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Abstract 
The low availability of novel antibiotics and the spread of multi-resistant organisms 

create a severe situation worldwide. Each year, many individuals perish or 

develop serious disabilities due to persistent infections that conventional 

antimicrobial chemotherapies cannot treat. This reality also places economic 

pressure on governments, as strategies to cope with this burden in the public 

health system demand high investments.  

Efforts to promote better management of this scenario involve preventive 

measures to promote the rational use of antimicrobials in daily life, from hospitals 

to agriculture. Data from several international agencies show that adopted 

measures and policies have been effective in recent years, helping to control the 

rise of new resistant strains, especially in developed countries. Unfortunately, in 

undeveloped and developing regions, the dramatic reality serves as a reminder 

that much work remains to be done. 

Similarly, plans for producing new drugs are needed. Over the last decades, only 

a restricted portfolio of antibiotics has been available for hard-to-treat microbial 

diseases. For some of these drugs, like vancomycin, resistance has already been 

detected in certain environments.  

Some Staphylococci are found among resistant organisms. Staphylococcus 

aureus (Sa) and Staphylococcus epidermidis (Se) strains, commensal organisms 

found on skin and mucosa, can affect immunocompromised and long-term 

hospitalized patients with persistent nosocomial infections. Besides that, some 

Staphylococci also have the potential to build biofilms that shield them against 

antibiotics effective upon metabolically active cells in the bloodstream. However, 

studies involving caseinolytic protease P subunit (ClpP) unveil that this enzyme is 

a promising drug-target macromolecule for eliminating multi-resistant and 

dormant Staphylococci. 
ClpP is an endopeptidase that forms a proteolytic machine with chaperones from 

the AAA+ (ATPases associated with diverse cellular activities) superfamily. This 

machine plays an important role in bacterial protein homeostasis, keeping a 

controlled proteolysis in the cytosol. This control is performed by the chaperones 

since they make the ClpP’s catalytic chamber accessible to selected substrates– 

unfolded, misfolded, and regulatory proteins – to be degraded. Nevertheless, in 
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recent years, it has been discovered that natural and synthetic molecules mimic 

the ATPases, dysregulating the ClpP function and unleashing extensive and 

promiscuous proteolysis in the intracellular milieu, which leads bacteria to death 

by self-digestion. On the contrary, other compounds bind to the ClpP’s catalytic 

sites, inhibiting the enzymatic activity, affecting the organism’s virulence, and 

hampering microbial dissemination in the host. 

In both ways, activation or inhibition, there are still open questions about their 

mechanism. In this regard, some boron-based compounds pose as intriguing 

ClpP modulators. Commonly classified as canonical proteasome inhibitor, the 

peptidomimetic boronate known as bortezomib is linked to a paradoxical allosteric 

activation of a bacterial ClpP, leading to an increase of proteolysis in a linear 

way.While some biophysical and biochemical approaches have given insights into 

structural and functional aspects of the ClpP-bortezomib complex, a detailed 

explanation at the atomic level about how the ligand modulates the enzymatic 

activity is still lacking. Considering this gap, in this work, another peptidomimetic 

boronate, ixazomib, was selected to study its effect on the ClpP from 

Staphylococcus epidermidis. In the first two parts, the crystal structure of native 

SeClpP and SeClpP-ligand complex obtained at PETRA III/DESY and EMBL 

(Hamburg, Germany) are explored and compared, aiming the discovery of 

structural differences with the assistance of low-resolution techniques like Batch-

SAXS and SEC-SAXS available at EMBL (Hamburg, Germany). This comparative 

investigation revealed the reorientation of a key amino acid residue related to the 

extension of the protein’s axial pores, a process that allows the degradation of 

globular proteins inside the ClpP’s catalytic chamber. 

In the latter part, assays with SeClpP and ixazomib, under distinct conditions, 

confirmed the degradation of -casein from bovine milk. Peptidolytic assays in the 

presence of peptidomimetic boronates were taken into consideration as well, 

indicating a change of modulation dependent on the ligand concentration. 

Additionally, SEC-SAXS measurements demonstrated that ixazomib induces the 

assembly of the tetradecameric SeClpP from its heptamers. For the first time, 

experiments confirm that a ligand bound to the catalytic sites plays a role in the 

protein’s oligomerization.  
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Undoubtedly, the contributions displayed in this thesis are of great relevance for 

the understanding of modulation and conformational shifts of ClpP. The results 

show that the ligand used can be a scaffold for the development of novel 

antibiotics against nosocomial infections caused by opportunistic pathogens. 
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Zusammenfassung 
Die geringe Verfügbarkeit neuer Antibiotika und die Ausbreitung multiresistenter 

Organismen stellen weltweit ein ernstes Problem dar. Jedes Jahr erleiden viele 

Menschen dadurch schwere Behinderungen oder sterben an Infektionen, die mit 

herkömmlichen antimikrobiellen chemotherapeutischen Mitteln nicht behandelt 

werden können. Diese Realität setzt auch Regierungen unter wirtschaftlichen 

Druck, da Strategien zur Bewältigung dieser Belastung im öffentlichen 

Gesundheitssystem hohe Investitionen erfordern.  

Die bessere Bewältigung dieses Szenarios umfasst vorbeugende Maßnahmen 

zur Förderung eines vernünftigen Einsatzes von Antibiotika im Alltag, von 

Krankenhäusern bis hin zur Landwirtschaft. Zahlen einiger internationaler 

Organisationen zeigen, dass die in den letzten Jahren ergriffenen Maßnahmen 

und Strategien wirksam waren und die stetig zunehmende Ausbreitung neuer 

resistenter Stämme konnte, insbesondere in den Industrieländern, eingedämmt 

werden. Eine vergleichbare erfolgreiche Entwicklung vollzieht sich aktuell leider 

nicht in den Entwicklungs- und Schwellenländern, wo sich die Situation teilweise 

dramatisch verschlechtert. 

Gleichzeitig sind Pläne für die Entwicklung neuer Medikamente notwendig. Denn 

in den letzten Jahrzehnten sind durchgängig mehr wirksame Antibiotika aufgrund 

der Ausbildung von Resistenzen nur noch eingeschränkt einsetzbar (z.B. 

Vancomycin) als neue wirksame Antibiotika auf den Markt kommen.  

Einige Staphylokokken gehören zu den resistenten Organismen. Staphylococcus 

aureus (Sa) und Staphylococcus epidermidis (Se), kommensale Organismen, die 

auf der Haut und den Schleimhäuten vorkommen, können bei 

immungeschwächten und langzeitkranken Patienten zu hartnäckigen 

nosokomialen Infektionen führen.  

Konventionelle Antibiotika können eine gute Wirksamkeit gegen metabolisch 

aktive Zellen im Blutkreislauf besitzen, wohingegen die Effektivität eingeschränkt 

ist, falls die Staphylokokken schützende Biofilme bilden. Studien mit der 

Untereinheit der kaseinolytischen Protease P (ClpP) haben ergeben, dass dieses 

Enzym ein vielversprechendes Makromolekül für die Eliminierung multiresistenter 

und dormanter Staphylokokken ist.  
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ClpP ist eine Endopeptidase, die zusammen mit Chaperonen aus der 

Superfamilie AAA+ (ATPasen, die mit verschiedenen zellulären Aktivitäten 

verbunden sind) einen proteolytischen Komplex bildet. Diese Maschine spielt eine 

wichtige Rolle bei der bakteriellen Proteinhomöostase, indem sie eine kontrollierte 

Proteolyse im Zytosol aufrechterhält. Diese Kontrolle wird von den Chaperonen 

durchgeführt, da sie die katalytische Kammer von ClpP für ausgewählte Substrate 

– entfaltete, fehlgefaltete und regulatorische Proteine – zugänglich machen, um 

sie abzubauen. In den letzten Jahren wurde jedoch entdeckt, dass natürliche und 

synthetische Moleküle die ATPasen nachahmen, die Funktion von ClpP stören 

und eine umfassende und wahllose Proteolyse im intrazellulären Medium 

auslösen, die zum Tod der Bakterien durch Selbstverdauung führt. Im Gegensatz 

dazu binden sich andere Verbindungen an die katalytischen Stellen von ClpP, 

hemmen die enzymatische Aktivität, beeinflussen die Virulenz des Organismus 

und behindern die mikrobielle Ausbreitung im Wirt. 

In beiden Fällen, Aktivierung oder Inhibition, gibt es noch offene Fragen zu ihrem 

Mechanismus. In dieser Hinsicht stellen einige Borverbindungen interessante 

ClpP-Modulatoren dar. Das als kanonischer Proteasom-Inhibitor klassifizierte 

peptidomimetische Boronat, Bortezomib, ist mit einer paradoxen allosterischen 

Aktivierung eines bakteriellen ClpP verbunden, die zu einer linearen Zunahme der 

Proteolyse führt. Einige biophysikalische und biochemische Ansätze haben 

Einblicke in die strukturellen und funktionellen Aspekte des ClpP-Bortezomib-

Komplexes gegeben, aber die Erklärung auf atomarer Ebene, wie der Ligand die 

enzymatische Aktivität moduliert, fehlt noch. Angesichts dieser Lücke wurde in 

dieser Arbeit vorgeschlagen, ein weiteres peptidomimetisches Boronate, 

Ixazomib, auszuwählen, um seine Wirkung auf ClpP aus Staphylococcus 

epidermidis zu untersuchen. In den ersten beiden Teilen werden die 

Kristallstrukturen von nativen SeClpP- und SeClpP-Ligand-Komplex, die an 

PETRA III/DESY und EMBL (Hamburg, Deutschland) erhalten wurden, untersucht 

und verglichen, um mithilfe von niedrigauflösenden Techniken wie Batch-SAXS 

und SEC-SAXS, die am EMBL (Hamburg, Deutschland) verfügbar sind, 

strukturelle Unterschiede zu entdecken. Diese vergleichende Untersuchung 

ergab, dass sich wichtige Aminosäurereste im Zusammenhang mit der 

Erweiterung der axialen Poren des Proteins neu ausrichten, ein Prozess, der den 
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Abbau von globulären Proteinen in der katalytischen Kammer von ClpP 

ermöglicht. 

Im letzten Teil bestätigten Tests mit SeClpP und Ixazomib den Abbau von -

Kasein aus Kuhmilch. Auch peptidolytische Tests in Gegenwart von 

peptidomimetischen Boronaten wurden berücksichtigt, die auf eine Änderung der 

Modulation in Abhängigkeit von der Ligandenkonzentration hindeuten. 

Darüber hinaus zeigten SEC-SAXS-Messungen, dass Ixazomib die Bildung des 

tetradekameren SeClpP aus seinen Heptameren induziert. Dies ist das erste Mal, 

dass Experimente bestätigen, dass ein an die katalytischen Stellen gebundener 

Ligand eine wichtige Rolle bei der Oligomerisierung des Proteins spielt.  

Zweifellos sind die in dieser Arbeit dargelegten Beiträge von großer Bedeutung 

für das Verständnis der Modulation und Konformationsänderungen von ClpP. Die 

Ergebnisse zeigen, dass der verwandte Ligand als Gerüst für die Entwicklung 

neuartiger Antibiotika gegen nosokomiale Infektionen durch opportunistische 

Krankheitserreger dienen können. 
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1. Introduction 
1.1. Antibiotics as a global threat: development and resistance 
Evolutions of knowledge, technology, medicine, and social behavior have 

provided an unprecedented quality of life for billions of people around the globe. 

Among those improvements, the discovery and administration of antibiotics can 

be highlighted as one of the reasons for the increase in life expectancy from the 

beginning of the twentieth century. In this context, Alexander Fleming noted, in 

1920s, that the mold of Penicillium notatum suppressed Staphylococci colonies’ 

growth in Petri dishes. The mold expresses a compound named penicillin, a 

substance readily diffusible in agar, which causes bacterial death by hampering 

peptidoglycan synthesis for cell wall building (Ghooi and Thatte 1995). The 

antimicrobial effect of penicillin permitted the treatment of infections that led to 

uncountable human losses in previous centuries. 

Under the influence of the Second World War (1939 – 1945) and the advances of 

microbial fermentation, the scenario for mass production of penicillin in vat 

fermenters became essential for treating soldiers in wartime (Landecker 2016). In 

addition, during the following years, research led to the discovery and isolation of 

new antibiotics triggered by a technique known as soil bioprospecting. This 

technique took advantage of the cooperative work of experts in soil science, 

resulting, for example, in the production of aureomycin, a drug used to treat 

typhoid fever (Landecker 2016). This compound, also known as chloramphenicol, 

blocks protein biosynthesis by binding to the peptidyl transferase center of the 

50S subunit of microbial ribosomes. 

Besides penicillin and aureomycin, many other antimicrobial drugs were identified 

subsequently: sulfonamides, nitrofurans, cephalosporins, and macrolides, to 

name a few. The “golden years” or the “golden era” (1940 – 1970) represented a 

prolific period of antibiotic discovery and development (Lyddiard et al. 2016). 

Those advances transformed the practice of medicine, reducing mortality rates 

from bacterial infections and enabling the successful treatment of life-threatening 

diseases (Maxson and Mitchell 2016).  

Figure 1 shows more compounds incorporated into antimicrobial chemotherapies 

in previous decades.
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Figure 1 – Antibiotics over the years (1920 – 2010). After the isolation of penicillin, the idea summarized by the sentence “If it can happen once, 
surely it can happen again” moved other scientists towards the search for novel drugs (Raper, 1952). The “Golden Years,” comprised between 

1940 and 1970, refer to a period when different antimicrobial agents with broad spectrum were obtained (Khardori et al. 2020). Since 1990, the 

drastic reduction of novel antibiotics has resulted in the lack of development of a “post-antibiotic” era (Kwon and Powderly 2021). Adapted from 

ReAct, 2024.
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The diverse options of antibiotics also represent different mechanisms of action: 

as cited before, some compounds act in the synthesis of cell walls or the 

biosynthesis of proteins. Other drugs, on the other hand, inhibit DNA replication 

(fluoroquinolones) and folic acid metabolism (sulfonamides), for example (Halawa 

et al. 2023). Table 1 enlists further examples and descriptions of their mechanisms 

of action. 

Table 1 – Antibiotics: main mechanisms of action and examples. 

 
1 (Livermore 1995),2 (Wilson 2014),3 (Hooper 2000), 4 (Storm et al. 1977), and 5 (Bushby and 

Hitchings 1968). 

While this plethora of biochemical strategies is essential for human and animal 

health, as well as for agriculture, the wide use and misuse of those drugs increase 

a severe issue: antibiotic resistance (Levy and Marshall 2004) (Figure 2), 

especially by selective pressure, a process that favors the prevalence of resistant 

bacteria over susceptible ones (Pouladfar et al. 2015; Witte 2000).
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Figure 2—Main mechanisms of antibiotic resistance and discovery of resistant bacterial strains over the years. The timeline was adapted from 
the Center for Disease Control and Prevention, 2024.
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Resistance comes from the ability of the microbe to withstand the antimicrobial 

effect through genetic mutations, enzymatic degradation, efflux pumps, alteration 

of bacterial cell permeability, and acquisition of resistance genes (Li et al. 2024; 

Nasrollahian et al. 2024; Kolár et al. 2001). The time-resolved spread of antibiotic-

resistant bacteria leads to treatment failures, prolonged illnesses, increased 

healthcare costs, and higher mortality rates (Nwobodo et al. 2022). 

The communication of antibiotic resistance happens in many ways, such as direct 

contact and environmental contamination. The horizontal transmission through 

strains, like the accumulation of mutations, leads to the emergence of “superbugs,” 

and the risk management of this scenario requires effective strategies.  

A clear understanding of each country’s reality helps to implement infection 

hindrances by reducing drug overuse in agriculture, food processing, food safety, 

and medical fields (D'Agata et al. 2007; Silbergeld et al. 2008; Wu-Wu et al. 2023). 

Some projections consider that the consumption of antimicrobials will be 200% 

higher in 2030 than in 2015 (Sutherland 2018), if the current status remains 

unaltered. For instance, the number of daily doses consumed in high-income, 

upper-middle-income, lower-middle-income, and lower-income communities in the 

last years is alarming. Figure 3 shows a comparative analysis using data from 2000 

and 2015. 

 
Figure 3 – Trends in antibiotic consumption in some developed countries (blue section, 
1), developing regions (purple section, 2), and third world (orange section, 3). The graph 

is adapted from Chin et al. 2023 and Larsen et al. 2022. 
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A second aspect is the combined action of the public and private sectors (Edwards 

et al. 2018). Cooperative actions could provide the necessary infrastructure to 

facilitate access to clean water and improved sanitation facilities (Guo et al. 2020), 

assuring prophylactic means against infections and reducing antimicrobial 

chemotherapies.  

Apart from the preventive means, the emergence of antibiotic resistance also 

demands the development of new biochemical strategies to deal with “superbug” 

infections. Antibiotic-resistant organisms are found in different areas, from farms to 

public markets, causing severe problems, particularly negative impacts on human 

health. Studies on this ever-growing issue estimate that approximately 10 million 

lives will be lost by 2050 (Walsh et al. 2023). Besides that, thousands of serious 

disabilities are expected from this scenario, according to data reported by the 

European Antimicrobial Resistance Surveillance System (EARS-Net) in 2015 

(Antoñanzas and Goossens 2019). 

In the European area, the main antimicrobial multi-resistant (AMR) agents are the 

gram-negative bacteria  scherichia coli ( .coli), Kle siella pneumoniae 

(K.pneumoniae), Pseudomonas aeru inosa (P. aeru inosa), and Acineto acter 

 aumannii (A.  aumannii), as well as gram-positive bacteria  nterococcus faecalis 

( .faecalis), Streptococcus pneumoniae (S.pneumoniae), and Staphylococci 

(Vivas et al. 2019). In Table 2, there are further details about the isolates of those 

microorganisms in the European Union (EU) / European Economic Area (EEA). 

Table 2 – Total number of invasive isolates tested and AMR percentage (%): EU/EEA, 
2020/2021 (European Centre for Disease Prevention and Control, 2023). 

 
1In this table, the presented values are the sum of the isolates of the following bacteria:  . coli, P. 

aeru inosa, Acineto acter sp.,  . faecalis, S. pneumoniae, and Staphylococcus aureus (S. aureus). 
2The combination of antibiotics (two or three combinations) may differ for each organism.  



23 
 

The numbers still present an alarming situation, especially when the availability of 

new antibiotics on the market is scarce. The prohibitive costs of research and 

development negatively affect the profitability of pharmaceutical companies. Even 

with subsidies from governments, the cost-effectiveness is still low. This reality 

makes the industry invest more resources in “lucrative noncommunicable 

medication,” such as the ones related to cancer and lifestyle. Therefore, some 

European countries, such as France, Germany, and Sweden, establish differential 

price references, annual revenues, market entry rewards, transferable exclusivity 

extensions, and milestone payments for some groups of antimicrobials (Anderson 

et al. 2023). In the intercontinental context, offices associated with the United 

Nations (UN) develop strategies against antibiotic resistance with global action 

plans, taskforces, budgets, and the release of periodic reports (Hoffman et al. 

2015; Mendelson et al. 2024).  

1.2. Staphylococcus epidermidis: an opportunistic pathogen 

In the group of organisms that participate in the crisis above, Staphylococci are 

some of interest. These organisms were first discovered by Alexander Ogston, 

while he was analyzing the causes of wound infections (Baird-Parker 1990). These 

investigations allowed the isolation of spherical bacteria from surgical abscesses, 

and these cells tended to form grape-like clusters. This feature justifies the term 

“Staphylococcus”, from the Greek words “staphyle” (grape) and kokkos (berry) 

(Makinde et al. 2019).     

Many Staphylococci species are naturally found in normal skin flora, and they are 

classified according to colony morphology, growth conditions (oxygen need, 

temperature, salt tolerance), catalase and coagulase production, pathogenicity, 

and antibiotic resistance. 

Staphylococcus aureus (S. aureus) and Staphyococcus epidermidis (S. 

epidermidis) are of great clinical relevance. Unquestionably, multi-resistant S. 

aureus (MRSA) strains are the main players in a plethora of animal conditions: 

infections of the skin and soft tissues, respiratory tract, bone and joints, 

bloodstream, gastrointestinal system, etc. (Garcia et al. 2019). These diseases 

represent high hospital costs and national economic impacts: per patient, the 

amount can reach approx. $27,000 (Clancy et al. 2006; Nissenson et al. 2005; Rao 
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et al. 2008), and in the United States alone, treating S.aureus infections leads to 

public expenses of roughly $2.2 billion (Cobb et al. 2019). 

Staphylococcus epidermidis is a probiotic bacterium that keeps a balance in 

microbiota, controls the skin’s pH, and degrades sebum (McLoughlin et al. 2022). 

That organism also protects the body against conditions like acne and atopic 

dermatitis (Fournière et al. 2020; Nakatsuji and Gallo 2018).  

Although S. epidermidis is advantageous for life in many ways, some strains have 

clinical importance as they pose deleterious health effects, particularly in 

immunocompromised and long-term hospitalized patients. In 2009, the estimated 

annual cost of S. epidermidis infections was $2 billion in the United States (Otto 

2009). 

Considering both species, the common mechanism for infecting the host organism 

involves the expression of enzymes for tissue invasion, and the secretion of toxins 

helps the pathogen to evade the immune system and disseminate (Cohen 1986; 

Eiff et al. 2002). The bacterial spread always represents a life-threatening risk, 

increasing the possibility of bacteremia and sepsis (Di Franco et al. 2021; 

Minasyan 2019). 

The trends and prevalence of antibiotic resistance in Staphylococci are alarming, 

and examples are found in Table 3. During the last decades, drugs that target 

nucleic acid biosynthesis, -lactams, glycopeptides, inhibitors of protein synthesis 

at the 30S and 50S subunits, and the folic acid metabolism have been losing 

efficacy in combatting diseases caused by multi-resistant strains (Baran et al. 

2023; Foster 2017). Derivatives that still work against MRSA, such as vancomycin 

and linezolid, require precautious administration so as not to become ineffective 

soon. Considering vancomycin as an example, a “golden” drug for serious 

infections, some resistant strains were already detected, but they still have not 

spread and have not become predominant in hospital environments (Périchon and 

Courvalin 2009; Appelbaum 2006; Hiramatsu 2001). 
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Table 3 – Examples of ineffective antimicrobials against multi-resistant Staphylococci and 
the cause of resistance. 

 
1(Chambers 2001), 2(Chambers 1997), 3(Leclercq 2002), 4(Shaw et al. 1993), 5(Roberts 1996), 
6(McDonald and Blondeau 2010), and 7(Witte 2004). 

A further form of protection for the Staphylococcus species is biofilm synthesis. 

This structure can form on almost any surface where moisture and nutrients are 

available, including natural spaces, industrial systems, and medical devices, being 

responsible for 80% of all chronic bacterial infections (Rather et al. 2021; 

Veerachamy et al. 2014). Representing a highly adaptive and resilient mode of 

microbial life (Yin et al. 2019), the biofilm synthesis process is divided into the 

following stages of development: initial attachment, microcolony formation, 

maturation, and dispersal (Kaplan 2010), as demonstrated in Figure 4. 

During the initial step, attachment (1), planktonic cells are held together through 

weak interactions, mainly van der Waals forces and electrostatic interactions 

(O'Toole and Kolter 1998). The microcolony formation (2) happens once the 

production of the extracellular polymeric substance (EPS) matrix has started with 

consequent bacterial aggregation and the establishment of cellular communication 

via quorum sensing, a mechanism that is instituted by a system of signaling 

molecules, detection, and response (Parsek and Singh 2003). The maturation (3) 

is the formation of a tridimensional complex as more layers of bacterial cells and 

EPS accumulate (Donlan 2002). Finally, the dispersal (4) is the return of the 

dormant cells to a free-floating state (Kaplan 2010). 
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Figure 4 – Biofilm as a protection mechanism of bacteria. In this structure, dormant cells 
are “shielded” from antibiotics that aim for metabolically active planktonic ones. (a) Stages 
of biofilm evolution: attachment, microcolony, maturation, and dispersal. Created with 

BioRender.com. (b) Microscopic image of a S.aureus biofilm in vitro (Lamret et al. 2020). 

Biofilm infection issues are more critical for individuals who use medical devices 

like catheters, orthopedic implants, cardiac/intravascular devices, and surgical 

implants (Di Domenico et al. 2022). Due to its persistence, biofilm can cause 

chronic infections in many cases. Many antibiotics of common use can only 

eliminate planktonic microbes, not reaching the shielded and less susceptible 

dormant cells (Høiby et al. 2010). These cells grow more slowly and exhibit altered 

metabolic activity, making them less vulnerable to drugs that affect the cellular 

division (Stewart et al. 2019).  

1.3. Caseinolytic protease P subunit (ClpP): a promising drug-target 
protein 

1.3.1. Bacterial ClpP and its role in natural processes 
The computer-aided and rational drug design is commonly focused on the 

synthesis of novel derivatives from old compounds (Figure 5). It results in the 

absence of new antimicrobials with high efficiency and low toxicity (Coates et al. 

2011). In this context, the discovery of other mechanisms of action is still lacking. 

This situation urges investments in more targeted drug discovery programs to 
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develop new treatments against microbial infections, like the studies on 

caseinolytic protease P subunit (ClpP). 

 
Figure 5 – Approved antibiotics according to the mechanism of action between 2000-
2019. Data obtained from Shi et al. 2023. 

ClpP, a serine endopeptidase (EC 3.4.21.92) that constitutes a proteasome with 

ATPases, chaperones from the AAA+ superfamily ( ueraltó et al. 2023), 

participates in protein homeostasis. This natural process is associated with the 

degradation of misfolded, unfolded, and regulatory proteins (Stahlhut et al. 2017; 

Thomsen et al. 2002; Frees and Ingmer 1999), conferring bacteria conditions to 

withstand heat/oxidative shock (Xie et al. 2013) and virulence factors to escape the 

host’s immune system (Gaillot et al. 2000; Frees et al. 2013). 

The homeostasis promoted by ClpP is directly linked to the regulation of virulence 

at the transcriptional level. For example, when ClpP is inhibited, the process of 

biofilm formation is depleted, and the cell vulnerability to the host’s immune system 

increases, reducing the chances of the organism's survival (Feng et al. 2021). 

If the protein’s activity is dysregulated, then a promiscuous proteolysis initiates and 

the cells are submitted to self-digestion, a process that leads to a bactericidal effect 

(Shen et al. 2017). Then, to avoid an uncontrolled proteolytic activity in the 

intracellular environment, there is a natural controlling strategy to modulate ClpP 

function: it needs an ATPase that selects the substrate to be degraded and 

promotes conformational changes on ClpP, in order to activate it (Aljghami et al. 

2022). 

0

2

4

6

8

10

12

14

16

18

DNA topoisomerase
inhibitors

Protein synthesis
inhibitors

Interference in
bacterial cell wall

synthesis

Treatment of drug-
resistant

tuberculosis

N
um

be
r o

f n
ew

 a
nt

ib
io

tic
s 

(2
00

0
-2

01
9)



28 
 

The chaperones involved with ClpP are found in the Clp/Hsp100 family. ClpP and 

ATPases act in synergy, building a complete proteolytic system, to ensure the 

maintenance of cellular proteostasis. Nonetheless, each organism has a specific 

set of chaperones that identify and select certain types of substrates to be unfolded 

and degraded. It is important to consider that those chaperones are also 

associated with adaptors responsible for regulating them before and after 

homeostasis (Zeth et al. 2002; Kirstein et al. 2009; Martin et al. 2008; Kirstein et 

al. 2006). 

Bacterial members of Clp/Hsp100 family include ClpA, ClpB, ClpC, and ClpX 

(Maurizi and Di Xia 2004). ClpA and ClpX initiate the depletion of misfolded or 

damaged proteins, preventing their accumulation and potential toxicity (Olivares et 

al. 2018). Additionally, ClpA still interacts with diversified substrates, thereby 

expanding the range of subjects to proteolysis (Hoskins et al. 2000). 

ClpB disaggregates proteins submitted to heat and oxidative stress (Mishra and 

Grover 2016; Katikaridis et al. 2021; Sangpuii et al. 2018). Furthermore, ClpC 

found in gram-positive bacteria partners with ClpP to degrade regulatory 

biomacromolecules of diverse biochemical mechanisms, including the control of 

development and virulence ( ueraltó et al. 2023). 

The functional versatility of the ATPases is underscored by their structural 

attributes: an N-terminal domain for substrate recognition, a central ATPase 

domain for ATP binding and hydrolysis, and in some cases, a C-terminal domain 

which is a mediator in interactions with other proteins (Sauer and Baker 2011). The 

energy derived from ATP hydrolysis is harnessed to induce conformational 

changes in substrate proteins, facilitating their unfolding, disaggregation, and 

translocation into the proteolytic chamber in ClpP (Fei et al. 2020).  

In Figure 6, a cryo-EM structure of the ClpP-ATPase complex is displayed. ClpP, a 

barrel-shaped peptidase, comprises two-stacked heptameric rings and a central 

chamber that sequesters 14 catalytic sites (Liu et al. 2014; Alexopoulos et al. 

2012). This chamber is protected by two axial pores controlled by ATPAses. Once 

bound to ClpP, these chaperones control the orientation of the N-terminal loops 

that constitute the gating mechanism (Lee et al. 2010b), in a way that the pores get 

open for the substrate’s access (Xu et al. 2024). 
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Figure 6 – cryo-EM structure of a ClpP-ATPase complex (Ripstein et al. 2020a). (a) Front 
and apical views of the complex. (b) Both proteins are connected: IGF loops from the 
ATPase bind to ClpP’s allosteric sites known as “hydrophobic pockets”. (c) Equatorial area 
where ClpP rings are connected. 

 

The symmetry mismatch allows the hexameric ATPases to be connected to the 

ClpP’s heptameric rings in a tilted manner. It is the consequence of an evolutionary 

process that improves the efficiency of the substrate's unfolding and translocation 

(Joshi et al. 2004). 

1.3.2. General structural and functional aspects of ClpP 
As a chymotrypsin-like peptidase, the main elements in ClpP’s activity include 14 

catalytic triads composed of serine (Ser), histidine (His), and aspartic acid (Asp), 

acting in synergism to cleave peptide bonds (Figure 7).  
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Figure 7 – Catalytic triad in serine proteases. Created with BioRender.com.  

Figure 8 divides the entire mechanism into two main steps: acylation and 

deacylation. In acylation, Ser binds to the substrate, generating a tetrahedral 

intermediate and a subsequent covalent acyl-enzyme with the release of the first 

product fragment. In deacylation, the following process occurs: the development of 

a second tetrahedral intermediate, hydrolysis of the acyl-enzyme, and the 

breakdown of the second product fragment (Alves França et al. 2024).  

The interaction with the histidine residue makes the serine’s side chain, in its 

alcoholic form, become a stronger nucleophile (alkoxide conjugate), disposing of a 

higher electron density around the oxygen atom. Moreover, Asp keeps His in its 

proper orientation through electrostatic interaction. Another point is that, initially, 

there is a sp2 

hybridization in the substrate’s alkyl group, which makes its structure planar. After 

the nucleophilic attack, the tetrahedral intermediate no longer displays planarity 

and has 

a negative charge in oxygen. At this moment, this intermediate is stabilized by an 

oxyanion pocket (Ménard and Storer 1992).
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Figure 8 – ClpP’s mechanism of action and its main steps: acylation and deacylation. The process is triggered by serine’s alkoxide conjugate, 
evolving from tetrahedral intermediates to the release of product fragments. The stabilization of the intermediates is promoted by the oxyanion 

pocket or hole. Adapted from Kovach 2021. 
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The handle regions of ClpP, in the equatorial area, correspond to a -strand and a 

long -helix (E-helix) that keep both heptameric rings connected by interdigitation 

(Lee et al. 2011; Mabanglo and Houry 2022; Yu and Houry 2007) (Figure 9). Those 

regions are flexible, and their extension or compactness directly influences the 

enzymatic function (Alves França et al. 2024) by controlling the alignment of the 

Ser-His-Asp triads.  

The ClpP structure with an extended handle region is the only active state because 

of the proper geometry of the catalytic triad (Figure 9a). When ClpP becomes more 

compact, the E helix loses helical turns, the -strands become disordered 

(Mabanglo et al. 2023), and consequently, the Ser and His of the catalytic triad are 

misaligned (Stahl and Sieber 2017) (Figure 9b). This misalignment hampers the 

process of acylation and deacylation depicted in Figure 8.  

 

 
Figure 9 – (a) Extended ClpP and aligned catalytic triad (Malik et al. 2020). (b) Compact 
ClpP and misaligned catalytic triad (Ye et al. 2013). 
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1.3.3. Non-enzymatic activation and inhibition of ClpP 
As stated previously, the inhibition and dysregulation of ClpP activity are significant 

mechanisms for investigations on drug targets. A way to replace a regulated 

function of ClpP by a dysregulated one is essential for medical purposes. Along 

these lines, non-enzymatic compounds that mimic the ClpP-ATPase interaction 

have been studied. The first ClpP activator, acyldepsipeptide (ADEP), an antibiotic 

naturally synthesized by Streptomyces hawaiiensis (Goodreid et al. 2014), was 

found to bind to the allosteric sites in ClpP, the same ones where the chaperones 

bind with their IGF loops (Martin et al. 2007; Joshi et al. 2004), and once ADEP is 

bound, its interaction cannot be revoked by ATPase anymore (Lee et al. 2010a). 

Then, when ClpP-ADEP is formed, promiscuous proteolysis initiates, many 

globular proteins are degraded, and a consequent bactericidal action occurs 

(Lavey et al. 2018). Table 4 shows potential substrates of the ClpP from 

 scherichia coli ( cClpP) and Bacillus su tilis (BcClpP).  

Table 4 – Identified potential substrates of  cClpP and BsClpP. Substrates are listed 
based on their function, except those in “Unknown function”. Adapted from (Bhandari et 

al. 2018).  
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Subsequently, other compounds with the same mode of action were synthesized, 

providing more information about the activated enzyme's functional and structural 

features. Examples are ADEP derivatives (Li et al. 2017; Lee et al. 2010a), 

ureadepsipeptides (Griffith et al. 2019), and (S)-ZG197 (Wei et al. 2022). 

Some mutations that protect ClpP against complete dysregulation have already 

been discovered (Malik et al. 2020). To avoid this issue, the combined 

administration of ClpP activators and other antibiotics tends to be adopted (Culp 

and Wright 2017).  

Another way to modulate the ClpP function is to use inhibitors. Although this 

mechanism mainly produces a bacteriostatic effect, it impairs biochemical 

processes that downregulate or upregulate the expression of virulence factors 

(Aljghami et al. 2022). Thus, cell survival before environmental challenges is 

reduced (Moreno-Cinos et al. 2019). 

The main advantage of using ClpP inhibitors is that bacteria are less prone to suffer 

selection pressure (Moreno-Cinos et al. 2019). In this case, a non-lethal 

mechanism is involved since it does not correspond to essential cellular processes 

(e.g., cell wall synthesis, protein synthesis, DNA replication). While some inhibitors 

only impede the substrates from being cleaved (Pahl et al. 2015), others disrupt 

the tetradecameric structure into its heptameric constituents (Gersch et al. 2014b). 

1.3.4. ClpP modulation and multi-drug resistant (MDR) bacteria 

The effectiveness of ClpP activators against MDR is registered in the scientific 

literature. To illustrate this, ADEPs exerted potent activity against methicillin-

resistant Staphylococcus aureus (MRSA) (Arvanitis et al. 2016) and vancomycin-

resistant  nterococci (VRE) (Mroue et al. 2019). Pre-treatment of mice with the 

variant ADEP B315 before the injection of lethal MRSA strain assured a survival 

benefit, being more effective than the administration of vancomycin.   

1.3.5. ClpP modulation for the eradication of biofilms 
Various procedures combat biofilm, including physical removal, chemical 

treatments, antimicrobial coatings, and quorum sensing inhibitors (Yin et al. 2021; 

Sadekuzzaman et al. 2015). Once established in living organisms, some 

techniques are adopted as biofilm disruptors: percussion, low-level laser, 

ultrasound, pulsed magnetic field, etc (Basso et al. 2011; Baumann et al. 2009; 
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Khan et al. 2016; Sousa Farias et al. 2016). However, in terms of antimicrobial 

chemotherapies, the options are scarce since, according to previous discussion, 

the mechanism of action of most antibiotics on the market does not insult dormant 

cells. 

ClpP participates in the biofilm formation, as concluded from Table 5, as well as in 

its eradication (Zheng et al. 2020; Wang et al. 2007; Brown Gandt et al. 2018; Liu 

et al. 2017), once ClpP activation and inhibition can promote the unbalancing of 

the transcription factors. For instance, in the case of Staphylococcus epidermidis, 

using a mutant strain without the clpP gene helped better elucidate the building 

mechanism of biofilm. Semiquantitative assays demonstrated that the mutant was 

22-fold less prone to produce biofilms than wild-type cells. The attachment 

capability of the mutant to polystyrene was also compromised by the upregulation 

of a r quorum-sensing system in the absence of ClpP (Frees et al. 2005). 

Table 5- Transcription factors regulated by ClpP and their role in biofilm formation. 

 
1 (Adnan et al. 2010), 2 (Pamp et al. 2006),3(Bazire et al. 2010),4 (Hwang et al. 2021), 5 (Stanley et 

al. 2003), 6 (Da Re and Ghigo 2006), 7 (Guo et al. 2014). 
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In another scenario, ClpP dysregulation of Staphylococcus aureus with ADEP-4, a 

more potent ADEP derivative, resulted in the depletion of a chronic biofilm infection 

(Conlon et al. 2013). According to a qualitative proteomic analysis, the activation 

of uncontrolled activity promoted extensive protein degradation, culminating in the 

subsequent killing of persister cells. As ClpP is not essential to Staphylococci, null 

mutants tend to grow after 3 days of treatment with ADEP-4. However, the 

combined use with rifampicin, linezolid, or ciprofloxacin eradicated the stationary 

phase S. aureus in 72 h, in vitro and in a deep-seated mouse thigh model (Conlon 

et al. 2013). 

When comparing the two previous contexts, it is possible to conclude that a 

regulated ClpP function is a key factor for biofilm formation. Both inhibition and 

activation hamper the fixation and survival of dormant cells, respectively. 

Therefore, these strategies can be explored to eliminate chronic bacterial 

infections.  

The discovery/production of new non-enzymatic modulators is important for 

elucidating the structural/functional aspects of the peptidase and further 

comprehending the whole biochemical pathway to overcome bacterial resistance 

with ClpP. To this date, published ClpP-ligand complexes and mutants revealed 

some connections between the protein activation/inhibition and its function. In any 

case, some mechanisms involved with the protein’s modulation still lack detailed 

explanation, biochemically and biophysically. One of these observations is the 

interaction between ClpP and boron-based compounds, especially the 

peptidomimetic boronates. 

1.4. Peptidomimetic boronates as ClpP modulators and their paradoxical 
mode of action 

Boron-containing compounds constitute a group of drugs of clinical relevance, 

even though that element is not naturally found in living organisms. Given its 

chemical reactivity and versatility, boron can form covalent bonds with carbon, 

nitrogen, and oxygen in building blocks of organic synthesis (Diaz and Yudin 2017). 

Besides that, boronates act as potential enzyme modulators for their ability to form 

covalent bonds with the nucleophilic sidechains of certain amino acid residues, 

such as serine and threonine in active sites, inhibiting enzymatic activities (Smoum 

et al. 2012). In both residues, there is a hydroxyl group with a lone pair of electrons 
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on the oxygen atom to be donated to the electron-deficient boron (Charzewski et 

al. 2021). The negative charge that may develop on the boron atom when 

covalently bound to a protein is stabilized by the delocalization of electron density 

promoted by oxygen. (Grams et al. 2024).  

These chemical properties have resulted in various therapeutical applications, from 

cancer (Scorei and Popa 2010) to onychomycosis (Jackson et al. 2020). In 2003, 

bortezomib (Figure 10), the first boron-based drug, was approved by the Food and 

Drug Administration (FDA) in the United States (Fernandes et al. 2019). 

Bortezomib is considered a first-line treatment for multiple myeloma by inhibiting 

the 26S proteasome (Bonvini et al. 2007).  

Studies with ClpP and boronate compounds also provided relevant observations. 

Firstly, in a complex with ClpP and a peptidomimetic boronate named 43Hf, the 

tetradecameric structure was not destabilized or compressed like with other 

inihibitors (Gersch et al. 2014a). Thermal shift assays showed that the stability of 

the protein assembly even increased with a variation of melting temperature (TM) 

from 50°C to approximately 70°C. 43Hf was the best hit from a screening 

containing 2632 molecules (Ju et al. 2020), indicating that the peptidomimetic 

portion plays a role in the protein-ligand interaction, and confirming the structural 

stabilization demonstrated by a work with an inactive mutant of ClpP and peptides 

(Kim and Kim 2008). In this last case, it was additionally confirmed that the 

presence of oligopeptides in the active sites induced the proper alignment of the 

catalytic triads and reduced the distance between Ser98, His123, and Asp172. 

 

 
Figure 10 – Bortezomib, a canonical proteasome inhibitor, is an example of a boron-based 
compound. Adapted from Micale et al. 2013. 
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In a recently published work, the “cornerstone” of this thesis, another anticancer 

peptidomimetic boronate, ixazomib, complexed with ClpP from Staphylococcus 

epidermidis (SeClpP) illustrated how that ligand can influence protein activity and 

oligomerization. It was the first demonstration that a canonical proteasome inhibitor 

induces the assembly of the tetradecameric enzyme, a process previously 

associated with ClpP modulation via allosteric sites (Alves França et al. 2024). At 

the same time, ixazomib modulates the protein in a paradoxical way, activating 

proteolysis through interactions in the catalytic sites (Alves França et al. 2024), as 

detected in investigations with bortezomib as well. The in-depth mechanism behind 

this is still to be fully elucidated, notwithstanding. 

 

1.5. Biophysical tools for the characterization of ClpP and ClpP-ligand 
complexes 

Structural perspectives of proteins are significant to understand their role in treating 

bacterial infections. Applying low and high-resolution techniques unveils features 

of enzymes under the influence of various physicochemical conditions and other 

molecules. In this scenario, small-angle X-ray scattering (SAXS) is one of the 

experimental approaches worth considering. Firstly discovered by André Guinier in 

1938 (Gräwert and Svergun 2020), SAXS was expanded from studies of metallic 

alloys to biological macromolecules in the 1960s (Pouget et al. 2019), passing 

through advances with synchrotron radiation in the 1970s (Bras et al. 2014) and 

breakthroughs in data processing methods in the 1990s (Blanchet and Svergun 

2013). This evolution produced some advantages: non-destructive measurements, 

reduced sample amount, and the ability to characterize systems in native or close-

to-native states. Furthermore, SAXS can provide critical information on the overall 

shapes, oligomeric states, and dynamics of biological molecules in solutions. 

Figure 11 shows an image of the SAXS beamline in EMBL’s outstation in Hamburg, 

Germany. 
For multimeric proteins like ClpP, research hinged on SAXS measurements is 

commonly beneficial to complement X-ray crystallography. For example, crystal 

packing may cause difficulties in distinguishing net changes associated with 

mutations and interactions with ligands.  
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Figure 11 – P12 beamline for Batch-SAXS and SEC-SAXS experiments. Picture obtained 
from EMBL, 2024. 

 

Sometimes, flexible parts of a macromolecule cannot be resolved from X-ray 

diffraction, given the lack of electron density around certain amino acid residues. 

In this regard, an issue frequently found in crystal structures of ClpP is the omission 

of the N-terminal loops in the axial pores. Because of this, the interpretation of how 

ligands may influence this region is compromised. To better explain this status quo, 

the complete structure of S. epidermidis ClpP (SeClpP) applying the AlphaFold 3 

(AF3) server and the native S. aureus ClpP (SaClpP) are compared in Figure 12.  

 
Figure 12 – Depiction of the extended state of SeClpP obtained from AlphaFold 3 (light 
green) (Abramson et al. 2024) and as an experimental crystal structure (dark green) 

(Gersch et al. 2012). The N-terminal loops depicted in rosé could not be resolved by X-ray 

diffraction in many cases. 
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Both models represent the extended and closed state of the peptidase, but the 

difference in terms of the pore’s diameter is considerable. This is the consequence 

of a partially non-modeled N-terminal loop in SaClpP. As a low-resolution 

experiment, SAXS cannot provide an in-depth description of the secondary 

structures or atomic placement in the same region, and the protein’s envelope can 

only indicate the enlargement of the axial pores, though. 

X-ray crystallography was originated in 1912 with the work of Max von Laue, 

William Henry Bragg, and William Lawrence Bragg (Pope 1997). If X-rays were 

waves and regularly spaced atoms constituted crystals, van Laue hypothesized 

that X-rays could be diffracted. The diffraction pattern of X-rays that passed through 

a copper sulfate crystal on photographic plates confirmed the hypothesis. From the 

rationale of those initial experiments to this date, many advances led to the use of 

X-ray beams to describe the world at a whole new level. The construction of 

powerful synchrotrons (Figure 13) in many regions granted the obtaining of a high 

amount of datasets that give structural information of relevant enzymes, their 

functions in various conditions, and their interactions with a plethora of drugs and 

drug-like compounds.  

 
Figure 13 – P11 beamline and the sample robot for data collection with single crystals (MX 
crystallography). Picture obtained from Photon Science, 2024. 

 

The Protein Data Bank (PDB) is the biggest source of crystal structures online 

(Bittrich et al. 2024; Burley et al. 2024). In this archive, it is possible to find 186,358 

crystal structures, representing approximately 84% of all the available entries. 

Among them, there are ClpPs from humans to bacteria. This availability conferred 
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the possibility to delineate the mechanisms behind the modulated action of ClpP 

on the treatment of microbial infections. Nevertheless, the discussions about the 

paradoxical influence of peptidomimetic boronates on the protein’s activity point 

out that there is more to be discerned. This lack of information is the “driving force” 

of the present PhD thesis. Here, low and high-resolution data are combined, in 

order to provide insights into the relationship between ClpP and ixazomib in an 

“alternative” allosteric activation that is intriguing for being propagated from the 

catalytic sites.  
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2. Aims of the Present Study 
So far, the relevance of ClpP in drug development research has been addressed, 

and a summary of studies in recent years has shown advances in the 

characterization of the protein's structure and functionality. Publications have 

demonstrated the mechanisms behind the most diverse mutations, inhibitors, and 

activators. On the other hand, there is still a lot to be learned about modulating the 

activity of the enzyme in question.  

In this context, peptidomimetic boronates are good examples. As canonical 

inhibitors, they bind to the catalytic site of various proteases. However, when they 

form complexes with ClpP, they do not behave like canonical inhibitors: in tests 

with bortezomib, it was discovered that this drug promoted a paradoxical allosteric 

activation defined as organism dependent. Even so, a more complete description 

of what happens is still not clear. Therefore, in order to develop a more detailed 

study of coordinated modulation by the same class of ligands, the goals of this PhD 

thesis are: 

 

Use of ixazomib, another peptidomimetic boronate, as a potential protease 

activator of Staphylococcus epidermidis ClpP (SeClpP). 

 

Adoption of SAXS techniques to verify conformational changes in the SeClpP-

ixazomib complex. 

 

Analysis, at the atomic level, of changes in the orientation of amino acid residues 

important for enzyme activation, as well as interactions between ligand and protein. 

 

Enzymatic assays and modulation: monitoring the evolution of peptidolytic and 

proteolytic reactions mediated by ixazomib, by quantifying variations through the 

concept of relative activity. 

 

Other biophysical techniques: isothermal titration calorimetry (ITC) and nanoDSF 

were performed to evaluate the stability of the native protein and the protein-ligand 

complex. 
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3. Materials and Methods 
3.1. List of devices used 
The instruments used for the experiments are listed in Table 6. 

 
Table 6 – List of instruments. 

 

ManufacturerModelType of device

New Brunswick
Scientific

Innova 44Orbital shaker

IKAKS 3000 I control

BinderBD 56Incubator

Phoenix instrumentsRS-TR05Roller shaker

Xtal Concepts GmbHSpectroLight600

DLS instrument Xtal Concepts GmbHSpectroLight300

WyattMöbius

GE HealthcareÄKTAPurifier10

FPLC system
CytivaÄKTA Start

HoeferSE 245 Dual Gel
Caster

Protein gel electrophoresis

PE LAB BiotechnologyEV231Power supply for
electrophoresis

Genomic SolutionsHonexbee 961Crystallization robot

VWR InternationalVMS-AMagnetic stirrer

OlympusSZX12
Microscope

ZeissCLSM

Thermo Fisher Scientific

NanoDrop ND-1000

UV spectrophotometer
NanoDrop ND-2000

Mettler-ToledoSevenEasypH meter

GE HeathcareGene uantTM1300UV/Vis spectrophotometer

EppendorfThermoMixer comfortThermomixer

MSESoniprep 150Ultrasonic homogenizer

Sartorius
TE3102SAnalytical balance

CP2245-OCE
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Table 7 - List of general consumables 

 
 

3.2. Compounds used 
Unless otherwise stated, the chemicals (analytical grade) used in the present 

work's experiments were obtained from the following suppliers: VWR, Sigma-

Aldrich, SERVA, Merck, Fluka, and Applichem.  

 

3.3. Sample buffers 
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The preparation of media and buffers involved the use of distilled water (dH2O), 

sodium acetate, HEPES, Tris base, sodium chloride, dithiothreitol, and glycerol. 

The combination of these compounds and the final pH value depends on the 

experiment, and the proper amounts are described in the “Methods” section when 

applicable. 

Table 8 - Composition of acrylamide gels for SDS-PAGE. 
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Table 9 - Media composition and antibiotic concentration 

 
 

Methods 
 

3.4. Gene selection, cloning, preparation of competent cells, and bacterial 
transformation 

UniProt database (https://www.uniprot.org) provided the clpP encoding gene 

sequence from Staphylococcus epidermidis (UniProtKB A0A0N1M L5). The 

company Biocat (https://www.biocat.com) received the complete native sequence 

in FASTA format and the request for codon optimization, considering  . coli 

expression systems (Figures 14a and 14b). After cloning, copies of the open 

reading frame (ORF) of the clpP gene were inserted into the vector pET28a(+) 

(Figure 14c), using the restriction enzymes NcoI and XhoI. The GenScript server 

(https://www.genscript.com) indicated that there were not any sites in the ORF for 

those enzymes to cleave.  

To improve protein purification, removing the stop codon (TAA) from clpP allowed 

the inclusion of a histidine expression tag (6x His-Tag) at the C-terminal position. 

Initially, the idea was to add the tag to the N-terminal portion, but in this case, it 

would be autoproteolytically cut after protein expression (Zhang et al. 2011). 

For a high-yield expression of heterologous ClpP, the  .coli system BL21 Star 

(DE3) (Studier 1991) was selected, as ClpP is not toxic for the bacterium. Aiming 
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to prepare chemically competent cells, 50 µL from the cell line culture grown 

overnight in LB medium were subsequently cultivated in 250 mL SOB medium at 

37°C and 200 rpm, until the optical density (OD) was between 0.4 and 0.6. 

Afterward, the culture flask was placed on ice for 10 minutes, and the suspension 

was then centrifuged at 4000 rpm and 4°C, for 10 minutes. The pellet was 

resuspended in 80 mL ice-cold TB solution (10 mM PIPES pH 6.7, 250 mM KCl, 

15 mM CaCl2, and 55 mM MnCl2) and kept on ice for another 10 minutes. A second 

round of centrifugation was performed under the same conditions as before, and 

the new pellet was resuspended in 20 mL ice-cold TB solution / 1.4 mL DMSO and 

placed on ice for an additional 10 minutes. In this final step, 50 µL aliquots of the 

resulting material were distributed into 1.5 mL Eppendorf-like tubes and 

immediately frozen in liquid nitrogen for storage in an ultra-freezer (- 80°C). 

One of the previous aliquots was thawed prior to bacterial transformation. 0.5 – 1 

µL from Biocat plasmid solution (pET28a(+) with clpP gene) (approx. 200 ng/µL) 

was mixed with the suspension containing the competent cells, and the mixture 

was kept on ice for 30 minutes. The tube was then put into a Thermomixer Comfort 

(Thermo Fisher Scientific, Germany), at 42°C, for 90 seconds and transferred to 

ice for 5 minutes. This heat stress makes the cell membranes more permeable for 

a while, allowing the uptake of DNA molecules from the surrounding environment 

(Rahimzadeh et al. 2016). 

Bacterial growth took place in 1 mL SOC medium, also in a Thermomixer Comfort 

(Thermo Fisher Scientific, Germany) at 37°C, for 3 hours. The final culture was 

centrifuged, and the cells were resuspended in 100 µL SOC medium for ulterior 

streaking on agar-LB medium supplemented with 50 µg/mL kanamycin (antibiotic 

resistance acquired after transformation with pET28a(+)). After 16 hours, some 

colonies were seen, harvested, and used to prepare glycerol stocks to be frozen in 

liquid nitrogen and stored in an ultra-freezer at -80°C. 
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Figure 14 – (a) Encoding gene sequence of ClpP from S. epidermidis (SeClpP) found on 

UniProt database (UniProtKB: A0A0N1M L5). (b) Gene of SeClpP after codon 
optimization for heterologous expression in  . coli (altered codons are in bold). (c) The 
illustration of the vector pET28a(+) and the region where the gene copy was inserted is 

zoomed in. The removed portion of the plasmid between the restriction sites for NcoI and 

XhoI is displayed. The insert (brown color), the clpP gene, is also shown after the 

assembly. 

3.5. Heterologous expression of SeClpP and its purification 
Glycerol stock with transformed  . coli BL21 Star (DE3) cells was thawed, and 50 

µL were taken to be added to 60 mL LB medium supplemented with 50 µg/mL 

kanamycin for overnight pre-inoculum, in the bench shaker KS3000 I control (IKA, 

Germany), at 37°C and 180 rpm. 10 mL of the obtained suspension were 

transferred to 1 L fresh LB medium containing 50 µg/mL kanamycin, and the OD 

between 0.6 – 0.8 was reached in 5 – 6 hours. At this point, the heterologous 

v

ATG6x His-TagThrombin siteT7 tagMCS1

6x His-Tag6x His-Tag

6x His-Tag

ATGclpPORF

NcoIXhoI

Direction of transcription

1.Gene prospection and cloning
 Gene prospection UniProt (UniProtKB: A0A0N1M L5)  clpP gene(FASTA)
ATGAATTTAATTCCTACAGTTATTGAAACAACTAACCGCGGTGAACGTGCGTATGATATATATTCACGTTTGTTG
AAAGACCGTATTATCATGCTAGGTTCTCAAATTGATGATAACGTAGCTAACTCTATTGTGTCACAATTATTATTC
TTGCAAGCGCAAGATTCTGAAAAGGATATTTATTTATATATTAATTCACCAGGTGGCAGTGTAACTGCTGGATTT
GCTATTTATGATACTATCCAACATATCAAACCAGATGTTCAAACAATCTGTATTGGTATGGCAGCGTCTATGGGT
TCATTCTTGTTAGCAGCAGGTGCAAAAGGTAAACGATTTGCGCTACCTAATGCTGAAGTTATGATTCACCAA
CCTTTAGGTGGTGCACAAGGACAAGCAACTGAAATTGAAATTGCAGCAAATCATATTTTAAAAACACGTGAA
AAATTAAATCGTATTTTATCAGAACGTACAGGTCAATCTATTGAAAAAATTCAACAAGATACTGATCGCGACAAC
TTCTTAACAGCTGCAGAAGCTAAAGAATATGGATTAATTGATGAAGTAATGGAGCCAGAAAAATAA 

ATGAATTTAATACCAACGGTAATTGAAACAACAAACAGAGGTGAACGGGCGTACGACATTTATAGTCGCCTG
CTTAAGGATCGCATCATTATGTTAGGCTCCCAAATTGACGATAATGTAGCGAATAGCATCGTGTCACAACTG
TTATTCCTTCAGGCTCAGGATTCAGAGAAAGATATATACCTTTACATTAATTCGCCTGGTGGTTCTGTTACA
GCC GGG TTTGCAATCTACGACACAATTCAGCACATAAAGCCC GACGTTCAAACAATTTGTATTGGAATG
GCAGCCTCGATGGGCAGCTTCTTGCTGGCGGCAGGTGCAAAGGGGAAGCGTTTTGCGCTTCCC AACGCG
GAAGTGATGATTCACCAACCC CTTGGCGGAGCTCAGGGACAAGCCACTGAAATCGAAATAGCCGCGAAC
CACATTCTTAAGACCCGTGAAAAGCTGAATCGGATCTTGTCGGAGAGAACAGGTCAATCCATCGAAAAG
ATTCAGCAAGACACAGATCGGGACAATTTCCTTACGGCTGCAGAAGCTAAGGAGTACGGGCTGATTGAC
GAGGTCATGGAGCCCGAGAAATAA 

Start codon Open-reading frame Stop codon

a

b

c
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expression started once induced by 0.5 mM IPTG. During this step, the 

temperature and flask stirring were kept constant under 18°C and 180 rpm in an 

orbital shaker Innova 44 (New Brunswick Scientific, Germany) for approx. 16 

hours.  
The pellet was collected and resuspended in lysis buffer composed of 50 mM Tris 

base (pH 8.0), 300 mM sodium chloride (NaCl), and 2 mM DTT, or 50 mM Tris base 

(pH 8.0), 300 mM NaCl, and 20 %w/v glycerol. The buffer supplementation with 

glycerol will be discussed later.   

The purification procedure is divided into two main parts: immobilized metal affinity 

chromatography (IMAC), the first one, and size-exclusion chromatography (SEC), 

the second one. For IMAC, nickel resin (Ni-NTA) ( IAGEN, The Netherlands), in a 

bench column (Bio-Rad, USA), was selected to take advantage of the histidine tag 

connected to the protein. This resin is constituted by nitrilotriacetic acid (NTA), a 

tetradentate chelating ligand, in a highly cross-linked 6% agarose matrix. NTA 

binds to Ni2+ by four coordination sites (Crowe et al. 1996). When the ClpP solution 

is added to the column, the enzyme of interest with 6x His-Tag gets trapped in Ni-

NTA and is eluted by 300 mM imidazole once the unbound/weakly bound species 

are removed.  

In sequence, the device ÄKTA Purifier 10 (GE Life Sciences, Sweden) coupled with 

the SEC column HiLoad 26/60 Superdex 200 preparative grade (pg) composes the 

following stage of purification: size exclusion chromatography (SEC), also known 

as the polishing step. Since ClpP may be present in different oligomeric states, a 

big column (325 mL) like the one mentioned above is more efficient in separating 

the protein into distinct fractions.  

At this moment, the void was not intended to be collected; therefore, the purification 

method set in Unicorn 5.31 software (GE Life Sciences, Sweden) discarded 40% 

of the initial column volume (CV) once the run had started.  

In Figure 15, there is an illustration of the purification steps. 
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Figure 15 – Depiction of (a) IMAC with Ni-NTA matrix and (b) SEC as a polishing step. 

3.6. Use of SDS-PAGE, Native-PAGE, and DLS for  uality assessment of 
SeClpP 

3.6.1. SDS-PAGE and the identification of protein species in a sample 
Sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) is a 

technique that separates proteins according to their molecular weight (MW) 

(Brunelle and Green 2014). After the macromolecules are denatured and coated 

with sodium dodecyl sulfate (SDS), they are loaded into the polyacrylamide gel and 

migrate through the matrix inside. The migration depends on each 

macromolecule's MW/volume ratio and is induced by an electric current. The 

proteins move toward the positively charged electrode because of the overall 

negative charge conferred by SDS. When the electrophoresis is done, the result 

allows the user to check the sample purity. 

Considering the experiment's benefits, the same procedure was adopted after the 

purification of SeClpP. The fractions corresponding to each peak were separately 

pooled to be submitted to SDS-PAGE. As two prominent peaks were observed after 

SEC, fraction pooling resulted in two final protein samples. 7.5 µL from each 

sample was added to the 10 µL buffer and 2.5 µL dithiothreitol (DTT) in 1.5-mL 

Eppendorf-like tubes. DTT disrupts disulfide bonds, maintaining the reduced state 

of the SeClpP and avoiding aggregate formation. 

After mixing, the SDS-PAGE samples were heated to 95°C for 5 minutes in a 

Thermomixer Comfort (Thermo Fisher Scientific, Germany) for protein 

denaturation. This step was followed by gel loading and the electrophoresis itself 

in SE 245 Dual Gel Caster (Hoefer, Germany). It is relevant to highlight that a 

protein marker/ladder (Thermo Fisher Scientific, Germany) was also used. This 
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marker assists in estimating the MW of the macromolecules under analysis and 

monitoring the gel run.  

During the first step of electrophoresis, for the first 20 minutes, the power supply 

EV231 (PE LAB Biotechnologie, Germany) was set at 120 V and 25 mA. The 

voltage was increased to 250 V for the remaining time, approx. 90 minutes, and 

the current was kept the same as beforehand. 

When the SDS-PAGE was done, the gel was treated with a staining solution 

composed of Coomassie Brilliant Blue for approximately 1 hour and finally with a 

homemade destaining solution twice for approximately 1 hour each time. The 

proteins could be identified as gel bands. 

 

3.6.2. Native-PAGE and the identification of the oligomerization state of 
SeClpP 

Native polyacrylamide gel electrophoresis (native-PAGE)  can also be used to 

assess the quality of SeClpP samples (Wittig and Schägger 2008). In this case, 

denaturing conditions, such as SDS and sample heating, are not applicable. The 

protein is kept in its native conformation and functional state.   

The gel used in native-PAGE experiments is a mixture of 4% v/v acrylamide and 

16% v/v bisacrylamide monomers (SERVA, Germany). Through an electric field, 

macromolecules migrate through the gel pores according to their sizes and 

charges.  

Among the native-PAGE options, the blue polyacrylamide gel electrophoresis (BN-

PAGE) (Wittig et al. 2006) was chosen for the analysis of SeClpP samples, as it 

resulted in the best conditions for visualizing the results. SERVA (SERVA, 

Germany) provided the kit with precast gels, protein markers, sample buffer for BN, 

running buffers (10 x anode and 10x cathode), and a Coomassie G-250 solution. 

For this experiment, frozen stocks of SeCpP samples were thawed, and the 

NanoDrop ND-2000 / ND-1000 devices (Thermo Fisher Scientific, Germany) 

determined the protein concentration at 280 nm. The resolution of the gel bands 

depends on the SeClpP concentration: if high amounts were loaded, well defined 

bands could not be seen. Then, after checking various dilutions, 3 mg/mL was 

found to be the best value for properly observing oligomers. 

The protein sample was mixed with 2x sample buffer and immediately loaded into 

the gel. The 1x anode and 1x cathode buffers were previously added to the 
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electrophoresis apparatus SE 245 Dual Gel Caster (Hoefer, Germany). The 

Coomassie G-250 solution was 1000x diluted in the cathode buffer, as this dye 

replaces SDS by conferring a negative charge to the macromolecules. The power 

supply was set at 50 V for the first 10 minutes, then at 200 V for ca. 120 minutes. 

The system was monitored during the run to prevent its heating. If the temperature 

increases considerably, protein denaturation may happen.  

When the electrophoresis was over, the gel was washed with demineralized water 

and incubated with the staining solution. After 30 minutes, this solution was 

replaced by a destainer with subsequent incubation for 60 minutes. If the blue 

background was still intense, a fresh destainer was used for another 60 minutes.  

As in SDS-PAGE, the protein marker (Thermo Fisher Scientific, Germany) 

conferred the MW estimation of the protein bands. 

 

3.6.3. DLS and sample monodispersity polydispersity 
Dynamic-light scattering (DLS), also known as photon correlation spectroscopy or 

quasi-elastic light scattering, is a technique used to measure the size of molecules 

in a solution (Stetefeld et al. 2016). In a DLS device, a beam of light that passes 

through a sample is scattered by its particles. Regarding proteins, the fluctuations 

in the intensity of scattered light over time give information about the size 

distribution of the macromolecules in a solution. This temporal correlation can be 

represented by the following equations found in the scientific literature (1) 
(Stetefeld et al. 2016): 

 

𝐺2(𝜏) = ⟨𝐼(𝑡)𝐼(𝑡 +  𝜏)⟩                                                                                                 (1) 
 I(t) is the intensity of the scattered light at time t 

t is time 

  is the lag between two time-points 

 

Once normalized, the function g2() is given (2): 

𝑔2(𝜏) = 〈𝐼(𝑡)𝐼(𝑡+ 𝜏)〉
〈𝐼(𝑡)〉2                                                                                                             (2) 

The angle brackets in (1) and (2) indicate the averaging of properties over time t.  
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G2() is a second-order correlation function that is related to the motion of the 

macromolecules under investigation. Nonetheless, there is no precise way to 

determine how particles individually move in solution. Therefore, instead of G2(), 

the motion of particles relative to each other is mathematically described by an 

electric field correlation function, G1(), or a first-order correlation function (3): 
 

𝐺1(𝜏) = ⟨𝐸(𝑡)𝐸(𝑡 +  𝜏)⟩                                                                                                (3) 

  (t) scattered electric field at time  

  (t + ) scattered electric field at time t +  

 

g1() is resulted from the normalization of G1() (4): 
 

𝑔1(𝜏) = 〈𝐸(𝑡)𝐸(𝑡+ 𝜏)〉
〈𝐸(𝑡)〉2                                                                                                        (4) 

 

The Siegert relation (Wang et al. 2021) combines g1() and g2(), resulting in the 

following equation (5): 
 

𝑔2(𝜏) = 𝐵 + 𝛽|𝑔1(𝜏)|2                                                                                                    (5) 
B is the baseline (~1);  

 is the coherence factor dependent on the detector area, optical alignment, 

and scattering properties of macromolecules. 

 

Considering a monodisperse system and the Brownian motion (Hassan et al. 2015) 

of particles, the electric field correlation factor, or autocorrelation function (ACT), 

can be calculated as follows (6): 
 

𝑔1(𝜏) = 1 + 𝛽𝑒−2𝐷𝜏𝑞2𝜏                                                                                                  (6) 

 D is the diffusion behavior of macromolecules; 

 q is the scattering wave vector (Jin et al. 2022). 

 

The relationship between D and the hydrodynamic radius (RH) of proteins is found 

in the Stokes-Einstein equation (7) (Falke and Betzel 2019): 
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𝐷 = 𝑘𝐵𝑇
6𝜋𝜂𝑅𝐻

                                                                                                                     (7) 

 kB is Boltzmann’s constant (1.380648 x 10-23 J.K-1) 

 T is temperature 

  is viscosity 

 

Besides the dispersity profile in a solution, by using the equation above and DLS 

measurements, the calculation of the RH indicates whether the macromolecule of 

interest is present. Here, the particle that scatters the light is considered a sphere 

(Falke and Betzel 2019).  

After SEC, the purified SeClpP is centrifuged at 21,600 x g and 15°C, for 1 hour in 

Eppendorf 5415 R centrifuge (Eppendorf, Germany) to avoid the influence of 

aggregates on DLS measurements. Then, 60 µL of the sample is added to the 

quartz cuvette (Wyatt, USA) that is positioned in the chamber where the laser beam 

passes through the solution, and the intensity fluctuations of the scattered light at 

a specific angle is measured.  

Technical details about the DLS device used in this experiment are below (Table 

10): 

 
Table 10 – Supplier specifications of the DLS device (Wyatt, 2024). 

 
All the measurements were performed at 20°C, acquision time: 20 s, number of 

acquisions: 20, interval between acquisition: 5 s. The degree of monodispersity 

was evaluated by inspecting the histogram in the graph % intensity vs radius (nm) 

and % number vs radius (nm). The software for data processing was Dynamics 

software (Wyatt, USA).  

A schematic concept of a DLS experiment is shown in Figure 16. 
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Figure 16 – General illustration of main elements in DLS measurements. 

3.7. Structural analysis of SeClpP in solution 

3.7.1. SAXS measurements 
Small-angle X-ray scattering (SAXS) produces low-resolution information about 

the shape, size, and oligomeric state of a protein, from a nanometer to a 

micrometer scale (Skou et al. 2014). The electron cloud surrounding the atoms in 

a macromolecule can diffract an X-ray beam, and the scattered waves are 

recorded by a detector opposite to the X-ray source (Figure 17). From the data 

collected, structural details about the sample are extracted, especially at lower 

angles up to 0.5°. 

 
Figure 17 – P12 beamline (EMBL/PETRA III) in Hamburg, Germany. Illustration of SEC-
SAXS and Batch-SAXS setups. Regardless of the method of choice, the sample is 

conducted to a capillary where the incident X-ray beam is scattered. The recorded one-

dimensional scattering profile is then used for the low-resolution structural analysis and 

the a  initio modeling of native protein and protein-ligand complexes in solution.  

The important equations for the SAXS measurements and processing are below, 

and they were adapted from Putnam et al. 2013: 
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𝑞 = 4𝜋
𝜆

sin (Θ)                                                                                                               (8) 

 

: wavelength of the incident X-rays. 

: scattering angle. 

 

𝐼(𝑞) = |𝐹(𝑞)|2𝑆(𝑞)                                                                                                        (9) 
 

I(q): scattering intensity; 

F(q): Fourier transform of the electron density distribution of the sample; 

S(q): structure factor. 

 

𝐼(𝑞) = 𝐼(0)𝑒(− 𝑞2𝑅𝐺
2

3
)                                                                                                       (10) 

 

I(0): intensity at q=0; 

RG: radius of gyration. 

 

𝐼(𝑞)~𝑞−4                                                                                                                       (11) 
 

Scattering vectors (q), in some plots also indicated as s, describe the momentum 

transfer of the incident X-rays in (8) and are spatially distributed within the sample, 
constituting the structure factor (S(q)) in (9). S(q) is related to the scattering 
intensity (I(q)) through the Fourier transform (F(q)) of the electron density of 

molecules. F(q), as a fundamental tool in data analysis, generates the pair 

distribution function (P(r)), equation (12), which describes the spatial distribution of 
scattering centers, like particles, molecules, or domains (Gräwert and Svergun 

2020). 

 

𝑃(𝑟) = 1
2𝜋2 ∫ 𝑞2𝐼(0) sin(𝑞𝑟) 𝑑𝑞∞

0                                                                                       (12) 

 

The P(r) function gives essential structural parameters such as the radius of 

gyration (RG) and the maximum particle dimension (Dmax) of the protein. RG is a 

measure of the spatial distribution of mass within an object (Okuno and Fratin 
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2014). That function plays a major role in the building of a  initio models to illustrate 

features of the macromolecule’s envelope under analysis. 

Another definition to consider is the Guinier Law in (10). This law considers the 
scattering patterns at very small scattering angles to also determine RG. In this data 

range, multiple scattering is discarded, and a linear approximation is made 

(Michels et al. 2020). 

Finally, there is the Porod Law in (11) as well. By also considering the information 
in high-q values, this function is used to determine the surface and shape of 

particles in a sample.  

Considering the brief description of SAXS and its mathematical background, this 

context can be used for ClpP studies. This enzyme can be isolated in four different 

states: disassembled heptameric rings and as tetradecamers in compressed, 

compact, and extended forms. Some publications show that the states are 

interchangeable, and the shifts occur under specific conditions, although the 

mechanisms behind this are not fully elucidated yet. Along those lines, the present 

technique is intended to extend the understanding of ClpP’s overall structure and 

its transition. For this purpose, a conventional approach was selected: batch-SAXS 

(Paquete-Ferreira et al. 2023). In this setup, dilutions of purified and dialyzed 

SeClpP samples are prepared to discard any undesirable effects of high and low 

concentrations on the measurements, such as aggregation, intermolecular 

repulsion, and radiation damage. Prior to the experiment, the samples were 

centrifuged for 60 minutes at 21,000 x g, and then 60 µL of each one were 

transferred to empty 200-µL PCR tubes to be placed into a block with 32 slots 

distributed in 4 rows inside the Arinax BioSAXS sample changer (Arinax, France). 

Besides that, more slots were available for 1.5-mL Eppendorf-like tubes filled with 

protein-free control buffer for subsequent data subtraction. It is important to note 

that all the compounds found in the main sample must be in the buffer, too. 

Otherwise, a mismatch may happen, and the measurements will be compromised 

for subsequent analysis, considering that even small molecules scatter X-ray in 

solution. When the protein was incubated with ixazomib, 1% v/v DMSO was added 

to the control buffer, as this was the final concentration of this solvent in the protein 

sample. 

After the previous procedure, data was collected at P12/EMBL/PETRA III in 

Hamburg, Germany. The beamline characteristics are the following (Table 11): 
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Table 11 – P12 beamline features at EMBL/PETRA III. 

 
1 Specifications found at EMBL-BIOSAXS, 2024. 
2 This parameter was defined prior to the measurements. The setup was kept constant in all 

experiments. 

 

Results from batch-SAXS show aspects of the protein’s envelope and, 

consequently, how parameters like volume, size, RG, and Dmax vary under distinct 

conditions. However, for a better study of protein oligomerization, another 

technique, size-exclusion chromatography coupled with SAXS (SEC-SAXS), was 

proven to be more appropriate. 

The use of SEC can be significant in avoiding ambiguity in the SAXS 

measurements analysis and improving data quality. SEC is useful for providing an 

extra step in the separation of molecules with distinguished MW/volume ratios. In 

addition to that, chromatography also confirms changes in ClpP’s oligomerization 

that may be induced by ligands or certain physicochemical conditions. 

Here, the preliminary sample preparation follows the same procedures as in the 

previous subsection. Nonetheless, for SEC-SAXS, a running buffer must be taken 

to the beamline for the equilibration of the column/chromatography system and the 

sample run. The buffer was comprised of 50 mM Tris base (pH8.0), 100 mM NaCl 

and 2 mM DTT. It was not supplemented with the ligand ixazomib, as they were 

not removed from ClpP during SEC, according to initial tests performed with small-

scale Superdex 200 increase (10 x 300 mm) (Cytiva, Sweden) and Superose 6 

Petra III U29 undulatorSource1

Double crystal Si (111)Monochromator1

0.124 nmWavelength1

1013 ph/sFlux1

Individually motorized blades of Hybrid

Scatterless in a module from Xenocs

Slits1

0.2 x 0.05 mm2Beam size at the detector1

1.7 or 0.9 mm capillaryExposure unit1

20 CTemperature2

0.095 sExposure time2

20%Transmission2

Pilatus 6MDetector1

1.5 mSample-detector distance2

Arinax BioSAXS (2018 model)Sample changer1
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increase (10 x 300 mm) (Cytiva, Sweden) in ÄKTA Purifer 10 system (GE 

HealthCare, Sweden). 

For the measurements at P12, the Superose 6 increase column was chosen. Each 

run was performed at room temperature (RT) and flow rate of 0.75 mL/min. After 

SEC, everything eluted from the FPLC system was immediately submitted to 

SAXS, in the same conditions shown in Table 11, but without the sample changer 

used for batch-SAXS. Moreover, the sample volume for each automatic injection 

into the Agilent 1260 Infinity Bio-Inert HPLC/FPLC system (Agilent, USA) was 100 

µL, and the protein concentration was 10 mg/mL. 

The programs used for data processing are found in the ATSAS 3.2.1 Suite 

(Manalastas-Cantos et al. 2021). In steps where other computational tools were 

necessary, the names of each are informed.  

Data from both batch-SAXS and SEC-SAXS were initially auto-processed in the 

beamline’s server (P12/EMBL/PETRA II, Hamburg, Germany). Nonetheless, to 

ensure that any radiation damage/buffer issue interfered with the study of the 

experimental information, all the images (protein sample and control buffer) were 

manually visualized. Once this issue was discarded, data processing proceeded. 

For preliminary data visualization, the program PRIMUS (Manalastas-Cantos et al. 

2021) was used. In the case of SEC-SAXS, the program CHROMIXS (Panjkovich 

and Svergun 2018) is important for the selection of frames of chromatography 

peaks under analysis and the void where there is only buffer. After this, CHROMIXS 

proceeded with data subtraction, and the generated graph could also be analyzed 

on PRIMUS. 

When the previous procedure was done, there was a .dat file for each dataset 

comprising the scattering intensity I(s) over s (nm-1) graph. This file is the basis for 

all the relevant studies and further quality assessments of SAXS measurements. 

From this point, the Guinier plot was analyzed (Putnam 2016), where the I(s) vs. s 

linearity was observed at small angles. As mentioned before, this region is critical 

for the shape/size determination of the macromolecule, and it also demonstrates 

the existence of aggregation and any other deleterious intermolecular interactions 

that may interfere in the data quality. If no issue is detected, the RG value could be 

calculated, considering the equation (10). The selected data range was the one 
that resulted in a fidelity value of at least 0.6 or higher.  
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Subsequently, on PRIMUS, the pair distribution function P(r) showed the means 

for determining the data range, Dmax, the alpha value, and the total quality 

estimation by using the program GNOM (Gräwert and Svergun 2020). The alpha 

value is particularly important: a high value means a smooth descent of the P(r) 

function, but also causes difficulties to build the edges of the protein’s envelope. 

Then, that value was kept as low as possible. Considering there is no consensus 

for a threshold, the one defined for this work was approx. 20.  

After checking all the previous parameters and the P(r) function, the .out file was 

saved and used for posterior low-resolution structure modeling. 

The program DAMMIN (Franke and Svergun 2009) was used to build a  initio 

models. For all runs involving native SeClpP, 5 reconstructions were obtained by 

selecting symmetry P72 and cylinder shape. DAMAVER constructed average 

models through the processing of the reconstructions. In some cases, GASBOR 

(Svergun et al. 2001) was also used, if its model indicated further details for 

structural analysis. To assess the fitting of the calculated I(s) into the experimental 

I(s) curve (reciprocal space), statistical parameters were evaluated: Anderson-

Darling’s P-test, CorMap P-value, and 2 (chi-square) value.  

To complement the assessment of protein flexibility and extension/compactness, 

the dimensionless Porod, Porod-Debye, Kratky-Debye, and SYBILS plots were 

constructed (Rambo and Tainer 2011), especially for the scrutiny of the effect of 

the ligand used.  

3.7.2. DLS measurements for the analysis of conformational shifts and 
protein unfolding 

Besides SAXS, DLS can also indicate structural shifts, especially if conformational 

changes with significant RH variation occur. Then, to confirm whether SeClpP 

tetradecamers were assembled under the induction of ligands, the present 

technique was applied as a complementary procedure. The rationale of the present 

experiment corresponds to the same discussion in subsection 3.6.3.  

Measurements were performed with the following samples: native SeClpP, native 

SeClpP supplemented with 1% (v/v) DMSO, native SeClpP supplemented with 

glycerol, and SeClpP incubated with 1 mM ixazomib. For the analysis of induced 

protein extension, tetradecameric SeClpP sample was used. On the other hand, to 
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observe any oligomerization promoted by the ligand, heptameric SeClpP sample 

was adopted instead. 

All the samples were incubated in a ThermoMixer Comfort (Thermo Fisher 

Scientific, Germany) at 37°C, for 30 minutes, prior to the experiments. After that, 

they were centrifuged at 15°C and 21,600 x g, for 1 hour.  

For t-ramp experiments, the same setup was used for sample preparation and 

incubation. Nevertheless, a 20 – 60°C temperature range was set instead of 

measurements at constant temperature for a time-resolved follow-up of the RH 
change and protein stability.  

For all the experiments, the same device specifications and software for data 

processing and analysis discussed in subsection 3.6.3 should be taken into 

account. 

3.8. Structural analysis of SeClpP: X-ray crystallography 
X-ray crystallography is a technique that determines a crystal's atomic and 

molecular structure. A beam of X-rays is directed to a crystallized sample and 

diffracted in specific directions due to the regular arrangement of atoms in solid-

state. Determining the angles and intensities of these diffracted beams creates a 

three-dimensional picture of the electron density within the crystal. This information 

is crucial for the positioning of the atoms, their chemical bonds, and other details. 

The starting point for the development of analytic methods in crystallography is the 

Bragg’s law (Humphreys 2013) (Figure 18). This law (n = 2dsin) associates the 

wavelength of X-ray () with the interatomic spacing (), which allows the atomic 

organization in a crystal lattice from the observed diffraction pattern. This structural 

determination comes from strong peaks caused by constructive interference of 

scattered X-rays in phase. Other relevant information like crystal symmetry and 

unit cell parameters can be inferred from the Bragg’s law as well.  

 
Figure 18 – Illustration of the Bragg’s law. Extracted from Britannica, 2024. 
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Data collection and advances of the Bragg’s law led to the building of the electron 

density map of the crystal by mathematically analyzing the intensities of the 

diffracted beam, a series of spots on a detector, through Fourier transformations, 

which convert the reciprocal space back into the real one. 

The intensity of each spot in the diffraction pattern relates to the square of the 

amplitude of the scattered wave, describing the structure factor F(h). F(h) is a 

complex number that informs about the amplitude and the phase of the scattered 

wave for a set of crystal planes indexed by the reciprocal lattice vector h. The 

structure factor is described by the following function (13): 
 

𝐹(ℎ) =  ∑ 𝑓𝑗𝑒2𝜋𝑖ℎ.𝑟𝑗𝑗                                                                                                      (13) 

 

where 

fj is the scattering factor of the j-th atom 

rj represents the atom position within the unit cell 

Additionally, the variation of the electron density, (r), in the unit cell is defined by 

the inverse Fourier transform of F(h) (14): 
 

𝜌(𝑟) =  1
𝑉

∑ 𝐹(ℎ)𝑒−2𝜋𝑖ℎ𝑟
ℎ                                                                                           (14) 

 

where 

V is the volume of the unit cell 

h is the reciprocal lattice vectors represented as (h, k, l) 

F(h) are the structure factors 

r is the position vector that indicates the point within a unit cell where the electron 

density is being calculated. 

 
It is essential to consider that the phases of the waves cannot be recovered 

experimentally, and this fact constitutes what is known as the phase problem. One 

of the ways to solve this problem is by extracting those parameters from the crystal 

structure of a homologous macromolecule, or search model, by molecular 

replacement (MR). This computational method positions the selected model 

according to the experimental data, splitting the searching procedure into rotation 



63 
 

and translation functions and consequently defining the orientation and location of 

the structure, respectively. Both functions rely on the Patterson function, which 

indicates the relative positions of atoms and groups of atoms within the crystal. The 

Patterson map is determined by the Fourier transform of the squared magnitudes 

of the observed structure factors and does not consider the phases.  

After MR, a first model is available, and the refinement procedure can be initiated. 

At this moment, chemical and structural information are incorporated to improve 

the model with the appropriate bond lengths and angles, the reduction of steric 

clashes, and the consistency of the protein’s secondary and tertiary structures 

according to known biophysical principles. 

Other aspects to be considered for structural refinement are anisotropy and 

disorder. Anisotropy refers to the direction-dependent variability in atomic 

displacement parameters (ADPs), also called temperature factors or B-factors. 

This kind of analysis can indicate whether the atoms do not vibrate or move 

uniformly in all directions, having variable degrees of displacement along the axes. 

Furthermore, regions of positive peaks in a refined electron density map or 

difference Fourier map (Fo-Fc) shown below (15) demonstrate that ligands, solvent 
molecules, or parts of amino acid residues could be modelled there. In addition, 

errors such as misplaced atoms, the modelling of multiple conformations, and 

partial occupancy can be corrected by analyzing negative peaks. 

 

𝜌𝑑𝑖𝑓𝑓(𝑟) =  ∑ (|𝐹𝑜(ℎ)| − |𝐹𝑐(ℎ)|)𝑒−2𝜋𝑖ℎ𝑟
ℎ                                                                      (15) 

 

where 

diff(r) is electron density difference at position r. 

h is the reciprocal lattice vectors (h, k, l). 

|Fo(h)| are the magnitudes of the observed structure factors. 

|Fc(h)| are the magnitudes of the calculated structure factors. 

e-2ihr is the phase factor obtained from the calculated structure factors. 

 
Other metrics to evaluate the quality of the model fitting into the experimental data 

are the Rwork and Rfree. The first one measures the agreement between the 

observed diffraction data and the calculated data for the reflections used in the 
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refinement. To avoid overfitting, the Rfree measures the agreement for a set of 

reflections not adopted to refine the model. 

The assessment of the stereochemistry helps in the definition of proper values for 

bond lengths and angles, planarity, and chirality of certain functional groups, 

backbone, and side chain conformations, assuring geometric accuracy, model 

reliability, detection and correction of errors, as well as leading to the selection of 

chemical reasonable structures. In this regard, one of the essential tools is the 

Ramachandran plot (Carugo and Djinovic-Carugo 2013), which demonstrates if the 

dihedral angles of the amino acid residues fall into allowed or disallowed regions, 

based on steric hindrance and favorable interactions. 

An unfavorable geometry is also related to rotamer outliers. It is a deviation from 

the common, energetically adequate conformation of the model under scrutiny. 

The processing of all the parameters cited in the last paragraphs is an efficient way 

to guarantee that the structural interpretation will give useful biophysical data for 

protein characterization. 

For a protein to crystallize, different parameters must be defined through the 

interpretation of many trials. Generally, values such as pH, temperature, the 

concentration of salts and precipitant agents are adjusted until crystals are noticed 

for the first time.  

The phase diagram (Figure 19) divided into the undersaturation, metastable, 

nucleation, labile, and precipitation zones highlights the best setups for crystal 

growth in relation to the concentration of the protein and the precipitant agent. This 

agent induces the macromolecule to migrate from the undersaturation to the 

formation of spontaneous nucleation in specific physicochemical conditions. Once 

this step is reached, the crystal can grow in the labile and metastable zones, or the 

system migrates to the precipitation zone. The first zones are ideal, as the 

presence of nucleation sites and the solute result in the formation of bigger crystals. 

However, if a high amount of nucleations are present, microcrystals can be 

generated. For conventional X-ray diffraction with single crystals, a microcrystal 

may not be proper for a sufficient diffraction intensity, more prone to the effect of 

radiation damage, producing a low signal-to-noise ratio and limited data 

completeness. 
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Figure 19 – The phase diagram and its main zones (Wlodawer et al. 2017). 

 
The most common techniques applied for obtaining protein crystals are hanging-

drop and sitting-drop. In both configurations, a process of vapor diffusion is 

triggered by differences in the concentration of the precipitant agent in a droplet 

containing the biomacromolecule and in a reservoir solution filling a chamber 

where the droplet is sealed and suspended on a surface of a glass cover (hanging 

drop), or “sitted” on a surface beside and over the well containing the reservoir 

solution (sitting drop). 

For the crystallization of the native SeClpP, the hanging-drop technique was 

successful. The setups tested for this purpose are found in Table 12. In all cases, 

the protein sample and the reservoir solution were mixed at 1:1 ratio. SeClpP 

concentration was 10 mg/mL for the crystallization of apo protein and ClpP-ligand 

complex. 

The most suitable conditions for getting macrocrystals (bigger than 200 µm) are 

highlighted in pink, and for microcrystals (around 50 – 60 µm) are delimited in 

green. 

Macrocrystals were harvested and flash-frozen in liquid nitrogen. As the precipitant 

agent MPD, also a cryoprotectant, was in the mother liquor, the satisfactory 

vitrification of the crystals was assured, and any “ice ring” was detected during X-

ray diffraction under cryoconditions. 
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With the native tetradecameric SeClpP crystal free from ligand and after soaking 

with 10 mM ixazomib, diffraction data at various angles were collected at P11 

beamline (PETRA III / DESY), in Hamburg, Germany. The crystals of SeClpP 

bound to glycerol were taken to P13 beamline (EMBL / DESY) after crystallization, 

in Hamburg, Germany, for data collection. 

Once the experimental information was available, the performance of MR started 

by using homologous structures of SeClpP (PDB ID 3V5E or PDB ID 5C90) as 

search models. Thus, the initial models were built as single MR solutions with high 

Top-LLG (Log-Likelihood Gain) and Top-TFZ (Translation Function Z-Score) 

values. The program adopted for this part was PHASER in the Phenix 1.21.1-5286 

Suite (Adams et al. 2010). 

The refinement procedure on phenix.refine (Afonine et al. 2012) was performed 

with the standard options and local non-crystallographic symmetry (NCS) (torsion-

angle).  

After each refinement cycle, manual inspections and corrections were performed 

on Coot 0.9.8.93 software (Emsley and Cowtan 2004), especially stereochemistry 

checks associated with clashes, Ramachandran outliers, dihedral angles, bond 

lengths, and rotamer outliers. Atoms, amino acid residues, or sidechains without a 

corresponding electron density were removed, and alternative conformations were 

modeled according to positive peaks (green “blobs”) displayed in the difference 

Fourier map. The negative peaks (red “blobs”) in the same map guided the 

changes in atom positioning or manual occupancy alteration for a subsequent 

refinement round.  

When the refinement statistics demonstrated that the model quality was good 

enough for the structural studies of the apo SeClpP and its complex with 

peptidomimetic boronate compound, the last pdb file was submitted to a final check 

on the Molprobity server (Chen et al. 2010). Without issues, files with the model 

coordinates and structure factors were validated and deposited on PDB (Young et 

al. 2017). The PDB entries of the crystal structures are in the table of X-ray 

diffraction data and refinement statistics of each one of them along the “Result and 

Discussion” section. 
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Table 12 – Different setups for the crystallization of SeClpP in its tetradecameric form. 
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3.9. Additional biophysical characterizations: differential scanning 
fluorimetry (nanoDSF) and isothermal titration calorimetry (ITC) 

For the evaluation of SeClpP thermal stability and the binding process in the 

SeClpP-ligand complex, experiments with nanoDSF and ITC were conducted. 

nanoDSF is a label-free method where the thermal unfolding of a macromolecule 

is inspected by variations of the intrinsic fluorescence of the tryptophan and 

tyrosine residues. It is sensitive and precise enough to detect fluorescence 

emission at specific wavelengths as protein unfolds and the aforementioned 

residues are in a hydrophobic environment. With nanoDSF measurements, it is 

possible to evaluate how the peptidomimetic boronate compound influence the 

proten’s thermostability, and if there are more than two species with distinct melting 

temperatures (TM) in the sample.  

For nanoDSF experiments, samples with 10 µM SeClpP were prepared in 

replicates with different concentrations of ixazomib, and at least 12 µl of each one 

was transferred to clear capillaries (NanoTemper, Germany). The measurements 

were done in a temperature range between 25 and 90 °C. Data collected were 

automatically processed using the Prometheus NT.48 software (NanoTemper, 

Germany), and the resulting data were further analyzed using the MoltenProt 

server (Kotov et al. 2021). Independent measurements with distinct DMSO 

concentrations and the same amount of ClpP (10µM) were already performed. 

ITC measurements, on the other hand, unveil a quantitative and qualitative 

analysis of the thermodynamics behind the protein-ligand interactions, by 

measuring the heat released or absorbed. In this experiment, SeClpP 

concentration is kept constant, and the titrant (ligand) is incrementally injected into 

the calorimeter cell. 

The ITC results used to assess the interaction between SeClpP and ixazomib were 

collected with the device Auto-iTC200 microcalorimeter (MicroCal-Malvern 

Panalytical, Malvern, UK). Calorimetric titrations were performed using 800 µM 

ixazomib and a 10µM SeClpP solutions (buffer containing 50 mM Tris (pH 7.5), 150 

mM NaCl and 2 mM DTT). The heat evolved after the injection of ixazomib was 

calculated from the integral of the measured calorimetric signal. Experiments were 

performed in replicates, and data were analyzed using Origin 7.0 (OriginLab, USA). 

3.10. Peptidolytic assays: degradation of Suc-LY-AMC 
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The substrate Suc-LY-AMC is a synthetic compound named N-Succinyl-Leu-Tyr-7-

amido-4-methylcoumarin commonly used to study ClpP activity, as it is a small 

oligopeptide capable of entering the enzyme’s catalytic chamber, even if its axial 

pores are closed. The N-succinyl group is attached to the N-terminal, providing 

stability, increasing the solubility, and influencing the specificity of the ClpP for the 

substrate. The amino acids leucine (L) and tyrosine (Y) are crucial for substrate 

recognition by proteases, and the last portion, 7-amido-4-methylcoumarin (AMC) 

is a fluorescent leaving group linked to the C-terminus of the peptide. When the 

enzymatic deconstruction of Suc-LY-AMC starts, AMC is released, and a 

fluorescent signal is detected.  

SeClpP in buffer composed by 50 mM Tris base (pH 7.5), 150 mM NaCl, and 2 mM 

DTT (Buffer A); or 50 mM Tris base (pH 7.5), 150 mM NaCl, and 10% w/v glycerol 

(Buffer B) was used for peptidolytic assays in TECAN Infinite M Flex plate reader 

(TECAN, Austria). This device is equipped with a detector capable of quantifying 

variations of the fluorescence intensity caused by the AMC release in the reaction 

mixture.  

Buffer B was used to observe if glycerol affects the ClpP function somehow, since 

this triol is a common chemical chaperone (Welch and Brown 1996) that improves 

protein stability. The protein was in its tetradecameric form in both buffers. 

The quantities of protein and substrate, as well as the physicochemical conditions 

for the assays, were defined according to previous experiments described in the 

“Results and Discussion” section. 

 In order to compare results obtained from reactions with apo SeClpP and SeClpP-

ligand complex, graphs with relative activity in % were explored. All the values of 

the initial velocity (V0) were normalized with the V0 calculated from control (samples 

free from ligand). 

3.11. Proteolytic assays: degradation of -casein from bovine milk 

Aiming to observe the degradation of -casein by SeClpP bound to peptidomimetic 

compounds, 10 µM of the protein were incubated with three different ixazomib 

concentrations: 200 µM, 500 µM, and 1000 µM. The substrate at 60 µM was also 

added to the reaction mixture in a 1.5-mL Eppendorf-like tube, and the resulting 

samples were incubated in a ThermoMixer Comfort (Thermo Fisher Scientific, 

Germany) at 37°C and under stirring at 800 rpm. During specific time intervals, one 
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tube was removed, and its content was heated at 95°C to submit the protein to 

15% SDS-PAGE in denaturing conditions. A control without the ligand under 

analysis was prepared for each experiment, proving that no proteolytic activity 

could be detected with the apo protein.  

In order to compare the degradation induced by ixazomib to one promoted by a 

canonical ClpP activator, the compound ONC206 was also added to the present 

experiment. 

The result was qualitatively interpreted based on the casein’s band fading and the 

consequent formation of bands associated with the degradation products in a time-

resolved fashion. An unstained protein market (Thermo Fisher Scientific, Germany) 

was added to gel for molecular weight (MW) estimation. 
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4. Results and Discussion 
4.1. Insights into structural and functional aspects of native SeClpP 

For the determination of the best conditions to express SeClpP, three engineered 

 . coli strains, BL21(DE3), BL21 Rosetta (DE3), and BL21 Star (DE3) were used 

for small-scaled trials in 250-mL flasks with 50 mL LB medium. The tests with 0.5 

mM IPTG and 50 µg/mL kanamycin took up to 4 hours, at 20°C and 180 rpm, and 

in Figure 20a, the SDS-PAGE result confirms successful expression by all the 

strains. However, as it is well established in the literature that BL21 Star (DE3) 

provides higher amounts of non-toxic proteins such as ClpP, this system was 

chosen for the scaling-up process in a 5L flask containing 1 liter of LB medium. In 

this case, the IPTG/kanamycin concentration and temperature/stirring parameters 

were the same as in the tests performed in small flasks. Using this setup, the 

obtained yield was approx. 267 g of macromolecules per 1 L of culture. 

The procedures of cell lysis and purification led to a final SEC chromatogram 

composed of two prominent peaks: one starting at 150 mL and the other at 175 mL 

(Figure 20b), which were named peak 1 (P1) and peak 2 (P2), respectively. By 

collecting fractions of P1 and P2 and submitting them to SDS-PAGE, bands 

displayed in the gel image are located at similar heights (approx. 25 kDa), an 

indication that SeClpP is isolated as two distinct oligomers (Figure 20c). Along 

these lines, some publications have already demonstrated that ClpP’s 

oligomerization, or the presence of different oligomeric states, is influenced by 

conditions like single-point mutations (Kang et al. 2004), the sample buffer of 

choice (Gersch et al. 2015), or even protein concentration. 

To identify the molecular weight/oligomerization of the species isolated in P1 and 

P2, an experimental technique that did not expose the macromolecules to 

denaturing conditions was needed. In this regard, native-PAGE was performed, 

and in Figure 20d, the most prominent P1 band is found between 480 and 242 kDa, 

and the P2 band is positioned between 242 and 146 kDa. Based on this result, 

there is strong evidence that SeClpP is found as tetradecamers (300 kDa) and 

heptamers (150 kDa). 
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Figure 20 – Expression and purification of SeClpP. (a) 15% SDS-PAGE after expression 
tests with three  . coli expression systems: BL21(DE3), BL21 Rosetta, and BL21 Star. 

Note that the control sample, the one without IPTG, is marked with an asterisk. Control 

was removed after 4h to prove there was no band in the control lanes at around 25 kDa, 

the region where ClpP is expected to be seen. (b) SEC chromatogram after the last 
purification step of SeClpP with the preparative column HiLoad 26/600 Superdex 200 pg. 

The presence of two main peaks, P1 and P2, is observed at this stage. (c) 15% SDS-
PAGE with fractions from P1 and P2. (d) Native-PAGE after pooling the fractions from P1 
and P2. 

 

SEC-SAXS measurements also make available insights into the oligomerization of 

ClpP. Even using a small analytical SEC column (Superdex 200 Increase 10/300), 

the chromatogram profile in Figure 21a is similar to the one presented in Figure 

20a. For the analysis, frames from both peaks were selected, and the buffer 

contribution to the X-ray scattering was subtracted. This process resulted in two 

curves of X-ray scattering intensities (Figure 21b). From these curves, the Guinier 

plots (Figures 21c and 21d), P(r) functions (Figure 21e), and the Kratky Plots 

(Figure 21f) were defined, and the RG and Dmax could be calculated as well. 
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Figure 21 – Main graphs obtained from SAXS measurements with native SeClpP. (a) SEC 
chromatogram confirms the presence of two main species: P1 and P2. (b) X-ray scattering 
intensities were measured from P1 (dark blue curve) and P2 (light blue curve) samples. 

Moreover, (c) and (d) represent Guinier fits, the calculation of RG, and the fidelity values 
within the validity range 0 < sRG <1.3. (e) P(r) functions of P1 (purple curve) and P2 (blue 
curve). (f) Kratky plot for P1 and P2 demonstrates the complete folding of both species. s 
in 1/nm. 
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Table 13 meticulously enlists all the previous parameters, as well as other relevant 

ones extracted from SAXS data, providing a comprehensive overview of the 

measurements. 

 
Table 13 – Parameters calculated from SEC-SAXS measurements. 

 
1 Values calculated on SAXSMoW server (Piiadov et al. 2019). 
2 Statistical measure to determine whether an observed data fits an expected distribution. 
3 Goodness-of-fit test to assess discrepancies between one-dimensional spectra emerging from X-

ray scattering experiments (Franke et al. 2015). 
4 Statistical test that compares the fit of an observed cumulative distribution function to an expected 

cumulative distribution function (MacKenzie 2013). 
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The previous SAXS graphs and table help to interpret further the characteristics of 

P1 and P2 in the solution. The broader aspect of the P(r) curve of native P1 

confirms its higher oligomerization degree with higher I(0) and RG values. I(0), the 

intensity of scattered X-rays at zero scattering angle, is more prominent for P1 

because of its higher electron count and contrast factor. Besides that, since native 

P2 is a smaller structure, its P(r) curve has a smaller Dmax than the one representing 

P1. By definition, Dmax is the maximum distance between any two points within a 

particle (Nirschl and Guo 2018). 

In both cases, a pair of peaks in the Kratky plot (Figure 21f) describes multimeric 

structures. The discrepancy between the heights of the first peaks provides some 

detailed information: the scattering intensity from P1 sample is spread over a more 

extensive range of s values, making its peak smaller. This aspect demonstrates 

that P1 is bigger than P2. The P2 peak results from higher scattering promoted by 

smaller particles with uniform density and a well-defined shape at high s values. 

The program DAMMIN built the a  initio models of P1 and P2. This modeling allows 

the reconstitution of the protein envelope at low resolution with shape and size 

details extracted from the P(r) function. In Figure 22, the representations are an 

average of five reconstructions of P1 and P2 with good statistics ( value, 

Anderson-Darling test, and CorMap test), as observed in Appendix, Figures 

A6.1/Tables A6.1 (P1), and Figures A6.2/Tables A6.2 (P2). The statistical 

parameters confirmed as correct the assumptions of P72 symmetry with prolate 

anisometry for P1 and P7 symmetry for P2. In Figure 22a, the tetradecameric state 

is depicted as barrel-like in a low-resolution model with dummy atoms (DAMs), and 

the heptamer consists of only one ring, as seen in Figure 22b. 

Complementing the previous DAMs, other models were built using dummy 

residues on GASBOR, and they highlight some details: the tetradecamer contains 

two axial pores with a diameter of approx. 9 Å (Figure 22c), characteristic of the 

closed ClpP (Yu and Houry 2007). Conversely, in the heptamer, the unique pore is 

slightly bigger: approx.13 Å (Figure 22d).  

The GASBOR variant, GASBORI, constructs a model in the reciprocal space, by 

fitting the theoretical I(s) scattering curve into the experimental I(s) scattering 

curve. The quality assessment of GASBOR is presented in Figure 23 and Table 

14. 
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Figure 22 – a  initio representations of native SeClpP. The models confirm the oligomeric 
state of the protein samples P1 and P2: tetradecamer and heptamer, respectively. (a) DAM 
of the 14-mer structure and (b) DAM of the 7-mer structure. Both were constructed by 
DAMMIN/ATSAS suite with a collection of densely packed beads within a search volume. 

(c) Model of the 14-mer and (d) 7-mer structures obtained by GASBOR/ATSAS suite. This 
program uses the concept of dummy residues corresponding to amino acids in the protein 

chain. 

 

Table 14 – Statistics of a  initio modeling with GASBOR. 

 
1 Offline program available on ATSAS 3.2.1 suite (Manalastas-Cantos et al. 2021). 

a b

Symmetry: P72
Anisometry: prolate

Symmetry: P7
Anisometry: inespecific

Pore diameter: 13 Pore diameter: 9 c d
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Figure 23 –  uality assessment of how well the theoretical curve (light blue) calculated 
from GASBOR models fits the experimental data (dark blue). (a) Scattering intensity in 
logarithmic scale (log10I) vs. the scattering magnitude (s as 1/nm), and (b) normalized 
residual plot for P1 sample. Likewise, for P2 sample, (c) the graph scattering intensity in 
logarithmic scale vs. the scattering magnitude (s as 1/nm) and the (d) normalized residual 
plot. In (c) and (d), the electron density is well distributed along I/ within ±3, not informing 

systematic errors or model inadequacies. I/ is dimensionless. 

 

For further characterization of the 14-mer SeClpP at an atomic level, after the last 

purification step, P1 fractions were pooled and concentrated to 10 mg/mL for 

subsequent crystallization trials. The focus on P1 here is justified because it is the 

only active oligomer. To check the degree of monodispersity of the resulting 

sample, it was centrifuged at high speed and submitted to DLS measurements. 

The radius distribution and radius plots in Figures 24a and 24b, respectively, do 

not present any impurities or aggregations that could be deleterious to the crystal 

formation. The calculated hydrodynamic for the protein radius is 5.40 nm. 
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Using variations of a crystallization setup for ClpP from Staphylococcus aureus 

(Sa) composed of NaOAc, MPD, and CaCl2 (Gersch et al. 2012), Table 12, in the 

“Material and Methods” section, was defined to attempt crystallizing SeClpP. The 

precipitant agent MPD is commonly applied in protein crystallography and offers 

the advantage of being a cryoprotectant. This kind of compound exerts a crucial 

role in preserving the integrity of crystals during the cooling process with liquid 

nitrogen (Vera and Stura 2014). Furthermore, this protection avoids the formation 

of a pathology known as “ice ring” that compromises data quality and frequently 

causes resolution loss (Parkhurst et al. 2017). 

After 20 minutes, microcrystals could be seen, and in two days, bigger needle-like 

crystals (Figure 24c) were collected and flash-frozen for X-ray diffraction (Figure 

24d). Data were obtained at the highest resolution of 1.9 Å and the reflection file 

(.mtz) was generated by the software XDSAPP (Krug et al. 2012).  uality check 

by phenix.xtria e did not retrieve any issue or pathology. 

 

 
Figure 24 – Steps prior to X-ray diffraction: (a) Radius distribution and (b) radius plots to 
evaluate the sample monodispersity. (c) Needle-like crystals in a droplet inside a Linbro-
like plate (vapor diffusion, hanging-drop technique) and (d) Single native SeClpP crystals 
prior to X-ray diffraction at different angles. 
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After solving the phase problem with the 14-mer SaClpP as the search model (PDB 

ID: 5C90; homology: 97.95%) by molecular replacement (MR), only one solution 

with high Top-LLG and Top-FTZ values was obtained. Those are metrics to assure 

the statistical confidence and success of the result.  

The “Material and methods” section describes the refinement protocol. Figures 25a 

-25c depict the final crystal structure in several ways. Table 15 has details about 

data collection and statistics. 

Calculation of Matthews probability with the help of the Matthews tool/CCP4 

(Morgan et al. 2015) has shown that 14 subunits are in the asymmetric unit (ASU), 

a region of space in a crystal that contains all the information to describe its 

structure (Xu and Dunbrack 2019), and a Matthews coefficient of 2.50 Å3/Da. The 

assembly's global symmetry is D7-dihedral, its molecular mass is 3129569.28 u, 

and its surface area accessible to solvent is 1048576 Å2. The latter parameters 

were calculated by PyMOL. 

 

 
Figure 25 – Overview of the crystal structure of native SeClpP – P1 (14-mer). (a) Front 
view of the barrel-like structure. (b) Another illustration where 14 molecules of MPD, the 
precipitating agent, are found in each of the protein’s catalytic sites. (c) Two-color scheme 
of the stacked heptameric rings forming the tetradecamer. An internal view of a heptamer 

with 7 MPD molecules and a subunit in yellow. 

Heptameric ring 1

Heptameric ring 2

Subunit

c
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Table 15 – X-ray diffraction data and refinement statistics (native P1 oligomer). 

 
Values in parentheses refer to the last shell. 

 

The compartmentalized analysis of the apo crystal structure reveals essential 

observations. Firstly, the axial pores seem more extended than expected (Figure 

Native SeClpP - P1
Data collection

P11, PETRA III, DESYX-ray source
Pilatus 6MDetector
P 21Space group

Cell dimensions
95.42, 123.66, 126.79a   c (Å)

1.03Wavelength (Å)
48.21  1.90 (1.94  1.90)Resolution (Å)

1613744 (87103)Total reflections
456211 (25528)Total unique reflections

3.5 (3.4)Redundancy
27.83Wilson B-factor (Å2)

0.17 (1.01)Rmeas
0.98 (0.68)CC1/2

2.5VM (Å3/Da)
4.72 (0.58)I/ I
98.59 (96.16)Completeness (%)

Refinement
228269 (13047)Reflections used
2396 (137)Reflections used for Rfree
0.18 (0.25)Rwork
0.22 (0.29)Rfree

No. of atoms
19446protein
112ligand
1641water
31.38Average B-factor (Å2)
30.88macromolecules
34.04ligands
37.09water

R.m.s deviations
0.008bond lengths (Å)
0.96bond angles ( )

Ramachandran
98.46favored (%)
1.54allowed (%)
0.00outliers (%)
8CJ4PDB ID
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26a). Because of the high flexibility of the N-terminal loops that enclose this area, 

the electron density of some of their amino acid residues is missing, and therefore 

they were not modeled. This aspect is also noticed in many other PDB entries 

related to ClpP and obtained from crystals grown in distinct conditions. Then, SAXS 

data assists this work in making conclusions about the gating mechanism of 

SeClpP, and the GASBOR model of the apo protein is demonstrated again in 

Figure 26b for comparison. 

 
Figure 26 – One axial pore, two representations. (a) Given the flexibility of the loops that 
constitute the ClpP’s gating mechanism, they could not be wholly resolved by using X-ray 

diffraction data. Then, the pore looks larger than it really is. Nevertheless, in (b), a low-
resolution a  initio model, even without a view at an atomic level, demonstrates the actual 

dimension of the same region. The diameter, in both cases, is represented by approximate 

values defined with PyMOL. 

 

A complete SeClpP subunit is composed of the following conserved parts: the 

compact and globular body of the monomer (head domain), the N-terminal region 

(gating mechanism and substrate translocation), the active site, and the handle 

region (Figure 27). The allosteric sites, or “hydrophobic pockets,” are delineated 

from the hydrophobic interactions between two vicinal monomers, as seen in 

Figure 28a. In Figure 28b, the lipophilic aspect of the region is presented with two 

adjacent subunits, while the profile of the entire protein is shown in Figure 29.  
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Figure 27 – General view of a SeClpP subunit with its main constituent parts: partial N-
terminal loop (gating mechanism), head domain, E-helix region (connection between the 

opposing rings), catalytic site with a MPD molecule, and C-terminal portion. Zoomed-in 

depiction of the catalytic site with the Ser98-His123-Asp142 triad: the alignment of those 

residues with the formation of hydrogen bonds (black dashed lines) makes the protein 

active for hydrolysis. 

 
Figure 28 – Lipophilicity profile of the contact region between two vicinal subunits. (a) An 
example of a “hydrophobic pocket” is delimited by a black dashed rectangle. (b) In one 
SeClpP subunit, the contact zone responsible for forming the allosteric site is shown inside 

a red dashed rectangle. According to the scale, blue areas are more hydrophilic, and 

brownish portions are more hydrophobic. 

N-terminal loop

C-terminal

E-helix

Catalytic
site

Head domain

2.64  
2.89  
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Figure 29 – Overall lipophilic profile of SeClpP. As seen in (a), the external area of the 
head domain of each monomer is predominantly hydrophilic. At the same time, in (b), the 
allosteric sites (red dashed circles) and the portion surrounding the axial pore are more 

lipophilic, unveiling that hydrophobic interactions constitute the controlling mechanism of 

the pore geometry. (c) Hydrophilic zone of interactions between gly-rich regions protruding 
from monomers in opposing rings, and (d) catalytic cavity with a hydrophobicity around 
0.70, according to the GeoMine server (Diedrich et al. 2024). 
 

The equatorial region of SeClpP is essential for the protein’s state and the 

alignment of the catalytic triads. In Figure 30, the network of hydrogen bonds 

between two opposing subunits is depicted. Those interactions confer stability to 

a b

Chain F

Chain I
Catalytic cavity

c d
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the entire tetradecameric state and keep the geometry of the catalytic sites proper 

for receiving the substrate for posterior deconstruction by hydrolysis.  

 
Figure 30 – Detailed depiction of the connection between two monomers from opposing 
subunits. E-helices are in red, and sticks represent the amino acid residues in the gly-rich 

regions. The hydrogen bonds, as yellow dashed lines, have lengths of approx. 2.8 – 3.0 Å 

and form an ordered secondary structure of antiparallel beta-sheets that support stability 

to a functional ClpP. 

 

The primary features of native SeClpP described hitherto are relevant to the 

upcoming study of the structural and functional characteristics of the SeClpP-ligand 

complex.  

 

4.2. Sample preparation for structural studies on SeClpP-ligand complex 
 . coli has a native ClpP ( cClpP) with considerable peptidolytic activity. Then, to 

confirm that there was no contamination of the sample by the homologous ClpP 

from the expression system, a simple test was performed prior to the further 

experimental steps with the ligand of interest: enzymatic assays with Suc-LY-AMC, 

keeping in mind that this substrate is small enough to diffuse through the closed 

ClpP pores and access the catalytic sites. The control used here was the inactive 

SeClpP mutant, obtained from the replacement of the active Ser98 by Ala98. The 

graph in Figure 31 proves that no peptidolysis is detected in the assay with SeClpP 

S98A. Thus, no  cClpP is present after the purification steps. Moreover, the data 

also demonstrate that the native SeClpP is isolated in its active form without adding 
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any chaperone or modulator, differing from human ClpP (HsClpP) (Kang et al. 

2005) and some ClpPs from gram-negative bacteria (Akopian et al. 2012). 

 
Figure 31 – Peptidolytic assays with the fluorogenic substrate Suc-LY-AMC, the inactive 
mutant SeClpP S98A (red curve), and wild-type SeClpP (black curve). 

 

The wild-type SeClpP and SeClpP S98A mutant were expressed and purified by 

applying the same protocols. If there were contamination with  cClpP, assays with 

the mutant would necessarily display some peptidolytic activity, at least. 

Following the initial analysis with the apo protein, biophysical and biochemical 

experiments were planned and performed to characterize the SeClpP-ligand 

complex. The first part comprises data related to the protein complexed with the 

boron-based compound ixazomib. As DMSO is required to fully solubilize the drug 

used here, nanoDSF, SAXS, and DLS measurements assessed how this organic 

solvent affects the structure and stability of the SeClpP, avoiding any eventual 

issues that may come from the use of this solvent. From nanoDSF, considering the 

range of DMSO concentration between 1% v/v and 14% v/v, the variation of melting 

temperature (TM) is not so pronounced. But certainly, an amount up to 2% v/v 

DMSO would assure a condition closer to the sample free from that solvent, in line 

with the graph in Figure 32. 
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Figure 32 – Effect of DMSO on melting temperature (TM) obtained from nanoDSF 
measurements. 

 

Nevertheless, there was an attempt to reduce the solvent amount as much as 

possible, mainly because of the sensitivity of SAXS measurements. After preparing 

different dilutions with the ligands of interest, it was noticeable that they were stable 

in solution with 1% v/v DMSO.  

In the same way, SAXS data proves whether 1% v/v DMSO induces structural 

changes that could be detected. The Porod-Debye, Kratky-Debye, and SIBLYS 

plots do not display any significant conformational alteration promoted by DMSO 

(Figure 33). 

The Kratky-Debye, Porod-Debye, and SYBILS plots are relevant for qualitatively 

evaluating protein flexibility and conformation (Brosey and Tainer 2019). The 

Kratky-Debye presents the variation of the scattering intensity (I(q)) with the 

scattering vector (q), displaying q2.(q) on the y-axis versus q on the x-axis. In 

addition, the Porod-Debye (I(q).q4 vs q4) indicates alterations in the surface-to-

volume ratio (Rambo and Tainer 2011), and SIBLYS (I(q).q3 vs q3) is sensitive to 

overall shape and flexibility (Hura et al. 2009). In all three graph variants, the 

mathematical transformation makes it possible to recover structural features 

inaccessible directly from the raw scattering curve. They are also dimensionless, 

allowing the comparative analysis of proteins regardless of concentration 

(Receveur-Brechot and Durand 2012). 
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Figure 33 – Dimensionless plots built from scattering intensities measured with samples 
containing apo SeClpP free from DMSO (dark green curve) and apo SeClpP 

supplemented with 1% v/v DMSO (light green curve). 

 

4.3. Structural aspects of SeClpP-peptidomimetic boronate complex at low 
resolution 

Peptidomimetic boronates are valuable tools for basic research and potential 

therapeutic development in multiple areas, as they incorporate suitable 

characteristics: besides the possibility of forming reversible covalent binding, they 

have a high cell permeability (Micale et al. 2013), great selectivity (Zhang et al. 

2016), slow off-rate (Micale et al. 2014), versatility (Diaz and Yudin 2017), and 

synthetic accessibility (Kaldas et al. 2018). 

Ixazomib (Figure 34), the first oral proteasome inhibitor (Gupta et al. 2019), has a 

safety profile of use because of very low rates of neuropathy, an issue commonly 

attributed to other drugs with the same mechanism of action (Kaplan et al. 2017). 

That compound also has improved pharmacokinetics and good oral bioavailability 

(Zanwar et al. 2018). 

Coupled with its boronic acid moiety, the peptidomimetic portion of ixazomib plays 

an important role in the interactions with serine proteases. By mimicking a natural 
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peptide, leucine, the ligand can efficiently bind to the ClpP’s active sites, minimizing 

off-target effects. The same part assists in cell penetration and admits optimization 

for better potency, selectivity, and pharmacological parameters, being a framework 

for medicinal chemistry. 

The dichlorobenzoyl group on the ligand’s sidechain improves the selectivity for 

chymotrypsin-like activity. 

 

 
Figure 34 – Ixazomib molecule with its elemental parts. 

 

For comparison reasons, bortezomib is presented in Figure 35. This compound 

has a similar mechanism to ixazomib, incorporating the same therapeutical 

advantages. However, it is injected subcutaneously instead of administered orally 

(Bross et al. 2004), and its selectivity for proteolytic activity is intermediated by 

phenyl and pyrazine carbonyl groups. Bortezomib’s dipeptide-like backbone is 

derived from 3-methyl-1-butyl (N-terminal) and phenylalanine (C-terminal). These 

parts also influence the pharmacokinetic properties. 

 
Figure 35 – Bortezomib with its elemental parts. 
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For studies on the structural biology of SeClpP-ligand complex, ixazomib is initially 

used for low-resolution analysis by SAXS. Here, tetradecameric and heptameric 

samples are used to visualize whether changes in oligomerization and in the 

degree of extension of the protein occur. Once again, SEC-SAXS was performed 

to demonstrate any peak shift after the drug's incubation.  

The first procedure was to mix P1 and P2 samples and use the resulting solution 

for the measurements. As seen in the chromatogram of the native protein, there 

are two main peaks, representing the different oligomeric states again (Figure 36). 

Afterward, the same procedure is performed with ixazomib addition (1:50 protein-

to-ligand ratio). SEC-SAXS (Figure 36a) and the scattering intensity profiles 

(Figure 36b) show the complete depletion of P2 and a more prominent P1 peak. It 

is evidence that ixazomib, even a canonical inhibitor, is an actor in the induction of 

the assembly of the tetradecameric SeClpP. This situation is intriguing, as for the 

first time, a canonical inhibitor is perceived in this oligomerization process. So far, 

in the scientific literature, ClpP inhibitor was uniquely related to structure 

stabilization (Ju et al. 2020), compactness (Pahl et al. 2015), or the disassembling 

of tetradecamer into its more minor constituents (Gersch et al. 2014a).  

 
Figure 36 – (a) Chromatogram after SEC during SAXS measurements. The red graph 
represents the sample composed of native SeClpP in P1 and P2 states. After incubation 

with ixazomib (1:50 protein-to-ligand ratio), the black graph shows the presence of 

tetradecamers only. (b) Intensity scattering profiles of Native P1, native P2, and SeClpP-
ixazomib complex. s, the scattering vector, as 1/nm. 
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About protein extension, an initial glance comes from the contrast between the 

Guinier plots of the apo P1 and the P1-ixazomib complex found in Figures 37a and 

37b: the second one has higher RG value, validating that it is more extended 

(Figure 37b). The Porod volume (VP) of P1-ixazomib is also larger than the one 

determined for the apo SeClpP (Table 16). VP describes the shape and size of 

protein in solution, and it is a function of the intensity of scattered radiation at zero 

scattering angle (I(0)) and the scattering vector s, following the equation below 

(16): 
 

𝑉𝑃= 2𝜋2.𝐼(0)
𝑠
                                                                                                                        (16) 

 

Essentially, VP auxiliates in comprehending the spatial extent based on the 

intensity of the scattered radiation from biomolecules.  

 
Figure 37 – Guinier plots of (a) native P1 and (b) SeClpP-ixazomib complex. 

 

The dimensionless plots introduced in Figure 38 support the considerations here. 

The Porod-Debye plot demonstrates that the apo P1 (purple curve) is more 

compact than P1-ixazomib complex (green curve), as in the latter case, there is a 

slight decay through a certain range of q4. The gap between the curves in Kratky-

Debye and SIBYLS plots confirms that the ixazomib-free protein (higher curve) has 

a RG value lower than the complex. 
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Table 16 – Experimental SAXS data and statistics. 

 
1 Values calculated on SAXSMoW server (Piiadov et al. 2019). 
2,3,4 Statistical parameters that define the quality of SAXS data. 

 

Native SeClpP  P1 SeClpP-ixazomib

Data collectionparameters

X-ray source PETRAIII, EMBL SP12 beamline
Wavelength (nm)

Detectordistance (m)

Temperature (K)

1840.00 0.931011.00I(0) (P(r) function)

1840.00 5.351018.21 0.91I(0) (Guinier/AutoRG)

1842.881015.57I(0) (SAXSMoW1)

4.50  0.024.38 0.002RG (nm) (P(r) function)

4.60  0.0024.49 0.006RG (nm) (Guinier / AutoRG)

4.574.46RG (nm) (SAXSMoW1)

1.331.30qRG limit (Guinier/AutoRG)

1.301.29qRG limit (SAXSMoW1)

12.6012.43Dmax (nm) (P(r) function)

476010392108Estimated porod volume (Å3)

1.001.00 2 value 2

0.600.37CorMapP-value 3

0.610.88Anderson-Darling test s P-value 4

318.00288.53Molecular mass (SAXSMoW1)

299.15299.15Molecular mass (sequence)

TetradecamerTetradecamerOligomeric state
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Figure 38 – Dimensionless plots with curves related to (a) apo protein with 1% v/v DMSO 
(purple color) and (b) SeClpP-ixazomib complex (green color). 

 

The absence of a plateau in the complex curve means a change in the protein 

structure, with more extended conformations contributing to the scattering. Instead 

of a sharp upturn associated with highly flexible or disordered regions, the smooth 

decay exhibits a gradual change in q4.I(q) with respect to q4 (Figure 38b) The slope 

in the Porod-Debye plot also demonstrates that the extended complex keeps 

secondary and tertiary structures (helices and sheets), and the surface-to-volume 

ratio does not greatly increase as in completely disordered states, only suggesting 

moderate flexibility. The decreased slope is influenced by the cylindrical shape of 

the extended ClpP, once the scattering profile of this kind of structure is a 

consequence of its elongated but ordered nature. 

Differences in curve height in Kratky-Debye and SIBYLS plots add more details to 

the previous considerations. As noticed in these graphs, the complex is 

represented by a curve lower than the one of the ligand-free protein, also 

demonstrating that the drug induces the protein to reach a more extended state. It 

comes to the fact that, in this state, there are less pronounced alterations in 

electron density over short distances and, consequently, in lower overall scattering 

intensity at the same q values. Moreover, the absence of a plateau in Figures 38c 
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and 38d means that the apo protein retains more compactness than the complex, 

but is not fully compacted. 

Additionally, in Figure 39, the dimensionless Kratky plot shows that complex (black 

curve) and apo protein (red curve) are correctly folded. In the plot, two peaks for 

the multimeric architectures can be seen: the first one refers to the primary 

structure characteristics, appearing at around qRG = 1.73 and indicating the initial 

order of the protein with well-defined secondary and tertiary structures. The second 

peak, on the other hand, informs about high-order structures resulting from the 

presence of regions of distinct structural features. The second peak related to the 

complex is slightly dislocated to the right, indicating extension without losing 

secondary structures.  

 
Figure 39 – Dimensionless Kratky plot showing that the second peak of the SeClpP-
ixazomib complex (black graph) is slightly shifted to the right.  

 

To conclude this part of the discussion, it is important to consider that the changes 

observed for protein extension are also detected when the process of protein 

unfolding or the formation of partially disordered structure occurs. The difference 

here lies in how intense the modification is. The presence of unfolded species leads 

to a greater variation of RG values, a more pronounced shift of the second peak in 

the dimensionless Kratky plot to higher qRG values, and more significant deviations 

from the plateau behavior in Porod-Debye, Kratky-Debye, and SYBYLS plots. 

In addition to the SAXS analysis, DLS measurements (Figure 40) show a 

discrepancy in the hydrodynamic radius of P2, before (Figure 40a, black bar) and 
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after (Figure 40a, gray bar) the incubation with ixazomib, confirming the 

oligomerization process. The same parameter attests that the complex (Figure 

40b, gray bar) is more extended than apo P1 (Figure 40b, black bar). 

 
Figure 40 – (a) Rh variation calculated for the sample with native P2 before (black bar) 
and after incubation with the ligand (gray bar). (b) Rh variation calculated for the sample 
with native P1 before (black bar) and after incubation with the ligand (gray bar). t-test 

shows that the changes in both cases were significant: (a) p = 0.0363 (p < 0.05) and (b) p 
= 0.0004 (p < 0.05). 

 

As noticeable above, the RG and Rh values of the complex are, in fact, higher than 

those associated with the ligand-free protein. Once again, the presence of DMSO 

does not seem to affect the structure. 

In a more compacted folded and globular protein, such as the apo ClpP, the atoms 

are tightly packed together, which makes the RG smaller. Thus, the mass is 

distributed closer to the center of mass, making it more centralized. On the 

contrary, in more extended ClpP, the atoms are spread through a larger volume 

with a higher distance between them and a consequent larger RG.  

Studies with ClpP from Staphylococcus aureus (SaClpP) and ADEP demonstrated 

alterations in the RG values after the complex formation with consequent activation 

of proteolysis (Gersch et al. 2015). Comparing the changes here with the ones from 

this publication is a way of perceiving how analogous the protein extension 

triggered by a canonical ClpP activator and peptidomimetic boronates is. In the 

cited publication, the activation of the enzyme is followed by its extension in the 

same way that it was noticeable here. 
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DSF results (Figure 41) were also considered to develop a complete explanation 

of what was observed until this point. Primarily applied to investigate protein 

stability under distinct conditions, it is sought to visualize variation in the melting 

temperature (TM). In this context, the first derivative peaks calculated from the 

measurements are of great relevance. They represent the rate of change of 

fluorescence intensity while the temperature increases. It is an outcome of the 

unfolding process of ClpP, promoting the exposition of tyrosine and tryptophan, 

residues capable of absorbing UV light at 280 nm and emitting fluorescence at 

wavelengths typically around 305 – 310 nm (Khan et al. 2021). 

The nanoDSF’s output data is normally dependent on the protein-to-ligand ratios 

and, in terms of ixazomib, an unexpected characteristic is noted at low 

concentrations. Between 20 – 78 µM (1:2 to 1:7.8 protein-to-ligand ratios), a set of 

two peaks are seen: one with a melting temperature similar to the apo protein 

(51°C) and another one with TM higher (60 – 68°C). As more ixazomib is added, 

the first peak starts shrinking until its complete disappearance. The remaining one 

shifts to the right (higher TM), demonstrating increased protein’s thermostability. 

 
Figure 41 – First derivative peaks obtained from nanoDSF measurements. At low protein-
to-ligand ratios, there are two peaks for two different states. At higher ixazomib 

concentrations, one predominant peak is observed at high TM values. 

 

At low protein-to-ligand ratios, the peak on the left corresponds to the unbound 

state, and the one on the right is the bound state, with their unfolding transition 

resulting from distinct stabilities. Published ITC studies with peptidomimetic 

boronates corroborate this interpretation. They are based on the customization of 

a mathematical model to describe the change from a tense ClpP (unbound) to a 
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relaxed ClpP structure (bound), at different drug concentrations (Felix et al. 2019). 

In the work, as more bortezomib was added, more relaxed and extended structures 

were present. Nevertheless, until they became predominant in the sample, another 

group composed of tense ClpP state was also detected. 

4.4. Preparation of studies on SeClpP-ixazomib complex in solid-state 
To obtain the complex and analyze it in detail, there are two fundamental 

techniques in protein crystallography known as soaking and cocrystallization. 

When displayed at high resolution, binding modes and non-covalent interactions 

give valuable insights into how protein-drug structures are relevant for 

pharmacology. 
In the soaking process, a crystal of the apo protein is soaked in a solution 

composed by the reservoir solution and the ligand of interest at high concentration. 

In this case, a relevant aspect is the solvent content found in the protein crystal. 

This parameter refers to the volume occupied by the solvent molecules, in 

opposition to the protein molecules themselves, and this knowledge demonstrates 

if there are enough diffusion pathways for the drug to penetrate the crystal and 

access the binding sites. The speed of this penetration can also be estimated using 

this information. Besides that, a proper solvent content tends to maintain stability 

during soaking, avoiding cracking, dissolution, or distortions caused by 

conformational changes.  
In mathematical terms, the solvent content is calculated from the following equation 

(17):  
 

𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  [1 − (1.23
𝑉𝑀

)]                                                                            (17) 

where  

 VM is the Matthews volume. 

 

Nevertheless, VM depends on Vc, which is the volume of the unit cell and therefore 

derived from its parameters: lengths of the edges (a,  , c) and the angles (, , ). 

If the crystal system is monoclinic like in SeClpP (P 21), then a = b = 90° and g ≠ 

90° and the Vc calculation is as follows (18):  
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𝑉𝑐 = 𝑎. 𝑏. 𝑐                                                                                                                                            (18) 
Thus, VM is given by (19):  
 

𝑉𝑀=
𝑉𝑐

𝑁.𝑀
                                                                                                                   . 

(19) 
where  

          Vc is the volume of the unit cell.  

          M is the molecular weight of the protein.  

          N is the number of molecules in the asymmetric unit.  

 

Since the solvent content is approx. 49%, SeClpP crystal is in the class of moderate 

solvent content (40% - 60%), facilitating good diffraction properties and adequate 

space for interactions and flexibility.   

Based on that, after growing and harvesting, some apo SeClpP crystals were 

collected and submitted to soaking with 10 mM ixazomib, in the crystal’s reservoir 

solution, hampering any crystal loss by alterations of solution composition and the 

physicochemical environment (mainly the pH value). 

The soaked crystals were removed after 1 hour and immediately frozen for ulterior 

data collection. With X-ray diffraction data, the crystal structure of the SeClpP-

ixazomib complex, after molecular replacement (search model’s PDB ID: 3V5E; 

homology 98.45 %)and refinement procedures, is depicted in Figure 42. Table 17 

brings X-ray diffraction details and refinement statistics for the complex. 

 
Figure 42 – Crystal structure of SeClpP-ixazomib complex and a ligand molecule bound 
to one of the ClpP’s catalytic sites. 
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Table 17 – X-ray diffraction data and refinement statistics (SeClpP – ixazomib). 

 
    Values from the last shell are presented between parentheses. 
    1Ligands: ixazomib molecules and acetate ions. 

SeClpP  ixazomib (soaking)
Data collection

P11, PETRA III, DESYX-ray source
Pilatus 6MDetector
P 21Space group

Cell dimensions
94.96, 123.16, 125.24a   c (Å)

1.03Wavelength (Å)
47.94  2.33 (2.41  2.33)Resolution (Å)

856843 (85183)Total reflections
123893 (12335)Total unique reflections

6.9 (6.9)Redundancy
40.15Wilson B-factor (Å2)

0.14 (1.30)Rmeas
1.00 (0.61)CC1/2
2.37VM (Å3/Da)

12.85 (1.56)I/ I
99.93 (99.96)Completeness (%)

Refinement
123871 (12336)Reflections used
1768 (176)Reflections used for Rfree
0.21 (0.30)Rwork
0.22 (0.33)Rfree

No. of atoms
19005protein
322ligands1

579water
45.98Average B-factor (Å2)
45.75macromolecules
57.45ligands1

47.13water
R.m.s deviations

0.01bond lengths (Å)
1.14bond angles ( )

Ramachandran
98.25favored (%)
1.75allowed (%)
0.00outliers (%)
8 YFPDB ID
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4.5. SeClpP function under ixazomib modulation 
Once the SeClpP-ixazomib complex was preliminarily explored at low and high 

resolutions, it is interesting to evaluate the impact of ixazomib on the SeClpP 

function. Initially, various enzyme concentrations were evaluated through the 

fluorescence increase from the hydrolysis of Suc-LY-AMC over time (Figure 43a). 

Curves built in this procedure were submitted to linear fit, and the initial velocities 

(V0) are the angular coefficients of the generated equations. V0 is critical to 

determine the SeClpP concentration for the assays, as at the very beginning, side 

reactions are scarce, and the levels of protein and substrate can be considered 

constant. Although linearity is seen in all curves, it was decided to proceed with 0.5 

µM SeClpP (Figure 43b). 

 
Figure 43 – (a) Fluorescence assays with different SeClpP concentrations. (b) Linear 
fitting with the initial velocity (V0) for each one of the SeClpP concentrations in (a). FI 
means fluorescence intensity. 

 

Michaelis-Menten equation describes how the reaction rate (V) is related to the 

substrate concentration ([S]). The mathematical model that establishes this 

relationship is as follows (20): 

 

𝑉 =  𝑉max [𝑆]
𝐾𝑚+[𝑆]

                                                                                                                   (20) 

 

where 

Vmax represents the maximum reaction rate when the enzyme is fully 

saturated with the substrate. 

Km is the Michaelis-Menten constant. 
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[S] is the substrate concentration. 

 

The kinetic model of SeClpP has a Michaelis-Menten behavior, yielding a 

hyperbolic curve with a correlation coefficient 0.99. Km, the substrate concentration 

associated with the half of Vmax, is 145.8 ± 15.9 µM. Vmax is 603.5 ± 23.8.  Based 

on Km, the substrate concentration was defined for the assays: 150 µM. 

After the operational concentrations of the enzyme and substrate were defined, 

reactions within a range of pH and temperature values were performed. According 

to Figure 44, the best conditions for SeClpP are pH 7.5 (Figure 44a) and 36°C 

(Figure 44b), defining this protein as an alkaline peptidase and mesophilic.  

 
Figure 44 – Determination of optima pH and temperature values for assays with SeClpP. 
FI is fluorescence intensity. 

 

The biochemical study on SeClpP modulation by ixazomib started with 

peptidolysis. It is particularly significant for checking activity alteration with shorter 

oligopeptides as substrates. Hence, the initial focus is not on the geometry of the 

axial pores, but on eventual changes promoted by the ligand at the level of the 

catalytic sites. In Figure 45a, starting from low protein-to-ligand ratios, 

paradoxically, the degradation of Suc-LY-AMC increases up to 1:3 (SeClpP-to-

ixazomib ratio). At higher ligand concentrations, the opposite happens, and the 

inhibitory effect becomes predominant. Along these lines, ITC measurements with 

SeClpP and ixazomib were performed, and its interpretation is analogous to the 

one based on nanoDSF, indicating the transition to a more extended 

biomacromolecule with the existence of two states at low protein-to-ligand ratios. 

In Figure 45b, the fitted curve can be divided into two portions where distinct 

regions of enthalpy variation (H) are noticed. This characteristic results from a 
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cooperative mechanism that alters the binding affinity, and it is a consequence of 

geometrical modifications of the catalytic region. The H, when the measurements 

started (step 1), shows an intense exothermic process associated with protein 

stabilization and conformational modifications leading to an extended state with the 

formation of new interactions between protein and ligand. Furthermore, the second 

enthalpy variation (step 2), also with heat release, brings information about a 

complex binding process, where protein extension accompanies the protein-ligand 

interactions, generating multiple phases of binding events, each one with particular 

enthalpy contributions. 

 
Figure 45 – (a) Degradation of Suc-LY-AMC in the presence of different ixazomib 
concentrations. Lower protein-to-ligand ratios result in the enhancement of peptidolysis up 

to 1:3. In sequence, as more ligand is added, only inhibition is observed. This dual 

modulation is justified by (b) ITC measurements: when the drug starts populating the 
protein, a cooperative effect happens with heat release. At this stage, the peptidolytic 

activity increases until a second process of heat release is noted, and then the inhibitory 

effect becomes predominant. 

 

As demonstrated in Figure 46, the peptidomimetic portion of ixazomib interacts, via 

hydrogen bonds, with important residues (His123, Met99, Gly69, Val71, and 

Leu126), promoting an optimized conformation for the access and hydrolysis of the 



102 
 

substrate. Considering the reversible covalent bond between the ligand and Ser98, 

the catalytic triad becomes free for catalysis. 

In the Appendix, section A7, ixazomib is shown in each one of the 14 catalytic sites 

of SeClpP. 

 
Figure 46 – Interaction between ixazomib and SeClpP: While the boronic acid moiety is 
covalently bound to Ser98, the peptidomimetic portion forms hydrogen bonds with 

important amino acid residues in the vicinity of the catalytic triad, making the entire protein 

structure more stable and optimizing its function. Ixazomib is shown with the 2Fo-Fc 

electron density at 1.5.  

 

Assays with −casein have shown that ixazomib dysregulates the proteolysis as 

well. In Figure 47, the proteolytic function is only perceived at 500µM ixazomib 

(Figure 47b) (1:50 protein-to-ligand ratio) and 1000 µM (Figure 47c) (1:100 protein-

to-ligand ratio), and not with 200 µM ixazomib (Figure 47a). To contrast with the 

modulation triggered by an activator bound to the “hydrophobic pockets”, the 

reaction with SeClpP and ONC206, an imipridone compound (Jacques et al. 2020), 

was performed at a 1:1 protein-to-ligand ratio, and the substrate was completely 

degraded as soon as this ligand was added. 

In this comparison, another conclusion appears: reactions with ONC206 and 

ixazomib generate different profiles of degradation products. The imipridone 

modulation results in products with molecular weights lower than the compounds 

produced by ixazomib activation. It is hypothesized that the presence of the boron-

based compound in the catalytic sites, although it dysregulates ClpP activity, has 

His123

Met99

Gly69

Val71

Leu126
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the potential to cause some steric hindrance, influencing the processive hydrolysis 

of the products to shorter oligopeptides. 

 
Figure 47 – 15% SDS-PAGE after reactions with β-casein monitored for a period of 60 
minutes. (a) ixazomib and SeClpP concentrations: 200 µM and 10 µM, respectively; (b) 
ixazomib and SeClpP concentrations: 500 µM and 10 µM, respectively; (c) Comparative 
experiment with ixazomib (1 mM) and ONC206 (10 µM), where it is noticeable that the 

MWs of product fragments vary, in accordance with the ligand used. A possible explanation 

for this difference is that ixazomib occupies the catalytic sites, affecting the processive 

degradation of the substrate. ONC206 only binds to the allosteric regions. Degradation 

products of low molecular weight can be clearly seen in (b) and (c).  t= 0 min corresponds 
to the time point with no incubation, but until the complete denaturation of the protein prior 

to the SDS-PAGE, -casein degradation happened in the quick reaction with ONC206.  

4.6. Comparative analysis of two mechanisms of ClpP activation: 
peptidomimetic boronate and the mutant SaClpP Y63A. 

The orientation of the Asn42 residue is one of the indicators of the opening of the 

gating mechanism of the ClpP’s axial pores and the proteolysis activation, 

subsequently. In a general manner, ADEP molecules bound to the “hydrophobic 

pockets” induce the shift of the Asn42 sidechain from an “up” to a “down” position. 

This process is also pivotal in assuring an adequate configuration of the proteolytic 

chamber. 

The inspection of the open ClpP proves that the orientation shift of Asn42 proceeds 

the same way. Besides that, in the “down” position, Asn42 is farther away from 

Tyr21, indicating another feature involved with the dysregulation of ClpP function. 

Apart from the previous context, there is a difference between ClpP-ADEP and 

ClpP-peptidomimetic boronate complexes: in the first structure, the Asn42 residue 

is in “down” position in all the subunits. In the second case, the same setup is seen 
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in some of the subunits. A publication based on experiments made with a S. aureus 

ClpP mutant, SaClpPY63A (Ni et al. 2016), is another example proving that the 

activation occurs, even if the change is not propagated through every monomer. 

The residue Y63 is involved in hydrogen bonding within the tetradecameric ClpP, 

being essential for the allosteric network connected to protein activation. Then, 

interactions between Y63 and ATPases or compounds like ADEP play a major role 

in the orientation of the N-terminal loops for the translocation of globular proteins 

to the catalytic chamber. However, the replacement of Y63 by an alanine (A63) 

propagates a “domino effect” until Asn42 residues, leading them to “down” position 

in some ClpP subunits. Like in SeClpP-ligand complex, this is enough to initiate 

proteolysis. A ClpP subunit from SaClpPY63A and one from SeClpP-ixazomib 

complex are depicted in Figure 48. 

 
Figure 48 – (a) SeClpP-ixazomib complex, (b) SaClpPY63A mutant, and (c) native 
SeClpP. In (a) and (b), the Asn42 residue is in “down” position, indicating that the structure 
is active for proteolysis and open for the access of globular proteins, and explaining the 

observations in Figure 47. Conversely, the “up” Asn42 in apo SeClpP reflects the closed 

nature of (c). 

4.7. Effects of chemical chaperones on SeClpP function 
Although there are many similarities in amino acid sequences and tridimensional 

conformations among ClpPs from various source organisms, minor distinctions 

may antagonistically influence the affinity for ligands and the oligomeric state. In 

order to illustrate this context, there are some empirical discoveries to be 

considered: experiments with ClpP from human mitochondria (HsClpP), one 

unique variation of an amino acid residue in the hydrophobic pockets was crucial 

for the discovery of an organism-specific activator (Stahl et al. 2018). Apart from 

that, mutations of key residues determine the dismantlement of the active state of 

ClpP into their constituent parts. Experiments with SaClpP, where the Asp142 from 

the catalytic triad was substituted by an Asn, led to a compact tetradecamer. 
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Asp142 is involved in a network of interactions that affects the connection between 

opposing subunits. Nonetheless, after the protein is complexed with the compound 

ADEP, the structural change is revoked, and SaClpP extends again (Gersch et al. 

2015). This single example reveals how complex the mechanisms behind the ClpP 

dynamics are. 

In this regard, secondary compounds like buffer constituents and precipitant agents 

can also exert a similar influence. MPD was perceived to form hydrogen bonds to 

His123 from the ClpP’s catalytic triad. Even if that chemical may not be considered 

relevant for discovering and synthesizing novel antibiotics, its interaction with the 

enzyme can bring helpful information for structural biology. However, in many PDB 

entries, for example, the electron density characteristic of MPD is noticeable, but it 

is kept empty in the depositions. 

At low pHs, the imidazole group in the side chain of His123 is flipped away from 

Ser98, and the overall structure gets compressed and inactive (Ripstein et al. 

2020b). When this observation is linked to the fact that ClpP is inactive under acidic 

conditions, a question arises: could MPD avoid conformational changes under low 

pHs, keeping the protein extended? Information extracted from other crystal 

structures is significant for this discussion. In a publication with two crystal 

structures of SaClpP obtained in a crystallization condition without MPD, results 

demonstrated that, at pH 3.5, the macromolecule is in a compressed state. 

Moreover, cryo-EM structures of ClpP from  eisseria menin itidis ( mClpP) have 

structural differences when the pH changes slightly from 8.5 to 7.0 (Ripstein et al. 

2020b). Similarly, in cryo-EM experiments with ClpP from Bacillus su tilis 

(BsClpP), structures at pH 4.2 and 6.5 were compressed and extended, 

respectively. In Figure 49, there is the multiple sequence alignment (MSA) with 

SeClpP, SaClpP,  mClpP, and BsClpP.  
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Figure 49 – MSA with assigned secondary structures of SeClpP and its homologs: SaClpP 
(PDB: 3 WD), BsClpP (PDB: 3TT6), and  mClpP (PDB: 7KR2). Identical, similar and 

non-conserved regions are highlighted in red boxes, red letters, and black letters 

respectively. There are no considerable variations in the E-helix (5) and gly-rich portion 

(7), regions involved in the heptamer-heptamer interactions. The residues of the catalytic 

triad, Ser98-His123-Asp172, are indicated by green asterisks. Sequence alignment was 

performed by EsPript3 server (Robert and Gouet 2014). 

 

MPD may have a role in the stabilization process, as it keeps the “active” position 

locked, where the distances between the atoms His123-N1 and Ser98-OD1 are 

typical of a hydrogen bond (Figure 50a). It also plays a role in the extension of the 

E-helices, and this mechanism promotes a favorable situation for the formation of 

hydrogen bonds in the gly-rich region of the opposing subunits. The same region, 

when in compact and compressed states, is not a beta-sheet anymore, and the E-

helix gets kinked (Figure 50d). Because of this characteristic, Ser98 and His123 

are approx. 8 Å apart, and therefore the protein is inactive (Figure 50b). 

*

* *
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Figure 50 – (a) Catalytic triad of SeClpP where the amino acid residues Ser98-His123-
Asp172 interact via hydrogen bonds (active and extended conformation). On the other 

hand, in (b), His123 is flipped and far away from Ser98 (inactive and compressed 
conformation) in SaClpP (PDB: 3 WD). (c) shows that the gly-rich region and E-helix are 
organized in the extended SeClpP. Stabilizing hydrogen bonds are in yellow (c), and the 
disordered gly-rich region and kinked E-helix in the compressed state are highlighted in 

(d). 
 

In the same direction, another common compound was found to be significant for 

characterizing SeClpP: glycerol. The initial motivation for selecting this triol was its 

effect on the purification of the ClpP from Bacillus su tilis (BsClpP) (Gersch et al. 

2015). As ventilated previously, the modification of the sample environment has the 

potential to modify the protein’s state, not only the extension or compactness 

degree of the structure of the two-stacked heptameric rings, but also how many 

oligomers are in equilibrium. Then, in the case of BsClpP, it turned out that glycerol 

Kinked
E-helix

c d
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caused the isolation of the enzyme as 14-mers, while in the absence of this 

chemical, monomer species could be detected as well. 

When SeClpP was solubilized and purified with a buffer containing 20% v/v 

glycerol, a similar result was obtained: in SEC chromatogram (Figure 51a), the 

curves representing samples with and without the triol can be compared. In the first 

configuration (black chromatogram), there are the peaks P1 (tetradecamer) and 

P2 (heptamer) as beforehand. Conversely, in the latter one (red chromatogram), 

the P1 was the major peak, and only a small amount of monomers was present 

(represented with an  ).  

Another aspect is that the P1 with glycerol was eluted slightly earlier than the P1 

free from it. This could be linked to an eventual protein extension, which would alter 

its hydrodynamic volume. Then, DLS measurements were performed on both 

samples, and the one with the chemical chaperone is associated with a RH = 6.2 

nm, while the other value for the glycerol-free SeClpP was RH = 5.3 nm, 

approximately (Figure 51b), confirming the aforementioned hypothesis.  

 
Figure 51 – Impact of glycerol, a common chemical chaperone, on the SeClpP state and 
hydrodynamic radius (RH). (a) SEC chromatograms represent the samples free from 
glycerol (black curve) and containing it (red curve). In the second case, P1 starts being 

eluted earlier, and DLS measurements in (b) demonstrate that its RH is approx. 17% 
higher. 

 

The logic behind glycerol's effect is linked to its role as a chemical chaperone, 

stabilizing proteins in their native structure. T-ramp studies with DLS indicate that 

SeClpP becomes more thermostable in the presence of that agent, and this feature 

can be demonstrated in the magnitude of the onset temperature (Tonset). Tonset is 
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related to the beginning of protein aggregation, during the system’s heating. 

Therefore, at Tonset onwards, the hydrodynamic radius drastically increases, 

depending on the protein’s characteristics. In Figure 52, the curve representing the 

ClpP with glycerol shows that Tonset is 4°C higher in this case.  

 

 
Figure 52 – T-ramp experiments with (a) SeClpP P1 free from glycerol (red curve) and (b) 
with 20% w/v glycerol (black curve). The Tonset for each set of measurements is presented 

here. Rh is the hydrodynamic radius in nanometers. 

 

An additional question is how or if the structural modifications impact the enzyme’s 

function. Then, assays with Suc-LY-AMC were performed (Figure 53). In addition 

to the control without the triol in question, 0% w/v, reaction mixtures with four 

different concentrations were prepared: 2% (w/v), 5% (w/v), 10% (w/v), and 20% 

(w/v). At the lowest concentration, there was already a considerable increase in 

substrate degradation: more than 30%. Increases in activity were observed up to 

10% (w/v) and a small decrease at 20% (w/v). Although the latter concentration 

has a more prominent effect in terms of structural alteration, a large amount of 

glycerol can hinder the interaction between protein and substrate. 
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Figure 53 – Enzymatic assays with different glycerol concentrations. 

 

From this graph, an approach based on X-ray crystallography showed something 

not yet seen in a high-resolution model: a glycerol molecule interacting via 

hydrogen bonds with the His123 side chain, particularly with the N2 nitrogen, 

inducing the proper orientation for the substrate’s hydrolysis. Other hydrogen 

bonds are formed with the residues Gly69 and Leu126, which are essential to 

maintain the proper geometry of the catalytic sites and the macromolecule’s 

oligomerization. Any interference in the structural network involving both residues 

and His123 (Figure 54) is expected to affect the modulation of the enzymatic 

activity.  

 
Figure 54 – Details of the ClpP’s catalytic site with glycerol and details of the network of 
hydrogen bonds with His123, Gly69, and Leu126 (yellow dashed lines). The hydrogen 

bonds in the catalytic triad are depicted as black dashed lines. 

 

Glycerol

Ser98

His123

Asp172

Gly69

Leu126

2.6  2.8  
2.9  

2.5  
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Like in the native ClpP without glycerol, hydrogen bonds stabilize the stacking of 

the two heptameric rings. In this regard, only one difference is noted: instead of 

having six bonds, there are seven now, resulting in more stability to the 

tetradecameric and extended conformation (Figure 55). 

 
Figure 55 – Visualization of the network of hydrogen bonds (yellow dashes) connecting 
two opposing SeClpP subunits and the two heptameric rings, consequently. On the right 

side, the location of the extra bond is located within the ellipsis: it is the result of the 

interaction between the side chain of Gln130 and the backbone of Gly128.  
 

Table 18 shows X-ray diffraction data and refinement statistics for SeClpP bound 

to glycerol. The phase problem was solved my molecular replacement, using the 

tetradecameric SaClpP (PDB ID: 3V5E; homology: 98.45%) as search model. 

From this point, other questions arise: could this chemical chaperone somehow 

alter how peptidomimetic boronates modulate ClpP? Would there be any 

synergism between them, or would one cancel out the impact of the other? The 

enzymatic assays with Suc-LY-AMC (Figure 56) shed some light on those queries. 

Prior to the assays, ixazomib was added to the sample supplemented with 10% 

(w/v) glycerol, and the resulting solutions were incubated in the plate reader at 

36°C, for 30 minutes. Control without ixazomib was also used, following the same 

protocol as the previous incubation. Subsequently, the fluorogenic substrate was 

added as well, and then the reading of the fluorescence intensity was collected for 

60 minutes. At the end of it, preliminary graphs indicated an interesting profile: the 

initial velocity in samples with glycerol was slower than in control. Regardless of 

the ligand concentration, the increase in peptidolysis was no longer observed at 

lower protein-to-ligand ratios.  
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Table 18 – X-ray diffraction data and refinement statistics (glycerol supplementation). 

 
  Values in parentheses refer to the last shell. 
  1Ligands: glycerol and MPD molecules. 

Native SeClpP  20  (w v) glycerol
Data collection

P13, EMBL, PETRA III, DESYX-ray source
EIGER 16MDetector

P 21Space group
Cell dimensions

93.61, 123.99, 126.69a   c (Å)
0.83Wavelength (Å)

55.68  2.39 (2.47  2.39)Resolution (Å)
717210 (65430)Total reflections
114288 (11339)Total unique reflections

6.3 (5.8)Redundancy
44.96Wilson B-factor (Å2)

0.10 (0.79)Rmeas
1.00 (0.82)CC1/2
2.37VM (Å3/Da)

13.18 (2.46)I/ I
99.90 (99.94)Completeness (%)

Refinement
114252 (11338)Reflections used
5701 (582)Reflections used for Rfree
0.20 (0.26)Rwork
0.23 (0.33)Rfree

No. of atoms
19327protein
172ligands1

562water
48.34Average B-factor (Å2)
48.27macromolecules
55.36ligands1

48.46water
R.m.s deviations

0.005bond lengths (Å)
0.77bond angles ( )

Ramachandran
98.09favored (%)
1.87allowed (%)
0.04outliers (%)
9FSWPDB ID
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Figure 56 – Enzymatic assays with Suc-LY-AMC, ixazomib, and 10% (w/v) glycerol. 
Control (0) is a sample free from ixazomib. 

 

For better elucidation, ITC measurements (Figure 57) added a complementary 

perspective. In this case, the curve has a traditional “S” shape, and a second region 

of enthalpy variation could not be observed. This antagonist behavior can be 

explained because glycerol optimizes already the geometry of the catalytic region. 

Then, the same positive contribution exerted by ixazomib in ClpP without that 

compound does not exist anymore. 

 
Figure 57 – ITC measurements with different ixazomib concentrations added to a ClpP 
sample supplemented by 10% (w/v) glycerol. After curve fitting, the following parameters 

were calculated: N = 9.53 ±0.0993 sites, K = 1.86E5 ±1.99E4 M-1, H= -1.390E4 ±198.0 

cal/mol, and S= -20.8 cal/mol/deg.   
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5. Conclusions 
The present work contributes to the understanding of the ClpP modulation by 

boron-based compounds. Given the chemical properties of boron, boron-

containing drugs have an intense appeal in healthcare research, especially when 

it comes to controlling undesirable enzymatic activities. This kind of ligand has 

arisen as efficient inhibitors capable of promiscuously binding to different 

proteases.  

Since 2019, it has been known that peptidomimetic boronates cause an 

unexpected modulation of ClpP activity. At that point, data was demonstrated to 

elaborate answers to the observations, but no explanation, at atomic level, was 

provided in a sufficient manner. Now, with SeClpP-ixazomib complex, it was 

possible to visualize not only the interaction restricted to the catalytic sites, but also 

how the orientation of a key and remote amino acid residue, Asn42, varies, 

signalizing the activation of proteolysis. At the first time, SeClpP-peptidomimetic 

boronate and the active mutant SaClpP Y63A were compared, and the similarity of 

two distinct activation pathways could be attested. 

The present study also shows how important the peptidomimetic portion is for 

triggering the modulation process. This part is essential for the geometric 

organization of the catalytic site. 

Apart from the ClpP function, an oligomerization shift induced by ixazomib was 

identified. This ligand interacts with amino acid residues crucial for the protein 

oligomerization and function. In this scenario, SEC-SAXS data showed the 

predominance of the 14-mer structure in samples with the drug because of the 

assembly of the barrel-like structure from its tetradecamers. Besides that, the 

dimensionless plots based on this low-resolution approach unveiled an 

orchestrated structural extension characteristic of open ClpPs capable of 

degrading globular proteins in a dysregulated fashion. The stabilization of this state 

bound to ixazomib explains why, in experiments with SDS-PAGE, it was possible 

to see the decomposition of -casein. 

The part referring to the use of glycerol also brings important conclusions to studies 

on ClpP. The use of this triol indicates that the sample environment can influence 

the interpretation about the interaction between the protein and drug. The addition 

of a simple compound, such as a precipitant agent like MPD, results in 
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interferences in the enzyme’s geometry and, consequently, the outcomes obtained 

from ClpP-ligand complexes. According to this perspective, it is recommended to 

use buffer with chemical chaperones, or even with different physicochemical 

conditions, to make better conclusions related to structure and functional features 

of ClpP modulated by drugs of interest. 

The available results have raised some relevant queries, too. Is it possible to 

observe a synergy between canonical activators and peptidomimetic boronate? 

Assays with ONC206 and ixazomib, or bortezomib, could give some insights into 

any cooperation between those two types of activators, maybe proving the 

existence of a new pathway for the dysregulation of ClpP proteolytic activity. 

Finally, adopting ClpP microcrystals (Figure 58) in time-resolved serial 

crystallography is a possible strategy to analyze the kinetics behind the binding 

process with peptidomimetic boronates and ClpP. This way, the dynamics of 

structural changes could be more explicit, providing valuable information for the 

development of novel scaffolds for the design of drugs capable of treating microbial 

infections, no matter if the responsible strain is multi-drug resistant or protected by 

biofilms. 

 
Figure 58 – Microcrystals of native SeClpP suitable for time-resolved serial 

crystallography. 
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Appendix  
 

A1. Chemicals and Hazards 
The symbol of each GHS code is shown in A3. 

Table A1 - Chemicals with their respective HP-statements 
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P-statementsH-statementsGHS codeChemical

P260 - P273 - P280
H300 - H315-
H319 - H361 -
H372 - H411

GHS06, GHS08,
GHS09Ammonium sulfate

P210 - P280 -P370+
P378 - P403+ P235 -
P501

H227GHS07Bortezomib

P210 - P264 - P280 -
P302+ P352 -P305+
P351+ P338 - P321 -
P337+ P313 - P362 -
P403+ P235 - P501

H227 - H315 -
H319GHS07Coomassie brilliant

blue R 250

P301+ P312+ P330
- P305+ P351+
P338

H302 - H315 -
H319GHS07Dimethyl sulfoxide

P280 -P305+ P351+
P338 - P337+ P313H319GHS07Dithiothreitol

P210 - P233 -P337+
P313 - P370+ P378 -
P403+ P235 - P501

H225 - H319GHS02, GHS07Calcium chloride

P234-P390H290GHS05, GHS07Glycerol

P280 - P303+ P361
+ P353 - P304+
P340 -P305+ P353+
P338 - P310

H290 - H314 -
H335GHS05, GHS07Hydrochloric acid

P201 P202 P261
 P264 P270 
P271  P272  P273
 P280 P301 +
P310  P302 + P352
 P304 + P340 
P305 + P351 + P338
 P308 + P313 
P310  P333 + P313
 P362 + P364 
P403 + P233 P405
 P501

H301  H311  
H331  H315  
H319  H340  
H350  H372

GHS06, GHS07,
GHS08Acrylamide
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P-statementsH-statementsGHS codeChemical
P210-
P305+P351+P338 -
P312-P370+P378 -
P403+P233 -
P403+P235-P501

H225-H319-H336GHS02, GHS07

4-(2-
hydroxyethyl)piperazin
-1-ylethanesulphonic
acid

P261 P264  
P270  P280  
P305 + P351 +
P338 P302 +
P352  P332 +
P313

H315  H319  
H335GHS07Isopropyl- -D-

thiogalacto-pyranoside

P261-
P305+P351+P338

H302-H315-H319-
H335GHS07Ixazomib

P280-
P305+P351+P338 -
P308+P313

H315-H319-H361dGHS07, GHS082-Methyl-2,4-
pentanediol

P201  P202  
P261  P264  
P270  P271  
P280 P301 +
P312  P302 +
P352  P305 +
P351 + P338 
P308 + P313 
P405  P501

H302  H315  
H319  H335  
H341 - H351

GHS07

N-(3-carboxyl-1-
oxopropyl)-L-leucyl-N-
(4-methyl-2-oxo-2H-1-
benzopyran-7-yl)-L-
tyrosamide

P403H280GHS04Nitrogen
P201  P202  
P261  P264  
P270  P271  
P280  P301 +
P312  P302 +
P352  P305 +
P351 + P338 
P308 + P313 
P405  P501

H302  H315  
H319  H335  
H341 - H351GHS07, GHS08ONC206

P261 - P264 - P270
- P271 - P280 -
P302+ P352 -P304
+ P340 -P305+
P351+ P338 -P321
- P330 - P337 -
P362+ P364 -P403
+ P233 - P405 -
P501-

H302-H315-H319-
H335GHS07Tavaborole
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P-statementsH-statementsGHS codeChemical
H315  H319  
H335GHS07Tris(hydroxymethyl)

aminomethane

P264  P280 P305
+ P351 + P338 
P337 + P313

H319GHS07Sodium acetate

P270-P280-
P302+P352-
P305+P351+P338-
P321-P330-P501

H302-H315-
H318GHS05, GHS07Sodium dodecyl

sulfate

P264  P270Sodium chloride

P233-P280-
P303+P361+P353-
P305+P351+P338-
P310

H290-H314GHS05Sodium hydroxide

P261  P264 P270
 P271 P272  
P280  P301 + P312
 P304 + P340 
P305 + P351 + P338
 P314 P501

H302  H319  
H334  H335  
H373

GHS07, GHS08Kanamycin

P210  P233 P240
 P241 P242  
P243  P261 P264
 P271 P280  
P303 + P361 + P353
 P304 + P340 
P305 + P351 + P338
 P337 + P313 
P370 + P378 P405
 P501 P403 +
P233

H225, H319,
H336GHS02, GHS07Ethanol

P201  P202 P261
 P264 P270  
P272  P273 P280
 P301 + P312 
P302 + P352 P304
+ P340  P305 +
P351 + P338 P308
+ P313  P314 
P333 + P313 P391
 P403 + P233 
P405  P501 -

H302  H315  
H317  H319  
H334  H341  
H350  H360  
H372  H400  
H410

GHS05,
GHS07,
GHS08, GHS09

Nickel(II) sulphate
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A2. Crystallization screens 
 
Table A2 - Crystallization screens used for crystallization and co-crystallization trials. 

 
 

P-statementsH-statementsGHS codeScreen

P101 - P201  

P273 - P280 -P309

+ P311

H225 - H301 -H330

- H350 - H340 -

H360fd - H372 -

H411

GHS02,

GHS06,

GHS08,

GHS09

AmSO4-suite ( uiagen)

P101 - P201 - P270

- P273 - P280 -

P305+ P351+

P338 - P309+

P311 - P313

H225 - H301 -

H302 - H315 -H319

- H331 - H332 -

H335 - H340 -H350

- H360fd - H373 -

H411

GHS02,

GHS06,

GHS07,

GHS08,

GHS09

ComPAS-suite ( uiagen)

P101 - P201 - P270
- P280 -P305+
P51+ P338 -P309
+ P311 - P313

H225 - H301 -H312
- H315 - H31 8-
H331 - H335 -H350
- H411

GHS02,
GHS05,
GHS06,
GHS07,
GHS09

JCSG-plus (Molecular
Dimensions)

P101 - P201 - P270
- P273 - P280 -
P305+ P351+
P338 - P309+
P311 - P313

H225 - H301 -H302
- H315 - H319 -
H331 - H332 -H335
- H340 - H350 -
H360fd - H373 -
H411

GHS02,
GHS06,
GHS07,
GHS08,
GHS09

Morpheus (Molecular
Dimensions)

P101 - P270 - P273
- P280 - P309+
P311

H301 - H331 -
H412GHS06PACT premier (Molecular

Dimensions)

P101 - P201 - P270
- P273 - P280 -
P305+ P351+
P338 - P309+
P311 - P313

H225 - H301 -H302
- H315 - H319 -
H331 - H332 -H335
- H340 - H350 -
H360fd - H373 -
H411

GHS02,
GHS06,
GHS07,
GHS08,
GHS09

Structure (Molecular
Dimensions)

P101 - P201 - P270
- P273 - P280 -
P305+ P351+
P338 - P309+
P311 - P313

H225 - H301 -H302
- H315 - H319 -
H331 - H332 -
H335 - H340 -H350
- H360fd - H373 -
H411

GHS02,
GHS06,
GHS07,
GHS08,
GHS09

SturaFootprint Macrosol
(Molecular Dimensions)
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A3. GHS and risk symbols 

 
Figure A1. Identification of each GHS pictogram related to chemicals used in the present 
work. 

 

A4. Hazard statements 
H225   Highly flammable liquid and vapor. 
H227   Combustible liquid. 
H272   May intensify fire; oxidizer. 
H290   May be corrosive to metals. 
H280   Contains gas under pressure; may explode if heated. 
H300   Fatal if swallowed. 
H301   Toxic if swallowed. 
H302   Acute toxicity, oral. 
H302 + H312  Harmful if swallowed or in contact with skin. 
H312+H332  Harmful in contact with skin or if inhaled. 
H312   Harmful in contact with skin. 
H314   Causes severe skin burns and eye damage. 
H315   Causes skin irritation. 
H317   May cause an allergic skin reaction. 
H318   Causes serious eye damage. 
H319   Causes serious eye irritation. 
H330   Fatal if inhaled. 
H331   Toxic if inhaled. 
H332   Harmful if inhaled. 
H334 May cause allergy or asthma symptoms or breathing 

difficulties if inhaled. 
H335 May cause respiratory irritation. 
H336 May cause drowsiness or dizziness. 
H340 May cause genetic defects. 
H350 May cause cancer. 
H360fd May damage fertility or the unborn child. 
H361 Suspected of damaging fertility or the unborn child. 
H361d Suspected of damaging the unborn child. 
H361f Suspected of damaging fertility. 
H372 Causes damage to organs through prolonged or repeated 

exposure. 
H373 May cause damage to organs through prolonged or repeated 

exposure. 
H411 Toxic to aquatic life with long lasting effects. 
H412 Harmful to aquatic life with long lasting effects. 
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A5. Precautionary statements 
P101 If medical advice is needed, have product container or 

label at hand. 
P201  Obtain special instructions before use. 
P210  Keep away from heat. 
P220  Keep/store away from clothing/combustible materials. 
P221  Take any precaution to avoid mixing with 

combustibles. 
P233  Keep container tightly closed. 
P260  Do not breathe dust/fume/gas/mist/vapors/spray. 
P261  Avoid breathing dust/fume/gas/mist/vapors/spray. 
P264  Wash skin thoroughly after handling. 
P270  Do not eat, drink or smoke when using this product. 
P271  Use only outdoors or in a well-ventilated area. 
P272 Contaminated work clothing should not be allowed out 

of the workplace. 
P273  Avoid release to the environment. 
P280 Wear protective gloves/protective clothing/eye 

protection/face protection. 
P285 In case of inadequate ventilation wear respiratory 

protection. 
P301 + P312 + P330 IF SWALLOWED: Call a POISON CENTER or 

doctor/physician if you feel unwell. 
P302 + P352  IF ON SKIN: Wash with plenty of soap and water. 
P303+P361+P353 IF ON SKIN (or hair): take off immediately all 

contaminated clothing. Rinse skin with water [or 
shower]. 

P304 + P340 IF INHALED: remove victim to fresh air and keep at 
rest in a position comfortable for breathing. 

P305 + P351 + P338 IF IN EYES: rinse cautiously with water for several 
minutes. Remove contact lenses, if present and easy 
to do. Continue rinsing. 

P308+P313 IF exposed or concerned: get medical 
advice/attention. 

P309+P311 IF exposed or you feel unwell: call a POISON 
CENTER or doctor. 

P310 Immediately call a POISON CENTER/doctor. 
P313 Get medical advice/attention. 
P321 specific measures 
P322 specific measures  
P330 Rinse mouth. 
P333 + P313 If skin irritation or rash occurs: get medical 

advice/attention. 
P337 If eye irritation persists: get medical advice/attention. 
P337 + P313 If eye irritation persists: get medical advice/attention. 
P341 + P311 If experiencing respiratory symptoms: call a POISON 

CENTER or doctor/physician. 
P362 Take off contaminated clothing and wash before 

reuse. 
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P362+P364 Take off contaminated clothing and wash it before 
reuse. 

P370 + P378 In case of fire: use dry sand, dry chemical or alcohol-
resistant foam for extinction. 

P390 Absorb spillage to prevent material damage. 
P403+P233 Store in a well-ventilated place. Keep container tightly 

closed. 
P403 + P233 + P235 Store in a well-ventilated place. Keep container tightly 

closed. 
P405 Store locked up. 
P501 Dispose of contents/container to an approved waste 

disposal plant.  
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A6. Statistics of DAMMIN reconstitutions – native SeClpP 
 

 
Figure A6.1 – Curve fitting and residual plot for 5 DAMMIN reconstitutions of SeClpP-P1. 
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F gur  A6.2 - Curve fitting and residual plot for 5 DAMMIN reconstitutions of SeClpP-P2. 
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Tables A6.1 (a – e) – Statistical validation of the 5 DAMMIN reconstitutions for SeClpP – 
P1. 
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Tables 6.2 (a – e) – Statistical validation of the 5 DAMMIN reconstitutions for SeClpP – 
P2. 
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A7. Ixazomib bound to the 14 SeClpP’s catalytic sites 

 
Figure A7.1 - Catalytic sites of all 14 SeClpP monomers in complex with ixazomib. The 

ligand molecule is shown with the corresponding 2Fo-Fc electron density at 1.5. The 

refined ligand occupancy varies from 0.80 to 1.0 (Chains A to H).  
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Figure A7.2 - Catalytic sites of all 14 SeClpP monomers in complex with ixazomib. The 
ligand molecule is shown with the corresponding 2Fo-Fc electron density at 1.5. The 

refined ligand occupancy varies from 0.80 to 1.0 (Chains I to N).  
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List of Figures 
Figure 1 – Antibiotics over the years (1920 – 2010). After the isolation of penicillin, 
the idea summarized by the sentence “If it can happen once, surely it can happen 
again” moved other scientists towards the search for novel drugs (Raper, 1952). 
The “Golden Years,” comprised between 1940 and 1970, refer to a period when 
different antimicrobial agents with broad spectrum were obtained (Khardori et al. 
2020). Since 1990, the drastic reduction of novel antibiotics has resulted in the lack 
of development of a “post-antibiotic” era (Kwon and Powderly 2021). Adapted from 
ReAct, 2024.  
Figure 2—Main mechanisms of antibiotic resistance and discovery of resistant 
bacterial strains over the years. The timeline was adapted from the Center for 
Disease Control and Prevention, 2024  
Figure 3 – Trends in antibiotic consumption in some developed countries (blue 
section, 1), developing regions (purple section, 2), and third world (orange section, 
3). The graph is adapted from Chin et al. 2023 and Larsen et al. 2022. 
Figure 4 – Biofilm as a protection mechanism of bacteria. In this structure, dormant 
cells are “shielded” from antibiotics that aim for metabolically active planktonic 
ones. (a) Stages of biofilm evolution: attachment, microcolony, maturation, and 
dispersal. Created with BioRender.com. (b) Microscopic image of a S.aureus 
biofilm in vitro (Lamret et al. 2020).  
Figure 5 – Approved antibiotics according to the mechanism of action between 
2000-2019. Data obtained from Shi et al. 2023.  
Figure 6 – cryo-EM structure of a ClpP-ATPase complex (Ripstein et al. 2020a). 
(a) Front and apical views of the complex. (b) Both proteins are connected: IGF 
loops from the ATPase bind to ClpP’s allosteric sites known as “hydrophobic 
pockets”. (c) Equatorial area where ClpP rings are connected.  
Figure 7 – Catalytic triad in serine proteases. Created with BioRender.com.  
Figure 8 – ClpP’s mechanism of action and its main steps: acylation and 
deacylation. The process is triggered by serine’s alkoxide conjugate, evolving from 
tetrahedral intermediates to the release of product fragments. The stabilization of 
the intermediates is promoted by the oxyanion pocket or hole. Adapted from 
Kovach 2021.  
Figure 9 – (a) (a) Extended ClpP and aligned catalytic triad (Malik et al. 2020). (b) 
Compact ClpP and misaligned catalytic triad (Ye et al. 2013).  
Figure 10 – Bortezomib, a canonical proteasome inhibitor, is an example of a 
boron-based compound. Adapted from Micale et al. 2013.  
Figure 11 – P12 beamline for Batch-SAXS and SEC-SAXS experiments. Picture 
obtained from EMBL, 2024. 
Figure 12 –  Depiction of the extended state of SeClpP obtained from AlphaFold 3 
(light green) (Abramson et al. 2024) and as an experimental crystal structure (dark 
green) (Gersch et al. 2012). The N-terminal loops depicted in rosé could not be 
resolved by X-ray diffraction in many cases.  



150 
 

Figure 13 – P11 beamline and the sample robot for data collection with single 
crystals (MX crystallography). Picture obtained from Photon Science, 2024.  
 
Figure 14 – (a) Encoding gene sequence of ClpP from S. epidermidis (SeClpP) 
found on UniProt database (UniProtKB: A0A0N1M L5). (b) Gene of SeClpP after 
codon optimization for heterologous expression in  . coli (altered codons are in 
bold). (c) The illustration of the vector pET28a(+) and the region where the gene 
copy was inserted is zoomed in. The removed portion of the plasmid between the 
restriction sites for NcoI and XhoI is displayed. The insert (brown color), the clpP 
gene, is also shown after the assembly.  
Figure 15 – Depiction of (a) IMAC with Ni-NTA matrix and (b) SEC as a polishing 
step.  
Figure 16 - General illustration of main elements in DLS measurements.  
Figure 17 – P12 beamline (EMBL/PETRA III) in Hamburg, Germany. Illustration of 
SEC-SAXS and Batch-SAXS setups. Regardless of the method of choice, the 
sample is conducted to a capillary where the incident X-ray beam is scattered. The 
recorded one-dimensional scattering profile is then used for the low-resolution 
structural analysis and the a  initio modeling of native protein and protein-ligand 
complexes in solution.  
Figure 18 – Illustration of the Bragg’s law. Extracted from Britannica, 2024. 
Figure 19 – The phase diagram and its main zones (Wlodawer et al. 2017).  
Figure 20 – Expression and purification of SeClpP. (a) 15% SDS-PAGE after 
expression tests with three  . coli expression systems: BL21(DE3), BL21 Rosetta, 
and BL21 Star. Note that the control sample, the one without IPTG, is marked with 
an asterisk. Control was removed after 4h to prove there was no band in the control 
lanes at around 25 kDa, the region where ClpP is expected to be seen. (b) SEC 
chromatogram after the last purification step of SeClpP with the preparative column 
HiLoad 26/600 Superdex 200 pg. The presence of two main peaks, P1 and P2, is 
observed at this stage. (c) 15% SDS-PAGE with fractions from P1 and P2. (d) 
Native-PAGE after pooling the fractions from P1 and P2.  
Figure 21 – Main graphs obtained from SAXS measurements with native SeClpP. 
(a) SEC chromatogram confirms the presence of two main species: P1 and P2. (b) 
X-ray scattering intensities were measured from P1 (dark blue curve) and P2 (light 
blue curve) samples. Moreover, (c) and (d) represent Guinier fits, the calculation 
of RG, and the fidelity values within the validity range 0 < sRG <1.3. (e) P(r) functions 
of P1 (purple curve) and P2 (blue curve). (f) Kratky plot for P1 and P2 demonstrates 
the complete folding of both species. s in 1/nm.  
Figure 22 – a  initio representations of native SeClpP. The models confirm the 
oligomeric state of the protein samples P1 and P2: tetradecamer and heptamer, 
respectively. (a) DAM of the 14-mer structure and (b) DAM of the 7-mer structure. 
Both were constructed by DAMMIN/ATSAS suite with a collection of densely 
packed beads within a search volume. (c) Model of the 14-mer and (d) 7-mer 
structures obtained by GASBOR/ATSAS suite. This program uses the concept of 
dummy residues corresponding to amino acids in the protein chain.  
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Figure 23 –  uality assessment of how well the theoretical curve (light blue) 
calculated from GASBOR models fits the experimental data (dark blue). (a) 
Scattering intensity in logarithmic scale (log10I) vs. the scattering magnitude (s as 
1/nm), and (b) normalized residual plot for P1 sample. Likewise, for P2 sample, (c) 
the graph scattering intensity in logarithmic scale vs. the scattering magnitude (s 
as 1/nm) and the (d) normalized residual plot. In (c) and (d), the electron density 
is well distributed along I/ within ±3, not informing systematic errors or model 
inadequacies. I/ is dimensionless.  
Figure 24 – Steps prior to X-ray diffraction: (a) Radius distribution and (b) radius 
plots to evaluate the sample monodispersity. (c) Needle-like crystals in a droplet 
inside a Linbro-like plate (vapor diffusion, hanging-drop technique) and (d) Single 
native SeClpP crystals prior to X-ray diffraction at different angles. 
Figure 25 – Overview of the crystal structure of native SeClpP – P1 (14-mer). (a) 
Front view of the barrel-like structure. (b) Another illustration where 14 molecules 
of MPD, the precipitating agent, are found in each of the protein’s catalytic sites. 
(c) Two-color scheme of the stacked heptameric rings forming the tetradecamer. 
An internal view of a heptamer with 7 MPD molecules and a subunit in yellow.  
Figure 26 – One axial pore, two representations. (a) Given the flexibility of the 
loops that constitute the ClpP’s gating mechanism, they could not be wholly 
resolved by using X-ray diffraction data. Then, the pore looks larger than it really 
is. Nevertheless, in (b), a low-resolution a  initio model, even without a view at an 
atomic level, demonstrates the actual dimension of the same region. The diameter, 
in both cases, is represented by approximate values defined with PyMOL.  
Figure 27 – General view of a SeClpP subunit with its main constituent parts: 
partial N-terminal loop (gating mechanism), head domain, E-helix region 
(connection between the opposing rings), catalytic site with a MPD molecule, and 
C-terminal portion. Zoomed-in depiction of the catalytic site with the Ser98-His123-
Asp142 triad: the alignment of those residues with the formation of hydrogen bonds 
(black dashed lines) makes the protein active for hydrolysis.  
Figure 28 – Lipophilicity profile of the contact region between two vicinal subunits. 
(a) An example of a “hydrophobic pocket” is delimited by a black dashed rectangle. 
(b) In one SeClpP subunit, the contact zone responsible for forming the allosteric 
site is shown inside a red dashed rectangle. According to the scale, blue areas are 
more hydrophilic, and brownish portions are more hydrophobic.  
Figure 29 –  Overall lipophilic profile of SeClpP. As seen in (a), the external area 
of the head domain of each monomer is predominantly hydrophilic. At the same 
time, in (b), the allosteric sites (red dashed circles) and the portion surrounding the 
axial pore are more lipophilic, unveiling that hydrophobic interactions constitute the 
controlling mechanism of the pore geometry. (c) Hydrophilic zone of interactions 
between gly-rich regions protruding from monomers in opposing rings, and (d) 
catalytic cavity with a hydrophobicity around 0.70, according to the GeoMine server 
(Diedrich et al. 2024).  
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Figure 30 – Detailed depiction of the connection between two monomers from 
opposing subunits. E-helices are in red, and sticks represent the amino acid 
residues in the gly-rich regions. The hydrogen bonds, as yellow dashed lines, have 
lengths of approx. 2.8 – 3.0 Å and form an ordered secondary structure of 
antiparallel beta-sheets that support stability to a functional ClpP.  
Figure 31 – Peptidolytic assays with the fluorogenic substrate Suc-LY-AMC, the 
inactive mutant SeClpP S98A (red curve), and wild-type SeClpP (black curve).  
Figure 32 – Effect of DMSO on melting temperature (TM) obtained from nanoDSF 
measurements. 
Figure 33 – Dimensionless plots built from scattering intensities measured with 
samples containing apo SeClpP free from DMSO (dark green curve) and apo 
SeClpP supplemented with 1% v/v DMSO (light green curve).  
Figure 34 – Ixazomib molecule with its elemental parts. 
Figure 35 – Bortezomib with its elemental parts. 
Figure 36 – (a) Chromatogram after SEC during SAXS measurements. The red 
graph represents the sample composed of native SeClpP in P1 and P2 states. After 
incubation with ixazomib (1:50 protein-to-ligand ratio), the black graph shows the 
presence of tetradecamers only. (b) Intensity scattering profiles of Native P1, native 
P2, and SeClpP-ixazomib complex. s, the scattering vector, as 1/nm.  
Figure 37 – Guinier plots of (a) native P1 and (b) SeClpP-ixazomib complex. 
Figure 38 – Dimensionless plots with curves related to (a) apo protein with 1% v/v 
DMSO (purple color) and (b) SeClpP-ixazomib complex (green color). 
Figure 39 – Dimensionless Kratky plot showing that the second peak of the 
SeClpP-ixazomib complex (black graph) is slightly shifted to the right.  
Figure 40 – (a) Rh variation calculated for the sample with native P2 before (black 
bar) and after incubation with the ligand (gray bar). (b) Rh variation calculated for 
the sample with native P1 before (black bar) and after incubation with the ligand 
(gray bar). t-test shows that the changes in both cases were significant: (a) p = 
0.0363 (p < 0.05) and (b) p = 0.0004 (p < 0.05).  
Figure 41 – First derivative peaks obtained from nanoDSF measurements. At low 
protein-to-ligand ratios, there are two peaks for two different states. At higher 
ixazomib concentrations, one predominant peak is observed at high TM values.  
Figure 42 – Crystal structure of SeClpP-ixazomib complex and a ligand molecule 
bound to one of the ClpP’s catalytic sites.  
Figure 43 – (a) Fluorescence assays with different SeClpP concentrations. (b) 
Linear fitting with the initial velocity (V0) for each one of the SeClpP concentrations 
in (a). FI means fluorescence intensity. 
Figure 44 – Determination of optima pH and temperature values for assays with 
SeClpP. FI is fluorescence intensity. 
Figure 45 – (a) Degradation of Suc-LY-AMC in the presence of different ixazomib 
concentrations. Lower protein-to-ligand ratios result in the enhancement of 
peptidolysis up to 1:3. In sequence, as more ligand is added, only inhibition is 
observed. This dual modulation is justified by (b) ITC measurements: when the 
drug starts populating the protein, a cooperative effect happens with heat release. 
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At this stage, the peptidolytic activity increases until a second process of heat 
release is noted, and then the inhibitory effect becomes predominant.  
Figure 46 – Interaction between ixazomib and SeClpP: While the boronic acid 
moiety is covalently bound to Ser98, the peptidomimetic portion forms hydrogen 
bonds with important amino acid residues in the vicinity of the catalytic triad, 
making the entire protein structure more stable and optimizing its function. 
Ixazomib is shown with the 2Fo-Fc electron density at 1.5.  
Figure 47 – 15% SDS-PAGE after reactions with β-casein monitored for a period 
of 60 minutes. (a) ixazomib and SeClpP concentrations: 200µM and 10µM, 
respectively; (b) ixazomib and SeClpP concentrations: 500µM and 10µM, 
respectively; (c) Comparative experiment with ixazomib (1mM) and ONC206 
(10µM), where it is noticeable that the MWs of product fragments vary, in 
accordance with the ligand used. A possible explanation for this difference is that 
ixazomib occupies the catalytic sites, affecting the processive degradation of the 
substrate. ONC206 only binds to the allosteric regions. Degradation products of 
low molecular weight can be clearly seen in (b) and (c).  t= 0 min corresponds to 
the time point with no incubation, but until the complete denaturation of the protein 
prior to the SDS-PAGE, b-casein degradation happened in the quick reaction with 
ONC206.  
Figure 48 – (a) SeClpP-ixazomib complex, (b) SaClpPY63A mutant, and (c) native 
SeClpP. In (a) and (b), the Asn42 residue is in “down” position, indicating that the 
structure is active for proteolysis and open for the access of globular proteins, and 
explaining the observations in Figure 47. Conversely, the “up” Asn42 in apo SeClpP 
reflects the closed nature of (c). 
Figure 49 –  MSA with assigned secondary structures of SeClpP and its homologs: 
SaClpP (PDB: 3 WD), BsClpP (PDB: 3TT6), and  mClpP (PDB: 7KR2). Identical, 
similar and non-conserved regions are highlighted in red boxes, red letters, and 
black letters respectively. There are no considerable variations in the E-helix (a5) 
and gly-rich portion (b7), regions involved in the heptamer-heptamer interactions. 
The residues of the catalytic triad, Ser98-His123-Asp172, are indicated by green 
asterisks. Sequence alignment was performed by EsPript3 server (Robert and 
Gouet 2014).  
Figure 50 – (a) Catalytic triad of SeClpP where the amino acid residues Ser98-
His123-Asp172 interact via hydrogen bonds (active and extended conformation). 
On the other hand, in (b), His123 is flipped and far away from Ser98 (inactive and 
compressed conformation) in SaClpP (PDB: 3 WD). (c) shows that the gly-rich 
region and E-helix are organized in the extended SeClpP. Stabilizing hydrogen 
bonds are in yellow (c), and the disordered gly-rich region and kinked E-helix in the 
compressed state are highlighted in (d).  
Figure 51 – Impact of glycerol, a common chemical chaperone, on the SeClpP 
state and hydrodynamic radius (RH). (a) SEC chromatograms represent the 
samples free from glycerol (black curve) and containing it (red curve). In the second 
case, P1 starts being eluted earlier, and DLS measurements in (b) demonstrate 
that its RH is approx. 17% higher.  
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Figure 52 – T-ramp experiments with (a) SeClpP P1 free from glycerol (red curve) 
and (b) with 20% w/v glycerol (black curve). The Tonset for each set of 
measurements is presented here. Rh is the hydrodynamic radius in nanometers.  
Figure 53 – Enzymatic assays with different glycerol concentrations. 
Figure 54 – Details of the ClpP’s catalytic site with glycerol and details of the 
network of hydrogen bonds with His123, Gly69, and Leu126 (yellow dashed lines). 
The hydrogen bonds in the catalytic triad are depicted as black dashed lines.  
Figure 55 – Visualization of the network of hydrogen bonds (yellow dashes) 
connecting two opposing SeClpP subunits and the two heptameric rings, 
consequently. On the right side, the location of the extra bond is located within the 
ellipsis: it is the result of the interaction between the side chain of Gln130 and the 
backbone of Gly128.  
Figure 56 – Enzymatic assays with Suc-LY-AMC, ixazomib, and 10% (w/v) 
glycerol. Control (0) is a sample free from ixazomib.  
Figure 57 – ITC measurements with different ixazomib concentrations added to a 
ClpP sample supplemented by 10% (w/v) glycerol. After curve fitting, the following 
parameters were calculated: N = 9.53 ±0.0993 sites, K = 1.86E5 ±1.99E4 M-1, H= 
-1.390E4 ±198.0 cal/mol, and S= -20.8 cal/mol/deg.   
Figure 58 – Microcrystals of native SeClpP suitable for time-resolved serial 
crystallography. 
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