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Secretion of immunoglobulin A1 (IgA1) proteases is a characteristic of Haemophilus influenzae and several
other bacterial pathogens causing infectious diseases, including meningitis. Indirect evidence suggests that the
proteases are important virulence factors. In this study, we cloned the iga gene encoding immunoglobulin A1
(IgA1) protease from H. influenzae serotype b into Escherichia coli, in which the recombinant H. influenzae iga
gene was expressed and the resulting protease was secreted. Sequencing a part of a 7.5-kilobase DNA fragment
containing the iga gene revealed a large open reading frame with a strongly biased codon usage and having the
potential of encoding a protein of 1,541 amino acids and a molecular mass of 169 kilodaltons. Putative promoter
and terminator elements flanking the open reading frame were identified. Comparison of the deduced amino
acid sequence of this H. influenzae IgA1 protease with that of a similar protease from Neisseria gonorrhoeae
revealed several domains with a high degree of homology. Analogous to mechanisms known from the N.
gonorrhoeae IgA protease secretion, we propose a scheme of posttranslational modifications of the H. influenzae
IgA1 protease precursor, leading to a secreted protease with a molecular mass of 108 kilodaltons, which is close
to the 100 kilodaltons reported for the mature IgAl protease.

The immunoglobulin A1l (IgA1l) proteases are extracellular
bacterial enzymes that specifically cleave the heavy chain of
the human IgAl molecule in the hinge region. Production of
IgAl protease seems to be correlated with the ability of the
bacteria to infect and invade mucosal membranes. Notably,
the three leading etiological agents of bacterial meningitis
(Haemophilus influenzae, Neisseria meningitidis, and Strep-
tococcus pneumoniae) secrete IgAl proteases (16, 27, 30),
whereas closely related nonpathogenic species are devoid of
similar enzyme activity. IgA1l protease production is also a
property of certain bacterial species causing vaginal and
urinary tract infections, such as Neisseria gonorrhoeae and
Ureaplasma urealyticum (16, 27, 30). IgAl proteases are
likely to be important virulence factors, because they allow
bacteria to interfere with the protective mechanisms of IgA1,
which is the predominant class of immunoglobulin present
on mucosal membranes (14).

Several enzymatically different types of IgAl protease
have been reported, each cleaving the human IgAl molecule
at a different site in the hinge region (Fig. 1) (16, 27, 30). In
H. influenzae two such distinct enzymes are known (16, 27).
In addition to this variation in substrate specificity, at least
15 antigenically different types of the IgAl protease have
been identified among H. influenzae isolates based on en-
zyme-neutralizing antibodies raised in rabbits (17). These
“inhibition types” of the produced protease correlate
strongly with the capsular serotype of the strains.

The iga genes encoding IgAl protease produced by N.
gonorrhoeae (type 1 [7] and type 2 [12, 19]), H. influenzae
(type 1 of serotype d origin [5, 18] and type 2 [10]), N.
meningitidis (18), and Streptococcus sanguis (8) have been
cloned. Escherichia coli cells transformed with each of these
iga genes express IgAl protease activity; the E. coli hosts,
which harbor the H. influenzae and N. gonorrhoeae iga
genes, have been found to excrete the protease into the
medium. At present, the type 2 IgAl protease gene from N.
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gonorrhoeae is the only iga gene for which the nucleotide
sequence is known (31). The deduced primary structure of
the protein together with analyses of intermediate IgAl
protease precursors revealed that the protease is expressed
as a preprotein, which is autoproteolytically processed dur-
ing the secretion process (31).

We have previously used fragments of the cloned type 1
IgAl protease gene of H. influenzae serotype d origin as
probes in Southern blot experiments to study restriction site
polymorphism of the iga gene among different strains of H.
influenzae serotype b (32). Based on these iga gene restric-
tion patterns, the strains could be divided into four groups.
We found that 98% of the natural H. influenzae serotype b
population could be assigned to iga gene types, I, II, or III.
These three groups exclusively contained strains of the same
unique IgA1l protease inhibition type. For the present study,
we chose H. influenzae HK368 as a representative for the
most common serotype b iga gene type (32), and we report
here the cloning and sequence analysis of the iga gene from
this strain. A comparison of the deduced amino acid se-
quence of this protease with that of N. gonorrhoeae reveals
regions of homology.

MATERIALS AND METHODS

Bacterial strains. The wild-type H. influenzae serotype b
strain HK368, isolated from cerebrospinal fluid from a
meningitis patient, was the source of whole-cell DNA for
molecular cloning. HK368 was grown in brain heart infusion
broth (Difco Laboratories, Detroit, Mich.) supplemented
with hemin and NAD (15). E. coli K802 (39) was used for
propagation of lambda phages (25). The M13mp19 phage (29)
and recombinant derivatives thereof were propagated in E.
coli JM109 as described by Norrander et al. (29).

Enzymes and chemicals. Restriction endonucleases were
purchased from Amersham International (Amersham, En-
gland) and Boehringer GmbH (Mannheim, Federal Republic
of Germany). T4 DNA ligase, proteinase K, RNase A, and
DNase I were obtained from Boehringer; DNA polymerase
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FIG. 1. Primary structure of the hinge region of human IgAl. The arrows indicate the peptide bonds cleaved by the individual IgAl
proteases as follows: 1, Clostridium ramosum; 2, Bacteroides melaninogenicus and Capnocytophaga ochracea; 3, S. pneumoniae,
Streptococcus oralis (*‘mitior”’), and Streptococcus sanguis; 4, H. influenzae protease type 1 (including serotype b) and Haemophilus
aegyptius; S, H. influenzae protease type 2, N. gonorrhoeae protease type 2, and N. meningitidis protease type 2; 6, N. gonorrhoeae protease
type 1 and N. meningitidis protease type 1. CHO, carbohydrate side chains.

I, DNA polymerase I Klenow fragment, and radioactively
labeled deoxynucleotides were from Amersham. Exonucle-
ase III came from Pharmacia Fine Chemicals (Uppsala,
Sweden), lysozyme was from Sigma Chemical Co. (St.
Louis, Mo.), M13 pentadecamer primer was from New
England BioLabs (Beverly, Mass.), and the Sequenase DNA
sequencing kit was from United States Biochemical Corp.
(Cleveland, Ohio).

Cloning of H. influenzae HK368 DNA in phage AL47.1.
DNA from H. influenzae isolated as described previously
(32) was partially digested with Sau3A and fractionated by
agarose gel electrophoresis. Fragments ranging in size from
12 to 20 kilobases (kb) were extracted from the gel by
electroelution and cloned by using AL47.1 (24) as the BamHI
substitution vector (26). Phages packaged in vitro as de-
scribed by Maniatis et al. (25) were plated on E. coli K802,
and positive plaques were identified by in situ hybridization.
Positive plaques were purified by replating on E. coli K802,
and DNA was isolated from 20-ml phage cultures (26).

Nucleic acid hybridizations and DNA manipulations. As a
label in the hybridizations we used [a->2P]JdATP, which was
incorporated into the DNA probes by nick translation (33).
The in situ probing of phages fixed on nitrocellulose filters
was carried out as described by Benton and Davis (1), and
Southern blot experiments were performed as described
previously (32). As probes we used fragments of plasmid
pVD116, containing the H. influenzae type d iga gene (18),
kindly provided by J. M. Koomey, The Rockefeller Univer-
sity, New York, N.Y. Subclonings into M13mp19 of restric-
tion fragments isolated by electroelution and DNA purifica-
tions and manipulations were carried out as described by
Maniatis et al. (25).

Progressive deletions of recombinant M13mp19 phages for
the sequencing procedure were produced by varying the
time of exonuclease III digestion of BamHI-Sacl-opened
replicative-form DNA (40). For removal of the resulting
single-stranded ends, we used S1 nuclease instead of exonu-
clease VII.

DNA sequencing. The sequences of individual clones were
determined by the dideoxynucleotide-chain termination
method (3, 35) with the 15-mer universal primer and [a->°S]
dATP. For some of the sequences the Sequenase DNA
sequencing kit was used according to the manufacturer’s
recommendations. The program of Larson and Messing (21)
was used to assemble the sequence data with an Apple Ile
computer.

Sequence alignment. Computer-assisted analysis of amino
acid sequence data was performed by using the MULTALI
program for alignments (23).

Assay for IgA1l protease activity. IgA1 protease activity in
phage lysates was detected by mixing 1 volume of the lysate
supernatant with 1 volume of a 2-mg/ml solution of human
myeloma IgAl. After overnight incubation, cleavage of the
substrate IgA1 was demonstrated by immunoelectrophoresis
as described previously (17).

Immunization and inhibition assay. The supernatant of an
E. coli lysate of a recombinant A\ phage containing the iga
gene was used for immunization of a rabbit. The immuniza-
tion procedure and protease inhibition assay were as de-
scribed previously (17).

RESULTS

Cloning of the H. influenzae serotype b iga gene in E. coli.
The E. coli plasmid pVD116 contains the iga gene from H.
influenzae RA~/b* (19). A 2.0-kb Clal-Pst]I fragment of this
plasmid containing the 5’ end of the iga gene of serotype d
origin was used as a radioactively labeled probe to isolate the
iga gene from a lambda-phage library of H. influenzae
serotype b strain HK368 DNA with the vector L47.1.
Replica filters of approximately 2 x 10° recombinant phages
from the nonamplified library were screened with the probe.
Sixteen positive clones labeled A368iga-1 to A368iga-16 were
found. Assuming that iga is a single-copy gene, this fre-
quency is in acceptable agreement with the estimated H.
influenzae genome size of 1.8 X 10% kb (22) and an average
insert of 15 kb in the recombinant \ phages. Eleven of these
positive clones were purified, and recombinant phage DNA
was isolated. The localization of recognition sites for the
restriction endonucleases EcoRI and HindIII in the insert
DNA were determined by complete and partial digestions of
DNA from the individual 368iga phages as previously de-
scribed (26). In addition, DNA from A368iga-8 and \368iga-
16 was mapped with respect to the restriction enzymes
BamHI, Clal, and Pstl. The restriction maps of the inserts
overlap as shown in Fig. 2. This strongly suggests that the
iga gene in H. influenzae HK368 is a single-copy gene.

Localization of the iga gene. The previously described
S'-iga-specific probe together with a 3'-iga-specific 2.8-kb
PstI-EcoRI fragment of pVD116 were hybridized to replica
Southern blots of EcoRI-, HindIII-, and Sau3A-restricted
DNA from each of the 11 A368iga clones analyzed. Thereby,
the iga gene was deduced to be localized within a 7.5-kb
EcoRI-HindIII fragment and oriented as shown in Fig. 2.

The restriction enzyme Sau3A sites at the insert-vector
junctions were preserved during the cloning. For 7 of the 11
recombinant clones, the sizes and numbers of DNA frag-
ments generated by Sau3A and hybridizing to the two iga
probes were identical. The same pattern of bands was
observed in Southern blots of Sau3A-digested whole-cell
DNA from H. influenzae HK368 hybridized with the same
two probes (data not shown). This indicates that no rear-
rangements of the hybridizing region in these lambda phages
had occurred during the cloning procedure. In addition, this
result confirms that the same iga-specific sequence had been
cloned in these phages.

Liquid lysates from these seven recombinant phage clones
were found to possess IgA1l protease activity. This confirms
the cloning of the iga gene. In the lysates from 3 of the 11
clones, i.e., A\368iga-2, \368iga-4, and A368iga-5, we could
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FIG. 2. Structure of the H. influenzae serotype b IgAl protease gene. (A) Restriction maps of the recombinant lambda-phages containing
sequences with homology to the H. influenzae serotype d iga gene probe. Symbols and abbreviations: E, EcoRI; H, HindIII; terminal bars,
left arms of the individual phages; + or —, presence or absence, respectively, of human IgAl-cleaving activity in culture supernatants of E.
coli harboring the individual clones. (B) Restriction fragments from EcoRI-HindIII double digests hybridizing to the two serotype d iga gene
probes. The deduced orientation of the iga gene is indicated by 5’ and 3’. (C) Combined restriction map of A368iga-8 and A\368iga-16, an
extension of A by including the following restriction enzymes: B, BamHI; C, Clal; P, Pst1. (D) Restriction fragments of A368iga-16 subcloned

into M13mp19 for sequence analysis.

not detect IgAl-cleaving activity. DNA from these three
clones lacked some of the Sau3A fragments found in strain
HK368 genomic DNA, which hybridized to the 3’ iga probe,
and therefore only contain the 5’ part of the iga gene (Fig. 2).
The clone A368iga-8, which encodes IgA1 protease activity,
lacked some of the HK368 genomic Sau3A fragments hy-
bridizing to the 5'-iga probe. This indicates that plasmid
pVD116, which was used as probe, contains sequences
originating from the H. influenzae serotype d genome be-
yond the iga gene.

The 7.5-kb EcoRI-HindIII fragment of A368iga-16, which
contains the iga gene, was subcloned into M13mp19. In the
supernatant of liquid cultures of E. coli IM109 transformed
with this recombinant M13 phage, we detected IgAl prote-
ase activity at a level comparable to the IgAl-cleaving
activity found in the supernatant of H. influenzae HK368
cultures. This result indicates that the secretion mechanisms
of the IgAl protease function in E. coli, since the protease
was present in the medium although the M13 phages did not
lyse the bacterial cells.

Crude extract from a A368iga-16 lysate was used to
immunize rabbits. The immunoglobulin fraction of the re-
sulting antisera had a complete inhibitory effect on the IgAl
protease activity from H. influenzae HK368 culture super-

natant. This shows that H. influenzae HK368 does not
secrete any IgAl protease unrelated to the one encoded by
the iga gene cloned in A\368iga-16.

Nucleotide sequence of the iga gene. The 7.5-kb EcoRI-
HindIII fragment of A\368iga-16, which contains the iga gene,
occasionally was unstable when subcloned into M13mp19
and propagated in E. coli JM109. Therefore, in the sequenc-
ing strategy, we used the internal Ps:l site to divide this
fragment (Fig. 2). The sticky ends of the 5.9-kb HindIII-PstI
fragment and the 1.6-kb PstI-EcoRI fragment of A368iga-16
(Fig. 2) were made blunt ended by the Klenow enzyme and
subcloned in both orientations into the Hincll site of
M13mp19. Deletion derivatives of these subclones were
generated by nuclease Exolll digestions for various times of
Sacl-BamHI-opened replicative-form DNA followed by nu-
clease S1 treatment and self-ligation. The 5,091-nucleotide
(nt) sequence of the 7.5-kb EcoRI-HindIlIl fragment pre-
sented in Fig. 3 was obtained by sequencing a total of 79
such deletion clones, which gave overlapping sequences of
both strands in this central part of the fragment. The
sequence across the internal Ps site, i.e., at nt 4856 to nt
4861 in Fig. 3, was verified by subcloning into M13mp19 and
sequencing 300 nucleotides from the 3’ end of the 1,640-
base-pair Hhal fragment ranging from nt 3349 to nt 4988.
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FIG. 3. Nucleotide sequence of the cloned iga gene from H. influenzae serotype b strain HK368. The sequence shown is derived from a
part of the 7.5-kb EcoRI-HindIII fragment of the A368iga-16 insert. The deduced amino acid sequence of the large open reading frame is shown
above the nucleotide sequence. The two sequential stop codons are indicated by asterisks. Putative —35 and —10 promoter elements as well
as a possible Shine-Dalgarno (SD) sequence are overlined. The possible rho-independent dual terminator is indicated by divergent arrows.
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3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240

TTHN I TTPMNMNIQRDUPSUPSHNHNETETIRRUDETA RPUPPPAPA ATHEP
ACGACARATATCACAACACCTARTRATATTCARGCTGATGTGCCTRGCGTACCARGTARCARTGARGARRTAGCCCGTGTTGATGARGCACCAGT TCCACCACCTGCGCCTGCTACACCA
3250 3260 3270 3200 3290 3300 3310 3320 3330 3340 3350 3360

S ET TET UREMNSTI KU QESKTUEIKNEU QDA RTETTA AQMNREURTIEKTEHRHEK
TCAGRGACARCTGAARCRGTGGCTGARRRTAGTARGCARGARAG TRARARCAGTAGAGARRARRCGRGCARGACGCARCCGRGACARCAGC TCRARATAGAGARGTTGCARARGARGCTARR
3370 3360 3390 3400 3410 3420 3430 3440 3450 3460 3470 3460

S HVUKAWNTOQTHNEUARQSGSETIKETQ QTTETTEKTETA ATUETKTETET KHSEHEK
TCAARTGTRARAGCTARTACTCARACRARTGARGTAGCTCAARG TGGAAG TGRAACCRAGGRARCTCARRCGRCTGRARCAARRGARRCARGC TRCGGTAGAARRAGAAGRARAGGCTARA
3490 3500 3510 3520 3530 3540 3550 3560 3570 3560 3590 3600

VETETIKTU QEUPKUTS QUSP K QEUGQSETUOQPQAETPARTEHNDTPTU
GTAGRARCAGAGARARCTCAAGAAGTCCCTAARGTGACTTCTCARGTGTCTCCGARACAGGRACAGTCTGRARCTGTTCARCCGCRAGCAGAGCCTGCTCGTGRRRATGATCCGACTGTT
36 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

NI K EP QS QT HNTTA T EQPARKETSSHNUEU OQPUTETSTTUNTGH
narnrnaunsnsccrcanrcrcnancnnnrncnacascasncncTcnncauccreccnnnsnsnctnsclcanarctrsnncanccacrcncnsanascacnacnsrnnncac:scnanc
3730 3740 3750 3760 3?70 3780 3790 3800 3810 3820 3830 3640

S UUEMNPEMWNTTPATTOQPTUMNSESSNIKPIKIUMNAR RHARBRSURSUPHN
TCTGTRAGTGGARARTCCAGAGARTACRACACCTGCTACARCTCARCCTACGGT TRATTCAGRARGCAGTARTARGCCAARGARTAGACATAGARGARGTGTTCGCTCAGTTCCGCATART
3850 3860 3870 38680 3890 3900 3910 3920 3930 3940 3950 3960

UEPRATTSSHNDRSTUALTCDLTSTNTN NARULSDARGBIKTABEQ QTFUARL
GTTGARCCAGCTACARCARGTAGCARCGATCGTTCTACRGTAGCATTGTGCGATCTCACARGTACARACACAAATGCGGTACTTTCTGATGCARGGGCARARGCACARTTTGTTGCATTA

3970 3960 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080
N UG KA US Q H I S QL EMNNWNETGT QVY NUUWUUSNTS NY S S S Q VYR
ﬁﬁTGTGGBGﬂﬁﬂGcRGTTTCTCﬁﬁCﬁiﬁYfﬁBCCRGTYRGRRRTGﬁﬁTRRCGﬁGGGGCRRTﬁTﬁﬁCGTTTGGBTRTCT&RTHCTTCRRTGﬁﬁCRRﬁﬁﬁTYﬂTYCtTCﬁﬁG‘CRﬁTNTCGT
4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

R F S S K ST QTUQLG6 MWD QT I S HNMNUQLGGYF T Y URMNSNHNMNTFIUDIKA AT
CGTTTTAGTTCTARRAGTACGCARRCTCARCTGGGTTGGGATCAARCARTCTCARRCARTGTTCAGTTRGGTGGCGTGTTTACTTATGTTCGCARTAGTARCARC TTTGATARGGCARCA
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

S K N TLAQUMKWF Y SKY Y ADMNUHUWNYLG I DLGY G6KFQSKLOQTHNHNH
AGTRAARATACTCTAGCACAAGTTARTTTCTATTCTRARTATTATGCGGATAATCATTGGTATTTGGGCATTGATTTAGGCTACGGCARGTTCCARAGCARATTACARACTARTCATART
4330 4340 4350 4360 4370 4300 4390 4400 4410 4420 4430 4440

A K FARRMHTAQTFGLTAG A HLGNFG I TP I U6 UVURY S Y L SHNATD
GcGﬁﬁﬂlTTGCTCGCCRIBCTGCﬁcRRTTTGGTTTRﬂCCGCﬁGGCﬁﬁﬂGCRYYYﬂRTCYTGGCﬂRTTTTGGTRTTNCGCC&RTRGTRGGCBTBCGYTRTHBCIﬂYTTﬁTCﬁRﬁCGtTGHT
4450 4460 1470 4480 4490 4500 4510 4520 4530 4540 4550 4560

F ALDOQARI KUMNPI SUKTA ARFAQUDLSY TVY HLGETFSUTPI LS
TTTGCATTAGATCARGCTCGCATTARRGTAARTCCARTATCTGTCARRACRGCCTTTGCTCRAGTTGATTTARGTTRTACTTRTCACTTAGGCGAGTTTTCCGTTACGCCARTTTTGTCT
4570 4500 4590 4600 4610 4620 4630 46410 4650 4660 4670 46080

A R 0 Q 6 S G K I HNUMNGY DFAVY NUEN NI QUOQOQYHNAGLI KLTIKTYUHHNUY
GC7CBNTRTGRTGtﬁHﬂccnﬂﬁﬁcnGCGGRRﬁﬂﬂTTRﬁTGTﬁﬂﬁTGGRTRTGRTTYTGCTTﬁcnﬂcGIGGﬂﬁﬁﬁCCﬁﬁCﬁGCﬂﬁTﬁlﬂﬁcGCRGGGCTTRGRTTGﬁﬁﬁTﬂTCﬁTﬁﬁTGYG
4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4600

K L SL I 66 LT KA KOQARAETIKTGQGIKTAHAETLTIKTLTSTFSTF=* =
ﬁﬂﬁTTﬁﬂGTCfﬂHTﬁGGCGGRTIﬁﬁcnﬁﬁﬁGCGRﬁﬂtﬂﬁﬁcGﬁﬁﬂﬁﬁﬁCﬁﬂﬁﬁﬂﬁCTGCRGﬂﬁTYﬂﬁﬁﬁtTﬁﬁETTTTﬁGYTTTTRﬂTﬂRGCcTGTTTGRRTTN&CGITRYRH&CRﬁCﬂﬁ
4810 4820 4830 4840 4050 40860 4670 4860 4690 4900 4910 4920

g
AGCCCTGTGTATTRCAGGGCTTTATTTTTGARTGRARTTCAGTGATTRRGTGCGGTGARARATCAGCGCATTTTTTATTTTTARCGTARRARCGCTGGARTATTTTTCTCATATGCTGAG
4930 4940 4950 4960 4970 4960 4990 5000 S010 5020 5030 5040

ATTTTGTCTTCGTGCTGARGGGTTARRCCGATATTATCTAARCCGTTTAGC
5050 5060 5070 5080 5090

FIG 3—Continued.
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The sequence revealed a large open reading frame with
homology to the N. gonorrhoeae iga gene sequence previ-
ously published (31). The suggested iga gene from H.
influenzae HK368 starting at the first ATG in the open
reading frame as shown in Fig. 3 consists of 4,646 nt,
including the TAA stop codon, encoding a deduced protein

of 1,541 amino acids. This primary translation product has a
deduced molecular mass of 169 kilodaltons (kDa), in contrast
to the estimated size of the mature IgA1l protease of approx-
imately 100 kDa (11). In the Discussion we propose a scheme
for posttranslational modifications of the preprotein to ac-
count for this discrepancy.
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TABLE 1. Codon usage of the H. influenzae iga gene

Amino No. of Amino No. of Amino No. of Amino No. of
acid Codon times used® acid Codon times used acid Codon times used acid Codon times used
F TTT 45 S TCT 30 Y TAT 52 C TGT 2
F TTC 8 S TCC 9 Y TAC 8 C TGC 1
L TTA 53 S TCA 26 *b TAA 1 * TGA 0
L TTG 11 S TCG 3 * TAG 0 w TGG 14
L CTT 18 P CCT 21 H CAT 20 R CGT 15
L CTC 5 P CCC 0 H CAC 10 R CGC 11
L CTA 15 P CCA 26 Q CAA 57 R CGA 4
L CTG 3 P CCG 6 Q CAG 7 R CGG 1
1 ATT 34 T ACT 46 N AAT 127 S AGT 36
I ATC 7 T ACC 17 N AAC 39 S AGC 19
I ATA 11 T ACA 60 K AAA 98 R AGA 18
M ATG 11 T ACG 18 K AAG 13 R AGG 1
v GTT 43 A GCT 30 D GAT 71 G GGT 36
\' GTC 6 A GCC 16 D GAC 13 G GGC 45
v GTA 36 A GCA 43 E GAA 62 G GGA 26
\' GTG 29 A GCG 11 E GAG 25 G GGG 13

“ Number of times the codon is used to code for the amino acid.
b Asterisks represent the stop codons.

DISCUSSION

In this study we cloned and sequenced the iga gene
encoding the IgA1l protease from the H. influenzae serotype
b strain HK368 to characterize the protein further and
thereby to achieve a better understanding of its role during
bacterial infection. The iga nucleotide sequence presented in
Fig. 3 and the deduced primary structure of the IgAl
protease protein reveal several interesting features.

Potential start and stop signals for transcription and trans-
lation. The observed expression in E. coli implies that the H.
influenzae iga gene must have transcription and translation
signals that are recognized by the E. coli cell. We found a
potential ribosome-binding Shine-Dalgarno sequence 5'-
TAAAGA-3' (nt 248 to nt 253 in Fig. 3) eight nucleotides
upstream from the putative translation start at the first ATG
in the open reading frame (A at nt 262 in Fig. 3). This
sequence has a homology of five identical positions out of six
to the complementary sequence of the 3’ end of the E. coli
16S rRNA (36). In addition, it is located in an acceptable
position according to the rules for translational initiation
suggested by Stormo et al. (37). The sequences 5'-TAAACT-
3’ (nt 235 to nt 240) and 5'-TTGTG-3' (nt 211 to nt 215) might
constitute the transcription signals at positions —10 and —35,
respectively. The proposed position —10 sequence is identi-
cal to the E. coli consensus sequence at the four best-
conserved positions (13). Located 19 base pairs upstream
from this, the —35 sequence is within the allowed spacing
and has a homology of three of five positions identical to the
E. coli consensus sequence (13). The identification of these
three putative promoter elements strongly supports our
suggestion of translational initiation at nt 262, although this
can only be determined with certainty by direct analysis of
the transcriptional start and the N terminus of the mature
enzyme.

The open reading frame is ended by two sequential TAA
stop codons at nt 4885 to nt 4890. A sequence similar to a
typical rho-independent transcription terminator is found at
nt 4919 to nt 4943 and contains a perfect inverted repeat with
the potential of forming a hairpin structure, having a loop of
5 nt and a stem of 10 nt including five pairs of C-G (Fig. 3).

Like the typical E. coli terminators, this structure is followed
by a stretch rich in T residues (34).

Codon usage. Table 1 shows the codon usage of the H.
influenzae iga gene. There is a striking tendency for the
triplets to end preferentially with A or T. This may be a
simple reflection of the high A+T content of the genome (62
mol% A+T) (15). The codon frequencies in the iga gene are
similar to those observed in four other H. influenzae genes
for which the nucleotide sequence is known (6, 20, 28).

We found 63% A+T for the 4,626-nt H. influenzae iga
gene sequenced, which is close to the published estimate of
62% A+T for the whole genome (15). According to the
observations of Bibb et al. (2), genes of this genome should
have an A+T content of 51, 65, and 69%, respectively, for
the first, second, and third position within codons. We found
53, 61, and 75% A+T, respectively, at these positions.

Based on the preference of T over C in the third base of
duet codons and the relatively low quartet-to-duet frequency
ratios among sextet codons encoding Arg, Leu, and Ser, the
iga gene should be weakly expressed according to the rules
of Grantham et al. (9). This agrees well with the relatively
low amount of IgA1 protease protein produced by H. influ-
enzae.

This bias toward A and T residues of the third position of
degenerate codons in the H. influenzae iga gene is in
contrast to the markedly unbiased codon usage for the iga
gene from N. gonorrhoeae, which has a genomic A+T
content of 51% (4). These two genes most likely have a
common ancestor, indicating that apparently different con-
straints in codon usage have worked during the evolution of
these two organisms.

Comparison of H. influenzae and N. gonorrhoeae protease
sequences. Koomey and Falkow (18) have previously shown
that the cloned type 2 N. gonorrhoeae iga gene hybridizes to
the H. influenzae type 1 iga gene. The present comparison of
the nucleotide sequences of these two iga genes revealed
regions with a high degree of homology as well as areas with
essentially no homology. The maximum homology between
the corresponding deduced amino acid sequences of the two
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FIG. 4. Amino acid homologies between the deduced H. influenzae iga gene product (HIIGAP) and the N. gonorrhoeae iga gene product
(NGIGAP). Sequence data of N. gonorrhoeae iga was derived from Pohlner et al. (31). Asterisks denote identical or functionally equivalent
residues. Gaps indicated by dashes are introduced in the two sequences to obtain maximal homology. s, Cleavage site for the aquq—termmal
signal peptide of the N. gonorrhoeae protease; S, proposed equivalent cleavage site of the H. influenzae protease precursor. Posmogs a, b,
and c represent autoproteolytic sites for the N. gonorrhoeae protease; positions A, B, C, and D indicate similar autoproteolytic sites
suggested for the H. influenzae protease.
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IgAl protease proteins was obtained by aligning them as
shown in Fig. 4.

Pohlner et al. (31) found that the precursor of the N.
gonorrhoeae 1gAl protease contains three functional do-
mains; the amino-terminal signal peptide, the central IgAl
protease, and the carboxy-terminal helper domain. The
leader peptide is released during translocation of the prepro-
tein into the periplasmic space, whereas the helper domain is
assumed to create a pore in the outer membrane for excre-
tion of the protease domain and remains associated with the
membrane upon autoproteolytic cleavage.

The primary translation product, deduced from the H.
influenzae iga sequence presented in Fig. 4, has a molecular
mass of 169 kDa. The mature type 1 IgAl protease from H.
influenzae has been estimated to be about 100 kDa (11).
Grundy et al. (10) found that a 2.2- to 3.1-kb region of the 3’
end of a type 1 IgAl protease gene from an H. influenzae
serotype d strain is necessary for the secretion of the
protease but not for its activity. They suggest that this region
is cleaved off during maturation of the protease. Based on
these observations and the amino acid sequence homologies
shown in Fig. 4, we suggest that the H. influenzae IgAl
protease is secreted by a mechanism similar to the one
proposed by Polner et al. (31) for the N. gonorrhoeae 1gAl
protease.

The amino-terminal part of the H. influenzae IgAl prote-
ase contains positively charged lysines at amino acid posi-
tions 4, 5, and 7, followed by a hydrophobic stretch including
the helix-breaking proline at position 21, four residues before
an alanine (Fig. 4). These features are characteristic of signal
sequences that are cleaved off and released with alanine as
the C-terminal amino acid (38). The two protease sequences
aligned as shown in Fig. 4 are identical around the position of
the cleavage site of the N. gonorrhoeae protease leader
peptide determined by Pohlner et al. (31). Therefore, we
propose that the 25 amino-terminal amino acids of the H.
influenzae IgAl protease preprotein constitute the signal
peptide.

Sequences rich in prolines, much like the type 1 H.
influenzae IgA1 protease target site in the hinge region of the
human IgA1 molecule (Fig. 1), are exclusively found at three
positions in the H. influenzae protease sequence (A, B, and
D in Fig. 4). A single sequence with homology to the type 2
H. influenzae IgAl protease target site (Fig. 1) is found in the
same region of the protease (C in Fig. 4). We propose that
one or more of these four sequence elements are functionally
equivalent to the autoproteolytic sites a, b, and ¢ in the N.
gonorrhoeae protease (Fig. 4).

When an N-terminal signal sequence of 25 amino acids is
taken into account, autoproteolytic cleavage at position A,
B, C, or D would result in excreted proteases of deduced
molecular masses of 107.8, 108.1, 109.9, or 110.3 kDa,
respectively. Each of these values is in acceptable agree-
ment with the estimated molecular mass of 100 kDa.

Strikingly, a stretch of 32 amino acids (amino acids 16 to
47) is identical in the two proteases except for a single
conservative substitution. This shows that the N-terminal
part of the mature IgAl protease has been evolutionarily
conserved, suggesting that it is essential to the translocation,
enzymatic function, or specificity of the protease molecule.

Another notably well-conserved sequence is found at
amino acids 785 to 797. It contains the two conserved
cysteines that Pohlner et al. (31) proposed to be part of the
active site in the N. gonorrhoeae protease. A third cysteine
is found in the helper domain of the H. influenzae protease
preprotein at amino acid position 1250.

INFECT. IMMUN.

In striking contrast to the rest of the H. influenzae IgAl
protease, the region from amino acids 980 to 1240 has no
significant sequence homology to the N. gonorrhoeae pro-
tease (Fig. 4). This stretch is proposed to constitute the
N-terminal part of the helper domain. It is very hydrophilic
in both proteins, suggesting that it has a common function in
the secretion of the two proteases. No deletions or insertions
had to be introduced in this divergent area of the two
protease sequences to obtain the flanking homologies (Fig.
4). This observation suggests that this region functions as a
spacer to properly orient flanking domains.

The cloning and sequencing of the IgAl protease gene
from H. influenzae serotype b provide a means of producing
this protein in large quantities for further structural and
functional analyses.
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