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Wesley C. Van Voorhis, Erkang Fan,* and Bart L. Staker*

Cite This: ACS Infect. Dis. 2023, 9, 1821−1833 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Each year, approximately 50,000 children under 5 die as
a result of diarrhea caused by Cryptosporidium parvum, a protozoan
parasite. There are currently no effective drugs or vaccines available to
cure or prevent Cryptosporidium infection, and there are limited tools for
identifying and validating targets for drug or vaccine development. We
previously reported a high throughput screening (HTS) of a large
compound library against Plasmodium N-myristoyltransferase (NMT), a
validated drug target in multiple protozoan parasite species. To identify
molecules that could be effective against Cryptosporidium, we counter-
screened hits from the Plasmodium NMT HTS against Cryptosporidium
NMT. We identified two potential hit compounds and validated them
against CpNMT to determine if NMT might be an attractive drug target
also for Cryptosporidium. We tested the compounds against Cryptospori-
dium using both cell-based and NMT enzymatic assays. We then determined the crystal structure of CpNMT bound to Myristoyl-
Coenzyme A (MyrCoA) and structures of ternary complexes with MyrCoA and the hit compounds to identify the ligand binding
modes. The binding site architectures display different conformational states in the presence of the two inhibitors and provide a basis
for rational design of selective inhibitors.
KEYWORDS: Cryptosporidium, N-myristoyltransferase, drug discovery, childhood infectious disease

■ INTRODUCTION
Children in developing countries are vulnerable to multiple
health challenges including diseases associated with poor
nutrition and contaminated water, with 500,000 annual deaths
due to diarrheal diseases caused by infectious parasites
(WHO1). In a three year prospective study of 20,000 children,
the Global Enteric Multicenter Study (GEMS) found the four
most prevalent infectious agents to be rotavirus, Cryptospori-
dium, Escherichia coli, and Shigella.2 The most common non-
viral diarrheal agent, Cryptosporidium, is a protozoan parasite in
the same Phylum as the malaria-causing parasite Plasmodium.
A Malnutrition and Enteric Disease (MAL-ED) study showed
Cryptosporidium spp. to be among the top five pathogens in the
first year of life of children with diarrhea.3 Cryptosporidium
showed increased prevalence in infants 0−11 months old and
toddlers 12−23 months old; the highest mortality rates were
associated with infants and toddlers with moderate-to-severe
diarrhea.4 An update to the GEMS study revealed continuing
prevalence of Cryptosporidium in children 5 and under, peaking
with infants and toddlers.5 Additionally, an association has
been found between Cryptosporidium infections (including

asymptomatic infections) with growth cessation (stunting) and
developmental delay in malnourished children.6−8

Medications for treatment of moderate-to-severe diarrhea in
infants and toddlers remain severely lacking. While oral
rehydration is an important therapy, the immune system of
malnourished children is not able to clear the Cryptosporidium
infection, so recurrence is chronic. The only FDA approved
drug for the treatment of cryptosporidiosis, Nitazoxanide, has
low effectiveness, especially among malnourished children with
ongoing diarrhea, the children in most need of interven-
tion.9−11

Cryptosporidia are difficult to culture beyond a few
replication cycles, and extensive genomic studies regarding
gene function and essentiality as a starting point for target-
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based drug development are lacking.12−14 Phenotypic screen-
ing to identify Cryptosporidium killing compounds is
challenging due to the need to access fresh oocysts from
animals.4,15−18 To identify compounds active against Crypto-
sporidium, we used a target repurposing approach investigating
the potential drug target N-myristoyltransferase (NMT).

NMT catalyzes the transfer of myristate to an N-terminal
glycine of substrate peptides following methionine removal.19

Generally, it is held that myristoylation of substrate proteins is
essential for protein−protein and protein−membrane inter-
action in the cell20−23�although the specific role of
myristoylation in the context of protein−membrane inter-
actions is yet to be determined.24,25 For small molecule drug
discovery, the peptide binding pocket of NMT specifically has
been of interest as the sequence is not strictly conserved across
species. NMT is both druggable and essential in Trypanosoma
cruzi,26 Trypanosoma brucei,27 Leishmania major,28 Plasmodium
falciparum,29 and Plasmodium vivax,29−32 and thus identifica-
tion of bioactive compounds against Cryptosporidium NMT
presents an attractive opportunity for drug development.

As part of the GlaxoSmithKline (GSK) Tres Cantos Open
Lab program, we participated in a screening campaign of the
GSK library of 1.8 million compounds for inhibitory activity
against P. falciparum NMT (PfNMT) and P. vivax N-

myristoyltransferase (PvNMT).33 This study identified 23
potential hit chemical scaffolds from the PvNMT HTS, which
showed selectivity over the human enzyme. We have recently
begun testing the activities of some of these compounds
against Cryptosporidium parvum NMT (CpNMT). We assessed
the potential of the compounds by measuring inhibition of the
enzymatic activity of recombinant, purified CpNMT using a
fluorescence-based activity assay. We identified two of the
compounds as inhibitors of CpNMT and determined IC50
values against both human NMT (HsNMT) and CpNMT. We
then determined the ability of the compounds to reduce
infection in a cell-based model of Cryptosporidium infection.
We also determined high-resolution crystal structures of
CpNMT bound to Myristoyl-Coenzyme A (MyrCoA) and
ternary complexes with MyrCoA and two of the hit
compounds at 2.20, 1.90, and 2.0 Å resolution, respectively.
The results show that CpNMT is a viable target that can be
accessed in cells and provide structural details of the
mechanism of inhibitory action of the molecules.

■ RESULTS AND DISCUSSION
Enzymatic Assay Optimized Z′ at pH 7.0. We focused

on two hit compounds from the HTS against Plasmodium
NMT, referred to here as compounds 1 and 2, that showed

Figure 1. Hit compounds from screening. Chemical diagrams of hits from Plasmodium HTS33 that show inhibition of CpNMT (1 and 2). IC50
values against CpNMT and HsNMT are shown as well as EC50 values against C. parvum from compounds that were resynthesized as part of this
work. *Compound 2 showed potential assay interference, failing to achieve 100% inhibition at high concentrations.

Scheme 1. Synthetic Route of Compound 9a

aReagents and conditions: (a) EDCI, HOBT, DCM, rt., overnight; (b)10% Pd/C, H2, MeOH/THF, overnight, 46% yield for two steps; (c)
AcOH, microwave, 65 °C, 0.5 h, 76%; (d) TFA, 92%.
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inhibition of CpNMT (Figure 1). To measure the inhibition
activities, we modified an N-myristoylation assay developed by
Goncalves et al.34 for human NMTs and utilized previously for
screening compounds against LmNMT,35 PvNMT,36 and
PfNMT.33 In our hands, the original assay33 yielded high
background readings, possibly due to the spontaneous reaction
of thiol and maleimide. The maleimide-thiol reaction is highly
sensitive to pH and favors sulfhydryl groups at pH 6.5−7.5. We
decided to test enzymatic conditions by varying the pH
between 6.0 and 8.5. To measure the reliability of the assay, Z′
was used as a parameter of assay quality.37 Z′ factors between
0.8 and 1.0 reflect reliable high throughput assays. As
illustrated in Figure S1, Z′ is the highest at pH 7.0, showing
a value of 0.84 ± 0.08 at a 30 min cutoff up to which point a
linear reaction with time was observed. Using pH 7.0 together
with 25 nM CpNMT, 10 μM PfARF-peptide (Methods), 10
μM MyrCoA, and 8 μM CPM, the KM values were determined
to be 0.42 ± 0.13 μM for MyrCoA and 3.53 ± 0.69 μM for
PfARF at saturating concentrations of PfARF-peptide and
MyrCoA, respectively. The PfARF-peptide is derived from the
N-terminal sequence (aa2−16) of the P. falciparum ADP-
ribosylation factor, a known NMT substrate in multiple
species.33,34

Two Hit Compounds from Plasmodium NMT HTS
Active against Cryptosporidium NMT. Compounds 1 and 2
showed inhibition of the Cryptosporidium enzyme when tested
at 30 μM. To verify inhibition, we conducted dose response
studies and determined IC50 values (Figure 1). Compound 2
showed dose-dependent inhibition; however, 100% inhibition
was not achieved even at 30 μM, suggesting potential assay
interference at high concentrations of the compound and a
potential false positive screening hit. We also synthesized a
modified version of 2 replacing the morpholine group with a
piperazine moiety (Compound 9; Scheme 1 and Figures S2
and S3), anticipating higher affinity based on known inhibitors
of NMT that show a preference for ammonium group
interaction with the C-terminal carboxylate.29,31,38

Compound 1 Shows Antiparasite Activity in Cell-
Based Assays. To further determine if compounds were
active against live parasites in culture, we tested their ability to

inhibit the growth of parasites on human colorectal
adenocarcinoma cells (HCT-8). We found that compound 1,
but not 2 or 9, inhibits growth of parasite on HCT-8 cells
(Figure 1). Our previous experience comparing target-based
screens to cell-based assays suggests that IC50 less than 2 μM is
necessary to see growth inhibition, thus it is not surprising that
the low affinity inhibitors did not show inhibition in this
assay.39

Crystallizable Constructs of CpNMT Provide A Plat-
form for Structure-Guided Inhibitor Development. We
performed a screening of CpNMT constructs to identify ones
that could be overexpressed and used to generate high-
resolution co-crystal structures of the enzyme bound to the
inhibitors (Supplementary Methods and Tables S1 and S2).
We produced one construct comprising hexahistidine fusion
tagged CpNMT (B1, Table S1), 11 constructs of CpNMT with
N-terminal truncations and cleavable fusion tags (A2−A12 in
Table S1 and Figure S4), and two variants of construct A4 that
additionally contain one or two alanine substitutions of surface
residues designed using surface entropy reduction methods40

(A41 and A42, respectively, Table S1). Preparations of the tag-
free form of construct A10, which corresponds to a deletion of
residues 1−39, yielded crystal structures of the ternary
complexes of CpNMT, MyrCoA, and hit compounds 1 and
9 that were refined to resolutions of 1.90 and 2.00 Å,
respectively (Tables S3 and S4). In addition, the cleaved form
of construct A42, which corresponds to a deletion of residues
1−38, was used to obtain a co-crystal structure of CpNMT and
MyrCoA that was refined to 2.20 Å. Composite omit maps
validating ligand binding are illustrated in Figure S5.

The crystal structures belong to space group P21 and have
two copies of the enzyme in the asymmetric unit. However, the
unit cell dimensions and packing arrangements of the CpNMT
molecules differ significantly between the inhibitor-free and
inhibitor-bound crystal structures (Table S3 and Figure S6).
Analysis of surfaces and interfaces within the crystals suggests a
monomeric biological assembly, confirming results from size
exclusion chromatography.

In the crystal structures of CpNMT bound to 1 and 9, the
two asymmetric chains are more similar conformationally to

Figure 2. Crystal structure and conservation of CpNMT. (A) Overall structure of CpNMT-K310A-E311A (ribbons) bound to MyrCoA (cyan,
balls-and-sticks). The structure displays the NMT fold, with an NMT N-terminal domain, truncated for crystallization (salmon, residues 39−218),
and an NMT C-terminal domain (light blue, residues 219−466) that contains an insertion unique to the NMTs of Cryptosporidia (purple, residues
289−329). The Ab loop (black, residues 109−116) is partially disordered. (B) Amino acid conservation. Conservation is depicted according to the
coloring scheme of ENDscript 2.046 with default parameter values (white, lack of conservation; red, identity) mapped onto the solvent-accessible
surface.
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the corresponding chains in the other structure than to their
asymmetric unit mates, which can be attributed to crystal
packing artifacts (Figure S7A,B). The artifacts do not affect the
ability of 1 to bind to both asymmetric unit chains but result in
small conformational differences near the ethyl side chain of 1
and in residues Phe240 and Thr441 (Figure S7C). In contrast,
the differences in chain conformations accommodate the
binding of 9 to chain A but not to chain B, possibly because
this would lead to steric clashes between the thiazole moiety of
9 and the side chain of Phe240.

The crystal structure of CpNMT bound to MyrCoA is less
ordered than those containing 1 and 9. Seventeen residues of
chain A and 11 residues of chain B, many of which form part of
the peptide binding cleft, were not modeled due to weak
electron density. In addition, MyrCoA bound to chain B is

only partially ordered (average B-factor of 86.0 Å2, Figure
S5F). The two surface residues mutated to facilitate
crystallization make weak interactions with Asn46 and Thr47
of a symmetry-related chain and likely do not introduce
structural artifacts. In contrast, all residues after Lys40 in the
structures of CpNMT bound to inhibitors were built into
electron density, and the electron density of the modeled
ligands is clearly defined. Thus, we anticipate that these
constructs will be useful for the study of enzyme−inhibitor
interactions at high resolution and conformational changes that
accompany inhibitor binding.
Inhibitors Bind, and Order, the Peptide Binding Cleft

of CpNMT. CpNMT bound to MyrCoA displays the NMT
fold with conserved N- and C-terminal NMT domains (Figure
2A). PDBeFOLD41 identified as having highly related folds (Z-

Figure 3. Structural basis of CpNMT inhibition by repurposed hit compounds. (A) Compounds 1 and 9 bind a similar region of the peptide
binding cleft. Structural superpositions are based on CpNMT Cα atoms. (B) The inhibitors block the binding of peptide residues 3−6, as suggested
by structural superpositions with HsNMT1 bound to myristoylated NCS1 peptide (goldenrod and cyan, PDB entry 5O9S51). Complexation with 1
or 9 stabilizes the closed state conformation of the Ab loop.

Figure 4. Unique amino acid usage within the peptide binding cleft of CpNMT. (A) Nonconservative replacements of aligned residues of HsNMT1
(represented as in Figure 3B) occur at the putative binding sites of peptide residues 3, 6, 7, and 8. (B) Phe371 and the hydroxyl group of Thr441
are conserved in Cryptosporidium NMTs, but are substituted by tyrosine and aspartate, respectively, in other eukaryotic NMTs. The amino acid
sequence of C. parvum (Iowa II strain) NMT is aligned with those of Cryptosporidium (top) and other eukaryotic (bottom) orthologs (Methods).
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scores >11) the chains of all of the NMT orthologs currently
available in the PDB, including those of human, P. vivax, L.
major, and Leishmania donovani, Asperigillus fumigatus,
Saccharomyces cerevisiae, and Candida albicans. The RMSDs
range from 1.19 Å (PvNMT, PDB entry 4B11) to 1.68 Å
(CaNMT, PDB entry 1NMT). A water channel runs through
the C-terminal domain containing several waters similarly
positioned to ones observed in crystal structures of human
NMTs that have been hypothesized to occupy a secondary
myristoyl group binding site.42−44 Notably, unlike the
orthologous structures, the C-terminal domain of CpNMT
contains a unique 41 residue insertion (residues 289−329)
located at the protein surface on the side opposite that of the
peptide binding cleft (Figure 2A). The insertion comprises a
large loop rich in secondary structure that extends β-sheets of
the NMT fold. Also, α- and 310-helices within the loop bind a
part of the N-terminal domain that encloses the myristoyl
group binding site. The loop is similarly located to, and

envelops after superposition, a 21-residue helix−loop−helix
motif inserted within the N-terminal domains of Leishmania
NMTs.27,45

Structure-based sequence alignments with orthologs using
ENDSCRIPT show that the MyrCoA and putative peptide
binding sites exhibit a high degree of amino acid conservation
(Figure 2B). In the inhibitor-free structure, the well-
characterized Ab loop47,48 (residues 109−116) and the
adjacent β-hairpin loop (residues 378−384) are partially
disordered. Upon binding of 1 or 9, these regions become
highly ordered, reconstituting the peptide and MyrCoA
binding sites, with the Ab loop in the closed conformation
(Figure 3A,B). The inhibitors are predicted to block the
binding of residues 3−6 of peptide substrates (Figure 3B),
consistent with our repurposing predictions based on PvNMT
inhibitors, which typically bind the corresponding region of the
peptide binding cleft of PvNMT.29,31−34,49,50

Figure 5. Inhibitor binding sites and target interactions for increasing potency. (A, B) Inhibitor binding sites. (A) Compound 1. (B) Compound 9.
Residues within 5 Å of the inhibitors are colored as in Figure 2A. Hydrogen bonds are shown as dashed lines and water molecules as red spheres.
(C) Compound 9 binds a rotated side chain conformation of Tyr225 and packs beneath Phe240. (D) Comparison of Tyr225 side chain rotamers
with four rotamers of PvTyr211, including selective rotamer 4 (PDB entries 4B10 and 2YNE).29,31 (E) Similarities of structures and binding modes
of 1 and 9 with those of optimized PvNMT inhibitors 1a29 [2,6-dichloro-4-(2-piperazin-1-ylpyridin-4-yl)-N-(1,3,5-trimethyl-1H-pyrazol-4-
yl)benzenesulfonamide] and 1852 [N-[2-(3-methoxyphenyl)ethanimidoyl]-2-piperidin-4-yloxy-benzamide] suggest target hydrogen and ionic
bonding interactions (dashed lines) for inhibitor optimizations. a, ref 29; b, ref 52.
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Comparisons with the aligned residues of HsNMT1 bound
to a peptide show nonconservative replacements at the binding
sites of substrate residues 3, 6, 7, and 8 (Figure 4A). At these
sites, a phenylalanine substitutes for a tyrosine (CpPhe371/
HsTyr401), a threonine for an aspartate (CpThr441/
HsAsp471), a glutamine for a methionine (CpGln116/
HsMet187), and three isoleucines for two serines and a
glycine (CpIle229/HsSer300, CpIle241/HsSer312, and
CpIle438/HsGly468), respectively. Remarkably, Phe371 and
the hydroxyl group of Thr441 are conserved in Cryptospori-
dium NMTs, whereas HsTyr401 and HsAsp471 are strongly
conserved in many other eukaryotic NMTs (Figure 4B). Thus,
these differences might be leveraged for the development of
selective CpNMT inhibitors, including potentially peptidomi-
metic inhibitors.
Inhibitors Bind Alternate Conformations of the

Peptide Binding Cleft. The inhibitor binding site
architectures provide a molecular basis for the micromolar
binding affinities of 1 and 9 for CpNMT. Both compounds fold
around the side chain of Phe119 (PvPhe105) and make
extensive hydrophobic interactions with residues of the two
NMT domains, including the Ab loop (Figure 5A,B; see also
schematics in Figures 6B and 7B). The bound conformations
of both compounds contain an intramolecular hydrogen bond
involving the core amide group, which is shared with the γ-

lactam in the case of 1, and the benzimidazole in 9 (Figure
5A,B). In the complex with 1, three inhibitor−enzyme
hydrogen bonds are formed by the sulfamoyl oxygens and
the side chains of Tyr390 and Asn421 and by the γ-lactam
oxygen and the side chain of Tyr225. In contrast, the complex
with 9 displays only a single hydrogen bond, which is formed
by the thiazole nitrogen and the side chain of Asn421.

The bound pose of compound 1 coincides somewhat closely
with a superimposed peptide (Figure 3B). In contrast, 9 packs
beneath the side chains of Tyr225 and Phe240 (Figure 5C).
This causes the side chain of Tyr225 to rotate ∼40° relative to
the ground state conformation observed in the inhibitor-free
structure, to a state that matches closely rotamer 3 of a set of 4
observed PvTyr211 rotamers (Figure 5D).29,31 Phe240 resides
within a flexible loop formed by residues 238−248 and is
largely disordered in the structure of inhibitor-free CpNMT. In
the complexes with 1 and 9, Phe240 is more ordered near the
inhibitor and adopts either an “in” or “out” conformation in
the two asymmetric unit chains (Figure S7C). In the “out”
state, a hydrophobic sub-pocket is accessible and forms part of
the binding site of the thiazole group of 9. In crystal structures
of PvNMT, a similar hydrophobic pocket is formed through
conformational changes induced by some PvNMT inhibitors
having bulky tail groups.53,33

Figure 6. Strategies to produce selective inhibitors using the compound 1 series. (A) Conservative and nonconservative substitutions of aligned
residues of HsNMT1 (goldenrod, PDB entry 3IU1) in the binding site of 1 (boxed). Asterisks indicate nonconservative replacements having side
chains directed toward the inhibitor. (B) Accompanying 2D schematic representation. (C, D) Potential target interactions. Panel (C) suggests
modification of the γ-lactam to introduce closer contacts with the phenyl ring of Phe371 and steric clashes with Tyr401 of HsNMT1. Panel (D)
suggests modification of the ethyl side chain to form a hydrogen bond with Thr441 and not Asp471 of HsNMT1 (shown in the peptide bound
conformation; PDB entry 5O9S).51
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There are currently no co-crystal structures available of 1
and 9 bound to Plasmodium NMTs. However, it is noteworthy
that a few of the inhibitor functional groups are structurally
similar and bind similar subsites to moieties within particular
PvNMT inhibitors, such as compounds 1a and 18 of refs 29
and 52, respectively. The core moieties of these PvNMT
inhibitors have an attached head group that forms an ionic
bond with the C-terminal carboxylate of PvLeu410
(CpPhe466) and a tail group that forms a hydrogen bond
with PvSer319 (CpSer375) (Figure 5E). The structural
similarities thus suggest that a hydrogen bond acceptor
might be introduced into 1 to recapitulate the hydrogen
bonding interaction at the CpSer375 (PvSer319) site, and the
electrostatic contacts made with Phe466 might be optimized
by altering the head group and/or adjusting its spacer length.
Opportunities for Design of Selective Inhibitors. The

inhibitor binding site of CpNMT has several unique residues in
comparison to those of human NMTs, which might provide
some advantages for selective inhibitor development over other
NMT inhibitor binding sites such as those of Plasmodium and

Leishmania NMTs.27,29−33,36,45,49,54−57 Within the binding site
of 1, Phe371 and Thr441 are potential target binding sites for
achieving selectivity over HsNMTs because they direct their
side chains toward the inhibitor and there are nonconservative
replacements in HsNMTs (Figure 6A,B). In HsNMT1, these
residues are substituted by Tyr401 and Asp471, respectively.
Tyr401 is located at the base of a conserved water channel and
its function is unknown.43,44 However, a co-crystal structure
with the human NCS1 peptide shows that its hydroxyl group is
positioned within the hydrogen bonding distance of the ε-
amino group of NCS1 Lys3 (Figure 4A).51 If Phe371 of
CpNMT cannot be mutated without loss of function,
optimizations of inhibitors that lead to closer contacts with
this residue but that clash with the hydroxyl group of
HsTyr401 could potentially be a promising route to increased
selectivity (Figure 6C).58

The corresponding residue of CpThr441 in HsNMT1 and
HsAsp471 together with HsGly472 undergo a peptide flip
isomerization that leads to hydrogen bonding with residues 6
and 7 of the peptide substrate.51 If, like HsAsp471, CpThr441

Figure 7. Strategies to produce selective inhibitors using the compound 9 series. (A) Conservative and nonconservative substitutions in the binding
site of 9 (boxed). Tyr225 (asterisk) is a selective residue in PvNMT. (B) Accompanying 2D schematic representation. (C) Structural differences in
the thiazole binding site compared to HsNMT1 create a potential target site for selective binding of optimized inhibitors to CpNMT. (D) Binding
modes of selective PvNMT inhibitors, such as that of compound 2a (green; PDB entry 2YNE29), suggest CpNMT inhibitor optimizations that
stabilize a more significant rotation of Tyr225. In panels (A), (C), and (D), aligned residues of HsNMT1 are colored goldenrod (PDB entry 3IU1
in panel (A), and entries 3IU1, 5NPQ, and 5UUT59 in panels (C) and (D)).
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can orient its side chain into the peptide binding cleft to form
hydrogen bonding interactions with the substrate, the ethyl
side chain of 1 might be altered to bind the hydroxyl group
selectively through the addition of a hydrogen bond acceptor
(Figure 6D).

Within the binding site of 9, there are no target residues in
close proximity to the inhibitor on the basis of nonconservative
replacements and side chain orientations (Figure 7A,B).
Redesign of the piperazine head group, which is greater than
6 Å from Phe371, would thus be required to selectively bind
that residue. The thiazole binding site might also be targeted
for selectivity because it includes a hydrophobic pocket
containing three substitutions (CpAla419/HsVal449,
CpIle388/HsAla418, and CpIle386/HsLeu416) that change
the van der Waals surface (Figure 7C). The CpIle388/
HsAla418 substitution also influences the side chain con-
formation of CpAsn421/HsAsn451.

Tyr225 is an additional potential target site for selective
binding if it shows a difference in rotameric preferences relative
to Tyr296 of HsNMT1. This strategy has been employed to
achieve selective inhibition of PvNMT on the basis of a highly
rotated conformation of PvTyr211 adopted in complexes with
selective inhibitors.29−32 In contrast, the side chain of
CpTyr225 does not rotate to the same degree in response to
the binding of 9, and HsTyr296 is able to adopt a similar
rotamer in the absence of inhibitors (Figure 7D). Thus,
selectivity might be increased through inhibitor modifications
that cause greater rotation of this residue.

■ CONCLUSIONS
In this study, we demonstrated the ability to inhibit CpNMT
by repurposing a selection of hits from an HTS of compounds
against Plasmodium NMTs. In addition, we identified
crystallization constructs that can be used to produce high-
resolution crystal structures of CpNMT bound to MyrCoA and
hit compounds, thus setting the stage for future structure-aided
inhibitor development. While this study focused on the
repurposing of non-peptidomimetic hits, substrate mimetic
inhibitors of CpNMT might also be considered in the future
given the unique amino acid usage at many sites within the
peptide binding cleft. From the HTS compounds, we identified
two hits against CpNMT and validated them through
enzymatic and structural studies. Inspection of the X-ray
crystal structures of the inhibitor-bound complexes suggests
strategies for increasing inhibitor affinity and selectivity. We
aim to focus our molecular designs to optimize hydrophobic
contacts to Phe371, which are likely to clash with the hydroxyl
group of the homologous Tyr401 of the human enzyme. This
strategy, combined with optimizations to induce the mobile
Tyr225 to be in a “selective” conformation, represents a
promising additive approach to improve inhibitor selectivity
and affinity.

■ METHODS
Enzymatic Assay. The synthetic peptide Gly-Leu-Tyr-Val-

Ser-Arg-Leu-Phe-Asn-Arg-Leu-Phe-Gln-Lys-Lys-NH2 derived
from the N-terminal sequence (amino acids 2−16) of P.
falciparum ADP-ribosylation factor (PfARF) was purchased
from Innopep (San Diego, California). 7-Diethylamino-3′(4′-
maleimidylphenyl)-4-methylcoumarin (CPM) and MyrCoA
were purchased from Thermo Scientific Life Technologies

(Grand Island, New York) and Med Chem 101 LLC
(Plymouth Meeting, Pennsylvania), respectively.

The inhibition assay was adapted from Goncalves et al.34

The assay buffer was prepared in a 4× stock solution consisting
of 9.2 mM potassium phosphate, 69.7 mM sodium phosphate,
2 mM EDTA, and 10% TritonX-100 at pH 7.0. Working stock
solutions were made fresh, adding DMSO to final concen-
trations of either 1 or 5% (v/v). The CpNMT enzyme was
diluted in assay buffer containing 1% DMSO to a final
concentration of 25 nM.

Ten μL of the test compound or 10% DMSO in lieu of
compound was dispensed into a 96-well plate (Greiner Bio-
One), and 50 μL of enzyme (in assay buffer containing 1%
DMSO) was added to a final concentration of 25 nM per well.
The plate was incubated for 30 min at room temperature. The
enzymatic reaction was initiated by adding 50 μL of reaction
substrates containing 10 μM MyrCoA and PfARF-peptide as
well as 8 μM CPM. Fluorescence readings were taken on a
Spectra M2 plate reader (Molecular Devices) with excitation
and emission wavelengths of 385 and 485 nm, respectively.
Fluorescence intensities were measured in 1 min intervals for
45 min. Background fluorescence and noise were determined
by replacing each constituent of the reaction individually with
assay buffer containing 1% DMSO, and values were deducted
from experimental sample values. The pH of the assay buffer
was varied between 6.0 and 8.5 to determine optimal reaction
conditions with minimal background and off target reactions. A
linear reaction rate was observed during the first 30 min and
used to determine all values. The Michaelis−Menten constants
(KM) for PfARF-peptide and MyrCoA were determined at
saturating concentrations of the respective co-substrates.
Experiments were carried out in triplicate. Data from the
primary screen, confirmation screen, and dose−response
experiments were analyzed with Graphpad Prism. For IC50
determination, dose−response curves were fitted using Graph-
pad Prism best fit values from log(inhibitor) vs response−
variable slope (four parameters), GraphPad Software, San
Diego, California.
EC50 Cryptosporidium Whole Cell Activity. Compounds

and the Iowa strain of C. parvum, expressing Nluciferase
(Nluc), were added to confluent lawns of HCT-8 cells in 384-
well plates.60 The luciferase signal amplified 10−40-fold after
72 h in the absence of drug; each well was examined
microscopically for integrity of the HCT-8 cells. Wells
containing bioactive compounds that inhibited C. parvum
growth showed only a fraction of the luminescence (<10%) of
the wells containing the solvent alone.
Cloning and Construct Optimization. Cloning as well as

protein production and crystallization were conducted at the
SSGCID61,62 following standard protocols described previ-
ously.63−65 Genomic DNA from C. parvum strain Iowa II was
purchased from ATTC. To grow crystals of CpNMT, we
created a series of gene variants of Cpnmt (Gene ID cgd3_320,
Uniprot accession code Q5CV46), including ones encoding N-
terminal truncations and mutations of charged surface residues
based on the surface entropy prediction server.40 Primers are
listed in Table S2, and the expressed enzyme products,
together with observations of crystallization and diffraction, are
reported in Table S1. Protein expression and crystallization of
the various constructs were conducted as described in the
sections below.

The truncations were created by PCR amplification using
Platinum SuperFi PCR Master Mix according to the
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manufacturer’s protocol. Amplicons were gel-purified (Mach-
ery-Nagel), and gene fragments were ligated into the ligation
independent cloning (LIC)66 expression vector pAVA042164

encoding a cleavable 6xHis fusion tag followed by the human
r h i n o v i r u s 3 C p r o t e a s e - c l e a v a g e s e q u e n c e
(MAHHHHHHMGTLEAQTQGPGS-ORF). For the ligation
reaction, the digested vector and the gene fragments were
incubated at 50 °C for 30 min and inserted at restriction sites
PmeI and NruI using NEBuilder HiFi DNA Assembly master
mix (New England BioLabs, Ipswich, MA). Plasmids were
stored in NEB5-alpha cells (New England BioLabs, Ipswich,
MA). Codon variants encoding surface mutations added to the
truncation constructs were generated using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent) according
to the manufacturer’s protocol. The resulting plasmids were
stored in TOP10 cells.
Protein Expression and Purification. Chemically com-

petent E. coli Rosetta 2 (DE3) cells were transformed with
plasmids pAVA0421 encoding the various CpNMT gene
constructs. Cells were expression-tested, and 4−12 L of culture
was grown using auto-induction media67 in the LEX bioreactor
for 18−22 h at 18 °C. Expression clones were assigned the
SSGCID target identifier prefix CrpaA.18219.a (Table S1) and
are available at https://www.ssgcid.org/available-materials/
ssgcid-proteins/.

CpNMT variants were purified using a five-step protocol
consisting of immobilized metal (Ni2+)-affinity chromatog-
raphy (IMAC), anion exchange chromatography (AEX),
cleavage of the N-terminal hexahistidine tag, passage over a
second Ni2+ affinity column, and size-exclusion chromatog-
raphy (SEC). All chromatography runs were performed on an
ÄKTA purifier 10 (GE Healthcare) using automated IMAC
and SEC programs according to previously described
procedures.63 Fractions collected from the IMAC column
were concentrated, diluted 100-fold in AEX buffer (20 mM
Bis-tris propane, 1 mM TCEP, pH 9.7), and applied to HiTrap
Q columns (GE Healthcare). For the constructs with
truncations, including ones also having the surface mutations,
appropriate buffers for the AEX column were selected based on
the theoretical isoelectric points. Fractions were eluted using a
linear gradient of AEX buffer, with NaCl endpoint concen-
trations of 25 and 500 mM over five column volumes.
Fractions containing CpNMT were pooled, and N-terminal
6xHis tag removal was achieved by the addition of His-MBP-
3C protease (1:50, protease:protein) and overnight incubation
at 4 °C in dialysis buffer (25 mM HEPES, pH 7.5, 500 mM
NaCl, 5% glycerol, 1 mM TCEP, and 0.025% sodium azide).
Untagged NMT was recovered by applying the dialysate to a
second IMAC column. SEC was performed on a HiLoad 26/
600 Superdex 75 pg column (GE Healthcare) using a mobile
phase of 20 mM HEPES, 300 mM NaCl, 5% glycerol, and 1
mM TCEP, pH 7.0. TCEP was omitted from the mobile phase
for protein utilized in the enzyme activity assays. Peak fractions
eluted as a single peak at a volume consistent with a
monomeric assembly and were pooled and analyzed for the
presence of the protein of interest using sodium dodecylsulfate
polyacrylamide gel electrophoresis. The peak fractions were
concentrated to 36.5 mg/mL using an Amicon purification
system (Millipore). Aliquots were flash-frozen in liquid
nitrogen and stored at −80 °C.
Crystallization. All purified constructs of CpNMT

described in Table S1 were prepared for crystallization studies
following previously described protocols used for L. major

NMT.27,38 Samples were first incubated with 1 mM MyrCoA
at room temperature for 20 min. For co-crystallizations with
inhibitors, the inhibitors were also added at concentrations of 1
mM prior to incubation. MyrCoA and compound stock
solutions were prepared in 100% DMSO, and when combined
with protein solutions, the final DMSO concentrations did not
exceed 3%. Protein−ligand mixtures were screened for
crystallization in 96-well sitting-drop plates against the JCSG
++ HTS (Jena Bioscience) and Morpheus HT96 (Molecular
Dimensions) crystal screens. Drops containing equal volumes
(0.5 μL) of protein and precipitant solutions were prepared at
room temperature next to reservoir solutions (80 μL) in
sitting-drop vapor-diffusion format.

Both constructs B1 and tag-free A4 crystallized. However,
the crystals of B1 did not diffract, and the highest resolutions
of X-ray reflections obtained for crystals of A4 were ∼3.5 Å.
Crystals suitable for structure determination of CpNMT bound
to MyrCoA, and CpNMT bound to MyrCoA and compound 1
or 9, were grown using constructs A42 (residues 39−466,
K310A/E311A) and A10 (residues 40−466), respectively.
Crystals of CpNMT-MyrCoA appeared after 72 h in wells
containing JCSG+ condition H3 and were harvested after 3 to
4 weeks. Crystals were looped and flash-frozen via plunging
directly into liquid nitrogen with addition of ∼25% PEG400 as
a cryo-protectant. Final crystallization conditions for both
binary and ternary complexes were 100 mM Bis-Tris−HCl, pH
5.5−6.5, 25−27.5% PEG 3350.
X-ray Data Collection, Structure Determination, and

Refinement. Frozen crystals were shipped to the Advanced
Light Source (ALS), Berkeley National Laboratory, as part of
the Collaborative Crystallography program of ALS-ENABLE.
Data were collected at 100 K on ALS-ENABLE beamlines as
described in Table S3. Raw X-ray diffraction images are
available at the Integrated Resource for Reproducibility in
Macromolecular Crystallography at www.proteindiffraction.
org.68Data were indexed and integrated with HKL200069 and
scaled with XSCALE.70 The structure was solved with Phaser71

using an inhibitor-bound structure of PvNMT (PDB entry
6NXG33) as a search model. The model was refined with
iterative rounds of automated refinement with Phenix72 and
manual model building with Coot (Table S4).73 The quality of
the structure was checked with MolProbity.74

Illustrations. Chemical structures were drawn using
Pubsketcher v2.4. Images of molecular structures were
produced with the aid of Chimera and PyMol.75−77 Sequence
alignments of C. parvum (Iowa II strain) with Cryptosporidium
and other eukaryotic NMT orthologs were performed using
MUSCLE v3.878 (Figure 4B) and Clustal Omega79,80 (Figure
S2) and illustrated with ESPript 3.0.46 UniProt or NCBI
accession codes of the aligned sequences are as follows:
Q5CV46 (C. parvum strain Iowa II NMT), TRY52658.1
(Cryptosporidium tyzzeri NMT), XP_667560.1 (Cryptospori-
dium hominis TU502 NMT), OLQ16601.1 (C. hominis NMT),
A0A2P4Z0T6 (Cryptosporidium meleagridis NMT),
KAH8584540.1 (Cryptosporidium sp. chipmunk genotype I
NMT), XP_028874235.1 (Cryptosporidium ubiquitum NMT),
KAH8742064.1 (Cryptospor id ium ryanae NMT),
KAH7647975.1 (Cryptosporidium bovis NMT), B6A985
(Cryptosporidium muris RN66 NMT), A0A1J4MZG9 (Crypto-
sporidium andersoni NMT), P14743 (S. cerevisiae NMT1),
P30418 (C. albicans NMT1), Q4Q5S8 (L. major NMT),
A5K1A2 (P. vivax strain Salvador I NMT), O61613
(Drosophila melanogaster NMT), A0A1X7VMH8 (Amphime-
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don queenslandica NMT), D2A651 (Tribolium castaneum
NMT), A0A812BHC6 (Sep25haraonicnis NMT), Q4VBR7
(Danio rerio NMT1), Q7ZYT2 (Xenopus laevis NMT1),
J3SCE1 (Crotalus adamanteus NMT), P30419 (H. sapiens
NMT1), A0A1L1RKT0 (Gallus gallus NMT1), S4R7E3
(Petromyzon marinus NMT), H2ZRH9 (D. rerio NMT2),
Q6DKD8 (X. laevis NMT2), O60551 (H. sapiens NMT2),
XP_040521574.1 (G. gallus NMT2), Q9LTR9 (Arabidopsis
thaliana NMT1), and A0A2K3DM01 (Chlamydomonas rein-
hardtii NMT).
Synthesis of the New Compound (9). Compound 9 was

synthesized following procedures described in a patent for 2
and analogs,81 as shown in Scheme 1. First, 2-amino-3-
nitrobenzoic acid (10) and thiazol-2-amine (11) were treated
with EDCI/HOBT in DCM to generate 12. After reduction of
12 by NaBH4/NiCl2, benzimidazole 15 was then obtained by
reacting 13 with aldehyde 14 in 82% yield. Finally, the desired
9 was obtained by removing the Boc group in TFA/DCM.
Detailed procedures and compound characterization are
provided in the Supporting Information.
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