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ABSTRACT

The manipulation of protein structure by chemical compounds is a common principle in
chemical biology for studying protein functions. Here, a small molecule activator of the
human caseinolytic serine protease ClpP was identified and employed to unravel confor-
mational switches that underlie its activation mode. To date, the functional role of this
mitochondrial protein is largely unknown, making it an important topic of study. It is
hypothesized that upon ClpP activation, the peptidic cleavage products might play an es-
sential role in the unfolded protein response of mitochondria.

In order to clarify the nature of these product peptides, hClpP was probed for its ability to
recognize specific amino acids when digesting substrates. Amongst others, whole proteins
were subjected to iz vitro degradation. Mass spectrometry-based identification of the cleav-
age products eventually revealed alower cleavage specificity than for peptidic substrates and
helped to shape our understanding of how such product peptide sequences look like. Af-
ter establishing this method, it was further used to analyze the cleavage patterns of bacterial
ClpPs from Escherichia coli, Listeria monocytogenes and Staphylococcus anreus.

The latter bacterial strain is known to provoke human diseases such as the toxic-shock syn-
drome or sepsis. With the help of small molecule inhibitors of ClpP and mass spectrometry-
based proteomics, the effect of protease perturbation on virulence shut-down could be
demonstrated on a systems biology level.

However, using chemical biology methods in global chemical proteomics is often a chal-
lenge due to massive background effects. For example, small molecules that are equipped
with an alkyne tag and a photocrosslinker enable the identification of non-covalent protein
binders, but are known to bind proteins non-specifically. Here, a set of diazirine-bearing
probes was dissected in terms of non-specific protein background binding. As a result, a
comprehensive negative list of common false positives of such analyses could be provided.
While mass spectrometry has developed into a sophisticated method for chemical biology,
mining of the emerging datasets will be the next challenge to overcome. So far, proteomics
data has widely been analyzed on the protein level. To additionally access information at the
peptide level, a software called ProteomeDiver was designed. It permits easy visualization
of complex proteomics experiments and underlying data, and provides analytical functions,
e.g. for the detection of uncorrelated peptides, which might indicate biologically important
anomalies. Thus, in future, this software will help researchers to make more sense of their

overall chemical proteomics data.






ZUSAMMENFASSUNG

Die Manipulation von Proteinstrukturen mit chemischen Verbindungen ist ein gingiges
Prinzip der Chemischen Biologie um Proteinfunktionen zu studieren. Hier wurde ein
Aktivator der humanen caseinolytischen Serinprotease ClpP identifiziert und eingesetzt,
um Aktivierungs-bedingte konformationelle Anderungen am Protein aufzudecken. Dies
ist wichtig, da die funktionelle Rolle dieses mitochondrialen Proteins bislang grofSteils im
Dunkeln lag. Es wird jedoch vermutet, dass die Produktpeptide aus der aktiven Protease
bei der Kontrolle iiber die mitochondriale Stressantwort essentiell sind.

Um den Charakter solcher Peptide niher zu bestimmen, wurde hClpP einer genauen Ana-
lyse hinsichtlich ihrer Schnittmuster unterzogen. Unter anderem wurden komplette Pro-
teine zum in vitro-Verdau angeboten. Massenspektrometrie erméglichte schliellich deren
Identifizierung und zeigte eine deutlich abgeschwichte Schnittstellenspezifitit im Vergleich
zu Peptiden als Substrate. Nach Etablierung der Methode konnten dhnliche Ergebnisse fiir
die ClpPs aus Escherichia coli, Listeria monocytogenes und Staphylococcus anreus erzielt wer-
den.

Letztere Bakterien sind verantwortlich fiir den Ausbruch von Krankheiten wie dem Toxi-
schen Schocksyndrom oder der Sepsis. Mit Hilfe von ClpP-Inhibitoren und Massenspek-
trometrie-basierter Proteomik konnte der Effekt der gestorten Protease auf die Herunter-
regulation von pathogenen Virulenzfaktoren demonstriert werden.

Oftist es in der Chemischen Proteomik allerdings so, dass mit massiven Hintergrundeftek-
ten zu kimpfen ist. Zum Beispiel ermdglichen kleine Molekiile, ausgestattet mit einem
Alkin und einem Photocrosslinker, die Identifikation von nicht-kovalent bindenden Pro-
teinen. Hier war es méglich, unspezifische Hintergrundbinder von Diazirinen zu detek-
tieren. So konnte eine umfassende Negativliste mit gewShnlichen Falschpositiv-Treffern
aufgestellt werden.

Wihrend die Massenspektrometrie zwischenzeitlich zu einer ausgefeilten Methode herange-
reift ist, wird die detaillierte Auswertung der daraus entstehenden Datensitze die nichste
Herausforderung sein. Bisher wurden Proteomikdaten weitgehend auf der Proteinebene
betrachtet. Um zusitzlich den dahinterliegenden Peptidlevel zu erreichen, wurde die Soft-
ware ProteomeDiver entwickelt. Sie ermdglicht die einfache Visualisierung von komplexen
Proteomikexperimenten und der dazugehorigen Daten. Zusitzlich sind Analysewerkzeuge
enthalten, die es z.B. erleichtern nach nicht-korrelierten Peptiden zu suchen. Diese kon-
nen Hinweise auf biologische Anomalien liefern. In Zukunft kann das Programm Wis-

senschaftlern dabei helfen, mehr Nutzen aus ihren chemischen Proteomikdaten zu ziehen.
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Introduction and basic methodology



This thesis is a transcript of a journey from the examination of a single protein — the ClpP
protease — zooming out to a global view on whole cellular proteomes and deep data mining

thereof.

0.1 THE SINGLE-PROTEIN LEVEL: CLPP

Some time before mass spectrometry has been established to screen whole proteomes, a
simple bacterial degradation machine was discovered in Escherichia coli. One of its compo-
nents turned out to be the serine protease ClpP."# The other part was later characterized as
ClpA, ClpC or ClpX — ATP-dependent chaperones. *#»%7 After extensive research over the
past decades, our picture of ClpP, its associated adaptors and common functions became

much clearer.

The tamily of ClpPs ranges over a multitude of bacterial and eukaryotic species, but dark
spots remain — especially when considering eukaryotic ClpPs.I¥ Despite their eminent im-

portance in many creatures, ClpPs consist of a simple and conserved setup.

0.I.I STRUCTURE

In Staphylococcus anreus, for example, 14 identical ClpP monomers assemble to a hollow
barrel with two axial entry pores (figure [fab). This cylinder is composed of two heptamer
rings that stack on top of each other. The monomers themselves bring their own active site
with a S98-Hi23-Dr72 catalytic triad. The alignment of the charge-relay system is depen-
dent on a surrounding network of amino acid side chains that links the active site e.g. to
the apical area around the entry pores as well as to a region called the arginine sensor.®*
This feature is one of the key regulators for ring-ring interactions. According to that, an
Ri171 of one heptameric ring is able to contact D170 of the adjacent ring. This involves side
chain switching, which impacts the functional alignment of the catalytic triad (figure fic—
e).® Another outstanding characteristic of each monomer is the E-helix, which protrudes
from the globular head domain. Upon the formation of ring-ring interactions, the hep-

tamers intertwine their E-helices depending on the global complex conformation. To date,

*Here, bacterial ClpPs will be presented. The human homolog is introduced and discussed in chapter
which deals with the artificial activation of mitochondrial ClpP. The accompanying methods section addi-
tionally presents several procedures to probe ClpXP activity in general.



three different shades thereof have been reported: compressed, compact, and extended (fig-
ure ffa). B0

extended

axial pores

top-view

arginine sensor

active site 5
and R sensor
region ')
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D172 H123 S98

strand B9 adjacent ring

Figure 1: Different faces of ClpP from S. aureus (SaClpP). (a) Side-view on the compressed (PDB 3QWD), compact
(PDB 4EMM) and extended (PDB 3V5E) conformations of SaClpP tetradecamers. The E-helices of each monomer are
colored in red. #1140 (b) Side- and top-view of the extended conformation as surface representation. The top-view
shows the axial entry pores. (c) Overlay of one monomer from each conformation of panel a. Major structural mo-
tifs are depicted: The N-terminus builds up a loop crown around the pores in the ring complex. The globular head
domain houses the active site and distinct amino acid switches. The E-helix is important for ring-ring interactions in
the tetradecameric complex. (d) Close-up view on the catalytic triad as overlay from all three conformations. H123 is
flipped away from the catalytic serine in the compressed and compact states. (e) Example of different orientations of
the arginine sensor that can communicate with the adjacent heptamer ring.



The degradation of substrates is enabled by ClpA, ClpC or ClpX. These chaperones dock
to ClpP’s pores and recognize, unfold and translocate proteins into the proteolytic chamber
of ClpP.# For ClpX, it is believed that it binds through IGF loops to hydrophobic clefts of
ClpP. These pockets are located between monomers around the axial pores. A second inter-
action encompasses the protrusion of pore-2 loops to the N-terminal loop crown of ClpP’s
pores. Both modes are important for interprotein communication such as for the control
of proteolytic activity of ClpP or ATP hydrolysis rates of ClpX.%41%7 The digestion of
substrates will be analyzed in detail for different ClpPs in chapter p.

o0.1.2 FuNcTION

The bacterial ClpP family is involved in essential cellular processes, most obviously in pro-
tein homeostasis. The complex structure is not only similar to the proteasome of eukary-
otes, but it also fulfills the degradation of unneeded or unwanted proteins. Unlike the
proteasome, ClpP’s chaperones are able to recognize short terminal amino acid sequences
or arginine phosphorylation.®%2¢ Furthermore, ClpP is also involved in virulence regula-
tion, e.g. in pathogenic S. aureus. The secretion of alpha-hemolysin and other virulence
factors is dependent on a convoluted network of signal transduction cascades. Hence, clpP
knock-out mutants exhibit a disturbed virulence regulation. Amongst others, expression
of genes from the agr system is reduced. This signal transduction pathway is responsible for
the onset of virulence upon quorum sensing.**** However, a direct link between ClpP and
the virulence regulator has been missing so far. Chapter f will provide some insights into
ClpP’s role in S. aureus virulence systems biology and illustrates the importance of widen-
ing the scope of research from a single isolated protein to its surrounding context in cellular

systems.

0.2 THE PROTEOMICS LEVEL: A GLOBAL VIEW ON PROTEINS

In the past century, the genomics and proteomics community underwent several paradigm
shifts that came along with radical advancements in the understanding of the proteome and
the interplay of all proteins with each other.® One key development in the early days of pro-

24,23

tein research was the Edman degradation procedure.?#* With this tool at hand, researchers

were able to record the fingerprints of proteins: their amino acid sequence.

The simple sequence pattern of around 20 different amino acids builds the basis for life



and has been the central theme in all further breakthroughs until today. Initially, genes of
single proteins could be cloned and overexpressed®® and a plethora of biochemical assays al-
lowed the broad analysis of protein characteristics, e.g. the determination of their mass by
SDS-PAGE or enzymatic turnover.?¢ Finally, protein identity could be confirmed with

western blots.?*

At the end of the 20th century, the situation for proteomics resembled the parable of the
blind men and an elephant (figure pl).?® Standing in front of the animal, one man touched
the trunk and thought of a snake. Another man grasped the tusk and said it must be a
spear. Just as researchers characterized single proteins, but the big picture of the proteome

remained in the dark.

Ilustration: Hans Moller - mollers.dk

Figure 2: The proteome is an elephant. At least according to the parable of six blind men and an elephant. Originally
reported from the Indian subcontinent. 3U | |ustration reprinted with permission from Hans Mgller.

In order to unravel the individual role of proteins and their communication with each other,
a global and synchronous view on the full proteome is required.® An important step to-
wards this goal, was the development of 2D-gel electrophoresis — where complex protein
mixtures are separated by pI and size — combined with protein identification techniques.
The advent of soft ionization methods for mass spectrometry accompanied with ion frag-
mentation devices eventually leveraged high-throughput identification and quantification
of complex protein mixtures.®* This achievement was followed by a myriad of method-
ological advancements, such as in-gel digestion of proteins®* or the multidimensional pro-

tein identification technology (MudPIT)® that uses sophisticated peptide separation steps.



Looking back on the developing field of proteomics, the focus first changed from biochemi-
cal methodology to mass spectrometry instrumentation. Nowadays, it is about to move on
to data mining. The era of bioinformatics in proteomics was significantly pushed forward
by SEQUEST, a cross correlation algorithm to detect amino acid sequences in peptide ion
fragmentation patterns by similarity to a given peptide spectrum database.® SEQUEST
and other search engines generally use scores to assess the quality of a peptide identifica-
tion. Next, the nature of this measure called for statistical methods such as the target-decoy
strategy to discriminate true from false positives.* It seems that the available proteomics
techniques are now ready to explore the full picture of comprehensive protein networks.
Through the global view of mass spectrometry-based proteomics, the six blind men not
only learn to see again, but they will realize that everything they see, is interconnected and

interdependent, #&#b42

0.3 THE MANIPULATED PROTEOMICS LEVEL: CHEMICAL PROTEOMICS

Classical proteomics experiments are intended to examine the protein network of a cell, tis-
sue, organ, or whole organism as it is. It is for example possible to quantify the expression
status or — with the help of additional biochemistry — to assess the interactome of selected
proteins. ##4% However, these are snapshots and the proteome can be viewed as a fine-
tuned mobile. When applying chemical compounds to a proteomic system, the mobile
changes its orientation to regain balance. This reciprocal action can again be quantified by
mass spectrometry-based techniques and subsequent data mining. Results from such ex-
periments permit insights into systems biology networks and their dynamics. An example

of that is presented in chapter f.#°

But chemical proteomics comprises more than just spoofing the steady state. Chemical
biology interventions were applied throughout this thesis in many facets, often in com-
bination with proteomics techniques. For example, two closely related methods, namely
activity- and affinity-based protein profiling, were previously designed to uncover direct

interactions between the proteins and chemical compounds.



0.3.1 ACTIVITY-BASED PROTEIN PROFILING

The information to build up a protein is stored in billions of DNA base pairs.*#? Static pro-
teomics methods such as described above completely rely on this code. But when it comes
e.g. to posttranslational modifications, it is more complicated. For instance, the activation
state of an enzyme in a complex biological environment, i.e. a bacterial cell, is not pre-
dictable to date. At this point, chemical biology methods, such as activity-based protein

profiling (ABPP), come into play.

The group of Powers pioneered the technique in the early 1990s. Biotinylated isocoumarins
were used as small molecule probes to alkylate serine hydrolases.*® The example already
highlights the composition of activity-based probes: They contain (i) a reactive war head
that can be trapped by active enzymes, (ii) a spacer, and (iii) a reporter group. In Powers’
experiments, the biotin moiety represents the reporter, but it is also feasible to attach fluo-
rophor tags.** With such probes at hand, the activity of large enzyme sets can be screened
in vitro and in parallel. However, probes are often too bulky and electrostatically unable

to cross biological membranes and are thus not favorable for iz vivo use.

In order to tackle this problem, Cravatt and coworkers made use of Huisgen’s bioorthog-
onal 1,3-dipolar azide-alkyne cycloaddition.™ With the Cu(I)-catalyzed analog of this reac-
tion from the Sharpless laboratory,” they were able to set up a concept of reporter-free
probes (figure f).” A small molecule probe containing a terminal alkyne for bioorthogonal
chemistry is incubated with living cells. After the probe has bound to its target proteins,
cells are lysed and a biotin-azide conjugate is coupled with Sharpless’ click chemistry to the
probe-labeled enzymes. Next, the labeled subproteome is captured by avidin-coated beads
for enrichment. The isolated proteins are then submitted to bottom-up mass spectrom-
etry, i.e. they are digested with an appropriate enzyme such as trypsin and subsequently

identified as well as quantified with a mass spectrometer (see also figure ). *
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Figure 3: Principle of activity-based protein profiling (ABPP) in living cells. A small molecule probe bearing a reactive
war head and an alkyne tag is incubated together with living cells. The probe labels appropriate enzymes via a stable
covalent bond to their active sites. Cells are lysed and the alkyne tag of the probe is coupled to biotin-azide via a
copper-catalyzed cycloaddition. The biotin tag allows for the enrichment of labeled proteins on immobilized avidin.
The isolated binders are submitted to bottom-up mass spectrometry procedures for identification and quantification.
If the experiment was designed with an appropriate number of replicates, results can be visualized as volcano plots. >

The basic principle of ABPP can be expanded by sophisticated variations at each step (ex-
amples are referenced). For instance, the application of inactive probe derivatives helps
discriminating between true and false protein targets.* Furthermore, using a competitor
without alkyne tag gains a similar effect, but this method can also be applied to screen un-
modified enzyme inhibitors for their binding potential.® With the introduction of cleav-
able linkers between biotin and azide moiety, it becomes possible to remove the probe from
the beads and therefore to identify the probe binding site (tandem orthogonal proteolysis
ABPP, TOP-ABPP).* Lastly, proteins, peptides, probe, or affinity tag can be labeled with
stable isotopes such as N, ®*C, or *H. For example, in isoT OP-ABPP (isotopic TOP-ABPP),
the cleavable linker of the biotin-azide is either labeled heavy or light. This permits an early
mixture of samples after click chemistry so that probe and control can be measured in one

mass spectrometry run.

After all, ABPP requires reactive sites in the proteome that attack the probes. If only an
interaction has to be shown that relies on non-covalent linkages, other methods have to
be taken into account. In this context, one derivative of ABPP is widely applied: Afhnity-

based protein profiling.

I0



0.3.2 AFFINITY-BASED PROTEIN PROFILING

In contrast to ABPP, affinity-based protein profiling (AfBPP) is characterized by small
molecule probes that usually do not possess a reactive war head, but a photocrosslinker
moiety instead. The aim is to demonstrate compound-protein interaction irrespective of
reactive sites. Thus, the method is often called photoaffinity labeling.@’ Mainly three dif-
ferent photocrosslinker classes have been spread in the scientific community: aryl azides,
benzophenones, and diazirines (figure fa).®¢ Aryl azides and diazirines are preferred due to

their superior target speciﬁcity. Bl

= benzophenone
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Figure 4: Photocrosslinker moieties and principle of affinity-based protein profiling (AfBPP) in living cells. The work-
flow is similar to ABPP (figure E), but probes do not bear a reactive war head. Instead, they exhibit photocrosslinker
groups (a). The probe is then also incubated with living cells (b). Before lysis, the whole system is irradiated with UV
light to activate the radical mechanism of crosslinking. Thus, probes are getting irreversibly attached to their target
protein. The subsequent procedure is the same as for ABPP. 5981

A standard AfBPP experiment largely follows the workflow of an ABPP experiment as de-
scribed in figuref. The major difference consists in the composition of the photocrosslinker
probe. The compound attaches to proteins via non-covalent forces, e.g. hydrophobic or
electrostaticinteractions. Irradiation of the sample leads to activation of the photocrosslinker
part and thus the formation of a covalent bond. From there on, the sample can equally be
treated as known for ABPP.®

Regarding its results, AfBPP is often accompanied with lower specificity and therefore

II



then leads to a larger set of identified potential targets. This disadvantage most likely traces
back to both relatively high dissociation constants of the probe-target interaction and the
crosslinking to neighboring proteins during irradiation.**>% The obstacle is faced by so-
phisticated controls such as competitors — mostly the unmodified compound - or the use
of so called minimal photocrosslinker probes.®#* A bioinformatics answer to this problem

is presented in chapter j§.

0.3.3 MASS SPECTROMETRY FOR PROTEOMICS

Captured proteins, whether collected by ABPP, AfBPP or other methods, are in general
identified and quantified by mass spectrometry. In brief, proteins have to be digested and
resulting peptides are then desalted and separated with Cy-based columns through high-
pressure liquid chromatography (HPLC). This step aims at a reduction of sample complex-
ity before the peptides are applied via electrospray ionization to a mass spectrometer. In
this study, exclusively orbitrap-based machines have been used. After determining the full
peptide m/z values (MS' spectra), most intense peptide ions are subjected to a collision
cell, where they are fragmented (data-dependent acquisition, DDA). The fragment ions
are again measured for their m/z ratio in a linear ion trap or again in the orbitrap (MS*
spectra). 494584 The fragmentation pattern is dependent on the sequence of amino acids.
Thus, peptides are usually identified by matching their MS* patterns to theoretical frag-
ment patterns from a database.® Finally, in this work, quantification was mainly based on
full peptide ion intensities in MS' spectra, either in SILAC or dimethyl labeling settings or
label-free. The latter method is schematically depicted in figure f| and chapter [ exploits its

power to quantify peptides from many experiments in paralle]. 225557
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Figure 5: Methodological basis for bioinformatics to identify and quantify peptides based on MS! and MS? spectra
in data-dependent acquisition. For identification, a peptide ion from a MS? spectrum is isolated and subsequently

fragmented. The resulting MS? fragment spectrum is then searched against a database of in silico digested proteins.

For quantification, peptide ion intensities from Mms?! spectra are used (here: label-free quantification). o8/

0.4 RETRACING THE PROTEOMICS JOURNEY: CONTENTS OF THIS THESIS

The structure of this thesis reflects my journey through chemical biology and chemical pro-
teomics. However, not completely in chronologic order, it starts with the conformational
regulation of a single protein — ClpP -, then it continues with the dissection of ClpP’s
substrate cleavage preferences. The direction then changes towards the cell biological con-
text of ClpP. Finally, the journey temporarily ends with pure data mining of complex pro-
teomics experiments such as photoaffinity labeling and peptide intensity profiles in mass

spectrometry (figure ).
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Figure 6: Schematic illustration of the contents of this thesis. The chapters are sorted to follow the increase of pro-

teomic complexity. Furthermore, the methods used undergo a shift from classical ‘wet-lab’ biochemistry to ‘dry-lab’
bioinformatics. Both domains are linked by mass spectrometry-based proteomics.
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Selective activation of

human caseinolytic protease P (ClpP)



1.1 INTRODUCTION

During the characterization of bacterial ClpPs (see chapter [d), it was early suggested that
there might be also ClpP homologs in mammalian cells.! Indeed, in humans, hClpP could
be found in mitochondria according to the endosymbiotic theory.*" Later, the same came

true for ClpX.#

1.1 STRUCTURE OF HCLPP

In its simplest form, the serine hydrolase hClpP consists of seven equal monomers that
are aligned to a ring (figure f.fa).? Each monomer bears an active site, which is made up of
the nucleophilic S1s3 and its partners Hi78, and D227. Their alignment allows the forma-
tion of a charge-relay system in order to render the serine catalytically active (figure [.1b).
The completely different numbering of active site residues compared to S. aureus ClpP
indicates a major difference between human and bacterial ClpPs: hClpP possesses an N-
terminal extension of §6 amino acids, which is used as a mitochondrial import signal and
cleaved off after the protein has reached its final destination.” At the C-terminus, hCIpP
bears a 28 amino acids long tail. The fold is not resolved in the available crystal structure
(PDB 1TG6), which points to a flexible arrangement. However, the function of this part re-
mains largely unknown. Mutational studies suggest a role in the control of hClpX binding.
Hence, hClpP lacking the C-terminus is found to bind more tightly to hClpX.®? The core
part of a hClpP monomer is a globular head domain. From this rather compact structure,
along arm made of an a-helix (E-helix) protrudes. This region is mainly responsible for the

formation of double-heptamer complexes by ring-ring stacking.”

To gain activity, two hClpP heptamers stack on top of each other and form a barrel-like
double-ring structure, the active tetradecamer. The complex thus features two apical en-
trance pores and 14 stringed active sites. It was shown that tetradecamer formation is depen-
denton the binding of hClpX, but functional interactions with ClpX from E. coli (EcClpX)
are possible, too.*® Additionally, acyldepsipeptides (ADEPs, cf. figure [.7) are supposed to
trigger the active conformation by mimicking the ClpX interaction.®# A similar artificial
activation was observed for bacterial ClpPs, e.g. by ADEP (fragments) or Activators of
Cylindrical Proteases (ACPs). e
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N-terminus

tetradecamer monomer

Figure 1.1: Structure of hClpP. (a) Complex of hClpP consisting of 14 monomers (PDB 1TG6), which is thought to be
active. Ring-ring interactions of heptamers are partly mediated via the E-helices (highlighted in yellow). (b) Depiction
of a single hClpP monomer from a. The sequence is colored from N- to C-terminus in blue to red. The C-terminal
extension is not resolved. Side chains of the catalytic triad - S153,H178, and D227 - are highlighted.

1.1.2 FunctioN oF HCLPP

hClpP is embedded in the matrix of mitochondria.®® As a protease, it takes part in the mi-
tochondrial proteostasis system. However, there is not much known about putative sub-
strates. Atleast Noar, a mitochondrial matrix GTPase, was found to be degraded. Y Further-
more, the generation of a hClpX trap by mutating the ATP-hydrolyzing Walker B motif
provided initial evidence for several other substrates or interacting proteins. Among them
is the protein p32, which is thought to play a role in mitoribosome formation. However, i
vitro degradation by hClpXP was not successful. 54 Most recently, Cole er al. conducted a
ClpP interactome study that revealed several proteins stemming from the respiratory chain

and the mitochondrial metabolism. ¥

A ROLE OF HCLPP IN THE UNFOLDED PROTEIN RESPONSE OF MITOCHONDRIA?

As a consequence of the enrichment of unfolded or misfolded proteins in the cytoplasm,
biosynthesis and activation of an armada of chaperones are induced. For example, the heat-
shock proteins Hsp7o and Hspoo are key players in a well regulated and fine-tuned mam-
malian stress response. Additionally, the endoplasmic reticulum (ER) evolved its own
stress sensing systems.” And also mitochondria harbor their proper stress response: the

unfolded protein response of mitochondria (UPR™).
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As far back as in the early days of UPR™ research, the name of ClpP already appeared. It
was found to be upregulated, when unfolded proteins are accumulating in mitochondria.®
Indeed, in Caenorbabditis elegans, product peptides of ClpXP-mediated degradation find
their way through the Hafr transporter in the inner mitochondrial membrane to the cy-

tosol. % In the following, chaperone-related genes are upregulated.

/) heat-shock genes 4

product peptides
-~

¢ -
\ e - ~ -~
1 = “Haft ’ RS
-
-’
mitochondrion cytoplasm

Figure 1.2: Model of the UPR™ of C. elegans. Under stress conditions, proteins are degraded by the CIpXP machinery.
Product peptides are transported through the inner mitochondrial membrane with the transporter Haf1 and translo-
cate further to the cytosol. There, they trigger a transcriptional response.E’

If this model from UPR™ for C. elegans is also true for mammalian and thus human cells,
is still unclear to date. Seiferling er al. recently alerted the scientific community by show-
ing that ClpP seems not to play a role in the UPR™ of mice hearts.” In fact, the mam-
malian mitochondrial stress response might more depend on ClpX as its upregulation in
cultured mouse myoblasts led to increased levels of UPR™ markers.® In future, insights
into the functional role of hCIpP can be mainly gained by (i) the use of tailored chemical
compounds to manipulate hClpP’s structure and function and (ii) by carefully characteriz-

ing disease-associated hClpP mutants.

HCLPP IN DISEASES

Disease-affiliated variants of ClpP have been continuously reported in recent years. The
overwhelming number is related to cancer and collected in the COSMIC database (Cata-
logue of Somatic Mutations in Cancer). More than 20 point mutations, distributed over
the whole sequence and out of various tissues, are documented.ll Certainly, it remains elu-

sive, if these are cause or consequence of cancer.? In a study that is presented in chapter

*As of sth January 2018.
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Bl, some recombinantly overexpressed hClpP mutants were subjected to an analysis of their
peptidolytic and proteolytic activity. The former comprises the digestion of peptides by
hClpP and the latter describes the degradation of full proteins with the help of ClpX or
an artificial activator.® Nine out of ten mutants showed an aberrant peptidase behavior,
which was in eight cases corrected to standard values in proteolysis. This fact demonstrates
the conformational power that ClpX exerts on hClpP. However, one mutant — A31V —
was completely inactive in both experiments.®

In addition, hClpP is overexpressed in primary mononuclear cells of acute myeloid leukemia
(AML) samples. Strikingly, a knock-down of CLPP in respective cell lines disturbed their
viability. In accordance to that, the treatment of AML cells with a 3-lactone ClpP inhibitor
had cytotoxic effects.” Vice versa, overexpression of CLPP in Hela cells protects them
from killing by cis-platin. Again, the opposite effect occurs, when ClpP or ClpX levels are

diminished. 2

Besides cancer, hClpP seems to play a major role in the pathogenesis of the Perrault syn-
drome. This very rare and autosomal-recessive disease comes along with hearing loss and
ovarian failure.?” In an initial, study Jenkinson ez 4/. detected two point mutations in CLPP
— T145P and C147S - to be causative for the onset of the Perrault syndrome. Both of them
are as active as the wild-type in in vitro proteolysis experiments.? Later, more CLPP mu-
tants were reported, but the mechanism of action to develop the pathologic state remains
to be uncovered.?* A first step to solve this question was the generation of CLPP defi-
cient mice, which led to increased levels of ClpX, mitochondrial DNA and inflammatory

factors.?

1.3 OBJECTIVE

Despite the extensive examination of bacterial ClpP homologs in past decades, the human
isoform remains poorly characterized. On a structural level, hClpP exhibits numerous sim-
ilarities to its bacterial counterparts, however, its dedicated function in a cell biological con-
text is still a riddle. One reason for that is the distinct oligomeric composition of hClpP. It
usually forms inactive heptamers, whereas bacterial ClpPs in majority build tetradecamers
ab initio that are active per se." This circumstance makes it challenging to develop in vitro
and iz vivo assays to probe the enzyme as the natural activator — hClpX - is largely unstable,

hard to purify and endogenous substrates for degradation assays are rare.
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This study aimed to discover an artificial small molecule activator that is easy to synthesize
and facile to handle. It should be long-term stable and activate hClpP in a sufhicient man-
ner. In fact, such a molecule, named D9, was identified using high-throughput-screening
data of a previous ClpP inhibitor study.* It could be shown that Dg induces the formation
of tetradecamers and it seems to bind to the hydrophobic pockets, where typically loops of
ClpX are interacting with. Finally, a cocrystal structure of a superactivated hClpP mutant
together with D9 could be gained, which lends insights into the fine-tuned conformational

switches operating during enzyme activation.

1. RESULTS AND DISCUSSION

2.1 DISCOVERY OF Dg

In 2015, a study was published in which the authors screened a library of about 140,000
small molecule compounds for inhibitors of S. aureus ClpP (SaClpP).# The screen used
the peptide N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin (Suc-Leu-Tyr-AMC) as a sub-
strate for ClpP-mediated peptidolysis. The protease is able to cleave oft the fluorogenic dye,
which thereby is released from quenching and exhibits larger fluorescence. The nature of
the screen design allowed to reassess initial data and to specifically look for SaClpP activators
among the library compounds (cf. Master’s Thesis of M. Stahl).* If SaClpP significantly
rose over 200% compared to the basal activity of SaClpP, the compound was considered as
putative activator. After stringent filtering (for a detailed description of the selection steps,
see the methods section), 70 molecules were further analyzed in a proteolysis setup, for
which fluorescein-labeled casein (FITC-casein) was applied as a model substrate. SaClpP is
not capable to efficiently digest this protein without an activating substance. Conversely,
none of the compounds led to a stimulation of SaClpP activity. Indeed, the proteolytic
potential of ClpPs from E. coli (EcClpP) and L. monocytogenes (LmClpP2) was not ampli-
fied.® Eventually, an up-scaled reproduction of the peptidolytic screening conditions failed
to show activation for any of the molecules (data not shown). Thus, SaClpP seems to be-

have differently under the high-throughput conditions.

However, when switching to human ClpP, one of the 70 compounds stood out as an acti-
vating substance. Due to its position on the well plate, it is henceforward called D9 (figure
[.32).% The maximum level of activation is comparable to the stimulation by the ADEP
fragment 21 (courtesy of Pavel Kielkowski),” but only observed for hClpP and hClpPAC
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lacking the last 28 amino acids. Notably, for the tested bacterial isoforms, no significant in-
crease in peptidase or protease activity could be manifested (figure f.3bc). Of note, BsClpP
could only be activated in peptidolysis by 21, not in proteolysis. This might be due to as-
say conditions. D9 stimulated both hCIpP peptidolysis and proteolysis in a concentration-
dependent manner with an apparent dissociation constant for proteolysis in the low mi-
cromolar range (figure f.3de). In order to check, if D9 and 21 are able to reach the hClpP
peptidase activation level as ClpX does, peptidolysis should be measured in absence and
presence of ClpX. Such an experimental setup was designed with ClpX from E. coli (Ec-
ClpX) because it is able to interact with hClpP and the complex can efficiently degrade the
green fluorescent protein equipped with a SsrA recognition tag (GFP-SsrA, figure [L.3f). 43~
EcClpX together with hClpP increases the peptidase activity of hClpP around fivefold in
comparison to D9 or 21 and is thus a far more potent activator than the artificial com-
pounds. The avidity effect of multiple EcClpX binding loops and ATP-hydrolysis-driven
dynamics might be possible explanations for that. In order to further explore the connec-
tion between structural features of D9 and its activation potential, derivatives were ana-

lyzed.
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Figure 1.3: Initial characterization of D9. (a) Structures of the here discovered hClpP activator D9 and the previously
described bacterial ClpP stimulator 21. 11 (b) Assessment of the activation potential of D9 and 21 on ClpP from differ-
ent species. Bs: B. subtilis, Ec: E. coli, Lm: L. monocytogenes, Sa: S. aureus, hCIpPAC is lacking 28 C-terminal amino acids
compared to the wild-type, but - as all ClpPs - bears a C-terminal Strep tag. For each ClpP, an optimized peptide sub-
strate was offered for degradation (see methods section). 23 Unlike as in initial screens, the same buffer (hClpP) and
temperature (37 °C) conditions for all ClpPs were used. 21 enables increased peptidolysis over the DMSO control for
all ClpPs, whereas D9 only overactivates the human isoforms. (c) Respective proteolysis assay with FITC-casein as a
fluorogenic substrate protein. Negative protease activities are due to fluorescent substrate quenching. BsClpP does
not show any activity upon compound treatment. Human ClpPs are stimulated in equal amounts by D9 and 21. (d and
e) Dose-dependent peptidolysis and proteolysis experiments. For peptide substrates, please refer to the methods sec-
tion. Differences between D9 and 21 are not significant. For e, data was normalized to the highest and lowest data
points by Graphpad Prism and it was possible to fit an allosteric sigmoidal curve. However, apparent binding constants
could not be obtained reproducibly over independent experiments, but reside in the low uM range. Hill coefficients are
constantly greater than 1 indicating a cooperative binding mode. (f) Comparison of D9- and 21-mediated activation of
hClpP to EcClpX-stimulated peptidolysis. The EcClpX:hClpP complex reaches a fivefold higher activity compared to
hClpP with D9 or 21. Declining activities for the mixed complex of EcClpX and hClpP together with compound might
be due to EcClpX displacement effects (see figure @). Data was recorded in triplicate in two independent experi-
ments. One triplicate including standard deviations is shown (n=3).
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1.2.2 STRUCTURE-ACTIVITY RELATIONSHIPS

The two outer parts of D9 were subjected to a closer inspection of structure-activity rela-
tionships. First, the eastern moiety of D9 was analyzed because such a substituted benzyl
group also exists as a (modified) phenylalanine in ADEP molecules.?® In detail, this part
interacts with ClpP’s hydrophobic pockets around the apical pore, which is one of the
ClpX binding sites.”” 13 commercially available or in-house synthesized derivatives (cour-
tesy of Vadim S. Korotkov) were screened in proteolysis experiments with FITC-casein as
substrate. Exchange of the chlorine or fluorine substitution to the corresponding halogen,
in order to gain homosubstituted phenyl moieties, kept the activation potential of Do, al-
beit it is slightly reduced (compounds 1 and 2). However, when switching two fluorine
substituents from the ortho, para to a meta, meta position (3) — as it is found in ADEPs
—, activity further decreases. A single chlorine in ortho or meta position is weakly accepted
(4 and s), but other constellations as well as the unsubstituted benzyl group (8) did only
reach very poor or no stimulation of proteolysis. Thus, single substitutions are less impor-

tant than the overall substitution pattern of the benzyl moiety.
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Figure 1.4: Structure-activity relationship study of D9. (a) The D9 molecule can be subdivided in three parts: (i) the
outer benzodioxole and (ii) substituted benzyl moieties, and (iii) the central amide bond with the oxadiazole. To probe
the effect of two moieties that are located far from each other, the outer eastern and western parts were modified.
The former is of special interest because of its structural similarity to ClpP activating ADEP molecules. (b) Structures
of applied derivatives. (c) Derivative-dependent proteolysis screen. 20 uM compound were added to 0.5 uM hClpP.
Then, digestion of FITC-casein was fluorescently monitored. Data was recorded in triplicate in two independent ex-
periments. One triplicate including standard deviations is shown (n=3).

The western part of D9 was also probed in respect of its structural features, although on
a broader scope (figure [.4]). Tested compounds are not just substituent-exchange deriva-
tives, but structurally diverse. For example, when changing the benzodioxole to a methoxy-
substituted benzyl (14), no significant difference on enzyme activation compared to D9
could be observed. But, when extending the carbon chain between amide and unsubsti-
tuted phenyl (15) or when replacing the methoxy moiety by an hydroxyl group (16), im-

mediately a drastic decrease in activity was observed. Other changes, such as a dimethoxy
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substitution pattern (18) or introducing an imidazole moiety (20), resulted in very poor
or no activation of hClpP. The western part of D9 seems therefore to be more permissive
in structural changes than the eastern part. However, both parts together are important
for successful activation of proteolysis. The mechanistic basis of this activation was then

further examined by biophysical and biochemical methods.

2.3 MODE oF Dg AcTION

It is known that hClpP per se forms inactive heptamers.® Thus, in comparison to SaClpP,
the heptamer-tetradecamer equilibrium is strongly held on the smaller complex side. The
mechanism of action of D9 might be in part based on an equilibrium shift towards higher
oligomeric hClpP complexes. In order to test this hypothesis, D9 dose-dependent analyti-
cal ultracentrifugation runs with hClpP were carried out (figure [.da). Indeed, a theoretical
ratio of 0.3 D9 to one hClpP tetradecamer was enough to start shifting the equilibrium to
the tetradecameric state. Higher amounts of D9 (more than nine per tetradecamer) then

completely led to the formation of the tetradecameric species (figure [.gb).
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Figure 1.5: Analytical ultracentrifugation to monitor the heptamer-tetradecamer equilibrium of hClpP. (a) Example
of raw data for two concentrations of D9 and the DMSO control. Rising D9 concentrations are reflected in a shift
froma7.0Stoa 10.1S complex. This most likely represents the transition from heptamer to tetradecamer. (b) Plot
of all theoretical D9:hClpP14 ratios and their ability to stabilize the tetradecamer species. The blue line represents an
allosteric sigmoidal fit. The apparent dissociation constant (K,,,) and Hill coefficient (h) are given with standard errors.
Data was recorded as one replicate for each concentration. Error bars represent standard errors of bigaussian fitting.

Activation of hClpP physiologically takes place through interaction with hClpX.*® Assum-
ing that D9 is binding in the same region as hClpX, namely around the apical entry pores,
the compound should be capable of displacing the chaperone. Such a chaperone-mediated
proteolysis setup was established by combining EcClpX with hClpP and GFP-SsrA as a
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substrate. Indeed, rising concentrations of D9 in an EcClpX:hClpP degradation system
lowered the processing rate of GFP-SsrA, which has to be unfolded and translocated by
EcClIpX before digestion through hClpP (figure f.Ga). This result suggests, but does not
prove, that D9 mimics hClpX (figure [.Gb). In fact, the behavior resembles the character-
istics of ADEPs that also replace ClpX in the complex. (%€ Similar GFP-SsrA degradation
experiments were run for chaperone-free hClpP or inactive hClpP S153A and EcClpX with-
out hClpP (figure f.Gcd). In all cases, the GFP-SsrA degradation was about tenfold lower
than in EcClpX:hClpP experiments with DMSO and in neither case could a difference be-
tween DMSO and compound be observed.
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Figure 1.6: D9-dependent attenuated EcClpX-mediated GFP-SsrA processing. (a) The potential of GFP-SsrA unfold-
ing and degradation by a complex consisting of EcClpX and hClpP was fluorescently monitored. Upon rising concentra-
tions of D9 or 21, GFP-SsrA processing slowed down. The final baseline can be explained by slow GFP-SsrA unfolding
through EcClpX. (b) Model of EcClpX replacement by D9. (c and d) Control reactions for both compounds (25 pM
each) with inactive hClpP S153A only, wild-type hClpP only or EcClpX only. The compounds did not have any signifi-
cant effect. Data was recorded in triplicate and in two independent experiments. Unnormalized initial slopes of all six
replicates were combined and then normalized to the DMSO control. Error bars represent standard deviations (n=6).

1.2.4 DOCKING AND MUTATIONAL STUDIES

The enzymatic results obtained called for a closer view on the D9 binding site. Therefore,
in silico docking studies were performed. Before applying the docking procedure to Dg and
hClpP, the method was validated by a successful redocking of ADEP2 into BsClpP (PDB
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3KT]J, figure . 7ab).” Then, the optimal binding conformation of D9 into the hydrophobic
pockets of hClpP (PDB 1TG6, figure [.7c) was determined.” The highest ranked docking
solution gave evidence that the substituted benzyl moiety of D9 is buried in an extension
of the hydrophobic pockets (figure [.d). The entrance of the cleft is marked by a motif of
three aromatic amino acids: Y8, Y138, and Wi46 (YYW motif), which probably establish
w-stacking interactions with the Dg benzyl group (see also figure [.8a). Additionally, dock-
ing of compound 8, the unsubstituted benzyl derivative, was executed. A pose with the
most similar conformation to Dg revealed a deeper positioning of the benzyl moiety in the
binding cavity (figure [.Z¢). Likewise, compound 3 with an ADEP-like substitution pat-
tern exhibits a perpendicular orientation of the benzyl group compared to Do (figure .7f).
Most surprisingly, 21 was found to bind the other way round in the hydrophobic pocket
(figure 7). As these are only theoretical models, they have to be handled with care. How-
ever, an upside down binding mode of 21 would explain its activation potential towards

human as well as bacterial ClpPs, where it could bind in an inverse conformation.
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Figure 1.7: Docking of D9 to hClpP. (a) Structure of ADEP2, the activating agent of BsClpP, which was used to vali-
date the docking method. (b) Redocking of ADEP2 to a cocrystal structure of BsClpP with activator (PDB 3KTJ).E
The substituted phenyl alanine moiety fits into the hydrophobic pocket on the apical surface of BsClpP. The docked
and crystallized ADEP2 conformations show a sufficient overlay. (c) Docking of D9 to the wild-type hClpP structure
(PDB 1TG). (d) Close-up view from the side on the hydrophobic binding pocket. The substituted benzyl group points
into the cleft. The benzodioxole moiety on the other side of D9 fits to a distant second pocket. (e) Comparison with
the docking of compound 8, which only possesses an unsubstituted benzyl group, leads to a deeper insertion of the
molecule. (f and g) Docking of compounds 3 (difluoro-substitution in meta, meta position) and 21; each in comparison
to D9.

To supplement these structural findings with biochemical activation data, a set of hClpP
point mutants around the presumed binding site and inspired from interspecies amino acid
substitutions was generated. The mutants were subjected to a peptidolysis screen with and

without Dg present (figure [.§). Monitoring the peptidase activity here allows to check the



general mutant wellness without compound and subsequently enables a direct comparison

to Dg-mediated activation.
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Figure 1.8: Mutant analysis of D9-mediated hClpP activation. (a) View into the hydrophobic binding pocket between
two monomers of hClpP (PDB 1TG6).E Amino acids selected for mutation are highlighted in purple. Most of them were
chosen because they are altered in bacterial ClpP homologs. (b) The mutants were subjected to peptidase assays. Data
was recorded in triplicate in two independent experiments from which one is shown. As the assay was conducted on
two different well-plates, two wild-type measurements exist for normalization. Peptidolysis rates were normalized to
hClpP wild-type with DMSO of the respective plate. Error bars represent the standard deviations (n=3).

In peptidase assays, mutants showing a normal activity level with DMSO and an altered
behavior when treated with D9 compared to the wild-type are most interesting. The pep-
tidase activity of the point mutants E82D, Qro7D, Q107A and the two double mutants is
rather unaffected, however, they all show an attenuated stimulation by Dg. Notably, the
double mutants are amino acid exchanges in the YYW motif to E. coli (Y138F W146]I) and
S. aureus (Y138H Wi46]) conditions. This suggests the aromatic motif, which is in this
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ClpP setting specific for hClpP, to be an important determinant for species specificity. Fur-
thermore, two mutants were discovered that show a boosted activity with Dg relative to
the wild-type: Hui6F and Yu8A. The latter has a basal peptidase activity on the wild-type
plus D9 level and even doubles its activity in presence of D9. As Hii6 is in its direct neigh-
borhood, it might be possible that the two aromatic systems are part of a conformational
signaling cascade. Of note, many mutants associated with the Perrault syndrome are also
located around the hydrophobic binding pocket (see also chapter p|). Therefore, in future

studies, D9 will help to characterize these protein variants.

1.2.5 X-RAY CRYSTAL STRUCTURE

In order to obtain detailed insights into the binding mode of D9 to hClpP, their cocrystal-
lization was attempted. However, crystallization of wild-type hClpP with Dg did not suc-
ceed. Probably, shifting the heptamer-tetradecamer equilibrium upon D9 binding and the
poor solubility of the compound in aqueous buffers (<so uM), might disfavor (co)crystal
formation. Similarly, treating hClpP crystals with D9 did not work. However, during
studies with a set of hClpP point mutants, one of them attracted special attention — hCIpP
Yu8A. It showed exaggerated peptidase turn-over without any activator present. Thus, it
was assumed that the mutant ab initio forms tetradecamers and would be suitable for crys-
tallization experiments with D9 as it could be further activated with the compound (also

refer to figure [.8b). Finally, crystals could be obtained and diffracted to a resolution of 3.1 A.

Compared to the previously published wild-type crystal structure of hClpP (PDB 1TG6),”
the mutant and D9-bound form stands out by its approximately doubled pore diameter
(ca. 30 compared to 15 A) and reduced height (ca. 8o to 100 A, figure f.da). D9 can only
be visualized as bulky electron density, because of an occupancy of only ca. 40%. However,
it seems to be located between two monomers on the apical sides of the hCIpP barrel (fig-
ure[l.gb). This is approximately the region, where the LGF loops of hClpX might bind to®
and supports the hypothesis that Dg is a ClpX mimic. However, itis not clear, whether the
above mentioned changes in dimension occur because of Dg binding or if they are a conse-
quence of the Yii8A mutation or a combination of both. Nevertheless, the here described
widened pore is also a key feature of ADEP-mediated activation, which might suggest mu-
tual compound-induced structural changes. Furthermore, the molecular reason for pore
opening is putatively the flexible N-terminal loop crown as the first r7 amino acids are not

resolved. Another segment that is not visible lies between amino acids 182-190. Strikingly,

40



this leads to small additional equatorial pores next to the E-helices. Conversely, these E-

helices are shortened, which is usually a feature of inactive ClpP (figure [.gc).*
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Figure 1.9: Crystal structure of hClpP Y118A partly in complex with D9. (a) The previously known wild-type structure
(PDB 1TG6, green)ﬂ and the novel mutant structure (not yet submitted to PDB, gray). The two proteins have different
dimensions and hClpP Y118A with D9 (occupancy around 40%) exhibits a clearly enlarged pore. (b) Top- and side-
view of hClpP Y118A with depiction of the localization of D9 (green). The exact conformation of the compound is
not resolved due to low ligand occupancy. (c) Overlay of monomers from hClpP wild-type and the D9-bound mutant
highlights a shortened E-helix (dashed red rectangle in panel b). (d) The same overlay with focus on the active site
residues. In the mutant structure, H178 and D227 are turned away from S153 leading to a misaligned catalytic triad.
(e) Overlay of monomers from the compact SaClpP conformation (PDB 4EMM) =2 and mutant hClpP shows a similar
rearrangement of the active site residues. (f) Neighboring residues of H178 also undergo conformational switches in
comparison to the wild-type. Both Q179 and P180flip around ca. 180°. Subsequently, the glutamine might coordinate
the hydroxyl moiety of S153 and blocks the adjacent S1 pocket. (g) Example for different conformations of R226,
which is part of the arginine sensor mediating ring-ring interactions. This arginine is not resolved for all of the hClpP
monomers.
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A recently published study with a crystal structure of the superactive SaClpP Y63A mutant
(PDB 5Co90) delineates a chain of amino acids that change their conformations upon mu-
tation. ** The exchanged tyrosine is located at the same position as Y18 in hClpP. But
beyond that, the activation mode seems to be different. For example, the crucial N42 in
SaClpP is replaced by S97 in hClpP, which upon mutation shows no difference to the wild-
type in peptidolysis (figure [.8b). Most remarkably, the strand (9 is not formed in the hu-
man mutant and the overall shape of a hClpP Yiz8 A monomer can be aligned very well to a
compact and inactive structure of SaClpP (PDB 4EMM, 103 amino acid positions of 221 in
hClpP are identical to SaClpP (47%)).* In both structures, the catalytic triad is not aligned
(figure f.9de). This finding is in strong contrast to the superactivity of the Dg-stimulated
hClpP mutant. The paradox continues with P18o. In an inhibited SaClpP structure (PDB
sDLi) as well as in its compact conformation, this proline is found flipped 180° around com-
pared to an active extended conformation (PDB 3VsE). #3%2 This feature is a consequence
of or a cause for the misalignment of the catalytic triad. In the mutant hClpP structure,
this proline is also turned away from the E-helix (figure [.9f). Simultaneously, Q179 also
flips around and blocks the St pocket by coordinating to the active site serine. It remains in
question, if such an interaction would lead to atypical activation of the serine via a Ser-Gln
catalytic dyad or if it is important for cleavage product release. Also R226, a member of the
arginine sensor for inter-ring contacts, is turned upside down compared to the wild-type

(figure .9g) and would thus not be able to interact with the adjacent heptamer ring.

Taken together, hClpP Yu8A exhibits many conformational characteristics that are actually
known from inactive SaClpP crystal structures. Thus, it remains in question, if the present
snapshot represents the same overall conformation as observed in all other biochemical as-
says above, where hClpP Yu8A is typically more active than the wild-type. Notably, the
crystals were grown under acidic conditions (pH 4.6), which might lead to the selection
of unusual conformations. These, however, can be part of the catalytic proteolysis cycle.

Importantly, the region of D9 binding could be confirmed by X-ray crystallography.

1.3 CONCLUSION AND OUTLOOK

The small molecule compound D9 was discovered out of the reanalysis of a high-throughput
screen. It efficiently activates ClpX-independent peptidolysis and proteolysis, which could
not be transferred to bacterial ClpP homologs. Following binding to the hydrophobic pock-
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ets of hClpP, D9 presumably acts at least via two interconnected ways: (i) by shifting the
heptamer-tetradecamer equilibrium to larger complexes that are known to be functional,®
and (ii) by exerting conformational control over the whole hCIpP complex. However, the
exact mode of action at the amino acid level remains puzzling as the determined crystal
structure resembles SaClpP in its compact and inactive conformation. Crucial features are
a misaligned active site, a glutamine switch that closes the S1 pocket and a presumably non-
functional arginine sensor. Either the crystal only captured a snapshot of an inactive hCIpP
conformation or the observed shape is part of the catalytic cycle, which previously was sug-
gested for bacterial ClpPs. > In this case, the glutamine switch is of particular interest. The
residue blocks the St pocket, but also might establish an interaction with the catalytic serine,
which could include a speed-up of the catalysis cycle. To prove such mechanistic principles,
it is necessary to examine point mutants of Q179 and other involved residues. In addition,
a crystal structure of hClpP Yu8A without D9 is needed to separate effects coming from
the mutation or the compound. Finally, the docking study lent insights into a possible con-
formation of D9 when binding into the hydrophobic pockets. Future studies will have to
clarify the link between the allosteric binding site and conformational changes in the heart
of hClpP. In addition, iz vive target engagement experiments are necessary to determine the
specificity of Dg in a full proteome context and to probe its physiological consequences on

live cells, especially cancer cells.
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1.4 METHODS

1.4.1 COMMENT ON COMPOUNDS AND THEIR SOLUBILITY

Compounds were either purchased (ChemDiv) or synthesized by Vadim S. Korotkov and
Pavel Kielkowski. Due to the very poor solubility of D9 and derivatives (<so uM in wa-
ter, solubility in DMSO seems to be also insufficient, as tiny white powder rests could
be frequently observed in tubes), a certain error must be assumed for all concentration-

dependent measurements.

1.4.2 HIiGH-THROUGHPUT SCREEN REANALYSIS

The screen was originally published by Hackl e 4.** Compounds showing 200% to 1000%
activity compared to DMSO were preselected. Ten compounds were manually chosen
from the >500% to 1000% region. Few conjugated double bonds were favorable. 1287 sub-
stances from the 200% to 500% region were further analyzed with RDKit.*# Structurally
similar compounds were clustered and from the clusters with the highest averaged activa-
tion potential, 240 compounds were selected. Again 100 compounds were taken from the
most active compounds in the >500% to 1000% region that were not already selected via
clustering. In total 350 substances were retested for autofluorescence at the COMAS facility
in Dortmund, where the initial screen had been performed. 70 compounds with autofluo-

rescence in the range of the DMSO control were further analyzed in-house.

1.4.3 CLONING, EXPRESSION AND PURIFICATION OF PROTEINS

BsClpP, EcClpP, and SaClpP were partly a kind gift of Anja Fux and Mathias Hackl.
SaClpP was basically expressed and purified as described previously. ** In brief, E. coli BL21
(DE3) carrying ClpP constructs with a C-terminal Strep-II tag in a pET301 vector were
grown at 37 °C to an optical density (OD) of approximately 0.6 and induced with o.s mM
isopropyl-@-D-thiogalactopyranoside (IPTG). Then they were usually grown at 25 °C over
night; varying incubation times and temperatures are possible. After cell lysis via ultra-
sound or a constant cell disruption system, the protein was first purified in 100 mM Tris-
HCI pH 8.0, 150 mM NaCl, 1 mM EDTA by Strep-affinity chromatography and elution
with additional 2.5 mM desthiobiotin. In a second step SaClpP was finally purified by size
exclusion chromatography (20 mM Hepes pH 7.0, 100 mM NaCl).

BsClpP and EcClpP were expressed and purified in a similar manner with the following
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changes: expression for s h at 37 °C, size exclusion buffer: 20 mM Hepes pH 7.4, 100 mM
NaCl.

For LmClpP2, the following changes were applied in comparison to the SaClpP protocol:
induction at an OD of ca. 0.5 with 1 mM IPTG, then incubation for s h, Strep buffer with
pH 7.0 and size exclusion in 20 mM MOPS pH 7.0, 100 mM KCI, 5% (v/v) glycerol.
hClpP and mutants thereof were expressed in E. coli (DE3) Rosetta 2 or RIL CodonPlus
cells in a similar way as SaClpP, but at 25 or 37 °C as well as incubated over night or for 4 h
(expression and purification of proteins for crystallization is described below). The expres-
sion construct for hCIpPAC was obtained by using a primer, which deletes 28 C-terminal

amino acids, and the Gateway© Cloning technology. Mutant genes were gained following

the QuikChange principle with primers listed in table r.1.

Table 1.1: Primers for hCLPP construction and mutation.

Gene Primer forward Primer reverse

we GGGGACAAGTTTGTACAAAAAAGCAGGCTTTGAAGGA GGGGACCACTTTGTACAAGAAAGCTGGGTGTTATT
GATAGAACCATGCCGCTCATTCCCATCGTGG TITCGAACTGCGGGTGGCTCCAGGTGCTAGCTGGGACAGG

AC GGGGACAAGTTTGTACAAAAAAGCAGGCTT GGGGACCACTTTGTACAAGAAAGCTGGGTGTTATTATTT
TGAAGGAGATAGAACCATGCCGCTCATTCCCATCGTGG TTCGAACTGCGGGTGGCTCCAGGGAGGGTGGACCAGAAC

Es2D ACACGATGCGATCCCGCAGCAGCCG CGGCTGCTGCGGGATCGCATCGTGT

184V TGACGCACACGACGCGCTCCCGCAG CTGCGGGAGCGCGTCGTGTGCGTCA

So7A CGATGACAGCGTTGCCGCCCTTGTTATCGCACAG CTGTGCGATAACAAGGGCGGCAACGCTGTCATCG

TrooV AGCTGTGCGACAACAAGGCTGGCAACGCTG CAGCGTTGCCAGCCTTGTTGTCGCACAGCT

Qio7E TGTTGCTCTCGGATTCCAGGAAGAGGAGCTG CAGCTCCTCTTCCTGGAATCCGAGAGCAACA

Qio7D TTCTTGTTGCTCTCGGAGTCCAGGAAGAGGAGCTGTG CACAGCTCCTCTTCCTGGACTCCGAGAGCAACAAGAA

Quo7A TCTTGTTGCTCTCGGATGCCAGGAAGAGGAGCTGTG CACAGCTCCTCTTCCTGGCATCCGAGAGCAACAAGA

S108A GCACAGCTCCTCTTCCTGCAAGCCGAGAGCAAC GTTGCTCTCGGCTTGCAGGAAGAGGAGCTGTGC

Hue6Y GCTGTTGATGTACATGTAGATGGGCTTCTTGTTGC GCAACAAGAAGCCCATCTACATGTACATCAACAGC

Hu6F AGGGCTGTTGATGTACATGAAGATGGGCTTCTTGTTGCTC GAGCAACAAGAAGCCCATCTTCATGTACATCAACAGCCCT

Hu6s AGGGCTGTTGATGTACATGCTGATGGGCTTCTTGTTGCTC GAGCAACAAGAAGCCCATCAGCATGTACATCAACAGCCCT

YusA CACCAGGGCTGTTGATGGCCATGTGGATGGGCTTCT AGAAGCCCATCCACATGGCCATCAACAGCCCTGGTG

Yi38A CAGATCGGGTTGAGGATGGCCTGCATCGTGTCGTAGAT ATCTACGACACGATGCAGGCCATCCTCAACCCGATCTG

Yi38H ATCGGGTTGAGGATGTGCTGCATCGTGTCGTAG CTACGACACGATGCAGCACATCCTCAACCCGAT

Yi38F GATCGGGTTGAGGATGAACTGCATCGTGTCGTA TACGACACGATGCAGTTCATCCTCAACCCGATC

Yi38F (Wi46I) | GATCGGGTTGAGGATGAACTGCATCGTGTCGTA TACGACACGATGCAGTTCATCCTCAACCCGATC

Yi38H (Wi46) | ATCGGGTTGAGGATGTGCTGCATCGTGTCGTAG CTACGACACGATGCAGCACATCCTCAACCCGAT

Wi46A CTGGCCCACGCACGCGGTGCAGATCGGG CCCGATCTGCACCGCGTGCGTGGGCCAG

Wi46L CTGGCCCACGCACAAGGTGCAGATCGG CCGATCTGCACCTTGTGCGTGGGCCAG

Wig61 GGCCTGGCCCACGCAGATGGTGCAGATCGGGTT AACCCGATCTGCACCATCTGCGTGGGCCAGGCC

Sis3A GGCCAGGCCGCCGCCATGGGCTCCCT AGGGAGCCCATGGCGGCGGCCTGGCC

EcClpX was expressed from a N-terminal Hiss-TEV construct in E. coli (DE3) Rosetta 2
and incubated over night at 25 °C after induction with o.s mM IPTG. The cell pellet was
resuspended in lysis buffer (50 mM Hepes pH 7.5, 300 mM KCI, 1 mM DTT, 15% (v/v)
glycerol) and lysed with a constant cell disruption system. After adding s mM MgCI,
and removing the cell debris by centrifugation, the lysate was applied to a preconditioned
His-affinity column (lysis buffer + smM MgCl,). After a washing step with equilibration
buffer + 40 mM imidazole, the protein was eluted with equilibration buffer + soo mM
imidazole with a short gradient. Protein containing fractions were pooled. After addition

of 2 mM EDTA, the sample was shaken for 1 h at 4 °C and then digested by the TEV
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protease (ca. so ug/mL) for another 3 h. Then another equal amount of TEV protease
was added before incubating the sample over night at 4 °C. The next day, EcClpX was
concentrated with so kDa cutoff tubes in a centrifuge and applied to size exclusion
chromatography in lysis buffer + 2 mM MgCl,.

GFP-SsrA was expressed and purified as described previously.

All constructs were subjected to DNA sequencing. Protein concentrations are given for
the monomeric species.

Casein proteins were obtained from Sigma-Aldrich/Merck (FITC-casein: C3777) and the

creatine kinase was bought from Roche (10 127 566 oor).

1.4.4 FITC-CASEIN PROTEOLYSIS ASSAY FOR INITIAL IN-HOUSE COMPOUND SCREEN-

ING

This part was already accomplished during the Master’s Thesis of M. Stahl.# For EcClpP,
LmClpP2, and SaClpP (proteins were in part courtesy of M. Gersch, M. Dahmen and R.
Wachtel, their expression and purification might be slightly different to the above men-
tioned protocols, but enzyme quality should be equal). Proteins were dissolved to 1.25 uM

in an appropriate buffer (table 1.2).

Table 1.2: Buffers for different ClpPs in initial FITC-casein degradation assays.

Protein Buffer

EcClpP 100 mM Hepes pH 7.5, 100 mM NaCl

hClpP somM Hepes pH 7.5, 300 mM KCI, imM DTT 15% (v/v) glycerol
LmClpP2 | 100 mM Hepes pH 7.0, 100 mM KCl, 15% (v/v) glycerol

SaClpP 100 mM Hepes pH 7.0, 100 mM NaCl

80 uL of the protein solution were added to 1 uL of 10 mM DMSO-dissolved com-
pound on a black 96-well plate and incubated for 15 min at 37 °C. Then 20 uL of a
FITC-casein mix (1.25 mg/mL casein and o.125 mg/mL FITC-casein in PBS) were added
(final ClpP concentrations after substrate addition: 1.0 uM. Fluorescence was recorded
using an automatic plate reader with an excitation wavelength of 494 nm and an emission
wavelength of s21 nm. Initial linear slopes after a short thermal equilibration phase were

fitted according to a linear regression model.
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1.4.5 FITC-CASEIN PROTEOLYSIS ASSAY FOR OTHER PURPOSES

FITC-casein degradation was measured as described above, but with 0.625 uM hClpP (fi-
nal concentration after substrate addition: o.5 uM) and an additional incubation step of
30 min at 37 °C when the protein had been dissolved in buffer and 10 min at 37 °C when the
compound had been added. 20 uL casein mix (0.5 mg/mL casein and o.75 mg/mL FITC-
casein in PBS) were given and fluorescence was detected at 485/535 nm for excitation and
emission, respectively. Linear slopes after a thermal equilibration phase were fitted accord-
ing to a linear regression model. Further slope curve fitting was performed with Graphpad

Prism and the allosteric sigmoidal equation (equation [..1).

«

Koy + ()

Y = Umax *
Umax 1s the maximum turn-over, x is the compound concentration, 4 the Hill coefficient

and K, the apparent dissociation constant.

1.4.6 PEPTIDOLYSIS ASSAY

0.2-0.4 uM ClpP was dissolved in an appropriate buffer or for better comparison in hClpP
buffer (table 1.2) and prewarmed at 37 °C for 30 min. Then 98 uL of the protein solution
was added to 1 uL compound in a black 96-well plate and incubated for another 10 min
at 37 °C. Subsequently, 1 uL of 10 mM substrate (table 1.3) was added and fluorescence was
measured at 380/430 nm for excitation and emission, respectively. The Ac-Ala-hArg-2-Aoc-
ACC substrate was used for all hCIpP studies except for the comparison experiment with
other ClpPs (figure [.3b). Initial linear slopes after a short thermal equilibration phase were

fitted according to a linear regression model.

Table 1.3: Used substrates for different ClpPs. 23

Protein | Peptide substrate

BsClpP Ac-Ala-hArg-2-Aoc-ACC

EcClpP Ac-Ala-hArg-2-Aoc-ACC

hClpP Ac-Phe(3,4-Cl,)-hArg-Leu-ACC and Ac-Ala-hArg-2-Aoc-ACC
hCIpPAC | Ac-Phe(3,4-Cl,)-hArg-Leu-ACC

LmClpP2 | Ac-Ala-hArg-Leu-ACC

SaClpP Ac-Ala-hArg-2-Aoc-ACC
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For the initial validation of high-throughput screening conditions, 1 uM SaClpP in
100 mM Hepes pH 7.0, 100 mM NaCl was used. 100 uL of the protein solution was then
added to 1 uL 2. mM compound in DMSO on a black 96-well plate. After incubation
at 32 °C for 15 min, 1 uL of 20 mM Suc-Leu-Tyr-AMC substrate was added and the
fluorescence measurement performed at 32 °C (380/430 nm or 380/440 nm for excitation

and emission, respectively).

1.4.7 CLPX-MEDIATED GFP-SSRA DEGRADATION AND PEPTIDASE ASSAY

For one well on a black 96-well plate, 15 4L 4x PZ bufter (100 mM Hepes pH 7.6, 30 mM
MgCl,, 4 mM DTT, 8oo mM KCl, 0.128% (v/v) NP-40, 40% (v/v) glycerol), 6 uL 1ox
ATP mix (oo mM Hepes pH 7.0, 40 mM ATP, 160 mM creatine phosphate, 200 U/mL
creatine kinase) and a varying amount of water (final total volume with proteins and com-
pound: 57 uL) were pipetted. Then EcClpX and hClpP were added to a final concentration
of 1.3 uM and 1. uM, respectively. The mixture was preincubated for 10 min at 37 °C. Next,
1 uL DMSO-dissolved compound was added and again incubated for 10 min at 37 °C. Fi-
nally, 3 uL of 219.8 uM solution of GFP-SsrA were added to start the degradation reaction.
The plate reader recorded fluorescence at 48s/535 nm for excitation and emission, respec-
tively.

In case of measuring the peptidase activity instead of GFP-SsrA degradation, different con-
centrations for both enzymes were used. EcClpX was applied in final concentrations of
0.7 uM and 1.4 uM depending on the complex stoichiometry and hClpP was used in a con-
centration of 0.4 uM. Compounds were added prior to the proteins without an additional
incubation time. Furthermore, the assay volume was adjusted to 100 L including 1 uL of
peptide substrate (Ac-Ala-hArg-2-Aoc-ACC). The wavelengths to record fluorescence were

380/430 nm, respectively.

1.4.8 ANALYTICAL ULTRACENTRIFUGATION

Sedimentation velocity experiments were conducted with a Beckman ProteomeLab ultra-
centrifuge, which was equipped with a Ti-so rotor (Beckman Coulter) and a UV/VIS-
detection system. The experiments were run with 34,000 rpm at 20 °C. hClpP was diluted
to 7.5 uM in 20 mM Hepes pH 7.0, 100 mM NaCl. D9 was added in increasing concen-
trations with a maximal DMSO concentration of 0.3% (v/v). Radial scans were recorded

at a wavelength of 280 nm and the first 2 h of the data were taken for the determination
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of the sedimentation coefhicient distribution plots. The t*dc/dt plots were calculated with
the program SedView. Sedimentation coefficient distributions were fitted to a bigaussian
model with Origin. Amplitude fitting was applied with Graphpad Prism and an allosteric

sigmoidal function (equation [.1).

1.4.9 DockKING

Docking was executed using Autodock/Vina (ADV)# and PyMOL with the respective
plugin®”. The BsClpP structure in complex with ADEP2 (PDB 3KT]J)¥ and the hCIpP
wild-type structure (PDB 1TG6)” were used for docking.

Docking in 3KTJ: PyMOL was used to add hydrogens to the receptor 3KT] and lig-
and ADEP2. The box for docking was defined with the ADV plugin from ADEP2, which
is bound between the two monomers A and B of BsClpP. This resulted in the following

dimensions (table 1.4).

Table 1.4: Box dimensions for docking in 3KTJ.

Parameter | Value
size_x 22.50

size_y 22.50

size_z 22.50

center_x -23.15
center_y -31.89
center_z 4.23

No constraints were imposed on the docking apart from this box. The co-crystallized
ligand was removed from the binding site and subsequently redocked with ADV for
validation purposes. Before the docking was performed with the same setup as outlined

for ADEP2, initial 3D coordinates were calculated by Open Babel#*.

Docking in 1TG6: Ligands and receptor were prepared as described for 3KT]. The

docking box now comprised different dimensions (table 1.5).
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Table 1.5: Box dimensions for docking in 1TGé6.

Parameter | Value

size X 22.50
size_y 22.50
size_z 22.50
center_x -40.48

center_y 4.63

center_z 19.83

1.4.10 CRYSTALLOGRAPHY AND X-RAY ANALYSIS

hClpP Yu8A was expressed in E. coli (DE3) Rosetta 2 cells. A culture of 4 L was grown
upon an OD of around 0.6 and then induced with 0. mM IPTG. Bacteria were grown
for 4 h at 37 °C, harvested and subjected to a constant cell disruption system. The lysate
was cleared by centrifugation and applied to a Strep-affinity column (buffers as detailed
above for hClpP wild-type). Eluting protein fractions were pooled and concentrated
(molecular weight cutoft: so kDa) to approx. 1.5 mL and snap-frozen in liquid nitrogen.
Then, the protein was stored several days at -8o °C. Finally, hClpP Yui8A was rethawed
and applied to size exclusion chromatography (Superdex 200 pg 16/60). In comparison to
the wild-type, it eluted significantly earlier (55 mL vs. 61 mL) pointing to a tetradecameric
oligomerization state. Protein containing fractions were pooled and again concentrated

(molecular weight cutoft: so kDa) to 15.1 mg/mL and snap-frozen in liquid nitrogen.

Right before crystallization, the protein was diluted in 20 mM Hepes pH 7.0, 100 mM
NaCl to 10 mg/mL. Then, D9 was added multiple times in 5o uM steps (0.65 uL 10 mM
Do in DMSO to 130 uL protein solution each) until precipitate could be observed. The
final Dg concentration was around 400 uM, which would equal a r:1 ratio of D9 to hClpP
Y118A monomers, although precipitate occurred. Crystals were grown by the sitting-drop
vapor diffusion method in o.15 uL protein with o0.15 uL precipitant solution (0.1 M sodium
acetate pH 4.6 and 25% (w/v) PEG 8000) at 20 °C for approx. s-7 days. Prior to cryo
cooling in liquid nitrogen, crystals were soaked in mother liquor supplemented with 30%

ethylene glycol.
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Diffraction data was collected at the European Synchrotron Radiation Facility (ESRE,
beamline ID23-2) in Grenoble, France at -100 °C. Subsequently, diffraction data were
processed with XDS#¢ and belonged to the space group P2, with cell parameters a=115 A,
b=97 A, c=127 A and beta: 93°). For structure solution and refinement diffraction data to
3.1 A were used (1/2 CC of ~50%, correlation coeficient of random half-data sets). %52
The structure was determined by molecular replacement using the coordinates of hu-
man ClpP wild-type (PDB 1TG6) and PHASER.* Manual building of the model was
performed with COOT* and the coordinates refined with REFMACY and PHENIX?®,
taking advantage of the non-crystallographic symmetry in the refinement protocol
(R/Rfee: ~0.21/0.25).

The final steps of structure refinement are currently underway. Therefore, no complete

statistics regarding data collection and structure refinement can be provided here.
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SYNoOPSIS

Barrel-shaped ClpP proteases possess an enclosed inner space for substrate degradation.
The wall of this chamber exhibits 14 active sites — serine hydroxyl moieties that are in
majority activated by a charge-relay system comprising histidine and aspartate. But prior
to degradation, substrates are translocated into the barrel by the interacting chaperones
ClpA, ClpC, or ClpX.

The present publication deals with the degradation of tripeptide substrates exhibit-
ing varying amino acid sequences and quenched fluorogeniclabels. Increasing fluorescence
is therefore a measure of chaperone-independent peptidolytic ClpP activity. The peptides
used can be divided in three categories, for which each amino acid position (P1, P2, P3)
was permuted according to a library of natural and unnatural amino acids. This peptide
collection was screened for degradation activity with ClpP from E. coli (EcClpP), S. aunreus
(SaClpP), and human mitochondria (hClpP). For each of the ClpPs, distinct residue

preferences at all three sites could be obtained.

However, these clear preferences greatly disappear when offering whole substrate
proteins that are tagged with a SsrA signal, which can be recognized by ClpX. Subse-
quently, product peptides from ClpX-dependent proteolysis were identified via tandem
mass spectrometry experiments and a downstream quantitative analysis of sequence
conservation at the cleavage sites was performed. To this end, a web-based software ‘Pro-
tein|Clpper’ was developed that allows the upload of identified peptide information and
enables visualization of cleavage patterns. As a result, the observed patterns for fluorogenic
peptides seem to be overwritten when using substrate proteins in chaperone-dependent

digestion processes.

This work supports the hypothesis that chaperone-mediated proteolysis can lead to
extremely high protein concentrations in the secluded ClpP barrel. This would facilitate
efficient hydrolysis of peptide bonds and would be largely independent of the type of

amino acid side chain binding to ClpP’s substrate pockets.
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Note: The basic methodology of analyzing product peptides of ClpP proteases was later
also applied for ClpPs from Listeria monocyrogenes.
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ABSTRACT: CIpP is a self-compartmentalizing protease with crucial roles in bacterial
and mitochondrial protein quality control. Although the ClpP homocomplex is composed
of 14 equivalent active sites, it degrades a multitude of substrates to small peptides,
demonstrating its capability to carry out diverse cleavage reactions. Here, we show that
ClpP proteases from E. coli, S. aureus, and human mitochondria exhibit preferences for
certain amino acids in the P1, P2, and P3 positions using a tailored fluorogenic substrate
library. However, this high specificity is not retained during proteolysis of endogenous
substrates as shown by mass spectrometric analysis of peptides produced in ClpXP-
mediated degradation reactions. Our data suggest a mechanism that implicates the barrel-
shaped architecture of ClpP not only in shielding the active sites to prevent uncontrolled
proteolysis but also in providing high local substrate concentrations to enable efficient
proteolytic processing. Furthermore, we introduce customized fluorogenic substrates with
unnatural amino acids that greatly surpass the sensitivity of previously used tools. We used
these to profile the activity of cancer-patient- and Perrault-syndrome-derived ClpP mutant

1 Two-fold analysis of cleavage specificities

'
ClpP proteases ‘

from E. coli,
S. aureus and H. sapiens

High specificities Low cleavage specificities

cleaving fluorogenic peptides

H;N)\NN o
oYy o N
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g

during proteolysis
with endogenous substrates

proteins.

P roteases regulate key physiological processes in all living
organisms through the cleavage of peptide bonds." Since
uncontrolled proteolytic activity poses a threat to cellular
viability, proteases are tightly regulated by many different
mechanisms, including zymogen activation, spatial coordina-
tion, cleavage specificity, allosteric activation, domain topology,
and environment-dependent activity.” Many proteases have a
demarcated specificity for certain amino acids around the
scissile bond (Figure 1A), which is encoded through their
respective structural arrangements around the active site.
Virtually all types of preferences exist, and some examples
include trypsin cleaving after basic residues, caspases cleaving
after acidic residues, chymotrypsin cleaving after aromatic
residues, and elastase cleaving after small, aliphatic amino
acids.”™

While some proteases exert their function by carrying out a
small set of cleavage reactions with high specificity, other
proteases, such as members of the family of self-compartmen-
talizing proteases, are able to cleave a large number of different
proteins to small peptides.’ Its most prominent and most
evolved member, the 20S proteasome, employs three catalytic
subunits with distinct cleavage specificities to facilitate efficient
processing of substrates (cleavage after acidic residues by flc
with caspase-like activity, cleavage after basic residues by f2c
with trypsin-like activity, and cleavage after hydrophobic
residues by #5¢ with chymotrypsin-like activity).”

W ACS Publications © 2015 American Chemical Society
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However, bacterial and mitochondrial members of this
family, such as ClIpXP, Lon, FtsH, and HsIVU, generally
feature only one type of active site which raises the question:
how can “one size fit all” for proteolysis? In these machineries,
proteolytic subunits (e.g., ClpP) together with AAA+ ATPase
chaperones (e.g., ClpX) form barrel-shaped proteolytic
complexes (e.g., CleP).g_10 In this assembly, the chaperone
is responsible for substrate engagement, unfolding, and
propagation,” whereas ClpP performs the peptide bond
hydrolysis reaction. ClpP is composed of two heptameric
rings which form a proteolytic chamber with 14 identical active
sites.'” This topology shields the active sites from the cytosol or
the mitochondrial matrix which, in combination with further
molecular mechanisms, protects the cell from uncontrolled
clegradation.mf15 The role of bacterial ClpXP comprises both
the degradation of full-length proteins with an internal
degradation tag16 for protein homeostasis purposes as well as
the degradation of truncated proteins from stalled ribosomes
which are targeted to CIpXP through an SsrA tag.'” Unlike
other proteases whose substrate spectrum is dictated by a
distinct cleavage site specificity, ClpP must thus exhibit
pronounced substrate promiscuity to be able to process any
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Figure 1. Cleavage specificity of human mitochondrial hClpP determined from tailored fluorogenic substrate libraries. (A) Protease nomenclature.
P3, P2, P1, P1'... refer to the substrate amino acids adjacent to the cleavage site, while S3, S2, S1, S1'... refer to the respective accommodating binding
pockets. (B) Assay principle. Cleavage of the highlighted amide bond leads to the liberation of 7-amino-4-carbamoylmethylcoumarin, which can be
quantified through fluorescence readout. (C) P1 profiling with an Ac-Ala-hArg-Xaa-ACC library indicated a strong preference for aliphatic amino
acid side chains in the P1 position. (D) P2 profiling using an Ac-Ala-Xaa-Leu-ACC library indicated a weak preference for basic amino acid side
chains in the P2 position. (E) P3 profiling with an Ac-Xaa-hArg-Leu-ACC library indicated a strong preference for aromatic amino acid side chains in
the P3 position. An asterisk () denotes that this peptide could not be obtained. Means =+ s.d. from triplicate measurements are shown.

protein that is threaded into its catalytic chamber by a cognate
chaperone.'®"®'” It is currently unclear how CIpP is capable of
processing nearly any amino acid sequence despite possessing
only one type of active site.

Here, we systematically dissect the cleavage site specificities
of three ClpP homologues using a tailored fluorogenic substrate
library. Surprisingly, we found that the peptide products from
ClpXP-mediated degradation reactions of endogenous sub-
strates did not recapitulate the pronounced and conserved
specificities we identified in the library screen. To reconcile
these observations, we propose a mechanism in which the

390

barrel-shaped architecture of ClpP facilitates efficient cleavage
of substrates even at nonpreferred amino acid sequences by
bringing the substrate and active site into close proximity.
Furthermore, the preferred substrates we were able to identify
allowed us to profile human ClpP mutants associated with
cancer and Perrault syndrome, thereby enabling the inves-
tigation of the catalytic activity of these enzyme variants.”’

B RESULTS

Fluorogenic Substrate Library Screening Demon-
strates Conserved Specificities. Three characteristic homo-

DOI: 10.1021/acschembio.5b00757
ACS Chem. Biol. 2016, 11, 389-399
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Figure 2. Improved substrates reflect S1 and S3 pocket characteristics. (A) Overlay of holo structures of SaClpP (PDB 3VSE) and hClpP (PDB
1TG6) with the structure of EcClpP in complex with CbZ-Leu-Tyr-CMK (PDB 2FZS). (B) Close-up view of the S1 binding pocket. Residues in the
three enzymes are indicated according to the color code outlined in panel A. Residue numbers are given as in SaClpP for easy comparison. (C)
Comparison of peptidase activities of indicated P1 library substrates for hClpP, SaClpP, as well as the hClpP-mimicking SaClpP mutant L154Y. (D)
Structural similarity of the 2-Aoc P1 substrate and the previously identified -lactone D3. The reactive carbonyl is highlighted in red; the alkyl chain
occupying the S1 pocket is shown in blue. (E) Structure of Helicobacter pylori ClpP (Ser98Ala) in complex with a tetra-Ala-peptide (PDB 2ZL4). f-
sheet interactions are indicated by black dotted lines. The position of the tetra-Ala-peptides agrees with the positioning of the CMK peptide in
EcClpP. (F) Surface representation of EcClpP substrate binding cleft (PDB 2FZS). (G) Close-up view of the S3 binding pocket. (H) Enzyme-
concentration-dependent activity of EcClpP with Ac-Ala-hArg-Leu-ACC. (I) Enzyme-concentration-dependent activity of SaClpP with Ac-Ala-hArg-
Leu-ACC. (J) hClpP showed no linear correlation of activity and protein concentration (measured with Ac-Phe(3,4-Cl,)-hArg-Leu-ACC), in line
with reduced stability of the active tetradecameric assembly.”” (K) Observed activities are enzyme-dependent as shown with mutant enzymes lacking
the catalytic serine. Means =+ s.d. from triplicate measurements are shown in all panels.

logues of the ClpP protease family were analyzed for individual of the tripeptide and therefore proceeded to synthesize a
peptide cleavage preferences: EcClpP from Gram-negative second-generation P1 library based on the scaffold Ac-Ala-
Escherichia coli, SaClpP from Gram-positive Staphylococcus hArg-Xaa-ACC. Additionally, a P3 library (Ac-Xaa-hArg-Leu-
aureus, and human mitochondrial ClpP (hClpP) as a eukaryotic ACC) containing optimized P1 and P2 amino acids was
representative. We iteratively optimized libraries of fluorogenic synthesized. In each ACC-tagged tripeptide library, 19 natural
substrates so that individual members could be used in amino acids (except Cys) and more than 40 unnatural amino
enzymatic assays. We started by screening a small fluorogenic acids were used. Each substrate was purified by HPLC, and its
(ACC-tagged) substrate library containing the general sequence composition was confirmed by high-resolution mass-spectrom-
Ac-Xaa-ACC against SaClpP at high enzyme concentrations. In etry (HR-MS; Supporting Tables 1—3). To unravel species-
line with previous reports on EcClpP from model peptide specific cleavage preferences, all 175 substrates were then tested
cleavage experiments,”’ we found that SaClpP exhibits a against the panel of ClpP proteins under individually optimized
preference for hydrophobic amino acids such as Leu, Met, Tyr, assay conditions (Figure 1C—E, Supporting Figures 2—4).

Ala, and Nle (norleucine, see Supporting Figure 1 for structures From the extended P1 library screening, we identified a
of all amino acids) at the P1 position of the substrate (Figure pronounced preference of hClpP for hydrophobic amino acids
1B). In order to systematically optimize the substrates, we next in this position (Figure 1C). The top 10 substrates featured
synthesized a library of ACC-labeled tripeptides with variation Met, Leu, and Ala, as well as unnatural amino acids with

at the P2 position (Ac-Ala-Xaa-Leu-ACC), which contained aliphatic side chains such as Abu (ethyl moiety), nVal (propyl
both natural and unnatural amino acids (Xaa). We identified a moiety), nLeu (butyl moiety), hLeu (isopentyl moiety), and 2-
preference for the basic amino acid homoarginine (hArg) at P2 Aoc (hexyl moiety). These were also preferred by the bacterial

391 DOI: 10.1021/acschembio.5b00757
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ClpP proteins, which additionally tolerated bulkier hydrophobic
residues such as Phe, Trp, Tyr, and related unnatural amino
acids such as hPhe (homophenylalanine), Phe(4-Cl) (4-
chlorophenylalanine), Cha (cyclohexylalanine), and benzyl-
protected amino acids (Ser, His, Asp, Glu; Supporting Figures
2B and 3B).

Most strikingly, 2-Aoc was by far the best P1 residue for
bacterial ClpPs but not for hCIpP. This difference can be
explained by the diverging amino acid arrangements in the S1
pockets of these protein homologues, as illustrated by the
overlay of holo-SaClpP and hClpP with a cocrystal structure of
EcClIpP covalently inhibited by a chloromethylketone (CMK;
Figure 2A,B).”> hClpP has a smaller, but still largely
hydrophobic, S1 pocket by virtue of three evolutionary
mutations compared to bacterial ClpPs (T169M, N151Y, and
L154Y for SaClpP — hClpP). We found that the L154Y
mutation was sufficient to mimic the characteristics of hClpP.
This mutation prevented SaClpP from cleaving more sterically
encumbered P1 substrates (2-Aoc, hPhe, Asp(O-Bzl)), while
those with smaller residues (Met, nLeu, Leu) were unaffected
(Figure 2C).

Of note, the preference for substrates with aliphatic P1
residues is supported by previous studies with covalent
inhibitors of the A-lactone-scaffold”* (Figure 2D), whose
aliphatic chains selectively address the hydrophobic SaClpP
S1 pocket.”®> The binding mode of the CMK inhibitor to
EcClpP as well as structures of Helicobacter pylori ClpP in
complex with peptides”® reveal a binding mode in which the
substrate peptide packs against surrounding residues of the
active site as an antiparallel f sheet (Figure 2E). These
backbone-mediated interactions explain why the absence of a
P1 side chain is well tolerated, as seen by the efficient turnover
of the Gly P1 substrate.

Analysis of the P2 library screen demonstrated a consistent
preference for basic amino acids such as Arg, Lys, hArg,
Lys(TFA), and Arg(NO,), although many other amino acids
were also tolerated (Figure 1D, Supporting Figures 2C and
3C). Only few natural amino acids were disfavored, among
them Asp, Phe, Pro, Tyr, and Val. Analogously to the
proteasome, ClpP does not exhibit an S2 pocket, and so the
P2 side chain extends out into the solvent-filled proteolytic
chamber (Figure 2F).

Screening of the P3 library revealed an unexpectedly strong
preference of hClpP for Phe(3,4-Cl,) (3,4-dichlorophenylala-
nine), followed by Phe(4-Cl) (4-chlorophenylalanine), Phe,
and Tyr (Figure 1E). However, many other amino acids were
tolerated as well, albeit at lower efficiencies. The same holds
true for the bacterial ClpPs, which were rather nondiscriminat-
ing and showed only weak preference for hydrophobic amino
acids such as Ile and Phe for SaClpP and chlorinated
phenylalanines for EcClpP (Supporting Figures 2D and 3D).
Particularly noteworthy was the discrimination against basic
amino acids with positive charges in the P3 position. This can
be rationalized structurally through the hydrophobic environ-
ment in the S3 pockets (Figure 2F,G). However, a cation—x
interaction involving Argll9 in hClpP, which is pointing
directly onto the substrate phenyl ring at a 3.5 A distance in the
overlay, is a possible explanation for the preferred accom-
modation of aromatic residues in this pocket.

A small subset of D-configured amino acids was included in
the library; however, these were consistently not tolerated at
the P1 and P2 positions, and only weak activity was observed
for EcClpP if they were placed in the P3 position. These results
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build upon the previous finding that p-Met is not tolerated in
the P1 position.”' Overall, this data can be rationalized by the
binding mode of substrates in the ClpP active site since side
chains of D-configured amino acids in the P1 position would
clash with the backbone of GIn124/Prol2S, which would in
turn push the catalytic His123 out of the charge-relay system.
With the substrate adhered to the inner wall of the proteolytic
chamber, side chains of p-configured amino acids in the P2 and
P3 positions are similarly incompatible, as they would clash
with the backbones of Gly69/Ser70 and Leul26/Glyl27,
respectively.

Improved Substrates Lend Insights into Disease-
Associated Mutant hClpP Activity. We next characterized
the best substrate for each ClpP homologue respectively and
confirmed enzyme-concentration-dependent turnover (Figure
2H-J). We verified that measured signals arise from catalytic
activity through the use of active site mutant enzymes as
controls (Figure 2K). Furthermore, the catalytic efficiency
(k.../Ky) was determined for selected substrates (Table 1).

Table 1. Catalytic Efficiencies (k.,/Ky) Determined for
Indicated Substrates and Enzymes®”

substrate SaClpP EcClpP hClpP
Ac-Ile-hArg-Leu-ACC 72.7 + 10.6 169.6 + 9.7 292 + 5.2
Ac-Ala-hArg-Met-ACC 300 + 4 2379 + 21 584 + 42
Ac-Phe(3,4-Cl,)-hArg- 373 +42 3619 +394 2519 + 30.1
Leu-ACC
Ac-Ala-hArg-Leu-ACC 21.7 + 3.1 177.6 £ 7.2 284 + 39
Suc-Leu-Tyr-AMC 0.78 + 0.2 569 + 4.9 1.0+ 02

“The first four substrates are described in this study, while Suc-Leu-
Tyr-AMC is commercially available. Values are given in M™' s7! as
mean =+ s.d. and were derived from triplicate experiments. See the

Methods section for assay conditions.

Interestingly, an up to 200-fold increase in turnover was
observed when compared to the standard substrate Suc-Leu-
Tyr-AMC (Table 1, Figure 3A). In addition, we carried out
Hofmeister series salt experiments in order to confirm that the
peptidase activity of ClpP arises from tetradecameric complexes
(Figure 3B).”” Consistent with this report, salts with high
Hofmeister strength, which cause a “salting-out” effect and
thereby stabilize multimeric complexes, led to increased activity,
whereas salts with low Hofmeister strength, which cause a
“salting-in” effect and thereby destabilize multimeric complexes,
led to reduced activity. It is noteworthy that the addition of
citrate in the reaction buffer can boost peptidase activity of
hClpP and SaClpP activity further by roughly 20-fold.

We next sought to apply our optimized substrates to the
investigation of disease-related hCIpP mutant proteins. A recent
study reported that Perrault syndrome characterized by ovarian
dysgenesis in females and by sensorineural hearing impairment
in males and females can be caused by recessive mutations
leading to T14SP and C147S in hClpP (Figure 4A).*°
However, the effects of these mutations at the protein level
have not been studied, and the molecular disease mechanism
remains elusive. Additionally, we found several cancer-patient-
derived point mutations of CLPP in the COSMIC cancer
genome database (Figure 4B). The mutated residues were
predominantly found in the outer and upper part of the hClpP
head domain, leaving the catalytic site, the substrate binding
pocket, and the inter-ring contacts intact (Figure 4A,B). For
Perrault syndrome, a causative relationship between mutations
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Figure 3. Improved ClpP peptidase activity. (A) Comparison of
catalytic efficiencies (k.,/Ky values) of four identified substrates and
the commercially available ClpP substrate Suc-Leu-Tyr-AMC for the
three ClpP proteins included in this study. See Table 1 for values. (B)
Analysis of SaClpP and hCIpP activity in buffers supplemented with
indicated salts. The order of salts inferred from stimulation/reduction
of catalytic activity corresponds to the Hofmeister series of anions as
indicated by the cartoon. See Supporting Figure 5 for salt-
concentration dependent measurements. Means =+ s.d. from triplicate
measurements are shown.

in CLPP and the disease has been established,”® whereas it is
not clear whether the cancer-patient-derived CLPP mutations
are mere passenger mutations or contribute to tumor
progression. To explore the effects of these mutations, we
recombinantly expressed all corresponding mutant proteins,
some with much lower yields, suggestive of a destabilized fold
(e.g, T14SP, R167C, S173Y; see Supporting Table 4 for
protein melting temperatures). With an optimal substrate for
hCIpP in hand, we were able to determine the peptidase
activities of these mutants relative to wild-type hCIpP. Most of
the proteins displayed a similar or slightly reduced activity
when compared to wild-type (Figure 4C), which excludes lack
of catalytic activity from the list of possible Perrault disease
mechanisms. The location of Thrl145 and Cys147 has
previously given rise to the speculation that mutation of these
residues could diminish binding to ClpX.”” We thus profiled all
mutations in a proteolysis assay in which we monitored the
fluorescence of SsrA-tagged GFP in the presence of hClpP and
EcCle,28 taking into account that human ClpX does not
interact with bacterial SsrA tags.”” All proteins, except for the
A131V mutant, showed similar turnover of GFP. The A131V
mutant also exhibited completely abolished peptidase activity,
likely mimicking a heterozygous CLPP knockout phenotype in
the associated cancer patient. Importantly, both Perrault
mutations showed unfolding activity indistinguishable from
wild type protein, indicating a functionally competent
ClpX:ClpP interaction. Our data therefore point toward a
different disease mechanism such as defective transport to
mitochondria, changes in protein interactions, or reduced
protein levels due to decreased protein stability (Figure 4E).
Notably, T2131 and R228H proteins showed drastically
reduced peptidase activity levels, but normal proteolysis
activity. This is in agreement with a recent report in which
different mutations rendered SaClpP peptidase-inactive, but
still susceptible to ClpX-mediated, allosteric activation."*
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Figure 4. Profiling of disease-associated hClpP mutants. (A) Cartoon representation of an hClpP monomer with mutated residues occurring in
Perrault syndrome depicted in blue and green. (B) Cartoon representations of hClpP monomers with residues found mutated in cancer genomes
highlighted in color. (C) hClpP peptidase activity data with 400 nM enzyme concentration using 100 uM of the optimized substrate Ac-Phe(3,4-
Cl,)-hArg-Leu-ACC. (D) GFP-SsrA degradation by a complex of hCIpP with E. coli ClpX. (E) Thermal-shift assay curves of Perrault mutants in
comparison to wild-type hClpP, indicating reduced protein stability. Means =+ s.d. from triplicate measurements are given in all panels.
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Figure S. Analysis of ClpXP product peptides. (A) Schematic depiction of the workflow. (B, C, D, E) Weblogo representation of amino acids around
the cleavage sites of all analyzed substrates for SaClpP, EcClpP, and hClpP with Chymotrypsin as a reference. Of note, the Weblogo analysis is based
on the identification of a consensus sequence and thus cannot normalize the output for the amino acid abundance in the respective substrate. (F, G,
H) Analysis of the occurrence of amino acids around cleavage sites with normalization to the respective amino acid abundances. A log,(score) of 0
denotes that the respective amino acid was found as expected from a random cleavage. Log,(score) > 0 shows a preference for this amino acid;
log,(score) < 0 shows that the amino acid at this position occurs less often than expected from a random cleavage. An asterisk () denotes that no
peptide with the respective amino acid in this position was found; hence the score was computed to be 0. Please refer to the Methods Section for a
more detailed explanation of the score. See Supporting Figure 9 for an analysis of the prime site positions.

Little is known about the physiological roles of ClpP and its
substrate proteins. Loss of ClpP has been linked to a longevity
phenotype in the fungal model organism P. anserina.’’
Furthermore, ClpP has been implicated in the mitochondrial
signaling pathway for unfolded proteins in C. elegans, where

ClpP-derived peptides exported from the mitochondrial matrix
by HAF-1 act as signaling molecules in the cytosol to trigger a

31,32 )
*** However, nothing

transcriptional response in the nucleus.
is known so far about the nature of these peptides or their

receptors, and whether a similar pathway exists in mammals.
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Table 2. LC-MS/MS analysis of ClpXP substrate degradation assays. Table entries specify the sequence coverage, the number of
unique peptides and the number of peptide spectral matches obtained from the respective samples. Only peptides identified
with high confidence were included in the analysis (see the Methods Section for details)

organismic system

E. coli

proteins found in MS analysis

EcRpoS
EcFtsZ
EcTnaA
EcClpX
creatine kinase
SaUvrA
SaMetK
SaClpC
SaGudB
SaClpX
SaClpP
creatine kinase

S. aureus

H. sapiens a-casein S1
a-casein S2
[-casein
K-casein
hClpX
hClpP

creatine kinase

SaClpP + SaClpX

EcClpP + EcClpX hClIpP + hClpX

66%/106/191
83%/138/215
60%/130/200
62%/116/434
55%/50/163
57%/58/234
82%/184/314
81%/225/338
51%/55/72
85%/152/598
33%/11/28
60%/58/203
83%/75/217
74%/44/100
89%/82/230
65%/40/64
65%/101/158
69%/24/32
27%/11/1S

With the in vitro specificities of ClpP proteases established, we
wondered whether these specificities also translated to
proteolysis by the ClpXP complex, thus allowing for defined
downstream signaling. We therefore carried out a thorough
analysis of cleavage sites during CIpXP proteolysis.

Cleavage Site Analysis with Endogenous ClpXP
Substrates. Previous proteomic studies using an inactive
ClpP mutant to trap substrate proteins inside of the
degradation chamber have led to the identification of
endogenous substrates for E. coli'® and S. aureus'® ClpP. We
selected seven of these substrate proteins from diverse classes
(Supporting Table S) including the metabolic enzymes TnaA,
GudB, and MetK; the DNA damage repair protein UvrA; the
transcription factor RpoS; the quality control protein ClpC;
and a member of the bacterial cytoskeleton, FtsZ. We
confirmed that our selection was representative in terms of
its amino acid composition, both when compared to the entire
sets of substrates as well as to proteomic distributions
(Supporting Figure 6). Since it was unclear how well these
proteins are recognized by ClpXP in vitro and whether
accessory substrate adapters are necessary for recognition, we
fused a C-terminal SsrA tag to the substrate proteins to
facilitate efficient in vitro processing by ClpXP complexes
(Figure 5A)."” We expressed and purified these proteins from
the triple-protease deficient E. coli strain KY2266>° and
confirmed their ClpXP-dependent degradation. Peptide prod-
ucts in desalted ClpXP degradation reactions were then
analyzed by nano-LC-MS/MS (Table 2). In order to exclude
any bias in the detected cleavage patterns arising from assay
conditions or sample handling, we performed a number of
control experiments (Supporting Figure 7). We confirmed that
the obtained size distribution (Supporting Figure 7A,B) and
cleavage pattern (Supporting Figure 7C,D) are independent of
the substrate concentration used in the assay. Moreover, neither
dansylation of the reaction mixture prior to desalting nor a
separation gradient starting at 1% organic phase instead of 4%
changed the cleavage pattern, indicating only minimal loss of
small hydrophilic peptides during capture on C18 material

395

70

(Supporting Figure 7E,F). Finally, we demonstrated the
robustness of the mass spectrometric method with replicate
experiments (Supporting Figure 7G,H).

As a positive control, we analyzed peptide products from
digestion reactions using chymotrypsin. We used a low-
specificity chymotrypsin variant with preferred cleavage after
Trp, Tyr, Phe, and, to a lesser extent, Leu and Met. Notably,
this protease was chosen because of its preference for
hydrophobic amino acids in the P1 position, similar to ClpP
proteases (e.g., Met, Leu, Tyr, Phe, and Trp being the TOPS
preferred P1 substrates for EcClpP, and Met, Leu, Tyr, and Phe
being the TOP4 preferred P1 substrates for SaClpP). In order
to comprehensively visualize the results, we parsed the array of
obtained peptide sequences through the Weblogo™ service
(Figure SB). This algorithm is suitable for visualizing consensus
sequences from multiple sequence alignments. In this
representation, the overall height of the bar reflects the degree
of conservation at the position, and more frequent amino acids
are indicated by a larger character height. While this analysis
nicely displayed the TOPS preferred amino acids in the P1 site,
it did not reflect the correct order of the amino acids (e.g,, Leu
seemed more preferred than Trp according to the Weblogo
representation, although this is due to different abundances, see
Supporting Figure 6). Moreover, this visualization lacked
information regarding nonpreferred amino acids, i.e. whether
they occurred randomly in the sequences or whether they were
avoided around the cleavage site. We therefore developed a
customized algorithm for the analysis of peptide cleavage
patterns termed ProteinlClpper, which is available online
(www.oc2.ch.tum.de). In this analysis, data are evaluated by
interpreting each observed peptide as two cleavage events (or
one event if the peptide was N- or C-terminal). Next, an
analysis of the occurrences of amino acids around the cleavage
sites is performed. Importantly, the incidence of each amino
acid at a specific position is normalized to the abundance of this
amino acid in the respective protein, yielding a sequence-
independent score S (see Methods Section for details) which
can be interpreted as follows: For log,(S) values larger than 0,
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the amino acid is enriched at a given position, while log,(S)
values smaller than 0 indicate depletion. When we analyzed the
chymotrypsin-derived set of peptides (Supporting Figure 8), we
obtained a strong preference in the P1 position for Phe, Trp,
and Tyr (log,(S) > 2) and a weak preference for Leu and Met
(log,(S) > 1), which accurately reflected the reported
specificities. Moreover, this representation contains information
on which amino acids were observed as expected by random
cleavage (e.g, His), which amino acids showed a reduced
occurrence (e.g, Lys and Val), and which amino acids were
completely depleted (e.g., Gly and Arg). Finally, we confirmed
that the results are similar for the analysis of all peptide spectral
matches, a list of only unique peptides and all peptide spectral
matches weighted according to the SEQUEST cross-correlation
value.

We then used this algorithm to analyze the peptide products
generated in ClpXP-mediated substrate degradation reactions
with all endogenous substrates and casein proteins. Substrate
proteins were purified and subsequently in vitro digested
separately by SaClpP + SaClpX, EcClpP + EcClpX, and hClpP
+ hClpX. Control reactions were carried out in the absence of
ClpP. In total, high sequence coverage (mean of all substrates:
72%) arising from 1660 unique peptides and 3806 peptide
spectral matches were observed (Table 2, see Figure SC—E for
Weblogo representations, Figure SF—H for Proteinl/Clpper
scores for nonprime site positions, and Supporting Figure 9 for
prime site positions), enabling the analysis of 3528 unique
cleavage reactions (1076 for EcClpXP, 170S for SaClpXP, and
747 for hClpXP).

Consistent with studies on other proteases,35 the overall P1
position scores showed the largest discrimination between
amino acids. To compare the preferences obtained from the
mass spectrometric analysis to the preferences determined by
fluorogenic substrate screening, we focused on those amino
acids that were enriched in the P1 positions (log,(S) > 0). This
subset consisted of nine amino acids for both SaClpP and
EcClpP (seven amino acids for hClpP), with seven of these also
present in the TOP9 P1 fluorogenic substrates for SaClpP and
EcClpP (six of the seven amino acids with enrichment in P1 for
hClpP were also found in the TOP7 list of P1 fluorogenic
substrates of hClpP). However, apart from the conserved
preference for Met, which topped both lists for SaClpP and
EcClpP, the order of amino acids in these groups was largely
different. It is apparent that the degree of discrimination
observed in the fluorogenic substrate screening was much
higher than the discrimination observed in the proteolysis
reaction. As a specific example, Met and Leu are clearly
preferred in the fluorogenic substrate analysis, while they
appear only as one of several equally well tolerated amino acids
at the P1 position in the proteolysis analysis. It is striking that
multiple cleavage events with Asp and Asn in the P1 position
were detected for all three ClpPs, although these amino acids
showed barely above background turnover in the P1 substrate
library. Moreover, several cleavage events in the SaClpXP
reactions could be detected after Glu, Gln, His, and Thr, for
which the corresponding P1 substrate peptides showed no
detectable turnover. Similarly, sets of amino acids could be
identified for EcClpP (Arg, His, Ile, Thr) and hClpP (Gln, His,
Lys, Thr) that served as P1 positions in cleavage events whereas
the corresponding P1 substrates showed no detectable
turnover. Remarkably, cleavage events for almost all 20 natural
amino acids in the P1 position were detected for each of the
three ClpP proteins. Contrary to chymotrypsin, where some
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amino acids at the P1 position were found to be prohibitory for
cleavage, CIpP proteases thus demonstrated the capability to
cleave after every natural amino acid. Moreover, preferences are
less pronounced than for chymotrypsin, which can be seen
from the lower Weblogo conservation scores for P1 residues
(~1.7 bit for chymotrypsin versus ~0.6 bit for ClpXP
complexes) as well as lower log,(S) values for P1 residues
(e.g, no amino acid apart from Met in EcClpXP displayed an
equally strong preference of log,(S) > 2 as the residues
preferred by chymotrypsin).

Specificities for the prime site (P1’) are harder to probe with
peptide libraries®® but can readily be obtained from mass
spectrometric analysis.35 In the P1’ position, Pro was
consistently depleted, a phenomenon which is frequently
observed for proteases.”” However, apart from reduced
occurrence of Cys in both P2’ and P3’, no other conserved
specificities were found (see the Methods Section for an
additional analysis of the prime site data).

Our data on the P2 and P3 positions confirmed the rather
broad specificities determined in the library analysis. However,
several amino acids that showed no or almost no turnover in
the P2 screenings (e.g, Asp, Gly, Phe, Pro, Tyr, Val, despite
being in a substrate with an optimal P1 residue) were observed
or even enriched in P2 positions of cleavage events. Similarly,
basic amino acids such as Lys and Arg, which were disfavored in
the P3 library screenings, could now be observed in the P3
position of cleavage events (with depletion for EcClpP and
SaClpP, and no effect for hClpP). A slight preference of SaClpP
for Ile in the P3 position was observed in accordance with the
fluorogenic P3 substrate results; however, neither of the other
preferred residues (Phe, Tyr) showed enrichment at the P3
position in the product peptides.

Collectively, we found that the high degree of cleavage site
specificity obtained in the fluorogenic peptide screening did not
translate to the proteolysis reaction.

B DISCUSSION

Cleavage specificity underlies the function of many proteolytic
enzymes, and the study of their substrate cleavage motifs has
greatlgr facilitated the investigation of associated biological
roles.”® Such specificity generally relies on the recognition of
amino acid patterns around the scissile bond. Since many
proteases have freely accessible active sites, a productive
interaction that leads to cleavage is an important prerequisite
for controlled substrate turnover. ClpP proteases have evolved
as self-compartmentalizing enzymes that shield their active sites
from the cytosol and the mitochondrial matrix by placing them
inside a barrel-shaped scaffold. Substrate selection and entry
into the barrel are mediated by interacting chaperones and
substrate adaptor proteins and are thus structurally uncoupled
from catalysis. This organization plays a crucial role in
preventing uncontrolled intracellular proteolysis but requires
a protease subunit that is capable of digesting many different
sequences to small peptides. The cleavage specificity of the
EcCIpP protease was studied nearly 20 years ago through the
digest of model peptides.”"*® These early studies uncovered a
preference for Met and Leu in the P1 position with aromatic
residues (Tyr, Trp, Phe) also being tolerated. In the context of
these peptides, no cleavage occurred after Glu, Ser, Lys, and Ile,
raising the question of how promiscuous ClpP really is and how
a potentially restricted specificity affects its role in protein
breakdown.
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Here, we present an in-depth investigation of the cleavage
site specificities of three representative members of the ClpP
family of proteases. Our analysis relies on the profiling of
tailored fluorogenic substrate libraries as well as on mass-
spectrometric analysis of endogenous bacterial peptide
products. Our data confirm a distinct preference for Met and
Leu in the P1 position, which we found to be conserved.
Consistent with structural and mutational analyses of the S1
pockets, bacterial ClpPs also tolerated bulkier aromatic residues
in P1, such as Phe, Tyr, and Trp, while hClpP features a smaller
S1 pocket that prevented efficient turnover of these substrates.
In line with these insights, Tyr and Phe were found to be
enriched in the P1 position of SaClpP and EcClpP-derived
peptide products, while they are depleted in hClpP-derived
peptides.

Our data show that some trends discovered in the library
screen are also reflected in the peptide cleavage pattern of
natural substrates. Moreover, the size distribution of peptide
products of endogenous substrates matched those obtained in
earlier studies from casein and GFP.*”** Surprisingly, we found
that the pronounced cleavage specificity patterns identified in
the library screen were strongly attenuated in the more
physiological proteolysis scenario. Strikingly, we were able to
identify cleavage events after every natural amino acid. The
degree of preference measured as log,(S), where 0 denotes an
unspecific cleavage, exceeded 2 for only one amino acid and
was found to be between 0 and 1 for most enriched amino
acids, indicating an up to 2-fold enrichment over random
cleavage. This is in contrast to a low-specificity variant of
chymotrypsin which displays a similar preference for aliphatic
and aromatic residues in the P1, but reaches log,(S) > 3 in
substrate degradation reactions (indicating >8-fold enrichment
over background). Moreover, characteristics identified in the P2
and P3 screen are not retained during proteolysis.

Several factors contribute to this finding and help to
reconcile these observations.

First, the recognition of the substrate peptide is also
mediated by backbone interactions with the enzyme through
the formation of an antiparallel S-sheet. This binding mode
explains the efficient processing after Gly, an amino acid that
lacks a P1 side chain. Cleavage after Gly is unusual for many
proteases with the exception of glycyl endopeptidase as well as
SUMO and ubiquitin-specific isopeptidases (SENPs and USPs,
respectively) where terminal di-Gly motifs lie in a narrow
channel next to the active site.' ™+

Second, the library screens were performed using only one
peptide scaffold, whereas proteolysis occurred in many different
sequence contexts. One could argue that different cleava%e
determinants are present in different sequence contexts.”
However, different model peptides have revealed the same P1
specificity, which is in line with a recent report on the cleavage
specificities of mycobacterial ClgP where a pooled library was
used with a similar ﬁncling.4 Moreover, structural™ and
biochemical* evidence exists to support the notion that
occupation of the regulatory hydrophobic pocket of ClpP does
not change the active site geometry. This implies that the
cleavage site specificity is unaffected by ClpX binding.

Third, the proteolysis reaction occurs inside a small chamber,
which sets ClpP proteolysis apart from many other protease
environments. If one assumes that the proteolytic chamber has
an ellipsoid shape with an inner diameter of 42 A and an inner
height of 72 A, the effective concentration of active sites in this
cavity would be ~350 mM. A similar argument for efficient
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processing has previously been introduced in the literature with
a spherical assumption.*® Although the exact mechanism of
peptide product release is still unknown, it is generally believed
that peptides remain in the chamber until they are processed to
be small enough to leave the chamber by means of passive
diffusion. Moreover, an electron microscopy study has shown
that the chamber of an inactive ClpP can be filled extensively by
substrate.*® Taken together, these results indicate that the
effective local concentrations of both the enzyme and the
substrate in the chamber are in the high millimolar range.
According to this model, these high concentrations would give
rise to many cleavage reactions and, in turn, would contribute
to the overruling of active site encoded cleavage site specificity.

In summary, our data demonstrate that ClpP proteases
feature a conserved mechanism in which their active-site-
encoded substrate specificity is constantly attenuated during
proteolysis. This finding calls for a re-evaluation of the
assumption that ClpP proteases are unspecific proteases per
se. Instead, both the peptide binding mode and the protease
scaffold together likely facilitate the efficient cleavage of diverse
sequences.

Furthermore, the inclusion of unnatural amino acids*” in the
fluorogenic substrate library led to the identification of a set of
substrates that greatly surpasses the capacity of the previously
used commercially available substrate Suc-Leu-Tyr-AMC. This
enabled us to study the catalytic activity of human ClpP
localized in the mitochondria. The activity of ClpP proteins has
a distinct pH dependence, and bacterial homologues from S.
aureus” and Listeria monocytogenes'® were shown to exhibit
optimal activity at pH 7.0. Consistent with an elevated pH in
the mitochondrial matrix of around 7.8," hClpP showed much
reduced activity at pH 7.0 and optimal peptidase activity
between pH 8 and 9 (Supporting Figure 4A), demonstrating
functional adaptation. Moreover, we were able to profile a panel
of disease-associated hClpP mutant proteins. Most importantly,
we showed that the catalytic activity of Perrault-syndrome-
associated hClpP mutants is unaffected both in peptidolytic as
well as in proteolytic assays, thus arguing for a different disease
mechanism than suspected previously.”’

CLPP expression is regulated upon mitochondrial imbal-
ance®® and elevated during a mitochondrial unfolded protein
response,”’ demonstrating a functional role for hClpP in
mitochondrial proteostasis. In addition, hClpP inhibition has
recently been suggested as a therapeutic strategy for human
acute myeloid leukemia.>” Although studies on the roles of
eukaryotic ClpP homologues in C. elegans’’ and P. anserina™
exist, little is known about human ClpP function and its
substrates.>®> The insights into the molecular mechanism of
substrate turnover as well as customized tools introduced
herein will assist in future efforts to uncover the biological

functions of ClpP.
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SYNoOPSIS

(-lactones are potent inhibitors of ClpP proteases from different species. This is of partic-
ular interest when considering bacterial virulence strategies. For example, S. aureus uses
ClpP as a major switch to activate virulence, which was shown by ¢/pP knock-out strains.
Thus, as an example, ClpP activity is linked to the secretion of the a-toxin (hemolysin a,
Hla) virulence factor. However, the mechanistic link between ClpP-mediated proteolysis

and the presence of virulence factors such as Hla remained unknown.

Hla is able to penetrate the membrane of erythrocytes, which leads to immediate
blood cell lysis. In this publication, four different -lactones were first evaluated in terms
of their potential to inhibit hemolysis (figure p.1). Whereas the lactones D3, Ui, and
Uip effectively attenuate hemolysis, E2 is a rather weak inhibiting agent. However, it is
assumed that E2 is a more reliable inhibitor of the functional ClpXP complex because it
mediates inhibition by deoligomerization of tetradecameric ClpP. In contrast, the former
lactones only block the active sites, while keeping the tetradecamer. Therefore, they may

be outcompeted by the conformational selection that ClpX exerts on the ClpXP complex.

|

A AR, S
g 3

N

D3 u1 U1p E2

Figure 3.1: (B-Iactone-based ClpP inhibitors used in this study.

After an ABPP-based evaluation of the lactones’ intracellular binding potential and
specificity towards ClpP, mass spectrometric proteome analyses were conducted, to reveal
global changes in protein expression of different S. awreus strains. For example, D3
incubation for twelve hours led to a decrease of Hla levels and other known virulence
effectors such as a leukocidin-like protein. Vice versa, members of known intracellular
virulence signaling cascades were upregulated, e.g. the repressor of transcription Rot. A

less clearer, but similar picture was gained for the deoligomerizing ClpP inhibitor E2.
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In order to arrange all proteins involved in both virulence regulation and ClpP pro-
teolysis, a quantitative map of changes in the bacterial proteome was created. To this end,
a broad literature search for (i) molecular interactions between key proteins as well as (ii)
RNAs involved in virulence mechanisms was performed to build a functional network of
interdependencies. Next, all the global proteomics results were merged with this network.

Thus, linkages between the ClpP subnetwork and the virulence regulation web appeared.

It turned out that ClpP inhibition through lactones is most likely linked to decreased
virulence via the degradation of ClpX. ClpX in turn was previously found to control
translation of 7or mRNA. Additionally, the quantitative map highlighted a set of multi-
step feedback circuits interconnecting ClpP activity, quorum sensing, and key virulence
regulators, such as RNAIII and Rot.
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ABSTRACT: p-Lactones have recently been introduced as

the first selective ClpP inhibitors that attenuate virulence of

both sensitive Staphylococcus aureus and multiresistant strains
(MRSA). Although previous knockout studies showed that
ClpP is essential for S. aureus alpha-toxin production, a link
between f-lactone inhibition and molecular virulence mech-
anisms has been lacking so far. We here perform a chemical—
proteomic approach to elucidate antivirulence pathways. First,
we demonstrate by gel-free activity-based protein profiling that
ClpP is the predominant target of B-lactones. Only a few off-
targets were discovered, which, unlike ClpP, were not involved
in the reduction of alpha-toxin expression. Second, in-depth
mechanistic insight was provided by a full proteomic
comparison between lactone treated and untreated S. aureus

-0

@I(J\: CIpP inhibitors
o]

+

o

quantitative
Staphylococcus aureus

virulence

full proteome analysis

cells. Quantitative mass-spectrometric analysis revealed increased repressor of toxin (Rot) levels and a corresponding down-
regulation of a-toxin, providing the first direct connection between the lactone-dependent phenotype and a corresponding
cellular mechanism. By building up a quantitative virulence regulation network, we visualize the impact of ClpP inhibition in a
systems biology context. Interestingly, a lack of in vitro Rot degradation by either ClpXP or CIpCP calls either for a proteolysis
mechanism with yet unknown adaptor proteins or for an indirect mode of action that may involve ClpX-mediated RNA signaling

and feedback circuits.

KEYWORDS: Staphylococcus aureus ClpP, proteomics, antivirulence, activity-based protein profiling, chemical knockout

B INTRODUCTION

Current treatment of infectious diseases is largely challenged by
the resistance of pathogenic bacterial strains to major
antibiotics in clinical use. Among these multiresistant strains
is Staphylococcus aureus, an opportunistic pathogen which
causes a variety of infections, ranging from skin abscesses to
life-threatening toxic shock syndrome and sepsis." The balance
between the symbiotic and pathogenic activity of S. aureus is
tightly controlled by a broad set of colonization and virulence
factors.” The production of these different cell surface-
associated proteins (e.g, protein A or fibrinogen-binding
protein) as well as secreted proteins (e.g, hemolysins,
enterotoxins, or proteases) is spatiotemporally coordinated by
a complex network of virulence regulators that orchestrate a
hostile invasion of host tissue.’ This process is tightly
controlled via two-component systems such as the accessory
gene regulator (agr). In a process termed quorum sensing, a
growing population of S. aureus produces autoinducing peptides
(AIPs, encoded by agrD) that are secreted and sensed by the
surrounding population.* Upon a certain quorum of cells, AIP
binding to a surface-located sensor histidine kinase (AgrC)
induces phosphorylation of an intracellular response regulator
(AgrA). Phosphorylation of AgrA directly promotes the

W ACS Publications © 2017 American Chemical Society
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transcription of RNAIIL, a major effector of virulence.””’

RNAIII exhibits a versatile regulatory role by either inducing
transcription® or stabilizing as well as destabilizing specific
mRNA sequences.”” "> A major target of RNAIII is the mRNA
of the DNA-binding protein repressor of toxins (Rot), the
degradation of which results in reduced levels of the Rot
protein in the cell”'® Rot is involved in the up- or
downregulation of 146 genes'® and plays a crucial role in .
aureus virulence as a repressor of a-toxin, also termed
hemolysin alpha (Hla), which is a major toxin essential for
promoting pathogenesis. Thus, quorum sensing-induced agr
signaling results in an RNAIII-mediated reduction of Rot,
representing the onset of virulence attack.

Antibiotic therapies suffer from a limited breadth of bacterial
targets and are associated with rapid resistance development.
Thus, methods were devised to identify new targets that extend
the spectrum of available targets involved in pathogenesis.
Here, recent research shows antivirulence strategies to
represent a promising approach. For example, the inhibition
of cholesterol biosynthesis,"*™"° toxin production,'”"® or cell
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adhesion'® has proven efficacious against S. aureus-induced
sepsis, pneumonia, or skin infections. Antivirulence strategies
are advantageous, as bacteria are not directly killed, alleviating
their pressure to develop resistance pathways. However, in
order to fully understand the mode of action of a compound, a
detailed analysis of its involvement in virulence pathways is
important. New insights into S. aureus virulence mechanisms
may facilitate the development of sophisticated pharmaceutical
strategies to impede virulence factor expression.

In previous studies, we introduced p-lactones as novel
antivirulence agents that attenuate the production of major
toxins and reduce skin abscesses in mice.'””’ A putative link
between this phenotype and the cellular mode of action was
established when activity-based proteome profiling (ABPP)
studies with f-lactone probes revealed the bacterial serine
protease caseinolytic protease P (CIpP) as a predominant
target.”"** ClpP has previously been shown to be essential for
virulence regulation in several pathogenic strains, including S.
aureus,”> ™" Listeria monocytogenes,”® and Salmonella typhimu-
rium.””?° ClpP associates with specific ATP-dependent
chaperones (ClpX or ClpC in S. aureus), which are necessary
for the recognition and unfolding of damaged, misfolded, or
short-lived regulatory proteins.”’ Chaperones are important for
the translocation of the unfolded substrates into the barrel-
shaped proteolytic chamber of ClpP.”>** Accordingly, knock-
outs of the chaperone ClpX>* have established its essential role
in virulence as well. It was assumed that f-lactones inhibit
virulence through chemical inhibition of ClpP based on
phenotypic observations. However, despite the clear link
between ClpP and virulence, the mechanistic basis of the
phenotype remains elusive. Based on the observation that
transcription of RNAIII is reduced in clpP and clpX mutants, it
was hypothesized that ClpXP regulates virulence via agr
signaling.”> While ClpP is known to mediate the degradation
of proteins associated with virulence, such as Rot,”> proteomic
studies with ClpP active site traps®® as well as whole-proteome
comparisons between wild-type and clp deletion strains failed to
identify a candidate, virulence-associated substrate.”**

Here, we use a chemical—proteomic approach to elucidate
the antivirulence mechanism of f-lactones. Lactone treated S.
aureus cells revealed a strong upregulation of Rot and
corresponding downregulation of Hla, providing the first
mechanistic link to the observed antihemolytic properties.

B EXPERIMENTAL SECTION

Minimal Inhibitory Concentration (MIC) and Hemolysis
Assay

Bacteria were cultured as described in the Supporting Information in
the presence of test compound or DMSO, respectively. After 20 h at
200 rpm and 37 °C, 100 uL of the cultures were diluted 1:10 (v/v),
transferred to a microtiter plate and measured at 600 nm with a plate
reader (TECAN, Infinite M200pro). The MIC was defined as the
concentration of a compound sufficient to fully inhibit bacterial
growth. The remaining undiluted bacterial cultures were pelleted for
10 min at 6200g, 100 uL of the supernatant were transferred to a
microtiter plate (in triplicates per culture), incubated with 50 uL of
diluted sheep blood solution (10% (v/v) in PBS, heparinized sheep
blood washed five times in PBS, Elocin lab, Germany) and measured
in 1 min intervals at 600 nm, at 37 °C with a plate reader (TECAN,
Infinite M200pro). Incubation of 100 uL growth medium with SO uL
diluted sheep blood solution (10% (v/v) in PBS) was used as a
negative control. Bacterial supernatant from DMSO control samples
(no inhibition of hemolysis) with SO uL diluted sheep blood solution
was used as a positive control. Quantification was achieved via

calibration curve: a 1:2 (v/v) dilution series of bacterial supernatant
from DMSO control samples with growth medium was incubated with
diluted sheep blood solution. As a readout parameter from the assay,
the area under the curve (absorbance at 600 nm vs time) was used.

Activity-Based Protein Profiling (ABPP)

Bacteria were grown under defined growth conditions for a desired
time. Cultures were collected in a 50 mL falcon tube and centrifuged at
6000g for 10 min at 4 °C. The supernatant was disposed, bacteria were
washed with warm PBS to remove remaining medium and spun down
at 6000g for 10 min at 4 °C. The bacterial pellet was then resuspended
in PBS to reach ODgy, = 40. 0.5 mL of the bacterial suspension and 5
uL ABPP probe (100x stock in DMSO) or S 4L DMSO (as a control)
were mixed and the tube was gently vortexed. Samples were incubated
for 1 h at RT (ca. 25 °C) at 450 rpm. After labeling, cells were pelleted
at 6000g, for 10 min at 4 °C and the supernatant was discarded. Cells
were washed with 2 X 1 mL cold PBS to remove excess of the probe
and centrifuged each time at 6000g, for 10 min at 4 °C. Cells were
snap frozen in liquid N, and stored at —80 °C until use.

Pellets were resuspended in 1 mL cold PBS and transferred to
chilled 2 mL lysis tubes (Precellys Glass/Ceramic Kit SK38). Cells
were lysed 2 X 20 s with the Precellys Homogenizer (5400 rpm, run
number: 1, run time: 20 s, pause: 5 s) with S min intermittent cooling
on ice. The ball mill tubes were centrifuged (16200g, 10 min, 4 °C)
and 800 uL soluble lysate were transferred to new 1.5 mL
microcentrifuge tubes and subjected to click chemistry (CC) reaction
to append a reporter tag. For this, samples were treated with either 43
uL gel-based ABPP master mix (3 pL trifunctional linker (TFL): 5(6)-
(1-[5-(4-Azido-benzoylamino)-1-carbamoyl-pentylcarbamoyl]-5-(6-bi-
otinoylamino-hexanoylamino)-pentyl-carbamoyl)-tetramethylrhod-
amine; 10 mM in DMSO), 10 uL freshly prepared TCEP (tris(2-
carboxyethyl)phosphine; SO mM in H,0), 30 uL TBTA (tris((1-
benzyl-1H-1,2,3-triazol-5-yl)methyl)amine; 1.667 mM in 80% +-BuOH
and 20% DMSO)) or with 60 uL gel-free ABPP master mix (20 uL
Biotin-PEG;-N; (Jena Bioscience, CLK-AZ104P4-100; 10 mM in
DMSO), 10 uL freshly prepared TCEP (50 mM in H,0), 30 uL
TBTA Ligand (1.667 mM in 80% tBuOH and 20% DMSO)).
Samples were then gently mixed and 10 uL CuSO, solution (50 mM
in H,0) were added to initiate the 1,3-cycloaddition reaction. The
final concentrations for gel-based and gel-free experiments were 35.6
4M TFL, 593 uM TCEP, $9.3 uM TBTA, 593 uM CuSO, and 233
4M Biotin-PEG,-N;, 581 uM TCEP, 58.2 uM TBTA, 593 uM CuSO,,
respectively. The lysates were mixed by gentle vortexing and incubated
for 1 h at RT in the dark. After the click chemistry reaction, the lysates
were transferred to 15 mL falcon tubes and 4 mL of cold acetone (—80
°C, LC-MS grade) were added. Proteins were precipitated ON at —80
°C. The precipitated proteins were thawed on ice, pelletized at 16900g
for 1S5 min at 4 °C and the supernatant was discarded. The proteins
were washed with 2 X 1 mL cold methanol (—80 °C). Protein pellets
were resuspended by sonication (15 s at 10% intensity) and proteins
were pelletized again by centrifugation at 16900g for 10 min at 4 °C.
The supernatant was discarded and protein pellets were air-dried at
RT and subsequently resuspended in 500 uL 0.2% SDS in PBS at RT
by sonication (15 s at 10% intensity).

Samples were then incubated with 50 yL of pre-equilibrated avidin-
agarose beads under continuous mixing at 20 rpm for 1 h at RT (50
uL avidin-agarose beads were resuspended by careful inverting in 1 mL
0.2% SDS in PBS in Protein LoBind Eppendorf tubes, spun down at
400g for 1 min at RT, supernatant discarded carefully, repeated 2
times). Thereafter, beads were pelletized at 400g for 1 min at RT,
supernatant carefully disposed, washed 3 times with 1 mL 0.2% SDS in
PBS, 2 times with 1 mL 6 M urea in water and 3 times with 1 mL PBS.
After each washing step, beads were centrifuged at 400g for 1 min at
RT and the supernatant was carefully discarded.

Gel-Free Preparative ABPP and Dimethyl Labeling

The ABPP procedure was followed as described above. The beads
were resuspended in 200 uL of denaturation buffer (7 M urea, 2 M
thiourea in 20 mM pH 7.5 HEPES buffer). Dithiothreitol (DTT, 1 M,
0.2 L) was added, and the tubes were shortly mixed by vortexing and
incubated in a thermomixer (450 rpm, 45 min, RT). Then, 2-
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iodoacetamide (IAA, 550 mM, 2 uL) was added, and the tubes were
mixed by vortexing shortly and incubated in a thermomixer (450 rpm,
30 min, RT, in the dark). Remaining IAA was quenched by the
addition of dithiothreitol (DTT, 1 M, 0.28 uL). The tubes were
shortly mixed by vortexing and incubated in a thermomixer (450 rpm,
30 min, RT). LysC (0.5 pg/uL) was thawed on ice, and 1 uL was
added to each microcentrifuge tube, and the tubes were shortly mixed
by vortexing and incubated in a thermomixer (450 rpm, 4 h, RT, in the
dark). TEAB (triethylammonium bicarbonate buffer) (600 xL, SO mM
in water) and then trypsin (1.5 L, 0.5 pug/uL in SO mM acetic acid)
were added to each tube with a short vortexing step after each
addition. The microcentrifuge tubes were incubated in a thermomixer
(450 rpm, 13—15 h, 37 °C). The digest was stopped by adding 4 uL
formic acid (FA) and vortexing. After centrifugation (100g, 1 min, RT)
the supernatant was transferred to a new Protein LoBind Eppendorf
tube. FA (50 uL, aqueous 0.1% solution) was added to the beads, and
after vortexing and centrifugation (100g, 1 min, RT) the supernatant
was added to the supernatant collected before. Again, FA (50 uL,
aqueous 0.1% solution) was added to the beads, and after vortexing
and centrifugation (16200g, 3 min, RT) the supernatant was
transferred to the combined supernatants. 50 mg SepPak C18
columns were equilibrated by gravity flow with 1 mL acetonitrile,
0.5 mL elution buffer (80% ACN, 0.5% FA), and 1 mL wash buffer 1
(aqueous 0.1% TFA solution). Subsequently, the samples were loaded
by gravity flow and washed with 1 mL wash buffer 1 (aqueous 0.1%
TFA solution) and 0.5 mL wash buffer 2 (aqueous 0.5% FA solution).
Elution into new 2.0 mL Protein LoBind Eppendorf tubes was
performed by the addition of 250 uL elution buffer by gravity flow
followed by 250 uL elution buffer by vacuum flow until all liquid was
eluted from the column. The eluates (total volume should be about 1.2
mL for each sample) were lyophilized and reconstituted in 100 uL
TEAB buffer (100 mM TEAB, 0.36% FA, pH = 6) by pipetting up and
down, vortexing, and sonication (10 s) with short centrifugation steps
after each reconstitution step. Then 8 uL of fresh isotope labeling
solution (light: 2% CH,O, 0.3 M NaBH;CN, medium: 2% CD,0, 0.3
M NaBH;CN, heavy: 2% 13CD,0, 0.3 M NaBD;CN) were added, and
the tubes were mixed by vortexing, centrifuged briefly, and incubated
in a thermoshaker (450 rpm, 1 h, 25 °C) (Table 1).

Table 1. Labeling Scheme for ABPP

Probe Replicate Heavy Medium Light
D3/Ulp 1 10 uM 50 uM DMSO
2 50 uM DMSO 10 uM

3 DMSO 10 uM 50 uM

4 10 uM 50 uM DMSO

E2 1 50 uM DMSO
2 DMSO 50 uM

3 DMSO 50 uM

Samples were cooled on ice for 3 min and quenched with 16 uL
chilled 1% ammonia solution (NH,OH, 25% stock solution) and 8 uL
chilled 5% FA solution with brief vortexing and centrifugation steps
after each addition. Differentially labeled peptide solutions were
lyophilized and stored at —20 °C.

Before MS measurement, the samples were dissolved in 30 uL 1%
FA by pipetting up and down, vortexing, and sonication for 15 min
(brief centrifugation after each step). Differentially labeled samples
were mixed (E2: before lyophilization (note: the method deviates due
to two different sample handling workflows)). Samples were
reconstituted in 1% FA, filtered, and then applied to two different
MS settings for the two probe classes:

D3/U1p. Samples were analyzed via HPLC-MS/MS using an
UltiMate 3000 nano HPLC system (Dionex, Sunnyvale, California,
USA) equipped with an Acclaim C18 PepMap100 7S ym ID X 2 cm
trap and Acclaim C18 PepMap RSLC, 75 uM ID X 15 cm separation
columns coupled to Thermo Fisher LTQ Orbitrap Fusion (Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA). Samples were
loaded on the trap and washed for 10 min with 0.1% FA and then
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transferred to the analytical column and separated using a 112 min
gradient from 4% B to 35% B followed by 4 min at 80% B (at 200 nL/
min flow rate) (buffer A: 95% H,0, 5% DMSO, 0.1% FA, buffer B:
95% MeCN, 5% DMSO, 0.1% FA). LTQ Orbitrap Fusion was
operated in a 3 s top speed data dependent mode. Full scan acquisition
was performed in the orbitrap at a resolution of 120 000 and an ion
target of 4e5 in a scan range of 300—1700 m/z. Monoisotopic
precursor selection as well as dynamic exclusion for 60 s were enabled.
Precursors with charge states of 2—7 and intensities greater than Se3
were selected for fragmentation. Isolation was performed in the
quadrupole using a window of 1.6 m/z. Precursors were collected to a
target of 1e2 for a maximum injection time of 250 with “inject ions for
all available parallelizable time” enabled. Fragments were generated
using higher-energy collisional dissociation (HCD, normalized
collision energy: 30%) and detected in the ion trap at a rapid scan
rate. Internal calibration was performed using the jon signal of
fluoranthene cations (EASY-ETD/IC source).

E2. Samples were analyzed via HPLC-MS/MS using an UltiMate
3000 nano HPLC system (Dionex, Sunnyvale, California, USA)
equipped with an Acclaim C18 PepMap100 75 ym ID x 2 cm trap and
an Acclaim Pepmap RSLC C18 separation column (75 um ID x 50
cm) in an EASY-spray setting coupled to a Thermo Fischer LTQ
Orbitrap Fusion (Thermo Fisher Scientific Inc., Waltham, Massachu-
setts, USA). Samples were loaded on the trap and washed with 0.1%
TFA, then transferred to the analytical column and separated using a
nonlinear 115 min gradient from 5% A to 32% B, then in 10 min to
90% B followed by another 10 min at 90% B (at 300 nL/min flow
rate) (buffer A: H,O with 0.1% FA, buffer B: MeCN with 0.1% FA).
LTQ Orbitrap Fusion was operated in a 3 s top speed data dependent
mode. Full scan acquisition was performed in the orbitrap at a
resolution of 120000 and an AGC target of 2eS in a scan range of
300—1500 m/z. Monoisotopic precursor selection as well as dynamic
exclusion for 60 s were enabled. Precursors with charge states of 2—7
and intensities greater than Se3 were selected for fragmentation.
Isolation was performed in the quadrupole using a window of 1.6 m/z.
Precursors were collected to an AGC target of le4 for a maximum
injection time of 50 ms with “inject ions for all available parallelizable
time” enabled. Fragments were generated using higher-energy
collisional dissociation (HCD, normalized collision energy: 30%)
and detected in the ion trap at a rapid scan rate. Internal calibration
was performed using the ion signal of fluoranthene cations (EASY-IC).

Global Proteomics Analysis of D3 and U1

Bacteria were cultured under defined growth conditions for 12 h
(stationary phase) or 20 h (poststationary phase). Bacteria were
incubated with 20 uL DMSO (control) or 20 L 100 mM compound
stock in DMSO (1:1000 (v/v) dilution, final concentration 100 yM).
Compounds were added either at the beginning or 4 h after the start of
the culture. After the indicated time, bacterial cells were harvested by
centrifugation at 6000g for 10 min at 4 °C and the supernatant was
discarded. Pellets were washed with 2 X 1 mL chilled PBS (phosphate
buffered saline), snap frozen in liquid nitrogen, and stored at —80 °C
until use.

Pellets were resuspended in 1 mL lysis buffer (8 M urea, 1% (w/v)
N-octylglucoside in 75 mM NaCl, 50 mM Tris-HCI, pH 8.2,
supplemented with Protease Inhibitor Cocktail (Complete, EDTA-
free, Roche)) (4 °C) and transferred to chilled 2 mL lysis tubes
(Precellys Glass/Ceramic Kit SK38). Tubes were cooled on ice for 5
min, and cells were lysed with the Precellys Homogenizer using six
times lysis program 3 (5400 rpm, run number: 1, run time: 20 s, pause:
S's). After each lysis run, the tubes were cooled on ice for 2 min. The
ball mill tubes were centrifuged (16200g, 20 min, 4 °C), supernatant
was transferred to new Eppendorf tubes. Soluble proteome was filtered
using 0.2 ym filter. Total protein concentration was measured using a
BCA protein concentration assay kit (Carl Roth Roti-Quant universal
BCA Protein Assay Kit (0120.1) according to manufacturer’s
instructions) and adjusted to 1 mg/mL.

200 pg protein (1 mg/mL) was transferred to LoBind Eppendorf
tubes. Dithiothreitol (DTT, 100 uM, 2 uL) was added, and the tubes
were mixed by vortexing shortly and incubated in a thermomixer (450
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rpm, 45 min, 37 °C). Then 2-iodoacetamide (IAA, 550 mM, 2 uL) was
added, and the tubes were mixed by vortexing shortly and incubated in
a thermomixer (450 rpm, 30 min, RT, in the dark). Remaining IAA
was quenched by the addition of dithiothreitol (DTT, 1 M, 0.8 uL).
The tubes were shortly mixed by vortexing and incubated in a
thermomixer (450 rpm, 30 min, RT). Endopeptidase Lys-C (0.5 ug/
uL in water, Wako Laboratory Chemicals) was thawed on ice and 4 uL
was added (ratio 1:100 (w/w) enzyme:protein) to each micro-
centrifuge tube,and the tubes were shortly mixed by vortexing and
incubated in a thermomixer (450 rpm, 4 h, RT, in the dark). TEAB
(triethylammonium hydrogen carbonate) solution (800 yL, SO mM in
water) and then trypsin (4 uL, 0.5 pug/uL in SO mM acetic acid,
Promega) were added to each tube with a short vortexing step after
each addition. The microcentrifuge tubes were incubated in a
thermomixer (450 rpm, 13—1S h, 37 °C). The digest was stopped
by adding S pL formic acid (FA) to a final concentration of 0.5% and
pH value ca. 2.6 and vortexing.

50 mg SepPak C18 columns (Waters) were equilibrated by gravity
flow with 1 mL acetonitrile, 0.5 mL elution buffer (80% ACN, 0.5%
FA), and 1 mL wash buffer 1 (aqueous 0.5% FA solution).
Subsequently, the samples were loaded by gravity flow, washed with
1 mL aqueous 0.5% FA solution, and labeled with S mL of the
respective dimethyl labeling solution. The following solutions were
used: light (L): 30 mM NaBH,CN, 0.2% CH,0, 10 mM NaH,PO,, 35
mM Na,HPO,, pH 7.5; medium (M): 30 mM NaBH,CN, 0.2%
CD,0, 10 mM NaH,PO,, 35 mM Na,HPO,, pH 7.5; heavy (H): 30
mM NaBHD,CN, 02% '*CD,0, 10 mM NaH,PO,, 35 mM
Na,HPO,, pH 7.5 (Table 2).

Table 2. Labeling Scheme for Global Proteomics Analyses of
D3 and Ul

Condition Replicate Heavy Medium Light
D3/U1, 12 h 1 Ul DMSO D3
D3/U1, 12 h 2 D3 U1l DMSO
D3/U1, 12 h 3 DMSO D3 Ul
D3/U1, 20 h 1 U1l D3 DMSO
D3/U1, 20 h 2 D3 DMSO U1
D3/U1, 20 h 3 DMSO Ul D3
D3/U1, 4—16 h 1 U1l D3 DMSO
D3/Ul1, 4—16 h 2 DMSO Ul D3
D3/U1, 4—16 h 3 D3 DMSO Ul

The samples were again desalted by flushing the columns with 1 mL
aqueous 0.5% FA solution. Differentially labeled peptide solutions
were eluted with 1 mL elution buffer (80% MeCN, 0.5% FA) and
mixed in a tube, lyophilized and stored at —20 °C until use.

Samples were then reconstituted in 24 uL 87.5% MeCN (4 uL
water and 20 L MeCN) and 20 uL separated via offline UltiMate
3000 HPLC system (Dionex, Sunnyvale, California, USA) equipped
with HILIC 75 uM ID X 15 cm separation column (buffer A: 95%
MeCN, 5% H,0, 0.1% TFA, buffer B: 5% MeCN, 95% H,O, 0.1%
TFA, flow 0.2 mL/min, gradient 0 to 30% buffer B in 57.5 min, then to
50% buffer B in 2.5 min, then to 100% buffer B in 2.5 min and hold
100% buffer B for 12.5 min, then to 0% buffer B in 2.5 min and hold
0% buffer B for 22.5 min) and a fraction collector. In total, 46 fractions
were collected (each 0.25 mL), which were pooled into 10 fractions
according to the UV trace of the chromatogram. All fractions were
lyophilized and stored at —20 °C until use.

Before MS measurement the samples were dissolved in 30 uL 1%
FA by pipetting up and down, vortexing and sonication for 15 min
(brief centrifugation after each step). 0.45 um centrifugal filter units
(VWR) were equilibrated with two times S00 uL water, S00 uL 0.0S N
NaOH and two times 500 L 1% FA (centrifugation: 16200g, 1 min,
RT). Reconstituted samples were filtered through the equilibrated
filters (centrifugation: 16200g, 2 min, RT).

Samples were analyzed via HPLC-MS/MS, Thermo Fisher LTQ
Orbitrap XL (Thermo Fisher Scientific Inc.,, Waltham, Massachusetts,

USA) with a UltiMate 3000 nano HPLC system (Dionex, Sunnyvale,
California, USA) using an Acclaim C18 PepMap100 75 ym ID x 2 cm
trap and Acclaim C18 PepMap RSLC, 75 uM ID x 15 cm separation
columns (buffer A: 95% H,0, 5% DMSO, 0.1% FA, buffer B: 95%
MeCN, 5% DMSO, 0.1% FA, flow 200 nL/min, gradient 4 to 35%
buffer B in 112 min, then to 80% buffer B in 4 min and hold 80%
buffer B for 4 min, then to 4% buffer B in 2 min and hold 4% buffer B
for 20 min). The mass spectrometer was operated in data dependent
mode. Precursors were measured in the orbitrap at a resolution of
60000 and an ion target of 1e6 in a scan range from 350 to 1400 m/z.
Preview mode for FTMS master scans was enabled. Dynamic
exclusion settings were as follows: repeat count: 1, repeat duration:
30 s, exclusion duration: 120 s, exclusion mass width relative to low
mass: 10 ppm, exclusion mass width relative to high mass: 10 ppm.
Charge states higher than 1 and a minimum signal threshold of 1000
counts were accepted for fragmentation. Five most intensive
precursors were selected for fragmentation using collision-induced
dissociation (CID) with the normalized collision energy of 35%.
Fragments were measured in the ion trap with an ion target of le4.
Measurements were done with a Thermo XcaliburTM mass-
spectrometry data system version 2.1.0 SP1 build 1160.

Global Proteomics Analysis of E2

Bacteria were cultured under defined growth conditions for 20 h
(poststationary phase). Bacteria were incubated with 20 uL. DMSO
(control) or 20 xL 100 mM compound stock in DMSO (1:1000 (v/v)
dilution, final concentration 100 xM). After the indicated time,
bacterial cells were harvested by centrifugation at 6000g for 10 min at
4 °C and the supernatant was discarded. Pellets were washed with 2 X
1 mL chilled PBS (phosphate buffered saline), snap frozen in liquid
nitrogen and stored at —80 °C until use.

Pellets were resuspended in 1 mL PBS (4 °C) and transferred to
chilled 2 mL lysis tubes (Precellys Glass/Ceramic Kit SK38). Tubes
were cooled on ice for 5 min and cells were lysed with the Precellys
Homogenizer using three times lysis program 3 (5400 rpm, run
number: 1, run time: 20 s, pause: S s). After each lysis run, the tubes
were cooled on ice for 5 min. The ball mill tubes were centrifuged
(16200g, 10 min, 4 °C), 800 4L of supernatant were transferred to 15
mL falcon tubes and 4 mL of cold acetone (—80 °C, MS grade) were
added. Proteins were precipitated ON at —80 °C. The precipitated
proteins were thawed on ice, pelletized (16900g, 15 min, 4 °C) and the
supernatant was disposed of. Falcon tubes were stored on ice during
the following washing procedure: protein pellets were washed two
times with 1 mL cold methanol (—80 °C). Resuspension was achieved
by sonication (15 s at 10% intensity) and proteins were pelletized via
centrifugation (16900g, 10 min, 4 °C). Only MS grade water was used
for the following procedures. After two washing steps, the supernatant
was disposed of and the pellet was resuspended in 200 uL
denaturation buffer (7 M urea, 2 M thiourea in 20 mM pH 7.5
HEPES buffer). Dithiothreitol (DTT, 1 M, 0.2 uL) was added, the
tubes were mixed by vortexing shortly and incubated in a thermomixer
(450 rpm, 45 min, RT). Then 2-iodoacetamide (IAA, 550 mM, 2 uL)
was added, the tubes were mixed by vortexing shortly and incubated in
a thermomixer (450 rpm, 30 min, RT, in the dark). Remaining IAA
was quenched by the addition of dithiothreitol (DTT, 1 M, 0.28 uL).
The tubes were shortly mixed by vortexing and incubated in a
thermomixer (450 rpm, 30 min, RT). LysC (0.5 ug/uL) was thawed
on ice and 1 yL was added to each microcentrifuge tube, the tubes
were shortly mixed by vortexing and incubated in a thermomixer (450
rpm, 4 h, RT, in the dark). TEAB solution (600 L, 50 mM in water)
and then trypsin (1.5 uL, 0.5 ug/pL in SO mM acetic acid) were added
to each tube with a short vortexing step after each addition. The
microcentrifuge tubes were incubated in a thermomixer (450 rpm,
13—15 h, 37 °C). The digest was stopped by adding 6 xL formic acid
(FA) and vortexing.

50 mg SepPak C18 columns (Waters) were equilibrated by gravity
flow with 1 mL acetonitrile, 1 mL elution buffer (80% ACN, 0.5% FA)
and 3 mL aqueous 0.5% FA solution. Subsequently, the samples were
loaded by gravity flow, washed with 5 mL aqueous 0.5% FA solution
and labeled with 5 mL of the respective dimethyl labeling solution.
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The following solutions were used: light (L): 30 mM NaBH,CN, 0.2%
CH20, 10 mM NaH,PO,, 35 mM Na,HPO,, pH 7.5; medium (M):
30 mM NaBH;CN, 02% CD,O, 10 mM NaH,PO,, 35 mM
Na,HPO,, pH 7.5; heavy (H): 30 mM NaBD,CN, 0.2% "CD,0,
10 mM NaH,PO,, 35 mM Na,HPO,, pH 7.5 (Table 3).

Table 3. Labeling Scheme for Global Proteomics Analysis of
E2

Condition Replicate Heavy Medium Light
E2, 20 h 1 DMSO E2

E2,20 h 2 E2 DMSO
E2,20 h 3 E2 DMSO

Labeled peptides were eluted into new 2.0 mL Protein LoBind
Eppendorf tubes. This was performed by the addition of 250 uL
elution buffer by gravity flow followed by 250 uL elution buffer by
vacuum flow until all liquid was eluted from the column. The eluates
were mixed and lyophilized.

Before MS measurement the samples were dissolved in 30 uL 1%
FA by pipetting up and down, vortexing and sonication for 15 min
(brief centrifugation after each step). Differentially labeled samples
were mixed and filtered. Samples were analyzed via HPLC-MS/MS
using an UltiMate 3000 nano HPLC system (Dionex, Sunnyvale,
California, USA) equipped with an Acclaim C18 PepMap100 75 ym
ID x 2 cm trap and an Acclaim Pepmap RSLC C18 separation column
(75 pm ID x S0 cm) in an EASY-spray setting coupled to a Thermo
Fischer LTQ Orbitrap Fusion (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA). Samples were loaded on the trap
and washed with 0.1% TFA, then transferred to the analytical column
(buffer A: H,0O with 0.1% FA, buffer B: MeCN with 0.1% FA, flow 300
nL/min, gradient 4 to 35% buffer B in 112 min, then to 80% buffer B
in 4 min and hold 80% buffer B for 4 min, then to 4% buffer B in 2
min and hold 4% buffer B for 20 min). LTQ Orbitrap Fusion was
operated in a 3 s top speed data dependent mode. Full scan acquisition
was performed in the orbitrap at a resolution of 120000 and an AGC
target of 2eS in a scan range of 300—1500 m/z. Monoisotopic
precursor selection as well as dynamic exclusion (exclusion duration:
60 s, exclusion mass width relative to low mass: 10 ppm, exclusion

mass width relative to high mass: 10 ppm) was enabled. Precursors
with charge states of 2—7 and intensities greater than Se3 were
selected for fragmentation. Isolation was performed in the quadrupole
using a window of 1.6 m/z. Precursors were collected to an AGC
target of le4 for a maximum injection time of 35 ms with “inject ions
for all available parallelizable time” enabled. Fragments were generated
using higher-energy collisional dissociation (HCD, normalized
collision energy: 30%) and detected in the ion trap at a rapid scan
rate. Internal calibration was performed using the ion signal of
fluoranthene cations (EASY-IC).

Bioinformatics

MS data were searched with MaxQuant software version 1.5.3.8 with
most default settings (trypsin/P set as the digest enzyme, max. two
missed cleavages, oxidation (M) and protein N-term acetylation as
variable modifications, carbamidomethylation (C) as fixed modifica-
tion, min. peptide length 7, 4.5 ppm for precursor mass tolerance
(FTMS MS/MS match tolerance) and 0.5 Da for fragment mass
tolerance (ITMS MS/MS match tolerance)). For protein identification
the following settings were used: PSM FDR 0.01, Protein FDR 0.01,
min razor + unique peptides: 1, razor protein FDR enabled, second
peptides enabled. Searches were done against the Uniprot database for
S. aureus NCTC832S (taxon identifier: 93061, reference reviewed and
unrevieved proteome (2889 entries) downloaded on 12.07.2015) and
USA300 (taxon identifier: 367830, reviewed and unreviewed proteome
(2607 entries) downloaded on 12.07.2015). Quantification was
performed using dimethyl labeling with the following settings: light:
DimethLys0, DimethNter0; medium: DimethLys4, DimethNter4 and
heavy: DimethLys8, DimethNter8, min ratio count: 2, unique + razor
peptides used for quantification, variable modifications included for
quantification, advanced ratio estimation enabled, requantify option
enabled.

Resulting data were further analyzed using Perseus software version
1.5.2.6. The rows were filtered (identified by site, reverse,
contaminants), normalized ratios (compound vs DMSO) transformed
1/x (due to label switch, if not set up in MaxQuant) and log,. One-
sample Student’s ttest was performed (at least two valid values
required), and volcano plots were generated plotting log,(fold change
(FC) compound/DMSO) vs —log,, (p-value).

The mass-spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
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Figure 1. ClpP inhibition with f-lactones. (a) Structural depiction of f-lactones with red-colored alkyne handles for D3, Ulp, and E2 which is used
later in the study. (b) Hemolysis inhibition with D3, U1, Ulp, and E2 in S. aureus NCTC8325. The mean value and standard deviation of three
technical replicates are shown. Growth is indicated by colony-forming units (CFU)/mL culture or ODgq (gray).
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Figure 2. Activity-based protein profiling studies. (a) Workflow for the quantitative comparison of probe-treated versus DMSO-treated bacterial
cells. Protein targets are labeled in situ, and a biotin tag is attached by click chemistry after cell lysis. Dimethyl labeling of primary amino groups
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proteomexchange.org) via the PRIDE partner repository”” with the
data set identifier PXD004680.

In Vitro CIpXP/ClpCP Assay

GFP degradation assays were performed in PZ buffer (25 mM HEPES,
200 mM KCl, S mM MgCl,, 1 mM DTT, 10% (v/v) glycerol, pH 7.6)
with 60 uL reaction volume at 30 °C. Degradation reactions contained
0.8 uM ClpX, 0.3 uM ClpP,,, 025 uM GFP-SsrA/0.5 uM Rot/
Q2FW49/Q2FWS0 and an ATP regeneration system (4 mM ATP, 16
mM creatine phosphate, 20 U/mL creatine phosphokinase) for the

CIpXP system or 1.0 uM ClpCg, 0.3 uM ClpP,,, 2.5 uM MecA, 0.25
UM GFP-SsrA/0.5 uM Rot/Q2FW49/Q2FWS0 and the ATP
regeneration system for the ClpCP system, respectively. All reaction
partners except the substrate were preincubated for 15 min at 30 °C.
The substrate was added afterward to start the reaction. The samples
were incubated for 14 h at 30 °C and submitted to SDS-PAGE with
subsequent Coomassie Brilliant Blue staining.

GO term enrichment analysis for the “biological process” branch
was performed using the BINGO plugin for Cytoscape.””*® Proteins
that were at least significantly 2-fold up- or down-regulated were
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Figure 3. Whole-proteome analysis with D3 and U1. (a) S. aureus NCTC832S5 cells were grown in the presence or absence of 100 4M compound
(D3 or Ul) for 12 or 20 h; standard experiments included three biological replicates (D3/12 h: six biological replicates). The ratio of treated vs
untreated cells was quantified via dimethyl labeling, and hits were considered to be up-/downregulated with a fold-change >2 or < —2 (p-value
<0.05). Up- or downregulated proteins observed under all conditions by both probes are highlighted in green and red, respectively. The protein Rot
is labeled in purple. (b) Venn diagrams summarize the differential regulation of all proteins. The color code matches the corresponding volcano
plots. Complete identification and quantification data can be found in the Supporting Information.

subjected to a hypergeometric test to decipher overrepresented GO S. aureus NCTC832S (taxonomy ID: 93061) were collected using
categories. In order to construct a reference set, all GO annotations of QuickGO (https://www.ebi.ac.uk/QuickGO/, 13th January 2016).
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The ontology go.obo was downloaded from http://geneontology.org
(12th January 2016). The derived p-values were corrected for multiple
testing by the method of Benjamini and Hochberg with a significance
level of p = 0.05.

B RESULTS AND DISCUSSION

Quantitative Proteome Profiling with Antivirulence
p-Lactones

Previous ABPP studies in S. aureus with alkynylated f-lactone
probes were performed by in situ labeling, followed by cell lysis,
click conjugation to rhodamine/biotin azide, and separation by
SDS-PAGE. Fluorescent scanning visualized putative target
proteins that were isolated after avidin bead enrichment."’
Although several targets could be identified by mass-
spectrometric (MS) analysis, gel-based methodologies exhibit
limited sensitivity toward low-abundant proteins. We therefore
initiated our new analysis here by performing gel-free
experiments via quantitative proteomics to obtain the full
complement of cellular f-lactone binders. To this end, we
initially selected three representative f-lactones, Ul and the
alkynylated probes D3/Ulp (Figure la). All compounds
attenuated hemolysis of red blood cells without reduction of
colony-forming units (CFU) or ODgq, up to concentrations of
100 uM in S. aureus NCTC8325 (Figure 1b).

For gel-free ABPP, S. aureus strains NCTC832S, USA300,
and USA300Lac were grown to poststationary phase (20 h)
and incubated with either SO uM probe (D3 or Ulp) or
DMSO as a control for 1 h. Probe- and DMSO-treated cells
were lysed, clicked to biotin azide, enriched on avidin beads,
and digested via trypsin. Heavy or light isotopes of form-
aldehyde were appended to the free amino-termini of resulting
peptides via reductive amination (dimethyl labeling).41 Peptides
tagged with heavy and light isotopes were mixed and
collectively analyzed by high-resolution MS (Figure 2a). After
log, transformation of the normalized dimethyl labeling ratios,
—logy, transformed p-values were obtained using a two-sided
one sample Student’s t-test against O over four biological
replicates. The results are depicted in corresponding volcano
plots (Figures 2b and S-1 for different strains). Proteins were
regarded as hits if they exhibited more than a 2-fold enrichment
over the DMSO control with a p-value < 0.05. Applying these
criteria, we determined four hit proteins that were consistently
identified with probes D3 and Ulp in all three bacterial strains.

Interestingly, ClpP was among the most enriched targets,
confirming previous results of gel-based studies."”*” In
addition, two 3-oxoacyl-[acyl-carrier-protein] synthases (ob-
served as f-lactone targets previously)*” and one carboxylester-
ase were identified, which could contribute to the antivirulence
mode of action as well. In order to dissect the individual role of
major target proteins in virulence, we investigated the effect of
their corresponding transposon mutants (obtained from the
NARSA library) on Hla expression by hemolysis assays. Both 3-
oxoacyl-[acyl-carrier-protein] synthases were not available from
the library, which implies they may be essential. However, no
growth inhibition upon treatment of D3 or Ulp was observed
(Figure 1), which points to a rather weak binding to these
proteins. Previous studies have confirmed their role in fatty acid
biosynthesis without any obvious connection to virulence.”~*’
All available transposon mutants exhibited comparable CFUs,
and in agreement with previous reports,23 only the clpP
transposon mutant revealed a drastic reduction of hemolysis
compared to the wild-type (Figure 2c). This indicates that ClpP
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binding and inhibition represents a possible link to the
molecular mode of action of the lactones.

Full Proteome Analysis Revealing of Signature Proteins
with Links to Virulence

In order to analyze the molecular mechanisms of f-lactones in
more detail, a full proteome analysis upon compound treatment
was performed. Prior to these studies, the optimal time-point
for comparative S. aureus proteome analysis was determined by
monitoring ClpP abundance during various growth phases via
Western blot analysis. Western blotting with a customized anti-
SaClpP antibody (Figure S-2) revealed that the highest ClpP
levels were observed during late exponential phase (6—12 h),
followed by the poststationary phase (18—20 h). Similarly,
previous experiments showed that several S. aureus virulence
factors were expressed during the transition from exponential
to stationary phase with maximum levels of Hla in the
poststationary phase.” Hence, for the global comparative
analysis of the proteome of S. aureus, we selected 12 and 20
h to harvest bacterial cells, as time-points close to ClpP as well
as Hla peak expression.

Prior to full proteome analysis, we ensured that D3 (50 uM)
treatment of cells led to ClpP labeling at the onset of Hla
expression after 7 h of growth. Satisfyingly, an intense ClpP
signal was observed by fluorescent SDS-PAGE (Figure S-3).
Having confirmed target binding under the experimental
conditions, we obtained protein ratios of lactone-treated versus
untreated cells by quantitative proteomics experiments. S.
aureus NCTC8325 was cultivated in medium substituted with
either D3, U1, or DMSO, and cells were harvested after 12 and
20 h. Following cell lysis, protein digest, dimethyl labeling, and
HILIC fractionation, peptides were analyzed via LC-MS/MS.
Up- or downregulated hits are depicted in the volcano plots of
Figure 3a. Interestingly, both pf-lactones affected a limited
number of proteins and only 66 of them showed a statistically
significant >2-fold up- or downregulation.

Although differentially regulated proteins could be identified
under each experimental condition (Figure 3b), most hits were
independent of probe and growth phase. These results are in
line with the comparable D3/Ulp target spectrum and
furthermore support that limited changes occur during the
transition between growth phases. Importantly, a closer
inspection of all shared hits revealed Rot as one of the most
(3.5-fold, e.g. D3, 12 h) upregulated proteins, establishing the
first direct link between f-lactones and their antivirulence
effects. Accordingly, Hla, the effector of hemolysis, as well as
SarR and AgrA, two transcriptional regulators of Hla
expression,“’4 were 20.7-, 2.3-, and 10.6-fold downregulated
(e.g, for Ul, 12 h), respectively. In addition, a number of
proteins with confirmed roles in virulence were detected. For
example, D3 and Ul showed a strong downregulation of delta-
hemolysin, a pore-forming toxin encoded by RNAIII, as well as
AgrC, a histidine kinase of the agr two-component signaling
system, after 20 h, suggesting that expression of these virulence-
associated proteins could be predominantly regulated at a later
stage. Interestingly, both proteins are directly connected in a
signaling pathway in which AgrC activates RNAIII transcription
via AgrA phosphorylation.”® Moreover, reduction of gamma-
hemolysin, an additional pore-forming toxin under the control
of ugr,sI as well as attenuation of SarZ, a transcriptional
activator of agr signaling,”” highlight the larger impact on toxin
regulation.
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Figure 4. E2-mediated inhibition of CIpP. (a) Activity-based protein profiling (ABPP) of S0 uM E2 against DMSO. ClpP is a prominent target. (b)
Full-proteome analysis of 100 uM E2 after 20 h of incubation. Proteins that were enriched or depleted more than 2-fold with a p-value smaller than
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(ABPP) and S4 (full proteome). (c) Overview of significantly depleted or enriched protein hits. (d) Overlap of identified protein groups with the
three inhibitors D3, U1, and E2. The decrease in the number of totally identified proteins might be due to the E2-specific sample preparation and

measurement workflow (see the Methods section).

In contrast to ClpP knockouts, chemical inhibitors do not
require genetic manipulation and can be applied at any time to
block the enzyme activity, which provide an exceptional
flexibility for studying cellular systems. Therefore, we added
D3 or Ul after 4 h of growth and harvested cells in the
poststationary phase (20 h) to monitor time-dependent
changes in protein levels. Generally, late lactone addition
resulted in weaker signals, suggesting that early treatment
triggers the most pronounced effects (Figure S-4).

A functional overview of the biological processes involved in
this study was obtained by gene ontology (GO) enrichment
analysis using the Biological Networks Gene Ontology
(BiNGO) plugin for Cytoscape.””*® Downregulated proteins
were observed to have a prominent role in pathogenic cytolysis
and amino-acid-related processes (Tables S-1 to S-7). In
contrast, upregulated proteins did not show a clear and
significant correlation to a certain pathway. However, some of
the up-regulated proteins have previously been trapped by an
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inactivated ClpP variant,” suggesting that functional inhibition
results in accumulation of undigested substrates. These include
pyruvate oxidase, MecA, and SsaA; however, a large fraction of
previously identified ClpP substrates could not be verified here.
The reason for this divergence could be manifold. On one
hand, substrate trapping necessitates a ClpP deletion strain that
is substituted with an inducible plasmid, which encodes the
affinity-tagged ClpP active-site mutant. These strains could
possess varying protein expression levels of ClpP compared to
the wild-type, altering the stability of proteins that become
more sensitive to unfolding and aggregation under these
conditions.”>** On the other hand, chemical inhibition of ClpP
depends on conformational control of associated chaperones,
which could generate partially active proteases under certain
conditions.>>™>” In fact, previous studies with various p-
lactones showed that they either retain the tetradecameric
state of ClpP upon compound binding, as observed for aliphatic
D3, or dissociate into heptamers, as observed with the aromatic
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Figure S. Quantitative map of f-lactone-induced virulence regulation (E2, 20 h). Proteins were quantified from three biological replicates. AIP:
autoinducing peptide, RAP: RNAIII activating protein, RIP: RNAIII inhibiting protein, SEH: staphylococcal enterotoxin H, Fg: fibrinogen, n.d.: not
determined. Proteins with log, fold changes smaller than 0.1 were additionally labeled with the respective level change. Maps for other f-lactones as
well as a comment on the setup of the maps can be found in the Supporting Information. References for each edge are listed as Supporting

References.

lactone E2. This deoligomerization mode also likely affects
ClIpXP proteolysis since D3 was a rather poor inhibitor, while
deoligomerizing E2 significantly reduced proteolytic activ-
ity.”>>® To compare the effect of these divergent inhibition
modes on proteomic profiles, E2 was subjected to a closer
inspection by the above panel of experiments on a high-
performance MS instrument without HILIC fractionation
(Figures 1 and 4 and Figure S-S).

Although E2 reduced hemolysis less effectively (down to
80%) compared to D3 and U1 (Figure 1), in situ ABPP again
confirmed ClpP as the predominant target as well as an
uncharacterized protein as an additional hit (Figure 4a).
Correspondingly, whole-proteome experiments of E2-treated

and -untreated S. aureus cells revealed downregulated Hla levels
slightly below the enrichment cutoff (Figure 4bc). These results
emphasize that while E2 disrupts the protease, it is less effective
in the in situ reduction of virulence. Accordingly, the levels of
Rot were not as elevated as observed for the nondeoligomeriz-
ing lactones. However, although the number of significantly up-
or downregulated proteins was reduced, the results matched
with D3 and U1 data (Figure 4d), and we therefore, conclude
that reduced uptake or lower stability of the aromatic lactone

E2 may contribute to a less pronounced phenotype.
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Rot Upregulation, a Key Feature of agr-Mediated Virulence
Signaling

It was previously speculated that Rot could be a substrate of
ClpP-dependent degradation.25 In that case, Rot degradation
would be directly linked to the agr virulence control system.
Although ClpP traps could not confirm this hypothesis,*>”” the
accumulation of Rot in lactone-treated cells (Figure 3) called
for a direct validation via a ClpXP degradation assay. We
therefore overexpressed recombinant Rot, removed the strep-
affinity tag using TEV cleavage, and incubated it with the
reconstituted ClpXP protease according to established
procedures.”” While GFP fused to a ClpXP-specific SsrA
degradation tag was efliciently degraded, no reduction in
protein abundance was observed for Rot. The same results were
obtained in a ClpCP proteolysis assay, which was customized
for our in vitro studies based on previous reports.”’ " In
addition, other putative protein hits, including acetolactate
synthase (Q2FW49) and a-acetolactate decarboxylase
(Q2FWS0), could not be confirmed as substrates (Figure S-
6), suggesting that lactone inhibition may trigger secondary
effects that result in their upregulation or even that other
chaperone adaptors are required for their targeting. Another
possibility could be the direct or indirect degradation of
RNAIII, a central antisense regulator of multiple genes, in
response to ClpP inactivation by f-lactones. For example,
RNAIII inhibits Rot mRNA translation and thereby additionally
triggers regulation of Rot-dependent genes.” Importantly, a
connection to ClpP was already established previously by a
ClpP knockout, which resulted in a strong decrease in RNAIII
levels after 12 h.”” However, we cannot exclude ClpP-mediated
digestion of putative substrates via yet unknown mechanisms.

Quantitative Map of S. aureus Virulence Regulation

As RNAIIl and Rot are key players in S. aureus virulence
regulation, we inspected this regulation network in more detail.
Therefore, we first built up a functional map of gene/protein
signaling relations based on previous literature (see also the
Supporting Procedures). RNAIII and Rot clearly stand out as
central regulatory units (Figure 5). Upstream signals mainly
derive from agr-mediated quorum sensing, and downstream
signaling comprises several virulence regulators and effectors,
including members of the Sar family. By incorporating our E2
quantitative proteomics data to the compiled network, we were
able to highlight the effects of a chemical ClpP knockout.

In line with the literature, the observed upregulation of Rot
shows an effect on Hla (down) and protein A (up)
regulation.m’(’S Concurrent SarA up-regulation seems to be a
counteracting mechanism,**®” possibly based on SigB-depend-
ent signaling. However, the reason for the up-regulation of Rot
upon ClpP inhibition remains unclear. A link between the
protease and Rot could be, for instance, established via the
RsbU-RsbV-RsbW-SigB-RsaA-MgrA-SarX axis,”*~"* but RsbU
seems to not be functional in our NCTC8325 strain.”* Other
links include ClpP substrates, such as CodY, via downregulation
of AgrA, but this could not be validated with our data.®®
Interestingly, the ClpP-associated chaperone ClpX was found
to control translation of rot mRNA.** As ClpX is also a ClpP
substrate, we propose a ClpP-ClpX-Rot regulatory axis, which
establishes a connection between proteolysis and virulence
regulation. Additionally, proteins upstream of Rot signaling,
such as AgrA, are also affected in lactone-treated cells, thus
demonstrating the tight connection of individual components
in the whole network. A putative link between the core network
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and the agr sensors can be established via the SarTU feedback
loop.75 In this case, active SarT inhibits SarU, thereby shutting
down RNAII-dependent genes such as the agr family or phenol-
soluble modulins (PSMs). Comparing lactones D3/U1 with E2
(after 20 h of stimulation), the antivirulent phenotype remains
similar. Hemolysins are downregulated, whereas protein A and
upstream regulators, such as Rot, SarA, and Sar§, are
upregulated. However, direct effectors of quorum sensing,
such as AgrA, are inversely regulated (down for D3/U1 and up
for E2).

B CONCLUSIONS

ClpP represents an important enzyme for mechanistic studies
of bacterial cell homeostasis, which has also garnered interest as
a target for antibacterial research. Acyldepsipeptides (ADEPs)
have been reported as potent antibiotics that induce
uncontrolled ClpP-mediated proteolysis of essential cellular
proteins leading to cell death.”® Contrary to this well-
established cellular mode of action, it remains elusive how f-
lactones, the first specific ClpP inhibitors discovered, promote
their antivirulence properties. Off-target effects that could
explain f-lactone-mediated attenuation of virulence by a ClpP-
independent pathway were investigated by gel-free ABPP;
however, no alternative route could be identified. Thus, this
study provides a link between f-lactone, ClpP, and virulence by
the observed upregulation of Rot, a major repressor protein of
S. aureus pathogenesis. Although Rot could not be confirmed as
a direct substrate of ClpXP/ClpCP in in vitro assays, a closer
inspection of the RNAIII/Rot surrounding network revealed
interesting systems biology insights. Therein, RNAIII is a key
regulatory element whose abundance is strictly controlled over
time. It acts mainly via Rot, and we hypothesize that its protein
levels are dependent on ClpP activity, likely via ClpX levels.
Moreover, ClpP is, in principle, able to affect virulence control
factors such as SaeR in a direct manner or to affect RNAIII
levels via SigB-dependent signaling. Additionally, we propose a
ClpP-modulated negative feedback loop via SarTU to agr
sensors, which are located upstream of RNAIII and explain
altered expression of directly agr-controlled PSMs. This
quantitative map of f-lactone-induced virulence is in agreement
with previous findings of chemical knockout proteomics and
sheds light on the multilayered role of ClpP in virulence
regulation. However, many results cannot be understood
without future studies to further dissect the whole picture of
this network.
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SYNoOPSIS

Affinity-based protein profiling (AfBPP) is able to identify non-covalent protein binding
partners of small molecule compounds. In a usual case, the compound of interest is modi-
fied with an alkyne handle and a photocrosslinker moiety. The former enables subsequent
click chemistry coupling to fluorophors or affinity tags and the latter allows the formation
of a covalent bond upon UV irradiation. In addition to the genuine protein target, usually
a myriad of unspecific background binding proteins are captured and falsely identified
as a hit. The use of appropriate controls such as competition with the unmodified par-

ent compound or the application of minimal photocrosslinker-bearing probes is inevitable.

Here, the background binders of common photocrosslinker groups are systemati-
cally analyzed. The publication especially focusses on diazirine photocrosslinkers, which
are commonly used at present. The basis of this analysis consists of four different
diazirine-containing compounds with a minimal structure (figure j.1). Besides the actual
photocrosslinking part, the molecules exhibit small aliphatic and aromatic structure motifs.
After inserting these molecules into the standard AfBPP enrichment process, potential

protein targets could be identified by mass spectrometry.

background binder

photocrosslinker moiety
7 9 N=N
=N
H N
O N=N o
/ \ ©
QN\ /NM AfBPP E
> £
<
Q
)\ O N=N =
N X
N=N
x a

quantified and aligned proteins
Figure 4.1: Basic idea of extracting background binders from AfBPP experiments. All proteins in each photoprobe

experiment are identified and quantified and then aligned. Next, an overlay is calculated to find targets that appear

regularly in a majority of the photoprobe experiments.

For example, identified proteins that appeared for all of the four compounds were consid-

ered as strong background binders. Obviously, they do not bind to the different structural
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motifs, but to the photocrosslinker group, which all of the molecules have in common.
In order to quantify this effect, a model from image processing was adopted, in which
patterns that appear regularly are consolidated by summing them up. In contrast, patterns
that only appear for some of the samples become blurred in a total overlay (figure j.1).
With this method, a negative list of common diazirine background binders in the human

cell lines As49 and HeLa could be obtained, which is called the ‘photome’.

Moreover, the concept was applied for the identification of protein targets of the ki-
nase inhibitor H8 and it was tested using an already published study dealing with binding
partners of the natural product falcarinol. In both cases, the number of putative true

targets could be reduced by assigning a photome-based confidence score to the hit list.
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A Whole Proteome Inventory of Background Photocrosslinker Binding
Philipp Kleiner', Wolfgang Heydenreuter', Matthias Stahl’, Vadim S. Korotkov, and

Stephan A. Sieber*

Abstract: Affinity-based protein profiling (AfBPP) is a widely
applied method for the target identification of bioactive
molecules. Probes containing photocrosslinkers, such as ben-
zophenones, diazirines, and aryl azides, irreversibly link the
molecule of interest to its target protein upon irradiation with
UV light. Despite their prevalent application, little is known
about photocrosslinker-specific off-targets, affecting the reli-
ability of results. Herein, we investigated background protein
labeling by gel-free quantitative proteomics. Characteristic off-
targets were identified for each photoreactive group and
compiled in a comprehensive inventory. In a proof-of-principle
study, HS, a protein kinase A inhibitor, was equipped with
a diazirine moiety. Application of this photoprobe revealed, by
alignment with the diazirine background, unprecedented
insight into its in situ proteome targets. Taken together, our
findings guide the identification of biologically relevant bind-
ers in photoprobe experiments.

P hotocrosslinkers are important tools for chemical biology
research and mediate irreversible linkages between proteins
and ligands upon UV irradiation, for example.'! A prominent
application is affinity-based protein profiling (AfBPP) where
small molecules are equipped with a photocrosslinker to
facilitate irreversible binding to a protein target.'®?
Researchers have the choice between three major photo-
reactive groups, which differ in their size, efficacy, and
possible side reactions, namely benzophenones, aryl azides,
and diazirines (Figure 1 A).l! Alkyl diazirines,” in particular,
have recently experienced a renaissance in application™
owing to their small size and high crosslinking efficiency.
Furthermore, several studies comparing the reactivity and
efficiency of these three photocrosslinkers reported superior
properties for diazirines, further encouraging their use.’
Despite this popularity, very little is known about photo-
crosslinker-associated off-target binding. Thus control reac-
tions such as competition with the parent, unmodified ligand
are recommended;® however, these experiments are chal-
lenging owing to the irreversible nature of the photoprobe—
protein interaction while the competing parent compound
binds reversibly. In addition, a minimal photoprobe lacking
the ligand-specific structure can be applied as a control.l*") A
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recent study systematically identified off-targets of the three
photoreactive groups described above embedded in a minimal
scaffold on 2D-SDS gels."! Previous work in our laboratory
has also indicated a number of ligand-independent photo-
crosslinker-specific protein hits.’l However, whereas some of
them correlated well with the reported gel-based off-targets,
others seemed to be detected solely by quantitative gel-free
procedures—the state-of-the-art technique in chemical pro-
teomics.

To obtain a comprehensive picture focused on the needs
of quantitative and gel-free target identification, we herein
report a full inventory of benzophenone, aryl azide, and
diazirine off-targets (photomes) in human cell lines by
quantitative high-resolution proteomics. Guiding principles
to understand off-target preferences and minimize non-
specific labeling are also provided. Finally, we demonstrate
the value added by our photome profiling study with
a photoprobe based on HS8, a protein kinase A (PKA)
inhibitor. The conclusions drawn from this experiment
would have been heavily biased by photome hits without
our off-target exclusion list.

Our strategy for compiling an inventory of the non-
specific background proteome began with the chemical design
and synthesis of basic photocrosslinker probes. All three
photoreactive groups, aryl azide (AA), benzophenone (BP),
and diazirine (DA), were embedded in a simple molecular
scaffold to minimize ligand-specific protein interactions. In
the case of AA and BP, we appended the alkyne tag, which is
required for target identification by click chemistry (CC;
Figure 1B),”] to an aryl ring with a small aliphatic ether
(AA-1) or an amide linkage (BP-1), respectively (Figure 1 A).
By definition, AA- and BP-containing photoprobes have an
aryl ring in their minimal molecular scaffolds, and for
comparison, we designed a minimal aromatic DA probe
(DA-1) in a similar way. To account for photocrosslinker-
independent background labeling, we selected the DA-
1 scaffold lacking the diazirine group (NC-1; Figure 1C).
All molecules were prepared according to established proce-
dures with slight modifications (see the Supporting Informa-
tion, Schemes S1 and S2).

To evaluate the proteome binding of AA-1, BP-1, and
DA-1, we chose two human cell lines, A549 and Hela, as
representative and commonly used test systems. The photo-
crosslinker probes were incubated with intact cells for 1 h and
subsequently irradiated for 30 min with UV light; these
conditions are similar to most common AfBPP labeling
procedures. In addition, one sample was treated with the
NC-1 control under identical conditions. First, we investigated
the cell permeability of all molecules by gel-based analysis of
their labeling pattern in the cytosolic and membrane fractions.
Interestingly, all photoprobes predominantly labeled cyto-
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Figure 1. Analysis of photocrosslinker background binding. A) Photocrosslinker probes used in this study. The photoreactive group is highlighted
in blue. B) Gel-free photolabeling strategy using SILAC to quantify probe hits over DMSO control. See the Methods Section in the Supporting
Information for details. C) Structure of the negative control probe (NC-1) used for the identification of non-photospecific target proteins.
D) Volcano plots of enriched proteins in SILAC experiments with the photocrosslinkers AA-1, BP-1, and DA-1 and the control NC-1. A log,
enrichment of > 1 implies a double excess of protein in the probe sample compared to the DMSO control. A p-value of <0.05 was required to
classify a hit as significantly enriched (highlighted in red). E) Venn representation showing proteins that were significantly enriched in all four
experiments.
solic proteins, suggesting sufficient cell permeability (Fig- and whole proteomes clicked to biotin azide. After enrich-
ure S1). BP-1 stood out as the probe with the most intense ~ ment and tryptic digest, the samples were analyzed by high-
labeling and the highest number of targets while AA-1 and  resolution liquid chromatography tandem mass spectrometry
DA-1 exhibited much reduced proteome labeling. (LC-MS/MS; Figure 1B); log,(isotope ratios) of 0 indicate no
To obtain a more comprehensive inventory of background  enrichment compared to the DMSO control, and log, ratios of
binders, we switched to gel-free, quantitative proteomics. This > 1 with a p-value of < 0.05 were regarded as significant hits
technique has become the gold standard in AfBPP, and its  (Figure 1D and Figure S2). Whereas NC-1 showed only
high sensitivity requires rigorous characterization of non- marginal protein binding, all three photoprobes exhibited
specific binders. We thus applied the stable isotope labeling of  significant protein enrichment that was largely probe-specific.
amino acids in cell culture (SILAC) approach and treated  For example, BP-1, previously regarded as a selective photo-
cells labeled with heavy or light isotopes with probe (3 um) or  linker owing to its reversible mode of photoactivation,™
DMSO, respectively.™ Cells were lysed, equal protein  exhibited the highest number of protein targets (114) in
amounts from DMSO and probe-treated samples pooled,  A549 cells followed by DA-1 (19) and AA-1 (5; Figure 1E).
Angew. Chem. Int. Ed. 2017, 56, 1396 —1401 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 1397
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Interestingly, background labeling in HeLa cells was more
evenly distributed with 46, 78, and 85 hits for AA-1, BP-1, and
DA-1, highlighting the importance of cell-line-specific off-
target analysis (Figure S2). A list of all identified proteins is
provided in the Supporting Information.

Considering the increasing application of DA photo-
probes in chemical biology, we synthesized three additional
minimal probes for in-depth analysis (Figure 1A and
Scheme S3). Here, the DA moiety was embedded in different
aliphatic or aromatic scaffolds with the aim of dissecting off-
target binding and connecting protein hits to structural motifs.
All four DAs (DA-1-DA-4), including a close mimic of
a previously reported control compound,*! were applied in
gel-based cellular protein profiling. All probes labeled intra-
cellular targets, suggesting sufficient cell permeability (Fig-
ure S3).

Subsequent gel-free, quantitative proteomics studies
revealed a significant influence of the scaffold on protein
binding (Figure S4). Probe DA-2, which contains an aryl
piperazine, exhibited the highest labeling in A549 cells
followed by the aromatic probe DA-1 (Figure 2A). In HeLa
cells, DA-1 and aliphatic DA-4 contributed to the majority of
hits (Figure 2 B). Interestingly, DA-3, with an amide bond and
a short aliphatic chain, was most selective in both cell lines,
suggesting that affinity probe design could benefit from such
short alkyl linkers.

To gather comprehensive information on the most prom-
inent DA-specific background targets, we overlaid the
volcano plots for all probes in A549 and HeLa cells. DA-
specific protein targets should thus be extensively enriched
whereas scaffold-specific hits relocate around zero (Fig-
ure 2C; for a detailed explanation, see the Supporting
Information). This mathematical operation revealed a set of
eight and seven significant proteins for A549 and HeLa cells,
respectively, after Benjamini-Hochberg correction (Fig-
ure 2D,E). Satisfyingly, 291 out of 1655 protein groups in
the A549 proteome were annotated as membrane-bound.
Identified hits that are predominantly localized in the
lysosome and mitochondrion can be grouped into three
superfamilies: 1) channels or channel-associated proteins
(e.g., VDAC1 and VDAC2), 2) catabolic enzymes (e.g.,
CTSD), and 3) small-molecule binders (e.g., ALDH1B1).
For example, VDACI and VDAC2 are highly abundant
channels with permeability for small molecules. Similarly,
ECHI1 and ALDHI1BI are catabolic enzymes known to bind
small molecules. A summary of all non-specific photoprobe
targets is provided in Figure 2F and Table S1. To account for
label-free MS quantification, a rising proteomic technique
independent of SILAC, we applied all DA probes together in
the labeling of intact A549 cells to obtain a comparable
photome list (Figure S5 and Supporting Information). Again,
a good distribution of cytosolic and membrane proteins was
obtained while re-extraction of the insoluble fraction did not
significantly enhance the overall coverage of membrane-
bound proteins (Figure S6).

Interestingly, reported abundances (Table S1) revealed
that proteins solely identified in one cell line, such as ECE1 in
HelLa cells, are less expressed in the other cell line, likely
explaining their cell-line-specific DA labeling. Importantly,
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most of these proteins were not identified by gel-based off-
target profiling,”) and furthermore, hits of gel studies are
underrepresented here, confirming the relevance of the
proteomic preparation technique for the results of AfBPP
studies.

With a comprehensive photome background list in hand,
we next analyzed the irradiation and concentration depend-
ence of DA photocrosslinking reactions. For this study, we
used the kinase inhibitor SP600125 equipped with a minimal
DA linker, similar as previously reported (Scheme S4).*!
Interestingly, while short irradiation times of 5 min and high
probe concentrations of 3 um enhanced photome labeling,
longer irradiation times (20-30 min) as well as lower concen-
trations (125 nm) minimized background enrichment in this
setting (Figures S7 and S8). Although JNK, a known target of
SP600125, was not among the hits, concentration-dependent
competition with the unmodified drug revealed several
carboxylases that also exhibit ATP binding sites as putative
targets (Figure S9).

For an initial evaluation of the photome list, we re-
analyzed previous results obtained from A549 profiling with
a falcarinol diazirine probe.* A comparison of the proteins
identified with the probe and those found in the photome
classified four out of seven falcarinol hits, including HMOX2
and CTSD, as photome targets (Figure S10). Importantly,
ALDH?2, a biochemically confirmed target of falcarinol, stood
out from the photome proteins, which confirms the general
utility of this approach for unbiased target identification.
Finally, we sought to illustrate the applicability of the
photome inventory list in a target identification study with
isoquinoline sulfonamide H8 (Figure 3A), a widely applied
inhibitor of the cAMP-dependent protein kinase (PKA).'”
H8 and its structurally related analogue H89 are gold
standards in PKA research,? and AfBPP with this molecule
should reveal PKA as a validated positive control.

Based on the lessons learned from the photocrosslinker
comparisons described above, we equipped H8 with a short
aliphatic diazirine alkyne linker (Figure 3 B), found to exhibit
minimal background labeling, at the terminal amine. Crys-
tallography data of PKA in complex with H-inhibitors further
indicate that chain extension at this position is tolerated.!'”!
However, H8p might alternatively directly bind to the cAMP-
binding pocket of the regulatory subunit. The synthesis of this
probe was conducted through the coupling of the alkyl
diazirine carboxylic acid L4 (for the structure, see Scheme S1)
and N-(2-aminoethyl)isoquinoline-5-sulfonamide (2), which
was prepared according to published procedures' in the
final step (Figure 3B).

A549 SILAC cells were treated with H8p and DMSO
according to established procedures. Proteomics workflow
and analysis revealed the enrichment of 30 proteins matching
our cut-off criteria (Figure 3 C). These hits were classified into
three categories according to their enrichment in the photome
overlay (Figure 2D): 1) low confidence (five hits depicted in
red: log,(enrichment) in the photome >1 and p <0.05),
2) medium confidence (six hits depicted in orange: 0<
log,(enrichment) <1 and p <0.05), 3) high confidence (19
remaining hits depicted in gray, which are not significantly
enriched in the photome). Interestingly, medium-and high-
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MICU1 Calcium uptake protein 1 1.27/0.37* 4.63/4.59 associated with Ca2* transporter | mitochondrion

* not significant in respective cell line

Figure 2. Background photoaffinity labeling of structurally diverse diazirines. A) Venn diagram of overlapping significantly enriched hits
(log,(enrichment) >1 and p < 0.05) for all diazirine probes in live A549 cells. B) Venn diagram for the analysis in live HeLa cells. C) General
workflow to yield the combined diazirine photome. Four distinct diazirine proteome enrichments were analyzed individually by MaxQuant'"® and
subsequently merged (see the Methods Section in the Supporting Information). The output file was then statistically evaluated by a one-sample
Student’s t-test to gather mean enrichments and p-values over all valid quantifications. D) Volcano plot of the combined AfBPP results in A549
cells. To compile a master list of significant photome members, the overall significance level was adjusted by the method of Benjamini and
Hochberg (FDR=0.05). E) Volcano plot for the experiments with HelLa cells. F) List of top photome hits.

confidence proteins were predominantly linked to nucleotide
binding, such as ATP/cAMP, DNA, and polyadenine RNA
(Table S2). Furthermore, the regulatory subunit of PKA
(PRKAR2A) was identified.

In conclusion, our study has revealed the superior
performance of AA and DA compared to BP photocross-
linkers, which is in agreement with previous experiments

comparing crosslinking efficiencies.”! A comparison of four
different DA scaffolds revealed a common set of false
positives. Proteins of high abundance and with a preference
for small-molecule binding belong to the most prominent hits.
Small linkers with aliphatic DAs led to the least binding while
aromatic substituents significantly increased the number of
hits. This information complements recent findings indicating
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Figure 3. AfBPP of kinase inhibitor photoprobe H8p and photome-based confidence validation. A) Structures of two members of the H-series of
protein kinase A inhibitors: H8 and H89. B) Synthesis of H8p, a photoaffinity probe for H8. Reaction conditions: a) 1) SOCI, (35.0 equiv), DMF,
reflux, 2 h; 2) NaHCO; (1.00 equiv), H,O, 0°C; 3) ethylenediamine (3.00 equiv), CH,Cl,, 0°C—RT, 2 h, 52% over two steps; b) L4 (1.00 equiv),
HOBt (1.50 equiv), EDC (1.50 equiv), DIEA (2.00 equiv), DMF, RT, 16 h, 93%. C) Volcano plot representation of H8p AfBPP with 3 um probe
(blow up of proteins located in the blue box shown on the right). Identified proteins were aligned with the diazirine photome (Figure 2D) and
classified as low-confidence (red; log,(photome enrichment) > 1, p <0.05), medium-confidence (orange; 0 < log,(photome enrichment) <1,

p <0.05), or high-confidence (gray, remaining proteins) hits. See the color code for a graphical representation of the hit positions in the photome.
D) Overlap of proteins present in the photome (red) and proteins identified in the H8p enrichment (blue). The regulatory subunit of PKA
(PRKAR2A) was thus identified. The compilation of the observed targets would have been impossible without our inventory list, once more
highlighting the importance of minimal photolinker controls for the exclusion of common non-specific hits.

that branched photolinker scaffolds exhibit superior specific-
ity.l'” While it was possible to minimize off-target labeling
within this isolated photocrosslinking study by reducing the
probe size and lowering log P (Table S3), in practice, photop-
robe design is limited by the molecular scaffold of interest.
Here, it becomes important to attach these groups at sites so
that the bioactivity and, if possible, the physicochemical
properties are not affected. By applying these design criteria
to a PKA inhibitor, we demonstrated successful target
identification and the necessity for a photocrosslinker-specific
exclusion list. Thus we highly recommend the use of minimal
photocrosslinkers and their photome inventory list as an
important standard control for such experiments.
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5.1 THE NEXT LEVEL OF CHEMICAL PROTEOMICS

S.I.I MASS SPECTROMETRY IN CHEMICAL BIOLOGY

Mass spectrometry is the method of choice to globally analyze cellular effects of small
molecules on a proteome or to identify protein targets in activity- as well as affinity-based
protein profiling. Even for non-global analyses such as binding site identification, mass
spectrometry has pushed the field of chemical biology immensely forward in recent years
(reviewed in'). For example, Cravatt and coworkers have recently established methods to
probe the ligandability of cysteine and lysine residues on a proteome-wide level. Therefore,
they applied a combination of reactive and side-chain directed small molecule compounds
with quantitative tandem mass spectrometry based on isotope-labeled enrichment linkers. 2
Another example from the Tate group shows the incorporation of modified metabolites,
such as the myristate fatty acid, into enzymatic processes. In this case, the authors demon-
strated the inhibition and chemical tracing of N-myristoyltransferases with the aim to ex-

plore global protein myristoylation in the Malaria pathogen Plasmodinm falciparum.®

5.2 FROM PROTEINS BACK TO PEPTIDES

For the vast majority, the analysis of chemical biology-related mass spectrometry data
is limited to the identification and quantification of proteins. Follow-up studies addi-
tionally comprise the localization of small molecule binding sites or the identification of
posttranslational modifications, such as phosphorylation sites. However, by nature, mass
spectrometry does not identify and quantify proteins but peptides. In fact, the proteins
are inferred from peptides. This procedure is accompanied by a certain loss of information.
For example, one peptide can be part of multiple proteins. The so called protein inference
problem has been tackled in different ways.# One common approach, which is used by
the MaxQuant software, assigns ambiguous peptides to the protein group with the most
other peptides (Occam’s razor principle).*® Despite this drawback of protein inference,

the peptide-centric analysis of mass spectrometric data has widely been neglected so far.

For example, focusing on peptides instead of proteins will open a powerful view on
activity-based protein profiling followed by protein target identification via mass spec-
trometry. In a standard enrichment workflow, alkyne-tagged probes bind to their protein

target and are subsequently coupled to a biotin affinity tag via click chemistry. This
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enables the enrichment of probe-bound proteins on an immobilized avidin resin (cf.
chapter [d). Next, proteins are digested on-bead to peptides, which are further submitted
to mass spectrometry.? In this scenario, the peptide including the labeled amino acid
would remain on the beads (figure f.ja). Given sufhicient sequence coverage in the final
proteomics experiment, the probe binding peptide can be directly identified as a missing

peptide.

[trypsin]

o
PN
‘@Y

class | cleavage class Il cleavage class Ill cleavage
o o o

. HN)LNH . HNkNH . HNXNH
HﬁH Hi—&-H Hi—ﬁ-H
< .j.probe !l‘"s

+ free peptides

S \ S
d

predicted cleavage cleavage at binding site probe drop-off

mass spectrometry:

missing peptides peptides with aberrant quantification profiles

Figure 5.1: Theoretical possibilities of immobilized and enzyme-mediated protein digestion. (a) A probe-captured tar-
get protein is bound via biotin to avidin-coated beads. The probe itself is here bound to the protein via a lysine side
chain. Trypsin digestion cuts off peptides, but is generally thought to skip the binding site lysine. (b) The predicted
cleavages as outlined in panel a are denoted as class | cleavages. But trypsin might also be able to attack the bind-
ing site lysine (class Il cleavage) or the probe drops off the protein (class Il cleavage). Molecules remaining with the
immobilization beads are shown.

Assuming that the probe binding site is also a protease cleavage site (such as the lysine in
figure f.1), the usual cleavage reaction is here denoted as class I cleavage. However, it is not
tully excluded that an enzyme also recognizes the occupied binding site and cleaves at this
position (figure f.ib, class II cleavage) or the probe drops off the protein completely (class
III cleavage). Importantly, the three reactions are supposed to have deviating kinetics be-
cause of individual chemical environments. Therefore, the velocities of peptide formation

through class I, II, or III cleavages should be different (equation f.1).

d[peptideclass I] # d[peptideclass II] 7& d[peptideclasslll]

dr dt dt (5-0)
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This effect can be visualized, e.g. when using different probe concentrations in the initial
ABPP experiment, while digestion times are being kept equal. As a consequence, resulting
peptide intensity profiles over various probe concentrations applied, should then be distin-
guishable by their negative correlation to each other. Conversely, this phenomenon was
described before in the context of protein quantification algorithms. There, peptides with
outlier profiles (‘incoherent peptides’)® are usually omitted from further analyses.*® In this

work, exactly these peptides will be of special interest.

5..3 OBJECTIVE

Many research groups employ MaxQuant as software platform to analyze their mass
spectrometry proteomics data.? The software comprises well established algorithms for
peptide identification and label-free protein quantification.® The results are given in
a set of tables and they can be searched using the MaxQuant Viewer.® However, the
viewer does not allow the inspection of specific peptide profiles over different experiments.
Furthermore, it also does not include statistics data, such as results of a Student’s #-test, to

identify significantly enriched proteins.

Here, an extendable software platform called ProteomeDiver was developed that al-
lows reading in (i) MaxQuant result files, (ii) full protein sequences from databases, and
(iii) statistical data, e.g. from the Perseus environment.” The core feature is an intuitive vi-
sualization of single protein sequences and their assigned peptides including modifications.
ProteomeDiver should greatly facilitate the access to protein-specific peptide intensity
profiles. As outlined above, they will provide insights into the experimental behavior
of different protein segments and their cleavage in sample preparation procedures. In
a proof-of-principle study with data from a pyridoxal phosphate-based pull-down, the
applicability of the software could be demonstrated.

Preliminary note: The software is still under construction and in the testing phase.

Thus, all results shown here, especially the ones of the peptide correlation analysis, are of

preliminary nature.
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5.2 DESIGN OF THE PROTEOMEDIVER SOFTWARE

5.2.1 GENERAL SETUP

ProteomeDiver was developed in Java, because this language enables the creation of easily
extendible modules. Moreover, it provides a customizable and flexible XML-based visual-
ization framework with JavaFX.

ProteomeDiver consists of three main parts:

1. an input unit to read in and deserialize MaxQuant result files,
2. avisualization unit to present the data in an intuitive manner, and

3. a peptide profile analysis unit.

Single units are interconnected via standardized interfaces and are independent of each
other. For example, input units for other file types can easily be added. Vice versa, it is pos-
sible to use parts of ProteomeDiver in other software projects. In the following sections,
only the very basic programming concepts used are exemplified. The full code base can be

accessed on GitHub at hteps://github.com/mtstahl/subsurface.

5.2.2 LOADING OF MAXQUANT RESULT FILES

ProteomeDiver reads and processes the following MaxQuant result files:
proteinGroups.txt, peptides.txt, evidence.txt, summary.txt, and *Sites.txt (the file
names are expanded by the name of given chemical amino acid modifications). Addition-
ally, it is able to read simple text file formats, such as Perseus outputs or fasta files. Each file

is read in by a dedicated class that implements the AQReader interface.

public interface MQReader {
public boolean fileExists(String txtDirectory, String prefix);
public <E extends Enum<E> & TableHeaders> List <AnalysisComponent> read(String
txtDirectory , Map<E, String > headerMap) throws IOException;
public ReadOnlyDoubleProperty getProgressProperty ();
public ReadOnlyStringProperty getStatusProperty ();

}

Listing 5.1: MQReader interface setting the prerequisites for all MaxQuant file readers. The fileExists method can be
used to check the data availability before running the parser. The central method read takes the location of files and
desired column headers and returns deserialized data objects. The last two methods return properties, which can
inform the user about the status of parsing.
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The core method read comprises all necessary functions for data deserialization. Besides
the location of a folder, where the MaxQuant result files are stored, it takes standardized
table headers. These are search engine-independent header names for e.g. the protein name
column or the intensity columns. Only requested headers are imported from the complex
result tables. The function then returns a list with elements of type AnalysisComponent.
This is a marker interface for different data wrapper classes such as the ProteinGroup or

StatisticsFile classes.

Accordingly, statistics files are parsed with readers defined by the StatisticsReader

interface.

public interface StatisticsReader {
public StatisticsFile read(String filePath , Map<StatisticsTableHeaders , String>
headerMap) throws IOException;
public ReadOnlyDoubleProperty getProgressProperty ();
public ReadOnlyStringProperty getStatusProperty ();

Listing 5.2: StatisticsReader interface that sets the prerequisites for statistics file readers such as the PerseusFileReader.

Fasta files are imported by the FastaFileReader satistying the specifications given by the

FastaReader interface.

public interface StatisticsReader {
public StatisticsFile read(String filePath , Map<StatisticsTableHeaders , String>
headerMap) throws IOException;
public ReadOnlyDoubleProperty getProgressProperty ();
public ReadOnlyStringProperty getStatusProperty ();

Listing 5.3: FastaReader interface that sets the prerequisites for fasta file readers such as the FastaFileReader.

Both the StatisticsReader and FastaReader interfaces resign a fileExists method because
usually, the user selects the respective files directly. Contrary, for MaxQuant analyses, the
user opens a folder comprising all results and is not aware, which files are present and

which are not.

After the reading process, each file type is deserialized to generic objects, e.g. stem-
ming from the ProteinGroup class for proteins or the StatisticsFile class for files containing
statistics information. The diagram in figure f.2] gives an overview over the reader classes

and the classes used to represent analysis objects.
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Figure 5.2: Class diagram of the input unit of ProteomeDiver for the deserialization of MaxQuant result files, Perseus-
generated statistics files and fasta files. The MaxQuant readers implement the MQReader interface, the Perseus file
reader implements the StatisticsReader interface, and the fasta file reader is derived from the FastaReader interface
to ensure a high degree of standardization. The MaxQuant readers inherit table information from the abstract class
MQTableslO. A similar concept is applied for the PerseusFileReader. Some functional data wrapper classes are shown at
the bottom. For example, the Peptide class represents a peptide and the MQEvidenceMatcher class is a helper class pro-
viding matching functions, e.g. to enrich the peptide objects with additional information such as intensities measured
in different experiments. The green area denotes classes that are standardized meaning they are independent of the
origin of input files.

Noteworthy, AQ1TablesIO is an abstract class that comes along with the standard
MaxQuant result file names, standard table headers and association maps in order to con-
vert MaxQuant table header names to standardized table headers. Thus, search engine-
specific reader classes are responsible for data standardization. The data wrapper classes, i.c.

ProteinGroup etc., are no more dependent on the origin of data.

5.2.3 DATA VISUALIZATION AND FIRST STEPS

The whole graphical user interface (GUI) of ProteomeDiver is realized with the JavaFX
framework. Window layouts and styles are defined in XML (extensible markup language)
files and CSS (cascading style sheets) files, respectively, and are thus separated from actual

content.
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Figure 5.3: Main window of ProteomeDiver. The upper tool bar @ contains all options to load and work with data
files. The progress bar on the bottom @ gives a live feedback of the import and deserialization process. The white
space onthe Ieft@will show the collection of loaded analyses and files as tree view after having them imported. The
upper panel on the right can show tables of protein groups@and peptides @ When a statistics file with enrichment
and p-values was loaded, a volcano plot can be displayed @ The lower panel is the sequence view @ which enables
the representation of single protein sequences and their measured and assigned peptides.

After loading MaxQuant result files (peptide identification and quantification), a Perseus-
generated statistics file, and an appropriate fasta database containing full protein sequences,
the three file types can be merged. To this end, the respective analysis components in the
tree view must be marked. By clicking the options Merge sequences or Merge statistics in the
tool bar, the particular data from StatisticsFile or FastaFile objects is linked to the peptide
identification analysis. In fact, respective data is transferred from StatisticsFile or FastaFile

objects to the appropriate ProteinGroup objects.
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Figure 5.4: ProteomeDiver main window with one analysis loaded. The tree view on the left represents the three
loaded data categories: MaxQuant results, Perseus statistics, and fasta database. Data was merged using the two
different merge buttons on the tool bar. The protein groups table view depicts all identified proteins. By clickingonone
entry, the peptides table view delineates all peptide identifications belonging to the selected protein. The volcano plot
on the very right implements the visualization of statistics data. The selected protein is highlighted in red. Proteins
can also be chosen via the volcano plot allowing easy selection of proteins of interest. Like the peptides table, the
sequence view panel is active, if one specific protein is selected. It highlights the localization of identified peptides on
the full protein sequence. An optional oxidative modification at the leading methionine can be observed.

Internally, ProteomeDiver handles all analysis components of one comprehensive analysis
shown in the tree view in an analysis wrapper object called .4nalysis. The software is able
to deal with multiple analyses, such as multiple MaxQuant runs, at once. Data merges are
possible between different analyses. For example, in figure f.4), all loaded data is organized
under one Analysis object. The Analysis objects themselves are finally collected in another
wrapper class named AnalysisHandler. This class exhibits a singleton pattern and is there-

fore only instantiated once and can be considered as the root of all imported data.

5.2.4 PEPTIDE INTENSITY PROFILE ANALYSIS

At this stage, ProteomeDiver supplies a solid platform for the virtualization and visualiza-
tion of MaxQuant-generated peptide identifications and their quantifications. This is the
basis for deeper analyses of peptide intensity profiles. ProteomeDiver is able to visualize
experiment-specific intensities of peptides from selected proteins. The built-in profile anal-

ysis view is evoked by clicking the “ button in the sequence view panel.

113



on =

Available Experiments € || profiles | Ranked correlations

<

TUM_A 32,5
TuM_B
TuM_C
2uM_A
2uM_B
2uM_C
SuM_A
S5uM_B

log,(intensity)
o o o

I
i
n

5uMm_C

u
o
=1

T0uM_A

W HNOL
wHing
awng
gAnG
VN
BAnL

10uM_B

7N0L
£7WN00L
OTWNooL
§NN0S
vWnooL
27nnos
¥ g
ownez
§NNGE
YOANGZ
oTWnoL
97oswa

oTmnt
40sWa
v OsWa
Qwing
VNNZ
gwng

10uM_C ;
Experiment

25uM_A

250M B 01-12 13-36 ©037-38 039-53 0654-69 070-74 0©75-97 O98-1M11 O©OMNMZ2-119

B 120-129 O 130-159 ©160-166 O 167 - 186 © 187 -194 O 195-206 O 207 - 210 O 211-214 215 - 239

25uM_C © 240 - 253 O 254 - 264 O 265 - 270 O 271 - 279 O 280 - 285 O 286 - 289 O 290 - 293 O 294 - 306

S50uM_A
50uM_B
50uM_C
T00uM_A
100uM_B

SRR EEREEEE SRS RS E
e
a

100uM_C

)
@
a8

DMSO_A
bDMSO0_B

norm. intensity

DMSO_C

2 2 2 2 @ Z @ a ® 8 w®w & @& o =2 a 2 g =2 g g ®» N 8
E £ &8 8 28 8 g g ¢ ¢ ¢ £ £ & E E E £ E £ £ £ : &
S 5 £ £ £ ¥ E & &2 £ &£ 5 B B > 5§ w 9 o © © ©H 5 B
= b ® 5 o > o = 5 o = >
Experiment
01-12 13- 36 ©37-38 0398-53 0654-69 070-74 076-87 088-111 OM2-1189

120-129 0130-158 © 160 -166 O 167 - 186 © 187 -194 © 195- 206 © 207 - 210 O 211-214 © 215-239
© 240 - 263 O 254 - 264 O 265 - 270 O 271 - 278 © 280 - 285 O 286 - 289 O 290 - 283 O 284 - 306

Figure 5.5: Segment intensity profile view for one specific protein. The list on the left specifies available experiments
inthe analysis. Here, a set of 24 experiments is shown. Only checked features will contribute to the profile correlation
analysis. ProteomeDiver then subdivides the protein sequence into segments with equal summed peptide intensities
(see figure @). Each segment is shown as two line plot over different experiments. Here, varying probe concentra-
tions were applied in an ABPP experiment. The upper diagram represents logarithmized segment intensities and the
lower diagram shows the same data, but normalized to the maximum and minimum intensities of each segment. It is
also possible to focus on specific amino acids in the segments. Therefore, an amino acid drop-down menu on the very
top of the window is provided. For example, when selecting lysine, only segments that include a lysine residue are
shown in the diagrams.

It is important to note that ProteomeDiver does not directly show the intensities of pep-
tides, but of protein segments that result from the addition of overlapping peptide inten-
sities. For example, in case of three overlapping peptides, the software generates four seg-
ments according to figure f.g. The usage of intensity segments rather than the original pep-

tides condenses the data and facilitates subsequent segment intensity correlation analyses.
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Figure 5.6: Intensity segment computation scheme. The protein sequence is scanned amino acid-wise. For each po-
sition, peptide intensity data from all experiments is evaluated. If there is no difference to the previous position, the
amino acid is assigned to the same segment. If a difference occurs, a new segment is created.

The comparison of segment intensity profiles will finally deliver a measure for similar and
dissimilar behaving protein regions. Again, the origin of putative outlier segments can be
unconventional cleavage reactions during the sample preparation workflow as presented in
5.1. Notably, systematic errors during experiment handling, such as pipetting inaccuracies,
will concern all peptides in an experiment and thus will never alter the relative segment

intensity profiles studied here.

53 ExamprLE: THE QUEST FOR PYRIDOXAL PHOSPHATE-DEPENDENT ENZYMES AND

COFACTOR BINDING SITES

Pyridoxal phosphate (PLP, vitamin B) is an essential factor in certain enzyme classes such
as amino transferases.” Annabelle Hoegl from the research group of Prof. Dr. Sieber at
the TU Minchen developed a chemical proteomics strategy to capture PLP-dependent en-
zymes from living S. awureus bacteria (unpublished research). The generalized workflow
followed the procedure of activity-based protein profiling and made use of prodrug-like
PLP mimics that are first phosphorylated in the bacterial cytoplasm (figure f.7). This trick
facilitates membrane crossing and helps accumulating the active drug in the cells. However,
the reversible nature of probe binding to lysine residues of the target proteins is an obsta-
cle for standard ABPP as the probe would fall oft during the enrichment steps. Therefore,
the Schiff base linkage was transformed into a stable covalent bond by NaBH,-mediated

reduction.™
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Figure 5.7: Parent compound and probe. Pyridoxal phosphate (a) and one PLP-derived probe (b), which was employed
in ABPP experiments to target, enrich and identify PLP-dependent enzymes.

The aim of a ProteomeDiver-driven analysis was the prediction of probe binding sites]l di-
rectly from ABPP mass spectrometry runs and subsequent MaxQuant analysis, rather than
through special experiments, e.g. isoTOP-ABPP. Therefore, it was assumed that the probe
binds exclusively to lysines. Due to high sequence coverages, the software initially aimed to
detect missing peptides, which are thought to remain on the enrichment beads (cf. figure
5.1b, class I). However, it turned out that this approach has limited applicability, either be-
cause binding site peptides are frequently measured or because of the simple fact that no
peptide means no information at all. Thus, a segmentintensity profile analysis of an experi-
mental setting with different PLP probe concentrations was conducted. For example, the S.
aureus protein AoAoH2XHHS is known to bear a PLP binding site at lysine 32, however,
in this region, peptides were measured in ABPP experiments (figure f.8a). The same effect
was observed for the protein AoAoH2XFDo (figure f.§).

*In fact, ProteomeDiver predicts probe binding regions and not specific amino acids. This is due to the
nature of underlying peptide data: The local resolution can only be as good as the peptide resolution on a
given protein sequence is. Furthermore, this section only describes the first steps of ProteomeDiver-guided
segment correlation analysis and not a mature ready-to-use software.
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Figure 5.8: Normalized segment intensity profiles of AOAOH2XHHS8 (a) and AOAOH2XFD?9 (b). Uncorrelated seg-
ments are highlighted in the plot with their amino acid positionin the full protein sequence. Larger numbers are further
explained in the correlation analyses in figure E

In order to visualize differences in profiles, the Pearson correlation of each segment inten-
sity profile to each other profile was determined. The resulting correlation coefficients were
sorted in an increasing fashion and plotted. Thus, every profileis turned into a ranked corre-
lation profile (figuref.d)). These profiles built the basis for further analyses such as the identi-
fication of outlier profiles. Potential PLP probe binding sites that were predicted from these
outliers were partly confirmed by mass spectrometry of recombinant proteins (Annabelle
Hoegl, Nina C. Bach) and UniRule annotations.® Thus, for instance, two regions of PLP
binding could be predicted for AoAoH2XHHS (figure f.da) and AoAoH2XFDo (figure

6.db)-

ny
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Figure 5.9: Correlation profiles of two proteins that were enriched by different concentrations of a PLP probe (for
initial intensity profiles, refer to figure E). Each line represents a peptide segment. The gradient of the curve is char-
acterized by Pearson correlation-based comparisons to all other segment intensity profiles. All curves end at y=1 as
this is the comparison of each profile to itself. (a) AOAOH2XHHS8. Unpublished in-house experiments by Annabelle
Hoegl and Nina C. Bach suggested lysine 32 to be the PLP binding site (data not shown). UniRule UR000497488 fur-
ther supports this finding.* Indeed, segment 33-38 is one of the outliers. It exhibits Pearson correlation coefficients
of 0 or below to most of the other profiles. (b) AOAOH2XFD9. Segment 63-71 shows the most deviating and most
negative correlation profile. According to UniRule UR000160031, lysine 62 should be the PLP binding site, which is
supported by the profile analysis.

The example in figure f.9 depicts an application of the ProteomeDiver software for the
prediction of probe binding sites based on the assumptions above. Outlying correlation
profiles can be explained by the unforeseen cleavage behavior of trypsin, but have to be
proven experimentally in future. However, there are correlation trajectories that cannot
be justified in this way. For example, the correlation profile of segment 174-181 of the
AoAoH2XHHS protein exhibits a similar behavior compared to the 33-38 segment indicat-
ing the PLP probe binding site. The former segment might be partially modified with an
unexpected posttranslational modification. Such peptides cannot be identified and quan-

tified with MaxQuant. Additionally, local remaining secondary or tertiary protein folds

118



during trypsin digestion could lead to anomalous intensity detections. Lastly, there are
enriched putative PLP-target proteins such as AoAoH2XFQ3, for which the binding site
segments do not show an incoherent behavior (figure .1da) or no clear outlier correlation
profile can be detected at all (AoAoH2XHEDy, figure f.idb). However, an estimation of
how many binding sites are correctly predicted is not possible as an objective criterion to

rate sufficient segment profile incoherence has to be developed in future.
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Figure 5.10: Remaining challenges of the correlation analysis method. (a) AOAOH2XFQ3. According to UniRule
UR000467681, lysine 46 should be the PLP binding site. 04 Here, completely different regions are highlighted by the
correlation analysis. (b) AOAOH2XHES9. No correlation profile is clearly distinguishable from the bulk of profiles, de-
spite the fact that this protein was significantly enriched in PLP pull-downs.

5.4 CONCLUSION AND OUTLOOK

ProteomeDiver allows an easy and intuitive visualization of proteomics data that has
been generated by MaxQuant. The main feature comprises the sequence view panel.

Identified and quantified peptides are aligned to the full protein sequence to which they
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belong to. Amino acid modifications including statistical information are directly shown
on the peptide representations. For each protein, a segment intensity profile analysis can
be conducted. This feature allows the identification of sequence segments that behave
differently compared to the majority of other peptides. This can be helpful e.g. for the

prediction of probe binding sites.

The software is implemented in the Java programming language and assembled from
a set of modules and classes. On the one hand, these pieces can be reused in other
software projects and are freely shared via GitHub. On the other hand, ProteomeDiver’s
functionalities can easily be extended by other modules. One of the next steps will be the
integration of a mzIdentML loader that supports the deserialization of analysis data from
other search engines.” Despite of the intriguing finding that probe-modified peptides
might behave differently compared to their unmodified counterparts, this method of

probe binding site prediction is lacking precision and generality.

The precision problem was observable in figure k.9, where the correlation profile
near the binding site sticks out of the other profiles, but a clear distinction of nearest
neighbor segment correlation profiles that are located far away from the potential binding
site is tough. At this point, further methods have to be developed. One possibility would
be the introduction of a subclustering procedure. In this case, neighboring segment
profiles should exhibit comparable intensity profiles because they are dependent on each
other. This phenomenon is for example manifested for some correlation profile pairs of
AoAoH2XHHS (19-32 and 33-38) and AocAoH2XFDg (55-62 and 63-71). Automatically
combining this information should provide more evidence towards a precise prediction of
probe binding sites. In addition, this approach would also be a solution to the problem
of two binding sites per segment. At the moment, ProteomeDiver works segment-based
and it is not possible to decide, whether a putative probe binding site is located at the N-

or C-terminus of an incoherent segment.

Another issue of the current profile dissection workflow is the low degree of general-
ity. The PLP example comprehends enriched proteins with very high sequence coverages.
This is a prerequisite for a confident correlation profile analysis. Conversely, many ABPP
mass spectrometry projects are lacking such high coverages. Especially for the complex

protein environment of human cells, it is extremely hard to reach sufficient coverages. On
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top of that, other probes than the PLP-inspired ones can have varying effects during sample
preparation, which could be a starting point for future developments of ProteomeDiver.
As an example, PLP probe drop-oft is thought to happen via an insufficient NaBH,
reduction of the reversible Schiff base. Thus, other probes might have different modes to

promote class II or III cleavage reactions.

These efforts should be accompanied by extensive software testing. To date, only
the basic functions of ProteomeDiver have been checked. For instance, a representative set
of plots and related calculations should be reproduced with other software tools such as R

or Perseus.
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ClpP is an important protease for bacterial as well as for human cells. The first two
chapters provided insights into the ClpP barrel itself. On the one hand, the mechanism
of allosteric proteolytic activation was followed with the help of a small molecule, Dog.
On the other hand, the clockwork-like substrate cleavage was dissected using fluorogenic
peptides and mass spectrometry. Gained results expanded our understanding of how
ClpP proteases work. For example, the activator D9 widens the scope of previously
identified ClpP stimulators, such as ADEPs, ADEP fragments or ACPs."®>* However, a
major difference of D9 compared to them is the species specificity for human ClpP, thus
pointing to a distinct feature of allosteric proteolytic control. This will be of importance
for further studies that examine hClpP in its physiological environment and its role in the
unfolded protein response of mitochondria.*® Here, also the sequence characteristics of
hClpP’s product peptides might play an intriguing role in mitonuclear communication. »*
Chapter P illustrates a defined, but rather unspecific cleavage behavior, which is in turn

similar to tested bacterial ClpPs.

In order to obtain a global view on one of these bacterial ClpPs, staphylococcal ClpP and its
cellular neighborhood was probed in chapter B. A set of B-lactone inhibitors disturbed the
protease’s function iz vivo. Subsequently, mass spectrometry-based proteomics techniques
were applied to sense changes in cellular protein abundances. The study followed previous
analyses of ¢/pP knock-out strains and focused on a link between SaClpP inhibition and

[0,

virulence shut-down.®

%2 Strikingly, SaClpP’s own chaperone, ClpX, is suggested to be

crucial for SaClpP-dependent virulence regulation.®

The next chapter dealt with methodological advances in chemical proteomics. Chap-
ter | dissected the background binding behavior of a set of diazirine photoprobes. The
work was built on previous publications that uncovered the unspecificity space of pho-
tocrosslinker bearing molecules for target identification.* As this type of experiment is
broadly applied in chemical biology, the study will help researchers to better understand
and interpret their results. As an example, Zhou er al. already made use of this dataset to

classify their own proteomics results. 14

Lastly, the here developed ProteomeDiver software takes already deconvoluted proteomics
data as input. Whereas the classical view on proteomes is dominated by protein-centric

17,18

analyses,"”” the software renders the peptide level in these datasets accessible for every
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researcher. Metaphorically speaking, this resembles a dive to the body of an iceberg.

Peptide-centric analyses can be a treasure of data as demonstrated with the prediction

of putative probe binding sites from an ABPP dataset. Thus, ProteomeDiver offers a

valuable platform to make sense of thousands of megabytes of public proteomics data.
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SYNoOPSIS

Maintaining the cellular protein homeostasis means managing life on the brink of death.
This balance is largely based on precise fine-tuning of enzyme activities. For instance,
the ClpP protease possesses several conformational switches which are fundamental to
regulating its activity. Efforts have focused on revealing the structural basis of ClpP’s
conformational control. In the last decade, several amino acid clusters have been identified
and functionally linked to specific activation states. Researchers have now begun to couple
these hotspots to one another, uncovering a global network of residues that switch in
response to internal and external stimuli. For these studies, they used small molecules to
mimic intermolecular interactions and point-mutational studies to shortcut regulating

amino acid circuits.
The synopsis is taken from the original publication.
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Introduction

The human proteome comprises around 20 000 different
proteins with more than 80 000 isoforms [1-3]. Both the
types of proteins as well as their abundancies can give
researchers a clue as to how these complex networks
operate [4]. However, these data form only the tip of a
huge systems biology iceberg, because the functions of
proteins are significantly tuned by their environments.
Specifically, proteins may (i) interact with other proteins,
(i) be modified posttranslationally, or (iii) bind small
molecule ligands. Most often, a combination of these
cases contribute to the overall control of different con-
formational states and their equilibria [5,6].

We here compile insights into the oligomeric and
conformational regulation of the widespread protease

@ CrossMark

caseinolytic peptidase P (ClpP). ClpP’s monomers assem-
ble into multimeric complexes whose activity is regulated
through intermolecular oligomeric rearrangements as well
as subtle intramolecular conformational switches
(Figure 1a).

The principles of ClpP regulation have initially been
dissected using mutagenesis, small molecules or even
interacting proteins. Several sites of regulation on the
amino acid level were thereby revealed (Figure 1b). In
the last two years, a deeper understanding of how these
hotspots are interconnected has been gained. Essentially,
ClpP appears to be regulated by amino acids whose
conformations are guided by environmental stimuli such
as protein-protein interactions. This ensures a tight con-
trol over conformational states.

The ClpXP complex: implementation of a
multilayered conformational control strategy
ClpP is a serine protease found in many prokaryotes and
eukaryotes [7]. The functional complex consists of
14 monomers that assemble into two heptameric rings.
These rings are able to stack face-to-face, thereby build-
ing up a barrel-shaped, tetradecameric structure with two
axial pores. The protease therefore usually contains
14 sequestered serine-histidine-aspartate catalytic triads
[8-10]. Each of these is capable of digesting substrate
proteins, which are recognized, denatured and delivered
into the proteolytic chamber by ClpX or a similar chap-
erone sitting on top of the entry pores of ClpP [11-13].

ClpXand ClpP activities need to be precisely coordinated
since there is no pronounced cleavage specificity later in
proteolysis [14]. For this purpose, among others, ClpX
contains IGF loops," which bind to specific patches on the
surface of ClpP, thus enabling communication. Further-
more, crosstalk also works the other way around as the
mechanical activity of ClpX is stimulated by ClpP bind-
ing [15,16°°,17].

The proteolytic potential of ClpXP is regulated on five
different levels (Figure 1a): (i) the quaternary structure: at
least one ClpX hexamer and two ClpP heptamers must
form a complex [18], (i) the specificity of ClpX: sub-
strates have to be identified by their recognition patterns
[19-21], (iii) the mechanical motion of ClpX: the ATPase

! The consensus sequence might be different for ClpPs from other
species. Only the one of §. aureus is mentioned here for clarity reasons.
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The CIpXP protein degradation machine. (a) Artificial compilation of the full CIpXP complex consisting of two ClpX hexamers from E. coli (PDB:
4181) and the active, extended variant of ClpP from S. aureus (PDB: 3V5E) [10,60]. The five levels of proteolytic regulation and their approximate
localization are highlighted by orange rectangles. (b) Magnification of the rainbow-colored monomer from panel a. The sequence is visualized from
the N- to C-terminus in blue to red color. Structural motifs, which serve as local hotspots of conformational control, are depicted. Among them are
the N-terminal loops, which establish the substrate entry pore, the hydrophobic binding pocket — acting as a docking site for ClpX —, and the

active site, which is connected to the oligomerization sensor.

rate determines the speed of substrate processing [22,23],
(iv) the pore of ClpP: the protease’s entry control in
response to the chaperone [24°,25,26], and (v) the activity
of ClpP’s catalytic triad: full alignment of all involved
residues is required for full catalytic activity [27]. These
levels rely on precise control of protein structure and are
often interconnected, e.g. as active site modification of
ClpP influences the strength of ClpX binding [28].

We will first focus on the latter two points involving
intrinsic conformational control of ClpP. Then, we will
examine the influence of ClpX on ClpP’s conformational
integrity in order to gain an overall picture of the regula-
tory amino acids at play.

CIpP’s microstructure: different faces of a
tetradecamer

Our current knowledge assumes ClpP to be a tetradeca-
mer in its active state. Indeed, a connection between the
active site and the ring-ring interface has been revealed
among several ClpPs including that of Listeria monocyto-
genes (LmCIlpP) [27]. These pathogenic bacteria encode
two ClpP isoforms: LmClpP2, which is able to form an

active tetradecamer, and LmCIlpP1, which forms an inac-
tive heptamer containing asparagines instead of aspar-
tates at the third position of the catalytic triad [29,30°°].
Interestingly, artificial mutation of this Asn172 back
to an aspartate readily leads to tetradecamerization
(Figure 2a). Comparing the LmCIlpP1 mutant to its
wild-type, it was shown that surrounding residues
Asp170 and Argl71 are significantly involved in ring-ring
interactions by forming inter-ring salt bridges. In addi-
tion, Asnl172 is interconnected with the catalytic triad
member His123 and Pro125. In the mutant crystal struc-
ture, these residues are tilted, which may subsequently
facilitate extension of the adjacent E-helix, an important
feature for inter-heptamer oligomerization (Figure 2b,
see Figure 1b for an overview of all secondary structure
elements). Hence, formation of the tetradecamer is cou-
pled to the arrangement of the active site [27], where
alignment of the catalytic triad generates a tetradecamer-
friendly ring-ring interface and vice versa (Figure 2b).

Studies aimed at understanding the biological function of
the inactive, wild-type LmClpP1 heptamer have shown
that under certain circumstances, LmClpP1 forms a
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Prominent conformational switches in Listeria monocytogenes ClpP (LmCIpP). (a) Cartoon representations of crystal structures from LmClpP1
(PDB 4JCQ), LmCIpP2 homocomplex (PDB 4JCT), LmCIpP1/2 heterocomplex (PDB 4RYF), and the artificially active mutant LmCIpP1 Asn172Asp
(PDB 4JCR) [27,30°°]. (b) Overlay of monomers from LmCIpP1 (yellow) and LmCIpP1 Asn172Asp (purple). Mutation of the active site asparagine to
aspartate causes turning of His123, which is also a member of the catalytic triad. This induces twisting of Pro125 that is connected to the N-
terminus of the E-helix and leads to its extension (orange circle). In addition, the Asn172Asp mutation lets the oligomerization sensor (Asp170 and
Arg171) swing out. Thus, LmCIpP heptamer rings can stack together forming tetradecamers [27]. (c) Overlay of a LmCIpP1 monomer (yellow) with
a subunit of LmCIpP1 from the LmCIpP1/2 heterocomplex (gray) [30°°]. Conformational changes in LmCIpP1 are similar as shown in panel b and

are triggered by the LmCIpP2 template.

heterocomplex with LmClpP2 [29]. The LmCIpP2 ring
appears to serve as a template to select for an active
conformation of LmCIlpP1. Together with ClpX, the
active sites of both LmCIlpP1 and LmClIpP2 contribute
to a proteolytic rate that is significantly elevated in
comparison to the LmClpP2 homocomplex. Intriguingly,
the crystal structure of LmClpP1 in the LmClpP1/2
heterocomplex shows changes in amino acid orientations

within the active site and ring-ring interface that are
similar to the artificially activated LmClpP1 Asn172Asp
mutant (Figure 2¢) [30°°]. In addition, substrate occu-
pancy of the active site seems to be crucial for the
activation state. A recent study investigated the effect
of chloromethyl ketone inhibitors on LmCIpP activity.
The inhibitors boosted proteolytic activity up to 2.5x
when only one fifth of the active sites were blocked [31].
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Besides LmClIpP, the ClpP of Swaphylococcus aureus
(SaClpP) has been intensely researched over the past
few years. In fact, similar oligomeric regulation principles
as for LmCIpP were found and X-ray analysis revealed
three different conformational states: extended, compact
and compressed (Figure 3a) [32-34]. Only the former
exhibits catalytic activity, whereas the others are believed
to be part of a barrel-opening cycle [35-38]. However,
another explanation would be to facilitate peptide exit by
the axial pores. Tetradecamer integrity is again based on a
hydrogen bridge network consisting of Asp170/Argl71
(oligomerization sensor) and GIn132. The E-helix, which
is involved in interheptamer contacts, is shortened in the
compact state and even kinked in the compressed state,
thereby pulling at Asp172 of the catalytic triad. Further-
more, formation of active ClpP requires the assembly of
interacting antiparallel B-sheets near the E-helices (i.e.
strands B9) that are exclusively observed in the extended
conformation (Figure 3b) [10].

To probe conformational coherence and to shed light on
the connection of different conformational hotspots, syn-
thetic compounds can be applied to perturb interdepen-
dencies between different residues. Therefore, phenyl
esters were identified and used as a new class of active site

Figure 3

inhibitors against SaClpP [39°]. Among several deriva-
tives, the two stereoisomers ML89 and ML90 attracted
special attention. Depending on the orientation of a
methyl substituent, the SaClpP tetradecamer was disas-
sembled into heptamers (Figure 3¢). Molecular dynamics
simulations proposed the catalytic triad residue His123 to
be a conformational transmitter for heptamerization
(Figure 3d) [39°].

Of course, the equilibrium of different conformational
states can also be affected by the environment in a cellular
context. For example, the interaction of ClpP with one of
its chaperones, such as ClpX, has a major influence on the
protease’s activation state.

ClpX guides ClpP: an analogous
communication code

The integrity of an active ClpP complex depends on
surrounding biomolecules, such as the ClpX chaperone.
Therefore, ClpP contains hydrophobic clefts at the
boundaries of two adjacent monomers on the apical
surface. ClpX connects to these pockets using its IGF
consensus loops. Additionally, the chaperone has pore-2
loops, which bind to the N-terminal loops around the pore

compact

inhibited ClpP

E-helix

« extended
7)) ) compact
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catalytic
triad
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Disruption of oligomerization in Staphylococcus aureus ClpP (SaClpP). (a) X-ray crystal structures revealed three different global conformations of
SaClpP: extended (PDB 3V5E), compact (PDB 4EMM), and compressed (PDB 3QWD) [10,33,34]. (b) Magnification and overlay of one monomer of
each conformational state from panel a. Different sizes and orientations of the E-helix and the formation of strand B9 are depicted. (c) Two
stereoisomers of a phenyl ester: ML89 ((R)-enantiomer), and ML90 ((S)-enantiomer) [39°]. A red arrow marks the electrophilic site of serine attack.
Depending on the orientation of the methyl group highlighted in orange, the SaClpP tetradecamer is disassembled into heptamers or maintained
through inhibition. (d) lllustration of the catalytic triad residues in one extended SaClpP monomer. Based on computational docking studies, the
ML89 methyl substituent is believed to cause turning of His123 and thereby provokes disruption of oligomerization.
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Figure 4
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ClpX guides conformational switches in ClpP. (a) Chemical structures of ADEP1 and ADEP7, which have both been used as mimics of ClpX IGF
loops in conformational studies [16°°,24°]. (b) Apo-ClpP from Escherichia coli (EcClpP) (blue white, PDB 1TYF) and EcClpP bound to ADEP1
(marine blue, PDB 3MT6) [25,43]. The top view enables a comparison of the apical entry pores, which upon ADEP1 binding, are widened by
approximately 10 A. (c) Zoom into the overlay of N-terminal domains of apo- and holo-EcCIpP from panel b. ADEP1 triggers a defined
conformation of the N-terminal loops, which point in the direction of ClpX. (d) Focus on the hydrophobic binding pocket of the same overlay as in
c. The side chain of Tyr63 is turned by approximately 90°. The arrow points towards the benzyl group of ADEP1 (refer to panel a). (e) Overlay of
extended SaClpP (PDB 3V5E) and SaClpP Tyr63Ala (PDB 5C90) [10,47°°]. The region surrounded by a green rectangle is magnified in f.
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of ClpP and are related to ATP turnover of ClpX
[18,28,40].

The structural and conformational dissection of the
ClpXP complex has proven to be challenging, presum-
ably owing to its high flexibility, conformational hetero-
geneity and low 7z vitro stability. This was circumvented
by the discovery of a set of acyldepsipeptides (ADEPs),
which mimic the IGF loops of ClpX making ClpP activity
independent of its chaperone (Figure 4ab) [41,42]. Bind-
ing of ADEPs re-organizes the N-terminal loops around
the entry pore to build a defined B-hairpin crown
(Figure 4c). This is accompanied by significant pore
widening of around 10 A for ClpP from Escherichia coli
(EcClpP) (Figure 4b) [24°,25,43]. It is assumed that ClpX
invokes similar conformational changes and that this
helps substrates to enter the proteolytic chamber of ClpP
after being unfolded [44].

In fact, the proteolytic rate of ClpP depends on substrate
access to the active sites. But in addition, occupying the
IGF pockets has a much more global effect on the overall
conformation of ClpP and its substrate processing speed.
In order to dissect the details of the proteolytic reaction,
cleavage of the protein backbone by the active serine can
be described as a two-step process. First, the carbonyl
carbon is attacked by the serine, which shows enhanced
nucleophilicity as a member of the catalytic triad. Second,
the acyl-enzyme intermediate is hydrolyzed and product
peptides are released from the active site. To probe
hydrolytic activity independently of pore opening, nucle-
ophilic attack and hydrolysis of small 3-lactone inhibitors
[45,46] were individually monitored in the presence or
absence of ADEP. Interestingly, both catalytic turnover
and hydrolysis rates were stimulated [16°°]. This finding
suggests a direct effect of ClpX binding on the proteolytic
potential of ClpP by favoring the active extended confor-
mation of SaClpP.

The molecular connection between the hydrophobic
pockets and active sites that underlies this phenomenon
was still enigmatic until Ni and coworkers successfully
created a gain-of-function mutant of SaClpP [47°°]. By
removing the tyrosine, which is rotated by 90° in ADEP-
bound EcCIlpP (Figure 4b,d), they enabled chaperone-
independent proteolytic activity. Protein X-ray analysis
revealed that an amino acid domino effect transmits

binding information from the apical surface into ClpP’s
core resulting in an active ClpP (Figure 4e-h). Taken
together, ClpX binding might induce a change in the
conformation of T'yr63, which seems to initiate a series of
downstream events beginning at adjacent residue Met31.
"This causes Asn42 to flip downward, thereby switching its
hydrogen bonding interactions from Tyr21 to Gly33 and
Asn65 [47°°]. Of course, X-ray based insights into this
chain reaction are only snapshots and there may be more
amino acids involved. Especially the final link to the
active site remains to be uncovered.

"T'he structural control of ClpP, naturally exerted by ClpX,
is fairly dominant: For example, a reversible oxazole
inhibitor (Figure 41) can paralyze proteolytic activity by
binding into the space between the E-helix and strand 39.
The E-helix is shortened and, presumably viz a complete
turnaround of Pro125, the catalytic triad becomes mis-
aligned (Figure 4jk). However, binding of ClpX or ADEP
fragments [48] reverses this inactive conformational arrest
and overrides inhibition [49°].

In addition to this hierarchy of different allosteric effects,
the ClpX-ClpP interaction is not just a binary control
mechanism that switches protease activity on or off.
Evidence has shown that a low ADEP:CIpP ratio med-
iates partial inhibition of the protease suggesting that
nature implemented an analogous, multilayered code to
ensure a proper communication between ClpX IGF loops
and ClpP [16°°].

Conclusion and perspectives

Recent research has shown that the five levels of ClpXP
regulation do not act independently, but are rather inter-
connected. In a cellular context, the CIpXP proteolytic
system is an important component of the protein homeo-
stasis machinery that is ubiquitous from bacteria to
human cells. It is therefore essential to accurately control
its activity in space and time to prevent accidental degra-
dation of proteins.

Regulation of ClpP operates on two key principles includ-
ing self-control through alignment of the catalytic triad
only upon correct structural assembly, as well as allosteric
control induced by ClpX binding, which initiates bidirec-
tional crosstalk. ClpX thereby widens the entrance pores
of ClpP and simultaneously boosts catalytic efficiency.

(Figure 4 Legend Continued) (f) Close-up view of the hydrophobic binding pocket on the apical surface of SaClpP. Wild-type and mutant
structures are overlaid as in e. Directly under the Tyr63 (cf. panel c), an asparagine (Asn65) adopts different conformations within the same
tetradecamer, either up, down or both. (g) Top-down view into the hydrophobic cleft (left) and view of the bottom part (right, cf. overlay from
panel e). Labeled amino acids act as a chain of dominoes that are believed to react to different Tyr63 conformations, which can in turn be
triggered by an activator molecule or ClpX binding. (h) The pocket in the context of a whole heptamer. The green rectangle marks the
hydrophobic binding pocket. The orange circle denotes the oligomerization sensor consisting of Asp170 and Arg171. (i) Chemical structure of the
reversible SaClpP inhibitor AV145 [49°]. (j) Alignment of extended SaClpP with a co-crystal structure including AV145 (left, PDB 5DL1). The
inhibitor binds between strand B9 and the E-helix (right). (k) View of the catalytic triad in the overlaid structures from panel j. Pro125 undergoes a
180° rotation and the catalytic triad is misaligned as a result of a switch of His123 [49°].
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The important role of ClpP in a cellular system renders it
an interesting target for new pharmaceuticals against
bacterial infections, parasites or cancer [50-53]. As for
human ClpP (hClpP), naturally occurring mutations in
the hydrophobic binding pockets cause the Perrault syn-
drome [54-56]. To date, only few reports have addressed
the allosteric events in hClpP [57,58]. A detailed knowl-
edge of how characteristic conformational states are struc-
turally mediated on the amino-acid level would therefore
facilitate the development of tailored drug candidates.

We are convinced that subtle manipulations using small
molecules in combination with detection systems such as
NMR, X-ray crystallography and mass spectrometry will
be a powerful strategy for dissecting conformational reg-
ulation of proteins. Furthermore, we believe that espe-
cially mass spectrometry will be valuable for future
research on ClpP’s conformational control, because it
can be easily applied in complex cellular environments.
To this end, pioneering work by Sowole and colleagues
has highlighted the use of hydrogen-deuterium exchange
(HDX) mass spectrometry for gaining a global view on the
ClpP tetradecamer [59°°].

In summary, ClpPs conformational states are well defined
through 7z vitro experiments. The next step will be their
elucidation in living cells. This subject is still in its
infancy and only limited data is available. For example,
mRNA of both LmCIpP1 and LmCIpP2 is overexpressed
in cells undergoing heat stress, suggesting that the acti-
vated heterocomplex is needed to remove elevated levels
of unfolded proteins [30°°]. However, the implication of
ClpP’s different isoforms or conformational states iz vivo
remains a challenge for future work.
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