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The fucose-/mannose-specific lectin LecB from Pseudomonas aeruginosa is transported to the outer mem-
brane; however, the mechanism used is not known so far. Here, we report that LecB is present in the periplasm
of P. aeruginosa in two variants of different sizes. Both were functional and could be purified by their affinity
to mannose. The difference in size was shown by a specific enzyme assay to be a result of N glycosylation, and
inactivation of the glycosylation sites was shown by site-directed mutagenesis. Furthermore, we demonstrate
that this glycosylation is required for the transport of LecB.

Lectins are proteins of nonimmune origin that recognize and
bind to specific carbohydrate structural epitopes without mod-
ifying them. This group of carbohydrate proteins function as
central mediators of information transfer in biological systems
and perform their duties by interacting with glycoproteins,
glycolipids, and oligosaccharides (34). Lectins exist in a wide
range of organisms, including viruses, bacteria, plants, and
animals, and are believed to play a general and important role
in cell-cell interactions (9). Many bacteria have an arsenal of
different lectins for targeting glycosylated proteins of the host
(21). One example, the lectin FimH at the top of type 1 pili
from the uropathogenic Escherichia coli, recognizes terminally
located p-mannose moieties on cell-bound glycoproteins to
mediate adhesion between the bacterium and the urothelium
(4, 20). Lectins are also of interest for medical and pharma-
ceutical applications, as exemplified by the galactoside-specific
mistletoe lectin, which is widely used as a drug to support
anticancer therapy (5).

Pseudomonas aeruginosa, an opportunistic pathogen associ-
ated with chronic airway infections, synthesizes two lectins,
LecA and LecB (formerly also named PA-IL and PA-IIL) (11).
Strains of P. aeruginosa which produce high levels of these
virulence factors exhibit an increased virulence potential (12).
Both lectins play a prominent role in human infection, since it
was demonstrated that P. aeruginosa-induced otitis externa dif-
fusa (46), as well as P. aeruginosa in respiratory tract infections
(56) and cystic fibrosis patients (16), could successfully be
treated by the application of a solution containing specific
sugars. The sugar solutions presumably prevented lectin-me-
diated bacterial adhesion to the corresponding host cells. The
expression of lectin genes in P. aeruginosa is coordinately reg-
ulated with certain other virulence factors and controlled via
the quorum-sensing cascade and by the alternative sigma fac-
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tor RpoS (60). Functional LecB consists of four 11.73-kDa
subunits, each exhibiting high specificity for L-fucose and man-
nose and their derivates (10, 13), and the crystal structure was
determined more recently (28, 32, 33). In cystic fibrosis, a
characteristic increase of terminal fucosylation is found for
airway epithelial glycoproteins, as well as a higher percentage
of sialylated and sulfated oligosaccharides in Lewis A oligo-
saccharide side chains, which presumably represent preferen-
tial ligands for LecB (32), thereby contributing significantly to
chronic respiratory Pseudomonas infections (38). Interestingly,
LecA and LecB inhibit ciliary beating (31), hence inhibiting an
important defense mechanism of the lung (2, 3). The subcel-
lular localization of LecB has been an issue of discussion dur-
ing recent years (14, 50). A LecB-deficient P. aeruginosa strain
was impaired in biofilm formation, and LecB was shown to be
located in the outer membrane, binding to yet-unidentified
ligands on the surface of biofilm cells (50). This suggests that
LecB may mediate the adhesion of P. aeruginosa cells to re-
ceptors that are located on its surface and facilitate biofilm
formation, thereby promoting colonization of host tissues (50).
Consequently, it was demonstrated that glycopeptide LecB-
specific dendrimers can not only inhibit the formation of bio-
films but also disperse them efficiently (22, 23). Although ob-
viously residing in or at the outer membrane of P. aeruginosa,
the secretion pathway used by LecB is not known so far. Type
I secretion and Sec- or Tat-dependent translocation mecha-
nisms appear not to be involved, since LecB does not contain
any of the known signal peptides required for these pathways
(30).

Here, we show that the LecB protein exists in two distinct
forms which are present in the periplasmic space. Both the
high-molecular-weight (HW LecB) and the low-molecular-
weight (LW LecB) variant were functional in sugar binding
and were purified from the periplasmic fraction of P. aerugi-
nosa by affinity chromatography. Deglycosylation by N-glyco-
sidase F treatment of HW LecB resulted in a decrease in the
molecular mass of the lectin, showing that LecB is an N-
glycosylated protein. Inactivation of the putative N glycosyla-
tion site resulted in mislocalization of this variant, showing that
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype/phenotype Reference or source
P. aeruginosa strains

PAO1 Wild type 19

PATI2 LecB mutant strain derived from PAO1; lecB::Gm" 50
E. coli strains

DH5«a supE44 A(lacZYA-argF)U169 (b80dlacZAM15) hsdR1 recAl endAI gyrA96 thi-1 relAl 61

$17-1 E. coli 294::[RP4-2 (Tc::Mu) (Km::Tn7)] pro res recA tra* Tp" Sm" 42
Plasmids

pBBC2 pBBRIMCS containing a 398-bp Xbal/Sacl fragment with lecB derived from pEC2 50

pET22b T7 expression vector for E. coli; PelB signal sequence, Ap* Novagen

pBBRIMCS lacZoa Cm" rep mob 24

pBBN22A pBBRIMCS containing a 398-bp Xbal/Sacl fragment bearing the lecB(N22A4) gene* This study

“lecB(N22A4) encodes LecB with an inactivated N glycosylation site.

glycosylation is necessary for the proper secretion of LecB in P.
aeruginosa.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids used in this study are
listed in Table 1. E. coli DH5a was used for cloning experiments, and E. coli S-17
for conjugal transfer. P. aeruginosa PAO1 was the wild-type strain, and LecB-
mutant strain P. aeruginosa PATI2 was used as a host for the expression and
subcellular localization of the nonglycosylated LecB variant.

Media and growth conditions. Precultures for all experiments were grown
overnight in 10 ml of LB medium at 37°C. Plasmid-carrying E. coli cells were
selected with 100 wg ampicillin ml~! and 50 pg chloramphenicol ml~". In the
case of plasmid- or cassette-carrying P. aeruginosa strains, 300 g chloramphen-
icol ml~! and 50 pg gentamicin ml~" were added.

For subcellular localization experiments, P. aeruginosa PAO1 and P. aerugi-
nosa PATI2 carrying the lecB expression plasmids were grown on nutrient broth
(NB) agar plates at 37°C for 24 and 48 h, respectively. For purification of the
LecB variants from the periplasm, P. aeruginosa PAO1 was grown for 48 h in NB
medium.

Cell fractionation. Cell fractionation was done as described by Tielker et al.
(50). Bacterial cells (1.2 mg dry weight) were washed with 1 ml of 0.14 M NaCl
and then centrifuged at 3,000 X g; the supernatant was sterile filtered and used
to determine the content of LecB in the extracellular space. The cell pellet was
suspended in 240 pl of 100 mM Tris-HCI (pH 8) containing 20% (wt/vol)
sucrose. After the addition of 240 pl of the same buffer containing 5 mM EDTA
and 20 pg lysozyme, the sample was incubated for 30 min at room temperature,
spheroplasts were collected by centrifugation at 10,000 X g for 20 min, and the
supernatant was used as the periplasmic fraction. Spheroplasts were disrupted by
sonication (Sonifier W250; Branson) in 240 wl of 100 mM Tris-HCI (pH 8). After
centrifugation for 5 min at 5,000 X g to remove intact cells and cell debris, the
total membrane fraction was collected by centrifugation for 45 min at 13,000 X
g and the supernatant was used as the cytoplasmic fraction. The total membrane
fraction was suspended in 240 pl of 100 mM Tris-HCI (pH 8). Then, the proteins
of the fractions were concentrated by precipitation with 10% (vol/vol) trichloro-
acetic acid. After the samples were washed using 80% (vol/vol) acetone, amounts
equivalent to optical densities at 580 nm (ODsg) of 0.5 and 1 per ml of each
fraction were used for the Western blotting methods.

Purification of periplasmic LecB. Functional LecB from the periplasm was
purified from 500 mg of cells (dry weight) by its affinity toward mannose as
described previously (51). Mannose was removed by repeated ultrafiltration
(Vivaspin 6, 5-kDa cutoff; Vivascience, Hannover, Germany) and washed with
100 mM Tris-HCI (pH 8.0).

Separation of LecB variants. LecB variants (1 mg/ml) were separated by
high-performance liquid chromatography (HPLC), using an LC-10ai HPLC sys-
tem (Shimadzu) with a TSKgel G2000SWXL column (Tosoh Bioscience). The
column was equilibrated with 100 mM potassium phosphate buffer, pH 6.8. For
calibration, thyroglobulin (670 kDa), IgG (150 kDa), ovalbumin (44 kDa), myo-
globin (17 kDa), and uridine (0.244 kDa) were used.

SDS gel electrophoresis and Western blot analysis. Protein samples were
suspended in SDS-PAGE sample buffer, heated for 5 min at 98°C, and then
loaded onto SDS-16% and SDS-12% polyacrylamide gels, followed by electro-

phoretic protein transfer to polyvinylidene difluoride (PVDF) membranes at 150
mA for 15 min and 300 mA for 20 min (Bio-Rad, Munich, Germany). The
membranes were blocked overnight using 5% (wt/vol) skim milk in TBST (25
mM Tris-HCI, pH 8, 150 mM NaCl, 3 mM KCl, 0.2% [vol/vol] Tween 20) at 4°C.
LecB, EstA, and DsbA were detected by incubating the membranes with specific
polyclonal antibodies (50, 55, 59) at a dilution of 1:20,000, 1:85,000, or 1:100,000,
respectively, in TBST, followed by an anti-rabbit IgG-horseradish peroxidase
conjugate (Bio-Rad). The blots were developed with an ECL chemiluminescence
kit (GE Healthcare).

Glucose-6-phosphate dehydrogenase assay. Glucose-6-phosphate dehydroge-
nase was used as a cytoplasmic marker enzyme (8, 58). A stock solution of NADP
(45 mM) and a stock solution of glucose-6-phosphate (110 mM) were diluted
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FIG. 1. Subcellular localization of LecB in P. aeruginosa PAO1 and
controls to validate the cellular fractionation procedure. (A) Western
blot analysis of cell fractions from P. aeruginosa PAO1. Cells were
grown at 37°C on NB agar plates for 48 h, subcellular fractions were
prepared as described in the text and separated by SDS-gel electro-
phoresis, and LecB was detected after transfer onto PVDF membranes
using a LecB-specific antiserum. (B) Fractionation controls. The same
cell fractions were analyzed using an EstA- and a DsbA-specific anti-
serum and by the distribution of relative glucose-6-phosphate dehy-
drogenase activities. The percentages of relative enzyme activities
present in cytoplasm, periplasm, membrane, and culture supernatant
are given. CL, cell lysate; CP, cytoplasm; PP, periplasm; M, membrane;
SN, culture supernatant.
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FIG. 2. Two distinct forms of the LecB protein are present in the
periplasm. Proteins from the periplasmic fraction were loaded on a
mannose agarose column to isolate proteins with affinity toward man-
nose. (A) SDS-PAGE analysis of the eluate fraction after affinity
chromatography and a washing step (lane 1, eluate fraction; lane 2,
wash fraction; lane 3, molecular mass marker). (B) Identification of the
two forms as LecB by Western blot analysis. (C) Western blot of the
periplasmic fraction using a DsbA-specific antiserum.

1:100 in a buffer containing 55 mM Tris-HCI (pH 7.5) and 11 mM MgCl. Nine
hundred-microliter volumes of this test solution were mixed with 100-pl samples
from cytoplasm, periplasm, membrane, and supernatant, and the decrease in the
optical density (DOD;,,/min) was monitored spectrophotometrically at 30°C for
90 s.

Protein identification by matrix-assisted laser desorption ionization mass
spectrometry (MALDI MS). Spots of interest were excised from polyacrylamide
gels, digested overnight with chymotrypsin gold (Promega, United States), and
eluted as described by Shevchenko et al. (41). The diluted proteins were desalted
if necessary with a Ziptip C18 (Millipore, United States) and spotted on a
prespotted AnchorChip (Bruker, Germany) with an HCCA (a-cyano-4-hydroxy-
cinnamic acid) matrix. The masses of the peptides were determined with an
Ultraflex III system (Bruker, Germany). Database search was carried out with
MASCOT (Matrix Science).

Deglycosylation assay. Glycosylation was shown as described earlier (47, 49),
using N-glycosidase F (PNGase F; Roche, Penzberg, Germany) according to the
manufacturer’s manual. Ten micrograms of purified periplasmic LecB or 100 ng
of purified HW LecB was incubated with 2 units of PNGase F in 50 mM sodium
phosphate buffer (pH 7.5) for 16 h at 37°C. In the case of the time course
experiment, samples containing 100 ng of HW LecB were taken off after 0, 6, 9,
and 16 h. The samples were analyzed by SDS-PAGE and Western blot analysis
using a LecB-specific antiserum. Samples treated identically but without the
addition of PNGase F served as negative controls.

Inactivation of glycosylation site. An overlap extension PCR method was used
to introduce site-specific substitutions within the lecB open reading frame. Aspara-
gine residues were mutated to alanine at position N22 using the oligonucleo-
tide primers LIINdel (5'-AAAACATATGGCAACACAAGGAGTGTTCAC-3")/
N22AUp (5'-GCCTTCGCCGCATCGTCCGGA-3') and LIIBamHI (5'-AAAAG
GATCCCTAGCCGAGCCAGTTGATC-3")/N22ADWN (5'-TCCGGACGATGC
GGCGAAGGC-3') within the LecB coding sequence. Fragments were gel purified
and subsequently used for overlap extension PCR with 5" and 3’ flanking primers
LIINdeI and LIIBamHI, respectively. The amplified DNA fragments were cloned
into the Ndel/BamHI sites of pET22b, excised by digestion with Sacl/Xbal, and
ligated into pPBBRIMCS which had been digested with the same enzymes. The
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FIG. 3. Deglycosylation of the high-molecular-weight variant of
LecB (HW LecB). The affinity-purified periplasmic LecB variants
(A) and size exclusion chromatography-separated HW LecB (B) were
exposed to N-glycosidase F from Flavobacterium meningosepticum
(PNGase F; Roche). Amounts of 10 g of purified periplasmic LecB
and 100 ng of separated HW LecB were incubated with 2 U of PNGase
F or without any enzyme in 50 mM sodium-phosphate buffer (pH 7.5)
in a final volume of 10 pl for 16 h at 37°C. Lanes: 1, molecular weight
marker (in thousands); 2 and 4, periplasmic LecB (2) and HW LecB
(4) without the addition of PNGase F; 3 and 5, periplasmic LecB (3)
and HW LecB (5) with PNGase F treatment. (C) Time course of the
deglycosylation of HW LecB. HW LecB was incubated with PNGase F
for 16 h at 37°C. After incubation periods of 0, 3, 6, 9, and 16 h,
samples that each contained 100 ng of HW LecB were taken off.
Samples were analyzed by SDS-PAGE and Western blotting using a
LecB-specific antiserum.

resulting plasmid, pBBN22A, was introduced into P. aeruginosa PATI2 by conjuga
tion.

Real-time PCR. RNA isolation was performed with an RNeasy minikit (Qia-
gen, Germany) according to the protocol of the manufacturer. Afterwards,
genomic DNA was digested by DNase (Promega, United States). Quantitative
reverse transcription-PCR (qRT-PCR) was performed using the standard instru-
ment settings on an ABI 7900HT instrument using TagMan gene expression
master mix. The expression levels were normalized to that of rpoD as a control
housekeeping gene. Detection of lecB was achieved using a specific TagMan
gene expression assay (Applied Biosystems, Switzerland) (forward primer, GC
ACCAATAACGCCGTCATC; reverse primer, GCTGACCTGGACCTGTA
CCT; and assay, CAGGTGCTCAACTCC) and normalized to the level of the
housekeeping gene rmpoD (forward primer, ACGCGCGCATGCC; reverse
primer, CTCGTCGGTCTCGTGGTT; and assay, TTCCTGCGCCTGTTCC).

RESULTS AND DISCUSSION

A variant of LecB with a greater molecular mass exists in
the periplasm. Different subcellular localization sites have
been suggested for the mannose-/fucose-specific lectin LecB
during recent years. A significant portion of the lectin has been
found to reside in the cytoplasm (14), and in addition to the
cytoplasmic localization of LecB, it has been shown that it is
localized in the outer membrane of P. aeruginosa, most prob-
ably on the cell surface (50). Although this surface localization
would perfectly explain the influence of LecB on biofilm for-
mation (50), it is in fact not known at present how the protein
traverses the cell envelope, since all secretion signals known in
P. aeruginosa are missing (30, 50). Furthermore, LecB has been
shown to influence type IV pilus formation and the extracel-
lular activity of extracellular protease IV, suggesting that this
protein may also affect the type II protein secretion of P.
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FIG. 4. Secretion defect of the nonglycosylated LecB variant in the LecB-deficient strain P. aeruginosa PATI2, and controls to validate the
cellular fractionation procedure. The asparagine residue (N) of the putative N glycosylation site (NXS/T) was replaced by alanine (A) by
site-directed mutagenesis. The variant gene was cloned into pPBBR1IMCS under transcriptional control of the lac promoter and expressed in the
LecB-deficient background of strain P. aeruginosa PATI2. (A) Subcellular localization of wild-type and mutant LecB (N22A mutant) in P.
aeruginosa biofilm cells. Localization was determined by isolation of cellular compartments after growth periods of 16 and 48 h at 37°C on NB agar
plates and subsequent Western immunoblotting using a LecB-specific antiserum. (B and C) Validation of cellular fractionation procedure was
performed by immunoblotting using an antiserum raised against the periplasmic protein DsbA and the outer membrane protein EstA (B) and by
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aeruginosa (44). Although the role LecB plays in these pro-
cesses is completely unknown, this context suggests that LecB
might exert its influence in the periplasm, which in turn would
require a periplasmic localization of the protein itself.

We proved this assumption when a signal became visible in
Western blots in the periplasmic fraction of P. aeruginosa
PAOL1 cells grown on NB agar plates as saturated biofilms for
48 h at 37°C (Fig. 1A). Neither the outer membrane marker
EstA (Fig. 1B) nor significant glucose-6-phosphate dehydroge-
nase activity was detected in the periplasm (Fig. 1B), indicating
that detection of LecB in the periplasmic fraction was not the
result of contamination with the outer membrane or cytoplas-
mic fraction. The purity of the periplasmic fraction was verified
by demonstrating the exclusive presence of the periplasmic
protein DsbA (55) in this fraction (Fig. 1B). Interestingly, a
second protein band appeared which reacted specifically with
the LecB antiserum and was exclusively present in the periplas-
mic fraction. This protein was of a slightly higher molecular
weight than the LecB present in the other fractions (Fig. 1A).
We thus named this variant high-molecular-weight LecB (HW
LecB) to distinguish it from its low-molecular-weight variant
(LW LecB) and asked whether this HW LecB variant was also
functional in binding to mannose. This binding capability of
HW LecB was assayed by purification of both variants from the
periplasm by the same affinity chromatography which we es-
tablished earlier (28, 51). Both variants were present in the
purified lectin fraction in comparable amounts, showing that
HW LecB also binds quantitatively to mannose and can be
copurified with the low-molecular-weight variant from the
periplasm (Fig. 2A). In an earlier study, cross-reactivity of the
LecB antiserum with other P. aeruginosa proteins was excluded
(50). Furthermore, both variants were analyzed by Western
blotting (Fig. 2B) and were clearly identified as LecB protein
by MALDI-TOF analysis (data not shown). The purity of the
periplasmic fraction was verified by demonstrating the exclu-
sive presence of the periplasmic protein DsbA (55) in this
fraction (Fig. 2C).

Periplasmic HW LecB is an N-glycosylated protein. Post-
translational modifications of proteins can significantly in-
crease their apparent molecular weight (47, 53). Glycosylation
is a very common modification in eukaryotic cells, in which
proteins targeted for extracytoplasmic localization are labeled
by covalent attachment of sugars to the protein (54). Glycan
residues can be attached either on hydroxyl groups of serine
and threonine (O glycosylation) or amino groups of asparagine
(N glycosylation) (26, 48). In addition to functions in targeting,
protein glycosylation is important for stabilization of proteins
(43).

In bacteria, glycosylation has been described in principle,
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but so far, the number of examples of glycosylation of prokary-
otic proteins is rather limited. In P. aeruginosa, glycosylation
has been described for the pilin and flagellin subunits of type
IV pili and flagella (7, 40, 53). However, these proteins are O
glycosylated, whereas N glycosylation has not been described
so far for this bacterium. Moreover, the studies that showed O
glycosylation have been performed with P. aeruginosa strains
other than the prototype strain P. aeruginosa PAO1. Neverthe-
less, using the NetNGlyc 1.0 server (http://www.cbs.dtu.dk
/services/NetNGlyc/) for the detection of glycosylation sites, we
have identified residue N22 within the LecB sequence as rep-
resenting a putative N glycosylation site (NXS/T) (data not
shown). Based on the assumption that LecB might in fact be N
glycosylated, we then tested whether glycosylation of LecB was
responsible for the increased molecular weight of the periplas-
mic variant observed in P. aeruginosa PAO1 by using N-glyco-
sidase F from Flavobacterium meningosepticum (Roche, Pen-
zberg, Germany), which is known to specifically remove N
glycosylation from proteins (49). After appropriate incubation
of the LecB variants purified from the periplasm with the
enzyme, the HW variant completely disappeared (Fig. 3A, lane
3) in comparison with the control sample incubated identically
but without enzyme (Fig. 3A, lane 2). In contrast, LW LecB
remained unaffected by the N-glycosidase and appeared with
the same electrophoretic mobility as the deglycosylated form.
Separation of HW LecB from LW LecB using size exclusion
chromatography and subsequent incubation of HW LecB with
N-glycosidase F for 16 h at 37°C resulted again in degradation
of the HW variant to the lower-molecular-weight species (Fig.
3B, lane 5, and C), whereas identical incubation without N-
glycosidase F had no effect (Fig. 3B, lane 4). These results
strongly indicate that HW LecB is in fact an N-glycosylated
protein.

To confirm these results and to examine the biological im-
pact of possible N glycosylation on LecB localization, the
amino acid asparagine N22 was mutagenized to alanine to
inactivate the putative N glycosylation site. Subsequently,
the variant gene was cloned into the expression vector
pBBRIMCS. Using this vector, lecB is under transcriptional
control of the constitutive lac promoter, which not only uncou-
ples lecB expression from its native regulation but also results
in a moderate overexpression. Under these conditions, LecB
transport is not affected and the protein can perfectly reach the
outer membrane (50). For subcellular localization of the LecB
variant with the N22A mutation, the variant gene was ex-
pressed in comparison to the wild-type gene in the background
of the LecB-deficient strain P. aeruginosa PATI2. The cells
were grown as an unsaturated biofilm on the surface of NB
agar plates at 37°C. This method has been shown to result in

distribution of the activity of the cytoplasmic glucose-6-phosphate dehydrogenase (C). The percentages of total enzyme activities present in
cytoplasm, periplasm, membrane, and culture supernatant are given. (D) Relative transcription levels of the lecB variant gene lecB(N22A4) in P.
aeruginosa cells. RNA was isolated from the lecB-deficient P. aeruginosa strain PATI2 containing the plasmid pBBN22A [lecB(N22A)] encoding
mutant LecB after growth periods of 16 and 48 h. As a positive control, mRNA isolated from the lecB-deficient P. aeruginosa strain PATI2
containing the lecB expression plasmid pBBC2 (wild-type lecB) was used. Detection of lecB and lecB(N22A) was achieved by using a specific
TagMan gene expression assay (Applied Biosystems, Switzerland). The transcription levels of the genes were normalized to that of the house-
keeping gene rpoD and related to the lecB transcription level of the lecB-deficient strain PATI2 containing the empty vector pPBBRIMCS. All values
for the transcription levels investigated in this study represent means of at least three measurements; standard deviations were less than 5%. CL,
cell lysate; CP, cytoplasm; PP, periplasm; M, membrane; SN, culture supernatant.
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the formation of unsaturated biofilms (45) of the type that is
also found in the lungs of CF patients suffering from a P.
aeruginosa infection (29).

After growth periods of 16 and 48 h, cells were fractionated
and analyzed to compare the presence of the mutant LecB and
the wild type. Detection of EstA, DsbA, and glucose-6P-dehy-
drogenase in the membrane, periplasmic (Fig. 4B), or cyto-
plasmic fraction (Fig. 4C), respectively, served as controls to
validate the cellular fractionation procedure. Both strains pro-
duced LecB in the cytoplasm after 16 h of growth (Fig. 4A), but
in contrast to the wild-type lectin, the mutated LecB accumu-
lated in the cytoplasm and both HW and LW LecB were absent
from the periplasm (Fig. 4A), demonstrating that the integrity
of this N glycosylation site is required for proper transport of
LecB to its final destination in the membrane. After a growth
period of 48 h (Fig. 4A), LecB was present in the cytoplasm
and the membrane fraction in the strain harboring the wild-
type gene, as described in an earlier study (50), whereas the
mutated LecB completely disappeared from the cells. Surpris-
ingly, both molecular-weight forms of wild-type LecB were not
seen in the periplasm after a growth period of 48 h (Fig. 4A),
whereas they were present in the P. aeruginosa wild-type strain
PAOL, as shown in Fig. 1A. The major difference between the
two experiments is the fact that in the experiment whose re-
sults are shown in Fig. 1A, wild-type cells were used, whereas
in the experiment whose results are shown in Fig. 4A, the
strain used was the lecB-negative P. aeruginosa strain PATI2
carrying pPBBRIMCS with the wild-type lecB gene under the
control of the lac promoter provided by the vector. Due to this,
the expression of LecB was increased and uncoupled from its
native regulation. In cells grown for only 16 h, both forms of
LecB are present in the cell lysate fraction. The HW LecB
form is also present, in a remarkably large amount, in the
periplasmic fraction in this growth period.

Given the hypothesis that glycosylation of LecB is a transi-
tory event and the protein needs to be deglycosylated when it
reaches the membrane destination, this requires an appropri-
ate enzyme activity, which may be absent in this growth period
or may be not present in sufficient amounts. This may lead to
accumulation of the HW LecB form in the periplasm, consis-
tent with the finding that no (deglycosylated) LecB is in the
membrane fraction. The disappearance of mutated LecB from
the cells suggests that a mechanism exists in P. aeruginosa by
which the aberrant protein was efficiently removed from the
cell, although it was similarly expressed on the transcriptional
level at both sampling times, as was verified by RT-PCR,
shown quantitatively in Fig. 4D. This indicates that the proper
production of LecB depends on an intact N glycosylation site at
this position and again supports the idea that as a consequence
of not being glycosylated, the LecB variant N22 is degraded
upon production in the living cell. N glycosylation of proteins
has been shown to be important for protein stability in vivo
(37). The influence of N glycosylation on the stability of the
proteinase cathepsin E has been demonstrated via a similar
site-directed mutagenesis analysis that showed that the re-
moval of putative N glycosylation sites resulted in severely
reduced stability of the protein (62).

We have shown here that a high-molecular-weight variant of
LecB from P. aeruginosa is present in the periplasmic space
and that it can be transformed into the smaller variant that is
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also present in other subcellular fractions by the activity of a
commercial N-glycosidase F. Inactivation of the predicted N
glycosylation site asparagine 22 resulted in accumulation of the
protein in the cytoplasm. N glycosylation of LecB appears to be
essential for the production of LecB and its transport to the
outer membrane in P. aeruginosa. Although it remains to be
further analyzed whether outer membrane LecB is completely
deglycosylated after secretion is completed, this suggests that
glycosylation is a novel transitory event during secretion. The
transport mechanism used to direct LecB to the membrane is
currently not known; however, our results show for the first
time that a periplasmic intermediate exists and that the trans-
port process thus is a two-step transport mechanism (15, 36,
52). The subunits of type IV pili and flagella have been the only
described glycosylated proteins in P. aeruginosa. However,
these proteins stay glycosylated after secretion (7, 40, 53),
whereas LecB appears to be deglycosylated when it finally
resides in the membrane. Some genes involved in this O gly-
cosylation process have been identified (27). Interestingly, type
IV pili and flagella, like the lectin, represent important adhe-
sive surface structures which contribute to the virulence of P.
aeruginosa (6, 35), which may imply that glycosylation might be
a common feature of adhesins in this pathogenic bacterium.
Furthermore, several other pathogenic bacteria are known to
contain glycosylated adhesive proteins, among them Neisseria
gonorrhoeae and Helicobacter pylori (17, 39), with glycosylation-
defective mutants showing attenuated virulence-associated
properties (1). Interestingly, N-linked glycans were found to be
attached via the eukaryotic consensus sequence (NXS/T) on
proteins in the intestinal Gram-negative pathogen Campy-
lobacter jejuni (18, 25). The pathway responsible for N glyco-
sylation in this bacterium appears to act at the cytoplasmic
membrane, and key enzymes involved are glycosyltransferases
of the so-called pgl gene cluster (1, 63). The genome sequence
of P. aeruginosa PAO1 was analyzed for the presence of
orthologues of these proteins from Campylobacter jejuni us-
ing the NBCI BLAST/blastp suite (www.ncbi.nlm.nih.gov
/BLASTY/) (data not shown). P. aeruginosa does not contain
a complete cluster with similarity to the pg/ gene cluster, and
thus, the N glycosylation pathway from P. aeruginosa ap-
pears to be distinct from the pathway of C. jejuni or may at
least be differently organized. Interestingly, the genes
PA1385 and psiA encode proteins with strong similarity to
the glycosyltransferases PglA and PglC, respectively, which
are involved in the assembly of the heptasaccharide on a
lipid carrier (1), and the P. aeruginosa protein MsbA shows
a strong similarity to the flippase MsbA, which mediates the
transport of the heptasaccharide from the cytoplasm to the
periplasm (57). It will be interesting to further characterize
the role of these candidates to elucidate the mechanism of N
glycosylation in P. aeruginosa. Moreover, it will be of impor-
tance to analyze whether glycosylation is limited to adhesins
or is also present in other proteins of P. aeruginosa.
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