
ETH Library

Substrate Profiling of Mitochondrial
Caseinolytic Protease P via a
Site‐Specific Photocrosslinking
Approach

Journal Article

Author(s):
Nguyen, Tuan‐Anh; Gronauer, Thomas F.; Nast‐Kolb, Timon; Sieber, Stephan A.; Lang, Kathrin 

Publication date:
2022-03-01

Permanent link:
https://doi.org/10.3929/ethz-b-000529501

Rights / license:
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Originally published in:
Angewandte Chemie. International Edition 61(10), https://doi.org/10.1002/anie.202111085

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0002-1318-6567
https://doi.org/10.3929/ethz-b-000529501
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/anie.202111085
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Biological Chemistry Hot Paper

Substrate Profiling of Mitochondrial Caseinolytic Protease P via a
Site-Specific Photocrosslinking Approach

Tuan-Anh Nguyen+, Thomas F. Gronauer+, Timon Nast-Kolb, Stephan A. Sieber,* and
Kathrin Lang*

Abstract: Approaches for profiling protease substrates are
critical for defining protease functions, but remain challeng-
ing tasks. We combine genetic code expansion, photocros-
slinking and proteomics to identify substrates of the mito-
chondrial (mt) human caseinolytic protease P (hClpP). Site-
specific incorporation of the diazirine-bearing amino acid
DiazK into the inner proteolytic chamber of hClpP, followed
by UV-irradiation of cells, allows to covalently trap substrate
proteins of hClpP and to substantiate hClpP’s major involve-
ment in maintaining overall mt homeostasis. In addition to
confirming many of the previously annotated hClpP sub-
strates, our approach adds a diverse set of new proteins to the
hClpP interactome. Importantly, our workflow allows identi-
fying substrate dynamics upon application of external cues in
an unbiased manner. Identification of unique hClpP-substrate
proteins upon induction of mt oxidative stress, suggests that
hClpP counteracts oxidative stress by processing of proteins
that are involved in respiratory chain complex synthesis and
maturation as well as in catabolic pathways.

Introduction

Caseinolytic protease P (ClpP) is a highly conserved serine
protease found in many bacterial and eukaryotic cells.[1]

Human ClpP (hClpP) is localized to the mitochondrial
matrix and is an important part of the mitochondrial protein
quality control system.[2] Like its bacterial counterparts,
hClpP assembles into a tetradecameric barrel composed of
two stacked heptameric rings with 14 catalytically active
sites pointing towards the hollow inner cavity.[3] hClpP on its
own shows only moderate and unspecific peptidase activity
and is not able to degrade folded proteins.[3a,4] The
proteolytically active complex is formed by interaction of
hClpP with the ATP-driven chaperone ClpX, which is also
localized within the mitochondrial matrix, thereby forming
the hClpXP complex. ClpX binds to the apical domains of
the ClpP barrel and is needed for recognizing, binding,
unfolding and threading of substrate proteins to the inner
proteolytic chamber of ClpP, where degradation takes place
(Scheme 1a).[3a,5]

The specific localization of hClpP to mitochondria
indicates a critical role in this cellular compartment and
hClpXP has been associated with the degradation of
oxidatively damaged and dysfunctional proteins.[2,6] Accord-
ingly, malfunction of hClpP is linked to various diseases
such as Perrault syndrome and cancer.[7]

To further understand the function of hClpXP in human
cells it is important to develop tools for identifying hClpP
substrates and interactors in an unbiased fashion under
physiological conditions. The development of general ap-
proaches for substrate profiling of proteases provides a
considerable challenge as the peptidic fragments that are
generated upon successful proteolysis are difficult to be
selectively enriched and analyzed. Recent efforts to explore
ClpXP substrates in eukaryotes focused on three major
approaches: first, a tagged, catalytically inactive hClpP
(hClpPS153A) variant that was originally developed for
substrate trapping in Escherichia coli[8] was introduced and
used to trap substrate-hClpP complexes in the fungal ClpP-
knockout (KO) strain Podospora anserina.[9] Trapped sub-
strate-hClpP complexes were enriched, digested and ana-
lyzed by liquid-chromatography mass spectrometry (LC–
MS). Similar experiments were conducted in mouse embry-
onic fibroblasts and heart lysates where eukaryotic ClpP-KO
cells were rescued with wild type (wt) ClpP or inactive
ClpPS153A variant.[10] Second, a fusion construct between
hClpP and biotin ligase BirA enabled the biotinylation of
proteins in close proximity to the bait in acute myeloid
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leukemia cells, enabling enrichment by streptavidin and
further analysis by LC–MS.[7b,11] Likewise, in situ proximity
labeling to identify hClpP-interactors was performed with
bifunctional lysine-reactive chemical crosslinkers in K562
and HepG2 cell lysates and used in combination with hClpP
co-immunoprecipitation to analyze hClpP interactors via
MS/MS.[12]

These studies revealed protein clusters (and thus
potential hClpP substrates) belonging to several mitochon-
drial metabolic pathways, namely members of the tricarbox-
ylic acid (TCA) cycle and components of the pyruvate
dehydrogenase (PDH) as well as subunits of the respiratory
chain complex (RCC).[7b,9,11,12] It is worth mentioning that
despite the identification of numerous trapped proteins,
their assignment as true substrates is challenged by complex
recognition elements that are difficult to reconstitute
in vitro. In addition, survival of cells lacking the hClpP gene
hints towards alternative proteolytic rescue mechanisms,
rendering assignments with ClpP KO cell lines only partially
suitable. Also, given the modest spatiotemporal control and
resolution of the used approaches, it remains challenging to
differentiate between true hClpP substrates that have to be
threaded through the hClpP barrel and unspecifically cross-
linked proteins in the mitochondrial matrix.

Herein, we establish a workflow combining genetic code
expansion, photocrosslinking and MS to identify hClpP
substrates and interactors in living human cells with
spatiotemporal control. For this, we introduce the photo-
crosslinking amino acid DiazK site-specifically at selected
positions within the inner proteolytic chamber of hClpP
(Scheme 1b) in living human cells. UV-irradiation of cells
allows covalently crosslinking of hClpP to substrate proteins

that are threaded through its inner proteolytic chamber and
degraded. Furthermore, we also place DiazK at the surface
of the hClpP-barrel structure to trap potential hClpXP
interactors. Modification of hClpP with a short affinity tag
allows for enrichment of crosslinked complexes followed by
trypsination and identification of trapped proteins via MS.
Using our approach, we confirm many of the previously
found substrates, but also add a diverse set of new proteins
to the hClpP interactome, highlighting hClpXP’s role as a
central hub for mitochondrial functional maintenance and
homeostasis. Additionally, our workflow allows us to
investigate shifts in hClpXP-interactome specificity under
oxidative stress.

Results and Discussion

Expression and biochemical analysis of defined hClpP-DiazK
variants

Site-specific incorporation of non-canonical amino acids
(ncAAs) that covalently crosslink with nearby molecules in
response to light has developed into an attractive and
powerful tool for mapping transient protein–protein
interactions.[13] Diazirine-bearing ncAAs are among the
most widely used photocrosslinker ncAAs as the diazirine
moiety is small, hydrophilic, and activated at wavelengths of
365 nm. Upon activation, diazirines react readily with acidic
amino acids of molecules in close proximity via an activated
diazo intermediate[14] or can insert into C� H and heteroa-
tom-H bonds of nearby proteins via a carbene
intermediate.[15] A variety of diazirine-bearing ncAAs with

Scheme 1. Representation of hClpP-substrate profiling. a) hClpP assembles as a tetradecameric barrel and ATPase ClpX binds to its apical domains
and guides recognition, binding, unfolding, and threading of substrate proteins into the inner proteolytic chamber of hClpP, where degradation of
substrate proteins takes place. b) To identify hClpP-substrates under physiological conditions, the non-canonical amino acid DiazK, which bears a
photo-labile diazirine moiety, is site-specifically incorporated at different positions within the inner proteolytic chamber—in vicinity to the active
site—in living mammalian cells. Irradiation at 365 nm leads to diazirine activation and subsequent crosslinking with proteolytic substrates. This
covalent crosslink is preserved during selective hClpP enrichment via its encoded affinity tag. Tryptic digest followed by proteomic analysis of the
digested peptides allows identification of trapped hClpP substrate proteins.
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different crosslinking radii have been site-selectively incor-
porated into proteins in prokaryotes and eukaryotes via
genetic code expansion using the orthogonal pyrrolysine-
tRNA-synthetase (PylRS)/tRNA system and have been
exploited for various studies.[16] Examples include substrate
profiling of bacterial chaperones under various stress
conditions[16c] and elucidation of chromatin dynamics in
mammalian cells.[16d]

We synthesized the amino acid DiazK according to an
established procedure (Scheme 1b, Supporting
Information)[16a] and screened a panel of in-house available
PylRS variants for efficient incorporation of DiazK in
response to an amber codon introduced into a gene of
interest. Thereby we identified a highly efficient PylRS
variant bearing the mutations Y271M, L271A, C313A
(Methanosarcina barkeri numbering), which we dubbed
DiazKRS (Supporting Information, Figure S1).[17] To identi-
fy optimal positions within the inner proteolytic chamber of
hClpP for incorporation of DiazK, we carefully evaluated
the available hClpP structure (PDB: 1TG6, Figure 1a;
Supporting Information, Figure S2).[3b] Substrate proteins
are typically recognized by hClpX and enter hClpP from the
apical site. Inside the hollow chamber, protein degradation
is catalyzed by 14 active sites, consisting of traditional
catalytic triads (Ser, His, Asp). Accordingly, crosslinking
moieties have to be placed at the inner wall of the barrel-
shaped protease and directed towards the central cavity.
Taking these constraints together with the preservation of
critical residues required for multimer assembly and sub-
strate recognition into consideration, we selected six posi-

tions for DiazK incorporation and photocrosslinking (M88,
D92, G123, G124, V125 and S181; Figure 1a; Supporting
Information, Figure S2). Incorporation of DiazK at these
inner positions aims at crosslinking various fragment sizes of
proteolyzed substrate proteins from multiple angles in order
to diversify crosslinking scope and maximize yield. In
addition, we chose K261, which is situated within the flexible
C-terminal loop and sits at the surface of the hClpP barrel
to potentially also account for adaptor proteins and inter-
actors of hClpP.

To verify that incorporation of DiazK does not compro-
mise correct protease assembly and enzymatic activity, we
first expressed the various hClpP-DiazK variants recombi-
nantly in E. coli, purified them and subjected them to
biochemical analysis. For this, we generated the respective
C-terminally hexa-histidine-tagged hClpP constructs
(hClpP-H6) bearing amber codons at the selected positions
and lacking the N-terminal 56 amino acid mitochondrial
guiding sequence, which is normally processed upon trans-
port into mitochondria.[18] We expressed all constructs
successfully in E. coli in the presence of 1 mM DiazK,
revealing the general possibility to amber suppress any of
the seven positions (Figure 1b; Supporting Information,
Figure S3). Subsequently, all seven hClpP-variants as well as
wt hClpP were isolated by affinity purification and size
exclusion chromatography (SEC) followed by validation of
the products via full-length MS (Supporting Information,
Figure S4, Table S1). SEC analysis with a calibrated SEC
column revealed equal elution profiles for all hClpP variants
and wt hClpP, indicating correct assembly of the protein

Figure 1. Site-specific incorporation of DiazK into hClpP and biochemical analysis of hClpP-DiazK variants. a) Structural analysis of hClpP (PDB:
1TG6). Top and side views of the 14mer hClpP are shown in light gray in surface presentation, with one monomer highlighted in dark gray;
residues of the catalytic triad are shown in pink; chosen positions for DiazK-incorporations are marked in red. Structural details highlighting the
location of the selected DiazK mutations (red) as well as the catalytic triad (pink) within one monomer are shown on the left in two different
orientations. b) Site-specific incorporation of DiazK into hClpP-H6, expressed in E. coli as shown by Coomassie-stained sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-page) and anti-H6-Western Blots (WBs). Efficient expression of hClpP-variants occurs only in the presence
of DiazK. Full gels and WBs are shown in the Supporting Information, Figure S3. c) Elution profiles of hClpP-DiazK variants and wt-hClpP using a
calibrated size exclusion chromatography (SEC) column reveal no detrimental influence of DiazK incorporation on the oligomerization state of
hClpP. d) Results from a hClpXP GFP-degradation assay. Activities of hClpP-DiazK variants were normalized to activity of wt-hClpP. Each data set
represents results from three replicates (mean + /� standard deviation).
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complex and no major structural influence of DiazK
incorporation (Figure 1c). Following this, hClpP mutants
were assessed for their ability to build a proteolytically
active complex with the ClpX chaperone from E. coli and to
efficiently degrade a SsrA-tagged green fluorescent protein
(GFP) resulting in loss of fluorescence.[19] All tested mutants
showed similar proteolytic activity as the wt hClpP, except
for the two mutants where glycines 123 or 124 were
exchanged for DiazK (Figure 1d). Here the activity was
reduced to approximately half of the wt value. A possible
explanation for this observation may be the prejudicial
position of these mutations in the loop region next to the
catalytic triad, potentially leading to partial distortion of the
active site. As both mutants, however, retained hClpP
assembly and partial proteolytic activity, we decided to still
implement them in further photocrosslinking experiments.

Expression of hClpP-DiazK variants in mammalian cells and
photocrosslinking

With functional hClpP-DiazK mutants in hand, we next set
out to address hClpP activity and substrate trapping in the
human cell line HEK293T. For this, we transiently trans-
fected HEK293T cells with an optimized plasmid system
consisting of two plasmids encoding for DiazKRS and
hClpP, bearing amber codons at the designated positions,
respectively. Furthermore, both plasmids carried four copies
of the corresponding tRNACUA.

[20] To enable protein enrich-
ment and proteomic analysis, hClpP amber constructs were
fused to a C-terminal human influenza hemagglutinin (HA)
tag. Moreover, the hClpP constructs contained the addi-
tional N-terminal 56 amino acid mitochondrial localization
sequence to guarantee correct translocation into
mitochondria.[18] Western blotting against the C-terminal
HA tag verified that all amber hClpP-mutants were only
expressed in the presence of DiazK (Figure 2a; Supporting
Information, Figures S5 and S6a). The additional slight band
above the hClpP main band in the anti-HA Western Blots
(WBs) shows not fully processed hClpP that still contains
the N-terminal mitochondrial localization sequence and
might therefore be located in the cytosol. For all variants,
the fully processed hClpP represents, however, by far the
most prominent band, indicating that the hClpP-DiazK
variants are correctly processed and translocated into
mitochondria. Furthermore, we confirmed via immunofluor-
escence that hClpP-DiazK variants are localized to mito-
chondria (Supporting Information, Figure S7). As observed
for E. coli expression, hClpP-G124DiazK showed lowest
expression yields amongst all hClpP-DiazK mutants.

Subsequently, we checked whether the diazirine moiety
is able to crosslink proteins within the hClpP-barrel in a
UV-light-dependent manner. For this, HEK293T cells,
expressing the different hClpP-DiazK variants, were irradi-
ated for 15 minutes with 365 nm light and photocrosslinking
was detected via anti-HA WB. As depicted in Figure 2b
(Supporting Information, Figure S6b), UV-treatment leads
selectively to the occurrence of newly formed crosslink
bands running at higher molecular weights. The broad,

partially smeared bands may indicate diverse substrate
crosslinks of different molecular weights, as well as capture
of heterogeneous proteolytic fragment sizes of the same
proteins. The major band appearing at 46–58 kDa may also
hint at covalent crosslinking of two hClpP monomers.
Importantly, negative control samples wherein treatment
with UV-light is omitted, do not show any higher molecular
weight crosslink bands, as expected.

Proteomic analysis of in situ hClpP-trapping experiments

Having confirmed that UV-light irradiation leads to covalent
crosslinks of proteins with hClpP, we next performed
proteomic analyses of UV-treated samples and compared
them to non-UV-treated samples to identify covalently
crosslinked hClpP-substrates and interactors via LC–MS/
MS. For this, after lysis of UV-treated and untreated cells,
soluble fractions were incubated with monoclonal HA-
antibody conjugated agarose beads, followed by washing,
trypsination and LC–MS/MS analysis via label-free quantifi-
cation (Supporting Information, Table S2).[21] Results were
visualized by plotting enrichment factors of UV-treated
versus untreated samples against significance of enrichment
for each hClpP-DiazK variant (Figure 3a; Supporting In-
formation, Figure S8). Cut-off criteria for enriched proteins
were defined as log2 (+UV/-UV)=1 (twofold enrichment
over UV-untreated samples) for enrichment with p-values
higher than � log10 (p-value)=1.3 (Supporting Information,
Tables S3–S9). Based on these set criteria, the majority of
enriched proteins in all hClpP-DiazK variants are of

Figure 2. Expression and photocrosslinking of hClpP-DiazK variants in
HEK293T cells. a) WB analysis against the C-terminal HA-tag confirms
expression and processing of mitochondrial hClpP in the presence of
DiazK. b) Irradiation of hClpP-DiazK-expressing cells with UV-light
(365 nm, 15 minutes) reveals new bands in the anti-HA WB, running at
higher molecular weight, indicating successful trapping of client
substrates and proving the integrity of the entire protease apparatus
under physiological conditions. *denotes hClpP variants bearing the N-
terminal mitochondrial amino acid guiding sequence. Full WBs are
shown in the Supporting Information, Figure S6.
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mitochondrial origin, indicating correct import of hClpP-
DiazK-variants into mitochondria and full maturation.
Partial overlap with previously annotated hClpP interactors
alongside identification of novel potential hClpP mitochon-
drial substrates highlights the suitability and complementar-
ity of this approach for finding new hClpP-interactors and
substrates (Figure 3b). The various hClpP-DiazK variants
show different trapping efficiencies, as observable in their
level of enrichment. The highest number of crosslinked
proteins appeared with hClpP-D92DiazK (Σ=85, Support-
ing Information, Table S3) and hClpP-K261DiazK (Σ=79,
Supporting Information, Table S4), while the remaining
mutants led to a considerably lower number of enriched
proteins (Supporting Information, Figure S9, Tables S5–S9).
In agreement with results from the in vitro GFP-degradation
assay, hClpP-G123DiazK and hClpP-G124DiazK showed
the lowest enrichment ratios.

Enriched proteins were subjected to network analysis
using the STRING v11 database.[22] With this tool, network
patterns can be revealed to provide a broader overview over
the pathway involvement of hClpP substrates (Supporting
Information, Figures S9–S11).

One of the major identified pathway clusters concerns
the mitochondrial translation machinery. Apart from 25
enriched proteins annotated as mitoribosomal subunits, a

few of which had been identified via previous
approaches,[10a] we could also identify other factors impor-
tant for mitochondrial transcription and translation
(GRSF1, SLIRP, LRPPRC), reflecting participation of
hClpP in respiratory homeostasis, as all mitochondrial genes
encode for proteins of the RCC.[23] This is substantiated by a
study describing significant upregulation of mitoribosomal
subunits in murine ClpP-KO cells compared to their wt
congener.[10a] Other major identified clusters are composed
of previously annotated members of the tricarboxylic acid
(TCA) cycle, and newly identified members of the fatty acid
and amino acid degradation/metabolism pathways, as well as
proteins of the ATP synthase and tRNA ligase (Figure 3c).
Furthermore, a small cluster belongs to the chaperone
family (Hsp10 and TRAP1), which indicates mutual cross-
talk between protein folding and proteolysis.[24] Of note, the
identified cluster of mitochondrial import receptors
(TOMMs/TIMMs) might result from photocrosslinking
events during protein import of hClpP into the mitochon-
drial matrix, in line with the finding of a previous co-
purification study that suggests that ClpXP might also play a
role in protein transport.[9] Despite observed substrate
differences, the partial overlap between proteins enriched
using the hClpP-K261DiazK mutant, where DiazK sits at
the surface of the hClpP barrel and the other hClpP-DiazK
variants, where the photocrosslinking moiety points towards
the proteolysis chamber, renders it challenging to differ-
entiate unambiguously between hClpP substrates and inter-
actors (Supporting Information, Figure S12).

Diazirine-photocrosslinking experiments with hClpP var-
iants led to the identification of 182 proteins. Of these, 119
are putative ClpP substrates including 89 proteins that have
previously been identified and annotated by different
techniques as hClpP substrates or interactors, highlighting
the fidelity of our trapping approach.[24] In addition, 30 novel
potential hClpP substrates were identified (Figure 3c) and
classified as subunits of the mitochondrial ribosome and
ATP synthase, proteins with tRNA ligase activity, compo-
nents of the TCA-cycle and amino acid degradation system,
as well as members of the fatty acid synthesis pathway. We
performed whole proteome analysis comparing protein
abundances between HEK293T wt cells and hClpP knock-
out cells,[10b] corroborating a subset of previously known and
novel hClpP substrate hits (Supporting Information, Fig-
ure S13, Table S10).

The diversity of protein functionality reflects the central
role of hClpP in mitochondria as one of the main proteases
residing in the mitochondrial matrix (apart from
LONP1).[2, 6]

Identification of hClpP substrates under oxidative stress
conditions

We set out to show that DiazK-based crosslinking is also
suited to monitor dynamic substrate profile changes upon
external/internal cues in an unbiased manner. We therefore
identified shifts in hClpP-substrate profiles under oxidative
stress conditions. The RCC in inner mitochondrial mem-

Figure 3. Proteomic analysis of photocrosslinking experiments.
a) Graphical representation of trapping experiments with hClpP-
D92DiazK and hClpP-K261-DiazK (for other variants see the Supporting
Information, Figure S7). Enrichment factors are plotted against signifi-
cance of enrichment. Graphs represent data from three technical
replicates for each state (cut offs, see main text). Proteins that are
annotated as members of the mitochondrial compartment are colored
in blue. Proteins colored in red indicate known hClpP-interactors.
b) Flowchart representing numbers of identified proteins and putative
new hClpP-substrates. c) Novel potential hClpP substrates and their
affiliation with biological processes.
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branes is composed of four complexes (I to IV) that catalyze
electron transfer from NADH to dioxygen (Figure 4a).[25]

Coupled to these redox processes is the transfer of protons
into the intermembrane space (IMS), generating a proton
gradient across the inner mitochondrial membrane, which is
harnessed by complex V to generate ATP.[25] Reactive
oxygen species (ROS) are inevitable by-products of the
RCC, and especially of complex I.[26] During basal condi-
tions, oxidatively damaged proteins are readily removed by
the protease system,[2] while steady ROS exposure and
accumulation of oxidatively damaged proteins eventually
manifest in pathological phenotypes such as various neuro-
degenerative diseases.[26,27] Interestingly, hClpP was found
not only to process oxidatively damaged proteins, but also
to act upstream by degrading complex I proteins as a means
to counteract ROS overproduction.[10b,28]

To investigate if and how hClpP changes its substrate
scope when facing elevated levels of ROS, we applied our
DiazK-trapping approach upon triggering ROS production
via treatment of cells with the well-known complex I
inhibitor rotenone.[29] Rotenone binds to complex I, thereby
inhibiting electron flow and hence ultimately resulting in
ROS accumulation.[30] Cells expressing hClpP-D92DiazK
and hClpP-K261DiazK, which both previously showed the
highest number of enriched proteins, were incubated for
6 hours with rotenone (1 μM) prior to work up (subse-
quently denoted as hClpProt-D92DiazK and hClpProt-
K261DiazK, respectively). Proteomic workflow was con-
ducted as described before and rotenone-treated and -un-
treated sample sets were compared for emergence of unique,
rotenone-dependent proteins. Out of a total of 56 enriched
proteins for hClpProt-D92DiazK, 18 proteins were uniquely
found when cells were treated with rotenone. For hClpProt-
K261DiazK, 28 proteins were enriched with 10 uniquely

found in rotenone-treated samples (Figure 4b; Supporting
Information, Figure S14, Tables 11 and 12). Among the
potential new substrates of the hClpProt-D92DiazK variant,
11 proteins are annotated as members of mitochondria.
These include various members of the mitoribosome (Fig-
ure 4b), some of which have already been described as
putative hClpP substrates or interactors before. In addition,
we also identified novel clusters; namely, members of the
mitochondrial ribonuclease P complex that catalyzes matu-
ration and trimming of mitochondrial tRNA molecules
(HSD17B10 and TRMT10 C).[31] Furthermore, proteins
involved in RCC maturation (PPTC7 and IBA57),[32] as well
as in branched-chain amino acid catabolism (BCKDHA),[33]

were found as unique hClpP substrates upon rotenone
treatment. BCKDHA is an integral part of the multienzyme
branched-chain α-ketoacid dehydrogenase (BCKDH) com-
plex (together with identified substrate DBT, see Figure 3c)
at the inner mitochondrial membrane (IMM) and catalyzes
decarboxylation of branched-chain α-ketoacids to produce
acyl-CoA synthons.

Trapping experiments with the hClpP-K261DiazK var-
iant exhibited only three proteins that were enriched over
the non-treated variant. Among these, IBA57, which is
involved in maturation of iron-sulfur clusters[32b] that are
also present in components of the RCC, was also identified
using the hClpP-D92DiazK variant. Together with identified
protein NDUFV2, a subunit of complex I that has previously
been identified as hClpP-interactor,[10b] this may indicate
how hClpP targets components of the RCC to counteract
oxidative stress. The exact role of the third identified
protein, HINT2, remains to be determined. However,
several studies hint towards a regulatory role in RCC
function,[34] corroborating the notion that degradation of
RCC-associated members helps to reduce the ROS level.

Conclusion

Approximately 2% of the human genome encodes for
proteases, and many pathophysiological phenotypes are
associated with aberrant protease functionalities.[35] Protease
profiling via various chemical and genetic manipulations
coupled to high-throughput methods, such as proteomics,
provides a valid workflow to gain insights into their
substrate scope and mode of action.[36] In this regard, we
have shown that site-specific incorporation of photocros-
slinker ncAAs by means of genetic code expansion repre-
sents a suitable route for unbiased, on-demand protease
substrate profiling in living cells. We incorporated the
photocrosslinker ncAA DiazK at seven positions in hClpP
within HEK293T cells, with six positions situated in its inner
proteolytic cavity and one position residing on the surface of
the hClpP barrel in contact with the mitochondrial matrix.
All seven hClpP-DiazK variants assemble into catalytically
active tetradecameric complexes. HEK293T cells expressing
the different hClpP-DiazK variants were treated with UV
light and subsequently subjected to proteomic analyses for
hClpP target identification. Each hClpP-DiazK variant
showed preferentially enriched proteome clusters, which led

Figure 4. hClpP-substrate profiling under oxidative stress. a) Graphical
representation of the mitochondrial RCC. Key: outer mitochondrial
membrane (OMM), inner mitochondrial membrane (IMM), intermem-
brane space (IMS), I to V denote complex I to complex V in the RCC.
Rotenone binds to complex I and triggers ROS (reactive oxygen
species) production. b) Flowchart representing results from trapping
experiments with hClpProt-D92DiazK and hClpProt-K261DiazK.
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to the compiled identification of 182 proteins. Partial
substrate (89) and cluster overlap with previous findings,
together with identification of 30 novel proteins, highlights
the suitability and complementarity of our approach. The
functional diversity of the identified protein clusters under-
lines the important involvement of hClpP in mitochondrial
homeostasis. Furthermore, oxidative challenging of
HEK293T cells expressing hClpP-D92Diazk and hClpP-
K261DiazK with rotenone, a complex I inhibitor, revealed
inhibitor-specific enrichments of proteins that are all directly
or indirectly involved in RCC expression and regulation
(Figure 5). Proteolytic processing of the identified proteins
by hClpP appears to reduce the overall ROS burden on
three levels, namely by decreasing 1) de novo mitochondrial
RCC protein biosynthesis via processing of mitochondrial
ribosome subunits and enzymes that are important for
mitochondrial tRNA maturation, 2) enzymes involved in
RCC maturation, and 3) BCAA-catabolic pathways to
produce CoA-synthons, thereby tuning down the TCA cycle
(Figure 5).

Overall, our results allude to a multi-faceted regulation
of hClpP in order to tackle ROS overproduction. Further
downstream biochemical analyses may reveal the exact role
and pathways of identified proteins in the oxidative stress
response. Other interesting aspects, which may be readily
investigated using our DiazK-based photocrosslinking ap-
proach include putative occurrence of tissue specific sub-
strate preferences of hClpP, as well as additional substrate
identifications upon induction of additional forms of
mitochondrial stress.[37]
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