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Molecular genetic analysis of multiple rpoH and groEL genes in Sinorhizobium meliloti
Alycia Bittner, PhD

University of Pittsburgh, 2008

The genomes of root-nodulating, nitrogen-fixing rhizobia that have been completely sequenced
contain multiple copies of genes that encode the heat-shock transcription factor RpoH and the
chaperone GroEL-GroES. Sinorhizobium meliloti maintains two rpoH genes, four groESL
operons, and a single groEL gene. Mutations in some of these genes result in symbiotic defects:
an rpoH1 mutant cannot fix nitrogen in nodules, an rpoH1 rpoH2 double mutant cannot form
nodules, and a groEL1 mutant cannot fix nitrogen in nodules. My work has sought to further
characterize the roles of multiple rpoH and groEL genes during growth and symbiosis. In E.
coli, groESL is the key target of RpoH. However, I showed that S. meliloti rpoH suppressor
mutants do not overproduce GroEL, and overexpression of groESL does not bypass the rpoH
mutant defects. In addition, RpoH1 controls expression of only groEL5, which is not required
for symbiosis, and RpoH2 does not control expression of any of the groEL genes. Therefore, the
requirements for RpoH1 and RpoH2 during symbiosis cannot be explained solely by loss of
GroEL-GroES production, and there must be other crucial targets. To determine what genes are
controlled by RpoH1 and RpoH2, I performed microarray experiments to compare global gene
expression profiles between wild-type and rpoH mutant cells. Although the regulon of RpoH1 is
incomplete, the results indicate that the RpoH1 and RpoH2 regulons at least partially overlap
with each other and with the E. coli RpoH regulon. To uncover functional redundancies among
the groE genes during growth and symbiosis, I constructed strains containing all possible
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combinations of groEL mutations. Although a groEL1 groEL2 double mutant could not be
constructed, the 1345 and the 2345 quadruple mutants are viable, demonstrating that like
other bacteria S. meliloti requires one groEL for growth. Analysis of the quadruple mutants
during symbiosis indicates that only groEL1 is necessary and sufficient for symbiosis. The
groEL1 groESLS double mutant is temperature sensitive unlike either single mutant, suggesting
overlapping roles during stress response. I conclude that groESL1 encodes the housekeeping

GroEL-GroES and that groESLS5 is specialized for stress response.
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1.0 INTRODUCTION

All organisms require nitrogen in order to synthesize biomolecules, like DNA and protein.
Although atmospheric nitrogen is abundant, it must be converted, or “fixed,” to a usable form,
like ammonia, prior to assimilation by living organisms. Fixed nitrogen can be obtained through
abiotic processes, such as lightning, which does not generate sufficient quantities to support all
life on earth, and industrial production of ammonia, which is energetically costly. Another
source of fixed nitrogen is biological: some bacteria and archaea are capable of catalyzing the
conversion of dinitrogen to ammonia (309, 322). Plants of the legume family can utilize this
biological source by entering into symbiotic relationships with nitrogen-fixing bacteria in which
they exchange nutrients for fixed nitrogen. These symbiotic relationships are highly specific,
and both partners have evolved mechanisms to maintain the interaction.

I am interested in the molecular requirements for bacteria to engage effectively in
symbioses with host plants. In the following sections, I first introduce the Rhizobium-legume
symbiosis, with emphasis on the model symbiotic bacterium Sinorhizobium meliloti and its
interaction with host plants. I then describe the functions of the RpoH and GroEL proteins,
which have been implicated in symbiosis. S. meliloti, like many other root-nodulating bacteria,
maintains multiple copies of genes that encode the alternative sigma factor RpoH and the
chaperonin GroEL, and mutations in some of these genes are associated with defects in

symbiosis. Both RpoH and GroEL are involved in the cellular response to environmental stress,



which suggests a link between stress resistance and symbiosis. Finally, I discuss how multiple
copies of these stress response genes might function in S. meliloti and why they might be

important for symbiosis.

1.1  THE RHIZOBIUM-LEGUME SYMBIOSIS

Sinorhizobium meliloti and other Rhizobium species are members of the o-proteobacteria that
can survive in the soil as free-living bacteria or form beneficial symbioses with host leguminous
plants, including several agriculturally important crop species such as alfalfa and soybean.
Rhizobia and their specific plant partners identify each other through the exchange of molecular
signals. The plant partner secretes many chemical compounds that can be sensed by specific
bacterial partners. These plant-derived compounds stimulate the bacteria to produce and secrete
chemical compounds called Nod factors. Nod factor is perceived by the plant partner and elicits
the formation of specialized organs called nodules on the roots of the host plant. Leguminous
plants can form one of two kinds of nodule: determinate and indeterminate. Indeterminate
nodules have a persistent meristem in which plant cells continue to divide throughout nodule
development, whereas the meristem in determinate nodules is transient. Bacteria infect nodules
during development and enter plant cells where they differentiate into a specialized cell type,
called a bacteroid, which is capable of fixing nitrogen. The symbiosis is beneficial in that the
bacteria receive nutrients from the plant and the plant receives fixed nitrogen from the bacteria.
In this section I describe the Rhizobium-legume symbiosis, with special emphasis on the

interaction between S. meliloti and its host plants. I then describe the environmental challenges



faced by bacteria during symbiosis. In particular, I discuss the evidence demonstrating that

functional stress responses are important to bacterial survival within nodules.

1.1.1 Bacterial-plant recognition

To initiate symbiosis, the plant and bacteria engage in a molecular dialogue such that chemicals
produced by one partner are recognized by, and elicit a response in, the other. In the first step,
plant roots exude chemical compounds, including flavonoids and betaines, which are sensed by
specific rhizobial partners (Fig. 1) (60, 96, 233-235). Different plants produce different suites of
compounds, which are in turn recognized by different bacteria. These compounds activate NodD
transcription factors in specific bacteria, and the NodD proteins in different rhizobial species
likely respond to compounds produced by different plants, which in part determines host

specificity (232).
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Figure 1. Exchange of plant and bacterial signals initiates symbiosis.
Plant roots secrete chemical compounds that are recognized by bacterial NodD transcription
factors, which induce transcription of hod genes necessary for production of Nod factors. These
compounds elicit several physiological responses in plant cells, including root hair curling and
cortical cell division. An infection thread forms in the curled root hair to deliver bacteria to

differentiated root cortical cells.



Some rhizobia have only one NodD protein, but others produce several (76, 113, 230). In
S. meliloti, there are three NodD transcription factors (NodD1, NodD2, and NodD3) (137, 202),
which respond to different plant compounds. NodD1, for example, is activated by the flavonoid
luteolin (among others) (202), while NodD2 is activated by the betaines trigonelline and
stachydrine (235). Because they recognize different inducers, NodD proteins might enable
bacteria to form symbiotic relationships with different plants (130, 132). For example, S.
meliloti can form symbiotic associations with legumes from the genera Medicago, Melilotus, and
Trigonella, and these plants likely produce different chemical compounds. Multiple NodD
proteins might permit S. meliloti to respond to several plant species (130).

The NodD transcription factors activate expression of bacterial nod genes by binding to
promoters that contain a nod-box (Fig. 1) (54, 85, 87). Some of these genes encode enzymes
required for the production of a lipochitooligosaccharide compound called Nod factor, which
acts as a plant morphogen. The nodABC operon encodes the enzymes that synthesize the Nod
factor core, which is composed of an N-acetyl-D-glucosamine backbone (12). Other genes
encode enzymes that make specific modifications to the backbone, which determine the host
plant range. In S. meliloti, these modifications include unsaturated fatty acids and acetyl and
sulfate groups (8, 173). Changes in Nod factor composition can alter host plant specificity. For
example, wild-type S. meliloti interacts with Medicago sativa (alfalfa) but not Vicia sativa. If S.
meliloti Nod factors lack sulfate modifications, M. sativa can no longer respond to the bacteria,
but sulfate-free Nod factors do stimulate the formation of nodules on V. sativa (173, 251). Each
bacterial species can synthesize multiple Nod factors, which probably allows them to interact

with different host plant species.



1.1.2 Nodule organogenesis and infection of plant cells

Once produced and secreted by the bacteria, Nod factor is perceived by multiple receptors on the
surface of plant root hair cells (3, 176) and induces several physiological changes in plant root
cells that initiate nodule organogenesis. Changes in root hair cells include increase of
intracellular calcium, calcium spiking, and alterations to the cytoskeleton, which ultimately result
in a morphological change such that the root hair curls (Fig. 1) (36, 37, 67, 68, 271, 285).
Almost simultaneously, Nod factor stimulates differentiated cells within the root cortex to
resume cell division (Fig. 1) (133, 285, 294, 306, 315). Some of these cells form the nodule
meristem (Fig. 2), where plant cells divide throughout nodule development and which grows
outward from the root surface. Plant cells located behind meristem tissue cease dividing and
differentiate such that they increase genome copy number and cell size (38, 88). These

differentiated cells are competent to receive invading bacteria.
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Figure 2. Zones of development in indeterminate nodules.
The persistent meristem grows outward from the surface of the root as plant cells continuously
divide to generate new nodule tissue. The infection zone, where bacterial cells enter into plant
cells, is located in older nodule tissue where plant cells have ceased to divide and have
differentiated. Once inside the plant cells, the bacteria differentiate into bacteroids, and the
nitrogen fixation zone contains mature nitrogen-fixing bacteroids. In the oldest nodule tissue,

both plant cells and bacteroids undergo senescence.



At the plant root surface, root hair curling traps the bacteria near the root hair tip, where
production of Nod factor (8, 301) and the bacterial exopolysaccharide (EPS) succinoglycan (82,
171, 219) induces formation of an infection thread that transports the bacteria to inner root
tissues (Fig. 1). Although the molecular requirements are not well-defined, infection threads are
believed to form by inversion of root hair cell tip growth (93). Infection thread growth involves
deposition of new cell wall material along the sides (239), and it is likely mediated in part by the
plant cell cytoskeleton (285). The infection thread must penetrate down through the root hair
cell and beyond the layer of cells dividing in the meristem to deliver the bacteria to differentiated
cortical cells (Fig. 2) (192).

The bacteria inside of infection threads replicate at the tip of the thread as it grows (92,
94) and are ultimately endocytosed by root cortical cells from the infection thread (26). Inside
the plant cell, a symbiosome consists of a bacterium surrounded by a plant cell-derived
membrane called the peribacteroid membrane. This membrane becomes specialized during
symbiosis as its lipid and protein content are altered (249). Symbiosomes, including the bacteria
and the peribacteroid membrane, divide once or twice in indeterminate nodules before the

bacteria differentiate (249).

1.1.3 Bacteroid differentiation and nitrogen fixation

During bacteroid development in indeterminate nodules, the bacteria cease cell division, undergo
genomic endoreduplication, and dramatically increase cell size, presumably to increase the
cellular metabolic rate to support nitrogen fixation (98, 192, 297). The plant controls the
bacteroid differentiation program, but how the plant achieves this is not understood. However,
close contact between the bacterial and plant membranes appears to be important for bacteroid

8



development (299). Recent studies have speculated that a family of nodule-specific cysteine-rich
peptides might be involved in signaling to or mediating development of bacteria within nodules,
but this has not been experimentally tested (191, 192).

The bacterial genes required for bacteroid differentiation have not been fully elucidated.
Phenotypic analyses of mutant bacteria (220) and analysis of bacterial gene expression within
nodules (225, 231) have been used to determine the genes involved. However, many, if not all,
of the genes identified appear to promote bacterial adaptation to conditions within the nodule and
are not necessarily specific to bacteroid development. For example, the bacteria require
expression from genes that encode proteins for transport of carbon sources from the plant (70) or
that encode proteins necessary for resistance to environmental stress (225). Recent global gene
expression and protein analyses have identified hypothetical gene transcripts or protein products
that are enriched within bacteroids in nodules (4, 16, 18, 58, 59, 215). Whether these novel
factors participate specifically in bacteroid development remains to be determined.

Free-living rhizobia are not capable of fixing atmospheric nitrogen. However, once
bacteria have differentiated into bacteroids within plant cells (Fig. 2) and are located in a
microaerobic environment (275), they can express the genes necessary for nitrogen fixation. The
microaerobic environment plays a key role in symbiosis (250); the bacteria are obligate aerobes
that require oxygen for respiration, but oxygen damages the nitrogenase complex. Plant cells
create a microaerobic environment by producing leghemoglobin, which is a protein that binds
oxygen with high affinity and buffers the oxygen concentration around bacteroids (228).

The regulatory cascade that controls expression of nitrogen fixation genes is controlled
by low oxygen tension within the bacteroid, which is sensed by a two-component regulatory

system (FixL/FixJ) (48). FixJ is the master regulator that induces expression of genes encoding



the regulatory factors NifA (which activates transcription from promoters recognized by the
RpoN sigma factor) and FixK that in turn activate expression of the nif and fix genes (17, 280).
The proteins encoded by the nif genes comprise the nitrogenase complex (9, 57), while many of
the proteins encoded by the fix genes perform respiration under microaerobic conditions (45, 65,
257).

Eventually, as nodule tissue ages, the bacteroids and plant cells in the oldest sections of
the nodule will undergo senescence (Fig. 2). The cause of senescence is not entirely clear, but
reactive oxygen species, perhaps generated through respiration and nitrogen fixation, are clearly

present in senescing tissues and may play a role in the process (1, 255).

1.1.4 Bacteria experience environmental stress during symbiosis

Although conditions faced by bacteria during symbiosis are incompletely defined, there is much
evidence to suggest that bacteria are exposed to “stressful” conditions. For instance, bacterial
mutants that are sensitive to certain environmental challenges have been shown to be impaired
during symbiosis, which suggests that establishing a symbiotic relationship with a host plant
requires resistance or proper adaptation to particular environmental conditions.

What are the sources of stress during symbiosis? Although the S. meliloti-legume
symbiosis is a mutualistic relationship where both partners benefit, there is evidence that
rhizobial infection triggers plant defense responses (259), indicating a possible link between
pathogenesis and symbiosis. When plants are exposed to pathogenic bacteria, they initiate the
hypersensitive response, which is characterized by generation of reactive oxygen species (ROS),
production of phenolic compounds and defense proteins, cell wall fortification, and programmed
cell death (203). From the plant perspective, it would be detrimental to allow potential pathogens

10



instead of beneficial rhizobia to enter. Although S. meliloti is able to suppress the hypersensitive
response, there is evidence that bacteria must be able to resist an initial challenge from the plant.
In addition, there are other potential sources of stress within nodules, which are unrelated to
plant defense responses and include generation of ROS and acid stress. In this section I discuss

the current knowledge of the link between bacterial stress responses and symbiosis.

1.1.4.1 Oxidative stress

An oxidative burst involving the generation of ROS, including superoxide (O;’) and
hydrogen peroxide (H,0O,), is among the early responses to pathogen infection in plants (6). S.
meliloti suppresses the hypersensitive response in plants in part through the production of
exopolysaccharides like succinoglycan (82, 219), lipopolysaccharides (33), and even Nod factor,
which represses production of H,O, during the earliest stages of infection (269). However,
oxidative bursts have been detected during infection, where O, is detected within the developing
infection thread (241, 259). Generation of O, is linked to the production of Nod factor (241),
which demonstrates that regulation of ROS production during infection is complex.

The initial oxidative burst related to plant defense response is not the only source of ROS
within nodules. ROS are generated by bacteroids through the processes of respiration and
nitrogen fixation and in plant cells by the oxidation of leghemoglobin (185). Therefore, it is not
surprising that ROS have been detected within infected plant cells up to 6 weeks post-infection
(255, 259) and in senescing nodule tissue (1, 255), indicating that bacterial exposure to ROS
might be prolonged. It is not clear how extensive or how damaging this exposure might be, but
S. meliloti maintains multiple genes that encode oxidative stress resistance proteins, and

mutations in some of these genes are linked to symbiotic defects.

11



The S. meliloti genome contains two genes that encode superoxide dismutase (97), which
converts O, to O, and H,O,. An S. meliloti sodB mutant is not defective for symbiosis (50),
although the gene is expressed during infection (4). In a closely related strain, S. meliloti
Rm5000, deletion of the SOdA gene results in a strain that is only moderately impaired in
oxidative stress response under free-living conditions (258). During symbiosis, however, the
mutant cells nodulate poorly and rapidly senesce when released into plant cells.

S. meliloti also maintains three genes that encode catalase (97), which scavenges H,0,.
KatA and KatC are monofunctional catalases, and KatB is a bifunctional catalase-peroxidase (7).
In free-living bacteria, the three genes are regulated differentially such that katA is induced by
H,0, under control of the OxyR regulator (148, 272) and by low phosphate conditions (320),
katB is constitutively expressed (149), and katC is induced by heat, osmotic and ethanol stresses
(272). Indicating roles in symbiosis, katA is expressed in bacteroids, while katB and katC, but
not katA, are expressed within infection threads (149). kat gene single mutants are not impaired
during symbiosis (135, 149, 272). However, a katA katC double mutant is defective in nitrogen
fixation (272), and a katB katC double mutant nodulates poorly and senesces upon entry into
plant cells (149). This suggests that encoded catalases perform overlapping functions during
symbiosis. Functional redundancy almost certainly maximizes the likelihood that a particular
bacterium can resist oxidative stress and successfully invade nodules.

In a recent study, Davies and Walker (51) performed a genetic screen to identify S.
meliloti mutants that were both sensitive to oxidative stress and defective in symbiosis. One set
of mutants failed to produce succinoglycan, indicating that EPS production might form a
diffusion barrier against H,O,. In another rhizobial species, Azorhizobium caulinodans,

increased EPS production reduced the amount of H,O, that entered bacterial cells (46), which
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supports the barrier hypothesis. Another gene, SitA, encodes the periplasmic binding protein of a
manganese ABC transporter, but its oxidative stress and symbiotic defects likely result from the
requirement for manganese by other enzymes during the response (50). Other genes identified in
the oxidative stress screen include genes that encode enzymes involved in metabolism, protein
biosynthesis and cytochrome ¢ biogenesis (51). The metabolic enzymes might allow the cell to
deal with oxidative stress by increasing the production of NADPH for reduction of ROS (21,
145, 154). The authors also confirmed that mutation of the gene encoding the OxyR master
regulator is sensitive to oxidative stress but proficient in symbiosis (51, 148). This study
demonstrated that resistance to oxidative stress requires more cellular pathways than previously
thought and also confirmed that only a subset of oxidative stress defense systems is required for

symbiosis (51).

1.1.4.2 pH and osmotic stresses

Less is known about pH and osmotic stress within nodules than oxidative stress, but it is
clear that some bacterial mutants that cannot adapt to changes in both are impaired in symbiosis.
In another process related to plant defense responses, Nod factors can cause alkalinization of root
hair cell cytoplasm and increase in the extracellular potassium concentration around the root hair
(77, 78). A mutation in the pha gene cluster in S. meliloti disrupts genes that encode a potassium
efflux system (238). This mutant cannot adapt to an alkaline pH, and the bacteria are unable to
proceed through the infection thread, suggesting that the pH within infection threads is alkaline.
Other mutants with osmolarity defects or sensitivity to alkaline pH include nvd mutants that
cannot synthesize cyclic B-glucan (63, 64) and exoD mutants that are defective in EPS

production (242). Both kinds of mutant display defects in nodule infection.
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In addition to alkaline pH within the infection thread, bacteria may also be subjected to
acidic conditions within nodules. It has been suggested that the peribacteroid membrane derives
from the lytic vacuole, which has an acidic pH (190, 254). Some of the proteins localized to the
symbiosome have an acidic pH optimum, which also suggests that bacteroids are located within
an acidic compartment (190). At least three regulatory circuits are involved in the response of S.
meliloti to low pH (110). Acid tolerance requires a two-component sensor regulator system, but
a mutation in the transcriptional regulator actR does not affect symbiosis (51, 287). Absence of a
phenotype does not necessarily mean that resistance to acid is not important for symbiosis; other
regulatory circuits could be involved. This could be compared to a mutation in the OXyR gene,
which encodes a global regulator of oxidative stress response (51, 148). This mutant also
behaves normally during symbiosis, but the evidence in the section above clearly indicates that a
subset of oxidative stress response genes is important for successful symbiotic interaction.

In a different species, Rhizobium tropici, the IpiA gene is part of an operon that is up-
regulated in response to acid shock (298). A strain containing a mutation in IpiA is able to form
a successful symbiosis with host plants. However, when plants are inoculated with cultures
containing a mixture of wild-type and IpiA mutant cells, the mutant strain displays a seven-fold
decrease in relative nodulation competitiveness compared to the wild type. In contrast, a
Sinorhizobium medicae IpiA mutant is both normal for symbiosis and nodulation competitiveness
(243). A gross defect in symbiosis was not seen in the S. meliloti IpiA mutant (110), but a subtle
phenotype could have been missed since this strain was not compared to a wild-type strain in a

competition experiment.
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1.1.4.3 Other stress responses

Bacteria defective in other stress responses can be compromised for symbiosis. For
example, the stringent response is stimulated in bacteria in response to nutrient starvation and is
controlled by the effector molecule ppGpp (147). An S. meliloti relA mutant, which cannot
produce ppGpp, cannot form nodules on plants and overproduces EPS (308). Suppressor mutant
strains that can form nodules also have decreased succinoglycan synthesis, suggesting that the
two phenotypes could be connected.

Bacteria that are sensitive to multiple stress conditions also demonstrate defects in
symbiosis. In S. meliloti, disruption of a gene (SMc01113) that encodes a highly conserved
protein of unknown function results in a strain that cannot infect plant cells (49). This strain is
sensitive to many environmental stresses including oxidative stress and chemical agents that alter
DNA metabolism, protein synthesis, cell envelope integrity, and peptidoglycan synthesis,
indicating a general failure in adaptation to stress. In R. tropici, a mutation in a gene encoding
glutathione synthetase results in a strain that is impaired in response to several stresses, including
organic acid, osmotic, and oxidative stresses (247). While the mutant can form effective nodules
on plants, it cannot compete efficiently with a wild-type strain during nodulation.

S. meliloti maintains multiple copies of genes that encode proteins which are implicated
in stress response: six putative extracytoplasmic function (ECF) sigma factors (RpoE), two heat
shock sigma factors (RpoH), and five GroEL chaperonins (97). This implies that response to
environmental stress is highly regulated and crucial to the survival of this organism, perhaps in
its symbiotic interactions. Only one of the six ECF sigma factors has been studied. RpoE2 is
activated by various stresses, including heat, salt and stationary phase, and controls expression of

other stress response genes such as katC and rpoH2 (261). Free-living and symbiotic phenotypes
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were not identified in the rpoE2 mutant under any conditions tested, although mutations in some
of its target genes are connected to symbiotic defects (149, 227, 272). Given the number of ECF
sigma factors in S. meliloti, it is possible that there is functional overlap.

The activities of the alternative sigma factor RpoH and the chaperonin GroEL are
connected to the heat shock response. RpoH regulates transcription of genes in response to heat
stress, and the groESL operon is typically one of its target genes. The GroEL protein is a
molecular chaperone that assists protein folding under heat shock and non-stressed conditions.
Mutations in rpoH1, rpoH2 and groEL1 are connected to symbiotic defects (223, 226, 227). In
the following sections I discuss the functions of RpoH and GroEL and the current knowledge of

their roles during symbiosis.

1.2 THE HEAT SHOCK SIGMA FACTOR RPOH

As single-celled organisms, bacteria must rapidly adapt to changing environmental conditions in
order to survive. One way in which bacteria respond to changes in the environment is to alter
gene transcription. Bacterial genes are transcribed by RNA polymerase, which in E. coli is
composed of an a,BB’®w core complex that is responsible for RNA synthesis (30, 31). The core
complex associates with a sigma (o) factor to form the holoenzyme complex. The sigma factor
recognizes specific DNA sequences in the promoter region of a gene and is therefore required for
polymerase to associate with its targets (131). Sigma factors are grouped into two families: the
6" family and the o>* (RpoN) family, which share little sequence identity (193, 260). c’° family
members recognize the -10 and -35 sequences of promoters (131). In contrast, o> proteins

recognize the -11 and -26 sequences of promoters and require an activator protein (194).
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Most bacteria maintain genes that encode several o’’-family transcription factors.
Typically, they produce one major, or housekeeping, sigma factor (RpoD or ¢”° in E. coli) that
directs transcription of the majority of the genes required for cell survival under normal growth
conditions (126). However, bacteria also maintain a set of alternative sigma factors (from the
o' family) that bind to consensus sequences that differ from the consensus sequence recognized
by the housekeeping sigma factor. Alternative sigma factors allow bacteria to respond to
changes in the environment by directing transcription of genes required for specialized functions.
In response to nutrient starvation, for example, Bacillus subtilis enters a developmental program
that requires an alternative sigma factor cascade to direct transcription of genes that encode
proteins necessary for spore formation (179). Other alternative sigma factors include RpoH
(125), which directs transcription of genes in response to heat stress, and the extracytoplasmic
function (ECF) sigma factors, also called RpoE (71), which respond to extracellular stresses.

In this section I describe first the function of the alternative sigma factor RpoH in the
model bacterium E. coli, with emphasis on its regulation and the regulon it controls, and then the
RpoH regulons that have been defined for other bacteria with a single rpoH gene. Lastly, I
discuss the function of RpoH in the a-proteobacteria, particularly the current knowledge of the

functions of multiple rpoH genes in these organisms.

1.2.1 RpoH in the model organism Escherichia coli

In E. coli, RpoH (c°%) was identified as a positive regulator of the heat shock response (125, 169,
216, 314). The heat shock response is conserved in eukaryotes, bacteria and archaea (13, 180),

and it induces the transcription of genes that encode heat shock proteins (HSPs), whose function
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is to prevent stress-induced cellular damage. These proteins also play an important role in the
cell under non-stressed conditions (29, 324). The classical HSPs are either molecular chaperones
that assist the folding of nascent proteins, prevent aggregation of misfolded proteins, and refold
misfolded proteins or are proteases that degrade aberrant proteins. RpoH up-regulates
expression from heat shock promoters in response to heat and other stresses.

It is clear that the function of RpoH is important under non-stress conditions in E. coli,
because the rpoH mutant is unable to grow above 20°C (324). The requirement for RpoH during
growth is tied to expression of genes that encode chaperones, in particular the groESL operon
that encodes the subunits of the GroEL-GroES molecular chaperone machine, since expression
of groESL from a multicopy plasmid restores growth up to 40°C in the mutant strain (167).
Restoration of growth up to 42°C requires expression of dnaK, which encodes the DnaK (Hsp70)
chaperone, in addition to expression of groESL. Because constitutively high activity of RpoH is
costly, production and activity of RpoH are controlled at multiple levels, including transcription,

translation, protein stability and activity.

1.2.1.1 Transcriptional, translational and posttranslational regulation

Under non-stress conditions, fewer than 50 molecules of RpoH are present in each cell
(278). In response to heat shock, levels of RpoH rise rapidly and transiently, and the level and
kinetics of RpoH induction correspond well to the activity of heat shock promoters during heat
stress. Given the importance of RpoH levels for growth under normal conditions and for
survival in response to stress (324), it is not surprising that expression of the rpoH gene and the

levels/activity of the protein are exquisitely regulated.
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The rpoH gene is transcribed from at least five promoters (P1, P3, P4, P5 and P6), three
of which are regulated by the housekeeping sigma factor RpoD (72, 204). The extracytoplasmic
stress response (ECF) sigma factor RpoE (o*') regulates expression from P3 (71, 304), and
RpoN (c°*) regulates expression from P6 (150). DnaA negatively regulates transcription of
rpoH from P3 and P4 (195, 305), while the cAMP-CRP/CytR nucleoprotein complex negatively
regulates transcription from promoters P4 and P5 (155, 204).

It has been suggested that increase in RpoH levels in response to heat shock is controlled
largely at the level of translation. Early studies showed that expression of an rpoH-lacZ
translational reporter fusion is induced by heat shock, while expression of a transcriptional
reporter fusion is not (206). Additionally, translation of the reporter fusion is induced by heat
shock even in the absence of RNA synthesis. A combination of in vivo and in vitro studies has
demonstrated that translational repression is mediated by RNA secondary structure that forms at
the 5’ end of the rpoH mRNA transcript (199-201). This structure prevents binding of the
ribosome to the Shine-Dalgarno sequence and thus inhibits protein translation. It is believed that
melting of the secondary structure in response to an increase in temperature is sufficient to
relieve translational repression (201).

The RpoH protein is rapidly degraded under non-stress conditions (37°C) such that its
half-life is approximately one minute, and the protein is rapidly stabilized upon heat shock (278).
Mutations in the genes that encode the DnaK-DnaJ-GrpE chaperone machine stabilize RpoH,
suggesting that this complex might deliver RpoH to protein degradation machinery (277, 282,
284). Several proteases have been implicated in RpoH protein turnover, including the
membrane-associated metalloprotease FtsH (134, 288) and the cytosolic proteases Lon, HsIVU,

and ClpP (158, 159, 307). It is postulated that the misfolded proteins that accumulate upon heat
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shock are preferentially bound by chaperones and proteases, and RpoH is rapidly stabilized when
the proteases begin to degrade other proteins (159). Because the genes encoding these
chaperones and proteases are regulated by RpoH, their protein levels also increase upon RpoH
stabilization. When an excess of these proteins is produced, they will again bind and degrade
RpoH.

RpoH is also regulated at the level of activity, such that chaperone complexes bind and
sequester RpoH to prevent it from associating with RNA polymerase and its target promoters.
Heat shock regulation is similar in bacteria and eukaryotes in this respect, because chaperones
have been implicated in the activity of heat shock transcription factor 1 (HSF1) (262, 270, 325).

2

All RpoH proteins contain an “RpoH box,” a conserved stretch of 9 amino acids with the
sequence Q(R/K)(K/R)LFFNLR that is not conserved in other sigma factors (207, 209). DnaK
physically interacts with RpoH (99, 100, 174, 175) through a binding site that contains the RpoH
box (186, 205, 209). Dnal and GrpE function together with DnaK to stimulate binding and
release of RpoH, which affects activity, and presumably stability, of this transcription factor in
vivo (99, 100, 174, 175). Interestingly, a mutation in the RpoH box alters binding of RpoH to
RNA polymerase (153), which suggests that DnaK and RNA polymerase compete for the same
or overlapping binding sites. The GroEL-GroES chaperone machine has recently been shown to
negatively regulate activity of RpoH in vivo and to bind to RpoH in vitro (127). The authors

suggest that GroEL regulates activity first by binding to and sequestering RpoH and then

releasing the protein in an altered conformation that is unable to associate with RNA polymerase.

1.2.1.2 The E. coli RpoH regulon
Early studies identified RpoH gene targets by the analysis of individual proteins induced

upon heat shock, as determined by two-dimensional gel electrophoresis (172) or of mRNA
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species induced by heat shock, as determined by cDNA hybridization to membrane filters
containing a genomic library (43, 44). Three recent studies have sought to completely define the
RpoH regulon using global gene analyses with modern microarray technology. Two studies used
transcriptional profiling to monitor increases in global gene expression over time when
transcription of rpoH was induced under normal growth conditions (221, 323). The third study
employed chromatin precipitation in combination with microarray analysis (ChIP-chip) to
identify RpoH-dependent promoters under heat shock conditions (300). The advantage of the
transcriptional profiling experiments was that it enabled identification of expression of genes
within operons as being RpoH-dependent. Although ChIP-chip analysis would not necessarily
identify genes within an operon because RpoH appears to stochastically, yet rapidly, disassociate
from elongating RNA polymerase complexes (240), it eliminates the influence of indirect effects
that alter transcription by directly determining the location of bound RpoH. Together, these
studies have demonstrated that RpoH controls expression of more than just the classical heat
shock genes and impinges upon many different cellular processes beyond protein homeostasis.
The main findings of each study are discussed below.

Zhao et al. (323) first used global transcriptional profiling to monitor changes in
expression when rpoH was moderately induced from a multicopy plasmid under normal growth
conditions. Their strategy was to perturb RpoH levels without subjecting cells to heat stress
because the heat shock stimulon is controlled by a complex network of global regulators that
would also affect gene expression. They found that mRNA levels for RpoH-controlled genes
increased by 5 minutes after induction and declined about 10 minutes after induction. Most
known RpoH targets were identified in their analysis, including genes encoding the chaperone

machines GroEL-GroES and DnaK-DnalJ-GrpE and the proteases Lon and ClpB, although
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expression changes in some known targets, like rpoD, were below the arbitrary cutoff. Most of
the genes encoded proteins that could be classified as chaperones, proteases, or proteins involved
in adaptation to atypical conditions. They also identified a number of new targets not previously
identified as RpoH-controlled genes. Bioinformatic analysis was used to define an RpoH
consensus sequence: ggcTTGa-Nj;,0-cCCCAT, where lowercase letters are less highly
conserved. Finally, the authors compared the RpoH regulon to the heat shock stimulon to show
that RpoH controls expression of only a small fraction of the genes that are induced in response
to heat stress.

In the second study, Nonaka et al. (221) took a similar approach to the one above. After
microarray analysis, they confirmed targets and identified transcriptional start sites using 5’
RACE (rapid amplification of cDNA ends), which enabled inference of the -10 and -35 promoter
sequences for each putative RpoH target. In total, they identified 49 validated RpoH-controlled
promoters, and their results included 28 of the 32 promoters identified in the previous analysis.
From the validated promoters they determined an RpoH consensus promoter: TTGAAA-N.14-
CCCATAT. The targets identified in their analysis included many genes that encode the
classical HSPs and other proteins involved in protein homeostasis. Additionally, they identified
genes that encode proteins that maintain genomic integrity by protecting DNA and RNA or that
function as effectors of transcription or translation. RpoH was shown to act as a master regulator
by targeting transcription of several genes that encode transcription factors, some of which
respond to extracellular conditions. Finally, nearly 25% of validated RpoH genes encoded
proteins that participate in membrane homeostasis with roles in membrane protein quality
control, increasing fatty acid synthesis, altering transport properties, maintaining disulfide bond

formation and lipoprotein maturation, altering the composition of the lipid bilayer, and sensing
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environmental conditions through the membrane. Further validating the connection of RpoH to
membrane integrity, overproduction of 14 inner membrane proteins induced RpoH activity. The
function of RpoH in membrane homeostasis explains why transcription of the rpoH gene (71,
304) and RpoH protein stability (134, 288) are in part regulated by proteins associated with the
cytoplasmic membrane.

In the third study, Wade et al. (300) used ChIP-chip analysis to determine which
promoters are bound by RpoH during heat shock. Their conservative value of 87 RpoH-
dependent promoters (using a 1% false discovery rate) is much greater than the number of
promoters identified in the transcriptional profiling analyses. There is significant but not
complete overlap with the previous two studies: 29 of 32 from the first study (323) and 37 of 49
from the second study (221). To account for the great difference in total number of RpoH-
regulated promoters, the authors suggest that RNA polymerase is recruited to certain promoters
only after a transcriptional regulator is activated by heat shock (300). Therefore, this study may
have missed RpoH-dependent promoters that require the function of other transcription factors
induced by other conditions. A consensus binding sequence was also identified (CTTGAA-N;s.
15-CCATAT), which is similar to the previous two consensus sequences. The most intriguing
finding from this study is that 56% of RpoH-controlled promoters were also recognized by the
housekeeping sigma factor RpoD. In vitro transcription reactions suggest that these sigma
factors are capable of recognizing similar binding sites such that transcription occurred at the
same start site. The authors also showed that there is some overlap between RpoE- and RpoD-
controlled genes. Taken together, these results suggest that alternative sigma factors may have
evolved to augment transcription from RpoD-controlled promoters in response to different

growth conditions.
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1.2.2 RpoH regulons in other bacteria with a single rpoH gene

RpoH regulons have been defined in two additional bacterial species, the pathogens Vibrio
cholerae and Neisseria gonorrhoeae. The amino acid sequence of Vibrio cholerae RpoH is 70%
identical to E. coli RpoH (273), so it is not surprising that the proteins regulate similar sets of
stress response-related genes and recognize similar consensus binding sites (221, 300, 323).
Slamti et al. (273) identified 49 genes that were down-regulated in rpoH mutant versus wild-type
cells in response to heat shock, although only a third of these putative targets possessed a
putative RpoH consensus sequence in the promoter region. The majority of genes identified in
their analysis encodes proteins predicted to function in protein folding and degradation or
encodes conserved hypothetical proteins. However, many of the targets identified are unique to
the V. cholerae regulon, and some of these are predicted to play roles during pathogenesis. In
fact, the rpoH mutant was attenuated for growth in the intestines of suckling mice, suggesting
that the function of RpoH is important for infection.

The RpoH regulon was defined in N. gonorrhoeae by overexpressing the rpoH gene and
monitoring global changes in gene expression (128). Twelve genes were identified as up-
regulated upon rpoH overexpression, many of these encoding chaperones and proteases, and all
but three of these genes were shown to be induced by heat shock. The RpoH-regulated genes
represented less than half of the total number of heat-shock induced genes, demonstrating that
other mechanisms must contribute to the heat shock response. Although the RpoH regulon in N.
gonorrhoeae is much smaller than in E. coli, perhaps reflecting their relative genome sizes, there
was significant overlap between the two. Interestingly, two genes induced by adherence to
epithelial cells were shown to require RpoH for their expression but were not identified in the

microarray experiment discussed above (61). These genes are believed to encode proteins that
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function in pathogenesis, suggesting that RpoH has been co-opted by Neisseria to control some
virulence factors. Interestingly, the rpoH mutant was shown to be defective in the ability to
invade epithelial cells (62).

The above studies demonstrate that the stress response sigma factor RpoH is important
for certain pathogens to invade and survive within host cells. It will be interesting to see whether
the stress response function of RpoH is important for these effects or whether more of the

organism-specific genes encode virulence factors.

1.2.3 RpoH in the a-proteobacteria: multiple rpoH genes

The heat shock stimulon is controlled by at least two mechanisms in the a-proteobacteria: the
alternative sigma factor RpoH and HrcA/CIRCE. HrcA is a transcriptional repressor protein
(264), which binds to an inverted repeat DNA element called CIRCE (controlling inverted repeat
of chaperone expression) that is located between the promoter and the translational start site of
certain heat shock genes (326). RpoH function in a-proteobacteria has been studied primarily in
the plant pathogen Agrobacterium tumefaciens and the aquatic bacterium Caulobacter
crescentus, which maintain single copies of the rpoH gene (209, 311).

The A. tumefaciens rpoH mutant is moderately temperature sensitive compared to the E.
coli mutant (207); phenotypes of a C. crescentus rpoH mutant have not been reported. In
contrast to E. coli, the transient increase of RpoH levels in response to heat shock appears to be
regulated at the level of transcription rather than translation in the a-proteobacteria. The mRNA
regions suggested to participate in translational control are not conserved in A. tumefaciens

(209), and the rpoH genes in both A. tumefaciens and C. crescentus are autoregulated from
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RpoH-dependent promoters (244, 312, 321). Like in E. coli, RpoH induces transcription of the
dnaKJ and groESL operons, although HrcA/CIRCE plays a minor role in expression of groESL
(207, 244, 266). Also unlike in E. coli, the RpoH protein is stable during normal growth
conditions, and activation of RpoH, rather than increase in RpoH protein levels, is responsible
for increased transcription at heat shock promoters (47, 208). DnaK appears to play a role in this
activation, which parallels its interaction with RpoH in E. coli.

As indicated above, there are subtle differences in which RpoH levels and activity are
regulated in the a-proteobacteria compared to the model bacterium E. coli. However, one of the
most interesting differences is that several members of the a-proteobacteria maintain multiple
copies of genes that encode RpoH sigma factors. Why might bacteria require multiple copies of
rpoH? Possibly these genes encode factors that control similar regulons but are regulated
differentially such that they are induced by different environmental conditions. Alternatively,
the RpoH proteins could regulate different sets of genes and are perhaps specialized for different
stress responses. It should be noted that these possibilities are not mutually exclusive. Below |
review the characterization of multiple rpoH genes in the few organisms where they have been
studied, beginning with the root-nodulating rhizobia. Where possible, I have noted differences in

regulation, promoter specificity and gene targets.

1.2.3.1 Rhizobium species

Multiple rpoH genes have been found in all of the following root-nodulating members of
the a-proteobacteria whose genomes have been completely sequenced: Bradyrhizobium
japonicum (157, 213, 214), Mesorhizobium loti (156), Rhizobium etli (112), Rhizobium

leguminosarum bv. viceae (319), and S. meliloti (97, 226, 227). All of these species have two
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rpoH genes except B. japonicum, which has three. The numbering of the B. japonicum rpoH
genes differs from the other rhizobia, and rpoH; encodes a protein similar to the RpoH2 proteins
of other species, while rpoH; is more similar to other rpoH1 genes (121). Characterization of
multiple rhizobial rpoH genes has only been performed in B. japonicum and S. meliloti thus far.

B. japonicum, the nitrogen-fixing symbiont of soybean, maintains three rpoH genes that
are differentially regulated (213, 214) and that may recognize different subsets of stress response
promoters (212). rpoH; is located in a heat shock gene cluster that is transcribed as three
bicistronic operons (214) and is regulated by ¢’ and a unique DNA element called ROSE (for
repression of heat shock promoters), which may act as a binding cite for a repressor protein (211,
213). rpoH; is induced by heat shock. rpoH; is regulated by two promoters: a ¢’ promoter and
a heat-inducible RpoE promoter (213). rpoHs, is located in a cluster with genes that encode a
two-component regulatory system and a putative efflux pump (166, 213). Taken together, this
suggests that rpoH, functions under both normal and stress conditions and that rpoH; functions
during heat stress. The conditions during which rpoHs; functions are unknown.

All three genes are capable of initiating transcription of the groESL promoter in E. coli
(213). However, they differ in their abilities to complement the temperature-sensitive growth
phenotype of an E. coli rpoH mutant, with rpoH; being the most effective. Given that RpoH;
and RpoH, display subtle differences in their affinities for representative E. coli and B.
japonicum heat shock promoters in vivo and in vitro (212), the B. japonicum RpoHs likely have
overlapping regulons but may also regulate a set of genes unique to each factor. rpoHi, rpoHs,
and rpoH; rpoH; mutant strains were easily constructed, and the strains displayed essentially
wild-type phenotypes under the growth and symbiotic conditions tested (213). An rpoH; mutant

could not be constructed, suggesting that rpoH; is an essential gene in B. japonicum.
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S. meliloti maintains two copies of rpoH in its genome, both of which are located on the
chromosome (97, 226, 227). The predicted proteins are 42% identical to each other, and both
contain a conserved RpoH box (Fig. 3) (226, 227). Despite limited identity to E. coli RpoH
(36% for RpoH1 and 37% for RpoH2), both genes are able to complement the temperature-
sensitive phenotype of an rpoH mutant, although RpoH1 directs transcription from the E. coli
groESL promoter more effectively (227). Under free-living conditions, experiments using
transcriptional reporter fusions demonstrated that rpoH1 was strongly expressed during late log
and exponential phases of growth in rich medium and that rpoH2 was induced during late
stationary phase in minimal medium (226). During symbiosis, only rpoH1 was expressed within
nodules. Taken together, these results suggest that rpoH1 and rpoH2 are differentially regulated.
A recent study determined that rpoH2 is a member of the RpoE2 regulon, which is activated by

heat and salt stress and nutrient starvation (261). It is not known how rpoH1 is regulated.
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Figure 3. Alignment of E. coli and S. meliloti RpoH proteins.
The alignment was generated using the CLUSTAL V method (136) in the MegaAlign program
from LASERGENE (DNASTAR, Inc.). Residues in gray match the consensus sequence. The

RpoH box is indicated below a black line. Abbreviations are E. coli (Ec) and S. meliloti (Sm).
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In contrast to E. coli, the rpoH1 and rpoH2 single mutants and the rpoH1 rpoH2 double
mutant were easily constructed at normal temperatures, although strains containing an rpoH1
mutation display a slight growth defect (226, 227). During free-living growth, strains containing
an rpoH1 mutation are sensitive to various stress conditions including high temperature (226),
acid pH (227), detergents, hydrophobic dye and ethanol, suggesting inability to mount a proper
stress response and possible cell envelope defects. Synthesis of several, though not all, HSPs
was decreased in the rpoH1 mutant during heat shock, and synthesis of at least one additional
HSP was decreased in the rpoH1 rpoH2 double mutant (227). This suggests that RpoH1 and
RpoH2 have at least one common target under the conditions tested. Another study showed that
the RpoH1 regulon at least partially overlaps with the E. coli RpoH regulon because it controls
expression of clpB, groESL5, and lon, but not dnaK and clpA, during heat shock (196). They
used the clpB, groESL5, and lon promoters to determine a consensus promoter sequence for
RpoH1 (CNCTTGAA-N,;7-CCANAT). RpoH2 did not control the expression of any of these
genes under the conditions tested.

During symbiosis, the S. meliloti rpoH1 mutant forms nodules but is not able to fix
nitrogen (226, 227). Electron micrographs show that rpoH1 mutant cells senesce shortly after
infecting plant cells, indicating that the phenotype results from failure to survive during
symbiosis and is not a specific defect in nitrogen fixation (196). The rpoH2 mutant forms
effective nodules, but the rpoH1 rpoH2 double mutant is unable to form nodules on plants,
suggesting that the functions of RpoH1 and RpoH2 during symbiosis at least partially overlap

(227).
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1.2.3.2 Non-Rhizobium species

Two genes encoding RpoH sigma factors have been identified in the following non-root-
nodulating a-proteobacteria: Bartonella hensela (2), Bartonella quintana (2), Brucella melitensis
(56), Rhodobacter sphaeroides (121, 160, 181), Rhodospirillum rubrum (152), and Silicibacter
pomeroyi (198). However, the possible functions of these rpoH genes have not been extensively
studied outside of the root-nodulating bacteria, with the only exceptions being rpoH mutant
analysis in R. sphaeroides and B. melitensis.

R. sphaeroides is an aquatic bacterium that is capable of photosynthesis and nitrogen
fixation, among other metabolic activities. Both R. sphaeroides rpoH genes can complement an
E. coli rpoH mutant (121, 160). An R. sphaeroides rpoH; mutant is sensitive to the toxic
oxyanion tellurite but is not temperature sensitive, although the mutant exhibits slightly altered
induction kinetics of several HSPs (160). Both RpoH proteins are capable of recognizing an
overlapping but not identical subset of heat shock promoters in vitro, suggesting they might
recognize an overlapping set of promoters in vivo (121). The rpoH genes might be expressed in
response to different stresses, since rpoH); is regulated by RpoE but rpoH,; is not (5).

B. melitensis is an intracellular mammalian pathogen, which, much like root-nodulating
bacteria, is endocytosed by host cells where it likely persists within an acidic, membrane-bound
compartment derived from the host cell membrane (237). Both rpoH genes have been mutated
in Brucella melitensis 16M (55). An rpoH2 mutant is sensitive to heat, cold, and oxidative
stress. RpoH2 participates in the regulation of the type IV secretion system and the flagellum,
both virulence factors, and the rpoH2 mutant was impaired in all virulence models tested. The
rpoH1 mutant is impaired for survival in mice one month post-infection but behaves similarly to

the wild type under all other conditions tested. Interestingly, this study suggests that RpoH2 has
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been co-opted to regulate genes important for virulence that are not members of the model E.
coli RpoH regulon. Whether both the stress response function of RpoH and the virulence factors

it targets are important for infection remain to be seen.

There is no single unifying characteristic for the 11 species that maintain multiple rpoH
genes. Several are root-nodulating symbionts (Rhizobium species), while others are free-living,
nitrogen-fixing bacteria (R. sphaeroides, R. rubrum) or pathogens (Bartonella species, B.
melitensis). S. pomeroyi is an aquatic bacterium that neither interacts with a host nor fixes
nitrogen. In a phylogenetic analysis of RpoH proteins, all RpoHs from the o-proteobacteria
cluster together (121). RpoHI-like proteins mostly cluster together, as do the RpoH2-like
proteins (Fig. 4), suggesting that the rpoH gene was duplicated once in this lineage. Still, it is
not clear whether a second RpoH was recruited once in the a-proteobacterial lineage to direct
transcription of similar sets of genes in all of these bacteria or whether a second RpoH was
recruited to direct transcription of different sets of genes in different bacteria. However, given
that several of these bacterial species interact with eukaryotic hosts, an interesting possibility is
that these heat shock sigma factors have been co-opted to transcribe genes essential for their

complex lifestyles.
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Figure 4. Phylogenetic tree showing relationships between multiple RpoH proteins
in the a-proteobacteria.
E. coli RpoH was used as an outgroup. The sequence alignment was generated using the
CLUSTAL V method (136) in the MegaAlign program from LASERGENE (DNASTAR, Inc.),
and the phylogeny is rooted with the assumption of a biological clock. Abbreviations are B.
hensela (Bh), B. quintana (Bq), B. japonicum (B;j), B. melitensis (Bm), E. coli (Ec), M. loti (M),
R. etli (Re), R. leguminosarum (R1), R. sphaeroides (Rs), R. rubrum (Rr), S. pomeroyi (Sp), and
S. meliloti (Sm). The numbering of the three RpoH proteins in B. japonicum is inconsistent with
the numbering of the two RpoH proteins in the other species, such that Bj RpoH2 is most similar

to RpoH1 of other a-proteobacteria.
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1.3 THE CHAPERONIN GROEL

A key target of the RpoH sigma factor in E. coli is the gene that encodes the chaperonin GroEL
(167), which functions in protein folding. Protein folding is a complex problem for cells under
both stressed and non-stressed conditions. Many proteins do not fold spontaneously upon
synthesis, and proteins can become misfolded in response to environmental stress, like heat
shock. The exposed hydrophobic patches on misfolded proteins are prone to aggregation, which
is toxic to the cell. All organisms produce proteins, called molecular chaperones, which bind to
the hydrophobic patches on misfolded proteins to prevent aggregation and can assist proteins in
folding properly. The chaperonin GroEL with its co-chaperonin GroES comprise a barrel-
shaped molecular chaperone machine. In the following section I discuss the cellular functions of
the GroEL-GroES complex in the model organism E. coli. I then describe the regulation and

function of multiple groEL genes in Rhizobium species.

1.3.1 GroEL in the model organism Escherichia coli

The groE locus was originally identified in genetic screens for bacteriophage A-resistant mutants
in E. coli (105, 106, 276). It was shown that the groE mutants failed to properly assemble
bacteriophage A (90, 104, 105, 283) and T4 (90, 104, 246, 281) capsids and T35 tails (105, 327),
suggesting a link to macromolecular protein assembly. However, GroEL was subsequently
shown to interact with monomeric proteins (23, 111) and therefore likely assists the proper

folding of individual subunits of macromolecular complexes. The groEL gene was also
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identified, independently, as being up-regulated in response to heat shock (125), where its
protein product functions to prevent protein aggregation. The GroEL-GroES complex has now
been shown to be involved in the folding reactions of many cytosolic proteins (73, 142, 164).

In E. coli, the groEL gene is located in an operon with the gene encoding its co-
chaperonin, groES. The groESL operon is essential for growth at all temperatures in E. coli (75),
underlining its importance in protein folding. In the following sections I describe the
transcriptional regulation of the groESL operon and the folding functions of the GroEL-GroES

complex.

1.3.1.1 Operon regulation

In E. coli, the groESL operon is regulated from two promoters. Under normal growth
conditions and in response to temperature increases, the groESL operon is transcribed from an
RpoH-dependent promoter. At low temperatures (below 20°C), it is transcribed from a promoter
that is recognized by the housekeeping sigma factor, which presumably supplies a basal level of
transcription (324). In Gram-positive and some Gram-negative organisms, expression of groESL
is not regulated by RpoH. Rather, expression of groESL is negatively regulated by a DNA
element called CIRCE (326), which binds the HrcA repressor protein under non-stress conditions
(264).

Interestingly, the GroEL protein has been implicated in regulation of the groESL operon
through its interactions with RpoH and HrcA. In E. coli, GroEL binds and sequesters RpoH, and
it has been suggested that it may inactivate RpoH by altering its structure so that it cannot bind to
RNA polymerase (127). Therefore, RpoH would not be able to direct transcription of its target
genes, including groESL. In Bacillus subtilis, the HrcA repressor protein has been shown to be a

GroEL substrate, and GroEL enhances the ability of HrcA to bind the CIRCE element and thus
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repress expression of CIRCE-controlled genes (197). In this way, GroEL acts as a sensor for
misfolded proteins: when the amount of unfolded proteins increases, levels of GroEL protein
also increase because its interaction with unfolded proteins prevents it from repressing

transcription of the groESL operon.

1.3.1.2 Protein folding activity of the GroEL-GroES chaperone machine

The groES and groEL genes encode 10 kDa and 60 kDa proteins, respectively. The
GroES protein forms a seven-membered ring that acts as the cap on the GroEL-GroES complex
(Fig. 5a) (144). The GroEL complex consists of two stacked seven-membered rings, which form
a barrel-like structure (24, 25). GroEL subunits have three distinct domains (Fig. 5b). The
apical domain is located at the top of the structure, is loosely structured, and contains the
substrate and GroES binding sites. The non-polar amino acids on the apical surface (24, 25) bind
to unfolded proteins with exposed hydrophobic patches (74, 79). The flexible binding domain
might enable GroEL to bind to a wide range of substrates (39). The equatorial domain forms the
bulk of the protein, mediates contacts between the two heptameric rings, and contains an ATPase
active site (24, 25). The intermediate domain links the apical domain to the equatorial domain.
The complete, two-ringed complex contains two cavities separated by the GroEL equatorial
domains and their C-terminal tails, and each central cavity is ~45 A in diameter. Therefore, the
ability of GroEL to fold a particular substrate in part depends on the size of the substrate and

whether it can enter the central cavity.
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A. GroEL-GroES complex
GroES heptamer

GroEL heptarner5<

B. GroEL-GroES complex cross-section

Figure 5. The GroEL-GroES molecular chaperone machine.
(A) In the GroEL-GroES complex, two heptameric rings of GroEL (blue) associate with each
other and with a heptameric GroES (pink) cap. (B) The GroEL subunits are composed of three
domains: apical (blue), intermediate (green), and equatorial (purple). The GroES and substrate
binding sites are located in the apical domain, and the equatorial domain contains the ATPase

active site and makes contacts with the second GroEL ring.
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In the GroEL-GroES reaction cycle, the two GroEL rings work cooperatively such that
assembly of the GroEL-substrate-GroES complex in one half is coupled to disassembly in the
other half (Fig. 6). In a single reaction cycle, a non-native substrate will bind to hydrophobic
residues on the GroEL apical domains (74, 79), followed by cooperative binding of ATP to the
GroEL equatorial domains and GroES binding to the apical domains (22, 32, 120, 146), which
strongly inhibits ATP-binding in the second GroEL ring (32, 317, 318). To finish the cycle, ATP
is hydrolyzed, and the substrate and GroES cap are released as an unfolded substrate binds to the
other side of the GroEL barrel. ATP-binding repositions the GroEL apical domains so that the
GroES cap can bind, displacing the substrate to the center of the cavity (40, 253, 313). A second
structural consequence of ATP-binding is that the amino acids lining the cavity are shifted so

that hydrophilic residues are exposed on the surface.
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Unfolded protein " _
substrate Folded protein

substrate

Figure 6. The GroEL-GroES reaction cycle.

(A) Once ATP has been hydrolyzed to ADP in one GroEL ring, the second GroEL ring is
capable of binding an unfolded protein substrate. (B) ATP and GroES-binding to the second
GroEL ring is coupled to GroES, substrate, and ADP-release from the first ring. (C) Upon ATP
hydrolysis in the second GroEL ring, the first ring can bind an unfolded substrate. (D) ATP and
GroES-binding to the first GroEL ring is coupled to GroES, substrate, and ADP-release from the

second ring.
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Currently, it is not clear whether the GroEL-GroES complex actively participates in
protein folding or merely prevents protein aggregation by isolating a misfolded protein. In
models of active participation, GroEL could modify protein substrates by unfolding trapped
intermediates (177) or by accelerating the folding rate by lowering thermodynamic barriers
(178). In passive models, the formation of protein aggregates primarily inhibits protein folding,
and GroEL acts by preventing this aggregation (178). The active and passive models of GroEL-
mediated protein folding are not mutually exclusive. For example, it would be possible for
GroEL-GroES to actively assist certain misfolded proteins while simply preventing aggregation

of others.

1.3.1.3 Substrates and specificity

Molecular chaperones in bacteria have long been considered promiscuous proteins
because they bind and fold many different protein substrates. However, all chaperones do not
bind to all nascent or misfolded proteins. In E. coli, the GroEL-GroES and DnaK-Dnal-GrpE
chaperone machines perform overlapping roles in preventing protein aggregation (119).
However, only the GroEL-GroES complex is essential for growth (75), suggesting that this
complex recognizes and/or folds substrates that DnaK-DnaJ-GrpE cannot.

Several studies have sought to define the substrates of GroEL-GroES in E. coli in vivo
using proteomics approaches and have demonstrated that the complex associates with 10-15% of
cytosolic proteins under normal conditions and ~30% under heat shock conditions (73, 140, 142,
164). Three classes of chaperonin substrates have been identified: class I proteins interact with
GroEL-GroES complexes but fold independently, class II proteins display an intermediate
dependence on GroEL-GroES for folding, and class III proteins absolutely require GroEL-GroES

for folding (73, 164). Of approximately 250 GroEL-GroES-interacting proteins, about 85 are
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class III substrates, and 13 of these are essential proteins, which may explain the requirement for
GroEL-GroES during growth (164). The GroEL-GroES substrates are enriched for proteins that
contain several o3 domains, which contain hydrophobic 3 sheets and could expose substantial
hydrophobic patches during protein folding (141).

Because the GroEL-GroES complex is limited in the range of substrates it can
productively bind and fold, some studies have sought to manipulate substrate specificity. In one
study, researchers used directed evolution experiments to select for mutations in groESL that
resulted in GroEL-GroES proteins better able to fold an exogenous substrate, green fluorescent
protein (GFP) (303). The selected mutations altered the ATPase activity of the of the GroEL
protein and increased the polarity of the GroEL-GroES complex cavity. The authors
demonstrated a conflict between specificity and promiscuity, as the adapted complexes were less
effective at folding endogenous substrates.

In a separate study, researchers attempted to engineer GroEL protein with altered
substrate specificity by changing amino acids in the substrate-binding site (163). They showed
that mutations in the apical domain altered both substrate and GroES binding. Therefore, the
ability to modulate GroEL specificity through the apical domain is limited because the resulting
proteins are less functional during folding when interaction with the GroES co-factor is

disrupted.

1.3.1.4 Non-folding functions

Molecular chaperones like GroEL sometimes perform functions not specifically linked to
protein folding, such as binding to a mature protein to modulate its activity. One of the best-
characterized examples is the eukaryotic glucocorticoid receptor (GR), a transcription factor that

regulates transcription of its target genes once it is activated by glucocorticoid-binding. Folding
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of the nascent GR protein is assisted by the Hsp70 complex (274). After folding, the GR protein
has low affinity for glucocorticoid and is transferred from Hsp70 to Hsp90 (41, 217). It has been
suggested that GR binding to Hsp90 activates the receptor by opening its ligand-binding cleft
(122). In another eukaryotic example, activity of the heat shock transcription factor HSF1 is
negatively regulated by Hsp70 and Hsp90, which are thought to sequester the protein (262, 270,
325).

Non-folding functions of molecular chaperones have been less well characterized in
bacteria. In E. coli, the DnaK-DnaJ-GrpE chaperone machine has been shown to negatively
regulate the heat shock sigma factor RpoH by sequestering the protein (99, 100, 174, 175) and
altering its stability (277, 282, 284). Because RpoH levels are stabilized in dnaK, dnaJ, or grpE
mutant cells, DnaK-DnaJ-GrpE may also be involved in targeting the protein for degradation
(277, 282, 284). Additionally, chaperones have been demonstrated to alter the properties of
membranes or lipid bilayers through interactions with lipids rather than proteins (139). For
example, HSP17 in Synechocystis PCC 6803 has been shown to stabilize the lipid phase of
thylakoid membranes and thus participates in regulation of membrane fluidity (138, 290, 292).

GroEL has recently been shown to perform a non-folding function in E. coli by
sequestering RpoH (127). In addition to briefly sequestering the protein, it is thought that GroEL
might alter the conformation of RpoH so that it is unable to bind to RNA polymerase but is still
capable of being degraded. GroEL has also been shown to interact with membrane proteins in
what appear to be non-folding activities. For example, GroEL binds to and solubilizes
bacteriorhodopsin and A holin proteins to deliver them to lipid bilayers (52, 53). However, these
studies have not demonstrated that GroEL delivers the proteins to cytoplasmic membranes in

vivo. Intriguingly, a subset of the GroEL population has been shown to be associated with
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membranes in E. coli (218), which suggests that GroEL may interact with membrane proteins,
lipids, or both. One study demonstrated that E. coli GroEL can associate in vitro with model
lipid membranes to stabilize the lipid bilayer, suggesting that GroEL might perform a similar
function during heat stress in vivo (291).

Non-folding functions for GroEL have also been studied in bacterial pathogens, where it
appears that GroEL functions as an intercellular signaling molecule. GroEL proteins from
various pathogens have been shown to stimulate proinflammatory cytokine production by
immune cells (89, 229, 245). Although it is not known how GroEL is secreted, it has been
reported to be found on the cell surfaces of some bacteria (34, 91, 101, 102, 165, 265) and is

suggested to play a role in bacterial adhesion to (91) or invasion of (102) host cells.

1.3.2 Multiple groEL genes in Rhizobium species

Like E. coli, many bacteria maintain a single essential groESL operon. However, nearly
20% of sequenced bacterial genomes contain multiple copies of the operon or additional groEL
genes (114). Unlike multiple rpoH genes, which are restricted to several members of the o-
proteobacteria, bacteria that maintain multiple groEL genes are from many bacterial subdivisions
and include both Gram-positive and Gram-negative organisms. Much like E. coli, however, the
species that maintain multiple copies of groEL seem to require at least one groEL gene for
survival (170, 224, 252, 268). Why do bacteria maintain multiple copies of groEL? One
possibility is that the genes are regulated differentially, but the protein products perform similar
functions. Therefore, the bacteria could augment GroEL levels in response to different
environmental conditions. Differential regulation has been observed in several bacterial species
with multiple groEL genes (108, 161, 170). For example, three groEL genes in Chlamydiae
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trachomatis are differentially expressed at different stages during the bacterial infection cycle
(107).

A second possibility is that the encoded proteins perform different functions, either
through recognizing and folding different protein substrates or performing novel non-folding
functions. Bioinformatic analyses involving multiple GroEL proteins from many different
species suggest that the proteins have functionally diverged because they contain differences in
the domains of the protein that participate in substrate and GroES binding, ATP binding and
hydrolysis, or subunit interactions (118, 187). The substrates or functions of GroEL-GroES
complexes in bacteria with multiple groEL genes have not been fully determined for any species,
although some specific functions have been identified. For example, the non-essential GroEL1
protein, but not the essential GroEL2 protein, in Mycobacterium smegmatis is involved in
biofilm formation when it is required to associate with a component of the mycolic acid
biosynthesis pathway (224). In an extreme example of a protein tailored to a particular substrate,
bacteriophage T4 encodes a protein with little sequence similarity to GroES that can substitute
for the host GroES to allow folding of its major capsid protein by the host GroEL (11, 295).

All of the root-nodulating rhizobia whose genomes have been completely sequenced
maintain multiple copies of groESL, which suggests that the function of GroEL may be
important for their complex lifestyle, particularly the symbiotic associations they form with host
leguminous plants. The multiple groEL genes in these species encode similar proteins and likely
arose from a combination of gene duplications, speciation, and horizontal gene transfer events
(Fig. 7) (114, 118). In the following section, I review the current knowledge of multiple groEL
genes in the three Rhizobium species (B. japonicum, R. leguminosarum, and S. meliloti) where

they have been studied. Where possible, I discuss regulation, functional differences, and
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connections to symbiosis. Multiple groEL copies are also found in Rhizobium etli (four groESL
operons) (112) and Mesorhizobium loti (five groESL operons) (156), but the multiple groEL

genes have not been studied in these bacteria.
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Figure 7. Cladogram showing relationships between rhizobial GroEL proteins.
Mycobacterium tuberculosis GroEL was used as an outgroup. The sequence alignment was
generated by Clustal W, with analysis from segboot and protpars in the phylip program package.

From Gould, P. S. et al. (2007) Cell Stress & Chaperones. 12: 123-31.
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1.3.2.1 Bradyrhizobium japonicum

The genome of B. japonicum contains five groESL operons (83), and two single groEL
genes (157). Some of these genes are differentially regulated. At least two operons are induced
by heat shock (10, 83): groESL; is expressed from an RpoH-dependent promoter, and groESL, is
negatively regulated by a CIRCE element. In contrast, groESL; is regulated with nitrogen
fixation genes by the NifA regulatory protein from an RpoN (c>*)-dependent promoter (83).

The regulation of groESL; by NifA suggests that GroEL might be important for
symbiosis. It was also shown that symbiotic bacteroids contained seven times the amount of
GroEL protein found in free-living cells (42). However, when the groEL genes of the five
groESL operons were mutated, none of the single mutants displayed a symbiotic phenotype (83),
and only the groEL, mutant displayed a temperature sensitive growth phenotype. Several double
mutant strains were created and tested for symbiotic phenotypes, and a groELs; groEL, mutant is
unable to fix nitrogen during symbiosis (84). The effect of these mutations was to decrease the
levels of nitrogenase proteins in bacteroids and anaerobically growing cells, which corresponds
nicely to NifA regulation of groESL3. The groELs; groEL, mutant was complemented by
expression of all of the groESL operons, suggesting that each can function in place of groEL;
and groEL, to allow production of nitrogenase. As further evidence of functional equivalence,
all five groESL operons are able to partially complement the growth defect of an E. coli groESL

mutant.

1.3.2.2 Rhizobium leguminosarum
R. leguminosarum bv. viciae was sequenced and shown to have three copies of the
groESL operon and a single groEL gene (319). However, all of the GroEL (Cpn60) studies in
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this organism have been performed in the R. leguminosarum strain A34, which has three groESL
operons (302). Several studies have shown that these operons are differentially regulated.
Expression of cpn.1 (or groEL1) is heat inducible and negatively regulated by a CIRCE element
(115, 252), which corresponds to an increase of the Cpn60.1 (or GroEL1) protein upon heat
shock (302). Expression of cpn.2 is also heat inducible but positively regulated by RpoH (115,
252). cpn.3 is weakly expressed and is only detectable in anaerobically grown cells (252).
Expression of cpn.3 is not detected in a nifA mutant, suggesting that it is regulated with nitrogen
fixation genes.

The cpn.1l gene is essential for growth, but the cpn.2 and cpn.3 single mutants and the
cpn.2 cpn.3 double mutant can be constructed (252). However, no growth or symbiotic
phenotypes were observed for any of the mutants. All three genes are expressed in bacteroids,
with Cpn60.1 comprising the dominant Cpn60 protein detected. Regulation of cpn.3 with
nitrogen fixation genes suggested a possible role during symbiosis, but the Cpn60.3 protein
could not be detected in bacteroids.

Purified Cpn60 proteins display different biochemical properties in vitro (103). For
example, the proteins display different stabilities in response to increasing temperature. Each is
less stable than E. coli GroEL, which could reflect the differences in optimal growth temperature
between the two organisms (37°C for E. coli and 28°C for R. leguminosarum). However, the
stability transitions occur at temperatures well above the optimal growth temperatures of these
organisms. All three Cpn60 proteins are able to interact with a denatured GroES-independent
substrate, LDH (bovine lactate dehydrogenase), but Cpn60.3 is the least effective at refolding
denatured LDH. Although the Cpn60 proteins demonstrate different properties in vitro, their

functions in vivo could still be similar. A separate study sought to determine whether the groEL
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genes encoded functionally equivalent proteins in vivo (114). The strategy was to replace the
essential cpn.1l gene with expression from the cpn.2 or cpn.3 genes. cpn.2 is not well-expressed
under any of the conditions tried, so its inability to function in place of cpn.1 might be due to
protein level. Expression of cpn.3 enables creation of a cpn.1 mutant strain only when Cpn60.3
is produced at levels 4 times greater than the level of endogenous Cpn60.1, and this mutant strain
is temperature sensitive. This indicates that Cpn60.3 can perform some of the same functions of
Cpn60.1, although not as effectively. Nitrogenase activity is reduced in bacteroids that lack
Cpn60.3, but this cannot be the only activity of which it is capable, given it can partially function
for Cpn60.1. Although this study suggests that these proteins are specialized for different

functions in vivo, the precise identity of different substrates or functions remains elusive.

1.3.2.3 Sinorhizobium meliloti

S. meliloti maintains five groEL loci in the genome: groESL1 and groEL4 are located on
the chromosome, groESL2 and groESL3 are located on the pSyma megaplasmid, and groESLS5 is
located on the pSymb megaplasmid (groES5 is not annotated) (97). The proteins encoded by the
groEL genes are very similar (Fig. 8). GroEL1 is 99% identical to GroEL2, with only a single
amino acid different between the two (serine to threonine substitution near the N-terminus)
(Table 1). The most divergent GroEL is GroEL3, at 72-74% identity to the other GroEL

proteins.
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Figure 8. Alignment of E. coli and S. meliloti GroEL proteins.
The alignment was generated using the CLUSTAL V method (136) in the MegaAlign program
from LASERGENE (DNASTAR, Inc.). Residues in gray match the consensus sequence.
Domains of the GroEL protein are indicated as follows: apical domain (blue line), intermediate
domain (green line), and equatorial domain (purple line). Abbreviations are E. coli (Ec) and S.

meliloti (Sm).
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Table 1. Pairwise identity between GroEL proteins in S. meliloti.

GroEL2 GroEL3 GroEL4 GroELS

GroEL1 99 74 79 82
GroEL2 74 79 82
GroEL3 72 74
GroEL4 88
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Some of the groEL genes are differentially regulated. Experiments using transcriptional
reporter fusions demonstrated that groESL1 is more highly expressed than groESL2 during free-
living growth (222). Expression of both operons appears to be repressed by the groEL1 gene
product. Transcription of groESL1 and groESLS is induced upon heat shock, although the
mechanism of induction differs between the two (196). Induction of groESL5 is RpoHI-
dependent, and groESL1 might be controlled by the putative CIRCE sequence located upstream
of the open reading frame. Although groESL2 also has a putative CIRCE element, its expression
is not induced by heat shock. Expression levels during symbiosis have only been determined for
groESL1 and groESL2, where groESL1 is more highly expressed than groESL2 (222). However,
expression of each of the grok loci within nodules on a variety of hosts has been detected in one
or more of the global transcript or protein analyses (4, 16, 18, 58, 59, 215). Unfortunately, these
analyses do not enable direct comparison of expression levels from the groEL genes.

The groEL1 locus was originally identified in a genetic screen for reduced nod gene
expression (223). The nod genes encode enzymes that produce Nod factor, which elicits nodule
formation during symbiosis. The genes are controlled by several related transcription factors
(NodD1, NodD2, and NodD3), some of which require plant inducers for activity. In cell free
extracts, binding of NodD1 to the nodA promoter is reduced in a groEL1 mutant, suggesting that
groEL1 is specifically involved in this activity. In vitro analysis showed that preincubation of
NodD3 with GroEL-GroES enhanced DNA binding, while the DNA-binding activity of NodD1
required both the plant flavonoid Iuteolin and GroEL-GroES (316). In addition, GroEL
copurifies with NodD1 and NodD3, although the identity of the GroEL protein was not
determined (223, 316). Taken together, these results suggest that GroEL affects nod gene

expression through physical interactions with the NodD transcription factors during symbiosis.
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Additionally, the groEL1 locus was identified in a screen for genes required for the production of
N-acyl homoserine lactones used in quorum sensing (183). The authors suggest that deficiency
in N-acyl homoserine lactone production may be due to interaction of GroEL-GroES with the
TraR regulator, much like the interaction suggested for the NodD transcriptional activators.
Given its role in nod gene expression, it is not surprising that the groEL1 mutant displays
symbiotic phenotypes (223). This mutant is delayed in nodule formation and cannot fix nitrogen
during symbiosis. Nitrogen fixation genes are expressed in the groEL1 mutant, but possible
posttranslational effects on nitrogenase proteins have not been explored. A groEL1 mutant also
displays a subtle growth phenotype under normal growth conditions. All single groEL mutants
have been constructed (20, 196, 222, 223), but groEL1 is the only mutant with an altered
phenotype under any of the conditions tested. However, expression of groESL2 from a
multicopy plasmid was able to complement a groEL1 mutation during symbiosis, suggesting that
the virtually identical proteins encoded by these genes could be functionally equivalent (223).
Differences in groEL1 and groEL2 mutant phenotypes likely result from differences in gene
expression levels. A groEL1 groEL2 double mutant cannot be constructed, which provides

further evidence that the encoded proteins have overlapping roles that are essential to cell

survival (222).

1.4  WHY DOES SINORHIZOBIUM MELILOTI MAINTAIN MULTIPLE COPIES OF

RPOH AND GROEL GENES?

Many bacterial species (20% of sequenced genomes) maintain multiple copies of genes that

encode the chaperonin GroEL, but only a few members of the a-proteobacteria maintain
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multiple copies of genes that encode the stress response sigma factor RpoH. Why do bacteria
have multiple copies of these genes? Possibly the genes are differentially regulated but encode
proteins that perform similar functions, which would allow bacteria to modulate their expression
levels in response to different stimuli. Alternatively, the genes could encode proteins that have
different functions. For multiple RpoH proteins, this would involve regulating the transcription
of different sets of genes. Multiple GroEL proteins could fold different substrates or perform
different non-folding functions. Differential regulation and different function are not mutually
exclusive, and there is evidence for both in different bacterial systems.

Intriguingly, all of the root-nodulating Rhizobium species whose genomes have been
completely sequenced maintain multiple copies of rpoH and groEL genes. Their copies show
evidence of differential regulation and different function, as suggested above. However, the
Rhizobium species are particularly interesting because of their complex lifestyles: they exist as
either free-living bacteria or in symbiosis with plant hosts. Because these nitrogen-fixing
symbionts have multiple copies, it is possible that rpoH and groEL genes play important roles in
symbiosis. Why might multiple copies of stress response genes be important for symbiosis?
First, the bacteria are exposed to oxidative and pH stresses, at a minimum, during symbiosis, and
stress response proteins might be required to withstand and to repair cellular damage. Second,
multiple stress response genes might be required for production of new proteins during
symbiosis. Initiation, infection, and bacteroid development almost certainly require the synthesis
of many proteins that are not present during free-living growth. Third, these multiple stress
response genes might be required for symbiosis-specific functions. While the RpoH regulons in
several pathogens overlap with the E. coli RpoH regulon, they also include targets not found in

E. coli, some of which might be involved in pathogenesis (55, 128, 273). Multiple groEL genes
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might also be specialized to fold symbiosis-specific substrates, such as the proteins that form the
nitrogenase complex. For example, GroEL has been implicated in the regulation of nif gene
transcription and in activating nitrogenase subunits posttranslationally (84, 116, 117).

I am studying multiple rpoH and groEL genes in the model symbiont S. meliloti.
Previous studies have demonstrated that some of these genes are regulated differentially (196,
222, 226, 261), have overlapping functions (222, 227), or are required for successful symbiosis
(223, 226, 227). The goal of this thesis was to further characterize the functions of multiple
rpoH and groEL genes in S. meliloti. In Chapter 2, I tested the hypothesis that the rpoH genes
are required during symbiosis simply to maintain sufficient levels of GroEL, a key target of
RpoH in E. coli. I show that this hypothesis is not correct, and that other targets must be
required. To identify these targets, in Chapter 3 and Appendices A and B I describe microarray
experiments to determine the RpoH1 and RpoH2 regulons during stationary phase and heat
shock and under conditions where the rpoH genes are overexpressed. In Chapter 4, I performed
a genetic analysis of multiple groEL mutants to uncover possible functional redundancies. I
show that either groEL1 or groEL2 is essential to cell survival, but only groEL1 is necessary and

sufficient for symbiosis.
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20 MULTIPLE GROESL OPERONS ARE NOT KEY TARGETS OF RPOH1 AND

RPOH2 IN SINORHIZOBIUM MELILOTI

This chapter is adapted from previously published material in Journal of Bacteriology, Volume
188, Number 10, pages 3507-3515. 1t is reproduced here with permission from the American
Society for Microbiology Journals Division. © Copyright 2006 by the American Society for

Microbiology.

21  ABSTRACT

Among the Rhizobia that establish nitrogen-fixing nodules on the roots of host plants, many
contain multiple copies of genes encoding the sigma factor RpoH and the chaperone GroEL-
GroES. In Sinorhizobium meliloti there are two rpoH genes, four groESL operons, and one
groEL gene. rpoH1 mutants are defective for growth at high temperature and form ineffective
nodules, rpoH1 rpoH2 double mutants are unable to form nodules, and groEL1 mutants form
ineffective nodules. To explore the roles of RpoH1 and RpoH2, mutants that suppress both the
growth and nodulation defects were identified. These mutants do not suppress the nitrogen
fixation defect. This implies that the functions of RpoH1 during growth and RpoH1/RpoH2

during the initiation of symbiosis are similar but that there is a different function of RpoH1
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needed later during symbiosis. I showed that, unlike in E. coli, overexpression of groESL is not
sufficient to bypass any of the RpoH defects. Under free-living conditions I determined that
RpoH2 does not control expression of the groEL genes, and RpoH1 only controls expression of
groELS, which is not required for symbiosis. Taken together, these results suggest that GroEL-
GroES production alone cannot explain the requirements for RpoH1 and RpoH2 in S. meliloti

and that there must be other crucial targets.

2.2 INTRODUCTION

Sinorhizobium meliloti can be found as a free-living bacterium residing in the soil or as a
nitrogen-fixing symbiont residing in nodules on the roots of leguminous host plants, such as
alfalfa. The S. meliloti genome contains 14 genes for sigma factors (97), which are subunits of
RNA polymerase that direct transcription initiation by recognizing promoters. Two of these
genes, rpoH1 and rpoH2, encode members of the RpoH family of secondary sigma factors.
RpoH (%) was originally identified in E. coli as a sigma factor that responds to heat shock. In
response to a sudden increase in temperature or other stresses, the levels of RpoH rise
transiently, inducing transcription of a subset of genes encoding heat shock proteins (HSPs).
HSPs include chaperones involved in protein folding, such as GroEL-GroES and DnaK-Dnal-
GrpE, and proteases, such as FtsH and Lon (321). Although RpoH and the HSPs were identified
as part of the heat shock response, these proteins are present at low temperature and play
important roles in cellular processes under non-stress conditions, such that the rpoH gene in E.
coli is essential above 20°C (324). The requirement for RpoH in E. coli can largely be explained

as a requirement for expression of the groESL operon because overexpression of groESL is
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sufficient to suppress the temperature sensitive growth defect of the rpoH mutant from 20-40 °C
(167).

Although the E. coli genome only contains one rpoH gene and one groESL operon, other
bacterial genomes contain multiple copies of these genes. In particular, many Rhizobium species
have multiple rpoH and groESL genes, and mutations in some of them result in symbiotic
defects. In S. meliloti, in addition to two rpoH genes (226, 227), there are four groESL operons

(97, 223, 225, 256) and one single groEL gene (35). rpoH1 and groEL1 mutants are unable to

fix nitrogen (Fix') (223, 226, 227), and rpoH1 rpoH2 double mutants are unable to form nodules

(Nod)) (227). In Bradyrhizobium japonicum, there are three rpoH genes (213, 214), five groESL

operons (83), and two single groEL genes (157). groESLj; is regulated with nitrogen fixation
genes (83), and a groESL; groESL, double mutant is unable to fix nitrogen (84). Rhizobium sp.
strain TAL1145 has at least one rpoH gene, and the rpoH mutant exhibits reduced nodulation,
resulting in stunted plant growth (162). Rhizobium leguminosarum has at least three groESL
operons (252, 302), and Mesorhizobium loti has two rpoH genes and five groESL operons (156,
162).  Interestingly, the genome of the closely related plant pathogen Agrobacterium
tumefaciens, also a member of the Rhizobiaceae, only contains single copies of these genes
(310). The reason for multiple rpoH and groESL genes in these plant endosymbionts is unclear.
Are the genes regulated differentially but encode proteins with similar functions, or do they
encode proteins with specialized functions?

The rpoH genes in S. meliloti were identified as members of the rpoH family by sequence
analysis and by the ability to complement an E. coli rpoH mutation (226, 227). Under free-
living conditions, rpoH1 mutants exhibit a slight growth defect at the optimum growth

temperature (30°C) and a severe defect at higher temperatures (226). During symbiosis, rpoH1
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mutant cells invade the nodule and differentiate into bacteroids but undergo early senescence
(196), resulting in a Fix phenotype (226, 227). rpoH2 mutants have no discernable phenotype

under free-living or symbiotic conditions (226, 227). However, Ono et al. (227) discovered that
an rpoH1 rpoH2 double mutant is unable to form nodules.

Transcriptional reporter fusions to rpoH1 and rpoH2 have shown that rpoH1 is
transcribed during stationary phase in LB rich medium and M9 minimal medium and that rpoH2
is transcribed during stationary phase only in M9 medium. During symbiosis, rpoH1 is strongly
expressed throughout the nodule whereas rpoH2 is not expressed in the nodule except for low
levels at the tip and variable punctate spots at other locations (226). The phenotypes and
expression data suggest that rpoH1 and rpoH2 have distinct but overlapping functions.

The presence of a family of 4-5 groEL genes in S. meliloti was initially discovered by
Southern blot analysis (256). Additional work by other groups and subsequent sequencing of the
S. meliloti genome has led to a final count of four groESL operons and one groEL gene (35, 97,
223, 225, 256). The names of the groE genes used in this paper are those given in the genome
annotation, although groeS5 was not annotated (97).

A connection between GroEL-GroES and symbiosis was uncovered when groEL1 was
identified in a genetic screen for S. meliloti genes required for full induction of nod genes, which
are required for formation of a bacterial signal that initiates nodule formation by host plants
(223). The groEL1 mutation affects the activities of several related transcription factors
(NodD1, NodD3, and SyrM) that activate expression of nod genes, and GroEL copurifies with
NodD1 and NodD3 (86, 223). In vitro work has demonstrated that the NodD proteins are
substrates for GroEL-GroES, resulting in modulation of the DNA binding activity (316).

groEL1, groEL2, and groESL5 mutants have been studied. groEL1 mutants have a slight growth
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defect, are delayed for nodulation, and form Fix nodules (223). A groEL2 mutant displays

neither a growth nor a symbiotic defect, but the groEL1 groEL2 double mutant is not viable
(222).  The gQroESL5 mutant has no symbiotic defect (196).  GroEL1/GroES1 and
GroEL2/GroES2 are the most similar to each other (99% identical for GroEL and 97% identical
for GroES), whereas GroEL3/GroES3 are the most dissimilar from any other S. meliloti
homologs (72-74% identical for GroEL and 75-78% identical for GroES).

Mitsui et al. (196) tested whether RpoH1 or RpoH2 controls expression of the groESL
genes in S. meliloti during heat shock. groESL5 was the only groESL operon whose
transcription was controlled by RpoH1, and none of the genes were controlled by RpoH2.
However, this work did not explore regulation during stationary phase and within the nodule,
other conditions where the rpoH1 and rpoH2 genes are known to be expressed (226).

Given that groESL is a crucial target of RpoH in E. coli and that groEL1, rpoH1, and
rpoH1 rpoH2 S. meliloti mutants have symbiotic phenotypes, I hypothesized that groESL might
also be a key target of RpoH in S. meliloti. However, I used suppressor mutant analysis and
overexpression experiments to demonstrate that the relationships between RpoH and GroEL-
GroES are different in the two organisms. Specifically, my results suggest that GroEL-GroES
production is not sufficient to bypass the requirements for RpoH1 or RpoH1/RpoH2 during
growth and symbiosis and that there must be other crucial targets. In addition, I showed that
only groESL5 is controlled by RpoH1 during free-living growth and stationary phase at 30°C,

which agrees with results obtained by Mitsui et al. during growth and heat shock (196).
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23  MATERIALS AND METHODS

2.3.1 Strains, plasmids, and growth conditions

Bacterial strains and plasmids used in this work are listed in Table 2. Bacterial cultures were
grown in LB medium, LB/MC medium (109), or M9 minimal medium containing 0.2% sucrose,
0.5 pg biotin ml™', 1 mM MgSOs, and 0.25 mM CaCl,. Antibiotics were added to the media as
follows: 100 pg ampicillin ml™, 25 pg gentamicin ml”, 5-50 pg hygromycin ml”, 25 pg
kanamycin ml™, 50/200 pg neomycin ml™”, 50/200 pg spectinomycin ml™”, 500 pg streptomycin
ml”, and 2/10 pg tetracycline ml™'. S. meliloti cells were grown at 30°C unless otherwise
indicated. Plasmids were introduced into S. meliloti cells by triparental conjugation (109).
Chromosomally located constructs were moved between S. meliloti strains by generalized
transduction using N3 phage (184). Although the rpoH2::aacC1 containing strain BY294 (227)
was constructed in the Rm1021 background, I transferred the mutation by transduction into our

laboratory Rm1021 strain, creating AB3, to ensure isogenicity.
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Table 2. Strains used in Chapter 2

Strain | Relevant characteristics Reference
AB3 rpoH?2::aacCl (20)
AB4 Wild type/pAB1 (Pjac-groESL1) (20)
AB9 rpoH1::aadA rpoH2::aacCl (20)
ABI16 Wild type/pAB2 (Pjac-groESL3) (20)
AB35 rpoH1::aadA rpoH2::pVO101 NDS-3 (20)
AB36 rpoH1::aadA rpoH2::.pVO101 NDS-4 (20)
AB37 rpoH1::aadA rpoH2::.pVO101 NDS-5 (20)
AB38 rpoH1::aadA rpoH2::pVO101 NDS-6 (20)
AB39 rpoH1::aadA rpoH2::.pVO101 NDS-7 (20)
AB40 rpoH1::aadA rpoH2::pVO101 NDS-8 (20)
AB41 rpoH1::aadA rpoH2::.pVO101 NDS-9 (20)
AB42 rpoH1::aadA rpoH2::.pVO101 NDS-10 (20)
AB43 rpoH1::aadA rpoH2::pVO101 NDS-11 (20)
AB44 rpoH1::aadA rpoH2::pVO101 NDS-12 (20)
AB92 Wild type/pAB7 (Pup-groESL1) (20)
AB103 | Wild type/pAB8 (Pp-groESL3) (20)
AB129 | groEL2::pAB10 (groEL2-gfp-gus (20)
transcriptional fusion, groEL2 not disrupted)
AB140 | groEL1::pABI11 (groEL1-gfp-gus (20)
transcriptional fusion, groEL1 not disrupted)
AB145 | groEL3::pAB12 (groEL3-gfp-gus (20)
transcriptional fusion, groEL3 not disrupted)
AB147 | groEL4::pAB13 (groEL4-gfp-gus (20)
transcriptional fusion, groEL4 not disrupted)
AB150 | groEL5::pAB14 (groEL5-gfp-gus (20)
transcriptional fusion, groEL5 not disrupted)
B4T1 groEL1::Tn5 (223)
BY249 | rpoH2::aacCl (227)
Rm1021 | Wild type (188)
V02148 | rpoH2::pVO101 (rpoH2 disruption) (226)
V03128 | rpoH1::aadA (226)
V03148 | rpoH1::aadA rpoH2::pVO101 (20)
V03149 | rpoH1::aadA rpoH2::pVO101 (20)
V03150 | rpoH1::aadA rpoH2::pVO101 NDS-1 (20)
VO3151 | rpoH1::aadA rpoH2::pVO101 NDS-2 (20)
V03165 | rpoH1::aadA GDS-1 (20)
V03166 | rpoH1::aadA rpoH2::pVO101 GDS-2 (20)
V03170 | rpoH1::aadA rpoH2::pVO101 GDS-1 (20)
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2.3.2 Plant assays

Alfalfa plants (Medicago sativa GT13R plus) were grown on nitrogen free BNM medium and
inoculated with S. meliloti cells as previously described (225). Plant height, leaf color, and
nodule color were scored at six weeks post inoculation to determine the status of nitrogen
fixation. Inoculation with Fix' bacteria results in tall, green plants with pink nodules.
Inoculation with Fix™ bacteria results in stunted, chlorotic plants with white nodules. Bacteria
were isolated from nodules by surface sterilizing nodules in 20% Clorox bleach for 5 minutes,
washing two times with water and one time with LB medium, crushing with forceps, and then

streaking on LB medium.

2.3.3 Western blot analysis

To obtain samples for western blot analysis, cells were grown overnight at 30°C in LB/MC
medium with streptomycin, diluted to ODsos of 0.1, grown to mid log phase (0.6 < ODsgs < 0.8),
harvested, and stored at -80°C. Cells were resuspended in 1X phosphate-buffered saline at 0.1
ml per ODsos unit. The cells were disrupted by sonication, and the resulting extracts were
combined with 2X Laemmli sample buffer. Equal volumes of extract were separated by SDS-
PAGE and transferred to nitrocellulose. Blots were probed with rabbit polyclonal antibodies to
the E. coli proteins at the following dilutions: anti-GroEL (Stressgen) at 1: 5000, anti-DnaK (gift
from J. Brodsky) at 1:5000 or anti-DnaK (Upstate Biotechnology) at 1:2500, and anti-Dnal
(Stressgen) at 1:1250. Blots were then probed with a 1:15000 dilution of anti-rabbit horseradish
peroxidase-conjugated secondary antibody (Amersham), developed with enhanced

chemiluminescence reagents (Pierce), and imaged using a Fujifilm LAS-3000 imaging system.
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To quantify relative protein levels, band density was determined by ImageGauge
software (Fuji). Protein concentration of cell lysates was determined by BCA protein assay

(Pierce), and band intensities were then normalized to protein concentration.

2.3.4 Statistical analysis

Significance of differences in bacterial growth levels and protein levels was determined by using
both the Student’s t-test and the Wilcoxon rank sum test, which does not assume a normal
distribution. Although the P values varied, differences were significant with both tests unless

otherwise noted.

2.3.5 Construction of plasmids for overexpression of groESL1 and groESL3

To place groESL1 under the control of the E. coli lac promoter, a 2.1 kb DNA fragment that
extends from 68 bp upstream of the groES1 start codon to 30 bp downstream of the groEL1 stop
codon was amplified using primers that generate Apa I and Xba I restriction sites. The fragment
was inserted into Apa [-Spe I digested pMB403 (14), a broad-host-range vector that contains the
lac promoter, creating pAB1 (Pjac-groESL1). To place groESL3 under the control of the lac
promoter, a 2.2 kb fragment that extends from 78 bp upstream of the groeS3 start codon to 85 bp
downstream of the groEL3 stop codon was amplified with primers generating Apa I and Xba I
restriction sites. The fragment was inserted into Apa I-Spe I digested pMB403, creating pAB2
(Pjac-groESL3).

To place groESL1 and groESL3 under the control of the S. typhimurium trp promoter, the

lac promoter was removed from pABI and pAB2 and replaced with a fragment containing 141
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bp of S. typhimurium DNA containing the trp promoter. First, a 220 bp Eco RV-Acc 65I
fragment containing Py, was isolated from pVO131. To delete the lac promoter, pAB1 and
pAB2 were digested with Nsi I, blunted with T4 DNA polymerase, and digested with Acc 651.
The Py, fragment was then inserted into pAB1 to create pAB7 (Pyp-groESL1) and into pAB2 to
create pABS8 (Pyp-groESL3).

To confirm that expression of the groESL1 operon from pAB1 was due to the lac
promoter and that the groESL1 fragment lacked its native promoter, the fragment was cut from
pABI1 using Kpn I and Xba I and inserted into Kpn I/Xba I-digested pAB3 to create pAB6.
pAB3 is a derivative of pMB393 (14) that lacks the lac promoter and contains the trp terminator
to prevent transcription through the polylinker. Therefore, the groESL1 fragment in pAB6
should be promoter-less if the native promoter is absent.

The expression plasmids were introduced into wild type (Rm1021), groEL1::Tn5 (B4T1),
ropoH1::aadA (VO3128), and rpoH1l::aadA rpoH2::pVO101 (VO3148) by triparental

conjugation.

2.3.6 Construction of groEL-gus fusions

The groEL-gus fusions were constructed using recombinational cloning as described in House et
al. (143). This method is a modification of Invitrogen’s Gateway Technology, such that transfer
of DNA from an entry vector to a destination vector by the A recombination system is performed
in vivo via a pentaparental mating. In brief, each groEL ORF was transferred from an entry
vector (pESmc00913, pESma0744, pESma0124, pESmc01758, and pESmb21566) (263) to the
destination vector pMK2030 (B.K. Schroeder, B.L. House, M.W. Mortimer, and M.L. Kahn,
unpublished data) during a pentaparental mating using the helper plasmid pRK2013 (81) and the
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A integrase- and excisionase-expressing plasmid pXINT129 (236). This destination vector is a
suicide vector that contains attR recombination sites upstream of promoterless gfp and gus genes
to allow the formation of transcriptional fusions. Each groEL-gfp-gus containing plasmid was
moved into Rm1021 by triparental mating and integrated at the respective groEL gene by single
reciprocal recombination, resulting in a Pgroe-groES-groEL-gfp-gus construct. The resulting
strains AB140 (groESL1-gfp-gus), AB129 (groESL2-gfp-gus), AB145 (groESL3-gfp-gus),
AB147 (groEL4-gfp-gus), and AB150 (groESL5-gfp-gus) were confirmed by Southern analysis.
The fusions were transferred into rpoH1::aadA (VO3128), rpoH2::aacCl (AB3), and

rpoH1::aadA rpoH2::aacCl (AB9) mutant backgrounds by transduction.

2.3.7 Assay of B-glucuronidase activity

Cells were collected for B-glucuronidase assays at the indicated times and frozen at —80 °C until
assayed for activity. The cells were permeabilized with lysozyme (200 pug ml”, 37 °C for 10
minutes), and B-glucuronidase activity was assayed using p-nitrophenyl-B-D-glucuronide as

described previously (151). GUS activity is expressed in (nmol min™' per ODsos unit) x 1000.

24  RESULTS

2.4.1 Suppression of the rpoH1 and rpoH1 rpoH2 mutant defects

The rpoH1 rpoH2 double mutant RmHM9 was reported to be Nod (227). Using rpoH1 and
rpoH2 mutant alleles (226), Valerie Oke generated two isolates of an rpoH1 rpoH2 double

67



mutant (VO3148 and VO3149) (20). When Valerie Oke and I inoculated Medicago sativa
GT13R plus alfalfa plants under our growth conditions with these strains, as well as RmHMO9,
we found that the double mutants varied greatly in the ability to nodulate plants from experiment
to experiment (average of 36% nodulated plants with a range from 10-78%) (Fig. 9). There were
two possible explanations for the variability: either the rpoH1 rpoH2 phenotype is leaky or the
nodules contain suppressor mutants. To distinguish between these possibilities, we isolated
bacteria from twelve nodules elicited by the rpoH1 rpoH2 mutants in two independent
experiments and confirmed that both mutations were still present (data not shown). I used these
strains to inoculate alfalfa and found that they were similar to the wild type in nodulation
efficiency (Fig. 9) although still defective in nitrogen fixation (data not shown). Therefore, the

nodules are due to suppressor mutants, which are called NDS for nodulation defect suppressor.
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Figure 9. Nodulation by suppressor mutant strains.
Alfalfa plants were inoculated with control and suppressor mutant strains (NDS and GDS), and
percent nodulated plants was determined after at least 3 weeks incubation. The graph depicts the
average percent nodulation over the indicated number of experiments, and error bars represent
the sample standard deviation. At least 50 plants in total were inoculated with each bacterial
strain. White bars indicate strains derived from the rpoH1 rpoH2 mutant strain VO3148, and
grey bars indicate strains derived from the rpoH1 rpoH2 mutant strain VO3149. Significance
was determined using the Student’s t-test with *** indicating P < 0.001 and * indicating P <
0.05. The strains from left to right are Rm1021, VO3148-VO3151, AB35-AB44, VO3170, and

VO3166.
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Cells containing an rpoH1 mutation grow more slowly than wild-type cells in LB
medium at 30°C (226). Because I was concerned about the generation of suppressor mutations, I
looked for conditions in which the rpoH1 mutant cells would grow as well as the wild-type cells.
I switched to LB medium supplemented with MgSO4 and CaCl, (LB/MC) (109). As shown in
Fig. 10, rpoH1 rpoH2 mutant cells grow like wild-type cells at 30°C in LB/MC but display a
severe growth defect at 40°C.

To determine if the rpoH1 rpoH2 nodulation suppressor mutations also suppressed the
growth defect, I compared the growth of two independent suppressors strains (NDS-1 and
NDS-3) to the rpoH1 rpoH2 parent strains (VO3149 and VO3148, respectively) at 30°C and
40°C in LB/MC. As shown in Fig. 10, NDS-1 grows slightly poorer than the wild type at 30°C,
whereas NDS-3 is indistinguishable. At 40°C neither NDS-1 nor NDS-3 cells grow as well as
wild-type cells, but both appear to grow better than the rpoH1 rpoH2 parent strain. To determine
if the difference was significant, Valerie Oke compared the amount of growth as measured by
ODsos at 48 hours and performed the Student’s t-test (20). The ODsos of NDS-1 at 48 hours was
significantly higher than the double mutant parent (P < 0.05), whereas NDS-3 was not

significantly different.
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Figure 10. Comparison of the growth of suppressor mutant cells with wild-type and
rpoH1 rpoH2 double mutant cells, as measured using ODsgs.

Cells were grown in LB/MC medium plus streptomycin at 30°C (A) or 40°C (B). The
control strains are Rm1021 (wild type, filled circles) and VO3148 (rpoH1 rpoH2, filled
triangles); and the suppressor mutant strains are VO3150 (NDS-1, open diamonds) and AB35

(NDS-3, open squares). The panels show representative data from one of four experiments.
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In E. coli, suppressors of the rpoH growth defect are readily obtained by plating rpoH
mutant cells at 30-40°C (167). By streaking for single colonies, Valerie Oke found that wild-
type S. meliloti cells form colonies on LB/MC plates at 42°C, whereas cells containing an rpoH1
mutation do not (20). To select for suppressor mutants, rpoH1 and rpoH1 rpoH2 mutant cells
were plated at high density at 42°C (20). Many of the suppressor mutations were not stable, such
that the ability to grow at 42°C was lost upon streaking for single colonies at 30°C or 42°C.
However, by selecting for growth at 42°C multiple times, two independent, stable suppressor
mutants were obtained and called GDS-1 (rpoH1 background) and GDS-2 (rpoH1 rpoH2
background) for growth defect suppressor. To facilitate characterization of GDS-1 for
suppression of the growth defect as well as the nodulation defect, the rpoH2 mutation was
introduced into the cells by generalized transduction so that all of the suppressor mutants were in
the rpoH1 rpoH2 background.

To determine whether the growth defect suppressor mutations also suppress the
nodulation and nitrogen fixation defects, Valerie Oke and I inoculated alfalfa plants with GDS-1
and GDS-2. The growth defect suppressor mutants nodulated alfalfa plants at levels significantly
higher than the parent strains (Fig. 9), indicating suppression of the nodulation defect. However,
the strains were still unable to fix nitrogen (data not shown).

In E. coli, an rpoH mutant cannot grow above 20°C (324). Suppressor mutants selected
at 30°C to 40°C display increased expression of the groESL operon, and suppressor mutants
selected at 42°C display increased expression of both groESL and dnaK. The increased
transcription and subsequent synthesis of these HSPs in the suppressor mutants is independent of
heat shock, such that high levels are observed at 30°C unlike in wild-type cells (167). To test

whether the NDS or GDS suppressor mutants function by a similar mechanism, I grew cells to
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mid log phase at 30°C and performed western blot analysis for GroEL and the DnaK-Dnal
chaperone complex using polyclonal antibodies generated to the E. coli proteins (Fig. 11). Each
antibody recognized a major band of the appropriate molecular weight in S. meliloti cell extracts.
In the case of GroEL, the polyclonal antibody recognizes the S. meliloti GroEL1, GroEL2, and
GroELS proteins (19). It is likely that the antibody also recognizes GroEL3 and GroEL4 since
all of the S. meliloti GroEL proteins are 57-62% identical to E. coli GroEL. Although the level
of total GroEL appears lower in the rpoH1 rpoH2 mutant as compared to the wild type and the
level of DnaK appears higher in the rpoH1 and rpoH1 rpoH2 mutants as compared to the wild
type, the differences were not significant using the Student’s t-test and just significant using the
Wilcoxon rank sum test (P = 0.0496).

Analysis of the suppressor mutants shows that GroEL, DnaK, and Dnal protein levels
were not significantly higher in the mutants compared to the rpoH1 and the rpoH1 rpoH2 parent
strains using the Student’s t-test and the Wilcoxon rank sum test. However, it is possible that a
small increase of one particular GroEL protein is masked by GroELI, since groESL1 is
expressed at the highest levels (Fig. 13). In the case of Dnal, there was a significant decrease in
protein levels relative to the rpoH1 rpoH2 double mutant in NDS-1 (P < 0.01) and NSD-2 (P <
0.05). Since the S. meliloti suppressor mutants do not exhibit the increased production of GroEL
and DnaK seen in the E. coli suppressor mutants, the suppression appears to function by a

different mechanism.
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Figure 11. Western analysis of heat shock proteins in suppressor mutant strains.
Cells were grown to mid log phase in LB/MC medium plus streptomycin at 30°C. Equal
numbers of cells as measured by ODsgs were resuspended in buffer and sonicated. Equal
volumes of cell extracts were subjected to SDS-PAGE and western immunoblotting using
primary antibodies generated to the following E. coli proteins: GroEL (A), DnaK (B), and Dnal
(C). A representative immunoblot is shown. Graphs depict the mean band intensity normalized
to protein concentration and relative to the wild-type signal with error bars representing the
sample standard deviation (n = 3). Grey bars indicate strains with the rpoH1 mutant background,
and white bars indicate strains with the rpoH1 rpoH2 double mutant background. The strains
from left to right are Rm1021, VO3128, VO3148, VO3150, VO3151, AB35, AB36, VO3165,

and VO3166.
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2.4.2 Overexpression of groESL1 and groESL3 does not suppress the rpoH mutant

phenotypes

In E. coli, expression of groESL from a multicopy plasmid is sufficient to suppress the

temperature sensitive phenotype of the rpoH mutant (167). In S. meliloti GroEL-GroES affects
NodD activity (223, 316) and groEL1 mutants form Fix nodules (223). I hypothesized that the

defects observed for the S. meliloti rpoH1 single mutant and rpoH1 rpoH2 double mutant might
be suppressed by overexpression of groESL. Therefore, I created constructs to express groESL1
and groESL3 independently of any possible RpoH control. I chose groESL1 because it is highly

expressed (223, Fig. 13) and the groEL1 mutant displays a Fix phenotype (223), and groESL3

because it is the most divergent of the five groE genes. I chose the E. coli lac promoter and the
S. typhimurium trp promoter because both act constitutively in S. meliloti, they have been
successfully used to overexpress other genes in S. meliloti (15, 66, 86, 94), and expression from
these promoters on a multicopy plasmid is stronger than expression from the endogenous
groESL1 and groESL3 promoters (data not shown). Each construct was introduced separately
into wild-type, groEL1, rpoH1, and rpoH1 rpoH2 mutant cells.

To determine whether expression of groESL1 or groESL3 bypasses the symbiotic
phenotypes of the rpoH1 and rpoH1 rpoH2 mutants, I inoculated alfalfa seedlings with wild-type
and mutant bacteria containing the expression constructs. As shown in Table 3, none of the

constructs altered nodulation or nitrogen fixation in the wild-type strain. Both groESL1
constructs were able to complement the Fix phenotype of the groEL1 mutant. Therefore, these

constructs produce active GroEL1 protein. Complementation required the lac promoter (data not
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shown), confirming that the groESL1 fragment does not contain the endogenous promoter.
Neither groESL1 construct was able to suppress the Fix phenotype of the rpoH1 mutant (Table

3). In terms of the nodulation defect of the rpoH1 rpoH2 double mutant, Pj,c-groESL1 did not
suppress the defect but Py,-groESL1 elicited an increase in the number of nodulated plants.
However, the nodulation defect was still apparent in the low number of nodules per nodulated

plant, which was similar to the rpoH1 rpoH2 mutant. Therefore, overexpression of groESL1 is

only able to bypass partially the Nod phenotype of the rpoH1 rpoH2 mutant and has no effect on

the Fix phenotype of the rpoH1 mutant.

Neither the Pjac-groESL3 nor the Pyp-groESL3 construct suppressed the symbiotic
phenotypes of the groEL1, rpoH1, and rpoH1 rpoH2 mutants. Since a groESL3 mutant has no
measurable phenotype (20), I could not do a genetic complementation test to prove that my
groESL3 constructs were producing active protein. Therefore, to determine whether the
groESL3 constructs were functional, I first sequenced the Pj5c-groESL3 construct and confirmed
that no mutations were introduced during amplification of groESL3. I then used site-directed
mutagenesis to insert codons generating a hexahistidine tag at the carboxy terminus of GroEL3.
Subsequent detection using the SuperSignal® West HisProbe™ Kit (Pierce) showed that the Pjgc-
groESL3 construct produced protein (data not shown). Therefore, my groESL3 constructs
probably produce active proteins. Thus, the results suggest that groEL3 is not interchangeable
with groEL1 and that groESL3 does not bypass the symbiotic phenotypes of the rpoH1 and

rpoH1 rpoH2 mutants.
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Table 3. Symbiotic phenotypes of strains overexpressing groESL

Strain/construct Percent plants Nodules/nodulated Fixation
nodulated? plant”
Wild type 98 +4 39+£1.9 +
Wild type/Pac-groESL1 98+3 3.8£1.6 +
Wild type/Pyp-groESL1 98 +3 3.8+2.1 +
Wild type/Pjac-groeESL3 98 +3 40+1.9 +
Wild type/Pyp-groESL3 100+ 0 36 £2.0 +
groEL1 98+3 3.7+£2.4 -
groEL1/Pjac-groESL1 98+3 3.6+ 1.8 +
groEL1/Py,-groESL1 97+6 3.6x£1.8 +
groEL1/Pac-groESL3 90+ 14 32+£1.8 -
groEL1/Pyp-groESL3 95+6 34£2.0 -
rpoH1 96 +4 3.7£22 -
rpoH1/Pac-groESL1 90+ 4 3.7+23 -
rpoH1/Pyp-groESL1 100£0 3.7£2.0 -
rpoH1/Pyac-groESL3 97+6 3.8+£22 -
rpoH1/Pyp-groESL3 100+ 0 3.1£1.8 -
rpoH1 rpoH2 38+ 15 1.8+1.2 -
rpoH1 rpoH2/Pac-groESL1 35+£13 14108 -
rpoH1 rpoH2/Py,-groESL1 74 £23 1.8+1.0 -
rpoH1 rpoH2/P)ac-groESL3 31+£30 1.3+£0.5 -
rpoH1 rpoH2/Py-groESL3 47+ 15 1.7+£1.1 -

#Average and standard deviation (n > 3).

bAverage and standard deviation of total nodulated plants from all experiments (n > 3).
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In addition to the symbiotic phenotype, the rpoH1 mutant displays a high temperature
growth defect (Fig. 10). Given that overexpression of groESL bypasses the growth defect of the
rpoH mutant in E. coli (167), I tested whether our groESL1 or groESL3 constructs could bypass
the growth defect of the rpoH1 mutant. There was no significant increase in growth of cells

grown in LB/MC at 30°C or 40°C when the constructs were present (Fig. 12).
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Figure 12. Comparison of the growth of wild-type or rpoH1 cells overexpressing
groESL1 or groESL3, as measured using ODsgs.
Cells were grown in LB/MC medium plus streptomycin at 40°C. The control strains are AB14
(wild type/vector, filled circles) and AB15 (rpoH1/vector, open circles); and the test strains are
AB4 (wild type/Piac-groESL1, filled squares), AB16 (wild type/Pjac-QroESL3, filled triangles),
AB7 (rpoH1/Pac-groESL1, open squares), and AB17 (rpoH1/Pja-groESL3, open triangles). The

panels show representative data from one of three experiments.

79



2.4.3 Control of groEL gene expression by RpoH1 and RpoH2 under free-living

conditions

To test if RpoH1 or RpoH2 control expression of the various groESL genes, I constructed
a matched set of chromosomal groEL-gus transcriptional fusions by recombinational cloning as
described in Materials and Methods. I compared expression of the groEL-gus fusions in wild-
type, rpoH1, rpoH2, and rpoH1 rpoH2 cells during growth in M9 sucrose medium (Fig. 13). All
five groEL-gus fusions generated GUS activity above background levels, with groEL1 the most
highly expressed. Neither rpoH1 nor rpoH2 was required for expression of groEL1, groEL2, or
groEL3. However, rpoH1 was required for full expression of groEL5. Both rpoH1 and rpoH2
have subtle effects on groEL4 expression. This was unexpected, given the study by Mitsui et al.
(196), and may reflect indirect effects on gene expression. Valerie Oke obtained similar results
with the rpoH1 mutant grown in LB/MC medium, although she additionally observed a slight

decrease in groEL3 and groEL4 expression (20).
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Figure 13. groEL expression in rpoH mutant cells grown in M9 sucrose minimal
medium.
Growth as measured by ODsgs and gene expression as monitored by B-glucuronidase (GUS)
activity were determined in wild-type (filled circles), rpoH1 (open triangles), rpoH2 (open
squares), and rpoH1 rpoH2 (open diamonds) backgrounds. (A) Representative growth curve of
cells containing the groELl-gus fusion. All of the strains in the experiment showed
indistinguishable growth patterns. (B-F) GUS activity of cells containing groEL1-gus (B),
groEL2-gus (C), groEL3-gus (D), groEL4-gus (E), and groEL5-gus (F). Each panel shows the

data from one representative experiment.
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Although rpoH1 is expressed within root nodules, I am not able to test directly whether
RpoH1 controls expression of the groEL genes during symbiosis because rpoH1 mutant cells
undergo early senescence within the nodule (196). Therefore, it is possible that RpoH1 directs

transcription of a different subset of these genes within the host plant.

2.5 DISCUSSION

A simple hypothesis to explain why RpoH1 is required for growth at high temperature and
RpoH1 and RpoH?2 are required for nodulation and nitrogen fixation during the S. meliloti-alfalfa
symbiosis is that the transcription factors are required for the expression of one or more of the
groESL operons and that production of GroEL-GroES is the crucial function. This hypothesis is
based on two observations. First, in E. coli groESL is a key target of RpoH. This has been
concluded because mutants that suppress the growth defect of rpoH overexpress groESL, and

expression of groESL from a multicopy plasmid is sufficient to allow rpoH mutant cells to grow
up to 40°C (167). Second, in S. meliloti groEL1 mutants are delayed in nodulation and form Fix’

nodules (223). However, several lines of evidence suggest that this hypothesis is not correct.
First, suppressor mutants of the high temperature growth defect and the nodulation defect do not
exhibit increased production of total GroEL protein. Second, overexpression of groESL1 or
groESL3 from constitutive promoters does not bypass the defects of the rpoH mutants. Third, at
least under free-living conditions (heat shock in Mitsui et al. (196) and rich and minimal medium
in this study), RpoH2 does not control any of the groEL genes and RpoHI only controls
expression of groELS. However, groESL5 is not required for nodulation or nitrogen fixation
(196). Therefore, groESL5 cannot be a single key target. My results suggest that the system in
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S. meliloti is unlike E. coli, which is not surprising given the greater developmental complexity,
and that there must be other crucial targets of RpoH1 and RpoH?2.

What genes might be under the control of RpoH1 and RpoH2? There are at least two
scenarios that could be true for either protein. First, the requirements for RpoH could solely be
due to the need for properly folded proteins. The requirement during symbiosis may reflect the
need to fold specific proteins induced during symbiosis and/or to respond to an increase in
unfolded proteins due to stress within the nodule. The regulon would, therefore, be similar to
that in E. coli. Second, although RpoH may direct expression of the classic HSPs, the
requirement may reflect expression of other genes, perhaps specific to Rhizobium. For example,
rpoH2 in Rhizobium sp. strain TAL1145 regulates genes for exopolysaccharide synthesis, which
is required for effective nodulation (162). Mitsui et al. (196) determined whether RpoH1 and
RpoH2 control expression of nine Hsp homologs in S. meliloti (groESL1-5, dnakK, clpA, clpB,
and lon) during heat shock. RpoH1-controlled expression of groESL5 and partially controlled
expression of clpB and lon. In contrast, RpoH2 did not control expression of any of these genes.
Therefore, the regulon of RpoH1 at least partially overlaps with the regulon of RpoH in E. coli,
but genes under the control of RpoH2 are currently unknown. Microarray experiments to
determine the regulons of RpoH1 and RpoH2 in S. meliloti should be illuminating.

Three different phenotypes are associated with rpoH1 and rpoH2 in S. meliloti. The
rpoH1 mutant has a growth defect at high temperature and forms ineffective nodules on plants
(226, 227), and the rpoH1 rpoH2 double mutant is unable to nodulate (227). Suppressor mutant
analysis suggests that the requirements for RpoH are not the same for all of the phenotypes.
Spontaneous suppressor mutants have been isolated based on the ability to grow at high

temperature (bypassing RpoH1) or to nodulate (bypassing RpoH1 and RpoH2). Interestingly,
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regardless of how they were initially isolated, most of these mutants are able to suppress both the
growth and nodulation defects. In contrast, none of the suppressor mutants are able to suppress
the nitrogen fixation defect. This implies that the functions of RpoHI during growth and
RpoH1/RpoH2 during the early stages of symbiosis are similar but that there is a different or
additional function of RpoHI needed later during symbiosis. I do not know what has been
altered in these suppressor mutants although I have shown that production of the GroEL and
DnaK-DnalJ chaperones is not significantly altered. Analysis of the differences between the
suppressor mutants and the parent strains should provide clues about the roles of RpoH1 and
RpoH2 during free-living growth and symbiosis.

Although the requirements for RpoH1 and RpoH2 during symbiosis cannot be explained
as a simple requirement for expression of groESL, the presence of multiple groESL genes and the
connections to symbiosis make this gene family particularly interesting in the Rhizobiaceae. All
of the nodule-forming Rhizobium that have been fully sequenced (S. meliloti, B. japonicum, and
M. loti), as well as R. leguminosarum, contain multiple groESL genes. Although many single

and double groESL mutants do not have symbiotic defects, some mutants do (84, 196, 222, 252).
In S. meliloti groEL1 mutants form nodules late and the nodules are Fix (223), and in B.

japonicum a groESL3 groESL, double mutant is unable to fix nitrogen (84). What roles do these
genes play in symbiosis? In S. meliloti genetic and biochemical studies have demonstrated that
two key regulatory proteins necessary for early gene expression during symbiosis, NodD1 and
NodD3, are substrates of GroEL-GroES (223, 316). In addition, GroEL-GroES may help to
form active nitrogenase later during symbiosis. In B. japonicum, the level of nitrogenase
subunits in the groESL; mutant is greatly decreased although transcription of the genes is

unaffected (84). In the free-living bacterium Klebsiella pneumoniae, GroEL regulates nitrogen
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fixation possibly as a result of direct interactions with the regulatory protein NifA and
nitrogenase subunits (116, 117). Finally, the GroEL-GroES chaperone complex may help to fold
other proteins that are newly produced as the cells adapt and differentiate within the plant host.
Currently there is no clear reason why multiple groESL genes are present in these
genomes. One possibility is that the genes are simply regulated differentially, providing GroES
and GroEL under different conditions. Evidence for differential gene expression has been
obtained in S. meliloti (196), B. japonicum (10, 83), and R. leguminosarum (252). Specifically in
S. meliloti, only groESL1 and groESL5 are induced by heat shock (196), only groESL5 is
controlled by RpoH1 (196, this study), and only groESL1 and groESL?2 are preceded by a CIRCE
element that may indicate regulation by the HrcA repressor, which is used to regulate heat-
inducible genes in some bacteria (210). An additional possibility is that the encoded chaperones
have different ranges of substrates. Although the GroEL-GroES complex can assist in the
folding of a wide variety of proteins, it cannot function universally. Directed evolution studies
have demonstrated that small numbers of amino acid changes in GroES and GroEL can lead to
shifts in the spectrum of substrates (303). Therefore, multiple groESL genes may allow the cell
to fold a wider variety of proteins. As an extreme example, bacteriophage T4 encodes a protein
of little sequence similarity to GroES that nevertheless substitutes for the host GroES, generating
a new chaperone complex that can fold the major capsid protein (11, 295). In R. leguminosarum,
the three GroEL proteins have different in vitro properties, including the ability to refold a
specific denatured substrate (103). We found that groELS3 is not interchangeable with groEL1,
which would be consistent with different substrate specificities, whereas QroEL2 is
interchangeable with groEL1 (223), suggesting at least overlapping substrate specificities for that

pair. As an added complexity, heteromeric complexes, as well as homomeric complexes, might
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be made, which would dramatically increase the number of different types of GroEL-GroES

chaperone species within the cells.

26  CONCLUSIONS

While many bacteria maintain one copy of the rpoH gene, some members of the a-
proteobacteria, including several root-nodulating rhizobia, maintain multiple copies. S. meliloti
maintains two copies of rpoH, and mutations in these genes are associated with symbiotic
phenotypes (196, 226, 227). Because groESL is a key target in E. coli and a mutation in groEL1
in S. meliloti results in a symbiotic phenotype, I tested whether the primary function of RpoH1
and RpoH2 during symbiosis is to provide sufficient transcription of groESL. The results of
suppressor mutant analysis and overexpression of groESL indicate that this is not the case and
that there must be other targets of rpoH that are necessary for symbiosis.

The next step toward determining the functions of RpoHI and RpoH2 will be to
determine their regulons. Sharon Long’s laboratory at Stanford University has designed the S.
meliloti Affymetrix GeneChip and optimized the protocols (16). In the following chapter, I used
microarray analysis to determine the gene targets of RpoH1 and RpoH2 in rpoH mutant cells

during stationary phase.
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3.0 DETERMINING THE GENE TARGETS OF RPOH1 AND RPOH2 USING

MICROARRAY ANALYSIS

3.1 INTRODUCTION

In bacteria, sigma factors are the subunits of RNA polymerase that recognize the promoters of
genes. Typically, bacteria maintain a housekeeping sigma factor to transcribe genes essential for
basic cellular processes and several alternative sigma factors to direct transcription of genes in
response to changing environmental conditions. RpoH (o) is an alternative sigma factor that
was first identified in E. coli during response to heat stress (125, 169, 216, 314). When cells are
challenged by heat or other stresses, RpoH levels rise transiently to direct transcription of heat
shock genes, which encode proteins that function in protein folding and degradation, among
other processes (321). In E. coli, the basal level of transcription of these genes directed by RpoH
is also important under non-stress conditions (324).

Many members of the RpoH regulon have been identified through the analysis of
individual or several genes, but these approaches were necessarily limited by scale. Recent
studies have sought to determine the RpoH regulons in various bacterial species through global
expression analyses. Two studies have determined the RpoH regulon in E. coli by inducing
expression of rpoH under normal growth conditions and monitoring the resulting changes in

gene expression over time (221, 323). As expected, overexpression of rpoH up-regulates the
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classical heat shock genes, but many new targets were also identified. Interestingly, Nonaka et
al. showed that 25% of the RpoH gene targets encode proteins that are associated with the
cytoplasmic membrane, suggesting that the RpoH-mediated response to heat shock is involved in
membrane homeostasis (221). Additionally, they found roles for RpoH targets in DNA and
RNA protection, in transcriptional and translational processes, and in regulating transcription in
response to environmental conditions.

RpoH regulons have also been determined in the pathogens Neisseria gonorrhoeae (128)
and Vibrio cholerae (273). In N. gonorrhoeae, RpoH regulates stress response genes (128) but
also appears to regulate genes in response to epithelial cell contact (61). In V. cholerae, the
RpoH regulon is similar to the E. coli regulon, with many of the encoded products functioning in
protein maintenance (273).

All of the above analyses were performed in bacteria that maintain a single rpoH gene,
but certain members of the a-proteobacteria have multiple copies of rpoH. There is no single
unifying characteristic for the 11 species that have multiple rpoH genes, although several are
nitrogen-fixing bacteria (Rhizobium species, Rhodobacter sphaeroides, and Rhodospirillum
rubrum) and others interact with eukaryotic hosts (Rhizobium species, two Bartonella species,
and Brucella melitensis). Why might these bacteria maintain multiple copies of rpoH? One
possibility is that the transcription factors are regulated differentially but control similar
regulons. This would allow the bacteria to fine-tune their responses to different environmental
conditions.  Alternatively, the rpoH genes might encode transcription factors that control
different regulons and therefore direct transcription of genes needed for different functions.

There is evidence that multiple rpoH genes are differentially regulated. In

Bradyrhizobium japonicum, the rpoH; and rpoH; genes have o’’-like promoter sequences,
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although rpoHj; is up-regulated in response to heat shock (213, 214). The B. japonicum rpoHs;
gene, in contrast, is organized within an operon with two other genes under control of a putative
0% promoter, suggesting possible up-regulation in response to heat shock (213). The two rpoH
homologs in the nitrogen-fixing symbiont Sinorhizobium meliloti are regulated such that rpoH1
is expressed strongly during growth, stationary phase and symbiosis, while rpoH2 is expressed
only during late stationary phase in minimal media (226, 261). In Rhodobacter sphaeroides, the
levels of RpoH; greatly exceed the levels of RpoHj under aerobic growth conditions (121), and
only the gene for RpoHy; is regulated by the extracytoplasmic stress response sigma factor RpoE
(5).

There is also evidence that multiple RpoH proteins in the same organism could recognize
different promoters. In B. japonicum, the three rpoH genes complement an E. coli rpoH mutant
to different degrees (213), and RpoH; and RpoH,; recognize the dnaKJ and groESL promoters in
vitro with different efficiencies (212). Analysis of the S. meliloti single and double rpoH
mutants suggests that the RpoH1 and RpoH2 regulons overlap (20, 227). However, Mitsui et al.
(196) demonstrated that RpoH1 controls expression of three classical heat shock genes, groESLS,
lon, and clpB, while RpoH2 does not. The RpoH; and RpoHj; factors from R. sphaeroides
recognize an overlapping, but not identical, set of promoters in vitro, although both are able to
complement an E. coli rpoH mutant (121, 160). The B. melitensis 16 M rpoH2 mutant is
sensitive to heat and oxidative stress and displays attenuated virulence, and the rpoH1 mutant
behaves like the wild-type strain (55), which indicates that either the RpoHs control different
targets or are regulated differentially. Currently, the evidence suggests that in most organisms
studied the regulons at least partially overlap, while the rpoH genes are regulated differentially

such that they might be specialized for responses to different environmental stresses.
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Interestingly, several rpoH genes in the Rhizobium have been connected to symbiosis and
nitrogen fixation. An S. meliloti rpoH1 mutant is unable to fix nitrogen, and an rpoH1 rpoH2
double mutant cannot form nodules on plant roots (226, 227). A mutation in the Rhizobium sp.
strain TAL1145 rpoH2, named after its similarity to other rpoH2 genes, results in a strain that
nodulates less effectively (162). This RpoH also regulates expression of the genes necessary for
exopolysaccharide synthesis, which has not been shown for any other RpoH. The regulon of
RpoH1 in S. meliloti has been shown to overlap partially with the E. coli regulon because it
directs transcription of groeESL5, lon, and clpB, but not dnaK and clpA (196). However, given
that the Rhizobium sp. strain TAL1145 RpoH2 protein directs exopolysaccharide synthesis,
unlike in E. coli, the possibility exists that S. meliloti, too, has co-opted these stress response
sigma factors for organism-specific functions, like symbiosis.

In Chapter 2 I showed that the requirements for rpoH during symbiosis cannot be
explained solely by a loss of GroEL protein and that there must be other or additional crucial
targets (20). To find these targets, I am using microarray experiments to define the RpoH1 and
RpoH2 regulons in S. meliloti. In the first experiment, I have compared global gene expression
among wild-type and rpoH mutant cells in late stationary phase, a condition under which there is
evidence that both rpoH genes are expressed (20, 226). In this experiment, expression of RpoH
targets should be decreased in rpoH mutants relative to the wild-type strain. The results from the

microarray analysis are described below.
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3.2 MATERIALS AND METHODS

3.2.1 Strains and growth conditions

Strains used in this study are Rml1021 (wild type), VO3128 (rpoH1::aadA), AB3
(rpoH2::aacCl), and AB9 (rpoH1::aadA rpoH2::aacCl), which have been previously published
(20, 188, 226). Bacterial cultures were grown at 30°C in LB/MC medium (109) or M9 minimal
medium containing 0.2% sucrose, 0.5 pg biotin ml”", 1 mM MgSO,, and 0.25 mM CaCl,.

Streptomycin was added to the media at 500 ug ml™.

3.2.2 Sample preparation, cell lysis and RNA isolation

Three replicates for this experiment were started on the same day using the same medium.
Overnight cultures were grown in LB/MC medium, diluted to ODsgs = 0.05 the next day, and
allowed to grow overnight to ensure even growth. 8 ml of cells were washed twice and diluted
to an ODsos of 0.05 in 300 ml M9 minimal medium. Growth of the three replicates was
staggered by 1.5 hours. Cultures were incubated with shaking for 48 hours, until the late
stationary phase of growth. Cells were harvested by mixing 99 ml of culture with 11 ml of ice-
cold stop solution (5% buffer-equilibrated phenol in ethanol) and centrifuging 5,000 rpm at 4°C.
The supernatant was removed, and cells were frozen in liquid nitrogen and stored at -80°C.

Cell pellets were resuspended in 1 mg ml" lysozyme in TE and buffer RLT (Qiagen
RNeasy Kit), and lysed by bead-beating with 0.09-0.135 mm glass beads (Thomas Scientific).
The bead-beating procedure was performed at 4°C with three 30-second pulses and a one-minute

incubation on ice between each pulse. Total RNA was isolated as described (16), except that an
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RNeasy Midi Kit (Qiagen) was used. This protocol includes both on-column and off-column
DNase digests to remove all contaminating chromosomal DNA. Absence of chromosomal DNA
was confirmed by PCR amplification using primers to an intergenic region, and RNA integrity
was validated on a 1.2% agarose formaldehyde gel. Over 100 ug of RNA was isolated for each
sample. RNA for all three replicates was shipped on dry ice to Sharon Long’s laboratory at

Stanford University for microarray analysis.

3.2.3 cDNA synthesis, labeling, and Affymetrix GeneChip hybridization

Carol Toman (Stanford University) performed the cDNA synthesis, labeling and hybridization as
described (16). Briefly, the GeneChip Pseudomonas aeruginosa Genome Array Expression
Analysis protocol (Affymetrix, Santa Clara, CA) was used for first-strand cDNA synthesis. 12
pg of fragmented labeled cDNA was hybridized to GeneChips in a GeneChip Hybridization

Oven 640, and the arrays were washed and stained according to the Affymetrix protocols.

3.2.4 Data analysis using Affymetrix software

Melanie Barnett (Stanford University) performed the data analysis using MICROARRAY SUITE
Ver. 5, MICRODB Version 3, and DATA MINING TOOL Version 3 (Affymetrix) as described (16).
Briefly, the GeneChips were globally scaled to a target signal intensity of 500. Experimental
arrays were compared to baseline arrays in comparison expression analysis, such that each array
for a mutant strain was compared to the wild-type arrays for each replicate. For example, the
signal for the VO3128 replicate 1 chip was compared to the signals from all three wild-type

chips. This yielded nine comparisons for each mutant strain. A decrease of average signal log
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ratio > 1 (corresponding to a 2-fold change) was considered significant if the software found the
pairwise comparisons to be significantly different (P < 0.05). Of those genes designated

significant, I have listed only the genes that showed a decrease in 8-9 of 9 comparisons.

3.2.5 Data analysis using Significance Analysis of Microarrays (SAM)

SAM is a Microsoft Excel-based program that identifies significantly changed gene expression

(http://www-stat.stanford.edu/~tibs/SAM/) (293). 1 entered the signal log ratios for each

replicate into the SAM program as a “one class” experiment comparing wild-type to rpoH
mutant cells. The analysis was performed once for each comparison: wild type versus rpoH1,
wild type versus rpoH2, and wild type versus rpoH1 rpoH2. 1 set the Delta value, which
determines the number of significant genes and calculates the false positive rate for the set, at
0.75. A g-value is reported for each gene, which describes the chance that the target is a false

positive.

3.3 RESULTS

3.3.1 Isolating sufficient RNA

Previous studies using transcriptional reporter fusions demonstrated that both rpoH1 and rpoH2
were expressed during stationary phase, with rpoH1 induced early in stationary phase and rpoH2
induced later in stationary phase (20, 226). I chose to compare global gene expression in wild-

type and rpoH mutant cells after 48 hours of growth in minimal medium when it was likely that
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both RpoH1 and RpoH2 would be active, which would allow me to determine the RpoH1 and
RpoH2 regulons simultaneously.

An important step in microarray analysis is obtaining RNA. To lyse cells, Melanie
Barnett and I first used an enzymatic procedure (cells resuspended in 1 mg ml" lysozyme) that
had been used for microarray analysis of S. meliloti cells that were in the exponential or early
stationary phases of growth (16), but we discovered that late stationary phase S. meliloti cells
were resistant to the enzymatic lysis step. To overcome this difficulty, I tested two mechanical
lysis methods—sonication and bead-beating—for the ability to efficiently lyse stationary phase
cells. I determined that the bead-beating procedure yielded the largest quantity of RNA (data not
shown), suggesting that it most effectively lysed stationary phase cells. To confirm that the
RNA isolated after bead-beating was suitable for microarray analysis, I isolated 40 pg of RNA
from log phase cells grown in LB/MC and from stationary phase cells grown in M9 minimal for
test microarrays.

Carol Toman performed the hybridization to the Affymetrix GeneChips using 4 pg of
cDNA, which was previously successful using RNA from cells in the exponential and early
stationary phases of growth. However, when Melanie Barnett compared the signals from the log
phase and stationary phase samples, she found that the signal from stationary phase hybridization
was too low for a meaningful comparison (data not shown). Ribosomal RNA was
overrepresented on the chips, suggesting that mRNA levels in stationary phase cells are quite
low. Therefore, Melanie Barnett and Carol Toman decided that we needed 12 ng of cDNA from
the late stationary phase cells for chip hybridization. Synthesis of such a large quantity of cDNA
requires at least 100 ug of RNA. Therefore, I harvested nearly 100 ml of cells (instead of 16 ml)

and increased the scale of the experiment more than 10-fold using the RNeasy Midi Kit. When
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12 pg of cDNA from the late stationary phase cells was used for hybridization, the total signal
from the chips was adequate for analysis, and the background signal was within the range from

experiments using less cDNA and was therefore acceptable.

3.3.2 RpoH1 and RpoH2 targets identified during late stationary phase

I obtained RNA from wild-type and rpoH mutant cells in late stationary phase, and Carol Toman
performed the cDNA synthesis and microarray hybridization. Melanie Barnett performed the
initial analysis of the microarray data using the Affymetrix software. In this analysis,
experimental arrays were compared to baseline arrays in comparison expression analysis, such
that each array for a mutant strain was compared to the wild-type arrays from all replicates. The
significance of the change in gene expression was determined for each gene in nine total
comparisons, and the amount of the change in gene expression was expressed as a signal log
ratio (SLR). I compiled lists of genes that exhibit significant differences in gene expression and
that show a two-fold decrease or greater (SLR > 1) in wild-type versus rpoH1 cells (Table 4),
wild-type versus rpoH2 cells (Table 5), and wild-type versus rpoH1 rpoH2 cells (Table 6).
Strikingly, expression of far fewer genes was identified as significantly decreased at a two-fold
cutoff in the rpoH1 mutant (9 genes) than in the rpoH2 (46 genes) or rpoH1 rpoH2 (85 genes)
mutants. Of the 85 targets whose expression was decreased in the rpoH1 rpoH2 mutant, 55
show a greater fold-decrease in the double mutant relative to either single mutant or appear in the
double mutant only, suggesting that these targets might be regulated by both RpoH1 and RpoH2.
Although I am primarily concerned with genes that have decreased expression in rpoH mutant
cells compared to wild-type cells because I expect direct targets to be transcribed less frequently

in mutant cells, I have also listed genes that have increased expression in rpoH mutant cells

96



(Table 7). Interestingly, these results indicate that RpoH2 might negatively regulate the rpoH2
gene.

To obtain the most conservative number of likely RpoH targets, I performed additional
analysis of the microarray data using SAM (Significance Analysis of Microarrays), which is a
program that identifies significantly changed gene expression by performing gene-specific t tests
(293). The program can estimate the false discovery rate (FDR) for the data set through
permutations of the t scores, and the FDR cutoff is set by the user. This cutoff, or Delta value,
defines the number of false positives that are acceptable for a given data set. I performed data
analysis with SAM using a Delta of 0.75 so that the program would identify genes whose q-value
was no greater than 51%, meaning that there was no more than a 51% chance the target was a
false positive. The g-values for significant genes identified by SAM are listed in Tables 4-6. Of
the 88 unique putative targets identified by the Affymetrix software, only 34 were considered
significant by SAM, and the majority of these were only significant in the wild type versus

rpoH1 rpoH2 comparison.
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Table 4. Genes with significantly decreased expression in rpoH1 cells versus wild-

type cells during stationary phase

Name? Description Signal Standard Fold SAM
Log Deviation | Decrease® | g-value

Ratio® (%)°

SMb20303 | Hypothetical -1.17 0.27 2.2

SMb20551 | Hypothetical -1.47 0.30 2.8

SMb21379 | Conserved hypothetical -1.10 0.37 2.1

SMc00949 | Conserved hypothetical -1.55 0.61 2.9

SMc01030 | Pyruvate dehydrogenase o, subunit -1.04 0.36 2.1

SMc02769 | Conserved hypothetical transmembrane -3.20 0.23 9.1 0

SMc02900* | Conserved hypothetical -1.05 0.22 2.1

SMc03794 | Hypothetical transmembrane -5.57 0.75 47 22

SMc04040 | Probable heat shock (IbpA) -2.02 0.30 4.0 22

% Targets possibly regulated by both RpoH1 and RpoH2 are underlined.

These genes

demonstrate an increased signal log ratio in the rpoH1 rpoH2 mutant compared to the rpoH1

mutant, suggesting they may also be regulated by RpoH2.

b Average from three biological replicates.

¢ Fold decrease was calculated from the average signal log ratio.

¢ Only genes found to be significant using SAM at Delta = 0.75 have a g-value.

* Significantly decreased in rpoH1, rpoH2, and rpoH1 rpoH2 mutant cells.
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Table 5. Genes with significantly decreased expression in rpoH2 cells versus wild-

type cells during stationary phase

Name? Description Signal Standard Fold SAM
Log Deviation | Decrease® | g-value
Ratio” ()"

SMa0136 Hypothetical -2.38 0.80 5.2

SMal158 Conserved hypothetical -1.61 0.60 3.0

SMal364 Putative ABC transporter, -2.42 0.82 53
periplasmic solute-binding

SMa2061 Conserved hypothetical -3.04 0.76 8.2

SMa2301 Putative response regulator -4.08 0.60 17 46

SMa2349 Probable oxidoreductase -3.78 1.10 14

SMa2351 Possible oxidoreductase, -2.66 1.03 6.3
molybdopterin-binding subunit

SMa2353 Probable oxidoreductase -2.46 1.00 5.5

SMb20116 Conserved hypothetical -2.24 0.54 4.7

SMb20117 Hypothetical sugar transferase -2.86 0.46 7.2 51

SMb20302 Conserved hypothetical -5.41 1.76 42

SMb20361 Putative ionic voltage-gated channel -1.96 0.78 3.9

SMb20575 Putative 3-carboxy-cis,cis-muconate -1.65 0.52 3.1
cycloisomerase

SMb20590 Hypothetical -1.28 0.60 24

SMb21683 Hypothetical -4.29 0.51 19 0

SMc00030 Hypothetical signal peptide -2.05 0.57 4.1

SMc00031 Hypothetical transmembrane -1.34 0.32 2.5

SMc00048 Conserved hypothetical -1.14 0.37 2.2

SMc00049 Conserved hypothetical -1.18 0.37 2.3

SMc00106 Conserved hypothetical -3.88 0.56 15 46

SMc00110 Probable glucose dehydrogenase -1.62 0.54 3.1
(pyrroloquinoline-quinone)

SMc00367 Conserved hypothetical -2.96 0.38 7.7 46

SMc00814 Hypothetical signal peptide -2.94 0.45 7.6 0

SMc00952 Conserved hypothetical -1.43 0.49 2.7

SMc00969 Conserved hypothetical -2.09 0.83 4.2

SMc00970 Putative exodeoxyribonuclease -1.40 0.52 2.6
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SMc01723 Hypothetical transmembrane -3.89 0.99 15 51
SMc01757iSMc01758f1 | Intergenic spacer -1.42 0.36 2.7
SMc01758 60 KD chaperonin B (GroEL4) -1.76 0.55 34
SMc01759 Conserved hypothetical -1.93 0.54 3.8
SMc01960 Putative oxidoreductase -1.81 0.42 3.5
SMc01961iSMc01962f1 | Intergenic spacer -1.31 0.50 2.5
SMc02832 Putative periplasmic binding -1.05 0.41 2.1
SMc02900* Conserved hypothetical -1.43 0.54 2.7
SMc03176 Hypothetical -1.65 0.69 3.1
SMc03246 Putative integrase DNA -1.11 0.53 2.2
SMc03246iSMc03247f1 | Intergenic spacer -1.04 0.39 2.1
SMc03802 Conserved hypothetical -2.62 0.60 6.1 51
SMc03803 Conserved hypothetical -2.56 0.69 5.9 51
SMc03836 Putative acyl-CoA thioesterase | -1.94 0.66 3.8
SMc03873iSMc03874f2 | Intergenic spacer -6.65 0.82 99 0
SMc04146 Conserved hypothetical -3.23 0.46 9.3 46
SMc04181 Putative transmembrane -1.42 0.43 2.7
SMc04202 Putative transmembrane -1.25 0.49 2.4
SMc04202iSMc04203f1 | Intergenic spacer -1.18 0.45 23
SMc04334iSMc04335f1 | Intergenic spacer -2.19 0.56 4.5

% Targets possibly regulated by both RpoHI and RpoH2 are underlined. These genes
demonstrate an increased signal log ratio in the rpoH1 rpoH2 mutant compared to the rpoH2
mutant, suggesting they may also be regulated by RpoH1.

® Average from three biological replicates.

° Fold decrease was calculated from the average signal log ratio.

¢ Only genes found to be significant using SAM at Delta = 0.75 have a g-value.

* Significantly decreased in rpoH1, rpoH2, and rpoH1 rpoH2 mutant cells.
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Table 6. Genes with significantly decreased expression in rpoH1 rpoH2 cells versus

wild-type cells during stationary phase

Name? Description** Signal Standard Fold SAM
Log Deviation | Decrease® | g-value

Ratio® (%)"

SMa0136 Hypothetical -2.97 0.98 7.8

SMa0436iSMa0439f3 Intergenic spacer -2.41 0.43 53

SMal158 Conserved hypothetical -1.64 0.54 3.1

SMal364 Putative ABC transporter, -3.23 0.84 9.3 24

periplasmic solute-binding

SMa2061 Conserved hypothetical -2.80 0.76 6.9 22

SMa2063 Hypothetical -2.82 1.53 7.0 35

SMa2301 Putative response regulator -4.60 0.66 24 22

SMa2349 Probable oxidoreductase** -2.87 0.34 7.3 22

SMa2351 Possible oxidoreductase, -2.61 1.36 6.1

molybdopterin-binding subunit**

SMa2353 Probable oxidoreductase®* -1.62 0.55 3.1 29
SMb20116 Conserved hypothetical -1.84 0.56 3.6
SMb20117 Hypothetical sugar transferase -3.96 0.81 15 10
SMb20302 Conserved hypothetical -5.58 1.55 47
SMb20303 Hypothetical -1.67 0.35 32 22
SMb20361 Putative ionic voltage-gated -3.53 1.46 11

channel
SMb20551 Hypothetical -2.17 0.41 4.5 29
SMb20575 Putative 3-carboxy-cis,cis- -1.61 0.46 3.0

muconate cycloisomerase
SMb20589iSMb20590f1 | Intergenic spacer -1.28 0.65 24
SMb20590 Hypothetical -1.41 0.65 2.6
SMb21028 Conserved hypothetical -1.45 0.37 2.7
SMb21295 Putative small heat shock, hsp20** -2.72 0.78 6.5
SMb21296 Hypothetical -2.19 0.45 4.5 22
SMb21379 Conserved hypothetical -2.53 0.34 5.7 22
SMb21683 Hypothetical -4.55 0.48 23 22
SMc00030 Hypothetical signal peptide -1.89 0.49 3.7
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transferase**

SMc00043 Probable superoxide dismutase -1.04 0.33 2.1
Fe**

SMc00048 Conserved hypothetical -1.13 0.25 2.2

SMc00049 Conserved hypothetical -1.08 0.23 2.1

SMc00106 Conserved hypothetical -3.33 0.53 10 22

SMc00110 Probable glucose dehydrogenase -1.68 0.51 3.2
(pyrroloquinoline-quinone)

SMc00366iSMc00367f1 | Intergenic spacer -2.18 0.36 4.5 24

SMc00367 Conserved hypothetical -4.60 0.60 24 10

SMc00469iSMc00468f1 | Intergenic spacer -1.55 0.33 2.9

SMc00814 Hypothetical signal peptide -2.95 0.29 7.7 22

SMc00876 Putative MRP ATP-binding -1.15 0.30 2.2

SMc00949 Conserved hypothetical -3.29 0.45 9.7 22

SMc00952 Conserved hypothetical -2.34 0.55 5.0

SMc00969 Conserved hypothetical -2.41 0.70 53

SMc00970 Putative exodeoxyribonuclease -1.59 0.60 3.0

SMc01030 Pyruvate dehydrogenase o, subunit -1.21 0.39 2.3

SMc01031 Pyruvate dehydrogenase 3, subunit -1.11 0.41 2.2

SMc01033 Probable arylesterase -1.15 0.56 2.2

SMc01035 Probable dihydrolipoamide -1.21 0.26 23 37
dehydrogenase

SMc01180 Conserved hypothetical -1.27 0.84 24
transmembrane

SMc01280 Probable protease** -1.48 0.53 2.8

SMc01723 Hypothetical transmembrane -4.64 1.11 25 22

SMc01757iSMc01758f1 | Intergenic spacer -1.07 0.24 2.1

SMc01758 60 KD chaperonin B (GroEL4)** -1.64 0.32 3.1

SMc01759 Conserved hypothetical -1.80 0.34 3.5

SMc01959iSMc01960f1 | Intergenic spacer -1.59 0.50 3.0

SMc01960 Putative oxidoreductase®* -1.76 0.37 34 29

SMc01961iSMc01962f1 | Intergenic spacer -1.99 0.5 4.0 22

SMc02051 Conserved hypothetical -1.46 0.27 2.7

SMc02052 Conserved hypothetical -1.48 0.38 2.8

SMc02382 Conserved hypothetical -2.50 1.16 5.6

SMc02390 Putative glutathione s- -2.49 1.12 5.6
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SMc02433 Probable ATP-dependent protease -1.90 0.42 3.7 22
(heat shock) (ClpB)**
SMc02443 Probable glutaredoxin 3 -2.64 1.06 6.2
SMc02558 Conserved hypothetical -1.24 0.73 2.4
SMc02562 Phosphoenolpyruvate -1.10 0.66 2.1
carboxykinase
SMc02575 Probable heat shock (HsIV)** -1.28 0.53 2.4
SMc02656 Hypothetical -1.74 0.53 33 37
SMc02703 Conserved hypothetical -1.26 0.37 24
SMc02769 Conserved hypothetical -3.93 0.27 15 10
transmembrane
SMc02832 Putative periplasmic binding -1.08 0.46 2.1
SMc02900 Conserved hypothetical -3.72 0.39 13 22
SMc03246 Putative integrase DNA -1.52 0.45 2.9
SMc03246iSMc03247f1 | Intergenic spacer -1.27 0.50 24
SMc03789 Hypothetical -1.00 0.38 2.0
SMc03794 Hypothetical transmembrane -4.55 0.35 23 10
SMc03802 Conserved hypothetical -3.22 0.69 9.2 22
SMc03803 Conserved hypothetical -3.61 1.19 12
SMc03836 Putative acyl-CoA thioesterase I -2.47 0.90 5.5 35
SMc03857 Probable signal recognition -1.98 0.55 3.9
particle
SMc03858 Putative chorismate mutase -1.05 0.50 2.1
SMc03859 Probable 30S ribosomal S16 -1.40 0.45 2.6 22
SMc03873iSMc03874f2 | Intergenic spacer -6.06 0.97 66 22
SMc04040 Probable heat shock (IbpA)** -2.61 0.38 6.1 29
SMc04092 Hypothetical -1.17 0.43 2.2
SMc04146 Conserved hypothetical -2.87 0.52 73 22
SMc04202 Putative transmembrane -2.82 0.83 7.0
SMc04202iSMc04203f1 | Intergenic spacer -2.62 0.54 6.1 22
SMc04305iSMc04306f2 | Intergenic spacer -1.12 0.44 2.2
SMc04334iSMc04335f1 | Intergenic spacer -2.00 0.56 4.0
SMc04406 Hypothetical transmembrane -3.09 1.60 8.5

# Targets possibly regulated by both RpoH1 and RpoH2 are underlined. These genes do not
demonstrate a significant decrease in either single mutant, suggesting that they may be regulated
by both RpoH1 and RpoH2.
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b Average from three biological replicates.
¢ Fold decrease was calculated from the average signal log ratio.
d Only genes found to be significant using SAM at Delta = 0.75 have a g-value.

**Possible stress response proteins.
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Table 7. Genes with significantly increased expression in rpoH mutant cells versus

wild-type cells in stationary phase

rpoH mutant | Name Description Signal | Standard Fold
Log | Deviation | Increase”
Ratio®
rpoH1 SMb21094 Probable argininosuccinate lyase 1.47 1.09 2.8
SMb21097 Putative amino acid uptake ABC transporter 1.37 1.04 2.6
periplasmic solute-binding precursor
SMc00091 Putative sulfate adenylate transferase 1.21 0.98 23
subunit 2 cysteine biosynthesis
rpoH2 SMa0933 Probable TraC conjugal transfer 1.89 0.59 3.7
SMc01430 Probable acetolactate synthase isozyme I11 1.07 0.23 2.1
small subunit
SMc01431 Probable acetolactate synthase isozyme 111 1.04 0.29 2.1
large subunit
SMc03873 Putative RNA polymerase sigma factor 2.55 0.61 5.8
(RpoH2)
rpoH1 rpoH2 | SMa0320 Putative 1.31 0.80 2.5
SMa0930 Probable TraD conjugal transfer 3.16 0.57 8.9
SMa0933 Probable TraC conjugal transfer 2.12 0.45 4.3
SMa2297 Hypothetical 1.21 0.32 23
SMc01609 Putative 6,7-dimethyl-8-ribityllumazine 1.00 0.50 2.0
synthase
SMc03873 Putative RNA polymerase sigma factor 2.71 0.62 6.5
(RpoH2)
SMc04153 Putative aminomethyltransferase 1.08 0.38 2.1

& Average from three biological replicates.

® Fold decrease was calculated from the average signal log ratio.
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Many of these genes encode proteins involved in cell processes and metabolism,
according to the S. meliloti genome annotation. Of these, twelve are putative stress response
proteins, encoding proteases, chaperones and proteins involved in resistance to oxidative stress
(Table 6). The majority of targets identified encode hypothetical or conserved hypothetical
proteins (43 of 88). 12 intergenic regions were also significantly down-regulated. Although
these targets might represent long leader sequences, it is possible that some might be small
regulatory RNAs or unannotated open reading frames.

When I compared my potential RpoH targets in S. meliloti to the E. coli RpoH regulon
(221), I identified four genes in common: clpB, groEL (groEL4), hslV, and ibpA. clpB, hslV, and
iIbpA could be regulated by both RpoH1 and RpoH2, while groEL4 was only identified as a
putative RpoH2 target. clpB and ibpA were significant in both the Affymetrix and SAM
analyses. Previous studies had identified groESL5 (20, 227), clpB (196), and lon as targets of
RpoHI1. From this stationary phase microarray experiment, only ClpB was identified, and it
could be co-regulated by RpoH1 and RpoH2.

A previous study defined a consensus sequence for RpoH1 in S. meliloti (cnCTTgAA-
N;7-CCAnaT) using the promoters of groESL5, clpB, and lon (196). 1 searched for this sequence
in the 400 bp upstream of all genes that were considered significantly decreased in both
computer analyses using the program DNA-PATTERN (296), and the results appear in Table 8. A
putative RpoH1 binding site was identified upstream of seven of 34 genes, which included clpB
and IbpA. All seven genes were identified as either regulated by RpoH1 or by RpoHI and
RpoH2. I also searched for the RpoH consensus sequence defined for a-purple proteobacteria
(CTTG-N;7-CyTATnT) (267), although this consensus sequence was determined from promoters

that are not confirmed RpoH-controlled genes. In addition to the genes identified with the
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RpoHI1 sequence, 12 more genes have a putative upstream RpoH consensus sequence (Table 9).
These genes include both RpoH2-specific genes and genes that could be regulated by both

RpoH1 and RpoH2.
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Table 8. Potential RpoH1 promoter sequences upstream of putative RpoH targets

Gene Regulated by Sequence?

RpoH1 or RpoH2
SMb20117 1,2 CTCTTGAAGAGCACGGCGCATCGACTAGAT*
SMb21296 1,2 TTCTTGAATTTACCTTTTCCGCTCCAATAT**
SMc00949 1,2 CTCTTGATGTTCCATATGCGACAACCCAGAT*
SMc02433 1,2 CTCTTTAATTCAGAAGTGCGCTGCCCCATAT*
(clpB)
SMc03794 1 CTCTTGCAAGCGGCGTGGCCAGCACCCACAT*
SMc03802 1,2 CCCTTGAGATTTCGAAGGGCCGCACCATTT**
SMc04040 1,2 CTCTTGAACTCGTGCGCGGGCATTCCCATGT*
(ibpA)

% Consensus RpoH1 sequence: CNCTTGAA (Nj6.17) CCANAT (196)

*One mismatch to consensus.

**Two mismatches to consensus.
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Table 9. Potential a-proteobacteria RpoH promoter sequences upstream of putative

RpoH targets

Gene Regulated by Sequence®
RpoH1 or RpoH?2
SMal364 1,2 CTCGACGTTTCCGCAGACAGAGCTATCT**
SMa2061 2 CTCGAAATCATACCTGGACGCCCTAACT**
SMa2349 2 CTTGTGAACGCGCCTGCCGGATCATTTCT**
SMb20303 1,2 CTCGTTCGTTGAAAAGTGCTGCCTTCTAT**
CTGGATTCGAGCCGTATCCGCACCGATAT**
SMb21379 1,2 TTGGGGAGCGGGCGGCGTGACCCTATCT**
SMb21683 2 CTTGCCAATCATCACCCAGCGCTTCCTT**
CTTGCCGGCGGCCGGTCGGCTCCTATTC*
SMc00106 2 CTCGACGCGCCGCCTTGCGGTCCTATCT*
SMc00814 2 CTTCAGCGTGATCGGCCCGACACCCATGT**
SMc02656 1,2 CTGGTGGCGGTTCGGCTGGTGAACTATCT**
SMc02769 1,2 CTTGCGTCGGGGCTGTGGGTTTCCCACAT**
SMc02900 1,2 CTACTTAAATCTTAGGCAAATGCCTATTT**
SMc03836 1,2 GTTTTTGCCACGCGAAAGAGCCCTATAT**

 Consensus RpoH sequence for a-purple proteobacteria: CTTG (N;7.15) CYTATNT (267)

*One mismatch to consensus.

**Two mismatches to consensus.
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3.4  DISCUSSION

My previous work had demonstrated that the requirement for RpoH1 and RpoH2 during
symbiosis in S. meliloti cannot be explained solely by a loss of groEL expression and that there
must be other crucial targets (20). To identify these targets by global gene expression analysis, I
isolated RNA from wild-type, rpoH1, rpoH2, and rpoH1 rpoH2 cells grown for 48 hours in
minimal medium. Microarray analysis was performed by Carol Toman and Melanie Barnett
(Stanford University), and I completed additional computer analysis of the data. In total, we
identified nine down-regulated genes in the rpoH1 mutant, 46 genes in the rpoH2 mutant and 85
genes in the rpoH1 rpoH2 mutant for a total of 88 unique genes, 34 of which were significantly
decreased in both the Affymetrix and SAM statistical analyses.

Of the nine targets that were identified as significantly decreased in the rpoH1 mutant,
only two of these appeared to be RpoH1-specific. Additionally, only one of three known RpoH1
targets (ClpB) was identified as significantly decreased in cells containing an rpoH1 mutation
(196). Because known RpoH1 targets (groESL5 and lon) were missing from the analysis, our
data suggest that rpoH1 is not active under the conditions tested. When I designed the
experiment, [ looked for conditions where both rpoH genes appeared to be expressed so that I
could monitor global transcription in the mutant cells simultaneously. Previous studies using
transcriptional fusions had shown that both rpoH1 and rpoH2 are expressed during late
stationary phase in minimal medium, suggesting that both transcription factors were active
during stationary phase (20, 226). Because expression of rpoH2 is induced later in stationary

phase than rpoH1, I chose the earliest time point where rpoH2 was significantly expressed.
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There was a risk that the transcriptional fusion data did not accurately reflect the activity of the
RpoHI protein, because the activity from the reporter can remain after the gene is no longer
transcribed. Therefore, it was possible that the regulons would have to be studied under separate
conditions. To determine the RpoH1 regulon, I could monitor cells earlier in stationary phase or
under heat shock conditions. Because more is known about RpoH1 activity during heat shock
(196, 227) and because of technical issues involved with stationary phase cells, I will be
performing microarray analysis on heat-shocked wild-type and rpoH mutant cells to determine
the complete set of RpoH-regulated genes (Appendix A).

Previous studies have shown that rpoH2 is transcribed during stationary phase in minimal
media (226, 261), and the relatively large number of potential RpoH2 targets identified here
confirms that this sigma factor is active under the experimental conditions assayed. A closely
related sigma factor, RpoH2 in Sinorhizobium sp. BL3, is also produced primarily in late
stationary phase (286). When combined with data from transcriptional fusions indicating that
rpoH2 is not expressed during the exponential phase of growth or during symbiosis (226), these
results indicate that rpoH2 is specialized for cellular responses during stationary phase,
particularly in nutrient-limiting media. Although the targets of RpoH2 identified here by
microarray analysis have not been confirmed, several putative targets may be involved in stress
response, including groEL4 (261) and several genes that encode putative oxidoreductases.
Interestingly, although it was tested using S1 nuclease protection assays and transcriptional
reporter fusions (20, 196), groEL4 has not been previously reported to be regulated by RpoH?2.
However, transcriptional reporter fusions did suggest that RpoH1 and RpoH2 might control

expression of groEL4, but the difference was not believed to be significant (Chapter 2). Unlike
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the similar RpoH2 in Rhizobium sp. strain TAL1145 (162), S. meliloti RpoH2 does not appear to
regulate the exo genes for exopolysaccharide synthesis under the conditions tested.

Genetic analysis of the rpoH1, rpoH2, and rpoH1 rpoH2 mutants during symbiosis
suggested that the regulons of RpoH1 and RpoH2 must at least partially overlap because both
rpoH1 and rpoH2 single mutants can form nodules on the roots of host plants, but an rpoH1
rpoH2 double mutant cannot (20, 227). The microarray data are consistent with partially
overlapping regulons since expression of 55 of the 85 genes identified in rpoH1 rpoH2 mutant
cells could be co-regulated by RpoH1 and RpoH2; expression of these genes either shows a
greater fold-decrease in the double mutant than in either single mutant or is down-regulated in
the double mutant only. In addition, expression of only two genes was down-regulated solely in
rpoH1 mutant cells compared to the wild type and expression of 31 genes was down-regulated
solely in rpoH2 mutant cells. I also identified putative RpoH1 binding sites (196) or generic
RpoH binding sites (for a-proteobacteria) (267) upstream of some of these genes. Based on this
preliminary analysis of the data, it is possible that RpoH1 and RpoH2 control transcription of the
same genes under different conditions. For example, RpoH2 is functional during late stationary
phase in minimal media (226, 261, this study), whereas RpoH1 directs transcription of genes
during early stationary phase (226) and in response to heat shock in rich medium (196, Appendix
A). Because I have not yet identified the full regulons, it is possible that the two regulons fully
overlap rather than partially overlap, which would still be consistent with the genetic data.

Previous studies demonstrated that the RpoH1 regulon partially overlaps with the E. coli
RpoH regulon such that RpoH1 controls expression of groESL5 (20, 196), clpB (196), and lon,
but not dnaK or clpA. Here we identified the E.coli regulon homologs clpB, ibpA, hslV, and

groEL4 as potential RpoH targets. In E. coli RpoH is predicted to play a role in membrane
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homeostasis during heat stress, as ~25% of its targets encode membrane-associated proteins
(221). At least ten of the potential RpoH targets for S. meliloti are annotated as encoding
possible membrane-associated proteins. This number could grow, since some of the proteins
annotated as hypothetical could have membrane-related functions and we are missing some
known RpoH1 targets from our analysis. The possible connection to membrane integrity is
intriguing, because the rpoH1 mutant is hypersensitive to detergents and hydrophobic dye (196),

phenotypes that are associated with membrane integrity defects (129, 168).

3.5 CONCLUSIONS

To determine the regulons of RpoH1 and RpoH2, I performed a microarray experiment to
monitor gene expression in wild-type and rpoH mutant cells during late stationary phase in M9
minimal medium. In this chapter I describe the statistical analysis of the microarray data. Of the
nine down-regulated genes in the rpoH1 mutant, 46 genes in the rpoH2 mutant, and 85 genes in
the rpoH1 rpoH2 mutant, 34 were also identified as significantly changed by SAM. My results
suggest that there is significant overlap between the RpoH1 and RpoH2 regulons and that there is
some overlap with the E. coli RpoH regulon.

The low number of genes whose expression was significantly decreased in rpoH1 mutant
cells, in addition to known targets that were not identified, suggests that the time point analyzed
was too late during stationary phase for RpoH1 activity. Therefore, to determine the complete
set of RpoH-regulated gene targets, I intend to perform additional microarray experiments. First,
I am comparing gene expression in wild-type and rpoH mutant cells during heat shock to obtain

RpoHI1 targets that were missing from the stationary phase analysis (Appendix A). Second, I
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will induce expression of each rpoH gene in rpoH1 rpoH2 cells and compare transcription to
uninduced cells (Appendix B). Unlike the mutant analyses described here and in Appendix A, in
the induction experiment, the genes for which RpoH1 or RpoH2 are sufficient for transcription
will be up-regulated. Successful completion of both types of microarray experiments is ideal
because it maximizes the likelihood of identifying true RpoH targets and obtaining complete
regulons.

From the microarray results, I will choose a set of potential target genes for experimental
confirmation. The criteria for these genes will be that expression is identified as significantly
changed by both Affymetrix and SAM analyses and/or that they appear in the results of more
than one microarray experiment (stationary phase, heat shock, or rpoH induction). I will
experimentally confirm these targets by 5> RACE (5’ rapid amplification of cDNA ends) to
compare RNA levels in wild-type and rpoH mutant cells. 5 RACE has the advantage over
Northern analysis or RT-PCR, which are often used to confirm microarray results, in that it
identifies the start site of transcription, from which the promoter can be inferred. This will allow
me to determine the consensus sequence for the RpoH1 and RpoH2 binding sites, and I will then
search for binding sites upstream of all genes identified from the array experiments. Because of
indirect effects that alter transcription, not all genes with decreased expression in a microarray
experiment will be real targets. Therefore, genes with significantly altered expression in a

microarray experiment and possessing a binding site will be considered true RpoH target genes.
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4.0 ONLY ONE OF FIVE GROEL GENES IS REQUIRED FOR VIABILITY AND

SUCCESSFUL SYMBIOSIS IN SINORHIZOBIUM MELILOTI

This chapter is adapted from previously published material in Journal of Bacteriology, Volume
189, Number 5, pages 1884-1889. It is reproduced here with permission from the American
Society for Microbiology Journals Division. © Copyright 2007 by the American Society for

Microbiology.

41  ABSTRACT

Many bacterial species contain multiple copies of the genes that encode the chaperone GroEL
and its co-chaperone GroES, including all of the fully sequenced root-nodulating bacteria that
interact symbiotically with legumes to generate fixed nitrogen. In particular, in Sinorhizobium
meliloti there are four groESL operons and one groEL gene. To uncover functional redundancies
of these genes during growth and symbiosis, I attempted to construct strains containing all
combinations of groEL mutations. Although a double groEL1 groEL2 mutant cannot be
constructed, I demonstrate that the quadruple groEL1 groESL3 groEL4 groESL5 and groEL2

groESL3 groEL4 groESL5 mutants are viable. Therefore, like E. coli and other species, S.
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meliloti only requires one groEL for viability and either groEL1 or groEL2 will suffice. The
groEL1 groESL5 double mutant is more severely affected for growth at both 30° and 40°C than
the single mutants, suggesting overlapping functions in stress response. During symbiosis the
quadruple groEL2 groESL3 groEL4 groESL5 mutant acts like the wild-type strain, but the
quadruple groEL1 groESL3 groEL4 groESLS5 mutant acts like the groEL1 single mutant, which
forms ineffective nodules. Therefore, the only groEL gene required for symbiosis is groELL.
However, I show that the other groEL genes are expressed in the nodule, suggesting minor roles
during symbiosis. Combining my data with other data, I conclude that groESL1 encodes the

housekeeping GroEL-GroES chaperone and that groESLS5 is specialized for stress response.

4.2 INTRODUCTION

The groESL operon encodes the chaperone GroEL and its co-chaperone GroES, which function
as a multimeric complex that binds protein substrates and enables them to fold properly. Many
bacterial species have only one groESL operon, and in E. coli the single copy is required for
viability at temperatures as low as 17°C (75). Other bacterial species, however, have more than
one groESL operon and additional groEL genes. The reason for maintaining multiple copies has
not been fully determined for any species. One possibility is that the genes may be differentially
regulated to provide GroEL-GroES at different times or at different levels. Such regulation has
been observed in a number of species (20, 83, 108, 161, 170, 196, 252). A second possibility is
that the genes may encode proteins with different substrate specificities. Although the substrates
of the GroEL-GroES complexes in species with multiple groESL operons have not been

determined, there is some evidence consistent with this hypothesis. For example, in Rhizobium
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leguminosarum the three GroEL proteins have different in vitro properties for folding one
substrate (103), and in Sinorhizobium meliloti GroEL3 is not able to functionally replace GroEL1
(20). A third possibility is that the proteins may be specialized for functions that do not include
protein folding. For example, in E. coli GroEL is able to bind folded c** decreasing o>—
dependent transcription (127).

I am particularly interested in the role of multiple groEL genes in the root-nodulating
bacteria of the Rhizobiales. These bacteria interact symbiotically with partner legume species by
inducing the formation of nodules, colonizing the nodules, and then fixing nitrogen for the host
plant. Multiple groEL copies have been found in all of the fully sequenced genomes of root
nodulators: Bradyrhizobium japonicum (157), Mesorhizobium loti (156), Rhizobium etli (112),
R. leguminosarum (319), and S. meliloti (97). In two cases groEL has been connected to
symbiosis. In B. japonicum the groESL3 operon is regulated along with nitrogen fixation genes,
and a groEL3 groEL4 double mutant is unable to fix nitrogen (Fix") (84). In S. meliloti groEL1
is required for full induction of nodulation genes and nitrogen fixation (223).

S. meliloti has five groEL loci in the genome: groESL1 and groEL4 are located on the
chromosome, groESL2 and groESL3 are located on the pSyma megaplasmid, and groESLS5 is
located on the pSymb megaplasmid (97). Only the groEL1 locus has been identified in mutant
screens. Originally groEL1 was discovered in a screen for reduced nod gene expression (223).
The nod genes encode enzymes that produce Nod factor, which elicits nodule formation. The
genes are controlled by several related transcription factors (NodD1, NodD2, and NodD3), some
of which require plant inducers for activity. Biochemical studies have demonstrated that GroEL
copurifies with NodD1 and NodD3, and GroEL-GroES modulates NodD activity (223, 316).

However, the studies did not address which GroEL-GroES complexes are involved. The groEL1
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locus was also identified in a screen for genes required for the production of N-acyl homoserine
lactones used in quorum sensing (183). The deficiency in N-acyl homoserine lactone production
may be due to a direct interaction of GroEL-GroES with the TraR regulator.

All of the single S. meliloti groEL mutants are viable (20, 196, 222, 223), but groEL1 and
groEL2 cannot be disrupted at the same time (222). The effect of groEL mutations on growth
rate has only been determined for the groEL1 mutant, which has a longer doubling time at 30°C
than the wild-type strain (183, 223). The effect of groEL mutations on symbiosis has been
determined for all five groEL mutants and only groEL1 is associated with symbiotic defects (20,
196, 222, 223). groEL1 mutants are delayed in nodulation and are unable to fix nitrogen (223).
Interestingly, groEL2, but not groEL3, can substitute for groEL1 during symbiosis if expressed
at high levels (20, 223).

Previous work has demonstrated that all of the S. meliloti groEL genes are expressed
during free-living growth in rich and minimal media with groESL1 expressed at high levels and
the others expressed at low levels (20, 196). Transcription of only groESL1 and groESLS
increases upon heat shock (196). Two regulatory systems that bacteria use for controlling genes
in response to heat stress are the RpoH sigma factor (124, 125), which directs transcription from
specific promoters, and the HrcA repressor (210, 248, 264), which binds to a Cis-acting element
called CIRCE (326). S. meliloti has two genes that are known to encode RpoH sigma factors
(226, 227). RpoH2 does not control any of the groEL genes, and RpoH1 only controls groESLS5
(20, 196). The S. meliloti genome contains one gene that is predicted to encode HrcA (97), and
putative CIRCE elements are located upstream of groESL1 and groESL2. However, the

functionality of this CIRCE/HrcA system has not been demonstrated.
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My goal was to uncover functional redundancies of the groEL genes in S. meliloti during
growth and symbiosis by attempting to construct strains containing all combinations of grok
mutations. In this chapter I demonstrate that S. meliloti cells only require one groEL for viability
and either groEL1 or groEL2 will suffice. However, only groEL1 is necessary and sufficient for
symbiosis. Although the roles of groEL2, groEL3, and groEL4 are still unclear, we present
evidence that groEL1 and groESLS have overlapping functions and suggest that groESL5 is

specialized for stress response.

43  MATERIALS AND METHODS

4.3.1 Strains and growth conditions

The bacterial strains used in this study were isogenic to the wild-type strain Rm1021 (188). The
groEL mutations in strains JO138 (groEL1A::gus-aph) and JO60 (groEL2A4::gus-aph) (222)
were transduced into Rm1021 to remove the plasmid pPHI1JI, which had been used for
homogenotization, generating AB249 and AB247. AF14 (groESL34::tet) (20), VO3193
(groEL4A4) (20), and NIOO1 (groESL5A4::aacC1) (196) have been previously published. Multiple
grokE mutants were constructed by generalized transduction using N3 phage. Transcriptional
groEL-gfp-gus fusions were located in the chromosome or megaplasmids of ABI140
(groEL1::pABI11), ABI129 (groEL2::pAB10), ABI145 (groEL3::pAB12), ABI147
(groEL4::pAB13), and AB150 (groEL5::pAB14) in a manner such that the groEL gene is not
disrupted (20). Cells were grown in LB medium supplemented with MgSO, and CaCl, (LB/MC

medium) (109) at 30°C, unless otherwise indicated.

119



4.3.2 Plant assays

Medicago sativa plants were grown on nitrogen free medium at pH 6.0 and inoculated with S.
meliloti cells as previously described (225). Nodulation was determined at three weeks post
inoculation, and nitrogen fixation was determined at six weeks post inoculation. Fix" bacteria
result in tall, green plants with pink nodules, whereas Fix™ bacteria result in stunted, chlorotic

plants with white nodules.

4.3.3 Western blot analysis

To obtain samples for Western blot analysis, cells were grown overnight at 30°C in LB/MC
medium with streptomycin, diluted to an ODsgs of 0.1, and grown to mid log phase (0.6 < ODsys
<0.8). Cultures were then split and grown for an additional hour at 30°C or heat-shocked for an
hour at 42°C, after which cells were harvested and frozen at -80°C. Cells were resuspended in
1x phosphate-buffered saline at 0.1 ml per ODsys unit and disrupted by sonication. The resulting
extracts were combined with 2x Laemmli sample buffer, and equal volumes were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose. Blots were probed with a 1:5,000 dilution of rabbit polyclonal antibodies to E.
coli GroEL (Stressgen) followed by a 1:15,000 dilution of anti-rabbit horseradish peroxidase-
conjugated secondary antibody (Amersham), developed with enhanced chemiluminescence

reagents (Pierce), and imaged using a Fujifilm LAS-3000 imaging system.
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4.3.4 lsolation of protein aggregates from groE mutants

This protocol is adapted from Tomoyasu et al. (289). To obtain samples of groE single mutants
for aggregate analysis, cells were grown overnight at 30°C in LB/MC medium with
streptomycin, diluted to an ODs¢s of 0.05, and grown to ODsos > 0.4. Cultures were split and
grown for 2.5 hours at 30°C or heat-shocked for 2.5 hours at 42°C. Cultures were placed on ice
while the optical density was measured. 5.5 ml of each culture was harvested (two tubes per
strain, 11 ml total) and stored at -80°C.

Cells were resuspended in 40 ul buffer A (10 mM potassium phosphate buffer at pH 6.5,
1 mM EDTA, 20% (w/v) sucrose, | mg mL™" lysozyme). After incubation on ice for 1 hour, 360
ul buffer B (10 mM potassium phosphate buffer at pH 6.5, 1 mM EDTA) was added. Cells were
lysed by sonication (8 cycles of 15-second pulses). Extracts were centrifuged 2000 x g for 15
minutes at 4°C to remove unbroken cells. Supernatants were placed in new tubes and
centrifuged 15,000 x g for 20 minutes at 4°C. Supernatants were discarded and pellets were
stored at -80°C.

Pellets were resuspended in 400 ul buffer B by brief sonication. After centrifugation
(15,000 x g for 20 minutes at 4°C), the supernatant was removed, and the pellet was resuspended
in 320 pl buffer B by sonication. 80 pl of 10% NP40 was added to extract membrane proteins.
After centrifugation (15,000 x g for 30 minutes at 4°C), the supernatant was removed, and the
pellet was again resuspended as above, followed by an additional NP40 extraction. After
centrifugation (15,000 x g for 30 minutes at 4°C), the pellet was washed once in buffer B and

centrifuged again (15,000 x g for 10 minutes at 4°C). The supernatant was removed, and the
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pellet was resuspended in 180 ul Buffer B. After pooling the aggregates from both tubes, the
samples were concentrated by centrifugation (Microcon YM-3).

Samples were combined with 2x Laemmli sample buffer and heated for 10 minutes at
75°C. Equal volumes of sample were resolved by SDS-PAGE on a 12.5% acrylamide gel. The
gel was silver stained using a protocol from Jeffrey Brodsky. Briefly, the gel was fixed for 30
minutes in fixative (50% ethanol, 12% acetic acid, 0.5 ml L' formaldehyde) and washed in 50%
ethanol for 40 minutes. After brief washes first in 0.01% sodium thiosulfate and then water, the
gel was stained in 0.1% silver nitrate for 1 hour. The gel was incubated in developer (0.28 M
sodium carbonate, 0.0002% sodium thiosulfate, 480 pl L formaldehyde) until bands were

clearly visible, and the reaction was stopped in 10 mM EDTA.

4.3.5 Assays of B-glucuronidase activity

To quantitate B-glucuronidase (GUS) activity in free-living bacteria, cells were grown in LB/MC
medium, harvested at the indicated times, and frozen at —80°C. The cells were then
permeabilized using lysozyme (200 pg ml™, 37°C for 10 min), and B-glucuronidase activity was
assayed using p-nitrophenyl-f-D-glucuronide as described previously (151). GUS activity is
expressed in nmol per min per ODsgs unit x 1,000.

To visualize B-glucuronidase activity in planta, nodules were sectioned and stained as
described previously (279). Briefly, after sectioning with surgical razor blades, nodules were
incubated with stain (1 mM X-gluc, 50 mM sodium phosphate buffer at pH 7, 0.02% SDS)
overnight. Nodules were then viewed through a dissecting microscope and photographed on a

dark background.
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44  RESULTS

4.4.1 groEL requirements during free-living growth

Previous work has shown that all five grok operons can be disrupted (20, 196, 222, 223), but a
groEL1 groEL2 double mutant is not viable (222). To uncover functional redundancies among
other groEL genes besides groEL1 and groEL2, I attempted to construct all of the possible
double, triple, and quadruple mutants. 1 confirmed that the groEL1 groEL2 double mutant
cannot be constructed but was able to construct strains containing all other combinations of
mutations. Since the two quadruple mutants (abbreviated 1 3°4°5 and 2" 3" 4 5) are viable, one
of either groEL1 or groEL?2 is necessary and sufficient for growth. Therefore, S. meliloti is like
all other bacterial species with multiple groEL genes tested so far in requiring only one groEL
gene for growth under non-stress conditions (170, 224, 252, 268).

To determine if the mutations affected growth under free-living conditions, I compared
the growth of the single, double, triple, and quadruple grokE mutants to the wild type in LB/MC
medium at 30° and 40°C. At 30°C (Fig. 14A) I found that most of the groE mutants grew like
the wild-type strain. The exceptions were that among the single mutants, the groEL1 mutant
displayed a slight but reproducible growth defect, as shown previously (183, 223), and among
the multiple mutants, strains containing mutations in both groEL1 and groESL5 displayed a
slightly more pronounced growth defect. In particular, these strains exhibited a longer lag phase
and doubling time, although they reached the same maximum cell density. At 40°C (Fig. 14B) I
found that all the groE single mutants had a growth defect, reaching lower cell densities than the
wild type, with the groEL1 mutant always being the most affected. The groEL1 groESL3 double
mutant had a slightly larger growth defect than either single mutant. Strains containing
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mutations in both groEL1 and groESL5 exhibited a severe growth defect. All other double, triple
and quadruple mutants displayed growth phenotypes similar to the single mutants (data not
shown). In summary, although most of the groE mutants exhibit only minor growth defects if
any, the double groEL1 groESL5 mutant is temperature sensitive for growth.

In E. coli groESL is required for growth at low temperature (75), and the activity of
GroEL-GroES in part determines the lower temperature limit at which the bacteria can grow
(80). In addition, a mutation in another chaperone encoding gene, dnakK, renders the cells both
cold sensitive and temperature sensitive for growth (29). Therefore, to determine whether grok
mutants in S. meliloti are cold sensitive, I grew the quadruple mutants at 20°, 15°, and 10°C.

Neither quadruple mutant was cold sensitive (Fig. 14C).
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Figure 14. Comparison of the growth of single and multiple groE mutants with the
wild-type strain as measured using ODsgs.

Cells were grown in LB/MC medium with streptomycin at 30°C (A), 40°C (B) and 15°C
(C). Strains are Rm1021 (wild type; filled circles), AB249 (groEL1; open circles), AB247
(groEL2; open squares), AF14 (groESL3; open diamonds), VO3193 (groEL4; open triangles),
NIOO1 (groESLS5; open inverted triangles), AB221 (groEL1 groESL3; filled triangles), AB219
(groEL1 groESLS5; filled diamonds), AB257 (1" 3" 4" 57; plus signs), and AB238 (2 3 4 5
crosses). The experiment was repeated three times with essentially identical results, and the

panels show data from one experiment.
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I performed Western analysis on groE mutant strains using polyclonal antibodies to the
E. coli GroEL protein (Fig. 15). At 30°C a single band for GroEL was obtained in wild-type
cells. This band is predominantly due to GroEL1, as shown by the 2" 3" 4" 5" quadruple mutant,
but also includes GroEL2, as shown by the 1" 3" 4" 5 quadruple mutant. After subjecting cells to
heat shock at 42°C, the levels of GroEL1, but not GroEL2, increased, which is consistent with
data on transcription (196). In wild-type cells, a second band of lower molecular weight
appeared following heat shock. Production of the second band was dependent on the RpoH1
sigma factor (data not shown). Because groESL5 is the only grok locus controlled by RpoH1
(20, 196) and transcription of groESL5 increases upon heat shock (196), I hypothesized that the
second band corresponded to GroELS5 protein. Consistent with this hypothesis, the second band
was not produced in cells containing the groESLS deletion. Interestingly, the GroELS5 band was
observed in the groEL1 mutant even at 30°C, indicating that GroEL5 production increases when
GroEL1 is absent. The effect is specific to the groEL1 mutation because the band was not

present at 30°C in the triple groEL2 groESL3 groEL4 mutant strain.
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Figure 15. Western analysis of GroEL in groE mutant strains.
Cells were grown to mid-log phase in LB/MC medium with streptomycin at 30°C. Cultures
were split and grown for an additional hour at 30°C (HS -) or at the heat-shock temperature of
42°C (HS +) before processing for Western analysis using a polyclonal antibody to E. coli
GroEL. The strains were Rm1021 (wild type), NIOO1 (groESL5), AB249 (groEL1), AB219
(groEL1 groESL5), AB243 (groEL2 groESL3 groEL4), AB238 (2° 3" 4 5’), and AB257

(1’'3°4°5"). The figure shows one representative blot out of three experiments.
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The Western analysis did not allow me to determine whether production of GroEL2,
GroEL3 or GroEL4 was increased in the groEL1 mutant because the signals from these proteins
are most likely masked by the high levels of GroEL1. To resolve this issue and confirm my
findings for GroELS3, I transduced groEL-gus transcriptional fusions (20) into the groEL1 mutant
(Table 10). During the exponential and stationary phases of growth (6 and 24 hours,
respectively), expression of groEL2 and groEL5 was significantly increased in the groEL1
mutant compared to the wild-type strain. Expression of groEL4 was significantly increased in
the groEL1 mutant only at 24 hours, suggesting that the effect on groEL4 expression depends on
growth phase. Expression of groEL3 was not affected by the groEL1 mutation. Therefore, loss

of GroEL1 results in up-regulation of all of the other groEL genes except groELS3.

129



Table 10. Effect of a groEL1 mutation on groEL-gus gene expression

6 hr 24 hr
Genotype B-glucuronidase Fold B-glucuronidase Fold
activity® difference activity® difference

Wild type groEL2-gus 2,099 1,344

groEL1::Tn5 groEL2-gus 6,804" 3.2 12,379" 9.2
Wild type groEL3-gus 75 189

groEL1::Tn5 groEL3-gus 100 1.3 309 1.6
Wild type groEL4-gus 379 1,069

groEL1::Tn5 groEL4-gus 359 0.95 2,047° 1.9
Wild type groEL5-gus 1,086 1,569

groEL1::Tn5 groEL5-gus 7,238" 6.7 11,990° 7.6

 Average from three experiments.
b Significantly different from wild-type levels (P < 0.01) using the Student’s t test.

¢ Significantly different from wild-type levels (P < 0.05) using the Student’s t test.
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Other studies have used isolation of protein aggregates to identify possible chaperone
substrates (140, 289). In the absence of a particular chaperone, its protein substrates will misfold
and can be detected in aggregate form. To explore substrate specificities, I isolated aggregates
from the single grokE mutants under heat-shock and nonheat-shock conditions in a preliminary
experiment. The protocol was designed to reduce background by extracting membrane proteins
from the aggregate pellet by solubilizing them in NP40 detergent (289). As shown in Fig. 16,
very few aggregates are isolated from wild-type and single groE mutant cells grown at 30°C,
although several bands are present in the groEL1 mutant. At 42°C, many aggregates were
isolated from each strain. Although a few bands seem to be specific to groEL1/groEL2 or
groESLS5, there are too many bands present in the wild-type strain to identify aggregate bands as
unique. I could not identify any bands specific to groESL3 or groEL4, the groE genes about

which the least is known.
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Figure 16. Isolation of protein aggregates from single groE mutant cells.
Cells were grown through log phase in LB/MC medium with streptomycin at 30°C. Cultures
were split and grown for 2.5 hours at 30°C (HS -) or at the heat-shock temperature of 42°C (HS
+) before processing for aggregate analysis. Arrows indicate bands possibly specific to a
particular groEL mutant at 42°C (groEL1/groEL2, open arrows; groELS, filled arrow). The
strains were Rm1021 (wild type), AB249 (groEL1l), AB247 (groEL2), AF14 (groESL3),

V03193 (groEL4), and NIOO1 (groESLS5). Molecular weigh markers (MWM) are in kDa.
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4.4.2 groEL requirements during symbiosis

To determine which combinations of groEL genes are important for symbiosis, I tested the
effects on the formation of effective nodules. Among the single groE mutants only groEL1
mutants have a symbiotic defect, resulting in Fix" nodules (20, 196, 222, 223). To uncover
redundant functions, I inoculated alfalfa (Medicago sativa) plants with the triple and quadruple
mutants and observed the plants for nodule formation and nitrogen fixation. Any mutant that
contained the groEL1 mutation formed Fix™ nodules. All other mutants were similar to the wild-
type strain in ability to nodulate and fix nitrogen.

Additionally, an undergraduate in the lab, Amanda Foltz, determined the effect of
multiple groE mutations on the expression of nod genes (19). groEL1 was previously shown to
be required for full induction of nod gene expression in response to the plant inducer luteolin
(223). To determine whether other groE genes play a role in nod gene expression, a multicopy
plasmid containing nodD1 and nodC-lacZ was introduced into wild-type cells and the single and
quadruple mutants (19). The groEL1 mutant and the 1" 3"4" 5 quadruple mutant displayed lower
expression of nodC-lacZ than the wild-type strain both in the absence and the presence of the
plant inducer luteolin. In addition, the amount of induction caused by the addition of luteolin
was reduced. In contrast, single groEL2, groESL3, groEL4, and groESL5 mutants, as well as the
2" 3 4 5 quadruple mutant, displayed full nodC-lacZ expression. Therefore, only groEL1 is
necessary and sufficient for full induction of the nod genes, and the only groEL gene required for
symbiosis is groEL1.

Expression of each of the groE loci within nodules on a variety of hosts has been detected
in one or more of the global transcript or protein analyses (4, 16, 18, 58, 59, 215). To directly
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compare levels of gene expression within alfalfa nodules, I inoculated plants with bacteria
containing a matched set of groEL-gus transcriptional fusions (20). As shown in Fig. 17, all five
groEL genes are expressed within the nodule, although at different levels. To quantitate
expression, Valerie Oke harvested bacteria from nodules and determined [B-glucuronidase
activity (19). Similar to results obtained under free-living conditions (20), groEL1-gus was
expressed at high levels; groEL2-gus, groEL4-gus, and groEL5-gus were expressed at low
levels; and groEL3-gus was expressed at very low levels. Therefore, although only groEL1 is
required for effective nodules, all of the groE genes are expressed during symbiosis to some

degree.
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Figure 17. Expression of groE genes within the nodule.

Plants were inoculated with bacteria containing the following groEL-gus reporter fusions:
groEL1 (A), groEL2 (B), groEL3 (C), groEL4 (D), and groEL5 (E). Nodules were harvested 3
weeks post infection, hand-sectioned, and stained using X-gluc for -glucuronidase activity. Ten
nodules were examined per strain in each of three experiments, and the panels show one
representative nodule. The tip of the nodule is on the left, and the root-proximal portion is on the
right. The line in (A) represents | mm. Strains from left to right are AB140, AB129, AB145,

AB147, and AB150.
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45  DISCUSSION

I conclude that groESL1 encodes the major housekeeping GroEL-GroES chaperone in S. meliloti
for the following reasons. First, groESL1 is located on the chromosome near many of the same
neighboring genes as the single groESL operon in the closely related bacterium Agrobacterium
tumefaciens (97, 310). Second, groESL1 is expressed at much higher levels than the other groE
genes during growth in culture and during symbiosis (20 and this study). Third, groEL1 is
sufficient for both growth in culture and successful symbiosis (this study). In addition to the
housekeeping role, groESL1 is also partially controlled by heat shock (196), indicating a role in
stress response. This control is independent of RpoH1 and RpoH2 (20, 196) but may depend on
a CIRCE/HrcA regulatory system (210) since a putative CIRCE element is located upstream of
groESL1.

groESLS is probably specialized for stress response since gene expression (196) and
protein production (this study) is induced by heat shock, and groESL5 is the only groE locus
controlled by RpoH1 (20, 196). In addition, I have shown that groESLS is up-regulated in the
absence of groEL1. I postulate that the loss of the major housekeeping chaperone results in
unfolded proteins that trigger groESL5 expression. The partially overlapping function of groEL1
and groELS5 can be observed by the synergistic effect of the two mutations on growth at both 30°
and 40°C.

The roles of the other grokE genes are still unclear. groESL1 and groESL2 encode very
similar proteins (two amino acid differences for GroES and one amino acid difference for

GroEL). Either groEL1 or groEL2 is sufficient during growth (this study), and groEL2 can
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substitute for groEL1 during symbiosis if present on a multicopy plasmid (223). This suggests
that the proteins are interchangeable but that groESL2 is normally not expressed at high enough
levels to be sufficient for symbiosis. As with groESL1, groESL2 is preceded by a putative
CIRCE element although heat shock control has not been observed (196). I have shown that the
groEL2 gene is up-regulated in the absence of groEL1. Given that transcriptional repression by
the CIRCE/HrcA system in other bacteria depends upon levels of GroEL (10, 197), the increase
in groEL2 transcription could be mediated through its putative CIRCE element. Why does
groESL2 exist? Outside of the ORFs and CIRCE elements, the groESL1 and groESL2 DNA
sequences are quite different, which would be consistent with differential regulation. We
speculate that groESL2 is expressed at high levels under some unknown condition when
groESL1 is not expressed well or in addition to groESL1 when larger amounts of GroEL-GroES
are needed.

The roles of groESL3 and groEL4 remain unknown. Presumably the genes produce
GroES and GroEL under different conditions, encode chaperones that fold different ranges of
substrates, and/or encode proteins specialized for non-folding functions. Previously we have
shown that groESL3, which encodes the most divergent of the GroEL-GroES homologs, is
unable to functionally replace groEL1 (20). In addition, groESL3 is the only groE locus that is
not up-regulated in response to the loss of groEL1. These results would be consistent with

different substrate specificities or different functions.
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46  CONCLUSIONS

All of the root-nodulating rhizobia whose genomes have been sequenced maintain multiple
copies of grokE genes. My goal was to determine why S. meliloti maintains its five copies. The
results of my genetic analysis of the multiple groE mutants, when combined with previous
studies (20, 196, 222, 223), demonstrates that groESL1 encodes the major housekeeping
chaperonin, while groeESL5 is specialized for the stress response. Because it is so similar to
groESL1, groESL2 likely folds the same substrates, though perhaps under different conditions.
The functions of groESL3 and groEL4 are unclear. These results, however, indicate that S.
meliloti does not need multiple groEL genes for symbiosis, because groEL1 is both necessary
and sufficient.

In a preliminary experiment, I have attempted to identify differential substrates by
isolating protein aggregates from single groEL mutant cells. Unfortunately, there was too much
background in the wild-type strain to allow easy identification of unique proteins in the mutant
strains. Possibly the cells were heat-shocked for too long, such that proteins began to aggregate
in wild-type cells. Additionally, two-dimensional gel electrophoresis might be better suited to
resolving these samples. An important caveat of this experiment is that groESL2, groESL3, and
groEL4 are not up-regulated in response to heat shock (196), and the proteins encoded by these
genes might not be active under this condition. If these GroELs target specialized substrates,
their substrates might not be present at high levels during heat shock and therefore might not be
isolated in this assay. Further analysis of groEL function largely depends on determining the

conditions under which the protein products play an active role.
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APPENDIX A

HEAT SHOCK MICROARRAY EXPERIMENT TO DETERMINE GENE TARGETS

OF RPOH1 AND RPOH?2

A.l INTRODUCTION

In Chapter 3 I discussed the results of a microarray experiment comparing gene expression in
wild-type and rpoH mutant cells during late stationary phase in minimal medium. A study using
transcriptional gene fusions indicated that during stationary phase expression of rpoH1 is
induced before rpoH2 (226). I chose to harvest cells late in stationary phase in an attempt to
define the RpoH1 and RpoH?2 regulons in one experiment. However, the time point was too late
for strong RpoH1 activity because only a few RpoH1 targets were identified and two of three
known targets were missed.

RpoH was discovered in E. coli as an alternative sigma factor that directs the cellular
response to heat stress (321), and the V. cholerae RpoH regulon was determined by comparing
global gene expression in wild-type and rpoH mutant cells during heat shock (273). Previous
studies in S. meliloti have shown that RpoH]1 is active during heat shock conditions. Production

of several heat shock proteins in response to heat stress is reduced in an rpoH1 mutant (227), and
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the heat-shock induction of clpB, groESL5, and lon is RpoH1-dependent (196). The best-studied
target of RpoH1, groESLS, appears to encode the primary heat-shock response GroEL (19).
Therefore, to identify the RpoHI1 regulon, I heat-shocked wild-type and rpoH mutant
cells and isolated RNA for microarray analysis, after determining the appropriate heat shock
conditions. I included the rpoH2 and the rpoH1 rpoH2 mutants in the analysis because one
study suggested that RpoH2 might play a minor overlapping role during heat shock (227). The

RNA samples have been sent to our collaborators at Stanford University for microarray analysis.

A2  MATERIALS AND METHODS

Strains and growth conditions

Strains used in this study are Rml021 (wild type), VO3128 (rpoH1::aadA), AB3
(rpoH2::aacCl), and AB9 (rpoH1::aadA rpoH2::aacCl), which have been previously published
(20, 188, 226). Bacterial cultures were grown in LB/MC medium (109). Streptomycin was
added to the medium at 500 pg ml”'. S. meliloti cells were grown at 30°C unless otherwise

indicated.

Heat shock and sample preparation

Three replicates for this experiment were started on the same day using the same medium. Cells

were grown overnight in LB/MC medium, diluted to an ODs9s of 0.05 the next day and allowed
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to grow overnight again to ensure even growth. When the experiment was started, the growth of
the three replicates was staggered by one hour. Cultures were diluted to an ODsgs of 0.05 in 65
ml LB/MC and allowed to grow to the mid log phase of growth (0.5-0.7 ODsos). The wild-type
culture was split so that 30 ml remained at 30°C for 15 minutes as a control, and 30 ml of each
culture was heat-shocked for 15 minutes at 42°C. Cells were harvested by mixing with ice-cold
stop solution (5% buffer-equilibrated phenol in ethanol) and centrifuging 5,000 rpm at 4°C. The

supernatant was removed, and cells were frozen in liquid nitrogen and stored at -80°C.

Cell lysis and RNA isolation

Cell pellets were resuspended in 1 mg ml™' lysozyme in TE and incubated for 5 minutes at room
temperature to lyse the cells. Total RNA was isolated as described (16) using an RNeasy Mini
Kit (Qiagen). This protocol includes both on-column and off-column DNase digests. Absence
of chromosomal DNA was confirmed by PCR, and RNA integrity was validated on a 1.2%
agarose formaldehyde gel. At least 80 ug of RNA was isolated for each sample and shipped to

Sharon Long’s laboratory at Stanford University for microarray analysis.

Real-time PCR analysis

Heat shock conditions were determined through reverse transcription of the mRNA for select
gene targets followed by real-time PCR analysis for relative quantitation. Cultures were split
and either kept at 30°C as a control or heat shocked at 42°C, and cells were harvested at the
indicated times. 10 pg of RNA was reverse transcribed using SuperScript II reverse transcriptase

(Invitrogen) with primers specific for rpoH1, rpoH2, groESL5, and SMc04228 (an endogenous
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control gene that is constitutively expressed) at 20 ng per primer. The reverse transcription
reaction was diluted to 100 ul in TE and 1 ul was subsequently used in each real-time reaction.
Real-time PCR primers were designed using Primer Express Software version 3.0 (Applied
Biosystems). The real-time PCR reactions were performed according to the SYBR® Green PCR
Master Mix protocol (Applied Biosystems). Briefly, reactions contained 25 pl Master Mix, 0.25
ul forward and reverse primers from 100 uM stock, and 1 ul cDNA template in 50 ul total
volume. Reactions for each sample were performed in triplicate using an Applied Biosystems
7300 system under the following conditions: 94°C for 10 minutes, then 40 cycles of 94°C for 15
seconds, 60°C for 30 seconds, and 72°C for 45 seconds. Real-time data were collected during

the 72°C stage. During analysis, all target values were normalized to the endogenous control

(SMc04228).

A3 RESULTS AND DISCUSSION

Because RpoH1 did not appear to be active at 48 hours in minimal medium in the stationary
phase microarray experiment (Chapter 3), I attempted to find conditions under which RpoH1 was
functional. Previous work had shown that the rpoH1 mutant is sensitive to high temperature and
that the RpoH1 target groESL5 is induced by heat shock (196, 227). The rpoH1 gene is also
expressed early in the stationary phase of growth (226), but obtaining RNA during stationary
phase is technically difficult (Chapter 3). Therefore, I decided to monitor global gene expression

in wild-type and rpoH mutant cells in response to heat shock.
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To determine conditions for heat shock, I grew cultures of wild-type and rpoH1 cells in
M9 minimal medium, to match the medium that was used in the stationary phase microarray
experiment (Chapter 3). Cultures were split once they had reached the mid log phase of growth
and either kept at 30°C or heat-shocked at 42°C. Samples were taken every 15 minutes from 0 to
1 hour. After reverse transcription of select targets, I performed real-time PCR analysis of the
cDNA. Significant induction of groESL5 expression occurred within 15 minutes of heat shock
(Fig. 18). Although groESL5 was reported to be controlled solely by RpoH1 (20, 196), there was
induction of groESLS5 expression even in the absence of RpoH1. One study performed in M9
minimal medium suggests that RpoH2 might control GroEL5 production in response to heat
shock (the protein band was not specifically labeled) (227), but the rest of the work on groESL5
regulation in response to heat shock was performed in LB/MC medium (19, 196). Therefore, I
repeated the above experiment in LB/MC medium using wild-type, rpoH1, rpoH2, and rpoH1
rpoH2 cells with a maximum heat shock of 30 minutes. The results demonstrate that
transcription of rpoH1 (Fig. 19A), rpoH2 (Fig. 19B), and groESL5 (Fig. 19C) is induced after a
15-minute heat shock. Importantly, induction of groESL5 was greatly reduced in rpoH1 and
rpoH1 rpoH2 mutant cells, suggesting that RpoH1 regulates transcription of groESL5 in
response to heat shock in LB/MC medium. Because cells in M9 minimal medium also grow
more slowly and yield less RNA (data not shown), I chose to perform the heat shock experiment
using LB/MC medium.

To obtain samples for microarray analysis, I isolated total RNA from wild-type, rpoH1,
rpoH2, and rpoH1 rpoH2 cells that were heat-shocked at 42°C for 15 minutes and from wild-
type cells that were kept at 30°C as a non-heat shock control. I chose a short 15-minute heat

shock to minimize the appearance of downstream targets that are not directly regulated by
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RpoHI and RpoH2. RNA integrity was confirmed by formaldehyde gel, and absence of
chromosomal DNA contamination was verified by PCR amplification of an intergenic region. I

am now waiting for the microarray results from our collaborators.
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Figure 18. Relative expression level of groESL5 in wild-type and rpoH1 cells in

response to heat shock in M9 minimal medium.

Cells were grown to mid log phase in M9 minimal medium, heat-shocked at 42°C, and harvested
at the indicated times. Total RNA was isolated, and samples were processed for real-time PCR.

Strains are Rm1021 (wild type, black bars) and VO3128 (rpoH1, white bars). All values are

relative to the wild type signal (= 1) at time point 0.
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Figure 19. Relative expression levels of rpoH1, rpoH2, and groESL5 in wild-type and
rpoH mutant cells in response to heat shock in LB/MC medium.
Cells were grown to mid log phase in LB/MC medium, heat-shocked at 42°C, and harvested at
the indicated times. Total RNA was isolated, and samples were processed for real-time PCR.
The transcripts analyzed are rpoH1 (A), rpoH2 (B), and groESL5 (C). Strains are Rm1021 (wild
type, black bars), VO3128 (rpoH1, white bars), AB3 (rpoH2, gray bars), and AB9 (rpoH1
rpoH2, diagonal lines). All values are relative to the wild type signal (= 1) at time point O.
Relative expression levels between Fig. 18 and Fig. 19 cannot be compared, because more

cDNA was used for real-time PCR in Fig. 18.
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A4 CONCLUSIONS

Results from the stationary phase microarray experiment (Chapter 3) indicate that RpoH1 was
not active under those growth conditions. Therefore, to determine the RpoH1 regulon, I
designed a heat shock experiment and confirmed RpoH1 activity before isolating RNA for
microarray analysis. Both rpoH single mutants and the double mutant were included in the
analysis because transcription of both rpoH genes was induced upon heat shock.

When I receive the microarray data from Carol Toman and Melanie Barnett, I will
perform data analysis with SAM. I will then experimentally confirm the targets as described in
Chapter 3 (section 3.5). This analysis will identify the transcriptional start sites for genes whose
expression is significantly decreased in rpoH mutant cells, which will allow me to infer the

promoter sequence and determine consensus binding sequences for RpoH1 and RpoH2.
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APPENDIX B

INDUCTION OF RPOH1 AND RPOH2 IN AN RPOH1 RPOH2 DOUBLE MUTANT

STRAIN TO DETERMINE THE GENE TARGETS OF RPOH1 AND RPOH?2

B.1 INTRODUCTION

In Chapter 3 and Appendix A, I described experiments to define the RpoH1 and RpoH2 regulons
by comparing global gene expression in wild-type and rpoH mutant cells. Although this
approach is expected to identify RpoH targets whose expression is decreased, it will not
distinguish between direct targets and secondary effects that alter transcription in mutant cells.
A powerful and complementary approach to the mutant comparison is to induce expression of
rpoH1 and rpoH2 under conditions where they are not typically expressed and to monitor the
resulting changes in global gene expression over a time course. Genes that are induced early in
the time course are likely to be direct RpoH targets, while genes induced later could be indirect
targets or could have promoters that are weakly bound by RpoH.

The use of complementary mutant and induction analyses has been used previously to
determine the regulons of sigma factors in Bacillus subtilis (28, 69). The E. coli (221, 323) and
the N. gonorrhoeae (128) RpoH regulons have been determined by inducing rpoH expression

during normal growth conditions in part because rpoH mutants grow slowly. For the E. coli
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experiments, changes in gene expression were monitored within minutes of induction to
minimize downstream effects, and samples were taken at several time points to determine how
the response to rpoH gene-induction changed over time (221, 323).

I wanted to induce expression of S. meliloti rpoH1 and rpoH2 in rpoH1 rpoH2 double
mutant cells and harvest cells soon after induction to minimize the influence of indirect effects
that alter transcription. In this experiment, targets whose expression is increased shortly after
induction would be considered likely RpoH targets. I chose to work in rpoH1 rpoH2 double
mutant cells to eliminate transcription of gene targets by the endogenous proteins. Although
rpoH1 and rpoH2 are primarily expressed during stationary phase, expression of rpoH1 is
induced between the mid and late log phases of growth (226, Bittner and Oke, unpublished
results).

The primary difficulty with this experiment is that inducible promoters have not been
well-developed in S. meliloti. The promoters commonly used E. coli are either strongly
transcribed but not well repressed (lac and tac) (182, Margolin, personal communication to V.
Oke) or are tightly repressed but not strongly transcribed (araBAD) (Bittner and Oke,
unpublished results). The xylose-inducible system used in the o-proteobacterium Caulobacter
crescentus (189) is also ineffective (Peck and Long, personal communication to V. Oke).
However, the recently-identified S. meliloti melA promoter is promising because it appears to be
well repressed by succinate and strongly induced by a-galactosides (27, 95). In this section, I
describe the construction and testing of inducible rpoH constructs that have been placed under

control of the melA promoter.
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B.2 MATERIALS AND METHODS

Strains, plasmids and growth conditions

Bacterial strains are listed in Table 11. Bacterial cultures were grown in LB medium, LB/MC
medium (109), M9 minimal medium containing 0.2% succinate, 0.5 pg biotin ml”', 1 mM
MgSO,, and 0.25 mM CaCl,, Vincent minimal medium (VMM) containing 0.4% succinate, 14.7
mM K;HPOy4, 11.5 mM KH,PO4, 15.7 mM NH4Cl, 1 mM MgSOy, 460 uM CaCl,, 37 uM FeCls,
4.1 uM biotin, 48.5 uM H3BO3, 10 uM MnSOy, 1 uM ZnSOy, 0.5 pM CuSOy, 0.27 uM CoCl,,
and 0.5 uM NaMoO, (261), or standard minimal medium (SMM) containing 0.3% succinate,
13.8 mM K,;HPO,, 11.7 mM KH,PO4, 6.8 mM NaCl, 15.0 mM NH4CI, 2.0 mM MgSO,, 0.84
uM CoCly, 0.82 uM biotin, and 1.8 uM thiamine (123). Streptomycin was added to the media at
500 pug ml”, and spectinomycin was added at 50 pg ml". S. meliloti cells were grown at 30°C
unless otherwise indicated. Plasmids were introduced into S. meliloti cells by triparental
conjugation (109). Chromosomally located constructs were moved between S. meliloti strains by
generalized transduction using N3 phage (184). The rpoH1::aphll mutation from strain
HY658N (227) was transferred by transduction into strain AB3 (20), creating AB71, to ensure

isogenicity with our lab strains.
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Table 11. Strains used in Appendix B

Strain Relevant characteristics Reference
AB3 rpoH2::aacCl (20)

AB71 rpoH1::aphll rpoH2::aacCl This study
AB306 rpoH1::aphll rpoH2::aacCl/pCAP11 (vector) This study
AB308 rpoH1::aphll rpoH2::aacCl/pAB15 (Pmeia-rpoH1) | This study
AB310 rpoH1::aphll rpoH2::aacCl/pAB16 (Pmeia-rpoH2) | This study
HY658N | rpoH1::aphll (227)
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Construction of plasmids to induce expression of rpoHland rpoH2

To place rpoH1 under the control of the S. meliloti melA (melibiose-inducible) promoter, a 0.91
kb DNA fragment that extends from the rpoH1 start codon to 3 bp downstream of the stop codon
was amplified with primers that generate Avr II restriction sites (Table 12). The upstream primer
also includes a consensus Shine-Dalgarno sequence for translation. The fragment was inserted
into Avr II-digested and phosphatased pCAP11 (Gift of Catalina Arango Pinedo), a variant of the
broad-host-range vector pMB393 (14), that contains the melA promoter, creating pAB15 (Pmela-
rpoH1). To place rpoH2 under the control of the melA promoter, a 0.85 kb fragment that extends
from the rpoH2 start codon to 3 bp after the stop codon was amplified with primers that generate
Avr II restriction sites. The upstream primer was identical to the rpoH1 upstream primer up to
the start codon so that both constructs would have identical Shine-Dalgarno sequences and
spacing between the start codon and the ribosome-binding site. The fragment was inserted into
Avr II-digested and phosphatased pCAP11, creating pAB16 (Pmeia-rpoH2). Both constructs were

verified by multiple restriction digests and sequencing.
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Table 12. Primers used in Appendix B

Primers Sequence?

rpoH1 upstream cggccctaggacaggaggatacgcgATGGCCCGCAATACCTTG

rpoH1 downstream | aatgcctaggcctT TAAGCGCCTTCAAC

rpoH2 upstream gaagcctaggacaggaggatacgcgATGATCAAGATTGCCATG

rpoH2 downstream | gaagectagggctTCAATGCATCGACGC

% Sequences read 5> to 3°. Avr II sites, Shine-Dalgarno sequences, and start/stop codons are
underlined. Sequences corresponding to the rpoH1 or rpoH?2 genes are capitalized.
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Melibiose induction

Prior to induction, cells were grown in LB/MC medium overnight, diluted to an ODsgs of 0.05 in
LB/MC the next day and allowed to grow overnight again to ensure even growth. Cells were
then washed twice and diluted to an ODsgs of 0.05 in minimal medium containing succinate or
glycerol. When cultures reached an ODsgs > 0.5, cells were centrifuged, washed twice in
minimal medium lacking a carbon source, and resuspended in minimal medium containing 1%
melibiose as the sole carbon source. Time points were taken every 30 minutes from 0 to 4 hours.

Cells were harvested as described (16, Appendix A.2.2).

Cell lysis and RNA isolation

Cells were lysed and total RNA was isolated as described (16, Appendix A.2.3).

Real-time PCR analysis

Melibiose-induction conditions were determined through reverse transcription of the mRNA for
select gene targets followed by real-time PCR analysis for relative quantitation. Real-time PCR
analysis was performed as described above (Appendix A.2.4) with the exception that 2.5 ug of
RNA and 12 ng per primer were used in the reverse transcription reaction, which was diluted to a

final volume of 65 ul in TE.
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B.3 RESULTS AND DISCUSSION

An important tool for the analysis of sigma factor regulons has been the ability to induce
production of the transcription factor and to assay changes in gene expression shortly after
induction (28, 69). It is important that transcription of the gene that encodes the sigma factor is
tightly repressed, so that little of the protein is active before induction. When time points are
taken shortly after induction, the likelihood of identifying direct targets is increased, and the
contribution of downstream effects is minimized. However, an inducible promoter that is both
tightly repressed and strongly induced has not been developed for S. meliloti. I and others have
been testing the S. meliloti melA promoter for use as an inducible system in this organism. The
melA promoter controls expression of the melA-agp operon, which encodes proteins necessary
for the transport and utilization of a-galactosides in S. meliloti (95). Expression from this
promoter is tightly repressed by succinate and strongly induced by a-galactosides (27, 95).
pCAPI11 (gift from Catalina Arango Pinedo in Daniel Gage’s laboratory at the University
of Connecticut) is a multicopy plasmid containing the minimal melA promoter fragment
downstream of a transcriptional terminator to prevent read-through from vector promoters. To
initially characterize the requirements for melA induction, I placed a gus transcriptional reporter
fusion downstream of the melA promoter. Cells were grown in M9 succinate minimal medium,
washed twice with medium lacking a carbon source, and then induced with M9 minimal medium
containing different concentrations of the a-galactoside melibiose. Cells induced by 1-2%
melibiose yielded the highest induction levels, which reached approximately 25-fold above
background after 6 hours (data not shown). A 6-hour induction period is much longer than

desired; sufficient levels of induction from inducible systems in E. coli can be obtained within
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minutes. To attempt to shorten the induction period, I grew the cells in medium containing
glycerol, which is a neutral rather than a repressive carbon source, and added melibiose to the
medium during mid log phase to induce the promoter. However, this procedure yielded similar
induction times to the previous experiment, and background levels of expression were much
higher (data not shown). Therefore, I decided to use the original growth conditions where all
cells were initially grown in medium containing succinate to efficiently repress the promoter
prior to induction with 1% melibiose.

To make inducible rpoH constructs, I placed rpoH1 (pAB15) and rpoH2 (pAB16)
downstream of the melA promoter and moved both plasmids and the control vector (pCAP11)
into rpoH1 rpoH2 mutant cells. To test induction conditions in these new strains, I grew cells in
M9 succinate medium containing streptomycin and 50 ug ml™' spectinomycin. It was apparent
that the strain containing the rpoH1 construct grew more quickly than the strains containing the
rpoH2 construct or the control vector. To find conditions under which all three strains grew
evenly, I altered spectinomycin concentration (50 pug ml” and 35 pug ml™), temperature (30°C
and 25°C), and growth medium (VMM and SMM). The strains grew most evenly in SMM
containing 50 pg ml™' spectinomycin at 30°C (data not shown), and therefore these conditions are
used in the following preliminary experiment.

To test induction requirements for the rpoH constructs, I grew cells to mid log phase,
washed twice in SMM lacking a carbon source, and resuspended cells in SMM containing 1%
melibiose as a carbon source. Cells were harvested every 30 minutes from 0 to 4 hours. Real-
time PCR analysis of cDNA generated from rpoH1 (Fig. 20A) and rpoH2 (Fig. 20B) indicated
that rpoH1 was maximally induced between 3 and 4 hours and that rpoH2 was maximally

induced between 2.5 and 3.5 hours. The relative induction levels of rpoH1 are misleading
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because the reverse transcription primer will anneal to both the induced rpoH1 transcript and the
transcript from the rpoH1 mutant allele. Therefore, the observed induction levels are most likely
lower than the actual induction levels because of background transcription from the mutant allele
in the absence of inducer.

The level of induction of groESLS is most puzzling. At the time point at zero hours,
there are already high levels of groESL5 transcript in cells expressing rpoH1 (Fig. 20C). This
suggests that the melA promoter is not well repressed, allowing sufficient production of RpoH1
to increase QroESL5 transcript levels in the absence of inducer. After induction with melibiose,
groESLS levels immediately decrease, followed by an increase up to 4 hours that never reaches
pre-induction levels. The drop in groESL5 transcript levels suggests that the mRNA could be
degraded when cells are switched to a medium containing melibiose. However, this experiment
should be repeated to determine whether this pattern continues in subsequent experiments.
Interestingly, induction of rpoH2 also increased groESLS levels, although to a lesser extent than
induction of rpoH1l. Two previous studies had concluded that RpoH2 does not control
expression of groESL5 (20, 196). However, my work on expression of groESL5 in response to
heat shock (Appendix A) has suggested that expression of groESL5 is regulated by another
transcription factor in addition to RpoH1 in minimal medium. This is the first experiment to

show that an increase in groESL5 transcription correlates to an increase rpoH2 expression.
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Figure 20. Relative expression levels of rpoH1, rpoH2, and groESL5 in rpoH1 rpoH2
mutant cells expressing rpoH1 or rpoH2.
Cells were grown to mid log phase in SMM medium containing succinate, washed twice with
medium lacking a carbon source, induced with SMM medium containing 1% melibiose, and
harvested at the indicated times. Total RNA was isolated, and samples were processed for real-
time PCR. (A) Relative rpoH1 expression levels in AB308 (rpoH1 rpoH2/Ppeia-rpoH1); values
are relative to time point 0 (= 1). (B) Relative rpoH2 expression levels in AB310 (rpoH1
rPOH2/Peia-rpoH2); values are relative to time point 0 (= 1). (C) Relative groESL5 expression
levels in AB306 (rpoH1 rpoH2/vector; black bars), AB308 (rpoHL1 rpoH2/Pea-rpoH1; white
bars), and AB310 (rpoH1 rpoH2/Pneia-rpoH2; gray bars); values are relative to the vector alone

control (AB306) at time point 0 (= 1).
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B.4  CONCLUSIONS

To complement the stationary phase and heat shock microarray experiments to determine
complete RpoH1 and RpoH?2 regulons, I wanted to perform microarray experiments with rpoH1
rpoH2 mutant cells that have been engineered to induce expression of rpoH1 and rpoH2. By
monitoring changes in transcription shortly after induction, I hoped to reduce the chance of
identifying downstream targets that are not directly regulated by RpoH1 and RpoH2. However,
the most commonly used inducible promoters are not well repressed or highly induced in S.
meliloti.

Here I have attempted to induce rpoH1 and rpoH2 in rpoH1 rpoH2 mutant cells using the
melibiose-inducible S. meliloti melA promoter. While I was able to obtain high levels of
induction for rpoH1 and rpoH2, the levels of groESL5 indicate that the melA promoter is not
well-repressed. Unexpectedly, groESL5 transcript levels decrease immediately after induction,
which suggests that the groESL5 mRNA could be degraded. To determine whether this effect is
genuine, the experiment should be repeated and include additional time points both before and
after the switch to growth in melibiose-containing medium. In addition, results from this
preliminary experiment suggest that RpoH2 could contribute to regulation of groESL5 when
RpoH1 is not present, which has not been shown in any previous study (20, 196). My work on
groESLS expression in response to heat shock (Appendix A) suggested that a sigma factor other
than RpoH1 could regulate groESL5 in a minimal medium, and these results indicate that the

other sigma factor could be RpoH2.
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Finally, induction of the melA promoter was comparatively slow, on the order of hours
instead of minutes, under all conditions tested. The combination of a promoter that is not tightly
repressed and a long induction period increases the likelihood of identifying downstream targets
that are not directly regulated by RpoH1 or RpoH2. However, this experiment would still allow
me to determine RpoH targets by identifying genes whose expression is increased in cells
expressing rpoH1 or rpoH2. This could confirm results obtained in the previous experiments
that monitored changes in gene expression in rpoH mutant cells (Chapter 3 and Appendix A),

and it might also identify additional targets that were missed in the other experiments.
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