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Summary

The global regulator, Spx, is under proteolytic control exerted by the adaptor YjbH and ATP-
dependent protease ClpXP in Bacillus subtilis. While YjbH is observed to bind the Spx C-
terminus, YjbH shows little affinity for ClpXP, indicating adaptor activity that does not operate by
tethering. Chimeric proteins derived from B. subtilis AbrB and the Spx C-terminus showed that a
28 residue C-terminal section of Spx (AbrB28), but not the last 12 or 16 residues (AbrB12,
AbrB16), was required for YjbH interaction and for ClpXP proteolysis, although the rate of
AbrB28 proteolysis was not affected by YjbH addition. The result suggested that the YjbH-
targeted 28 residue segment of the Spx C-terminus bears a ClpXP-recognition element(s) that is
hidden in the intact Spx protein. Residue substitutions in the conserved helix a6 of the C-terminal
region generated Spx substrates that were degraded by ClpXP at accelerated rates compared to
wild type Spx, and showed reduced dependency on the YjbH activity. The residue substitutions
also weakened the interaction between Spx and YjbH. The results suggest a model in which YjbH,
through interaction with residues of a6 helix, exposes the C-terminus of Spx for recognition and
proteolysis by ClpXP.
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Introduction

Proteolysis is an essential process of cellular homeostasis and survival. Protease-catalyzed
removal of damaged proteins ensures that toxic, unfolded polypeptides do not accumulate; a
process of proteome quality control (Mogk et al., 2011, Moliere & Turgay, 2013).
Furthermore, regulatory proteins are expressed according to different growth phases and in
response to environmental conditions or stresses, but are often removed proteolytically when
no longer needed or when their continued presence could prove detrimental (Gottesman,
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2003, Gur et al., 2011, Moliere & Turgay, 2013). To maintain proteome homeostasis,
unwanted or damaged proteins are degraded by ATP-dependent proteolytic machines,
commonly referred to as AAA+ proteases (ATPase associated with diverse cellular
activities) that are composed of unfoldase and peptidase components (Sauer & Baker, 2011).
AAA+ proteases are divided into two broad groups: those containing unfoldase and
peptidase on separate polypeptides (CIpAP, CIpCP, CIpEP, ClpXP and HslUV) and those
possessing both activities on one single polypeptide (LonA, LonB and FtsH) (Sauer &
Baker, 2011).

In Bacillus subtilis, there are seven different AAA+ proteases (CIpCP, CIpEP, CIpXP,
HslUV, LonA, LonB, and FtsH). These AAA+ proteases recognize a broad range of protein
substrates with high degree of specificity. In most cases, there are recognition motifs
(degradation tags or degrons) present in the protein substrates that are usually located at the
N- or C- terminus, but some reside internally (Schrader et al., 2009). Studies in E. coli ClpX
identified five ClpX recognition motifs: three at the N-terminus and two at the C-terminus of
the substrate proteins (Flynn et al., 2003). The recognition between the proteases and
substrates is through direct interaction or indirect/adaptor-mediated recognition. One of the
well-characterized direct recognition motifs recognized by ClpX is the SsrA tag, composed
of 11 amino acids (AANDENYALAA) (Gottesman et al., 1998). Proteolysis of SsrA-tagged
proteins is accelerated by interaction with SspB, an adaptor that specifically interacts with
the appended SsrA peptide and with the N-terminal domain of ClpX, in effect, offering the
substrate to the CIpXP proteolytic machine (Flynn et al., 2003). Indirect/adaptor-mediated
substrate recognition modulates the protein substrate specificities and enhances proteolysis
usually, but not always (Hengge, 2009), by tethering and delivering the substrates to the
proteases (Battesti & Gottesman, 2013). In B. subtilis, there are four adaptors identified so
far: three adaptors (MecA, McsB, and YpbH) function with CIpCP and one adaptor (YjbH)
with ClpX (Kirstein et al., 2007, Larsson et al., 2007, Persuh et al., 2002, Schlothauer et al.,
2003).

Previous studies reported that YjbH serves as an adaptor for accelerating Spx proteolysis by
ClpXP (Garg et al., 2009, Larsson et al., 2007). A member of the ArsC family of proteins,
Spx is a global transcriptional regulator that plays an important role in thiol homeostasis and
competence through activation and repression of gene transcription. Exposure to toxic
oxidants induces an elevation in Spx protein concentration, which activates the transcription
of genes involved in alleviating oxidative stress (Zuber, 2004). Recent studies have provided
evidence that Spx activates the transcription of genes whose products function in prevention
of protein aggregation resulting from redox dysfunction (Runde et al., 2014). The level and
activity of Spx is controlled by three different mechanisms: transcriptional, post-
translational (proteolysis) and redox (via a CXXC redox disulfide center) controls. All of
these controls ensure the Spx is upregulated when needed but is maintained in low levels
during unperturbed growth. Deletion of the yjbH gene results in elevated Spx concentrations
(Larsson et al., 2007), and YjbH protein accelerates Spx proteolysis in a reaction containing
purified ClpXP (Chan et al., 2012, Garg et al., 2009). Unlike the adaptor, SspB, YjbH in
affinity pull-down reactions, shows no detectable affinity for the protease ClpXP (Chan et
al., 2012).
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A crystal structure of the B. subtilis Spx protein in complex with the C-terminal domain of a
subunit (a-CTD) of RNA polymerase provided insights into Spx interaction with RNA
polymerase from their interaction interface (Newberry et al., 2005). The last 13 amino acids
of Spx (119-131) are missing from the crystal structure probably due to structural disorder.
Previous studies showed that the C-terminus of Spx is important for adaptor YjbH binding
and ClpXP proteolysis (Chan et al., 2012, Nakano et al., 2003a). Changing the last two
amino acids to aspartic acid in Spx (SpxPP) resulted in resistance to proteolysis by ClpXP
(Nakano et al., 2003a). Also, deletion of the last 12 amino acids from Spx significantly
decreased its interaction with YjbH (Chan et al., 2012) and resulted in Spx protein stability
invivo (Lin and Zuber, 2012). At present, the mechanism of YjbH-mediated, ClpXP-
catalyzed Spx proteolysis is not known, however.

In the study presented herein, we identified a conserved motif (IRRFL, a6 helix) at the Spx
C-terminus through sequence alignments of 21 Spx orthologs (Fig. 1, S1). We obtained Spx
mutants containing residue substitutions in the conserved C-terminal a6 helix and measured
their proteolysis rates in the presence and absence of YjbH and examined YjbH interaction
with the mutant Spx derivatives. We found that the amino acid substitutions significantly
decreased their interaction with YjbH, but elevated the rate of ClpXP-catalyzed proteolysis
in the absence of YjbH protein. These results indicated that the conserved residues of the
Spx C-terminus are not only required for YjbH interaction and ClpXP recognition, but also
contribute to the stabilization of Spx structural architecture that must be acted upon by YjbH
to render the C-terminus accessible to ClpXP-catalyzed proteolysis.

Sequence alignment of Spx orthologs reveals a conserved motif at the C-terminus

The crystal structure of oxidized Spx (1-118) in complex with the a-CTD revealed their
interaction at the molecular level. However, the last 13 amino acid residues (119-131) were
not resolved, likely due to structural disorder of the Spx C-terminal region (Newberry et al.,
2005). In previous studies involving structural, genetic and biochemical analyses of B.
subtilis Spx, some residues were identified to be important for RNA polymerase interaction
(SpxG52, R91), target promoter DNA binding and positioning of the RNAP o subunit on
the core promoter element of the trxB gene (SpxR60, R92) (Fig. 1A) (Lin et al., 2013,
Nakano et al., 2010, Nakano et al., 2000, Newberry et al., 2005). A conserved CXXC motif
was also identified as a redox sensing center (Fig. 1A) (Nakano et al., 2005). Recently, the
C-terminal tail of Spx was shown to be important for binding to the proteolytic adaptor,
YjbH, and for ClpXP protease recognition. More specifically, a deletion of 12 residues from
the Spx C-terminus (SpxAC) significantly decreased the affinity of Spx for YjbH interaction
(Chan et al., 2012), and Spx resisted ClpXP proteolysis when its last two amino acids were
replaced with aspartic acids (SpxPP) (Nakano et al., 2003a). To investigate which structural
features of the Spx C-terminal tail might function in proteolytic control, an alignment of Spx
sequences from 21 organisms was inspected, uncovering a conserved motif (IRRFLP) at
their C-termini (Fig. 1C, S1). This motif contains the a6 helix and is the last structural
element discernable in the crystal structure of the Spx polypeptide (Fig. 1B).
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Twenty-eight amino acids of Spx C-terminus are sufficient for YjbH binding and ClpXP-
catalyzed proteolysis, but not YjbH-enhanced proteolysis

To understand the requirements for Spx interaction with YjbH and ClpXP-catalyzed Spx
degradation, we created chimeric proteins that were appended with the C-terminal residues
of Spx. AbrB, a protein of similar size to Spx, was selected for chimera construction. The 28
amino acid C-terminal tail feature, containing a6, emerges at position G104 from the four-
stranded B sheet of the Spx redox domain consisting of the N- and C-terminal regions of the
protein (Newberry et al., 2005) (Fig. 1). Also, the deletion of 12 amino acids from Spx’s C-
terminus significantly decreased Spx-YjbH interaction (Chan et al., 2012), and resulted in
resistance to ClpXP-catalyzed proteolysis. Therefore, 12, 16, and 28 residue (from G104 to
the C-terminal end) segments of the Spx C-terminus were appended to the AbrB (Strauch,
1993) C-terminal end to create AbrB12, AbrB16, and AbrB28, respectively. We then
determined if the additions would now render AbrB susceptible to YjbH binding and YjbH-
enhanced proteolysis by CIpXP (Fig. 2). The AbrB chimeric proteins are N-terminal
hexaHis labeled and purified by Ni-chelate chromatography. Untagged AbrB chimeric
proteins were obtained through TEV (tobacco etch virus) protease cleavage followed by Ni-
column removal of protease. Geabacillus thermodenitrificans YjbH (GtYjbH) was used in
this study and we have shown that GtYjbH complements Bacillus subitlis YjbH (BsYjbH) in
vivo and, unlike B. subtilis YjbH, GtYjbH is soluble when expressed in E. coli (Chan et al.,
2012). In vitro pull-down reactions with GtY jbH-Hisg using a Ni-NTA column showed
AbrB28, but not AbrB12 or AbrB16 (Fig. 2A), bound to column-immobilized GtYjbH (Fig.
2B and C, Supplemental Fig. S2). We also tested if the chimeric proteins could be degraded
by ClpXP in the presence and absence of GtYjbH. All AbrB variants were degraded by
ClpXP but AbrB28 underwent proteolysis at a faster rate than either AbrB12 or AbrB16
(Fig. 2D and E, Fig. S3). The calculated time point at which 50% of substrate was degraded
(Ts0, from data of Fig. 2D and E) of AbrB28 in a ClpXP proteolysis reaction was 8.9 min,
whereas the Tsy of AbrB12 was 31 min. However, GtYjbH did not significantly accelerate
the proteolysis of AbrB12, AbrB28, (Fig. 2D and E) or AbrB16 (data not shown), despite
the fact that AbrB28 could bind GtYjbH. The T5y of AbrB28 in a ClpXP proteolysis
reaction with added YjbH was 10.9 min. The result demonstrated that addition of the last 28
residues of Spx to a heterologous protein was sufficient to convert the protein to a ClpXP
substrate, which is degraded without the need for YjbH activity. The result suggested that,
while the C-terminus was required for the recognition of the Spx substrate by ClpX and
YjbH, another structural feature of Spx might stabilize the C-terminal end of the intact Spx
protein, thus requiring the involvement of YjbH for accelerated proteolysis by ClpXP.

Mutations altering the a6 helix of Spx C-terminus affect YjbH binding

To investigate the importance of the Spx C-terminus for YjbH and ClpXP recognition, we
generated alanine residue substitutions of the conserved amino acids in the a6 helix, which
was omitted from AbrB16, and purified the resulting mutant proteins. It was observed that
Spx mutant proteins (I110A, F113A, L114A, P115A) with N-terminal Hisg tag were
insoluble when purified from E. coli. An on-column renaturation procedure was used to
purify the Spx mutants from the denatured proteins, which yielded pure Spx as a single band
on an SDS-polyacrylamide gel (i.e., SpxF113A shown in Fig. S4). The functionality of the
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renatured proteins was then tested through in vitro transcription of trxB (thioredoxin
reductase) promoter DNA (Lin et al., 2013), utilization of which is stimulated by Spx
(Nakano et al., 2005). In vitro transcription showed that His-Spx mutants (R111A, R111A/
R112A, 1110A, F113A, L114A, P115A) are active (Fig. S5), but showed reduced activity
compared to the wild-type parent Spx.

Each C-terminus mutant protein, along with mutants SpxG52R, R60E, R91A, and R92A,
were tested for the ability to interact with GtYjbH. In vitro pull down experiments using
His-tagged Spx variants identified mutant proteins with significantly reduced affinity for
YjbH (Fig. 3A and B). Quantitative analyses showed that the YjbH binding of R112A and
F113A decreased by 80% compared to the WT; R111A/R112A, 1110A, and P115A
decreased by 90%; L114A decreased by 50% (Fig 3C). However, other mutants bearing
residue substitutions outside of the C-terminal region, including G52R, R60E, R91A, and
R92A, did not show a reduction of YjbH-binding ability (Fig 3C). A control experiment was
conducted with Hisg-Spx that had undergone the denaturation/renaturation procedure used to
recover soluble mutant proteins. The denaturant-treated Hisg-Spx after renaturation bound
GtYjbH as well as the untreated Hisg-Spx protein in a Ni-column pull-down experiment
(Fig. S6), indicating that denaturation/renaturation does not effect affinity of Hisg-Spx for
GtYjbH.

Confirmation of weak YjbH interaction with mutant Spx proteins was obtained by size
exclusion chromatography (Fig. 3D), which showed that wild type Spx and GtYjbH co-
eluted from a Bio-Gel P-100 column as a single peak of 1280 nm absorbance, while mutant
proteins SpxF113A and SpxP115A did not form a complex with GtYjbH (SDS-
polyacrylamide gel profile of proteins in two A280 nm absorbance peaks shown in Fig. 3D).
Some interaction between GtYjbH and SpxL114A was observed, but most of the mutant
protein eluted off the column after GtYjbH. The results indicated that residues at the C-
terminus within the a6 helix were not only essential for structural folding when Spx protein
is expressed heterologously, but also for YjbH interaction.

Spx mutants, F113A and L114A, showed enhanced rates of proteolysis by CIpXP in the
absence of YjbH in vitro

Since the residue substitutions in the Spx C-terminal end affect Spx structurally and the
targeted residues were also observed to be part of the YjbH-recognition site, we reasoned
that mutationally altering the C-terminal end might result in substrate behavior similar to
that observed for AbrB28, in which proteolysis would be less dependent on the YjbH
adaptor. In other words, the Spx residue substitutions might change the structure of the C-
terminus, rendering it more accessible for CIpXP interaction. Therefore, we tested the
mutant Spx proteins as substrates for ClpXP-catalyzed proteolysis in reactions without
GtYjbH and with added GtYjbH. Because our in vitro transcription results indicated that all
the renatured mutants are active in vitro and therefore had undergone proper overall folding
to generate active Spx protein (Fig. S5), we could test the localized C-terminal effects of the
residue substitutions (F113A, L114A, P115A) on Spx substrate behavior using in vitro
proteolysis assays conducted in the absence of GtYjbH (Fig. 4A, B, and C). The data
provided evidence that the mutant SpxF113A and L114A proteins were degraded at faster
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rates than the wild-type Spx substrate (SpxWT) in proteolysis reactions containing ClpXP
(Fig. 4C), whereas SpxP115A was degraded at a rate equal to that of SpxWT. Curve-fitting
of substrate decay profiles and calculated Tsq of substrate proteins confirmed these findings
(Fig. 4D-G). In the absence of GtYjbH, SpxF113A had a Tsg of 7.3 min.(£1.8), SpxL114A
had a Tgg of 9 min. (£1.7), and WT Spx had a Tsq of 15.1 min. (£3.2) in ClpXP proteolysis
reactions (Fig. 4D). When GtYjbH was added to the reactions, the Tgq of wild type Spx was
reduced to 8.1 min. (x1.2), but the T of SpxF113A and L114A was unchanged; 7.9 (x0.6)
and 8.8 (£0.5) min, respectively (Fig. 4E). The SpxP115A mutant had a Tgy of 17.4 (£5.5)
min in the absence of GtYjbH (Fig. 4F) and showed similar sensitivity to GtYjbH addition,
compared to wild-type Spx, with a Tsq in CIpXP/GtYjbH reactions of 10.2 (£2.1) min (Fig.
4G). The enhanced ClpXP-catalyzed proteolysis of Spx a6 mutant proteins (F113A and
L114A) showed less dependence on YjbH compared to the wild-type Spx parent.

Spx mutants F113A and L114A are less stable in vivo than Spx WT in a yjbH mutant

To determine if the C-terminus mutants are proteolyzed at elevated rates in vivo, the stability
of the mutant Spx proteins was tested in strains bearing a deletion of the yjbH gene. The spx
mutant alleles were expressed from an IPTG-inducible promoter in the amyE locus of an
spX::neo yjbH::tet strain. Cells were grown to mid- exponential stage at 37°C, and 1 mM
IPTG induction was applied for 1 hr. The culture was then treated with 0.1 pg/pl
chloramphenicol and samples were collected at 0, 5, 10, 20 min time points. Since there is
no YjbH present in the cells, Spx turnover would most likely depend on CIpXP. The same
experiments were performed in an spx yjoH* background, but Spx was barely detectable due
to the presence of YjbH in the cells even before the addition of chloramphenicol (data not
shown).

We then compared the rates of proteolysis of Spx WT and mutant proteins by western blot
analysis of cleared cell extracts. The western blot results showed that the F113A and L114A
mutant proteins were degraded at elevated rates compared to that of Spx WT (Fig 5A,
Supplemental Fig. S7A). SpxF113A degradation resulted in a reduction of protein to 10% by
the 10 min time point. However, Spx WT was present at higher levels and maintained a 70%
level, which indicated that after the first initial degradation, the rate of proteolysis was
reduced (Fig 5A, Supplemental Fig. S7A). The experiments suggested the F113A and
L114A substitutions changed the Spx C-terminus structure and exposing the Spx protein to
ClpXP-catalyzed proteolysis in vivo. To confirm that the proteolysis was ClpX dependent, a
disrupted clpX allele was generated within the yjbH spx Physpac-SPXF113A strain and the
IPTG/chloramphenicol protocol was performed on cultures of the resultant clpX mutant
derivative. Western blot analysis confirmed that the instability of the spxF113A product is
dependent on ClpX, as the SpxF113A protein is stable in a clpX mutant (Fig. 5B,
Supplemental Fig. S7B). A clpX mutant strain producing the SpxL114A protein showed a
severe growth defect, reminiscent of a clpX spx+ strain, and was not studied further.

Recent studies showed that the clpX gene is subject to positive transcription control exerted
by Spx (Rochat et al., 2012). We wondered if the differences in the wild-type and mutant
Spx stability might be due to altered concentrations of ClpX (Fig S8). In these experiments,
the effects of the mutant proteins on ClpX concentration were also examined in strains
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bearing the rpoAY263C allele, which codes for an RNA polymerase a subunit that is unable
to interact with Spx. This was included to determine if any change in ClpX concentration
was due to Spx-RNA polymerase interaction. As shown in the western blot of Fig. S8, there
is no detectable change in ClpX protein concentration in the strains expressing spx or spx
mutant alleles, in either rpoA* or rpoAY263C genetic backgrounds.

To summarize, the spxF113A and spxL114A mutations resulted in elevated instability due to
ClpXP proteolysis (shown in the case of spxF113A) compared to the wild-type parent
protein, a result in accordance with the in vitro proteolysis experiments.

Discussion

The results presented herein confirm the role of the C-terminal region of Spx in proteolytic
control exerted by YjbH and ClpXP. Additionally, evidence is presented that there exists a
site(s) of ClpX recognition within the 28 amino acid C-terminal segment of Spx that is
concealed within the protein’s structure. This site(s) is rendered accessible by translocating
the 28 residue C-terminal tail of Spx to the C-terminus of another protein, as in the case of
the chimera AbrB28 where a ClpX-targeted site is exposed, accounting for the accelerated
proteolysis of AbrB28. A ClpX-recognition site might also be exposed through the action of
YjbH on intact Spx. We hypothesize that in intact Spx, ClpX-recognition determinants are
hidden due to the interactions of the C-terminal helix a6 with the core regions of the Spx
structure. This primary structure of the a6 motif is conserved in Spx orthologs, even those in
species that do not possess a yjbH gene, suggestive of function beyond proteolytic control.
This interaction is likely an important structural determinant in Spx, since the substitutions
generated in the a6 motif resulted in protein insolubility (Fig. S4) and reduced Spx activity
invitro (Fig. S5) and invivo (A. Lin and P. Z., unpublished). Further support of the role
played by the C-terminal segment in Spx activity is derived from the phenotype of the
original cxs (clpX suppressor) loss-of-function mutations in the spx gene (Nakano et al.,
2001). Two of the suppressor mutations conferred substitutions at residues 114 (L->P) and
119 (R->H), both positions in the 28 amino acid C-terminal segment (with L114 part of a6).
The side chain of F113 protrudes inward towards the redox domain of Spx (Fig. 1B),
suggestive of an interaction to stabilize the C-terminal tail of the protein. Together, these
findings and observations strongly suggest that the C-terminal segment of Spx is an
important structural component that must be dissociated from the protein’s core to serve as a
ClpX-targeting signal. This targeting signal for ClpXP recognition is accompanied by amino
acid residues of the extreme C-terminus, which if changed from AN to DD results in a
ClpXP resistant form of Spx. Previous work (Larsson et al., 2007) demonstrated that 15
amino acids of the Spx C-terminus appended to GFP (green fluorescent protein) conferred
instability that was partially dependent on ClpX.

The SpxP115A mutant, with a substitution of a residue immediately C-terminal to a6, did
not show accelerated proteolysis in the ClpXP reaction, and showed a rate of degradation in
the presence of GtYjbH similar to the wild type substrate Spx despite reduced affinity for
GtYjbH. The proline at position 115 plays a role in YjbH interaction (Fig. 3) yet a
substitution of the proline for an alanine had minimal effect on YjbH-mediated proteolysis.
In previous work (Chan et al., 2012) very low concentrations of GtYjbH (40x less on a
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molar basis compared to ClpX and Spx) could efficiently mediate proteolytic turnover of
Spx. Future experiments of SpxP115A mutant will test a range of GtYjbH concentrations
required for its degradation by CIpXP.

Other Clp protease substrates are known to target multiple sites within the polypeptide chain
of substrate proteins. Adaptor and substrate modules within the RepA protein have been
shown to function cooperatively in recognition and unfolding that constitutes the reaction
pathway of ClpAP-catalyzed proteolysis (Hoskins & Wickner, 2006). Spx might possess a
hidden adaptor module in its C-terminal tail that is exposed in AbrB28, in mutant Spx
derivatives with residue substitutions that disrupt C-terminal interactions with core Spx
protein, or by the action of YjbH. The putative ClpX recognition module of Spx might
include the 8 amino acid interval from G104 to R112, as residue changes in F113, L114, and
P115 do not inhibit ClpXP proteolysis. This region alone is insufficient for ClpXP-catalyzed
Spx proteolysis, however, as the extreme C-terminal sequence is susceptible to mutational
changes that block ClpXP-catalyzed proteolysis of Spx (Nakano et al., 2003a).

The region within the C-terminal tail of Spx required for YjbH interaction includes residues
of a helix 6 and residues towards the C-terminus, as previous work showed that deleting the
C-terminal 12 amino acids weakened YjbH interaction (Chan et al., 2012). The residues of
a6 helix are particularly important since they are necessary for YjbH interaction, and are the
sites of substitutions that appear to loosen protein structure, rendering the Spx polypeptide
chain more accessible for ClpXP interaction and less dependent on YjbH for proteolysis. We
postulate that YjbH activity involves interaction with a6 helix residues to disrupt local Spx
tertiary structure to promote ClpXP engagement with its substrate.

Previously published data indicated that YjbH does not interact with CIpXP protease (Chan
et al., 2012). Furthermore, the simple attachment of the YjbH-binding segment of Spx to
another protein does not create an efficient YjbH substrate for proteolysis, which is behavior
unlike that of the SspB adaptor protein of E. coli ClpXP (Chien et al., 2007). YjbH was
proposed to alter Spx conformation so as to facilitate ClpXP engagement with the Spx
substrate (Larsson et al., 2007), a model that is supported by evidence reported herein. This
model would require that YjbH interaction with Spx result in a disruption of Spx structure to
expose the putative ClpX recognition module, a task not usually associated with the known
adaptor proteins that tether substrates to their cognate protease. YjbH mode of action
resembles that of RssB, a protein that functions to accelerate the ClpXP-catalyzed
degradation of RpoS, the stress induced RNA polymerase sigma subunit of enteric bacteria
such as E. coli and Salmonella (Hengge, 2009). Like YjbH, RssB is believed to unfold its
substrate, in this case RpaS, to reveal a ClpX interaction surface. RssB does not establish an
interaction with ClpX except when in the ternary complex that also includes substrate RpoS
protein (Studemann et al., 2003, Zhou et al., 2001). Hence, the term “Proteolytic targeting
factor” was proposed (Hengge, 2009) to describe proteolysis-enhancing factors such as
RssB, which unlike the adaptors, do not serve as tethers for delivering substrate while in
contact with the protease. Others continue to use the term adaptor when referring to RssB,
and the term “anti-adaptor” for small Ira peptides that inhibit RssB (Battesti et al., 2013).
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Unlike YjbH and RssB, the N-end rule adaptor ClpS operates efficiently when the
substrate’s N-terminus is unstructured, which facilitates adaptor interaction (Erbse et al.,
2006). SspB and SspBa possess binding specificity towards substrates with SsrA and SsrA-
like peptides (Chien et al., 2007), but are not known to function directly in substrate
unfolding. Accessory proteins and protein complexes whose activities are linked to
proteolytic machines have been uncovered and shown to unfold substrates or to disassemble
protein aggregates. The PAN network of ATPases participate in substrate protein unfolding
for Archaeal proteasome-catalyzed degradation (Benaroudj & Goldberg, 2000). The GtYjbH
preparations used in the study do possess low-level ATPase activity, but it is not affected by
Spx interaction, nor is ATP required for Spx interaction (C. M. C. and P. Z., unpublished).
YjbH is annotated as a member of a family of protein disulfide isomerases, and most
orthologs bear a CXXC motif within their N-terminal region. However, these features seem
not to be important for YjbH adaptor-like activity (Engman et al., 2012). Ongoing structural
analysis of YjbH-Spx interaction may shed further light on the mechanism of YjbH-
enhanced Spx proteolysis.

Experimental procedures

Bacterial strains, plasmids, and chemicals

B. subtilis strains and recombinant plasmids derived from pPROEX-1, pET23a, pDR111
(Britton et al., 2002), and pDG646 (Guerout-Fleury et al., 1995) are listed in Table S1. B.
subtilis used in this study are all JH642 derivatives. E. coli strains DH5a and
BL21(DE3)pLysS were used for general cloning and protein production operations. Medium
components, including LB medium and Difco sporulation medium (DSM) (Nakano et al.,
1988, Nicholson & Setlow, 1990), were from Difco. All restriction/modifying enzymes were
from New England Biolabs. Oligonucleotide primers (Table S2) were from Invitrogen. The
Ni-nitrilotriacetic acid (NTA) resin from 5 PRIME (PerfectPro Ni-NTA agarose) and PCR/
plasmid purification Kits were from Qiagen (Germany). High-Q anion exchange columns
and Bio-Gel P-100 were from Bio-Rad. All analytical grade chemicals were from Sigma-
Aldrich unless otherwise stated.

Construction of plasmids

Plasmids containing spx mutant alleles were constructed through QuickChange procedure
using Pfu Turbo DNA Polymerase (Stratagene), and plasmid pSN17 (Spx wild type allele)
as a template. pEC-57(SpxI1110A) was constructed with primers EC79 and EC80;
PEC-56(SpxF113A) with EC81 and EC82; pEC-58(SpxL114A) with EC83 and EC84;
pEC-59(SpxP115A) with EC85 and EC86. The amplified DNA inserts were digested with
Ndel and BamHI and inserted into Ndel-BamHI digested pPROEX-1.

PEC-53(SpxWT), pEC-61(SpxF113A), and pEC-62(SpxL114A) were constructed with
primers EC78 and EC64 for PCR using KOD polymerase (Novagen). Using pSN17,
pEC-56, and pEC-58 as templates, respectively. The amplified DNA inserts were cleaved
with Hindlll and Nhel and inserted into Hindll1-Nhel digested pDR111 (Britton et al.,
2002).
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pEC-27(AbrB12) and pEC-30(ArbB16) were constructed with primer pairs EC35-EC36 and
EC35-EC40, respectively, using B. subtilis JH642 genomic DNAs as template. The DNASs
were digested with Ndel and Notl and inserted into Ndel-Notl digested pPPROEX-1.
pEC-31(AbrB28) was constructed with two step PCR: the DNA insertl was amplified with
primers EC35 and EC43 and the DNA insert2 with EC41 and EC42, both using B. subtilis
JH642 genomic DNASs as a template. The DNA insertl and insert2 were denatured under 95
°C for 3 min, slowly annealed under 65 °C for 2 min, and incubated at 37 °C for 2 min. The
annealed DNA duplex was used as templates for PCR using primers EC35 and EC41. The
amplified DNA inserts were cleaved with Ndel and Notl and inserted into Ndel-Notl
digested pPROEX-1.

pEC-66 (166-800 bps clpX fragment) was constructed with primers EC90 and EC91 using
B. subtilis JH642 genomic DNAs as template. The DNAs were digested with Xbal inserted
into Xbal digested pDG646.

Construction of strains

pEC-53, pEC-61, and pEC-62 were used to transform strain ORB7852 (JH642, spx:: neo,
yjbH::tet), and transformants were selected on DSM agar containing neomycin 5 ug/ml,
tetracycline 12.5 pg/ml, and spectinomycin 75 ug/ml. To confirm the integration of spx
variants at the amyE locus, clones were streaked on an LB-starch plate and grown for 16 hr
at 37 °C. The resulting amylase-negative strains were ORB8729(WT), ORB8731(F113A),
ORB8732(L114A) (amyE:: Physpank-SPX variants, spx::neo, yjbH: :tet).

pEC-66 was used to transform strain ORB8731 (JH642, spx::neo, yjbH::tet, amyE::
Physpank-SPX(F113A)), and transformants were selected on DSM agar containing neomycin 5
pg/ml, tetracycline 12.5 pg/ml, spectinomycin 75 pg/ml, and 1 pg/ml erythromycin/25 pg/ml
lincomycin. To confirm the deletion of clpX, clones were expressed to test the expression of
clpXinvivo using anti-ClpX antibodies. The resulting ClpX-negative strain was ORB8968
(@MmyE:: Phygpank-SPX(F113A), spx::neo, yjbH::tet, clpX::erm).

In vivo Spx stability assay

ORB8729(WT), ORB8731(F113A), ORB8732(L114A), and ORB8968(F113A in clpX)
were used to determine in vivo Spx protein level. The strains were grown in culture until
ODggp ~0.4-0.5 in DSM containing antibiotics as described above. A final concentration of
1 mM IPTG was added to the cells to induced expression of Spx variants. After 1 hr of IPTG
induction, final concentration of 0.1 pg/ul chloramphenicol was added to the cells. Samples
of 2 ml culture were collected at time points indicated in the figures. Cell samples were
lysed by the bead-beating method (Lin et al., 2012). The cell pellets were suspended in lysis
buffer (30 mM Tris-HCI, pH 8.0, 1 mM EDTA) mixed with 0.1 mm disruption glass beads
for bacteria (RPI Corp.), disrupted by vortexing for 5 min, and transferred onto ice for 5
min, followed by 2X repeated vortex disruption. The supernatant of each sample was
collected after centrifugation (16100 g for 10 min) and the protein concentration was
measured with Coomassie protein assay reagent (Pierce). Twenty ug of the total protein for
each sample was loaded onto an SDS-PAGE gel, and the Western blot was undertaken using
anti-Spx antibodies.
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In vitro proteolysis reaction

In vitro proteolysis was carried out as previously reported (Chan et al., 2012). Briefly,
reactions of 60 pl reaction containing 50 mM HEPES-KOH (pH 7.6), 50 mM KCI, 10 mM
magnesium acetate, 5 mM DTT, 5 mM ATP, 5 mM creatine phosphate, 0.05 U creatine
kinase ml~1 (Sigma), and ClpX, CIpP, Spx or AbrB variants and GtYjbH (concentrations are
indicated in figure legends) were assembled and incubated at 37 °C. Levels of Spx or AbrB
variants after proteolysis were determined as ratios of Spx or AbrB variants to ClpP band
intensities, since CIpP concentrations in each set of reactions were equal. The Spx or AbrB
variants:ClpP value in a reaction mixture at 0 min time point was defined as 100%. Excel
curve-fitting function was employed to establish trend-lines of substrate decay and to
calculate time point at which 50% of substrate was degraded (Tsgg).

In vitro affinity interaction assays

Different combinations of proteins (indicated in figure legends) Spx or Hisg—Spx, GtYjbH
or GtYjbH-His, AbrB12, and AbrB28 (all ~2.5 pM) were incubated in buffer A (100 mM
Tris/HCI, pH 8.5, 50 mM NaCl) for 10 min at room temperature. The protein mixtures were
then applied to a 50 pl Ni2*-NTA affinity agarose column (5 PRIME) pre-equilibrated with
buffer A. The column was washed with 10 column volumes (CVs) of buffer W (100 mM
Tris/HCI, pH 8.5, 200 mM NaCl, 30 mM imidazole). The bound protein was eluted three
times with 1 CV of Buffer E (20 mM Tris/HCI, pH 7.6, 200 mM NaCl, 250 mM imidazole).
The input, flow-through, wash and eluted samples were resolved on a 15 % SDS-PAGE gel,
followed by “Blue silver’ colloidal Coomassie G- 250 protein staining as described
previously (Chan et al., 2012).

Protein purification

Hisg-Spx(R112A and R111A/R112A), Hisg-AbrB12, Hisg-AbrB16, and Hisg-AbrB28 were
obtained as follows: the pEC-27(Hisg-AbrB12), pEC30(Hisg-AbrB16), and pEC-31(Hisg-
AbrB28) transformed E. coli BL21(DE3)pLysS cells were grown at 37 °C in LB broth
containing 50 mg ampicillin mI~1 and 5 mg chloramphenicol mi~ to ODggg 0.4-0.5, and
expression was induced with 0.5 mM IPTG for 3 hr at 30 °C. The expressed Hisg-
Spx(R112A and R111A/R112A), Hisg-AbrB12, Hisg-AbrB16, and Hisg-AbrB28 cultures
were lysed by passage through French press and the proteins were purified using the same
procedure as GtYjbH-Hisg (Chan et al., 2012). The untagged Hisg-Spx(R112A and R111A/
R112A), AbrB12, AbrB16, and AbrB28 were purified by removing their hexahistidine tags
using y-TEV (tobacco etch virus) protease. Purification procedures of ClpX, ClpP, GtYjbH-
Hisg, Hisg-Spx, and Spx were the same as previous studies (Chan et al., 2012, Liu et al.,
1999, Nakano et al., 2005, Nakano et al., 2003b, Nakano et al., 2002)..

For Hisg-Spx mutants (I1110A, F113A, L114A, and P115A), the plasmids (pEC-57, pEC-56,
pEC-58, and pEC-59, respectively) were transformed to E. coli BL21(DE3)pLysS cells. The
expression procedure is the same as AbrB12, AbrB16, and AbrB28 described above. Cells
from a 1 L culture were suspended in 15 ml Lysis Buffer (20 mM NaH,PO,, 200 mM NacCl,
10 mM Imidazole). Half tablet of EDTA-free protease inhibitor cocktail (Roche Applied
Science) was added per 1L suspended cells. The cells were subjected to freeze-thaw cycles
and disrupted by French press at 1,000 psi. The lysate was cleared by centrifugation at
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15000 rpm (Sorvall, rotor SL-50T) for 30 min. Since the Hisg-Spx mutants were not soluble,
the supernatants were discarded and the pellets were dissolved in Buffer D (6M GuHCI
(Guanidine hydrochloride), 10 mM Tris/HCI, pH 8.0, 100 mM NaH,PO,) for protein
denaturation. The dissolved pellet was incubated in 5 ml Ni-NTA resin in a column and
gently rotated for 1 hr at 4 °C. After the mixture was passed through the column, the Hisg-
tagged denatured proteins were on-column refolded through a four-step process: washed the
column with 50 ml 4 M GuHCI, 10 mM Tris/HCI, pH 8.0, 100 mM NaH,POy4, with 50 ml 3
M GuHCI, 10 mM Tris/HCI, pH 8.0, 100 mM NaH,PO,, with 50 ml 1 M GuHCI, 10 mM
Tris/HCI, pH 8.0, 100 mM NaH,POy4, and finally with 50 ml Lysis Buffer. Then, the column
was washed with 200 ml Buffer DW (20 mM NaH,PO4, 200 mM NaCl, 20 mM Imidazole).
The bound protein was eluted in Buffer DE (20 mM NaH»PO,4, 200 mM NaCl, 250 mM
Imidazole). Eluted fractions that contain Hisg-Spx variants were resolved on a 15% SDS-
PAGE gel visualized by Coomassie blue staining. The pure Spx proteins were concentrated,
buffer-exchanged to Buffer S (20 mM Tris/HCI, pH 7.6, 200 mM NacCl, 10 % glycerol), and
stored at 80 °C. Protein concentration was measured using Bio-Rad protein assay, and BSA
was used to generate the standard curve.

For size exclusion column analysis of GtYjbH-Hisg-Spx interaction, 1.2 ml protein sample
of GtYjbH-Hisg-Spx mixture (~30 uM each, 1:1 ratio) was incubated at room temperature
for 10 min. After filtration, protein mixture was applied to a size exclusion column for
separation (Bio-Gel P-100, Bio-Rad) with Buffer G (20 mM Tris/HCI, pH 7.6, 200 mM
NaCl). Eluted peak fractions were analyzed by SDS-PAGE.

In vitro transcription

In vitro transcription was carried as previously published (Lin et al., 2012). A linear trxB
promoter DNA template was generated by PCR with oligonucleotides oDYR07-32 and
oDYRO07-52 that would direct the synthesis of a 66-nucleotide (nt) transcript. In the reaction,
trxB linear template (10 nM) and RNA Polymerase with o” (25 nM, 1:1 ratio) were
incubated without or with 75 nM Spx variants. Reaction time was 10 min and reactions were
carried out same as previously described, analyzed with an 6% polyacrylamide-urea gel and
a Typhoon Trio variable imager (GE Healthcare).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. X-ray structure of B. subtilis Spx in complex with RNA polymerase a C-terminal domain
(panel A and B, derived from PDB ID 1Z3E) (Newberry et al., 2005) and sequence alignment of
orthologous Spx C-terminal regions

A. Ribbon representation of X-ray structure of B. subtilis Spx [1-103 amino acid (a.a.), gold
and C-terminal region, 104-119 a.a., cyan] in complex with aCTD of RNA polymerase
(green). Residues of the redox center (C10, C13), in RNA polymerase interaction (G52,
R91), promoter recognition (R60, R92), and the start of 28-residue segment of the C-
terminal region (G104) are highlighted.

B. C-terminal region of Spx. Residue side chains within the a6 helix (IRRFL) and adjacent
proline (115) are highlighted in magenta.

C. Sequence alignment of Spx from 18 organisms (homologous to B. subitlis Spx 56-131
a.a.). Indicated by black horizontal lines are 12 residue (12 a.a., 119-131) and 28 residue (28
a.a.,104-131) tails from C-terminal region of Spx. The conserved residues are boxed, with
completely conserved residues in magenta, identical residues in yellow, similar residues in
cyan, and less conserved residues in white. B. subt, Bacillus subtilis; B. amyl, Bacillus
amyloliquefaciens; B. mojia, Bacillus mojavensis; B. vall, Bacillus vallismortis; B. sono,
Bacillus sonorensis; B. lich, Bacillus licheniformis; B. pumi, Bacillus pumilus; B. neal,
Bacillus nealsonii; B. cere, Bacillus cereus; S. aure, Saphylococcus aureus; L. spha,
Lysinibacillus sphaericus; L. wels, Listeria welshimer; T. halo, Tetragenococcus halophilus;
E. gilv, Enterococcus gilvus; A. urin, Aerococcus urinae; W. conf, Weissella confusa; L.
gasi, Leuconostoc gasicomiatum; L. iner, Lactobacillusiners. YjbH binding or ClpXP
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proteolysis of AbrB derivatives bearing the indicated C-terminal segments is indicated with
+ or — (see data of Fig. 2)
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Fig. 2. The 28 residues from Spx C-terminal region are sufficient for YjbH interaction and
ClpXP proteolysis
A. Chimeric protein sequences of AbrB12, AbrB16, and AbrB28 were constructed by fusing

the coding sequence of abrB with the last 12, 16, and 28 codons of spx, respectively.

B and C. In vitro Ni affinity pull-down experiments to detect interaction between GtYjbH-
Hisg and AbrB12 or AbrB28. Binding reactions contained 2.5 uM of each protein, and were
incubated at room temperature for 10 min. M, marker; FT, flow-through; W, wash; E,
elution (Experimental Procedures for details). Binding data for GtYjbH and AbrB16 in
supplemental Fig. S2.

D and E. In vitro proteolysis assay of AbrB28 (D) and AbrB12 (E) in the presence and
absence of GtYjbH-Hisg. AbrB12 or AbrB28 (8 uM), ClpX (3 pM), and ClpP (8 uM) with
an ATP-generating system (creatine kinase) were incubated at 37 °C for the times (min)
indicated (left). The intensities of CIpP protein in each lane were used as internal controls
(Zhang & Zuber, 2007). Plots of time course experiments showing AbrB28 and AbrB12
decay in proteolysis reactions containing ClpXP with (2.6 uM) and without YjbH. Data are
from 3-4 replicate reactions with error bars showing standard deviation. Trend-lines were
generated with Excel and used to calculate time point at which 50% of substrate was
degraded (Tsp).
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Fig. 3. Residue substitutions within the Spx a6 helix significantly affect YjbH interaction with
Spx

Apand B. SDS- PAGE shows in vitro Ni affinity pull-down experiments to detect interaction
between GtYjbH and Hisg-Spx mutants (1110A, F113A, L114A, P115A). M, marker; FT,
flow-through; E, elution.

C. A bar graph shows the level of interaction between Spx mutants and GtYjbH. Values are
based on band intensity on the gel lanes into which the elution fractions were applied, and is
the ratio of Spx:GtYjbH band intensities. The wild-type Spx:GtYjbH band intensity being
100%.

D. SDS-PAGE shows the analyses of peak elution profiles from GtYjbH-Hisg/Spx (WT,
F113A, L114A, and P115A) complex purification using size exclusion column
chromatography (Bio-gel P100, BioRad). Using protein standard in gel filtration, 43 kDa
(Ovalbumin) eluted in 190 min and 13.7 kDa (Ribonuclease A) in 330 min; Peakl eluted in
200 min (GtYjbH-His/Spx, 50 kDa) and Peak 2 in 340 min (Spx, 15.5 kDa).
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Fig. 4. Spx mutants (F113A and L114A) are degraded faster compared to Spx WT in the absence
of YjbH in vitro

A and B. In vitro proteolysis assay of Spx variants (WT, F113A, L114A, and P115A) in the
absence of GtYjbH-Hisg. Spx variants (8 uM), ClpX (3 uM), and CIpP (8 uM) with an ATP-
generating system (creatine kinase) were incubated at 37 °C for the times (min) indicated.
C. A plot of Spx (WT, F113A, and L114A) band intensities against time of reaction in
different experiments is shown in the bar graph. The intensities of ClpP protein in each lane
were used as internal standards. The Spx/ClpP ratio in 0-min time point is defined as 100%,
and the experiments were performed three times to obtain standard deviation.

D-G. Line graphs showing the kinetics of Spx wild-type and mutant protein degradation by
ClpXP-catalyzed proteolysis in the absence (D, F) and presence (E, G) of GtYjbH (1 uM).
Error bars based on standard deviation, which along with trend lines and substrate Tsg (see
text) were determined using Excel.
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Fig. 5. Spx mutants (F113A, and L114A) are degraded faster compared to Spx WT in the
absence of YjbH in vivo

A. Western blot analysis of Spx level using anti-Spx antiserum in cells bearing the Phygpank-
spx (Wt, F113A, or P114A) in yjbH spx null mutant background. Cells were grown to
exponential phase, induced with 1 mM IPTG for 1 hr, and followed by chloramphenicol
treatment. Cell samples were collected at the time points indicated, lysed, and analyzed by
western blotting using anti-Spx serum.

B. Spx mutant (F113A) is not degraded in the absence of YjbH and ClpX in vivo. Western
blot analysis of Spx level using anti-Spx antiserum in cells bearing the Phygpank- SPX
(F113A) in yjbH spx clpX null mutant background. Cells were grown to exponential phase,
induced with 1 mM IPTG for 1 hr, and followed by chloramphenicol treatment. Cell
samples were collected at the time points indicated, lysed, and analyzed by western blotting
using anti-Spx antiserum.
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