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urinary tract compared to wild-type K. pneumoniae. FimK possesses an EAL domain that is characteristic of phosphodiesterases, which in many cases have been shown to modulate the
intracellular levels of cyclic diguanylate monophosphate (c-diGMP), although a direct effect of FimK on the levels of c-diGMP has yet to be experimentally demonstrated.
The second fimbrial group, type 3 fimbriae, of K. pneumoniae has been described by our laboratory and others (1, 14,
18, 35). These fimbriae are encoded by the mrk gene cluster
and mediate binding in vitro to human-derived ECMs prior to
biofilm formation on these surfaces (24, 28). The MrkD protein mediates binding to this substrate, whereas the MrkA
peptide constitutes the major fimbrial subunit that is polymerized to form the fimbrial shaft (22, 24, 28). MrkD mutants
produce nonadhesive fimbriae that facilitate biofilm formation
on abiotic surfaces, but the MrkD adhesin is required for
mature biofilm production on ECMs (24). Unlike type 1 fimbrial gene expression, the regulation of mrk gene expression is
poorly understood. The mrk gene cluster is not flanked by site
specific recombinases that mediate inversion of the fimS
switch, as seen in the E. coli fim system (29, 41). Instead, the
mrk cluster is adjacent to a three-gene cluster which encodes
gene products that exhibit amino acid relatedness to other
bacterial proteins involved in c-di-GMP sensing and modulation (Fig. 1). One of these genes, which we have designated
mrkJ, exhibits homology to EAL domain containing phosphodiesterases (11, 25, 37, 40). Consequently, we investigated
the role of MrkJ in type 3 fimbrial gene expression by K.
pneumoniae and its ability to function as a phosphodiesterase
by using in vitro assays and in a previously described system
used to detect this enzyme activity.

Klebsiella pneumoniae is an opportunistic pathogen responsible for a variety of nosocomial infections, including urinary
and respiratory tract infections. Colonization and subsequent
clinical infection of hospitalized patients by these bacteria is
frequently associated with insertion of medical devices such as
urinary catheters and endotracheal tubes. Both the coating of
these devices, in situ, by host cell matrix proteins and the
disturbance of epithelial surfaces after insertion of these devices provide the conditions that are favorable for bacterial
adherence to host cell extracellular matrix proteins (ECMs).
Following adherence, the organisms can grow as a biofilm at
these sites, and this property, along with the broad spectrum of
antibiotic resistance of most K. pneumoniae strains, makes
treatment of these infections very difficult (12, 13, 17, 32).
Two well-characterized fimbrial types have been described
in K. pneumoniae and have been implicated in mediating bacterial binding to host surfaces. Both fimbrial types are assembled using the chaperone-usher pathway described by Hultgren
and coworkers for P pilus assembly (23, 45). The type 1 fimbriae are closely related to those described in Escherichia coli
and mediate binding to mannosylated receptors on host cell
glycoconjugates. Although genetic regulation of K. pneumoniae
type 1 fimbrial gene (fim) expression has not been described in
detail, initial studies indicate that regulation is likely to be
related to that described for E. coli fimbriae (16, 20, 29, 41).
However, the K. pneumoniae fim gene cluster possesses a gene,
fimK, not found in the E. coli system that alters surface expression of these organelles (38). Mutants unable to produce FimK
are hyperfimbriate and are more able to colonize the murine
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MATERIALS AND METHODS
Strains, plasmids, and DNA manipulations. The strains, plasmids, and oligonucleotides used in the present study are listed in Table 1. Unless otherwise
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Klebsiella pneumoniae is an opportunistic pathogen that has been shown to adhere to human extracellular
matrices using the type 3 fimbriae. Introduction of plasmids carrying genes known to alter intracellular
cyclic-di-GMP pools in Vibrio parahaemolyticus revealed that these genes also altered type 3 fimbrial surface
expression in K. pneumoniae. Immediately adjacent to the type 3 fimbrial gene cluster is a gene, mrkJ, that is
related to a family of bacterial genes encoding phosphodiesterases. We identify here a role for MrkJ, a
functional phosphodiesterase exhibiting homology to EAL domain-containing proteins, in controlling type 3
fimbria production and biofilm formation in K. pneumoniae. Deletion of mrkJ resulted in an increase in type 3
fimbria production and biofilm formation as a result of the accumulation of intracellular cyclic-di-GMP. This
gene was shown to encode a functional phosphodiesterase via restoration of motility in a V. parahaemolyticus
strain previously shown to accumulate cyclic-di-GMP and in vitro using phosphodiesterase activity assays. The
effect of the mrkJ mutation on type 3 fimbrial expression was shown to be at the level of mrkA gene transcription
by using quantitative reverse transcription-PCR. These results reveal a previously unknown role for cyclic-diGMP in type 3 fimbrial production.
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FIG. 1. Organization of the type 3 fimbrial gene cluster. The transcriptional polarity of the mrk genes is indicated by the arrowheads. The mrkA
promoter (PmrkA) has previously been mapped, and the location of the PmrkJ and PmrkH promoters is based upon nucleotide sequence analysis.

activity and increase bacterial intracellular pools of c-di-GMP in V. parahaemolyticus, while the products of scrABC together exhibit phosphodiesterase activity
and lead to a net decrease in c-di-GMP concentrations (15). K. pneumoniae
possessing these plasmids were grown overnight on LB agar containing the
appropriate antibiotics with or without 0.5 mM IPTG. Type 3 fimbrial expression
of these strains was assayed as previously described by us (18, 21, 39).
Phosphodiesterase activity of MrkJ. Primer pair JGJ132 and JGJ122 was used
to amplify the intact mrkJ gene from K. pneumoniae IApc35. The gene was
subcloned into pGEM-T Easy by conventional techniques and subsequently
ligated into pACYC184 at the EcoRI-ScaI restriction sites, resulting in inactivation of the plasmid-borne cat. The recombinant plasmid bearing only the mrkJ
gene was used to transform V. parahaemolyticus LM6567 (⌬scrABC) and K.
pneumoniae strains. Restoration of the swarming phenotype in V. parahaemolyticus was determined as previously described (15). In addition, in vitro phosphodiesterase activity assays were performed using partially purified His6-MrkJ.
Briefly, mrkJ was amplified from IApc35 genomic DNA using the primers mrkJ-

TABLE 1. Strains, primers, and oligonucleotides used in this study
Strain, plasmid, or
oligonucleotide

Description or sequence (5⬘–3⬘)a

Source or reference

Strains
IApc35
IApc35⌬mrkJ
LM5674
LM6567
S17-1pir
SM10pir

Plasmid cured variant of IA565, type 3 fimbriae⫹
IApc35 mrkJ deletion mutant, highly type 3 fimbriate
⌬opaR V. parahaemolyticus
⌬scrABC mutant of LM5674
E. coli donor strain
E. coli donor strain

21
This study
14
14
6
6

Plasmids
pACYC184
pDS132
pDEST17
pENTR-D-Topo
pGEM-T Easy
pACYCmrkJ
LM2449
LM2796

Tetr Camr cloning vector w/p15A ori
Camr sacB suicide vector
Ampr Gateway compatible His6 tag expression vector
Kanr Gateway entry vector
Ampr subcloning vector
Tetr Cams pACYC184-derived vector with mrkJ inserted at EcoRI-ScaI
Genr broad-host-range vector carrying IPTG-inducible scrC
Genr broad-host-range vector carrying IPTG-inducible scrABC

ATCC, Manassas, VA
36
Invitrogen, Carlsbad, CA
Invitrogen, Carlsbad, CA
Promega, Madison, WI
This study
14
14

Oligonucleotides
JGJ80
JGJ81
JGJ82
JGJ83
JGJ122
JGJ132
JGJ135
JGJ136
JGJ137
JGJ138
JGJ143
JGJ144
JGJ145
JGJ146
rpoDqRT-PCRF
rpoDqRT-PCRR
mrkJGateway-F
mrkJGateway-R
mrkAqRT-PCRF
mrkAqRT-PCRR

CATGTCCAGCATCACCGTTG
CAAGGAGATCGGCGTTGTCG
CGACTGCCGACAATAAAGCC
ACGGCGGTAAAGCCCTGAACA
CCTGTTCACCTATTACGTTGGC
CCGGTAAATCAGTAGCGGAT
CTGCTGCTGTCTACTGACAAC
CTTAATACGCAGCGTCTGGC
CTACATCACCATACCGCTGC
AGGGTAAACGGCTGCGGTTTC
TCTAGACGTAGCGTACAGCGATATCA
GCGGCCGCCACCCTGGATAACGCTA
TCTAGAGGGAATGGAGTGGTTTGCTA
GCGGCCGCGTACCCTTGCCACAAGC
CTGACGCGCGACACCAT
GAACGCGATCCATCATGCT
CACCATGAACACTAAAATATTCGAAG
TTACATGGCAATATCATCGGC
GAACTGGACCGGCGGTAA
TCACCCGGGATGATTTTGTT

a

Camr, chloramphenicol resistance; Genr, gentamicin resistance; Tetr, tetracycline resistance; Ampr, ampicillin resistance; Kanr, kanamycin resistance.
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stated, all strains were grown in Luria-Bertani (LB) media at 37°C using antibiotics when appropriate at the following concentrations: ampicillin (100 g/ml),
gentamicin (50 g/ml), kanamycin (100 g/ml), spectinomycin (100 g/ml), and
tetracycline (25 g/ml).
Plasmid and chromosomal DNA preparations, restriction enzyme digests, and
other enzymatic reactions were performed according to the manufacturers’ protocols using commercially available materials.
Effect of EAL and GGDEF domain-possessing plasmids on type 3 fimbrial
expression. Plasmids LM2449 and LM2796 (kindly supplied by Linda McCarter,
University of Iowa) were introduced into Klebsiella strains by conjugation using
the donor strain E. coli S17-1pir carrying the appropriate plasmid (7). The
construction and characterization of LM2449 and LM2796 has been described in
detail elsewhere (15). LM2449 is a recombinant plasmid that contains an IPTG
(isopropyl-␤-D-thiogalactopyranoside)-inducible Vibrio parahaemolyticus scrC
gene and LM2796 contains an IPTG-inducible V. parahaemolyticus scrABC gene
cluster. The gene product of scrC has been shown to possess diguanylate cyclase
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RESULTS
Plasmids encoding phosphodiesterase or diguanylate cyclase activity affect type 3 fimbrial production. Plasmids
LM2449 and LM2796, encoding a functional diguanylate cy-

TABLE 2. Type 3 fimbria production and intracellular
c-di-GMP concentrations
K. pneumoniae
strain(plasmid)

c-di-GMPa

Titer with
fimbria-specific
serum

IApc35
IApc35(LM2449) –IPTG
IApc35(LM2449) ⫹IPTG
IApc35(LM2796) –IPTG
IApc35(LM2796) ⫹IPTG
IApc35(pACYC184⌬Cmr)
IApc35(pACYCmrkJ)

Normal
Normal/High
High
Normal/Low
Low
Normal
Low

5,120
10,240
40,960
⬍40
⬍40
5,120
⬍40

a

Predicted concentrations of intracellular c-di-GMP.

clase and phosphodiesterase, respectively, have previously
been used to determine the role of intracellular c-di-GMP
concentrations in V. parahaemolyticus (15). Consequently, we
used these plasmids to transform the parental strain K. pneumoniae IApc35 in order to determine whether overexpression
of these enzymes altered fimbrial production. Induction of
transformants carrying the diguanylate cyclase gene, scrC, on
LM2449 resulted in a 4-fold increase in surface fimbrial production after induction by IPTG (Table 2). However, the transformants carrying LM2796 bearing the inducible scrABC determinants together did not produce detectable levels of type 3
fimbriae postinduction. Similar results were also observed using noninducing culture conditions, although the LM2449
transformants exhibited a 2-fold increase in fimbriation, due to
basal-level expression of the plasmid-encoded diguanylate cyclase or phosphodiesterase (Linda McCarter, unpublished
data). The products of the scrABC genes have previously been
shown to decrease intracellular concentrations of c-di-GMP in
V. parahaemolyticus (15). Therefore, if LM2449 and LM2796
also affect intracellular concentrations of c-di-GMP in K. pneumoniae, fimbrial production is significantly affected by the levels of this molecule.
mrkJ encodes a functional phosphodiesterase. Because the
predicted amino acid sequence of MrkJ suggests a relatedness
to a family of bacterial enzymes exhibiting phosphodiesterase
activity we examined whether mrkJ produces a functional phosphodiesterase. V. parahaemolyticus strain LM6567 has previously been shown to lack this activity and was transformed with
the cloned K. pneumoniae mrkJ gene. These transformants
exhibited a swarming phenotype consistent with restoration of
phosphodiesterase activity in this mutant (Fig. 2A). Previous
work has demonstrated that the mutant demonstrates this
swarming phenotype in the presence of low intracellular levels
of c-di-GMP after introduction of a gene encoding phosphodiesterase activity (15). In addition, the phosphodiesterase activity of partially purified MrkJ was determined in vitro using the
phosphodiesterase-specific substrate bis(pNPP). Reactions
that contained MrkJ exhibited a significant 2-fold increase in
the release of p-nitrophenol compared to those containing
similarly purified MrkH (Fig. 2B). These results are consistent
with MrkJ being a functional phosphodiesterase.
Type 3 fimbrial production in a K. pneumoniae MrkJ mutant. Bacterial suspensions bound to nitrocellulose membranes
were probed with polyclonal antibodies specific to the type 3
major fimbrial subunit protein MrkA in order to determine the
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Gateway-F and mrkJGateway-R, cloned into the Gateway vector pENTR-DTopo (Invitrogen, Carlsbad, CA), and subsequently introduced into the His6tagged expression vector pDEST17 (Invitrogen) according to the manufacturer’s
protocol. MrkJ was batch purified using Ni-NTA resin under native conditions
and analyzed by SDS-PAGE. The PilZ domain containing protein, MrkH, was
purified in the same manner as a nonphosphodiesterase control. Phosphodiesterase activity assays were performed as previously described with 20 g of
protein in assay buffer (50 mM Tris-HCl, 1 mM MnCl2 [pH 8.5]) supplemented
with 5 mM bis(p-nitrophenol) phosphate (bis-pNPP) (6, 26). Reactions were
incubated for ⬃3 h at 37°C, at which points the release of p-nitrophenol was
quantified at 410 nm.
Construction of the MrkJ mutant of K. pneumoniae. The mrkJ and flanking
regions (⬃1 kbp on either side) were amplified from the K. pneumoniae IApc35
chromosome by using the primer pairs JGJ143/JGJ144 or JGJ145/JGJ146 and
were cloned into the vector pGEM-T Easy. The two regions were ligated together, incorporating an internal XbaI site into which the kanamycin resistance
cassette was cloned. Next, the K. pneumoniae derived sequences possessing the
DNA cassette were cloned into the suicide vector pDS132. pDS132⌬mrkJ-kn was
introduced into K. pneumoniae IApc35 by using the E. coli donor strain
SM10pir. After selection for transconjugants and resolution of plasmid sequences from the chromosome, by sucrose counter selection, deletion of mrkJ
was confirmed by standard PCR techniques.
Detection of type 3 fimbriae. The production of type 3 fimbriae was detected
by using monospecific antiserum as described in detail by our group (9, 38). In
addition, samples of bacterial suspensions were bound to a Protran BA85 nitrocellulose membrane (MidSci, St. Louis, MO) and probed with a primary antibody
raised against purified, denatured MrkA. A goat anti-rabbit secondary immunoglobulin serum conjugated to alkaline phosphatase (Sigma, St. Louis, MO) was
used to detect type 3 fimbria-positive bacteria. Ponceau S staining of immobilized
suspensions was performed to normalize protein concentrations bound for each
sample.
Biofilm assays. Crystal violet plate assays were performed in 24-well tissue
culture plates to determine the effect of the mrkJ mutation on biofilm formation
compared to its parental strain (19, 30, 34, 48). Wells containing 1 ml of LB broth
were inoculated with 10 l of an overnight culture and subsequently shaken on
an orbital shaker (110 rpm) for 20 h at 37°C. After gentle washing to remove
planktonic bacteria, biofilms were stained with 1% crystal violet and solubilized
using 95% ethanol, followed by measurement at 595 nm as previously described
(34, 43).
To eliminate the possibility that differences in biofilm formation were due to
differences in growth rates between strains, growth rates of planktonically grown
cultures were determined. All strains used in the present study exhibited similar
growth rates under these conditions.
Transcriptional analysis of the mrk gene cluster. Total RNA was prepared
from K. pneumoniae strains after growth on LB agar using a modified procedure
originally described by Chouikha et al. (8). Briefly, DNA was removed from
RNA preparations by using a DNA-free kit (Ambion, Austin, TX) and, prior to
cDNA synthesis, RNA preparations were examined for the presence of contaminating DNA by PCR. cDNA was generated by using a SuperScript III reverse
transcriptase kit (Invitrogen) as recommended by the manufacturer. The intergenic region spanning mrkA to mrkB was amplified from the cDNA library by
using the primers JGJ135 and JGJ136, that of the mrkB to mrkC region was
amplified using JGJ82 and JGJ83, the mrkC to mrkD region was amplified using
JGJ80 and JGJ81, and finally the mrkD to mrkF region was amplified using
JGJ137 and JGJ138. Amplicons were detected by using conventional electrophoretic techniques through 2% agarose gels.
qRT-PCR of mrk gene expression. cDNA isolated from K. pneumoniae strains
were prepared as described above. A portion (5 l) of the cDNA was added to
a 20-l quantitative real-time PCR (qRT-PCR) mixture containing 5 l of the
cDNA, 5 l of the appropriate primer mix containing 2.5 M concentrations
(each) of the primers used to assay for the expression of rpoD (rpoDqRT-PCRF
and rpoDqRT-PCRR) or mrk genes (mrkAqRT-PCRF and mrkAqRT-PCRR),
and 10 l of Power SYBR green Master Mix (Applied Biosystems, Foster City,
CA). Reactions were performed by using the Applied Biosystems 7300 RealTime PCR system, and mrk transcription was normalized to the rpoD concentrations.
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effect of an mrkJ mutation on type 3 fimbrial surface expression. Fimbrial production in K. pneumoniae IApc35 was detected when ⬃106 cells were immobilized on the nitrocellulose
membranes. In contrast, the MrkJ mutant produced detectable
amounts of fimbriae when as few as 105 bacteria were bound
(see Fig. 5A). Therefore, the deletion of mrkJ leads to an
⬃10-fold increase in the expression of surface-associated type
3 fimbriae. Ponceau S staining of these samples revealed that
strains IApc35 and IApc35⌬mrkJ exhibited similar binding to
nitrocellulose, and thus the results are indicative of decreased
fimbrial production and not due to differences in bacterial
binding to the membranes. The ability of K. pneumoniae
IApc35 and the MrkJ mutant to react with fimbria-specific
antiserum was also determined by serological agglutination
assays. Both strains exhibited high titers, with the MrkJ mutant
exhibiting a 4-fold increase over that of the parental IApc35
strain. In order to determine whether this increase could be a
direct result of c-di-GMP accumulation in the MrkJ mutant,
liquid chromatography-tandem mass spectrometry was performed on cultures normalized to the optical density at 600 nm
(Mass Spectrometry Facility at Michigan State University).
Parental IApc35 cultures exhibited a mean concentration of
0.994 ⫾ 0.035 nM c-di-GMP, whereas MrkJ mutant cultures
contained 4.078 ⫾ 0.699 nM c-di-GMP (P ⬍ 0.05). Therefore,
a ⬎4-fold increase in intracellular c-di-GMP concentrations in
the MrkJ mutant indicates that this protein is actively involved
in the modulation of c-di-GMP levels in K. pneumoniae. Transformants bearing the cloned mrkJ gene exhibited a nonfimbriate phenotype in these assays and did not react with fimbriaspecific antiserum. Both the parental strain and the MrkJ
mutant of K. pneumoniae bearing the recombinant mrkJ gene
exhibited no reactivity with immune serum.
Biofilm formation by K. pneumoniae IApc35⌬mrkJ is increased. The ability of K. pneumoniae strains to form biofilms
was compared by standard procedures to detect growth on the
surfaces of solid substrates (31, 34). The results of these assays
are shown in Fig. 3. Compared to the parental strain, the
IApc35⌬mrkJ mutant is significantly increased in its ability to
form a biofilm after 24 h of incubation (Fig. 3A). Transformation of the mutant with the cloned mrkJ reduced biofilmforming capabilities to levels significantly below that of parental IApc35 transformed with the vector control (Fig. 3B).
Growth curves of planktonically grown strains indicated that

there were no discernible differences in the growth rates between the mutant and its parent.
The mrkABCDF gene cluster in K. pneumoniae IApc35 is one
transcriptional unit. Prior to examining the affect of MrkJ on
type 3 fimbrial gene expression, we initially determined
whether the mrk gene cluster, encoding the structural and
assembly components of the type 3 fimbriae, is transcribed as

FIG. 3. Biofilm formation phenotypes of K. pneumoniae strains.
(A) Biofilm formation of K. pneumoniae strains IApc35 and IApc35
⌬mrkJ (****, P ⬍ 0.0001). (B) Comparison of K. pneumoniae strains
IApc35 and IApc35⌬mrkJ transformed with the empty vector control
(VC) to IApc35⌬mrkJ complemented with cloned mrkJ (**, P ⬍ 0.01;
***, P ⬍ 0.001). Statistically significant differences were determined by
using a Student t test.
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FIG. 2. Phosphodiesterase activity of MrkJ. (A) Swarming phenotypes of V. parahaemolyticus strains LM5674 and LM6567 (⌬scrABC)
transformed with the vector control compared to LM6567 transformed with a plasmid expressing intact MrkJ. (B) In vitro phosphodiesterase
activity assays comparing the ability of partially purified MrkH and MrkJ to cleave the phosphodiesterase-specific substrate bis(pNPP). Release
of p-nitrophenol was determined at 410 nm (***, P ⬍ 0.001). Statistically significant differences were determined by using a Student t test.
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data are consistent with the increased level of surface fimbrial
production by the mutant.
DISCUSSION

a single unit in K. pneumoniae IApc35 by detecting mRNA
from intergenic regions of the gene cluster. Representative
results are summarized in Fig. 4. Figure 4 demonstrates that
PCR amplicons of the predictable sizes could be generated,
after RT-PCR, for the intergenic mrkAB, mrkBC, mrkCD, and
mrkDF regions by using RNA isolated from strain IApc35. The
results with all combinations of primers indicate that the gene
cluster is arranged as a single transcriptional unit. We have
previously mapped the transcription initiation site of mrkA (1).
Similar results demonstrating monocistronic units have been
shown for other bacterial fimbrial gene clusters (2–5, 10). Since
mrkA encodes the major fimbrial subunit and this family of
genes is the most common target of fimbrial gene regulators in
fimbriae assembled by the chaperone/usher pathway, we examined whether the MrkJ mutant is altered in mrkA gene expression.
Transcription of mrkA is increased in the absence of MrkJ.
qRT-PCR was used to determine the level of mrkA gene expression in K. pneumoniae IApc35⌬mrkJ compared to the parental strain after growth under conditions for optimal type 3
fimbria formation. As shown in Fig. 5, the expression of mrkA
is significantly increased (6- to 7-fold) in the mutant. These

FIG. 5. Analysis of fimbrial expression in strains IApc35 and IApc35⌬mrkJ. (A) Cell suspension immunoblots with MrkA specific antibody.
Numbers represent the CFU bound to the nitrocellulose membrane. (B) qRT-PCR analysis of mrkA transcript levels in Klebsiella strains IApc35
and IApc35⌬mrkJ (**, P ⬍ 0.01). Statistically significant differences were determined by using a Student t test.
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FIG. 4. Single transcriptional unit of the mrk gene cluster. RT-PCR
analysis of the intergenic regions of the mrkABCDF operon was performed using primers described in the text to detect mRNA at these
regions. The location of the transcripts are indicated by the numbered
lines. Electrophoretic analysis was performed on reaction mixtures
possessing (⫹) or lacking (⫺) reverse transcriptase (RT). The sizes of
the cDNA amplicons were predicted from the locations of the primers
used.

K. pneumoniae type 3 fimbriae play a vital role in the development of biofilms, in vitro, on human ECMs. We have previously proposed that collagen molecules represent a class of
receptors recognized by the fimbrial adhesin MrkD (22, 27,
44). However, MrkD mutants that produce fimbriae without
ECM binding activity still form biofilms on abiotic surfaces (22,
24, 28). Therefore, the MrkA and MrkD proteins may both
play significant roles in forming biofilms on medically inserted
devices. K. pneumoniae is an opportunistic pathogen frequently
associated with infections in hospitalized patients with indwelling urinary catheters or endotracheal tubes leading to nosocomially acquired urinary and respiratory tract infections, respectively. The insertion of these devices also results in localized
damage to epithelial surfaces, leading to the exposure of basement membranes and formation of another ecological niche
where the type 3 fimbriae could play a role in the infective
process. The ability of bacteria to produce type 3 fimbriae
therefore is likely to play an important role in the initial stages
of the infective process and the subsequent development of
growth in compromised individuals.
The genetic regulation of fimbriae assembled by the chaperone-usher assembly pathway has been examined in E. coli
and Salmonella enterica serovars. In these cases it has been
demonstrated that the mechanism of gene regulation is diverse. For example, the gene encoding E. coli type 1 pili is
regulated by the fimS invertible switch that, depending upon its
orientation, controls the transcription of fimA (16, 41). In
Salmonella spp., however, fimA is regulated by at least two
activators (fimZ and fimY) and one repressor (fimW), with
FimZ being a DNA-binding protein (46, 47, 49). The E. coli P
pili and Salmonella Pef pili are also regulated by the production of DNA-binding proteins that are distinct from those
associated with the type 1 fimbriae (2, 5, 33). Consequently, it
appears that the production of enterobacterial fimbriae has
evolved to utilize diverse regulatory cascades.
In some groups of bacteria, pilus production has been shown
to be influenced by the intracellular concentration of the second messenger molecule c-di-GMP, which is mediated by
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which would normally be bound by a protein possessing a PilZ
domain such as that found on MrkH. If MrkJ does indeed
possess phosphodiesterase activity, increased expression of
MrkJ should result in decreased levels of c-di-GMP, leading to
poor fimbrial production. This is the phenotype observed in
the MrkJ mutant transformed with the cloned and functional
(see below) mrkJ gene. These transformants were completely
nonfimbriate in the presence of multiple copies of mrkJ, which
inhibited fimbrial assembly and production in an otherwise
strongly fimbriate strain. Analysis of the intracellular concentration of c-di-GMP in an MrkJ deletion mutant revealed that
the absence of MrkJ results in a net accumulation of c-di-GMP
in the cellular compartment as determined by mass spectroscopy. Introduction of the K. pneumoniae derived mrkJ determinant into a V. parahaemolyticus strain known to accumulate
c-di-GMP, and as a result exhibits decreased motility, resulted
in restoration of swarming motility back to that seen in the
parental strain. Also, the partially purified MrkJ protein possesses the ability to cleave the phosphodiesterase-specific substrate bis(pNPP). Taken together, these results, along with
those described above, indicate that MrkJ is a functional phosphodiesterase that mediates a decrease in the intracellular
concentrations of c-di-GMP, leading to decreased fimbrial production.
Recently, it has been suggested that type 4 pilus production
in Pseudomonas aeruginosa is inhibited by low intracellular
concentrations of c-di-GMP (11, 42). Type 4 pili are assembled
by a pathway distinct from the chaperone/usher pathway
used by many enterobacteria and used for type 3 fimbria production by K. pneumoniae. However, c-di-GMP may be an
important molecule influencing fimbrial production regardless
of pilus type and assembly machinery.
As for other fimbrial systems, it is likely that the regulation
of type 3 fimbrial production in K. pneumoniae involves a
complex and multifactorial regulon in which mrkJ is an important component. Currently, we are continuing to define this
regulon and are investigating the role of mrkHI in this system.
We have previously reported that some strains of K. pneumoniae possess additional regulatory factors involved in type 3
fimbria production (9). Since these organelles clearly play an
important role in biofilm formation, the regulation of type 3
fimbrial expression plays a contributing role to the virulence of
these bacteria.
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phosphodiesterase and diguanylate cyclase activities (10, 39).
Immediately adjacent to the K. pneumoniae mrk gene cluster
are three genes that we have designated mrkH, mrkI, and mrkJ.
The predicted amino acid sequence of MrkJ exhibits relatedness to bacterial phosphodiesterases possessing EAL domains
(11, 25, 40). Therefore, we investigated whether this gene
product exhibited phosphodiesterase activity and also played a
role in type 3 fimbrial expression in K. pneumoniae. In addition, we examined whether gene products that have previously
been shown to affect intracellular c-di-GMP concentrations in
V. parahaemolyticus could influence fimbria production in
Klebsiella.
In order to examine the effect of c-di-GMP in type 3 fimbrial
production, we first introduced the plasmids LM2449 and
LM2796 into K. pneumoniae IApc35. This strain has previously
been described by our group and is a plasmid cured variant of
the clinical isolate K. pneumoniae IA565 (22). It possesses only
one chromosomally borne copy of the mrk gene cluster, produces type 3 fimbrial filaments, and forms biofilms on abiotic
surfaces. Induction of the diguanylate cyclase encoding scrC
gene on plasmid LM2449 resulted in increased expression of
surface associated type 3 fimbriae, as determined by reactivity
with a specific antiserum. ScrC has previously been shown to be
responsible for increasing intracellular concentrations of c-diGMP in V. parahaemolyticus due to diguanylate cyclase activity. Inversely, the induction of the three-gene cluster scrABC
on LM2796 led to undetectable levels of type 3 fimbrial production by strain IApc35. This is most likely due to the phosphodiesterase activity exhibited by the scrABC genes previously reported to decrease intracellular c-di-GMP pools in V.
parahaemolyticus (15). These results taken together suggest
that the expression of the K. pneumoniae type 3 fimbrial
operon may be responsive to differing levels of intracellular
c-di-GMP. However, these transformants are likely to possess
relatively high or low levels of c-di-GMP due to the copy
number of the cloned heterologous genes in the K. pneumoniae
host. Nucleotide sequencing of the region adjacent to the mrk
gene cluster of K. pneumoniae has revealed a three-gene cluster convergently transcribed to the mrkABCDF operon and
includes one gene (mrkJ) that exhibits amino acid relatedness
to other genes known to modulate intracellular levels of c-diGMP by phosphodiesterase activity. Of the other two genes the
mrkH gene product is predicted to contain a PilZ c-di-GMP
binding domain and the mrkI gene is predicted to encode a
transcriptional regulator containing an uncharacterized N-terminal region and a C-terminal LuxR-like DNA-binding domain. MrkH and MrkI are currently under investigation. To
address the role that MrkJ plays in type 3 fimbrial expression,
a site-directed deletion mutant of mrkJ was constructed.
Increased fimbrial production by the MrkJ mutant compared to the parental strain was observed with fimbria-specific
antiserum. The parental strain is a strongly fimbriate organism
and the increase in fimbrial production by the mutant is detectable but may be limited by the number of fimbriae that can
be polymerized in these strains. However, the mutant consistently exhibited increased ability to form biofilms on abiotic
surfaces which is consistent with increased fimbria production.
Also, transcriptional analysis showed that the mrkJ mutation
led to a significant increase in mrkA gene expression. It is
possible that MrkJ limits the availability of free c-di-GMP,
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