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Abstract 

In E. coli, the heat shock transcription factor, σ32, senses and responds to 

perturbations in protein homeostasis.  The output of the heat-shock response (HSR) is finely 

tuned to the amount of stress present; and fine-tuning requires several σ32 regulon members 

(molecular chaperones and proteases) whose ability to impart regulatory control on σ32 

depends on the protein homeostatic state of the cell.  While regulation of σ32 has been well 

studied, several lines of evidence indicate a missing player or mechanistic step involved in 

σ32 regulation.  Specifically, several σ32 mutants were found to no longer be sensitive to the 
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regulatory controls of chaperones and proteases.  While these mutants are no longer inhibited 

by chaperones or degraded by proteases in vivo, they are sensitive to both chaperone-

mediated inhibition and protease-dependent degradation in vitro, strongly indicating a 

missing component in σ32 regulation.   

In this work, I identified a new player to be the Signal Recognition Particle (SRP), a 

component of the co-translational trafficking machinery involved in transporting proteins to 

the inner membrane.  I identified an interaction between σ32 and the co-translational 

trafficking machinery in vivo; and determined that σ32 interacted directly with the SRP 

through several in vitro studies.  Additionally, I identified a membrane-localized σ32 

population and that localization is dependent on the SRP-dependent trafficking pathway.  I 

also found that a severely-defective σ32 regulatory mutant, I54Nσ32, is additionally defective 

in SRP-binding; and that this defect in binding led to a significant decrease in membrane 

fractionation of the mutant.   

To understand the biological significance of SRP-binding and membrane localization, 

I tethered σ32 to the membrane in vivo, and found that membrane-tethered σ32 is more 

sensitive to the regulatory controls of both proteases and chaperones.  Most importantly, 

membrane-tethering I54Nσ32 restored its sensitivity to chaperones and proteases, indicating 

that the regulatory defects observed in I54Nσ32 are due to its defect in membrane 

localization.  These observations have led me to propose that SRP and subsequent transport 

of σ32 to the membrane is an additional regulatory step for σ32 control, allowing σ32 to sense 

flux of proteins to the membrane in addition to protein folding homeostasis. 
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General Introduction 
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The hallmark of bacterial growth is the ability of these organisms to adapt to both 

challenging and changing environments.  Indeed, bacteria account for about half of the 

world’s biomass, and along with other microorganisms, are the most widely distributed 

organisms on earth.  Temperature is one of the most pervasive challenges facing such 

organisms. Terrestrial free-living bacteria must adapt to daily temperature changes due to 

day-night temperature fluctuations and to seasonal changes.  For the bacteria whose reservoir 

is in other organisms, many have a fecal-oral route of transmission and must therefore also be 

equipped to survive temperature fluctuations in the terrestrial environment.  For those living 

in the oceans, the ability to grow in the cold is of primary importance, as 90% of the oceans 

have temperatures of ≤5˚C.  Thus, it is clearly of great importance to understand how 

bacteria adapt to temperature shifts.   

 

The effect of temperature on the growth rate of E. coli 

A very early focus of bacterial physiologists was determining the relationship 

between organismal growth rate and the temperature of cultivation as well as the effect of 

temperature on the overall cellular constitutents.  The following discussion is adapted from a 

classic chapter by John Ingraham and Allen Marr (Ingraham and Marr, 1996). The Arrhenius 

relationship predicts that there is a linear relationship between the logarithm of the velocity 

of a chemical reaction and the reciprocal of the absolute temperature (˚K).   Considering the 

growth rate of the organism as the sum of its chemical reactions motivated determining 

whether the logarithm of growth rate was linear with this property.  Indeed, such a 

relationship is obtained over a limited range (Herendeen et al., 1979) (Figure 1.1), termed the 

normal temperature range for the organism (Herendeen et al., 1979).  For E. coli, this range 
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encompasses ~25˚C to 37˚C. When cells are shifted within the normal growth range, there is 

little or no lag in adaptation to the new growth rate and neither a heat shock nor a cold shock 

response is elicited. Additionally, cellular composition remains relatively constant.  In 

contrast, at successively higher or lower temperatures, the growth rate declines until one 

reaches either a lethal high temperature (~ 47-50˚C, depending on particular strain and media 

conditions) or the minimal temperature for continued growth (~8˚C). Shift from the normal 

growth range to temperatures above 37˚C elicits a progressively more severe heat shock 

response; conversely shift to temperatures of 15˚C or below results in a classic cold shock 

response.  Additionally, cellular composition changes.  We now consider the cellular 

response to a temperature shift that brings cells outside of their normal growth range.  

 

The Heat Shock Response (HSR) 

General Description of the HSR 

The overall logic of the HSR is universal among all organisms. Upon shift to a 

nonlethal temperature above the normal growth range, a signal transduction system(s) 

activates a transcription factor(s) that increases transcription of a group of genes called the 

“heat shock genes”, resulting in the overproduction of heat shock proteins (HSPs). The 

particular transcription factor activated is organism specific (σ32 in E. coli).  However, a 

subset of the HSPs, the chaperones and proteases that deal with unfolded and misfolded 

proteins, are induced in all organisms following heat stress.  The universality of this response 

indicates that all organisms face protein-folding stress as a consequence of increased 

temperature. 
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When cells are shifted to a high lethal temperature, maximal production of HSPs 

continues as long as the cell has the capacity for protein synthesis.  In contrast, the HSR has 

distinct phases after shift to a nonlethal high temperature:  a) induction phase: transcription 

factor activation leads to a rapid increase in the cellular concentration of HSPs; b) adaptation 

phase: the response is turned down to a level consistent with the particular new high 

temperature of growth (Straus et al., 1987); c) steady-state phase: HSPs are maintained at a 

level appropriate for the temperature of growth (Straus et al., 1989). Interestingly, when cells 

are “preadapted” at a high non-lethal temperature prior to shift to lethal temperature, a 

protective effect, called thermotolerance, is observed, resulting in a lag period prior to the 

onset of cell death (VanBogelen et al., 1987). In the converse response, when cells are 

shifted from a high non-lethal temperature to lower temperature, HSP production is repressed 

to allow return to their appropriate level for that temperature (Figure 1.2).  

 

Inputs of the HSR 

Among the consequences of shift to lethal temperature are breakage in DNA, and 

damage to the cytoplasmic membrane, ribosomes and rRNA.  Each of these could be signals 

that trigger the response, but thus far, they have not been demonstrated to do so. Currently, 

the only known signal controlling the HSR is the level of unfolded proteins. The 

demonstration that overproduction of a variety of unfolded proteins triggers the HSR without 

temperature shift solidified the idea that such molecules serve as a signal controlling the 

response.  Our molecular understanding of this signaling mechanism is described in the 

circuitry section below. However, there are serious gaps in our understanding; and it is highly 
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likely that additional signals possibly responding to other consequences of heat stress are 

involved in creating this complex control network. 

The idea that misfolded or unfolded proteins trigger the HSR intially came from 

studies of the major outputs of this response in many organisms and led to an important 

conceptual advance in understanding how protein folding occurs.  Chief among the HSPs 

were Hsp70 (DnaK) and Hsp60 (GroE/L), universally conserved proteins of initially 

unknown function.  It was eventually determined that these proteins, now called chaperones, 

aided unfolded or misfolded proteins to reach their native state in vivo. This demonstration 

was exceptionally important as it overturned an earlier paradigm that protein folding 

generally proceeded spontaneously.  The earlier idea was based on in vitro studies examining 

refolding of small, single domain proteins under dilute conditions.  Countless studies have 

now demonstrated that in the concentrated in vivo milieu, rapid folding of most large proteins 

and even some small ones is a chaperone-assisted process.  

 

Outputs of the HSR 

The σ32-mediated heat-shock response is the most immediate response of E.coli and 

related organisms to temperature stress. Here I discuss the functions encoded in this regulon 

as identified by proteomic approaches, whole gene expression analysis, and ChIP-chip 

analysis. The cellular location and functions of regulon members are summarized in Table 1 

(A,B).  

A central role of the response is protein homeostasis.  In addition to the chaperones 

and proteases, which were identified in very early studies of the response (reviewed in 

references (Georgopoulos, 2006; Genevaux et al., 2007)), regulon functions also regenerate 

5



complex proteins (e.g. those modified by various substitutions such as iron sulfur clusters 

(Nonaka, 2006).  Regeneration pathways for some complex proteins have not yet been 

identified; other complex proteins, such as those with iron-sulfur clusters may be particularly 

at risk after switch to high temperature.  Therefore, it is perhaps not surprising that many 

members of the regulon are devoted to homeostasis of this class of proteins.  The regulon 

encodes at least two iron-sulfur cluster proteins (Nonaka, 2006); their enhanced synthesis 

after heat shock may compensate for their destruction (reviewed in (Ayala-Castro et al., 

2008)).  Additionally, the regulon encodes proteins involved in lipoyl biosynthesis, iron-

sulfur assembly and cofactor biosynthesis, thus ensuring a sufficient flux of the building 

blocks for complex proteins (Nonaka, 2006).  

Consistent with early observations that heat stress damages DNA and rRNA, regulon 

functions protect both the molecules themselves and the machinery that makes them. The 

regulon includes Mfd, which recruits repair machinery to DNA lesions as well as enzymes 

involved in three different pathways that maintain genomic integrity (mismatch repair, 

excision repair and recombination) (Savery, 2007).  Enzymes for modifying rRNA (23S 

methylation) and tRNA (∆3-isopentyl-PP added adjacent to anticodon) are encoded in the 

regulon; these modifications are believed to be important for growth at high temperature 

(Tsui et al., 1996; Bugl et al., 2000; Hager et al., 2002).  Several RNA polymerase binding 

proteins (HepA, TopA, NusB) believed to be important for alleviating the effects of 

supercoiling on transcription, and two proteins implicated in ribosome protection and 

recycling [(YfrH (Hsp15) and YfiA] are regulon members (Korber et al., 1999; Korber et al., 

2000; Staker et al., 2000; Cheng et al., 2003).  Thus, stress adaptation both protects critical 
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macromolecules and tunes the transcription, translation and repair machinery for function at 

high temperature.  

The regulon also includes many functions related to the inner membrane, consistent 

with the determination that the membrane is damaged by heat stress. In fact, ~25% of the 

regulon members are either membrane localized or involved in membrane relevant functions 

(Nonaka, 2006). Some relevant functions encoded in the regulon are: carbonic anhydrase, 

necessary to provide the bicarbonate consumed in making fatty acids; components of the 

system for making disulfide bonds; enzymes involved in lipoprotein maturation; and 

membrane localized histidine kinase sensors, transporters and proteases. The presence of 

these functions in the regulon suggests that a major function of the response is to maintain 

the integrity of the inner membrane upon heat stress.  

The σ32 regulon encodes many transcription factors. About 12.5% of the regulon is 

devoted to transcription factors; and the percentage goes up to 15% if one considers Mfd and 

TopA, which bind to RNA polymerase and modify its transcription properties and FimB, 

which inverts a DNA segment to modify the rate of switching to the on or off transcriptional 

state for fimbrae synthesis.  This proportion is slightly higher than the fraction of the σS 

regulon devoted to transcription factors (8%); previously σS was the only alternative s factor 

in E. coli thought to control many transcription factors (Weber et al., 2005).  The σ32 regulon 

contains several two-component systems and a number of transcriptional repressors.  

In summary, the regulon functions deal with almost all of the deleterious 

consequences of heat stress discussed above.  Thus, in addition to broadly protecting protein 

homeostasis, regulon members protect against breakage in DNA, and damage to ribosomes 

and rRNA. Additionally, a large fraction of the regulon serves to protect and remodeling of 
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the inner membrane, suggesting that the response extends beyond the cytoplasm. Finally, the 

fact that the regulon encodes many transcription factors, extends the reach of the regulon 

beyond those genes directly transcribed by σ32 itself, enabling the HSR to interdigitate with 

additional cellular responses. 

 

Circuitry of the HSR 

E. coli is able to sense temperature very accurately, as both the magnitude and 

duration of the induction phase of the HSR vary even between 1˚C increments in final 

temperature of upshift (unpublished data; Gross Lab).  Thus, the “thermometer” sensing 

temperature must be precisely calibrated. Two distinct strategies can be employed for sensing 

a pertubant.  First, the pertubant itself may be sensed. In control engineering terminology, 

this is called a “feed-forward” response because it allows adjustment to the new condition 

before damage is sensed. Second, damage itself can be sensed.  Such “homeostatic” control 

mechanisms allow the response to continuously adjust to the state of the cell.  The HSR 

utilizes both types of control systems. The “feed forward” response controls the translation 

rate of σ32, the E. coli heat shock transcription factor.  The rpoH mRNA encoding σ32 has an 

inhibitory mRNA structure that limits translation at low temperature; shift to high 

temperature melts this structure resulting in increased production of σ32 even before cellular 

damage from temperature has accumulated (Morita, Tanaka, et al., 1999; Morita, Kanemori, 

et al., 1999), accounting in part for the rapid induction phase of the response (Figure 1.2).  In 

contrast, the homeostatic control mechanisms that respond to the cell damage caused by high 

temperature adjust the activity and stability of σ32; and are mediated, at least in part, by heat 
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shock proteins that are under σ32 control.  The circuitry of the response is diagrammed in 

Figure 1.3. 

 

σ32 activity control 

The two major ATP-dependent chaperone systems in E. coli, the DnaK/DnaJ/GrpE 

machine and GroEL/S machine control the activity of σ32. Both chaperone systems not only 

refold cellular proteins but also bind to native σ32 (Gamer et al., 1996; Tatsuta et al., 2000; 

Guisbert, 2004). Very recently, both the DnaK and the DnaJ binding sites on σ32 have been 

identified (McCarty et al., 1996; Rodriguez et al., 2008).  DnaJ potentiates the binding of 

DnaK to σ32; a finding explained by the fact that DnaJ binds σ32 and destabilizes an adjacent 

region of σ32 to which DnaK binds (Rodriguez et al., 2008).  GrpE is the nucleotide exchange 

factor for both DnaK and DnaJ (Skowyra and Wickner, 1995; Packschies et al., 1997).  

Activity control is manifest when σ32 (and therefore chaperones transcribed by σ32) are 

present in excess over cellular needs.  This condition occurs during adaptation phase of the 

HSR; following temperature downshift; and when σ32 is at very high concentration either 

because it has been overexpressed or because its degradation system has been eliminated 

(Figures 1.2, 1.3) (Tomoyasu et al., 1998; Guisbert, 2004). However, activity control is likely 

to be manifest during steady state growth as well to deal with the inevitable imbalances in σ32 

levels. Activity control is believed to measure the amount of unfolded proteins present in the 

cell relative to the amount of active chaperones.  According to the “unfolded protein titration 

model”, most chaperones are involved in interacting with unfolded proteins and are therefore 

titrated away from binding σ32 under normal conditions.  However, where excessive 

chaperones are present relative to unfolded proteins, the “free pool” of chaperones increases 
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and binds σ32 a greater fraction of the time, thereby inactivating it.  This model is supported 

by two types of in vivo experiments: a) overexpressing either DnaK/J or GroEL/S inactivates 

σ32; b) depleting these chaperone systems or inducing their substrates induces the HSR 

(Tomoyasu et al., 1998; Guisbert, 2004). Excessive amounts of either DnaK/J or GroEL/S 

reduces the activity of σ32 in an in vitro transcription reaction, demonstrating that this 

condition is sufficient to mediate inactivation, at least under the in vitro conditions employed 

(Liberek et al., 1992; Gamer et al., 1992; Gamer et al., 1996; Guisbert, 2004).  

There is reason to believe that the current explanation for activity control is 

incomplete.  In the current model, the activity of σ32 is basically determined solely by a 

binding competition between chaperones and RNA polymerase for σ32: When the pool of 

free chaperones is high, chaperones outcompete RNA polymerase resulting in decreased σ32 

activity. This result suggests that σ32 mutants defective in activity control should bind more 

weakly to chaperones. Yet, an extensive search for mutants in s32 defective in activity control 

(detected because they retain high σ32 activity in the presence of overexpressed chaperones) 

identified only mutants mapping to a single exposed surface in σ32, and these mutants are 

neither defective in binding to DnaK/J nor to GroEL/S (Horikoshi et al., 2004; Obrist and 

Narberhaus, 2005; Yura et al., 2007).  In fact, their most significant binding defect is to RNA 

polymerase itself (Yura et al., 2007). None of these observations is consistent with a simple 

competition model.  These mutants could identify a step subsequent to chaperone binding 

that is a critical determinant of activity control.  Alternatively, the identified surface could 

interact with additional components required for inactivation in vivo. 
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σ32 stability control 

σ32 stability is controlled by the membrane-localized FtsH protease, which degrades 

both σ32 and unassembled or damaged inner membrane proteins (reviewed in (Ito and 

Akiyama, 2005)). The DnaK/J chaperone system also contributes to rapid degradation of σ32 

by FtsH as deletion of dnaJ or reduced activity mutant of dnaK significantly increases the 

stability of σ32 in vivo (Straus et al., 1990; Tomoyasu et al., 1998). The major documented 

instance of degradation control of σ32 is following shift to high temperature where the 

normally very unstable protein (T ½= 1’) is transiently stabilized (Straus et al., 1987), 

contributing to the rapid induction phase of the response (Figure 1.2), although degradation 

control is also likely to be manifest during steady state growth to deal with the inevitable 

imbalances in σ32 levels.  

There is little molecular understanding either of the initial degradation event or of its 

regulation.  FtsH degradation of s32 has not been completely recapitulated in vitro, as 

degradation is very slow and not enhanced by chaperones (Herman et al., 1995; Tomoyasu et 

al., 1995; Blaszczak et al., 1999).  These same features are true when the in vitro degradation 

assay uses FtsH in its native inner membrane environment, suggesting that slow degradation 

is not simply an artifact of solubilizing the protease (Herman et al., 2003; Akiyama and Ito, 

2003). The demonstration that FtsH is a very poor unfoldase both in vivo and in vitro 

provides a possible explanation—the in vitro system may be missing the putative unfoldase, 

so that slow degradation may reflect the time required for unfolding prior to degradation 

(Herman et al., 2003).  Consistent with this idea, in the in vitro reaction, FtsH is only able to 

degrade σ32 at higher temperatures where unfolding would be enhanced and is completely 

unable to do so at 30˚C.  
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Even less is known about how degradation is regulated. Regulation of FtsH activity 

could be mediated indirectly via titration of the DnaK/J chaperone by unfolded proteins.  

Alternatively, FtsH itself could be limiting under some conditions.  There is conflicting 

evidence in the literature about whether or not such a situation occurs (Herman et al., 1995; 

Tatsuta et al., 1998). Interestingly, a search for overexpressed proteins capable of inducing 

the HSR indicated that a disproportionate number of inducers were membrane proteins 

(Nonaka, 2006); and unassembled membrane proteins are FtsH substrates (Akiyama et al., 

1994; Akiyama et al., 1995). After temperature upshift, changes in status of the membrane 

could result in transient pools of unassembled membrane proteins. If this resulted in FtsH 

limitation after temperature upshift, this homeostatic control loop would sense inner 

membrane status rather than cytoplasmic protein folding.  An independent mode of 

regulating degradation control would be consistent with recent modeling experiments 

indicating that activity and degradation control each have independent effects on the 

parameters of the HSR (Srivastava et al., 2001; El-Samad et al., 2005; Kurata et al., 2006; 

El-Samad and Khammash, 2006).  

 

Integration of the σ32 response with other cellular responses  

There is no doubt that σ32 is the central player in the HSR and in the ability of the cell 

to grow at high temperature. σ32–controlled genes constitute the immediate response, 

showing maximal expression by several minutes after temperature shift and are more highly 

induced by temperature than other gene classes responding to heat stress (see below).  Cells 

lacking σ32 are unable to grow at temperatures above 20˚C (Zhou et al., 1988)  and cells with 

sub-optimal amounts of σ32 are restricted in their high temperature growth range (Zhou et al., 
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1988).  Finally, simply producing the two major σ32–transcribed chaperone systems (DnaK/J 

and GroEL/S) in a strain lacking σ32 restores growth up to 42˚C (Kusukawa and Yura, 1988), 

clearly indicating the centrality of the σ32 response in permitting high temperature growth. 

However, σ32 is not the sole response of the cells to temperature, and not the only 

determinant of surviving thermal stress.  This is graphically illustrated by the fact that 

overproducing σ32 at normal growth temperatures is not sufficient to confer the 

thermotolerance that results from preincubating cells for a short time at 42˚C (VanBogelen et 

al., 1987). Two likely candidates for additional players are the two other stress s factors, σE 

and σS.  Both are induced in response to temperature upshift, albeit with slower kinetics and 

lower magnitude than σ32 (Muffler, Barth, et al., 1997; Nonaka, 2006), and their regulons 

contribute important stress-related functions that do not overlap those provided by that of σ32 

(Wade et al., 2006). 

σE, mediates the envelope-stress response, and is required for viability at all 

temperatures.  Its regulon encodes functions that maintain outer-membrane homeostasis, 

thereby ensuring that the second compartment of the cell has functions necessary for its 

integrity in the face of heat stress.  Additionally, the σE response is transcriptionally tied to 

that of σ32.  One of the promoters driving expression of σ32 is transcribed by σE, and the 

fraction of transcription contributed by this promoter increases as the temperature increases 

(Zhao et al., 2005; Nonaka, 2006; Wade et al., 2006).  Indeed, at lethal temperatures, 

essentially all transcription of σ32 comes from this sE promoter because σ70 is progressively 

inactivated under these conditions (Erickson et al., 1987).  Interestingly, the promoter driving 

expression is one of the strongest σE promoters in the E. coli cell.  Moreover, the 

transcriptional link between σE and σ32 is widely maintained across many bacterial groups.  
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Together, these observations imply that maintaining the connection of stress responses is an 

important general strategy for cellular survival.  

σS, the general stress σ, is also induced in response to heat stress. Cells lacking σS 

show decreased viability at very high temperatures (>48˚C; (Hengge-Aronis et al., 1991; 

Berney et al., 2006)).  At least two functions provided by σS are likely to be important for 

surviving thermal stress:  a) production of enzymes that detoxify free radicals (eg. catalase), 

thereby decreasing the probability that free-radicals will damage macromolecular 

constituents, especially DNA (Hengge-Aronis et al., 1993), and b) production of trehalose, a 

sugar that has both osmoprotective and heat protective effects on proteins and membranes 

(Hengge-Aronis et al., 1991).  There are also connections between σS and σ32.  σ32, along 

with σS, contributes to trehalose synthesis at high temperature, enabling concerted production 

of this key protective molecule (Nonaka, 2006; Guisbert et al., 2008).  Additionally, there is 

a link between the three stress responses.  All three stress responses are induced during 

transition to stationary phase growth as well as by heat but σS and σE are more induced than 

σ32 during stationary phase.  At least in S. typhimurium, maximal induction of σS requires 

induction of the other 2 stress σ factors because of an interesting but indirect regulatory 

cascade.  Stationary phase induction of sE induces σ32 and higher σ32 increases the level of 

Hfq (Bang et al., 2005), a σ32 regulon member necessary for mediating the action of most 

sRNAs  (Brown and Elliott, 1996; Muffler, Traulsen, et al., 1997; Cunning and Elliott, 1999; 

Testerman et al., 2002; Hirsch and Elliott, 2005; Bang et al., 2005).  The requirement for σE 

for maximal induction is abrogated when Hfq is overexpressed (Bang et al., 2005).  The most 

parsimonious explanation of these results is that Hfq is present in limiting amounts in 

stationary phase.  As sRNAs participate in σS induction. maximal induction of σS requires the 
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Hfq produced as a consequence of the σE-σ32 Hfq cascade (Muffler et al., 1996; Brown and 

Elliott, 1996; Muffler, Traulsen, et al., 1997; Cunning and Elliott, 1999; Testerman et al., 

2002; Hirsch and Elliott, 2005; Bang et al., 2005).  Links such as these are just beginning to 

be teased out.  Moreover, there has been little attention devoted to the important question of 

whether collaboration between responses changes with the stress condition.   

 

Comparing the E. coli and B. subtilis HSR 

B. subtilis exhibits a significant heat shock response, inducing the same core group of 

genes as in E. coli, as well as many organism specific genes (~200 total) with the same rapid 

kinetics of induction and shutoff observed in E.coli (Hecker et al., 1996; Hecker and Völker, 

1998; Helmann et al., 2001).  σ32, the central player mediating thermal stress in E. coli, is 

widely distributed in most branches of the gram-negative proteobacteria, and all participate 

in mediating at least part of the HSR. However, orthologues of σ32 are absent from the gram-

positive lineage.  Instead, control of the HSR is distributed among at least 6 regulons, with 4 

transcription factors identified thus far, including σB, the 2 component regulatory system 

CssRS, and 2 repressors: HrcA and CtsR.  It is not known how the remainder of the ~ 80 heat 

shock responsive genes are regulated. 

The two identified positive regulators activated during the HSR are σB and the two-

component system CssRS.  σB is the general stress s in gram-positive organisms, performing 

roles similar to that of σS in gram-negative organisms.  In this sense, there is equivalence 

between the two bacterial branches; however, σB controls the immediate response to heat 

stress in B. subtilis.  Thus, its role is akin to that of σ32.  The σB regulon controls the largest 

number of heat-regulated genes (~120) and is rapidly and significantly induced (5-40 fold) 
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immediately after temperature shift. The response declines by 10 minutes after shift.  The 

kinetics and magnitude of this response closely mirror those of the E. coli σ32-mediated HSR.  

Among the classes of genes induced are those with: a) protective functions; e.g. protein 

homeostasis (proteases), oxidative stress (catalases); b) membrane related influx and efflux 

functions; c) RNA turnover; and d) metabolism (Helmann, et al., 2001). The CssRS 2 

component system is induced by secretion stress and heat stress and is, thus far, known to 

control only 2 membrane localized proteases (Darmon et al., 2002; Hyyryläinen et al., 2005; 

Westers et al., 2006). 

The conserved core of the HSR – the major chaperones and the major quality control 

system – is controlled by repressors. HrcA controls expression of the DnaK/J and GroEL/S 

chaperone systems in B. subtilis and other low G+C gram positive organisms, and only 

GroEL/S in most other organisms (Li and Wong, 1992; Schmidt et al., 1992; Zuber and 

Schumann, 1994; Schulz and Schumann, 1996; Homuth et al., 1997).  It is the most 

widespread heat shock control system, even extending to the α-proteobacteria gram-negative 

bacterial lineage, where it coexists with σ32.  CtsR controls expression of the Hsp100/Clp 

chaperones and the peptidase ClpP (Krüger and Hecker, 1998; Derré et al., 1999).  Both of 

these repressors use the same general regulatory logic as that of E. coli homeostatic control 

mechanisms. They repress transcription by binding to the operator sites found in each 

regulated operon.  HrcA is responsive to occupancy of GroEL/S. HrcA requires constant 

refolding by GroEL/S to maintain its native state. Upon temperature upshift, GroEL/S is 

occupied with the many unfolded proteins generated by this process and is titrated away from 

HrcA resulting in relief of repression and transient expression of the chaperones (Wilson et 

al., 2005).  Similarly, CtsR is regulated in response to occupancy of the ClpCP protease by 
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unfolded proteins.  McsB, an arginine kinase encoded in the same operon as CtsR, can 

inactivate CtsR by phosphorylating it.  However, McsB can also bind to ClpC and is inactive 

as a kinase in this state. Thus, when McsB is bound to ClpCP, CtsR is active and represses 

transcription. However, ClpCP prefers unfolded proteins to McsB, so when the concentration 

of unfolded proteins increases following heat shock, McsB is released from ClpC.  Under 

these conditions, McsB inactivates CtsR by phosphorylation, and the phosphorylated protein 

is degraded by ClpCP (Krüger et al., 2001; Kirstein et al., 2007; Fuhrmann et al., 2009).  

This leads to overexpression of the quality control system.  A summary of the known 

transcription factors involved in the HSR in B. subtilis is shown in Figure 1.4.  

There are a number of differences between the HSR in gram-negative organisms like 

E. coli and gram-positive organisms like B. subtilis. The major heat shock response is carried 

out by σB, the general stress s rather than by a committed σ factor.  Therefore, any 

differentiation between the genes induced by heat stress and by other conditions including 

salt, oxidation, acid and energy stress would have to be achieved by regulation at the specific 

operon level (e.g. activators or repressors).  Additionally, the regulatory response to 

temperature is distributed among many distinctly regulated systems.  Even the chaperones 

and proteases, the core HSPs universally-induced by heat in all species, have discrete 

regulatory systems. The common induction of σB genes in response to many stresses could 

simply be an evolutionary accident, but more likely reflects a fundamental difference 

between gram-negative and -positive bacteria, possibly relating to the presence or absence of 

the periplasmic compartment. Additionally, it indicates that the chaperones and proteases 

considered to be part of the “core temperature response” may be less important in B. subtilis 

than other organisms, as they reach maximal levels later than the functions encoded in the σB 
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regulon, possibly because B. subtilis is extremely good at accumulating compatible solutes 

(e.g. many transport systems for glycine betaine), and these may contribute to protection of 

proteins (for review, (Kempf and Bremer, 1998)).  

It is easy to suggest a reason why B. subtilis has such a distributed regulatory 

response to heat stress. These regulatory responses may not always be coincident. As a soil 

bacterium, B. subitlis has many protective states in response to stress, including competence 

and sporulation. Entering some of these states may involve activating only distinct arms of 

the HSR, making it imperative to subject them to differential regulatory strategies.  Indeed, 

the activity of the quality control system regulated by CtsR is intimately tied into regulation 

of the competence state, and this may be one reason for separating the core HSR genes into 

two separate control systems (Msadek et al., 1994; Turgay et al., 1997; Krüger et al., 1997; 

Nanamiya et al., 1998).  

 

Summary of the HSR 

The HSR is a universally conserved cellular response to heat stress, and at least two 

of its outputs, enhanced production of chaperones and ATP-dependent proteases are 

universal responses to temperature stress, indicating that maintaining protein-folding 

homeostasis is central to high temperature growth and survival.  Cells signal the HSR by 

activating a transcription factor.  This signaling pathway is partially dissected in E. coli.  Two 

arms are known: (1) an immediate (feed forward) response in which temperature melts an 

inhibitory mRNA structure permitting enhanced translation of σ32, the heat shock 

transcription factor, and (2) a homeostatic response to cellular state.  In one portion of the 

homeostatic response, unfolded, unassembled or partially folded cytoplasmic and inner 
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membrane proteins titrate out chaperones, so that chaperones exhibit reduced binding and 

inactivation of σ32.  Additionally, unassembled inner membrane proteins may titrate FtsH, 

thereby reducing its ability to degrade σ32.  This HSR is an immediate and robust response to 

high temperature, which protects both the cytoplasmic and inner membrane from heat stress 

by production of a wide variety of proteins that mediate homeostasis of cellular 

components.  The σ32 HSR collaborates with other stress responses, including those mediated 

by σE and σS.  These connections are just being established. 
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Conclusions 

Study of the heat shock response has advanced to the point where new and more 

complex issues remain to be solved.  It has become clear that the HSR monitors inner 

membrane homeostasis as well as cytoplasmic protein folding homeostasis, and the current 

models proposed to control homeostatic regulation no longer explain all the data available.  

However, further understanding requires understanding of how complex cellular machineries 

are integrated, and may not be amenable to previous reductionist approaches.  
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Table 1.1.  Localization and functional classification of σ32 regulon members.   

The predicted function (http://ecocyc.org/) and location (Riley, et al., 2006) were obtained 

for all identified σ32 regulon members.  Note that rrnB is an RNA. 

a Proteins underlined are annotated as “membrane.”  However, it is assumed they are located 

in the inner membrane.  

b Identified in (Zhao et al., 2005). 

c Identified in (Nonaka, 2006). Only regulon members encoded on the chromosome and with 

a confirmed σ32-dependent promoter are listed. 

d Previously known; referenced in (Nonaka, 2006). 

e Identified in (Wade et al., 2006). 
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Table 1.1A.  Cellular location of σ32 regulon members 
Location (no. of 

products) Regulon products 

Periplasm (8) CreAc DsbCc YceIc YciMb YehRe YehZe YgcIe YibGe 

 

Inner Membrane (27) CreCc CutEc CycAb FtsHd FxsAb,c,e GntYc HflXd HflKd HflCd 
HtpXd LipBc LspAc MacBb MenAd PgpAc PhoQc SdaCe YafUe 
YbeXc YbeZb,c,e YceJc YcjFb,c YciSb,c,e YdgRe YghJe YiaAe 
YtfLe 

 

Cytoplasm (88) ClpBd ClpPd ClpXd CreBc Crre DnaJd DnaKd FkpBc FimBe FolPd 
GapAd GlnSc,e GntXc,e GroELSd GrpEd HepAc,e Hfqc HolCc,e 
Hsp33c HslUd HslVd HtpGd IbpAd IbpBd IleSc,e IspHc LdhAb,e 
Lond MiaAd Mfdb,e Mlcd MutLd MutMb,c NarPc,e NrdHe NusBc 
PhoPc,e PrlCb,c,e PyrFc RecAc RecJc RdgBc RibEc RluAb RpmEe 
RpoDd RpsLe RrmJd rrnBd SdaAc,e ThiLc TopAd TreRe TyrRc 
ValSc XerDc YadFc,e YafDc YafEb,c YbbNb,e YbeDb,c,e YbeYc 
YbjXe YccEe YccVb,e YcePb,c,e YciHc YcjXb,c,e YdaMb YdeOe 
YdhQb,c,e YeaDd YfjNc YfiAe YgaDc YgbFc YggWc YhdNc,e 
YhiQb,c YibAb,e YjhIe YjiTe YnfKd YrdAb,e YrfHb,c YrfGc,e 
XapRe ZntRc  
 

Unknown (3) yi81_1d yi82_1d YpjMe 
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Table 1.1B.  Functional classification of σ32 regulon members 
Functional category 

(no. of products) Regulon products 

Metabolism (24) CutEc FolPd GapAd IspHc LdhAb,e LipBc LspAc MenAd 
NrdHe PgpAc PyrFc RibEc SdaAc,e ThiLc YadFc YafEb,c 
YbeDb,c,e YceJc YdaMb YeaDd YggWc YibAb,e YrdAb,e 
YrfGc,e 

 

Chaperone/Folding 
catalysts (12) 

ClpBd DnaJd DnaKd DsbCc FkpBc GroELSd GrpEd Hsp33c 
HtpGd IbpAd IbpBd YbbNb,e 

 

Protein degradation (11) ClpPd ClpXd FtsHd HflXd HflKd HflCd HslUd HslVd HtpXd 
Lond PrlCb,c,e 

 

DNA modification (11) HolCc,e Mfdb,e MutLd MutMb,c RecAc RecJc RdgBc TopAd 
XerDc YafDc,e YccVb,e 

 
RNA state (3) Hfqd RluAb YfjNc 

 

Transcription regulators 
(18) 

CreBc CreCc CycAb FimBe HepAc,e MacBb Mlcd NarPc,e 
NusBc PhoPc,e PhoQc RpoDd TreRe TyrRc XapRe YdeOe 
YjhIe ZntRc 

 

Translation/tRNA (12) GlnSc,e IleSc,e MiaAd RpmEe RpsLe RrmJd rrnBc ValSc 
YbeYc YciHc YfiAe YrfHb,c 

 

Transporter (8) Crrc GntXc,e GntYc SdaCe YbeXc YbeZb,c,e YdgRe YehZe 

 

Miscellaneous (4) FxsAb,c,e YhiQb,c yi81_1d yi82_1d  
 

Unknown function (23) CreAc YafUe YbjXe YccEe YceIc YcePb,c,e YciMb,c YciSb,c,e 
YcjFb,c YcjXb,c,e YdhQb,c,e YehRe YgaDc YgbFc YgcIe YghJe 
YhdNc,e YiaAe YibGe YjiTe YnfKd YpjMe YtfLe 
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Figure 1.1. Growth rate of E. coli B/r as a function of temperature.  The specific growth rate 

(k, hour-1), log scale, is plotted against the inverse of absolute temperature (kelvins).  

Individual datum points are marked with degrees Celsius: �, in a rich medium; ¢, in a 

glucose-minimal medium.   

 

24



Figure 1.1

25



Figure 1.2. Rates of heat shock protein (HSP) synthesis during temperature upshift and 

downshift.  (A) HSP production during a temperature shift from 30° to 42°C reveals three 

distinct phases: induction, adaptation, and steady state.  (B) Repression of HSP production 

during a temperature shift form 42° to 30°C.   
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Figure 1.3. Wiring diagram of σ32 regulation.  There are three primary modes of regulation 

as follows:  (1) excess free DnaK/J and GroEL/S chaperones directly bind to and inactivate 

σ32; (2) the FtsH protease degrades σ32, with chaperones participating in this process; and (3) 

temperature directly controls the rate of σ32 translation.  Misfolded proteins titrate 

chaperones from these regulatory roles, allowing active σ32 to increase the synthesis of 

chaperones and proteases during conditions where they are needed.   
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Figure 1.4. Summary of the major transcription factors and their regulatory systems involved 

in the HSR of B. subtilis: (A) The immediate response is controlled by σB, which is 

negatively regulated by an anti-sigma factor.  During heat shock, signals release the anti-

sigma factor, thereby allowing σB, to activate transcription of the heat shock regulon.  (B) 

During heat and secretion stress, the CssRS 2 component regulatory system recognizes 

unfolded proteins at the cell wall-membrane interface activating transcription of the 

proteases, htrA and htrB.  (C) The inhibition of the repressor HrcA leads to transcription of 

the chaperone system GroEL/S.  During heat shock, GroEL/S is occupied with unfolded 

proteins, unable to renature HrcA molecules, thereby decreasing active HrcA.  (D) The 

degradation of the repressor CtsR leads to transcription of ClpP peptidase.  During heat 

shock, the arginine kinase MscB is released from binding to the protease complex ClpCP 

upon an increase in unfolded proteins.  This release allows MscB to phosphorylate CtsR, 

facilitating its recognition by ClpCP for degradation.   
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Chapter Two 

 

Heat Shock Transcription Factor σ32 Co-opts the Signal Recognition Particle to 

Regulate Protein Homeostasis in E. coli  
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Abstract 

The heat shock response (HSR) provides an intimate window into the cellular 

strategies that maintain proteostasis, a process critical for survival in all organisms. Yet, 

despite decades of study, the circuitry elucidated thus far in E. coli, the best-studied 

bacterium, does not faithfully recapitulate the range of cellular responses to altered protein 

folding status. We provide evidence that the co-translational protein targeting system, 

comprised of the Signal Recognition Particle (SRP) and its receptor (SR), is a central 

regulator of the HSR.  SRP interacts with σ32,the HSR transcription factor, and participates in 

transiting σ32 to the plasma membrane.  Our results indicate that membrane-associated σ32, 

not cytoplasmic σ32, is the preferred substrate for regulatory control.  We propose a model 

with revised circuitry that recapitulates cellular responses to protein folding stress and allows 

integration of cytoplasmic and inner membrane proteostasis. In this way, the protein-folding 

status in both compartments informs the output of the response. 
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Introduction 

The heat shock response (HSR) maintains protein homeostasis (proteostasis) in all 

organisms.  The HSR responds to protein unfolding, aggregation, and damage by the rapid 

and transient production of heat shock proteins (HSPs) and by triggering other cellular 

protective pathways that help mitigate the stress. Although the specific HSR is tailored to 

each organism, chaperones that mediate protein folding and proteases that degrade misfolded 

proteins are almost always included in the core repertoire of induced proteins, and are among 

the most conserved proteins in the cell. These HSPs maintain optimal states of protein 

folding and turnover during normal growth, while decreasing cellular damage from stress-

induced protein misfolding and aggregation. Malfunction of the HSR pathway reduces 

lifespan and is implicated in the onset of neurodegenerative diseases in higher organisms 

(Morimoto, 2008; Anckar and Sistonen, 2011; Morimoto, 2012).   

In E. coli and other proteobacteria, σ32 mediates the HSR by directing RNA 

polymerase to promoters of HSR target genes (Yamamori and Yura, 1980; Grossman et al., 

1984; Taylor et al., 1984; Straus et al., 1987; Taura et al., 1989; Straus et al., 1989). Given 

the importance of this response and the necessity for rapid but transient expression of HSPs, 

it is not surprising that regulation of the HSR across organisms is complex.  σ32 is positively 

regulated by a feed-forward mechanism in which exposure to heat melts an inhibitory mRNA 

structure enabling high translation of σ32 (Morita, Tanaka, et al., 1999; Morita, Kanemori, et 

al., 1999), and is negatively regulated by two feedback loops (Guisbert et al., 2008), 

mediated through members of the σ32 regulon (Fig. 1A).  σ32 activity is coupled to the 

cellular protein folding state via a negative feedback loop executed by the two major 

chaperone systems, DnaK/J/GrpE and GroEL/S. There is extensive support for the idea that 
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free chaperones directly inactivate σ32 and that these chaperones are titrated by unfolded 

proteins that accumulate and bind chaperones during a HSR.  Depletion of either chaperone 

system or overexpression of chaperone substrates leads to an increase in σ32 activity, and, 

conversely, overexpression of either chaperone system decreases σ32 activity (Tomoyasu et 

al., 1998; Guisbert, 2004).  Inhibition is likely direct, as DnaK/J and GroEL/S bind σ32 in 

vitro and inhibit its activity in a purified in vitro transcription system (Liberek et al., 1992; 

Gamer et al., 1992; Gamer et al., 1996; Guisbert, 2004).  σ32 stability is controlled by the 

inner membrane protease FtsH: deletion of the protease stabilizes σ32 (Herman et al., 1995; 

Tomoyasu et al., 1995; Kanemori et al., 1997), and FtsH degrades σ32 in vitro, albeit poorly 

(Herman et al., 1995; Tomoyasu et al., 1995).  DnaK/J and GroEL/S also regulate stability, 

as their depletion leads to σ32 stabilization in vivo (Straus et al., 1990; Tomoyasu et al., 1998; 

Guisbert, 2004) although this finding has not yet been recapitulated in vitro (Blaszczak et al., 

1999).   

Despite the regulatory complexity of the current model, it inadequately addresses two 

issues that are central to our understanding of the circuitry controlling the HSR, motivating 

us to search for additional players in the response:  

 

1) Exhaustive genetic screens for mutations in σ32 that result in misregulation have 

identified a small cluster of 4 closely spaced amino acid residues (Leu47, Ala50, 

Lys51, Iso54), of which 3 are surface exposed, and a somewhat distant 5th residue 

that abuts this patch in the folded σ32 structure.  When these residues are mutated, 

cells have both increased level and activity of σ32, indicating that this region defines a 

central process required for operation of the negative feedback loops that control both 
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the activity and degradation of σ32 (Fig. 1A) (Horikoshi et al., 2004; Obrist and 

Narberhaus, 2005; Yura et al., 2007).  However, the phenotypes of these mutants are 

not recapitulated in vitro, where both FtsH degradation and chaperone-mediated 

inactivation of mutant and WTσ32 are experimentally indistinguishable (Yura et al., 

2007; Suzuki et al., 2012). Thus, we do not understand the function of the 

“homeostatic control region” located in σ32.  

 

2) σ32 is thought to monitor the folding status of inner (plasma) membrane (IM) 

proteins as well as cytoplasmic proteins, but the mechanism for this additional 

surveillance is unknown.  Their close connection is indicated because 1) the IM 

protease, FtsH, not only degrades σ32, but also maintains quality control in the IM by 

degrading unassembled IM proteins; 2) induction of the HSR is the earliest response 

to perturbations in the co-translational membrane-trafficking system that brings 

ribosomes translating IM proteins to the membrane (Bourgaize et al., 1990; Poritz et 

al., 1990; Bernstein and Hyndman, 2001) and 3) IM proteins are significantly 

overrepresented both in the σ32 regulon (Nonaka, 2006), and in an unbiased 

overexpression screen for HSR inducers (Nonaka, 2006). 

 

In this report, we identify the co-translational protein targeting machinery, comprised 

of the Signal Recognition Particle (SRP; Ffh protein in complex with 4.5S RNA; Fig. 2A) 

and the SRP Receptor (SR; FtsY), as a regulator of σ32.  We show that SRP preferentially 

binds to WTσ32 compared to a mutant σ32 that disrupts function of its homeostatic control 

region.  We further show that a population of σ32 is present in the membrane fraction and that 
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both the SRP-dependent machinery and the homeostatic control region of σ32 are important 

for localization.  Lastly, the regulatory defects in HSR circuitry caused by mutation of either 

the σ32 homeostatic control region or the co-translational targeting system are circumvented 

by artificially tethering σ32 to the IM.  We propose that SRP-dependent membrane 

localization is a critical step in the control circuitry that governs the activity and stability of 

σ32.  Membrane localization is widely used to control s factors, but this is the first case where 

the IM-localized state is used for dynamic regulation rather than as a repository for an 

inactive protein. 
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Results 

A transposon insertion mutant at the ftsY promoter region is defective in feedback 

control 

To identify additional players involved in activity control of σ32, we carried out a 

genetic screen for transposon mutants with increased σ32 activity under conditions that 

inactivate σ32 in wild-type cells (see Methods).  To inactivate σ32, the DnaK/J chaperones 

were overexpressed from an inducible promoter at their chromosomal locus.  Under these 

conditions, a σ32-regulated lacZ chromosomal reporter (PhtpG-lacZ) is expressed so poorly 

that cells do not make sufficient β-galactosidase to turn colonies blue on X-gal indicator 

plates.  We screened for blue colonies, indicative of a defect in σ32 inactivation.  A 

conceptually similar screen previously identified mutations in the DnaK/J chaperones – key 

negative regulators of the σ32 response (Wild et al., 1992).  In addition to re-identifying these 

components, we found an insertion in the promoter region of ftsY (pftsY::Tn5), located 39 bp 

upstream of the ftsY open reading frame. The pftsY::Tn5 strain had a 3- to 4-fold reduction in 

the level of FtsY, the SRP receptor (SR), and a ~7-fold increase in the  activity and amount 

of σ32 relative to WT (Table 1).  Defects were complemented by a plasmid carrying ftsY.  

Unlike the WT strain, pftsY::Tn5 did not respond to increased chaperone expression.  Upon 

chaperone overexpression in WT cells, the specific activity (S.A.) of σ32 fell to 0.3, relative 

to that in cells growing without chaperone overexpression.  In contrast, upon chaperone 

overexpression in pftsY::Tn5 cells, the S.A. of σ32 did not change, suggesting a defect in 

chaperone-mediated activity control in that strain. This finding raised the possibility that the 

high activity of σ32 in pftsY::Tn5 resulted from disruption of activity control of σ32, rather 

than reflecting a cellular response to accumulation of unassembled membrane proteins.  
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σ32 directly interacts with SRP  

We tested whether σ32 binds to either FtsY (SR) or to Ffh, the protein component of 

SRP.  Ffh is a two-domain protein, comprised of an M-domain that binds the signal sequence 

and 4.5S RNA, and an NG-domain that binds to SR, the ribosome, and GTP (Fig. 2A).  We 

first used co-immunoprecipation analysis.  Antibodies against either FtsY or Ffh 

immunoprecipitated interacting proteins; and following resolution on SDS-PAGE, antibodies 

against σ32 detected σ32 (Fig. 2B, lanes 7,8).  Signal was dependent on the presence of σ32 

(Fig. 2B, lanes 1-4).  σ70, although much more abundant than σ32 in the cell, did not interact 

with either SRP or SR (Fig. 2B), indicating that interaction is not a general property of σs.  It 

was not surprising that σ32 co-immunoprecipitated with both SRP and SR, as the two proteins 

interact in vivo. To determine the direct binding partner of σ32, purified Ffh and FtsY were 

resolved on SDS-PAGE, transferred to nitrocellulose, and incubated with purified σ32.  

Antibodies against σ32 detected σ32 present at the molecular weight corresponding to Ffh but 

not SR (Fig. 2C).  In a reciprocal experiment, purified σ32 was resolved on SDS-PAGE, 

transferred to nitrocellulose, and incubated with purified Ffh or SR.  Ffh, but not SR, bound 

σ32 (data not shown).  Similar studies did not reveal an interaction between σ70 and either Ffh 

or SR (data not shown).  We determined which Ffh domain binds σ32 by partially-

proteolyzing Ffh to produce an 18 kDa M-domain and a 38 kDa NG-domain, resolving the 

mixture by SDS-PAGE, transferring to nitrocellulose, and probing with σ32.  σ32 was detected 

at the position of full-length Ffh and the M-domain, but not at the position of the NG-domain 

(Fig. 2D), indicating that the M-domain contains the determinants mediating the σ32-

interaction. 
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We used in vivo crosslinking to validate the direct interaction of SRP (Ffh + 4.5S 

RNA) and σ32.  We created a σ32 derivative with an N-terminal 6xHIS-tag and a photo-

reactive amino acid analog (pBPA) at amino acid position 52 (6xHIS-σ32T52pBPA; see 

methods), which was almost as active as WTσ32 in expression of the σ32 reporter PhtpG-lacZ 

(data not shown).  Following UV irradiation of whole cells, α-Ffh immunoblotting indicated 

one predominant crosslinked product, which was dependent on UV-irradiation (Fig. 3A lanes 

1,2) and pBPA at position 52 (Fig. 3A lanes 2,4).  This UV- and pBPA-dependent product 

was also detected with anti-σ32 immunoblotting (Fig. 3A, lane 6). We immunoprecipitated 

the crosslinked products with α-Ffh antisera, to determine whether this product represented 

6xHIS- σ32T52pBPA-Ffh,.  Other than Ffh, we saw a single predominant band, which reacted 

with both a-Ffh (Fig. 3B, lane 2) and α-σ32 (Fig. 3B, lane 6).  Conversely, the same 

predominant UV- and pBPA-dependent Ffh-containing crosslinked product was recovered 

following affinity purification of 6xHIS-σ32T52pBPA on a TALON resin (Fig. 3C, lanes 1-

4). Importantly, no free Ffh was recovered following TALON purification, arguing against a 

non-specific interaction of Ffh with any other protein.  These results strongly suggest that σ32 

directly interacts with Ffh in vivo.  Although a specific band was not seen at the same 

position using anti-σ32 immunoblotting, this is likely a result of high background in this area 

of the gel, possibly because of extensive interaction between chaperones and σ32 (Fig. 3C, 

lanes 5-8). 

 

I54Nσ32 is defective in interacting with SRP  

 The function of the σ32 homeostatic control region has not been identified (Yura et 

al., 2007).  I54Nσ32, a mutation located in this region, is severely compromised in activity 
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and degradation control but its defect in vivo had not yet been determined (Yura et al., 2007).  

We therefore compared the binding of WTσ32 and I54Nσ32 to SRP using gel filtration.  We 

incubated WTσ32 or I54Nσ32 either alone or in combination with SRP on ice for 10 minutes, 

and subjected the mixture to gel filtration.  Analysis of the elution profiles demonstrated that 

most WTσ32 was shifted towards the higher molecular weight region in the presence of SRP, 

and additionally, a fraction of σ32 eluted at a higher molecular weight than that of SRP alone, 

indicative of an SRP-σ32 complex (compare A280 profiles of σ32, SRP, and SRP-σ32 (Fig. 4A) 

with immunoblotting for σ32 (Fig. 4B; rows 1,2)).  In sharp contrast, an interaction between 

I54Nσ32 with SRP was almost undetectable (compare A280 profiles of I54Nσ32 and SRP (Fig. 

4A) with immunoblotting for I54Nσ32 (Fig. 4B; rows 3,4)), indicating that I54Nσ32 bound 

more weakly to SRP than WTσ32.  Neither WTσ32 nor I54Nσ32 interacted detectably with Ffh, 

indicating that differential binding is dependent on the formation of SRP (Ffh + 4.5S RNA), 

the biologically-relevant cellular species of Ffh.  

 

σ32 is partially membrane associated in an SRP-dependent process 

The biological function of SRP is co-translational protein targeting, leading us to test 

whether σ32 may be targeted to the IM through an SRP-dependent mechanism.  Rapid 

degradation by FtsH normally keeps σ32 levels very close to the detection limit (~20-50 

molecules/cell; (Straus et al., 1987)), making reproducible detection following fractionation 

very difficult.  Therefore, we performed fractionation experiments (Fig. 5), either in cells 

expressing an enzymatically inactive mutant of the FtsH protease (FtsH E415A) or in cells 

lacking FtsH altogether (∆ftsH).  Approximately 44% of σ32 fractionated to the membrane in 

a ∆ftsH strain, and this fraction was increased to ~58% in FtsH E415A, raising the possibility 
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that FtsH itself may participate in retention of σ32 at the IM.  As the β’ subunit of RNA 

polymerase, a known interaction partner of σ32, also fractionated with the membrane, we next 

tested whether σ32 association with the IM was dependent on its association with RNA 

polymerase. To this end, we used σ32Δ21aa which is defective in interacting with RNA 

polymerase (Tomoyasu et al., 2001).  We confirmed that σ32Δ21aa did not detectably interact 

with RNA polymerase (Fig. S1A, B).  Yet, endogenous WTσ32 and ectopically-expressed 

σ32Δ21aa fractionated equivalently to the IM both in ∆ftsH cells (~39%) and in FtsH E415A 

cells (~58%) (Fig. S2), indicating that σ32 transited to the membrane independent of RNA 

polymerase.  

We next tested whether pftsY::Tn5 cells and the homeostatic control region disrupted 

membrane partitioning of σ32.   Both WTs32 and ectopically-expressed σ32Δ21aa were 

defective in partitioning to the IM in pftsY::Tn5 cells (Fig. 5).  To look at the effect of 

disrupting the homeostatic control region on membrane fractionation, we expressed I54Nσ32 

as a σ32Δ21aa variant (I54Nσ32Δ21aa).  The size difference allowed us to compare 

I54Nσ32Δ21aa and WTσ32 in the same cells (Fig. S2).  Whereas WTσ32 exhibited normal 

fractionation, I54Nσ32Δ21aa showed a severe localization defect, comparable to that of 

pftsY::Tn5 cells (Fig. 5).  We conclude that σ32 targeting to the IM is dependent on both 

SRP/SR and the σ32 homeostatic control region.   

 

Both SecA and SecY are important for membrane association of σ32 

SecA is an ATP-fueled motor protein that recognizes signal peptides, drives the 

translocation of secreted proteins through the Sec translocon (Hartl et al., 1990; Schiebel et 

al., 1991; Economou and Wickner, 1994; van der Wolk et al., 1997; Qi and Bernstein, 1999) 
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and collaborates with the SRP/SR for integration of a subset of IM proteins into the 

membrane (Qi and Bernstein, 1999; Neumann-Haefelin et al., 2000).  It was previously noted 

that σ32 activity is increased in a SecA(ts) strain (Wild et al., 1993).  This observation 

motivated us to explore the relationship of SecA to IM trafficking of σ32.  Indeed, using a 

SecA(ts) mutant with general defects in protein export (SecAL43P) (Oliver and Beckwith, 

1981; Schmidt et al., 1988) we observed that cells displayed a significant defect in membrane 

targeting of σ32 (Fig. 5), as well as increased σ32 activity ((Wild et al., 1993) and data not 

shown).  In addition, purified SecA, resolved on SDS-PAGE and transferred to 

nitrocellulose, showed binding affinity for σ32, suggesting that these two proteins interact 

(Fig. S3).  We conclude that SecA participates in trafficking of σ32 to the IM. 

SecY forms the core of the SecYEG IM translocon.  This multidomain protein has a 

large cytoplasmic domain (C5) that interacts functionally with SR (Angelini et al., 2005), 

SecA, and the ribosome (A Prinz et al., 2000; Cheng, 2004; van der Sluis et al., 2006; Mori 

and Ito, 2006; Jiang et al., 2008; Zimmer et al., 2008; Becker et al., 2009; Kuhn et al., 2011) 

(Fig. 6A). We tested whether ten previously described secY mutations located in various 

domains of SecY (Fig. 6A) (Shimohata et al., 2007) perturb chaperone-mediated control of 

σ32 activity and trafficking of σ32 to the IM (Fig. 6B).  Indeed, all mutants enhanced σ32 

activity. This result was not surprising as they are expected to accumulate secretory protein 

precursors that titrate chaperones (Ito et al., 1986).  Importantly, four mutants were also 

defective in chaperone-mediated control of σ32 activity (secY124, secY351, secY40, secY129) 

(Fig. 6B), as indicated by a lack of down-regulation of σ32 activity in response to 

overexpression of one or both of the chaperone systems.  We examined the secY351 mutant, 

which had both high σ32 activity and a significant defect in chaperone-mediated inactivation, 
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and found it to be defective in IM trafficking of σ32 (Fig. 5).  secY40 and secY351 are part of 

domain C5 (Fig. 6A), implicated in the interaction of SecY with SR, indicating that this 

interaction may be important for both homeostatic control and IM targeting of σ32. 

  

An independent methodology indicates association of σ32 with the inner membrane  

Alkaline phosphatase is active only in the periplasm, where it forms the disulfide 

bonds necessary for its activity.  Therefore, translational fusions to alkaline phosphatase 

(PhoA) lacking its own export signal are commonly used as an indicator of membrane 

targeting by the appended N-terminal sequence (Manoil and Beckwith, 1986).  If the 

appended N-terminal sequence has either an export or insertion sequence, the fusion protein 

will exhibit alkaline phosphatase activity in vivo because it is partly transported to the 

periplasmic side of the membrane through the SecYEG translocon.  Although σ32 has neither 

a membrane insertion or export sequence, it may contain a sequence that targets it to the 

cytosolic face of the IM.  There is some evidence that the secretory apparatus can recognize 

the mature domains of exported proteins at low efficiency (W A Prinz et al., 1996).  If so, 

proximity of PhoA to the translocon resulting from the IM targeting signal might enable 

transit of some fraction of PhoA to localize to the periplasmic side of the membrane where it 

is active.  By random insertion of the transposon probe TnphoA into rpoH, encoding σ32 (see 

Materials and Methods), we found that a phoA fusion to the first 52 amino acids of σ32 (N52-

σ32-PhoA) showed ~10-fold greater PhoA activity than signal-less PhoA itself, indicating that 

the N-terminus of σ32 facilitates PhoA export (Table 2).  Moreover, PhoA activity 

enhancement is dependent both on the SRP/SR-dependent trafficking system and on SecY, as 

both pftsY::Tn5 and secY351 decreased the PhoA activity ~2-fold (Table 2).  Thus, this assay 
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indicated that the N-terminus of σ32 carries an IM-trafficking sequence and that the targeting 

process is dependent on SRP and SecY.  

 

Membrane-tethering of hyperactive σ32 restores homeostatic control 

The I54Ns32 mutant and mutants in the IM-targeting machinery (pftsY::Tn5, secA(ts), 

secY351) were defective in proper regulation of σ32 and in σ32 association with the IM.  This 

convergence motivated us to test whether artificially tethering σ32 to the IM could restore 

homeostatic control.  To this end, we exploited the bacteriophage Pf3 coat protein.  With the 

addition of three leucine residues in its membrane-spanning region, 3L-Pf3 translocates 

spontaneously in an orientation-specific manner to the IM, where it inserts in an N-out/C-in 

orientation (Serek et al., 2004).  We modified rpoH (encoding σ32) at its chromosomal locus 

to encode a σ32 variant with the 3L-Pf3 membrane-insertion signal attached to its N-terminus 

(schematized in Figure S4A). Strains carrying 3L-Pf3-σ32 (IM-WTσ32) or 3L-Pf3-I54Nσ32 

(IM-I54Nσ32) as their sole source of σ32 were viable, even though 99% of IM-WTσ32 was 

inserted in the membrane as judged by fractionation studies (Fig. S4B). Thus, σ32 functions 

when it is tethered to the IM.  

We determined whether IM-WTσ32 was subject to homeostatic control circuitry 

exhibited by WTσ32.   σ32 is maintained at a low level by FtsH degradation, and its activity is 

decreased by chaperone-mediated inactivation.  Both phenotypes are evident by comparing 

the amount and activity of σ32 in a WT vs ∆ftsH strain.  In a ∆ftsH strain, the level of WTσ32 

increases ~30-fold because the major protease degrading σ32 is removed (Table 3; Fig. S5 

[compare lanes 1, 3]; and (Yura et al., 2007)).  However, the activity of σ32 increases only 3-

fold as a consequence of chaperone-mediated activity control, leading to a 10-fold reduction 
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in the S.A. of σ32 in ∆ftsH cells relative to that in WT cells (Table 3 and (Tatsuta et al., 

1998)).   Both the level and S.A. of WTσ32 and IM-WTσ32 were closely similar in a ∆ftsH 

strain, indicating that the chaperone-mediated activity control circuit is active in IM-WTσ32 

(Table 3 and Fig. S5 [compare lanes 3, 4]).  Additionally, the level of IM-WTσ32 was 

significantly lower in ftsH+ than in a ∆ftsH strain, indicating that IM-WTσ32 was efficiently 

degraded by FtsH (Table 3 and Fig. S5 [compare lanes 2, 4].  The presence of a 

contaminating band prevented absolute quantification of IM-WTs32 levels via Western blot 

analysis (Fig. S5).  However, if the relative specific activity of IM-WTσ32 and WTσ32 are 

equivalent in the ftsH+ strain as we found in the ∆ftsH strain, then the 2-fold decrease in 

activity of IM-WTσ32 relative to WTσ32 implies a slight increase in the rate of degradation of 

IM-WTσ32 relative to WTσ32. Note that the 3L-Pf3 membrane-insertion tag itself is not a 

signal for FtsH degradation, as the stability of the FliA σ factor, which is closely related to 

σ32 was unchanged when expressed as 3L-Pf3-FliA (Fig. S6). In summary, both the 

chaperone-mediated activity control circuit and the FtsH-mediated degradation control circuit 

are active on IM-tethered σ32. 

Next, we asked whether the forced and stable tethering of σ32 to the IM bypassed the 

regulatory defects of I54Nσ32 and the reduced-level SR mutant pftsY:::Tn5.  I54Nσ32 is 

degraded poorly by FtsH as its level was 11-fold higher than that of WTσ32 (Table 3; Fig. S5 

[compare lanes 1, 6] and (Yura et al., 2007)).  I54Nσ32 also had compromised chaperone-

mediated activity control as the high chaperone levels in this strain did not reduce the S.A. of 

I54Nσ32 (Table 3; and (Yura et al., 2007)).  In stark contrast, both degradation and activity 

control were restored when I54Nσ32 was converted to IM-I54Nσ32.  FtsH efficiently 

degraded the membrane-tethered variant: IM-I54Nσ32 was undetectable in ftsH+ cells but 
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present at a high level in ∆ftsH cells (Table 3 and Fig. S5 [compare lanes 6, 7]).  

Additionally, IM-I54Nσ32 and IM-WTσ32 exhibited comparable reductions in relative 

specific activity of σ32 in ∆ftsH cells (Table 3).  Stable tethering of σ32 to the IM also 

bypassed the regulatory defects of pftsY::Tn5 as IM-WTσ32 in the reduced-level SR 

background was degraded and subject to chaperone-mediated activity control.  Indeed, IM-

WTσ32 behaved identically in WT and pftsY::Tn5 strains, exhibiting comparable σ32 activity 

at a protein level below detection (Table 3 and Fig. S5 [compare lanes 8,9]).  Finally, IM-

tethering relieved the growth defects of both I54Nσ32 (Fig. S7A and C) and of pftsY:Tn5 

(Fig. S7B, C, and D).  In summary, stable tethering of σ32 to the IM restored both 

homeostatic control and normal growth to cells with a defective σ32 homeostatic control 

region and to cells with a compromised SRP/SR co-translational targeting apparatus. 
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Discussion 

Our work has led to a revised model of the HSR circuitry (Fig. 1B).  σ32 first transits 

to the IM via an SRP/SR-dependent process, and is then subjected to the chaperone-mediated 

activity control and FtsH-mediated degradation control that has been previously described.  

This revised model enables the homeostatic control circuit to integrate information on both 

cytosolic and IM status.  Importantly, the efficiency of co-translational protein targeting 

depends on the cumulative effect of multiple SRP checkpoints including: differences in cargo 

binding affinities, kinetics of SRP-SR complex assembly, and GTP hydrolysis (Zhang et al., 

2010).  Multiple checkpoints and the fact that SRP is sub-stoichiometric relative to 

translating ribosomes (~1:100 (Jensen and Pedersen, 1994); SRP molecules to translating 

ribosomes) may allow SRP to modulate the extent of IM-localization of σ32 during times of 

stress and/or increased protein flux.  Thus, σ32 down-regulation through its localization to the 

membrane could be alleviated when the IM is disturbed or SRP is overloaded in assisting 

membrane protein biogenesis. This feed-forward mechanism allows the σ32 homeostatic 

control to sense the state of cytosolic and IM proteostasis before unfolded proteins 

accumulate to a significant extent.  Interestingly, ffh (encoding the protein subunit of the 

SRP) is a σ32 regulon member as its expression increases at least 3-fold following induction 

of σ32 either by heat shock or by deletion of dnaK/J ((Nonaka, 2006) and data not shown).  

This could provide an additional connection between σ32 and protein flux to the IM.  Finally, 

and more speculatively, given the demonstrated involvement of SecA in IM targeting of σ32 

and its direct interaction with σ32, the σ32 homeostatic control circuit may also monitor 

protein flux through SecA to the OM. 
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The idea that the high activity of σ32 in the I54Nσ32 homeostatic control mutant and in 

SRP/SR mutants (eg. pftsY::Tn5) results from σ32 mislocalization to the cytosol and 

consequent homeostatic dysregulation, rather than from chaperone titration by a buildup of 

unfolded proteins, is supported by our data.  First, forced IM-tethering overcomes the growth 

defects of the I54N mutation in σ32 and of pftsY::Tn5 (Fig. S7), suggesting that high 

expression of σ32 is aberrant and deleterious to cells, rather than required to remodel 

misfolded proteins.  This is reminiscent of previous findings that reduced-function σ32 

mutants suppress physiological defects of a ∆dnaK strain (Bukau and Walker, 1990) and that 

overexpression of HSPs was deleterious to growth (Bahl et al., 1987; Guisbert, 2004).  

Second, secY mutants dysregulated in chaperone-mediated activity control were not 

distinguished by their extent of σ32 induction. This is contrary to the prediction of the 

chaperone titration model, which posits that secY mutants with the highest σ32 induction 

would have the highest level of unfolded proteins.  These mutants would then be refractory to 

activity control because the additional chaperones resulting from chaperone overexpression 

would actually be needed to remodel the misfolded protein burden.  We conclude that 

homeostatic dysregulation of σ32 results from σ32 mislocalization, rather than from the 

buildup of unfolded proteins. 

The molecular nature of IM-localized σ32 remains unclear. Prediction programs 

(Krogh et al., 2001; Petersen et al., 2011) do not detect either a signal peptide-like or 

transmembrane sequence in σ32. We favor the idea that following transit to the IM, σ32 is 

maintained at the membrane via interactions with other proteins and/or lipid head groups 

during its short half-life in the cell (30-60”).  Indeed, we have already demonstrated 

interactions between σ32 and several membrane-associated or IM proteins, including SRP, 
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SecA and FtsH itself.  Moreover, the chaperone systems regulating σ32 (DnaK/J/GrpE and 

GroEL/S) show partial distribution to the membrane (Zylicz et al., 1983; Bardwell et al., 

1986; Kostyal et al., 1989; Lasserre et al., 2006; Wickstrom, 2011; Wickström et al., 2011), 

and other potential membrane-associated protein partners have not yet been tested for σ32 

interaction (e.g SecY and additional members of the Sec machinery).  Each of these proteins 

could result in partial membrane localization as was true for FtsH where deletion of the 

protein decreased localization relative to cells with the protease-dead mutation FtsH E415A.  

Importantly, if σ32 is membrane associated via transient protein-protein and/or protein-lipid 

interactions, some σ32 may dissociate from the membrane during cell lysis, as was 

demonstrated for FtsY, another peripheral membrane protein (Luirink et al., 1994; Mircheva 

et al., 2009).  Therefore, although we report that ~50% of σ32 is membrane-associated, the 

fraction of σ32 that is actually IM-localized may be significantly higher.  

IM-associated σ32 may provide regulatory flexibility not possible for IM-tethered σ32.  

For example, during times of high stress, σ32 may be able to dissociate from the membrane to 

escape homeostatic control.  These excursions could be transient if SRP were able to 

transport σ32 post-translationally, a possibility suggested by the fact that full-length, fully-

folded σ32 binds to SRP (Fig 2, 3 and Fig. S1).  Additionally, IM-tethered σ32 is more rapidly 

degraded than IM-associated σ32, suggesting that tethering makes σ32 a better FtsH substrate.  

This could diminish the ability of the cell to regulate the rate at which FtsH degrades σ32, 

which is of physiological significance during temperature upshift (Straus et al., 1987).  The 

transient reduction in σ32 degradation following increased temperature contributes 

significantly to the rapid build-up of σ32 during heat shock (Straus et al., 1987). 
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Membrane localization is widely used to control σ factors (Heinrich and Wiegert, 2009; 

Österberg et al., 2011). The inactive B. subtilis SigK pro-protein is membrane inserted; 

cleavage of its N-terminal pro-sequence releases SigK (Kroos et al., 1989; Lu et al., 1990).  

Cleavage is coordinated with passage of a checkpoint in spore development to provide just-

in-time SigK activity (Cutting et al., 1990).  Additionally, many s factors are held in an 

inactive state at the membrane by cognate membrane-spanning anti-σ factors and released as 

transcriptionally active proteins when stress signals lead to degradation of their anti-s 

(Hughes and Mathee, 1998; Heinrich and Wiegert, 2009). IM-localization of σ32 serves a 

conceptually distinct role as σ32 is equally active in the cytoplasm or at the IM.  Instead, the 

localization process itself is the key regulatory step in two ways: localization is both 

regulated by protein folding status and is prerequisite for proper function of the homeostatic 

control circuit.   

The SRP-SR co-translational targeting system has an important role in maintaining 

proteostasis.  SRP-SR minimizes aggregation and misfolding of the approximately 20-30% 

of proteins destined for the IM, by making their translation coincident with membrane 

insertion.  Our finding, that SRP/SR-mediated transit of σ32 to the IM is also critical for 

proper control of the HSR, points to a significant new regulatory role for the co-translational 

targeting apparatus in protein-folding homeostasis. This finding also raises important 

mechanistic questions.  Our in vitro interaction results suggest a direct, but weak, interaction 

between full-length σ32 and the M-domain of SRP. The prevailing paradigm suggests that the 

M-domain interacts only with nascent polypeptides with particularly hydrophobic signal 

sequences.  It is possible that σ32 is detected co-translationally, even potentially involving a 

transient pause in σ32 translation (Koreaki Ito, unpublished) that may allow for the Region 
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2.1 N-terminal α-helical structure, which resembles a hydrophobic signal sequence, to fold 

and be recognized by the SRP.  Alternatively, we note that the SRP chloroplast homolog 

(cpSRP54) has a dedicated post-translational targeting mechanism for several fully-translated 

membrane proteins (Li et al., 1995), and E coli SRP, alone or in combination with additional 

accessory factors (eg. other σ32 interactors such as chaperones or SecA), may target mature 

σ32 to the membrane in vivo.  It remains to be determined whether an interaction between 

full-length σ32 and SRP, or a novel co-translational targeting interaction by the SRP-SR 

system mediates transit of σ32 to the membrane. 
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Materials and Methods 

Strains, plasmids, and growth conditions.  All strains used were derivatives of the E. coli 

K-12 strain MG1655, CAG48238 (Wild et al., 1993). For chaperone overexpression 

experiments, mutations were transduced into strains carrying chromosomal Para-groEL/S 

(McLennan and Masters, 1998) or PA1/lacO-1-dnaK/J-lacIq (Tomoyasu et al., 1998).  Mutant 

alleles in secY (Shimohata et al., 2007) and secA (Wild et al., 1993) were transferred to 

various strain backgrounds through P1 transduction. The SecAL43P mutant used here is a 

SecA(ts) allele, with general defects in protein export (Oliver and Beckwith, 1981; Schmidt 

et al., 1988).  For propagation and transfer of the R6K pir plasmid, pKNG101, strains DH5a 

λpir and SM10 λpir were used, respectively.  Plasmids pET21a and pTrc99A were used as 

expression plasmids.  For construction of pRM5 (6xHIS-rpoH), the rpoH gene was PCR-

amplified from the chromosomal DNA of W3110 and cloned into EcoRI-SalI site of pTTQ18 

(Stark, 1987).  Then, the T52amber mutation was introduced into pRM5 by site-directed 

mutagenesis, yielding pRM17 (6xHIS-σ32T52amber).  pEVOL-pBpF (Addgene) carried 

evolved Methanocaldococcus jannaschii aminoacyl-tRNA synthetase/suppressor tRNA for 

incorporation of a photoreactive amino acid analog, p-benzoylphenylalanine (pBPA), into the 

amber codon site.  All strains were grown in LB medium.  When required, antibiotics were 

added to the medium as follows: 100 µg/ml ampicillin, 30 µg/ml kanamycin, 20 µg/ml 

chloramphenicol, and 25 µg/mL streptomycin.   

 

Isolation of pftsY::Tn5 mutant.  Strain CAG48275 (Yura et al., 2007), which is ∆lacX74, 

contains the prophage lJW2 (PhtpG-lacZ) and a chromosomal dnaK/J locus driven from 

PA1/lacO-1under control of lacIq (Tomoyasu et al., 1998) was grown in LB, induced with 1mM 
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IPTG to overexpress DnaK/J chaperones, treated with Tn5, and plated at 30°C on X-gal 

indicator plates containing kanamycin to select for strains containing Tn5.  Blue colonies 

were picked and tested for higher σ32 activity and for feedback resistance to excess DnaK/J 

(Yura et al., 2007).  Tn5 insertion sites were determined by DNA sequencing. 

 

β-galactosidase Assay.  Overnight cultures (LB medium) were diluted 250-fold and grown 

to exponential phase (OD600 = 0.05–0.5). Samples were taken at intervals starting at OD600 = 

0.05, and σ32 activity was monitored by measuring β-galactosidase activity expressed from 

the σ32-dependent htpG promoter, as done previously (Yura et al., 2007). 

 

Protein Purification.  The following proteins were purified essentially as described: 6xH-

tagged, Strep-6xH-tagged, and untagged WTσ32 or I54Nσ32 (Koo et al., 2009), FtsY, Ffh, 

4.5S RNA (Peluso et al., 2001), and SecA (Kusters et al., 2011).  Chaperones were removed 

from σ32 with an additional wash containing 10 mM ATP, 10 mM MgCl2, and 25 uM of both 

peptides, CALLLSAARR and MQERITLKDYAM, synthesized by Elim 

Biopharmaceuticals, Inc. 

 

In vivo co-immunoprecipitations.  Cells were grown to OD600 ~0.35 in LB medium at 

30°C, harvested, washed 2 times with 1X PBS, resuspended in Lysis Buffer (20 mM Hepes-

KOH, 150 mM NaCl, 10 mM EDTA, 10% glycerol, pH 7.5), and lysed by passing 4X 

through an Avestin EmulsiFlex-C5 cell homogenizer at 15,000 psi.  Cellular debris was spun 

out and the supernatants were incubated with anti-Ffh or anti-FtsY antibodies at 4°C for 14 

hours by rotation.  TrueBlot anti-Rabbit Ig IP Beads (eBioscience) were added and 
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additionally rotated for 2 hours at 4°C.  Immunocomplexes were isolated by centrifugation 

and washed 5X in Lysis Buffer without EDTA, and eluted in TCA Resuspension Buffer (100 

mM Tris (pH 11.0), 3% SDS) containing LDS Sample Buffer (Invitrogen).  Proteins were 

separated by 10% SDS-PAGE, analyzed by immunoblotting using anti-σ70 and anti-σ32 

antibodies, and imaged using fluorescent secondary antibodies (mentioned below).   

 

Identification of direct protein-protein/domain interactions.  Detection of a direct 

protein-protein/domain interaction was carried out exactly as previously described (Wu et al., 

2007).  Proteins were separated on 10% SDS-PAGE.  Partially-proteolyzed Ffh was obtained 

by incubating 400 µg of purified Ffh with 4 µg of Glu-C endopeptidase (New England 

Biolabs) at 25°C in 10 mM Na-HEPES (pH 7.5), 150 mM NaCl, 1 mM DTT, 10 mM MgCl2, 

and 10% glycerol.  An aliquot of the reaction was taken out at various times (0, 5, 10, 15, 30, 

45, 60, 120, 180, and 330 minutes) and stopped by addition of 5X volume of 5X SDS-sample 

loading buffer.  The samples were then analyzed by blot overlay with σ32 as the probe. 

 

In vivo crosslinking, 6xHIS-tag affinity isolation and co-immunoprecipitation 

In vivo crosslinking experiments were carried out essentially as described previously (Narita 

et al., 2013).  Strains of CAG48238 carrying pEVOL-pBpF were further transformed with 

pRM5 or pRM17.  Cells were grown at 30˚C in L medium containing 0.02% arabinose and 1 

mM pBPA, induced with 1 mM IPTG for 1 h and UV-irradiated for 0 or 10 min at 4˚C.  For 

analysis of whole cell samples, total cellular proteins were precipitated with 5% 

trichloroacetic acid, solublized in SDS sample buffer and analyzed by 7.5% SDS-PAGE and 

immunoblotting.   
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Co-immunoprecipitations were carried out as follows: UV-irradiated cells were 

suspended in 10 mM TrisHCl (pH8.1) and disrupted by sonication at 0˚C. After removal of 

total membranes by ultracentrifugation, proteins were precipitated with 5% trichloroacetic 

acid, washed with acetone and solubilized in buffer containing 50 mM TrisHCl (pH8.1), 1% 

SDS, 1 mM EDTA.  The samples were then diluted 33-fold with NP40 buffer (50 mM 

TrisHCl (pH8.1), 150 mM NaCl, 1% NP40).  After clarification, supernatants were incubated 

with anti-Ffh antibodies and TrueBlot anti-Rabbit Ig IP Beads (eBioscience) at 4°C for 13 h 

with rotation. Immunocomplexes were isolated by centrifugation, washed 2 times with NP40 

buffer and then once with 10 mM TrisHCl (pH8.1), and dissolved in SDS sample buffer.  

Proteins were separated by 7.5% SDS-PAGE and analyzed by immunoblotting using anti-Ffh 

and anti-σ32 antibodies, TrueBlot anti-Rabbit IgG (eBioscience) and Can Get Signal 

immunoreaction enhancer solution (TOYOBO Life Science, Japan). 

For 6xHIS-tag affinity isolation, UV-irradiated cells were suspended in 10 mM 

TrisHCl (pH8.1) containing 6M urea and disrupted by sonication at 0˚C. After clarification 

by ultracentrifugation, the soluble fraction was loaded onto the TALON resin (TAKARA 

BIO, Inc., Japan).  After washing the resin with wash buffer (50 mM TrisHCl (pH7.0), 300 

mM KCl, 6M urea, 20 mM imidazole), bound proteins were eluted with wash buffer 

containing 300 mM imidazole. Proteins were precipitated with 5% trichloroacetic acid, 

solublized in SDS sample buffer and analyzed by 7.5% SDS-PAGE and immunoblotting. 

 

Gel Filtration.  Purified proteins were run on a Superdex 200 PC 3.2/30 column, pre-

equlibrated with Buffer A (20 mM TrisHCl pH 8.0, 150 mM NaCl, 10 mM MgCl2, 2 mM 

DTT).  Purified proteins or protein complexes were run with Buffer A at a flow rate of 40 
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µL/min, and collected fractions were analyzed by SDS-PAGE and immunoblotting for σ32.  

SRP was formed by incubating purified Ffh with 1.5X molar excess of purified 4.5S RNA on 

ice for 10 minutes.  To form SRP-σ32 complexes, 3 µM of purified WTσ32 or I54Nσ32 was 

mixed with 10X molar excess of SRP; proteins were incubated on ice for 30 minutes before 

analysis by gel filtration.   

 

Construction of σ32-PhoA fusion.  A 52-σ32-Tn5PhoA fusion was initially isolated by 

random screening for PhoA+ clones on PhoA indicator plates – using a strain carrying a 

TnphoA transposon probe (Manoil and Beckwith, 1985) on a low-copy plasmid and Plac-

rpoH (encoding σ32) on a multi-copy plasmid.  The fusion used in this paper (N52-σ32-PhoA 

lacking the transposon but containing the first 52 amino acids of WTσ32) was subsequently 

constructed by standard recombinant DNA techniques.  Direct construction of fusions past 

amino acid 52 of σ32 was very unstable, precluding their analysis. 

 

Cell Fractionation. Cells were grown to OD600 = 0.3-0.4, harvested, and resuspended in ice-

cold Buffer B (10 mM Tris-Acetate (pH 7.4), 10 mM Mg(OAc)2, 60 mM NH4Cl sucrose, 1 

mM EDTA, supplemented with 1 mM PMSF) to an OD600 of 15.  Cells were immediately 

lysed by passaging the extracts through an Avestin EmulsiFlex-C5 cell homogenizer at 

15,000 psi, and subjected to low-speed centrifugation to remove cell debris and un-lysed 

cells.  Membranes were collected by ultracentrifugation in an Optima benchtop centrifuge 

(Beckman–Spinco) with a TLA 100.3 rotor (60 min; 52,000 rpm; 4°C).  The supernatant was 

saved as the soluble fraction, while the pellet was washed 3X with Buffer B and then 

resuspended in Buffer C (50 mM HEPES-KOH pH 7.6, 50 mM KCl, 1 mM EDTA, 1 mM 
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EGTA, 0.5% DDM, and 5% glycerol).  Both the soluble and membrane fractions were 

precipitated in trichloroacetic acid (13% vol/vol), incubated on ice for 30 minutes, and then 

overnight at 4°C.  Precipitated proteins were then washed with ice-cold acetone and analyzed 

by SDS-PAGE and immunoblotted for σ32 (Neoclone), β’ (Neoclone), σ70 (Neoclone), RseA 

(Alba, 2002) and RuvB (Abcam) with fluorescent secondary antibodies (LI-COR 

Biosciences) used for detection.  % of σ32 in each fraction was determined by direct scanning 

and analyzing bands with ImageJ software (National Institutes of Health, Bethesda, MD). 

 

RNA polymerase pull-downs.  Cells were grown to OD600 = 0.35-0.45, harvested, and 

resuspended in ice-cold Buffer D (50 Tris HCl, pH 8.0, 0.1 mM EDTA, 150 mM NaCl, and 

5% glycerol) to an OD600 of 20.  Lysozyme was added to 0.75 mg/mL and cells were 

incubated on ice for 30 minutes, followed by sonication, then subjected to low-speed 

centrifugation to remove cell debris and unlysed cells.  Lysates were then incubated with pre-

equilibrated, pre-blocked (Buffer D containing 5% Bovine Serum Albumin, 0.1 mg/mL 

dextran) Softag 4 Resin (Neoclone) overnight at 4°C.  Bound proteins were washed 3X with 

Buffer D, and eluted with 4X LDS NuPAGE Buffer (Life Technologies).  To collected 

lysates and eluted proteins, 0.05 µM of Strep-6xH-tagged σ32 was added as a loading and 

blotting control during analysis by SDS-PAGE and Western blotting against σ32.   

 

Construction of 3L-Pf3 fusion proteins. The 3L-Pf3 genetic sequence was created by 

carrying out standard polymerase chain reaction (PCR) using the following overlapping 

oligos: 5’-atgcaatccgtgattactgatgtgacaggccaactgacagcggtgcaagc-3’,  

5’-taccattggtggtgctattcttctcctgattgttctggccgctgttgtgctggg-3’,  
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5’-aaagaattgcgctttgatccagcgaatacccagcacaacagcggccagaa-3’, and  

5’-aagaatagcaccaccaatggtagtgatatcagcttgcaccgctgtcagtt-3’.  The stitched oligos were then 

cloned using TOPO TA cloning (Invitrogen), and sequenced.  To construct chromosomal 3L-

Pf3-σ32, PCR was carried out to stitch the 3L-Pf3 gene sequence flanked by the first 500 base 

pairs of the σ32 open reading frame and 500 base pairs upstream of the start codon, and 

subsequently cloned into the pKNG101 suicide vector.  The 3L-Pf3 sequence was then 

integrated 5’ and in-frame to chromosomal σ32 by double homologous recombination.  

Counter selection of sacB on pKNG101 was carried out on 10% sucrose media (5 g/L Yeast 

Extract, 10 g/L Tryptone, 15g/L Bacto Agar, 10% sucrose) (Blomfield et al., 1991; Yura et 

al., 2007).  Clones were sequenced to verify chromosomal integration of the 3L-Pf3 in the 

correct reading frame.  

To construct pTrc99A expressing 3L-Pf3-FliA, flgM and fliA (in that order) were 

cloned as an operon, with the sequence 5’-ccgtctagaattaaagAGGAGaaaggtacc-3’ added 

between the two genes in the vector; the Shine-Dalgarno site is designated in uppercase.  

Two plasmids were created – one with just flgM and fliA, unmodified, and one where the 3L-

Pf3 sequence was cloned 5’ and in-frame of fliA.  Clones were sequenced to verify correct 

sequences and proper reading frame.  Expression was from the leaky pTrc promoter, and 

experiments were only carried out after fresh transformation into the parental CAG48238 

strain.  Levels of FliA were analyzed by SDS-PAGE and immunoblotting with antibodies 

against FliA (Abcam).    

 

Immunoblotting.  Cells were re-suspended in equal volume of Buffer C, with the addition of 

tricholoroacetic acid (final 13% vol/vol), kept on ice overnight, precipitated by 
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centrifugation, washed in acetone, and resuspended in 1X LDS NuPAGE Buffer (Life 

Technologies). Serial dilutions of WT and mutant samples were loaded onto a 

polyacrylamide gel, and proteins transferred to nitrocellulose membranes. The blots were 

first probed with primary antibodies and then with anti-primary fluorescence-conjugated 

secondary antibody (Licor). Immunoblots were scanned at the appropriate wavelengths for 

detection. Fold increase (protein level experiments) was estimated by comparison with a 

dilution series of samples from the WT. Fold decrease after addition of chloramphenicol 

(protein stability experiments) was determined by direct scanning and analyzing bands with 

ImageJ software (National Institutes of Health, Bethesda, MD). 
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Table 2.1.  The altered σ32 phenotypes of the Tn5 insertion mutant (pftsY::Tn5) are 

significantly complemented by an ftsY+ plasmid 

 

In this and all other experiments, protein levels were determined by SDS-PAGE followed by 

quantitative immunoblotting.  σ32 activity was determined from a chromosomal β-

galactosidase reporter (calculated as a differential rate of synthesis); values presented are 

from ≥ 3 experiments.  Relative S.A (Specific Activity) of σ32 is defined as: [(σ32 

activity/ σ32 level) normalized to σ32 S.A. of WT cells grown at 30˚C].   

 

*The ftsY+ plasmid inhibits growth of the cell by ~30%. 
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Table 2.1. 
    Relative S.A. of σ32 
   Chaperone Overexpression 

Strain FtsY Level σ32 Level σ32 Activity None +DnaKJ/GrpE 
      

Wild Type 1.0 ± 0.2 1.0 ± 0.1 1.0 ± 0.1 1.0 0.3 
      

pftsY::Tn5 0.3 ± 0.1 6.8 ± 0.6 7.7 ± 1.0 1.1 1.1 
      

pftsY::Tn5 
+pftsY* 

0.9 ± 0.1 2.5 ± 0.4 2.1 ± 0.5 0.8 0.3 
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Table 2.2.  N-terminal segment of σ32 directs activation of PhoA protein through the 

SRP-Sec pathway 

 

Wild type strain (MG1655) and its derivatives carrying the mutation as indicated were 

transformed by the plasmid containing each PhoA construct.  The resulting transformants 

were grown to log phase in LB medium at 30˚C.  PhoA activity and protein levels were 

determined by standard procedures (see Materials and Methods). 

 

*The activity of N52-σ32-PhoA was set to 1.00 in the wild-type strain. 
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Table 2.2. 
 

  N52-σ32-PhoA  Signal-less PhoA 
Strain  PhoA Activity Protein Level  PhoA Activity Protein Level 

Wild Type  1.00 ± 0.11* 1.0  0.11 ± 0.03 0.15 
       

pftsY::Tn5  0.43 ± 0.05 0.8  0.14 ± 0.03 0.2 
       

secY351  0.46 ± 0.07 1.5  0.32 ± 0.05 0.2 
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Table 2.3.  IM-insertion of σ32 significantly restores homeostatic control to mutant cells 

 

Protein levels were determined by SDS-PAGE followed by immunoblotting, and averages 

from 3-4 expts are presented.  Relative S.A. = relative Specific Activity is calculated as 

described in Table 2.1.  a denotes that levels of the σ32 variant could not be measured 

accurately.  b An I54Nσ32ΔftsH strain is inviable.  N.D. (not determined) denotes that values 

could not be determined because of a and b.  
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Table 2.3. 
  σ32 Activity  σ32 Level  Relative S.A. of σ32 

σ32 variant  WT ΔftsH  WT ΔftsH  WT ΔftsH 
          
σ32  1.0 ± 0.0 3.1 ± 0.1  1.0 ± 0.1 32.1 ± 5.0  1.0 0.1 
          
IM-σ32  0.7 ± 0.1 2.0 ± 0.1  a 26.7 ± 4.5  N.D. 0.1 
          
I54Nσ32  6.7 ± 0.5 b  11.4 ± 2.1 b  0.6 N.D. 
          
IM-I54Nσ32  1.3 ± 0.6 4.3 ± 0.8  a 29.5 ± 6.0  N.D. 0.1 
          
pftsY::Tn5  7.7 ± 1.0   6.8 ± 0.6   1.1  
          
pftsY::Tn5; 
IM-σ32 

 0.7 ± 0.1   a   N.D.  
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Figure 2.1. Homeostatic Control Circuits of σ32. A) Current and B) Revised model for 

activity and degradation control of σ32. The revised model incorporates SRP-mediated 

trafficking of σ32 to the membrane. Interactions validated in vitro are shown as solid lines; 

those inferred from in vivo data are shown as dashed lines. Newly identified interactions are 

shown in red.   
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Figure 2.2.  σ32 binds to Ffh.  A) Schematic representation of E. coli SRP (Ffh + 4.5S 

RNA), indicating experimentally-confirmed functions associated with each domain. B) σ32 

co-immunoprecipitates with Ffh and FtsY in vivo, but σ70 does not.  Immunoprecipitations of 

Ffh or FtsY were carried out on lysates of Δσ32 and ΔftsH cells grown to exponential phase.  

Immunocomplexes were isolated, analyzed by SDS-PAGE, and immunoblotted with anti-σ32 

and anti-σ70 antibodies.  Proteins from approximately 15-fold more cells were loaded onto 

the gel for the immunoprecipitated samples against σ32 and σ70 as compared with the lysate 

samples.  C) Protein-protein interaction analysis indicates that σ32 binds to Ffh, but not FtsY.  

Purified FtsY and Ffh were run on a 10% SDS-PAGE gel, transferred to nitrocellulose, re-

natured, and incubated with purified WTσ32.  The Coomassie-stained gel (left) and the 

nitrocellulose blot probed with polyclonal anti-σ32 antibodies (right) are shown.  D) σ32 binds 

to the M-domain of Ffh.  Ffh, partially digested by endopeptidase V8, was resolved on a 10% 

SDS-PAGE gel, transferred to nitrocellulose and incubated with σ32. The Coomassie-stained 

gel (left) and the nitrocellulose membrane, containing transferred Ffh fragments, probed 

against σ32 (right) are shown. 
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Figure 2.3.  In vivo crosslinking between σ32 and Ffh.  A) Detection of a crosslinked 

product following UV irradiation in whole cells. Cells of CAG48238/pEVOL-pBpF/p6XH-

rpoHT52amber (lanes 1, 2, 5 and 6) and CAG48238/pEVOL-pBpF /p6XH-rpoH  (lanes 3, 4, 

7 and 8) were grown at 30˚C in L-medium supplemented with 0.02% arabinose, induced with 

1 mM IPTG for 1 h and UV-irradiated for 0 or 10 min as indicated.  Total cellular proteins 

were acid-precipitated and analyzed by SDS-PAGE and immunoblotting with anti-Ffh and 

anti-σ32 antibodies.  B) Immunoprecipitatation anti-Ffh reveals a unique crosslinked product 

that interacts with anti-σ32. Supernatants of sonically disrupted UV-irradiated cells were 

subjected to immunoprecipitation with anti-Ffh antibodies.  Immunocomplexes were 

solubilized in SDS sample buffer, analyzed by SDS-PAGE, and immunoblotted with anti-Ffh 

and anti-σ32 antibodies.  Proteins from approximately 4.4-fold more cells were loaded onto 

the gel for the immunoprecipitated samples as compared with the whole cell samples.  C) 

Purification of 6xHIS-σ32 from UV-irradiated cells reveals a band that interacts with anti-

Ffh. Supernatants of sonically disrupted UV-irradiated cells were subjected TALON affinity 

chromatography and bound proteins were eluted with 300 mM imidazole.  Proteins in the 

eluate were acid-precipitated and analyzed by SDS-PAGE and immunoblotting with anti-Ffh 

antibodies. Proteins form approximately 20-fold more cells were loaded onto the gel for the 

TALON-affinity isolated samples as compared with the whole cell samples. 
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Figure 2.4. SRP (Ffh + 4.5S RNA) preferentially interacts with WTσ32.  A) A280 elution 

profiles of WTσ32, I54Nσ32, Ffh, and SRP alone or in complex.  WTσ32 or I54Nσ32 was 

incubated with a 10-fold molar excess of purified SRP on ice for 10 min, and complexes 

were analyzed by gel filtration on a Superdex™ 200 PC3.2/30 column.  Protein elution was 

monitored by A280.  Gel filtration of purified WTσ32, I54Nσ32 and SRP alone was carried out 

to determine the migration of each individual protein on the column.  B) Eluted fractions 

were separated on SDS-PAGE, and probed with polyclonal antibodies against Ffh and σ32; 

Western blots of σ32 are shown.  Experiments were performed at least 4 times, and a 

representative experiment is shown. 

	  

85



A
28

0

Vol (mL)

WTσ32

I54Nσ32

WTσ32 + Ffh

I54Nσ32 + Ffh

WTσ32 + SRP

I54Nσ32 + SRP

WTσ32

SRP 
WTσ32 + SRP 
I54Nσ32 

I54Nσ32 + SRP 

1.0 1.5 2.0
0

20

40

60
300

550

Ffh

Figure 2.4

A

B

86



Figure 2.5. σ32 is partially membrane associated.  The extent of association of σ32 and the 

β’ subunit of RNA polymerase with the membrane fraction was determined by quantitative 

immunoblotting of the soluble and non-soluble fractions.  Membrane association of σ32 and 

β’ was assessed in several relevant strain backgrounds. In addition to endogenous σ32, all 

strains contained a plasmid-encoded variant of σ32 lacking its 21 C-terminal amino acids 

(σ32Δ21aa).  Ectopically expressed σ32Δ21aa or I54Nσ32Δ21aa were present at levels 

comparable to native σ32 and was distinguished from endogenous σ32 on a 12% SDS-PAGE 

gel.  All fractionation experiments were performed ≥ 8 times, and % fractionation was 

calculated from experiments where probed cytoplasmic (RuvB) and membrane (RseA) 

proteins separated properly. 
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Figure 2.6. The SecY translocon plays a role in chaperone-mediated activity control of 

σ32.  A) Schematic of SecY topology in the inner membrane by highlighting in yellow the 

locations/allele names of the mutated residues used in this study [49]. The region that 

interacts with FtsY (Domain C5) is boxed in green.  B) Mutations in secY show higher σ32 

activity and affect chaperone-mediated activity control of σ32.  The activity of σ32 was 

measured in WT and secY mutant cells growing at 30°C in LB medium (column 1) or in the 

same cells following induction of DnaK/J (column 2) or GroEL/S (column 3).  Activity is 

calculated as the differential rate of β-galactosidase synthesis from a chromosomal PtpG-lacZ 

reporter in each cell type relative to that of WT cells. 
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Figure S2.1.  σ32Δ21aa, a C-terminal truncation of σ32, is defective in binding to RNA 

polymerase in vivo.  A) Immunoprecipitation of RNA polymerase-bound native σ32 and 

σ32Δ21aa.  σ32Δ21aa was expressed from pTrc99A in DftsH cells, induced to levels 

comparable to endogenous σ32, grown to mid-exponential at 30°C in LB medium and the 

amount of σ32 bound to the anti-β’ resin (Softag4; Neoclone) and remaining σ32 in the 

supernatant was quantified by immunoblotting using a polyclonal antibody against σ32.  

Comparable amounts of total cellular lysates (TCL; left lane) and corresponding RNA-

polymerase immunoprecipitations (RNAP IP; right lane) are shown.  Purified σ32, tagged at 

the N-terminus with a Strep and 6xHistidine (Strep-6xH) tag, was used as a loading and 

blotting control.  Results of a representative experiment are shown.  B) Quantification of 

RNA polymerase-bound native σ32 and σ32Δ21aa expressed in the same strain background 

(ΔftsH).  Averages of 4 independent experiments are shown. 
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Figure S2.2.  Membrane fractionation of σ32 is independent of RNA polymerase 

binding.  ftsH E415A cells expressing either WTσ32Δ21aa  or I54Nσ32Δ21aa were subjected 

to cellular fractionation (see Methods), and soluble and membrane fractions were resolved by 

SDS-PAGE and analyzed by immunoblotting for σ32, σ70, and the β’ subunit of RNA 

polymerase.  Ectopically expressed σ32Δ21aa or I54Nσ32Δ21aa were present at levels 

comparable to native σ32 and was distinguished from endogenous σ32 on a 10% SDS-PAGE 

gel.  All fractionation experiments were performed ≥ 8 times, and % fractionation was 

calculated from experiments where probed cytoplasmic (RuvB) and membrane (RseA) 

proteins separated properly. 
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Figure S2.3.  σ32 interacts with SecA through protein-protein interaction analysis. 

Purified SecA was run on a 10% SDS-PAGE gel, transferred to nitrocellulose, re-natured, 

and incubated with purified WTσ32.  The Coomassie-stained gel of SecA, the prey (left), and 

the nitrocellulose membrane, containing transferred SecA, probed with polyclonal anti-σ32 

antibodies (right) is shown.   
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Figure S2.4.  Fusing the 3L-Pf3 peptide to the N-terminus of WTσ32 coding sequence 

significantly increases its membrane localization.  A) Schematic representation of 

membrane-tethered 3L-Pf3-Wσ32 (IM-WTσ32). The amino acids corresponding to the 3L-Pf3 

and σ32 are shown as open or enclosed dark circles, respectively.  B) Soluble (lanes 1 and 3) 

and membrane (lanes 2 and 4) fractions from cellular fractionations (described in Materials 

and Methods) were separated by SDS-PAGE and immunoblotted for the indicated proteins 

shown on the right.   
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Figure S2.5.  Levels of σ32 and σ32 variants in varying strain backgrounds.  Strains were 

grown to OD600 ~ 0.35, precipitated by addition of TCA to 13% final (vol/vol). Levels of σ32 

and σ32 variants were determined by quantitative immunoblotting (see Materials and 

Methods). The experiment was carried out ≥ 5 times, with an example blot shown.  These are 

the raw data used to obtain level values for σ32 and its variants shown in Table 3. Averaged 

quantification of the amount β’ served as a loading control and levels of FtsH and FtsY are 

additionally shown. The genetic backgrounds of the mutant strains are shown below the 

blots.  The specific protein probed on each blot is shown to the right.  Note that IM-σ32 and 

IM-I54Nσ32 run as a smear, most likely because the membrane localization signal adopts 

multiple conditions during SDS-PAGE electrophoresis.  To minimize this problem, gels were 

run very slowly (60-80 volts).  Amount of IM-σ32 variants was calculated over the entire 

smear.   Additionally, there is a contaminating band in all samples marked with an asterisk 

(*) that runs approximately at the same molecular weight as IM-σ32.  This contaminating 

band prevents accurate quantification of samples with low amounts of IM-σ32 (lanes 2, 7, 9).    
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Figure S2.6.  The 3L-Pf3 peptide does not alter the stability of the FliA σ .  A) Addition 

of the 3L-Pf3 peptide to the N-terminus of FliA s does not affect its cellular levels.  Total 

cellular lysates were separated on SDS-PAGE and immunoblotted for FliA.  WT fliA or 3L-

Pf3-fliA was expressed from uninduced pTrc99A in the MG1655 background, and the fliA 

variants expressed are shown (at top).  MG1655 carrying only pTrc99A (Vector) shows the 

endogenous levels of FliA.  The lower band present in the 3L-Pf3-FliA lysate is endogenous 

FliA.  Experiments were performed at least 3 times.  The representative experiment shown 

demonstrates that addition of the 3L-PF3 peptide does not alter the amount of the FliA 

present in the lysate; as both FliA and 3L-Pf3-FliA are expressed from the same 

transcriptional and translational startpoints, we conclude that the 3L-Pf3 tag does not 

destablize FliA, indicating that even though membrane targeted, 3L-Pf3FliA is not degraded 

by the membrane localized FtsH protein, which preferentially degrades membrane proteins.   

B) Addition of the 3L-Pf3 peptide to the N-terminus of FliA increases its membrane 

localization.  Soluble and membrane fractions from cellular fractionations of MG1655 

carrying fliA or 3L-Pf3-fliA expressed on pTrc99A were separated on SDS-PAGE and 

immunoblotted for FliA.  Percentage of membrane-localized FliA is plotted.  Averages of 4 

independent experiments are shown. 

	  

101



34 -

27 - 

MW

FliA

3L-Pf3-FliA

fliA 3L-Pf3-fliAVector

0

20

40

60

80

100

fliA

3L
-P

f3-
fliA

%
 F

liA
 in

 m
em

br
an

e 
fr

ac
tio

n

Figure S2.6

102



Figure S2.7.  Growth defects in I54Nσ32 and pftsY::Tn5 are relieved when the 

endogenous σ32 is membrane-tethered.  A) Early exponential growth comparison of WT, 

IM-WTσ32, I54Nσ32, and IM-I54Nσ32.  B) Early exponential growth comparison of WT, IM-

WTσ32, pftsY::Tn5 mutant, and the double mutant pftsY::Tn5, IM-WTσ32.  Cellular density 

(OD600) was plotted over time in (A) and (B).  Experiments for both (A) and (B) were carried 

out 3 times and an example growth curve obtained is shown.  C) IM-tethering of σ32 in 

mutant strains restores growth rates to that of WT.  Doubling times were calculated as the 

inverse of the slope of the cultures growing in early exponential phase in LB at 30°C.  Strain 

mutations are shown on the left.  The exact values of the doubling times for each strain are 

shown on the right and are an average of 3 experiments.  D) Membrane-tethering of σ32 in 

the pftsY::Tn5 mutant restores transition into stationary phase growth to that of WT.  The 

pftsY::Tn5 mutant transitions into stationary phase growth significantly earlier and at a lower 

OD600 than both WT and the double mutant pftsY::Tn5, IM-WTσ32.  Cellular density (OD600) 

was plotted over time.  Growth curves are an average of 3 biological replicates.   
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The existence of several σ32 mutants resistant to both chaperone-mediated 

inactivation and to degradation in vivo, but sensitive to both processes in vitro, suggested an 

additional mechanistic step was involved in regulating σ32. We therefore embarked on a 

genetic and biochemical search for additional players/mechanistic steps in the regulation of 

σ32.  In this thesis, I have shown that the co-translational membrane trafficking pathway, 

consisting of the Signal Receptor and the Signal Recognition Particle is a new central player 

in homeostatic control of σ32. Through the direct interaction between SRP and σ32, σ32 is 

brought to the membrane where σ32 becomes more sensitive to the regulatory controls placed 

on the system.   

 

σ32 interaction with SRP  

Using gel filtration analyses (Chapter 2), I found that SRP binds weakly to σ32.  We 

believe this interaction is weak because a 10-fold molar excess of SRP did not shift all σ32 

present in the reaction to a molecular weight believed to be that of a SRP-σ32 complex (~107 

kDa).  The incomplete shift of all σ32 could be a result of SRP binding weakly to σ32 or 

because the interaction is not stable between the two components in vitro.   

It is possible that the SRP also binds to σ32 co-translationally. It is well established 

that SRP binds to ribosome nascent chain complexes (RNCs) with an exposed signal 

sequence, and affinity for the SRP to these signal sequences is high, in part, because the SRP 

is also bound to the ribosome near the exit channel (Schaffitzel et al., 2006; Bornemann et 

al., 2008).  However, our work indicates that SRP also binds to σ32 post-translationally, as  

we observed SRP binding to fully-folded full-length σ32 in vitro. (Chapter 2).  Moreover, the 

in vivo cross-linked immunoprecipitation data (Chapter 2) showed the strongest interaction 
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signal at only one molecular weight, suggesting that SRP only interacts with one length of 

σ32; potentially, the full-length fully-folded form of σ32.   σ32 would be the first known post-

translational substrate of E. coli SRP.  

In vitro experiments are critically needed to determine whether SRP has a higher 

affinity for full-length fully-folded σ32 or σ32 being co-translated by an RNC.  In addition, 

determination of the kinetic parameters of σ32-SRP binding will provide insight on whether 

SRP, in combination with SR, can act alone to bind and traffic σ32 or whether additional 

components are needed to have physiological relevance.   

 Our current data pointing to a post-translational interaction between SRP and σ32 

raises several major questions on the physiology of this interaction.  During steady-state 

growth, ribosomes are about 100 fold molar excess to SRP, and in vitro Kd measurements of 

SRP binding to ribosomes imply that ~99% of the cell’s SRP is bound to ribosome nascent 

chain complexes (RNCs) (Bornemann et al., 2008).  If σ32 interacts with SRP post-

translationally, it is unclear whether this 1% of unbound SRP is capable of finding σ32 and 

bringing it to the membrane for feedback control, or whether a higher percentage of free SRP 

is needed to result in σ32 membrane localization to recapitulate the in vivo half-life of σ32 

observed in previous studies (t1/2 ~ 30-60 sec) (Kanemori et al., 1999; Morita et al., 2000).  A 

wealth of in vitro data has shown that once SRP docks the RNC at the translocon, SRP is 

released from the SR and the ribosome (Walter and Blobel, 1981; Krieg et al., 1986; 

Kurzchalia et al., 1986; Connolly and Gilmore, 1989).  However, it is believed that because 

translation of membrane proteins occurs near the membrane (Lopian et al., 2003; Nevo-

Dinur et al., 2011), free SRP is immediately bound to another ribosome for membrane 

trafficking.  I note that recent work has indicated that genes encoding membrane proteins are 
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located closer to the IM than genes that are not, and that this closer localization extends to 

genes in the vicinity (Libby et al., 2012).  rpoH, encoding σ32, is only several genes away 

from ftsY, which encodes the peripheral IM protein SR, possibly bringing rpoH closer to the 

IM.  In this scenario, σ32 may be translated in a region of the cell enriched for free SRP and 

able to bind SRP between each of its rounds of ribosome-binding.   

 

Additional factors involved in membrane localization 

It still remains unclear whether the components of the SRP-dependent membrane-

trafficking pathway are the only factors needed for stable trafficking of σ32 to the membrane.  

Our membrane fractionation studies (Chapter 2) showed that the chaperone system 

DnaKJ/GrpE and the chaperone SecA play a role in membrane fractionation.  I note that this 

result does not confirm whether these chaperones play a role in membrane trafficking or 

maintenance of σ32 at the membrane.  In fact, deleting dnaKJ led to a decrease (~67%) in 

membrane localization of σ32 (Chapter 2).  However, it is still unclear how the chaperone 

systems, DnaKJ/GrpE and GroES/L, known to regulate σ32 activity and levels, affect 

membrane localization of σ32.  Due to the de-regulation of σ32 in a ΔdnaKJ background, σ32 

activity is high and therefore levels of GroES/L are relatively high as well.   The contribution 

of GroES/L to σ32 membrane localization remains to be determined in vivo as 

deletion/depletion of this chaperone system is lethal (Kanemori et al., 1994; McLennan and 

Masters, 1998).  Interestingly, from results in Appendix B, overexpressing DnaKJ/GrpE led 

to a significant decrease (~80%) in membrane fractionation.  Additionally, while 

overexpression of GroES/L did not affect membrane fractionation, overexpression of both 

DnaKJ/GrpE and GroES/L systems led to a ~40% decrease in σ32 present in the membrane, 
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suggesting the two chaperone systems play antagonizing roles in membrane fractionation or 

maintaining σ32 at the membrane (Appendix B).  From various studies using different 

methods, chaperones are found both in the cytosol and at the membrane (Zylicz et al., 1983; 

Bardwell et al., 1986; Kostyal et al., 1989; Bukau et al., 1993; Lasserre et al., 2006; Winkler 

et al., 2010; Wickstrom, 2011; Wickström et al., 2011; Charbon et al., 2011).  It is unknown 

whether chaperones directly and physically interact with the membrane; and it still remains 

whether chaperones are present at the membrane because of substrate binding or whether 

they interact with the membrane independent of their substrate-binding site.  

SecA was additionally identified as a direct binding partner of σ32, and also played a 

role in membrane localization of σ32 in Chapter 2.  SecA is an inner membrane component of 

the Sec protein secretion system and is peripherally associated with the multi-subunit 

translocation apparatus SecYEG.  Biochemical studies have shown that SecA serves multiple 

and dynamic functions in the translocation process. Studies using cell fractionation and 

protease protection indicate that SecA cycles between three different cellular locations: the 

cytoplasm, the inner-membrane as a peripheral protein, and an integral inner-membrane 

protein (Danese and Silhavy, 1998).  SecA can function as a cytoplasmic chaperone, similar 

to SecB, targeting its precursor protein and delivering it to the inner membrane translocation 

apparatus (Danese and Silhavy, 1998).  Several lines of evidence suggest that several 

proteins require both SRP and SecA for trafficking to the membrane (Qi and Bernstein, 1999; 

Neumann-Haefelin et al., 2000), however other evidence suggests otherwise (Koch et al., 

1999; Scotti et al., 1999).  Our results in Chapter 2 strongly indicate that SecA binds directly 

to σ32 and traffics σ32 to the membrane.  However, it still remains whether SecA does so 

independently or requires the SRP-machinery to carry out the process.   
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The only known well-studied example of a post-translational SRP-dependent 

trafficking mechanism is in chloroplasts, where SRP (cpSRP54) interacts with cpSRP43, a 

protein with chaperone-like function (Falk and Sinning, 2010).  Together, these two proteins 

bind to a class of membrane proteins, which constitute the most abundant protein in the 

thylakoid (Schünemann, 2004).  cpSRP43 keeps the membrane protein, containing three 

membrane-spanning domains, unfolded and un-aggregated until properly presented at the 

thylakoid membrane (Falk and Sinning, 2010), where it seems to also mediate the docking 

process of the membrane proteins (Tzvetkova-Chevolleau et al., 2007; Falk and Sinning, 

2010).  Interestingly, cpSRP54 does not bind to a 4.5S RNA, as one does not exist in 

chloroplasts, and the role of the 4.5S RNA was likely replaced by an negatively-charged 

surface in cpSRP43 (Stengel et al., 2008), a protein with no known homologs (Schuenemann 

et al., 1998).  It is still speculative to suggest that chaperones play a direct role in the 

trafficking of σ32 to the membrane by SRP, as does cpSRP43 does with cpSRP54, future in 

vitro work is needed to determine the extent with which DnaKJ/GrpE and GroES/L, and 

additional components, play in localizing σ32 to the membrane. 

 

σ32 maintains protein homeostasis in the cytosol 

As we proposed in Chapter 2, in addition to sensing protein homeostasis in the 

cytosol, the interaction to SRP may allow σ32 to sense protein flux to the membrane.  Since 

membrane localization of σ32 is important for feedback inhibition and degradation, the σ32-

SRP interaction is a key regulatory step in the negative regulation of σ32.  In our model, σ32 

at the membrane is sensitive to chaperone inhibition and is effectively degraded by FtsH.  

However, when σ32 is localized in the cytosol, σ32 is less sensitive to both negative 
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regulatory processes in vivo.  In this manner, σ32 activity would be high when chaperones 

and proteases are titrated by mis- or unfolded protein substrates or when membrane protein 

flux is high, titrating away SRP, and preventing SRP from trafficking σ32 to the membrane.   

Why would σ32 want to sense protein flux to the membrane?  Protein flux to the 

membrane encounters several potential bottlenecks, and an increase in membrane, 

periplasmic and/or secreted protein expression can lead to aggregation and toxicity (Wagner 

et al., 2007).  SRP and SecA house-keeping function is to prevent these proteins from 

aggregating and (mis)folding in the cytosol until it reaches its final destination.  However, the 

ratio of SRP to ribosomes is ~1:100 (Jensen and Pedersen, 1994).  Therefore, high rates of 

membrane-protein translation or defects in SRP function/levels can lead to mis-translation 

and accumulation of membrane proteins in the cytosol (Bernstein and Hyndman, 2001).  It 

remains unclear whether cytosolic proteases and chaperones are able to efficiently resolve 

this problem, or whether these membrane proteins are kept inactive in inclusion bodies 

(Bernstein and Hyndman, 2001).  Additionally, it has been suggested that membrane-protein 

toxicity is due to overloading of the Sec-dependent translocation machinery which handles 

both the post-translational export of secretory proteins and the co-translational insertion of 

most inner membrane proteins into the lipid bilayer (Plessis et al., 2011).  Potentially, as flux 

of proteins to the membrane increases, σ32 is no longer recognized as an ideal “cargo” for the 

SRP- and SecA-dependent translocation machinery.  σ32 remains in the cytosol and σ32 

activity increases, transcribing a regulon that aids in preventing extensive trauma and 

potential lethality.  Evidence to support this model is the regulon member, FtsH, which is 

also the primary protease that degrades σ32.  The house-keeping function of FtsH is to 

degrade membrane proteins that are not assembled in their proper complexes, as opposed to 
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unfolded membrane proteins, which may be monitored by a different sensor (Shimohata et 

al., 2002).  In this sense, σ32 is an extremely fine sensor of protein flux to the membrane and 

σ32 activity would by extremely sensitive to slight variations in flux.  However, experiments 

are required to see if σ32 activity is perturbed when protein flux changes and whether a 

threshold exists before σ32 activity is induced when membrane, periplasmic, and secreted 

protein flux increases.   

Lastly, σ32 may also monitor protein quality during translation.  Translation at the 

ribosome is the beginning of all protein quality control in the cell.  Therefore, it is essential 

that proteins leaving the ribosome be properly translated with high fidelity (no frameshifts, 

no mutations, etc.), properly folded, and/or trafficked to their proper destination.  A slight 

defect in ribosomal function can lead to a population of non-functioning proteins due to 

mutations or misfolding.  While the ribosome has its own proofreading mechanisms and 

quality control checkpoints (Rodnina and Wintermeyer, 2001; Pechmann et al., 2013), it still 

remains possible that additional sensors monitor quality control.  

Two observations suggest the possibility that σ32 may somehow provide an additional 

quality control mechanism.  First, several σ32 regulon members play a role in translation 

(Nonaka et al., 2006; Rasouly and Ron, 2009).  Briefly, several of these members play a role 

in assuring that the ribosome translates with greater fidelity (HTS, L31, YbeY, MiaA, 

Hsp15), at a faster rate (RrmJ), and the enzymatic activity of one of these proteins increases 

at higher temperatures (HTS) (for review, see (Rasouly and Ron, 2009)).  Second, in 

Appendix A, I showed that about half of the novel interacting partners of σ32 play a role in 

translation.  While the biological relevance of σ32 interaction with these proteins is unclear, 

these data suggests that σ32 has a wider role in monitoring proteins being produced from the 
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ribosome and preventing accumulation of aberrant proteins in the cytosol – an event that can 

impair fitness.  Its possible that the σ32 regulon members involved in increasing translational 

fidelity, translational initiation, ribosome turnover, in addition to chaperones and proteases, 

prevent a buildup of toxic proteins (Nonaka et al., 2006; Rasouly and Ron, 2009) or 

maintains it at a low level to maintain optimal growth and viability.  In this proposed model, 

the σ32 still senses protein folding, but that the stress is not only from high temperature, but 

through additional stresses such as defective translation or membrane proteins in the cytosol 

that lead to mis-folding of proteins.  The σ32 regulon targets all potential points in the life of 

a protein that could lead to disabled and misfolded proteins, and prevents damage before it 

becomes too overwhelming for the cells ability to reverse it.  Therefore, σ32 monitors not 

only one stress that causes misfolded proteins, but to many stresses that can lead to this 

damage.  While this theory is provocative, experimental evidence is needed to show that σ32 

can monitor proteins being produced by the ribosome or that translational defects can occur 

at heat shock – defects that are not necessarily believed to be only protein mis-folding or 

increased membrane protein flux.  
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Identification of σ32 interacting proteins under chaperone-mediated feedback 

conditions 
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Introduction 

In Chapter 2, we carried out a genetic screen to find additional factors involved in 

activity and/or degradation control, identifying the Signal Receptor, SR.  While genetic 

screens can identify components involved in a cellular process, it has its limitations: genetic 

screens and selections are time-intensive and require 1) a large number of mutagenized 

clones to generate complete and thorough coverage of the target DNA; and 2) proper 

experimental conditions to identify a significant result (eg. positive results).  In addition, 

genetic screens can potentially miss essential factors or identify factors that do not have a 

direct role in the process being studied.   

So far, the known interacting proteins of σ32 are essential for viability or extremely 

sick under non-perturbing conditions.  These include RNA polymerase, the FtsH protease, 

and the chaperone families, DnaK/J/GrpE and GroEL/S.  The impact of these proteins on the 

regulation of heat shock response was identified indirectly through reverse genetics (Tilly et 

al., 1989; Tomoyasu et al., 1995; Tomoyasu et al., 1998; Guisbert et al., 2004).  Because of 

the essentiality of these interacting partners, it is possible that additional factors involved in 

the regulation of σ32 activity and cellular levels are also essential.  In fact, the Signal 

Receptor, identified in the genetic screen in Chapter 2, is essential.   

To further identify novel interacting factors of σ32 involved in regulating σ32, I carried 

out a biochemical screen, pulling down σ32 protein complexes during σ32-inactiviating 

conditions.  In this manner, I was able to identify factors that bind directly to σ32 and isolate 

interacting proteins that would otherwise be difficult to obtain in a genetic screen.  I found 14 

proteins that interact directly with σ32, and that these novel interacting proteins fall into three 

main categories: 1) Translation, 2) Fatty-acid/Lipid metabolism, and 3) Cellular metabolism.  
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These results preliminary suggest additional new cellular processes that may be 1) monitored 

by σ32 or 2) feed into σ32 to maintain cellular proteostasis. 

 

  

135



Results 

A biochemical screen for identifying additional interacting partners of σ32 during 

inactivating conditions 

During σ32 overexpression, σ32 activity is repressed by chaperone-mediated 

inactivation (Straus et al., 1989; Tatsuta et al., 1998).  I took advantage of this phenotype in 

searching for novel σ32-interacting factors involved in activity or degradation control by 

purifying σ32-containing protein complexes when σ32 levels are high but activity is not 

proportionately increased.  To do so, the glutathione S-transferase protein, GST, was fused to 

the N-terminus of σ32 (GST-σ32), cloned into the expression plasmid, pET21a, and 

overexpressed in wild-type E. coli, CAG454.  The GST protein at the N-terminus does not 

affect chaperone-mediated activity control or degradation control (Table A.1).    

Cells were grown to mid-exponential phase, and expression of GST-σ32 was 

maximally induced.  After an hour of induction, cells were immediately chilled and protein 

complexes containing GST-σ32 were isolated by pull-downs with glutathione-resin.  To 

determine which cellular proteins bound to GST or non-specifically to the glutathione resin, 

lysates of cells overexpressing only GST were processed similarly as with cells 

overexpressing GST-σ32.  This sample was designated as the “negative control.”  Proteins 

isolated from both pull-downs were identified by mass spectrometry (see Material and 

Methods), and results are shown in Table A.2.  

In the pull-down of cells overexpressing the GST-σ32 protein, mass spectrometry 

identified peptides that corresponded to 85 proteins (not including σ32), while 21 proteins 

were identified in the negative control.  Of the 85 unique proteins in the pull down of GST-

σ32 overexpressed lysates, 6 proteins were not significantly enriched compared to the 
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negative control, 6 were previously identified to directly bind to σ32 (DnaK, DnaJ, GrpE, 

Lon, ClpA, and FtsH), 1 was previously identified to be present in pull-downs of σ32 during 

high-throughput screening (Qor), and 43 proteins were ribosomal proteins (Rpl, Rpm, Rps 

proteins, InfB, InfC), likely identified because they are present in such high amounts, and 5 

were predicted to be localized in the outer membrane or periplasmic space (Skp, OmpP, 

MdoG, AmiC, Fiu), and therefore not likely to be true binding partners of σ32.  This left 25 

novel proteins that could potentially interact with σ32 directly.   

 

FarWestern analysis reveals novel σ32-interacting proteins 

The mass spectrometry result does not distinguish whether these 25 novel proteins 

directly interact with σ32 or indirectly through a larger protein complex.  To determine 

whether these proteins bound directly to σ32, I carried out FarWestern analysis.  Briefly, I 

purified all 25 novel proteins identified by the mass spectrometry results, subjected the 

purified proteins to SDS-PAGE to resolve them from contaminants, transferred these proteins 

to  nitrocellulose, re-natured the bound proteins, and then incubated these blots with purified 

σ32.  To determine whether the novel protein and σ32 interact directly, the blot was then 

incubated with a polyclonal antibody specific to σ32.  If an interaction between σ32 and the 

protein of interest exists, the antibody would be detected at the molecular weight of the 

purified protein of interest.   

All proteins of interest were expressed from the ASKA plasmid library (which has 

every gene tagged at the N-terminus with a 6xHistidine tag, expressed under an IPTG-

inducible promoter) and purified for FarWestern analysis (Table A.3).  Each protein was 
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resolved by 12% SDS-PAGE and its interaction to σ32 was determined through FarWestern 

analysis (data not shown). 

Through FarWestern analysis, σ32 was found to interact with 6 abundant proteins 

(SecA, SuhB, KsgA, Ffh, Qor, LepA) and 8 additional less abundant proteins (InfB, FabZ, 

AccA, GidA, GuaB, YibA, YfiF, Rnt).  The remaining 11 proteins did not show a direct 

interaction to σ32, based on little or no signal from the antibodies directed towards σ32 (Table 

A.3).  Interestingly, over half of these proteins are involved in translation or co-translational 

cellular processes, while 3 proteins were involved in fatty-acid/lipid metabolism, and the 

remaining 3 proteins are involved in general cellular metabolism.   

 

Do these novel σ32-interacting proteins play a role in regulating the chaperone-mediated 

inactivation or degradation of σ32? 

I next determined whether these 14 proteins play a role in regulating σ32 activity or 

degradation control.  Regulation of σ32 in the cell, during non-perturbing conditions, occurs 

by having 1) free σ32 bound and inhibited by chaperones; then 2) having chaperone-bound 

σ32 brought to FtsH for degradation.  Therefore, if a novel factor played a role in feedback 

control of σ32, it could act on σ32 before being bound by chaperones or involved in mediating 

degradation of σ32 by FtsH.   

To establish whether the interacting partners play a role in σ32 feedback control, I 

determined σ32 cellular levels and σ32 activity, with or without chaperone overexpression, in 

strains carrying deletions of the interacting protein of interest.  I hypothesized that a deletion 

of a factor involved in facilitating σ32 binding to chaperones or FtsH-mediated degradation of 

σ32 would lead to increased σ32 activity and/or cellular levels.  Of the 14 candidates, only 6 
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were non-essential (gidA, ksgA, lepA, qor, guaB, yibA) and these antibiotic-marked deletions 

(KEIO collection (Baba et al., 2006)) were transduced into 1) a wild-type E. coli strain 

carrying a σ32 transcriptional reporter (htpG-lacZ; CAG48238 (Yura et al., 2007)) and 2) the 

CAG48238 strain where the native promoter of the dnaKJ operon is replaced with an IPTG-

inducible plac promoter, allowing overexpression of chaperones in the cell (Yura et al., 

2007).  However, in each of these deletion strains, I did not see an increase in σ32 activity or 

levels (Table A.4 and data not shown).  In fact, two of the gene deletions (ΔlepA and ΔgidA) 

showed decreased σ32 activity, and even further inhibition when chaperones were 

overexpressed.  Interestingly, chaperone overexpression in a ΔguaB strain showed further 

inhibition of σ32 activity (Table A.4).  In addition, chaperone-mediated feedback inhibition 

was working properly, compared to WT, indicating that these 6 genes do not play a role in 

regulating σ32 activity or cellular levels (Table A.4).   

Conversely, I can overexpress all the 14 candidates and look at the effects of their 

overexpression on σ32 activity and cellular levels.  I used expression plasmids from the 

ASKA collection (IPTG-inducible) (Arifuzzaman, 2006) and, additionally, I utilized 

expression plasmids where the induction systems were arabinose-inducible (Guzman et al., 

1995) or propionate-inducible (Lee and Keasling, 2005).  I hypothesized that, if these genes 

were involved in chaperone-mediated feedback inhibition or degradation, overexpression of 

these genes would decrease σ32 levels and activity.  However, overexpression of these genes 

did not lead to diminished σ32 levels and/or activity.  In fact, expression of secA, yibA, fabZ 

and accA led to a slight increase in σ32 activity (Table A.5).  Additionally, expression of 

secA, ffh, accA, suhB, and fabZ led to decreased cell growth and eventual cell death (data not 

shown).   
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Discussion 

In this work, I carried out a biochemical screen to identify interacting partners of σ32 

under conditions where σ32 is inactivated (σ32 is overexpressed).  This screen yielded a large 

number of newly-identified direct binding partners, including the main focus of this thesis, 

which is the direct binding of σ32 to SRP.  Interestingly, the results of the 14 identified direct 

binding partners were enriched in proteins having a cellular role in translation.  The 

biological significance of this enrichment for proteins involved in translation and the possible 

role of σ32 and its regulon in monitoring translation are discussed in Chapter 3.   

The classical analyses taken to test whether a gene was involved in regulation of σ32 

activity or levels was by deletion/depletion or overexpression of that gene.  While I was able 

to dissect apart the role of the SRP in regulating σ32 activity and levels, all the identified 

protein partners, including Ffh (protein component of the SRP), did not show the classical 

phenotypes of σ32 regulation when either overexpressed and/or deleted.  This result can be 

explained by three possible scenarios: 1) as with Ffh, overexpressing a protein in a multi-

component complex might not have a major effect because its enzymatic activity is only 

recapitulated when in a stable complex (as shown in Chapter 2, Ffh did not bind well to σ32 

as did SRP), 2) with the exception of SecA, none of the binding partners have known 

chaperone activity and would not inhibit σ32 when overexpressed, which is based on our 

experimental setup, and 3) its possible that the physiological role of the interaction is not for 

regulation of σ32 but for regulation of the interacting partner instead.  Further experiments 

will be needed to determine the functional role of these interactions.   

One of the interesting components I identified was SecA.  The biological significance 

of this interaction is proposed and discussed in Chapter 3.  I discussed the relevance of the 
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SecA interaction with σ32 as providing σ32 a mechanism to sense the flux of proteins to the 

inner and outer membrane, periplasm, or ones being secreted.  I discussed this in the context 

of σ32 localization to the membrane since SecA is important for transport and translocation of 

proteins through the membrane.  However, SecA is also a well-studied ATP-dependent 

chaperone, required for funneling proteins through the translocon. It is possible that the 

interaction between SecA and σ32 may play a direct role in σ32 degradation, as opposed to 

membrane trafficking.  As mentioned in Chapter 2, degradation of σ32 by FtsH in vitro is 

slow and does not recapitulate the t1/2 of 30-60 seconds observed in vivo, even when FtsH is 

present on lipid vesicles.  Since DnaKJ/GrpE and GroES/L are essential for degradation of 

σ32 in vivo (Straus et al., 1990; Tomoyasu et al., 1998; Guisbert et al., 2004), it has been 

proposed that these chaperone systems present σ32 in a manner that facilitates FtsH to 

degrade σ32 (Tatsuta et al., 2000; Rodriguez et al., 2008), as FtsH is a poor unfoldase of 

proteins (Herman et al., 2003).  However, if degradation of σ32 by FtsH requires proper 

presentation of σ32 to FtsH, SecA’s chaperone activity may play that role.  But, further 

experimental evidence is needed to determine whether SecA’s chaperone activity is involved 

in σ32 degradation.  In either case, where SecA is involved in trafficking of σ32 to the 

membrane or for presenting σ32 in a proper conformation to FtsH, σ32 is still able to use the 

interaction to monitor flux of proteins through the inner and outer membrane, periplasm and 

ones that are secreted.   

Another interesting interacting partner identified was Qor, whose cellular role is a 

quinolone oxidoreductase, an enzyme involved in protecting cells from the cytotoxic effects 

of quinones, which occur widely in nature (Thorn et al., 1995).  Derivatives of quinones are 

common constituents of biologically-relevant molecules.  Some serve as electron acceptors in 
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electron transport chains that occur in photosynthesis (plastoquinone, phylloquinone) and 

aerobic respiration (ubiquinone).  The interaction of Qor and σ32 was previously identified in 

a high-throughput biochemical screen of proteins expressed from the ASKA collection 

(Arifuzzaman, 2006).  And the connection between the two proteins has remained unsolved.  

Interestingly, the connection between σ32 paralogs and oxidative stress from photosynthesis 

is well studied.  Several α-proteobacteria, whom are photosynthetic, possess two or more 

paralogs of σ32, where one paralog controls expression of a classical heat shock response 

while another controls a transcriptional response to singlet oxygen species and oxidative 

damage (Dufour et al., 2012).  In E. coli, oxidative stress has been shown to inactivate 

proteins, in addition to DnaK, and specific chaperones (eg. Hsp33) are able to combat the 

oxidative damage that occurs to cellular proteins (Winter et al., 2005).  Its possible that σ32 in 

E. coli, in addition to sensing heat shock, may also regulate oxidative damage, as has been 

speculated when Δσ32 cells were more sensitive to oxidative stress (Kogoma and Yura, 

1992).  How the interaction provides a means for σ32 to sense oxidative stress is unclear, but 

its possible that under heat stress, σ32 levels increase and free σ32 may bind and activate or 

increase Qor function to further prevent cytotoxic effects of quinones produced during 

increased respiration.    

Lastly, I identified a protein encoded by a previous genetic suppressor of σ32, suhB 

(suppressor of rpoH), as a strong binding partner of σ32.  Interestingly, this gene was also 

identified as a genetic suppressor for secY and a gene involved in DNA-replication, dnaB.  

The suhB suppressor mutation, designated as suhB2, was identified for the rpoH15 mutant, 

which is an σ32 truncation mutant having a dysfunctional RNA polymerase interaction (Yano 

et al., 1990).  The suhB2 mutant was mutated in the promoter and resulted in extremely 
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reduced levels of SuhB in the cell.  And this mutant allowed the rpoH15 mutant to grow at 

temperature higher than 37°C (Yano et al., 1990).  Further characterization of the suhB2 

mutation showed that the suhB2 mutation resulted in increased translation of rpoH but not its 

transcription.  Interestingly, the protein product of suhB encodes an enzyme with inositol 

monophosphatase and glycerol-2-phosphatase activity (Matsuhisa et al., 1995).  And this 

activity is not responsible for the suppressor suhB phenotype observed with the rpoH, secY 

and dnaB mutants (Chen and Roberts, 2000).  Recently, it was identified that SuhB binds to 

RNA polymerase at high affinities and that RNA polymerase and can inhibit the inositol 

monophosphatase activity (Wang et al., 2007).  It still remains how the suhB2 mutation 

rescues the rpoH15 mutation, however the recent observation that SuhB binds to RNA 

polymerase may suggest its involvement in either transcription or translation.  Therefore, it 

was very surprising to obtain such a strong interaction between σ32 and SuhB.  Further 

experimental evidence is needed to determine whether the interaction is to help σ32 monitor 

transcription/translation or fatty-acid biosynthesis or whether SuhB has an additional 

regulatory role on σ32 activity, levels, or both.   
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Materials and Methods 

Strains and plasmids.  Wild-type rpoH (encoding σ32) was cloned into pGEX6P2, resulting 

in an IPTG-inducible vector expressing σ32 with a GST tag fused to the N-terminus.  This 

plasmid was expressed in the wild-type E. coli strain CAG454.  Overexpression of genes was 

done either from pBAD24/pBAD34 (Guzman et al., 1995), pPro (Lee and Keasling, 2005) or 

the ASKA collection (Arifuzzaman, 2006). All strains used for determination of σ32 

activity/levels were derivatives of the E. coli K-12 strain MG1655, CAG48238 (Wild et al., 

1993; Yura et al., 2007). For chaperone overexpression experiments, mutations were 

transduced into strains carrying chromosomal Para-groEL/S (McLennan and Masters, 1998) 

or PA1/lacO-1-dnaK/J-lacIq (Tomoyasu et al., 1998).  Deletions were transduced from the KEIO 

collection (Baba et al., 2006) in the appropriate strain backgrounds. 

 

Pull down.  Cells were grown to OD600 ~0.35 and washed 3 times in 1X PBS, resuspended in 

Lysis Buffer (50 mM Hepes-KOH, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5% dodecyl 

maltoside, 5% glycerol, pH 7.6) to an OD600 ~50.  After cells were lysed by passaging the 

suspension 5 times through the Microfluidizer M110L, AEBSF was added to a final 

concentration of 1 mM and cellular debris was separated at 100,000 x g for 1 hour at 4°C.  

To the lysate, dextran (Sigma #D1037) was added to a final of 0.1 mg/mL.  Pre-cleared 

glutathione resin was added to precipitate GST-σ32 and interacting proteins, rotating 14 hours 

at 4°C.  The resin was washed 5 times with Lysis Buffer, transferred to a new 

microcentrifuge tube, and spun through a glycerol step consisting of Lysis Buffer containing 

20% glycerol.  The σ32-complexes were eluted in Lysis Buffer containing 10 mM reduced 

glutathione.   
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Mass spectrometry.  Mass spectrometry was carried out as previously described 

(Nikodinovic-Runic et al., 2009).   

 

Protein purifications. Proteins were expressed from the ASKA collection of N-terminally 

6xHIS-tagged proteins (Arifuzzaman, 2006) in DH10B strain background, and purified as 

previously described (Arifuzzaman, 2006), except that the wash buffer contained 1M NaCl 

instead of 200 mM NaCl.   

 

FarWestern.	  Detection of a direct protein-protein/domain interaction was carried out exactly 

as previously described (Wu et al., 2007).  Proteins were separated by 10% SDS-PAGE.   

 

β-galactosidase Assay.  Overnight cultures (LB medium) were diluted 250-fold and grown 

to exponential phase (OD600 = 0.05–0.5). Samples were taken at intervals starting at OD600 = 

0.05, and σ32 activity was monitored by measuring β-galactosidase activity expressed from 

the σ32-dependent htpG promoter, as done previously (Yura et al., 2007).  For induction of 

plasmids, either IPTG or arabinose or proprionate was added at a final concentration of 100 

 µM, 0.2%, or 50 mM, respectively.   
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Table A.1.  Fusion of the glutathione-S-tranferase (GST) peptide to the N-terminus of 

σ32 does not affect GST-σ32 activity and chaperone-mediated feedback inhibition 

 

In this experiment, protein levels were determined by SDS-PAGE followed by quantitative 

immunoblotting.  σ32 activity was determined from a chromosomal β-galactosidase reporter 

(calculated as a differential rate of synthesis); values presented are from ≥ 3 experiments.   
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Table A.1 
  σ32 activity 
  Chaperone overexpression 

Strain  None + DnaKJ 
    

Wild type  1.00 ± 0.00 0.48 ± 0.24 
    

GST-σ32  1.06 ± 0.05 0.54 ± 0.07 
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Table A.2. σ32-interacting proteins pulled down with glutathione resin, and identified 

through mass spectrometry. 

 

Bait protein is the protein overexpressed in the cells.  Numbers in the right-hand columns 

designate the number of peptides of that protein detected by mass-spectrometry.   

* denotes previously published proteins that interact directly with σ32. 

** denotes previously published σ32-interacting proteins, but not confirmed to be direct. 

§ denotes a protein encoded by a gene was previously shown to have a genetic interaction 

with σ32. 

Ω denotes ribosomal proteins 
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Table A.2 
 Bait Protein 
 σ32 GST-σ32 
Identified Protein   
Chaperone protein DnaK*  46 
30S ribosomal protein S1 Ω  30 
RNA polymerase σ32 factor  30 
Protein GrpE* 1 19 
50S ribosomal protein L1 Ω 3 17 
50S ribosomal protein L6 Ω 1 15 
30S ribosomal protein S2 Ω  13 
30S ribosomal protein S3 Ω  12 
30S ribosomal protein S7 Ω  10 
30S ribosomal protein S4 Ω 2 9 
Translation initiation factor IF-2 Ω  9 
Pyruvate dehydrogenase E1 component 16 8 
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex 

12 8 

50S ribosomal protein L9 Ω 3 7 
50S ribosomal protein L11 Ω 2 7 
ATP-dependent protease La§  7 
50S ribosomal protein L2 Ω  7 
50S ribosomal protein L4 Ω  7 
30S ribosomal protein S5 Ω 2 6 
30S ribosomal protein S11 Ω  6 
30S ribosomal protein S13 Ω  6 
Cold-shock DEAD box protein A  6 
50S ribosomal protein L3 Ω  6 
Dihydrolipoyl dehydrogenase 13 5 
DNA-directed RNA polymerase subunit alpha* 6 5 
50S ribosomal protein L15 Ω  5 
Chaperone protein DnaJ*  5 
50S ribosomal protein L10 Ω  5 
50S ribosomal protein L19 Ω  5 
Glyceraldehyde-3-phosphate dehydrogenase A  5 
50S ribosomal protein L13 Ω  5 
Transcription termination factor Rho  5 
50S ribosomal protein L24 Ω  5 
30S ribosomal protein S9 Ω  4 
DNA protection during starvation protein  4 
Protein translocase subunit SecA  4 
30S ribosomal protein S6 Ω  3 
Acyl carrier protein AcpP  3 
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Table A.2 continued  
 Bait Protein 
 σ32 GST-σ32 
Identified Protein   
Translation initiation factor IF-3 Ω  3 
30S ribosomal protein S10 Ω  3 
30S ribosomal protein S19 Ω  3 
50S ribosomal protein L30 Ω  3 
30S ribosomal protein S14 Ω  3 
50S ribosomal protein L22 Ω  3 
(3R)-hydroxymyristoyl-[acyl-carrier-protein] dehydratase FabZ  2 
50S ribosomal protein L27 Ω  2 
50S ribosomal protein L33 Ω  2 
30S ribosomal protein S16 Ω  2 
30S ribosomal protein S18 Ω  2 
30S ribosomal protein S20 Ω  2 
30S ribosomal protein S8 Ω  2 
Cell division protease FtsH*  2 
Acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha   2 
ATP-dependent Clp protease ATP-binding subunit ClpA  2 
Inositol-1-monophosphatase SuhB§  2 
50S ribosomal protein L14 Ω  2 
50S ribosomal protein L16 Ω  2 
Chaperone protein skp precursor  2 
50S ribosomal protein L17 Ω  2 
50S ribosomal protein L18 Ω  2 
Outer membrane protease OmpP precursor  2 
ProP effector  2 
30S ribosomal protein S21Ω  2 
Lactose operon repressor 13 1 
Ribose-phosphate pyrophosphokinase 1 1 
Dimethyladenosine transferase  1 
tRNA uridine 5-carboxymethylaminomethyl modification enzyme GidA  1 
50S ribosomal protein L7/L12 Ω  1 
30S ribosomal protein S12 Ω  1 
Trigger factor Tig  1 
Inosine-5'-monophosphate dehydrogenase  1 
Protein YibA  1 
30S ribosomal protein S17 Ω  1 
Signal recognition particle protein Ffh  1 
Uncharacterized tRNA/rRNA methyltransferase YfiF  1 
Quinone oxidoreductase Qor**  1 
Cell division protein FtsN  1 
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Table A.2 continued   
 Bait Protein 
 σ32 GST-σ32 
Identified Protein   
Ribonuclease T   1 
Glucans biosynthesis protein G precursor  1 
UPF0063 protein YfgB  1 
Inner membrane lipoprotein YiaD precursor  1 
GTP-binding protein LepA  1 
50S ribosomal protein L5 Ω  1 
N-acetylmuramoyl-L-alanine amidase AmiC precursor  1 
Catecholate siderophore receptor Fiu precursor  1 
Flagellin 7  
L(+)-tartrate dehydratase subunit alpha 1  
Glutathione S-transferase 1  
Aldehyde-alcohol dehydrogenase  1  
Glutaredoxin-3 1  
DNA-binding protein HU-alpha 1  
DNA-binding protein H-NS 1  
Major outer membrane lipoprotein precursor 1  
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Table A.3.  Newly-identified direct binding partners of σ32 based on σ32 signal intensity 

from FarWestern results.   

 

Results from the FarWestern are summarized.  The newly-identified σ32-interacting partners 

can be separated into 3 categories of cellular function (translation, fatty-acid/lipid 

metabolism, and cellular metabolism).  The enzymatic/cellular function is listed along with 

the binding strengths (grey signifies weak interacting and orange signifies strong interacting 

proteins) determined in the FarWestern blots. 
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Table A.3 
     
σ32 interacting 

proteins 
 Enzymatic/Cellular Function  Binding 

Strength 
     
Translation     
InfB  Translation initiation factor  Weak 
SecA  Co-translational translocation (chaperone)  Strong 
Ffh  Signal Recognition Particle  Strong 
LepA  Translation elongation factor  Strong 
KsgA  Adenosine methyltransferase  Strong 
GidA  tRNA modifying enzyme  Weak 
Rnt  Rnase  Weak 
YfiF  Predicted ribosome methyltransferase  Weak 
     
Fatty-acid/Lipid Metabolism   
FabZ  Fatty-acid biosynthesis  Weak 
SuhB  Inositol monophosphatase/transcriptional termination  Strong 
AccA  Acetyl-CoA carboxylase  Weak 
     
Cellular Metabolism   
GuaB  Inosine mohophosphate dehydrogenase  Weak 
YibA  Predicted lyase  Weak 
Qor  Quinone oxidoreductase (electron transport chain)  Strong 
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Table A.4.  Effect on σ32 activity and chaperone-mediated feedback inhibition after 

deleting non-essential genes that encode for newly-identified direct binding partners of 

σ32  

 

σ32 activity was determined from a chromosomal β-galactosidase reporter (calculated as a 

differential rate of synthesis); values presented are from ≥ 3 experiments.   
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Table A.4 
  Chaperone Overexpression 

Strain  None + DnaKJ 
    

WT  1.00 ± 0.00 0.47 ± 0.20 
    

Δqor  0.89 ± 0.01 0.47 ± 0.03 
    

ΔlepA  0.57 ± 0.00 0.17 ± 0.02 
    

ΔksgA  0.89 ± 0.12 0.50 ± 0.12 
    

ΔyibA  0.83 ± 0.03 0.51 ± 0.08 
    

ΔguaB  0.82 ± 0.41 0.36 ± 0.09 
    

ΔgidA  0.60 ± 0.07 0.36 ± 0.01 
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Table A.5.  Effect of overexpressing σ32-interacting proteins on σ32 activity  

 

Cells containing overexpression plasmids were diluted into fresh LB medium containing the 

appropriate antibiotics and 1mM IPTG (* for ffh, the expression was carried out from a 

proprionate inducible vector and was induced with 50 mM proprionate) at 30°C, and σ32 

activity was determined from a chromosomal β-galactosidase reporter (calculated as a 

differential rate of synthesis). 
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Table A.5. 

Overexpressed genes  σ32 activity 
   

None  1.00 
   

dnaKJ  0.65 
   

ftsY  8.42 
   

ffh  0.95* 
   

secA  1.34 
   

yibA  1.25 
   

accA  1.69 
   

guaB  0.94 
   

suhB  0.90 
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Appendix B 

 

Role of the chaperone systems, DnaKJ/GrpE and GroES/L, on membrane fractionation 

of σ32 
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In Chapter 2, I observed that deleting the dnaKJ operon led to reduced σ32 present in 

the membrane fraction.  We interpreted that the chaperone system, DnaKJ/GrpE, plays a role 

in either membrane trafficking or maintenance of σ32 at the membrane.  However, this 

experiment is difficult to interpret in that σ32 activity is high in the ΔdnaKJ background 

(Chapter 2 and Appendix C).  Therefore, other σ32 regulon gene products that may play a role 

in membrane trafficking or membrane maintenance are upregulated and can confuse the 

interpretation of our result.  To definitively show the role of each chaperone system in 

membrane trafficking/maintenance at the membrane, in vitro experiments are needed.  

However, I wanted to see the in vivo role of the two chaperone systems, DnaKJ/GrpE and 

GroEL/S, on membrane trafficking/maintenance at the membrane of σ32.   

In the ftsHE415A background, I overexpressed the known chaperone systems that 

have been shown to affect σ32 activity and inhibit its activity when highly overexpressed – 

DnaKJ//GrpE and GroEL/S (Liberek et al., 1992; Gamer et al., 1992; Gamer et al., 1996; 

Guisbert, 2004).  To express chaperones, I used pKJE7, pGro7, and pKJE3, which 

overexpresses dnaKJ-grpE (in an artificial operon), groES/EL, and dnaKJ-grpE-groES/EL 

(in an artificial operon) from an arabinose-inducible promoter from a high-copy plasmid, 

pACYC184 (Nishihara et al., 1998).  Overnight cultures of ftsHE415A containing the 

following plasmids were diluted into fresh media containing 0.2% arabinose and grown to an 

OD600 ~0.35 and membrane fractionation was carried out to determine the amount of σ32 

present in the membrane fraction. 

Overexpression of both chaperone systems had different results on σ32 cellular 

fractionation.  Overexpression of DnaKJ/GrpE caused a drastic ~78% reduction of σ32 in the 

membrane  (62% vector only versus 13% +DnaKJ/GrpE, Figure B.1), while overexpression 
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of GroES/L did not have an effect on the amount of σ32 found in the membrane fraction 

(62% vector only versus 60%% +GroES/L, Figure B.1).  However, when overexpressing 

both chaperone systems, levels of σ32 found in the membrane fraction decreased to an 

intermediate level when compared to fractionations of each chaperone-system 

overexpression alone (62% vector only versus 37%% +DnaKJ/GrpE; GroES/L, Figure B.1).  

Altogether, these results suggest that GroEL/S is likely involved in increasing localization or 

maintenance of σ32 at the membrane.  However, DnaKJ/GrpE expression likely inhibits 

trafficking or extracts σ32 from the membrane when expressed at such high levels.  Because 

these results contradict my results in Chapter 2, additional data is needed to tease apart the 

exact role of both these chaperone systems play in membrane localization, if any.   
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Materials and Methods 
 
Cell Fractionation. Cells were grown to OD600 = 0.3-0.4, harvested, and resuspended in ice-

cold Buffer B (10 mM Tris-Acetate (pH 7.4), 10 mM Mg(OAc)2, 60 mM NH4Cl sucrose, 1 

mM EDTA, supplemented with 1 mM PMSF) to an OD600 of 15.  Cells were immediately 

lysed by passaging the extracts through an Avestin EmulsiFlex-C5 cell homogenizer at 

15,000 psi, and subjected to low-speed centrifugation to remove cell debris and un-lysed 

cells.  Membranes were collected by ultracentrifugation in an Optima benchtop centrifuge 

(Beckman–Spinco) with a TLA 100.3 rotor (60 min; 52,000 rpm; 4°C).  The supernatant was 

saved as the soluble fraction, while the pellet was washed 3X with Buffer B and then 

resuspended in Buffer C (50 mM HEPES-KOH pH 7.6, 50 mM KCl, 1 mM EDTA, 1 mM 

EGTA, 0.5% DDM, and 5% glycerol).  Both the soluble and membrane fractions were 

precipitated in trichloroacetic acid (13% vol/vol), incubated on ice for 30 minutes, and then 

overnight at 4°C.  Precipitated proteins were then washed with ice-cold acetone and analyzed 

by SDS-PAGE and immunoblotted for σ32 (Neoclone), RseA (Alba, 2002) and RuvB 

(Abcam) with fluorescent secondary antibodies (LI-COR Biosciences) used for detection.  % 

of σ32 in each fraction was determined by direct scanning and analyzing bands with ImageJ 

software (National Institutes of Health, Bethesda, MD). 

 

Immunoblotting.  Cells were re-suspended in equal volume of Buffer C, with the addition of 

tricholoroacetic acid (final 13% vol/vol), kept on ice overnight, precipitated by 

centrifugation, washed in acetone, and resuspended in 1X LDS NuPAGE Buffer (Life 

Technologies). Serial dilutions of WT and mutant samples were loaded onto a 

polyacrylamide gel, and proteins transferred to nitrocellulose membranes. The blots were 
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first probed with primary antibodies and then with anti-primary fluorescence-conjugated 

secondary antibody (Licor). Immunoblots were scanned at the appropriate wavelengths for 

detection.  
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Figure B.1.  Effect of overexpressing chaperone systems, DnaKJ/GrpE and/or 

GroES/EL, on membrane fractionation of σ32 in the ftsHE415A background.  The extent 

of association of σ32 with the membrane fraction was determined by quantitative 

immunoblotting of the soluble and non-soluble fractions.  Membrane association of σ32 was 

assessed in ftsHE415A containing plasmids to overexpress either dnaKJ/grpE, groES/EL, 

both chaperone systems, or empty vector instead.  All fractionation experiments were 

performed ≥ 4 times, and % fractionation was calculated from experiments where probed 

cytoplasmic (RuvB) and membrane (RseA) proteins separated properly. 
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Appendix C 

 

Membrane-tethered σ32 is less dependent on chaperones for FtsH-mediated 

degradation 
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In Chapter 2, I looked at the regulatory effects of membrane localizing σ32 through 

the use of fusing the 3L-Pf3 peptide to the N-terminus.   

Accurate quantification of the level of IM-WTσ32 is extremely difficult unless it is 

significantly overexpressed (e.g. ∆ftsH cells) because our method of detection cannot detect 

levels of 3L-Pf3-σ32 in a strain carrying FtsH.  However, here and in the following 

experiments, we assume that IM-WTσ32 and authentic σ32 are equally active (it would be 

unprecedented for a σ-factor to be more active from a membrane-localized position), 

allowing us to estimate the level of IM-WTσ32 from its activity.  Using this metric, we 

estimate that the level of IM-WΤσ32 is 0.5 relative to authentic σ32, suggesting that IM-

WTσ32 is a better FtsH substrate than authentic σ32.  We next examined chaperone 

dependency of degradation of IM-WTσ32 (Table C.1). Endogenous σ32 has a robust 

dependence on DnaK/J for FtsH-mediated degradation:  in a ∆dnaKJ strain, the level of  σ32 

increases ~10-fold,  resulting from an ~10-fold decrease in its rate of degradation. 

Additionally, chaperone-mediated activity control is relieved, resulting in a commensurate 

10-fold increase in activity.   Like authentic σ32, the activity of IM-WTσ32 also increases in a 

∆dnaKJ strain, but only 4-fold relative to its activity in the WT strain (Table C.1).  Assuming 

that this reflects a 4-fold increase in IM-WTσ32 levels, these results suggest a slightly 

reduced chaperone dependency for FtsH-mediated degradation of IM-WTσ32 as compared to 

authentic WTσ32.  Finally, the ∆dnaKJ strain grows slowly, possibly as a result of excess 

induction of σ32, and this defect is relieved in the IM-WTσ32 strain (Table C.1).  In summary, 

IM-inserted σ32 has an intact chaperone-mediated activity control circuit and a somewhat 
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impaired degradation control circuit, with slightly faster degradation and reduced chaperone 

dependency as compared to endogenous σ32. 

We next examined chaperone dependency of IM-I54Nσ32.  As we observed in 

Chapter 2, IM-I54Nσ32 is degraded by FtsH as its level rose significantly in ∆ftsH cells (~30-

fold higher than authentic σ32), but its σ32 activity was low, indicating that chaperone-

mediated activity control of σ32 was operative (Table C.1).  However, the degradation control 

loop was perturbed.  The basal activity of IM-I54Nσ32 was 3-fold higher than that of IM-

WTσ32 (Table C.1), suggesting that the level of IM-I54Nσ32 is likewise 3-fold higher than 

that of IM-WTσ32. This implies that FtsH degrades IM-I54Nσ32 more slowly than IM-

WTσ32.  However, IM-I54Nσ32 does not show any increase in σ32 activity in the ∆dnaKJ 

strain (Table C.1), implying that chaperones no longer control FtsH-mediated degradation of 

IM-I54Nσ32.  Thus, the basal activity observed for IM-I54Nσ32 actually represents the rate at 

which FtsH degrades IM-I54Nσ32 without chaperone enhancement.  This rate is considerably 

faster than the rate at which IM-inserted WTσ32 is degraded.  These findings are consistent 

with the recent demonstration that FtsH degrades I54Nσ32 more rapidly than WTσ32 by an in 

vitro degradation assay (Suzuki et al., 2012).   
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Materials and Methods 

Strains, plasmids, and growth conditions.  All strains used were derivatives of the E. coli 

K-12 strain MG1655, CAG48238 (Wild et al., 1993). For chaperone overexpression 

experiments, mutations were transduced into strains carrying chromosomal Para-groEL/S 

(McLennan and Masters, 1998) or PA1/lacO-1-dnaK/J-lacIq (Tomoyasu et al., 1998).   

 

β-galactosidase Assay.  Overnight cultures (LB medium) were diluted 250-fold and grown 

to exponential phase (OD600 = 0.05–0.5). Samples were taken at intervals starting at OD600 = 

0.05, and σ32 activity was monitored by measuring β-galactosidase activity expressed from 

the σ32-dependent htpG promoter, as done previously (Yura et al., 2007). 

 

Immunoblotting.  Cells were re-suspended in equal volume of Buffer C, with the addition of 

tricholoroacetic acid (final 13% vol/vol), kept on ice overnight, precipitated by 

centrifugation, washed in acetone, and resuspended in 1X LDS NuPAGE Buffer (Life 

Technologies). Serial dilutions of WT and mutant samples were loaded onto a 

polyacrylamide gel, and proteins transferred to nitrocellulose membranes. The blots were 

first probed with primary antibodies and then with anti-primary fluorescence-conjugated 

secondary antibody (Licor). Immunoblots were scanned at the appropriate wavelengths for 

detection. Fold increase (protein level experiments) was estimated by comparison with a 

dilution series of samples from the WT. Fold decrease after addition of chloramphenicol 

(protein stability experiments) was determined by direct scanning and analyzing bands with 

ImageJ software (National Institutes of Health, Bethesda, MD). 
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Table C.1.  Membrane-tethered σ32 is less dependent on chaperones for FtsH-mediated 

degradation 

 

Protein levels were determined by SDS-PAGE followed by immunoblotting, and averages 

from 3-4 experiments are presented.  Relative S.A (Specific Activity) of σ32 is defined as: 

[(σ32 activity/ σ32 level) normalized to σ32 S.A. of WT cells grown at 30˚C].  a denotes that 

levels of the σ32 variant could not be measured accurately.  b An I54Nσ32ΔdnaKJ strain is 

inviable.  N.D. (not determined) denotes that values could not be determined because of a and 

b. 
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Table C.1 
  σ32 Activity  σ32 Level  Relative S.A. of σ32 

σ32 variant  WT ΔdnaKJ  WT ΔdnaKJ  WT ΔdnaKJ 
          
σ32  1.0 ± 0.0 9.2 ± 0.8  1.0 ± 0.1 10.8 ± 2.1  1.0 0.9 
          
IM-σ32  0.7 ± 0.1 2.3 ± 0.2  a 3.4 ± 1.2  N.D. 0.7 
          
I54Nσ32  6.7 ± 0.5 b  11.4 ± 2.1 b  0.6 N.D. 
          
IM-I54Nσ32  1.3 ± 0.6 1.5 ± 0.1  a 3.0 ± 1.7  N.D. 0.5 
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Appendix D 

 

Membrane-tethered σ32 is deficient at initiating a heat shock response 
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In Chapter 2, I showed that the main defect in the de-regulated σ32 mutant, I54Nσ32, 

was reduced membrane localization because of its defect in SRP-binding.  After tethering 

I54Nσ32 to the membrane, I was able to restore chaperone-mediated inactivation and 

degradation to this mutant.  Surprisingly, tethering WTσ32 to the membrane (IM-σ32) did not 

affect its activity.  However, I noticed that IM-σ32 was degraded more efficiently than WTσ32 

(Chapter 2), suggesting that membrane localization increases accessibility of FtsH to σ32 for 

degradation.  Other than slightly decreased levels of IM-σ32, compared to WTσ32, IM-σ32 

behaves exactly like WTσ32, prompting me to ask the question: “Why isn’t σ32 an integral 

membrane protein?”  How would IM insertion constrain the regulatory circuits governing 

σ32? 

To understand how membrane localization affects σ32, I determined and compared the 

response to heat shock by WTσ32 and IM-σ32.  I compared strains expressing either 

endogenous WTσ32 or the IM-σ32 (introduced in Chapter 2) at the original locus of σ32.  

Strains were grown to and OD600 ~0.35 at 30°C, and pre-warmed media was added to bring 

the temperature instantaneously to 42°C.  Samples were taken to determine σ32 levels, by 

Western blots, and σ32 activity, by qRT-PCR of a major σ32 regulon member, dnaK.  As 

shown previously (Grossman et al., 1987; Straus et al., 1987; Nagai, Yuzawa, and Yura, 

1991a; Nagai, Yuzawa, and Yura, 1991b), in wild type cells, when cells are shifted to 42°C, 

σ32 levels increase about 25 fold, with a concomitant 20 to 30-fold increase in σ32 activity, 

peaking 5 minutes after heat shock (Figure D.1).  Within 10 minutes after cells have been 

exposed to heat, both σ32 levels and activity decrease significantly to ~5-fold more than their 

steady state rate of synthesis at 30°C.  However, unlike WTσ32, the IM-σ32 strain did not 
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exhibit a normal heat shock response, with the levels and activity of IM-σ32 increasing only 

about 5-fold at the peak of the response (Figure D.1).  While IM-σ32 levels slightly increased 

over time after exposure to high heat, its activity was slow to increase (15 minutes for IM-σ32 

versus 5 minutes for WTσ32).  Altogether, these results suggest that membrane localization of 

IM-σ32 is defective in FtsH-mediated regulation of its levels during stress.  Levels of IM-σ32 

do not increase, likely as a result of titration of FtsH, and therefore, IM-σ32 is no longer able 

to elicit a heat shock response when exposed to high temperatures.   

Since IM-σ32 does not elicit a heat shock response at 42°C, I asked whether this strain 

exhibits similar growth rate characteristics as WT when transferred to higher temperatures.  

To look at the response to heat shock, I either diluted overnight cultures into pre-warmed 

42°C LB medium or I grew the strains to and OD600 ~0.15 (early exponential growth phase) 

and added pre-warmed media to instantaneously bring the media to 42°C.  When I grew the 

strains to early exponential growth and heat shocked the cells, growth rate of IM-σ32 was not 

affected when compared to wild type cells (Figure D.2).  However, when I diluted overnight 

cultures in LB medium at 42C, growth rate of IM-σ32 was slower during early exponential 

phase (~19 min/doubling for IM-σ32 versus ~13 min/doubling for wild type).  Once cells 

reached stationary phase, both cells had similar growth rates (Figure D.3).  Altogether, these 

results suggest that membrane-tethering σ32 has an effect on release of cells from stationary 

phase into high temperatures.   
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Materials and Methods 

Heat shock of cultures.  Strains were grown overnight in LB medium at 30°C.  Cells were 

diluted into fresh LB media at 30°C, and then an equal volume of prewarmed 50°C media 

was added at an OD600 ~0.15 to instantaneously increase the media temperature to 42°C.  For 

heat shock out of stationary phase cultures, overnight cultures were diluted into fresh LB 

media pre-warmed to 42°C.   

 

Determination of σ32 levels.  Cells were re-suspended in equal volume of Buffer C (Chapter 

2), with the addition of tricholoroacetic acid (final 13% vol/vol), kept on ice overnight, 

precipitated by centrifugation, washed in acetone, and resuspended in 1X LDS NuPAGE 

Buffer (Life Technologies). Serial dilutions of WT and mutant samples were loaded onto a 

polyacrylamide gel, and proteins transferred to nitrocellulose membranes. The blots were 

first probed with primary antibodies and then with anti-primary fluorescence-conjugated 

secondary antibody (Licor). Immunoblots were scanned at the appropriate wavelengths for 

detection. Fold increase (protein level experiments) was estimated by comparison with a 

dilution series of samples from the WT.  Protein bands were determined by direct scanning 

and analyzing bands with ImageJ software (National Institutes of Health, Bethesda, MD). 

 

Gene Expression Analysis Using qRT-PCR  

qRT-PCR reactions were carried out using Stratagene Brilliant IISybrgreen master mix 

according to the manufacturer’s directions (Agilent Technologies, La Jolla, CA), and 6 pmol 

each forward and reverse primers (Integrated DNA Technologies). Real-time PCR was 

performed with a Stratagene Mx3000P sequence detection system (Agilent Technologies). 
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Data was analyzed using the method (Vandesompele et al., 2002) with recA and gyrA as 

internal control genes, and the transcript abundance of each mRNA was quantified relative to 

time = 0 of its own genotype and are plotted as log2 fold change.  A minimum of three 

independent experiments were performed for each strain and condition. 
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Figure D.1.  Membrane-tethered σ32 is deficient at producing a heat shock response 

when abruptly exposed to high temperatures (42°C).  Strains were grown in LB medium 

overnight at 30°C and diluted into fresh LB-media at 30°C, and allowed to grow until OD600 

~0.35.  An equal volume of pre-warmed media was then added to the existing culture to 

increase the temperature to 42°C instantly.  Samples were taken for RNA isolation for 

mRNA quantification by qRT-PCR and were also precipitated with trichloroacetic acid (final 

13%) isolate total cell lysates for determination of σ32 levels.  Both experiments are an 

average of 3 biological replicates. 
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Figure D.2. IM-σ32 exhibits similar growth rates as wild type during heat shock at early 

exponential phase.  Strains were grown in LB medium overnight at 30°C and diluted into 

fresh LB-media at 30°C, and allowed to grow until OD600 ~0.15.  An equal volume of pre-

warmed media was then added to the existing culture to increase the temperature to 42°C 

instantly, and OD600 was measured over a time of 5 hours.  Cellular density (OD600) was 

plotted over time.   
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Figure D.3. IM-σ32 exhibits slower growth when released from stationary phase at 42°C 

compared to wild type.  Strains were grown in LB medium overnight at 30°C and diluted 

into fresh LB-media at 42°C, and OD600 was measured over a time of 10 hours.  Cellular 

density (OD600) was plotted over time.  Growth curves are an average of 3 biological 

replicates.   
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Appendix E 

 

The Cold Shock Response 
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THE COLD SHOCK RESPONSE (CSR) 

General Description of the CSR 

Upon shift from a temperature within the normal growth range to a low temperature 

(10˚C to 15˚C), cells exhibit a “cold shock response,” in which growth virtually ceases for 

several hours before it commences again, at a much reduced rate. As was the case for the 

HSR, the response has distinct phases:  an initial induction phase (also called cold 

acclimatization), during which only a small subset of proteins is synthesized; an adaptation 

phase, where the rate of synthesis of this set of proteins declines and general protein 

synthesis begins to increase; and a steady state phase at the low temperature when the 

cellular complement of proteins is maintained.  Additionally, the CSR exhibits something 

akin to thermotolerance; when cells are “preadapted” to low temperature, a subsequent shift 

to low temperature reduces the lag time of growth (La Teana et al., 1991). Interestingly, the 

regulatory strategy for mounting the CSR differs completely from the HSR paradigm.  In 

stark contrast to the HSR, which is mediated by activation of a dedicated transcription factor, 

the CSR is mediated by a diverse set of inputs – all or almost all operate after transcription 

initiation.  

  

Inputs to the CSR 

 Water is the major constituent of living beings. Understanding how water responds to 

a sudden decrease in temperature is a starting point for understanding how organisms cope 

with temperature shift, an issue recently addressed in an excellent review by James Tiedge 

(Rodrigues and Tiedje, 2008). First, the extent of ionization of water decreases, thereby 

lowering the concentration of H+ and OH- ions.  As these ions participate in many 
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biochemical reactions, the change directly impacts reaction velocity. Second, there is a 

reduction in the diffusion of water and an increase in its viscosity.  These properties impact 

biochemical reactions directly and also affect diffusion of substrates into the cell.  As 

substrates are often present in limiting quantities in the environment, this represents a severe 

limitation for growth.  Organisms that permanently grow in the cold often have special cold-

adapted forms of enzymes.  These enzymes often have increased specific activity as a result 

of decreased activation energy barriers.  This increase is accompanied by increased enzyme 

flexibility resulting from a menu of changes, only some of which are present in any particular 

enzyme.  Such changes include decreased hydrophobicity of the enzyme core, a higher 

number of glycines and changes in electrostatics around the active site. As mesophilic 

organisms generally do not have cold adapted versions of their enzymes, the transition to 

colder temperature growth is challenging.   

Low temperature directly impacts the structure and function of various cellular 

constituents. DNA becomes more negatively supercoiled and membrane lipids undergo phase 

transitions that reduce their fluidity.  Additionally, secondary structures in RNA are 

stabilized, and this is likely to affect multiple cellular processes including transcription, 

translation, and mRNA decay. Finally, assembly of ribosomes proceeds poorly at low 

temperature.  

A wide range of evidence suggests that the overwhelming cellular inducer of the cold 

shock response is the sudden limitation in translation initiation induced by shift to low 

temperature.  Early work showed that at 6˚C, just below the viable lower temperature, 

translation could not be initiated, although initiated polypeptide chains could be completed.  

Additionally, following temperature downshift, polysomes (the translationally active form of 
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ribosomes) disappear while the inactive 70S species accumulates. Antibiotics limiting 

translation initiation (e.g. tetracycline) induce the CSR even at normal temperature, strongly 

validating this view (VanBogelen and Neidhardt, 1990).  Compelling evidence for this view 

comes from the phenotype of cells lacking RbfA, a protein that associates with the 30S 

ribosome and was originally isolated as a multicopy suppressor of a cs-mutant located in the 

5’ helix of 16S rRNA (Dammel and Noller, 1995). RbfA is induced by cold-shock; ∆rbfA 

cells remain permanently in the “induction phase of the response” when shifted to low 

temperature, apparently unable to accomplish changes in the ribosome and its associated 

proteins that allow function at reduced temperatures (La Teana et al., 1991).  Unfortunately, 

there is currently no molecular understanding of the role of RbfA. 

 

Outputs of the CSR 

The CSR has been studied on a global scale by both proteomic approaches (2D-gel 

analysis) (Jones et al., 1987; Jones, Cashel, et al., 1992) and by whole gene expression 

analysis (Polissi et al., 2003; Phadtare and Inouye, 2004; White-Ziegler et al., 2008).  

Additionally, several proteins have been identified by screens or by directed studies of 

various processes (eg. (La Teana et al., 1991; Jones et al., 1996; Kandror and Goldberg, 

1997; Phadtare et al., 2007)). Here, we consider only the relatively small number of players 

whose protein levels show differential increase upon cold shock because it is risky to 

conclude that a gene is part of the CSR based solely on the criterion of an increase in mRNA 

level following shift to low temperature.  This caveat arises because part of the response 

induces massive changes in both stability and translatability of mRNAs. For example, 

although there is data that groE mRNA exhibits about an 8-fold increase after temperature 

190



downshift (Phadtare and Inouye, 2004), it is known that expression of HSPs decreases during 

the initial induction phase (Jones et al., 1987; Jones, Cashel, et al., 1992; Jones et al., 1996) 

and that overexpression of GroELS is deleterious to low temperature survival (Kandror and 

Goldberg, 1997).  

The identified output species deal with each major challenge posed by cold shock. 

HNS and gyrase are relevant to problems of DNA topology and nucleoid state although their 

mechanism of action in cold shock has not been studied in detail. In addition, trehalose 

production during cold shock exerts general osmoprotective and temperature protective 

effects on proteins and membranes (Hengge-Aronis et al., 1991; Kandror et al., 2002; Inouye 

and Phadtare, 2004). Trehalose production upon cold shock is a prominent feature of the 

CSR of both prokaryotes and yeast (Inouye and Phadtare, 2004). Below, we discuss in detail 

the role of the Csp family of proteins in coping with enhanced RNA secondary structure at 

low temperature, and how several proteins induced by cold shock are thought to sculpt the 

processes of translation and degradation.  A schematic of some of the major outputs of the 

response is presented in Figure E.1. 

 

The Csps 

Studies of the HSR identified chaperones, a group of proteins that maintain protein 

homeostasis by aiding the folding of cellular proteins. Likewise, studies of the CSR 

identified the Csp family of proteins, comprised of 9 paralogs (CspA-CspI) in E. coli, 3 

paralogs in B. subtilis and variable numbers in other bacterial species (reviewed in (Gualerzi 

et al., 2003)). The Csp family was initially identified because one of its members was evident 

as a small (7.4kD) highly cold-shock induced protein of unknown function that comprised ~ 
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15% of total protein synthesis in the initial proteomic screen (Jones et al., 1987). The gene 

encoding this protein was subsequently identified and the protein named CspA (Goldstein et 

al., 1990; Lee et al., 1994).   Initially, it was thought that this protein was limited to the cold 

shock phase of life; subsequently, it was realized that CspA was very abundant within the 

normal growth range during early exponential phase, and that it ceased synthesis during late 

exponential – the growth phase used for the temperature downshift experiment (Brandi et al., 

1999). The functions of these 9 paralogs may differ in detail but are overall likely to be quite 

redundant: four are induced in response to cold shock (CspA,B,G, and I) and CspE can be 

induced by cold shock under some conditions (reviewed in (Gualerzi et al., 2003)). 

Moreover, a quadruple knockout of the 4 CS-inducible Csps is required to achieve a CS 

phenotype and overexpression of any Csp except for CspD complements the CS phenotype. 

The Csp proteins appear to be involved in the CSR in all bacterial species examined thus far 

(Weber and Marahiel, 2002; Gualerzi et al., 2003; Schumann, 2007; Giuliodori, Gualerzi, et 

al., 2007). 

The CSP proteins are part of the Y-box family of proteins, an ancient protein family 

with a highly conserved nucleic acid binding domain (reviewed in (Wolffe, 1994)).  For 

example, this domain is over 90% identical among vertebrates and is 43% identical to CspA, 

the major CSP in E. coli.  The Y-box proteins were named for their interaction with duplex 

DNA containing the Y-box (CAAT), but also have documented important roles in binding to 

mRNA (Wolffe, 1994). Y-box proteins are not known to participate in the CSR of animals 

but are believed to do so in plants (Wolffe, 1994).  Membership in the Y-box protein family 

motivated some early experiments suggesting that Csps bound duplex DNA at Y-box 

sequences and facilitated transcription initiation (eg. (La Teana et al., 1991; Jones, Krah, et 
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al., 1992)).  However, subsequent studies rectified this idea (eg. (Brandi et al., 1994); 

reviewed in (Gualerzi et al., 2003)) and it is now generally accepted that Csp’s function as 

RNA chaperones, modulating the folding of RNA in the cell.  

CspA binds cooperatively and without sequence specificity to both ssDNAs and 

RNAs, with a KD of about 2.7 x 10-5M (Jiang et al., 1997) and can destabilize polynucleotide 

secondary structure (Jones and Inouye, 1994; Brandi et al., 1996; Graumann and Marahiel, 

1997). The Csp’s are proficient at melting, binding at a stem-loop junction and requiring as 

little as 4 nt single strand overhang to facilitate melting of their client RNAs (Phadtare and 

Severinov, 2005). Many activities have been ascribed to Csps: a) binding to polyA tails of 

mRNAs thereby impeding 3’ to 5’ exonucleolytic mRNA decay by polynucleotide 

phosphorylase (Feng et al., 2001); b) impeding internal cleavage by RNase E (Feng et al., 

2001); c) interacting with nascent RNA in a transcription complex (Hanna and Liu, 1998); d) 

inducing rpoS (Phadtare and Inouye, 2001); e) promoting antitermination both in vivo and in 

vitro (Bae et al., 1999); and facilitating translation (Gualerzi et al., 2003). All of these 

activities are likely manifest in responding to cold stress. However, the most critical activities 

are those that require melting as a Csp mutant unable to melt but proficient in binding RNA 

cannot mediate cold acclimatization.  Of the activities documented above, the CpsA mutant 

is proficient only in induction of rpoS, which is not essential for cold adaptation (Phadtare et 

al., 2002). 

 

Translation following shift to cold-shock temperatures 

One of the hallmarks of cold shock is a sudden drastic reduction in the ability to 

broadly initiate translation, followed by a gradual resumption of translation, albeit, at a 
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slower rate. Therefore, it is not surprising that many of the identified cold-shock proteins are 

demonstrated or suspected ribosomal binding proteins. These include the three initiation 

factors (IF1,2,3), which are present in higher than normal amounts relative to ribosomes 

during cold shock (Giangrossi et al., 2007; Giuliodori, Brandi, et al., 2007); CsdA, a DEAD 

box helicase implicated in translation (Jones et al., 1996); trigger factor, a ribosome binding 

protein chaperone that interacts with nascent polypeptides and enhances survival at low 

temperatures (Kandror and Goldberg, 1997) and three 30S binding proteins: RbfA (described 

above), required for resumption of normal protein synthesis at low temperature; RimP, 

important for maturation of the 30S subunit (Nord et al., 2009); and Py (YfiA), an inhibitory 

protein present both during cold shock and in stationary phase (Agafonov et al., 2001).   

Only Py has been studied in structural and functional detail in a purified system (Vila-

Sanjurjo et al., 2004).  Interestingly, the elementary steps in translation initiation are not 

particularly cold sensitive (Gualerzi et al., 2003), suggesting that the ribosome-associated 

proteins function at a higher regulatory level.  Studies on Py support this idea. Following 

termination of protein synthesis, the 70S subunit dissociates into the small (30S) and large 

(50S) ribosome subunits.  Initiation begins with binding of IF1 and IF3 to the 30S subunit, 

followed by binding of the mRNA, IF2 and the f-met tRNA.  With the binding of the 50S 

subunit, all three IFs dissociate and protein synthesis begins. Py binds to both 70S and 30S 

ribosomes, but not to the 50S subunit, preventing ribosome recycling by stabilizing the 70S 

state.  It binds across the channel in the 30S subunit that interacts with mRNA and tRNAs, 

near the A (aminoacyl tRNA) site and almost completely overlaps the P (peptidyl tRNA) site 

used for protein synthesis.  Additionally, Py sterically overlaps the IF1 binding site.  Py may 

stabilize a high affinity state of the 30S for the 50s subunit, while simultaneously preventing 
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IFs from disrupting this state. Importantly, these inhibitory interactions have been observed 

and are temperature dependent in a purified in vitro system:  in the presence of IFs, Py 

significantly blocks both ribosome dissociation and fMet-tRNAfMet binding at 16˚C but not at 

37˚C.   Presumably, build up of some of the other CS-induced ribosomal-associated factors 

allow translation of the mRNAs encoding CS-induced proteins, and then gradually overcome 

the inhibitory interactions of Py and possibly other unknown accessory factors. For example, 

the increased amounts of IF1 and IF3 favor translation of CS-induced proteins in in vitro 

translation reactions (Giangrossi et al., 2007; Giuliodori, Brandi, et al., 2007).  We note that 

these important mechanistic insights have not been tested in vivo. 

 

RNA degradation 

There are massive changes in RNA stability during the CSR.  Such changes may 

reflect alterations in the degradation machinery, as recent work suggests changes in both the 

degradosome and in RNAse III activity at low temperatures.    

The degradosome is a large multiprotein complex required for processing of rRNA, 

tRNAs and many mRNAs (reviewed in (Carpousis, 2007)).  RNaseE, a very large 

endonuclease (1061 aa), is essential for cell viability and forms the core of this machine.  Its 

N-terminal half carries out RNA degradation and its C-terminal half binds RNA and the other 

constituents of the degradosome: polynucleotide phosphorylase (PNPase, a 3’ 

exoribonuclease), RhlB (a DEAD box helicase, whose RNA-dependent ATPase activity is 

strongly stimulated by binding to RNaseE), and enolase (a glycolytic enzyme whose role in 

the degradosome is unknown).  RNAse E inactivates polysomes by endonucleolytic cleavage 

of mRNA in ribosome free regions of the mRNA; mRNA fragments are then degraded to 
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nucleotides by exonucleases, aided by degradosome components PNPase and RhlB. It is also 

possible that PNPase and RhlB independently associate to degrade RNAs (Liou et al., 2002).  

The degradosome may be modified by cold shock.  First PNPase is induced during 

the CSR (Zangrossi et al., 2000), which may modify its distribution between the 

degradosome and the smaller PNPase-RhlB complex.  Second, another DEAD-box helicase 

CsdA (DeaD) is induced during the CSR (Jones et al., 1996), and pull-down experiments 

indicate that it is found in association with RNaseE in cold-shocked cultures but not in 

cultures growing at 37˚C (Prud’homme-Généreux et al., 2004).  Importantly, a “minimal 

degradosome” reconstituted from purified CsdA, PNPase, and partially purified RNAseE 

functions equivalently to one reconstituted with the DEAD-box helicase RhlB.  Additionally, 

in vivo experiments suggest that CsdA is important in degradation at low temperature and 

that its activity is dependent on the RNAseE scaffold, suggesting that it functions as part of a 

degradosome (Prud’homme-Généreux et al., 2004).  RhlB is still present during cold shock, 

and it is not clear whether degradosomes contain both helicases or whether different 

populations of degradosomes contain one or the other (reviewed in (Carpousis, 2007)). 

Finally, more DnaK is associated with the degradosome during cold shock (Regonesi et al., 

2006). Interestingly, RraB was recently identified as a protein that binds to RNaseE and 

results in degradosomes with more CsdA and DnaK but less RhlB (Gao et al., 2006). It not 

known whether RraB is induced by cold shock, but the altered composition of degradosome 

consitutuents upon cold shock would be consistent with its presence. It has been 

demonstrated experimentally that RraB broadly modifies the stability of cellular RNAs (Gao 

et al., 2006). Therefore, if RraB were present in cold shocked cells, it is likely that the CS-

degradosome would exhibit a broad change in the substrate specificity of the degradasome.   
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RNase III cleaves dsRNA and participates in the processing/maturation of rRNA and 

tRNA precursors and some mRNAs, including the mRNA of PNPase.  Very recently, YmdB 

was shown to inhibit RNase III activity (Kim et al., 2008).  The functional form of RNAse III 

is a homodimer. YmdB prevents dimerization of the enzyme thereby preventing its function. 

Interestingly, YmdB is induced by cold shock, suggesting that it inhibits RNAse III under 

these conditions.  Indeed, use of a lacZ -reporter, whose activity is sensitive to extent of 

RNAse III cleavage (pnp’-lacZ fusion transcript) established that RNaseIII activity is 

inhibited after cold shock and that inhibition is dependent on YmdB (Kim et al., 2008).   

Moreover, as this fusion specifically monitors destabilization of the pnpase transcript, YmdB 

inhibition of RNase III is one mechanism leading to accumulation of PNPase mRNA in cold 

shocked cells.  

 

Circuitry of the CSR 

In contrast to the relatively advanced state of knowledge about the circuitry of the 

HSR mediated by σ32, almost nothing is known about the circuitry of the CSR.  There are 

several reasons for this. Initiation of the CSR response is likely to be more complex than that 

of the HSR.  Whereas the σ32 mediated HSR is orchestrated by changes in the amount and 

activity of a single transcription factor, the CSR is likely to consist of parallel and interwoven 

initiating signals.  Likewise, the response is more complex.  Whereas HSPs rise and fall in 

their rates of synthesis almost synchronously, responders in the CSR are initiated by different 

events at different times and may be turned off by different signals. Finally, critical studies 

are lacking for the CSR in two key areas. Although a number of provocative studies began to 
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elucidate the role of the induced proteins, definitive mechanistic studies have generally not 

been performed. Additionally, dissecting the sequence of events in the CSR requires a high 

resolution study that determines all of the proteins induced by the response and orders their 

appearance and disappearance relative to each other.  No such study has been performed.  

Instead, any high-resolution temporal information that exists is found in studies examining a 

single protein, making it impossible to determine comparative timing.  Given these caveats, it 

is highly likely that any circuitry deduced from the current data will be completely or 

partially incorrect.   

A minimalist plausible scenario for the CSR suggests that there are at least two 

independent initiating events: induction of CspA and other Csp family members, and 

limitation in translation initiation.  We will describe each of these events.  Additional events 

that occur (eg. increased expression of other CS-induced proteins; changes in the machineries 

that degrade RNA) could either be dependent on one of these initiating events or result from 

independent signal-transduction pathways. 

 

CspA induction 

Induction of CspA is one of the earliest events following shift to low temperature.  

The cell devotes major resources to its synthesis, as CspA can constitute as much as 10% of 

the total protein synthesis devoted to the CSR. There is definitive in vivo and in vitro 

evidence that transcription initiation does not play a role in induction of CpsA (Phadtare and 

Severinov, 2005). Instead induction primarily reflects a dramatic change in the stability of 

cspA mRNA (Brandi et al., 1996; Goldenberg et al., 1996; Fang et al., 1997; Mitta et al., 

1997; Yamanaka et al., 1999).  At 37˚C, cspA mRNA is extraordinarily unstable, exhibiting a 
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t½ of 10-20 sec.  Thus, it is far more labile than the average mRNA.  Immediately upon shift 

to cold shock temperatures, (10-15˚C) cspA mRNA is dramatically stabilized, and degraded 

with a very long half-life of ≥ 30 min.  This ≥ 100-fold stabilization is more than sufficient to 

account for the observed increase in cspA mRNA following cold shock. The coding region of 

CspA is preceded by a long 5’ UTR, which is responsible for the unusual stability properties 

of this mRNA.  Deletion analysis has identified several regions required for its unusual 

instability at 37˚C.   Indeed, it has been proposed that CspA mRNA itself is a thermosensor 

(Schumann, 2007), allowing a feed forward response to cold shock, just as has been 

described for rpoH mRNA encoding σ32.  However, it is not yet clear whether cspA mRNA 

itself responds to temperature change (ie. by changing its folding) or whether additional 

players are required for stabilization.  In addition, there exists evidence that cspA expression 

is autoregulated (Jiang et al., 1996; Fang et al., 1998); however, definitive experiments are 

still needed to fully understand this molecular mechanism.    

It is important to note that the 5’UTR encodes sequences that allow cspA mRNA to 

be efficiently translated during a time when bulk mRNA translation is very poor ((Brandi et 

al., 1996), reviewed in (Gualerzi et al., 2003)).  Some mutational analyses have identified 

RNA sequences required for good translation of cspA (Yamanaka et al., 1999). All of the 

proteins translated during cold shock encode RNA sequences that perform this function 

(reviewed in (Gualerzi et al., 2003)), but there has been no definitive study on mRNA 

features that allow translation during the cold shock period (Etchegaray et al., 1996; 

Sprengart et al., 1996; Mitta et al., 1997; Yamanaka et al., 1999).  

CspA, together with the other CS-inducible CSPs, could be responsible for initiating 

all changes in protein expression characteristic of the CSR, although this could easily be a 
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simplification of the actual situation.  CspA (and several paralogs) are antiterminators of 

transcription, promoting read-through of intrinsic terminators in vitro (Bae et al., 2000).  

Antitermination by Csps derives solely from their ability to bind and melt transcript RNA 

and does not involve interaction with RNA polymerase (Bae et al., 2000; Phadtare et al., 

2002; Phadtare et al., 2004; Phadtare, 2005).  A number of cold shock inducible genes are 

located contiguously on the chromosome, beginning with metY (Figure E.2), and including 

nusA. Csps can antiterminate transcription initiating from PmetY both in vivo and in vitro, 

reaching through several terminators to increase transcription of the downstream pnp gene, 

strongly suggesting that Csp-mediated antitermination accounts for their increased 

expression.  Moreover, csdA, another CS-inducible gene, the second gene downstream of pnp 

and could be part of this same antiterminated transcript.  CspA has also been implicated in 

the expression of hns and gyrA, although the mechanism has not been established.  

Expression of two addition CS-inducible genes, IF-1 and IF-3 involves enhanced expression 

from minor promoters (Giangrossi et al., 2007; Giuliodori, Brandi, et al., 2007).  However, 

the data do not distinguish whether this involves increased transcription initiation or 

enhanced expression resulting from antitermination.  Thus, a scenario in which CspA 

antiterminates several transcripts, and that enhanced expression of these gene products then 

mediates additional downstream events has not been ruled out.  In support of this idea, upon 

shift to 15˚C, a quadruple csp deletion strain (∆cspA,B,G,E) does not exhibit a CSR (Phadtare 

and Inouye, 2004). Although lack of the CSR could be an indirect effect of the CS-growth 

phenotype of the strain, the fact that overexpression of CspE at 37˚C induces a significant 

fraction of the genes that are induced by the CSR (Phadtare et al., 2006) supports the notion 

that Csps are primary initiators of the expression arm of the response.   
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We note that at least one additional post-transcriptional event, inhibition of RNAse III 

processing, contributes to CS-induced gene expression.  We are aware of two CS-induced 

transcripts that have RNase III processing sites, one located within pnp and a second between 

the PI and P2 promoters driving infA, the gene encoding IF-1.  Other CS-induced genes could 

have such sites as well. Inhibition of processing has been demonstrated to contribute to pnp 

expression (Kim et al., 2008), and is likely to contribute to expression of the downstream 

csdA gene as well as to expression of IF-1. As mentioned before, RNase III processing is 

inhibited by YmdB, a CS-inducible gene (Kim et al., 2008). It is of great interest to 

determine how YmdB expression is controlled. If ymdB is controlled by CspA, then 

inhibition of RNAse III processing is downstream of CspA induction.  Alternatively, if 

control of ymdB expression is independent of CspA, then this event is another initial input to 

the response.  

 

Inhibition of translation initiation 

Inhibition of translational initiation occurs very early after shift to cold shock 

temperature.  Although the timing of this event has not been precisely measured, it must be 

almost immediate, as cell growth, a very accurate measure of bulk protein synthesis, is 

inhibited immediately upon downshift. Although it is not known how the block to initiation 

is established, we argue that it is independent of CspA induction for the following reasons: a) 

it is a very early event; b) CspA promotes translation initiation rather than inhibiting this 

process (reviewed in (Gualerzi et al., 2003)); and c) inhibiting translation initiation at normal 

growth temperatures is sufficient to provoke the CSR (VanBogelen and Neidhardt, 1990).  
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It has been argued that inhibition is unlikely to reflect the effects of temperature per 

se on initiation (Gualerzi et al., 2003), but this issue is not really settled. Additionally, the in 

vivo role of auxiliary inhibitors of translation initiation, such as Py (Vila-Sanjurjo et al., 

2004), is not really understood.  Does preexisting Py mediate inhibition, possibly by binding 

either to a conformational state or to an intermediate (eg. 70S monosome) prevalent during 

cold shock but not during normal growth? Alternatively, enhanced CS-mediated Py induction 

may be required for inhibition. Is Py the only auxiliary factor required for inhibiting 

translation initiation? These questions remain to be answered.   However, regardless of the 

mechanism of this event, it has two important consequences.  First, the general block to 

initiation allows the cell to divert all of its resources into the few proteins that are made 

during the induction phase of the CSR. The few mRNAs translated during this phase have 

sequences in their RNAs enabling them to escape the general translation initiation block.  

This situation is akin to that observed upon shift to lethal high temperatures, when essentially 

all transcriptional resources are devoted to expression of the HSPs. Both strategies maximize 

chances for successful adaptation. Second, stabilization of monosomes by Py during cold 

shock and other periods of slow growth (eg. stationary phase) (Agafonov et al., 2001) 

protects important ribosomal sequences from possible degradation including the interface 

between subunits, residues in the A and P sites of the 30S ribosome and the 3’ end of 16S 

RNA (Vila-Sanjurjo et al., 2004). Forming pools of monosomes during periods of slow 

growth is a generally utilized strategy (reviewed in (Vila-Sanjurjo et al., 2004)). 

Many of the proteins produced during the induction phase of the CSR are required to 

enable the ribosome to generally initiate translation during growth at low temperature 
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(reviewed in (Gualerzi et al., 2003), and described above).  The build-up of the translation 

initiation factors counter Py inhibition directly and also probably promote more efficient 

initiation at low temperature.  RbfA, a CS-induced protein, initially identified as a multicopy 

suppressor of a CS rRNA mutation (Dammel and Noller, 1995) is critical to this adaptation:  

deletion of rbfA results in maintaining the induction phase indefinitely and overexpression of 

RbfA shortens this phase (Jones and Inouye, 1996).  These observations suggest that the 

timing device underlying the duration of the CSR is the time it takes to resume normal 

translation.  

There are many changes observed as cells resume normal growth.  Expression of CS 

proteins decreases, several mRNAs that are stabilized during the CSR decrease their stability, 

and translation of the entire cellular complement of proteins resumes (reviewed in (Gualerzi 

et al., 2003)). The circuitry that underlies exit from the CSR remains to be determined.  

 

Integration of the CSR with other cellular responses 

At present, the CSR is defined as the total set of cellular changes occurring during the 

period of transient growth inhibition following shift to cold shock temperatures.  Therefore, it 

is difficult to discuss its integration with other responses.  However, we note similarities 

between the CSR and stationary phase, another period where there is little or no growth.  

During both stationary phase and the CSR, some genes are transcribed by σS.  Indeed σS–

transcribed genes comprise a significant fraction (~30%) of genes that are more highly 

expressed during steady state growth at low temperature as compared to 37˚C growth 

(White-Ziegler et al., 2008), indicating the important role for σS in slow growth conditions.  

Additionally, Py is active (Agafonov et al., 2001) and RNase III activity is inhibited in both 
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the CSR and in stationary phase (Kim et al., 2008).  Therefore, to some extent the cell uses 

common molecular mechanisms to cope with stresses resulting in slow growth.  

 

Comparing the E. coli and B. subtilis CSR 

There are both significant similarities and differences in the CSR mediated by the two 

organisms (reviewed in (Weber and Marahiel, 2002)).  Among the similarities are the 

following:  a) utilization of diverse regulatory strategies to mount the response; b) 

overexpression of trehelose; c) centrality of CspA orthologues in the response; d) 

overexpression of ribosome associated proteins; and e) induction of the response by limiting 

translation initiation at low temperatures.  There are also significant differences in the two 

responses – most importantly in the fact that B. subtilis does not exhibit a growth-inhibition 

phase after shift to low temperature.  Consistent with this difference, with the exception of 

Trigger factor, the ribosome-associated proteins induced by the B.subitilis CSR are not 

orthologs of those induced in the E. coli CSR.  Interestingly, the function of trigger factor in 

mediating this response has not been investigated.  Additionally, B. subitilis has a rapid 

strategy to deal with changes in membrane fluidity. Switch to low temperature activates 

DesKR, a two-component regulatory system. DesKR transcribes des, which encodes a fatty 

acid desaturase to deal with changes in membrane fluidity cased by temperature downshift 

(Aguilar et al., 1998; Aguilar et al., 1999; Diaz et al., 2002; Altabe et al., 2003).   A 

comparable system is not known to operate during the E. coli CSR. 
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Summary and Future Directions 

Studying cellular responses to temperature shift has been and continues to be a source 

of new insights into both cellular functions and control paradigms.  Central to each response 

are abundant proteins of previous unsuspected function.  Study of the HSR identified several 

families of chaperones, which maintain protein-folding homeostasis in all living cells.  

Likewise, study of the CSR revealed the Csp family as abundant RNA chaperones in the cell, 

which facilitates numerous processes requiring binding to RNA and unfolding their 

secondary structures. 

 

Studying the circuitry of the HSR first revealed alternative ss in E. coli, and then 

showed their complex interconnections in mediating several stress responses.  These studies 

have led to uncovering both feed-forward control mechanisms and homeostatic regulatory 

loops.  Studying the circuitry of the CSR revealed a totally different logic, where 

interconnected regulatory steps in post-transcription initiation adjust the cellular response.  

Interestingly, during extreme conditions for either response, the circuitry allows the cell to 

devote its entire resources to coping with the stress. After switch to lethal high temperatures, 

the HSR is maximally induced, and the cellular housekeeping s is temperature sensitive, so 

that essentially all transcription is devoted to HSPs.  Likewise, after shift to a cold shock 

temperature, certain mRNAs that contain sequences to overcome the general translation 

block limits the translation to the few cold shock proteins essential for cellular survival.  

Thus, study of these responses reveals the diverse mechanisms that can be utilized to achieve 

a regulatory goal.   
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Strikingly, both responses have RNA-folding components as initial responses to 

temperature shift. In the HSR, unfolding of rpoH mRNA mediates the feed- forward 

response to temperature upshift, resulting in enhanced translation of σ32 even before celluar 

damage is experience. Likewise, in the CSR altered folding of cspA mRNA is likely to 

underlie its rapid accumulation immediately after temperature downshift, both by stabilizing 

its mRNA and enhancing its translation.  
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Conclusion 

Study of each response has advanced to the point where new and more complex 

issues remain to be solved.  It has become clear that the HSR monitors inner membrane 

homeostasis as well as cytoplasmic protein folding homeostasis, and the current models 

proposed to control homeostatic regulation no longer explain all the data available.  

However, further understanding requires understanding of how complex cellular machineries 

are integrated, and may not be amenable to previous reductionist approaches.  Likewise, 

study of the CSR reveals that further work requires understanding the precise kinetics of 

translation of the entire set of cold shock proteins.  Additionally, with the emerging structural 

data on ribosomes and its associated proteins, it should be possible to determine the precise 

modifications to ribosomal function that permit normal translation to resume. Understanding 

how translation is modified by the CSR may require new integrated approaches dissect this 

complex response.  
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Figure E.1. Summary of the major outputs during the cold shock response: (A) regulation 

and modulation of the 30S and 70S ribosomal subunits by various proteins translated during 

cold shock; (B) formation and regulation of the degradosome; (C) production of trehalose, a 

major osmoprotectant during cold shock; (D) RNA chaperone activity and RNA protection 

by the RNA-binding cold-shock proteins, CspA, CspB, CspE, CspG, and CspI; (E) regulation 

of RnaseIII activity by YmdB; and (F) transcriptional repression and DNA negative 

supercoiling by HNS and gyrase.   
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Figure E.1
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Figure E.2. Expression regulation of infA and the genes in the metY operon region in the 

chromosome.  (A) Several cold shock induced genes are located downstream of the metY 

gene.  Transcription occurs at several promoters in the region (Ishii et al., 1984; Régnier and 

Portier, 1986; Portier et al., 1987; Régnier and Grunberg-Manago, 1989; Granston et al., 

1990; Régnier and Grunberg-Manago, 1990; Zaslaver et al., 2006), designated as “P,” 

however transcription termination, designated as “T,” prevents robust transcription of 

downstream genes.  During cold shock, the induction of the Csps prevents transcription 

termination, allowing for increased expression of downstreams genes, including pnp.  Below 

the schematic of the genomic architecture are the documented mRNA transcripts that contain 

pnp.  The RNase III cleavage site is designated as R III (Régnier and Grunberg-Manago, 

1989). (B) An RNase III site exists between the two promoters driving infA expression.  The 

regulatory expression components of infA are shown with the designations as described 

above (Cummings et al., 1991; Giangrossi et al., 2007).   
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