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SUMMARY

The response regulator CpdR couples phosphorylation events in Caulobacter crescentus with the 

AAA+ protease ClpXP to provide punctuated degradation of crucial substrates involved in cell 

cycle regulation. CpdR functions like an adaptor to alter substrate choice by ClpXP, however it 

remains unclear how CpdR influences its multiple targets. Here we show that, unlike canonical 

ClpXP adaptors, CpdR alone does not strongly bind its substrate. Instead, CpdR binds the N-

terminal domain of ClpX and prepares (primes) the unfoldase for substrate engagement. This 

priming creates a recruitment interface that docks multiple substrates and additional adaptor 

components. We show that adaptor dependent priming of ClpX avoids concentration-dependent 

inhibition that limits traditional, scaffolding adaptors. Phosphosignaling disrupts the adaptor-

protease interaction and mutations in CpdR that impact ClpX binding tune adaptor activity and 

biological function. Together, these results reveal how a single adaptor can command global 

changes in proteome composition through priming of a protease.
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INTRODUCTION

AAA+ (ATPases associated with diverse cellular activities)-protease regulation by adaptors 

plays central roles in a wide range of intracellular pathways (Kirstein et al., 2009; Battesti 

and Gottesman, 2013). AAA+ proteases are composed of unfoldase and peptidase 

components. Specific motifs in protein substrates are recognized by the unfoldase, and ATP 

hydrolysis drives substrate unfolding and translocation into the peptidase chamber where 

polypeptides are cleaved (Sauer et al., 2004). Adaptors modulate the responsibilities of their 

cognate AAA+ protease by modifying substrate selectivity of the unfoldase. Outcomes are 

diverse and important for cell physiology; ranging from discarding translationally-stalled 

proteins to regulation of protein factors involved in stress response, virulence or competence 

(Kirstein et al., 2009; Battesti and Gottesman, 2013).

The highly conserved AAA+ protease ClpXP regulates cell cycle-dependent proteolysis in 

the bacterial model system Caulobacter crescentus (Jenal, 2009). During the cell cycle, a 

non-replicative, motile swarmer cell differentiates into a replication-competent, stalked cell 

producing G1 and S stages analogous to the eukaryotic cell cycle stages (Degnen and 

Newton, 1972). The stalked cell then divides asymmetrically into swarmer and stalked cells 

that execute specific molecular programs for motility and replication respectively. Levels of 

many biomolecules such as mRNAs, proteins, and second messengers (e.g. cyclic di-GMP) 

are cell-cycle regulated (Kirkpatrick and Viollier, 2012). Interestingly, neither ClpX (the 

unfoldase component) nor ClpP (the peptidase component) levels change during cell cycle 

(Jenal and Fuchs, 1998), but numerous proteins are degraded by ClpXP in a cyclic manner 

dependent on the response regulator protein, CpdR (Biondi et al., 2006; Iniesta et al., 2006; 

Radhakrishnan et al., 2010; Abel et al., 2011; Bhat et al., 2013). CpdR activity is restrained 

through an intricate phosphorylation pathway during the swarmer cell stage (Biondi et al., 

2006; Iniesta et al., 2006). Dephosphorylation of CpdR during the swarmer to stalk 

transition activates ClpXP protease activity (Iniesta et al., 2006; Chen et al., 2009).

Lau et al. Page 2

Mol Cell. Author manuscript; available in PMC 2016 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CpdR is needed for the subcellular localization of ClpXP and this function was thought to 

promote degradation of similarly localized substrates such as the essential replication 

regulator CtrA (Iniesta et al., 2006; McGrath et al., 2006). In support of this, components 

needed for CtrA localization are also important for its degradation in vivo (McGrath et al., 

2006; Duerig et al., 2009). However, subsequent biochemical work suggested that CpdR 

could work as an adaptor outside the internal organization of the bacterium to drive substrate 

degradation by ClpXP. In vitro reconstitution experiments with highly purified proteins 

showed that CpdR is necessary and sufficient to stimulate degradation of a cyclic-di-GMP 

phosphodiesterase PdeA by ClpXP (Abel et al., 2011; Rood et al., 2012). The cellular 

components needed for substrate localization can assemble as a multi-protein adaptor 

complex that enhances CtrA degradation in a CpdR-dependent manner in vitro (Smith et al., 

2014). In both of these studies, it was shown that phosphorylation of CpdR inactivated 

delivery to ClpXP, mirroring what was observed in vivo. Taken together, these reconstituted 

systems clearly indicate that a localization mechanism alone does not drive cell cycle-

dependent activity of ClpXP.

This present work focuses on the mechanism by which CpdR functions as an adaptor. 

ClpXP adaptors often work as scaffolds, such as in the case of SspB which binds to both the 

ssrA peptide and to the ClpX unfoldase, effectively tethering the substrate to the protease to 

enhance ClpXP degradation of translationally-stalled ssrA-tagged proteins (Levchenko et 

al., 2000; Flynn et al., 2001; Dougan et al., 2003). However, other adaptors do not appear to 

interact with their partners in a similar manner. For example, the RssB adaptor induces 

degradation of the RpoS stationary sigma factor by binding RpoS and promoting ClpX 

recognition, but RssB alone appears to bind poorly to ClpX (Zhou et al., 2001; Stüdemann et 

al., 2003; Hengge, 2009). Similarly, the FliT protein binds to the FlhC protein to accelerate 

FlhC degradation by ClpXP, but FliT alone does not bind ClpX (Sato et al., 2014). 

Therefore, adaptors are likely to operate as more than simple scaffolds, where binding by 

adaptors somehow prepares either the target or protease for successful degradation.

Here, we present a detailed characterization of a simple delivery system comprising the 

substrate PdeA, adaptor CpdR, and protease ClpXP (Figure 1A). In contrast with known 

adaptors of ClpXP that form stable complexes with cargo, CpdR does not interact with PdeA 

directly. Instead, CpdR interacts with ClpX to prepare the protease for engagement of PdeA, 

with phosphosignaling being critical for gating the interaction between CpdR and ClpX. 

Similar to the need for preparation of a surface to ensure binding of a second layer (e.g., 

priming a canvas before painting), we refer to this adaptor mechanism as priming. Using 

artificial tethers, we distinguish this priming mechanism from a simple scaffolding 

mechanism and show that the priming mechanism is insensitive to inhibitory effects due to 

excess adaptors as seen with scaffolding adaptors like SspB. Mutations in CpdR that 

modulate its binding to ClpX and its activity in vivo indicate that this mechanism extends 

beyond the substrate PdeA. In vitro experiments show that CpdR priming of ClpX applies to 

the degradation of McpA and the multi-adaptor system that regulates CtrA degradation by 

ClpXP. Together, these results reveal an unexpected mode of regulated protein degradation 

where an adaptor directly primes a protease to expand substrate specificity.
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RESULTS

The adaptor CpdR interacts principally with ClpX to assemble a delivery complex

We originally set out to measure the adaptor/cargo affinities for CpdR and PdeA, given that 

other ClpX adaptors such as SspB directly bind their substrate prior to delivery (Levchenko 

et al., 2000; Kirstein et al., 2009) (Figure S1A). CpdR and PdeA did not form a stable 

complex as shown by size-exclusion chromatography (Figure 1B) in conditions where other 

adaptor-substrate complexes were readily detected (Figure S1A), suggesting that CpdR and 

PdeA do not strongly interact. This was surprising because prior work using a bacterial 

adenylate cyclase two-hybrid (BACTH) approach suggested that CpdR could directly bind 

PdeA and ClpX (Duerig et al., 2009; Abel et al., 2011). Consistent with the BACTH results, 

purified CpdR could bind ClpX in solution to form a stable complex in vitro (Figure 1B). 

Because two-hybrid approaches simply report on the proximity of the bait/prey proteins, we 

speculated that an endogenous factor in the Escherichia coli-based two-hybrid assay 

generated an apparent positive result between CpdR and PdeA. A natural candidate was 

ClpX because the E. coli ClpXP ortholog degrades PdeA in the presence of CpdR (Figure 

S1D). Consistent with this hypothesis, deletion of the E. coli clpX gene eliminated the 

apparent BACTH interaction between PdeA and CpdR without affecting either CpdR/ClpX 

or PdeA/PdeA interactions (Figure 1D), and introduction of a plasmid expressing the C. 

crescentus clpX in this ΔclpX background restores the interaction (Figure 1E & S1F).

Our BACTH results (Figure 1D) suggest that CpdR, ClpX and PdeA together form a higher 

order complex in vivo. This was verified in vitro as PdeA co-migrated with the CpdR-ClpX 

complex in the presence of ATPγS, a slowly hydrolyzed ATP analog, to generate a ternary 

complex of apparent molecular weight > 700 kDa (Figure 1C). ATPγS promotes formation 

of stable ClpX hexamers (Grimaud et al., 1998) without supporting PdeA unfolding for 

degradation (Figure S1C). In the absence of ATPγS, PdeA failed to incorporate into a 

ternary complex, while CpdR still bound ClpX under these conditions (Figures 1B,C). In the 

absence of CpdR, PdeA failed to interact with ClpX even when ATPγS was present. Taken 

together, these data suggest that CpdR, ClpX and PdeA are all required for the assembly of 

an adaptor-dependent substrate-engaged complex. It is also clear that CpdR alone does not 

bind strongly to its substrate, with interaction strengths substantially less than that of SspB/

ssrA, which is easily detected in our assays (Figure S1A). This raises the possibility that 

rather than acting as a simple scaffold that stably binds both partners, CpdR binds and 

primes ClpX to prepare for subsequent substrate engagement.

Adaptor-dependent delivery requires the N-terminal domain of ClpX

The N-terminal domain of AAA+ proteases can act as an anchor for adaptors (Dougan et al., 

2002, 2003; Kirstein et al., 2006). For example, the adaptor SspB binds the ssrA peptide and 

the N-terminal domain of ClpX (NTDClpX) to provide a tether that enhances ssrA substrate 

degradation (Wah et al., 2002, 2003; Dougan et al., 2003; Levchenko et al., 2003). To 

determine the importance of the NTDClpX with respect to CpdR function, we used a variant 

of ClpX lacking this domain (ΔN-ClpX). Unlike full-length ClpX, ΔN-ClpX failed to 

degrade PdeA even in the presence of CpdR (Figure 2B). ΔN-ClpX is functional since it 

degrades GFP-ssrA and as expected does not support SspB-enhanced degradation (Figure 
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2B) (Dougan et al., 2003). ΔN-ClpX also failed to bind CpdR in conditions where full-

length ClpX forms a complex with CpdR (Figure 2C). Addition of excess NTDClpX to 

ClpXP competitively inhibited CpdR-mediated degradation of GFP-tagged PdeA, and as 

expected also inhibited SspB-mediated GFP-ssrA degradation (Figure 2D). Addition of 

NTDClpX did not significantly affect GFP-ssrA degradation in the absence of SspB, showing 

that there is not a general inhibition of ClpXP activity (Figure 2D). Consistent with a 

common need for NTDClpX, SspB and CpdR competitively inhibit each other (Figure 

S2E,F). Together, these data indicate that NTDClpX is necessary for the protease adaptor 

CpdR to bind the unfoldase ClpX and mediate degradation of PdeA by ClpXP.

We further observed in BACTH studies that expressing the NTDClpX, similar to expressing 

full-length ClpX (Figure 1E & S1F), is sufficient to restore a positive bait/prey signal with 

CpdR and PdeA in a ΔclpX background (Figure S2G). Therefore, we asked if the NTDClpX 

could confer CpdR-dependent delivery of PdeA in the alternate AAA+ protease ClpAP, 

which does not normally recognize PdeA even in the presence of CpdR (Figure 2E). We 

generated a chimeric unfoldase (ClpXA) by transplanting NTDClpX onto ClpA (Figure 2A) 

and found that PdeA was not degraded by ClpXAP (ClpXA + ClpP) even in the presence of 

CpdR (Figure 2F). However, ClpXAP also failed to degrade GFP-ssrA (Figure 2F), a known 

substrate of both ClpXP (Figure 2B) and ClpAP (Figure 2E), reminiscent of prior work 

showing that modification of the N-terminal regions of ClpA can either enhance or repress 

delivery of GFP-ssrA for reasons not completely understood (Lo et al., 2001; Cranz-Mileva 

et al., 2008). Serendipitously, addition of SspB promotes GFP-ssrA degradation by ClpXAP 

(Figure 2F), suggesting that the NTDClpX in the ClpXA chimera can function with its 

cognate adaptors. We speculated that the PdeA C-terminus may be poorly recognized by the 

ClpA unfoldase of ClpXA chimera and that addition of a known ClpA degron could bypass 

this defect. In support of this reasoning, PdeA appended with ssrA (PdeA-ssrA) was 

degraded by ClpXAP in the presence of CpdR (Figure 2F). SspB also facilitated degradation 

of PdeA-ssrA (Figure 2F). However, CpdR did not improve degradation of GFP-ssrA by 

ClpXAP (Figure 2F), nor did CpdR stimulate PdeA-ssrA degradation by wildtype ClpAP 

(Figure 2E). These data suggest that CpdR enhances specific degradation, rather than 

increasing global protease activity upon binding NTDClpX in the ClpXA chimera. Overall, 

the results show that the NTDClpX is necessary and sufficient for CpdR-dependent 

degradation of PdeA given suitable substrate engagement by the associated unfoldase.

CpdR primes ClpX by binding the N-terminal domain to create a recruitment interface

The scaffolding adaptor SspB adaptor uses the NTDClpX as a simple tethering site (Dougan 

et al., 2003; Bolon et al., 2004; Park et al., 2007; Davis et al., 2009). As shown 

schematically in Figure 3 (box), if CpdR-dependent degradation also uses the NTDClpX in a 

similar manner, it should be possible to bypass the need for the NTDClpX by artificially 

tethering CpdR to ΔN-ClpX. However, if the NTDClpX serves as more than a passive 

anchor, simply tethering CpdR would not restore PdeA degradation. We adopted a 

previously reported tethering system where human FKBP12 protein is fused to E. coli ΔN-

ClpX, and FKBP12-rapamycin-binding (FRB) domain of the rat mTOR protein is fused to 

E. coli SspB (Davis et al., 2009). Addition of rapamycin induces dimerization of FKBP12 
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and FRB, tethering SspB to the ΔN-ClpX fusion so adaptor function no longer requires 

NTDClpX (Davis et al., 2009).

We generated Caulobacter orthologs of the FRB-FKBP tethering system and validated that 

SspB-FRB could deliver GFP-ssrA-SS (a modified ssrA-tagged substrate that requires SspB 

for delivery) to FKBP-ΔN-ClpX upon addition of rapamycin (Figure 3A). We then 

examined the characteristics of the FRB-CpdR fusion. In contrast to SspB, tethering CpdR 

to ΔN-ClpX was insufficient to enhance PdeA degradation (Figure 3A) even though FRB-

CpdR could deliver PdeA to full-length wildtype ClpXP and could bind FKBP-ΔN-ClpX 

(Figure S3A). Interestingly, FKBP-ΔN-ClpX could degrade PdeA when PdeA was directly 

tethered (using FRB-PdeA) to this protease by the FRB-FKBP dimer (Figure 3B). 

Recognition was not due to introduction of a new degron by the fusion proteins, as 

degradation required the same C-terminal degron needed for wildtype PdeA degradation 

(Rood, et al. 2012) (Figure 3B).

If our priming model is correct, then the NTDClpX acts as more than a passive docking site 

and binding of CpdR to NTDClpX is explicitly needed for PdeA recognition. Consistent with 

this hypothesis, addition of NTDClpX to reactions where FRB-CpdR is tethered to FKBP-

ΔN-ClpX restored degradation of PdeA (Figure 3C). Increasing concentrations of NTDClpX 

increased substrate delivery of a GFP-PdeA reporter with an apparent Kactivation of 8.2 ± 0.6 

μM (Figure 3D). The effect of NTDClpX addition is not due to a general increase in protease 

activity as addition of NTDClpX had no effect on GFP-ssrA-SS degradation (Figure S3B). 

Phosphorylation of CpdR is known to inactivate its adaptor function (Iniesta, et al. 2006; 

Biondi, et al., 2006; Abel, et al., 2011), and importantly, phosphorylation also inactivated 

FRB-CpdR, even in the presence of excess NTDClpX (Figure 3E). These results clearly show 

that CpdR does not use the NTDClpX as a simple tethering site. Rather, CpdR binding to 

NTDClpX is specifically necessary to prepare ClpX to engage PdeA.

Phosphosignaling modulates ClpX binding through the CpdR output face

ClpXP-mediated protein degradation during the Caulobacter cell cycle depends on CpdR 

phosphorylation (Iniesta et al., 2006). Multiple upstream components control the hybrid 

histidine kinase CckA that transfers phosphate via the phosphotransferase ChpT onto Asp51 

of CpdR (Biondi et al., 2006; Iniesta et al., 2006). Phosphorylation of CpdR inhibits 

degradation of PdeA (Abel et al., 2011) (Figure 4A), but how phosphorylation of CpdR 

modulates substrate recruitment was unclear. We find that phosphorylation of CpdR 

prevented its binding to ClpX (Figure 4B). This disruption required both ATP and Asp51 of 

CpdR, verifying that active phosphorylation of CpdR is needed to prevent ClpX binding 

(Figure 4B). Importantly, CpdR phosphorylation also prevents formation of the higher 

molecular weight PdeA/CpdR/ClpX complex (Figure 4C). This data suggests that loss of 

ClpX priming hinges upon the phosphorylation status of CpdR.

Phosphorylation often affects the function of response regulator receiver domains through 

conformational changes that are allosterically communicated to their conserved ‘signaling 

output face’ comprised of the α4-β5-α5 surface (Gao and Stock, 2010). CpdR homology 

modeling using Phyre (Kelley and Sternberg, 2009) revealed a topology similar to single-

domain response regulators (Figure 4D) (Bourret, 2010). We mutated several conserved 
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surface residues within the signaling output face (H104, R106, D107, E111, and K114) to 

alanine and identified two variants that were defective in enhancing PdeA degradation 

(Figures 4D,E). Both variants were properly folded based on proper recognition by the 

CckA/ChpT phosphorelay (Figure S4A). Although both variants were defective in mediating 

PdeA degradation, the R106A variant achieved wildtype activity at saturating adaptor 

concentrations while the H104A variant did not (Figure 4F). These mutations also inhibited 

the interaction between CpdR and ClpX in vitro (Figure 4G) reducing assembly of a CpdR/

ClpX/PdeA complex as assessed by BACTH (Figure 4H) in the same ranked order as the 

loss in PdeA degradation (Figures 4E,F). Similar changes in activity were seen with the 

chimeric ClpXAP, supporting the important role of the NTDClpX in CpdR activity (Figure 

S4B). Whether CpdR residues H104 and R106 are involved in conformational changes that 

affect binding to ClpX, or if they directly constitute part of the interface with ClpX is 

unknown at this time.

Modifying the CpdR output face impacts its biological activity

The CpdR signaling output face variants (Figures 4D–H) provide the opportunity to tune 

ClpX binding in vivo and determine the biological consequences of altering the interaction 

between CpdR and ClpX. CpdR activity must be properly controlled in vivo. For example, 

both absence of CpdR and overproduction of a constitutively active, unphosphorylatable 

CpdRD51A variant both yield colonies with reduced sizes on soft agar plates (a combined 

outcome of changes in motility, chemotaxis, and growth) (Figures 5A,B) (Skerker et al., 

2005; Iniesta et al., 2006). Strains expressing WT, R106A or H104A variants as their sole 

copies of CpdR produced colony sizes that followed the same rank order as their ability to 

deliver PdeA in vitro (Figure 5A). Similarly, overexpressing CpdRD51A variants carrying 

these point mutations reduced colony sizes in the same ranked order (Figure 5B). We also 

tested these CpdRD51A variants in ΔpdeA strains, which form smaller colonies than 

wildtype C. crescentus (Rood et al., 2012), and again observed effects in colony sizes with 

respect to CpdR variants (Figure 5C). Because CpdR influences cell-cycle dependent 

degradation of proteins beyond PdeA (Iniesta et al., 2006; Radhakrishnan et al., 2010; Bhat 

et al., 2013), these results suggest that additional ClpXP substrates rely on the same CpdR 

priming of ClpX as PdeA does.

Previous studies suggested that CpdR-dependent degradation in vivo was due to the CpdR-

dependent recruitment of ClpX to the incipient stalked pole of C. crescentus where 

substrates also transiently localize (Iniesta et al., 2006; McGrath et al., 2006). We found that 

loss in ClpX-GFP localization in ΔcpdR strains (Iniesta et al., 2006) could be overcome by 

expression of the R106A variant of CpdR, although with less intense foci (Figure 5D), while 

expression of the H104A variant resulted in diffuse localization of ClpX (Figure 5D) similar 

to that seen in the ΔcpdR strain (Iniesta et al., 2006). The results indicate that CpdR binding 

to ClpX is directly correlated with ClpX localization; however, it remains unclear if 

substrate degradation in vivo specifically requires ClpX localization.

Priming adaptors are resistant to inhibitory effects seen with scaffolding adaptors

Because general adaptor mechanisms may have different consequences, we considered how 

scaffolding and priming adaptors function at various adaptor concentrations. Scaffolds are 
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often signal pathway components with optimal concentrations improving signal 

transduction, but excess scaffold reduces signal flux by titrating partner proteins away from 

one another (for examples, see Good et al., 2011). Similarly, as illustrated in Figure 6A, high 

concentrations of a scaffolding adaptor like SspB should reduce substrate delivery due to 

formation of complexes that do not contain both binding partners (i.e., complexes that 

contain adaptor/substrate only or adaptor/protease only). In contrast, excess concentrations 

of a priming adaptor like CpdR should show no inhibitory effect if substrates engage only a 

primed protease.

We tested our prediction by measuring substrate delivery of SspB and CpdR under 

conditions of excess adaptor, using substrates (GFP-ssrA-SS and GFP-PdeA) that are poorly 

recognized by ClpXP in the absence of their adaptors. To avoid concerns that the adaptors 

inhibit substrate delivery for the trivial reason of being degraded by ClpXP themselves 

(Chien et al., 2007; Iniesta, et al. 2008), we used the non-degradable, fully-active versions of 

these adaptors: SspB* (Chien et al., 2007) and CpdRDD (Figures S2A-D). At low 

concentrations, both adaptors effectively delivered their respective substrates, but high 

concentrations of SspB* inhibited delivery of GFP-ssrA-SS (Figures 6B; S6A). In contrast, 

excess CpdRDD did not suppress degradation of GFP-PdeA (Figures 6C; S6B).

Scaffolds are also sensitive to inhibition due to changes that eliminate one of the partner 

binding sites. Indeed, the substrate binding domain (SBD) of SspB is sufficient for ssrA 

binding but lacks the ClpX binding motif (Dougan et al., 2003; Bolon et al., 2004; Park et 

al., 2007; Davis et al., 2009). Addition of the SspB SBD strongly inhibited ssrA degradation 

even in the presence of full length adaptor (Figure 6D) and overexpression of the SspB SBD 

also stabilized an ssrA-tagged substrate even in the presence of wildtype SspB in vivo 

(Figure 6F and S6C). By contrast, addition of the ClpX-binding-deficient CpdRH104ADD 

did not inhibit CpdR-mediated degradation of GFP-PdeA (Figure 6E), and overexpression of 

this variant in vivo did not stabilize PdeA in the presence of endogenous CpdR (Figure 6G 

and S6E).

CpdR adaptor mechanism extends to other cell cycle-regulated substrates

Although many ClpXP substrates require CpdR for degradation in vivo, PdeA is the only 

substrate shown in vitro to be solely dependent on CpdR and ClpXP to date (Abel, et al. 

2011; Rood, et al. 2012). Similar to PdeA, degradation of the chemoreceptor McpA in vivo 

is strictly dependent on CpdR (Iniesta, et al. 2006) and no other other regulators (McGrath et 

al., 2006; Duerig et al., 2009). Despite the discovery of cell cycle-dependent proteolytic 

control of McpA more than twenty years ago (Alley et al., 1993), degradation of McpA has 

yet to be shown in vitro. We purified the cytoplasmic portion of McpA as a GFP fusion and 

found that degradation of GFP-McpA in vitro by ClpXP was substantially enhanced by 

CpdR alone (Figure 7A). Similar to our results with PdeA (Figure 1B), McpA did not stably 

interact with CpdR alone in conditions where CpdR binds ClpX (Figure 7B). Degradation of 

McpA was affected by mutation of CpdR (Figure S7A) and depended on the NTDClpX as 

with PdeA (Figure S7B). Together, these results suggest that McpA degradation is governed 

by similar mechanisms that we have detailed for PdeA, and reveal a second member of 

ClpXP substrates that are directly delivered by CpdR.
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We and others recently reconstituted the regulated degradation of the master regulator CtrA 

in vitro using a multi-protein adaptor complex that includes CpdR, RcdA and PopA (Smith 

et al., 2014). We find that ClpX-binding-deficient variants of CpdR were also deficient in 

adaptor-dependent degradation of CtrA (Figure 7C) and the degradation required the 

NTDClpX (Figures 7D; S7C&D). These CpdR variants support similarly timed but less 

dramatic oscillations in CtrA levels during cell cycle when present as the sole copy of CpdR 

in vivo (Figure 7E). Thus, we propose that the interaction between CpdR and ClpX 

generates a composite recruitment interface for binding multiple substrates directly (e.g. 

PdeA and McpA) in addition to recruiting additional adaptors (e.g. RcdA/PopA) that further 

expand substrate specificity (Figure 7F).

DISCUSSION

Cell cycle-regulated proteolysis in C. crescentus depends on an intricate network of 

phosphosignaling proteins such as CpdR (Kirkpatrick and Viollier, 2012). Although CpdR 

functions as a ClpXP adaptor, it was unclear how this molecule couples its phosphorylation 

status to a mechanism for delivering multiple substrates. In this study, we show that 

phosphorylating CpdR prevents its binding to ClpX. Dephosphorylated CpdR binds ClpX 

N-terminal domain to prime, or prepare, a recruitment interface that affords engagement of 

multiple substrates as well as additional adaptors that aid substrate delivery (Figure 7F). We 

propose that this mechanism underlies how changes in CpdR phosphorylation during the cell 

cycle causes dynamic assembly of complexes needed for regulated degradation of many 

substrates with biological consequences. For example, the phosphodiesterase PdeA normally 

maintains low levels of cyclic-di-GMP levels in swarmer cells for improved motility (Abel 

et al., 2011). The chemoreceptor McpA helps swarmer cells search for nutrient replete 

regions in the environment (Alley et al., 1991). CtrA plays a critical role as an inhibitor of 

replication (Quon et al., 1998), and must be maintained to prevent inappropriate replication 

initiation while swarmer cells are searching for a suitable habitat. Degradation controlled by 

modulating CpdR activity could facilitate cell reprogramming by removing these specific 

proteins when cells are ready to enter its replicative sessile state.

Our working model is that phosphorylation affects the equilibrium among CpdR 

conformations, similar to other response regulators (Bourret, 2010). In the case of CpdR, 

phosphorylation favors an output face configuration that blocks ClpX binding. We do not 

know specifically how CpdR primes ClpX; however, as illustrated in Figure 7F, binding of 

CpdR to the NTDClpX could induce conformational changes in CpdR, the NTDClpX, or both 

to promote recruitment of substrates and additional adaptors. Alternatively, CpdR and ClpX 

may each provide weak interactions that collectively result in strong binding of additional 

factors. Finally, the oligomeric nature of ClpX could promote a polyvalent display of CpdR 

that increases binding to substrates or downstream adaptors. How CpdR-NTDClpX recruits 

multiple downstream components remains an outstanding question.

CpdR was originally shown to be a key localization factor for the protease ClpXP that 

promotes protease and substrate colocalization, and this mechanism was thought to be 

needed for regulated degradation (Iniesta, et. al 2006). However, later work suggested that 

localization of ClpXP substrates could be decoupled from their degradation in vivo (Taylor 
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et al., 2009). Here, we show that CpdR variants that weaken ClpX binding affect both 

localization of ClpX and CpdR-dependent ClpXP activity (Figure 6D). This data could 

support the model where localization promotes degradation because effects on degradation 

mirror changes in localization. Alternatively, CpdR activation at the incipient pole (Tsokos 

and Laub, 2012) could be temporarily producing protease-substrate-adaptor foci, a transient 

process that is relieved when substrates are degraded or adaptors are inactivated. This 

implies that loss of adaptors should result in loss of protease foci. In support of this 

alternative model, PopA, a component of the CtrA adaptor complex (Smith, et al. 2014), 

also contributes to ClpX foci formation (Duerig et al., 2009). Therefore, we favor a model 

where foci attributed to localization of the protein factors are a manifestation of the adaptor 

system, rather than driving degradation itself.

In conclusion, through this work we show how a protease-priming adaptor regulates cell 

cycle-dependent proteolysis in Caulobacter. This unexpected mechanism has an advantage 

over scaffolding adaptors in that an excess concentration of adaptor does not inhibit target 

degradation. Activation of CpdR function relies on its ability to translate cues from an 

intricate network of phosphosignaling proteins into a decision on whether to bind ClpX. 

This decision is an important one because it creates a recruitment interface that regulates 

engagement of substrates and downstream adaptors that further expands substrate 

selectivity. Finally, we note that CpdR is critical in the α-proteobacterium Sinorhizobium 

meliloti for nitrogen fixation in legumes (Kobayashi et al., 2009) and can function even with 

ClpX from E. coli, a γ-proteobacterium. Given the fact that almost all bacteria encode ClpX, 

we speculate that priming adaptors for ClpX will exist in other species.

Experimental Procedures

In vitro degradation assay and phosphotransfer reaction

Degradation assays and phosphotransfer reactions using recombinant protein components 

were performed in H-Buffer (20mM HEPES, pH 7.5, 100mM KCl, 10mM MgCl2, 10% 

glycerol, 5mM β-mercaptoethanol) at 30°C. Buffer used for ClpA and ClpXA degradation 

contained 40mM HEPES, pH 7.5, 220mM NaCl, 27mM KCl, 17mM MgCl2, 10% glycerol, 

and 5mM β-mercaptoethanol. In general, concentrations were 0.4μM unfoldases (ClpX, 

ClpA, ClpXA) (hexamer concentration), 0.8μM ClpP14, (GFP-ssrA and PdeA-ssrA by 

ClpAP used 0.1μM ClpA6 and 0.2μM ClpP14) in the presence of 4mM ATP (+ regeneration 

system); 1–2μM adaptors; 1–3μM substrates. When noted 25μM NTDClpX, 10 μM 

rapamycin, 10 μM fliF dsDNA 1mM GTP (for PdeA degradation) were used. Additional 

details are in Supplemental Information. Gel-based reactions were sampled at indicated 

times, quenched with SDS loading dye, and frozen immediately. Samples were heated at 

95°C for 5 min prior to SDS-PAGE and Coomassie blue staining, Silver staining, or 

Western blotting. GFP-tagged substrates were detected using a 384-well black plate using a 

Spectramax M5 (Molecular Devices) microplate reader at excitation wavelength 460nm, and 

collection of emission wavelength at 540nm with a cutoff of 515 nm. Initial rates of 

degradation (Figures 3D & 4F) were fit to an activation model (GraphPad Prism) where 

binding of CpdR to ClpX activates degradation: v = Vmax*[CpdR]/(Kactivation+[CpdR]) and 

in Figure 3D using (v = Vmax*[NTD]/(Kactivation+[NTD])).
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Analytical size exclusion chromatography (SEC) assay

Recombinant proteins were purified to more than 95% homogeneity and concentrations used 

for each experiment are found in Supplementary Experimental Procedures. To assay for 

interactions in vitro, 50μL mixtures containing recombinant proteins were incubated for 20 

minutes at 25°C in H-Buffer prior to injection onto a Superdex 200 5/150 GL size exclusion 

chromatography column (GE Healthcare Bio-Sciences, 3mL bed volume) equilibrated with 

H-Buffer. CpdR phosphorylation reaction mixtures for SEC studies were validated by 

checking for inhibition of adaptor activity when degrading GFP-PdeA via ClpXP. The rest 

of the mixture components were added to the phosphorelay-CpdR mix prior to the SEC 

injection. SEC fractionation profiles (50μL per fraction) were examined by SDS-PAGE, 

followed by Coomassie blue staining, silver staining, or Western blotting. SEC experiments 

were performed independently at least twice.

Bacterial adenylate cyclase two-hybrid (BACTH) assay

Protein-protein interactions assayed by BACTH (Karimova et al., 1998) were performed 

using pKT25 and pUT18C (Euromedex) in the E. coli cya reporter strain BTH101 

(Euromedex). An E. coli cya clpX strain was generated from BTH101 (see Supplementary 

Experimental Procedures for additional details).

C. crescentus soft agar plate assay

Colonies of cells that were transformed with plasmids expressing epitope tagged CpdR (WT 

or variants) from xylose-driven promoters were inoculate into PYE media containing 0.3% 

agar with 0.2% xylose with the appropriate antibiotic (5μg/mL kanamycin or 50μg/mL 

spectinomycin). After incubation at 30°C, colony sizes were determined using the threshold 

feature in ImageJ (NIH).

Fluorescence microscopy

Exponential-phased cells were immobilized on 1% (wt/vol) agarose pads made with PYE + 

0.2% xylose. Microscopy was carried out using an epifluorescent Nikon E600 microscope. 

An ORCA-ER-cooled charge-coupled device (CCD) camera (Hamamatsu) and Openlabs 

software (Improvision) were used for all image acquisition. A phase-contrast image and z-

stack of GFP fluorescence images (10 steps) was acquired with z-step of 0.3 μm around the 

focal plane of the cell. The z-stack images were deconvolved using Volocity 4.0 

(Improvision, Inc.) software. Phase contrast images of C. crescentus cells were outlined 

using MicrobeTracker. Stalked pole fluorescence foci were first detected using the 

SpotFinderZ tool in MicrobeTracker, and then verified visually. Measurements of the foci 

intensity from SpotFinderZ were extracted and plotted in histograms.

Adaptor overexpression studies in vivo

For experiments shown in Figures 6F,G and S6C,E, strains from PYE agar plates (2μg/mL 

chloramphenicol, 0.2% glucose (to suppress JS14 expression)) were inoculated into PYE 

media (plus 1μg/mL chloramphenicol and 0.2% glucose) for overnight growth at 30°C in a 

shaking incubator. Cells sufficient for a final resuspension of cell density OD600=0.2 were 

pelleted. The supernatant media was removed, and the cells were resuspended into PYE 
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containing 1μg/mL chloramphenicol, 1mM vanillate pH7.5, and 0.2% xylose or glucose, and 

grown for 4 hours at 30°C in a shaking incubator. Cells were at exponential phase 

(OD600<1) at harvest. Equivalent cell density amounts were sampled for Western analysis.

Synchrony for in vivo stability assay

C. crescentus cells expressing CpdR variants were grown overnight in PYE media 

(100μg/mL spectinomycin, 0.2% xylose) and back-diluted into fresh PYE media (100μg/mL 

spectinomycin, 0.2% xylose) at OD600 0.05 for growth to an OD600 of 0.3–0.5. Swarmer 

cells were isolated by Percoll density centrifugation, and cells were released into the same 

media. Samples were taken at specified time points for Western blot analysis using 

antibodies against CtrA and ClpP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The CpdR adaptor alone does not form stable complexes with cargo

• CpdR primes ClpX upon binding to create a recruitment interface for cargo

• Phosphosignaling alters CpdR binding to ClpX via its signaling output face

• Priming adaptors are insensitive to inhibition due to excess unfulfilled adaptors
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Figure 1. Interaction between adaptor CpdR and unfoldase ClpX enables recruitment of 
substrate PdeA
(A) Degradation of PdeA by ClpXP when mediated by CpdR in the presence of an ATP 

regeneration system and 1mM GTP (which enhances PdeA degradation (Abel et al., 2011)). 

(B) Size exclusion chromatography (SEC) profiles of CpdR (±PdeA/ClpX/ATPγS). Profiles 

for PdeA (±CpdR) and ClpX (±ATPγS). Robust detection of CpdR required silver staining 

as it stained poorly by Coomassie (Figure S1). (C) SEC profiles of PdeA (±CpdR/ClpX/

ATPγS). Colored triangles mark peak locations of individual proteins. (D) BACTH assay 

using McConkey agar results in red colonies when interacting proteins are fused to 

complementary fragments of adenylate cyclase (cya), T18 and T25 (Karimova et al., 1998). 

Fusions of CpdR, PdeA and ClpX (C. crescentus ortholog) examined in E. coli wild-type 

and ΔclpX (shaded) reporter strains. (E) Interaction between CpdR and PdeA examined in 
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the ΔclpX reporter strain harboring a plasmid expressing C. crescentus ClpX (pCL1920-

ClpX) or empty plasmid (pCL1920). For (B&C), 20μM CpdR/5μM PdeA/5μM 

ClpX6/5mM(sample mixture) or 1mM (in running buffer) ATPγS were used, with 1mM 

GTP throughout. See also Figure S1.
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Figure 2. ClpX N-terminal domain is necessary and sufficient for CpdR adaptor function
(A) Schematic of ClpX, ΔN-ClpX, ClpA, and chimeric ClpXA unfoldases. N-terminal 

domains (NTD) and ATPase domains are segmented; ClpX segments in yellow; ClpA 

segments in brown. (B) In vitro degradation of PdeA when mediated by CpdR, comparing 

ClpXP to ΔN-ClpXP. Degradation of GFP-ssrA by SspB* was similarly assayed. (C) SEC 

profiles of CpdR (±ClpX/ΔN-ClpX). Profiles of ClpX and ΔN-ClpX alone are also shown. 

Profiles were determined by silver staining (brown gels) or Coomassie staining (blue gels). 

(D) NTDClpX fragment addition to the in vitro degradation reactions of substrates GFP-

PdeA and GFP-ssrA by ClpXP, ± respective adaptors CpdR/SspB*. Data are represented as 
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mean ± SD, n = 3. (E) Degradation of GFP-ssrA, PdeA, and PdeA-ssrA (±CpdR) by ClpAP. 

(F) Degradation of PdeA, GFP-ssrA and PdeA-ssrA by the chimeric ClpXAP±CpdR/SspB*. 

nb. SspB* is the non-degradable variant of SspB (Figure S2A). See also Figure S2.
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Figure 3. CpdR binding to the ClpX N-terminal domain forms a recruitment interface
Postulated models (box) for NTDClpX as a simple anchoring site for CpdR (left) or a unique 

partner in forming a composite recruitment interface for binding PdeA (right). (A) Cartoons 

illustrate the use of a rapamycin(rap)-induced FRB/FKBP dimer to tether CpdR or SspB 

(residues 10–125 that binds ssrA motif) directly to ΔN-ClpX. GFP-ssrA-SS (requires SspB 

for delivery) degradation by FKBP-ΔN-ClpXP when mediated by SspB-FRB. PdeA levels 

in the presence of FRB-CpdR/FKBP-ΔN-ClpXP/rap (detected by Western using α-PdeA 

due to overlapping bands). (B) PdeA levels when directly tethered to ΔN-ClpX via the FRB/
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FKBP dimer system (detected by Coomassie staining). FRB-PdeA C-terminus Arg-Gly is 

mutated to Asp-Asp to create FRB-PdeADD. (C) Impact of NTDClpX on PdeA levels in the 

presence of FRB-CpdR/FKBP-ΔN-ClpXP/rap (detected by α-PdeA Western blot). (D) 

Effect of NTDClpX fragment concentration on the delivery of GFP-PdeA to FRB-CpdR/

FKBP-ΔN-ClpXP (rapamycin added). Apparent Kactivation is shown, see Methods. (E) Effect 

of phosphorylation on the NTDClpX-dependent delivery of GFP-PdeA to FRB-CpdR/FKBP-

ΔN-ClpXP (rapamycin added). FRB-CpdR phosphorylated using its cognate phosphorelay 

CckA/ChpT (Biondi et al., 2006; Chen et al., 2009). (D&E) are represented as mean ± SD, n 

= 3 experiments. See also Figure S3.
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Figure 4. Phosphorylation modulates CpdR function through its response regulator output face
(A) Effect of phosphorylation by the cognate CckA/ChpT phosphorelay on wildtype CpdR 

(WT) or the non-phosphorylatable variant CpdRD51A in mediating PdeA delivery to 

ClpXP. CpdR WT and CpdRD51A proteins were preincubated with the phosphorelay. PdeA 

detected by Western using α-PdeA due to overlapping bands. (B) SEC profiles of CpdR 

WT/CpdRD51A (±phosphorelay/ATP/ClpX). (C) SEC profiles of PdeA (detected by 

Western using α-PdeA) in the presence of CpdR WT/D51A (preincubated with 

phosphorelay/ATP) and ClpX/ATPγS. (D) Phyre homology model (RcsC receiver domain 
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as template) for CpdR. Predicted α4-β5-α5 signaling output face (yellow), with conserved 

residues amongst α-proteobacteria CpdR orthologs (orange). (E) Alanine variants of CpdR 

H104 and R106 of CpdR were examined for their ability to mediate ClpXP degradation of 

GFP-PdeA. (F) CpdR variants characterized by fitting the initial rates of degradation of 

GFP-PdeA as a function of increasing adaptor concentration (Kactivation and Vmax reported; 

see Methods), data plotted as mean ± SD, n = 4. (G) SEC profiles of the CpdR variants 

(±ClpX). (H) Two-hybrid interactions between CpdR variants and ClpX/PdeA using E. coli 

Δcya reporter strains. Representative images on McConkey agar, and beta-galactosidase (β-

gal) activity from 4 independent colonies (raw values, mean ± SD) are shown. See also 

Figure S4.
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Figure 5. CpdR signaling output face is important for its biological activity
Effects of CpdR output face variants (H104A and R106A) examined by soft agar colony 

assay. CpdR variants expressed using xylose-inducible plasmids in C. crescentus (A) 

ΔcpdR, (B) wildtype, and (C) ΔpdeA strains were examined by colony stabbings on soft agar 

(PYE 0.3% agar, respective antibiotics, and 0.2% xylose as inducer). Representative images 

of colonies are shown, and colony area (mean ± SD, n=8) normalized to the strain carrying 

the GFP-expressing control plasmid are shown. (D) Effects of CpdR variants on ClpX 

localization in C. crescentus. Xylose-inducible plasmids harboring CpdR variants were 

expressed in C. crescentus ΔcpdR PXyl-clpX-gfp (scale bar correspond to 2μm). ClpX foci 

intensities from 700 cells of each unsynchronized strain were analyzed using 

MicrobeTracker, and presented by histogram. See also Figure S5.
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Figure 6. Adaptor effects at excess concentrations
(A) Predicted changes in substrate delivery due to concentrations of a scaffolding adaptor or 

protease priming adaptor: Excess scaffolding adaptor inhibits substrate delivery due to 

formation of substrate-adaptor and protease-adaptor complexes. Excess protease-priming 

adaptor does not inhibit delivery. Degradation by ClpXP in vitro in the presence of varying 

adaptor concentrations were assayed as follows: (B) GFP-ssrA-SS (an SspB-obligate 

substrate) using adaptor SspB*; (C) GFP-PdeA (a CpdR-obligate substrate) using adaptor 

CpdRDD, (D) GFP-ssrA-SS using the substrate-binding domain (SBD) of SspB in the 
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presence of active SspB*, and (E) GFP-PdeA using the ClpX-binding deficient adaptor 

variant CpdRH104ADD in the presence of active CpdR. For B and C, x-axis is adaptor 

concentration; For D and E, x-axis is ratio of mutant adaptor relative to wildtype. n.b. non-

degradable adaptor variants (SspB* and CpdRDD) are used throughout to avoid trivial 

competition between adaptor and cargo substrates (Figures S2, S6A&B). Data represented 

as mean ± SD, n = 3 experiments. (F) Effect of SspB (SBD) on levels of GFP-ssrA-SS 

(detected by α-GFP) in WT and ΔsspB strains. (G) Effect of CpdRH104ADD on FLAG-

PdeA (detected by α-FLAG) levels in WT and ΔcpdR strains. In (F) and (G), degradation 

reporters are expressed from the chromosomal vanA locus and adaptor variants from a 

xylose-inducible plasmid (JS14). See also Figure S2 and S6.
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Figure 7. Protease priming by CpdR affects degradation of other cell cycle-regulated substrates
(A) In vitro degradation of GFP-tagged McpA by ClpXP when mediated by CpdR. GFP-

ssrA degradation serves as a control for ClpXP activity. (B) SEC profiles of CpdR alone, 

and in the presence of GFP-McpA or ClpX. n.b. GFP-McpA elutes with an apparent 

molecular weight of ~400 kDa in this assay. (C) Impact of CpdR output face variants on in 

vitro degradation of CtrA by ClpXP in the presence of cognate DNA (fliF promoter), and its 

multi-adaptor complex RcdA, PopA and cyclic di-GMP (cdG). (D) CtrA degradation in 

vitro in the presence of components mentioned in (C) using CpdR WT to compare ClpXP to 
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ΔN-ClpXP activity. (E) Cell cycle-dependent degradation of CtrA in C. crescentus ΔcpdR 

strain expressing CpdR variants. See Methods for synchronous swarmer cell preparation. 

CtrA quantification (normalized against ClpP and time zero) is shown on the right. (F) 

Model for the protease priming mechanism. During the Caulobacter cell cycle, the adaptor 

CpdR is kept phosphorylated in swarmer cells (G1 state) preventing interactions with ClpX. 

When the swarmer cell transitions into its stalked cell state (G1-S), dephosphorylation of 

CpdR promotes binding to the N-terminal domain of ClpX, priming it to recruit downstream 

components. This primed complex can directly recruit degradation substrates such as PdeA 

and McpA, and additional adaptors (RcdA, PopA-cdG) known to deliver CtrA for 

degradation. CpdR and NTDClpX could both be contributing individual weak interactions to 

promote cargo recruitment (i), or binding could be inducing conformational changes to 

promote cargo recruitment (ii). See also Figure S7.
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