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Abstract

The g-carbon of the Pseudomonas aeruginosa 1244 pilin C-terminal Ser is a site of glycosylation.
The present study was conducted to determine the pilin structures necessary for glycosylation. It was
found that although Thr could be tolerated at the pilin C terminus, the blocking of the Ser carboxyl
group with the addition of an Ala prevented glycosylation. Pilin from strain PA103 was not
glycosylated by P. aeruginosa 1244, even when the C-terminal residue was converted to Ser.
Substituting the disulfide loop region of strain PA103 pilin with that of strain 1244 allowed
glycosylation to take place. Neither conversion of 1244 pilin disulfide loop Cys residues to Ala nor
the deletion of segments of this structure prevented glycosylation. It was noted that the PA103 pilin
disulfide loop environment was electronegative, whereas that of strain 1244 pilin had an overall
positive charge. Insertion of a positive charge into the PA103 pilin disulfide loop of a mutant
containing Ser at the C terminus allowed glycosylation to take place. Extending the “tail” region of
the PA103 mutant pilin containing Ser at its terminus resulted in robust glycosylation. These results
suggest that the terminal Ser is the major pilin glycosylation recognition feature and that this residue
cannot be substituted at its carboxyl group. Although no other specific recognition features are
present, the pilin surface must be compatible with the reaction apparatus for glycosylation to occur.

Pseudomonas aeruginosa is a Gram-negative bacterium that expresses polar filaments called
type IV pili. These pili are polymers of a primarily proteinaceous subunit referred to as pilin.
Although all known type 1V pilins are modified by the cleavage of a leader sequence followed
by the N-methylation of the exposed Phe (1), the pilin of P. aeruginosa 1244 is additionally
glycosylated. This glycosylation requires the presence of PilO, an enzyme whose coding
sequence is in the same operon as pilA, the pilin structural gene (2).

The first discovered examples of prokaryotic glycoproteins were archaeal S-layer proteins
(3). Since this finding, numerous examples of protein glycosylation in eubacteria have been
identified (4-8), indicating that this protein modification is distributed among all of the
biological kingdoms. Proteins destined for glycosylation may be modified at a single or
multiple sites along the peptide chain (7,8) in which the glycan may be one sugar or an
assortment of diverse saccharides. Oligosaccharide assembly can take place either by
sequential sugar addition to the target protein or by synthesis prior to glycosylation in which
the entire pre-formed glycan is transferred as a single unit (7,8). Numerous protein/sugar
linkages have been characterized involving many functional groups present on peptide chains
and most of the commonly encountered monosaccharide moieties (8), in addition to exotic
prokaryotic sugars such as bacillosamine, pseudaminic acid, and derivatives (7). Carbohydrates
in eukaryotes and prokaryotes, alike, are usually bound to the peptide chain via the amide

*This work was supported by National Institutes of Health Grant A1054929 (to P. C.).
SThe on-line version of this article (available at http://www.jbc.org) contains supplemental Tables S1 and S2 and supplemental text.

1 To whom correspondence should be addressed: Dept. of Biological Sciences, Duquesne University, 600 Forbes Ave., Pittsburgh, PA
15282. Tel.: 412-396-6319; Fax: 412-396-5907; E-mail: castric@dug.edu.


http://www.jbc.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Horzempa et al.

Page 2

nitrogen of an Asn residue (N-linked) or via the functional hydroxyl group of Ser or Thr (O-
linked). Some of the more uncommon glycosylation linkages include the mannose linkage to
the C-2 of the indole ring of Trp observed in the mammalian cytokine interleukin 12 (8) and
Tyr O-glycosylation of a surface protein of the prokaryote Acetogenium kivui (9). Besides the
N-linked glycosylation system in Campylobacter jejuni (7,10-13), little is known of glycan
biosynthesis and transferases of prokaryotic glycosylation systems.

In P. aeruginosa 1244, a single glycan is attached to each pilin monomer in an O-linked fashion
to the C-terminal residue, Ser48 (14). This residue is adjacent to the pilin disulfide loop (DSL),
2 g structure previously associated with adhesion and immunogenicity (15,16). An intriguing
aspect of P. aeruginosa 1244 pilin glycosylation is that the trisaccharide used to modify pilin
is structurally identical to the O-antigen repeating unit (17,18). This suggested that the pilin

glycan is a product of the O-antigen biosynthetic pathway. DiGiandomenico et al. (17) showed
that strain 1244 mutants lacking functional wbpM or wbpL genes (both involved in the initial
steps of O-antigen biosynthesis) synthesized no O-antigen and produced only nonglycosylated
pilin. Expression of gene clusters coding for heterologous O-antigens in strain 1244 resulted
in the production of pilin glycosylated with the heterologous saccharide, confirming that the
source of the pilin glycan is part of the O-antigen biosynthetic pathway. PilO is not essential
for O-antigen or pilin biosynthesis and is the only glycosylation-specific protein requirement
in P. aeruginosa 1244 pilin glycosylation (17) suggesting that it is an oligosaccaryl-transferase.

In transferase-mediated protein glycosylation, specific interaction is necessary between this
enzyme, a glycan source, and the target protein, to facilitate the enzymatic attachment of the
saccharide to the designated amino acid functional group (7,8). A consensus peptide sequence
of Ser/Thr-Xaa-Asn, in which Xaa can be any residue except Pro, acts as the environment for
N-linked glycosylation as observed in N-glycosylated proteins of C. jejuni, Mycobacterium
tuberculosis, and Clostridium thermocellum (6,13). A consensus sequence for O-glycosylation,
other than the requisite of a Ser/Thr residue, has not been identified, indicating distinct substrate
specificity for individual transferases that mediate O-linked glycosylation. Gaining an
understanding of the pilin structures necessary for pilin glycosylation by P. aeruginosa 1244
would provide insight into an important biological process in which little is understood and
may usher in the comprehension of O-linked glycosylation specificities of other systems.

The present study is the most comprehensive investigation of prokaryotic glycosylation
substrate specificity to date. These results suggest that the C-terminal Ser of P. aeruginosa
1244 pilin is the major glycosylation recognition structure and that this residue cannot be
substituted at its carboxyl group. Although no other specific recognition features are present,
the pilin surface must be compatible with the reaction machinery for glycosylation to occur.
Further, we present evidence that suggests that pilin folding and disulfide bond formation
occurs prior to glycosylation. These findings could have future applications in vaccine
engineering.

EXPERIMENTAL PROCEDURES

Culture Conditions

Bacterial strains and plasmids used in this study are listed in Table 1. Intermediate plasmids
utilized for mutant construction can be found in supplemental Table S1. For general culturing,
bacteria were grown aerobically at 37 °C on LB agar plates or in LB broth, shaken at 250 rpm.
The cultures were grown on casamino acids yeast extract medium (2% agar, 0.75% casamino
acids, 0.15% yeast extract (19)) for the preparation of cell extracts. The concentrations of

2The abbreviations used are: DSL, disulfide loop; IPTG, isopropyl p-o-thiogalactopyranoside; Tricine, N-[2-hydroxy-1,1-bis
(hydroxymethyl)ethyl]glycine.
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antibiotics used in selective media were as follows: ampicillin at 50 xg/ml for Escherichia
coli; carbenicillin at 250 xg/ml for P. aeruginosa; kanamycin at 35 xg/ml for E. coli and 100
ug/ml for P. aeruginosa; and tetracycline at 100 xg/ml for P. aeruginosa. IPTG was added to
media to a final concentration of 5 mw to induce expression of genes under the control of the
tac promoter.

Homology Modeling

Homology modeling was performed by submission of mature pilin sequences to the online 3D-
PSSM program (20). DS Viewer Pro 6.0 was used to visualize tertiary structures and to generate
molecular surfaces and Gasteiger charges. Fig. 1 shows the primary (21) and predicted tertiary
structure of 1244 pilin derived from homology modeling.

Generation of P. aeruginosa 1244 pilA Mutants

The deletion mutant 1244.2024 was constructed by first digesting pPAC202 (21), which
contained a 7.8-kb insert harboring the pilAO operon, with Pstl. This removed a 3.8-kb
fragment containing the operon and left flanking insert pieces of 1.9 and 2.1 kb attached to the
vector. The fragment containing the vector was ligated with a KmR cartridge, generated by
digesting pUC-4K (Amersham Biosciences) with Pstl, producing pPAC2024K. The cloned
region of this plasmid was removed by digestion with EcoRI and ligated with pPBR322 digested
with the same enzyme producing pPAC3/6. This construct was introduced into P.
aeruginosa 1244 by triparental mating (22) using tetracycline resistance as a selective marker.
Tested clones were found to also be KmR, indicating that incorporation of the plasmid by
recombination had occurred. Colony lifts probed with a strain 1244 pilin-specific monoclonal
antibody produced pilin-negative clones that were TcS, CbS, and KmR, indicating the loss of
vector and the functional pilA gene. The loss of pilin production was confirmed by Western
blot, whereas the loss of pilA was confirmed by Southern blot using pPAC2024K insert DNA
as a probe.

The initial step for construction of the insertion mutant, strain 1244.47, involved ligation of
pBR322 digested with BamHI and Nhel with the 12-kb fragment produced by the digestion of
pPAC202::Tn501-13, a previously described construct (21) with BamHI and Xbal. The
plasmid produced by this ligation reaction was confirmed by restriction site analysis and
introduced into P. aeruginosa 1244 by triparental mating (22) using mercury resistance as a
selective marker. Tested clones were found to also be CbR, indicating that incorporation of the
plasmid by recombination had occurred. Approximately 2 x 10° colony-forming units of one
of these clones were incubated with 2 x 108 plaque-forming units of pilus-specific
bacteriophage PE69 in 200 ul of LB broth for 20 min at room temperature. Aliquots of this
material were plated on LB-Hg medium where clones produced were found to be HgR and
CbS, indicating the loss of vector. Disruption of the pilA gene of one of these clones, referred
to as strain 1244.47, was confirmed by Southern blot using strain 1244 pilA DNA as a probe.
Loss of gene function was confirmed by Western blotting of 1244.47 cell extracts using a pilin-
specific monoclonal antibody as a probe.

Plasmid Construction

To analyze pilin specificity for glycosylation, cloned pilA was subjected either to site-directed
mutagenesis (QuikChange mutagenesis Kit) or to deletion/insertion mutagenesis (ExSite
mutagenesis Kit), or a hybrid pilA was constructed consisting of portions of strain PA103 and
1244 pilin coding sequence (Table 1 and Fig. 2). For a detailed description of the construction
of plasmids, see the supplemental material.
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Western Blot Analysis

Western blotting using cell extracts was performed as previously described (21). Extracts of
1244N3/pPACA46 and 1244N3/pPAC24 (2) were used as the source of 1244 glycosylated pilin
standards and 1244 nonglycosylated pilin standards, respectively. When mutant pilin was not
easily detectable from cell extracts in Western blot analyses, the membrane fraction was
extracted as a means to concentrate pilin for analysis. Here, the membrane fraction was
harvested from 200-ml LB overnight broth cultures. The Agsg of the culture was recorded
followed by centrifugation at 5,000 rpm in a GSA rotor for 20 min at 4 °C. The pellet was
washed twice with 200 ml of phosphate-buffered saline and was resuspended in 10 ml of lysis
buffer (10 mwm KoHPOy4, 30 mv NaCl, 0.25% Tween 20, 10 mm S-mercaptoethanol, 10 mw
EDTA, 10 mm EGTA). This material was sonicated (three 15-s bursts, on ice) and centrifuged
at 6,000 rpm in an SS-34 rotor for 10 min at 4 °C to remove unbroken cells and debris. The
supernatant fluid was subjected to ultracentrifugation (SW60Ti rotor) at 30,000 rpm for 1 h,
after which the membrane material was located in the pellet. The membrane fraction was
resuspended in 400 ul of deionized H,0. The initial Agsq values taken for cell culture density
were used to normalize samples for SDS-PAGE.

The cell extracts and membrane fraction samples were separated by SDS-PAGE using 16% T,
Tris-glycine or 16% T, Tricine gels (23). Tricine-PAGE was used when PA103 pilin was being
analyzed as this pilin resolved into sharper bands under these conditions. Separated molecules
were electroblotted to nitrocellulose paper and blocked as previously described (21). Either
anti-1244 pilin mouse monoclonal antibody, 5.44 (24); anti-PA103 pilin mouse monoclonal
antibody, 2.97 (25); or anti-pilin polyclonal serum was used as the primary probe to detect the
proteinaceous portion of pilin. To determine whether or not the pilin was glycosylated,
anti-1244 pilin glycan monoclonal antibody, 11.14 (18), or anti-1244 pilin glycan polyclonal
serum was used as the primary probe. To obtain the anti-1244 pilin glycan polyclonal
antibodies, rabbit serum from an animal that was immunized with pure P. aeruginosa 1244
glycosylated pili was adsorbed with pure 1244 pili containing a heterologous glycan. This
yielded a glycan-specific serum devoid of a pilin protein response. The monoclonal antibodies
were used as a probe when epitope disruption did not result from mutagenesis of pilin genes
(16,25). Alternatively, polyclonal serum was employed. A fluorescein isothiocyanate- or
alkaline phosphatase-conjugated secondary antibody (26) was used, and fluorescence was
detected using a Fluorimager595 (Molecular Dynamics) employing the 530 DF30 filter.

RESULTS

Structural Requirements of the Pilin Glycosylation Residue

We have previously provided evidence that the C-terminal residue, Ser}48 (Fig. 2), is the
glycosylation site of P. aeruginosa 1244 pilin (14). To determine whether a Thr could be
tolerated at this position, the Ser48 codon of pPAC46 was changed to a Thr codon, yielding
p1244 S148T (Fig. 2). When extracts of strain 1244N3, a pilAO negative mutant (27),
expressing this construct were subjected to Western blot analysis (Fig. 3), it was seen that pilin
containing Thr in the 148 position was capable of being glycosylated. This was determined by
position of pilin migration (Fig. 3A) and by reaction with a glycan-specific antibody (Fig. 3B).
These results indicate that recognition of the hydroxyl group at the glycosylation site was not
hindered by the presence of the Thr methyl group.

Because the strain 1244 pilin glycosylation site is at the C terminus, this amino acid, in addition
to lacking a C-linked residue, contains a carboxyl group. To see whether this arrangement was
necessary for glycosylation, p1244 A149, a construct in which an Ala codon was inserted after
Serl48 was generated and expressed in 1244N3. Western blot analysis of cell extracts of
1244N3/p1244 A149 revealed that pilin produced was nonglycosylated as determined by
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apparent molecular weight (Fig. 3A) and by lack of reaction with a glycan-specific antibody

(Fig. 3B). These results suggest that pilin glycosylation by strain 1244 requires that the residue
being modified be at the C terminus. Such a situation would explain why none of the other Ser
or Thr residues of this protein, even though likely at the protein surface, were glycosylated.

Minimal Pilin Structures Necessary for Glycosylation

To determine structures important in glycosylation of strain 1244 pilin, we replaced residues
of PA103 pilin (Fig. 2), a normally nonglycosylated pilin (44), with those of 1244 pilin and
assayed for glycosylation. When plasmid pSD5, which contained the pilA gene from PA103
behind a tac promoter, was expressed in strain 1244, PA103 pilin produced had the same
apparent molecular weight as that of wild type (Fig. 4A) as determined by Western blot using
a PA103 pilin-specific monoclonal antibody as a probe. This is not surprising because strain
1244 pilin glycosylation requires a C-terminal Ser (14), whereas PA103 pilin terminates in a
Pro (Fig. 2). Site-directed mutagenesis was used to convert the C-terminal pilin residue encoded
in pSD5 to Ser, thereby producing p103 P144S (Fig. 2). When this plasmid was expressed in
P. aeruginosa 1244 and pilin was assayed by Western blot for modification by PilO, it was
revealed that the PA103 pilin produced showed no difference in apparent molecular weight
when compared with wild type PA103 pilin, indicating the absence of glycosylation (Fig. 4A).
The pilin glycosylation ability of the host strain was confirmed by Western blot analysis using
an anti-1244 pilin monoclonal antibody, which revealed the presence of glycosylated strain
1244 pilin (data not shown). These results indicate that other structures besides the C-terminal
Ser/Thr are important for pilin glycosylation.

Both 1244 and PA103 pilins contain a “tail” region that consists of three residues beyond the
C-proximal DSL Cys (Fig. 4B). p103 PKS (Fig. 2) was generated to determine whether either
of the remaining residues in the tail served as a recognition site for pilin glycosylation. When
this plasmid was expressed in strain 1244 and extracts of these cells were subjected to Western
blot analysis, it could be seen that the only PA103 pilin produced was nonglycosylated (Fig.
4A). This result suggests that structures other than the 1244 pilin tail region are needed for
glycosylation.

To determine the role of the DSL in glycosylation, the loop structure of strain PA103 pilin was
substituted with the analogous region of strain 1244. The plasmid constructed to test this,
pHYBRID, codes for a hybrid protein consisting of the first 123 residues of PA103 pilin, the
C-terminal 31 residues of 1244 pilin (which includes the entire 1244 DSL), and PilO, all behind
a tac promoter (Fig. 2). This construct was expressed in 1244.47, a pilAO negative mutant,
where membrane fractions were subjected to Western blot analysis (Fig. 5). The blot, when
probed with a pilin-specific antibody, revealed the presence of a band with an apparent
molecular weight similar to that of glycosylated pilin (Fig. 5A). When pilO was absent, this
band was replaced with one corresponding with nonglycosylated pilin (Fig. 5A). In addition,
in the presence of PilO, the pilin produced reacted with an antibody specific for the pilin glycan,
whereas there was no reaction to the hybrid pilin expressed in the absence of PilO (Fig. 5B),
indicating that the higher apparent molecular weight of the hybrid pilin was a result of the
presence of the glycan (Fig. 5). These results indicate that the presence of the 1244 pilin DSL
was able to facilitate the glycosylation of PA103 pilin.

Mutational Analysis of the P. aeruginosa 1244 Pilin DSL

The finding that replacement of the DSL of PA103 pilin with that from strain 1244 supported
glycosylation, whereas the PA103 pilin (even with the replacement of the tail region) did not,
suggests that either the DSL of 1244 pilin contains specific structures important in the
glycosylation reaction or that components of the PA103 pilin loop somehow prevent
glycosylation.

J Biol Chem. Author manuscript; available in PMC 2008 February 21.
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To examine the role of strain 1244 pilin DSL structures, we first looked at the disulfide bond
to see whether its formation was essential for glycosylation. Plasmids p1244 C127A and p1244
C145A (Fig. 2), constructs that encoded mutant pilins incapable of forming the disulfide bond
of the DSL, were generated and expressed in strain 1244N3. Western blot analysis of extracts
of these cells showed that mutant pilin produced by either p1244 C127A or p1244 C145A was
primarily glycosylated, although low levels of nonglycosylated pilin was produced from p1244
C127A (Fig. 6A). These results suggest that an intact DSL is not essential for glycosylation to
occur.

Although the disulfide bond itself was not necessary for glycosylation, there remained the
possibility that specific regions of the DSL were involved in recognition of pilin by PilO. With
this in mind, we deleted roughly one third, two thirds, and the entire DSL (p1244A135-139,
p1244A135-144, and p1244A128-144 respectively; Fig. 2) from the loop region to assess the
importance of specific regions of the DSL in glycosylation. These constructs were expressed
in 1244N3, and Western blot analysis of cell extracts revealed that these mutants produced
pilins of progressively lower apparent molecular weights (Fig. 6B), presumably because of the
deletions. All three of these mutants produced pilin that reacted with the glycan-specific
antibody and were therefore glycosylated (Fig. 6C). In addition, some nonglycosylated pilin
was produced, especially by p1244A128-144, suggesting that glycosylation of the pilin lacking
a DSL is less efficient than glycosylation of wild type pilin (Fig. 6B). The presence of
glycosylated pilin in these mutants indicates that the specific groups or regions of the DSL are
not essential in the glycosylation reaction.

Influence of DSL Charge on Pilin Glycosylation

Because deletion of the 1244 pilin DSL did not abrogate glycosylation, it is likely that the 1244
pilin DSL does not contain specific structures necessary for this reaction. Because PA103 pilin
containing a 1244 pilin DSL was glycosylated, whereas PA103 pilin containing a C-terminal
Ser was incapable of being glycosylated by PilO, physical properties of the PA103 pilin DSL
may be responsible for preventing glycosylation in this mutant background.

Comparison of the 1244 and PA103 pilin DSLs revealed several differences, including a low
degree of sequence identity (Fig. 2). Interestingly, the isoelectric point of the 1244 pilin DSL
is basic (pH 9.31), whereas the pl of the PA103 pilin DSL is acidic (pH 4.53), indicating a
significant difference in charge between these two DSLs. Homology modeling suggests that
residues Glu133, Glul34, and Glul43 of the PA103 pilin DSL and tail region project outward
from the pilin molecule, providing a negative surface, whereas the 1244 pilin is predicted to
have a positive surface (Fig. 7). To determine whether DSL charge influences pilin
glycosylation, DNA sequence coding for a piece of the 1244 pilin DSL previously deleted,
AWKPN, was inserted into the center of the p103 P144S DSL, generating the plasmid p103
INS136 (Fig. 2). This construct was expressed in 1244.47, and membrane fractions were
subjected to Western blot analysis (Fig. 8). The pilin encoded by p103 INS136 was
glycosylated in the presence of pilO (Fig. 8A) as determined by the apparent molecular weight
of the band that reacted with pilin-specific polyclonal rabbit serum and by the reaction with
glycan-specific polyclonal rabbit antiserum (Fig. 8B). In the absence of pilO, the apparent
molecular weight of pilin encoded by p103 INS136 was similar to that of nonglycosylated
pilin, and the mutant pilin did not react with glycan-specific antiserum. However, Fig. 8A also
shows the presence of nonglycosylated pilin being produced by the mutant expressing p103
INS136 in the presence of PilO, indicating that in this mutant, pilin glycosylation is not as
efficient as in the wild type strain.

Glycosylation of pilin produced by p103 INS136, coupled to the fact that the DSL is not
essential for glycosylation of 1244 pilin, indicates the possibility that the charge provided by
this sequence yielded a some-what permissive environment for pilin glycosylation. If the
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PA103 pilin DSL environment interferes with glycosylation, extension of the tail region could
possibly position the glycosylation site far enough away from the pilus surface to allow glycan
attachment. However, before testing this with PA103 pilin, it was necessary to determine
whether tail length influenced glycosylation of strain 1244 pilin. The 1244 pilin tail region was
extended by adding coding sequence for one or two alanines, resulting in mutant pilins
terminating in CPKAS or CPKAAS, respectively (p1244 S149 and p1244 S150; Fig. 2).
Constructs were expressed in strain 1244N3, and pilin glycosylation status was determined by
subjecting cell extracts to Western blot analysis (Fig. 9, A and B). The glycosylated form was
present in cells expressing either of these pilins as determined by the presence of a band with
an apparent molecular weight similar to the glycosylated pilin standard (Fig. 9A) and reaction
with the glycan-specific antibody (Fig. 9B). The presence of some nonglycosylated pilin in the
mutant expressing p1244 S150 was also detected (Fig. 9A). These results provide evidence
that extension of the DSL tail does not interfere with pilin glycosylation.

Because glycosylation of these 1244 pilins occurs, the extension of the tail region of PA103
pilin terminating in Ser may position the terminal Ser far enough away from the DSL to permit
glycosylation. To test this, the tail region of p103 P144S was extended by the insertion of two
Ala codons between the penultimate Glu and the C-terminal Ser producing p103 S146 (Fig.
2). This plasmid was moved into strain 1244.2024 where cell extracts were subjected to
Western blot analysis (Fig. 9, C and D). When pilA from p103 S146 was coexpressed with
pilO, the pilin produced had a higher apparent molecular weight than when in the absence of
pilO, indicating pilin glycosylation (Fig. 9C). Pilin expressed in the presence of pilO reacted
with glycan-specific serum, indicating glycosylation, whereas no reaction was seen in the
absence of pilO (Fig. 9D). It is also obvious that p103 S146 pilin, in the absence of pilO, had
a higher apparent molecular weight when compared with wild type PA103 pilin (Fig. 9C). This
is due in part to the extra Ala residues but also to the production of only prepilin in this pilD
strain. Overall, these results show that extension of the C-terminal Ser puts the glycosylation
site in a permissive environment.

To determine the influence of shortening tail length on glycosylation of strain 1244 pilin, we
generated p1244 S147 (Fig. 2). This construct was expressed in strain 1244N3 and pilin
glycosylation status was determined by subjecting cell extracts to Western blot analysis (Fig.
9, A and B). Nonglycosylated pilin was exclusively expressed by this mutant as determined
by apparent molecular weight and by lack of reaction with a glycan-specific antibody (Fig. 9,
A and B). These results suggest that a minimum tail length is required to allow the interaction
of enzyme and substrates.

DISCUSSION

The pilin glycan of P. aeruginosa 1244 is identical to the O-antigen repeating unit of this
organism and exists in a ratio of one glycan per pilin subunit (18). This structure is attached
by ether linkage to the s-carbon of Serl48, the pilin C-terminal residue (14). Modification of
the C terminus is unusual when compared with O-glycosylation of other prokaryotic proteins.
For example, the single Neisseria gonorrhoeae pilin glycan is attached at Ser®3 (28,29), a
residue in the central portion of the domain between the N-terminal a-helix and g-sheet region,
referred to as the a4-loop (30). In the C. jejuni O-linked flagellin glycosylation system, 19
separate Ser/Thr residues are modified by the addition of a pseudaminic acid moiety, none of
which are located at the C terminus (12). In the present paper, we show that glycosylation of
this residue is abrogated by the addition of Ala at position 149, making Serl48 the penultimate
residue meaning that the C-terminal position is required. This suggests that either the exposed
carboxyl group of this residue is recognized by PilO or the bulk of an additional residue prevents
enzyme contact. This, in either case, would be a good mechanism for insuring glycosylation
of only the terminal Ser. The value of the 1244 glycan at the pilin C terminus may be related
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to its proximity to the DSL, a structure that facilitates adhesion to host tissue by attachment to
surface glycolipids (31). This structure, although exposed at the pilus tip, is at least partially
buried between the subunits of the fiber shaft (32). We have previously shown that the glycan
is located on the fiber surface where it attenuates the natural hydrophobicity of the pilus (47).
It is possible that the surface location of the glycan also stabilizes the DSL and protects it
against antibody recognition or proteolysis, thus maintaining pilus integrity and promoting
virulence.

Neither the replacement of the PA103 pilin C-terminal residue with Ser nor exchanging the
pilin tail region of this protein with that of 1244 resulted in glycosylation. However, a
substitution using the complete 1244 pilin DSL region allowed glycosylation, suggesting that
either the 1244 structure contained recognition elements or the PA103 pilin DSL was
incompatible with glycosylation. Deletions of portions of the 1244 pilin DSL indicated that
these residues were not required for glycosylation, whereas altering the charge arrangement of
the PA103 pilin DSL allowed partial glycosylation to occur. These results suggest that the
glycosylation apparatus is not compatible with the electronegative environment of the PA103
pilin DSL. This may be due to an influence on PilO or to repulsion from the negative charges
of the undecaprenol carrier lipid or the pseudaminic acid of the O-antigen repeating unit. This
interpretation is strengthened by the finding that extending the tail of the PA103 pilin (in which
the terminal Pro had been replaced with Ser) resulted in a strong glycosylation response. This
mutation likely positioned the glycosylation site far enough away from the negative charges
of the DSL to place the terminal Ser in a permissive environment. Shortening the tail of 1244
pilin prevented glycosylation, suggesting that a minimal distance is required in this segment
in the wild type strain as well, possibly because of a steric effect or to an influence on Ser
flexibility. The importance of a specific environment provided by residues near the
glycosylation site has been observed in several O-linked glycosylation systems. For example,
in C. jejuni flagellin glycosylation, most of the modified residues were located in a hydrophobic
patch of this protein, and Ser and Thr that were adjacent to charged residues were not typically
glycosylated (12). In the eukaryotic mucin type O-glycosylation system (33) as well as in
glycosylated cellulases of the prokaryotes, C. thermocellum and Bacteroides cellulosolvens
(34), glycosylated Ser/Thr were located among regions rich in Ser/Thr/Pro, suggesting that
properties of these residues provided a preferential environment for glycosylation. Altogether,
these results indicate that pilin glycosylation requires only a C-terminal Ser and a compatible
protein surface. In addition, an incompatible surface will allow activity if the glycosylation site
is extended sufficiently. These results suggest that the tail region may function to present the
glycosylation target at the minimally optimal distance from the pilin subunit. Extension of the
tail region of pilin did not prevent glycosylation, indicating that molecular flexibility is well
tolerated in the pilin glycosylation reaction. Further work will be required to establish whether
this minimal motif can function as a glycosylation site for other proteins, or if there are pilin-
specific factors, possibly related to the membrane location of both pilin and PilO.

Western blot analyses revealed that a pilD mutant, deficient in prepilin leader cleavage, is
capable of pilin glycosylation (Fig. 9, C and D),3 suggesting that glycosylation occurs early in
pilus biogenesis. Because 1244 pilins with mutated cysteines, as well as pilins that lacked large
segments of the pilin C-proximal region, could serve as a glycosylation substrate, it was clear
that an intact DSL was not required for this modification. However, shortening 1244 pilin by
one residue while maintaining a C-terminal Ser prevented glycosylation. Altogether, these
results suggest that, under normal conditions, pilin is folded and the DSL is formed prior to
glycosylation. Previous work has shown that proteins destined for glycosylation commonly
fold into their native state prior to this modification (12, 33). This is consistent with the finding

3R. VanderWeele and P. Castric, unpublished observations.
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that Ser/Thr residues of flagellin, predicted to be surface-exposed, were found to be
glycosylated in C. jejuni, whereas buried residues were unmodified (12). Similarly, the
eukaryotic mucin type O-glycosylation system utilizes only Ser/Thr residues exposed after
protein folding (10).

The exploitation of this glycosylation system for vaccine engineering should be explored.
Previous results from our laboratory have demonstrated that pure pili from strain 1244 induced
the production of antibodies in mice against not only the proteinaceous portion of the pilin and
the glycan but also against the O-antigen of this organism (14). In addition, evidence has been
presented that PilO is capable of transferring an O-repeat from a number of different P.
aeruginosa serotypes to 1244 pilin (17). These results suggest the potential for designing a
broadly protective pilus-based vaccine specific for both the O-antigen and pilin protein. Pilin
from strain PA103 is not glycosylated (47) and belongs to a structurally distinct subgrouping
referred to as group Il (16). We have shown that PA103 pilin can easily be engineered to act
as a glycosylation substrate. Because addition of the glycosylation substrate to PA103 pilin
requires only minor alteration, one would expect a minimal effect on the immunogenicity of
this protein. Group | and Il pilins are the most common types found among clinical isolates
(35, 47). Combining these molecules with common O-antigen repeating units would target an
immune response to the pilin protein and pilin glycan (inhibiting twitching motility (18)) as
well as the O-antigen of lipopolysaccharide (facilitating phagocytosis). The breadth of the
vaccine would be generated by increasing targets rather than by component redundancy. This
means that, because this vaccine strategy involves the utilization of a small number of pilin
and O-antigen types, the likelihood of antigenic suppression observed with the administration
of multivalent pilus (36,37) or O-antigen vaccines (38) would be reduced. Finally, it may be
possible to engineer non-pilin proteins to act as glycosylation substrates, a strategy that would
greatly widen the types of conjugate vaccines developed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Primary and tertiary structure of 1244 pilin

Strain 1244 pilin tertiary structure was derived from homology modeling. Predicted a-helix,
[-sheets, and DSL are labeled on the model and above the corresponding amino acid sequence

of mature 1244 pilin.
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FIGURE 2. Amino acid sequences of segments of wild type and mutant pilins used in this study
The strains and plasmids producing the pilins are shown on the left. The residues differing from
the wild type strain as a result of a mutation are written in white and highlighted in black.
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FIGURE 3. Western blot analysis of P. aeruginosa 1244 mutant pilins

Western blot of 1244 pilin produced by P. aeruginosa 1244N3/p1244 S148T and 1244N3/
p1244 A149 of cell extracts using anti-1244 pilin monoclonal antibody 5.44 (A) or anti-1244
pilin glycan monoclonal antibody 11.14 (B) as a probe. G is glycosylated 1244 pilin, and NG
is nonglycosylated 1244 pilin. Pilin terminating in Thr rather than Ser was glycosylated
(1244N3/p1244 S148T), whereas pilin terminating in Ala, where Ser48 was the penultimate
residue, was nonglycosylated.
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FIGURE 4. Western blot analysis of P. aeruginosa PA103 mutant pilins

Western blot of pilin produced by P. aeruginosa 1244/pSD5, 1244/p103 P144S, and 1244/
p103 PKS using anti-PA103 pilin monoclonal antibody 2.97 as a probe (A). G and NG are
glycosylated and nonglycosylated pilin standards, respectively, on a separate blot that was
probed with anti-1244 pilin monoclonal antibody, 5.44. Wild type PA103 pilin (pSD5), PA103
pilin with residue Prol44 (p103 P144S) mutated to Ser, as well as PA103 pilin with residues
Asn142, Glul43, and Prol44 mutated to that of 1244 pilin, Pro, Lys, and Ser, respectively (p103
PKS) were all nonglycosylated in the presence of PilO. The amino acid sequences of the DSL
and tail regions of strains 1244 and PA103 pilin were aligned for comparison (B).
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FIGURE 5. Western blot analysis of P. aeruginosa hybrid pilin

Western blot of pilin produced by P. aeruginosa 1244.47/pHYBRID and 1244.47/pHYB-O
using anti-pilin polyclonal serum as a probe (A) or anti-1244 pilin glycan monoclonal antibody
11.14 (B) as a probe. G is glycosylated 1244 pilin, and NG is nonglycosylated 1244 pilin.
Hybrid pilin was glycosylated in the presence of PilO (pHYBRID), whereas removal of PilO
abrogated glycosylation (pHYB-O). The presence of a pilin band was found only in the
presence of IPTG (A), and empty vector controls did not produce a band ((MMBG66EH).
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FIGURE 6. Western blot analysis of P. aeruginosa 1244 mutant pilins with Cys mutation or DSL
deletion

Western blot of pilin produced by P. aeruginosa 1244N3/p1244 C127A and 1244N3/p1244
C145A using anti-1244 pilin monoclonal antibody 5.44 as a probe (A). Western blot analysis
of pilin produced by P. aeruginosa 1244N3/p1244A135-139, 1244N3/p1244A135-144, and
1244/p1244A128-144 using anti-1244 pilin monoclonal antibody 5.44 as a probe (B) or
anti-1244 pilin glycan monoclonal antibody 11.14 (C) as a probe. G is glycosylated 1244 pilin,
and NG is nonglycosylated 1244 pilin. All of the mutants produced some glycosylated pilin;
however, p1244 C127A (A), p1244A135-144, and p1244A128-144 (B) produced some
nonglycosylated pilin.
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E134

FIGURE 7. Predicted surface properties of the strain 1244 and PA103 pilin DSLs

Tertiary structures of 1244 pilin and PA103 (P144S) pilin generated by homology modeling.
The residues of the DSL and tail are pink, and the C-terminal residue is yellow. Molecular
surface of the DSL was generated and displayed in terms of Gasteiger charges where blue is
positive and red is negative.
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FIGURE 8. Western blot analysis of PA103 mutant pilin with insertion
Western blot of pilin produced by P. aeruginosa 1244.47/p103 INS136 in the presence of PilO
(pUCP26pilO) or without PilO (pUCP26) using anti-pilin polyclonal serum as a probe (A) or
anti-1244 pilin glycan polyclonal serum (B) as a probe. G is glycosylated 1244 pilin, and NG
is nonglycosylated 1244 pilin. Pilin encoded by p103 INS136 was glycosylated in the presence
of PilO, whereas removal of PilO abolished glycosylation. The presence of a pilin band was

consistent with the presence of IPTG (A), and empty vector controls did not produce a band

(PMMBG6EH).
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FIGURE 9. Western blot analysis of mutant pilins with altered tail lengths

Western blot of pilin produced by P. aeruginosa 1244N3/p1244 S147, 1244N3/p1244 S149,
and 1244N3/p1244 S150 using anti-1244 pilin monoclonal antibody 5.44 as a probe (A) or
anti-1244 pilin glycan monoclonal antibody 11.14 (B) as a probe. G is glycosylated 1244 pilin,
and NG is nonglycosylated 1244 pilin. Pilin with longer tails were glycosylated (S149 and
S150), whereas pilin with a shortened tail region was not glycosylated (S147). Western blot
of pilin produced by P. aeruginosa 1244.2024/p103 S146 in the presence of PilO
(pUCP26pilO) or without PilO (pUCP26) using anti-PA103 pilin monoclonal antibody 2.97
as a probe (C) or anti-1244 pilin glycan polyclonal serum (D) as a probe. Pilin encoded by
p103 S146 was glycosylated in the presence of PilO, whereas removal of PilO eliminated
glycosylation. The presence of a pilin band was consistent with the presence of IPTG (A), and
empty vector controls did not produce a band (p)MMBG66EH). Pilin produced by 1244.2024/
p103 S146/pUCP26 was nonglycosylated; however, it has a higher molecular weight than wild
type PA103 pilin because the leader sequence was not cleaved, and this mutant pilin had two
additional alanines in the tail region.
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Strains/plasmids

Description

Source or reference

Strains

P. aeruginosa

144 and 145 terminating in Sert4

1244 Wild type, IATS 07 Ref. 39
1244N3 rpoN (Tc 2{ Ref. 27
1244.47 pilAO (Hg") This study
1244.2024 pilAOBCD (KmR) This study
PA103 Wild type, IATS O11 Ref. 40
E. coli
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac Stratagene
XL10-Gold endAl supE44 thi-1 recAl gyrA96 relAl lacHte Stratagene
DH5a SUpE44 hsdR17 recAl endAl gyrA96 thi-1 relAl Invitrogen
HB101 SupE44 hsdS20 recAl13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 Ref. 41
Plasmids
pUCP26 4.9 kb pUC18-derived broad host-range cloning vector, Tc? Ref. 42
pUCP26pilO pUCP26 with 1244 pilO This study
pMMBG66EH 8.8-kb broad host range expression vector, Ap¥/CbR Ref. 43
pPAC46 pPMMBG66EH with 1244 pilAO Ref. 2
pPAC202:Tn501-13 A cosmid subclone containing a transposon insertion in 1244 pilA Ref. 21
p1244 S148T PPAC46 with coding sequence for Ser**® of pilA mutated to Thr This study
pl1244 A149 PPAC46 with the addition of an Ala and a stop codon after Ser**® of pilA This study
pSD5 pMMBG66EH with PA103 pilA This study
p103 P144S pSD5 with the Pro'** codon of pilA mutated to Ser This study
p103 PKS pSD5 with codons for Asn**2, GIu'*®, and Pro*** of pilA mutated to Pro, Lys, This study
and Ser, respectively
pHYBRID pPMMBG66EH with the chimeric pilA coding for the first 123 residues of PA103 This study
pilin, a Gly at residue 124, and the last 31 residues are those of 1244 pilin; this
plasmid also contains pilO
pHYB-O pPMMBG66EH with the chimeric pilA from pHYBRID; this plasmid does not This study
contain pilO
pl244 C127A pPAC46 with coding sequence for Cys*?’ of pilA mutated to Ala This study
p1244 C145A PPAC46 with coding sequence for Cys'*® of pilA mutated to Ala This study
p1244A135-139 pPAC46 with coding sequence for residues 135-139 of pilA (AWKPN) deleted This study
pl244A135-144 pPAC46 with coding sequence for residues 135-144 of pilA (AWKPNYAPAN) This study
deleted
pl244A128-144 pPAC46 with coding sequence for residues 128-144 of 1244 pilA This study
(KITKTPTAWKPNYAPAN) deleted
p103 INS136 pSD5 with coding sequence for residues 135-139 of 1244 pilA (AWKPN) This study
inserted at amino acid positions 136141 of PA103 pilA with Pro** (now
Pro'“%) mutated to Ser
pl244 S147 pPAC46 with mutant pilA that had coding sequence for Lys 147 mutated to Ser This study
and Ser 148 mutated to a stop codon
pl244 S149 pPAC46 with 1244 pilA that had the Ser'“® codon mutated to Ala and the This study
addition of Ser 149 followed by a stop codon
pl244 S150 pPACA46 with mutant pilA that had coding sequence for Ser**® mutated to Ala, This study
an Ala at position 149, a Ser at position 150 followed by a stop codon
p103 S146 pSD5 with coding sequence for two Ala inserted into PA103 pilA at positions This study
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