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Abstract

Cell growth requires the removal of proteins that are unwanted or toxic. In bacteria, AAA+ 

proteases like the Clp family and Lon selectively destroy proteins defined by intrinsic specificity 

or adaptors. Caulobacter crescentus is a gram-negative bacterium that undergoes an obligate 

developmental transition every cell division cycle. Here we highlight recent work that reveals how 

a hierarchy of adaptors targets the degradation of key proteins at specific times during this cell 

cycle, integrating protein destruction with other cues. We describe recent insight into how 

Caulobacter manages DNA replication and repair through Lon and Clp proteases. Because 

proteases must manage a broad substrate repertoire there must be methods to compensate for 

protease saturation and we discuss these scenarios.

Introduction

The regulated destruction of proteins is crucial for bacterial growth and development during 

normal and stress conditions. In the bacterium Caulobacter crescentus, regulated degradation 

of key proteins drives the cell cycle and depletion of replication factors during stress 

responses allows cells time to recover from these damages. In this review, we will give an 

overview of protein degradation in Caulobacter focusing on recent studies showing how 

regulated proteolysis by the Clp and Lon family of proteases impacts both normal and stress 

related growth. The common and unique substrate profiles of these proteases allow them to 

robustly provide for normal growth and respond to stress. Comparison of several different 

bacterial systems allows us to determine common themes reflecting broad responses to 

stress.

Energy dependent proteases in Caulobacter

Like most bacteria, regulated proteolysis in Caulobacter is accomplished by several energy 

dependent proteases. Although they differ in specific protein subunits, these ring-shaped 

proteases generally function by recognizing targets, then unfolding them using energy 

captured from ATP hydrolysis, ultimately threading these polypeptides into a chamber 

harboring active sites for peptide bond hydrolysis. Because of their design, these chambered 

peptidases cannot normally degrade folded or full-length polypeptides on their own and are 

solely dependent upon the active delivery of the target. The responsibility of target 
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recognition falls on ATP-dependent chaperones that are encoded on separate proteins (such 

as the case with ClpXP) or domains (such as the case for the Lon protease) from the 

peptidase (Figure 1a).

With important exceptions, these proteases completely and processively degrade their targets 

once engaged without obvious sequence preference [1,2]. Therefore the initial specificity of 

these proteases is the major determinant of how they will impact the cell. Protease target 

recognition arises from a combination of the intrinsic specificity of the protease and the use 

of adaptor proteins to further tune proteolytic range [2]. Because protein degradation is 

irreversible, understanding this initial step of recognition is crucial.

Regulated proteolysis during the cell cycle

In Caulobacter, regulated protein degradation during the cell cycle drives replication and 

developmental transitions. The essential regulator CtrA controls transcription of many cell 

cycle genes and is also a replication inhibitor. Removal of CtrA activity through degradation 

or post-translational changes is therefore necessary so that cells can initiate replication 

during the G1-S transition. Genetic and cell biology studies during the last ten years 

revealed that degradation of CtrA requires the ClpXP protease, the auxiliary factors CpdR, 

RcdA and PopA, and the second messenger cyclic di-GMP [3–7]. Interestingly, these factors 

were not solely dedicated to CtrA degradation. For example, proteolysis of the chemotaxis 

protein McpA and the cyclic di-GMP phosphodiesterase PdeA during the G1-S transition 

required CpdR and ClpXP but not RcdA or PopA [5,8]. How these inputs collectively 

resulted in degradation of specific substrates at specific times was an outstanding question.

The pacemaker of proteolytic control during cell cycle is the cyclic phosphorylation of the 

CpdR adaptor. CpdR is phosphorylated by the same kinase cascade responsible for CtrA 

phosphorylation [9], but the outcome of this posttranslational modification is opposite for 

the two proteins. Like canonical response regulators, phosphorylation of CtrA activates it as 

a transcription factor, while phosphorylation of CpdR inhibits its ability to stimulate the 

ClpXP protease [5]. Thus, activation of CtrA also results in its stabilization. Similarly, 

inactivation of CtrA through dephosphorylation also catalyzes CtrA destruction because the 

same pathway dephosphorylates and activates CpdR [5,9].

Adaptor hierarchies drive class specific substrate degradation

Recent biochemical work shows that CpdR, RcdA and PopA act as adaptors that 

hierarchically assemble to deliver substrates dependent on the degree of assembly [10••,11•,

12•] (Figure 1b). Reconstitution experiments using highly purified proteins showed that 

CpdR binds the ClpXP protease, priming it for recognition of substrates such as PdeA and 

McpA. Phosphorylation of CpdR causes it to release from ClpXP providing a simple 

mechanism for its control [11•]. In addition to improved substrate recognition, CpdR-primed 

ClpXP could now bind RcdA, which was shown to bind several cargos [10••]. RcdA could 

then deliver its bound target substrates, for example the developmental regulator TacA, to 

the CpdR-primed ClpXP [10••]. Finally, RcdA also binds PopA and in the presence of cyclic 

di-GMP these proteins form a complex with CtrA [4,12•]. Importantly, formation of this 
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final complex promotes the robust degradation of CtrA by a CpdR-primed ClpXP, especially 

apparent in conditions where CtrA degradation by ClpXP alone is poor [10••,12•,13]. This 

model rationalized the importance of each of these proteins in the final degradation of CtrA 

as well as supported the need for cyclic di-GMP (Figure 1a).

Interestingly, it was recently shown that high levels of cyclic di-GMP causes 

dephosphorylation of CpdR/CtrA by switching the CckA kinase into a phosphatase [14•]. As 

PdeA is a phosphodiesterase that limits cyclic di-GMP accumulation, it is tempting to 

speculate that degradation of PdeA upon dephosphorylation of CpdR can further stimulate 

CpdR activation by increasing levels of cyclic di-GMP. The advantage of this positive 

feedback is that activation of a subpopulation of CpdR would catalytically induce the 

conversion of the entire pool in short order, resulting in a sharper switch for proteolytic 

activation during the G1-S transition. These and other types of feedback regulation are likely 

needed for the robust transition between cell cycle stages crucial for normal development 

and growth (Figure 1c).

Although the specific example given above has been shown in Caulobacter, adaptor 

hierarchies are likely to be found in other bacterial systems. For example, during sporulation 

in Bacillus subtilis, degradation of the SpoIVA regulator by the ClpXP protease eliminates 

defective cells. This process requires the small protein CmpA that binds directly to ClpXP, 

but genetic evidence suggests the need for additional factors [15•]. In this light, CmpA could 

be acting as part of an adaptor hierarchy that ensures only high quality spores endure. It also 

stands to reason that additional adaptor-dependent protease pathways will emerge that 

control sporulation, given the irreversible and critical nature of this developmental decision.

Finally, it is worth remarking that finding additional adaptor hierarchies is particularly 

challenging as protease adaptors are defined by their ability to stimulate substrate 

degradation by the protease. Yet biochemical validation of a protease substrate requires the 

prior knowledge of the adaptor in order to fully reconstitute this activity. Thus, addressing 

the circular challenge of novel adaptor/substrate identification is an outstanding question.

ClpXP balances critical aspects of DNA metabolism

The ClpXP protease is essential in Caulobacter. The wide range of potential ClpP protease 

substrates leads one to assume that pleotropic penalty paid by the loss of ClpXP would result 

in cell death [16]. However, a suppressor screen showed that a single toxin protein, SocB, 

was responsible for the truly essential nature of ClpXP [17]. The SocB toxin binds 

replication clamps and blocks replication elongation presumably by competing with DNA 

polymerase III for clamp [17] (Figure 2b). SocB activity is limited by the SocA antitoxin, 

which acts as an adaptor to deliver SocB to ClpXP. Like other adaptors, this activity requires 

the N-terminal domain of ClpX and the removal of the SocB toxin appears to be a major 

function of the ClpXP protease during normal growth conditions. SocB is upregulated in the 

presence of DNA damaging agents [17,18], suggesting that clamp inhibition may be an 

important aspect of the normal DNA damage response program. It is worth noting that 

although deletion of SocB toxin allows for strains to survive without ClpX, these cells have 
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highly aberrant morphologies with dramatic reductions in fitness and growth, consistent with 

a larger role for ClpX beyond the need for degrading this single toxin.

Another direct link between ClpXP and DNA metabolism in Caulobacter was identified in a 

proteomic approach that revealed the widespread nature of ClpP substrates [16]. DnaX is the 

ATP hydrolyzing core subunit of the clamp loader needed for the loading and unloading of 

the replication clamps (Figure 2a). DnaX was first identified in Escherichia coli, where it 

was found to exist in two forms generated through programmed ribosomal frameshifting 

[19–21]. DnaX also exists as multiple forms in Caulobacter but these shorter forms are 

generated upon partial proteolysis by ClpXP [22]. Both forms are essential and strains 

engineered to express two DnaX variants locked in either long or short forms are viable. 

However, these strains are deficient in DNA damage tolerance, suggesting that dynamics of 

DnaX processing are important for this stress response [22]. Like the SocB example, 

processing of DnaX also requires the N-domain of ClpX (Figure 2b).

Recently, it was shown that the short form of DnaX is also important for DNA damage 

tolerance in E. coli, although it is dispensable for viability [23,24•]. What is the short form 

doing? Prior work found that the short form is sufficient to load/unload clamps but lacks the 

regions needed to tether the full-length clamp loader to the replication fork [25] (Figure 2a). 

A tempting hypothesis is that the shorter DnaX clamp loader is dedicated to unloading [26], 

a feature that could be particularly useful during damaging conditions. Along these lines, a 

dedicated replication clamp unloader (Elg1) in yeast was recently described in yeast and 

shown to be important in DNA damage tolerance [27]. Another possibility is that the longer 

form of DnaX limits exchange of mutagenic polymerases due to the increased interactions 

with other pol III components [24•]. In this manner, processing of DnaX by ClpXP may 

assist in polymerase exchange during damaging conditions.

Integration of signals through the ClpX N-domain

From the above results, an intriguing speculation is that ClpXP may help balance clamp 

dynamics in Caulobacter by degrading an inhibitor of clamp and processing the clamp 

loader to generate an essential isoform (Figure 2b). Both these pathways rely on the unique 

N-domain of ClpX [17,22], a domain critical for adaptor binding [10••,11•,28]. If ClpXP 

activity is compromised due to direct damage or competition from other partners, protein 

levels of SocB would rapidly increase and DnaX would be less processed, resulting in more 

clamp inhibition and restricting clamp loader to the replication fork (Figure 2b). Such an 

occurrence could be beneficial during damaging conditions in order to prepare for quick 

restart of replication after repair and clamps were freed. Interestingly, direct damage to the 

ClpX N-domain has been suggested to underlie the transient stabilization of ClpXP 

substrates in B. subtilis during disulfide stress [29]. The use of a common protease for both 

loss of clamp function and activation of clamp activity would allow both these activities to 

change in concert if ClpXP is saturated by a surge in protease substrates. Thus, the N-

domain of ClpXP would serve to integrate substrate load as an input with clamp dynamics as 

an output.
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Lon degrades both folded and misfolded substrates

The Lon protease has long been known to be crucial for degrading misfolded or damaged 

proteins during stress conditions. In Caulobacter, Lon is responsible for both normal and 

stress related degradation of a several important regulators (Figure 3a). For example, the 

CcrM methylase is responsible for epigenetic regulation of a number of cell cycle genes [30] 

and its levels are partially managed by Lon-dependent proteolysis [31]. The SciP protein is a 

cofactor for CtrA that prevents activation of CtrA controlled genes during the G1 phase of 

the cell cycle [32,33]. Lon degradation of SciP during the cell cycle is important to remove 

SciP so that CtrA regulated genes can be activated [13]. Lon was recently shown to degrade 

the replication initiator DnaA, a function particularly important during proteotoxic stress and 

starvation conditions [34,35].

The promiscuous nature of Lon has costs and benefits. Because any protein can misfold, a 

protease that eliminates misfolded proteins must have rather broad specificity. In fact, Lon is 

thought to recognize features of misfolded proteins such as exposed hydrophobic elements 

for most of its quality control targets, rather than specific sequences [36]. That said, Lon also 

clearly recognizes specific substrates even when they are folded, such as DnaA [34]. In 

addition, Lon specificity can be augmented by adaptors, as shown recently in B. subtilis 
where adaptor-dependent Lon degradation controls cell motility upon surface contact [37•]. 

Because Lon must recognize so many targets, it stands to reason that saturation of this 

protease might readily occur during damaging or stress conditions. Cases of protease 

saturation have been described and in some cases leveraged for synthetic biology [38–40]. 

Nonetheless, the unconstrained increase in substrates (either damaged or native) could lead 

to harm if left unchecked (Figure 3b).

Cellular responses to protease saturation

How could protease systems respond to this toxic consequence? One way is to increase 

protease capacity through increased production or increased activity. In fact, allosteric 

stimulation of Lon has been demonstrated in vitro and in vivo where substrate recognition 

by Lon stimulates the degradation of a second substrate (Figure 3c) [34,41]. In Caulobacter, 
stimulation of Lon by misfolded protein substrates is thought to underlie the loss of DnaA 

that arrests the cell cycle during proteotoxic stress [34]. Another method to combat protein 

overflow is by upregulating other protease activities (Figure 3d). For example, like Lon, the 

ClpAP protease also degrades poorly folded substrates such as casein [42] and in 

Caulobacter, the ClpP family of proteases has been implicated in degradation of DnaA [43]. 

Consistent with this compensation model, overexpression of ClpAP protects against the 

toxic accumulation of DnaA in cells lacking Lon (unpublished; JL, PC). Given the 

widespread nature of ClpAP and Lon in gram-negative bacteria, perhaps similar 

compensation will be found elsewhere.

Finally, we note that Lon has long been known to be involved in DNA damage tolerance. 

Lon’s ability to regulate DNA damage dates back to Evelyn Witkin’s initial genetic studies 

of a UV sensitive, naturally Lon-deficient, B strain of E. coli [44]. In addition to radiation 

sensitivity, it was shown that Lon mutants also showed stabilization of β-galactosidase 
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fragments leading to the discovery of suppressors of Lon (Sul) [45]. These suppressors were 

mapped to SulA, an FtsZ inhibitor upregulated in response to UV stress [46,47]. When Lon 

is absent SulA accumulates and irreversibly blocks cell division, ultimately resulting in cell 

death [48]. Whether Lon regulates DNA damage responses across bacteria is unclear, 

particularly in bacteria without obvious SulA homologs. In C. crescentus no SulA homolog 

exists. However, the small proteins SidA and DidA block cell division during DNA damage 

by inhibiting the divisome proteins FtsW and FtsN, respectively [18,49•]. It remains to be 

seen if Lon plays a role in the turnover of these cell division inhibitors.

Conclusions

Regulated protein degradation is critical to all life. For AAA+ proteases such as ClpXP and 

Lon, ensuring specificity is crucial because degradation is irreversible. Substrate choice can 

be controlled by the intrinsic activity of the protease and/or tuned by adaptor proteins. In 

some cases, such as during the Caulobacter cell cycle, adaptor proteins assemble into 

hierarchies that deliver different substrate classes depending on their degree of assembly 

[10••,11•,12•].

The ClpXP protease in Caulobacter seems to play a fundamental role in replication as it 

degrades both an inhibitor of replication clamps and generates an essential isoform of the 

clamp loader complex through partial proteolysis. The Lon protease degrades both 

misfolded proteins of varying sequences and specific folded proteins, but must balance this 

breadth of substrate recognition with the cost of being readily saturated. Saturation of one 

protease type can be balanced by the increased protease activity of the same type (either 

through increased synthesis or stimulation) or by compensation through upregulation of 

another protease with overlapping specificity. In some cases, this saturation might result in 

additional regulation, such as when two opposing factors are recognized through the same 

protease. Under-standing these increasingly diverse mechanisms of protease regulation and 

their impact on cell growth or stress response are a rich topic for future exploration.
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Figure 1. 
Protein degradation by energy dependent proteases can be shaped by hierarchical adaptors. 

(a) The Clp family of proteases are composed of unfoldases (ClpX or ClpA) paired with the 

ClpP peptidase. The Lon protease is a single polypeptide with these activities contained in 

different domains. (b) The G1-S transition in Caulobacter is accompanied by morphological 

changes from a motile swarmer cell to a sessile stalked cell. At this transition, the 

dephosphorylation of CpdR initiates the assembly of an adaptor hierarchy that results in 

staged degradation of substrates. (c) CpdR phosphorylation (and its activity) is ultimately 
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controlled by CckA. CckA is a histidine kinase, but high levels of cdG cause it to switch to a 

phosphatase, resulting in increased dephosphorylation of CpdR. CpdR is directly responsible 

for delivering the cdG phosphodiesterase PdeA to the ClpXP protease. This sets up a 

putative positive feedback loop in which initial CpdR dephosphorylation can catalyze full 

conversion of the CpdR pool to an activated state.
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Figure 2. 
Replication clamp activity is controlled in part by the ClpXP protease. (a) DnaX is the 

protein in clamp loader that delivers the mechanical force needed for clamp opening. The 

full-length clamp loader is tethered to the replication fork by interactions between the C-

terminus of DnaX, DNA helicase (DnaB) and the DnaE component of the polymerase. 

Removal of the C-terminus would release a shortened version of the clamp loader that could 

act as an unloader away from the replication fork. (b) Under normal circumstances, both 

DnaX and SocB (with SocA acting as an adaptor) are degraded by ClpXP in an N-domain 
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dependent manner. If the N-domain of ClpX is perturbed during damaging conditions (either 

by competition or direct damage) both SocB and full-length DnaX levels would rise 

providing compensating effects. Alternatively, if SocAB levels rise dramatically, this could 

itself compete for ClpXP, slowing the processing of DnaX and ensuring retention of clamp 

loading activity at the replication fork or damaged sites.

Vass et al. Page 13

Curr Opin Microbiol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Lon balances normal degradation with stress related duties. (a) Lon maintains homeostasis 

by balancing two main functions: protein quality control and destruction of natively folded 

substrates. (b) Stress results in the accumulation of native or damaged proteins that may 

saturate Lon and result in a subsequent build up of other substrates. (c). Allosteric activation 

of Lon by ligands or misfolded proteins can compensate for the extra protease demand in 

stress conditions. (d) Saturation of Lon can also be compensated for through upregulation of 

other proteases, such as ClpAP, which has some overlapping specificity with Lon.
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