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Type 4 fimbriae (pili) are found in a wide variety of gram-negative bacteria and are composed of small
structural subunits which share significant sequence homology among different species, especially at their
amino-terminal ends. Previous studies demonstrating morphogenetic expression of Bacteroides nodosus
fimbriae from cloned subunit genes in Pseudomonas aeruginosa suggested that there is a common mechanism
for type 4 fimbriae assembly and that the structural subunits are interchangeable (J. S. Mattick et al., J.
Bacteriol. 169:33-41, 1987). Here we have examined the expression of Moraxella bovis fimbrial subunits in P.
aeruginosa. M. bovis subunits were assembled into extraceilular fimbriae in this host, in some cases as a
homopolymer but in others as a mosaic with the indigenous subunit, indicating structural equivalence. This
result contrasts with other studies in which recombinant P. aeruginosa expressing different subunits produced
fimbriae composed almost exclusively of one subunit or the other (T. C. Elleman and J. E. Peterson, Mol.
Microbiol. 1:377-380, 1987). Both observations can be explained by reversibility of subunit-subunit interac-
tions at the site of assembly, with the forward equilibrium favoring chain extension between compatible
subunits.

Fimbriae, classified as type 4 by Ottow (20), are found in
a wide range of bacterial pathogens, including Moraxella
bovis, Neisseria gonorrhoeae, Neisseria meningitidis, Bac-
teroides nodosus, and Pseudomonas aeruginosa (7, 14, 18,
19, 22). The characteristics of type 4 fimbriae include a
predominantly polar location on the cell, association with a
phenomenon known as "twitching motility," and certain
conserved features of the structural subunit which composes
the fimbrial strand (7, 18). The structural subunits vary from
about 145 to 160 amino acids long (approximately 16,000
molecular weight) between different genera, species, and
serotypes, but all contain a highly homologous and hydro-
phobic amino-terminal region. In addition, most contain an
unusual modified amino acid, N-methylphenylalanine, as the
first residue in the mature protein, which is produced from a
preprotein by cleavage of a short (six- to seven-amino-acid)
positively charged leader sequence. Intergenera, interspe-
cies, and interserotype variations occur primarily in the
carboxy-terminal two-thirds of the protein (7, 18).
The conserved amino-terminal region of the subunit is

thought to contain important signals for the structure and
assembly of the fimbrial strand. The high degree of sequence
conservation would also suggest that these various type 4
fimbriate organisms use a common mechanism for fimbrial
biosynthesis (18). This was supported by the demonstration
of high-level morphogenetic expression of B. nodosus fim-
briae from a cloned subunit gene (under appropriate pro-
moter control) in P. aeruginosa (18) and the subsequent use
of this material to vaccinate sheep against footrot (8).

In this study we used a similar approach to demonstrate
morphogenetic expression of M. bovis fimbriae from a
cloned subunit gene in P. aeruginosa, although analogous
experiments with an N. gonorrhoeae subunit gene were not

* Corresponding author.

successful. These results indicate that there is extended but
perhaps not absolute interchangeability of type 4 fimbrial
subunits among this group.

MATERIALS AND METHODS
Plasmids and bacterial strains. Plasmids used in the recom-

binant DNA constructions (Fig. 1) were pMxBl2, containing
the M. bovis EPP63 Q-fimbrial subunit gene (previously
termed I) (14), pPL-X (P-L Biochemicals), which contains
the bacteriophage A promoter PL, and pKT240 (3), a broad-
host-range vector capable of being maintained in both Esch-
erichia coli and P. aeruginosa. All constructions involving
the PL promoter were carried out in E. coli POP2136 cells
(kindly provided by P. Lehrbach, Arthur Webster Pty. Ltd.,
Sydney) containing the temperature-sensitive cI857 repres-
sor gene, grown at the permissive temperature of 30°C. The
PL promoter was derepressed, when required, by increasing
the temperature at which the culture was grown to 42°C. P.
aeruginosa PAK/2Pfs (ATCC 53308), a nonretractile (non-
twitching) multifimbriate and phage-resistant mutant of P.
aeruginosa PAK (5), was used as the host for morphogenetic
expression.
Recombinant DNA constructions. Plasmid DNA was pre-

pared by either the small-scale alkali-sodium dodecyl sulfate
(SDS) procedure (13) or a direct scale-up of this method with
200 ml of overnight cell culture, in which case the DNA was
further purified by cesium chloride-ethidium bromide isopyc-
nic ultracentrifugation. Restriction endonuclease digestions
and other manipulations such as phosphatase treatment of
the vector (with calf intestinal alkaline phosphatase), end-
filling (Klenow fragment of DNA polymerase I), nick trans-
lation reactions, and ligations were carried out under stan-
dard conditions (13). Restriction digests were analyzed on
0.6, 0.8, or 1.5% agarose gels in a Tris-borate-EDTA buffer
system, containing 0.5 ,ug of ethidium bromide per ml (1, 13).
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The 624-base-pair (bp) DraI-EcoRI fragment of plasmid
pMxBl2 containing the M. bovis EPP63 fimbrial subunit
gene (14) was end-filled to generate blunt ends and agarose
gel-purified by electroelution, followed by phenol extraction.
These fragments were then ligated into the HpaI site of
pPL-X and transformed into E. coli POP2136 cells (pPL-
XMxB) as described below. The orientation of the gene with
respect to the PL promoter in the BamHI segment was
checked by restriction endonuclease mapping with reference
to the internal HpaI and BstNI sites and confirmed by
induction at 42°C (see below). The resultant BamHI expres-
sion cartridge was purified as described above, ligated into
pKT240, and retransformed into E. coli POP2136 cells
(pKT240-MxB). Recombinant colonies were screened with
the appropriate nick-translated DNA fragment at each step,
with subsequent transformation of the entire gene-promoter
BamHI construction into P. aeruginosa(pMKB/MxB) as
described below.
DNA transformation. P. aeruginosa cells were made com-

petent for transformation by treatment with MgCl2 following
overnight growth at 43°C (11) in KNO3 broth (2.5% nutrient
broth no. 2 [Oxoid Ltd.], 0.5% yeast extract, and 0.4%
KNO3) by the method described previously (18). Approxi-
mately 500 ng of DNA was used to transform 0.2 ml of
competent cells. E. coli cells were made competent for
transformation by conventional treatment with CaCl2 (13).
For both P. aeruginosa and E. coli, transformation was

carried out by standard procedures (13), including the heat
shock step. Transformants were selected and maintained on
Luria (L) broth (13)-agar plates containing 750 ,ug of carben-
icillin per ml (for P. aeruginosa) or 50 ,ug of ampicillin per ml
(for E. coli).

Isolation of fimbriae. M. bovis EPP63 Q-fimbriae were
purified by a method described previously (23) and supplied
by W. Ruehl (Stanford University, Stanford, Calif.) and A.
Lepper (Commonwealth Scientific and Industrial Research
Organisation, Melbourne, Australia). Native fimbriae from
P. aeruginosa were isolated from washed and blended cells
and purified as described previously (17, 18). Fimbriae were
isolated from recombinant P. aeruginosa PAK/2Pfs cells
following overnight culture at 37°C on L-agar (2%) plates
supplemented with carbenicillin (750 ,ug/ml). The cells were
harvested in cold phosphate-buffered saline, and the result-
ing suspension was blended three times for 30 s each with a
Sorvall Omnimixer. All steps were carried out at 4°C. The
cells and cell debris were removed by centrifugation (25,000
x g, 40 min), and the fimbriae were recovered from the
resultant supernatant by overnight precipitation with 0.1 M
MgCl2 (17) and subsequent centrifugation at 25,000 x g for
30 min.

Induction of fimbrial subunits under PL promoter control in
E. coli recombinant cells. A 1-ml amount of overnight culture
of E. coli cells containing recombinant plasmid pPL-AMxB
or pKT240-MxB with fimbrial genes under PL promoter
control was divided into two 3-ml volumes of sterile L-broth
and incubated at 30°C for 30 min with vigorous agitation.
One sample tube was then transferred to a waterbath at 42°C
and incubated for 4 h to induce expression of the fimbrial

subunit from the derepressed PL promoter. The second
sample was maintained at 30°C for 4 h. Whole-cell fractions
(150 ,u) were then prepared in duplicate for electrophoretic
analysis, together with purified reference fimbriae, as de-
scribed below.

Electrophoretic display. Samples were analyzed by elec-
trophoresis on 8 to 15% or 13 to 15% polyacrylamide
gradient-SDS-urea gels with the modified Laemmli buffer
system described previously (17). Protein bands were visu-
alized by staining with Coomassie blue R250.
Western immunoblot transfer. Unstained gel displays were

transferred electrophoretically to nitrocellulose paper (25)
and incubated with various antisera followed by 125I-protein
A (0.1 ,uCi/ml) as described previously (2). Antisera were
used at the following dilutions: anti-P. aeruginosa PAK/2Pfs
fimbrial antiserum, 1:5,000; anti-M. bovis EPP63 fimbrial
antiserum, 1:20,000.

Antisera. Antiserum specific for P. aeruginosa PAK/2Pfs
fimbriae was raised in rabbits following vaccination with
purified fimbrial preparations, as described previously (17).
Antiserum specific for M. bovis EPP63 Q-fimbriae was
supplied by W. Ruehl and A. Lepper.
Immunogold labeling and electron microscopy. Double

colloidal gold labeling was used to detect the expression of
both host and recombinant fimbrial subunit genes. Whole
cells of P. aeruginosa PAK/2Pfs, with or without cloned
fimbrial subunit genes, and M. bovis EPP63R were diluted in
distilled water and looped onto glow-discharged Formvar-
and carbon-coated nickel grids (due to quarantine restric-
tions, isolate EPP63R was kindly provided by A. Lepper as
a substitute for isolate EPP63 in these experiments, for use
as an alternative control of the same fimbrial serotype). The
grids were dried and incubated for 1 h at room temperature
with anti-P. aeruginosa PAK/2Pfs fimbrial antiserum diluted
1:500 in TGOT buffer (0.5 M Tris buffer [pH 7.21 containing
0.1% [wt/vol] gelatin, 1% [wt/vol] ovalbumin, and 1% [wt/
vol] Tween 20), a diluent known to reduce nonspecific
immunolabeling (4). The grids were washed in distilled water
and then incubated for 1 h at room temperature with protein
A labeled with 14-nm colloidal gold particles (Probing and
Structure, Australia), diluted 1:25 in TGOT buffer. The grids
were then incubated for 5 min in excess unlabeled protein A
in TGOT buffer to block residual binding sites, washed, and
incubated for 1 h at room temperature with the anti-M. bovis
fimbrial antiserum diluted 1:100 in TGOT buffer. The grids
were washed and probed as before but with 6-nm colloidal
gold particles. Finally the grids were washed, dried, nega-
tively stained with 2% sodium phosphotungstate (pH 7.0),
and examined in a Jeol 100 CX electron microscope at 60 kV.

RESULTS

The M. bovis EPP63 Q-fimbrial subunit gene was placed
underPL promoter control in a broad-host-range vector (Fig.
1) for expression in P. aeruginosa, using approaches similar
to those developed in prototype studies for the B. nodosus
fimbrial subunit (18). The gene cartridge was a 624-bp
DraI-EcoRI fragment spanning the subunit coding sequence

FIG. 1. Genealogy and construction of pMKB/MxB. The area detailed in pMxB12 indicates the fragment of genomic DNA cloned from
M. bovis EPP63 (14) including the DraI-EcoRI fragment (dotted area) which contains the fimbrial subunit gene (black area). The hatched
sequences in pPL-X, pPL-AMxB, and pMKB/MxB indicate the BamHI segment which contains the PL promoter and into which the
DraI-EcoRI fragment was cloned (at the HpaI site). The numbers refer to the distances in kilobases (kb) around each plasmid. Arrows indicate
the direction of transcription and approximate boundaries of the structural genes indicated. Relevant restriction endonuclease sites are shown.
fim, Fimbrial subunit gene; amp, ampicillin (or carbenicillin) resistance; kan, kanamycin resistance; ori, origin of replication.
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FIG. 2. Electrophoretic and immunological (B and C) analysis of

fimbriae expressed by P. aeruginosa PAK/2Pfs containing the
pMKB/MxB cartridge with P. aeruginosa PAK/2Pfs fimbrial antise-
rum (B) and M. bovis EPP63 fimbrial antiserum (C). Lanes 1, 2, 5,
and 6 show fimbrial protein from the recombinant P. aeruginosa
primary clones MKB/MxB6, MKB/MxB7, MKB/MxB2, and MKB/
MxB4, respectively. Lanes 3 and 4 show fimbrial protein from M.
bovis EPP63 and P. aeruginosa PAK/2Pfs, respectively. In both
cases only the lower portion of the gel, containing the fimbrial
subunit, is shown.

from 66 nucleotides upstream of the start codon to 87
nucleotides downstream of the stop codon (14). Construc-
tions were first checked by restrictiont mapping and'then by
electrophoretic and immunological analysis of the induction
of fimbrial subunit expression under PL control in an E. coli
host strain containing the temperature-sensitive c1857 re-
pressor gene. The M-. bovis fimbrial subunit induced well
under these conditions in both pPL-A and pKT240 (data not
shown).

Introduction of pKT240 plasmids containing the M. bovis
fimbrial subunit gene under PL promotor control into P.
aeruginosa produced two distinct types of tranformants. The
first type was' equivalent to those previously obtained with
the B. nodosus fimbrial subunit gene in that the extracellular
fimbriae of the'transformants were found to be composed
entirely. of the heterologous M. bovis subunit. This was
shown by reciprocal Western transfer analysis with specific
anti-P. aeruginosa PAK/2Pfs and anti-M. bovis EPP63 fim-
brial antisera. Data are presented for two representative
clones (Fig. 2, lanes 1 and 2). P. aeruginosa and M. bovis
fimbrial subunits cannot be readily distinguished by electro-
phoretic mobility, as both migrate in SDS-polyacrylamide
gels with an apparent molecular weight of about 15,000 (Fig.
2A). The actual molecular weights of the mature subunits
calculated from sequence data are 15,010 (145 amino acids
[aa]) and 15,380 (151 aa) for P. aeruginosa and M. bovis,
respectively. It should also be noted that in these experi-
ments, the electrophoretic mobilities of the fimbrial subunits
isolated from the transformants appeared to be marginally
faster than those of the purified standards. No explanation
can be provided for this at present, but the difference may
simply reflect minor variations in the preparation of the
samples. Nevertheless, despite the difficulty in electropho-
retic 'discrimination between M. bovis and P. aeruginosa
fimbrial subunits, -it is clear from the immunological analysis
that these transformants were producing fimbriae composed
of the heterologous M. bovis subunit'(Fig. 2C), with no
evidence of any incorporation of the indigenous P. aerugi-
nosa subunit (Fig. 2B). This was confirmed by electron
micrographic analysis with immunogold double labeling,
showing exclusive labeling with M. bovis antifimbrial anti-
bodies (Fig. 3A); spurious labeling with P. aeruginosa anti-
fimbrial antibodies was consistent with that observed upon
double labeling of M. bovis controls (data not shown). The

level of fimbrial production was high, on the order of 0.3 mg
of purified fimbriae per standard agar plate culture, similar to
that reported previously for equivalent B. nodosus fimbrial
gene constructions in P. aeruginosa (18).
However, in other transformants the extracellular fimbriae

were found to be composed of a mosaic of indigenous P.
aeruginosa subunits and the cloned M. bovis subunits.
Western transfer analysis of these fimbriae showed a posi-
tive reaction with both anti-P. aeruginosa and anti-M. bovis
fimbrial antisera (Fig. 2B and C, lanes 5 and 6). These results
were also confirmed by electron micrographic techniques.
Whereas nonrecombinant P. aeruginosa controls showed
exclusive fimbrial labeling with homologous antifimbrial
antibodies and only spurious labeling with M. bovis antifim-
brial antibodies (data not shown), these recombinant fim-
briae showed true mixed labeling with both types of antibody
on the same fimbrial strand (Fig. 3B).
The reason for the difference between transformants pro-

ducing solely M. bovis fimbriae and those producing mosaic
fimbriae appeared to be differences in the ratio of cloned to
indigenous subunits in the -different clones, with a downreg-
ulation in M. bovis fimbrial subunit production (to various
degrees) in the latter leading to a more balanced production
of subunits and the assembly of mixed fimbriae.
Although recombinant P. aeruginosa cells producing more

than one type of fimbriae have been described previously
(10), this is the first report of fimbriae composed of a mosaic
of subunits from different species.

DISCUSSION

The results presented here demonstrate that it is possible
to obtain high-level morphogenetic expression of M. bovis-
type fimbriae from a cloned subunit gene in P. aeruginosa,
consistent with earlier predictions'(16) and results with the
B. nodosus fimbrial subunit gene (18). However, unlike the
previous study, we also obtained P. aeruginosa transfor-
mants which produced fimbriae containing both heterolo-
gous and indigenous subunits. This second category of
transformants appeared to be a consequence of a (variable)
downregulation in the level of expression of the cloned M.
bovis fimbrial subunit gene, but we have not yet attempted to
determine the precise nature of the secondary genetic
changes in such clones.
However, and irrespective of the cause of this variability,

the production of mixed fimbriae is quite different from the
results reported by Elleman and Peterson (10), who found
that P. aeruginosa recombinants containing fimbrial subunit
genes from two structurally distinct B. nodosus serogroups
(A and H) expressed two distinct types of fimbriae composed
almost exclusively of one or other B. nodosus subunit type.
Fimbriae containing both B. nodosus subunits were rare and
segmented into relatively homogeneous blocks of the dif-
ferent subunits. There were also occasionally fimbriae com-
posed exclusively of the indigenous P. aeruginosa subunit.
No mosaics were encountered. These observations were
interpreted to indicate close coupling between translation
and fimbrial assembly, with each fimbrial strand being pro-
duced from the translation products of a single mRNA
sequestered exclusively at the assembly site (10). This
explanation is, however, difficult to reconcile with the fact
that in these experiments both B. nodosus subunit genes
were expressed on the same transcription unit (10).

This explanation is also inconsistent with our present
observations, as well as those of Pasloske et al. (21), and we
propose a simpler alternative based on the reversibility and
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FIG. 3. Electron micrographic analysis of the fimbriae expressed by P. aeruginosa PAK/2Pfs containing the pMKB/MxB cartridge. Whole
cells of recombinant P. aeruginosa primary clones MKB/MxB6 (A) and MKB/MxB4 (B) were treated with P. aeruginosa PAK/2Pfs fimbrial
antiserum in association with 14-nm colloidal gold particles and then M. bovis EPP63 fimbrial antiserum in association with 6-nm colloidal gold
particles. Each micrograph is shown at the same magnification. Bars, 0.1 ,um

relative stability of subunit-subunit interactions in the fim-
brial strand. This proposal is distinct from the idea of
exclusive specificity of interaction between subunits which
was considered and rejected by Elleman and Peterson (10).
There is good evidence that fimbrial retraction is the me-
chanical basis of the twitching motility observed in type 4
fimbriate bacteria (6). It has been suggested that this occurs
by assembly and disassembly of structural subunits in the
fimbrial strand (12) and that there is a pool of subunits within
the cell, associated with the inner membrane (26). Even
though our studies, and those of others (10, 21), have
employed nonretractile mutants of P. aeruginosa as the
recombinant host, it seems perfectly feasible that there may
be reversible entry of subunits into the fimbrial strand at the
site of assembly, even if this is not switchable to unidirec-
tional assembly or disassembly as would be required for
extension and retraction. We propose that site-of-entry
reversibility of subunit assembly could account for the
different types of fimbriae produced in cells expressing more
than one type of subunit, if interactions between homolo-
gous subunits are relatively stable, whereas interactions
between heterologous subunits are only stable if the subunits
are sufficiently similar in structure. Hence, stable interaction
would favor the forward equilibrium and assembly of similar
subunits at the expense of unstable interactions between
dissimilar subunits.

In this model, the existence of fimbriae containing mosaics
of P. aeruginosa PAK and M. bovis EPP63 subunits would
indicate relatively stable stacking between the subunits, and
indeed these proteins are relatively similar in primary se-

quence and secondary features, such as the size and location

of putative disulfide loops (7, 14). Supporting evidence, at
least in part, comes from the studies of Pasloske et al. (21),
who observed that P. aeruginosa PAO cells which express a
mutant PAK subunit together with the indigenous (PAO)
subunit produced compound fimbriae, albeit with an altered
morphology. However, the same cells containing the wild-
type PAK fimbrial subunit gene were reported to produce
only homopolymeric fimbriae (21). This apparent contradic-
tion was not explained, but the data are difficult to assess
because direct double-labeling experiments were not per-
formed.

In the case of B. nodosus, the subunits from serogroup A
and serogroup H in fact represent two quite distinct classes,
with different primary structures (9, 15), despite their occur-
rence within the same species. The class II subunits (sero-
groups D and H) are much more closely related to the
structural subunits of M. bovis and P. aeruginosa than to
class I (serogroups A, B, C, E, F, G, and I) and appear to
have been derived by lateral transfer from another species
and replacement of most of the fimbrial gene region in class
I strains (M. Hobbs, B. Dalrymple, and J. S. Mattick,
manuscript in preparation; see also reference 15). The sig-
nificant differences in these subunits might well affect the
stability of their interaction and account for the overwhelm-
ing preponderance of fimbriae composed of one type or the
other in recombinant P. aeruginosa cells expressing both
types (10).
The compatibility of the M. bovis subunit and the P.

aeruginosa assembly system supports the concept of the
interchangeability of type 4 fimbrial subunits, but this inter-
changeability may not be absolute. In conjunction with the
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present study, we also attempted without success to express
N. gonorrhoeae fimbriae in P. aeruginosa, using a 668-bp
DdeI-ClaI cartridge spanning the N. gonorrhoeae MS11
fimbrial subunit gene (from -32 to + 138 relative to the start
and stop codons) (see reference 19) (M. K. M. Beard, J. S.
Mattick, M. So, and J. R. Egerton, unpublished). While this
gene is expressed normally under PL promoter control in E.
coli, we have thus far been unable to obtain viable transfor-
mants in P. aeruginosa which produce N. gonorrhoeae-type
fimbriae. Two lines of evidence suggest that the N. gonor-
rhoeae construction may be toxic to P. aeruginosa. First,
large-scale comparative transformation experiments show a
reduction of at least two orders of magnitude in the number
of N. gonorrhoeae gene recombinants, relative to controls
with the equivalent B. nodosus or M. bovis gene construc-
tions. Second, the few transformants that were obtained
grew very poorly and expressed extremely low levels of the
fimbrial subunits. Similar difficulties in obtaining assembly of
N. gonorrhoeae subunits in P. aeruginosa have been re-
ported recently by others (T. C. Elleman and P. Hoyne,
Proc. Aust. Biochem. Soc. 21, abstr. P67, 1989). Although
negative results are difficult to interpret, this implies that
there may be some incompatibility between the N. gonor-
rhoeae subunit and the P. aeruginosa assembly system.
Comparative sequence studies (7) have shown that relative
to the fimbrial subunits of P. aeruginosa, M. bovis, and B.
nodosus, this protein has a significant deletion in the central
region of the protein, with a compensating insertion in the
carboxy-terminal region within the putative disulfide loop.
The other subunits, despite some differences, have a very
similar linear arrangement of variable and conserved re-
gions, and even the B. nodosus class I subunits, which do
not have the terminal disulfide loop, retain conserved fea-
tures in this domain, indicating that no gross rearrangement
has occurred (7). It is possible that the rearrangement of the
N. gonorrhoeae subunit was sufficient to affect its assembly
by the P. aeruginosa system and to cause lethal effects either
from its inability to be exported or from blockage of the
assembly pathway. Whether there is a significant or trivial
reason for the difficulty in obtaining expression of N. gon-
orrhoeae fimbriae in P. aeruginosa, recent sequence analy-
sis of the fimbrial subunit gene of Vibrio cholerae (24)
suggests that there are even more divergent members of the
type 4 group. Further studies are required to determine the
true extent of the evolution, distribution, and interchange-
ability of the type 4 fimbrial system, which may require
redefinition as subsets, although these may overlap. This
may further necessitate a review of the whole question of
phylogenetic interrelationships within the broad group cur-
rently referred to as type 4. Certainly, based on the criteria
of their polar location and association with the phenomenon
known as twitching motility, type 4 fimbriae are widely
distributed in at least the a and -y subdivisions of the
Proteobacteria, as well as possibly in some gram-positive
species (7; B. Dalrymple and J. S. Mattick, manuscript in
preparation).
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