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EPIGRAPH 

 

 

 

 

Specificity refers to the ability of any medicine to discriminate 
between its intended target and its host. Killing a cancer cell in a 
test tube is not a particularly difficult task: the chemical world is 

packed with malevolent poisons that, even in infinitesimal 
quantities, can dispatch a cancer cell within minutes. The trouble 

lies in finding a selective poison—a drug that will kill cancer 
without annihilating the patient. Systemic therapy without 

specificity is an indiscriminate bomb. 

 

Siddhartha Mukherjee, 

“The Emperor of All Maladies: A Biography of Cancer” 
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ABSTRACT OF THE THESIS 

 

The Proteasome as a Drug Target in Schistosoma mansoni 

 

by 

 

Steven C Wang 

 

Master of Science in Biology 

University of California San Diego, 2019 

Professor Anthony J. O’Donoghue, Chair 
Professor Conor R. Caffrey, Co-Chair 

Professor Matthew D. Daugherty, Co-Chair 
 

Proteases are fundamental to successful parasitism, including for the schistosome flatworm 

parasite, which causes the disease schistosomiasis in 200 million people worldwide.  One protease 

complex, the proteasome, is receiving much attention as a potential drug target for treatment of a 

variety of infectious parasitic diseases but has been relatively understudied in the schistosome.
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Adult Schistosoma mansoni was incubated in the presence of 1 µM of the commercial proteasome 

inhibitors bortezomib, carfilzomib and MG132.  After 24 h, bortezomib and carfilzomib decreased 

worm motility by more than 85% and inhibited endogenous proteasome activity by >75% relative 

to DMSO controls. The clear association between the engagement of the proteasome target, and 

the phenotypic and biochemical effects recorded, encouraged the two-step chromatographic 

enrichment of the S. mansoni proteasome (Sm20S).  Proteomic analysis of Sm20S identified 14 

subunits each with an ortholog in the constitutive human proteasome.  Activity assays with 

standard fluorescent substrates for the β1, β2 and β5 proteasome subunits revealed that Sm20S 

contains caspase-type (β1), trypsin-type (β2) and chymotrypsin-type (β5) activities. Sm20S was 

screened with 11 peptide epoxyketone inhibitors derived from the marine natural product, 

carmaphycin B. Analog 17 exhibited preferential inhibition of the Sm20S β2 and β5 subunits over 

that of c20S and i20S.  Furthermore, 1 µM of 17 decreased both worm motility and endogenous 

Sm20S activity by more than 90% after 24 h.  We provide direct evidence of the proteasome’s 

importance to schistosome viability and identify a lead for which future studies will aim to improve 

the potency, selectivity and safety. 
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INTRODUCTION 

 Schistosomiasis is a chronic parasitic infection caused by three main species of trematode 

blood flukes: Schistosoma mansoni, Schistosoma haematobium, and Schistosoma japonicum1–5. 

These worms undergo a complex multi-stage life cycle. In brief, adult schistosome worms form 

male and female pairs in the veins of the human host, where they reproduce and lay fertilized eggs. 

These eggs are either trapped within the human host tissue, where they can cause inflammation, 

or excreted into the environment through the feces. Eggs will then hatch into miracidia, infect a 

suitable intermediate snail host, and undergo asexual reproduction. Next, the cercariae stage, 

which are released into freshwater from the snail host, infect the definitive human host by 

penetrating through the skin upon contact, and eventually mature into adult worms, thus 

completing the life cycle. 

 Adult schistosomes are sexually dimorphic. In general, male worms are slightly shorter 

and wider than their female counterparts, while female worms are slender and longer in length: 

male S. mansoni worms measure 9-12 mm in length and females measure 12-16 mm in length, 

though these sizes differ with the other species of schistosomes4. When paired, female worms 

reside within a groove running down the center length of the male worm. This pairing leads to 

gene expression changes in the female worm and is requisite for their complete physical and 

reproductive development6.  

 Once mature, the female worms can produce over three hundred eggs a day4. The egg 

morphology is different for each of the three disease causing schistosomes, and is exploited as a 

clinical diagnostic tool. In S. mansoni, eggs are elongated and roughly 140 µm in length4. They 

feature an offset spine at the posterior end pointing to the side4. Once S. mansoni eggs are released, 

they travel through the intestinal tract and are excreted from the human host along with feces.  
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 When eggs contact a freshwater source, they hatch into miracidia. During this stage, the 

miracidia must find a suitable snail host within twelve hours of hatching, or they deplete their 

energy stores and die4. S. mansoni miracidia infect snails of the Biomphalaria species, which they 

seek out with a combination of positive phototaxis and chemotaxis4. Once physical contact is 

made, the miracidia burrow through the soft tissue of the snail. They undergo a developmental 

change into the primary sporocyst stage, and asexually reproduce within the snail host4. After 

several weeks of development, the primary sporocyst stage transforms first into numerous 

secondary sporocysts, then into the cercariae stage. The mature cercariae stage leave the 

intermediate snail host into the surrounding environment.  

 S. mansoni in the cercariae stage swim through freshwater in search of a human host to 

continue development into the adult form. Cercaria are approximately 500 µm in length, with a 

main body attached to a bifurcated tail that propels them through water4. They locate their host by 

homing in on chemical attractants, particularly those present in human skin such as linoleic acid 

and arginine7. Once cercaria encounter human skin, they secrete various proteolytic enzymes that 

assist penetration of the epidermis layer8. During this process, the tail end of the cercaria detaches 

and only the main body enters the human host4. Once inside, cercaria develop into the juvenile 

schistosomulum stage. 

 Schistosomulum undergo a developmental change while they migrate through the human 

host. Starting from the skin, schistosomulum enter the blood vasculature and pass through the 

lungs9. During this time, the schistosomulum start to elongate and become more worm-like in 

appearance4. Eventually, in the case of S. mansoni, the schistosomulum make their way to the 

liver, where they finish development into adult male and female schistosome worms9. These 

worms pair and then migrate to their final destination in the mesenteric veins that drain from the 



3 
 

small intestine4. The adult worm life span has been estimated to be between 5 and 10 years; 

however, cases of schistosomiasis lasting up to 38 years have been reported10–12. 

 The WHO estimates that over 200 million people are at risk of this disease and may require 

preventative treatment. The geographic distribution of schistosomiasis is partially driven by the 

natural habitats of the intermediate snail host. At risk populations in the tropical and sub-tropical 

regions are often those in poverty without access to clean water and sanitation. Schistosomiasis 

can cause death, but as a chronic infection, it more often than decreases productivity and leads to 

impaired development in children. Populations affected by schistosomiasis are then locked in a 

cycle of poverty. As a result of its significant socioeconomic cost, schistosomiasis is classified as 

a neglected tropical disease (NTD), second only to malaria in terms of impact13.  

 Upon infection, early clinical manifestations of schistosomiasis include raised lesions at 

the side of cercariae penetration. Naïve patients may often develop a skin reaction, or a rash shortly 

after infection14. Individuals with re-infection of schistosomiasis can develop Katayama fever, 

which is an acute form of schistosomiasis mediated by the immune response. Symptoms during 

acute schistosomiasis can include high fever, fatigue, myalgia, and abdominal tenderness15,16. Even 

though mortality rates can be as high as 25%, most patients do not develop Katayama fever15. 

Chronic schistosomiasis is most often associated with the local host inflammatory response to 

schistosome eggs. When eggs become trapped in host tissue, they induce an immune response that 

leads to the formation of granulomas. The human immune system is eventually able to destroy 

these eggs but results in fibrosis at the site of clearance. Eggs that are trapped in the gut lead to a 

variety of gastrointestinal diseases, eggs trapped in the liver lead to liver fibrosis, and eggs trapped 

in the lungs cause pulmonary issues1,5,15,16. Finally, in neuroschistosomiasis, aberrantly migrating 
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worm pairs deposit eggs in the brain or spinal cord, causing granulomas in the central nervous 

system14.  

 The currently approved treatment for schistosomiasis is praziquantel (PZQ). This drug, a 

pyrazinoisoquinoline derivative, is effective against all three disease causing species of 

schistosomes, but only against the adult worm life stage. Re-infection can often occur when 

juvenile stage worms survive the standard treatment regimen. The precise mechanism of action of 

praziquantel remains unknown, but it is believed to target parasite calcium ion channels17,18. 

Although experimental studies in the lab have reported praziquantel resistance, praziquantel has 

been used successfully in patients that have undergone multiple treatment courses over a span of 

more than 10 years14. However, lingering concerns remain given that praziquantel is the only 

treatment method used. It is therefore important to develop drugs that can not only effectively treat 

all life cycle stages of schistosomiasis, but also act on an alternative mechanism of action.  

 Proteasome inhibitors are a class of chemical compounds that have recently shown promise 

against a variety of pathogenic agents19. These chemistries target the proteasome complex, a large 

multi-subunit protein complex that is responsible for regulating protein turnover in all eukaryotic 

cells as part of the ubiquitin proteasome pathway20. A 20S proteasome core and 19S proteasome 

cap comprise the 26S proteasome complex, with the naming nomenclature derived from the 

sedimentation coefficient of each respective subunits. By mass the 20S core is approximately 750 

kDa, while the 19S cap is approximately 700 kDa21. The subunits that make up the 19S cap have 

many functions such as ATP hydrolysis, ubiquitin binding, and de-ubiquitination. This cap, when 

bound to the barrel shaped 20S core, serves to feed ubiquitinated proteins into the catalytic center 

of the 20S core for proteolytic degradation. Because the channel in the 20S core is rather narrow, 

the 19S cap also helps unfold targeted proteins through an unknown mechanism21. The 20S 
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proteasome core itself is made up of alpha and beta subunits. These subunits are stacked on top of 

one another, forming a barrel like structure, with the two rings of seven alpha subunits forming the 

entrance of the barrel and two rings of seven beta subunits comprising the middle. Out of a total 

of fourteen subunits, the catalytic subunits of the 20S proteasome core are the β1, β2, and β5 

subunits. These three subunits each have a different substrate specificity, which are caspase-like, 

trypsin, and chymotrypsin respectively. Within each subunit, an active site threonine residue is 

responsible for catalysis. 

 In response to the expression of interferon gamma (IFN-γ), alternative catalytic subunits 

are expressed and incorporated into the 20S proteasome complex. This results in a different 

complex called the immunoproteasome, with its catalytic subunits termed β1i, β2i, and β5i. The 

immunoproteasome has more specialized functions in generating MHC class I molecules for 

antigen presentation, as well as other immune system related functions22. Gene knockouts of the 

immunoproteasome catalytic subunits in mice lead to defective antigen processing23–25. 

Furthermore, the immunoproteasome has been shown to have distinct substrate specificities than 

the constitutive 20S proteasome22. Here, we distinguish between the constitutive proteasome and 

immunoproteasome by terming them c20S and i20S respectively. Finally, it has recently been 

shown that the thymus expresses a different catalytic subunit, the β5t, forming the 

thymoproteasome21.  

 Known proteasome inhibitors either act as active site inhibitors and bind to some, if not all 

of the catalytic β subunits, or are allosteric inhibitors. The clinically approved proteasome 

inhibitors bortezomib (Velcade®) and carfilzomib (Kyprolis®) are used to treat multiple 

myeloma. These are both small molecule chemistries based on a peptide backbone, each containing 

a chemical warhead that covalently reacts with the active site threonine residue of the proteasome 
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catalytic subunits. Once the active site is blocked, the proteasome is no longer able to function in 

proteolysis. While both bortezomib and carfilzomib were designed to target the human 20S 

proteasome, because the proteasomal degradation pathway is well conserved across eukaryotes, 

they are also able to broadly act against many infectious agents, such as the parasites Trypanosoma 

brucei and Plasmodium falciparum26,27. Recent reports have demonstrated that it is possible to 

design active site inhibitors against the P. falciparum 20S proteasome with greater than 300 fold 

selectivity compared to the human 20S proteasome28. On the other hand, a large scale medicinal 

chemistry campaign has led to the development of non-competitive inhibitors that target the non-

catalytic β4 subunit of the 20S proteasome in kinetoplastid parasites Trypanosoma cruzi, 

Trypanosoma brucei, and Leishmania donovani29. These inhibitors have over eight hundred fold 

selectivity and oral in vivo efficacy29. These developments have shown that there is still a relatively 

unexplored therapeutic space for developing proteasome inhibitors. 

 In this study, we report identifying the Schistosoma mansoni 20S proteasome (Sm20S) as 

a potential druggable target in treating schistosomiasis. We show that proteasome inhibitors can 

kill adult S. mansoni worms in vitro. We then characterize the Sm20S proteasome by enriching 

the enzyme complex from S. mansoni using a two-step column chromatography procedure. We 

focus on a small chemical library of carmaphycin analogs generously shared by Dr. Gerwick of 

the Scripps Institute of Oceanography. Carmaphycin B is a proteasome inhibitor and marine 

natural product originally isolated and characterized from cyanobacterium found in Curacao30. 

They are peptide like inhibitors consisting of a three amino acid backbone, and an epoxyketone 

chemical warhead that reacts with the active site threonine residue in the β1, β2, and β5 subunits. 

Our group has previously shown that the carmaphycin analogs are potent against Plasmodium 

falciparum28 and thus these analogs were readily available to us. We show here that one analog 
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preferentially targets Sm20S over the human proteasome and demonstrated decreased mammalian 

cytotoxicity. 
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MATERIALS AND METHODS 

Maintenance of S. mansoni 

S. mansoni was maintained in male Golden Syrian hamsters and Biomphalaria glabrata 

(NMRI isolate) vector snails. Hamsters were infected at four weeks of age with 600-800 S. mansoni 

cercariae.  At seven weeks post-infection, animals were euthanized by a lethal injection of sodium 

pentobarbital solution (Fatal-Plus; Vortech Pharmaceuticals Ltd) and adult worms harvested by 

reverse perfusion of the hepatic portal system31–34. Maintenance and handling of small vertebrate 

animals were carried out in accordance with a protocol approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of California San Diego. UCSD-IACUC derives 

its authority for these activities from the United States Public Health Service (PHS) Policy on 

Humane Care and Use of Laboratory Animals, and the Animal Welfare Act and Regulations 

(AWAR). 

Quantitative phenotypic effects of proteasome inhibitors on adult S. mansoni in vitro. 

After perfusion, parasites were washed extensively in Basch medium 169 34,35.Worms were 

distributed into 24w plates at five-six adult pairs per well and allowed to acclimatize overnight at 

37 ºC and 5% CO2 in 1 ml Basch medium containing 4% heat-inactivated FBS. The next morning, 

a final concentration of 1 µM of proteasome inhibitor (dissolved in DMSO) was added and the 

volume made up to 2 ml (final DMSO concentration was 0.05%).  After 1, 6 and 24 h, worm 

motility was measured using WormAssay36–38. WormAssay comprises a commodity digital movie 

camera connected to an Apple Mac computer that operates an open source software application to 

automatically process multiple wells in 6-, 12- or 24-well plate geometries.  Using the “Consensus 

Voting Luminance Difference” option, the application detects the aggregate changes in the 

occupation and vacancy of pixels between frames that are due to worm movement.  Parasites were 
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also observed using an inverted microscope (Zeiss AxioVert A1, 1.25X objective) at the same time 

points and up to 72 h, and changes in motility, shape, color and pairing status recorded using a 

constrained nomenclature 34,37,39,40.  

Evaluation of caspase activation in worms exposed to proteasome inhibitors.   

After recording the phenotypic responses in the presence of proteasome inhibitors, worms 

were transferred to 1.5 mL tubes and washed with 0.5 ml of ice-cold PBS every 30 min for 2 h.  

Worms were allowed to settle and subsequently homogenized in 130 µL of 40 mM PIPES, 20% 

sucrose, 200 mM NaCl, 2% CHAPS, 2 mM EDTA, pH 7.2, using a pestle connected to a hand-

held motor.  The lysate was centrifuged for 10 min at 15,000 ×g and 4 °C, and the supernatant was 

recovered for analysis.  The protein concentration was quantified using the Pierce BCA kit 

(Thermo Scientific).  Prior to assaying for caspase activity, the supernatant was pre-incubated at 

37 °C for 1 h in the above buffer containing 10 mM DTT.  Likewise, 200 µM of the caspase 

substrate, Ac-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC; CPC 

Scientific) was pre-incubated at 37 °C for 10 min in the same buffer containing 10 mM DTT. Equal 

volumes of both the supernatant and substrate were then mixed in white-walled 96-well flat-

bottomed plates and activity was measured using a CLARIOstar monochromator microplate reader 

(BMG Labtech) at excitation and emission wavelengths of 400 nm and 505 nm, respectively. 

Activity was quantified as relative fluorescence units (RFU) min-1 µg-1 protein. 

Inhibition of proteasome activity in S. mansoni extracts.   

To prepare S. mansoni lysates, mixed-sex adult worms were homogenized using a pestle 

connected to a handheld motor in 1.5-ml tubes containing 100 mM Tris-HCl, 100 µM E-64, pH 

7.5. Lysates were then centrifuged for 15 min at 15,000 ×g and 4 °C. The upper lipid layer was 

discarded and the protein concentration of the remaining supernatant was quantified using the 
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Pierce BCA kit. Supernatants were incubated with inhibitors for 1 h at room temperature and 

activity was assayed in 50 µl total volume reactions containing 7.5 µg of protein and 25 µM of the 

substrate, Succinyl-Leu-Leu-Val-Tyr-7-amido-4-methyl coumarin (Suc-LLVY-AMC), in 20 mM 

Tris-HCl, 0.02% SDS, pH 7.5, in black, round-bottomed 96w plates.  The final concentration of 

inhibitors used was 10 µM E-64 and 1 µM for the proteasome inhibitors.  Controls contained 

0.0001% DMSO. The release of the AMC fluorophore was monitored at 24°C in a Synergy HTX 

multi-mode reader (BioTek Instruments, Winooski, VT) with excitation and emission wavelengths 

set to 340 nm and 460 nm, respectively.  Activity was quantified as RFU min-1 µg-1 protein and 

normalized to the DMSO control reactions.  

Evaluation of proteasome inhibition in worms exposed to proteasome inhibitors.  

After evaluation of the phenotypic responses in the presence of proteasome inhibitors, 

worms were transferred to 1.5 ml tubes and washed with 0.5 ml of ice-cold PBS every 30 min for 

2 h. Protein lysates were prepared from homogenized worms as described above and assays were 

performed with 25 µM Suc-LLVY-AMC in 20 mM Tris–HCl, 0.02% SDS, pH 7.5. Activity was 

expressed as RFU min-1 µg-1 and normalized to the DMSO control reactions. 

Enrichment of the S. mansoni proteasome.  

The starting material for enrichment of the S. mansoni proteasome (Sm20S) was 

approximately 500 adult worm pairs that had been extensively washed in PBS and frozen at -80 

°C.  Worms were homogenized using a pestle connected to a motor in 1.5-ml tubes in ice cold 100 

mM Tris-HCl, 100 µM E-64, pH 7.5. Lysates were centrifuged for 15 min at 10,000 ×g and 4 °C, 

and the supernatant subjected to two ammonium sulfate precipitation steps, each for 30 min on ice, 

at 30 and 60% saturation, respectively. After centrifugation for 15 min at 10,000 ×g and 4 °C, the 

supernatant was discarded and the precipitated proteins were re-suspended in 5 mL of ice cold 100 
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mM Tris-HCl, pH 7.5. Protein was concentrated and buffer exchange into 20 mM Tris-HCl, 10% 

glycerol, 0.125 M NaCl, pH 7.5 using a 100 kDa centrifugal filter unit (Amicon). Approximately 

5 mg of soluble protein was loaded onto a Superose 6 10/300 gel filtration column under the control 

of an ÄKTA Pure instrument (GE Healthcare Life Sciences). Protein was eluted using 20 mM 

Tris-HCl, 10% glycerol, 0.125 M NaCl, pH 7.5. Fractions of 0.5 mL were collected, and assayed 

for proteasome activity with 25 μM Suc-LLVY-AMC in assay buffer (20 mM Tris, 0.02% SDS, 

pH 7.5). The AMC fluorophore release was monitored at 24°C with excitation and emission 

wavelengths of 340 nm and 460 nm, respectively, using a Synergy HTX multi-mode reader 

(BioTek Instruments).  

Fractions containing proteasome activity were pooled and loaded onto a 5 ml anion 

exchange HiTrap DEAE FF column. Protein was eluted using 20 mM Tris-HCl, 10% glycerol, pH 

7.5, and a linear gradient from 0.125 to 0.6 M NaCl. Fractions (1.5 ml) were collected and assayed 

with Suc-LLVY-AMC. Fractions containing proteasome activity were pooled and an aliquot was 

denatured and loaded into a 4-12% Bis-Tris Plus gel (Thermo Scientific) next to 70-130 ng of the 

human constitutive proteasome, c20S (Boston Biochem). The gel was stained using the Pierce 

silver stain kit (Thermo Scientific) and the concentration of Sm20S was estimated by comparing 

band density with the highly purified human c20S proteasome using Image J software. 

Gel slice excision and proteomics.  

Silver stained gel bands were excised with a clean scalpel, diced into 1 mm cubes and 

placed into 0.6 mL tubes (Axygen). An in-gel digestion was performed as described by 

Shevchenko and colleagues41. Following digestion and extraction, the peptides were desalted with 

C18 LTS tips (Rainin) and dried in a vacuum centrifuge. Peptides were resuspended in 12 µL 0.1% 

TFA and 5 µL was analyzed on a Q Exactive Mass Spectrometer (Thermo Scientific). Peptides 
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were separated by reverse phase chromatography on an UltiMate 3000 HPLC system (Thermo 

Scientific) equipped with an in-house packed C18 column (1.7 µm bead size, 75 µm × 25 cm, 

heated to 65 ºC) at a flow rate of 300 nL/min over a 76-minute linear gradient from 5% Solvent A 

to 25% Solvent B, where solvent A and B correspond to 0.1% formic acid in water and 0.1% 

formic acid in acetonitrile, respectively. Survey scans were recorded at a resolution of 35,000 at 

200 m/z over a range of 350-1500 m/z with the automatic gain control (AGC) at 1 × 106 and a 

maxIT of 300 ms. MS/MS was performed in data-dependent acquisition mode with higher-energy 

collision dissociation (HCD) fragmentation (28 normalized collision energy) on the 20 most 

intense precursor ions at a resolution of 17,500 at 200 m/z with the AGC at 5 × 106 and a maxIT 

of 50 ms.  

Data analysis was performed using the PEAKS 8.5 software (Bioinformatics Solutions 

Inc.). RAW files were searched against the S. mansoni (Puerto Rican isolate; UP000008854) 

reference proteome from UniProt that contains 11,723 entries with the following settings: 15 ppm 

precursor mass tolerance, 0.01 Da MS/MS mass tolerance and an enzyme digest of trypsin with a 

maximum of three missed cleavages. Carbamidomethylation of cysteines was included as a fixed 

modification, and oxidation of methionine and protein N-terminal acetylation as variable 

modifications. The false discovery rate for protein identification was set to 1%. All mass 

spectrometry data can be accessed here: ftp://massive.ucsd.edu/MSV000083021. Annotation of 

the putative S. mansoni proteasome subunits with the α and β subunit nomenclature was performed 

by comparing sequence alignments against the human 20S proteasome subunits using BLAST 

2.6.0+ command line tools. 
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Evaluation of carmaphycin B and analogs.  

Carmaphycin B and 11 of the 20 analogs described by LaMonte et al28 were screened at 50 

nM with Sm20S and c20S.  Inhibition assays were performed as described above with Suc-LLVY-

AMC. Incubations of the parasite with carmaphycin B and analogs 1, 5, 7, 10 and 17, and the 

subsequent WormAssay were performed as described above.  After 24 h, worms were recovered 

and lysates prepared for residual proteasome activity analysis, as described above.  

Proteasome activity and inhibition assays.  

Proteasome activity assays were performed using 0.29 nM of Sm20S, c20S or i20S with 

25 μM of Suc-LLE-AMC, Suc-LRR-AMC or Suc-LLVY-AMC in 20 mM Tris-HCl, pH 7.5 assay 

buffer. Assays with Suc-LLVY-AMC and Suc-LLE-AMC also contained 0.02% SDS. SDS was 

omitted from the Suc-LRR-AMC assays as it is incompatible with this substrate. For 50 nM single 

concentration inhibition assays of Sm20S, inhibitor and substrate were added the simultaneously 

to the enzyme and the rate of AMC release was determined from 60 to 120 minutes and compared 

to a DMSO control. For dose-response inhibition assays, an eight-point serial dilution of inhibitors 

in DMSO was acoustically transferred to 384w assay plates using an ATS Gen 4 Plus (Biosero, 

San Diego, CA). The enzyme and substrate, in assay buffer, were added simultaneously to the 

assay plate with a Biomek FXP workstation equipped with a 96 multichannel pipetting head 

(Beckman Coulter, Brea, CA), and the rate of fluorophore release was monitored for 4 h compared 

to a DMSO control. IC50 values were calculated in GraphPad Prism 6 by normalizing activity to 

DMSO controls and interpolating the data using the log(inhibitor) – variable slope curve fitting 

algorithm. 

Chapter 2, in full, is a reprint of the material as it appears in The Proteasome as a Drug 

Target in the Metazoan Pathogen, Schistosoma mansoni. Bibo-Verdugo, Betsaida; Wang, Steven; 
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Almaliti, Jehad; Ta, Anh; Jiang, Zhenze; Wong, Derek; Lietz, Christopher; Suzuki, Brian; El-

Sakkary, Nelly; Hook, Vivian; Salvesen, Guy; Gerwick, William; Caffrey, Conor; O’Donoghue, 

Anthony; ACS Infectious Diseases, 2019. The thesis author was the joint first author of this paper. 
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RESULTS 

Human proteasome inhibitors induce phenotypic changes, including decreased motility, in 

Schistosoma mansoni.  

MG132 is a reversible, tripeptide-aldehyde proteasome inhibitor that induces apoptosis in 

mammalian cells42. Previous studies have shown that this inhibitor causes global gene expression 

changes when co-incubated in culture with S. mansoni43. Using a quantitative motility assay, 

known as WormAssay44, incubation of the mixed-sex adults with 1 µM MG132 for up to 24 h did 

not alter motility compared to DMSO-exposed controls (Figure 1A). When viewed under the 

microscope at 72 h, male and female worms were paired, were attached to the well surface by their 

oral and/or ventral suckers, and appeared normal in shape, movement and color (Supplementary 

Video 1) compared to DMSO controls (Supplementary Video 2). In contrast, treatment with 1 µM 

of bortezomib, a covalent, reversible, dipeptide boronic acid inhibitor of human proteasome45, 

significantly decreased parasite motility by 45% and 87% after 6 h and 24 h, respectively (Figure 

1A). By 72 h, the parasites were relatively motionless, unable to extend or flex their bodies and 

darkened, and had detached from the surface of the well (Supplementary Video 3). Bortezomib 

can react with serine hydrolases46, which leaves open the question of whether the phenotypic 

responses recorded were in fact due to proteasome inhibition alone. Therefore, we also tested the 

tetrapeptide epoxyketone inhibitor carfilzomib, an agent used to treat multiple myeloma47 that 

exclusively reacts with the active site threonine residue found only in the proteasome46.  At 1 µM, 

carfilzomib decreased worm motility by 47% and 89% after 6 h and 24 h, respectively. By 72 h, 

phenotypic changes were similar to those observed for bortezomib. 

 In mammalian cells, inhibition of the proteasome induces apoptosis including increased 

caspase activity48,49.  Previously, our group measured an increase in caspase activity that was 
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associated with death of S. mansoni adult worms following in vitro exposure to statin drugs50.  

Therefore, we prepared lysates from worms that had been incubated for 24 h in the presence of 1 

µM MG132, bortezomib or carfilzomib and measured activity of the executioner caspases of 

apoptosis with the fluorogenic substrate, Ac-DEVD-AFC.  Caspase activity in worms exposed to 

MG132 was not significantly different from the DMSO control (Figure 1B). In contrast, 

bortezomib and carfilzomib induced a significant increase in caspase activity (7- and 4.5-fold, 

respectively) compared to the DMSO control.  Thus, for the three proteasome inhibitors tested, the 

consistency noted between the appearance of phenotypic changes, decreased motility and 

increased caspase activity suggested that the schistosome proteasome was being engaged, a 

hypothesis that encouraged further biochemical characterization of the putative enzyme target. 
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Figure 1: Proteasome inhibitors decrease worm motility and induce caspase activity. 
Experiments employed 24 well plates with 5-6 adult S. mansoni pairs per well.  A.  At each time 
point, WormAssay recordings were taken over 45 - 60 sec and the mean motility value per well 
noted.  For bortezomib (BTZ) and carfilzomib (CFZ), the decrease in motility at 6 and 24 h relative 
to the 1 h time point is significant (*p < 0.05; ** p < 0.005) by the Student’s t-test. B. Protein 
lysates were generated from S. mansoni worms following 24 h treatment with vehicle (Veh; 
0.0001% DMSO) or 1 µM proteasome inhibitors. Caspase activity was quantified using the 
fluorescent peptide substrate, Ac-DEVD-AFC. Caspase activity (relative fluorescent 
units/min/µg) was significantly (*p < 0.05) increased in lysates from worms treated with 
bortezomib and carfilzomib (but not MG132) compared to vehicle control.  Data shown are from 
experiments performed in triplicate: in one experiment, duplicate wells were used per treatment, 
whereas in the second and third experiments, quadruplicate wells were used, thus yielding a total 
of 10 wells per treatment.  
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Human proteasome inhibitors engage the proteasome in S. mansoni.  

In the human proteasome, the subunits responsible for peptide hydrolysis are β1, β2 and 

β5, and each subunit has a distinct substrate preference51.  The β1 subunit generally cleaves on the 

carboxyl terminal side of acidic residues whereas the β2 subunit preferentially cleaves after basic 

residues. Most proteasome inhibitors, including MG132, bortezomib and carfilzomib, target the 

β5 subunit. This subunit generally cleaves on the carboxyl terminal side of hydrophobic residues52 

and is typically monitored using the fluorogenic substrate, Succinyl-Leu-Leu-Val-Tyr-7-amido-4-

methylcoumarin (Suc-LLVY-AMC).  Under the same assay conditions, Suc-LLVY-AMC may 

also be cleaved by cysteine proteases such as calpains53 that are present in S. mansoni54. To 

eliminate the cysteine protease activity, protein lysates from mixed-sex adult worms were prepared 

in a buffer containing 100 µM of E-64, a broad acting cysteine protease inhibitor. When the worm 

lysate was then assayed with Suc-LLVY-AMC, proteolytic activity was reduced by 92%, 99% and 

100% in the presence 1 µM of MG132, bortezomib or carfilzomib, respectively (Figure 2A). As 

each of these inhibitors have different chemical reactive groups and all are predicated to target the 

β5 proteasome subunit, we can conclude that all of the proteolytic activity being measured with 

Suc-LLVY-AMC in parasite extracts is due to proteasome activity.  

Having confirmed the assay conditions to specifically measure parasite β5 activity, we 

evaluated whether MG132, bortezomib and carfilzomib engage the proteasome in living S. 

mansoni. Parasites were exposed to 1 µM of each inhibitor for 24 h. After extensive washing, 

worm extracts were prepared and assayed for proteasome activity using Suc-LLVY-AMC. 

Activity was normalized to protein concentration.  Bortezomib and carfilzomib decreased 

proteasome activity by 76% and 84%, respectively (Figure 2B).  In contrast, MG132 had no effect 

on proteasome activity.  These data demonstrate that bortezomib and carfilzomib but not MG132, 
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engage the intended target in living worms. Furthermore, their inhibition of the target is associated 

with the major phenotypic and biochemical changes described above. 

 

Figure 2:  S. mansoni proteasome β5 subunit activity and its inhibition in living parasites.   
A. Proteolytic activity in S. mansoni adult lysate was measured with the Suc-LLVY-AMC 
substrate. Proteolytic activity was reduced by >95% in the presence of 1 µM MG132, bortezomib 
(BTZ) or carfilzomib (CFZ) compared to a vehicle (Veh) control assay consisting of 0.0001% 
DMSO.  B. Adult S. mansoni worms (5-6 pairs per well) were incubated with 1 µM of MG132, 
BTZ or CFZ for 24 h. After extensive washing, protein extracts were prepared and assayed with 
Suc-LLVY-AMC.  Proteasome activity was normalized to protein concentration across all groups 
and activity expressed as a percentage relative to vehicle (Veh) control (0.05% DMSO).  Data are 
presented as the mean ± SD from triplicate experiments each performed in duplicate.  

 

Enrichment of active proteasome from S. mansoni lysates.  

To enrich for the S. mansoni proteasome (Sm20S), we developed a protocol using two 

chromatographic separation steps. Adult mixed-sex worm lysates were fractionated via gel 

filtration chromatography followed by DEAE-anion exchange column chromatography and 

activity was monitored using Suc-LLVY-AMC (Figure 3A). Attempts to enrich the proteasome 

further using cation exchange or hydrophobic interaction chromatography did not yield active 
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enzyme in the eluted fractions. Therefore, fractions from the DEAE-anion exchange column 

containing the most abundant activity were pooled and resolved by SDS-PAGE followed by silver 

staining (Figure 3B).   

Two gel slices were excised for mass spectrometry analysis (Figure 3B). Gel Slice 1 

contained numerous proteins in the range of 25-40 kDa that correspond in size to the α and β 

subunits of the human constitutive proteasome (c20S) and the human immunoproteasome (i20S). 

Fourteen putative 20S subunits were identified and each of these shared more than 46% sequence 

homology with a single S. mansoni proteasome subunit. The close alignment of proteasome 

subunits allowed us to assign a number to each S. mansoni subunit using the human proteasome 

nomenclature (Figure 3C). The active site triad consisting of Thr-1, Asp-17 and Lys-33 found in 

the c20S β1, β2 and β5 subunits55 is conserved within the subunits of the Sm20S counterparts 

indicating that the parasite proteasome has 3 catalytically active β subunits (Figure 3D).  

Gel slice 2 contained many high molecular weight proteins in the range of 60-110 kDa. 

Among a number of diverse proteins identified by mass spectrometry, six regulatory subunits of 

the S. mansoni proteasome were found (Supplementary File 1). Taken together, these data confirm 

that the core 20S proteasome and its associated regulatory subunits are enriched from adult worm 

lysates using a two-step column chromatography protocol.  
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Figure 3: Enrichment of Sm20S from S. mansoni protein extracts.  
A. A two-step protocol involving gel filtration followed by DEAE-anion exchange 
chromatography was employed to enrich for Sm20S from S. mansoni lysates. Protein was 
separated on a Superose-6 10/300 gel filtration column and fractions with activity against Suc-
LLVY-AMC were pooled (red shaded area).  The pooled fractions were separated on a DEAE 
column and active fractions were again pooled (red shaded area). B. Pooled fractions containing 
Sm20S were resolved by SDS-PAGE beside the human immunoproteasome (i20S) and 
constitutive proteasome (c20S). Following silver staining, two gel slices, indicated in brackets, 
were excised for proteomic analysis. C. Dendogram showing the protein sequence homology 
between the human c20S proteasome subunits and those identified for Sm20S in gel slice 1. The 
UniProt identifiers for the Sm20S and c20S subunits are indicated in blue and black, respectively. 
D. Protein sequence alignment of residues 1 to 35 of β1, β2 and β5 subunits from Sm20S (blue) 
and c20S (black). The amino acids involved in catalytic activity of c20S are underlined and 
conserved in Sm20S. 
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Subunit characterization of the S. mansoni proteasome.   

Sm20S was enriched from S. mansoni lysates by monitoring for β5 chymotrypsin-type 

activity using the substrate, Suc-LLVY-AMC. The concentration of this enzyme complex was 

determined by active site titration with carfilzomib. Using 5 nM of Sm20S, we then compared the 

β5 activity to an equal molar concentration of c20S and i20S. The human enzymes cleaved Suc-

LLVY-AMC at 35- to 40-fold faster rate than Sm20S.Proteomic data indicated that the caspase-

type (β1: G4V926) and trypsin-type (β2: G4VSW3) catalytic subunits were also present and likely 

enzymatically active due to the presence of a conserved electrophilic threonine residue. Therefore, 

we predicted that the enriched Sm20S could cleave the human β1 caspase-type substrate, z-LLE-

AMC, and the human β2 trypsin-type substrate, z-LRR-AMC56. Using an equal concentration of 

Sm20S, c20S and i20S, we compared their activities with the β1 and β2 fluorogenic substrates and 

found that the human proteasomes cleaved both substrates more rapidly than the parasite 

proteasome (Figure 4A).  

We next measured the potency of bortezomib and carfilzomib against Sm20S. Bortezomib 

inhibited the β1, β2 and β5 subunits of Sm20S with IC50 values of 15 nM, 272 nM and 9 nM, 

respectively (Figure 4B). In contrast, carfilzomib was more than 33-fold less potent against the β1 

subunit (IC50 = >500 nM) when compared to bortezomib, however, it was 5.6-fold more potent 

against the β2 subunit (IC50 = 48 nM) and 18-fold more potent against the β5 subunit (IC50 = 0.5 

nM) (Figure 4C). Although these compounds are potent inhibitors of Sm20S activity and have 

different selectivity for each of the subunits, they are generally cytotoxic to mammalian cells. This 

cytotoxicity limits their potential use as anthelmintics.  Therefore, we evaluated additional 

inhibitors that have been developed for non-human proteasome targets.  
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Figure 4: Substrate and inhibitor profiling the catalytic subunits of Sm20S.   
A. Activity assays with subunit-selective proteasome substrates for β1 (LLE), β2 (LRR) and β5 
(LLVY).  B. Determination of bortezomib potency with Sm20S using subunit-selective substrates. 
C. Determination of carfilzomib potency with Sm20S using the same substrates.  Data for A, B 
and C are from one assay performed in triplicate: means ± SEM values are shown. 
 

The carmaphycin B scaffold as a basis to develop novel Sm20S inhibitors.  

Carmaphycin B is a marine natural product isolated from cyanobacterium consisting of P3-

Val, P2-Met sulfone and P1-Leu capped with an epoxyketone group on the carboxyl terminus and 

an N-hexanoyl cap group on the amino terminus30 (Figure 5A). Carmaphycin B inhibits Sm20S 

β2 and β5 activity with IC50 values of = 0.6 and 10 nM respectively and only partially inhibits β1 

activity at 500 nM (Figure 5A)). This compound also potently inhibits human the β5 subunits of 

c20S and i20S β2 with IC50 values of less than 5 nM but is 5-fold more potent for targeting the β2 

subunit of c20S compared to β2 of i20S (IC50 = 12 nM v 62 nM). Carmaphycin B is toxic to HepG2 

cells with a 24 h EC50 value of 12.6 nM (Figure 5B) however, we previously developed a set of 20 

carmaphycin B analogs to target the Plasmodium falciparum proteasome of which 11 

demonstrated decreased HepG2 cytotoxicity, ranging from 31 nM to 3410 nM28. Sm20Swas 

assayed with 50 nM of these 11 compounds and the percentage inhibition determined using the β5 

substrate, Suc-LLVY-AMC. As expected, carmaphycin B completely inhibited Sm20S at this 

concentration, and only compounds 1, 7, and 17 decreased activity by more than 40%.   
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Concentration-response curves were generated for compounds 1, 7 and 17 with Sm20S, 

c20S and i20S (Figure 5C) to determine if any of these compounds were more potent against the 

parasite proteasome relative to the human proteasomes. Unlike bortezomib, these compounds did 

not inhibit the β1 subunit at 500 nM (Supplementary Figure X). Analog 1 differs from carmaphycin 

B, by the substitution of P2 norleucine (Nle) for Met sulfone that results in an 11-fold reduction 

in HepG2 cytotoxicity. Using the β2 and β5 substrates, there was no difference in potency of 

analog 1 between the c20S and S. mansoni proteasome (Figure 5C) and it was less potent against 

the i20S subunits. Analog 7 also contains Nle in the P2 position, but has a substitution of Phe for 

Leu in P1 and Phe for Val in P3.  Again, this compound had similar potency against the β5 subunits 

of c20S and Sm20S and lower potency against i20S β5. Analog 7 did not inhibit i20S β2 but was 

3.3-fold more potent against Sm20S β2 compared to c20S β2 (Figure 5D).  Finally, analog 17, 

which consists of Trp-Trp-Phe at the P3-P2-P1 positions had equal potency for the β5 subunits of 

all three proteasomes, however it selectively inhibited the β2 subunit of Sm20S (Figure 5E). As 

analogs 7 and 17 showed the greatest selectivity for the parasite proteasome and therefore were 

further characterized with adult worms.  
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Figure 5:  A screen of carmaphycin B and 11 analogs identifies a compound that 
preferentially inhibits Sm20S with decreased cytotoxicity to human cells.   
A. Inhibition of β5 chymotrypsin-type activity and β1 caspase-type activity of Sm20S by 
carmaphycin B.  B.  Heat map generated from inhibition assay data for Sm20S and c20S using 
carmaphycin B and 11 analogs (numbering system taken from LaMonte et al28). Enzyme was 
simultaneously mixed with Suc-LLVY-AMC and 50 nM inhibitor.  Remaining activity was 
measured after 1 h and normalized to that of the control containing 0.5% DMSO.  The HepG2 
EC50 data were reported previously28. C-E.  Concentration response curves for carmaphycin B 
analogs 1, 7 and 17 using Suc-LLVY-AMC. 
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Activity of carmaphycin analogs against S. mansoni in vitro.   

The anti-schistosomal activity of carmaphycin B and analogs 7 and 17, were evaluated at 

1 µM using mixed-sex adult S. mansoni in culture. These compounds were compared to analogs 5 

and 10 that were found to be weaker inhibitors of Sm20S and did not target the β1 or β2 subunit 

at 500 nM (Supplementary Figure 1). Bortezomib was included as a positive control. After 24 h, 

bortezomib, carmaphycin B, 7 and 17 decreased worm movement by at least 80% (Figure 6A) and 

generated the same deleterious phenotypic changes previously noted for bortezomib.  These 

changes were associated with inhibition of the Sm20S β5 activity by 80% or more (Figure 6B).  In 

contrast, analogs 5 and 10 decreased motility by just 22% and 40%, respectively, and no obvious 

phenotypic changes were observed. Also, β5 subunit activity was reduced by 52% and 70%, 

respectively.  Overall, there was strong correlation between proteasome inhibition and worm 

motility (Pearson correlation coefficient = 0.922), indicating that engagement of the schistosome 

proteasome target is responsible for the particular phenotypic response.  When comparing 

compounds 7 and 17, the latter has stronger phenotypic performance, increased selectivity for 

Sm20S over c20S and i20S and lower HepG2 cytotoxicity. Therefore 17 was identified as an ideal 

starting point for the future design of more potent and selective inhibitors of Sm20S. 

Chapter 3, in full, is a reprint of the material as it appears in The Proteasome as a Drug 

Target in the Metazoan Pathogen, Schistosoma mansoni. Bibo-Verdugo, Betsaida; Wang, Steven; 

Almaliti, Jehad; Ta, Anh; Jiang, Zhenze; Wong, Derek; Lietz, Christopher; Suzuki, Brian; El-

Sakkary, Nelly; Hook, Vivian; Salvesen, Guy; Gerwick, William; Caffrey, Conor; O’Donoghue, 

Anthony; ACS Infectious Diseases, 2019. The thesis author was the joint first author of this paper. 
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Figure 6:  Decreased parasite motility in the presence of carmaphycin B and its analogs 
correlates with inhibition of the proteasome.  A. Experiments employed 24 well plates with 5-
6 adult S. mansoni pairs per well and 1 µM of carmaphycin B (CPB), bortezomib (BTZ) and the 
indicated analogs.   After 24 h, WormAssay recordings were taken over 45-60 sec and the mean 
motility value per well noted.  B. The same worms used in A were extensively washed and protein 
extracts prepared in the presence of 100 µM E-64 for assay with Suc-LLVY-AMC.  Proteasome 
activity was normalized to protein concentration across all groups and activity expressed as the 
percentage activity of the remaining activity relative to DMSO controls.  Data are presented as 
means ± SEM from three experiments each in triplicate. 
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DISCUSSION 

In spite of the strong conservation of the ubiquitin-proteasome system among eukaryotes, 

recent reports demonstrate that potent proteasome inhibitors can be designed with selectivity for 

pathogens over the human host. In particular, much effort has be made to target the Plasmodium 

proteasome with epoxyketone28,57, vinyl sulfone58,59 and  ethylenediamine60 inhibitors. From these 

studies, compounds with more than 380-fold selectivity for Plasmodium falciparum over 

mammalian cells have emerged28,60. Further, a large-scale library screening and medicinal 

chemistry effort led to the development of non-competitive proteasome inhibitors that selectively 

target the kinetoplastid parasites responsible for leishmaniasis, Chagas disease, and sleeping 

sickness29. Using these studies as a precedent, we anticipated that the proteasome in S. mansoni 

could also be a target for the development of potent and selective proteasome inhibitors. 

Previous genetic61 and chemical evidence43,62 suggest that the S. mansoni proteasome is 

important for the establishment of infection in the mammalian host. Also, gene expression studies 

have communicated the biological importance of the schistosome ubiquitin proteasome system 

during oxidative stress and heat shock conditions63 and for egg development and morphology64. 

Here, we focused on adult parasites as they are ultimately responsible for disease morbidity via 

the eggs they produce. We showed that 1 µM of either bortezomib or carfilzomib inhibited 

proteasome activity in a worm lysate and caused pronounced phenotypic and biochemical changes 

to adult S. mansoni. MG132 also inhibited proteasome activity in the lysate but did not cause any 

phenotypic or biochemical changes to the worm.  The lack of potency in the worm motility assays 

may be due to poor penetration of this compound in the worm or the aldehyde group is oxidized 

rapidly within the worm, as has been shown in mouse studies65. In addition, MG132 reacts with 

papain-fold cysteine proteases66,67 and these enzymes are abundantly expressed in S. mansoni adult 
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worms68. Therefore, cysteine proteases may sequester much of the MG132 thereby reducing the 

inhibitor concentration that can interact with the proteasome.  

The result contrasts with the significant reduction in the survival of S. mansoni larvae post-

exposure to MG13262, where a 50-times higher concentration was used. The decrease in parasite 

survival after exposure to a high concentration of MG132 may be due to the dual inhibition of the 

proteasome and papain-type cysteine proteases as was seen in studies with P. falciparum67. Here, 

we observed for bortezomib and carfilzomib, a clear association between the phenotypic changes 

in adult S. mansoni, the induction of caspase activity and engagement of the proteasome target. 

This encouraged us to isolate and biochemically characterize Sm20S. 

Sm20S was enriched from adult worm lysates and all subunits were identified by proteomic 

analysis and annotated based on sequencing similarity with the human proteasome. The protein 

sequence analysis revealed that the Sm20S complex has all of the amino acids associated with the 

catalytic triad of human β1, β2 and β5 subunits55. The schistosome enzyme complex readily 

hydrolyzed the standard β1 caspase-type, β2 trypsin-type and β5 chymotrypsin-type substrates 

albeit a different rate to the human constitutive and immune proteasomes. These substrate 

specificity and turnover data indicate that there may be subtle differences between the S. mansoni 

and human proteasome that could be exploited for inhibitor development. 

Using the available substrates, we found that bortezomib inhibits Sm20S β1 and β5 

subunits with equal potency, whereas the epoxyketone inhibitor, carfilzomib, has approximately 

100-fold and 1000-fold selectivity for the β5 subunit over the β2 and β1 subunits, respectively. 

These data reveal that the similar phenotypic and biochemical changes in adult S. mansoni that 

were recorded in the presence of these inhibitors, involve targeting of the β5 subunit and second 

subunit, either β1 or β2. Peptide vinyl sulfone inhibitors that were developed to target the 
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Plasmodium proteasome inhibited both the β5 and β2 subunits58,59 but inhibition of β2 alone was 

insufficient to kill the parasite60. The exact contribution of the Sm20S β1 and β2 subunits to 

schistosome survival is unknown as we have yet to identify compounds that specifically target 

these individual subunits.  

 In order to discover proteasome inhibitors that engage Sm20S but have reduced toxicity to 

host mammalian cells, we screened a library of peptide-epoxyketone compounds derived from the 

marine natural product, carmaphycin B30. This library previously yielded a tri-peptide epoxyketone 

inhibitor with a 379-fold selectivity for P. falciparum over HepG2 cells28. The lead anti-malarial 

compound, 18, consisted of D-valine, L-norleucine and L-leucine in the P3, P2 and P1 positions, 

respectively.  This compound weakly inhibited Sm20S β5 with an IC50 value of 474 nM, thereby 

indicating that there are clear differences between the β5 subunits of these parasite-derived 

proteasomes. Our enzyme activity screen identified hit compounds (1, 7 and 17) all of which 

contain L-amino acids in the P3 position. In the activity assays, compound 17 targeted Sm20S β5 

and β2 subunits and was selective molecule for relative to c20S. In addition, it was more potently 

anti-schistosomal and displayed reduced cytotoxicity compared to 1 and 7. Our future studies will 

aim to improve the attributes of 17 regarding potency, selectivity and safety.  With this in mind, 

the recent development of orally bioavailable peptide boronic acid69 proteasome inhibitors to treat 

multiple myeloma is encouraging and consistent with the target product profile for new anti-

schistosomals (and other anthelmintics) that demands orally active drugs70,71. 

 Chapter 4, in full, is a reprint of the material as it appears in The Proteasome as a Drug 

Target in the Metazoan Pathogen, Schistosoma mansoni. Bibo-Verdugo, Betsaida; Wang, Steven; 

Almaliti, Jehad; Ta, Anh; Jiang, Zhenze; Wong, Derek; Lietz, Christopher; Suzuki, Brian; El-



33 
 

Sakkary, Nelly; Hook, Vivian; Salvesen, Guy; Gerwick, William; Caffrey, Conor; O’Donoghue, 

Anthony; ACS Infectious Diseases, 2019. The thesis author was the joint first author of this paper. 
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CONCLUSION 

This research demonstrates that treatment of adult S. mansoni worms with FDA-approved 

proteasome inhibitors cause significant phenotypic and biochemical changes to the worms. These 

anti-cancer drugs are broadly cytotoxic to mammalian cells, therefore we screened a selection of 

natural product-derived proteasome inhibitors that have reduced mammalian cytotoxicity. From 

this screen, we identified a hit molecule that has 10-fold selectivity for the S. mansoni proteasome 

over the human proteasome. We show that treatment of adult S. mansoni with this inhibitor causes 

the same phenotypic response as the FDA-approved drugs and that these phenotypic changes are 

directly due to engagement of the target enzyme. 

Chapter 5, in full, is a reprint of the material as it appears in The Proteasome as a Drug 

Target in the Metazoan Pathogen, Schistosoma mansoni. Bibo-Verdugo, Betsaida; Wang, Steven; 

Almaliti, Jehad; Ta, Anh; Jiang, Zhenze; Wong, Derek; Lietz, Christopher; Suzuki, Brian; El-

Sakkary, Nelly; Hook, Vivian; Salvesen, Guy; Gerwick, William; Caffrey, Conor; O’Donoghue, 

Anthony; ACS Infectious Diseases, 2019. The thesis author was the joint first author of this paper. 
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APPENDIX 

 

 

 

 

Supplementary Figure 1:  Concentration response curves for carmaphycin B analogs 5 and 

10 using Suc-LLVY-AMC  

A. Inhibition of β5 chymotrypsin-type activity of Sm20S and c20S by analog 5. B. Inhibition of 

β5 chymotrypsin-type activity of Sm20S and c20S by analog 10. 
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