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ABSTRACT 

The Plasmodium proteasome is a promising antimalarial drug target due to its essential role 

in all parasite lifecycle stages. Furthermore, proteasome inhibitors have synergistic effects when 

combined with current first-line artemisinins. Linear peptides that covalently inhibit the 

proteasome are effective at killing parasites and have a low propensity for inducing resistance. 

However, these scaffolds generally suffer from poor pharmacokinetics and bioavailability. Here 

we describe the development of covalent, irreversible macrocyclic inhibitors of the P. falciparum 

proteasome. We identified compounds with excellent potency and low cytotoxicity, however, the 

first generation suffered from poor microsomal stability. Further optimization of an existing 

macrocyclic scaffold resulted in an irreversible covalent inhibitor carrying a vinyl sulfone 

electrophile that retained high potency, low cytotoxicity, and had acceptable metabolic stability. 

Importantly, unlike the parent reversible inhibitor that selected for multiple mutations in the 

proteasome, with one resulting in a 5,000-fold loss of potency, the irreversible analog only showed 

a 5-fold loss in potency for any single point mutation. Furthermore, an epoxyketone analog of the 

same scaffold retained potency against a panel of known proteasome mutants. These results 

confirm that macrocycles are optimal scaffolds to target the malarial proteasome and that the use 

of a covalent electrophile can greatly reduce the ability of the parasite to generate drug resistance 

mutations.  
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INTRODUCTION 

Plasmodium falciparum causes the most severe and lethal cases of malaria in humans. The 

disease remains a threat to 40% of the world's population and causes over 600,000 deaths per year, 

mainly among children under the age of five.1 The emergence of resistance to the current frontline 

drug artemisinin (ART) and its partner drugs in ART-based combination therapies (ACTs) is 

particularly concerning, because these drugs are widely used in endemic populations.2–6 There is 

an urgent need to develop drugs with novel mechanisms of action and broad therapeutic potential 

to improve interventions and overcome multidrug resistance. 

An attractive target for new drugs is the Plasmodium proteasome, which is essential 

throughout the parasite life cycle. Inhibitors of the proteasome synergize with ART to enhance 

killing of the parasite in vivo.7,8 A significant challenge for the development 

of Plasmodium proteasome inhibitors is optimizing selectivity over the human enzyme. We have 

previously used substrate screening and cryo-electron microscopy to evaluate differences in ligand 

binding preferences between the human and parasite proteasomes.9 This has enabled the discovery 

of potent, irreversible covalent inhibitors that are selective for the Plasmodium proteasome 

(Figure 1). These selective inhibitors enabled validation of the proteasome as a viable anti-

malarial target using mouse models of infection.7 Building on this foundation, we and others 

developed various peptidic scaffolds and incorporated non-natural amino acids to increase overall 

selectivity and potency for the malaria proteasome.10–12 These parasite-selective compounds have 

enabled more detailed studies of the parasite’s potential to generate resistance mechanisms against 

proteasome inhibitors.13 Though promising, linear peptide inhibitors suffer from poor 

bioavailability and stability in vivo.11  
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Peptide macrocycles have the potential to overcome many of the limitations of linear 

peptides as therapeutic agents.14 The former are generally more stable than their linear counterparts  

because cyclization drastically reduces the number of rotatable bonds, can mask hydrogen bond 

donors through internal hydrogen bonding, and can reduce proteolytic metabolism.15 Our prior 

screen of a small library of reversibly binding proteasome inhibitors identified a macrocyclic 

peptide containing a biphenyl ether with low nanomolar potency against intra-erythrocytic 

parasites and low toxicity in human cells.16 However, this molecule had poor solubility and rapid 

clearance. This scaffold was further developed to increase its potency and to optimize its 

pharmacokinetic properties, resulting in the promising lead molecule TDI-8304.17,18 However, we 

recently observed that this class of noncovalent cyclic peptide inhibitors can induce relatively high 

levels of resistance compared to similar classes of linear covalent irreversible proteasome 

inhibitors.19 

We set out to assess the potential of various macrocyclic scaffolds to be potent, selective, 

and metabolically stable proteasome inhibitors. We also sought to evaluate how switching from 

reversible to covalent impacts resistance generation in the parasite. We describe herein the 

synthesis and characterization of a series of covalent macrocyclic inhibitors that explore the effects 

of ring size, capping elements, use of non-natural amino acids and overall hydrophobicity on 

potency, selectivity, and metabolic stability. While many of the compounds are potent and 

selective inhibitors of Plasmodium growth, some of the most potent molecules suffered from 

instability in both mouse and human microsomes. Therefore, we synthesized a covalent 

irreversible analog of the optimized macrocyclic scaffold TDI-8304 by adding a vinyl sulfone 

electrophile (8304-vs). Both TDI-8304 and 8304-vs showed selective and potent inhibition of the 

parasite and favorable metabolic stability with exceptionally low toxicity to host cells. Resistance 
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studies demonstrated that both compounds induced a similar point mutation in the proteasome that 

altered the inhibitory potency of the molecules. However, the covalent binding version of the 

compound only encountered mild resistance with a 5-fold drop in potency, whereas the reversible 

binding molecule had a 5,000 drop in potency for this same proteasome mutant. We further 

assessed the importance of covalency by synthesizing an epoxyketone analog of TDI-8304 (8304-

epoxy) and demonstrated that both the vinyl sulfone and the epoxyketone derivatives showed low 

cross resistance with known proteasome mutations. These results suggest that cyclic peptides are 

potentially optimal scaffolds for proteasome inhibitors and that use of covalent binding functional 

groups can help to reduce resistance liabilities. 

 

RESULTS 

Structure-Activity Relationship 

Previously we used substrate profiling methods to define the specificity of the parasite 

proteasome relative to the human counterpart.11 We determined that a bulky aromatic group at the 

P3 position could produce a high level of selectivity and potency for the P. falciparum over the 

human enzyme. We also found that the adjacent P2 position could present various natural and 

unnatural amino acids without compromising potency. Therefore, we theorized that cyclic peptides 

could be synthesized via a terminal alkene on the N-terminal capping group linked through 

Grubbs-mediated cross metathesis to various P2 amino acids. Our first set of compounds was based 

on our most potent and selective linear peptide EY-4-7811 and contained a homophenylalanine at 

the P3 position with either a 2-Aminohex-5-enoic acid or an allyl protected serine at P2 to cyclize 

the peptides (Figure 2A). The linear versions of the compounds (1,2) showed equal potency 

against the parasite (EC50 < 3 nM) as compared with previously explored linear proteasome 
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inhibitors (WLL EC50 = 15 nM; Figure 2B). The corresponding cyclized versions (3,4) showed 

similar potency to the parent molecules but the cyclization dramatically increased toxicity towards 

Human Foreskin Fibroblasts (HFFs) (Supplemental Figure 1). We altered the size of the 

macrocycle in the third pair of peptides by increasing the length of the N-terminal alkene, and 

found that changing the length of the capping group had no impact on the potency of 3 compared 

to linear peptides 1 and 2. However, the 15-member macrocycle of peptide 6 had a 10-fold decrease 

in potency for the parasite and a 4-fold reduction in selectivity when compared to peptide 3. This 

finding suggested that differences in the linear and cyclized peptides may become greater as the 

ring size increases (Figure 2C).  

We hypothesized that because parasitized red blood cells tend to be more permeant to 

peptide-based inhibitors compared to other cell types, the increased host cell toxicity in the HFFs 

may be due to increased lipophilicity and thus greater permeability of the cyclic peptides into 

human cells.20,21 We evaluated this hypothesis by comparing the biochemical selectivity of our 

compounds against purified Plasmodium and human proteasomes. To test the importance of 

lipophilicity in potency and cytotoxicity, we synthesized a second set of cyclic peptides using a 

diether linkage to increase the hydrophilicity of the backbone (Figure 3A; Supplementary 

Scheme 1). Interestingly, linear peptide 7 showed micromolar inhibition of parasite growth (EC50 

= 2.7 µM) and very low HFF toxicity (EC50  ³ 50 µM), while the extension of the capping group 

by one methylene group in peptide 8 led to both substantially more potent antiparasitic activity 

(EC50 = 0.016 µM), but also higher cytotoxicity (EC50 = 1.1 µM) (Figure 3B and C; 

Supplemental Figure 2).  Peptide 8 showed modest inhibition of the P. falciparum proteasome 

β2 subunit, while peptide 7 had no inhibitory effects, and neither peptide had any inhibitory activity 

against the human β2 subunit (Figure 3D). Peptide 7 showed comparable inhibition of the β5 
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subunits of each proteasome and peptide 8 was 6-fold more selective for the Plasmodium β5 

subunit over the human counterpart. Macrocycle 9 was 19-fold more potent than its linear 

counterpart 8 and maintained low cytotoxicity. The cyclization of 8 led to a significant decrease 

in cytotoxicity for macrocycle 10 while maintaining similar parasite growth inhibition, potentially 

due to its 3-fold decrease in potency against the purified human β5 subunit. Nevertheless, it was 

difficult to achieve high degrees of selectivity for purified proteasomes and it is likely that the 

combination of cell permeability and biochemical selectivity between the two proteasomes led to 

differences in antiparasitic effects and cytotoxicity. We also reduced the double bond within the 

macrocycles to test the importance of unsaturation within the backbone, resulting in a 2-fold 

decrease in potency in the saturated macrocycle 11 compared to parent compound 9, and a 15-fold 

reduction in potency in compound 12 compared to the parent 10. Both saturated macrocycles had 

negligible changes in cytotoxicity, suggesting that an unsaturated double bond increases the 

potency but not the cytotoxicity for the ether linked macrocycles. 

Although our previous set of compounds showed promise, the acyl capping group could 

be metabolized, similar to N-acyl amino acids.22 Therefore, we synthesized a third set of 

compounds with either imidazole or pyrazole capping groups that have previously been 

successfully used for orally bioavailable macrocyclic proteasome inhibitors (Figure 4A; 

Supplementary Scheme 2).23 Our pyrazole capped linear peptides 13 and 14 both showed greater 

potency and reduced off-target cytotoxicity when compared to their imidazole-containing 

complements (Figure 4B and C; Supplemental Figure 3). Both the saturated and unsaturated 

macrocycles followed the same trend as the linear peptides, as the pyrazole capped inhibitors had 

greater potency when compared to the same molecules capped with an imidazole. In each case, the 

imidazole capped macrocycles showed more potent inhibition of the β2 subunit of the P. 
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falciparum proteasome than the corresponding pyrazole inhibitors. No compound in this set had 

any inhibitory effect against the β2 subunit of the human proteasome at up to 50 µM (Figure 4D). 

Notably, compounds with the larger 17-member macrocycles were the most potent inhibitors of 

Plasmodium growth (18, EC50 = 19 nM and 22, EC50 = 5 nM) and were at least 200-fold more 

potent for the parasite over the HFFs in 72-hour dose-response assays (Figure 4B).  

Although 22 was slightly more cytotoxic than 18, it was chosen to continue our structure-

activity relationship study, as its synthesis does not result in isomers. Previous work had shown 

that the P3 homophenylalanine (hfe) is oxidized to the corresponding phenol and that the resulting 

phenolic metabolite has greatly reduced antiparasitic activity.11 To overcome this liability, we 

synthesized electron-deficient aromatic ring analogs of 22 to decrease the likelihood of oxidation 

(Figure 5A; Supplementary Scheme 3).24 Compound 26 replaced the hfe with a 4-pyridine, 

which resulted in a slight decrease in antiparasitic activity (EC50 = 75 nM), and a large 

improvement in cytotoxicity (EC50 = 20 µM) (Figure 5B and C; Supplemental Figure 4). 

Similarly, the introduction of a 4-fluorophenyl (27) resulted in a slight reduction in potency (EC50 

= 39 nM) but a greater than 400-fold increase in selectivity over HFFs.  

We then tested the importance of the P1 leucine moiety in potency and selectivity. Based 

on recent reports of potent orally available peptide boronates containing bulky P1 residues, we 

replaced the P1 leucine of 22 with a biphenyl alanine (28) (Figure 5A; Supplementary Scheme 

4).12 Interestingly, this modification substantially increased the overall toxicity of the compounds 

towards the HFFs (Supplemental Figure 5). This is likely due to the ability of the biphenyl analog 

to inhibit both the human β2 and β5 subunits (Figure 5D). We therefore did not advance this 

compound for further study. 
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To further explore the antiplasmodial effects and stability of our two most potent and 

selective covalent macrocyclic inhibitors (26 and 27) we tested them in a parasite rate of kill 

assay.25 Both inhibitors showed kill rates similar to the fast-acting antimalarial drug chloroquine, 

which suggests that our inhibitors could rapidly clear infections (Figure 5E). Parasites were 

treated with inhibitor for one hour, washed to remove compound and cultured a further 72 hours 

prior to quantifying parasite growth. Both 26 and 27 showed parasite killing at concentrations over 

1 µM (Supplemental Figure 5). To assess metabolic stability, compounds were incubated in both 

human and mouse microsomes and metabolite formation was monitored over time using LC/MS. 

Surprisingly, 27 was metabolized quickly, with a half-life of only 1.2 minutes in both sets of 

microsomes. Peptide 26 was modestly better with a 4.7-minute half-life in human microsomes and 

9.4 minutes in mouse microsomes (Figure 5F).  

 Given this overall poor metabolic stability of our initial lead molecules, we turned our 

attention to an established cyclic peptide scaffold that was highly effective at inhibiting the 

Plasmodium proteasome. This scaffold is based on a screening hit that we identified from a library 

of reversible inhibitors of the proteasome.16 The core macrocyclic scaffold was further optimized 

to yield a reversible inhibitor TDI-8304.17 We converted TDI-8304 into a covalent version by 

replacing the C-terminal cyclopentyl functional group with our optimal P1 leucine vinyl sulfone 

(Figure 5A; Supplementary Scheme 5). The rationale was to generate an irreversible inhibitor 

with increased stability compared to our original linear peptide vinyl sulfone. Furthermore, this 

compound allowed us to directly compare the impact of switching to a covalent inhibition 

mechanism on acquisition of resistance. Importantly, the resulting compound (8304-vs) retained 

the potency of the parent TDI-8304 (EC50 = 19 nM vs 1 nM; Figure 5B).  In addition, the 

irreversible 8304-vs showed no measurable cell toxicity within the solubility limits of the 
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compound, suggesting that it has a > 5,000-fold selectivity for parasites over the human HFFs 

(Figure 5C). The irreversible compound also performed as well as 26 and 27 in the rate of kill 

assays. However, 8304-vs did not show killing at 100x EC50   in a one hour pulse assay 

(Supplemental Figure 5). This suggests that 8304-vs may have reduced cellular uptake or a higher 

dissociation constant, requiring longer incubation times to inhibit the parasite proteasome. Lastly, 

8304-vs is stable for almost 1.5 hours in human microsomes and over 2.5 hours in mouse 

microsomes, suggesting that it has favorable pharmacological properties and was therefore worthy 

of further development (Figure 5F). 

 

Resistance Selections  

We profiled both 27 and 8304-vs for their propensity to select for parasite resistance, using 

a minimum inoculum of resistance (MIR) platform.26 P. falciparum Dd2-B2 parasites were 

exposed to 3´EC50 concentrations of either compound at various starting inocula (four wells of 

2.5´106 plus three wells of 3´107 parasites), and cultures were monitored for recrudescence for 60 

days. No recrudescence was observed for either compound. In a repeat experiment, each 

compound was tested against triplicate wells of 3.3´107 parasites each. One of three wells became 

parasite-positive for compound 27 (MIR of 1´108 in this experiment), whereas no recrudescence 

was observed for 8304-vs.  We then performed an additional selection experiment with 8304-vs, 

using two flasks of 1´109 parasites each, which yielded one positive flask (MIR: 2´109). An 

additional selection was performed with one flask of 1´109 parasites from the hypermutable P. 

falciparum line, Dd2-Polδ, which also yielded recrudescent parasites. This line harbors two 

mutations introduced into its DNA polymerase d and is ~5 to 8-fold more mutable than Dd2-B2.27 

Recrudescent parasites from selections with 27 and 8304-vs were cloned by limiting dilution, and 
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whole-genome sequencing of resistant clones revealed mutations in the chymotrypsin like β5 

subunit and in the β6 proteasome subunit (Table 1). Resistance selections of 8304-vs yielded 

clones with the β6 subunit mutation S157L, which was previously selected by TDI-8304 

pressure.19 Selected clones were phenotyped and showed EC50 increases of 4- to 6-fold 

(Supplemental Figure 6). Compound 27 selected for the β5 subunit mutation M45I, which has 

previously been selected for by MPI-12.12 Selected clones had a 14.1- to 22.3-fold increase in their 

EC50 to 27, compared with the parental line (Supplemental Figure 7). 

 

Mutant Panel 

 Because the addition of the vinyl sulfone to TDI-8304 greatly improved its resistance 

profile, we synthesized a 2,4-diflourophenylalanine epoxyketone to assess the importance of 

specific covalent warheads for overcoming resistance. We profiled 8304-vs, 8304-epoxy, and 27 

against a panel of proteasome mutants selected for in previous studies,19 comprising several β5 

and β6 mutations on a Dd2-B2 background. Compound 27 had a significant increase in EC50 

against all proteasome mutant lines assessed, with the exception of β5 A50V and β6 N151Y (the 

latter of which saw a slight but significant decrease in EC50 (Supplemental Figure 8). Overall, 

8304-vs showed a modest increase in EC50 in parasites with the β5 M45I and M45V mutations 

(1.8 fold and 1.5 fold respectively), and a slightly higher 8.8-fold increase in EC50 in parasites with 

the β6 S157L mutation (Figure 6). Interestingly, this mutation was also present in previous 

selections with TDI-8304, to which it mediated a more than 2,900-fold increase in EC50.19 None 

of the mutants profiled had significantly increased EC50 values to 8304-epoxy, and a slight 

decrease in the EC50 value for this compound was observed with β5 M45V mutant parasites.  
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DISCUSSION  

Resistance to ART and ACT treatments is a major challenge to the control and mitigation 

of malaria. The Plasmodium proteasome has emerged as a high-value drug target due to its 

necessity for parasite development and lifecycle progression, and for the essential role it plays in 

reducing ART-induced proteotoxic stress. Proteasome inhibitors also have the very desirable 

feature of synergizing with ART derivatives, including against ART-resistant parasites.9,13 

Combination therapies utilizing proteasome inhibitors in tandem with ART are, therefore, a 

promising strategy both to treat malaria and combat the dissemination of ART resistance. 

Nevertheless, the challenge remains to design Plasmodium proteasome-specific inhibitors that do 

not cross react with human proteasomes. Previous work in our lab leveraged the use of natural and 

unnatural amino acids to design selective irreversible covalent P. falciparum inhibitors.9,11 Having 

previously defined the P1 and P3 peptide positions as the determinants of selectivity, we describe 

here the synthesis and characterization of irreversible covalent macrocycles linked via the P2 side 

chain and the N-terminal capping group. We were able to determine the impact of various capping 

groups and several types of cycle linkages on antiparasitic potency and off-target mammalian 

cytotoxicity. Notably, decreasing the lipophilicity of our cycles resulted in reduced cytotoxicity. 

We also found that substituting the capping group of our cycles with a pyrazole greatly increased 

the potency towards the parasite, but also increased cytotoxicity. Interestingly, exchange of our P1 

leucine with a biphenyl alanine resulted in a complete inversion of selectivity, both phenotypically 

and biochemically, which underscores the importance of the P1 leucine for Plasmodium 

selectivity. This observation suggests that moieties similar to the bulky biphenyl alanine vinyl 

sulfone at the P1 position could be used to develop better inhibitors of the human proteasome. We 

sought to optimize our inhibitors for metabolic stability by varying electron-deficient aromatic side 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2023. ; https://doi.org/10.1101/2023.07.03.547579doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.03.547579
http://creativecommons.org/licenses/by-nc-nd/4.0/


chains on the P3. While these analogs proved to be potent inhibitors of parasite growth with low 

cytotoxicity, they ultimately showed poor microsomal stability, suggesting that cyclization alone 

cannot be used to increase metabolic stability. 

 We subsequently focused our attention on developing an irreversible covalent inhibitor, 

based on a structure previously explored for non-covalent inhibition of the Plasmodium 

proteasome.17 This strategy has proven to be powerful in developing covalent kinase inhibitors by 

appending an electrophilic reactive group to non-covalent compounds.28 We posited that adding a 

vinyl sulfone onto the P1 position of the cycle could allow it to react with the active site threonine 

and convert the reversible inhibitor TDI-8304 into the covalent irreversible inhibitor 8304-vs. The 

resulting compound showed comparable potency to TDI-8304, with no cytotoxicity to HFFs, a fast 

rate of kill, and substantially more stability than previous linear peptide inhibitors and the cyclic 

peptides tested herein.  

 Converting the previously tested non-covalent proteasome inhibitor TDI-8304 into the 

irreversible covalent inhibitor 8304-vs, via the addition of the vinyl sulfone reactive group, enabled 

us to compare their resistance liabilities as a function of the inhibition mechanism. The irreversible 

8304-vs showed a MIR of 2´109, compared to our earlier value of 3´107 obtained with TDI-8304.19 

This new vinyl sulfone therefore yielded a very similar resistance profile to WLL-vs, for which 

resistance was only obtained with 2´109 parasites.13,19 These data provide evidence for a 

significantly improved resistance liability associated with covalent binding. For the reversible 

inhibitor TDI-8304, mutations in the proteasome likely increase the off rate of the compound, 

leading to reduced active site occupancy and lower overall inhibition as the molecule is cleared. 

While the off rate for the irreversibly binder 8304-vs can also be increased by mutations within 

the proteasome, covalent inhibitors work via a two-step inhibitory reaction - a reversible 
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association followed by an irreversible covalent bond formation.29 The covalent 8304-vs may 

therefore experience similar off rates to its non-covalent counterpoint, but over time, it will 

irreversibly inactivate the proteasome. This is clearly demonstrated with the S157L mutation, 

which was selected for by both TDI-8304 and 8304-vs, yet showed a 2,900-fold increase in EC50 

for the former, contrasting with a 4- to 6-fold shift for the latter. This mutation likely leads to the 

loss of a hydrogen bond donor and acceptor from the serine hydroxyl group required for TDI-8304 

binding to the proteasome active site, and 8304-vs is presumably less impacted by this mutation 

because of its electrophilic warhead. 8304-vs also compared favorably to TDI-8304 against a panel 

of parasite lines with mutations in the P. falciparum proteasome subunits β5 and β6, showing 

increases in EC50 that were orders of magnitude lower than the fold shifts seen against TDI-8304. 

 To further demonstrate the importance of covalency to overcome resistance we synthesized 

an epoxyketone derivative, 8304-epoxy. This compound performed extremely well against the 

panel of proteasome mutant lines, with no significant increase in EC50 against any of the lines 

tested. However, it was much less stable than 8304-vs in both human and mouse microsomes 

(Supplemental Figure 9). The instability of 8304-epoxy is likely due to the susceptibility of the 

epoxy ring opening as well as the epoxyketone being a substrate for other enzymes such as serine 

hydrolases, while the vinyl sulfone is much more stable due to its lower general reactivity.30,31 

These results reinforce our previous work in suggesting that the vinyl sulfone is the optimal 

electrophilic warhead for the development of an irreversible covalent proteasome drug inhibitor. 

 

CONCLUSIONS 

Novel treatments and strategies are needed to combat the growth of ART-resistant parasites. The 

P. falciparum proteasome, an enzyme essential at all parts of the parasite’s life cycle, continues to 
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be a promising target for such therapies. Our data provide compelling evidence that optimized 

properties for both covalent and noncovalent macrocyclic inhibitors of the Plasmodium 

proteasome can be combined to create more potent and selective inhibitors of parasite growth with 

better stability. Moreover, our efforts reinforce the importance of covalency in overcoming 

parasite resistance, and specifically the difficulty in developing resistance against covalent 

inhibitors of the proteasome. While 8304-vs stands out as a lead compound, further testing is 

needed to determine bioavailability and in vivo efficacy. This underscores the importance for 

further synthetic and medicinal chemistry efforts to advance proteasome inhibitors as promising 

new drugs to partner with ART derivatives and leverage their synergy against ART-resistant 

parasites.  

 

Ancillary Information 

Supporting Information: 

This includes HFF Cell Viability for Compounds (Figures S1-S4), Pulse Killing Assays (Figure 

S5), Minimum Inoculum of Resistance selections (Figures S6-S8), microsome stability (Figure 

S9), compound characterization and compound synthesis (Supplementary Schemes), and Mass 

Spectrometry analysis. 
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Figure 1. Chemical structures of representative macrocyclic covalent proteasome inhibitors are 

shown on the right. Previously reported linear covalent or noncovalent macrocyclic inhibitors are 

shown on the left as a reference.9,11,16,17 The covalent electrophilic warhead leucine vinyl sulfone 

is colored in red on each structure and the macrocycles are colored blue. EC50 values represent the 

mean concentration required to inhibit P. falciparum asexual blood stave parasite growth by 50%.  
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Figure 2. Potency and selectivity of macrocyclic peptide inhibitors containing an alkyl backbone 

and their linear counterparts. (A) Structures of the macrocyclic peptide inhibitors and their linear 

counterparts. (B) Compound mean ± SEM EC50 values against P. falciparum asexual blood stage 

W2 parasites of each inhibitor. Data were generated through 72 hour drug treatment assays (N, n 

= 2,2). (C) Table of selectivity indexes for P. falciparum parasites compared to primary 

mammalian HFF cells (listed as the ratio of HFF EC50 to parasite EC50 values). 
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Figure 3. Potency and selectivity of ether linked macrocyclic peptide inhibitor and their linear 

counterparts. (A) Structures of ether linked cyclic peptides and corresponding linear counterparts. 
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(B) Compound mean ± SEM EC50 values against P. falciparum asexual blood stage W2 parasites 

for each inhibitor. Data were generated through 72 hour drug treatment assays (N, n = 2,2). (C) 

Table of cellular selectivity indexes for P. falciparum parasites compared to primary mammalian 

HFF cells (listed as the ratio of HFF EC50 to parasite EC50 values). (D) Table of potencies (IC50) 

of compound against either the β2 or the β5 subunits of the purified Plasmodium or human 20s 

proteasomes in a one hour inhibition assay. Biochemical selectivity is calculated by taking a ratio 

of potency for the two proteasomes (h20s/Pf20s). 
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Figure 4. Potency and selectivity of imidazole and pyrazole capped macrocyclic peptides and their 

linear counterparts. (A) Structures of imidazole and pyrazole cyclic peptides and corresponding 
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linear counterparts. The table inset shows the capping group and length of alkyl chain for each 

compound. (B) Compound mean ± SEM EC50 values against P. falciparum asexual blood stage 

W2 parasites for each inhibitor. Data were generated through 72 hour drug treatment assays (N, n 

= 2,2). (C) Table of cellular selectivity indexes comparing P. falciparum parasites to mammalian 

HFF cells (listed as the ratio of HFF EC50 to parasite EC50 values). (D) Table of potencies (IC50) 

of compound against either the β2 or the β5 subunits of the purified Plasmodium or human 20s 

proteasomes in a one hour inhibition assay.  Biochemical selectivity is calculated by taking a ratio 

of potency for the two proteasomes (h20s/Pf20s). 
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 Figure 5: The covalent irreversible proteasome inhibitor 8304-vs is a potent, selective, and stable 

inhibitor of the P. falciparum proteasome (A) Structures of pyrazole capped inhibitors with 

varying P3 or P1 groups and 8304-vs, a covalent version of a previously described non-covalent 
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macrocyclic inhibitor of the proteasome. (B) Compound mean ± SEM EC50 values against P. 

falciparum asexual blood stage W2 parasites for each inhibitor. Data were generated through 72 

hour drug treatment assays (N, n = 2,2). (C) Table of cellular selectivity indexes comparing P. 

falciparum parasites to mammalian HFF cells (listed as the ratio of HFF EC50 to parasite EC50 

values). (D) Table of potencies (IC50) of compound against either the β2 or the β5 subunits of the 

purified Plasmodium or human 20s proteasomes in a one-hour inhibition assay.  Biochemical 

selectivity is calculated by taking a ratio of potency for the two proteasomes (h20s/Pf20s). (E) Plot 

of rate of kill assay where compounds were dosed at their EC50 and parasite viability was 

monitored over time and compared against known fast (chloroquine), medium (pyrimethamine), 

and slow (atovaquone) acting inhibitors of parasite growth ±  SEM. N,n = 6,2. (F) Bar graphs 

depicting the half-life of compounds in either human (blue) or mouse (red) microsomes. 

Compound metabolism was measured by LC/MS/MS. 
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Figure 6. Profiling of potency of macrocyclic reversible and irreversible proteasome inhibitor 

based on the TDI-8304 scaffold against P. falciparum 20S β5 and β6 subunit mutants.  Dd2-B2 

parasites containing previously selected proteasome mutations were assayed against TDI-8304 

(PMID 36963402) and the irreversible analogs 8304-vs and 8304-Eps. Statistical significance, 
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compared to Dd2-B2, was calculated using unpaired t tests with Welch’s correction. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. N,n = 3-5,2. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Methods 

Table 1. Plasmodium falciparum asexual blood stage minimal inoculum for resistance (MIR) 
selection summary. 

Name 
Chemical 
class 

Starting 
selective 
pressure 

Resistant 
parasites 
in 4 wells 
of 2.5×106 

Resistant 
parasites 
in 3 wells 
of 3×107 

Resistant 
parasites 
in 2 flasks 
of 1×109 

Minimum 
Inoculum of 
Resistance 
(MIR) 

Selected 
proteasome 
mutation 

EC50 fold shift 
against 
selection 
compoundc 

WLL Vinyl sulfone 3×EC50  
(50 nM) 0/4 wells None NDa >1×109 N/A NA 

27 Vinyl sulfone 3×EC50  
(23 nM) 0/4 wells 1/3 wells ND 1×108 β5 M45I 14.1-22.3× 

8304-
vs Vinyl sulfone 3×EC50  

(72 nM) 0/4 wells 0/3 wells 1/2 
flasksb 2×109 β6 S157L 4.0-6.0×  

TDI-
8304 

Macrocyclic 
peptide 

3×EC50  
(33 nM) 0/4 wells 3/3 wells ND 3×107 β6 S157L 2,621×  

β6 N151Y 1.7×  
aPrior studies with WLL selections obtained 0/3 recrudescent flasks inoculated with 3.3×108 each, yielding 
a predicted MIR >1×109.  
bOne flask of the hypermutable Dd2-B2 Pold line inoculated at 1×109 parasites and pressured with 8304-vs 
also yielded positive parasites, as reported herein.  
cEC50 fold shift calculated as a ratio between the EC50 of the selected mutant over the EC50 of the Dd2-B2 
parental line. N,n = 4–5,2. ND, not done. N/A, not applicable. MIRs are calculated as the total number of 
parasites inoculated divided by the total number of positive cultures (when obtained). The formula extends 
up to the largest inoculum at which parasites were obtained (or tested in the case of negative cultures) and 
includes lower inocula (see Methods). 
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Mammalian Cytotoxicity Assays:  

Human Foreskin Fibroblasts (HFFs) were kept in DMEM supplemented with 5% FBS. HFFs were 

seeded at 2000 cells per well for 4 hours and then compound was added for 72 hours. Cell viability 

was measured using the CellTiter-Blue Assay (Promega) as per manufacturer’s instructions. 

 

Biochemical Inhibition of the Proteasome 

Purified Pf20S or h20S proteasomes were both tested for subunit specific inhibition in 20 mM 

HEPES and 0.5 mM EDTA. For β2 inhibition, purified proteasome (1 nM final concentration) was 

activated with PA28 (12nM final concentration; E380 Boston Biochem) followed by addition of  

Boc-LRR-AMC (50 µM final concentration) and inhibitor simultaneously Cleavage was measured 

using fluorescence (EX 380 nm/EM 460 nm) with Cytation 3 imaging reader (BioTek, Winooski, 

VT, USA) for 60 minutes and slope was used to calculate the inhibition curve. For β5 inhibition, 

the Suc-LLVY-AMC (10 µM final concentration) was used as the substrate. 

 

In vitro drug susceptibility assays 

In the Bogyo lab, P. falciparum W2 parasites, obtained from the Malaria Research and Reference 

Reagent Resource Center, were cultured in human erythrocytes purchased from the Stanford Blood 

Center (No blood type discrimination) and maintained as previously described.7 Ring stage P. 

falciparum were inoculated at 1% parasitemia and 0.5% hematocrit in a 96-well plate spotted with 

compounds. The cultures were incubated in a 10-point two-fold serial dilution dose-response for 

72 hours and then fixed with a final concentration of 1% paraformaldehyde (in PBS) for 30 minutes 

at room temperature. The nuclei were stained with YOYO-1 at a final concentration of 50 nM and 

incubated at room temperature overnight. The percentage of YOYO-1 positive parasitized 
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erythrocytes was quantified per well by a BD Accuri C6 automated flow cytometer. In pulse 

assays, plates were incubated with compound for 1 hour. Parasites were then washed twice with 

media, before fresh media was added, and growth continued for 71 hours prior to quantifying 

parasitemia as above. Fosmidomycin was used as a positive control. In the Fidock Lab, the 

sensitivity of Dd2-B2 proteasome WT and mutant lines to our compounds was determined by 

exposing asexual blood stage parasites to a 10-point two-fold serial dilution dose-response assay. 

Parasites were seeded at 0.2% parasitemia and 1% hematocrit, and plated in 96-well plates with a 

final volume of 200 µL. Plates were incubated at 37°C for 72 hours under normal culturing 

conditions. Final parasitemia was determined through flow cytometry on an iQue Plus flow 

cytometer following staining with 1×SYBR Green and 100 nM MitoTracker Deep Red 

(ThermoFisher) for 30 minutes at 37°C. Statistical significance was calculated through unpaired t 

tests with Welch’s correction. 

 

Parasite culture for resistance:  

P. falciparum asexual blood stage parasites were cultured at 3% hematocrit in human O+ RBCs in 

RPMI-1640 media, supplemented with 25 mM HEPES, 50 mg/L-hypoxanthine, 2mM L-

glutamine, 0.21% sodium bicarbonate, 0.5% (wt/vol) AlbuMAXII (Invitrogen) and 10 μg/mL 

gentamycin, in modular incubator chambers (Billups- Rothenberg) at 5% O2, 5% CO2 and 90% 

N2 at 37°C. Dd2 parasites were obtained from T. Wellems (NIAID, NIH). Dd2-B2 is a genetically 

homogenous line that was cloned from Dd2 by limiting dilution in the Fidock lab. 

 

 

Minimum Inoculum of Resistance Studies 
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Resistance selections were performed by culturing Dd2-B2 or Dd2 pold parasites at 3 x EC50, as 

previously described.19 Media was changed daily for the first 6 days of selections, and cultures 

were monitored by Giemsa staining and microscopy until parasites were cleared. Thereafter, media 

was replenished every two days, and cultures were monitored twice weekly for recrudescence by 

Giemsa staining and microscopy. Cultures were maintained under drug pressure for 60 days or 

until recrudescent parasites were observed. Bulk resistant lines were cloned by limited dilution 

cloning. The MIR value is defined as the minimum number of parasites used to obtain resistance 

and calculated as follows: total number of parasites inoculated ÷ total number of positive cultures.  

 

Whole Genome Sequencing: 

P. falciparum parasites were lysed in 0.05% saponin and washed with 1×PBS, and genomic DNA 

(gDNA) was purified using the QIAamp DNA Blood Midi Kit (Qiagen). gDNA concentrations 

were quantified by Qubit using the dsDNA HS Assay (Invitrogen). 200ng of gDNA was used to 

prepare sequencing libraries using the Illumina DNA Prep kit with Nextera™ DNA CD Indexes 

(Illumina). Samples were multiplexed and sequenced on an Illumina MiSeq using the MiSeq 

Reagent Kit V3 600 (Illumina) to obtain 300 base pair paired-end reads at an average of 30× depth 

of coverage. Sequence reads were aligned to the P. falciparum 3D7 reference genome (PlasmoDB 

version 48) using Burrow-Wheeler Alignment. PCR duplicates and unmapped reads were filtered 

out using Samtools and Picard. Reads were realigned around indels using GATK 

RealignerTargetCreator, and base quality scores were recalibrated using GATK BaseRecalibrator. 

GATK HaplotypeCaller (version 4.2.2) was used to identify all single nucleotide polymorphisms 

(SNPs). SNPs were filtered based on quality scores (variant quality as function of depth QD >1.5, 

mapping quality >40, min base quality score >18) and read depth (>5) to obtain high-quality SNPs, 
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which were annotated using snpEFF. Integrated Genome Viewer was used to visually verify the 

presence of SNPs. BIC-Seq was used to check for copy number variations using the Bayesian 

statistical model. Copy number variations in highly polymorphic surface antigens and multi-gene 

families were removed as these are prone to stochastic changes during in vitro culture. 
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