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Abstract: Protein homeostasis in bacteria is regulated by
proteases such as the tetradecameric caseinolytic pro-
tease P (ClpP). Although substrates of ClpP have been
successfully deciphered in genetically engineered cells,
methods which directly trap processed proteins within
native cells remain elusive. Here, we introduce an in situ
trapping strategy which utilizes trifunctional probes that
bind to the active site serine of ClpP and capture
adjacent substrates with an attached photocrosslinking
moiety. After enrichment using an alkyne handle,
substrate deconvolution by mass spectrometry (MS) is
performed. We show that our two traps bind substoi-
chiometrically to ClpP, retain protease activity, exhibit
unprecedented selectivity for Staphylococcus aureus
ClpP in living cells and capture numerous known and
novel substrates. The exemplary validation of trapped
hits using a targeted proteomics approach confirmed the
fidelity of this technology. In conclusion, we provide a
novel chemical platform suited for the discovery of
serine protease substrates beyond genetic engineering.

Introduction

Caseinolytic protease P (ClpP) plays a major role in cellular
homeostasis by removing damaged or misfolded proteins

with the help of AAA+ ATPases such as ClpX or ClpC.[1,2]

Additionally, in pathogenic bacteria, ClpXP is essential for
the regulation of virulence and its genetic knockout or
chemical inhibition leads to a global attenuation of toxin
secretion.[3,4] Substrate degradation is initiated by the
chaperone, which recognizes the substrate protein, unfolds it
under ATP consumption, and threads it into the tetradeca-
meric barrel of ClpP. Within the core, catalytically active
serine-histidine-aspartate triads cleave peptide bonds result-
ing in fragments of 6 to 13 amino acid residues depending
on the organism.[1,5,6] When in complex with the chaperone,
ClpP exhibits a rather broad substrate specificity enabling
the rapid removal of client proteins.[7] The recognition of
substrates by ClpXP is best understood for proteins stalled
at the ribosome. Here, a SsrA peptide degradation tag is co-
translationally attached to truncated polypeptides by its
RNA sequence, leading to rapid degradation.[8] Since this
seminal discovery, the SsrA tag remains one of the few and
best-characterized peptide recognition sequences of ClpXP
proteolysis.[9] Recently, post-translational phosphorylation
of arginine residues by the kinase system McsBA was
discovered to function as a recognition tag for ClpCP-
mediated proteolysis, suggesting that other, still undiscov-
ered post-translational modifications (PTMs) may serve as
degrons.[10] Despite these examples, a vast number of
proteins affected by ClpP proteolysis still lack a firm
consensus for degradation. In the absence of such a cleavage
sequence, bioinformatic predictions fall short of deciphering
putative substrates.

Thus, the search for ClpXP substrates rather relies on
proteomic approaches. For example, whole proteome analy-
sis of Staphylococcus aureus wildtype (wt) versus ClpP
knockout cells revealed numerous proteins accumulating in
the absence of active ClpP and were thus stated as putative
substrates.[11,12] This finding was further complemented by a
comparison to a chemical knockout of ClpP achieved by
selective inhibition with β-lactones.[13] Furthermore, an
elegant method utilized inactive serine-to-alanine mutants
of ClpP, which retain the proteolytic complex formation in
situ and promote chaperone-mediated recognition and
translocation of substrate proteins into the proteolytic core.
However, due to the lack of an active site serine, substrates
are not degraded and were identified after affinity enrich-
ment via LC–MS.[9,14] With this methodology, about 70
putative substrate proteins could be identified by Feng et al.
in S. aureus, of which one-third were reported previously to
be unstable in the presence of ClpP or actual substrates in
other organisms.[14] Selected putative substrates have been
validated for ClpP proteolysis by cellular studies, e.g., by
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comparing their protein levels in wildtype or ClpP knockout
cells, respectively.

Recently, we introduced an additional capture method
for human, mitochondrial ClpP, which is based on the
incorporation of diazirine photoactivatable amino acids at
strategic positions within the ClpP barrel. UV-light cross-
linked cognate substrates in situ within the active complex
and thereby provided unique and complementary substrates
to the previous methods.[15] However, a major limitation of
all these approaches is the need for engineered cells which
may artificially alter biological processes. Despite the urgent
demand to better understand the role of ClpP for cellular
growth and virulence, a direct capture method for wildtype
cells is elusive.

Here, we introduce trifunctional active site traps that
selectively recognize the ClpP active site serine in whole
cells, maintain turnover of the unoccupied subunits within
the complex by substoichiometric binding, and capture
substrates while being processed by ClpP via a photo-
crosslinker moiety in the active site traps. The identity of
captured substrates is revealed after enrichment through an
alkyne handle attached to the trap, followed by click
chemistry and mass spectrometric (MS) analysis. The
trapping experiments provide unprecedented insights into
processed proteins during cellular stress with roles in cell
division and virulence. This novel methodology eases the
access for elucidating protease substrates of wildtype cells
with putative applications also beyond ClpP.

Results

Design and Synthesis of Active Site Traps

In the search for ClpP active site binders, which do not fully
occupy all 14 sites of the proteolytic barrel and thus still
facilitate proteolysis, we focused on β-lactone and phenyl-
ester compounds that were previously discovered by our
group. Both molecular classes address the active site serine
by a covalent ester formation.[3,16] Although both achieve the
desired substoichiometric binding, a new generation of
phenlyesters, hallmarked by trimethoxy phenyl as well as
benzylester moieties, was shown to additionally enhance
protease turnover.[17] Based on these desired properties, we
investigated suitable sites for introducing a photoactivatable
crosslinking unit and an alkyne handle for substrate capture
and enrichment, respectively. Previous structure–activity
relationship studies guided the design of two traps in which
the tert-butyl protecting group of the parent compound was
replaced by a propargyl moiety and the benzylester
functionalized as aryl azide (trap1) or trifluoromethyl
diazirine (trap2).[16,17] We deliberately selected two photo-
crosslinking units of different reactivity and selectivity
(forming either a nitrene or carbene upon UV-
irradiation),[18] to enhance the capture of diverse proteins.

Synthesis of trap1 and trap2 started with the preparation
of precursors 8, 10, and 18 according to published synthesis
routes (Scheme S1).[17,19,20] Next, esterification of N-Boc-L-
glutamic acid 5-benzyl ester (19) with t-butanol resulted in
20 (Scheme 1). Palladium-on-carbon-catalyzed hydrogena-
tive deprotection of the benzyl group gave N-Boc-1-tert-
butyl-L-glutamate (21) as starting point for esterification
with alcohols 10 and 18 resulting in 22 or 23. The alkyne

Scheme 1. Synthesis Scheme of trap1 and trap2. Precursors 8, 10, and 18 were prepared according to published procedures.[17,19,20] Starting from N-
Boc-L-glutamic acid 5-benzyl ester (19), the desired traps were synthesized in 7 steps. EDCl=1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide,
DMAP=4-Dimethylaminopyridine, TFA=Trifluoroacetic acid, COMU=1-[1-(Cyano-2-ethoxy-2-oxoethylideneaminooxy)-dimethylamino-morpholi-
no]-uronium hexafluorophosphate, DIPEA=Diisopropylethylamine, DMF=Dimethylformamide.
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handle was introduced after N-deprotection with trifluoro-
acetic acid by reaction with propargyl chloroformate yield-
ing compounds 26 or 27. Release of the carboxylic acid by
acidic cleavage of the ester resulted in fragments 28 and 29,
which were coupled to fragment 8 to obtain desired photop-
robes trap1 and trap2.

Chemical Traps Substoichiometrically Bind ClpP, Retain its
Proteolytic Activity and Selectively Address the Protease in
Whole Cells

With two trifunctional traps at hand, we first validated if
these compounds are 1) binding to the ClpP active site, 2)
retain its proteolytic activity, and 3) are selective for ClpP in
living bacterial cells, all crucial prerequisites for the use as
versatile trapping probes. We initiated these studies by
incubation of recombinantly expressed and purified S. aur-

eus ClpP with the two traps at 1 :1, 1 : 10, and 1 :100 molar
ratios followed by intact protein MS to decipher the extent
of binding. Trap1 achieved a modification ranging up to
28% (lowest 9%) and trap2 up to 6% (lowest 3%), which is
in the substoichiometric range as desired (Figure 1A). With
the majority of active sites still available for substrate
processing, we next evaluated the ClpP peptidase and
ClpXP protease substrate turnover in the presence of the
traps (Figure S1 and Figure 1B). Both compounds retained
peptide and protein turnover of ClpP and ClpXP, respec-
tively, with trap1 even slightly enhancing the protease
activity to 124% at 50 μM, which demonstrates its descent
from the parent activator scaffold. Trap2 reduced protease
activity to 56% at the highest concentration, demonstrating
that even minor modifications in the scaffold (photocros-
slinker moiety) have notable effects on the overall perform-
ance. However, they still exhibit sufficient turnover for
substrate capture. A previously established phenylester

Figure 1. Trap1 and trap2 bind to ClpP and retain its proteolytic activity. A: Chemical structure of trap1 and trap2 and degree of ClpP modification
upon incubation with the traps at 100 :1 molar ratio (trap:ClpP). B: Residual ClpXP proteolytic activity after incubation with trap1, trap2, or ClpP
inhibitor AV170[16] at different compound concentrations measured by the rate of GFP-ssrA degradation. Experiments were carried out in triplicates.
Results are in mean�SD. C: Schematic representation of evaluation of trap selectivity by SDS-PAGE or LC–MS/MS. D: Gel-based labelling of
S. aureus intact cells with trap1 and trap2 shown by fluorescence sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The
uncropped Coomassie-stained gel (loading control) is shown in Figure S7. E: Volcano plots of whole cell trap selectivity evaluation via LC–MS/MS
in S. aureus. Threshold lines represent a log2 enrichment of 1 or greater and a � log10(p-value) of 1.3 (two-sided two-sample t-test, n=3 replicates
per group).
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inhibitor (AV170)[16] served as a negative control in these
studies. We thus reasoned that moderately activating and
inhibiting traps would exhibit complementary utility for
comprehensive substrate coverage.

Finally, we evaluated the selectivity of the probes for
ClpP target engagement within living cells. Both trapping
probes were incubated with intact S. aureus cells, lysed, and
clicked to rhodamine azide or biotin azide for target visual-
ization via fluorescent SDS-gel analysis or enrichment for
LC–MS/MS, respectively (Figure 1C). Gel-based analysis
revealed concentration-dependent labeling of a protein with
a molecular mass corresponding to ClpP with both traps
(Figure 1D). Interestingly, the protein was selectively la-
beled at probe concentrations below 1 μM and the band
remained even visible down to 30 nM suggesting high
affinity binding. This labeling occurred independently of
UV-light confirming the covalent binding to the active site
serine via the phenylester moiety (Figure S2). To obtain a
comprehensive overview of ClpP selectivity, we performed
quantitative MS with both probes at 10 μM each. After
incubation with living cells and lysis, the probes were clicked
to biotin azide, enriched on streptavidin beads, peptides
released by tryptic digest, and analyzed with LC–MS/MS
with label-free quantification (LFQ).[21] Proteins enriched
with log2 =1 (2-fold enrichment) and a p-value <0.05
compared to DMSO-treated samples were regarded as hits.
Importantly, ClpP protruded as one of the most significant
hits, with both trap1 and trap2 enriching only one and two
additional proteins (Figure 1E), that are not known to digest
proteins.[22] This emphasizes the desired probe specificity for
ClpP in S. aureus cells.

ClpP Substrates are Trapped in the Stationary and Exponential
Growth Phase

To focus the analysis solely on trapped proteins, we treated
intact S. aureus cells with the probes and divided these
samples into two fractions which were either irradiated with
UV-light for 15 min or remained in the dark (Figure 2A). In
this way, analysis of the corresponding enriched proteins of
both fractions should only differ in the capture of proteins
under UV irradiation.

First, we performed the trapping experiment with cells
treated in the stationary phase.[13] Here, plotting the proteins
selectively enriched upon UV-treatment of both traps
revealed only a few ClpP trapped proteins (Figure S3),
including the known substrates IsaA[11] (probable trans-
glycosylase) and Sbi[11,12] (immunoglobulin-binding protein)
as well as 5 additional candidates which were not previously
linked to ClpP digestion. Among those are protein DltD
which is involved in D-alanylation of teichoic acids on the
cell surface,[23] GcvH (glycine cleavage system H protein)
involved in lipoic acid synthesis[24] and the virulence factor
Hly (alpha-hemolysin).[25] Of note, GCSH (mitochondrial
glycine cleavage system H protein), a homolog of GcvH,
was previously found as a substrate of eukaryotic ClpP,
suggesting a conserved specificity throughout species.[15]

Next, in order to investigate the substrate scope of ClpP
under exponential growth, we repeated the experiment and
plotted proteins of both traps in an identical format (Fig-
ure 2B). Both traps combined significantly enriched 134 pro-
teins emphasizing a more pronounced substrate processing
under exponential growth conditions. Pathway analysis of
captured proteins revealed their pronounced role in riboso-
mal processes (Figure S4 and Figure S5).

Figure 2. Substrate scope of ClpP active site traps during exponential growth phase. A: Schematic representation of identification of S. aureus ClpP
substrates via LC–MS/MS using trap1 and trap2. B: Volcano plots of enriched proteins after treatment of S. aureus cells with trap1 (left) or trap2
(right) in exponential growth phase. Blue dots represent literature reported substrates.[11,12,14] Threshold lines represent a log2 enrichment of 1 or
greater and a � log10(p-value) of 1.3 (two-sided two-sample t-test, n=3 replicates per group). Proteins listed in table were validated using PRM
(Figure 4). C: Venn-diagram comparing the substrate scope of trap1 and trap2.
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Interestingly, trap2 significantly captured 83 proteins, of
which 14 are known annotated ClpP substrates, followed by
trap1 which enriched 59 proteins, with 5 known substrates (8
proteins were identified by both traps) (Figure 2C).[11,12,14]

This overall performance suggests especially for trap2 a
good balance between the identification of new protein hits
as well as of previously confirmed substrates validating the
fidelity of this novel methodology. The differences in protein
coverage by chemical traps vs. previous genetic methods are
not surprising. For example, the chemical approach does not
require cell engineering and protein overexpression, thus
keeping the cells in their native state. On the other side, the
small molecule covalently binds proteins via photocrosslink-
ing which could give bias towards proteins with hydrophobic
patches. Thus, both approaches are complementary facilitat-
ing the most comprehensive substrate identification.

Distinct Proteins were Captured under Heat Shock

As ClpP is crucial for the removal of damaged proteins, we
performed a final trapping experiment under cellular heat
stress to investigate a putatively altered substrate scope
under these conditions. S. aureus cells were heated to 42 °C,
treated with the probes, and cells analogously processed as
described above. In total, trap1 and trap2 significantly
enriched 67 proteins (31 solely by trap1 and 17 solely by
trap2) of which 35 were unique hits of the heat stress
conditions (Figure 3A and Figure 3B). Proteins trapped
during heat shock are involved in cell division (e.g. cell
division protein FtsZ, trigger factor (tig), cell cycle protein
GpsB)[26–28] or virulence (e.g. Sbi (immunoglobulin-binding
protein), alpha-hemolysin (hly) or HlgC (gamma-hemolysin
component C (hlgC)).[29–31] Of note, about 20% of these hits
have been previously assigned as ClpP substrates[11,12,14]

further highlighting the fidelity of the traps.

Captured Signature Proteins are Validated as Substrates of
ClpP

The direct validation of ClpP substrates via in vitro assays is
challenging due to the lack of knowledge about putative
PTM degrons or the help of chaperones and adaptors
needed for recognition and delivery. Therefore, validation
of protease substrates is usually performed by analyzing
protein abundance in wt vs. ClpP knockout cells, e.g., using
western blots.[14] Here, ClpP substrates are believed to be
more abundant in the protease knockout strain as they are
not proteolytically digested. Thus, we performed a whole
proteome MS analysis of exponentially grown S. aureus wt
and the proteolytically inactive ClpP S98A mutant for
validation of our identified substrates.[11] Here, cells were
treated with chloramphenicol to inhibit protein synthesis[14]

to gain a global insight into protein regulation under these
conditions. In fact, mapping all substrates that were postu-
lated in literature[11,12,14] into the corresponding full proteome
plot revealed that under the given conditions a large number
of these substrates was not significantly regulated (Fig-
ure S6A). However, literature substrates clearly stabilized in
the ClpP mutant cells included the chaperone protein ClpB,
the adapter protein MecA, the transcriptional regulator
CtsR, and the staphylococcal secretory antigen ssaA2, which
were previously proposed to be ClpP substrates using a
trapping approach and thus regarded as high confidence
hits.[11,12,14] Next, we mapped the substrates identified in this
study into the same full proteome volcano plot (Figure S6B).
Proteins that were identified using our trapping approach
and were additionally stabilized in the S. aureus ClpP S98A
strain compared to the wt strain included known and
unknown hits.

Next, we selected eight identified ClpP substrates that
were stabilized in the S. aureus ClpP S98A mutant for a
more accurate quantification of abundance using parallel
reaction monitoring (PRM) (Figure S6B). In comparison to
the classical western-blot analysis of ClpP substrates, we
here chose targeted proteomics via PRM with the advantage
of being independent on the availability of specific anti-
bodies and at the same time displaying highest precision by

Figure 3. Substrate scope of ClpP active site traps in exponential phase during heat shock response. A: Volcano plots of enriched proteins after
treatment of S. aureus cells with trap1 (left) or trap2 (right) in the exponential phase during heat shock response. Threshold lines represent a log2

enrichment of 1 or greater and a � log10(p-value) of 1.3 (two-sided two-sample t-test, n=3 replicates per group). B: Venn-diagram of overlap
between ClpP heat shock and non-heat shock substrates.
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focusing on signature peptides. Of the eight chosen sub-
strates for quantification using PRM, two were previously
reported to be processed by ClpP (EbpS and enoyl
reductase (ER) domain-containing protein as control)[11,12]

and six were so-far unknown substrates of ClpP. Applying
PRM, we accurately quantified protein abundances between
samples by selection of signature peptides for each protein
(Figure 4A) by their MS2 fragment ion peak areas (Fig-
ure 4B). Log-transformed fragment ion peak areas for each
peptide were combined and compared for S. aureus wt and
S. aureus ClpP S98A (Figure 4C) to analyze the overall
protein abundance. Satisfyingly, using PRM, we could
confirm all eight proteins as ClpP substrates. This successful
validation not only demonstrates the power of targeted
proteomics in monitoring proteolysis of proteins but also
demonstrates the fidelity of our approach to unravel novel
ClpP substrates.

Conclusion

Multiple methods for the trapping of protease substrates
have been successfully applied, most relying on engineered
cells or studies in lysates. These procedures not only require
genetic manipulations, they also alter cellular physiology,

e.g., by knockdown of target proteases or overexpression of
trap proteins. The capture of proteins directly in the active
site within wildtype cells enhances the reliability of identi-
fied target proteins. Therefore, we introduced a complemen-
tary method that directly accesses the ClpP active site within
intact wildtype cells, retains its activity, and captures
substrates in situ. We showed the utility of this strategy by
capturing predominantly unprecedented protein substrates,
and exemplarily validated these using a targeted proteomic
approach. The conceptual differences between this chemical
strategy and the previous biochemical approaches emphasize
a complementarity of both methodologies with individual
strengths and weaknesses. For example, the chemical
trapping approach requires specific binders to a single
protease, as shown for ClpP, to ensure the needed selectivity
across the proteome. In addition, although independent of
cellular engineering, the strategy may fall short in capturing
substrates that kinetically escape photocrosslinking or do
not sufficiently accumulate in the barrel to reach the high
concentrations needed for efficient photo-trapping, issues
which could be resolved by further refining the trapping
unit. Thus, while the full complement of substrates could be
even larger, this novel methodology demonstrates its utility
in identifying unprecedented substrates of the ClpP serine
protease. As an outlook, the technology bears the potential

Figure 4. PRM experiment for validation of selected ClpP substrates by comparison of protein abundance in S. aureus wt cells and the inactive
mutant ClpP S98A. A: Schematic representation of protein quantification based on six unique peptides shown exemplary for ClpP substrate
Q2FYF9. B: Schematic representation of peptide quantification based on specific fragment ion peak areas shown exemplarily for peptide
ATLPNEDVVESDPSTTK from Q2FYF9. C: Protein quantification of selected ClpP substrates in S. aureus wt and S. aureus ClpP S98A using a
targeted proteomic approach (PRM). Protein abundance is visualized in box plots based on the sum of log-transformed peak areas for each
signature peptide per protein. ** Represents p-value�0.01 determined by Student’s t-test, *** represents p-value�0.001 determined by Student’s
t-test, **** represents p-value�0.0001 determined by Student’s t-test, n=4 replicates per group.
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to be expanded as a general plug-and-play tool for capturing
serine protease substrates by tailoring the core scaffold for
individual enzymes of interest.

Supporting Information

The authors have cited additional references within the
Supporting Information.[34–42]
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A Photocrosslinking Probe to Capture the
Substrates of Caseinolytic Protease P

Here, we introduce an in situ trapping
strategy using trifunctional probes that
bind to the active site serine of the
tetradecameric caseinolytic protease P
(ClpP) and capture substrates within the
barrel via a photocrosslinking moiety

upon UV irradiation. The probes retain
protease activity and capture numerous
known and novel substrates of ClpP,
allowing the discovery of serine protease
substrates beyond genetic engineering.
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