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ABSTRACT

Rentschler, A.E. In vitro analysis of OmpR requlation of the fimB and fimE genes of
Uropathogenic Escherichia coli. MS in Biology, Clinical Microbiology Concentration.
December 2010, 79pp. (W.R. Schwan)

Uropathogenic Escherichia coli (UPEC) cause more than 90% of all human urinary tract
infections (UTIs). Type 1 pili on the surface of UPEC allow the cells to adhere to and
invade bladder epithelial cells. The fimB and fimE genes encode site-specific
recombinases that position an invertible element containing the promoter for the gene of
the main structural subunit of the type 1 pili. To sustain a UTI, UPEC must be able to
respond to changes in environmental pH and osmolality. The EnvZ/OmpR two-
component regulatory system is involved in osmoregulation in E. coli. To ascertain if
OmpR directly bound to fimB or fimE gene promoters, DNase | footprinting was
performed using OmpR or phosphorylated OmpR (OmpR-P) mixed with the fimB and
fimE promoter regions of UPEC NU149. Both OmpR-P and OmpR bound weakly to one
fimB promoter. However, neither OmpR nor OmpR-P bound to the fimE promoter region.
Because there was weak binding to one fimB promoter, strain NU149 was grown in
different pH and osmolality environments, total RNAs were extracted from each
population, and converted to cDNAs. Real-time reverse transcriptase PCR showed no
differences in ompR transcription among the different growth conditions. Conversely,
Western blots showed a significant increase in OmpR protein when the UPEC were
grown in a combined acidic pH/high osmolality environment versus a neutral pH/high
osmolality environment. Together these results suggest that OmpR may be post-
transcriptionally regulated in UPEC grown in an acidic pH/high osmolality environment
which may affect fimB regulation in UPEC.
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INTRODUCTION

Characteristics and Clinical Significance Escherichia coli. Escherichia coli is
the most well studied and understood pathogen in the world today. Of the six known
Escherichia species, E. coli is most frequently isolated from humans. Morphologically, it
is a facultative Gram-negative rod, measuring 2 um by 0.8 um with peritrichous flagella.
E. coli is a member of the Enterobacteriaceae family and ferments D-glucose (75). E.
coli is an ubiquitous part of the normal intestinal flora of healthy adult humans, and
certain strains can cause serious infections (extraintestinal and intestinal) in both healthy
and immunocompromised individuals. The most common clinical symptoms associated
with E. coli infections include urinary tract infections, bacteremia, meningitis, and
diarrheal disease. The particular types of E. coli that cause diarrheal diseases can be
further classified into six categories: Shiga toxin-producing E. coli (also known as
enterohaemorrhagic E. coli), enterotoxigenic E. coli, enteropathogenic E. coli,
enteroaggregative E. coli, enteroinvasive E. coli, and diffusely adherent E. coli.

Clinical Significance of Uropathogenic Escherichia coli. Uropathogenic
Escherichia coli (UPEC) are the most common cause of urinary tract infections (UTIs).
These infections are among the most frequent bacterial infections in adults (29, 52, 89),

accounting for more than 90% of uncomplicated UTlIs (110). Urinary tract infections can



be asymptomatic, but they typically are characterized by a wide array of symptoms that
include painful urination, bacteremia, sepsis, and in extreme cases may cause death (29).
These infections can be further categorized as ‘uncomplicated’ or ‘complicated’. UTIs
that occur in a normal genitourinary tract with no previous catheterization are considered
‘uncomplicated’. In contrast, ‘complicated’ infections are diagnosed in genitourinary
tracts that have structural or functional abnormalities, such as the presence of only one
kidney or indwelling catheters (29).

Urinary tract infections are considered an ascending disease. Uropathogens that
are part of the fecal flora enter the urinary tract via the urethra and subsequently move up
to the bladder which is the site of infection for 95% of all UTIs (4, 90). Cystitis, an
inflammation of the bladder, is characterized by dysuria, frequent or urgent urination, and
suprapubic pain. In rare instances, UPEC move up the ureters into the kidneys causing
pyelonephritis which is characterized by flank pain, nausea, vomiting, fever, chills, and
malaise.

Seven million UTIs occur in the United States annually (30, 42), and more than
90% are caused by uropathogenic E. coli. The remaining 10% of UT]Is are caused by
Staphylococcus saprophyticus, Streptococcus agalactiae, Proteus mirabilis, Klebsiella
species, Enterococcus faecalis, and Corynebacterium urealyticum. Although everyone is
succeptible to UTIs, some populations are more at risk than others. For example groups
that are more susceptible include infants, pregnant women, the elderly, patients with
spinal cord injuries, catheterized individuals, persons with diabetes, multiple sclerosis, or

human immunodeficiency virus /acquired immunodeficiency syndrome, and patients with



underlying urologic abnormalities (29). Males are most susceptible to UTIs during the
first few months of life, whereas females remain more prone to UTIs throughout their
lifetime. For example, approximately 50 to 60% of all women will have a UTI during
their lifetime (31, 32, 59). Additional studies have shown that 21 to 44% of women who
presented with a urinary tract infection experienced a second infection within six to
twelve months (31, 49, 97). These subsequent infections can either be attributed to the
same strain of UPEC or a completely different strain. Uncomplicated urinary tract
infections are much less common in men with a prevalence of less than 8 per 10,000 men
per year (109). In the United States, deaths due to UPEC infections can range from 5,000
to 10,000 a year, while $1.6 billion per year is spent to treat and diagnose these infections
(29, 42), making UPEC both clinically and financially an important pathogen in the
world today.

Diagnosis and Treatment of Urinary Tract Infections. UTIs are diagnosed
most commonly by collecting and culturing a clean-catch, midstream urine specimen.
Although slightly more invasive, catheterization will allow for collection of bladder urine
with less urethral contamination. Urinalysis and rapid leukocyte esterase testing are the
most commonly used rapid diagnostics for point of care testing (20). In the microbiology
laboratory, an initial Gram stain that demonstrates the presence of at least one Gram-
negative rod per oil immersion (1000X) field and greater than 10 white blood cells per
field is a presumptive indicator of a urinary tract infection. Culture of a standardized
inoculum (calibrated 1 pl loop) onto a 5% sheep blood agar plate is often used to confirm

infection. In addition, MacConkey agar is also used to select for Gram-negative bacteria



and can be used in conjunction with a chromID CPS plate that allows the presumptive
identification of UPEC. After incubation for at least 24 h at 35-37°C, a colony count of
> 10° colony forming units/ml and a positive spot indole test in conjunction with the
patient’s history is sufficient for a diagnosis of an E. coli urinary tract infection.

Uncomplicated urinary tract infections are generally treated with cotrimoxazole
(trimethoprim-sulfamethoxazole), fluoroquinolones (especially ciprofloxacin),
fosfomycin, or nitrofurantoin (37). With the exception of fosfomycin (single dose), all of
the drugs are typically given for three to seven days to ensure optimal cure rates while
reducing the development of antibiotic resistance.

Unfortunately, within the last two decades, there has been an increase in
antimicrobial resistance among Gram-negative urinary tract isolates to cotrimoxazole and
fluoroquinolones, making treatment more difficult, especially for patients suffering from
pyelonephritis (20). Although most human cases of acute pyelonephritis have a good
prognosis, they often require prolonged therapy. However, acute pyelonephritis has a
mortality rate of 10 to 20% when the patient experiences bacteremia (88). Recently, the
use of carbapenem or third generation cephalosporins for 14 days has proven to be
effective in greater than 96% pyelonephritic cases (105).

Physiology of the Human Urinary Tract. Uropathogenic E. coli are able to
grow in a myriad of environments, including the human urinary tract. Human urine can
support the growth of UPEC, but urine is prone to extreme fluctuations in both pH and
osmolality (60). Human urine can have pHs that vary between 5.0 and 8.0 and

osmolalities that range from 50 mOsm/kg to 1400 mOsm/kg (92). The urine pH and



osmolality variations depend upon the physiological changes in an individual’s diet,
physical activity, and health (60, 92).

Besides the aforementioned factors, the anatomy of the human body also plays a
part in differences in urine pH and osmolality. For example, kidney urine typically has a
lower pH than bladder urine because of the dilution effect in the bladder (92). In order to
cause disease, UPEC must overcome natural host defenses that are present in the human
urinary tract. These immune mechanisms include oxidizing agents, phagocytic cells, and
exfoliation of epithelial cells (51). Phagocytic cells, such as polymorphonuclear
leukocytes, are recruited from the bloodstream to neutralize and engulf any foreign
bacteria present in the bladder.

Type 1 Pili. Escherichia coli has multiple virulence factors that mediate
adherence to host cells and tissues, including P pili, S pili, afimbrial adhesins, and type 1
pili. Type 1 pili (fimbriae) are filamentous appendages found on the surface of E. coli and
other Gram-negative microorganisms (2, 10, 21, 94, 108) and were originally
characterized by their ability to produce mannose-sensitive hemagglutination of guinea
pig erythrocytes (79, 93), a technique which remains useful for determining the presence
of type 1 fimbriae on the surface of UPEC (21, 22, 93).

Adherence to and invasion of uroepithelial cells are important steps for UPEC
pathogenesis. By binding to uroepithelial cells, UPEC are able to persist within the
urinary tract (77, 91, 103). Bacteria that are unable to attach will be cleared by the
flushing of urine in the bladder. Type 1 pili also aid in the invasion of UPEC into the

bladder epithelial cells (69), allowing these bacteria to avoid the flow of urine through the



bladder and providing them access to a more nutrient rich environment. In addition,
invasion into the uroepithelial cells helps the UPEC bacterial cells to avoid antibiotics
and phagocytic cells present within the urine. The expression of type 1 pili allows E. coli
to avoid the immune system by invading nearby bladder epithelial cells.

After UPEC have invaded the host bladder cells, type 1 pili also assist in the
formation of biofilm-like pods called intracellular bacterial communities (IBCs) (90).
Interestingly, all of the UPEC bacteria in these IBCs express type 1 pili. Conversely,
UPEC without fimbriae are unable to form these complex IBCs, suggesting that type 1
pili are critical for intracellular functions necessary for proper IBC formation (111).
These IBCs aid in protecting the bacteria from both innate host defenses and antibiotics
(111). IBCs also help the UPEC bacteria to resist detachment with the flushing of urine
through the bladder. Eventually, the IBCs fall apart and release more filamentous UPEC
into the bladder lumen. Recently, UPEC bacterial cells recovered from women with
urinary tract infections, have been shown to produce IBCs when inoculated into mice (35,
90). These findings imply that IBCs may play a part in the recurrence of UTIs in women.

Genetic Organization of fim Genes in UPEC. Several genes are involved in
the synthesis, assembly, and regulation of type 1 pili in UPEC. Nine different fim genes
(fimA-1) are found within the type 1 pilus operon (96) (FIG. 1). The fimA gene encodes a
protein that forms the main structural subunit of the type 1 pilus. Each type 1 pilus
consists of up to 3000 molecules of FimA and can be 7 nm wide and up to 2 pum long
(36). Uropathogenic E. coli can switch reversibly from the fully piliated state (Phase-ON)

to the nonpiliated form (Phase-OFF) using a process called phase variation. This process
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FIG. 1. Genetic organization of the E. coli fim gene operon. The P4 represents the
orientation of the fimA promoter.



involves the inversion of a 314-bp region of DNA (called fimS) which contains the
promoter for fimA. The expression of type 1 pili varies from strain to strain and can also
differ among individual bacterial cells within the same population. The fimH gene
product forms the adhesin at the tip of each type 1 pilus and is linked to the pilus rod via
FimF and FimG, forming a fibrillum tip (38). FimH is required for invasion of superficial
bladder epithelial cells, mediating the contact between UPEC and mannose receptors on
host epithelium (1, 57). Type 1 pili are assembled by a chaperone-usher pathway,
whereby protein complexes between fimbrial subunits and the FimC chaperone are
recruited by the outer membrane protein FimD (the usher) (74). The FimC protein binds
the nascently formed FimA, FimG, FimF, and FimH proteins and this complex is
transported to the outer membrane for pilus assembly (50). FimC also helps the newly
formed proteins resist proteolytic degradation (58). At the outer membrane FimD
recognizes FImC, allowing the chaperone proteins to pass through the membrane and
assemble into a functional type 1 pilus. Currently, there is no specific function associated
with the Fiml protein, however, E. coli fiml insertion mutants are nonpiliated (107).

The fimB and fimE genes located upstream of the fimA gene code for site-specific
recombinases that position the fimS invertible element, which controls type 1 pili phase
variation (8, 32, 56, 70, 71, 83). The FimB protein mediates inversion of the invertible
element in both the Phase-ON and Phase-OFF orientations (70), whereas the FimE
protein predominantly rearranges the fimS region in the Phase-OFF orientation (83, 102)
(FIG. 2). The promoters for both the fimB and fimE genes have been mapped. To date,
only one promoter has been identified for the fimE gene (81). In contrast, multiple fimB

8



T T

mRNA T

5: 3’ srma’ s’m 3:

T T ‘ON’ T

AN OR
—— fimB —1 fimE ) fimA
E.

‘OFF’

FIG. 2. Schematic representation of the fimB, fimE, and fimA genes including their
promoters. The fimB and fimE genes encode site-specific recombinases that position the
invertible element, or fim switch. The position of the invertible element determines
whether the UPEC cells are type 1 piliated (Phase-ON) or are nonpiliated (Phase-OFF).
UPEC express type 1 pili when FimA, the main structural subunit of type 1 pili, is
transcribed and translated.



promoters have been identified and the number can vary between clinical isolates and
laboratory strains (13, 27, 81, 100).

Cofactors and Environmental Conditions That Affect Piliation and Phase
Variation. Phase variation can occur independently of the recombinases with rates
estimated to be 10%to 10° per cell per generation (10, 23, 76, 104). However, both FimB
and FimE recombinases play an integral part in type 1 pilus phase variation. Both
recombinases position the invertible element in either the Phase-ON or the Phase-OFF
position. Interestingly, when FimB is overexpressed, fimA transcription is decreased 10-
fold, however the fimS element still remains in the ON orientation (19). This suggests that
another protein is interacting with the fim switch to negate the ON effects by the FimB
recombinase. Traditionally, the fim switching process has been thought to be a tightly
regulated process mediated by the two site-specific recombinases either acting by
themselves or in conjunction with other regulatory proteins. Recently, the role of FimB
and FimE recombinases has become murkier. A study observing E. coli cells in real-time
discovered that a random OFF to ON switching occurs at the beginning of the cell cycle,
before fim gene replication (3). In this scenario, the FimB and FimE recombinases would
have not yet been transcribed or translated, so the switching of fimS would be
independent of the recombinases.

Besides FimB and FimE, other global regulators have been shown to affect
piliation in E. coli. For example, cCAMP (3'-5'-cyclic adenosine monophosphate) bound to
CRP (cAMP receptor protein), normally regulates carbohydrate metabolism (23), but also

affects phase variation (72). CRP-cAMP acts with DNA gyrase to negatively affect
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FimB-mediated recombination, thereby repressing type 1 fimbriation in E. coli while
simultaneously stimulating fimA promoter activity (72). In addition to CRP-cCAMP, sialic
acid has been shown to affect phase variation by inhibiting FimB expression (27). When
DNA gyrase is inhibited, the FimB recombinase has a strong propensity to keep fimS in
the ON orientation (17). In E. coli K-12, mutants that do not express a functional
topoisomerase 1 are unable to invert the switch (17). Instead, the switch stays in the
previous orientation prior to the topoisomerase mutation. Similarly, integration host
factor (18, 26) and leucine-responsive regulatory protein (7, 33) affect phase variation by
binding to the fimS region and switching the orientation. Finally, the histone-like H-NS
protein affects the DNA inversion of the invertible element by directly interacting with
fimS as well as indirectly by affecting expression of the fimB and fimE genes (13, 14, 78,
81, 101).

In addition to specific cofactors, certain environmental conditions also play an
important role in regulating pilus expression in UPEC. Growth of UPEC in poorly
aerated static broth enriches the growth of piliated organisms (62, 80), whereas after
several passages on solid agar medium most strains of E. coli will become nonpiliated
(47). In the human bladder, oxygen is limited and UPEC tend to be more fimbriated.
UPEC that express fimbriae adhere not only to each other but also to the bladder
uroepithelium. This prevents the bacteria from being dislodged by urine. UPEC express
more type 1 pili when grown at 30°C versus 37°C (16). Besides temperature, the

concentration of aliphatic amino acids (alanine, isoleucine, leucine, and valine) (34) and

11



the presence of amino sugars (27) have been shown to affect type 1 pili expression in
uropathogenic E. coli.

Additionally, the presence of glucose in the medium inhibits type 1 piliation (72),
presumably acting through the cAMP-CRP system (24). Lastly, osmolality and pH are
two additional environmental cues that affect UPEC type 1 pilus expression. High
osmotic growth conditions have been shown to reduce type 1 fimbriae expression (59,
101). Similarly, growth of UPEC cells in an acidic medium results in a greater number of
nonpiliated cells (101). However, when the intracellular pH of E. coli was decreased
following a rapid acid shock, fimB gene expression was increased four-fold and then
subsided (53).

Response to Increasing Environmental Osmolality by E. coli. Two regulatory
systems exist that allow E. coli to survive in environments with differing osmolalities,
including the osmotic differences in the human urinary tract. The hns gene encodes a
heat-stable nucleoid-structuring protein (H-NS) that functions as a global regulator
protein. Two functions have been attributed to H-NS in a bacterial cell: acting as a
repressor of genes and aiding in the compaction of the bacterial nucleoid. Recently, it has
been shown that the cation composition can affect H-NS binding to DNA and cause
conformational changes in the DNA (64). In one instance, H-NS is able to ‘straighten’
out DNA strands (stiffening mode) and coat the length of the DNA (64). By having H-NS
proteins bound consecutively on a piece of DNA, this could inhibit RNA polymerase
from binding and therefore lead to gene repression.

Although H-NS has no consensus binding sequence, it preferentially binds to

12



A-T-rich, curved regions of bacterial DNA that are frequently associated with bacterial
promoters (15). In E. coli, DNA supercoiling increases as environmental osmolality
increases (41). Normally, H-NS represses fimB expression (14), but mutations in the hns
gene affect type 1 pilus expression by causing a higher rate of inversion of fimS (54) and
causing fimB to be constitutively expressed (13, 101). This suggests that H-NS normally
functions as a repressor for the fimB gene. Environments with a high osmolality may
cause H-NS to bind the DNA and repress fimB transcription. Without FimB, the fimS
region would not switch to the Phase-ON state and the UPEC cells would become
nonpiliated. In part, this may explain why UPEC tend to be nonpiliated in the human
kidneys where the urine would have a higher osmolality.

In addition to H-NS, the EnvZ-OmpR two component global regulatory system is
activated when UPEC cells are exposed to osmotic stress (FIG. 3). Two component
systems are comprised of a membrane-bound histidine kinase (e.g., EnvZ) and a response
regulator (e.g., OmpR). The EnvZ kinase has three main enzymatic activities in vivo.
First, EnvZ can autophosphorylate itself (autophosphorylation) in the presence of ATP.
Secondly, EnvZ can transfer the phosphate groups to OmpR (phosphotransfer). Thirdly,
EnvZ acts as a phosphatase and removes phosphates from OmpR proteins in the bacterial
cell. By using all of these properties, EnvZ is able to tightly regulate the ratios of
phosphorylated versus unphosphorylated OmpR in the bacterial cell. In an environment
where both unphosphorylated OmpR and phosphorylated OmpR are present, OmpR has a

higher affinity for EnvZ while OmpR-P has a higher affinity for DNA (68).
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FIG.3. Schematic representation of EnvZ, the sensor protein, and OmpR, the response
regulator in a UPEC cell.
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An examination of the EnvZ/OmpR regulatory cascade has demonstrated that the
EnvZ sensor protein monitors environmental osmotic changes. For example, under
hypoosmotic conditions, EnvZ is autophosphorylated by adenosine triphosphate (ATP) at
the highly conserved histidine residue 243 located in the bacterial cytoplasm (48). The
phosphate is then transferred to aspartate residue 55 on the cytoplasmic OmpR protein.
Phosphorylated OmpR (OmpR-P) binds high-affinity sites around a particular promoter
and acts as a transcription factor for genes such as ompF and ompC that encode major
porin proteins (12, 55).

Even though ompR and envZ are co-transcribed as one polycistronic mMRNA, the
amount of cellular OmpR is approximately 3500 molecules versus only 100 molecules of
EnvZ per cell (11), suggesting that translational initation could be affected. In
quantitative Western blot analyses, wild-type E. coli grown in nutrient broth with 20%
sucrose (high osmolality) had approximately 1.7 times the amount of OmpR protein
versus bacteria grown in nutrient broth alone (low osmolality) (11). Yoshida et al.
suggested that the ratio of OmpR to OmpR-P determines whether gene regulation occurs
rather than the overall cellular level of OmpR (112). Differences in the
phosphatase/kinase activities of EnvZ directly affect the ratio of OmpR to OmpR-P.

Besides ompF and ompC, OmpR also regulates 125 additional genes in E. coli
(82), including several fim genes (101). For example, a AompR mutation in UPEC
NU149 caused a significant growth decrease in LB with the addition of 800 mOsm NaCl
(98), indicating the expression of the OmpR protein is important for survival of UPEC

grown in osmotic stress conditions. Growth of UPEC in a medium with a neutral pH and
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NaCl significantly increased fimE gene expression, while the fimA and fimB expression
decreased slightly (101). In an ompR deletion mutant, derepression of fimB gene
expression was seen in E. coli cells grown in pH 5.5 with added NaCl (101). Further
evidence that OmpR regulates fim gene expression was demonstrated using an ompR
mutant strain complemented with an ompR gene that had the aspartate changed to an
alanine at position 55 in the OmpR protein. The complemented strain did not show a
derepression of the fimB gene when UPEC was grown under high osmotic conditions
(101). Similarly, the envZ mutant strain did not show a derepression of fimB transcription
(101), suggesting that OmpR does not need to be phosphorylated by EnvZ at the usual
aspartate to bind to one of the fimB promoters. A preliminary gel mobility shift assay
showed that purified unphosphorylated OmpR protein bound the fimB promoter region in
a clinical UPEC strain (W.R. Schwan, personal communication), suggesting OmpR may
directly regulate fimB gene expression. Taken together, these results suggest that the
unphosphorylated OmpR protein or OmpR protein phosphorylated at an amino acid other
than aspartate regulates fimB gene expression.

Mechanisms of Acid Tolerance in E. coli. In addition to osmotic variations, the
human urinary tract is prone to fluctuations in pH. Human urine often has an acidic pH
(60, 92), a characteristic which aids in the suppression of urinary tract infections. One
study showed fimA and fimB transcription were lower in UPEC grown under acidic
conditions (101). Interestingly, OmpR protein expression has been correlated with
survival in acidic medium in bacteria other than UPEC. For example, a Yersinia ompR

deletion mutant grew poorly compared to wild-type cells in pH 4.5 medium (43).
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Moreover, OmpR was shown to positively regulate urease gene expression in Yersinia
(43). Within stationary-phase cultures of Salmonella, OmpR protein expression increased
approximately four-fold within 30 minutes following a rapid shift from a neutral pH to an
acidic pH, while no change in OmpR levels were detected when the bacteria were in pH
8.0 media (6). Conversely, the addition of salt to the medium decreased the OmpR
protein levels in both log and stationary phase Salmonella cultures (5). These findings
suggest that OmpR may help overcome environmental acid shock.

Single environmental variables have uncovered part of the fim gene regulatory
cascade. However, studies that involve acidic pH combined with high osmolality
environments have been relatively limited. In UPEC growing in a combined low pH-high
osmolality environment, the fimB gene was repressed, causing the fimS region to favor
the Phase-OFF orientation and a subsequent loss of type 1 pili on the bacterial surface
(101). The same study demonstrated that type 1 pilus levels were markedly reduced, and
an ompR mutant strain grown in pH 5.5 LB with 800 mOsm NaCl exhibited a
derepression of fimB gene expression compared to the wild-type strain grown in the same
conditions (101). This data suggests that in a combined acidic pH and high osmolality
environment, OmpR represses fimB gene transcription.

Moreover, a low pH-high osmolality environment would be similar to the one
found in a human kidney. To date, no studies have been performed to investigate whether
OmpR or phosphorylated OmpR protein binds to the fimB and fimE gene promoters of
UPEC. For this study, DNase | footprinting assays were performed to determine the

interactions of OmpR/OmpR-P with these promoters. In addition, transcriptional assays
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examining ompR mRNA or OmpR protein levels have not been studied in UPEC growing
in vitro. This is the first study that examined changes in OmpR protein levels in a clinical
strain of UPEC when grown in different environments and how OmpR may regulate
expression of the fimB and fimE genes of UPEC grown in an acidic/osmotically stressed

environment.
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MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Conditions. Escherichia coli NU149,
a UPEC clinical isolate (95), was used in the traditional reverse transcriptase polymerase
chain reaction (RT-PCR), quantitative real-time reverse transcriptase PCR (qRT-RT-
PCR) and Western blot analyses. The E. coli NU149 was grown in Luria broth (LB)
containing 1% glycerol set at pH 5.5, pH 5.5 with 800 mOsm NaCl, pH 7.0, or pH 7.0
with 800 mOsm NaCl (101) (Appendix D) for both the RNA and protein extractions. All
cultures were grown shaking at 37°C. Plasmid pWRS2-10 (99) containing the fimB and
fimE genes from UPEC strain J96 was used as the template DNA for DNase |
footprinting.

DNase | Footprinting. DNase | footprinting was performed as previously
described (28). Footprinting reactions were performed using pWRS2-10 DNA as a
template. To generate the 445 base pair fragment that contained fimB promoter two
region, the primer pair FIMB2 and PEXFIMB (FIG. 4, TABLE 1) was used. Primer
FIMB2 was end-labelled with T4 polynucleotide kinase (NEB) and radiolabelled ATP
[y-*2P]- 3000 Ci/mmol, 5 mCi/ml (NEN Radiochemicals, PerkinElmer) in a thermocycler
(BIO-RAD iCycler). The conditions were as follows: 37°C for 15 min followed by 75°C

for 10 min. The fimB promoter fragment was amplified in a thermocycler (BIO-RAD
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5 3
5 ATAGECACTARCARATTACTGEEEIEE A TGAAATAGCCATTTTG

TGGCAAATGGAGTTGACTAATAATGTCATATGTGAGACGGCTAGT
-35 -10
TGAACGAATATTAAATTTTGCTGAATTTTTTATGTTGATTTTACTT
+1 (P,)
GTTACAGAACATATCACATGATATATAGATAAGATTAGTTGCATT

AATGATGAGGGTTATTATTAGATTCGTATCCGATTGATAAATATA
-35
TAAAGGTACATAGCATGCAAGAGCATGGCGTTTGTATGGCAACG
-10 +1 (P1)
TTATAATAATTAACAGTTGCTACTCCATTTAAGTTCACTCAGAAG

AACTGGTCCACTTACGTTAGTTATTAAGCAAACGTTCGCTTTTATA

AACATAATCAGGATAAAAATGTTGGATTATTGCTAACCCAGCACA
S/D ¥y
GCTAGTGCGCGTCTGTAATTATAAGGGAAAAACGATGAAGAATA
5
AGGCTGATA-3

FIG. 4. The coding strand of DNA showing the position of two promoter regions of the
fimB gene in UPEC strain NU149 including the primer binding sites used for DNase |
footprinting. The S/D indicates Shine Dalgarno sequence and the ATG indicates the
translational start site. The magenta highlighting indicates the FIMB2 primer. The teal
highlighting indicates the PEXFIMB primer sequence.
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TABLE 1. Oligonucleotide primers used in this study

Primer

Sequence (5’-3”) Description

FIMB2 (forward)
PEXFIMB (reverse)
FIMEPE4 (forward)
PEXFIME?2 (reverse)
EcFtsZ1(forward)
EcFtsZ2 (reverse)
OmpR3(forward)
OmpR4 (reverse)
FtsZfwd (forward)
FtsZrev (reverse)
OmpRfwd (forward)
OmpRrev (reverse)

GATTCTAGAAATTACTGCGCTCC DNase I footprinting
GCCTTATTCTTCATCGTTTTTCC DNase | footprinting
ATACAATGGTTTATGTTCTTCAA DNase I footprinting
TAGGAAACCTCAATCGGTCA DNase I footprinting
TAGCGGTATCACCAAAGGACT RT-PCR
GTGATCAGAGAGTTCACATGC RT-PCR
TGCTGACTCGTGAATCTTTCC RT-PCR
CGTACCGAGGTTAAGTTTGAA RT-PCR
GAAAGGCGCTGTGCAAGGTAT gRT-RT-PCR
CGTCTGCAAAGTCCACGTTCATC qRT-RT-PCR
GCGTCGCTAATGCAGAACAG gRT-RT-PCR
ACAAGCCATCTTCACCAGGTAAC (RT-RT-PCR

21



iCycler) using Platinum Taq (Invitrogen) for 35 cycles: initial denaturation 95°C for 3
min, 95°C for 15 sec, 55°C for 30 sec, and 72°C for 30 sec.

To purify the radiolabelled DNA fragment, the PCR product was run through a
QIAquick PCR purification kit (Qiagen) following the manufacturer’s protocol. Briefly,
five volumes of Buffer PB was mixed with the PCR product and added to a QlAquick
spin column. Each mixture was centrifuged for 1 min (17,000 x g) to bind the DNA to the
column. The column was then washed with 0.75 ml Buffer PE and centrifuged for 2 min
(17,000 x g). Residual ethanol was removed by centrifugation for 2 min in a centrifuge
(17,000 x g). Clean PCR products were eluted from the column in 100 pl of Buffer EB
(10 mM Tris-Cl, pH 8.5) and further purified on a 4.2% (37.5:1) polyacrylamide, 1.25X
Tris-acetate-EDTA gel (Appendix A). PCR products were loaded onto the gel and
separated by electrophoresis for 1.5 h at 45 watts. Radiolabeled DNA fragments
containing the fimB promoter region was excised from the gel and eluted overnight in 500
ul diffusion buffer (Appendix A) at 50 °C. To separate the polyacrylamide from the
radiolabeled fimB promoter region, a spin column with glass wool was used. The eluted
DNA was further purified with a QIAquick PCR purification kit (Qiagen) as previously
described with the following exception: Qiagen Buffer QG was substituted for Qiagen
Buffer PB. Radiolabelled promoter fragments were eluted in 100 ul of Buffer EB. To
remove secondary structure in the DNA, 0.5 ul of 5 M NaCl was added to each eluate,
incubated for 30 sec at 90°C, and allowed to slowly cool to room temperature to re-

anneal the DNA.
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For the DNase | footprinting reactions, wild-type OmpR protein was purified by
fast protein liquid chromatography (FPLC) (gift from Linda Kenney) and phosphorylated
using 1 ul phosphoramidate, 2 pl 10X phosphorylation buffer (Appendix A), and OmpR
protein set at a final concentration of 16 uM. Each mixture was incubated with shaking at
room temperature for 60 min and the reactions halted by freezing on dry ice. For the
binding reactions, OmpR-P (200 nM to 1600 nM) was incubated at room temperature for
15 min in 1X binding buffer (Appendix A) with 50,000 cpm of radiolabeled DNA and 1
ul poly(d[I-C]) (1 pg/ml) (Roche Diagnostics). To measure radioactivity, 1 pl of the
DNA reaction in a pipette tip was held next to a Geiger counter for 1 min and cpm were
read at the 1X setting. RNase-free DNase | (Roche Diagnostics, Mannheim, Germany)
(10 U/ul) diluted (1:8000) in 1X binding buffer with 0.1 mM CaCl, was added to each
binding reaction and incubated for 30 sec at room temperature to generate single nicks in
the radiolabelled DNA. Reactions were stopped with the addition of 5 ul of stop dye
(Appendix A). DNA protein mixtures were precipitated with 100% ethanol and pelleted
by centrifugation at 17,000 x g for 20 min. Ethanol was removed and each DNA-OmpR
protein pellet was washed with 100 ul of 100% ethanol, and pelleted by centrifugation at
17,000 x g for 5 min. Residual ethanol was aspirated and the DNA-protein pellets were
allowed to air-dry for 20 min.

All DNA-OmpR pellets were resuspended in 11 pl of sequencing grade stop dye
(Appendix A), the DNAs were separated by electrophoresis on 8% 7.5M urea-Tris-
borate-EDTA polyacrylamide gels (Appendix A), and the gels were developed using a

phosphorimaging screen. DNA sequencing ladders for the fimB promoter regions were
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generated with a Thermo Sequenase cycle sequencing kit (U.S. Biochemicals) using the
same labeled primers as were used for the footprinting reactions. Images were acquired
with a Molecular Dynamics Storm 860 Phosphorimager using the ImageQuant 5.3
software package.

The same footprinting protocol was followed for the fimE promoter region
footprinting with the following modifications. To generate a 340 base pair fragment
containing the fimE promoter region, the primer pair FIMEPE4 and PEXFIME2 (TABLE
1, FIG. 5) was used. The FIMEPE4 primer was end-labelled with T, polynucleotide
kinase (NEB) and radiolabeled with ATP y-*2P. The fimE promoter fragment was
amplified in a thermocycler (BIO-RAD iCycler) using Platinum Tagq (Invitrogen) for 35
cycles: initial denaturation 94°C for 3 min, 94°C for 15 sec, 53°C for 30 sec, and 72°C
for 30 sec. Phosphorylated OmpR protein concentrations used for the fimE promoter
region ranged from 400 to 1200 nM and the DNase was diluted 1:1000 in 1X binding
buffer.

Extraction of Total RNAs and Conversion to cDNAs. E. coli NU149 cells were
grown shaking to mid-logarithmic phase (O.D.gg0 0.5-0.8) at 37°C in pH 5.5 low-
osmolality LB medium, pH 5.5 high-osmolality (800 mOsm NaCl) LB medium, pH 7.0
low-osmolality medium, or pH 7.0 high-osmolality (800 mOsm NaCl) LB medium.
Bacterial cultures were pelleted by centrifugation (5,000 x g) for 10 min at room
temperature. Total RNA was extracted from each pellet using TRIzol Reagent

(Invitrogen). Briefly, the cells were resuspended in 1 ml Buffer EB (Qiagen) and lysed
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5° 3’
5°’AGTTAACCATATCCATACAAAATACAATGGTTTATGTTCTTCAA

AATAAATAAACAAAATCATTCATAAATTTACACATCACTTAAAAT

CTCCTGTTTCCGCACTTTTTTCTTTATTTTTTAAGCAACTGGAAGTT
-35 -10
AATCCACTGCAATCTATTGTTATATTGAATCAAATCAATGAAAAT
+1 (P1)
AGATGTTGTCACATCAGTGATATTTTATTTTTGTATGATATTTAAT

GTAATTGACTGATAGCCACATCACTCCGTGTGTGGTTATCTTTTTA

3 5
TCTATTGGGCTAATTTHCACEEANCACSERNEEIATAGGTATTCA

S/D
TTCAAATATATCTCAGTTAGGAGTACTACTATTGTGAGTAAACGT

CGTTATCTTACCGGTAAAGAAGTTCAGGCCATGATGCAGGCGG-3°

FIG. 5. The coding strand of DNA showing the position of the fimE promoter region of
UPEC strain NU149 including the primer binding sites used for DNase | footprinting.
The S/D represents the Shine Dalgarno sequence and GTG represents the translational
start site. The green highlighting indicates the FIMEPE4 sequence. The red highlighting
indicates the PEXFIME2 primer.
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with 50 pl lysozyme (10 mg/ml) for 15 min at 37°C. TRIzol Reagent (6 ml) was added to
the lysed cells, inverted, and incubated for 15 min at room temperature to further dissolve
cellular components. Chloroform (1.2 ml) was added and tubes were inverted for 10 sec
and then incubated at room temperature for 3 min. RNAs were pelleted by centrifugation
at 12,000 x g for 15 min at 4°C. Supernatants were removed and the RNAs were
precipitated with two volumes of 100% ice-cold ethanol and 1/10 volume of 3 M sodium
acetate for two hours at -80°C. RNAs were pelleted by centrifugation (10 min, 10,000 x
g, 4°C), washed with 70% ethanol made with diethyl-pyrocarbonate (DEPC)-treated
water (Appendix B), pelleted by centrifugation for 20 min at 10,000 x g at 4°C, air-dried,
and than resuspended in 100 ul DEPC-treated water. Residual DNA in the samples was
removed with the addition of 1 ul (10,000 U/ml) of RNase-free DNase (Roche
Diagnostics) for 30 min at 37°C. The DNase was heat inactivated for 15 min at 65°C.
The quality and concentration of the total RNA was determined spectrophotometrically
by reading the OD 260/280 using a BioSpec-1601 spectrophotometer (Shimadzu).

Total RNAs were converted to cDNAs using a SuperScript First-Strand Synthesis
Kit (Invitrogen) following the protocol recommended by the manufacturer. Briefly, 5 pug
of RNA was mixed with 1 pl of random hexamers (50 ng/ul), 1 pl of 10 mM dNTP mix,
and DEPC-treated water to a final volume of 10 ul. The samples were incubated for 5
min at 65°C and chilled on ice for 1 min. Next, 2 pl of 10X RT buffer (200 mM Tris-HCI
pH 8.4 and 500 mM KCl), 4 pl of 25 mM MgCly, 2 ul of 0.1 M DTT, and 1 pl of
RNaseOUT recombinant ribonuclease inhibitor was added to each sample and incubated

at room temperature for 2 min. SuperScript Il RT (50 U/ul) was added to each tube and
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incubated at room temperature for 10 min and then 42°C for 50 min. The reactions were
then terminated at 70°C for 15 min and chilled on ice. RNase H (20 U) was added,
incubated for 20 min at 37°C, and final cDNA was stored at -20°C.

Amplification and Detection of ftsZ and ompR Transcripts. Reverse-
transcriptase polymerase chain reactions (RT-PCR) were performed using RNA and
cDNA from each growth condition. Each 50 pl reaction contained 1 ul template (RNA or
cDNA), 10 ul complete Wigler’s buffer (Appendix B) (63), 0.6 ul GoTaq Flexi DNA
polymerase (5 U /ul, Promega, Madison, WI), 50 pmol of each primer, and PCR-grade
water (Sigma). Traditional RT-PCR conditions were as follows: initial denaturation 95°C
for 5 min followed by 31 cycles of 95°C for 1 min, 56°C for 1 min, and 72°C for 1 min.
The cell-division gene, ftsZ, was used to standardize between the samples since ftsZ
expression was completely independent of the different acidic/osmotic environments
(101). The 302-bp ftsZ gene product was amplified using the primer pair EcFtsZ1 and
EcFtsZ2 (TABLE 1) and the 319-bp ompR gene product was amplified using the primer
pair OmpR3 and OmpR4 (TABLE 1). RT-PCR products were separated on 1.5%
agarose gels and visualized with FOTO/Analyst PC Image Software (FOTODYNE Inc.,
Hartland, WI).

Real-time reverse-transcriptase PCR (RT-RT-PCR) was performed using a
Stratagene platform. One microliter of a 1/10 dilution of cDNA was used in each RT-RT-
PCR reaction. A 2X POWER SYBER Green mastermix (Applied Biosystems) was used
and products were detected with a FAM setting. A 71-bp fragment of the ftsZ gene was

amplified using the primer pair FtsZfwd and FtsZrev (TABLE 1). The 96-bp ompR gene
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segment was amplified using the primer pair OmpRfwd and OmpRrev (TABLE 1). The
real-time RT-PCR parameters were as follows: initial denaturation for 10 min at 95°C
followed by 38 cycles of 15 sec at 95°C, 1 min at 58°C. Data was analyzed by the 2 4T
method (65).

Protein Extraction and Western Blotting. E. coli strain NU149 was grown
shaking to stationary phase (O.D.goo equal to 1.7-2.0) at 37°C in the same media that was
used for the qRT-RT-PCR experiments. Cells were pelleted by centrifugation at 5,000 x g
for 10 min at room temperature. Each pellet was resuspended in 3 ml phosphate buffered
saline (Appendix C) and disrupted by sonification using a mini-tip on a Sonifier Cell
Disruptor model 350 (3 cycles of 45 sec run, 30 sec rest) (Branson Sonic Power Co.).
Broken bacterial cells were frozen at -20°C. Total protein concentration from each
sample was determined by using a BIORAD protein assay (9) and compared to a bovine
serum albumin (Sigma) standard curve.

Ten micrograms of cell sonicate from each growth condition was mixed with an
equal volume of sample buffer (Appendix C) and separated by SDS-PAGE on 10-20%
Tris-HCI polyacrylamide gels (Bio-Rad). Proteins were separated by electrophoresis at
150 V for 1 h 45 min using 1X running buffer (Appendix C) and stained with Brilliant
Blue stain (Appendix C) overnight. Gels were then destained for 2-3 hours to visualize
protein bands and to verify that protein concentrations were similar in each lane. A
Kaleidoscope Prestained Standard (BIORAD) was used to determine relative protein

sizes in each sonicate.
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For Western blots, polyacrylamide gels were processed exactly as described for
SDS-PAGE gels, but the proteins were transferred to a PVDF (0.45 um pore size)
Immobilon transfer membrane (Millipore) using a Panther semidry electroblotter (Owl
Separation Systems) for 1 h at 45 mA. Each membrane was blocked with 5% bovine
serum albumin in TBST for 1 h at room temperature with constant agitation. Next, the
membrane was washed twice (5 min each) with TBST (Appendix C). A rabbit polyclonal
a-OmpR primary antibody (generous gift from Linda Kenney) was diluted in blocking
buffer (1:2000) (Appendix C) and rocked for 1 h at room temperature followed by four
washes (5-15 min) in TBST. A goat a-rabbit IgG fluorescein conjugated secondary
antibody (Millipore) was diluted in blocking buffer (1:500), added to the membrane, and
rocked with the membrane for 1 h at room temperature. After the incubation, the
membrane was washed one time with TBST for 15 min followed by four (5 min each)
washes with TBST. The OmpR protein bands were visualized using a Storm 860
Phosphorimager (Amersham Biosciences). Relative differences between samples were
determined using Image Quant 5.2 software based on pixel density. Three separate
sonicates were used and a total of seven independent gels were used to determine the
means plus standard deviations. The results were averaged and standard deviations were
calculated. A student’s t-test was used to determine probabilities and the data was

considered significant if p < 0.05.
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RESULTS

Unphosphorylated and Phosphorylated OmpR Bind Weakly to the fimB
Promoter Region Two. Previous B-galactosidase assays showed a derepression of the
fimB gene expression in a UPEC ompR mutant grown in a combined acidic pH/high
osmolality environment (101) and purified OmpR shifted the mobility of the fimB
promoter region (W. R. Schwan, personal communication), suggesting OmpR may be
directly repressing fimB expression. To determine whether OmpR bound directly to a
specific fimB promoter, DNase | footprinting assays were performed with DNA that was
PCR amplified with primers specific for the fimB promoter region two. A sequencing
ladder of the fimB sequence was used to determine exactly where OmpR/OmpR-P bound
on the fimB promoter region two (data not shown). Unphosphorylated OmpR weakly
bound to a 20-bp region (+2 to -18) (FIG.6) and protected three bases of the -10 box, that
included a hypersensitive site (FIG. 6 and FIG. 7). In addition a 24-bp region (+2 to -22)
of the fimB promoter region two was protected by phosphorylated OmpR (FIG. 5),
spaning the entire -10 box plus 17 bases downstream of the -10 box.

Both Forms of OmpR Do Not Bind to the fimE Promoter Region. The
preliminary B-galactosidase assays also suggested that OmpR-P may be regulating the
single fimE promoter, so DNase | footprinting of the fimE promoter region sequence was

undertaken using phosphorylated and unphosphorylated OmpR. As the concentration of
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S OATAATAGCCACTAAGAAATTACTGCGCTCCATGAAATAGC

CATTTTGTGGCAAATGGAGTTGACTAATAATGTCATATGTGAG
-35
ACGGCTAGTTGAACGAATATTAAATTITGCTGAATTTTTTATGTTG
10 * 1@
ATTTTACTTGTTACAGAACATATCACATGATATATAGATAAGATT

AGTTGCA-¥

FIG. 6. Schematic representation of phosphorylated OmpR and unphosphorylated
OmpR protein DNase | protection of fimB promoter region two. Yellow highlighting
shows OmpR protection of a 20-bp region. The open box indicates protection by OmpR-
P of a 24-bp region.The bold bases designate the FIMB2 DNA sequence. The asterisk
represents a site of DNase | hypersensitivity seen only with OmpR protection.
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FIG. 7. DNase | footprinting analysis of unphosphorylated (OmpR) and phosphorylated
OmpR (OmpR-P) at the fimB promoter region two. The concentration (nM) of OmpR and
OmpR-P used in each lane is indicated at the bottom. The lanes with ‘0’ indicate the
cleavage pattern by DNase | in the absence of OmpR/OmpR-P. The coordinates indicate
positions relative to the fimB promoter two site. Regions of protection are indicated by
black bars for OmpR (+2 to -18) and OmpR-P (+2 to -22) and a hypersensitive site is
indicated by a star. White bars represent the -10 box.
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phosphorylated or unphosphorylated OmpR was increased from 400 to 1200 nM,
progressively more non-specific binding occurred along the DNA of the fimE promoter
region (FIG. 8). Because there was no specific binding by either OmpR or OmpR-P,
these results suggest that OmpR does not directly bind to the fimE promoter region.
UPEC ompR Transcription is Constant Despite Growth Conditions. Since
both OmpR and phosphorylated OmpR bound weakly to one of the fimB promoters, we
investigated whether the environmental growth conditions may affect ompR transcription,
which could in turn influence fimB regulation. To determine the level of ompR
transcription, total RNAs were extracted from UPEC NU149 grown in four different
media [pH 5.5 (low osmolality), pH 5.5 + 800 mOsm NaCl (high osmolality), pH 7.0
(low osmolality), and pH 7.0 + 800 mOsm NaCl (high osmolality)] and converted to
cDNAs. Using reverse-transcriptase PCR (RT-PCR), no discernable difference in ompR
transcription was observed for the UPEC grown in the four different conditions (FIG. 9).
Since traditional PCR lacks sensitivity, quantitative real-time reverse transcriptase
PCR (qRT-RT-PCR) was performed to ascertain differences in ompR transcription
compared to an internal control, ftsZ. After using the 2"*““T method (65) to normalize the
ompR transcripts to the ftsZ housekeeping gene, no significant difference in ompR
transcription was found in either logarithmic or stationary phase UPEC cultures grown in

the various media (FIG. 10).
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FIG. 8. DNase | footprinting analysis of unphosphorylated and phosphorylated OmpR at
the single fimE promoter region. The concentration of OmpR or OmpR-P (in nM) used in
each lane is indicated at the bottom. The -35 box of the fimE promoter region is shown to

the left as a white bar. A sequence ladder of the fimE promoter region is shown in the
middle.
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FIG. 9. Qualitative determination of ftsZ and ompR mRNA regulation by RT-PCR
analysis of strain NU149. Cells were grown in pH 5.5 (lanes 1 and 5), pH 5.5 + 800
mOsm NaCl (lanes 2 and 6), pH 7.0 (lanes 3 and 7), and pH 7.0 + 800 mOsm NaCl (lanes
4 and 8). The MW lanes represent a 100-bp ladder. The EcFtsZ1-EcFtsZ2 primer pair
was used to amplify cDNAs targeting ftsZ (302-bp product). The OmpR3-OmpR4 primer
pair was used to amplify a 319-bp ompR fragment. All products were electrophoresed on
1.5% agarose gels.

35



B P A S B S S S S P SRS 3

uuuuu

orescence (dR)

uuuuu

Mean Ct = 21.33

cccccc

nnnnn

uuuuu

uuuuu

Fluorescence (dR)

Mean Ct = 20.77

soo0

eeeeee

FIG. 10. Quantitative determination of ftsZ and ompR transcript expression by gRT-RT-
PCR. UPEC NU149 cells were grown to A.) mid-logarithmic or B.) stationary-phase
growth in four different media. A.) Negative controls are indicated by red closed squares
(ftsZ) and blue closed circles (ompR). Amplification curves of ftsZ are orange triangles
(pH 5.5 LB), blue x’s (pH 5.5 + 800 mOsm NaCl LB), purple squares (pH 7.0 LB), and
gray diamonds (pH 7.0 + 800 mOsm NaCl LB). Amplification of ompR transcripts are
light blue diamonds (pH 5.5), red triangles (pH 5.5 + NaCl), green asterisk (pH 7.0), and
green triangle (pH 7.0 + NaCl). B.) Gray triangles (pH 7.0 + 800 mOsm NaCl) and filled
blue circles (pH 5.5 + 800 mOsm NaCl) indicate negative controls. Green triangles (pH
7.0 + 800 mOsm NacCl) and yellow askterisks (pH 5.5 + 800 mOsm NacCl) indicate
amplification of the ftsZ gene. Open blue circles (pH 7.0 + 800 mOsm NacCl) and red
squares (pH 5.5 + 800 mOsm NaCl) indicate amplification of the ompR gene. The mean
of the crossing thresholds are shown to the left of the amplification plots.
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OmpR Protein Level is Increased When UPEC are Grown in a Combined
Acidic pH/ High Osmolality Medium. Although ompR transcription did not differ
among UPEC NU149 grown in the four growth conditions, post-transcriptional
regulation could affect OmpR protein levels, which could then have an effect on fimB
transcription. To determine whether there was a difference in OmpR protein levels from
cultures from each growth condition, SDS-PAGE and Western blot analyses were
performed on stationary phase UPEC NU149 cell lysates. First, 10 ug of total protein was
added in each lane and shown to be equivalent for each growth condition cell lysate by
performing SDS-PAGE followed by Coomassie Blue stain (FIG. 11A).

To determine if OmpR protein levels varied when grown in different
environments, strain NU149 cell lysates were separated by SDS-PAGE and probed with
polyclonal rabbit anti-OmpR antibody. Purified histidine-tagged OmpR protein reacted
well with the antibody (FIG. 11B). OmpR protein concentration, regardless of osmolality,
was greater when the bacterial cells were grown in an acidic medium versus a neutral
medium (FIG. 10B). However, there was no significant difference in OmpR protein
expression when cells were grown in pH 5.5 (low osmolality) medium versus pH 5.5 with
800 mOsm NacCl (high osmolality) (p < 0.67). When NaCl was added to the broth
medium, there was a significant (2.13-fold) increase in OmpR protein expression in pH
5.5 plus 800 mOsm NaCl medium (36,600 pixels) compared to pH 7.0 plus 800 mOsm
NaCl medium (17,164 pixels) (p < 0.017) (TABLE 2). In addition, there was a significant
(1.95-fold) increase in OmpR protein expression when NU149 cells grown in pH 5.5

medium (33,475 pixels) were compared to the same strain grown in the pH 7.0 plus 800
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mOsm NaCl medium (17,164 pixels) (p < 0.00042) (TABLE 2). Although OmpR
expression in strain NU149 grown in pH 5.5 medium was slightly higher than the OmpR
protein levels in UPEC cells grown in pH 7.0, the difference was not significant (p <
0.19). However, OmpR protein expression from cells grown in a pH 7.0 (27,740 pixels)
environment was significantly higher (1.6-fold) compared to UPEC cells grown in pH 7.0
with 800 mOsm NaCl (17,164 pixels) (p < 0.014) (TABLE 2). These results demonstrate
that UPEC grown in vitro in an acidic/high osmolality environment express more OmpR

protein than cells grown in a neutral pH/high osmolality environment.
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200kD —>

24kKD —>

72kD —>

FIG. 11. Comparison of OmpR protein expression in UPEC NU149 cells grown in
different environments. A.) An SDS-PAGE gel of protein extracts from NU149 grown
cells grown in pH 5.5 LB (lane 1), pH 5.5 + 800 mOsm NaCl LB (lane 2), pH 7.0 LB
(lane 3), pH 7.0 + 800 mOsm NaCl LB (lane 4). A Kaleidoscope protein standard (L) was
used as a reference. B.) An immunoblot of the same protein extracts from NU149 cells
grown in four different environments probed with polyclonal rabbit anti-OmpR antibody.
Purified OmpR protein (molecular weight 23.9 kD) is shown on the far left.
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TABLE 2. Western blot analyses of OmpR protein levels measured by pixelation in
UPEC NU149 grown in four different environments

Growth Condition Pixelation®
pH5.5LB 33,475 + 7,264
pH 5.5 + 800 mOsm NaCl LB 36,600 + 17,774
pH7.0LB 27,740 + 8,214
pH 7.0 + 800 mOsm NaCl LB 17,164 + 5,201

& Average pixelation + standard deviation based on 7 independent Western blots.
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DISCUSSION

Type 1 piliated UPEC cells attach to host bladder epithelial cells. However, when
UPEC ascend into the kidneys they become nonpiliated (95). The ability of UPEC to
change reversibly between being piliated and nonpiliated depends on the orientation of
the fim switch. This fim switch is mediated by two site-specific recombinases, FimB and
FimE. The orientation of the fim switch has been shown to change in response to
changing medium pH and osmolality (101). E. coli survive these differing
pH/osmotically stressed environments by utilizing the EnvZ/OmpR system. Previous
studies have shown OmpR is essential for UPEC growth within the murine urinary tract
(98) and an ompR mutant showed derepression of the fimB gene in an acidic/high
osmolality growth condition compared to wild-type (101). Because of this indirect link to
OmpR, the purpose of this study was to determine if OmpR bound to and potentially
regulated either fim recombinase gene. Using DNase | footprinting, this study is the first
to show any degree of OmpR binding to a fim promoter region.

Previously, other E. coli genes have been shown to be regulated by OmpR (82).
Several studies demonstrated OmpR/OmpR-P binding upstream of the -35 and -10 boxes
of the ompF and ompC promoter regions (40, 66, 106). OmpR binding to a 20-bp region

in the ompF promoter region has been previously observed (39, 44), and a loose
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consensus sequence containing an AC at positions 1,2 and 11,12 with a central GXXXC
sequence has been proposed for OmpR (40).

Our results show OmpR and OmpR-P protected 20-bp and 24-bp sites at the fimB
promoter two, respectively. Both of the protected regions spanned the -10 box of the fimB
two promoter. Within these protected regions, a putative OmpR binding motif,
5’-ACTTGTTACAGAAC-3’, sequence with an AC at positions 1, 2 as well as an
internal GTTAC sequence is found (FIG. 6). It is possible that even though the weak
OmpR/OmpR-P binding within the fimB promoter two region did not exactly match the
proposed high affinity sequence for ompF and ompC, it may allow low affinity OmpR
binding and repression of the fimB gene.

Previous studies by Cai et al. have indicated that at low osmolality only 3.5%
(220 nM or 70 OmpR-P molecules/cell) of total OmpR protein (2024 molecules of OmpR
per cell) would be sufficient for promoting ompF transcription (11). In a high osmolality
medium, 10% (580 nM or 350 OmpR-P molecules/cell) of total OmpR molecules in a
cell (3500 molecules of OmpR per cell) would allow repression of the ompF gene and
stimulation of the ompC gene (11). Our fimB footprint showed protection at 1600 nM
(FIG. 7), which equates to 933 OmpR molecules in a cell, or 27% of total OmpR protein
present in a high osmolality environment, demonstrating that our results are well within
the physiological range OmpR protein present within E. coli growing in a high osmolality
environment. Whether OmpR binds to either of the two remaining fimB promoters

remains unknown and will serve as an area of further exploration.
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Conversely, neither form of OmpR bound to the single fimE promoter region. A
previous group created E. coli envZ/ompR deletion mutants and observed 125 other genes
to have been affected by this change compared to the wild-type (82), suggesting that the
EnvZ/OmpR system regulates a wide variety of genes. Cross-regulation between the
histidine kinase, ArcB, and the EnvZ/OmpR system has been demonstrated (67). It was
hypothesized that under anaerobic conditions ArcB together with OmpR could regulate
the porin genes. It is possible that OmpR indirectly regulates fimE expression by acting
through an intermediary protein, similar to ArcB, which in turn acts on fimE. Our results
demonstrate non-specific binding with 1600 nM OmpR-P (FIG. 8), but no binding at
lesser concentrations that suggest the DNA was saturated with OmpR protein. This
phenomenon can happen when so much protein is added to the DNA, which at some
point, because of the protein’s DNA-binding nature, will bind to DNA, but will not be
considered physiologically relevant. Conversely, this ‘OmpR stampede’ was not seen
with any of the protection sites on the fimB footprint. Another explanation for the lack of
protection of the fimE promoter region by OmpR, is that there is no correlation between
fimE and OmpR.

Since OmpR bound weakly to the fimB promoter region two, we investigated
whether there might be a transcriptional or translational change that could in turn affect
the levels of OmpR when UPEC is grown in different environments. Our hypothesis was
that in an acidic/high osmolality environment there may be a greater concentration of
OmpR present. This increase in OmpR protein could lead to low affinity binding to the

fimB promoter and directly regulate fimB transcription. However, the RT-PCR and RT-
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RT-PCR analyses of ompR showed no difference in ompR transcript levels in strain
NU149 grown in the four growth conditions we have used in a previous study (101).
Thus, transcriptional changes in ompR were not responsible for fimB regulation.

A prior study showed envZ and ompR are co-transcribed, but 35 times more
OmpR protein is present compared to EnvZ in a single E. coli cell (11). This difference
between the ompR and envZ genes was presumably because of differences in translational
initiation (11). Based on this previous study and our transcriptional assays, we
hypothesized that OmpR could be regulated by a similar mechanism. The Western blots
indicated OmpR protein expression was overall greater when UPEC cells were grown in
acidic conditions versus a neutral pH, however the increase was not statistically
significant. Even more interesting was a two-fold increase in OmpR protein when the
UPEC cells were grown in an acidic/high osmolality medium versus UPEC grown in a
neutral pH/high osmolality medium. These results suggest a possible role for OmpR in
acidic/high osmolality environments such as the human kidneys.

Prior studies have indicated that OmpR protein expression in Salmonella and
enterohaemorrhagic E. coli increased after acid shock or growth in an acidic environment
compared to a neutral pH environment (6, 45). These prior studies provide evidence that
OmpR protein is important for survival in low pH environments. Previously, wild-type E.
coli grown in a high osmolality environment (added sucrose) had a 1.7-fold increase in
OmpR protein as compared with the same cells grown in a low osmolality medium (11),
so there is precedence for OmpR protein level changes which in turn could affect E. coli

gene regulation.
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From this work, we have demonstrated that there appears to be more OmpR
available in an environment that is similar to the murine urinary tract (acidic/high
osmolality) to repress fimB transcription. A previous study demonstrated that in an
acidic/high osmolality environment UPEC cells expressed more fimg than fimB
transcripts causing the invertible element to be in primarily in the Phase-OFF orientation
(101). Moreover, high osmolality conditions (eg. murine or human kidneys) have been
shown to promote phosphorylation of OmpR (55) and OmpR-P binds with greater
affinity to DNA (68). Greater concentrations of OmpR and OmpR-P in UPEC growing in
kidney urine would allow OmpR-P to directly bind first to the higher affinity sites on the
fimB promoter region. The excess of OmpR or OmpR-P subsequently would bind to
lower affinity sites on fimB similar to the binding affinity that leads to the regulation of
the ompF gene (44, 86, 87). With more OmpR and OmpR-P binding to the fimB promoter
region, fimB transcription would be repressed, thereby increasing the cellular ratio of
FimE to FimB (FIG. 12). In turn, FimE would bind to the invertible element and switch it
to the Phase-OFF orientation resulting in nonpiliated bacteria in the kidneys observed in
previous studies (46, 95).

Due to the fact that type 1 pili are highly immunogenic (73, 84) and the synthesis
of pili is a vast energy expenditure, it is logical that type 1 pili production may be tightly
regulated. Thus, the ability to phase-vary type 1 pilus expression serves UPEC well when
residing in the urinary tract. In the bladder, the urine is less acidic and has a lower level
of osmolytes as compared to kidney urine (92). In murine and human urine, sodium and

chloride molecules represent the second and third most common osmolytes (92). In
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- Nonpiliated UPEC cell

fimA

FIG. 12. A proposed model for OmpR regulation of the fimB gene when UPEC cells are
growing in an acidic/high osmolality environment similar to a kidney. In this model,
OmpR-P would bind at least one promoter region of fimB repress the levels of FimB
recombinase being made. While the OmpR repression may not completely negate fimB
transcription, it would still be enough to increase the cellular concentration of FimE in
the cell. FimE protein would bind to the invertible element and lock it in the Phase-OFF
orientation resulting in non-piliated UPEC cells residing in the kidneys.
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addition, the bladder contains many more mannose-containing receptors making it easier
for type 1 piliated UPEC cells to bind to bladder epithelium during a bladder infection.
When UPEC ascend into the kidneys, they enter a more acidic/high osmolality
environment with less mannose-containing receptors. In this environment, host antibody
specific for type 1 pili on UPEC cells can bind and activate host phagocytes (85).
Therefore, energy conservation (few mannose-containing receptors, few type 1 pili) and
being able to avoid engulfment by phagocytic cells (with the presence of capsule) make it

advantageous for UPEC cells to be nonpiliated in the kidneys.
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Appendix A. Reagents for DNase | Footprinting

a.) 5X Binding Buffer
300 mM potassium glutamate
200 mM HEPES, pH 7.4
5 mM dithiothreitol
2 mM MgCl,
0.25 % NP-40

b.) Stop buffer (per reaction)
3.25 pl 3M sodium acetate, pH 5.2
1.25 ul 0.5M EDTA
0.5 ul glycogen (5 ug/ml stock)

c.) Diffusion Buffer
10 mM magnesium acetate
1 mM EDTA pH 8.0
0.5 M ammonium acetate
0.1% SDS

d.) 10X Phosphorylation Buffer
500 mM TrisHCI pH 7.6
500 mM KCl,
200 mM MgCl,

e.) Sequencing Grade Loading Dye
20mM EDTA
95%  formamide
0.05% xylene cyanol
0.05% bromphenol blue

f.) 1.25X TBE/urea stock solution
141.09g urea
62.5 ml 5X TBE
H,0 to 250 ml
*filter sterilize
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g.) 4.2% (37.5:1) polyacrylamide 1.25X TAE gel
30 ml 1.25X TAE
5 ml 37.5:1 BIORAD acrylamide
*polymerize with 200 pl 10% ammonium persulfate and 35 pl TEMED

h.) 8% 7.5M urea-Tris-borate-EDTA polyacrylamide gel
10 ml 40% 19:1 BIORAD acrylamide/bisacrylamide solution
40 ml 1.25X TBE/urea solution
*polymerize with 300 pl 10% ammonium persulfate and 50 ul TEMED
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Appendix B. Reagents for RNA Extraction and PCR

a.) 0.1% DEPC-treated H,0
300 ml Milli-Q H,O
300 pl diethylpyrocarbonate
*incubate shaking overnight at 37°C, autoclave the next day

b.) 70% Ethanol in 0.1% DEPC-treated H,O
140 ml 100% biotech-grade ethanol
60 ml 0.1% DEPC-treated H,O

c.) Incomplete Wigler’s Buffer
26.08 ml sterile Milli-Q H,O
16.75 ml 1M TrisHCI pH 8.8
4 ml 1M (NH4)2SO4
0.5 ml 1M MgCl,
*aliquot 946.3 ml into 1.5 ml Sarstedt Tubes, store at -20°C

d.) Complete Wigler’s Buffer
to one tube of the above buffer add:
50  pl bovine serum albumin (10 mg/ml)
3.47 ul B-mercaptoethanol
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Appendix C. Reagents for SDS-PAGE and Western Blotting

a.) 10X Running Buffer
15 g Tris base
72 g Glycine
59 SDS
*bring volume to 500 ml using Milli-Q H,0, filter sterilize, and store at
4°C
b.) Sample buffer
2.9 ml Milli-Q H,0
1.0 ml 0.5M TrisHCI (pH6.8)
2.0 ml glycerol
1.6 ml 10% SDS
0.1 ml 1% bromphenol blue
8 ul  2.5M dithiothreitol

c.) Brilliant Blue Stain
200 ml Milli-Q H,0
50 ml isopropyl alcohol
20 ml glacial acetic acid
0.5 g Brilliant Blue R G-250
*let the first two ingredients dissolve in each other for 30 min, then add
H,0 and acid

d.) SDS-PAGE Destain
270 ml Milli-Q H,0
100 ml methanol
30 ml glacial acetic acid

e.) Transfer Buffer
200  ml Methanol
14.4 g Glycine
3.05g Tris
*pring volume to 1 L using Milli-Q H,0
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f.) TBST
3.15 g Tris-HCI
8.76 g NaCl
0.5 ml Tween-20
*bring volume to 1 L, pH to 7.4, filter sterilize, and store at 4 °C

g.) Blocking Buffer
5% Bovine serum albumin in TBST
*made fresh daily

h.) Phosphate Buffered Saline
9.00 g sodium chloride
1.15 g sodium phosphate, dibasic
0.23 g sodium phosphate, monobasic
* bring volume to 1 L using Milli-Q H»0 and adjust the pH to 7.2
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Appendix D. Reagents for Media

a.) Luria Bertani (LB) broth pH 5.5 (Schwan et al. 2002)
34.5 ml 1M NaH,PO,
1.5 ml 1M Na;HPO,
3.6 ml glycerol
7.2 g LB base (Invitrogen)
Milli-Q H,0 to 360 ml
*pH to 5.5 and autoclave 25 min

b.) LB broth pH 5.5 + 1 M NaCl
recipe is exactly the same as above except add 21.03 g NaCl

c.) LB broth pH 7.0
20.77 ml 1M Na;HPO,
15.23 ml 1M NaH,PO,
7.29 LB base (Invitrogen)
Milli-Q H,0 to 360 ml
*pH to 7.0 and autoclave 25 min

d.) LB broth pH 7.0 + 1 M NaCl
recipe is exactly the same as above except add 21.03 g NaCl
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