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Abstract

Proteolysis is used by all forms of life for shaping the proteome in response to adverse environmental
conditions in order to ensure optimal survival. Here we will address the role of proteolysis in helping
cells respond to environmental stress, with a focus on the impact of proteolysis under DNA-damaging
conditions and in maintenance of cellular homeostasis in response to metal exposure in bacteria.
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1. Overview of the bacterial protease machines

Proteolysis is a powerful mechanism used by cells to control adaptation and recovery after
exposure to a variety of stress conditions. Escherichia coli has five ATP-dependent proteases:
ClpAP, ClpXP, FtsH, HslUV and Lon [16,17,43]. Each of these enzymes contains ATPase and
proteolytic components. These components can be encoded either as domains in the same
polypeptide chain (Lon and FtsH) or as two separate subunits (CIpAP, CIpXP and HslUV). To
degrade proteins, the hexameric AAA* ATPases (ClpA, ClpX or HslU) or the AAA* ATPase
component of Lon or FtsH recognizes specific substrates, then unfolds these proteins and
translocates the polypeptides into the proteolytic chamber (e.g., ClpP, HslV or the attached
peptidase) where they are cleaved into short peptides [43]. The ATPase components select the
substrates by recognizing short peptide motifs often near the N or C terminus in the substrate
sequence. Adaptor or delivery proteins facilitate recognition and promote degradation of
several substrates [3,43].
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2. Proteolysis plays key roles in adjusting protein levels during the SOS

response

DNA damage, due to exposure to diverse environmental (chemical and physical) and
endogenous (metabolic products) factors, induces the SOS response that, in turn, enables the
cells to respond to damage and repair and replicate their DNA. The key regulator of the SOS
response is the LexA repressor. In Escherichia coli, the LexA repressor undergoes a RecA and
DNA damage-dependent autocleavage reaction that generates two LexA fragments that are
degraded by the Lon and ClpXP proteases [26,36]. This LexA inactivation results in
transcriptional activation of the approximately 40 SOS regulon genes [9]. Many of these genes
encode proteins involved in repair of DNA damage or damage tolerance that enhance survival
during exposure to DNA-toxic agents. These DNA repair proteins can be deleterious when
present at inappropriate levels, especially in the absence of damage; therefore, their activity
must be restricted both temporally and spatially to regions of DNA damage.

Survival under adverse environments that can damage DNA requires changes in the
transcriptional and proteomic profiles. Over the past few years, it has become evident that many
SOS regulon proteins are unstable and that changes in proteolytic stability are important for
controlling their levels. E. coli uses three energy-dependent cytoplasmic proteases, ClpXP,
Lon and HslUV, to degrade numerous SOS-regulated proteins: e.g., the LexA repressor, a
component of the nucleotide excision repair (NER) pathway (UvrA), the components of the
lesion-bypass DNA polymerase V (UmuD, UmuD’ and UmuC), RecN (double-strand DNA
break-repair protein), and SulA (cell division inhibitor). A recent study showed that among
SOS-response proteins, 25% were ClpXP substrates [38].

2.1. LexA degradation

E. coli LexA protein inhibits the transcription of genes belonging to the SOS regulon that are
involved in DNA repair, replication and cell division. After DNA damage, the RecA protein
is activated by binding to single-stranded DNA exposed in the cells, and stimulates LexA’s
self-cleavage activity [28]. LexA’s hinge region connects the N-terminal DNA binding domain
and the C-terminal dimerization domain and contains the Ala84-Gly®> autocleavage site. The
resulting N- and C-terminal fragments of 84 and 118 amino acid residues, respectively, are
then rapidly degraded in vivo [26]. The N-terminal fragment is degraded by the ClpXP protease,
whereas the C-terminal fragment is a substrate for both Lon and ClpXP proteases [27,36].

A key to proper regulation of SOS induction is that the CIpXP and Lon proteases do not
recognize the LexA repressor until after RecA-induced cleavage of the Ala84-Gly8® bond.
ClpXP specifically recognizes the LexA fragments for destruction via newly created or exposed
sequence motifs. The new C-terminal sequence on the N-terminal LexA fragment (VAA-
co0"), that is very similar to the LAA-coo™ of the ssrA degradation tag, targets it to CIpXP
degradation [36]. SsrA is one of the best characterized degradation tags, an 11-amino acid
peptide (AANDENYALAA-co0") that is attached co-translationally to the C-terminus of
nascent polypeptides when ribosomes stall [22]. LAA residues at the end of the ssrA tag are
the principal recognition determinants of the CIpXP protease [11]. Furthermore, the C-terminal
carboxylate makes an important contribution to the ClpX interaction, explaining why this
sequence is specifically recognized when it is located at the precise C-terminal end of the
protein [25]. Replacement of both alanines with aspartic acids in the LexA-DNA binding
fragment inhibited the degradation by ClpXP, and cells expressing this variant were more
sensitive to UV-irradiation [36]. Neher and colleagues showed that degradation of the LexA
DNA binding fragment by ClpXP protease plays an important biological role by helping cells
survive after DNA damage. Failure to degrade this fragment may result in incomplete
derepression of the SOS response genes needed for optimal DNA repair.
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The C-terminal LexA fragment is also unstable in wild-type cells and stabilized ~10-fold in
Lon-defective cells [27], and is only modestly stabilized in the clpX ~ cells [36]. It has been
proposed that autocleavage disrupts the structure of the C-terminal domain, exposing a peptide
signal (located around residues 112-116) that is recognized by ClpX [36]. The sequence
determinants that are recognized by Lon have not been investigated.

2.2. Degradation of the nucleotide excision repair (NER) protein UvrA

NER is a versatile DNA repair pathway that removes a wide range of DNA lesions through
the concerted action of the UvrABC proteins. The uvrA and uvrB genes encode key components
of this repair pathway and belong to the SOS network [9,23].

NER is comprised of two subpathways: global NER and transcription-coupled repair (TCR).
Global NER repairs lesions throughout the genome via a multistep ATP-dependent process.
The first step involves damage recognition by the UvrA,UvrB or UvrA,UvrB, complex [30,
47]. After the damaged is found, UvrA hydrolyzes ATP, dissociates from the complex, and the
UvrB-DNA preincision complex is formed. The UvrC endonuclease then binds to this
preincision complex and cleaves the damaged DNA strand on both sides of the lesion. This
ssDNA segment is then removed to allow for repair DNA synthesis [49].

The TCR subpathway that preferentially repairs lesions from the transcribed strand of active
genes requires Mfd, the transcription-coupling repair factor. Mfd recognizes stalled RNA
polymerase (RNAP) at the damaged site and dissociates RNAP from the DNA, allowing repair
proteins (UvrA and UvrB) access to the lesion [44]. As a consequence of the TCR subpathway,
DNA lesions are repaired in the genome more efficiently from transcribed strands than from
non-transcribed strands.

The UvrAB complex is thought to recognize distortions in the DNA. This idea is supported by
the observation that pyrimidine-pyrimidone (6—4) photoproducts (6-4PPs), which distort the
DNA backbone more than cyclobutane pyrimidine dimers (CPDs), are incised more efficiently
[7]. CPDs and 6-4PPs are the major photoproducts formed in the genomic DNA upon exposure
to UV irradiation. The NER machinery can also attack undamaged DNA and thus can be a
source of spontaneous mutations [5,19]. Therefore, the levels and the activity of these repair
proteins may need to be tightly controlled for optimal cell fitness.

Pruteanu and Baker showed that controlled proteolysis during the repair and recovery phases
of a damage response is an elegant mechanism to restrict the activity of the NER protein UvrA
to regions of DNA damage [41]. They showed that UvrA is induced upon UV irradiation as a
result of increased protein stability and an induced rate of protein synthesis, in concert with
increased transcription of uvrA. The UvrA levels peak between ~20 and 120 min post UV.
During post-UV recovery, UvrA levels decrease principally as a consequence of ClpXP-
dependent protein degradation. UvrA is degraded at rates that are correlated with the amount
of repaired CPDs in the cells. CPDs are both induced by UV light and repaired with similar
efficiences in wild-type, clpX or clpP mutant cells [41]. In wild-type cells, the maximum rate
of UvrA degradation is reached by ~40 min post UV when ~80% of CPDs are removed. The
rate of protein synthesis starts to decline gradually at this time point and enhanced protein
degradation helps to keep UvrA from accumulating to higher levels. As repair progresses, UvrA
levels fall due to decreased synthesis coupled with the maximum degradation rate to eventually
restore UvrA to the pre-damaged level (by ~180 min post UV).

Undamaged DNA was shown to be a necessary cofactor for ClpXP-dependent degradation of
UvrA in vitro [41]. This observation suggests that the UvrA bound to undamaged DNA is the
form recognized by ClpXP. DNA binding thus may provide a mechanism by which the cells
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select the UvrA that should be degraded so as to prevent inappropriate targeting of NER to
undamaged sites.

UvrA degradation is also influenced by protein-protein interactions. UvrB and Mfd share a
region of homology that is believed to interact with UvrA [10]. Using genetic and in vitro
degradation experiments Pruteanu and Baker showed that UvrA-UvrB protein-protein
interactions contribute to increased UvrA stability during the initial phases of a DNA damage
response, in addition to the damaged DNA-UvrA contacts. In contrast, Mfd appears to act as
an enhancer of UvrA turnover, at least at later times during recovery [41].

These data unveil a complex network of interactions that contribute to tuning the level of UvrA
in the cell in response to the extent of DNA damage, as well as striking parallels to the findings
with excision repair proteins from eukaryotes. In E. coli, yeast and mammals, “distortion
recognition factors” involved in critical early recognition step of repair (UvrA in E. coli, Rad4
in yeast, and XPC in mammals) are subjected to degradation and are stabilized by their
interacting partner proteins (UvrB, Rad23 and HR23, respectively).

2.3. Degradation of the DNA polymerase V (UmuD’'>,C) components

DNA lesion bypass is an important cellular response to unrepaired damage in the genome
during replication. The Umu proteins act in concert with RecA, Ssb and DNA polymerase 111
holoenzyme to facilitate the process of translesion synthesis. Translesion synthesis is a DNA
damage tolerance process that enables the DNA replication machinery to replicate past DNA
lesions. Because this repair pathway is error-prone by definition (it has poor fidelity and is
often template-independent), the expression and activity of the Umu proteins is strictly
controlled at several levels. The umuDC operon is under LexA control and both the UmuD and
UmuC proteins are rapidly degraded in vivo.

During SOS induction, UmuD undergoes a similar RecA-activated self-cleavage reaction as

does the LexA repressor. This cleavage removes the N-terminal 24 amino acids of UmuD to

convert it into the UmuD’ form and activate it for its role in translesion synthesis. UmuD and
UmuD’ can form both homodimers and a heterodimer, and these dimer species interact with

different affinities to UmuC [4,21]. The UmuD’ dimer physically interacts with UmuC to form
a heterotrimeric complex of UmuD’,C known as E. coli DNA polymerase V.

The Umu proteins are substrates for the Lon and ClpXP proteases and their stabilities are
profoundly influenced by the interacting partners. Lon protease rapidly degrades UmuD before
it is converted to the mutagenically active form known as UmuD’, and also degrades UmuC
before it is stabilized by interaction with UmuD’. In contrast, UmuD’ has a much longer half-
life in vivo and is poorly degraded by the Lon protease [13].

Alanine-block mutagenesis on umuD performed by Gonzalez and colleagues, followed by
protein stability measurements in vivo, localized the sites within unprocessed UmuD
responsible for Lon-mediated degradation [14]. Multiple alanine substitutions at residues 15-18
significantly stabilize UmuD. These substitutions, when combined with alanine replacements
at residues 26-29, almost completely stabilize UmuD. However, multiple alanine substitutions
spanning only residues 26—29 had no apparent effect on UmuD degradation [14]. Those data
were interpreted to indicate that the primary Lon degradation signal is located between residues
15 and 18 (sequence: FPLF) with the auxiliary site between residues 26 and 29 (sequence:
FPSP), of the amino terminal region of UmuD. The authors suggested that the auxiliary site
may either stabilize the Lon-UmuD interaction at the putative Lon recognition site (FPLF) or
may maintain the accessibility of the amino terminal region for Lon recognition. Fusion of the
amino terminal 40 residues of UmuD to an otherwise stable protein was sufficient to convert
itinto a Lon substrate. This region contains the information necessary for binding and provides
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the foundation for substrate degradation by the Lon protease [14]. Interestingly, the residues
necessary for Lon-mediated degradation span the UmuD SOS-induced cleavage site (Cys24-
Gly25). Gonzalez and colleagues suggested that Lon might compete with RecA-mediated self-
cleavage of UmuD, and that the targeting of the Lon protease to the amino terminal region of
UmuD is a critical mechanism that ensures cell survival despite irreparable DNA lesions at
minimal mutational cost [14].

ClpXP protease acts at a later stage (after activation of UmuD’) by specifically degrading
UmuD’ina UmuD/UmuD’ heterodimer [13]. Residues 9-12 (sequence: LREI) of unprocessed
UmuD are necessary for UmuD’ degradation by ClpXP [15]. Alanine substitutions of these
residues increased the stability of the UmuD protein and of the UmuD’ interacting subunit in
the UmuD(Muant)/ymuD’ heterodimer. The LREI sequence is close to the putative Lon
recognition signal (residues 15-18). However, the fact that in vivo degradation of the mutant
UmuD (LREI-AAAA sequence substitution) homodimer by Lon occurred with the same
efficiency as the wild-type UmuD homodimer suggests that the Lon degradation signal does
not overlap with that used by CIpXP [14]. Neher and colleagues showed that this region in
UmuD (sequence: LREI) is used to tether the protein to the N-terminal domain of ClpX, with
UmuD behaving as a UmuD’ or UmuD delivery factor for ClpXP [37]. They proposed that
low-affinity signals for CIpXP degradation in UmuD and UmuD’ are recognized efficiently
only when the substrate is tethered to ClpX viaa UmuD partner subunit. Using peptide binding
studies and mutagenesis, the authors showed that, for example, a sequence around Arg-37 in
UmuD may serve as such a degradation signal.

Regulated proteolysis of the Umu proteins provides a mechanism by which cells maintain the
correct level of these proteins, both during and after exposure to DNA damage, enabling them
to return to high-fidelity DNA synthesis. A recent study showed that Clp-mediated degradation
plays an important role in preventing gratuitous mutagenesis [1]. Elevated dinB (error-prone
DNA polymerase V) expression and stabilization of the UmuD/UmuD’ heterodimer in
clpXP double mutant cells both contribute to this elevated level of error-prone synthesis and
mutagenesis.

2.4. Proteolytic degradation of other SOS proteins

The RecN protein involved in DNA double-strand-break repair has a short half-life; it is
degraded by ClpXP (and to a lesser extent CIpAP) via recognition of a degradation signal at
its C terminus [34,38]. The C-terminal sequence of RecN is very similar to the ssrA degradation
tag (LAA-coo™). Substitution of both alanines with aspartic acids at the C-terminus of RecN
results in an extremely stable protein [34,38]. DNA damage-induced RecN forms both
nucleoid-associated and cytoplasmic foci. Degradation of the cytoplasmic RecN aggregates
by ClpXP is important for cell viability in stressed cells with chronic DNA damage [34]. The
toxic effect of RecN aggregates is specific to cells with DNA damage, since wild-type and
AclpX cells had similar viability in the absence of DNA damage when RecN aggregates were
induced from an arabinose-inducible expression vector [34]. The authors suggest that RecN
aggregates might lead to sequestration of a de novo RecN protein and/or other DNA repair
proteins, and specifically interfere with DNA repair pathways. These data again demonstrate
the role of the ClpXP protease in efficient recovery from DNA damage by promoting turnover
of a DNA damage-inducible protein (in this case RecN) that is crucial for cell homeostasis in
cells stressed by DNA damage.

SulA, a cell division inhibitor and SOS-regulated protein, is degraded by Lon and HsIUV to
allow septation following recovery from DNA damage [33,50]. The degradation of SulA in
vivo is predominantly due to Lon, with HsIUV appearing to act as a backup. This conclusion
is supported by the observation that SulA accumulation in an E. coli lon mutant during the
SOS response inhibits cell division, but this effect can be suppressed by overexpression of
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HsIUV [24]. Substitution of the extreme C-terminal histidine residue with another amino acid
results in stabilization and accumulation of SulA [20]. The authors suggest that this C-terminal
histidine residue is recognized specifically by Lon, leading to a high-affinity interaction. In
vitro degradation of SulA revealed that Lon and HsIUV cleave several sites in the functionally
important regions of SulA (the central and C-terminal regions) despite the fact that the peptide
bond specificities of the two enzymes were distinct from each other [39]. Degradation by both
of these enzymes is generally processive; thereby, their action contributes to the efficient, rapid
and accurate downregulation of the function of this substrate.

Neher and colleagues used mass spectrometry to analyze proteins trapped by ClpXPtap or
LonaP after DNA damage. They found Dinl, DinD and YebG as novel CIpXP substrates and
RecA and RuvB as novel Lon substrates [38]. CIpPa? and Lon'aP are mutants of ClpP and
Lon, respectively, in which the active sites are mutated; therefore, the substrates are trapped
but not degraded [12,38].

Thus, present findings provide evidence that intracellular proteolysis is a critical component

controlling many of the DNA repair pathways that permit bacteria to survive or recover from
DNA damage (Fig. 1). However, further studies will be needed to advance our understanding
and fully appreciate the complex interplay between proteolysis and the DNA damage response.

3. Proteolysis in biological metal homeostasis

Metals play an integral role in many biochemical processes essential to life, as key structural
and/or catalytic components of a large number of proteins. For example, numerous
transcription factors and replication proteins contain zinc, and iron metalloproteins are
necessary for DNA replication, repair and transcription.

Metals are essential nutrients for most organisms. However, excess zinc or free iron is toxic;
therefore, their levels must be carefully balanced so that enough metal is present to sustain key
metabolic processes but toxic effects are minimized. To achieve metal homeostasis,
prokaryotes have evolved an elaborate system of transport, storage and regulatory proteins.
The stability of some of these proteins is controlled by metal-ion binding and is therefore
important in metal response pathways. Here we describe some examples of protein turnover
in zinc and iron regulation that provide insight into how protein degradation can contribute to
metal homeostasis.

3.1. ZntR degradation and zinc homeostasis

Zinc is an essential component of humerous enzymes and regulatory proteins [8]. In E. coli,
the balance between the available intracellular zinc and its potential toxicity is maintained by
regulating the uptake and efflux of zinc [18]. Zinc ions are transported into the cytoplasm via
the primary zinc import system, ZnuABC, and other pathways [40]. Zinc import is regulated
by Zur, a zinc-responsive homolog of the iron uptake regulator Fur, which binds available
intracellular zinc and represses the znu operator, thus blocking function of this zinc import
pathway. When zinc ions are in excess, they bind ZntR, a member of the MerR family of metal-
responsive transcriptional regulators, and convert ZntR into a strong activator of the zinc-
exporter ZntA, resulting in increased efflux of zinc [6]. The apo- and zinc-bound forms of ZntR
both bind to DNA, but transcription is activated only by the zinc-bound form, because only
this form adopts the proper conformation on the zntA promoter.

Besides the critical role of transcriptional control in zinc homeostasis, it has recently been

shown that the proteolytic stability of ZntR also contributes to maintaining optimal intracellular
zinc levels [42]. Their study demonstrates that ZntR is an in vivo substrate for both ClpXP and
Lon proteases, and establishes that the protein is directly degraded by Lon in vitro. However,
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in the presence of high zinc concentrations, ZntR degradation is suppressed. Using side-
directed mutants of ZntR defective in either zinc or DNA binding, the authors showed that this
increased stability of ZntR in the presence of excess zinc depends on both the DNA and zinc
binding capabilities of ZntR. Replacement of a conserved arginine (R19A) in the DNA binding
domain both enhanced ZntR degradation and abolished zinc-induced transcriptional activation
of zntA. On the other hand, mutants defective in zinc binding had a similar half-life as the wild-
type protein, and this half-life did not change in the presence of zinc. Therefore, the stabilizing
effect of zinc requires that the protein be able to bind DNA [42].

The increased stability of ZntR is likely due to conformational changes induced upon zinc and
DNA binding. Pruteanu and colleagues concluded that the zinc-ZntR-operator ternary complex
is most stable against proteolysis, due to its unique structure that likely occludes the protein
determinants that must be recognized by the proteases for degradation. They proposed that
increased stability of ZntR in the presence of toxic zinc concentrations, may be necessary to
ensure high zinc export. The reduced half-life of apo-ZntR ensures that zinc efflux is activated
only when intracellular zinc accumulates to high enough levels (to be potentially toxic),
eliminating the premature activation of zntA expression.

3.2. Proteolysis in iron homeostasis

Iron is required for numerous biochemical processes as a cofactor for several enzymes and as
a catalyst in electron transport processes. However, free iron in cells is extremely toxic. For
example, in the presence of H,O, (or oxygen as a poor alternative), iron catalyzes the
generation of reactive oxygen species that damage DNA, proteins and membrane lipids.
Bacterial iron homeostasis is achieved by tightly controlling its uptake, metabolism, and
storage. When the intracellular iron level is high, the Fur protein (ferric uptake regulator)
represses transcription of several iron uptake genes [2].

Iron is a transition metal existing in one of two interconvertible redox states, the reduced
Fe2* ferrous form and the oxidized Fe3* ferric form. The intracellular concentration of free
ferrous iron is controlled mainly by the iron storage proteins, which incorporate ferrous iron;
however, once bound, the deposited iron in the central cavity of these proteins is thought to be
largely in the oxidized ferric form. Bacteria have three types of iron storage proteins: ferritins,
heme-containing bacterioferritins and Dps (DNA binding protein from starved cells). The iron
storage proteins have a similar molecular architecture that provides them with iron-storing
capability. They contain either 24 (ferritins and bacterioferritins) or 12 (Dps proteins) identical
(or similar) subunits that assemble into a spherical shell surrounding the central cavity that
then functions as the iron storage reservoir [2].

Dps levels are very low in exponentially growing cultures of Escherichia coli. Under conditions
of nutritional stress or oxidative damage, Dps accumulates to high levels and binds DNA
without apparent sequence specificity. Dps-DNA complexes are extremely stable and protect
DNA during starvation and oxidative stress [31]. Accumulation of Dps is the result of increased
gene expression and increased protein stability. CIpXP and CIpAP proteases are involved in
growth phase-dependent degradation of Dps [12,45,46]. Dps is rapidly degraded by ClpXP in
log-phase cells, and stabilized when cells experience starvation or oxidative stress [12,46].
Schmidt and colleagues have recently provided evidence for degradation of Dps by ClpS/
ClpAP [45]. The Dps protein contains distinct ClpX and ClpS recognition motifs at its N
terminus; Dps lacking the first five N-terminal residues is no longer a ClpXP substrate, and
ClpS/CIpAP recognition and degradation of Dps requires removal of these residues by an
unknown endopeptidase [12,45]. The N-terminally truncated Dps variant (Dps6-167) with the
destabilizing Leu6 as N-terminal residue, if it proves to have a physiologically important role,
would be one of the first discovered “physiological” N-end rule substrates in bacteria [45].
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We suggest that increased stability of Dps in stationary phase is necessary for cell survival in
E. coli, since the dps mutant cells are more sensitive than wild-type cells when exposed to high
concentrations of iron or copper during stationary phase [35]. Although Dps is not a copper
storage protein, cells lacking Dps have increased cellular copper concentrations. The copper
concentrations were reduced by Dps overproduction in copper-stressed exponentially growing
cells [48]. In Enterococcus hirae, copper-stimulated degradation of CopZ (a copper chaperone)
fine-tunes copper homeostasis [29].

Another strategy to control iron homeostasis is incorporation of iron in iron-sulfur (Fe-S)
clusters to prevent accumulation of iron to toxic levels. Biogenesis of cellular Fe-S proteins
requires the iscSUA-hscBA-fdx gene cluster, which is regulated by IscR, a SoxS homologue,
encoded by iscR gene in the iscRSUA operon. IscR contains a 2Fe-2S cluster and mediates
repression of iscRSUA expression. IscR, IscS and IscU have all been identified as ClpXP-
trapped proteins [12]. Using peptide arrays, Flynn and colleagues showed that IscR and IscS
contain N-terminal ClpX recognition motifs. Fusion of these motifs to an otherwise stable
protein resulted in rapid degradation of the fusion protein. Furthermore, substitutions of the
conserved amino acids in IscS N-terminal motif converted the rapidly degraded fusion protein
into a highly stable protein. However, the biological significance of these proteins as proteolytic
substrates remains to be investigated.

Mettert and Kiley have recently demonstrated the physiological significance of FNR
degradation by ClpXP in oxygen sensing [32]. FNR is a global regulatory protein that requires
a (4Fe-4S)2* cluster for its transcriptionally active dimeric form. E. coli cells efficiently sense
and respond to oxygen via the iron-sulfur cluster in the N-terminal region of FNR. Under
aerobic conditions the (4Fe-4S)%* cluster is converted into a (2Fe-2S)2* cluster, resulting in
inactive, monomeric (2Fe-2S)2*-FNR. The (2Fe-2S)2* cluster is further destroyed resulting in
inactive, monomeric apo-FNR present in aerobically grown cells. Using various FNR mutants
with altered dimerization properties and Fe-S cluster stability, the authors showed that loss of
dimerization upon (4Fe-4S)2* cluster destruction by oxygen targets FNR for degradation by
the ClpXP protease. Degradation of FNR by ClpXP requires both the N- and the C-terminal
ClpX recognition motifs present in the FNR protein sequence [32].

These examples give a flavor of how metals can influence protein structure and protein-
interactions and in turn can lead to important changes in protein stability. Furthermore, metal-
binding proteins are subject to other types of regulation as well, which can also influence
stability. Future studies addressing regulated proteolysis of substrates with impact on metal
homeostasis will allow for a deeper understanding of the dynamic nature of intracellular metal

physiology.
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Fig. 1.
Proteolysis and the SOS response in E. coli.
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