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ABSTRACT: Bacterial ClpPs are a highly conserved family of serine
proteases that associate with members of the AAA+ ATPase (ATPase
associated with diverse cellular activities) family to degrade protein
substrates. The antibiotic AS4556 factor (ADEP1) induces uncontrolled
proteolysis by forming an ATPase-independent ClpP-ADEP complex. Cryo-
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EM analysis of Bacillus subtilis ClpP (Bs-ClpP) has demonstrated that

ADEP1 binding shifts the protease to an active extended conformation and
opens its axial entry pores. However, the dynamic oligomerization processes
of Bs-ClpP induced by ADEP1 remain unclear. In this study, we used a
combination of biochemical studies and high-speed atomic force microscopy
(HS-AFM) to reveal how ADEPI affects the oligomerization states and
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protease activity of Bs-ClpP, inducing the active extended state and protease

activity of Bs-ClpP. HS-AFM observations demonstrated that the Bs-ClpP tetradecamer (2R state) forms via a progression from
monomers to oligomers and then from oligomers to heptamers (R state) in the presence of ADEP1. Our results suggest that ADEP1
binding to monomeric Bs-ClpP triggers conformational changes that facilitate Bs-ClpP oligomerization (R and 2R states) and

activation.

B INTRODUCTION

Protein homeostasis, maintained through a balance of synthesis
and degradation, is crucial for all living organisms. While
synthesis is primarily regulated at the transcriptional and
translational levels, degradation is carried out by various
proteases with specific activation mechanisms. The Clp
(Chaperonin-linked-protease) complex, a key proteolytic
system present in prokaryotic and eukaryotic cell organelles
(such as mitochondria), plays a significant role in this process.
This complex is composed of the serine protease ClpP and
AAA+ ATPase (ATPases associated with diverse cellular
activities), including ClpX or ClpC.l_4 The Clp proteolytic
complex is a tetradecamer structure formed by the stacking of
two heptameric rings of ClpP. A hexameric ring of ATPase,
such as ClpX or ClpC attaches to one or both sides of this
tetradecameric ClpP structure. The current understanding is
that the ATPase complex selectively unfolds specific proteins
and translocates them into the ClpP complex for degradation.
Importantly, ClpP alone is unable to degrade the proteins in
vivo, highlighting the essential role of the ATPase component
in this process.””

AS4556 factor A (ADEP1) isolated from Streptomyces
hawaiiensis NRRL 15010 (Figure 1A) has garnered attention
as a potential antibiotic due to its ability to target ClpP and
exhibit antibacterial activity.”® ClpP is a highly conserved
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protein across various animal and bacterial species (Figure S1).
This high degree of homology has led to the development of
ADEP1 derivatives not only as antibiotics but also as potential
cancer therapeutics that modulate mitochondrial functions in
humans.”'® ADEP1 and its analogues, which are hydrophobic
molecules, bind to ClpP in a hydrophobic pocket located at the
interface between ClpP monomers."' This binding activates
the ClpP protease independently of ClpX. ADEPI inhibits
bacterial growth by inducing a conformational change in ClpP
that enlarges its central ring pore, which serves as the entry
point for substrate proteins (Figure S2)."”'* It has been
speculated from the crystal structures that the distinctive barrel
conformations, called compressed, compact, or extended state
are taken during the reaction.'*™'® Previous studies have
demonstrated that ClpP from Bacillus subtilis (Bs-ClpP) is
purified in monomeric form in the absence of glycerol. The
addition of either glycerol or ADEP1 rapidly induces the

Received: December 15, 2024
Revised:  January 27, 2025
Accepted: January 31, 2025
Published: February 12, 2025

https://doi.org/10.1021/acsomega.4c11303
ACS Omega 2025, 10, 73817388


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fumihiro+Ishikawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanji+Takahashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akiko+Takaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Genzoh+Tanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michio+Homma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takayuki+Uchihashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takayuki+Uchihashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c11303&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11303?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11303?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11303?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11303?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11303/suppl_file/ao4c11303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11303/suppl_file/ao4c11303_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11303?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/7?ref=pdf
https://pubs.acs.org/toc/acsodf/10/7?ref=pdf
https://pubs.acs.org/toc/acsodf/10/7?ref=pdf
https://pubs.acs.org/toc/acsodf/10/7?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c11303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

A
Z:}Yo
), ff;

(o] =
©
I N_. H HN s S N &y
QL R Q
§ & &
(B) C) o« & & &
[ e
Tme(t) 0 2 0 2 NG
._-—-02
- (-C
P — s b @ 1
--
-
DMSO ADEP1

Figure 1. Detection of Bs-ClpP oligomerization and protease activity.
(A) Structure of AS4556 factor A (ADEP1). (B) Casein degradation
assay. A mixture of Bs-ClpP and casein with DMSO (control) or
ADEP1 was incubated for 0 or 2 h at 37 °C. The proteins in the
mixture were separated using a SDS-PAGE gel and detected by CBB
staining. Arrow C indicates casein, and arrow P indicates ClpP. (C)
Native-PAGE analysis of the Bs-ClpP oligomerization. A mixture of
Bs-ClpP with DMSO (control) or ADEP1 was incubated for 30 min
at 37 °C. ADEP1 was mixed at a monomer molar ratio of Bs-
ClpP:ADEP1 = 1:0.5, 1:1, or 1:2. The proteins in the mixture were
separated by Native-PAGE and detected by CBB staining. High
molecular weight bands (1) and (2) with slow mobility were detected,
indicating the formation of higher-order oligomers.

formation of tetradecameric complexes.'” ' However, it is
important to note that while both glycerol and ADEP1
promote oligomerization, only the ADEP1-induced tetradeca-
meric complex exhibits protease activity. The glycerol-induced
tetradecamer remains proteolytically inactive, highlighting the
specific activating effect of ADEP1 on Bs-ClpP.

Understanding how ADEP1 affects the structure of ClpP
and how these conformational changes relate to protease
activity is crucial for drug discovery and development.
Particularly, the dynamic oligomerization processes of Bs-
ClpP induced by ADEP1 have remained unclear. In this study,
we employed high-speed atomic force microscopy (HS-AFM)
as our primary investigative tool to analyze how ADEP1
influences the oligomerization states of ClpP. This approach
allows us to directly observe and characterize the dynamic
assembly processes of Bs-ClpP in response to ADEP1 binding,
providing insights into the mechanism of ADEPIl-induced
ClpP activation at the molecular level.

B RESULTS

Purification of Bs-ClpP and Detection of Protease
Activity. The B. subtilis clpP gene, cloned into a pET vector
with an added C-terminal six-residue histidine affinity tag (His-
tag), was expressed in E. coli and subsequently purified using
His-tag affinity chromatography (Figure S3). The protease
activity of purified Bs-ClpP was assessed using a casein
degradation assay (Figure 1A). In the absence of ADEPI,
purified Bs-ClpP alone showed no detectable casein degrada-
tion. However, upon the addition of ADEP1, significant casein
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degradation was observed, confirming the ADEP1-dependent
activation of Bs-ClpP’s proteolytic activity.

Multimer formation of Bs-ClpP induced by ADEP1 was
analyzed using native gel electrophoresis (Figure 1B). In the
presence of ADEP1, two distinct high-molecular-weight bands
(band 1 and band 2) with low mobility were observed, which
were absent in samples without ADEP1. The intensity of these
high-molecular-weight bands increased proportionally with the
ADEP1 to Bs-ClpP molar ratio. Based on their molecular
weights, band 2 at the high-molecular-weight position is
presumed to correspond to the tetradecameric form Bs-ClpP,
while band 1 at the low-molecular-weight position likely
represents the heptameric form. In the absence of ADEPI, a
smeared band was observed and probably corresponds to
various oligomeric states of ClpP. These results confirm that
ADEP1 promotes the formation of specific higher-order
oligomers of Bs-ClpP, particularly heptamers and tetrade-
camers.

Observation of Bs-ClpP Alone and ADEP1 Mixture by
HS-AFM. We utilized high-speed atomic force microscopy
(HS-AFM) to confirm the ADEPl-induced oligomer for-
mation of Bs-ClpP. Samples of Bs-ClpP (2.7 M) alone and a
mixture of Bs-ClpP and ADEP1 (monomer molar ratio of Bs-
ClpP:ADEP1 = 1:2) were deposited onto a mica substrate for
S min incubation before HS- AFM observation (Figure 2). In

(A)

(B)

Figure 2. Observation of Bs-ClpP by HS-AFM. (A) HS-AFM images
of Bs-ClpP and (B, C) a mixture of Bs-ClpP and ADEP1 at a molar
ratio of ClpP:ADEP1 = 1:2.

the absence of ADEP1, Bs-ClpP exhibited ring structures along
with numerous disjointed structures, suggesting incomplete
ring formation, though the apo forms of ClpP from various
species have been successfully crystallized in the tetradeca-
meric state (PDB: 7feq, 8cj4, etc.). In contrast, when ADEP1
was added to Bs-ClpP, we observed tightly packed ring
structures on the mica substrate with spherical structures
overlapping the ring formations. To corroborate these results,
we performed negative stain electron microscopy. Consistent
with the HS-AFM observations, the addition of ADEP1
resulted in the formation of numerous ring structures (Figure
3). These results collectively demonstrate that ADEP1
promotes the assembly of Bs-ClpP into organized, higher-
order structures, likely representing the heptameric and
tetradecameric forms observed in native gel electrophoresis.
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ACS Omega 2025, 10, 7381-7388
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Figure 3. Negative-stain electron microscopy observation of Bs-ClpP.
(A, B) Electron micrographs of Bs-ClpP alone. (C, D) Electron
micrographs of a mixture of Bs-ClpP and ADEP1. Images (B) and
(D) are partially enlarged portions of (A) and (C), respectively.
White scale bars represent 100 nm.

To further characterize the structures observed via HS-AFM,
we generated pseudo-AFM images based on the PDB data of
Bs-ClpP (7FEP) of ClpP (Figure 4A).”" The upper panel of
Figure 4A displays pseudo-AFM images of the Bs-ClpP
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Figure 4. HS-AFM observation of ring structures composed of Bs-
ClpP. (A) The pseudo-AFM images of Bs-ClpP heptamer are based
on PDB: 7FEP. Upper images show the view from the bonding
surface between heptamers, while lower images show the view from
the opposite side. (B, C) Actual HS-AFM images of Bs-ClpP. The
ADEP1 concentration was diluted 10-fold compared to the
observation conditions in Figure 1, and the mixture contained 10%
glycerol. (D) Cross-sectional profile along the red line in the image

(C).
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heptamer as viewed from the dimer interface, while the
lower panel shows the opposite outward-facing surface.
Comparing pseudo-AFM images with the actual HS-AFM
observations shows striking similarities. The ring structures
observed on the mica surface (Figure 4B) exhibited a central
hole, consistent with the upper view of the heptameric pseudo-
AFM image. The spherical structures stacked on top of these
rings (Figure 4C) corresponded well with the lower view of the
pseudo-AFM image. Height analysis of these structures (Figure
4D) showed that the spherical structures were approximately
twice the height of the ring structure. Furthermore, ring
structures were consistently observed beneath the spherical
structures (Figure S4). Based on this evidence, we concluded
that the ring structures observed by HS-AFM correspond to
Bs-ClpP heptamers, while the spherical structures represent
tetradecamers.

Process of Bs-ClpP Tetradecamer Formation. Our HS-
AFM observations confirmed that ADEP1 promotes the
formation of both heptameric rings and tetradecamers of Bs-
ClpP. The prevalence of heptameric ring structures alongside
tetradecamers suggests a sequential assembly process. We
propose that tetradecamer formation proceeds through the
following steps: initially, monomers or small oligomers
assemble into heptameric rings (R state). Subsequently, these
heptameric rings interact with each other to form double rings
(2R state), ultimately resulting in the assembly of tetrade-
camers. However, it is important to note that while we have
observed the end products of this assembly process, the
dynamic transition from monomers to heptamers and from
heptamers to tetradecamers has not been directly evidenced.
These intermediate steps in the ADEP1-induced oligomeriza-
tion of Bs-ClpP remain to be determined through real-time
observation techniques. To gain further insights into these
dynamic assembly processes, we aimed to capture the
oligomerization of Bs-ClpP in real time by using HS-AFM.

Initially, Bs-ClpP (2.7 uM) was deposited onto a mica
substrate and allowed to adsorb for S min before commencing
HS-AFM observation. Subsequently, ADEP1 (32.7 yuM) was
added to the observation buffer, and observation continued.
No immediate changes were observed in the initial field of view
following ADEP1 addition. However, upon shifting the
imaging area, we discovered numerous heptameric ring
structures (Figure SA). The image at t = 0 s in Figure SA
represents the state of Bs-ClpP immediately after the addition
of ADEP1 in this new field of view. We acquired continuous
HS-AFM images at an imaging speed of 1 s/frame, moving the
imaging fields to capture different areas. However, direct
observation of the assembly process from monomers to
heptamers proved challenging. This difficulty likely arises
from the small size of the ClpP monomer (diameter <S nm),
which makes it susceptible to physical disturbance by the
probe tip during HS-AFM scanning. As a result, the assembly
process may be significantly hindered during observation,
making it difficult to capture the moment of ClpP monomer
assembly using HS-AFM. Despite this limitation, we were able
to observe the intermediate stages of the oligomerization
process. Specifically, we captured images of Bs-ClpP, presumed
to be in various oligomeric states, assembling to form a
putative pentamer, which is observed in Figure SB. Using time-
lapse imaging at an imaging speed of 2 s/frame, we observed
the process of monomers and dimers binding to form larger
oligomers.

https://doi.org/10.1021/acsomega.4c11303
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Figure 5. Process of Bs-ClpP heptamer formation. (A) HS-AFM
observation of Bs-ClpP heptamer formation on a mica substrate upon
the addition of ADEP1. Images were captured at a scanning speed of
1 s/frame. While new heptameric ring formations were not observed
at the same location, they were detected upon moving the observation
field. (B) HS-AFM images showing the assembly of Bs-ClpP
monomers and dimers into oligomers. Images were captured at a
scanning speed of 2 s/frame. The field containing the target molecules
is indicated by a red frame. White arrows indicate monomers and
dimers before binding. ADEP1 was added at a concentration of 32.7
UM.

Observation of St-ClpP by HS-AFM. To investigate
whether the ADEP1-induced oligomerization observed in Bs-
ClpP is a common feature among ClpP from different species,
we purified and analyzed ClpP from Salmonella enterica serovar
Typhimurium (St-ClpP). Unlike Bs-ClpP, which predom-
inantly exists in non-ring structures in the absence of ADEP]I,
St-ClpP exhibited different behavior. We employed both HS-
AFM and negative staining electron microscopy (EM) to
characterize St-ClpP’s oligomeric state. EM analysis revealed
that St-ClpP readily formed ring structures even in the absence
of ADEP1 (Figure 6A,B). Interestingly, the addition of ADEP1
did not significantly alter the observed structures; ring
formations similar to those seen without ADEP1 were still
prevalent (Figure 6C,D). Then we attempted to observe St-
ClpP (56 uM) using HS-AFM under conditions similar to
those used for Bs-ClpP (Figure 7). Initially, St-ClpP was
deposited onto a bare mica substrate for S min before HS-
AFM observation. However, St-ClpP demonstrated a markedly
weak affinity for the bare mica surface. We observed few
adsorbed molecules, and those present exhibited rapid
diffusion across the substrate, making detailed HS-AFM
imaging challenging. This behavior stands in stark contrast to
that of Bs-ClpP, which readily adsorbed to bare mica surfaces.
The distinct substrate interaction behaviors of St-ClpP and Bs-
ClpP suggest significant differences in their surface charge
characteristics. To address this issue, we modified our
experimental protocol. The mica substrate was pretreated
with (3-aminopropyl)triethoxysilane (APTES) for S min to
alter its surface charges. St-ClpP was then applied to the
modified substrate. This surface modification strategy sig-
nificantly improved the adsorption and stability of St-ClpP

7384

(A).
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Figure 6. Negative-stain electron microscopy observation of St-ClpP.
(A, B) Electron micrographs of St-ClpP alone. (C, D) Electron
micrographs of a mixture of St-ClpP and ADEP1. Images (B) and (D)
are partially enlarged portions of (A) and (C), respectively. White
scale bars represent 100 nm.

molecules on the substrate, enabling more effective HS-AFM
imaging.

Analysis of the HS-AFM profiles revealed that St-ClpP forms
tetradecamers, even in the absence of ADEP1. Remarkably, the
addition of ADEP1 did not induce significant changes in the
observed structures. We carefully compared the size of the ring
pores and the top structure of the tetradecamers in the
presence and absence of ADEP1 but did not detect large
structural changes. This observation contrasts with previous
structural comparisons that reported an increase in ring size
upon ADEP1 binding. Our HS-AFM observations failed to
detect such a structural change in ring size. This discrepancy
may be due to the resolution limits of HS-AFM or could
suggest that the ADEP1-induced conformational changes in St-
ClpP are more subtle than previously thought.

Interestingly, while the planar dimensions remained largely
unchanged, we observed a difference in the height of the cross-
sectional HS-AFM images. The tetradecamers without ADEP1
exhibited a height of approximately 6 nm, whereas those with
ADEP1 showed an increased height of about 8 nm. This
vertical expansion suggests that ADEP1 binding may induce a
conformational change that primarily affects the axial
dimensions of the St-ClpP complex.

B DISCUSSION

The structural dynamics of ClpP in response to ADEP1
binding were previously investigated using various techniques.
Cryo-EM studies of Bs-ClpP bound to ADEP1 revealed that
ADEP1 activation induces a transition in the N-terminal
segment gate of ClpP from a closed to an open state.'™'”
Notably, these conformational changes were primarily
localized to the upper part of the ClpP complex. Recent

https://doi.org/10.1021/acsomega.4c11303
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Figure 7. HS-AFM imaging of the St-ClpP ring structure. HS-AFM images of (A) St-ClpP alone, and (B) a mixture of St-ClpP and ADEP1. For
both (A) and (B): Upper: HS-AFM images of St-ClpP on a mica substrate modified with 0.01% APTES. Lower: height profiles of the cross sections
along the white lines in the upper images. White scale bars represent 20 nm.

advances in structural biology have further elucidated the
conformational flexibility of Bs-ClpP. Crystal structure and
cryo-EM analyses have demonstrated the existence of various
conformational states under different pH conditions.”” These
findings underscore the remarkable structural plasticity of the
ClpP complex.

In this study, we utilized HS-AFM to directly capture the
behavior of the Bs-ClpP complex upon ADEP1 addition. This
approach allowed us to visualize that the tetradecamer
formation of Bs-ClpP consists of two distinct processes: the
assembly of monomers into heptamers followed by the
association of heptamers to form tetradecamers. Complement-
ing our HS-AFM observations, native-gel electrophoresis
analysis detected discrete bands corresponding to tetradecamer
and heptamer states, with their relative abundances depending
on ADEPI concentration. Based on these findings, we propose
a model for the ClpP assembly process induced by ADEP]I, as
illustrated in Figure 8. Unlike Bs-ClpP, ClpP derived from
Salmonella (St-ClpP) forms tetradecameric ring structures
without ADEPI, despite the high amino acid sequence
homology between the two proteins. This difference in the
basal oligomerization state highlights the species-specific
variations in ClpP behavior. Interestingly, HS-AFM analysis
revealed a significant structural change in St-ClpP upon
ADEP1 addition. Contrary to what might be expected based
on previous studies, the height of St-ClpP structures measured
by HS-AFM decreased from approximately 8 nm in the
absence of ADEP1 to about 6 nm in its presence. This
observation is particularly intriguing, as it appears to contradict
the extended conformation typically observed in side-view
cryo-EM structures of ADEP1-bound ClpP.

Recent studies have provided new insights into the
mechanism of ADEP action and ClpP regulation across
different species. In Streptomyces, ADEP peptides have been
shown to bind to the ClpP-ATPase site opposite the usual
ClpP-ATPase binding site, promoting protease activity.”' This
suggests that ADEP may inhibit bacterial growth by disrupting
the formation of heteromeric complexes involving ClpX,
ClpC1, or ClpP2 with the ClpP1P2 core in the Clp protease
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Figure 8. Proposed model of tetradecamer formation model of Bs-
ClpP. The figure illustrates the stepwise assembly and activation
process of Bs-ClpP. Initially, individual Bs-ClpP monomers (monomer
state) interact to form small oligomers (Oligomer state). Stabilization
of these interactions by factors such as glycerol or ADEP1 leads to the
formation of heptameric rings (Ring state). Two heptameric rings
then stack to form a tetradecamer (2Ring state). This 2Ring state is
stabilized by glycerol or other substances but lacks protease activity
against casein. Finally, ADEP1 binding to the 2Ring state activates the
tetradecamer (Active state), conferring protease activity.

complex of Streptomyces. Structural studies of Staphylococcus
aureus ClpP revealed conformational changes upon ADEP
binding. The @S helix transitions from a bent structure (PDB:
3QWD) to an extended structure (PDB: 6TTY).”** In the
tetradecameric state, the conformational changes lead to the
formation of a hydrogen bond network between the two
heptameric rings, as opposed to the loose contact observed in
the compressed state.”**

For Bs-ClpP, structural analysis has shown that ADEP1
binding involves hydrophobic amino acid residues, including
Tyr112, Phe82, Leu48, and Tyr62."> ADEP1 activation causes
a transition of the ClpP N-terminal segment from a closed to
an open state, with conformational changes limited to the
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upper part of ClpP. The hydrophobic amino acid cluster
(Pro4, Val6, Tyrl7, llel9, Leu24, and Phe49) plays a crucial
role in maintaining the N-terminal structure. Previous gel
filtration studies have shown that Bs-ClpP oligomerization is
influenced by both glycerol and ADEP1."® In the absence of
glycerol, Bs-ClpP eluted as a monomer, while in the presence
of 10% glycerol or ADEP], it shifted to a tetradecameric state.
Interestingly, the F49S of Bs-ClpP remained monomeric even
in the presence of glycerol but formed a tetradecamer when
exposed to ADEPI1. These observations align with our HS-
AFM findings for Bs-ClpP and St-ClpP. The structural changes
induced by ADEP1 binding at the N-terminal site appear to
promote ring formation through interactions with the
surrounding structures. Moreover, these N-terminal structural
changes seem to propagate to the C-terminal region, affecting
the a$ helix. Our Native-PAGE results showed migration to
positions consistent with heptamer and tetradecamer for-
mations upon ADEP1 addition. However, gel filtration did not
detect the heptameric state, possibly due to differences in
experimental conditions.

The species-specific variations observed in our study,
particularly the differences between Bs-ClpP and St-ClpP in
their basal oligomerization states and responses to ADEPI,
reflect the complex nature of ClpP regulation. While
Escherichia coli ClpP (Ec-ClpP) has been reported to exist
consistently as a tetradecamer, our observations of Bs-ClpP and
St-ClpP reveal more dynamic oligomerization behaviors.

The antibacterial effect of ADEPI1 is complex and is not
universally effective across all bacterial species. Notabl;r,
bacteria can survive even when ClpP is deleted in B. subtilis™
and several other species. This observation suggests that
ADEP1 and its derivatives may not be suitable as broad-
spectrum antibiotic drugs. The mechanism of ADEPI’s
antibacterial action is believed to be related to its promotion
of protein degradation, potentially leading to the breakdown of
essential proteins crucial for bacterial growth. One key protein
identified in this context is FtsZ, which plays an essential role
in cell division. Studies have shown that ADEP1 promotes the
degradation of FtsZ, potentially contributing to its antibacterial
effect.”®”” This targeted degradation of essential proteins
provides a possible explanation for ADEP1’s growth-inhibitory
effects in some bacterial species. In our study, we used casein
as a model substrate to assess the protease activity of ClpP in
the presence of ADEP1. While this approach provides valuable
insights into the general proteolytic activity of ADEPI-
activated ClpP, it may not fully capture the complexity of in
vivo substrate degradation. To further elucidate the mechanism
of ADEPIl-induced protein degradation and its potential
antibacterial effects, we propose to directly observe the
degradation of physiologically relevant substrates such as
FtsZ, as well as model substrates like casein, by ADEP1-
activated ClpP using HS-AFM. This approach could allow us
to visualize the degradation process in real-time and at the
single-molecule level.

B MATERIALS AND METHODS

Purification of ClpP. The clpP gene from B. subtilis was
cloned into a pET21a expression vector, incorporating a C-
terminal six-residue histidine affinity tag.”® For protein
expression and purification, the pET2la-clpP construct was
transformed into E. coli BL21 (DE3) cells. An overnight
culture of the transformed E. coli was inoculated into 2 L of LB
medium supplemented with 100 pg/mL ampicillin. The
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culture was incubated at 37 °C with shaking until it reached
an optical density (Agy) of 0.8. Protein expression was then
induced by adding isopropyl p-p-1-thiogalactopyranoside
(IPTG) to a final concentration of 0.5 mM. The culture was
further incubated for 3 h at 37 °C. Cells were harvested by
centrifugation and resuspended in lysis buffer (25 mM Tris-
HC, pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% Triton X-
100). Cell lysis was performed by sonication at 4 °C using an
ultrasonic disruptor UD201 (Tomy Digital Biology Co., Ltd.,
Japan). The lysate was centrifuged to remove cell debris, and
the supernatant was applied to a Ni Sepharose high-
performance resin (GE Healthcare) for affinity chromatog-
raphy. Bound proteins were eluted by using a linear gradient of
imidazole (10—500 mM). Eluted fractions were analyzed by
SDS-PAGE with Coomassie Brilliant Blue (CBB) staining.
Protein concentrations were determined using the Bradford
method. Fractions containing the recombinant ClpP were
pooled and dialyzed against the assay buffer (25 mM Tris-HC],
pH 7.5, 150 mM NaCl, 10% glycerol).

Salmonella ClpP was obtained using the method described
previously.”’

Observation and Analysis of ClpP Protein Using
High-Speed Atomic Force Microscopy (HS-AFM). HS-
AFM observations were conducted at room temperature
(approximately 25°C) using a buffer containing 25 mM Tris-
HCl (pH 7.5) and 150 mM NaCl (25TN150). The cantilever’s
free vibration amplitude was set between 2 and 4 nm, with
feedback control maintaining the amplitude at 60 to 90% of
the free vibration amplitude.

Bs-ClpP was directly adsorbed onto a freshly cleaved mica
substrate (Furuuchi Chemical Co., Ltd.), while St-ClpP was
adsorbed onto a mica substrate modified with 3-amino-
propyltriethoxysilane (APTES) to create a positively charged
surface. Cylindrical glass stages (1.5 mm diameter, 2 mm
height; Japan Cell Co., Ltd.) were used to mount the mica
substrates. For APTES modification, 2 uL of 0.01% APTES
solution was applied to the mica surface and incubated for 3
min, followed by washing with 60 uL of water. For sample
application, 2 uL of appropriately diluted protein sample in
25TN150 buffer was applied to the prepared substrate and
incubated at room temperature for 5 min. HS-AFM
observations were performed in a total volume of 85 uL of
25TN150 buffer. ADEP1 and its derivatives, dissolved in
DMSO, were mixed into the ClpP solution prior to the HS-
AFM observation.

Pseudo-AFM images were created by simulating the
collision between a conical probe and three-dimensional
protein structure models. The structures used were Bs-ClpP
heptamer (PDB: 7FEP),"” E. coli-derived ClpP tetradecamer
(PDB: 1YG6),"” and E. coli-derived ClpP tetradecamer with
ADEP1 (PDB: 3MT6).""

Oligomer Formation Detected by Native-PAGE. Bs-
ClpP was prepared at a concentration of 11.5 M in 25TN150
buffer (25 mM Tris-HCL, pH 7.5, 150 mM NaCl). ADEP1 was
added to the ClpP solution at varying concentrations: 0 yM,
29 uM, 5§7.5 uM, or 115 puM. The mixtures were incubated at
room temperature for 10 min. Following incubation, sample
buffer (100 mM Tris-HCl, pH 7.0, 25% glycerol, and 0.005%
bromophenol blue) was added at a ratio of 1:5 (v/v) to the
protein samples. The prepared samples were then loaded onto
a 5—20% gradient Native-PAGE gel (ATTO Corporation).
Electrophoresis was carried out under non-denaturing
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conditions to preserve the native oligomeric states of the
proteins.

Casein Degradation Assay. The reaction mixture
contained Bs-ClpP at 0.5 uM, f-casein (Sigma-Aldrich,
C690S) at 15 uM, and ADEP1 (Cyman Chemical, 15305) at
0.88 uM. These components were combined in a buffer
containing 20 mM Tris-HCl (pH 8.0), 1 mM TCEP, and 1
mM MgCl,. The total reaction volume was not specified but
can be adjusted as needed. The reaction mixture was incubated
at 37 °C for 2 h. As a negative control, an equivalent volume of
DMSO (the solvent for ADEP1) was added instead of the
ADEP1 solution. Following incubation, the degradation of j-
casein was analyzed by SDS-PAGE using a 5—20% gradient gel
(ATTO Corporation). This gradient gel allows for optimal
separation and visualization of both intact f-casein and its
degradation products.
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