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Abstract

The emergence of multidrug-resistant bacteria has led to an ever-growing antibiotic resistance crisis. To combat this growing crisis, new strategies for controlling bacterial cell growth must be developed. An underdeveloped target for new antimicrobial therapeutics are toxin-antitoxin (TA) systems. TA systems are widely dispersed genetic operons in prokaryotes which consist of a non-secreted protein (toxin) which targets essential metabolic enzymes causing cell death. The toxin’s cellular toxicity is neutralized by its cognate antitoxin (RNA or protein). In the case of type-II TA systems, the toxin protein is neutralized by directly binding to a protein antitoxin forming a toxin-antitoxin complex. The work presented within this dissertation aims to address several gaps in understanding how the protein-protein interactions of type-II TA systems are formed and maintained, with long term goals of targeting these protein-protein interactions to develop new means to control bacterial cell growth. This work focuses on the ParDE1 TA system from Pseudomonas aeruginosa, composed of the ParE toxin protein which targets DNA Gyrase. 

Chapter II of this work utilized a combination of biochemical and biophysical techniques to characterize the protein-protein interactions of the chromosomally-encoded ParDE1 TA system from Pseudomonas aeruginosa. Antitoxin residues involved in the ParD1-ParE1 toxin-antitoxin interface were selected based on structural data from a ParDE1 complex structure solved by X-ray crystallography, and mutated to alanine (alanine-scanning) by site-directed mutagenesis to identify any “hot-spot” residues which significantly impact the protein-protein interaction. The alanine-scanning revealed an antitoxin residue (Ile68) which when mutated to alanine significantly decreases the equilibrium constant of dissociation (Kd) from 152 pM to 626 nM. This decrease in binding affinity was caused by a significantly increased dissociation rate of the I68A mutant relative to the wild-type interaction. The decrease in binding affinity of the I68A mutant coincided with a change in secondary-structure of the ParDE1 complex structure as measured by Fourier-Transform Infrared Spectroscopy (FTIR), which we contribute to a change in the disorder-to-order transition of the C-terminal alpha-helix of ParD. An in vitro protease degradation assay using the AAA+ protease Lon showed that the reduced binding affinity of the I68A mutant resulted in increased levels of antitoxin degradation relative to the wild-type ParD1 in the presence of ParE1.

Chapter III of this work investigated an identified instability of the ParD antitoxin from the ParDE1 TA system from Pseudomonas aeruginosa. We identified that purified ParD1 protein is degraded in a specific and reproduceable manner. The degradation showed a temperature-dependent relationship, with increasing amounts of degradation observed in protein stored at room temperature or incubated at 37°C relative to samples stored at 4°C. We tested a variety of different conditions to identify potential means to prevent degradation of ParD1. Common protease inhibitors were screened to prevent degradation by cellular proteases, while sodium azide was tested to ensure degradation was not caused by bacterial or fungal contamination. A single condition composed of a commercially available protease inhibitor cocktail supplemented with the metal-chelating compound EDTA was shown to prevent degradation of ParD1. A top-down mass spectrometry approach was utilized to characterize the degradation products of ParD1, and to identify any contaminating proteases. Direct infusion of undegraded ParD1 identified a mixture of monomeric and dimeric antitoxin, with no appreciable amounts of contaminating proteins detected. When degraded ParD1 protein was tested, a series of ParD1 peptides were identified with masses corresponding to the N-terminus of ParD1 with cleavage occurring in a glutamine-rich region in alpha-helix 2 of ParD1. 

Chapter IV of this work was performed to identify ways to disrupt the protein-protein interaction of the ParDE1 TA system from Pseudomonas aeruginosa. In order to determine the most critical regions of the ParDE1 protein-protein interface, we screened ParD1-derived peptides to determine the minimal antitoxin unit required for toxin binding. Various lengths of the ParD1 antitoxin corresponding to different parts of the toxin-binding domain were screened in a bacterial two-hybrid (BACTH) assay to determine their binding to ParE1 in vivo. The BATCH assay indicated that peptides corresponding to the C-terminal alpha-helix of ParD1 were sufficient for binding to ParE1 in vivo. These interactions were validated and quantified in vitro using biolayer interferometry of purified ParD1 peptides fused to the fluorescent protein mCherry. This work, in combination with the work performed in chapter II, indicates that the ParD1 residues 62-75 represent the minimal antitoxin unit required to bind to ParE1. The ParE1 surface area corresponding to the binding interface of this portion of ParD1 was used as the search box for in silico docking peptidomemetic compounds to identify potential protein-protein interaction inhibitors.

Overall, this work provides insights into the protein-protein interactions of type-II TA systems, providing evidence that despite the very strong protein-protein interactions, certain “hot-spots” significantly contribute to the overall interaction, and that the full-length toxin-binding domain of the antitoxin is not required for toxin binding. These results have identified a minimal antitoxin unit required for binding, which has provided a rationale for in silico protein-protein interaction inhibitor screening. 
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Chapter I

Protein-Protein Interactions as Drug Targets
Upon completion of the human genome project, it was suggested that complexity of life is not defined by the number of genes in an organism’s genome.1 Complexity is instead determined by the number of physiologically relevant protein-protein interactions making up the “interactome,” the global network of all protein-protein interactions in an organism.1 These protein-protein interactions are divided into protein-interaction networks (PINs) on local levels that contribute to normal cellular physiology. 

Protein interaction networks are involved in vital cellular processes such as signal transduction, differentiation, and apoptosis.1,2 Disruption of these protein interaction networks have been linked to various diseases. One of the most commonly studied protein interaction networks is the p53, tumor suppression pathway. Mutations in the tumor suppression protein, p53 have been identified in >50% of all tumors.3 Mutations of p53 have been implicated in disruption of p53’s ability to bind DNA or to other proteins within the tumor suppression pathway.3 Many mutant forms of p53 are unable to bind to the apoptosis-stimulating protein (ASPP2), resulting in ASPP2 being unable to promote cellular apoptosis leading to tumor formation.3 The implication of the importance of protein-protein interactions in various disease states have led to the idea of targeting protein-protein interactions as novel therapeutic methods.4

A common method in studying of protein-protein interactions is the so called “hotspot” approach. Protein-protein interaction hotspots are defined as small regions or single amino acids that significantly contribute to free energy of the greater protein-protein interface.2 When mutations occur in these “hotspot” regions, significant weakening of the interface is observed relative to other mutations along the protein-protein interface. Hotspot regions are usually identified through mutation of amino acids along the protein-protein interface through random mutagenesis or alanine scanning.2 These hotspots serve as potential targets for protein-protein inhibitors that would disrupt these “hotspot” interactions and inhibit the formation of the native protein-protein interaction. Several biochemical and biophysical techniques have been developed to identify and study protein-protein interactions, including surface plasmon resonance (SPR), isothermal titration calorimetry (ITC), biolayer interferometry (BLI), bacterial two-hybrid assays (BACTH), and many more.2,5 

One of the biggest issues in developing protein-protein interaction inhibitors as drug targets is initial hit detection. Protein-protein interactions are made up of extensive solvent-exposed surfaces with unique topologies, which are unlike the well-defined enzyme binding pockets that are commonly targeted (Fig. 1.1).5 Additionally, protein-protein interfaces, especially in the case of type-II toxin-antitoxin systems present in this work, are generally poorly conserved among homologous systems compared to active sites among enzymes, due the requirement of conserved catalytic residues required or enzyme activity. Thus, developing protein-protein interaction inhibitors requires extensive knowledge of the specific protein-protein interface in order to properly steer the initial screening process.5 Protein-protein interaction “hotspots” serve as a strong starting point for such screening due to their significant contribution to the overall protein-protein interaction.5

[image: ]
Figure 1.1. Comparison of binding sites for enzyme and protein-protein interaction inhibitors. (Left) Methotrexate bound to the active site of Dihyrdofolate reductase (DHFR) (PDB: 1RG7), Tan surface = DHFR, Gray = Methotrexate; (Right) Protein-protein interaction inhibitor of the Bcl-2/BH3 protein-protein interface (PDB: 4IEH), Blue surface = Bcl-2, Gray = small molecule inhibitor.

Toxin Antitoxin Systems
Toxin-antitoxin (TA) systems are bacterial operons are typically composed of two genes. One of the two genes of the TA system encodes a non-secreted metabolic regulator protein (toxin) which inhibits vital cellular processes resulting in growth suppression and cell death when expressed.6-9 The cellular targets of toxin proteins vary widely, though DNA replication and translation are commonly targeted, with ribonucleases (both ribosome and non-ribosome dependent) being the most common function.6-9 The toxin protein is either directly or indirectly neutralized by the second gene in the TA operon, with the second gene producing either an RNA or protein (antitoxin) that neutralizes the toxins activity.6-9 In most cases, TA operons are oriented such that the antitoxin gene is transcribed first, with the toxin gene often having its ribosomal binding site overlapping with the end of the antitoxin gene. The first TA system identified was the CcdA-CcdB system from F-plasmid.7,10,11 The F-plasmid CcdA-CcdB system was determined to control plasmid maintenance, through a post-segregational killing mechanism.6-11 Toxin-antitoxin systems are currently subdivided into eight distinct classes based on the mechanism of toxin neutralization by the cognate antitoxin.6-9 

Two of the most common TA systems are the Type-I and type-III TA systems which are defined by RNA-based antitoxins. Type-I antitoxins prevent toxin expression through a RNA interference mechanism, while type-III antitoxins form a protein-RNA pseudoknot complex which sequesters toxin protein.6,8,9 Type-IV TA systems are composed of two genes encoding proteins which compete for binding to the same cellular target. Type-IV antitoxins bind to the same cellular target as type-IV toxins and protect the cellular target from the toxin protein either by preventing toxin binding, or through post-translational modification of the cellular target.6,8,9 Type-V TA systems are defined by the presence of an antitoxin protein that serves as an endoribonuclease that preferentially targets the toxin mRNA.6,9 Type-VI TA systems contain an antitoxin that acts as a protease-adaptor protein that targets the toxin protein for degradation.6,9 Type-VII TA systems utilize an antitoxin that directly inactivates the toxin protein via post-translational modification.6 Type-VIII TA systems are uniquely composed of an RNA antitoxin which acts as a guide-RNA for a type-I CRISPR-Cas system, which transcriptionally represses the production of the RNA toxin.6 Type-VIII TA systems are the only currently identified TA systems that do not produce protein toxins. These systems instead produced an RNA toxin that inhibit cell growth by binding to and sequestering tRNA.6 TA systems belonging to types IV-VIII are poorly characterized, with most only have a few identified systems discovered to date.6

The final class of TA systems is the type-II TA systems which are similar to type-VI TA system in that they both require direct binding of an antitoxin protein to the toxin protein.6-9 Unlike the type-VI TA system of which only a single system has been identified, type-II TA systems are highly abundant and widely studied. The type-II TA systems are composed of an antitoxin protein that directly binds to and neutralizes the toxin protein through the formation of a toxin-antitoxin complex.6-9 

DNA Gyrase
DNA topoisomerases are essential enzymes required for maintaining the topology of DNA. Topoisomerases play a role in both DNA replication and transcription by controlling the DNA topology through introduction or relaxation of DNA supercoiling.12,13 Topoisomerases are classified into two classes (type-I or type-II) based on their mechanism. Topoisomerase I creates a transient break in a single DNA strand, while Topoisomerase II make double-strand breaks in DNA.12,13 Bacteria contain two homologous type-II topoisomerases, DNA Gyrase and Topoisomerase IV.13,14

DNA gyrase is composed of two protein subunits, termed Gyrase A (GyrA) and Gyrase B (GyrB).12-14 The GyrA subunit is responsible for creating the double-strand breaks in DNA through an active-site tyrosine in the winged-helix domain (WHD) of GyrA. The GyrB subunit acts as ATPase which provides the energy required for completion of the DNA gyrase catalytic cycle.12-14 DNA gyrase contains a unique function of creating negative supercoils in DNA compared to other type-II topoisomerases. The primary role of gyrase is to remove torsional strain created by replication forks during replication, and to remove torsional strain created by transcription.14

Homologous type-II topoisomerases are also found in eukaryotes, including humans, such as human Topoisomerase IIα and Topoisomerase IIβ.14 While eukaryotic and bacterial topoisomerase share high sequence similarity, eukaryotic type-II topoisomerases are composed of a single subunit resulting from a fusion of the homologous genes from bacteria.14 Small differences in sequence allow for preferential targeting of bacterial type-II topoisomerase.14

A combination of the essential nature of DNA gyrase, and its role in creating double-stranded breaks in DNA makes it a popular target for the development of novel antibiotics.14 One mechanisms developed to take advantage of the double-stranded breaks created is the development of “poisons” of DNA gyrase.14 DNA gyrase “poisons” such as quinolones act by binding to DNA gyrase active site after the double-strand break is made but before re-ligation occurs.14 Quinolones intercalate into the DNA breaks and prevent gyrase from re-ligating the DNA, resulting in accumulation of gyrase trapped in the cleavage-complex.14 Quinolone binding to DNA gyrase is mediated by a water-metal ion bridge that provides the specificity of quinolones to bacteria (this water-metal ion bride is not present human type-II topoisomerases), with most common quinolone-resistant mutants in bacteria arising from disruption of this water-metal ion bridge.14 The emergence of quinolone-resistant bacteria, has opened the door for the need to develop new DNA gyrase inhibitors that are not susceptible to the same resistance mechanism.

The ParDE Toxin-antitoxin System
The type-II TA system named ParDE is a potential target or model for the development of new antimicrobial therapeutics. ParDE systems are composed of a DNA gyrase targeting toxin protein (ParE) and a cognate antitoxin (ParD) which directly binds to and neutralizes ParE toxicity.15,17 Like the related CcdA-CcdB type-II TA system, the ParDE system controls bacterial cell growth through inhibition of DNA gyrase. ParDE systems are particularly of interest as while the molecular mechanism of DNA gyrase inhibition is not yet known, it has been shown that ParE toxins are still active against DNA gyrase mutants which are resistant to CcdB or fluoroquinolones.15 This indicates that ParE inhibits DNA gyrase may occur through a novel mechanism.15 With DNA gyrase being a well validated antibacterial target (fluoroquinolones, aminocoumarins) for controlling bacterial cell growth, development of novel DNA gyrase inhibitors would be a beneficial avenue of research to pursue.16

Experimental evidence for the ParE mechanism is limited, but it has been shown to differ from fluoroquinolones such as ciprofloxacin and other DNA gyrase targeting toxins such as ccdB.15 The most well characterized ParE systems is the ParDE2 system from Vibrio cholerae.15,18 ParDE2 denotes that the system is composed of two proteins, the antitoxin ParD2, and the toxin ParE2. Due to bacteria often contain multiple homologous toxin-antitoxin systems, a number is added to denote the specific system, in this case, the number denotes that this is the second ParDE system identified in the Vibrio cholerae chromosome. The same naming scheme is used for all homologous toxin-antitoxin systems. Utilizing pull-down assays using his-tagged VcParE2, western blot analysis with anti-GyrA and anti-GyrB showed that both DNA gyrase subunits co-purified with VcParE2.15 When VcParD2 was co-expressed with VcParE2, no co-purification of either DNA gyrase subunit was detected, indicating that VcParD2 is capable of preventing binding of VcParE2 to DNA gyrase.15 

To further determine the binding region of VcParE2 to DNA gyrase, surface plasmon resonance was utilized. VcParE2 binding to various E. coli GyrA fragments as well as full-length E. coli GyrBA was investigated. VcParE2 was shown to bind to both full-length E. coli GyrBA, as well as GyrA59, a 59-kDa fragment, which lacks the c-terminal DNA binding domain of GyrA.15 Unlike ccdB, which had been shown to bind to GyrA14, a 14-kDA fragment that forms the C-gate of GyrA, VcParE2 was unable to bind to GyrA14.15,19 Additional SPR experiments were performed to determine if CcdB binding to GyrA precluded VcParE2 binding. Full-length GyrA was coupled to the SPR chip and then washed with Vibrio fischeri CcdB. After CcdB was successfully bound to GyrA, VcParE2 was washed over the CcdB-GyrA complex, and binding was detected, indicating that the binding site for CcdB and ParE do not overlap.15

The anti-gyrase activity of VcParE2 was also studied. DNA gyrase supercoiling assays were used to determine which DNA gyrase activities were inhibited by ParE. Relaxed or supercoiled DNA substrate in the presence of DNA gyrase was treated with either VcParE2 or the quinolone antibiotic nalidixic acid.15 When starting with a relaxed DNA substrate, VcParE2 prevented DNA gyrase-mediated supercoiling similar to nalidixic acid, but VcParE2 was unable to inhibit DNA gyrase-mediated relaxation of supercoiled DNA, unlike nalidixic acid.15 In the case of supercoiling of relaxed DNA substrate, VcParE2 was unable to inhibit DNA gyrase in the presence of VcParD2.15 Additional experiments determined that VcParE2 inhibition of DNA gyrase was dependent on ATP hydrolysis.15

Like the VcParDE2 system, the ParDE2 system from Mycobacterium tuberculosis H37Rv has also been well characterized. Growth inhibition assay of MtParE2 was carried out in E. coli using a pBAD vector to overexpress MtParE2. When MtParE2 was overexpressed in the absence of MtParD2, a 5-log reduction in colony forming units was observed.20 MtParE2-mediated growth inhibition was alleviated by the co-expression of the cognate MtParD2 antitoxin.20 Due to differing toxicity of ParE toxins against Gyrase enzymes from different bacterial species, expression plasmids harboring native MtParE2 could not be transformed into Mycobacterium smegmatis, but a truncated version of MtParE2 with the last ten c-terminal amino acids of MtParE2 could be successfully transformed without significant impact on cell growth.20 These results suggest that MtParE2 is a potent inhibitor, with enhanced toxicity against mycobacterial species.20

MtParE2 was further characterized by examining the effect of its overexpression on cell viability and cellular morphology in E. coli. Live-dead assays were carried out using Sybr Green / propidium iodide to determine the percentage of viable cells after MtParE2 overexpression. Our lab performed the same assay to compare several ParE proteins from different bacteria.21 Assays were carried out a 0, 2, 4, 8, 12, and 20 hours post-induction of either MtParE2 (toxin-alone), or MtParDE2 (toxin-antitoxin complex). Overexpression of MtParDE2 showed no significant decrease in the amount of live cells (>90% viable), compared to the overexpression of MtParE2 alone.20 When MtParE2 was overexpressed, the cell viability dropped to roughly 50% at 4 hours post-induction, with cell viability slowly recovering up to 85% at 20 hours post-induction.20 To observe any changes in cell morphology, scanning electron microscopy (SEM) was utilized to view intact cells. Cells overexpressing MtParE2 showed an elongated phenotype when observed by SEM, characteristic of DNA gyrase inhibition.20

The anti-gyrase activity of MtParE2 was determined by in vitro gyrase supercoiling assays in the presence and absence of MtParE2. Recombinantly expressed MtGyrA and MtGyrB were mixed to reconstitute the MtGyrBA complex and incubated with MtParE2, MtParD2, or MtParDE2 in the presence of a relaxed pBR322 plasmid.20 When MtGyrBA was treated with MtParE2, an accumulation of cleaved DNA bands were observed compared to a heat-inactivated MtParE2 control. The addition of MtParD2 could prevent ParE-mediated inhibition, when co-incubated, but could not reverse the inhibition if added later.20 

To further study the mechanism, a combination of isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR) were used to determine how MtParE2 binds to DNA gyrase. ITC data suggested an endothermic binding event between MtParE2 and MtGyrB, but the data suggested only a weak interaction due to a lack of saturation. SPR confirmed a weak interaction between MtParE2 and MtGyrB (Kd = 4.75x10-6 M).20 No binding of MtParE2 to MtGyrA was observed using either method.20 These results differ from those observed for VcParE2, suggesting that the mechanism of action is not identical for all ParE proteins.

In addition to mechanistic studies of ParE such as those from Vibrio cholera and Mycobacterium tuberculosis, the relationship between ParE toxins and other gyrase-targeting antibiotics has also been investigated. An attenuated ParE toxin from Pseudomonas aeruginosa PaParE1, was shown to provide protection to cells against anti-gyrase antibiotics.22 Like the previously reported papers, the PaParE1 was shown to inhibit gyrase-mediated supercoiling of both its native Pseudomonas aeruginosa gyrase as well as E. coli gyrase, with differing IC50 values for each gyrase enzyme.22 Like the MtParE2 toxin, PaParE1 was shown to significantly reduce colony forming units when overexpressed in E. coli, as well as inducing a filamentous cellular morphology, consistent with what was observed for MtParE2.22 

To determine how overexpression of PaParE1 may impact the efficacy of other antibiotics, disk diffusion assays were utilized to determine effect of PaParE1 on various antibiotics. When E. coli cells overexpressing PaParE1 were challenged with non-gyrase targeting antibiotics such as gentamycin, tobramycin, chloramphenicol, or nitrofurantoin, no significant impact in antibiotic effectiveness was observed.22 When the same experiments were performed using anti-gyrase inhibiting antibiotics such as novobiocin, ciprofloxacin, or levofloxacin, the zone of clearing was reduced by an average of 80%, suggesting that overexpression of PaParE1 provides protection against gyrase-targeting antibiotics regardless of their mechanism of action.22

Despite the anti-gyrase activity of ParE toxins being well characterized,15,20 multiple gaps still exist in our understanding of how ParE toxins inhibit DNA gyrase. One of the major gaps in our understanding of inhibition mechanism arises from the ambiguous nature of how ParE toxins bind to DNA gyrase. Interaction studies of different ParE systems have indicated that the binding site of ParE toxins may not be consistent between homologous systems, with some papers indicating ParE binds to GyrA, such as in the case of VcParE2,15 while other papers indicate ParE binds to GyrB, such as the case with MtParE2.20 This ambiguity makes it difficult to create a unified model for ParE-mediated gyrase inhibition. Additionally, CFU measurements of cells overexpressing ParE toxins often show a rapid decrease in the amount of viable cells immediately after induction of ParE toxins, which is usually followed by recovering of cultures after extended time periods, suggesting that the cells may be able to overcome ParE-mediated toxicity through random mutagenesis caused by activation of error-prone DNA polymerases from the SOS pathway as a result of DNA-gyrase mediated double-stranded breaks in the chromosomal DNA.

To date, seven unique ParDE complex crystal structures have been deposited in the PDB. The seven structures represent ParDE systems from six different bacterial species: Caulobacter crescentus (ParDE1, PDB ID: 3KXE), Mesorhizobium opportunistum (ParDE2, PDB ID: 6X0A and ParDE3, PDB ID: 5CEG), E. coli (PaaA2-ParE2, PDB ID: 5CZE), Pseudomonas aeruginosa (ParDE1, PDB ID: 6XRW; this work, Chapter II), Vibrio cholerae (ParDE2, PDB ID: 7R5A), and Shewanella oneidensis (ParE-CopA, PDB ID: 7ETR).23-29 Comparisons of these structures (Chapter II) illustrates that the toxin proteins form a well-defined fold despite low sequence similarity, and that the ParD-ParE interface are structurally similar buy contain low sequence similarity in agreeance with the insulated nature (low cross-interaction) of homologous TA systems previously reported.27 

Targeting PPIs of Toxin-Antitoxin Systems
Due to their widespread abundance in bacteria, TA systems have become a prospective target for the development of PPI inhibitors. Protein-protein interaction inhibitors which would selectively block the formation of the TA complex found in type-II toxin antitoxin systems, resulting in accumulation of “free” toxin protein. The PPI inhibitors are designed to compete with the native protein-protein interaction between the toxin and antitoxin to increase the amount of “free” toxin available within the cell. These protein-protein interaction inhibitors of TA systems can be used to develop new narrow-spectrum antibiotics by tailoring them to specific TA systems within a bacteria.

I. VapBC
The most widely studied type-II TA system for the development of PPI inhibitors is the virulence associated proteins VapBC system.30-34 VapBC is composed of the PIN domain containing VapC toxin, and the associated VapB antitoxin. The VapC toxin acts as a ribonuclease, degrading mRNA resulting in inhibition of translation. Like all type-II TA systems, VapC toxicity is neutralized by direct binding with its cognate VapB antitoxin resulting in the formation of a non-toxic VapC-VapB protein-protein complex. Several studies have been published looking at the feasibility of using peptides derived from these proteins to develop competitive inhibitors of the native protein-protein interaction. 

The VapBC TA system is one of the most widely abundant type-II TA systems currently identified. Bioinformatic analysis of bacterial genomes identified 47 VapBC systems in the pathogenic bacterium Mycobacterium tuberculosis, of which six of these systems (VapBC3, VapBC5, VapBC11, VapBC15, VapBC26, and VapBC30) have been targeted for the development of VapBC-derived peptide PPI inhibitors.30-34 

For the VapBC30 system from M. tuberculosis, a 2.7 Å x-ray crystal structure of the VapBC30 complex was determined. The VapC30 toxin forms homodimer with an interface of 1100 Å2, made up of residues from VapC α3, α4, α5, and α6.31 Two different crystal forms were identified, which contain different interfaces between the cognate TA pair.31 The VapB30 antitoxin interacts with the VapC30 toxin through two distinct sites, the N-terminal region spanning VapB30 residues 49-69, which forms an alpha-helix, and the C-terminal region spanning residues 71-81.31 The protein-protein interface primarily involves interactions between VapB α1 (residues 49-62) with VapC30 α2 (residues 17-27) and VapC30 α4 (residues 52-65) (Fig. 1.2).31
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Figure 1.2. VapBC30-derived peptides for disrupting the protien-protein interaction of VapBC30 from M. tuberculosis. VapC30 (toxin) = blue; VapB30 (antitoxin) = cyan. VapC30-derived peptides (Peptide II, VapC30 α2 = pink and Peptide III, VapC30 α3 = purple); VapB30-derived peptide (Peptide I, VapB30 α4 = yellow). Peptides corresponding to the protein-protein interface of the VapBC30 dimer were developed and tested for their ability to disrupt the native protein-protein interaction.

In order to disrupt this interaction, peptides were derived from either VapB30 or VapC30 to competitively inhibit the formation of the native protein-protein interaction while maintaining VapC30 toxicity.31 Three peptides were designed to mimic the three interacting regions and were tested for their ability to disrupt the native protein-protein interaction. The peptides’ ability to activate the TA system was determined by performing mRNA cleavage assays using the VapBC30 complex incubated with increasing concentrations of VapBC30-derived peptides.31 Of the three peptides tested, peptide I, derived from α1 of VapB30 showed the lowest disruption of complex as evidence by observing roughly 45% of activity compared to wild-type VapC30 when using 4-fold molar excess of the peptide.31 Peptides II and III which correspond to VapC30 α2 (peptide II) and α4 (peptide III), which showed roughly 55% and 75% activity compared to wild-type respectively at a 4-fold molar excess.31 These results indicate that targeting either side of the TA interface (at least in the case of VapBC) is a viable strategy for disrupting the native protein-protein interaction without impacting toxin activity. 

Follow-up studies have been conducted on different VapBC systems from M. tuberculosis (VapBC3, VapBC5, VapBC11, VapBC15, VapBC26) in which VapB- and VapC-derived peptides as well as de novo peptides have been tested to activate the VapC toxin in each system.32-37 A study of the VapBC26 system resulted in the generation of VapB- and VapC-derived peptides capable of directly disrupting the native protein-protein interaction of VapBC26 without disrupting VapC26 toxin function.32 Study of the VapBC11 system resulted in the generation of VapB- and VapC- derived peptides which inhibited VapC toxin activity despite binding away from the toxin active site, showing the first case of peptide inhibitors of toxin proteins.33 An additional study of the VapBC3, VapBC5, VapBC15, VapBC26, and VapBC30 systems was performed in which peptides-memetics were designed in silico and screened against each VapBC system to identify unique peptides capable of binding to and inhibit the formation of the protein-protein interaction of the VapBC systems.34 

The results of the studies of targeting VapBC TA systems with toxin- or antitoxin-derived peptides, or in silico designed peptdies provides insight into how TA systems can be directly manipulated. The identification of peptides that can directly compete with antitoxins for toxin binding and disrupt the native protein-protein interaction is a major step towards developing new therapeutics utilizing toxin-antitoxins systems.

II. HicBA[image: ]
Figure 1.3. HicBA-derived peptide for disrupting the protien-protein interaction of HicBA from S. pneunomia. HicA (toxin) = red; HicB (antitoxin) = blue. HicA-derived peptides, α2 = yellow.

Toxin-antitoxin interface-mimicking peptides have also been studied for the HicBA TA system from Streptococcus pneumonia strain TIGR4.38 The HicBA TA system is composed a ribonuclease toxin HicA, and a cognate immunity protein HicB, which neutralizes HicA through direct binding to the HicB antitoxin.38 Using a structure-guided approach aided by a 2.3 Å x-ray crystal structure (PDB ID: 5YRZ), the group identified a key active site residue His36 to be critical to the ribonuclease activity of HicA.38 Structural analysis revealed that this active site residue makes close contacts with two residues of HicB, Thr33 and Glu47.38 In order to liberate free toxin, HicA-derived peptides were generated to compete with wild-type HicA for binding to HicB, thus generating excess “free” toxin.38 A peptide mimicking the HicA-HicB interface corresponding to α2 of HicA (Fig. 1.3) was shown to disrupt wild-type complex formation by 80% when present at a 4-fold excess relative to the wild-type HicBA heterodimer.38 The peptide’s disrupting ability was determined using similar protocols used for VapBC.38 At equimolar concentrations of HicA-derived peptide relative to the heterodimer, a 50% increase in ribonuclease activity was observed.38 The results suggest that toxin-derived peptides of the HicBA system are sufficient in competing with wild-type toxin to disrupt pre-formed complex, thus liberating “free” toxin protein that is active as evident by the increase in ribonuclease activity of HicBA in the presence of a HicA-derived peptide. 

III. MazEF and the Extracellular Death Factor (EDF)
Enhancement of type-II toxin activity by peptides has been reported in the MazEF TA system from E. coli.39 The quorum-sensing extracellular death factor peptide (EDF), a five amino acid long linear peptide (asn-asn-trp-asn-asn), was determined to be required for activation of the endoribonuclease toxin MazF.39 The addition of EDF was shown to increase the endoribonuclease activity of MazF in a concentration-dependent manner.39 The addition of full-length EDF was also shown to reverse MazE-mediated inhibition of MazF. When EDF was added to the reaction simultaneously with MazE, MazF activity was similar to MazF alone.39

Mutational studies of EDF were performed and determined that the central amino acid (tryptophan) was required to alleviate MazE-mediated neutralization of MazF, while mutations at any other position did not significantly reduce EDF-mediated activation.39 Binding assays were performed to determine whether EDF binds to MazF or MazE, and showed that EDF binds to MazF but not MazE.39 Molecular modeling was used to predict how EDF could compete with MazE for MazF binding, and determined that EDF competes with MazE71-75 (Ile-Asp-Trp-Gly-Glu), by mimicking critical MazE-MazF interactions.39 These results indicate that EDF directly binds to MazF, and directly prevents antitoxin binding.

A follow-up study of EDFs from other bacteria (Bacillus subtilis and Pseudomonas aeruginosa) showed that EDFs could activate not only the homologous MazF toxins of their respective species, but also EcMazF.40 MazF-mediated endoribonuclease activity was determined in the presence of the EDFs from B. subtilis and P. aeruginosa, and each EDF was shown to increase EcMazF activity. However, unlike EcEDF, the EDFs from P. aeruginosa were unable to alleviate EcMazE-mediated neutralization of EcMazF, indicating that they may activate MazF toxicity through different sites.40 These results indicate that activiation of TA systems can be achieved through multiple mechanisms, either by directly inhibiting the formation of the toxin-antitoxin complex, or by directly increasing toxin activity in the presence of antitoxin.

Additional studies of MazEF activation by EDFs were determined for the three (of seven) previously characterized MazEF TA systems from Mycobacterium tuberculosis.41 Of the three MtMazEF TA systems tested, only MtMazEF3 and MtMazEF6 were shown to be activated by EcEDF as well as three PaEDFs. Both MtMazF3 and MtMazF6 endoribonuclease activity was significantly increased in the presence of EDFs from both E. coli and P. aeruginosa, but unlike EcMazF, both MtMazE3 and MtMazE6-mediated neutralization of their respective MazF toxins was alleviated by the three PaEDFs.41 Unlike EcMazF, the previously identified EDF from B. subtilis did not increase the endoribonuclease activity for any of the three tested MtMazF toxins.41 These results indicate that specific peptides are capable of binding to and activating homologous TA systems despite no known cross-talk between the tested TA systems.[image: ]
Figure 1.4. EDF binding site mapped to the MazEF4 toxin-antitoxin complex. MazF4 homodimer (toxin) = blue; MazE (antitoxin) = red. EDF binding site of MazF4 = yellow.


An additional study of the MazEF4 TA system from Mycobacterium tuberculosis utilized x-ray crystallography and NMR to determine the binding site of a EDF to MazF4.42 The study identified a unique EDF homolog derived from M. tuberculosis and utilized 1H,15N HSQC NMR to determine the binding site of the EDF on MazF4.42 The results indicated that the EDF binding site overlapped with the MazF4-MazE4 protein-protein interface corresponding to α3 of MazE4 (Fig. 1.4). The results of the MazEF-EDF studies indicate that peptides are capable of activating multiple homologous TA systems from different bacteria, indicating it may be possible to develop broad-spectrum therapeutics targeting TA systems.

IV. MoxXT
Another well-characterized toxin-antitoxin system in regard to the development of new antibiotics is the pemK/pemI (MoxXT) system from Bacillus anthracis. The toxin MoxT (a pemK-like toxin) was determined to be a potent ribonuclease. Based on homology modeling, structural similarity predictions showed BaMoxT had a 96% structural similarity to the endoribonuclease YdcE from B. subtilis, suggesting that BaMoxT would exhibit similar activity.43 

A follow-up study of the B. anthracis MoxX-MoxT system was conducted to develop peptide inhibitors of the MoxX-MoxT protein-protein interaction.44 Using extensive homology modeling, structures of the MoxT homodimer, the MoxX homodimer, and the MoxX-MoxT heterotetramer were predicted.44 The MoxX-MoxT heterotetramer complex was predicted using rigid-body docking (GRAMMX protein docking server) of a truncated MoxX model to the predicted MoxT homodimer. After docking, the resulting heterotetramer was compared to the structure of the homologous EcMazEF to validate surface complementarity and similarity of binding.44 The MoxX-MoxT structure indicated that the MoxX-MoxT interface is composed of two binding sites, denoted as site 1 and site 2.44 Using the predicted complex structure, peptides were designed to target the MoxX-MoxT interface.44 To determine the binding of the designed peptides to MoxT, flexible docking was performed using FlexPepDock (Rosetta). The top scoring model was selected as the most probable docking position. Binding of the predicted peptide (SKIGAWAS) was validated in vitro against MoxT. In addition to directly binding to MoxT, the peptide was also capable of disrupting the MoxX-MoxT complex formation.44 The peptides reduced MoxT toxin activity, likely due to the predicted binding of the peptide close to the MoxT active site at site 2.44 The results suggest that peptides targeting site 1 may yield better results of preventing MoxX binding without impacting MoxT activity.44

Additional peptides were designed to inhibit the MoxX-MoxT protein-protein interaction by targeting site 1 of the MoxX-MoxT interface.45 To improve their rational design of peptides to inhibit the protein-protein interaction, an x-ray crystal structure of MoxT was determined to 1.8Å.45 Structure comparison of the BaMoxT structure to the homologous EcMazEF structure resulted in the suggestion that the conserved site 1 binding pocket could be targeted by variety of peptide sequences.45 It was predicted that EDF or EDF-like peptides would bind to site 1 of MoxT and allosterically activate it like in MazEF. Peptides were designed to mimic either EDF, MoxX, or MazE, and were then tested for their ability to disrupt the MoxX-MoxT protein-protein interaction. The two peptides which showed the greatest disruption of the MoxX-MoxT interaction were peptide II (an EDF-like peptide) and peptide VII (derived from MoxX residues 61-67.45 The peptides were also tested to determine if they can enhance MoxT activity, and increased MoxT activity was shown in the presence of peptide I (an EDF-like peptide) and peptide IV (derived from G6PDH from B. anthracis).45 These results suggest that peptides can both inhibit antitoxin neutralization of their cognate toxin, as well as increasing toxin activity.

V. HipAB
Another translation inhibiting TA system HipAB from E. coli has been used in protein-protein interaction studies focused on disrupting the wild-type interaction and liberating “free” toxin.46 The HipAB TA system is composed of a protein-kinase protein HipA, which inhibits translation through phosphorylation of glutamyl-tRNA synthetase.47 Activation of HipA has been linked to the formation of multi-drug tolerant persister cells.46-48 For the HipAB system, in silico docking was used to screen the Chemdiv kinase library and the SPECS compound library to identify potential novel inhibitors of HipA.46 Compounds were screened for binding to the HipA D309Q x-ray crystal structure using Glide.46,48 For the in silico screening, the D309Q mutation was reverted.46 The in silico screening identified 190 potential compounds, which were selected for in vitro screening.46 Identified compounds were screened for binding to HipA using surface plasmon resonance (SPR), and of the 190 tested compounds, 30 were shown to binding HipA in vitro.46 The identified compounds were further narrowed by screening for antipersistence effects consistent with HipA deactivation.46,48 Of the 30 compounds tested, 20 compounds decreased persister cell formation, while 6 of the 20 also showed cytotoxicity, and were excluded from additional testing.46 Of the remaining 14 compounds, the top 4 performing antipersistence compounds were selected for additional testing. Binding affinities (Kd) were determined for each of the compounds to HipA, with values ranging from 0.27 uM to 54 uM.46 These results are the first reported usage of compounds other than the cognate antitoxin to directly bind and neutralize toxin activity, indicating that these systems may be suitable for development of new therapeutics. 

VI. ε-ζ
In addition to the previous studies involving type-II TA systems which alter cell growth via inhibition of translation, similar studies have been performed on TA systems targeting other critical cellular processes. One such system is the cell wall synthesis targeting ζ (zeta) toxin from the ε-ζ (epsilon-zeta) TA system from the broad-host range plasmid pSM19035 found in Streptococcus pyogenes.49 The Zeta toxin causes cell lysis through inhibiting cell wall synthesis by phosphorylating uridine diphosphate-N-acetylglucosamine (UNAG), a peptidoglycan precursor.50 The ε-ζ heterodimer interface is composed of α1, α2, α3, and α7 of the ζ toxin, and α1 of the ε antitoxin.51 In this study, S. pyogenes ζ toxin-derived peptides were synthesized based on three of the four alpha-helices shown to contact the antitoxin as determined by the ε-ζ x-ray crystal structures (ζ toxin α3 was excluded due to its buried nature making it a poor target).51 Zeta toxin-derived peptides were screened for binding against the epsilon antitoxin using a high-throughput fluorescence polarization assay.47 

Binding affinities (Kd) were determine for peptides corresponding to ζ α1 (peptides Ia-c), ζ α2 (peptides IIa-c) and ζ α7 (peptides IIIa-c), and were compared to the Kd of the native ε-ζ complex.49,51 The native complex was determined to have a Kd of 1 uM by fluorescence polarization.49 Peptides Ia-c and IIa-c were shown to bind to ε with Kd values ranging from 74.5 nM (peptide Ia) to 169.5 nM (peptide IIa), which is significantly stronger than the wild-type interaction, indicating that these peptides could serve as a strong starting point for the development of competitive inhibitors of the native interaction.49 While these peptides appear promising, the authors note that the peptide binding was limited to salt concentrations of less than 100 mM sodium chloride, with higher salt concentrations significantly reduced the binding affinity.49 Peptides corresponding to ζ α7 (peptides IIIa-c) were unable to bind to the ε antitoxin by fluorescence polarization.49 Mutagenic studies were performed in which point mutants were introduced to the ζ toxin-derived peptides to determine “hot-spots” critical to the protein-protein interaction, which identified Asp18 of the ζ toxin α1 to be critical to the interaction.49 When Asp18 was mutated to alanine, interaction with ε was completely abolished.49

Additional peptide-based therapeutics have been studied for Type VI secretion system (T6SS) effector-immunity (E-I) pairs, composed of a toxic effector protein which is secreted by the T6SS and a cognate immunity protein which protects the host cell from the toxicity of the effector protein, analogous to TA systems.53

The result of the previously mentioned studies indicates that TA systems can be directly manipulated by both toxin- or antitoxin-derived peptides as well as de novo peptide memetics in order to activate toxin-antitoxin sytems through either disrupting the toxin-antitoxin complex formation, or through direct activation of toxin proteins in the presence of cognate antitoxin protein. 

The background outlined in Chapter I of this dissertation setup the rationale for the importance of research presented in following chapters. The major gaps in the field of toxin-antitoxin systems to be addressed in this work include: (1) How is “free” toxin protein generated in response to activation of toxin-antitoxin systems? (2) How does the protein-protein interactions of type-II TA systems impact antitoxin stability? (3) How can we manipulate TA systems to artificially activate them through generation of “free” toxin protein. 

The subsequent chapters of this work sets out to characterize the type-II TA system ParDE1 from Pseudomonas aeruginosa. Chapter II is comprised of work published in the journal Biochemistry (American Chemical Society).18 This work characterized the Pseudomonas aeruginosa ParD1-ParE1 protein complex, including extensive “hotspot” analysis using site-directed mutagenesis to probe the ParD1-ParE1 protein-protein interaction as well as determination of a 1.7 Å x-ray crystal structure of the ParDE1 complex. Chapter III is comprised of data disseminated as a bioRxiv, focusing on the instability of Pseudomonas aeruginosa ParD1.54 Chapter IV is comprised of currently unpublished data probing the minimal antitoxin unit required for toxin binding, as well as probing the artificial activation of the ParE1 toxin from the ParDE1 complex using ParD1-derived peptides.
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Abstract

Type-II toxin−antitoxin (TA) systems are comprised of two tightly interacting proteins, and operons encoding these systems have been identified throughout the genomes of bacteria. In contrast to secretion system effector−immunity pairs, TA systems must remain paired to protect the host cell from toxicity. Continual depletion of the antitoxin results in a shorter half-life than that of the toxin, though it is unclear if antitoxins can be effectively degraded when complexed with toxins. The current work probed the protein−protein interface of the PaParDE1 TA system, guided by an Xray crystal structure, to determine contributions of antitoxin amino acids to interaction kinetics and affinity. These studies identified a “hotspot” position that alters the binding mode and resulting affinity (Kd) from 152 pM for a 1:1 model for wild type to 25.5 and 626 nM for a 2:1 model with mutated antitoxin. This correlates with an altered induced secondary structure upon complexation with PaParE1 and increased kinetics of Lon protease digestion of the antitoxin despite the toxin presence. However, the decreased affinity at this hotspot was essentially reversed when the antitoxin dimerization region was deleted, yielding insights into complex interactions involved in the tight association. Removal of the antitoxin C-terminal seven amino acids, corresponding to the site of a disorder-to-order transition, completely prevents association. These studies combine to provide a model for the initiation of the TA interaction and highlight how manipulation of the sequence can impact the antitoxin disorder-to-order transition, weakening the affinity and resulting in increased antitoxin susceptibility to degradation. 

Introduction 

Protein−protein interactions mediate essential functions for life, and understanding the molecular basis of their specificity can provide valuable insights into their functions.1 Interactions between effectors and cognate immunity proteins, such as those found in toxin−antitoxin (TA) systems, type-VI secretion systems, and contact-dependent inhibition systems, determine the protection of host cells and, in some cases, the targeting of other cells. The type-II TA systems are composed of a non-secreted toxin protein that is neutralized by a highly specific cognate antitoxin protein that serves an “immunity” function.2,3 In other effector−immunity pairs, the neutralizing immunity proteins are known to be extremely stable and provide constant protection to the host as toxins are secreted.4 Remarkable similarity has been noted among these different effector−immunity pairs, in particular among toxin mechanisms of cell death involving nuclease activity.4,5 In contrast to immunity proteins of effector−immunity pairs, antitoxins of TA systems are continuously depleted by ATP-dependent AAA+ proteases. This results in a shorter half-life of the antitoxin relative to the non-secreted toxin protein, such that continual translational replenishment of antitoxin is needed to maintain toxin neutralization.6−13 

TA systems were originally identified as mediators of plasmid inheritance through a post-segregational killing (PSK) mechanism that is predicated on the shorter half-life of antitoxin molecules and the subsequent liberation of toxin activity.3 However, TA systems are also integrated into the genomes of bacteria and archaea; the role of these systems within their host cells is an issue of active debate.2,3,7,8,10,14,15 For secreted effectors, the interaction with cognate immunity proteins in host cells is prevented by chaperones that deliver the effector to the secretion apparatus.16 Presumably in these cases, the interaction with a cognate immunity protein should be essentially irreversible to maintain host protection. For TA systems, the two protein components associate directly, and it is unclear if the tightly interacting antitoxin proteins can be degraded directly from a complex with toxin, as is implied for the PSK model of TA system function. 

Among a given TA system family, individually encoded antitoxins have low sequence similarity at the sites of these interactions, leading to high specificity for their cognate toxins with only limited “cross-talk” between homologous TA systems.18−21 Type-II TA systems form extensive protein− protein interfaces, typically with nanomolar affinity and spanning surface areas of more than 1400 Å2.19,21−25 A recent study detected the degradation of TA system antitoxins without an accompanying gain of toxin activity for ribonucleic acid (RNA) cleaving toxins within Escherichia coli, consistent with a lack of antitoxin degradation from pre-formed complexes.26 This appears to contrast the canonical PSK model, which requires the generation of free toxin after loss of the plasmid encoding TA system genes,17 leading to questions of how tightly interacting TA proteins could be parted as antitoxin is degraded. This led us to further question if there might be “hot spots” within these TA interactions, such that interruption at one specific site could facilitate antitoxin removal from a TA complex. We hypothesized that the identification of such “hot spots” would provide insights into the vulnerable regions of interactions amenable to interruption by cellular components or by intentional external manipulation.20,27−31 

The type-II TA system ParDE was first identified on the broad-range plasmid RK2 as a plasmid stabilization element that causes growth inhibition upon plasmid loss.32 ParE toxins are structural homologs of the TA system RelE-superfamily of RNase enzymes, as well as colicin and barnase nucleases.33 However, ParE toxins have been well-documented as causing growth inhibition through the inhibition of deoxyribonucleic acid (DNA) gyrase.22,34,35 The ParE1 toxin from Pseudomonas aeruginosa (PaParE1) used in this study has been shown to inhibit DNA gyrase-mediated supercoiling, and its attenuated toxicity could provide target protection to cells treated with anti-gyrase antibiotics.22 Other ParE toxins, such as three ParE proteins from Vibrio cholerae, have been shown to select for chromosome II of V. cholera in a PSK-type function.36 It has been demonstrated that ATP-driven proteases Lon and ClpP degrade intracellular antitoxins in vivo, including for the plasmid-derived RK2−ParDE system.9,11,13,37 Given the overlap of ParE activity with the well-validated gyrase antibacterial target, there is interest in the manipulation of toxin activation via liberation from antitoxin. 

The current study examined the ParD−ParE interactions of the chromosomally encoded PaParDE1 system with an aim of characterizing the important molecular determinants of complex formation and stability. Guided by a crystallographic structure of the PaParDE1 complex (PDB ID: 6XRW), site-directed mutagenesis experiments identified an amino acid change that was sufficient to decrease the interaction affinity (Kd) from picomolar to high nanomolar, concomitant with a change in the mode of binding. Further, C-terminal truncations identified that the last seven amino acids of the PaParD1 antitoxin are required for initiation of the interaction with the PaParE1 toxin. The interaction with the PaParE1 toxin proved critical for the protection of PaParD1 from in vitro Lon protease degradation. Overall, these results yield insights into how the complex formation is initiated, individual PaParD1 interfacial amino acid contributions to a disorder-to-order transition and thus to the strength of interaction, and how this in turn impacts protease degradation of antitoxin.

Experimental Details 

Expression and Purification of P. aeruginosa PaParDE1 
The cloning and expression of the genes encoding PaParD1 and PaParE1 have been previously described.22 Mutants were generated using the QuikChange (Stratagene) or Q5 (NEB) mutagenesis kits (sequences and primers are given in Table S2.1). In brief, these genes were separately cloned into the pET-15b plasmid in frame with an N-terminal 6× his-tag and thrombin cleavage site. Protein expression was induced by the addition of 1 mM IPTG to the media; PaParD1 was expressed at 25 °C for 4−6 h to minimize in situ degradation, while PaParE1 was expressed at 16 °C overnight (possible due to its limited toxicity) prior to harvesting by centrifugation. 

Protein purification was carried out by closely following previously reported procedures.22 In short, cell pellets were resuspended in a 50 mM Tris-HCl pH 8.5, 300 mM NaCl, 40 mM imidazole buffer and lysed using a high-pressure homogenizer (Emulsiflex). The clarified lysate was passed through a HisTrap FF Ni-NTA column (GE Healthcare) and eluted using a linear gradient with a 50 mM Tris-HCl pH 8.5, 300 mM NaCl, 500 mM imidazole buffer. The eluted protein was desalted in a 50 mM Tris-HCl pH 8.5, 300 mM NaCl buffer using a HiPrep 26/10 desalting column (GE Healthcare) and concentrated using a 3 kDa molecular weight cut-off (MWCO) Ultra-15 concentrator (Amicon) prior to separation by size-exclusion chromatography using a Superdex 75 10/300 GL (GE Healthcare) column pre-equilibrated with a 50 mM Tris-HCl pH 8.5, 300 mM NaCl buffer. 

When necessary, cleavage of affinity (6×-his) tags was performed prior to size-exclusion chromatography using thrombin. Proteins were buffer-exchanged into 50 mM HEPES pH 7.5, 150 mM NaCl. Cleavage was performed using 1 U thrombin (bovine, Sigma) per 1 mg protein overnight at 4 °C. The uncleaved protein was separated from the cleaved protein using a HisTrap FF Ni-NTA column according to the method described above. Gel-filtration was then carried out using a Superdex 75 10/300 GL column (GE Healthcare) pre-equilibrated in 50 mM Tris-HCl pH 8.5, 300 mM NaCl. 

The PaParDE1 complex was formed by first buffer exchanging purified PaParD1 and purified PaParE1 into 50 mM MES pH 6.0, 300 mM NaCl, 5% glycerol, prior to mixing 1:1 for 30 min to 1 h at 4 °C. After mixing, the complex was concentrated (if necessary) prior to purification using a HiLoad 16/600 Superdex 75 pg column (GE Healthcare) or Superdex 75 10/300 GL column (GE Healthcare) preequilibrated in a 25 mM MES pH 6.0, 150 mM NaCl, 5% glycerol buffer. Protein purity and integrity were assessed under denaturing and reducing conditions with 12% acrylamide gels in a Tris-HCl−tricine buffer system.38 

Structure Determination and Analysis of PaParDE1
Initial broad screening of the PaParDE1 complex (10.5 mg/ mL in 25 mM MES pH 6.0, 150 mM NaCl, 5%, glycerol) was carried out at 293 K in a 96-well plate using sitting drop vapor diffusion crystallography with the aid of a mosquito crystallization robot (TPP LabTech). Optimization screens were performed in 24-well plates using sitting drop vapor diffusion. Diffraction quality crystals were obtained after 72 h in a condition of 7.5% (v/v) 2-methyl-2,4-pentanediol (MPD), 20% PEG 6000, 25 mM ammonium sulfate, and 100 mM TrisHCl pH 7.0. Prior to data collection, PaParDE1 crystals were plunged in liquid nitrogen directly from the crystallization mother liquor. X-ray diffraction was collected on a MicroMax 007HF microfocus X-ray generator (Rigaku) with a Pilatus 200K silicon pixel detector (Dectris). Data processing and scaling were performed using HKL3000R (HKL Research Inc.). Phasing was solved using the program phaser,39 as implemented in the package Phenix, for molecular replacement. Many starting models were screened, with satisfactory solutions only arising using a hybrid template of a ParE−ParD dimer, lacking the ParD DNA binding domain, generated through manual inspection and curation of regions and loops; two of these dimer models were placed. Refinement of phases was initiated with AutoBuild (Phenix package) that placed missing protein regions, followed with iterative cycles with Phenix refine and manual adjustments in coot.39,40 Statistics for data collection and refinement are presented in Table S2.2. Subsequent structure-based sequence alignments and visualization of PDB structures were performed using UCSF Chimera;41 sequence alignment figures were prepared using the ESPript 3 webserver.42 Surface area values and energetics were obtained using the PDBePISA webserver from EMBL.43 

Biolayer Interferometry
Prior to biolayer interferometry (BLI), samples were desalted into a 50 mM Tris-HCl pH 8.5, 300 mM NaCl, 0.5% BSA, 0.05% Tween-20 buffer, and all solutions were matched to these buffer conditions. BLI was performed at 25 °C using an Octet RED96 interferometer (Pall ForteBio) by coupling 100 nM WT or mutant His-tagged ParD1 proteins to Ni-NTA BLI sensor pins. WT-untagged PaParE1 was serially diluted (10 to 0.3125 nM; I68A PaParD1 required 10× higher concentrations) and incubated with ParD1-coupled pins until the association approached saturation, and then the dissociation rates were measured. Rates were calculated by fitting the curves to a 1:1 Langmuir binding model, except for I68A which required a 2:1 binding model to be fitted, as performed with manufacturer-provided BioAnalysis software (v 8.2). Individual curves were analyzed to ensure high quality fits with R2 values greater than 0.95 (see Figure S2.1); individual assays were repeated at least three times to obtain average Kd values, where possible, as calculated from the ratio of the dissociation rate to the association rate; in the absence of dissociation rates, the association rates were compared (the summary of replicates is given in Table S2.3). 

Size Exclusion Chromatography-Multiangle Light Scattering
Size exclusion chromatography−multiangle light scattering (SEC−MALS) experiments were carried out at room temperature using the flow cell of a Wyatt miniDAWN Treos system integrated with a refractive index (RI) detector. Samples were introduced from a liquid chromatography system and separated over Superdex 200 Increase 10/30 GL (GE Healthcare) equilibrated in 50 mM MES buffer, pH 6.0, 300 mM NaCl, 5% (v/v) glycerol. The analysis followed the manufacturer’s recommendations using the ASTRA software package (Wyatt Technologies, v. 6.1) to calculate the weight-averaged molecular weight; protein concentrations were determined from the RI signal (see Figure S2.2). Data were exported from ASTRA and re-plotted in GraphPad Prism (v. 6.0d) for graphic presentation. 

Fourier-Transform Infrared Spectroscopy
The protein secondary structure was measured via amide I and amide II stretching from wavenumbers between 1700 and 1500 cm−1 measured at room temperature using a Tensor II Fourier transform infrared (FTIR) CONFOCHECK (Bruker) equipped with a BioATR unit. All samples were desalted into 50 mM MES pH 6.5, 300 mM NaCl, 5% glycerol and concentrated to 1 mg/mL prior to analysis. A blank run of buffer was performed and subtracted from each sample to eliminate the background buffer signal, and three technical replicates were performed for each measurement (see Table S2.4). The protein secondary structure values reported were calculated using the predefined α helix and β sheet methods for secondary structure determination provided with the CONFOCHECK software. 

Bacterial Two-Hybrid Assay
Plasmids and controls were purchased from Euromedex; cloning utilized a Q5-mediated gene amplification and HiFi DNA assembly mix (NEB). Competent E. coli BTH101 cultures were co-transformed with 30 ng each of pUT18C or pKT25 plasmids using a standard heat shock protocol. LB supplemented with kanamycin (50 μg/mL) and carbenicillin (100 μg/mL) was used to select for the two plasmids. Additionally, X-Gal (40 μg/mL) and IPTG (0.5 mM) were included in the plated media to assess the interactions via reconstitution of the adenylate cyclase activity, evident by the blue colony. Plates were incubated 24 h at 30 °C and then scored for the colony color, with blue indicating a positive interaction between bait and prey fusion proteins. Incubation was continued for 2−3 days longer at room temperature to look for weak or transient interactions. Miller units were determined using the Miller assay, as previously described44 (see Figure S2.3). In brief, liquid cultures with both kanamycin and carbenicillin selection were grown overnight at 30 °C. Standardized volumes of these cultures were lysed using BugBuster (Sigma), and the absorbance at 420 nm arising from the β-galactosidase cleavage of ortho-nitrophenyl-β-galactosidase was monitored. The calculation of the resulting Miller units were performed following previously published methods.44 Independent replicates were carried out by repeating the initial transformation with independently selected clones for each construct and following the subsequently described methods. 

Expression and Purification of E. coli Lon
E. coli Lon protease (pBAD33::EcLon) was obtained from Addgene (pBAD33.Lon was a gift from Robert Sauer, Addgene plasmid # 22145; http://n2t.net/addgene:22145; RRID/Addgene_22145) and expressed and purified essentially as previously described.45 EcLon was expressed in E. coli strain DH5α, which was grown to an OD600 of 0.8−1 prior to induction by the addition of arabinose to a final concentration of 0.2%. Protein expression was performed at 23 °C with moderate shaking for 4−8 h prior to harvesting by centrifugation. Cell pellets were resuspended in ice-cold 100 mM phosphate buffer pH 6.4, 1 mM EDTA, 1 mM DTT, 20% glycerol and lysed using a high-pressure homogenizer (Emulsiflex). Purification was performed using a batch affinity method with phosphocellulose resin (Whatman). Washing buffers used increasing phosphate concentrations until elution with 400 mM phosphate buffer pH 6.4, 1 mM EDTA, 1 mM DTT, 20% glycerol. The eluted protein was concentrated using a 30 kDa MWCO concentrator (Amicon) and further purified by SEC on a HiPrep 16/60 Sephacryl S400 HR column (GE Healthcare) pre-equilibrated in 50 mM HEPES pH 7.5, 1 mM DTT, 1 mM EDTA, 20% glycerol. 

In vitro Degradation of the ParDE1 Complex by EcLon
Purified EcLon activity was confirmed by monitoring the degradation of casein (data not shown), essentially as previously described.45 A 5× Lon assay buffer was prepared composed of 125 mM Tris-HCl pH 7.5, 500 mM KCl, 50 mM MgCl2 10 mM DTT, 50 mM ATP. Casein protein was prepared at 4.5 mg/mL in 50 mM HEPES pH 7.5, 50 mM NaCl. 100 μL assays were incubated at 37 °C with final concentrations of 5 μM EcLon, 0.5 mg/mL casein, 1× Lon assay buffer and monitored by gel electrophoresis. 

Lon degradation of both WT and I68A PaParD1 and PaParDE1 complexes was performed in both the presence and absence of an ATP regeneration system utilizing pyruvate kinase and phosphoenolpyruvate (PEP).45 A 5× ATP regeneration assay buffer was prepared composed of 125 mM Tris-HCl pH 7.5, 500 mM KCl, 50 mM MgCl2, 10 mM DTT, 10 mM ATP, 50 U/mL pyruvate kinase, 50 mM PEP. 100 μL reactions for both WT and I68A ParDE1 complexes (final concentration 0.5 mg/mL) were incubated with 5 μM EcLon at 37 °C, and degradation was monitored by gel electrophoresis at 30 min, 1 h, and 24 h (see Figure S2.4). 

RESULTS

Structural Similarities of ParDE Complexes and Their Interaction Surfaces
The structure of the P. aeruginosa PaParDE1 complex was determined by X-ray crystallography to a resolution of 1.77 Å (PDB ID: 6XRW, see Table S2.2). The crystallographic asymmetric unit consists of two PaParD1−PaParE heterodimers, but these are not paired into the relevant tetrameric biological unit (Figure 2.1A). Instead, the biological heterotetramer is generated by a crystallographic two-fold axis of symmetry and consists of a PaParD1 dimer, with each PaParD1 bound to a single PaParE1 molecule, resulting in an overall Par(E1)1-(D1)2-(E1)1 architecture (Figure 2.1B). Within the asymmetric unit, a ParE1−ParE1 interface is bridged by a well-ordered 28-atom long polyethylene glycol (PEG) molecule (Figure 2.1C). This PEG molecule is associated with a small cavity formed from the interaction of two PaParD1 α3 helices and two PaParE1 N-terminal helices. This small cavity has an additional small molecule with well-defined electron density modeled as a benzamidine molecule, likely present from the initial steps of protein purification (Figure 2.1D). At this time, no biological role for these specific crystallization molecules is expected, although they appear essential to crystal packing. [image: ]
Figure 2.1.  Structure of Pseudomonas aeruginosa PaParDE1 heterotetramer.  A.  The asymmetric unit of the PaParDE1 complex contains two PaParD1 chains (grey ribbons) and two PaParE1 chains (blue and cyan ribbons).  The red box highlights the presence of polyethylene glycol and benzamidine ligands at a ParE-ParE crystal packing interface.  B.  The biologically relevant heterotetramer of the PaParDE1 complex.  Regions of functional significance are noted, including the red circles highlighting a cross-interaction between a PaParE1 toxin with the other PaParD1 chain found in the dimeric antitoxin.  C-D.  A composite OMIT map (contoured at 1) of ordered small molecules observed at the PaParE1 crystal packing interface.  C. polyethylene glycol, D. benzamidine.


Comparison of the ParD antitoxins in the four available canonical structures reveals a conservation of dimerization through the N-terminal ribbon-helix-helix (RHH) DNA-binding domain, consistent with the classification as CopG-type transcriptional repressors, but with differences in the overall lengths of the α2 and α3 helices.19,25,46−48 Both PaParD1 (PDB ID: 6XRW) and Caulobacter crescentus (Cc) ParD1 (PDB ID: 3KXE) have considerably shorter α2 helices (48.1 and 46.8 Å, respectively) compared to the two Mesorhizobium opportunistum (Mo) ParD structures (PDB ID: 5CEG and a chimeric ParD in PDB ID: 6X0A), which share the same DNA binding domains and have α2 helices of 53.5 Å.46 Differences in the length of the α3 helices are also noted, with PaParD1 among the shortest at 13.3 Å; E. coli (Ec) ParDE (PDB ID: 5CW7) has the longest, measuring just over 30 Å, with CcParDE1 at approx. 17 Å; and MoParD molecules at 21 and 23 Å. This places PaParD1 as the most compact ParD antitoxin structure known to date. Further, PaParD1 appears to have an unstructured C-terminus, with three amino acids in contact with the toxin beyond the α3 helix (Figures S2.5 and S2.6). 

In all structures, the long helix (α2) of the antitoxin and the short C-terminal helix (α3) form the interaction interface with the toxin. Among all the complexes, the antitoxin slots into a surface channel to wrap around the toxin molecule, burying at least 1400 Å2 between the two interacting partners. The complexes from Mo and Ec, however, have a larger buried surface of ≥1500 Å2 mediated largely through a longer ParD α3 helix (Table S2.5, Figures S2.5 and S2.6). The interactions of ParD with ParE all have a generalized hydrophobic nature of the antitoxin-binding path, a property conserved among the RelE/ParE TA family, and of note, there are no water molecules within any of these protein−protein interfaces.19,25 There are specificity imparting polar interactions, including salt bridges, interspersed along the edges of this hydrophobic path, as was originally identified in the first reported structure (PDB ID: 3KXE).25 In general, approximately half of the buried surface area is hydrophobic (Table S2.5, Figure S2.5), with the two extremes being the complex from Ec (PDB ID: 5CZE) with only ∼40% of the buried area on ParD being hydrophobic and one of the Mo complexes (PDB ID: 6X0A) at ∼57%. 
     [image: ]
Figure 2.2.  Sequence conservation and comparison to the contacting amino acids between PaParE1 and PaParD1.  Structure-based sequence alignments of A. PaParE1 and B. PaParD1 as compared to other ParDE complexes with experimentally determined structures 19,23,25. Completely conserved amino acids are denoted as white text on a red background, while conservation in 3 of the 4 sequences are in red text.  The ParD1 sequence is annotated by black boxes to indicate the amino acids chosen for mutation, and a red asterisk is placed above the amino acid selected for substitution with a stop codon to generate C-terminally truncated PaParD1 proteins.  C.  The molecular surface of a PaParE1 toxin is colored by Kyte-Doolittle hydrophobicity (orange, phobic; green, polar).  The PaParD1 antitoxin ribbon is colored tan, and amino acid side chains chosen for alanine substitution are shown and labeled.  Labels with red text indicate PaParD1 truncation mutants.

Comparison of the structure-based sequence alignments demonstrates that the ParE toxins contain higher sequence similarity than their cognate ParD antitoxins (Figure 2.2A). The ParE toxins each encode a highly conserved sequence in helix 1 (consensus: AXADLDDI), of which an Asp amino acid is observed to participate in a salt bridge with a C-terminal arginine (or lysine) conserved in the cognate ParD antitoxin in each structure (Figures 2.2B and S2.6). An additional absolutely conserved residue in ParE is an arginine at the start of β2, which is observed to be relatively solvent exposed in each structure. 

The interactions between ParE toxins and their cognate ParD antitoxins place the face of the ParE β sheet against the α2 helix of ParD; this interaction appears to be supported by Tyr or Phe amino acids found on ParE β3. ParE β3 and β4 are also enriched with smaller hydrophobic amino acids, many of which comprise the core of the ParE-like fold (Figure S2.6). The loop in ParD that connects α2 and α3 passes over one edge of the toxin β sheet (Figure S2.5). The α3 helix of ParD sits against the surface generated by the two helices of the toxin (Figure S2.5); and as noted above, this antitoxin α3 helix is significantly shorter in PaParD1 (Figures S2.5 and S2.6). We note prominent cavities are conserved on this surface of the toxins that face the antitoxin α3 helix of ParD molecules, and the volume and distributions appear tailored for interactions with side chains from cognate ParD antitoxins (Figure S2.5). 

While the PaParE1 toxin is tightly wrapped by the C-terminus of a PaParD1 molecule, the PaParE1 toxin also makes limited interactions with the other PaParD1 molecule in the biological unit. Two points of contact are evident, one between PaParD1 α1 with a loop in PaParE1 that connects the two α helices with the β strands in the toxin (Figure 2.1B, red circled region) and another with PaParD1 α2 and the C-terminus of PaParE1. Together, these previously unrecognized interactions form an interface with ∼360 Å2 of the buried surface per copy in the PaParDE1 complex. 

Interaction with PaParE1 Has a Hotspot at PaParD1 Ile68
The PaParDE1 complex structure was used to identify potentially important sites on the α2 and α3 helices of the antitoxin for interactions with the toxin (Figure 2.2). To evaluate their individual contributions, site-directed mutagenesis was employed to exchange 10 hydrophobic residues of PaParD1 (in α2: W45, V47, I50, L54, in the linker region: L62, L63, and in α3: I66, I68, W72, and L74, Figure 2) to alanine, although poor expression of the antitoxin containing L54A substitution precluded further analysis. Five additional alanine substitutions were made at polar amino acids (in the linker region: D56, E64, and in α3: H65, E69, and R71, Figure 2.2), yielding a total of fourteen positions probed along the PaParD1 protein. These mutated antitoxin proteins were used to evaluate the kinetics of binding and thus derive an equilibrium dissociation constant (Kd) for interaction with PaParE1. These were compared to the previously published values for the WT antitoxin, with a Kd value of 152 pM (Table S2.3).22 

The tight interaction of these proteins approaches the limit of detection for k-off; however, thirteen of the fourteen single point mutants showed no significant difference in binding kinetics (p-value < 0.05, one-way ANOVA) from that obtained with the WT PaParD1 (traces and analysis, Figures 2.3 and S2.7, Table S2.3). Further, size-exclusion elution profiles of these PaParD1 point mutants in complex with PaParE1 were identical to WT (data not shown), verifying that a stable complex was formed. The point mutation at Ile68 (I68A), however, has altered the binding behavior that both weakens the interaction and no longer conforms to a 1:1 Langmuir model of binding (Figure S2.8). The binding is instead parsed into two binding conformations per PaParD1 chain (a 2:1 heterogeneous ligand model), where one type of interaction has a considerably faster off-rate (p-value < 0.0001) compared to the WT interaction (Figures 2.3 and S2.7, Table S2.3) and thus a Kd value of 626 ± 468 nM, while the other has a slower on-rate, resulting in a Kd value of 25.5 ± 2.2 nM. 

PaParD1 I68A Hotspot Has a Minimal Effect on Affinity When Antitoxin Is Rendered Monomeric
We reasoned that additional contributions to binding may arise from some uncharacterized cooperativity within the dimeric ParD, or potentially from cross-interactions of the PaParE1 toxin with the other PaParD1 monomer in the biologically relevant tetramer noted in the crystallographic packing (Figure 2.1B). To address this, N-terminal truncations of PaParD1 were produced, removing residues 1−41 encompassing the DNA-binding and dimerization domains of PaParD1; however, the resulting PaParD142−75 construct was insoluble. Therefore, both WT and I68A PaParD1 were fused to the C-terminus of the fluorescent protein mCherry to generate mCh-ParD142−75 and mCh-I68A ParD142−75 (Figure 2.3). These were both confirmed to be monomeric by SEC analysis (not shown). A lack of contributions from the mCherry fusion was verified by repeating the BLI assays with mCherry fused to full length ParD1, resulting in Kd values approximating the unfused WT PaParD1 interaction profile (225 ± 6.8 pM) (Figures 3 and S2.1, Table S2.3), as well as the mCherry protein alone, which demonstrated a lack of interaction. The equilibrium dissociation constant (Kd) for the truncated monomeric mCh-PaParD142−75 was determined to be essentially equivalent to the WT full length protein, at 828 ± 550 pM (Figures 3 and S1, Table S3). Like the full-length I68A PaParD1 mutant, the monomeric mCh-I68A PaParD142−75 mutant required fitting using a 2:1 heterogeneous ligand model. Two equilibrium constants of dissociation were determined for the mCh-I68A PaParD142−75 mutant: Kd1 was determined to be 29.06 ± 9.39 nM, while Kd2 was determined to be 2.23 ± 1.95 nM (Figures 2.3 and S2.1, Table S2.3). While these values are still increased relative to the WT values, they are not statistically significant. However, the Kd1 value of mCh-I68A ParD142−75 is significantly different from the full-length I68A ParD1 mutant. This indicates that the impact of the I68A mutant on affinity is likely most attributable to altering the nature of the interactions within the heterotetramer rather than the loss of specific atomic contacts. 

C-Terminal Seven Amino Acids of PaParD1 Are Required to Form a Complex with PaParE1
Concomitant with our analysis of individual amino acid contributions to the interaction affinity, C-terminal truncations of the antitoxin were made to determine if it was required to establish a stable complex with PaParE1. Using site-directed mutagenesis, stop codons were created to replace residues N58, L63, or E69 (Figure 2.2). Based on BLI experiments and confirmed by SEC, none of these truncation mutants were able to form a complex with WT PaParE1 (Figure 2.4). For the truncation at amino acid 58, this was not surprising, as all of the last interacting helix were removed (α3, Figure 2.2). However, the abolishment of interaction with a truncation at amino acid 69 removes only a minimal part of the last helix. Of the truncated amino acids of E69X PaParD1, W72 and L74 form hydrophobic interactions with PaParE1. Additional contacts within this truncated region of PaParD1 are a polar interaction between E69 of ParD1 and K41 of PaParE1, as well as a polar interaction between R71 of PaParD1 with D14 of PaParE1. Single point mutations of each of these antitoxin residues had no impact on affinity by BLI (Figures 2.3 and S2.1, Table S2.3). 
[image: ]
Figure 2.3.  Mutation of antitoxin PaParD1 amino acid Ile68 to Ala decreases the interaction affinity, while no other individual antitoxin amino acids alter the affinity of interaction with PaParE.  Comparison of equilibrium values for Kd, as determined by BLI experiments, reveals that PaParD1 I68A decreases the affinity and is statistically significant, even when the dimeric region of PaParD1 is removed (replaced by mCherry to maintain solubility of constructs).  The binding of PaParE1 to I68A PaParD1, however, is parsed into two different types of interactions.  Removal of the dimeric region of ParD, however, restores both I68A binding interactions to within the range for WT. Kinetic on and off rates are graphed in Fig. S2.7, average values (n  3) for each parameter are given in Table S2.3, and traces with residuals for each BLI experiment are given in Fig. S2.1.

Altered Interactions with PaParD1 Are Recapitulated in Bacterial Cells
To assess the potential impacts of other cellular contents on the interactions of PaParD1 and PaParE1, the I68A and E69X constructs were generated for testing in a bacterial two-hybrid (BACTH) system. Each construct contained either the T25 or T18 fragments of the adenylate cyclase protein at the N-terminus of PaParD1 (WT, mutant, or truncation) and/or of PaParE1 (Figure 2.5). As we previously noted,22 the PaParE1 toxin is attenuated with respect to toxicity, which allows for expression in the absence of antitoxin in the BACTH system. Each construct was tested by spotting onto media with a colorimetric indicator (X-Gal) and by measurement of the Miller units of β-galactosidase activity resulting from an overnight induction. To ensure the detected interactions were protein-specific, each construct was also screened against an “empty” vector control, and this routinely yielded white colonies, as well as in the opposite vector orientation (fused to either T18 or T25 fragments) (Figure S2.3). 

BACTH revealed that WT PaParD1 interacts strongly with PaParE1, evident by blue colonies and Miller units of 3600− 4000, as expected for an in vitro apparent Kd of 152 pM. The interaction of I68A PaParD1 with WT PaParE1 results in a lighter blue colony than the WT interaction. Quantitation of Miller units reveals an approximately 2- to 4-fold decrease of the PaParE1 interaction with I68A PaParD1, as compared to the WT PaParD1 interaction with PaParE1 (Figures 2.5 and S2.3), which is consistent with the biophysical measurements. This demonstrates that the observed in vitro impact on binding of mutating amino acid Ile 68 of PaParD1 has an equivalent impact within a cellular environment, albeit in E. coli rather than the native host P. aeruginosa. 
[image: ]
[bookmark: _Hlk133517993]Figure 2.4.  Size exclusion chromatography confirms a lack of interaction with PaParD1 antitoxin lacking the C-terminal seven amino acids.  The black trace demonstrates the resulting profile when PaParE1 is mixed with either A. wild type (WT) or B. truncated (E69X) PaParD1.  Corresponding traces for either component alone are also shown.

The lack of complexation between PaParE1 and the E69X PaParD1 antitoxin was verified in the BACTH assay format, which revealed white colonies and no Miller units above background (Figures 2.5 and S2.3). Therefore, the interactions of the E69X PaParD1 antitoxin truncation mutant with PaParE1 are also blocked within this cellular environment. Further, these results indicate that the last seven amino acids lacking in E69X PaParD1, which removes all amino acids after the Ile68 amino acid, are required to initiate the interaction with PaParE1. 

PaParD1 “Hotspot” Mutation I68A Affects the Secondary Structure and Stability of the Resulting PaParDE1 Complex
To further probe the impact of the PaParD1-I68A mutation’s effect on the antitoxin structure and complexation, we determined the secondary structures using FTIR.49 Secondary structure measurements were performed for each component, as well as purified WT and I68Acontaining complexes (Figure 2.6A, Table S2.4). In the absence of PaParE1, both WT and I68A PaParD1 have essentially identical secondary structure, containing approx. 35−36% α-helical and 28% β-sheet content, indicating that the I68A mutant does not impact the native structure. Upon binding to PaParE1, the WT PaParD1 undergoes a transition, resulting in an increase in α-helical content wherein each PaParD1 monomer contributes six amino acids, and this is consistent with a disorder-to-order transition at the C-terminal α3 helix of PaParD1 (Figure 2.6A, Table S2.4). Interestingly, upon complexation with PaParE1, the PaParD1-I68A mutant shows a larger increase in α-helical content relative to the WT complex (approx. 14 amino acids per PaParD1 monomer), indicating that it adopts an extended α-helical structure upon toxin binding. While we cannot preclude changes to the secondary structure of the ParE molecule, as was previously shown in the structurally related RelE toxin from E. coli, ParE toxins lack the region corresponding to the RelE gain of the helical content, and no available structures or models for association support such a change in the ParE structure.50 The PaParD1 antitoxin is noted to contain a short β strand (L62, L63, E64); however, due to the limitations of FTIR only measuring β sheets, we cannot speculate whether this region is structured in the absence of or induced by the toxin. Given that few amino acids in the WT complexed PaParD1 antitoxin are not in an α helix, or part of the well-ordered RHH motif, it appears that the additional helical nature of the I68A antitoxin comes from the loop region between α2 and α3, as well as the short β strand (L62, L63, E64). 
[image: ]
[bookmark: _Hlk133518002]Figure 2.5.  A Bacterial Two-Hybrid assay confirms the effects of PaParD1 mutations on complex formation within a cellular environment.  Representative images of growth on indicator media are shown, and corresponding Miller units are indicated below each spot.  These represent at least three independent transformations with subsequent measurements after an overnight induction.  Additional measurements and control samples are given in Fig. S2.3.

We verified the association of the I68A PaParD1 mutant with PaParE1 using SEC, which indicates I68A is able to form a complex with PaParE1 in vitro. However, a small shift was observed in the elution volume for the I68A containing complex, as compared to the WT complex, suggesting a potential change in interaction (Figures 2.6B and S2.8). The data fitting results of the BLI experiments also suggest a change in binding for the PaParD1-I68A antitoxin (Figures 2.3 and S2.1), including faster off-rates resulting in weaker affinity. To further measure the impacts on the overall structures, we utilized SEC (Figure 2.4). SEC confirms a lack of interaction with PaParD1 antitoxin lacking the C-terminal seven amino acids. The black trace demonstrates the resulting profile when PaParE1 is mixed with either (A) WT or (B) truncated (E69X) PaParD1. Corresponding traces for either component alone are also shown (Figure 2.5). A bacterial two-hybrid assay confirms the effects of PaParD1 mutations on complex formation within a cellular environment. Representative images of growth on indicator media are shown, and corresponding Miller units are indicated below each spot. These represent at least three independent transformations with subsequent measurements after an overnight induction. Additional measurements and control samples are given in Figure S2.3. coupled to MALS to determine the absolute molecular mass of the components and the resulting complexes (Figure 2.6B).

We have previously characterized the PaParDE1 system, identifying a dimeric ParD antitoxin (14.74 ± 1.30 kDa, no affinity tag present) and monomeric toxin (13.5 ± 0.64 kDa) which form a heterotetrameric complex (44.5 ± 1.10 kDa).22 The SEC−MALS results recapitulated these previous measurements for monomeric PaParE1 (13.65 ± 0.18 kDa) and dimeric PaParD1, including for the PaParD1-I68A mutant (22.37 ± 0.38 kDa, with affinty tag, Figure 6B).22 In addition, a heterotetrameric complex of the WT proteins was measured as 47.15 ± 0.16 kDa, also consistent with previous measurements.22 

However, the PaParE1 toxin and the PaParD1-I68A mutant antitoxin complex consist of a 38.43 ± 0.38 kDa complex. The light scattering signal clearly indicates a shift in the molecular mass as compared to the WT complex and is interpreted as comprising a mixture of dimeric I68A antitoxin bound to either one or two PaParE1 toxin molecules. The loss of binding to one toxin results from the increased off-rate, which can re-equilibrate as the chromatography progresses. This provides orthogonal BLI and SEC−MALS supporting an impact on the loss of affinity between the PaParD1 antitoxin and its cognate PaParE1 toxin, likely resulting from altered dynamics and C-terminal antitoxin ordering (measured by FTIR) due to the I68A mutation. [image: ]
[bookmark: _Hlk133518075]Figure 2.6.  The PaParD1 I68A mutation impacts the gain of secondary structure as a function of binding to PaParE1, and results in altered occupancy of PaParE1 within the overall complex.  A.  FTIR measurements were carried out using buffer-matched samples and repeated in triplicate (see Table S2.5 for individual measurements).   B.  SEC-MALS analysis of complex formation with I68A antitoxin and compared to complexes containing wild type PaParD1 antitoxin.  The absolute molecular mass (right y-axis, dotted lines overlayed with peak traces) of the complexes were determined in the presences of excess PaParE1 toxin to ensure saturation.  Peak traces are plotted from the Refractive Index (dRI) signal.  Replicate measurements are shown in Fig. S2.2.


Conservation of PaParD1 Ile68 Interaction Site on the Surfaces of ParE Toxins
Of note, this hydrophobic amino acid Ile68 sits in a well-defined hydrophobic cavity on the surface of PaParE1 (Figures 2.2C and S2.9). The I68 binding pocket is formed by the ParE1 residues Trp5, Ala10, Leu13, and Val37 (Figure S2.9). This binding pocket is conserved in two of the other four published structures (PDB ID: 5CZE, 5CEG) (Figure S2.9A,C) and contains conserved hydrophobic interactions. The E. coli ParDE complex (PDB ID: 5CZE) contains an additional conserved binding pocket that accommodates a conserved histidine residue (PaParD1His65) (Figures 2.2C and S2.9A). In a recently posted description of the ParDE2 complex from V. cholerae, this same pocket is also highlighted as a conserved feature, although coordinates are not yet available to permit a more detailed comparison.48 The I68 binding pocket on PaParE1 is flanked by two additional well-defined cavities that accommodate the ParD1 residues W72 and H65, neither of which have an apparent role in complex formation as evident by a lack of impact on binding when mutated to alanine (Figures 2.2B, 2.3 and S2.9, Table S2.3). 

Altered TA Interaction Increases Accessibility for Lon-Mediated Antitoxin Degradation
A pervasive feature of functional models for type II TA systems is the degradation of the antitoxin protein by the AAA+ ATPases Lon and ClpP.2,3,13 However, it has been questioned if this degradation is of only the free antitoxin or if antitoxin could also be pulled from a tightly interacting complex with toxin.51 We further extended this question by testing if the Lon protease from E. coli (EcLon) was able to degrade PaParD1 in vitro when it was complexed to the PaParE1 toxin, and further, if the PaParD1- I68A mutant with weakened interaction affinity could be more readily degraded. 
[image: Diagram  Description automatically generated]
[bookmark: _Hlk133518083]Figure 2.7.  The weakened affinity and altered interactions between PaPar1 and PaParD1 I68A permit a more efficient degradation by EcLon in vitro.  A.  The PaParE1 toxin is not degraded, while the free antitoxins (wild type or I68A) are readily degraded. Complexation of antitoxin with toxin, however, offers protection from EcLon cleavage.  This protection is directly correlated with the interaction affinity, as the I68A mutant is depleted much more quickly than the wild type antitoxin. B. Stained gels of in vitro EcLon digestions used for A.  Replicates gel images are provided in Fig. S2.4.

When the un-complexed “free” PaParD1 antitoxins (WT or I68A) are incubated in the EcLon reaction, they are degraded almost completely by 24 h and appear to have the same kinetics of degradation (Figure 2.7A, blue lines). When a purified complex of PaParDE1 was incubated with EcLon, degradation of the PaParD1 component was evident (Figure 2.7A, green line), but only when an ATP regeneration system was also included in the reaction. This indicates that the relatively slow kinetics of in vitro degradation likely arise, in part, due to autoinhibition of EcLon by ADP,52 while under more ideal in vitro conditions, EcLon can access the antitoxin despite its tight interaction (Figure 2.7). When the PaParD1 I68A mutant is used in place of the WT antitoxin in the TA complex, the degradation kinetics increases such that by 24 h almost all of the antitoxin has been consumed (Figure 2.7, magenta line, Figure S2.4). No evidence of degradation of the PaParE1 toxin is observed when bound to either WT or I68A PaParD1 (Figures 2.7 and S2.4). This demonstrates that binding to toxin protects the antitoxin from degradation, such that a higher off rate (resulting from weaker affinity) such as noted for the antitoxin I68A mutation greatly decreases protection and increases the susceptibility of this antitoxin to degradation. 

Discussion

Toxin Surface Is Topologically Matched to the Cognate Antitoxin, Including a Conserved Central Cavity Comprised of Toxin Helices 1 and 2
A comparative analysis of the available ParD−ParE interfaces reveals diversity throughout the cognate interactions (Figures 2.2, S2.5 and S2.6). Among these, however, the ParD antitoxins bind to a generally hydrophobic canyon with some specific polar interactions at the periphery of this canyon. These polar interactions include a highly conserved salt bridge between an acidic amino acid in the first helix of the toxin with a basic side chain at the C-terminus of the antitoxin. There are topological features on the ParE toxins that appear to complement the shape of hydrophobic side chains at the most C-terminal part of the cognate ParD antitoxins. A conserved surface cavity on the PaParE1 toxin surface is the binding site for the Ile68 antitoxin residue, which we demonstrate is critically important for both induced structural changes and initiation of binding of the PaParD1 to PaParE1. In addition, we identified a cross-interaction of the PaParE1 toxin with the antitoxin chain of the PaParD1 dimer that is not wrapped around the extensive hydrophobic interface. These interactions are facilitated by a shortened α2 helix which allows for contacts between the RHH motif of one antitoxin with the C-terminal loop of the opposite ParE toxin. While the in vivo impact of these specific interactions is not clear, removal of the dimeric nature of the ParD antitoxin, and thus the potential for these interactions to form, lessens the impact of the I68A mutation on affinity while maintaining the presence of two distinct types of binding. 

Kinetics of Interaction Support a Disorder-to-Order Transition upon Binding and Suggest How a Form of Conditional Cooperativity May Rely on Dimeric Antitoxin Within a TA Complex
The association rates for the PaParE1 toxin with the PaParD1 antitoxin and mutants thereof are relatively slow, consistent with a conformational change at the antitoxin C-terminus during association.53 For related types of effector immunity pairs, such as used in type VI secretion systems, they typically have comparable overall affinity to the ParDE systems but with much faster on-rates; this may relate directly to the functional need to quickly and tightly interact with cognate toxins as protection from assault.4,54 In contrast, TA systems must essentially be initiating interactions co-translationally.3,6 Our data further support this model by localization of the “seeding” portion of interaction to the C-terminal of the antitoxin and the N-terminal of the toxin, which follows the order of the encoding operon. It is the folding of the antitoxin C-terminus upon binding that results in the high shape complementarity (CSS value) for the TA complexes, calculated as ≥0.9 for the ParDE structures, and where a value of 1.0 indicates a perfect fit.55 

The WT interaction has very slow, to essentially unmeasurable, off rates of binding. In earlier studies, we were able to capture this rate for the WT antitoxin protein likely due to a now recognized intrinsic degradation of purified PaParD1.56 Some minor content of degraded PaParD1 in the reaction would facilitate changes in binding kinetics; however, the tight interaction in either situation is in the approx. 150 pM Kd range. While essentially non-exist off rates favor the model of irreversible interactions, such that an antitoxin is unlikely to be degraded from a complex with its cognate toxin,51 the I68A antitoxin point mutation is able to reduce affinity from pM to nM by altering the induced structural transition. Further, this effect is only present in a dimeric ParD antitoxin, as rendering the antitoxin monomeric essentially reduces the effect to a non-significant modest change. A reasonable interpretation is that the binding of a toxin molecule to one of the chains of a ParD dimer impacts the ability of the other antitoxin chain to undergo a structural transition and thus weakening the binding to the second ParE toxin. This highlights that external factors that perturb the interaction could feasibly alter or tune the interaction strength by similarly impacting this transition required for tight association. 

While the PaParE1 Toxin Protects the PaParD1 Antitoxin from Degradation, the Kinetics of Their Interaction Ultimately Dictates Antitoxin Accessibility to Protease Digestion
The altered conformations upon binding imparted by the I68A mutation is also strongly supported by our in vitro Lon protease degradation assays, which demonstrates an increased removal of the I68A PaParD1 antitoxin from complexation with toxin, relative to the WT antitoxin. Under these idealized in vitro conditions, PaParD1 was eventually digested even in the presence of PaParE1 toxin. It is tempting to speculate that the protease system was powerful enough to pull apart the picomolar interaction with the PaParE1 toxin, and more so that the weakened interaction with I68A was more easily parted. However, a simplified calculation using only the measured off rates (ignoring reassociation, which must be occurring, albeit slowly) and the number of molecules in the reaction results in theoretically essentially full removal of even WT antitoxin over the 24 h incubation time. The altered binding of the I68A antitoxin mutant, then, becomes critically important to the interpretation of this assay. While we note altered on rates and differences in the secondary structure associated with a disorder-to-order transition during association, the altered conformations adopted upon binding are also responsible for faster off rates, resulting in less toxin-mediated protection for I68A. Therefore, the increased degradation of the I68A antitoxin most likely results from the impact on the disorder-to-order transition that propagates to faster off-rates for this interaction.

It has been previously reported that toxin molecules can protect their cognate antitoxins from degradation, although the DinJ−YafQ system appears to be an exception.27 Protection was identified in the kis−kid system and in the ParDE system from the RK2 plasmid, both of which are targeted for degradation by the ClpAP protease.9,37 Interestingly, for the RK2 ParDE system, the chaperone ClpA could bind to the antitoxin even when it was complexed with toxin, and over longer time scales the antitoxin could be degraded,9 very similar to what we observe for PaParDE1. For RK2 ParD, signature sequences for ClpA targeting were identified; some weak similarity may be present in the PaParD1 sequence but are located in the DNA binding region (not shown).9 Another difference in these ParD molecules is that the RK2 ParD toxin binding region was demonstrated to be highly unstructured (PDB ID: 2AN7),57 as is the ParD2 from V. cholerae,48 in contrast to our measurements of the secondary structure for PaParD1 that indicate a modest gain of α-helical content (6 amino acids out of 75 total) upon complexation with PaParE1. The ParD from the CcParDE1 complex was also noted to be structured in the absence of ParE.25 This intrinsic feature of ParD antitoxin may dictate the recognition and subsequent binding by specific proteases in the cell. The protease that natively degrades the PaParD1 antitoxin has not been identified, and we cannot exclude recognition by multiple proteases as found for the tripartite paaA−ParE systems in E. coli.23 Our experiments using the Lon protease from E. coli, therefore, may not represent the kinetics of the native cellular environment but do support a direct correlation with toxin protection and thus TA affinity. 

Molecular Model for ParD Antitoxin−ParE Toxin Interactions
For PaParDE1, we have determined that the last seven amino acids are critical to initiate the interaction, although when we individually mutate each of the contacting residues to Ala in the context of the full length PaParD1, they did not significantly impact complexation or affinity. Within this region is a conserved electrostatic interaction between ParE α1 (Asp14) and ParD α3 (Arg71). We systematically mutated each of the contacting positions of PaParD1 in these C-terminal seven amino acids (E69A, R71A, W72A, and L74A), and no single point mutant affected the kinetic rates or overall affinity. Therefore, the loss of association upon C-terminal truncation of PaParD1 must be from the loss of multiple required interactions. It is striking, however, that the remaining 20 sites for interaction in this truncation mutant were not able to mediate any association, even at a weakened affinity. 

Overall, it is clear for the PaParDE1 complex that the C-terminus of PaParD1, including part of α3 and the most C-terminal coil, initiates the association reaction. A similar requirement for the antitoxin C-terminus in assembly was previously identified for the DinJ−YarQ system from E. coli.27 For the unique truncated antitoxin, called paaA, which is comprised only of the equivalent of a truncated α2 and the connecting loop with α3, interaction specificity was found to be encoded in the C-terminal α3.23 Other studies have examined the specificity of interactions in ParDE systems through the lens of protein sequence co-evolution.19,46 Critical positions for specificity in the ParD antitoxin of two M. opportunism systems were identified in the last four amino acids of α2 as well as in the unstructured linker.19,46 Extrapolating from these previous publications and our current results, then, we reason that in a cellular setting, the PaParD1 antitoxin must be essentially completely translated prior to any interaction with the PaParE1 toxin. 

This leads us to suggest that the PaParD1 interaction with PaParE1 undergoes a disordered-to-ordered sequential binding, initiated perhaps by the noted conserved electrostatic interaction within the C-terminal seven antitoxin residues. The interaction is stabilized or further directed by other contacts with the C-terminal seven amino acids that culminate at the hotspot position Ile 68. This site appears to serve as a “positioning factor”, concomitant with the induced helical formation for the antitoxin C-terminus. Given the tight interaction of WT proteins, such an order or cooperativity of antitoxin binding to toxin may be hidden within the speed of association. By diminishing the interaction strength, we have slowed the association and allowed capturing of these discrete events. Specifically for PaParD1, our data suggest that (1) the interaction is seeded by the C-terminal antitoxin amino acids, although the contribution of each individual contact is limited; (2) Ile68 is a critical position for interaction with a conserved toxin surface topology, triggering a subsequent gain in the secondary structure, whereas a less ideal contact with toxin perhaps allows more torsional freedom to gain additional secondary structure for PaParD1; (3) antitoxin α2 is secondary to the interaction affinity and is not involved in initiating the interaction or in the disorder to order transition; and (4) the dimeric nature of the antitoxin exacerbates the requirement for precise interactions associated with the disorder to order transition. 

The identification of a hotspot for TA interactions demonstrates that vulnerable sites for interfering with preformed complexes exist, such that a small molecule could be designed to intercalate into the identified toxin crevices and artificially weaken the interaction of complexes. The current work contributes to an overall model of type-II TA system complex formation and subsequent stability, which directly correlates to protection from proteases, and that is contingent on the antitoxin C-terminus. Further, the high shape complementarity between cognate ParDE pairs combined with the essential role indicated for the equivalent of antitoxin I68 position permits the prediction of interactions of noncognate pairs, an area of active and on-going interest in TA system functionality.14 
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Abstract

Type-II Toxin Antitoxin (TA) systems are regulated by differential half-lives of the resulting
non-secreted proteins, such that the neutralizing antitoxin undergoes continual degradation and
replenishment to maintain neutralization of its cognate toxin. Antitoxin proteins are widely
reported as labile, including upon purification and in vitro storage. During the course of studies
on a ParDE TA system we noted a prevalent in vitro degradation of the ParD antitoxin. In
efforts to combat this for practical use in assays, we characterized parameters impacting the
degradation as well as the resulting products. These revealed a mechanism likely mediated by a
serine or metal-dependent protease. Using Direct Infusion Mass Spectrometry, the cleavage
products were identified as an essentially intact DNA binding region of the antitoxin and with
the toxin binding domain completely removed. No other species were identified in the solution,
such as a contaminant that may mediate such cleavage. Therefore, while our studies revealed
viable strategies to mitigate the in vitro degradation they did not identify any protease, leaving
open the possibility of a potential auto-catalytic proteolytic activity of the antitoxin proteins.

Introduction

Type-II toxin antitoxin (TA) systems are composed of two proteins that impact of bacterial
growth. The toxin is a non-secreted protein that inhibits essential cellular processes, resulting in
disruption of normal cell growth. During normal growth conditions, the toxin is neutralized by
the formation of a protein-protein complex with a cognate antitoxin protein, which sequesters the
toxin from its cellular target.1,2 TA systems were first identified on plasmids, and were shown
to control plasmid inheritance through post-segregational killing of daughter cells lacking the
plasmid harboring the TA system.3-5 Post-segregational killing of plasmid free daughter cells
is based on the susceptibility of antitoxins to degradation, resulting in shorter half-lives relative
to their cognate toxins, allowing for accumulation of excess free toxin over time.1 The AAA+
proteases Lon and Clp have been shown to be involved in antitoxin turnover in vivo.6-8

The antitoxin ParD belongs to the MetJ/Arc transcriptional repressor family (Pfam clan
CL0057), and is composed of an N-terminal ribbon-helix-helix (RHH) DNA-binding motif and a
C-terminal toxin-binding domain consisting of two alpha-helices (helix 2 and 3) which wrap
around the ParE toxin resulting in an extensive protein-protein interaction.9-14 ParD
antitoxins were originally shown to be disordered in the absence toxin binding, resulting in an
unstructured toxin binding region, as shown in the NMR structure of the ParD antitoxin from the
plasmid RK2.10 In contrast, a chromosomal ParD from Caulobacter crescentus was shown by
circular dichroism to be well-ordered in the absence of its cognate ParE.9 Secondary structure
analysis by Fourier transform infrared spectroscopy of a chromosomal ParD from Pseudomonas
aeruginosa indicates the C-terminal alpha-helix (helix 3) is unstructured in the absence of ParE
binding (unpublished data). In addition to its intrinsic disorder, the RK2 ParD was shown to
undergo in vitro degradation upon storage, resulting in highly specific degradation products.15
It remains unclear as to whether the degradation of RK2 ParD was caused by contamination of
co-purifying cellular proteases, or an auto-catalytic function of ParD itself.15

The current study examined a similar in vitro degradation upon storage of the antitoxin ParD
(PA0125) from Pseudomonas aeruginosa with the aim of identifying the role of antitoxin
stability in TA system regulation. During these studies we identified that Pseudomonas
aeruginosa ParD undergoes highly specific degradation, similar to previous observations of the
RK2 plasmid-derived ParD antitoxin.15 Assays were carried out in the presence of different
protease inhibiting reagents, which revealed a moderate impact of an irreversible serine protease
inhibitor (PMSF) or in the presence of EDTA. Inclusion of a “complete cocktail” of protease
inhibitors, supplemented with EDTA was able to totally block the observed degradation. Based
on the cocktail components, and the partial blockage with PMSF or EDTA, it appears the
proteolytic cleavage may be mediated by either a serine or metal-dependent protease. Using
direct infusion mass spectrometry, we mapped the specific site of antitoxin cleavage and
determined that the ParD toxin-binding region is degraded in the absence of ParE toxin, leaving
behind the intact DNA-binding domain of ParD.

Experimental procedures

Expression and purification of Pseudomonas aeruginosa ParD and ParE
Purified ParD and ParE protein were obtained by following a previously published protocol.19
To obtain ParDE complex, ParD and ParE were buffered exchanged into 50 mM MES pH 6.0,
300 mM NaCl, 5% glycerol, then mixed in equimolar ratios. The mixed proteins were incubated
on ice for 30 minutes prior to purification by size-exclusion chromatography using a Superdex
75 10/300 GL column (GE Healthcare) pre-equilibrated with a 50 mM MES pH 6.0, 300 mM
NaCl, 5% glycerol buffer.

In vitro degradation Assay
Purified samples at 300 μM in 50 mM Tris pH 8.5, 300 mM NaCl buffer were incubated as
indicated; at designated time points 25 μL was removed, combined with reducing SDS loading
dye, and heated at 95°C for 5 minutes. For samples treated with PMSF (1 mM), or protease
inhibitor cocktail (Sigma, used at a final 1x concentration), the compounds were added during
lysis. EDTA was added to samples after the initial Ni-NTA purification step. PMSF and EDTA
were also maintained in purification buffers, while additional protease inhibitor cocktail was
added after the final size-exclusion step. Once all time points for a series were collected, samples
were loaded onto 12% acrylamide gels with a Tris-Tricine buffer system20, separated by
electrophoresis, and visualized by staining with Coomassie blue. Relative band intensities were
measured using ImageJ21 (see Figs 3.1-3).

Direct Infusion Mass Spectrometry
Mass spectrometry of intact and degraded WT ParD was performed with a Orbitrap Fusion
Tribrid Mass Spectrometer (Thermo Fisher Scientific). Prior to analysis by mass spectrometry,
samples were desalted into a 50mM Ammonium bicarbonate pH 6.0 buffer and concentrated to 1
mg/ml. Samples were mixed 1:1 with a solution of 30% methanol, 0.1% acetic acid prior to
direct injection into the electrospray ionization source. Data collection was performed using both
the ion trap and Orbitrap mass analyzers. Mass spectra were analyzed using the Xcalibur
software package (Thermo Fisher Scientific) (see Figs 3.5-6).

Results

Pseudomonas aeruginosa ParD is unstable and prone to in vitro degradation
Antitoxins have been reported as disordered or unfolded at the toxin-binding region and, as such,
are prone to degradation in the cell; however, there are also observations of an inherent
instability of the antitoxin protein even in a purified form.10,16,17 Throughout the course of
these experiments, a marked instability of the purified wild-type ParD antitoxin in vitro was
noted. To better understand the kinetics of this instability, wild-type ParD was assessed for
degradation as a function of storage time by Tris-Tricine PAGE analysis (Fig. 3.1). Monitoring
wild-type ParD over a 10-day timeframe reveals that ParD is intrinsically unstable and degrades
over time. The rate of degradation is modestly affected by temperature, resulting in a shortened
half-life of approximately 2.5 days at both 23°C and 37°C relative to ParD samples stored at 4°C
with a half-life of approximately 6 days (Fig. 3.1).
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Figure 3.1. ParD degradation shows temperature and time dependence. In vitro degradation of ParD was monitored during storage at the indicated temperatures. Band intensities were measured using ImageJ, and degradation was calculated as a percentage of total intensity for each lane, and normalized to account for degradation present in the initial “Day 0” sample.  A plot of the resulting values is also given.

Degradation of ParD is blocked by inclusion of EDTA and protease inhibitor cocktail
To gain insight into the catalytic mechanism(s) of ParD degradation, we undertook a series of
experiments to characterize potential inhibitors of the observed protein degradation when stored
in a 50 mM Tris pH 8.5, 300 mM NaCl buffer. To ensure the observed degradation was not the
result of contamination by fungal or bacterial cells, purified ParD was treated with 0.02% (w/v)
sodium azide (NaN3). Addition of sodium azide had a small impact (~ 28% reduction relative to
the control sample) when assessed ten days post-purification (Fig. 3.2). While sodium azide had a small impact, the concentration of sodium azide used is sufficient for preventing both fungal and bacterial growth; indicating the degradation is unlikely to be caused by contamination. The metal-chelating compound EDTA was also tested to potentially block the activity of any metal-dependent proteases. The addition of EDTA caused a significant decrease (~ 50% reduction
relative to the control sample) in ParD degradation when assessed ten days post-purification (Fig.
3.2). The irreversible serine protease inhibitor partially blocked degradation (~ 40% reduction
relative to control sample), while a commercially available protease inhibitor cocktail containing
AEBSF, Bestatin, E-64, Pepstatin A, Phosphoramidon, Leupeptin, Aprotinin, and supplemented
with EDTA blocked all degradation, showing no increased degradation after the initial “Day 0”
time point (Fig. 3.2).
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Figure 3.2. ParD degradation is blocked by a protease inhibitor (PI) cocktail. In vitro degradation of WT ParD was monitored during storage at 4°C, in the presence of inhibitors of protein degradation. Band intensities for ParD were calculated as a percentage of total intensity for each lane, and normalized to account for degradation present in the initial “Day 0” sample. A plot of the resulting values is also given.

The toxin-binding region of wild-type ParD is degraded in the absence of ParE
Direct-infusion mass spectrometry (DIMS) was utilized to identify the remaining wild-type ParD
fragment after degradation. Both degraded and non-degraded samples were directly injected into
the ionization source and analyzed by mass spectrometry. Non-degraded wild-type ParD
contained two prominent molecular weight species (10731.5 Da and 21462.98 Da),
corresponding to ParD monomer and dimer respectively (Fig. 3.3). In comparing the mass
spectrum of intact ParD to the resulting spectra of degraded ParD (over the same m/z window),
multiple molecular weight species were evident and correlate to cleavage occurring in the region
corresponding to ParD residues 42-47 (42RQQWQV75) (Fig. 3.4), which are located immediately after the ParD dimerization region. The most prevalent species (100% relative abundance) observed is a 5809.5 Da fragment resulting from cleavage at glutamine 46 of ParD (Fig. 3.4). Two additional high abundant species (60% relative abundance) were also observed with molecular weights of 5908.5 Da and 5266.4 Da (Fig. 3.4). The 5908.5 Da fragment results from cleavage at valine 47 of ParD. The 5266.4 Da fragment and an additional 5365.0 Da fragment (30% relative abundance) both result from cleavage at glutamine 43, with the smaller fragment resulting from the loss of the neighboring arginine 42 side chain (Fig. 3.4). These fragments indicate a relatively specific degradation pattern and implies that it could take place in a sequential manner. Further, it appears that the toxin-binding region of ParD is completely degraded, as no peaks corresponding to amino acids after residue 47 were evident, leaving only the ribbon-helix-helix (RHH) DNA binding domain of the antitoxin. These results are consistent with the gel analysis (Figs. 3.1-2), which shows accumulation of a single band of degraded protein, with no other detectable ParD fragments.
[image: ]
Figure 3.3. Direct infusion mass-spectrometric analysis of wild-type ParD before degradation reveals the major species are monomer and dimer. *Indicates monomeric ParD; **Indicates dimeric ParD. No additional species are evident within this mass window and ionization mode. 

Discussion

Inherent instability of antitoxins in vivo is a key rationale for the differing half-lives between
toxins and antitoxins; however, the explanation for this instability relies on cellular proteases that
are presumed absent in our in vitro storage experiments.10,16-18 Wild-type ParD from
Pseudomonas aeruginosa shows discrete degradation products visible only a few days after
purification (Figs. 3.1-2). Similar observations of in vitro degradation have been reported for the
ParD antitoxin from the RK2 plasmid, where three prominent masses were identified when
analyzed by MALDI-TOF mass spectrometry.15 Sequence alignment of RK2 ParD and
Pseudomonas aeruginosa ParD indicates RK2 ParD contains a homologous sequence
(43DQAWQ47) to the cleavage sites we have identified in Pseudomonas aeruginosa ParD
(42RQQWQV47). The masses of the degradation products seen in RK2 ParD however, do not
correspond to cleavage at this site. Instead, analysis of the fragments of RK2 suggests two
distinct cleavage events resulting in a 6006 Da fragment corresponding to cleavage at leucine 54,
and a 6873 Da fragment corresponding to cleavage at leucine 61. Since both RK2 ParD and
Pseudomonas aeruginosa ParD have intrinsically disordered C-termini in the absence of ParE
binding, the intrinsic degradation observed may be expected for all unstructured ParD proteins.10,15 The degradation of ParD can be effectively blocked by inclusion of EDTA or a protease inhibitor cocktail that contains inhibitors of serine, cysteine, aspartic, and metalloproteases. The partial inhibition of degradation by both the irreversible serine protease PMSF and EDTA suggests the degradation may be caused by a combination of a serine and metal-dependent protease.
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Figure 3.4. Intrinsic degradation of WT ParD results in complete loss of the toxin-binding region. Direct Infusion Mass Spectrometry of degraded ParD, +5 charged species shown (see Fig. 3.3 for intact WT ParD mass spectrum). (Right) ParD (green) with amino acids corresponding to fragments detected by mass spectrometry displayed on the ParDE complex; ParE toxin is shown as a tan surface (PDB ID: 6XRW).

While evidence points to a either a serine or metal-dependent protease, the species mediating the
observed degradation remains unclear. Prior to observing ParD for degradation, extensive
purification was performed. ParD was initially purified by IMAC chromatography using a Ni-NTA column; the protein was then desalted to remove imidazole and was treated with thrombin for removal of the N-terminal 6x-His tag. After thrombin cleavage, ParD was passed again over a Ni-NTA column and collected in the flow-through, with any residual contaminants from the first Ni-NTA purification expected to also be retained in this subsequent Ni-NTA purification step. A final size-exclusion step was included to separate ParD from thrombin. Despite these extensive purification steps, purification alone was not sufficient in blocking ParD degradation, and analysis by direct-infusion mass spectrometry identified peaks attributed to only ParD. The mass spectrometry results reveal that the toxin-binding region is completely absent from degraded antitoxin, and the DNA binding region remains intact. The mass spectrometry results combined with our in vitro degradation assays suggest Pseudomonas aeruginosa ParD may have latent protease activity that is capable of autocatalytic self-cleavage. If this is also the case in vivo, it indicates that it may be possible for the cell to uncouple the transcriptional repression functionality of ParD from its toxin neutralizing function. While this analysis did not provide answers to what was mediating the degradation, as no peaks of significant height were detected other than antitoxin, it does bring an interesting idea of uncoupling toxin binding with DNA binding in an antitoxin molecule, and suggests a potential protease activity for at least some ParD antitoxins.
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Introduction

Protein-protein interactions are essential for the cellular functions required for life to work. These interactions are required for key cellular functions such as metabolite transport, cell signaling, antibody-mediated immunity, and many more vital functions. Due to the essential nature of protein-protein interactions, they are prime targets for the development of new drugs to treat various diseases.1,2 One such potential target are type-II toxin-antitoxin (TA) systems, a class of proteins unique to bacteria and archaea. Type-II TA systems are composed of two proteins, a non-secreted metabolic regulator protein (toxin) and a cognate protein which directly binds to and neutralizes toxin activity.3-6 

During normal cell growth, toxin proteins are neutralized by their cognate antitoxin, which in the case of type-II TA systems the antitoxin is another protein. In type-II TA systems, the toxin protein is neutralized by direct binding and sequestering by its cognate antitoxin.3-5,7 Studies of the protein-protein interactions of type-II TA systems have shown that the toxin-antitoxin interaction affinity is often in the nM to pM range, indicating very strong protein-protein interactions.8-11 Multiple studies have been performed to identify protein-protein interaction inhibitors to target these type-II TA systems.1,2,12-18 Many of these studies have identified either toxin- or antitoxin-derived peptides that bind to the cognate protein and prevent complex formation resulting in accumulation of “free” toxin protein.12-16,18-20

The current study examined the ParD1-ParE1 protein-protein interaction interface from the Pseudomonas aeruginosa ParDE1 type-II TA system to determine the minimal antitoxin unit required for toxin binding, in order to identify regions to screen small molecule protein-protein interaction inhibitors against. Using site-directed mutagenesis, N-terminal deletions of PaParD1 were generated to determine the minimal length of ParD1 required to bind to ParE1. A combination of in vivo BACTH assays and in vitro biophysical measurements utilizing biolayer interferometry were utilized to measure the interaction between ParD1 peptides and ParE1. In combination with previously published results, a ParD1 peptide corresponding to residues 62-75 were identified as the minimal antitoxin unit required for toxin binding. The ParD162-75-ParE1 interface was then used as the search box for in silico docking studies to identify potential inhibitors of the ParD1-ParE1 protein-protein interaction.

Experimental Procedures

Expression and Purification of Pseudomonas aeruginosa ParE1 and ParD1 peptides
Wild-type PaParE1 was expressed and purified using previously reported methods.8,9 To purify PaParD1 peptides, wild-type PaParD1 was cloned into a pET-15b plasmid containing the fluorescent protein mCherry. PaParD1 was cloned as a C-terminal fusion of mCherry, with the protein sequences linked by a C-terminal 6x-His tag on the C-terminus of mCherry followed by a thrombin cleavage site. ParD1 peptides were generated using Q5 site-directed mutagenesis (NEB) using primers flanking the regions to be deleted. The pET-15b plasmids containing mCherry-6x-His-PaParD1 was transformed into BL21(DE3) E. coli cells using a standard heat-shock protocol. 

Cells were grown at 37°C in LB media supplemented with carbenicillin, until an OD600 of 0.6-0.8. Protein expression was then induced by addition of 1 mM IPTG to the media. The mCherry-ParD1 fusion proteins were induced for 4-6 hours at room temperature with moderate shaking. Cells were harvested by centrifugation and resuspend in a buffer containing 50 mM Tris-HCl pH 8.5, 300 mM NaCl, 40 mM imidazole. The resuspended cells were lysed using a high-pressure homogenizer (Emulsiflex) and pelleted prior to purification. The His-tagged mCherry-ParD1 peptide fusions were purified using a HisTrap FF Ni-NTA column (GE Healthcare), and further purified using a Superdex S75 10/300 (GE Healthcare) pre-equilibrated in 50 mM Tris-HCl pH 8.5, 300 mM NaCl buffer.

Bacterial Two-hybrid Assay
Bacterial two-hybrid assays were performed as previously described.8 In short, wild-type PaParE1 was cloned into the pKT25 plasmid while wild-type PaParD1 was cloned into the pUT18C plasmid. N-terminal PaParD1 peptides were generated using Q5 site-directed mutagenesis (NEB) using primers flanking the regions to be deleted. The two plasmids were then co-transformed into BTH101 (cya-) E. coli using a standard heat-shock protocol. Cells harboring both plasmids were selected for by growing the cells on LB-agar plates supplemented with kanamycin (50 ug/mL) and carbenicillin (100 ug/mL). Protein-protein interactions were determined by growing the co-transformed cells for 24-hours at 30°C on LB-agar plates supplemented with kanamycin and carbenicillin with X-gal (40 ug/mL) and IPTG (0.5 mM). A positive protein-protein interaction is detected by the formation of blue colonies by reconstitution of an adenylate cyclase enzyme in the presence of X-gal, while white colonies indicate no reconstitution of adenylate cyclase.

The protein-protein interactions were quantified using a kinetic miller assay.21 In short, the co-transformed cells were grown in LB media, and protein expression was induced with 0.5 mM IPTG, and protein expression was allowed to go overnight. After overnight expression, OD600 was measured prior to pelleting. The pelleted cells were resuspended in 100 uL of lysis buffer containing BugBuster (Sigma). The resuspended cells were then serially diluted with lysis buffer. Β-galactosidase activity was monitored by the addition of ONPG (1 mg/mL) and measuring absorbance at 420 nm. Initial rates were determined from the linear portion of the A420 measurement overtime and were normalized by their OD600. and compared to the empty vector controls. Three biological replicates, each with three technical replicates were performed for kinetic miller assay.

Biolayer Interferometry (BLI)
Biolayer Interferometry assays were performed using previously established protocols.8 In short, prior to BLI, samples were desalted into a 50 mM Tris-HCl pH 8.5, 300 mM NaCl, 0.5% BSA, 0.05% Tween-20 buffer, and all solutions were matched to these buffer conditions. BLI was performed at 25 °C using an Octet RED96 interferometer (Pall ForteBio) by coupling 100 nM mCherry-His-ParD1 peptides to Ni-NTA BLI sensor pins. WT-untagged PaParE1 was serially diluted (100 to 3.125 nM) and incubated with mCherry-ParD1-coupled pins until the association reached saturation. Dissociation rates were measured by incubating the pins in a 50 mM Tris-HCl, 300 mM NaCl, 0.5% BSA, 0.05% Tween-20 buffer. Rates were initially calculated by fitting the curves to a 1:1 Langmuir binding model but were ultimately fitted using a 2:1 binding model due to poor fitting of both association and dissociation using the 1:1 model. All fitting was performed with manufacturer-provided BioAnalysis software (v 8.2). Individual curves were analyzed to ensure high quality fits with R2 values greater than 0.95; individual assays were repeated at least three times to obtain average Kd values. 

In silico Docking 
In silico docking of a peptidomemetic library (ChemDiv) against PaParE1 was performed using Autodock Vina.23 The PaParE1 structure was extracted from the PaParDE1 complex structure (PDB: 6xrw) and was prepared using AutodockTools-1.5.6 prior to docking. The search box was limited to the PaParD1 alpha-helix 3-PaParE1 interface. Docking was performed against a rigid receptor (PaParE1) using flexible ligands using default settings for Autodock Vina.23 The top scoring compounds were initially binned by their structural identifier, and the top scoring representative was selected for each class. 

PaParD1 peptides were generated by extracting the PaParD1 structure from the PaParDE1 complex (PDB: 6xrw) followed by deletion of residues 1-61 or 1-64, resulting in peptides corresponding to the C-terminal alpha-helix of PaParD1. These peptides were prepared using AutodockTools-1.5.6 prior to docking against PaParE1. As opposed to the peptidomemetic library, the ParD1 peptides were rigidly docked against ParE1. Binding scores were normalized by their intersurface area and compared to the predicted binding scores of the ParD1 peptides normalized by their intersurface area. ParE1-ligand binding was visualized using UCSF Chimera.24

Results

ParD1-derived peptides represent minimal ParD1 unit required for toxin binding
To determine the minimal antitoxin unit required to bind to its cognate toxin protein, we utilized an in vivo bacterial two-hybrid (BACTH) assay to assess protein binding. We assayed different lengths of ParD1-derived peptides to determine their ability to bind to wild-type ParE1. Using site-directed mutagenesis (Table S4.1), we generated various N-terminal deletions of ParD1 to create ParD1-derived peptides corresponding to different portions of the toxin-antitoxin interface. N-terminal truncations were utilized since C-terminal deletions of various lengths have previously been shown to abolish toxin-binding.8 ParD1-derived peptides were fused to the T18 fragment of adenylate cyclase and co-transformed with ParE1 fused to the T25 fragment of adenylate cyclase. Co-transformed cells were spotted on LB-agar plates to visually assess protein binding using the colorimetric indicator X-gal (Fig. 4.1A). ParD1 peptide binding to ParE1 was compared to a leucine zipper and empty vector controls (Fig. 4.1A). To validate the bindings observed, a kinetic miller assay was utilized to measure β-galactosidase activity.21 
[image: ]
Figure 4.1. Bacterial two-hybrid and kinetic Miller assay of ParD1-derived peptides indicates minimal ParD1 binding unit. A) Co-transformed E.coli cells spotted on LB-agar supplemented with IPTG and X-gal. Blue colonies indicate positive interaction by reconstitution of adenylate cyclase; white colonies indicate negative interaction. B) Kinetic miller assays of the ParD1-ParE1 interactions (n = 3). Additional biological replicate in Fig. S4.3 ****denotes p-value < 0.0001; ParD42-75 p-value = 0.0593

Kinetic miller assays normalized to OD600 showed that ParD1-derived peptides corresponding to ParD1 residues 58-75 and 62-75 (different lengths of ParD1 alpha-helix 3) strong interact with wild-type ParE1 as indicated by significantly increased β-galactosidase activity (p-value < 0.0001) relative to the empty vector control. In the case of the ParD1-derived peptide corresponding to ParD1 residues 42-75 (full toxin-binding domain), no significant difference was observed (Fig. 4.1B). An mCherry-ParD142-75 fusion protein has previously shown that the ParD142-75 peptide does binds to “free” wild-type ParE1 in vitro by biolayer interferometry with affinities equivalent to wild-type ParD1.8 Despite appearing blue when spotted on plates containing X-gal, the ParD165-75 peptide did not show any significant increase in β-galactosidase activity in the presence of wild-type ParE1 compared to the empty vector, indicating that interactions observed in the spotted E. coli colonies are likely transient and the signal is being amplified by β-galactosidase activity during the overnight incubation.

ParD1-derived peptides bind to ParE1 with similar affinities to wild-type ParD1
In order to further study the minimal antitoxin unit required to toxin binding, we utilized biolayer interferometry to study the binding affinities in vitro. Using site-directed mutagenesis, N-terminal truncations of ParD1 were generated from a full-length mCherry-ParD1 fusion protein. The same ParD1 peptides tested by BACTH (ParD158-75, ParD162-75) were generated and re-tested in vitro. Due to limited solubility, each peptide was purified as mCherry-fusions as previously described.8 Kinetics of binding (association and dissociation) were measured for each ParD1 peptide and used to derive the equilibrium dissociation constant (Kd) for each mutant. [image: ]
Figure 4.2. ParD1-derived peptides have binding affinities comparable to the full-length antitoxin. BLI traces of ParD158-75 and ParD162-75 with average KD values (n=3). Additional traces with residual fitting shown in fig. S4.1. Fitting comparison is shown in fig. S4.2.



Equilibrium dissociation constants were determined for both mCherry-ParD158-75 and mCherry-ParD162-75, but no binding was detected for mCherry-ParD165-75, confirming the BACTH and kinetic miller assay results. As previously seen with some ParD1 mutants, both ParD1 peptides required fitting with a 2:1 heterogeneous ligand model to better fit the dissociation step, indicating two competing binding modes.22 The mCherry-ParD158-75 peptide had a Kd1 value of 330 ± 113 pM and Kd2 value of 14.19 ± 1.94 nM, neither of which are significantly different from the previously determined Kd values for either mCherry-ParD1wt (225 ± 6 pM) or mCherry-ParD142-75 (828 ± 550 pM) (Fig. 4.2).8 Kd values for mCherry-ParD162-75 (Kd1 = 342 ± 59 pM and Kd2 = 7.95 ± 0.42 nM) also showed no significant difference. No measurable binding was observed between mCherry and ParE1. Replicate BLI traces with residual fitting as well as the mCherry-ParE control are available in the supplemental data (fig. S4.1). A comparison of fitting results for ParD58-75 and ParD62-75 are also available (fig. S4.2).

Screening small-molecule protein-protein interaction inhibitors of the ParD1-ParE1 protein-protein interaction
In order to identify potential small-molecule protein-protein interaction inhibitors of the PaParDE1 protein-protein interaction, we utilized in silico docking to screen a peptidomemetic library to find potential high affinity inhibitors. With the ParD1 peptides characterized in this work, and previously published binding data for the ParD1-ParE1 protein-protein interaction, we limited our search to compounds binding to ParE1 surface corresponding to the ParD158-75 binding site. In order to better rationalize our in silico binding data, we performed additional docking experiments using ParD1 peptides (ParD162-75 and ParD165-75) to generate a baseline score for known binders (Fig. 4.3). 

After all compounds were docked, they were sorted into unique bins based on their structural identifier code, which corresponds to specific structural moieties. After sorting based on similar structure, the top scoring compound from each bin was then compared against each other to identify common structural features amongst the top scoring compounds. The binding scores of the top scoring compounds were normalized based on their intersurface area to determine their average binding energy over the whole protein-ligand interface and compared to the ParD1 peptide scores (Fig. 4.3). Commonalities between the top scoring compounds and the normal ParD1-ParE1 interaction include a tryptophan-like moiety which docked in a position closely aligned to the Trp72 binding pocket, as well as various structural moieties that closely docked into the Ile68 binding pocket.  [image: ]
Figure 4.3. Peptidomemetics compounds binding map to the ParD1 alpha-helix 3 -ParE1 interface, and target ParD1 side-chain binding sites. A) Top Left. Full-length ParD1-ParE1. Top Right. ParD142-75-ParE1. Bottom Left. ParD58-75-ParE1. Bottom Right. ParD62-75-ParE1. B) In silico docking of peptidomemetic compounds against ParE1.

Discussion

The concept of a minimal antitoxin binding unit required to sufficiently bind to and neutralize toxin could provide new insights into how to target toxin-antitoxin systems as a means to control bacterial cell growth. In combination with previously published mutational studies of the ParD1-ParE1 toxin-antitoxin protein-protein interaction, the ParD1 peptides characterized in this work have identified that the minimal ParD1 unit required for ParE1 binding corresponds to ParD1 residues 62-75, the fourteen C-terminal amino acids of ParD1. When additional truncations of either the C-terminus (Glu69stop) or the N-terminus (ParD165-75), binding is significantly reduced or completely abolished.8 Biolayer interferometry of the ParD162-75 peptide binding to ParE1 indicates that this peptide, which corresponds to roughly 55% of the total ParD1-ParE1 interface area, has a binding affinity of low nM to high pM and is comparable to the affinity of the full-length toxin-binding domain.8 These results support our hypothesis that the full-length binding is controlled by the disorder-to-order transition of the C-terminal alpha-helix of ParD1.8 

The minimal antitoxin unit required for ParD1 binding provides us insight into how to prevent ParDE1 complex formation. Protein-protein interaction inhibitors that can compete for binding at the same interface as the ParD162-75 peptide binding interface, we can prevent complex formation. Disruption of complex formation would allow us to take advantage of the natural instability of antitoxin proteins to promote degradation of unbound antitoxin by cellular proteases, resulting in accumulation of “free” toxin protein.8,22 Previous studies of the Pseudomonas aeruginosa ParDE1 protein-protein interactions also identified a “hot-spot” (Ile68) interaction that significantly impacts the binding affinity, which is located in the minimal unit identified in this work. The best scoring peptidomemetic compounds screened by in silico docking in this study were shown to be well aligned with multiple binding pockets within the ParD162-75 peptide binding interface. Structure-based rational design can be used to help further develop a protein-protein interaction inhibitor to better bind to these sites in order to competitively bind to ParE1 and prevent ParD1 binding.
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Chapter V

Research Impact and Future Directions

The research presented in chapters II-IV contributing to this dissertation work has provided unique insights into the field of toxin-antitoxin (TA) system research. Chapter II provided new details into the basis of how the strong (typically nano to picomolar affinity) protein-protein interactions are formed as well as provided evidence that key residues can act as “hot-spots” that contribute significantly to the interactions.1 We also identified how weakening the protein-protein interaction of toxin-antitoxin systems can directly impact antitoxin availability for proteolysis by cellular proteases such as the AAA+ protease Lon, as well as Chapter III that identified a previously uncharacterized example of intrinsic degradation of type-II antitoxins.1,2 We also determined that complex formation of the PaParDE1 system is predicated on the initial seeding of the seven most C-terminal amino acids of ParD1, as shown by binding studies utilizing both N- and C-terminal truncations of ParD1.1

The utilization of the Pseudomonas aeruginosa ParDE1 (PaParDE1) toxin-antitoxin system, which contains an attenuated toxin ParE1,3 in chapter II allowed us to utilize techniques to study the protein-protein interactions that are typically infeasible with more potent toxin-antitoxin systems. The attenuated nature of ParE1 allowed us to easily overexpress and purify large quantities (several milligrams per liter) of toxin protein without the normal difficulties associated with purifying highly potent toxins. Typically, toxin proteins must be co-expressed and co-purified in the presence of their cognate antitoxin protein, followed by difficult and tedious unfolding and re-folding of the toxin protein.4 While this process has be shown to work with some toxin-antitoxin systems, we have experienced that these methods require high amounts of optimization of each step to produce soluble and active protein, and usually with very low yields, making in vitro experiments such as the “hot-spot” analysis used in chapter II unfeasible.

The in vitro “hot-spot” analysis of the protein-protein interactions of the PaParDE1 system from chapter II is the first study to look at the individual contributions of each residue of the antitoxin involved in forming and maintaining the high affinity protein-protein interactions of type-II TA systems. While it isn’t feasible to perform the same in vitro “hot-spot” analysis on every toxin-antitoxin system, it provides us key insights that we can be applied to type-II TA systems. In combination with advancements in protein structure and protein-protein complex structure prediction by artificial intelligence assisted programs like AlphaFold, which can provide highly accurate models in a high-throughput manner, we can build databases to better predict which residues may act as “hot-spots” in other TA systems.5 Once we have identified these “hot-spot” residues, we can utilize more high-throughput assays such as in vivo toxicity assays or bacterial two-hybrid assays to characterize these interactions. The prediction of “hot-spots” will allow us to rationally design antitoxin mutants to better validate these predictions in a high-throughput manner. 

In addition to the “hot-spot” analysis utilized in chapter II to study the protein-protein interactions of type-II TA systems, we also utilized both N- and C-terminal antitoxin truncations in chapters II and IV to map the minimal antitoxin unit required to form a stable protein-protein interaction in TA systems. In the case of the PaParDE1 system, we determined the minimal unit required for binding is the C-terminal residues corresponding to amino acids 62-75 of the antitoxin ParD1 (manuscript in preparation). In the full-length antitoxin, this region is unstructured in the absence of ParE1 as determined by analysis of secondary structure utilizing FTIR in chapter II. This region undergoes a disorder-to-order transition to form an alpha-helix upon binding to ParE1, which was confirmed by our x-ray crystal structure of the ParDE1 complex.1 In the case of the PaParDE1 system, when the C-terminal alpha-helix of ParD1 is truncated, or when specific positions are mutated (Ile68Ala), the disorder-to-order transition is altered, or the protein-protein binding is completely abolished (Glu69Stop). With this knowledge in hand, we can utilize computational methods such as in silico docking, as in chapter IV, to predict protein-protein interaction inhibitors (PPIi) that can disrupt the formation of toxin-antitoxin complexes while maintaining protein activity. [image: Logo, company name  Description automatically generated]
Figure 5.1. Schematic for probing ParE-mediated DNA Gyrase inhibition. DNA gyrase inhibition assays carried out in the presence of PaParE1 (left), PaParDE1 complex (center) or PaParE-ParD1peptide complexes (right); can be utilized to determine the ParE1 surface required to bind to and inhibit DNA gyrase.


One of the most important pieces of knowledge needed going forward in the field of toxin-antitoxin research, specifically for ParDE systems, is understanding the mechanism of action of ParE-mediated DNA gyrase inhibition. With the knowledge of the minimal ParD1 unit required for binding as determined in chapters II and IV, we can assay ParE toxicity in the presence of various lengths of antitoxin to determine their role in toxin-neutralization. In the case of the PaParDE1 system, we can test different lengths of the ParD1 antitoxin in their ability to neutralize ParE1 toxicity (Fig. 5.1). In testing a combination of ParE1 bound to different ParD1 peptides corresponding to the full-length antitoxin, the full toxin-binding domain, or the C-terminal alpha-helix of the toxin-binding domain, we can determine which toxin surface is required to inhibit DNA gyrase. These studies are on-going, and their completion is expected to be combined with my data in Chapter IV for publication. In addition, determination of a ParE-DNA gyrase protein complex would be a major boon to the field, allowing for additional insight into the mechanism of inhibition. In addition, a ParE-DNA gyrase structure would allow us to better design protein-protein interaction inhibitors that could prevent antitoxin binding, without impacting the ParE-DNA gyrase interactions.

Another major development of this research is the first reported instance that shows a direct link between toxin-antitoxin binding affinity and antitoxin stability. Previous research on the RK2 ParDE1 system has shown that the presence of a cognate ParE protected a ParD antitoxin from degradation by cellular proteases.6 In chapter II, we showed that when the protein-protein interaction affinity of a type-II TA system is reduced, such as the case of the Ile68Ala mutation of PaParD1, the resulting increase in unbound antitoxin is directly correlated to antitoxin degradation by cellular proteases.1 In the case of the wild-type PaParDE1 complex, the picomolar binding affinity resulted in little degradation of antitoxin. The Ile68Ala mutation of PaParD1, which impacts the disorder-to-order transition of alpha helix 3 upon PaParE1 binding results in different binding affinities. The difference in affinities is primarily due to a significantly increased dissociation constant of the Ile68Ala mutation. This increase in dissociation rate of the Ile68Ala mutant resulted in complete degradation in the same timeframe compared to wild-type PaParDE1.1 These results provide insight that weakening or completely blocking the normal protein-protein interactions of type-II TA systems could be a viable method to accumulate excess “free” toxin by increasing the rate of antitoxin degradation. 

While we have shown direct evidence that weakening the protein-protein interactions can increase antitoxin degradation, it currently remains to be seen if degradation of antitoxin is sufficient in generating active toxin protein. Experiments are currently underway utilizing an inducible degradation system based on an SspB-mediated degron to artificially degrade antitoxin from a toxin-antitoxin complex.7 Using this system, we can introduce a co-expression plasmid containing PaParD1 C-terminally tagged with the DAS+4 degron and PaParE1 and transform it into an SspB knockout strain of E. coli co-transformed with an inducible plasmid-encoded SspB. Using this system, we can probe the feasibility of AAA+ proteases ability to directly degrade antitoxin from the toxin-antitoxin complex. After the toxin-antitoxin complex has been sufficiently induced, we would induce SspB production to begin degrading antitoxin. Results of these experiments will provide insight into how the systems might be activated in response to stress. It is currently unknown if activation of toxin-antitoxin systems result from de-repression of the TA operon combined with up-regulation of toxin translation and up-regulation of degradation of unbound antitoxin by cellular proteases, or if activation of TA systems is a result of degradation of antitoxin from pre-formed complex resulting in the accumulation of “free” toxin protein.

The intrinsic degradation of antitoxin reported in chapter III is, to our knowledge, the second reported instance of self-proteolysis of antitoxin protein in the absence of cognate toxin protein, although the inherent instability of purified antitoxins is common knowledge within the field. Utilizing a top-down mass spectrometry approach, we were able to map an instance of self-cleavage of antitoxin protein. This is the second identified case of a ParD-type antitoxin that undergoes self-cleavage in the absence of proteases.2,8 While the original observation of the RK2 ParD degradation was investigated using MALDI-TOF mass spectrometry, the authors did not determine whether the degradation was caused by trace amounts of contaminating proteases, or whether the degradation was caused by autoproteolysis by the antitoxin.8 In our research, we utilized direct-infusion mass spectrometry to analyze intact proteins present in the sample. In freshly purified samples, we detected two species corresponding to monomeric and dimeric ParD antitoxin. ParD samples were incubated at room temperature for two weeks prior to analysis by mass spectrometry to capture the “degraded” state. After analysis by direct-infusion mass spectrometry, we identified a series of peptides with masses corresponding to the N-terminus of ParD1 with a series of cleavages in the range of residues 42-47. The most abundant PaParD1 peptide corresponded to cleavage at the C-terminal end of Gln46.2 

Despite a homologous sequence in the RK2 ParD in the same location, the reported degradation of RK2 ParD did not appear to occur in the same region8, but mass predictions indicate that the peptides may correspond to different glutamine rich regions of the RK2 ParD sequence.7 In both cases, the peptides correspond to cleavages that would map to alpha-helix two of the ParD antitoxin, which could provide insight into ParD stability. Additional research would be required to determine if this degradation is unique to these two ParD antitoxins, or whether it is a common feature of ParD antitoxins. 

Utilizing multi-sequence alignment and blast searches, we can generate a database of ParD antitoxin sequences, and determine if these glutamine-rich regions are common amongst these sequences. ParD antitoxins containing similar sequences can be tested to determine if they undergo similar intrinsic degradation. Recent research into autoproteolysis of proteins have identified intrinsic degradation occurring at the C-terminal end of glutamic acid and glutamine residues under similar conditions.9 Additional research is still required to determine what if any role this intrinsic degradation of antitoxin may play in vivo, including whether the observed degradation contributes to the relatively short half-life of antitoxin proteins. It also remains to be seen whether this degradation occurs when the antitoxin is bound to its cognate protein.

Overall, the research presented in this dissertation has greatly increased our overall understanding of how the protein-protein interactions of type-II toxin antitoxins are formed, as well as provided new insights into how we can target these interactions to develop new methods to control bacterial cell growth using toxin-antitoxin systems. Moving forward, the ultimate goal is to utilize the newly synthesized knowledge provided by this research to develop a mechanism of ParE-mediated DNA gyrase inhibition. Once we have determined how ParE inhibits DNA gyrase, we can create a database of ParE structures through a combination of x-ray crystallography, cryo-EM, and structural prediction using AlphaFold to help predict protein-protein interaction inhibitors using in silico docking to prevent the formation of toxin-antitoxin protein-protein interactions. These inhibitors would facilitate the accumulation of “free” toxin protein due to increased degradation of unbound antitoxin protein, allowing us to develop new antibacterial agents which can be tuned to target individual ParDE systems, allowing us to potentially develop new narrow-spectrum antibiotics.
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Table S2.1. Primer sequences used for mutagenesis of PaParD.
	W45 to Ala*
	F: 5'-g gaa agg cag cag GCG cag gtc gct gcc-3' 

	
	R: 5'-ggc agc gac ctg CGC ctg ctg cct ttc c-3'

	V47 to Ala*
	F: 5'-cag cag tgg cag GCC gct gcc atc gat-3'

	
	R: 5'-atc gat ggc agc GGC ctg cca ctg ctg-3'

	I50 to Ala*
	F: 5'-gg cag gtc gct gcc GCC gat gaa ggc ttg g-3'

	
	R: 5'-c caa gcc ttc atc GGC ggc agc gac ctg cc-3'

	L54 to Ala*
	F: 5'-gcc atc gat gaa ggc GCG gcc gat gcc aat gc-3' 

	
	R: 5'-gc att ggc atc ggc CGC gcc ttc atc gat ggc-3'

	D56 to Ala†
	F: 5’-aa ggc ttg gcA GCG gcc aat gcc g-3’ 

	
	R: 5’-c atc gat ggc agc gac ct-3’

	L62 to Ala*
	F: 5'-cc aat gcc ggt cgc GCG ctg gaa cac atc g-3' 

	
	R: 5'-c gat gtg ttc cag CGC gcg acc ggc att gg-3'

	L63 to Ala*
	F: 5'-c aat gcc ggt cgc ctg GCG gaa cac atc gag atc-3' 

	
	R: 5'-gat ctc gat gtg ttc CGC cag gcg acc ggc att g-3'

	E64 to Ala†
	F: 5’-t cgc ctg ctg GCG cac atc gag atc gag-3’ 

	
	R: 5’-cc ggc att ggc atc ggc c-3’

	H65 to Ala†
	F: 5’-c ctg ctg gaa GCG atc gag atc gag-3’ 

	
	R: 5’-cg acc ggc att ggc atc g-3’

	I66 to Ala*
	F: 5'-cgc ctg ctg gaa cac GCC gag atc gag aag cg-3' 

	
	R: 5'-cg ctt ctc gat ctc GGC gtg ttc cag cag gcg-3'

	I68 to Ala*
	F: 5'-ctg gaa cac atc gag gcc GAG aag cgc tgg gg-3' 

	
	R: 5'-cc cca gcg ctt CTC ggc ctc gat gtg ttc cag-3'

	E69 to Ala†
	F: 5’-c atc gag atc GCG aag cgc tgg g-3’ 

	
	R: 5’-tg ttc cag cag gcg acc g-3’

	R71 to Ala†
	F: 5’-g atc gag aag GCG tgg ggg ctg caa tg-3’ 

	
	R: 5’-tc gat gtg ttc cag cag g-3’

	W72 to Ala*
	F: 5'-gag atc gag aag cgc GCG ggg ctg caa tga gg-3' 

	
	R: 5'-cc tca ttg cag ccc CGC gcg ctt ctc gat ctc-3'

	L74 to Ala†
	F: 5’-ag cgc tgg ggA GCT caa tga gga tc-3’ 

	
	R: 5’-t ctc gat ctc gat gtg ttc-3’

	N58 to Stop*
	F: 5'-gaa ggc ttg gcc gat gcc aat TAG ggt cgc ctg ct-3' 

	
	R: 5'-ag cag gcg acc CTA att ggc atc ggc caa gcc ttc-3'

	L63 to Stop†
	F: 5'-c gct cgc ctg TAA gaa cac atc gag atc-3' 

	
	R: 5'-gc att ggc atc ggc caa g-3'

	E69 to Stop†
	F: 5'-c atc gag atc TAA aag cgc tgg ggg-3' 

	
	R: 5'-gc att ggc atc ggc caa g-3'


*denotes primers for QuikChange (Stratagene); †denotes primers for Q5 (NEB) mutagenesis


Table S2.2. Data collection and refinement statistics
	
	PaParDE1 (6XRW)

	Resolution range (Å) 
	27.86 - 1.77 (1.84 - 1.77)

	Space group
	C 2 2 21

	Unit cell (Å)
	98.4, 121.3, 58.6 90°, 90°, 90°

	Total reflections 
	168452 (7423)

	Unique reflections 
	32866 (3106)

	Multiplicity 
	5.1 (2.4)

	Completeness (%) 
	99.4 (95.5)

	Mean I/sigma (I) 
	21.7 (3.6)

	Wilson B-factor (Å2 ) 
	19.1

	R-merge 
	0.049 (0.274)

	R-meas 
	0.054 (0.347)

	R-pim 
	0.022 (0.210)

	CC1/2 
	0.999 (0.905)

	Reflections used in refinement 
	33497 (3178)

	Reflections used for R-free 
	1999 (190)

	R-work 
	0.1776 (0.2626)

	R-free 
	0.2195 (0.3350)

	Number of non-hydrogen atoms 
	3224

	macromolecules 
	2744

	ligands 
	61

	solvent 
	419

	Protein residues 
	342

	RMSD (bonds, Å) 
	0.008

	RMSD (angles, °) 
	0.97

	Ramachandran favored (%) 
	99.40

	Ramachandran allowed (%) 
	0.60

	Ramachandran outliers (%) 
	0.00

	Rotamer outliers (%) 
	0.35

	Clashscore 
	9.17

	Average B-factor (Å2 ) 
	24.14

	macromolecules 
	22.26

	ligands 
	27.38

	solvent 
	35.97


Statistics for the highest-resolution shell are shown in parentheses.


Table S2.3. Global fitting results for Biolayer Interferometry assays
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p-values were calculated using one-way ANOVA compared to previously published wild-type PaParDE1 interaction kinetics (Muthuramalingam, et al (2018) Molecular microbiology 111, 441-454).

Table S2.4. Secondary Structure Analysis of PaParDE1 Complex by FTIR (n=3)
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Table S2.5. ParD-ParE Interface Analysis
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*Surface area values were calculated using the PDBePISA webserver from EMBL. 
Note, the structure 5CZE lacks the ParD-ParD interaction interface.


WT ParD1 (Ni-NTA Pin) + WT ParE1
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Figure S2.1. Replicates of Biolayer Interferometry assays with corresponding residual error of fits and calculated values. (Additional images for each mutant on the following pages).



W45A ParD1 (Ni-NTA Pin) + WT ParE1
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V47A ParD1 (Ni-NTA Pin) + WT ParE1 
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I50A ParD1 (Ni-NTA Pin) + WT ParE1 
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D56A ParD1 (Ni-NTA Pin) + WT ParE1 
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L62A ParD1 (Ni-NTA Pin) + WT ParE1 
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L63A ParD1 (Ni-NTA Pin) + WT ParE1 
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E64A ParD1 (Ni-NTA Pin) + WT ParE1 
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H65A ParD1 (Ni-NTA Pin) + WT ParE1 
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I66A ParD1 (Ni-NTA Pin) + WT ParE1 
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I68A ParD1 (Ni-NTA Pin) + WT ParE1 
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E69A ParD1 (Ni-NTA Pin) + WT ParE1 
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R71A ParD1 (Ni-NTA Pin) + WT ParE1 
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W72A ParD1 (Ni-NTA Pin) + WT ParE1 
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L74A ParD1 (Ni-NTA Pin) + WT ParE1 
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mCh-WT ParD1 (Ni-NTA Pin) + WT ParE1 
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mCh-WT ParD142-75 (Ni-NTA Pin) + WT ParE1 
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mCh-I68A ParD142-75 (Ni-NTA Pin) + WT ParE1
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Figure S2.2. Replicates of Size Exclusion Chromatography – Multiangle Light Scattering experiments. Samples were separated in 50 mM MES pH 6.0, 300 mM NaCl, 5% glycerol; data processing followed manufacturer’s recommendations (description given in Experimental procedures). The trial depicted by the magenta trace did not have saturating toxin, yet the same complex was generated as when excess toxin was added. Molecular weight determinations are listed here for each trial. Note, some traces are included in the text Fig. 2.6; they are reproduced again here for reference.
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Figure S2.3. A Bacterial Two-Hybrid Screen was used to characterize the strength of interactions between PaParD1, PaParE1, and associated constructs in a cellular environment. Colony images and resulting color is representative of at least three independent replicates; Miller unit values are calculated from at least three independent replicates (e.g. different transformations). Images of each colony were obtained from the same plate and were cropped and rearranged for ease of presentation. Note: selected colonies and values are also shown in the text, Figure 2.5.
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Figure S2.4. Replicate gels for the analysis of E. coli Lon digestion of PaParD1, I68A PaParD1, and the associated complexes. These data are summarized in the text, Fig. 2.7. Calculations were made as % intensity of the PaParD1 or PaParE1 band remaining in the + Lon samples (“L”) as compared to the same time point without Lon. Note, boxes over images are for clarity only; each image is of a single gel and no cropping has been applied.
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Figure S2.5. Analysis of PaParD1-PaParE1 interfaces reveals little conservation at specific positions, but commonalities in overall types of interactions and toxin surface features. 
The breakdown of polar (green) versus hydrophobic (orange) buried surface area (BSA) has been parsed into antitoxin α2, the five amino acid linker, and α3. Antitoxin α3 contains side chains that appear to fit into diverse cavities (blue mesh) on the toxin, the shape and depth of which are defined by toxin amino acids in the two helices. In PaParDE1, this PaParE1 toxin cavity accommodates the identified hotspot amino acid Ile68 (see text, Fig. 2.2).
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Figure S2.6 Interactions between ParD toxin-binding domains (α2, loop, α3) with cognate ParE. Interaction network of PaParD1 with PaParE1; amino acids are colored based on the scheme used in PDBsum; lines between regions are simply colored for clarity (e.g., purple for the H2 of the antitoxin, cyan for the linker, and orange for H3 of the antitoxin). Values for ΔGi and BSA were taken from the PISA web server. (Additional images for each ParDE structure on the following pages).
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Figure S2.7. Kinetic rates of association and disassociation for wild type and mutant PaParD1 proteins. (Values given in Table S2.3, traces and individual measurements given in Fig. S2.1). Significance determined using a one-way ANOVA analysis.
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Figure S2.8. Analysis of I68A ParDE complex formation reveals a drastic change in complex interactions. 
A. Comparison of fit for I68A BLI results. Comparison of residual fits indicates the I68A mutant does not impact the association rate of complex formation but causes two distinct dissociation events that cannot be fit by a 1:1 model. B. SEC analysis of I68A ParDE complex formation indicates a stable complex is formed between WT ParE1 and I68A ParD1.
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Figure S2.9. Structural comparison of ParDα3-ParE interfaces. 
A. Left: Superposition of EcPaaA1 (5CZE, magenta) and PaParD1 (6XRW, tan) with PaParE1 surface (6XRW, cyan). Right: Superposition of EcParE2 (5CZE, purple) residues with PaParE1 (6XRW) residues in the PaParD1Ile68 binding pocket. B. Left: Superposition of CcParD1 (3KXE, magenta) and PaParD1 (6XRW, tan) with PaParE1 surface (6XRW, cyan). Right: Superposition of CcParE1 (3KXE, purple) residues with PaParE1 (6XRW) residues in the PaParD1Ile68 binding pocket. C. Left: Superposition of MoParD3 (5CEG, magenta) and PaParD1 (6XRW, tan) with PaParE1 surface (6XRW, cyan). Right: Superposition of MoParE3 (5CEG, purple) residues with PaParE1 (6XRW) residues in the PaParD1Ile68 binding pocket. D. Left: Superposition of MoParD2 (6X0A, magenta) and PaParD1 (6XRW, tan) with PaParE1 surface (6XRW, cyan). Right: Superposition of MoParE2 (6X0A, purple) residues with PaParE1 (6XRW) residues in the PaParD1Ile68 binding pocket.
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Table S4.1 – Mutagenesis Primers for pET-15b::mCherry-PaParD1

	mCh-ParD42-75
	Fwd: 5’-AGGCAGCAGTGGCAGGTC-3’

	
	Rev: 5’-TATCGATGAATTCGAGCTCGGTACC-3’

	mCh-ParD58-75
	Fwd: 5’-AATGCCGGTCGCCTGCTG-3’

	
	Rev: 5’-TATCGATGAATTCGAGCTC-3’

	mCh-ParD62-75
	Fwd: 5’-CTGCTGGAACACATCGAG-3’

	
	Rev: 5’-TATCGATGAATTCGAGCTCGGTACC-3’

	mCh-ParD65-75
	Fwd: 5’-CACATCGAGATCGAGAAG-3’

	
	Rev: 5’-TATCGATGAATTCGAGCTC-3’





ParD158-75 (Ni-NTA Pin) + WT ParE1
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Figure S4.1. Replicates of Biolayer Interferometry assays with corresponding residual error of fits and calculated values. (Additional traces on the following page).









ParD162-75 (Ni-NTA Pin) + WT ParE1
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Fig. S4.1 (continued)

mCh-WT ParD142-75 (Ni-NTA Pin) + WT ParE1 
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Fig. S4.1 (continued) *Note – previously published in Snead, K. J., Moore, L. L., and Bourne, C. R. (2022) ParD Antitoxin Hotspot Alters a Disorder-to-Order Transition upon Binding to Its Cognate ParE Toxin, Lessening Its Interaction Affinity and Increasing Its Protease Degradation Kinetics. Biochemistry 61, 34-45

mCh-WT ParD1 (Ni-NTA Pin) + WT ParE1 
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Fig. S4.1 (continued) *Note – previously published in Snead, K. J., Moore, L. L., and Bourne, C. R. (2022) ParD Antitoxin Hotspot Alters a Disorder-to-Order Transition upon Binding to Its Cognate ParE Toxin, Lessening Its Interaction Affinity and Increasing Its Protease Degradation Kinetics. Biochemistry 61, 34-45

mCherry (Ni-NTA) + WT ParE1
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Fig. S4.1 (continued)
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Figure S4.2. Comparison of BLI fitting results for ParDpeptides. Comparison of fitting results 1:1 vs. 2:1 for ParD58-75 and ParD62-75.
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Figure S4.3. Biological Replicates of Kinetic Miller Assay. Additional biological replicate of kinetic miller assay (Fig 4.1). * denotes p-value ≤ 0.05, ** denotes p-value ≤ 0.01, *** denotes p-value ≤ 0.001. (additional biological replicate below)
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Fig. S4.3 (continued)
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0.625 2.90E-10 | 5.30E+05 | 1.54E-04 | 0.9986

Global Fit 2.67E-09 | 8.71E+04 | 2.32E-04 | 0.9977
Conc. (hM)| KD (M) kon(1/Ms)|kdis(1/s)|Full RA2

5 2.76E-09 | 1.22E+05 | 3.36E-04 | 0.998

Local Fit 2.5 6.73E-10 | 2.14E+05 | 1.44E-04 | 0.9991
1.25 3.59E-10 | 2.95E+05 | 1.06E-04 | 0.9995

0.625 3.76E-09 | 4.12E+04 | 1.55E-04 | 0.9965

Global Fit 1.83E-09 | 1.47E+05 | 2.69E-04 | 0.9982





image28.png
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2
5 5.78E-09 | 1.93E+05 | 1.12E-03 | 0.995
Local Fit 25 7.17E-09 | 1.29E+05 | 9.27E-04 | 0.9974
0.625 5.84E-09 | 8.74E+04 | 5.10E-04 | 0.9875
Global Fit 4.80E-09 | 2.18E+05 | 1.05E-03 | 0.9971
Conc. (nM)| KD (M) |kon(1/Ms)|kdis(1/s) Full R"2
10 7.82E-09 | 1.81E+05 | 1.41E-03 | 0.9893
- 5 8.01E-09 | 1.30E+05 | 1.04E-03 | 0.9973
Local Fit
25 3.67E-08 | 1.85E+04 | 6.77E-04 | 0.9953
1.25 6.39E-09 | 4.33E+04 | 2.76E-04 | 0.967
Global Fit 4.99E-09 | 1.76E+05 | 8.76E-04 | 0.9897
Conc. (nM)| KD (M) |kon(1/Ms)| kdis(1/s)|Full RA2
10 1.11E-08 | 1.52E+05 | 1.69E-03 | 0.99
Local Fit 5 1.50E-07 | 1.00E+04 | 1.51E-03 | 0.9915
2.5 6.29E-08 | 2.74E+04 | 1.72E-03 | 0.9799
Global Fit 1.12E-08 | 1.45E+05 | 1.63E-03 | 0.9934





image29.png
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2

5 3.156-08 | 1.21E+04 | 3.81E-04 | 0.9991

Local Fit 2.5 9.70E-09 | 2.11E+04 | 2.05E-04 | 0.9978
1.25 <1.0E-12 | 7.18E+05 | <1.0E-07 | 0.9812

Global Fit 8.10E-08 | 4.10E+03 | 3.32E-04 | 0.9979
Conc. (nM)| KD (M) kon(1/Ms) kdis(1/s)|Full RA2

10 6.78E-09 | 1.10E+05 | 7.43E-04 | 0.9933

N 5 2.46E-08 | 1.37E+04 | 3.36E-04 | 0.9993

Local Fit

2.5 1.41E-09 | 3.91E+04 | 5.51E-05 | 0.9978

1.25 <1.0E-12 | 4.89E+05 | <1.0E-07 | 0.9683

Global Fit 7.60E-09 | 3.10E+04 | 2.35E-04 | 0.996
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full RA2

5 4.37E-08 | 1.17E+04 | 5.12E-04 | 0.998

2.5 1.46E-08 | 2.68E+04 | 3.89E-04 | 0.9867

1.25 1.03E-08 | 5.41E+04 | 5.58E-04 | 0.9757

Global Fit 7.05E-08 | 7.10E+03 | 5.00E-04 | 0.9971
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Conc. (hM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R"2

5 1.03E-09 | 7.74E+04 | 7.93E-05 | 0.9992

Local Fit 2.5 <1.0E-12 | 2.17E+05 | <1.0E-07 | 0.9931
1.25 <1.0E-12 | 4.57E+05 | <1.0E-07 | 0.9939

0.625 <1.0E-12 | 6.44E+05 | <1.0E-07 | 0.99

Global Fit 6.14E-10 | 8.74E+04 | 5.36E-05 | 0.9995
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2

5 1.18E-09 | 8.81E+04 | 1.04E-04 | 0.9989

2.5 <1.0E-12 | 2.50E+05 | <1.0E-07 | 0.9971

Local Fit 1.25 <1.0E-12 | 4.56E+05 | <1.0E-07 | 0.9951
0.625 <1.0E-12 | 9.15E+05 | <1.0E-07 | 0.9943

0.3125 1.22E-10 | 1.13E+06 | 1.38E-04 | 0.984

Global Fit 8.51E-10 | 9.82E+04 | 8.36E-05 | 0.9996
Conc. (nM)| KD (M) kon(1/Ms) kdis(1/s)|Full RA2
5 1.14E-09 | 8.67E+04 | 9.91E-05 |9.99E-01
2 2.5 <1.0E-12 | 2.22E+05 | <1.0E-07 |9.94E-01

Local Fit

1.25 <1.0E-12 | 4.13E+05 | <1.0E-07 |9.91E-01
0.625 <1.0E-12 | 6.64E+05 | <1.0E-07 |9.85E-01
Global Fit 6.51E-10 | 9.93E+04 | 6.46E-05 |9.99E-01
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Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R*2

5 4.79E-09 | 1.38E+05 | 6.61E-04 | 0.9739

Local Fit 2.5 3.05E-09 | 1.52E+05 | 4.63E-04 | 0.9962
1.25 1.66E-09 | 1.34E+05 | 2.22E-04 | 0.9995

0.625 7.95E-10 | 4.29E+05 | 3.41E-04 | 0.9954

Global Fit 2.62E-09 | 1.90E+05 | 4.96E-04 | 0.986
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2

5 2.37E-09 | 2.62E+05 | 6.22E-04 | 0.9814

2.5 2.08E-09 | 2.01E+05 | 4.19E-04 | 0.9971

Local Fit 1.25 2.10E-09 | 1.36E+05 | 2.86E-04 | 0.9988
0.625 1.43E-09 | 2.25E+05 | 3.23E-04 | 0.9984

0.3125 3.71E-10 | 7.60E+05 | 2.82E-04 0.9951

Global Fit 1.58E-09 | 2.98E+05 | 4.70E-04 | 0.9922
Conc. (hM)| KD (M) |kon(1/Ms)|kdis(1/s) Full RA2

5 2.36E-09 | 2.57E+05 | 6.08E-04 = 0.9821

. 2.5 1.66E-09 | 2.50E+05 | 4.15E-04 | 0.9972

Local Fit

1.25 1.79E-09 | 1.42E+05 | 2.54E-04 0.9993

0.625 2.95E-09 | 8.34E+04 | 2.46E-04 = 0.9993

Global Fit 1.50E-09 | 3.01E+05 | 4.52E-04 | 0.99
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Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2

5 <1.0E-12 | 1.96E+05 | <1.0E-07 | 0.9894

3.5 <1.0E-12 | 1.74E+05 | <1.0E-07 | 0.997

Local Fit 2.5 <1.0E-12 | 3.45E+05 | <1.0E-07 | 0.9831

1.25 4.43E-10 | 3.12E+05 | 1.38E-04 | 0.9961

0.625 <1.0E-12 | 2.77E+06 | <1.0E-07 | 0.9526

- " Global Fit <1.0E-12 | 2.07E+05 | <1.0E-07 | 0.9967
Conc. (nM)| KD (M) kon(1/Ms) kdis(1/s) Full R*2

5 <1.0E-12 | 5.97E+04 | <1.0E-07 | 0.995

Local Fit 3.5 <1.0E-12 | 1.68E+05 | <1.0E-07 | 0.9929

25 <1.0E-12 | 4.57E+05 | <1.0E-07 | 0.956

Global Fit <1.0E-12 | 1.14E+05 | <1.0E-07 | 0.9947

@ m

Conc. (nM)| KD (M) |kon(1/Ms)|kdis(1/s) Full R*2

5 <1.0E-12 | 1.77E+05 | <1.0E-07 | 0.9844

Local Fit 3.5 <1.0E-12 | 2.41E+05 | <1.0E-07 | 0.9797

2.5 <1.0E-12 | 2.44E+05 | <1.0E-07 | 0.9773

Global Fit <1.0E-12 | 2.97E+04 | <1.0E-07 | 0.9958
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Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2

100 9.51E-08 | 2.88E+05 | 2.74E-02 | 0.9992

50 1.30E-07 | 1.91E+05 | 2.50E-02 | 0.9994

Local Fit 25 1.42E-07 | 1.54E+05 | 2.19E-02 | 0.9995
125 4.19E-07 | 5.13E+04 | 2.15E-02 | 0.9988

6.25 1.86E-07 | 8.87E+04 | 1.65E-02 | 0.9967

3.125 1.39E-07 | 1.11E+05 | 1.55E-02 | 0.9957

Global Fit 2.22E-07 | 1.09E+05 | 2.40E-02 | 0.9989
Conc. (nM) KD2 (M) kon2 (1/Ms) kdis2 (1/s) |Full RA2

100 3.51E-09| 1.82E+05 6.40E-04 | 0.9992

50 1.93E-09| 3.44E+05 6.64E-04 | 0.9994

Local Fit 25 8.88E-10| 5.79E+05 5.14E-04 | 0.9995
12.5 3.98E-10| 9.52E+05 3.79E-04 | 0.9988

6.25 1.85E-10| 1.71E+06 3.17E-04 | 0.9967

3.125 4.89E-11| 2.45E+06 1.20E-04 | 0.9957

Global Fit 5.92E-10| 7.82E+05 4.63E-04 | 0.9989
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R*2

100 1.67E-06 | 3.20E+04 | 5.34E-02 | 0.9996

50 1.20E-06 | 3.15E+04 | 3.77E-02 | 0.9996

Local Fit 25 3.52E-07 | 7.47E+04 | 2.63E-02 | 0.9992
125 2.13E-07 | 8.88E+04 | 1.90E-02 | 0.995

6.25 6.18E-08 | 2.36E+05 | 1.46E-02 | 0.9929

3.125 1.63E-07 | 6.04E+04 | 9.83E-03 | 0.9332

Global Fit 5.18E-07 | 9.92E+04 | 5.14E-02 | 0.9992
Conc. (nM) |KD2 (M)| kon2 (1/Ms) kdis2 (1/s) |Full RA2

100 2.69E-08| 4.01E+05 1.08E-02 | 0.9996

50 1.61E-08| 4.37E+05 7.03E-03 | 0.9996

. 25 7.53E-09| 6.95E+05 5.23E-03 | 0.9992

Local Fit

125 4.68E-09| 8.17E+05 3.82E-03 0.995

6.25 <1.0E-12| 7.47E+05 <1.0E-07 | 0.9929

3.125 1.68E-07| 6.04E+04 1.01E-02 | 0.9332

Global Fit 3.42E-08| 3.24E+05 1.11E-02 | 0.9992
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R*2

100 2.38E-06 | 2.19E+04 | 5.20E-02 | 0.999

50 1.19E-06 | 2.73E+04 | 3.26E-02 | 0.9986

Local Fit 25 2.96E-07 | 7.51E+04 | 2.22E-02 | 0.998
125 1.08E-07 | 1.77E+05 | 1.90E-02 | 0.9951

6.25 5.48E-08 | 2.93E+05 | 1.60E-02 | 0.9906

Global Fit 1.14E-06 | 4.58E+04 | 5.22E-02 | 0.9987
Conc. (nM) |KD2 (M)| kon2 (1/Ms) kdis2 (1/s) Full R*2

100 3.29E-08| 3.55E+05 1.17E-02 0.999

50 1.66E-08| 4.37E+05 7.25E-03 | 0.9986

Local Fit 25 1.97E-09| 7.70E+05 1.52E-03 0.998
12,5 <1.0E-12| 1.07E+05 <1.0E-07 | 0.9951

6.25 <1.0E-12| 2.31E+05 <1.0E-07 | 0.9906

Global Fit 4.18E-08| 2.96E+05 1.24E-02 | 0.9987
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Conc. (nM)| KD (M) kon(1/Ms) kdis(1/s) |Full RA2
5 1.21E-09 | 9.84E+04 | 1.19E-04 | 0.9985
N 25 <1.0E-12 | 2.25E+05 | <1.0E-07 | 0.9949
Local Fit
1.25 <1.0E-12 | 4.38E+05 | <1.0E-07 | 0.9934
0.625 2.37E-09 | 3.30E+04 | 7.82E-05 | 0.9815
Global Fit 6.99E-10 | 1.12E+05 | 7.85E-05 | 0.9991
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2
5 1.27€-09 | 1.10E+05 | 1.40E-04 | 0.9988
N 2.5 <1.0E-12 | 2.42E+05 | <1.0E-07 | 0.9967
Local Fit
1.25 <1.0E-12 | 4.89E+05 | <1.0E-07 | 0.9967
0.625 <1.0E-12 | 7.49E+05 | <1.0E-07 | 0.9981
Global Fit 7.80E-10 | 1.26E+05 | 9.80E-05 | 0.9992
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2
5 1.36E-09 | 1.09E+05 | 1.48E-04 | 0.9984
N 2.5 <1.0E-12 | 2.47E+05 | <1.0E-07 | 0.997
Local Fit T
1.25 <1.0E-12 | 4.7S5E+05 | <1.0E-07 | 0.9961
0.625 2.00E-08 | 2.58E+04 | 5.14E-04 | 0.9426
Global Fit 8.89E-10 | 1.23E+05 | 1.10E-04 | 0.9991





image35.png
ni H Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R"2
L i 5 8.65E-10 | 3.52E+05 | 3.04E-04 | 0.9724
& H 3 2.5 7.336-10 | 1.93E+05 | 1.42E-04 | 0.9989
u Local Fit
o 1.25 <1.0E-12 | 4.50E+05 | <1.0E-07 | 0.9946
w p—— 0.625 3.05E-10 | 1.77E+05 | 5.40E-05 | 0.9994
. i Global Fit 4.21E-10 | 3.69E+05 | 1.55E-04 | 0.9875
£ .
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Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R"2
5 8.71E-10 | 3.81E+05 | 3.32E-04 | 0.9719
25 7.36E-10 | 2.20E+05 | 1.62E-04 | 0.9989
Local Fit 1.25 <1.0E-12 | 4.56E+05 | <1.0E-07 | 0.9951
0.625 <1.0E-12 | 8.91E+05 | <1.0E-07 | 0.9928
03125 | 1.69E-12 | 1.75E+06 | 2.96E-06 | 0.9974
Global Fit 3.95E-10 | 4.01E+05 | 1.59E-04 | 0.9889
Conc. (nM)| KD (M) kon(1/Ms) kdis(1/s) Full R*2
5 8.80E-10 | 3.72E+05 | 3.28E-04 | 0.9711
- 2.5 8.31E-10 | 2.30E+05 | 1.91E-04 | 0.9982
Local Fit
1.25 <1.0E-12 | 4.69E+05 | <1.0E-07 | 0.9956
0.625 <1.0E-12 | 8.78E+05 | <1.0E-07 | 0.9933
Global Fit 4.77E-10 | 3.88E+05 | 1.85E-04 | 0.9878
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image36.png
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2

5 5.10E-10 | 2.59E+05 | 1.32E-04 | 0.9966

Local Fit 3.5 <1.0E-12 | 8.46E+04 | <1.0E-07 | 0.9638
1.25 <1.0E-12 | 1.55E+04 | <1.0E-07 | 0.9902

Global Fit <1.0E-12 | 2.74E+05 | <1.0E-07 | 0.9908
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2

5 8.68E-10 | 1.45E+05 | 1.26E-04 | 0.9983

Local Fit 35 <1.0E-12 | 3.58E+05 | <1.0E-07 | 0.9876
25 <1.0E-12 | 1.24E+05 | <1.0E-07 | 0.9967

Global Fit <1.0E-12 | 3.24E+05 | <1.0E-07 | 0.9938
Conc. (hM)| KD (M) |kon(1/Ms) kdis(1/s)|Full R*2

5 <1.0E-12 | 2.68E+05 | <1.0E-07 | 0.9914

Local Fit 3.5 <1.0E-12 | 3.33E+05 | <1.0E-07 | 0.9743
125 <1.0E-12 | 1.11E+06 | <1.0E-07 | 0.9678

Global Fit <1.0E-12 | 2.87E+05 | <1.0E-07 | 0.9932
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Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2

125 2.06E-09 | 2.21E+05 | 4.56E-04 | 0.9624

Local Fit 6.25 2.69E-09 | 1.46E+05 | 3.93E-04 | 0.9892
3.13 2.09E-09 | 7.60E+04 | 1.59E-04 | 0.9988
Global Fit 1.55E-09 | 2.14E+05 | 3.31E-04 | 0.9727

Ty

Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2

12.5 3.88E-09 | 1.27E+05 | 4.93E-04 | 0.975

Local Fi 6.25 3.09E-09 | 7.11E+04 | 2.19E-04 | 0.9988
ocal Fit 3.13 8.02E-10 | 1.34E+05 | 1.07E-04 | 0.9999
1.56 <1.0E-12 | 3.76E+05 | <1.0E-07 | 0.9812

Global Fit 2.30E-09 | 1.39E+05 | 3.20E-04 | 0.9864

Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2

12.5 2.85E-09 | 1.75E+05 | 5.00E-04 | 0.9732

6.25 2.41E-09 | 1.09E+05 | 2.63E-04 | 0.9984

Local Fit
3.13 7.26E-10 | 1.75E+05 | 1.27E-04 | 0.9996

1.56 <1.0E-12 | 3.79E+05 | <1.0E-07 | 0.9948

Global Fit 1.82E-09 | 1.80E+05 | 3.29E-04 | 0.9866
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Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) | Full RA2
Global Fit 5.47E-11 | 3.93E+06 | 2.15E-04 | 0.8257

Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s)|Full RA2
Global Fit 1.46E-10 1.53E+06 | 2.22E-04 | 0.9766





image39.png
Conc. (nM) KD (M) |kon(1/Ms)|kdis(1/s) Full R*2
10 2.64E-10 | 3.87E+05 | 1.02E-04 | 0.9856
H Local Fit 5 1.66E-10 | 4.78E+05 | 7.93E-05 | 0.9979
- 25 1.75E-10 | 6.13E+05 | 1.07E-04 | 0.9994
Global Fit 2.56E-10 | 4.34E+05 | 1.11E-04 | 0.9924
A 1
Conc. (hM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2
10 7.78E-10 | 1.11E+05 | 8.62E-05 | 0.9976
5 <1.0E-12 | 1.14E+05 | <1.0E-07 | 0.993
Local Fit 25 <1.0E-12 | 2.96E+05 | <1.0E-07 | 0.9894
1.25 <1.0E-12 | 7.54E+05 | <1.0E-07 | 0.9813
0.625 3.11E-12 | 1.78E+06 | 5.55E-06 | 0.9831
Global Fit 8.77E-10 | 1.06E+05 | 9.29E-05 | 0.9959
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full RA2
10 6.01E-10 | 8.47E+04 | 5.09E-05 | 0.9928
) 5 1.92E-11 | 2.85E+05 | 5.48E-06 | 0.9645
Local Fit
0.625 1.40E-11 | 4.86E+06 | 6.81E-05 | 0.9812
0.3125 <1.0E-12 | 8.72E+06 | <1.0E-07 | 0.9855
Global Fit 1.35E-09 | 8.02E+04 | 1.09E-04 | 0.9882
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Conc. (nM) KD (M) |kon(1/Ms)|kdis(1/s) Full R*2
50 3.64E-08 | 2.40E+06 | 8.71E-02 | 0.9901
25 2.94E-08 | 2.84E+06 | 8.33E-02 | 0.9933
Local Fit 125 4.17E-08 | 2.29E+06 | 9.54E-02 | 0.9964
6.25 5.39E-07 | 2.99E+05 | 1.61E-01 | 0.971
3.125 1.77E-07 | 5.65E+05 | 1.00E-01 | 0.9907
Global Fit 4.29E-08 | 2.08E+06 | 8.92E-02 | 0.9929
Conc. (nM) |KD2 (M) kon2 (1/Ms) kdis2 (1/s) | Full RA2
50 3.55E-09| 3.76E+04 | 1.34E-04 | 0.9901
25 8.44E-10| 1.31E+05 1.10E-04 | 0.9933
Local Fit 125 <1.0E-12| 2.89E+05 | <1.0E-07 | 0.9964
6.25 2.25E-08| 1.39E+06 3.13-02 0.971
3.125 4.44E-10| 2.32E+06 1.03E-03 | 0.9907
Global Fit 7.72E-10| 1.80E+05 | 1.39E-04 | 0.9929
Conc. (nM)| KD (M) |kon(1/Ms) kdis(1/s) Full R*2
50 2.10E-08 | 2.60E+06 | 5.45E-02 | 0.9914
. 35 1.22E-07 | 5.65E+05 | 6.89E-02 | 0.9943
Local Fit
125 1.91E-09 | 1.01E+05 | 1.92E-04 | 0.9857
6.25 1.78E-07 | 1.92E+05 | 3.40E-02 | 0.9775
Global Fit 2.24E-08 | 1.54E+06 | 3.45E-02 | 0.9847
Conc. (nM) KD2 (M) kon2 (1/Ms) kdis2 (1/s) |Full RA2
50 4.75E-09| 9.23E+04 | 4.38E-04 | 0.9914
Local Fit 35 5.94E-08| 5.19E+04 | 3.08E-03 | 0.9943
12.5 3.11E-08| 1.62E+06 5.04E-02 | 0.9857
6.25 1.55E-08| 5.36E+04 8.29E-04 | 0.9775
Global Fit 3.77E-09| 8.58E+04 3.23E-04 | 0.9847
Conc. (hM)| KD (M) |kon(1/Ms)|kdis(1/s) Full RA2
50 2.53E-08 | 1.80E+06 | 4.55E-02 | 0.9894
N 25 6.94E-08 | 6.55E+05 | 4.55E-02 | 0.9952
Local Fit
125 4.94E-10 | 2.34E+05 | 1.16E-04 | 0.9771
6.25 1.26E-08 | 2.57E+06 | 3.25E-02 | 0.9835
Global Fit 2.47E-08 | 1.59E+06 | 3.91E-02 | 0.9929
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