

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88966-685-0
DOI 10.3389/978-2-88966-685-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





INTERACTIONS BETWEEN SMALL MOLECULE LIGANDS AND TARGET ENZYMES

Topic Editors: 

Sung-Kun (Sean) Kim, Northeastern State University, United States

Dong-Woo Lee, Yonsei University, South Korea

Ki Duk Park, Korea Institute of Science and Technology, South Korea

Citation: Kim, S.-K., Lee, D.-W., Park, K. D., eds. (2021). Interactions Between Small Molecule Ligands and Target Enzymes. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88966-685-0





Table of Contents




Editorial: Interactions Between Small Molecule Ligands and Target Enzymes

Sung-Kun Kim, Ki Duk Park and Dong-Woo Lee

Comparative Molecular Dynamics Simulations Provide Insight Into Antibiotic Interactions: A Case Study Using the Enzyme L,L-Diaminopimelate Aminotransferase (DapL)

Lily E. Adams, Patrick Rynkiewicz, Gregory A. Babbitt, Jamie S. Mortensen, Rachel A. North, Renwick C. J. Dobson and André O. Hudson

Repurposing Modular Polyketide Synthases and Non-ribosomal Peptide Synthetases for Novel Chemical Biosynthesis

Soonkyu Hwang, Namil Lee, Suhyung Cho, Bernhard Palsson and Byung-Kwan Cho

Rational Drug Design for Pseudomonas aeruginosa PqsA Enzyme: An in silico Guided Study to Block Biofilm Formation

Bilal Shaker, Sajjad Ahmad, Thi Duc Thai, Seong-il Eyun and Dokyun Na

Interactions of FK506 and Rapamycin With FK506 Binding Protein 12 in Opportunistic Human Fungal Pathogens

Sandeep Vellanki, Alexis E. Garcia and Soo Chan Lee

Non-catalytic-Region Mutations Conferring Transition of Class A β-Lactamases Into ESBLs

Thinh-Phat Cao, Hyojeong Yi, Immanuel Dhanasingh, Suparna Ghosh, Jin Myung Choi, Kun Ho Lee, Seol Ryu, Heenam Stanley Kim and Sung Haeng Lee

7,3′,4′-Trihydroxyisoflavone, a Metabolite of the Soy Isoflavone Daidzein, Suppresses α-Melanocyte-Stimulating Hormone-Induced Melanogenesis by Targeting Melanocortin 1 Receptor

Ji Hye Kim, Jae-Eun Lee, Taewon Kim, Myung Hun Yeom, Jun Seong Park, Eric di Luccio, Hanyong Chen, Zigang Dong, Ki Won Lee and Nam Joo Kang

Functional Characterization of Primordial Protein Repair Enzyme M38 Metallo-Peptidase From Fervidobacterium islandicum AW-1

Jae Won La, Immanuel Dhanasingh, Hyeonha Jang, Sung Haeng Lee and Dong-Woo Lee

Antagonistic Control of Genetic Circuit Performance for Rapid Analysis of Targeted Enzyme Activity in Living Cells

Kil Koang Kwon, Haseong Kim, Soo-Jin Yeom, Eugene Rha, Jinju Lee, Hyewon Lee, Dae-Hee Lee and Seung-Goo Lee



		EDITORIAL
published: 05 March 2021
doi: 10.3389/fmolb.2021.649450


[image: image2]
Editorial: Interactions Between Small Molecule Ligands and Target Enzymes
Sung-Kun Kim1*, Ki Duk Park2* and Dong-Woo Lee3*
1Department of Natural Sciences, Northeastern State University, Broken Arrow, OK, United States
2Brain Science Institute, Korea Institute of Science and Technology, Seoul, South Korea
3Department of Biotechnology, Yonsei University, Seoul, South Korea
Reviewed by:
Jian Zhang, Shanghai Jiao Tong University, China
Danny Chou, Stanford University, Stanford, CA, United States
Edited by:
Qi Zhang, Fudan University, China
* Correspondence: Sung-Kun Kim, kim03@nsuok.edu; Ki Duk Park, kdpark@kist.re.kr; Dong-Woo Lee, leehicam@yousei.ac.kr
Specialty section: This article was submitted to Protein Chemistry and Enzymology, a section of the journal Frontiers in Molecular Biosciences
Received: 04 January 2021
Accepted: 20 January 2021
Published: 05 March 2021
Citation: Kim S-K, Park KD and Lee D-W (2021) Editorial: Interactions Between Small Molecule Ligands and Target Enzymes. Front. Mol. Biosci. 8:649450. doi: 10.3389/fmolb.2021.649450

Keywords: enzyme, ligand, interactions, drug discovery, molecular dynamics
Editorial on the Research Topic
Interactions Between Small Molecule Ligands and Target Enzymes


The detail of the interactions between enzymes and ligands is a prerequisite for understanding cellular processes and developing novel therapeutic agents and chemical drugs. Although enzyme-ligand interactions occur via the complex formation driven by thermodynamics, the rate of complex formation and breakdown should also be considered on the reaction coordinate using kinetic parameters and thermodynamic stability. To gain insight into the molecular basis of enzyme-ligand interactions at the atomistic level, three-dimensional structural analysis of enzyme-ligand complexes is necessary. Nevertheless, it is noted that the protein-ligand interactions initiate an important conformational change and the binding states vary over the reaction period, representing a major challenge for the development of refined and optimized poses from the initial docking state. Accordingly, computational approaches have been conducted to advance the understanding of enzyme-ligand interactions. Recent advances in molecular docking and dynamic algorithms have provided more reliable and accurate illustrations of the enzyme-ligand complex, leading to the development of new regulatory ligands for target enzymes or protein engineering for better interactions.
In this research topic, we introduce the research articles and reviews tackling the interactions between enzyme and ligand using a wide variety of state-of-the-art techniques. We believe that the current, updated ideas and/or strategies to identify and develop new ligands for target enzymes can enhance the current understanding of structural flexibility or mutational effects on the ligand and its target, thus making an essential contribution to the fields of drug design and biotechnology.
The computational approaches are getting more critical to detailing the information of interactions between ligands and enzymes. The accuracy is substantially improved. Molecular dynamics simulation is the spearhead of the computational approaches to provide structural information. Adams et al. explained how the molecular dynamics simulations provide insight into antibiotic interactions using the enzyme l,l-diaminopimelate aminotransferase with the potential inhibitors. This study supports the great potential scope of the application of molecular dynamics to biological molecules to infer the function, form, and effect of interactions in situations where the crystal structure may not be known. Another example of a computational approach is an article published by Shaker et al. The authors attempted to design potent inhibitory lead molecules against Pseudomonas aeruginosa using an in silico ligand-based drug design. Subsequently, the researchers conducted a structure-based virtual screening with a library of potential inhibitors for anthranilate-CoA ligase, which is involved in the quorum signaling system of P. aeruginosa. The molecular dynamic simulation further validated resulting compounds in identifying improved inhibitors. Such a computational approach might provide reasonably acceptable drug candidates against the resistant phenotypes of opportunistic infectious pathogens.
In this research topic series, two review articles described drug discovery. Hwang et al. introduces the structure and mechanism of modular PKS and NRPS, and includes examples of their repurposes. In addition, the authors discussed the tools of the design-build-test-learning cycle of synthetic biology and the future perspective of repurposing strategies. Vellanki et al. reviewed the recent effort in the discovery of novel non-immunosuppressive antifungal drugs against fungal pathogens. This review highlights the interactions of immunosuppressive drugs FK506 and rapamycin with immunophilin FKBP12 in targeting calcineurin and TOR kinase in human and fungal pathogens. Such a detailed inspection of ligand-bound protein structures will provide a useful guide to facilitate the development of new small molecules with antifungal activity.
Some research articles presented current issues we are facing. For example, extended-spectrum β-lactamases (ESBLs) are a serious threat to human health due to their enhanced hydrolytic activity against third-generation cephalosporins. Cao et al. described the structural mechanism underlying the hydrolysis of third-generation cephalosporins using non-catalytic-region (NCR)-ESBLs. Also, melanin, an important molecules in humans, plays a crucial role in protecting the skin from the harmful effects of ultraviolet radiation, but the abnormal accumulation of melanin causes skin pigmentary disorders. Kim et al. proposed a molecular mechanism for how 7,3′,3′-trihydroxyisoflavone (7,3′,4′-THIF) attenuates α-MSH-induced melanogenesis.
Interactions between ligands and proteins reveals many important biological and biochemical aspects. For example, protein-ligand binding structures enabled us to identify the functional role of a thermostable primordial protein. La et al. described the functional characterization of a gene encoding a putative keratin-degrading β-aspartyl peptidase. Determination of its co-crystal structure with the substrate analog together with in vivo complementation experiments suggest that the viability of hyperthermophiles under stressful conditions may rely on the activity of BAP within cellular protein repair systems. Additionally, Kwon et al. describes the development of a fluorescent sensing system for monitoring enzyme activity in living cells. Specifically, the authors designed a DmpR-based genetic circuit relying on para-nitrophenol and alanine as regulators interacting with tyrosine phenol-lyase, allowing for straightforward control of its output signal without additional genetic modification. The developed genetic circuit system can be a useful tool for the accurate and rapid analysis of targeted enzyme activity in living cells.
The articles published here discussed a broad range of state-of-the-art computational and experimental studies, or a combination thereof, to understand the interactions between small ligands and their target biomolecules. We believe these articles help to emphasize the impact of the investigated processes in biomedicine and applications of enzyme-ligand interactions in biotechnology and other related science fields.
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The L,L-diaminopimelate aminotransferase (DapL) pathway, a recently discovered variant of the lysine biosynthetic pathway, is an attractive pipeline to identify targets for the development of novel antibiotic compounds. DapL is a homodimer that catalyzes the conversion of tetrahydrodipicolinate to L,L-diaminopimelate in a single transamination reaction. The penultimate and ultimate products of the lysine biosynthesis pathway, meso-diaminopimelate and lysine, are key components of the Gram-negative and Gram-positive bacterial peptidoglycan cell wall. Humans are not able to synthesize lysine, and DapL has been identified in 13% of bacteria whose genomes have been sequenced and annotated to date, thus it is an attractive target for the development of narrow spectrum antibiotics through the prevention of both lysine biosynthesis and peptidoglycan crosslinking. To address the common lack of structural information when conducting compound screening experiments and provide support for the use of modeled structures, our analyses utilized inferred structures from related homologous enzymes. Using a comprehensive and comparative molecular dynamics (MD) software package—DROIDS (Detecting Relative Outlier Impacts in Dynamic Simulations) 2.0, we investigated the binding dynamics of four previously identified antagonistic ligands of DapL from Verrucomicrobium spinosum, a non-pathogenic relative of Chlamydia trachomatis. Here, we present putative docking positions of the four ligands and provide confirmatory comparative molecular dynamics simulations supporting the conformations. The simulations performed in this study can be applied to evaluate putative targets to predict compound effectiveness prior to in vivo and in vitro experimentation. Moreover, this approach has the potential to streamline the process of antibiotic development.

Keywords: L,L-diaminopimelate aminotransferase, molecular dynamics, ligand binding, antibiotics, L-lysine, diaminopimelate, peptidoglycan


INTRODUCTION

Novel targets and approaches to facilitate the development/discovery of antibiotics are highly sought after to combat the rise of single and multidrug resistant bacterial infections (Ventola, 2015). Bacterial enzymes that are involved in the anabolism of the nine nutritionally essential proteogenic amino acids (histidine, isoleucine, leucine, methionine, phenylalanine, threonine, tryptophan, valine, and lysine) are among the attractive targets. Humans cannot synthesize these amino acids, and they are instead obtained through the diet. Presumably, this means that targeting these bacterial amino acid synthesis pathways with antibiotics should be non-toxic for humans. The lysine biosynthesis pathway in particular is a well-known antibiotic target (Hutton et al., 2007; Triassi et al., 2014) because of its involvement in bacterial cell wall synthesis. In Gram-negative bacteria, meso-diaminopimelate (meso-DAP) is used as the crosslinker at the third position of a peptide stem that link individual peptidoglycan units to form the cell wall (Figure 1E); in Gram-positive bacteria, lysine serves this purpose (Hutton et al., 2007). Without the crosslinking of peptidoglycan, the cell wall loses stability and is unable to adequately protect and maintain separation of the internal and external environment, resulting in rupture. This critical role in peptidoglycan crosslinking and protein synthesis, as well as its lack of presence in animals (specifically humans), supports targeting the lysine biosynthetic pathways in the development of novel antibiotics.


[image: Figure 1]
FIGURE 1. The Diaminopimelate pathways for lysine biosynthesis. (A) The synthesis of THDP from aspartate, (B) The acyl pathways, (C) the Ddh pathway, (D) the DapL pathway (E) Peptidoglycan crosslinking between disaccharide layers, GlcNAc-MurNAc, as mediated by meso-diaminopimelate/lysine and (F) The reversible transamination reaction catalyzed by DapL. DapC, acyl-diaminopimelate aminotransferase; DapE, acyl-diaminopimelate deacylase; DapD, 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate-N-acyltransferase; DapF, acyl-diaminopimelate deacylase, DapL, L,L-diaminopimelate aminotransferase; Ddh, diaminopimelate dehydrogenase; LysA, diaminopimelate decarboxylase.


Lysine biosynthesis occurs via one of two pathways: the alpha-aminoadipic (AAA) pathway is commonly found in yeast, fungi, and some archaea while the diaminopimelate (DAP) pathway is employed by photosynthetic organisms and most prokaryotes (Nishida et al., 1999; Velasco et al., 2002). DAP synthesis comprises three main steps: (1) conversion of aspartate to tetrahydrodipicolinate (THDP), (2) conversion of THDP to meso-diaminopimelate (meso-DAP), and (3) conversion of meso-DAP to lysine via an L,L-DAP intermediate (Figure 1). There are four known variants of the DAP pathway, distinguished by differences in the synthesis of meso-DAP: the two acyl pathways, the meso-diaminopimelate dehydrogenase (Ddh) pathway, and the L,L-diaminopimelate aminotransferase (DapL) pathway (Hudson et al., 2006). Notably, the DapL pathway variant utilizes DapL in a single transamination reaction to convert THDP directly to LL-DAP (Hudson et al., 2005, 2006).

DapL is a homodimer comprised of two subunits that are each ~50 kDa in size (Hudson et al., 2006), functionally active as a dimer with two active sites on a hinge. Each subunit is composed of a major and minor arm, where the major arm composes the dimer interface for each subunit. The DapL enzyme transfers an amino group plus a proton and electron pair from a donor molecule (in this case glutamate) to an acceptor molecule (THDP). Three key regions of the enzyme are involved in each aminotransferase reaction—one loop on the minor arm of the enzyme and two loops from the major arm in the dimer interface. Thus, each active site requires coordination between both subunits for optimal function (Velick and Vavra, 1962; Liepman and Olsen, 2004).

A number of organisms of extreme biotechnological and clinical relevance employ the DapL pathway, including phyla Chlamydophila, Treponema, Leptospira, and Bacteroides (Berry et al., 1987; Burstain et al., 1991; Finegold and Sussman, 2002; Wexler, 2007; Lindsay et al., 2010; Ansdell, 2012). Additionally, the DapL pathway is home to numerous commensal and environmental organisms with major biotechnological applications (Adams, 2019). Understanding essential metabolic pathways at a molecular level in these species is critical for future treatment development. For example, Chlamydia trachomatis is the causative agent of one of the most reported sexually transmitted diseases in the United States and the leading cause of infection-mediated blindness worldwide (Mishori et al., 2012). It is an obligate intracellular pathogen with high rates of lateral gene transfer between serotypes and largely uncharacterized genetic properties (Mabey, 2008). Verrucomicrobium spinosum, another organism that employs the DapL pathway, is the closest free-living relative to C. trachomatis (Griffiths and Gupta, 2007), an organism for which a model system would be advantageous to support research independent of cell culture and biological containment. V. spinosum, in place, has high potential for use as a safe experimental model in research and development of antimicrobial compounds targeting C. trachomatis and related pathogens.

Because of its presence in medically and biotechnologically relevant organisms, DapL is an attractive target for antibiotic, herbicide, and algaecide development. A previous comprehensive screening analysis identified compounds with antibiotic potential that inhibit DapL from Arabidopsis thaliana, Leptospira interrogans, Chlamydomonas reinhardtii, and Verrucomicrobium spinosum (McKinnie et al., 2014). Four of these compounds (rhodanine, barbiturate, hydrazide, and thiobarbiturate), all of which are derived from classes with different structural elements, specifically inhibit the activity of V. spinosum DapL (VsDapL). However, DapL crystal structures from L. interrogans, C. reinhardtii, and V. spinosum are either not published or do not exist, and the binding conformation of the effective compounds are not experimentally determined. Unfortunately, this scenario reflects a common situation in research settings where inhibitory compounds are screened against potential targets with only structural information inferred from a related species, resulting in unknown docking positions.

Informatics resources have been utilized in recent years to explore structure-guided drug design and structure-activity relationships (SAR), even in cases without experimentally determined structural information and in cases before in vitro experimentation. This method often involves the use of molecular docking to identify putative binding sites (Abdolmaleki et al., 2017), molecular dynamics to supplement and refine such docking (Iqbal and Shah, 2018), and/or subsequent SAR studies to predict the biological activity of the compound based on similar structures (Fan et al., 2010). However, most previous studies are limited in the scope of the molecular dynamics simulations performed, the size of the simulations, or size of the molecule analyzed. Adding in the often modeled structures further confounds results and requires post-processing and analysis.

Here, a comprehensive, comparative molecular dynamics (MD) simulation package, DROIDS (Detecting Relative Outlier Impacts in Dynamic Simulations 2.0) (Babbitt et al., 2018), was used in conjunction with SWISS-MODEL (Pettersen et al., 2004; Biasini et al., 2014) and AutoDock Vina (Trott and Olson, 2010) to investigate the binding dynamics of the identified putative inhibitory lead compounds and VsDapL inferred from homology modeling. DROIDS calculates the local modes of interaction between the residues, simulating inter- and intramolecular interactions, for two macromolecule sets over a time course for a defined number of replicates (Lewars, 2003; Jensen, 2007). It then compares the dynamics of the two macromolecules and presents an analysis of the differences in dynamic movement in the context of atomic fluctuations from the mean position. Here, we present putative docking positions of the four effective compounds tested and characterized via SAR and in vitro analyses in previous work (Fan et al., 2010) and provide investigative MD simulation data supporting the structural inference. The methods and results presented here not only address the efficacy of these tools in a common scenario of investigative antibiotic development but also can be applied and modified to both supplement and provide a rational guide in laboratory method development.



METHODS


Multiple Sequence Alignment

Multiple sequence alignment was constructed using the Molecular Evolutionary Genetics Analysis (MEGA) (Kumar et al., 2016) tool with the DapL protein sequences from V. spinosum (NCBI Acc: WP_009961032.1), A. thaliana (UniProt: Q93ZN9), C. trachomatis (UniProt: G4NMX8), and C. reinhardtii (UniProt: A8IW39). Sequences were aligned via MUSCLE algorithm (Edgar, 2004). Conserved active site loops and residues were identified from the multiple sequence alignment, referencing those identified to interact with the natural ligand in the A. thaliana crystal structure and identified based on sequence homology between all four protein sequences.



Homology Modeling of VsDapL

Three dimensional homology model was constructed via SWISS-MODEL (Biasini et al., 2014; Waterhouse et al., 2018) after alignment to the template L,L-diaminopimelate aminotransferase from C. reinhardtii (PDB 3QGU) with 53.3% sequence identity. The template was chosen as the crystal structure with the best sequence identity to the enzyme based on a basic local alignment search tool (BLAST) search with the HHBlits algorithm (Remmert et al., 2011) against the SWISS-MODEL template library (Guex et al., 2009; Benkert et al., 2011; Biasini et al., 2014; Bertoni et al., 2017; Waterhouse et al., 2018). The model was built based on the alignment between reference and query protein sequence. Conserved coordinates were directly copied while insertions and deletions were modeled from the SWISS-MODEL fragment library.



Structure Stabilization Testing

Structure stability and conformation testing was performed using the initial DROIDS pipeline development and prior to version 1 release. The solvated structures were each subjected to 1,000 cycles of minimization using a steepest-descent algorithm, followed by an 80-picosecond heating step where the temperature was gradually raised from 0 to 300K and then an 80-picosecond simulation allowing for the potential energy of the molecule to reach an equilibrium, followed by a 120-nanosecond sampling simulation. Atomic coordinates were calculated every 0.002 picoseconds and recorded every 0.2 picoseconds. Temperature and pressure were held constant for the equilibration and subsequent runs.



Compound Structure Generation and Docking

Lead compounds (McKinnie et al., 2014) (Table 1) were exported in the simplified molecular-input line entry system format from the ChemBridge database and the highest quality, lowest energy three dimensional coordinates were generated with the CORINA server (Sadowski et al., 1994; Schwab, 2010).


Table 1. Compounds identified by McKinnie et al. (2014) and the corresponding structures.

[image: Table 1]

Three dimensional compounds were docked onto the DapL active site with the UCSF Chimera interface for Autodock Vina (Pettersen et al., 2004; Trott and Olson, 2010). The highest ranked conformation, with the best binding affinity reported, was chosen for each respective MD calculation set in DROIDS. For each run, the protein-ligand complex, the protein, and the ligand in its proper conformation identified by Vina were exported in PDB format. The resulting three files each were used.



Molecular Dynamics Preparation

All chemical artifacts in the structures were removed manually prior to running DROIDS. A structure-based sequence alignment was constructed in UCSF Chimera for both chains on each set of structures to be compared (in this case an apo-DapL structure and DapL docked with a ligand) and saved in clustal format. Amber16 and the AmberTools packages were used in ligand and complex preparation to generate atomic coordinate files for MD calculations. The program pdb4amber was used to remove all extraneous water molecules and add hydrogen atoms prior to renumbering residues for downstream analyses. The antechamber package was used to estimate and parameterize the force fields surrounding the ligand using the general Amber force field (“GAFF”) simple harmonic function with AM1-BCC charge methods (Jakalian et al., 2000; Wang et al., 2004). Ligand coordinate files were generated from the antechamber ligand preparation. TeLEap was used to generate protein coordinate and topology files using the ff14SB protein force field parameters for both the apo-DapL and DapL-ligand complex (Maier et al., 2015). Atomic coordinates for both structures were utilized in subsequent MD calculations.



Molecular Dynamics Sampling

The solvated structures were each subject to 1,000 cycles of minimization using a steepest-descent algorithm, followed by a 100-picosecond heating step to 300 K, followed by a 10-nanosecond equilibration step to allow for the potential energy of the molecule to reach an equilibrium before 300 production sampling runs of 0.5 nanoseconds. Starting coordinates were randomly generated by the DROIDS software at the onset of each sampling run. Temperature and pressure were held constant for the equilibration and subsequent runs.



Molecular Dynamics Post-processing

The CPPTRAJ package provided in Ambertools was used to generate trajectories for each residue and calculate Root Mean Square Deviation (RMSD) at an amino acid resolution. The calculated atom fluctuation profiles were used to calculate signed symmetric Kullback–Leibler (KL) divergences in local atom fluctuation distributions from each amino acid on the polypeptide backbone, and P-values from a Benjamini–Hochberg corrected Kolmogorov-Smirnov (KS) test. All post-processing analyses were performed in R and presented in graphical representation. UCSF Chimera was used for structure depiction.




RESULTS


Key Amino Acids of Known DapL Active Sites Are Conserved in V. spinosum DapL

To identify key active site amino acid residues in the DapL ortholog from V. spinosum (VsDapL), we constructed a multiple sequence alignment using the sequences of DapL orthologs where structures have already been experimentally determined [V. spinosum (PDB: WP_09961032.1), A. thaliana (UniProt: Q93ZN9), C. trachomatis (UniProt: G4NMX8), and C. reinhardtii (UniProt: A8IW39)]. The key residues in the active site were highly conserved across all organisms. Loops that line the active site in V. spinosum were predicted to reside between F249 and A261 (Loop A), as well as those from the opposing chain between residues G66 and D81 (Loop B), and T291 and S297 (Loop C). In addition, key conserved active site residues were identified as I43, G44, Y74, E77, K111, Y134, N189, K251, N294, R390 (Figures 2, 3B) (McKinnie et al., 2014).


[image: Figure 2]
FIGURE 2. Multiple protein sequence alignment of the VsDapL to reference sequences. *Conserved active site residues; − − −, residues in loops lining the active site, and + denotes contribution from the opposing chain.
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FIGURE 3. Homology model of the VsDapL enzyme. (A) Three dimensional ribbon model depicting the predicted structure, a homodimer (gray and blue). The two black arrows denote the predicted active sites. (B) Ribbon model of the rotated, centered VsDapL active site showing active site residues (red) identified from multiple sequence alignment. (C) Z-score data when the model is compared to high quality X-ray crystal structures of similar size.


The three-dimensional homology model predicts a homodimer with two v-shaped clefts that correspond to the putative active sites (Figure 3A) and the active sites agree with the alignment findings above. The model quality, assessed with z-scores for the QMEAN function (−1.24), all atom pairwise energy (0.27), CBeta interaction energy (−1.29), solvation energy (0.04), and torsion angle energy (−1.04), indicates an acceptable structure prediction (Figure 3C).



DapL Is More Stable in silico as a Homodimer

To determine structural stability, RMSD calculations of the fluctuation of the alpha-carbons of each amino acid from their mean positions were used to compare the homodimer and monomer forms of VsDapL. As a monomer, the early sampling of VsDapL coordinates generate a RMSD value of 2 angstroms. Over time, however, the RMSD increases and nears 5 angstroms. On the contrary, the VsDapL homodimer stabilizes just above a RMSD of 1 angstrom for the duration of the sampling time (Figure 4). The higher and consistently rising RMSD values resulting from the monomer dynamics indicate more instability in the system, while the constant lower RMSD values from the dimer indicate a much more stable structure. Overall, the dimer settled into a lowest-energy conformation and maintained that general pattern for the duration of the simulation, as opposed to a constantly fluctuating set of conformations in the monomer. This is also consistent with previous findings, where other DapL orthologs are homodimers in solution.


[image: Figure 4]
FIGURE 4. Stability of VsDapL comparing monomer and dimer. (A) Root Mean Square Deviation (RMSD) values for the fluctuation of the alpha-carbons of each amino acid from the mean position of the backbone calculated for the molecular dynamics sampling runs of the (B) VsDapL monomer and (C) Vs DapL homodimer.




Rhodanine, Barbiturate, Hydrazide, and Thiobarbiturate Association With VsDapL Is Supported by Molecular Dynamics Simulations

Four antagonist lead compounds (rhodanine, barbiturate, hydrazide, and thiobarbiturate) were docked into the VsDapL homology model to represent modeling the molecular dynamics of macromolecular complexes without actual structural data. All antagonistic compounds successfully associated with the VsDapL active site with a potential energy lower than the enzyme in its native state and with all potential energies at the same order of magnitude, but with varying degrees of affinity (−6.5 to −7.6 kcal/mol, data not shown) as indicated by the RMSD values when compared to the best identified conformation. The best docking position in the structure also varied for each compound (Table 2). The hydrazide molecule bound close to the active site (Figure 5), the rhodanine molecule docked in the minor arm of one subunit (Figure 6), the barbiturate molecule docked on the outer edge of the structure near an active site (Figure 7), and the thiobarbiturate molecule docked on the outer surface of the protein (Figure 8).


Table 2. The binding affinity for and residues that interact with each identified compound used in this study.
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[image: Figure 5]
FIGURE 5. Structure of hydrazide (black) associated with VsDapL (blue). (A) Ribbon conformation showing binding pocket (black arrow). (B) Ribbon conformation showing interacting residues (red). (C) Rotated, centered binding pocket showing interacting residues (red, labeled). (D) Rotated, centered binding pocket, denoted by arrow, with two labeled interacting residues (red) for orientation.



[image: Figure 6]
FIGURE 6. Structure of rhodanine (black) associated with VsDapL (blue). (A) Ribbon conformation showing binding pocket (black arrow). (B) Ribbon conformation showing interacting residues (red). (C) Rotated, centered binding pocket showing interacting residues (red, labeled). (D) Rotated, centered binding pocket, denoted by arrow, with two labeled interacting residues (red) for orientation.



[image: Figure 7]
FIGURE 7. Structure of barbiturate (black) associated with VsDapL (blue). (A) Ribbon conformation showing binding pocket (black arrow). (B) Ribbon conformation showing interacting residues (red). (C) Rotated, centered binding pocket showing interacting residues (red, labeled). (D) Rotated, centered binding pocket, denoted by arrow, with two labeled interacting residues (red) for orientation.



[image: Figure 8]
FIGURE 8. Structure of thiobarbiturate (black) associated with VsDapL (blue). (A) Ribbon conformation showing binding pocket (black arrow). (B) Ribbon conformation showing interacting residues (red). (C) Rotated, centered binding pocket showing interacting residues (red, labeled). (D) Rotated, centered binding pocket, denoted by arrow, with two labeled interacting residues (red) for orientation.


In addition, identified contacts support that the four small molecule antagonists bound to different locations on DapL. Hydrazide bound to the majority of residues in the active site, including the catalytic lysine (K251). Rhodanine and thiobarbiturate did not bind to any residues that compose active site, and barbiturate bound near some active site residues but not directly in the active site (Table 2).

Molecular dynamics of each VsDapL-antagonist macromolecular complex was compared to the unbound VsDapL molecule in terms of differences in fluctuations for 500 replicate simulations with random initialization coordinates. The differences in fluctuation were then color-mapped to VsDapL at an amino-acid resolution (Figure 9). Differences in fluctuation were found between the unbound molecule and bound complex for all four cases. The dynamics of most, if not all, VsDapL residues that interacted with the compound in the pocket were stabilized upon association. In only two instances (Figures 9B,C) were the dynamics of a single residue amplified upon compound association. However, both residues are near loops and on the exterior of the protein, so some instability would be expected even upon settling into a bound conformation. Additionally, the color-mapping of the true VsDapL active sites show stabilization upon compound association. This color mapping is supported by plots of the average fluctuation of each residue from the mean position of both bound and unbound structures, the signed KL divergence of the fluctuations, and significance based on a KS test (Supplemental Figure 1). Overall, the local stabilization upon compound association indicates the binding positions identified with the docking software are accurate.


[image: Figure 9]
FIGURE 9. Structure of (A) hydrazide (B) rhodanine (C) barbiturate and (D) thiobarbiturate associated with VsDapL colored by signed symmetric KL divergences in local atom fluctuation distributions of each amino acid on the polypeptide backbone. The small molecule inhibitors are colored in black. The KL divergences shown are color-mapped to temperature on the protein with red indicating softer regions with amplified fluctuation and blue indicating stabilized regions with dampened fluctuation. The magnitude of divergence is shown in the color key beside the structure. (left) front-facing view with a black box to direct attention to the region (right) centered and rotated to show the interacting residues.





DISCUSSION

The VsDapL homodimer is more stable than the monomer, and DapL is naturally crystallized as a homodimer. Based on the sample size and volume of data collected, combined with experimentally determined crystal structures of multiple DapL enzymes, we must emphasize that all DapL computational analyses (docking, molecular dynamics, etc.) should involve the homodimer. Conclusions drawn from calculations on one subunit are not biologically accurate. Because DROIDS is equipped to perform dynamics calculations on large, multi-subunit proteins and map the statistics at an amino acid resolution, it provided us with a unique opportunity for DapL and other dimer dynamic analyses.

All antagonistic compounds in this study have the potential to interact with DapL in vivo, a conclusion supported by previous work (Fan et al., 2010; McKinnie et al., 2014). In our analyses, compounds were only docked into one active site because of the conformational change associated with the DapL mechanism of action. However, because all DapL structures characterized to date are indeed homodimers, we can speculate that the inhibitory lead compounds have the capacity to associate in at least two sites. In fact, a test docking of two rhodanine molecules onto DapL indicates better binding affinity for both together than the single molecule. A kinetic analysis of the docking pattern of these molecules would provide additional support for this hypothesis. However, docking protocols are not as robust as molecular dynamics simulations, nor do they flawlessly represent biological conditions.

Additionally, molecular dynamics simulations require precise and refined calculations that take into account extremely complex physical characteristics, and as a caveat they must be cautiously analyzed for robustness and consistency. For example, molecules must be in their lowest potential energy wells for consistent and meaningful calculations. This task becomes exponentially more difficult as the size of the molecule increases. If the atomic coordinates are calculated for longer duration, or sampled for a different number of replicates, it is possible that the refined, amino-acid resolution results would differ. However, the trends reported from our simulations, of stabilization in both the binding pocket and more loosely at the true active site of the enzyme, provide strong support for the putative binding positions of the compounds. Because the inhibition potential of the four small molecules was previously determined, we were able to draw conclusions based on the consistency in the results of the molecular dynamics simulations. Indeed, all simulations supported the previously drawn experimental conclusions. If the biological effect of these compounds was not known, SAR analyses could be performed with the top compounds identified in the docking and molecular dynamics screening. This would provide additional insights as to the potential biological effect of the compounds and the effect of modifications to these compounds to further guide future work. The efficacy of this study provides rationale for using any iteration of this work (modeling, docking, or molecular dynamics) as a springboard to suggest future experimental work in the rational design of experimental antibiotic compounds.

In conclusion, this and previous studies have shown that DapL is a potential target for the development of narrow spectrum antibiotics, and VsDapL has high potential for the development of a model system for DapL from related pathogenic organisms. Additionally, this study supports the great potential scope of the application of molecular dynamics to biological molecules to infer function, form, and effect of interactions in situations where the crystal structure may not be known. The success of this exploratory study in identifying the putative binding locations of four inhibitory compounds only touches the surface of the capabilities of molecular dynamics software. If applied correctly, molecular dynamics software can provide direction for major questions in the biological sciences across disciplines.
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In nature, various enzymes govern diverse biochemical reactions through their specific three-dimensional structures, which have been harnessed to produce many useful bioactive compounds including clinical agents and commodity chemicals. Polyketide synthases (PKSs) and non-ribosomal peptide synthetases (NRPSs) are particularly unique multifunctional enzymes that display modular organization. Individual modules incorporate their own specific substrates and collaborate to assemble complex polyketides or non-ribosomal polypeptides in a linear fashion. Due to the modular properties of PKSs and NRPSs, they have been attractive rational engineering targets for novel chemical production through the predictable modification of each moiety of the complex chemical through engineering of the cognate module. Thus, individual reactions of each module could be separated as a retro-biosynthetic biopart and repurposed to new biosynthetic pathways for the production of biofuels or commodity chemicals. Despite these potentials, repurposing attempts have often failed owing to impaired catalytic activity or the production of unintended products due to incompatible protein–protein interactions between the modules and structural perturbation of the enzyme. Recent advances in the structural, computational, and synthetic tools provide more opportunities for successful repurposing. In this review, we focused on the representative strategies and examples for the repurposing of modular PKSs and NRPSs, along with their advantages and current limitations. Thereafter, synthetic biology tools and perspectives were suggested for potential further advancement, including the rational and large-scale high-throughput approaches. Ultimately, the potential diverse reactions from modular PKSs and NRPSs would be leveraged to expand the reservoir of useful chemicals.
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INTRODUCTION

Enzymes are biosynthetic protein machineries that recognize specific substrates through unique three-dimensional structures, and catalyze the conversion of these substrates into new biomolecules (Agarwal, 2006). Harnessing their diverse biochemical reactions has led to the production of many bioactive-compounds as clinical agents and commodity chemicals (Tibrewal and Tang, 2014). In addition, engineering such enzymes and repurposing their reactions into new pathways enhances the biocatalytic properties and the diversity of the natural products, respectively (Tibrewal and Tang, 2014). Biosynthesis of organic compounds has several advantages compared to classical chemical synthesis methods (Wenda et al., 2011). First, enzymes are not environmentally harmful, they act as non-toxic catalysts. The reaction conditions for the production of diverse chemicals are generally moderate in terms of temperature, pressure, and pH, while the classical chemical synthesis often requires extreme conditions. High selectivity of enzymes yields high purities with specific stereochemistry of the product and reduce undesired by-products and toxic intermediates. In nature, interestingly, the mechanisms underlying a large number of enzyme reactions have not been discovered yet. For example, the recent genome mining efforts on bacteria, fungi, and plants have revealed the richness of secondary metabolite biosynthetic gene clusters (smBGCs) including many unidentified smBGCs (Rutledge and Challis, 2015). Thus, novel non-natural chemicals and pathways have been constructed by the reprogramming of the multi-enzyme complex encoded by smBGCs (Bernhardt and O’Connor, 2009; Chevrette et al., 2019).

Type I modular polyketide synthases (PKSs) and non-ribosomal peptide synthetases (NRPSs) are prominent engineering targets due to their modular properties of enzyme assembly (Ladner and Williams, 2016). Type I modular PKS comprises several modules, each responsible for the incorporation and modification of one acyl-CoA substrate to synthesize the polyketide product, such as erythromycin (antibiotic), rapamycin (immunosuppressant), amphotericin B (antifungal), and other potential clinical agents (Staunton and Weissman, 2001). Likewise, NRPS comprises numerous modules, with each of them responsible for the incorporation and modification of one amino acid substrate to extend the polypeptide product, such as daptomycin (antibiotic), actinomycin D (antitumor), cyclosporine A (immunosuppressant), and other potential clinical agents (Walsh, 2016; Sussmuth and Mainz, 2017). As the organization and the order of these modules are co-linearly correlated with each unit of the final polyketide and polypeptide products, the target modules of rational engineering could be predicted for the production of novel derivatives having the modified unit at a specific position (Alanjary et al., 2019). Using this modular biosynthetic logic of type I modular PKS and NRPS, each reaction of a module was capable of being separated from the original assembly reactions and repurposed to construct de novo biosynthetic pathway for other chemicals (Pang et al., 2019). This approach is favorable in terms of (i) the potential diversity of available synthetic parts governing unique chemical reactions, (ii) enabling retro-biosynthesis by combinatorial assembly of domains and modules, and (iii) the relative ease of engineering, owing to avoidance of the structural perturbation compared to the engineering within the multi-enzyme complex.

In this review, we briefly introduced the structure and mechanism of the modular PKS and NRPS, and thereafter focused on their repurposing examples, along with their advantages and limitations. Finally, tools in the design-build-test-learn cycle of synthetic biology and the future perspectives of the repurposing strategies were discussed.



MODULAR PKS AND NRPS ARCHITECTURE AND MECHANISM

Polyketide synthases are categorized into three types, namely, types I, II, and III, according to their organization and catalytic mechanisms (Yu et al., 2012). Among them, type I modular PKS has a hierarchical organization in which, the entire enzyme complex is composed of several subunits, each subunit is composed of several modules, and a module is composed of several domains (Bayly and Yadav, 2017) (Figure 1A). A minimal elongation module includes three domains; (i) an acyltransferase (AT) domain for loading the chain extender unit (typically malonyl- or methylmalonyl-CoA), (ii) an acyl carrier protein (ACP) for tethering and shuttling the extender unit or the polyketide intermediate, and (iii) a ketosynthase (KS) domain for catalyzing the condensation reaction between the extender unit of the downstream ACP domain and the polyketide intermediate attached at the KS active site which is translocated from the ACP domain of upstream module. Addition of other domains to this minimal elongation module modifies a polyketide backbone.


[image: image]

FIGURE 1. Domain architectures and mechanisms of polyketide chain extension in modular PKS. (A) Overall flow scheme of polyketide biosynthesis with different domain architectures of modules. Four types of loading modules load the different substrates according to involved domains (chemical examples were indicated). Next, the extender unit is selected and condensed to the growing chain one by one per elongation module for N cycles. Optional reductive domains (dashed circles) reduce the β-carbon group resulting in different X groups (indicated in red). Finally, the growing polyketide chain is cleaved by three different types of offloading domains in termination modules producing different products, including linear carboxylic acids, macrocyclic acids, olefins, aldehydes, and primary alcohols. (B) Mechanism of polyketide chain extension for the elongation modulen. (i) ACPn–1 to KSn translocation; the active site cysteine moiety of KSn receives the growing polyketide chain of ACPn–1. (ii) ATn acylation; the cognate acyl unit is incorporated into the active site serine moiety of ATn to form the acyl-O-AT intermediate. (iii) ATn to ACPn transacylation; the acyl group of ATn is transacylated to the ACPn. (iv) KSn to ACPn chain elongation; KSn catalyzes a decarboxylative Claisen condensation between the growing polyketide chain and the acyl extender unit of ACPn for the chain extension. (v) Processing; the extender units of ACPn are modified by a reductive loop or other additional domains. ACP, acyl carrier protein; AL, CoA ligase-type domain; AT, acyltransferase; CMT, C-methyltransferase; GNATL, GCN5 N-acetyltransferase-like domain; DH, dehydratase; ER, enoylreductase; KR, ketoreductase; KS, ketosynthase; KSQ, condensation-incompetent ketosynthase; R, reductive domain; ST, sulfotransferase; TE, thioesterase.


In the N- to C-terminus of a whole enzyme complex, loading, elongation, and termination modules are localized to catalyze the serial polyketide production (Barajas et al., 2017). Loading module (LM) initiates the chain formation from a broad range of priming starter units by acylation to the AT domain and transacylation to the ACP domain. According to the configuration of the domains, LMs are divided into subtype A, B, C, and D (Kornfuehrer and Eustáquio, 2019). In addition to AT-ACP didomain, type A LMs involve the condensation-incompetent KS domain that decarboxylates malonyl- or methylmalonyl-CoA to yield acetyl- or propionyl starter units, respectively. Type B LM consist of only the AT-ACP didomain and has a much broader range of substrates. Type C LM has a CoA-ligase domain rather than AT domain to incorporate carboxylic acid substrate in an ATP-dependent manner. Lastly, type D LM has a GCN5 N-acetyltransferase-like domain rather than AT domain that recently repurposed to catalyze decarboxylation (Skiba et al., 2020). A common characteristic of LMs is the absence of the condensation domain, which results a more flexible substrate specificity of the AT domain than those of downstream modules. Elongation modules consist of KS, AT, ACP, and other additional domains to serially catalyze the growth of the polyketide chain (Barajas et al., 2017; Zargar et al., 2018; Kornfuehrer and Eustáquio, 2019) (Figure 1B). Termination module contains a thioesterase (TE) domain or reductive (R) domain as an offloading domain following the ACP domain to release the ACP-bound polyketide intermediate and complete polyketide biosynthesis. TE domain performs; (i) hydrolysis to yield the linear polyketide, or (ii) cyclization to yield the macrocyclic polyketide, or (iii) sulfonate transfer and decarboxylation with sulfotransferase (ST) domain to yield the terminal olefin. Alternatively, R domain catalyzes NADPH dependent two-electron reduction, yielding the aldehyde product.

Non-ribosomal peptide synthetases are categorized into two types according to their organizations and catalytic mechanisms, which are type I modular NRPS and type II standalone NRPS (Jaremko et al., 2019). Type I modular NRPS a resemblance to type I modular PKS, with a hierarchical organization of the enzyme complex-subunit-module-domain (Winn et al., 2016) (Figure 2A). A minimal elongation module includes three domains which are, an adenylation (A) domain for loading the amino acid extender unit (both proteinogenic and non-proteinogenic), an thiolation (T or PCP) domain for tethering and shuttling the extender unit transferred from the upstream A domain or the growing polypeptide transferred from T domain of the upstream module, and a condensation (C) domain for catalyzing the peptide bond formation between the amino acid extender unit of the downstream T domain and the growing polypeptide of the T domain of the upstream module. Other cis-acting and trans-acting domains to this minimal elongation module expand the extender amino acid unit.
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FIGURE 2. Domain architectures and mechanisms of non-ribosomal peptide chain extension in modular NRPS. (A) Overall flow scheme of non-ribosomal peptide biosynthesis with different domain architectures of modules. Four representative types of loading modules load the different substrates according to the involved domains (chemical examples were indicated). Next, the extender unit is selected and condensed to the growing chain one by one per elongation module for N cycles. An example of optional processing domain is indicated by the dashed circles. Finally, the growing non-ribosomal peptide chain is cleaved by four representative types of offloading domains in termination modules, producing different products including linear peptides, macrocyclic peptides, aldehydes, and tetramate moieties. The terminal X group of the product from terminal R domain includes hydroxyl group (-OH), aldehyde group (-CHO), and other aldehyde derivatives (Barajas et al., 2015; Dan et al., 2019). (B) Mechanism of polyketide chain extension for the elongation modulen. (i) Tn–1 to Cn translocation; the growing non-ribosomal peptide chain linked to Ppant arm of Tn–1 domain translocates to the solvent channel of Cn domain donor site. (ii) An adenylation; the extender amino acid unit is activated by ATP to form aminoacyl-AMP in An domain. (iii) An to Tn thiolation; the aminoacyl-AMP intermediate of An is transferred to the Ppant arm of Tn domain to form aminoacyl thioester intermediate. (iv) Tn–1 to Tn condensation at Cn; the aminoacyl thioester intermediate of Tn domain is translocated to the solvent channel of Cn domain acceptor site, and the peptide bond formation between the growing peptide of Tn–1 domain and the amino acid extender unit of Tn domain elongates by adding one amino acid to the growing peptide. (v) Processing; the extender units of ACPn are modified by an epimerase (E) domain or other additional domains. A, adenylation domain; C, condensation domain; CT, terminal condensation domain; F, formylating domain; R, reductive domain; R*, R-like domain; T, thiolation domain; TE, thioesterase.


Similar to PKS, loading, elongation, and termination module are localized to catalyze serial polypeptide production (Sussmuth and Mainz, 2017). NRPS LMs usually lack a C domain and are more variable than PKS. Many NRPS LMs carry the N-terminal modifications, which function as protection against degradation, modulating polarity, and providing specific properties such as membrane insertion. Several additional domains including formylating domain, CoA ligase domain, and other tailoring domains could be involved in LMs for acylation and formylation, among others. NRPS elongation module basically consists of three core domains C, A, and T corresponding to KS, AT, and ACP of PKS which play a role in chain elongation, substrate incorporation, and chain carrier function, respectively (Hur et al., 2012; Winn et al., 2016; Bloudoff and Schmeing, 2017; Sussmuth and Mainz, 2017) (Figure 2B). However, their overall structures and mechanisms are quite different, and there are also more various and distinct processing domains for NRPS. Examples include; epimerase (E) domain catalyzing the absolute configuration at the Cα atom, methyltransferse (MT) domain modifying the degree of C- or N-methylation, formylation (F) domain, cyclization (Cy), redox-active domain (Ox and Red), among others. These steps would be repeated between modulen and modulen + 1 till the termination module. Termination module of NRPS also contains an offloading domain such as a TE domain or reductive (R) domain after T domain to release the T-bound polypeptide intermediate for the completion of NRPS biosynthesis. The TE domain hydrolyzes or cyclize the intermediate to form a linear or cyclic polypeptide. Additionally, terminal CT domain in fungal NRPSs disconnects the oligopeptide by macrocyclization, and R∗ domain mediates Dieckmann-type cyclization of PK-NRP hybrids to obtain tetramate moieties (Sussmuth and Mainz, 2017). Diversity of NRPS is largely present in the type II NRPSs that consist of standalone or minimal domains, which have been reviewed in detail in other papers (Jaremko et al., 2019; McErlean et al., 2019).

Due to the collinear and modular biosynthetic logic, the structural diversity of the products of modular PKS and NRPS could be largely attributed to a few variables (Kornfuehrer and Eustáquio, 2019). The modules of PKS and NRPS are suitable devices for retro-biosynthesis, which starts from the target product and proceeds backward to precursors by stepwise combination of the independent module reactions (Pang et al., 2019).



MODULAR PKS AND NRPS ENGINEERING

As various strategies have been employed for the engineering of modular PKS and NRPS (Brown et al., 2018; Klaus and Grininger, 2018), we provided several landmark examples (Figure 3).
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FIGURE 3. Engineering scheme for modular PKS and NRPS. (A) Engineering strategies of PKSs. (B) Engineering strategies of NRPSs. Gray circles and red circles indicate the original and modified domains, respectively. Green, brown, blue, and purple blocks, shaped as lock-and-key models, are the docking domains for (A) and COM domains for (B), respectively. Linkers were indicated as the lines between the domains. In case of (iii) domain and module exchange, the exchangeable units are indicated at the right of the domains. The units indicated as bold characters are currently the best exchangeable units. PDB, precursor-directed biosynthesis.



Substrate Exchange

Early attempts for the engineering of PKSs and NRPSs were conducted via precursor directed biosynthesis (PDB) and mutasynthesis (Alanjary et al., 2019) (Table 1). PDB is a strategy of creating a new product by providing an external substrate instead of the native substrate of the recognition domain (AT and A domain). This strategy is based on the native promiscuity of the recognition domains that are able to incorporate more than one kind of substrate. The advantages of this strategy are that the native enzyme could be free of any genetic engineering, and understanding of the structures and mechanisms of the enzymes is not required. This is because the promiscuity is easily confirmed by adding the target substrates and then measuring the kinetic profiles or the product formation. Despite this, native substrate and alternative substrates compete for the enzyme reaction that results in the formation of a mixture of major and minor products, hampering the yield and purity of the desired product. One of the successful examples of PDB was the incorporation of a series of 21 substrates consisting of monocyclic, polycyclic, branched aliphatic acids, benzoic acids, and heterocyclic acids to AT domain in loading module of rapamycin PKS, suggested by the previous report of relaxed substrate specificity of the domain (Lowden et al., 2004). Among the novel rapamycin analogs, one monocyclic aliphatic acid product has immunosuppressant activity comparable to the native product. In another example, native substrate L-Pro was altered by non-proteinogenic amino acids for pyreudione NRPS to generate various derivatives from pyreudione E to pyreudione K (Klapper et al., 2018). Although there were more examples for successful PDB, most of their products showed lower yield compared to the native products (Ward et al., 2007; Moran et al., 2009; Crawford et al., 2011; Xie et al., 2014).


TABLE 1. Selected examples of the substrate exchange strategy.

[image: Table 1]To overcome the competition between native and altered substrates, mutasynthesis approaches were considered to increase the yield and purity of the desired product by feeding the alternative substrates together with the deletion of the biosynthetic genes of the native substrates in the expression host. For example, the mutasynthesis of novel FK506 derivatives was reported by the deletion of tcsB, resulting in modification of the FK506 C21 moiety (Mo et al., 2011). Utilizing the native promiscuity of AT domain of module 4 in FK506 PKS, the feeding of trans-2-hexenoic acid, 4-methylpentanoic acid, and 4-fluorocrotonic acid generated 36,37-dihydro-37-methyl-FK506, 36- methyl-FK506, and 36-fluoro-FK520, respectively. Interestingly, 36-methyl-FK506 not only has immunosuppressant function but has also improved neurite outgrowth activity. Other examples obtained various derivatives through incorporation of the non-natural units by mutasynthesis (Weist et al., 2002, 2004; Garcia-Bernardo et al., 2004; Eustaquio and Moore, 2008; Eichner et al., 2009). However, the requirement of genetic engineering and the dependency of native promiscuity are limitations of mutasynthesis. Despite these limitations, mutasynthesis is still useful when applied together with domain and module engineering in a synergistic manner. For example, non-natural precursors generated by semisynthetic or click chemistry could be fed, accompanied by the deletion of the native precursor biosynthetic genes and the mutations of PKS or NRPS enzymes to attach the pharmacophore-containing moiety or dye for novel chemical production (Alanjary et al., 2019).



Mutagenesis of Substrate Recognition Domains

The AT domain of PKS or the A domain of the NRPS have been major mutation targets for enzyme engineering (Table 2). Two directions of mutagenesis have been applied; (i) reducing or increasing the native promiscuity of the domain and (ii) creating de novo specificity of the domain (Musiol-Kroll and Wohlleben, 2018; Stanisic and Kries, 2019). Compared to domain and module exchange (see subsection “Domain and Module Exchange”), the modification of several residues in the AT or A domain could minimize the structural perturbation of entire enzyme assemblies, as well as minimally affecting the protein–protein interactions between adjacent domains and modules (Brown et al., 2018). In addition, this approach fundamentally changes the protein-substrate interaction enabling the incorporation of non-natural synthetic substrates.


TABLE 2. Selected examples of the substrate recognition domain mutagenesis.
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The substrate specificity of the AT domain is determined by approximately 100 residues toward the C-terminus from the active site serine (Musiol-Kroll and Wohlleben, 2018). The most common substrates of elongation AT domains are malonyl- or methylmalonyl CoA (Chan et al., 2009; Barajas et al., 2017), while at least 20 malonyl-CoA analogs have been found to be incorporated (Yuzawa et al., 2017b). The substrates of the loading AT domain are more variable (Barajas et al., 2017). Sequence alignment analysis of prototypical 6-deoxyerythronolide B synthase (DEBS) and epothilone PKS suggested the specificity code is ‘HAFH’ for malonyl-CoA, ‘YASH’ for methylmalonyl-CoA, and ‘HASH’ for the both (Reeves et al., 2001; Petkovic et al., 2008). Changing the code results in altered specificity to corresponding substrates, although there may be the mixed substrate specificity for both substrates. The specific residues for changing the promiscuous specificity toward non-natural extender units were determined based on the domain sequence alignment, X-ray crystal structure, and homology modeling (Reeves et al., 2001; Petkovic et al., 2008; Li et al., 2018; Vogeli et al., 2018; Kalkreuter et al., 2019).

The specificity conferring code of the A domain in NRPS is more variable than PKS. Early studies about X-ray structure and sequence alignment suggested the eight specificity codes, referred to as Stachelhaus codes, which were later updated to broader range of residues by computational modeling (Conti et al., 1997; Stachelhaus et al., 1999; Challis et al., 2000; Rottig et al., 2011). Based on this, the A domain in the second module of surfactin NRPS was mutated at three of the eight specificity conferring residues (V299I, H322Q, and I330V), resulting in the successful L-Asp to L-Asn specificity change (Eppelmann et al., 2002). Moreover, the corresponding code of A domain in the third module of fusaricidins NRPS was determined by aligning its residues to those of the L-Phe specific A domain of gramicidin S and tyrocidine S NRPS. These mutations resulted in increased specificity toward L-Phe to produce the fusaricidin analog (LI-F07) (Han et al., 2012). Other examples are presented in Table 2.

The limitations of the site-directed mutagenesis approach are the effects of the other residues, outside the specificity conferring code. For instance, the specialized protein–protein interactions for the different PKSs and NRPSs such as KS-AT and C-A interfaces impeded the establishment of the universal code and the accurate prediction of specificity. This is also consistent with the frequent results of the unexpected mixed substrate specificity by AT or A domain mutagenesis. To overcome this, the directed evolution method that identifies the desired clone among the random mutagenesis libraries of 104 to 106 clones by iterative selection cycles and high-throughput screening has been reported. The saturation mutagenesis of three sites in the AT domain of andrimid PKS generated a library of approximately 14,000 mutants, which were analyzed via the highly sensitive LC-MS/MS screening method (Evans et al., 2011). Consequently, mixed derivatives of adrimid containing L-Ile, L-Leu, L-Ala, and L-Phe, modified from L-Val, respectively, were obtained with improved antimicrobial activity. Together with other examples, the directed evolution approach was expected to become the universal strategy for the specificity change regardless of the kind of the enzymes (Fischbach et al., 2007; Villiers and Hollfelder, 2011; Zhang et al., 2013). However, there are still several requirements for feasible directed evolutions such as high-throughput assays, iterative cycles of mutagenesis for stability and selectivity, and effective screening. Alternatively, reducing the library size by the prediction of the residues for specificity change based on structural information and evolutionary evidence would be developed.



Domain and Module Exchange

Parallel to the site-directed mutagenesis approach, the domain or module exchange approaches have been applied to change the substrate specificity of PKS and NRPS (Sussmuth and Mainz, 2017; Kornfuehrer and Eustáquio, 2019). As the exchanging domains and modules are generally well-studied, the substrate specificity change is predictable and experimental design is more convenient. However, the correct splicing site should be precisely determined to preserve the protein–protein interactions between the acceptor and donor units, to minimize the perturbation of sophisticated conformational changes during chain elongation, and to maintain the overall structure of PKS and NRPS.


Domain or Module Exchange of PKS

In the case of PKS, successful examples were observed for the AT domain of the well-studied DEBS PKS exchange to other AT domains in different modules of DEBS PKS, or the modules from other PKSs (Oliynyk et al., 1996; Stassi et al., 1998; Hans et al., 2003; Petkovic et al., 2003) (Table 3). This AT exchange strategy is normally referred as ‘AT domain swapping.’ The splicing sites were determined as the rough boundaries of AT domains inferred by the sequence alignment between similar modules, and the AT domains were cloned by providing synonymous mutations to the boundaries for the introduction of restriction enzyme sites (Patel et al., 2004). Nevertheless, the swapping of only the AT domain was unfavorable in terms of impairment of catalytic activity owing to the non-native interactions between the swapped domains and neighboring domains such as KS, ACP, and interdomain linkers. The X-ray structural studies and mutagenesis studies of KS-AT and AT-ACP didomains revealed crucial residues in the interdomain linkers and domain interfaces for the specificity or catalytic activity, suggesting that the KS or ACP domain should be exchanged together with the AT domain (Kuhstoss et al., 1996; Marsden et al., 1998; Kim et al., 2004; Chen et al., 2007; Yuzawa et al., 2012; Miyanaga et al., 2016; Murphy et al., 2016). Recently, sequence alignments and structural studies related to module 6 of DEBS PKS and module 1 of β-lipomycin PKS provided ideal splicing sites located at interdomain linkers adjacent to AT domain despite of the protein–protein interactions with KS and ACP domains (Yuzawa et al., 2017b). The splicing sites were located at the conserved GTNAHVILE region of KS-AT linker (KAL) and conserved LPTY(A/P)FQ (H/R)xRYWL region of post AT linker 2 (PAL2) to minimize the non-native adjacent sequences, resulting in the universal KAL-AT-PAL1 unit for AT domain swapping. However, swapping by the KAL-AT-PAL1 unit is still remained to be validated for more various PKSs, because it may alter the protein–protein interactions between the domains and disrupt gatekeeping from downstream processing, which may result in incompatibility (Barajas et al., 2017).


TABLE 3. Selected examples of domain or module exchange of modular PKS.
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In addition to determination of AT domain splicing sites, the exchange of a whole module (KS-AT-ACP) could be the alternative strategy to change the specificity. In this case, the interactions between upstream ACP and downstream KS domain should be considered, including covalent interdomain linkers and non-covalent interactions between domains. By splicing at the appropriate site of the interdomain linkers, 14 KS-AT-ACP modules from 8 PKSs was successfully isolated as a functional unit, and connected to generate a total of 154 combinatorial bimodular PKSs (Gokhale et al., 1999; Menzella et al., 2005). On the other hand, recent studies suggested that the evolutionary functional module is AT-ACP-KS rather than conventional KS-AT-ACP (Sugimoto et al., 2015; Keatinge-Clay, 2017). The sequence alignment of four aminopolyol PKSs supported this unit that the higher evolutionary correlation of the sequences between processing domains and downstream KS domain compared to the upstream KS domain (Zhang et al., 2017). Also, the first half of post-AT linker sequence showed higher correlation to the AT domain than the KS-AT linker, which refers AT-(processing domains)-ACP-KS is a more evolutionarily conserved unit. Moreover, the multi-modules of PKSs with the interpolypeptide non-covalent docking domain (DD) at both ends were able to be exchanged. The DD pairs were the compatible parts for exchanging the subunits that, using heterologous DD pairs led to the successful production of diketides and triketides (Menzella et al., 2005). However, several examples showed severe impairment of catalytic activity (Klaus et al., 2016). This is because the chain translocation step from the ACP domain of upstream module to the KS domain of downstream module was the bottleneck in addition to the chain elongation step (Khosla et al., 2007; Klaus et al., 2016), emphasizing the importance of ACP-KS interaction, even when the DDs are compatible. Besides exchanging the module, incorporating the growing polypeptide with similar chain length to the native module was more successful than those of different chain length. Overall, the modular exchange strategies for PKS are diverse but the protein–protein interactions particularly for ACP-KS domains are important.



Domain or Module Exchange of NRPS

Similar to the exchange of domains and modules in PKSs, many engineering attempts for NRPSs have been reported. The swapping of only an A domain successfully resulted in the alteration of the specificity by the determination of proper splicing sites but, they were often hindered by non-native interactions between the swapping domains and neighboring domains such as C, T, and interdomain linkers (Stachelhaus et al., 1995; Doekel and Marahiel, 2000) (Table 4). The exchange of C-A didomain was more successful than the single A domain exchange in surfactin and pyoverdine NRPS (Tanovic et al., 2008; Calcott et al., 2014) but, failed in another report (Ackerley and Lamont, 2004). A-T didomain had a short interdomain linker with a conserved LPxP motif to interact with a key L-Tyr residue in the C-terminus of the A domain, and to assist the movement of the T domain during the catalytic cycle (Beer et al., 2014; Miller et al., 2014). Based on these characteristics, the A-T didomain in module 2 of actinomycin NRPS was successfully exchanged to A-T didomain in module 5 of actinomycin NRPS, but it still had low a yield (Schauwecker et al., 2000).


TABLE 4. Selected examples of domain or module exchange of modular NRPS.
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Considering both interactions within the C-A and A-T didomains, C-A-T module exchange occurred in several NRPSs. The most representative examples were, the daptomycin and A54145 NRPS modules of C-A-T or C-A-T-E spliced at the interdomain linker of the T and C domain that were changed to produce the novel daptomycin and A54145 derivatives (Yakimov et al., 2000; Nguyen et al., 2006, 2010; Butz et al., 2008). But the protein–protein interactions between T and C domain, consisting of a variable interdomain linker, were disturbed resulting in impaired activity. Different from the transacylation of PKS which leads to two separated steps of upstream ACP to KS, and then KS to downstream ACP, the C domain governs the peptide bond formation by one step and has strong stereoselectivity and side-chain selectivity for both donor and acceptor peptides (Clugston et al., 2003; Samel et al., 2007; Bloudoff and Schmeing, 2017; Li et al., 2017). Due to this strong correlation between all adjacent domains and linkers, finding the optimal splicing sites for the module exchange has remained a bottleneck. Recently, a suggested exchangeable unit A-T-C (XU) that the C-A linker was thought to be a better splicing site than other linkers in view of the N-terminal conserved region, the absence of secondary structures, and the fewer interactions between other domains (Bozhuyuk et al., 2018). Nonetheless, there was a requirement for the exchange of A-T-C unit that the C domain has specificity filters for both upstream and its own module. Therefore, downstream A-T-C unit should also be exchanged together with the target A-T-C unit. To avoid the limitations of XU, the XUC exchange unit which is Cacceptor-A-T-Cdonor with the splicing site located at the intradomain conserved linker was newly suggested (Bozhuyuk et al., 2019). Through dissecting the C domain specificity for upstream and downstream module, it was theoretically ideal that the exchange unit could be fused in a combinatorial manner. However, experimental results showed that the fusion between units from different genera caused a decrease in the yield. As the overall structure disruption by the C domain was thought to be the main reason, the solution to complement this limitation would be to research and discover more exchangeable XUC units.

There were several successful multi-module exchanges produced by using communication (COM) domain pairs such as DD domain pairs of PKS (Hahn and Stachelhaus, 2004; Chiocchini et al., 2006). In addition, the specificity of COM domain pairs has the ability to be altered via modification at their key residues resulting in the non-native COM domain (Hahn and Stachelhaus, 2006). Some examples, however, displayed a low product yield due to the disruption of non-covalent protein–protein interactions between the T and C domain. Overall, the modular exchange strategies for NRPS are diverse, similar to PKS, but the protein–protein interactions between domains, particularly those involving the C domain, are commonly important considerations.

Currently, the favorable strategies of exchanging module specificity for the production of novel chemical derivatives seems to be; (i) KAL-AT-PAL1 unit, AT-ACP-KS unit, using heterologous DD pairs for PKS, and (ii) XU, XUC, using heterologous COM domain pairs for NRPS, respectively. Although numerous studies for altering specificity of PKS and NRPS have been reported, more engineering trials should be accumulated for various PKSs and NRPSs to optimize the strategies employed.



Processing and Offloading Domain Engineering

In addition to the module specificity change, the incorporated extender unit could be further modified by various processing domains. Most of the processing target residues were the α-substituent and β-keto group of acyl-ACP intermediate of PKS, and R group of amino acid intermediate of NRPS (Barajas et al., 2017; Sussmuth and Mainz, 2017) (Table 5).


TABLE 5. Selected examples of processing and offloading domain engineering.
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Processing and Offloading Domain Engineering of PKS

In PKS, ketoreductase (KR), dehydratase (DH), and enoyl-reductase (ER) domains are the most abundant processing domains located between the AT and ACP domain as a reductive loop, which governs the degree of β-carbonyl reduction. The KR domain performs the NADPH-mediated reduction of β-keto groups to β-hydroxyl groups and determines the stereochemistry of α-substituent and β-hydroxyl group. As the full deletion of the KR domain showed loss of specificity due to impaired protein folding and stability, the inactivation of the KR domain by its key residue mutations was more effective (Reid et al., 2003). In another approach the stereochemistry was altered by KR domain swapping, resulting in the effective stereocontrol of the product, which was generally difficult through modern synthetic methods (Annaval et al., 2015; Eng et al., 2016). Notably, substrate specificity of the KR domain has been shown to be related to its substrate size, as it tends to be less active on smaller non-native substrates (Zheng et al., 2013). Next to the KR domain, DH domain promotes the dehydration of the β-hydroxyl group to form the double bond between α- and β-carbons, and even between β- and γ-carbons in some cases. Inactivation of DH domain by single mutation at the conserved active site motif resulted the retention of the β-hydroxyl group without specificity loss of the AT domain (Zhou et al., 2008). For the insertion of a non-native DH domain, it was important to consider the stereoselectivity of DH domain to the hydroxylated product by the upstream KR domain, which means that DH domain activity is strongly dependent to cognate KR domain (Barajas et al., 2017). Additionally, DH domain was also sensitive to the length of substrates that DH domains acting on natively long chain showed impaired activity to the shorter chain substrate (Faille et al., 2017). Lastly, ER domain promotes the reduction of the unsaturated α–β double bond formed by DH domain to generate the single bond, and determines the stereochemistry of the α-carbon. As the substrate of ER domain is the product of DH domain, the specificity of ER domain is dependent to both cognate KR and DH domain. Inactivation of ER domain by single mutation at the conserved residue switched the methyl branch configuration of triketide lactone product (Kwan et al., 2008). Moreover, ER domain affected the downstream ACP arrangement by the protein–protein interactions resulting in the different stereocontrol (Zhang et al., 2018). Three domains (KR, DH, ER) could be simultaneously introduced for the exchange of the KR domain in module 1 of borrelidin PKS (Hagen et al., 2016). An offloading TE domain was abundantly fused to other modules using the splicing site at the conserved linker between the offloading domain and ACP domain to produce truncated products. Moreover, they were regio-, stereospecific, which may alter the release and cyclization nature via swapping (Pinto et al., 2012; Barajas et al., 2015; Tripathi et al., 2016). Further engineering of other processing domains, such as the methyltransferase (MT) domain, should be conducted to utilize their potential to produce novel chemicals (Yuzawa et al., 2017c).



Processing and Offloading Domain Engineering of NRPS

Among a large variety of processing domains for non-ribosomal peptides, in this review we focused on the cis-acting processing domains located in the module.

Epimerase (E) domain governs in situ epimerization of the α-carbon of the T domain tethered L-amino acid during peptide elongation to generate D-amino acid. One example was the exchange of E domain in module 4 of tyrocidine NRPS (ETycB) to E domain in loading module of tyrocidine NRPS (ETycA), that showed the epimerization of L-Phe to D-Phe (Stein et al., 2006). Methyltransferse (MT) domain is another example of the engineering that provides N-methylation of the amino acid. This domain is usually integrated inside of A domain such as MT domain of cyclosporine A NRPS (Velkov et al., 2011). A recent engineering example of the MT domain in module 2 of bassianolide synthetase showed that the deletion of this domain generated the N-desmethylbassianolide without affecting the enzyme assembly lines (Xu et al., 2019). In another study, O-methylating MT domain was inserted between the A subdomains, resulting in the incorporation of O or N-methylated serine (Lundy et al., 2018). An offloading domain of NRPS was abundantly fused to other modules, similar to PKS, using the splicing site at the conserved linker between itself and the T domain to produce truncated products. Particularly, TETycC domain of tyrocidine NRPS was fused to other modules to generate various cyclized analogs by using its macrocyclization property (Kohli et al., 2001, 2002; Trauger et al., 2001).

Cyclization (Cy), Oxidase (Ox), and Formylation (F) domain were also expected to be the favorable targets for engineering. However, there have been no examples due to the upstream substrate specificity as well as other several mechanistic problems (Miller and Walsh, 2001; Schneider et al., 2003; Schoenafinger et al., 2006; Sussmuth and Mainz, 2017). Besides, other in-trans acting tailoring enzymes have the potential to be utilized for the production of novel derivatives but, studies are lacking. Therefore, further studies and engineering about various NRPS processing domains, including both in-cis and in-trans acting, should be quantitatively increased.

To sum up, the inactivation and swapping of the individual processing domain based on homology modeling and sequence alignment was successful, however, specialized protein–protein interactions hampered the full engineering of these domains, this required the case-by-case optimization of the swapping region.



REPURPOSING MODULAR PKS AND NRPS TO CONSTRUCT DE NOVO BIOSYNTHETIC PATHWAYS

As discussed above, numerous studies have repurposed modular PKSs and NRPSs via modifications and swapping of domains and modules in the original enzyme assembly lines, mainly for the production of novel derivatives. Otherwise, domains and modules were isolated and fused to elucidate the protein–protein interactions and substrate specificities of domains with the truncated product as a proof. Although there were several combinatorial examples of domain or module fusion to form the de novo enzyme assembly lines, their products were generally not the purpose of the study. Recently, technical advances of the separation and fusion of domains and modules from original enzyme assembly lines, owing to numerous engineering studies, opened the way for retro-biosynthesis. Retro-biosynthesis is a de novo pathway design that assembles reactions in a stepwise fashion in the reverse direction of synthesis, for the desired product (Birmingham et al., 2014) (Figure 4). In this approach, the final product formation is the sole selection criterion for each reaction step that reduced the screening effort for the high-throughput combinatorial experiments. By leveraging the potential diversity of the reactions from modular PKSs and NRPSs, the potential range of chemicals produced would be countless. Furthermore, this new pathway may have advantages in terms of reaction thermodynamics and economics. Despite these potentials, recently there have only been a few examples of repurposing PKSs and NRPSs due to experimental difficulties. In this section, we highlight recent efforts of repurposing PKS and NRPS domains and modules for the production of non-natural commodity chemicals or specialty chemicals by de novo pathway construction.
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FIGURE 4. Representative repurposing examples of modular PKS and NRPS for de novo biosynthetic pathways. (A) Repurposing the PKS domains and modules for the production of short-chain ketones. Green circles are the domains in module 1 of β-lipomycin PKS (LIPS M1), red circles are the AT domains in module 1 of borrelidin PKS (BORS A1), gray circles with the red crossed line are the inactivated KR domain (KR null), and the blue circles are the TE domain of DEBS PKS. (B) Repurposing the PKS domains and modules for the production of adipic acid. Green circles are the domains in module 1 of borrelidin PKS (BORS M1), red circles are the KR and ER domain in SpnB module of spinosyn PKS (SpnB KR, ER), and the blue circles are the TE domain of DEBS PKS. (C) Repurposing the NRPS module for the production of thiopyrazines. NRPS325 module of ATEG00325 PKS-NRPS hybrid megasynthetase was isolated (red circles) to promote the reaction for the thiopyrazine production itself. (D) Repurposing the NRPS domain for the production of paclitaxel derivatives. The A or A-T didomain in TycA module of tyrocidine A PKS was isolated (red circles) to be repurposed for the production of phenylalanyl-, phenylisoserinyl-, arylisoserinyl-CoAs, which are the precursors of the paclitaxel derivatives; X, NH2 or H; Y, H or OH; Z, NH2 or H.



Redesigning Modular PKSs for Retro-Biosynthesis

Type I modular PKSs have favorable properties that functions and order of their modular catalytic domains determine the final product in a predictable manner. Most recently, an in silico toolkit called ClusterCAD, a computational platform for designing novel multi-modular type I PKS, has been developed and applied to several PKS repurposing studies (Eng et al., 2018). However, previous studies indicated that constructing multi-modular PKSs to produce novel chemical is still challenging (Weissman, 2016; Pang et al., 2019). The relationship between PKS module structure and acyl chain passage from one module to the next is not well understood thus, when testing the multi-modular assembly line, the acyl chain extension was frequently stalled at the middle of the synthesis process. Hence, presently, only recombination of one or two PKS modules to produce simple structured chemicals has been successfully conducted. To date, representative target molecules produced by using PKSs are divided into two categories: (i) fuels and (ii) industrial chemicals (Table 6).


TABLE 6. Selected examples of modular PKS and NRPS repurposing for de novo biosynthetic pathways.

[image: Table 6]Petroleum-based fuels are mixtures of highly reduced carbons with varying chain length as in the case of gasoline, which is mixture of C5 to C8 hydrocarbons. To date, bio-based hydrocarbon production has majorly relied on utilizing enzymes involved in isoprenoid and fatty acid biosynthesis (Beller et al., 2015). However, the alkane and alkene produced from these systems were generated as a mixture (Beller et al., 2010; Sukovich et al., 2010; Howard et al., 2013). As a way to overcome this limitation, theoretically, PKS modules can be engineered to produce hydrocarbons with specific carbon length. Recently, several cases have been reported that resulted in the over-production of pentadecaheptaene (PDH) by expressing iterative PKS of enediyne biosynthesis SgcE and its cognate TE SgcE10 in Escherichia coli or Streptomyces (Van Lanen et al., 2008; Zhang et al., 2008). Furthermore, through optimizing the enzyme ratio of SgcE and SgcE10, PDH production was enhanced, followed by the additional chemical reduction to overproduce the pentadecane (PD) (Liu et al., 2015). Presently, there is no example of producing hydrocarbons using only refactored modular PKS, but chemical reduction steps such as hydrogenation are required after the precursor production. Conversely, short-chain ketones have been successfully produced by using only repurposed PKS. Due to the high octane number, short-chain ketones have the potential to be utilized as gasoline replacements or gasoline oxygenates (Yuzawa et al., 2018). In addition, short-chain ketones are widely used as flavors and fragrances. PKS for short-chain ketone production was designed by repurposing the first PKS module from the lipomycin PKS and linking TE from erythromycin PKS (LipPks1 + TE). Originally, LipPks1 + TE was constructed for production of various 3-hydroxy acids depending on the starter acyl-CoAs (Yuzawa et al., 2017a,b). Engineering the same PKS by changing active site serine residue of KR domain to alanine deactivated the KR function and resulted in the production of various short-chain ketones (Yuzawa et al., 2017b).

A representative industrial chemical produced by re-designed PKS is adipic acid, a monomer component used to prepare the polymer Nylon 6,6. Conventionally, bio-based production of adipic acid has been conducted by producing cis,cis-muconic acid, followed by chemical hydrogenation (Niu et al., 2002), or constructing β-oxidation reversal and ω-oxidation pathways, which synthesized the dicarboxylic acid from glucose or glycerol (Clomburg et al., 2015). For PKS based C6 adipic acid synthesis, a novel condensation strategy was proposed, which condenses C4 succinyl-CoA as the starter unit and C2 malonyl-CoA as the extender unit. Loading AT domain of the borrelidin PKS (BolLM) originally incorporates a trans-1,2-cyclo-pentanedicarboxylic acid CoA (CPDA-CoA) as the starter unit, but it has promiscuity to successfully recognize succinyl-CoA (Hagen et al., 2014, 2016). Furthermore, the first extension module of the borrelidin PKS (BorMod1) naturally incorporates malonyl-CoA. Thus, BolLM-BorMod1 linked with the TE domain from erythromycin produced 3-hydroxyadipic acid (Hagen et al., 2014). To convert 3-hydroxyadipic acid to adipic acid, further β-carbonyl processing governed by the DH and ER domains’ is required, however, BorMod1 only contains a KR domain and lacks the DH and ER domains. Therefore, the reductive loop of BorMod1 was replaced with reductive loop from other PKSs containing full tridomains, resulted in successful synthesis of adipic acid (Hagen et al., 2016). Nevertheless, further studies are still needed for in vivo adipic acid production using PKS, as the starter unit, succinyl-CoA, is essential for the growth of the producing host and the promiscuity of the PKS modules will decrease the titer.

As fossil resources are depleted, the bio-based eco-friendly production of transport fuels and commodity chemicals, previously been produced from these fossil resources, is becoming more common. We believe that repurposing PKS will play a large role in this field. Additionally, further mechanistic understanding of PKS domains is expected to enable the design and implementation of PKS capable of producing even chemicals that do not occur naturally.



Redesigning Modular NRPSs for Retro-Biosynthesis

Non-ribosomal peptides are the most widely spread and structurally diverse secondary metabolites. NRPS modules are much more versatile than PKS modules in terms of the number of available substrate chemicals, including non-proteinogenic amino acids, thus the potential of producing novel chemicals by repurposing the module seems to be much higher. Nonetheless, current examples of NRPS repurposing are limited, compared to PKS, this may be due to the structural and mechanistic complexity of NRPS. In the case of PKS repurposing examples, the de novo pathway constructions for the useful chemical production were done by the combination of only unrelated PKS modules themselves. On the other hand, NRPS repurposing examples used a single NRPS domain or module reaction alone or combined with other non-NRPS enzymes. Thus, selected examples were discussed that showed the potential of further NRPS module repurposing.

The first example is a case that confirmed unexpected chemical production when a single NRPS module was isolated and expressed from the PKS-NRPS hybrid assembly line. Previously, novel PKS-NRPS assembly line was designed to produce tryptophan-containing preaspyridone analog by replacing the NRPS domain of PKS-NRPS megasynthetase (ApdA) of Aspergillus nidulans, which originally synthesizes tetramic acid preaspyridone, with the NRPS domain of cyclopiazonic acid synthetase (CpaS) of Aspergillus flavus (Liu and Walsh, 2009). Based on these results, the same group dissected and tested the function of a single NRPS module (NRPS325) of PKS-NRPS megasynthetase (ATEG00325) from Aspergillus terreus, which produces isoflavipucine. Unexpectedly, the NRPS module can synthesize thiopyrazine in vitro, which is largely different from the original role of the module in the parent enzyme (Qiao et al., 2011). This showed that in a multi-modular assembly line, a single NRPS module is capable of producing potentially useful chemicals and can be utilized as a part to construct de novo biosynthetic pathways for non-natural compound production.

Another example was the repurposing of a tyrocidine NRPS domain (A domain or A-T didomain) to the paclitaxel biosynthesis pathway to produce various paclitaxel derivatives (Muchiri and Walker, 2012, 2017). Antimitotic, anticancer paclitaxel was originally produced from Taxus brevifolia or the semisynthetic method, which suffered from low yields and environmentally harmful reactions, respectively. Moreover, the synthesis of the most essential precursor, amino phenylpropanoyl CoA substrates, was a major limitation as, it required protection at their amino groups before synthetic thioesterification. The authors hypothesized that A domain in tyrocidine NRPS module TycA could be used as the potential chemoselective carboxylate CoA ligase that originally had phenylalanine specificity but showed potential promiscuity. As a result, α-, β-phenylalanyl, and (2R,3S)-phenylisoserinyl CoA were successfully generated by the A domain (Muchiri and Walker, 2012). By employing 16 substituted phenylisoserines, the A-T didomain of TycA converted them to their corresponding isoserinyl CoAs, resulting in the production of docetaxel, milataxel, and various other analogs (Muchiri and Walker, 2017). These examples showed that a single NRPS domain could be integrated to other biosynthetic or semisynthetic pathways and utilized as a part for the construction of de novo pathways for non-natural compound production.

Owing to the natural diversity of the amino acid substrates other than acyl CoA substrates, the substrate promiscuity of the NRPS modules seems to be broader than PKS modules. Although these aspects of NRPS hindered the understanding of their reactions, further advances would increase the potential of NRPS to be repurposed for the construction of de novo biosynthesis pathways of useful chemicals, by fusing the NRPS modules.



THE ROADMAP FOR REPURPOSING MODULAR PKS AND NRPS

As shown above, modular PKS and NRPS have been studied with the aim of (i) engineering for the production of novel chemicals, and (ii) repurposing the domain and module reactions toward de novo biosynthetic pathways for the production of useful chemicals. To overcome previous limitations of these approaches for the expansion of the diversity of their products and optimization of their productivity, the systematic strategy such as the design-build-test-learn cycle should be applied. The brief explanations, applications, and perspectives of the tools for each step are discussed below.


Design Tools

Design tools include structural, kinetic, mechanistic, and sequence-based techniques to obtain fundamental information for the experimental design of the repurposing. Specifically, the structural and kinetic knowledge is collected and sorted to the database, and bioinformatics tools are used for domain/module selection and boundary identification based on the database. First, structural biology tools were used for the modular PKS and NRPS, which are macromolecules with numerous protein–protein interactions and dynamic conformational change during biosynthesis. Thus, the structures and interactions of the domains and one or two modules have been reported for high-resolution and dynamic scale. X-ray crystallography was the most commonly used technique that provided high-resolution images at the angstrom level (Conti et al., 1997; Keatinge-Clay and Stroud, 2006; Tang et al., 2006; Buchholz et al., 2009). However, it would require the protein to crystallize which can be difficult for large structures. Additionally, the dynamic conformations and protein–protein interactions could not be inferred. To complement these limitations, conventional electron microscopy was utilized but it required additional staining, and suffered from relatively low resolution due to the deformation of flexible particles (Hoppert et al., 2001). Also, NMR spectroscopy was predominantly practiced in the structural determination of ACP and docking domains, and their conformation dynamics (Broadhurst et al., 2003; Richter et al., 2008; Lim et al., 2012). However, the size limitation of this technique hindered to be utilized for the whole module structure. Other alternative techniques also reported were the integrated utilization of X-ray crystallography and electron microscopy (Tarry et al., 2017), and Small-angle X-ray scattering (SAXS) or spectroscopic methods for the study of time-resolved conformations (Edwards et al., 2014; Alfermann et al., 2017). Recently, cryo-EM technique was applied to obtain the high-resolution and dynamic structural information of module 5 of pikromycin PKS and pentaketide-bound form of the module, but the homogeneous sample should be prepared carefully (Dutta et al., 2014; Whicher et al., 2014). By harnessing the rapid technical developments, the dynamic structures of the larger enzyme assemblies including multi-module level could be further elucidated.

In addition to the structural efforts, kinetic profiling of the modular PKS and NRPS has been vigorously utilized to measure the substrate specificity of AT and A domain, and to understand the protein–protein interactions between various domains or modules. This information is essential for the determination of the target and method for engineering. In case of the substrate specificity and affinity assays, integrated UV assay with NADPH consumption for acyltransferase activity in PKS (Lowry et al., 2013), and pyrophosphate exchange assay, pyrophosphate release assay, and hydroxylamine quenching assay for adenylation activity in NRPS have been performed (Villiers and Hollfelder, 2009; Wilson and Aldrich, 2010; Katano et al., 2013; Stanisic and Kries, 2019). The substrate specificity of AT, A, KS, and C domains in the elongation module toward growing polyketide chains or polypeptide tethered to phosphopantetheine (Ppant) arm of ACP and T domain was studied by using the mimicking molecule such as acyl- or aminoacyl-N-acetylcysteamine thioesters (acyl- or aminoacyl-SNACs) (Ehmann et al., 2000; Jensen et al., 2012). The studies of the protein–protein interactions commonly exploited the mechanism-based crosslinkers, inhibitors, and probes. Most of them covalently attached to the Ppant arm or other active sites of ACP or T domain. There were many examples of PKSs including phosphopantetheine analogs, photo-crosslinking benzophenone, and azide-alkyne click chemistry linkers for the understanding of KS-AT, AT-ACP, and ACP-KS interactions (Worthington et al., 2006; Ye and Williams, 2014; Ye et al., 2014; Ladner and Williams, 2016). The interactions were quantified by means of radioisotopic transfer assay, thermodynamics heat using calorimetry, and fluorescence, or MS-based techniques. For NRPS, mechanism-based inhibitors such as 5′-O-sulfamoyladenosine (AMS) and adenosine vinylsulfonamide (AVS), azide-alkyne click chemistry linkers, and biotin probes were mainly used for the studies of NRPS A-T interactions (Finking et al., 2003; Sundlov et al., 2012; Ishikawa and Kakeya, 2014; Stanisic and Kries, 2019). These crosslinkers were versatile tools for the pretreatment of structural crystallization (Mitchell et al., 2012). As various tools have been used for the kinetic profiling, it might be better to compare between them for the reproducibility, or to establish the universal standard or tool.

Based on the information obtained from the structural and kinetic studies, computational approaches and bioinformatics would be required to design the detailed processes of the engineering of PKS and NRPS enzymes, or pathways (Medema and Fischbach, 2015; Alanjary et al., 2019). For example, the protein or DNA sequence boundaries of the domain, module, and linker for the swapping could be determined from the database of genome, protein, and smBGC (Marchler-Bauer et al., 2015; Blin et al., 2019; Sayers et al., 2020). In the case of the absence of the structural and kinetic profiling data, comparative analysis method was mainly used including sequence alignment tools, database search tools, and evolutionary analysis tools (Navarro-Munoz et al., 2020). Homology modeling tools such as I-TASSER, MODELLER, and SWISS-MODEL were frequently used to predict the structure of PKS or NRPS by comparative analysis with the reported similar structures for the engineering design (Roy et al., 2010; Waterhouse et al., 2018; Bitencourt-Ferreira and de Azevedo, 2019). Lastly, the integration of the enzyme reactions with their substrates, products, protein sequence, and gene sequence was applied to the automated pathway design pipeline tool of the combinations of reactions for the final products (Carbonell et al., 2014; Eng et al., 2018). Along with the structural and kinetic profiling tools, bioinformatic tools should be integrated and continuously updated to provide the universal, reproducible, and versatile strategy to involve the full pipeline of database search, comparative analysis, homology modeling, and experimental design.



Build Tools

Build tools are technical tools for preparing DNA parts, proteins, and hosts to test the experimental design from above. In recent decades synthetic biology tools have been rapidly developed, enabling large-scale, combinatorial, and high-throughput engineering (Winn et al., 2016; Lee et al., 2019). Despite these advanced tools, they are not frequently used for PKS and NRPS engineering as yet. In case of the genetic manipulation tools, the DNA sequence fragments of the domain and module for the engineering were obtained from the native source, mostly by traditional PCR amplification and restriction enzyme digestion. The rapid and inexpensive cost of DNA synthesis and the highly efficient, accurate DNA digestion tools such as CRISPR-Cas9 would replace the conventional restriction enzyme-based cloning method (Lee et al., 2015; Hughes and Ellington, 2017). Moreover, homologous recombination based DNA assembly tools such as Gibson assembly, linear-linear homologous recombination (LLHR), and yeast TAR cloning would be more efficient for the large size and numbers of DNA fragments than traditional ligation methods (Fu et al., 2012; Jiang et al., 2015; Lee et al., 2015). Site-directed mutagenesis for the PKS and NRPS enzymes would be also easier by exploiting CRISPR-Cas9 system and the base-editors, even for in vivo genome editing (Komor et al., 2016). Directed evolution of synthetic libraries for the modular PKS and NRPS are feasible with these genetic manipulation tools. Furthermore, in vitro expression techniques such as protein purification tools and precursor synthesis tools as well as in vivo expression techniques in the heterologous host, such as promoter refactoring and metabolic pathway engineering, would simultaneously be developed with genetic manipulation tools (Chen et al., 2007; Weber et al., 2015; Winn et al., 2016).



Test Tools

Test tools were used to quantitatively measure the novel derivatives from engineering, or the products from novel pathways, to analyze the chemical structure of the products and to screen the desired clone from the libraries. The most widely applied tools for the quantitative measurement of the products were high-throughput mass spectrometry techniques that were also used for the screening and chemical analysis (Krug and Muller, 2014; Boiteau et al., 2018). By integration with other techniques such as liquid chromatography, the separation and evaluation of exact molecular weight, amount, and chemical moieties for the product could be interrogated. In many cases, the screening step is the bottleneck, which requires rapid and accurate selection of the desired clone among the extensive libraries. Leveraging the biological activity of the product for screening was the traditional screening assay logic that involves an inhibition zone assay for antibacterial activity, colorimetric assay for pigment product, and growth assay for the auxotrophic strain of the product such as siderophore (Balouiri et al., 2016; Cleto and Lu, 2017; Wehrs et al., 2019). As these methods were limited to specific products and the small size of the libraries, the universal and high-throughput screening strategies such as yeast surface display combined with FACS (Zhang et al., 2013), Ppant ejection strategy detecting the intermediate of the rate-limiting step by protease (Meluzzi et al., 2008), and biosensor development for the PKS and NRPS product such as the macrolide biosensor MphR (Kasey et al., 2018), along with mass spectrometry, would be a more favorable method.



Design-Build-Test-Learn (DBTL) Cycle for Modular PKS and NRPS Repurposing

Learning from the design-build-test steps of modular PKS and NRPS repurposing would be; (i) the updated information of the protein–protein interactions and the kinetic profiles to the substrate of the enzymes, (ii) the appropriate splicing or engineering sites for the construction of synthetic parts, (iii) the rationale for the selection of compatible sets, (iv) the integration of the information of cognate reactions, sequences, substrate, and products, and (v) the reversible connections between the combination of reactions and the final product for retro-biosynthesis (Bayly and Yadav, 2017). Based on the current understanding, iterative DBTL cycles would ultimately achieve the goal of novel chemical productions as well as novel pathway generation (Figure 5).


[image: image]

FIGURE 5. Roadmap for repurposing modular PKS and NRPS. Design-build-test-learn cycle with the tools for each step was illustrated.




CONCLUSION

We reviewed selected examples of modular PKS and NRPS repurposing for the generations of novel chemicals and pathways, followed by the roadmap in view of the synthetic biological DBTL cycle. The most important lesson from the repurposing examples was the requirement of careful considerations for dissecting the complex protein–protein interactions, despite their functionality in modular fashion. Therefore, the rational engineering design should continuously be improved by the characterization of the modular PKS and NRPS from the large amount of structural, kinetic, and genetic studies, to predict and understand the results. In parallel, the massive and rapid approaches, such as directed evolution and combinatorial strategy along with high-throughput screening, should be widely adopted to find the unpredictable factors from rational engineering. Technical advances for build tools could overcome the previous limitations for the identification of the exchangeable unit and the case-by-case optimization. Ultimately, the two approaches would complement each other by the reducing library size by rational design and the reflection of the updated information learned from the non-rational large-scale strategy. An automated pipeline of the modular PKS and NRPS repurposing for retro-biosynthesis is expected to greatly expand the reservoir of the bio-active compounds.
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Pseudomonas aeruginosa is an opportunistic gram-negative bacterium implicated in acute and chronic nosocomial infections and a leading cause of patient mortality. Such infections occur owing to biofilm formation that confers multidrug resistance and enhanced pathogenesis to the bacterium. In this study, we used a rational drug design strategy to inhibit the quorum signaling system of P. aeruginosa by designing potent inhibitory lead molecules against anthranilate-CoA ligase enzyme encoded by the pqsA gene. This enzyme produces autoinducers for cell-to-cell communication, which result in biofilm formation, and thus plays a pivotal role in the virulence of P. aeruginosa. A library of potential drug molecules was prepared by performing ligand-based screening using an available set of enzyme inhibitors. Subsequently, structure-based virtual screening was performed to identify compounds showing the best binding conformation with the target enzyme and forming a stable complex. The two hit compounds interact with the binding site of the enzyme through multiple short-range hydrophilic and hydrophobic interactions. Molecular dynamic simulation and MM-PBSA/GBSA results to calculate the affinity and stability of the hit compounds with the PqsA enzyme further confirmed their strong interactions. The hit compounds might be useful in tackling the resistant phenotypes of this pathogen.
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INTRODUCTION

Pseudomonas aeruginosa is a gram-negative opportunistic bacterial pathogen that poses a significant threat to patients in hospital environments (Page and Heim, 2009). The World Health Organization (WHO) classified P. aeruginosa as the highest priority pathogen and declared an urgent demand for new antibiotics (Shrivastava et al., 2018). P. aeruginosa is extremely resistant to antibiotics due to intrinsic, evolved, and acquired mechanisms, such as decreased cell permeability, enzymatic drug inactivation via horizontal gene transfer, and biofilm development (Bonomo and Szabo, 2006; Zavascki et al., 2010). Moreover, the β-lactamase gene present in its genome makes cephalosporins and penicillin ineffective (Strateva and Yordanov, 2009). It has been estimated that biofilm-forming P. aeruginosa is responsible for 65% of patient mortality and antibiotic resistance (Strateva and Yordanov, 2009).

Biofilm-embedded bacteria are 1,000 times more resistant to antibiotics than planktonic bacteria, and the biofilm also enables the bacteria to avoid a host’s immune system (Gaddy and Actis, 2009). In a biofilm, bacterial cells are embedded inside the matrix of extracellular polymeric substances (EPSs) composed of proteins, exopolysaccharides, DNA, macromolecules, and lipids (Flemming and Wingender, 2001). All of these render the antibiotics impermeable and ineffective. The presence of persistent cells in biofilms also significantly contributes to their multidrug resistance property (Lewis, 2007). Overall, the complex morphology of biofilms is a significant barrier in designing potent therapeutic agents that can eradicate biofilm-associated infections successfully.

Quorum sensing (QS), a cell-to-cell communication system, reportedly plays a pivotal role in establishing persistent infections (Hentzer et al., 2003; Alhede et al., 2009; Van Gennip et al., 2009; Chiang et al., 2013). QS relies on the processing, secreting, and sensing of small diffusible quorum sensing signal molecules (QSSMs), known as autoinducers (Waters and Bassler, 2005). When a bacterial community reaches a certain threshold (density), which is reflected by AI concentration in the surrounding environment, bacterial gene transcription in the community becomes synchronized, which enables the community to behave collectively. A wide range of activities is controlled by AIs, including virulence factor secretion, swimming motility, secondary metabolite production, biofilm maturation, and antibiotic resistance (Ng and Bassler, 2009). A promising approach to control the growth of this pathogen is to interfere with QS-mediated signaling, which disrupts bacterial communication and attenuates virulence so that the bacteria can be eliminated from the host (Mühlen and Dersch, 2016; Wagner et al., 2016; Kamal et al., 2017). Therefore, QS inhibitors can be very useful and effective as a prophylactic to control antibiotic-resistant bacteria.

Pseudomonas aeruginosa has three major QS systems (rhl, las, and pqs) that mediate cell-to-cell communication and control the synthesis and secretion of virulence factors (Williams and Cámara, 2009; Jimenez et al., 2012; Figure 1). For instance, the las system positively regulates both the rhl and pqs systems by initiating the expression of AI receptors (RhlR and PqsR). RhlR and PqsR are also transcriptional activators when their respective AIs are bound. The las and rhl systems use two different AIs (acyl-homoserine-lactones, AHLs) (Alhede et al., 2009). The pqs system employs two signal molecules: 2-heptyl-3-hydroxy-4(1H)-quinoline or Pseudomonas quinolone signal (PQS) (Pesci et al., 1999) and its biosynthetic precursor 2-heptyl-4-hydroxyquinoline (HHQ) (Xiao et al., 2006). When PQS or HHQ molecules are bound to the PqsR transcriptional activator, PqsR induces the expression of various virulence genes, their biosynthetic genes, and biofilm formation-related genes (Calfee et al., 2001; Cao et al., 2001; Xiao et al., 2006). Although both PQS and HHQ bind to and activate PqsR, PQS is 100-fold more potent than HHQ (Xiao et al., 2006). Because the enzyme (PqsA) is responsible for the synthesis of the PQS signal molecule (Grandclément et al., 2016), inhibition of the PqsA enzyme can disrupt biosynthesis of PQS signal molecule and consequently PqsR-dependent gene regulation and ultimately biofilm formation. The PQS act as a linker of the las and rhl quorum sensing systems in Pseudomonas aeruginosa and it has been shown that PQS system showed activity even in the lasR mutant strains, which represents that PQS could be a more significant modulator in the quorum sensing (McKnight et al., 2000). Also, PQS system is a broad regulatory system in P. aeruginosa influencing iron acquisition, outer membrane vesicle production, cytotoxicity through oxidative stress, and immune responses in the host cell (van Kessel, 2019).
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FIGURE 1. Schematic diagram of rhl, pqs, and las QS systems in P. aeruginosa. The three major QS systems use C4-HSL, 3-oxo-C12-HSL, and HHQ/PQS for cell-to-cell communication. In addition, the three QS systems can interact with each other for facilitating a complex regulation of the physiology of P. aeruginosa.


To date, several SAR studies have been conducted to identify the potential inhibitors for QS system in P. aeruginosa and also provide important scaffolds for future QS inhibitor development (Ji et al., 2016; Fong et al., 2017). According to reported studies, sulfur-containing compounds possess excellent QS inhibiting properties and can demolish the bacteria virulence.

In this study, we predicted putative QS inhibitor based on in silico drug discovery technology. We prepared a library of 521 compounds containing dialogs of reported inhibitors. Further, their binding affinities were predicted through molecular docking to screen the most potent binder. Subsequently, Molecular Dynamic (MD) simulation was performed to validate the screened putative QS inhibitors affinity for the docked site and understand the dynamic behavior of the enzyme. Finally binding free energy for hit drug compounds was calculated with the MM-PBSA/GBSA approach (Miller et al., 2012), which leads to a possible mechanistic calculation useful for future experimental analysis. Our in silico results support the prediction that these predicted compounds can efficiently suppress the PqsA QS system and block virulence.



MATERIALS AND METHODS


Preparation of Enzyme Structure

To understand the interactions of the enzyme with ligands, the 3D structure of the target enzyme is required. Although the PqsA enzyme structure has not been experimentally proven, we subjected the protein sequence of P. aeruginosa PqsA (UniprotKB ID: Q9l4 × 3) to homology modeling using MODELLER9.24 (Eswar et al., 2007). In structural biology, comparative modeling or homology modeling is the most promising technology for significantly narrowing down the gap between experimentally determined structures and known protein sequences (Xiang, 2006). Two templates with maximum sequence identity and query coverage were used for better homology structure prediction (Template 1: PDB ID = 5OE3, query coverage = 77%, sequence identity = 100% and Template 2: PDB ID = 1ULT, query coverage = 96%, sequence identity = 25%). Multiple sequence alignment (MSA) of PqsA and the two templates was performed (Supplementary Figure S1). To date, only N terminal domain of the enzyme is determined due to the difficulty in getting the full-length protein structure. In this study, by using a close homology template we predicted the remaining structure of the PqsA in addition to the available N-terminal domain. It is significant to highlight the dynamic aspect of full-length protein upon ligand or drug molecules binding (Itoh et al., 2015; Flydal et al., 2019). However, in this study the C-terminal region did not affect the binding pocket of the N-terminal domain, we used only the N-terminal domain structure for putative inhibitor screening. Different online servers were used for structure assessment, including the Swiss-Model structure assessment tool (Waterhouse et al., 2018), Ramachandran plot (Gopalakrishnan et al., 2007), and PDBsum (De Beer et al., 2014). University of California San Francisco (UCSF) Chimera (version 1.14) (Pettersen et al., 2004) was used for structural visualization and energy minimization of a total 1,500 steps divided into the first 750 steps of the steepest descent and the last 750 steps of the conjugate gradient (Ahmad et al., 2017). During minimization, standard residues were treated with AMBER ff14SB force-field.



QS Inhibitor Preparation

The QS inhibitors of PqsA were selected from those reported across various studies in the literature (Ji et al., 2016; Fong et al., 2017) and used as positive controls in this study. Moreover, 521 structural analogs to the reported inhibitors were generated from online repositories, such as ChemSpider (Ayers, 2012), ChEMBL (Davies et al., 2015), and PubChem (Kim et al., 2019). These web-servers provide a search module where users can find the available structures having a similar chemical composition (similar scaffolds) of the query structure. The similarity index was set to >85%, compounds having more than 85% structural similarity were selected for analog library. Discovery Studio (DS) and UCSF Chimera were used for ligand preprocessing, including protonation; ionization; and addition of explicit counter ions, hydrogen atoms, or atomic partial charges. Energy minimization was performed using forcefield AMBER ff14SB for small molecules. The refined dataset was further utilized for computational experiments.

Here, the previously reported QS inhibitors of PqsA were used for conducting a docking study to reveal their binding affinity toward the target enzyme. ChemDraw (Mendelsohn, 2004), a chemical drawing tool, was used to draw 2D structures of the compounds and to convert the compounds into 3D structures. The compounds were eventually subjected to ligand preprocessing.



Ligand Binding Domain Analysis

To date, only the functional N-terminal domain of PqsA has been analyzed (Witzgall et al., 2017). For a brief binding pocket analysis, Witzgall et al. compared the N-terminal binding domain of PqsA from P. aeruginosa with the other CoA ligase-like anthraniloyl-CoA transacylase AuaE from Stigmatella aurantiaca (Sandmann et al., 2007), the PqsA ortholog HmqA from Burkholderia pseudomallei and B. ambifaria (Diggle et al., 2006; Vial et al., 2008), and an anthranilate-CoA from Azoarcus evansii (Schühle et al., 2001). According to the reported study, PqsA possesses highly conserved residues when compared with other aryl-CoA ligases, such as Gly307, Gly302, Ala278, Gly279, His308, and Tyr211.



Molecular Docking

Molecular docking was performed on the analog library through the PyRx interface (Dallakyan and Olson, 2015) of AutoDock Vina (Trott and Olson, 2010). During docking, the following parameters were applied: exhaustiveness was set to 300, residues of the N-terminal domain involved in the binding pocket were established as the binding site, and the maximum number of poses was set to 300. The PyRx tool generates binding affinity values in the negative (a larger negative value implies a stronger binding affinity. The top 300 inhibitors showing a high binding affinity were retrieved for further analysis. The docking results of the top 10 inhibitors are shown in Supplementary Table S1. The docking protocol used herein was first tested by docking a known co-crystallized compound at the N-terminal structure of PqsA (PDB ID = 5OE3) with 300 iterations. We found the same binding mode of the known inhibitors determined in crystallization studies. Docking reproducibility results by AutoDock Vina are shown in Supplementary Figure S2.

A brief binding analysis, including interaction, binding angles, binding poses, binding residues, and bond lengths, was visually conducted using DS, UCSF Chimera, and LigPlot (Wallace et al., 1995). Ligands with a strong binding affinity [6-amino-9-((2R,3R,4S,5R)-5-(((N-(2-aminobenzoyl)sulfamoyl)oxy)methyl)-3,4-dihydroxytetrahydro furan-2-yl)-3H-purine-1,7,9-triium—named compound 1066—and 6-amino-9-((2R,3R,4S,5R)-3,4-dihydroxy-5-(((N-(3-hydroxy-2-naphthoyl)sulfamoyl)oxy)methyl)tetrahydrofuran-2-yl)-3H-purine-1,7,9-triium—named compound 1084] to the active pocket were selected as more potent QS inhibitors of PqsA from P. aeruginosa.



Bioavailability

The physicochemical properties of the molecule, including Lipinski’s rule of five (molecular weight <500 Dalton, H-bond donor <5, H-bond acceptor <10, and cLogP < 5), toxicity prediction (tumorigenic, mutagenic, and irritant), and drug-likeness, were predicted using SwissADME (Daina et al., 2017) and PreADME (Lee et al., 2004).



Molecular Dynamic (MD) Simulations

The dynamic behavior of top docked complexes was studied using molecular dynamic (MD) simulations. The top two docked complexes were used in MD simulations carried out through the Sander Module of AMBER (Assisted model building with energy refinement) (Case et al., 2016). Primary coordinates of docked complexes were performed for MD simulations, including energy minimization (for the complete system, water and heavy atoms of the system), heating (at 300 K for the 20 picoseconds), equilibration (for 100 picoseconds with a time step of 2 nanoseconds), pressure (for 50 picoseconds), and production (for 100 ns). A general amber force field (GAFF) (Dickson et al., 2012) was used for putative inhibitor while ff03.rl (Case et al., 2014) used for the enzyme. Sodium ions were added randomly to neutralize the system. A simulation production run of 50 ns was accomplished to evaluate the dynamics of the complex and check the docked conformation stability of the ligand. Langevin dynamics (Izaguirre et al., 2001) were used for temperature and pressure control, whereas the SHAKE algorithm (Kräutler et al., 2001) was applied for correct bond length. The production run was performed in constant volume and temperature (NVT) ensemble (Nosé, 1984) using the Berendsen algorithm (Lemak and Balabaev, 1994). MD simulation trajectories of each nanosecond were recorded and visualized and analyzed with Visual Molecular Dynamic (VMD) (Humphrey et al., 1996).



Binding Free Energies of Complexes

The binding free energy for top docked complexes was calculated using two methods: Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) and Molecular Mechanics-Generalized Born Surface Area (MMGBSA) incorporated with MMPBSA.py module of AMBER18 (Miller et al., 2012). In total, 50 frames from the trajectories were processed and the net energy of the system was calculated through the following equation.

[image: image]

Each of the terms in the equation involves the calculation of several energy components, including van der Waals energy, electrostatic energy, and internal energy summed from molecular mechanics and polar contribution toward solvation energy. The analysis also takes into account the contribution from non-polar terms toward solvation energy and inhibitor entropy.



RESULTS AND DISCUSSION


Overall Structure Assessment of PqsA

In rational drug discovery, the most fundamental step is to obtain a 3D structure of the target protein. The 3D structure is used to understand the structural details and molecular function and to discover potent inhibitors of the target enzyme (Kopec et al., 2005). Because the full 3D structure of the PqsA from P. aeruginosa was unavailable, we performed comparative modeling using 5OE3 (PqsA N-terminal domain) from P. aeruginosa PAO1 and 1ULT from Thermus thermophilus using MODELLER9.24 (Eswar et al., 2007).

The predicted PqsA 3D structure is composed of a large N-terminal domain and a small C-terminal domain, and the domains are connected by a small flexible hinge (Gulick, 2009; Supplementary Figure S3). The N-terminal domain of PqsA can be subdivided into three subdomains: two β-sheets connected by an internal 2-fold symmetry surrounded by α-helices and a distorted β-sheet followed by a flexible hinge region that links the N-terminal and C-terminal domains.

Ramachandran plot analysis was performed to assess the quality of the predicted structure. Most residues (77.5%) of the structure were grouped in the most favored region, whereas only 0.5% of the residues lie in the outlier region, which indicates a good structure quality (Figure 2). The secondary structure contained the following: 17.6% strand, 20.3% alpha helix, 2.1% 3–10 helix, and 60% gamma turns, beta turns, helix-helix interactions, beta bulges, beta hairpins, and beta alpha beta motifs. The 2D structure of the protein was also predicted using MODELLER software, and it is illustrated in Supplementary Figure S4.


[image: image]

FIGURE 2. Ramachandran plot of predicted PqsA structure. The blue dots indicate torsion angles distributed along the core secondary structure regions of the enzyme (shown in red). Yellow and pale-yellow areas contain favored and generously allowed torsion angles, respectively.




Reported QS Inhibitors of PqsA

In this study, five recently reported PqsA inhibitors were retrieved from the literature (Ji et al., 2016; Fong et al., 2017) and used as reference compounds to discover more potent inhibitors (Figure 3). The inhibiting potency of these compounds has been experimentally measured (Ji et al., 2016; Fong et al., 2017). The IC50 values of compounds 1–4 were 15 ± 2.64, 2.28 ± 0.11, 0.98 ± 0.14, and 36.2 ± 2.39 μM, respectively. For compound 5, its constant Ki used to represent inhibitory potency was 16.5 ± 2.6 nM. Structure comparison of known compounds determined that compound 4 and 5 have a significant structure similarity, the 3D structures of the five compounds are shown in Figure 3.
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FIGURE 3. The five reported PqsA inhibitors. The compounds are displayed in a stick representation along with their respective inhibitory constant values.


A library of 521 analogous compounds to the reported PqsA inhibitors was generated to screen for potent inhibitory compounds of PqsA by utilizing similarity search tools from online compound databases (PubChem, ChemSpider, and ChEMBL) based on 85% structural similarity to the known selected inhibitors.

After a brief docking analysis, including binding affinity, binding poses, interacting residues, and enzyme–inhibitor interactions of all the compounds (five reported PqsA inhibitors and the analog library), compounds with a stronger binding affinity than that of controls were selected as potent PqsA inhibitory compounds.



Molecular Docking

Protein-ligand docking plays a pivotal role in predicting the accurate orientation of a ligand with its target protein (Morris and Lim-Wilby, 2008). For better understanding, molecular docking was divided into two phases: (1) enzyme docking with the known PqsA inhibitors and (2) enzyme docking with the analog library. Compounds with a strong binding affinity and correct binding poses were selected. Binding affinity denotes the sum of total torsional energy, internal energy, and intermolecular energy subtracted from the unbound energy system. A strong binding affinity conformation indicates a stable protein-ligand complex. We also found that the compounds docked in similar conformations to both full-length PqsA structure as well as to the N-terminal structure only. As no significant contribution of the C-terminal on compounds binding at the N terminal was found, this study proceeded with the N-terminal structure only.



Enzyme Docking With Reported QS Inhibitors

To find the binding poses, interactions, and binding affinity of all the five known inhibitors, they were docked into the binding pocket of PqsA using the PyRx tool. Consequently, 300 poses for each inhibitor were generated, and inhibitors with a strong binding affinity were selected for further analysis (Figure 4). The docking results showed that the binding affinity ranged from −4.4 to −8.5 kcal/mol. Docking analysis exhibited that the shared motif in compound 4 and 5 binds to the same residues (Val254, Phe209, Pro205, Phe252, Ala278, Tyr211, Gly279, Gly214, and Ile310), and the identical hydrogen bond of the shared motif in compound 4 and 5 was observed with the active site residues (Tyr211 and Gly214). There is a correlation between IC50 values of compounds and binding affinities of known inhibitors, except compound 4 that has a low IC50 value but high binding affinity. One possible reason for this could be that compound 4 has a large structure and more interactions, which produced a higher binding affinity, considers as a limitation of binding affinity-based inhibitor design. The interactions between each known inhibitor and PqsA are depicted in Supplementary Figure S5.
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FIGURE 4. Illustration of PqsA binding with five known inhibitors. The five known inhibitors are rendered in the active pocket: (A–E) correspond to compound 1–5. Inhibitors are displayed in stick representation, and backbone hydrogen bonds are shown as cyan-colored lines.




Docking Analysis of Top Hits From Analog Library

The library containing 521 analog compounds was used for virtual screening to find more potent compounds to inhibit the QS system in P. aeruginosa. A brief binding analysis was performed for the top complexes with a high binding affinity to select the potent pqs QS-binder. As a result, the top two hit compounds were selected from the library, and these compounds were predicted to have greater potential than the previously reported compounds. Both top compounds (compound 1066 and 1084) have a significant structural similarity and also their shared motif docked in a similar position by making interactions with conserved active residues within the binding pocket. 2D interactions of the top two hit compounds are depicted in Figure 5.
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FIGURE 5. 2D interaction maps of the top two predicted compounds. The compounds 1066 (A) and 1084 (B) are shown.


The top two predicted compounds showed a stronger binding affinity with the conserved residues in the binding pocket (Figure 6). Both compounds contain one sulfur group in their structures. Generally, compounds with sulfur scaffolds, including antibiotics, antifungal agents, antitumor agents, and enzyme inhibitors, are related to a wide range of bioactivities (Feng et al., 2016).
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FIGURE 6. Graphical representation of binding poses and residues that interact with the compounds 1066 (A) and 1084 (B). The hydrogen bond is represented in cyan color.


Compound 1066 possessed seven conventional hydrogen bonds with the key residues, His308, Ala303, Arg397, Asp382, Thr380, and two bonds with Glu305; one carbon-hydrogen bonds with Gly279; one pi-alkyl interaction with Ala278; and one pi-sulfur interaction with Phe209. The residues Tyr211, Gly210, Gly307, Thr304, Gly302, His394, Ser167, Lys172, Tyr378, Pro205, Phe252, Gly214, and Val309 took part in van der Waals interactions. The binding affinity of the compound 1066 with PqsA was −9.1 kcal/mol.

Compound 1084 also showed a very strong binding affinity (_9.3 kcal/mol) with PqsA by forming one conventional hydrogen bond with Ser280; one carbon-hydrogen bond with Asp382; one pi–pi stacked interaction with Phe209; and two pi-alkyl bonds with Ala278. The residues Glu305, Thr167, Ser165, Thr304, Ala303, Gly302, Gly210, Tyr211, His308, Gly214, Phe252, Pro205, Gly279, His394, and Arg397 were involved in van der Waals interactions with the compound, while one residue (Ser167) is involved in unfavorable donor-donor interaction.

The two hit compounds are analogs of compound 5 and share a significant portion of the structure. Compound 5 has been experimentally proved as a potent QS inhibitor exhibiting a Ki value of 16.5 ± 2.6 nM and a predicted binding affinity of −8.5 kcal/mol. Compared with the compound 5, the two hit compounds showed higher binding affinities of −9.3 kcal/mol and −9.1 kcal/mol, which represents that the two hits could be a high-affinity binder of PqsA enzyme. The hit compounds share a structural motif. The motifs of the hit compounds interact with the conserved active site residues in the same docking pose. RMSDs of the docked complexes with the two hits were 0.000Å, which indicates that there is no significant variability in enzyme structure and ligand binding pose.

In the docking analysis with known inhibitors, the residues (Pro205, Phe252, Met213, Gly214, Phe209, Ala278, Gly279, Tyr211, Gly210, His308, Gly302, and Ala303) were found to be involved in the interactions. We also found that Tyr211, Pro205, Phe252, Gly214, Phe209, Ala278, Gly279, Gly210, His308, Gly302, and Ala303 residues are also involved in the interactions with the compounds 1066 and 1084. Interestingly, Ala278 that is involved in the interactions of all inhibitors and is also involved in the interactions of compounds 1066 and 1084. This represents that the two hit compounds interact with the binding pocket in a similar manner with known inhibitors. This result provides important information in designing PqsA inhibitors. A brief graphical docked complex representation of both reported and predicted compounds has been depicted in Figure 7 and their binding affinities are shown in Table 1.


[image: image]

FIGURE 7. Superimposition of the reported and predicted PqsA inhibitors. Inhibitors are displayed in stick representation, (A) superimposition of the top two predicted PqsA binders, compound 1066 is in brown while compound 1084 in cyan color and (B) Superimposition of the five reported PqsA inhibitors within the binding pocket. Yellow, blue, red, chartreuse and navy-blue colors represent compounds 1–5, respectively..



TABLE 1. Binding affinity and interacting residues of the five reported compounds and two predicted analogs.

[image: Table 1]


Molecular Dynamics Simulation

The predicted two complexes comprised of a chemical compound and PqsA enzyme were used in molecular dynamics simulation to unveil the dynamics of the enzyme in the presence of a ligand as well as to confirm the conformation stability of ligands predicted by the docking simulation. For the two compounds, the initial conformations docked on the PqsA were stable and no major changes were observed in terms of ligand RMSD (Figure 8). The mean RMSD of compound 1064 was 1.7 Å, and the mean RMSD of compound 1064 was 1.51 Å. This result confirmed that the predicted binding modes by docking are stable and consistent. Ligand movements during the simulation from 1 to 50 ns are depicted in Figure 9.
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FIGURE 8. RMSD of PqsA protein in the presence of a compound. (A) Structure dynamics RMSD of PqsA protein in the presence of ligand (B) ligand dynamics RMSD in the PqsA protein pocket.



[image: image]

FIGURE 9. Ligand movement from 1 to 50 ns. Ligand pose at 1 ns is represented by dim gray color while pose at 50 ns is in cyan. (A) Movement of compound 1084 and (B) movement of compound 1066.




MM-PBSA/GBSA Binding Free Energy Analysis

MM-PBSA method has been recently used to estimate the binding free energy of a given complex in rational drug discovery. As shown in Table 2, the gas phase energies (ΔGgas) in both complexes are very high mainly due to the significant contribution of electrostatic energy (compound 1064) and the decent role of van der Waals energy (compound 1084). In contrast, the net solvation energy (ΔGsolv) is less favorable in both systems. Nevertheless, the total binding free energies of both complexes are promising: PqsA-compound 1064 has −18.4 kcal/mol in MM-GBSA and −31.4 kcal/mol in MM-PBSA, and PqsA-compound 1084 has −27.4 kcal/mol in MM-GBSA and −34.4 kcal/mol in MM-PBSA. These values reflect the stable complex conformation and high intermolecular affinity.


TABLE 2. Binding Free Energies of the complexes.

[image: Table 2]


Bioavailability

The bioavailability of the two selected compounds is important in drug discovery because it determines the applicability of the compounds as a drug. Pharmacophoric properties, including Lipinski’s rule of five and toxicological properties, are noteworthy to determine drug accessibility. Ideal drug candidates exhibit the following pharmacophoric properties. Drugs should satisfy Lipinski’s rule of five (molecular weight < 500 g/mol, H-bond donor < 5, H-bond acceptor < 10, and cLogP < 5). The topological polar surface area (TPSA) should range from 20 to 130 Å. Lipophilicity should range from −0.7 to +6.0, and more negative values indicate lower skin permeability. Online servers (SwissADME and PreADME) were used to evaluate the physicochemical properties of the top two hit compounds (Table 3). Important physicochemical properties of the hit compounds were predicted, which included Lipinski’s rule of five, PAINS assay, lipophilicity, TPSA, and, more importantly, bioavailability. All these predicted physicochemical properties of the two compounds were suitable enough to attempt experimental evaluations. Therefore, these compounds could be new candidate agents for the efficacious management of bacterial infections.


TABLE 3. Physicochemical properties of hit compounds.

[image: Table 3]


CONCLUSION

Inhibition of the P. aeruginosa quinolone signaling system is an attractive and promising approach to impede infections by preventing biofilm formation. In this study, we present the applications of rational in silico drug discovery techniques to identify novel and more putative inhibitors for PqsA, an important enzyme in P. aeruginosa quinolone signaling. Based on virtual screening, we identified two compounds (compounds 1066 and 1084) as potent compounds showing a good affinity for the PqsA enzyme. Both these compounds have vital chemical moieties responsible for important chemical interactions with hotspot residues of the PqsA enzyme. The length of the compound also seems important because it provides a balanced network of chemical interactions at the docking site. The affinity and stability of the compounds binding mode were examined through molecular dynamic simulation and MMPB/GBSA assay both are in strong agreement of strong intermolecular affinity and formation of stable complexes. Furthermore, a suitable profile of drug-like properties and pharmacokinetics was revealed for both compounds, thereby increasing their chances of being good leads. Based on the findings, we believe that the compounds should be subjected to in vitro and in vivo investigations to affirm their potency and could be used in further structural optimization of new potent derivatives.
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Over the past few decades advances in modern medicine have resulted in a global increase in the prevalence of fungal infections. Particularly people undergoing organ transplants or cancer treatments with a compromised immune system are at an elevated risk for lethal fungal infections such as invasive candidiasis, aspergillosis, cryptococcosis, etc. The emergence of drug resistance in fungal pathogens poses a serious threat to mankind and it is critical to identify new targets for the development of antifungals. Calcineurin and TOR proteins are conserved across eukaryotes including pathogenic fungi. Two small molecules FK506 and rapamycin bind to FKBP12 immunophilin and the resulting complexes (FK506-FKBP12 and rapamycin-FKBP12) target calcineurin and TOR, respectively in both humans and fungi. However, due to their immunosuppressive nature these drugs in the current form cannot be used as an antifungal. To overcome this, it is important to identify key differences between human and fungal FKBP12, calcineurin, and TOR proteins which will facilitate the development of new small molecules with higher affinity toward fungal components. The current review highlights FK506/rapamycin-FKBP12 interactions with calcineurin/TOR kinase in human and fungi, and development of non-immunosuppressive analogs of FK506, rapamycin, and novel small molecules in inhibition of fungal calcineurin and TOR kinase.
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INTRODUCTION

Opportunistic invasive fungal pathogens cause significant morbidity and mortality in immunocompromised patients such as those undergoing stem cell or organ transplantation and in individuals with a dysfunctional immune system due to diabetes mellitus or AIDS (Husain et al., 2003; Enoch et al., 2006; Person et al., 2010; Low and Rotstein, 2011; Wang et al., 2017). While the most common opportunistic agents of fungal infections are Aspergillus fumigatus, Cryptococcus neoformans, and Candida albicans, there has been a rising number of cases caused by other fungi such as those belonging to Mucorales (Pfaller and Diekema, 2004). Unlike human cells, these fungi have a cell wall to maintain homeostasis which makes it an attractive target for antifungals such as echinocandins (Cortés et al., 2019; Lima et al., 2019). Other antifungals such as azoles or polyenes target ergosterol in the cell membrane (Maertens, 2004). There is increasing evidence that fungi are either intrinsically resistant to antifungals or can develop resistance after prolonged exposure to antifungals (Wiederhold, 2017). There has also been less than optimistic progress in the development of antifungal drugs in the past decade. Therefore, there is an urgent need for the development of new antifungals to combat deadly fungal infections.

Small molecules are compounds targeting a specific biological component or a function. These small molecules which are either new compounds or approved drugs have been investigated for antifungal activity (Cully, 2018; Garcia et al., 2018; Bechman et al., 2019; Zarakas et al., 2019). One such small molecule is FK506 (tacrolimus; Figures 1, 2), a 23-membered macrolide lactone first identified from the fermentation broth of the bacteria Streptomyces tsukubaenis by Fujisawa Pharmaceuticals (Kino et al., 1987). FK506 is an immunosuppressive drug used for the prevention of graft rejection in patients undergoing organ transplantation (Thomson, 1989; Meier-Kriesche et al., 2006; Ban et al., 2016). The immunosuppression by FK506 results from inhibition of T-cell activation and proliferation (Schreiber and Crabtree, 1992). On entering the cell, FK506 binds to a prolyl isomerase FKBP12 in the cytosol and the FK506-FKBP12 drug-immunophilin complex binds and inhibits the activity of calcineurin, a calcium-calmodulin dependent protein phosphatase. Calcineurin governs the activation and translocation of the nuclear factor of activated T cells (NFAT) from the cytoplasm to the nucleus to activate genes such as Il-2 that are involved in T-cell activation and proliferation (Liu et al., 1991; Schreiber and Crabtree, 1992). When calcineurin activity is inhibited by FK506, the NFAT transcription factor cannot translocate into the nucleus (Schreiber and Crabtree, 1992). Interestingly, calcineurin is not only conserved across other eukaryotes like fungi but is also a key virulent factor in many pathogenic fungi, suggesting that FK506 can be effective against human pathogenic fungi (Steinbach et al., 2007). It was first reported in C. neoformans that the mutants lacking calcineurin do not survive in conditions that mimic the host environment (Steinbach et al., 2007). Further studies have shown that calcineurin is also required for virulence and pathogenicity in C. albicans (Blankenship et al., 2003; Blankenship and Heitman, 2005), A. fumigatus (Steinbach et al., 2006), and Mucor circinelloides (Lee et al., 2013; Lee et al., 2015; Vellanki et al., 2020). Although, calcineurin is an attractive target for antifungal drug development, there are two key problems. First, the human and fungal calcineurin share 80% homology, and also fungal and human FKBP12s share about 48–58% sequence homology (Gobeil et al., 2019). The cross-reactivity of FK506 against human and fungal calcineurins represents a major hurdle. To overcome this, it is important to identify regions of calcineurin and FKBP12 that are present in fungi but not in humans. Secondly, FK506 exhibits antifungal activity by inhibiting fungal calcineurin (Odom et al., 1997a; Steinbach et al., 2004), but FK506 is an immunosuppressive drug, therefore it cannot be used in its current form to treat patients with fungal infections. The non-immunosuppressive analogs of FK506 offer a potential solution to overcome this problem. The first part of the review focuses on—(a) structural and molecular interactions between FK506-FKBP12-calcineurin in pathogenic fungi compared to human counterparts which in turn will inform the extent to which fungal FKBP12 and calcineurin are suitable antifungal candidates, (b) non-immunosuppressive analogs of FK506 as potential antifungal drugs.
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FIGURE 1. Three dimensional structures of small molecules—FK506 (left) and rapamycin (right).



[image: image]

FIGURE 2. The chemical structures of FK506 and its analogs discussed in this study. The numbers in red font indicate the modified positions to generate analogs.


Rapamycin (Figures 1, 5) is a 29 membered macrolide lactam metabolite produced by the bacteria Streptomyces hygroscopicus isolated by Sehgal et al. (1975). Rapamycin was found to inhibit the growth of S. cerevisiae and, interestingly, FK506 antagonized the effect of rapamycin, suggesting that FK506 and rapamycin share the same cellular receptor, FKBP12 (Heitman et al., 1991). Indeed, Heitman et al. (1991, 1993) verified that rapamycin forms a complex with FKBP12 and inhibits TOR (target of rapamycin) kinase. Rapamycin was further investigated as a possible antifungal agent with potent activity against C. albicans however, it was later discovered that rapamycin possessed potent immunosuppressive activity (Martel et al., 1977; Hwang et al., 2017). This is attributed to rapamycin inhibiting the activation of T-cells and B-cells via the reduction of their sensitivity to interleukin-2 through inhibition of the mammalian Target of Rapamycin (mTOR) (Saunders et al., 2001). Thus, rapamycin has been previously used to prevent organ transplant rejection via immunosuppression (Martel et al., 1977; Saunders et al., 2001; Yoon et al., 2017). The mode of action by which rapamycin inhibits the immune system begins with binding to the prolyl isomerase FKBP12 (Saunders et al., 2001; Yoon et al., 2017). The rapamycin-FKBP12 complex will then bind with mTOR and inhibit its function (Saunders et al., 2001; Yoon et al., 2017). The result is the inhibition of T-cell and B-cell activation leading to immunosuppression. With regards to fungi, the TOR pathway is known to be involved in the response to nutrient resource availability (Cardenas et al., 1999; Bastidas et al., 2012; Nguyen et al., 2020). The serine/threonine kinase TOR is known to interact with two complexes known as TORC1 and TORC2, both of which are known to regulate their targets via phosphorylation (Cardenas et al., 1999; Bastidas et al., 2012). TORC1 is known to control various cellular processes such as protein synthesis, mRNA synthesis and degradation, autophagy, and nutrient transport; while TORC2 is involved in cell wall integrity and actin polarization (Kubota et al., 2003; Bastidas et al., 2012). TORC1 is the only of the two complexes to be sensitive to rapamycin via a similar pathway involving rapamycin binding to FKBP12 forming a rapamycin-FKBP12 complex that binds to TOR resulting in its inhibition (Bastidas et al., 2012; Nguyen et al., 2020). However, a chronic treatment with rapamycin can not only inhibit TORC1 but also disrupts TORC2 in vivo (Lamming et al., 2012). In the yeast fungus Saccharomyces cerevisiae, inhibition of TOR via rapamycin exposure results in multiple cellular responses such as protein synthesis inhibition and autophagy triggered by nutrient depletion (Cardenas et al., 1999; Bastidas et al., 2012; Nguyen et al., 2020). Therefore, TOR represents a critical target for the development of new antifungals. The second part of the review further highlights rapamycin-FKBP12-TOR interactions in pathogenic fungi.



INTERACTIONS BETWEEN FK506, FKBP12, AND CALCINEURIN IN PATHOGENIC FUNGAL SPECIES

Calcineurin is a heterodimer comprising of a catalytic A subunit and a regulatory B subunit; both subunits are required for its phosphatase activity (Rusnak and Mertz, 2000). The FK506-FKBP12 drug-receptor complex binds at the interface of the calcineurin B regulatory and catalytic A subunit and occludes substrate access (Liu et al., 1991). Thus, the formation of the FK506-FKBP12-calcineurin tertiary complex (Figure 3A) is required for complete inhibition of calcineurin function. Here we detail how calcineurin plays a role in virulence and pathogenesis and how FK506, FKBP12, and calcineurin interact in pathogenic fungi.
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FIGURE 3. (A) A crystal structure of A. fumigatus calcineurin A and B, FKBP12, and FK506 [protein data bank (PDB): 6TZ7]. Calcineurin is a protein phosphatase comprising of a catalytic (green) and a regulatory subunit (yellow). The complex of FK506 (red) and FKBP12 (cyan) interacts with the calcineurin heterodimer to form a ternary complex and inhibit calcineurin function. (B) In the ribbon diagrams of human (left) and A. fumigatus (right) FKBP12-FK506, β sheets wrap around the α helix and the extended loops (such as the 80 and 40s loops) surround the FK506 binding pocket. Left: FK506-HsFKBP12 (PDB: 1FKJ), right: FK506-AfFKBP12 (PDB: 6TZ7). (C) Alignment of amino acids of the 40 and 80s loops of FKBP12. Hs, human; Af, A. fumigatus; Cn, C. neoformans; Ca, C. albicans; Mc, M. circinelloides. *Residue numbers are in respect to AfFKBP12.



Aspergillus fumigatus

Aspergillus fumigatus is the most frequent causative agent of invasive aspergillosis in immunocompromised patients (Brakhage et al., 2010; Baldin et al., 2015). Current treatment for aspergillosis primarily relies on the use of azoles, but polyenes and echinocandins are also used (Maschmeyer et al., 2007; Walsh et al., 2008). With rising antifungal resistance, demand for new antifungal drugs, and alternative treatment are on the rise (Howard et al., 2009; Wu et al., 2020). Previous studies have shown that calcineurin is required for cell wall integrity, hyphae formation, echinocandin resistance, virulence, and others in A. fumigatus (Steinbach et al., 2006; Cramer Jr., Perfect et al., 2008; Fortwendel et al., 2010; Juvvadi et al., 2014). Calcineurin inhibitor—FK506 exhibits antifungal activity in vitro (Steinbach et al., 2004). In a systemic model of murine aspergillosis, the infected mice treated with FK506 exhibited higher survival rates compared to the infected groups that did not receive FK506 treatment (High and Washburn, 1997). Together the data suggest that calcineurin is an attractive target for aspergillosis.

In A. fumigatus, FKBP12 is also the cellular receptor for FK506. Falloon et al. (2015) identified four orthologs of human FKBP12 (HsFKBP12) in A. fumigatus: fkbp12-1, fkbp12-2, fkbp12-3, and fkbp12-4. It was determined that A. fumigatus FKBP12-1 (AfFKBP12) was the binding partner for FK506. The AfFKBP12 shares 55% sequence similarity with HsFKBP12 (Falloon et al., 2015; Gobeil et al., 2019). The core structure of FKBP12 is conserved in both humans and fungi, and it comprises of five to six β sheets (β1–β6) that wrap around the central α helix (Figure 3B; Tonthat et al., 2016). Additionally, three extended loops surround the FK506 binding pocket—40s loop (between β2 and β3), the 50s loop (between β3′ and α1), and the 80s loop (between β4 and β5) (Figure 3B; Tonthat et al., 2016). Interestingly, when AfFKBP12 is present in the apo form, the 80s loop from one monomer docks into the active site of the second monomer and vice-versa to form a dimer possibly through self-catalysis function (Tonthat et al., 2016). Sequence alignment further revealed the presence of a specific proline residue at the tip of the 80s loop facilitates dimerization in AfFKBP12 but not in HsFKBP12 (Figures 3B,C). The self-substrate region overlaps with the FK506 binding region because alteration of the proline residue at the tip of the 80s loop to glycine conferred resistance to FK506 (Tonthat et al., 2016).

To evaluate the role of the 40s and 50s loop in AfFKBP12 interaction with FK506 and calcineurin, Juvvadi et al. (2020) induced amino acid point mutations in 40s (F37M/L) and 50s (W60V) loop. They found that in comparison to the 80s loop point mutations (P90G or V91C), alteration in the 40 and 50s loop increased contacts in the 80s loop resulting in decreased calcineurin binding and higher resistance to FK506 (Juvvadi et al., 2020). Although fungal and human FKBP12 share a striking similarity, there are non-conserved motifs in the 40s and 80s loop of fungal FKBP12 (Figures 3B,C; Juvvadi et al., 2019). Amino acid substitutions in the 40s loop (F22T, Q50M, and R55E) and 80s loop (F88H) impacted the FK506-FKBP12 interaction with calcineurin. Particularly, replacing Phe with His (F88H) resulted in a significant increase in resistance to FK506 due to reduced binding of FK506-FKBP12 complex with calcineurin (Juvvadi et al., 2019). Interestingly, while H88 in the 80s loop is critical for mammalian FK506-FKBP12-calcineurin interaction, F88 is involved in A. fumigatus FK506-FKBP12-calcineurin interaction and inhibition of calcineurin function (Figure 3C; Juvvadi et al., 2019). Despite the differences, it is evident that alterations in the 80s loop can adversely affect the binding of both human and fungal FK506-FKBP12 complex to calcineurin (Tonthat et al., 2016; Juvvadi et al., 2019).



Candida albicans

Candida albicans is a commensal organism and can cause deep systemic infections in immunocompromised patients (Stelzner, 1990; Pfaller and Diekema, 2007; Low and Rotstein, 2011; Neville et al., 2015). Current treatments involve three different classes of antifungal drugs including azoles, echinocandins, and polyenes (Pierce et al., 2013; Vila et al., 2017). Antifungal drug resistance in C. albicans is not uncommon and is on the rise (Monroy-Pérez et al., 2016; Whaley et al., 2016).

Previous studies have shown that calcineurin is required for survival in serum and consequently, the calcineurin mutants failed to colonize tissues in infected murine animals (Blankenship et al., 2003; Blankenship and Heitman, 2005). Additionally, calcineurin is also required for tolerance to antifungal agents (Sanglard et al., 2003). Therefore, calcineurin represents a suitable target for candidiasis treatment, and understanding the structural differences between FKBP12 and calcineurin in C. albicans to humans is critical in developing non-immunosuppressive FK506 analogs.

It was previously reported that similar to A. fumigatus, the core structure of C. albicans FKBP12 (CaFKBP12) comprises of five β sheets that wrap around the central α helix and also has three extended loops (the 40s, 50s, and 80s) surrounding the FK506 binding pocket (Tonthat et al., 2016). Consistent with the observation made in A. fumigatus, the proline residue present at the tip (P104) of 80s loop docks into the active site of adjacent subunit and vice-versa facilitating FKBP12-FKBP12 interaction in apostate (Tonthat et al., 2016). The 80s loop bind in the same pocket as FK506. Interestingly, in C. albicans all the captured FKBP12s have P104 in cis conformation while in A. fumigatus the P90 in one subunit was bound in cis conformation while the P90 in other subunit was bound in a trans-state (Figure 3C; Tonthat et al., 2016).



Cryptococcus neoformans

Cryptococcus neoformans is the etiologic agent of cryptococcosis (Idnurm et al., 2005). Cryptococcosis primarily affects lungs in immunocompromised patients and can also cause lethal meningitis and encephalitis (Idnurm et al., 2005; Mednick et al., 2005; Bretaudeau et al., 2006). Currently, cryptococcosis can be treated with an azole such as fluconazole, but cryptococcal meningitis may require the use of polyenes such as amphotericin B (Saag et al., 2000). Clinically, the combination of amphotericin B with flucytosine has resulted in better outcomes than treatment with amphotericin B alone (Larsen et al., 1990; Dromer et al., 2008). Regardless, there have been several reports of antifungal resistance in C. neoformans (Friese et al., 2001; Lortholary et al., 2006; Cheong and McCormack, 2013; Smith et al., 2015) indicating a need for the development of alternative treatment strategies.

FK506 is toxic to C. neoformans at 37°C, but not at 24°C (Odom et al., 1997a,b), thereby suggesting that calcineurin is required for growth at higher temperatures. As a consequence, the calcineurin mutants are not virulent in murine models of cryptococcal meningitis (Odom et al., 1997b). Cruz et al. identified the homolog of FK506 binding partner FKBP12 in C. neoformans. They found that CnFKBP12 share 59 and 57% sequence similarity with the HsFKBP12 and CaFKBP12, respectively. The amino acid residues that form the FK506-binding pocket were highly conserved across species. A single amino acid substitution in this conserved site—W60R destabilized CnFKBP12 and rendered resistance to FK506 and rapamycin (Cruz et al., 1999). Consistent with the findings in C. albicans and A. fumigatus, CnFKBP12 also has conserved phenylalanine in the 80s loop (F88) which is absent in HsFKBP12 (Figure 3C; Juvvadi et al., 2019).



Mucor circinelloides

Mucormycosis is an emerging lethal infection caused by fungi of order Mucorales (Petrikkos et al., 2012). M. circinelloides is one of the causative agents of this deadly disease (López-Fernández et al., 2018; Vellanki et al., 2018). When M. circinelloides is grown in the presence of FK506 it exhibits yeast growth instead of hyphae which shows that calcineurin regulates dimorphism in this fungus (hyphal to yeast transition) (Lee et al., 2013). Mutants lacking functional calcineurin are less virulent than the wild type which suggests that calcineurin is a key target for the treatment of mucormycosis (Lee et al., 2013, 2015; Vellanki et al., 2020). M. circinelloides encodes three calcineurin catalytic subunits (CnaA, CnaB, and CnaC) and one regulatory subunit (CnbR) (Lee et al., 2013). We have previously reported that mutations in the FK506-FKBP12 binding region of CnaA and the latch region of CnbR confer resistance to FK506 (Lee et al., 2013, 2015). Specifically, the CnbR mutation N125Y disrupted CnbR-FKBP12 interaction due to steric clashes with residue F47 and Q48 of McFKBP12 (Lee et al., 2015). The CnaA residue W377 is required for FK506-CnaA hydrophobic interaction and spontaneous mutation resulting in W377L was predicted to disrupt the hydrophobic pocket at the binding interface (Lee et al., 2015).

Gobeil et al. (2020) found that the amino acid sequence of McFKBP12 is 58% identical to HsFKBP12. The sequence variations were present in the 40, 50, and 80s extended loops surrounding the FK506 binding pocket. Interestingly, McFKBP12 sequence is 65% identical to AfFKBP12 and share structural similarity but functionally they are not equivalent in inhibiting calcineurin function (Gobeil et al., 2020). When Affkbp12 was replaced with Mcfkbp12 in A. fumigatus, FK506 was not able to inhibit calcineurin function. As mentioned above, in the presence of FK506 the F88 residue in the 80s loop of AfFKBP12 is critical in the FK506-AfFKBP12-calcineurin interaction. Interestingly, McFKBP12 possesses a tyrosine at the 88th residue instead of phenylalanine because of which McFKBP12-FK506 failed to inhibit calcineurin function in A. fumigatus (Figure 3C; Gobeil et al., 2020).



Efficacy of FK506 Analogs Against Pathogenic Fungi

Fungal infections are prevalent in immunocompromised patients, therefore FK506 cannot be used as an antifungal to treat patients. To circumvent this problem several attempts have been made in generating FK506 analogs that have a lesser binding affinity toward human calcineurin (to reduce immunosuppression) while retaining antifungal properties.

L685,818 (Figure 2) is an FK506 analog and antagonist (Dumont et al., 1992). It is a C18 hydroxy, C21ethyl derivative of FK506. The presence of the C18 hydroxy group prevents L685,818-HsFKBP12 from inhibiting bovine calcineurin, and subsequently, L685,818 was found to be significantly less immunosuppressive (Dumont et al., 1992; Rotonda et al., 1993). Unlike, HsFKBP12 the yeast FKBP12 bound to L685,818 can inhibit bovine calcineurin function (Rotonda et al., 1993), and therefore its antifungal efficacy was evaluated. The analog L685,818 inhibited the growth of C. neoformans at 37°C, however, its potency was 10–100 times lower than FK506 (Odom et al., 1997a). Also, L685,818 alone or in combination with caspofungin did not exhibit antifungal activity against A. fumigatus (Kontoyiannis et al., 2003).

Nambu et al. (2017), synthesized FK506 antagonists which are permeable in mammalian cells but not in fungal cells, this way a dichotomy of FK506 and the antagonist will result in an inhibition of fungal calcineurin only. The antagonist compounds 15 and 18 (modifications shown in Figure 2) in combination with FK506 significantly reduced A. fumigatus proliferation compared to a challenge with antagonist alone.

FK506 analogs: 9-deoxo-FK506 (9D-FK506), 9-deoxo-prolyl-FK506 (9DP-FK506), 31-O-demethyl-FK506 (31OD-FK506), and 9-deoxo-31-O-demethyl-FK506 (9D31OD-FK506) (Figure 2) were generated by manipulating FK506 biosynthetic genes in Streptomyces spp. (Ban et al., 2013; Shinde et al., 2015). These analogs showed a significantly less immunosuppressive effect in vitro than FK506 (Lee et al., 2018). All the analogs except 9DP-FK506 exhibited antifungal activity against C. neoformans, A. fumigatus, and C. albicans in vitro, however, their efficacy was lower when compared to FK506. In a murine model of systemic cryptococcal infection, the infected mice treated with 9D31OD-FK506 and fluconazole exhibited prolonged survival when compared to the infected mice treated with either of the agents alone. This confirms that an in vivo synergistic interaction occurs between FK506 analog and fluconazole (Lee et al., 2018).

In another study, Beom et al. (2019) generated seven new FK506 analogs with modifications in either FKBP12 or calcineurin binding sites. The 9-deoxo-21-ethyl-FK506 analog (named as compound 7 in the reference; Figure 2) exhibited significantly higher antifungal activity against C. albicans and A. fumigatus when compared to the previously described analog 9D31OD-FK506. This new analog also exhibited synergistic antifungal activity with fluconazole against C. neoformans (Beom et al., 2019).

A comparison of fungal and human FK506-FKBP12-calcineurin ternary structures revealed key differences between the species (Juvvadi et al., 2019). While a His 88 at the interface of FK506-HsFKBP12 is required for productive binding and inhibition of human calcineurin, Phe 88 on fungal FKBP12 is required to inhibit fungal calcineurin (Figure 3C). A Val 91 residue at the interface of fungal FK506-FKBP12 is also not conserved in mammalian counterparts. These differences were exploited to generate an FK506 analog—APX879, characterized by an acetohydrazide substitution at C22-ketone. The APX879 (Figure 2) interacts less favorably than FK506 with HsFKBP12 due to a higher steric clash with H88 residue (Juvvadi et al., 2019; Gobeil et al., 2020). Subsequently, APX879 was found to be 71-fold less immunosuppressive than FK506, as measured by their ability to induce IL-2 production from differentiated CD4+ T cells. APX879 exhibits antifungal activity against C. neoformans, C. albicans, A. fumigatus, and M. circinelloides, however, its efficacy is lower than FK506 in vitro. Interestingly, APX879 is less toxic than FK506 in a murine model of cryptococcal infection. Additionally, infected animals treated with a combination of APX879 and fluconazole exhibited significantly extended median survival rates compared to infected animals treated with APX879 or fluconazole alone. The APX879 was not efficacious in murine models of aspergillosis, candidiasis, and mucormycosis (Juvvadi et al., 2019).



RAPAMYCIN—FKBP12 INTERACTION IN PATHOGENIC FUNGAL SPECIES

The interaction between rapamycin and FKBP12 (Figure 4) is known to result in the inhibition of the TOR pathway in fungi. This inhibition has been known to affect various cellular responses such as protein synthesis inhibition and autophagy (Cardenas et al., 1999; Bastidas et al., 2012). This rapamycin—FKBP12 interaction in pathogenic fungi has become the focus of various research groups as summarized below.
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FIGURE 4. Binding of rapamycin to the bovine FKBP12 (PDB: 1FKL).
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FIGURE 5. The chemical structures of rapamycin and its analogs in this study. The numbers in red font indicate the modified positions to generate analogs.



Aspergillus fumigatus

Little is known about the role of TOR in this filamentous fungus, although research has found that there may be a link with mitochondrial processes (Baldin et al., 2015). Specifically, a link between ornithine/arginine biosynthesis and an iron deficiency stress response of A. fumigatus have been studied (Baldin et al., 2015). The deletion of the single tor gene in A. fumigatus results in a lethal phenotype, thus researchers had to develop a conditional lethal tor mutant (Baldin et al., 2015). This was achieved by replacing the endogenous tor gene by the inducible xylp-tor gene cassette (Baldin et al., 2015). Furthermore, the qRT-PCR analysis uncovered an increase in mRNA levels of ornithine biosynthesis genes under iron limitations, and iron regulation was lost when tor was repressed (Baldin et al., 2015). Furthermore, the iron regulator HapX was also investigated and researchers found that hapx expression was significantly reduced when tor was repressed (Baldin et al., 2015). This research concluded that the function of TOR may have two scenarios in A. fumigatus; TOR either acts upstream of HapX, or independently of HapX as a repressor of ornithine biosynthesis (Baldin et al., 2015). Finally, the effects of rapamycin on this inducible mutant were investigated. Rapamycin showed strong growth inhibition on the inducible mutant (Baldin et al., 2015). However, the increase of tor mRNA levels in the inducible mutant resulted in a slightly increased resistance against rapamycin (Baldin et al., 2015). Previous research also found a single tor gene in Aspergillus nidulans, a less frequent causal agent of aspergillosis in immunocompromised patients (Loewith and Hall, 2011).



Candida albicans

The necessity for new or alternative treatments for candidiasis is urgent due to emerging antifungal resistance. Previous studies have deduced that rapamycin presents antifungal activity against C. albicans (Sehgal et al., 1975). Rapamycin is known to diffuse into the cell and associate with FKBP12 (Cardenas et al., 1999; Bastidas et al., 2012). The newly formed FKBP12-rapamycin complex will target the two TOR kinases Tor1 and Tor2 (Cardenas et al., 1999; Bastidas et al., 2012). In C. albicans, the RBP1 gene is known to encode a homolog of FKBP12 (Cruz et al., 2001). Interestingly, studies have shown that mutant strains lacking the RBP1 and TOR1 genes are viable and rapamycin resistant (Cruz et al., 2001). These findings show that rapamycin antifungal activity is exerted via FKBP12 and Tor1 homologs in C. albicans (Cruz et al., 2001). One major contributor to antifungal drug resistance in C. albicans is loss of genes encoding ATP-binding cassette (ABC) transporters in the genomes (Lyons and White, 2000; Khandelwal et al., 2018). These transporters help export various substrates across the cell membrane including antifungal drugs (Khandelwal et al., 2018). Previous studies found that the loss of the transporter CDR6/ROA1 results in a strain that is more resistant to antifungal treatment with azoles (Khandelwal et al., 2018). Researchers developed a CDR6/ROA1 null strain and found that along with the increase in azole resistance, transcriptional profiling uncovered ribosome biogenesis genes were significantly upregulated (Khandelwal et al., 2018). This finding led to the discovery of a suspected link between ribosome biogenesis and TOR1 signaling (Khandelwal et al., 2018). Furthermore, the mutant strain was grown on media supplemented with rapamycin where TOR1 hyperactivation was observed (Khandelwal et al., 2018). This led to an Hsp90-dependent calcineurin stabilization resulting in an increase to azole resistance (Khandelwal et al., 2018). These findings were then replicated in vivo with a systemic infection mouse model, which resulted in a higher fungal load post fluconazole treatment in mice infected with this mutant strain (Khandelwal et al., 2018). This study uncovered a novel mechanism of azole resistance in C. albicans involving TOR signaling.



Cryptococcus neoformans

Although the TOR pathway is a highly conserved mechanism across eukaryotes, its role in C. neoformans is a topic of debate (So et al., 2019). Researchers have found two Tor-like kinases, Tor1 and Tlk1, in C. neoformans (So et al., 2019). This study discovered that TLK1 is a dispensable gene resulting in the cultivation of a viable strain following its deletion. The opposite was concluded when TOR1 was deleted (So et al., 2019). Further research explored the function of Tor1 by creating strains that overexpress the TOR1 gene (So et al., 2019). It was concluded that Tor1 negatively regulates two crucial virulence factors, DNA damage response, and thermotolerance by reducing Rad53 and Mpk1 phosphorylation, respectively (So et al., 2019). When inhibiting TOR via rapamycin treatment actin depolarization in a Tor-1 dependent manner was observed (So et al., 2019). Finally, various rapamycin-sensitive and resistant strains were screened uncovering that the TOR pathway can possibly crosstalk with various stress signaling pathways (So et al., 2019).



Mucor circinelloides

One major hurdle encountered by physicians treating mucormycosis patients is that Mucorales are resistant to most antifungal drugs (Caramalho et al., 2017; Dannaoui, 2017). Thus, it has become of great interest to scientists to develop a greater understanding of how this fungus can evade antifungal drugs. One major target of interest is understanding the interaction between rapamycin and FKBP12 in this fungus. A recent study found that the target and mechanism of rapamycin in M. circinelloides is mediated via conserved FKBP12 and Tor homologs (Bastidas et al., 2012). In this study researchers utilized spontaneous mutations that disrupted conserved residues in FKBP12, this resulted in rapamycin and FK506 resistance in these mutants (Bastidas et al., 2012). Total disruption of the FKBP12-encoding gene (fkbpA) also resulted in rapamycin and FK506 resistance (Bastidas et al., 2012). To further confirm their findings the expression of M. circinelloides FKBP12 was complemented in an S. cerevisiae mutant strain lacking FKBP12 resulting in the restoration of rapamycin sensitivity (Bastidas et al., 2012). Furthermore, it was found that the M. circinelloides FKBP12 and Tor interacted in a rapamycin-dependent fashion (Bastidas et al., 2012). Finally, in vitro studies found that rapamycin exhibited potent growth inhibition against M. circinelloides followed by an in vivo study with Galleria mellonella improving survival by 50% post-rapamycin treatment (Bastidas et al., 2012). These findings suggest that rapamycin can be an attractive drug target, and the development of rapamycin analogs with a lowered immunosuppressive activity can have the potential for novel antifungal treatment strategies.



Novel Small Molecules and Rapamycin Analogs Targeting TOR

We have previously established that the TOR pathway in fungi can regulate various cell stress pathways (Cardenas et al., 1999; Bastidas et al., 2012). This makes the TOR pathway an attractive target for the development of new antifungals. Researchers have previously identified a small molecule—beauvericin that not only potentiated antifungal treatment but was also tolerated by human cells (Shekhar-Guturja et al., 2016). Previous studies have found that beauvericin can enhance azole efficacy against the top leading fungal pathogens C. albicans, C. neoformans, and A. fumigatus (Shekhar-Guturja et al., 2016). Beauvericin has also shown the ability to block the emergence of resistance and even render resistant strains responsive to treatment (Shekhar-Guturja et al., 2016). The previously mentioned effects have been determined to be mediated via inhibition of multidrug efflux pumps and TORC1 signaling (Shekhar-Guturja et al., 2016). This activates the protein kinase CK2 resulting in the inhibition of the molecular chaperone Hsp90 (Shekhar-Guturja et al., 2016). Furthermore, this research found that substitutions in the efflux transporter Pdr5 that enable beauvericin efflux results in the impairment of azole efflux halting the resistance to this drug combination (Shekhar-Guturja et al., 2016). Similarly, an ATP-competitive TOR kinase inhibitor INK128 has been studied for the possible use of combination therapy with various azoles (Gao et al., 2016). In this study, 23 strains of Aspergillus were tested, all of which were clinical isolates derived from patients with invasive aspergillosis (Gao et al., 2016). The function of INK128 involves the inhibitor binding to the TOR catalytic domain and selectively inhibiting TOR (Gao et al., 2016). It was concluded that the efficacy of the azoles tested was significantly increased, although the same was not reported when tested with echinocandins and polyenes (Gao et al., 2016).

The synthesis of rapamycin analogs that present a lowered immunosuppressive activity in humans has been previously explored (Cruz et al., 2001; Guo et al., 2019). One major research involved synthesizing over 45,000 rapamycin-inspired macrocycles (Guo et al., 2019). This massive undertaking was achieved by creating a rapamycin-like macromolecule library by replacing the effector domain of rapamycin with a combinatorial library of oligopeptides (Guo et al., 2019). By the use of ring-closing metathesis, these researchers were able to develop a robust macrocyclization method resulting in the synthesis of a 45,000-compound library of these hybrid macrocycles, named rapafucins, which utilized optomized FKBP-binding domains (Guo et al., 2019). Although this specific study was focused on making rapamycin-like molecules that can bind to new cellular proteins to aid with different types of diseases and disorders; we believe it is important to highlight the potential of synthesizing 45,000 rapamycin-like macrocycles and the possible therapeutic potentials such compounds may possess. Further studies have uncovered a series of rapamycin analogs that present a lowered immunosuppressive activity while presenting antifungal properties in C. albicans (Cruz et al., 2001). In this study, four analogs—analog 2, analog 18, analog 19, and analog 23 (Figure 5) were studied to determine their antifungal efficacy compared to rapamycin (Cruz et al., 2001). Previous studies found that the FKBP12 homolog Rbp1 is required for rapamycin antifungal function (Cruz et al., 2001). This was confirmed by developing a C. albicans rbp1/rbp1 mutant strain lacking a homolog of the FKBP12 protein (Cruz et al., 2001). It was found that these mutants were viable and resistant to both rapamycin and its analogs (Cruz et al., 2001). With regards to the fungicidal activity presented by these analogs, analogs 2 and 23 were found to be toxic and fungicidal to C. albicans, C. neoformans, and S. cerevisiae, while analogs 18 and 19 were weakly toxic to C. neoformans and had no activity against the other fungi tested. In this study, analogs 2 and 23 were found to be the most toxic to C. albicans and C. neoformans while sharing a common mechanism of action with rapamycin involving an FKBP12-dependent inhibition of the TOR kinases (Cruz et al., 2001).



CONCLUSION

Fungal calcineurin and TOR are key targets to develop new antifungals. In this review, we highlighted the structural differences between human and fungal FKBP12, calcineurin, and TOR components. FK506 targets both human and fungal calcineurin. However, several FK506 analogs, particularly which had modifications at C9, C21, C22, and C31 had increased affinity toward fungal FKBP12 and calcineurin resulting in lower immunosuppression while retaining antifungal activity. The sequences of FKBP12, calcineurin, and TOR components vary among fungal species. As a result, the antifungal efficacy of these analogs varies among the fungal pathogens tested. Nevertheless, these studies provide a proof of concept for developing non-immunosuppressive FK506 or rapamycin analogs with antifungal activity.
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Despite class A ESBLs carrying substitutions outside catalytic regions, such as Cys69Tyr or Asn136Asp, have emerged as new clinical threats, the molecular mechanisms underlying their acquired antibiotics-hydrolytic activity remains unclear. We discovered that this non-catalytic-region (NCR) mutations induce significant dislocation of β3-β4 strands, conformational changes in critical residues associated with ligand binding to the lid domain, dynamic fluctuation of Ω-loop and β3-β4 elements. Such structural changes increase catalytic regions’ flexibility, enlarge active site, and thereby accommodate third-generation cephalosporin antibiotics, ceftazidime (CAZ). Notably, the electrostatic property around the oxyanion hole of Cys69Tyr ESBL is significantly changed, resulting in possible additional stabilization of the acyl-enzyme intermediate. Interestingly, the NCR mutations are as effective for antibiotic resistance by altering the structure and dynamics in regions mediating substrate recognition and binding as single amino-acid substitutions in the catalytic region of the canonical ESBLs. We believe that our findings are crucial in developing successful therapeutic strategies against diverse class A ESBLs, including the new NCR-ESBLs.
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INTRODUCTION

Extended-spectrum β-lactamases (ESBLs) are a serious threat to human health due to their enhanced hydrolytic activity against third-generation cephalosporins such as ceftazidime (CAZ), a representative first-line drug for bacterial diseases (Dance, 2014). In general, class A β-lactamases, regardless of subfamilies, share the similar overall structural architecture of their catalytic region (Supplementary Figure S1), which can be separated into two major compartments: the conserved catalytic ensemble and the variable recognition ensemble. The conserved catalytic ensemble involving the hydrolysis of substrate consists of the reactive Ser70 which attacks the β-lactam amide bond; two general bases Lys73 and Glu166 which electrostatically activate the nucleophilic Ser70; the typical oxyanion hole formed by N atoms of Ser70 and Thr237 stabilizing the negative transient acyl-intermediate; the catalytic (or hydrolytic) water coordinated to Glu166 and Asn170, which disrupts the acyl-bond (Page, 2008; Drawz and Bonomo, 2010). On the other hand, the recognition ensemble, consisting of three critical segments including Ω-loop (160–180 in the Ambler system) (Sirot et al., 1997; Celenza et al., 2008; Dobson et al., 2012; Levitt et al., 2012), lid (92–118) (Doucet et al., 2004; Bethel et al., 2006), and strands β3-β4 (230–251) (Du Bois et al., 1995; Giakkoupi et al., 2001; Shimizu-Ibuka et al., 2011; Ruggiero et al., 2017), is mostly responsible for the adaptability of class A β-lactamases toward different types of antibiotics (Supplementary Figure S1). Upon the innovation of drugs, the residues in this ensemble are further varied to accommodate novel substrates, by which canonical catalytic-region ESBLs are to be produced. These three segments surrounding reactive Ser70 in the active site are known to mediate substrate recognition and hydrolysis directly, and these ESBLs originate in hot spot mutations by single amino acid substitutions in one of the segments of the wild-type β-lactamases1. The mutations extend the substrate specificity of the enzyme by increasing the flexibility of the Ω-loop (Wang et al., 2002b), the charged state of the lid (Petit et al., 1995), and the interaction of the β3-β4 strands with substrates (Huletsky et al., 1993; Palzkill, 2018), indicating that the functionality and substrate specificity of the class A β-lactamases largely depend on the subtle changes in the size of the binding cleft.

Compared with these canonical ESBLs, the non-catalytic-region ESBLs (NCR-ESBLs) carry single amino-acid substitutions outside of the catalytic segments and potentially hydrolyze CAZ (Gniadkowski, 2001), while conserving residues for substrate binding (recognition ensemble) and hydrolysis (catalytic ensemble) virtually intact (Perez et al., 2007). To date, only two NCR mutations have been identified at the residue 69 (Chaibi et al., 1998; Sam et al., 2009; Dobson et al., 2012) in several class A β-lactamases, including PenL and at 136 (according to the Ambler system) in PenL alone (Dobson et al., 2012), which seem unlikely to involve substrate binding and hydrolysis (Figure 1A). The ESBLs carrying mutations on the position of 69 have been reported from several class A β-lactamases including PenI of Burkholderia pseudomallei (Sam et al., 2009), SHV (Giakkoupi et al., 1998; Helfand et al., 2002; Monica A. Totir et al., 2006) and TEM (Samy O. Meroueh et al., 2002; Wang et al., 2002b), wherein the substitutions of Cys69 into Tyr or Met69 into Val, Ile, Leu, Tyr, Phe, or Lys conferred resistance to large size CAZ. Although several structural and kinetics studies suggested that such substitutions on Met69 may disrupt, or perturb the oxyanion hole of the active site (Helfand et al., 2002; Wang et al., 2002b; Monica A. Totir et al., 2006), those studies were unable to address the effect of substitution from Cys69 into bulky Tyr or Phe in case of Pen-type β-lactamase in a molecular level. Another NCR-ESBL carrying a mutation on the position of 136(Asn136Asp) has been reported only in PenL, which displays higher MIC values of CAZ than PenL-WT for B. thailandensis (Dobson et al., 2012). PenL (previously called, PenA) from B. thailandensis is a class A β-lactamase, which has been extensively studied with regard to its transition into an extended-spectrum β-lactamase (ESBL). This enzyme can evolve via a simple nucleotide-substitution, deletion, or duplication mutation to an ESBL, which can hydrolyze third-generation cephalosporins, including ceftazidime. Asn136 locating on helix α4 likely stabilizes Ω-loop by forming hydrogen bonds with the backbone of Glu166 (Yi et al., 2016). Note that Glu166 is one of the critical catalytic residues on Ω-loop for substrate binding in many of class A β-lactamases (Drawz and Bonomo, 2010), thereby forming an energetically unfavorable non-proline cis-peptide Glu166 and Xaa167 (Thr167 in PenL, Xaa refer any amino acid on the position as Ambler system). Asn136 is thus crucial for the proper functional orientation of Glu166 proven by the loss of function by substitution of Asn to Ala in the position of 136 of TEM-1 (Banerjee et al., 1998). Therefore, the substitution of Asn136 into Asp in PenL likely disrupts the Ω-loop’s stability, which may affect the substrate specificity of the newly emerged NCR-ESBL. The molecular mechanism of resistance against CAZ by 136 NCR mutation, however, has not been investigated.
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FIGURE 1. NCR-ESBL-associated mutations and their kinetic analysis against CAZ. (A) The overall structure of PenL-WT containing the positions of the NCR-ESBL related mutations (Cys69Tyr and Asn136Asp) with three essential segments (lid, Ω-loop, and β3-β4) and CAZ hydrolysis-associated residues (black dots). (B) Kinetics of CAZ hydrolysis. The rate of CAZ hydrolysis by the two PenL-NCR-ESBLs plateaued, indicating the lower KM value, increased catalytic efficiency Kcat/KM (increased by 3–5-fold, respectively) and enhanced CAZ affinity. Data are averages of triplicate determination in three or four independent experiments from different preparations and presented with standard deviation. The lines are fits of the Michaelis-Menten equation to the data. (C) Chemical structure of ceftazidime (CAZ) and ceftazidime-like glycyl boronic acid (CBA). Negatively charged groups harboring oxyimino moiety are marked with red boxes, and asterisks indicate the acetamido hydroxyl groups (see Supplementary Movie S1).


In this study, we investigated the detailed molecular mechanisms underlying the acquired activity of the two NCR-ESBLs (PenL-Cys69Tyr and PenL-Asn136Asp) from Burkholderia thailandensis against CAZ, which do not directly involve with substrate binding and hydrolysis (Chaibi et al., 1998; Giakkoupi et al., 1998; Dobson et al., 2012; Figure 1A). Our results demonstrate that NCR associated mutations consequently induce the subtle rearrangements on three critical catalytic segments(ensemble) of the PenL, including distortion of the strands β3-β4 and alteration of the electrostatic potentials around the canonical oxyanion hole (Cys69Tyr), enhancement of flexibility of the Ω-loop and increased fluctuation of strands β3-β4 (Asn136Asp). As a result, the substrate-binding cleft of the enzymes is enlarged to accommodate large CAZ.



MATERIALS AND METHODS


Expression and Purification

Genes encoding for PenL-Cys69Tyr and PenL-Asn136Asp were isolated as described previously (Dobson et al., 2012) and sub-cloned into pET28a(+) expression vector. E. coli BL21(DE3)-competent cell strain was used to overexpress PenL-WT, PenL-Cys69Tyr, and PenL-Asn136Asp. Transformed cells were grown in Luria-Bertani (LB) media supplemented with 100 μg/mL of kanamycin at 37°C until the OD600 reached ∼ 0.6 and induced by 0.5 mM of isopropyl-β-D thiogalactopyranoside (IPTG). After an additional 16 h of incubation at 18°C, cells were centrifuged at 5,000 × g and 4°C for 20 min. Cell pellets were resuspended in a buffer containing 50 mM Tris-HCl, pH 7.5, 500 mM NaCl and 10 mM imidazole, supplemented with 0.1 mM phenylmethane sulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and DNase I. The resuspension cocktails were disrupted by high-intensity sonication at 4°C, and the insoluble fractions were separated using high-speed centrifugation (20,000 × g at 4°C for 30 min). The soluble fractions, containing the desired proteins with N-terminal 6 × His-tag, were loaded onto Ni-agarose columns. Unbound proteins were washed out with excess buffer containing 50 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 20 mM imidazole. PenLs were eluted using the above buffer containing 250 mM imidazole. To remove the N-terminal 6 × His-tag, the eluted fractions were pulled and dialyzed against the buffer containing 20 mM Tris-HCl, 150 mM NaCl, and 2 mM CaCl2, pH 7.5, followed by treatment with 10 U of human α-thrombin (HTI, United States) per 1 mg/mL protein. PenLs were further purified via size-exclusion chromatography using a HiLoad 16/60 Superdex 200 pg column (GE Healthcare, United States) saturated with buffer (20 mM Tris-HCl, pH 7.5, and 50 mM NaCl).



Crystallization and Structural Analysis

The purified PenL-Cys69Tyr and PenL-Asn136Asp were concentrated to 10 μg/μl using a 10,000 Da cut-off Vivaspin centrifugal concentrator (Sartorius). Crystallization was carried out using the hanging drop vapor diffusion method by mixing a 1.2 μl protein sample with a 1.2 μl reservoir solution. Initial screenings were set up using commercial crystallization kits obtained from Hampton (USA) and Rigaku (Japan). Crystals of PenL-Cys69Tyr were grown in a solution containing 200 mM sodium acetate trihydrate and 20% (w/v) polyethylene glycol 3,350 at 4°C. By contrast, crystals of PenL-Asn136Asp were grown in a solution consisting of 100 mM sodium acetate at pH 5.0, 200 mM sodium chloride, and 25% (w/v) polyethylene glycol 3,350 at 20°C. Crystals were transferred to the cryo-solutions comprising a growth solution supplemented with 15–20% glycerol for 30 s, followed by flash-freezing via immersion in liquid nitrogen.

To determine the complex structure of PenL-Cys69Tyr and PenL-Asn136Asp with ceftazidime-like glycylboronate (CBA), the cryo-solutions were supplemented with 2 mM CBA, followed by soaking crystals overnight at 4°C before flash-freezing. All the crystals were diffracted at a maximum of ∼1.3 Å resolution. X-ray diffraction and data collection were performed at Pohang Light Source (PLS) beamline 5C (Pohang, South Korea) using the ADSC Q315r CCD detector. Collected data were indexed, integrated, and scaled using HKL2000 (HKL Research Inc.). The structure of the two PenL variants was determined via molecular replacement using MolRep (Abergel, 2013) and the structure of PenL-WT (PDB code 5GL9) (Yi et al., 2016) as a reference model. The refinement was carried out with Refmac5 (Murshudov et al., 1997) and phenix.refine (Afonine et al., 2012; Echols et al., 2014). The coordinates and restraints of CBA were generated by eLBOW, and manually fitted to mFo-Fc map employing Coot (Emsley and Cowtan, 2004). Details of data diffraction and structural refinement are shown in Supplementary Table S1.



Determination of Kinetic Parameters

Because of its poor spectroscopic property, ceftazidime (CAZ) can only be measured at a maximum of ∼100 μM. Therefore, appropriate amounts of purified enzymes were mixed with various CAZ concentrations ranging from 5 to 100 μM in a reaction buffer comprising 50 mM potassium phosphate at pH 7.0 supplemented with 20 μg/mL of bovine serum albumin. The absorbance at 260 nm was immediately monitored at 25°C using a cuvette holder temperature controller. The initial velocity of PenL-WT was measured during the first 10 s using a standard procedure, and the velocities (v) were fitted to the Michaelis-Menten equation (Supplementary Information). The first-order persistence of reaction by PenL-WT prevented the calculation of KM and kcat within the experimental setup range; however, the catalytic efficiency can be estimated by reciprocal plotting, in which the slope of the regression curve is kcat/KM. Data fittings were carried out using in-house Python scripts with the power of SciPy (Oliphant, 2007) library for parameter estimation, and Matplotlib (Hunter, 2007) module for data visualization.



Molecular Dynamics Simulation

PenL-WT, PenL-Cys69Tyr, and PenL-Asn136Asp were subjected to all-atom molecular dynamics (MD) simulations in explicit solvent using Gromacs 5.0.7 suite (Lemkul et al., 2015) and Gromos96-43a1 force field (Ramos et al., 2019). The coordinate of PenL-WT was obtained from the RCSB Protein Data Bank by fetching the ID 5GL9 (Yi et al., 2016). Molecules were solvated using the TIP3P water model and neutralized with a cubic boundary of 0.10 M of NaCl. Particle mesh Ewald method (Abraham and Gready, 2011) was used to determine the electrostatic interaction of systems, with real space and a van der Waals distance cut-off of 10 Å. After energy minimization by 500-step in steepest descent calculation, systems were heated to 300 K and simulated for 50 ns. The MD trajectory analysis was performed directly in the Gromacs package, and the RMSD and radius of gyration plotted with 100 frame intervals (Supplementary Figure S8).



RESULTS


Biochemical Properties of CAZ Hydrolysis by PenL Wild-Type and NCR-ESBLs

To elucidate the mechanism associated with CAZ hydrolysis by the two PenL NCR-ESBLs (PenL-Cys69Tyr and PenL-Asn136Asp), we first determined their kinetic parameters (Table 1). The two PenL NCR-ESBLs and wild-type PenL (PenL-WT) hydrolyzed CAZ over time in which the CAZ decay was linearly related to time for 10 s (Supplementary Figure S2). Figure 1B illustrates the comparative kinetics of CAZ hydrolysis by the two ESBLs and WT of PenL. The kinetics of CAZ hydrolysis were similar between the two ESBLs, with Vmax and KM values of 156.4 nmol/min per mg and 22.3 μM, respectively, for PenL-Cys69Tyr, and 155.8 nmol/min per mg and 12.5 μM, respectively, for PenL-Asn136Asp. The mutant’s KM values are 30–60 times lower than that of WT (Table 1), indicating that a stable acyl-enzyme complex may be formed after binding in the mutant ESBLs. Although the kcat values of the two PenL-ESBLs were lower than that of PenL-WT, their catalytic efficiency (kcat/KM) was enhanced 3–5-fold compared with that of PenL-WT (Table 1, Figure 1B, and see Supplementary Information). Those biochemical results are likely to correspond to the higher MIC values of CAZ than PenL-WT for B. thailandensis (Dobson et al., 2012). Overall, the changes in kinetic property, primarily with the decreased KM, in the two PenL ESBL variants indicate that the two single substitutions led to alternative substrate recognition for the enzyme. Interestingly, the single mutations at non-canonical regions are involved neither in substrate binding or catalysis.


TABLE 1. Kinetic parameters of ceftazidime hydrolysis.

[image: Table 1]
Next, to examine whether the enhanced CAZ affinity and catalytic efficiency were related to changes in the conformation of PenL-Cys69Tyr and PenL-Asn136Asp, Circular dichroism (CD) spectroscopy was used for comparison with that of wild-type (Supplementary Information). The CD spectra of their respective apo-forms (PenL-Cys69Tyr-apo and PenL-Asn136Asp-apo) showed no significant differences compared with the PenL-WT (Supplementary Figure S3A). However, the CD spectra of the two NCR-ESBLs in the presence of a non-hydrolyzable CAZ analog glycylboronate (CBA) slightly deviated from their apo-forms as well as the PenL-WT-apo form. The degrees of the CD spectral change of the mutants appeared similar to that of WT from CAZ presence. Moreover, the deviations in a spectral difference between the two ESBLs seemed even less than those with CBA, which might result from the rapid hydrolysis of CAZ accompanied by the slight conformational changes (Supplementary Figure S3B). These observations suggested that the conformation of the two NCR-ESBLs was similar to that of PenL-WT; however, the NCR-ESBLs may recognize the substrate CAZ (or CBA) by marginally changing their conformation of the side chain of residues in the active site or recognition ensemble.



Crystal Structures of PenL-Cys69Tyr NCR-ESBLs

To further investigate the conformational changes based on substrate recognition, we delineated four crystal structures of the two PenL NCR-ESBLs: two involving the apo-form and the other two associated with the CBA-bound form (Supplementary Table S1 and Supplementary Figure S4). Consistent with CD spectra, PenL-Cys69Tyr-apo and PenL-Asn136Asp-apo were structurally similar to PenL-WT (PDB ID:5GL9) (Yi et al., 2016) with root-mean-square deviations (RMSDs) of 0.221 and 0.186 Å at their Cα atoms relative to the wild-type, respectively (Figure 2A). In particular, the configurations of the conserved catalytic residues and the catalytic water (W4) associated with hydrolysis coincided with those of PenL-WT (Figures 3B, 2B and Supplementary Figure S5). These similarities suggest that the respective substitution does not structurally alter the active site involved in acylation/diacylation of the β-lactam backbone during hydrolysis (Lamotte-Brasseur et al., 1991; Page, 2008; Brown et al., 2009; Drawz and Bonomo, 2010; Papp-Wallace et al., 2013).


[image: image]

FIGURE 2. Structure of NCR-ESBLs and Cys69Tyr mutation-induced β3-β4 changes. (A) Superposition of structures of the PenL NCR-ESBLs with PenL-WT. The structural similarity over the entire molecule is shown. Typically, the configuration of side chains for catalytic residues is well preserved among the proteins. (B) Comparison of active site between WT and Cys69Tyr variant. The catalytic residues from both proteins coordinate the catalytic waters (W4), which coincide in the active site. (C) Structural changes in β3-β4 of PenL-Cys69Tyr. Replacement of bulky Tyr at 69 increases the flexibility of τηεβ3-β4 loop (∼7.4 Å at Tyr241) by disassembly of β4. The change induces the dislocation of a loop between β5 and α8 (∼10.8 Å at Arg270) and flip Arg275 on the β5-α8 loop toward the substrate-binding region, resulting in expansion of the active site and altered electronic properties of the oxyanion hole. (D) The active site structure of PenL-Cys69Tyr-CBA. Residues on b3 involved in the interaction with CBA, and Tyr105 also move upward for facilitating the entry of large substrate (see also Supplementary Figure S6A). Arg275 keeps its conformation projecting into the oxyanion hole, and Tyr241 moves back to that of WT to some extent.
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FIGURE 3. Electrostatic potential changes in the catalytic cavity of PenL-Cys69Tyr. (A) Electrostatic property of the active site in PenL-WT. (B,C) Electrostatic distribution in the substrate-binding cleft of PenL-Cys69Tyr-apo and CBA-bound form (acylated). Residues such as Tyr69, Se70, Arg104, Glu166, Asn170, Arg275, and W4 catalytic water molecule are actively involved in substrate binding, acylation-deacylation step, and oxyanion hole formation (see Supplementary Movie S2).


Interestingly, the PenL-Cys69Tyr-apo showed structural variation in the β3-β4 strands compared with PenL-WT-apo (Figure 2C). Notably, the C-terminus of β3 and the N-terminus of β4 in PenL-Cys69Tyr-apo were disrupted in three (Thr237 to Asp240) and two (Thr243 to Gly244) residues, respectively. The disruption in the β-strands was apparently induced by the steric hindrance of bulky Tyr69 against the β3-β4 sheet, resulting in enhanced flexibility and dislocation of the loop by 7.4 Å at Tyr241 (Figure 2C). The increased flexibility of the β4 N-terminus in PenL-Cys69Tyr-apo induced a loss of hydrogen bonds with adjacent C-terminus of β5 and subsequently dislocated the β5-α8 loop away from the corresponding position of Pen-WT-apo by 10.8 Å at Arg270 (Figure 2C and Supplementary Movie S1). Since the β3-β4 segment is one of the recognition ensembles, these changes likely expand the active site of the enzyme to accommodate large substrates such as CAZ. The structure of PenL-Cys69Tyr-CBA shows that the residues ranging from Thr237 to Asp240 of β3 mediated substrate recognition, and the loop interacts with the aminothiazole ring and acetamido backbone, rather than the oxyimino group of CBA (Figure 2D). These results suggest that the NCR mutation induced similar effects as in the known canonical ESBLs. For instance, the dislocation of the loop between β3-β4 strands in TEM-52 ESBL (Gly238Ser on β3) enlarged the active site to bind CAZ without further loop extension and with minimal dislocation (∼2.9 Å) (Papp-Wallace et al., 2012). In addition to structural analysis, we calculated the electrostatic distribution on the surface of proteins (Figure 3). Surprisingly, we found a significant change in electrostatic property from negative to positive in the active site of PenL-Cys69Tyr-apo, which has never been reported in ESBLs. Upon distortion of strands β3-β4, the helix α8 was extended by four residues (Ala272-Arg275) (Figure 2C and Supplementary Movie S1). Accordingly, Arg275 rotated 180° to relocate closer to the Thr237 with a distance of ∼6.7 Å (between N atom of Arg275 and backbone N of Thr237) in the Arg220-Asp276-Thr237 cluster, which is critical for substrate binding and hydrolysis (Papp-Wallace et al., 2010, 2012; Figures 2C,D, 3C). The Thr237 residue in the cluster mainly contributed to the oxyanion hole, stabilizing the tetrahedral intermediate formed via nucleophilic attack by catalytic Ser70 (Figures 2C, 3 and Supplementary Figure S5). Note that, based on the established mechanism of β-lactam hydrolysis (Drawz and Bonomo, 2010; Papp-Wallace et al., 2013), the N atom of Ambler residue 237 (i.e., Thr237 in this case) participates in the formation of the oxyanion hole, stabilizing the tetrahedral intermediate of a substrate with class A β-lactamase. Besides the residue 237 in the cluster, Arg220, whose configuration was not changed between PenL-WT and PenL-Cys69Tyr, is directly in close contact with Thr237 (∼4.4 Å) (Figures 2C,D). Remarkably, the Arg275 in the Cys69Tyr mutant positions adjacent to Arg220 within ∼3.6 Å, which may strengthen the positive charge around the oxyanion hole (Supplementary Figure S9C). Consequently, the accumulation of additional basic amino acid (i.e., Arg275) increased the positive electrostatic potential around the oxyanion hole (Figure 3 and Supplementary Movie S2). Notably, due to the presence of two negatively charged groups on CAZ (Figure 1C), the increased net positive charge in the PenL-Cys69Tyr active site may enhance the binding affinity with CAZ, which is consistent with the kinetic data (Table 1). Taken together, the findings indicate that the Cys69Tyr mutation in class A β-lactamase affects the structural interaction between β3–β4 strands and substrate by enlarging the substrate-binding cleft of the enzyme and altering electrostatic property around the oxyanion hole in the active site. These changes in the NCR-ESBL may result in enhanced recognition of large CAZ without affecting the conserved catalytic residues of class A β-lactamases located in the active site for hydrolysis.



Crystal Structure of PenL-Asn136Asp NCR-ESBL

Similar to Cys69, the residue Asn136 is positioned outside the essential catalytic segments and not involved in the catalysis of antibiotics. However, a novel ESBL variant carrying the substitution of Asn136Asp was found only in PenL (Dobson et al., 2012) and also exhibited an increase in CAZ hydrolysis activity (Table 1 and Figure 1B). Asn136 is located proximally to active site cleft so that its side chain forms a hydrogen bond to the backbone of Glu166 on Ω-loop and stabilizes the energetically unfavorable non-proline cis-peptide (Berg et al., 2012) between Glu166-Thr167 (Figure 4A). Notice that Glu166 is a critical catalytic residue that involved in both the activation of the Ser70 and deacylation step in β-lactam hydrolysis (Lamotte-Brasseur et al., 1991; Guillaume et al., 1997; Meroueh et al., 2005; Page, 2008; Drawz and Bonomo, 2010; Papp-Wallace et al., 2013). Asn136 thus appears to be responsible for the proper orientation of Glu166 and Ω-loop. Evidently, the loss of the stabilization by Asn136 (i.e., by mutation Asn136Ala) resulted in the functional deficiency of a class A β-lactamase (Banerjee et al., 1997, 1998). The replacement of Asn136 to aspartate abolishes a hydrogen bond formed with Glu166 in WT (Figure 4A), which probably leads to an increase in Ω-loop flexibility. To our surprise, the structure of PenL-Asn136Asp demonstrates no significant difference in comparison with PenL-WT (Figure 4A). Nonetheless, PenL-Asn136Asp can accommodate the CBA into its active site wherein the conformation does not change substantially (Figure 4C and Supplementary Figure S6). Residue Arg275 also adopts the same configuration as that of the wild-type enzyme, implying no such alteration of electrostatic distribution around active site cleft, as seen in PenL-Cys69Tyr (Figure 4B). However, the large-sized CAZ may bind to the active site with the help of the change in lid segment, although no such considerable distinction between PenL-Asn136Asp and PenL-WT, as well as between PenL-Asn136Asp-apo and PenL-Asn136Asp-CBA, is observed. Two residues, including Arg104 and Tyr105, in the lid of PenL-Asn136Asp-apo, appeared to move away from the active site than WT (Figures 4B,C). In PenL-Asn136Asp-apo, residue Arg104 swung away by ∼4.0 Å from the corresponding position of WT, whereas Tyr105moved upward by ∼1.3 Å. Then, Arg104 returned toward the active site when the CBA bound. Instead, the Tyr105 moved further upward by another 2.0 Å in the CBA bound form (Figure 4, Supplementary Figure S7, and Supplementary Movie S3). These observations indicate that Asn136Asp mutation may affect the conformation of the lid segment to expand the size of the substrate-binding cleft and receive large size CAZ. Interestingly, the changes in the lid resemble that the effects of mutation on Ω-loop propagated into those residues to enlarge and accommodate CAZ (Yi et al., 2016). Therefore, the mutation at 136 may cause the instability of the Ω-loop.
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FIGURE 4. Structure of Asn136Asp NCR-ESBL and changes on lid. (A) Superposition of structures of the PenL-Asn136Asp-apo with WT. The side chain configurations of catalytic residues are superimposed regardless of the mutation. (B) Conformational change on the lid segment. Asp104 and Tyr105 in apo-form were displaced from substrate-binding cleft compared to those in WT, resulting in the expansion of the active site’s size. (C) Structure of PenL-Asn136Asp-CBA. The two residues, including Arg104 and Tyr105, underwent subsequent structural changes upon CBA binding. Moving Arg104 toward CBA (red arrow) and lifting Tyr105 upward further from the active site (red arrow) are likely to provide a large substrate like CAZ with adequate space. However, the β3-β4 and residues that underwent conformational changes in the Cys69Tyr variant remained unchanged (see Supplementary Movie S3 and compare Figure 2).


An interesting question can then be raised here on how the relatively negative CAZ can be attracted to an electrostatically negative substrate-binding cleft of the PenL-Asn136Asp (Supplementary Figure S6) like that of PenL-WT. Taken together with the CD spectra data and kinetic analysis, these observations indicate that the binding of CAZ into the binding site might be governed by latent factors other than the electrostatic attraction, which was not be revealed in the static crystal structure. We thereby suggest two hypotheses. First, the higher degree of freedom would be induced to the Ω-loop of PenL-Asn136Asp due to the loss of one hydrogen bond by the mutation that occurred outside the Ω-loop. Indeed, this effect resembles cases in other class A β-lactamase ESBLs where the stable network on Ω-loop per se was devastated by the substitutions at Ambler position Arg164 or Asp179 located on Ω-loop (Orencia et al., 2001; Wang et al., 2002a). In this case, the resulting enhanced flexible motion of Ω-loop may induce the transient enlargement of active site cleft and facilitate the accommodation of third-generation cephalosporins like CAZ or CTX. Second, the mutation Asn136Asp may create intrinsic dynamic conformers that would efficiently accommodate CAZ. The viewpoint of functional promiscuity in protein conformation has been suggested formerly (Tokuriki and Tawfik, 2009), whereby poorly packed or disordered conformation by an accumulation of single mutations in proteins evolves conformationally diverse structures to adapting novel substrates.



Dynamics in Catalytic Regions of NCR-ESBLs

For the reasons, the molecular dynamics (MD) simulation was therefore conducted to compare the dynamic property of PenL-Asn136Asp with PenL-WT and PenL-Cys69Tyr on the CAZ binding (Figure 5 and Supplementary Figure S8). The MD simulation indicates that the overall structure of PenL-Asn136Asp was stable through a 50 ns trajectory and roughly similar to PenL-WT. However, RMSD at three critical segments of PenL-Asn136Asp, similar to PenL-Cys69Tyr, was higher than PenL-WT and appeared to fluctuate, especially at the lid region (Figure 5 and Supplementary Figure 8). Furthermore, the radius of gyration (Rgyr) plots also demonstrate a potential unfolding of two PenL-ESBLs, in contrast to the sustainable motion of PenL-WT (Figure 5). These observations strongly suggest that PenL-Asn136Asp (and PenL-Cys69Tyr) has a higher tendency for disorder than PenL-WT, which is correlated with the higher adaptability toward CAZ in term of protein dynamism (Tokuriki and Tawfik, 2009). In the molecular view, two regions appeared to involve in the accommodation of the large-size antibiotics followed by the transient disorder. First, the MD results showed the serial propagation of the mutation effect from Ω-loop into the β3-β4 element. The conformations of primary residues, including Asn136, Glu166, reactive Ser170, and the three essential catalytic segments involved in binding, remained unchanged in PenL-WT through MD trajectory (Figure 5A). By contrast, the mutant Asp136 side chain in PenL-Asn136Asp-apo shifted away from the Glu166 backbone of Ω-loop, leading to a large fluctuation of Glu166 (approximately 5.2 Å) and Ser70 (Figures 5B,C, Supplementary Figures S8B,C and Supplementary Movie S4). Surprisingly, the high degree of fluctuation involving the Ω-loop and Ser70 pushed the β3–β4 loop away via steric hindrance with a concurrent breakdown of the hydrogen bond between Asn170 and Asp240, located on the Ω-loop and β3, respectively (Figures 4B, 5C and Supplementary Movie S4). The changes in the regions, which are intensively involved in substrate recognition, may result in the momentary expansion of the active site space and the improvement of CAZ binding, likewise observed from PenL-Cys69Tyr and Ω-loop tandem repeat ESBL of PenL (Yi et al., 2016). Second, the Arg104 residue in PenL-Asn136Asp-apo penetrated the substrate-binding region compared with the Pen-WT, to facilitate the recognition and interaction with acetamido backbone of CBA through hydrogen bonding (Supplementary Figure S6B). Interestingly, the conformation of Arg104 in PenL-Asn136Asp-CBA was similar to those of PenL-Cys69Tyr-apo and -CBA, but further away than PenL-Asn136Asp-apo, suggesting that the entry of Arg104 into the substrate-binding cleft stabilized the acyl-form of PenL-Cys69Tyr via interaction with W5 in CBA (Figure 5C and Supplementary Figure S6). The increased affinity of PenL-Asn136Asp to CAZ also supported this result compared with PenL-WT (Table 1). Besides, Tyr105 in PenL-Asn136Asp-CBA, a well-conserved residue for ligand interaction (Papp-Wallace et al., 2013), was dislocated further way than the PenL-WT and PenL-Asn136Asp-apo (Figures 4C, 5C). Indeed, the side-chain conformation of two residues in PenL-Asn136Asp dislocated further away from the substrate-binding site in crystal structures with respect to those of PenL-Cys69-Tyr and WT (Figure 4 and Supplementary Figure S7). Therefore, the changes involving the lid region may induce momentary expansion of the active site and improve CAZ binding in the PenL-Asn136Asp and PenL-Cys69Tyr as in the canonical ESBLs (Patel et al., 2017).
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FIGURE 5. Dynamics of catalytic regions in PenL-WT and NCR-ESBLs. The dynamics of the representative residues are shown from initial to expanded state with arrows. (A) Dynamics of PenL-WT. Most of the residues are static during simulation except for Arg104 that fluctuates horizontally. (B) PenL-Cys69Try and (C) PenL-Asn136Asp during the 50 ns MD simulation. The dynamics of substrate binding residues and the major catalytic regions, including Ω-loop, β3-β4 strands, and lid in the NCR-ESBLs, enlarge the opening of the substrate-binding active site (see Supplementary Movie S4).




DISCUSSION

We demonstrated that the effects of the two NCR mutations in ESBLs ultimately converged to the recognition ensemble that is one of the catalytic regions. The finding suggests a common evolutionary mechanism underlying the expansion of the substrate spectrum in β-lactamases, i.e., by widening the catalytic cleft for large-size antibiotics with high affinity via changes in local segments regardless of the location of mutations. Further, the electrostatic environment surrounding the oxyanion hole in PenL-Cys69Tyr can be modified by mutations enhancing substrate recognition. Although the Arg275 dislocation in PenL-Cys69Tyr accounts for the enhanced positive charge distribution around oxyanion hole, the Arg’s substantial contribution to the charge transition is still in question due to the quite remote distance (∼6.7 Å) from Thr237 on β3-β4 (Supplementary Figure S9A) and the dynamic fluctuations (Figure 5 and Supplementary Figure S8C). Of the MD simulation frames, several configurations regarding the Arg275 and Arg220 showed an augmented proximity to the active site with ∼4.0 Å and ∼4.4 Å, respectively (Supplementary Figures S9B,C). Furthermore, the disrupted regions (loop) on β3-β4 and β5-α8 (Figure 2C) by the Cys69Tyr mutation moves toward the active site as Arg275 approaches to Thr237, indicating the supply of N atoms nearer to the oxyanion hole (Supplementary Figure S8C). Therefore, the above arrangement of the basic residues and atoms in PenL-Cys69Tyr may induce a strong positive charge in the region around its oxyanion hole, which subsequently attracts the negative moiety-containing substrate, CAZ. The typical oxyanion hole, which is comprised of N atoms of reactive Ser70 and Thr237, and water W6 (Figure 2 and Supplementary Figures S5, S6), is responsible for sustaining the carbonyl group of β-lactam backbone once the β-lactam is attacked by nucleophilic Ser70. Likewise, the tetrahedral intermediate of the substrate in both CBA-bound complex structures of PenL NCR-ESBLs is undoubtedly stabilized by the typical oxyanion hole as well studied in class A β-lactamases.

In addition to Arg275, Arg104 also contributed to the oxyanion hole (Figures 3, 4). For example, Arg104 present in the lid of PenL-Cys69Tyr, protruding into the ligand-binding cleft of the enzyme together with Asn132 and W5, increased the positive charge of the oxyanion hole for further stabilization of the Michaelis complex (Supplementary Figure S7). Interestingly, the mode of interaction of Arg104 in PenL-Cys69Tyr resembled the oxyanion holes in multistep enzymes, such as thiolase (Kursula et al., 2002), which contain a “second oxyanion hole” with basic amino acids and water molecules. PenL-Asn136Asp showed relatively less perturbation of β3-β4, β5-α8, and penetration of Arg104; however, it may have transiently altered the electric potential around the oxyanion hole according to the protein dynamism theory (Tokuriki and Tawfik, 2009; Supplementary Figure S8). Indeed, MD simulations showed that Arg104 in PenL-Asn136Asp fluctuated similarly as in the PenL-Cys69Tyr (Figure 5, Supplementary Figure S8, and Supplementary Movie S4), where the flexible movement of Arg104 could momentarily modulate the electrostatic potential in the potential second oxyanion hole around substrate-binding cleft.

To the best of our knowledge, however, this potential second oxyanion hole has yet to be identified in ESBL catalysis, despite its possible existence in other ESBLs (Shimamura et al., 2002; Chen et al., 2005). The existence of the potential second oxyanion hole in the ESBLs may be attributed to their kinetic behaviors (Merilainen et al., 2009), as well as increased affinity. In other words, the increased affinity of PenL-Cys69Tyr for CAZ may facilitate the acylation step but simultaneously attenuate the deacylation process due to the formation of a stable acyl-enzyme complex, in which Arg104 on the flexible loop could be discharged from the interaction with Asn132 and W6 and subsequently could disrupt the potential “second oxyanion hole” before releasing a product (Figure 3 and Supplementary Figure S6). The precise hydrolytic mechanism of CAZ mediated by NCR-ESBLs, however, needs to be further investigated.

In summary, we have described the structural mechanism underlying the hydrolysis of third-generation cephalosporins by novel NCR-ESBLs. Although the mutations were unconventional in that they occurred outside of the catalytic region for hydrolysis and substrate binding, the class A NCR-ESBLs exhibited altered substrate specificity and carried an expanded active site similar to the canonical class A ESBLs. We believe that the novel substrate-spectrum expansion mechanism of the class A β-lactamases described in this study will significantly enhance the current knowledge of the evolutionary trends of ESBLs against new antibiotics. Furthermore, from a practical perspective, such information will be crucial for developing novel and useful inhibitors or antibiotics targeting various class A ESBLs, including emerging NCR-ESBLs.
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7,3′,4′-Trihydroxyisoflavone, a Metabolite of the Soy Isoflavone Daidzein, Suppresses α-Melanocyte-Stimulating Hormone-Induced Melanogenesis by Targeting Melanocortin 1 Receptor
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7,3′,4′-Trihydroxyisoflavone (7,3′,4′-THIF) is a metabolite of daidzein which is a representative isoflavone found in soybean. Recent studies suggested that 7,3′,4′-THIF exerts a hypopigmentary effect in B16F10 cells, however, its underlying molecular mechanisms and specific target protein remain unknown. Here, we found that 7,3′,4′-THIF, but not daidzein, inhibited α-melanocyte-stimulating hormone (MSH)-induced intracellular and extracellular melanin production in B16F10 cells by directly targeting melanocortin 1 receptor (MC1R). Western blot data showed that 7,3′,4′-THIF inhibited α-MSH-induced tyrosinase, tyrosinase-related protein-1 (TYRP-1), and tyrosinase-related protein-2 (TYRP-2) expressions through the inhibition of Microphthalmia-associated transcription factor (MITF) expression and cAMP response element-binding (CREB) phosphorylation. 7,3′,4′-THIF also inhibited α-MSH-induced dephosphorylation of AKT and phosphorylation of p38 and cAMP-dependent protein kinase (PKA). cAMP and Pull-down assays indicated that 7,3′,4′-THIF strongly inhibited forskolin-induced intracellular cAMP production and bound MC1R directly by competing with α-MSH. Moreover, 7,3′,4′-THIF inhibited α-MSH-induced intracellular melanin production in human epidermal melanocytes (HEMs). Collectively, these results demonstrate that 7,3′,4′-THIF targets MC1R, resulting in the suppression of melanin production, suggesting a protective role for 7,3′,4′-THIF against melanogenesis.

Keywords: 7, 3′, 4′-Trihydroxyisoflavone, α-MSH, melanogenesis, depigmentation, melanocortin 1 receptor


INTRODUCTION

Melanin, synthesized in human melanocytes, plays an important role in protecting the skin from the harmful effects of ultraviolet (UV) radiation (Solano et al., 2006; Park et al., 2009). However, the accumulation of abnormal melanin can cause skin pigmentary disorders such as melasma, freckles and age spots and senile lentigines (Briganti et al., 2003).

The primary cause of hyperpigmentation is known to be exposure of the skin to UV radiation (Park et al., 2009). When exposed to UV radiation, keratinocytes secret α-melanocyte stimulating hormone (MSH). α-MSH stimulates melanocortin 1 receptor (MC1R) and subsequently induces intracellular cAMP production in melanocytes (Solano et al., 2006; Yamaguchi and Hearing, 2009; Gillbro and Olsson, 2011). Elevation of intracellular cAMP stimulates transcriptional factors such as microphthalmia-associated transcription factor (MITF) and cAMP response element-binding protein (CREB) via the cAMP-dependent protein kinase (PKA) and p38 MAPK signaling pathways (Busca and Ballotti, 2000; Smalley and Eisen, 2000; Tada et al., 2002; Saha et al., 2006; Solano et al., 2006; Yamaguchi and Hearing, 2009; Gillbro and Olsson, 2011). In contrast, inhibition of AKT signaling by cAMP blocks MITF degradation (Bellei et al., 2008; Jin et al., 2011). Consequently, the expression of melanogenic enzymes including tyrosinase and tyrosinase-related proteins (TYRPs) is upregulated, resulting in hyperpigmentation (Goding and Fisher, 1997; Sato et al., 1997; Yasumoto et al., 1997). Therefore, suppression of the MC1R signaling pathway may protect strategy against skin hyperpigmentation.

Epidemiologic studies have shown that the dietary consumption of soy may contribute to a reduced the risk of hyperpigmentation and several compounds found in soy have been studied in terms of their ability to promote skin health (Leyden and Wallo, 2011). Previous studies suggested that genistein induces cellular melanin synthesis and enhances tyrosinase activity (Yan et al., 1999). Whereas, daidzein isolated from Maackia fauriei inhibited tyrosinase activity, but the effect was weak (Kim et al., 2010). Unlike genistein, daidzein (Figure 1A) is converted to 7,3′,4′-trihydroxyisoflavone (7,3′,4′-THIF or 3′-hydroxydaidzein, Figure 1B) and other compounds in human liver microsomes (Kulling et al., 2001), which can lead to bioactivation. Recently, previous studies have reported that 7,3′,4′-THIF has a depigmenting effect on melanin production (Lee et al., 2006; Goh et al., 2011). Additionally, 7,3′,4′-THIF was shown to inhibit melanin production more effectively than genistein or daidzein in melan-a cells (Park et al., 2010). However, the underlying molecular mechanisms and specific target protein of 7,3′,4′-THIF remain unknown. Here, we report that 7,3′,4′-THIF attenuates α-MSH-induced melanogenesis by targeting MC1R.


[image: image]

FIGURE 1. Effect of 7,3′,4′-THIF or daidzein on the α-MSH-induced melanin content in B16F10 melanoma cells. (A,B) The chemical structures of daidzein (A) and 7,3′,4′-THIF (B). (C,D) B16F10 cells were treated as described in “Materials and Methods,” and the melanin contents were measured 3 days later. (C) Effects of 7,3′,4′-THIF or daidzein on α-MSH-induced intracellular melanin in untreated control cells (a) and in cells treated with α-MSH (b), α-MSH and 100 μM arbutin (c), α-MSH and 10 μM daidzein (d), α-MSH and 20 μM daidzein (e), α-MSH and 40 μM daidzein (f), α-MSH and 10 μM 7,3′,4′-THIF (g), α-MSH and 20 μM 7,3′,4′-THIF (h), and α-MSH and 40 μM 7,3′,4′-THIF (i). (D) Effects of 7,3′,4′-THIF or daidzein on the α-MSH-induced extracellular melanin level in the culture media of B16F10 melanoma cells. The cells were pretreated with samples at the indicated concentrations (10, 20, or 40 μM) for 1 h before being exposed to α-MSH (100 nM) for 3 days. The secreted melanin levels were determined as described in “Materials and Methods.” Asterisks indicate a significant difference (*p < 0.05; **p < 0.01; ***p < 0.001) compared with α-MSH treated groups.




MATERIALS AND METHODS


Chemicals

7,3′,4′-THIF was purchased from Indofine Chemical Co., Inc. (Hillsborough, NJ, United States). Dulbecco’s modified Eagle’s medium (DMEM), penicillin-streptomycin and 0.5% trypsin-EDTA were obtained from GIBCO§ Invitrogen (Auckland, NZ). Medium 254 and human melanocyte growth supplement (HMGS) purchased from Cascade Biologics (Portland, OR, United States). Fetal bovine serum (FBS), daidzein, α-MSH, arbutin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), gelatin, forskolin and β-actin antibody were purchased from Sigma Chemical Co. (St. Louis, MO, United States). The antibodies against tyrosinase, tyrosinase-related protein 1 (TYRP-1), tyrosinase-related protein 2 (TYRP-2), MITF, phosphorylated PKA α/β/γ (Thr-198), total PKA, MC1R, goat anti-mouse IgG-HRP, goat anti-rabbit IgG HRP, and donkey anti-goat IgG HRP-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Antibodies against phosphorylated Akt (Ser-473), phosphorylated mTOR (Ser-2448), phosphorylated GSK-3β (Ser-9), phosphorylated CREB (Ser-133), phosphorylated MKK3/6 (Ser-189/207), phosphorylated MSK1 (Ser-376), total PI3K, total Akt, total mTOR, total GSK-3β, total CREB, total MKK3/6, total MSK1, and total p38 were purchased from Cell Signaling Technology (Danvers, MA, United States). Antibodies against phosphorylated p38 (Tyr-180/Tyr-182) were purchased from BD Biosciences (San Jose, CA, United States). Skim milk was purchased from MB cell (LA, CA, United States). The cAMP immunoassay was purchased from Cayman (Ann Arbor, MI, United States). CNBr-Sepharose 4B and the chemiluminescence detection kit were purchased from Amersham Biosciences (Piscataway, NJ, United States). The protein assay kit was obtained from Bio-Rad Laboratories Inc. (Hercules, CA, United States). Recombinant MC1R was purchased from Millipore (Bedford, MA, United States).



Cell Culture

The murine melanoma cell line B16F10 was obtained from the Korean Cell Line Bank (Seoul, South Korea). B16F10 cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified atmosphere with 5% CO2. Human epidermal melanocytes (HEMs) derived from moderately pigmented neonatal foreskins were purchased from Cascade Biologics. HEMs were cultured in Medium 254 supplemented with HMGS at 37°C in a humidified atmosphere with 5% CO2.



Cell Viability

B16F10 cells (7 × 103) were cultured in a 96-well plate for 6 h. Cell culture media containing 7,3′,4′-THIF was added at final concentrations of 25, 50, and 100 μM, and then the cells were cultured for 96 h. HEMs (1 × 104) were cultured in a 96-well plate for 6 h. Cell culture media containing 7,3′,4′-THIF was added at final concentrations of 20, 40, and 80 μM, and then the cells were cultured for 72 h. MTT solution (5 mg/mL) were plused 20 μL/well and incubated 2 h. The media were removed and replaced 200 μL of dimethyl sulfoxide (DMSO) per well to dissolve the MTT formazan. After 2 h, absorbance was measured at 570 nm using a microplate reader (Sunrise-Basic Tecan; Grodig, Austria).



Fontana-Masson Staining

Intracellular melanin accumulation was visualized by Fontana-Masson staining with a slight modification (Joshi et al., 2007; An et al., 2010). Cells were fixed in 100% ethanol for 30 min at room temperature and stained for melanin using a Fontana-Masson staining kit from American Master∗Tech Scientific, Inc. (Lodi, CA, United States), according to the manufacturer’s instructions. In brief, cells were stained with ammoniacal silver for 60 min at 60°C, followed by incubation in 0.1% gold chloride and then in 5% sodium thiosulfate. Cell morphology and pigmentation were examined under a Nikon phase-contrast microscope (Tokyo, Japan). The images were analyzed using NIS-Elements 3.0 software.



Measurement of the Extracellular Melanin Content

The melanin content was measured using a slight modification of a previously reported method (Eisinger and Marko, 1982; Friedmann and Gilchrest, 1987; Gordon et al., 1989). Briefly, cells (8 × 103) were cultured in a six-well plate for 24 h. The culture media was replaced with the media containing daidzein or 7,3′,4′-THIF at the indicated concentrations (10, 20, or 40 μmol L–1) for 1 h before being exposed to 100 nmol L–1 α-MSH and harvested 3 days later. After treatment, media were collected and the melanin levels therein were determined by measuring the absorbance at 405 nm using an ELISA reader.



Western Blotting

B16F10 cells (1.5 × 104) were cultured in a 6 cm dish for 48 h then starved in serum-free medium for an additional 24 h to eliminate the influence of FBS on kinase activation. HEMs (9.6 × 104) were cultured in 9 cm dish for 6 days. The culture media was replaced with the media containing 7,3′,4′-THIF (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH for 3 days. The harvested cells were disrupted and the supernatant fractions were boiled for 5 min. The protein concentration was determined using a dye-binding protein assay kit (Bio-Rad Laboratories Inc.), as described in the manufacturer’s manual. Lysate protein (20–40 μg) was subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to a polyvinylidene fluoride membrane (Millipore). After blotting, the membrane was incubated with primary antibodies at 4°C overnight. After hybridization with secondary antibodies, the protein bands were visualized using an ECL plus Western blotting detection system (AmershamTM, Piscataway, NJ, United States). The relative intensities were quantified by Image J program.



cAMP Immunoassay

cAMP levels were measured using a cAMP immunoassay kit (Cayman). Briefly, B16F10 cells were treated with 7,3′,4′-THIF (10, 20, or 40 μM) for 1 h before being exposed to 1 μM forskolin for 30 min. Next, the cells were lysed in 0.1 M HCl to inhibit phosphodiesterase activity. The supernatants were then collected, neutralized, and diluted. After neutralization and dilution, a fixed amount of cAMP conjugate was added to compete with cAMP in the cell lysate for sites on rabbit polyclonal antibodies immobilized on a 96-well plate. After washing to remove excess conjugated and unbound cAMP, substrate solution was added to the wells to determine the activity of the bound enzyme. The color development was then stopped, after which the absorbance was read at 415 nm. The intensity of the color was inversely proportional to the cAMP concentration in the cell lysate.



In vitro and ex vivo Pull-Down Assays

Recombinant MC1R (25 μg) or a B16F10 cellular supernatant fraction (1,000 μg) was incubated with 7,3′,4′-THIF-Sepharose 4B beads (or Sepharose 4B alone as a control) (100 μL, 50% slurry) in reaction buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Non-idet P-40, 2 μg/mL bovine serum albumin, 0.02 mM PMSF, and 1 × protease inhibitor mixture]. After incubation with gentle rocking overnight at 4°C, the beads were washed five times with buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Non-idet P-40, and 0.02 mM PMSF], and the proteins bound to the beads were analyzed by immunoblotting.



α-MSH and 7,3′,4′-THIF Competition Assay

B16F10 cellular supernatant fraction (1,000 μg) was incubated with 100 μL of 7,3′,4′-THIF-Sepharose 4B beads or 100 μL of Sepharose 4B in a reaction buffer (see in vitro and ex vivo pull-down assays) for 24 h at 4°C, and α-MSH (0.1, 1, 10, or 100 μM) was added to a final volume of 500 μL and incubated for 24 h. The samples were washed, and proteins were then detected by western blotting.



Molecular Modeling and Energy Minimization

To investigate the detailed molecular basis of MC1R inhibition by 7,3′,4′-THIF, modeling study with 7,3′,4′-THIF and MC1R was performed twice. First, the sequence based search showed that MC1R has a similarity of 47% with a MC4R theoretical model (PDB entry: 2IQP) (Pogozheva et al., 2005), then the MC1R structure was built by using Prime v3.2 from Schrödinger suite 2013 (Jacobson et al., 2002, 2004) based this MC4R theoretical model, the loops of the MC1R homology structure were refined and minimized for docking studying. 7,3′,4′-THIF and daidzein were prepared under LigPrep with default parameter. The grid for docking was generated based on the binding sites that were predicted by SiteMap, finally, Flexible docking was performed in the extra precision (XP) mode. The number of poses per ligand was set to 10 in the post-docking minimization. Second, the sequence regions for the catalytic domains in human MC1R were identified using the PFAM profile database. Unfortunately, no experimental structure exists for the human MC1R. Therefore, models of the catalytic domains in human MC1R were built by homology modeling using closest templates available in the protein data bank (PDB). A BLAST search against the PDB identified the X-ray crystal structures 1CJK and 1AB8 with 67.8 and 38.8% sequence identity, respectively. After a careful multiple-sequence alignment with ClustalW V2.1, 100 models were generated with Modeller V9.10 (Sali and Blundell, 1993; Thompson et al., 1994). The modeled regions were 1-282 (MC1R). The best model, according to the intrinsic Modeller DOPE function, was chosen for docking studies (Krivov et al., 2009). Stereochemistry was assessed with PROCHECK (Laskowski et al., 1996). The stereochemistry of the best model was manually inspected with COOT (Emsley and Cowtan, 2004). Electrostatics calculations were performed with APBS V1.2.1; the molecular surfaces with the electrostatics properties (blue: positive charges; red: negative charges, with unit + 5/-5 kT/e) were rendered using VMD V1.8.9 and PyMOL V1.5 (Oberoi and Allewell, 1993; Holst et al., 1994; Wallace et al., 1995; Trott and Olson, 2010).



Docking

Prior to the docking calculation, the missing hydrogen atoms on the receptor were added using PDB2PQR in conjunction with the CHARMm force field (Oberoi and Allewell, 1993). AutoDock Vina was used to perform the dockings (Trott and Olson, 2010). Ligands were prepared with Spartan’10 (Wavefunction, Inc.) and the scripts provided by the AutoDock tools (v1.5.4 r29). The docking grid sizes and positions were set using AutoDock. The grid dimensions were large enough to cover the whole biological unit and centered onto previously defined relevant catalytic and biological areas. The grid size was 26 × 28 × 30 Å (MC1R). In MC1R, the loop region closing the receptor (a.a. 155–163) was set as the flexible region for docking. The lowest docking energy and predicted free binding energy for each compound were retained. These energies were used to sort the VLS results. Top docking solutions were manually inspected using COOT and PyMOL V1.5 to verify and confirm their compatibility with existing knowledge on the receptor (e.g., active site location, binding pockets, and conserved amino acid residues potentially involved in binding).



Model Analysis and Validation

The models were analyzed using Ligplot (Wallace et al., 1995). Confirmation of the interaction maps was performed manually by visual inspection of the models in COOT (Emsley and Cowtan, 2004).



Statistical Analysis

Where applicable, the data are expressed as means ± SD; Student’s t-test was used for single statistical comparisons. A probability value of p < 0.05 was used as the criterion for statistical significance.



RESULTS


Effect of 7,3′,4′-THIF and Daidzein on the α-MSH-Induced Melanin Content in B16F10 Melanoma Cells

To investigate the whitening effect of 7,3′,4′-THIF and daidzein, we first examined the melanin content in B16F10 melanoma cells using Fontana-Masson staining and a melanin content assay. 7,3′,4′-THIF showed cytotoxicity at 50 μM concentration when treated in B16F10 for 96 h, and 7,3′,4′-THIF were incubated with B16F10 under non-cytotoxic conditions for all experiments (Supplementary Figure S1). Treatment with 7,3′,4′-THIF, but not daidzein, significantly reduced the intracellular melanin content of B16F10 cells in a dose-dependent manner (Figures 1Cg–i). Consistent with this, 7,3′,4′-THIF inhibited the α-MSH-induced extracellular melanin content in a dose-dependent manner (Figure 1D). Additionally, 7,3′,4′-THIF lightened the color of the extracellular culture media to a greater degree than did arbutin, a well-known whitening agent. In contrast, daidzein had no effect on the α-MSH-induced extracellular melanin content at all indicated concentrations (Figure 1D). These results suggest that 7,3′,4′-THIF, but not daidzein, exerts a strong depigmenting effect on B16F10 cells.



Effect of 7,3′,4′-THIF on the Expression of Melanogenic Enzymes and CREB Phsphorylation

Tyrosinase, TYRP-1, and TYRP-2 play important roles in melanogenesis (Park et al., 2009; Yamaguchi and Hearing, 2009; Gillbro and Olsson, 2011). Thus, we examined whether 7,3′,4′-THIF could suppress tyrosinase expression. 7,3′,4′-THIF suppressed α-MSH-induced tyrosinase, TYRP-1 and TYRP-2 expression in B16F10 cells (Figure 2A). Because α-MSH induces tyrosinase and TYRP expression mainly through cAMP/PKA signaling and subsequently induces both MITF expression and CREB phosphorylation, we next investigated whether 7,3′,4′-THIF inhibited MITF expression and CREB phosphorylation. 7,3′,4′-THIF strongly suppressed α-MSH-induced MITF expression and CREB phosphorylation (Figure 2B), suggesting that the whitening effect of 7,3′,4′-THIF is mediated by the suppression of melanogenic protein expression in B16F10 cells.
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FIGURE 2. Effect of 7,3′,4′-THIF on melanogenic protein expression in B16F10 melanoma cells. (A) 7,3′,4′-THIF suppressed tyrosinase and TYRP-1 but not TYRP-2 expression in B16F10 melanoma cells. To determine the expression of melanogenic enzymes, the cells were pretreated with 7,3′,4′-THIF at the indicated concentrations (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH for 3 days. (B) 7,3′,4′-THIF suppressed MITF transcription factor expression and the phosphorylation of CREB in B16F10 melanoma cells. To examine transcription factor expression, the cells were pretreated with 7,3′,4′-THIF at the indicated concentrations (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH for 3 days or 30 min. The levels of indicated proteins were determined by Western blot analysis, as described in “Materials and Methods,” using specific antibodies. The data are representative of more than two independent experiments that gave similar results. Asterisks indicate a significant difference (*p < 0.05; **p < 0.01; ***p < 0.001) compared with α-MSH treated group.




Effects of 7,3′,4′-THIF on α-MSH-Mediated Signal Pathways

Previous studies have shown that AKT, MAPK, and PKA signaling is involved in α-MSH-induced melanogenesis and tyrosinase expression in B16F10 cells (Busca and Ballotti, 2000; Smalley and Eisen, 2000; Tada et al., 2002; Saha et al., 2006; Solano et al., 2006; Bellei et al., 2008; Yamaguchi and Hearing, 2009; Gillbro and Olsson, 2011; Jin et al., 2011). Thus, we next investigated the effect of 7,3′,4′-THIF on AKT, MAPK, and PKA signaling. 7,3′,4′-THIF activated the α-MSH-induced dephosphorylation of AKT, mTOR, and GSK3β in B16F10 cells at the concentrations tested (Figure 3A). 7,3′,4′-THIF also suppressed the α-MSH-induced phosphorylation of MKK3/6, p38, and MSK1 in a dose-dependent manner (Figure 3B). Additionally, 7,3′,4′-THIF suppressed the α-MSH-induced phosphorylation of PKA in B16F10 cells at 40 μM (Figure 3C). Taken together, these results indicate that 7,3′,4′-THIF inhibits tyrosinase expression by activating AKT signaling and suppressing MAPK and PKA signaling.
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FIGURE 3. Effect of 7,3′,4′-THIF on the α-MSH-induced dephosphorylation of AKT signaling or phosphorylation of p38 and PKA signaling in B16F10 melanoma cells. (A) 7,3′,4′-THIF activated the α-MSH-induced dephosphorylation of AKT. Cells were treated with 7,3′,4′-THIF (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH and harvested 1 h later. (B) 7,3′,4′-THIF inhibited the α-MSH-induced phosphorylation of p38. Cells were treated with 7,3′,4′-THIF (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH and harvested 15 min later. (C) 7,3′,4′-THIF inhibited the α-MSH-induced phosphorylation of PKA. Cells were treated with 7,3′,4′-THIF (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH and harvested 15 min later. The cells were disrupted and the levels of phosphorylated and total proteins were determined by Western blot analysis, as described in section “Materials and Methods,” using specific antibodies against the respective phosphorylated and total proteins. The data are representative of three independent experiments that gave similar results. The levels of indicated proteins were determined by Western blot analysis, as described in section “Materials and Methods,” using specific antibodies. The data are representative of more than two independent experiments that gave similar results. Asterisks indicate a significant difference (*p < 0.05; **p < 0.01; ***p < 0.001) compared with α-MSH treated group.




Binding of 7,3′,4′-THIF to MC1R

We next investigated whether 7,3′,4′-THIF affected adenylyl cyclase, an upstream effector of the AKT, MAPK, and PKA cascades. After the stimulation of MC1R by α-MSH, adenylyl cyclase converts ATP to cAMP, resulting in the activation of downstream signaling pathways (Solano et al., 2006; Yamaguchi and Hearing, 2009; Gillbro and Olsson, 2011). Therefore, to identify the effect of 7,3′,4′-THIF on the intracellular cAMP level, we performed a cAMP immunoassay using forskolin, a direct activator of adenylyl cyclase. At 40 μM, 7,3′,4′-THIF reduced the forskolin-induced intracellular cAMP level by up to 23.8% (Figure 4A). These results indicate that the inhibition of tyrosinase expression by 7,3′,4′-THIF involves the inhibition of intracellular cAMP formation and adenylyl cyclase activity.
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FIGURE 4. Binding of 7,3′,4′-THIF to MC1R. (A) 7,3′,4′-THIF reduced the forskolin-induced cAMP level in B16F10 melanoma cells. The intracellular cAMP level was determined by a cAMP immunoassay as described in section “Materials and Methods.” The results are expressed as the cAMP level relative to the forskolin-treated control. All data are presented as the mean ± SD of three independent determinations. Asterisks (*) indicate a significant difference (p < 0.05) compared with the forskolin-treated group. (B) 7,3′,4′-THIF binds MC1R directly in vitro and ex vivo. MC1R-7,3′,4′-THIF binding was confirmed by immunoblotting using antibodies against human MC1R (upper panel) or mouse MC1R (lower panel). Lane 1 (input control), human MC1R protein standard or whole B16F10 cell lysates; lane 2 (negative control), Sepharose 4B was used to pull-down MC1R, as described in section “Materials and Methods,” or a B16F10 cell lysate precipitated with Sepharose 4B beads; and lane 3, 7,3′,4′-THIF-Sepharose 4B affinity beads were used to pull-down MC1R or whole B16F10 cell lysates precipitated with 7,3′,4′-THIF-Sepharose 4B affinity beads. (C) Daidzein did not bind with MC1R in vitro and ex vivo. MC1R-daidzein binding was confirmed by immunoblotting using antibodies against human MC1R (upper panel) or mouse MC1R (lower panel). Lane 1 (input control), human MC1R protein standard or whole B16F10 cell lysates; lane 2 (control), Sepharose 4B was used to pull-down MC1R, as described in section “Materials and Methods,” or a B16F10 cell lysate precipitated with Sepharose 4B beads; and lane 3, daidzein-Sepharose 4B affinity beads were used to pull-down MC1R or whole B16F10 cell lysates precipitated with daidzein-Sepharose 4B affinity beads. (D) 7,3′,4′-THIF binds to MC1R competitively with α-MSH. B16F10 cellular supernatant fraction (1,000 μg) was incubated with α-MSH at the concentrations indicated (0, 0.1, 1, 10, or 100 μM) and 100 μL of 7,3′,4′-THIF-Sepharose 4B or Sepharose 4B (as a negative control) in a reaction buffer to a final volume of 500 μL. The pulled-down proteins were detected by western blot analysis as described in “Materials and Methods”: lane 1 (input control), whole B16F10 cell lysates; lane 2 (negative control), indicating that neither MC1R binds with Sepharose 4B and lane 3 is the positive control, which indicates that MC1R binds with 7,3′,4′-THIF-Sepharose 4B. Each experiment was performed three times; representative blots are shown. Asterisks indicate a significant difference.


Accumulating data suggest that adenylyl cyclase or MC1R is the potential molecular target of 7,3′,4′-THIF, and that binding results in the inhibition of melanogenesis and tyrosinase expression. To confirm whether 7,3′,4′-THIF binds directly to MC1R, we performed an in vitro and ex vivo pull-down assay using 7,3′,4′-THIF-conjugated and non-conjugated Sepharose 4B beads. MC1R (Figure 4B and Supplementary Figure S2A, lane 3) bound to the 7,3′,4′-THIF-Sepharose 4B beads, but not to the non-conjugated Sepharose-4B beads (Figure 4B and Supplementary Figure S2A, lane 2), revealing that 7,3′,4′-THIF binds MC1R directly in vitro and ex vivo. However, daidzein did not bind to MC1R both in vitro and ex vivo (Figure 4C and Supplementary Figure S2B). The binding ability of 7,3′,4′-THIF with MC1R was altered in a concentration-dependent manner in the presence of α-MSH (Figure 4D), suggesting that 7,3′,4′-THIF competes with α-MSH for binding with MC1R. These results suggest that 7,3′,4′-THIF is an α-MSH-competitive inhibitor for suppressing MC1R activation. Computer modeling study also revealed that 7,3′,4′-THIF but not daidzein easily docked to the α-MSH-binding site of MC1R (Figure 5 and Table 1).
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FIGURE 5. Modeling study of MC1R binding to 7,3′,4′-THIF and daidzein. (A–D) 7,3′,4′-THIF binding with MC1R. 7,3′,4′-THIF binding (shown as stick) with MC1R formed hydrogen bonds (yellow dash line) at Glu94 and Leu106 (A–C). Ligand interaction diagram of 7,3′,4′-THIF binding with MC1R (D). The hydroxyl group at the 3’ position of 7,3′,4′-THIF binding with MC1R, formed hydrogen bonds (yellow dash line) with the backbone oxygen of Gly239 and the backbone nitrogen of Lys243 in the MC1R pocket. (E,F) Modeling study of MC1R binding to daidzein. Daidzein binding (shown as stick) with MC1R, formed hydrogen bonds (yellow dash line) at Leu106 (E) Ligand interaction diagram of daidzein binding with MC1R (F).



TABLE 1. Predicted docking energy.
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Effect of 7,3′,4′-THIF on α-MSH-Induced Melanin Synthesis in HEMs

We next investigated the whitening effect of 7,3′,4′-THIF and daidzein on HEMs. 7,3′,4′-THIF at a concentration of 80 μM maintained cell viability above 80% for 72 h in HEMs (Supplementary Figure S3). 7,3′,4′-THIF, but not daidzein, significantly reduced the intracellular melanin content of HEMs in a dose-dependent manner (Figure 6A). It was also necessary to verify the mechanisms of 7,3′,4′,-THIF on melanogenesis in the human cells. 20 and 40 μM of 7,3′,4′-THIF significantly reduced α-MSH-induced tyrosinase expression in HEMs (Figure 6B). Furthermore, α-MSH-induced PKA phosphorylation was downregulation in HEMs cultured with 40 μM of 7,3′,4′-THIF, and phosphorylation of Akt inhibited by α-MSH treatment was partially ameliorated by 7,3′,4′-THIF treatment (Figure 6C). 7,3′,4′-THIF also slightly decreased the phosphorylated p38, but the level of p38 also showed a tendency to decrease, showing an increasing phospho-/total- form ratio. These results indicate that 7,3′,4′-THIF could exert the same depigmenting effect in both murine melanoma cells and human melanocytes.
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FIGURE 6. Effect of 7,3′,4′-THIF and daidzein on the α-MSH-induced melanogenesis of HEMs. (A) Effects of 7,3′,4′-THIF on α-MSH-induced intracellular melanin in untreated control cells (a) and in cells treated with α-MSH (b), α-MSH and 100 μM arbutin (c), α-MSH and 10 μM daidzein (d), α-MSH and 20 μM daidzein (e), α-MSH and 40 μM daidzein (f), α-MSH and 10 μM 7,3′,4′-THIF (g), α-MSH and 20 μM 7,3′,4′-THIF (h), and α-MSH and 40 μM 7,3′,4′-THIF (i). (B) 7,3′,4′-THIF suppressed tyrosinase in HEMs. To determine the expression level, the cells were pretreated with 7,3′,4′-THIF at the indicated concentrations (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH for 3 days. (C) Effect of 7,3′,4′-THIF on the α-MSH-regulated phosphorylation of AKT, p38 and PKA. Cells were treated with 7,3′,4′-THIF (10, 20, or 40 μM) for 1 h before being exposed to 100 nM α-MSH and harvested 0.5 h later. The cells were disrupted and the levels of phosphorylated and total proteins were determined by Western blot analysis, as described in section “Materials and Methods,” using specific antibodies against the respective phosphorylated and total proteins. The data are representative of more than two independent experiments that gave similar results. Asterisks indicate a significant difference (*p < 0.05; **p < 0.01; ***p < 0.001) compared with α-MSH treated group.




DISCUSSION

Soybean, one of the most important foods in Asia, is important as a source of protein, as well as an important source of isoflavone (Genovese et al., 2007). In particular, genistein and daidzein are major active compounds of soybeans and their many pharmacological activities have been known. The isoflavones are metabolized in the body, which requires evaluation of physiological activity in the form of their metabolites. 7,3′,4′-THIF is considered one of the main oxidized metabolites of daidzein (Heinonen et al., 2003). Recently, 7,3′,4′-THIF, a metabolite of daidzein, was reported to have beneficial effects on hypopigmentation. Previous studies showed that 7,3′,4′-THIF inhibits melanin production in melan-a (Yan et al., 1999) and B16 melanoma (Goh et al., 2011) cells. Although accumulating evidence suggests that 7,3′,4′-THIF can inhibit hyperpigmentation, the underlying molecular mechanisms and its specific target protein have not been reported yet. Here, we report the marked depigmentation effect of 7,3′,4′-THIF on α-MSH-induced hyperpigmentation and suggest the underlying molecular mechanism and targets.

To determine the effect of 7,3′,4′-THIF on α-MSH-induced melanogenesis, we first investigated its effect on intracellular and extracellular melanin levels in B16F10 melanoma cells. 7,3′,4′-THIF, but not daidzein, inhibited α-MSH-induced intracellular and extracellular melanin production in B16F10 cells. These results indicate that 7,3′,4′-THIF plays a more important role than daidzein in the depigmenting effect of soy.

Previous studies have established the role of tyrosinase and/or TYRPs in B16F10 melanoma cells (Goding and Fisher, 1997; Sato et al., 1997; Yasumoto et al., 1997). Upregulation of the level of several melanogenic enzymes, including tyrosinase and TYRPs, promotes melanin synthesis (Goding and Fisher, 1997; Sato et al., 1997; Yasumoto et al., 1997). Additionally, the expression of tyrosinase is primarily regulated by transcription factors such as MITF and CREB. Therefore, the inhibition of MITF and/or CREB leads to the suppression of melanin synthesis through reduced tyrosinase expression (Goding and Fisher, 1997; Sato et al., 1997; Yasumoto et al., 1997). Our results showed that 7,3′,4′-THIF inhibited the α-MSH-induced tyrosinase, TYRP-1, TYRP-2 and MITF expression and CREB phosphorylation. This transcriptional regulation of tyrosinase by 7,3′,4′-THIF was mediated by the activation of AKT and inhibition of p38 and PKA phosphorylation. 7,3′,4′-THIF also inhibited cAMP production by directly binding with MC1R both in vitro and ex vivo, competitively with α-MSH. Taken together, these results indicate that the inhibition of tyrosinase, TYRP-1, and TYRP-2 expression by 7,3′,4′-THIF was attributable to the suppression of MC1R activity. The melanocytes for our western blot data had different treatment times of 7,3′,4′-THIF with α-MSH, depending on the proteins to be confirmed. Induction of tyrosinase, TYRPs, and MITF expression required a relatively long treatment of α-MSH for up to 3 days, and a relatively short treatment time (15–60 min) was required to regulate kinase phosphorylation. This is consistent with the sequence of processes in which the signaling pathways regulated by external stimulation regulate the transcriptional activity of MITF, followed by mRNA regulation, and finally the expression of TYR and TYRPs.

Considering the experimental result showing that 7,3′,4′-THIF binds to MC1R, we carried out modeling study to investigate the binding mode of 7,3′,4′-THIF to MC1R. In the previous study, Prusis et al. (1997) suggested that Glu94 of MC1R has great influence on ligand binding and receptor function. Based on our docking model results, only 7,3′,4′-THIF can bind at Glu94 with binding affinities of -4.31 kcal/mol (Figures 5A–D and Table 1), while daidzein can’t, it formed a hydrogen at Leu106 with binding affinities of -1.1 kcal/mol (Figures 5E,F and Table 1). Additionally, in the another model structure of MC1R complexed with 7,3′,4′-THIF, the hydroxyl group at the 3′ position of 7,3′,4′-THIF can potentially form a hydrogen bond with the backbone oxygen of Gly239 and the backbone nitrogen of Lys243 in the MC1R pocket (Figure 5D). Because of the lack of a hydroxyl group at the 3′ position of daidzein, its interaction with the ligand binding site of MC1R would be weaker than that of 7,3′,4′-THIF; thus, daidzein is unable to effectively inhibit MC1R. These results suggested the possible reasons why only 7,3′,4′-THIF can inhibit the activity of MC1R, but not daidzein. Further investigation using X-ray crystallography to determine the structure of the inhibitor complex will elucidate the exact binding modes of 7,3′,4′-THIF with MC1R. Because primary human melanocytes are physiologically relevant to human skin, they have frequently been used for the in vitro screening of skin-whitening compounds. Consistent with the above result, 7,3′,4′-THIF significantly reduced intracellular melanin production in HEMs.

In summary, 7,3′,4′-THIF, a metabolite of daidzein, more effectively inhibited the α-MSH-induced hyperpigmentation of B16F10 cells than did daidzein. This inhibition is mediated primarily through suppressed MITF expression and CREB phosphorylation, and the subsequent reduced tyrosinase, TYRP-1 and TYRP-2 expressions. 7,3′,4′-THIF inhibited the α-MSH-induced dephosphorylation of AKT and the phosphorylation of p38 and PKA. 7,3′,4′-THIF strongly inhibited the forskolin-induced intracellular cAMP level through binding with MC1R competing with α-MSH. 7,3′,4′-THIF also strongly suppressed α-MSH-induced intracellular melanin production in HEMs. Collectively, these results suggested that MC1R is the potent molecular targets that bind 7,3′,4′-THIF for suppressing hyperpigmentation (Figure 7). These results provide insight into the biological actions of 7,3′,4′-THIF and the molecular basis for the development of new skin whitening agent.
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FIGURE 7. Hypothetical mechanism of the depigmenting activity of 7,3′,4′-THIF.
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The NA23_RS08100 gene of Fervidobacterium islandicum AW-1 encodes a keratin-degrading β-aspartyl peptidase (FiBAP) that is highly expressed under starvation conditions. Herein, we expressed the gene in Escherichia coli, purified the recombinant enzyme to homogeneity, and investigated its function. The 318 kDa recombinant FiBAP enzyme exhibited maximal activity at 80°C and pH 7.0 in the presence of Zn2+. Size-exclusion chromatography revealed that the native enzyme is an octamer comprising a tetramer of dimers; this was further supported by determination of its crystal structure at 2.6 Å resolution. Consistently, the structure of FiBAP revealed three additional salt bridges in each dimer, involving 12 ionic interactions that might contribute to its high thermostability. In addition, the co-crystal structure containing the substrate analog N-carbobenzoxy-β-Asp-Leu at 2.7 Å resolution revealed binuclear Zn2+-mediated substrate binding, suggesting that FiBAP is a hyperthermophilic type-I IadA, in accordance with sequence-based phylogenetic analysis. Indeed, complementation of a Leu auxotrophic E. coli mutant strain (ΔiadA and ΔleuB) with FiBAP enabled the mutant strain to grow on isoAsp-Leu peptides. Remarkably, LC-MS/MS analysis of soluble keratin hydrolysates revealed that FiBAP not only cleaves the C-terminus of isoAsp residues but also has a relatively broad substrate specificity toward α-peptide bonds. Moreover, heat shock-induced protein aggregates retarded bacterial growth, but expression of BAP alleviated the growth defect by degrading damaged proteins. Taken together, these results suggest that the viability of hyperthermophiles under stressful conditions may rely on the activity of BAP within cellular protein repair systems.

Keywords: M38 β-aspartyl peptidase, protein repair, starvation, type-I BAP, hyperthermophile stress responses, keratin degradation, Fervidobacterium islandicum AW-1


INTRODUCTION

Protein homeostasis (proteostasis), a balanced state between folded proteins and protein aggregates, is critical for cellular metabolism, physiology, and normal aging (Hutt and Balch, 2010). To maintain proteostasis, molecular chaperones control the folding of newly synthesized proteins, and the ubiquitin-proteasome system degrades misfolded and damaged polypeptides (Hipp et al., 2019). In eukaryotes, damaged proteins destined for degradation are ubiquitinated and subsequently degraded by the 26S proteasome (Goldberg, 2003). Like the ubiquitin-proteasome pathway in eukaryotes, prokaryotes also degrade abnormal proteins through a quality control network (QCN) consisting of chaperones and proteases (Goldberg, 1972; Mogk et al., 2011). To ensure protein homeostasis, bacteria should monitor the folding of proteins and prevent the accumulation of misfolded proteins via coordinated refolding or degradation (Mogk et al., 2011). Misfolded and abnormal proteins are produced for several reasons, including somatic mutations in genes that result in proteins failing to adopt the native folded structure, errors during transcription or translation, failure of the chaperone machinery, mistakes during the post-translational modification of proteins, and structural modifications caused by environmental changes (heat, oxidative agents, pH, or osmotic conditions), and induction of protein misfolding through seeding and cross-seeding mechanisms (Visick and Clarke, 1995; Moreno-Gonzalez and Soto, 2011). One of the major modifications of proteins is the deamination of asparaginyl or the isomerization of aspartyl residues through a cyclic intermediate, resulting in aspartyl or isoaspartyl (isoAsp) residues that contribute to inactivation, aggregation, and aging of proteins in tissue (Cournoyer et al., 2005). Indeed, isoAsp formation is associated with abnormal functioning of various proteins, including calmodulin, epidermal growth factor, and ribonuclease (Aswad, 1995). The formation of isoAsp can also decrease the biological activity of a protein drug, alter its susceptibility to proteolytic degradation, and induce autoimmunity (Aswad et al., 2000).

Bacteria possess enzymatic repair systems to prevent conformational damage to proteins resulting from proline isomerization, methionine oxidation, and formation of isoAsp residues (Visick and Clarke, 1995). Protein L-isoAsp O-methyltransferase (PIMT), one of the QCN proteins, is found in most archaea and Gram-negative eubacteria, as well as eukaryotes (Ryttersgaard et al., 2002). PIMT minimizes accumulation of atypical isoAsp residues by methylating the free α-carboxyl group of isoAsp residues (Reissner and Aswad, 2003). PIMT-deficient mice accumulate high levels of damaged proteins containing isoAsp residues, resulting in growth retardation and sudden early death (Kim et al., 1997). A similar PIMT protein repair enzyme was identified in the hyperthermophilic bacterium Thermotoga maritima, which grows optimally at 90°C. Accumulation of proteins with altered aspartyl and asparaginyl residues is believed to be detrimental to cell survival at elevated temperatures. The rate of isoAsp residue formation increases 910-fold at 90°C compared with 23°C (Ichikawa and Clarke, 1998); hence, modified or damaged protein (peptide) aggregates should be rapidly digested to prevent cellular damage and to provide a potential nutrient source to support cell survival in harsh environments. However, PIMT alone does not appear to be sufficient to prevent accumulation of protein aggregates due to its low conversion activity (Reissner and Aswad, 2003). Rather, isoAsp peptidase hydrolyzes the peptide bond directly to generate the β-carboxylate group of Asp (Marti-Arbona et al., 2005a), which is more efficient at handling peptides containing isoAsp residues.

The NA23_RS08100 gene encodes M38 β-aspartyl peptidase (BAP) in the feather-degrading bacterium Fervidobacterium islandicum AW-1 (Nam et al., 2002; Lee et al., 2015a). Among 57 genes encoding proteases in this organism, the NA23_RS08100 gene is most highly expressed when cells are grown under starvation conditions (Kang et al., 2020), suggesting that in addition to PIMT, the protein encoded by NA23_RS08100 might be involved in degrading isoAsp peptides under stressful conditions. To gain insight into the biological role of BAP as a QCN protein, we functionally and structurally characterized the protein product of the NA23_RS08100 gene in F. islandicum AW-1.



MATERIALS AND METHODS


Phylogenetic Analysis

A phylogenetic tree was generated using the maximum likelihood method in MEGA X version 10.0.5, based on multiple sequence alignment of M38 β-aspartyl peptidase from Fervidobacterium islandicum AW-1 (FiBAP) and homologs sharing ≥ 40% amino acid sequence identity. A bootstrap consensus tree was inferred from 1,000 replicates. Evolutionary distances were computed using the Poisson correction method and expressed as the number of amino acid substitutions per site. Amino acid sequence alignment was performed using ClustalX software V2.1. Sequence similarities and secondary structure information from aligned sequences were generated using ESPript 3.0 (Robert and Gouet, 2014).



Cloning and Expression of the NA23_RS08100 Gene

Genomic DNA was isolated from F. islandicum AW-1, purified using a genomic DNA extraction kit according to the manufacturer's instructions (Qiagen, Hilden, Germany), and then used as template for PCR amplification. The NA23_RS08100 gene encoding FiBAP was amplified by PCR using forward (5′-GCTAGCATGATAAAAATTATAAAGAACG-3′) and reverse (5′-CTCGAGTCAAAATTCAAAGTTTAAGTTC-3′) primers (underlined sequences represent the restriction sites for NheI and XhoI). The PCR product was digested with NheI and XhoI and cloned into the pET-28a(+) vector (Novagen, San Diego, CA), yielding pET-FiBAP. The resulting plasmid encodes the target gene fused to a 6 × His-tag at the N-terminus. For expression of recombinant FiBAP, E. coli BL21 (DE3) cells transformed with pET-FiBAP were grown at 37°C in 1 L of Luria-Bertani (LB) medium containing kanamycin (50 μg/mL) to an optical density at 600 nm (OD600) of 0.5–0.8. After induction with 1 mM Isopropyl-1-thio-β-D-galactopyranoside (IPTG), cells were grown overnight at 37°C, then harvested by centrifugation (10,000 × g, 20 min, 4°C) and stored at −80°C.



Purification of FiBAP

The harvested cells were resuspended in 20 mM Tris-HCl buffer containing 500 mM NaCl, 5 mM imidazole, and 1 mM phenylmethylsulfonyl fluoride (PMSF) (pH 7.9) and disrupted by sonication. After centrifugation at 10,000 × g for 20 min, the supernatant was heated at 60°C for 30 min then centrifuged at 10,000 × g for 20 min to remove denatured E. coli proteins. The supernatant was applied to Ni2+-affinity resin (10 mL) equilibrated with the same buffer, and His-tagged protein was eluted with 20 mM Tris-HCl buffer containing 500 mM NaCl and 250 mM imidazole. Samples were loaded on a Superdex 200 10/300 GL column (GE Healthcare, USA) equilibrated with 25 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl (Supplementary Table 1). The major fractions were analyzed by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using Coomassie Blue staining.

To monitor the recombinant FiBAP, western blotting was performed using a 6 × His tag monoclonal antibody (ThermoFisher Scientific, USA). Each sample was subjected to 12% SDS-PAGE, electrophoretically transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA), blocked with 5% skim milk in TBST buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) at 4°C overnight, and incubated with horseradish peroxidase-conjugated 6 × His epitope monoclonal antibody (1:1,000 dilution) for 2 h at room temperature. The membranes were then washed three times with TBST buffer for 10 min and were developed using a WESTSAVE Up western blotting detection system (AbFrontier, Seoul, Korea).



Preparation of Recombinant Feather Keratins Expressed in E. coli Cells

Recombinant feather keratins were prepared as described previously (Jin et al., 2017) and used as native substrates. Briefly, E. coli cells expressing recombinant feather keratins were resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 1 mM PMSF, pH 8.0) and disrupted by sonication. After centrifugation at 10,000 × g for 30 min, expressed keratins in the form of inclusion bodies were resuspended in lysis buffer containing 8 M urea and 1 mM PMSF, incubated on ice for 1 h, and centrifuged at 16,000 × g for 30 min. Supernatants were filtered through a 0.45 μm membrane, then applied to a 10 mL Ni-NTA agarose resin column (Qiagen, Germany) equilibrated with lysis buffer containing 8 M urea. Fractions containing unfolded keratins were eluted with 250 mM imidazole, concentrated using an Amicon Ultra-3K device (Millipore, USA), and buffer-exchanged by step-wise dialysis against 50 mM Tris-HCl (pH 8.0) at 4°C. Dialyzed samples were centrifuged at 10,000 × g for 30 min to remove insoluble material, and the resulting supernatants containing refolded keratins were concentrated using an Amicon Ultra-3K device (Millipore).



Enzyme Activity Assay

FiBAP activity was determined by measuring the increase in free amino acids (Rosen, 1957). Reaction mixtures (0.16 mL) containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 8.0), 500 ng/mL enzyme, and 1 mM β-Asp-Leu (β-DL) as a synthetic substrate were incubated at 80°C for 15 min. The reaction was stopped by adding trichloroacetic acid (TCA) reagent. After an additional 15 min incubation at 100°C for color development, followed by cooling on ice, the absorbance was measured at 570 nm. One unit of FiBAP activity was defined as the amount of enzyme that produced 1 μmol of product per min under the assay conditions (U/mg). Additionally, to assess the proteolytic activity of the purified enzyme, we measured the increase in free amino acids using the ninhydrin assay (Rosen, 1957) with casein and gelatin as substrates.



Biochemical Characterization of FiBAP

The temperature dependence of FiBAP activity was measured using the standard protocol but the reaction temperatures was varied from 40 to 98°C. To determine the effect of pH on FiBAP activity, reaction mixtures (0.16 mL) were incubated at 80°C under standard assay conditions but HEPES buffer was replaced by 50 mM sodium acetate buffer (pH 4.0–6.0), HEPES buffer (pH 6.0–8.0), borate buffer (pH 8.0–10.0), or sodium bicarbonate buffer (pH 9.0–10.0). All pH values were adjusted at room temperature, and ΔpKa/ΔTs (in which the latter term is the change in temperature) for each buffer was taken into account when the results were analyzed.

To determine the kinetic parameters, assays were performed in 50 mM HEPES (pH 8.0) containing 1 mM CoCl2, 500 ng/mL enzyme, and 1–32 mM β-DL substrate. Reaction mixtures were incubated for 10 min at 80°C and stopped by cooling on ice. Kinetic parameters were obtained by fitting the empirical data to the Michaelis-Menten equation using Origin 8.0 software.

To analyze the effect of metals, purified FiBAP was treated with 20 mM EDTA at room temperature for 2 h to remove metal ions, followed by overnight dialysis against 20 mM Tris-HCl (pH 7.5) at 4°C with three changes of buffer. The divalent metal ion content of both as-isolated and EDTA-treated samples were determined by high-resolution inductively-coupled plasma mass spectrometry (ICP-MS) on a PlasmaQuad 3 instrument. To assess the effects of various metal ions on FiBAP activity, the EDTA-treated samples were preincubated with 1 mM CoCl2·6H2O, MnCl2·4H2O, MgCl2·6H2O, CaCl2·2H2O, ZnCl2·6H2O, CuCl2·2H2O, FeCl2·6H2O, or NiCl2·6H2O for 15 min at 50°C. The residual activity was measured in triplicate under standard assay conditions.



Crystallization and Structure Determination of FiBAP

Preliminary crystallization trials were performed using purified FiBAP (10 mg/mL) in an appropriate buffer (20 mM Tris-HCl pH 7.4, 50 mM NaCl) mixed with protein crystallization solutions (Hampton Research and Wizard; 1:1 volume ratio) by the hanging drop vapor-diffusion method at 20°C (293 K) as described previously (Lee et al., 2015b). The initial FiBAP crystals were further improved by modifying the Crystal Screen Lite 34 conditions (0.1 M sodium acetate pH 4.6 and 1 M sodium formate). FiBAP was co-crystallized with substrate analog N-carbobenzoxy-β-Asp-Leu (Cbz-β-DL) at a molar ratio of 1:1.2, and crystals of the complex were obtained in modified PEG/Ion screen 2–32 conditions (2% v/v tacsimate pH 5.0, 0.1 M sodium citrate tribasic dihydrate, pH 5.6; 16% w/v polyethylene glycol 3350). Crystals were soaked for 30 s in a cryosolution containing mother liquor plus 20% glycerol, then frozen in liquid nitrogen prior to synchrotron radiation diffraction experiments.

X-ray diffraction data were collected from FiBAP crystals on beamline 7A at the Pohang Light source (Pohang, Korea) using an ADSC Q270 detector, with an oscillation of 1.0° and a 1 s exposure per frame over a 360° range at a wavelength of 0.97934 Å. Crystals of FiBAP with and without β-DL as substrate grown using the above conditions diffracted to 2.6 Å and 2.7 Å, respectively. Diffraction data were processed using the HKL-2000 program (HKL Research Inc.). In the case of the ligand-free structure, molecular replacement (MR) was performed with EcIadA (PDB: 1ONW) as the search model using the CCP4 program MOLREP (Vagin and Teplyakov, 2010). The initial model was further refined using the PHENIX (Afonine et al., 2010) and REFMAC5 (Murshudov et al., 2011) programs to achieve a model with Rwork and Rfree values of 16.9 and 22.1%, respectively. In the case of the Cbz-β-DL-bound FiBAP diffraction dataset, to enhance the overall data quality, two native datasets of equivalent diffraction limits were combined using the Scale_and_Merge function of the PHENIX suite (Adams et al., 2010). MR was performed for the Cbz-β-DL-bound FiBAP structure with the refined crystal structure of ligand-free FiBAP as the search model using the Phaser program (McCoy, 2007). The chemical coordination file for β-DL was built using Coot (Emsley and Cowtan, 2004) and eLBOW (Moriarty et al., 2009). The ligand was fitted into the map, and several rounds of refinement were performed using the REFMAC5 and PHENIX programs, yielding Rwork and Rfree values of 19.7 and 27.5%, respectively. The structures of FiBAP with and without Cbz-β-DL have been deposited in the Protein Data Bank (PDB) under accession codes 7CDH and 7CF6, respectively.



Construction of Leucine Auxotrophic E. coli Mutants

The leucine (Leu) auxotrophic E. coli BL21 (DE3) strain was constructed by deleting the leuB gene encoding 3-isopropyl malate dehydrogenase, which is involved in leucine biosynthesis, by the RED/ET recombination method using a Quick & Easy E. coli Gene deletion kit (Gene Bridges) according to the manufacturer's instructions. A functional cassette flanked with FRT and homology arms was generated by PCR using the FRTPGK-gb2-neo-FRT fragment as a template and primers 5′-AGTTGCAACGCAAAGCTCAACACAACGAAAACAACA-AGGAAACCGTGTGAAATTAACCCTCACTAAAGGGCGG-3′ (forward) and 5′-GTACACAACGTGAGCGTCGAACAAT-TTTTCGTATAACGTCTTAGCCATGATAATACGACTCACT-ATAGGGCTCG-3′(reverse). The kanamycin selection marker was removed by transforming cells with FLP recombinase expression plasmid 706-FLP (Gene Bridges). After selecting mutants lacking the selection marker cassette by streaking each colony on LB agar plates with and without 50 μg/mL kanamycin, deletion of the leuB gene was confirmed by PCR with primers 5′-GCTAACTACAACGGTCGCCGCTTCCACGGCGTC-3′ (forward) and 5′-GGCGCGCAGACCATCGAACGCCTGCGG-TGAGG-3′ (reverse).

For functional complementation of FiBAP, a functional cassette flanked with FRT and homology arms was generated to delete the iadA gene encoding EcIadA using primers 5′-CATTGCTGTCGATCTGGGTTATGCAGCTTATTGTTTAA-CAAGGAGTTACCAATTAACCCTCACTAAAGGGCGG-3′(forward) and 5′-TCAGCCGCCCTTGCGGGCATTCTACG-TCCATTCGGGCGGCTGACAACCGTTAATACGACTCACT-ATAGGGCTCG-3' (reverse). In addition, primers 5′-GTC-GGTCGCTGCCTGGGGACAGCCGAAGTG-3′ (forward) and 5′-CTGAGAGTTGCAGCGGCGTTACCTGGCGG-3′ (reverse) were used to confirm the iadA deletion mutants.



Complementation of iadA Deletion by FiBAP

To monitor the growth phenotypes of the Leu auxotrophic E. coli strains harboring the pET28a-FiBAP and the pET28a-iadA plasmids, each protein-overexpressing strain was streaked on appropriate minimal M9 agar plates containing 50 μg/mL kanamycin and 1 mM IPTG supplemented with different compositions of amino acids (19 amino acids with and without Leu) in the presence and absence of 1.6 mM β-DL. To investigate the effect of heat shock on bacterial growth retardation, each strain was grown at 37°C to an OD600 of 1.2–1.5 in LB medium containing kanamycin (50 μg/mL), and then incubated at 44°C for 0.5 h or longer until cells entered the stationary phase.

To determine the total protein content of soluble (supernatant) and insoluble (pellet) fractions, cells were harvested before (mid-exponential phase) and after (stationary phase) heat treatment. The same amount of cells, as judged by the OD600 value, was resuspended in 50 mM Tris-HCl buffer (pH 8.0) and disrupted by sonication. After centrifugation at 10,000 × g for 30 min, the protein concentration of fractionated samples was determined using the bicinchoninic acid (BCA) assay (Smith et al., 1985), and each subcellular fractions was visualized on the 12% acrylamide gel for SDS-PAGE analysis.



LC-MS/MS Analysis

Keratin hydrolysates were analyzed by reversed-phase HPLC-ESI-MS/MS using a NanoLC-2D Ultra system (Eksigent, Dublin, CA, USA) coupled to a LTQ-XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) in direct injection mode. Briefly, after a 5 μL injection, keratin hydrolysates were loaded onto a reversed-phase ProteoPepII C18 column (5 μm, 300 Å pore size, 0.15 × 25 mm; New Objective IntegraFrit, Scientific Instrument Services, Inc., Ringoes, NJ, USA) and eluted onto a Molex Polymicro Flexible Fused Silica Capillary Tubing (I.D. 75 μm, O.D. 375 μm) at a flow rate of 0.4 μL/min. The gradient consisted of mobile phase A [0.1% formic acid (v/v) in water], mobile phase B [0.1% formic acid (v/v) in acetonitrile], 2% solvent B (0–1 min), 5% solvent B (1–62 min), 35% solvent B (62–65 min), 60% solvent B (65–70 min), and 2% solvent B in A (70–90 min) with a total runtime of 90 min, including mobile phase equilibration.

MS analysis of peptide eluents was performed on a LTQ-XL system (ThermoFisher Scientific) in positive-ion mode with a nano ion spray voltage of 2.3 kV, a scan range of 300–1,800 (m/z), a curtain gas pressure of 20 psi, a nebulizer gas pressure of 6 psi, and an interface heater temperature of 200°C. Full-scan MS spectra were acquired from 35 precursors selected for MS/MS analysis from the 300 to 1,800 m/z range, utilizing a dynamic exclusion of 30 s. The IDA collision energy (CE) parameter script, selecting up to 35 precursors with charge states of +2 to +3, was employed to automatically control the CE.

Data were processed using MSConvert (ProteoWizard). This software converts raw data (.RAW format) into peak lists (.mgf format). The FASTA database employed contained the Gallus gallus keratin sequence, and this afforded the opportunity to employ the target decoy database search strategy (Elias and Gygi, 2007). Data containing both MS and MS/MS information were uploaded into Xcalibar software (ThermoFisher Scientific) and used to generate MS-extracted ion chromatograms (XICs) for each identified peptide. For the MS-GF search, carbamidomethyl (C) was set as a fixed modification and oxidation (M) was set as a variable modification. The peptide tolerance was ±4.0 Da, and the MS/MS tolerance was ±1 Da. The software algorithm simultaneously searched all modifications listed in UniMod (http://www.unimod.org/) (Shilov et al., 2007). False discovery rate (FDR) analysis was also performed using integrated tools in PeptideShaker (CompOmics), which generated.mgf files that were subsequently searched against the current G. gallus keratins SwissProt database using MS-GF.



Differential Scanning Calorimetry (DSC) Measurement

Calorimetric measurements were performed using a VP-DSC microcalorimeter (Microcal Inc., GE Malvern, Worcestershire, UK). All scans were run at pH 7.4 in 10 mM potassium phosphate buffer containing 150 mM NaCl, over a temperature range from 10 to 130°C at a rate of 90°C/h. The cell volume was 0.8 mL. Potassium phosphate buffer was used for baseline scans, and apparent melting temperature (Tm) values of FiBAP (25 μM) were determined.



Analysis of Isoaspartic Acid Residues

An ISOQUANT Isoaspartate Detection Kit (Promega) was used for the detection of isoaspartate (isoAsp) according to the manufacturer's instructions. Each cell lysate (2 μg) from heat-shocked strains was incubated at 30°C for 30 min in the presence of L-isoaspartyl (isoAsp) methyltransferase (PIMT) and S-adenosyl methionine (SAM) in the reaction buffer, and the stop solution was then added to halt the reaction. The reaction mixture (40 μl) was loaded onto a reversed-phase YMC-Triart C18 column (250 × 4.6 mm I.D. S-5 μm, 12 nm) equilibrated with 90% 50 mM potassium phosphate (pH 6.2) and 10% methanol. The amount of isoAsp was determined by quantifying eluted S-adenosyl homocysteine (SAH).




RESULTS


In silico-Based Annotation of the NA23_RS8100 Gene Product

To predict the functional role of the NA23_RS8100 gene product, we performed a BLASTP search using the deduced amino acid sequence to identify homologs. Multiple sequence alignment of the NA23_RS8100 gene product with β-aspartyl peptidases (BAPs) revealed that its amino acid sequence shares high levels of sequence identity with BAP from Fervidobacterium species (≥65%) and other genera including Thermosipho (≥55%), Pseudothermotoga (≥51%), Thermotoga (≥51%), Clostridium (≥49%), Bacillus (≥47%), and Enterococcus (≥49%; Figure 1 and Supplementary Figure 1). In addition, the deduced amino acid sequence of the NA23_RS08100 gene product shares pronounced sequence identity with mesophilic BAPs from Escherichia coli (EcIadA; 39% sequence identity; PDB:1ONW) and Colwellia pshchrerythraea 34H (CpIadA; 41% sequence identity; PDB:5XGW), for which crystal structures are available. Remarkably, all BAP homologs derived from extremophiles belong to the Type I isoaspartyl dipeptidase (IadA) family, members of which possess a conserved Glu residue for metal binding in the active site (Supplementary Figure 1). Moreover, phylogenetic analysis showed that BAP from F. islandicum AW-1 (FiBAP) has a highly close evolutionary relationship with homologs from extremophilic Fervidobacterium and Thermosipho, whereas extremophilic FiBAP has diverged away from the Type II IadAs of mesophiles in the order Enterobacteriales and further away from EcIadA and CpIadA members of the BAP family (Figure 1). These results led us to tentatively conclude that the protein encoded by the NA23_RS8100 gene in F. islandicum AW-1 is β-aspartyl peptidase (subsequently named FiBAP), representing an ancient form of IadA that has diverged from Type II IadA.
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FIGURE 1. Phylogenetic analysis of FiBAP and its homologs. The phylogenetic tree was constructed based on protein sequence alignments of FiBAP and 50 BAP homologs using the maximum likelihood method in MEGA X. Bootstrap values are indicated at the branch points. Red lines indicate BAP derived from hyperthermophilic bacteria. The scale bar indicates a branch length equivalent to 0.2 changes per amino acid. NCBI protein database accession numbers for each individual protein sequence are indicated in parentheses.




Biochemical Characterization of FiBAP

We successfully expressed the NA23_RS08100 gene as a C-terminal hexahistidine (6 × His)-tagged fusion protein in E. coli BL21 (DE3) cells. To facilitate subsequent purification, E. coli lysates were heat-treated to remove most of the endogenous proteins, and the resulting supernatants containing soluble FiBAP were applied to a Ni2+-affinity column. The purified 6 × His-tagged FiBAP fusion protein yields an intact recombinant protein with an estimated Mr of 42,000 by SDS-PAGE (Figure 2A). However, size exclusion chromatography using a Superdex 200 column suggested that the native form of FiBAP is as an octameric protein with an apparent Mr of 318,000 (Figure 2B).
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FIGURE 2. Biochemical properties of FiBAP. (A) Purification of recombinant FiBAP analyzed by 12% SDS-PAGE. (B) Size-exclusion chromatography of FiBAP using a Superdex 200 pg 10/300 column and the enzyme activity of the eluents. The column was calibrated with blue dextran (2,000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa) as standards (Supplementary Figure 2). The calibration curve shows Log Mr and Kav values for each standard protein. (C) Temperature dependence of FiBAP activity. (D) Dependence of FiBAP activity on pH. (E) DSC analysis of FiBAP. (F) Effects of divalent metal ions and inhibitors on FiBAP activity. Group differences were assessed using one-way analysis of variance (ANOVA), followed by Tukey HSD test (*p < 0.05 and **p < 0.01 vs. as-isolated). (G) Kinetic analysis of FiBAP. The kinetic parameters for purified FiBAP were estimated by steady-state kinetics analysis using β-DL as substrate.


Unlike typical endo-proteases, FiBAP displayed minimal activity toward casein and gelatin as substrates, but it was active against β-Asp-Leu (β-DL), with an apparent optimal temperature of 80°C (Figure 2C) and an apparent optimum pH of 7.0 at 80°C (Figure 2D). To further assess the structural stability of FiBAP, we used DSC to determine the Tm, revealing a major midpoint of the thermal transition (Tm = 96.8 ± 0.5°C) and a minor one at 100.4 ± 1.44°C (Figure 2E).

Since EcIadA is a metalloprotease, we performed ICP-MS analysis of as-isolated FiBAP, demonstrating that it contained Zn2+ (1.14 ± 0.37 mol of metal per mol of monomer). To investigate the effects of inhibitors on FiBAP activity, as-isolated enzyme was pre-incubated with various inhibitors and its residual activity was measured. Dithiothreitol, PMSF, and Pepstatin A had little inhibitory effect on FiBAP, but 1% SDS and 1 mM EDTA inhibited enzyme activity (Figure 2F). Subsequently, after a 15 min preincubation of EDTA-treated and dialyzed FiBAP with various metal ions at 50°C, the residual activity was measured under standard assay conditions, demonstrating that FiBAP activity was significantly increased in the presence of Zn2+ and Co2+ compared with that in the absence of divalent metal ions, suggesting that this enzyme may be a metalloenzyme.

Additionally, we performed steady-state kinetics analysis of FiBAP with β-DL as substrate, yielding Km and Vmax values of 5.23 ± 1.59 mg/mL and 286.33 ± 65.7 μM/min, respectively (Figure 2G).

Notably, FiBAP is the most abundant and highly expressed enzyme when F. islandicum AW-1 is grown on feathers under starvation conditions (Kang et al., 2020). Although a MEROPS (http://merops.sanger.ac.uk) database search provided some information on hierarchical, structure-based classification of the peptidases, it did not yield the predicted cleavage pattern for M38 BAP. To further investigate the hydrolysates resulting from FiBAP degradation, we performed LC-MS/MS analysis using soluble keratins as native substrates (Supplementary Table 2). Remarkably, all peptides hydrolyzed by FiBAP matched the keratin sequences derived from G. gallus sequences, indicating that FiBAP can cleave not only the peptide bond between Asp and Leu, but also other α-peptide bonds between hydrophobic, aromatic, and hydrophilic amino acid residues at the C-terminus (Figure 3), as were the cases of the EcIadA and BAP from rat tissue (Dorer et al., 1968; Gary and Clarke, 1995). This result suggests that FiBAP is a beta-aspartyl peptidase with a relatively broad substrate specificity toward α-peptide bonds.
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FIGURE 3. LC-MS/MS analysis of keratin hydrolysates generated by FiBAP. (A) Keratinolytic peptides matched with soluble Chr2_FK4 and Chr27_FK12 β-keratins are underlined in red, and their coverage sequences are depicted in bold. Red arrows indicate the putative cleavage site of FiBAP from the identified peptide sequences. Purified recombinant feather keratin and FiBAP were incubated for 18 h at 80°C in 50 mM Tris-HCl (pH 7.5). The enzyme/substrate ratio was 1:50 (w/w). (B) Representative MS spectra of keratinolytic peptides and fragment ions of detected peptides from recombinant feather keratins. The identified fragment ions from peptide sequences are labeled in the spectra and indicated on the peptide sequence above. The b (blue) and y (red) peaks correspond to the majority of the N- and C- terminal ions resulting from fragmentation of each peptide, respectively.




Overall Architecture of FiBAP

Crystal structures of the ligand-free form of FiBAP and the ligand-bound form bound with N-carbobenzoxy-β-Asp-Leu (Cbz-β-DL) as a substrate analog were determined at resolutions of 2.6 and 2.7 Å, respectively (Table 1). Cbz-β-DL-free and -bound structures belonged to I422 and P2212 space groups, with one and four subunits in the asymmetric unit, respectively. The overall structure of each monomer can be divided into two distinct domains; an N-terminal β-sandwich domain (M1–G56; G344–E386) and a C-terminal catalytic domain (L57–K343), that are mainly involved in dimerization and catalysis, respectively (Figure 4A). The β-sandwich domain located at the N-terminus of the molecule mainly comprises nine β-sheets (β1–β6, β17–β19) arranged in two layers with β1, β3, β4, and β5 in one layer and β2, β6, and β17–β19 in the other layer (Figure 4A). Inter-layer interactions may stabilize the β-sandwich domain consisting of loops and β-strands through hydrophobic interactions and a salt bridge between K376 in β19 and E44 in β5. The catalytic domain at the C-terminus of the molecule folds into a (β/α)8 triosephosphate isomerase (TIM)-barrel motif. Specifically, eight β-sheets (β7–β13) surrounded by nine α-helices (α2–α10) form the central core containing the substrate-binding site harboring two Zn2+ ions (Figure 4A).


Table 1. Crystallographic data collection statistics for FiBAP.
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FIGURE 4. Crystal structure of FiBAP. (A) Domain structure of monomeric FiBAP. The monomeric subunit of FiBAP consists of two domains; an N-terminal β-sandwich domain and a C-terminal catalytic domain. The structural elements from the N- to C- termini of the protein are labeled. The active site (marked as a dotted red circle) contains two zinc metals (Zn1 and Zn2) located in the catalytic domain. (B) Structural alignments of FiBAP with structural homologs EcIadA (PDB ID 1ONW) and CpIadA (5XGW). RMSD values are indicated in parentheses. (C) Quaternary structure of FiBAP comprising dimers of two tetramers. Symmetry-related molecule analysis reveals FiBAP to be an octamer of eight subunits (S1–S8, subunits colored differently). (D) Interactions at the interface between each subunit in a dimer. Dimers formed from two subunits (S1 and S2) are shown. The top red box shows hydrophobic interactions between β-sandwich domains, and the bottom salmon box shows salt bridges formed between catalytic domains of each subunit. (E) Dimer-dimer interactions. Interface interactions between the S1–S2 dimer (slate blue and cyan) and the S3–S4 dimer (green and smudge) are shown. The molecular interactions at three contact points, the S2–S4 interface (purple box), the S2–S3 interface (brown box), and the S1–S3 interface (magenta box), are shown in zoomed representation.


A structural similarity search using the DALI server revealed that FiBAP is very closely related to EcIadA, a Type II IadA enzyme that has evolved in the direction of allowing post-translational modification (PTM) of the active site for metal binding and catalytic activity (Park et al., 2017). Structural neighbors identified in the FiBAP query structure include IsoAsp dipeptidase, dihydropyrimidinase-related protein, enamidase, allantoinase, and dihydropyrimidinase, all of which are hydrolases. The structural architecture of FiBAP was compared with previously determined structures of homologs (EcIadA and CpIadA). All monomers were superimposed with an average root mean square deviation (RMSD) of 0.705 Å for all Cα atoms (Figure 4B), suggesting that the overall scaffold of FiBAP is similar to that of its homologs. Among these BAPs, structural elements are highly conserved, except for a minor difference in the flexible loop connecting β4 and β5 (Figures 4A,B), which might be of no discernable biological significance.

Similar to EcIadA (Elias and Gygi, 2007) and CpIadA (Shilov et al., 2007), size-exclusion chromatography (Figure 2B) indicated that FiBAP is an octamer in solution (S1–S8 in Figure 4C), usually referred to as a “tetramer of dimers” (Figures 4C,D), as supported by symmetry-related molecule analysis. The initial dimer is formed when the β-sandwich domain of each monomer (Figure 4A) interacts with an adjacent monomer, mainly through hydrophobic interactions involving several residues (I2, I4, V34, V35, V38, L39, F41, and I46) in the loop between β4 and β5 (upper red box in Figure 4D). Additionally, the substrate-binding cavity of the catalytic domain (Figure 4A) participates in dimerization by providing the second point of contact between adjacent partners through salt bridges. These four salt bridges are formed by E107 (α2), K114 (α2), R143 (α3), and D149 (α3) of each monomer of the dimer (lower red box in Figure 4D). Therefore, the hydrophobic interactions between β-sandwich domains, followed by hydrogen (H)-bonds and salt bridges between catalytic domains of adjacent subunits results in dimer formation (Figure 4B and Supplementary Table 3). Remarkably, the corresponding region in structural homologs such as EcIadA and CpIadA does not appear to contain some of these salt bridges because the distances between charged amino acids are >4 Å in all cases except E114-K150 of EcIadA (Supplementary Figure 3B) (Thoden et al., 2003; Park et al., 2017). Hence, we propose that the strong salt bridges may contribute to the thermostability of FiBAP, as reported previously for a hyperthermophilic PIMT, in which deletion of the interfacial residues that interact through salt bridges affected the overall thermostability of the enzyme (Tanaka et al., 2004).

Subsequently, each dimer interacts with two adjacent dimers at three contact points (boxed in Figure 4E) to form a biologically active octamer that includes two contact points (S2–S4 interface and S1–S3 interface in Figure 4C) between similar structural elements α4, α5 of one dimer, and loops T213–L220, G95–L106, and I159–L169 of the adjacent dimer. We identified additional salt bridges formed at this interface between residues R174 (α4), D178 (α4), and E214 (α5) with E171, R131, and R201, respectively (pink and purple boxes in Figure 4E). However, these corresponding residues are conserved and form salt bridges in both EcIadA and CpIadA, revealing their significance in the formation of a stable quaternary structure. In addition, the third contact point (S2–S3 interface) at the dimer-dimer interface is mainly comprised of H-bonds formed between interfacial residues (brown box in Figure 4E). These interactions at different contact points are required in BAPs for their overall stability and to maintain their high oligomeric state.

The ligand-free model included most amino acids except for residues D254–R259 and P290–L302, corresponding to the flexible loops in the molecule (Figure 4A). Intriguingly, the ligand-bound model included obvious electron density corresponding to loop P290–L302 between β14 and β15, which might have been stabilized upon ligand binding (Figure 5A). By contrast, loop D254–R259 of the Cbz-β-DL-bound FiBAP structure remained disordered. Remarkably, the Cbz-β-DL-bound FiBAP structure aligned with the ligand-free model with an RMSD of 0.433 Å, despite the good superimposition of the structural elements (Figure 5A). Such an unusually high RMSD value might be ascribed to the transformation of the missing loop (P290–L302) in the ligand-free structure into two stable antiparallel β-sheets (β14 and β15) in the ligand-bound structure (Figure 5A). Since this stabilized loop is located next to the substrate-binding site, it might function as a gate for substrate entry and/or product release (Park et al., 2017). Intriguingly, the crystal structure of FiBAP bound to Cbz-β-DL included distinct electron density only for the β-DL moiety lacking carbamazepine (Cbz) in the active site (Figure 5C).
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FIGURE 5. Comparison of ligand-bound and ligand-free structures of FiBAP. (A) Alignment of ligand-bound and ligand-free FiBAP monomers. Note that the P290–L302 loop is stabilized in the ligand-bound structure but not in the ligand-free model. (B) The active site of ligand-free FiBAP containing binuclear zinc metal ions. Residues coordinating the metals are represented as sticks and H-bonds are shown as dotted lines. (C) The active site of ligand-bound FiBAP. The 2Fo-Fc electron density maps of Zn2+ ions and β-DL are contoured at 1σ and colored blue. Residues of FiBAP interacting with metal ions and β-DL are depicted as sticks. Zn2+ ions are represented as purple spheres and the bound β-DL is shown as magenta sticks. Ligands and side chains are colored by atom type (oxygen in red, nitrogen in blue, phosphorous in orange). (D) Comparison of residues coordinating the ligand between ligand-free and ligand bound models. Interactions between ligand-bound FiBAP residues and atoms of the ligand are shown as dotted lines. (E) Comparison of the ligand-binding residues of FiBAP bound to β-DL with their counterparts in ligand-bound homologs EcIadA (PDB_1YBQ) and CpIadA (PDB_5XGX). Conformational changes in side-chains are indicated. Residues coordinating the ligand are highly conserved among BAPs.




The Active Site of FiBAP

The substrate-binding site of BAPs, referred to as the “binuclear zinc center,” is located beneath the (β/α)8 TIM-barrel motif of the catalytic domain, and comprises two Zn2+ (Zn1 and Zn2) ions 3.2 Å apart from each other (dotted circle in Figure 4A). Zn1 is coordinated by E156, H195, and H224 residues, while Zn2 is bound by H61, H63, E156, and D285 (Figure 5B). In the metal coordination network, Zn1 interacts with Zn2 via E156 (Figure 5B). By contrast, a carbamylated lysine residue (KCX162) in Type-II EcIadA binds two positively charged Zn ions, similar to E156 in Type-I CpIadA (Figure 5E) (Thoden et al., 2003; Park et al., 2017). In addition, E156 in FiBAP forms a cis-peptide bond with G155 in the loop between α4 and β10, which is conserved in the corresponding loop of CpIadA between G165 and E166. The cis-peptide bond favors loop bending in FiBAP, which positions E156 toward the metal, as opposed to the carbamylated lysine (KCX162) in EcIadA, suggesting that FiBAP belongs to the Type-I IadAs.

There is no significant perturbation in the coordination of the binuclear zinc center in the Cbz-β-DL-bound FiBAP structure (Figure 5C). However, structural comparison of the residues around the ligand-binding site reveals subtle changes of ~1 Å in the side-chain conformations of some residues (G68, E70, Y130, R163, R227, and S289) between Cbz-β-DL-free and -bound forms (Figure 5D). Residues such as Y130, G68, and S289 are placed closer to the ligand than those in the ligand-free structure, thereby assisting coordination and stabilization, while R227 and R163 move away to provide space for ligand binding. Notably, the role of the conserved Y130, which interacts with the O06 atom of the substrate, has been studied, and the Y137F mutation in EcIadA (corresponding to Y130 in FiBAP) reduced the rate of catalysis by three orders of magnitude (Marti-Arbona et al., 2005b). Accordingly, the conserved Y130 in FiBAP not only contributes to stabilization of the bound substrate, but also acts as a Lewis acid with the phenolic hydroxyl group of its side chain during hydrolysis of the peptide bond adjacent to Asp of the dipeptide (Marti-Arbona et al., 2005a; Park et al., 2017). The other surrounding residues that help to stabilize the bound Cbz-β-DL are the amino groups of main-chain residues S289 and G68, while T99 interacts with O04 and O05 atoms of the side-chain of the Asp residue of β-aspartyl leucine to stabilize the N-terminus of the dipeptide during substrate recognition. Additionally, R163 and R227 interact with O01 and O03 atoms and stabilize the C-terminal end of the peptide. When the substrate is recognized and stabilized, other residues such as E156, Y130, and E70 partake in acid-base catalysis during cleavage of the peptide bond via zinc metal ions Zn1 and Zn2 (Figure 5D). As stated above, all residues involved in the recognition and catalysis of a substrate are highly conserved among homologs (Figure 5E). Intriguingly, the ligand-bound structures of EcIadA and CpIadA were only obtained following mutation of conserved residues involved in metal coordination and catalysis (D285N and E80Q, respectively). By contrast, the structure of Cbz-β-DL-bound FiBAP was determined directly from wild-type FiBAP. This observation may indicate that the crystallization conditions (temperature <20°C and pH < pH 5) could have inactivated the thermostable FiBAP enzyme, favoring formation of the substrate (β-DL)-bound complex structure without being cleaved, as seen in the electron density map (Figure 5C).



Complementation of a Leucine Auxotroph by FiBAP

To validate whether FiBAP can cleave β-DL in vivo, we constructed a Leu auxotrophic E. coli BL21 (DE3) strain by deleting the leuB gene encoding 3-isopropylmalate dehydrogenase and the iadA gene encoding BAP in E. coli (Figure 6A). We presumed that the hydrolysis of β-DL by FiBAP could provide Leu as a nutrient for the Leu auxotrophic E. coli mutant, thereby supporting its growth on M9 minimal medium lacking Leu (Figure 6B). As expected, the ΔleuB and ΔiadA double mutant grew in M9 medium supplemented with 20 amino acids, but did not grow in M9 medium containing 19 amino acids without Leu (Leu−; Figure 6D). Next, to investigate the effect of overexpression of FiBAP and EcIadA on bacterial growth, we constructed the pET28a-Ec_iadA and pET28a-Fi_BAP vectors (Figure 6C) and heterologously expressed the FiBAP and iadA genes in ΔleuB and ΔiadA double mutants of E. coli BL21 (DE3), respectively. The ΔleuB ΔiadA mutant did not grow on M9 medium supplemented with 19 amino acids (Leu−) in the presence of β-DL during 3 days of incubation, whereas the ΔleuB ΔiadA double mutant harboring the pET-iadA plasmid grew on M9 medium with 19 amino acids (Leu−) supplemented with β-DL, as described previously (Marti-Arbona et al., 2005a). Remarkably, the double mutant containing the pET-FiBAP plasmid could also grow on M9 medium with 19 amino acids (Leu−) in the presence of β-DL even at a suboptimal temperature for FiBAP (Figure 6D). This result strongly indicates that FiBAP can also cleave the β-DL dipeptide to facilitate Leu utilization for bacterial growth, suggesting that FiBAP activity enables E. coli to utilize β-aspartyl peptides as nutrient sources for cell growth.


[image: Figure 6]
FIGURE 6. FiBAP complementation assay of the Leu auxotrophic leuB iadA E. coli double mutant grown on isoAsp peptides. (A) Strategy for obtaining the Leu auxotrophic ΔleuB ΔiadA E. coli double mutant using the RED/ET recombination method. (B) Comparison of growth phenotypes for three E. coli mutant strains (LJW1, the ΔleuB ΔiadA double mutant; LJW2, the LJW1 strain harboring the pET28a-IadA overexpression plasmid; and LJW3, the LJW1 strain harboring the pET28a-FiBAP overexpression plasmid) grown in four different types of medium: (i) M9 minimal medium (M9); (ii) M9 minimal medium containing 20 amino acids (M9-20aa); (iii) M9 minimal medium containing 19 amino acids (Leu−, M9-19aa); and (iv) M9 minimal medium containing 19 amino acids (Leu−) and 1.6 mM β-Asp-Leu (M9_19aa_β-DL). Expected growth phenotypes are marked as + or –. (C) Schematic representation of plasmid construction for recombinant proteins. Genes encoding EcIadA and FiBAP were ligated into the pET28a expression vector digested with appropriate restriction enzymes. (D) Photographs of three E. coli mutant strains on various M9 plates after a 67 h incubation at 37°C.


Accordingly, we hypothesized that heat stress may cause accumulation of misfolded and/or aggregated polypeptides, including the formation of isoAsp residues, resulting in cellular growth retardation. If so, then overexpression of FiBAP may alleviate the bacterial growth defect. To validate this, we monitored the growth profiles of the ΔleuB ΔiadA double mutant grown on LB medium with and without FiBAP upon heat shock at 44°C. Consequently, after a 30 min heat shock treatment, the growth rate and cellular production of the ΔleuB ΔiadA mutant were decreased by 30% (based on the OD600 value) compared with those of mutants expressing FiBAP and EcIadA, respectively (Figure 7A). In addition, when expressing BAP, the ΔleuB ΔiadA mutant exhibited a 15–40% decrease in the total protein concentrations of pellets, whereas the concentrations of soluble cytosolic proteins were increased by 20% (Figure 7B). Furthermore, differential protein pattern analysis by SDS-PAGE clearly indicated that expression of FiBAP could affect the soluble cytosolic protein profiles of the mutant E. coli strains, suggesting that abnormal proteins including isoAsp residues could be efficiently degraded by BAP activity under heat stress conditions (Figure 7C).
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FIGURE 7. Bacterial growth and protein pattern analysis after heat treatment. (A) Growth curve of E. coli mutant strains (LJW1, LJW2, and LJW3) in LB media at 37°C. Heat shock treatment was performed at 44°C for 30 min when cells reached the mid-exponential phase (OD600 of 1.0–1.5). (B) Quantification of soluble (supernatant) and insoluble (pellet) protein in heat-treated cells. Group differences were assessed using one-way analysis of variance (ANOVA), followed by LSD test (*p < 0.05 vs. WT supernatant and ##p < 0.01 vs. WT pellet). (C) Comparison of whole protein, soluble (supernatant) protein, and insoluble (pellet) protein in heat-treated and non-heat-treated cells by SDS-PAGE analysis.


Finally, to investigate whether overexpression of FiBAP and EcIadA can reduce the isoAsp-containing protein aggregates within cells, we determined the concentration of S-adenosyl homocysteine (SAH) as the PIMT-mediated by-product derived from the isoAsp-containing peptides in heat-treated mutant strains. Indeed, RP-HPLC analysis of cell lysates demonstrated that the concentrations of SAH in both mutants expressing FiBAP and EcIadA were lower by 20 and 50%, respectively, than that of the ΔleuB ΔiadA E. coli mutant (LJW1) negative control (Figures 8A–C). These results indicate that the relative amount of isoAsp-containing proteins was decreased significantly in mutants overexpressing EcIadA (LJW2) or FiBAP (LJW3) compared with WT (LJW1) (Figure 8D), suggesting that BAP can hydrolyze isoAsp peptide bonds in the protein aggregates, and thereby alleviate the bacterial growth defect under heat shock conditions.
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FIGURE 8. RP-HPLC analysis of SAH for quantification of isoAsp residues in heat-shocked LJW1, LJW2, and LJW3 strains. (A–C) RP-HPLC analysis of SAH in LJW1, LJW2, and LJW3 strain and quantification of isoAsp by calculating the SAH peak area. (D) Relative amount of isoAsp in each heat- treated cell. Group differences were assessed using one-way analysis of variance (ANOVA), followed by LSD test [**p < 0.01 and *p < 0.05 vs. WT (LJW1)].





DISCUSSION

Protein folding and misfolding are critical for correct cellular function and regulation. Indeed, compelling evidence suggests that misfolded and damaged protein aggregates contribute to cell dysfunction and tissue damage, leading to various diseases (Dobson, 2003; Goldberg, 2003). For example, misfolding of amyloidogenic proteins is strongly associated with the pathogenicity of neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington's diseases, and AA amyloidosis. Even metabolic syndromes such as type 2 diabetes can be triggered by misfolded protein aggregates (Moreno-Gonzalez and Soto, 2011). It has been reported that up to 30% of newly synthesized proteins may be misfolded and/or aggregated due to errors in translation or post-translational modifications, including the formation of abnormal amino acid residues (Schubert et al., 2000). In particular, unwanted protein aggregates resulting from the formation of isoAsp residues are an example of spontaneous age-related protein damage in cells, and their degradation and/or removal via deamination and dehydration is essential to prevent cellular cytotoxicity and aging (Ogé et al., 2008). To ensure cellular viability in response to starvation, organisms also tend to preserve protein homeostasis through protein repair systems using several strategies such as refolding, degrading, or sequestrating misfolded polypeptides (Goldberg, 1972; Finn and Dice, 2006; Chen et al., 2011).

In extremophiles thriving under harsh environments, in which proteins are vulnerable to protein inactivation and aggregation, cellular protein repair systems play a pivotal role in protein quality control (PQC) to support cellular integrity and survival (De Castro et al., 2006; Chen et al., 2011; Coker, 2019). In the present study, we functionally characterized the hyperthermophilic M38 β-aspartyl peptidase FiBAP, a protein repair enzyme involved in hydrolysis of isoAsp residue-containing peptides in F. islandicum AW-1. Since the extremely thermophilic F. islandicum AW-1 belongs to the order Thermotogales, an ancient branch of the bacterial kingdom, this bacterium possesses primordial characteristics, making it an excellent model system for investigating how extremophiles have evolved mechanisms to prevent protein damage and/or denaturation under harsh environments (Singleton and Amelunxen, 1973). Although several functional studies on BAPs from mesophilic organisms have been reported, including human (Ryttersgaard et al., 2002), E. coli (Marti-Arbona et al., 2005b), and Colwellia psychrerythraea (Marti-Arbona et al., 2005b; Park et al., 2017), hyperthermophilic homologs remain uncharacterized.

Phylogenetic analysis based on the primary sequences of its homologs revealed that FiBAP is distantly related to Type II IadA enzymes, suggesting that FiBAP belongs to an ancient form of the BAP family in microorganisms (Figure 1 and Supplementary Figure 1). Our detailed characterization revealed that FiBAP is a hyperthermophilic BAP with a Tm value of 96.8°C in the presence of Zn2+ that forms a tetramer of dimers (Figure 2), consistent with the first crystal structures of octameric Cbz-β-DL-free and -bound BAPs, and size-exclusion chromatography and symmetry-related molecule analysis (Figures 2B, 4C). The octameric state of FiBAP was compared with the quaternary structures of structural homologs of EcIadA and CpIadA (Supplementary Figure 3A), indicating no significant difference in their overall architecture (Supplementary Figure 3A). Although the crystal structure of FiBAP superimposed well with those of mesophilic EcIadA and CpIadA (Figure 4B), its mesophilic counterparts do not appear to include several of the strong salt bridges (Supplementary Figure 3B). Remarkably, the catalytic domain of FiBAP participates in dimerization through salt-bridges via R143, K114, E107, and D149 from each monomer, and this is largely responsible for the high thermostability (Figure 4). This observation is consistent with the study of a hyperthermophilic PIMT, in which mutation of the interfacial residues (D204 and D205) to alanine significantly affected thermostability (Gary and Clarke, 1995). Regarding substrate recognition and ligand stabilization, residues such as G68, T99, Y130, and S289 are highly conserved among all homologs (Figure 5E). Notably, residues T99 and S289 appear to be involved in recognition of the N-terminal iso-Asp side chain of the substrate, similar to the roles played by T57 and S59 in protein isoAsp methyltransferase (PIMT) that recognizes abnormal proteins containing isoAsp residues during protein repair (Chen et al., 2011). Consistently, the conserved Y130 residue, which serves the dual purpose of acting as a Lewis acid and supporting ligand stabilization, is also present in PIMT (Y55). Although, the amino acids mediating isoAsp recognition appear to be conserved with PIMT, the role of the binuclear zinc center in BAPs in cleaving the peptide bond is not conserved in PIMT. Taken together, the results indicate that FiBAP is a thermostable alternative protein repair enzyme that possesses conserved residues for isoAsp residue recognition and for efficient Zn2+-mediated peptide bond hydrolysis.

In contrast to the crystal structures of BAP homologs inactivated by mutations (Thoden et al., 2003; Park et al., 2017), the crystal structure of the ligand-bound form of FiBAP was obtained without any significant cleavage of bound β-DL (Figures 5A,C,E). This could be explained by various reasons. Firstly, crystallization was carried out at below room temperature (20°C) in a low-pH buffer (pH < 5.0), which could have affected the enzyme activity (Figures 2C,D). Secondly, we synthesized Cbz-β-DL dipeptide as a substrate analog inhibitor in which benzyl chloroformate (Cbz) is a carbobenzyloxy protecting group that protects the substrate amino group. Previous studies have shown clearly that Cbz acts as an inhibitor of several enzymes systems including human alpha-thrombin (De Simone et al., 1997) and sortase cysteine transpeptidase (Jacobitz et al., 2014). Consistently, our substrate analog (Cbz-β-DL) containing Cbz inhibited enzyme activity in our enzyme assays (data not shown), which suggests that wt FiBAP did not cleave the Cbz-β-DL dipeptide. Therefore, these modifications worked in our favor to obtain the crystal structure of the wild-type enzyme complexed with its substrate. However, the fate of Cbz in the substrate-bound enzyme is ambiguous due to the absence of electron density for the Cbz moiety in the structure. Interestingly, the location of an uncleaved β-DL based on the electron density map (Figure 5C) coincides precisely with the dipeptide (β-Asp-Lys or His) location described in previous studies (Thoden et al., 2003; Marti-Arbona et al., 2005a; Park et al., 2017) (Figure 5E). Thus, it seems probable that the Cbz entity may be cleaved by hydrogenolysis before the N-terminal end of the dipeptide enters the substrate-binding cavity, since the benzyl ring of Cbz (if uncleaved) might cause steric hindrance within the cavity. Furthermore, the second amino acid following Asp in the dipeptide (Leu in β-DL) is unlikely to interact with any surrounding residues of FiBAP (Figures 5D,E).

The primordial FiBAP is a unique metallopeptidase that is presumably involved in the sequestration of unwanted forms of peptides. Notably, FiBAP is the most abundant and highly expressed protein when F. islandicum AW-1 is grown on feather keratins under starvation conditions (Kang et al., 2020). Although this enzyme is not one of the major endo-type membrane proteases, but rather a protease involved in keratin degradation, its physiological role seems to be important for cellular survival due to the formation of isopeptides that contribute to thermostability, as observed in other anaerobic pathogens (Liu et al., 2016), as well as a providing a source of amino acids for new protein synthesis (Prouty and Goldberg, 1972). The formation of isoAsp residues has received much attention because it is a major structural modification that contributes to the inactivation, aggregation, and malfunction of proteins (Aswad, 1995; Cournoyer et al., 2005). Spontaneous isopeptide bond formation is accelerated at elevated temperatures, and intermolecular amide bonds help proteins to be more thermostable (Zakeri and Howarth, 2010; Si et al., 2016). However, such chemical modifications are not always favorable for cellular viability due to the accumulation of potentially harmful isoAsp peptides in the brain and other tissues (Cantor et al., 2009). Furthermore, balance between the formation and decomposition of isopeptide bonds via isoAsp peptidase is crucial to bacterial survival. Indeed, the growth profiles of the ΔleuB ΔiadA double mutant of E. coli BL21 clearly indicated that heat shock for 30 min significantly retarded bacterial growth, presumably due to an increase in the accumulation of abnormal proteins (Figure 7A). Notably, expression of FiBAP, even at suboptimal temperatures ranging from 37 to 44°C, may be sufficient to support bacterial growth through efficient degradation of isoAsp residue-containing proteins. Although the amount of IsoAsp in mutant expressing FiBAP was not decreased as much as in mutant expressing EcIadA, levels of alleviation of growth defect were similar. This result suggests that enzymatic activity of FiBAP is not limited toward isoAsp containing peptides but also includes a broad range of protein aggregates which is related to the interpretation of our MS data (Figures 3, 7B,C, 8).

Unlike BAPs, which are mainly present in extremophiles and several enteric bacteria, PIMT is a conserved and nearly ubiquitous enzyme present in all forms of life that catalyzes the transfer of the methyl group from AdoMet to α-carboxyl of an isoAsp site, resulting in the rapid decomposition of methyl esters to succinimide intermediates (Skinner et al., 2000). Therefore, like isoAsp peptidase, PIMT is a useful enzyme for repairing isoAsp damage in all organisms. Nevertheless, when decomposition of isopeptide bonds is a prerequisite for balancing nutrient availability and thermostability under extreme environments, PIMT is unlikely to be an efficient catalyst in terms of the rate of isopeptide decomposition and formation. Indeed, the formation of succinimide by PIMT resulting from isoAsp-containing peptides generates a mixture of isoAsp-Xaa and Asp-Xaa with a stoichiometric ratio of 7:3 (Aswad et al., 2000). However, BAP can directly hydrolyze isopeptide bonds via the β-carboxylate group of isoAsp, resulting in the release of Asp (Marti-Arbona et al., 2005a), and this might be a more efficient repair mechanism for handing β-aspartyl-containing peptides. Furthermore, proteolytic pathways function during starvation to liberate amino acids, and this may be beneficial for dietary protein digestion and cellular protein turnover (Finn and Dice, 2006).

Regarding the functional and physiological roles of FiBAP, we offer two suggestions explaining why this enzyme is conserved in all extremely thermophilic anaerobes, and why it is so abundant in F. islandicum AW-1 during keratin degradation. Firstly, it is one of the key enzymes involved in maintaining proteostasis in thermophiles thriving in harsh environments. By directly hydrolyzing peptide bonds in isoAsp-containing peptides, it can efficiently control aggregated, modified, or damaged proteins, thereby supporting the viability of thermophiles at elevated temperatures. Secondly, under starvation conditions, when insoluble keratins are the only nutrient available for cellular growth, this enzyme may utilize β-aspartyl peptides as a source of amino acids for protein biosynthesis. This hypothesis is supported by previous studies showing that FiBAP is expressed at high levels under starvation conditions (Kang et al., 2020), suggesting that nutrient depletion acts as a stress condition that stimulates FiBAP expression and enzyme activity. Furthermore, peptidase-deficient E. coli leucine auxotrophic strains did not grow in M9 minimal media containing 19 amino acids (Leu−) and β-DL. However, expression of EcIadA or FiBAP enabled the E. coli mutant to grow in this medium, implying that FiBAP contribute to increasing the availability of nutrients (Viola, 2001), thereby assisting the maintenance of cellular growth under stressful conditions (Figure 6). Thus, FiBAP may not be a membrane bound endo- or exo-type keratinolytic protease (Kang et al., 2020), but it appears to be strongly associated with the degradation of abnormal proteins as well as intracellular keratin peptides to provide a source of amino acids for protein biosynthesis under stress conditions.
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Genetic circuits have been developed for quantitative measurement of enzyme activity, metabolic engineering of strain development, and dynamic regulation of microbial cells. A genetic circuit consists of several bio-elements, including enzymes and regulatory cassettes, that can generate the desired output signal, which is then used as a precise criterion for enzyme screening and engineering. Antagonists and inhibitors are small molecules with inhibitory effects on regulators and enzymes, respectively. In this study, an antagonist and an inhibitor were applied to a genetic circuit for a dynamic detection range. We developed a genetic circuit relying on regulators and enzymes, allowing for straightforward control of its output signal without additional genetic modification. We used para-nitrophenol and alanine as an antagonist of DmpR and inhibitor of tyrosine phenol-lyase, respectively. We show that the antagonist resets the detection range of the genetic circuit similarly to a resistor in an electrical logic circuit. These biological resistors in genetic circuits can be used as a rapid and precise controller of variable outputs with minimal circuit configuration.

Keywords: inhibitor, antagonist, genetic circuit, phenolic compound, flow cytometry, resistor


INTRODUCTION

Designing a genetic circuit is a crucial step for programming of living organisms, a long-term aim of synthetic biology (Brophy and Voigt, 2014; Nielsen et al., 2016). Transcriptional regulators in the circuits can control downstream gene expression by recognizing and transmitting specific input signals (Eggeling et al., 2015; Mahr and Frunzke, 2016). Applications include metabolic flux regulation in metabolic engineering (Rogers et al., 2015) and circuit-based high-throughput enzyme screening (Choi et al., 2014). Of these, genetic circuits for screening enzymes have greatly evolved over the last decade by employing various transcriptional regulators including amidase (BenR), alcohol dehydrogenase (SoxR), phosphatase (DmpR), and lactam synthase (NitR) (Uchiyama and Miyazaki, 2010; Choi et al., 2014; Siedler et al., 2014; Yeom et al., 2018).

Fine tuning of gene expression is also necessary to enable complex and precise control of biological reactions. This fine tuning can be achieved by adjusting the output signal range of the genetic elements (Brophy and Voigt, 2014; Smanski et al., 2014). Despite significant advances in the engineering of tools for genetics, the development of efficient genetic circuits remains a time-consuming and labor-intensive process involving repetitive trial and error. In addition, synthetic circuits offset their sensitivity to balance the expression of regulator and reporter genes, which can lead to the loss of flexibility under various environmental conditions (Hausser et al., 2019). A highly sensitive genetic circuit is advantageous for detecting minute clues regarding enzyme activity from a natural sample or metagenome (Ngara and Zhang, 2018; Markel et al., 2020). However, once a genetic circuit reaches its maximum dynamic range for detecting the enhanced activity of engineered enzymes, it is essential to use another module with an appropriate operational range to further engineer enzyme activity. Therefore, like variable resistors in electric circuits, genetic circuit resistors (GCRs) should be developed to control the dynamic range of genetic circuits.

Inhibitors in enzymatic reactions and antagonists in allosteric proteins, such as transcriptional regulators, are molecules that act as negative feedback elements for each activity (Dixon, 1953; Kenakin, 2007). These molecules can bind to the active site of proteins and decrease their activity by interfering with enzyme-substrate or regulator-ligand complex formation. This property can be used to control the sensitivity and dynamic range of a genetic circuit by simply adding small molecules to the reaction system (Xie et al., 2014). By adjusting the concentration of the small molecules, they can be used as variable resistors for tunable signal production. These biological resistors may be implemented for switchable and precise monitoring of enzyme activity, while the genetic circuit maintains hypersensitivity without additional genetic modification.

We previously reported a genetic enzyme screening system (GESS) consisting of DmpR as a phenol-dependent transcriptional regulator and green fluorescent protein (GFP) as a reporter protein (Choi et al., 2014; Kwon et al., 2020). The quantitative range of a genetic circuit relying on an enzyme and regulator could be adjusted by using an enzyme-inhibitor pair and regulator-antagonist pair. As a proof of concept, DmpR-GESS and tyrosine phenol-lyase (TPL), which produces phenol from a tyrosine substrate, were used to model a genetic circuit and enzyme. Alanine and para-nitrophenol (pNP) were used as the enzyme inhibitor and antagonist of DmpR, respectively. We controlled the output of the genetic circuit using elements related to the enzyme and regulator without genetic modification. In various applications, such as enzyme evolution, the circuit could be controlled using bio-parts and related inhibitors or antagonists as GCRs.



MATERIALS AND METHODS


Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). DNA polymerase and Gibson assembly kits were purchased from New England Biolabs (Ipswich, MA, USA). All oligonucleotides were synthesized by Macrogen (Daejeon, Korea). Plasmid DNA isolation and DNA extraction from agarose gels were performed using Qiagen kits (Hilden, Germany). DNA preparation and related techniques were performed according to the manufacturer's protocols.



Strains and Plasmids

Escherichia coli DH5α was used for cloning and genetic circuit experiments. Plasmids, pDmpR-GESS and pmDmpR-GESS were obtained from previous studies (Choi et al., 2014). The TPL gene from Citrobacter freundii and pAR plasmids (Kim et al., 2017) were amplified by PCR (TPL forward primer: 5′-TCA GCA GGA TCA CCA TAT GAA TTA TCC GGC AGA-3′, TPL reverse primer: 5′-TTG CGT TGC GCT TAG CTT TAG ATA TAG TCA AAG C-3′, pAR forward primer: 5′-GCT TTG ACT ATA TCT AAA GCT AAG CGC AAC GCA A-3′, pAR reverse primer: 5′-TCT GCC GGA TAA TTC ATA TGG TGA TCC TGC TGA A-3′). DNA fragments purified by agarose gel elution were ligated by Gibson assembly, and then transformed into DH5α cells to construct the pAR-TPL plasmid.



Analysis of Regulator-Antagonist Output Signal

Cells harboring pDmpR-GESS or pmDmpR-GESS were cultivated in lysogeny broth (LB) medium (10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter) and M9 minimal medium (12.8 g Na2HPO4·7H2O, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, and 0.01% (w/v) thiamine per later) supplemented with 4 g/L acetate as a carbon source and 50 μg/mL ampicillin. For the two-step phenol reaction, the cells were grown in LB at 37°C until an OD600 of 2.0 was reached, and then the culture media was changed to fresh M9 with 1 mM aromatic compounds and various concentrations of phenol by mild centrifugation (1,000 × g, 5 min) (Kwon et al., 2020). After 15 h of incubation at 37°C, the fluorescence intensities of the cells were measured using a FACSAriaIII (BD Biosciences, Franklin Lakes, NJ, USA) with a blue laser source (488 nm) and an FL1 (530/30 nm) photomultiplier tube. Data were acquired using BD CellQuest Pro (version 4.0.2, BD Biosciences) and analyzed using Flowjo software (Flowjo, Ashland, OR, USA).

To examine the antagonistic effect of pNP, cells harboring pDmpR-GESS were cultured in a two-step reaction in the presence of various concentrations of phenol and pNP. Fluorescence intensity and the optical density at 600 nm (OD600) were analyzed with a multi-label reader (Victor V, PerkinElmer, Waltham, MA, USA).



Analysis of Enzyme Inhibitor Output Signals

To detect enzymatic activity related to inhibition, cells harboring DmpR-GESS and the TPL gene were cultured in a two-step reaction. After replacing the M9 media with 1 mM tyrosine, 10 μM pyridoxal 5′-phosphate (PLP), and various concentrations of alanine, cell growth, and fluorescence intensities were measured with a FACSAriaIII and an Infinite 200 PRO microplate reader (Tecan, Mãnnedorf, Switzerland).

To detect enzymatic activity arising from the antagonistic effect of pNP, cells harboring pDmpR-GESS and the TPL gene were grown in LB with 20 μM L-rhamnose, 10 μM PLP, 50 μg/mL ampicillin, and 25 μg/mL chloramphenicol. After replacing the M9 media with 1 mM tyrosine, 10 μM PLP, and various concentrations of pNP, cell growth, and fluorescence intensity were measured with a microplate reader.

To detect the inhibitory effect of alanine in the solid phase, cells harboring TPL and the genetic circuit were cultured on LB agar plates with 1 mM tyrosine, 10 μM PLP, and 1 mM alanine at 37°C for 20 h. Fluorescence images were acquired using a fluorescence microscope (AZ100M, Nikon, Tokyo, Japan) with epifluorescence and diascopic DIC accessories. Images were acquired with a monochrome CCD camera (DS-Qi1Mc, Nikon) using a fluorescence filter set (GFP-HQ, Nikon) (Ex 455–485 nm, DM 495, BA 500–545). Images were processed and analyzed using Nikon's NIS-Elements AR 4.2 software.




RESULTS AND DISCUSSION


Antagonistic Ligand-Dependent Sensitivity Control in a Genetic Circuit

A phenol-responsive genetic circuit used as a DmpR-GESS consists of a regulator and ligand that form an AND logic gate. An AND logic gate recognizes two inputs simultaneously (Tabor et al., 2009). Our circuit is composed of two AND logic gates: the first logic gate has two inputs, the enzyme and its substrate, and the subsequent logic gate uses the output from the first AND gate and regulator as its inputs. Addition of an enzyme inhibitor and a regulator antagonist can act as resistors for the two AND gates. Figure 1A shows the strategy of the association between the antagonist and regulator in the genetic circuit. The antagonistic ligand, which binds to DmpR and inhibits transcriptional initiation, can be used as a GCR to suppress the output signal. In addition, the GCR can modulate the dynamic detection range of the genetic circuit by simple addition without genetic modification (Figure 1B).


[image: Figure 1]
FIGURE 1. Strategy of antagonistic ligand-dependent sensitivity control in a genetic circuit. (A) Genetic circuit configuration using regulator and antagonist. (B) Logic gate and output control effect of antagonist.


Wild-type (WT) DmpR responds to phenol, triggering downstream expression of reporter genes. However, pNP does not affect WT DmpR activity, but only induces transcriptional initiation when a single point mutation of E135K is inserted into the WT DmpR (Supplementary Figure 1; Choi et al., 2014). The crystal structure of DmpR was recently solved and was found to possess a binding pocket containing Glu135 at a distance from the phenol binding site (Supplementary Figure 2; Park et al., 2020). The E135K mutation of DmpR may affect the position of Arg36, thus inducing a conformational change in the sensory domain dimer and activating transcriptional initiation. As pNP can bind to WT DmpR naturally without inducing transcriptional initiation, it may act as an antagonist.

In previous studies, ortho- substituted phenolic compounds were shown to strongly induce DmpR-based transcriptional initiation (O'Neill et al., 1999; Choi et al., 2014). In contrast, some meta- or para- substituted phenolic compounds do not activate DmpR, even when inhibiting its ATPase activity. In this experiment, benzene, 3,5-dimethylphenol, 2,4-dichlorophenol, and pNP were administered along with phenol to test the inhibitory effect of DmpR. As DmpR is a σ54-dependent transcriptional regulator, it responds to metabolism of alternative carbon sources such as acetate (Kwon et al., 2020). To activate DmpR in the genetic circuit, cells harboring pDmpR-GESS were cultured in LB at and the culture media were changed to fresh M9 media containing 4 g/L acetate, 1 mM aromatic compounds, and various concentrations of phenol. Fluorescence intensity at a single-cell level was measured to evaluate the antagonist effect by flow cytometry (Figure 2A). Benzene had no inhibitory effect on phenol, and 2,4-dichlorophenol and pNP had stronger antagonistic effects toward the phenol-DmpR complex compared to 3,5-dimethylphenol (Figure 2B).


[image: Figure 2]
FIGURE 2. Cell population level analysis of antagonist ligand effect. (A) Flow cytometry fluorescence profile was analyzed using a DmpR-based genetic circuit with putative antagonists of DmpR and phenol. Aromatic compounds at 1 mM were added to the reaction. (B) Data recalculation from fluorescence profiles using Flowjo software. Values are presented as the median and robust standard deviation (rSD) of each histogram.


Analysis of the DmpR structure suggested that the hydroxyl group of phenol plays an important role in binding to DmpR (Park et al., 2020). No inhibitory effects were observed when benzene was added to the phenol and DmpR-GESS reaction system, suggesting that benzene does not bind to the active pocket of DmpR, including its aromatic ring moiety. Phenolic compounds containing functional groups in meta or para positions, such as 2,4-dichlorophenol or 3,5-dimethylphenol, may bind to the ligand binding site without inducing transcriptional activation, which can suppress the output signal. Among these compounds, pNP showed the greatest antagonistic effect and was applied to control the dynamic detection range of the genetic circuit as a resistor for the monitoring of enzyme activity.



Quantitative Control of the Dynamic Detection Range of a Genetic Circuit Using an Antagonist

To test the antagonistic effect of pNP, fluorescence intensities were measured at different concentrations of phenol and pNP in a two-step reaction (Figure 3A). pNP showed a significant antagonistic effect, even at low concentrations (1 μM). The maximum fluorescence intensity was maintained at concentrations of pNP up to 10 μM, but the intensity was lowered at concentrations higher than 10 μM, and the response to phenol was completely lost at 500 μM. The phenol K1/2 of DmpR-GESS—the concentration of phenol at the half-maximal fluorescence signal—increased linearly with the pNP concentration (Figure 3B). The maximum phenol K1/2 of the circuit along with pNP increased by ~30-fold compared to in its absence, with a wider dynamic detection range. By adding pNP as a GCR, the dynamic detection range of the genetic circuit can be controlled from several μM to hundreds of μM. Therefore, pNP is a strong antagonist of DmpR, and can be used to precisely control the genetic circuit.


[image: Figure 3]
FIGURE 3. Quantitative suppression of phenol dependent DmpR operator with pNP. (A) Titration curve of DmpR-GESS was measured at various concentration of phenol and pNP. Values represent the means ± SDs of triplicates. (B) Phenol concentration of half-maximal fluorescence intensity (phenol K1/2) of DmpR-GESS at various concentration of pNP. Phenol K1/2 is the concentration of phenol at the half-maximal fluorescence signal. Error bars represent the standard deviation of K1/2 by four-parameter Hill equation.


Phenol and pNP are non-metabolites in E. coli, and thus they can be maintained at a constant intracellular concentration. Therefore, phenol as a ligand can exhibit high sensitivity, even at low concentrations, and pNP as an antagonist can exert a constant inhibitory effect over time. Many aromatic compounds can diffuse freely through the cell membrane via passive transport (Gallert and Winter, 1993; Chen and Fink, 2006). In addition, more than 200 enzymes can generate phenol or pNP from phenolic substrates through their catalytic reactions (Kim et al., 2015). Intermolecular release using phenolic substrates and heterologous enzymes in different cells can affect circuit signals in terms of pattern generation or edge detection. By making use of these properties, the circuit can be expanded to function in intercellular quorum sensing.



Application of Enzyme Inhibitory Effect in the Genetic Circuit

TPL, which produces phenol from tyrosine as a substrate, was applied to an AND gate of the genetic circuit. To control enzyme expression levels, pAR-TPL was constructed in an L-rhamnose expression system for tight regulation, as TPL can use tyrosine generated by the E. coli host's amino acid synthesis pathway (Supplementary Figure 3). Alanine, which is a competitive inhibitor of the TPL beta-elimination reaction, can be used as a GCR for TPL activity (Demidkina et al., 1987). Figure 4A shows the application of the enzyme inhibitor as the resistor in the AND logic gate using an enzyme and its substrate as inputs.


[image: Figure 4]
FIGURE 4. Inhibitory effect of alanine on TPL activity. (A) Strategy of competitive inhibitor effect on enzyme in genetic circuit. (B) Fluorescence signal control by alanine as an inhibitor for detecting TPL activity using genetic circuit. Flow cytometry profiles of cells harboring pDmpR-GESS and TPL gene at various concentration of alanine. One mM tyrosine was added as a substrate of TPL. (C) Time-lapse fluorescence intensity of genetic circuit at various concentration of alanine. Tyrosine (1 mM) was added to detect TPL activity. Values represent the means ± SDs of triplicate measurements.


TPL was expressed in LB, after which the cells were transferred to M9 minimal media for two-step induction to maximize fluorescence intensity (Kwon et al., 2020). Figure 4B shows the fluorescence intensity induced by different concentrations of alanine, as measured by flow cytometry. When 1 mM tyrosine was added to M9, the fluorescence intensity, which reflected the activity of TPL, was reduced at concentrations of alanine above 0.5 g/L. For solid phase assays, cells harboring the genetic circuit and TPL gene were incubated in LB agar plate containing 1 mM tyrosine and 1 g/L alanine at 37°C for 20 h. The fluorescence intensity of the colonies was suppressed in LB agar plates when both the substrate and inhibitor were present (Supplementary Figure 4). Thus, alanine can be used as an enzyme inhibitor of TPL and as the resistor in a genetic circuit.

Figure 4C shows the inhibitory effect of alanine in the genetic circuit, measured as the time-lapse fluorescence intensity. The fluorescence intensity was dependent on the inhibitor concentration, and the fluorescence signal was restored at low concentrations of alanine (0.1 g/L). Alanine can be metabolized by the host and, over time, the inhibitory effect may be weakened. In a genetic circuit composed of enzymes, the output can be regulated by reducing the enzyme activity via addition of an inhibitor. If the inhibitor is a metabolite in the host, the intracellular concentration gradually decreases, resulting in a delayed-output signal until enzyme activity is restored.



Fine Tuning of Genetic Circuit Using Regulator Antagonist and Enzyme Inhibitor

To tune the genetic circuit, antagonists and inhibitors were applied to monitor enzyme activity. Of the two AND logic gates of DmpR-GESS (Figure 5A), the first AND gate, consisting of TPL and tyrosine, was able to control the level of product, with alanine used as an inhibitor. As an antagonist, pNP can be used to modulate the output signal of the second AND gate using as inputs a regulator and the phenol produced by the first gate.


[image: Figure 5]
FIGURE 5. Fine tuning of the genetic circuit using antagonist and inhibitor to detect enzyme activity. (A) Schematic diagram of genetic circuit workflow using inhibitors and antagonists. (B) Time-lapse fluorescence intensity of GESS harboring TPL gene at various concentration of pNP. Values represent the means ± SDs of triplicate measurements. (C) Dual inhibitory effect of alanine and pNP in fluorescence analysis of TPL activity using the genetic circuit. Values represent the means of triplicate measurements.


To quantify the use of pNP as a GCR for measuring enzyme activity, time-lapse fluorescence intensity of cells harboring TPL and DmpR-GESS was measured at various concentrations of pNP (Figure 5B). The fluorescence intensity decreased as the concentration of pNP increased. pNP, as a non-metabolite in the host, can maintain its inhibitory effect over time. The antagonist can act as a resistor in the genetic circuit, controlling the output signal through its effects on the regulator.

Finally, alanine and pNP as GCRs for each AND gates were applied to control the output of the genetic circuit (Figure 5C). Fine-tuning of the genetic circuit had a greater effect when the two GCRs were applied simultaneously than with a single application. As a result, the genetic circuit can control the output signal when GCRs are added and combined for each logic gates.

One of the great demands of enzyme engineering using genetic circuits is catalytic improvement. Various types of genetic circuits have been developed over the past decade (Eggeling et al., 2015; Mahr and Frunzke, 2016). Many circuit studies investigated the control of the transcriptional signals by replacing genetic elements such as promoters and ribosome binding sites. The dynamic detection range of the genetic circuit is fixed for the original enzyme activity at the beginning of construction. Moreover, the detection range would not be revised during high-throughput screening rounds for better catalysts. Post-translational methods such as the use of protein degradation tags, incorporation of protein-protein interactions, and conformational changes have been used to control the expression of proteins (Pawson and Nash, 2000; Nussinov and Ma, 2012; Cameron and Collins, 2014). However, most of these post-translational methods rely on their specific characteristics for each new property of a genetic circuit.

To apply GCR to the design of genetic circuits, small molecules should be transported into the cell by passive or active transport systems. Given this basic condition, the output signal can be controlled by adjusting the activity of the enzyme or sensitivity of the regulator. The use of a GCR enables screening for higher enzyme activity, or to control a dynamic sensing and regulation system which can generate multiple outputs using a single module.




CONCLUSIONS

This study demonstrates an approach for controlling genetic circuit properties using small molecules which interact with the enzyme and regulator which are parts of the genetic circuit. The enzyme and regulator generally work with specific small molecules, and these biochemical reactions are inhibited by other substances with similar molecular properties and act as inhibitors and antagonists. In this study, alanine was used to inhibit TPL and pNP was used as an antagonist of DmpR to produce a genetic circuit for monitoring enzyme activity. These inhibitory small molecules, by interacting with the enzyme or regulator, can be used as logical elements for circuit design. Our approach may be applied to a range of genetic circuit-mediated enzyme applications, such as the directed evolution of enzymes, without the need for reconstructing each different genetic circuit.
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Compound Binding affinity (Kd) ~ Interacting residues.
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Hydrazide -76 43", 74%, 1117, 110, 134%, 189",
217,250, 251", 259, 204*
Rhodanine -83 12, 15, 16, 135, 138, 156, 161,
361,379
Barbiturate -76 17, 18,21, 77", 78, 287, 200
Thiobarbiturate  —6.4 91, 95,221, 231,247, 316, 317

*Denotes residues that are associated with the active site. **Denotes catalytic residue.
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FiBAP (ligand-free) FiBAP (ligand-bound)

PDB ID 7CDH 7CF6
Diffraction data statistics

Beamline PLS-7A PLS-11C
Wavelength () 097934 098461
Temperature (K) 100 100
Space group 1422 P22;2
Cell parameters

a,b,c(d) 1439,1439,1196 7856, 150.4,151.9
@B,y () 90.0,90.0,90.0 90.0,90.0,90.0
Data resolution (A) 30.0-26(2.60-2.6)  47.6-27 (2.75-2.7)
Completeness (%) 97.7 (100.0) 99.7 (99.4)
Redundancy 22.9(24.6) 10(6.9)
Total reflections. 439,382 466,992
Unique reflections. 18,969 (1908) 36,967 (1041)
R erge 7.3(82.4) 7.4(155.2)
cc, 0.997 (0.963) 0997 (0.368)
Matthew's coefficient (A% Da~") 3.66 267
Solvent content (%) 66.37 54.04
Average /Sigma () 50.3(6.54) 9.0(1.0)
No. of chains per asymmetric unit 1 4
Refinement

Ruork (%) 199 (27.9) 197 (34.5)
Ree (%) 24.4(36.4) 27.5(37.7)
Protein residues/Ligands 360/0 1497/4
RMSD

Angles (°) 135 197
Lengths (&) 0.011 0015
Average B-factors (A2) 4030 49.98
Ramachandran plot

Most favored regions (%) % 92.74
Allowed regions (%) 3.43 625
Outliers (%) 057 102

Values in parentheses corespond to the highest resolution shell.
“Rrerge = Ehia 5j / h{bk) ~ <Ilhk)>| / S i bk, where ihi) and <I(bk)> are the
intensity of an individual reflection andi the mean value of all measurements of an individual
reflection, respectivel.

bCC1 3 values are the correlations between intensities from random half-data sets.
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Variant Km

Vimax Kcat kcat/Km
(nM) (nmol/min/mg) (s™) (nM—1s-1)
PenL-WT* 643.9 + 1.07* 1657.0 & 384.63* 2.0 + 0.460* 3.0
PenL-Cys69Tyr 22.3 +£0.98 156.4 + 2.51 0.2 + 0.003 8.4
PenlL-Asn136Asp 125+ 0.54 1565.8 +£1.67 0.2 + 0.002 14.9

Data are means + SD of triplicate determination in three or four independent experiments. “Estimated from linear regression.
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Target Engineering strategy [engineering Rationale for Product References
(+donor)/target sites] engineering
KR domain in KR inactivation/Y159F, S146A, K163E Domain sequence 3-Keto derivative of Reid et al., 2003
module 6 of DEBS mutation alignment and 6-
PKS Homology deoxyerythronolide
modeling B
KR domain in A1l-type KR change to eight A2-type Domain sequence Epimerized triketide Annaval et al., 2015
module 2 of DEBS KR domains (amphotericin KR1, KR11, alignment lactones
PKS concanamycin KR4, KR10, elaiophylin
KR4, oligomycin KR5, pimaricin KR7,
candicidin KR13) and six B2-type KRs
(DEBS KR1, lankamycin KR1,
pikromycin KR1, lasalocid KR7,
ECO-02301 KR19, stambomycin
KR21)/AT-KR linker and KR-ACP linker
RE splicing
KR domain in A2-type KR change to Al1-type Domain sequence syn form Eng et al., 2016
module 1 of amphotericin KR2 (or +DE2), and alignment and hydroxyacids
lipomycin PKS B1-type concanamycin KR2 (or structure-based
+DE2)/post AT linker before DE and selection
KR-ACP linker RE splicing
KR domain in A1l-type KR change to A2-type Domain sequence 2D, 2L -triketide Zheng et al., 2013
module 2 of DEBS amphotericin KR2 and amphotericin alignment and lactone,
PKS KR11 with cognate DE/post AT linker structure-based ketolactones
before DE and KR-ACP linker RE selection
splicing
DH domain in KR and DH inactivation/Y 1526F for Domain sequence FR-008-V, -lll, and Zhou et al., 2008

module 18 and KR
domain in module
21 of FR-008 PKS

ER domain in
module 4 of DEBS
PKS

KR domain in
module 1 of
borrelidin PKS

TE domain in
module 9 of
tautomycetin PKS

E domain in module
4 of tyrocidine
NRPS

MT domain in
module 2 of
bassianolide NRPS,
module 2 of
beauvericin NRPS
MT domain
insertion to module
6 of echinomycin
NRPS

Tyrocidine
derivative with
D-Phe4 connected
to PEGA resin

KR21, H3084Y for DH18.

ER stereochemistry altered/Y52V for
ER4 domain.

BorkKR1 to Reductive loop of SpnB of
spinosyn PKS and SpnBDH1 (in
cis-double bond) to BorDH2 (in
trans-double bond)/AT-DH linker region
and ER-ACP linker region splicing

Linear release change to
macrocyclization by using TE domain in
module 6 of pikromycin/TMC TE linker
downstream splicing
L-Phe-D-Phe-L-Pro change to
D-Phe-L-Pro. TycB2-3-AT.CATE(Eryca
or Egye) + TycB1-CAT/Te/T-E linker
splicing

N-methyl-L-Leu, N-methyl-L-Phe
change to L-Leu, L-Phe. MT
deletion/Intact domain deletion by
overlap extension (SOE) PCR

L-Ser change to O or N-methylated Ser.
O-methylating MT domain of module 4
of kutznerides NRPS and
N-methylating MT domain of module 3
of thiocoraline NRPS/intact domain
insertion by RE splicing

D-Phe4 change to various amino acid
libraries. TycC TE isolated for
macrocyclization/intact domain splicing

alignment

Domain sequence
alignment and
homology modeling

Domain sequence
alignment,
structure-based
selection and Ppant
ejection

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
information

Domain sequence
alignment

Domain sequence
alignment,
combinatorial
solid-phase
chemistry

-Vi

Triketide lactone
with S to R methyl
branch
configuration
switched

Adipic acid

Cyclized
tautomycetin
analog

D-Phe-L-Pro
(isolated module)

N-desmethylbassianolide,
N-desmethylbeauvericin

B

O or N-methylated
Ser (isolated
module)

Cyclized tyrocidine
analogs

Kwan et al., 2008

Hagen et al., 2016

Tripathi et al., 2016

Stein et al., 2006

Xu et al., 2019

Lundy et al., 2018

Konli et al., 2002
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Category

Bio-based fuel

Bio-based fuel

Bio-based fuel

Bio-based fuel

Industrial chemicals
Industrial chemicals
Industrial chemicals
Industrial chemicals
Industrial chemicals
Industrial chemicals
Potentially useful

chemical
Anticancer

Product
3-hydroxy acids
3-hydroxy acids
Short chain
ketones

Short chain
ketones

Adipic acids
Triketide lactones
Triketide lactones
Triketide lactones
Triketide lactones
Triketide lactones

Thiopyrazine

Paclitaxel
derivatives

Host

In vitro

Streptomyces
venezuelae

In vitro, Escherichia
coli

Streptomyces
albus

In vitro

Escherichia coli

Escherichia coli

Streptomyces
coelicolor

Streptomyces
venezuelae

Saccharomyces
cerevisiae

In vitro

In vitro

Assembly line

LipPks1 from lipomycin PKS + TE from erythromycin PKS

LipPks1 from lipomycin PKS + TE from erythromycin PKS

AT swapped LipPks1 from lipomycin PKS + TE from
erythromycin PKS + KR null

AT swapped LipPks1 from lipomycin PKS + TE from
erythromycin PKS + KR null + truncated N-terminal linker of
KAL

Reductive loop swapped BolLM-BorMod1 from borrelidin
PKS + TE from erythromycin PKS

154 designed bimodular PKSs based on 14 modules form
eight PKSs

54 designed trimodular PKSs

DEBS1 + TE from erythromycin PKS

DEBS1 + TE from erythromycin PKS

Mod2 of DEBS1 + TE from erythromycin PKS
Isolated NRPS module (NRPS325) of isoflavipucine

PKS-NRPS megasynthetase (ATEG00325)

Isolated NRPS domain (A or A-T domain) of tyrocidine
synthetase TycA module + semisynthesis

References

Yuzawa et al.,
2017b

Yuzawa et al.,
2017a

Yuzawa et al.,
2017b

Yuzawa et al., 2018

Hagen et al., 2016

Menzella et al.,
2005

Menzella et al.,
2007

Regentin et al.,
2004

Yan et al., 2012
Mutka et al., 2006

Qiao et al., 2011

Muchiri and Walker,
2012, 2017
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Category

Target

Engineering strategy (substrate
change/genetic manipulation)

Product

References

Precursor directed
biosynthesis

Precursor directed
biosynthesis

Precursor directed

biosynthesis

Precursor directed
biosynthesis

Mutasynthesis

Mutasynthesis

Mutasynthesis

Mutasynthesis

Mutasynthesis

Mutasynthesis

6-deoxyerythronolide B
PKS

Rapamycin PKS

Pyreudione NRPS

Iturin A NRPS

Geldanamycin PKS

DEBS1-soraphen hybrid
PKS

FK506 PKS

Balhimycin NRPS

Balhimycin NRPS

Salinosporamide NRPS

Native precursor propyl-CoA change to
diketide precursor (SNPCs)/DEBS LM
deletion

Native precursor
4,5-dihydroxycyclohex-1-enecarboxylic
acid change to 21 analogs

Native precursor L-Pro change to prolin
derivatives

Native precursor L-Tyr change to
3-fluoro-L-Tyr

Native precursor
3-amino-5-hydroxybenzoic acid
change to 18
analogs/3-amino-5-hydroxybenzoic
acid (AHBA) biosynthetic gene deletion
Native precursor benzoate change to
p-fluoro, p-hydroxy,
m-hydroxybenzoate/badA deletion with
encN insertion

Native precursor allyimalonyl CoA
change to 4-methylpentanoic acid/tcsB
deletion

Native precursor g-OH-Tyr change to
3-Fht/bhp deletion

Native precursor
dihydroxyphenylglycine change to
hydroxylated or methoxylated
phenylglycines/dpgA deletion

Native precursor 5'-CIDA change to
5'-FDA/sall. deletion

15-fluoroethyl-6
deoxyerythronolide
B

Monocyclic
aliphatic acids
Pyreudione E to K

Fluorinated iturin A

Geldanamycin
variants

Triketide lactone
variants

36-methyl-FK506

Fluorobalhimycin

Hydroxylated or
methoxylated
balhimycin

Fluorosalinosporamide

Ward et al., 2007

Lowden et al., 2004

Klapper et al., 2018

Moran et al., 2009

Eichner et al., 2009

Garcia-Bernardo
et al., 2004

Mo et al., 2011

Weist et al., 2002

Weist et al., 2004

Eustaquio and
Moore, 2008
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Target

AT domain in
module 4 of DEBS
PKS

AT domain in
module 3 of
epothilone PKS

AT domain in
module 2 of DEBS
PKS

AT domain in
module 6 of DEBS
PKS

AT domain in
module 5,6 of
pikromycin PKS

AT domain in
module 1 of
avermectin PKS
AT domain in
module 6 of DEBS
PKS

A domain of
module 2 of
surfactin NRPS

A domain of
module 10 of CDA
NRPS

A domain of
module 3 of
Fusaricidins NRPS

A domain of
module 1 of
Anabaenopeptin
NRPS

A domain of
module 1 of
gramicidin S NRPS

A domain of
module 1 of
syringomycin NRPS

A domain of AdmK
of andrimid
NRPS/PKS hybrid

A domain of
module 1 of
tyrocidine NRPS

A domain of
module 1 of
bacilibactin NRPS

Engineering strategy
(substrate change
(mutation))

Methylmalonyl-CoA (YASH)
to malonyl-CoA (HAFH)

Both methyimalonyl,
malonyl-CoA (HASH) to
methylmalonyl-CoA (YASH)
or malonyl-CoA (HAFH)
Methylmalonyl-CoA (YASH)
to non-natural propargyl,
ethyl, allylmalonyl (VASH)

Methylmalonyl-CoA to
diverse bulky extender urnits
@QYStoAGR)
Methylmalonyl-CoA to
propargyl, ethyl, allyl,
butylmalonyl CoA (Y755V,
Y753v)

40 carboxylic acids to
(28)-methylbutyric acid
(V222L or V222A)
Methylmalonyl-CoA (YASH)
to non-natural
alkynyl-modified extender
unit (RASH)

L-Asp to L-Asn (V299
H322E, 1330V)

L-Glu, Me-Glu to L-Gin,
Me-Gin (278G, Q236G)

L-Tyr, L-Val, L-lle, L-(allo)-lle,
or L-Phe to only L-Phe
(three mutants of three
sites)

L-Arg, L-Tyr to 4-azido-Phe
(E204G, S243E or S243H)

L-Phe to L-Tyr,
O-propargyl-L-Tyr (W2395)

A domain of
L-Ser-specifying EntF
exchange to X-specifying
SyrE. None to L-Ser (3.2
amino acid change per
clone)

L-Val to L-lle, L-Leu, L-Ala,
L-Phe (three sites saturation
mutagenesis)

L-Phe to L-Thr (A301C,
C331l, 13330V, W239M)

2,3-dihydroxybenzoic acid
to B-hydroxybenzoic acid
and 2-aminobenzoic acid
(four sites mutations)

Rationale for
engineering

Domain sequence
alignment and
structure-based
selection

Dormain sequence
alignment

Domain sequence
alignment and
structure-based
selection
Structure-based
selection

Domain sequence
alignment and
Homology

modeling

Homology

modeling

Domain sequence
alignment and
saturation
mutagenesis
Domain sequence
alignment and
Homology
modeling

Domain sequence
alignment

Domain sequence
alignment

Structure-based
selection

Structure-based
selection and
saturation
mutagenesis
Domain sequence
alignment, directed
evolution (2
rounds), and iron
growth selection

Domain sequence
alignment, directed
evolution, and
high-throughput
LC-MS/MS
Dornain sequence
alignment, directed
evolution, and PPi
exchange assay
Domain sequence
alignment, directed
evolution, and
yeast surface
display with FACS

Product

B-desmethyl-6-dEB

Triketide lactones.
derivatives.

Triketide lactones
derivatives

Propargyl, heptenyl,
benzyl-SNAC
incorporation
10-dML analogs,
narbonolide
analogs

(28)-methylbutyric
acid (isolated
module)

10-dML analogs

[AsnSJsurfactin

CDAda-10mQ

Fusaricidin analog
(LI-FO7)

Novel
anabaenopeptin
analog, clickable

Propargylated DKP,
clickable

Enterobactin
derivatives

Andrimid
derivatives

Tyrocidine
derivatives

3-hydroxybenzoic
acid and
2-aminobenzoic
acid (solated
modle)

References

Reeves et al., 2001

Petkovic et al.,
2008

Vogeli et al., 2018

Lietal, 2018

Kalkreuter et al.
2018

Wang et al., 2015

Koryakina et al.,
2017

Eppelmann et al.,
2002

Thirlway et al.,
2012

Hanet al., 2012

Kaljunen et al.,
2015

Kries et al., 2014

Fischbach et al.,
2007

Evansetal.,, 2011

Villiers and
Hollfelder, 2011

Zhang et al., 2013
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Exchange unit

AT-PAL1

AT-PAL1-PAL2

AT-PAL1

AT-PALY

AT-PAL1-PAL2

AT-ACP

KS@-AT-ACP

KAL-AT-PALT

KS-AT-KR-ACP

KS-AT-ACP,
multi-modules

KS-AT-ACP

KS-AT-ACP

AT-DH-KR-ACP-KS

KS-AT-ACP, KS-AT

Target

AT domain in
module 1 of DEBS
PKS

AT domain in
module 6 of DEBS
PKS

AT domain in
module 4 of DEBS
PKS

AT domain in
module 4 of DEBS
PKS

AT domain in
module 1-5,7 of
geldanamycin PKS

LM (AT-ACP) of
DEBS PKS

LM (KS9-AT-ACP)
of tylactone PKS

AT domain in
module 6 of DEBS
PKS, AT domain in
module 1 of
plipomycin PKS

Insertion between
module 1,2
(KS-ATKR-ACP) of
DEBS PKS

Modules of DEBS
PKS

Modules of DEBS,
soraphen,
epothilone,
geldanamycin,
rifamycin,
rapamycin,
pikromycin,
leptomycin PKS
Modules of DEBS
12,3 PKS

Module 2 of
neoaureothin PKS

Module 6 of DEBS
PKS

Engineering strategy
(substrate change/donor
unit/fusion point)

Methylmalonyl to malonyl
CoA specific/rapamycin AT
domain in module 2
exchange/N,C-term RE site
splicing

Methylmalony! to
methylmalonyl or malonyl
CoA specific/RAPS AT2,
DEBS AT4, DEBS ATS
exchange/interdonain
region RE site splicing
Methyimalonyl to malonyl
CoA specific/rapamycin AT
domain in module 2
exchange/N,C-term RE site
splicing

Methylmalony! to
ethyimalonyl CoA
specific/niddamycin AT
domain in module 5
exchange/N,C-term RE site
splicing

Methylmalonyl or
methoxymalonyl to malony!
CoA specific/rapamycin AT
domain in module 2,14
exchange/N.C-term RE site
splicing

Methylmalonyl or malonyl
CoA to 40 carboxylic acids
specific/AVES LM (AT-ACP)
exchange/ACP C-term
region splicing

Malonyl to Methylmalonyl
CoA specific/Platenolide
LM (KSQ-AT-ACP)
exchange/ACP-KS RE site
splicing, synthetic linker
connect

Methylmalony! to
methylmalonyl or malonyl
CoA specific/epothilone AT
domain in module 4
exchange, other various AT
domains
exchange/KAL-AT-PAL1
Methylmalonyl, malony!
CoA specific
added/rapamycin module
2,5 (KS-AT-KR-ACP,
AT-KR-ACP-KS)
insertion/Ks N-term,
C-term RE site spiicing
Same specificity/M1-M3,
M1-M6, M1-RifMS, M2 to
RifM5/Native RE site,
conserved region of
interpolypeptide linker

Two module combinatorial
biosynthesis of 14 module
of 8 PKS/Conserved region
of KS N-term and ACP
C-term RE spicing

Methylmalonyl to propionyl,
methylmalonyl, malonyl
CoA specific/3 module
combinatorial
biosynthesis/conserved
region of interpolypeptide
linker

Deletion of methylmalonyl
CoA specific module
2/KS-AT linker conserved
region and docking domain
of ACP RE splicing
Methyimalonyl-CoA to
methylmalonyl or malonyl
CoA specific/module 2,35
of DEBS PKS
exchange/docking domain
exchange to SYNZIP

Rationale for
engineering

Domain sequence
alignment

Dormain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment and
structure-based
selection

Domain sequence
alignment

Domain sequence
alignment

Dornain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment and
struoture-based
selection

Product

Two novel triketide
lactones

Triketide lactones
derivatives

6-desmethyl
erythromycin D

6-desmethyl
ethylerythromycin
A

Geldanamycin
derivatives

Novel antibiotic
erythromycins

16-methyl
platenolide |

3
hydroxycarboxylic
Acid, short-chain
ketones

Novel octaketide
macrolactones

Triketide lactones
derivatives

Triketide lactones
derivatives

Triketide lactones
derivatives

Homoaureothin

Triketide lactones
derivatives

References

Oliynyk et al., 1996

Hans et al,, 2003

Petkovic et al.
20038

Stassiet al., 1998

Patel et al., 2004

Marsden et al.,
1998

Kuhstoss et al.,
1996

Yuzawa et al.,
2017b

Rowe et al., 2001

Gokhale et al.,
1999

Menzella et al.,
2005

Klaus et al., 2016

Sugimoto et al.
2015

Klaus et al., 2019
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Exchange unit

A, T-C-A

A, C-A

AT

C-A-T,C-A-TE

C-A-T,C-A-TE

C-A-T-C

C-A+TE

ATC

Cacceptor-A-T-
Caonor

C-A-TE,
multi-modules

Target

A domain in module
7 of surfactin NRPS

A domain in module
3 of hormaomycin
NRPS

Adomain in
module 8,9 of
tyrocidine NRPS

A domain in
module 10 of
pyoverdine NRPS

Adomain in
module 2 of
actinomycin NRPS

Modules 8-13 of
daptomycin NRPS

Modules
2,38,11,12,13 of
A54145 NRPS

Modules 1,5 of
surfactin NRPS

Insertion between
module 4 and 5 of
balhimycin NRPS
Modules of
xenotetrapeptide
NRPS

Modules of
xenotetrapeptide
NRPS

Modules 4,5,6 of
surfactin NRPS

Engineering strategy (substrate
change/donor unit/fusion point)

L-Leu to L-Phe, L-Om, L-Cys, L-Val
specific/gramicidin S A domain in
module 1,4,5 and ACV A domain in
module 2,3 exchange/N,C-term RE site
splicing

(B-Me)Phe to L-Thr, (3-Ncp)Ala, L-Val
specific/Hormaomycin A subdomain in
module 2,4,6 exchange/N,C-term RE
site splicing

L-Om and L-Leu to L-lle, L-Phe
specific/A domain in module 1 of
bacitracin A NRPS/tyrocidine A (or
T-C-A) domain in module 3/RE site
splicing and fusion to TCALeuTTe.
L-Thr to L-Thr, L-Lys, L-Ser
specific/Pyoverdine A domain in
module 8, pyoverdine A domain in
3,4,56 modules, (A or C-A) of NRPS of
other species exchange/deletion and
genome integration by attB.

L-Val to N-methyl valine specific.
Actinomycin (A-T) domain in module 5
exchange/C-A linker region, post T site
RE splicing

L-Ala, L-Ser, 3 mGlu, L-Kyn to (L-Ser,
L-Lys, L-Asn), (L-Ala, L-Asn), L-Glu,
L-Trp, L-lle specific/Modules 8-11 of
A54145 NRPS/T-C, T-E, E-C linker RE
splicing

L-Glu, L-Asn, L-Lys, L-Asn, 3mGlu to
L-Asn, L-Asp, (L-Ala, L-Ser, L-Asn),
(L-Ala, L-Ser), L-Glu specific/Many
modules of A54145 NRPS/T-C, T-E,
E-C linker RE splicing

L-Glu, L-Asp to L-GIn, L-Asp
specific/Module 1,5 of lichenysin A
NRPS/C domain (HHXXXDG) active-site
splicing

L-Hpg specific added/CsAsT4E4 of
balhimycin NRPS/A-T linker region
splicing

Various changes/recombination of
XtpS, GxpS, KolS, AmbS, GarS, GrsB,
BicA/C-A linker region (WNATE)
splicing.

Various changes/recombination of
XtpS, GxpS, KolS, AmbS, GarS, GrsB,
BicA, SrfA, GrsAB, TycC, XeyS, Pax,
others/Caccsptor-Caonor linker splicing.
L-Val, L-Asp, D-Leu to
none/multimodule skipping by docking
domain change/T/E-COMp, or COM-C
linker splicing

Rationale for
engineering

Domain sequence
alignment

Homology
modeling

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment

Domain sequence
alignment and
structure-based
selection

Domain sequence
alignment and
structure-based
selection

Domain sequence
alignment

Product

Five different
surfactin variants

Altered substrates
(A domain assay)

Dipeptides (isolated
module)

Pyoverdine
derivatives

Acyl-threonine—
MeVal (isolated
module)

Daptomycin
derivatives

AB4145 derivatives

Recombinant

lipopeptides

Balhimycin

derivatives

Xenotetrapeptides

Xenotetrapeptices

Surfactin
derivatives

References

Stachelhaus et al.
1996

Criisemann et al,,
2013

Doekel and
Marahiel, 2000

Calcott et al., 2014

Schauwecker et al,,
2000

Nguyen et al., 2006

Nguyen etal., 2010

Yakimov et al.,
2000

Butz et al., 2008

Bozhuyuk et al.,
2018

Bozhuyuk et al.,
2019

Chiocchini et al
2006
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