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O-GlcNAcase (OGA) is the only enzyme responsible for removing N-acetyl glucosamine (GlcNAc) attached to serine and threonine residues on proteins. This enzyme plays a key role in O-GlcNAc metabolism. However, the structural features of the sugar moiety recognized by human OGA (hOGA) remain unclear. In this study, a set of glycopeptides with modifications on the GlcNAc residue, were prepared in a recombinant full-length human OGT-catalyzed reaction, using chemoenzymatically synthesized UDP-GlcNAc derivatives. The resulting glycopeptides were used to evaluate the substrate specificity of hOGA toward the sugar moiety. This study will provide insights into the exploration of probes for O-GlcNAc modification, as well as a better understanding of the roles of O-GlcNAc in cellular physiology.
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INTRODUCTION

Protein glycosylation is an important protein post-translational modification in various organisms and is critical for a wide range of biological processes. Defective or aberrant glycosylation can lead to serious cellular dysfunction or diseases in humans (Wells et al., 2001). O-GlcNAcylation is a single N-acetylglucosamine beta-linked to the serine or threonine residues of some nucleic acids and cytoplasmic proteins, and is essential for multiple cellular signaling cascades, including gene transcription, protein translation, cell cycle, and nutrient sensing (Chen et al., 2013; Ferrer et al., 2014; Hardiville and Hart, 2014). By affecting the stability, activity, or interactions of key signaling proteins, O-GlcNAcylation is a novel and vital factor in the cause of diseases such as diabetes, cancer, and neurodegeneration (Yuzwa et al., 2012; Yuzwa and Vocadlo, 2014; Zhu et al., 2014). Because of the importance of O-GlcNAc and its crucial role in disease pathology, the enzymes controlling O-GlcNAcylation levels are considered to be therapeutic targets.

O-GlcNAcylation is a dynamic reversible process, the addition and removal of GlcNAc residues from a protein is regulated by only two enzymes. Uridine diphosphate-N-acetyl-D-glucosamine: polypeptidyl transferase (OGT) is responsible for transferring a single GlcNAc from uridine diphosphate-α-N-acetyl-D-glucosamine (UDP-GlcNAc) to proteins. O-GlcNAcase (OGA) removes GlcNAc from glycoproteins. Substrate promiscuity of OGT and OGA has been shown to be valuable for enzymatic catalysis and O-GlcNAcylation level control. The substrate specificity of human OGT (hOGT) has been widely investigated and the hOGT crystal structure has been solved (Lazarus et al., 2011). Among the 26 UDP-sugar derivatives, 4 (UDP-GlcNPr, UDP-6-deoxy-GlcNAc, UDP-4-deoxy-GlcNAc and UDP-6-deoxy-GalNAc) were reported to highly glycosylate peptides via sOGT-catalyzed glycosylation (Ma et al., 2013). For peptide acceptor recognition, 3 positions (−2, −1, and +2) in the peptide sequence are vital for O-GlcNAcylation, and uncharged amino acids are preferred and show high reactivity (Liu et al., 2014). Recently, several research groups solved the structure of hOGA and revealed that hOGA existed as an unusual arm-in-arm homodimer. The residues of hOGA on the cleft surface enabled broad interactions with peptide substrates, indicating the important role of the peptide structure in the recognition mode (Elsen et al., 2017; Li et al., 2017; Roth et al., 2017). However, partly because of the difficulties in obtaining glycopeptides with modified GlcNAc residues, structure determination during GlcNAc-recognition by hOGA remains unclear.

We previously evaluated chemoenzymatic synthesis and purified oligosaccharides and glycopeptides (Wen et al., 2016a,b; Wu et al., 2016; Wang et al., 2018). As an extension of these studies, glycopeptides containing different GlcNAc derivatives were successfully synthesized and purified. Further, we investigated the substrate specificity of hOGA and found that hOGA was less promiscuous in tolerating substrates with modified GlcNAc.



RESULTS


Synthesis of GlcNAc Derivatives

GlcNAc and GalNAc were purchased from Carbosynth (San Diego, CA, USA). GlcNPh, GlcNGc, GlcNTFA, and 6-N3-GlcNAc were gifted from Dr. Xi Chen's lab (UC Davis, USA). 4-Deoxy-GlcNAc and GlcNAz were synthesized according to our previous report (Li et al., 2016). The other three new compounds, GlcNPr, 4-OMe-GlcNAc, and 6-deoxy-GlcNAc, were synthesized for the first time in this study (Figure 1). GlcNPr was generated in the presence of propionyl chloride and pyridine after global deprotection. A convergent route was designed to synthesize 6-deo-GlcNAc and 4-OMe-GlcNAc; GlcNAc as the starting material was first protected with benzylidine and then subjected to 1,3-diacetylation to afford intermediate 5. Selective deprotection of benzylidine was carried out in the presence of NBS and calcium sulfate to afford 6. The desired target compound 8 was obtained after reduction of the bromide and full deacetylation. For 4-OMe-GlcNAc, bezylidine in 5 was removed and selective acetylation of the 6-OH freed the 4-OH, which was O-methylated in the presence of iodomethane and silver oxide. 11 was obtained after global deprotection.
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FIGURE 1. Synthetic methods of compounds: (A) GlcNPr, (B) 4-OMe-GlcNAc, and 6-deoxy-GlcNAc.





Protein Expression and Purification

According to previous studies, we overexpressed Bifidobacterium infantis N-acetylhexosamine 1-kinase ATCC#15697 (BiNahK), human UDP-N-acetylgalactosamine pyrophosphorylase (hAGX1), human OGT (ncOGT), and human OGA (hOGA) in Escherichia coli (Gross et al., 2005; Guan et al., 2010; Li et al., 2011, 2012). Enzymes were expressed by induction with 1 mM of isopropyl 1-thio-β-D-galactopyranoside followed by incubation at 16°C for 24 h with vigorous shaking (200 rpm). After purification, 15 mg ncOGT, 20 mg hOGA, 40 mg BiNahK, and 20 mg hAGX1 were obtained from 1 L of an E. coli culture. As shown in Figure S1, enzymes with an N-terminal His6 tag showed 80% purity with a high yield. The apparent molecular weights of the enzymes according to SDS-PAGE were well-correlated with the calculated molecular weights of each protein.



Production of Glycopeptides and Determination of Substrate Specificity of OGT

UDP-GlcNPh, UDP-GlcNGc, UDP-GlcNTFA, and UDP-6-N3-GlcNAc were synthesized as reported previously (Chen et al., 2011). Other sugar nucleotides were obtained through a chemoenzymatic strategy by chemical synthesis of GlcNAc derivatives, which were used as the substrates in a one-pot two-enzyme system containing BiNahK and hAGX1 (Figure 2A). All UDP-sugars produced were characterized by capillary electrophoresis and matrix-assisted laser desorption/ionization (MALDI)-time-of-flight mass spectrometry (Figure S3).
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FIGURE 2. (A) Production of glycopeptides by hOGT-catalyzed reaction using chemoenzymatically synthesized UDP-GlcNAc derivatives. (B) The structures of glycopeptide derivatives used in the study.



The peptide substrate (YAVVPVSK) was synthesized based on the Fmoc-strategy using a Liberty Blue Peptide Synthesizer and purified by high-performance liquid chromatography (HPLC) (Liu et al., 2014) (Figure S4). A set of glycopeptides carrying modifications on the GlcNAc residue were subsequently prepared in a recombinant full-length hOGT-catalyzed reaction using chemoenzymatically synthesized UDP-GlcNAc derivatives (Figure 2A). The hOGT enzyme reactions were carried out at 37°C for 2 h in a volume of 100 μL containing 1 mM peptide, 3 mM UDP-GlcNAc analogs, and 50 μg ncOGT in buffer (50 mM Tris-HCl, pH 7.5, 10 mM Mg2+). The reaction was boiled, and the products were subjected to HPLC purification and yield quantification (Table 1). Each peak was collected and identified based on MALDI. For example, GlcNAc showed a peak at 18.6 min and was characterized as GlcNAc-peptide with m/z = 1088.017, while the peak at 19.7 min was characterized as a peptide with m/z = 862.954 (M+H) and 884.943 (M+Na) (Figure 3A). The retention time of the pure peptide was 19.7 min, while the GlcNAc-peptide showed a retention time of 18.6 min because of the increased polarity of GlcNAc (Figure 3A). Moreover, the OGT reaction efficiency was calculated as the glycopeptide yield (Ya%). The yield was calculated with the formula Ya = S1/(S1+S2), where S1 and S2 are the integrated areas of the glycopeptide and peptide peaks, respectively (Table 1). The HPLC profile of the OGT and OGA reaction on the peptide are detailed in the Supporting Materials (Figure S2).



Table 1. The yields of OGT and OGA reactions.
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FIGURE 3. The HPLC and MALDI-TOF profile for OGT (A) and OGA (B) reactions toward UDP-GlcNAc substrates. * represents the glycopeptide peak.



By utilizing this method, 10 glycopeptide derivatives (5 glycopeptides with C2-modified GlcNAc, 3 glycopeptides with C4-modified GlcNAc, and 2 glycopeptides with C6-modified GlcNAc) were produced (Figure 2B), purified by HPLC, and characterized by MALDI (Figure S5). All UDP-GlcNAc derivatives were good substrates for hOGT except for UDP-6-N3-GlcNAc, which resulted in only 23.8% yield in vitro (Table 1). Notably, hOGT was the full-length isoform with 13.5 tetratricopeptide repeats (TPRs), which showed higher activity than sOGT (short OGT with 2.5 TPRs). For example, when sOGT was used, six UDP-GlcNAc derivatives (UDP-GlcNGc, UDP-GlcNAz, UDP-GlcNTFA, UDP-GlcNPh, UDP-6-N3-GlcNAc, and UDP-GalNAc) used as the substrates produced <1% yield (Ma et al., 2013). In comparison, over 49% yield was obtained when full-length hOGT was used. The crystal structures of the N-terminal domain of full-length hOGT containing the first 11.5 TPRs, showed that the conserved asparagine residues in the TPR domain directly contacted the substrates, supporting the role of the TRP domains in initial recognition and substrate specificity determination (Jinek et al., 2004). In summary, in addition to preparing glycopeptides, we found that full-length hOGT is a more efficient catalyst than the previously reported short sOGT.



OGA Substrate Specificity Assay

The glycopeptide peaks from OGT reactions were collected and lyophilized for the hOGA substrate specificity assay. The hOGA reaction was conducted overnight in a volume of 100 μL containing the glycopeptides, MgCl2 (20 mM), Tris–HCl (200 mM), and recombinant hOGA (0.1 mg). The reaction mixture was boiled and centrifuged before HPLC separation. Each peak was collected and characterized by MALDI. When the GlcNAc-peptide was treated with hOGA, efficient hydrolysis activity of hOGA and a single peptide peak were observed (Figure 3B). The hOGA hydrolysis yield (Yb%) was calculated using the formula Yb = S2/(S1+S2), where S1 and S2 are the integrated areas of the glycopeptide and peptide peaks, respectively. The HPLC profiles of the OGT and OGA reaction on the peptide are described in detail in the Supporting Materials (Figure S2). The GlcNAz-peptide and 6-N3-GlcNAc-peptide were well-tolerated by hOGA, and other glycopeptide derivatives significantly decreased the efficiency of hOGA, showing <10% hydrolysis yield (Table 1). The results revealed that hOGA had a relatively strict recognition for the sugar moiety in the glycopeptides, thus exhibiting limited activities for glycopeptide derivatives with C2, C4, and C6 modifications on GlcNAc.




CONCLUSION

Glycopeptides containing different GlcNAc derivatives were successfully synthesized in a recombinant full-length hOGT-catalyzed reaction, using chemoenzymatically synthesized UDP-GlcNAc derivatives. We also found that full-length hOGT is a more efficient catalyst than sOGT, as over a 49-fold yield was observed when hOGT was used. The resulting glycopeptides were used to investigate the substrate specificity of hOGA toward the sugar moiety. hOGA was less promiscuous in tolerating glycopeptide substrates with modified GlcNAc, and changes in the C2, C4, and C6 positions of GlcNAc partially affected its recognition. Interestingly, OGT and OGA possessed different levels of tolerance to the same sugar moiety, such as GlcNPh, GlcNTFA, and 4-OMe-GlcNAc. Therefore, the acquired GlcNAc derivatives, which were well-recognized by OGT but not hydrolyzed by OGA, may increase the O-GlcNAcylation level in vivo when the peracetylated compound is metabolically incorporated. Indeed, our group developed an OGA-resistant probe, peracetylated 4-deoxy-N-azidoacetylglucosamine (Ac3-4-deoxy-GlcNAz), which can be used as a potent tool for O-GlcNAcylation detection and the identification of O-GlcNAcylated proteins (Li et al., 2016). Thus, OGA-resistant GlcNAc substrates show potential as excellent probes for investigating O-GlcNAcylation and elucidating their importance in cellular events.
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Current research has demonstrated that small cationic amphipathic peptides have strong potential not only as antimicrobials, but also as antibiofilm agents, immune modulators, and anti-inflammatories. Although traditionally termed antimicrobial peptides (AMPs) these additional roles have prompted a shift in terminology to use the broader term host defense peptides (HDPs) to capture the multi-functional nature of these molecules. In this review, we critically examined the role of AMPs and HDPs in infectious diseases and inflammation. It is generally accepted that HDPs are multi-faceted mediators of a wide range of biological processes, with individual activities dependent on their polypeptide sequence. In this context, we explore the concept of chemical space as it applies to HDPs and hypothesize that the various functions and activities of this class of molecule exist on independent but overlapping activity landscapes. Finally, we outline several emerging functions and roles of HDPs and highlight how an improved understanding of these processes can potentially be leveraged to more fully realize the therapeutic promise of HDPs.
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INTRODUCTION

Driven by the emergence of antibiotic resistance throughout the world and a dearth of antimicrobials in the drug development pipeline, we are on the precipice of returning to a pre-antibiotic age (Martens and Demain, 2017). Since their discovery in the 1980s, antimicrobial peptides (AMPs), naturally occurring polypeptide sequences (~12–50 residues) comprised of cationic and hydrophobic amino acids with direct antibacterial activity (Hancock and Sahl, 2006; Nguyen et al., 2011; Fjell et al., 2012), have long been touted as one solution to this impending medical crisis. Statements such as “promising alternative to antibiotics,” “potential to address to growing problem of antibiotic resistance” and “hold promise to be developed as novel antibiotics” appear in almost every research article describing novel AMP sequences. In fact, the vast majority of studies related to AMPs have sought to identify and characterize peptides with potent and broad spectrum antimicrobial properties. Common strategies involve searching for novel peptides from natural sources either through the analysis of increasingly-exotic biological organisms and tissue extracts (Kim et al., 2018), identifying potential AMP sequences from genomic sequence information (Rodríguez-Decuadro et al., 2018; Yang et al., 2018), or excising predicted antimicrobial sequences from larger proteins (Pane et al., 2016; Abdillahi et al., 2018). Furthermore, a large portion of the relevant scientific literature is devoted to studies aimed at selectively enhancing the antibacterial potency of synthetic peptides either by systematically altering the amino acid composition of natural AMPs (Akbari et al., 2018; Chen et al., 2018) or designing novel sequences based on the structural and biophysical properties of known AMPs (Haney and Hancock, 2013; Kumar et al., 2018). Indeed, the prospect of finding a peptide with broad spectrum antimicrobial activity toward antibiotic resistant pathogens that plague human populations is a worthy endeavor that has captured the imagination and resources of many scientific research groups worldwide.

In spite of their tremendous promise, no peptide-based antibiotic has to-date realized regulatory approval (although several are in advanced clinical trials). There are many potential reasons for this apparent lack of success in developing this class of molecules as medicines, including low stability, toxicity, and high cost-of-goods (Haney and Hancock, 2013). However, it may be that we have already achieved the limits of antimicrobial potency for AMPs, through either natural selection by evolutionary processes or rational design, and that AMPs may never be able to achieve the same clinical outcomes as conventional antibiotics. Even more troubling is the possibility that the direct antibacterial effects of AMPs may not represent the primary biological functions of these molecules in nature and that researchers could be spending considerable effort searching for an elusive “optimal” AMP sequence that may not exist. For instance, it is well-established that the direct antibacterial activity of most AMPs is dramatically reduced under physiological conditions that would be encountered in vivo (Goldman et al., 1997; Bowdish et al., 2005; Starr et al., 2016). Consequently, it may be that the in vitro screening procedures employed to date do not effectively capture the true potential of this class of molecule since a growing amount of in vivo data has demonstrated the efficacy of AMPs in various animal models related to infection and inflammation, further underscoring their tremendous clinical potential. Indeed, over that past decade or so, we have begun to appreciate the other biological functions that can be inherent to amphipathic cationic peptides. These include such activities as immune modulation, including anti-infective (e.g., immune cell recruitment), anti-inflammatory, and wound healing properties, as well as antibiofilm activity. To emphasize the multifaceted nature of these cationic polypeptides, the term “Host Defense Peptide” (HDP) (Nijnik and Hancock, 2009; Takahashi et al., 2010) is now more commonly used to encompass the breadth of biological processes that are influenced by these versatile biomolecules, although the terms AMP and antibiofilm peptides are still accurate when considering only activities against planktonic and biofilm cells, respectively.

Our goal in this review is to question some of the most tightly held beliefs regarding the natural roles and functional potentials of AMPs and HDPs. We begin by critically examining the purported mechanism of action of AMPs as directly targeting the membrane of bacterial cells and highlight some of the advances that have helped many push beyond simplified models of antimicrobial activity. We then argue the need to shift the paradigm from appreciating these molecules as direct acting antibacterial compounds toward multi-faceted mediators of a wide range of biological processes. In particular, we explore the concept of chemical space (all possible polypeptide sequences of a given length) in the context of HDPs and postulate that the activity landscapes related to each biological function of HDPs are distinct, but overlapping. Finally, we outline several emerging roles of HDPs in relation to health and disease and highlight some of the new and exciting work being done to fully realize the therapeutic promise of HDPs.



MECHANISM OF AMPS ACTIVITY—A COMPLEX QUESTION

For many years now, AMPs have largely been investigated in the context of their ability to kill bacteria by disrupting membranes ultimately leading to cell lysis and death (Hancock and Sahl, 2006; Zasloff, 2009; Kumar et al., 2018; Lázár et al., 2018). Experts in the field have often discussed at length the exact nature of the membrane perturbation, i.e., whether the peptides kill bacteria through transmembrane pore (Rapaport and Shai, 1991; Matsuzaki et al., 1998) or non-pore (Shai, 2002; Yeaman and Yount, 2003; Lee et al., 2016) mechanisms. Alternatively, the effect of bilayer integrity may be compromised upon reaching a certain threshold peptide concentration at the membrane surface (Andersson et al., 2016; Epand et al., 2016). The main models presented include the barrel-stave, carpet, detergent, toroidal pore, aggregate (Hale and Hancock, 2007), and electroporation (Lee et al., 2016) models, or combinations thereof (Kumar et al., 2018), and these have been extensively discussed in other reviews. Many detailed studies have relied on the use of a handful of biophysical methods to determine how these peptides perturb membranes (Okada and Natori, 1983; Zasloff, 1987; Lehrer et al., 1989; Arias et al., 2018; Marquette and Bechinger, 2018). Aspects considered in these studies include the structure of the peptide in the membrane, the insertion and interaction of the peptide into model lipid bilayers, lipid selectivity and/or ability to cause leakage. While all of these observations are valid within the context of the experimental setup, in the following section, we will examine how these findings may not be relevant to how HDPs actually kill bacteria outside of a culture tube. This is particularly relevant for AMPs that lack membranolytic activity. Specifically, we critically examine several mechanistic principles that are often generalized for AMPs and discuss how researchers have begun to unravel varied and complex mechanisms of action for this class of peptides.


Does the Electrostatic Attraction Between AMPs and Membranes Dictate Activity?

Most antimicrobial peptides are cationic and amphipathic with a net charge ranging from +2 to +9, due to an abundance of Arg and Lys residues within their sequence (Haney and Hancock, 2013). Given that the bacterial cytoplasmic membrane contains a high proportion of phospholipids with negatively charged headgroups [e.g., phosphatidylglycerol (PG) and cardiolipin (CL)], the initial interaction between a peptide and a bacterial cell is generally considered to be electrostatic in nature followed by an association of the hydrophobic domains of AMPs with the hydrophobic core of membranes. In reality, the path between a cationic peptide and the anionic cytoplasmic membrane is fraught with potential peptide binding targets and littered with bacterial cell surface components that necessitate this process should be more than a simple electrostatic interaction.

For instance, Gram-negative bacteria possess an outer membrane which acts as a selective barrier and protects the cell from the action of various antibiotics. Furthermore, lipopolysaccharides (LPS) are present in high abundance on the surface of the outer membrane of Gram-negative bacteria. LPS molecules bear multiple negative charges that are typically neutralized by the presence of divalent cations (e.g., Mg2+ and Ca2+) which in turn stabilize the outer membrane (Vaara, 1992). LPS offers an electrostatic and hydrophobic binding partner for approaching cationic amphipathic peptides (which have a higher affinity for LPS than the native divalent cations) and upon membrane binding, the peptides competitively displace the divalent cations which subsequently interferes with lipid packing and leads to increased permeability of the outer membrane thereby mediating their so-called self-promoted uptake (Hancock, 2001). Beyond this, it is unclear what the driving force is that allows peptides to transition from the Gram-negative outer membrane to the surface of the cytoplasmic membrane and beyond. Conceivably, this could involve some combination of peptide concentration gradients, Donnan potentials (created by the presence of polyanionic membrane-derived oligosaccharides in the bacterial periplasm) or the electrical potential gradient across the cytoplasmic membrane (Nikaido, 2003).

In Gram-positive bacteria, a thick layer of peptidoglycan surrounds the bacterial cell and provides structural support. An AMP should transit quite freely through the netlike structure of a Gram-positive cell wall to interact with the cytoplasmic membrane (Vollmer and Bertsche, 2008). However, while peptidoglycan itself lacks an explicit negative charge, teichoic acid, and lipoteichoic acids can be found interspersed throughout the peptidoglycan structure and confer a surface negative charge. These anionic molecules also provide binding sites for HDPs (Scott et al., 1999a), and these would presumably need to be circumvented to reach the cytoplasmic membrane.

Since the electrostatic attraction between a cationic AMP and the anionic bacterial cell surface is considered essential to the overall mechanism of action, several studies have examined how charge relates to activity (Dathe et al., 2001; Mihajlovic and Lazaridis, 2012) and whether this property could be manipulated to improve antibacterial potency and selectivity for bacterial cells. Results from these studies suggest that there is an optimal charge/hydrophobicity balance needed to ensure equilibrium between activity and toxicity. For example, increasing the charge of magainin 2 from +3 to +5 improved the antibacterial activity against both Gram-positive and Gram-negative bacteria, but an increase to +6 or +7 led to increased hemolytic activity and loss of antimicrobial potency (Dathe et al., 2001). It has been suggested that the loss of activity in highly cationic peptides may be due to the fact that this would result in an extremely strong interaction between the peptide and the anionic phospholipid headgroups that would prevent translocation of the peptide into the inner leaflet of the membrane (Yeaman and Yount, 2003). Alternatively, the increased charge may perturb the kinetic network, i.e., the careful balance between peptide-bacteria interactions vs. peptide-host cell interactions (Starr et al., 2016).

In addition to overall charge on a peptide surface, the specific location of the charged residues (and by extension the hydrophobic residues) along the length of a peptide has a significant influence on antibacterial potency and toxicity (Hilpert et al., 2006; Leptihn et al., 2010; Archer et al., 2011; Yin et al., 2012; Hollmann et al., 2016). The fact that even a single amino acid change within an AMP sequence can dramatically alter the antibacterial and/or toxicity profile of a peptide would suggest that the influence of biophysical parameters such as charge and hydrophobicity are important within the context of the AMP sequence in question. Therefore, sequence manipulations aimed at improving potency may be difficult to apply broadly to all AMPs in general.

Finally, another indication that positive charge may not play the defining role in determining AMP potency is the fact that several anionic antimicrobial peptides have also been reported in the literature (Harris et al., 2009) and many of these adopt amphipathic structures and can interact with membranes, akin to the interactions that have been observed for cationic AMPs.



Do All Antimicrobial Peptides Act to Destroy Bacterial Membranes?

Since AMPs are known to interact with phospholipid bilayers, it was originally claimed that all AMPs act as membrane disrupters in keeping with early studies that demonstrated that AMPs permeabilized membranes, e.g., of vesicles. However, most of those studies relied on data obtained at concentrations far above the minimal inhibitory concentration (MIC), or under artificial assay conditions using model membranes and very high peptide:lipid ratios relative to the conditions that would occur during killing of bacterial cells (Wu et al., 1999; Wimley, 2010).

While it is true that AMPs must interact with bacterial membranes as part of their overall mechanism of action, this dogma of membrane targeting leading to lysis or cytoplasmic leakage has now been effectively refuted as summarized previously (Hancock and Sahl, 2006; Fjell et al., 2012). Indeed it is now well-understood that in addition to membrane interactions, many AMPs act on membrane-associated targets (e.g., cell wall biosynthesis, cell division, etc.) or on cytoplasmic targets (e.g., macromolecular synthesis in cells, heat shock proteins, etc.; Otvos, 2005; Hale and Hancock, 2007; Fjell et al., 2012). One of the earliest examples of this phenomenon was buforin II, a histone derived AMP from Asian toads (Park et al., 1998). Interestingly, E.coli cells treated with buforin II were not lysed, even at 5X the MIC, and this peptide did not perturb model membranes, clearly demonstrating that membrane perturbation does not contribute to the bactericidal effect. Instead, it was demonstrated that this peptide translocated into the bacterial cytoplasm where it readily bound DNA and RNA, implicating this interaction in the mechanism of action (Park et al., 1998). Subsequently, Wu et al. described a broad range of peptides that did not completely depolarize bacterial cells at their MIC (Wu et al., 1999). Alternatively, human α-defensin 5 has been shown to translocate into the cytoplasm of E. coli where it accumulates at the cell division plate and at opposite poles of the cell, suggesting that part of the antibacterial mechanism of this AMP is due to interference with cellular division processes (Chileveru et al., 2015). Cell division targeting through QueE was also recently shown for peptide C18G, a synthetic AMP derived from platelet factor IV (Yadavalli et al., 2016). Other peptides interfere with membrane associated processes, such as binding to lipid II which is involved in cell wall and teichoic acid biosynthesis, thereby inhibiting cell wall biogenesis (Wiedemann et al., 2001; Sass et al., 2010; Schneider et al., 2010). Several more examples of AMPs that target intracellular bacterial components exist, including: PR-39 (Boman et al., 1993), indolicidin (Subbalakshmi and Sitaram, 1998), pyrrhocoricin (Kragol et al., 2001; Taniguchi et al., 2016), human β-defensin 4 (Sharma and Nagaraj, 2015), proline-rich AMPs (Scocchi et al., 2011; Li et al., 2014; Florin et al., 2017), and many others (Hale and Hancock, 2007; Shah et al., 2016).

Indeed it has been proposed that AMPs are likely to have multiple modes of action, a feature that has earned them the moniker of “dirty drugs” (Friedrich et al., 2001; Hancock and Sahl, 2006). Adding to this complexity, it has been proposed that individual AMPs elicit a unique bacterial response which was demonstrated by challenging E. coli with four physico-chemically related peptides: magainin 2, pleurocidin, buforin II, and a synthetic D-amino acid peptide D-LAK120-AP13 (Kozlowska et al., 2014). In this case, treatment of E. coli with sub-lethal concentrations of each peptide caused both metabolic and gene expression changes that were unique to each peptide, suggesting that every AMP employs a unique mechanism of action to exert their antibacterial effects. Several other studies have demonstrated that AMP treatment causes substantial changes to overall gene expression profiles (Bader et al., 2003; Tomasinsig et al., 2004; Overhage et al., 2008; Majchrzykiewicz et al., 2010; Le et al., 2016; Nagarajan et al., 2018), further demonstrating the complexity of the bacterial response to natural and synthetic AMPs.

As stated above, interactions between AMPs and biological membranes occur and these interactions play a key role in the overall mechanism of action for this class of molecules. It seems possible that some AMPs, like magainin (Matsuzaki, 1998) and/or melittin (van den Bogaart et al., 2008), exert their primary antibacterial (and/or cytotoxic) effects through a lytic mechanism of action. However, applying the concept of membrane disruption to all AMPs is likely an oversimplification of a complex and dynamic process. As work continues in the field of AMP research it will be necessary to press beyond these simplified models that are often invoked to explain the mechanistic details underpinning the biological functions of AMPs.



Do AMPs Adopt a Specific “Active” Conformation?

Another frequently-characterized feature of AMPs is their ability to fold into a variety of secondary structures including α-helices, β-structures, turns, extended structures and other permutations (Nguyen et al., 2011). It is generally accepted that most linear AMPs are unstructured in aqueous solutions and undergo a conformational change to a folded state as they bind and insert into biological membranes. Since this membrane interaction is required for the antibacterial effects of AMPs (even if the target is intracellular, the peptide must cross bacterial membranes), in the past it was considered that this membrane bound structure represented the “active” conformation. Much has been written about peptide interactions with membranes, with some authors suggesting formal channels (barrel-stave, toroidal pore models) while others have suggested more casual interactions (carpet, detergent, and aggregate model; Lee et al., 2016). However, considering the above-described diversity of mechanisms, ultimately the most satisfying models would describe how some peptides are able to translocate across membranes without lethally permeabilizing them. This is a known feature of immunomodulatory HDPs that must translocate into cells to mediate their activities (Lau et al., 2005; Mookherjee et al., 2009) and such peptides fall into the general class of cell penetrating peptides (Sandgren et al., 2004; Zorko and Langel, 2005; Guidotti et al., 2017). That AMPs do the same is suggested by demonstrations that some peptides can accumulate in the cytoplasm of bacteria (Park et al., 1998; Powers et al., 2006) or are readily taken up by eukaryotic cells (Tomasinsig et al., 2006).

Moreover, several studies have examined how AMP sequences correlate to peptide structure and how this may be related to antibacterial potency. For instance, aurein 2.2 and 2.3 are natural cationic AMPs from the frog Litoria aurea (Rozek et al., 2000). They are both 16 amino acid residues in length, have a net +2 charge, and an amidated C-terminus. Circular dichroism and NMR studies have shown that both peptides adopt a continuous α-helical structure in a membrane or membrane-mimetic environment (Pan et al., 2007; Cheng et al., 2009, 2010, 2011). This structure is only present when the peptides interact with the membrane, hence it could be assumed to be important for function. However, an analog of aurein 2.3 with a carboxylated C-terminus also adopts the same structure as the natural form, but does not have any antimicrobial activity (Pan et al., 2007).

The example cited above suggests that AMPs do not necessarily adopt a specific “active” conformation, i.e., there is no direct correlation between the amount or type of secondary structure and any quantifiable biological activity such as MIC. Indeed, short polypeptides are notorious for their conformational flexibility and several examples of natural and synthetic AMPs with a high degree of structural plasticity have been reported in the literature including: 1018 (Wieczorek et al., 2010), indolicidin (Nagpal et al., 2009), HHC-36 (Nichols et al., 2013), Gad-2 (McDonald et al., 2015) etc. It is this structural plasticity that makes peptides natural biological messengers (Henninot et al., 2018) and this flexibility in structure likely ensures that interactions between AMPs and their targets are malleable, enabling them to interact with a variety of binding targets including not only membranes, but also DNA, RNA, and certain proteins. These interactions, in turn, ensure that AMPs and HDPs are active against a broad range of microorganisms (including their biofilm growth states) while also being capable of causing pleiotropic effects in the host, all of which are essential to innate host defense processes (Hancock and Sahl, 2006, 2013).



Are Bacteria Able to Develop Resistance to AMPs?

As natural molecules involved in host defense, HDPs have co-evolved for millions of years alongside bacteria and it has been frequently argued that bacteria are virtually incapable of developing resistance to AMPs. This is often touted as one of the attractive features of developing synthetic AMPs as alternatives to antibiotics. Unfortunately, bacteria are quite resourceful and indeed several resistance mechanisms to AMPs have been reported (Nizet, 2006; Bechinger and Gorr, 2017). Examples include remodeling of the membrane to reduce the overall negative charge, blocking the anionic groups in LPS by attaching an aminoarabinose group or decorating TA polymers with D-alanine moieties to counteract the negative charge arising from the phosphate groups in the TA monomers. Furthermore, AMPs may be degraded by the action of bacterial proteases (Sieprawska-Lupa et al., 2004; Lai et al., 2007) or they may simply be expelled from the cell following upregulation of bacterial efflux systems (Joo et al., 2016). Alternatively, the ability of peptides to induce resistance regulons in Pseudomonas to some extent dictated their activity against this bacterium (McPhee et al., 2003; Fernández et al., 2012). Regardless of which resistance mechanism is invoked by a particular bacterial species, it is important to consider these resistance mechanisms as we continue the search for novel AMP sequences with ever increasing antibacterial potency. At best, the various resistance mechanisms described for AMPs indicate that any new peptide-based antibiotic, once introduced in the clinic, would be prone to similar patterns of resistance as those observed for conventional antibiotics (Blair et al., 2015). In this scenario, AMPs could be viewed as merely stemming the rising tide of antibiotic resistance rather than acting as a miracle drug that will solve all our problems.



Are Antibiofilm Peptides Distinct From AMPs?

The development of antibiofilm peptides and their potential to address the issues of biofilm-associated infections has been reviewed elsewhere (Batoni et al., 2016; de la Fuente-Núñez et al., 2016; Pletzer and Hancock, 2016) and hence, we will only briefly discuss some of their properties here. This class of peptide acts against biofilms formed by multiple species of bacteria, including the most resistant organisms in our society termed the ESKAPE pathogens (Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter cloacae) and other clinically relevant bacteria (de la Fuente-Núñez et al., 2014b). As mentioned above, structure activity relationship studies showed no direct overlap between antibiofilm and antimicrobial (vs. planktonic bacteria) activities. Thus peptides are able to inhibit biofilms formed by Burkholderia cenocepacia which is normally resistant to the effects of AMPs (Loutet and Valvano, 2011) and it is also possible to isolate peptides with excellent antibiofilm activity but poor activity against planktonic bacteria and vice versa (de la Fuente-Núñez et al., 2012). This suggests that the mechanism of action employed by antibiofilm peptides must be distinct from those employed by AMPs.

Recent work by our group has implicated the widespread bacterial stringent response as a common target for the antibiofilm activity of HDPs. When bacteria are subject to amino-acid starvation, fatty acid limitation, iron limitation, heat shock and other stressors (Crosse et al., 2000; Potrykus and Cashel, 2008), a stringent response is triggered through up-regulation of the two signaling nucleotides: guanosine tetraphosphate (ppGpp) and pentaphosphate (pppGpp) [collectively known as (p)ppGpp]. These signals cause the bacteria to divert nutrients from growth and division processes in order to promote survival, ultimately resulting in biofilm formation (Potrykus and Cashel, 2008; Wolz et al., 2010). In many bacterial species, ppGpp is required for biofilm growth and mutants lacking the enzymes responsible for generating (p)ppGpp are unable to elicit a stringent response and therefore do not form biofilms (Åberg et al., 2006; He et al., 2012; de la Fuente-Núñez et al., 2014b).

In this regard, the synthetic HDP (also termed Innate Defense Regulator or IDR) peptide IDR-1018 (de la Fuente-Núñez et al., 2014b), and several D-enantiomeric peptides, including DJK-5 (de la Fuente-Núñez et al., 2015), have been shown deplete (p)ppGpp from cells in vivo, as well as to directly interact with (p)ppGpp in vitro, by preferentially binding to it as compared to other nucleotides (e.g., GTP). In an in vivo mouse abscess model for which pathology (cutaneous lesion formation) is dependent on the stringent response, both peptides suppressed lesion formation by either Staphylococcus aureus or Pseudomonas aeruginosa (Mansour et al., 2016), and for the latter a specific role of the stringent response and suppression of the expression of the bifunctional (p)ppGpp metabolizing enzyme, SpoT, was indicated (Pletzer et al., 2017). A study showed that an analog of 1018, with its amino acid sequence reversed (Andresen et al., 2016), was equally able to co-precipitate ppGpp in a test tube and still exhibited inhibitory effects on P. aeruginosa biofilms. Similarly, the D-analog of this reversed sequence also depleted (p)ppGpp from cells (de la Fuente-Núñez et al., 2015). It is worth mentioning that Andresen et al. argued that since the reversed 1018 peptide sequence exhibited similar ppGpp and antibiofilm activities compared to the native 1018 peptide, that this could not explain the specificity of the mechanism of action or the involvement of the stringent response. We have recently addressed this critique in some detail (Pletzer et al., 2017) and we contend that binding of phosphorylated nucleotides may be a common feature of many cationic HDPs and represents a molecular interaction that could be exploited if we could better understand the specific peptide requirements for (p)ppGpp binding. Nevertheless, the implication of this molecular mechanism for antibiofilm peptides is that they must be able to translocate across the membrane into bacteria in order to act on this intracellular nucleotide.

Since the effect of antibiofilm peptide activity in mice is to inhibit the formation of necrotic lesions, it is worth mentioning that DJK-5 strongly suppressed the production of alpha-type phenol soluble modulins (Mansour et al., 2016), which are stringently regulated cytotoxins that are also involved in biofilm structuring (Periasamy et al., 2012). Evidently, HDPs that exhibit antibiofilm activities can mediate a range of biological functions and exert their activities through a variety of mechanisms; indeed peptide 1018 also possesses potent immunomodulatory functions and works in a wide range of in vivo animal models of infection and inflammation (Mansour et al., 2015).

To this point, we have examined several of the commonly held beliefs regarding the antibacterial functions of AMPs and have discussed how the prevailing view of these molecules has shifted from being simple membrane destroyers to biomolecules that exert their antimicrobial effects by targeting a plethora of bacterial components using a variety of mechanisms. Indeed, several features of AMPs have emerged over the years as contributing factors to the observed antibacterial potency including charge, hydrophobicity, and structure. However, we should be cautious about extrapolating the observed effects of a single peptide to all AMPs in general as this oversimplifies many of these processes and fails to appreciate that each individual peptide sequence mediates a variety of functions independently. This multifaceted nature of AMPs and HDPs is reflected in the fact that these molecules have biological functions that extend beyond bacterial cells. In the following sections, we will examine some of the other activities that have been observed for HDPs in vitro and in vivo and we will further examine how an appreciation of these additional functions is shaping the future clinical and therapeutic applications of these biomolecules.




ACTIVITY LANDSCAPES OF HOST DEFENSE PEPTIDES

Beyond questioning tightly-held beliefs about the bacteriostatic and bactericidal nature of AMPs, one has to consider that many HDPs influence a wide range of biological functions in vivo. Other types of activities, in addition to various forms of immune modulation (Hancock et al., 2016) and antibiofilm activity (Pletzer and Hancock, 2016) are increasingly being appreciated for HDPs and include (but are not limited to): antiviral (Gwyer Findlay et al., 2013), antifungal (Weerden et al., 2013) antiparasitic (Mor, 2009), anticancer (Gaspar et al., 2013), wound healing (Mangoni et al., 2016), adjuvanticity for vaccines (Nicholls et al., 2010), and more recently they have been proposed as biomarkers for certain diseases (Silva et al., 2018). Each of these have been extensively reviewed elsewhere (see review articles referenced above) and these “alternative” activities of HDPs are rapidly gaining prominence as more investigators examine these diverse biological effects. These broad activity classes also present tremendous opportunities for researchers to identify and optimize natural and synthetic peptide sequences that are tailored for a specific biological function. However, the question remains, what represents an “optimal” HDP sequence?

Since their discovery in insects (Steiner et al., 1981), mammals (Ganz et al., 1985; Selsted et al., 1985a,b) and frogs (Zasloff, 1987), the majority of research endeavors in the HDP field have been focused on identifying, characterizing and optimizing peptide sequences for their direct antibacterial activity while limiting toxicity toward eukaryotic cells (often assessed as hemolysis of red blood cells). Indeed, up until the last decade or so, the holy grail of AMP research was a peptide with potent activity against a wide assortment of bacterial pathogens in vitro, while exhibiting no toxicity toward the cells of the host. In general, the scientific community has had remarkable success in searching for antimicrobial HDP sequences from natural sources, as evidenced by the current tally of nearly 3,000 sequences deposited in the Antimicrobial Peptide Database (APD, http://aps.unmc.edu/AP/main.php) (Wang et al., 2015a). Many more studies have sought to manipulate the biophysical characteristics of these natural HDP sequences to optimize synthetic peptides for their antibacterial effects (reviewed in Fjell et al., 2012). Optimization strategies such as these typically manipulate a few biophysical traits of a given peptide and evaluate the effects of substituting specific amino acids at various points within the parent sequence. Normally, these parameters involve some combination of cationic charge and hydrophobicity and a small library of ~5–10 peptides is generated based on a starting peptide scaffold. In most published examples, some derivatives exhibit moderately enhanced antimicrobial potency relative to the parent sequence, or perhaps reduced toxicity, and this is then used to justify the design approach. It is difficult to estimate how many synthetic peptides have been evaluated in studies such as these, although manually-curated databases of published HDPs count between 11,000 and 17,000 entries (Fan et al., 2016; Pirtskhalava et al., 2016). Based on our own experience (and the number of synthetic peptides in our laboratory freezers), as well as the fact that the search term “Antimicrobial Peptide” yields more than 300,000 hits in PubMed, we would venture to guess that the actual number of peptides that have been created and tested in labs is substantially higher.

In principle, the possible chemical space of HDPs can be represented mathematically by the equation 20n, which encompasses all possible permutations and combinations of the 20 naturally occurring amino acids for a peptide of length n (the problem becomes exceedingly complex if we start to consider the 700 or so non-natural amino acids, enantiomers, and peptidomimetic backbones). Since the primary structure of a peptide and how these fold in three-dimensions dictates the biological activity of any given peptide (Fjell et al., 2012), if the activities of all the peptides within this chemical space could be evaluated, it would be possible to unequivocally identify the best HDP for any given type of activity. Unfortunately, this scenario is virtually impossible as this chemical space becomes overwhelmingly large rather quickly as even a chemical space limited to peptides of 10 residues in length would include over 10 trillion sequences (Table 1). It may be possible to limit the chemical space of HDPs by focusing on specific amino acids generally considered important for HDP function such as cationic (Arg and Lys) and hydrophobic (Gly, Ala, Val, Ile, Leu, Phe, Tyr, and Trp) residues (Table 1). However, it should be noted that all 20 amino acids are represented within HDP sequences deposited in the APD (Wang et al., 2015a) and such a strategy might remove potentially active sequences from the overall chemical space.



Table 1. Number of possible peptide sequences encompassing the chemical space of peptides of a given length (n).
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With such large numbers encompassing the possible chemical space of HDPs, it seems likely that the activities of individual peptides from within this chemical space would also be quite varied. An analogy that could be used to describe the activity landscape of this chemical space would be to envision this as a mountain range filled with peaks and valleys (Figure 1). Some peptides within the chemical space will have high activity (the peaks) while others will have low activity (the valleys). As we move around this chemical space by manipulating the primary amino acid sequence of a peptide and record the biological activities, this vast chemical space can be mapped with the ultimate goal of identifying the highest peak that represents a truly “optimal” sequence (e.g., left panel, Figure 1).
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FIGURE 1. The activity landscapes for HDPs are complex (represented as topographical maps) and encompass a variety of biophysical characteristics such as charge, hydrophobicity, amphipathicity, folding propensity, etc. When optimizing synthetic peptides by moving around the chemical space of an activity of interest (represented by the dashed line), it is necessary to consider how this sequence alteration may impact other peptide properties and/or activities. This could result in a convergence of activities within an HDP sequence (e.g., antimicrobial and immunomodulatory activities above) or a reduction in one activity type (e.g., cytotoxicity landscape above). Topographical maps were generated by Contour Map Creator (http://contourmapcreator.urgr8.ch/), and the maps shown are only illustrative and actually correspond to various locations near Vancouver, Canada.



Such an approach might be more feasible if the activity landscape for each individual type of HDP activity were identical. However, there is ample evidence that these activity landscapes are independently defined for each biological function of HDPs. For instance, LL-37 possesses relatively weak direct antibacterial activity but inhibits P. aeruginosa biofilms at sub-inhibitory concentrations (Overhage et al., 2008). Selective antibiofilm activity by LL-37 has also been observed against Aggregatibacter actinomycetemcomitans which causes oral biofilms and can contribute to periodontal disease (Sol et al., 2013). In addition, several synthetic peptides have been identified with sub-inhibitory effects on bacterial biofilms including truncated variants of LL-37 (Luo et al., 2017) or the synthetic peptide WLBU2 (Lin et al., 2018). With respect to immunomodulatory activity, a synthetic HDP, IDR-1, offered protection in murine infection models against both Gram-positive or Gram-negative pathogens, despite the fact that IDR-1 exhibited no direct antibacterial effects in vitro (Scott et al., 2007). The selective modulation of the immune response by IDR-1 was found to be responsible for the protective effects, indicating that the antibacterial and immunomodulatory properties of HDPs were independently defined.

More recently, we sought to define the sequence requirements of two synthetic HDPs, IDR-1002 and IDR-HH2, to understand which residues contributed to the antibiofilm and immunomodulatory properties of these peptides (Haney et al., 2015). Using SPOT-synthesized peptide arrays, peptide libraries consisting of single amino acid substitution variants of the parent sequence were generated by replacing each residue with one of nine amino acids (R, K, D, G, A, I, L, V, or W). The antibiofilm and immunomodulatory (chemokine induction and anti-inflammatory) properties of each peptide variant were measured in vitro and plotted as substitution matrices to identify which residues contributed to each individual activity type. Interestingly, substantial overlap was observed between the activity profiles of the two peptides but there were also distinct residues that, when positionally substituted, appeared to preferentially improve one activity over another. These results imply that the activity landscapes for each biological function of HDPs within the chemical space are overlapping but distinct from each other (Figure 1). If these activity landscapes could be adequately defined for each activity type, it would, in principle, be possible to simultaneously optimize synthetic peptides for multiple activities, while avoiding potentially harmful sequences that are toxic or exert undesired effects. Therein lies the challenge for researchers working in the HDP field: how can we adequately define the activity landscape of the HDP chemical space?

Several approaches have been used to try and sample the chemical space of HDPs and get a glimpse into these activity landscapes, particularly for the antibacterial properties of HDPs. Early approaches involved screening of combinatorial peptide libraries to identify novel sequences with antibacterial activity (Blondelle and Houghten, 1996; Blondelle and Lohner, 2000) but these were effectively limited by the cost of such methods and the extreme numbers of variants such that only 6-mer sequences were considered.

Computational approaches have also been employed to design and optimize novel peptide sequences with enhanced antibacterial potency. Early attempts involved modeling AMPs as a language and using natural AMPs sequences to define a set of “grammars” that described the language (Loose et al., 2006) and the implementation of similar grammatical approaches continues to identify novel AMP sequences (Nagarajan et al., 2018; Porto et al., 2018). Other computational approaches have sought to establish quantitative structure activity relationships (QSAR) that model the activity of test peptides based on the chemical properties of AMPs using hundreds or thousands of so-called “descriptors” based on the primary structure and the physicochemical interrelationships of individual amino acids along the peptide chain. Artificial intelligence strategies (neural networks) were used to create models that quite accurately predicted the antibacterial activity of virtual peptides and ultimately identified novel 9-mer AMPs with enhanced antibacterial potency in vitro that were also effective in an in vivo model (Cherkasov et al., 2009). The emergence of machine learning methods to predict novel AMP sequences has proven quite popular and has made great strides in identifying many unexplored AMP sequences (Torrent et al., 2011; Maccari et al., 2013; Lee et al., 2017; Yoshida et al., 2018). Moving forward, an improved understanding of the mechanistic details of AMP activity coupled with the application of increasingly sophisticated computational algorithms will surely lead to more exciting outcomes from this line of inquiry.

Directed evolution methods have also been adapted to allow a specific biological interaction or biological activity to guide the discovery of novel peptide sequences. For instance, a phage display approach was used to identify peptides capable of binding to the cell surface of E. coli resulting in a novel antibacterial peptide sequence with activity against both E. coli and P. aeruginosa, although the resultant peptide was unfortunately only moderately active and did not inhibit other tested bacteria (Rao et al., 2013). A similar strategy was employed to identify AMPs with selective activity against Listeria monocytogenes (Flachbartova et al., 2016). Furthermore, phage display has successfully identified peptides with antiviral (Ojeda et al., 2016) and antifungal activity (de Oliveira et al., 2016) demonstrating the utility of such a technique to explore other activity landscapes within the chemical space of HDPs.

Recently, an elegant high-throughput synthetic biology approach was described wherein ~800,000 random 20mer peptide sequences were displayed on the surface of a bacterial cell as part of a fusion protein coupled to the outer membrane protein OmpA (Tucker et al., 2018). Pools of transformed bacterial cells before and after induction of the OmpA-peptide fusion constructs were sequenced and nearly 8,000 peptide sequences were identified as “hits” with potential antimicrobial activity. Of the 22 peptide sequences that were synthesized to validate the methodology, only two exhibited antibacterial activity when evaluated in the standard MIC assay using Mueller-Hinton broth but 18 (~80%) exhibited bactericidal activity when cells were treated in a simple tris-based buffer (10 mM Tris, 25 mM NaCl). It should be mentioned that the majority of these validation sequences were chosen based on opposite physico-chemical characteristics compared to classical AMPs (i.e., low hydrophobicity and neutral to negative charge) in an effort to sample unexplored regions of the peptide chemical space, while the two that exhibited the most potent activity conformed to properties of known AMPs. In fact, no particular bias toward hydrophobicity, charge, or enrichment of specific amino acids was observed for the ~8,000 “hit” sequences (Tucker et al., 2018), suggesting that the chemical composition of active antibacterial HDPs is likely more diverse than originally thought.

The examples described above primarily focused on sampling the activity landscape that defines the antibacterial properties of HDPs. However, the multifaceted nature of HDPs and their wide range of biological activities suggest that independent activity landscapes could be defined for every biological function of HDPs. In the following section, we examine some of these emerging roles of HDPs, beyond their direct antibacterial effects, that represent the next wave of research that could propel these molecules to clinical significance.



HDPS IN HEALTH AND DISEASE


HDPs as Modulators of Microbial Communities

The drive to target pathogenic bacteria in the face of rising antibiotic resistance has spurred the lion's share of research into natural and synthetic HDPs. However, the interactions between bacterial cells and HDPs, involving the polycationic amphipathic peptides associating with polyanionic and hydrophobic surfaces, would not be limited to pathogenic bacteria, so it seems likely that an AMP would have similar antibacterial effects on commensal bacteria when present at sufficiently high concentrations. Inevitably, the disruption of the natural microbiota could lead to the expansion of opportunistic pathogens, such as Clostridium difficile infections that often follow antibiotic therapy (Kelly and LaMont, 2008). Fortunately, natural HDPs are rarely found at concentrations high enough to sterilize the environment in their immediate vicinity (Hancock et al., 2016), but this raises the question as to the functions of HDPs within the body. Several pieces of evidence have emerged that natural HDPs may in fact help to shape microbial communities within the host to promote a healthy microbiota, rather than specifically removing pathogenic bacterial species.

Compelling evidence for this idea came from analysis of the microbial communities of cnidarians. Using seven different species of Hydra that had been cultivated in the lab under identical conditions for more than three decades, sequencing of the associated microbial community revealed that each species had a distinct microbial community associated with them (Franzenburg et al., 2013). Furthermore, even when co-cultured with another Hydra species, the microbial community differences between Hydra species did not change, demonstrating that some host-derived factor was dictating the associated bacterial community composition. Arminins are the most highly expressed HDPs in Hydra (Augustin et al., 2009) and are only found within the Hydra genus. Intriguingly, several orthologs of arminin peptides were found amongst the various Hydra species studied and their expression patterns varied depending on the species being evaluated (Franzenburg et al., 2013). Recolonization of germ-free arminin-deficient Hydra (with ~50% reduced arminin levels) by donor polyps from other Hydra species, revealed that the arminin-deficient Hydra were unable to reshape their microbial community into one that resembled their native microbiota, resulting in a distinct microbial community composition. Indeed, the diversity of natural HDP sequences and structures observed for most animals, and even in different body compartments (Nguyen et al., 2011; Mylonakis et al., 2016), might result from species-specific HDPs that have co-evolved to select specific microbial communities beneficial to that specific host, while possibly limiting other species.

The spatial expression pattern of HDPs throughout the body is also known to be tissue and cell type specific and this could well play a role in defining variations in local microbial communities within the same organism. For instance, analysis of HDP expression patterns in the bovine udder revealed differential expression levels of various peptides including the lingual antimicrobial peptide, tracheal antimicrobial peptide, and bovine neutrophil β-defensins 4 and 10 (Tetens et al., 2010). Expression of most of these was confined to the lymph node while DEFB1 (the β-defensin-1 gene) expression occurred primarily at distal regions of the mammary gland. Furthermore, bovine psoriasin (also known as S100A7) expression was found to be strongly expressed in the streak canal (udder entrance) and the authors suggest that this peptide may prevent the development of coliform mastitis because of its strong antibacterial potency and proximity to the region of the udder that would be exposed to the most pathogens (Tetens et al., 2010). Alternatively, or perhaps in addition, since psoriasin is anti-inflammatory it might serve to prevent inflammation in this environmentally exposed tissue.

In mammals, the role of natural HDPs in maintaining homeostasis within the gut is becoming increasingly appreciated (Bevins and Salzman, 2011; Muniz et al., 2012; Ostaff et al., 2013). For instance, the role of natural HDPs on the host microbiome was evaluated in mice genetically engineered to express human defensin 5 (DEFA5) or lacking the matrix metalloprotease 7 enzyme (MMP7) required to activate the endogenous mouse α-defensins. In both cases, a distinct shift in the composition of the bacterial community was observed, indicating that α-defensins play an important role in shaping the microbiota of the small intestine (Salzman et al., 2010). Specifically, MMP7 deficient mice had low proportions and abundance of Bacteroides and mouse intestinal Bacteroides (MIB) groups while DEFA5-transgenic mice lacked segmented filamentous bacteria which directly contact the epithelium in small intestines of several animals. In diabetes-prone rats, cathelin-related antimicrobial peptide (CRAMP) expression from β-cells was decreased, suggesting a potential role of this peptide in type 1 diabetes (Pound et al., 2015). At the same time, administration of the human CRAMP homolog, LL-37, to diabetes-prone rats shifted the microbiota toward a composition seen in diabetes-resistant mice (Pound et al., 2015), suggesting that this HDP also plays a role in maintaining gut homeostasis.

As the role of natural HDPs in maintaining homeostasis has become appreciated, their potential to treat microbial dysbiosis has also been considered. HIF-1α is a transcription factor that has been shown to influence the expression of CRAMP in murine myeloid cells (Peyssonnaux et al., 2005). The commensal bacterium Bacteroides thetaiotamicron has been shown to activate HIF-1α and promote cathelicidin production in the gut of mice previously exposed to antibiotics which in turn prevented invasive colonization by Candida albicans (Fan et al., 2015). This demonstrated that modulation of the mucosal immune effectors might represent a viable therapeutic approach for preventing fungal infections following a course of antibiotic treatment. In this regard, protection against murine Candida albicans infections has also been demonstrated using a synthetic immunomodulatory peptide, IDR-1018 (Freitas et al., 2017).

Several HDPs are also produced by epithelial cells within the oral mucosa and the ease of accessibility to this ecological niche within the body has prompted several studies aimed at understanding the relationship of HDPs to oral health. Salivary levels of various HDPs are known to be highly variable within the human population (Tao et al., 2005) and this may be reflective of the diverse oral microbiome composition amongst different individuals (Kilian et al., 2016). Interestingly, low salivary levels of α-defensins (Dale et al., 2006), HNPs 1-3 (Tao et al., 2005), and LL-37 (Davidopoulou et al., 2012) have each been associated with increased levels of caries in children. Patients with morbus Kostmann syndrome, a severe congenital neutropenic disease, also exhibit low LL-37 expression from neutrophils and none of this HDP can be detected in their plasma or saliva (Pütsep et al., 2002). Of note, all patients with morbus Kostmann experience severe periodontal disease, which is consistent with the suggestion that low LL-37 levels in the saliva could contribute to this disease phenotype (Pütsep et al., 2002).

A synthetic peptide C16G2 was developed that was able to specifically target and kill a cariogenic pathogen, Steptococcus mutans, within an oral microbial community (Guo et al., 2015). Not surprisingly, when treated with C16G2, the overall microbial community exhibited a dramatic shift possibly due to killing of certain microflora organisms by the peptide or to a reduction in bacterial species that were dependent on S. mutans for their maintenance. Importantly, this study demonstrates the possibility of using synthetic peptides to shape and modulate natural microbial communities. Alternatively, synthetic HDPs may prove useful for preventing infections associated with microbes present in complex dental plaque biofilms, such as peptide 1018 that significantly inhibited mixed biofilms formed by natural salivary microflora (Wang et al., 2015b).

The mechanisms by which HDPs maintain this microbial balance within the host are not completely understood, although it is likely that these mechanisms will be dependent on the specific HDP that is expressed at (or delivered to) a given epithelial surface, as well as the type of effector cells in the immediate vicinity that can be influenced by the pleiotropic effects of these molecules. Indeed, it is tempting to speculate that an activity landscape defining the homeostatic activity of HDPs could be exploited to develop prophylactic options to maintain a healthy microbial balance. As our understanding of these processes improves, opportunities to use HDPs as promoters of healthy microflora will surely emerge.



Diseases Associated With Altered HDP Expression or Activity

Due to their significant role in innate immunity and various inflammatory processes, it is perhaps unsurprising that many diseases and chronic inflammatory conditions have been associated with a dysregulation of the natural HDP response, particularly at epithelial surfaces where natural peptides are present in high abundance or can be induced in response to various environmental stimuli. These include conditions associated with the skin, gut, lungs and several autoimmune disorders (Hancock et al., 2016). Furthermore, there is increasing evidence that natural HDPs can influence tumorigenesis, either positively or negatively depending on the peptide in question and the tissue affected. Many of these topics have been reviewed in detail by others and we will only briefly highlight some of the work that has been described pertaining to several of these conditions.

Skin Disorders

The skin is the largest organ in the human body. It is comprised of several different cell types that are organized into a complex architecture that allows skin to perform a wide range of biological functions. Since skin is constantly exposed to bacteria within the environment, one of the main functions of skin is to protect against invading pathogens while maintaining a healthy skin-associated microbiota. Several HDPs have been implicated in skin health and it is not surprising that a dysregulation in these HDP levels can contribute to a variety of skin disorders (Schauber and Gallo, 2008; Marcinkiewicz and Majewski, 2016).

Psoriasis is a relatively common autoimmune disorder characterized by inflamed skin resulting in abnormal skin patches that are itchy, scaly and inflamed. Psoriatic skin is characterized by overexpression of several HDPs and antimicrobial proteins and it is generally thought that the presence of HDPs exacerbates psoriatic lesions (Morizane and Gallo, 2012). Indeed, high β-defensin gene copy number has been associated with increased risk for psoriasis (Hollox et al., 2008) and the human cathelicidin LL-37 is also overexpressed in psoriatic skin (Lande et al., 2007, 2014). Intriguingly, activation of both the innate and adaptive immune response has been implicated in the pathogenesis of psoriasis. For instance, LL-37 has been shown to activate plasmacytoid dendritic cells by breaking tolerance to self-DNA (Lande et al., 2007), while it was demonstrated that LL-37 could also serve as an autoantigen for T-cells (Lande et al., 2014). However, offsetting this is the potent anti-inflammatory activity of LL-37 (Bowdish et al., 2005) which has been clinically tested as a method for counteracting ulcerative lesions (Grönberg et al., 2014). Patients with cutaneous lupus erythematosus also have increased expression of several HDPs which has been proposed to explain why they seldom develop skin infections (Kreuter et al., 2011), although it is unclear how HDP expression contributes to the pathogenesis of this disease in general.

Atopic dermatitis (AD, known colloquially as eczema) is another common inflammatory condition characterized by dry, red and itchy skin. In contrast to psoriasis, however, AD is associated with reduced HDP levels and it has been suggested that impairment of HDP production in AD skin contributes to higher incidence of skin infections, particularly S. aureus infections (Marcinkiewicz and Majewski, 2016).

In addition to these inflammatory disorders, a dysregulation of HDP production in chronic wounds has been implicated in a failure of these lesions to heal properly (Haney et al., 2018b). Compounding this issue is that chronic wounds are often colonized by bacteria growing in biofilms (James et al., 2008) that are intrinsically resistant to conventional antibiotics (Lopez et al., 2010) and whose presence may exacerbate inflammation in the wound bed (Zhao et al., 2013). The therapeutic use of natural and synthetic HDPs to promote wound closure while also targeting the bacteria in the biofilm growth state may therefore represent an underexplored strategy to treat chronic wounds (Haney et al., 2018b), and proof of principle has indeed been achieved for venous leg ulcers (Grönberg et al., 2014). Similarly, synthetic peptides have shown efficacy in murine cutaneous abscess infections (Mansour et al., 2016; Pletzer et al., 2017) and sterile skin inflammation mouse models (Wu et al., 2017a).

Inflammatory Bowel Diseases

The gastrointestinal tract in humans is home to a large and diverse community of bacteria and other microbes. The ability of the epithelial cells lining the intestinal tract to contain these bacteria is due to the presence of a complex layer of mucus and proteins, including a wide assortment of HDPs (Wehkamp et al., 2007). The term inflammatory bowel disease (IBD) encompasses a range of inflammatory conditions of the intestinal tract. The two most common IBDs are ulcerative colitis, which largely affects the colon, and Crohn's disease, which can affect the entire gastrointestinal tract (Geboes et al., 2018). The exact causes of these conditions are currently unknown but they are likely to involve a combination of genetic, immune and environmental factors. Various HDPs have been implicated in these diseases (Holani et al., 2018), consistent with the potentially important role that these molecules play in regulating overall gut health. For instance, expression of many HDPs is high during colitis, particularly HBD2 and HBD3, and some of these may serve as biomarkers of disease (Wehkamp et al., 2007; Ho et al., 2013). Interestingly, the opposite phenomenon occurs in Crohn's disease, as the levels of several HDPs, including β-defensins and LL-37, are substantially diminished (Wehkamp et al., 2007), which may lead to disruption of the barrier function of the gut and allow bacteria to reach the epithelial cell surface where they elicit an inflammatory response.

Lung Disorders

As with other airway epithelial surfaces, the lungs are constantly exposed to bacteria and other molecules that are carried into the lungs with each inhaled breath. Fortunately, our lungs are well-adapted to withstand this constant exposure to potential pathogens and respiratory infections are kept at bay through phagocytes and the mucociliary response. Unfortunately, respiratory infections are relatively common (Vos et al., 2015) and there is evidence that dysregulation of natural HDPs within the lungs can contribute to an increased susceptibility to respiratory infections (Hiemstra et al., 2016). Lung tissue is known to express several HDPs including α-defensins, β-defensins, and LL-37 (Hiemstra et al., 2016), and their expression is often upregulated in response to pathogen exposure, e.g., β-defensin 2 induction in lung cells exposed to P. aeruginosa (Harder et al., 2000). Furthermore, CRAMP-deficient mice have been shown to have increased susceptibility to lung infections caused by Klebsiella pneumonia (Kovach et al., 2012) implicating a key role for natural HDPs in maintaining healthy lung function.

In addition to preventing respiratory infections, several other inflammatory conditions of the lungs have been associated with a dysregulation of HDP function including: cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), and asthma. As with the other inflammatory conditions described above, both high and low expression of natural HDPs within the lungs can contribute to various disease pathologies.

CF is an autosomal recessive genetic disorder caused by mutations in the CF transmembrane conductance regulator protein (CFTR) gene which regulates anion transport in the airway and other epithelial surfaces (Elborn, 2016). Patients with this disease get mucus buildup within the lungs and have difficulty clearing bacteria which contributes to persistent respiratory infections and chronic inflammation (Elborn, 2016). A direct consequence of this CFTR defect is that the salt concentration within the lungs of CF patients is higher than in healthy individuals (Smith et al., 1996) and this high salt concentration has been shown to inhibit the antibacterial activity of natural HDPs like HNP1 (Turner et al., 1998) possibly contributing to increased susceptibility to bacterial infections. Interestingly, in in vitro models, IDR-1018 was able to reduce the exaggerated inflammatory response of CFTR-mutated human airway epithelial cells to bacterial inflammatory agonists, largely by correcting defective autophagosomal clearance (Mayer et al., 2013).

COPD is a progressive lung disease that affects nearly 10% of the population and is particularly prevalent in smokers (Cosio et al., 2009). Patients with COPD have limited and progressively deteriorating lung function and exhibit abnormal inflammatory responses within the small airways and alveoli in their lungs (Cosio et al., 2009). The role of HDPs in COPD has been recognized for some time and the expression of many natural HDPs is often dysregulated in patients afflicted with this condition, which causes patients to have increased lung inflammation and leaves them prone to bacterial infections (Hiemstra et al., 2016). In addition to altered HDP expression, the enzymatic activity of peptidylarginine deiminases (PADIs) has recently been shown to influence the function of natural HDPs in the lungs of smokers with COPD. PADIs are enzymes that postranslationally modify cationic peptidylarginine residues to peptidylcitrulline which blocks their associated cationic charge (Wang and Wang, 2013). Interestingly, the levels of PADI2 are elevated in the lungs of smokers (Makrygiannakis et al., 2008) and recombinant human PADI2 has been shown to citrullinate the Arg residues in LL-37 in vitro (Kilsgård et al., 2012). Citrullinated LL-37 exhibits reduced antibacterial activity in vitro compared to LL-37 and is more susceptible to protease degradation (Kilsgård et al., 2012), suggesting that this form of the peptide would be less effective and more rapidly cleared from the lungs of COPD patients. More recent work has demonstrated that citrullination of LL-37 also suppressed the immunomodulatory function of this peptide by reducing its anti-inflammatory ability to neutralize the pro-inflammatory activity of bacterial LPS (Koziel et al., 2014), further implicating this process as a contributing factor to COPD progression.

Asthma is the most common inflammatory condition of the lung and, when triggered by dust or allergens, leads to airway inflammation and airflow obstruction (Holgate et al., 2015). The exact cause of asthma is thought to involve a range of environmental and genetic factors; however, one of the features of this diseases is an altered innate immune response (Holgate et al., 2015). Allergic airway inflammation has been shown to suppress innate host defenses in mouse models of asthma, including reducing levels of the mouse cathelicidin CRAMP (Beisswenger et al., 2006). Steroid treatment by glucocorticoids is a common treatment for asthma. However, steroid treatment in a murine model of asthma reduced the levels of pulmonary HDPs and led to increased susceptibility to infections by P. aeruginosa (Wang et al., 2013).

Recently, the use of synthetic HDPs was explored as a potential treatment option to overcome the reduced levels of natural HDPs seen in asthmatic lungs. Impressively, subcutaneous administration of IDR-1002 reduced airway hyper-responsiveness in a murine model of house dust mite (HDM) induced allergic asthma (Piyadasa et al., 2018). Mechanistic studies revealed that the peptide suppressed the production of interleukin (IL)-33 in murine lungs and human primary bronchial epithelial cells. Since the levels of IL-33 are often elevated in patients with asthma and disease severity is linked with the levels of this chemokine (Préfontaine et al., 2009), the use of peptide based therapeutics to suppress this key effector molecule represents a potentially unexplored treatment option for asthma. Notably, IDR and HDP peptides have demonstrated activity in a variety of lung infection models including M. tuberculosis (Rivas-Santiago et al., 2013a,b) as well as acute and chronic P. aeruginosa infection models (Wuerth et al., 2017, 2018), demonstrating anti-inflammatory and/or anti-infective activity.

Cancer

The role of natural HDPs in tumorigenesis is complex and not fully understood (for recent reviews, see Droin et al., 2009; Wu et al., 2010; Jin and Weinberg, 2018). Nevertheless, several studies have shown that natural HDPs are dysregulated in various cancers and whether they are purported to promote or prevent cancer progression appears to depend on the type of cancer and which peptide is being considered. For instance, the human cathelicidin LL-37 is expressed in lung (von Haussen et al., 2008), breast (Heilborn et al., 2005), and ovarian (Coffelt et al., 2008) cancers. It has been shown to have angiogenic properties (Salvado et al., 2013) and can serve as a growth factor (Heilborn et al., 2005; von Haussen et al., 2008), two functions which could promote tumor growth in vivo. On the other hand, LL-37 has also been shown to kill Jurkat T leukemia cells by inducing apoptosis (Mader et al., 2009) and peptide fragments derived from LL-37 have been identified with direct anticancer activity against several cancer cell lines (Kuroda et al., 2015).

HBD-1 appears to have largely antitumor effects since this peptide is toxic toward late stage prostate cancer cell lines (Bullard et al., 2008), while hBD-1 expression is suppressed in malignant prostate tissue (Donald et al., 2003). Furthermore, four common defensin haplotypes are associated with the increased risk of prostate cancer and high copy numbers of the defensin gene cluster are less observed in prostate cancer patient samples (Huse et al., 2008). Conversely, hBD-3 appears to be carcinogenic as it is highly expressed in cervical cancer (Xu et al., 2016) and carcinomas of the head and neck (Mburu et al., 2011) and has been shown to promote cervical cancer growth in mouse models (Xu et al., 2016).

Based on these examples, it is attractive to speculate that the peptide activity landscape that promotes tumorigenesis is independent of peptides with anticancer properties and it therefore may be possible to specifically enhance the anticancer properties of a peptide as novel chemotherapeutics. In fact, this anticancer activity of HDPs has spurred significant interest into this class of molecules (Gaspar et al., 2013; Felício et al., 2017) as researchers seek to identify and optimize peptides for their direct anticancer effects (Hilchie et al., 2016; Arias et al., 2017).

Biofilm-Associated Infections

While this category is not per se a specific disease type, biofilms form locally and can be associated with a variety of pathological circumstances (including some of those described above). The seminal observation that the human cathelicidin LL-37 inhibited biofilm growth at sub-inhibitory concentrations (Overhage et al., 2008) revealed that HDPs could potentially be exploited as novel antibiofilm agents. Many more antibiofilm peptides have since been identified from screening available synthetic peptide libraries for biofilm specific activity (de la Fuente-Núñez et al., 2014a,b; Reffuveille et al., 2014) or using activity-guided design strategies to optimize known antibiofilm peptide sequences (Haney et al., 2015). Indeed, the antibiofilm activity of newly described HDP sequences is now often reported in addition to the standard MIC values.

The reason for the preferential activity of some peptides against biofilms (Overhage et al., 2008; de la Fuente-Núñez et al., 2014b, 2015) is likely related to differing abilities to target the physiological underpinnings of biofilms as a stress-coping state, such as attacking the (p)ppGpp nucleotide signals that mediate the stringent stress response (Potrykus and Cashel, 2008). This suggests that the mechanism of action (and by extension, the activity landscape) of HDPs with antibiofilm activity is independent from the cellular functions that target planktonic bacterial cells. Given that overall HDPs are seen as “dirty drugs” (Hancock and Sahl, 2006), it is probable that multiple mechanisms of action occur downstream of the stress response, likely dependent on the environment of the HDP and the composition of the biofilm itself. Whether or not these mechanisms are truly independent or interdependent remains to be determined.

In an effort to begin to appreciate the range of HDP sequences with antibiofilm activity, an online database has been established to collect information on peptide sequences with documented activity specifically directed toward bacterial biofilms (Luca et al., 2015). In addition, a computational approach using QSAR modeling was recently used to identify novel antibiofilm specific peptides with therapeutic potential (Haney et al., 2018a). Using antibiofilm activity data derived from a SPOT-synthesized peptide arrays consisting of singly-substituted variants of 1018, a QSAR model was generated to describe this antibiofilm activity. The resulting model, which identified the seven most important molecular descriptors from a starting list of ~2,500 descriptors, was able to accurately predict 85% of the antibiofilm peptides within the training set. This QSAR model was subsequently used to predict potential antibiofilm peptides in silico from a virtual library consisting of 100,000 peptides and a subset were synthesized to evaluate and confirm their antibiofilm activity in vitro and in vivo (Haney et al., 2018a).

As more diverse antibiofilm peptide sequences are reported with greater potency, the activity landscape of antibiofilm specific peptides will begin to materialize. As details regarding their mechanism of action and overlapping activity landscapes with other biological functions are appreciated, multifunctional peptides capable of exerting an array of biological effects are sure to emerge as promising drug candidates to treat biofilm-associated infections.




EMERGING CONCEPTS IN HDP RESEARCH

In this review, we have highlighted several biological functions that have been reported for natural and synthetic HDPs. The breadth and diversity of these activities is vast (Figure 2) and new peptide sequences and biological functions are continuously being reported in the literature. Indeed, the majority of new studies continue to focus on the antibacterial effects of HDPs with an emphasis on membrane-active peptide sequences. However, the plethora of other activities described for HDPs deserves increased appreciation and detailed mechanistic studies that push beyond the idea of “membrane busters” will be necessary to finally unlock the therapeutic potential of these biomolecules. In an ideal world, synthetic HDPs could be designed to maximize a desired biological function provided sufficient data existed to accurately define the activity landscape of all possible activities of interest. At the moment, defining these activity landscapes and accurately mapping their chemical space is a daunting challenge, but with new sophisticated screening and modeling techniques, it is something that can likely be overcome.


[image: image]

FIGURE 2. Diversity of biological functions described for HDPs.



An important consideration that is often overlooked in many optimization studies is whether the assay conditions used to measure a biological property of an HDP accurately capture the behavior of the peptide that would occur in vivo. For instance, measuring the MIC of a peptide in phosphate buffer or nutrient limiting conditions will often yield values that appear more potent than MICs recorded in rich media or in the presence of high salt (Mahlapuu et al., 2016). Furthermore, the presence of host cells can also interfere with the observed potency of AMPs. For instance, preincubation of several AMPs with red blood cells (RBCs) drastically reduced their antibacterial efficacy against E. coli and S. aureus in vitro (Starr et al., 2016). However, when added to a cell suspension containing both RBCs and bacteria, the inhibition of antimicrobial activity was not observed (Savini et al., 2017), highlighting the influence of experimental setup on the observed biological activities. In practice, the optimization of an HDP actually enhances peptide sequences for a very specific functional assay. The more faithfully that an experimental setup represents conditions that would be encountered in vivo, the greater the likelihood that the optimized synthetic HDPs would retain their biological functions in vivo.

It is also presently unclear whether a peptide should or could be simultaneously optimized for multiple biological functions or if a specific biological activity should be the driving force that guides the optimization strategy. For instance, the antibacterial and antibiofilm properties of HDPs appear to be independent of one another (Overhage et al., 2008; de la Fuente-Núñez et al., 2014b; Haney et al., 2018a) and they are likely defined by distinct activity landscapes. This is also probably the case for AMPs and immunomodulatory functions (Scott et al., 2007) as well as antibiofilm, chemokine induction and anti-inflammatory activities (Haney et al., 2015). Perhaps ultimately the best candidate peptide will be one that has the best compromise of a mixture of activities. Furthermore, HDPs like LL-37 exert their pleiotropic effects on the host through binding to various receptors or intracellular targets, as well as interacting with the cell membrane (Verjans et al., 2016). Presumably, each of these functions occurs because of a specific interaction between LL-37 and a particular biomolecule but whether the enhancement of a unique HDP interaction could be teased apart to target a specific immune cell or signaling pathway of interest remains to be elucidated.

A long recognized (Scott et al., 1999b) but increasingly appreciated (Lewies et al., 2018) ability of HDPs to synergize with conventional antibiotics holds promise as a means to overcome specific bacterial resistance mechanisms or restore the antibacterial potency of previously effective antibiotics. Several AMPs have been shown to synergize with conventional antibiotics in vitro (Choi and Lee, 2012; Mataraci and Dosler, 2012; Hwang et al., 2013; Gier et al., 2016; Wu et al., 2017b) and these protective effects have been demonstrated in in vivo infection models (Otvos et al., 2018) providing an exciting path forward for the development of AMPs as adjunctive therapies for conventional antibiotics. This combination approach can be applied to bacteria growing within biofilms as antibiofilm peptides have been shown to synergize with conventional antibiotics to prevent and eradicate biofilms in vitro (Dosler and Karaaslan, 2014; Reffuveille et al., 2014; de la Fuente-Núñez et al., 2015). Recent studies in vivo revealed that this synergy can be extended to hard-to-treat cutaneous abscesses in mice and that peptides could be used in combination with an array of antibiotics to effectively reduce the size of abscesses caused by all of the ESKAPE pathogens (Pletzer et al., 2018). The mechanism of antimicrobial synergy was proposed to involve promoting antibiotic penetration and disruption of the stringent response. Thus, future design studies could be aimed at promoting specific aspects of this synergistic relationship to further enhance the effectiveness of drug combinations.

Enhancing endogenous expression of natural HDPs as a therapeutic approach has also been a topic of considerable interest in recent years. Much of this work has stemmed from the observation that transcription of the CAMP gene is regulated by the vitamin D receptor (Gombart et al., 2005; Liu et al., 2006) and it has been shown that vitamin D levels directly correlate with LL-37 levels in healthy individuals (Bhan et al., 2011; Dixon et al., 2012). Clinical trials have examined the effects of supplementing patients suffering from a variety of inflammatory disorders with vitamin D in an effort to enhance LL-37 levels and promote innate immune functions associated with this peptide. The benefits of such a therapeutic approach have been seen in several diseases including: CF (Grossmann et al., 2012), atopic dermatitis (Hata et al., 2008), cirrhosis (Zhang et al., 2016), tuberculosis (Coussens et al., 2012), and Crohn's disease (Raftery et al., 2015). The success of vitamin D as an inducer of a natural HDP (although it should be mentioned that this vitamin has many other immunomodulatory properties), has spurred research looking to identify other compounds capable of the same effect. For instance, butyrate and other short chain fatty acids are well-known inducers of LL-37 expression (Schauber et al., 2003; Jiang et al., 2013). Proteins and biomolecules produced by commensal bacteria have also been shown to modulate expression of HDP levels in the host. For example, a bacterial lipoprotein from the commensal bacterium Fusobacterium nucleatum called FAD-I (Fusobacterium Associated Defensin Inducer) was recently shown to activate hBD-2 expression in oral epithelial cells (Ghosh et al., 2018). Since F. nucleatum is resistant to direct killing by hBD-2, it was speculated that this may represent a co-evolution of a commensal organism with the human host to outcompete bacteria that would be susceptible to this HDP.

Finally, there are several perceived limitations to the development of HDPs as viable therapeutics that warrant some discussion. The most often cited issues associated with peptide drugs include high production costs, low stability and bioavailability in vivo as well as the potential to induce an immunogenic response (Marr et al., 2006; Vlieghe et al., 2010). Issues associated with production costs are likely unfounded as these can be addressed by optimizing large scale synthesis procedures (Bray, 2003). With regards to bioavailability, peptides appear to have unusual pharmacokinetics when delivered systemically, with a rapid initial distribution blood followed by moderate stable levels appearing in various tissues for up to 4 (Bolouri et al., 2014) or 6 h (Brunetti et al., 2016). These concentrations may be too low to achieve direct antibacterial activity (Roversi et al., 2014) but they could prove useful in situations where these levels are sufficient (e.g., as immune modulators), or certain peptides may delivered locally to achieve high concentrations in the affected tissue (e.g., for skin or lung infections). In general, small therapeutic peptides are considered to be non-immunogenic (McGregor, 2008); however, detailed studies on the ability of synthetic HDPs to elicit an immunogenic response are largely lacking. In our experience, generating antibodies against synthetic HDPs is difficult, suggesting that HDPs may occupy an immunological “blindspot” (perhaps mediated by clonal T-cell deletion during development) with regards to adaptive immunity. Synthetic HDPs also have potential issues associated with toxicity mediated in part by a tendency to aggregate in the presence of specific anions and body fluids (Haney et al., 2017) or through non-specific interactions with host cells that cause cell lysis. Formulating peptides with various delivery vectors such as liposomes (Yang et al., 2011; Allen and Cullis, 2013), nanoparticles (d'Angelo et al., 2015; Nordström and Malmsten, 2017; Wadhwani et al., 2017) or covalently attaching them to bio-compatible polymers (Sahariah et al., 2015; Pranantyo et al., 2016; Kumar et al., 2017) can potentially mitigate some of these effects while retaining the desired biological functions, but further studies will be required to define how a given peptide-drug formulation combination impacts the pharmacokinetics, pharmacodynamics, and activity profile of a given therapeutic peptide.



CONCLUDING REMARKS

Faced with the prospect of a world without effective antibiotics, it is imperative that we continue the search for new anti-infective strategies and especially alternatives to conventional antibiotics. AMPs and HDPs have been championed as candidate drugs that could fill the void created by the rise of antibiotic resistance, largely by considering them as a new wave of antibiotics. Unfortunately, even after nearly 40 years of work since their discovery, we have yet to see this promise fulfilled. It could be argued that the writing is on the wall for AMPs and that we will never make these compounds into viable drugs. However, we maintain that HDPs overall still have tremendous potential as therapeutic options for bacterial infections but we have been focusing our efforts on mapping the wrong activity landscape related to anti-infective activity. The multi-faceted nature of HDPs and their ability to influence a wide range of biological processes opens the door to expanding our understanding of other activity landscapes within the chemical space of HDPs. As our understanding of these other activity types improves, and the mechanistic details underpinning these other processes are laid bare, this will undoubtedly lead to the development of HDP based drugs that are effective against infectious diseases as well as inflammatory conditions. Indeed, the antibacterial mountain of HDPs has probably been conquered, but the exploration of the peaks and valleys that make up the entire chemical landscape of HDPs has only just begun.
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Aggregation of the pathological amyloid beta (Aβ) isoform Aβ1−42 into senile plaques is a neuropathological hallmark of Alzheimer's disease (AD). The biochemical significance of this phenomenon therefore necessitates the need for ready access to Aβ1−42 for research purposes. Chemical synthesis of the peptide, however, is technically difficult to perform given its propensity to aggregate both on resin during solid phase peptide synthesis and in solution during characterization. This review presents a chronological summary of key publications in the field of Aβ1−42 synthesis, dating back from its maiden synthesis by Burdick et al. Challenges associated with the preparation of Aβ1−42 were identified, and the solutions designed over the course of time critically discussed herein. Ultimately, the intention of this review is to provide readers with an insight into the progress that has been made in the last three decades, and how this has advanced broader research in AD.
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INTRODUCTION

Alzheimer's disease (AD) is a degenerative disorder of the brain that was named after the German psychiatrist Alois Alzheimer, who in 1906 delivered a lecture at the 37th Conference of South-West German Psychiatrists in Tubingen, detailing his observations on a novel form of dementia that had befallen a 51-year-old Frankfurt woman by the name of Auguste Deter (Maurer et al., 1997). According to the latest World Health Organization (WHO) report, AD contributes to over two-thirds of dementia cases worldwide, as according to the latest World Health Organization (WHO) report (World Health Organization, 2019). On a histopathological level, the disease is characterized by two hallmarks: senile plaques and tangles (Scheltens et al., 2016). The former is composed of extraneuronal deposits of amyloid beta (Aβ) peptide, while the latter arises from intracellular interactions between hyperphosphorylated tau, a microtubule-associated protein that would normally facilitate cytoskeletal transport within the axonal network. Clinically, AD patients present with a progressive loss of cognitive function; this is because the hippocampus, which is the brain region associated with learning and memory processes, is one of the first affected structures in the course of disease progression (Halliday, 2017).

Research endeavors in AD over the last few decades have predominantly focussed on Aβ peptide, which was proposed by Hardy and Higgins in their “amyloid cascade hypothesis” to be a central figure in the overall disease mechanism (Hardy and Higgins, 1992). While this hypothesis has come under substantial criticism recently (Herrup, 2015), in light of a number of high-profile failures in clinical trials for novel AD drugs (Cummings et al., 2018), the role of Aβ peptide in the disease, regardless of its actual extent, remains pivotal toward understanding the complex underlying architecture of AD.

Aβ peptide was first isolated in 1984 from a larger precursor molecule named amyloid precursor protein (APP) (Glenner and Wong, 1984). It is understood that APP is processed by the secretase family of enzymes via two main pathways: non-amyloidogenic and amyloidogenic (Figure 1; Thinakaran and Koo, 2008)
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FIGURE 1. Aβ peptide is generated from APP processing via the amyloidogenic pathway.



In the former pathway, α-secretase cleaves APP between residues Lys16 and Leu17 in the Aβ encoding region. This cleavage, which generates two fragments—soluble APP alpha (sAPPα) and C83, an 83-residue long C-terminus fragment, effectively disables formation of intact Aβ peptide, hence the designated term “non-amyloidogenic.” γ-secretase then subsequently cleaves C83 to yield p3 and APP intracellular domain (AICD). In contrast, β-secretase commences APP cleavage in the latter pathway, generating soluble APP beta (sAPPβ) and C99, which contains the intact N-terminus of Aβ peptide. γ-secretase again completes this process, in this instance cleaving C99 to afford Aβ peptide of between 38 and 43 residues in length, and AICD. Most of the Aβ peptides produced are 40 residues in length, with the longer 42-residue variant making up a smaller proportion (Zhang et al., 2011). Despite accounting for a lesser percentage, the latter is understood to be more pathogenic compared to the former (Qiu et al., 2015).

Thus, given the potentially greater significance of Aβ1−42 in AD neuropathology, it would be most desirable to possess a ready means of access to this biologically relevant peptide in ample quantities, and perhaps more importantly, with purity levels that mirror the endogenous peptide. Indeed, chemical synthesis of Aβ peptide has been attempted by numerous research groups globally, predominantly employing 9-fluorenylmethoxycarbonyl (Fmoc)/tert-butyl (tBu) solid phase peptide synthesis (SPPS) strategy, which was first introduced by Atherton et al. (1978). These past endeavors, however, have in general focussed on fragments of the peptide with established bioactivity (Wang et al., 2014), or the shorter Aβ1−40 variant (Choi et al., 2012).

While chemical syntheses of Aβ1−42 fragments are beneficial to the peptide research community, in that they have provided valuable structure-activity relationship (SAR) information with regards to key residues in the peptide that are involved in its aggregation and neurotoxicity properties, such data should be treated with care as these residues might behave in a distinct fashion when considered in context of the “full-length” Aβ1−42 peptide. The development of methodologies that enable preparation of Aβ1−42 in an efficient manner is therefore still very much in demand.

Routine preparation of Aβ1−42 is not typically undertaken owing to the “Aβ1−42 problem,” which is largely attributed to its propensity to aggregate both on resin during SPPS, as well as in solution. On-resin aggregation renders the free N-terminus inaccessible for coupling of subsequent amino acids in the sequence, resulting in either a truncated synthesis or an especially low crude recovery (Paradís-Bas et al., 2016). With regards to its characterization, purification of the peptide under conventional reverse phase-high performance liquid chromatography (RP-HPLC) conditions (acidic mobile phases, room temperature) yields an asymmetric, broad, and unresolved chromatographic peak, which is indicative of peptide aggregation. Thus, novel or improved protocols for preparation of this amyloidogenic peptide should be able to effectively mitigate these established issues, so as to afford the desired product in acceptable quantity and purity for further biological studies.

In this review, key publications concerning Aβ1−42 synthesis are critically discussed, providing readers with an insight into strategies that have been developed to overcome challenges associated with preparation of this “difficult peptide sequence.” For each publication reviewed herein, the synthetic protocol employed will be described in detail, and where the information was available, the overall yield and purity of the final product will be stated accordingly, as well as any related assays performed to provide satisfactory proof of bioequivalence.



BURDICK ET AL. (1992)

Burdick et al. is credited with the first reported synthesis of Aβ1−42 in 1992, utilizing continuous flow SPPS on a custom built synthesizer, which consisted of a Chontrol 4 outlet timer (Fisher Scientific), a back pressure regulator (Western Analytical), an FMI pump (Fluid Metering Inc.), and slider valves (Rainin). These elements were connected to a pressurized nitrogen gas source to actuate the valves. Furthermore, the synthesizer was fitted with a 5 ml sample loop (Rainin), and Omni columns and fittings (Omnifit).

Peptide synthesis commenced on poly(ethylene) glycol-polystyrene (PEG-PS) resin (loading not stated), which was functionalized with a p-alkoxybenzyl alcohol linker (Scheme 1). The reactive side chains were protected as follows: arginine (Arg) residue was protected by 2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pmc); asparagine (Asn), glutamine (Gln), and histidine (His) residues were protected by trityl; lysine (Lys) was protected by Boc; aspartic acid (Asp), glutamic acid (Glu), serine (Ser), tyrosine (Tyr), and threonine (Thr) residues were protected by tBu (Burdick et al., 1992).
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SCHEME 1. Fmoc/tBu SPPS of Aβ1−42 by Burdick et al. (1992).



The reaction column was first immersed in a one-liter water bath at 40°C, washed with DMF at a flow rate of 5 mL/min for 1 min, and allowed to equilibrate gradually to room temperature as the reaction cycle progresses over time. Fmoc removal was achieved using 20% piperidine in DMF (v/v) for 5 min. Fmoc-amino acid couplings were afforded using Fmoc-Aa-OH (4 eq.), hydroxybenzotriazole (HOBt, 4 eq.), (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP, 4 eq.) in 5% N-methylmorpholine (NMM) in N,N'-dimethylformamide (DMF) (v/v) for 20 min, and repeated for a further 30 min with fresh reagents. A qualitative ninhydrin test was performed after each completed coupling cycle; coupling of Val12, His13, Val18, and Phe19 were reported by the authors to be incomplete, and consequently repeated. The completed peptide chain was cleaved from the resin using trifluoroacetic acid (TFA)/thioanisole/1,2-ethanedithiol (EDT)/anisole (90:5:3:2 v/v/v/v) at room temperature for 8 h. Crude peptides were dissolved in 88% formic acid (v/v) prior to purification on RP-HPLC using Vydac (Hesperia, CA) 214TP C4 column (10 μm, 2.2 × 2.5 cm, 300Å) at flow rate of 8 mL/min. A linear gradient between 0.1% TFA in water and 0.1% TFA in acetonitrile was employed over 55 min. Peak fractions were collected manually, lyophilized, and stored dry at −20°C until required. Peptide samples were characterized by electrospray ionization mass spectrometry (ESI-MS), amino acid sequencing by automated Edman degradation, and microscopy imaging. Additional assays were also undertaken to investigate the effects of pH and peptide concentration on peptide assembly. The results obtained show minimal to no sedimentation (as determined by γ-counting) at slightly basic pH and low peptide concentration, which suggested the need to employ basic buffers for purification of this peptide. No further bio-testing was attempted by the group.

A follow-up to this work was undertaken by Milton et al. (1997). The group utilized preformed Fmoc-aminoacyl fluorides (Fmoc-Aa-F) (Scheme 2) to facilitate the efficient synthesis of Aβ1−42 (Milton et al., 1997).
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SCHEME 2. Aβ1−42 synthesized using preformed Fmoc-Aa-F by Milton et al. (1997).



Previous studies have established the advantage conferred by using Fmoc-Aa-F building blocks over standard coupling reagents (Carpino et al., 1990; Wenschuh et al., 1995). Fmoc-Aa-F was prepared using two methods: dimethylaminosulfur trifluoride (DAST) and cyanuric fluoride. DAST was employed for the preparation of Fmoc-Aa-F of protected Ser, Val, Gly, Asn, Glu, and Met residues, while cyanuric fluoride was used to prepare Fmoc-Aa-F of protected Ala, Gln, Leu, Asp, Ile, Phe, Lys, and Tyr residues. Peptide synthesis commenced on a PEG-PS support (loading not stated), which was functionalized with a p-alkoxybenzyl ester to form an acid labile linker. For comparative purposes, three activation protocols were trialed: (1) BOP/HOBt/NMM – Fmoc-Aa-OH (4 eq.), BOP (4 eq.), HOBt (4 eq.) and NMM in DMF for 2 h at 40°C, (2) Preformed Fmoc-aminoacyl-fluorides – Fmoc-Aa-F (4 eq.) in dry DMF for 10 min at either 22 or 40°C, and (3) 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophoshate (HATU)/N,N-diisopropylethylamine (DIPEA) – Fmoc-Aa-OH (4 eq.), HATU (4 eq.), DIPEA (8 eq.) in DMF for 1 h at 40°C. Fmoc removal was afforded using 20% piperidine in DMF (v/v) for 7 min at 40 or 55°C. The completed peptide chain was cleaved from the resin with TFA/thioanisole/EDT/anisole (90:5:3:2 v/v/v/v) at room temperature for 6 h. The TFA was then evaporated, and the remaining filtrate precipitated in cold diethyl ether, and stored overnight at −20°C. The frozen precipitate was sequentially washed with ether and allowed to dry in vacuo.

The crude peptide was purified by RP-HPLC using Vydac (Hesperia, CA) 214TP C4 column (10 μm, 2.2 × 2.5 cm, 300Å) at a flow rate of 8 mL/min using a linear gradient of 5–95% B over 60 min, where solvent B was 0.1% TFA in acetonitrile, whereas solvent A was 0.1% TFA in water. Fractions collected were immediately lyophilized, prior to analysis using a C4 column at a flow rate of 1 mL/mini. ESI-MS to determine presence of the desired product was undertaken by an external company (Peptidogenic Research, Livermore, CA). In the resulting HPLC spectrum, the major peak of Aβ1−42 synthesized with BOP/HOBt/NMM at 40°C for both acylation and deprotection steps was shown to not correspond to the desired product, which was identified to elute slightly later in time. Increasing Fmoc removal temperature to 55°C also yielded an identical spectrum. However, an increase in yield of the desired, but not major product, was noted, most likely due to a more “complete” removal of the temporary Fmoc protecting group. In contrast, the major peak of Aβ1−42 prepared using preformed Fmoc-Aa-F, carrying out the acylation and deprotection steps at 40 and 55°C, respectively, was shown to correspond to the desired product, thereby facilitating an easier purification process (Table 1). No further bio-testing was attempted by the group.



Table 1. Comparative Aβ1−42 yield from protocols trialed by Milton et al. (1997).
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HENDRIX ET AL. (1992)

During pioneering syntheses of Aβ1−42 by the Glabe laboratory, Hendrix et al. at the Massachusetts Institute of Technology, US also published their synthesis of the peptide (Scheme 3; Hendrix et al., 1992).
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SCHEME 3. Boc/Bzl SPPS of Aβ1−42 by Hendrix et al. (1992).



Noting one main disadvantage of stepwise SPPS for the preparation of relatively long peptides in general, which is the gradual accumulation of identical peptidic side products on resin, the group opted for a convergent approach instead, which they postulated would minimize the extent of side product formation. Using the tert-butyloxycarbonyl (Boc)/benzyl (Bzl) strategy, four Aβ1−42 fragments were synthesized and subsequently condensed on resin through their peptide backbone (Hendrix and Lansbury, 1992). All Boc-Aa-OH couplings were performed twice, followed by acetylation with acetic anhydride (10 eq.). The first fragment was synthesized on Kaiser oxime resin (Kaiser et al., 1989). Boc-protected leucine was bound to the resin and elongated to H-Y(2,6-Cl2-Bzl)E(Bzl)VH(Bom)H(Bom)QK(Cl-Z)L-resin. This fragment was subsequently reacted with Boc-D(tBu)AE(Bzl)FR(Mts)H(Bom)DS(Bzl)G-OH (prepared with the same reagents and conditions described above) to afford the desired resin-bound Peptide 4, which was cleaved using low-high trifluoromethanesulfonic acid (TFMSA) /TFA protocol, purified by RP-HPLC, and characterized by amino acid analysis, 1H nuclear magnetic resonance (NMR), and fast atom bombardment mass spectrometry (FABMS).

The second fragment was prepared on Merrifield resin. Resin-bound Boc-protected alanine was first elongated to Boc-GVVIA-resin, after which Peptide 1 (Boc-LMVG-CO2H) and Peptide 2 (Boc-S(Bzl)NK(Cl-Z)GAIIG-CO2H) (1.2–1.5 eq., BOP activation at 23°C) were coupled sequentially on resin to form Boc-S(Bzl)NK(Cl-Z)GAIIGLMVGGVVIA-resin. Peptide 3 (Boc-VFFAE(Bzl)DVG-CO2H) was coupled afterwards to complete the desired fragment. Peptide 4 was coupled four successive times in the presence of BOP as an activating reagent to Boc-VFFAE(Bzl)D(Bzl)VGS(Bzl)NK(Cl-Z)GAIIGLMVGGVVIA-resin to complete the Aβ1−42 peptide chain, with each coupling step using less equivalents (2.3 eq. in total). The completed peptide chain was finally deprotected and cleaved off the resin using hydrogen fluoride.

Following analysis, it was identified that the crude product contained two truncated side products corresponding to Aβ18−42 and Aβ26−42. These low molecular weight impurities were fortunately separable using gel-filtration HPLC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), permitting high recovery of the desired product. The gel-purified material was then repurified by RP-HPLC to eliminate further minor side products, which included Aβ1−37 and benzylated Aβ1−42. The final purified product (>90% purity as determined by MS) was characterized by laser desorption MS and amino acid analysis employing Edman degeneration. The proposed method thus enabled the efficient synthesis of the peptide with minimal presence of side products. No further bio-testing was attempted by the group.



FUKUDA ET AL. (1999)

Fukuda et al. reported on the successful synthesis of Aβ1−42 and its two isoaspartyl isomers at position 7 [Aβ1−42(isoAsp7)] and 23 [Aβ1−42(isoAsp23)] (Fukuda et al., 1999). Syntheses of all three peptides proceeded in a stepwise fashion using the Fmoc/tBu SPPS strategy on PEG-PS resin (loading not stated) (Scheme 4).
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SCHEME 4. Fmoc/tBu SPPS of Aβ1−42 by Fukuda et al. (1999).



Fmoc protecting group was deprotected using 20% piperidine in DMF (v/v) and Fmoc-amino acids (4 eq.) were single coupled in the presence of HATU (4 eq.) and DIPEA (8 eq.). For the isoaspartyl analogs, Fmoc-Asp-OtBu was used instead of Fmoc-Asp(OtBu)-OH at positions 7 and 23. Following each coupling step, any unreacted N-terminus was capped with 5% acetic anhydride-pyridine in DMF (v/v) for 5 min. The completed peptide chain was then cleaved off the resin using TFA/phenol/triisopropylsilane (TIPS)/water (88:5:2:5 v/v/v/v).

Given the propensity of the peptide to aggregate under acidic conditions, the lyophilized crude peptides were reconstituted in 0.1% ammonium hydroxide (NH4OH) prior to purification using RP-HPLC on Develosil 5 μm ODS-UG 140Å (150 × 4.6 mm) at 0.2 mL/min flow rate at room temperature. A linear gradient of 15–36% acetonitrile in 0.1% NH4OH was employed. Overall yields of each peptide were 10, 15, and 13% for Aβ1−42, Aβ1−42(isoAsp7), and Aβ1−42(isoAsp23), respectively, relative to starting crude material. The purity of the synthetic Aβ1−42 was subsequently compared with commercial Aβ1−42 (Bachem), using RP-HPLC, matrix assisted laser desorption ionization mass spectrometry (MALDI-TOF MS), and amino acid composition analysis. The results for all three analyses indicated that their Aβ1−42 had been synthesized at a higher purity compared to commercially obtained Aβ1−42. RP-HPLC analysis under alkaline conditions showed some impurities for commercial Aβ1−42, which was further confirmed by MALDI-TOF MS. In contrast, the group's Aβ1−42 yielded a single, sharp chromatographic peak with retention time ca 19 min. Amino acid composition analysis for their Aβ1−42 also produced a result that was closer to the theoretical value, in contrast to Bachem Aβ1−42. While purity of the final product was not reported by the authors, results obtained from thioflavin T (ThT) assay, transmission electron microscopy (TEM) imaging, and neurotoxicity assay against rat embryonic cortical neurons, carried out using their synthetic Aβ1−42, provided ample evidence that the synthesized Aβ1−42 is sufficiently bioequivalent to endogenous Aβ1−42.



TICKLER ET AL. (2001)

Another problematic issue for the synthesis of Aβ1−42 is the hydrophobicity of its C-terminal segment. In 2001, Tickler, Barrow, and Wade published on an improved preparation of this peptide, employing 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as an Fmoc removal reagent (Scheme 5; Tickler et al., 2001).


[image: image]

SCHEME 5. Fmoc/tBu SPPS of Aβ1−42 using DBU as Fmoc deprotecting reagent by Tickler et al. (2001).



Incomplete Fmoc removal is understood to be a factor that can affect overall synthetic efficiency. Thus, complete removal of temporary Fmoc protecting group from the Nα-terminus of the amino acid is of paramount importance, as this facilitates efficient coupling of subsequent Fmoc-protected amino acids. For this purpose, the stronger base DBU was preferred to the conventionally used piperidine. Peptide synthesis was undertaken on PEG-PS resin (loading not stated) functionalized with 4-(hydroxymethyl)phenoxyacetic acid (HMPA) linker at 0.1 mmol scale. The Fmoc protecting group was removed using 2% DBU in DMF (v/v) for 5 min, up until residue Ser8, after which 20% piperidine in DMF (v/v) was employed to prevent aspartamide formation at residue Asp7, an established side reaction observed in the chemical synthesis of Aβ1−42. Consequently, deprotection time for subsequent Fmoc-amino acid residues was also extended to 10 min. Fmoc-amino acids were coupled in the presence of 3-[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU) and DIPEA in DMF. Cleavage of the completed peptide chain was accomplished with TFA/water/EDT/TIPS (94:2.5:2.5:1 v/v/v/v) for 3 h. The TFA filtrate was then concentrated in vacuo, precipitated in cold ether, reconstituted in water/acetonitrile/TFA (90:10:0.1 or 80:20:0.1 v/v/v), and recovered by lyophilization (40% yield based on 0.1 mmol PEG-PS resin loading).

Characterization of the crude peptide was performed using RP-HPLC on a Vydac (Hesperia, USA) C4 analytical column (4.6 × 250 mm, 5 μm) at 1 mL/min flow rate at 60°C. A linear gradient of 15–50% B was employed over 30 min, where solvent A was 10 mM ammonium bicarbonate (NH4CO3) and solvent B was acetonitrile. The resulting HPLC spectrum yielded predominantly a single chromatographic peak with a retention time ca 19 min, which mass was confirmed by MALDI-TOF MS to correspond to the desired product. Purification of the crude product was undertaken using RP-HPLC, affording pure Aβ1−42 at 17% yield relative to purified crude weight. The purity of the final product, however, was not reported by the authors. Furthermore, employment of bicarbonate-based buffers, while shown herein to be beneficial with regards to purification of their Aβ1−42, still required further investigation, particularly to probe the bioequivalence of the purified peptide. This was unfortunately not attempted by the group. Regardless, the employment of DBU in the synthesis of Aβ1−42 to improve Fmoc removal efficiency, especially at its hydrophobic C-terminal region, was demonstrated to afford a crude product of higher quality, thus translating to a relatively easier purification process.



CARPINO ET AL. (2004)

In the attempt to address the prevailing issue of Aβ1−42 aggregation on resin, Carpino et al. incorporated the depsipeptide method in their synthesis of Aβ1−42 (Scheme 6; Carpino et al., 2004). It is thought that the introduction of depsipeptides, a class of peptidic compounds in which the peptide bonds have been substituted with amide bonds, may restrict aggregation phenomena during synthesis (Coin, 2010).
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SCHEME 6. Fmoc/tBu SPPS of Aβ1−42 using depsipeptide methodology by Carpino et al. (2004).



Instead of synthesizing the linear peptide, its water-soluble O-acyl isopeptide was prepared instead, selecting Ser26 as the residue to perform O-acylation on, as the Gly25 residue does not epimerize during activation to form the ester bond. Peptide chain was subsequently elongated as normal thereafter. Following cleavage from the resin, the O-acyl isopeptide can be rearranged to yield the native peptide by treatment in aqueous buffer at pH 8.

Peptide synthesis commenced on TentaGel resin (0.25 mmol/g loading) functionalized with 4-(4-hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) linker at 0.125 mmol scale. Fmoc-Ala-OH (1 mmol) was double coupled manually on resin in the presence of N,N'-diisopropylcarbodiimide (DIC) and N-methylimidazole (NMI) in dichloromethane (CH2Cl2) for 2 h each time. Any free amine at the N-terminus was capped twice with acetic anhydride/NMI (0.75 mmol) in CH2Cl2 for 2 h each time. Fmoc-amino acids were then double coupled up to residue Asn27 using Fmoc-Aa-OH, HBTU, and DIPEA in DMF. The Fmoc protecting group on Asn27 was removed prior to double coupling of Boc-Ser-OH using HBTU and DIPEA in DMF for 2 h each time. Resin-bound Ser26 residue was then O-acylated with Fmoc-Gly-OH/DIC/NMI and capped under the conditions stated above. The peptide sequence was then elongated to completion, cleaved off resin with TFA/TIPS/phenol/water (88:2:5:5 v/v/v/v) for 3 h, and recovered by lyophilization. Rearrangement of the O-acyl isopeptide to native Aβ1−42 was achieved by treatment with Tris-acetate-ethylenediaminetetraacetic acid (EDTA) buffer (pH 8.5). The overall yield and purity of the final peptide were not reported.

A significant by-product corresponding to Aβ26−42 was detected in the resulting crude HPLC profile, which was postulated to be due to incomplete O-acylation. Further bio-testing was also not undertaken by the group.



KIM ET AL. (2004)

In the same year, Kim et al. presented an optimized coupling reaction for the efficient synthesis of Aβ1−42 (Kim et al., 2004), which capitalized on the known disaggregating role of the single methionine residue in the sequence (Scheme 7). Intentional incorporation of oxidized methionine in the peptide synthesis consequently permitted the use of dimethylsulfoxide (DMSO) as co-solvent in all coupling reactions performed, which would normally oxidize methionine to its sulfoxide derivative. The authors postulated that DMSO would produce an additional disaggregating effect in the synthesis.
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SCHEME 7. Boc/Bzl SPPS of Aβ1−42 with oxidized Met and DMSO as coupling co-solvent by Kim et al. (2004).



Peptide synthesis commenced on aminomethyl-functionalized resin (1.0 mmol/g loading) at 0.2 mmol scale, employing the Boc/Bzl SPPS strategy. Two syntheses were performed in parallel for comparative purposes. Firstly, the alanine residue was coupled on resin using preformed Boc-Ala-phenylacetamidomethyl (PAM)-OH (1.5 eq.) in the presence of BOP (2 eq.) and DIPEA (3 eq.). In the first synthesis, Met35 was incorporated in its sulfoxide form, Met(O)-35, whereas the native methionine residue was used for the second synthesis. Boc-amino acid couplings were carried out in the presence of DMF/DMSO (3:1 v/v). Following completion of the peptide chain, the His-Nim-Dnp protecting group was removed using a cocktail of β-mercaptoethanol and triethylamine in DMF for 3 × 10 min, and the sulfoxide moiety reduced using a cocktail of silicon tetrachloride (SiCl4)/anisole/TFA (5:5:90 v/v/v) for 15 min. The peptide was then recovered from the resin using DMSO/HF (3:1 v/v) with 5% p-cresol (v/v) for 2 h at 0°C, and lyophilized.

RP-HPLC analysis was performed on a Vydac 219TP5415 diphenyl column (300Å, 4.6 × 150 mm, 5 μm), using a linear gradient of solvent A (0.1% TFA in water) and B (0.09% TFA in acetonitrile). The eluted chromatographic peak (retention time 19.3 min) was identified by MALDI-TOF MS to match the desired product, although the yield and purity of the final product was not reported by the group. Furthermore, one limitation of this method, as acknowledged by the authors, is the presence of deletion products corresponding to deletion of one or two phenylalanine residues in the sequence. No further bio-testing was attempted by the group.



SOHMA ET AL. (2005)

Sohma et al. also implemented the “O-acyl isopeptide method” in their synthesis of Aβ1−42 (Sohma et al., 2005). For comparative purposes, Aβ1−42 was also synthesized in a linear fashion on 2-chlorotrityl chloride resin (loading not stated) at 0.3 mmol scale. In the synthesis of the linear peptide, Fmoc-Ala-OH was coupled for 2.5 h in the presence of DIPEA in 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) under argon atmosphere, followed by capping with methanol in the presence of DIPEA in DMF for 20 min. The resin bed was afterwards washed sequentially with DMF, DMF/water (1:1 v/v), chloroform (CHCl3), methanol, and then dried in vacuo. Alanine loading was photometrically quantified based on liberation of Fmoc chromophore following treatment with 50% piperidine in DMF (v/v) for 30 min at 37°C. Fmoc removal was afforded with 20% piperidine in DMF (v/v) for 20 min, and subsequent Fmoc-amino acid residues were manually coupled using DIC/HOBt in DMF for 2 h. The completed peptide chain was cleaved off the resin using TFA/m-cresol/thioanisole/water (92.5:2.5:2.5:2.5 v/v/v/v) for 90 min, the filtrate concentrated in vacuo, precipitated with cold ether, reconstituted in water, and recovered by lyophilization.

A sample of the crude product was then dissolved in TFA/water (2:1 v/v) in the presence of ammonium iodide (NH4I) and dimethyl sulfide (CH3)2S, then stood for 1 h at 0°C to reduce any oxidized methionine residues. The mixture was then concentrated in vacuo, dissolved in HFIP, and filtered using a 0.46 μm filter unit, before purification using preparative HPLC on a C18 column (4.6 × 150 mm; YMC Pack ODS AM302) at 40°C. A linear gradient of 0–100% acetonitrile in 0.1% aqueous TFA was employed over 40 min at a flow rate of 5 mL/min. Peak fractions were collected and immediately lyophilized to afford pure Aβ1−42 (overall yield of 7.2% relative to starting crude material, purity >94%). MALDI-TOF MS and RP-HPLC analyses of collected fractions confirmed the presence of the desired product, which had a retention time that matched commercial Aβ1−42.

Synthesis of “26-O-acyl-isoAβ1−42” was subsequently attempted. Fmoc-protected Aβ27−42 was assembled on 2-chlorotrityl chloride resin at 0.1 mmol scale, employing the same reagents and conditions as described above (Scheme 8).
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SCHEME 8. Fmoc/tBu SPPS of '26-O-acyl-isoAβ1−42' by Sohma et al. (2005).



Following completion of the peptide fragment, Boc-Ser-OH was coupled in the presence of DIC and HOBt in DMF for 2 h, followed by double coupling of Fmoc-Gly-OH using DIC and 4-dimethylaminopyridine (DMAP) in CH2Cl2 for 16 h each time. Peptide assembly was then continued to afford the completed O-acyl isopeptide chain, which was cleaved off the resin and recovered by lyophilization. The crude peptide was also pre-treated with NH4I/(CH3)2S before purification, which afforded pure O-acyl isopeptide at 33.6% yield relative to purified crude weight and >96% purity. The purified peptide was subsequently dissolved in water and stirred for 48 h to induce O- to N-acyl transfer reaction, yielding Aβ1−42 quantitatively. RP-HPLC profile and MALDI-TOF MS of Aβ1−42 synthesized using this method was again shown to be identical to that of commercial Aβ1−42. No further bio-testing was attempted by the group.



GARCÍA-MARTÍN ET AL. (2006)

The propensity of Aβ1−42 to aggregate on resin during SPPS necessitates some considerations with regards to the choice of solid support. Particularly, the use of resins with a low degree of substitution might be more appropriate for the efficient preparation of long, hydrophobic peptides in general, as lower loading translates to lesser steric interference on resin. In 2006, García-Martín et al. introduced ChemMatrix resin as a novel, solid support for SPPS (García-Martín et al., 2006). ChemMatrix is a totally PEG-based resin which consists of only primary ether bonds, which renders it chemically stable. It also assumes a free-flowing form upon drying in vacuo, and is a preferable choice over PS-based resins in the synthesis of “difficult peptide sequences.” Firstly, the physical properties of ChemMatrix was contrasted with PS. The former was shown to swell in most solvents, including especially polar ones such as acetonitrile, DMSO, and methanol; none of the three can swell PS resins satisfactorily. More importantly, ChemMatrix swelled better than PS in DMF and CH2Cl2, and also exhibited higher chemical stability toward acid or base treatment, with the sole exception of strong Lewis acids. Microscopic analysis of ChemMatrix beads following shrinking and swelling by various solvents demonstrated no notable structural deterioration, which suggested that it was unaffected by osmotic stress. Subsequently, this resin was employed in the synthesis of four complex peptides: a decameric model peptide consisting of oligo(aminoacyl) sequences, 38-amino acid long synthetic vaccine Bacuma, polyarginine peptide, and Aβ1−42 peptide (Scheme 9).
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SCHEME 9. Fmoc/tBu SPPS of Aβ1−42 on ChemMatrix resin by García-Martín et al. (2006).



Aβ1−42 synthesis was carried out on ChemMatrix resin (loading not stated) at 0.07 mmol scale in a stepwise fashion. The acid labile 3-(4-hydroxymethylphenoxy)propionic acid (HMPP) linker was coupled on resin manually with HBTU, HOBt, and DIPEA in DMF, followed by first residue attachment (Fmoc-L-Ala-OH) using DMAP in CH2Cl2 overnight at room temperature. Despite a prolonged reaction time, free hydroxyl groups were still present, as determined by the 4(4-nitrobenzyl)pyridine test. Consequently, the alanine coupling step was repeated for a further 2 h with fresh reagents. Acetylation of free N-terminus group was afforded using acetic anhydride/DIPEA in DMF for 15 min, followed by automated elongation to generate the desired peptide chain, which was cleaved off the resin using TFA/TIPS/water/EDT (95:2:2:1 v/v/v/v) for 90 min.

Following recovery by lyophilization, the peptide was monomerized in neat TFA, concentrated in vacuo, and dissolved in HFIP to retain the disaggregated state. RP-HPLC analysis was undertaken using a C8 column (size not reported; flow rate 1 mL/min) at 60°C. A linear gradient between 0.1% TFA in water and 0.1% TFA in acetonitrile was employed over 15 min. The resulting HPLC spectrum showed a single major peak with a retention time of 9.3 min and an estimated purity of 91%, which was confirmed by MALDI-TOF MS to correspond to the desired product. Unfortunately, the yield was not reported, and no further bio-testing was carried out by the group. Furthermore, it was not explicitly stated whether purification of the crude product was attempted in this study, although the relatively high purity percentage suggested this was the case.



ZARáNDI ET AL. (2007)

Zarándi et al. introduced anisole as a relatively cheap and simple co-solvent for both deprotection and coupling steps in their Fmoc/tBu SPPS of Aβ1−42 (Scheme 10; Zarándi et al., 2007). It was postulated that the use of anisole would improve the purity and yield of crude Aβ1−42 by preventing its aggregation during synthesis.


[image: image]

SCHEME 10. Fmoc/tBu SPPS of Aβ1−42 using anisole as co-solvent by Zarándi et al. (2007).



Peptide synthesis commenced on Wang resin (0.41 mmol/g loading) at 0.25 mmol scale. Fmoc removal was performed twice with 20% piperidine in DMF (v/v) containing 10% anisole (v/v) for 5 and 15 min. Following each deprotection step, the resin bed was washed sequentially with DMF, methanol (twice), CH2Cl2 (twice), and a final wash with 10% anisole in CH2Cl2 (v/v). Fmoc-amino acids were coupled in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and HOBt in DMF, which was further diluted with 10% anisole in CH2Cl2 (v/v) for 2 h. The completeness of the reaction was qualitatively evaluated using the ninhydrin test: in the case of an incomplete reaction, the coupling step was repeated with HBTU as a coupling reagent, otherwise, acetylation was carried out using 30% acetic anhydride (v/v) in CH2Cl2/anisole (9:1 v/v) prior to subsequent deprotection-coupling cycles. The completed peptide chain was cleaved off the resin with TFA/dithiothreitol (DTT)/water (90:5:5 v/v/v) at 20°C for 4 h.

Following cleavage, the TFA filtrate was diluted with 0.1% TFA in acetonitrile to a final acetonitrile concentration of 30% (v/v), and afterwards loaded into a preparative HPLC column. Purification of the crude peptide was carried out on a PrepPak® Cartridge 47 x 300 mm (column no. M23582) Bakbond WP C4 15 μ Packing column at a flow rate of 80 mL/min. A linear gradient of 30–70% B was employed, where solvent B was 0.1% TFA in acetonitrile/water (4:1 v/v) and solvent A was 0.1% TFA in water. The collected fractions were analyzed by analytical RP-HPLC, ESI-MS, and amino acid composition. RP-HPLC analysis was undertaken using a Phenomenex (Jupiter) C4 column (250 × 4.6 mm, 300Å, 5 μm) at a flow rate of 0.2 mL/min. A linear gradient of 30–90% B was employed, using the same solvent system as that for peptide purification. The eluted chromatographic peak was also confirmed by ESI-MS and amino acid analysis to correspond to the desired product, although neither its yield nor purity were reported by the authors. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was subsequently carried out on a SH-SY5Y neuroblastoma cell line, which was incubated in the presence of synthetic Aβ1−42. The results obtained showed an expected reduction in cellular viability by ~ 40%, compared to untreated control cells, which provided proof of bioequivalence.



BACSA ET AL. (2010)

Owing to its length, and the use of extended coupling times, preparation of synthetic Aβ1−42 typically takes up to 48 h. Bacsa et al. thus attempted to synthesize this peptide using microwave-assisted Fmoc/tBu SPPS to accelerate the coupling and deprotection steps, affording the final peptide in a shorter overall preparation time (Scheme 11; Bacsa et al., 2010) Microwave-assisted synthesis is thought to perturb intermolecular hydrogen bonding between neighboring β-sheets, a key interaction in peptide aggregation (Paradís-Bas et al., 2016).
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SCHEME 11. Microwave-assisted Fmoc/tBu SPPS of Aβ1−42 by Bacsa et al. (2010).



Peptide synthesis was undertaken on Rink amide ChemMatrix resin (0.50 mmol/g loading) at 0.075 mmol scale. All reactions were performed at 86°C, unless indicated otherwise. Fmoc removal was afforded in two steps using 30% piperidine in DMF (v/v), first for 30 s and then 2.5 min. Fmoc-amino acids were single coupled in the presence of DIC and HOBt in N-methyl-2-pyrrolidone (NMP) for 10 min. Coupling of the three sensitive histidine residues had to be performed at room temperature in order to prevent racemization. This step was performed twice for 60 min each time to ensure complete coupling, using Fmoc-His(Trt)-OH and DIC/HOBt. The coupling cocktail was allowed to pre-activate for 2 min prior to addition to resin bed. Fmoc removal of residues after Ser8 was achieved using 30% piperidine in DMF (v/v) containing 0.1 M HOBt to prevent aspartamide formation at residue Asp7. The completed peptide chain was cleaved using TFA/DTT/water (95:2.5:2.5 v/v/v) for 5 h at ambient temperature. The TFA filtrate was then concentrated in vacuo, precipitated with cold ether, and recovered by lyophilization to afford crude peptide at 78% yield. This was immediately stored at −20°C to avoid methionine oxidation and further aggregation of the peptide.

A sample of the crude peptide was dissolved in HFIP prior to RP-HPLC analysis using an analytical Phenomenex Jupiter C4 column (250 × 4.6 mm, 10 μm) at 60°C. A linear gradient of 30–100% B was applied over 45 min at a flow rate of 4 mL/min, where solvent B was 0.1% TFA in CH3CN and solvent A was 0.1% TFA in H2O. The resulting chromatogram showed a single major peak with a retention time of 4.14 min, the mass of which was confirmed by MALDI-TOF MS to correspond to the desired product. Furthermore, this result was also corroborated by standard amino acid analysis and comparison of the 1H NMR spectrum of the crude peptide with previously published data. The group also undertook Aβ1−42 synthesis using conventional heating at the same temperature, which interestingly also yielded similar results to that obtained from microwave-assisted synthesis. The neurotoxicity of the synthesized peptides were examined in vitro by conducting an MTT assay on a SH-SY5Y cell line, which produced identical results with respect to cellular viability. Taken together, these results indicated that rapid synthesis of Aβ1−42 can be achieved with microwave-assisted Fmoc/tBu SPPS, and that Aβ1−42 synthesized using this method is sufficiently bioequivalent. The latter conclusion is particularly important as the use of microwave energy in peptide synthesis has been associated with peptide backbone de-aggregation, due to its direct interactions with the generated electric field.



COLLINS ET AL. (2014)

In the attempt to further shorten the preparation time and improve yield of Aβ1−42, Collins et al. developed the high efficiency SPPS (HE-SPPS) methodology, which was successfully implemented in the synthesis of several complex peptides, including Aβ1−42 (Collins et al., 2014). Firstly, two conventional, non-microwave-assisted syntheses of Aβ1−42 were trialed at 0.1 mmol scale on PAL-PEG-PS resin (0.16 mmol/g loading) to establish a baseline purity level. In the first synthesis, Fmoc removal was performed twice for 5 and 10 min. Fmoc-amino acid (5 eq.) coupling was achieved in the presence of DIC (5 eq.) and Oxyma (5 eq.) in DMF for 60 min. The completed peptide chain was cleaved with TFA/TIPS/water/2,2′-(ethylenedioxy)diethanethiol (DODT) (v/v/v/v) and recovered by lyophilization to afford the crude peptide at 85% yield and 56% purity. In the second synthesis, Fmoc removal was also performed twice, but at shorter times of 0.5 and 3 min. Fmoc-Aa-OH (5 eq.) was coupled using 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU, 5 eq.) in DMF and DIPEA (10 eq.) in NMP for only 5 min. The relatively short coupling time may provide an explanation to the staggeringly low crude purity of 14%, even though the yield was 72%. Aβ1−42 synthesis was also attempted using microwave-assisted SPPS. Fmoc removal was afforded by 20% piperidine (v/v) containing 0.1 M Oxyma. TFA cleavage was performed for 30 min at 38°C, and other conditions remained as stated above. This afforded the crude peptide at 87% yield and 67% purity.

Optimizations of the microwave protocol was subsequently undertaken as follows: first, microwave conditions for deprotection and coupling steps were assessed. The group observed that the duration of these steps can be significantly shortened through utilization of a higher microwave power, whilst maintaining a high temperature within the reaction vessel. This setup allowed the vessel to reach 90°C (Tmax = 92°C) in just 20 s, as monitored using a fiber optic probe. Consequently, it was possible for deprotection and coupling steps to be completed in only 1 and 2 min, respectively. Next, the washing step was assessed. It was noted that following completion of each coupling reaction, the resin bed retained a residual temperature of 50°C, which would permit diffusion at a higher rate, and thus more efficient washing steps, employing less reagent volumes and shorter time. Furthermore, the authors reasoned that post-coupling washes are not necessary, as the inherent protection afforded by SPPS meant that uncoupled, activated Fmoc-amino acids in solution would be dissolved by the large excess of base introduced in the subsequent deprotection step. Lastly, an assessment of reagents used for Fmoc removal was undertaken. Due to the classification of piperidine as a controlled substance, piperazine has often been considered as an alternative Fmoc deblocking reagents for both conventional and microwave synthesis. However, one major limitation of this reagent is that it can only reach a maximum concentration of 6% (v/v) when diluted in either DMF or NMP. A novel solvent system was thus conceived, which was aimed to increase piperazine concentration without bearing negative effects on solubility of the resin-bound peptide. Dilution of piperazine in ethanol/NMP (1:9 v/v) successfully elevated its maximum concentration to 10% (v/v), which was shown to be equally effective to 20% piperidine (v/v) with regards to its deprotecting capacity. These optimizations were implemented in the synthesis of Aβ1−42. Aspartamide formation, an established side reaction in the synthetic process, was reasonably minimized using these reaction conditions. The proposed method enabled the efficient preparation of Aβ1−42 in just under 4 h, which is remarkably fast for a peptide of this length. All samples were analyzed by ultra-high performance liquid chromatography (UPLC) using Acquity UPLC BEH C18 column (1.7 mm and 2.1 × 100 mm). A crude 87% yield was obtained after lyophilization with 10% acetic acid (v/v) at 72% purity. Furthermore, the overall protocol also minimized chemical waste by approximately 90%, which is a forward step toward sustainability in peptide synthesis. Unfortunately, no further bio-testing was attempted by the group.



CHEMURU ET AL. (2014)

An alternative approach by which the efficient synthesis of Aβ1−42 may be achieved is through adjustment of its solubility properties, which dictate how the peptide behaves in solution. Given the presence of hydrophobic residues proximal to its C-terminus, Aβ1−42 expectedly commences aggregation almost immediately following reconstitution in conventional solvents such as acetonitrile. In 2014, Chemuru et al. reported on the ready separation of Aβ1−42 pre-synthesized with a C-terminal solubilizing tag consisting of two or three lysine residues (Scheme 12; Chemuru et al., 2014) Peptides were synthesized using Fmoc/tBu SPPS on PEG-PS resin (loading not stated). Fmoc-protected amino acids were double coupled in the presence of HBTU and NMM in DMF.
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SCHEME 12. Enzyme-mediated separation of lysine tag from Aβ1−42 peptide by Chemuru et al. (2014).



The crude product was first dissolved in 50% aqueous formic acid (v/v) prior to purification by RP-HPLC on an Agilent Zorbax SB-C3 column (9.4 × 250 mm, 5 μm). A linear gradient of 30–60% B was employed, where solvent B was 0.05% TFA in acetonitrile, and solvent A was 0.05% TFA in water. For comparative purposes, the group also procured synthetic wild-type Aβ1−42. Purification of native Aβ1−42 was attempted at both room temperature and 65°C, whereas Aβ1−42 tagged with lysine residues was readily purified at room temperature. RP-HPLC analysis of Aβ1−42 at room temperature employing the solvent system described above yielded the expected asymmetrical, broad, and unresolved chromatographic peak. The yield and purity of Aβ1−42 were 2.7 and 64.9%, respectively. Repeating the purification process at 65°C resolved the peak, affording the desired product in 6.4% yield with 80.6% purity.

Following purification, the C-terminal lysine residues were removed using a carboxypeptidase B (CPB) agarose column, which was equilibrated to room temperature and washed at least five times with Tris-buffered saline (TBS, pH 9.0) prior to use. Purified Aβ1−42-Lys tail peptide was flowed through the column at approximately 0.2 mL/min. The column was then washed with TBS. One-milliliter fractions were collected from both peptide load and column wash, then analyzed by liquid chromatography-mass spectrometry (LC-MS) to identify peptide-containing fractions, and confirm complete removal of the Lys residues. Fractions containing the desired product were pooled, the pH adjusted to 2.0, loaded onto RP-HPLC column, and repurified using the conditions described above. The collected fractions were assessed for purity, then pooled and lyophilized, affording pure Aβ1−42. For Aβ1−42 synthesized with two C-terminal lysine residues (Aβ1−42K2), the yield and purity of the final compound was 6.2 and 89.7%, respectively. Interestingly, the yield of Aβ1−42 synthesized with three C-terminus lysine residues (Aβ1−42K3) was slightly improved to 7.8%, accompanied by a slight increase in purity to 90.2%. This improvement might in part be attributed to the presence of an additional, positively-charged lysine residue at the C-terminus of the peptide, which resulted in an improved solubility. Further bio-testing was unfortunately not undertaken by the group.



PARADíS-BAS ET AL. (2014)

Paradís-Bas et al. introduced 2-methoxy-4-methylsulfinylbenzyl (Mmsb), a novel backbone amide safety-catch protecting group in the synthesis and purification of three “difficult peptide” sequences: H-(Ala)10-NH2, Ac-(RADA)4-NH2, and Aβ1−42 (Paradís-Bas et al., 2014). Mmsb, which contains an electron-withdrawing sulfoxide that stabilizes a benzyl moiety, is readily reduced to its corresponding electron-donating thioether, which becomes labile to the same benzyl group. With regards to Fmoc/tBu SPPS, Mmsb is stable to TFA, however its reduced form 2-methoxy-4-methylthiobenzyl (Mmtb) is labile to the acid (Figure 2), therefore rendering it a suitable option.
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FIGURE 2. Mmsb, a novel backbone amide-protecting group for the synthesis and purification of “difficult peptide” sequences.



In all three cases, the Mmsb backbone was introduced into the peptide sequence as its corresponding Fmoc derivative Fmoc-N(Mmsb)-Ala-OH. Synthesis of this derivative was undertaken in five steps (Scheme 13): first, commercially available 3-methoxythiophenol was methylated with iodomethane (MeI). Trimethylamine was added dropwise to prevent dialkylation. The alkylated product was subsequently formylated using Vilsmeier reagent, affording 2-methoxy-4-methylthiobenzaldehyde, which was purified by RP-HPLC on an XBridge™ BEH130 C18 column (4.6 × 100 mm, 3.5 μm) in 48% yield. Reductive amination of this aldehyde with the amine of the unprotected alanine residue was achieved in a one-step reaction with NaBH3CN in dioxane/H2O (1:1 v/v). N(Mmtb)-Ala-OH was protected by Fmoc using a slight excess of Fmoc-OSu under basic conditions to afford Fmoc-N(Mmtb)-Ala-OH, which was again purified by RP-HPLC on an XBridge™ BEH130 C18 column (4.6 × 100 mm, 3.5 μm) to delineate the unreacted alanine. Lastly, oxidation of Fmoc-N(Mmtb)-Ala-OH by H2O2 generated Fmoc-N(Mmsb)-Ala-OH in remarkable purity (98.0%). This building block was utilized directly for SPPS of all three peptides.
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SCHEME 13. Chemical synthesis of Fmoc-N(Mmsb)-Ala-OH.



Peptide synthesis was undertaken on aminomethyl ChemMatrix resin (0.62 mmol/g loading) as solid support at 0.1 mmol scale, which was functionalized with HMPP linker (Scheme 14). Fmoc removal was achieved using 20% piperidine in DMF (v/v). Fmoc-AA-OH coupling was performed in the presence of HBTU as coupling reagent, with DIPEA and DMF as solvent. The Fmoc-N(Mmsb)-Ala-OH building block, which replaced Ala21 in the Aβ1−42 sequence, was coupled using DIC and OxymaPure in DMF for 1 h, followed by sequential washes with DMF and CH2Cl2, and Kaiser test to confirm completeness of the reaction qualitatively. Fmoc-Phe-OH, the subsequent residue in the sequence, was also coupled manually were coupled manually. The completed peptide chain was cleaved from the resin with TFA/TIPS/H2O (38:1:1 v/v/v) for 2 h, which demonstrated the stability of Mmsb to acids. Purity of the crude product was relatively low (35%), as determined by RP-HPLC analysis on a Symmetry300™ C4 column (4.6 × 150 mm, 5 μm) at 60°C and flow rate of 1 mL/min. A linear gradient of 10–50% B was used, where solvent B was CH3CN + 0.036% TFA, and solvent A was H2O + 0.045% TFA. Purification was undertaken by semi-preparative RP-HPLC using a Phenomenex Jupiter C4 column (21 x 150 mm, 10 μm) at a flow rate of 20 mL/min. A linear gradient of 0–10% B over 5 min and 10–50% B over 60 min was used, where solvent B was CH3CN + 0.1% TFA and solvent A was H2O + 0.1% TFA. Removal of the Mmsb amide protecting group was readily achieved by treatment with neat TFA (1 mg/mL) and ammonium iodine at room temperature for 2 h. Excess TFA was evaporated by gentle N2 stream, and the filtrate precipitated in diethyl ether and redissolved in H2O/CH3CN (1:1 v/v), prior to lyophilization.


[image: image]

SCHEME 14. Synthesis of Aβ1−42 with Mmsb protecting group by Paradís-Bas et al. (2014).





KARAS ET AL. (2017)

In another attempt to improve the solubility properties of Aβ1−42, Karas et al. developed a short, monodisperse oligo(ethylene) glycol (OEG)-containing photolabile tag, which was functionalized on residue Lys28 of the Aβ1−42 sequence to solubilize the otherwise hydrophobic peptide (Karas et al., 2017). The tag was synthesized in two steps (Scheme 15): an alkyne functional group was incorporated at the benzylic position of an ortho-nitrobenzyl (oNb) derivative via a Grignard reaction. This was then reacted with an azide substrate through copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) in the presence of copper sulfate (CuSO4) and sodium ascorbate in DMF/water (4:1 v/v) to yield an intermediate, which was activated by para-nitrophenyl chloroformate in CH2Cl2 to afford the desired oNb-OEG3 tag.
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SCHEME 15. Synthesis of oNb-OEG3 solubilizing tag for Aβ1−42.



The group utilized microwave-assisted Fmoc/tBu SPPS to synthesize their site-specific tagged Aβ1−42. Peptide synthesis commenced on TentaGel resin (0.18 mmol/g loading) functionalized with Wang linker, and preloaded with Fmoc-Ala-OH at 0.1 mmol scale (Scheme 16).
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SCHEME 16. Fmoc/tBu SPPS of Aβ1−42 with oNb-OEG3 tag functionalized on Lys28 residue by Karas et al. (2017).



The Fmoc protecting group was removed using 20% piperidine in DMF (v/v) with 0.1 M Oxyma pure at 90°C for 1 min, except for residues Asp23-Asn27 which were deprotected for 10 min at the same temperature. Fmoc-amino acids (5 eq.) were coupled in the presence of HCTU (5 eq.) and DIPEA (10 eq.). Residues Lys28-Ala42 were coupled once at 75°C, while residues Asp1-Asn27 were double coupled under the same conditions, except for the three sensitive histidine residues, which were double coupled at 50°C. Removal of the monomethoxytrityl (Mmt) side chain protecting group at Lys28 was afforded through sequential treatments with 1% TFA in CH2Cl2 (v/v). The resin bed was then neutralized, and resultant free amine condensed with oNb-OEG3 tag (3 eq.) coupled using DIPEA (6 eq.) for 1 h at 75°C to afford the carbamate linkage. The completed peptide chain was cleaved from the resin using TFA/thioanisole/water/TIPS (95:2:2:1 v/v/v/v) for 3 h. The TFA filtrate was concentrated in vacuo, precipitated in cold ether, and recovered by lyophilization.

A sample of the crude peptide was purified by RP-HPLC using a Phenomenex Kinetex XB-C18 AXIA packed column (100Å, 21.2 × 150 mm, 5 μ) at 60°C. A linear gradient of 20–60% B was employed over 40 min with a flow rate of 5 mL/min. Solvent A was 10 mM ammonium acetate in water (pH 9.2), whereas solvent B was 10 mM ammonium acetate in acetonitrile/water (8:2 v/v, pH 9.2). The purified, tagged peptide was afforded at 9.6% yield relative to purified crude weight and >95% purity. The solubilizing tag was subsequently removed by photolysis at 365 nm. The photocleavable-tagged Aβ1−42 was first dissolved in HFIP/water (8:2 v/v), irradiated for 20 min, and then injected directly into RP-HPLC column for purification, which yielded pure Aβ1−42 in 60% yield. Unfortunately, the purity of the final product was not reported by the authors. Biophysical characterization of Aβ1−42 synthesized using this method was subsequently undertaken. Comparative TEM images between tagged Aβ1−42 and native Aβ1−42 obtained following photolysis showed a suppression in fibril formation, which was further quantified by a lower ThT fluorescence, after incubation in phosphate buffered saline (PBS) for 48 h at 37°C. Thus, incorporation of this tag into the Aβ1−42 peptide sequence was successfully shown by this group to improve its solubility properties, affording the desired product at higher yield and purity.



KASIM ET AL. (2019)

Recently, our group published an improved methodology for the synthesis and efficient characterization of the Aβ1−42 peptide (Scheme 17; Kasim et al., 2019).
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SCHEME 17. Fmoc/tBu SPPS of Aβ1−42 on a double linker system, employing pseudoproline dipeptides as aggregation disruptors by Kasim et al. (2019). Residues in bold and underlined indicate site of pseudoproline incorporation.



The proposed synthetic strategy utilized a double linker system, which has previously enabled efficient synthesis of the aggregating cancer protein NY-ESO1 (Harris and Brimble, 2009) and peptide hormone vesiculin (Williams et al., 2013). Peptide synthesis commenced on the low-loading ChemMatrix resin (0.64 mmol/g loading) at 0.1 mmol scale, using Fmoc/tBu SPPS. Fmoc-Rink amide linker (4 eq.) was first anchored on resin in the presence of DIC (4 eq.) and 6-chlorohydroxybenzotriazole (6-Cl-HOBt, 4 eq.) as coupling reagents, followed by sequential assembly of the hexalysine tag using HATU (4.6 eq.) and DIPEA (10 eq.), and coupling of the bifunctional 4-hydroxymethylbenzoic acid (HMBA) linker (4 eq.) using DIC (4 eq.) and 6-Cl-HOBt (4 eq.), completing the double linker construct. The first C-terminal residue alanine was then esterified on HMBA linker using Fmoc-Ala-OH (2 eq.), DIC (2 eq.) and DMAP (0.9 eq.). Peptide chain elongation was achieved using Fmoc-Aa-OH (5 eq.), HATU (4.6 eq.), and NMM (10 eq.), followed by cleavage off resin using TFA/TIPS/EDT/water (94:1:2.5:2.5 v/v/v/v). The TFA filtrate was evaporated using a gentle nitrogen stream, precipitated in cold ether, and recovered by lyophilization (56% yield based on 0.1 mmol ChemMatrix loading).

Purification of the crude product was undertaken by RP-HPLC using a semi-preparative Zorbax 300SB-C3 column (9.4 × 250 mm, 5 μm) under conventional conditions (acidic mobile phases, room temperature). A linear gradient of 1–61% B was employed over 60 min, where solvent B was 0.1% TFA in acetonitrile and solvent A was 0.1% TFA in water. One highlight of this methodology is that it was possible for purification of the crude product to be carried out on a relatively large scale, up to 90 mg in a single batch. The presence of the lysine tag is proposed to facilitate this process. The purified peptide-linker was subsequently treated with 1 M sodium hydroxide for 1 h to hydrolyse the base-labile ester bond between alanine and HMBA linker. The liberated linker was then readily dissolved following sequential washes with ultrapure water, recovering the peptide quantitatively without the need for any additional HPLC purification steps, and affording the desired peptide at 92% purity. Aβ1−42 was then subjected to biophysical assessment by TEM imaging, ThT assay, and circular dichroism (CD) spectroscopy. The resulting TEM images indicated that the peptide did form fibrils over time, and possessed a concentration-dependent aggregation profile in response to ThT binding, as well as a secondary structure composition of predominantly beta-sheets and random coils, as quantified by CD. Therefore, Aβ1−42 synthesized through this methodology is sufficiently bioequivalent for use in further in vitro and in vivo biological studies.



SUMMARY

In this review, a selection of methodologies designed to facilitate the efficient synthesis of Aβ1−42 peptide has been presented and discussed in great depth. Essential details about each protocol are summarized within Table 2, providing a convenient point of reference for comparative purposes. In terms of SPPS methodology, the majority opted for Fmoc/tBu SPPS. While there is a relatively extensive range of resins and linkers employed, these in general possess a low degree of substitution, which limited steric interference as the desired peptide elongated. With regards to purification of the crude material, there is also a great deal of variety in the chromatographic column used, but not so much with the solvent system, primarily 0.1% TFA in acetonitrile and 0.1% TFA in water, and temperature; most groups reviewed herein carried out their purification at room temperature. Yields of the final product are expectedly low, but collectively high in purity. Lastly, although this was not generally undertaken, groups that performed bioequivalence testing on their synthesized Aβ1−42 all reported on a high similarity with the endogenous peptide, in terms of its biological profile. With regards to this, we propose that it should be made necessary for any future work in this field to include evidence of bioequivalence.



Table 2. Comparative table of methods and conditions employed for the synthesis and purification of Aβ1−42 peptide.
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CONCLUSIONS AND FUTURE DIRECTIONS

At the present time, it is clear that significant strides have been taken toward the efficient synthesis and characterization of the amyloidogenic Aβ1−42 peptide since its maiden synthesis by Burdick et al. nearly three decades ago. Advancements in the field of “difficult peptide” synthesis, more specifically Aβ1−42, translates to its production in ample quantities and, perhaps most importantly, with a purity that mirrors Aβ1−42 isolated from natural sources, such as post-mortem human brain tissue. Identification of the key challenge associated with its preparation, namely the propensity to aggregate both on resin during SPPS and in solution, has propelled the developed of methods which have effectively addressed this issue. The so-called “Aβ1−42 problem” can thus be mitigated indirectly through optimization of the synthetic protocol employed, such as the use of PEG-based ChemMatrix resin (García-Martín et al., 2006; Kasim et al., 2019) to minimize the degree of steric interference as peptide elongation progresses, or through careful, considered choice of solvents and reagents that facilitate a more complete deprotection and coupling of amino acid residues. Furthermore, direct chemical modifications on the peptide sequence, achieved for instance through the introduction of removable solubilizing tags (Chemuru et al., 2014; Karas et al., 2017; Kasim et al., 2019) has also been proven to be an equally effective means. Thus, it would be a most logical deduction to propose that a combination of both approaches should produce a synergistic effect.

The extensive variety of methods that have been employed thus far, however, raises the curious question as to whether there is a need for a streamlined, “one-size-fits-all” protocol for the efficient synthesis of Aβ1−42. We argue that such a generalized method is not required. Rather, any method designed specifically for the preparation of this amyloidogenic peptide must be relatively easy to reproduce by any standard peptide synthesis laboratory. With respect to this, the reagents employed should incur a reasonable cost and be easily accessible. Consequently, Aβ1−42 synthesis using Boc/Bzl SPPS might not be especially favorable given the necessity for specialized equipment, some of which have their use restricted by local authorities. Of course, there is also the general safety issue pertaining to the use of strong acids such as HF as an essential component of this strategy. Perhaps, then, the future of Aβ1−42 lies on the more routinely employed Fmoc/tBu SPPS. Ultimately, any method employed should enable preparation of multi-milligram amounts of this peptide, and at a purity level that is identical to the endogenous peptide.

While most of the studies reviewed herein did not report their final Aβ1−42 purity, satisfactory evidence was provided in general as a proxy, in most cases through comparative assessment with commercially available Aβ1−42, as well as in vitro studies employing the synthesized Aβ1−42. The latter is perhaps of greater importance than the former, as they provide proof of bioequivalence, and suggests that even though the synthesized peptide may not be of especially high purity, it is still capable of behaving in a manner identical to endogenous Aβ1−42, which we believe should be considered as a hallmark of a successful synthesis.
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Bioluminescence resonance energy transfer (BRET) from an exceptionally bright luciferase, NanoLuc, to a fluorescent HaloTag ligand is gaining momentum to monitor molecular interactions. The recommended use of HaloTag618 ligand for the NanoLuc-HaloTag BRET pair is versatile for ensemble experiments due to their well-separated emission bands. However, this system is not applicable for single-cell BRET imaging because of its low BRET efficiency and in turn weak acceptor signals. Here we explored the unprecedented potential of rhodamine based HaloTag ligands, containing azetidine rings, as BRET acceptors. Through a comprehensive evaluation of various commercial and Janelia Fluor HaloTag ligands for improved BRET efficiency and minimal donor signal bleed-through, we identified JF525 to be the best acceptor for microscopic BRET imaging. We successfully employed BRET imaging with JF525 to monitor the interaction of protein kinase A catalytic and regulatory subunit. Single-cell BRET imaging with HaloTag JF525 can henceforth open doors to comprehend and interpret molecular interactions.

Keywords: NanoLuc, HaloTag, BRET imaging, Janelia Fluor dyes, PKA


INTRODUCTION

Förster resonance energy transfer (FRET) is a process of transferring excited-state energy from one chromophore (donor) to another (acceptor) via non-radiative dipole-dipole coupling. FRET has been a popular choice to detect interaction and conformational change of molecules since FRET depends on distance and relative orientation between the donor and acceptor. The development of a palette of genetically-encoded fluorescent proteins (FPs) has enabled the design of a variety of FRET-based biosensors to monitor intracellular phenomena (Sanford and Palmer, 2017). However, excitation of the donor FP by light illumination, an essential requisite for fluorescence imaging, might induce undesired system perturbation such as cell damage due to phototoxicity, photobleaching, and production of autofluorescence from intrinsic molecules.

Bioluminescence resonance energy transfer (BRET) is a category of FRET with the substitution of a fluorescent donor with a luminescent protein. Since bioluminescence is an intrinsic byproduct of an enzymatic reaction catalyzed by luciferases, BRET eliminates the need for an external excitation light. Employing the previous generation of luciferases (such as Firefly or Renilla luciferases) for imaging requires long exposure time even with a sensitive detection system due to very weak luminescence. Recently a bright luciferase, NanoLuc (England et al., 2016), which is small and emits blue luminescence has been engineered to be a good BRET donor (Machleidt et al., 2015; Hiblot et al., 2017). BRET sensors with NanoLuc and acceptor FP have been developed and applied for live cell imaging (Schaub et al., 2015; Hamer et al., 2017). Besides FPs, self-labeling protein tags such as HaloTag (Los et al., 2008) and SNAP/CLIP-tag (Keppler et al., 2003; Gautier et al., 2008) are alternative acceptors for BRET imaging. These genetically encodable enzyme tags catalyze a covalent bond formation with their fluorescently labeled cognate ligands. Amongst a series of membrane-permeable ligands for live cell assays, HaloTag NanoBRET 618 (Halo618) has been proposed as an appropriate BRET acceptor due to its well-separated emission band that minimizes the impact of signal bleed-through from NanoLuc. The NanoLuc-Halo618 pair has been employed for ensemble BRET experiments (Machleidt et al., 2015; White et al., 2017). However, from a weak absolute acceptor signal employing Halo618, it is difficult to obtain information such as dynamics and heterogeneity from non-synchronized cells via single-cell BRET imaging. The weak signal is due to the limited spectral overlap between NanoLuc emission and Halo618 absorption resulting in a lower BRET efficiency. In contrast, the superior spectral overlap of green-shifted acceptors are expected to improve BRET efficiency although the bleed-through of donor-signal into the acceptor window might become prominent. To enable live cell BRET imaging with NanoLuc, we evaluated rhodol and rhodamine based HaloTag ligands containing azetidine rings [Janelia Fluor 503 (JF503), Janelia Fluor 525 (JF525), Janelia Fluor 549 (JF549)], in comparison to oregon green (OG), tetramethylrhodamine (TMR) and Halo618, in the green-red spectral range for BRET efficiency, acceptor signal intensity and the impact of donor bleed-through.



MATERIALS AND METHODS


Protein Expression and Purification

E. coli JM109(DE3) was transformed with the respective bacterial expression vectors encoding either NanoLuc or Halo-NanoLuc. HaloTag was cloned to the C-terminus of NanoLuc with a spacer (SGGS). Transformed bacterial cells were grown, induced with IPTG for protein expression and later harvested to purify the expressed protein. The purified proteins were used for in vitro evaluation (details on cloning and protein purification can be found in Supplementary Material).



Spectral Acquisitions in vitro
 
Fluorescence Spectra of HaloTag Ligands

Synthesis of JF503, JF525, JF549, and spectroscopic measurements for HaloTag ligands (Supplementary Figure 2) were performed as described previously (Grimm et al., 2015, 2017). Absorption and fluorescence spectra (except for Halo618) were recorded with Cary Model 100 spectrometer (Varian) and Cary Eclipse fluorometer (Varian), respectively. The absorption spectrum of Halo618 was acquired with NanoDrop 2000 (Thermo Fischer Scientific). Quantum yields were determined using a Quantaurus-QY spectrometer (C11374, Hamamatsu) employing an integrating sphere to measure photons absorbed and emitted by a sample. Reported are average values from triplicates.



Luminescence Spectra

Halo-NanoLuc protein was incubated with HaloTag ligands (OG, JF503, JF525, JF549, TMR, and Halo618 5 μM) at ambient temperature for ~4 h to facilitate complete binding. Luminescence spectra for NanoLuc alone or Halo-NanoLuc labeled with the respective ligands were acquired with a final protein concentration of 4 nM in PBS + 0.1% BSA in the presence of furimazine. Luminescence was collected within a few minutes after adding furimazine with a 30-mm lens and sent to a spectrograph (Acton SpectroPro-300i monochromator/spectrograph). The dispersed luminescence from the spectrograph was detected with a sensitive liquid nitrogen cooled CCD camera (Princeton Instruments SPEC 10:100B/LNeXcelon). The acquisition time was set to 5 s, the recorded spectra were averaged 10 times and background subtracted.




BRET Imaging in Living Cells

Imaging experiments were all performed on transfected cells (protocol in Supplementary Material), within a few minutes after furimazine (1:30 dilution) addition, on an inverted microscope IX83 (Olympus, Tokyo) with an APON 60XOTIRF (NA = 1.49) objective lens (Olympus). Luminescence was split into donor and acceptor windows with a dichroic mirror DM509 (Semrock, NY; OG, JM503, and JM525) or DM555 (Semrock; JF549, TMR, and Halo618). Donor and acceptor images were acquired simultaneously with two EM-CCD cameras (ImagEM C9100-13, Hamamatsu Photonics, Hamamatsu, Japan). The images for Halo-NanoLuc were acquired with 2x binning (0.55 μM per pixel), 1200 EM gain and 0.75 s exposure time (averaged 2x). To observe PKA dissociation events, time traces were recorded for 7 min with 2x binning, 297 EM gain and 1 s exposure time (averaged 2x). After ~3 min, cells were stimulated by adding 10 μM forskolin through a winged infusion set −22G × ¾” (Terumo, Tokyo, Japan). Acceptor/Donor emission ratios (RA/D) were calculated from regions of interest (ROI) in individual cells using Fiji (Schindelin et al., 2012). Background from each window was calculated from an ROI without any cells. The background-corrected values were used for further analyses. The different HaloTag ligands were imaged with the same imaging parameters except for the choice of dichroic mirrors as indicated.




RESULTS


Green-Shifted HaloTag Ligands Show Better BRET Efficiency

For the in vitro evaluation, we acquired the emission spectrum of recombinant NanoLuc with substrate furimazine and the absorption spectra of different HaloTag ligands: OG, JF503, (Grimm et al., 2017) JF525, (Grimm et al., 2017) JF549, (Grimm et al., 2015), TMR and Halo618 (Figure 1A). Since the efficiency of energy transfer linearly correlates to the overlap integral (J), J was calculated using the acquired spectra (Table 1). JF503 had the largest J (1.8 × 1013 M−1 cm3) followed by OG and JF525 (83% of JF503), JF549 (72% of JF503), and TMR (56% of JF503). For Halo618, J could not be calculated since its extinction coefficient was not available. Assuming Halo618 has an extinction coefficient comparable to the other HaloTag ligands, a J smaller than TMR is expected from the overlapped area calculated with the normalized spectra.


[image: Figure 1]
FIGURE 1. Spectra of NanoLuc and HaloTag ligands. (A) Normalized absorption spectra of HaloTag ligands. The spectra of the different ligands are in dotted lines (OG, bluish green, JF503, yellowish green, JM525, yellow, JF549, violet, TMR, purple, Halo618, red) and overlaid with the normalized luminescence spectrum of NanoLuc (cyan solid line). The filled region indicates the overlap area (the products of two spectra). (B) Luminescence spectra of Halo-NanoLuc conjugated with Halo-ligands. Spectra were normalized with the donor peak at 460 nm. Dotted blue lines indicate the acceptor spectrum calculated by subtracting the spectrum for only NanoLuc (cyan) from that with the ligand. The wavelength where the acceptor spectrum intersects the NanoLuc spectrum (SD:A) is denoted with a black line. Rbt is the ratio of yellow area over sum of yellow and cyan areas, whereas FD is the ratio of yellow area over sum of the yellow area and the area colored with the color code of respective ligands.



Table 1. Evaluation of HaloTag ligands as BRET acceptors of NanoLuc in vitroa.

[image: Table 1]

To experimentally evaluate the BRET efficiency, we acquired the emission spectra of recombinant NanoLuc-HaloTag tandem protein (Halo-NanoLuc) conjugated with the HaloTag ligands (Figure 1B). After normalizing the spectra with the maximum emission of NanoLuc (at 460 nm), signal intensity derived from the acceptor molecule was calculated by subtracting integral of the spectrum for only NanoLuc from that of Halo-NanoLuc conjugated with the ligand (IA) (Table 1). Since the spectra were acquired in the dark, energy exciting the acceptor was provided exclusively through BRET, and therefore IA reflects the BRET efficiency as well as the fluorescence quantum yield of the acceptor (Φ). As expected from calculated J and Φ, JF503 showed the highest BRET efficiency (IA = 90.1) followed by OG (96% of JF503) and JF525 (92% of JF503). IA values of JF549 and TMR were about 70% of JF503 whereas Halo618 was only 25% of JF503. Therefore, we concluded that in terms of BRET efficiency green-shifted ligands performed as better acceptors, which was in accordance with previous reports on non-JF dyes (Machleidt et al., 2015; Hiblot et al., 2017).



Quantifying Donor Signal Bleed-Through to Identify Best Acceptor

Another crucial factor we evaluated is the donor signal bleed-through. To quantify bleed-through, we determined the wavelength (SD:A) at the intersection of NanoLuc and the acceptor spectra (Figure 1B). Based on SD:A value, we calculated the ratio of NanoLuc signal in acceptor window relative to entire NanoLuc signal (Rbt), and the fraction of signal derived from donor molecules relative to entire signal in the acceptor window (FD). Rbt gives the degree of bleed-through whereas FD indicates the impact of this bleed-through in the acceptor window. Bleed-through was insignificant for Halo618 (Rbt = 2.3%), and it became more prominent for ligands with emission at shorter wavelengths. The Rbt values of the ligands in the orange range (JF549, TMR) were about three-fold higher than Halo618. Nevertheless, the impact of bleed through (FD) was similar to Halo618 because of a three-fold better acceptor signal (IA) (Table 1). On the other hand, ligands in green range (JF525, JF503, and OG) had Rbt values ~5–11-fold higher than Halo618. In spite of such large Rbt values, the FD values were only 1.5-, 2.1-, 2.7-fold of Halo618 due to brighter acceptor signal (IA). From this result, we concluded that the impact of bleed-through was not significant compared to the ratio of bleed-through for green-shifted ligands.



JF525 Performs as an apt Acceptor of NanoLuc

We next evaluated the capability of these different HaloTag ligands for live cell BRET imaging. Chinese hamster ovary (CHO-K1) cells expressing Halo-NanoLuc were labeled with the respective HaloTag ligands and then imaged with a microscope (refer section BRET Imaging in Living Cells for details). The luminescent signals were split into a donor and acceptor window using a dichroic mirror DM509 for the green-shifted ligands (OG, JF503, and JF525) and with DM555 for orange-red ligands (JF549, TMR, and Halo618). Luminescence intensity varies cell by cell depending on the expression level of protein and consumption of furimazine. Therefore, the BRET efficiency was evaluated by comparing the acceptor signal to the donor signal. Bright luminescence signals were observed in a lot of OG-, JF503-, and JF525-loaded cells in both donor and acceptor windows with 0.75 s exposure time, whereas only donor signal was visible in unloaded cells (Figure 2A). In JF549-, TMR-, and Halo618-loaded cells, signals in the acceptor window were barely visible even in cells whose signal in donor window was comparable to OG-, JF503-, and JF525-loaded cells. For quantitative evaluation, signal intensities from acceptor and donor windows were measured for 70 cells or more, and their ratio (RA/D) was calculated by performing linear regression analyses (Figures 2B–D). JF525-loaded cells gave the best acceptor signal with the RA/D value of 0.82 ± 0.01 (Mean ± SEM). It was 6.8-fold larger than the bleed-through signal measured in cells without ligands using the same experimental setup (RA/D = 0.12 ± 0.00). JF503 (RA/D = 0.58 ± 0.01) and OG (RA/D = 0.45 ± 0.00)-loaded cells showed signals that were 4.8- and 3.8-fold more than bleed-through. For JF549-, TMR-, and Halo618-loaded cells, the bleed-through was lower (RA/D = 0.02 ± 0.00) as a result of using DM555 instead of DM509, but the acceptor signal was remarkably weaker (RA/D = 0.36 ± 0.00, 0.21 ± 0.00, and 0.24 ± 0.00, respectively) than JF525-loaded cells. We concluded that JF525 was the best acceptor for BRET imaging with NanoLuc.
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FIGURE 2. BRET imaging in living cells. (A) Images of CHO-K1 cells expressing Halo-NanoLuc. Images were acquired after loading of respective ligands (OG, JF503, JF525, JM549, TMR, and Halo618) or in the absence of ligands (blank), using a dichroic mirror indicated to separate donor (upper) and acceptor (lower) windows. All images were obtained with identical acquisition settings (APON 60XOTIRF, NA = 1.49, exposure time = 0.75 s). Scale bar = 10 μm. (B,C) Linear regression analyses of the acceptor vs. donor signal intensities for green-shifted (B) or orange-red ligands (C). The color codes of ligand-loaded cells are same as in Figure 1. Cells in the absence of ligands (blank) are shown in black. (D) Mean RA/D ± SEM calculated from the cells labeled with different ligands. n ≥ 70.




Monitoring PKA Activation Through BRET Imaging

Resonance energy transfer systems are frequently employed to monitor protein interactions. Therefore, we evaluated the suitability of BRET imaging with NanoLuc and JF525 for this application. We observed the interaction of regulatory and catalytic subunits of protein kinase A (PRKAR2A and PRKACA, respectively), as these subunits exist together as tetramers under resting conditions (Figure 3A) and undergo a rapid dissociation in response to increase in cAMP levels (Figure 3B) (Taylor et al., 1990; Knighton et al., 1991). We labeled the N-terminus of regulatory (RS)- and C-terminus of catalytic (CS)-subunits with NanoLuc (NL) and HaloTag (HT), respectively (NL-RS, CS-HT). Both the subunits were co-expressed in NIH3T3 cells, labeled with HaloTag ligands and were imaged in the presence of furimazine. Signals were visible in both donor and acceptor windows for cells loaded with JF525 (Figure 3C). From the intensity time trace of the donor and acceptor signal from multiple cells (n = 8), the signal to noise ratios (SNRs) for JF525 were determined to be 249.7 ± 18 (donor) and 165.5 ± 14.2 (acceptor) (Figures 3D,E and Supplementary Figure 1). On the contrary, only a faint acceptor signal was observed with Halo618 even for cells showing similar donor intensities as JF525. The difference in donor SNRs was insignificant between JF525 and Halo618 (191.9 ± 13.4; p > 0.05) while the acceptor SNR for Halo618 (100.9 ± 8.9) was significantly lower (p < 0.005). The dissociation of PKA subunits was evident through a decrease in RA/D upon forskolin, an agonist for adenylyl cyclase to increase cAMP level, addition for cells loaded with JF525 and Halo618 (Figure 3F). However, the response (ΔRA/D) for JF525 was 0.012 ± 0.006 (median ± SD), which is twice as much as ΔRA/D for Halo618 (0.007 ± 0.002; p < 0.05) (Figure 3G). JF525 evidently showed much brighter acceptor signals suitable to monitor protein interactions by BRET imaging with single-cell resolution.
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FIGURE 3. Dissociation of PKA subunits observed by BRET. (A) Interaction of NL-RS and CS-HT modeled with the crystal structures (PDB files: 2QBVS, 2F7E, 5IBO, 5Y2Y). The regulatory subunit is shown in purple, catalytic subunit in wheat, NanoLuc in cyan, and HaloTag in greenish-yellow. (B) Schematic explaining the decrease in BRET upon dissociation of PKA subunits. The tetrameric structure of tagged NL-RS and CS-HT under resting condition (left) is labeled with HaloTag ligands (middle) and stimulated with forskolin to dissociate the interaction of RS and CS (right). (C) Luminescence images of NIH3T3 cells co-expressing NL-RS and CS-HT. Images were acquired after loading respective HaloTag ligands (JF525 and Halo618). All images were acquired with identical camera settings. Scale bar = 10 μm. (D) Representative intensity traces of donor and acceptor signals and (E) Mean SNR ± SEM for cells labeled with either JF525 or Halo618. (F) Time traces of acceptor/donor emission ratios showing dissociation of PKA subunits NL-RS and CS-HT upon forskolin stimulation (indicated by black arrow). (G) Box plot showing ΔRA/D values for cells labeled with respective HaloTag ligands. n = 8.





DISCUSSION

Self-labeling protein tags such as HaloTag provide a sophisticated platform to evaluate the acceptors in an individual BRET system due to the availability of versatile bright, photostable, and cell permeable ligands. Usage of HaloTag618 as a recommended acceptor for NanoLuc minimizes donor signal bleed-through in the acceptor window (Machleidt et al., 2015). However, a very low energy transfer efficiency yields poor acceptor signal largely hampering its application in the direction of cellular imaging. Employing ligands in the green spectral region, such as Alexa 488, have been reported to show higher BRET efficiency (Machleidt et al., 2015; Hiblot et al., 2017). Since higher bleed-through was expected with green ligands, they were not popularized for ensemble experiments. Conversely, higher absolute acceptor signals are appreciated for BRET imaging. Therefore, we performed a systematic evaluation of a series of HaloTag ligands to identify the best BRET acceptors of NanoLuc for live cell imaging. Brightness comparison amongst the ligands in the green-yellow spectral range (OG, JG503, and JF525) showed JF525 to be better because of a higher extinction coefficient and quantum yield although the overlap integral was lower than JF503. On the other hand, a comprehensive analysis indicated bleed-through to be 1.5-fold lower than OG. With an extensive evaluation of the bleed-through relative to BRET efficiency, we concluded that JF525 was the best in vitro amongst the other ligands. Endorsing the in vitro results, from cellular BRET imaging it was evident that JF525 showed the highest BRET ratio.

We translated the application of this BRET system with JF525 to monitor protein-protein interaction of the labeled catalytic and regulatory subunits of PKA. Under resting conditions, we observed a basal BRET ratio which showed the interaction of these subunits. Upon stimulation with forskolin, a drop in BRET ratio was detected due to the dissociation of regulatory and catalytic subunits which enabled us to monitor PKA activation. The observed contrast upon stimulation allowed us to monitor dynamic protein-interaction within the sensor system. Apart from monitoring protein-protein interactions, the application of this system could be extended to image the interaction of proteins with small molecules that can be labeled with JF dyes. Moreover, BRET imaging could be interesting to observe interactions on light sensitive cells, avoid phototoxicity and cellular autofluorescence associated with excitation.

In addition to the photochemical properties, cellular permeability and labeling efficiency are important for live cell imaging. Since the Oregon Green fluorophore (2′,7′-difluorofluorescein) has two OH groups at the 3,9′ positions of the xanthene ring (Sun et al., 1997), the fluorophore itself is hydrophilic and cell impermeable. The OG HaloTag ligand is permeabilzed by diacetylating these two OH groups (Supplementary Figure 2). However, the ester bonds are chemically less stable in aqueous solution (Lavis et al., 2011) and its deacetylation decreases the propensity of OG to be cell permeable. Throughout our experiments, fresh stocks of OG were used to avoid this bias. In the case of JF ligands, the presence of azetidine group at the positions 3,9′ of the xanthene ring makes them hydrophobic, facilitating cell permeability. Hence, the stability of JF ligands is not expected to influence the BRET efficiency.

In order to achieve complete labeling in living cells, binding of OG, TMR, and Halo618 was done according to the protocol recommended by Promega. For the JF ligands, we established a protocol based on the reported time course of HistoneH2B labeling with JF HaloTag ligands (Grimm et al., 2017). Under these conditions, a complete labeling is expected to identify the best ligands. Ligands unable to achieve this labeling efficiency introduce underestimation of their BRET efficiencies and such ligands are in any case not appropriate as BRET acceptors.

In conclusion, we have demonstrated that the brightness, cellular permeability, labeling efficiency, photostability of HaloTag ligands, and impact of bleed-through signals relative to acceptor signals are crucial factors for BRET efficiency. Analyses in vitro revealed that green-shifted ligands outperformed the red-shifted ligands in terms of better BRET efficiency without marked interference from bleed-through of donor signal. Among the green-shifted ligands, JF525 was identified as the best acceptor for BRET imaging. Bright acceptor images could be acquired from single-cells employing JF525 with an exposure time of <1 s. BRET imaging with JF525 serves as an improved platform to investigate dynamic molecular interactions in single-cells.
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Ca2+-overload contributes to the oxidation of mitochondrial membrane lipids and associated events such as the permeability transition pore (MPTP) opening. Numerous experimental studies about the Ca2+/cardiolipin (CL) interaction are reported in the literature, but there are few studies in conjunction with theoretical approaches based on ab initio calculations. In the present study, the lipid fraction of the inner mitochondrial membrane was modeled as POPC/CL large unilamellar vesicles (LUVs). POPC/CL and, comparatively, POPC, and CL LUVs were challenged by singlet molecular oxygen using the anionic porphyrin TPPS4 as a photosensitizer and by free radicals produced by Fe2+-citrate. Calcium ion favored both types of lipid oxidation in a lipid composition-dependent manner. In membranes containing predominantly or exclusively POPC, Ca2+ increased the oxidation at later reaction times while the oxidation of CL membranes was exacerbated at the early times of reaction. Considering that Ca2+ interaction affects the lipid structure and packing, density functional theory (DFT) calculations were applied to the Ca2+ association with totally and partially protonated and deprotonated CL, in the presence of water. The interaction of totally and partially protonated CL head groups with Ca2+ decreased the intramolecular P-P distance and increased the hydrophobic volume of the acyl chains. Consistently with the theoretically predicted effect of Ca2+ on CL, in the absence of pro-oxidants, giant unilamellar vesicles (GUVs) challenged by Ca2+ formed buds and many internal vesicles. Therefore, Ca2+ induces changes in CL packing and increases the susceptibility of CL to the oxidation promoted by free radicals and excited species.

Keywords: singlet oxygen, calcium, cardiolipin, free radicals, GUVs, lipid packing, oxidative stress


INTRODUCTION

Mitochondria are vital organelles for several metabolic processes involved in cellular function and dysfunction. Mitochondria participate in cell cycle control, growth, differentiation, and play an essential role in Ca2+ homeostasis (Area-Gomez et al., 2019; Madreiter-Sokolowski et al., 2019; Woods et al., 2019). For mitochondria, the consequence of placing the oxidative metabolism is the primary generation of superoxide ion that leads to the formation of secondary pro-oxidant species such as hydrogen peroxide, peroxynitrite, hydroxyl radicals, carbon-centered radicals, triplet carbonyls, and singlet oxygen (Misztal et al., 2013; Miyamoto et al., 2014; Prasad et al., 2018; Radi, 2018; Ucar et al., 2019). Mitochondrial oxidative and nitrosative stress is implicated in degenerative and cardiovascular diseases (Liguori et al., 2018). A well-known condition leading to the increase of superoxide production in mitochondria is the ischemia and reperfusion of tissues such as the myocardium and are events associated with the opening of the mitochondrial permeability transition pore (MPTP) (Kalogeris et al., 2014; Kim-Campbell et al., 2019; Menezes-Filho et al., 2019; Neginskaya et al., 2019; Sarkar et al., 2019). MPTP is an unspecific pore for low molecular mass molecules (≤1.5 kDa) inhibited by cyclosporine A (Giorgio et al., 2018; Vercesi et al., 2018). MPTP opens in Ca2+-overloaded mitochondria leading to mitochondrial swelling and depolarization, inhibition of oxidative phosphorylation and stimulation of ATP hydrolysis (Zhao et al., 2004; Clarke et al., 2008; Giorgio et al., 2018; Vercesi et al., 2018; Xie et al., 2019). Studies about MPTP gained high relevance due to the participation of this pore in both apoptotic and necrotic cell death (Kim-Campbell et al., 2019). The role of Ca2+ in the MPTP opening has been associated with the interaction with proteins and phospholipids of the inner mitochondrial membranes (IMM) (Nantes et al., 2011; Vercesi et al., 2018). In 1988, Crompton and Costi (1988) reported that cyclosporine A could inhibit the opening of a Ca2+-dependent pore in heart mitochondria challenged by Ca2+ plus tertbutyl hydroperoxide. The studies about cyclosporine A also linked MPTP opening to oxidative stress and ischemia-reperfusion injury (Griffiths and Halestrap, 1993; Qian et al., 1997). Ischemia promotes an increase of the intracellular Ca2+ to levels enough to cause mitochondrial Ca2+ overload upon reoxygenation (Halestrap, 2006; Vercesi et al., 2018). The effect of Ca2+ has been related to the production of membrane defects (Fagian et al., 1990; Turin et al., 1997; Kowaltowski et al., 1998) and its binding is favored by the exclusive presence of CL (~20% of total lipids) in the IMM. CL is associated with Ca2+ binding and modulates the structure and function of the respiratory complexes and cytochrome c (Powell et al., 1987; Hoch, 1992). The binding and effects of Ca2+ on the biological membranes have been extensively investigated by experimental studies (Pessoto et al., 2015). In a minor extension, CL has been the object of theoretical studies. Dahlberg et al. (2010) presented ab initio Density Functional Theory (DFT) calculations of the cardiolipin (CL) headgroup and its 2′-deoxy derivative (dCL). The authors estimated that protons could exchange between phosphate groups with an energy barrier of ~4–5 kcal/mol. Lemmin et al. stated that in-depth models and characterization of cardiolipins are to date rare and proposed an ab initio parametrization of cardiolipin species for molecular simulation and concluded that the cardiolipin protonation influences the lipid packing (Lemmin et al., 2013). The authors also investigated the interactions with Na+ and Mg2+ but not Ca2+. To the best of our knowledge, the literature lacks a conjugated theoretical and experimental study about the effect of Ca2+ and water in the whole CL structure. In the present study, it is theoretically demonstrated that Ca2+ affects CL structure influenced by the protonation state of the lipid headgroup. Also, experimental studies showed that the effects of Ca2+ on the CL-containing lipid bilayer organization increased its susceptibility to the oxidation by singlet oxygen and free radicals.



RESULTS

The Ca2+-promoted changes in CL structure and packing might affect the susceptibility of lipid membranes to the attack of free radicals to an allylic carbon and the addition of singlet oxygen to the double bonds of unsaturated acyl chains leading to the formation of lipid peroxides (LOOH). Considering this premise, we modeled the lipid fraction of the inner mitochondrial membrane arranged as POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)/TOCL (tetraoleoyl cardiolipin) large and giant unilamellar vesicles (LUVs and GUVs, respectively). The PC and CL fractions of the lipid bilayers were also analyzed individually by using POPC and TOCL LUVs. TOCL LUVs were replaced by BBCL (bovine brain cardiolipin) LUVs when Fe2+/citrate was the pro-oxidant agent. LUVs were challenged by the oxidative attack of excited species and free radicals simulating the events occurring in photodynamic therapy (PDT) and chemical oxidative stress promoted by the Fenton reaction. A PDT model was constructed using the anionic porphyrin TPPS4 (meso-tetrakis(4-sulfonatophenyl) porphyrin) as the photosensitizer for the generation of singlet molecular oxygen via energy transfer to ground state molecular oxygen. TPPS4 irradiated by a LED array was the singlet oxygen source for POPC/TOCL (80/20 mol%), POPC (100%) and TOCL (100%). TPPS4 was chosen because this molecule does not have an affinity to negatively charged interfaces (Kawai et al., 2014a). Therefore, we excluded the interference of porphyrin binding on the susceptibility of phospholipids to oxidative damages promoted by the excited species. In this model, the singlet oxygen attack to lipids could be determined by LOOH formation (Bacellar et al., 2018). The model of chemical oxidative stress was constructed using Fe2+-citrate targeting the lipid peroxides of the membranes (Pessoto et al., 2009). POPC/CL large unilamellar vesicles (LUVs) were challenged by singlet oxygen produced by the irradiation of TPPS4 added to the medium (Figure 1A). The presence of 3 mM Ca2+ increased LOOH production at late times of irradiation. Considering that LUVs have a mixture of POPC and TOCL, it was investigated the specific effect of 3 mM Ca2+ on each type of lipid used (Ohyashiki et al., 2002; Rodrigues et al., 2007). Therefore, POPC and TOCL LUVs were separately challenged by singlet oxygen (Figures 1B,C). Like observed for POPC/TOCL vesicles, Ca2+ increased the production of LOOH in POPC LUVs, at late times of irradiation. For TOCL LUVs, Ca2+ increased both the rate and the yield of LOOH produced by PDT, in comparison with the same membrane in the absence of the ion. In this condition, most of the oxidized lipid was formed at the early times of irradiation (Figure 1C). The presence of Ca2+ also increased the rate of LOOH production in BBCL LUVs challenged by Fe2+-citrate (Figure 1D). In this case, BBCL was used because the oxidative mechanism of the Fenton reaction requires the presence of an allylic carbon in a polyunsaturated acyl chain (Scheme 1). It was observed a higher total LOOH production for POPC vesicles in the presence of Ca2+ than for CL-containing vesicles (Figures 1A,C,D). This result could be due to a better membrane vulnerability to the oxidative attacks induced by a less packed membrane (Khalifat et al., 2011). Differences in the kinetics and yield of LOOH production in POPC and POPC/TOCL membranes are consistent with previous studies (Ahmed-Adrar et al., 2009) that demonstrated a strong protective effect of CL against PC peroxidation that was observed at the range of 5–15% of CL. The assignment of the apparent protective effect of CL on POPC exclusively to a higher sensitivity this lipid to oxidation can not explain the lower total yield of LOOH in membranes of 100% TOCL. In the case of LOOH production by singlet oxygen, it is important to consider the physical quenching of the excited species by lipid acyl chains (Krasnovsky et al., 1983; Vever-Bizet et al., 1989). Literature data reports that the oxidation of CL promotes conformational change both in the backbone/head group and in acyl chain of the lipid (Vähäheikkilä et al., 2018). The polar groups formed in oxidized lipids such as LOOH move to regions closer to the membrane–water interface and contributes to a higher area per lipid chain as well as a decrease of membrane thickness. These structural changes could influence the physical quenching of singlet oxygen by acyl chains. Therefore, in CL-containing membranes, a rapid accumulation of LOOH occurs at the early times of irradiation. However, specially if the physical quencher is favored in oxidized CL membranes, although the faster rate of oxidation, the total yield of LOOH should be lower in these membranes. This is a possible mechanism that requires future investigations. Thus, the affinity of Ca2+ to CL affecting the lipid structure and making it more susceptible to oxidation is consistent with a higher and faster LOOH production observed in CL-containing membranes compared with the same membrane where Ca2+ was absent. The comparative analysis of the differences in the total LOOH yield observed in different membranes should involve other mechanisms to be elucidated in the future.
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FIGURE 1. Effect of Ca2+ on the LOOH production by singlet oxygen and free radicals in phospholipid bilayers. (A) Temporal LOOH production by singlet oxygen in POPC/TOCL LUVs in the absence (left, black line, and symbol) and presence (right, olive line, and symbol) of 3 mM Ca2+. (B) Temporal LOOH production by singlet oxygen in POPC LUVs in the absence (left, black line, and symbol) and presence (right, olive line, and symbol) of 3 mM Ca2+. (C) Temporal LOOH production by singlet oxygen in TOCL LUVs in the absence (left, black line, and symbol) and presence (right, olive line, and symbol) of 3 mM Ca2+. (D) Temporal LOOH production by Fe2+/citrate in BBCL LUVs in the absence (left, black line, and symbol) and presence (right, olive line, and symbol) of 3 mM Ca2+. In (A–C), singlet oxygen was generated by the irradiation of 10 μM of TPPS4 using LED array that emits 200 μW/cm2 in 532 nm. In (D), polyunsaturated BBCL was oxidized by 50 μM Fe2+/citrate as described in Materials and Methods. The experiments of oxidation were performed in deionized aqueous solution of 0.2 M of glucose, pH = 6.5, at 25°C.
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SCHEME 1. Mechanisms of lipid oxidation by singlet oxygen and Fe2+. The structures inside blue-bordered box refer to oxidation promoted by singlet oxygen and the structures inside red-bordered box shows the oxidation by free radicals promoted by Fe2+. Porphyrin structure with brownish yellow glow represents the molecule in the triplet excited state.


Scheme 1 depicts the mechanisms of LOOH production by singlet oxygen and by Fe2+/citrate. In the photochemically-induced lipid oxidation, a sensitizer such as porphyrin is promoted to the singlet excited state by the light absorption and converted to the triplet excited state via intersystem crossing (ISC). In aerated media, the triplet sensitizer is deactivated by energy transfer to molecular oxygen, which, in turn, is converted to singlet molecular oxygen (1Δg). Singlet molecular oxygen adds to a double bond of the acyl chain and produces the peroxide derivatives. The lipid oxidation promoted by Fe2+/citrate is initiated by the formation of oxyferryl species (Fe(IV) = O) in the presence of Fe3+ (Ohyashiki et al., 2002). Oxyferryl abstracts one electron of an allylic carbon leading the formation of conjugated dienes. The carbon-centered radical reacts with molecular oxygen and produces the lipid peroxyl radical prone to attack another allylic carbon that leads to the propagation of the lipid oxidation. Several other oxidized products can be formed in the process of lipid oxidation promoted by singlet oxygen and Fe2+/citrate. However, the focus was the effect of Ca2+ on the lipid oxidation, and LOOH production was used as a molecular marker of lipid oxidation.

Despite the differences in the oxidative mechanisms involved in photochemical and chemical oxidations, Ca2+ favored the pro-oxidant effects of electronically excited and free radical species. Ca2+ had peculiar effects in the oxidation kinetics according to the lipid composition, independently of the oxidative mechanism. These results are consistent with the effect of Ca2+ on the lipid bilayer packing that modulates the accessibility of the acyl chain double bonds to the attack of pro-oxidant species. It was performed DFT calculations for the lipid interaction with Ca2+ and water molecules to investigate the changes promoted by Ca2+ on the CL structure with repercussion on the lipid bilayer packing. DFT calculations were preceded by FTIR analysis of the CL at pH 2 and 6.5 to access the protonation state of the lipid.

The features of infrared spectra of lipids are influenced by the degree of hydration, the structural organization, and specific hydrogen bonding influenced by the protonation states of the phosphate head groups (Lewis et al., 1994; Lewis and McElhaney, 2000; Kooijman et al., 2017). CL has two phosphate groups and a complex ionization behavior, which has been thoroughly studied in different conditions and by a diversity of techniques. Most studies are consistent with CL as being fully deprotonated at physiological pH and rest on a single pKa value for both phosphate groups of the lipid (Blume et al., 1988; Lewis et al., 1994; Lewis and McElhaney, 2000; Kooijman et al., 2017). In the minority, some studies have demonstrated two widely separated pKa values (Hübner et al., 1991; Kates et al., 1993; Gorbenko et al., 2006; Hielscher et al., 2009) and include the theoretical study of Dahlberg et al. (2010) and Lemmin et al. (2013). It is not the main objective of the present study to approach the question of cardiolipin pKa values. Therefore, the lipid samples were analyzed by FTIR at pH values of 2.0 and 6.5 to assure that CL was not totally protonated at the experimental conditions of lipid oxidation (pH 6.5). The pH 6.5 corresponds to the expected value at the interface of the outer side of the inner mitochondrial membrane in the energized state of the organelle, i.e., with the transmembrane potential (ΔΨ) generated by the proton gradient in a coupled mitochondrion (Kawai et al., 2013). Different features observed in the FTIR spectra at pH 2 and 6.5 warrant that CL was not totally protonated at pH 6.5. Even in liposomes with mixed lipids, in the absence of proteins, cardiolipin forms domains (Kawai et al., 2014b) and is reasonable to consider that singly and doubly unprotonated CL molecules may be present in these lipid bilayers. In Figure 2, the organization of CL as vesicles, at pH 6.5 is indicated by the sharp band peaking at 1,732 cm−1 with a shoulder at 1,718 cm−1 that is assigned to the C = O ester group. The CL FTIR spectrum obtained at pH 2 (Figure 2A) presents low-intensity signals of γ CH2 wagging vibrations, i.e., the Snyder modes of CH2 groups, between 1,400 and 1,150 cm−1. The Snyder modes of CH2 groups are intensified at pH 6.5 (Figure 2B), with a sharp band in 1,732. The contributions of symmetric and asymmetric vibration of the P = O and the CO–PO functional groups are in the spectral region of 1,250–840 cm−1 (Mantsch et al., 1981; Mendelsohn et al., 1984; Mantsch and McElhaney, 1991; Guan et al., 1994).


[image: Figure 2]
FIGURE 2. Infrared absorbance spectra of TOCL vesicles at different pH values. (A) Spectrum obtained at pH 2 and (B) Spectrum obtained at pH 6.5. The lipid concentration was 5 mM in deionized water. The desired pH was obtained by lipid titration.


For the theoretical calculations, it was necessary to consider all the protonation states of CL and the species with head charges of 0, −1, and −2 were calculated. The DFT calculations were performed for CL structure by combining hydration in the absence and the presence of Ca2+ with three protonation degrees of CL, i.e., protonated, partially and totally deprotonated states that were noted as 0, −1, and −2, respectively (Figure 3A). To the notation above, –Ca2+ and +Ca2+ were included in conditions in which the ion is absent and present, respectively.


[image: Figure 3]
FIGURE 3. Calculated volumes of the CL headgroup and acyl chains associated with phosphate-phosphate distance influenced by the protonation degree and hydration in the absence (–Ca2+) and the presence (+Ca2+) of the ion. Dimensions of head groups are represented by solid circles and dimensions of acyl chains are represented by solid triangles. (A) Hydrated CL. Symbols in red represent results obtained in the presence of Ca2+, and the symbols in blue represent the results achieved in the absence of Ca2+. (B) The inset shows the calculated CL structures with head group charges of 0, −1, and −2 in the presence of Ca2+ (left) and the absence of Ca2+ (right). (C) Non-hydrated CL. In this panel, symbols in red represent results obtained in the presence of Ca2+ and the symbols in blue represent the results achieved in the absence of Ca2+. From left to right the CL head groups have charges charges of 0, −1, and −2 that is noted only in the left panel in (A), for clarity.


The results of DFT calculations presented in Figure 3A were performed for hydrated CL. Consistently, Figure 3A shows that in the absence and presence of Ca2+, deprotonation increases the P-P distance. The interaction of CL head groups with Ca2+, in all the three protonation states, decreases the intramolecular P-P distance relative to the head group in the corresponding protonation state, significantly. The interaction with Ca2+ increases the hydrophobic volume of the acyl chains of protonated and partially deprotonated CL relative to the CL in the corresponding protonation state. Deprotonated CL had a decrease of acyl chain volume in the presence of Ca2+. Ca2+ propitiated a combination of decreased head group volume with increased acyl chain volume. Figure 3B shows the calculated hydrated structures. Calculations were also performed for non-hydrated CL to get information about the relevance of headgroup hydration on the effects of Ca2+ (Figure 3C). Figure 3C shows that the effects of Ca2+ on CL structure are significantly different in the absence of water. The decrease of P-P distance was observed only for partially protonated CL; however, in this condition, the increase of headgroup volume was not accompanied by increasing of acyl chain volume. Theoretical calculations predicted that the changes induced by Ca2+ in CL structure should affect membrane stability. The theoretically predicted effect of Ca2+ on hydrated CL structure was reinforced by an additional experimental study using giant unilamellar vesicles (GUVs) of POPC/TOCL at pH around 6.5. The POPC/TOCL GUVs labeled with fluorescent CL (TopFluorCL) were challenged by Ca2+ and analyzed by fluorescence microscopy (Figures 4A,B).
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FIGURE 4. Effect of Ca2+ on the structure of GUVs. (A) Images of POPC/TOCL GUVs in the absence of Ca2+, (B) Images of GUVs treated with 0.2, 0.6, and 1.0 mM of Ca2+ in which lamellas and buds are evident. Some buds and lamellas are indicated by violet arrows.


Figures 4A,B show that Ca2+ induced the formation of buds and many internal vesicles in the GUVs, some of them are indicated by violet arrows in Figure 4B. This result is consistent with the effect of Ca2+ in the lipid packing (Grijalba et al., 1999; Van Meer et al., 2008; Graber et al., 2017).



DISCUSSION

Mitochondria are organelles that place a wide variety of cellular metabolic processes, including the production of ATP and the buffering of cytosolic calcium. In cell conditions in which there is a disruption of the Ca2+ homeostasis, mitochondria uptake and retain Ca2+ trying to restore the homeostasis (Giorgi et al., 2015; Area-Gomez et al., 2019; Trebak and Kinet, 2019). However, the accumulation of Ca2+ in mitochondria favors oxidative damages, which can contribute to mitochondrial permeability and cell death (Tajeddine, 2016). In mitochondria, the oxidative stress is related to the partial reduction of molecular oxygen in the respiratory chain. Molecular oxygen is the final acceptor of electrons in the respiratory chain, and about 1–2% of molecular oxygen consumed in mitochondria is partially reduced to superoxide ion at the level of complexes I and III. Thus, the respiratory chain and other mitochondrial metabolic pathways produce superoxide ion that promotes oxidative stress after being converted into hydrogen peroxide, hydroxyl radical and peroxynitrite (Equations 1–3) (Murphy, 2009).
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In addition to the radical species, the electronically excited species also contribute to mitochondrial oxidative damage. Oxidative processes promoted by the peroxidase activity of respiratory cytochromes on membrane lipids produce triplet carbonyls and singlet oxygen (Rodrigues et al., 2007). In mitochondria, cardiolipin plays a vital role in the proper functioning of the inner mitochondrial membrane proteins. Oxidative damages on mitochondrial lipids have been linked to a diversity of diseases such as muscular dystrophy, cancer, diabetes, premature aging, dementia, deafness, blindness, and male infertility (da Costa et al., 2016). The generation of pro-oxidant species in Ca2+- overloaded mitochondria are well-known inducers of MPTP opening. ANT, FOF1 ATPase, VDAC, and CypD are the mitochondrial proteins that are recognized as components and regulators of MPTP. There is a piece of evidence that pro-oxidant species can directly oxidize the MPTP components and regulators, but the role played by Ca2+ in this process is obscure. The protein CypD was postulated as a potential target for Ca2+ binding and regulation of MPTP opening. However, Nakagawa et al. (2005) and Baines et al. (2005) demonstrated that MPTP opening occurred in mitochondria from the heart, liver, and brain of mice lacking cyclophilin D (CypD−/−), although they required higher Ca2+ concentration than normal mitochondria. In a subsequent study, Giorgio et al. (2013) demonstrated the formation of Ca2+-sensitive MPTP by FOF1 ATPase incorporated in a lipid bilayer model. In a previous investigation, Grijalba et al. (1999) showed that Ca2+-CL complexation induces lipid packing changes and domains in submitochondrial particles (SMPs) and liposomes. The authors proposed that the Ca2+-induced in-plane rearrangements of lipids respond for the increased production of carbon-centered free radicals and membrane permeability in antimycin A-poisoned SMPs. Therefore, the studies above postulated that Ca2+-induced changes in lipid packing reverberate on the structure and aggregation of proteins involved in the membrane permeabilization. In the present study, it was demonstrated theoretically and experimentally that Ca2+ changes lipid packing and, even in the absence of proteins, the binding of Ca2+ favored lipid oxidation. Interestingly, oxidative effects of chemically generated free radicals and photochemically-generated singlet oxygen were similarly favored by Ca2+, at least concerning the formation of LOOH (lipid peroxide). The factors behind the different LOOH production kinetics determined in this paper are a challenging issue. Some aspects should be considered in trying to answer this question. For singlet oxygen generation, porphyrin TPPS4 was chosen precisely to prevent that the binding affinity of the photosensitizer to the membrane could interfer with oxidation kinetics. Therefore, as already shown in a previous study, with the use of TPPS4, most singlet oxygen is generated in bulk water, and membrane attack depends on the diffusion of the reactive species to the membrane. As Fe2+-citrate is also water-soluble under our experimental conditions, the oxidation by both singlet oxygen and Fe2+-citrate depend on the access of the reactive species to the lipid bilayer. Thus, the similar effects of Ca2+ on the CL oxidation kinetics by singlet oxygen and free radicals are consistent with changes in lipid packing (Chen et al., 2015). Cardiolipin oxidation by singlet oxygen in the presence of Ca2+ cannot be related to the arm-to-arm effect either (Yin and Zhu, 2012), as this mechanism is feasible to occur only in free radical-oxidized polyunsaturated fatty acids. Since the increase in the yield of cardiolipin peroxide in the presence of Ca2+ was similar for TOCL oxidation promoted by singlet oxygen and BBCL oxidation by free radicals, the significant favoring of the arm-to-arm mechanism by Ca2+ can be ruled out. The similarity of Ca2+effects observed for TOCL and BBCL also rules out the influence of the ion on the propagation of lipid peroxidation. Subsequent steps of lipid oxidation, including fragmentation, occur when the oxidizing agent is free radical acting on polyunsaturated fatty acids. Furthermore, lipid fragmentation products that are detected in biological membranes under oxidative stress were not observed in model lipid membranes under the action of singlet oxygen and free radicals (Kim et al., 2011). The significant effect of calcium on the kinetics of LOOH production in POPC membranes suggests that this ion also affects the packing of this phospholipid bilayers. However, the cause of the different kinetic profiles of LOOH production in POPC membranes to cardiolipin-containing membranes is a challenge that requires further studies. In the case of CL, both singlet oxygen and free radical oxidation depend on the access of reactive species to the interior of the bilayer. Therefore, the effect of calcium on the structure of cardiolipin predicted by theoretical studies is in line with the observed results. The pro-oxidant effect of Ca2+ that was non-specific for the oxidizing agent is consistent with changes in lipid packing that increase the membrane vulnerability to a diversity of oxidative attacks. Therefore, mitochondrial dysfunction associated with Ca2+ overload seems to be linked to distinct effects of Ca2+ on lipids and proteins. In the case of lipids, Ca2+ promotes changes in lipid packing that are enough to increase the susceptibility of membranes to the oxidation by free radicals and electronically excited species. Lipid oxidation favored by Ca2+ might have repercussions on protein structure and function and can occur associated with the effect of Ca2+ binding on proteins. Furthermore, in our DFT calculations, we observed that the effect of Ca2+ on CL is modulated by the interaction of the lipid head group with water.



MATERIALS AND METHODS


Chemicals

The reagents 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), tetraoleoyl cardiolipin (TOCL), and bovine brain cardiolipin (BBCL) were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA), TPPS4 (meso-tetrakis(4-sulfonatophenyl) porphyrin) was purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA), Xylenol orange was purchased from Fluka Chemical Corp. (Ronkonkoma, NY, EUA). Glucose, sucrose, ammoniacal ferrous sulfate ((NH4)2Fe(SO4)2), chloroform, n-butanol, and ethanol were obtained from Synth (Labsynth Ltda., SP, Brazil), Deuterium oxide (D2O) was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA, EUA). The TPPS4 stock solution concentration was checked using the absorption coefficient ε at 412 nm = 5.30 × 105 M−1 cm−1 (Kawai et al., 2014a).



Giant Unilamellar Vesicles

Giant unilamellar vesicles of POPC/TOCL/TopFluorCL (90/9.5/0.5 mol%, respectively) were grown using the electroformation method (Riske et al., 2009; Haluska et al., 2012). The use of a lower cardiolipin percentage (10%) in GUVs than in LUVs (20%) is necessary for the better stability of the vesicles. Briefly, 40 μL of a mixture of lipids in the concentration of 2.5 mM dissolved in chloroform solution was spread on two conductive glass plates (coated with indium tin oxide). The apparatus was positioned with the conductive sides facing each other and separated by a 2-mm-thick Teflon frame. In the following, the electro swelling chamber was filled with a 0.2 M sucrose solution. The apparatus was connected to an alternating power generator at 1 V with a 10 Hz frequency for 2 h at 25°C. The vesicle suspension was removed from the chamber and diluted ~6 times into 0.2 M glucose solution. The optical sugar asymmetry between the interior and exterior of the giant vesicles created differences in the density and refractive index between the sucrose and glucose solutions; the vesicles were, therefore, stabilized at the bottom of the chamber by the action of gravity, and had the best contrast when observed under phase-contrast microscopy. Observation of the giant vesicles was performed under an inverted microscope, the Zeiss Observer A1 (Carl Zeiss, Jena, Germany), equipped with a 40X objective. Images were obtained using an AxioCam R3 digital camera (Carl Zeiss, Jena, Germany). The vesicle suspension was placed in a special chamber, which consists of an 8-mm-thick Teflon frame between two glass plates, through which observation was possible.



Large Unilamellar Vesicles (LUVs)

Lipids, POPC/CL (80/20 mol%), POPC (100%), and CL (100%) were initially dissolved in chloroform and the solvent evaporated under a flow of N2. The lipid film was kept under reduced pressure for at least 2 h, after which it was hydrated by adding a 0.2 M glucose, pH 6.5, at room temperature. Unilamellar liposomes were obtained by extrusion of hydrated lipid dispersions in an Avanti Mini-Extruder, acquired from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Multilamellar liposomes were subjected to 11 passes through two polycarbonate filters (100 nm pore size, Nucleopore, Pleasanton, CA, USA) installed in tandem. Liposome solutions were diluted with the buffer to the final lipid concentration of 250 μM.



Generation of Singlet Oxygen and Free Radicals

Where indicated, porphyrins were excited by irradiation with a white LED array. The LED array emits 200 μW/cm2 in 532 nm measured by FieldMate PowerMeter (Coherent Inc.). Lipid photo-oxidation was promoted by 10 μM of TPPS4. For the oxidation promoted by free radical generated by Fe2+/citrate polyunsaturated BBCL was used and incubated in the presence of 50 μM Fe2+/citrate (Pessoto et al., 2009). Data are presented as the mean ± s.e.m. of three experiments with different liposome preparations. Where indicated, lipid oxidation of lipids in LUVs was carried out using POPC/TOCL (80/20 mol%, respectively), POPC 100%, TOCL 100%, and BBCL 100% in a solution of 0.2 M of glucose, pH 6.5. The presence of glucose in the medium has the objective to reproduce the same conditions of the experiments with GUVs.



Lipid Oxidation Assays

Lipid oxidation was evaluated with lipid peroxide (LOOH) production. Lipid hydroperoxide concentration was determined by the oxidation of Fe(II) in the presence of xylenol orange: aliquots of the sample (10 μL) were extracted from incubation at room temperature and mixed with 890 μL of Milli-Q® water and 100 μL of hydroperoxide reagent that contained 2.5 mM xylenol orange, 2.5 mM (NH4)2Fe(SO4)2, and 1.15 M HClO4 in Milli-Q® water. The sample was rested for 30 min at room temperature. The oxidation of Fe(II) by LOOH generates Fe(III), which reacts with xylenol orange and is converted to the colored product that absorbs at 560 nm. LOOH concentration was calculated by using ε = 560 nm = 6.45 × 104 M−1cm−1. TBARS was determined at 535 nm after reaction with thiobarbituric acid (TBA), using the molar extinction coefficient 1.56 × 105 M−1cm−1.



Electronic Absorption Spectra Measurements

The electronic absorption spectra of porphyrins were measured by using a Varian Cary 50, Varian Inc. (CA, United States) spectrometer. The spectral resolution for wavelength scan was 0.5 nm. The optical path length was 1 cm for the LOOH dosages, and 0.1 cm for the porphyrin spectra measurements and quantification.



FTIR Spectroscopy

An in situ attenuated total reflectance-Fourier transform infrared (ATR-FTIR) technique (Mudunkotuwa et al., 2014) has been used to study the protonation of 10 mM cardiolipin vesicles at pH 2 and 6 (Hielscher et al., 2009). Infrared spectra were recorded using a Varian 640-IR Spectrometer fitted with a DLaTGS detector and a PIKE MIRacle™ single reflection horizontal ATR accessory with around 1.8 mm of sampling área diamond/ZnSe crystal and 45 degrees angle of incidence. A series of spectra were measured corresponding to each sample conditions after 15 μL of the sample had been dropped in contact with the crystal and let drying at room temperature (20°C ± 1) for 30–40 min. These thin films as shaped have enough optically sampled surface area. The surface area allows for good quality infrared spectra to be obtained from a single internal reflection. The reference spectrum was the crystal. All spectra were calculated from 64 scans at 4 cm−1 resolution and were not corrected for the wavelength dependence of absorbances.



Theoretical Calculations

The ab initio DFT calculations were performed with the code Car-Parrinello Molecular Dynamic (CPMD), using Troullier-Martins pseudopotentials with the inclusion of London dispersion forces (DCACPs) (Kohn and Sham, 1965; Troullier and Martins, 1991; Von Lilienfeld et al., 2005)1. All molecular structures were fully relaxed until the forces on which atom was <0.02 eV/Å. The Kohn-Sham orbitals were expanded in a set of plane waves with the cutoff energy of 110 Ry (Furmanchuk et al., 2010; Rössle et al., 2010; Bernardi and Pascutti, 2012; Payal et al., 2012; Dreyer et al., 2013). In all phospholipids, the interaction parameter in the z-direction (CL frontal structure) was set to 5.6 Å. This value was previously minimized for a range of 4–6.4 Å (z-axis).
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Cyclic depsipeptides constitute a fascinating class of natural products. Most of them are characterized by an ester formed between the β-hydroxy function of Ser/Thr -and related amino acids- and the carboxylic group of the C-terminal amino acid. Less frequent are those where the thiol of Cys is involved rendering a thioester (cyclo thiodepsipeptides) and even less common are the cyclo depsipeptides with a phenyl ester coming from the side-chain of Tyr. Herein, the preparation of the later through a cyclative cleavage using the Fmoc-MeDbz/MeNbz-resin is described. This resin has previously reported for the synthesis of cyclo thiodepsipeptides and homodetic peptides. The use of that resin for the preparation of all these peptides is also summarized.

Keywords: cyclothiodepsipeptides, heterodetic cyclic peptides, homodetic cyclic peptides, native chemical ligation, solid-phase peptide synthesis


INTRODUCTION

Peptides are an important class of Active Pharmaceutical Ingredients (APIs) (Henninot et al., 2018; Lau and Dunn, 2018; Al Shaer et al., 2020; de la Torre and Albericio, 2020). They show excellent chemical and biological diversity, as well as high activity and specificity, low toxicity, low accumulation in tissues, and minimization of drug-drug interactions. Furthermore, the production of peptides ready for use in humans is relatively affordable thanks to the development of two complementary technologies, namely solid-phase peptide synthesis (SPPS) and reversed-phase high-performance liquid chromatography (RP-HPLC). The former was first described by Bruce Merrifield (Merrifield, 1963), and later refined by several groups, while the latter, founded on the pioneering work of Jim Waters (McDonald, 2006), allows the purification of complex synthetic crude peptides. Both technologies can be used to prepare peptides to fulfill research and industrial requirements (Zompra et al., 2009; Rasmussen, 2018).

Peptide synthesis can be briefly defined as the proper combination of protecting groups (Isidro-Llobet et al., 2009) and coupling reactions—the latter based exclusively on the activation of the carboxylic group (El-Faham and Albericio, 2011). Although there are a large number of coupling reagents that cleanly render the active species (El-Faham and Albericio, 2011), the development of the native chemical ligation (NCL) technique by Stephen Kent brought about a breakthrough in the field (Dawson et al., 1994). NCL involves the preparation of an unprotected C-thioester peptide that allows reaction with an unprotected N-terminal Cys to render first the thioester involving the thiol of the Cys, which rearranges to form the natural amide bond (Figure 1). This technique has allowed the synthesis of difficult, large peptides, and proteins (Camarero and Muir, 1999; Camarero et al., 2001; Miller et al., 2003; Avital-Shmilovici et al., 2013; Okamoto et al., 2014a,b; Boll et al., 2015; Pala-Pujadas et al., 2018; Snella et al., 2018; Spengler et al., 2018; Ashhurst et al., 2019; Sun and Brik, 2019; Jbara et al., 2020; Serra et al., 2020).


[image: Figure 1]
FIGURE 1. Mechanism of native chemical ligation.


One of the keys to the success of the NCL approach is the preparation of unprotected C-thioester peptides. Although these compounds were first synthesized using the tert-butyloxycarbonyl (Boc)/benzyl (Bzl) strategy, several methods have been proposed for the same purpose using the friendlier fluorenylmethoxycarbonyl (Fmoc)/tert-butyl (tBu) approach. In this case, the main problem to overcome is the lack of stability of the thioester to the piperidine used in each step to remove the Fmoc group. In this regard, the thioester should be formed after elongation of the peptide. Although several linkers have been developed for this purpose (Camarero et al., 2004; Mulder et al., 2014; Kawakami et al., 2016; Morisaki et al., 2016; Olivier et al., 2017; Rao and Liu, 2017; Shelton et al., 2017; Flood et al., 2018), the 3-(Fmoc-amino)-4-(methylamino) benzoic acid (Fmoc-MeDbz, the acronym derives from N-methyl-diaminobenzoic acid) and/or its non-methylated analog developed by Blanco-Canosa and Dawson are optimal (Blanco-Canosa and Dawson, 2008; Blanco-Canosa et al., 2015) Fmoc-MeDbz is anchored to an amino resin. After removal of the Fmoc group, peptide elongation proceeds smoothly using normal coupling reagents (the electronic deactivation of the aromatic ring by the growing peptide chain and the presence of the Me in the second amino group impede the development of a second peptide chain on the N-Me-amino). Once the peptide has been elongated, the resin is reacted with p-nitrophenyl chloroformate, followed by cyclization in basic media [N,N-diisopropylethylamine (DIEA)] to render N-acyl-N'-methyl-benzimidazolinone (MeNbz)-resin. As an activated N-acylurea (N-acyl-N'-methylurea), this resin is susceptible to being a leaving group when under the attack of a nucleophile such as a thiol and therefore to rendering, in this case, the peptide thioester (Figure 2). This resin is considered a “safety catch,” in the terms described by Patek and Lebl, namely stable throughout peptide elongation and then activated to be labile to a given reagent (Patek and Lebl, 1999).


[image: Figure 2]
FIGURE 2. Preparation of peptide thioester via Fmoc-MeDbz/MeNbz-resins.


This MeNbz-resin has also been used by Stockdill's group to synthesize C-terminal-modified peptides (Arbour et al., 2017, 2018a,b). In this case, the linker is released through an intermolecular reaction by the action of nucleophiles such as alcohols, thiols, amines, and even amino acids.

Our group (Acosta et al., 2017) and Olsen's (Gless et al., 2017; Gless and Olsen, 2018) have used the same strategy but in an intramolecular mode for the preparation of cyclothiodepsipeptides. In this strategy, after the formation of the MeNbz-activated species, the protecting group of the side-chain of a Cys residue is removed and the free thiol attacks the peptidyl-MeNbz-resin to render the cyclic thioester, with concomitant release of the peptide from the resin (Figure 3). A further advantage of this “cyclative cleavage” approach is that only the cyclic peptide is released from the resin. In this regard, those lineal sequences that have not converted to the cyclic structure remain unaltered on the resin, thereby simplifying the crude product and thus the purification step.


[image: Figure 3]
FIGURE 3. Synthesis of head to side-chain cyclothiodepsipeptides (X = S) and cyclohomodeticpeptides (X = NH).


Our group has extended this “cyclative cleavage” to the preparation of homodetic cyclic peptides, where the nucleophile that causes the cleavage is an amino function, preferably from the side-chain of a peptide containing a basic amino acid (Abdel Monaim et al., 2018). In this case, the formation of the “head to side-chain” cyclic peptide is more favorable than the corresponding “head to tail” cyclic peptide, presumably due to the higher basicity of the ω-amino vs. the α-amino function (Figure 3).

Stockdill's group has recently reported an elegant strategy combining the two previous methods for the preparation of a “head to tail” cyclic peptide containing a Cys residue (Arbour et al., 2019). Thus, the formation of the cyclic thiodepsipeptide takes place by the attack of the thiol of a N-terminal Cys on the peptidyl-MeNbz-resin, after which the cyclic thiodepsipeptide rearranges to form the homodetic head to tail cyclic peptide.

An important class of cyclo heterodetic peptides are the head to side-chain cyclodepsipeptides, where a residue of Ser, Thr, or other β-hydroxy amino acid forms an ester bond with the carboxylic group of C-terminal amino acid (Pelay-Gimeno et al., 2013). In our hands, the application of cyclative cleavage on N-acyl-N'-MeDbz-resin for the preparation of Ser cyclodepsipeptides has proved unsuccessful, even when using strong bases such as NaH (results not shown).

Finally, less common but very intriguing peptides of the same family are those containing a phenyl ester coming from the phenol of a Tyr. These Tyr-cyclodepsipeptides are found in the fengycin family, which are lipodepsipeptides isolated from Bacillus strains (Sieber and Marahiel, 2003). Their syntheses are a challenge due to the inherent lability of the phenyl ester bond, which should be formed during the last steps of the synthetic strategy. Feliu and Planas' group developed an elegant strategy (Rosés et al., 2016; Roses et al., 2018), based on the following: incorporation of the first amino acid through the side-chain with the carboxylic acid protected in the form of the allyl ester; elongation of the peptide chain; formation of the phenyl ester with an N-Alloc-amino acid; treatment with Pd(0) to remove the allyl and the Alloc protecting groups; on-resin cyclization; and global deprotection and cleavage from the resin.

Here we report on a further application of the Fmoc-MeDbz/MeNbz-resin strategy for the synthesis of Tyr-cyclodepsipeptides.



RESULTS AND DISCUSSION

As the aromatic ring of the Tyr side chain should confer more rigidity to the pending unit than the side chains of Cys or Lys/Orn/Dab/Dap studied in previous works (Acosta et al., 2017; Abdel Monaim et al., 2018), we first investigated the relevance of cyclodepsipeptide size with respect to facilitating the cyclization. Thus, model peptides with 6, 7, 8, and 9 amino acids were prepared, which correspond to cycles of 23, 26, 29, and 32-member rings, respectively (Figure 4). The sequence of these peptides was based on our previous works, related to the preparation of cyclo thiodepsipeptides and homodetic peptides as well (Acosta et al., 2017; Abdel Monaim et al., 2018). The peptide was built on a Fmoc-MeDbz-Gly-Rink-ChemMatrix resin with Fmoc/tBu amino acids using N,N'-diisopropylcarbodiimide (DIC) and OxymaPure in N,N-dimethylformamide (DMF) as coupling method (Subiros-Funosas et al., 2009). Tyr protected as Fmoc (α-amino) and 2-chlorotrityl (ClTrt) (phenol side-chain) was incorporated as the last amino acid. The Fmoc was removed with piperidine-DMF (2:8) and the amino function was acylated with hexanoic acid (Hx-OH). The Hx-Tyr(CTrt)-peptidyl-MeDbz-Gly-Rink-ChemMatrix resin was activated with p-nitrophenyl chloroformate in anhydrous DCM, followed by cyclization with 0.5 M DIEA in DMF for 45 min to render Hx-Tyr-peptidyl-MeNbz-resin with concomitant appearance of an intense yellow color due to the release of the p-nitrophenol. The peptide resin was then treated with a low concentration solution of trifluoroacetic acid (TFA) in DCM to remove the ClTrt protecting group of the phenol of Tyr. The peptide-resin was then washed thoroughly to ensure that no acid remained. The final cyclative cleavage occurred using 10% DIEA in DCM. The solutions, including the washings with DCM, were collected and concentrated. Cold diethyl ether (DEE) was added to facilitate the precipitation, and then centrifuged and decanted. The remaining solid was dissolved in CH3CN-H2O (1:1) and lyophilized.


[image: Figure 4]
FIGURE 4. Structures of model peptides # 1–4.


As shown in Table 1, peptides 1 and 4, the smallest and the largest cycles, were not observed. In these cases, cyclization was attempted at 60°C with 10% DIEA in DMF, but no cyclic peptides were detected. However, peptides # 2 and # 3, containing 7 and 8 amino acids, respectively, showed a major peak in HPLC (Figures 5, 6) and the mass was corroborated by HPLC-MS (Supplementary Figures 3, 6).


Table 1. Summary of the results obtained with the model peptides.

[image: Table 1]
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FIGURE 5. HPLC analysis of crude peptide # 2 on a XBridge BEH130 C18 3.5 mm, 4.6 × 100 mm column. Eluents, A: H2O with 0.045% of TFA; B: ACN with 0.036% of TFA. Gradient: 5–100% B into A in 8 min, 1.0 mL/min, 220 nm 25°C.



[image: Figure 6]
FIGURE 6. HPLC analysis of crude peptide # 3 on XSelect C18 3.5 mm, 4.6 × 50 mm. Eluents, A: H2O with 0.1% of formic acid; B: ACN with 0.07% of formic acid. Gradient: 5–100% B into A in 8 min, 1.6 mL/min, 220 nm, 50°C.


It is difficult to generalize about peptide cyclization; however, peptides containing the same number of amino acids as peptide # 1, having Cys and Dab instead of Tyr, were able to cyclize (Acosta et al., 2017; Abdel Monaim et al., 2018). It is therefore possible to confirm that the phenol of the Tyr side chain imposes more restrictions than Cys or Dab residues. These limitations can be translated in either an inability to achieve the cyclative cleavage or/and the instability of the Tyr-cyclodepsipeptide once formed. As the linear peptides were not clearly detected, the most plausible explanation is the first one.

Next, the synthesis of the antifungal peptide BPC822 (Figure 7), first synthesized by Feliu and Planas' group, was attempted using the current methodology based on the use of the Fmoc-MeDbz/MeNbz-resin.


[image: Figure 7]
FIGURE 7. Structure of BPC822 peptide.


BPC822 contains eight amino acids similar to peptide # 3, and the phenyl ester is formed between the carboxylic group of the Ile and the phenol of the side-chain of Tyr. The involvement of the Ile, a β-substituted reside could add further difficulty to the formation of the ester. Thus, the Boc-Tyr(ClTrt)-Thr(tBu)-Glu(OtBu)-Val-Pro-Gln(Trt)-D-Tyr(tBu)-Ile-MeDbz-Gly-ChemMatrix-resin was constructed on a resin of reduced loading (0.33 mmol/g) to facilitate the cyclization. The resin was activated by treatment with p-nitrophenyl chloroformate in anhydrous DCM, followed by 0.5 M DIEA in DMF for 1 h with concomitant development of an intense yellow color due to the release of the p-nitrophenol to render the peptidyl-MeNbz-resin. The ClTrt, protecting group of the side-chain of the Tyr, was removed by short treatments with diluted solutions of TFA in DCM, as above for the model peptides.

The cyclative cleavage was first attempted with 10% DIEA at room temperature, but after the corresponding work-up (see below) no product was obtained. The same reaction was then repeated at 60°C for 30 min and under microwave-assisted heating (100 w) at 80°C for 15 min. In both cases, the DMF was evaporated and the remaining oil was treated with concentrated solutions of TFA-H2O-TIS (95:2.5:2.5) for 1 h to remove the remaining side-chain protecting groups. After partial evaporation of the TFA, the final product was then precipitated with cold DEE, centrifuged, decanted, and lyophilized. Although the two methods rendered the target peptide, the HPLC corresponding to the cyclative cleavage at 60°C (Figure 8) showed a much cleaner profile than that carried out under microwave conditions (Supplementary Figure 12). The final peptide was characterized by LC-MS and Maldi-TOF (Figure 9 and Supplementary Figures 9, 10, 11 and Table 1). In some cases, during the lyophilization and/or the posterior analysis, hydrolysis of the cyclic peptide was detected, thereby reinforcing the idea of the partial instability of head to side-chain Tyr-cyclodepsipeptides.


[image: Figure 8]
FIGURE 8. HPLC analysis of crude BPC822 peptide cyclized at 60°C on a XBridge BEH130 C18 3.5 mm, 4.6 × 100 mm column. Eluents, A: H2O with 0.045% of TFA; B: ACN with 0.036% of TFA. Gradient: 5–100% B into A in 8 min, 1.0 mL/min, 220 nm 25°C. The peak at 3.48 min could not be identified by MS.



[image: Figure 9]
FIGURE 9. Maldi-TOF of peak at 4.44 min of crude reaction peptide BPC822 obtained by heating at 60°C for 30 min. Calculated mass 993.48; mass found: [M + H]+ = 994.4986.




CONCLUSIONS

Here, the “safety catch” Fmoc-MeDbz/MeNbz-resin developed by Blanco-Canosa and Dawson for the preparation of linear peptide thioesters was investigated to synthesize “head to side-chain” cyclodepsipeptides through a cyclative cleavage. While this strategy proved unsuccessful for the preparation of those peptides involving Ser in the formation of the ester bond, even using strong bases, it allowed the preparation of Tyr-cyclodepsipeptides using DIEA as a base. In the case of unhindered C-terminal amino acids, the cyclative cleavage took place at room temperature. When the C-terminal amino acid was more hindered, the reaction occurred at 60°C. This technology represents a friendly method for the preparation of these fascinating peptides.



EXPERIMENTAL

See Supplementary Information for a more detailed description of the full process. Herein, the key steps are described.


Fmoc-MeDbz-Gly-ChemMatrix-resin and SPPS

Although any amino resin can be used, aminomethyl ChemMatrix resin increases the success of the synthesis of these complex peptides (Garcia-Martin et al., 2006). To ensure quantitative incorporation of the Fmoc-MeDbz linker, a spacer of Gly is introduced to minimize steric hindrance caused by the polymeric matrix. The incorporation of the building blocks, linker and protected amino acids took place smoothly using 3 equiv. of each component, namely carboxylic acid, DIC, and OxymaPure in DMF. The incorporation first protected acid on the H-MeDbz-resin was carried out with HATU-DIEA due to the poor nucleophilicty of the benzyl amine present in the linker. Fmoc was removed with piperidine-DMF (2 × 5 min). Washings with DMF and DCM were intercalated during the treatments.



Formation of the Activated N-acyl-N'-MeNbz-resin

Acylation of the NMe aniline moiety was achieved by treatment with 4-nitrophenyl chloroformate (5 equiv.) in anhydrous DCM for 1 h. Two treatments were carried out to achieve quantitative yield. Although an acyl chloride was used, the reaction was done in the absence of base. After resin filtration and washing, 0.5 M of DIEA in DMF was added for 45 min to render the cyclic urea. The release of 4-nitrophenol is shown by a strong yellow color, which indicates the formation of the cyclic urea.



Cyclative Cleavage

After the formation of the methylurea, the ClTrt of the phenol of Tyr was removed with TFA-triisopropylsilane (TIS)-DCM (2.5:2.5:95, 5 × 2 min washes). The resin was then washed thoroughly with DCM, DMF, and DCM, to ensure that no acid remained. The final cyclisation step occurred using 10% DIEA in DCM or DMF either at room temperature, at 60°C, or under microwave conditions, and the resin was further washed with DCM. The solution of 10% DIEA, including the DCM washings, was collected and evaporated to dryness. In the case of BCP822 peptide, the residue was treated for 1 h with TFA-TIS-DCM (95-2.5-2.5) to remove the remaining protecting groups and then evaporated to dryness.

In both cases, cold DEE was added in order to facilitate the precipitation of the peptide, which was then centrifuged and decanted. The remaining solid was dissolved in CH3CN-H2O (1:1) and lyophilized.
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Cytochrome c oxidase is terminal enzyme in the respiratory chain of mitochondria and many aerobic bacteria. It catalyzes reduction of oxygen to water. During its catalysis, CcO proceeds through several quite stable intermediates (R, A, PR/M, O/OH, E/EH). This work is concentrated on the elucidation of the differences between structures of oxidized intermediates O and OH in different CcO variants and at different pH values. Oxidized intermediates of wild type and mutated CcO from Paracoccus denitrificans were studied by means of static and time-resolved Fourier-transform infrared spectroscopy in acidic and alkaline conditions in the infrared region 1800–1000 cm−1. No reasonable differences were found between all variants in these conditions, and in this spectral region. This finding means that the binuclear center of oxygen reduction keeps a very similar structure and holds the same ligands in the studied conditions. The further investigation in search of differences should be performed in the 4000–2000 cm−1 IR region where water ligands absorb.

Keywords: cell respiration, cytochrome c oxidase, oxidized state, FTIR spectroscopy, oxidoreduction


INTRODUCTION

Cytochrome c oxidase is the terminal complex of the respiratory chain of mitochondria, and some aerobic bacteria and archaea. CcO possesses four redox centers, in the direction of electron flow: CuA, heme a, heme a3, and CuB. The last two centers form the binuclear center (BNC) where catalysis takes place. CcO receives electrons from a small soluble enzyme Cytochrome c from the positively charged side of the membrane (P-side). Cytochrome c passes electrons to CuA one by one. For oxygen reduction catalysis, the BNC of CcO must receive four protons (“chemical” protons; because they go for the chemistry of the catalytic cycle) from negatively charged side of membrane (N-side). This reaction is very exergonic, and the energy released is used to translocate four more protons across the membrane (these are called “pumped” protons) (Wikstrom, 1977, 2004; Babcock and Wikstrom, 1992; Brzezinski, 2004). Two H-conductive channels serve to transfer the protons needed for the chemistry and pumping: D- and K- channels, named after the conserved residues D-124 and K-354 (here Paracoccus denitrificans numbering used because this work was performed on P. denitrificans CcO enzyme), respectively (Hosler et al., 1993; Thomas et al., 1993; Fetter et al., 1995; Iwata et al., 1995; Tsukihara et al., 1996; Ostermeier et al., 1997; Yoshikawa et al., 1998). The catalytic cycle includes six relatively stable at room temperature intermediates determined mainly by time-resolved visible and Raman spectroscopies: R (fully-reduced) → A (ferrous-oxy) → PR/M (“peroxy”; PR formed from fully reduced and PM formed from two electron reduced enzyme, electrons are located at the BNC) → F (ferryl) → O/OH (fully-oxidized “resting”/”pulsed”) → E/EH (one-electron reduced “resting”/”pulsed” states). [Figure 1, reproduced from Gobrikova, 2009]. The catalytic cycle can be speculatively divided into two halves: oxidative (R → O) and reductive (O → R) halves (Figure 1). This work focuses on the fully-oxidized intermediate that is measured from both sides of the catalytic circle in experiments. In this intermediate all four redox centers are present in a fully-oxidized state. The fully-oxidized intermediate may exist in different forms with different rates of reduction and reactivity toward external ligands (Moody et al., 1991; John Moody, 1996). The “slow” form has a maximum in the Soret region below 418 nm and is characterized by the slow kinetic of cyanide binding to the oxidized heme a3. The absorption maximum of the “fast” form red-shifted by several nm. The enzyme in the “slow” form can be obtained when the protein is incubated or isolated at a low pH value. When CcO is extracted from the membrane, it exists in the slow or “resting” O form. Moreover, this form is heterogenic and is thought of as simply an artifact of preparation method. Incubation of “fast” oxidase with chloride or bromide at low pH produces forms of the enzyme that are similar to the “slow” form of the enzyme (Moody et al., 1991). Reduction of the enzyme in O state does not couple to proton pumping (Verkhovsky et al., 1999, 2001; Ruitenberg et al., 2000). “Slow” oxidase shows characteristic EPR signal arising from the BNC, at g ≈ 12 and g = 2.95, that are not seen in the fast form of enzyme. Reduction of this enzyme and its re-oxidation produces a fast or “pulsed” OH state. The reduction of this intermediate is accompanied by the pumping of two protons across the membrane (Verkhovsky et al., 1999; Bloch et al., 2004). It was predicted that OH state relaxes to the O state within about ~30 s at room temperature (Bloch et al., 2004). It was thought that the “resting” and “pulsed” states differ in their redox properties or ligands of the BNC (Bloch et al., 2004). Later it was proposed that the difference between these intermediates are in the presence of water molecules or their reorientation in the BNC or in close proximity of it (Jancura et al., 2006; Gorbikova et al., 2008). Later, Jancura et al. (2006) characterized O and OH protein states by visible kinetic and EPR spectroscopies and found no difference between these two states. They concluded that the reduction potentials and the ligation states of heme a3and CuB are the same for CcO in the O and OH states. Nowadays, the structure of the BNC in O and OH states are supposed to be as follows: FeIII-OH- CuII-HOH Tyr(280)-O- (as in Figure 1). This paper presents a study of O→R transition on statically-resolved FTIR redox spectra of wild type (WT) enzyme at pH 6.0 and 9.0, and R→O transition of WT at two pH values (6.0 and 9.0); on D124N variant at pH 9.0; and N131V mutant at pH 6.5 and 9.0. R intermediate is assumed to be the same in all studied cases and only oxidized intermediates may vary. Here, static and time-resolved FTIR spectroscopy demonstrates that there are no clear differences in the oxidized intermediate irrespective of type of the mutant enzyme or WT and the way the O/OH intermediate is produced and measured, i.e., there is no difference between “resting” and “pulsed” fully-oxidized intermediate within the measured IR spectral range.


[image: Figure 1]
FIGURE 1. The catalytic cycle of CcO with structures of resolved intermediates. Protons taken by the BNC for the reaction chemistry are shown in magenta. Electrons taken by the BNC are marked in light green. Time constants of the appearance of reaction intermediates are also shown in green. The proposed structures of the catalytic site represent only the BNC structure and provide no information about the other two redox centers (CuA and heme a).




MATERIALS AND METHODS


Sample Preparation

For the preparation of “ATR-ready” sample, the variants of the enzyme were depleted of the detergent as originally described in Rich and Breton (2002) with some modifications (Ribacka et al., 2005; Gorbikova et al., 2006, 2007b). The “ATR-ready” sample of CcO was placed on a microprism slightly polished by aluminum powder ATR (Attenuated total reflectance) (Sens IR Technologies, three-bounce version, surface diameter 3 mm). The sample was dried under soft N2 flow or under a tungsten fiber lamp positioned at a distance of ~30 cm from the sample film, then, rewetted with “working” buffer (= buffer in which the experiments are undertaken). In all experiments, the enzyme film was stabilized overnight, then covered with a custom designed chamber either for equilibrium FTIR measurements (Gorbikova et al., 2006) or for a time-resolved approach (Gorbikova et al., 2007b) (also see two sections below). Sample preparation for the static experiment included pumping of “working buffer” overnight in order to stabilize the protein film. In the morning, such a sample was ready for static experiments. Sample preparation for the kinetic FTIR RO measurements also included overnight incubation but without pumping and FRCO (Fully-reduced CO-inhibited) complex preparation with buffer contained 100% CO gas. Formation of FRCO complex was followed by the appearance of heme a3-C≡O band at 1,965 cm−1 and took ~40–80 min.



Equilibrium O → R FTIR Spectra

Equilibrium redox titration setup built in Helsinki Bioenergetics Group (Gorbikova et al., 2006; Gobrikova, 2009; Figures 9, 10 therein) allows to measure the reductive half of the catalytic cycle (Figure 1). Equilibrium redox FTIR spectra have been measured in a broad pH region before (Iwaki et al., 2004; Gorbikova et al., 2007a). The buffer composition was the following: 400 mM of K2SO4, 25 mM of potassium acetate, 25 mM of potassium phosphate, and 25 mM of boric acid. The spectra were produced electrochemically with a homemade flow-by electrochemical cell (Vuorilehto et al., 2004). The picture of the cell with its description can be found in Gorbikova et al. (2006) and Vuorilehto et al. (2004). In short, gold grains were used as the working electrode, a platinum-plated titanium grid as the counter electrode and Ag/AgCl/saturated KCl as the reference electrode. The “working buffer” with mediators was continuously pumped through the working electrode to the ATR chamber. The cell was connected to a Princeton Applied Research potentiostat (Oak Ridge, Tennessee, USA). To equilibrate the enzyme film with the potential of the working electrode, two mediators were used: 1,2-diaminocyclohexane-N,N,N‘,N‘-tetraacetic acid + Fe, midpoint potential +95 mV; and ferrocene acetate, +370 mV. The kinetics of equilibration of the enzyme film with the potential of the working electrode was controlled in the visible region spectrophotometrically. The O → R spectra measurements were performed as follows. First, the enzyme film was equilibrated at acidic pH at −300 mV (vs NHE, Normal Hydrogen Electrode) for 15 min. Then, a background (BG) spectrum in the infrared (IR) region was measured. Then, the potential was set at +480 mV, again allowing 15 min for equilibration. At this point, a spectrum in the IR region was taken. Immediately after that, BG in the IR region was collected. The potential was then switched back to −300 mV and the procedure was repeated many times to collect FTIR spectra with good signal-to-noise ratio. Then, the pH of the “working buffer” was changed to another value (in this case to pH 9.0) and a series of R → O and O → R spectra were measured and summed up. To follow oxidoreduction, an FTIR spectrometer Bruker IFS 66/s (Ettlingen, Germany) equipped with a fast MCT detector and a visible spectrophotometer USB2000 (Ocean Optics) (Largo, USA) were used. FTIR spectra were measured in the spectral range 4000–5000 cm−1 with 4 cm−1 spectral resolution and IR scanner frequency 80 kHz. The number of scans in BG and sample spectra was 2000; apodization function, Blackman-Harris 3-Term. The control of the status of oxidoreduction was achieved by visible spectroscopy at 445 nm. The light guide from a visible spectrophotometer was connected to the ATR-chamber. The data acquisition system described above produced one R → O and one O → R spectrum that were summed up. All measurements were performed at room temperature. For more detailed description of the procedure of spectra collection see (Gorbikova et al., 2007a). The whole data acquisition process initializing, sending commands to/from Ocean Optics and FTIR Opus software, and collecting data was controlled by Titrator software designed in the Helsinki Bioenergetics Group by Dr. Nikolay Belevich.



Time-Resolved R → O FTIR Spectra

With help of time-resolved R → O FTIR spectra, the oxidative part of the catalytic cycle of CcO was investigated. Time-resolved R → O FTIR spectra were measured in the following conditions: WT at pH 6.0 and 9.0; N131V at pH 6.5 and 9.0; and D124N at pH 9.0. These spectra were measured in order to distinguish similarities and dissimilarities between O and OH states in different conditions as much as possible. To perform time-resolved measurements of the R → O transition, a special setup was constructed. The core of this setup is an FTIR spectrometer Bruker IFS 66/s equipped with a fast MCT detector and an ATR-cell. The ATR-cell is covered with a special chamber for time-resolved oxygen reaction measurements. Enzyme on ATR-prism is prepared in FRCO form. CO is photolyzed from CcO FRCO enzyme by a laser that is delivered by a laser guide connected to the chamber. Oxygenated buffer is injected very close to the enzyme film. A light guide from a visible spectrophotometer is constructed in the ATR-chamber as well as an inlet and outlet of the pump. For more details and for pictures see [Gorbikova et al., 2007b and Figure 1 therein and Gobrikova, 2009, Figures 12–14 therein]. The “working buffer” for time-resolved FTIR measurements included 100 mM glucose [Merck (Darmstadt, Germany)], 260 μg/mL catalase [Sigma-Aldrich (St. Louis, Missouri, United States)], 3.3 mM ascorbate [Prolabo (Leicestershire, UK)], 10–100 μM hexaaminruthenium (III) chloride [Sigma-Aldrich (St. Louis, Missouri, United States)] (the amount of the last component depended on CcO variant), and 670 μg/mL glucose oxidase [Roche (Basel, Switzerland)]. Before each experiment, the sample quality control was conducted (Gorbikova et al., 2007b). Four procedures were applied in order to test the stability and functionality of the BNC of CcO. First, the intensity and the shape of the band at 1965 cm−1 was analyzed. Second, CO dissociation from heme a3was followed by visible time-resolved spectroscopy with 1 ms temporal resolution. Third, CO dissociation in the dark from heme a3was followed by time-resolved (TR) rapid-scan FTIR in the region around the band at 1965 cm−1. Finally, CO dissociation from FRCO compound at 1965 cm−1 was measured after oxygenated buffer addition, delay of 3 s, and laser flash. This last test was performed before, in the middle, and at the end of each experiment. It showed the amount of enzyme capable of performing the oxygen reaction. FRCO → O spectra were acquired as initially described in (Gorbikova et al., 2007b). Spectra were measured in 1850-950 cm−1 region, which was cut out by an interference filter. The spectra were collected in the rapid-scan mode with ~46 ms temporal resolution and 8 cm−1 spectral resolution. Together with oxygen injection, rapid-scan acquisition started and was followed by a 3 s delay and the laser flash. The flow pump was stopped during the kinetic data collection and switched on immediately after to speed up the CcO re-reduction. This cycle was repeated many times to get spectra of a good signal-to-noise-ratio. A global fitting procedure in Matlab software (Natick, MA, USA) was applied to extract the slow part of kinetical spectra. The fast part of kinetical spectra was calculated as a difference between the spectrum obtained by the average of several time points before the laser flash and the spectrum obtained immediately after it. The sum of the fast and the slow components gave resulting kinetic spectrum in case of mutated CcO. The kinetic spectrum in case of WT enzyme was calculated as a spectral jump after the laser flash because oxygen reaction in WT enzyme proceeds faster than temporal resolution of the measurement setup. FRCO photolysis was measured separately at pH 6.5 on WT variant and subtracted from each FRCO → O spectra to produce R → O spectra presented in the figures in the section “Results”. It was shown in (Heitbrink et al., 2002) that FRCO photolysis on WT does not depend on pH values. All measurements of kinetic R → O transitions and FRCO photolysis were performed in ice- cooled conditions in order to slow-down the reaction rate and increase concentration of oxygen until reaching 2.4 mM. For more details see (Gorbikova et al., 2007b, 2008).



Data Analysis

All data analysis and figure preparations were performed in Matlab software.




RESULTS AND DISCUSSIONS

Here, the IR spectra are compared in acidic conditions on static and time-resolved redox transitions (O → R for static transitions and R → O for the time-resolved). Altogether 6000 FTIR O → R static spectra were collected at pH 6.0 on WT (Figure 2, red spectrum), 173 kinetic spectra of WT at pH 6.0 (Figure 2, dark green spectrum), and 338 kinetic spectra of N131V at pH 6.5 (Figure 2, dark blue spectrum). Small differences between static and kinetic spectra are due to difference in their spectral resolution which is 4 cm−1 for static and 8 cm−1 for the kinetics spectra. Similar results were observed under alkaline conditions: 296 kinetic spectra for D124N at pH 9.0 (Figure 3, dark blue), 218 for N131V 9.0 (Figure 3, dark green), 82 for WT (Figure 3, red), and 6000 co-additions for WT in static conditions (Figure 3, light-green). No differences were found between oxidized intermediates in the IR region 1800–1000 cm−1 for all studied cases in both acidic and alkaline conditions. There are no visible differences between static and time-resolved R → O FTIR spectra of WT and mutated enzymes in the IR region 1800–1000 cm−1 that prove that the BNC of these variants and in these pH conditions are very similar. It does not matter what side we go R → O or O → R, oxidized intermediate provides the same findings and no difference between O and OH is observed in the 1800–1000 cm−1 infrared window for all conditions studied. Further, the difference should be sought in the so-called “water region.”


[image: Figure 2]
FIGURE 2. Comparison of the R → O transitions in three different conditions. Time-resolved mode for N131V at pH 6.5 in dark blue and for WT at pH 6.0 in dark green; equilibrium mode for WT at pH 6.0 in red. All spectra normalized to 1 mM (kinetic—by amplitude of 1,965 cm-1 band, equilibrium—by 1661/1641 peaks difference).
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FIGURE 3. Comparison of R → O transitions in four different conditions at pH 9.0. Time- resolved spectra for D124N (in dark blue), N131V (in dark green), and WT (in red); equilibrium spectrum for WT (light green). All spectra were measured at pH 9.0 and normalized to 1 mM (kinetic—by amplitude of 1,965 cm-1 band, equilibrium—by 1661/1641 peaks difference).




CONCLUSIONS

This paper compared the oxidized intermediates derived from different variants (WT, D124N, and N131V) and using different approaches (static O → R spectra acquisition and time-resolved R → O spectra). To perform this work, two special setups were constructed: one for static measurements and one for time-resolved measurements. This work provides an overview of the oxidized intermediates prepared under very different conditions: different mutants and pH values. No differences are evident between all of the conditions tested, except that for static spectra spectral resolution was set at 4 cm−1 and for time-resolved at 8 cm−1. This similarity in oxidized intermediates under different conditions means that the structures of BNC in all these cases (O and OH states) are very similar from the FTIR fingerprint point of view. Further investigation in the IR region 4000–2000 cm−1 is required to search for differences between various oxidized intermediates.
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Single-stranded DNA or RNA oligonucleotides, often called aptamers, can bind to a molecular target with both high affinity and selectivity due to their distinct three-dimensional structures. A technique called systematic evolution of ligands by exponential enrichment (SELEX) is used to screen aptamers from a random DNA or RNA pool, or library. The traditionally-designed oligonucleotides in libraries contain a randomized central region along with a fixed primer region at each end for amplifying target-bound central sequences. The single-stranded forward and reverse primer sequences may interfere with target-binding to the central region, resulting in a partial or complete loss of high-affinity aptamers during the SELEX process. To address this issue, researchers have modified the traditional oligonucleotide libraries and developed new types of oligonucleotide libraries; however, these approaches come with various limitations. The author proposes a new design that uses a conformation-changeable sequence as primers, which may open a new avenue for developing an optimized aptamer sequence with both high affinity for, and selective binding to, a particular target via SELEX.

Keywords: systematic evolution of ligands by exponential enrichment (SELEX), aptamer screening, oligonucleotide library, fixed primer regions, i-motif

Aptamers are single-stranded DNA or RNA oligonucleotides that bind to a molecular target with both high affinity and selectivity due to their distinct three-dimensional structures. Target-specific aptamers are mostly screened from a random DNA or RNA pool using a technique called systematic evolution of ligands by exponential enrichment (SELEX), which involves repetitive rounds of (1) partitioning target-bound aptamers from those not bound to the target, and (2) amplifying target-bound aptamers by the polymerase chain reaction (PCR).

Since its emergence in the 1990s, the conventional SELEX technique has undergone substantial modifications and improvements to allow the aptamer screening process to be both simpler and more efficient (Berezovski and Krylov, 2002; Mendonsa and Bowser, 2004; Berezovski et al., 2005). For example, coupling the high resolving power of capillary electrophoresis (CE) to traditional SELEX produced a substantial improvement (Mendonsa and Bowser, 2005; Mosing et al., 2005). The CE-SELEX process occurs in free solution (i.e., no need for a solid support medium), isolates high-affinity aptamers in just two to four rounds, and does not require negative screening. This flexible and high-resolution approach has allowed the successful screening of aptamers capable of targeting both macromolecules such as proteins, and small compounds such as porphyrin (Yang and Bowser, 2013; Dong et al., 2015).

The traditionally-designed DNA or RNA oligonucleotides in libraries contain a randomized central region of 30–60 nucleotides, and a fixed primer region of ~20 nucleotides at each end. The target molecule tightly binds to the central region of some of the library's fragments. However, the single-stranded forward and reverse primer sequences, which are used to amplify target-bound central sequences via PCR, may also interact with/anneal to complementary sequences in the central region, thus interfering with target-binding and resulting in a partial or complete loss of high-affinity aptamers. Furthermore, the primer sequences can participate in non-specific selection by binding to the target themselves, thus leading to false-positive results since the screened aptamers (i.e., the central sequences) do not actually bind to the target molecule (Pan and Clawson, 2009). The fixed primer regions of the oligonucleotides in libraries thus play a central role in limiting the efficiency of SELEX aptamer screening.

To address this issue, researchers have attempted to modify the traditional oligonucleotide libraries or develop new types of oligonucleotide libraries. For example, Haynes' group has modified the standard nucleic acid library by introducing nucleotides that are complementary to the fixed primer regions of the library's fragments, thus eliminating the possibility of the single-stranded primer regions becoming involved in forming any aptamer-like structures (Ouellet et al., 2014). This strategy, however, has a drawback: Since some protein families (e.g., transcription factors) preferentially bind to duplexed nucleic acids, the now double-stranded primer regions in Haynes' design create binding sites for those proteins.

Other strategies include replacing the fixed primer regions with different sequences after each round of screening or after a certain number of rounds (Shtatland et al., 2000), completely removing the fixed regions and then regenerating these regions after each round of screening (Wen and Gray, 2004; Jarosch et al., 2006; Pan et al., 2010; Lai and DeStefano, 2011), or minimizing the length of the fixed primer regions (Pan et al., 2008). These approaches have drawbacks as well, such as the involvement of many steps of cleavage and re-ligation, which is time-consuming and labor-intensive, and often causes a significant loss of the library material; or the apparent decrease of the PCR efficiency due to the reduced length of the forward and reverse primer sequences, which causes the loss of the screened aptamers.

To the author's knowledge, no study has investigated the use of highly structured, self-folded forward and reverse primers to replace the standard single-stranded primers. This may be because the self-folded primer regions are aptamer-like structures themselves, and are more likely to bind to target molecules than single-stranded primer sequences. However, the use of primers that change their conformation under different conditions may actually lead to a higher selection of the target molecule. In this study, the author proposes this new idea for primer design to be used during SELEX aptamer screening.

First, as illustrated in Figure 1, the binding buffer is adjusted to Condition 1, so that the forward and reverse primer regions can self-fold into a highly structured conformation. Previous studies have demonstrated that, unlike in the conventional SELEX method, the target may bind to the randomized central region of the oligonucleotide library and/or to the folded primer regions. This is because there is little or no sequence homology among the aptamers identified using the CE-SELEX approach (Mosing et al., 2005; Yang and Bowser, 2013). Next, the target-bound fraction is separated from the unbound library, which is achieved on a CE system; the bound fraction is then collected into a vial. Since the bound fraction includes unwanted aptamers (i.e., those in which only the primer regions bind to the target), the buffer in the collecting vial is then adjusted to Condition 2, so that the self-folded primer structures unwind and the bound target is dislodged. Aptamers that use their central regions to bind to the target are not affected under Condition 2 if their central motifs do not undergo a conformation change that would release the target. The third step is to re-inject the collected solution onto the CE system, and further separate the target-bound aptamers from the unbound ones under Condition 2. This final screening produces only aptamers that have the target bound to their central regions.


[image: Figure 1]
FIGURE 1. Schematic illustration of the new design for the fixed primer regions in an oligonucleotide library to be used for SELEX aptamer screening.


This new primer design requires the use of conformation-changeable DNA or RNA sequences as primers. A potential choice for such a primer is an intercalated motif (i-motif). The i-motif is a four-stranded quadruplex structure formed by cytosine-rich DNA and RNA sequences. A cytosine nucleobase may protonate at its N3 position under slightly acidic conditions, thus allowing the formation of a C+:C base pair between one protonated and one unprotonated cytosine via three hydrogen bonds. The C+:C base pairs hold two parallel cytosine tracts together, which intercalate in an antiparallel-oriented C+:C duplex to form a four-stranded i-motif (Abou Assi et al., 2018). The stability of an i-motif depends on factors such as the pH and ionic strength of the solution, the DNA or RNA sequence, the length of the cytosine tract, the length and nucleobase composition in the loop regions (i.e., the nucleotides that connect the cytosine tracts in an i-motif), and the temperature. By adjusting the ionic compositions and the ionic strength of both the binding and separation buffers used in the SELEX process, modifying the length of the four cytosine tracts in an i-motif, and altering the length and/or the nucleobase composition in the loop region, an i-motif can stably fold at physiological pH (~7.2) (Fujii and Sugimoto, 2015; Gurung et al., 2015; Reilly et al., 2015; Benabou et al., 2016; Wright et al., 2017). The folded i-motif structure is disrupted and becomes single-stranded when exposed to a higher pH (e.g., ~8.0). The use of aptamers designed to include i-motifs with somewhat different sequences as the forward and reverse primers in an oligonucleotide library allows the differentiation of the 5′ and 3′ ends of the oligonucleotides for PCR purposes. With this design, the target-binding process first occurs at Condition 1 (i.e., pH ~7.2); the self-folded i-motif primers do not interrupt the binding of a target molecule to the central region of the library's fragments. The bound aptamers are then separated from the unbound library fragments by CE and collected into a vial containing a buffer at approximately pH 8.0 (Condition 2). The high pH causes any target molecules that bound to the i-motif primer regions in the previous step to be dislodged due to the pH-mediated conformational change of the i-motif. The collected solution is then re-injected onto the CE system, and the bound aptamers are separated from the unbound ones at Condition 2 (i.e., pH ~8.0). Phosphate buffer is a candidate for the CE running/separation buffer, as it can be adjusted to both pH 7.2 (Condition 1) and 8.0 (Condition 2), without losing essential buffering characteristics; an uncoated fused-silica capillary is sufficient to run the entire experiment under both pH conditions. The aptamers screened using this new approach will have a high affinity to the target molecule at both physiological pH and a higher pH (~8.0).

Studies have demonstrated that C-rich i-motifs and G-rich G-quadruplexes can co-exist if one or both are stably folded (Phan and Mergny, 2002; Kumar et al., 2008; Bucek et al., 2009). In the new design described above, the self-folded i-motif primers that exist under Condition 1 will not interact with any G-rich sequences in the randomized central region since the base-pairing energy for the C+:C pair in an i-motif (169.7 kJ/mol) is much higher than that of canonical Watson-Crick GC pair (96.6 kJ/mol) (Yang and Rodgers, 2014). Under Condition 2, the i-motif primer regions become single-stranded; however, the likelihood that they would interrupt the identification of G-quadruplex aptamers in the central region is low because G-quadruplex motifs can stably fold under higher pH (~8.0). In addition, the target of interest has already bound to the central region of certain library fragments under Condition 1. If, under Condition 2, some of these potential aptamers lose their affinity for the target due to pH-induced conformational changes or interaction with now single-stranded primer sequences, our goal of only screening aptamers with high affinity to the target molecule at both physiological pH and a higher pH (~8.0) is achieved.

In addition to the i-motif that responds to a change in pH, other potential primers include DNA or RNA motifs that change their conformation in response to changes in temperature, or to changes in the composition of the binding buffer, such as a change in the concentration of either Mg2+ or a monovalent ion. The author asserts that this new type of conformation-changeable primer may render more flexibility for developing an optimized aptamer sequence with both a high affinity for and selective binding to a particular target under different conditions, and could thus be the future direction for the construction of libraries developed for SELEX aptamer screening.
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There is considerable interest in developing drugs and probes targeted to mitochondria in order to understand and treat the many pathologies associated with mitochondrial dysfunction. The large membrane potential, negative inside, across the mitochondrial inner membrane enables delivery of molecules conjugated to lipophilic phosphonium cations to the organelle. Due to their combination of charge and hydrophobicity, quaternary triarylphosphonium cations rapidly cross biological membranes without the requirement for a carrier. Their extent of uptake is determined by the magnitude of the mitochondrial membrane potential, as described by the Nernst equation. To further enhance this uptake here we explored whether incorporation of a carboxylic acid into a quaternary triarylphosphonium cation would enhance its mitochondrial uptake in response to both the membrane potential and the mitochondrial pH gradient (alkaline inside). Accumulation of arylpropionic acid derivatives depended on both the membrane potential and the pH gradient. However, acetic or benzoic derivatives did not accumulate, due to their lowered pKa. Surprisingly, despite not being taken up by mitochondria, the phenylacetic or phenylbenzoic derivatives were not retained within mitochondria when generated within the mitochondrial matrix by hydrolysis of their cognate esters. Computational studies, supported by crystallography, showed that these molecules passed through the hydrophobic core of mitochondrial inner membrane as a neutral dimer. This finding extends our understanding of the mechanisms of membrane permeation of lipophilic cations and suggests future strategies to enhance drug and probe delivery to mitochondria.
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INTRODUCTION

Mitochondrial dysfunction contributes to a wide range of pathologies, consequently they are an important therapeutic target (Nunnari and Suomalainen, 2012; Gorman et al., 2016; Murphy and Hartley, 2018). Furthermore, the delivery of probe molecules to the organelle in vivo is essential in understanding how mitochondrial dysfunction arises (Yousif et al., 2009; Smith et al., 2012; Logan et al., 2014; Jean et al., 2016). There are a number of strategies to deliver molecules to mitochondria in vivo, with conjugation to the alkyltriphenylphosphonium (TPP) cation being the most widespread (Smith et al., 2003, 2012; Yousif et al., 2009). TPP is used because it readily crosses biological membranes without the requirement for a protein carrier, and is chemically tractable making it easy to introduce synthetically into the molecule to be targeted (Smith et al., 2011, 2012), as well as having a good safety and toxicity profile. An important aspect of the TPP targeting system is that its positive charge and the large mitochondrial membrane potential lead to these molecules accumulating ~1,000-fold within energized mitochondria, as described by the Nernst equation (Ross et al., 2006; Smith et al., 2011). Even so, improving mitochondria-targeting head groups to enhance mitochondrial accumulation would lead to improved therapies and probes.

To develop an improved mitochondria-targeting head group, we started from the finding that a TPP cation conjugated to a long alkyl chain carboxylic acid 1 accumulates within mitochondria to a greater extent than related compounds without an acid moiety (Figure 1) (Finichiu et al., 2013). This greater uptake occurs because of the equilibrium between the protonated (1) and deprotonated forms (2) determined by the pKa of the carboxylic acid (~4.9) (Kanicky and Shah, 2003). The higher pH of the mitochondrial matrix (~8) relative to the cytosol (~7.2) and the inability of the zwitterionic TPP carboxylate 2 to cross the mitochondrial inner membrane means that the overall accumulation of the molecule is enhanced 4–10-fold compared to a comparable TPP without a carboxylic acid (Finichiu et al., 2013). Hence, we set out to develop a generic TPP-carboxylic acid targeting group so as to enhance mitochondrial uptake 4–10-fold over current TPP groups (Figure 1). The simplest way to do this is to incorporate a carboxylic acid group on one of the TPP phenyls. Both protonated and deprotonated forms of the carboxylic acid would be present in a ratio depending on the pKa of the acid and the local pH (Figure 1). Only the protonated form of the TPP-carboxylic acid targeting group should cross the mitochondrial membrane and once within the matrix, the higher pH should increase accumulation of the membrane-impermeant deprotonated form. Thus, this approach should generate a generic TPP-carboxylic acid targeting group to increase the delivery of the same cargo targeted with a TPP group (Figure 1). Furthermore, this combined TPP-carboxylic acid targeting group could easily be attached to any cargo using a simple phosphine-carboxylic acid precursor. Here we set out to develop such a generic TPP-carboxylic acid targeting group to enhance the delivery of drugs and probes to mitochondria in vivo.


[image: Figure 1]
FIGURE 1. Enhanced mitochondrial uptake by a TPP cation linked to a carboxylic acid. Model showing how a TPP long chain carboxylic acid 1 crosses the mitochondrial inner membrane and accumulates within the mitochondrial matrix in its zwitterionic form 2 due to the higher pH (~ 8) in mitochondria compared to that in the cytosol (~ 7.2). IMM, inner mitochondrial membrane; IMS, intermembrane space.




MATERIALS AND METHODS


Synthetic Chemistry

The test compounds 3–19 were prepared as shown in Scheme 1. Phosphines 20 and 21 were alkylated with iodomethane, 1-bromohexane, or 1-bromododecane to give the corresponding salts 3–8 (Scheme 1). Carboxylic acids 3, 4, 7 were converted into the corresponding ethyl esters 12, 13, and 15 by stirring in ethanol with catalytic concentrated sulfuric acid. The trifluoroethyl ester 19 was prepared from carboxylic acid 7 in a similar way using trifluoroethanol as solvent. However, a better approach to trifluoroethyl esters was to esterify the carboxylic acid group of the parent phosphines 20 and 21 with trifluoroethanol using diisopropylcarbodiimide (DIC) coupling with dimethylaminopyridine (DMAP) as a nucleophilic catalyst to give the corresponding esters 23 and 24, and then alkylate the phosphine to give the phosphonium salts 16–18. Ethyl ester 14 was prepared in a similar way using dicyclohexylcarbodiimide (DCC) coupling to make ester 22 followed by alkylation with iodomethane. The synthesis of the phenylpropionic acid derivatives 9–11 began with the preparation of iodoarene 25 by the method of (Qin et al., 2015) and protection of the acid as ester 26 (Scheme 2). Adapting the procedure reported by (Dydio et al., 2014), which we had used to prepare phosphine 21, iodoarene 26 was cross-coupled with diphenylphosphine and then alkylated in situ with iodomethane, 1-bromobutane, or 1-bromohexane to give the corresponding phosphonium salts 27–29. Acid-catalyzed hydrolysis then gave the phosphonium salts 9–11. The details of the synthetic procedures are described in the Supplemental Information.


[image: Scheme 1]
SCHEME 1. Synthesis of test phosphonium salts 3–8 and 12–19.
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SCHEME 2. Synthesis of test phosphonium salts 9–11.




Biology-Methods
 
Animals

All procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 and the University of Cambridge Animal Welfare Policy. Female Wistar rats (typically 6–10 weeks old, weighing ~200 g, Charles River Laboratories, UK) were housed in pathogen-free facilities at 21 ± 2°C, humidity 57 ± 5% with a 12 h light/dark cycle and laboratory chow and water were available ad libitum.



Isolation of Rat Liver and Heart Mitochondria

Rats were killed by stunning and cervical dislocation and the liver or heart rapidly excised and transferred to ice cold mitochondrial isolation buffer. Mitochondria were isolated from rat liver tissue by differential centrifugation in STE buffer [250 mM sucrose, 5 mM Tris, 1 mM ethyleneglycol-bis(β-aminoethylether)-N, N, N', N'-tetraacetic acid (EGTA) (pH 7.4 at 4°C, adjusted with HCl)] (Chappell and Hansford, 1972). The liver was washed in ice-cold STE, chopped finely, rinsed in STE and homogenized 5–8 times using a loose PTFE pestle in a 55 ml Potter-Elvehjem tissue grinder (Wheaton, USA) and then with a tight pestle. The homogenate was centrifuged (1,000 × g, 3 min, 4°C), the pellets were discarded, and the supernatants centrifuged (10,000 x g, 10 min, 4°C). The supernatant was discarded and the pellet was resuspended and centrifuged again (10,000 × g, 10 min, 4°C). The final mitochondria pellet was resuspended in ~5 mL STE buffer, kept in ice and used within 4 h.

Rat hearts were washed in ice-cold STEB buffer [STE buffer supplemented with 0.1% (ws/v) fatty-acid free bovine serum albumin (BSA)], chopped finely, washed again and then homogenized 5–8 times using a loose PTFE pestle in a 55 mL Potter-Elvehjem tissue grinder (Wheaton, USA) and then a tight pestle with roughly 8 strokes. The homogenate was centrifuged (700 × g, 5 min, 4°C) and the supernatant was decanted through two layers of a pre-wetted muslin into new centrifuge tubes. The pellet was resuspended and centrifuged again (700 × g, 5 min, 4°C). This supernatant was also decanted through muslin and the combined supernatants centrifuged (10,000 × g, 10 min, 4°C). The mitochondrial pellet was resuspended in STEB and centrifuged again (10,000 × g, 10 min, 4°C). The mitochondrial pellet was resuspended in STE without BSA (~300 μL per heart), kept on ice and used within 4 h. The protein concentration of the mitochondrial suspensions was determined using the BCA assay using BSA as a standard (Thermo Fisher Scientific, UK).



Reversed Phase-High Performance Liquid Chromatography (RP-HPLC)

For most RP-HPLC experiments, the stationary phase used was a C18 column (Jupiter 300 Å, Phenomenex) with a Widepore C18 guard column (Phenomenex). The column was connected to a 321 pump, a UV/Vis 151 system (Gilson, UK), a RIC20 Remote Controlled Chilling/Heating Dry bath (Torrey Pine Scientific) and a GX-241 liquid handler (Gilson) with Trilution LC 3.0 software (Gilson). The mobile phase was a gradient of water + 0.1% (v/v) trifluoroacetic acid (TFA) (HPLC buffer A) and acetonitrile [HPLC grade acetonitrile (Fisher Scientific, UK)] + 0.1% (v/v) TFA (HPLC buffer B) at a flow rate of 1 mL/min. Samples were prepared in 1 mL, containing 25% acetonitrile + 0.1% (v/v) TFA. Prior to analysis, they were filtered under vacuum using Protein Precipitation Plates (Porvair, 100 μm pre-filter frit, <10 μm secondary frit). The filtrate was transferred to centrifuge tubes and placed in the chilled sample holder. 800 μL of sample were loaded into a 2 mL sample loop and injected onto the column for analysis. Compounds were eluted using the following gradient: 0–2 min: 5% buffer B, 2–17 min: 5-100% buffer B, 17–19 min: 100% buffer B, 19–22 min: 100-5% buffer B. For some RP-HPLC experiments samples were prepared in 850 μL, containing 20% acetonitrile +0.1% (v/v) TFA. This was transferred to centrifuge tubes and placed in the chilled sample holder. 800 μL of sample were loaded into a 2 mL sample loop and injected onto the column for analysis. Compounds were eluted using the following gradient: 0–2 min: 5% buffer B, 2–4 min: 55% buffer B, 4–16 min: 70% buffer B, 16–18 min: 70-100% buffer B, 18–21 min: 100% buffer B, 21–23 min: 100–5% buffer B. All samples were detected at 220 nm and peaks identified by comparing the retention times of the known standards.



Mitochondrial Incubation of Compounds

Rat liver or heart mitochondria (0.5 mg protein/mL) were incubated in 2 mL KCl buffer (120 mM KCl, 10 mM HEPES, 1 mM EGTA, adjusted with KOH to pH 7.2, 37°C) supplemented with compound and internal standard (5 μM each, unless otherwise stated) in a shaking heat block (37°C, 1,000 rpm). Mitochondria were energized with succinate/rotenone (10 mM/10 μM) or glutamate/malate (10 mM each). To abolish the mitochondrial proton motive force either FCCP (1 μM), or a mixture of oligomycin, antimycin A and valinomycin (OAV) (5 μg/mL, 100 nM, 1 nM, respectively) were used. After the appropriate incubation time, the mitochondrial suspensions were rapidly cooled on ice and the mitochondria pelleted by centrifugation (10,000 × g, 5 min, 4°C). The mitochondrial pellet was dried by aspirating the supernatant, snap frozen and stored at −80°C until RP-HPLC analysis. For this, the pellet was thawed and extracted by resuspension in 250 μL HPLC buffer B with vortexing, and then centrifuged (16,000 × g, 10 min, 4°C). The resulting supernatant was removed and 750 μL HPLC buffer A was added.



Mitochondrial Respiration Assay

Respiration of isolated mitochondria was assessed using the Oroboros Oxygraph-2K (O2K) high resolution respirometer (Oroboros Instruments, Austria), equipped with two stirred (200 rpm), and temperature controlled (37°C) chambers. Before starting experiments, 2 mL KCl buffer was left to equilibrate for approximately 1 h and the Oroboros was calibrated. Rat liver mitochondria (2 mg protein/mL) were then added to the chamber with glutamate and malate (10 mM each). The lid was closed, and respiration assessed. Compounds were added in increasing concentrations using gastight syringes (Hamilton Robotics, UK), with equal volumes of control compound being used in parallel experiments. Additions did not exceed 10 μL per addition.





QUANTUM-CHEMICAL CALCULATIONS


Computational Details

Free energies of transfer and of ion-pairing/dimerisation were calculated using density-functional theory (DFT) with the TPSS exchange-correlation functional (Tao et al., 2003) (which is a pure meta-GGA functional) supplemented by Grimme's D3 correction (Grimme et al., 2010, 2011) to account for dispersive interactions. Structures and vibrational frequencies were calculated with the def2-SVP (cations) and def2-SVP+ (ion pairs and anions) basis sets, final energies with def2-TZVP+ in all cases (Weigend and Ahlrichs, 2005; Weigend, 2006). The “+” indicates augmentation of the published sets with one diffuse Gaussian function per valence angular momentum on all atoms; the exponents of the diffuse functions were derived such as to form a geometric series with the existing two outermost functions (even-tempered).

Structure optimisations and frequency calculations were performed with Turbomole 6.4 (Ahlrichs et al., 1989; Häser and Ahlrichs, 1989; Treutler and Ahlrichs, 1995; von Arnim and Ahlrichs, 1998, 1999), making use of the efficient MARI-J technique (Sierka et al., 2003). SCF energies were converged to 10−8 Eh; structures to 10−6 Eh in the energy and 10−4 Eh [image: image] in the gradient. The COSMO continuum solvent model (Klamt and Schüürmann, 1993; Klamt and Jonas, 1996) was applied throughout, with default solvation radii and relative permittivity εr = 78.3553 and refractive index n = 1.3334 for water and εr = 1.8819, n = 1.3749 for hexane. Frequencies were obtained by numerical differentiation (NumForce), using only the “slow” component of solvent polarization (Klamt, 1996). All structures were confirmed by the absence of imaginary frequencies to be minima on the potential-energy surface in the respective solvent.

Final energies were calculated with Gaussian 09 (Frisch et al., 2013), using the SMD solvation model, which combines the IEF-PCM polarisable continuum model for electrostatic solvation (Tomasi et al., 2005) with the SMD non-electrostatic terms (Marenich et al., 2009). The same values of εr and n were used as above (which are G09 default values, noting that n = ε∞1/2). Default solvation radii were used, except for Cl, whose solvation radius was reduced from 2.38 Å to 1.8 Å in order to reproduce better the experimental free energy of hydration (Hünenberger and Reif, 2011) of Cl−, ΔsolvG*(Cl−, aq) = −316.55 kJ mol−1; the default radius yielded −271 kJ mol−1, the adjusted radius −307 kJ mol−1. The solvation radius of Na was similarly reduced from 2.27 Å to 1.6 Å; experimental ΔsolvG*(Cl−, aq) = −427.41 kJ mol−1, calculated using default radius: −302 kJ mol−1, calculated using adjusted radius: −429 kJ mol−1.

The thermal contributions to the free energy (including the zero-point vibrational energy) were calculated according to the standard ideal-gas/rigid-rotor/harmonic-oscillator approximation at T = 298.15 K, p° = 100 kPa. Frequencies were not scaled; however, to avoid spurious large entropy contributions from low-frequency vibrational modes, for which the harmonic-oscillator approximation is unreliable, frequencies below 100 cm−1 were raised (Ribeiro et al., 2011) to 100 cm−1.

pKa values were calculated from free energies obtained at the M06-2X/def2-TZVP+ level (Zhao and Truhlar, 2008) using the SMD continuum model for water in Gaussian 09. Frequencies were scaled (Alecu et al., 2010; Kanchanakungwankul et al., 2018) by a factor of 0.972 and raised (Ribeiro et al., 2011) to ≥100 cm−1 using the GoodVibes program (Funes-Ardoiz and Paton, 2018) for the calculation of free energies. The pKa value of an acid HA was then computed with respect to a reference acid HRef with experimentally known pKa as follows:

[image: image]

where lg(e) is the decadic logarithm of Euler's number, ΔGa(HA) = G*(A−) – G*(HA), and [image: image].



Choice of Standard States

We express all thermodynamic quantities in solution with reference to a fixed-solute equal-concentrations standard state as defined by Ben-Naim (Ben-Naim, 1987, 1992), indicated by *, with a concentration of c* = 1 mol L−1. The usual gas-phase standard state with p° = 100 kPa is indicated by °; the standard temperature is T = 298.15 K in both cases. The free energy of solute S in solution contains a liberational term, which replaces the gas-phase translational free energy. In the * standard, these terms are exactly equal,

[image: image]

The liberational free energy can therefore be calculated as

[image: image]

where ΔG° → * = RT ln(RTc*/p°) = 8.0 kJ mol−1 is the conversion between standard states, associated with the isothermal compression of 1 mol of ideal gas from its concentration at p° to c*. For a process in solution where the number of particles changes, e.g., ion-pairing, the free-energy change [image: image] therefore includes a term ΔG° → * × Σivi, where νi are the (signed) stoichiometric coefficients of reactants and products.




RESULTS AND DISCUSSION


Enhanced Mitochondria-Targeting With a Triphenylphosphonium Carboxylic Acid

To develop an enhanced mitochondria-targeting head group, we first made a series of alkyltriphenylphosphonium (TPP) salts with a carboxylic acid group on one phenyl group para to the phosphorus (Figure 2A). The uptake of these compounds by energized mitochondria, which will have a large membrane potential, was studied alongside TPP-containing internal standards (IS). Uptake of the IS confirmed that the test compound did not significantly disrupt mitochondrial membrane potential and showed that the mitochondria continued to respond as expected to different additives known to affect the membrane potential. Energized mitochondria were incubated with carboxylic acid 3 and IS and uptake of the compounds into mitochondria measured by RP-HPLC (Figure 2B) and quantified (Figure 2C). The IS was taken up by energized mitochondria and abolishing the membrane potential with the uncoupler FCCP (Nicholls and Ferguson, 2013), blocked this uptake (Figures 2B,C). However, carboxylic acid 3 was not taken up by energized mitochondria (Figures 2B,C). A hydrophobicity threshold is required for mitochondrial uptake of alkylTPP molecules (Ross et al., 2006; Finichiu et al., 2015; Hu et al., 2017), but when hydrophobicity was increased by replacing the methyl (3) with a hexyl group (4) there was still no mitochondrial uptake compared to IS (Figure 2D). Incorporating the more hydrophobic dodecyl group (5) led to extensive adsorption to mitochondria that was unaffected by uncoupling with FCCP (Figure 2E). Extending incubation time to 15 min did not lead to uptake (data not shown). We conclude that alkylTPP salts with a carboxylic acid on one of the phenyl groups of TPP are not taken up by energized mitochondria.


[image: Figure 2]
FIGURE 2. Mitochondrial uptake of TPP benzoic acids. (A) Structure of TPP benzoic acids 3, 4, and 5. (B) Liver mitochondria (0.5 mg protein/ml) supplemented with succinate and rotenone, were incubated with 3 and an internal standard (IS; isoamyl TPP) at 37°C for 5 min ± FCCP. Mitochondria were pelleted by centrifugation and extracted for analysis by RP-HPLC. (C–E) Quantification of mitochondrial uptake of 3, 4, and 5. (C), 3, IS = isoamyl TPP; (D), 4, IS = TPMP; (E), 5, IS = propylTPP). Data are mean ± S.E.M. of peak areas from three biological replicates.


The pKa values of 3–5 may have influenced mitochondrial uptake. The enhanced mitochondrial uptake reported previously was for a carboxylic acid attached to a TPP via an undecyl chain (1) with a pKa~4.9 (Finichiu et al., 2013). Stabilization of the deprotonated form by the phenyl and the phosphonium cation in 3–5 may lower the pKa, decreasing the proportion in the membrane permeant, protonated form (Figure 1). The pKa of 3 was determined computationally by reference to experimental pKa values for benzoic acid and phenylacetic acid, giving a pKa of 2.5 ± 0.1 (Table 1). At intracellular pH (7.2) the TPP undecylcarboxylic acid (pKa ~4.9) (Kanicky and Shah, 2003) would be ~0.5% in the protonated form, compared to 0.002% for 3, ~300-fold lower. We next distanced the acid group from the phenyl and phosphonium, to make phenylacetic and phenylpropionic derivatives with a range of hydrophobicities (6–11) (Figure 3A). The pKa values of 6 and 9 were then computationally determined by reference to the experimental values for benzoic and phenylacetic acid, yielding pKa values of 2.7 ± 0.1 (6) and 5.2 ± 0.1 (9) (Table 1). So, if 3 was excluded from mitochondria by its low pKa then 6–8 should also be excluded, while 9–11 should be accumulated. The phenylacetic acid derivatives 6 and 7 showed no uncoupler-sensitive mitochondrial uptake (Figures 3B,C), while the more hydrophobic 8 adsorbed to mitochondria independently of membrane potential (Figure 3D). For the propionic acid derivatives (9–11) we made methyl, butyl and hexyl versions as the hydrophobicity of the dodecyl compounds 5 and 8 made mitochondrial experiments uninformative. We found that 9–11 were all taken up by energized mitochondria, but not by uncoupled mitochondria (Figures 3E–G). Thus, the lack of mitochondrial uptake of the benzoic and phenylacetic derivatives was due to their low pKa. Note that the accumulation of the IS were significantly higher than the carboxylic acids 9-11 (hence two Y-axes are used in Figures), even when the least lipophilic TPP-derivative, TPMP, was used as IS (Figure 3F).


Table 1. Calculated pKa values of carboxylic acids 3, 6, and 9, with reference to benzoic acid and phenylacetic acid.

[image: Table 1]
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FIGURE 3. Mitochondrial uptake of TPP acetic and propionic acids. (A) Structure of TPP carboxylic acids 6–11. (B–G) Quantification of mitochondrial uptake of 6–11. Mitochondria were incubated as described in Figure 2B, except for the indicated alterations. (B), 6, IS = isoamylTPP; (C), 7, IS = TPMP; (D), 8, IS = TPMP; (E), 9 (10 μM), IS = propylTPP (2.5 μM), and data shown are for incubation with heart mitochondria. The same result was obtained with liver mitochondria; (F), 10, (10 μM), IS = TPMP (5 μM), and data shown are for liver mitochondria. The same result was obtained with heart mitochondria; (G), 11, (20 μM) IS = TPMP (2.5 μM). Data shown are for incubation with heart mitochondria. The same result was obtained with liver mitochondria. Data are mean ± S.E.M. of RP-HPLC peak areas from three biological replicates except for panel G, where the +FCCP data are mean ± range (n = 2).


We next assessed whether the mitochondrial uptake of the propionic acid TPP derivatives was enhanced by the pH gradient as shown in Figure 1. To do this we incubated 10 and TPMP with energized mitochondria and measured the accumulation ratio (ACR), that is the amount of the compound accumulated within mitochondria, normalized to the amount in the medium outside the mitochondria (Finichiu et al., 2013). The ACRs for 10 and TPMP were both substantial and were decreased by uncoupling with FCCP (Figure 4A). When the K+/H+ exchanger nigericin (Nicholls and Ferguson, 2013) was added to abolish the pH gradient and thereby increase the membrane potential, the ACR for TPMP increased as expected, but that for 10 stayed about the same (Figure 4A). This behavior is consistent with the uptake of 10 being in response to both the membrane potential and the pH gradient, while that of TPMP is solely determined by the membrane potential (Finichiu et al., 2013). Hence, the addition of nigericin will increase the uptake of TPMP due to the elevation of the membrane potential, but for 10 the abolition of the pH gradient will counteract any increased uptake due to an elevated membrane potential. To confirm this, we next compared the ratio of the ACRs for 10 and TPMP in the presence and absence of nigericin, which showed that nigericin lowered the ratio of these ACRs (Figure 4B). We conclude that the uptake of 10 into mitochondria is driven by both the membrane potential and the pH gradient as anticipated in Figure 1.


[image: Figure 4]
FIGURE 4. Effect of the pH gradient on mitochondrial uptake of TPP propionic acids. (A) Liver mitochondria (1 mg protein in 1 ml) were incubated as described in Figure 2B, with 5 μM 10 and TPMP, with FCCP or nigericin as indicated. Then the mitochondria were pelleted and the amounts of 10 and TPMP in the supernatant and pellets determined by RP-HPLC and used to calculate the ACRs for 10 and TPMP. (B) The ratios of the ACRs for 10 and TPMP were determined in the absence and presence of nigericin. Data are mean ± S.E.M. based on RP-HPLC peak areas from 4 to 5 replicates. *p < 0.05, ***p < 0.001 by Student's unpaired t-test.




Utilizing TPP Carboxylic Ester Head Groups to Retain Compounds Within Mitochondria

The TPP compounds containing benzoic and phenylacetic acid derivatives were not taken up by energized mitochondria because their low pKa prevented passage across the mitochondrial inner membrane. However, their esters should be taken up with subsequent enzymatic hydrolysis within mitochondria then generating the membrane-impermeant acids (Figure 5). This would enable the prolonged delivery of drugs and probes to the mitochondrial matrix where enzymatic hydrolysis generates a TPP carboxylic acid “locked” within the mitochondrial matrix (Figure 5). To test this possibility we made ethyl esters (12–15) of the membrane impermeant TPP benzoic and phenylacetic acids while we also modulated the lipophilicity with methyl and hexyl alkyl groups (Figure 6A).


[image: Figure 5]
FIGURE 5. Model of ester uptake and hydrolysis within mitochondria. The lipophilic cations of the esters 12–19 readily cross the mitochondrial inner membrane and are accumulated in the matrix in response to the membrane potential. Within mitochondria, hydrolysis forms the cations of the corresponding carboxylic acids, which exist almost exclusively as their highly charged zwitterions at pH 8.0. The zwitterions should be unable to cross the mitochondrial inner membrane and so be trapped within the mitochondrial matrix. IMM, inner mitochondrial membrane; IMS, intermembrane space.
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FIGURE 6. Mitochondrial uptake and hydrolysis of esters. (A) Structures of ethyl esters 12–15 of TPP carboxylic acids. (B–E) Quantification of mitochondrial uptake of 12–15. Liver mitochondria were incubated as described in Figure 2B. (B), 12, IS =isoamylTPP; (C), 13, IS = TPMP; (D), 14, IS = isoamylTPP; (E), 15, IS =TPMP. (F) Structures of trifluoroethyl esters 16–19 of TPP carboxylic acids. (G–J) Liver mitochondria were incubated and analyzed with esters as described in Figure 2B. (G), 16, IS =isoamylTPP; (H), 17, IS = TPMP; (I), 18, IS = TPMP; (J), 19, IS =TPMP. (K–M) Heart mitochondria incubated as described in Figure 2B with 12, 16 or 18 ± FCCP. (K), 12, IS = isoamylTPP; (L), 16, IS = isoamylTPP; (M), 18, IS = isoamylTPP. Data are mean ± S.E.M. of RP-HPLC peak areas from three biological replicates.


The esters 12–15 were all taken up by energized liver mitochondria and partially hydrolysed within mitochondria (Figures 6B–E), with the benzoate esters 12 and 13 hydrolysing faster than the phenylacetate esters 14 and 15. To further accelerate ester hydrolysis we next made esters (16–19) incorporating the electron-withdrawing trifluoroethyl group (Figure 6F). Trifluoroethyl esters of phenylacetic acid are known to be hydrolysed 40 times more quickly than ethyl esters by the archetypical esterase, pig liver esterase (Barton et al., 1994). All these esters 16–19 were taken up into energized mitochondria and almost completely hydrolysed (Figures 6G–J). The methyl derivatives 12, 16, and 18 were also taken up by energized heart mitochondria where the lower esterase activity enabled both acid and ester to be detected (Figures 6K–M).

Thus, the ethyl and trifluoroethyl esters 12–19 are accumulated by energized mitochondria and are there hydrolysed within the matrix to the corresponding acid. To see if the acid was retained in the matrix, we incubated mitochondria with the esters for 5 min to generate the acid within the matrix, and then abolished the membrane potential with FCCP. As expected, the IS and the remaining ester were lost from the uncoupled mitochondria (Figures 7A–D). However, for 12 and 18 the acid accumulated within liver or heart mitochondria was also lost upon uncoupling to similar extents as the IS and ester (Figures 7A–D). Esters 13–17 and 19 showed similar behavior (data not shown). FCCP is a lipophilic anion, so to eliminate the possibility that this affected membrane permeability we also used a mixture of mitochondrial inhibitors to abolish the mitochondrial membrane potential. For 12 and 18 (Figures 7E,F) and 14, 16 (data not shown) there was similar loss of the acid upon abolition of the membrane potential as was found with FCCP. Finally, to assess how quickly the acid left mitochondria upon uncoupling we incubated mitochondria with 14 for 5 min, then added FCCP and then isolated mitochondria at various time points subsequently (Figure 7G). The rate of efflux of the acid was indistinguishable from that of the IS and the ester at the earliest time point accessible in this experiment (Figure 7G). We conclude that these acids rapidly efflux from mitochondria upon loss of the membrane potential.


[image: Figure 7]
FIGURE 7. Assessment of retention of acids within mitochondria. Liver (A,B,E,F) or heart (C,D) mitochondria were incubated with 12 or 18 as described in Figure 2B for 5 min and then either incubated for a further 5 min and then pelleted, or FCCP (B,D) was added and after 5 min further incubation the mitochondria were then pelleted. (A), 12, IS = isoamylTPP; (B), 18, IS = isoamyl TPP; (C), 12, IS = isoamyl TPP; (D), 18, IS = isoamyl TPP. (E,F) Liver mitochondria were incubated as described in Figure 2B for 5 min with esters (E), 12 IS = isoamylTPP, or [(F), 18 IS = TPMP] for 10 min ± a mixture of oligomycin/antimycin A/valinomycin or were incubated for 5 min and then a mixture of oligomycin/antimycin A/valinomycin was added after 5 min incubation followed by 5 min further incubation. (G), Liver mitochondria were incubated with 14 and isoamyl TPP as an IS for 5 min, then FCCP was added and the uptake into mitochondria analyzed at the indicated times. (H,I) Liver mitochondria were incubated as described in Figure 2B with the esters 17–19 for various times and the amounts within the mitochondria were analyzed. (H), 13, IS = TPMP; (I), 17, IS = TPMP; (J), 19, IS = TPMP. (K) Liver mitochondria were incubated with 18 and IS = isoamyl TPP for 5 min. Mitochondria were then pelleted by centrifugation and resuspended for 5 or 10 min and then pelleted again. Data are presented as mean ± S.E.M. of quantified peak areas from three biological replicates.


To see if the acids were retained within mitochondria by a membrane potential we next assessed their retention over time. When mitochondria were incubated with 13, 17 and 19, for up to 15 min IS accumulation was constant, but the amount of the acid present within mitochondria decreased over time (Figures 7H,I,J), with similar data for esters 12, 13, 16, and 18 (data not shown). To further confirm that acids are lost from energized mitochondria, we incubated mitochondria with 18 for 5 min, and then pelleted the mitochondria and resuspended in fresh incubation medium. The IS was retained by the resuspended mitochondria while the acid was lost (Figure 7K). We conclude that the acids are rapidly lost from energized mitochondria.

The acids 3–8 are not taken up by energized mitochondria, but when generated within mitochondria they are not retained, whether or not there is a membrane potential. One possibility is that the acid can cross the membrane as both the protonated cation and also as the neutral zwitterion. Thus, membrane potential driven uptake of the acids 3–8 in their cationic protonated form, followed by deprotonation and loss of the zwitterion might explain the lack of accumulation. However, this would involve a net influx of protons into the mitochondrial matrix and consequent mitochondrial uncoupling. As increased mitochondrial oxygen consumption is diagnostic of such uncoupling, we measured the effect on this of 3, 4, 6, and 7, compared to corresponding methyl or hexyl TPPs controls (Figures 8A,B). In all cases the effect of the acid on oxygen consumption was lower than the control compound, which showed the mild uncoupling expected for TPP-compounds (Reily et al., 2013). We conclude that our data cannot be explained by the acids entering as a cation and leaching out as the neutral zwitterion, unless the membrane potential-driven uptake of the cation is very slow and matched by the efflux of the zwitterion (Figure 8A).


[image: Figure 8]
FIGURE 8. Lack of mitochondrial uncoupling by TPP acids. (A,B) Liver mitochondria (0.25 mg mitochondrial protein/mL) respiring on succinate were incubated in KCl buffer (pH 7.2, 37°C) were in an Oroboros O2K high resolution respirometer A range of concentrations of 3, 4, 6, or 7, or of appropriate ISs, were incubated and the effect on respiration rate, relative to controls without additions were determined. Data are percentage of initial respiration rate before addition of test compounds and are mean ± S.E.M. of three biological replicates.




Computational Analysis of Membrane Transport by TPP Derivatives

Low-pKa TPP-carboxylic acids are not accumulated by energized mitochondria. It is probable that the protonated cation can cross membranes in response to the membrane potential, but that the low concentration of this species renders the flux negligible compared to efflux pathway(s). Once generated within the mitochondrial matrix, the acids are rapidly lost. As this efflux is unaffected by the membrane potential, the acid must cross the membrane as a neutral species. To explore how this might occur we next carried out computational studies to evaluate the Gibbs free energy of membrane crossing of simple salts of TPMP and some of the acids.

The thermodynamics of transfer of ions through, or their partitioning into, a phospholipid membrane can be approximated by considering the transfer of ions from aqueous solution to an apolar medium that mimics the hydrophobic membrane core; here, we chose hexane as the apolar medium. We have used this model previously in calculations to explain differences in the behavior of cations crossing membranes and accumulating in response to a membrane potential (Robb et al., 2015). It has since received some experimental validation, when (Rokitskaya et al., 2019) showed that calculations on partitioning into an alkane solvent correlate exceptionally well with experiments on transmembrane movement of lipophilic ions across black lipid membranes. The ion can transfer from water to hexane as a free ion, or together with a counter-ion such as Cl− as a charge-neutral ion pair. For the transfer of a single monovalent cation from water to hexane, we write

[image: image]

The biologically relevant counter-anions X− are typically small and strongly hydrophilic, so their partitioning into the apolar phase is negligible and is only shown here to facilitate comparison with the transfer of an ion pair, as is discussed below. The cation is sufficiently lipophilic to transfer to the apolar phase. The change in free energy associated with Equation (1) is therefore the single-ion free energy of transfer, ΔtG*(M+, aq → Hex). The transfer free energy of a solute S is defined as the difference in solvation energy of S between the two solvents:

[image: image]

If we start from the same initial state of free solvated ions, the transfer of a neutral ion pair (IP) contains two components: firstly, the formation of the IP in water and secondly, the transfer of the IP to the apolar phase.

[image: image]

Accordingly, the free-energy change associated with Equation (2) is the sum of the free energies of ion-pairing and of transfer of the ion pair.

[image: image]

Depending on how well solvated the ion is in the respective phase and the stability of the ion pair, it will be more thermodynamically favorable for an ion to cross either as a free ion (Equation 1) or as an ion pair (Equation 2).

Consider TPMP+ (Ph3PMe+) and its ion pair with chloride, [TPMP+ · Cl−]: Table 2 lists the calculated free energies of transfer for the free ion and the ion pair; for the ion pair, the free energy of pairing is given together with the sum of pairing + transfer of the pair, which is the relevant free energy for crossing as a pair. Unsurprisingly, the free TPMP+ cation is better solvated in water than in hexane, making the transfer from water to hexane thermodynamically unfavorable, albeit far less so than for small ions with localized, concentrated charge, such as Na+. Larger ions, such as TPMP+, have smaller surface charge densities and expose apolar surface patches to the solvent. Hence, they are relatively less well stabilized in water and so the difference between stabilization in the aqueous phase and stabilization by favorable apolar interactions in hexane is less, and the energy cost of transfer from water to hexane is lower (Reichardt and Welton, 2011).


Table 2. Calculated free energies of transfer of solute S from water to hexane, ΔtG*(S, aq → Hex), and free energies of ion-pairing in water, ΔipG*(aq).

[image: Table 2]

Despite any free ion being strongly solvated in water, the formation of ion pairs in water is only relatively weakly endergonic. All the ion pairs considered here are still more stable in water than in hexane, but their transfer free energies are smaller than for ions in many cases. Generally speaking, the more hydrophilic/polar the free ion is, the more it benefits from ion-pairing in terms of reducing the energetic disadvantage associated with transferring to hexane. For the example of TPMP+, it transfers relatively easily as a free cation; the transfer as an ion-pair [TPMP+ · Cl−] is disfavoured by another 14 kJ mol−1. In summary, “lipophilic” ions (low overall charge, small surface charge, large apolar surface patches) can transfer as free ions from water to hexane at modest thermodynamic cost. They do not benefit from ion-pairing. On the other hand, for hydrophilic ions (high overall charge, concentrated surface charge, little apolar surface area), it is thermodynamically prohibitive to transfer as free ions. However, when paired with a strongly hydrophilic counter ion the cost of transferring is significantly reduced (Robb et al., 2015).

We now consider derivatives of TPMP+ where one of the phenyl rings has been substituted in para position with a carboxyl or carboxymethyl group. There are therefore multiple possibilities of forming ion pairs with counter-anions or cations (Table 2). Comparing the transfer free energies of the single species, TPMP+, TPMP+-COOH, and TPMP+-COO−, it can be seen that introducing the neutral, protonated carboxyl group makes the transfer ~20 kJ mol−1 more unfavorable (compared to unsubstituted TPMP+) (Table 2). Transferring the zwitterionic carboxylate is significantly disfavored (by ~40 kJ mol−1) despite the overall neutral charge because the negative charge of the carboxylate is solvent-exposed and relatively localized. Depending on whether the carboxylic acid is deprotonated or neutral, the following ion pairs were considered: [TPMP+-COOH · Cl−], [TPMP+-COO− · Cl−]−, [TPMP+-COO− · Na+]+. None of these ion pairs transfers more easily than the corresponding single species (Table 2).

However, the zwitterions TPMP+-COO− and TPMP+-CH2COO− have the ability to form self-complementary (“head-to-tail”) dimers (Figure 9). In these structures, the negatively charged carboxylate groups are partially buried within the pocket formed by the α- and β-hydrogens of the methyl and phenyl substituents of the phosphonium, respectively, which carry a significant fraction of the positive charge (Figure 9). These stabilizing electrostatic interactions make the dimer formation in water similarly favorable to ion-pairing with a small single ion like Cl−, that is, endergonic by ~15–20 kJ mol−1. At the same time, in the dimers, the negative charges of the carboxylates are locally compensated for and partially shielded from the solvent so that there is less stabilization from interactions with water. Therefore, transfer to hexane is less unfavorable than for the single zwitterions. For the dimer [TPMP+-CH2COO−]2, we considered two minimum energy structures. Conformer 2 is more stable than Conformer 1 by 45 kJ mol−1 in water, but only by 17 kJ mol−1 in hexane. Dimerisation in water is therefore more favorable for Conformer 2, but the transfer energy is less endergonic for Confomer 1 (see Table 2). The two effects largely compensate each other, such that transferring as dimers is clearly preferred for both conformers. Overall, therefore, the dimers transfer significantly more easily than the corresponding single species. The calculated Gibbs energies for all the species taken into consideration (cations, ion pairs, and dimers) are reported in Table 2. We conclude that the most likely way in which the TPP acid derivatives can leave mitochondria is as a neutral dimer of two zwitterionic molecules (Figure 9).


[image: Figure 9]
FIGURE 9. Optimized structures of self-complementary dimers of the assessed zwitterions in water and hexane.




X-ray Crystallography Support for Dimers

Finally, we sought crystallographic evidence of the benefit of the interactions identified in our models of the dimer [TPMP+-COO−]2. To do this, we synthesized the pure zwitterionic species without any counterion. First, the iodide salt was prepared by the method used to make the chloride salt 3 of the carboxylic acid (Scheme 1), but without ion exchange. Single crystals of this compound, [TPMP+-COOH · I−], were grown. Treatment of the iodide salt with silver carbonate removed the iodide and allowed single crystals of the zwitterion, TPMP+-COO−, also to be grown. Single crystal X-ray diffraction revealed the structures of both [TPMP+-COOH · I−] and TPMP+-COO− (Figures 10A,B). [TPMP+-COOH · I−] has a C–OH length of 1.325(2) Å and a C=O length of 1.204(2) Å, which are close to the typical C–O (1.308 Å) and C=O (1.214 Å) bond lengths in carboxylic acids (Allen et al., 2006). As expected, there is no halogen present in the structure of TPMP+-COO− with the positive charge of the phosphonium ions balanced in the crystal by the negatively charged carboxylate ions. The C–O bond lengths of 1.233(3) and 1.246(3) Å match closely the typical bond length of 1.254 Å for a delocalised C=O carboxylate bond (Allen et al., 2006). Within the crystal lattice multiple individual molecules interact to satisfy the attractive electrostatic interactions in a range of packing motifs. Among these, evidence for the proposed “head-to-tail” dimers was observed (Figure 10C). Here, the carboxylate group of one molecule is in close proximity to the α-hydrogen of the methyl (2.440 Å) and the β-hydrogen of the phenyl (2.237 Å) of its neighbor's phosphonium group. These distances agree well with those predicted in our theoretical models of the dimer [TPMP+-CH2COO−]2 (Figure 9).


[image: Figure 10]
FIGURE 10. (A) The X-ray crystal structure of [TPMP+-COOH · I−] with atomic displacement ellipsoids drawn at 50% probability level for non-hydrogen atoms. (B) The X-ray crystal structure of TPMP+-COO− with atomic displacement ellipsoids drawn at 50% probability level for non-hydrogen atoms. (C) View of the Hirshfeld surface of TPMP+-COO− mapped with dnorm property (calculated using CrystalExplorer), contact distance < van der Waals contact are shown in red, equal to it in white and longer as blue. (Spackman and Jayatilaka, 2009).





CONCLUSION

We set out to develop a mitochondria-targeting strategy that would enhance uptake into mitochondria using a targeting head group that would increase mitochondrial uptake of simple TPP cations by responding not only to the membrane potential but also to the pH gradient across the mitochondrial inner membrane. Here we show that incorporation of a propionic acid into a TPP moiety provides derivatives that accumulate in response to both these factors, albeit with a lower ACR than simple TPP compounds. On the other hand, we found that TPP moieties derivatised with benzoic or phenylacetic acid groups on the phosphonium were not taken up by mitochondria due to the low pKa of these acids depleting the amount of cation available to cross the membrane. This suggested that this finding could be exploited to generate esters that would generate such membrane impermeant acids within the mitochondrial matrix thereby locking molecules within the mitochondrial matrix. As the ability to lock molecules within mitochondria might facilitate the development of more persistent mitochondrial probes and therapies, we explored this possibility. To our surprise, we found that despite their low pKa these acids were rapidly lost from mitochondria, irrespective of the presence of a membrane potential. A computational approach suggested that this occurred by the zwitterions forming dimers and that these neutral dimers were then able to pass through the mitochondrial inner membrane. Thus, esters 12–19 accumulate in the matrix driven by the membrane potential, but upon hydrolysis, the corresponding carboxylic acids 3, 4, 6, and 7 are not trapped (Figure 11). Instead, they diffuse out of the matrix as dimers of their zwitterions, driven by the concentration gradient. Our work suggests that making TPP carboxylic compounds in which the ability to form dimers was prevented (e.g., by incorporating bulky groups) would improve delivery and open up a new mitochondrial lock in strategy.


[image: Figure 11]
FIGURE 11. Model explaining the behavior of the esters 12–19 within mitochondria. Lipophilic cations of esters 12–19 cross the mitochondrial inner membrane and accumulate several hundred-fold due to membrane potential. Hydrolysis forms the cations of carboxylic acids 3, 4, 6, and 7 which exist almost exclusively as their highly charged zwitterions at pH 8.0. Two molecules of the zwitterions dimerise forming an ion couple that diffuses out driven by the concentration gradient created by accumulation of the esters 12–19 and then dissociate. IMM, inner mitochondrial membrane; IMS, intermembrane space.


In summary, by investigating methods to enhance TPP delivery to mitochondria we have revealed the factors that govern uptake of TPP-carboxylic acids and exposed new potential strategies, which we will explore in future work.
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Ligand AbSmax e EMmax @ J I Soa Rot Fo

(nm) (M~ em™) (nm) (M~1 cm?) (nm) (%) (%)
oG 496 83 x 104 526 088 1.5 x 101 86.4 502 265 221
JF503 503 83 x 10¢ 529 087 1.8 x 107 90.1 511 19.9 17.2
JF525 625 9.4 x 10 549 091 1.5 x 10 825 528 12.1 19
JF549 549 1.0 x 10° 571 088 13 x 10 63.7 547 69 88
T™MR 554 7.8 x 10¢ 572 041 1.0 x 10 65.7 545 7.4 98
Halo618 595 ND® 621° NDP ND® 227 585 23 8.2

@Abspax, peak of the absorption spectrum; s, molar extinction coefficient; Emmas, peak of the emission spectrum; @, quantum yield; J, overlap integral; s, bleed-through corrected
signal intensity from the acceptor; Sp:a, the split point between donor and acceptor windows; Ry, ratio of NanoLuc signal in the acceptor window to the entire NanoL.uc signal; Fo,
fraction of donor signal in the acceptor window relative to the entire acoeptor signal. Refer Supplementary Material for calculation of J, Rer, and Fo.

PNot determinable due to lack of information on material synthesis.

¢Data from Promega.
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Wang
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Column
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NP
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C18

Cc4

NP
dipheny!

Cc18

cs8

o4

Cc4

Cc18

Cc4

18

Purification

Solvents

CH3CN (0.1% TFAYH,0
(0.1% TFA)

NP

CH3CN (0.1% TFAYH,0
(0.1% TFA)

CH3CN (0.1% NHzOH/H20
(0.1% NH4OH)

CH3CN (0.1% TFAYHz0
(0.1% TFA)

NP

GH3ON (0.09% TFAYH20
(0.09% TFA)

CH3CN (0.1% TFAYH,0
(0.1% TFA)

CH3CN (0.1% TFAYH,0
(0.1% TFA)

CH3CN/H0 (0.1% TFAYH,O
0.1% TFA)

CHyCN (0.1% TFAYH,0
(0.1% TFA)

CHgCN (0.1% CHyOp)/Hp0
(0.1% CHy03)

CH3CN (0.05% TFAYH,0
(0.05% TFA)

CHgCN (0.1% TFAYH,O
(0.1% TFA)

CHgON/Ho0 (10mM
NH40ACYH,0 (10mM
NH40Ac)

‘CH3CN (0.1% TFAYH20O
0.1% TFA)

Temp. (°C)
RT

RT
RT

RT

60

RT
RT

40

60

RT

RT

RT

RT

RT

Purified
yield,
purity (%)

NP, NP

NP, >90
28, NP

10, NP

17, NP

NP, NP
NP, NP

NP, >95

NP, NP

NP, >95

NP, NP

NP, NP

78,902

NP, 90

NP, NP

86,92

NP not reported.
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Protocol

BOP/HOBYNMM
BOP/HOBYNMM
Fmoc-Aa-F
Fmoc-Aa-F
Fmoc-Aa-F

Yield was calculated as a percentage ratio between purified and crude weight.

Tacylation (°C)

40
40
22
40
40

Tdeprotection (°C)

40
55
40
40
55

d (%)

21
22
23
25
28





