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ABSTRACT 

The serine hydrolase (SH) enzyme superfamily is one of the largest and most 

diverse enzyme classes in eukaryotes and prokaryotes. The most virulent human malaria 

parasite Plasmodium falciparum has over 40 predicted serine hydrolases (SH). Prior 

investigation on a few of these have suggested their critical role in parasite biology. The 

majority of the SHs in P. falciparum have not been functionally characterized. 

Investigation of these uncharacterized SHs will provide new insights into essential features 

of parasite metabolism and possibly lead to new antimalarial targets. In this study, we have 

employed activity-based protein profiling (ABPP) and liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) to functionally characterize SHs. In our effort to profile 

plasmodial SHs using ABPP, we have identified a human erythrocyte SH, acylpeptide 

hydrolase (APEH) in the developing parasites. This finding is the first report of 

internalization of host hydrolytic enzyme by the parasite. Treatment of parasites with an 

APEH specific triazole urea inhibitor, AA74-1, caused growth inhibition in parasites with 

poor potency in the first replication cycle, however, the potency dramatically increased in 

the second cycle. We show that this unique growth inhibition profile is due to the inability 

of AA74-1 to inhibit parasite-internalized APEH in vivo. These findings suggest that 

internalization of active APEH by the parasite is essential for parasite survival.  



 

Lipases catalyze the hydrolysis of ester bonds of lipid species such as neutral lipids 

and phospholipids. Although roles of lipases in propagation, as well as virulence in various 

organisms, have been acknowledged, in P. falciparum lipases remain understudied. We 

combined LC-MS/MS with the SH-directed ABPP to identify lipases of SH superfamily in 

P. falciparum. We have identified 16 plasmodial SHs with putative lipase activity. 

Bioinformatics analysis of our identified lipases is consistent with our findings. We have 

screened a panel of various classes of SH inhibitors in a competitive ABPP. A plasmodial 

putative lipase was potently and specifically inhibited by human monoacylglycerol lipase 

inhibitor. This inhibition profile suggests it as a monoacylglycerol lipase which plays a role 

in releasing fatty acids from neutral lipid. This finding shows that how inhibitor screening 

can aid in building hypotheses on biological roles of an enzyme. Altogether, in this 

dissertation, we have presented a robust strategy of identifying and functionally 

characterizing SHs in P. falciparum, which opens the door to the discovery of new 

biological processes. 
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GENERAL AUDIENCE ABSTRACT 

Malaria contributed to nearly a half a million deaths in 2017. The vast majority of 

malaria-related deaths are due to the parasite Plasmodium falciparum. This parasite resides 

inside human red blood cells (erythrocytes) and grows rapidly during a 48 hour cycle. 

There are over 40 serine hydrolase (SH) superfamily proteins in the parasite. Biological 

functions of the majority of SHs in the parasite remains unknown.  Study on these SHs will 

provide new insights into parasite biology, and possibly present new antimalarial drug 

targets. We used chemical biology techniques to identify and functionally characterize 

parasite SHs. In one study, we show the parasite intenalized a human erythrocyte SH, 

acylpeptide hydrolase (APEH). We used an APEH-specific inhibitor to investigate the 

biological significance of internalized APEH in parasite biology. Treatment of the parasite 

with the inhibitor resulted in parasite growth inhibition suggesting internalization of APEH 

is essential for parasite survival.  

Lipases are enzymes that aid in break down of lipids and have shown to be crucial 

for growth and pathogenicity in various organisms. Lipases and lipid catabolism remain 

understudied in the malaria parasite. We used mass spectrometry in our approach to 

identify 16 lipases in asexual parasites. We have also shown that screening with highly 

specific inhibitors can help in predicting biological function of a particular enzyme. In 



 

summary, in this body of work, we have presented an approach of studying SHs in the 

malaria parasite, which will provide new insights into parasite biology. 
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1.1 The malaria problem  

Malaria is an ancient disease that is referenced back as far as 2700 BC in China (1). 

Despite all the control efforts, it is a major public health problem with nearly half of the 

world’s population at risk in 87 countries (Fig. 1-1)(2). In 2018, an estimated 219 million 

malaria cases were reported with 465,000 deaths. With 61% of the total malaria-related 

deaths, children aged under 5 are the most vulnerable group. The burden of malaria is most 

onerous in the sub-Saharan African region with 93% of all malaria deaths (2). Malaria is a 

vector-borne infectious disease. Five species of the protozoan pathogen of genus Plasmodium- 

P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi-cause malaria in humans. 

Among these, P. falciparum is the cause of the vast majority of cases and malaria-related 

deaths (2).  

 

Figure 1-1. Malaria-endemic regions. Map showing the distribution of P. falciparum and P. 

vivax across the endemic areas. While P. vivax has a broad distribution in both tropical and 

subtropical regions, P. falciparum is only found in the tropical regions. Republished with 

permission from Nature Publishing Group from (3), Phillips, MA, Burrows, JN, Manyando, C, 

van Huijsduijnen, RH, Van Voorhis, WC, and Wells, TNC. 201. Malaria, Nat Rev Dis Primers. 3, 

17050; permission conveyed through Copyright Clearance Center, Inc. 



3 
 

While the current malaria incidence and mortality are unacceptably large, this is a 

substantial improvement from the year 2000 as the malaria incidences decreased by 37% with 

a global decrease in malaria mortality rate by 60% (4). The increase in the use of artemisinin-

based combination therapies (ACTs), insecticide-treated mosquito nets (ITNs), and indoor 

residual insecticide spraying (IRS) was attributed by the World Health Organization (WHO) 

as the main reason for this significant reduction in malaria incidence and mortality (3, 4). 

Control of malaria in endemic countries was threatened by resistance to chloroquine, 

sulfadoxine-pyrimethamine, and mefloquine until the introduction of ACTs in the mid-1990s 

(5). In 2005, WHO recommended ACTs as the first-line medicine for the treatment of 

falciparum malaria (6). The pharmacodynamic properties of artemisinin derivatives (artesunate, 

artemether, dihydroartemisinin) that are used clinically can reduce parasite biomass in four orders 

of magnitudes over a single asexual cycle (7, 8). However, P. falciparum resistance to 

artemisinin in Southeast Asia has emerged (2, 9), while vector resistance to insecticides that 

are commonly used in ITNs and IRS have been reported worldwide (10).  

 The most advanced vaccine candidate against malaria, RTS,S/AS01 (Trade name: 

Mosquirix, developed by GlaxoSmithKline and the Program for Appropriate Technology in 

Health Malaria Vaccine Initiative, and funded by Bill and Melinda Gates Foundation) has 

progressed through phase III clinical trial. This vaccine had an efficacy of 37% in children 

(5-17 months age) who received a booster with three regular doses, while the efficacy dropped 

to 28% when no booster dose was given (3, 11, 12). The ideal vaccine should induce a lifelong 

protective immunity at an early age, with a few doses as possible against both P. falciparum 

and P. vivax with the efficacy of at least 75% (3, 12). While RTS,S/AS01 does not meet the 
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criteria of being an ideal vaccine, recently in a large-scale pilot program backed by WHO, 

Malawi started giving this vaccine to children under age two. 

 In the light of the emergence of resistance against ACT and insecticides, along with 

low performing vaccines, it is of utmost importance to develop new antimalarials tools to 

achieve the goal of reduction and/or elimination of malaria by 2030, a goal set by WHO. An 

improved understanding of parasite biology will undoubtedly aid in the development of new 

antimalarial tools.  

 

1.2 The life cycle of P. falciparum 

The Plasmodium falciparum life cycle is shared between two hosts- human and an 

insect vector, a female Anopheles mosquito (Fig. 1-2). During a blood meal on human, an 

infective female anopheline mosquito injects motile infective sporozoites. The sporozoites 

travel through the bloodstream and infect the hepatocytes where they multiply into thousands 

of daughter cells, called merozoites, over the course of seven to ten days (3, 13). The 

merozoites then egress out of the hepatocytes and infect circulating erythrocytes to begin the  

asexual erythrocytic cycle wherein the clinical manifestation of malaria happens. Inside the 

erythrocytes, the parasites remain enclosed within the parasitophorous vacuole (PV) 

membrane (Fig. 1-3). Invagination of the erythrocyte membrane during invasion gives rise to 

the PV membrane, which forms a barrier between the parasite and host erythrocyte (14).   Over 

about 48 hours (h), the parasites grow and replicate to produce 8-32 daughter merozoites, 

which invade fresh erythrocytes to start a new asexual cycle (15). A fraction of the merozoites, 

in response to various stimuli, forms male and female gametocytes, which are taken up by a 

mosquito when it takes a blood meal (3, 16). While in the mosquito gut, the gametocytes 
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develop to gametes and fuse to form zygotes. The zygotes, in turn, form motile ookinetes, 

which traverse the midgut wall where they develop into sporozoite-filled oocysts. The 

sporozoites burst out of the oocyst and migrate to the mosquito salivary gland. When this 

mosquito with sporozoites bites a human, the sporozoites are injected. 

 

 

Figure 1-2. The life cycle of P.  falciparum. The cycle starts with the bite of a female 

Anopheles mosquito carrying sporozoites. These sporozoites invade the hepatocytes and 

produce thousands of merozoites. Merozoites invade erythrocytes, develop to trophozoites 

and schizonts. Merozoites released from mature schizonts invade fresh erythrocytes to start 

anew. A fraction of the merozoites develops into male and female gametocytes, which are 

taken up by a mosquito during a blood meal. Inside the mosquito, gametocytes progress 

through zygote, ookinete, and oocyst to produce sporozoites that migrate to the salivary gland 

of the mosquito. ♀, female; ♂, male. Republished with permission from Rockefeller 

University Press from (17), Cowman, AF, Berry, D, and Baum, J. 2012. The cellular and 

molecular basis for malaria parasite invasion of the human red blood cell, J Cell Biol. 198, 961-

71.; permission conveyed through Copyright Clearance Center, Inc. 
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Understanding the biological processes that happen throughout different stages of the 

parasite life cycle can aid in the development of new tools to control malaria. As the 

erythrocytic stage is the pathogenic stage, it remains the primary target for developing 

antimalarial tools, namely antimalarial drugs and vaccines.  

 

 

Figure 1-3. Electron micrograph of P.  falciparum-infected erythrocyte. An early schizont 

stage parasite is enclosed inside the parasitophorous vacuole membrane (PVM), which 

contains a food vacuole (DV). Nu, nucleus; PM, parasite plasma membrane. Republished with 

permission from Frontiers in Bioscience from (18), Wunderlich, J, Rohrbach, P, and Dalton, JP. 

2012. The malaria digestive vacuole. Front Biosci (Schol Ed) 4: 1424-1448. 

 

1.3 Plasmodium lipid metabolism 

During the asexual erythrocytic stage, the parasite undergoes rapid and prolific cell 

division. This rapid growth requires accelerated membrane biogenesis and well-regulated lipid 

metabolism. Since erythrocytes lack necessary cellular components for lipids or protein synthesis 

(19), the parasite relies on its own machinery to synthesize the membranes of PV, membranes of 
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the subcellular organelles, as well as the lipid-derived signaling molecules that regulate parasite 

development and proliferation (20). However, it is essential for the parasite to scavenge the 

precursors, fatty acids (FA), from the host or surrounding serum (21-23). FAs are the reaction 

products of lipases and phospholipases, which parasites incorporate into phospholipids (PL) and 

neutral lipids (NL) during its erythrocytic stage of the life cycle. The parasite can also synthesize 

FAs de novo in the apicoplast (a relict algal plastid that arose through secondary endosymbiosis 

(24)) via the fatty acid synthase II (FASII) pathway. FASII mediated de novo FA synthesis occurs 

primarily in the hepatic and mosquito stages and is dispensable for asexual erythrocyte stage (25, 

26). 

 Upon P. falciparum infection of the erythrocytes, a drastic change in lipid contents 

occurs in the infected erythrocytes (iRBC) compared to the uninfected erythrocytes (uRBC).  

A 4- to 6-fold increase in PLs has been reported in the iRBCs (23, 27). While the largest 

increase happens in phosphatidylcholine (PC), phosphatidylethanolamine (PE), and 

phosphatidic acid (PA) concentration, phosphatidylserine (PS) and PE plasmalogen decrease.  

Sphingomyelin (SM) concentration remains comparable between the parasite and uRBCs (23, 

28). In the parasites, PC is the most abundant PL representing 40-50% of the total PLs, 

followed by PE (15-30%), and phosphatidylinositol (PI, 4-11%), whereas SM and PS represent 

less than 5% (23, 27). Although cholesterol is one of the major constituent lipids in uRBCs, it 

remains almost absent in the parasite owing to the parasite’s inability to synthesize sterols (23, 28).  

NLs (di- and tri-acylglycerol, DAG and TAG, respectively) also increase by 2- to 5-fold in the 

parasite during erythrocyte cycle (27, 29).  These NLs are stored in lipid bodies (LB) near the food 

vacuole (29, 30). These stored NLs are proposed to serve as mobilizable storage of FAs for the 

synthesis of parasite PLs (29, 30). 
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 Synthesis of various lipid species are undeniably essential for parasite propagation and 

virulence; and several studies have been carried out to investigate enzymes catalyzing the synthesis 

of lipids (20, 22, 30, 31). However, the degradation of these lipid species is also crucial in lipid 

homeostasis for parasite survival. Although the importance of lipases and phospholipases in lipid 

homeostasis during propagation and virulence have been acknowledged in various organisms (32-

34), in P. falciparum, these remain understudied. While 22 (phospho)lipases have been predicted 

based on sequence homology (28, 35), only 2 of these plasmodial (phospho)lipases have been 

characterized. One of these is a phospholipase that is dispensable during erythrocyte stage but has 

roles in sporozoite infectivity and merozoite egress from hepatocytes (36, 37). The other is the 

prodrug activation and resistance esterase (PfPARE) that activates an esterified prodrug, and a 

mutation of this gene leads to resistance to the esterified drug (38). Undoubtedly, functional 

identification of lipases will help in the discovery of novel parasite-specific lipid catabolic 

processes and possibly present potential drug targets. 

 

1.4 Serine hydrolases of P. falciparum 

  The serine hydrolase (SH) enzyme superfamily is one the largest and most diverse enzyme 

classes (proteases, lipases, amidases, esterases) in eukaryotes and prokaryotes (39). Approximately 

1% of the predicted gene products of many eukaryotic organisms are SHs and takes part in almost 

all physiological processes (39, 40). All of these enzymes use an activated serine (Ser) nucleophile 

to cleave amide or ester bonds in substrates through a covalent acyl-enzyme intermediate. 

Subsequently, this covalent adduct is released by water-catalyzed hydrolysis and regenerates the 

enzyme for subsequent rounds of catalysis (Fig. 1-4). 
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Figure 1-4. Serine hydrolase catalytic mechanism. A serine nucleophilic residue, activated 

by proton a relay that involves an acidic residue and a basic residue, attacks the carbonyl 

group of the substrate to form a covalent acyl-enzyme intermediate and liberate the first 

reaction product. The acyl-enzyme intermediate is then cleaved by a water molecule which 

releases the second reaction product and regenerates the enzyme for subsequent rounds of 

catalysis.  Republished with permission from Royal Society of Chemistry from (41), Biao 

Chen, Sha-Sha Ge, Yuan-Chao Zhao, Chong Chen, and Song Yang. 2016. Activity-based protein 

profiling: an efficient approach to study serine hydrolases and their inhibitors in mammals and 

microbes, RSC Adv. 6, 113327-43.; permission conveyed through Copyright Clearance Center, 

Inc. 

 

  Proteases and metabolic SHs are two subgroups of SHs (Table 1-1). Proteases mostly 

contain chymotrypsin- or subtilisin-like folds and primarily cleave peptide bonds of a protein. The 

catalytic mechanism includes a catalytic triad comprising Ser, histidine (His), and aspartic acid 

(Asp) residues. The nucleophilic Ser, when activated by His, attacks a carbonyl carbon of the 

substrate to cleave peptide bond (42). Typically, serine proteases are synthesized as inactive 

precursors, zymogens, which are then activated by proteolytic events (39, 42). Metabolic SHs 

hydrolyze small molecules (such as lipids) or thioesters (43).  The majority of this subgroup of 

SHs contain an α/β-hydrolase-fold with Ser-His-Asp catalytic triad; while patatin-domain 

containing lipases with Ser-Asp catalytic dyad is also part of this subgroup (39, 43). 
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Table 1-1. Serine hydrolase subgroups 

Serine proteases  Primarily hydrolyze peptide bonds of a protein 

 Activation of proteases requires proteolytic processing of an 

inactive precursor   

Metabolic serine hydrolases  Hydrolyze amide, ester, and thioester bonds in metabolites 

and peptides 

 Includes lipases, esterases, thioesterases, amidases 

 

The genome of P. falciparum encodes over 40  SH (approximately 1% of P. falciparum 

predicted gene products) (35), which play broad roles in parasite biology including egress, 

invasion, virulence, and resistance (38, 44, 45). Several serine proteases are present in the parasite, 

and some of those have been studied extensively. P. falciparum chymotrypsin-like serine protease 

DegP is expressed in the early trophozoite stage, which is exported into the host erythrocyte cytosol 

(46). It has been suggested to play roles in the oxidative and thermal stress response that the 

parasite encounters from the host by forming a complex with parasite-encoded heat shock protein 

70, iron superoxide dismutase and enolase (46). There are three subtilisin-like serine proteases in 

P. falciparum: PfSUB1, PfSUB2, and PfSUB3 (35, 47); among these PfSUB1 and -2 have been 

extensively characterized. PfSUB1 is maximally expressed in the mature schizonts and is 

indispensable for the parasite growth (48, 49). It is expressed in an inactive form which is 

proteolytically activated by dipeptidyl aminopeptidase 3, a cysteine protease, and accumulates in 

the exoneme, an apical organelle (44, 47, 49, 50). From exoneme, right before egress, PfSUB1 is 

discharged into the PV (48). In the PV, it proteolytically processes serine-repeat antigen 5 which 

regulates the kinetics and efficiency of parasite egress (49-51). PfSUB2 is an integral membrane 
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protein that is also maximally expressed in the mature schizonts (52, 53). This protein is localized 

in the microneme, an apical organelle, from where the proteolytically mature form is secreted onto 

the parasite surface upon merozoite release and aids in shedding of merozoite surface protein and 

apical membrane antigen during invasion (53, 54). Unsuccessful attempts to knock out the PfSUB2 

orthologue in P. berghei (rodent malaria parasite) suggests its essentiality for parasite growth (55). 

Yeast two-hybrid screening has revealed that PfSUB3 interacts with P. falciparum profilin, a 

cytoskeletal and proinflammatory molecule, which suggests that it plays roles in motility, egress, 

and induction of proinflammatory cytokines (56). However, it was found to be non-essential in P. 

falciparum (49).  

 Only five of the metabolic SHs of P. falciparum have been previously characterized. One 

of these is prodrug activation and resistance esterase (PfPARE), which is dispensable during the 

erythrocytic stage. This has been shown to have esterase activity on ester-containing prodrugs, and 

a mutation in the active site of PfPARE can lead to the emergence of resistance to ester-containing 

drugs (57). P. falciparum epoxide hydrolase 1 (PfEH1) and 2 (PfEH2) are transported into the host 

erythrocyte cytoplasm and have been shown to hydrolyze bioactive erythrocyte lipid epoxides. 

PfEH1 and PfEH2 are not essential in the culture adapted erythrocytic stage parasites; however, 

transcriptional profiling of field isolates has shown higher transcript levels of PfEH1 and PfEH2 

compared to culture-adapted isolates, suggesting that these two enzymes may be beneficial in the 

host environment (45, 58).  It has been proposed that these two enzymes can lead to perturbed 

vascular signaling in the host erythrocyte which provides the infected erythrocytes favorable 

conditions for binding and sequestration to the microvascular endothelium (45). An orthologue of 

one of the P. falciparum phospholipases has been characterized in P. berghei (rodent malaria 

parasite) where it is dispensable during the erythrocyte stage but plays a role in sporozoite 
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infectivity and merozoite egress from hepatocytes (36, 37). The other metabolic SH that has been 

characterized is P. falciparum proline aminopeptidase which is not essential for asexual 

erythrocytic stage (59). Clearly, a proteome-wide functional profiling of serine hydrolases would 

generate knowledge that can lead to the discovery of novel biochemical processes, and potential 

drug targets; thereby creating the inspiration for the studies of this dissertation. 

 

1.5 Activity-based proteomics 

Advances in genomics have provided a wealth of information on genomes of over 700 

organisms (40, 60).  While genome sequences can provide crucial information on the gene identity, 

cannot always provide accurate information on a functional level (40, 60). The introduction of 

activity-based protein profiling (ABPP) has greatly accelerated the functional annotation of 

proteins. 

ABPP relies on the use of an active-site directed chemical probe or “activity-based probe” 

(ABP). ABPs are mechanism-based chemical entities with a reactive group or ‘warhead’, a 

recognition element, and a reporter tag (Fig. 1-5A) (39, 60, 61). The warhead reacts with an active 

site amino acid residue of the enzyme of a specific family; the recognition element confers the 

selectivity upon the warhead while the reporter tag allows quantitative readout. This reporter tag 

includes fluorophores, affinity tags, or clickable handles. With the fluorophore (such as TAMRA) 

as a reporter tag, ABPP allows visualization of labeled enzymes on a polyacrylamide gel (Fig. 1-

5B). While gel-based ABPP is a great platform to study the functional state of enzymes, it is limited 

by the resolution of the gel. To surmount this limitation, researchers have introduced mass 

spectrometry (MS) for analyzing probe-treated proteomes, which vastly  improved the information 

acquired from ABPP experiments (60). Affinity tags (such as biotin) or clickable handles (such as  
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Figure 1-5. Schematic diagram of activity-based protein profiling. (A) Schematic 

presentation of an activity-based probe (ABP), which contains a warhead (black), a linker (blue), 

and a reporter tag (purple). (B) ABPP mechanism, both gel-based and mass spectrometry (MS)-

based ABPP is shown. (C) Competitive-ABPP platform. Binding of inhibitor (yellow) prevents 

probe labeling. 

 

azides, alkynes) are used in ABPP in combination with MS (ABPP-MS) (Fig. 1-5B). A 

modification of this method is competitive ABPP, which is based on the inability of the ABPs to 
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react with the inactive proteins, has been particularly useful in inhibitor discovery (Fig. 1-5C) as 

well as in the discovery of inhibitor target. 

 

 

Figure 1-6. Serine hydrolase fluorophosphonate probes. (A) Serine hydrolase activity-

based probe mechanism; B is the base residue that is common in all serine hydrolases, the 

orange sphere is the reporter tag. Redrawn from (39) , Bachovchin DA, Cravatt BF. 2012. The 

pharmacological landscape and therapeutic potential of serine hydrolases. Nat Rev Drug Discov 

11:52-68; permission conveyed through Copyright Clearance Center, Inc. (B) TAMRA-FP; 

TAMRA fluorophore allows visual detection of labeled serine hydrolases.  (C) Desthiobiotin-FP; 

desthiobiotin provides a convenient affinity handle for the enrichment of labeled serine hydrolases. 
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Over the past decades, numerous ABP studies covering diverse enzyme classes in a wide range 

of biological systems have been produced to gather striking insights into enzyme functions (40, 

60, 62). Fluorophosphonate (FP)-based probes have been used in various organisms to study SHs, 

where FP-based probes exhibit broad specificity with negligible off-target activity (63-66). The 

FP warhead reacts covalently with the active site Ser of SHs (Fig. 1-6 A), thus binding only to the 

active enzymes but not with inactive precursors or inhibitor-bound forms. We have used TAMRA- 

and desthiobiotin-FP (Fig. 1-6B, C) probes to study SHs of P. falciparum using both gel-based 

ABPP and ABPP-MS, respectively. The TAMRA fluorophore provides direct visualization of 

labeled enzymes on a polyacrylamide gel while desthiobiotin offers a convenient handle for the 

enrichment of labeled enzymes with avidin or streptavidin bead affinity purification and 

subsequent MS analysis.  

 

1.6 Functional profiling of P. falciparum serine hydrolases 

In this study, we have used FP-based probes in activity-based proteomics to functionally 

profile P. falciparum SHs. We discuss an intriguing finding of a human SH, internalized by the 

parasite in chapter 2. We present our approach of functionally characterizing the internalized 

protein using TAMRA-FP probe and a covalent triazole urea inhibitor. In chapter 3, we turn our 

focus onto the functional profiling of lipases in P. falciparum. Although the roles of lipases in lipid 

metabolism are acknowledged in various organisms, curiously enough, lipases have been 

understudied in P. falciparum. We used a desthiobiotin-FP probe in combination with a pan-lipase 

inhibitor and liquid-chromatography-tandem mass spectrometry (LC-MS/MS) to identify 

biologically active putative lipases in the asexual erythrocyte stage of P. falciparum. This work as 

a whole provides an insight into the biochemically active SHs in P. falciparum that may aid in 
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understanding the parasite’s unique biology and may possibly help find potential antimalarial 

targets. 
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2.1 ABSTRACT  

The human malaria parasite Plasmodium falciparum causes disease as it replicates within the 

host’s erythrocytes. We have found that an erythrocyte serine hydrolase, acylpeptide hydrolase 

(APEH), accumulates within developing asexual parasites. Internalization of APEH was 

associated with a proteolytic event that reduced the size of the catalytic polypeptide from 80 to 55 

kDa. A triazole urea APEH inhibitor, termed AA74-1, was employed to characterize the role of 

parasite-internalized APEH. In cell lysates, AA74-1 was a potent and highly selective inhibitor of 

both host erythrocyte and parasite-internalized APEH. When added to cultures of ring-stage 

parasites, AA74-1 was a poor inhibitor of replication over one asexual replication cycle; however, 

its potency increased dramatically after a second cycle. This enhancement of potency was not 

abrogated by the addition of exogenous isopentenyl pyrophosphate, the sole essential product of 

apicoplast metabolism. High-potency inhibition of parasite growth could be effected by adding 

AA74-1 to schizont-stage parasites, which resulted in parasite death at the early trophozoite stage 

of the ensuing replication cycle. Analysis of APEH inhibition in intact cultured cells revealed that 

host erythrocyte APEH, but not the parasite-internalized APEH pool, was inhibited by exogenous 

AA74-1. Our data support a model for the mode of parasiticidal activity of AA74-1 whereby 

sustained inactivation of host erythrocyte APEH is required prior to merozoite invasion and during 

parasite asexual development. Together, these findings provide evidence for an essential catalytic 

role for parasite-internalized APEH. 
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2.2 IMPORTANCE  

Nearly half a million deaths were attributed to malaria in 2017. Protozoan parasites of the genus 

Plasmodium cause disease in humans while replicating asexually within the host’s erythrocytes, 

with P. falciparum responsible for most of the mortality. Understanding how Plasmodium spp. has 

adapted to its unique host erythrocyte environment is important for developing malaria control 

strategies. Here, we demonstrate that P. falciparum co-opts a host erythrocyte serine hydrolase 

termed acylpeptide hydrolase. By showing that the parasite requires acylpeptide hydrolase activity 

for replication, we expand our knowledge of host cell factors that contribute to robust parasite 

growth. 

 

KEYWORDS:  Plasmodium, malaria, erythrocyte, serine hydrolase, acylpeptide hydrolase 
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2.3 INTRODUCTION 

In 2017, an estimated US $3.1 billion was spent on malaria control worldwide. Despite this 

expenditure, around half a million deaths due to malaria were reported that year (1).  Plasmodium 

falciparum, one of the five species that cause human malaria, accounts for the vast majority of 

these deaths (1). While still unacceptably large, the latest mortality figure represents a substantial 

improvement on the malaria situation of fifteen years ago, which is due in part to the 

implementation of artemisinin combination therapy (2). Recent reports of reduced efficacy in 

Southeast Asia have raised concerns that parasites are evolving resistance (or tolerance) to 

artemisinin-related compounds and their partner drugs (3, 4). The discovery and validation of new 

anti-malarial targets is therefore a critical component of a robust anti-malarial pipeline, which is 

needed to safeguard recent advances and to devise strategies for eradication. 

Enzymes of the serine hydrolase superfamily encompass a highly diverse range of catalytic 

activities and have garnered much attention for their roles in many critical metabolic processes in 

humans (5, 6). Based on annotated sequence homologies, the P. falciparum genome encodes over 

40 putative members of the serine hydrolase superfamily (7), most of which have not been 

functionally characterized. Exploration of the roles of uncharacterized serine hydrolases will lead 

to new insights into essential aspects of parasite metabolism and possibly to new chemotherapeutic 

targets.  

Serine hydrolase-directed activity-based probes (ABPs) have emerged as powerful tools 

for the functional annotation of serine hydrolases in complex proteomes (5, 8). By enabling 

competitive activity-based protein profiling (ABPP), ABPs have greatly accelerated the discovery 

of inhibitors that are highly specific for individual serine hydrolases (5). ABPs containing a 

fluorophosphonate (FP) warhead provides broad coverage of the serine hydrolase superfamily with 
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negligible off-target activity (9, 10). The reaction of the FP warhead with the active site serine 

forms a stable covalent adduct. ABPs containing a fluorescent reporter enables a direct quantitative 

readout of the levels of active serine hydrolases (10).  

We have employed a fluorescent FP probe in conjunction with well-characterized serine 

hydrolase inhibitors to profile the serine hydrolase activities of asexual intraerythrocytic P. 

falciparum. In the course of these studies, we made the surprising discovery that a human host 

erythrocyte serine hydrolase, acylpeptide hydrolase (APEH, EC: 3.4.19.1; also referred to as 

acylamino acid releasing enzyme and acylaminoacyl-peptidase) is one of the most abundant serine 

hydrolases in the developing asexual parasite. APEH is a member of the prolyl oligopeptidase 

(POP) family of serine peptidases (clan SC, family S9C). In mammals, APEH is ubiquitously 

expressed (11) and has been purified from human erythrocytes as a homotetramer (12, 13). APEH 

was initially identified as an exopeptidase that catalyzes the hydrolysis of N-terminally acylated 

amino acids from peptides, yielding an acylamino acid and a shortened peptide with a free N-

terminus (14, 15). Acetylated and formylated peptides are good substrates for APEH (16, 17). 

There have also been reports of APEH endopeptidase activity against oxidized proteins (18) and 

amyloidogenic A peptide (19).  

The physiological roles of APEH in mammalian cells are not completely understood. On 

the basis of the exopeptidase activity of APEH noted above, it has long been hypothesized that 

APEH participates in the maturation of proteins through the removal of acetylated N-terminal 

residues (20). Treatment of mouse T cells with a potent and highly selective inhibitor of APEH, 

termed AA74-1, affected the acetylation status of 25 proteins, lending support for this hypothesis 

(21). There is some evidence that APEH influences activity of the proteasome (22, 23); however, 

the mechanistic details of this interaction remain to be elucidated. 



 

 
31 

Here, we have employed the fluorescent activity-based serine hydrolase probe TAMRA-

fluorophosphonate (TAMRA-FP), the covalent triazole urea APEH inhibitor AA74-1, and anti-

APEH antibodies to explore the properties and physiological role of the parasite-internalized 

enzyme. 

  

2.4 RESULTS 

Identification of human APEH in saponin-isolated P. falciparum  

 As a first step towards a proteome-wide functional annotation of serine hydrolase activities 

in asexual P. falciparum, we compared the TAMRA-FP labeling profiles of crude lysates of 

uninfected erythrocytes and of saponin-isolated parasites (Fig. 2-1A). Saponin selectively 

permeabilizes the erythrocyte plasma membrane and the parasitophorous vacuole (PV) membrane 

of parasite-infected red blood cells; thus, saponin-treated parasites lack soluble erythrocyte and 

PV proteins (24). Unsurprisingly, there is little overlap between the two profiles, which is 

consistent with an organism-specific pattern of serine hydrolase expression. 

 To gain insight into the functionality of P. falciparum serine hydrolases, competitive 

activity-based probe profiling (referred to as competitive ABPP) was conducted. Crude lysates of 

saponin-isolated parasites were incubated with covalent inhibitors of diverse human serine 

hydrolases or vehicle (1% DMSO) prior to TAMRA-FP labeling (Fig. 2-1B; structures of 

inhibitors and their known targets are provided in Table S1). We were intrigued to find that AA74-

1, a triazole urea inhibitor (Fig. 2-1C) that is highly selective for human APEH (21), completely 

blocked TAMRA-FP labeling of a major ~55 kDa species and a minor ~80 kDa species in parasite 

lysate (Fig. 2-1B). In contrast, lipase or fatty acid amide hydrolase inhibitors did not compete with 

labeling of the 55 or 80 kDa species (Fig. 2-1B). Both of these species are present in ring-stage 
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parasites and the abundance of the 55 kDa species increases throughout the asexual replication 

cycle (Fig. 2-1D). Treatment of erythrocyte lysate with the same inhibitor panel revealed that 

AA74-1, but not lipase or fatty acid amide hydrolase inhibitors, blocked TAMRA-FP labeling of 

an ~80 kDa species in a highly selective manner (Figs. 2-1E, 2-S1).  The estimated molecular mass 

of this species is consistent with a predicted molecular mass of 81.2 kDa for human APEH (25).  

 The above findings suggest two possible interpretations: i) P. falciparum expresses an 

endogenous protein with activity similar to that of human APEH, or ii) the parasite internalizes the 

erythrocyte enzyme. To distinguish between these possibilities, we asked whether parasite-

internalized APEH is recognized by an affinity purified anti-human APEH antibody (Fig. 2-1F). 

Parasite and erythrocyte lysates were first analyzed by competitive ABPP with and without AA74-

1 to identify APEH (Fig. 2-1F). After in-gel fluorescence scanning of TAMRA-FP-labeled species, 

the proteins were transferred to nitrocellulose and APEH was detected by immunoblotting. The 80 

kDa species in erythrocyte lysate and the major 55 kDa and minor 80 kDa species in parasite lysate 

were recognized by the antibody, with the relative abundance of the species on the membrane 

comparable to that observed in the TAMRA-FP scan (Fig. 2-1F). These findings strongly suggest 

that P. falciparum internalizes APEH, which then appears to undergo a proteolytic event to reduce 

the size of the active site-containing segment from 80 to 55 kDa. The minor ~80 kDa species in 

parasite lysate that is inhibited by AA74-1 likely represents full-length, uncleaved APEH. 

Hereafter, these two species will be collectively referred to as “parasite-internalized APEH”. 
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Figure 2-1. Identification of human APEH in saponin-isolated P. falciparum. (A) TAMRA-

FP labeling of serine hydrolases in lysates of uninfected human erythrocytes (RBC) and saponin-

isolated parasites (SAP). (B) Competitive ABPP using a panel of serine hydrolase inhibitors (1 

µM) that target various classes of serine hydrolase (see Table 2-S1) or vehicle (1% DMSO) 

control. The 80 and 55 kDa species that react quantitatively with AA74-1 are indicated with red 

asterisks. (C) Structure of the APEH-selective inhibitor AA74-1. (D) Levels of the parasite-

internalized 55 and 80 kDa species (red asterisks) throughout the asexual replication cycle.  Similar 

numbers of ring (16 h post-invasion, hpi), trophozoite (28 hpi) and schizont (40 hpi) stage parasites 

were labeled with TAMRA-FP without and with AA74-1 competition. (E) Effect of AA74-1 (1 

µM) on TAMRA-FP labeling of serine hydrolases in a lysate of uninfected erythrocytes. The red 

asterisk indicates an 80 kDa species that is inhibited by AA74-1. (F) Immunodetection of human 

APEH in lysates of uninfected erythrocytes and saponin-isolated parasites without and with AA74-

1 competition. Lysates were labeled with TAMRA-FP and labeled proteins were detected by in-

gel fluorescence scanning (“TAMRA-FP (gel)”). Proteins were transferred to a nitrocellulose 

membrane and TAMRA-FP-labeled species were imaged (“(TAMRA-FP (membrane)”). Because 

the imaging of TAMRA fluorescence from the nitrocellulose membrane is much less sensitive than 
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in-gel scanning, only the major TAMRA-FP species are visible. APEH was then detected using an 

anti-human APEH antibody (“APEH”). An overlay of the membrane TAMRA and antibody 

signals, generated by aligning the molecular markers, is shown in “Merge”. TAMRA fluorescence 

is pseudocolored red and chemiluminescence is pseudocolored green. The uncropped images are 

provided in Fig. 2-S2. Sizes of molecular markers are indicated in kDa. 

 

Validation of AA74-1 as a potent and selective inhibitor of parasite-internalized APEH 

  Before using AA74-1 to probe the importance of internalized APEH for intraerythrocytic 

parasite development, we evaluated its potency and selectivity in cell lysates. The 50% inhibitory 

concentration (IC50) values for AA74-1 inhibition of erythrocyte and parasite-internalized APEH 

were determined by competitive ABPP (Fig. 2-2A, B). Mean IC50 values from three independent 

replicates were 7.9  1.8 nM for the parasite 55 kDa species and 7.4  2.4 nM for the erythrocyte 

80 kDa species, which are not significantly different (two-tailed Student’s t-test, p-value = 0.78). 

These values are very close to the 11 nM IC50 value reported for AA74-1 inhibition of APEH in a 

human cell line using a similar competitive ABPP assay (21). The parasite 80 kDa species appeared 

to have a comparable IC50 value (Fig. 2-2A), but its lower abundance made it difficult to reliably 

quantify this species.  

To assess the selectivity of AA74-1 for APEH in saponin-isolated parasite lysate, the 

fluorescence profiles of the lanes corresponding to 135 and 405 nM AA74-1 in Fig. 2-2A were 

compared to that of the vehicle (DMSO) control (Fig. 2-2C). At both concentrations, the 80 and 

55 kDa APEH species were effectively inhibited (Fig. 2C, red asterisks). A 37 kDa species was 

partially inhibited at both concentrations. In separate studies, we have identified this species as the 

“prodrug activation and resistance esterase” (R. Elahi, C. Dapper and M. Klemba, unpublished 

data), a serine hydrolase that is not essential for asexual replication of P. falciparum (31). We 

conclude that concentrations of AA74-1 below ~400 nM are highly selective for the 55 and 80 

kDa species of APEH in saponin-isolated parasite lysate in vitro. 
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Figure 2-2. Potency and selectivity of AA74-1 in lysates of saponin-isolated parasites and 

uninfected erythrocytes. (A) Competitive ABPP with AA74-1 over a concentration range of 0.06 

– 405 nM. Upper panel: Saponin-isolated parasites (SAP). The 55 and 80 kDa APEH species are 

indicated with red asterisks. The species used for APEH peak volume normalization (see Materials 

and Methods) is indicated with a black asterisk. Lower panel: Uninfected erythrocytes (RBC). 

APEH is indicated with a red asterisk. See Fig. 2-S3 for the full gel image and the species used for 

peak volume normalization. (B) Plot of normalized APEH peak volume, expressed as a fraction of 

the control (“0 nM”, 1% DMSO), vs. AA74-1 concentration. Data are from the gel images in (A), 

which represent one of three biological replicates. Points were fit to a four-parameter sigmoidal 

curve. (C) Selectivity of AA74-1 in lysates of saponin-isolated parasites. TAMRA fluorescence 

profiles were generated for lanes in (A) corresponding to 0, 135 and 405 nM AA74-1. The 55 and 

80 kDa internalized APEH species are indicated with red asterisks. Prodrug activation and 

resistance esterase is indicated with a blue asterisk. For A and C, the molecular masses of markers 

are indicated in kDa. 
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The anti-malarial potency of AA74-1 is enhanced over two replication cycles 

 To determine whether internalized APEH is required for efficient parasite replication, we 

examined the effect of AA74-1 on the development of a synchronized ring-stage P. falciparum 

culture. Parasite replication was assessed by measuring the fluorescence of the DNA-binding dye 

SYBR Green I after 48 h (the time required for one complete cycle of the 3D7 line is ~42 h). 

AA74-1 was a relatively poor inhibitor of parasite growth, with incomplete inhibition of parasite 

replication at 10 µM and an estimated 50% effective concentration (EC50) greater than 1 µM (Fig. 

2-3A, Table 1). Interestingly, however, when parasites were seeded at a lower density and allowed 

to proceed through two replication cycles (96 h), the efficacy of AA74-1 increased by over 10-

fold, exhibiting a mean EC50 value of 96 ± 38 nM over three biological replicates (Fig. 2-3A, Table 

2-1).  Near complete inhibition of parasite replication on the second cycle was observed at an 

AA74-1 concentration of 310 nM, a value that is highly selective for APEH in saponin-isolated 

parasite lysate (Fig. 2-2B). In contrast to these results, parallel experiments with chloroquine 

yielded 48 and 96 hour EC50 values that were not significantly different (Table 1; two-tailed 

Student’s t-test, p-value = 0.93).  

 

Table 2-1. Effects of incubation time and IPP on EC50 values from ring-initiated P. 

falciparum growth inhibition assays. Values are means ± SD from three biological replicates. 

ND, not determined.  

 

Compound 48 h EC50 (nM) 96 h EC50 (nM) 

  -IPP +IPP 

AA74-1 >1,000 96 ± 38 94 ± 39 

Clindamycin >10,000 37 ± 24 >10,000 

Chloroquine 9.0 ± 2.4 8.5 ± 2.0 ND 
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Figure 2-3: Effects of AA74-1 on parasite replication. Concentration-response plots for 

parasites cultured in the presence of AA74-1 (A) or clindamycin (B) for 48 h (red circles), 96 h 

(blue circles) or 96 h in the presence of 200 µM IPP (green circles). At the indicated time points, 

parasite DNA was quantified using a SYBR Green I assay. Data are expressed as a percentage of 

the fluorescence value for the vehicle (DMSO) control. (C) Schematic diagram of the 

concentration-response experiment in panel D. Addition of AA74-1 is indicated with black arrows 
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and occurred either at ring (R) or schizont (S) stage. SYBR Green I assays of parasite cultures 

were conducted after completion of cycle 1 and cycle 2 (green arrows). The colored arrows indicate 

incubation periods for ring cultures (48 and 96 h, abbreviated R_48 and R_96, respectively) and 

schizont cultures (24 and 72 h, abbreviated S_24 and S_72, respectively). (D) Concentration-

response curves for AA74-1 treatment initiated at ring or schizont stages of asexual development. 

Plot line colors correspond to those of the arrows in panel C. In A, B and D, inhibition curves were 

generated by non-linear regression fits to a four-parameter sigmoidal curve. The lower baselines 

are non-zero due to background fluorescence. (E) Stage specificity of AA74-1 toxicity. Schizont-

stage parasites were treated with 0.3 µM AA74-1 or DMSO vehicle. Typical sections of Giemsa-

stained smears at the start of the experiment (“start”) and at various times in hours after initiation 

of treatment are shown. 

 

Dramatic enhancement of anti-malarial potency during a second replication cycle is a 

hallmark of compounds that target the P. falciparum apicoplast (26, 27) and is referred to as 

“delayed death”. An apicoplast-based delayed death response can be reversed by supplementation 

of parasite culture medium with 200 µM isopentenyl pyrophosphate (IPP), which is the sole 

product of apicoplast metabolism that is required during the asexual growth cycle (26). To 

determine whether the enhanced potency of AA74-1 might be due to inhibition of an apicoplast 

enzyme, we conducted 96 hour growth assays in the presence and absence of 200 µM IPP. As a 

positive control for delayed death, parallel experiments were performed with clindamycin, an 

antibiotic that targets the apicoplast. Clindamycin has been shown to exhibit a profound delayed 

death response, which can be rescued by IPP supplementation (26, 27). While clindamycin toxicity 

was dramatically attenuated in the presence of IPP (Fig. 2-3B, Table 2-1), the potency of AA74-1 

was unaffected (Fig. 2-3A, Table 2-1). These results strongly suggest that AA74-1 does not target 

an apicoplast enzyme and indicate that an alternate mechanism lies behind the enhancement of 

AA74-1 potency during the second replication cycle.  

To determine whether the duration of parasite exposure to AA74-1 during the first 

replication cycle influences the enhanced potency observed during the second, we compared the 

effects of adding AA74-1 at the start of cycle 1 (i.e., ring stage) or at the end (i.e., schizont stage; 
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a schematic diagram of the experimental design in shown in Fig. 2-3C). As expected, there was a 

pronounced leftward shift in the concentration-response curve during the second cycle when 

AA74-1 was added at the ring stage (compare Ring 48 and 96 h data sets, Fig. 2-3D, Table 2-2). 

When AA74-1 was added at the schizont stage, there was no effect on SYBR Green I signal after 

24 h. Strikingly, the concentration-response curve over the second cycle yielded EC50 values that 

were essentially identical to those when AA74-1 was added at ring stage (compare Ring 96 h and 

Schizont 72 h data sets; Fig. 2-3D, Table 2-2; two-tailed Student’s t-test, p-value = 0.74). These 

results reveal that AA74-1 does not induce a delayed death response, but rather suggest that for 

AA74-1 to exert parasiticidal activity, host cells must be exposed to the inhibitor prior to merozoite 

invasion. Parallel experiments with chloroquine yielded highly similar EC50 values at all 

incubation times longer than 24 h (Table 2-2). To confirm that AA74-1 effectively blocks host cell 

APEH over the duration of the schizont-initiated growth experiment, uninfected erythrocytes were 

treated with 100 nM AA74-1 or DMSO vehicle, sampled at 4, 24, and 72 h, and assayed for APEH 

activity after inhibitor washout. Complete inhibition of erythrocyte APEH was observed at all time 

points (Fig. 2-S4). 

 

Table 2-2. EC50 values from P. falciparum growth inhibition assays initiated with ring- or 

schizont-stage parasites. For each data column, the stage of initiation and time of incubation are 

indicated. Values are means ± SD in nM from three biological replicates.  

 

Compound Schizont 24 h  Rings 48 h Schizont 72 h Rings 96 h  

AA74-1 >10,000 >1,000 47 ± 30 40 ± 10 

Chloroquine >250 29 ± 9 35 ± 10 28 ± 4 

 



 

 
40 

Finally, we assessed the stage specificity of AA74-1 toxicity by treating synchronized late-

stage schizonts with 300 nM AA74-1 and following parasite development by Giemsa-stained 

smears. AA74-1 did not block merozoite egress or invasion, as indicated by the presence of ring-

stage parasites 11 hours after adding AA74-1 (Fig. 2-3E). At 40 hpi, the control culture had 

developed into mature schizonts, whereas the AA74-1-treated culture had arrested at the early 

trophozoite stage (Fig. 2-3E).  

 

Parasite-internalized APEH, but not erythrocyte APEH, is recalcitrant to AA74-1 inhibition 

in intact cells 

Seeking an explanation for the enhanced potency of AA74-1 during the second replication 

cycle, we asked whether AA74-1 is an effective inhibitor of parasite-internalized APEH in intact 

parasitized erythrocytes. Because AA74-1 covalently modifies the active site serine of APEH (21), 

the inhibitor can be added to parasite cultures for a defined period of time  

and the extent of APEH inhibition in vivo can be assessed by TAMRA-FP labeling following 

inhibitor washout and saponin isolation of parasites. We determined the amount of residual 

internalized APEH activity following a four-hour treatment of cultured trophozoite-stage parasites 

with 0.1, 1 or 10 µM AA74-1. A four-hour treatment window was selected in order to minimize 

the potentially confounding effects of toxicity at the higher AA74-1 concentrations (Fig. 2-3A). 

Surprisingly, parasite-internalized APEH was not effectively inhibited by exogenous AA74-1 

concentrations up to 10 µM (Fig. 2-4A). A parallel experiment with uninfected erythrocytes 

demonstrated robust inhibition of APEH at all exogenous AA74-1 concentrations (Fig. 2-4A). 

These results indicate that the inhibitor is able to diffuse across the erythrocyte plasma membrane 

but is unable to inhibit APEH within the parasite.  
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Figure 2-4. Analysis of AA74-1 inhibition of APEH in intact cells. (A) Characterization of 

APEH inhibition upon AA74-1 treatment of cultured P. falciparum-infected or uninfected 

erythrocytes. Upper: Flow diagram of the experimental approach. Lower: TAMRA-FP labeling of 

active APEH in saponin-isolated parasites (SAP) and uninfected erythrocytes (RBC). (B) 

Characterization of APEH inhibition by AA74-1 in the infected erythrocyte cytosol and in saponin-

isolated parasites. Upper: Flow diagram of the experimental approach. Lower: TAMRA-FP 

labeling of active APEH in the saponin-isolated parasite pellet (pRBC pellet) or the saponin 

supernatant containing soluble host erythrocyte proteins (pRBC sup) obtained from highly purified 

infected erythrocytes following treatment with 100 nM AA74-1. In both (A) and (B), ABPP was 

conducted with and without 1 µM AA74-1 (“AA74-1 in ABPP”) to identify APEH species (red 

asterisks). One biological replicate is shown out of two that yielded similar results. Molecular 

masses of markers are indicated in kDa. 

 

To further explore this phenomenon, we conducted an experiment to determine whether 

there was something distinctive about P. falciparum-infected erythrocytes that prevented 

accumulation of AA74-1. Trophozoite-stage parasites were treated for four hours with 100 nM 

exogenous AA74-1, washed extensively, and purified on a magnetic column to > 90% parasitemia 

(this material is referred to as “pRBCs”). We then fractionated the pRBCs with saponin, yielding 



 

 
42 

a supernatant containing host erythrocyte APEH, and a pellet containing parasite-internalized 

APEH. A schematic of the experimental design is shown in Fig. 2-4B. Once again, we observed 

inhibition of erythrocyte APEH but not parasitize-internalized APEH (Fig. 2-4B).  

 

Parasite-internalized APEH is active and is inhibited by AA74-1 at acidic pH 

The most likely scenario for internalization of host cell APEH is through the endocytosis 

of large quantities of erythrocyte cytosol and delivery to the food vacuole (see Discussion). The 

lumen of the food vacuole is acidic with a pH of ~ 5.5 (28, 29). To determine whether APEH could 

have a catalytic role at this pH, we asked whether TAMRA-FP modifies the active site serine of 

APEH at pH 5.5. While APEH was labeled with TAMRA-FP at pH 5.5 (Fig. 2-5), the extent of 

labeling was lower at pH 5.5 than at 7.4, which suggests a slower reaction rate at the acidic pH 

value. We also found that AA74-1 is capable of inhibiting APEH at pH 5.5 in vitro (Fig. 2-5); thus, 

an acidic pH does not by itself explain the recalcitrance of parasite-internalized APEH to AA74-1 

inhibition in intact parasitized erythrocytes. 

 

Figure 2-5. APEH activity and inhibition by AA74-1 at acidic pH. Upper panel: ABPP of 

saponin-isolated parasite lysates at pH 5.5 and 7.4. Times of TAMRA-FP labeling reactions are 

indicated. Each reaction was conducted with and without 1 µM AA74-1 to identify APEH. Lower 

panel: anti-PfA-M1 immunoblot to indicate relative loading levels. Red asterisks indicate the 55 

and 80 kDa internalized APEH species. Molecular masses of markers are indicated in kDa. 
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2.5 DISCUSSION 

We present evidence that P. falciparum internalizes and accumulates erythrocyte APEH 

during its growth in the host cell. There are several reported examples of P. falciparum importing 

host cell proteins for metabolic purposes, including superoxide dismutase (30), -aminolevulinate 

dehydratase (31), and peroxiredoxin 2 (32). APEH is the first example to our knowledge of a 

hydrolytic host enzyme accumulating in the parasite. 

The most likely route for internalization of erythrocyte APEH is through the cytostomal 

endocytic pathway that is responsible for the uptake and delivery to the food vacuole of large 

quantities of erythrocyte cytosol (33-35). Up to 75% of erythrocyte hemoglobin, the dominant 

constituent of erythrocyte cytosol, is internalized through this pathway (36). Because cytostomal 

endocytosis is thought to be a non-specific process, APEH would presumably be delivered to the 

food vacuole along with hemoglobin and other soluble erythrocyte proteins. This model for APEH 

internalization is consistent with the observed proteolysis of parasite APEH to a 55 kDa species, 

which may be mediated by vacuolar aspartic and cysteine endopeptidases (37). Our findings are 

consistent with those of several previous studies demonstrating that APEH is highly resistant to 

proteolytic degradation and that endoproteases such as trypsin, chymotrypsin, and elastase clip 

full-length, 80 kDa APEH into ~55 kDa and ~25 kDa fragments in vitro (38-41). Interestingly, 

these studies have established that this proteolytic treatment neither disrupts the homotetrameric 

structure of APEH nor reduces its activity (38, 39), thus providing a plausible explanation for the 

stability of APEH in the proteolytic environment of the food vacuole. The shift in the size of APEH 

in saponin-isolated parasite lysates indicates that it does not originate from contamination by host 

erythrocyte cytosol or from interaction with the outer leaflet of the parasite plasma membrane. We 

have tried to confirm a food vacuole location for APEH through indirect immunofluorescence 
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using anti-APEH antibodies; however, although we have tested a wide range of fixation conditions 

and numerous antibodies, we have not found conditions that are suitable for detection of APEH in 

infected erythrocytes. 

To investigate the possibility of a physiological role for internalized APEH, we employed 

the APEH-selective inhibitor AA74-1 that was discovered in a library of triazole urea compounds 

by Cravatt and colleagues (21). The exquisite selectivity of this covalent inhibitor for APEH has 

been demonstrated in vitro using mouse T cell lysates and in situ using cultured T cells (21). 

Furthermore, upon treatment of mouse T cells with AA74-1, the N-terminal acetylation state of 

~25 endogenous proteins was altered, which indicates that AA74-1 is able to engage its target in 

situ (21). Thus, we considered AA74-1 to be an appropriate tool for the interrogation of APEH 

function in P. falciparum. To validate the use of AA74-1 in the context of P. falciparum-infected 

erythrocytes, we demonstrated by competitive ABPP that the inhibitor is highly selective for 

parasite-internalized APEH in lysates of saponin-isolated parasites at concentrations below ~400 

nM. It is also selective for APEH in uninfected erythrocytes. 

When AA74-1 was added to synchronized ring-stage parasites, inhibition of growth over 

the first replication cycle required concentrations that were much higher than those needed to 

inhibit APEH in vitro. However, a dramatic enhancement of potency was observed if the growth 

inhibition experiment was continued for a second replication cycle, i.e. 96 hours. Notably, the EC50 

for growth inhibition after the second cycle was only 12-fold higher than the IC50 observed for 

inhibition of APEH in competitive ABPP. Furthermore, the AA74-1 concentrations that yielded 

efficient inhibition of growth replication were within the concentration range found to be highly 

selective (i.e., below 400 nM). Taken together, the evidence strongly suggests that the growth 

defect observed during the second cycle is due to the selective targeting of APEH.  
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Enhancement of drug potency during a second replication cycle is commonly observed 

with inhibitors that target the parasite apicoplast (42). Our experiments with IPP supplementation, 

however, revealed that internalized APEH is not acting in the context of the apicoplast, nor is 

AA74-1 cross-inhibiting an apicoplast enzyme. Furthermore, we found that addition of AA74-1 

late in the developmental cycle was sufficient to promote high-potency parasiticidal activity during 

the ensuing cycle.  

Analysis of AA74-1 inhibition of APEH within intact cells yielded a critical insight that 

may explain the peculiar anti-malarial characteristics of AA74-1 described above. When added to 

culture medium, AA74-1 effectively inhibited the host erythrocyte pool of APEH but not the two 

parasite-internalized APEH species. The reason for the recalcitrance of parasite-internalized 

APEH is not entirely clear. If APEH resides in the food vacuole, it will experience an acidic pH; 

however, we have demonstrated that the 55 kDa APEH species reacts with AA74-1 at pH 5.5 in 

vitro. It is possible that AA74-1 is not able to access the lumen of the food vacuole, or that it is 

inactivated inside the parasite by a hydrolytic enzyme. Parasite-internalized APEH is present in 

ring-stage parasites, an observation that is consistent with prior reports of cytostomal endocytosis 

occurring during early in asexual development (35, 43). We propose that the second-cycle 

enhancement of AA74-1 potency described above occurs because the erythrocyte APEH pool is 

inhibited prior to merozoite invasion. Thus, parasites internalize inactive APEH from the onset of 

asexual development and do not accumulate an AA74-1-recalcitrant pool of the enzyme.  

Our findings lead us to the intriguing idea that P. falciparum has adapted to use internalized 

APEH for a crucial metabolic function. The most apparent role for APEH, if as expected it resides 

in the food vacuole, is in catalyzing the hydrolysis of acetylated amino acids from the N-termini 

of peptides generated through the catabolism of endocytosed erythrocyte proteins. This role would 
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be consistent with the observed cytotoxicity of AA74-1 at the early trophozoite stage, a point in 

asexual development at which the endocytosis and degradation of erythrocyte cytosol accelerates 

(36). The two most abundant cytosolic proteins in the erythrocyte are hemoglobin (composed of 

 and globin in the adult) and carbonic anhydrase-1, which are present at 97% and 1% of total 

protein, respectively (44). While  and globin have not traditionally been thought to have 

acetylated N-termini, a proteome-wide analysis of erythrocyte proteins that explicitly addressed 

the acetylation status of N-termini found that about 20% of the dominant species of both  and 

globin are N-acetylated (45). Carbonic anhydrase-1 is known to possess an acetylated N-

terminus (46). Furthermore, proteomic studies have identified over 1,500 soluble erythrocyte 

proteins (47, 48), around 53% of which are N-terminally acetylated (45). Given the large quantities 

of erythrocyte cytosol that are digested in the food vacuole, a mechanism is likely needed for 

efficient removal of N-acetylated amino acids from peptides generated by endoproteolytic 

hydrolysis, as N-blocked peptides are expected to be poor substrates for the vacuolar exopeptidase 

dipeptidyl aminopeptidase 1 and the M1- and M24-family aminopeptidases PfA-M1 and PfAPP 

(49, 50). Although the pH optimum of human erythrocyte APEH is reported to be close to neutral 

pH (13, 51), TAMRA-FP labeling at pH 5.5 strongly suggests that parasite-internalized APEH 

retains catalytic activity, albeit diminished, at the acidic pH of the food vacuole. The co-

internalization of host cell APEH could provide the parasite with an elegant solution for the need 

to catabolize N-acetylated peptides.  

 

2.6 MATERIALS AND METHODS 

Reagents. The TAMRA-fluorophosphonate activity-based probe was obtained from 

ThermoFisher. N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide (E-64), AA74-1, 
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clindamycin, chloroquine and isopentenyl pyrophosphate trilithium salt were purchased from 

Sigma. Pepstatin A was purchased from MP Biomedicals. 

 

Parasite culture. P. falciparum 3D7 was cultured in human O+ erythrocytes (Interstate Blood 

Bank, Memphis, TN) at 2% hematocrit in RPMI 1640 medium supplemented with 27 mM sodium 

bicarbonate, 11 mM glucose, 0.37 mM hypoxanthine, 10 µg/mL gentamicin, and 5 g/L Albumax 

I (Invitrogen). Unless otherwise indicated, cultures were incubated at 37 °C in a 5% CO2 incubator. 

Cultures were synchronized by treatment with 5% (w/v) sorbitol (52). 

 

Preparation of parasite lysate. Synchronized parasites were separated from soluble erythrocyte 

and parasitophorous vacuole proteins by treatment with 0.03% (w/v) saponin in cold Dulbecco’s 

phosphate-buffered saline (PBS, pH 7.4) for 10 minutes on ice. Unless indicated otherwise, 

parasites were harvested at 32-40 h post-invasion (hpi). Saponin-isolated parasites were recovered 

by centrifugation at 1940 x g at 4 °C for 10 minutes and were washed three times with cold PBS. 

The yield of parasites was determined by counting on a hemocytometer. Parasites were suspended 

to a density of 5 x 108 parasites/mL in cold PBS containing the protease inhibitors pepstatin A (5 

μM) and E-64 (10 µM). The parasite suspension was subjected to three rounds of sonication at 

30% power for 10 seconds. After centrifugation at 17,000 x g to pellet cellular debris, aliquots of 

clarified lysates were snap frozen in liquid N2 and stored at – 80 °C.  

 

Preparation of uninfected erythrocyte lysate. Uninfected erythrocytes were washed thrice in 

cold PBS, counted on a hemocytometer and resuspended in cold PBS containing 5 µM pepstatin 
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and 10 µM E-64 to a density to 5 x 108 cells/mL. Lysates of resuspended erythrocytes were 

prepared and stored as described above for saponin-isolate parasites. 

 

Activity-based protein profiling. TAMRA-FP labeling reactions were conducted with 19.8 µL 

of parasite or erythrocyte lysate, which corresponds to ~ 107 cells/reaction. To start the reaction, 

0.2 µL of 100 µM TAMRA-FP was added, giving a final concentration of 1 µM. Reactions were 

incubated at 30 °C for 30 minutes and then stopped by the addition of one volume of 2x reducing 

SDS-PAGE loading buffer and incubation at 95 °C for 5 minutes. For competitive ABPP 

experiments, inhibitor or vehicle (DMSO) was added and reactions were incubated for 20 minutes 

at 30 °C prior to the addition of TAMRA-FP. Labeled proteins were resolved on 8.5% or 10% 

reducing SDS-polyacrylamide gels. In-gel TAMRA fluorescence was recorded on a Typhoon Trio 

flatbed scanner (GE Healthcare Life Sciences, Piscataway, NJ). Fluorescence profiles and peak 

volumes of labeled proteins were obtained using ImageQuant TL v2005 (GE Healthcare Life 

Sciences, Piscataway, NJ). For calculation of AA74-1 IC50 values, the peak volume for the 55 kDa 

APEH species in saponin-isolated parasites was normalized to that of a ~160 kDa species (Fig. 2-

2A, black asterisk) that was not inhibited by AA74-1 at any concentration. Normalization of 

erythrocyte APEH peak volumes was conducted in a similar manner (Fig. 2-S3). IC50 values were 

calculated by nonlinear regression fitting of the data to a four-parameter sigmoidal curve using 

KaleidaGraph 4.5 (Synergy software, Reading, PA).  

 

Immunoblotting. Competitive ABPP on crude lysates from ~ 107 saponin-isolated parasites or 

uninfected erythrocytes was performed as described above. Following in-gel fluorescence 

scanning, proteins were transferred to a nitrocellulose membrane and TAMRA fluorescence was 
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imaged with a G:Box ChemiXX6 imager (Syngene, Frederick, MD). The membrane was then was 

blocked with 2% bovine serum albumin in Tris-buffered saline containing 0.1% Tween 20 

(TBST/BSA) for one hour at room temperature, incubated with primary antibody diluted in 

TBST/BSA for one hour and then incubated with horseradish peroxidase-conjugated anti-rabbit 

secondary antibody (1:10,000, GE Healthcare Life Sciences, Piscataway, NJ) for one hour. 

Primary antibodies used were: affinity purified anti-APEH rabbit polyclonal (IgG) raised against 

an APEH fragment consisting of amino acids 381-732 (product # 14758-1-AP, Proteintech, 

Rosemont, IL; 0.26 µg/mL) and affinity purified anti-PfA-M1 (0.13 µg/mL; (53)).  

Chemiluminescent signal was developed with ECL Plus (GE Healthcare life sciences, Piscataway, 

NJ) and detected using a G:Box ChemiXX6 imager or a ChemiDoc MP system (Bio-Rad 

laboratories, Hercules, CA). Image alignment (using molecular markers) and image contrast was 

done with Adobe Photoshop CS2 (Adobe, Inc., San Jose, CA). 

 

P. falciparum growth inhibition assays. Synchronized ring-stage cultures were seeded at 3% 

parasitemia (48 h assay) or 0.6% parasitemia (96 h assay) and 1% hematocrit in a 96-well flat 

bottom plate. Inhibitors were added from 1000x stock solutions in DMSO to generate two-fold 

concentration series of AA74-1 (0.61 nM – 10 μM), chloroquine (1.9 – 250 nM) or clindamycin 

(0.3 nM – 10 µM). After 48 or 96 h incubation at 37 °C under reduced oxygen conditions (5% O2, 

5% CO2, and 90% N2), parasite growth was determined using a SYBR Green I DNA quantitation 

assay as previously described (54). Values from samples containing 0.1% DMSO were used to 

calculate relative SYBR Green I fluorescence. Each assay was performed with two technical 

replicates, which were averaged to generate a single biological replicate. EC50 values were 

calculated by nonlinear regression fitting of the data to a four-parameter sigmoidal curve using 
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KaleidaGraph 4.5 (Synergy software, Reading, PA). For experiments with 200 µM IPP 

supplementation, single technical replicates were conducted for each biological replicate. 

 To compare the effect of AA74-1 addition at ring and schizont stages, the following 

modifications were made. An aliquot of a synchronous ring-stage culture was used to set up 48 

and 96 h assays as described in the above paragraph. Another aliquot of the culture was allowed 

to progress to the schizont stage, at which point schizonts were separated from any ring-stage 

parasites by enrichment on a MACS magnetic LD column (Miltenyi Biotech, Gaithersburg, MD) 

following the manufacturer’s instructions. These schizonts were then used to inoculate cultures for 

24 and 72 h growth assays. At the indicated time points, SYBR Green I assays were conducted. A 

schematic of the experimental design is provided in Fig. 3C. To assess the extent of host cell APEH 

inhibition over an extended incubation period, 100 nM AA74-1 or DMSO vehicle was added to 

uninfected erythrocytes. Cultures were sampled at 4, 24 and 72 h and washed four times in cold 

RPMI to remove AA74-1. Lysates were prepared as described in ‘Preparation of uninfected 

erythrocyte lysate’ and APEH activity was assessed with TAMRA-FP.  

 

AA74-1 stage specificity. Synchronized late-stage schizont parasites were cultured in 200 µL 

volumes in 96-well plates in the presence of 0.3 µM AA74-1 or 0.1% DMSO over a period of 40 

h. Parasite development was followed by making Giemsa-stained thin smears at 11, 25, 32, and 40 

h after initiation of treatment.  

 

AA74-1 inhibition of APEH in intact cells. Trophozoite-stage parasites (30-38 hpi) or uninfected 

erythrocytes were incubated in culture medium supplemented with AA74-1 (100 nM, 1 µM, or 10 

µM) or with 0.1% DMSO for four hours at 37 °C under reduced oxygen conditions with gentle 
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mixing on an orbital rotator. Cultures were washed four times in cold RPMI to remove exogenous 

AA74-1. Parasites were then isolated with saponin as described above. Saponin-isolated parasites 

and uninfected erythrocytes were counted with a hemocytometer, resuspended in cold PBS at a 

cell density of 5 x 108 per mL, and stored at –80 °C. Samples were assayed directly by competitive 

ABPP. 

To investigate the inhibition of APEH in the host and parasite compartments of infected 

erythrocytes, a synchronized trophozoite culture was treated with AA74-1 (100 nM) or with 0.1% 

DMSO for four hours at 37 °C under reduced oxygen conditions. The culture was washed four 

times in cold RPMI to remove AA74-1 and then resuspended in RPMI media. Parasitized 

erythrocytes were purified from the culture on a MACS magnetic LD column. Enriched parasitized 

RBCs (pRBCs) were subjected to saponin treatment as described in the section “Preparation of 

parasite lysate”. Saponin-isolated parasites (pRBC pellet) and the supernatant containing soluble 

host erythrocyte proteins (pRBC sup) were collected and stored at –80 °C. Samples were used 

directly for competitive ABPP.  

 

Activity and inhibition of APEH at acidic pH.  Saponin-isolated parasites were split into two 

aliquots and resuspended to a density of 5 x 108 parasites/mL in either PBS pH 7.4 or 100 mM 

sodium 2-(N-morpholino)ethanesulfonate (MES) pH 5.5, both of which included 5 µM pepstatin 

A and 10 µM E-64. Crude lysates were prepared as described in “Preparation of parasite lysate”. 

APEH activity and inhibition by AA74-1 were analyzed as described in “Activity-based protein 

profiling”, with the modification that TAMRA-FP incubation times up to 60 minutes were 

employed for reactions conducted at pH 5.5. After fluorescence scanning, proteins were 

immediately transferred to a nitrocellulose membrane and relative loading levels were assessed by 
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immunoblotting with an antibody against the P. falciparum aminopeptidase PfA-M1 (see 

“Immunoblotting”). 

 

ACKNOWLEDGEMENTS 

This work was supported by National Institute of Allergy, and Infectious Diseases grant AI133136. 

The funding agency had no role in study design, data collection, and interpretation, or the decision 

to submit the work for publication.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
53 

REFERENCES 

1. World Health Organization. 2017. World Malaria Report 2018. 

2. World Health Organization. 2013. World Malaria Report 2013. 

3. Dondorp AM, Smithuis FM, Woodrow C, Seidlein LV. 2017. How to contain artemisinin- 

and multidrug-resistant falciparum malaria. Trends Parasitol 33:353-363. 

4. Duru V, Witkowski B, Menard D. 2016. Plasmodium falciparum resistance to artemisinin 

derivatives and piperaquine: A major challenge for malaria elimination in Cambodia. Am 

J Trop Med Hyg 95:1228-1238. 

5. Bachovchin DA, Cravatt BF. 2012. The pharmacological landscape and therapeutic 

potential of serine hydrolases. Nat Rev Drug Discov 11:52-68. 

6. Long JZ, Cravatt BF. 2011. The metabolic serine hydrolases and their functions in 

mammalian physiology and disease. Chem Rev 111:6022-63. 

7. Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, Gao X, Gingle A, 

Grant G, Harb OS, Heiges M, Innamorato F, Iodice J, Kissinger JC, Kraemer E, Li W, 

Miller JA, Nayak V, Pennington C, Pinney DF, Roos DS, Ross C, Stoeckert CJ, Jr., 

Treatman C, Wang H. 2009. PlasmoDB: a functional genomic database for malaria 

parasites. Nucleic Acids Res 37:D539-43. 

8. Niphakis MJ, Cravatt BF. 2014. Enzyme inhibitor discovery by activity-based protein 

profiling. Annu Rev Biochem 83:341-77. 

9. Liu Y, Patricelli MP, Cravatt BF. 1999. Activity-based protein profiling: the serine 

hydrolases. Proc Natl Acad Sci USA 96:14694-9. 



 

 
54 

10. Patricelli MP, Giang DK, Stamp LM, Burbaum JJ. 2001. Direct visualization of serine 

hydrolase activities in complex proteomes using fluorescent active site-directed probes. 

Proteomics 1:1067-71. 

11. Fujino T, Tada T, Hosaka T, Beppu M, Kikugawa K. 2000. Presence of oxidized protein 

hydrolase in human cell lines, rat tissues, and human/rat plasma. J Biochem 127:307-13. 

12. Jones WM, Manning JM. 1985. Acylpeptide hydrolase activity from erythrocytes. 

Biochem Biophys Res Commun 126:933-40. 

13. Schonberger OL, Tschesche H. 1981. N-Acetylalanine aminopeptidase, a new enzyme 

from human erythrocytes. Hoppe Seylers Z Physiol Chem 362:865-73. 

14. Witheiler J, Wilson DB. 1972. The purification and characterization of a novel peptidase 

from sheep red cells. J Biol Chem 247:2217-21. 

15. Tsunasawa S, Narita K, Ogata K. 1975. Purification and properties of acylamino acid-

releasing enzyme from rat liver. J Biochem 77:89-102. 

16. Radhakrishna G, Wold F. 1989. Purification and characterization of an N-acylaminoacyl-

peptide hydrolase from rabbit muscle. J Biol Chem 264:11076-81. 

17. Gade W, Brown JL. 1978. Purification and partial characterization of alpha-N-acylpeptide 

hydrolase from bovine liver. J Biol Chem 253:5012-8. 

18. Fujino T, Kojima M, Beppu M, Kikugawa K, Yasuda H, Takahashi K. 2000. Identification 

of the cleavage sites of oxidized protein that are susceptible to oxidized protein hydrolase 

(OPH) in the primary and tertiary structures of the protein. J Biochem 127:1087-93. 

19. Yamin R, Zhao C, O'Connor PB, McKee AC, Abraham CR. 2009. Acyl peptide hydrolase 

degrades monomeric and oligomeric amyloid-beta peptide. Mol Neurodegener 4:33. 



 

 
55 

20. Perrier J, Durand A, Giardina T, Puigserver A. 2005. Catabolism of intracellular N-

terminal acetylated proteins: involvement of acylpeptide hydrolase and acylase. Biochimie 

87:673-85. 

21. Adibekian A, Martin BR, Wang C, Hsu KL, Bachovchin DA, Niessen S, Hoover H, Cravatt 

BF. 2011. Click-generated triazole ureas as ultrapotent, in vivo-active serine hydrolase 

inhibitors. Nat Chem Biol 7:469-478. 

22. Palmieri G, Bergamo P, Luini A, Ruvo M, Gogliettino M, Langella E, Saviano M, Hegde 

RN, Sandomenico A, Rossi M. 2011. Acylpeptide hydrolase inhibition as targeted strategy 

to induce proteasomal down-regulation. PLoS One 6:e25888. 

23. Shimizu K, Kiuchi Y, Ando K, Hayakawa M, Kikugawa K. 2004. Coordination of oxidized 

protein hydrolase and the proteasome in the clearance of cytotoxic denatured proteins. 

Biochem Biophys Res Commun 324:140-6. 

24. Beaumelle BD, Vial HJ, Philippot JR. 1987. Reevaluation, using marker enzymes, of the 

ability of saponin and ammonium chloride to free Plasmodium from infected erythrocytes. 

J Parasitol 73:743-8. 

25. Jones WM, Scaloni A, Bossa F, Popowicz AM, Schneewind O, Manning JM. 1991. 

Genetic relationship between acylpeptide hydrolase and acylase, two hydrolytic enzymes 

with similar binding but different catalytic specificities. Proc Natl Acad Sci USA 88:2194-

8. 

26. Yeh E, DeRisi JL. 2011. Chemical rescue of malaria parasites lacking an apicoplast defines 

organelle function in blood-stage Plasmodium falciparum. PLoS Biol 9:e1001138. 

27. Dahl EL, Rosenthal PJ. 2007. Multiple antibiotics exert delayed effects against the 

Plasmodium falciparum apicoplast. Antimicrob Agents Chemother 51:3485-90. 



 

 
56 

28. Bennett TN, Kosar AD, Ursos LM, Dzekunov S, Singh Sidhu AB, Fidock DA, Roepe PD. 

2004. Drug resistance-associated pfCRT mutations confer decreased Plasmodium 

falciparum digestive vacuolar pH. Mol Biochem Parasitol 133:99-114. 

29. Klonis N, Tan O, Jackson K, Goldberg D, Klemba M, Tilley L. 2007. Evaluation of pH 

during cytostomal endocytosis and vacuolar catabolism of hemoglobin in Plasmodium 

falciparum. Biochem J 407:343-54. 

30. Fairfield AS, Meshnick SR, Eaton JW. 1983. Malaria parasites adopt host cell superoxide 

dismutase. Science 221:764-766. 

31. Bonday ZQ, Dhanasekaran S, Rangarajan PN, Padmanaban G. 2000. Import of host δ-

aminolevulinate dehydratase into the malarial parasite: Identification of a new drug target. 

Nat Med 6:898-903. 

32. Koncarevic S, Rohrbach P, Deponte M, Krohne G, Prieto JH, Yates III J, Rahlfs S, Becker 

K. 2009. The malarial parasite Plasmodium falciparum imports the human protein 

peroxiredoxin 2 for peroxide detoxification. Proc Natl Acad Sci USA 106:13323-13328. 

33. Elliott DA, McIntosh MT, Hosgood HD, Chen S, Zhang G, Baevova P, Joiner KA. 2008. 

Four distinct pathways of hemoglobin uptake in the malaria parasite Plasmodium 

falciparum. Proc Natl Acad Sci USA 105:2463-8. 

34. Lazarus MD, Schneider TG, Taraschi TF. 2008. A new model for hemoglobin ingestion 

and transport by the human malaria parasite Plasmodium falciparum. J Cell Sci 121:1937-

49. 

35. Abu Bakar N, Klonis N, Hanssen E, Chan C, Tilley L. 2010. Digestive-vacuole genesis 

and endocytic processes in the early intraerythrocytic stages of Plasmodium falciparum. J 

Cell Sci 123:441-50. 



 

 
57 

36. Hanssen E, Knoechel C, Dearnley M, Dixon MW, Le Gros M, Larabell C, Tilley L. 2012. 

Soft X-ray microscopy analysis of cell volume and hemoglobin content in erythrocytes 

infected with asexual and sexual stages of Plasmodium falciparum. J Struct Biol 177:224-

32. 

37. Goldberg DE. 2005. Hemoglobin degradation. Curr Top Microbiol Immunol 295:275-91. 

38. Scaloni A, Ingallinella P, Andolfo A, Jones W, Marino G, Manning JM. 1999. Structural 

investigations on human erythrocyte acylpeptide hydrolase by mass spectrometric 

procedures. J Protein Chem 18:349-60. 

39. Sharma KK, Ortwerth BJ. 1993. Bovine lens acylpeptide hydrolase. Purification and 

characterization of a tetrameric enzyme resistant to urea denaturation and proteolytic 

inactivation. Eur J Biochem 216:631-7. 

40. Durand A, Villard C, Giardina T, Perrier J, Juge N, Puigserver A. 2003. Structural 

properties of porcine intestine acylpeptide hydrolase. J Protein Chem 22:183-91. 

41. Chongcharoen K, Sharma KK. 1998. Characterization of trypsin-modified bovine lens 

acylpeptide hydrolase. Biochem Biophys Res Commun 247:136-41. 

42. McFadden GI, Roos DS. 1999. Apicomplexan plastids as drug targets. Trends Microbiol 

7:328-33. 

43. Bannister LH, Hopkins JM, Margos G, Dluzewski AR, Mitchell GH. 2004. Three-

dimensional ultrastructure of the ring stage of Plasmodium falciparum: evidence for export 

pathways. Microsc Microanal 10:551-62. 

44. Ringrose JH, van Solinge WW, Mohammed S, O'Flaherty MC, van Wijk R, Heck AJ, 

Slijper M. 2008. Highly efficient depletion strategy for the two most abundant erythrocyte 

soluble proteins improves proteome coverage dramatically. J Proteome Res 7:3060-3. 



 

 
58 

45. Lange PF, Huesgen PF, Nguyen K, Overall CM. 2014. Annotating N termini for the human 

proteome project: N termini and Nalpha-acetylation status differentiate stable cleaved 

protein species from degradation remnants in the human erythrocyte proteome. J Proteome 

Res 13:2028-44. 

46. Lin KT, Deutsch HF. 1973. Human carbonic anhydrases. XI. The complete primary 

structure of carbonic anhydrase B. J Biol Chem 248:1885-93. 

47. Bryk AH, Wisniewski JR. 2017. Quantitative analysis of human red blood cell proteome. 

J Proteome Res 16:2752-2761. 

48. Roux-Dalvai F, Gonzalez de Peredo A, Simo C, Guerrier L, Bouyssie D, Zanella A, 

Citterio A, Burlet-Schiltz O, Boschetti E, Righetti PG, Monsarrat B. 2008. Extensive 

analysis of the cytoplasmic proteome of human erythrocytes using the peptide ligand 

library technology and advanced mass spectrometry. Mol Cell Proteomics 7:2254-69. 

49. Dalal S, Klemba M. 2007. Roles for two aminopeptidases in vacuolar hemoglobin 

catabolism in Plasmodium falciparum. J Biol Chem 282:35978-87. 

50. Klemba M, Gluzman I, Goldberg DE. 2004. A Plasmodium falciparum dipeptidyl 

aminopeptidase I participates in vacuolar hemoglobin degradation. J Biol Chem 

279:43000-43007. 

51. Jones WM, Manning JM. 1988. Substrate specificity of an acylaminopeptidase that 

catalyzes the cleavage of the blocked amino termini of peptides. Biochim Biophys Acta 

953:357-60. 

52. Lambros C, Vanderberg JP. 1979. Synchronization of Plasmodium falciparum erythrocytic 

stages in culture. J Parasitol 65:418-20. 



 

 
59 

53. Ragheb D, Dalal S, Bompiani KM, Ray WK, Klemba M. 2011. Distribution and 

biochemical properties of an M1-family aminopeptidase in Plasmodium falciparum 

indicate a role in vacuolar hemoglobin catabolism. J Biol Chem 286:27255-65. 

54. Smilkstein M, Sriwilaijaroen N, Kelly JX, Wilairat P, Riscoe M. 2004. Simple and 

inexpensive fluorescence-based technique for high-throughput antimalarial drug screening. 

Antimicrob Agents Chemother 48:1803-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
60 

SUPPLEMENTARY INFORMATION 

 

Table 2-S1. Serine hydrolase inhibitors used in this study for competitive activity-based 

protein profiling. 

Inhibitor Structure Target Ref. 

AA74-1 

 

acylpeptide 

hydrolase 

 

(1) 

WWL70 

 

α/β-hydrolase 

domain 6 

 

(2) 

JW642 

 

monoacylglycerol 

lipase 

 

(3) 

KT109 

 

diacylglycerol 

lipase 

 

(4) 

Orlistat 

 

triacylglycerol 

lipase 

 

(5) 

PF3845 

 

fatty acid amide 

hydrolase 

 

(6) 

Palmostatin B 

 

thioesterase 

 

(7) 
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Figure 2-S1. Competitive ABPP of uninfected erythrocyte lysate. APEH is indicated with a red 

asterisk. Inhibitor structures and selectivities are given in Table 2-S1. Molecular masses of markers 

are indicated in kDa. 

 

 

 

 

 

 

 

 

 

 



 

 
62 

 

Figure 2-S2: Images used to generate Fig. 2-1F. APEH is indicated with a red asterisk. 

Molecular masses of markers are indicated in kDa. 
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Figure 2-S3. Potency and selectivity of AA74-1 for APEH in lysates of uninfected 

erythrocytes. The full gel corresponding to the segment in Fig. 2-2A is shown. APEH is indicated 

with a red asterisk and the species used for peak volume normalization is indicated with a black 

asterisk. Molecular masses of markers are indicated in kDa. 
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Figure 2-S4. AA74-1 inhibition of APEH in intact uninfected erythrocytes over 72 h. Cultures 

of uninfected erythrocytes were treated for the indicated times with 100 nM AA74-1 or DMSO 

vehicle. After inhibitor/DMSO washout, APEH activity (red asterisk) was assessed with TAMRA-

FP.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 
65 

SUPPLEMENTARY REFERENCES 

1. Adibekian A, Martin BR, Wang C, Hsu KL, Bachovchin DA, Niessen S, Hoover H, Cravatt 

BF. 2011. Click-generated triazole ureas as ultrapotent, in vivo-active serine hydrolase 

inhibitors. Nat Chem Biol 7:469-478. 

2. Blankman JL, Simon GM, Cravatt BF. 2007. A comprehensive profile of brain enzymes 

that hydrolyze the endocannabinoid 2-arachidonoylglycerol. Chem Biol 14:1347-56. 

3. Chang JW, Niphakis MJ, Lum KM, Cognetta AB, 3rd, Wang C, Matthews ML, Niessen 

S, Buczynski MW, Parsons LH, Cravatt BF. 2012. Highly selective inhibitors of 

monoacylglycerol lipase bearing a reactive group that is bioisosteric with endocannabinoid 

substrates. Chem Biol 19:579-88. 

4. Hsu KL, Tsuboi K, Adibekian A, Pugh H, Masuda K, Cravatt BF. 2012. DAGLbeta 

inhibition perturbs a lipid network involved in macrophage inflammatory responses. Nat 

Chem Biol 8:999-1007. 

5. Hadvary P, Lengsfeld H, Wolfer H. 1988. Inhibition of pancreatic lipase in vitro by the 

covalent inhibitor tetrahydrolipstatin. Biochem J 256:357-61. 

6. Ahn K, Johnson DS, Mileni M, Beidler D, Long JZ, McKinney MK, Weerapana E, 

Sadagopan N, Liimatta M, Smith SE, Lazerwith S, Stiff C, Kamtekar S, Bhattacharya K, 

Zhang Y, Swaney S, Van Becelaere K, Stevens RC, Cravatt BF. 2009. Discovery and 

characterization of a highly selective FAAH inhibitor that reduces inflammatory pain. 

Chem Biol 16:411-20. 



 

 
66 

7. Dekker FJ, Rocks O, Vartak N, Menninger S, Hedberg C, Balamurugan R, Wetzel S, 

Renner S, Gerauer M, Scholermann B, Rusch M, Kramer JW, Rauh D, Coates GW, 

Brunsveld L, Bastiaens PI, Waldmann H. 2010. Small-molecule inhibition of APT1 affects 

Ras localization and signaling. Nat Chem Biol 6:449-56. 

 

 

 

 

 

 

 

 

 



 67 

 

Chapter 3 

 

Discovery of putative lipases of the serine hydrolases superfamily in 

the asexual erythrocyte stage of Plasmodium falciparum 

 

Rubayet Elahi, W. Keith Ray, Christie Dapper, Seema Dalal, Rich Helm, Michael Klemba 

Department of Biochemistry, Virginia Tech 

 

 

Running Head: Lipases of P. falciparum 

 

 

 

 

(Manuscript in preparation) 

 

 

 

 

 

 



 68 

3.1 ABSTRACT 

Lipases play roles in various pathways, including lipid digestion and absorption. Although their 

roles in lipid homeostasis during propagation and virulence have been studied in other organisms, 

in Plasmodium falciparum, a human malaria-causing parasite, there are important lipid catabolic 

processes that have not yet been biochemically defined. For example, the lipase(s) responsible for 

the catabolism of triacylglycerol, a neutral lipid species that are broken down by parasite, remain 

unknown. Using activity-based proteomics and a lipase-specific inhibitor, we have profiled 

enzymes of the serine hydrolase (SH) superfamily with putative lipolytic activity in the asexual 

erythrocytic stages of P. falciparum in an unbiased and high-throughput manner. We have 

identified 25 plasmodial SHs in the asexual erythrocytic stages of P. falciparum. Among these, 16 

have putative lipolytic functions. We further present an example of how our approach can aid in 

defining the biological function of lipases by surveying various sub-classes of lipase inhibitors. 

Human monoacylglycerol lipase inhibitors potently inhibited one of the putative lipases. This 

inhibition profile is suggestive that this protein is a putative monoacylglycerol lipase, which might 

play a role in releasing free fatty acids from stored lipids. Altogether, we report a robust strategy 

of identifying SHs with putative lipolytic activity in P. falciparum, which opens the door to 

discovery of novel biological processes in the human malaria parasite. 

 

 

 

KEYWORDS: Plasmodium, malaria, lipase, serine hydrolase, activity-based protein profiling 
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3.2 INTRODUCTION 

Over the last 15 years, artemisinin-based combination therapies (ACT), along with vector 

control approaches such as the use of insecticide-treated bed nets (ITN) and indoor residual 

spraying (IRS), have contributed to a significant decrease in malaria mortality; however, about 

half a million deaths are reported worldwide each year (1-3). Recent reports of artemisinin 

resistance in Southeast Asia, as well as emerging insecticide resistance (3, 4), have threatened the 

ongoing malaria control and prevention efforts. Development of new antimalarial tools including 

novel antimalarial drugs, insecticides, and vaccines, as well as improved understanding of parasite 

biology, are of utmost importance to achieve the goal of reduction and/or elimination of malaria 

by 2030 set by the World Health Organization (WHO). 

Lipids are essential to all living organisms as they are the major constituent of all 

membranous compartments of a cell. They also serve as a source of stored metabolic energy, as 

well as play a role in intra- and extracellular signaling (5, 6). All living cells spend a substantial 

effort to synthesize, modify, and transport lipids using a repertoire of different proteins (5). Many 

of these processes require a significant energy investment by cells and have been conserved 

evolutionarily, emphasizing the crucial roles of lipids.  

The human malaria parasite Plasmodium falciparum resides inside host erythrocytes 

during the pathogenic asexual life cycle stages. During this asexual growth stage, the parasite 

undergoes rapid cell growth and prolific cell division. This rapid growth requires accelerated 

membrane biogenesis and well-regulated lipid metabolism. Upon infection of the erythrocytes by 

P. falciparum, phospholipid (PL) and neutral lipid (NL) contents change drastically compared to 

an uninfected erythrocyte. PLs, the major constituent of membranes, increase by 4-6 fold, while 

NLs (di- and tri-acylglycerol, DAG and TAG, respectively) also increase by 2- to 5-fold in the 
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parasite during erythrocyte cycle (7-9). It has been proposed that TAG might serve as mobilizable 

storage of fatty acids for parasite phospholipid synthesis (10, 11). Several studies have been carried 

out on the synthesis of lipids; however, only two of the 22 predicted enzymes related to lipid 

breakdown have been reported (11-16). One of these is a P. falciparum phospholipase orthologue 

in P. berghei (rodent malaria parasite) where it is dispensable during the erythrocyte stage but 

plays a role in sporozoite infectivity and merozoite egress from hepatocytes (14, 15). The other 

one is P. falciparum prodrug activation and resistance esterase (PfPARE) and has been shown to 

have esterase activity on ester-containing prodrugs, and a mutation in the active site of PfPARE 

can lead to the emergence of resistance to ester-containing drugs (16). Functional identification of 

these understudied lipases in P. falciparum will aid in the discovery of novel parasite-specific 

lipid-catabolic process and possibly present new anti-malarial drug targets. 

Sequence-based analysis of the parasite genome has predicted 22 lipases (8); however, a 

large number of these lacks any functional annotation. Understanding the biochemical activity of 

a protein can expedite the discovery of new biological processes and target-based drug discovery. 

Activity-based protein profiling (ABPP) facilitates the identification of the active enzymes in an 

organism and provides insight into the biochemical relevance of the enzymes (17, 18). This method 

relies on the use of activity-based probes (ABP) that bind to the active sites of the targeted enzymes 

irreversibly and provide a quantitative readout of the labeled enzymes (19). ABPP when combined 

with mass spectrometry (MS) aids in the comprehensive mapping of the biological relevance of 

enzymes in a complex proteome (17, 20).  Additionally, competitive ABPP-MS combination can 

provide experimental validation of predicted functions of an enzyme family of interest (21).  

Twenty of the predicted plasmodial lipases are of enzymes of the serine hydrolase (SH) 

superfamily (8). Fluorophosphonate (FP)-based ABPs have been used in various organisms to 
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study SH superfamily proteins with negligible off-target activity (19, 22). FP-ABPs with a 

TAMRA fluorescence reporter tag allow visualization of the labeled enzymes. Replacement of 

fluorescence tag with desthiobiotin provides the opportunity for enrichment of labeled enzymes 

via streptavidin/avidin affinity purification and subsequent detection of protein with MS (17, 23). 

Here, we used the desthiobiotin-FP probe in combination with a pan-lipase inhibitor and liquid-

chromatography-tandem mass spectrometry (LC-MS/MS) to identify biologically active putative 

lipases in the asexual erythrocyte stages of P. falciparum.  

 

3.3 RESULTS 

Fluorophosphonate probes label serine hydrolases in asexual P. falciparum 

As a first step towards proteome-wide SH functional annotation, we have labeled crude 

lysates from saponin-isolated rings (12-16 hpi), trophozoites (24-28 hpi) and schizonts (36-40 hpi) 

of P. falciparum 3D7, as well as uninfected erythrocytes (uRBC) (Fig. 3-1A, B). The FP moiety 

of the probe forms covalent adducts with the active site serine while the TAMRA fluorophore 

gives a fluorescent signal facilitating identification of SHs as fluorescent bands on a 

polyacrylamide gel. Asexual stages of P. falciparum express a large number of SHs. Most of these 

appear to be of parasite origin as they are absent in the uRBC lysate. It is also evident that protein 

abundance increases over the asexual developmental cycle with the highest abundance at the 

schizont stage (36-40 hpi). For all the experiments described afterward were performed with 36-

40 hpi saponin-isolated parasite crude lysates. 



 72 

 

 

Figure 3-1. FP-ABP labeling of P. falciparum 3D7 lysates. (A) Structure of TAMRA-FP probe. 

(B) Labeling of saponin-isolated P. falciparum 3D7 lysates of ring (R), trophozoite (T) and 

schizont (S) with 1 µM TAMRA-FP. Comparison with serine hydrolase profile of uninfected 

erythrocyte (U) shows most of the serine hydrolases labeled in the parasite lysates are of parasite 

origin. (C) Structure of desthiobiotin-FP. (D),(E) Competition of TAMRA-FP labeling with 2 µM 

desthiobiotin-FP (dB-FP) shows the selectivity of desthiobiotin-FP labeling. Black numbers in E 

indicates the species inhibited by desthiobiotin-FP. For B and D, sizes of molecular markers are 

indicated in kDa. 

 



 73 

Replacement of the TAMRA fluorophore with the desthiobiotin (Fig. 3-1C) provides an 

affinity handle for affinity purification with avidin or streptavidin beads (17). To validate 

desthiobiotin-FP for affinity purification and mass spectrometry analysis, we have assessed the 

specificity of desthiobiotin-FP. Lysates of 36-40 hpi saponin-isolated parasites were preincubated 

with 2 µM desthiobiotin-FP or DMSO before TAMRA-FP labeling and resolved on a 

polyacrylamide gel (Fig. 3-1D). TAMRA fluorescence was scanned, and fluorescence profile 

between DMSO control and desthiobiotin-FP labeled lanes were compared (Fig. 3-1E). This 

comparison shows TAMRA fluorescence from 13 species was competed out by desthiobiotin-FP. 

As the gel-based competitive ABPP analysis is limited by the resolution of the gel, it is possible 

that we are not able to resolve all the species that are competed out by desthiobiotin-FP. This 

finding validates the use of desthiobiotin-FP to affinity purify SHs from the proteomes of saponin-

isolated parasites. 

 

IDFP competition reveals a substantial number of putative lipases  

Isopropyl dodecylfluorophosphonate (IDFP) is an isostere of monoacylglycerol (Fig. 3-

2A) and an extremely potent covalent inhibitor of monoacylglycerol lipase (IC50 0.8 ± 2 nM). 

IDFP also inhibits several other lipases with a specificity of > 6000-fold over non-lipolytic 

enzymes such as acetylcholine esterase (24, 25). To identify the SHs with putative lipolytic 

activity, we asked whether IDFP can block TAMRA-FP labeling. Lysates from 36-40 hpi saponin-

isolated parasites were incubated with 0.625-10 µM IDFP or DMSO control prior to TAMRA-FP 

labeling and then was resolved on a polyacrylamide gel (Fig. 3-2B), and TAMRA fluorescence 

was scanned. IDFP across the experimental concentration range inhibited a subset of TAMRA-FP 

labeled SHs.  
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Figure 3-2. Competition of TAMRA-FP labeling with IDFP. (A) Structure of IDFP. (B) 

Competition of TAMRA-FP labeling with 0.625-10 µM IDFP. The red asterisk shows the most 

abundant serine hydrolase, human acylpeptide hydrolase (~55 kDa). (C) Gel lane profiles of 

DMSO control and 1.25 µM IDFP treatment lane shows the selectivity of IDFP treatment, 

indicated by black numbers on the chromatogram. Sizes of molecular markers are indicated in 

kDa. 

 

Next, we assessed the selectivity of IDFP.  One of the most abundant SHs, human 

acylpeptide hydrolase (the ~55 kDa species, APEH, Fig. 3-2B, red asterisk) (26), was inhibited at 

higher concentrations by IDFP while at 0.625 and 1.25 µM IDFP there was no apparent inhibition. 

APEH is a serine peptidase and does not have any lipase activity. Based on this observation, we 

assessed the selectivity of IDFP at 1.25 µM concentration. To assess the selectivity, the 

fluorescence profile between DMSO control and 1.25 µM IDFP treatment lanes were compared 
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(Fig. 3-2C). The comparison reveals that in the presence of IDFP there is a substantial decrease in 

TAMRA-FP labeling of 8 species and these were also competed out by desthiobiotin-FP labeling. 

This finding suggests that numerous putative lipases are expressed by P. falciparum and that 

affinity purification of these putative lipases can be performed with desthiobiotin-FP. 

 

Mass spectrometric analysis identifies putative lipases of asexual P. falciparum 

To identify putative lipases of the asexual P. falciparum, saponin-isolated parasite lysates 

were labeled with IDFP pre-incubation followed by desthiobiotin-FP (IDFP control) or with 

desthiobiotin-FP (probe control), affinity purified with avidin beads, digested with trypsin on bead, 

and analyzed by LC-MS/MS. In both cases, labeled proteomes were fractionated into cytosolic 

and membrane fraction before affinity purification (Fig. 3-3). To control for background binding, 

we labeled samples with probe solvent DMSO only (no-probe control). A distinct set of the 

proteins, including the SHs, was detected only in desthiobiotin-FP labeled samples and not in the 

DMSO labeled samples by our LC-MS/MS in both cytosolic and membrane fractions (Fig. 3-S1), 

which suggests our method can specifically identify SHs. 

We have analyzed four biological replicates for probe and no-probe control, and three for 

IDFP control. First, we selected for SHs comparing the probe and no-probe control. Positive hits 

with high-confidence from both cytosolic and membrane fractions were selected according to the 

following criteria: (a) unique peptides detected in at least three replicates out of four biological 

replicates, (b) at least two unique peptides per protein in at least one replicate in the probe labeled 

sample, and (c) at least 100-fold higher abundance of top 3 unique peptides in probe labeled 

samples over no probe sample. Positive hits were labeled as medium-confidence if were identified 
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in <3 replicates. If <3 unique peptides were identified, total abundance was used for fold change 

calculation, and imputation of 1 was employed when no peptide was detected.  

 

 

Figure 3-3. Schematic illustration of sample preparation for mass spectrometry analysis. 

 

Next,  we compared IDFP control and probe control samples to select for putative lipases. 

We have employed the following criteria to identify putative lipases with high-confidence from 

the identified SHs: (a) detected in at least two replicates of three biological replicates, (b) at least 

two unique peptides per protein in at least one replicate in the probe labeled sample,  and (c) at 

least 5-fold higher abundance in the probe labeled samples over the IDFP-probe labeled samples. 

Lipases that were present in <2 replicates were labeled as medium-confidence putative lipases. 

Our mass spectrometric analysis detected 100 and 179 total proteins in cytosolic and membrane 

fractions, respectively. From the 100 detected cytosolic proteins, 11 satisfied our positive selection 

criteria for SHs. Of these 11, ten were identified as high-confident SHs (both of plasmodial and 
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human origin) (Table 3-S1, sheet: soluble fraction). Of the 179 total membrane proteins, 28 

satisfied the criteria. 21 of these 28 were identified as high-confident SHs (both of plasmodial and 

human origin) (Table 3-S1, sheet: insoluble fraction). Some of the SHs showed up in both cytosolic 

and membrane protein fractions. To investigate these proteins’ likely distribution inside the cell, 

we have analyzed the unique peptide counts of the proteins from both cytosolic and membrane 

fractions by two-tailed Student’s t-test to calculate the p-value (Table 3-S2). A total of 30 

plasmodial protein (20 high-confidence and ten medium-confidence) and five (all high-

confidence) human SHs were identified by our LC-MS/MS in parasites (Table 3-1, Table 3-S3). 

Among the medium confidence hits, five proteins do not contain any canonical SH domain. 

Detection of proteasome beta (type-2 and -5, PF3D7_1470900 and PF3D7_1011400, respectively) 

subunits in the probe-labeled samples can be explained by the fact that these have a catalytic 

mechanism that involves hydroxyl group of threonine residue as a catalytic nucleophile. This 

catalytic mechanism is analogous to that of SHs, which also utilize a hydroxyl nucleophile (27, 

28). Plasmodial serine hydroxymethyltransferase (SHMT, PF3D7_1235600) is a ubiquitous 

enzyme that catalyzes the interconversion of tetrahydrofolate and serine to glycine and 5,10-

methylenetetrahydrofolate in a pyridoxal-5′-phosphate (PLP)-dependent manner (29). A 

mycobacterium orthologue of SHMT has been identified using the same probe that we have used 

in this study (30), suggesting the presence of a catalytic nucleophilic residue in the active site. In 

fact, a recent computational study on P. falciparum SHMT suggested the presence of serine 

residues in the active site (31).  
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Table 3-1. High-confidence serine hydrolases in asexual P. falciparum, identified by 

desthiobiotin-FP labeling. a Plasmodium gene ID, annotation and theoretical molecular masses 

were obtained from Plasmodium genome database, PlasmoDB. Human gene ID and annotations 

were obtained from NCBI Gene, and theoretical molecular masses were obtained from UniProt. b 

Cellular fraction indicates the fraction from which the protein was identified, C, cytosolic; M, 

membrane. c Fold change designates the ratio of the average of top 3 unique peptide abundance 

(normalized to ovalbumin peptide abundance) obtained after desthiobiotin-FP versus DMSO 

labeling, across four experimental replicates.  
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Plasmodial serine hydrolases 

BEM46-like protein, putative 

(PBLP) 
PF3D7_0818600 35 M 9.0 x 107 

Prodrug activation and resistance 

esterase (PARE) 

PF3D7_0709700 42 M 2.0 x 109 

Alpha/beta hydrolase fold domain-

containing protein, putative 

PF3D7_1120400 45 M 2.8 x 108 

Alpha/beta hydrolase, putative PF3D7_1143000 45 C 5.4 x 108 

Epoxide hydrolase 1 (EH1) PF3D7_0301300 51 M 7.6 x 106 

Lysophospholipase, putative PF3D7_1252600 53 M 5.0 x 107 

Epoxide hydrolase 2 (EH2) PF3D7_1401300 55 M 3. x 107 

Alpha/beta hydrolase, putative 

(GEXP08) 

PF3D7_0731800 78 M 8.6 x 106 

Phospholipase A2, putative PF3D7_0209100 78 C 1.6 x 107 

Alpha/beta hydrolase, putative PF3D7_0403800 83 M 4.2 x 107 
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Exported lipase 2 (XL2) PF3D7_1001600 89 C/M 1.4 x 108  

Phospholipase, putative (LCAT) PF3D7_0629300 99 M 1.9 x 106 

Alpha/beta-hydrolase, putative PF3D7_1328500 116 M 4.25 x 107  

Peptidase, putative PF3D7_0321500 126 M 2.79 x 108 

Conserved Plasmodium protein, 

unknown function 

PF3D7_1458300 184 M 3.9 x 106 

Alpha/beta hydrolase, putative PF3D7_1134500 211 M 2.9 x 107 

Serine esterase, putative PF3D7_1116100 217 M 7.1 x 106 

Conserved Plasmodium protein PF3D7_1129300 222 M 4.8 x 107 

Patatin-like phospholipase, 

putative 

PF3D7_1358000 238 M 2.6 x 106 

Patatin-like phospholipase, 

putative 

PF3D7_0218600 283 M 1.8 x 107 

Human serine hydrolases 

Neutral cholesterol ester hydrolase 

1 (NCEH1) 

57552 46 M 8.55 x 107 

Acetylcholinesterase, Isoform H 

(ACHE) 

43 68 M 1.33 x 109 

Prolyl endopeptidase (PREP) 5550 78 C 7.1 x 107 

Acylpeptide hydrolase (APEH) 327 81 C 1.9 x 103 

Neuropathy target esterase, 

Isoform 4 (PNPLA6) 

10908 151 M 9.1 x 107 
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After curating data for the SHs, we have employed a second set of criteria to identify 

putative lipases. A total of 16 plasmodial SHs (13 high-confidence and three medium-confidence) 

were identified as putative lipases according to the above criteria (Table 3-2, Table 3-S4).  

 

 

Table 3-2. High-confidence putative lipases in asexual P. falciparum by IDFP competition of 

desthiobiotin-FP labeling. a Plasmodium gene IDs and annotations were obtained from 

Plasmodium genome database, PlasmoDB. b Cellular fraction indicates the fraction from which the 

protein was identified, C, cytosolic; M, membrane. c Fold change designates the ratio of the 

average of top 3 unique peptide abundance obtained after desthiobiotin-FP versus IDFP-

desthiobiotin-FP labeling, across three experimental replicates. d Essentiality data is based on 

transposon-based mutagenesis study from (38).  
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Essentiality in 

the asexual 

stages d 

BEM46-like protein, 

putative (PBLP) 

PF3D7_0818600 35 M 2.1 x 107 Essential 

Prodrug activation and 

resistance esterase 

(PARE) 

PF3D7_0709700 42 M 8.6 x 107  Dispensable 

Alpha/beta hydrolase, 

putative  

PF3D7_1143000  45 C 3.0 x 105 Essential 

Lysophospholipase, 

putative 

PF3D7_1252600 53 M 3.9 x 107 Essential 

Alpha/beta hydrolase, 

putative (GEXP08)  

PF3D7_0731800 78 M 5.0 x 100 Dispensable 
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Steryl ester hydrolase, 

putative 

PF3D7_1126600  81 M 2.0 x 105 Dispensable 

Alpha/beta hydrolase, 

putative  

PF3D7_0403800  83 M 2.8 x 106 Essential 

Alpha/beta hydrolase, 

putative 

PF3D7_0728700 85 M 4.6 x 105 Essential 

Exported lipase 2 (XL2) PF3D7_1001600  89 C/M 2.3 x 101 Essential 

Phospholipase, putative 

(LCAT)  

PF3D7_0629300  99 M 2.6 x 106 Essential 

Alpha/beta-hydrolase, 

putative 

PF3D7_1328500  116 M 8.6 x 106 Dispensable 

Patatin-like 

phospholipase, putative 

PF3D7_1358000 238 M 3.7 x 105 Dispensable 

Patatin-like 

phospholipase, putative 

PF3D7_0218600 283 M 7.1 x 106 Dispensable 

 

Bioinformatics analysis of putative lipases suggests robustness of identification 

To increase confidence in lipase identification, we sought validation of lipase function by 

bioinformatics means. Usually, folding patterns of proteins are under stricter evolutionary 

constraints than amino acid sequence; accordingly, structural homology can help in predicting 

protein function even with undetectable sequence similarity (32). Therefore, we generated 

structural homology models for all the identified putative lipases using the Phyre2 server (33). All 

of our identified putative lipases had closest structural similarity with experimentally validated 
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structures of lipases (Table 3-S5). Next, we mined PlasmoDB (34), UniProt (35), and BioCyc (36) 

databases for gene ontology (GO) terms associated with lipase activity for our identified putative 

lipases. As anticipated, 11 had predicted lipase activity in all or at least one of the databases (Table 

3-S6). These structural predictions and GO term analysis, along with our ABP-based data strongly 

suggest our method can robustly identify putative lipases. 

 

The majority of the putative lipases is essential for parasite growth in the erythrocyte 

A recent genome-wide transposon mutagenesis study has identified 2680 putative essential 

genes in asexual stages of P. falciparum (37). Any gene with at least one transposon insert in the 

coding sequence (CDS) was called dispensable. Eight of the identified putative lipases were 

reported to be essential (Table 3-2).  Two of the identified putative lipases, PF3D7_0709700 and 

PF3D7_0629300 orthologue in P. berghei have been studied in detail (14, 16). PF3D7_0709700, 

a dispensable gene according to the transposon-based mutagenesis study, has also been validated 

by classical genetic and functional analysis as dispensable for asexual blood stage growth by 

Goldberg and colleagues, recently (16).  The lipase activity and essentiality of PF3D7_0629300 

orthologue in P. berghei (PBANKA_1128100) have also been experimentally validated (14). 

Although the transposon-based mutagenesis study reported it as an essential gene for P. falciparum 

growth in the asexual blood stage, for P. berghei asexual blood stage growth, it is dispensable (14).  

 

Inhibitor profiling can aid in building hypotheses on biological roles of lipases 

To gain functional insights of the identified putative lipases, we have incubated 36-40 hpi saponin-

isolated parasite lysates with covalent inhibitors of various human SH inhibitors (Structures and  



 83 

 

Figure 3-4. Identification of MAGL in P. falciparum. (A) Competitive ABPP using a panel of 

serine hydrolase inhibitors (1 µM) with diverse targets (see Table 3-S7) or with vehicle (1% 

DMSO) control. This screen shows specific inhibition of ~40 kDa species (red asterisk) by MAGL 

inhibitors. (B) Structure of JW642. (C) Competitive ABPP by JW642 (0.016 – 6250 nM) in 
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saponin-isolated P. falciparum 3D7 lysates. The 40 kDa species (parasite MAGL) is indicated with 

a red asterisk and the 30 kDa species used for parasite MAGL peak volume normalization is 

indicated with a black asterisk. (D) Normalized parasite MAGL peak volume was expressed as a 

fraction of DMSO control and was plotted vs. JW642 concentration. Data shown are from the gel 

image in (C), which represent one of three biological replicates. Points were fit to a four-parameter 

sigmoidal curve. (E) Comparison of TAMRA-FP labeling of P. falciparum 3D7 (wild-type, WT) 

and PF3D7_0709700-YFP parasite (transgenic, TR) lysates show an apparent shift of 40 kDa 

species (red asterisk) to a 65 kDa species (blue asterisk), consistent with YFP fusion to 

PF3D7_0709700 gene. Competition with 1 µM JW642 in both parasite lysates confirms MAGL 

inhibitor sensitivity. In A, C, and E, sizes of molecular markers are indicated in kDa. 

 

 

List of inhibitors with the known target is provided in Table 3-S7) before TAMRA-FP labeling 

(Fig. 3-4A). TAMRA-FP labeling of a species of ~40 kDa was completely blocked by 

monoacylglycerol lipase (MAGL) inhibitors JW642, MJN110, and KML29 as well as 

bythioesterase inhibitors ML211 and Palmostatin B, but not by diacyl-, triacylglycerol lipase or 

other SH inhibitors. Both ML211 and Palmostatin B have been reported to show off-target effects 

(38, 39). This selective inhibition profile suggests the ~40 kDa species is a MAGL-like enzyme. 

We have evaluated the potency of JW642 against the ~40 kDa species (Fig. 3-4 B, C, D). The 50% 

inhibitory concentration (IC50) value was determined by competitive ABPP. Mean IC50 value from 

three independent replicates was 2.5 ± 0.6 nM for the ~40 kDa species. Our estimated IC50 value 

is very close to the 3.7 nM IC50 reported for JW642 inhibition of human MAGL using a similar 

competitive ABPP assay (40).  

In our mass spectrometric analysis, we have identified two putative lipases with molecular 

mass of ~40 kDa with high-confidence: PF3D7_0709700 (42 kDa) and PF3D7_1143000 (45 kDa). 

We have generated yellow fluorescent protein (YFP) citrine allele fusion of PF3D7_0709700 

(Transgenic line: PF3D7_0709700-YFP) using single-homologous crossover recombination.  
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Crude lysates of 36-40 hpi parasites of PF3D7_0709700-YFP line was prepared, TAMRA-FP 

labeled, and labeling profile was compared to that of P. falciparum 3D7 lysates (Fig. 3-4E). An 

apparent shift of the ~40 kDa species to ~65 kDa was observed, confirming PF3D7_0709700 as 

the MAGL-like enzyme. Next, we generated a structural homology model of PF3D7_0709700 

using Phyre2 structural prediction server (33). The predicted homology model was modeled based 

on human MAGL crystal structure with 22% identity and 100% confidence. Superimposition of 

the predicted structure of PF3D7_0709700 showed very close similarity with human MAGL (Fig. 

3-5A). A closer inspection on the active site of the enzyme shows similar positioning of the 

catalytic triad as of human MAGL catalytic triad (Fig. 3-5B). This homology model analysis also 

corroborates our finding of PF3D7_0709700 as the parasite MAGL-like enzyme. Recently, 

Goldberg and colleagues showed PF3D7_0709700 is dispensable for parasite growth in culture 

and reported its esterase activity of this enzyme using a chromogenic substrate (16). Together with 

inhibitor data and homology modeling analysis, we presented here an example of how our method 

can aid in predicting the biological functions of lipases. 
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Figure 3-5. Structural homology analysis of PF3D7_0709700. (A) Superimposition of 

PF3D7_0709700 Phyre2 predicted homology model (red) and human MAGL (PDB id: 6AX1, 
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blue) shows close similarity. (B) Structure of 1,1,1,3,3,3-Hexafluoropropan-2-yl 3-(3-Phenyl-

1,2,4-oxadiazol-5-yl) azetidine-1-carboxylate. (C)Catalytic triad residues of both human MAGL 

(in yellow; Ser122, Asp 239, and His269) and PF3D7_0709700 (in magenta; Ser179, Asp 308, 

and His338) are shown in stick representation. Inhibitor bound to human MAGL is shown in green. 

This figure shows PF3D7_0709700 catalytic triad residues align with human MAGL active site 

residues. Both the model was generated using PyMOL. 

 

3.4 DISCUSSION 

 Lipid metabolism for malaria parasite’s intracellular rapid growth and prolific propagation 

is essential. Several studies on the biochemical synthesis and enzymes responsible in P. falciparum 

have been carried out (7, 10, 12, 13). However, the biochemical processes and the enzymes 

responsible for these are unknown. Here, we present an unbiased, systematic proteome-wide 

survey of putative lipases. 

 Knowledge of biochemical processes is a prerequisite for target-based drug development. 

Sequence-based annotation of genomes can predict the function of gene products 

(proteins/enzymes) but cannot probe the biochemical activity in the context of cell impeding the 

search of druggable targets. Consequently, experimental validation of the biochemical activity is 

essential for examining druggable space within an organism (41). However, high-throughput 

experimental validation remains exceedingly challenging in the discovery of novel biochemical 

activities, limiting the search for druggable targets. ABP probes are designed as such that the 

binding to an enzyme represents its catalytic activity, presenting ABPP in combination with MS 

as an excellent tool for experimental validation en masse of a target family of protein/enzyme (42). 

Competitive-ABPP-MS can also be used to identify inhibitor targets in a complex proteome (17, 

23).  FP-based ABPs have been developed for SH superfamily proteins and shown negligible off-

target activity (17, 19). Here, we have used FP-ABP to advance the functional annotation of SHs, 

with an emphasis on lipases. In this study, we were able to identify 25 predicted SHs. However, 
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we have also identified five proteins that were not annotated as SHs (Table S3). Three of them has 

an active site nucleophile (serine or threonine).  Mature parasite-infected erythrocyte surface 

antigen (MESA, PF3D7_0500800) is an exported protein of the parasite that binds to the 

erythrocyte membrane (43). Nucleoside transporter 4 (PfNT4, PF3D7_0103200) is a parasite 

plasma membrane-bound protein that transport primarily purines; however, it has been proposed 

to have a role in translocating other important molecules across the membrane (44). Disulfide bond 

formation of these two proteins with SHs might have resulted in their affinity purification and 

subsequent identification. 

 We have also identified five human SHs: two cytosolic and three membrane-bound. It is 

not surprising to observe membrane-bound proteins because the proteomic samples were prepared 

from saponin-isolated parasite lysates. Saponin permeabilizes both erythrocyte and PV membrane 

releasing all the erythrocyte and PV soluble cytosolic material (45), still leaving the parasites 

enclosed within PV and erythrocyte membrane as observed by electron microscopy (46). However, 

the detection of cytosolic protein was unexpected. One of the human cytosolic SHs was 

acylpeptide hydrolase (APEH). APEH was one of the most abundant SHs observed in the parasite. 

We showed in a separate study that APEH was internalized by the parasite possibly by endocytosis. 

Employing specific inhibitor of APEH, we showed that internalization of APEH is essential for 

parasite asexual growth (26). The other human cytosolic SH which was identified with the 

cytosolic parasite proteins was prolyl endopeptidase (PREP). We believe PREP was not 

contamination, rather was also imported by the parasite with hemoglobin by endocytosis. While it 

remains active inside the parasite, evidenced by detection with FP-ABP, inhibition of its activity 

with specific inhibitor did not show any growth defect of the parasite (data not shown).  
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For the identification of lipases, we have used an FP-based irreversible inhibitor of SHs, 

IDFP in a competitive-ABPP-MS approach. This inhibitor showed a broad specificity over lipases 

(24, 25). In this case, when samples were treated with IDFP, the putative lipases were not labeled 

with FP-ABP probe and were subsequently absent in the proteomic profile compared to that of 

only FP-ABP labeled sample. We have identified 16 putative lipases in the parasite, most (~70%) 

of which are associated with GO terms related to lipase activity. One of these lipases, 

PF3D7_0629300 orthologue has been studied in P. berghei, and its lipase activity using 

recombinant protein has been reported (14). We identified five uncharacterized SHs as putative 

lipases. One of these enzymes is PF3D7_0818600, BEM46-like protein (PBLP). Study on the 

orthologue of this enzyme in P. yoelii reported its role in the development of infective stages 

(sporozoites and merozoite) across parasite’s life cycle, but the precise mechanism was not 

described (47). Our validation of this as a lipase might shed some light on its mechanism. All these 

five newly identified putative lipases should be further investigated for their role in lipid 

metabolism. 

Using competitive-ABPP, we have also shown that it is possible to formulate a hypothesis 

on the biological function of identified putative lipases.  Understanding biological function is 

the prerequisite of determining the druggable space within an organism. With competitive-ABPP, 

it is possible to speculate on the function of a target protein. Our screen with various sub-class 

specific known human SH inhibitors provides an excellent example of how it is possible to 

speculate on the potential biological role of an enzyme. MAGL inhibitors specifically inhibit one 

of the lipases, PF3D7_0709700, suggesting it as a MAGL like enzyme. This result suggests it may 

play a role in releasing free fatty acids from the lipids that are stored as TAG in the lipid droplets. 
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This approach can also be further exploited for identifying lead compounds for inhibitor 

development. 

 In conclusion, here we have provided a functional profile of plasmodial lipases using 

chemo-proteomic approach. Also, we have shown it is possible to speculate possible biological 

role of an enzyme using known inhibitors, as a proof-of-concept. This chemo-proteomic approach, 

along with genetic tools, can aid in establishing new biological processes of lipid metabolism in 

P. falciparum. 

 

3.5 MATERIALS AND METHODS  

Reagents. The TAMRA-FP and desthiobiotin-FP ABPs (ActivX) were purchased from Fisher 

Scientific, Hampton, NH. Isopropyl dodecylfluorophosphonate (IDFP), JW642, KML29, LEI106, 

Orlistat, Atglistatin, ML211, Arachidonyl Trifluoromethyl Ketone (ATFK), PF3845, KT195, and 

WWL70 were obtained from Cayman Chemical, Ann Arbor, MI. N-(trans-epoxysuccinyl)-L-

leucine 4-guanidinobutylamide (E-64), MJN110, KT109, Palmostatin B, and AA74-1 were 

purchased from Millipore Sigma, St. Louis, MO. Pepstatin A was purchased from MP 

Biomedicals, Solon, OH. 

 

Parasite culture. All experiments described were performed in P. falciparum 3D7 strain wild-

type parasites or with transgenic parasites. The parasites were cultured at 2% hematocrit in human 

O+ erythrocytes (Interstate Blood Bank, Memphis, TN) in RPMI 1640 medium. The medium is 

supplemented with 27 mM sodium bicarbonate, 11 mM glucose, 0.37 mM hypoxanthine, 10 

mg/mL gentamicin, and 5 g/L Albumax I (Invitrogen, Carlsbad, CA). Cultures were incubated at 

37 °C in a 5% CO2 incubator. The transgenic parasites were cultured in the presence of 10 nM 
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WR99210 (Jacobus Pharmaceuticals, Princeton, NJ). Cultures were synchronized by 5% (v/v) 

sorbitol treatment at the ring stage (48).  

 

Parasite lysate preparation. Different stages of parasites: rings (10-12 h post-invasion, hpi), 

trophozoites (20-24 hpi) and schizonts (36-40 hpi), from synchronized parasite cultures, were 

treated with 0.03% (w/v) saponin in cold Dulbecco’s phosphate-buffered saline (PBS, pH 7.4) for 

10 minutes on ice, allowing the separation of parasite proteins from the soluble erythrocyte and 

parasitophorous vacuole (PV) proteins (49). Saponin-isolated parasites were pelleted by 

centrifuging at 1940 x g at 4 °C for 10 minutes and were washed three times with cold PBS. The 

number of recovered parasites was determined by counting on a hemocytometer. Then the 

parasites were suspended in cold PBS containing the protease inhibitors pepstatin A (5 μM) and 

N-(trans- epoxysuccinyl)-L-leucine 4-guanidinobutylamide (E-64, 10 µM) to a density of 5 x 108 

parasites/mL. The parasite suspension was either lysed immediately by three rounds of sonication 

for 10 seconds at 30% amplitude or stored in – 80 °C until needed. Following centrifugation at 

17000 x g for 5 minutes at 4 °C to pellet cellular debris, aliquots of clarified lysates were used 

immediately or snap frozen in liquid N2 and stored at – 80 °C until needed. 

 

Uninfected erythrocyte lysate preparation. Uninfected erythrocytes (uRBC) were washed three 

times with cold PBS. After counting the washed uRBCs on a hemocytometer, uRBCs were 

resuspended in cold PBS supplemented with 5 µM pepstatin A and 10 µM E-64 to 5 x 108 cells/mL. 

Lysates were prepared and stored as described above for parasite lysate preparation. 
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TAMRA-FP probe labeling. TAMRA-FP labeling of parasites or uRBCs were performed in 20 

µL reaction volume. The reaction was started with adding 0.2 µL of 100 µM TAMRA-FP (1 µM 

final concentration) to 19.8 µL parasite or uRBC lysate, corresponding to ~ 1 x 107 cells/reaction. 

The reactions were incubated at 30 °C for 30 minutes and then quenched by adding one volume of 

2x reducing SDS-PAGE loading buffer and incubation at 95 °C for 5 minutes. For competitive 

ABPP experiments, the inhibitor was added to a final concentration of 1 µM, unless otherwise 

mentioned, and reactions were incubated at 30 °C for 20 minutes before the addition of TAMRA-

FP. Labeled samples were stored at – 80 °C until needed or resolved immediately on 8.5%, 10% 

or 12% reducing SDS-polyacrylamide gels. Gels were imaged for in-gel TAMRA fluorescence on 

a Typhoon Trio flatbed scanner (GE Healthcare Life Sciences, Piscataway, NJ). Fluorescence 

profiles and peak volume quantitation for the labeled proteins were done using ImageQuant TL 

v2005 (GE Healthcare Life Sciences, Piscataway, NJ) software. For IC50 calculation of JW642, 

the peak volume of ~40 kDa species in 36-40 hpi saponin-isolated parasite lysates was normalized 

to that of ~30 kDa species (Fig. 3-4B, black arrow) that was not inhibited by JW642 at any 

concentration. 

 

Mass spectrometry sample preparation. To systematically identify putative lipases, we prepared 

three samples for each biological replicate for mass spectrometry analysis: (a) with IDFP pre-

incubation followed by desthiobiotin-FP labeling (IDFP control), (b) with desthiobiotin-FP 

labeling (probe control), and (c) neither IDFP nor probe labeling (no-probe control). Each sample 

corresponds to lysates from 2 x 109 saponin-isolated schizont (36-40 hpi) parasites, prepared as 

described above in ‘parasite lysate preparation’ section. Clarified lysates were incubated with 1 

µM IDFP (IDFP control) or with 1% DMSO (probe and no probe control) at 30 °C for 30 minutes 
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with occasional gentle mixing. Next, 2 µM desthiobiotin-FP (IDFP and probe control) or 1% 

DMSO (no-probe control) were added and incubated at 30 °C for 60 minutes with occasional 

gentle mixing. Following this step, we centrifuged the samples at 100,000 x g for 30 minutes at 4 

°C to fractionate into cytosolic and membrane fractions. The cytosolic fractions were filtered on a 

Zeba desalting column (ThermoFisher Scientific, Waltham, MA) to remove the unreacted probes 

following the manufacturer’s instructions. The filtered cytosolic fractions were denatured with 

0.5% SDS at 95 °C for 5 minutes, allowed to cool at room temperature to check for precipitation, 

and then diluted with PBS to 0.2% SDS final concentration.  The membrane fractions were washed 

twice with 1 mL cold PBS, resuspended in 1 mL cold PBS containing 5 µM pepstatin A and 10 

µM E-64, sonicated with 10% amplitude for 10 seconds to break the pellet, and centrifuged at 

100,000 x g for 30 minutes at 4 °C.  The pellets were resuspended in 0.5 mL 1%SDS/PBS by 

gentle sonication (10% amplitude for 10 seconds), incubated at 95 °C for 10 minutes to denature, 

allowed to cool at room temperature to check for precipitation, and then diluted with PBS to 0.2% 

SDS final concentration. The denatured cytosolic fraction proteins were enriched on 100 µL 50% 

Pierce TM avidin slurry (ThermoFisher Scientific, Waltham, MA), and membrane fractions were 

enriched on 50 µL 50% Pierce TM avidin slurry for 3 h at room temperature on an orbitron shaker, 

and then the beads were washed three times with 1% SDS/PBS. To remove SDS, beads were 

washed three times with PBS. Bound proteins to the beads were reduced using freshly prepared 

4.5 mM dithiothreitol (DTT; 45 mM DTT stock was prepared in 50 mM ammonium bicarbonate, 

AmBic) at 37 °C for 1 h. Following reduction, samples were alkylated by addition of freshly 

prepared 10 mM iodoacetamide (IAA; 100 mM stock was prepared in 50 mM AmBic) and 

incubation in the dark for 1 h at room temperature. Unreacted IAA was neutralized by adding 10 

mM freshly prepared DTT (100 mM stock was prepared in 50 mM AmBic). Proteins bound to the 
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avidin beads were digested with 1 µg trypsin at 37 °C for overnight. The resulting peptide mixtures 

were purified on a BioPureSPN™ MACRO C18 spin column (The Nest group Inc., Southborough, 

MA) according to the manufacturer’s instructions and were vacuum dried. Dried peptides were 

resuspended in 40 µL of 98% Acetonitrile (ACN) containing 0.1% (v/v) Formic acid (FA) in water. 

 

Mass spectrometry experimental design. Four biological replicates with the probe and no-probe 

controls and three replicate with IDFP, probe, and no-probe controls were analyzed using an 

Orbitrap Fusion Lumos equipped with an Easy-nLC 1200 UPLC and an Easy Spray nanospray 

source (ThermoFisher Scientific, Waltham, MA). Each biological replicate had technical 

duplicates. Peptides were separated on a PepMap RSLC C18 (2 µm particle size, 100 Å pore size, 

75 µm inner diameter x 25 cm length; ThermoFisher Scientific, Waltham, MA) reversed phase 

column.  Peptides were eluted with a 2 to 45% solvent B gradient (solvent A: 98% ACN containing 

0.1% (v/v) FA in water; Solvent B: 80% ACN containing 0.1% (v/v) FA in water) over 165 min 

with a flow rate of 300 nL/min and ion spray voltage of 2500 V. Column temperature was 

maintained at 55˚C and the ion transfer tube at 275˚C. Data acquisition was made in a data-

dependent mode with full MS scans acquired in the Orbitrap mass analyzer with a resolution of 

120000 resolution and m/z scan range of 400-1500 Da in profile, positive ion mode, with charge 

states of 2-5 included. The automatic gain control (AGC) target value of 400000 with 50 ms 

maximum injection time. The topmost abundant ions with intensity level over 20000 counts were 

selected for higher energy collision-induced dissociation (HCD; CE = 30±3), and the isolation 

window was 1.4 Da. Dynamic exclusion length was set to 15 s with a 10 ppm tolerance around the 

selected precursor and its isotopes. Identified peptides were grouped into proteins using Proteome 

Discoverer 2.2 (ThermoFisher Scientific, Waltham, MA). All the peptides were searched against 
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a ‘target-decoy’ database consisting of Plasmodium falciparum 3D7 proteome from PlasmoDB 

protein database (Release 37), the UniProt human database (UniProt Release 2017_09), and the 

corresponding reversed sequences using both the Sequest HT (ThermoFisher Scientific, Waltham, 

MA) and Mascot (Matrix Science, Boston, MA) algorithms. Peptides were also searched against 

a database of common protein contaminants observed in proteome studies provided with the 

Proteome Discoverer software. The precursor mass tolerance was set to 10 ppm and the fragment 

mass tolerance to 0.05 Da. Enzyme specificity was set to trypsin with up to two possible missed 

cleavages. Carbamidomethylation of cysteines was set as static modification and acetylation at a 

protein N-terminus, oxidation of methionines and pyroglutamate formation on N-terminal 

glutamines as possible variable modifications.  False discovery rate (FDR) was limited to less than 

1%.  Peptide peaks were matched across runs using the Minora Feature Detector node in 

combination with the Feature Mapper and Precursor Ions Quantifier nodes within Proteome 

Discoverer when the peptide was not identified in every run. The areas of the three most abundant 

peptides (top 3) for each protein were summed, the values were normalized to the value obtained 

for ovalbumin, a contaminant observed from the avidin beads, for comparison across sample types. 

 

Plasmid construction and transfection. The plasmid for the generation of a chimera between the 

chromosomal coding sequence of PF3D7_0709700 and that of yellow fluorescent protein (YFP) 

citrine allele through single-crossover homologous recombination was produced as follows (see 

Fig. 3-S2). One kilobase of the 3’ end (excluding stop codon) of PF3D7_0709700 genomic 

sequence was PCR amplified using Velocity DNA polymerase from P. falciparum 3D7 genomic 

DNA using 302/303 oligonucleotide pair and then was introduced into the XhoI and AvrII sites of 

the pPM2CIT2 vector (50) using T4 DNA ligase-dependent cloning, yielding pPF0709700-CIT2 
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plasmid. The plasmid contains human dihydrofolate reductase (hDHFR) selectable marker gene 

for selecting resistant parasites using WR99210. The sequence introduced into the pPM2CIT2 

plasmid was verified by sequencing. 

For homologous recombination to generate transgenic parasite line PF3D7_0709700-YFP, 

100 µg of pPF0709700-CIT2 plasmid DNA was transfected in ring-stage P. falciparum 3D7 

parasites by electroporation using low voltage conditions (51). 10 nM WR99210 was added to the 

transfected parasites 48 hours after transfection. The culture was subjected to media (containing 

10 nM WR99210) change every day for five days and then every other day.  WR99210 resistant 

parasites appearing after 18-22 days were then subjected to two cycles of drug cycling. For drug 

cycling, WR99210 was taken off of the media for 21 days and then reapplied until resistant 

parasites reappeared. Genomic DNA was prepared using Qiagen DNA blood mini kit (Qiagen, 

Germantown, MD). Genome integration of the YFP was confirmed with PCR using 376/GFPR1 

oligonucleotide pair. The resistant parasite lines were subjected to clonal line selection by limiting 

dilution. All the subsequent experiments were done with clonal parasite lines. Clone C3 was used 

for this study. List of oligonucleotides used in this study is listed in Table 3-S8. 

 

Homology model generation and structural alignment. For generating homology model 

PF3D7_0709700 amino acid sequence was submitted to Phyre2 structural prediction server (33). 

For structure prediction intensive modeling mode was selected. From the generated models the 

best structure was selected on the basis of percentage identity and confiedence percentage of the 

model. Generated model was superimposed on Human MAGL crystal structure (PDB id: 6AX1) 

using PyMOL. All the images were generated by PyMOL. 
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SUPPLEMENTARY INFORMATION 

 

 

 

 

Table 3-S1. Proteins identified in both cytosolic (soluble) and membrane (insoluble) fractions 

by ABPP-LC-MS/MS. Information is available as a separate Excel file. 
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Table 3-S2. Serine hydrolases in asexual P. falciparum, identified by desthiobiotin-FP 

labeling in both cytosolic and membrane fractions. a Plasmodium protein annotation and gene 

ID were obtained from Plasmodium genome database, PlasmoDB. Human protein annotation and 

gene ID were obtained from NCBI Gene. b Cellular fraction indicates the fraction in which the 

protein was predominantly present based on two-tailed Student’s t-test, C, cytosolic; M, 

membrane.  

 

Annotation a Gene ID a 

Unique peptide counts 

across biological replicates 
p-value 

Cellular 

fraction b cytosolic 

fractions 

membranous 

fractions 

Plasmodial serine hydrolases 

Prodrug activation 

and resistance 

esterase (PARE) 

PF3D7_0709700 12, 2, 0, 1 24, 14, 16, 3 0.00568 M 

Lysophospholipase, 

putative 

PF3D7_1476800 0, 0, 0, 1 0, 0, 1, 0 0.54901 C/M 

Alpha/beta 

hydrolase, putative 

PF3D7_1143000 15, 9, 7, 7 0, 2, 2, 0 0.00038 C 

Lysophospholipase, 

putative 

PF3D7_1252600 2, 2, 1, 2 1, 8, 7, 1 0.02457 M 

Exported lipase 2 

(XL2) 

PF3D7_1001600 9, 6, 2, 6 0, 2, 4, 0 0.06655 C/M 

Alpha/beta-

hydrolase, putative 

PF3D7_1328500 3, 2, 1, 0 5, 7, 7, 0 0.00849 M 

Peptidase, putative PF3D7_0321500  3, 3, 3, 1 15, 19, 18, 6 0.00012 M 

Human serine hydrolases 
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Acetylcholinesterase, 

Isoform H (ACHE) 

43 6, 4, 4, 5 14, 13, 14, 9 0.00001 M 

Acylpeptide 

hydrolase (APEH) 

327 

29, 18, 20, 

19 

2, 8, 9, 4 0.00008 C 
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Table 3-S3. Proteins identified with medium confidence in asexual P. falciparum, identified 

by desthiobiotin-FP labeling. a All the accession numbers were obtained from Plasmodium gene 

ID, annotation and theoretical molecular masses were obtained from Plasmodium genome 

database, PlasmoDB. Human gene ID and annotation were obtained from NCBI Gene, and 

theoretical molecular masses were obtained from UniProt. b Cellular fraction indicates the fraction 

from which the protein was identified, C, cytosolic; M, membrane-associated. c Fold change 

designates the ratio of the average of top 3 unique peptide abundance (normalized to ovalbumin 

peptide abundance) obtained after desthiobiotin-FP versus DMSO labeling, across the 

experimental replicates.  

 

Annotation a Gene ID a 

M
o
le

cu
la

r 

m
a
ss

 (
k

D
a
) 

a
 

C
el

lu
la

r 

fr
a
ct

io
n

 b
 Peptide 

abundance 

fold change c 

Proteasome subunit beta type-2, 

putative 

PF3D7_1470900 23 C 1.0 x 108 

Alpha/beta hydrolase, putative PF3D7_0805000 28 M 2.6 x 108 

Proteasome subunit beta type-5, 

putative 

PF3D7_1011400 31 C 9.3 x 107 

Lysophospholipase, putative  PF3D7_1476700 41 M 3.5 x 106 

Nucleoside transporter 4 PF3D7_0103200 50 M 5.8 x 106 

Serine hydroxymethyltransferase PF3D7_1235600 50 C 5.6 x 107 

Lysophospholipase, putative PF3D7_1476800 43 C/M 5.3 x 106 

Steryl ester hydrolase, putative PF3D7_1126600 81 M 1.5 x 105 

Alpha/beta hydrolase, putative PF3D7_0728700 85 M 3.4 x 105 

Mature parasite-infected 

erythrocyte surface antigen 

PF3D7_0500800 168 M 1.4 x 107 

 

 

 



 109 

Table 3-S4. Medium-confidence putative lipases in asexual P. falciparum by IDFP 

competition of desthiobiotin-FP labeling. a Plasmodium gene IDs and annotations were obtained 

from Plasmodium genome database, PlasmoDB. b Cellular fraction indicates the fraction from 

which the protein was identified, C, cytosolic; M, membrane-associated. c Fold change designates 

the ratio of the average of top 3 unique peptide abundance obtained after desthiobiotin-FP versus 

IDFP-desthiobiotin-FP labeling, across the experimental replicates. d Essentiality data is based on 

transposon-based mutagenesis study from (1). 

 

Annotation a Gene ID a 

M
o
le

cu
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r 
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) a

 

C
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lu
la

r 

fr
a
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n

 b
 Peptide 

abundance 

fold change c 

Essentiality in 

the asexual 

stages d 

Alpha/beta hydrolase, 

putative  

PF3D7_0805000 28 M 1.1 x 108 Dispensable 

Lysophospholipase, 

putative 

PF3D7_1476800 43 C/M 7.1 x 106 Essential 

Serine esterase, 

putative 

PF3D7_1116100 217 M 7.2 x 106 Dispensable 
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Table 3-S5. Structural homology analysis of identified plasmodial lipases. a Plasmodium gene 

IDs and annotations were obtained from Plasmodium genome database, PlasmoDB. * Poor 

prediction denotes less than 20% identity with the template or less than 95% confidence in model 

or both. 

 

Annotation a Gene ID a 

Template 

information (pdb id) 

% 

identity 

Confidence 

in model 

BEM46-like protein, 

putative (PBLP) 

PF3D7_0818600 Poor prediction*   

Alpha/beta hydrolase, 

putative  

PF3D7_0805000 

Esterase Pf2001 

(5G59) 
22% 100% 

Prodrug activation and 

resistance esterase 

(PARE) 

PF3D7_0709700 

Monoglyceride lipase 

(3HJU) 
22% 100% 

Lysophospholipase, 

putative 

PF3D7_1476800 Poor prediction*   

Alpha/beta hydrolase, 

putative  

PF3D7_1143000  

Epoxide hydrolase 

(3I28) 
20% 100% 

Lysophospholipase, 

putative 

PF3D7_1252600 

Monoglyceride lipase 

(6EIC) 
23% 100% 

Alpha/beta hydrolase, 

putative (GEXP08)  

PF3D7_0731800 

Gastric lipase 

(1HLG)  
24% 99.9% 
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Steryl ester hydrolase, 

putative 

PF3D7_1126600  Gastric lipase (1K8Q) 27% 100% 

Alpha/beta hydrolase, 

putative  

PF3D7_0403800  Poor prediction*   

Alpha/beta hydrolase, 

putative 

PF3D7_0728700 

Putative hydrolase 

(4EZI) 
20% 99.9% 

Exported lipase 2 

(XL2) 

PF3D7_1001600  

 Gastric lipase 

(1HLG) 
24% 99.8% 

Phospholipase, putative 

(LCAT)  

PF3D7_0629300  

Lysosomal 

phospholipase A2 

(4X91) 

29% 100% 

Alpha/beta-hydrolase, 

putative 

PF3D7_1328500  Poor prediction*   

Serine esterase, 

putative 

PF3D7_1116100 Poor prediction*   

Patatin-like 

phospholipase, putative 

PF3D7_1358000 

Calcium-independent 

phospholipase A2β 

(6AUN) 

26% 100% 

Patatin-like 

phospholipase, putative 

PF3D7_0218600 

Vacuolar protein 

sorting inhibitor 

protein D (4AKF) 

26% 98.6% 
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Table 3-S6. Gene ontology (GO) analysis of identified plasmodial lipases. Table available as 

a separate Excel file. 
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Table 3-S7. Serine hydrolase inhibitors with their known molecular target used in this study 

for competitive activity-based protein profiling assay. 

 

Inhibitor Structure Target Ref. 

IDFP 
 

pan-lipase inhibitor (2) 

JW642 

 

monoacylglycerol lipase (3) 

MJN110 

 

monoacylglycerol lipase (4) 

KML29 

 

monoacylglycerol lipase (3) 

KT109 

 

diacylglycerol lipase (5) 
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LEI106 

 

diacylglycerol lipase (6) 

Orlistat 

 

triacylglycerol lipase (7) 

Atglistatin 

 

triacylglycerol lipase (8) 

ML211 

 

protein palmitoyl 

thioesterase 

(9) 

Palmostatin B 

 

protein palmitoyl 

thioesterase 

(9) 

Arachidonyl 

Trifluoromethyl 

Ketone (Arach-

TFK) 

 

phospholipase 2, fatty 

acid amide hydrolase 

(10) 
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PF3845 

 

fatty acid amide hydrolase (11) 

KT195 

 

α/β-hydrolase domain 6 (5) 

WWL70 

 

α/β-hydrolase domain 6 (12) 

AA74-1 

 

acylpeptide hydrolase (13) 
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Table 3-S8. Sequence of oligonucleotides used in this study. a RE, restriction endonuclease. RE 

site is underlined in the oligonucleotide sequence. 

 

Name Oligonucleotide sequence (5’ to 3’) RE a site Purpose 

302 

GCACGCTCGAGTCGAGCAGTAGTCG

ATTAGATGG 

XhoI 

Forward primer for 

PCR: PF3D7_0709700 

bases 49 to 71 

303 

GCACGCCTAGGTACTTGTTCTTCTTG

TTTGGGGGTATG 

AvrII 

Reverse primer for 

PCR: PF3D7_0709700 

bases 1078 to 1104 

376 ATGAAGAGCCAGGGTGGAGGG - 

Forward primer for 

integrant specific PCR 

and for sequencing 

plasmid: 

PF3D7_0709700 bases 

1 to 21 

800 
GTACGGCGGCCGCTTAATGGTGGTGA

TGGTGGTGTTTGTATAGTTCATCCAT

GCCATG 

NotI 

Reverse primer for 

integrant specific 

primer plasmid: YFP 

bases 712 to 736 
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Figure 3-S1. Accuracy of serine hydrolases identification by LC-MS/MS. log2 of average of 

top 3 peptide abundance of desthiobiotin-FP labeled samples were plotted against the same of 

DMSO labeled samples. All data points are shown from four biological replicates. 
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Figure 3-S2. Generation and characterization of PF3D7_0709700-YFP construct. (A)  

Schematic diagram showing single homologous recombination strategy for generation of chimera 

between Pf3D7_0709700 and YFP. Red colored arrows with indicate position of oligos used for 

the characterization of integrant. PCR product sizes of genomic locus and modified locus are 

shown. YFP, yellow fluorescent protein; hDFR, human dihydrofolate reductase. (B) 1% Agarose 

gel of PCR reaction using 15 ng genomic DNA from both Pf3D7_0709700-YFP C3 clone (C3) 

and wild type (3D7) parasites. Oligo combinations used in PCR are indicated below the gel. DNA 

ladder sizes are in kb. 
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4.1 SUMMARY AND FUTURE DIRECTIONS 

The genome of the human malaria parasite Plasmodium falciparum encodes for over 40 

serine hydrolases (SH) (1). These SHs play broad roles in parasite biology, including egress, 

invasion, virulence. Despite participation in essential fundamental biological functions, most of 

these are yet to be functionally characterized. To address this, we have undertaken proteome-wide 

functional profiling of SHs in P. falciparum asexual stage parasites. We have employed activity-

based protein profiling (ABPP) and liquid chromatography-tandem mass spectrometry (LC-

MS/MS) for this investigation. 

During our profiling of parasite SHs using ABPP, we made a surprising discovery. We 

found that a human erythrocyte SH, acylpeptide hydrolase (APEH), accumulates within 

developing asexual parasites. Internalization of host protein is a known phenomenon in P. 

falciparum. However, APEH is the first instance to our knowledge of internalization of a host SH 

in P. falciparum. Employing an APEH specific triazole urea inhibitor, AA74-1, (2) we show 

provide data for an essential catalytic role of APEH in P. falciparum and present evidence for the 

first time, to our knowledge, that the parasite co-opted a host hydrolytic enzyme for its benefit. 

Our data also add up to the understanding of the host factors that are important for parasite growth. 

Above results led us to the idea that the parasite internalizes APEH for a crucial metabolic 

function. During the parasite’s growth inside the host erythrocyte, it imports soluble host proteins 

which are subsequently digested in the food vacuole by the act of various food vacuole proteases. 

Most of the host erythrocyte proteins are N-terminally acylated (3, 4). It is likely that N-terminally 

acylated proteins are poor substrates of the food vacuole exopeptidases. As APEH is known to 

catalyze the hydrolysis of N-terminally acylated amino acids from peptides (5, 6), the parasite 
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might use internalized APEH to catabolize N-terminally acylated proteins. Further studies, such 

as metabolomics approaches could provide direct evidence on this hypothesis. 

Although the importance of lipases in lipid homeostasis during propagation and virulence 

in various organisms have been acknowledged (7-9), the majority of the 22 predicted lipases in P. 

falciparum remains yet to be characterized. Exploration of these uncharacterized enzymes will 

provide new insights into parasite biology. Employing an activity-based proteomic approach in 

combination with a pan-lipase specific inhibitor, isopropyl dodecylfluorophosphonate (IDFP), we 

have profiled biologically active SH superfamily enzymes with putative lipase activity in asexual 

erythrocyte stage of P. falciparum.   

Employing desthiobiotin-FP probe in combination with mass spectrometry, we have 

identified 25 plasmodial SHs and five human SHs in asexual erythrocyte stage of P. falciparum. 

Among the plasmodial SHs, 16 have putative lipase activity. Our gene ontology analysis of the 

putative lipases shows that 11 of the putative lipases were associated with lipase activity. Most of 

the putative lipases are predicted to be essential for parasite growth. These results set the 

foundation for an in-depth study on lipases and lipid catabolism in P. falciparum. 

We further present an example of how our chemical biology approach can aid in building 

a hypothesis on the biological roles of lipases. We have screened various sub-classes of lipase 

inhibitors using competitive ABPP. PF3D7_0709700, one of the putative lipases identified by 

mass spectrometry, was potently inhibited by human monoacylglycerol lipase inhibitors. This 

inhibition profile suggests PF3D7_0709700 a monoacylglycerol lipase-like enzyme, which might 

play a role in liberating free fatty acids from the stored NLs. 

 The strength of this work is the adoption of a thoroughly validated chemical biology 

approach to accelerate and discovery of SHs with putative lipase activity. The use of SH-directed 
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ABPP enabled us to functionally profile SHs en masse in asexual P. falciparum in a reasonable 

time which otherwise would not have been possible with traditional approaches. A similar study 

in the sexual stages, gametocytes, would be noteworthy. Since the sexual forms are the stages of 

parasite capable of disease transmission, a similar study would provide valuable insights into the 

role of SHs in gametocytogenesis. Preliminary experiments from the laboratory show a distinct 

SH profile in gametocytes compared to the asexual forms. Current investigations are underway to 

affinity purify SHs from gametocytes using avidin beads for mass spectrometry analysis. 

 Our findings can significantly accelerate the quest into unique parasite biology. We have 

demonstrated how inhibitor screening of a complex proteome can help to build a hypothesis on 

the putative function of an enzyme. Combining this approach with available genetic tools will 

enhance our effort in discovering new biological processes and potential antimalarial targets. 

Currently, we are using selection-linked integration (SLI) method (10) for epitope tagging of 

identified putative lipases for investigation of subcellular localization, as well as to investigate 

putative lipases’ essentiality by attempting gene disruption. The SLI method allows for rapid 

selection for genomic integration of episomal DNA into the genome.  

The strategies and the findings reported in this dissertation provide a groundwork for future 

studies on malaria SHs. With the use of ABPP, combined with parasite growth inhibition studies, 

we can now screen available serine hydrolase inhibitor libraries to discover chemical compounds 

that can be used to ask various questions on parasite biology. Screening of serine hydrolase 

inhibitors can also provide new lead compounds for anti-malarial drug development. Our  ABPP 

combined with mass spectrometry provides an excellent platform for target identification studies 

of lead compounds. The key to good drug design is understanding the biological role of the 

potential target in the organism’s biology and disease causation. Combining our chemical 
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strategies with the genetic tools could be used to investigate biological role of a potential target in 

malaria parasite biology.  
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