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Abstract

The response to osmotic shock in Escherichia coli culminates in the
regulation of expression of the porin genes ompF and ompC such that
OmpF predominates in the outer membrane at low osmolarity and OmpC
is present at high osmolarity. This transcriptional regulation is achieved
by a two component system that consists of the sensor kinase EnvZ and
the response regulator OmpR.

OmpR-P binds at the ompF and ompC promoter regions in order to
activate transcription of ompF at low osmolarity and activate
transcription of ompC while repressing ompF at high osmolarity. Previous
studies in our laboratory concluded that the affinity model for the
alternate regulation of porin gene expression by OmpR-P was not
supported by biochemical analysis. Using OmpR mutants, I advance new
models for the osmoregulation of ompF and ompC by OmpR-P. In
addition, I find that the current model for OmpR dimer formation is
unsubstantiated by cross-linking studies and present a new model that
implicates a B-sheet of previously unknown function in forming the
OmpR dimer interface.

I present an analysis of the interaction between the EnvZ kinase
and the OmpR response regulator, which suggests that
dephosphorylation of OmpR-P by EnvZ is unlikely to occur at in vivo
concentrations. I confirm predictions made by these studies, that the

EnvZ phosphatase is inactive at low EnvZ concentrations, and propose

xXxii




an alternative explanation for the in vivo phenotype of an EnvZ

phosphatase mutant.
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Preface

The work presented in this dissertation was performed by the author
under the supervision of Dr. Linda J. Kenney in the program of
Molecular Microbiology and Immunology at Oregon Health and Science
University. The data in this thesis are presented in five chapters, three of
which have been published in peer reviewed journals. Chapter 2 ("A
phosphorylation site mutant of OmpR reveals different binding
conformations at ompF and ompC") was published in the Journal of
Molecular Biology (315: 497-511, 2002). This paper describes the
biochemical characterization of an OmpR mutant and advances a new
model for the regulation of porin gene expression by OmpR. Chapter 3
("The linker region plays an important role in the inter-domain
communication of the response regulator OmpR") was published in the
Journal of Biological Chemistry (277: 32714-32721, 2002) and describes
the characterization of a number of mutants in the linker region of
OmpR. A refinement of the previous model for the regulation of porin
gene expression is presented. In Chapter 4 ("A new model for OmpR
dimerization"), a new model for the DNA-bound OmpR dimer is presented
based on cross-linking studies. Chapter 5 ("Phosphorylation alters the
interaction of the response regulator OmpR with its sensor kinase EnvZ")
was published in the Journal of Biological Chemistry (277: 11143-
11148). This publication describes the difference between the

OmpR/EnvZ interaction and the OmpR-P/EnvZ interaction and
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concludes that the EnvZ phosphatase activity is unlikely to control
OmpR-P levels in vivo. Chapter 6 ("A phosphatase mutant of EnvZ
demonstrates altered binding to the response regulator OmpR") confirms
the prediction of the previous chapter that EnvZ does not
dephosphorylate OmpR when present at low levels, and shows that a
phosphatase mutant of EnvZ has altered interactions with OmpR which
may explain its'phenotype without invoking a role for the phosphatase in
vivo. Chapter 2 is preceded by an Introduction which puts the work in
the context of current knowledge in the field, and Chapter 6 is followed

by a Discussion which attempts to address issues raised by my research.
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Chapter 1

Introduction




1.0 Introduction

In response to changing environmental osmolarity, Escherichia coli
undergo a variety of adaptive responses, one of which is to change the
porin expression profile (Csonka, L. N., 1989). OmpkF, with a larger pore
and a faster flow rate, is expressed at low osmolarity and OmpC is
expressed at high osmolarity (Nikaido, H. and E. Y. Rosenberg, 1983; van
Alphen, W. and B. Lugtenberg, 1977). The regulation of porin gene
expression is accomplished by the two component signaling system
consisting of the EnvZ sensor kinase and the OmpR response regulator
(Hall, M. N. and T. J. Silhavy, 1981c).

EnvZ mediates its own phosphorylation by intracellular ATP and
transfers the phosphoryl group to OmpR (Igo, M. M. et al., 1989b; Igo, M.
M. and T. J. Silhavy, 1988). OmpR-P interacts with the promoter regions
of ompF and ompC, resulting in the activation of ompkF transcription at
low osmolarity and the concomitant repression of ompkF and activation of
ompC at high osmolarity (Aiba, H. and T. Mizuno, 1990; Huang, K. J. et
al, 1997; Igo, M. M. et al.,, 1989a). The affinity model of porin gene
expression does not account for the observed pattern of osmoregulation
(Head, C. G. et al.,, 1998). In this thesis I present analyses of OmpR
mutants, which led to the proposal of new models for the regulation of
porin gene expression (Chapters 2 and 3) (Mattison, K. et al., 2002a;

Mattison, K. et al., 2002b). Further characterization of OmpR is also




presented which refines the current model of OmpR dimer formation
(Chapter 4).

EnvZ also dephosphorylates OmpR-P in vitro (Igo, M. M. et al.,
1989b). This phosphatase activity has been proposed to modulate the
level of OmpR-P in vivo (Jin, T. and M. Inouye, 1993; Yang, Y. and M.
Inouye, 1993). I present data in this thesis which indicates that OmpR-P
and EnvZ do not interact at physiological concentrations, and as such
the phosphatase activity is unlikely to be relevant to in vivo
osmoregulatory responses (Chapters 5 and 6) (Mattison, K. and L. J.
Kenney, 2002). Biochemical characterization of an EnvZ mutant is also
presented which suggests that the presence of Mg?* in the aétive site of
OmpR-P may be important for appropriate osmoregulation of the porin
genes (Chapter 6).

1.1 The osmoregulatory response in Escherichia coli

Escherichia coli are frequently exposed to dramatic changes in
environmental osmoiarity (Csonka, L. N., 1989). These cells, enclosed in
semi-permeable membranes, are readily affected by the change in
osmolarity as they transition from the external environment to the
mammalian intestinal tract and vice versa (Nikaido, H. and M. Vaara,
1985; Wood, J., 1999). Osmotic shock induces an initial rapid efflux or
influx of water, after which the bacteria initiate a set of responses that

allow adaptation to growth in the new environment (Wood, J., 1999).




The best-characterized response is to osmotic upshift, transition
from low to high osmolarity (Csonka, L. N., 1989; Wood, J., 1999). After
this transition, the bacterial cell has lost water and most cellular
metabolic processes have ceased (Wood, J., 1999). The response
increases the internal concentration of specific solutes such that the
bacteria return to a state in which the cytoplasm has a slightly higher
solute concentration than the external medium (Csonka, L. N., 1989;
Wood, J., 1999).

Potassium enters Escherichia coli cells through a constitutively
expréssed transporter almost immediately following osmotic upshift
(Meury, J. et al.,, 1985). The result is that intracellular K* concentration
varies directly with the osmolarity of the growth medium (Epstein, W.
and S. G. Schultz, 1965). This has led some groups to propose that K+
may act as a secondary mes'senger of osmotic upshift (sée 1.4.1.1) (Jung,
K. et al., 2001). Concomitant with K* uptake, putrescine is extruded, in
order to maintain the electroneutrality of the cytosol (Munro, G. F. et al,,
1972). Glutamate concentration also increases in the cell, balancing the
positive charge of K* (Richey, B. et al., 1987; Tempest, D. W. et al., 1970).

Potassium glutamate accumulation is insufficient as an
osmoprotective response since many cellular enzymes are inhibited by
high concentrations of these ions (Cayley, S. et al., 1992). Further
adaptation to growth after osmotic upshift is characterized by the

accumulation of compatible solutes, so named because they may be




accumulated to high levels without interfering with cellular processes
(Arakawa, T. and S. N. Timasheff, 1985; Cayley, S. et al.,, 1992). Proline is
immediately taken up, if available, by the constitutively expressed ProP
transporter (Kaback, H. R. and T. F. Deuel, 1969; Milner, J. L. et al,,
1988). Transcriptional responses begin to be apparent after K* glutamate
and proline accumulate to levels sufficient for cytosol rehydration
(Csonka, L. N., 1989; Meury, J., 1994). A higher affinity K* transporter is
transcribed, as is the ProU transporter with a high affinity for glycine
betaine, this last is the favored compatible solute taken up by E. coli
(Cairney, J. et al., 1985; Gowrishankar, J., 1986; Laimins, L. A. et al,,
1981; Perroud, B. and D. LeRudulier, 1985). In the absence of exogenous
proline and glycine betaine, some strains of E. coli synthesize glycine
betaine by oxidation of choline (Andersen, P. A. et al., 1988; Landfald, B.
and A. R. Strom, 1986). The operon involved in choline transport and
oxidation is located close to lac on the E. coli chromosome and has been
deleted from our wild-type MC4100 strain (Andersen, P. A. et al., 1988;
Casadaban, M. J., 1976). In the absence of these preferred compounds,
E. coli synthesize trehalose as an osmoprotective compatible solute
(Giaever, H. M. et al., 1988).

It is at this stage of transcriptional activation that the regulation of
the porin genes is achieved (Wood, J., 1999). The timing of the
transcriptional response is highly dependent on growth conditions

(Wood, J., 1999). When osmotic upshift is induced by the addition of




0.3M NaCl to E.coli growing exponentially in rich laboratory medium,
transcription from ompF is repressed within 2.5 minutes, and
transcription of ompC is activated 10 minutes after the osmotic shock
(Jovanovich, S. B. et al., 1988).

The response to osmotic downshift essentially proceeds in reverse,
and the response is completed more rapidly (Wood, J., 1999). After an
initial influx of water, stretch-activated (or mechanosensitive) chahnels
open to let small molecules exit (Cui, C. et al., 1995; Schleyer, M. et al.,
1993; Stock, J. B. et al., 1977). More specific solute influx and efflux
systems are then used to restore the starting balance between internal
and external solute concentrations (Wood, J., 1999). Transcription from
the ompF promoter is activated under these conditions and transcription
of ompC decreases (Hall, M. N. and T. J. Silhavy, 1981a; van Alphen, W.
and B. Lugtenberg, 1977).

See Table 1.1 for a summary of the responses to osmotic shock in
Escherichia coli.

1.2 The OmpF and OmpC porins

The outer membrane of Escherichia coli provides a strong
permeability barrier that protects the cell from harmful agents, such as
digestive enzymes and bile salts (Nikaido, H. and T. Nakae, 1979). This
protection derives mostly from the presence of lipopolysaccharide (LPS)
in the outer leaflet of the outer membrane (Nikaido, H. and M. Vaara,

1985). LPS is made up of lipid A and the polysaccharide chains anchored




to it, which extend from the surface and carry many negative charges
(Luderitz, O. et al., 1982). These charged groups bind divalent cations
that stabilize the outer membrane structure (Galanos, C. and O.
Luderitz, 1975; Schindler, M. and M. J. Osborn, 1979). This hydrophilic
surface protects the cell from harm, but also limits free diffusion of
nutrients into the periplasm (Decad, G. M. and H. Nikaido, 1976; Nakae,
T. and H. Nikaido, 1973, 1975). Small molecules must therefore access
the bacterial periplasm through protein channels known as porins
(Nakae, T., 1976). OmpF and OmpC are the two major outer membrane
porins found in Escherichia coli (Argast, M. and W. Boos, 1980;
Tommassen, J. and B. Lugtenberg, 1980). They form non-specific
diffusion channels through which nutrients enter and waste products
exit the cell (Nikaido, H. and E. Y. Rosenberg, 1983; Nikaido, H. and M.
Vaara, 1985). The ompF gene is located at 21 minutes on the E. coli
chromosome, while ompC is at 47 minutes (Hall, M. N. and T. J. Silhavy,
1981a).

OmpF and OmpC have a high degree of homology, and many
functioﬁal chimeric porins have been formed that contain some OmpF
and some OmpC sequences (Mizuno, T. et al., 1987; Nogami, T. et al,,
1985). However, OmpF and OmpC are notably different in that diffusion
rates through OmpF are much faster than through OmpC. This is a
result of the larger diameter of the OmpF pore (1.16 nm) compared to

that of OmpC (1.08 nm) (Nikaido, H. and E. Y. Rosenberg, 1983). OmpF




and OmpC are reciprocally regulated such that the total amount of porin
is constant, while OmpF is‘ preferentially expressed at low osmolarity and
OmpC is preferentially expressed at high osmolarity (Hall, M. N. and T. J.
Silhavy, 1981a). |

It has been suggested that the osmoregulation of porin gene
expression may not have physiological relevance for E. coli nutrient
uptake. These conclusions are based on studies that generated porin-
deficient mutants or exchanged the promoters for ompF and ompC,
resulting in a strain that expressed ompC at low osmolarity and ompF at
high osmolarity (Matsuyama, S. et al., 1984; Nikaido, H. and M. Vaara,
1985). In both cases, wild-type generation times were observed in
laboratory media. However, carbon sources are provided at millimolar
concentrations in such media, while the half-maximal rate of glucose
diffusion under wild-type conditions has been calculated to occur at an
external concentration of only 7 uM (Nikaido, H. and M. Vaara, 1985). In
this diffusion process, the rate is directly proportional to both the
concentration gradient and the permeability coefficient of the membrane.
As such, near maximal rates of nutrient uptake and subsequent growth
could occur in media containing 2 mM glucose as long as the
permeability coefficient was not decreased by more than 300-fold. An
even larger decrease in membrane permeability would be tolerated in rich
media. By contrast, carbon sources in an aquatic environment are

expected to be in the micromolar range and alteration of the porin profile




is expected to have grave consequences under these real environmental
conditions (Koch, A. L., 1971; Nikaido, H. and M. Vaara, 1985). In
addition, the OmpC porin is predicted to have protective effects in the
mammalian intestinal tract, as the penetration rates of large,
hydrophobic or multiply negatively charged compounds are selectively
decreased upon expression of this porin (Nikaido, H. and E. Y.
Rosenberg, 1983).
1.3 Two component signal transduction

Two component signaling systems are characterized by an
alternating arrangement of two protein domains, a histidine kinase
domain and a response regulator domain. These serve to transfer a
phosphoryl group from the environmental sensor to the effector domain.
In a paradigm phosphotransfer system, two components are involved.
The first component is the sensor kinase, an integral membrane protein
that senses environmental conditions and autophosphorylates at a
histidine residue. The second is the fesponse regulator, which is
phosphorylated at an aspartic acid residue/by the histidine kinase. This
| phosphorylation event often regulates the DNA binding affinity of the
response regulator, but may also alter its protein-protein interactions or
enzymatic activity. (Foussard, M. et al., 2001; Hackenbeck, R. and J. B.
Stock, 1996; Stock, A. M. et al., 2000)

Two component signaling systerﬁs are the predominant signal

transduction pathways of prokaryotes and as such control innumerable




cellular processes (for reviews see (Hoch, J. A. and T. J. Silhavy, 1995)).
- In addition, these systems control diverse responses in eukaryotic
organisms such as Saccharomyces cerevisiae, Candida albicans,
Dictyostelium, Arabidopsis thaliana, and Aspergillus nidulans (Appleyard,
M. V. C. L. et al., 2000; Aubry, L. and R. Firtel, 1999; Calera, J. A. and R.
A. Calderone, 1999; D'Agostino, 1. B. and J. J. Kieber, 1999; Janiak-
Spens, F. et al., 1999). Thus, mechanisms of activation and signal
transduction that are elucidated for one system have the potential to give
insight into the mode of action of many regulatory processes.
1.4 EnvZ and OmpR regulate porin gene expression

EnvZ and OmpR comprise the two component signaling system
that controls porin gene expression in E. coli. They are encoded in the
ompB operon, located at 74 minutes on the chromosome (Hall, M. N. and
T. J. Silhavy, 1981b, 1981c; Wurtzel, E. T. et al,, 1981). Within ompB,
the gene ordér is ompR-envZ (Wurtzel, E. T. et al., 1982). The ompR gene
is translated efficiently from ompB mRNA, but envZ is translated af a
much lower frequency. This is dué to an overlap between the stop codon
for ompR and the start codon for envZ at an ATGA sequence (Comeau, D.
E. et al, 1985; Liljestrom, P. et al., 1988). The envZ gene lacks a Shine-
Dalgarno ribosome binding site, and so its translation is thought to
initiate when the ribosome re-initiates at the overlapping region
(Comeau, D. E. et al., 1985; Liljestrom, P. et al., 1988; Shine, J. and L.

Dalgarno, 1975). Quantitative Western blotting has estimated that
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during exponential growth there are approximately 3500 molecules of
OmpR and 100 molecules of EnvZ present per cell (Cai, S. J. and M.
Inouye, 2002).

The EnvZ/OmpR system is required for expression of both OmpF
and OmpC, thus when ompB is deleted, no porin gene expression is
detected (Mizuno, T. and S. Mizushima, 1987). The sensor kinase, EnvZ,
acts through the response regulator, OmpR, which directly regulates the
transcriptional activity of the ompF and ompC promoters (Slauch, J. M. et
al., 1988).

In the absence of the EnvZ kinase, OmpR-P is formed and
mediates some gene expression in vivo(Forst, S. et al., 1988; Garrett, S.
et al., 1983; Garrett, S. et al.,, 1985; Kanamaru, K. and T. Mizuno, 1992;
Mizuno, T. and S. Mizushima, 1987; Villarejo, M. and C. C. Case, 1984).
This is thought to occur largely due to phosphorylation of OmpR by
intracellular acetyl phosphate (Matsubara, M. and T. Mizuno, 1999 ;
McCleary, W. R. and J. B. Stock, 1994; McCleary, W. R. et al., 1993;
Pruss, B. M., 1998). It is also possible that phosphorylation of OmpR
occurs through other sensor kinases; such cross-talk is possible in vitro,
and may occur in vivo in the absence of EnvZ (Igo, M. M. et al.,, 1989b;
Ishige, K. et al., 1994; Matsubara, M. et al., 2000).

1.4.1 The EnvZ sensor kihase
EnvZ is a 450 amino acid protein found as a dimer at the inner

membrane of E. coli (Comeau, D. E. et al., 1985; Forst, S. et al., 1987,
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Mizuno, T. et al., 1982; Tokishita, S. and T. Mizuno, 1994; Yang, Y. and
M. Inouye, 1991). It consists of a short (15 amino acid) amino terminal
éytoplasmic domain, two transmembrane regions separated by
periplasmic domain, and a large carboxyl-terminal cytoplasmic domain
(hereafter referred to as the cytoplasmic domain) (Forst, S. et al., 1987 ).
Figure 1.1 shows the structure of the EnvZ kinase. EnvZ senses changes
in environmental osmolarity, autophosphorylates on a histidine residue,
transfers the phosphoryl group to an aspartic acid residue of OmpR, and
can dephosphorylate OmpR-P (Forst, S. et al., 1989b; Hall, M. N. and T.
J. Silhavy, 1981b; Igo, M. M. et al., 1989b).
1.4.1.1 EnvZ senses changes in osmolarity

The amino terminus of EnvZ is responsible for sensing changes in
environmental osmolarity and transmitting this information to OmpR.
This region includes both transmembrane regions as well as the
periplasmic domain that separates them. A truncated form of EnvZ that
lacks only part of the first transmembrane domain is unable to direct
osmoregulation of the porin genes (Igo, M. M. and T. J. Silhavy, 1988).
This is likely to be due to the mis-localization of the truncated protein to
inclusion bodies instead of to the cell surface (Igo, M. M. and T. J.
Silhavy, 1988). A chimeric protein consisting of the amino terminal half
of the Tar chemoreceptor to the cytoplasmic domain of EnvZ does not

respond to changes in osmolarity (Utsumi, R. et al., 1989).
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The periplasmic domain is a clear candidate for the EnvZ sensor.
Deletions in the periplasmic domain that did not affect protein
localization were shown to confer aberrant osmoregulatory phenotypes
(Tokishita, S. et al.,, 1991). Further work showed that a 12 amino acid
sequence in the periplasmic domain is highly conserved among the EnvZ
proteins from enteric bacteria and that mutations in this region alter the
osmoregulation of porin genes (Waukau, J. and S. Forst, 1999). Other
studies showed that a point mutation at the junction between the
periplasmic domain and the second transmembrane region (TM2) also
resulted in altered osmoregulation of porin gene expression and
supported a role for the periplasmic domain in osmosensing (Russo, F.
D. and T. J. Silhavy, 1991). One study proposed that the periplasmic
domain is not involved in sensing environmental changes. These authors
found that large stretches of the periplasmic domain could be deleted or
replaced without compromising EnvZ function, and suggested that
transmembrane regions were involved in osmosensing (Leonardo, M. R.
and S. Forst, 1996). It should be noted, however, that the deletions and
replacements in this study did not alter the conserved sequence
identified as important for periplasmic osmosensing (Waukau, J. and S.
Forst, 1999). A role for the transmembrane regions in transmitting
information from the periplasm to the cytoplasmic domain was suggested
by point mutations in both TM1 and TM2 that interfered with signal

transduction (Hsing, W. et al., 1998; Tokishita, S. et al., 1992; Tokishita,
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S. and T. Mizuno, 1994). Whatever the sensing role of the periplasmic
domain, it is not thought to interact with a soluble factor. Over-
expression of the isolated periplasmic domain fused to the maltose
binding protein does not interfere with the osmoregulation of ompF and
ompC (Egger, L. A. and M. Inouye, 1997). This soluble form of the
periplasmic domain, which has structure by circular dichroism analysis,
would titrate any soluble factor and interfere with signaling. In summary,
there is a specific signal sensed by the amino terminus of EnvZ. This
signal is detected by the periplasmic and/or transmembrane domains.
The transmembrane regions are also associated with transmission of the
signal to the cytoplasmic domain.

The nature of the signal sensed by EnvZ has proven enigmatic.
Early studies focused on the ability of the local anaesthetic procaine to
induce altered porin profiles (Rampersaud, A. and M. Inouye, 1991;
Taylor, R. K. et al., 1983). These effects are pleiotropic, however, altering
‘the expression of many periplasmic and outer membrane proteins, and
as such are unlikely to mimic the natural osmotic signal sensed by EnvZ
(Taylor, R. K. et al., 1983). A recent study suggested that the
accu.mulation of K* in the‘cytoplasm, which is induced upon transition to
high osmolarity (see section 1.1), might regulate the enzymatic activity of
EnvZ (Jung, K. et al, 2001). It has long been recognized, however, that
K* is an essential cofactor for the phosphorylétion of OmpR by EnvZ

(Tokishita, S. et al, 1990). Furthermore, maximal stimulation of EnvZ
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function was observed at 100 mM KCl, while the in vivo K* levels have
been measured at 150-500 mM in media ranging from low to high
osmolarity (Jung, K. et al., 2001, Epstien, W. and S. G. Schultz, 1965). It
is therefore unlikely that such a simple scheme accounts for the
osmoregulation-of the porin genes by the EnvZ/OmpR system.

1.4.1.2 EnvZ is autophosphorylated

While the amino terminal regions of EnvZ are important for
osmosensing and signal transduction across the inner membrane in vivo,
the isolated cytoplasmic domain of the protein possesses all of the
- catalytic functions in vitro (Hidaka, Y. et al., 1997). Therefore, many of
the studies on the remaining activities of EnvZ have been performed
using various truncated mutant proteins, including: EnvZ115, which
lacks the first 38 amino acid residues of EnvZ (part of TM1); EnvZ*,
which lacks the first 80 amino acid residues of EnvZ (TM1); and EnvZc,
which lacks the first 179 amino acid residues of EnvZ (TM1, periplasmic
domain, and TM2) (Aiba, H. et al., 1989a; Hidaka, Y. et al., 1997; Igo, M.
M. and T. J. Silhavy, 1988).

The cytoplasmic domain of EnvZ consists of two separate
structural domains; a core domain which is connected to TM2 via a 50
amino acid linker, and the catalytic domain which is linked to the core
domain by 12 unstructured amino acid residues (Figure 1.1)(Dutta, R. et
al., 1999; Park, H. and M. Inouye, 1997). The NMR solution structures of

both the core and catalytic domains have been solved (Tanaka, T. et al.,
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1998; Tomomori, C. et al., 1999). They reveal that the core domain forms
a homodimeric four helix bundle that stabilizes the full length EnvZ
dimer (Tomomori, C. et al., 1999)(Figure 1.1C). The catalytic domain
consists of a hydrophobic core made up of a five stranded beta sheet and
three alpha helices, with a large undefined loop near the nucleotide
binding site (Tanaka, T. et al., 1998)(Figure 1.1D).

EnvZ is phosphorylated in vitro upon incubation with ATP at
histidine residue 243 (Igo, M. M. and T. J. Silhavy, 1988; Roberts, D. L.
et al., 1994). Histidine 243 is at the surface of the four helix bundle
formed by the core domain (Tomomori, C. et al., 1999)(Figure 1.1C).
Autophosphorylation occurs when the catalytic domain of one subunit is
juxtaposed to histidine 243 of the second subunit, in a trans-
phosphorylation reaction (Park, H. et al., 1998; Qin, L. et al., 2000; Yang,
Y. and M. Inouye, 1991).
1.4.1.3 EnvZ-P phosphorylates OmpR

The }Shosphoryl group from histidine 243 of EnvZ is transferred to
aspartic acid residue 55 of OmpR in a reaction that requires only the
presence of the phosphorylated core domain of EnvZ (Delgado, J. et al,,
1993; Igo, M. M. et al.,, 1989a; Park, H. et al., 1998). This reaction
requires both K* and Mg?2*, and as such can be stopped with the addition

of EDTA to the sample (Kenney, L. J., 1997; Tokishita, S. et al., 1990).
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sensing domain from the chemoreceptor for aspartate (Tar + EnvZ = Taz)
(Utsumi, R. et al., 1989). This chimera does not support normal
osmoregulation of porin genes; is not capable of ompF activation, only
functions when the linker region is derived from Tar, and requires 1000-
fold more aspartate than endogenous Tar to induce signaling (Biemann,
H.-P. and D. E. J. Koshland, 1994; Jin, T. and M. Inouye, 1993; Utsumi,
R. et al, 1989). It is therefore unlikely that the results obtained with Taz
are relevant to the osmoregulation of porin gene expression.
1.4.2 The OmpR response regulator

OmpR is a 239 amino acid protein that exists in soluble form in
the cytoplasm of Escherichia coli (Liljestrom, P. et al., 1982; Nara, F. et
al., 1986; Wurtzel, E. T. et al,, 1982). It consists of an amino terminal
phqsphorylation domain and a carboxyl terminal DNA binding domain,
joined by a flexible linker (Kato, M. et al., 1989; Tate, S. et al.,, 1988). The
structure of OmpR is shown in Figure 1.2. OmpR is phosphorylated on
aspartate 55 by the EnvZ kinase, OmpR-P binds to the ompF and ompC
promoter sequences (Aiba, H. and T. Mizuno, 1990; Huang, K. J. et al.,
1997). OmpR-P bound at the promoter regions interacts with the a-
subunit of RNA Polymerase and mediates both the activation of ompF at
low osmolarity and the repression of ompF and activation of ompC at
high osmolarity (Aiba, H. and T. Mizuno, 1990; Delgado, J. et al., 1993;

Igo, M. M. et al., 1989a; Kato, N. et al., 1996; Matsuyama, S. and S.
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Mizushima, 1987; McCleary, W. R. et al., 1993; Sharif, T. R. and M. M.
Igo, 1993; Slauch, J. M. et al., 1991).
1.4.2.1 The OmpR phosphorylation domain

The phosphorylation domains of response regulators are highly
conserved (Baikalov, I. et al., 1996; Birck, C. et al.,, 1999; Lewis, R. J. et
~al., 2000; Madhusudan et al., 1996; Robinson, V. L. et al, 2000; Sola, M.
et al.,, 1999; Stock, A. M. et al., 1989; Volz, K. and P. Matsumura, 1991).
All of the known structures consist of an (a/B)s topology, that is five
alternating a-helices and B-strands in the primary structure. A five-
stranded B-sheet‘ forms the core of the folded protein; this core is
surrounded by the five a-helices. Resporse regulators also share a group
of conserved residues that form the active site and /or are important for
signal propagation. The active site residues, located at the C-terminal
end of the B-sheet, are the site of phosphorylation (D55 in OmpR),
residues involved in binding metal ions (D11 and D12), and a residue
that interacts with the incoming phosphate (K105) (Brissette, R. E. et al.,
1991a; Kanamaru, K. et al.,, 1990; Lukat, G. S. et al,, 1991; Lukat, G. S.
et al., 1990; Robinson, V. L. et al,, 2000). Two adjacent residues, a
hydroxylic residue (T83) and an aromatic ring (Y102) are thought to be
involved in transmitting a conformational change whereby
phosphorylation of OmpR leads to its activation (Brissette, R. E. et al,,
1991b; Ganguli, S. et al., 1995; Kanamaru, K. and T. Mizuno, 1992; Zhu,

X. etal, 1996; Zhu, X. et al., 1997a).
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The X-ray crystal structures of activated phosphorylation domains
allow further interpretation of the importance of the conserved residues
listed above (Birck, C. et al., 1999; Cho, H. S. et al., 2000; Halkides, C. J.
et al., 2000; Lewis, R. J. et al., 1999; Robinson, V. L. et al,, 2000). The
Mg?* essential for the phosphorylation reaction is coordinated to the
phosphoryl group, and this interaction is stabilized by the conserved
acidic residues (D11, D12) and water molecules. The side chain of the
hydroxylic residue (T83) moves to form a charge-dipole interaction with
the phosphoryl group, which exposes a hydrophobic pocket that allows
the aromatic residue (Y102) to move from an exposed to a buried
position. This "aromatic switch" has been proposed to be a conserved
mechanism whereby phosphorylation of a response regulator is
translated to its activation (Zhu, X. et al., 1996; Zhu, X. et al.,, 1997a).
1.4.2.2 The OmpR DNA binding domain

The carboxyl terminal DNA binding domain of OmpR (OmpRc)
consists of a four-stranded B-sheet, an a-helical domain, and a fB-hairpin
(Kondo, H. et al., 1997; Martinez-Hackert, E. and A. M. Stock, 1997a).
Three alpha helices form a helix-turn-helix motif and the B-hairpin is
indicative of a winged helix-turn-helix DNA binding protein (Brennan, R.
G., 1993). The B-sheet at the amino terminus of this domain is unique to
the OmpR family of response regulators (Martinez-Hackert, E. and A. M.

Stock, 1997b).
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The function of the B-sheet that is conserved among OmpR family
members is not well defined. The first strands of this sheet contribute to
the hydrophobic core of the domain and may therefore be important for
correct orientation of the helix-turn-helix motif (Martinez-Hackert, E. and
A. M. Stock, 1997b). Mutagenesis has identified only one residue in this
region, an arginine at position 150, as important for regulation of porin
gene expression (Kato, M. et al., 1995; Nara, F. et al., 1986; Russo, F. D.
et al, 1993). In the OmpR family member PhoB, this region has been
shown to form the interface between DNA bound dimers, if this is true for
OmpR it is possible that the overall structure of the region is more
crucial than any specific amino acid residue (Blanco, A. G. et al., 2002).

The first a-helix of OmpRc forms much of the hydrophobic core
which stabilizes the entire domain (Martinez-Hackert, E. and A. M.
Stock, 1997a). Mutations have been isolated in this region which alter
porin gene expression and interfere with DNA binding, presumably by
altering the structure of the domain (Kato, M. et al., 1995; Martinez-
Hackert, E. and A. M. Stock, 1997b; Russo, F. D. et al., 1993). The
second a-helix is packed on the surface of OmpRc, and by analogy to
other helix-turn-helix transcription factors is thought to direct
appropriate positioning of the recognition helix. Mutations in a2 have
also been isolated which alter DNA binding and porin gene expression
(Kato, M. et al., 1995; Martinez-Hackert, E. and A. M. Stock, 1997b;

Russo, F. D. et al., 1993). a3 of OmpRc is the recognition helix that is
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thought to specifically interact with the bases in the major groove of
OmpR binding sites (Huang, K. J. and M. M. Igo, 1996; Martinez-
Hackert, E. and A. M. Stock, 1997a). Mutations here specifically interfere
with DNA binding (Aiba, H. et al., 1994; Nara, F. et al., 1986; Russo, F.
D. et al., 1993). The B-hairpin that forms the wing of OmpRc has been
proposed to play a role in DNA binding, although an additional role for
this region in transcriptional activation is also suggested by mutagenesis
studies (Kato, M. et al., 1995; Tsuzuki, M. et al, 1994).

The turn of the helix-turn-helix motif is unusually large in OmpRe,
relative to other helix-turn-helix motifs (Blanco, A. G. et al., 2002;
Martinez-Hackert, E. and A. M. Stock, 1997a, 1997b). This region is
referred to as the a-loop since mutations have been isolated which
indicate that it is involved in transcriptional activation (Pratt, L. A. and T.
J. Silhavy, 1994; Russo, F. D. et al., 1993). However, recent evidence
from our laboratory indicates that these mutants may actually be
defective in DNA binding (D. Walthers and L. J. Kenney, unpublished
results). The mutations that seem to truly interfere with OmpR/RNA
Polymerase interaction are located in the loop between a1 and o2, and in
the linker region (Aiba, H. et al., 1994; Kato, M. et al,, 1995).
1.4.2.3 Communication between the phosphorylation and DNA
binding domains of OmpR

Phosphorylation of the amino terminal domain of OmpR leads to

an increase in the DNA binding affinity of the carboxyl terminal domain
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(Aiba, H. et al., 1989c; Huang, K. J. et al., 1997). Similarly, the presence
of high affinity DNA binding sites increases phosphorylation of the amino
terminal domain in vitro (Ames, S. K. et al.,, 1999; Qin, L. et al,, 2001).
Interesting classes of mutations are those in the carboxyl terminal
domain, which interfere with phosphorylation and those in the amino
terminal domain, which interfere with DNA binding. A substitution in the
recognition helix, V203M, was found to interfere with DNA binding as
expected, but also to have a defect in its ability to be phosphorylated by
small molecule phospho-donors such as acetyl phosphate (Tran, V. K. et
al., 2000). Two mutations in the amino terminus which were
phosphorylated normally, G96A and R155S, have DNA binding defects
which render them phenotypically OmpF- OmpC- (Nakashima, K. et al.,
1991b).

This interaction between the two domains is necessary for wild-
type OmpR function. The isolated carboxyl terminus retains DNA binding
ability, but with approximately 10-fold lower affinity than the full length
protein (Kato, M. et al., 1989; Tate, S. et al.,, 1988)(Ann M. Stock,
personal communication). OmpRc does not function in vivo either to
activate transcription of porin genes or to interfere with activation by the
full length protein (Nakashima, ‘K. et al, 1991a; Tsuzuki, M. et al.,, 1994).

The conformational transitions that are involved in this inter-
domain communication are poorly understood. Limited proteolysis by

trypsin has shown that a conformational change occurs when OmpR is
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phosphorylated that is centered on the inter-domain linker region
(Kenney, L. J. et al., 1995). The linker region of OmpR is also implicated
in inter-domain communication by mutations in this region which result
in defects in osmoregulation of the porin genes (Aiba, H. et al., 1994;
Russo, F. D. et al., 1993). It is interesting to speculate that this region
may play a role in transmitting the signal that increases the DNA binding
affinity of the carboxyl terminus in response to phosphorylation of the
amino terminus.
1.5 The porin gene promoters

Both ompF and ompC require OmpR-P binding for their
transcriptional activation (Inokuchi, K. et al.,, 1985; Ramakrishnan, G. et
al., 1985; Taylor, R. K. et al.,‘1985). The promoter regions of these genes
have low homology with the consensus -10 and -3‘5 regions (Hawley, D.
K. and W. R. McClure, 1983; Inokuchi, K. et al., 1984). If the promoter
region of ompF is mutated such that the -10 is a better match to the
consensus sequence, transcriptional activity of this locus is observed in
the absence of OmpR (Dairi, T. et al., 1985; Ozawa, Y. et al., 1987).
OmpR thus activates transcription by binding upstream of the -35 site
and enhancing the binding of RNA Polymerase to the promoter region
(Mizuno, T. and S. Mizushima, 1986; Ostrow, K. S. et al., 1986~; Tsung,
K. et al., 1990). The OmpR binding sites in the ompF and ompC promoter

regions are shown in Figure 1.3.
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Three OmpR-P dimers bind to three sites at the ompF promoter
termed F1, F2 and F3 (Harlocker, S. L. et al., 1995; Maeda, S. et al.,
1991). Fl is fhe highest affinity site, and OmpR binds to this site even in
the absence of phosphorylatioﬁ (Huang, K. J. et al., 1997; Norioka, S et
al.,, 1986; Rampersaud, A. et al., 1989; Tsung, K. et al., 1989). It has
been proposed that cooperative interactions between OmpR dimers lead
to high affinity binding at the complete F1-F2-F3 region (Harlocker, S. L.
et al., 1995; Huang, K. J. et al.,, 1997). Certainly, binding at F1 is
necessary for high affinity binding at the downstream sites, but
sigmoidal binding curves have never been observed for OmpR-P binding
at ompF (Head, C. G. et al., 1998; Huang, K. J. et al., 1997). It is thought
that the binding of OmpR-P to the low affinity F3 site at -40 is required
for transcriptional activation, however the V203M mutant of OmpR does
not appear to protect F3 from DNase I digestion and is capable of
activation at ompF (Mizuno, T. et al.,, 1988; Tsung, K. et al., 1989).
OmpR-P binding in this region leads to activation of transcription in vitro,
and presumably in vivo (Igo, M. M. et al., 1989a; Norioka, S. et al., 1986).

There is a fourth OmpR binding site at ompF, located at -384 to -
351 from the transcriptional start site and termed F4 (Huang, K. J. et al,,
1994). This site is required for repression of ompF transcription (Huang,
K. J. et al., 1994). Repression of ompF is thought to arise by formation of
a repression loop in which the OmpR-P dimer bound at F4 interacts with

a dimer bound at F2 or F3, sterically excluding RNA Polymerase from the
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promoter region (Forst, S. et al., 1995; Slauch, J. M. and T. J. Silhavy,
1991). Support for the repression loop model comes from the finding that
the ompF promoter region has an intrinsic bend (Mizuno, T., 1987).
Formation of this repression loop is thought to be facilitated by the
binding of a histone-like protein, integration host factor (IHF), which has
the ability to bend the DNA to which it binds (Friedman, D. 1., 1988;
Ramani, N. et al., 1992). IHF binds to two sites centered at -180 and -60
of the ompF promoter, and ompF regulation is altered in IHF mutants
(Ramani, N. et al.,, 1992; Tsui, P. et al,, 1988).

The micF RNA may also contribute to down-regulation of OmpF.
micF is divergently transcribed from the ompC promoter region. This RNA
is antisense to and binds the Shine-Dalgarno and translation initiation
sites of ompF mRNA, thus potentially decreasing its translation
(Andersen, J. et al., 1987). micF is highly expressed at high growth
temperatures, and may play a role in decreasing OmpF expression under
these conditions (Coyer, J. et al., 1990). In addition, micF may play a role
in fine tuning the repression of ompF upon transition to high osmolarity,
but deletion of this gene does not significantly affect porin gene
expression levels (Aiba, H. et al., 1987; Matsuyama, S. and S.
Mizushima, 1985; Pratt, L. A. et al., 1996).

Three OmpR-P dimers also bind the ompC promoter region, at C1,
C2 and C3 binding sites that are located as the F1-F2-F3 sites from -100

to -40 upstream of the transcriptional start site (Maeda, S. et al., 1991).
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Once again, the C1 site is bound with high affinity, while the C2 and C3
sites require C1 occupancy for OmpR-P binding (Maeda, S. and T.
Mizuno, 1990; Norioka, S. et al., 1986). The binding sites must be spaced
such that they lie on one face of the promoter DNA for ompC activation to
be achieved, but the region can be completely inverted without affecting
promoter function (Maeda, S. et al.,, 1988; Maeda, S. et al.,, 1991).
Binding at a promoter-proximal site is thought to be required for
transcriptional activation, since re-location of the high affinity C1 site to
the promoter-proximal position allows transcriptional activity of ompC in
the absence of the other sites (Maeda, S. and T. Mizuno, 1990).

The OmpR binding sites are not highly conserved and have
inherent asymmetry; both of these facts make it difficult to assign
consensus sequences for OmpR binding (Huang, K. J. and M. M. Igo,
1996). An adenine and a cytosine are found juxtaposed at the 5' end of
the high affinity half sites, these bases have been shown to be important
for DNA recognition by OmpR in vivo (Figure 1.3)(Huang, K. J. and M. M.
Igo, 1996; Pratt, L. A. and T. J. Silhavy, 1995). A central GXXXC motif is
also conserved in each whole OmpR binding site, with the guanine base
being the last in the 5' half site and the cytosine the second in the 3' half
site (Figure 1.3). The X's in this motif are mostly A or T (Harlocker, S. L.

et al,, 1995; Huang, K. J. and M. M. Igo, 1996).
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1.6 The affinity model of porin gene regulation

An interesting problem in studies of osmoregulation of the porin
genes is how a single species (OmpR-P) can alternately activate ompF at
low osmolarity and activate ompC while repressing ompF at high
osmolarity. It is known that OmpR-P is indeed the active form of the
protein, and as such this modification is not sufficient to explain the
transition from low to high osmolarity (Slauch, J. M. and T. J. Silhavy,
1989). A model was proposed to e};plain this switch based on the relative
amounts of OmpR-P present in the cell and varying affinities of OmpR-P
for the ompF and ompC promoter regions (Russo, F. D. and T. J. Silhavy,
1991). This model predicts that at low osmolarity there is a low amount
of OmpR-P present. Therefore, at low osmolarity, OmpR-P only interacts
with those sites to which it binds with the highest affinity. These are
predicted to be the F1, F2, and F3 sites required for activation of ompF
(Harlocker, S. L. et al., 1995; Maeda, S. et al., 1991). At high osmolarity,
OmpR-P levels are predicted to rise in the cell, and the lower affinity sites
would be filled. These are predicted to be the F4 site required for
repression of ompF and the C1, C2, and C3 sites required for activation
of ompC (Huang, K. J. et al., 1994; Maeda, S. and T. Mizuno, 1990;
Norioka, S. et al, 1986). |

The real assessment of the validity of the affinity model is to
determine the affinity of OmpR-P binding to each of the sites from the

ompF and ompC promoter regions. The mathematical model that was
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used to show how changing OmpR-P concentration could result in
changes in gene expression required a 20-fold difference in affinity
between the high and low affinity sites to accurately portray the observed
pattern of porin regulation (Russo, F. D. and T. J. Silhavy, 1991).
However, DNA binding measurements showed that there is
approximately a 2-fold difference between OmpR-P affinity for the F1-F2-
F3 and C1-C2-C3 composite binding sites (Head, C. G. et al., 1998).
Furthermore, the high affinity F1 and C1 sites have virtually identical
affinities for OmpR-P (Bergstrom, L. et al., 1998; Head, C. G. et al.,
1998). Therefore, the affinity model does not accurately describe the
behavior of OmpR-P at the various promoter sites, and as such, cannot
account for the alternate regulation of ompF and ompC transcription by
OmpR-P.
1.7 Summary of the work pfesented in this thesis

The first part of this work (Chapters 2, 3 and 4) focuses on the
interaction between the amino and carboxyl terminal domains of OmpR
and uses the information gleaned to model how OmpR-P is responsible
for activating ompF at low osmolarity while repressing ompF and
activating ompC at high osmolarity.

In the second chapter, I examined a point mutant in which the
threonine at position 83 was substituted with isoleucine (Mattison, K. et
al., 2002a). This mutant protein was found to have some

phosphorylation defects, as expected for a substitution of one of the
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residues conserved in the active site (Section 1.4.2.1). Interestingly, I also
observed that T83I bound normally at the ompF promoter region, but
interacted only with the highest affinity C1 site of the ompC promoter
region, failing to bind C2 and C3. This finding supported the proposed
importance of T83 in propagating conformational changes to the carboxyl
terminal DNA binding d01;nain (Ganguli, S. et al., 1995; Zhu, X. et al.,
1997a). It also allowed us to propose an alternative to the affinity model
whereby OmpR-P undergoes a conformational change at high osmolarity
(blocked in T83I) which allows binding of the C2 and C3 sites and
subsequent activation of ompC. This was the first time that a mutant of
OrﬁpR was seen to bind the high affinity C1 site, but not interact with
the other sites at ompC. This finding demonstrated that the ability of a
mutant protein to bind at C1 does not indicate that it interacts at the
entire ompC promoter, which has important implications in the study of
so-called activation mutants which are expected to be defective in
interactions with RNA Polymerase (Pratt, L. A. and T. J. Silhavy, 1994).
In the third chapter, I examined OmpR proteins mutated in the
linker region that joins the amino and carboxyl terminal domains
(Mattison, K. et al,, 2002b). This study addressed the role of the linker
region in the communication between the amino and carboxyl terminal
domains of OmpR. Two point mutants and a number of random linker
sequences were characterized. I found that none of the random linker

mutants generated could mediate wild-type osmoregulation of ompF and
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ompC expression. This led to the conclusion that the linker sequence
plays a role in fine tuning the activation and repression of the porin
genes. Only one of the random linker mutants was completely defective
in activating both ompF and ompC; the hydrophobic nature of its linker
led us to propose that hydrophobicity in the linker was inhibitory for
OmpR function. Interestingly, we found that two of the linker
substitutions mediated activation of ompC but could not repress ompF at
high osmolarity. Conversely, one other mutant failed to activate ompC
while retaining the ability to activate and repress ompF normally. This
allowed us to refine the model proposed in the second chapter, to include
a difference in the form of OmpR that represses ompF from the form that
activates ompC; both of these conformations must co-exist in the cell at
high ’osmolarity. Furthermore, we have shown that the two point
mutants and one of the linker substitutions, which share an OmpF+
OmpC- phenotype, have different molecular defects. This reinforces the
validity of studying these mutants at a biochemical level in order to
understand the various ways an OmpF* OmpC- phenotype may be
achieved.

In the fourth chapter, I used cysteine substitutions and cross-
linking studies to propose a model for OmpR dimerization on DNA. In
- this study, we found that dimerization of OmpR was dependent on DNA,
and that the current model of OmpR dimerization was not supported by

cross-linking experiments. We went on to define the B-sheet of the
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carboxyl terminal domain as important in OmpR dinﬁerization, and
propose a new model for the mode of OmpR binding to DNA. As a
refinement of the old model, this new model provides predictions that
can be tested to further understanding of OmpR/DNA interactions.

The second part of this thesis (Chapters 5 and 6) is focused on the
interaction between the EnvZ kinase and the OmpR regulator, with an
emphasis on understanding the reported phosphatase activity of EnvZ
and its in vivo relevance.

In the fifth chapter, I determined that OmpR binds EnvZ with
much higher affinity than OmpR-P (Mattison, K. and L. J. Kenney, 2002).
This led to the conclusion that at physiological concentrations OmpR-P
and EnvZ would be unlikely to interact, limiting the possibility that EnvZ
actively dephosphorylates OmpR-P in vivo. Furthermore, we found that
OmpR/DNA interaction does not inhibit OmpR/EnvZ binding, that is, a
ternary EnvZ/OmpR(-P)/DNA complex may be formed in vitro. This
contradicted a previous model whereby specific DNA prevented the
interaction between OmpR-P and EnvZ to stabilize the phospho-protein.
We proposed that a conformational change in OmpR-P upon interaction
with DNA was responsible for decreasing its rate of dephosphorylation.
This was supported by a mutant form of OmpR which was bound to DNA
with high affinity and was dephosphorylated more efficiently in the

presence of DNA. This study suggested that neither the phosphatase
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activity of EnvZ nor DNA binding by OmpR-P is likely to control
intracellular OmpR-P levels.

In the sixth chapter, I tested the prediction that at low
concentrations of OmpR and EnvZ the phosphatase activity of EnvZ is
non-existent. I showed that as [EnvZ] is decreased relative to [OmpR] it
retains the ability to phosphorylate the regulator without any detectable
dephosphorylation of OmpR-P. Furthermore, I examined a mutant of
EnvZ, T247R, which had been shown to be defective in its phosphatase
activity. This mutant protein results in no expression of the OmpF porin
and constitutive expression of the OmpC porin in vivo. Since we have
suggested that the phosphatase activity of EnvZ is not important for
porin gene regulation, the question arose, what property of T247R could
account for the observed phenotype? I found that this mutant bound
OmpR with much higher affinity than wild-type EnvZ in the presence of
Mg2*. T247R autophosphorylates in a Mg2*-independent manner, and
auto-dephosphorylation of response regulators depends on Mg2*
(Goudreau, P. N. et al., 1998; Lukat, G. S. et al., 1990). This led us to
conclude that T247R may produce an altered form of OmpR-P which
lacks Mg?* in its active site and as a result dephosphorylates intrinsically
more slowly. This protein would be more stable in its phosphorylated
form without invoking any phosphatase activity for EnvZ, and may
correspond to the high osmolarity form we predicted in our earlier

models of OmpR-P function (Chapters 2 and 3).
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Taken together, the chapters of this thesis further our
understanding of the manner in which EnvZ and OmpR interact, and of
the way this interaction leads to differential activation of ompF and ompC

expression in changing environmental osmolarity.
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Figure 1.1. The EnvZ sensor kinase. A. The location of the domains of
EnvZ in the primary amino acid sequence. Numbers indicate the amino
acid residue that borders each region. B. Schematic representation of the
EnvZ dimer in the inner membrane. C. The solution structure of the
homodimeric core domain of EnvZ. The histidine at position 243, which
is the site of phosphorylation, is shown. D. The solution structure of the
catalytic domain of EnvZ. The non-hydrolysable ATP analog P, y-
imidoadenosine—S'—triphosphate (AMP-PNP) is shown bound at the active
site. Coordinates for C. and D. were from Protein Data Bank accession
numbers 1JOY and 1BXD (Tanaka, T. et al.,, 1998; Tomomori, C. et al.,

1999).
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Figure 1.2. The OmpR response regulator. A. The location of the domains
of OmpR in the primary amino acid sequence. Numbers indicate the
amino acid residue that borders each region. B. Schematic
representation of the two domains of OmpR, joined by a flexible linker
region. C. The x-ray crystal structure of CheY; a response regulator
homologous to the amino terminus of OmpR. The aspartate residue that
is phosphorylated is indicated. D. The x-ray crystal structure of the
carboxyl terminal domain of OmpR. The recognition helix is colored in
red. Coordinates for C. and D. were from PDB accesstion numbers 1CHN
and 10PC (Martinez-Hackert, E. and A. M. Stock, 1997a; Stock, A. M. et

al., 1989).

37




T 12% }38 21{39

|Phosphorylation || DNA binding |

38




Figure 1.3. The ompF and ompC promoter regions. A. The OmpR binding
sites in both promoter regions are diagrammed. The numbers indicate
positions relative to the transcriptional start site. B The individual
OmpR binding sites are aligned to show the conserved GXXXC motif
(conserved G and C residues are in bold face and underlined) and the AC
bases identified as important for OmpR binding in vivo (arrows show the
location of these sites). Data incorporated from (Harlocker, S. L. et al.,
1995; Huang, K. J. and M. M. Igo, 1996; Maeda, S. and T. Mizuno, 1990;

Pratt, L. A. and T. J. Silhavy, 1995).
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Table 1.1. Phases of the response to osmotic shock in Escherichia coli.
The responses discussed in the text to osmotic upshift and downshift are
summarized. In both cases, phase I occurs immediately upon osmotic
shock. During osmotic upshift, phase Il may take up to 60 minutes,
depending on the growth conditions, and the phase III response may not
be complete until hours after the increase in c;smolarity. During osmotic
downshift, phase II is typically completed at times approaching the
detection limit of assays used, in less than 2 minutes. Phase III of the
response to a decrease in osmolarity is similarly thought to proceed more
rapidly than that to osmotic upshift, but again, transcriptional responses
are highly dependent on growth conditions. Adapted from (Wood, J.,

1999).
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Response to osmotic

upshift

Phase

Physiological change

Structural change

Respiration ceases
Most active transport ceases
K* and proline uptake begins

Cell dehydrates, shrinks
Wall/membrane strain altered

II

Putrescine extruded
K* glutamate accumulates
Proline accumulates
Respiration resumes

Rehydration begins

111 High affinity transporters expressed | DNA/protein synthesis resume
Glycine betaine and/or other Cell growth /division resume
compatible solutes accumulate
Transcription of ompF repressed
Transcription of ompC activated

Response to osmotic downshift
Phase Physiological change Structural change
I Mechanosensitive channels open Cell hydrates, swells
’ Wall/membrane strain altered
11 Co-solvents and water extruded Cell shrinks
1 Mechanosensitive channels close DNA/protein synthesis resume

Co-solvents re-accumulate
Transcription of ompF activated

Cell growth /division resume

Transcription of ompC decreases
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Chapter 2

A Phosphorylation Site Mutant of OmpR Reveals Different Binding
Conformations at ompF and ompC

(Journal of Molecular Biology 315: 497-511, 2002)

2.0 Preface

In the following chapter, I carried out the experiments in Table 2.1,
Figures 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.9, and 2.10, as well as the data
analysis and modeling for Figures 2.11 and 2.12. Nicole Byers performed
experiments contributing to the reported averages in Figures 2.2, 2.7 and
Table 2.1, as well as éxperiments similar to those shown in Figure 2.3.
- Ricardo Oropeza conducted the DNase I footprinting experiments shown
in Figure 2.8. The model shown in Figure 2.1 was taken from (Robinson,

V. L. et al., 2000).
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2.1 Abstract

In Escherichia coli, the two component regulatory system that
controls the expression of outer membrane porins in response to
environmental osmolarity consists of the sensor kinase EnvZ and the
response regulator OmpR. Phosphorylated OmpR activates expression of
the OmpF porin at low osmolarity, and at high osmolarity represses
ompF transcription and activates expression of OmpC. We have
characterized a substitution in the amino-terminal phosphorylation
domain of OmpR, T83], its phenotype is OmpF- OmpC-. The mutant
protein is not phosphorylated by small molecule phosphodonors such as
acetyl phosphate and phosphoramidate, but it is phosphorylated by the
cognate kinase EnvZ. Interestingly, the active site T83I substitution
alters the DNA binding properties of the carboxyl—terminal effector
domain. DNase I protection assays indicate that DNA binding by the
mutant protein is similar to wild-type OmpR at the ompF promoter, but
at ompC, the pattern of protection is different from OmpR. Our results
indicate that all three of the OmpR binding sites at the ompC promoter
must be filled in qrder to activate gene expression. Furthermore, it
appears that OmpR-phosphate must adopt different conformations when
bound at ompF and ompC. A model is presented to account for the

reciprocal regulation of OmpF and OmpC porin expression.
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2.2 Introduction

Homeostatic mechanisms require physiological changes at the
cellular level in response to environmental conditions. Effector proteins
involved in transmitting information from the environment to the cells
are involved in signaling cascades and often catalyze phosphorylation
and dephosphorylation reactions. In prokaryotes and lower eukaryotes,
signal transduction is often accomplished via two component regulatory
systems. The first component, usually a membrane protein, is a sensor
kinase that responds to environmental cues and is phosphoryiated by
ATP on a histidine residue. The second component is a response
regulator that accepts the phosphoryl group from the histidine onto an
aspartic acid residue and then alters its output. The altered output may
be an enhancement of DNA binding, but can also be a change in
protein:protein interactions (for reviews see (Hoch, J. A. and T. J.
Silhavy, 1995)).

In Escherichia coli, osmoregulation is mediated in part by the
actions of such a two component system consisting of EnvZ and OmpR.
These proteins act to control the relative levels of the outer membrane
porin genes, ompF and ompC. At low osmolarity, OmpF predominates in
the outer membrane, while at high osmolarity the OmpF porin is
replaced by OmpC (van Alphen, W. and B. Lugtenberg, 197 7). OmpF has
a larger pore and a faster flow rate than OmpC (Nikaido, H. and E. Y.

Rosenberg, 1983).
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EnvZ is an inner membrane protein that is phosphorylated by
intracellular ATP at histidine 243 in response to a signal related to the
environmental osmolarity (Forst, S. et al., 1987; Liljestrom, P., 1986b;
Roberts, D. L. et al.,, 1994). It transfers this phosphoryl group to aspartic
acid 55 of OmpR (Delgado, J. et al., 1993). It has been suggested that
EnvZ also catalyzes the dephosphorylatioh of phospho-OmpR (OmpR-P)
(Igo, M. M. et al.,, 1989a), further controlling the cellular levels of OmpR-
P. According to the affinity model of porin regulation, differential
regulation of the porin genes is controlled by occupancy of OmpR-P
binding sites of varying affinities (Russo, F. D. and T. J. Silhavy, 1991).
However, there is only a two-fold difference in the binding affinity of
OmpR-P for the ompF and ompC sites (F1-F2-F3 and C1-C2-C3), and the
question of how OmpR binding site occupancy determines which porin is
expressed remains (Head, C. G. et al., 1998).

The response regulator OmpR (27 kDa) consists of an N-terminal
phosphorylation domain and a C-terminal DNA binding domain (Kato, M.
et al, 1989; Tate, S. et al., 1988), joined by a protease-sensitive, flexible
linker of 15 amino acid residues (Kenney, L. J. et al., 1995). The C-
terminal domain of OmpR‘contains a winged helix-turn-helix DNA
binding motif (Kondo, H. et al., 1997: Martinez-Hackert, E. and A. M.
Stock, 1997a). The phosphorylation site, aspartic acid 55, is located in
the amino terminus, referred to as the receiver domain. The xX-ray crystal

structures of several receiver domains from homologous response
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regulators héve been solved, and they all reveal an (a/f)s topology
(Baikalov, 1. et al., 1996; Madhusudan et al., 1996; Stock, A. M. et al.,
1989; Volz, K. and P. Matsumura, 1991). The five parallel B-strands form
a hydrophobic core, surrounded by two o helices on one side and three
on the other. The receiver domains also share a group of conserved
residues at the active site that are important for phosphorylation and
signal propagation. These are (see Figure 2.1): an aspartate residue that
is the site of phosphorylation (D55 in OmpR), two aspartate residues that
coordinate a magnesium ion (D11 and D12), a lysine residue that
interacts with the phosphoryl group (K105), an aromatic residue that
functions as a rotamer (Y102), and a side chain hydroxyl residue (T83)
that also interacts with the phosphoryl group. Structural analysis of
activated response regulators has revealed the role of these conserved
residues upon activation (Birck, C. et al., 1999; Cho, H. S. et al., 2000;
Halkides, C. J. et al., 2000; Lewis, R. J. et al., 1999). In the presence of
the kinase or a small molecule phosphodonor such as acetyl phosphate,
the acidic phosphate is coordinated to a magnesium ion in the pocket
and both specieé are stabilized by interactions with conserved amino acid
side chains and water molecules. For example, the side chain of
threonine moves to form a charge-dipole interaction with the newly
arrived phosphoryl moiety, a movement that is tracked by the closely
packed tyrosine side chain. This “aromatic switch”, where the tyrosine

moves from an exposed to a buried position, may be a general
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mechanism for intramolecular signaling in the response regulator family
of proteins. What remains unknown at present is how this |
conformational change is propagated to the C-terminal effector or DNA
binding domain.

We are interested in the molecular mechanism responsible for
transmission of the conformational change associated with
phosphorylation of OmpR at aspartic acid 55 in the N terminus that
results in enhanced affinity of the C-terminal DNA binding domain for
DNA (Head, C. G. et al., 1998). In the single domain chemotaxis
response regulator CheY, a substitution has previously been identified
that converts the conserved active site threonine at position 87 to
isoleucine. The mutant is phosphorylated in vitro, but non-chemotactic
in vivo, indicating a block in activation subsequent to phosphorylation
(Ganguli, S. et al., 1995). We made the equivalent mutation in OmpR in
order to characterize its properties in vivo and in vitro. Single
substitutions at this site have not been previously isolated. Our results
indicate that T83I interacts differently at the ompF regulatory region
compared to ompC, a result which had been suggested from our earlier
studies (Tran, V. K. et al.,, 2000). Understanding the defect of the T83I
mutant in molecular terms is likely to provide a key to understanding the
switch between the low osmotic form and the high osmotic form.
Furthermore, our data suggest that occupancy of all three OmpR binding

sites is required for ompC expression.
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2.3 Results
2.3.1 T83I cannot activate transcription in vivo

We first determined the phenotype that resulted from the threoniné
to isoleucine substitution at amino acid residue 83 of OmpR. For this
experiment, we expressed the T83I mutant in an ompRI101 strain that
contains a small, in-frame deletion in ompR and either an ompF-lacZ or
ompC-lacZ operon fusion (MH225.101 and MH513.101 (Hall, M. N. and T.
J. Silhavy, 1981b)). The results are shown in Figure 2.2. In the absence
of ompR (filled columns, 1 and 4), B-galactosidase activity is minimal in
both fusion strains. When wild-type ompR is over-expressed in cultures
grown in Luria Broth, both the ompF-lacZ and the ompC-lacZ fusions are
stimulated (striped columns, 2 and 5). In the presence of ompRT83I, B-
galactosidase activity is at background levels (open columns, 3 and 6).
T83I also failed to activate either fusion when the strains were grown in
minimal media at low and high osmolarity (data not shown). These
results suggest that the T83I mutant is unable to activate transcription.
Its porin phenotype is OmpF- OmpC-, regardless of the medium
osmolarity.
2.3.2 T83I is not phosphorylated by acetyl phosphate or by
phosphoramidate

We expressed and purified the mutant protein in order to examine
its phosphorylation properties. Wild-type OmpR elutes as a single peak

on C4 reversed phase HPLC, as shown in Figure 2.3A and E (Kenney, L.
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J. et al, 1995). The mutant T83I also elutes as a single peak (Figure
2.3C and G). When OmpR is incubated with acetyl phosphate, ab faster
peak appears, shown in Figure 2.3B, that corresponds to OmpR-P (Head,
C. G. et al,, 1998). When the T83I mutant is incubated with acetyl
phosphate and the products analyzed on C4 reversed phase HPLC, no
new peak appears, and only the unphosphorylated protein peak is
present (Figure 2.3D). This result suggests that T83I is not stably
phosphorylated by acetyl phosphate.

Since phosphorylation by acetyl phosphate is relatively slow, we
were interested in determining whether another small molecule
phosphodonor, phosphoramidate, could phosphorylate T83I (Mayover, T.
L. et al.,, 1999). After a 2 hour incubation with phosphoramidate, 100%
of the OmpR protein is phosphorylated (Figure 2.3F), indicating that
phosphoramidate is more efficient than acetyl phosphate as a
phosphodonor (compare Figures 2.3B and F). After a 2 hour incubation
with phosphoramidate, T83I elutes as a single peak, at the same location
as the unphosphorylated protein, indicating that the mutant protein is
also not phosphorylated by this compound (compare Figure 2.3G and H).
Increasing incubation times with phosphoramidate failed to produce
T83I-P (data not shown).

Our laboratory has previously shown that DNA-binding stimulates
the rate of OmpR phosphorylation by acetyl phosphate (Ames, S. K. et

al., 1999). Thus, we tested whether incubation of T83I with acetyl
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phosphate and the high affinity OmpR-binding sites from the ompF or
ompC promoters (F1 or C1) would stimulate phosphorylation of T83I. In
the presence of DNA, we were also unable to detect a phosphorylated
product (data not shown).
2.3.3 T83l is phosphorylated by the kinase EnvZ

We next tested whether or not the T83I mutant was defective in
phosphorylation from its cognate kinase, EnvZ. When EnvZ is incubated
with [y-32P]ATP and the product is separated by SDS-PAGE, a labeled
band is visible that corresponds to EnvZ-P (Figure 2.4, lane 1). In the
presence of wild-type OmpR, EnvZ-P transfers the phosphoryl group to
OmpR, as evidenced by a labeled OmpR-P band (lanes 2-3). When T83I is
added to the reaction in place of OmpR, it is also phosphorylated (lanes
4-5), even though it cannot be phosphorylated by small molecule
phosphate donors (Figures 2.3D and 2.3H). We confirmed that T83I-P
runs as a faster, resolvable peak on C4 reversed phase HPLC after
incubation of T83I with EnvZ and ATP, eliminating the possibility that we
could not detect phospho-protein which might have been produced by
incubation with acetyl phosphate or phosphoramidate (data not shown).
The level of phosphorylation of T831 is considerably lower than the level
of wild-type OmpR-P (compare the lower bands in lanes 4-5 with lanes 2-
3), suggesting that there is either a defect in phospho-transfer to the
mutant protein or enhanced dephosphorylation of the phospho-protein

T83I-P (See Discussion).
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Some response regulators can be phosphorylated at non-active site
residues, but these have specific structural requirements (Appleby, J. L.
and R. B. Bourret, 1999; Bourret, R. B. et al., 1990; Moore, J. B. et al.,
1993; Reyrat, J. M. et al,, 1994). These are: the presence of a serine
residue adjacent to the phosphorylated aspartate and substitution of the
phosphorylated aspartate by asparagine. This serine is not present in
OmpR. In order to establish the requirement of aspartate 55 for EnvZ
mediated phosphorylation of T83I, we purified the double mutant
T831/DS5A and added it to the kinase reaction. Phosphorylation of T831
absolutely requires the presence of aspartate 55, as the T83I /DS5A
double mutant is not phosphorylated by the kinase (Figure 2.4, lanes 6-
7). It is not surprising that phosphorylation does not occur with the
double mutant, as there is no evidence for phosphorylation at sites other
than D55 in OmpR (Tran, V. K. et al., 2000).

2.3.4 T831 is phosphorylated slowly compared to wild-type OmpR

The T83I mutant exhibited lower levels of phosphorylation by EnvZ
than wild-type OmpR in the kinase assay shown in Figure 2.4. This
| could be due to a slower rate of phosphorylation of th¢ mutant protein or
to a faster rate of dephosphorylation of the mutant phospho-protein. It
was therefore of interest to compare the activity of the two proteins in an
EnvZ-dependent OmpR—stimulated ATPase assay (shown in Figure 2.5).
When EnvZ, ATP and OmpR are mixed together, the following reactions

occur: EnvZ + ATP — EnvZ-P + ADP (autophosphorylation); EnvZ-P +
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OmpR — OmpR-P + EnvZ (phosphotransfer); EnvZ + OmpR-P — EnvZ +
OmpR + P; (phosphatase); OmpR-P — OmpR + P; (intrinsic
dephosphorylation). The sum of these reactions is an overall ATPase
activity. In the absence of OmpR, there is a low basal level of ATPase
activity associated with EnvZ phosphorylation and spontaneous
dephosphorylation (Kenney, L. J., 1997; Tran, V. K. et al., 2000). This
rate (7.1 nmol/ml/minute) was subtracted from the OmpR or T83I-
stimulated rate and only the stimulated rates are shown. Upon addition
of OmpR, there is a large increase in P, production, which increases with
increasing incubation time (Figure 2.5, triangles). In contrast, the ATP
hydrolysis in the presence of T83I is only slightly greater than the activity
associated with EnvZ alone, and P, production remains low (Figure 2.5,
circles). In the presence of T83I, the rate of P; release is 0.5
nmol/ml/minute, compared to 4.6 nmol/ml/min for OmpR. This
represents a nine-fold decrease in turnover compared to the wild-type
protein. Together with the data presented in Figure 2.4, the lack of
ATPase activity observed in the presence of T83I indicates that the
mutant protein is phosphorylated more slowly than the wild-type.
2.3.5 T83I binds EnvZ as well as wild-type OmpR

It was possible that the slow rate of phosphorylation of T83I by
EnvZ was a result of the substitution disrupting the interaction between
EnvZ and OmpR. In order to investigate this binding, we measured

fluorescence anisotropy of an OmpR protein labeled with fluorescein at
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the amino terminus. Increasing amounts of a carboxyl terminal fragment
of EnvZ (EnvZc) are added, obtaining the binding curves shown in Figure
2.6. The average K4 from five similar binding curves is 462 * 135 nM.
T83I also binds to EnvZ, as demonstrated by the binding curve shown in
the circles in Figure 2.6. The average Kq from three such experiments is
257 £ 83 nM. Thus, the mutant T83I binds to EnvZc with slightly higher
affinity than wild-type OmpR, and the decrease in phosphorylation
observed with T83I is not due to an inability to interact with EnvZ. The
experiment shown in Figure 2.6 represents the first direct measurements
of OmpR and EnvZ interaction.
2.3.6 T83I binds to the high affinity sites F1 and C1

Since our previous studies have demonstrated interactions
between the amino and carboxyl terminal domains of OmpR, it was of
interest to determine whether the substitution that altered its
phosphorylation properties would also affect its DNA binding ability
(Ames, S. K. et al., 1999; Tran, V. K. et al.,, 2000). For measurements of
DNA binding, we used fluorescein-labeled oligonucleotides that
correspond to the high affinity sites F1 and C1 upstream from the ompF
and ompC promoters, respectively (See Figure 2.11 for a diagram of the
binding sites). The results are presented in Figure 2.7A and B. In Figure
2.74A, it is clear that the saturable binding curves observed upon
incubation of OmpR or T83I with fluorescein-labeled F1 DNA are similar.

The apparent dissociation constant (Kg) in the experiment shown is 150

54




nM for wild-type OmpR (triangles) and 180 nM for T83I (circles). The
average values from repeated determinations are 194 + 60 nM for OmpR
and 175 £ 45 nM for T83I. In other §vords, the binding affinities of OmpR
and T83I at the F1 site are identical, within the error of the assay. In
Figure 2.7B, it can be seen that when binding to C1, T83I (circles)
reaches saturation at a slightly lower concentration than the wild-type
protein (triangles). The apparent dissociation constants calculated for
the binding curves shown in Figure 2.7B are 59 nM for OmpR and 33 nM
for T83I, less than a two-fold increase in the affinity of the mutant
protein. In further determinations, this nearly two-fold difference is
maintained, as the average apparent Kq.for OmpR at C1 is 101 + 59 nM
and for T83l it is 59 £ 19 nM. Thus, at the high affinity sites F1 and C1,
DNA binding by the mutant T83I is similar to wild-type OmpR.
2.3.7 T83I does not saturably bind the composite site C123

T831 was able to bind to the isolated high affinity sites F1 and C1
(Figure 2.7). We next measured binding of the mutant protein to a
composite site containing the two lower affinity ompF binding sites (F2
and F3), in addition to the high affinity site, F1 (F1-F2-F3). T83I binds to
the composite site (Table 2.1).

We then examined the binding of T83I to the composite ompC
binding site, C1-C2-C3. Surprisingly, we were unable to measure
saturable binding to this site. The binding curve is easily fit by linear

regression, indicating that only very low affinity (K¢ > 3 uM) binding

55




occurs (Table 2.1). In our previous studiés with wild-type OmpR, we
observed saturable binding to any oligonucleotide that contained either
the F1 or C1 sites (Head, C. G. et al.,, 1998). Thus, the T83I mutant,
containing a single amino acid substitution, behaves differently from
OmpR at the ompF regulatory region, where it exhibits high affinity
binding, compared with the ompC regulatory region, where it does not
exhibit saturable binding.
2.3.8 T83I and wild-type OmpR protect the same regions of the
ompF promoter

Because the inability of T83I to bind at C1-C2-C3 was so
unexpected, we sought an alternative approach in order to examine DNA-
T83I protein interactions. For these experiments, we used a DNase [
protection assay, as shown in Figure 2.8. In Figure 2.8A and B, the
result from the ompF regulatory region is shown. Figure 2.8A indicates
pattern of DNase I protection by wild-type OmpR at the ompF promoter.
Lane 1 shows the DNase I cleavage pattern obtained in the absence of
OmpR, and lanes 2-7 indicate that as previously reported, OmpR
protects three regions of ompF from -102 to -40 upstream of the
transcriptional start site (Figure 2.8A)(Huang, K. J. and M. M. Igo, 1996;
Rampersaud, A. et al., 1994). In Figure 2.8B, the pattern of DNase I
protection in the presence of T83I is shown. Lanes 2-7 show that T83I

can also bind the ompF promoter from -102 to -40. It can be clearly seen
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that the pattern of protection with T83I is similar to that observed with
wild-type OmpR (compare Figure 2.8A and B).

2.3.9 The pattern of protection by T83I is different from wild-type
OmpR at the ompC promoter

In contrast, the T83I footprint at ompC is different from that seen
with wild-type OmpR. Figure 2.8C and D presents the footprinting
results obtained at the ompC regulatory region. Lanes 2 through 8 of
Figure 2.8C demonstrate that wild-type OmpR binds to the three
previously characterized binding regions at ompC, from -105 to -36
upstream of the transcriptional start site.

In Figure 2.8D, it is apparent that T83I binds the ompC promoter
differently than does wild-type OmpR. We observe protection of most of
the C1 region from DNase I cleavage, from -103 to -77 (lanes 2-8). The
lower affinity C2 and C3 binding sites are not bound by T831. Twelve
DNase I hypersensitive sites are unique to T83I binding at ompC, these
occur at positions -75, -73, -62, -60, -45, -43, -42, -40, -38, -37, -36, and
-33 relative to the transcriptional start site (see arrows). Thus, in
contrast to OmpR, T83I is incapable of binding outside of the C1 region
at the ompC promoter.

2.3.10 The OmpF- OmpC- phenotype of T83I is co-dominant

It is unclear why T83I fails to activate transcription of ompF. The

mutant protein can bind to the ompF promoter sequences (Figure 2.8),

and does not repress transcription from this promoter (Figure 2. 10). If
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T83I can bind to ompF promoter sequences in vivo, thé T83I phenotype
should be dominant to wild-type OmpR. If T83I simply fails to bind DNA,
the phenotype should be recessive. We expressed ompRT83Iin the
strains MH513 and MH225, which contain a wild-type copy of ompR and
ompF-lacZ or ompC-lacZ transcriptional fusions, respectively. The B-
galactosidase activity expressed by these two strains is shown in lanes 1
and 5 of Figure 2.9. Addition of a plasmid-borne copy of the wild-type
ompR gene does not negatively affect production of B-galactosidase
(Figure 2.9, lanes 2 and 6). We found that transcription of ompF
decreases 2.5-fold in the presence of T83I (Figure 2.9 lane 3) and
transcription of ompC decreases 3-fold ((Figure 2.9, lane 7). T83I does not
need to be phosphorylated to compete with wild-type OmpR. When
OmpR and T83I/D55A are co-expressed, the B-galactosidase activity
expressed from the ompF and ompC promoters remains less than that
observed in the parent strains (Figure 2.9, lanes 4 and 8). Thus even the
unphosphorylated double mutant T83I/D55A decreases transcription
from ompF and ompC 2.5 and 1.8-fold, respectively. We postulate that
the dominance of T83I is due to its ability to bind DNA even in the
absence of phosphorylation (Figures 2.7 and 2.8).
2.3.11 T83I fails to activate ompF transcription

Because T83I failed to induce expression of ompF (Figure 2.2), it
was of interest to determine whether this failure was the result of

repression or due to a lack of activation. The ompF locus contains an
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additional OmpR binding site from -384 to -351 upstream of the
transcriptional start site, F4. This binding site is required for OmpR-
mediated repression of ompF (Huang, K. J. et al., 1994; Ostrow, K. S. et
al., 1986). We wished to determine whether the OmpF- phenotype of the
mutant was the result of repression of ompF transcription. Strains
BW25891 (F4 minus) and BW25892 (F4 plus) were grown in the presence
of ompR or ompRT83I under conditions of high osmolarity, i.e. conditions
that normally repress ompF. When the strains were assayed in the
absence of ompR, they expressed some B-galactosidase activity; this value
was subtracted from the data shown. In the presence of ompR, high
levels of B-galactosidase are expressed from the strain lacking the F4
binding site (Figure 2.10, hatched column 3). Repression of the lacZ
fusion céntajning F4 is also evident under high osmolarity conditions
(see the decrease in activity of hatched column 1 compared to hatched
column 3). When the F4 site is absent, T83I is still unable to activate
transcription from ompF (Figure 2.10, open column 4). As expected from
the result shown in Figure 2.2, T83I failed to activate transcription above
background levels from the lacZ fusion containing F4 (see Figure 2.10,
open column 2). Thus, T83I fails to repress transcription from this
promoter and the T83I mutant is OmpF- because it cannot activate

transcription, not because ompF transcription is repressed.
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2.4 Discussion
2.4.1 The T83I mutant phenotype is OmpF- OmpC-

The replacement of the conserved threonine with an isoleucine at
position 83 of OmpR results in a protein that is unable to activate
expression of ompF-lacZ or ompC-lacZ fusions (Figure 2.2). This finding
parallels previous data obtained for the homologous response regulators
CheY and FixJ. A CheY T87I mutant is non-chemotactic and exhibits
only countercloékwise flagellar rotation (Appleby, J. L. and R. B. Bourret,
1998; Ganguli, S. et al., 1995). The homologous FixJ T82I mutant is
seriously inhibited in its ability to activate transcription of a p-nifA-lacZ
or‘a p-fixK-lacZ fusion (Weinstein, M. et al, 1992). An isoleucine
substitution at this conserved position in other response regulators is
thus disruptive to signaling, just as we have shown for OmpR. A T82A
substitution in SpoOF essentially abrogates sporulation in Bacillus
subtilis, indicating that for some response regulators, removal of the
hydroxyl group can interfere with function (Tzeng, Y. L. and J. A. Hoch,
1997). Not all amino acid substitutions at this position result in such
extreme phenotypic consequences. A T83A substitution in OmpR was
isolated because of its ability to restore a wild-type phenotype in a D55Q
background. Interestingly, in the wild-type background, a T83A
mutation in ompR results in an OmpF- OmpC* phenotype (Brissette, R.
E. et al, 1991b). This implies that T83 is a critical residue for OmpR

function, even if some substitutions are less deleterious than the
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isoleucine described here. T87A and T87C substitutions in CheY retain
some ability to mediate clockwise flagellar rotation, and in the presence
of a D13K substitution, these two substitutions nearly restore clockwise
rotation (Appleby, J. L. and R. B. Bourret, 1998).

The crystal structures of several phosphorylated response
regulators have been solved, and they suggest a role for the conserved
hydroxyl and aromatic residues in signal propagation (Birck, C. et al.,
1999; Cho, H. S. et al., 2000; Halkides, C. J. et al., 2000; Lewis, R. J. et
al.,, 1999), for a review see Robinson et al.(Robinson, V. L. et al., 2000).
Upon phosphorylat-ion, the conserved threonine (T83 in OmpR) moves
towards the phosphorylated aspartate (D55), allowing the tyrosine (Y102)
to rotate inwards and fill the space where T83 used to reside (see Figure
2.1). The structure of the CheYT871 mutant has been determined, and
reveals that the isoleucine substitution locks the tyrosine rotamer in the
solvent exposed 'out' position (Ganguli, S. et al., 1995). Substitutions of
the conserved tyrosine of CheY result in a range of phenotypes, from
hyperactive signaling to inactivity (Zhu, X. et al., 1996). Mutants of Y102
in OmpR also produce aberrant phenotypes. For example, a substitution
of Y102 for cysteine results in constitutive activation of OmpR
(Kanamaru, K. and T. Mizuno, 1992), suggesting that restriction of the
movement of the conserved tyrosine residue contributes to the mutant

phenotype of both CheYT871 and OmpRTS83I.
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2.4.2 Phosphorylation properties are altered i