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Abstract

Our previous analysis of type 3 fimbriae in 17 Klebsiella pneumoniae meningitis
isolates has identified four type 3 fimbrial adhesin variants namely MrkDv1, MrkDv2,
MrkDv3, and MrkDv4. The recombinant Escherichia coli JM109 displaying type 3
fimbriae with mrkDv3 allele exerted the highest level of activity in collagen binding
and mannose resistant hemagglutination. Sequence comparison with the other three
variants revealed a most variable region from Glyjy to Glnjs, suggesting a
responsible sequence for the strongest adhesion activity. In addition, the recombinant
E. coli HB101[pmrkABCF] expressed fimbriae as well as E. coli HB101[pmrkABCD]
indicating the involvement of MrkF in fimbriation. In the study, the recombinant
clones expressing with three truncated forms:of MrkDv3 including MrkDv3.170aa
(MrkDv3NL), MrkDv3; i50.a (MrkDv3N),:and. MtkDv3; 120.a (MrkDv3NS) were
generated. Overexpression of all the recombinant proteins could be observed in E. coli
BL21(DE3), however, appeared to be. insoluble. Purification via urea denaturalization
of the inclusion body was carried out and the purified protein MrkDv3N was shown to
be able to inhibit the collagen binding activity of E. coli JIM109[pmrkABCDv3F].
Moreover, analysis using western blotting hybridization, transmission electronic
microscopy (TEM) with anti-MrkA and anti-MrkF sera demonstrated that MrkF is a
component of type 3 fimbriae and likely a regulator for the length of the fimbriae.
Co-immunoprecipitation analysis with anti-MrkF and anti-MrkA antibodies has
proved an interaction of MrkA and MrkF. Finally, the assessment by the assays of
collagen binding, biofilm formation, and autoaggregation, also showed that MrkF

likely plays a regulatory role in the activity of type 3 fimbriae.
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Introduction

1. Clinical importance of Klebsiella pneumoniae

Klebsiella pneumoniae is an opportunistic pathogen that attacks immuno-
compromised patients who are hospitalized and suffer from severe underlying
diseases, such as chronic pulmonary obstruction or diabetes mellitus (1). In addition,
the bacterial infections could lead to complicated urinary tract infections, septicemia
and pneumonia in the elderly or in patients who have predisposing factors such as
urinary catheters or primary infections caused by other microorganisms (2). It has
been shown recently that the bacteria also cause meningitis which is mostly benign
with the bacterial acquisition from nasopharyngeal colonization, a major reservoir of
K. pneumoniae infections (3, 4). The virulence factors of K. pneumoniae identified
including copious amounts of an acidic . polysaccharide capsule (CPS) (5),
lipopolysaccharides, iron acquisition systems and several distinct types of adherence
factors (6). The adhesive molecules, including type 1 and type 3 fimbriae (7), KPF28
(8), and a nonfimbrial adhesin, CF29K (9) are believed to be responsible for K.

pneumoniae to colonize respiratory and urinary epithelia.

2. Adherence properties

Adherence of bacteria to the epithelial cell of host is the first step during
infection and the process is generally carried out by fimbriae, which are filamentous
organelles exposed outside the lipopolysaccharide and capsular polysaccharide layers
of the cell envelope (10). The fimbriae are built of the monomers of major structural
protein pilin and on the tip with adhesin subunits usually of lectin properties (11). The
fimbria-associated adhesins allow bacterial attachment to epithelial receptors of host

and facilitate colonization of uroepithelial cells (12). Under different environments, K.



pneumoniae commonly produce type 1 fimbriaec and type 3 fimbriae to achieve its

colonization (13).

2.1. Type 1 fimbriae

Type 1 fimbriae are heteropolymeric fibers produced by all members of the
Enterobacteriaceae family (14). They are required for bacterial attachment to
mannose units of the glycoprotein receptor uroplakin Ia on the surface of urinary
epithelium cells, and characterized by their ability to mediate mannose-sensitive
agglutination of guinea pig or fowl erythrocytes (15). Approximately 70% of the
uropathogenic E. coli strains carrying a minor mutation enhanced the lectin ability to
recognize monomannose (Man 1), while 80% of the E. coli isolates from feces of
healthy adults bound only to trimannose (Man 3).receptors (16). In addition, type 1
pili are responsible for bacterial. invasion-and. persistence in target cells (17).
Moreover, type 1 pili have been implicated.in-the development of inflammatory and
potentially harmful reactions in the host after-bacterial infections (18). Type 1 pili are
right-handed, 6.9 nm wide pilus rod containing 500-3000 copies of the major
structural subunit FimA, and several copies of the minor subunits FimG and FimF
(19), and a linear tip fibrillum composed of a highly conserved lectin, the adhesin
FimH. FimH is responsible for the bacterial binding to D-mannose moieties on
cell-bound and secreted glycoproteins or to non-glycosylated peptide epitopes (20).
This allows bacterial adhesion to a wide range of cells, including epithelial and
immune cells (21). In addition, FimH can mediate the invasion of uropathogenic E.
coli into human bladder epithelial cells by triggering host cell signaling cascades. The
internalization of E. coli by mast cell and macrophage was initiated following the
interaction of FimH adhesin with CD48, a glycosylphosphatidylinositiol

(GPI)-anchored receptor (22, 23).



2.2. Type 3 fimbriae

Type 3 fimbriae are 2 to 4 nm wide and 0.5 to 2 um long appendages. The
fimbriae, as well as type 1 fimbriae, are produced using the chaperone-usher assembly
pathway (24, 25, 26). Although type 3 fimbriae are not expressed in E. coli, they have
been shown to be frequently produced by species of Enterobacter, Proteus, Serratia,
Yersinia, and by most of the Klebsiella isolates associated with human urinary or
respiratory tract infections (27). Type 3 fimbriae are morphologically similar to type 1
fimbriae and are characterized by their small diameter and non-channeled structure
(28). Type 3 fimbriac are encoded by mrkABCDF gene cluster responsible for
regulating fimbrial expression (29). The major fimbrial subunit encoding gene mrkA
is conserved within Eenterobacteria (28). Microorganisms expressing type 3 fimbriae
demonstrate a mannose resistance (MR) agglutination of erythrocyte suspensions only
after the erythrocytes have been' pretreated with 0.01% tannic acid and this
hemagglutination (HA) occurs+in the presence, or; absence of D-mannose (30) and
hence they are usually classified as MR hemagglutinins. Recent investigations have
shown that type 3 fimbrial adherence is mediated by the fimbrial minor subunit MrkD,
and the adhesion is inhibited by spermidine (31). It has also been reported that the N
terminal domain of the minor subunit MrkD adhesin is responsible for receptor
binding. The C-terminal region of MrkD possesses sequence motifs that are conserved
among several fimbrial adhesins, which are believed to play a role in the folding and
assembly of the adhesins (32, 33). MrkB is a periplasmic chaperone and MrkC, an
outer membrane usher protein, anchors the fimbriae to the bacterial cell wall.
Downstream of mrkD gene is mrkF gene of which the encoding product has been
reported to affect the stability of the intact fimbrial appendage on the bacterial surface
(34).

Type 3 fimbriae of K. pneumoniae have been shown to influence the

3



development of biofilms in plastic (35). Growth of K. pneumoniae on abiotic surfaces
is facilitated, in part, by the major fimbrial subunit MrkA protein, whereas growth on
surfaces coated with a human extracellular matrix (HECM) requires the presence of
the minor subunit MrkD adhesin (35, 36, 37). In addition, type 3 fimbriae have been
suggested to mediate the bacterial attachment to the basolateral surfaces of several
types of cells such as tracheal epithelial cells (38), renal tubular cells (7), extracellular
matrix proteins (39) and to components of basement membranes of human lung tissue
(38). It has also been suggested that type 3 fimbriae facilitate colonization of denuded
and damaged epithelial surfaces of debilitated patients in the hospital environment
(29). Specifically, type IV and type V collagen may be targets for the attachment (40).

However, receptor of type 3 fimbriae on collagen is still unknown.

3. Pilus biogenesis

The mechanism of pilus biogenesis-has-been mostly characterized for E. coli
P-pili that was correlated to acute pyelonephritis-as well as to first-time cystitis (41).
In the system, encoded by pap gene cluster, fimbrial subunits are immunoglobulin
(Ig)-like form lacking the C-terminal B-strand required to complete the Ig-fold. The
subunits form pili through a donor strand exchange reaction, whereby every subunit
donates its N-terminal extension to complete the Ig fold of its neighbor, thus forming
a noncovalent Ig-like polymer (42). The absence of the C terminal -strand makes
folding of the subunits dependent upon the periplasmic chaperone, which comprises
two Ig-like domains (43, 44). Chaperone-subunit interaction facilitates the release of
the subunit from the cytoplasmic membrane by its folding directly on the chaperone
template. The recognition by chaperone of the conserved hydrophobic carboxyl
termini of pilus subunits may trigger the binding of the chaperone to the subunit at the

membrane. The chaperone binds to the folded subunit, stabilizing it and capping its

4



interactive surfaces and thus preventing premature aggregation in the periplasm (45).
Each subunit probably exists in a folded conformation in its preassembly complex
with chaperone. The preassembly complexes are then targeted to the outer membrane
protein usher, which forms a 2-3 nm diameter donut-shaped channel, large enough to
allow the passage of pilus subunits (46, 47). It has been shown that the
chaperone-adhesin complex has the highest affinity for usher and therefore binds first
to it, and that is thought to initiate pilus assembly. An assembly-competent form is
maintained throughout pilus assembly process by the formation of a
chaperone-adhesin-usher ternary complex (47, 48). The pilus is thought to grow
through the usher as a linear fiber upon the bacterial surface (47).

This pilus biogenesis pathway is conserved in a variety of pathogenic bacteria
responsible for a wide range of digeases, such as"UTIs, diarrhea, pneumonia, plague,
and meningitis (49). Therefore, inhibition of the 'chaperone/subunit complexes by
peptidomimetics could be an effective way-of.controlling UTIs caused by UPEC (50).
In fact, it has recently reported that native peptides from FimC chaperone or type 1
pilus proteins were able to block FimC/FimH complexation (51). Investigations have
demonstrated that binding to target cells of type 1 fimbriae as well as the E. coli P pili
is influenced by amino acids which make up the N-terminal regions of the respective
adherence molecules (21, 26). The variation of PapG, the adhesin of P fimbriae, also
appeared to alter the fimbrial receptor specificity, not only for the type of
glycosphingolipids they bind but also for the types of eukaryotic cells to which they

attach (52, 53).

4. Specific aims
4.1. To localize the region of MrkD involved in receptor binding.

It has been reported that type 3 fimbrial adhesin is most likely the determinant of
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tissue tropism (38, 55). Three allelic variants of the mrkD gene of K. pneumoniae, a
plasmid-encoded MrkD;, and chromosomally occurred MrkD;c; and MrkDc>, have
been reported and mediate binding to various components of the extracellular matrix
(54). Our recent investigations have also identified four mrkD genotypes, namely
mrkDv1, mrkDv2, mrkDv3 and mrkDv4. Heterologous expression of the fimbriae
carrying each of the mrkD variants on E. coli revealed that the recombinant fimbriae
with MrkDv3 on the fibrillum tip has the highest activity in the assay of collagen
binding and biofilm formation. Sequence comparison of MrkDv3 with other MrkD
variants revealed a varied region from Glyj,o to Glnjsg (Fig. 1). In order to determine
if the variation affects the fimbrial activity, the recombinant clones carrying different
truncated forms of MrkDv3 including MrkDv3; 170s, MrkDv3) j50s, and

MrkDv3.120.a Were generated and the proteins wete purified for competition assays.

4.2. To define the location and-functional-role,of MrkF on type 3 fimbriae

There has been only one study about MrkF, which showed that MrkF affected
stability of the fimbriae and hence concluded that MrkF was one of the fimbrial
components (56). Sequence analysis showed that MrkF has signal peptides as those of
other subunits and a pilin domain as MrkA and MrkD (Fig. 2). We have shown
previously that the E. coli carrying the plasmid pmrkABCF expressed fimbriae as
well as the one carrying the expression plasmid pmrkABCD while E. coli carrying
pmrkABC were not fimbriation. This suggested that, in addition to MrkD, which has
been shown as an initiator in pilus biogenesis (57), MrkF likely plays a role in
assembly of the fimbriae. Specifically, the role of MrkF is to be demonstrated using
immunomicroscopy, immunoprecipitation and also several activity assays for type 3

fimbriae.



Materials and Methods

1. Strains, plasmids and growth conditions

The bacteria strains, plasmids and primers used in this study are listed in the
Tables 1, 2, and 3. The bacteria were propagated at 37°C in Luria Broth (LB) or
glycerol-cassamino acid (GCAA) medium with appropriate antibiotics which include
ampicillin (100 pg/ml), kanamycin (25 pg/ml) and chloramphinicol (35 pg/ml). The

bacterial growth was determined by measuring the optical density at 600 nm (ODgq).

2. Recombinant DNA technology- MrkD and MrkF clones

The recombinant MrkD clones were constructed by PCR cloning using
pMrkDv3 (72) as the template totamplify 984 bp, 549 bp, 477 bp, 360 bp DNA
fragments encoding the entire MrkDv3, N-terminal 183 aa (MrkDv3NL), N-terminal
159 aa (MrkDv3N), and N-terminal’120.aa, (MrkDv3NS) of MrkDv3 into the
expression plasmid pET30a (Novagen).with N-His tag in-framed fusion respectively
by HindIII and Xhol sites. In addition, the signal peptide sequences of all the MrkD
recombinant proteins were removed and the resulting constructs were named as
dMrkDv3, dMrkDv3NL, dMrkDv3N, dMrkDv3NS.

In order to assist folding of the recombinant MrkD protein, pdMrkB-1-pET was
co-transformed with pdMrkDv3-1-pAC into E. coli BL21(DE3). The plasmid
pdMrkB-1-pET containing 659 bp mrkB gene, lacking the signal peptide sequence,
was constructed by insertion the fragment amplified from the genome of K.
pneumoniae liver abscess isolate NTUH-K2044 (71) into the expression vector
pET30a by Ndel and Notl site. The plasmid pdMrkDv3-1-pAC containing dmrkDv3
gene, lacking the signal peptide sequence was subcloned from pdMrkDv3-YT which

was constructed by insertion the PCR fragment of 950 bp into YT&A cloning vector
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(Yeastern Biotech).

The recombinant plasmid, pmrkABCF, was constructed by insertion of 0.7 kb
mrkF coding fragment amplified from K. pneumoniae NTUH-K2044 into pMrkABC
(72) by Apal site. Same approach was employed for construction of the plasmid
pmrkABCD, which was cloned by insertion of 1 kb mrkD fragment into pMrkABC by
Ascl site and Apal site. The plasmid pmrk ABCDF was subcloned by insertion of the

0.7 kb mrkF amplicon into pmrkABCD by Apal site.

3. Protein expression and purification

After transformation into E. coli BL21(DE3), the recombinant clones that
produced MrkD were identified by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Aecording to* the method (76), for large-scale
purification of the recombinant-MikD, 100 ml bacteria at 600 nm (Agn) of 0.6 were
induced with 0.5 mM isopropyl-p-D=--thiegalactopyranoside (IPTG) and cultured for
an additional 4 h. The pellet was collected by-centrifugation and resuspended in 10 ml
protein lysis buffer (50 mM Tris-HCI pH 8.0, 1 mM EDTA, 100 mM NacCl). Total cell
lysates were sonicated with short burst of 1 sec followed by intervals of 1 sec for
cooling and the sonication processing was maintained for 3 min. By
ultracentrifugation (13000 rpm, 15 min), the insoluble MrkD protein was remained in
pellet. Pellet was washed twice with Wash I buffer (50 mM Tris-HCI pH 8.0, 1 mM
EDTA, 100 mM NaCl, 1% TritonX-100) and twice with Wash II buffer (50 mM
Tris-HCI1 pH 8.0, 1 mM EDTA, 100 mM NaCl, 2% sodium deoxycholate). During
wash step, pellet must be incubated with Wash II buffer and rocked for 20 min at
room temperature before centrifugation. Subsequently, pellet was washed again with
the protein lysis buffer. Finally, the insoluble MrkD protein was denatured by 6 M

urea in binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI pH 7.9). The
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recombinant MrkD protein carried an N-terminal polyhistidine tail that efficiently
binds to nickel ions and was purified from inclusion bodies of urea-treated cells by
affinity chromatography on nickel-nitrilotriacetic acid resin (Novagen, Madison, WI).
After washed by sterile water, the column was immersed by charge buffer (50 mM
NiSOy) to the charged resin. To facilitate binding of the protein and resin, the charged
resin was immersed in binding buffer with 6 M urea. Then, the denatured recombinant
protein was added to column and additional binding buffer with 6 M urea also added.
To wash out unbound or only loosely bound proteins, the column was washed with 6
M urea in wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9).
Finally, the protein bound to resin were eluted by 6 M urea in elution buffer (1 M
imidazole, 0.5 M NaCl, 20 mM Tris-HCI pH 7.9). The urea contained in the solution
was diminished and the protein refolded by dialysis stepwise against the buffer with
decreasing concentration of urea in.20 mM Tris pH 8:0. The purified protein was then

concentrated to an optimal concentration-and-stored at 4°C.

4. Generation of anti-MrkF and anti-MrkD antibody

Five-week-old female BALB/c mice, purchased from National Laboratory
Animal Center, received injection in peritoneal cavity with 3-50 ug/150 ul
dMrkDv3N on day 1, 11, 15, and 19 respectively. For the first injection, the same
volume of Freund’s complete adjuvant was used, and Freund’s incomplete adjuvant
was used for the following times. The dMrkDv3N antiserum was finally obtained by
intracardic puncture. Indirect ELISA (I-ELISA) was performed to test the titer of
serum from the tail on day 19 and 23 and the blood serum was harvested from the
blood of the mice’s heart. Immunization scheme was the same for producing MrkF

antibody.



5. Electronic microscopy

As described (27), bacteria from overnight cultures were re-suspended in PBS,
and 20 pl of the suspension was placed on a Formvar carbon-coated glow-discharged
grid for 1 min. After placing 3 drops of 2% phosphotungstic acid (pH 7.2) on parafilm,
the grid was positioned on this drop for 1 min and the drop was blotted off using filter
paper. Finally, after drying the grid, the specimen was ready for examination. For
immuno-labeling, the polyclonal antibody in 0.3% BSA in PBS (diluted 1: 50) was
applied to the specimen supporting grids and incubated at 4°C overnight. After
washed twice with phosphate-buffered saline (PBS), the specimen grid was incubated
with the anti-mouse IgG conjugated with 10-nm gold (diluted 1:65) for 60 min at
room temperature. After two washing steps with PBS, the specimen-containing grid
was stained with 2% phosphotungstie‘acid (pH 7.2). The grids were examined under a
JEOL JEM-2000EXII transmission electron ‘microscope at an operating voltage of

100 kV.

6. Purification of type 3 fimbriae

The fimbriae purification process was carried out with a minor modification of the
described method (58). The recombinant E. coli JM109[pmrkABCDF] and
IM109[pmrkABCD] were cultured for 25 h in 1.5 L LB broth, and the bacteria
collected by centrifugation for 30 min (8,000 rpm, 4°C) and suspended in 100 ml
phosphate-buffered saline (PBS). The bacterial suspension was heated 3 h at 65°C and
then homogenized in blender for 20 min at ambient temperature. The cells were
removed by centrifugation (8000 rpm, 20 min) and sodium azide (0.1% w/v) was
added to the supernatant. Subsequently, sodium deoxycholate was added to the
suspension to a concentration of 0.1% (w/v) and the suspensions were kept at 4°C

overnight. After centrifuged for 3 h (20,000 rpm, 4°C), the pellets were suspended
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with PBS and a further centrifugation at 13,200 rpm for 5 min. Finally, the type 3

fimbriae-containing supernatant was stored at 4°C.

7. Co-immunoprecipitation

Co-immunoprecipitation was performed according to the procedures described
(59). Briefly, 200 ul of the purified fimbriae (100 pg) were incubated with Bovine
serum albumin (5 pg/ml), and anti-MrkA antibody (2 pl) and anti MrkF antibody (2
ul) were added respectively to the reactions. After incubation with gentle rocking
overnight at 4°C, protein A-Sepharose beads (50 pl) (Amersham) were then added
followed by a second incubation for 3 h at 4°C. The protein A-sepharose beads were
collected by centrifugation at 6,000 rpm for 3 min, washed three times with 1 ml of
0.1% DOC, and resuspended in 40 pul of protein lysis buffer (50 mM Tris-HCI pH 8.0,
1 mM EDTA, 100 mM NaCl) and 10 ulof § x protein sample buffer. Finally, after
incubation at 95°C for 10 min, 20 pl of the tmmunoprecipitate was analyzed by
SDS-PAGE and visualized via western:blotting hybrdization with either anti-MrkA or

anti-MrkF antibody.

8. Western blotting analysis

As the method described (48), total cell lysates were resolved by 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins
were electrophoretically transferred to polyvinylidene difluoride membranes
(Immobilon™-P, Millipore). Subsequently, the membranes were blocked with 5%
skim milk in 1 x phosphate-buffered saline (PBS) at 4°C for overnight. After washing
3 times with 1 x PBS, the membranes were incubated with a 3000-fold diluted MrkA
or MrkF anti-serum at room temperature for 2 h. Followed by incubation with a
10000-fold diluted alkaline phosphatase-conjugated anti-mouse immunoglobulin G at

room temperature for 2 h, additional 3 washes were applied and the bound antibodies
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were detected by using the chromogenic reagents BCIP (5-bromo-4-chloro-3-indolyl

phosphate) and NBT (Nitro blue tetrazolium).

9. Collagen binding assay

Collagen binding assay was carried out as described (39). Briefly, the wells of
flat bottom microtiter plates were coated following incubation overnight at 4°C with
0.5 mg/ml of type IV or V collagen diluted in carbonate- bicarbonate buffer, pH 9.6.
Each sample was performed triplicate. Prior to incubation with bacteria, nonspecific
binding sites were blocked by incubation for 2 h at 22°C with a 2% (w/v) solution of
bovine serum albumin in PBS. Subsequently, 100 pl of bacterial suspensions (10"
bacteria/ml) prepared in phosphate-buffered saline-Tween 20 (PBS-T) (pH 7.4; 0.5 ml
Tween 20 in 1 liter of PBS), was added to the'wells. Following incubation for 2 h at
22°C with gentle shaking, unattached bacteria. were'removed by washing three times
in PBS-T. For each well, thezadherent bacteria were washed out by 0.1% Triton
X-100, diluted in optimal concentration, and plated onto LB agar plates for colony

formation.

10. Biofilm formation assay

The ability of bacteria to form biofilm in vitro was detected using the microtiter
plate assay with a minor modification of the described method (60). One hundred
microliters of overnight grown bacteria diluted 1/100 in LB broth were inoculated into
each well of a 96-well microtiter dish and incubated at 37°C for 48 h to allow the
formation of biofilm. After thorough by washing the dish with water, 150 pl of crystal
violet (1%) was added to each well and the plate was incubated for 30 min at room
temperature. The plate was then washed with water, the dye was solubilized in 1%

SDS (150 pl/well), and the absorbance at 595 nm was determined. Each biofilm
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formation was presented by the average absorbance of three independent experiments.

11. Autoaggregation assay

As described (61), settling profiles were performed on overnight cultures (4 ml)
grown in GCAA broth at 37°C. At the beginning, all cultures were shaking vigorously
for 20 sec. Samples (10 pl) were taken from the top of the culture at regular time
intervals and were spread on microscope slide. After dried by heat, the samples were
stained with 1% crystal violet and roasted again. Then, the samples were observed

under light microscopy with 100 x object lens.
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Results

1. Overexpression and purification of MrkD and MrkB recombinant proteins

Our previous studies have shown that sequence variation of MrkD influenced the
expression of type 3 fimbriae, which include changes in the activities of collagen
binding and biofilm formation, and morphology of the fimbriae. In addition, the
recombinant E. coli displaying with type 3 fimbriae of mrkDv3 was found to have the
highest level of either collagen binding or biofilm formation activity. As shown in Fig.
1, sequence comparison of MrkDv3 with the other MrkD variants, MrkDv1, MrkDv2,
MrkDv4 and MrkDyun, revealed a variable region from Glyizo to Glnjg. It is
interestingly to note that RGD residues which are active modulators of cell adhesion
are contained in the region. As shown in Fig. 2,7a signal peptide sequence in MrkF
was observed and a conserved: pilin domain of MrkA (34) was found also to be
contained in MrkF suggesting that MitkE is.a-component of type 3 fimbriae.

In order to determine the role 'of the variation, MrkDv3, MrkDv3NL, MrkDv3N,
and MrkDv3NS containing expression plasmids were generated. As shown in Fig. 3,
MrkDv3N contained the N-terminal domain of MrkDv3 from residues 1 to 159, and
MrkDv3NS contained residues 1 to 120, lacking the variable region Gly;zo to Glnja4g,
while MrkDv3NL contained the region from residues 1 to 183. Total cellular proteins
from each of the recombinant bacteria containing the plasmids expressing
respectively the proteins, MrkDv3, MrkDv3NL, MrkDv3N, and MrkDv3NS, were
collected and analyzed by SDS-PAGE. As shown in Fig. 4A and 4B, the recombinant
protein MrkDv3 and MrkDv3NL induced by IPTG, with the final concentration of
either 0.1 pg/ml or 0.5 ug/ml, could be observed with the predicted size of 37 kDa
(MrkDv3) and 27.9 kDa (MrkDv3NL). However, the proteins formed inclusion
bodies. In order to improve the solubility, several methods such as 25°C induction
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(lanes 8-10 in Fig. 4A and 4B) and lower concentration of IPTG (0.1 pg/ml, lanes 2-7
in Fig. 4A and 4B) were tried but failed. Similarly, as shown in Fig 4C and 4D, the
IPTG inducible proteins MrkDv3N and MrkDv3NS with the predicted size 25 kDa
and 23 kDa, respectively, remained insoluble form.

In case that not enough chaperone proteins are present for properly folding of the
overexpressed proteins, the recombinant plasmid pdMrkB-1-pET, containing the
MrkB chaperone protein encoding gene, was generated and co-expressed with
pdMrkDv3-1-pAC in the recombinant E. coli. In addition, the signal peptides of
MrkB and MrkD proteins were both removed to avoid from aggregation in the
periplasm. Whatsoever, even the recombinant chaperone proteins appeared to be
insoluble (data not shown). Finally, the recombinant protein dMrkDv3N were
purified by denaturalization using:6: M urea and were refolded by dialysis against the
buffer of 20 mM Tris-HCI centaining 20% glycerol. Nevertheless, most of the
proteins remained aggregated and only.-a.small amount of protein obtained with a

concentration of 54 pg/ml.

2. Analysis of the purified dMrkDv3N in competition assay.

The purified dMrkDv3N, containing the N-terminal 159 amino acids was
subsequently added as a competitor in the collagen IV binding assay. As shown in Fig.
5, the purified dMrkDv3N proteins added with either 5.4 pg or 8.1 pug respectively
appeared to reduce the binding of E. coli IM109[pMrkABCDv3F] to the type IV
collagen. The inhibition was enhanced with the increasing of the recombinant protein
dMrkDvV3N indicating that the N-terminal 159 amino acids containing MrkDv3 is
able to compete for the type IV collagen binding activity of the E. coli

IM109[pMrkABCDV3F].
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3. MrkF is a component of type 3 fimbriae

As shown in Fig. 6A, a protein band corresponding to the predicted size of MrkA
could be observed. After the gel hybridization with anti-MrkF antiserum, a protein
band appropriate for 22 kDa, which is the predicted size for MrkF, was detected
indicating the specificity of the raised antibody (Fig. 6B).

In order to know whether MrkF is a component of type 3 fimbriae, type 3
fimbriae were purified from JM109[pmrkABCDF] and analyzed by SDS-PAGE and
further detected with anti-MrkF and anti-MrkA antibodies. As shown in Fig. 7A and
B, the MrkA corresponding band with approximately 23 kDa could be observed in the
purified fimbriae from JM109[pmrkABCDF] and JM109[pmrkABCD]. While
analyze with anti-MrkF antibody, the detected band of approximately 22 kDa could
only be found in the purified fimbriae from.JM109[pmrkABCDF] (Fig. 7C).
According to the reported fimbrial.organization of several well-known fimbriae, the
filament is constructed by subunithasseciation (77). As a component of type 3
fimbriae, MrkF must interact with’ MtkA in'some way to form a fimbria. Using
anti-MrkA antibody or anti-MrkF antibody appeared to be able to pull down both
MrkA and MrkF from the purified fimbriae of JIM109[pmrkABCDF] and JM109
[pmrkABCF] as detected by either anti-MrkA antibody (Fig. 8A) or anti-MrkF
antibody (Fig. 8B). In contrast, the pull down lysates from the purified fimbriae of
JM109 [pmrkABCD] could only be detected by anti-MrkA antibody.

Subsequently, localization of MrkF on type 3 fimbriac was demonstrated by
immuno-electron microscopy (immuno-EM). As shown in Fig. 9, the pili labeled in
situ with gold-tagged anti-mouse IgG antibodies against the anti-MrkF antibody
revealed the signals at the middle part of the filament suggesting that type 3 fimbriae

is consisting of stretches of MrkA interrupted by MrkF at regular intervals.
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4. MrkF influences the fimbriation of the recombinant E. coli

Although lacking the mrkD adhesion gene, a few fimbriae could be observed on
the surface of the recombinant E. coli HB101[pmrkABCF] (Fig. 10 ) suggesting that
MrkF is an initiator for the assembly of the fimbriae. However, in comparing with
that of HB101[pmrkABCD], the limited number of fimbriae on the surface of HB101
[pmrkABCEF] also suggested a minor role of MrkF in initiation of the fimbriation. As
shown in Fig. 10, the recombinant E. coli HB101[pmrkABCDF] exerted more and
shorter fimbriae than that of HB101[pmrkABCD] indicating a more efficient
fimbriation but a tighter control for the length of the filament. Nevertheless, after
being heated at 55°C for 10 min, an obvious falling off of the MrkF-lacking-fimbriae
from the bacterial surface supported the role of MrkF as a controller for the stability

of type 3 fimbriae as proposed (34)

5. Assessment of the activity of the recombinant type 3 fimbriae

Type 3 fimbriae had been Sshown to bind §pecifically to type IV and type V
collagen (62). The collagen binding activity of the recombinant E. coli
IM109[pmrkABCDF], JMI109[pmrkABCD] and JM109[pGEMT] were hence
compared. The recovered bacteria JM109[pmrkABCDF] were more than
IM109[pmrkABCD] in either collagen IV binding assay (Fig. 11A) or collagen V
binding assay (Fig. 11B), suggesting that lacking of MrkF causes the lower binding
activity to collagen.

Biofilm formation activity of type 3 fimbriac has been demonstrated to be
mediated by MrkA or MrkD at different conditions (36, 63). As shown in Fig. 12, the
recombinant E. coli IM109[pmrkABCDF] appeared to have higher biofilm formation
activity than JM109[pmrkABCD] implying that MrkF plays a role in biofilm

formation. In addition, the activity of biofilm formation was comparable with
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Pseudomonas aeruginosa PAO1, a strong biofilm formation strain, indicated that the
recombinant fimbriae produced by E. coli JM109[pmrkABCDF] could help
efficiently for the biofilm formation. It has previously been demonstrated that the
MrkD adhesin of type 3 fimbriae was not required for an efficient biofilm formation
on abiotic plastic surface (35). Notably, the E. coli IM109[pmrkABCF] which
expressed few fimbriae with no MrkD appeared to lose the ability to form biofilm
(Fig. 12).

Autoaggregation, which is mediated by bacteria surface self-recognizing
adhesins or autoaggregative fimbriae, is a phenomenon thought to contribute to
colonization of mammalian hosts by pathogenic bacteria (64, 65, 66, 67). The
recombinant E. coli JM109[pmrkABCDF] appeared to show conspicuous
autoaggregation after overnight cultured in GCAA medium (Fig. 13). In contrast, no
autoaggregative appearance could be observed -in JM109[pmrkABCD]. This
suggested a functional role of MrkF in-auteaggregation. To investigate the possibility,
mrkF gene was introduced respectively into the non-autoaggregative strains,
IM109[pmrkABCDv1] and JM109[pmrkABCDv2]. As predicted, introduction of the
MrkF encoding gene conferred the bacteria JM109[pmrkABCDvI1F] and
IM109[pmrkABCDvV2F] an autoaggregative phenotype (Fig. 13). In addition, the
autoaggregative phenomenon of JIM109 [pmrkABCDv3] and IM109 [pmrkABCDv4]

could be enhanced after introducing the mrkF gene in the bacteria.
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Discussions

Fimbriae are important appendages for bacteria to infect host. The adherene
to host epithelial of fimbriae influence the host range and tissue tropism of
bacteria. Many features of famous pili such as type 1 pilus, P pilus, in
uropathagenic E. coli were well studied, including adherent receptor, structural
components, organization, and their function. However, investigation of type 3
fimbriae which is universal expressed in Enterobacteriaceae is still not enough.
For example, the assembly model, adhesin structure, and fimbrial organization are

poorly understood.

1. Improvement of the solubility of the recombinant protein

In many cases, the insolubility of thé trecombinant proteins prevent further
assays. In this study, several strategies have been‘tried but failed. Nevertheless, we
intend to solve the problem in the future by construction of the recombinant
plasmids for optimal expression in AD494 (DE3) or BL21trxB (DE3), which is
thioredoxin reductase-deficient strain often used to maximize soluble protein
expression (78). An alternative approach is to fuse the protein with a
solubility-enhancing tag such as the TrxeTag ™, GSTeTag™, or NuseTag ™

sequences (68).

2. Localization of MrkF

So far, there is only one report to suggest the role of MrkF in stabilizing the
structure of type 3 fimbriae (34). While analysis of MrkF sequence, a typical
signal peptide may found and the sequence alignment with MrkA showed a
conserved pilin domain (Fig. 2), implying that MrkF is also a component of type 3

fimbriae. As shown in Fig. 8, co-immunoprecipitation assay demonstrated an
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interaction of MrkA and MrkF which supports further the association of MrkF
with MrkA on the fimbriae. Moreover, TEM of immuno-gold labeled fimbriae
showed that the labeled MrkF appeared to be inserted to the fimbrial shaft at
regular intervals. During the assembly of a pilus, the order of subunit on fimbriae
is decided by the affinity between subunit-chaperone complexes and usher (75).
As shown in the Fig. 9, many MrkA proteins on the fimbriae appeared to be
interrupted by a few MrkF suggesting that MrkA-chaperone complexes have

higher affinity to usher than the MrkF-chaperone complexes.

3. Functional role of MrkF

The TEM analysis indicated that all the recombinant E. coli were fimbriated
except HB101[pmrkABC]. The fact that adhedsin is an initiator for the assembly
of fimbriac has been =reported (46, 69). Interestingly, the bacteria
HB101[pmrkABCF], lacking the. MikD-adhesin as an initiator, appeared to be
fimbriated (Fig. 10) suggesting a.role .of MrkF in initiating the fimbriation.
Whatsoever, the bacteria HB101[pmrkABCDF] exhibiting more fimbriae on the
surface than HB101[pmrkABCD] supported the role of MrkF in controlling the
stability of fimbriae.

In order to colonize surfaces, most bacteria grow as organized biofilm
communities (70). Adherence to non-biological surfaces constitutes the first step
in biofilm development (13). The type 3 fimbrial major subunit MrkA has been
reported to facilitate biofilm formation on abiotic surface (13). The bacteria
IM109[pmrkABCDF] having higher biofilm formation activity than
IM109[pmrkABCD] could be contributed to the increasing amount of type 3
fimbriae presented on the bacteria surface. On the other hand, the lacking of MrkF

in JIM109[pmrkABCD] could result in lower level of fimbriation thereby less
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MrkA was available to help for biofilm formation.

The attachment of bacteria to a surface often results in the proliferation into
complex microcolony structure. A number of factors including antigen 43 (Ag43)
(73), curli (74) and type 1 fimbriae (60) have been implicated in microcolony
formation and autoaggregation in E. coli. In particularly, type 1 fimbriae have
been shown to confer bacterial autoaggregation and enhance biofilm formation on
abiotic surfaces. In K. pneumoniae, similar to type 1 fimbiae, type 3 fimbriae
appeared to mediate the biofilm formation (13). Aggregation and microcolony
formation often prelude to biofilm formation and hence the apparent
autoaggregation of the recombinant E. coli JM109[pmrkABCDF] led to a high
level of biofilm formation activity. As shown in Fig. 13, the recombinant E. coli
JM109[ABCDF], but not JMI109[mrkABCD], appeared to autoaggregate in
GCAA medium. Moreover,-the.autoaggregative phenomenon of the recombinant
E. coli could be induced by-transforming-the bacteria with the plasmid carrying a
mrkF gene, suggesting a role of MikF in-autoaggregative phenotype. It is likely
that lacking of MrkF alters the structure of the 3 fimbriae and hence the
decreasing activity of autoaggregation. Overall, this study indicated that MrkF is a
component of type 3 fimbriae and a role of MrkF in initiating the fimbriation was

also suggested.
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Table 1. Bacteria strains used in this study

strains

Genotypes or relevant properties

Reference or source

=scherichia coli
NovaBlue(DE3)

BL21(DE3)
IM109

HB101

Klebsiella pneumoniae
k. p NTUH k-2044
VHmS5

Pseudomonas aeruginosa
PAO1

endAl hsdR17(rk;>'mk;,") SupE44
thi-1 recAl gyrA96 relAl lac[F’ pro AB
lac’Z AMI15::Tn10](DE3);Tet"

FompT hsdSg (rb'mb’)gal dcm (DE3)
RecAl supE44 endAl hsdR17 gyrA96
RelAl thiA (lac’proAB )

F thi-1 hsdS20 (rb” mb") supE44
recAl3 ara-14 leuB6 proA2 lacY1
galK2, rpsL20 (str") xyl-5 mtl-1

Clinical isolate

Clinicalisolate

Novagen

Laboratory stock

Laboratory stock

Laboratory stock

71
Veteran General

Hospital

Laboratory stock

29



Table 2. Plasmids used and constructed in this study

Plasmids Relevant characteristic Reference or source
pGEMT Cloning vector ; Ap" Promega

yT&A Cloning vector ; Ap* Yeastern Biotech
pET30a-c Expression vector ; Kan" Novagen
pACYCDuet-1 Expression vector ; Cm" Novagen

pMrkDv3 1 kb fragment amplified using VHmS chromosome as 72

template and primer pairs, MZ007 and MZ008, and
cloned into pET30a by HindIII and Xhol site, Kan "
pdMrkDv3-YT 950 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, phw19 and phw12, and
cloned into YT&A, Ap*
pdMrkDv3 dmrkDv3 fragment digested from pdMrkDv3-YT and This study
cloned into pET30a by Sacl and Xhol site, Kan"
pdMrkDv3-1-pAC dmrkDv3 fragment digested from pdMrkDv3-YT This study
using Sall and HindIll'site and cloned into
pACYCDuet-1 expressionwector, Cm *
pMrkDv3NL 549 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, MZ007 and phw12, and
cloned into pET30a by HindIII'and Xhol site, Kan "
pdMrkDv3NL 500 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, phw19 and phw12, and
cloned into pET30a by Sacl and Xhol site, Kan"
pMrkDv3N 477 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, MZ007 and phw(7, and
cloned into pET30a by HindIII and Xhol site, Kan "
pdMrkDv3N 427 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, phw19 and phw07, and
cloned into pET30a by Sacl and Xhol site, Kan"
pMrkDV3NS 360 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, MZ007 and phw13, and
cloned into pET30a by HindIII and Xhol site, Kan "
pdMrkDV3NS 310 bp fragment amplified using pMrkDv3 as This study
template and primer pairs, phw19 and phw13, and
cloned into pET30a by Sacl and Xhol site, Kan"
pdMrkB-1-pET 659 bp fragment amplified using k. p NTUH k2044 as This study
template and primer pairs, phw22 and phw23, and
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pMrkF-YT

pMrkF-pET

pMrkABC

pMrkABCD

pMrkABCF

pMrkABCDF

cloned into pET30a by Ndel and NotI site, Kan"

0.7 kb fragment amplified using primer pairs, phw15
and phw16, and cloned into yT&A cloning vector,
Ap'

mrkF fragment digested from pMrkF-Y T using Ncol
and HindIII site and cloned into pET30a expression
vector, Kan'

mrkABC gene cluster cloned into pGEMT vector,
Ap'

1 kb fragment amplified using primer pairs, phw03
and MZ006, and cloned into pMrkABC by Ascl and
Apal site, Ap "

0.7 kb fragment amplified using primer pairs,

F-N and F-C, and cloned into pMrkABC by Apal
site, Ap"

0.7 kb fragment amplified using primer pairs,

F-N and F-C, and clonediinto pMrkABCD by

Apal site, Ap -

This study

This study

72

This study

This study

This study
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Table 3. Primers used in this study

Primer Sequence 5 —3’ Enzyme site Tm

phw03 CACCCTGTGGCGGCAAAAAA Dralll site 60.3 °C
phw05 GCTATTTTGCGGCCGCCTCG Notl site 63.3°C
phw06 CGAGGCGGCCGCAAA ATAGC Notl site 63.3°C
phw07 GGTGTATTTTCCCGC CTCGAGG Xhol site 58.7°C
phwl2 GGAGCTCGAGACCAC GGTGAT Xhol site 57.7°C
phwl3 CTCGAGACGAATAGA CGTCGGGA Xhol site 59.2°C
phwl4 GAGCTCGAGTCGCATATGATCTT Sacl site 54.4°C
phwl5 AGGGGCCATGGAGGGATT Ncol site 552°C
phw16 ATTATAAACTAGTTCCCACGTCGC No 529°C
phw19 GTCCTGGGAGCTCTGTACGCGC Sacl site 61.9°C
phw?22 AGTTTTGCGGCCCATATGAA Ndel site 54.6 C
phw23 GCGGCCGCTTTCACTGC NotI site 57.5°C
F-N ATACGGGCCCGGGAATGAAGG Apal site 62.5°C
F-C TGAACAACTGGGCCECCGATGAT Apal site 62.0 C
MZ006 GGGCCCTTAATCGTACGTCAGGTT Apal site 60.3 °C
MZ007 CAAGCTTTTATGAAAAAACTGACGCTTT HindlIII site 58.7°C
MZ008 CTCGAGATCGTACGTCAGGTTAAA Xhol site 54.4°C
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i a0 20 da 40 a1

MrkDw MILRELLTLFIVLMALGTTSSWASCTRELE SPTVMLDMYVGERYYVEEDLEVE
MrkDw2 -—-MEELTLFIGLMAMGTT SAWAY CTRL BQPTVALDMYYVERVYVEPDLEPVE
MrkDw3 -—-MEELTLFIVLMALGTTZ8WAVCTRLESETVMLDMYVERVYVEEDLEVE
Wk Dwd -—-MEELTLFIGLMALGTT SAWAACTRL SQPTVNLDMYVGERVYVEPDLEVE
MrkDntuh MELRELLTLFIVLIMALGTT S8WASCTRLESPTVMLDMYVGRYVYVVEPDLEVG
Consensus MEELTLFIVIMALGTT3SWASCTRLS PTVMLDMYVGRVYVEPPDLEVG
52 2] Fil a0 a0 102
MrkDw1 SVILTRDWTMSAPGGASYRCTSGTHRFAARIVISPGATDLGNEIYSTHVEGT
MrkDw2 BVINSRDWTMSAP GEA Y SCESGTHRF VARIVAPGATD LGNEIYSTHNVEGT
MrkDw3 SVILTRDWTMSAPGGASYCCIFGTNRFAARTIVSPGATDLGNEIYFTNVEGT
MrkDwd SVINVSRDWTMNAL GGA Y SCTAGTHRFAARIVIETGSTDLGNEIYSTHNVEGT
wrkDintuh SVILTRDWTMSAPGRASYRCTSGTHRFAARIVSPGATDLGNEIYSTNVEGT
Consensus SVILTRDWTMIAPGGASY CTSGTHNRFAARIVSPGATDLGNEIYITHVEGI
103 110 120 130 140 183
MrkDw1 GMRF SRGEATVNIVYPTSFRPGYITEPIIF 3E- - - GRALRWRLEKEPROEPPA
MrkDw2 GLRFSRGGATVNITIYPDTF 88Y VSRTTNY SLEGSRFTLENIKETASVTGSGT
MrkDw3 GMOF 3RGEATVHIVYFDGEY SFRVYNT TN Y 3 LE-DHVLRGDY OTAATTRIGT
MrkDwd GMRF SRGGATVNITIYPDVF S8 TINRTTNY SLEGSRFTLEIIRETSSTTGSGT
MrkDintuh GMRF SRGEATVNIVYPDVE S8 RYVYNT TN Y SLEGSRFTLEI IR TAATTGIGT
Consensus GMRFSRGGATVNIVYPD F88 V TTNYSLEGSRFTLEIIEKTAATTGSGT
e vk Je e v o v de o v e e e e e e e v e e e de e ke
154 160 170 130 190 204
MrkDw1 AAPWRRVETPP T IGRAAYVTRESEPI——— - - ———————— - — - — —— — - — —— — —
MrkDw2 LAAGKEYTSYDWENGNNEPILETRL SANAITVYVIPSCTILSGENMNVDVETIE
MrkDw3 LAAGKYTSYDWESGENPILETY L SANATTVVSPSCSVLSGRENMNVDVGATR
MrkDwd LAAGKEYTSYDWERGNNEPILETY L SANAITIVAPSCTVLSGENMNVDVETIE
MrkDintuh LAAGKYTSYDWESGENPILETYLSANATTVVEPSCSVLSGENMNVDVGSTIR
Consensus LAAGEYTIYDWESG NPILETYLSANAITVVIPSCSVLIGENMNVDVETIE
205 210 220 230 240 255
BEKEN] Y e e e S g e e e e
MrkDw2 REDLHNGYETTAGGEDFNIELOCCGEL 3RS YANTIQTAF SGTLATETTVARG
MrkDw3 RTDLEGYETTAGGEDFNIELOC 3GALSETGYANISTSF SGTLAT STTATME
MrkDwd REDLEGYETTAGGRDFNIELOC3GELIESGYANIQTAF SGTLATSTTLE QG
MrkDOntuh RTDLEGYETTAGGEDFNIDLOC3GELIETGYANISTSF SGTLAT STTATME
Consensus R3DLEGYETTAGGEDFNIELOQCSGELIESGYANTI TEFIGTLATSTT T &
2586 270 280 290 306E
MikDvl T  zsemoscsocssosmmmnes s s s a T s as s S T s s e
MrkDwz ALLNEEKSGI 3 LARGIGIOVILEEGYVELEFNEREY 3VGYLETQETREYITLELHA
MrkDw3 ALLNERAGEGMARGYSIOVILIED S8 PLOFNERY TVSRLNNQETREYITIEPLHA
MrkDwd ALLNEKTGI 3AARGYSIOVLED GVELEFNEREY VG TLRIQETRYFTQEYHA
wMrkDntuh ALLNERAGEGMARGIGIOVLED GSPLOFNERY TVSGRLNNQETREYITIFLHA
Consensus ALLNEEKAGY MAKGIGIQVLEDE PL FNEEY3IVE L QETRYITIFLHA
307 320 332
Mikbw] +  EEesS e teEe e S S S ST
MrkDw2 ERFYOYAPTTITGEVEIHMIFNLTY D
MrkDw3 ERFYQYGPTTSTGEVESHMIFNLTYD-
MrkDwd EFYQOYLETTITGEVESHMIFNLTYD-
MrkDOntuh EFYOYGPTTSTGEVESHMIFNLTY -
Consensus RFYQYGPTTITGEVESIHMIFNLTYD

Fig. 1. Amino acid sequence alignment of the MrkD variants. Positions at which
the amino acid sequence of the MrkDv3 differs from that of other types of MrkD are

indicated by asterisks. The numbers on each section indicate the residues number of
MrkDvl.
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rrivks,
rrirk F
Consensus

FriFks
itk F
Consensus

rrivkd,
rrirk F
Consensus

rrivka,
rrirk F
Consensus

rrivks,
rrirk F
Consensus

1 10 20 30 40 51
——-MEEVLLEAAMATAFFGMTAAHAAD TGO VNFFCEVTDVSCT VIV
MEGLPENTIAWLLFCGELLAAP BAWGFETHNY DRGRVDFAGRVTDISC B VAL
L K TA L A Y Ak A DTN = WV F GEVTDIZCIVALN
AEEFEEAEAEEFAAA AT A A AT R A AT AR Ao &&
52 B0 70 80 g0 102
G- D ANYY LA P VI LTEVEALAADTY LEPESFTIDVENCQAL-DE--TEK
GEOHAGIGHNVHNLAPVELAEVHD RGAGAFPMEPQPFTLALSNCQLRHD GEAAS
= A ANVWLAPVEL EWV AR FLEP FTTI L3INCQ D=

103 110 120 130 140 153
ODDVBRELGVHNWNT GENLLAGAT RRQOGY LANTEARGACOHNIOLVLETDNATAL
QODEVREREVIVRWVDEFLLTAVGNENAGY LANTLPDGACQNIYLALSTNDNNTL
QDDYV EL W W = LL A N GYLANT FAQNTI L L3T L

154 160 170 180 190 204
T--NEIIPGDATOPRARGDASAVADGARFTYYVEYATSAPTTVTTGVVNISY

DESNEINPADPOQONOVRLOESAVE-GELF T Y YVEY VEPTPREBATECPITEW
NEITFPAD Q2 E gAVA GA FTYYVWEY 3 P 2 TG I 3w

205 213
ATYELTYIE-
ATWELVYIN-
ATWET YN

Fig. 2. Amino acid sequence alignment.of MrkA and MrkF. Alignment of MrkF

amino acid sequence with MrkA showed MtkF has a‘conserved pilin domain as MrkA.

The numbers on each section iridicate the residues number of MrkF.
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HgF\T Cigs Ciys Ciys er's CIOOH

1 a7 1m 184 2 327
< > —> <
Signal peptide receptor binding domain linker pilin domain
MrkDv3 1-327 a.a.
MrkDvV3INL 1-183 aa
MrkDv3N = 1-159 aa.

MrkDv3NS 1-120 a.a.

Fig. 3. Physical map of the recombinant proteins prepared in this study. The
N-terminal receptor binding domain of MrkDv3 is responsible for binding activity and
C-terminal pilin domain is responsible for assembly. The folding of each domain is
stabilized by conserved cysteine residues. A linker is located between these two domains.
The first twenty-two residues are signal peptides predicted by Clegg (34). The recombinant
proteins, MrkDv3, MrkDv3NL, MrkDv3N and MrkDv3NS, are indicated by lines under
the physical map. The rectangle marked on MrkDv3N indicates the position of the variable
region, Glyzo to Glnjs, on MrkDv3.
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Fig. 4. SDS-PAGE analysis of t mbil 'teins. The arrows indicate the
predicted recombinant proteins. The sample in €achla

carrying each of the following plasmi

T: total cell lysate; S: supernatant; P: pellet.
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Fig. 5. Competition assay. dMrkDv3N was used as a competitor against E. coli
carrying type 3 fimbriae with MrkDv3 in collagen IV binding assay. As increasing of

the amount of dMrkDv3, the recovered bacteria decreased.
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Fig. 6. Western blotting analysis of the recombinant E. coli displaying type 3
fimbriae. MrkF was expressed in E. coli and detected with anti MrkF antiserum. (A)
SDS-PAGE separated recombinant E. coli lysates stained with Coomassie brilliant
blue. (B) Western blotting analysis using anti MrkF antiserum.
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Fig. 7. Western blotting analysis of the purified type 3 fimbriae. MrkF protein was
co-purified with, and strongly associated with type 3 fimbriae. (A) SDS-PAGE
separated type 3 fimbriae stained with Coomassie brilliant blue. (B) Western blotting

analysis using anti MrkA antiserum. (C) Western blotting analysis using anti MrkF

antiserum.
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Fig. 8. Co-immunoprecipitation. Co-immunoprecipitation studies with anti-MrkA
and anti-MrkF antisera. The purified fimbriae of E. coli IM109[pmrk ABCDF] (lane 1,
2), JMI109[pmrkABCD] (lane 3, 4) and JMI109[pmrkABCF] (lane 5, 6) were
precipitated with anti MrkF antibody (odd lane) and anti MrkA antibody (even lane).
The purified fimbriae of E. coli IM109[pmrkABCDF] not added antibody as negative
control (lane 7). The blots were then probed with antiserum to the MrkA (A) and
MrkF (B) proteins listed at the right.
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Fig. 9. Electron mlcrograp M ‘W;F;F immuno-gold labeled pili.
Labeling was against the mmo;:usubuﬂy; "'T hé ntlbody distributed in the pilus

rod by several copies. The ma§%§f {; the position of MrkF in type 3

fimbraie. The gold size was 10 nﬁi‘.,, e scal 2 s represent: 200 nm in the picture
with whole bacteria; and 100 nm in the thp'}ﬁ‘?wo pictures.
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Fig. 10. Electron micrographs of the recombinant E. coli. (A)
HB101[pmrkABCDF], (B) HB101[pmrkABCD] and (C) HB101[pmrkABCF] were
negatively stained with 2 % phosphotungstic acid and imaged by TEM. The type 3
pili are clearly visible and fimbrial morphology including amount and length is quite

variable.
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Fig. 11. Collagen binding activity. of the recombinant E. coli. The recovered
bacteria were indicated as recovered percentage. Each bacterium is marked by its

expression plasmid. (A) collagen IV binding assay and (B) collagen V binding assay.
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Fig. 12. Biofilm formation of the recombinant E. coli. Each bacterium is indicated
by its expression plasmid. Results are expressed as the average of three independent
experiments (5 standard deviation). Quantification of biofilm formation was
determined by the absorbance of ODsgs for each of the E. coli variants.
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Fig. 13. Autoaggregative phenotypes. Light microscopy demonstrating the
autoaggregative phenotype of recombinant JM109 expressing MrkD variants. As a
control, the phenotype of bacteria transformed with vector only or pMrkABCF are
also shown. The effect of MrkF on autoaggregation was assessed by comparing
phenotypes of E. coli with or without MrkF.
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