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Lipoprotein I (Oprl) is one of the major proteins of the outer membrane of Pseudomonas aeruginosa. Like
porin protein F (OprF), it is a vaccine candidate because it antigenically cross-reacts with all serotype strains
of the International Antigenic Typing Scheme. Since lipoprotein I was expressed in Escherichia coli under the
control of its own promoter, we were able to isolate the gene by screening a A EMBL3 phage library with a
mouse monoclonal antibody directed against lipoprotein I. The monocistronic OprI mRNA encodes a precursor
protein of 83 amino acid residues including a signal peptide of 19 residues. The mature protein has a molecular
weight of 6,950, not including bound glycerol and lipid. Although the amino acid sequences of protein I of P.
aeruginosa and Braun’s lipoprotein of E. coli differ considerably (only 30.1% identical amino acid residues),
the sequences at the signal peptidase cleavage site and at the C terminus, which is the attachment site to
peptidoglycan in E. coli, are identical. Using lipoprotein I expressed in E. coli, it can now be tested whether this
protein alone, without P. aeruginosa lipopolysaccharide contaminations, has a protective effect against P.

aeruginosa infections.

Pseudomonas aeruginosa continues to be a relevant
pathogen for humans because of its lack of susceptibility to
antibiotic treatment. This property results from its high
intrinsic, as well as emerging, resistance to antibiotics (20).
Nosocomial pneumonias, septicemias in patients with burn
wounds, hospital-acquired urinary tract infections, and eye
and ear infections are frequently caused by P. aeruginosa
(42).

Much effort has therefore been invested in the design of
vaccines which can protect high-risk groups from P. aerug-
inosa infections. One group of potential vaccine candidates
is based on polysaccharide components that P. aeruginosa
presents to its host (9, 40, 50). The outer membrane proteins
are a second group because there is a limited number of
abundant proteins, three of which, porin protein F (OprF),
lipoprotein I (Oprl), and protein H2 (OprH2), cross-react
immunologically between the different serotypes of P.
aeruginosa (35). Furthermore, protection of mice against P.
aeruginosa was obtained after administering either a mixture
of outer membrane proteins (46) or a purified OprF prepara-
tion (18, 29). Recently the gene encoding porin protein F
(OprF) has been cloned and characterized in detail (13, 49).

In the present study we report the cloning and character-
ization of the gene coding for P. aeruginosa lipoprotein 1
(OprlI). Its counterpart in Escherichia coli, Braun’s lipopro-
tein, has the probable function of a physical link between the
outer membrane and the peptidoglycan layer (16). Both
proteins are small outer membrane proteins containing co-
valently bound fatty acids (21, 32), but they differ consider-
ably in their amino acid compositions and their fatty acid
contents (32). Here we show for P. aeruginosa lipoprotein 1
that the deduced amino acid sequence of 83 amino acid
residues (including the leader peptide) differs considerably
from the sequence of Braun’s lipoprotein. Some important
features, however, are identical, like the signal peptidase
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recognition sequence and the two last C-terminal residues,
which in E. coli provide the link to the peptidoglycan layer.

The cloning and expression of P. aeruginosa outer mem-
brane lipoprotein I (Oprl) in E. coli will be the prerequisite
for testing its immunogenic and protective capacities against
P. aeruginosa infections.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. aeruginosa
serotype 12 (International Antigenic Typing Scheme; ATCC
33359) was a clinical isolate from the tracheal secretions of a
pneumonia patient. P. aeruginosa serotype 6 was obtained
from the American Type Culture Collection, Rockville, Md.
(ATCC 33354). E. coli NM539 (supF hsdR [P2 cox3]) was
used as host (15) for plating of the genomic library, and E.
coli JIM109 [recAl endAl gyrA96 thi hsdR17 supE44 relAl
N~ A(lac-proAB) (F' traD36 proAB lacI® ZAM15)] (53) was
used for subcloning in plasmids. P. aeruginosa and E. coli
JM109 were grown in LB broth. Lambda phage was grown
on Trypticase agar plates in Trypticase top agarose (BBL
Microbiology Systems, Cockeysville, Md.). For large-scale
phage preparations, E. coli NM539 cells were grown in NZ
medium (27).

Isolation of monoclonal antibodies. The isolation of mono-
clonal antibodies has been described recently (28). Outer
membrane proteins were extracted from P. aeruginosa se-
rotype 12 cells by the method of Mizuno and Kageyama (33)
and used for immunization of mice.

Monoclonal antibodies were produced by standard meth-
ods. One of these monoclonal antibodies, 6A4, was specific
for lipoprotein I and was used in this study.

Screening of a genomic library of P. aeruginosa DNA for
lipoprotein I sequences. The construction of the P. aerugi-
nosa (serotype 6) genomic library in A EMBL3 phage has
been described previously (13).

Recombinant phage were plated at a density of 400 PFU
per 9-cm petri dish. Immunodetection of P. aeruginosa
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FIG. 1. Physical map of the 3.4-kb Sall fragment (pISall) containing the P. aeruginosa lipoprotein I gene. Sequencing strategy used for
subclone pITaql, the smallest subclone that contains the complete gene; exonuclease 111 deletion clones of pITaql (E1, E2, E3); and an
oligonucleotide primer (black square, I1) for sequence analysis. The protein-coding region is indicated at the bottom by a horizontal arrow;

the signal peptide-coding region is drawn as a solid bar.

lipoprotein I-positive plaques was carried out by a modifi-
cation of the method of Young and Davis (54). Plaques were
lifted on nitrocellulose filters (Schleicher and Schiill, Dassel,
Federal Republic of Germany) for 6 h at 37°C (27). Filters
were then blocked with 20% newborn calf serum (GIBCO,
Eggenstein, Federal Republic of Germany) in Tris-buffered
saline (TBS; 50 mM Tris hydrochloride, 150 mM NaCl, pH
8.0) for 4 h at room temperature. Filters were then incubated
overnight with 20% newborn calf serum in TBS containing
1% (vol/vol) ascitic fluid with anti-lipoprotein I antibody
6Ad. Filters were washed at room temperature for 5 min in
TBS, for 15 min in TBS containing 0.1% (vol/vol) Nonidet
P-40 (Sigma, Deisenhofen, Federal Republic of Germany),
and again for 5 min in TBS. The bound antibodies were
reacted with a 1:1,000 dilution of alkaline phosphatase-
coupled rabbit anti-mouse antibodies (Dakopatts, Hamburg,
Federal Republic of Germany) in 20% newborn calf serum in
TBS for 2 h at room temperature. After washing as described
above, positive plaques could be made visible by an alkaline
phosphatase color test (2) using 5-bromo-4-chloro-3-in-
dolylphosphate (Boehringer, Mannheim, Federal Republic
of Germany) and Nitrotetrazolium blue dye (Sigma). Posi-
tive plaques were picked, and DNA was prepared by stan-
dard methods (27).

Subcloning procedures. Subclones of the positive \
EMBL3 clone were constructed in the plasmids pBR322 (3)
and pUC19 (53). For the identification of lipoprotein I-
producing transformants, a colony immunoscreening proce-
dure was used (31). Transformants were streaked out in
duplicate on nitrocellulose filters that had been placed on top
of LB plates with ampicillin. To lyse bacteria, one of the
duplicate filters was placed three times for 2 min each on a
Whatman 3MM (Maidstone, Great Britain) paper saturated
with a lysozyme solution (5 mg/ml in H,0), then three times
for 2 min each on 0.5% N,N-dimethyl-dodecyl-amine-N-
oxide-10 mM Tris hydrochloride (pH 8.0). The filters with
the lysed colonies were then treated in the same way as the

filters after plaque lifting. Times for blocking and reaction
with the first or second antibody could be reduced to 1 h.

Nucleotide sequence analysis. DNA of different subclones
was sequenced by the chain termination method of Sanger et
al. (43) as modified for supercoiled plasmids (5). The insert of
the clone pITaql was shortened from one end by the
combined action of exonucleases III and VII (53) and
sequenced with standard M13 primers. One specific oligode-
oxynucleotide primer, I1 (see Fig. 1 and below), was con-
structed in order to complete the sequence of the second
strand.

Mapping of the transcription start site. RNA was extracted
from P. aeruginosa cells by the hot phenol method (1). For
Northern (RNA) blots, RNA was denatured by glyoxal
treatment, separated on agarose gels, and blotted as de-
scribed by Thomas (44). The 5’ end of the lipoprotein I
mRNA was mapped by the S1 protection method (47) as
described previously for the porin F mRNA (13). Alterna-
tively, a primer extension reaction using reverse tran-
scriptase was carried out (12). Either 20 or 40 pg of total P.
aeruginosa RNA was used. cDNA synthesis was primed
with the oligodeoxynucleotide 11 (5'-CAGAACAGCAGC
CAGAG-3"), which is complementary to the Oprl DNA
sequence between bases 32 and 48 close to the 5’ end of the
coding region (see Fig. 1 and 2) and stopped at the 5’ end of
the RNA. Radioactivity was incorporated into the cDNA by
the addition of 10 uCi of [a->*?P]JdCTP (Amersham, Brun-
swick, Federal Republic of Germany). The RNA was hydro-
lyzed by alkali treatment, and after neutralization, the cDNA
was analyzed on a sequencing gel together with a Sanger
dideoxy sequencing reaction on plasmid DNA (0.9-kilobase
[kb] Sphl-Sall fragment) using the same primer.

Preparation, electrophoresis, and immunoblotting of bacte-
rial membranes. E. coli cells, carrying plasmids coding for
lipoprotein I, and P. aeruginosa cells were broken and
separated into a ‘‘soluble fraction’” and a ‘‘membrane frac-
tion”’ by an adaptation of the method of Mizuno and
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-260 -240 -220
TCGACAACCCGGCAGCCCTCATCCCCCGCCTCTTGCAGCAACTCTACCCAAGGTCCGGGA
- 0 1

200 -160

AATTGCTTACTTGCGCCGCACGCTGGATATTTTTTGAACAAACGACACTCCAACTACTGC
-140 -120 -100

TAAAGTCGGGGGGACTAAAAAAAAAGTTGCTCGGCTTGCGCTTGGTCAGTTTACTTACTA
-80 -60 -40

CAAGTAATGGGTAGTATGTAGCCGGCTAATTTCCCCGGCTGGGGAGATTGCTGTTATGGA
-20 1 20

AATGTCCACCTTAAGGGGAACACG ATG AAC AAC GTT CTG AAA TTC TCT GCT

met asn asn val leu lys phe ser ala

40 60
CTG GCT CTG GCT GCT GTT CTG GCC ACC GGT TGC AGC AGC CAC TCC
leu ala leu ala ala val leu ala thr gly cys ser ser his ser
80 00

1
AAA GAA ACC GAA GCT CGT CTG ACC GCT ACC GAA GAC GCA GCT GCT
lys glu thr glu ala arg leu thr ala thr glu asp ala ala ala
120 140 160
CGT GCT CAG GCT CGC GCT GAC GAA GCC TAT CGC AAG GCT GAC GAA
arg ala gln ala arg ala asp glu ala tyr arg lys ala asp glu
180 200
GCT CTG GGC GCT GCT CAG AAA GCT CAG CAG ACC GCT GAC GAG GCT
ala leu gly ala ala gln lys ala gln gln thr ala asp glu ala
220 24
AAC GAG CGT GCC CTG CGC ATG CTG GAA AAA GCC AGC CGC AAG TAA
asn glu arg ala leu arg met leu glu lys ala ser arg lys *
260 280

00
TAG GTCTCACGACCTGTTGAMMACCGGTCCCTCGGGGCCGGTTTTTTTATGCCTGCGTT
*

320 340 360
TCGCCGGGCATGAAAAAACCCGCGTCCCTTGCGGGTACGCGGGCCTCTGCCTCGA

FIG. 2. Nucleotide sequence of the P. aeruginosa lipoprotein I
gene. The transcribed region is indicated by boldface letters. The
putative Shine-Dalgarno sequence, GGGA, and the putative rho-
independent terminator region are doubly underlined. The signal
peptide is indicated by italics.

Kageyama (33). Cells (400 ml) were harvested at late log
phase by centrifugation at 4,000 x g for 10 min at 4°C,
washed once in buffer I (50 mM glucose, 25 mM Tris
hydrochloride, 10 mM EDTA, pH 8.0), and suspended in 30
ml of the same buffer. The cells were then broken by two
passages through a French press (Aminco, SLM Instruments
Inc., Urbana, Ill.). The French press homogenate was cen-
trifuged for 60 min at 100,000 X g and 4°C, and the
supernatant was Kept as the soluble fraction. The precipitate
was suspended in 12 ml of buffer I, 1% (vol/vol) Triton X-100
was added, and the membrane fraction was solubilized by
shaking for 60 min at 37°C. Insoluble material was precip-
itated by 10 min of centrifugation at 12,000 rpm in Eppendorf
tubes in a Sigma centrifuge.

The proteins in the soluble and membrane fractions were
separated by electrophoresis on 15% polyacrylamide gels
(14). After electrophoresis, proteins were stained with
Coomassie blue R250 (Serva, Westbury, N.Y.). Alterna-
tively, for immunoblotting (45), proteins were electrophoret-
ically transferred to nitrocellulose membranes (Sartorius,
Gottingen, Federal Republic of Germany) in a semidry
blotting apparatus (Orpegen, Heidelberg, Federal Republic
of Germany) (26). The immunodetection of lipoprotein I
bands was done with the 6A4 monoclonal antibodies and an
alkaline phosphatase color reaction as described above for
the colony screening procedure.

Computer analysis. Analysis of DNA sequences was car-
ried out on a Micro VAX computer (Digital Equipment
Corp.) with the SEQED, MAP, and TERMINATOR (4)
programs of the University of Wisconsin Genetics Computer
Group program package version 4 and the RELATE (10)
program of the Protein Identification Resource (17) program
package.

RESULTS

Mouse monoclonal antibodies to P. aeruginosa outer
membrane proteins were raised as described (28). One of
them, antibody 6A4, was specific for P. aeruginosa lipopro-
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tein I (Oprl) and did not cross-react with E. coli (results not
shown; compare reference 19). It was used in the present
study to identify the gene in a A EMBL3 library. The same
antibody has shown protective activity against P. aerugi-
nosa infection in a mouse model (A. Eckhardt, M. M. Heiss,
W. Ehret, W. Permanetter, and B.-U. von Specht, manu-
script in preparation). Furthermore, its primary structure
has been determined by ¢cDNA cloning and DNA sequence
analysis (28) with the aim of expression of the recombinant
protein in different systems.

Isolation of A clones that express P. aeruginosa lipoprotein I.
Previous experience with the cloning of P. aeruginosa porin
protein F had shown that this protein is expressed in E. coli
under the control of the P. aeruginosa promoter (13, 49).
Since lipoprotein I (Oprl) is also an abundant outer mem-
brane protein (32), it was assumed that it might also be
expressed in E. coli under the control of its own promoter,
thus allowing the screening of the genomic library of P.
aeruginosa serotype 6 DNA in A EMBL3 phage directly with
the protein I antibody 6A4.

Approximately 15 genome equivalents (3,600 phage) were
plated. Plaques were lifted on nitrocellulose membranes for
6 h at 37°C to accumulate enough gene product. Filters were
blocked and then reacted with the monoclonal antibody 6A4
specific for protein 1. The bound antibodies were visualized
with an alkaline phosphatase color test.

Fourteen positive signals were obtained, six positively
reacting phage, A1 to AI6, were selected and isolated, and
DNA was prepared from liquid cultures.

First we tested whether the positively reacting phage
expressed a protein of the correct size. For a control, protein
I was isolated from a liquid culture of P. aeruginosa accord-
ing to Mizuno and Kageyama (32). Plate lysates of four
positively reacting phage were prepared (27), separated by
polyacrylamide gel electrophoresis, electrophoretically blot-
ted, and reacted with the lipoprotein I antibody. The protein
expressed in all four of the A\ EMBL3 lysates had the same
apparent molecular weight as the authentic protein I of P.
aeruginosa (for the lysate preparation of phage \I5, see Fig.
4, lanes 1; the other results are not shown). These results
demonstrated that the positive A clones all contained the
complete lipoprotein I gene.

Subcloning of the P. aeruginosa lipoprotein I gene. Since no
amino acid sequence information about P. aeruginosa lipo-
protein I was available which would have allowed the
construction and use of specific oligodeoxynucleotide
probes, it was necessary to continue the immunoscreening
procedure for subclones of the recombinant A EMBL3 phage
containing the protein I gene.

The first approach taken was to subclone Sall fragments of
the phage \I5 into pBR322. This vector was chosen because
it has a lower copy number than the pUC vectors, and the
possible toxic effect of the P. aeruginosa lipoprotein I on E.
coli should have been reduced. Cleavage of the AIS DNA
with Sall resulted in fragments of 8.0, 3.7, 3.4, 3.0, 1.5, and
0.6 kb plus the A arms. One pBR322 subclone, pISall, that
reacted positively contained the 3.4-kb Sall fragment of AIS.
No adverse effect on E. coli transformed with this plasmid
was observed; therefore, further subcloning was done in
pUC19 (see Fig. 1). The 3.4-kb fragment was divided into
2.1- and 1.3-kb Sall-PstI pUC19 subclones, the larger of
which still reacted positively with the antibody. This frag-
ment could be further divided into a positively reacting
Sphl-Sall fragment of 0.9 kb and an Sphl-Pst1 fragment of
1.2 kb. Finally, a 625-base-pair Taql fragment could be
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subcloned that overlaps the Sphl site and contains the whole
gene (subclone pITaql).

DNA sequence analysis. From the amino acid composition
data of Mizuno and Kageyama (32) it was known that the P.
aeruginosa lipoprotein I contains no proline, valine, isoleu-
cine, phenylalanine, or tryptophan. Therefore it was easy to
identify potential protein I coding sequences. The 0.9-kb
Sphl-Sall fragment was sequenced from both sides. The
sequence next to the Sphl site was devoid of codons for the
five amino acids not present in protein I. The open reading
frame starts 228 nucleotides away from the Sphl site and
contains the major N-terminal portion of the protein I gene.
Sequence analysis of the adjacent Sphl-Pst1 fragment cloned
in pUC19 showed that the seven C-terminal amino acid
residues are encoded in this fragment. The complete se-
quence of the lipoprotein I gene (Fig. 2) is contained in the
625-base-pair Tagl subclone pITaql, both strands of which
were sequenced (Fig. 1). The sequence was assembled from
the sequences of several subclones as well as three exonu-
clease III deletion clones. The last part of the sequence of
the second strand was confirmed using the primer extension
oligonucleotide I1 (see below and Fig. 1).

The open reading frame most likely codes for lipoprotein I
for the following reasons. The polypeptide encoded is small;
the N terminus contains a typical procaryotic signal se-
quence for transport across the cytoplasmic membrane with
a positively charged lysine residue close to the initiator
methionine and a central portion of nine hydrophobic amino
acid residues (39). Two lines of evidence indicate that the
signal sequence has a length of 19 amino acid residues and
that the N-terminal amino acid residue of the mature
protein I is the cysteine in position 20. First, the cysteine is
contained in the sequence Gly-Cys-Ser-Ser, which is identi-
cal in the E. coli lipoprotein, the cysteine being the N-
terminal amino acid residue (24). This residue is also the one
modified with glycerol and fatty acid residues in E. coli (21).
In P. aeruginosa the amino acid composition analysis had
exhibited a peak, X, which was thought to possibly be
glyceryl cysteine (32); this would correspond to cysteine also
being the N-terminal amino acid in the mature P. aeruginosa
lipoprotein. Furthermore, the open reading frame yielded a
sequence with a highly nonrandom amino acid composition
for the mature protein of Ala,gArg,Asn;Asp,Cys,Gln,Glug
Gly,His,Leu,LyssMet,Ser,Thr,Tyr,, which is in complete
agreement with the published amino acid composition. The
molecular weight of the unmodified mature protein of 64
amino acid residues was calculated to be 6,950.

Transcription initiation and termination sites. The tran-
scriptional start site of the P. aeruginosa lipoprotein I gene
was mapped by primer extension with reverse transcriptase.
The primer was the oligodeoxynucleotide Il, which is com-
plementary to the sequence between bases 32 and 48 of the
lipoprotein I gene (see Fig. 2). The template was P. aerugi-
nosa RNA (20 or 40 pg). The product of this reaction was
analyzed on a sequencing gel, together with four sequencing
reactions of the clone pITaql, with the same primer. The
cDNA comigrated with a G in position —62 from the initiator
methionine codon (Fig. 3B), which would correspond to
C-62 being the starting nucleotide. There was also a neigh-
boring minor band that migrated with the C in position —61.

The results of the primer extension analysis were checked
by an S1 protection experiment. A 373-base-pair Taql-Pvull
fragment which was 5’-end labeled with [y-*?P]JATP at the
Pvull site was generated from plTaql (see Fig. 1). This
fragment was hybridized to P. aeruginosa RNA at 50 and
55°C in 80% formamide—0.4 M NaCl-40 mM PIPES [piper-
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FIG. 3. (A) Mapping of the transcription start site by S1 nuclease
protection. Lanes a and b, Reaction mixtures after hybridization at
50 and 55°C, respectively, and S1 nuclease digestion (X indicates the
main protected fragment of 171 = 3 bases, and Y marks the position
of the signal from the 373-base-pair Taql-Pvull fragment); lane ml,
size marker (pBR322 cut with Hpall); lane f, sample of the 373-
base-pair Tagl-Pvull fragment. (B) Primer extension analysis.
Lanes c and d, Primer extension reactions of P. aeruginosa RNA (20
and 40 pg, respectively) primed with the N-terminal lipoprotein I
oligonucleotide probe. PE indicates the primer extension products.
For the sequencing reactions in the first four lanes, the same
oligonucleotide probe was used as sequencing primer. (C) Northern
blot of P. aeruginosa RNA. Lane e, Hybridization of electrophoret-
ically separated P. aeruginosa RNA to the N-terminal lipoprotein
I-specific oligonucleotide probe; lane m2, size marker ($X174 DNA
cut with Haelll). I, Lipoprotein I RNA signal.

azine-N,N’-bis(2-ethanesulfonic acid)]-1 mM EDTA (pH
6.5). A fragment of 171 * 3 bases was the main protected
fragment (Fig. 3A). The transcriptional start site was calcu-
lated at position —59 = 3 as counted from the initiator
methionine. This result agrees well with the primer exten-
sion experiment.

With the knowledge of the transcriptional start site, the
upstream sequences were searched for a similarity to E. coli
promoter consensus sequences. In the —35 region, the
sequence TTGGTC is homologous to the E. coli consensus
sequence TTGaca; in the —10 region, the sequence TAG
TAT is homologous to the E. coli consensus sequence
TAtaaT (30). Thus the promoter elements of the lipoprotein
I gene of P. aeruginosa contain all six highly conserved
bases of the two E. coli consensus hexamer elements plus
one of the weakly conserved bases.

To determine the most likely transcription termination
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FIG. 4. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and immunoblot analysis of proteins from P. aeruginosa (lanes
4A and B), E. coli transformed with pUC18 (lanes 2A and B) or
plITaql (lanes 3A and B), and a plate lysate of recombinant phage
A5 (lanes 1). Left panel, Proteins stained with Coomassie blue.
Right panel, Immunoblot of a sodium dodecyl sulfate-polyacryla-
mide gel run under the same conditions, reacted with monoclonal
antibody 6A4 against P. aeruginosa lipoprotein 1. Lanes A, Mem-
brane fractions: 25 pl of the preparations from E. coli transformed
with pUC18 or pITaql was loaded on each gel; for P. aeruginosa,
1.5 pl was loaded. Lanes B, Soluble fractions: 25 ul was loaded on
each gel. Lane M, Molecular mass markers; sizes in kilodaltons are
given on the left.

site, the complete sequence of the lipoprotein I gene, includ-
ing flanking regions, was searched with the help of the
TERMINATOR algorithm. The most likely candidate for a
rho-independent terminator was the region between 17 and
42 bases after the second stop codon. The 3’-terminal
nucleotide of the RNA was predicted at base 301.

The results of 5'-end mapping experiments, together with
the prediction of the 3’ end, yielded a length of 363 bases for
the lipoprotein I mRNA. As a control, a Northern blot of P.
aeruginosa RNA was hybridized with the *?P-labeled oli-
godeoxynucleotide I1, which was also used for the primer
extension reaction (Fig. 3C). Only one signal was obtained,
which corresponds to an RNA of 400 = 50 bases. This
supports the previous results.

Expression of the P. aeruginosa lipoprotein I in E. coli. The
proteins which were expressed in E. coli cells harboring the
plasmid pITaql were analyzed for lipoprotein I by polyacryl-
amide gel electrophoresis and immunoblotting (Fig. 4). As a
negative control, E. coli cells transformed with pUC18, and
as a positive control, P. aeruginosa cells were grown. A
membrane fraction and a soluble fraction were obtained
from each of the three bacterial cultures as described. For
the E. coli(pITaql) preparation, the immunoblot shows a
strong reaction of the lipoprotein I antibody with a band of
the correct size. No signal could be detected in the case of E.
coli(pUC18) (control plasmid). Both membrane and soluble
fractions contained lipoprotein I. In the case of lipoprotein I
expressed in E. coli, a 2.5-fold larger sample of the mem-
brane fraction was loaded; therefore, the larger part of
protein I is contained in the soluble fraction. This was
different for the preparations form P. aeruginosa cells,
where only a very small portion of the membrane fraction
was loaded. Therefore the major part of the lipoprotein I was
observed in the membrane fraction. The phage lysate from
clone AIS (Fig. 4, lanes 1) also contained material that
reacted with the protein I antibody. The bands of higher
molecular weight that reacted with antilipoprotein antibody
in preparations from P. aeruginosa and E. coli(pITaql)
possibly correspond to multimeric forms of lipoprotein I.

J. BACTERIOL.
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FIG. 5. Homology of P. aeruginosa lipoprotein I to the lipopro-
teins of the enterobacteria E. coli (36), S. marcescens (37), P.
mirabilis (7), M. morganii (22), and E. amylovora (51). The num-
bering starts with the N-terminal cysteine residues of the mature
proteins. Only identical amino acids are connected by vertical lines.

This would be analogous to the case of the E. coli lipopro-
tein, where trimeric forms were observed (8).

Relationship of P. aeruginosa lipoprotein I to the lipopro-
teins of other bacteria. The Max Planck Institute Protein
Sequence Database (MIPSX; release 10.0, Nov. 1988; F.
Pfeiffer, MPI fiir Biochemie, Martinsried, Federal Republic
of Germany) contains nine bacterial lipoprotein sequences,
most of them derived from nucleic acid sequences: the
sequence of Braun’s lipoprotein of E. coli (36), two more
lipoproteins of the same species (6, 52), two lipoproteins
from Haemophilus influenzae (11), and the lipoproteins of
Erwinia amylovora (51), Morganella morganii (22), Proteus
mirabilis (7), and Serratia marcescens (37). A comparison of
each of these sequences with each other and with the P.
aeruginosa lipoprotein I sequence with the RELATE pro-
gram resulted in a table of standard deviation scores which
were taken as a measure of homology. There is a central
group of the enterobacterial lipoproteins of E. coli, E.
amylovora, M. morganii, S. marcescens, and P. mirabilis
with standard deviation scores between 10.7 and 24.1. To
this group, but not to any of the other lipoproteins, lipopro-
tein I of P. aeruginosa is loosely associated with standard
deviation scores between 2.1 and 7.6 (average 5.7). Figure 5
shows the alignment of the enterobacterial lipoproteins and
P. aeruginosa lipoprotein I.

DISCUSSION

Lipoprotein I (Oprl), like porin protein F (OprF), belongs
to the group of outer membrane proteins of P. aeruginosa
which are immunologically cross-reactive in all the Interna-
tional Antigenic Typing Scheme serotypes (35). Its counter-
part in E. coli, Braun’s lipoprotein, has been the object of
various studies because of its unusual posttranslational
modification (21) and processing by a separate, globomycin-
sensitive type of prolipoprotein signal peptidase (23). From
amino acid composition analysis (32) and immunological
data (19) it is known that the lipoproteins of E. coli and P.
aeruginosa cannot be closely related. We decided to clone
the P. aeruginosa lipoprotein I to investigate its use as a
vaccine component and furthermore to put the gene into an
E. coli background so as to learn more about lipoprotein
modification and processing.
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The gene for lipoprotein I was identified in a A\ EMBL3
genomic library of P. aeruginosa DNA and subcloned into
pBR322 and pUC19, using the mouse monoclonal antibody
6A4 for the different immunoscreening procedures. The
open reading frame that was found encoded a protein of 64
amino acid residues that had exactly the published amino
acid composition, preceded by a normal signal peptide of 19
amino acid residues. This provided proof that our antibody
recognized lipoprotein I as it was characterized by Mizuno
and Kageyama (32).

The G+C content of the lipoprotein I gene (59.4%) was
similar to the G+C content of the porin F gene (60.1%) and
lower than the average G+C content of the P. aeruginosa
genome of 67% (38). This approaches the situation of the
pilin genes, which have the lowest G+C content of the
known P. aeruginosa genes (48). In the case of the lipopro-
tein I gene, the main contribution to the low G+C content
seems to be the high incidence of GCT codons for alanine (18
of 23 codons). If all the alanine codons were changed
according to the average distribution of alanine codons in the
known P. aeruginosa genes (48), the G+C content would
rise to 65.9%. It remains surprising that P. aeruginosa uses
such a large number of rare codons in a gene that is highly
expressed, whereas the E. coli lipoprotein gene is devoid of
a number of rare codons (25).

The results of the transcriptional mapping experiments of
the lipoprotein I gene using primer extension, S1 mapping,
TERMINATOR, and Northern blot analysis were compara-
ble to the results that were obtained previously for the porin
F gene (13). Both mRNAs are obviously monocistronic. The
S’-untranslated sequences (62 bases for lipoprotein I and 58
bases for porin F) and the 3'-untranslated sequences (46
bases for lipoprotein I and 47 bases for porin F) are similar.
The 5’ leader sequence of lipoprotein I contains two more
ATG codons, which are in the same reading frame and
potentially code for short peptides of 10 or 8 amino acid
residues. This may, as in the similar case of porin F, enhance
transcription initiation of the highly expressed gene, as has
been suggested before (34, 41).

Upstream of the transcriptional start site of the lipoprotein
I gene, promoter elements are found which resemble the
consensus se’ .ences of strong E. coli promoters. The —35
element is TTGGTC for the lipoprotein I gene and TTGTCT
for the porin F gene (13), as compared to the E. coli
consensus sequence of TTGaca. The —10 element is TAG
TAT for the lipoprotein I gene and TAAACT for the porin F
gene, as compared to the E. coli consensus TAtaaT. As a
consequence of these rather strong similarities, both genes
are expressed under the control of the P. aeruginosa pro-
moters in E. coli, which allowed us in the present study to
identify the gene by immunoscreening without the use of an
expression library. One important difference is that expres-
sion of lipoprotein I, even from high-copy plasmids like
pUC19, did not lead to any observable toxic effects on E.
coli, whereas porin F expression was rather toxic for E. coli
(13, 49).

" From the amino acid composition data of the P. aerugi-
nosa lipoprotein I (32) and the sequence of the E. coli
lipoprotein (36), no strong homology between both lipopro-
teins was expected. On the other hand, as described in
Results, the conserved nature of the functionally important
sites allowed the identification of the N terminus of the
mature protein. Further investigation of the homology be-
tween known lipoprotein sequences placed the sequences of
different members of the family Enterobacteriaceae in a
group of high homology (see Fig. 5) and the P. aeruginosa
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lipoprotein I sequence in a position of significantly lower
homology, with mainly the functional sites being conserved.
This reflects the larger phylogenetic distance between the
Enterobacteriaceae and pseudomonads. Addition of more
lipoprotein sequences to the known ones may add some
useful information for evolutionary studies.

The most important function of the lipoprotein in E. coli is
to link the outer membrane to the peptidoglycan layer, with
the N-terminal, lipid-carrying part inserted into the outer
membrane and the C terminus bound covalently to the
peptidoglycan. Ipp mutants of E. coli can survive, but their
outer membrane fails to invaginate normally during cell
division, leading to the formation of large blebs. As a
consequence, cells are less viable and more sensitive to
some antibiotics (16). Complementation of these strains with
plasmids bearing the P. aeruginosa lipoprotein I gene will
show to what extent this gene can replace the E. coli
lipoprotein gene. For these experiments it is important to
provide plasmids that allow sufficient expression of the
heterologous gene. The similar organization of the amino
acid sequences of both lipoproteins strongly suggests a
similar way of modification as well as a similar function.

To investigate the expression of P. aeruginosa lipoprotein
Iin E. coli more closely, it will be important to test which of
the posttranslational modification steps, such as addition of
glycerol, acylation of glycerol, cleavage by signal peptidase
II, and acylation of the N terminus, are carried out in E. coli.
Especially interesting will be the question of how many fatty
acid residues are added, since the E. coli lipoprotein con-
tains three residues (21) and the P. aeruginosa lipoprotein I
contains only one (32). The amount of processing will
determine the structure of the material which is used for
immunization experiments; inversely, the structure of the
material obtained might be influenced by changing the level
of expression.

The use of recombinant P. aeruginosa lipoprotein 1 for
mouse protection experiments will permit testing of whether
this antigen is protective without any contamination of P.
aeruginosa lipopolysaccharide. This is currently under in-
vestigation, as well as vaccination studies using preparations
of recombinant porin F. Since both antigens are cross-
reactive between the different International Antigenic Typ-
ing Scheme serotypes (35), cross-protectivity of recombi-
nant outer membrane proteins from one strain towards
challenge with another strain might be possible.
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