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Abstract

Host cells sense and respond to pathogens by dynamically regulating cell signaling. The rapid 

modulation of signaling pathways is achieved by post-translational modifications (PTMs) that 

can alter protein structure, function, and/or binding interactions. By using chemical probes 

to broadly profile changes in enzyme function or side-chain reactivity, activity-based protein 

profiling (ABPP) can reveal PTMs that regulate host–microbe interactions. While ABPP has 

been widely utilized to uncover microbial mechanisms of pathogenesis, in this review, we focus 

on more recent applications of this technique to the discovery of host PTMs and enzymes that 

modulate signaling within infected cells. Collectively, these advances underscore the importance 

of ABPP as a tool for interrogating the host response to infection and identifying potential targets 

for host-directed therapies.
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1. Introduction

The host response to infection is a complex process that requires the concerted activity of 

diverse cell types to thwart invading pathogens. Epithelial cells and resident macrophages 

must rapidly sense and mount a local defense against harmful microbes while producing 

cytokines that recruit immune cells to the infection site[1]. Activation of such signaling 

pathways requires dynamic changes in gene transcription, protein synthesis, and enzyme 

activity[2]. To achieve tight temporal control of these processes, cells often rely on 

post-translational modifications (PTMs) that can quickly and reversibly modulate protein 

structure, function, and/or binding interactions[3–5] (Figure 1). In turn, certain pathogens 

can modify PTMs on host proteins to subvert immune defenses[6–7]. Identifying PTMs 
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that influence cell signaling is therefore essential for understanding the host response to 

infection.

Over the past two decades, activity-based protein profiling (ABPP) has emerged as a 

versatile tool for assessing post-translational changes in protein function within diverse 

biological systems. Pioneered by Cravatt and coworkers, ABPP uses small-molecule, 

activity-based probes comprised of an electrophilic warhead, flexible linker, and a reporter 

tag (e.g., biotin, a fluorophore, or a “clickable” reporter such as an azide) to covalently 

label and detect specific classes of reactive amino acids within a proteome[8]. Probe-labeled 

proteins can be visualized using gel-based analyses or enriched for identification by 

mass spectrometry. Importantly, probe-based enrichment facilitates the detection of low-

abundance proteins that are typically obscured by more abundant molecules in conventional 

proteomic analyses[9]. By quantifying changes in the probe-based enrichment of a given 

protein, ABPP can uncover PTMs or shifts in enzyme activity associated with a specific 

biological condition or disease state.

While ABPP has been widely applied to increase understanding of microbial infections, 

most studies to date have centered on microbial mechanisms of pathogenesis. Using probes 

that can covalently modify an enzyme’s active site, a number of studies have identified 

pathogen enzymes active during infection[10–12], facilitating the functional characterization 

of novel virulence factors[10, 13–14]. In addition, studies comparing the probe-based 

enrichment of enzymes in cells treated with or without a given drug (i.e., competitive ABPP) 

have enabled the identification and validation of putative drug targets[15–18]. Several recent 

review articles provide extensive coverage of these topics[19–22]. Here, we focus on the 

emerging role of ABPP as a tool for querying the host response to infection (Figure 2). We 

discuss how ABPP has been used to identify PTMs that regulate the signaling pathways 

of infected cells (Section 2), to profile functional changes in the host proteome during 

infection (Section 3), and to generate new leads for host-directed therapies (Section 4). 

Given recent advances in genome editing, and the continuous development of activity-based 

probes offering expanded coverage of proteomic space, the time is ripe for the ABPP-driven 

discovery of host pathways that could provide alternative therapeutic targets for microbial 

infections in an era of increasing antibiotic resistance.

2. Post-translational modification of host proteins during infection

PTMs can finely tune protein activity on a rapid timescale, enabling cells to respond 

quickly to external stimuli[5]. ABPP is particularly well-suited for dissecting dynamic 

changes in protein function[8, 23]. In the classic model, an activity-based probe selective 

for a PTM-responsive amino acid is used to assess side-chain reactivity in the presence or 

absence of a defined stimulus, thereby providing an indirect readout of PTMs within a given 

proteome[24–25]. Alternatively, a custom probe can be designed to either covalently modify 

a specified PTM or serve as a chemical reporter of the modification itself, affording direct, 

probe-based enrichment of modified sites[23]. Activity-based probes have been developed to 

study a wide range of PTMs, including oxidation, phosphorylation, and glycosylation, using 

both indirect and direct labeling strategies[15, 26].
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In recent years, such probes have found broad application to mapping PTMs at the 

host–microbe interface (Table 1). PTMs are used by bacterial and host cells alike to 

adapt to infection conditions. For example, phosphorylation of mitogen-activated protein 

kinases can induce the expression of pro-inflammatory cytokines[27]; similarly, bacteria 

rely on two-component phosphorelay pathways to rapidly alter their transcriptional 

programs[28]. Notably, pathogens can also modulate PTMs on host proteins to promote 

successful colonization of the host[7]. Certain pathogen-secreted virulence factors directly 

dephosphorylate or deubiquitinate host proteins to corrupt cell signaling[29], whereas 

infection-associated conditions like oxidative stress can indirectly modify host proteins[30]. 

In this section, we discuss representative examples of how ABPP has been applied to 

interrogate post-translational transactions at the host–microbe interface that shape immune 

responses and host signaling pathways.

2.1 Itaconate modification

Macrophages are phagocytic immune cells that are among the “first responders” to 

an infection[31]. Upon sensing a pathogen, macrophages undergo sweeping changes in 

gene expression[32] and metabolism[33]. These metabolic changes, collectively known 

as metabolic reprogramming[34], result in the production of “immunometabolites”—

compounds generated via glycolysis or as byproducts of the TCA cycle that regulate 

immune cell activation[35–36]. Recent studies have shown that certain immunometabolites, 

such as itaconate, a TCA cycle-derived metabolite, can directly modulate immune signaling 

through the covalent modification of cellular proteins[37]. For example, cysteine residues of 

KEAP1 react with itaconate through a Michael addition-based mechanism, resulting in the 

activation of the transcription factor Nrf2 and a corresponding increase in the expression of 

genes with antioxidant functions[37].

To facilitate the identification of itaconate modifications on a proteome-wide scale, Qin 

et al. developed the monosaccharide-based probe 3,4,5-O-Ac3ManNAz (1-OH-Az), which 

can facilitate the indirect mapping of itaconate-modified sites[38]. Using isotopic tandem 

orthogonal proteolysis-ABPP (isoTOP-ABPP), a chemical proteomic workflow for the 

quantitative analysis of cysteine reactivity[39], the authors identified 260 itaconate-modified 

cysteines in Raw264.7 macrophages treated with itaconate. Notably, three key glycolytic 

enzymes—GAPDH, LDHA, and ALDOA—were found to contain itaconate modifications. 

Through stable-isotope tracing experiments, the authors determined that itaconate treatment 

decreases the abundance of glycolytic metabolites produced downstream of ALDOA and 

LDHA. In addition, the authors showed that mutating itaconate-sensitive cysteines in 

ALDOA and LDHA is sufficient to restore glycolytic flux in the presence of itaconate. 

Together, these findings suggest itaconate inhibits glycolysis by post-translationally 

modifying cysteine residues that mediate LDHA and ALDOA activity, illuminating a novel 

mechanism of immunometabolite signaling. Since itaconate has also been shown to modify 

bacterial enzymes that regulate pathogen metabolism during infection[40], 1-OH-Az should 

be a valuable tool for elucidating the role of itaconate modifications in host–pathogen 

interactions.
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2.2 ISGylation

Another immunomodulatory PTM that influences host cell signaling during infection is 

the conjugation of proteins to interferon-stimulated gene 15 (ISG15), a ubiquitin-like 

modifier. ISG15 expression is induced by type I interferons and pathogenic stimuli[41]. The 

17-kDa protein plays dual roles as both a covalent modifier of intracellular proteins and 

as an extracellular cytokine[42]. ISG15-conjugation (ISGylation) is mediated by ubiquitin-

associated enzymes that attach and remove ISG15 from target proteins[42]. Notably, certain 

viruses encode de-ISGylating enzymes that can cleave protein-linked ISG15, increasing 

levels of free ISG15[43]. For example, the papain-like protease (PLpro) of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) decreases protein ISGylation in HeLa 

cells treated with interferon-α[44]. Using a set of fluorogenic activity-based probes 

containing an ISG15 or a di-ubiquitin recognition element, Shin et al. found that SARS-

CoV-2 PLpro preferentially interacts with ISG15[45]. By contrast, the closely related SARS-

CoV PLpro exhibits greater reactivity towards ubiquitin, suggesting SARS-CoV and SARS-

CoV-2 may exploit distinct host PTMs to tune innate immune signaling.

Using an ISG15-GlyGly peptidomics pipeline, in which ISGylated proteins are 

digested with trypsin and ISG15-modified peptides are subsequently enriched by 

immunoprecipitation of the terminal GlyGly motif, Munnur et al. found that SARS-CoV-2 

PLpro substantially decreases the ISGylation of glycolytic enzymes in interferon-stimulated 

HeLa cells[46]. ISGylation of glycolytic enzymes has previously been implicated in 

downregulating the expression of pro-inflammatory cytokines[47], suggesting deISGylation 

by PLpro may contribute to the “cytokine storms” associated with SARS-CoV-2 infection. 

Along these lines, the authors detected enhanced secretion of pro-inflammatory cytokines by 

SARS-CoV-2-infected macrophages following siRNA-mediated knockdown of ISGylating 

enzymes[46]. Together, these findings imply that reduced protein ISGylation and increased 

free ISG15 signaling activate a pro-inflammatory response in SARS-CoV-2-infected 

macrophages. Applying similar approaches to study other viral infections could reveal 

additional proteases that moonlight as deISGylating enzymes and provide further insight 

into altered ISGylation as a mechanism of viral pathogenesis.

2.3 AMPylation

Several pathogenic bacteria induce the AMPylation (aka adenylylation) of host proteins to 

disrupt cell signaling in a manner that promotes infection[7, 48]. Protein AMPylation involves 

the covalent modification of a threonine, serine, or tyrosine side chain with the adenosine 

5′-monophosphate (AMP) moiety of adenosine triphosphate (ATP)[49]. AMPylation of host 

Rho GTPases, for instance, has been shown to inhibit GTPase binding to downstream 

effectors, thereby blunting major responses to infection such as actin remodeling and pro-

inflammatory signaling by NF-κB[50].

One class of bacterial enzymes that catalyzes host cell AMPylation is the filamentation 

induced by cyclic-AMP (Fic) enzymes, which are typically secreted into host cells during 

infection[49]. To facilitate the identification of Fic-modified proteins, Gulen et al. developed 

an approach termed “co-substrate-mediated covalent capture”, in which a recombinant 

Fic enzyme is tethered to a nucleotide derivative that binds to target proteins[51]. In this 
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manner, the Fic enzyme acts as a macromolecular activity-based probe that can enrich 

AMPylated proteins for identification by mass spectrometry. This approach was used to 

identify dozens of previously uncharacterized substrates of Fic enzymes from the bacterial 

pathogens Histophilus somni and Bartonella henselae, including host proteins that regulate 

iron homeostasis and integrin signaling, respectively. Given that Fic enzymes are present 

in all domains of life[52], co-substrate-mediated covalent capture promises to expand the 

identification of target proteins in a variety of biological contexts.

A complementary strategy for the identification of host proteins that are AMPylated 

in situ was developed by Rauh et al[53]. The authors designed a cell-permeable, alkyne-

containing pronucleotide probe (pro-N6pA) that is used to AMPylate proteins within intact 

cells. By applying pro-N6pA to HeLa cells infected with the enteric pathogen Vibrio 
parahaemolyticus, the authors identified new Rho GTPase targets of the AMPylating 

effector protein VopS. In addition to providing new insights into the role of AMPylation 

in infection biology, pro-N6pA could also be applied to profile proteins that are intrinsically 

AMPylated by host enzymes, such as the recently discovered pseudokinase SelO[54].

2.4 Cysteine oxidation

Another mechanism by which host cell signaling can be modulated during infection is 

cysteine oxidation. Cysteine thiols are one of the primary amino-acid side chains targeted 

by reactive oxygen species (ROS)[24, 55]. ROS exposure induces oxidative PTMs that 

decrease cysteine reactivity[24], thereby regulating protein function and binding interactions 

that modulate cell signaling[56–57]. Several microbial infections induce inflammation in 

host tissues that promotes ROS accumulation[58]. For example, the stomach pathogen 

Helicobacter pylori stimulates the production of ROS in gastric tissues, which facilitates 

the onset of peptic ulcers and gastric cancer in certain hosts[59]. While ROS accumulation 

is known to induce oxidative DNA damage during H. pylori infection[60–61], very little is 

known about the host proteins that are modified by these oxidants in infected cells. To 

address this question, our lab used isoTOP-ABPP to map changes in the cysteine reactivity 

of human gastric cancer cells following H. pylori infection[30]. We identified 35 cysteines 

in host proteins with reduced reactivity in H. pylori-infected cells, including Cys219 

of the lysosomal protease legumain. Legumain expression and activity have previously 

been implicated in tumorigenesis[62], suggesting a possible connection between legumain 

oxidation and cancer signaling. Using genetic and biochemical approaches, we confirmed 

that legumain Cys219 is oxidized in H. pylori-infected cells and showed that the loss of 

Cys219 reactivity inhibits the intracellular activation of legumain[30]. Furthermore, mutating 

Cys219 enhanced the growth of mouse xenograft tumors, suggesting oxidation of this 

residue during H. pylori infection may promote tumorigenic signaling. Similar applications 

of ABPP to survey the oxidation of host proteins during chronic infection with pathogens 

that induce ROS production in host tissues could provide additional insights into how 

oxidative stress shapes disease development at the molecular level.

Certain commensal strains of lactobacilli induce low levels of ROS production in the 

colonic mucosa that can influence intestinal homeostasis[63–64]. Matthews et al. used thiol-

reactive probes to identify proteome-wide changes in the cysteine reactivity of intestinal 
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epithelial isolates from germ-free mice colonized with Lactobacillus rhamnosis GG (LGG) 

or Escherichia coli K-12[65]. Cys178 of Rac1, a protein that regulates the activity of the 

ROS-generating enzyme Nox1[66], exhibited reduced reactivity in the colonic mucosa of 

LGG-colonized mice[65], suggesting a potential role for this residue in regulating redox 

homeostasis following epithelial contact by LGG. Because several other microbes can 

stimulate ROS production by epithelial barriers[67–68], these findings motivate future studies 

investigating the role of microbe-induced redox signaling in the intestine.

3. Profiling changes in host enzyme activity during infection

Enzymes are critical mediators of host–microbe interactions. As such, changes in enzyme 

activity during infection can point to new mechanisms of microbial pathogenesis or 

nominate candidate proteins as biomarkers of disease progression. By profiling host 

enzymes active during infection with wild-type versus mutant strains of a given pathogen, 

ABPP can provide unique insights into the functional interplay of host and pathogen 

enzymes in vivo[69–70]. Furthermore, activity-based comparisons of disease-susceptible and 

disease-tolerant hosts can uncover enzymes that promote resistance to infection[71]. Finally, 

ABPP followed by the genetic knockdown of targeted enzymes can identify host factors 

exploited by a pathogen for survival[72–73]. In this section, we draw on examples of such 

diverse applications to collectively underscore the breadth of ABPP as a tool for probing 

host biology during infection (Table 1).

3.1 Gastrointestinal diseases

Vibrio cholerae is a Gram-negative, extracellular pathogen that causes the severe diarrheal 

disease cholera[74]. V. cholerae relies on secreted factors to colonize the intestinal epithelium 

and escape from the host[75]. To identify enzymes that shape pathogen interactions with 

the intestine, Hatzios et al. used fluorophosphonate (FP)-containing activity-based probes to 

globally profile pathogen- and host-secreted serine hydrolases active in V. cholerae-infected 

infant rabbits and human choleric stool[69]. FP-enriched proteins were digested with trypsin 

and analyzed by Multidimensional Protein Identification Technology (MudPIT)[76] using 

label-free quantitation. The authors identified 233 host and 14 bacterial proteins from the 

cecal fluid of V. cholerae-infected rabbits that exhibited activity-based enrichment[69]. The 

V. cholerae serine protease IvaP was found to be active in both rabbit cecal fluid and human 

choleric stool; together with three other secreted V. cholerae enzymes, IvaP was shown to 

decrease binding of an intestinal lectin to V. cholerae in the gut[69, 77]. Furthermore, activity-

based proteomic analyses of cecal fluid from rabbits infected with wild-type V. cholerae or a 

mutant strain expressing catalytically inactive IvaP identified two rabbit enzymes, kallikrein 

1 and cholesterin esterase, with reduced activity during wild-type V. cholerae infection[69]. 

These findings suggest secreted V. cholerae enzymes may regulate host enzyme activity 

in the gut and that comparative ABPP analyses using defined bacterial mutants enable 

quantitative profiling of such interactions during infection.

Recurrent intestinal inflammation associated with inflammatory bowel disease (IBD) is 

believed to stem in part from microbial imbalances in the gut (dysbiosis)[78]. Identifying 

microbial strains and/or microbe-derived factors that contribute to IBD progression could 
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generate new therapeutic leads to improve patient care. However, the enormous strain 

diversity of the gut microbiota makes it challenging to comprehensively profile and 

deconvolute the proteomes of indigenous microbes in the gut. Liquid chromatography-

tandem mass spectrometry (LC-MS/MS)-based metaproteomic techniques use protein 

reference sequences translated from shotgun metagenomics data to address this problem. 

Thuy-Boun et al. applied LC-MS/MS-based metaproteomics to identify proteins with altered 

abundance in the fecal samples of patients with ulcerative colitis (UC; a form of IBD) 

and healthy volunteers[70]. Differential expression analysis revealed 176 protein groups of 

host, microbial, and/or dietary origin that were significantly altered between healthy and 

diseased samples. Of those protein groups that were enriched in UC fecal samples, 29 

were host-derived and linked to immune-related secretory events. Enzymes with serine-type 

endopeptidase activity were also enriched in this cohort, prompting the authors to profile 

active serine hydrolases in UC fecal samples using a biotinylated FP-based probe and 

LC-MS/MS analysis. Of the 27 probe-enriched host proteins identified by ABPP, 14 were 

enzymes with known serine hydrolase activity, including chymotrypsin-like elastases and 

dipeptidyl peptidase 4. Notably, robust serine hydrolase activity was detected in the UC fecal 

samples despite the presence of protease-inactivating serpins in the metaproteomic dataset, 

consistent with prior reports of elevated protease activity in IBD[79]. Altogether, these 

studies underscore the utility of ABPP in identifying host enzymes with altered activity 

in the diseased gut. The transfer of defined microbial communities into germ-free mouse 

models of IBD should allow for more focused studies of microbial and host enzymes that 

may contribute to UC and associated pathologies.

3.2 Plant diseases

Ralstonia solanacearum is a soil-borne pathogen of significant economic importance that 

causes bacterial wilt in various plant species including tomato[80]. It infects plants through 

wounds in the roots and travels through the apoplast (intercellular space) to the xylem 

vessels, which facilitate pathogen dissemination to other parts of the plant[81]. Because 

proteases in the apoplast play important immunological roles during bacterial infection[82], 

Planas-Marquès et al. applied ABPP to monitor changes in the enzyme activity of apoplastic 

fluid from R. solanacearum-infected tomato plants[71]. Using fluorescent activity-based 

probes specific for papain-like cysteine proteases (PLCPs) and serine hydrolases, the authors 

detected elevated PLCP and serine hydrolase activity following R. solanacearum infection. 

Notably, this phenotype was more pronounced in a tolerant tomato cultivar that survives R. 
solanacearum-induced tissue necrosis. From a subsequent activity-based proteomic analysis 

of apoplastic fluid, the PLCPs Pip1 and Rcr3 were found to be highly active in infected 

plants, along with serine hydrolases from the P69 family. Genetic inactivation of the targeted 

protease genes should help resolve which enzymes contribute to the resistance phenotype of 

tolerant cultivars.

The plant nematode Heterodera schachtii is a parasite that invades the root tip and induces 

the formation of a syncytium, which serves as the primary source of nutrients for the 

nematode[83]. To assess changes in the functional proteome of root tissues during syncytium 

formation, Hütten et al. applied ABPP to analyze Arabidopsis thaliana roots infected with 

H. schachtii[72]. Using a fluorescent activity-based probe for vacuolar processing enzymes 
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(VPEs), a group of cysteine proteases known to influence plant–pathogen interactions[84], 

the authors detected altered VPE activity in syncytia versus uninfected controls by in-

gel fluorescence analysis[72]. A corresponding transcriptional analysis revealed that the 

expression of certain VPEs is downregulated during syncytium formation. However, deletion 

of all four VPEs had no effect on the rate of H. schachtii infection or of nematode 

development, indicating these plant enzymes do not directly influence syncytium formation. 

Additional studies using probes with expanded coverage of the functional proteome may 

provide further insights into enzymes that mediate parasite invasion and survival in syncytia.

3.3 Viral infections

Several viruses rely on host enzymes to cleave viral proteins required for invasion and 

replication in host cells[85]. For example, influenza A virus (IAV) uses host serine proteases 

to process hemagglutinin[86], a surface protein necessary for viral entry into host cells, 

and serine protease inhibitors can reduce IAV replication in mouse models[87]. To identify 

other host enzymes that may contribute to IAV pathogenesis, Shahiduzzaman et al. used FP-

based probes to profile serine hydrolase activity in IAV-infected lung cells and uninfected 

controls[88]. Cells labeled with isotopically ‘light’ or ‘heavy’ amino acids were lysed 

following infection and treated with desthiobiotin-FP to facilitate the enrichment of active 

serine hydrolases for identification by mass spectrometry. The proteasomal subunit PSMA2 

was among the top probe-enriched proteins identified in IAV-infected cells, in line with 

prior studies linking the proteasome to viral infection. While siRNA-mediated knockdown 

of PSMA2 attenuated viral replication, proteasomal inhibitors such as MG132 were unable 

to decrease viral invasion without impairing host cell viability. Nevertheless, such activity-

based screens provide insights into host enzymes and cellular processes that play important 

roles in viral replication and survival and hold promise for uncovering candidate proteins 

that could be targeted by host-directed antivirals.

Hepatitis C virus (HCV) replication requires specialized lipid membranes that contain 

cholesterol and unsaturated fatty acids[89]. miRNA-185 is a microRNA that inhibits 

HCV replication by regulating genes involved in cholesterol metabolism and lipid 

biosynthesis[90–91]; however, the targets of miRNA-185 are not well defined. Because 

serine hydrolases play important metabolic roles in the liver[92], Filip et al. used FP-biotin 

probes to characterize serine hydrolase activity in human hepatoma cells transfected with 

miRNA-185[73]. Mass spectrometry analysis identified 16 probe-labeled serine hydrolases 

with roles in lipid or endocannabinoid metabolism that exhibited decreased activity in 

the presence of miRNA-185, including monoglyceride lipase (MGLL), an enzyme that 

catalyzes endocannabinoid hydrolysis[93]. siRNA-mediated knockdown of MGLL, as well as 

administration of an MGLL inhibitor, decreased HCV levels in infected cells[73]. Overall, 

these findings point to miRNA-185-mediated changes in enzyme activity that may contribute 

to the antiviral effects of miRNA-185. Given that other miRNAs have been implicated in 

hepatic host–pathogen interactions[94], similar applications of ABPP could uncover new 

miRNA targets that regulate the host response to viral infection.
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4. Host-directed therapies

While most anti-infectives target microbial proteins, host-directed therapies (HDTs) offer an 

alternative approach to the treatment of infectious diseases. HDTs function by interfering 

with host factors necessary for pathogen survival or by augmenting the host immune 

response[95]. There are several advantages of using HDTs in combination with conventional 

antimicrobials. First, it is considerably more challenging for pathogens to evolve resistance 

to HDTs[96–97]. To do so, a pathogen would need to exploit an entirely different 

host pathway to survive and replicate within the host, which would require extensive 

mutagenesis. Second, since some pathogens use the same host pathways for survival, HDTs 

can be designed to treat a broad range of infections[95, 98]. Here we discuss how ABPP 

can accelerate the identification of candidate enzymes for HDT development, as well as the 

discovery of host enzymes required for the activation of antimicrobial prodrugs that inhibit 

pathogen replication through more traditional means.

4.1 Discovery of host drug targets

Malaria is a mosquito-borne disease that is caused by parasites of the Plasmodium genus, 

primarily Plasmodium falciparum[99]. Asexual replication of P. falciparum occurs in the 

blood and consists of four stages—ring, trophozoite, schizont, and merozoite—that are 

collectively termed the erythrocytic cycle[100]. Davison et al. employed ABPP to identify 

serine hydrolases that are active during asexual replication and could serve as potential 

antimalarial targets[101]. Chemical proteomic analysis of P. falciparum lysates using an 

FP-based probe revealed 25 parasitic and eight host serine hydrolases with variable activity 

across the erythrocytic cycle, suggesting stage-specific roles for these enzymes. To evaluate 

the importance of human serine hydrolases to parasite replication, P. falciparum was treated 

with commercial inhibitors targeting each of the eight identified host enzymes. When 

administered to ring-stage parasites, five of the inhibitors decreased parasite replication. 

The two most effective inhibitors, targeting the host enzymes APEH and LYPLA1, were 

found to delay parasite progression to schizogony or arrest parasite development at earlier 

stages, respectively. While further analysis is needed to rule out possible off-target effects, 

this study identified two host serine hydrolases that could potentially be targeted for the 

development of anti-malarial drugs.

Chronic infection with HCV is a leading cause of hepatocellular carcinoma and liver 

transplantation[102]. While existing therapies focus on targeting viral proteases[103], host 

cells also encode factors that are crucial for the replication and survival of the virus[104]. Yoo 

et al. applied thiol-reactive probes to identify host factors with altered cysteine reactivity 

following HCV infection[105]. Using a fluorescein-iodoacetamide (Flu-IA) probe and in-gel 

fluorescence analysis, the authors observed marked changes in the thiol reactivity of human 

hepatoma cells following expression of the HCV genotype 2a viral replicon. They applied 

a competitive isoTOP-ABPP strategy[106] to identify proteins targeted by the Flu-IA probe 

and identified 26 candidate proteins, including several host factors previously implicated in 

HCV replication[105]. Plastin-3 (aka T-plastin), a protein involved in actin crosslinking[107] 

that exhibited significant Flu-IA labeling in gel-based assays, was selected for further 

study. siRNA-mediated knockdown of T-plastin decreased HCV replication efficiency[105]; 
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together with prior reports implicating actin polymerization in HCV replication[108], these 

data support further investigation of T-plastin as a potential antiviral target.

In a related example, Yang et al. screened a library of roughly 200 biaryl-substituted 

quinolones for compounds with antiviral activity towards HCV[109]. RYL-634, the most 

potent compound to emerge following hit optimization, inhibited the replication of 

several RNA viruses, including dengue virus, Zika virus, and human immunodeficiency 

virus, at low-nanomolar concentrations. To identify proteins targeted by RYL-634, the 

authors installed a terminal alkyne and diazirine crosslinker on the quinolone scaffold 

of RYL-634 and identified putative binding partners via irradiation with ultraviolet (UV) 

light and LC-MS/MS analysis. Through subsequent structural analyses, dihydroorotate 

dehydrogenase (DHODH) was identified as a potential target of RYL-634. DHODH is a 

mitochondrial enzyme involved in the biosynthesis of pyrimidine, which is required for viral 

replication[110]. While previous studies have validated DHODH as an antiviral target[110], 

RYL-634 exhibits more potent antiviral activity than existing DHODH inhibitors and holds 

promise as a starting point for further optimization.

Human hand, foot, and mouth disease is a common pediatric illness characterized by a 

localized rash that results from infection with enterovirus 71 (EV71)[111]. Following viral 

entry into host cells, the RNA genome of EV71 is translated into a polyprotein that 

is hydrolyzed by the viral protease 3Cpro[112]. Although 3Cpro is the primary enzyme 

responsible for EV71 maturation[113], host enzymes are also believed to facilitate this 

process[114]. To identify host proteases involved in polyprotein hydrolysis, Sun et al. 

designed a biotinylated activity-based probe, ABP1, using the EV71 3Cpro inhibitor 

rupintrivir as a reference compound[114]. By examining host cysteine proteases labeled by 

ABP1 in infected cells, the authors identified an enzyme associated with autophagy-related 

antiviral immunity, ATG4B, that can cleave an EV71 3Cpro-specific peptide substrate. 

shRNA-mediated knockdown of ATG4B increased host cell resistance to EV71 infection 

and decreased EV71 RNA levels in infected cells. The results of this study support a role 

for ATG4B in EV71 polyprotein hydrolysis and replication, nominating the enzyme as a 

potential target for host-directed antiviral therapy.

4.2 Identifying host enzymes that activate antimicrobial prodrugs

The discovery and development of new prodrugs is often hampered by poorly characterized 

prodrug activation pathways. Identifying the enzyme(s) responsible for activating a given 

prodrug can help predict pharmacogenomic variability and facilitate the selection of suitable 

animal models for preclinical testing. Shenoy et al. used competitive ABPP to identify 

serine hydrolases that activate the antiviral ester prodrug valacyclovir (VACV)[115] (Figure 

3A). A novel, FP-based probe was competed against saturating concentrations of VACV in 

fractions of enterocyte-like Caco-2 cells to identify enzymes with reduced probe labeling 

in the presence of the prodrug (Figure 3B). One of the candidate enzymes revealed by 

this screen, RBBP9, was shown to contribute to VACV activation in Caco-2 cells, and 

similar results were obtained using mouse intestinal perfusions of VACV in the presence 

or absence of a selective RBBP9 inhibitor. Compared to BPHL, a previously identified 
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VACV-activating enzyme in the liver[116], RBBP9 exhibited much greater activity in the 

intestine[115], suggesting the biogeography of these enzymes may shape their clinical utility.

Nucleoside/nucleotide analogs are commonly used as antivirals since they inhibit viral 

replication[117]. The conversion of these analogs to ester prodrugs is a useful strategy 

for improving cell permeability and metabolic activation[118]. Indeed, several nucleoside 

prodrugs are currently in use to treat viral infections: tenofovir alafenamide (TAF), 

sofosbuvir (SBV), and remdesivir (RDV)[117]. However, the enzymes that facilitate prodrug 

activation in the host are largely uncharacterized. To identify potential TAF- and SBV-

activating enzymes, Li et al. used a desthiobiotin-FP probe to profile active serine hydrolases 

in human lung tissue homogenates[119]. Three serine hydrolases were enriched within 

one minute of probe labeling: LYPLA1, CatA, and CSE1. CatA and CES1 exhibited 

significant hydrolytic activity towards TAF and SBV, respectively. In addition, the CatA 

inhibitor telaprevir decreased TAF activation, whereas the CES1 inhibitor BNPP had only 

a nominal effect. Together, these results validate CatA as a TAF-activating enzyme. Given 

its expression in the lung, CatA could potentially be harnessed for the activation of novel 

prodrugs targeting diverse respiratory viruses.

5. Summary and outlook

In this review, we have highlighted recent applications of ABPP that demonstrate its 

versatility in deconstructing host responses to infection. Activity-based probes have 

been successfully deployed to identify host PTMs that regulate cell signaling during 

infection[30, 38, 45–46, 51, 53, 65], host enzymes that shape pathological processes[69–73, 88], 

and host targets for antimicrobial therapy[101, 105, 109, 114]. Future advances in probe design 

will afford expanded coverage of functionally diverse PTMs that impact host–pathogen 

interactions. Probes with novel electrophilic warheads and/or recognition elements will add 

to the growing list of PTMs and enzymes that can be globally profiled using chemical 

proteomic techniques. Likewise, cell-permeable probes with caged electrophiles that are 

activated by UV light[120] or infection-associated environmental cues[121] will facilitate 

the study of transient modifications within infected cells. Finally, combining ABPP with 

CRISPR screening[122] will provide a systematic way to connect active enzymes or 

functional sites within a proteome to infection phenotypes. Through continued innovation 

and broader application to diverse infection models, ABPP promises to uncover new host–

microbe interactions that underlie human health and disease while revealing new targets for 

anti-infective therapies.
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Figure 1: 
Representative classes of PTMs.
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Figure 2: 
Applications of ABPP for interrogating host biology during infection. (A) ABPP can be 

used to discover post-translationally modified sites within the proteome of infected cells. 

(B) ABPP can identify host enzymes that are active during infection. Enzymes containing 

active-site PTMs or autoinhibitory propeptides (represented as small triangles within the 

active site), or lacking a probe-reactive nucleophile (represented as enzymes with rounded 

active sites) will not be captured. (C) Competitive ABPP can uncover host enzymes targeted 

by anti-infective agents. For example, the proteomes of virus-infected cells treated with 

an antiviral drug (gray rounded rectangle) or vehicle control can be labeled with an activity-

based probe. Enzymes that exhibit decreased probe-based enrichment in the presence of 

drug versus vehicle represent potential drug targets (red enzyme).
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Figure 3: 
Identification of prodrug-activating enzymes using ABPP. (A) Nucleoside/nucleotide 

analogs like the antiviral drug acyclovir are often converted into inactive carboxyester 

prodrugs (e.g., valacyclovir) to enhance cell permeability and intracellular activation. Host 

esterases hydrolyze the prodrugs to yield the pharmacologically active compounds. (B) 

Competitive ABPP using FP-based probes to detect serine hydrolases that are active in the 

presence or absence of prodrug can identify host enzymes involved in ester hydrolysis. Cells 

grown in medium containing isotopically “light” or “heavy” amino acids are treated with 

vehicle or prodrug, respectively, prior to probe labeling. Probe-based enrichment, trypsin 

digestion, and LC-MS/MS analysis of the combined, isotopically labeled proteomes enables 

quantitative comparisons of peptide abundance. Serine hydrolases that exhibit decreased 

Ramanathan and Hatzios Page 20

Isr J Chem. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



probe-based enrichment in the presence of prodrug versus vehicle represent potential 

prodrug-activating enzymes (orange enzyme).
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Table 1.

Representative activity-based probes and chemical reporters used to profile host proteins during infection.

Probe Chemical structure Enzyme class/amino acid

FP-based probes[69, 71–72, 88, 115] Serine hydrolases

IA-alkyne[30] Reactive cysteine residues

1-OH-Az[38] Reactive cysteine residues

ISG15-propargylamide[45–46] ISG15-based probe for cysteine proteases

DCG-04 linked to biotin[71] Papain-like cysteine proteases

AMS101[72] Vacuolar processing enzymes

ABP1[109] Rupintrivir-based probe for cysteine proteases

Desthiobiotin-FP[119] Serine hydrolases

TReNDs[51] Proteins AMPylated by Fic enzymes
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