GCG ATG GGC GGC GCC 2790
843 R A F R P Q G Q F I A M G G A 857

2791 ACC GAG GCG TCT ATC TGG TCT AAC GCC TGC GAA ATT CAC GAC GTC 2835
858 T E A S I W S N A C E I H D v 872

2836 CCT GCC CAC TGG CGT TCC ATC CCT TAC GGT TTT CCG CTA ACC AAC 2880
873 P A H W R S I P Y G F P L T N 887

2881 CAA CGC TAC CGG GTG GTG GAT GAA CGG GGC CGG GAC TGC CCT GAC 2925
888 Q@ R Y R V V D E R G R D C P D 902

2926 TGG GTG TCG GGT
903 W V S G

GGC ATC GGG GTC GCG GAA 2970
G I G V A E 917

2971 GGC TAT TTC AAC

918 G Y F N Q Q@ F L T 932

3016 CTC CCG GAC GAG

GGC
G

TCC CTG CGC AGC GAG CAG CAA TTT TTG ACG 3015
s
aAcc GAT CTC GGC TGC TAC 3060
T

GAA
E
GAT
D E
CGC GGC
933 L P D E R W Y R G D L G C Y 947
3061 TGG CCA GAC GGC ACA ATC GAG TTC CTC GGT CGT CGC GAC AAG CAG 3105
948 W P D G T I E F L G R R D K Q 962
3106 GTC AAA GTC GGA GGA TAT CGC ATC GAG CTG GGC GAA ATC GAA AGC 3150
963 V K V 6 G Y R I E L G E I E S 977
3151 GCG CTC AGC CAG TTG GCG GGG GTG AAA CAA GCA ACC GTT CTG GCG 3195
978 A L S Q L A G V K Q@ A T V L A 992
3196 ATC GGC GAA AAA GAA AAA ACG CTG GCG GCA TAC GTG GTT CCT CAG 3240
993 I G E K E K T L A A Y V V P Q 1007
3241 AGC GAG GCT TTT TGC GTT ACC GAT CAT CGG AAC CCG GCA TTG CCG 3285
1008 s E A F C VvV T D H R N P A L P 1022
3286 AAG GCG TGG CAC ACG CTT GCG GGA ACG TTG CCC TGT TGC GCC ATC 3330
1023 K A W H T L A 6 T L P C C A 1 1037
3331 TCG CCA GAG ATC TCC GCA GAA CAG GTA GCC GAT TTC CTT CAG CAT 3375
1038 s P E I S A E Q V A D F L Q H 1052
3376 CGC CTG TTA AAA CTG AAG CCG GGT CAC ACC GCT GGC GCC GAT CCT 3420
103 R L L K L K P G H T A G A D P 1067
3421 ATC CCC CTG ATG AAT TCA CTC GCT ATC CAG CCG CGC TGG CAG GCC 3465
1068 I P L M N s L A I Q P R W Q &a 1082
3466 GTG GTG GAA CGC TGG TTA GCA TTT CTG GTG ACG CAA CGG CGA CTG 3510
1083 v V E R W L A F L V T Q R R L 1097
3511 AAG CCC GCT GCT GAA GGT TAT CAG GTC TGC GCT GGT GAA GAA CGC 3555
1098 K P A A E G Y Q V C A G E E R 1112
3556 GAG GAT GAG CAC CCG CAC TTC AGC GGA CAT GAT TTA ACG TTA TCG 3600
1113 E D E H P H F § G H D L T L s 1127
3601 CAA ATT CTT CGC GGT GCC CGT AAC GAA CTG TCG TTA CTG AAC GAC 3645

1128 Q I L R G A R N E L s L L N D 1142

FIG. 1—Continued.

upstream of the irp2 gene; one is close to the consensus
sequence of E. coli promoters, while the second is somewhat
different.

Since transcriptional signals may differ in E. coli and Y.
enterocolitica, and since transcription of the cloned irp2
gene may differ from that of its chromosomal counterpart,
primer extension was performed with primer P1 and with
total RNA from iron-replete or iron-starved Y. enterocolitica
Ye8081. As expected, cDNA bands were present only when
the mRNA of iron-starved bacteria was used as the template
(Fig. 2B). As in E. coli, several transcriptional start points
were observed, but only extended products a to ¢ were
common to E. coli and Y. enterocolitica. This could mean
that the nonconsensus promoter sequence from nt 92 to 121
acts as an RNA polymerase-binding site in both Yersinia
spp. and E. coli but the region from nt 141 to 171 is not
functional in Yersinia spp. However, given the potential for
hairpin formation in this region, it is also possible that
products d and e represent strong pause sites for the RNA
polymerase. Additional longer extended products (f to h)
were also observed in Y. enterocolitica (Fig. 2B). Product h
would correspond to a transcriptional start point at position
41, i.e., immediately upstream of the tight IR3 hairpin

structure (Fig. 1), and product g would correspond to a start
point approximately 200 bp upstream of nt 1 in Fig. 1. The
end of extended product f was too distant to be correctly
located. Whether the f to h transcriptional start points far
upstream the irp2 coding sequence are used to generate a
long messenger overlapping irp2 is not clear. Alternatively
but less likely, these extended products may result from the
hybridization of P1 to other iron-dependent Yersinia mRNAs
sharing sequence homologies to P1.

HMWP2 amino acid sequence. Assuming that the first ATG
codon following the potential Shine-Dalgarno sequence is
the translational initiation codon, HMWP?2 is a protein of
2,035 amino acids with a calculated molecular mass of
228,566 Da, somewhat higher than the molecular mass of
190,000 Da previously estimated by SDS-polyacrylamide gel
electrophoresis (PAGE). Identification of the translation
initiation codon could not be performed because the NH,-
terminal amino acid of the protein was blocked. The deduced
isoelectric point of HMWP?2 is 5.81, but the carboxy termi-
nus of HMWP2 is very rich in arginine residues (7 of the last
12 amino acids [aa]).

Upon bacterial sonication and ultracentrifugation, the
HMWPs are found predominantly in the pellet (membrane)
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FIG. 1—Continued.

fraction (8). Analysis of the predicted NH,-terminal amino
acid sequence of HMWP2 did not reveal a potential signal
sequence, suggesting either that the protein is not exported
or that another export signal is used. The computer-derived
hydrophobicity profile of HMWP2 (38) displayed a succes-
sion of short hydrophobic and hydrophilic fragments (data
not shown). Two relatively long hydrophobic regions, H1 (24
aa, located at positions 630 to 653) and H2 (22 aa; positions
1725 to 1746) were found and might correspond to mem-
brane-anchored domains (Fig. 1).

One striking feature of the HMWP2 sequence was the
presence of two approximately 550-aa direct repeats (DR) at
each extremity of the protein (positions 3 to 547 and 1395 to
1919). These repeats are aligned in Fig. 3. They share 35.6%
identical residues and 54.6% similar amino acids. Within
these regions, five highly conserved sequences are found:
DRI1 (23 of 33 aa identical), DR2 (9 of 12), DR3 (11 of 13),
DR4 (8 of 9), and DRS (13 of 15) (Fig. 1 and 3).

Disulfide bridges. The deduced amino acid sequence of
HMWP2 includes 30 cysteine residues. When the HMWPs
from sonicated cells are heated to 100°C in SDS buffer in the
absence of a reducing agent, they do not enter the polyacryl-

amide gel, suggesting the existence of intermolecular disul-
fide bridges (8). However, the possibility that the disulfide
bonds observed were artificially formed upon sonication,
when the proteins were not in their natural environment,
could not be excluded. To clarify this point, iron-starved
cells of strain Ye8081 were washed several times in saline,
then resuspended in SDS dissociation buffer with or without
B-mercaptoethanol, and heated to 100°C. The two samples
were electrophoresed on a polyacrylamide gel alongside the
corresponding membrane fraction obtained after sonication,
centrifugation, and dissociation in SDS buffer with or with-
out B-mercaptoethanol. When the membrane fraction was
subjected to SDS-PAGE, the HMWPs in the membrane
fraction entered the gel only when heated with B-mercap-
toethanol (Fig. 4, lanes 3), confirming the results of previous
experiments (8). In contrast, the absence of a reducing agent
did not alter the migration of the two polypeptides present in
the total bacterial extract (Fig. 4, lanes 1). These results
could mean that the disulfide bridges formed only after
sonication. To test this hypothesis, the cells were incubated
with iodoacetamide prior to sonication or extraction of total
proteins. Iodoacetamide penetrates the bacteria and alky-
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20286 VvV R R R Q@ R R 1I * 2035

6352 GAACGCCATCGCGAACGCATGGCGTTCCATTGACTTTGTGAATCTTAGGAAACGGGACCG 6411
SR 7 ~®

6412 ATTATGGATAACTTGCGCTTCTCTTCTGCGCCGACAGCAGATTCCATTGATGCATCG 6468
FIG. 1—Continued.

lates free cysteine sulfhydryl groups, thus preventing the
subsequent formation of artificial disulfide bridges between
the free SH radicals upon sonication. Incubation of the
bacteria with iodoacetamide prior to sonication permitted
the HMWPs to migrate into the SDS-polyacrylamide gel,
even in the absence of a reducing agent in the solubilization
buffer (Fig. 4, lanes 4). The fact that migration of the
HMWPs in membrane extracts of iodoacetamide-treated
bacteria or in total protein extracts was not affected when
B-mercaptoethanol was omitted from the dissociation buffer
suggests that despite their high number, the cysteine sulfhy-
dryl groups are not disulfide bonded in situ.

Homology of HMWP2 to AngR from V. anguillarum. To
determine whether HMWP?2 had significant homology with
known protein sequences, a search in the Swiss-Prot data
base was performed with the FastA program (44). The
highest percentage of similarity or identity was found with
the protein AngR of V. anguillarum (24). AngR is a 118-kDa
protein which has been reported to activate the iron uptake
system of V. anguillarum (50). When the overall amino acid
sequences of HMWP2 and AngR were compared, a stretch

CHARACTERIZATION OF Y. ENTEROCOLITICA HMWP2 5493

A B
+Fe-Fe ACGT -Fe +Fe ACGT
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FIG. 2. Primer extension analysis performed with oligonucleo-
tide P1 as the primer and total RNAs isolated from iron-replete
(+Fe) and iron-starved (—Fe) E. coli(pIR2) (A) and Y. enterocolitica
Ye8081 (B) as templates. Lanes A, C, G, and T correspond to the
labeled nucleotides. a to h are the products of the primer extension
experiments.

of 337 aa (1011 to 1347) in HMWP2 was found to be
completely absent from AngR. In addition, the 100 amino-
proximal and the 550 carboxy-proximal amino acids of
HMWP?2 are also absent from AngR (see Fig. 6). Otherwise,
the complete sequence of AngR could be aligned with a
contiguous segment of HMWP?2, and the two proteins exhib-
ited a high percentage of similarity or identity (44.5% iden-
tical residues and 61.7% identical plus similar amino acids on
a length of 1,071 aa; Fig. 5). Some segments of HMWP2 and
AngR are more similar than others: the central regions of the
two proteins (residues 594 to 1010 in HMWP2) exhibit over
66% identity, while the amino and carboxy flanking regions
exhibit only 28 and 34% identity, respectively.
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EREN . RS B I N I S PR S R Y A N PR
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FIG. 3. Comparison of the amino acid repeats located at the NH,
terminus (aa 3 to 547) and COOH terminus (aa 1395 to 1919) of
HMWP2. The boxed sequences represent five highly conserved
repeated stretches (DR1 to DRS). The alignment was performed
with the Bestfit program. | , identical amino acids; :, amino acids
whose comparison value is greater than or equal to 0.5; ., amino
acids whose comparison value is greater than or equal to 0.1.

Amino acids 873 to 894 of AngR are similar to the
helix-turn-helix domain of the DNA-binding domain of the
Cro protein of Salmonella phage P22 (24). The correspond-
ing region in HMWP2 (984 to 1005) is immediately upstream
of the loop and shares 12 of 22 identical amino acids with
AngR, including the central glycine residue (Fig. 5). The
helix-turn-helix motif of HMWP?2 has a basic calculated pl
(9.37), as does the corresponding region in AngR and DNA-
binding domains in prokaryotic regulatory proteins. How-
ever, the predicted score of 31 determined by the method of
Dodd and Egan (21) for this segment of HMWP2 is much
lower than that for helix-turn-helix motifs known to be
involved in DNA binding.

Homology between HMWP2 and a group of antibiotic
synthetases. A group of proteins involved in the nonriboso-
mal biosynthesis of antibiotics also displayed significant
homology to HMWP2. This group includes tyrocidine syn-
thetase 1 (TY1) (69), gramicidin S synthetase 1 (GS1) (31, 37)
and GS2 (32, 67) from Bacillus brevis, and the 3-(L-a-
aminoadipyl)-L-cysteinyl-D-valine  synthetases (ACVSs)
from Penicillium chrysogenum (20, 58), Aspergillus nidulans
(41), Cephalosporium acremonium (26), and Nocardia lac-
tamdurans (15). All of these proteins belong to the same
superfamily of adenylate-forming enzymes (67).

The entire sequences of TY1 (69) and GS1 (37) were
similar to the segment of HMWP2 from aa S00 through the 5’
carboxy terminus, except for the 337-aa loop (Fig. 6). The
entire sequence of GS2 (67) is composed of four repeated

J. BACTERIOL.
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FIG. 4. SDS-PAGE of total proteins (T) and membrane proteins
(M) from iron-starved Y. enterocolitica Ye8081 obtained after son-
ication and centrifugation. The cultures were separated in two parts;
one part did not receive any treatment (—), and the other was
incubated with iodoacetamide (+) prior to sonication or extraction
of total proteins. Before electrophoresis, proteins were boiled in
Laemmli solubilization buffer in the presence (+ B-M) or absence (—
B-M) of B-mercaptoethanol. Standard molecular weights (in thou-
sands) are shown on the left.

domains of about 600 aa, separated by nonhomologous
sequences of approximately 500 aa. The homology between
HMWP2 (without the 337-aa loop) and GS2 extends through-
out the HMWP2 sequence (Fig. 6). However, when each of
the four repeated domains of GS2 (dA to dD) was aligned
separately with HMWP2, the highest matches were found in
each case with the central part of HMWP2 (approximately
between residues 540 and 1470), and the percentage of amino
acid identity was of the same order of magnitude (30.1, 33,
33.9, and 34.7% for dA to dD, respectively; Fig. 6). Strik-
ingly, this region corresponds mainly to the sequence be-
tween the two repeats in HMWP2, the region with the
highest degree of identity to AngR (Fig. 6).

The ACVSs are very large enzymes (>400 kDa) involved
in the biosynthesis of B-lactam antibiotics. All of the se-
quenced ACVSs contain three functional repeated domains
of approximately 570 aa exhibiting significant homology to
TY1, GS1, and GS2. The homology with the different
ACVSs was found throughout the entire length of HMWP2
(Fig. 6). However, when the three repeats (dA to dC) from
the ACVS sequences were separately aligned with the
HMWP2 sequence, they, like the four GS2 repeated do-
mains, matched the central part of HMWP?2 (Fig. 6).

The consensus sequence SGTTGXPKG, which is highly
conserved in this group of antibiotic synthetases, is present
in each repeat of GS2 and the ACVSs (32). It has been
suggested that this conserved stretch of amino acids may be
a new class of phosphate-binding loop (P loop) (32). This
sequence is also present in different enzymes involved in the
catalysis of ATP-P; exchange. A highly similar sequence
(SGSTGTPKG) was also found in HMWP?2 (positions 713 to
721) and in AngR (positions 602 to 610), in the same position
relative to the aligned sequences (Fig. 1, 5, and 6).

Recently, it was shown that the sites for covalent sub-
strate amino acid binding (SBS) in each repeat of GS2 (52)
share the same consensus sequence: F(F,Y)XLGG(H,D)
S(L,I). The serine residue present in this motif has been
shown to bind the substrate, which is either the activated



VoL. 175, 1993

HMWP2 102 DBSSWPNMTESTPFPLTPVQHAYLTGRHPGQTIGGWCHLYQEFEGHCLT 151
: lestlbe 1 beeens . e
AngR 2 NQNEHPFAFPETKLPLTSNQNWQLSTQRQRTEKKSITNFTYQEE'DYENIS 51
152 ASQLEQAITTLLQRHPMLHIAFRPDGQQWLPQPMGVTVHDLR!N‘DAE 201
ARSI t..l NEII N

52 RDTLERCLTTI IKHHP I FGAKLSDDFYLHFPSKTHIETFAVNDLS ..... 96
202 SROAYLDAIRQRLSHRLIRVEIGET ....... FDFQLTLLPDNRHRLHVN 244
BB} s | PR I O 2 B I B B I
97 ...... NALKQDIDKQLADTRSAVTKSRSQAIISIHFSILPKNI IRLHVR 140

245 IDLLIMDASSFTLFFDELNALLAGESLSAIDTRYDFRSYLLHQQOKINQPL 294
141 ;'I;SMNPQV;L;E"EQ{TQ{!I.S(;SPLSF;;QEQ’E I SA; mfnltvrln}éxl. 187
295 .RDDARAYWLAKASTLPPAPVLPLVCEPATLREVRNTRRRMIVPATRWH 342
188 LSVII)LESAR!LN&YIL‘;‘L;SS;NL;TI(I:Q;EKII.D;TDI ';llillic ; 'i'i.ééﬁk‘l'é 237

343 AFSNRAGEYGVTPTMALATCFSAVLARWGGLTRLLLNITLFDRQP LHPAV 392
: . <. PRI R B P EE P P
238 QLVTVSKKHNVTPEITLASIE‘STVLSLNGHQKYLMHRFDITKINDY 283

393 GAMI.ADFTNILLLDTACDGDTVSNLARKNQLTPTEDWEH .RHWSGVE 438
PEEE RN N A N RSO SO IS I I I IS I
284 TGIIGQFTEP LLVGHSGE'EQSPLSLVKN‘NQKKFEEAYHYDVKVPVE‘QCVN 333

439 LLRELKRQQRYPHGAPVVFTSNLGRSLYSSRAESPLGEPEWGISQTPQVW 488
[T I I B (P ) RSO S Y |
334 KLSNISDSHRYP..ANITFSSELLNTNHSKKA....... VWGCRQSANTW 374

489 IDHLAFEHHGBWLQWD SNDALFPPALVETLFDAYCQLINQLCDDESAWQ 538
[T R N IS BN N P SN Y I I S
375 LSLHAVIEQEQLVLQWDSQDAIFPKDMIKDMLHSYTDLLDLLSQKDVNWA 424

539 KPFADHH.PASQRAIRERVNATGA PIPEGLLHEGIFRIALQQPQALAVTD 587
B R N R P P P 1 N AR R R R
425 QPLPTLLPKHQESIRNKINQQGDLELTKELLHQRFFKNVESTPNALAIIH 474

588  MRYQWNYHELTDYARRCAGRLVECGVQPGDNVAITMSKGAGQLVAVLAVL 637
LRl I I N B N I S P N S R N O N R RN N XS
475 GQESLDYITLASYAKSCAGALTEAGVKSGDRVAVTHNKGIGQIVAVLGIL 524

638 LAGAVYVPVSLDQPAARREKIYADASVRLVLICQHDA. . SAGSDDIPVLA 685
R RN RN RN R RN BN I R B I IR I S
525 YAGAIYVPVSLDQPQERRESIYQGAGINVILINESDSKNSPSNDLFFFLD 574

686  WQQAIEAEPIVNPVVRAPTQPAYIIYTSGSTGTPKGVVISHRGALNTCCD 735
oottt o Phobtrrpverrnbnrrnerrneetatetein..
575 WQTAIKSEPMRSPQDVAPSQPAYIIYTSGSTGTPKGVVISHQGALNTCIA 624
P-loop

736 INTRYQVGPHDRVLALSALHFDLSVYDIFGVLRAGGALVMVMENQRRDPH 785
[N RN RN RN RN AN R S N A PR RN B RN Y|
625 INRRYQIGKNDRVLALSALHFDLSVYDIFGLLSAGGTIVLVSELERRDPI 674

786  AWCELIQRHQVTLWNSVPALFDMLLTWCEGFADATPENLRAVMLSGDWIG 835
N R N AR R RN A NN P P S R RN N RN Y |
675  AWCQAIEEHNVTMWNSVPALFDMLLTYATCFNSIAPSKLRLTMLSGDWIG 724

836 LDLPARYRAFRPQGQFIAMGGATEASIWSNACEIHDVPAHWRSIPYGFPL 885

R R R RN NN AN T N AR NN NN
725  LDLPQRYRNYRVDGQFIAMGGATEASIWSNVFDVEKVPMEWRSIPYGYPL 774

886  TNQRYRVVDERGRDCPDWVSGELWIGGIGVAEGYFNDSLRSEQQFLTLPD 935
R R RN R RN R RS R AR RN R N R Y P B K
775 PRQQYRVVDDLGRDCPDWVAGE LWIGGDGIALGYFDDELKTQAQFLHIDG 824

936 ERWYRTGDLGCYWPDGTIEFLGRRDKQVKVGGYRIELGEIESALSQLAGV 985
RN AR R R R NN R RN RN RN RN N R PR
825  HAWYRTGDMGCYWPDGTLEFLGRRDKQVKVGGY3IELGEIEVALNNIPGV 874
1010 (loop) 1348
986 KQATVLAIGEKEKTLMYWPQSEA ........ DPRQLOAALAGRLPGWM 1364
HEI IR RN R Y A [EREEY I Py § P
875 QRAVAIAVGNKDKTLMF IVMDSEQAP IVTAP LDAEEVQLLLNKQLPNYM 924
helix-turn-helix
1365 VPQRIVFLDALPLTANGKIDYQALKRR.HTPKAENQAEADLPQGDIEKQV 1413
[AEREI NERE RN RN Y PR | Y I Y IR P o el
925 VP](RIIFLBTPPLTANGKVDHKALTRMTN‘REKKTSQSINKPII'!‘ASEDRV 974

1414 AALHQQLLSTGNVTRETDEFQQGGDSLLATRLTGQLHQAGYEAQLSDLFN 1463
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FIG. 5. Homology between HMWP2 and AngR performed with
the Bestfit program (see the legend to Fig. 3). A loop of 337 aa (1011
to 1347) was withdrawn from the HMWP2 sequence in order to
obtain the optimal alignment.

CHARACTERIZATION OF Y. ENTEROCOLITICA HMWP2

5495

amino acid or more probably the cofactor 4'-phosphopan-
theteine, which bears a sulfhydryl group that would be
involved in thioester formation with the amino acid sub-
strates and in peptidyl transfer (52). This consensus se-
quence, which is present in GS1, in TY1, and in the three
repeated domains of the different ACVSs, was also found at
positions 1432 to 1440 in the second direct repeat (DR) of
HMWP2 and was well conserved (FFQQGGDSL) (Fig. 1 and
6). A related sequence, LIQAGLDSI, was identified in the
first direct repeat at positions 45 to 53 (Fig. 3). While less
similar to the consensus sequence, it includes the critical
serine residue at the appropriate position. Curiously, the
related sequence FFLSGGDAY is present at positions 993 to
1001 in AngR but does not contain the primordial serine
residue at position 8 in the consensus sequence (Fig. 5).

Homology of HMWP2 with EntF from E. coli. In addition
to the group of antibiotic synthetases, HMWP2 shares
significant homology with another member of the superfam-
ily of adenylate-forming enzymes: the enterobactin syn-
thetase component F (EntF) of E. coli (47). EntF is a
142-kDa protein involved in biosynthesis of the siderophore
enterobactin. Like the antibiotic synthetases, EntF is in-
volved in the synthesis of peptides through protein template
mechanisms and shares sequence homologies with TY1 and
GS1 (47). The entire EntF sequence can be aligned with aa
112 to 1803 of HMWP?2 (except for the 337-aa loop section)
(Fig. 6). The putative binding site for 4’-phosphopantheteine
(FFALGGHSL) in EntF (positions 999 to 1007) (47) matches
with the corresponding sites in HMWP2 and the different
synthetases (Fig. 6). Similarly, the potential P-loop sequence
of EntF (SGSTGRPKG) located at positions 604 to 612 aligns
with the other P-loop sequences (Fig. 6).

Other homologies and multiple alignment. As expected,
HMWP?2 also displayed homology with other members of the
superfamily of adenylate-forming enzymes, including the
amino adipate-semialdehyde dehydrogenase (Lys2) of Sac-
charomyces cerevisiae (43), the acetyl coenzyme A (acetyl-
CoA) ligases of A. nidulans (14), Neurospora crassa (14),
and Methanothrix soehngenii (23), the 4-coumarate-CoA
ligases of Petroselinum crispum (40) and Oryza sativa (71),
the O-succinylbenzoic acid-CoA ligase (MenE) of Bacillus
subtilis (22), the luciferase of Photinus pyralis (19), and EntE
of E. coli (59). Multiple alignment of the amino acid se-
quences of these enzymes, of HMWP2, AngR, TY1, GS1,
and EntF, of each repeated domain of GS2, and of ACVS
was performed with the Pileup program, using a gap weight
of 3. Two main groups of proteins (A and B) were identified.
Family A included all of the antibiotic synthetases, EntF,
Lys2, AngR, and HMWP?2, while family B was composed of
luciferase, EntE, and the various ligases (Fig. 7). Some
stretches of amino acids were highly conserved among the 30
sequences studied, while others were specific for family A
(Fig. 7). Among the most conserved regions, we identified at
least six consensus sequences (CS I to VI) defining the whole
superfamily (Fig. 8). CS I corresponded to the new class of
P loop which, by our criteria (see the legend to Fig. 7),
differed slightly from that previously described. CS II to VI
were absent from MenE because the protein sequence is
short and ends before CS II. The TGD motif found within CS
III is present in a wide variety of ATPases, in which it may
function as a nucleotide-binding fold (63). Although the
exact function of most of these amino acid stretches is still
unknown, their high degree of conservation among the entire
superfamily suggests that their presence is of prime impor-
tance. Within the superfamily, four other CSs (CS VII to X)
are clearly specific for family A (Fig. 8). CS X, the known
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FIG. 6. Schematic alignment of HMWP2, AngR, TY1, GS1, GS2, EntF, ACVS, and repeated domains of ACVS, based on results of
analysis with the Bestfit program. The representation of ACVS is a compilation of four ACVS sequences. DR, stretch of amino acids repeated
twice in HMWP2; S, putative SBS; P, P loop. Numbers in parentheses above the lines indicate the corresponding positions in HMWP2. The
circle corresponds to the loop of 337 aa that is completely absent from the other proteins. dA, dB, dC, and dD are the amino acid repeats found
in GS2 or ACVS. The darker region in the representation of AngR corresponds to the region of greatest homology to HMWP2 (66.2% identical
amino acids and 77.9% similar plus identical amino acids on a length of 419 residues). % ident., percentage of identical amino acids; % sim.,
percentage of identical plus similar amino acids. The shaded box delimits the region which was common to all proteins.

SBS, is absent from Lys2, which ended upstream of it.
Interestingly, CS VII is highly conserved in all group A
proteins except AngR and HMWP2 (Fig. 7). Although CS IX
overlapped CS IV, it contained a significant number of
residues which were not found in group B. Analysis of the
multiple alignment thus suggested that HMWP2 and AngR
belong to family A and share some common features which
are not present among the other members of this family.
Phylogenetic tree. To determine the distance between the
different proteins within the superfamily, a phylogenetic tree
was constructed by using the neighbor-joining (distance)
method of Saitou and Nei (49) from the ClustalV program.
The octapeptide repeat antigen sequence (ORA) of Plasmo-

dium falciparum (25) was used as an outgroup to root the
tree. This sequence was chosen because it possessed the
characteristic new class of P loop but was the most distantly
related to the other members of the superfamily. As shown
on Fig. 9, the existence of two families suggested by the
multiple alignment was clearly seen on the phylogenetic tree.
Although the size, number, and nature of the sequences used
for the multiple alignment, and the program used for con-
structing our tree, were different from those reported by
Turgay et al. (67), the two trees are very similar, suggesting
that they are not fortuitous. With an exception of Lys2, the
proteins or protein domains constituting family A are much
larger than those in family B. This accounts for the absence

FIG. 7. The 29 protein sequences sharing the highest percentage of similarity or identity to HMWP2, aligned on 705 aa with the Pileup

program. Only the regions displaying the most conserved sequences are shown. A space separates the two main protein subclasses.
Uppercase letters correspond to positions where the sum of 1, 2, or 3 different amino acids represents at least 18 of 22 aa in the first subclass
or at least 24 of 30 aa among the whole sequences. Numbers in parentheses represent positions of the first and last amino acids in each stretch.
A period indicates a gap in the sequence. A consensus sequence displaying a maximum of three possibilities at each position was deduced
from the alignment. In this consensus sequence, underlined letters represents amino acids found at least 24 times among the 30 sequences,
while those which are not underlined indicate amino acids found at least 18 times among the 22 sequences composing the first subclass. Highly
conserved positions in family A are represented above the consensus sequence by % (association of a maximum of 3 aa present at least 21 of
22 aa) and in the superfamily by § (association of a maximum of 3 aa present at least 28 of 30 aa). Roman numerals below dotted lines indicate
positions of the consensus sequences defining the superfamily (I to VI) and family A (VII to X). Protein sequences which did not extend to
certain conserved segments were removed from the list. Abbreviations for proteins: ACVT, vy-(L-a-aminoadipyl)-L-cysteinyl-D-valine
synthetase; Luci, luciferase of Photinus pyralis; 4C11 and 4C1, 4-coumarate-CoA ligases of Petroselinum crispum and O. sativa, respectively;
Acua, acetyl-CoA ligase. Abbreviations for organisms: asp, A. nidulans; pen, P. chrysogenum; cep, C. acremonium; noc, N. lactamdurans;
met, M. soehngenii; neu, Neurospora crassa.
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PyGfp 1tNqryRVV. .DergrdcPd sLrseqqFLt 1P. (934)
PyGyp lprqqyRVV. .DdlgrdcPd eLkTqaqFLh id. (823)
PIGkp igNthiYIV. .NedlQllPt pDLTaeKFVd NPF (390)
PIGap igNtqiYIV. .DenlQlksv PELTsqKFVd NPF (402)
PIGkp isNtwiYIl. .DgeqQlqPq qELTaeKFfa dPF (835)
PIGka isNstvYIm. .DrygQlqPv paLTeeKFVp NPF (1871)
PIGkp yaNmkmYIm. .NqylQiqPv pDLTaeKFVp NPF (2918)
tIGrp lsNvdvYIV. .NcnhQlqPv pELTadKFVv NPF (3955)
ALrel lpGtraYlL. .NhatQpvPm pvLTgdRFIq NPF (2861)
ALrev lpGtraYVL. .NaalQpvPf PLLTdqRFIp NPF (2837)
ALchg ipGshvYVL. .NdrlQrvPf daLTneRFIp NPF (2805)
tLGap 1lgNtrlYVL. .GdgmKllPt PELTreRFLp NPF (2765)
SIGqq igNstsYVL. .NadmKrvPi pEVTaeRFLr NPF (1783)
SIGqq VhNstsYVL, .NedmKrtPi aDVTaeRFIp NPF (1757)
SIGecq 1dNstsYVL. .NddmKrvPi pDLTadRFpa NPF (1731)
SIGfp vaNtkchVL. .NkamKpvPv eDLTadRFVe NPF (1715)
SLGrp VvrNvkcYIL. .NkslKrvPi PDLTPQRFIp NPF (696)
SLGrp vrNvkcYIL. .NpslKrvPi PELTPhRFIp NPF (669)
SLGrp VvrNvkcYIL. .DanlKrvPi eELTrqKFLp NPy (639)
SIGrp 1rNvkwYVL. .sqglKqlPi .dDLTaeRFta NPF (627)
PIGyp VWNtglRIL. .DammhpvPp pDLTasRFIa dPF (829)
PaGkg mlNvqllVVn rNdrtQicgi PELnkeKFVn NwF (649)
ypmcp ddEvwvaecr rkstaarev. ggrlmtrg...pytfRGYyks pqhnasaF.. ... (405)
gkvvp ffEakvvdld tGktlgvnqr gelcvrg... pmImsGYVNn pEaTnali.. ... (412)
gtvvr naEmkivdpe tNaslprnqr geicirg... dqImKGY1Nd pEsTrtti.. ... (411)
gtvvr naElkiidpd tGkslgrnlr geicirg... qqImKGY1Nn pEaTknti.. ... (430)
tfplp gydisilde. eGnevplgsg gnivalk.py psmlRafwGd kErfmkeywq fyw (516)
Sfpff giEpalvdpv tGeeirgndv egvlafkqpw psmARtvwGa hkrymetyLh vy. (469)
SLpff giEpaiidpv sGeeisgndv egvlafkqgpw psmARtvwGa hkrymdtyLq vy. (511)
¥ ‘§ $ $tt % $ 3 $
PIG-- --N---YVL- -N---Q--P- ---GELYIGG --VARGY-N- -ELT--RFI- NPF
SL E RIV D K CLA ISK G DV KL
A S g v LTE L v
VIII
W....pDGt KVgGYRIELG EIEpalsqla gVkgAtVLAL ........ge (1003)
W....pDGtL EFLGRrDkQV KVgGYRIELG 5 aLnnip gVqrAvaIAv ........gn (892)
1....tDGtE EFIERiDhQV KIRGhRIELG EIEbvLlahe hiteAvVIAr .....edgha (463)
EYLERiDNQV KIRGhRVELe EBiLl1khm yIsetaVsVh .....kdhqge (475)
EFLGRaDhQV KIRGhRIELG qunck gVkeAvVIdk .....addkg (908)
EYIGERiDGOV KIRGYRIEPG EE1Lvkhk kVkeSvimVv .....ednng (1944)
EFLGRNDhQV KIRGiRIELG pqLrkhd sIkeAtVIAr .....edhmk (2991)
EYVIGRvDeQV KVRGYRIELG EBalleye kIkeAvVmVs .....ehtas (4028)
EYIGRaD1QV KIRGYRIEPS hvLascp gVrecaVVAk yentdaysri (2951)
EYLIGRGD1QI KmRGYRIEiS .\ vLtssp gVregaVVAk yenndtysrt (2927)
EYLGRKDQQV KLRGfRIELS Havlais aVkeAaVIpk ydedgsdsrr (2891)
qYLGRnDaQV KInGlRIEPG halagcs gVrqcaVVAg adpgaperkr (2844)
EYLGRnDfQV KIRG1RIELG Elg-vmsshp dIkqSvVIAkK ....sgkegd (1867)
EYLGRNDEfQV KIRG1RIELG g-iLssyh gIkgSvVIAK ....dcrega (1841)
EYLGRNDfQV KIRGQRIELG g;vLssyp gIkqSvV1Ak ....drkndg (1817)
EYILIGRtD1QV KIRGQRVELG haLssyp gVvrS1VVAr ....e.havg (1796)
EYLERaDEQI KLRGiRIEPG E IE tLagyp gVrtS1VVsSk rlrhgekett (782)
EYLGRaDfQI KLRGiRIEPG EIEEmLamyp rVrtS1VVSk klrngpeett (755)
EYLGRaDfQI KLRGiRIEPG EBt Lamyp gIraSivvsk kllsqgqeti (725)
RaDfQL KLnGVRVEPG Ehgatefp gVkkcvVVAk .....enatg (708)
:;ER:MQL KIRGQRIELG Frvmgalp dVeqAvthAc vinqaaatgg (908)
EcqGRaDdQV KIRGLRIELG hIsghp 1lVrenitLVr ..knadnept (748)
....dpEGYI tvqGReKdQI NrgGekIAae EIEhlLlrhp aViyAalvVSm ......edel 477
«...deDehf fIVDR1KslI KykGyQVAPA ELEpiLlghp nIfdAgVagl ......pddd (484)
«...ddDdeL fIVDR1Keil KykGEfQVAPA 1Llthp tIsdAaVVpm ......idek (483)
«...ddDdel fIVDR1Keil KyRGfQVAPA Lnthp sIadAavvgl .........k (499)
«e..dkDGYf fIQGRiDdvL sVaGhRIAnA EVEBaLvahp kIaeAaVVgk ......pdev (591)
«...dhEGfy wl NVSGhRLAtA Liehh sIlaeAaVVgv ......adel (538)
«...dhEGyy wI NVSGhRLAtA aLiehp mVaeAaVVgi ......adel (581)
$4+ 8§ 6 3§ S § §663S S§S s §§S§
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FIG. 7—Continued.
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HMWP2 (1356) La grLPgwMVPq rI...Vflda .LPLTaNGKI (1389)
AngR (916) Ln kqLPnYMVPk rI...Iflet .-PLTaNGKV (949)
TY1 (479) aa gkLPaYM1Ps yF...Vkld. (512)
GSs1 (491) ss eeLPtYMIPs yF...Iqld. (524)
GS2.dA (924) Lg kaLPdYMIPs fF...Vpld. (957)
GS2.dB (1960) ia keLPvYMVPa yF...Vqle. (1993)
GS2.dC (3007) La ndrAa.MIPs yF...Vsle. (3039)
GS2.dD (4044) La k1LPsYMIPn yF...Iqld. s (4077)
ACVS.asp.dC (2965) Mk skLPaYMVPk yL...crleg (2999)
ACVT.pen.dC (2944) Mk arLPtYMVPs hL...ccleg a (2978)
ACVS.cep.dC (2909) Lh anLPpYMVPs qI...hqleg s (2943)
ACVS.noc.dC (2862) Lr aqLmpSMVPs 1L...Vrldr (2896)
ACVS.asp.dB (1883) Mq srLPgYMIPs sF...Ipl.s g (1916)
ACVT.pen.dB (1857) Mq srLPgYMVPs rL...Ilv.s (1890)
ACVS.cep.dB (1834) M1 tsLPdYMVPa qL...Vpl.a (1867)
ACVS.noc.dB (1812) Mr kkLPeSvVPa rv...lrI.t (1845)
ACVS.asp.dA (799) Le 1lkLPrYMIPt rL...Vrv.s (832)
ACVT.pen.dA (772) Le kkLPrYMIPt rL...Vql.s (805)
ACVS.cep.dA (742) Le kkLPrYMVPt rL...VqlL.a (775)
ACVS.noc.dA (726) Le qrLiriMvPa rm...VrL.t s (759)
EntF (926) Lr etLPphMVPv vlL...1lqL.p (959)
Lys2 (789) Lk krLAsYamPs 1I...Vvmd. (822)
EntE (493) Lr eqg...iaef kLpdrVecvd s (527)
Luci (502) va sqv...ttak kLrggVvFvd e (536)
4Cl1 (501) vs kqv...vfyk rIf.rVfFvd a (534)
4Cc1 (517) va kev...iyyk kIr.eVfFvd (550)
Acua.met (609) ia f.vrktLgPv aapteVhFvn (645)
Acua.neu (556) ps lqvrrSigPf aapkalylvp (593)
Acua.asp (598) Li lqvrkSigPf aapkaVfvvd dLPKTrSGKI Rl (635)
¥t $$ $ §§+ §6§ § S
Consensus L- --LP-YMVP- ~L---¥-L-- -LPLT-NGKI D-RALP
M ASI E I1 IVYNS LMEKR
1 E MKSI ¥Y¥L RK
Vi
HMWP2 (1410) EkqVa alWqqgLLs.. tgnvtr FqQQGGDSL1A trLtqu..h qgagyeaqlsd LFnhPrL (1467)
AngR (971) EdrVa kIWndVLG.. ptelyksfSDF FlsGGDaynA ieWvkrc..h kagylIlklsm LYrySTI (1028)
TY1 (533) EsiLv sIWqnVLGi. .ekiGirpNF YsLGGDSIqA igWvarL.hs .yqlkLetkd LLnyPTI (590)
GS1 (544) EetLv tIWQdVLGi. .ekiGikPNF YaLGGDSIkKA iqVMaarL.hs .yqlkLetkd LLkyPTI (601)
GS2.dA (977) EekLa kIWeeVLGi. .sqiGigDNF FsLGGHSLXA itIlisrm.nk ecnvdIplrl LFeaPTI (1035)
GS2.dB (2013) EmkLa eIWhnVLGv. .nkiGv1pNF FeLGGHSLrA mtnfisqV.hk efdvelplkv LFetPTI (2071)
GS2.dC (3059) EgkLe eIWkdVLGl. .qrvGihpDF FtiGGHSLkA maVisqV.hk ecqteVplrv LFetPTI (3117)
GS2.dD (4097) EaqLv 1IWgeVLGi. .eliGitpNF FeLGGHSLkA tlljvakI.ye ymgiemplnv VFKhSTI (4155)
ACVS.asp.dC (3021) EadLc rlLWasalGt. .ercGidpDL FrLGGDSItA lhljaaqI.hh qigrkvVtvrd IFdhPT. (3078)
ACVT.pen.dC (2997) Eakmc rLWesalGm. .ercGidpDL FKLGGDSItS lhllvaqIl.hn qvgckItvrd IFehRTa (3055)
ACVS.cep.dC (2961) EetLc gLWasLLGv. .dhcGidpDL FarGGDSIsS lrIvgdI.yr algrkVtvkd IY1lhRsV (3019)
ACVS.noc.dC (2915) EarLc hlWsaqlpg. .gtvGidpPDF FrcGGDSIsA lhljasqV.qr eierkVsvky LFAhPTV (2973)
ACVS.asp.dB (1934) EsiLc gIsagLldis aqtiGsdSDF FtLGGDSLKS tkIsfkI.he vfgrtIsvsa LFrhRT. (1993)
ACVT.pen.dB (1908) ErsLc dIWaeLLEmh peeiGiyfEDF FsSLGGDSLkS tkIlsfmI.he sfnraVsvsa LFchRTV (1968)
ACVS.cep.dB (1885) ErilLa gIWseLLEip vdriSiypDF FsLGGDSLkS tklisfaa.tr algvaVsvrn LFshPTI (1945)
ACVS.noc.dB (1865) ElkLc gIWaqVLEia pdriGvhpDF FaLGGDSIrA mallaqal.tt gfgqglgvat VLghtTL (1925)
ACVS.asp.dA (851) Eialg kIWadVLGah hlsiSrkpNF FrLGGHSItC iqlliarI.rq qlgviIsied VFssRT. (910)
ACVT.pen.dA (824) Eialg eIWadVLGar qrsvSrnpNF FrLGGHSItC iqliiarI.rq rlsvsIsved VFatRTL (884)
ACVS.cep.dA (796) EsdLa aIWgniLsvp aqdiGseSNF FrLGGHSIaC iqliiarV.rq glgggItlee VFqtkTL (856)
ACVS.noc.dA (789) teqlr aIWseVLGvp qnriGe FrLGGgSIsC iarV.rq rlslslgved VFalRTL (849)
EntF (977) Etiia aafssLLGed vq..da FaLGGHSL1A aqls.r gqvarqVtpgq VmvaSTV (1035)
$ $ $ ¥t 3 344 ¢ ¥ ¥ %
Consensus E--L- ~IW--VLG-~ ----G--DDF F~LGGDSI-A =~L===]~== ====e]~== ~LF--PTI
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FIG. 7—Continued.

of the important SBS (CS X) in the latter group. However,
length is not the only trait which distinguishcs the two
groups of proteins. Indeed, CS VII to IX, which are a
hallmark of family A, are located in a region that is present
in all of the proteins (except MenE for CS VIII and IX) but
differs drastically between the two families. Analysis of the
phylogenetic tree confirmed that Lys2 is the most distantly

related sequence in family A. It also confirmed that HMWP2
and AngR are very close to each other and belong to family
A but, interestingly, constitute a specific branch which sets
them apart from the antibiotic synthetases and from EntF
(Fig. 9).

Other features of HMWP2. The 337-aa loop segment is
almost completely absent from all of the proteins homolo-
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CONSENSUS SEQUENCES DEFINING:

| (Y,F)(T,8)SG(T,S)(T,8)GXPKG(V,I)

" Y(Q,W)XTE
I (L,M,W)(Y,L)X(T,8)GDL(A,V,G)

IV (G,D)RX(D,K)XQ(V,I,L)(K,N)(I,V,L)XGX(R,Q)(1,V,L)(E,A)(L,P)(G,A,S)E(1,V,L)(E,D)
V. (V,C,A)A,G)Y,F)

VI (LLM)P(L,V,K)(T,N,8)X(N,S,T)GK(L,L,V)(D,M,L)X(R,K)XL(P,R,K)

the family A:

VL (LV)(L,F,M)(A,G)(V,1)(W,L)K(A,8,T)G(A,G)AYVP(L,L,V)D(P,))XYPXXR(I,V,L)
VIl GEL(Y,C,H)(LL,V)(G,A)GXX(V,,L)(A,8,T)(R,K,E)GY

X (LV,L)E(Y,FILGRXDXQ(V,},L)K(L,V,L)RGXR(I,V)E(L,P)(G,S)E(l,V)

X (D,8)(D,N)(F,L)(F,Y)XLGG(D,H)S(I,L)X(A,S,C)XX(L,V)

FIG. 8. Consensus sequences derived from the alignment of
HMWP2 with the 29 sequences that are most similar. Positions of
these sequences are shown in Fig. 9. Letters in parentheses repre-
sent positions where conserved amino acids were alternatively
found. Boldface letters indicate amino acids or association of amino
acids highly conserved among the members of the superfamily (=28
of 30) or of family A (=21 of 22). CS I corresponds to the position of
the new type of P loop, and CS X corresponds to the position of the
activated SBS.

gous to HMWP2. A search in the protein data base did not
reveal any important identity. The last 35 aa of the loop
share some homology with the ACVSs, indicating that the
loop may be of only 300 aa when aligned with this family of
synthetases. The characteristic feature of this loop is the
presence of a long leucine zipper-like sequence
(Lx6Lx6L x6I x6L) at positions 1251 to 1279 (Fig. 1). This
motif has been shown to facilitate dimerization of many
gene-regulatory proteins (6, 39). However, since proline
residues, which are usually absent from leucine zippers, are
present within the leucine-rich segment, and since leucine
zipper-like sequences have been identified in a wide variety
of proteins in which their role in dimerization has not been
demonstrated, the presence of a leucine zipper-like sequence
in HMWP2 should be interpreted with caution.

A search in the Prosite dictionary of A. Bairoch (Univer-
sity of Geneva), using the Motifs program from the Genetics
Computer Group package, was performed to determine
whether additional motifs of interest were present in
HMWP2. Two motifs deserve attention: a sugar transport
protein signature and an adipokinetic hormone family signa-
ture. The first, (L,I,V,M,S,T)(D,E)X(L,I,V,M,F,A)GR(R,
K)X(4,6)G, is a signature sequence found in members of a
family of integral membrane proteins involved in sugar
transport (56) which possesses the consensus pattern. A
perfectly conserved pattern (IEFLGRRDKQVKVG) was
found in HMWP?2 at positions 953 to 966 and also in AngR.
Interestingly, with the exception of the expected R or K
residue at position 7 of the sugar transport protein consensus
sequence, this pattern is well conserved in family A, being
part of CS IX described above (Fig. 7 and 8). The signifi-
cance of this similarity is still unclear.

The second interesting motif is the consensus sequence
QL,V)(N,T)(F,YXS,T)XXW of the adipokinetic hormone

J. BACTERIOL.

family (51). These small hormones (8 to 10 aa) are produced
by arthropods and cause the release of diglycerides from the
fat body. A typical sequence (QLTFTEDW) was present at
positions 422 to 429 in HMWP2. The relationship between
these very small hormones produced by insects and the large
iron-regulated protein of Yersinia spp. is unknown, but the
fact that no other protein sequence bearing this motif has
been detected hitherto in the Swiss-Prot library should be
noted.

DISCUSSION

The irp2 gene of Y. enterocolitica coding for the iron-
regulated protein HMWP?2 is an ORF of 6,126 nt encoding a
protein of approximately 228,000 Da. A typical ribosome-
binding site and two potential —35 and —10 promoter regions
were identified upstream of this ORF. Two Fur-binding sites
overlap the second —35 region, in line with our previous
observation that irp2 is under the control of the Fur repres-
sor in E. coli (9). The Fur2 box was the most highly
conserved, with 16 of 19 nt (84.2%) identical to the E. coli
consensus sequence (70). Fur boxes have also been identi-
fied in the promoter regions of the foxA4 gene coding for the
ferrioxamine receptor (3), the fcud gene encoding the ferri-
chrome receptor (35), and the hemin uptake operon (hem) of
Y. enterocolitica (62) and of the fur gene of Y. pestis (60).
The level of nucleotide conservation between Fur2 and the
three 19-bp-long Fur boxes of foxA, fcud, and hemP is high
(15 of 19, 14 of 19, and 12 of 19 conserved nucleotides,
respectively), indicating that the Fur recognition signal is
well conserved among different iron-regulated genes of Yer-
sinia spp.

The beginning of a second ORF was found immediately
downstream of and in the same reading frame as the
HMWP?2 coding sequence. Since previous results suggested
that the genes encoding HMWP1 (irp!) and HMWP2 form an
operon, with irp2 located upstream of irp1, the ORF down-
stream of irp2 may correspond to the irpl gene.

The HMWPs were previously found in the particulate
(membrane) fraction of sonicated cell extracts (8). We show
here, however, that the HMWPs may form large aggregates
with intermolecular disulfide bonds when cells are sonicated.
This observation, together with the absence of a typical
signal peptide from the N-terminal region of HMWP?2, raises
doubts about previous conclusions that the HMWPs are
located in the outer membrane (8). However, HMWP2 does
have two regions of relatively high hydrophobicity that
might span the cytoplasmic membrane. The subcellular
location of HMWP?2 is currently under investigation.

A characteristic feature of HMWP?2 is the presence of two
550-aa-long repeated domains at each extremity of the pro-
tein, suggesting a duplication of a fragment of irp2 during
evolution. The existence of five highly conserved stretches
of amino acids (DR1 to DRS) in each repeat may indicate that
they are important for the function, conformation, or loca-
tion of HMWP2. Curiously, the region between these two
large repeats is the segment that is the most highly conserved
among related proteins and corresponds to the domains that
are repeated three times in the ACVSs and four times in
GS2. The presence of two repeats flanking the central
conserved region and of a loop of more than 300 aa located
within the conserved region but absent from the other family
members are characteristic features unique to HMWP?2. This
special organization might confer some specific properties
upon HMWP2.

A very high degree of similarity or identity was found
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FIG. 9. Phylogenetic tree of the 30 aligned sequences obtained with the ClustalV program (distance method). The scale bar indicates the
relative evolutionary distance. Abbreviations are as defined in the legend to Fig. 7.

between the entire lengths of AngR and HMWP2. In addition
to their sequence homology, HMWP?2 and AngR share other
properties: (i) their synthesis is stimulated under iron depri-
vation, and Fur boxes are present upstream of their genes (9,
24); (ii) AngR and HMWP2 are both acidic (pI 6.34 and 5.81,
respectively); and (iii) mutations in angR or irp2 reduce
virulence (9, 57). The high degree of similarity or identity
found between HMWP2 and AngR might be considered
surprising since Y. enterocolitica and V. anguillarum are
distantly related. However, it was shown recently that the
iron transport system mediated by plasmid pJM1 of V.
anguillarum shares significant homology with those found in
members of the family Enterobacteriaceae (36). Further-
more, Koebnik et al. (35) recently reported that the ferri-
chrome receptor (FcuA) of Y. enterocolitica shares se-
quence similarity with several other siderophore receptors
and especially with the anguibactin receptor (FatA). There-
fore, it appears that the iron-regulated genes from these two
organisms are much closer than expected from their phylo-
genetic distance.

AngR has been reported to activate expression of genes
coding for the iron uptake system of V. anguillarum (50).
The genes thought to be under the control of AngR code for
the siderophore anguibactin, for the anguibactin receptor,
and for a protein (p40) involved in the transport of iron into
the cell (16). A second activator (Taf) is also reported to
activate transcription of these genes (65). The loci coding for
AngR (angR), for Taf (taf), and for the iron uptake system
are located on the 65-kb plasmid pJM1 (50). However, the

large size of AngR, the existence of the new class of P loop,
and the presence of a gene coding for a putative S-acyl fatty
acid thioesterase immediately downstream of angR (24) are
inconsistent with a gene-regulatory function and are more
consistent with a role in anguibactin biosynthesis (2). This
hypothesis was strengthened by a recent report indicating
that the cloned angR gene is able to complement an E. coli
strain mutated in entE (66). Interestingly, our results and
those of Turgay et al. (67) indicate that AngR and EntE
belong to the same superfamily.

Moreover, the results of the multiple alignment and the
phylogenetic tree show that HMWP2 and AngR may be
included in family A of the superfamily of adenylate-forming
enzymes (67). Except for Lys2, which is the most distantly
related protein and which is too short to contain the SBS,
family A is composed of different synthetases which can be
divided into three groups. The first group includes the
synthetases TY1, GS1, and GS2 from B. brevis. TY1 (115
kDa) and GS1 (126 kDa) both activate the first phenylalanine
amino acid, racemize it, and form an amino acid-adenylate-
enzyme complex. The aminoacyl moiety is transferred and
covalently bound to another site (the SBS) on the same
enzyme (34) and subsequently transferred to the second
thioester-linked amino acid covalently bound to another SBS
on GS2 (530 kDa). Binding of the last three amino acids also
takes place on GS2. The mechanism of tyrocidine elongation
is similar to that of gramicidin S except that two enzymes
(TY2 and TY3) are involved. The second group of syn-
thetases is composed of different ACVSs found in eukaryotic
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filamentous fungi and bacteria. They are involved in the first
step in the biosynthesis of B-lactam antibiotics, formation of
the tripeptide 3-(L-a-aminoadipyl)-L-cysteinyl-D-valine. The
third group contains only EntF, an E. coli protein involved in
biosynthesis of the siderophore enterochelin, a macrocyclic
trimer of 2,3-dihydroxybenzoylserine. EntF is associated
with three other proteins (EntE, EntG, and EntH) to form a
large complex which carries out a series of reactions with
enzyme-bound intermediates (55). EntF itself activates
L-serine via an L-seryl-AMP intermediate (47) and contains a
covalently bound 4’-phosphopantheteine cofactor (47). All
of these enzymes, and even individual repeated domains
within each enzyme, possess the new class of P loop, the
SBS, and the additional eight consensus sequences.

The existence in HMWP2 and AngR of the typical new
type of P loop and of the four additional consensus se-
quences defining the superfamily of adenylate-forming en-
zymes strongly suggests that they activate their substrate via
an ATP-dependent process, leading to the formation of an
acyladenylate-enzyme complex. Although AngR belongs to
family A, the atypical sequence of the potential SBS defining
this family suggests that it might not be functional and may
explain why AngR is functionally close to EntE, which
belongs to family B. In contrast, the presence of a perfectly
conserved SBS in HMWP2 suggests that the protein may
catalyze the transfer of the aminoacyl moiety from the
adenylate site to the SBS, yielding an activated amino acid
covalently bound either directly to the protein itself or more
likely to the thiol group of 4'-phosphopantheteine cofactor.

Although the idea is entirely speculative for the moment,
we propose that HMWP2 may belong to a multienzyme
complex involved in the nonribosomal synthesis of a pep-
tide. HMWP1, whose gene (irpl) probably forms an operon
with irp2 (9), would combine with HMWP2 to form an
enzymatic complex in a manner similar to that for GS2 with
GS1, TY2 and TY3 with TY1, or EntE, EntG, and EntH
with EntF. The resulting product could be either an antibi-
otic, a siderophore, or a new class of peptide. The fact that
production of HMWP1 and HMWP2 is iron regulated would
be consistent with their involvement in siderophore synthe-
sis. A new class of siderophore (yersiniabactin) which is
probably a catechol-like iron chelator has been reported in
Yersinia spp. (28, 29). Like HMWP1 and HMWP2, this
molecule is chromosomally encoded and is synthesized only
by highly pathogenic Yersinia spp. An attractive hypothesis
would be that the HMWPs are enzymes involved in yersini-
abactin biosynthesis. Preliminary attempts to distinguish
between the parental Y. pseudotuberculosis strain IP2790
and its derivative mutated in irp2 (9) on siderophore indica-
tor medium (53) were inconclusive (7). Moreover, the strain
of Y. pseudotuberculosis serotype II studied by Heesemann
et al. was shown to produce yersiniabactin (29), while we
found that none of five strains of this serotype harbored the
irp2 gene (17). These results do not eliminate the possibility
that the HMWPs are involved in yersiniabactin synthesis,
but the relatively distant relationship of HMWP?2 to EntE,
EntF, and the antibiotic synthetases in the phylogenetic tree
and its unique molecular organization may also indicate that
it has a novel activity that is different from those of the
well-characterized enzymes in the superfamily.
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