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Abstract

Protein-protein interaction (PPI) inhibitors are a rapidly expanding class of therapeutics. Recent 

advances in our understanding of PPIs and success of early examples of PPI inhibitors 

demonstrate the feasibility of targeting PPIs. This review summarizes the techniques used for the 

discovery and optimization of a diverse set PPI inhibitors, focusing on the development of PPI 

inhibitors as new antibacterial and antiviral agents. We close with a summary of the advances 

responsible for making PPI inhibitors realistic targets for theraputic intervention and brief outlook 

of the field.
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The increasing prevalence of treatment resistant pathogens is one of the biggest challenges 

facing the biomedical community today. Anti-infective agents have revolutionized medicine, 

allowing for curative therapies that vastly reduced the morbidity and mortality of diseases 

caused by pathogenic bacteria, viruses and parasites. Unfortunately, the widespread overuse 

and misuse of these agents has led to increasing levels of resistance that threatens our ability 

to effectively treat not only infections, but also the use of therapies that requires prophylactic 

antibiotic treatment, such as surgeries. While better stewardship is critical for extending the 

usable life of the existing repertoire of antibacterial and antivirals agents (Goff et al., 2017), 

classes of agents with novel mechanisms of action are urgently needed (“The 10 x ‘20 

Initiative”, 2010).

Traditionally, antibiotic development has focused primarily on inhibitors of essential 

bacterial enzymes for understandable reasons (Walsh, 2016). The mechanism of action was 

easily understood, biochemical assays existed to test for activity and substrate analog 

inhibitors were relatively easy to produce. Unfortunately, the supply of easily inhibited 

targets appears to be limited as the output of new anti-infective agents has dwindled 

(Ventola, 2015). Deepening our understanding of the underlying biology of pathogens will 

undoubtedly uncover new potential enzymatic targets, but the rate of discovery has not kept 

pace with the development of resistance (Ventola, 2015).
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In the face of a dry anti-infective pipeline, researchers and pharmaceutic companies have 

begun to turn their attention to a different class of targets, protein-protein interactions (PPI) 

(Michelle R. Arkin & Wells, 2004; Wells & McClendon, 2007). Many essential cellular 

functions rely on the precise and timely recruitment of proteins, often accomplished through 

a PPI. Disruption of protein interfaces, either through genetic proof-of-principle studies or 

small molecule inhibitors can kill pathogens or render them non-virulent, making PPI 

inhibitors an exciting new research area in the anti-infective world. There are also plenty of 

PPIs with which to work. The number of cataloged PPIs varies by database, but at a 

minimum there are tens of thousands human PPIs and the E. coli interactions number in the 

thousands (Lehne & Schlitt, 2009). These counts do not include a sizeable number of host-

pathogen interactions, with over 50,000 human-pathogen interactions cataloged in HPIDB 

(Kumar & Nanduri, 2010). While not all of these interactions are feasible targets for 

inhibition, a sizeable number are. We will explore examples of inhibitors that target several 

classes of PPI: pathogen-pathogen, host-pathogen and host-host interactions and how they 

might alter the treatment of infectious diseases.

Historically, PPIs were considered undruggable targets. This reputation likely stemmed from 

the lack of high-throughput ready screening assays as well as the thought that most PPIs are 

held together by large, chemically non-complex surfaces with a lack of easily druggable 

pockets (Spencer, 1998). While such difficult PPI targets undoubtedly exist, it is now 

appreciated that many PPIs use much smaller interfaces for their interaction, frequently 

consisting of an unstructured peptide bound to a well-defined groove (M. R. Arkin, Tang, & 

Wells, 2014). Furthermore, mutagenesis studies of several PPIs has revealed that surfaces 

contributing to the affinity of a given PPI are not evenly distributed across the entire 

interface. Rather, there tends to be a “hot-spot” or a small number of critical residues that 

anchor two proteins together (Cukuroglu, Engin, Gursoy, & Keskin, 2014). This means that 

a putative inhibitor would not need to displace the entirety of a given PPI, but rather only 

occupy the hot-spot, a more tractable problem. Recent review articles have highlighted small 

molecules disrupting PPIs for the treatment of oncologic targets that have reached early 

clinical trials, demonstrating the feasibility of the approach. Because many of these 

inhibitors have already been reviewed in depth (M. R. Arkin et al., 2014; Sheng, Dong, 

Miao, Zhang, & Wang, 2015), this review will focus on PPI inhibitors for the treatment of 

infectious diseases.

Antibacterial agents

ZipA-FtsZ

During bacterial cytokinesis, the cell contents must be properly partitioned between the two 

daughter cells and the cell wall sealed to prevent loss of cytoplasmic material or cell lysis. 

To accomplish this task, a ring, called the Z-ring, is formed at the site of division from the 

head-to-tail polymerization of the GTPase FtsZ (Adams & Errington, 2009). While the 

contribution that FtsZ and the Z-ring plays in generating the force required to pinch the cell 

membrane is debated, it is clear that FtsZ play an essential role in cytokinesis (Xiao & 

Goley, 2016).
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To maintain contact with the cell wall throughout cytokinesis, FtsZ uses the 17 C-terminal 

most residues to bind to the membrane associated protein ZipA (Mosyak et al., 2000). Loss 

of this interaction is lethal in the gammaproteobacteria (although it is absent in other 

bacteria (Hale & de Boer, 1997)) likely due to the ability of ZipA to stabilize FtsZ polymers 

and localize them to the membrane (Kuchibhatla, Bhattacharya, & Panda, 2011). 

Additionally, alanine scanning mutations of the FtsZ interaction site demonstrated that the 

majority of the affinity between the two protein is derived from only 3 hydrophobic residues, 

I374, F377 and L378 (Mosyak et al., 2000). Together these data suggest that a small 

molecule could block the FtsZ-ZipA interaction and that an inhibitor of this PPI would have 

antibacterial properties.

Researchers at Wyeth Research developed a high-throughput fluorescence polarization (FP) 

assay to screen for inhibitors of the FtsZ-ZipA interaction. During assay development, they 

realized that the relatively poor affinity of the PPI (7 μM KD as determined by surface 

plasmon resonance) meant that a prohibitively large amount of ZipA would be required to 

screen an acceptable number of compounds. To circumvent this limitation, a phage display 

screen was conducted to identify a probe with a higher affinity to the ZipA. The resulting 

peptide, FtsZ-PD1, was found to have a KD of 150 nM, a 45-fold improvement and a FP 

high-throughput screen (HTS) of 250,000 compounds was conducted using a labeled version 

of the FtsZ-PD1 as a probe. This screening identified a pyridylpyrimidine inhibitor with a 

modest 12 μM Ki in the FP assay (Fig. 1) (Kenny et al., 2003) and several additional 

inhibitor scaffolds with weak activities were identified in the same screen. Crystallographic 

studies confirmed that the inhibitor occupied the FtsZ binding pocket on ZipA.

Besides reducing the protein production burden, one can imagine two possible results of 

using a tighter binding probe for screening. First, the higher affinity peptide may serve to 

exclude low potency, but still active, inhibitor scaffolds that could be improved through 

medical chemistry efforts. The remaining hits are more likely to be active and potent against 

the native PPI, although reduced in number. The trade-offs associated with this approach 

likely depend on the size and quality of the chemical library to be screened. With a large 

enough library, the reduced hit rate is unlikely to be problematic and may even reduce the 

burden of secondary screening and hit validation. Presumably, the opposite approach could 

also be used; where a targeted interaction may be weakened to gain a foothold for later 

optimization. Secondly, the use of a higher affinity probe will introduce interaction sites not 

used in the wild-type interface. Ideally, a screening hit will target only the residues 

comprising the original interface and not the artificially introduced interactions.

Unfortunately, the pyridylpyrimidine scaffold was found to have non-specific toxicity 

against both bacterial and yeast cells lines which precluded further development (Rush, 

Grant, Mosyak, & Nicholls, 2005). A variety of techniques were tried in attempts to develop 

more promising inhibitor scaffolds. First, a computational scaffold hopping method was 

used to identify a triazolopyridazine ring structures that mimicked the pyridylpyrimidine 

binding pose. While a crystal structure of a triazolopyridazine inhibitor bound to ZipA was 

obtained, these inhibitors were quite weak (IC50 ~80 μM) and do not appear to have been 

pursued (Rush et al., 2005). Secondly, an additional set of weak scaffolds (IC50 >1 mM) 

were discovered in the initial FP screen. Remarkably in the face of this low affinity, crystal 
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structures of these inhibitors bound to the FtsZ pocket of ZipA were obtained (Jennings et 

al., 2004). This led to additional medicinal chemistry optimization, as well as an attempt to 

merge two weak inhibitors to fill the entirety of the binding pocket (Sutherland et al., 2003). 

While a 10-fold reduction in IC50 was obtained, none of these compounds displayed 

antibacterial activity against E. coli. These compounds did inhibit the growth of E. coli 
strains with compromised cell membranes, leading the authors to blame poor cell penetrance 

for the lack of bactericidal effect. However, a subset of these compounds was found to be 

active against several gram-positive organisms, which lack a ZipA homolog. This suggests 

that observed the antibacterial activity may have been a result of off-target effects 

(Sutherland et al., 2003). Finally, an NMR fragment screen was conducted to identify a more 

cell-penetrant inhibitor scaffold. While several new inhibitor scaffolds were identified, none 

possessed adequate activity in the FP assay to pursued farther and the project appears to 

have been terminated (Tsao et al., 2006).

Despite the difficulties encountered in cell penetrance and non-specific toxicity, this early 

effort was a successful demonstration of the ability to identify PPI disrupting inhibitor 

scaffolds. We are not aware of additional work against this target, although the combination 

of advances in screening libraries, techniques and the ease of obtaining inhibitor bound 

structures suggests that potent inhibitors could yet be discovered.

Pilicides

Urinary tract infections (UTI) are one of the most prevalent infections and are responsible 

for nearly 10 million clinic visits per year (Schappert, 2011). Treatment of UTIs are 

estimated to exceed $3,500,000,000 annually (Flores-Mireles, Walker, Caparon, & Hultgren, 

2015). UTIs can be caused by a wide range of pathogens, but most UTIs (65–75%) are 

caused by uropathogenic E. coli (UPEC) (Flores-Mireles et al., 2015). Most uncomplicated 

UTIs will resolve spontaneously within a week, however symptoms associated with UTIs 

are unpleasant (dysuria, frequency, urgency, suprapubic pain and hematuria (Bent, 

Nallamothu, Simel, Fihn, & Saint, 2002)). Patients are typically treated with nitrofurantoin, 

trimethoprim-sulfamethoxazole or fosfomycin (Gupta et al., 2011). While resistance to these 

commonly used antibiotics is relatively rare, resistance rates are increasing (Zowawi et al., 

2015). Furthermore, treatment with broad spectrum antibiotics can lead to profound 

disruptions in the native microbiotia with poorly understood consequences (Dethlefsen, 

Huse, Sogin, & Relman, 2008). Both of these problems could be circumvented with novel 

therapies targeting the virulence factors of UPEC specifically, sparing the non-pathogenic 

members of the microbiotia.

To maintain an infection in the urinary tract despite the repeated outward flow of urine, 

UPEC anchor to the urothelium with the help of a variety of excreted pilus fibers (Wu, Sun, 

& Medina, 1996). One pilus, the type 1 pili, is capped with a FimH subunit that binds to 

mannose presented on urothelium glycolipids (Krogfelt, Bergmans, & Klemm, 1990). Type 

1 pili also contribute towards biofilm formation and the accompanying resistance to therapy 

(Martinez, Mulvey, Schilling, Pinkner, & Hultgren, 2000; Wright, Seed, & Hultgren, 2007). 

To ascend into the kidney and cause pyelonephritis, UPEC must express P pili, terminating 

with PapG, which binds to kidney specific glycolipids (Lane & Mobley, 2007).
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Because bacteria remain physically anchored in the urinary tract during an infection, 

inhibitors of FimH binding are predicted to prophylactically block UPEC binding or allow 

for the washout of an existing infection. Indeed, recently reported small molecule inhibitors 

of FimH binding, called mannocides, have activity as both prophylaxis or for treatment of 

established infections of murine models of UTI, demonstrating the utility of targeting UPEC 

pili (Cusumano et al., 2011; Han et al., 2010). While an exciting development for the 

treatment of UTIs, mannocide therapies disrupt only a specific pilus-ligand interaction, 

limiting the number of susceptible organisms.

Pilus formation and export to the bacteria cellular membrane occurs through the chaperone-

usher pathway, which is widely conserved among gram-negative pathogens (Busch & 

Waksman, 2012). Given the need for novel antibiotics targeting gram-negative pathogens, 

general inhibitors of the chaperone-usher pathway could find use as therapies for a range of 

pathogens such as Salmonella, Yersinia, and Pseudomonas species (Nuccio & Bäumler, 

2007). The chaperone-usher pilus synthesis pathway begins with the transport of pilus 

subunits to the periplasmic space where they are bound by a chaperone protein, PapD, that is 

required for proper folding and pilin assembly. The pilin subunits contain a nearly complete 

β-barrel, lacking only a single strand so that donation of the missing strand by the chaperone 

protein allows for proper folding of the subunits. Additionally, the chaperone uses a 

hydrophobic groove to trap and display an unstructured N-terminal extension of the pilin 

subunit. To add a new subunit to the growing strand, the displayed N-terminus extension 

replaces the chaperone strand to complete the β-barrel and allow for the release of the 

chaperone (Waksman & Hultgren, 2009). Loss of binding to the chaperone blocks pilus 

assembly and leads to the accumulation of aggregated pilin subunits (Slonim, Pinkner, 

Branden, & Hultgren, 1992), suggesting that small molecule inhibitors of the usher-

chaperone pathway could have the same effect.

To test this hypothesis, a series of small molecules based on the core of the chaperone 

ligand, PapG, were synthesized. These so-called pilicides were observed to bind to PapD by 

SPR and NMR (Hedenstrom et al., 2005; Svensson et al., 2001). Initial biological results 

were promising, as the lead pilicide compound (Fig. 2A) was found to block bacterial 

binding to bladder epithelial cells, reduce the number of cells with developed pili and disrupt 

biofilm formation, albeit at relatively high inhibitor concentrations. To confirm the pilicide 

mechanism of action, the authors solved the structure of a pilicide bound PapD. The pilicide 

was found to obstruct the binding site for FimH, leading to the observed failure of pilus 

assembly (Pinkner et al., 2006). Further medicinal chemistry optimization of the inhibitors 

yielded a derivative carrying an additional benzyl functional group, with over a 16-fold 

improvement in potency in a biofilm formation assay (Chorell et al., 2010). In spite of these 

gains, even the most active pilicides to date are relatively low potency, (7 μM IC50, Fig. 2B) 

and have not been tested in animal models of urinary tract infections. Furthermore, recent 

studies have indicated that the advanced pilicides may have additional, non-pilicidal, effects 

on the transcriptional regulation of UPEC virulence and motility, although these experiments 

were conducted at high inhibitor concentrations, where off-targets effects are more likely 

(Greene et al., 2014).

Voter and Keck Page 5

Adv Protein Chem Struct Biol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite the remaining challenges, these studies demonstrate exciting progress towards 

novels UTI therapies that target UPEC adhesion, both by mannosides and the pilicides. 

Since both classes of inhibitors target bacterial virulence rather than survival, it is possible 

that resistance would be slower to develop and non-virulent microbiota would be spared, 

both welcome attributes in a therapeutic agent.

DnaN-DnaE1

The development of effective therapies against Mycobacterium tuberculosis was a major 

global achievement and has made it possible to imagine that this scourge may eventually be 

eradicated. While the number of tuberculosis related deaths has fallen by more than 20% 

since 2000, it remains one of the top 10 global causes of death (Global tuberculosis report 

2016, 2016). Unfortunately, there has been a remarkable increase in the extent of drug 

resistance in M. tuberculosis with the emergence of extensively (Jassal & Bishai, 2008) and 

total drug resistant strains (Udwadia, Amale, Ajbani, & Rodrigues, 2012). In 2015, over 

30% of tuberculosis cases were found to be resistant to the first-line therapy rifampicin 

(Global tuberculosis report 2016, 2016). To continue to make strides against this pathogen, 

antibacterial agents acting against novel targets are needed.

To identify potential inhibitors of M. tuberculosis, Kling and coworkers identified a 

promising lead compound, griselimycin (GM), that was first identified at Rhône-Poulence in 

the 1960s (Kling et al., 2015). GM is a cyclic peptide natural product produced from 

Streptomyces species (Fig. 3), but the compound suffered from poor pharmacokinetics and 

the introduction of other active anti-tuberculosis agents. Hoping to overcome these 

limitations, the authors undertook a preliminary SAR study thatdemonstrate that minor 

derivatization of the Pro8 residue lead to both an increased stability. High doses of a 

cyclohexyl-derivatized GM (CGM) were found to be as active as clinical therapy isoniazid 

against M. tuberculosis in vitro and in an in vivo mouse lung TB model.

Because the mechanism of GM was not established during the initial discovery process, 

resistance studies were conducted to identify the cellular target of GM. A variety of genetic 

approaches lead to the determination that DnaN, the DNA polymerase sliding clamp, was 

the target and GM binding to DnaN was confirmed by surface plasmon resonance with 

femtomolar dissociation constants. Both GM and CGM bind to mycoplasma DnaN with 

over a ~1000X higher affinity than to the E. coli homolog or the resistance associated 

protein GriR. The binding site of a methylated GM was determined by X-ray 

crystallographic studies of DnaN, which revealed the compounds block binding to DnaE1, 

the catalytic subunit of Pol III. The authors propose that disruption of this interaction leads 

to lethal failures in DNA replication and likely DNA breaks.

Intriguingly, previous screening campaigns have targeted the DnaN-DnaE interface with 

only modest results. An FP based chemical HTS identified a 10 μM inhibitor of the 

interaction, and while a crystal structure of the inhibitor bound to DnaN was obtained, no 

measurements of antibacterial efficacy were reported. This inhibitor contains a rhodanine, a 

common pan-assay interference compounds (PAINS) motif (Baell & Holloway, 2010), 

suggesting off-target effects would be problematic (Georgescu et al., 2008). A later fragment 

screening effort identified 2 possible inhibitor scaffolds (Yin et al., 2014) and while further 
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structure activity relationship (SAR) efforts modestly improved the potency, only a 20 μM 

IC50 for the in vitro interaction was described (Yin et al., 2015). It seems likely that both 

efforts were hampered by a limited library size available for the initial screening (~30,000 

and 352 compounds respectively), whereas the natural product approach taken to discover 

GM was agnostic to the mechanism of action and only incidentally targeted a PPI.

Antiviral PPI Inhibitors

Human Papillomavirus Ori-E1-E2 interaction

Human papillomaviruses (HPV) are double-stranded DNA viruses that infect the human 

epithelium and cause wart formation from the rapid growth of the epithelial tissue. One 

distinguishing factor of HPVs is that they are among the few known human cancer viruses, 

where infection of the anogenital region by high-risk strains (HPV-16 and HPV-18) can lead 

to the development of cervical cancer (Bosch & De Sanjosé, 2003). The increased risk of 

cancer results from the incorporation of the virus into the host genome, forming a provirus. 

To continue propagating, the host cell is then compelled to divide, simultaneously copying 

the provirus. This continued dysregulated replication can eventually lead to the cervical 

cancer (Muñoz, Castellsagué, de González, & Gissmann, 2006).

The low-risk viruses (HPV-6 and HPV-11) are rarely carcinogenic, but can lead to the 

development of anogenital warts. Wart removal is a painful process and, because the 

underlying HPV infection is not cleared, warts recur frequently. An antiviral therapy for the 

low-risk HPV strains could allow for the ultimate clearing of the infection and a permanent 

wart treatment.

Rather than reproduce as a provirus, low-risk HPV strains maintain their genomes as 

plasmids in infected cells. HPV relies on a host polymerase to replicate this plasmid, as the 

HPV genome does not encode a polymerase. Initiation of viral replication depends on the 

formation of ternary DNA-protein complex to recruit the polymerase to the origin of 

replication (Berg & Stenlund, 1997). First, the viral protein E1 binds to the origin through a 

DNA binding domain (DBD), which also serves as a dimerization site. A C-terminal 

helicase domain of E1 mediates an interaction to the transactivation domain of E2 (Chen & 

Stenlund, 1998). Once located at the origin, an E2 DBD domain tethers the E1-E2-DNA 

complex and the recruitment of additional E1 dimers leads to the formation of a hexameric 

structure that encircles and melts the origin DNA (Sedman & Stenlund, 1998). During this 

process, E2 is displaced allowing for the recruitment of a host DNA polymerase which 

replicates the plasmid (Conger, Liu, Kuo, Chow, & Wang, 1999). Disruption of any of these 

interactions is sufficient to block HPV replication.

To identify inhibitors of E1-E2-Ori complex formation, White and coworkers developed a 

bead-based scintillation proximity assay (SPA). A DNA substrate containing the HPV origin 

was radiolabeled and then incubated with E1 and E2. An SPA bead was tether to the 

complex by an anti-E1 antibody and this allowed for the recruitment of E1 to the DNA to be 

detected, which requires E1-E2 binding. Functionally, this allowed for the identification of 

inhibitors of the E1-E2, E1-DNA or E2-DNA interactions simultaneously, since disruption 

of any is sufficient to block E1 recruitment. This assay was used to screen a 140,000 
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compound library and identified a single lead compound with an indanedione scaffold (11 

μM IC50) (Fig. 4A) (White et al., 2003). Additional chlorination of the phenyl ring through 

SAR studies led to the discovery of compounds with approximately 20-fold greater potency 

(Yoakim et al., 2003). Activity against the interaction was confirmed by ELISA and binding 

to E2 was confirmed by isothermal titration calorimetry (Wang et al., 2004). Unfortunately, 

when these compounds were tested in cellular assays, EC50 values were markedly higher 

than the activity in biochemical assays had suggested. Together with the fact that the 

inanedione class of compounds possessed relatively poor pharmacokinetic properties, this 

series was ultimately abandoned (White, Faucher, & Goudreau, 2010).

However, this well characterized set of in vitro active compounds allowed the researchers to 

improve their HTS assay. A tritiated version of an indanedione compound was prepared and 

a larger compound library was screened for compounds with the ability displace the tritiated 

probe. A novel inhibitor scaffold was found to both displace the tritiated probe and block the 

E1-E2 interaction. The scaffold showed a marked similarity to repaglinide, a diabetes drug 

with blood glucose lowering properties (Fig. 4B-C). Accordingly, early members of 

repaglinide series shared this undesirable (for an antiviral agent) property. While no crystal 

structure for this class was obtained, preliminary optimization SAR suggested that antiviral 

activity could be maintained while minimizing the glucose lowering properties. Despite 

these promising initial results, the introduction of an effective HPV vaccine was expected to 

vastly reduce the future demand for HPV therapies and the project was terminated. In this 

particular case, the failure to generate a clinical agent was not the due to the difficultly of 

targeting a PPI, but rather external market forces (White et al., 2010).

Human Immunodeficiency Virus

Prior to the development of antiretrovirus therapy, infection with human immunodeficiency 

virus (HIV), the causative agent of the acquired immunodeficiency syndrome (AIDS), was a 

death sentence. Starting in the 1990s and continuing through today, the introduction of a 

broad range of HIV treatments have greatly improved patient outcomes. Unfortunately, 

viruses resistant to every class of HIV therapy have been observed and these can lead to 

treatment failure (Magambo et al., 2014; Wensing et al., 2015). Using combinations of 

different classes of antiretrovirals greatly diminishes the risk of developing resistance, but 

resistance can occur because of monotherapy or if sub-therapeutic levels of antiretrovirals 

are maintained as a result of improper dosing. Furthermore, resistance to one member of an 

antiretroviral class frequently leads to cross-resistance to all members of that class, which 

can both reduce the number of available agents and undermine the effectiveness of pre-

exposure prophylaxis (PrEP). In the face of these challenges, the development of novel 

classes of HIV treatment for both PrEP and therapy is needed (A Waheed & Tachedjian, 

2016).

Given the limited repertoire of viral proteins, viruses rely on hijacking host proteins to carry 

out functions in the viral life cycle. Viruses typically rely on protein interactions with the 

host cellular machinery to enter or otherwise alter the normal cellular function. As such, 

small molecule blockades of these interactions can be used to disrupt the viral lifecycle. Two 
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key HIV PPIs that have been targeted for disruption as antiviral therapies play vital roles in 

viral-host fusion and integration into the host genome.

HIV Entry Inhibitors

To access the cellular machinery required for replication, viruses must first bypass the 

cellular membrane. Most viruses accomplish this by binding to a cellular receptor on the 

outer cellular membrane, which is used as an initiation point for membrane fusion. The 

structure and identity of the receptor targeted varies between viruses and determines which 

cell types are targeted (i.e. the tropism). To target CD4+ T-cells, the gp120 subunit of the 

envelope protein first engages the CD4 receptor. CD4 binding causes a conformational shift 

that allows for binding to an additional T-cell receptor, either CXCR4 or CCR5. Once bound 

to both receptors, the second subunit of ENV, gp41, penetrates into the cellular membrane 

and begins the fusion process (Wilen, Tilton, & Doms, 2012).

There is biological support for targeting HIV fusion as a therapeutic route. In the mid-1990s, 

it was noted that a subset of the population lack cell surface expression of CCR5 and those 

lacking this receptor appear to be resistant to infection with the HIV-1 strain (Samson, 

Libert, Doranz, & Rucker, 1996). This is important for two principle reasons. First, this 

implies that blockade of the CCR5 receptor is sufficient to impede HIV infection. Secondly, 

inhibition of the normal function of CCR5 is likely to be tolerated with minimal adverse 

effects since the CCR5−/− genotype is maintained in the population.

In the early 2000s, there was much interest in developing inhibitors of CD4, CXCR4 or 

CCR5 receptors to block HIV entry into cells and peptide or small molecule inhibitors of 

gp120 binding were developed against each of these targets (Lin et al., 2003). Despite the 

early success of these entry inhibitors, only two have reached the clinic, primarily due to the 

poor bioavailability of the CD4 antagonists (Yang et al., 2005) and limited effectiveness of 

the CXCR4 antagonists (Doranz et al., 2001). The first clinical agent, enfuvirtide, is a 

peptide that binds to gp120 and blocks entry pore formation. As a peptide inhibitor, it must 

be dosed intravenously, is difficult to self-administer and is not recommended as first-line 

therapy (“Guidelines for the use…”, 2016). But because enfuvirtide targets the viral protein 

gp120 rather than the cellular receptor, it is active against both CCR5 and CXCR4 trophic 

viruses (Matthews et al., 2004).

The second entry inhibitor approved to date is maraviroc. The lead that was eventually 

developed into maraviroc was originally identified from a Pfizer HTS. The compound 

(UK-107,543) was found to block binding of a radiolabeled substrate to CCR5. A heroic 

medicinal chemistry optimization campaign yielded maraviroc (Fig. 5), with low nanomolar 

IC50 values against 3 CCR5 peptide substrates. Additionally, maraviroc was found to have 

nanomolar antiviral activity against a variety of both lab-adapted and clinical CCR5 tropic 

HIV-1 strains. As expected, no activity was observed against CXCR4 tropic strains. Phase I 

clinical trials demonstrated that therapeutic doses could be reached safely and after a series 

of phase III trials demonstrated efficacy, maraviroc was approved for clinical use. Currently, 

maraviroc is rarely used in treatment-naive patients but is reserved for patients with 

treatment resistant, CCR5 specific HIV strains (“Guidelines for the use…”, 2016). Despite 
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these limitations, the development of maraviroc represented a major accomplishment in the 

field of PPI inhibitors.

HIV Integrase inhibitors

Integration of the viral genome into the host chromosome represents another step of the HIV 

lifecycle that has been targeted for therapy. The validity of this target has been established 

by the clinical success of the integrase active site inhibitor raltegravir (Eron et al., 2013). 

Relatively high levels of resistance to integrase inhibitors and cross-resistance within the 

class has limited the utility of these therapies (Malet et al., 2014). Fortunately, integrase 

relies on an essential PPI where lens epithelium-derived growth factor (LEDGF/p75), tethers 

integrase to the DNA while stimulating the integrase activity (Poeschla, 2008). This 

interface is essential to carry out its function and represents a potential therapeutic target.

Several groups have conducted screens to identify small molecule inhibitors of the 

LEDGF/p75 interface, including both chemical and in silico screens. The first inhibitor, 

named D77, was found to be active in a yeast two-hybrid assay, although it proved cytotoxic 

to non-infected cells. This cytotoxicity likely results from the presence of a rhodanine 

functional group in D77 (Fig. 6A) (Du et al., 2008). Small molecules containing these 

functional groups are common hits in HTSs as a result of their ability to covalently modify 

proteins in a non-specific fashion (Baell & Holloway, 2010). Further in silico screening of 

clinically approved drugs identified 8 inhibitors with IC50 values in the low to mid 

micromolar range, although further improvements have not been reported (Hu et al., 2012). 

A more promising inhibitor scaffold was identified from an effort that used in silico 
pharmacophore screening to identify commercially available compounds. SAR studies 

allowed for the development of more potent inhibitors possessing a 2-(tert-butoxy) 

functionality, resulting in CX014442 (Fig. 6B), with 69 nM EC50 and low cytotoxicity.

Another series of inhibitors of this interface was developed at Boehringer Ingelheim. Rather 

than specifically targeting the LEDGF/p75 interface, this group screened for inhibitors of the 

3’-processing activity of HIV integrase. After successfully screening their compound 

collection, they noticed that the lead compound bound integrase away from the active site, 

leading them to name this class of inhibitors the noncatalytic site integrase inhibitors 

(NCINI). Optimization of this series of compounds yielded a potent inhibitor, BI 224436 

(Fig. 6C).

Despite the structural similarity between the NCINI and LEDGIN inhibitors, it was not 

immediately clear that shared a common mechanism of action since they were discovered by 

different methodologies. Work by Kvaratskhelia and coworkers concluded that both 

inhibitors blocked LEDGF binding, albeit more potently by BI 224436, and there was 

substantial overlap of the inhibitor binding sites (Engelman, Kessl, & Kvaratskhelia, 2013).

During in vitro analysis, BI 224436 demonstrated antiviral activity against a range of viruses 

resistant to other therapeutics and had a promising animal pharmacokinetic profile, which 

prompted the initiation of a phase I clinical trial in 2010 (Fenwick et al., 2014). While the 

results from this trial have not been disclosed and no phase II trials have been started, Gilead 

licensed the development of the NCINI class of inhibitors in 2011 (“Boehringer license 
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novel HIV non-catalytic integrase inhibitors to Gilead,” 2011). A paper describing the 

medicinal chemistry optimization of another NCINI derivative for activity against a 

integrase resistant mutant and improved pharmacokinetics was published in 2016, 

suggesting that an integrase inhibitor may yet show clinical efficacy (Fader et al., 2016).

Targeting host-host PPIs to improve infection survival:

One of the most lethal aspects of bacterial infections can be the immune response to the 

insult. While important for the eventual clearance of the pathogens, widespread over 

activation of the innate immune system and the resulting systemic inflammation can lead to 

multiorgan failure or even death (Marshall, 2005). Neutrophil exocytosis is a principle driver 

of this systemic inflammation, where neutrophils release a range of potent toxins such as 

reactive oxygen species and proteases (Marshall, 2005). Excessive release of these species 

does not improve control of the infection, but rather damages surrounding tissues 

(Narasaraju et al., 2011). In rats, blockade of neutrophil exocytosis was shown to reduce the 

extent of tissue injury (Uriarte et al., 2013) and this blockade has been proposed as a 

mechanism to allow for patient survival while the infection is treated by the antibiotic 

therapy and the immune system. Related inhibitors would also be expected to be effective 

for the treatment of some autoimmune conditions.

Neutrophil exocytosis inhibitors (Nexinhibs)

One of the critical regulators of neutrophil exocytosis is the interaction between JFC1 and a 

GTPase, Rab27a. Downregulation of either of these proteins blocks the exocytosis of 

neutrophil granules, but neither is known to play a role in phagosome maturation 

(Brzezinska et al., 2008). This raises the possibility that small molecule inhibition of the 

Rab27a-JFC1 interaction would lead to a targeted inhibition of the negative effects of the 

neutrophil granule release, while allowing for neutrophil survival and the continued 

clearance of the pathogens. Because this PPI a host-specific interaction, resistance is 

unlikely to be a problem.

A high-throughput time-resolved fluorescence resonance energy transfer (TR-FRET) was 

used to screen 32,000 compounds and lead compounds were confirmed by the reduction in 

neutrophil myeloperoxidase secretion in a cell based secondary screen. In this assay, 

neutrophils were pretreated with the putative nexinhibs (Neutrophil exocytosis inhibitor) and 

then granule release was stimulated. A decrease in the generation of H2O2 indicated that the 

compounds successfully inhibited the release of the myeloperoxidase containing granules. 

After excluding peroxide scavenging compounds, the authors concluded that compounds 

active in this assay must penetrate the membrane, allowing the authors to eliminate non-

permeable compounds early in the hit reduction process (Johnson et al., 2016).

The most promising compound, Nexinhib 20 (Fig. 7), was found to block neutrophil 

degranulation in response to agonists and disrupted the Rab27a-JFC1 interaction in 

pulldown and ELISA assays with an IC50 of 2.6 μM in the ELISA. Nexinhib 20 treatment 

did not result in cell death or impair the ability of neutrophils to phagocytize, but did reduce 

exocytosis after neutrophil stimulation. To examine how nexinhibs function in a physiologic 

setting, mice were treated with nexinhib 20 prior to the induction of systemic inflammation 
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by an intraperitoneal injection of lipopolysaccharide. The total number of neutrophils and 

white blood cells remained unchanged relative to an untreated control, but there was a 

modest, albeit significant, reduction in the plasma levels of myeloperoxidase as well as 

neutrophil infiltration of the kidney and liver (Johnson et al., 2016). While further in vivo 
testing and a mouse sepsis survival study would bolster the case for nexinhibs, this 

preliminary study is an exciting step.

Considerations for targeting PPIs

Historically, PPIs were considered undruggable theraputic targets. One early estimate from 

Pfizer suggested that while inhibitors for enzymes or GPCR targets could be discovered by 

high-throughput screening methods at a rate 1 per 105 compounds screen, a discovery rate of 

1 per 109-1010 compounds was expected for PPI targets (Spencer, 1998). Given this 

discouraging prediction, it is obvious why pharmaceutical companies limited their exposure 

to PPIs. The prevailing view at the time was that protein interfaces consisted of interactions 

between two broad, mostly hydrophobic and featureless surfaces. The lack of pockets for a 

hit to gain an initial foothold was also thought to complicate screening.

Two major advances have made targeting PPIs more feasible. First was the realization that 

while many PPI match the above description, a sizeable number are much simpler. A useful 

system for classifying the nature and difficulty of targeting a PPI has been developed. 

Briefly, PPIs can be fit into one of three categories based on the complexity of the simplest 

member: 1) primary interfaces consist of an unstructured peptide that binds to a channel. 2) 

A single fold of secondary structure (α-helix or β-sheet) or 3) a lengthy stretch of protein 

that uses a tertiary structure (Fig. 8) (Blundell et al., 2006). While there are examples of 

successfully targeting each class of PPI, there is a significant bias toward the simpler 

interfaces (M. R. Arkin et al., 2014). Careful selection of a target, ideally guided by 

structural characterization of the PPI, can greatly increase the odds of success. To help 

calibrate expectations about a potential project, an online tool has been developed to aid in 

assessing the “drugability” of a given PPI (Basse et al., 2013; Basse, Betzi, Morelli, & 

Roche, 2016).

The second key development in the targeting of PPI has been improvements in screening 

methodologies. The introduction and miniaturization of PPI HTS assays and the advent of 

academic screening facilities have reduced the cost, and therefore the risk, of performing a 

chemical HTS. There has been debate regarding the suitability of existing screening libraries 

for targeting PPIs, as PPI inhibitors tend to be more aromatic, hydrophobic, 3-dimensional 

and have higher molecular weights than non-PPI inhibitors (Kuenemann, Labbe, Cerdan, & 

Sperandio, 2016). Armed with this information, PPI specific screening libraries have been 

introduced, (“iPPI Focused Libraries,” 2017; “Protein-Protein Interaction Libraries - 

Enamine,” 2017; Reynès et al., 2010) although more time is needed to tell if these libraries 

show improved hit rates. Besides chemical HTS methods, additional hit identification 

strategies have been successfully implemented. Some have been highlighted in this review 

and include in silico screening, natural product screening, rational design, scaffold hopping 

and fragment screening and elaboration (Sheng et al., 2015). There is unlikely to be a single 

best method for lead generation and different approaches may succeed where prior attempts 
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have failed. Because hit identification methods rely on varied input libraries and individual 

libraries may not contain a bona fide inhibitor, trying multiple screening methods allows for 

the sampling of a broader range of chemical space than could be achieved by solely by 

increasing the library size. This is also demonstrated by several of the examples presented 

here, where different approaches against the same target yielded unique inhibitor scaffolds. 

Furthermore, the use of phenotypic screens or other assay designs allowing for the discovery 

of unpredicted mechanisms of action may prove fruitful (Fischer, Rossmann, & Hyvonen, 

2015).

While the case studies presented here represent the successful inhibition of a range of 

protein interactions, most or all of these compounds will still fail to reach the clinic. It is 

difficult to assess the true success rate of PPI targeted drug discovery efforts as publication 

and survivorship bias obscures the true denominator of this calculation. However, from the 

examples presented here and elsewhere, it appears that small molecule disruption of many 

PPIs is challenging yet feasible. The development of existing inhibitors appears to be 

hindered by non-specific effects, poor pharmacokinetics or cell penetrance, which are 

challenges common to all therapeutics. As seen with the introduction of oncologic therapies 

targeting PPIs, once the pipeline of anti-infective PPI inhibitors expands, we have no reason 

to doubt that they will find increasing clinical success.
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Figure 1. 
Structure of the pyridylpyrimidine HTS hit.
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Figure 2. 
A) Scheme depicting the mechanism of chaperone-usher pilus assembly in UPEC 

pathogenicity B. structure of pilicides B) structure of the 2-pyridone based pilicide. C) 

Structure of the pilicide ec240
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Figure 3. 
Structure of the DnaN-DnaE1 PPI inhibitor griselimycin. Methylation or cyclohexylation of 

the labeled hydrogen of the boxed residue, proline-8, lead to improved potency and 

pharmacokinetic properties.
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Figure 4. 
Structures of the inhibitors of the E1-E2 interface. The repaglinide like class of inhibitors 

was found to have undesirable hypoglycemic effects, resulting from the chemical similarity 

to repaglinide.
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Figure 5. 
Structure of the initial screening hit for CCR5 antagonist, UK-107,543, and the optimized 

inhibitor, Maraviroc.
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Figure 6. 
Structure of representative inhibitors of integrase/LEDGF interaction.
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Figure 7. 
Structure of Nexinhib 20, an inhibitor of the neutrophil exocytosis.
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Figure 8. 
Scheme for classifying PPIs by the nature of the interaction site. Most of the successful PPI 

inhibitors target the simpler interactions, such as the primary or secondary ones, although 

there are a examples of inhibitors of tertiary interfaces. Reprinted from Chem. & Biol. 21, 

Arkin M.R.; Tang, Y and Wells, J.A. “Small-Molecule Inhibitors of Protein-Protein 

Interactions: Progressing toward the Reality”, 1102–1114, 2014, with permission from 

Elsevier.
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