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Abstract

Energy dependent proteolysis is essential for all life, but uncontrolled degradation leads to
devastating consequences. In bacteria, oligomeric AAA+ proteases are responsible for controlling
protein destruction and are regulated in part by adaptor proteins. Adaptors are regulatory factors
that shape protease substrate choice by either restricting or enhancing substrate recognition in
several ways. In some cases, protease activity or assembly itself requires adaptor binding.
Adaptors can also alter specificity by acting as scaffolds to tether particular substrates to already
active proteases. Finally, hierarchical assembly of adaptors can use combinations of several
activities to enhance the protease’s selectivity. Because the lifetime of the constituent proteins
directly affects the duration of a particular signaling pathway, regulated proteolysis impacts almost
all cellular responses. In this review, we describe recent progress in regulated protein degradation,
focusing on fundamental principles of adaptors and how they perform critical biological functions,
such as promoting cell cycle progression and quality control.

Introduction

The regulated degradation of proteins both governs and responds to signaling pathways. For

example, many damaging conditions elicit the upregulation of response proteins that are
harmful during normal conditions (e.g., cell division inhibitors upon DNA damage). By
degrading those factors after the insult has passed, cells limit the potential toxic

consequences of persistent upregulation. Damaged or poor quality proteins themselves must

be eliminated from cellular pools as accumulating these products could lead to harmful

impacts on the protein homeostasis network. Normal growth also requires regulated protein

degradation. For example, cell cycle progression in Caulobacter crescentus requires the
coordinated degradation of transcription factors and signaling proteins [1]. Similarly,

developmental changes such as stationary phase entry in £. coliand sporulation in Bacillus
subtilis also relies on regulated protein degradation [2,3]. Despite these different pathways,
regulated protein degradation by energy dependent proteases shares many common features,
notably the need for highly specific engagement of target substrates, often through the use of
adaptor proteins.
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The initial engagement of substrates by proteases determines selectivity

AAA+ proteases are composite enzymes with two conserved functional modules [4]. An
ATPase recognizes a target substrate and fuels unfolding of the substrate through cycles of
ATP hydrolysis. The unfolded protein is translocated to a relatively nonspecific peptidase
that then destroys the protein (Figure 1). AAA+ proteases are extraordinarily processive.
Once engaged, these machines are capable of translocating and degrading polypeptides
hundreds to thousands of residues long with little regard for the specific sequences of the
translocated substrates [5]. Therefore, the governing step for protease specificity appears to
be the initial recognition and engagement of the substrate by the ATPase.

Proteases themselves have certain intrinsic specificity. For example, the CIpXP protease
recognizes nonpolar C-terminal residues with high stringency where a single mutation in
this recognition site can dramatically alter recognition [6]. Similarly, the Lon protease has a
preference for stretches of hydrophobic residues, but, unlike ClpXP recognition, tolerates
many single amino acid changes in these regions [7]. In addition, there are cases where
proteases have overlapping specificity, such as recent work showing that CIpAP and Lon
both recognize and degrade the replication initiator DnaA [8].

Despite this intrinsic specificity, additional regulation is needed to allow for the precise
degradation of the wide range of substrates found in the bacterial proteome. Synthesis of the
proteases can restrict activity to specific times and localization of the proteases can limit
activity to a specific space. However, it appears that many instances of protease regulation
use auxiliary factors known as adaptors that promote or inhibit protease activity and
selectivity. Although there are many different adaptor proteins known, they can be grouped
into two nonexclusive functional classes: those that activate the protease and those that
deliver substrates to an already active protease (Figure 1).

Adaptor-dependent protease activation

The CIpCP protease in Bacillus subtilis regulates competency and sporulation, degrading
targets such as the competence inhibitor ComS [9]. Like other AAA+ unfoldases, ClpC must
assemble into an oligomer to be active. However, in contrast to most other AAA+
unfoldases, ClpC assembly requires an additional step, such as binding of an adaptor protein
like MecA [10,11], which delivers substrates such as ComK and ComsS. In this model,
MecA binding to ClpC causes oligomerization and activation of ATPase function. This
assembled ClpC can then template the assembly of ClpP, allowing it to oligomerize and
producing the final active protease complex (Figure 1). Interestingly, MecA is itself
degraded by CIpCP [9,12] and because MecA is required for protease assembly, this linking
of protease activity to a requisite adaptor allows for self-limitation of the protease complex.
Structural insights reveal how MecA binds the N-terminal domain of ClpC to form an
interlaced ring that induces oligomerization of CIpC [13] and clarifies elements within
MecA itself is recognized for degradation [14]. Another known adaptor of CIpCP is McsB, a
nonconventional kinase, which was shown to activate CIpCP and promote degradation of
CtsR [15].
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Interestingly, recent reports now suggest that McsB is an arginine kinase that performs
noncanonical phosphorylation of arginine residues in target proteins, including CIpC itself
[16,17] [18]. A most intriguing recent observation is that proteins with phosphorylated
arginines are readily degraded by CIpCP alone, suggesting that recognition of a
phosphorylated arginine is sufficient to activate CIpCP even without an additional adaptor
[19]. Because McsB activity is needed during heat stress [20], a tempting speculation is that
arginine phosphorylation of various targets during this stress condition leads to activation of
ClpCP. This activated protease then destroys potentially proteotoxic species or performs
regulated proteolysis to support appropriate signaling responses. Therefore, McsB seems to
play dual roles in acting as a MecA-type adaptor [15] and in generating adaptor-independent
phosphorylated substrates [19].

The Lon protease also presents a situation where protease activation is driven by the
presence of an accessory factor. The Lon protease has been long known to be an
allosterically regulated protease, where addition of a protein substrate can increase ATPase
and peptide hydrolysis activity. More recently, it was found that this same mechanism
explains how the Lon protease destroys the replication initiator DnaA during proteotoxic
stress [21]. Here, the model is that misfolded proteins generated during proteotoxic stress are
recognized and cleared by the Lon protease. This recognition of misfolded substrates also
activates Lon in trans to degrade DnaA, delaying the energetically costly process of DNA
replication until the proteotoxic stress has cleared. Reducing DnaA activity is crucial to
prevent overreplication and similar deactivation through degradation by Lon and CIpAP
have also been observed during entry into stationary phase [8,22]. Interestingly, since Lon
activity responds to other biological molecules such as nucleic acids[23,24], activation of
DnaA degradation may be a feature of other responses in addition to proteotoxic conditions.

Adaptor-dependent substrate delivery

In many cases, adaptors are not required for AAA+ protease activity but instead tune the
specificity of the attendant protease by acting as passive scaffolds or selective activators. By
combining these different adaptor types, the cell can also ensure robust, hierarchical
degradation as seen in the bacterial cell cycle.

Scaffold functions for adaptors

The most straightforward mechanism for adaptor function is to operate as a simple scaffold.
Just as increasing reactant concentrations drives product formation in chemical reactions,
increasing substrate concentration drives recognition and proteolysis by AAA+ proteases. In
the simplest case, adaptors can bind to substrates and proteases simultaneously, tethering
substrates to the protease to increase local concentration and promote proteolysis. As shown
by example in Figure 2, if the Ky, of degradation of substrate A by the protease is 1 uM, but
A is only present at 10 nM, then the degradation rate of A will be ~1% of maximum (0.01
Vmax)- Let us assume that the adaptor binds a single molecule of A and scaffolds it to the
protease with an effective tether length of 100 A (~25 unstructured residues). This would
result in one molecule in an occupied volume of ~107-21 L, or ~1 mM, an effective
concentration well above the K. In this case, the substrate would be recognized and
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degraded by the protease at the maximum rate possible (Vimax)- It is important to note that in
these cases, the proper binding affinity between substrate and adaptor is crucial (Figure 2):
The lifetime of the substrate-adaptor complex must be long enough to ensure handoff of the
substrate to the protease. However, if the affinity is too strong, then the adaptor will restrict
protein degradation by failing to let go of the substrate so that it can be engaged by the
protease. That said, in some cases, the directional nature of protein unfolding may allow for
forceful extraction of the substrate from the adaptor despite strong binding.

Adaptors that appear to function in this manner are present across protease systems (Figure
3). For example, the SspB adaptor binds the ssrA peptide, delivering proteins tagged with
this peptide to ClpXP for degradation [25-27], a well-characterized event that is currently
being used as a method to control protein degradation in vivo [28,29]. ClpS binds N-end rule
residues (L,Y,W,F), tethering substrates containing these residues to the CIpAP protease
which recognizes portions of the substrate adjacent to this tag[30-32]. Interestingly, recent
work suggests that remodeling of the CIpS adaptor by the ClpA unfoldase promotes handoff
of substrate from the adaptor to the pore of CIpA [33,34]. More recently, it was found that
some ClIpS orthologs have either restricted or expanded specificity, suggesting that ClpS
delivery may be further tuned by selection of different N-end rule substrate pools [35] [36].
ClpS can also inhibit degradation of some substrates by CIpAP, including ssrA-tagged
substrates and DnaA [37] [8]. This demonstrates how tight control of CIpS levels can
dramatically shift the balance of substrates degraded in a CIpAP dependent manner.

The RssB adaptor binds strongly to the RpoS stationary sigma factor and delivers it to
ClpXP, but seems to only weakly interact with ClpX alone - suggesting that simple tethering
is not the only contributing element to this adaptor function [38, 44]. In the case of RssB, the
Ira-family of anti-adaptors blocks delivery of RpoS in many ways, including competition for
cargo and by inducing adaptor conformational changes. These effects contribute to the
complex regulation of this critical sigma factor during growth and stress responses [39][40].
Finally, the RcdA adaptor in Caulobacterbinds a number of targets and tethers them to the
ClpXP protease. However, in this case, CIpXP must first be activated by an additional
adaptor [41,42].

Priming functions for adaptors

Adaptors can also behave as more than simple scaffolds. In the case of the CpdR adaptor
from Caulobacter crescentus, binding of this protein to the unique N-domain of the ClpX
unfoldase prepares the protease for recognition of a class of substrates[42]. Here, the adaptor
does not strongly interact with its cargo in the absence of the ClpX N-domain. This
preparation, or priming, of the protease could arise from conformational changes in either
CpdR or ClpX upon adaptor binding or could stem from a composite interaction surface that
is only present in the complex. Regardless of mechanism, this type of priming function has
features distinguishable from a simple scaffold (Figure 1). For example, high concentrations
of scaffolds such as SspB actually inhibit substrate degradation due to the fact that partial
occupancy of the scaffold restricts simultaneous binding of substrate and protease. By
contrast, CpdR activity resists such inhibition as the substrate binding activity is only present
when the adaptor binds the protease [42].
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Similar types of priming functions have been observed with other adaptor systems. Binding
of the YjbH adaptor is required for Spx degradation by CIpXP in gram-positive bacteria, but
YjbH does not bind ClpX well on its own. Here, YjbH binding unveils a C-terminal degron
in Spx that is in turn recognized by ClpXP [43]. The RssB adaptor binds RpoS directly, but
its weak binding to ClpX suggests that priming of the substrate by the adaptor is needed for
protease recognition [38,44]. Thus it seems that the ability of adaptors to activate either
protease or substrate (Figure 1) for eventual degradation is a mechanism that has arisen in
many systems.

Adaptor hierarchies

Combining adaptors results in adaptor hierarchies that can selectively degrade substrate
classes dependent on the degree of assembly (Figure 4). In Caulobacter crescentus, the
coordinated degradation of many proteins accompanies cell cycle progression. This includes
chemoreceptors [45,46], transcription factors [45,47-49], metabolic enzymes [45,50,51],
and replication factors[45,52]. The ClpXP protease was known to be responsible for
degrading many of these proteins, but because levels of the protease do not fluctuate, there
must be some regulatory control of ClpXP activity needed for the selective destruction of
proteins during cell cycle progression. Genetic evidence pointed to a requirement for the
proteins CpdR, RcdA, and PopA in degrading the essential transcription factor CtrA[53-56].
Interestingly, CpdR was also needed for degradation of the chemoreceptor McpA [55] and
the phosphodiesterase PdeA [57]. However, loss of RcdA or PopA had no effect on the
degradation of these substrates [54,57].

The requirement of CpdR as an adaptor for ClpXP-mediated degradation of PdeA and the
reconstitution of this activity using purified components was a key breakthrough in the
understanding of cell cycle regulated proteolysis [57]. CpdR is differentially phosphorylated
during the cell cycle with dephosphorylation of CpdR during the G1-S transition concurrent
with degradation of PdeA [53,55,57,58]. Consistent with this finding, phosphorylation of
CpdR inactivated its adaptor activity [55,57] and subsequent work showed that this CpdR
binding to ClpX was lost upon CpdR phosphorylation [21]. As described above, CpdR is a
priming adaptor that activates the ClpXP protease for degradation of various substrates
including PdeA and McpA [42]. Interestingly, primed ClpXP could also recruit the RcdA
adaptor that was found to be an adaptor in its own right, tethering several substrates to the
CpdR-activated ClpXP [41]. Finally, it was found that a complex of RcdA and the cyclic di-
GMP bound form of PopA could bind CtrA, delivering it for degradation [41] [59]. Taken
together, this model explains why some adaptors like CpdR are required for all protease
substrates, but others, like RcdA, are only needed for a subset of these targets (Figure 4).

The Caulobacter cell cycle adaptors are the clearest experimental demonstration of an
adaptor hierarchy. However, it seems likely that similar hierarchies will be found in other
bacterial systems. These hierarchies are particularly well suited for controlling the rapid and
coordinated degradation of many substrates in a sharply defined window of time, such as
during developmental transitions or stress responses. The logic here is that cytoplasmic
dilution through cell division during normal growth is sufficient to efficiently reduce protein
levels in rapidly dividing bacteria. By contrast, a developmental transition between cell types
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is not accompanied by an increase in cell numbers. Therefore, any decrease in protein levels
between the cell types must be governed by protein degradation. Similarly, if stress
responses must occur at timescales faster than cell division, then regulated protein
degradation must be used to dynamically control protein levels in this process. In line with
this notion, recent work has shown a potential adaptor-mediated proteolysis pathway crucial
for removal of unfit cells during sporulation in Bacillus subtilis [60].

Adaptor dependent proteolysis in regulation and quality control

Adaptors can target proteins for immediate degradation or can help stage proteolysis in a
more regulated manner. Immediate delivery of substrates would be especially useful for
eliminating aberrant proteins that fail protein quality control. Staged or timed degradation is
critical for robust biological processes, such as during cell cycle progression or
developmental changes. Given these different outcomes, it is interesting to consider how the
biochemical features of specific adaptor-substrate pairs provide appropriate support for these
outcomes.

As described earlier, the SspB protein binds the ssrA peptide to deliver ssrA-tagged proteins
to the ClpXP protease[25] (Figure 3). Similarly, the ClpS adaptor binds to N-terminal
residues (L,Y,W,F) that fall into the N-end rule class of rapidly degraded substrates. One
common feature for both these adaptors is that they have relatively high affinity for their
targets. For example, SspB binds the free ssrA peptide with a Kp of 100-300 nM [61] and
ClpS binds an N-end degron containing peptide with 100-400 nM affinity [31].

It is interesting to consider the SspB and ClpS adaptor dependent substrates in the context of
the biological processes that lead to ssrA-tagging or destabilizing N-end rule residues. For
example, the ssrA-tag is added to nascent polypeptides co-translationally during the process
of trans-translation[27]. The dominant situation for trans-translation is when ribosomes
encounter a truncated or damaged mRNA that results in stalling of the ribosome.
Accumulation of these stalled ribosomes is deadly for cells due to the toxic decrease in
translational capacity[62]. Trans-translation is the process by which stalled ribosomes recruit
the small noncoding RNA tmRNA and the protein SmpB, which together bind the stalled
ribosome causing it to shift onto a small open reading frame encoded on the tmRNA.
Translation of this ORF results in appending of the ssrA peptide, which is delivered to
ClpXP by SspB, followed by normal termination[27]. Therefore, most naturally occurring
ssrA-tagged proteins result from the translation of a damaged or flawed template mRNA. In
these cases, the most conservative approach for the cell is to eliminate these proteins
immediately as it is unlikely that these partial proteins retain the normal biological function
of originally intended full-length protein.

Similarly, all polypeptides that arise from normal translation contain methionine as their first
residue. In bacteria, this methionine is removed by a specific aminopeptidase if the residue
in the second position is G,A,P,S,T,V or C [63]. Importantly, natural full-length polypeptides
would not contain residues at their N-termini that fall into the N-end rule primary degron
class (Y,F,L,W). This suggests that most polypeptides containing N-end rule residues are
generated from cleavage or processing of otherwise mature proteins. This processing can be
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regulated, as suggested for the targeted degradation of the DNA protection protein Dps and
the Putrescine-Aminotransferase protein PATase in £. coli [64,65]. However, it is also
possible that protein unfolding or damage could expose polypeptide regions that that would
be subject to nonspecific cleavage in the cell. These new N-termini may themselves be
destabilizing or may be further modified by amino acid transferases to generate N-end rule
degrons [65,66]. Regardless of how these destabilizing N-termini are generated, the presence
of these N-end rule degrons signal immediate degradation through ClpS/CIpAP.

A similar type of protease-mediated quality control mechanism was recently proposed in B.
subtilis. As described earlier, phosphorylation of arginine residues results in substrates that
activate the CIpCP protease for degradation of those modified proteins. The McsB kinase
responsible for this atypical phosphorylation is upregulated during heat stress and a
speculation is that arginine phosphorylation occurs on proteins that are most likely to
misfold during proteotoxic stress[17]. This is functionally similar to the types of scenarios
described above in that the modified substrates are immediately responded to by proteases,
although there does not seem to be a role for an additional adaptor in this case.

The degrons (ssrA tags or N-end rule residues) delivered by SspB and ClpS are signals for
immediate destruction of the target protein. Therefore, it stands to reason that the adaptor
tightly binds the degron sequence on its own with high affinity without regard to the rest of
the target as these tagged proteins must always be degraded. This is in contrast to situations
where protein degradation must be controlled more precisely, such as during cell cycle
progression where proteins must be selectively stabilized and degraded during different
stages of the division cycle. In these cases, the simple presence or absence of adaptor
binding motifs are insufficient to support these complex protein level dynamics and
additional mechanisms such as adaptor hierarchies are needed.

Perspectives

All cells face the challenge of tightly regulating the contents of their proteome while
maintaining dynamics. Essential cellular events are often triggered by the targeted
destruction of important regulatory proteins. A high degree of substrate specificity must be
achieved before proteolysis should take place, because proteolysis is an irreversible process.
To ensure that only particular substrates are selected for degradation, eukaryotic and
prokaryotic organisms have evolved methods of conferring substrate specificity to their
proteolytic machinery. For example, eukaryotes confer protease specificity by directly
altering the substrates themselves, making use of linear and branched ubiquitin chains to
assign specificity [67,68] [69] In contrast, bacteria use regulatory adaptor proteins that act as
scaffolds, tethers or priming factors for AAA+ proteases rather than altering the composition
of the substrate itself.

Adaptor proteins serve both inhibitory and activating roles for the protease, preventing the
premature degradation of cytosolic proteins and enhancing the degradation of a limited
subset of critical targets. In some cases, these roles are further elaborated by the hierarchical
assembly of several adaptors. We speculate that adaptor proteins should make ideal
antibiotic targets because they only assemble on the protease during specific developmental
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stages or during times of environmental stress, rendering it difficult for the bacteria to

de

velop antibiotic resistance. An outstanding objective is to now understand how adaptor

proteins bind and deliver their substrate(s) given the sequence and structural differences

be

tween all these partners. By doing so, we will be able to predict new adaptor dependent

protease pathways that regulate bacterial signaling.
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Highlights

. Regulated protein degradation in bacteria relies on intrinsic protease
specificity and adaptor-mediated elaboration of protease specificity.

. Adaptors acting as simple scaffolds tether cargo with proteases and increase
local effective concentration to drive substrate delivery.

. Adaptors can be obligate activators of proteases or can prime already active
proteases for selective substrate degradation.

. Adaptor hierarchies can assemble from multiple adaptor types.

. Poor quality proteins can be immediately targeted for degradation through
constitutive recognition of degrons by adaptors.
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Figure 1. Specificity of AAA+ proteases
Regulated protein degradation relies on both the intrinsic specificity of the proteases and the

presence of adaptor proteins that alter specificity. In the most general sense, adaptors can act
as simple scaffolds or as activators.
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Figure 2. Mechanisms and consequences of scaffolding adaptors
Schematized Michaelis-Menten Kkinetics of substrate degradation illustrating two regimes of

substrate concentration: [S] is well below the Ky, (A) and well above the Ky, (B). If [S] is
100-fold below the Ky, then the degradation rate is ~1% of the maximum velocity (A).
Scaffolding adaptors can tether substrates to the protease and increase local concentration by
this leashing. As shown in B, a tether length of ~25 residues would result in constraining a
single molecule to a volume of ~10721 L, which yields an effective concentration of ~1 mM,
sufficient to drive degradation at the maximum rate. (C) Substrate recognition by the adaptor
must be of at least moderate affinity in order to ensure specificity. However, excessively
tight binding of the adaptor restricts delivery of the substrate and inhibits overall
degradation.
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Figure 3. Examples of scaffolding adaptors

Protease Assembly
(a) Residues that are recognized by N-end rule degradation (L,F,W,Y) are shielded in
normally synthesized proteins. Processing or cleavage can result in exposure of an N-end
rule residue, which is bound by ClpS. As part of its mechanism, ClpS tethers these
substrates to the CIpAP protease to deliver them for degradation. (b) SsrA-tagged proteins
are products of stalled ribosomes resulting from translation of nonsense mRNAs. Stalled
ribosomes are rescued by through the tmRNA pathway where the ssrA peptide is
cotranslationally attached to the nascent polypeptide. The SspB adaptor recognizes the ssrA
sequence and delivers proteins containing this tag to ClpXP for degradation. (c) Like MecA,
the McsB kinase has been shown to act as an adaptor which drives CIpCP oligomerization to
promote CtsR degradation. In addition, the kinase complex McsB/A was recently shown to
target proteins susceptible to stress for degradation by phosphorylating arginine residues. In
this case, the CIpCP protease is activated by the phosphorylated arginine and the modified
protein is degraded.
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Figure 4. Selective substrate degradation from a hierarchical assembly of adaptors
In Caulobacter crescentus, the degree of assembly of adaptors dictates which substrates are

degraded. Substrate 1 is degraded by an active ClpXP following binding of a
dephosphorylated CpdR adaptor, which primes ClpXP for selective substrate recognition.
Substrate 2is bound by the RcdA adaptor, which delivers cargos to a CpdR-activated
protease and restricts degradation of substrate 1. Finally, the PopA adaptor can bind RcdA to
form a complex that delivers Substrate 3. The hierarchical assembly of these adaptors during
the Caulobacter cell cycle leads to ordered, progressive degradation of key regulators.
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