Identification of the Outer Membrane Immunoproteome of the Uropathogen
Proteus mirabilis: Insights into Virulence and Potential Vaccine Candidates

by

Greta Renee Nielubowicz

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Microbiology and Immunology)
in The University of Michigan
2010

Doctoral Committee:

Professor Harry L.T. Mobley, Chair
Professor Victor J. DiRita

Professor Michele S. Swanson

Associate Professor Matthew R. Chapman
Associate Professor Kathryn A. Eaton



DEDICATION
To Mom and Dad — Thank you for teaching me the value of education and instilling in
me the belief that I could do and be whatever I want to in life. Your unwavering love and

support mean more to me with each passing day.

To Cara — Thank you for being the best sister and friend I could ever hope for. I have

always looked up to you and always will.

To Brent — Thank you for being my best friend, the love of my life, and my partner in all

of life’s adventures. I feel so lucky to have you as my husband, and I could not have

done this without your love and support.

1



ACKNOWLEDGEMENTS

All animal experiments described in the ‘Results’ sections of this dissertation
were carried out with the assistance of Sara N. Smith. We respectfully acknowledge her

contributions to this work with gratitude.

i1



TABLE OF CONTENTS

DIEAICALION ...ttt ettt ettt et sttt nees il
ACKNOWICAZEIMENLS........eieiiiiiiieiieeie ettt ettt ettt et e eeeebeesateenbeessneensaesaneens il
LSt OF FIGUIES ..cetieniieiteeieeete ettt ettt ettt et e st e e esaaeenbeesnbeesaeenaaas viii
LSt OF TADIES ..ottt et st ix
AADSTIACE ...ttt h ettt sh et e a e bt et eat e bt et e b X
CHAPTER L. INtroduction.....cccuececseeeisseecsssnecssnecssnecsssnncsssnecssssscssssscsssssssssssssssassssasssses 1
Proteus mirabilis, a causative agent of complicated urinary tract infections............... 1
General introduction to P. miraDbilis ..............ccccovoiiiiiiiiiiiiiniiiiieiteeeseeee e 1
Complicated UTT ......ccuieiiieiiieiieeieeie ettt ettt e ees 2
SWarmMing MOTIILY ...c.veeeeiiiieiieecie et e e be e e ea e e e teeeenaeeseneees 4
Pathogenesis during UT........cccoiiiiiiiiiiieie ettt svee e 6
Flagella-mediated MOtIIILY ........eeeiiieeiiieciieeee et 6
FIMDIIAC ...ttt 8

IMERIP ettt et ettt et ae et ettt et neeaeeneas 9

UCA (INAF) ettt ettt sttt st e st enaesneens 15

AT ettt ettt 18

PIME ettt 19
PP ettt 20
Reciprocal regulation of adherence and motility ..........cccoeevvevcieerieeciienieeiieiene, 21

TOXIMS ..vteeetieeeiieeeetee et e ettt e et e e et e e et e e e e teeessbee e sbee e sseeessaeessaeessseesnsseessseeesnseeenns 24

v



HEMOLYSIN ...ttt et et 24

Proteus toXic a@ZIULININ ........cccuieiiiiiieiieeie et 25
UTBASE vttt ettt et sttt ettt e s e et e st et e sat e st e nae e e b e aee 26

A ES] ] TeTa 138 ) U () o D USSR 28
TEOM et 28

ZUNIC ettt b et h ettt e b e et e ae e 30

ZAPA ettt et e sttt e st e e st e e ebe e e e bt e e eabee s 31
Type IT1 SECTEtION SYSIEM....cccuiieeiiieeiiieeiieeeiteeeteeeeree et eeeeeaeeetaeeeaaeeeneeesseaens 34
Treatment and Prevention ............coccevieiiiriiiiinieneeeceeeee e 35
Vaccine Development against P. mirabilis...............cceeeeeveeeceenieeiiienieeieeeeennns 37

CHAPTER II. Outer Membrane Antigens of the Uropathogen Proteus mirabilis
Recognized by the Humoral Response during Experimental Murine Urinary Tract

INFECHION couueeenreeniiiiiniectinttnntenseentesteestessneessesssessssesssnssssesssnssssesssnssssssssassssssssassssessns 44
ADSTIACE ..ttt et b ettt b ettt et 44
INEEOAUCTION ...ttt ettt ettt et 45
Materials and MEthOdS ..........ooieriiiiiiiiiiei s 48

Strain and culture CONItIONS. .........ccerviiriiiiiiiiinieier e 48
Isolation of outer MEeMbBIanes...........cooeeiiiiiiiiiiiiee e 48
Two-dimensional gel electrophOoresis. ........ccevcuierieeiiieriieiiece e 49
SETUINL 1.ttt ettt e b e sat e e bt e sat e et esabeeabeesbeeenbeenaneens 50
WESLEIT DIOL. ...t st 50
MASS SPECLIOIMETITY. «eeeeuiiiiieeeiiiieeeeiiiee e e et ee e ettt e e ettt e e e e sbbeeeeeabbeeeseabeeeeesnraeeenns 51
Construction Of MULANTS. ........ooiiiiiiiiieeieeie et e 51
CBA/J mouse model of urinary tract infection. ...........cccoeceeevvveriieiieniieeiecreenen. 53
RESULLS ...ttt st e b e ettt et e s e e esaeas 55



Mice with experimental P. mirabilis urinary tract infections have varied antibody

LR 010) 0 1T USSR 55
Sera from infected mice recognize outer membrane antigens. ..........cccceeveevuennnene. 55
Selection of potential vaccine candidates. ..........ccoecveeriiieeniieeniieeeeeee e 61

Two outer membrane antigens involved in iron acquisition contribute to P.

mirabilis virulence in the Urinary tract.........cccccveeeeieeeciieecieecee e 62
DISCUSSION ...ttt ettt et sttt et b ettt s bt et et e sbeeteeaeesbeenaeeanes 68
Appendix (Unpublished Data) ..........cocerirviiniiniiiiiieieeeeeceeeee e 75

CHAPTER III. Zinc Uptake Contributes to Motility and Provides a Competitive

Advantage to Proteus mirabilis during Experimental Urinary Tract Infection........ 79
ADSTIACE ..ttt et ettt b et et 79
INEEOAUCTION ...ttt ettt st et 80
Materials and MEthOdS..........ooeeiiiiiniiieieeeee e 83

Strains and culture CONAItIONS. ....c.eeverieriiiiiiiieniecee e 83
Construction Of MULANTS. .......eiiiiiiiiiieei et 83
COMPIEMENLALION. ....eevtieiiieiieeiieeiie ettt ettt et sieeeteesateesbeesseeenbeesteeenbeessneenseas 85
Quantitative reverse transcriptase PCR (QRT-PCR)......cccceevvieeiiieiiiiiciieeeiieens 85
Swimming and swarming mMoOtility..........cccceerieeiiienieriiienie et 86
WESLEIT DIOL. ... e 86
CBA/J mouse model of urinary tract infection. .............cceceeeveeniiiiienieeniecieee. 87
StatistiCal ANALYSIS. ..ecuviieiiieieiie e e e 88
RESULLS ...ttt st e b e ettt et e s e e esaeas 89
ZnuC plays a role in zinc acquisition in P. mirabilis.............ccccceeveevevcecneencnnnns 89
Zur represses eXPression Of ZHUACB. .......cccuvveveieeeiieeeiee ettt 94
Zinc uptake contributes to swarming and swimming motility..........c..cccccceeeueeen. 100

vi



ZnuC contributes to, but is not required for, virulence of P. mirabilis in the

L D0 F21 7 8 2Tt SRS R 104
DISCUSSION ...itieniieeiie et ettt et e ettt e et e steeebe e teeesbeesaeenbeeseeanseesaesnseeseesnseenses 108
Appendix (Unpublished Data) ...........ccccoevieiiiiiiieniieiieieeeeee et 113

CHAPTER IV. DISCUSSION ...uucovuiirensinsunssenssessasssesssessssssasssssssssssssssssssssassssssassssssssss 117
S 5] 1<) 1 (oL TSR 128

vil



LIST OF FIGURES

Figure 1. Western blots of P. mirabilis HI4320 lysate reacting with sera from mice
experimentally infected with P. mirabilis HI4320. ........ccovvevviiiiiiieieeieeeeeeeee e 56

Figure 2. Sera from infected mice recognize outer membrane antigens..............c.c....... 57

Figure 3. Putative iron acquisition outer membrane proteins contribute to P. mirabilis
HI4320 virulence in the murine model of urinary tract infection. ............cccecceeveveerieennnnnn. 65

Figure 4. PMI0842::kan and PMI12596::kan are each maintained during a seven-day

coculture With Wild tyPe......ccceevuiiiiiiiiiiiieiee e 66
Figure 5. Sample purification of PMIO842. .........cccveeeiieiiiieeieeeee e 76
Figure 6. Intranasal vaccination with PMI0842 does not protect mice from transurethral

challenge with P. mirabilis HI4320. .......cc.ooeiiieeiieeeee ettt 77
Figure 7. Expression of znuACB is induced by zinc limitation. .........c.cceeceeveerverveneennene 90
Figure 8. Growth of znuC::kan compared with wild type. ........cccvivveviiiniiiinieeieeenn 91
Figure 9. znuC::kan is outcompeted by wild type during coculture in minimal medium.

........................................................................................................................................... 93
Figure 10. znuC::kan is maintained during a seven-day coculture with wild type in rich

CUTUIE MEAIUIML. ..ttt ettt ettt st e e 95
Figure 11. znuC::kan is more sensitive to TPEN than wild type........cccoceevieniiiiiiennnns 96
Figure 12. zur::kan is more sensitive to zinc than the wild-type strain. ..............ccoe....... 97
Figure 13. znuC::kan swarms significantly less than wild type.........cccecvveriieriennnnnen. 101
Figure 14. Flagellin transcript and protein levels are decreased in znuC::kan. ............. 105

Figure 15. ZnuC contributes to fitness of P. mirabilis in the urinary tract, but is not

TeqUITEd fOT INTECTION. ...viiiiiieciie ettt e et e e eea e e eeaeeenes 106
Figure 16. Zur is not required for infeCtion. ..........cccueevuieeiieniiniiieieeieeee e, 114
Figure 17. zur::kan is outcompeted during in vitro coculture with wild type................ 116

viil



LIST OF TABLES

Table 1. Primers used to generate and confirm mutations in P. mirabilis HI4320........... 52
Table 2. P. mirabilis antigens predicted to be in the outer membrane ..............ccoceuvee 59
Table 3. Soluble and inner membrane proteins identified as P. mirabilis antigens.......... 60

Table 4. Assessment of virulence of mutants of selected antigens in cochallenge studies
........................................................................................................................................... 64

Table 5. Primers used for mutagenesis and qRT-PCR. ............cccoeieiiiiiiiieniiieees 84

X



ABSTRACT

Proteus mirabilis, a gram negative bacterium, represents a common cause of
complicated urinary tract infections (UTIs) in catheterized patients or those with
functional or anatomical abnormalities of the urinary tract. To systematically identify
surface-exposed antigens, proteins in the outer membrane fraction of bacteria were
separated by 2D gel electrophoresis and subjected to Western blotting with sera from
mice experimentally infected with P. mirabilis. Proteins recognized by sera were
identified by mass spectrometry. Thirty-seven antigens (including 24 outer membrane
proteins) to which a humoral response had been mounted were identified; these antigens
are presumably expressed during infection and therefore represent potential virulence
factors. Six representative antigens were selected for further study. Of these antigens,
three played no apparent role in pathogenesis, as strains with isogenic mutations were not
attenuated in the mouse model of ascending UTI: a putative secreted 5’-nucleotidase
(PMI10047), RafY (PMI10288), and FadL (PMI1810). However, two putative iron
acquisition proteins, PMI0842 and PMI2596, both contribute to fitness in the urinary
tract. The sixth antigen, ZnuB (PMI1150), was annotated as the inner membrane
component of the high affinity zinc (Zn>") transport system ZnuACB. Components of
this system have been shown to contribute to virulence in other pathogens; therefore, the
role of ZnuACB in P. mirabilis was investigated by constructing a strain with an
insertionally interrupted copy of zauC. The znuC::kan mutant was more sensitive to zinc

limitation than wild type, was outcompeted by wild type in minimal medium, displayed



reduced swimming and swarming motility, and produced less fla4 transcript and flagellin
protein. Production of flagellin and swarming motility were restored by complementation
with znuCB in trans. Swarming motility was also restored by the addition of Zn*" to agar
prior to inoculation. ZnuC offers a competitive advantage during urinary tract infection.
Since we demonstrated a role for PMI0842, PM12596, and ZnuC in UTI, we hypothesize
that there is limited iron and zinc present in the urinary tract and that P. mirabilis must

scavenge these ions to colonize and persist in the host.
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CHAPTER I. Introduction

Proteus mirabilis, a causative agent of complicated urinary tract infections

General introduction to P. mirabilis

Proteus mirabilis is a motile, Gram negative bacterium. The genus Proteus is a
member of the family Enterobacteriaecae (178, 179). The first description of Proteus
bacteria was made in 1885 by Hauser, who named them for the character in Homer’s
Odyssey who ‘has the power of assuming different shapes to escape being questioned’
(81). This name is most likely in reference to the most distinguishing characteristic of
Proteus species, swarming motility. Swarming motility is a specialized form of motility
which involves the differentiation of bacterial cells into elongated forms that become
covered with flagella; the cells then migrate across surfaces en masse. This characteristic
behavior is described in more detail below. There are currently four recognized species
of Proteus: P. mirabilis, P. penneri, P. vulgaris, and P. myxofaciens (179). These
Proteus species are widely disseminated in the environment and are found in soil and
water samples.

Three of the four species (all except P. myxofaciens) are also associated with
opportunistic human infections. Of these three, P. mirabilis is most often isolated from
infections; it is hypothesized that the reason may be a higher carriage rate of P. mirabilis
in human intestines. P. mirabilis has been isolated from the respiratory tract, eyes, ears,

throat, skin, and burns and is speculated to be a possible cause of gastroenteritis (41, 90,



178, 189). P. mirabilis is also a major cause of complicated urinary tract infection (UTI).
In addition to its role as an opportunistic pathogen, there also appears to be a connection
between infection with P. mirabilis and rheumatoid arthritis (54, 55, 184); it is proposed
that subclinical urinary tract infection with P. mirabilis may lead to the development of

cross-reactive antibodies.

Complicated UTI

As briefly mentioned above, P. mirabilis is a major causative agent of
complicated UTI. Perhaps it is not surprising, given its identity as an opportunistic
pathogen, that P. mirabilis is rarely associated with UTI in patients that are otherwise
considered healthy; these types of infections, often referred to as community-acquired or
uncomplicated UTIs, are caused by Escherichia coli in the vast majority of cases (204,
242). Instead, P. mirabilis is associated with complicated UTIs that occur in patients
who have functional or anatomical abnormalities in the urinary tract or are undergoing
catheterization (243, 244). Catheter-associated UTIs are the most common type of
nosocomial infection, totaling over one million cases annually (225). Although
complicated UTIs are often polymicrobial, P. mirabilis has been documented in as many
as 44% of cases (244). Other bacterial species commonly detected in polymicrobial UTIs
include E. coli, Klebsiella pneumoniae, Providencia stuartii, and Morganella morganii,
as well as the other Proteus species P. penneri and P. vulgaris (149). Another important
distinction between uropathogenic E. coli (UPEC) and P. mirabilis, besides the types of
UTIs they cause, is that UPEC are a very specific subset of E. coli; however, it appears
that all strains of P. mirabilis, regardless of isolate origin, are capable of causing UTI

(176, 216).



UTIs typically occur in an ascending fashion. Bacteria colonize the periurethral
area and gain access to the bladder through the urethra; in catheterized patients,
colonization of the catheter provides direct access to the bladder. Once bladder
colonization has occurred, bacteria can ascend the ureters to gain access to the kidneys.
From there, the infection may spread into the bloodstream. Proteus UTIs are typically
persistent infections that are difficult to treat (189). Complications of these infections
include the development of bacteriuria, urinary tract obstruction, and the formation of
bladder and kidney stones (209, 241, 244). In catheterized patients, P. mirabilis UTI can
lead to catheter encrustation, which can subsequently result in obstruction of the flow of
urine through the catheter. Once the infection has reached the kidneys, severe
histological damage can occur. These infections, if left untreated, can result in sepsis
(2406).

The serious complications that can result from and the public health impact of P.
mirabilis UTIs have resulted in vigorous research into the bacterial virulence factors that
contribute to this disease (45, 90, 189). P. mirabilis HI4320 is a prototypical UTI isolate
that was recovered from the urine of an elderly female nursing home patient with an
indwelling catheter (149); recently, this strain was sequenced and annotated, which
provided new insight into putative virulence factors encoded by this species (174). The
development of a vaccine against P. mirabilis is also an active area of research. There is
a defined population that would benefit from its development, namely, patients with

known abnormalities of the urinary tract or those at the onset of long-term



catheterization. Considering the difficulty in treating these infections once they occur, a

vaccine could have a major impact on patient care.

Swarming motility

As alluded to above, perhaps the most distinctive characteristic of P. mirabilis
(and other Proteus species) is swarming motility. Swarming motility, simply defined, is
“the movement of highly elongated and flagellated swarm cells across the surface of a
solid medium in periodic cycles of movement and consolidation” (250). Considering the
fact that this specialized form of motility was first reported by Hauser in 1885 (81), and
has therefore been the subject of research for almost 125 years, our understanding of this
behavior is still relatively poor.

P. mirabilis cultured in broth (referred to as vegetative swimmer cells) are
typically 1-2 um long; after inoculation onto solid agar medium, the cells undergo a
drastic morphological change and they increase to 20-80 um in length. As the shorter
cells elongate, there is a corresponding increase in the number of flagella per cell; short
cells typically have 1-10 flagella, but the number of flagella present on the elongated
cells has been estimated to be between 500-5,000 (85). In addition, the rate of DNA
replication remains constant even though septation is inhibited (69); thus, swarmer cells
are polyploid. These morphological changes are referred to as the process of
differentiation; differentiation is required for swarming motility. Swarming is typically
thought about in terms of three stages: differentiation into swarmer cells, the migration of
swarmer cells across a surface, and de-differentiation (or consolidation, the return to

shorter cells). In addition, it is possible that recognition of an environmental cue is



necessary to begin differentiation. A defect at any stage of this process could result in
either abnormal or a complete lack of swarming.

It is important to distinguish between swimming motility and swarming motility.
Although both are forms of flagellar-mediated motility, they are quite different from each
other. Swimming motility is thought of as an individual endeavor, while swarming
requires movement of a group of bacteria (80). Individual swarmer cells do not have the
ability to swarm by themselves (34). Proteus swarming is also different from the
swarming motility observed in other types of bacteria; Proteus swarming seems to be
uniquely regulated in temporal cycles (8). This temporal regulation is easily observed by
monitoring swarming motility over the surface of agar plates, and is the cause of the
characteristic bulls-eye pattern of swarming colonies.

Although early reports hypothesized that the formation of swarm cells was a
response to the deterioration of nutritional conditions (akin to a stress response (152,
191)), it is now generally accepted as a normal part of the life cycle of P. mirabilis. Early
reports also suggested that swarming was a negative chemotactic response (129), but later
reports refuted those claims (249). Although the cues that initiate swarming are not
completely understood, the inhibition of flagellar rotation and sensing of glutamine play a
role (8, 9, 27, 30).

One of the reasons that swarming behavior is not better understood probably
stems from that fact that much of what is known has been deduced from identifying
strains with mutations that affect swarmer cell differentiation and migration (26-28, 30,
185). Swarming is a complex process that is apparently affected by many genes. Thus, it

has not been easy to identify a common thread between many of these mutations.



Combining these vast amounts of data in a meaningful way has been challenging, and

swarming motility is still an active area of research.

Pathogenesis during UTI

Discovery of much of the information in the following section has been made
possible by the availability of a mouse model for ascending urinary tract infection. Most
of this work was carried out using a modification of the protocol designed by Hagberg
and colleagues (75). This procedure involves the sedation and temporary catheterization
of mice; the inoculum is delivered through the catheter and introduced directly into the
bladder. In general, most studies from our lab have utilized CBA/J mice; others have
used BALB/c mice. This mouse model has been extremely valuable, especially since it
recapitulates many important aspects of human infection. Bladders and kidneys of mice
can be colonized. P. mirabilis can also spread from the tissues of the urinary tract to
cause a systemic infection, as assessed by enumerating bacteria present in the spleen
following transurethral inoculation. Additionally, stone formation in the urinary tract
occurs, which is a hallmark of infection with P. mirabilis in human patients. In addition
to an animal model, in vitro cell culture systems have also been utilized to characterize
various virulence factors. Importantly, P. mirabilis is amenable to genetic manipulation;
although not as straightforward as in E. coli, the generation of isogenic mutations is

possible.

Flagella-mediated motility

When the annotation of the P. mirabilis HI4320 genome was completed, perhaps
one of the most surprising findings was that all flagellum-related genes are located

together within a single locus, which is highly unusual (174). Another interesting feature



is the copy of multiple genes encoding flagellin, fla4 and flaB, which are located in direct
proximity to each other (29). Normally, the flaA allele is expressed while flaB is silent
(25). However, these genes can recombine, resulting in the formation of antigenically
distinct flagella (25, 160). Considering that flagellin is strongly antigenic, it has been
postulated that this recombination could contribute to immune evasion during infection.

The regulation of flagella-mediated motility in P. mirabilis appears to be similar
to that in E. coli. That is, there appears to be a hierarchy of regulation composed of three
classes (42, 217). Class I is comprised of FIhDC, the “master regulators” of flagellar
motility. The FIhDC complex activates expression of Class II genes, which encode
proteins necessary for basal body and hook formation, as well as FliA. Production of
FliA, a transcription factor, results in the expression of the Class III genes, including
flagellin.

The contribution of swarming motility to virulence of P. mirabilis remains a topic
of great debate in the field (6, 7, 92, 143, 260). Interestingly, it appears that the
expression of at least some virulence genes seems to be higher in swarmer cells than
vegetative cells (10, 62, 239). However, in vivo, it appears that swarmer cells are in the
minority (92, 257). It has been well documented that P. mirabilis can swarm across the
surface of urinary catheters (102, 154, 194); therefore, it seems likely that this
morphotype is encountered during human infection, at the very least during early stages.

It is difficult to apply classical genetic methods to distinguish between the
contributions of swimming and swarming motility in vivo, since both types of motility are
flagella-mediated. It is clear, however, that the production of flagella contributes to

pathogenesis. A nonmotile mutant lacking flagella was generated by interrupting flaD,



which encodes the flagellar cap protein; this mutant synthesizes wild-type levels of FlaA
but cannot assemble flagella (143). The FlaD" strain was significantly impaired in its

ability to infect mice; this strain was recovered in numbers approximately 100-fold lower
than the control strain (143). However, flagella do not appear to be absolutely necessary
for infection, as a P. mirabilis strain lacking flagella has been isolated from a human UTI

patient (260).

Fimbriae

A role for fimbriae in P. mirabilis pathogenesis was suggested 35 years ago when
microscopic evaluation of renal tissue from infected rats revealed the presence of piliated
bacteria (212). The strain of P. mirabilis used in the study was isolated from a patient
experiencing UTI and produced two distinct types of fimbriae; one was 4 nm thick and
the other was 7 nm thick (212). These fimbriae could be selected for based on culture
technique; bacteria cultured to enrich for the 7 nm fimbria were more virulent in the rat
model than bacteria cultured to enrich for the 4 nm think fimbria (212).

Historically, fimbriae of P. mirabilis were characterized by their
hemagglutination (HA) properties and fell into two classes based on this activity:
mannose-resistant/Proteus-like (MR/P) and mannose-resistant/K/ebsiella-like (MR/K).
As the names imply, HA activity of both types of fimbriae was resistant to mannose (i.e.,
addition of mannose did not inhibit HA); fimbriae with MR/P activity resulted in
agglutination of fresh (but not tannin-treated) erythrocytes, while fimbriae with MR/K
activity resulted in agglutination of tannic acid-treated (but not fresh) erythrocytes. MR/K
HA activity appeared to be associated with thin fimbriae (approximately 4-5 nm wide),

and MR/P HA activity was associated with thicker fimbriae (7-8 nm wide) (167). A



collection of P. mirabilis strains was assessed for MR/P and MR/K HA activity; 100% of
strains displayed both types of activity (1, 167). MR/P activity resulted in agglutination
of erythrocytes from a broad spectrum of species; the majority of strains were able to
agglutinate fowl, guinea pig, horse, sheep, and human erythrocytes (1, 167). The MR/P
HA activity has been associated with the MR/P fimbriae encoded by P. mirabilis
(discussed in detail below), while the fimbria(e) responsible for MR/K HA activity
remains unclear.

Recently, the sequencing and annotation of P. mirabilis strain HI4320 revealed that a
plethora of putative fimbriae are encoded in the genome; there are 17 chaperone-usher
fimbrial operons and 13 additional orphan fimbrial genes (not associated with a complete
operon) (174). Given that P. mirabilis can express more than one type of fimbriae at the
same time (1, 21, 112, 144, 167, 212) and the large number of putative fimbriae encoded
in the genome of at least one uropathogenic isolate (174), work characterizing P.
mirabilis fimbriae must be performed with carefully designed controls.

To date, only five of these fimbriae have been characterized experimentally:
mannose-resistant/ Proteus-like (MR/P), uroepithelial cell adhesin (UCA, also called NAF
for nonagglutinating fimbriae), ambient temperature fimbriae (ATF), Proteus mirabilis
fimbriae (PMF), and Proteus mirabilis P-like fimbriaec (PMP). These fimbriae are

described in greater detail below.

MR/P

As described above, mannose-resistant/Proteus-like (MR/P) HA activity and
associated fimbriae were first described and assessed in P. mirabilis by hemagglutination

and microscopy (1, 167, 212). The fimbria associated with this activity was identified



and named the MR/P fimbria (21). Genes responsible for production of MR/P fimbriae
are contained within two divergently transcribed segments, mrpABCDEFGHJ and mrpl
(23).

Structural components of the fimbria are encoded on the mrpABCDEFGHJ
transcript: MrpA is the major pilin (22, 23); MrpB is the fimbrial terminator (122); MrpE,
MrpF, and MrpG are predicted to be minor pilins (23); and MrpH is the tip adhesin (119).
MrpC and MrpD are the putative usher and chaperone, respectively, that aid in assembly
and secretion of the fimbria (23). MrpJ, a regulatory protein that is not a structural
component of the fimbriae (119), is described in more detail in the next section of this
chapter (Reciprocal regulation of adherence and motility, below). Mrpl is a recombinase
that regulates expression of MR/P fimbriae. Downstream of mrpA, there is a putative
stem-loop structure that is hypothesized to function as a transcriptional terminator or
attenuator (22, 23); this structure would allow for production of greater amounts of MrpA
(the major structural subunit) relative to the other proteins (including the minor subunits)
that are encoded downstream on the same transcript.

As described above, mrpl and mrpABCDEFGHJ are divergently transcribed (23).
Promoter sequences have only been found upstream of mrpl and mrpA, suggesting that
genes mrpABCDEFGHJ are located on one transcript (23). The intergenic region
between mrpl and mrpA contains an invertible element flanked by inverted repeats (255).
This invertible element contains a canonical 6’° promoter that, when in the proper
orientation, drives expression of mrpA (255). Mrpl is the recombinase that controls
switching of the invertible element (255). Mrpl mediates bi-directional switching; that is,

Mrpl can change the promoter position both from ON to OFF (thereby shutting off
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expression of MR/P fimbriae) and also from OFF to ON (thereby turning on fimbrial
expression) (255). Furthermore, Mrpl is the sole recombinase that performs these
functions; an isogenic null mutant is incapable of changing promoter orientation (121).
In contrast to mrpA, expression of mrpl is independent of invertible element orientation
(255). The development of a PCR-based screen that differentiates between MR/P ON
and MR/P OFF bacteria within a given population has proven a valuable tool for studying
MR/P fimbrial expression and regulation (255). In addition, generation of the mrpl null
mutant (which, again, is incapable of mediating switching of the invertible element)
allowed the isolation of strains that had the promoter permanently in either the ON or the
OFF position (the “locked on” or L-ON strain and the “locked off” or L-OFF strain,
respectively) (121).

Strains of P. mirabilis with mutations in mrpA, mrpB, mrpG, and mrpH have
contributed to understanding of the function of MR/P fimbriae and the roles of these
individual components. MrpA, MrpG, and MrpH are required for the formation of
fimbriae on the surface of the bacterial cell (21, 119, 125, 259). Perhaps it is not
surprising, then, that most of these proteins are also required for MR/P HA activity (21,
119, 125, 259). MrpH, the tip adhesin, functions as the hemagglutinin (119); site-
directed mutants of MrpH in lacking N-terminal cysteine residues (C66S and C128S),
when expressed in E. coli, allowed formation of fimbriae but lacked HA activity (119).
However, MrpH may not be the only source of MR/P HA activity in P. mirabilis; the
MrpH mutant retained limited HA activity (119). In contrast, the MrpG mutant (which
does not assemble fimbriae) lacked detectable HA activity (125). The reason for this

discrepancy is unclear. The MrpB mutant produced significantly longer fimbriae than
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wild type, yet displayed reduced HA activity (122); it was hypothesized that the longer
fimbriae were more fragile and more prone to being sheared off the surface during
sample preparation, resulting in the loss of the hemagglutinin (MrpH) (122). In addition,
wild-type bacteria that overexpressed MrpB had significantly shorter fimbriae than wild
type (122). These phenotypes are consistent with a role of MrpB as a fimbrial terminator
protein, meaning that when MrpB is inserted into growing fimbriae, subunit addition is
terminated.

MrpA mutants retained normal urease production, hemolytic activity, and
adherence to exfoliated uroepithelial cells collected from healthy human volunteers (21,
259). However, adherence of an MrpA mutant to T24/83 (derived from a human bladder
carcinoma) and HEp-2 (human laryngeal carcinoma) cells cultured in vitro was
diminished significantly when compared with the adherence of wild type (188, 259).
MrpA mutants retained normal swarming activity (21, 259), as did the L-ON strain (93).
However, the L-OFF strain swarmed significantly more than both wild-type and L-ON
strains (93).

MR/P fimbriae have also been implicated in autoaggregation (119, 188) and
biofilm formation (93, 188). The L-ON strain developed mature biofilms faster than the
wild-type and L-OFF strains (93). However, the ability to regulate MR/P expression is
important in biofilm formation as well, since both L-ON and L-OFF strains ultimately
produced thinner biofilms than the wild-type strain (93).

Initial studies revealed that sera from infected mice reacted strongly to MR/P
fimbrial preparations, which indicates these fimbriae are expressed in vivo (20). The

expression of MR/P fimbriae appears to be highly induced during infection (121, 255).
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Culture under oxygen limitation in vitro induces MR/P expression (111). Since the
urinary tract is proposed to be oxygen-limited (215), this condition could contribute to the
upregulation of MR/P fimbriae observed in vivo. Many of the mutants described above
have been assessed in the mouse model of UTI. The MrpA mutant of strain HI4320 was
able to colonize mice, but was recovered in statistically significantly lower numbers than
the wild-type strain from urine, bladders, and kidneys of infected mice (21). Therefore,
MrpA is not absolutely required for infection, but contributes significantly to the ability
of P. mirabilis to colonize the host. This mutant also resulted in significantly less severe
renal damage than the wild-type strain, although this phenotype could be a function of the
reduced colonization observed during infection (21). Not surprisingly, an MrpA mutant
in another strain (Pr2921) was also outcompeted by wild type in the urinary tract during
cochallenge and was significantly less infectious than wild type in an intravenous
infection model (259). The MrpG mutant colonized mice significantly less than the wild-
type strain (as assessed by quantitative culture of urine, bladders, and kidneys of infected
mice) (125). The MrpH mutant colonized infected mice just as well as the wild-type
strain during independent challenge but was outcompeted by wild type in urine, bladders,
and kidneys during cochallenge (119); these data suggest MrpH is not required for
colonization but contributes to the fitness of P. mirabilis during infection. It is interesting
that the MrpH mutant was able to colonize mice just as well as wild type while MrpA and
MprG mutants were not; these mutants all lack fimbriae on the surface (21, 119, 125,
259), so the reason for this phenotypic difference is not clear.

The L-ON and L-OFF mutants have also been utilized to assess the importance of

MR/P fimbriae in vivo. There is no difference in colonization levels of L-ON, L-OFF,
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and the wild-type strain during independent challenge (121). The L-OFF data correlate
with MrpH mutant independent challenge data; that is, both experiments suggest that
MR/P fimbriae are not required for infection. However, during cochallenge, L-OFF was
significantly outcompeted by the wild-type strain in urine, bladders, and kidneys of
infected mice (121), suggesting that MR/P fimbriae do, in fact, contribute a competitive
advantage to P. mirabilis during infection. In another cochallenge experiment, the L-ON
strain significantly outcompeted the L-OFF strain in bladders (but not kidneys) of
infected mice (121). The L-ON strain also significantly outcompeted the wild-type strain
in bladders (but not kidneys) during cochallenge (121). This particular result is
somewhat surprising, considering that MR/P fimbriae are thought to be highly expressed
in vivo by wild type (121, 255). Bacteria used for inoculation were cultured under
conditions in which the wild-type cells would not have been synthesizing MR/P fimbriae
(121); since the L-ON strain constitutively expresses MR/P fimbriae, perhaps the
difference in MR/P expression at the time of inoculation was sufficient to affect the
outcome of infection.

Despite differences in bladder colonization during infection, at least one study
found that expression of MR/P fimbriae does not offer a quantitative advantage in
adherence to bladder tissue in vivo (93). However, the presence of MR/P fimbriae may
lead to qualitative changes in tissue binding; the L-ON strain was observed to adhere
predominately to uroepithelial cells while the L-OFF strain adhered to lamina propria in
areas where bladder cells had sloughed off, exposing layers which are not routinely
exposed (93). MR/P fimbriae have also been proposed to facilitate binding to renal

epithelium (199).
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The mrp operon appears to be present in all isolates of P. mirabilis (23, 188).
Additionally, MrpA from two clinical isolates were 100% identical, suggesting that the
genes encoding MR/P fimbriae may be highly conserved (22, 259). The genome
sequence of strain HI4320 revealed the presence of a second mrp operon, termed mrp’,
immediately adjacent to mrpl (174). The mrp’ operon is 66.7% identical to the mrp
operon at the nucleotide level (174). However, there does not appear to be an invertible
element in the promoter region of mrp’, suggesting this operon is not subject to
regulation by Mrpl (174). Interestingly, there are also two copies of mrpA in P. mirabilis
Pr990 (259). The presence of more than one copy of the mrp operon (or at least mrpA, in
the case of Pr990) in two clinical isolates of P. mirabilis, suggests this phenomenon could
warrant further study. Zunino et al. speculated about the possibility of rearrangement of
the two mrpA alleles (similar to what has been documented for flagellin genes fla4 and
flaB) (259); however, this hypothesis has not been experimentally evaluated.
Furthermore, it has not yet been determined if the mrp * operon is expressed, results in

production of fimbriae, or affects any aspect of P. mirabilis pathogenesis.

UCA (NAF)

Uroepithelial cell adhesin (UCA) was initially discovered in a uropathogenic
isolate of P. mirabilis (strain HU1069) during a screen designed to identify outer
membrane proteins that facilitated binding to uroepithelial cells (251). The identified
UCA protein — the major structural subunit later designated UcaA — was purified to
homogeneity for characterization; the purified protein retained the ability to bind to
uroepithelial cells and, additionally, organized into long, flexible filaments with a

diameter of 4 to 6 nm, consistent with the appearance of fimbriae (251).
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N-terminal sequencing was performed on purified UCA. The sequence of the
first 25 amino acids of the UCA protein displayed more similarity to the K99 pilus of E.
coli (which mediates binding to intestinal epithelium) than to adhesins from
uropathogenic E. coli (251). Subsequent determination of the sequence of the uca4 gene
revealed that UcaA has the highest similarity to F17 and F111 fimbriae from bovine
enterotoxigenic E. coli (33, 46). These findings led to postulation that UCA may function
as a primary adhesin for P. mirabilis in the intestinal tract, although this hypothesis has
not been experimentally tested (46, 251).

UCA fimbriae have since been renamed nonagglutinating fimbriae (NAF) to
distinguish them from other P. mirabilis fimbriae that contribute to adherence (228).
(Here, the two terms are used interchangeably based on their use in original literature
since there is a lack of consensus in the field and both names are still employed.) Tolson
and colleagues confirmed that what they designated the NAF subunit was identical to the
previously identified UCA subunit based on N-terminal sequencing (228). Pre-
incubation with monoclonal antibodies specific for NAF significantly reduced binding of
P. mirabilis to HEp-2 and uroepithelial cells in vitro, providing additional evidence of a
role for NAF in adherence to host cells (112, 228, 229).

A survey of a small collection of P. mirabilis strains revealed that all isolates
produced UcaA (228). This conclusion was based on production of a protein of similar
molecular weight to UcaA following the same purification technique used to isolate
UcaA; protein bands were confirmed to be identical (or highly similar) to UcaA by N-
terminal sequencing (228). UcaA was also purified from two P. mirabilis strains isolated

from canine urine (33); N-terminal sequencing of UcaA from these canine isolates
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revealed it as identical to that of the human isolate previously sequenced (33, 63, 251).
UcaA appears to be present in 85-92% of P. mirabilis canine isolates (33, 63).

The binding properties of NAF were investigated further by using a thin layer
chromatography approach to screen for NAF binding to a panel of commonly occurring
glycolipid families that have been shown to mediate binding of other bacterial species
(113). Purified NAF bound to asialo-GM;, asialo-GM,, and lactosyl ceramide (113).
Binding to each glycolipid was concentration-dependent and was inhibited by treatment
with monoclonal antibodies directed at NAF (113). In addition, binding of P. mirabilis to
Madin-Darby canine kidney (MDCK) cells cultured in vitro was inhibited by treating the
kidney cells with an antibody directed against asialo-GM; (113). However, no asialo-
GM;, has been detected in MDCK cells (113, 166); therefore, the anti-asialo-GM;
antibody must be cross reactive with another glycolipid on the cell surface of MDCK
cells. Interestingly, binding of P. mirabilis was not completely blocked by treatment with
either anti-NAF or anti-asialo-GM, antibodies, suggesting other bacterial adhesins and
host cell factors, respectively, are likely involved in the binding process.

Indeed, galectin-3 is an additional host factor to which NAF can bind (14).
Galectin-3 was identified from and detected at the surface of MDCK cells, and galectin-3
purified from MDCK cells bound to purified NAF in vitro (14). Additionally, pre-
treatment with an anti-galectin-3 antibody partially inhibited P. mirabilis binding to
MDCK cells (14); therefore, binding of P. mirabilis to MDCK cells can be mediated
through galectin-3.

UCA/NAF fimbriae do not appear to be responsible for the MR/K hemagglutinin

activity of P. mirabilis; no hemagglutination was detected in P. mirabilis cultured for
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optimal UCA/NAF expression or in E. coli expressing NAF during gain of function
studies (46, 228, 251). Given data supporting a role for these fimbriae in adherence to
host cells, it is surprising that their role in virulence has not been assessed. No such
experiments have been reported to date, despite the availability of an animal model for P.

mirabilis UTI.

ATF

Ambient temperature fimbriae (ATF) were named because they are expressed
optimally during static culture in Luria broth at 23°C (136). They are also expressed, to
a lesser degree, during static and aerated culture in Luria broth at 37°C, but not during
culture in minimal medium, on agar plates, or at higher temperatures (such as 42°C)
(136). Expression of ATF does not correlate with hemagglutination (136, 258). A small
collection of both clinical and non-clinical isolates have been screened for production of
ATF; all strains tested positive (136, 137, 258). Original sequencing of the fimbrial gene
cluster revealed the presence of only three genes: atf4 (encoding a structural subunit),
atfB (encoding a chaperone), and atfC (encoding a molecular usher) (137). However, the
complete genome sequence of P. mirabilis HI4320 corrected an artifact of earlier cloning
efforts and revealed the presence of an additional three genes in the operon. The
complete gene cluster is now known to consist of atfABCDEJ (174).

A clinical isolate of P. mirabilis was used to generate an isogenic allelic
replacement mutant that was incapable of producing ATF (258). The mutant maintained
normal growth rate, hemolysis, urease activity, swarming motility, and hemagglutination
properties (258). This mutant was also assessed in a mouse model of UTI. No significant

difference in the colonization levels of the mutant and parent strain were observed during
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either independent or cochallenge (258). Therefore, ATF do not appear to significantly
contribute to the ability of P. mirabilis to colonize the urinary tract during experimental
infection. Perhaps these results are not surprising, given the temperature regulation
observed for ATF. It has been postulated that these fimbriae may play a role for

adherence or survival of P. mirabilis outside the host.

PMF

Proteus mirabilis fimbriae (PMF) were identified from a crude fimbrial
preparation of P. mirabilis strain HI4320 (19). Sequencing of the locus revealed the
presence of five genes that appear to be contained in one operon: pmfA4 (the major
structural subunit), pmfC (a putative usher), pmfD (a putative chaperone), pmfE (a
putative minor subunit), and pmfF (the putative tip adhesin) (139). PMF appear to be
widely distributed in both clinical and non-clinical isolates; either the pmf4 gene or PmfA
protein could be detected in every strain analyzed (19, 261).

Isogenic PmfA™ mutants were constructed in two parent strains: HI4320 and
Pr2921, another clinical isolate from a UTI patient (138, 261). Both PmfA” strains
retained urease and hemolytic activity as well as normal swarming motility (138, 261).
In addition, PMF are not responsible for the MR/K HA activity of P. mirabilis since
PmfA™ HI4320 retained it (138). PmfA™ HI4320 adhered to exfoliated uroepithelial cells
isolated from the urine of healthy human donors to the same degree as wild-type HI4320
(138). In contrast, PmfA™ Pr2921 adhered significantly less than its parent strain to both
exfoliated uroepithelial cells collected from urine and a cell line derived from a human
bladder carcinoma (T24/83) cultured in vitro (261). The reason for this discrepancy in

the role of PMF in adherence of the two isolates is not clear; perhaps strain Pr2921 lacks

19



other adhesins encoded by HI4320 and PMF consequently play a greater role in
adherence of Pr2921 than HI14320.

During experimental UTI in a mouse model, PmfA" P. mirabilis H14320
colonized the bladders of mice at levels statistically significantly lower than the wild-type
strain (138); in contrast, kidney colonization was not affected by mutating pmf4. These
data suggest that PMF may bind to receptors on the bladder epithelium in vivo but that
perhaps other adhesins may be more important in adherence to renal tissue. PmfA” and
wild-type Pr2921 were mixed together and used to infect mice in a cochallege
experiment, which can be more sensitive at detecting subtle differences in fitness during
infection. The PmfA’ strain was outcompeted by the wild-type strain, to a statistically
significant level, in both bladders and kidneys of infected mice (261). Again, it is
unknown if a difference in the adhesins encoded by HI4320 and Pr2921 is responsible for
the difference in kidney colonization. Perhaps PmfA™ HI4320 would also be
outcompeted in the kidney during cochallenge; this experiment has not been reported in
the literature. Additionally, when mice were infected intravenously by tail vein injection,
the PmfA’ strain was recovered from kidneys of infected mice significantly less than the
wild-type strain (261). However, bacteria in the bloodstream were not quantified at the
time of sacrifice, so it is unclear if the PmfA” strain was attenuated for growth or survival

in the bloodstream or specifically in its ability to gain access to or colonize the kidneys.

PMP

Proteus mirabilis P-like fimbriae were identified from a canine UTI-associated
strain of P. mirabilis (33). The pmpA gene was found in 24 of 26 P. mirabilis strains

tested for its presence. Most of these strains were isolated from canine urine or feces
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(33). The genome sequence of strain HI4320 revealed that pmpA is also present in this
clinical isolate from a human patient (174). Furthermore, the genome sequence revealed
that pmpA is contained in a cluster of genes with other putative fimbrial proteins,
including a chaperone and an usher (174). However, the prevalence of these genes in
additional human isolates is currently unknown. In addition, the contribution of PMP to

adherence or virulence has not been assessed.

Reciprocal regulation of adherence and motility

Sequencing of the entire MR/P fimbrial operon revealed the presence of the mrpJ
gene (119). The 107-amino acid protein encoded by this gene, MrpJ, was predicted to be
a transcriptional regulator based on its sequence (119). The presence of a transcriptional
regulator following structural genes within a fimbrial gene cluster is not a common
occurrence; thus, the function of MrplJ was investigated.

Interestingly, a strain of P. mirabilis HI4320 overexpressing MrpJ from a plasmid
displayed reduced swimming and swarming motility compared to both the wild-type
strain and a vector control (124). Elevated expression of MrplJ coincided with reduced
expression of FlaA (flagellin, the major subunit of the flagellum) and reduced production
of flagella, as assessed by Western blot and electron microscopy, respectively (124).
Since Mrpl contains a putative helix-turn-helix domain, it was hypothesized that MrpJ
reduces motility by acting at the transcriptional level, perhaps by downregulating
expression of flagellin. Indeed, overexpression of MrpJ resulted in a reduction in flaAd
transcript (124). Furthermore, overexpression of MrpJ also resulted in reduced
transcription of fIADC, the so-called master regulators of the flagellar cascade (124).

These data suggest that MrpJ acts either directly on fIADC or a target upstream of fIADC.
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Based on the results of electrophoretic mobility shift assays, MrpJ binds the fIhDC
promoter (172).

The genome sequence of P. mirabilis HI4320 revealed the presence of 14 MrpJ
paralogues (174). Like mrpJ, 10 of these paralogues appear to be encoded within
fimbrial operons; the remaining four are orphan genes (174). Alignment of the sequences
of MrpJ and paralogues resulted in the identification of a conserved sequence:
SQQQFSRYE (172). To investigate the importance of these conserved residues, a site-
directed mutagenesis approach was undertaken; each of these residues in MrpJ was
replaced with an alanine (172). All mutations within the conserved amino acids (with the
exception of one) resulted in a loss of activity, which led to an increase in motility
compared to wild-type MrpJ (172). Therefore, most of the residues in the conserved
sequence contribute to the repression of motility. In light of the common features shared
by MrplJ and its paralogues, the effect of each of the paralogues on motility was
investigated. Similar to MrpJ, most of the paralogues, when overexpressed, led to a
reduction in the production of FlaA and a repression of motility (172). In addition, at
least one paralogue, UcaA, binds to the flhDC promoter, suggesting this activity may be a
common mechanism shared by at least some MrpJ paralogues (172).

Since expression of MrplJ, a protein encoded in a fimbrial operon, represses
motility, this protein represents a means of coordinating regulation of two seemingly
opposing aspects of pathogenesis: adherence and motility. To investigate if this function
is important during infection, a strain lacking MrpJ (AmrpJ) was generated and assessed
for virulence in the mouse model of ascending UTI (124). Following cochallenge, AmrpJ

was recovered in significantly lower numbers than the wild-type strain from bladders and
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kidneys of infected mice (124). Thus, MrpJ offers a competitive advantage during
infection. However, it is difficult to confidently interpret the data in that way for two
reasons. First, AmrpJ had increased production of flagella, which could elicit a stronger
host response (124). It is unclear if this would contribute to the out-competition observed
in vivo, since the wild-type and AmrpJ strains were present together, they presumably
were exposed to the same host response during infection, but this possibility cannot be
ruled out. Second, MrpA levels were reduced in AmrpJ (124). The reason for this
reduction is unclear; the mutation should not have a polar effect on MrpA expression
(since Mrpl is downstream of MrpA), and experimental data confirmed that MrpJ
expression does not affect transcription of the mrp operon (124). It is possible that
deletion of mrpJ affects the stability of the mrpABCDEFGHJ transcript, but this
hypothesis has not been experimentally tested. Regardless of the reason for it, lower
levels of MrpA complicates the interpretation of the AmrpJ infection data since MrpA
contributes to virulence (21, 259).

Again, as stated above, the coordinated regulation of adherence and motility may
be important to pathogenesis; both aspects of pathogenesis are important during infection
but have seemingly opposing functions. Perhaps it is not surprising, then, that there are
other examples of coordinated expression of motility and adherence in bacteria. In
Bordetella pertussis, the two component system BvgAS represses the flagellar regulon
and activates transcription of adhesin genes (3). In Vibrio cholerae, mutations that affect
motility directly feed back into the ToxR regulatory system and alter expression of the
toxin co-regulated pilus (66). In uropathogenic E. coli, the PapX protein appears to

function in much the same ways as MrpJ functions in P. mirabilis; PapX is encoded at
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the end of the P fimbrial operon and represses motility by affecting the transcription of
fIhD (213). In fact, PapX acts as a functional homologue of MrpJ in P. mirabilis;
expression of PapX in P. mirabilis resulted in decreased motility (124). Considering the
high number of fimbriae encoded by P. mirabilis, it is not surprising that there are so
many MrpJ paralogues in this strain (174). Teasing apart the function of each one may
be difficult since they could possibly have overlapping or redundant function, and the

exact function and mode of action of each paralogue has yet to be elucidated.

Toxins

Two toxins encoded by P. mirabilis, HpmA and Pta, have been characterized and
are described below. In addition to HpmA and Pta, activity of the enzyme urease also
contributes to tissue damage in vivo; urease is discussed in greater detail later in this

chapter.

Hemolysin

Based on surveys of clinical isolates, 94-100% of P. mirabilis strains produce
hemolytic activity (106, 207, 224). However, P. mirabilis strains lack the calcium-
dependent hemolysin encoded by hlyA4 in E. coli and hlyA homologs in P. vulgaris and
M. morganii (106, 248). The hemolytic activity encoded by P. mirabilis is calcium-
independent and the protein responsible for this activity was named HpmA (for
hemolysin of Proteus mirabilis) (106, 248). While initial reports identified this
hemolytic activity as cell-associated (106, 207), later studies detected activity in cell-free
preparations (207, 248); culture preparation and instability of secreted HpmA protein
were proposed as reasons for this discrepancy. The genes encoding HpmB and HpmA

are cotranscribed, and the promoter region of spmBA contains a putative Fur-binding site
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(236). However, expression of ipmBA does not appear to be affected by iron limitation
(S. Himpsl and H.L.T. Mobley, unpublished data). HpmB is required for the secretion
and activation of HpmA (236).

In addition to its hemolytic activity, HpmA also demonstrates cytotoxic activities
against African green monkey kidney cells and human B-cell lymphomas, monocytes,
bladder epithelium, and renal proximal tubular epithelial cells cultured in vitro (4, 145,
223). Interestingly, although hemolytic activity was detected in the supernatant,
cytotoxic activity was only observed with total cell culture (not cell-free supernatant)
(223). A strain of P. mirabilis with an interrupted copy of ipmA displayed neither the
hemolytic nor the cytotoxic activity that was observed with the parent strain (223); these
results suggest that the production of HpmA is required for both activities.

Fifty strains of P. mirabilis with a range of hemolytic activity were each injected
intravenously into mice; a highly significant correlation between hemolytic titer and LDsy
was observed (175). Additionally, an HpmA™ mutant of P. mirabilis had a significantly
higher LDs than its parent strain when injected intravenously (223). However, in a
mouse model of ascending urinary tract infection, there was no difference between the

strains in terms of colonization or renal tissue damage (4, 143, 223).

Proteus toxic agglutinin

The recently described Proteus toxic agglutinin (Pta), an autotransporter with
subtilisin-like serine protease activity, remains anchored at the bacterial surface (5). Pta
is one of six putative autotransporters encoded in the genome of P. mirabilis strain
HI4320 (174). It was identified as an outer membrane protein that reacts with sera from

infected mice (165); see Chapter II. Similar to the widespread distribution of hemolysin,
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pta was detected in every fecal and UTI isolate tested; however, expression of pta was
detected only in urinary isolates (4).

Pta mediates autoagglutination of bacteria as well as toxicity against human
bladder and kidney cells cultured in vitro (4, 5). Generally, secreted autotransporters
have cytotoxic properties while membrane-bound autotransporters mediate adhesion or
aggregation; Pta is the first characterized autotransporter to date that remains membrane-
bound and exhibits both activities. Cytotoxicity, but not autoagglutination, requires
serine protease activity (5). Pta is most active at alkaline pH (5), which is logical since
the activity of the bacterial enzyme urease results in a local increase in urine pH during
infection. Indeed, both transcription and protein levels of Pta are increased when bacteria
are cultured in alkaline conditions (5). Temperature also affects transcript and protein
level; culture at 37°C resulted in optimal levels of Pta (5). The addition of calcium, but
not iron or magnesium, to the culture medium increased transcription of pta and possibly
the stability of Pta.

HpmA and Pta both contribute to tissue damage observed in the bladder during
experimental infection of mice, while renal damage appears to be mediated solely by Pta
(4). In contrast to HpmA, Pta contributes to the ability of P. mirabilis to colonize the
urinary tract; a strain with an interrupted copy of this gene was outcompeted by the wild-
type strain during cochallenge and colonized the bladder, kidneys, and spleen at numbers

significantly less than wild type during independent challenge (4, 5).

Urease

A major complicating factor associated with UTI caused by P. mirabilis is

urolithiasis, or the formation of stones within the urinary tract. Stone production is a
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result of the action of the bacterial enzyme urease. Urease catalyzes the hydrolysis of
urea, liberating ammonia and carbon dioxide and increasing the pH of urine (141, 146,
147). As aresult of the pH increase, normally soluble minerals precipitate, namely
magnesium ammonium phosphate and calcium phosphate, leading to the formation of
struvite and apatite crystals (72, 141, 146). Bacteria can be found within the matrix of
the stones, where they are thought to be shielded from the effects of antibiotics and
immunoglobulins (126). In addition, stones can obstruct the flow of urine, cause damage
to host tissues, and serve as a nidus for other bacterial species to establish UTI.

The urease enzyme is a 250 kDa multimeric nickel metalloenzyme that is
produced in the cytoplasm of bacteria (100, 148). The genes encoding P. mirabilis
urease are ureDABCEFG (100, 101, 218). The active enzyme is a trimer of trimers,
denoted (UreABC)3, which is activated upon the insertion of nickel ions (147). UreC
contains the nickel metallocenter (147). UreD, UreE, UreF, and UreG are accessory
proteins that contribute to assembly of the active complex and insertion of the nickel ion
into the metallocenter (147, 169). Mutation of ureD, ureE, or ureG resulted in
production of an inactive enzyme lacking nickel ions (147, 169, 218); in contrast,
mutation of ureF resulted in production of a functional enzyme, but with decreased
activity (147). However, the exact mechanism of assembly is still unknown (147). The
K,, value of the urease enzyme has been determined to be in the range of 13-60 mM urea;
urea is present in human urine at concentrations up to 500 mM (37, 99). Despite such a
high K,,, the enzyme is saturated with substrate in urine and operates at Vyax.

Two regulators of urease transcription have been characterized: UreR and H-NS

(histone-like nucleoid structuring protein). UreR is a member of the AraC family of
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transcriptional regulators and contains both DNA- and urea-binding domains (162). The
ureR gene is transcribed in the opposite direction of ureDABCEFG; UreR binds the
promoters of ureR and ureD (47, 88, 226). Transcription of the structural genes of urease
is urea-inducible (47, 88). However, UreR can bind even in the absence of urea (albeit
with less affinity than in the presence of urea), suggesting that P. mirabilis is poised for a
rapid response upon sensing of urea (47, 226). Whereas UreR acts as a positive regulator
of urease activity and stimulates expression of the urease genes in the presence of urea,
H-NS is a negative regulator that represses ureR transcription (44, 183). H-NS binds to
the poly(A) tracts located in the intergenic region between ureR and ureD and induces a
bend in the DNA that inhibits transcription of ureR (183). Interestingly, UreR and H-NS
can displace each other from the target DNA under specific conditions (183).

A strain lacking urease was constructed and assessed in the murine model of
ascending UTI (98). This mutant (containing an interruption in ureC) was negative for
urease activity and colonized mice significantly less than the wild-type strain (97, 98). In
addition, infection with the urease-negative strain resulted in less severe renal damage
(97). Not surprisingly, no bladder or kidney stones were observed in mice infected with
the urease-negative strain (97, 126). Given the complications that can arise from stone
formation in vivo, it is not surprising that the enzyme responsible (urease) is considered a

virulence factor.

Metal acquisition

Iron

Members of the family Enterobacteriaceae, to which Proteus belongs, typically

produce siderophores of the catecholate, hydroxamate, and/or ferrioxamine type;
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however, Proteus species do not produce any of these types of siderophores (59, 140). In
contrast, P. mirabilis produces a-hydroxyisovaleric acid, which has been suggested to
function in iron acquisition (59), although the importance of this compound in iron
acquisition is debated in the field. P. mirabilis can also utilize a number of a-keto acids
as siderophores (53). The production of a-keto acids results from the deamination of
amino acids. It has long been recognized that Proteus species are capable of this type of
reaction (83). However, a gene responsible for this activity, named aad for amino acid
deaminase, was only identified and sequenced relatively recently (140).

Surprisingly, the expression of aad is not under the regulation of the ferric uptake
repressor Fur and is not affected by iron concentration (140); it was suggested by the
authors that perhaps iron acquisition is not the only role of Aad. Although only six
strains were analyzed, 100% of these P. mirabilis strains appeared to encode aad (140).
Attempts to construct a strain of P. mirabilis lacking a function copy of aad were
unsuccessful; since these attempts were made using methods previously reliable for
mutant construction in P. mirabilis, it was hypothesized that Aad may be required for
viability in P. mirabilis (140). Therefore, the role of this amino acid deaminase in
virulence, or even its unequivocal role in iron uptake, has not been determined.

P. mirabilis can also utilize heme and hemin as iron sources (181). One outer
membrane protein responsible for heme utilization, HmuR2, has been identified and
offers a competitive advantage during ascending UTI in the mouse model (127).
However, HmuR?2 is not absolutely required for virulence since a strain lacking HmuR2
was able to colonize mice (127); this result is not unexpected, as many pathogens encode

multiple iron acquisition systems (some of which are redundant) since iron is such an
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important nutrient. P. mirabilis cannot utilize transferrin or lactoferrin as iron sources
(181).

The genome sequence of P. mirabilis HI4320 revealed the presence of a large
number of proteins which may play a role in iron acquisition (174). P. mirabilis encodes
two seemingly complete siderophore synthesis operons. The presence of these operons
was surprising, given the previously accepted findings that P. mirabilis does not produce
siderophores. Current research in our lab is investigating the function of these operons;
careful re-examination of siderophore synthesis has revealed that P. mirabilis does, in
fact, produce siderophores (S. Himpsl and H. Mobley, unpublished data). The structure
of these siderophores is under investigation. Additionally, signature-tagged mutagenesis
studies identified several proteins that are implicated in iron uptake based on homology

(38, 84); however, the function of most of these proteins remains unconfirmed.

Zinc

Much like iron, zinc is a required nutrient that is toxic at high levels. Therefore,
its level must be carefully controlled (35). This control occurs mainly via the regulation
and activity of import and export systems (79). Environmental conditions likely fall into
one of three categories: limited zinc, excess zinc, and an intermediate level of zinc which
is neither toxic nor limiting. Bacteria have transporters to deal with each of these
scenarios; as zinc is assumed to be limited in the host, only zinc uptake systems will be
addressed here (133, 254).

In E. coli, the acquisition of zinc under limiting conditions is achieved through the
high-affinity zinc transport system ZnuACB (171). ZnuA is a periplasmic binding

protein, ZnuB is an inner membrane protein, and ZnuC is a cytoplasmic ATPase. These
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proteins are only produced under zinc limitation; their expression is under control of the
zinc uptake repressor (Zur), which binds to the promoter region of znu4CB and represses
transcription when sufficient zinc is present in the cell (170).

When the cell encounters an environment with an intermediate level of zinc, it
requires neither high-affinity importers nor exporters. Instead, zinc homeostasis is
maintained through the function of low-affinity transporters. ZupT, the best
characterized of these low-affinity transporters, has broad metal specificity; unlike
ZnuACB, which is regulated by Zur, ZupT is expressed constitutively at low levels (70,
71). In addition to ZupT, zinc may be brought into the cell by other transporters; these
transporters include PitA, an organic phosphate transporter, and CitM, a citrate
transporter, in E. coli and Bacillus subtilis, respectively (24, 107).

Given that zinc is assumed to be limited in the host, it is perhaps not surprising
that in recent years, zinc uptake systems have been shown to contribute to the virulence
of many different pathogens (15, 40, 50, 67, 105, 117, 253). Of particular interest, UPEC
requires the ZnuACB zinc transport system to attain maximal colonization of the urinary
tract (196). These results suggest that perhaps the urinary tract may be zinc-limited and
that zinc acquisition may also be important for colonization of the urinary tract by other
pathogens, including P. mirabilis. However, neither low- nor high-affinity zinc transport

has been characterized in P. mirabilis to date; this topic will be addressed in Chapter II1.

ZapA
P. mirabilis displays IgA protease activity. Of P. mirabilis clinical isolates that
have been assessed, 100% were positive for IgA protease activity (130, 205). During

initial characterization of this activity, cleavage of IgA resulted in a different pattern from
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that observed with bacterial pathogens such as Neisseria gonorrhoeae, Haemophilus
influenzae, and Streptococcus pneumoniae that encode a similar activity (205). Proteases
from these other species cleave the heavy chain of human IgA1 at a conserved stretch of
amino acids in the hinge region; this region is absent in IgA2, which is resistant to
cleavage by IgA proteases (103, 104, 158, 182). The IgA protease activity of P. mirabilis
was correlated with production of an approximately 50-55 kDa protein (131, 132).
Activity of this protein was optimal at pH 8 (131), inhibited by EDTA and other metal
chelators (130-132, 205, 245), and stimulated by the addition of Mg®" or Ca*" ions (245).
In addition, the activity of this protein (initially found to degrade IgA1) was eventually
expanded to include a broad range of host proteins, including serum and secretory IgA
(human and mouse), IgG, mouse IgA, secretory component, gelatin, casein, actin, [3-
tubulin, fibronectin, collagen, laminin, complement proteins (C1q and C3), B-insulin, and
antimicrobial peptides LL-37 and human B-defensin 1 (17, 31, 130-132, 203, 208, 245).
The protein displays no clear preference for a particular amino acid residue but activity is
enhanced if the target protein is partially or fully denatured (31).

The protease activity was mapped to a locus termed zapA (245). Eventually,
sequencing of the surrounding area of the genome revealed four additional genes: one
upstream (zapE) and three downstream (zapB, zapC, and zapD) of zapA; all genes are
transcribed in the same direction (239, 245). Based on homology, ZapA appears to be a
zinc metalloprotease that belongs to the serralysin family of proteases (245). ZapA has
several characteristics of this protein family, including putative zinc-binding residues, a
calcium-binding region, and a C-terminal secretion signal (245). ZapE, located upstream

of ZapA, also appears to be a metalloprotease which shares many properties with ZapA
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but seems to be missing an identifiable signal sequence (239). The activity of ZapE has
not been characterized to date. ZapBCD are similar to components of ABC transport
systems and may function in the secretion of ZapA (239). Although this particular
hypothesis has not been tested, transposon mutants with insertions in two of these genes
lacked IgA protease activity (245). Interestingly, the genome sequence of P. mirabilis
HI4320 revealed the presence of three additional copies of zapFE directly upstream of the
originally identified copy (174); it is unclear if these additional copies are present in other
strains of P. mirabilis or what their function might be.

Historically, it has been difficult to assess the contribution of IgA proteases to
virulence of bacterial pathogens since most of these enzymes have a very specific activity
that is limited to human (or closely related primate) IgA molecules. It has, however, been
postulated that IgA proteases are associated with virulence since non-pathogenic species
appear to lack this activity (157). However, ZapA is active against mouse IgA (245). A
ZapA' strain of P. mirabilis was generated to assess the contribution of ZapA to virulence
using the mouse model of ascending UTI (239). ZapA™ P. mirabilis lost IgA protease
activity but retained normal urease production, hemolytic activity, swarmer cell
differentiation, production of flagella, swarming motility, and biofilm formation (180,
239). This strain was recovered from the urine, bladders, and kidneys of experimentally
infected mice in statistically significantly lower numbers than the wild-type strain (239).
These results were the first demonstration that IgA proteases are, in fact, virulence
factors. Interestingly, this ZapA™ mutant was also attenuated in a rat model of prostatitis
(180). These results suggest that the advantage offered by ZapA is not isolated to the

urinary tract and may affect infection of other body sites as well. Isolates of M. morganii
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and P. stuartii, two other pathogens commonly present with P. mirabilis during
polymicrobial complicated UTI, lack IgA protease activity (206); it is interesting to
consider that perhaps these species benefit in vivo from the ZapA activity provided by P.
mirabilis. To that point, there is indirect evidence for the production and activity of

ZapA in vivo during UTI in human patients (131, 208).

Type I1I secretion system

The genome sequence of P. mirabilis HI4320 encodes a seemingly intact type III
secretion system (T3SS) (174). T3SSs are specialized bacterial secretion systems that
secrete effector proteins directly into the cytosol of host cells; T3SSs have been identified
as virulence factors in a number of pathogenic bacteria, notably Sa/monella, Shigella, and
some diarrheagenic E. coli (43). For this reason, the role of the P. mirabilis T3SS during
experimental UTI was investigated. Twenty-four genes, including all of the components
necessary for needle complex assembly and two putative effector proteins, are contained
in a contiguous 22-kb region (173, 174). These sequences have a lower GC content than
the surrounding HI4320 genome (30.7% compared to 38.9%), suggesting they may have
been acquired by horizontal gene transfer (173). Importantly, these open reading frames
all appear to be intact (with no discernible deletions or premature stop codons). To assess
the potential contribution of this T3SS during infection, a mutant was constructed with an
insertional mutation in a putative ATPase (spa47); this gene was chosen because it has
been shown to be essential for the function of T3SSs in other organisms. Surprisingly,
this mutant infected mice as effectively as the wild-type strain (173). Therefore, this
T3SS does not appear to function or contribute to disease during experimental UTI.

Pearson and Mobley postulated that perhaps the T3SS could function in the

34



gastrointestinal tract or other environments where P. mirabilis is found, but this
hypothesis has not yet been experimentally tested. Alternatively, although not observed

during experimental murine infection, the system could be active during human UTI.

Treatment and Prevention

More than five million patients receive urinary catheters each year (134); every
single one is at risk for infection. Even patients undergoing short-term catheterization (<
7 days) have a 10-50% risk of experiencing bacteriuria; if a patient requires long-term
catheterization, the percent who will experience infection approaches 100% (77, 156).
Unfortunately, there are currently no effective methods for preventing these infections; at
best, the onset of infection can be delayed (231). Methods for delaying the onset of
complicated catheter-associated UTIs caused by P. mirabilis, and subsequent methods for
treatment of these infections, have recently been thoroughly reviewed (90); a brief
overview is presented here.

Although it seems fairly obvious, the first step in preventing catheter-associated
UTIs is limiting the use of urinary catheters. These devices are overused; it has been
estimated that as many as 21-38% of catheters are placed in the absence of justifiable
indication (91, 159, 197). Once catheters are in place, optimal conditions for the
prevention of infection include emptying drainage bags every 4-6 hours and changing the
catheter every 8-10 days (161). Prompt removal of catheters once they are no longer
medically necessary is crucial to infection prevention (134).

There has been much interest in the field in employing catheters made of or
coated with various materials to reduce colonization of the catheter. However, to date, no

single biosurface developed can effectively prevent colonization (52, 134, 221, 235).
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There are extensive reports in the literature about using antibiotics and antiseptics
(including silver compounds and triclosan) to coat catheters (90); however, results are
conflicting, and no consensus has been reached. Results from in vitro experiments
demonstrated that P. mirabilis rapidly blocked catheters coated with silver alloys and
nitrofurazone (153, 155). The relatively new idea of using the catheter balloon (rather
than the surface of the catheter) as a reservoir for antimicrobial compounds is promising;
after seven days, catheters inflated with triclosan showed minimal encrustation and still
drained freely while water-inflated controls were blocked within 24 hours (220). This
treatment could potentially expand the lifespan of catheters in patients. There has also
been interest in the use of probiotics to inhibit colonization by pathogenic strains.
Results from both in vitro and in vivo studies suggest that colonization with
nonpathogenic strains of E. coli can prevent the colonization of catheters by
uropathogenic strains (48, 87, 186, 232-234).

Interestingly, about 90% of bacteriuria cases associated with catheterization are
asymptomatic (225). Generally, treatment of asymptomatic bacteriuria with antibiotics is
discouraged due to concern about the emergence of antibiotic resistance. However, there
is still debate among clinicians about this matter since asymptomatic bacteriuria may
progress to more a serious illness if left untreated. Regardless, once an infection is
confirmed (normally through determination of bacterial cell and blood cell counts in
urine), the catheter is removed (if possible) and antibiotic treatment commences (90).

If UTI results in the development of urinary stones, treatment is further
complicated; P. mirabilis can be located in the matrix of the stone, where it is believed

that bacteria are shielded from the action of antibiotics and factors of the host immune
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response, including immunoglobulins (126). In addition, urinary stones are also thought
to serve as a reservoir for bacteria that can rapidly colonize replacement catheters (195).
Sometimes, surgery is recommended for removal of stones (90).

Due to the serious sequelae that can result from UTI with P. mirabilis, and the
difficulties associated with treatment, the development of a prophylactic vaccine against

P. mirabilis is an active area of research. Previous vaccine efforts are described below.

Vaccine Development against P. mirabilis

As with efforts for vaccination against many bacterial pathogens, immunizations
began with crude preparations and moved toward more focused and pure antigens, based
on what has been successful. In general, that will be the order in which previous vaccine
efforts are presented here.

Infection does not significantly protect against re-infection (94). Vaccinated (or,
in this case, re-infected) mice were not protected from death (94). In surviving mice,
modest protection (with respect to levels of bacteria recovered from infected mice) was
observed in urine and bladders (94). The protection in kidneys was statistically
significant compared to control animals (94). However, kidneys were still colonized in
the immunized mice; therefore, the protection observed in the kidneys, while statistically
significant, may not be biologically significant. These mice generated antibody
responses to a MR/P fimbriae, PMF, and flagella, as well as “numerous other,
unidentified surface antigens” (94). However, there was no correlation between serum
IgG and IgM levels and protection. There was a trend toward elevated serum IgA levels
and protection, but this correlation was not significant, perhaps because only a small

number of mice developed significant IgA levels (94). Similar to immunization with live
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bacteria, immunization with heat-killed bacteria offers little protection (123). Formalin-
killed bacteria, however, when administered either through the subcutaneous or intranasal
routes, significantly protected mice from subsequent transurethral challenge (120).

The antibody response to outer membrane proteins (OMPs) after experimental
infection was assessed. Only 15% of mice elicited specific IgM to OMPs, while 68% of
mice developed OMP-specific IgG from 3-28 days post-infection (142). If antibody
response analysis was delayed until 14 days post-infection, the percentage of mice that
developed OMP-specific 1gG rose to 87% (142). Antibodies appeared to be primarily
directed towards the major OMP complex (142); this result was not surprising given that
patients experiencing UTI produce antibodies against the major OMP complex of
infecting bacteria (78, 163, 164, 198). Due to the production of OMP-specific antibodies
during infection, an outer membrane preparation was used to immunize mice
intramuscularly. Two weeks after vaccination, mice were challenged transurethrally
(142). The OMP vaccine significantly protected mice from death, renal colonization, and
renal damage compared to PBS controls (142). However, IgG levels did not correlate
with protection. The possibility that protection observed with the OMP vaccine was due
to LPS contamination of outer membrane preparations was addressed by vaccinating
mice with an LPS preparation. In contrast to the OMP vaccine, immunization with LPS
did not result in protection (despite the production of high levels of specific LPS
antibodies) (142). Interestingly, preliminary data suggested that vaccination with OMPs
enhanced clearance of three out of four heterologous strains (142). From this finding, we

learned that cross-protection is possible with an OMP vaccination, but that not all
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heterologous strains were affected; therefore it may be important to specifically target
conserved OMP proteins.

The bulk of P. mirabilis vaccination studies have used vaccines targeting fimbrial
proteins. Infected mice generate a strong antibody response to MR/P fimbriae following
infection (20, 94). Peritoneal immunization with purified fimbrial preparations protected
mice from transurethral challenge with both homologous and heterologous strains (115).
An independent study determined that, although the antibody response generated by
vaccination with purified fimbriae was not as robust as that generated after whole cell
immunization, intranasal or transurethral immunization with purified fimbriae resulted in
a significant reduction in bladder and kidney colonization in infected mice (120).

Vaccination with purified structural subunits of various fimbriae was performed,
immunization with MrpA, UcaA, or PmfA offered some degree of protection (177).
Mice vaccinated with MrpA via the subcutaneous route had reduced kidney colonization
after transurethral challenge; bladder colonization was not affected (177). Immunization
with UcaA did not protect mice from ascending UTI (177). These antigens were also
assessed for protection in an intravenous (i.v.) injection model. (Although mice were
infected i.v., infection was assessed by quantifying bacteria in bladders and kidneys; it
should be noted that blood was never cultured, so the effect of vaccination on bacterial
load in the bloodstream is unclear.) Mice immunized with either MrpA or UcaA prior to
1.v. infection had reduced colonization in their bladders and kidneys (177). Immunization
with PmfA did not result in protection from infection in either model (i.v. or transurethral
infection), despite production of antibodies in the urine (177). Vaccination with each

subunit resulted in the production of specific serum IgG response, but there was no
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correlation between antibody levels and protection from infection (177). None of the
tested animals, regardless of antigen or route used, developed significant serum or urine
IgA production (177). These antigens (MrpA, UcaA, and PmfA) were also tested using
intranasal and transurethral immunizations (201). Overall, intranasal immunization
resulted in broader antibody production and led to greater protection than transurethral
immunization (201). However, again, there was no significant association between
protection and antibody production, in either serum or urine (201).

More recently, a new platform for the MrpA vaccine was introduced. The food-
grade lactic acid bacterium Lactococcus lactis was used as a vehicle for antigen delivery
(200). Two forms of MrpA were expressed in L. lactis: secreted and cell-wall-anchored
(200). Following intranasal immunization with MrpA-expressing L. lactis, mice were
infected transurethrally, and the levels of colonization of bladders and kidneys were
compared to control groups receiving either PBS or L. lactis not expressing MrpA (200).
Mice that received cell-wall-anchored MrpA had increased levels of serum IgA (which
was significant when compared to PBS, but not L. lactis, controls). Mice that were
vaccinated with L. lactis expressing secreted MrpA produced increased levels of serum
IgG (but again, only compared to PBS, and not L. lactis, controls). None of the mice
produced significant levels of IgA or IgG in urine following immunization. Mice that
received the secreted form of MrpA were significantly protected from kidney
colonization compared to mice immunized with the L. lactis control. However, no
protection was observed in the bladders of these mice. There was no correlation between
protection and antibody production. Although immunization with L. lactis expressing

MrpA resulted in some kidney protection, vaccination did not lead to the generation of
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detectable levels of mucosal antibodies (200). It is interesting to note that, in this study,
intranasal immunization with MrpA-expressing L. lactis did not result in bladder
protection (200), while earlier work by the same group showed that intranasal
immunization with MrpA significantly protected mice from bladder infection (201). This
difference highlights the important impact that route, platform, and adjuvant can have on
the efficacy of a vaccine, even when targeting the same antigen.

All vaccines described above targeting MR/P fimbriae were aimed at the major
structural subunit, MrpA. MrpH, the tip adhesin, has also been a focus of vaccine efforts.
These experiments, described below, all used antigens administered via the intranasal
route; the intranasal route was chosen over other tested routes (subcutaneous,
transurethral, and oral) because it offered the most consistent protection in initial testing
and was the only route of immunization that resulted in the production of antibodies in
urine and the bladder (120). Others have also suggested that intranasal immunization
induces antibodies at mucosal surfaces, including the urogenital tract (238). Mature
MrpH cross-linked to the adjuvant cholera toxin, when administered intranasally, resulted
in significantly lower kidney colonization following transurethral challenge, compared to
control animals; although there was a trend towards lower bladder colonization, this
difference was not significant (120). In response to this vaccination, there were
significant increases in IgG observed in serum, bladder, and kidneys and significant
increases in IgA in serum and kidneys (120). It is interesting to note that I[gA was
produced more highly in kidneys (which were protected) than in bladders (which were
not); the authors suggested that perhaps these data may indicate a correlation between

IgA production and protection (120). Next, an N-terminal truncation of MrpH
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(containing the receptor-binding domain) was assessed using the same model described
above for mature MrpH. This N-terminal truncation of MrpH, when chemically cross-
linked to the adjuvant cholera toxin and administered intranasally, significantly protected
mice from both bladder (P = 0.002) and kidney (P < 0.0001) infection compared to mice
receiving control (cholera toxin only) immunization (120). Protection was also observed
when MrpH was translationally fused to cholera toxin (as opposed to chemical cross-
linking) (118). This translational fusion approach is interesting since it results in the
production of one molecule that contains both antigen and adjuvant; bypassing the
chemical cross-link step may result in a more uniform antigen preparation.

Arguably, the most successful vaccines to date have targeted two components of
MR/P fimbriae: MrpA and MrpH. While there is considerable evidence that MR/P
fimbriae are expressed in vivo (20, 121, 255) and are conserved (22, 23, 120, 188, 259), it
is important to remember that this fimbria is capable of undergoing phase variation (255).
This knowledge is critical when considering vaccine design, as it is easy to imagine that
bacteria could potentially escape the immune response by down-regulating the targeted
antigen. MR/P fimbriae contribute to infection (21, 119, 121, 125, 259); however, they
are not essential for colonization. Bacteria not expressing MR/P fimbriae still bind to
bladder tissue in vivo (93). An MrpA mutant, although recovered in significantly lower
numbers than the wild-type strain, still colonized mice (21). There was not a significant
difference in the level of colonization resulting from infection with an MrpH mutant and
the wild-type strain (119). In addition, there was no difference between infection with
the MR/P L-OFF strain (incapable of producing MR/P fimbriae) and the wild-type strain

during independent challenge (121). However, MR/P L-OFF was outcompeted by the
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wild-type strain during cochallenge, suggesting that MR/P fimbriae normally offer a
competitive advantage during infection (121).

Targeting these antigens (MrpA or MrpH) by vaccination could introduce a new
selective pressure in the urinary tract — this time, against (rather than for) expression of
MR/P fimbriae. Although vaccination with either MrpA or MrpH significantly protected
mice from subsequent transurethral infection, none of these vaccines resulted in
sterilizing immunity; that is, there were still mice in each group that were infected (118,
120, 177, 200, 201). It would be very interesting to examine the MR/P expression profile
in bacteria isolated from the non-protected mice; if these bacteria were predominately
MR/P OFF, it is possible that they were able to escape the immune response directed
towards MR/P fimbrial subunits induced by vaccination. The PCR-based invertible
element has already been used to assess MR/P expression in vivo (121, 255), validating
this approach. In any case, mice were not completely protected after any vaccination
attempted to date; the identification of additional antigens to include in a potentially

multivalent vaccine is a valid goal.
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CHAPTER II. Outer Membrane Antigens of the Uropathogen Proteus mirabilis
Recognized by the Humoral Response during Experimental Murine Urinary Tract
Infection

Abstract

Proteus mirabilis, a gram-negative bacterium, is a frequent cause of complicated
urinary tract infections in those with functional or anatomical abnormalities or those
subject to long-term catheterization. To systematically identify surface-exposed antigens
as potential vaccine candidates, proteins in the outer membrane fraction of bacteria were
separated by 2D gel electrophoresis and subjected to Western blotting with sera from
mice experimentally infected with P. mirabilis. Protein spots reactive with sera were
identified by mass spectrometry, which, in conjunction with the newly completed
genome sequence of P. mirabilis HI4320, was used to identify surface-exposed antigens.
Culture conditions that may mimic in vivo conditions more closely than Luria broth
(culture in human urine, iron-limitation, and osmotic stress) were also used. Thirty-seven
antigens, to which a humoral response had been mounted, including 24 outer membrane
proteins, were identified. These antigens are presumably expressed during urinary tract
infection. Protein targets that are both actively required for virulence and antigenic may
serve as protective antigens for vaccination; thus, five representative antigens were
selected for use in virulence studies. Strains of P. mirabilis with mutations in three of
these genes (PMI10047, rafY, fadL) were not attenuated in the murine model of urinary
tract infection. Putative iron acquisition proteins PMI0842 and PMI2596, however, both

contribute to fitness in the urinary tract and thus emerge as vaccine candidates.
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Introduction

Proteus mirabilis, a Gram-negative bacterium, is among the most prevalent
isolates from individuals suffering from complicated urinary tract infections (cUTIs)
(244). cUTIs affect patients whose urinary tracts are affected by long-term
catheterization or functional or anatomic abnormalities and occur via the ascending route
(18). Consequences of P. mirabilis cUTIs include catheter encrustation, formation of
urinary stones (urolithiasis), renal scarring, and progression to bacteremia (149).
Catheter encrustation caused by these infections can block the flow of urine through the
catheter. In addition to the possibility of causing permanent renal damage, the formation
of stones, due to the action of the bacterial enzyme urease, may also make infections
difficult to clear due to the presence of bacteria within the stones, where P. mirabilis may
be shielded from the action of antibiotics (126).

Catheter-associated cUT]Is are the most commonly-occurring nosocomial
infection, with more than one million cases documented each year in the United States
(225). Prevention of P. mirabilis-caused cUTIs would improve patient care and quality
of life and reduce the substantial economic burden associated with their care. Since
infection does not appear to fully protect against re-infection (94), a vaccine is a logical
goal for several reasons. First, patients with known urinary tract abnormalities and
patients at the onset of long-term catheterization could be specifically targeted for
vaccination due to the high incidence of cUTIs in these populations. Second, P. mirabilis
infections are very difficult to clear due to the presence of bacteria within the urinary

stones (126). Third, based on studies of the urease and mrpH genes, there is evidence
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that virulence factor genes are well conserved among different strains of P. mirabilis,
which supports the notion of a cross-protective vaccine (120, 144).

Immunization with heat-killed bacterial preparations or prior infection offers little
protection (94, 123). Purified fimbrial preparations, however, protect mice from
subsequent transurethral challenge (115, 120). Three different structural fimbrial proteins
have also been used in vaccine studies, with varying degrees of success: MrpA, UcaA,
and PmfA (177). In a recent study, one of these structural proteins, MrpA, was expressed
in the food-grade bacterium Lactococcus lactis (200). Mice were intranasally immunized
with L. lactis expressing MrpA prior to transurethral challenge and had significantly
lower bacterial colonization in the kidneys as compared to controls. An outer membrane
vaccine significantly protected mice from death, renal colonization, and renal damage
(142). One of the most promising vaccines to date consists of the N-terminal domain of
MrpH (the tip adhesin of the MR/P fimbria) fused to domains of cholera toxin (118). A
translational fusion of MrpH and the cholera toxin A2 subunit was coexpressed with the
cholera toxin B subunit; the vector used for vaccine expression replaced the toxic Al
subunit of cholera toxin MrpH (76). The result of expression of these genes is the
spontaneous assembly of a single chimeric protein that contains both antigen (MrpH) and
adjuvant (cholera toxin), which mediates highly effective delivery to the systemic and
mucosal immune systems (58). Although this vaccine was able to protect mice from
infection, we have concerns about the efficacy of a vaccine solely targeting this adhesin
since the mrp operon is capable of undergoing phase variation (255). For this reason, we
believe it prudent to identify additional antigens for inclusion in a multivalent vaccine.

In this study, we used an immunoproteomic approach to identify additional
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surface-exposed antigens of P. mirabilis. Fractions enriched for outer membrane proteins
were isolated from bacterial cells and proteins were separated by two-dimensional gel
electrophoresis. Immunoreactive proteins, identified by Western blot using sera from
mice with experimental P. mirabilis UTI, were submitted for mass spectrometry analysis.
Using the recently completed genome sequence (174), this study identified 37
immunoreactive antigens, including 24 outer membrane proteins. Five antigens were

assessed for their role in virulence in the murine model of ascending UTL.
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Materials and methods

Strain and culture conditions.

P. mirabilis HI4320 was originally cultured from the urine of a catheterized
nursing home patient with bacteriuria (149). Luria broth (LB) (per liter, 10 g tryptone, 5
g yeast extract, and 0.5 g NaCl) and non-swarming agar (per liter, 10 g tryptone, 5 g yeast
extract, 0.5 g NaCl, and 15 g agar) were used to culture bacteria. Minimal medium [per
liter, 200 ml 5X M9 salts (64 g Na,HPO4*7H,0, 15 g KH,POy, 2.5 g NaCl, 5 g NH4Cl
per liter), 2 ml 1 M MgSOy, 20 ml 20% glucose, 100 pL CaCl,] was inoculated with a
1:100 dilution of P. mirabilis cultured overnight in LB. Iron-limitation was achieved by
addition of 15 uM desferoxamine (M. Pearson and H. Mobley, unpublished data) to LB
cultures. Osmotic stress was induced by addition of 0.3 M NaCl to LB or minimal
medium (11). Urine was collected from three healthy human donors, pooled, filter-
sterilized, and stored at -20°C until use. All cultures were incubated at 37°C with aeration

(200 rpm) unless otherwise noted.

Isolation of outer membranes.

A modification of the method of Piccini ef al. (181) was used for isolation of
outer membranes. Bacteria were harvested by centrifugation (10,000 x g, 15 min, 4°C)
and washed twice in 10 mM HEPES, pH 7.4. Cells were lysed by two passes through a
French pressure cell (American Instrument Company, Travenol Laboratories Inc, Silver
Spring, Maryland) at 20,000 psi. Intact bacteria were cleared by centrifugation (10,000 x
g, 15 min, 4°C). Supernatants were centrifuged to pellet membranes from the lysate

(90,000 x g, 45 min, 4°C). Membrane pellets were resuspended in 10 mM HEPES (pH
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7.4), 10 mM MgCl,, 2% Triton X-100. Following an hour-long incubation at 37°C,
Triton X-100-insoluble fractions (enriched for outer membrane proteins) were collected
by centrifugation (90,000 x g, 45 min, 4°C). Pellets were washed in 10 mM HEPES (pH
7.4), 10 mM MgCl,, 2% Triton X-100. The resulting outer membrane-enriched pellets
were resuspended in isoelectric focusing (IEF) solution (defined below). Protein was

quantified by using 2D Quant Kit (Amersham Biosciences).

Two-dimensional gel electrophoresis.

The method of Molloy et al. (150) was adapted. A 17 cm pH 4-7 ReadyStrip IPG
Strip (BioRad) was rehydrated for 16-24 hours with 350 puL of IEF solution (7 M urea, 2
M thiourea, 1% amidosulfobetaine-14, 40 mM tris, 2 mM tributylphosphine, and 0.5%
biolytes 3-10) containing outer membrane protein. Isoelectric focusing was conducted
under the following conditions in a Protean IEF Cell (BioRad): 250 V for 20 min, 10,000
V for 2.5 hours, and 10,000 V for 40,000 V-hours. Prior to the second dimension, strips
were equilibrated for 20 min at room temperature by rocking in a solution of 0.15 M
bisTris/0.1 M HCl, 6 M urea, 2% SDS (w/v), 20% glycerol (v/v), 5 mM TBP, and 2.5%
acrylamide (w/v). Samples were run on 10% polyacrylamide gels, as described
previously (150). Cathode buffer contained 0.2 M taurine, 25 mM tris, 0.1 % SDS (w/v)
and anode buffer contained 0.384 M glycine, 50 mM tris, 0.1 % SDS. Gels were run at a
constant current of 50 mA at room temperature until completion and then stained for 24
hours in colloidal Coomassie G-250 (151). Unstained Precision Plus Protein Standards
(BioRad) were used as molecular weight standards. Proteins corresponding to
immunoreactive spots on Western blots (described below) were cut from gels using a

clean razor blade and submitted for mass spectrometry analysis.
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Serum.

During a previous study, sera were obtained from mice 42 days after experimental
urinary tract infection by P. mirabilis (94). In this report, we used pre-immune sera and
post-rechallenge sera from those studies. Sera from 20 of the mice were individually
screened for reactivity to P. mirabilis proteins by Western blot (details below). The five
sera with the strongest reaction to P. mirabilis lysate were pooled in equal amounts and

used in all further studies.

Western blot.

Proteins were transferred to Immobilon-P PVDF membrane (Millipore) for one
hour at 400 mA at 4°C. After transfer, membranes were blocked with 5% milk in TBS-T
(0.05% Tween, 100mM tris (pH 7.5), 9% NaCl). Membranes were incubated, shaking at
room temperature, with sera diluted in TBS-T. After one 15-minute wash and three five-
minute washes in TBS-T, secondary antibody was applied to the membrane. Goat anti-
mouse IgG conjugated to horseradish peroxidase (1:100,000 dilution in TBS-T) was
applied for 45 minutes with shaking at room temperature. Precision StrepTactin-HRP
Conjugate (BioRad), used for ladder detection, was added to the secondary antibody
incubation. The wash procedure was repeated and detection was performed with
Amersham ECL Plus Western Blotting Detection System (GE Healthcare), following the
protocol recommended by the manufacturer. To screen sera from individual mice, a
1:1000 dilution was used. After sera were combined, a 1:10,000 dilution of the pooled

sera were used in all further experiments.
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Mass spectrometry.

Proteins were identified either by peptide mass fingerprinting (PMF) or tandem
mass spectrometry (MS/MS). PMF was performed by the University of Michigan
Protein Structure Facility. Samples were digested with trypsin using the Millipore
Montage system, co-crystallized with alpha-cyano-hydroxy-cinnamic acid (1:1
sample:CHCA), and analyzed via MALDI-TOF MS. Protein Prospector software
(http://prospector.ucsf.edu), along with the preliminary genome annotation (174), was
used to identify proteins in PMF samples. MS/MS and analysis was performed by the
Michigan Proteomics Consortium, as described by the protocols available on their
website (http://www.proteomeconsortium.org/protocols.html). Briefly, samples were
digested with trypsin and spectra were acquired by using 4700 Proteomics Analyzer
(Applied Biosystems). The eight most intense peaks in each spectrum were selected for

MS/MS. Ton scores are available on request.

Construction of mutants.

Insertional mutants were constructed using the TargeTron system (Sigma), as
described by Pearson and Mobley (173). Briefly, genes were disrupted by insertion of an
intron (containing a kanamycin resistance gene) which was targeted specifically to each
gene of interest by using a set of three primers (IBS, EBS1d, and EBS2; listed in Table 1)
in a mutagenic PCR. This mutated region of the intron was ligated into the vector
pACD4K-C. Resultant plasmids were sequenced to confirm proper re-targeting of the
intron. Correctly re-targeted plasmids were electroporated into electrocompetent P.

mirabilis HI4320 containing the helper plasmid pAR1219 (49). Transformants were
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selected on agar containing kanamycin and screened by PCR for an insertion in the

appropriate gene, using the screening primers listed in Table 1.

CBA/J mouse model of urinary tract infection.

Cochallenge and independent challenges of female CBA/J mice were carried out
as previously described using a modified Hagberg protocol (75, 95). Because bacteria
are introduced via a catheter and because P. mirabilis urease catalyzes crystal and larger
stone formation, this can be classified as a model of complicated urinary tract infection.
Briefly, single colonies were picked from a fresh plate and used to start overnight
cultures in LB. On the day of inoculation, cultures were diluted with LB to an ODggo of
approximately 0.2. For independent challenges, mice were inoculated transurethrally
with 50 ul (containing approximately 10’ CFU). For cochallenge experiments, the dilute
wild-type and mutant cultures were pooled in a 1:1 ratio and mice were inoculated with
50 ul of this mixture (containing a total of approximately 10’ CFU). After seven days,
urine was collected, mice were euthanized, and their bladders, kidneys, and spleens were
harvested asceptically and transferred to sterile tubes containing phosphate buffered
saline (0.138M NaCl, 0.0027M KCI, pH 7.4). Tissues were homogenized (Omni TH
Homogenizer, Omni International) and plated on agar plates using a spiral plater
(Autoplate 4000, Spiral Biotech). For independent challenges, all samples were plated on
LB agar. For cochallenges, all samples were plated on both LB agar plates and LB agar
plates containing 25 uM kanamycin. Since the mutant strain carries a kanamycin
resistance gene, the colony counts from the kanamycin plates represent mutant bacteria

only; LB agar plates allow the growth of both mutant and wild-type colonies. Statistical
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significance for independent and cochallenge experiments was assessed by using the

Mann-Whitney test and Wilcoxin matched pairs test, respectively.
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Results

Mice with experimental P. mirabilis urinary tract infections have varied antibody
responses.

In our previous study, mice were transurethrally infected with 2 x 10° CFU P.
mirabilis HI4320 and, four weeks later, treated with antibiotics to clear the infection.
The same mice were challenged one week later with 2 x 10" CFU. Sera were collected
seven days after re-infection (42 days after the initial infection) (94). In the present
study, sera from 20 of these mice were individually screened for reactivity to P. mirabilis
proteins. Proteins in a P. mirabilis HI4320 cell lysate were separated by SDS-PAGE,
transferred to a PVDF membrane, and screened by Western blot with a 1:1000 dilution of
sera from individual mice. Pre-immune sera were also screened by Western blot at a
1:1000 dilution. All post-infection sera were reactive, but showed some diversity in
antigen recognition, which may reflect differences in the severity of the individual
infections. Equal volumes of the five most strongly-reacting sera were pooled and used
for all further Western blot analyses (Fig. 1). The five corresponding pre-immune sera

were also pooled for use as a control.

Sera from infected mice recognize outer membrane antigens.

P. mirabilis was cultured in LB with aeration at 37°C and fractions enriched for
outer membranes were isolated by differential centrifugation and detergent solubilization.
Proteins in the outer membrane-enriched fractions were separated by two-dimensional gel

electrophoresis (Fig. 2A). Proteins were screened by Western blot using the pooled sera
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Figure 1. Western blots of P. mirabilis HI4320 lysate reacting with sera from mice
experimentally infected with P. mirabilis H14320.

(A) Western blots of P. mirabilis lysate probed with sera from infected mice. Each strip
represents serum from one mouse. The five strips shown are the five most strongly
reacting sera. (B) Pooled pre- and post-immune sera reacting with western blots of P.
mirabilis lysate.
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Figure 2. Sera from infected mice recognize outer membrane antigens.

(A) Coomassie-stained 2D gel loaded with 300 mg of Triton X100-insoluble outer
membrane-enriched protein from P. mirabilis HI4320 cultured in LB. Antigenic proteins
are labeled. Boxed region shows area of gel that corresponds to western blot shown in
(B). pH gradient ranged from four to seven, left to right. Marker sizes are shown on the
left in kilodaltons. (B) Western blot of a 2D gel performed with a 1:10,000 dilution of
pooled sera from infected mice (shown in Figure 1B). Numbers designate proteins
labeled in (A). White (negative) spots that are visible were most likely due to an
overabundance of protein and high antibody concentration, as suggested by the
manufacturer of the detection system used (see Materials and Methods). Proteins that
reacted with sera were cut from a duplicate gel and identified by mass spectrometry.
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at a dilution of 1:10,000 (Fig 2B). Antigens that reacted with sera were excised from a
duplicate Coomassie-stained gel and identified by mass spectrometry.

Proteins expressed in vivo are not necessarily expressed in rich culture medium.
To identify antigens that may not be expressed in LB, we used additional culture
conditions that may more closely mimic in vivo conditions during urinary tract infection.
For example, P. mirabilis was cultured in pooled human urine and also in minimal
medium. Since these media are presumably more nutrient-limited than LB, bacteria may
require synthesis of additional proteins for growth that may not be required during
growth in LB. The production of these additional proteins increases the number of
potential antigens screened. A study of the transcriptome of uropathogenic Escherichia
coli (UPEC) during mouse infection suggested that the urinary tract is iron-limited and of
high osmolarity (215). Therefore, we also isolated protein from P. mirabilis HI4320
cultured in media that mimic these conditions by using LB containing 15 uM
desferoxamine (an iron chelator) and 0.3 M sodium chloride, respectively. The use of
these culture conditions enabled the identification of nine additional antigens that were
not expressed in LB, including four outer membrane proteins that appear to be related to
iron acquisition (PMI10409, HmuR2, IreA, and PMI2596).

In total, 37 P. mirabilis immunoreactive antigens were identified. Twenty-four
antigens are predicted to reside in the outer membrane (Table 2). An additional 13
proteins, not predicted to be present in the outer membrane, were also identified as

immunoreactive antigens (Table 3).
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Selection of potential vaccine candidates.

For the present study, five representative antigens were chosen for analysis. We
chose at least one antigen per category listed in Table 2, with the exception of
lipoproteins, motility, and toxins. We did not pursue these three classes of proteins for
specific reasons. Lipoproteins are generally on the inner leaflet of the outer membrane
and may not, therefore, be exposed to the surface. There are two copies of the gene
encoding flagellin that can recombine to form antigenically distinct flagella (25, 29, 160).
Since the flagella formed by this recombination event are antigenically distinct, a vaccine
employing FlaA as a protective antigen may not be able to target bacterial cells
expressing recombinant flagellin. One of the toxins found in this screen, Pta (Proteus
toxic agglutinin), recently identified as an autotransporter that is both a cytotoxin and an
agglutinin (5), was assessed as a vaccine candidate in a separate study (4). We
specifically chose FadL and RafY for further study because structures of similar proteins
have been solved and reveal the presence of extracellular loops (61, 202, 237). If these
proteins in P. mirabilis have similar structures, these extracellular loops could be
accessible to the immune system during infection. We also chose to study two putative
outer membrane iron receptors, PMI0842 and PMI2596. The urinary tract is an iron-
limited environment, and another uropathogen (UPEC) upregulates a number of antigenic
iron acquisition outer membrane proteins during growth in urine (13, 74, 215).
Additionally, the use of iron receptors as protective antigens against E. coli, Haemophilus
influenzae, and Haemophilus ducreyi infections demonstrate that iron receptors can be
used successfully in vaccines (2, 193, 247). We also investigated the role of one of the
antigens not predicted to be in the outer membrane, PMI0047. Although this protein is

not an ideal vaccine candidate (since it is not predicted to be surface-exposed), it was
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recognized by sera from infected mice. Thus, it is produced during urinary tract infection

of mice and could have a role in pathogenesis.

Two outer membrane antigens involved in iron acquisition contribute to P. mirabilis
virulence in the urinary tract.

We reasoned that if a protein target is both antigenic and actively required for
colonization, it would be more likely to successfully serve as a protective antigen for
vaccination. For example, if a surface protein is being used as a protective antigen, any
bacterium that attempts to escape the host immune response by down-regulating this
protein would be less likely to persist in the host if the protein is required for
colonization. To determine contribution to virulence, we investigated the role of five
representative antigens (described above) in colonization of the murine urinary tract.
Isogenic insertional mutations were constructed in the genes encoding each of the
potential vaccine candidates. Genes were disrupted by the insertion of an intron carrying
a kanamycin resistance gene, using the method of Pearson and Mobley (173). All
mutations were confirmed by PCR. Growth of each mutant was tested independently in
LB; none of the mutants had in vitro growth rates significantly different from the wild-
type strain.

Mutants were tested in the murine model of ascending urinary tract infection by
co-challenge with wild-type P. mirabilis. Mutant and wild-type bacteria were mixed in a
1:1 ratio. This suspension was used to inoculate mice transurethrally at a total inoculum
of 2 x 10’ CFU per mouse. After seven days, urine was collected and mice were
euthanized. Urine, bladders, kidneys, and spleens (as an indicator of systemic infection)
were quantitatively cultured to determine levels of colonization by both wild-type and

mutant strains. Based on data from the co-challenge experiments, PMI0047 (secreted 5’
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nucleotidase), RafY, and FadL do not appear to contribute to colonization of the urinary
tract (Table 4). Mutant strains, interrupted in genes encoding these proteins, colonized the
urinary tract in numbers similar to the wild-type strain. Two outer membrane iron
receptors do, however, contribute to colonization of the urinary tract by P. mirabilis (Fig.
3). PMI0842::kan was outcompeted by wild type at statistically significant levels in both
the bladder and kidneys (p < 0.05 for both tissues, Fig. 3A). Also in cochallenge,
PMI2596::kan was recovered from kidneys in significantly lower numbers than wild type
(p <0.05, Fig. 3C). As a control, in vitro cocultures were performed, in which the mutant
and wild-type strains were mixed in a 1:1 ratio and used to inoculate culture medium.
Neither mutant was outcompeted by the wild-type strain (Fig. 4). Thus, the mutants
retained wild-type growth rates in vitro and likely were not outcompeted in vivo due to an
in vitro growth defect.

Due to the striking phenotype of these mutants (particularly PMI10842::kan) in
cochallenge, each mutant was tested for virulence in independent challenges. While
cochallenges are more sensitive at detecting differences between mutant and wild-type
strains because the strains are put into direct competition for niches and nutrients, they
cannot conclusively reveal that a putative virulence factor is required for infection. Thus,
mice were transurethrally inoculated with either the wild-type or mutant strain at a dose
of 1 x 10’ CFU per mouse. After seven days, urine, bladders, kidneys, and spleens were
quantitatively cultured to determine the level of bacterial colonization. Independent
challenge data show that PMI0842 is required for maximal colonization of the urinary
tract (Fig. 3A). Although this mutant was able to colonize mice, PMI0842::kan was

found in significantly lower numbers as compared to wild type in both the bladders and
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Figure 3. Putative iron acquisition outer membrane proteins contribute to P.
mirabilis HI4320 virulence in the murine model of urinary tract infection.

Each triangle represents an individual mouse. Bars represent medians. Points at 100
cfu/g of tissue represent samples at or below the limit of detection. (A) PMI0842::kan
and wild type independent challenge. (B) PMI0842::kan cochallenge (C) PMI2596::kan
and wild type independent challenge (D) PMI2596::kan cochallenge. *, p <0.05; **, p <
0.05
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Figure 4. PMI0842::kan and PMI12596::kan are each maintained during a seven-
day coculture with wild type.

Cultures were inoculated with approximately equal amounts of wild-type and mutant
strains. At indicated time points, samples were taken for plating and the culture was
repassaged (1:100) into fresh medium. (A) Wild type and PMI0842::kan coculture in
LB. Filled symbols, wild type; open symbols, PMI0842::kan. (B) Wild type and
PMI2596::kan coculture in LB. Filled symbols, wild type; open symbols, PMI2596::kan.
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kidneys of infected mice (p < 0.05 and p < 0.01, respectively). In contrast, although
PMI2596::kan was outcompeted in cochallenge experiments (Fig. 3D), in independent

challenge experiments it colonized mice in similar numbers as the wild-type strain (Fig.

3C).
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Discussion

This is the first study to identify immunoreactive outer membrane antigens of P.
mirabilis using an immunoproteomics approach. Here, we identified 37 antigens that
reacted with sera from mice experimentally infected in the urinary tract with P. mirabilis.
Based on their annotation or homology to other proteins, 24 of these proteins are
predicted to reside in the outer membrane. These proteins are attractive as potential
vaccine candidates since they are expressed in vivo, antigenic, and exposed on the surface
of the bacterium (and thus to the immune system). Five representative antigens were
selected for further study: PMI10047, RafY, PMI10842, FadL, and PMI2596. Two of these
proteins, both putative outer membrane iron receptors (PMI10842 and PMI2596),
contribute to the fitness of P. mirabilis in the urinary tract. From this study, PMI10842
and PMI2596 emerge as potential vaccine candidates, since each protein both contributes
to pathogenesis and is antigenic. PMI10047, RafY, and FadL do not appear to directly
contribute to P. mirabilis HI4320 virulence in the urinary tract, as strains with
insertionally interrupted copies of these genes colonized the urinary tract of mice in
numbers similar to that of wild-type bacteria.

This study identified five predicted porins as immunogenic: OmpA, OmpF,
OmpW, PMI1017, and RafY. OmpA, OmpF, and OmpW are major outer membrane
proteins. PMI1017 appears to be a member of the OprD porin family based on homology
to other family members. RafY is a predicted glycoporin, a family of proteins that
typically allow passage of sugars across the bacterial outer membrane. Other well-known
glycoporins include LamB (maltoporin) and ScrY (sucrose porin). In E. coli, RafY

allows growth on raffinose but was later shown to be a general diffusion pore rather than
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a carbohydrate-specific one (16). The role of RafY in P. mirabilis has not yet been
determined. The structures of LamB from E. coli and ScrY from Salmonella
typhimurium have been solved (61, 202). Both proteins contain extracellular loops which
are surface-exposed. If the protein structure of P. mirabilis RafY is similar to other
glycoporins, it may also have surface-exposed extracellular loops and therefore be an
attractive candidate for inclusion in vaccine studies.

Four lipoproteins were identified: Pal, DapX, YfgL, and YeaY. Lipoproteins are
typically found on the inner leaflet of the outer membrane. Two of these lipoproteins
(DapX, which belongs to NlpB family, and YfgL) are involved in a complex with outer
membrane protein YaeT, which was also identified as an antigen in this study. Although
the complex is conserved in gram negative bacteria, DapX/NIpB and YfgL are not
essential for growth of E. coli (36, 56, 190, 252). Peptidoglycan-associated lipoprotein
(Pal) is released during gram-negative sepsis and mediates inflammation and death in
mice (82). Pal is part of the Tol-Pal system, which is conserved among gram negative
organisms (222). This system has been implicated in the maintenance of cell envelope
integrity (128) and cell division machinery (68). Pal has been identified as an antigen in
many other bacterial pathogens, including Legionella pneumophila and Campylobacter
jejuni (39, 57). A homologous lipoprotein (P6) in H. influenzae is being assessed as a
protective antigen (32, 51, 86, 108). Although we initially did not choose to investigate
Pal as a vaccine candidate since we are aiming specifically for surface-exposed proteins,
these findings from other bacteria suggest it may warrant further study.

Two flagellar proteins were identified: the major flagellin subunit and the

flagellar hook protein (FIgE). P. mirabilis carries two copies of the flagellin gene, flaAd
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and flaB (29). Normally, flaA is expressed and flaB is silent, but the two genes can
undergo recombination, resulting in the formation of antigenically distinct flagella (25,
160). Recombination of the two alleles occurs infrequently in wild-type cells (135).
Such an event must have occurred under our culture conditions, since mass spectrometry
data yielded results for both FlaA and FlaB proteins.

We identified five iron-related outer membrane proteins as antigenic. This is not
surprising considering the important role iron acquisition plays in bacterial pathogens.
Indeed, we chose to examine outer membranes from bacteria cultured under iron
limitation because the urinary tract is an iron-limited environment. Iron acquisition
systems are up-regulated in UPEC during infection in the murine model (215). UPEC
up-regulates a number of outer membrane iron receptors when cultured in human urine
and many of these were identified as antigenic (13, 74). Additionally, P. mirabilis iron-
related outer membrane receptors have been previously identified as antigenic both in
mice and in human patients (181, 210). One of these proteins, also identified as an
immunoreactive antigen in the current study, was recently identified as HmuR2
(PMI1426) and characterized as a heme receptor that contributes to virulence in the
urinary tract (127).

Two outer membrane antigens predicted to be iron receptors (PMI0842 and
PMI2596) contribute to the fitness of P. mirabilis HI4320 during experimental urinary
tract infection. PMI0842 was previously identified as a virulence factor by signature-
tagged mutagenesis (38) and was recently shown to be up-regulated in response to iron
limitation (Himpsl et al., in preparation). Our co-challenge results confirm the previous

finding from signature-tagged mutagenesis. Additionally, our independent challenge data
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show that PMI0842 is required to achieve maximum colonization of the urinary tract.
This result is surprising due to the fact that iron receptors are typically redundant in
function; a defect in one system rarely results in attenuation during independent
challenges since other iron uptake systems remain functional, as highlighted by Torres
and colleagues (230). The role of PMI0842 in iron uptake in P. mirabilis remains to be
determined.

This study is also the first to show a role for PMI12596 in P. mirabilis H14320
virulence in the urinary tract. Although the independent challenge data show this protein
is not required for virulence, cochallenge data highlight its contribution to colonization in
the kidneys. PMI2596 is located roughly 2 kb upstream of the nrp operon, which
encodes non-ribosomal peptide synthesis genes (65). NrpG was previously identified by
signature-tagged mutagenesis as a virulence factor in P. mirabilis (38). Interestingly, a
strain lacking a functional copy of NrpG was outcompeted by wild-type P. mirabilis
HI4320 in the kidneys but not the bladders of mice in a cochallenge experiment (38), the
same pattern we observed with PM12596::kan. It is currently unknown if PMI2596 is
functionally related to the nrp operon.

Although we were able to identify 37 antigens, we do not believe this study
generated a complete list of the immunogenic outer membrane antigens expressed by P.
mirabilis in vivo. The methods used to identify these proteins imposed some limitations.
First, we were able only to identify proteins that were abundant enough to be detected by
Coomassie staining. Also, since we ran the protein samples on a denaturing gel prior to
screening with sera, we will have likely missed any conformational epitopes. Finally, we

did not detect any fimbrial proteins under any culture condition tested. This is surprising,
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especially considering the large number of fimbrial operons encoded in the genome
(174). Specifically, we expected to find proteins that comprise MR/P fimbriae, since
these fimbriae are expressed (although not optimally) under the conditions tested (23) and
the sera used in this experiment have previously detected MR/P fimbriae (94). It is likely
that fimbriae were sheared from bacterial cells during fractionation.

This study also identified 12 antigenic proteins that do not appear to be surface-
exposed. These non-surface exposed antigens include two apparent DNA binding
proteins, a ribosomal protein, various enzymes, and three conserved hypothetical
proteins. Since the goal of this study was to identify surface-exposed antigens, these
proteins were not investigated further for vaccine studies. Even though these proteins
may not be ideal vaccine candidates, they were recognized by sera from infected mice,
meaning they are expressed by P. mirabilis during urinary tract infection and could
potentially play a role in pathogenesis. PMI0047 does not contribute to the fitness of P.
mirabilis during experimental infection, since bacteria with an interrupted copy of this
gene were able to colonize mice at numbers similar to the wild-type strain. Other proteins
on this list, however, may play a role in pathogenesis and are currently under
investigation (G. Nielubowicz and H. Mobley, unpublished data).

The sera used to identify antigens in this experiment are from our previous study
in which groups of mice were either infected transurethrally with P. mirabilis (vaccinated
with live organisms) or sham-vaccinated with PBS (94). Both groups of mice were then
transurethrally challenged with 10° CFU of P. mirabilis HI4320 to determine whether
having a previous infection protected mice from subsequent infection. Vaccinated mice

were colonized in the urine, bladder, and kidneys, but had significantly lower
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colonization levels in the kidney than the sham-vaccinated mice (p = 0.016). Therefore,
in the study described here, we identified antigens (which we hope will be protective) by
using sera from mice that were not completely protected. It may seem counterintuitive to
use sera from non-protected mice to search for protective antigens, but it is important to
point out that these mice had strong immunoglobulin responses to MR/P fimbriae (94).
MR/P fimbriae or protein subunits (MrpH and MrpA) have been used successfully in a
protective vaccine in the murine model (118, 120, 177, 200, 201). Even though these
antigens can be protective and were present during infection (as evidenced by the strong
immunoglobin response that was detected), their presence was not able to fully protect
the mice from subsequent infection. Higher levels of antibody to specific proteins
induced by subunit vaccinations may, however, be effective in protecting the urinary tract
from colonization. It is important to point out that the correlates of protection in the
urinary tract are not yet well understood. Multiple studies have shown that the
production of serum IgG and IgM do not necessarily correlate with protection (96, 200,
201). However, data on production of local IgA and protection are not as clear. Some
studies have shown no correlation (200, 201), while others have suggested one (94, 120).
It is known that antigen-specific responses occur in the urinary tract and accelerate the
clearance of at least one uropathogen, UPEC (227).

Future work will determine whether these proteins are conserved among P.
mirabilis strains. We are also interested in assessing whether these antigens could
provide protection against other bacteria which are commonly found in polymicrobial
cUTIs, such as Providencia and Morganella species. Although these genome sequences

have not been published, work is currently underway in our laboratory to determine
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whether homologues of the genes encoding antigenic P. mirabilis proteins are present in
these species (E. Flannery and H. Mobley, unpublished). We will also determine the
extent of protection offered by immunization with selected newly identified antigens in
the murine model of urinary tract infection. P. mirabilis antigenic proteins identified in
this study are being overexpressed in and purified from E. coli. Mice will be immunized
with antigen cross-linked to cholera toxin, which is known to be an effective mucosal
adjuvant (58) and has previously been used with P. mirabilis MrpH for an effective
vaccine (120). By taking this approach, we hope to develop an effective vaccine against

this agent of cUTIs.
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Appendix (Unpublished Data)

PMI0842, a putative TonB-dependent receptor, was identified in this study as an
antigenic outer membrane protein that is required for maximal virulence during
experimental murine UTI. PMI0842 met all of our criteria for an ideal vaccine candidate,
and therefore was assessed as a protective antigen.

PMI10842 was cloned and purified as previously described for other antigens (4,
12, 120). Briefly, the gene encoding PMI0842 was cloned into the vector pET-30b(+)
(Novagen) which resulted in the addition of a six-residue histidine tag at the C terminus.
IPTG (B-D-1-thiogalactopyranoside) was used to induce expression of PMI0842 in
E. coli BL21(DE3)pLysS cultured in Terrific Broth (12 g/L tryptone, 24 g/L yeast
extract, 2.3 g/l KH,POy4, 12.5 g/L Ko;HPO4, 4% glycerol). Outer membranes were
isolated as described in Materials and Methods, above. PMI0842 was purified from outer
membrane preparations by using a Ni-NTA column (Qiagen), according to the protocol
recommended by the manufacturer and as described previously for Pta (4, 5) (Fig. 5).
Please note that PMI10842 was not purified to homogeneity; nonetheless, antigen
preparation continued. Purified PMI0842 was conjugated to adjuvant (cholera toxin, CT)
at a 10:1 ratio using N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP, Pierce), per
the manufacturer’s recommendations.

Mice were immunized intranasally since that route has previously been shown to
be most effective for P. mirabilis antigens (120). Mice received a primary dose of 100
ng PMI0842 (conjugated to 10 ug of CT) on day zero; two boosters (consisting of 10 ug
PMI0842 conjugated to 1 ng CT) were administered on days seven and fourteen (Fig.

6A). CT alone was administered intranasally to a group of control mice; these mice
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Figure 5. Sample purification of PMI10842.

M, marker (sizes of relevant bands, in kDa, are depicted to the left of the gel); FT, flow-
through; EFT, elution flow-through. Proteins in elutions 2-7 were pooled and prepared
for use in immunization, as described in the text.
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Figure 6. Intranasal vaccination with PMI10842 does not protect mice from
transurethral challenge with P. mirabilis H14320.

(A) Vaccination scheme. IN, intranasally; TU, transurethrally (B) Mice were immunized
either with CT alone (closed symbols) or PMI0842-CT (open symbols) and then infected
with P. mirabilis HI4320. Each symbol represents data from an individual mouse. Data
shown are compiled from two independent experiments. Bars represent the median.
Limit of detection is 100 CFU/gram of tissue.
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received a primary dose of 10 pg CT and boosts of 1 ng CT. At the beginning of the
experiment and at the time of each boost, blood was collected by an infraorbital bleed and
serum was isolated to assess production of PMI10842-specific antibodies. One week
following administration of the final boost, mice were infected transurethrally with
approximately 1 x 10’ CFU P. mirabilis HI4320. After seven days, blood and urine were
collected (for antibody assessment), mice were sacrificed, and bladders, kidneys, and
spleens were quantitatively cultured.

Unfortunately, mice that were immunized with PM10842-CT were not protected
from infection; levels of colonization in PMI0842-CT-vaccinated mice were not
significantly different from levels of colonization in mice that received CT alone (Fig.
6B). Therefore, we conclude that PMI10842 did not serve as a protective antigen when
conjugated to the adjuvant cholera toxin and administered intranasally. Although serum
and urine samples were collected from mice to detect PM10842-specific antibody
production, these samples have not yet been analyzed. It is possible that vaccination did
not result in the production of PMI10842-specific antibodies; this possibility could explain

why no protection was observed.

The work presented in this chapter (excluding the data presented in this appendix)
was published (165). The other contributing author, Sara N. Smith, assisted with animal
studies; all other experiments were performed by G.R.N. Manuscript was prepared by G.

R.N.
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CHAPTER II1. Zinc Uptake Contributes to Motility and Provides a Competitive
Advantage to Proteus mirabilis during Experimental Urinary Tract Infection

Abstract

Proteus mirabilis, a gram negative bacterium, represents a common cause of
complicated urinary tract infections in catheterized patients or those with functional or
anatomical abnormalities of the urinary tract. ZnuB, the membrane component of the
high affinity zinc (Zn>") transport system ZnuACB, was previously shown to be
recognized by sera from infected mice. Since this system has been shown to contribute to
virulence in other pathogens, its role in P. mirabilis was investigated by constructing a
strain with an insertionally interrupted copy of znuC. The znuC::kan mutant was more
sensitive to zinc limitation than wild type, was outcompeted by wild type in minimal
medium, displayed reduced swimming and swarming motility, and produced less flaA
transcript and flagellin protein. Production of flagellin and swarming motility were
restored by complementation with znuCB in trans. Swarming motility was also restored
by the addition of Zn”" to the agar prior to inoculation; addition of Fe*" to agar also
partially restored swarming motility of znuC::kan but addition of Co®", Cu®", or Ni*" did
not. ZnuC contributes to, but is not required for, virulence in the urinary tract; znuC::kan
was outcompeted by wild type during a cochallenge experiment but was able to colonize
mice to levels similar to wild type during independent challenge. Since we demonstrated
a role of ZnuC in zinc transport, we hypothesize that there is limited zinc present in the

urinary tract and P. mirabilis must scavenge this ion to colonize and persist in the host.
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Introduction

Proteus mirabilis, a motile gram negative bacterium, represents a common cause
of complicated urinary tract infections (244). These infections typically occur in patients
with functional or anatomical abnormalities of the urinary tract or patients subjected to
long-term catheterization (such as those with spinal cord injuries or elderly patients
residing in nursing homes). The serious sequelae (including catheter encrustation, stone
formation, renal scarring, and potential for progression to bacteremia) that can result from
these P. mirabilis infections (149, 243, 244), as well as the difficulty in treating them,
have sparked active research into the mechanisms of pathogenesis (5, 38, 60, 84, 89, 216,
262) and identification of potential vaccine candidates (4, 118, 120, 123, 165, 177, 200).
One of the most notable characteristics of P. mirabilis is swarming motility, a specialized
form of flagellar-mediated motility during which bacteria differentiate into elongated
hyperflagellated cells; these differentiated cells migrate together en masse (185).
Swarming motility is clinically relevant, as P. mirabilis is capable of swarming across the
surface of urinary catheters (219).

Our previous study, aimed at identifying antigens using sera from mice with
experimental urinary tract infections (94), revealed that a protein annotated as ZnuB is an
antigen expressed in vivo (165). ZnuB is the inner membrane component of the ZnuACB
high-affinity zinc (Zn®") transport system (171). The additional components of this ABC
transporter are ZnuA, a periplasmic binding protein, and ZnuC, a cytoplasmic ATPase.

Zinc is essential for life but also toxic at high concentrations; thus, its
intracellular concentration must be carefully regulated (35). In bacteria, this regulation is

achieved primarily by coordinated efforts to import and export zinc in environments
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where the ion is limited or present in excess, respectively (79). In conditions where zinc
is low, high-affinity uptake systems are employed to import zinc into the cell. In
Escherichia coli, this process is achieved via the ZnuACB system (171). This system is
synthesized from two divergently transcribed operons, znuA4 and znuCB. Under zinc
replete conditions, the regulator Zur (zinc uptake repressor) binds as a dimer in the
intergenic region between znuA and znuC and represses transcription; when zinc becomes
limited, the genes are derepressed (170). Zur is exquisitely sensitive to changes in the
zinc concentration in the cell; differences can be sensed in the femtomolar range (168).
Under moderate conditions in which zinc is neither limited nor toxic, zinc is brought into
the cell through lower-affinity transporters, namely ZupT (71), which has broad metal
specificity and is expressed constitutively at low levels (70). In addition, PitA, an
inorganic phosphate transporter in E. coli, and CitM, a citrate transporter in Bacillus
subtilis, are capable of transporting zinc (24, 107).

Much like iron, the level of zinc available in the host is presumed to be limited
(133, 254) and may actually decrease in response to bacterial infection (64). Therefore, it
is not surprising that the ZnuACB system has been found to contribute to virulence in a
number of pathogens, including Campylobacter jejuni (50), Salmonella enterica serovar
Typhimurium (15, 40), Haemophilus ducreyi (117), Brucella abortus (105, 253), and
Pasteurella multocida (67). Recently, ZnuACB was shown to contribute to the ability of
uropathogenic E. coli (UPEC) to colonize the urinary tract (196), suggesting the urinary
tract may be limited in zinc, as previously demonstrated for iron (13, 192, 210, 215).

Zinc uptake is uncharacterized in P. mirabilis. We hypothesized that the

ZnuACB system functions as a zinc transport system in P. mirabilis and contributes to
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virulence, especially considering it is expressed in vivo (165). In this study, we show that
the presence of ZnuC allows P. mirabilis to grow to a higher density under zinc limitation
and yields a competitive advantage during growth in minimal medium. ZnuC is required
for motility; a strain with an interrupted copy of the gene swims and swarms significantly
less than wild type and produces less flagellin, the major subunit of flagella. In addition,
znuA and znuCB appear to be regulated by Zur. We show, for the first time, that the
ability to import zinc contributes to the fitness of P. mirabilis during experimental urinary

tract infection in the mouse model of this disease.
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Materials and Methods

Strains and culture conditions.

P. mirabilis HI4320 was originally cultured from the urine of a catheterized
nursing home patient with bacteriuria (149). Luria broth (LB) (per liter, 10 g tryptone, 5
g yeast extract, and 0.5 g NaCl) and non-swarming agar (per liter, 10 g tryptone, 5 g yeast
extract, 0.5 g NaCl, and 15 g agar) were used to culture bacteria. Minimal A medium
was prepared as previously described (28). All cultures were incubated at 37°C with
aeration unless otherwise noted. When appropriate, kanamycin or ampicillin was added
to media at a final concentration of 25 pg/ml or 100 pg/ml, respectively. Metal chelation
was achieved by addition of N,N,N’,N'-Tetrakis (2-pyridylmethyl)ethylenediamine
(TPEN, Sigma-Aldrich), dissolved in ethanol prior to use. Metals used to supplement
media were obtained from the following sources: FeCl,, Fisher Scientific; Cu(I)SOg ¢
5H,0, Sigma; Co(IT)Cl, * 6H,0, Sigma; NiSO4 ¢ 6H,0, Sigma; ZnSQO4 * 7H,0, J.T.
Baker. The Bioscreen C Growth Curve Analyzer (Growth Curves, USA) was used for

independent growth curves.

Construction of mutants.

Insertional mutants were constructed using the TargeTron system (Sigma), as
described for P. mirabilis by Pearson and Mobley (173). Briefly, genes were disrupted
by insertion of an intron, targeted specifically to the gene of interest by using a set of
three primers (IBS, EBS1d, and EBS2; listed in Table 5) in a mutagenic PCR. This
mutated region of the intron was ligated into the vector pACD4K-C. Resultant plasmids

were sequenced to confirm proper re-targeting of the intron. Plasmids containing a
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correctly re-targeted intron were electroporated into electrocompetent P. mirabilis
HI4320 containing the helper plasmid pAR1219 (49). Since the intron contains a
kanamycin resistance gene, transformants were selected on agar containing kanamycin
and screened by PCR for an insertion in the appropriate gene, using the screening primers

listed in Table 5.

Complementation.

gRT-PCR data indicated that znuC::kan contained a polar mutation that resulted
in reduced expression of znuB; expression of znuB was 50.1-fold lower in znuC::kan than
in wild type. Therefore, znuCB were employed for complementation studies. znuCB
were amplified from wild-type P. mirabilis HI4320 genomic DNA using primers listed in
Table 5 (znuCBcompFor and znuCBcompRev) and cloned into pCR2.1-TOPO
(Invitrogen). The resultant plasmid, pTOPO-znuCB, was transformed into
electrocompetent E. coli TOP10 (Invitrogen); transformants were selected on agar
containing kanamycin. Restriction enzymes HindIII and Xhol (New England Biolabs)
were used to digest pTOPO-znuCB and the vector pACYC177 (New England Biolabs);
the insert was ligated into the digested vector using T4 DNA ligase (Promega). The
resultant plasmid, pZnuCB, was transformed into P. mirabilis HI4320 by electroporation
to yield the complemented strain (znuC::kan + pZnuCB), which was selected for on agar
containing ampicillin. pACYC177 was also transformed into znuC::kan for use as an

empty vector control (strain znuC::kan + pEV).

Quantitative reverse transcriptase PCR (qRT-PCR).

Log phase culture (0.5 ml) was added to 1 ml RNA Protect solution (Qiagen).

RNA was isolated using the RNeasy Mini Prep protocol (Qiagen) according to the
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manufacturer’s directions. Samples were treated with DNase (Turbo DNA-free DNase,
Ambion) and cDNA was synthesized using the Superscript First-Strand Synthesis System
(Invitrogen). Samples were analyzed by RT-PCR with primers specific to 7poA to
confirm lack of product in negative controls with no reverse transcriptase added (-RT).
qRT-PCR reactions were performed in duplicate and contained 30 ng cDNA and 12.5 pl
2x SYBR Green PCR master mix (Stratagene) per reaction. Primers were used at 100
nM (rpoA, znuA) or 200 nM (znuC, znuB, flaA). gqRT-PCR was performed with an
Mx3000P thermal cycler (Stratagene). Data were normalized to expression of 7poA. For
experiments examining expression under conditions of zinc limitation, 35 uM TPEN (or

ethanol, as a control) was added to cultures 30 minutes prior to RNA isolation.

Swimming and swarming motility.

Swimming motility was measured by stabbing the inoculum into soft agar swim
plates (per liter: 10 g tryptone, 0.5 g NaCl, 2.5 g agar). Swarming motility was measured
by spotting 5 pl of the inoculum onto the surface of swarming agar plates (per liter: 10 g
tryptone, 10 g NaCl, 5 g yeast extract, 15 g agar). Inocula were late logarithmic phase
bacterial cultures adjusted to ODggo = 1.0. Both swim and swarm plates were incubated
at 30°C for the times indicated. Statistical analyses were performed using two-tailed

student’s #-test with a 95% confidence interval.

Western blot.

Overnight cultures of bacteria were adjusted to an ODggo = 1.0. Cells were
collected from 1 ml of the adjusted culture, resuspended in 100 pl of 2x Laemmli buffer

(109), and boiled for 10 minutes. Proteins present in 10 pl of each sample were loaded
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onto 12.5% acrylamide gels and separated by polyacrylamide gel electrophoresis.
Duplicate gels were run; one gel was stained with Coomassie to confirm that protein
levels were similar in each sample and the other gel was used for Western blot. Proteins
were transferred to PVDF membrane (Immobilon P, Millipore) at 100V for one hour at
4°C. The membrane was blocked overnight at 4°C in 5% milk dissolved in TBS-T
(0.05% Tween, 100mM Tris (pH 7.5), 9% NaCl). The membrane was incubated for 45
min at room temperature with anti-FlaA antibody (27), as recently described (172).
Following three quick rinses with TBS-T, the membrane was subjected to one 15-minute
and three five-minute washes in TBS-T. The secondary antibody, peroxidase-conjugated
goat anti-rabbit IgG (Sigma), was diluted 1:10,000 in TBS-T and applied at room
temperature with shaking for 45 minutes. After the wash steps were repeated, detection
was performed using Amersham ECL Plus Western Blotting Detection System (GE

Healthcare) following the protocol recommended by the manufacturer.

CBA/J mouse model of urinary tract infection.

Cochallenge and independent challenges of female CBA/J mice were carried out
as previously described using a modification (95) of the Hagberg protocol (75). Briefly,
single colonies were picked from a fresh plate and used to start overnight cultures in LB.
On the day of inoculation, cultures were diluted with fresh LB to an ODgy = 0.2. For
independent challenges, mice were inoculated transurethrally with 50 pl containing
approximately 10’ CFU. (Actual input was 1.41 x 10’ CFU per mouse for mice infected
with wild type and 2.36 x 10’ CFU per mouse for mice infected with znuC::kan.) For
cochallenge experiments, the wild-type and mutant cultures were mixed in a 1:1 ratio and

mice were transurethrally inoculated with 50 pl of the mixture containing approximately
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10" CFU. (Actual input for the cochallenge experiment contained, per mouse, 6.15 x 10°
CFU wild type and 1.08 x 10" CFU znuC::kan.) After seven days, urine was collected,
mice were euthanized, and bladders and kidneys were harvested asceptically and
transferred to sterile tubes containing phosphate buffered saline. Tissues were
homogenized using an Omni TH Homogenizer (Omni International) and plated using a
spiral plater (Autoplate 4000, Spiral Biotech). For independent challenges, all samples
were plated on LB agar. For cochallenges, all samples were plated on both LB agar and
LB agar containing kanamycin. Since znuC::kan harbors a kanamycin resistance gene,
colony counts from kanamycin plates represent mutant bacteria only; LB agar plates
allow growth of both mutant and wild-type colonies. Statistical significance was assessed
by using the Mann-Whitney test and Wilcoxin matched pairs test for independent and

cochallenge experiments, respectively.

Statistical analysis.

All statistical analyses were performed using GraphPad Prism (version 3.00 for

Windows, GraphPad Software, San Diego, California USA www.graphpad.com).
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Results

ZnuC plays a role in zinc acquisition in P. mirabilis.

In our previous study, ZnuB was identified on an immunoblot of membrane
proteins using sera from mice experimentally infected with P. mirabilis (165). The
antisera recognized ZnuB, indicating that this protein is expressed in vivo and thus may
represent a therapeutic target. As homologous ZnuACB uptake systems have been
shown to contribute to virulence in other bacterial pathogens, its role in P. mirabilis was
investigated.

We hypothesized that expression of a divalent cation transporter would be
regulated and could be induced under zinc restriction. To test this hypothesis, bacteria
were cultured in the presence and absence of the zinc chelator TPEN and expression of
znuACB were measured by qRT-PCR (Fig. 7). All three genes were upregulated >20-fold
under zinc restriction. Ethanol, used to solubilize TPEN, had no effect on induction.

To demonstrate a growth requirement for zinc, a mutation was constructed in the
putative transport system using a method that has been successful in generating P.
mirabilis mutants (173). znuC was inactivated by the insertion of an intron containing a
kanamycin resistance gene, resulting in strain znuC::kan. Insertion of the intron within
znuC was confirmed by PCR.

There was no difference in the growth rate of znuC::kan compared to wild type
when cultured independently in LB, minimal medium, or pooled human urine (Fig. 8).
However, when the two strains were cultured together, and therefore put in direct
competition for resources, znuC::kan was outcompeted by the wild-type strain in minimal

medium (Fig. 9A). The difference in growth was overcome by the addition of 1 mM
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zZnuA znuC znuB

Figure 7. Expression of znuACB is induced by zinc limitation.

Wild type P. mirabilis was cultured in the absence or presence of TPEN. Gene
expression was analyzed by qRT-PCR. Data were normalized to expression of rpoA4 and
presented as fold-change compared to culture in LB without TPEN. Black bars, LB
supplemented with 35 uM TPEN; gray bars, LB supplemented with solvent (ethanol).
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Figure 8. Growth of znuC::kan compared with wild type.

(A) Wild type and znuC::kan were cultured independently in LB, and growth was
monitored by plating samples at the indicated time points. Compare to ODg data in Fig.
11. Filled symbols, wild type; open symbols, znuC::kan. (B) Wild type and znuC::kan
were cultured independently in MM, and growth was observed by monitoring ODggo.
Monitoring growth by ODgg resulted in an apparent lag in growth of znuC::kan
compared with wild type; a similar pattern was observed when monitoring the growth of
wild type and znuC::kan in LB, even though cfu data show no difference in growth
between the two strains in LB. Solid line, wild type; hashed line, znuC::kan. (C) Wild
type and znuC::kan were cultured independently in filtered, pooled human urine. Growth
was monitored by plating samples at the indicated time points. Filled symbols, wild type;
open symbols, znuC::kan.
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Figure 9. znuC::kan is outcompeted by wild type during coculture in minimal
medium.

Cultures were inoculated with approximately equal amounts of wild type and znuC::kan.
At indicated time points, samples were taken for plating and the culture was repassaged
(1:100) into fresh medium. Filled symbols, wild type; open symbols, znuC::kan. (A)

Minimal A Medium. Dashed gray line designates the limit of detection (100 CFU/ml).
(B) Minimal A Medium supplemented with 1 mM ZnSO,.
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ZnSOy to the culture; under those conditions, znuC::kan was maintained in the culture,
along with the wild-type strain, for the duration of the experiment (Fig. 9B).
Maintenance of znuC::kan for the duration of the experiment could be achieved by the
addition of as little as 5 uM ZnSOy4 (the lowest concentration tested) to the culture
medium. The outcompetition phenotype was observed during coculture in minimal
medium but not in LB (Fig. 10), suggesting the higher concentration of zinc in LB is
sufficient to sustain growth of P. mirabilis without a functioning high-affinity uptake
system, even when it is put in direct competition with the wild-type strain for this
necessary nutrient. To confirm results from coculture experiments, the growth of
znuC::kan was analyzed under zinc limitation achieved by the addition of TPEN to
culture medium. Whereas little difference was observed in the growth rates of wild type
and znuC::kan in LB, znuC::kan was more sensitive to addition of 40 uM TPEN than
wild type (Fig. 11). Taken together, these data suggest that ZnuC functions in zinc

acquisition in P. mirabilis, consistent with its function in other bacterial species.

Zur represses expression of znuACB.

Analogous to the E. coli system (170, 171), we hypothesized that znud CB would
be repressed by the Zn-binding repressor Zur, which is distally encoded on the P.
mirabilis chromosome (zur, PMI12743; znuACB, PMI1150-1152). To investigate the role
of Zur in P. mirabilis, zur was insertionally inactivated by the method described above,
resulting in the strain zur::kan. Again, this mutation was confirmed by PCR. As assessed
by qRT-PCR, expression of znud CB was increased >10-fold in zur::kan (Fig. 12A).
These results support the hypothesis that Zur acts as a repressor of znuACB in P.

mirabilis.
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Figure 10. znuC::kan is maintained during a seven-day coculture with wild type in
rich culture medium.

Culture was inoculated with approximately equal amounts of wild type and znuC::kan.
At indicated time points, samples were taken for plating and the culture was repassaged
(1:100) into fresh medium. Filled symbols, wild type; open symbols, znuC::kan.
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Figure 11. znuC::kan is more sensitive to TPEN than wild type.

Wild type and znuC::kan were cultured in either plain LB or LB supplemented with 40
uM TPEN. Growth was monitored by recording ODgg at 15 min intervals over a 24 h
time period; for clarity, only 30 min time points are shown. Filled symbols, wild type;
open symbols, znuC::kan; circles, growth in LB; diamonds, growth in LB supplemented
with 40 uM TPEN.
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Figure 12. zur::kan is more sensitive to zinc than the wild-type strain.

(A) Wild type and zur::kan were cultured in LB. Gene expression was analyzed by qRT-
PCR. Data were normalized to expression of rpoA4 and presented as fold-change in
zur::kan as compared to expression in wild type. (B) Wild type and zur::kan were
cultured in plain LB as well as LB supplemented with 500 uM, 750 uM, or 1 mM ZnSOs,.
Filled symbols, wild type; open symbols, zur::kan; circles, LB; triangles, LB plus 500
UM ZnSOy; diamonds, LB plus 750 uM ZnSOy; inverted triangles, LB plus 1 mM
ZnSO0y. (C) zur::kan was cultured in LB supplemented with zinc either at the start of the
experiment or after ODgpp> 0.3. Filled symbols, cultures with zinc added at beginning;
open symbols, cultures spiked with zinc during growth; triangles, LB plus 500 uM
ZnSQy; diamonds, LB plus 750 uM ZnSOy; inverted triangles, LB plus 1 mM ZnSO,.
Arrow depicts when zinc was added to (open symbol) cultures.
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We hypothesized that since zur::kan may overproduce the ZnuACB high-affinity
uptake system, this strain may be hypersensitive to zinc toxicity. To test this hypothesis,
zur::kan and the wild-type strain were cultured independently in LB supplemented with
500 uM, 750 uM, and 1 mM ZnSO,. As predicted, zur::kan was more sensitive to excess
zinc than the wild-type strain (Fig. 12B). Interestingly, when cultured with zinc at
concentrations of 500 uM ZnSO; or above, zur::kan displayed an extended lag phase
until the culture reached a specific density (ODggo~ 0.3). Once the culture reached this
density, log phase growth commenced. To rule out the possibility of a secondary or
suppressor mutation leading to the ability of zur::kan to grow after extended lag phase,
cultures were passaged again into fresh medium supplemented with the same
concentration of ZnSOy. If a suppressor mutation were responsible for the outgrowth, we
would expect no extended lag phase to occur. However, an identical pattern of growth
was observed (that is, an extended lag phase until ODgg exceeded 0.3); therefore, we
concluded that zinc toxicity, rather than a suppressor mutation, was the cause of this
extended lag period during growth.

We further hypothesized that if zur::kan cells were able to divide (albeit slowly)
in the presence of zinc, the culture would ultimately reach a density such that the amount
of zinc present in the culture could be evenly shared by a greater number of cells and
therefore become less of a burden on individual cells, at which point they would be able
to overcome the concentration-dependent growth restriction. We reasoned that if the
zur::kan culture was allowed to reach this critical density prior to the addition of zinc,
zinc toxicity should not cause the extended lag phase observed in cultures with zinc

present from the point of inoculation. To test this hypothesis, zur::kan was used to
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inoculate two types of cultures: either LB supplemented with ZnSO; at the inception of
the experiment or, alternately, LB supplemented with the same concentration of ZnSO4
after the culture reached ODgoo > 0.3. Indeed, when ZnSO,4 was added to cultures of
zur::kan that had already passed ODggo = 0.3, the culture was able to grow at a much
faster rate than its counterpart with ZnSO4 added at the beginning, even though (post-
ZnSQ4 addition to the cultures depicted by open symbols) the two cultures contained the

same concentration of zinc (Fig. 12C).

Zinc uptake contributes to swarming and swimming motility.

It has been previously reported that PpaA, a P-type ATPase homologous to ZntA
that functions in zinc efflux (187), plays a role in swarming in P. mirabilis. A strain with
a transposon insertion in the gene ppad showed a delayed swarming response compared
with wild type (110). Since disrupted zinc efflux affects swarming motility, we
hypothesized that zinc uptake would also affect motility. To test this assertion, the
motility of znuC::kan was investigated. Indeed, znuC::kan displayed a modest but
statistically significant reduction in swimming motility compared to the wild-type strain
(P=0.025, Fig. 13L). Swarming motility was also affected; znuC::kan displayed
significantly reduced swarming motility compared to the wild-type strain (P=0.0082;
compare Fig. 13A and 13B, see Fig. 131). In addition, the appearance of the swarming
colony of znuC::kan was grossly different than the wild-type swarming colony. Wild-
type swarming colonies displayed a smooth appearance; in contrast, znuC::kan swarming
colonies had a fractured appearance, with jagged projections advancing at the swarm
front rather than the smooth colony edge observed with wild type. Upon close

inspection, gaps were present in the advancing colony edge containing these projections;
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Figure 13. znuC::kan swarms significantly less than wild type.

(A-F) Swarm agar plates were spotted with 5 ul of log phase culture. After inoculation
spot dried, plates were incubated at 30°C. Plates shown are representative examples
measured 24 hours post-inoculation. (A) Wild type (B) znuC::kan (C) znuC::kan + pEV
(D) znuC::kan + pZnuCB (E) WT inoculated on LB containing 20 uM TPEN (F)
znuC::kan inoculated on LB supplemented with 250 uM ZnSO4 (G-H) Gram stains of
wild type and znuC::kan, respectively, taken from the leading edge of a colony on swarm
agar. Images shown were taken at the same magnification. (I) Swarm radii of wild type,
znuC::kan, znuC::kan + pEV, and znuC::kan + pZnuCB measured 16 hours post-
inoculation. Data are from three independent experiments and were analyzed by paired t-
test. Asterisks above bars denote significance compared to WT. *, P<0.05; **, P<0.01
(J) Cultures of znuC::kan were spotted on swarming agar supplemented with ZnSOs.
Swarm radii were measured 20 hours post-inoculation. Data are from a representative
experiment and were analyzed by unpaired t-test. Asterisks denote significance
compared to plates with no zinc added. *, P<0.05; **, P<0.001 (K) Cultures of znuC::kan
were spotted on swarming agar supplemented with 50 pM CuSQOy4, CoCl,, NiSOy, or
FeCl,. Swarm radii were measured 20 hours post-inoculation. Dotted line represents
mean swarm radius of znuC::kan spotted on agar containing 50 uM ZnSOy for
comparison (refer to data shown in J). Data are from a representative experiment and
were analyzed by unpaired t-test. Asterisks denote significance compared to plain
swarming agar plates.*, P<0.005 (L) Swimming radii of wild type, znuC::kan, znuC::kan
+ pEV, and znuC::kan + pZnuCB measured 16 hours post-inoculation. Data are from
three independent experiments and were analyzed by paired t-test. *, P<0.05. Radii of
wild type and znuC::kan + pZnuCB were not significantly different (P = 0.0508).
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the swarming colony did not cover the entire agar surface in the same way that the wild-
type swarming colony did. Interestingly, the wild-type strain displayed a similar
fractured pattern and reduced swarming radius when inoculated onto swarming agar
supplemented with TPEN (Fig. 13E). This result suggests that the defect observed in
znuC::kan is a result of zinc limitation.

The swarming defects of znuC::kan were complemented by adding znuCB back in
trans on a plasmid (P=0.0448 compared to an empty vector control, compare Fig. 13C
and 13D; see Fig. 131). The complemented strain also regained swimming motility
(P=0.0382 compared to an empty vector control, Fig. 13L). It should be noted that only
partial complementation was achieved in swarming motility; although the complemented
strain swarmed less than wild type, this difference was not significant (P=0.0508, Fig.
131I). The swarming defect observed with znuC::kan could also be complemented by the
addition of ZnSOj4 to the swarming agar prior to inoculation (compare Fig. 13B and 13F,
see Fig. 13J). Under both complementation conditions, the swarming colony morphology
returned to a noticeably smoother appearance. Swarming by znuC::kan could not be
restored by the addition of Co**, Cu®", or Ni*' to the swarm agar (Fig. 13K). When Fe*"
was added to the medium, znuC::kan swarmed more than on plain swarm agar, however,
the radius of swarming motility did not reach the level achieved by the addition of ZnSO4
and the colony retained the fractured morphology (Fig. 13K).

For swarming motility to occur, P. mirabilis must first differentiate into the
elongated swarmer cell morphology (185). Gram staining of bacteria taken from the edge
of the swarming front of both znuC::kan and the wild-type strain revealed that cells from

both plates were elongated (Fig. 13G and 13H); therefore, the swarming defect of
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znuC::kan does not appear to be a result of a block in the elongation process. One of the
hallmark characteristics of a swarm cell is the large number of flagella synthesized by
this morphotype. To determine if znuC::kan is capable of producing flagella at levels
similar to wild type, flagellin transcript and protein were assessed in znuC::kan by qRT-
PCR and Western blot, respectively. Transcription of fla4, which encodes flagellin, was
reduced approximately 15-fold in znuC::kan compared to wild type (Fig. 14A), which
resulted in production of lower levels of FlaA protein (Fig. 14B). FlaA protein levels
were restored in the complemented strain. Transcription of fla4 was also slightly reduced

in wild type cultured in LB containing TPEN (Fig. 14A).

ZnuC contributes to, but is not required for, virulence of P. mirabilis in the urinary
tract.

Because the ZnuACB system has been shown to contribute to virulence of several
pathogens, its role in pathogenesis was investigated in the murine model of ascending
urinary tract infection that has been well established for virulence factor assessment in P.
mirabilis (5, 38, 84, 98, 256). CBA/J mice were transurethrally inoculated with
approximately 1 x 10" CFU of either wild type or znuC::kan. After seven days, mice were
sacrificed and bacteria present in urine, bladders, and kidneys were quantified. We found
that znuC::kan colonized mice in numbers similar to the wild-type strain (Fig. 15A).

To assess the contribution of the ZnuACB transport system to the fitness of P.
mirabilis in the murine urinary tract, we conducted a cochallenge experiment in which
znuC::kan was put in direct competition with wild type during infection. Ten CBA/J
mice were infected transurethrally with a 1:1 mixture of wild type and znuC::kan.
Following a seven day infection, znuC::kan was outcompeted by wild type more than

10,000-fold in the urine (P<0.005) and was unrecoverable from the bladder
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Figure 14. Flagellin transcript and protein levels are decreased in znuC::kan.

(A) Analysis of flaA transcript by qRT-PCR. Left bar shows expression of fla4 in
znuC::kan cultured in LB relative to its expression in wild type cultured in LB. Right bar
shows flaA expression in wild type cultured in LB supplemented with 35 uM TPEN
relative to expression in wild type cultured in unsupplemented LB. (B) Western blot with

anti-FlaA antibody.
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Figure 15. ZnuC contributes to fitness of P. mirabilis in the urinary tract, but is not
required for infection.
Mice were infected transurethrally and after seven days, urine, bladders, and kidneys
were quantitatively cultured. Each symbol represents data from an individual mouse —
solid symbols, mice infected with wild type; open symbols, mice infected with
znuC::kan. Bars represent the median. Limit of detection is 100 CFU/ml of urine or
gram of tissue. (A) Independent challenge. Mice were infected with approximately 10’
CFU of either wild type or znuC::kan. (B) Cochallenge. Mice were infected
transurethrally with approximately 10’ CFU of a 1:1 mix of wild type and znuC::kan.
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and kidneys (P<0.01 and P<0.005, respectively; Fig. 15B). Taken together, these data
reveal that while ZnuC is not required for P. mirabilis to colonize the host, it offers a

competitive advantage during urinary tract infection.
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Discussion

This is the first study to demonstrate the importance of zinc acquisition by P.
mirabilis in the urinary tract during infection. We have shown that ZnuC, a component
of a putative zinc ABC transporter that imports this critical ion, contributes to the fitness
of P. mirabilis in the mouse model of ascending urinary tract infection. Based on growth
differences in independent cultures supplemented with TPEN and coculture in minimal
medium, ZnuC (presumably as a component of ZnuACB) appears to function as a zinc
transport system in P. mirabilis. In addition, znuA and znuCB appear to be repressed by
Zur since expression of all three genes was increased in a zu» mutant compared with wild
type. The over-expression of this high-affinity zinc uptake system rendered P. mirabilis
hypersensitive to ZnSO,, demonstrating the importance of the ability to regulate zinc
homeostasis. We also discovered that zinc acquisition is required for normal swimming
and swarming motility. The statistically significant reduction in swarming of znuC::kan
was complemented by expressing ZnuCB in trans or by adding ZnSO4 to swarming agar
prior to inoculation, suggesting the defect resulted specifically from low levels of
intracellular zinc in the mutant.

Results from the wild type and znuC::kan in vivo cochallenge infection suggest
that there is a limited supply of zinc in the urinary tract. When znuC::kan was put in
direct competition for this nutrient with wild type (which retains a functioning high
affinity transport system), the mutant failed to thrive and was unrecoverable from
infected animal tissue. However, during independent challenge, znuC::kan was able to
utilize the zinc present and colonized to levels similar to wild type. This result suggests

that in the absence of competition, znuC::kan has sufficient mechanisms for acquiring
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this critical ion, perhaps through the use of lower-affinity transport systems. A similar
phenotype was observed during experimental urinary tract infection with a derivative of
UPEC strain CFT073 lacking a function ZnuACB transport system; the mutant was
outcompeted in bladders and kidneys during cochallege (196). However, in contrast to P.
mirabilis, UPEC CFTO073 required functional ZnuACB to reach optimal infection levels
in the kidney during independent challenge; although there was no difference in bladder
colonization, CFT073 AznuA was recovered from infected kidneys in significantly fewer
numbers than controls (196). The reason for this disparity is not immediately clear, but
one possible explanation could be a difference in low affinity zinc uptake between the
two species. In any case, taken together, data from two different uropathogens align well
and support the hypothesis that zinc is a critical nutrient during infection of the urinary
tract.

The ability of znuC::kan to colonize the urinary tract during independent
challenge suggests that this mutant is capable of using other means to bring zinc into the
cell. ZupT, previously thought to be a zinc-specific low affinity transporter (71), is in
fact a transporter with broad metal specificity (70). However, based on the genome
sequence and annotation of P. mirabilis H14320 (174), this strain appears to lack a ZupT
homolog. Other transporters known to import zinc include the inorganic phosphate
transporter PitA (24) and the citrate transporter CitM (107). P. mirabilis appears to
encode proteins homologous to both PitA and CitM, but the contribution of either of
these proteins to zinc acquisition in this species is currently unknown.

It should be noted that we cannot rule out the possibility that the colonization

defect of znuC::kan observed during cochallenge could be due, at least in part, to the
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reduction in motility observed with this strain. We observed only a modest defect in
swimming motility in znuC::kan, while swarming motility was greatly affected;
znuC::kan produced less flagellin than the wild-type strain. Flagella-mediated motility
has been implicated as a virulence factor in P. mirabilis (143). A FlaA strain of P.
mirabilis did not differentiate into swarmer cells (25), but we observed elongated forms
of znuC::kan and know this strain is capable of at least this step in the differentiation
process. The contribution of swarmer cells and swarming motility (as opposed to
production of flagella and swimming motility) to virulence is unclear. The expression of
virulence genes has been linked to swarmer cell differentiation (10). However, the
presence of swarmer cells in vivo is debated (7, 92). In addition, some studies conclude
that motile, nonswarming strains have a reduced capacity to cause infection (7) while
others found that non-flagellated strains (which are therefore incapable of swarming) are
still able to cause infection (116, 260).

In P. mirabilis, a strain with an interrupted copy of the ZntA zinc efflux protein
homolog PpaA also displayed reduced swarming (110). This phenotype is interesting
because we note that proteins with seemingly opposing functions (zinc uptake and efflux
for ZnuC and PpaA, respectively), when interrupted, both affect swarming motility.
Perhaps zinc homeostasis (as opposed to exclusively uptake or efflux) plays a role in
motility. Indeed, in E. coli, transcription of genes involved in flagellar biosynthesis are
down-regulated in response to treatment with TPEN (211) while the transcription of some
motility-related genes was increased in E. coli treated with zinc (114).

As described above, swarming motility requires a large number of flagella per

bacterium. The production of flagella occurs via a regulatory cascade mediated by the
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‘master regulator’ FIhDC (reviewed in (42, 217)). flhDC comprise Class I genes of the
flagellar regulon and activate expression of the Class II genes, which include proteins
necessary to form the basal body and hook of the flagella as well as FliA. FliA is the
transcription factor required to synthesize proteins present in Class III, including FlaA.
FIhC, part of the FIhDC complex that induces the flagellar cascade, was recently
determined to have a zinc-binding site (240). It is unknown what, if any, role zinc-
binding has on FIhDC function. However, if FIhDC requires zinc for its function, the
levels of intracellular zinc in znuC::kan may not be sufficient to fulfill the normal
requirement needed for optimal FIhDC activity. We hypothesize that this potential
reduction in FIhDC activity could represent one explanation for the reduced motility of
znuC::kan; reduced FIhDC activity would result in reduced transcription of flagellar
genes, including flaA (as we observed), and therefore reduced motility. This hypothesis
could help explain the differences in the effect mutation of ZnuC had on swimming and
swarming motility; swarming motility, which has a greater requirement for flagellin, was
affected to a greater degree. Furthermore, this phenomenon may not be specific to P.
mirabilis, since motility was also reduced in UPEC mutants lacking functional zinc
uptake systems (73, 196). To elucidate the mechanism of interplay between zinc
homeostasis and motility, further studies are required.

The ability of P. mirabilis to employ swarming motility, although described for
more than a century (250), is still not well understood and remains a target of active
research. Deciphering this behavior would not only benefit our understanding of a facet
of the lifecycle of this pathogenic bacterium, but could potentially lead to important

therapeutic targets since P. mirabilis may gain access to the body by swarming over the
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surface of catheters. We have shown, for the first time, that the ability to acquire zinc via

a high-affinity transport system is another piece of this proverbial puzzle.
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Appendix (Unpublished Data)

To determine if Zur contributes to virulence, zur::kan was assessed in the
murine model of ascending UTI. CBA/J mice were transurethrally inoculated with
approximately 1 x 10" CFU of either wild type or znuC::kan. After seven days, mice
were sacrificed and colonization was determined by quantifying bacteria present in urine,
bladders, and kidneys. There was no difference in the level of colonization achieved by
zur::kan and the wild-type strain; therefore, Zur is not required for infection of the
urinary tract by P. mirabilis (Fig. 16A).

A cochallenge experiment in which zur::kan was put in direct competition with
wild type during infection was also conducted. CBA/J mice were infected transurethrally
with a 1:1 mixture of wild type and zur::kan. Following a seven day infection, zur::kan
was recovered from the urine, bladders, and kidneys of infected mice at levels
statistically significantly lower than the wild-type strain (Fig. 16B).

Typically, upon determination that a strain is outcompeted by wild type in vivo, it
is assumed that the gene product is a fitness factor and offers a competitive advantage
during infection. However, it is difficult to interpret the zur::kan results in that way. As
an in vitro control for the weeklong cochallenge, a weeklong coculture experiment was
performed. Overnight cultures of wild type and zur::kan were diluted to the same optical
density and used to inoculate one fresh LB culture. This mixed culture was followed for
seven days. Periodically, the culture was repassaged into fresh LB (typically, at the
beginning and end of each day); at the time of repassage, a sample was plated to

determine the levels of wild type and zur::kan present in the culture. During a weeklong
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Figure 16. Zur is not required for infection.

Mice were infected transurethrally and after seven days, urine, bladders, and kidneys
were quantitatively cultured. Each symbol represents data from an individual mouse —
solid symbols, mice infected with wild type; open symbols, mice infected with zur::kan.
Bars represent the median. Limit of detection is 100 CFU/ml of urine or gram of tissue.
(A) Independent challenge. Mice were infected with approximately 10" CFU of either
wild type or zur::kan. Actual input values (per mouse) were 2.26 x 10’ CFU and 2.5 x
10" CFU for mice infected with wild type and zur::kan, respectively. (B) Cochallenge.
Mice were infected transurethrally with approximately 10" CFU of a 1:1 mix of wild type
and zur::kan. Results compiled from two independent experiments are shown. In one
experiment, the actual input inoculum (1.69 x 10" CFU/mouse) contained 6.21 x 10° CFU
wild type and 1.07 x 10" CFU zur::kan. In the second experiment, the actual input
inoculum (1.53 x 10" CFU/mouse) contained 5.21 x 10° CFU wild type and 1.01 x 10’
CFU zur::kan.
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independent culture, zur::kan was maintained at high levels throughout the course of the
experiment (Fig. 17A). In contrast, during coculture with wild type, zur::kan was slowly
lost from the culture (Fig. 17B). Therefore, it appears that zur::kan has a slight growth
defect in vitro. This result complicates interpretation of the cochallenge data since the
outcompetition observed in vivo could merely be a result of the zur::kan growth defect.
Additionally, interpretation of zur::kan results is difficult because, at this time, it is

unclear whether Zur regulates the expression of genes other than znuACB in P. mirabilis.

The work presented in this chapter has been submitted for publication under the
title “Zinc Uptake Contributes to Motility and Provides a Competitive Advantage to
Proteus mirabilis during Experimental Urinary Tract Infection” (Nielubowicz, G. R.,
Sara N. Smith, and Harry L. T. Mobley); the manuscript has been reviewed and is
currently under revision. Sara N. Smith assisted with animal studies; all other

experiments were preformed by G. R. N. Manuscript was prepared by G. R. N.
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Figure 17. zur::kan is outcompeted during in vitro coculture with wild type.

Data points represent times at which the culture was repassaged 1:100 into fresh LB. (A)
Weeklong zur::kan culture in LB (B) Weeklong coculture of wild type and zur::kan in
LB. Closed symbols, wild type; open symbols, zur::kan.
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CHAPTER 1V. DISCUSSION

The main goal of this study was to identify potential antigens for inclusion in a
multivalent vaccine against a major cause of complicated UTI, P. mirabilis. An
immunoproteomic approach was used and resulted in the identification of 23 outer
membrane antigens expressed by P. mirabilis in vivo during urinary tract infection. It
also resulted in the characterization of three proteins that contribute to virulence: the
TonB-dependent receptors PMI0842 and PM12596 and the zinc transport protein ZnuC.

Previous work by others has resulted in the development of multiple vaccines that
significantly reduce colonization in the mouse model. However, in each study, some
mice that were vaccinated still developed an infection (i.e., not all mice were protected)
(118, 120, 177, 200, 201). Therefore, none of the potential vaccine antigens offer
complete protection. It was our goal to identify additional antigens for inclusion in a
multivalent vaccine; targeting more than one antigen simultaneously may be the most
effective way to prevent infection.

Arguably, the most successful vaccines to date have targeted MR/P fimbrial
proteins, namely MrpA and MrpH (118, 120, 177, 200, 201). However, as discussed in
Chapter I, the mrp operon is capable of undergoing phase variation (255). It is currently
unclear if mice susceptible to infection following vaccination with MrpA or MrpH were
colonized by bacteria not expressing MR/P fimbriae. The down-regulation of the target
antigen by colonizing bacteria could be one explanation for why these mice were not

protected by the vaccine.
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Additional vaccines have targeted UcaA and PmfA, the major structural subunits
of two other fimbriae (UCA and PMF) encoded by P. mirabilis (177,201). Mucosal
immunization with UcaA protected mice from bladder and kidney colonization, while
mucosal immunization with PmfA offered protection in the kidneys only (201). As is the
case with MR/P fimbriae, PMF contribute to virulence (at least in the mouse model) (138,
261); the role of UCA during infection has not been assessed. It may be difficult to
directly compare the results of these various vaccinations; experiments performed by
different groups used different strains of P. mirabilis and different adjuvants, but it
appears that intranasal immunization with MrpH reduced colonization compared to
controls more effectively than intranasal immunization with MrpA (120, 201). This
observation raises the question of whether the protection observed with UcaA and PmfA
could be improved by targeting the tip adhesins, rather than major structural subunits, of
these fimbriae. Given the number of putative fimbrial operons identified in the P.
mirabilis genome (174), and the encouraging results achieved so far by vaccination with
fimbrial proteins, it is possible that other fimbrial proteins may also serve as protective
antigens. However, most of these other fimbriae have not yet been characterized
experimentally; it is not known if they are expressed in vivo or contribute in any way to
pathogenesis. Future work investigating these possibilities could also potentially
contribute to vaccine design.

Interestingly, no fimbrial proteins were identified in this study (Chapter II). We
found this result surprising, especially considering that MR/P fimbriae are known to elicit
a strong immune response during infection (20, 94). There are a few possible reasons

why no fimbrial proteins were detected: either the culture conditions used did not favor
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the expression of fimbriae, or, alternately, fimbriae were sheared from the bacterial
surface during sample preparation. Of course, a third possibility is that fimbriae were
present, but not recognized by sera. We consider this third possibility unlikely, especially
given that the sera used in our screen was previously shown to react with MR/P fimbrial
proteins (94). Fimbrial preparations should be prepared and probed with the sera from
infected mice to determine what, if any, fimbriae are recognized. Again, based on
previous results, we predict that MR/P fimbriae will react with the sera, but it would be
interesting to determine if other fimbrial proteins are also recognized.

The immunoproteomic screen detailed in Chapter II resulted in the identification
of 23 outer membrane proteins that are potential vaccine candidates (165). We were
encouraged that outer membrane proteins could serve as protective antigens based on
previous work using outer membrane preparations for vaccination (142). Unfortunately,
vaccination with PMI0842 did not result in protection from transurethral challenge
(Chapter 11, Appendix). However, proof of principle was offered by results of
vaccination with Pta, another antigen identified in our screen. Mice that received an
intranasal immunization with Pta* (an active site mutant lacking serine protease activity)
had significantly lower colonization levels in their kidneys and spleens than control mice;
bladder colonization was not affected by immunization with Pta* (4). Immunization with
Pta* resulted in significant increases in the production of IgA in the urine and IgG in the
serum directed against Pta* (as compared to pre-immunization samples) (4). A
significant inverse correlation between serum IgG production and kidney colonization

level was observed; that is, mice with higher levels of antibodies had reduced

119



colonization levels and mice that were colonized at higher levels had lower levels of
antibodies (4).

Importantly, although protection was significant compared to control groups,
some mice that received the Pta* vaccine were still colonized (4). These results mirror
those from other P. mirabilis vaccine studies (118, 120, 177, 200, 201). Taken together,
results from all P. mirabilis vaccination studies suggest that vaccination with one antigen
may not be sufficient to provide complete protection. For this reason, the pursuit of a
multivalent vaccine that combines multiple antigens is ongoing. The antigens identified
in our immunoproteomic screen represent a pool of potential targets for inclusion in this
multivalent vaccine; however, the level of protection offered by the vast majority of these
candidate antigens has not yet been assessed experimentally.

The first logical step in the development of this multivalent vaccine would be to
combine the two most successful antigen preparations to date: Pta* and the N-terminal
region of MrpH. As discussed above, when administered individually, both antigens
offered significant protection but still resulted in infection of some mice (4, 118, 120).
The use of these antigens together should be fairly straightforward, for three reasons: the
antigens have already been cloned into expression vectors; purification schemes have
been designed and successfully implemented; an animal model (including the previously
determined ideal mode of vaccine delivery) is readily available and currently in use in our
laboratory. We hypothesize that mice immunized with a combination of Pta* and the N-
terminal domain of MrpH will be significantly protected from transurethral infection;
furthermore, we predict that mice receiving the mixed vaccine will be protected better

than groups of mice only receiving one antigen.
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Recent vaccine work on another uropathogen, UPEC, has also been encouraging
(12); results from that study further validate that a mucosal vaccine targeting antigenic
outer membrane proteins can be effective against a uropathogen. The identification of
antigens used in that study resulted from a very specific approach, termed the “omics”
approach, used to identify potentially protective antigens (214). These antigens all fit the
criteria of PASIvE proteins (Pathogen-specific, Antigenic, Surface-exposed, and in vivo
Expressed) that are hypothesized to represent ideal vaccine candidates. The identification
of PASivE proteins was made possible by the completion of many different screens,
including comparative genomic hybridizations, microarray analyses, and an
immunoproteomic screen (similar to the one described for P. mirabilis in Chapter II)
(214). Target antigens were chosen because they were identified from multiple screens.

The recent improvements in resources available for P. mirabilis should aid in
vaccine development efforts, which can be modeled after the strategy successfully
employed for the UPEC vaccine. The resolution of the genome sequence of P. mirabilis
HI4320 is a critical factor that will allow many of the screens performed with UPEC to be
utilized for P. mirabilis. First, it allowed for design of the P. mirabilis microarray. This
microarray has already been validated (S. Himpsl, M. Pearson, and H. L. T. Mobley,
unpublished data) and is currently being used to investigate the gene expression profile of
P. mirabilis during experimental UTI (M. Pearson and H. L. T. Mobley, unpublished
data). These results will be extremely valuable for consideration during vaccine design,
as it is crucial to target antigens that are expressed in vivo. Second, it has already

afforded us the ability to easily identify outer membrane antigens by mass spectrometry.
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One aspect of vaccine design that will be different for P. mirabilis than E. coli is
the identification of genes common to pathogenic strains. UPEC are a specific subset of
E. coli, but it is thought that all strains of P. mirabilis can cause UTI regardless of isolate
origin (176, 216). In addition, many virulence genes appear to be conserved among P.
mirabilis isolates. However, recent data suggest that there may be previously
unappreciated differences between strains. For example, the pfa gene was present in all
isolates, but expression of pta was only detected in UTI (not fecal) isolates (4). It is
currently unclear if this pattern extends to other virulence factors as well. The fact that
all P. mirabilis isolates appear to be capable of causing UTI adds another layer of
complication to vaccine design. E. coli and P. mirabilis are both found in the gut, but the
UPEC vaccine targets proteins that are specifically expressed by uropathogenic, and not
fecal, isolates. In this way, potential reaction of gut microbes to vaccination is hopefully
minimized. However, it appears that the potential problem of targeting P. mirabilis in the
gut cannot be handled in the same way (i.e., only targeting proteins not found in
commensal strains). Further work will be necessary to determine, first, how the gut
microbiota (specifically P. mirabilis) is affected by mucosal vaccination against P.
mirabilis and, second, how to best handle any potential negative effects that may result.

The P. mirabilis microarray was also recently used to identify genes shared by P.
mirabilis and two other causative agents of complicated UTI, M. morganii and P. stuartii
(60). This study employed comparative genomic hybridizations and resulted in the
identification of highly conserved genes present in all three species. The identification of

these highly conserved genes raises the possibility that a “complicated UTI vaccine”
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could be developed that would protect against infection by all three species; however, no
specific work toward this end has begun yet.

Future work that could affect vaccine design should also utilize human samples.
Although the existence of an animal model has been crucial to our understanding of P.
mirabilis pathogenesis, like all animal models, it may not exactly mirror infection
dynamics in humans. For example, using sera from human patients with UTI caused by
P. mirabilis could lead to the identification of antigens that are not expressed in mice or
that are not recognized by sera from mice. Analyzing the transcriptome of P. mirabilis
isolated from the urine of infected human patients could also lead to the identification of
genes expressed during human infection that may not be expressed during in vitro growth
or mouse infection.

Efforts to develop a vaccine against P. mirabilis would also benefit greatly from
the identification of correlates of protection. What factors are associated with protection?
Most P. mirabilis vaccine studies have reported no significant correlation between
antibody production and protection (94, 142, 177, 200, 201); a few have suggested a
correlation between the production of IgA and protection, but again, a significant
correlation was not detected (94, 120). However, in contrast to all other earlier work,
analysis of the recently-developed, successful Pta* vaccine data revealed a significant
correlation between serum IgG levels and protection (4). It is unclear why a correlation
was observed with the Pta* vaccine but not previous vaccinations with other antigens;
previously used antigens have offered a similar, if not better, degree of protection from
infection. It will be interesting to see if this correlation can be observed with future

vaccine trials. In addition, protection from UPEC infection after vaccination has recently
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been correlated with efficient antibody class switching (12). However, it is unclear if
class switching correlates with protection against P. mirabilis.

Aside from the recognition of outer membrane proteins that can potentially serve
as vaccine candidates, the immunoproteomic screen also resulted in the identification of
13 non-OMP antigens. Although these proteins are not ideal vaccine candidates, they are
proteins that are expressed in vivo; therefore, they can offer valuable information about
the state of bacteria during infection. Indeed, the identification of one of these proteins,
ZnuB, led to the characterization of the zinc uptake system ZnuACB in P. mirabilis.
ZnuACB contributes to fitness in vivo, a fact which was unappreciated prior to these
studies. In fact, we argue that a second immunoproteomic screen could be undertaken
with the sole purpose of identifying proteins from the cytosol and/or inner membrane.
Again, although not suitable for vaccine development, identification of these proteins
may offer some insight into, for example, bacterial metabolism during infection.

As mentioned above, the immunoproteomic screen led us to investigate ZnuACB,
the zinc transport system of which ZnuB is the inner membrane component. Experiments
focused on ZnuC, the cytoplasmic ATPase. We found that ZnuC is required for normal
swarming motility and offers a competitive advantage. We hypothesize that it is not
ZnuACB, per se, that are required for these functions, but perhaps other proteins that
require zinc are not functional due to lower levels of intracellular zinc in znuC::kan than
the wild-type strain. However, at this time, we have no experimental data to support this
hypothesis. One of the methods typically used to examine differences between two
strains are microarray experiments. Indeed, microarrays have been preformed analyzing

E. coli cultured in the presence of TPEN (compared to E. coli cultured without TPEN)
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(211). However, it is not clear that microarray experiments would answer our primary
question. These experiments are designed to show differences in the levels of transcript;
it is possible that zinc-binding proteins are all synthesized in the same amount, but
remain inactive or are unstable when no zinc is inserted. Additionally, there are methods
for differentiating between protein levels in two samples, such as the 2D-DIGE (two-
dimensional fluorescence difference in gel electrophoresis) approach recently employed
for a study examining expression of UPEC proteins during culture in LB or human urine
(13). However, again, if target proteins are synthesized in the same amount, we would
not identify them in this way. Perhaps there is a way to combine this technology with the
use of a radioactive zinc isotope (**Zn(II)); however, to our knowledge, no such
experiments have been performed. In any case, the identification of zinc-binding proteins
that are affected by decreased zinc uptake could lead to new avenues of research; the
function of these proteins could contribute to the competitive advantage observed in vivo
that is associated with the presence of a functional ZnuACB zinc transport system.

We hypothesize that multiple factors contribute to both the in vivo defect and the
significant decrease in motility of znuC::kan. Our current working hypothesis regarding
the motility defect of znuC::kan revolves around FIhDC, the master regulators of the
flagellar cascade. When the structure of the FIhDC complex was solved recently, it was
discovered that FIhC contained a previously unrecognized zinc-binding site (240). We
hypothesize that FIhDC requires zinc and that less zinc is available in znuC::kan, leading
to fewer functional copies of FIhDC. There are, of course, two major assumptions
contained in this hypothesis: first, that znuC::kan contains less intracellular zinc than the

wild-type strain, and, second, that FIhDC requires zinc for its function. We are currently
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trying to address the first of these assumptions experimentally. It remains unknown,
however, if FIhDC requires zinc to be functional; to our knowledge, this issue has not yet
been addressed experimentally. The zinc ion present in the crystal structure of FIhC was
ligated by four cysteine residues. Perhaps a site-directed mutagenesis approach could be
used to specifically target these residues, resulting in the formation of mutant proteins
unable to bind zinc. If successfully generated, these non-zinc-containing proteins could
be assessed in functional assays related to motility, i.e. the transcription of flagellin or
other motility-related genes. Again, we believe it is likely that there are multiple factors
that contribute to the defect in motility of znuC::kan; the FIhDC complex is just one
potential target.

We initially identified ZnuB through the immunoproteomic screen. Although we
chose not to pursue ZnuB as a vaccine candidate (based on its predicted location in the
cell), we learned that the ZnuACB system is important to P. mirabilis during UTI. This
finding has led us to believe that other identified antigens may also play an important role
during infection. Indeed, two putative outer membrane iron receptors, PMI10842 and
PMI2596, were also found to impart a competitive advantage during infection (Chapter
IT) (165). The proteins we identified in the immunoproteomic screen have not all been
characterized yet. Other proteins that may be interesting or contribute to pathogenesis
based on their annotation include a putative RTX toxin (PMI12043) and two putative iron
acquisition proteins (IreA and PMI0409).

In closing, complicated UTIs caused by P. mirabilis are a public health concern.
Patients experiencing these infections often suffer considerable morbidity or even

mortality. These infections commonly affect catheterized patients, including elderly
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populations in nursing homes. As the aging population is projected to increase, it is
possible an increase in catheter-associated UTIs will also occur; this possibility makes
vaccine development even more pressing. The work reported here has contributed to the
long-term goal of the development of a multivalent vaccine against P. mirabilis by
identifying potential protective antigens. Indeed, one of these antigens (Pta) has already
been shown to be protective in the mouse model of ascending UTI (4). The identification
of proteins expressed during infection also resulted in insight into the importance of
metal ion acquisition in vivo; the uptake of both iron and zinc are important to P.

mirabilis during UTI.

127



REFERENCES

Adegbola, R. A., D. C. Old, and B. W. Senior. 1983. The adhesins and fimbriae
of Proteus mirabilis strains associated with high and low affinity for the urinary
tract. ] Med Microbiol 16:427-431.

Afonina, G., I. Leduc, I. Nepluev, C. Jeter, P. Routh, G. Almond, P. E.
Orndorff, M. Hobbs, and C. Elkins. 2006. Immunization with the Haemophilus

ducreyi hemoglobin receptor HgbA protects against infection in the swine model
of chancroid. Infect Immun 74:2224-2232.

Akerley, B. J., P. A. Cotter, and J. F. Miller. 1995. Ectopic expression of the
flagellar regulon alters development of the Bordetella-host interaction. Cell
80:611-620.

Alamuri, P., K. A. Eaton, S. D. Himpsl, S. N. Smith, and H. L. Mobley. 2009.
Vaccination with proteus toxic agglutinin, a hemolysin-independent cytotoxin in

vivo, protects against Proteus mirabilis urinary tract infection. Infect Immun
77:632-641.

Alamuri, P., and H. L. Mobley. 2008. A novel autotransporter of uropathogenic
Proteus mirabilis is both a cytotoxin and an agglutinin. Mol Microbiol 68:997-
1017.

Allison, C., N. Coleman, P. L. Jones, and C. Hughes. 1992. Ability of Proteus
mirabilis to invade human urothelial cells is coupled to motility and swarming
differentiation. Infect Immun 60:4740-4746.

Allison, C., L. Emody, N. Coleman, and C. Hughes. 1994. The role of swarm
cell differentiation and multicellular migration in the uropathogenicity of Proteus
mirabilis. J Infect Dis 169:1155-1158.

Allison, C., and C. Hughes. 1991. Bacterial swarming: an example of
prokaryotic differentiation and multicellular behaviour. Science progress 75:403-
422.

Allison, C., H. C. Lai, D. Gygi, and C. Hughes. 1993. Cell differentiation of
Proteus mirabilis is initiated by glutamine, a specific chemoattractant for
swarming cells. Mol Microbiol 8:53-60.

128



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Allison, C., H. C. Lai, and C. Hughes. 1992. Co-ordinate expression of
virulence genes during swarm-cell differentiation and population migration of
Proteus mirabilis. Mol Microbiol 6:1583-1591.

Allocati, N., B. Favaloro, M. Masulli, M. F. Alexeyev, and C. Di Ilio. 2003.
Proteus mirabilis glutathione S-transferase B1-1 is involved in protective
mechanisms against oxidative and chemical stresses. Biochem J 373:305-311.

Alteri, C. J., E. C. Hagan, K. E. Sivick, S. N. Smith, and H. L. Mobley. 2009.
Mucosal immunization with iron receptor antigens protects against urinary tract
infection. PLoS pathogens 5:¢1000586.

Alteri, C. J., and H. L. Mobley. 2007. Quantitative profile of the uropathogenic
Escherichia coli outer membrane proteome during growth in human urine. Infect
Immun 75:2679-2688.

Altman, E., B. A. Harrison, R. K. Latta, K. K. Lee, J. F. Kelly, and P.
Thibault. 2001. Galectin-3-mediated adherence of Proteus mirabilis to Madin-

Darby canine kidney cells. Biochemistry and cell biology = Biochimie et biologie
cellulaire 79:783-788.

Ammendola, S., P. Pasquali, C. Pistoia, P. Petrucci, P. Petrarca, G. Rotilio,
and A. Battistoni. 2007. High-affinity Zn’" uptake system ZnuABC is required
for bacterial zinc homeostasis in intracellular environments and contributes to the
virulence of Salmonella enterica. Infect Immun 75:5867-5876.

Andersen, C., D. Krones, C. Ulmke, K. Schmid, and R. Benz. 1998. The porin
RafY encoded by the raffinose plasmid pRSD2 of Escherichia coli forms a

general diffusion pore and not a carbohydrate-specific porin. Eur J Biochem
254:679-684.

Aneas, M. A., F. C. Portaro, 1. Lebrun, L. Juliano, M. S. Palma, and B. L.
Fernandes. 2001. ZapA, a possible virulence factor from Proteus mirabilis
exhibits broad protease substrate specificity. Brazilian journal of medical and
biological research = Revista brasileira de pesquisas medicas e biologicas /
Sociedade Brasileira de Biofisica ... [et al 34:1397-1403.

Bacheller, C. D., and J. M. Bernstein. 1997. Urinary tract infections. Med Clin
North Am 81:719-730.

Bahrani, F. K., S. Cook, R. A. Hull, G. Massad, and H. L. Mobley. 1993.
Proteus mirabilis fimbriae: N-terminal amino acid sequence of a major fimbrial

subunit and nucleotide sequences of the genes from two strains. Infect Immun
61:884-891.

Bahrani, F. K., D. E. Johnson, D. Robbins, and H. L. Mobley. 1991. Proteus
mirabilis flagella and MR/P fimbriae: isolation, purification, N-terminal analysis,

129



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

and serum antibody response following experimental urinary tract infection.
Infect Immun 59:3574-3580.

Bahrani, F. K., G. Massad, C. V. Lockatell, D. E. Johnson, R. G. Russell, J.
W. Warren, and H. L. Mobley. 1994. Construction of an MR/P fimbrial mutant
of Proteus mirabilis: role in virulence in a mouse model of ascending urinary tract
infection. Infect Immun 62:3363-3371.

Bahrani, F. K., and H. L. Mobley. 1993. Proteus mirabilis MR/P fimbriae:
molecular cloning, expression, and nucleotide sequence of the major fimbrial
subunit gene. J Bacteriol 175:457-464.

Bahrani, F. K., and H. L. Mobley. 1994. Proteus mirabilis MR/P fimbrial
operon: genetic organization, nucleotide sequence, and conditions for expression.
J Bacteriol 176:3412-3419.

Beard, S. J., R. Hashim, G. Wu, M. R. Binet, M. N. Hughes, and R. K. Poole.
2000. Evidence for the transport of zinc(II) ions via the pit inorganic phosphate
transport system in Escherichia coli. FEMS Microbiol Lett 184:231-235.

Belas, R. 1994. Expression of multiple flagellin-encoding genes of Proteus
mirabilis. J Bacteriol 176:7169-7181.

Belas, R. 1992. The swarming phenomenom of Proteus mirabilis. ASM News
58:15-22.

Belas, R., D. Erskine, and D. Flaherty. 1991. Proteus mirabilis mutants
defective in swarmer cell differentiation and multicellular behavior. J Bacteriol
173:6279-6288.

Belas, R., D. Erskine, and D. Flaherty. 1991. Transposon mutagenesis in
Proteus mirabilis. J Bacteriol 173:6289-6293.

Belas, R., and D. Flaherty. 1994. Sequence and genetic analysis of multiple
flagellin-encoding genes from Proteus mirabilis. Gene 148:33-41.

Belas, R., M. Goldman, and K. Ashliman. 1995. Genetic analysis of Proteus
mirabilis mutants defective in swarmer cell elongation. J Bacteriol 177:823-828.

Belas, R., J. Manos, and R. Suvanasuthi. 2004. Proteus mirabilis ZapA
metalloprotease degrades a broad spectrum of substrates, including antimicrobial
peptides. Infect Immun 72:5159-5167.

Bertot, G. M., P. D. Becker, C. A. Guzman, and S. Grinstein. 2004. Intranasal
vaccination with recombinant P6 protein and adamantylamide dipeptide as
mucosal adjuvant confers efficient protection against otitis media and lung
infection by nontypeable Haemophilus influenzae. J Infect Dis 189:1304-1312.

130



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Bijlsma, I. G., L. van Dijk, J. G. Kusters, and W. Gaastra. 1995. Nucleotide
sequences of two fimbrial major subunit genes, pmpA and ucaA, from canine-
uropathogenic Proteus mirabilis strains. Microbiology 141 ( Pt 6):1349-1357.

Bisset, K. A. 1973. The motion of the swarm in Proteus mirabilis. ] Med
Microbiol 6:33-35.

Blencowe, D. K., and A. P. Morby. 2003. Zn(II) metabolism in prokaryotes.
FEMS microbiology reviews 27:291-311.

Bouvier, J., A. P. Pugsley, and P. Stragier. 1991. A gene for a new lipoprotein
in the dapA-purC interval of the Escherichia coli chromosome. J Bacteriol
173:5523-5531.

Breitenbach, J. M., and R. P. Hausinger. 1988. Proteus mirabilis urease. Partial
purification and inhibition by boric acid and boronic acids. Biochem J 250:917-
920.

Burall, L. S., J. M. Harro, X. Li, C. V. Lockatell, S. D. Himpsl, J. R. Hebel, D.
E. Johnson, and H. L. Mobley. 2004. Proteus mirabilis genes that contribute to
pathogenesis of urinary tract infection: identification of 25 signature-tagged
mutants attenuated at least 100-fold. Infect Immun 72:2922-2938.

Burnens, A., U. Stucki, J. Nicolet, and J. Frey. 1995. Identification and
characterization of an immunogenic outer membrane protein of Campylobacter
jejuni. J Clin Microbiol 33:2826-2832.

Campoy, S., M. Jara, N. Busquets, A. M. Perez De Rozas, 1. Badiola, and J.
Barbe. 2002. Role of the high-affinity zinc uptake znuABC system in Salmonella
enterica serovar typhimurium virulence. Infect Immun 70:4721-4725.

Cherry, W. B., P. L. Lentz, and L. A. Barnes. 1946. Implication of Proteus
mirabilis in an Outbreak of Gastroenteritis. American journal of public health and
the nation's health 36:484-488.

Chilcott, G. S., and K. T. Hughes. 2000. Coupling of flagellar gene expression
to flagellar assembly in Salmonella enterica serovar typhimurium and
Escherichia coli. Microbiol Mol Biol Rev 64:694-708.

Coburn, B., I. Sekirov, and B. B. Finlay. 2007. Type III secretion systems and
disease. Clinical microbiology reviews 20:535-549.

Coker, C., O. O. Bakare, and H. L. Mobley. 2000. H-NS is a repressor of the
Proteus mirabilis urease transcriptional activator gene ureR. J Bacteriol
182:2649-2653.

Coker, C., C. A. Poore, X. Li, and H. L. Mobley. 2000. Pathogenesis of Proteus
mirabilis urinary tract infection. Microbes Infect 2:1497-1505.

131



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cook, S. W., N. Mody, J. Valle, and R. Hull. 1995. Molecular cloning of
Proteus mirabilis uroepithelial cell adherence (uca) genes. Infect Immun
63:2082-2086.

D'Orazio, S. E., V. Thomas, and C. M. Collins. 1996. Activation of
transcription at divergent urea-dependent promoters by the urease gene regulator
UreR. Mol Microbiol 21:643-655.

Darouiche, R. O., W. H. Donovan, M. Del Terzo, J. I. Thornby, D. C. Rudy,
and R. A. Hull. 2001. Pilot trial of bacterial interference for preventing urinary
tract infection. Urology 58:339-344.

Davanloo, P., A. H. Rosenberg, J. J. Dunn, and F. W. Studier. 1984. Cloning
and expression of the gene for bacteriophage T7 RNA polymerase. Proceedings of
the National Academy of Sciences of the United States of America 81:2035-2039.

Davis, L. M., T. Kakuda, and V. J. DiRita. 2009. A Campylobacter jejuni znuA
orthologue is essential for growth in low-zinc environments and chick
colonization. J Bacteriol 191:1631-1640.

DeMaria, T. F., D. M. Murwin, and E. R. Leake. 1996. Immunization with
outer membrane protein P6 from nontypeable Haemophilus influenzae induces
bactericidal antibody and affords protection in the chinchilla model of otitis
media. Infect Immun 64:5187-5192.

Donlan, R. M. 2001. Biofilms and device-associated infections. Emerging
infectious diseases 7:277-281.

Drechsel, H., A. Thieken, R. Reissbrodt, G. Jung, and G. Winkelmann. 1993.
Alpha-keto acids are novel siderophores in the genera Proteus, Providencia, and
Morganella and are produced by amino acid deaminases. J Bacteriol 175:2727-
2733.

Ebringer, A., and T. Rashid. 2006. Rheumatoid arthritis is an autoimmune
disease triggered by Proteus urinary tract infection. Clinical & developmental
immunology 13:41-48.

Ebringer, A., T. Rashid, and C. Wilson. 2009. Rheumatoid arthritis, Proteus,
anti-CCP antibodies and Karl Popper. Autoimmunity reviews.

Eggert, U. S., N. Ruiz, B. V. Falcone, A. A. Branstrom, R. C. Goldman, T. J.
Silhavy, and D. Kahne. 2001. Genetic basis for activity differences between
vancomycin and glycolipid derivatives of vancomycin. Science 294:361-364.

Engleberg, N. C., D. C. Howe, J. E. Rogers, J. Arroyo, and B. 1. Eisenstein.
1991. Characterization of a Legionella pneumophila gene encoding a lipoprotein
antigen. Mol Microbiol 5:2021-2029.

132



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Eriksson, K., and J. Holmgren. 2002. Recent advances in mucosal vaccines and
adjuvants. Curr Opin Immunol 14:666-672.

Evanylo, L. P., S. Kadis, and J. R. Maudsley. 1984. Siderophore production by
Proteus mirabilis. Can J Microbiol 30:1046-1051.

Flannery, E. L., L. Mody, and H. L. Mobley. 2009. Identification of a modular
pathogenicity island that is widespread among urease-producing uropathogens

and shares features with a diverse group of mobile elements. Infect Immun
77:4887-4894.

Forst, D., W. Welte, T. Wacker, and K. Diederichs. 1998. Structure of the
sucrose-specific porin ScrY from Salmonella typhimurium and its complex with
sucrose. Nature structural biology 5:37-46.

Fraser, G. M., L. Claret, R. Furness, S. Gupta, and C. Hughes. 2002.
Swarming-coupled expression of the Proteus mirabilis hpmBA haemolysin
operon. Microbiology 148:2191-2201.

Gaastra, W., R. A. van Oosterom, E. W. Pieters, H. E. Bergmans, L. van
Dijk, A. Agnes, and H. M. ter Huurne. 1996. Isolation and characterisation of
dog uropathogenic Proteus mirabilis strains. Veterinary microbiology 48:57-71.

Gabay, C., and 1. Kushner. 1999. Acute-phase proteins and other systemic
responses to inflammation. The New England journal of medicine 340:448-454.

Gaisser, S., and C. Hughes. 1997. A locus coding for putative non-ribosomal

peptide/polyketide synthase functions is mutated in a swarming-defective Proteus
mirabilis strain. Mol Gen Genet 253:415-427.

Gardel, C. L., and J. J. Mekalanos. 1996. Alterations in Vibrio cholerae
motility phenotypes correlate with changes in virulence factor expression. Infect
Immun 64:2246-2255.

Garrido, M. E., M. Bosch, R. Medina, M. Llagostera, A. M. Perez de Rozas,
I. Badiola, and J. Barbe. 2003. The high-affinity zinc-uptake system znuACB is
under control of the iron-uptake regulator (fir) gene in the animal pathogen
Pasteurella multocida. FEMS Microbiol Lett 221:31-37.

Gerding, M. A., Y. Ogata, N. D. Pecora, H. Niki, and P. A. de Boer. 2007. The
trans-envelope Tol-Pal complex is part of the cell division machinery and
required for proper outer-membrane invagination during cell constriction in E.
coli. Mol Microbiol 63:1008-1025.

Gmeiner, J., E. Sarnow, and K. Milde. 1985. Cell cycle parameters of Proteus

mirabilis: interdependence of the biosynthetic cell cycle and the interdivision
cycle. J Bacteriol 164:741-748.

133



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Grass, G., S. Franke, N. Taudte, D. H. Nies, L. M. Kucharski, M. E. Maguire,
and C. Rensing. 2005. The metal permease ZupT from Escherichia coli is a
transporter with a broad substrate spectrum. J Bacteriol 187:1604-1611.

Grass, G., M. D. Wong, B. P. Rosen, R. L. Smith, and C. Rensing. 2002. ZupT
is a Zn(II) uptake system in Escherichia coli. J Bacteriol 184:864-866.

Griffith, D. P., D. M. Musher, and C. Itin. 1976. Urease. The primary cause of
infection-induced urinary stones. Invest Urol 13:346-350.

Gunasekera, T. S., A. H. Herre, and M. W. Crowder. 2009. Absence of
ZnuABC-mediated zinc uptake affects virulence-associated phenotypes of
uropathogenic Escherichia coli CFT073 under Zn(II)-depleted conditions. FEMS
Microbiol Lett 300:36-41.

Hagan, E. C., and H. L. Mobley. 2007. Uropathogenic Escherichia coli outer
membrane antigens expressed during urinary tract infection. Infect Immun
75:3941-3949.

Hagberg, L., I. Engberg, R. Freter, J. Lam, S. Olling, and C. Svanborg Eden.
1983. Ascending, unobstructed urinary tract infection in mice caused by
pyelonephritogenic Escherichia coli of human origin. Infect Immun 40:273-283.

Hajishengallis, G., S. K. Hollingshead, T. Koga, and M. W. Russell. 1995.
Mucosal immunization with a bacterial protein antigen genetically coupled to
cholera toxin A2/B subunits. J Immunol 154:4322-4332.

Haley, R. W., T. M. Hooton, D. H. Culver, R. C. Stanley, T. G. Emori, C. D.
Hardison, D. Quade, R. H. Shachtman, D. R. Schaberg, B. V. Shah, and G.
D. Schatz. 1981. Nosocomial infections in U.S. hospitals, 1975-1976: estimated
frequency by selected characteristics of patients. The American journal of
medicine 70:947-959.

Hanson, L. A., S. Ahlstedt, A. Fasth, U. Jodal, B. Kaijser, P. Larsson, U.
Lindberg, S. Olling, A. Sohl-Akerlund, and C. Svanborg-Eden. 1977.
Antigens of Escherichia coli, human immune response, and the pathogenesis of
urinary tract infections. J Infect Dis 136 Suppl:S144-149.

Hantke, K. 2001. Bacterial zinc transporters and regulators. Biometals 14:239-
249.

Harshey, R. M. 2003. Bacterial motility on a surface: many ways to a common
goal. Annual review of microbiology 57:249-273.

Hauser, G. 1885. Uber Fiulnisbakterien und deren Beziehung zur Septiciimie, p.
107. Vogel, Leipzig, Germany.

134



82.

&3.

84.

85.

86.

87.

88.

9.

90.

91.

92.

Hellman, J., J. D. Roberts, Jr., M. M. Tehan, J. E. Allaire, and H. S. Warren.
2002. Bacterial peptidoglycan-associated lipoprotein is released into the

bloodstream in gram-negative sepsis and causes inflammation and death in mice.
The Journal of biological chemistry 277:14274-14280.

Henriksen, S. D. 1950. A comparison of the phenylpyruvic acid reaction and the
urease test in the differentiation of Profeus from other enteric organisms. J
Bacteriol 60:225-231.

Himpsl, S. D., C. V. Lockatell, J. R. Hebel, D. E. Johnson, and H. L. Mobley.
2008. Identification of virulence determinants in uropathogenic Proteus mirabilis
using signature-tagged mutagenesis. J] Med Microbiol 57:1068-1078.

Hoeniger, J. F. M. 1965. Development of flagella by Proteus mirabilis. J. Gen.
Microbiol. 40:29-42.

Hotomi, M., T. Saito, and N. Yamanaka. 1998. Specific mucosal immunity and
enhanced nasopharyngeal clearance of nontypeable Haemophilus influenzae after
intranasal immunization with outer membrane protein P6 and cholera toxin.
Vaccine 16:1950-1956.

Hull, R., D. Rudy, W. Donovan, C. Svanborg, I. Wieser, C. Stewart, and R.
Darouiche. 2000. Urinary tract infection prophylaxis using Escherichia coli
83972 in spinal cord injured patients. J Urol 163:872-877.

Island, M. D., and H. L. Mobley. 1995. Proteus mirabilis urease: operon fusion
and linker insertion analysis of ure gene organization, regulation, and function. J
Bacteriol 177:5653-5660.

Jacobsen, S. M., M. C. Lane, J. M. Harro, M. E. Shirtliff, and H. L. Mobley.
2008. The high-affinity phosphate transporter Pst is a virulence factor for Proteus

mirabilis during complicated urinary tract infection. FEMS Immunol Med
Microbiol 52:180-193.

Jacobsen, S. M., D. J. Stickler, H. L. Mobley, and M. E. Shirtliff. 2008.
Complicated catheter-associated urinary tract infections due to Escherichia coli
and Proteus mirabilis. Clinical microbiology reviews 21:26-59.

Jain, P., J. P. Parada, A. David, and L. G. Smith. 1995. Overuse of the
indwelling urinary tract catheter in hospitalized medical patients. Arch Intern Med
155:1425-1429.

Jansen, A. M., C. V. Lockatell, D. E. Johnson, and H. L. Mobley. 2003.
Visualization of Proteus mirabilis morphotypes in the urinary tract: the elongated

swarmer cell is rarely observed in ascending urinary tract infection. Infect Immun
71:3607-3613.

135



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Jansen, A. M., V. Lockatell, D. E. Johnson, and H. L. Mobley. 2004.
Mannose-resistant Proteus-like fimbriae are produced by most Proteus mirabilis
strains infecting the urinary tract, dictate the in vivo localization of bacteria, and
contribute to biofilm formation. Infect Immun 72:7294-7305.

Johnson, D. E., F. K. Bahrani, C. V. Lockatell, C. B. Drachenberg, J. R.
Hebel, R. Belas, J. W. Warren, and H. L. Mobley. 1999. Serum
immunoglobulin response and protection from homologous challenge by Proteus

mirabilis in a mouse model of ascending urinary tract infection. Infect Immun
67:6683-6687.

Johnson, D. E., C. V. Lockatell, M. Hall-Craigs, H. L. Mobley, and J. W.
Warren. 1987. Uropathogenicity in rats and mice of Providencia stuartii from
long-term catheterized patients. J Urol 138:632-635.

Johnson, D. E., C. V. Lockatell, R. G. Russell, J. R. Hebel, M. D. Island, A.
Stapleton, W. E. Stamm, and J. W. Warren. 1998. Comparison of Escherichia
coli strains recovered from human cystitis and pyelonephritis infections in
transurethrally challenged mice. Infect Immun 66:3059-3065.

Johnson, D. E., R. G. Russell, C. V. Lockatell, J. C. Zulty, J. W. Warren, and
H. L. Mobley. 1993. Contribution of Proteus mirabilis urease to persistence,
urolithiasis, and acute pyelonephritis in a mouse model of ascending urinary tract
infection. Infect Immun 61:2748-2754.

Jones, B. D., C. V. Lockatell, D. E. Johnson, J. W. Warren, and H. L.
Mobley. 1990. Construction of a urease-negative mutant of Proteus mirabilis:

analysis of virulence in a mouse model of ascending urinary tract infection. Infect
Immun 58:1120-1123.

Jones, B. D., and H. L. Mobley. 1987. Genetic and biochemical diversity of
ureases of Proteus, Providencia, and Morganella species isolated from urinary
tract infection. Infect Immun 55:2198-2203.

Jones, B. D., and H. L. Mobley. 1988. Proteus mirabilis urease: genetic
organization, regulation, and expression of structural genes. J Bacteriol 170:3342-
3349.

Jones, B. D., and H. L. Mobley. 1989. Proteus mirabilis urease: nucleotide
sequence determination and comparison with jack bean urease. J Bacteriol
171:6414-6422.

Jones, B. V., R. Young, E. Mahenthiralingam, and D. J. Stickler. 2004.
Ultrastructure of Proteus mirabilis swarmer cell rafts and role of swarming in
catheter-associated urinary tract infection. Infect Immun 72:3941-3950.

Kilian, M., J. Mestecky, R. Kulhavy, M. Tomana, and W. T. Butler. 1980.
IgA1 proteases from Haemophilus influenzae, Streptococcus pneumoniae,

136



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Neisseria meningitidis, and Streptococcus sanguis: comparative immunochemical
studies. J Immunol 124:2596-2600.

Kilian, M., B. Thomsen, T. E. Petersen, and H. S. Bleeg. 1983. Occurrence and
nature of bacterial IgA proteases. Annals of the New York Academy of Sciences
409:612-624.

Kim, S., K. Watanabe, T. Shirahata, and M. Watarai. 2004. Zinc uptake
system (znuA locus) of Brucella abortus is essential for intracellular survival and
virulence in mice. The Journal of veterinary medical science / the Japanese
Society of Veterinary Science 66:1059-1063.

Koronakis, V., M. Cross, B. Senior, E. Koronakis, and C. Hughes. 1987. The
secreted hemolysins of Proteus mirabilis, Proteus vulgaris, and Morganella
morganii are genetically related to each other and to the alpha-hemolysin of
Escherichia coli. J Bacteriol 169:1509-1515.

Krom, B. P., J. B. Warner, W. N. Konings, and J. S. Lolkema. 2000.
Complementary metal ion specificity of the metal-citrate transporters CitM and
CitH of Bacillus subtilis. J Bacteriol 182:6374-6381.

Kyd, J. M., M. L. Dunkley, and A. W. Cripps. 1995. Enhanced respiratory
clearance of nontypeable Haemophilus influenzae following mucosal
immunization with P6 in a rat model. Infect Immun 63:2931-2940.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227:680-685.

Lai, H. C., D. Gygi, G. M. Fraser, and C. Hughes. 1998. A swarming-defective
mutant of Proteus mirabilis lacking a putative cation-transporting membrane P-
type ATPase. Microbiology 144 ( Pt 7):1957-1961.

Lane, M. C., X. Li, M. M. Pearson, A. N. Simms, and H. L. Mobley. 2009.
Oxygen-limiting conditions enrich for fimbriate cells of uropathogenic Proteus
mirabilis and Escherichia coli. J Bacteriol 191:1382-1392.

Latta, R. K., M. J. Schur, D. L. Tolson, and E. Altman. 1998. The effect of
growth conditions on in vitro adherence, invasion, and NAF expression by
Proteus mirabilis 7570. Can J Microbiol 44:896-904.

Lee, K. K., B. A. Harrison, R. Latta, and E. Altman. 2000. The binding of
Proteus mirabilis nonagglutinating fimbriae to ganglio-series asialoglycolipids
and lactosyl ceramide. Can J Microbiol 46:961-966.

Lee, L. J., J. A. Barrett, and R. K. Poole. 2005. Genome-wide transcriptional
response of chemostat-cultured Escherichia coli to zinc. J Bacteriol 187:1124-
1134.

137



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Legnani-Fajardo, C., P. Zunino, G. Algorta, and H. F. Laborde. 1991.
Antigenic and immunogenic activity of flagella and fimbriae preparations from
uropathogenic Proteus mirabilis. Can J Microbiol 37:325-328.

Legnani-Fajardo, C., P. Zunino, C. Piccini, A. Allen, and D. Maskell. 1996.
Defined mutants of Proteus mirabilis lacking flagella cause ascending urinary
tract infection in mice. Microbial pathogenesis 21:395-405.

Lewis, D. A., J. Klesney-Tait, S. R. Lumbley, C. K. Ward, J. L. Latimer, C.
A. Ison, and E. J. Hansen. 1999. Identification of the znuA4-encoded periplasmic
zinc transport protein of Haemophilus ducreyi. Infect Immun 67:5060-5068.

Li, X., J. L. Erbe, C. V. Lockatell, D. E. Johnson, M. G. Jobling, R. K.
Holmes, and H. L. Mobley. 2004. Use of translational fusion of the MrpH
fimbrial adhesin-binding domain with the cholera toxin A2 domain, coexpressed
with the cholera toxin B subunit, as an intranasal vaccine to prevent experimental
urinary tract infection by Proteus mirabilis. Infect Immun 72:7306-7310.

Li, X., D. E. Johnson, and H. L. Mobley. 1999. Requirement of MrpH for
mannose-resistant Proteus-like fimbria-mediated hemagglutination by Proteus
mirabilis. Infect Immun 67:2822-2833.

Li, X., C. V. Lockatell, D. E. Johnson, M. C. Lane, J. W. Warren, and H. L.
Mobley. 2004. Development of an intranasal vaccine to prevent urinary tract
infection by Proteus mirabilis. Infect Immun 72:66-75.

Li, X., C. V. Lockatell, D. E. Johnson, and H. L. Mobley. 2002. Identification
of Mrpl as the sole recombinase that regulates the phase variation of MR/P

fimbria, a bladder colonization factor of uropathogenic Proteus mirabilis. Mol
Microbiol 45:865-874.

Li, X., and H. L. Mobley. 1998. MrpB functions as the terminator for assembly
of Proteus mirabilis mannose-resistant Proteus-like fimbriae. Infect Immun
66:1759-1763.

Li, X., and H. L. Mobley. 2002. Vaccines for Proteus mirabilis in urinary tract
infection. Int J Antimicrob Agents 19:461-465.

Li, X., D. A. Rasko, C. V. Lockatell, D. E. Johnson, and H. L. Mobley. 2001.
Repression of bacterial motility by a novel fimbrial gene product. The EMBO
journal 20:4854-4862.

Li, X., H. Zhao, L. Geymonat, F. Bahrani, D. E. Johnson, and H. L. Mobley.
1997. Proteus mirabilis mannose-resistant, Proteus-like fimbriae: MrpG is

located at the fimbrial tip and is required for fimbrial assembly. Infect Immun
65:1327-1334.

138



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Li, X., H. Zhao, C. V. Lockatell, C. B. Drachenberg, D. E. Johnson, and H. L.
Mobley. 2002. Visualization of Proteus mirabilis within the matrix of urease-

induced bladder stones during experimental urinary tract infection. Infect Immun
70:389-394.

Lima, A., P. Zunino, B. D'Alessandro, and C. Piccini. 2007. An iron-regulated
outer-membrane protein of Proteus mirabilis is a haem receptor that plays an
important role in urinary tract infection and in in vivo growth. J Med Microbiol
56:1600-1607.

Lloubes, R., E. Cascales, A. Walburger, E. Bouveret, C. Lazdunski, A.
Bernadac, and L. Journet. 2001. The Tol-Pal proteins of the Escherichia coli

cell envelope: an energized system required for outer membrane integrity?
Research in microbiology 152:523-529.

Lominski, L., and A. C. Lendrum. 1947. The mechanism of swarming of
Proteus. The Journal of pathology and bacteriology 59:688-691.

Loomes, L. M., M. A. Kerr, and B. W. Senior. 1993. The cleavage of
immunoglobulin G in vitro and in vivo by a proteinase secreted by the urinary
tract pathogen Proteus mirabilis. ] Med Microbiol 39:225-232.

Loomes, L. M., B. W. Senior, and M. A. Kerr. 1992. Proteinases of Proteus
spp.: purification, properties, and detection in urine of infected patients. Infect
Immun 60:2267-2273.

Loomes, L. M., B. W. Senior, and M. A. Kerr. 1990. A proteolytic enzyme
secreted by Proteus mirabilis degrades immunoglobulins of the immunoglobulin
Al (IgAl), IgA2, and IgG isotypes. Infect Immun 58:1979-1985.

Magneson, G. R., J. M. Puvathingal, and W. J. Ray, Jr. 1987. The
concentrations of free Mg®" and free Zn" in equine blood plasma. The Journal of
biological chemistry 262:11140-11148.

Maki, D. G., and P. A. Tambyah. 2001. Engineering out the risk for infection
with urinary catheters. Emerging infectious diseases 7:342-347.

Manos, J., and R. Belas. 2004. Transcription of Proteus mirabilis flaAB.
Microbiology 150:2857-2863.

Massad, G., F. K. Bahrani, and H. L. Mobley. 1994. Proteus mirabilis
fimbriae: identification, isolation, and characterization of a new ambient-
temperature fimbria. Infect Immun 62:1989-1994.

Massad, G., J. F. Fulkerson, Jr., D. C. Watson, and H. L. Mobley. 1996.
Proteus mirabilis ambient-temperature fimbriae: cloning and nucleotide sequence
of the atf gene cluster. Infect Immun 64:4390-4395.

139



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Massad, G., C. V. Lockatell, D. E. Johnson, and H. L. Mobley. 1994. Proteus
mirabilis fimbriae: construction of an isogenic pmf4 mutant and analysis of

virulence in a CBA mouse model of ascending urinary tract infection. Infect
Immun 62:536-542.

Massad, G., and H. L. Mobley. 1994. Genetic organization and complete
sequence of the Proteus mirabilis pmf fimbrial operon. Gene 150:101-104.

Massad, G., H. Zhao, and H. L. Mobley. 1995. Proteus mirabilis amino acid
deaminase: cloning, nucleotide sequence, and characterization of aad. J Bacteriol
177:5878-5883.

McLean, R. J., J. C. Nickel, K. J. Cheng, and J. W. Costerton. 1988. The
ecology and pathogenicity of urease-producing bacteria in the urinary tract.
Critical reviews in microbiology 16:37-79.

Moayeri, N., C. M. Collins, and P. O'Hanley. 1991. Efficacy of a Proteus
mirabilis outer membrane protein vaccine in preventing experimental Proteus
pyelonephritis in a BALB/c mouse model. Infect Immun 59:3778-3786.

Mobley, H. L., R. Belas, V. Lockatell, G. Chippendale, A. L. Trifillis, D. E.
Johnson, and J. W. Warren. 1996. Construction of a flagellum-negative mutant
of Proteus mirabilis: effect on internalization by human renal epithelial cells and

virulence in a mouse model of ascending urinary tract infection. Infect Immun
64:5332-5340.

Mobley, H. L., and G. R. Chippendale. 1990. Hemagglutinin, urease, and
hemolysin production by Proteus mirabilis from clinical sources. J Infect Dis
161:525-530.

Mobley, H. L., G. R. Chippendale, K. G. Swihart, and R. A. Welch. 1991.
Cytotoxicity of the HpmA hemolysin and urease of Proteus mirabilis and Proteus

vulgaris against cultured human renal proximal tubular epithelial cells. Infect
Immun 59:2036-2042.

Mobley, H. L., and R. P. Hausinger. 1989. Microbial ureases: significance,
regulation, and molecular characterization. Microbiological reviews 53:85-108.

Mobley, H. L., M. D. Island, and R. P. Hausinger. 1995. Molecular biology of
microbial ureases. Microbiological reviews 59:451-480.

Mobley, H. L., B. D. Jones, and J. L. Penner. 1987. Urease activity of Proteus
penneri. J Clin Microbiol 25:2302-2305.

Mobley, H. L., and J. W. Warren. 1987. Urease-positive bacteriuria and
obstruction of long-term urinary catheters. J Clin Microbiol 25:2216-2217.

140



150. Molloy, M. P., B. R. Herbert, M. B. Slade, T. Rabilloud, A. S. Nouwens, K. L.
Williams, and A. A. Gooley. 2000. Proteomic analysis of the Escherichia coli
outer membrane. Eur J Biochem 267:2871-2881.

151. Molloy, M. P., B. R. Herbert, K. L. Williams, and A. A. Gooley. 1999.
Extraction of Escherichia coli proteins with organic solvents prior to two-
dimensional electrophoresis. Electrophoresis 20:701-704.

152.  Moltke, O. 1927. Contributions to the Characterization and Systematic
Classification
of Bac. Proteus vulgaris (Hauser). Levin and Munksgaard, Copenhagen.

153.  Morris, N. S., and D. J. Stickler. 1998. Encrustation of indwelling urethral
catheters by Proteus mirabilis biofilms growing in human urine. The Journal of
hospital infection 39:227-234.

154. Morris, N. S., D. J. Stickler, and R. J. McLean. 1999. The development of
bacterial biofilms on indwelling urethral catheters. World journal of urology
17:345-350.

155. Morris, N. S., D. J. Stickler, and C. Winters. 1997. Which indwelling urethral
catheters resist encrustation by Proteus mirabilis biofilms? British journal of
urology 80:58-63.

156. Mulhall, A. B., R. G. Chapman, and R. A. Crow. 1988. Bacteriuria during
indwelling urethral catheterization. The Journal of hospital infection 11:253-262.

157.  Mulks, M. H., and A. G. Plaut. 1978. IgA protease production as a characteristic
distinguishing pathogenic from harmless neisseriaceae. The New England journal
of medicine 299:973-976.

158. Mulks, M. H., A. G. Plaut, H. A. Feldman, and B. Frangione. 1980. IgA
proteases of two distinct specificities are released by Neisseria meningitidis. J Exp
Med 152:1442-1447.

159. Munasinghe, R. L., H. Yazdani, M. Siddique, and W. Hafeez. 2001.
Appropriateness of use of indwelling urinary catheters in patients admitted to the
medical service. Infect Control Hosp Epidemiol 22:647-649.

160. Murphy, C. A., and R. Belas. 1999. Genomic rearrangements in the flagellin
genes of Proteus mirabilis. Mol Microbiol 31:679-690.

161. Newman, D. K. 1998. Managing indwelling urethral catheters. Ostomy/wound
management 44:26-28, 30, 32 passim.

162. Nicholson, E. B., E. A. Concaugh, P. A. Foxall, M. D. Island, and H. L.
Mobley. 1993. Proteus mirabilis urease: transcriptional regulation by UreR. J
Bacteriol 175:465-473.

141



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Nicolle, L. E., J. Brunka, E. Ujack, and L. Bryan. 1989. Antibodies to major
outer membrane proteins of Escherichia coli in urinary infection in the elderly. J
Infect Dis 160:627-633.

Nicolle, L. E., E. Ujack, J. Brunka, and L. E. Bryan. 1988. Immunoblot
analysis of serologic response to outer membrane proteins of Escherichia coli in
elderly individuals with urinary tract infections. J Clin Microbiol 26:2087-2091.

Nielubowicz, G. R., S. N. Smith, and H. L. Mobley. 2008. Outer membrane
antigens of the uropathogen Proteus mirabilis recognized by the humoral

response during experimental murine urinary tract infection. Infect Immun
76:4222-4231.

Nimura, Y., and L. Isihizuka. 1986. Glycosphingolipid composition of a renal
cell line (MDCK) and its ouabain-resistant mutant. The Journal of biochemistry
100:825-835.

Old, D. C., and R. A. Adegbola. 1982. Haemagglutinins and fimbriae of
Morganella, Proteus and Providencia. ] Med Microbiol 15:551-564.

Outten, C. E., and T. V. O'Halloran. 2001. Femtomolar sensitivity of
metalloregulatory proteins controlling zinc homeostasis. Science 292:2488-2492.

Park, 1. S., M. B. Carr, and R. P. Hausinger. 1994. In vitro activation of urease
apoprotein and role of UreD as a chaperone required for nickel metallocenter
assembly. Proceedings of the National Academy of Sciences of the United States
of America 91:3233-3237.

Patzer, S. 1., and K. Hantke. 2000. The zinc-responsive regulator Zur and its
control of the znu gene cluster encoding the ZnuABC zinc uptake system in
Escherichia coli. The Journal of biological chemistry 275:24321-24332.

Patzer, S. L., and K. Hantke. 1998. The ZnuABC high-affinity zinc uptake
system and its regulator Zur in Escherichia coli. Mol Microbiol 28:1199-1210.

Pearson, M. M., and H. L. Mobley. 2008. Repression of motility during fimbrial
expression: identification of 14 mrpJ gene paralogues in Proteus mirabilis. Mol
Microbiol 69:548-558.

Pearson, M. M., and H. L. Mobley. 2007. The type III secretion system of
Proteus mirabilis H14320 does not contribute to virulence in the mouse model of
ascending urinary tract infection. J Med Microbiol 56:1277-1283.

Pearson, M. M., M. Sebaihia, C. Churcher, M. A. Quail, A. S. Seshasayee, Z.
Abdellah, C. Arrosmith, B. Atkin, T. Chillingworth, H. Hauser, K. Jagels, S.
Moule, K. Mungall, H. Norbertczak, E. Rabbinowitsch, D. Walker, S.

Whithead, N. R. Thomson, P. N. Rather, J. Parkhill, and H. L. Mobley. 2008.

142



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

The Complete Genome Sequence of Uropathogenic Proteus mirabilis, a Master of
Both Adherence and Motility. J Bacteriol.

Peerbooms, P. G., A. M. Verweij, and D. M. MacLaren. 1983. Investigation of
the haemolytic activity of Proteus mirabilis strains. Antonie van Leeuwenhoek
49:1-11.

Peerbooms, P. G., A. M. Verweij, P. L. Oe, and D. M. MacLaren. 1986.
Urinary pathogenicity of Proteus mirabilis strains isolated from faeces or urine.
Antonie van Leeuwenhoek 52:53-62.

Pellegrino, R., U. Galvalisi, P. Scavone, V. Sosa, and P. Zunino. 2003.
Evaluation of Proteus mirabilis structural fimbrial proteins as antigens against
urinary tract infections. FEMS Immunol Med Microbiol 36:103-110.

Penner, J. L. 1992. The genera Proteus, Providencia, and Morganella, p. 2849-
2853. In A. Balows, H. G. Triiper, W. Harder, and K. H. Schleifer (ed.), The
prokaryotes, vol. III. Springer-Verlag KG, Berlin, Germany.

Penner, J. L. 1984. Genus XI. Proteus, p. 491-494. In N. R. Krieg and J. G. Holt
(ed.), Bergey's manual of systematic bacteriology, vol. 1. The Williams &
Wilkins Co., Baltimore, Md.

Phan, V., R. Belas, B. F. Gilmore, and H. Ceri. 2008. ZapA, a virulence factor
in a rat model of Proteus mirabilis-induced acute and chronic prostatitis. Infect
Immun 76:4859-4864.

Piccini, C. D., F. M. Barbe, and C. L. Legnani-Fajardo. 1998. Identification of
iron-regulated outer membrane proteins in uropathogenic Proteus mirabilis and
its relationship with heme uptake. FEMS Microbiol Lett 166:243-248.

Plaut, A. G., J. V. Gilbert, M. S. Artenstein, and J. D. Capra. 1975. Neisseria
gonorrhoeae and neisseria meningitidis: extracellular enzyme cleaves human
immunoglobulin A. Science 190:1103-1105.

Poore, C. A., and H. L. Mobley. 2003. Differential regulation of the Proteus
mirabilis urease gene cluster by UreR and H-NS. Microbiology 149:3383-3394.

Rashid, T., and A. Ebringer. 2007. Rheumatoid arthritis is linked to Proteus--
the evidence. Clinical rheumatology 26:1036-1043.

Rather, P. N. 2005. Swarmer cell differentiation in Proteus mirabilis. Environ
Microbiol 7:1065-1073.

Reid, G., J. Howard, and B. S. Gan. 2001. Can bacterial interference prevent
infection? Trends Microbiol 9:424-428.

143



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Rensing, C., B. Mitra, and B. P. Rosen. 1998. A Zn(Il)-translocating P-type
ATPase from Proteus mirabilis. Biochemistry and cell biology = Biochimie et
biologie cellulaire 76:787-790.

Rocha, S. P., W. P. Elias, A. M. Cianciarullo, M. A. Menezes, J. M. Nara, R.
M. Piazza, M. R. Silva, C. G. Moreira, and J. S. Pelayo. 2007. Aggregative

adherence of uropathogenic Proteus mirabilis to cultured epithelial cells. FEMS
Immunol Med Microbiol 51:319-326.

Rozalski, A., Z. Sidorczyk, and K. Kotelko. 1997. Potential virulence factors of
Proteus bacilli. Microbiol Mol Biol Rev 61:65-89.

Ruiz, N., B. Falcone, D. Kahne, and T. J. Silhavy. 2005. Chemical
conditionality: a genetic strategy to probe organelle assembly. Cell 121:307-317.

Russ-Miinzer, A. 1935. Das Schwarmphanomen bei Bacillus Proteus. Zentbl.
Bakt. ParaaitKde. Abt I. Orig. 133:214-223.

Russo, T. A., U. B. Carlino, A. Mong, and S. T. Jodush. 1999. Identification of
genes in an extraintestinal isolate of Escherichia coli with increased expression
after exposure to human urine. Infect Immun 67:5306-5314.

Russo, T. A., C. D. McFadden, U. B. Carlino-MacDonald, J. M. Beanan, R.
Olson, and G. E. Wilding. 2003. The siderophore receptor IroN of extraintestinal
pathogenic Escherichia coli is a potential vaccine candidate. Infect Immun
71:7164-7169.

Sabbuba, N., G. Hughes, and D. J. Stickler. 2002. The migration of Proteus
mirabilis and other urinary tract pathogens over Foley catheters. BJU
international 89:55-60.

Sabbuba, N. A., D. J. Stickler, E. Mahenthiralingam, D. J. Painter, J. Parkin,
and R. C. Feneley. 2004. Genotyping demonstrates that the strains of Proteus
mirabilis from bladder stones and catheter encrustations of patients undergoing
long-term bladder catheterization are identical. J Urol 171:1925-1928.

Sabri, M., S. Houle, and C. M. Dozois. 2009. Roles of the extraintestinal
pathogenic Escherichia coli ZnuACB and ZupT zinc transporters during urinary
tract infection. Infect Immun 77:1155-1164.

Saint, S., J. Wiese, J. K. Amory, M. L. Bernstein, U. D. Patel, J. K.
Zemencuk, S. J. Bernstein, B. A. Lipsky, and T. P. Hofer. 2000. Are
physicians aware of which of their patients have indwelling urinary catheters?
The American journal of medicine 109:476-480.

Salit, 1. E., J. Hanley, L. Clubb, and S. Fanning. 1988. The human antibody

response to uropathogenic Escherichia coli: a review. Can J Microbiol 34:312-
318.

144



199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Sareneva, T., H. Holthofer, and T. K. Korhonen. 1990. Tissue-binding affinity
of Proteus mirabilis fimbriae in the human urinary tract. Infect Immun 58:3330-
3336.

Scavone, P., A. Miyoshi, A. Rial, A. Chabalgoity, P. Langella, V. Azevedo,
and P. Zunino. 2007. Intranasal immunisation with recombinant Lactococcus
lactis displaying either anchored or secreted forms of Proteus mirabilis MrpA
fimbrial protein confers specific immune response and induces a significant

reduction of kidney bacterial colonisation in mice. Microbes Infect 9:821-828.

Scavone, P., V. Sosa, R. Pellegrino, U. Galvalisi, and P. Zunino. 2004.
Mucosal vaccination of mice with recombinant Proteus mirabilis structural
fimbrial proteins. Microbes Infect 6:853-860.

Schirmer, T., T. A. Keller, Y. F. Wang, and J. P. Rosenbusch. 1995. Structural
basis for sugar translocation through maltoporin channels at 3.1 A resolution.
Science 267:512-514.

Schmidtchen, A., I. M. Frick, E. Andersson, H. Tapper, and L. Bjorck. 2002.
Proteinases of common pathogenic bacteria degrade and inactivate the
antibacterial peptide LL-37. Mol Microbiol 46:157-168.

Schultz, H. J., L. A. McCaffrey, T. F. Keys, and F. T. Nobrega. 1984. Acute
cystitis: a prospective study of laboratory tests and duration of therapy. Mayo
Clinic proceedings 59:391-397.

Senior, B. W., M. Albrechtsen, and M. A. Kerr. 1987. Proteus mirabilis strains
of diverse type have IgA protease activity. J] Med Microbiol 24:175-180.

Senior, B. W., M. Albrechtsen, and M. A. Kerr. 1988. A survey of IgA
protease production among clinical isolates of Proteeae. ] Med Microbiol 25:27-
31.

Senior, B. W., and C. Hughes. 1988. Production and properties of haemolysins
from clinical isolates of the Proteeae. ] Med Microbiol 25:17-25.

Senior, B. W., L. M. Loomes, and M. A. Kerr. 1991. The production and
activity in vivo of Proteus mirabilis IgA protease in infections of the urinary tract.
J Med Microbiol 35:203-207.

Setia, U., I. Serventi, and P. Lorenz. 1984. Bacteremia in a long-term care
facility. Spectrum and mortality. Archives of internal medicine 144:1633-1635.

Shand, G. H., H. Anwar, J. Kadurugamuwa, M. R. Brown, S. H. Silverman,
and J. Melling. 1985. In vivo evidence that bacteria in urinary tract infection
grow under iron-restricted conditions. Infect Immun 48:35-39.

145



211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Sigdel, T. K., J. A. Easton, and M. W. Crowder. 2006. Transcriptional response
of Escherichia coli to TPEN. J Bacteriol 188:6709-6713.

Silverblatt, F. J. 1974. Host-parasite interaction in the rat renal pelvis: a possible
role for pili in the pathogenesis of pyelonephritis. J Exp Med 140:1696-1711.

Simms, A. N., and H. L. Mobley. 2008. PapX, a P fimbrial operon-encoded
inhibitor of motility in uropathogenic Escherichia coli. Infect Immun 76:4833-
4841.

Sivick, K. E., and H. L. Mobley. 2009. An "omics" approach to uropathogenic
Escherichia coli vaccinology. Trends Microbiol 17:431-432.

Snyder, J. A., B. J. Haugen, E. L. Buckles, C. V. Lockatell, D. E. Johnson, M.
S. Donnenberg, R. A. Welch, and H. L. Mobley. 2004. Transcriptome of
uropathogenic Escherichia coli during urinary tract infection. Infect Immun
72:6373-6381.

Sosa, V., G. Schlapp, and P. Zunino. 2006. Proteus mirabilis isolates of
different origins do not show correlation with virulence attributes and can
colonize the urinary tract of mice. Microbiology 152:2149-2157.

Soutourina, O. A., and P. N. Bertin. 2003. Regulation cascade of flagellar
expression in Gram-negative bacteria. FEMS microbiology reviews 27:505-523.

Sriwanthana, B., M. D. Island, and H. L. Mobley. 1993. Sequence of the
Proteus mirabilis urease accessory gene ureG. Gene 129:103-106.

Stickler, D., and G. Hughes. 1999. Ability of Proteus mirabilis to swarm over
urethral catheters. Eur J Clin Microbiol Infect Dis 18:206-208.

Stickler, D. J., G. L. Jones, and A. D. Russell. 2003. Control of encrustation and
blockage of Foley catheters. Lancet 361:1435-1437.

Stickler, D. J., and S. D. Morgan. 2008. Observations on the development of the
crystalline bacterial biofilms that encrust and block Foley catheters. The Journal
of hospital infection 69:350-360.

Sturgis, J. N. 2001. Organisation and evolution of the to/-pal gene cluster.
Journal of molecular microbiology and biotechnology 3:113-122.

Swihart, K. G., and R. A. Welch. 1990. Cytotoxic activity of the Proteus
hemolysin HpmA. Infect Immun 58:1861-1869.

Swihart, K. G., and R. A. Welch. 1990. The HpmA hemolysin is more common
than HlyA among Proteus isolates. Infect Immun 58:1853-1860.

146



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Tambyah, P. A., and D. G. Maki. 2000. Catheter-associated urinary tract
infection is rarely symptomatic: a prospective study of 1,497 catheterized patients.
Arch Intern Med 160:678-682.

Thomas, V. J., and C. M. Collins. 1999. Identification of UreR binding sites in
the Enterobacteriaceae plasmid-encoded and Proteus mirabilis urease gene
operons. Mol Microbiol 31:1417-1428.

Thumbikat, P., C. Waltenbaugh, A. J. Schaeffer, and D. J. Klumpp. 2006.
Antigen-specific responses accelerate bacterial clearance in the bladder. J
Immunol 176:3080-3086.

Tolson, D. L., D. L. Barrigar, R. J. McLean, and E. Altman. 1995. Expression
of a nonagglutinating fimbria by Proteus mirabilis. Infect Immun 63:1127-1129.

Tolson, D. L., B. A. Harrison, R. K. Latta, K. K. Lee, and E. Altman. 1997.
The expression of nonagglutinating fimbriae and its role in Proteus mirabilis
adherence to epithelial cells. Can J Microbiol 43:709-717.

Torres, A. G., P. Redford, R. A. Welch, and S. M. Payne. 2001. TonB-
dependent systems of uropathogenic Escherichia coli: aerobactin and heme
transport and TonB are required for virulence in the mouse. Infect Immun
69:6179-6185.

Trautner, B. W., and R. O. Darouiche. 2004. Role of biofilm in catheter-
associated urinary tract infection. American journal of infection control 32:177-
183.

Trautner, B. W., R. O. Darouiche, R. A. Hull, S. Hull, and J. I. Thornby.
2002. Pre-inoculation of urinary catheters with Escherichia coli 83972 inhibits
catheter colonization by Enterococcus faecalis. J Urol 167:375-379.

Trautner, B. W., R. A. Hull, and R. O. Darouiche. 2005. Colicins prevent
colonization of urinary catheters. The Journal of antimicrobial chemotherapy
56:413-415.

Trautner, B. W., R. A. Hull, and R. O. Darouiche. 2003. Escherichia coli
83972 inhibits catheter adherence by a broad spectrum of uropathogens. Urology
61:1059-1062.

Tunney, M. M., D. S. Jones, and S. P. Gorman. 1999. Biofilm and biofilm-
related encrustation of urinary tract devices. Methods Enzymol 310:558-566.

Uphoff, T. S., and R. A. Welch. 1990. Nucleotide sequencing of the Proteus
mirabilis calcium-independent hemolysin genes (hpmA and hpmB) reveals

sequence similarity with the Serratia marcescens hemolysin genes (shl4 and
shiB). ] Bacteriol 172:1206-1216.

147



237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

van den Berg, B., P. N. Black, W. M. Clemons, Jr., and T. A. Rapoport. 2004.
Crystal structure of the long-chain fatty acid transporter FadL. Science 304:1506-
1509.

van Ginkel, F. W., H. H. Nguyen, and J. R. McGhee. 2000. Vaccines for
mucosal immunity to combat emerging infectious diseases. Emerging infectious
diseases 6:123-132.

Walker, K. E., S. Moghaddame-Jafari, C. V. Lockatell, D. Johnson, and R.

Belas. 1999. ZapA, the IgA-degrading metalloprotease of Proteus mirabilis, is a
virulence factor expressed specifically in swarmer cells. Mol Microbiol 32:825-
836.

Wang, S., R. T. Fleming, E. M. Westbrook, P. Matsumura, and D. B. McKay.
2006. Structure of the Escherichia coli FIhDC complex, a prokaryotic heteromeric
regulator of transcription. Journal of molecular biology 355:798-808.

Warren, J. W. 1997. Catheter-associated urinary tract infections. Infect Dis Clin
North Am 11:609-622.

Warren, J. W. 1996. Urinary Tract Infections: Molecular Pathogenesis and
Clinical Management. ASM Press, Washington, D.C.

Warren, J. W., D. Damron, J. H. Tenney, J. M. Hoopes, B. Deforge, and H.
L. Muncie, Jr. 1987. Fever, bacteremia, and death as complications of bacteriuria
in women with long-term urethral catheters. J Infect Dis 155:1151-1158.

Warren, J. W,, J. H. Tenney, J. M. Hoopes, H. L. Muncie, and W. C.
Anthony. 1982. A prospective microbiologic study of bacteriuria in patients with
chronic indwelling urethral catheters. J Infect Dis 146:719-723.

Wassif, C., D. Cheek, and R. Belas. 1995. Molecular analysis of a
metalloprotease from Proteus mirabilis. ] Bacteriol 177:5790-5798.

Watanakunakorn, C., and S. C. Perni. 1994. Proteus mirabilis bacteremia: a
review of 176 cases during 1980-1992. Scandinavian journal of infectious
diseases 26:361-367.

Webb, D. C., and A. W. Cripps. 1999. Immunization with recombinant
transferrin binding protein B enhances clearance of nontypeable Haemophilus
influenzae from the rat lung. Infect Immun 67:2138-2144.

Welch, R. A. 1987. Identification of two different hemolysin determinants in
uropathogenic Proteus isolates. Infect Immun 55:2183-2190.

Williams, F. D., D. M. Anderson, P. S. Hoffman, R. H. Schwarzhoff, and S.
Leonard. 1976. Evidence against the involvement of chemotaxis in swarming of
Proteus mirabilis. J Bacteriol 127:237-248.

148



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

Williams, F. D., and R. H. Schwarzhoff. 1978. Nature of the swarming
phenomenon in Proteus. Annual review of microbiology 32:101-122.

Wray, S. K., S. 1. Hull, R. G. Cook, J. Barrish, and R. A. Hull. 1986.
Identification and characterization of a uroepithelial cell adhesin from a
uropathogenic isolate of Proteus mirabilis. Infect Immun 54:43-49.

Wu, T., J. Malinverni, N. Ruiz, S. Kim, T. J. Silhavy, and D. Kahne. 2005.
Identification of a multicomponent complex required for outer membrane
biogenesis in Escherichia coli. Cell 121:235-245.

Yang, X., T. Becker, N. Walters, and D. W. Pascual. 2006. Deletion of znuAd
virulence factor attenuates Brucella abortus and confers protection against wild-
type challenge. Infect Immun 74:3874-3879.

Zalewski, P., A. Truong-Tran, S. Lincoln, D. Ward, A. Shankar, P. Coyle, L.
Jayaram, A. Copley, D. Grosser, C. Murgia, C. Lang, and R. Ruffin. 2006.
Use of a zinc fluorophore to measure labile pools of zinc in body fluids and cell-
conditioned media. BioTechniques 40:509-520.

Zhao, H., X. Li, D. E. Johnson, 1. Blomfield, and H. L. Mobley. 1997. In vivo
phase variation of MR/P fimbrial gene expression in Proteus mirabilis infecting
the urinary tract. Mol Microbiol 23:1009-1019.

Zhao, H., X. Li, D. E. Johnson, and H. L. Mobley. 1999. Identification of
protease and rpoN-associated genes of uropathogenic Proteus mirabilis by

negative selection in a mouse model of ascending urinary tract infection.
Microbiology 145 ( Pt 1):185-195.

Zhao, H., R. B. Thompson, V. Lockatell, D. E. Johnson, and H. L. Mobley.
1998. Use of green fluorescent protein to assess urease gene expression by
uropathogenic Proteus mirabilis during experimental ascending urinary tract
infection. Infect Immun 66:330-335.

Zunino, P., L. Geymonat, A. G. Allen, C. Legnani-Fajardo, and D. J.
Maskell. 2000. Virulence of a Proteus mirabilis ATF isogenic mutant is not

impaired in a mouse model of ascending urinary tract infection. FEMS Immunol
Med Microbiol 29:137-143.

Zunino, P., L. Geymonat, A. G. Allen, A. Preston, V. Sosa, and D. J. Maskell.
2001. New aspects of the role of MR/P fimbriae in Proteus mirabilis urinary tract
infection. FEMS Immunol Med Microbiol 31:113-120.

Zunino, P., C. Piccini, and C. Legnani-Fajardo. 1994. Flagellate and non-

flagellate Proteus mirabilis in the development of experimental urinary tract
infection. Microbial pathogenesis 16:379-385.

149



261.

262.

Zunino, P., V. Sosa, A. G. Allen, A. Preston, G. Schlapp, and D. J. Maskell.
2003. Proteus mirabilis fimbriae (PMF) are important for both bladder and kidney
colonization in mice. Microbiology 149:3231-3237.

Zunino, P., V. Sosa, G. Schlapp, A. G. Allen, A. Preston, and D. J. Maskell.
2007. Mannose-resistant Proteus-like and P. mirabilis fimbriae have specific and

additive roles in P. mirabilis urinary tract infections. FEMS Immunol Med
Microbiol 51:125-133.

150



	CHAPTER I. Introduction
	Proteus mirabilis, a causative agent of complicated urinary tract infections
	General introduction to P. mirabilis
	Complicated UTI

	Swarming motility
	Pathogenesis during UTI
	Flagella-mediated motility
	Fimbriae
	MR/P
	UCA (NAF)
	ATF
	PMF
	PMP

	Reciprocal regulation of adherence and motility
	Toxins
	Hemolysin
	Proteus toxic agglutinin

	Urease
	Metal acquisition
	Iron
	Zinc

	ZapA
	Type III secretion system

	Treatment and Prevention
	Vaccine Development against P. mirabilis


	CHAPTER II.  Outer Membrane Antigens of the Uropathogen Proteus mirabilis Recognized by the Humoral Response during Experimental Murine Urinary Tract Infection
	Abstract
	Introduction
	 Materials and methods 
	Strain and culture conditions.
	Isolation of outer membranes.  
	Two-dimensional gel electrophoresis. 
	Serum.
	Western blot.
	Mass spectrometry.  
	Construction of mutants.
	CBA/J mouse model of urinary tract infection.

	 Results
	Mice with experimental P. mirabilis urinary tract infections have varied antibody responses. 
	Sera from infected mice recognize outer membrane antigens. 
	 
	 
	Selection of potential vaccine candidates.
	Two outer membrane antigens involved in iron acquisition contribute to P. mirabilis virulence in the urinary tract.

	 
	Discussion
	 Appendix (Unpublished Data)

	CHAPTER III. Zinc Uptake Contributes to Motility and Provides a Competitive Advantage to Proteus mirabilis during Experimental Urinary Tract Infection
	Abstract
	Introduction
	 Materials and Methods
	Strains and culture conditions.
	Construction of mutants.
	Complementation.
	Quantitative reverse transcriptase PCR (qRT-PCR).
	Swimming and swarming motility.
	Western blot.
	CBA/J mouse model of urinary tract infection.
	Statistical analysis.

	 Results
	ZnuC plays a role in zinc acquisition in P. mirabilis.
	Zur represses expression of znuACB.
	Zinc uptake contributes to swarming and swimming motility.
	ZnuC contributes to, but is not required for, virulence of P. mirabilis in the urinary tract.

	 Discussion
	 Appendix (Unpublished Data)

	CHAPTER IV.  DISCUSSION

