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Abstract

Naegleria fowleri is a pathogenic, thermophilic, free-living amoeba which causes primary

amebic meningoencephalitis (PAM). Penetrating the olfactory mucosa, the brain-eating

amoeba travels along the olfactory nerves, burrowing through the cribriform plate to its desti-

nation: the brain’s frontal lobes. The amoeba thrives in warm, freshwater environments, with

peak infection rates in the summer months and has a mortality rate of approximately 97%. A

major contributor to the pathogen’s high mortality is the lack of sensitivity of N. fowleri to cur-

rent drug therapies, even in the face of combination-drug therapy. To enable rational drug

discovery and design efforts we have pursued protein production and crystallography-

based structure determination efforts for likely drug targets from N. fowleri. The genes were

selected if they had homology to drug targets listed in Drug Bank or were nominated by pri-

mary investigators engaged in N. fowleri research. In 2017, 178 N. fowleri protein targets

were queued to the Seattle Structural Genomics Center of Infectious Disease (SSGCID)
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pipeline, and to date 89 soluble recombinant proteins and 19 unique target structures have

been produced. Many of the new protein structures are potential drug targets and contain

structural differences compared to their human homologs, which could allow for the devel-

opment of pathogen-specific inhibitors. Five of the structures were analyzed in more detail,

and four of five show promise that selective inhibitors of the active site could be found. The

19 solved crystal structures build a foundation for future work in combating this devastating

disease by encouraging further investigation to stimulate drug discovery for this neglected

pathogen.

1. Introduction

In Australia in 1965, Fowler and Carter reported the first case of Naegleria fowleri infection,

commonly referred to as the “brain-eating amoeba”, which is the only known species of the

Naegleria genus associated with human disease [1]. The free-living amoeba is found in soil and

freshwater on all seven continents, but is mainly found in warmer regions flourishing in fresh-

water and soils with higher temperatures up to 115˚F (46˚C) [2].

Infection rates of the amoeba increase during summer months causing the disease, primary

amebic meningoencephalitis (PAM) [2, 3]. PAM is a fatal CNS disease that displays severe

meningitis and cranial pressure caused by inflammation of the brain [3, 4]. The National Insti-

tute of Allergy and Infectious Diseases (NIAID) has classified N. fowleri as a category B priority

pathogen, the second highest class of priority organisms/biological agents. Category B patho-

gens typically have high mortality rates, are easily disseminated, may cause public panic and

social disruption, and require special action for public health preparedness [2, 5].

Between the years 1962 and 2016, 145 cases were reported by the CDC within the USA,

and only 4 patients (3%) survived N. fowleri infection and subsequent PAM [6]. This 54-year

reporting tally might suggest only several PAM cases occur in the USA a year. However, a

recent review found that hundreds of undiagnosed cases of fatal “meningitis and encephalitis”

were reported in the summers between the years 1999 and 2010 in persons aged 2–22 years in

the Southeast USA [7]. Cases lacking diagnostic brain biopsy or spinal fluid analysis of PAM

may account for a portion of the undiagnosed, inconclusive cases [7]. Thus, the incidence of

N. fowleri infections in the USA is probably much higher than several a year arguing that N.

fowleri poses a much higher public health threat than the documented cases would suggest [7].

Rising global temperatures has also led to claims of increased risk of infections due to spread

of suitable water conditions for N. fowleri [3, 8].

The global burden of N. fowleri PAM cases is likely greater than anticipated, yet undefined.

Aga Khan University in Karachi, Pakistan has reported a rise in the number of PAM cases.

Aga Khan Hospital serves only a small fraction of the Karachi population (~23 million total)

and reports around 20 cases/year of PAM. Other hospitals in Karachi did not report a single

case during the same time, likely due to the lack of awareness, autopsies, and microscopy [9].

Only about 10 cases of N. fowleri PAM have been reported in Africa, though the numbers are

likely impacted by a reporting bias, as the resources for diagnostic brain biopsy are rarely pres-

ent, and autopsies are almost never performed [10].

The combination of a devastating mortality rate, a warming climate, and a rapid-onset

infection emphasize why N. fowleri should not stay a neglected organism. Treatment is

extremely limited and not well defined, using a combination of known antifungals, antibiotics

and microbicides [11]. Amphotericin B is the current drug of choice, in high dosages, in
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combination with other repurposed drugs such as rifampin, miltefosine, and fluconazole [9,

12]. Recent studies suggest that posaconazole is more efficacious than fluconazole in vitro and

in animal models of PAM [12]. Miltefosine was used in combination to successfully treat two

patients, one reported and one unreported in the literature. Miltefosine in combination is not

always helpful, in that a patient was treated with miltefosine and suffered permanent brain

damage and another had a fatal outcome [11, 13]. The multi-drug therapy is associated with

severe adverse effects and requires higher than normal dosages to penetrate the blood-brain

barrier and to reach the CNS [11, 14]. New development of rapid-onset, brain permeable, effi-

cient, and safe drugs is urgently needed.

Given the lack of efficacy of current drugs against N. fowleri and the urgent need for new

drugs, we investigated the proteome of N. fowleri for likely drug targets attempting to enable

further drug discovery efforts by producing material for characterization of the proteins. This

work is a first step towards the discovery of drugs specifically designed against N. fowleri.

2. Results

2.1 The N. fowleri proteome contains hundreds of potential drug targets

Potential drug targets were selected by sequence homology to DrugBank protein targets [15].

Additional targets were requested by the amoeba research community, leading to a total of 178

N. fowleri targets entering the Seattle Structural Genomics for Infectious Disease (SSGCID)

structure determination pipeline. The SSGCID is a National Institutes for Allergy and Infec-

tious Disease (NIAID) supported preclinical service for external investigators (www.SSGCID.

org) [16]. All targets were filtered according to the standard SSGCID target selection protocol

and criteria [13]: eliminating proteins with over 750 amino acids, 10 or more cysteines, or 95%

sequence identity with 70% coverage to proteins already in the PDB, targets claimed or worked

on by other scientific groups, and targets with transmembrane domains (except where a solu-

ble domain could be expressed separately) [17]. Target criteria resulted in selection of 178 pro-

teins which entered the SSGCID production pipeline. These proteins, homologous to other

known drug targets, consisted of metabolic enzymes, protein synthetases, kinases, and others.

Real-time updates to target status progress can be viewed at the SSGCID website (https://apps.

sbri.org/SSGCIDTargetStatus/TargetStatus/Naegleria). Additionally, a detailed table of the

Naegleria protein crystallography statistics is available in Supplemental information.

2.2 One third of targets attempted produced soluble protein

The open reading frames of each target were obtained from AmoebaDB.org. Progression of

the targets through the SSGCID protein production pipeline is shown in Table 1. Of the 178

Table 1. Target status of N. fowleri proteins within SSGCID pipeline.

Target approved 178

Selected 177

Cloned 133

Expressed 98

Soluble 82

Purified 64

Crystallized 29

Diffraction 27

Native diffraction data 19

In PDB (apo) 19

https://doi.org/10.1371/journal.pone.0241738.t001
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NIAID approved targets, 177 were selected for cloning. One protein target was eliminated

due to redundancy given its 100% identity match and 84% coverage to another protein

target already in the SSGCID pipeline. Of the 177 targets attempted in PCR amplification

using N. fowleri cDNA, 133 were successfully amplified and cloned into SSGCID expression

vectors (75%) [18]. In small-scale expression screening, 82 of the 133 successfully cloned tar-

gets (61.6%) demonstrated soluble expression with a N-terminal His6-tag vector [18]. Of these

82 soluble proteins, 64 proteins were purified to>95% purity with yields ranging from 1.1 mg

to 348 mg. These proteins are available, under request, at SSGCID.org.

2.3 N. fowleri proteins resulted in a 11% structure determination success

rate

Following purification of high-purity preparations of protein, the targets were submitted for

structure determination by X-ray crystallography. Of the 64 proteins produced, 26 crystallized

(29%), and 20 diffracted, 19 of which met the SSGCID resolution quality criteria and were sub-

mitted to the Protein Data Bank (PDB). Table 2 lists the 19 targets deposited in PDB that will

be reported in this paper, including five structures with a unique ligand bound, for a total of 23

PDB deposits. It should be noted that the annotated functions of proteins are based on ortho-

logs from other species and biochemical evidence of function is limited to glucokinase [19], at

this time. Overall, this resulted in a structure determination success rate of 11%, which is com-

paratively higher than usual structural genomic pipeline rates reported by us or other struc-

tural genomic groups [20].

2.4 Comparative analysis of N. fowleri and Homo sapiens enzyme active

sites suggest some targets have promise for selective inhibition

We have already published that glucokinase inhibitors can be obtained that are selective for N.

fowleri vs. the human homolog, supporting glucokinase as a target for N. fowleri therapeutics

Table 2. Listing of Naegleria fowleri structures deposited by SSGCID in the PDB.

SSGCID ID Annotation AmoebaDB PDB ID Metabolic pathway

NafoA. 00005.a Malate dehydrogenase 2 (mitochondrial) BF0021050 6UM4 TCA cycle

NafoA. 01242.a dUTP pyrophosphatase NF0068730 5VJY, 6MJK DNA replication

NafoA.00085.a GDP-L-fucose synthetase NF0109030 6AQY, 6AQZ Glycolysis

NafoA.00085.b GDP-mannose dehydratase NF0016040 5UZH Glycolysis

NafoA.00855.a Glyceraldehyde-3-phosphate dehydrogenase NF0055660 6NLX Glycolysis

NafoA.19900.a Glucokinase NF0035880 6DA0 Glycolysis

NafoA.01088.e Heterotrimeric G-protein alpha subunit Galpha7 NF0037180 6NE6 GPCR signaling

NafoA.00438.a Nucleoside diphosphate kinase NF0036070 5U2I Purine metabolism

NafoA.18272.a Peptidylprolyl isomerase NF0084240_2 6B4P, 6MKE Post-translational protein modification

NafoA.01013.a Phosphoglycerate mutase NF0048460 5VVE Glycolysis

NafoA.18681.a Prolyl-tRNA synthetase NF0061610 6NAB, 6UYH Amino acid response

NafoA.01523.a Protein arginine n-methyltransferase NF0022020 6CU3, 6CU5 Post-translational protein modification

NafoA.19251.a Polyubiquitin with 3 ub domains NF0029300_2 5VIX Ubiquitination

NafoA.01385.a Rab GDP dissociation inhibitor alpha NF0049320 6C87 Signaling pathways

NafoA.00927.a Ras-related c3 botulinum toxin substrate 1 isoform x2 NF0029600_1 5VCU Signaling pathways

NafoA.00032.a S-adenosyl-L-homocysteine hydrolase NF0035640 5V96 Methylation metabolism

NafoA.01238.a Serine-tRNA synthetase NF0119870 6BLJ Protein synthesis

NafoA.00964.a Trafficking protein particle complex subunit 3 NF0066220 6AQ3 Protein trafficking

NafoA.00601.c Ubiquitin-conjugating enzyme e2 NF0031160_1 5V0R, 6MJ9 Ubiquitination

https://doi.org/10.1371/journal.pone.0241738.t002
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[19]. We analyzed the other structures determined, comparing the N. fowleri structure to

human homolog structures, in order to determine opportunities for selective design of chemi-

cal inhibitors. Comparison of the N. fowleri determined structure to human structures avail-

able in the PDB was done by superimposition of the coordinate files (Table 3). With the

exception of a pair of 96% identical N. fowleri and human ubiquitin-conjugating enzymes e2,

all of the N. fowleri enzymes differed from human homologs by more than 31% (Table 3). We

wanted to focus on the known ligand binding sites, to search for potential differences for

inhibitors. A PDB search revealed that five of the 19 N. fowleri structures determined also had

human homolog structures determined which contained a known inhibitor of the human pro-

tein (Table 3). We then manually inspected and compared the binding sites of these five pro-

teins, described below for each protein. Despite sequence similarities of the active sites, there

were four cases where a case for active site specificity could be made, supporting these proteins

as targets for therapeutics for N. fowleri.
N. fowleri S-adenosyl-L-homocysteine hydrolase (NfSAHH) catalyzes the breakdown of

S-adenosyl-homocysteine (SAH) into adenosine and homocysteine. SAH is a byproduct of S-

adenosyl-L-methionine as a methyltransferase; the transfer of a methyl group to its respective

cellular substrates such as DNA or rRNA, produces SAH [21]. SAH hydrolases play a central

role in methylation reactions required for growth and gene regulation, and inhibitors of SAH

Table 3. Comparative analysis of N. fowleri and human structures deposited the PDB.

Annotation PDB ID # Amino

acids

Human PDB

ID

Coverage

(#aa)

%

Coverage

% Identity of

coverage

Inhibitor or ligand in human

structure

malate dehydrogenase (mitochondrial)

(MDH2)

6UM4 436 4WLF 221 51% 26% -

dUTP pyrophosphatase 6MJK,

5VJY

147 2HQU_A 136 93% 63% -

GDP-L-fucose synthetase 6AQY,

6AQZ

333 4E5Y_A 311 93% 52% -

GDP-mannose-dehydratase 5UZH 380 6GPJ_A 343 90% 68% -

glyceraldehyde-3-phosphate

dehydrogenase

6NLX 333 6YNF_A 324 97% 65% -

heterotrimeric G-protein alpha subunit

Galpha7

6NE6 321 6K41_A 312 97% 41% -

nucleoside diphosphate kinase 5U2I 151 1JXV_A 151 100% 63% -

peptidylprolyl isomerase 6MKE,

6B4P

119 4DRO_A 113 95% 53% FK506-AN

phosphoglycerate mutase 5VVE 250 5Y65_C 250 100% 61% KH2

prolyl-tRNA synthetase 6NAB,

6UYH

535 5VAD_A 526 98% 54% 91Y

protein arginine n-methyltransferase 6CU3,

6CU5

328 6NT2_A 310 95% 53% GSK3368715

polyubiquitin with 3 ub domains 5VIX 230 5H07_A 227 99% 96% -

rab GDP dissociation inhibitor alpha 6C87 444 n/a -

ras-related c3 botulinum toxin

substrate 1 isoform x2

5VCU 200 1I4D_D 191 96% 55% -

S-adenosyl-L-homocysteine hydrolase 5V96 472 1LI4_A 427 90% 57% Neplanocin

Serine-tRNA ligase 6BLJ 477 4L87_A 458 96% 52% -

trafficking protein particle complex

subunit 3

6AQ3 187 2CFH_A 176 94% 47% -

ubiquitin-conjugating enzyme e2 6MJ9,

5V0R

161 4ONM_A 126 78% 48% -

https://doi.org/10.1371/journal.pone.0241738.t003
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hydrolase are expected to be antimicrobial drugs, especially for eukaryotic parasites [21]. Riba-

virin is structurally similar to adenosine and has been proved to produce a time-dependent

inactivation of human (Hs) SAHH and Trypanosoma cruzi (Tc) SAHH [22].

The NfSAHH asymmetric unit contains a homo-tetramer (Fig 1A). Although each chain

contains an active site, structural analysis indicates that two chains must be present for the

hydrolysis reaction to occur successfully. Each chain consists of three domains: a substrate-

binding, a cofactor-binding, and a C-terminus domain [23]. When substrates are not bound,

the substrate-binding domain is located on the exterior, far from the meeting point of all four

subunits of the asymmetric unit [24]. The C-terminus domain is involved in both cofactor

binding and protein oligomerization [23]. In addition to the three main constituents, the

structure contains two hinge regions that connect the substrate-binding and cofactor-binding

domains. When substrates bind, the hinge region changes conformation, closing the cleft

between the substrate-binding domain and the cofactor-binding domain of the respective

chain [24]. In the structure of NfSAHH, all subunits exhibit a closed conformation.

SAHH is one of the most highly conserved proteins among species, with many of the same

amino acids binding the same substrates across homologs. NfSAHH is 62% identical to the

human homolog. In the NAD binding region, conserved Lys and Tyr residues characteristic of

most SAHH’s bind via hydrogen bonds to oxygens of NAD in both NfSAHH and HsSAHH

[24] (Fig 1C). Residues involved with binding adenosine (ADO) via polar interactions are also

highly conserved [24]. To regulate the entrance of substrates into/out of the active site, there is

a highly conserved His-Phe sequence within the cofactor-binding domain. This works as a

molecular gate that, when the protein is in open conformation, allows access to the substrate-

pocket [23].

A search of the PDB forHsSAHH structures found multiple inhibitor bound human struc-

tures including 1LI4 (neplanocin) and 5W49 (oxadiazole compound). A comparison of the

NfSAHH structure to the neplanocin bound human structure revealed a highly conserved

conformation of the protein. In the neplanocin bound structure, the two domains of the

monomer are similar to the NfSAHH structure. However, in the oxadiazole bound structure,

two domains of the monomer are in a more open conformation, where the C-terminal and N-

terminal domains have opened up relative to each other in a hinge-opening motion. The oxa-

diazole compound stretches across the interface and is surrounded by 11 residues within 4 Å.

Of the 11 residues coordinating the inhibitor oxadiazole compound of the 5W49 structure, 10

are identical between theNaegleria and human SAHH. Only one change of Met351Thr relative

to the human enzyme is present, suggesting a highly conserved inhibitor binding site (Fig 1C

and 1D).

The crystal structure of NfSAHH (Fig 1A) contains the adenosine substrate and NAD cofac-

tors bound to the active site to guide structure-activity relationships that could help to opti-

mize adenosine analog compounds. The sequence differences that line the access channel at

the dimer interface allow a rational approach to selectively inhibit the otherwise highly con-

served active site [27]. Amoeba SAHHs have an additional helix insertion that in NfSAHH

forms a hydrophobic groove accessible from the adenosine binding site (Fig 1B and 1C). Speci-

ficity could be achieved by designing compounds that simultaneously target this hydrophobic

pocket and the active site (Fig 1E). Thus, we feel a reasonable case can be made that structural

differences, close to the active site, would allow development of specific NgSAHH inhibitors

supporting development of a therapeutic.

N. fowleri phosphoglycerate mutase (NfPGM), a glycolysis enzyme, catalyzes the isomeri-

zation of 3-phosphoglycerate and 2-phosphoglycerate during glycolysis and gluconeogenesis

and is regarded as a key enzyme in most organism’s central metabolism [28]. There are two

distinct forms of PGMs, differentiated by their need of 2, 3-bisphosphoglycerate as a cofactor.
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Fig 1. A. Quaternary structure of NfSAHH (5V96) with chain A, B, C and D colored blue, green, pink and yellow respectively

with ligands ADO and NAD colored red and orange respectively. B. Structural alignment of Chain AHsSAHH (1LI4) and Chain

A NfSAHH (5V96) colored pink and blue respectively with NAD ligand colored orange and neplanocin inhibitor colored red. C.

Depiction of the electron density surrounding the NAD ligand from 5V96 model. |Fo|–|Fc| electron density omit map shown

sculpted around NAD ligand at 2.0 Å, calculated using the composite-omit-map function of Phenix [25]. Residues which contact

the ligand within 4 Å are shown in ball and stick (blue:nitrogen; red: oxygen; gray:carbon). Dotted lines represent polar contacts

within 4 Å of the ligand, calculated using PyMol [26]. Conserved Lys and Tyr residues are directly labelled with Thr383 exhibiting

the human amino acid substitution. D. Depiction of the electron density surrounding the oxadiazole compound from 5W49

model. |Fo|–|Fc| electron density omit map shown sculpted around the oxadiazole compound at 2.0 Å, calculated using the

composite-omit-map function of Phenix [25]. Residues which contact the ligand within 4 Å are shown in ball and stick (blue:

nitrogen; red: oxygen; gray:carbon). Dotted lines represent polar contacts within 4 Å of the ligand, calculated using PyMol [26].

Met351 coordinating the oxadiazole compound is also labelled. E. Structural alignment of Chain AHsSAHH, PDB ID: 1LI4 and

Chain A NfSAHH, PDB ID: 5V96 with close-up to additional helix insertion of NfSAHH. Hydrophobic groove formed by Val163,

Leu166, Val169 and Leu 173 at opening of adenosine pocket.

https://doi.org/10.1371/journal.pone.0241738.g001
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PGM in mammals require the cofactor whereas PGM present in nematodes and bacteria do

not [29]. The NfPGM is likely the cofactor-dependent PGM type. The crystal structure of

NfPGM (PDB: 5VVE) was solved at a resolution of 1.7Å and consists of 250 amino acid resi-

dues (~30 kDa).

The HsPGM and Nf PGM structures share 61% identity. Residues surrounding the binding

pocket for citrate acid are all conserved, with the exception of a conservative change from a

Thr30 (Nf) to Ser30 (Hs) (Fig 2B). A comparison of the NfPGM structure to the homologous

human enzyme HsPGM (PDB: 5Y65) shows a conformational opening of the substrate bind-

ing site to accommodate the KH2 ligand. However, the residues surrounding the inhibitor

molecule and supporting the movement of the peptide are identical between the two enzymes.

It is likely that with this high homologous identity that NfPGM is not a strong candidate for

selective active site inhibitor design.

N. fowleri protein arginine N-methyltransferase (NfPRMT1) methylates the nitrogen

atoms found on guanidinium side chains of arginine residues within proteins. The methyla-

tion of nucleotide bases is a well-known mechanism of importance that influences DNA,

nucleosomes, and transcription functionalities [30]. The enzyme is highly conserved across

eukaryotes. Faulty regulation or deviating expression of PRMTs is associated with various dis-

eases including inflammatory, virus-related, pulmonary, and carcinogenesis [31]. Overexpres-

sion of PRMTs has been observed in multiple forms and types of cancer, including PRMT1v1

overexpression in colon cancer [32] and large increases of PRMT1v2 in breast cancer [33].

Inhibitor discovery and testing using PRMTs in cancer has been frequently employed [31].

NfPRMT1 was compared to the drug bound structure of HsPRMT1 (PDB: 6NT2) (Fig 3). The

protein binds ligands at a dimer interface closing around two inhibitor molecules, one on each

monomer. A large ligand binding loop is disordered in the NfPRMT1 structure, presumably

becoming ordered and visible in the crystal structure in the presence of inhibitor in the human

structure. Due to the large binding surface for peptide substrates, PRMTs typically are promis-

cuous in nature with a wide range of binding substrates [31]. Comparison of over 40 PRMT-

inhibitor complexes revealed 5 distinct binding mechanisms at multiple sites including active

site and allosteric binding pockets [34]. Isozyme specific peptide mimics have been identified

Fig 2. A. Quaternary structure ofNfPGM (5VVE) with chain A and B colored blue and green respectively with coordinated chloride ion in lime. B.

Structural alignment of Chain AHsPGM (5Y65) and Chain A NfPGM (5V96) colored pink and blue respectively with KH2 inhibitor and 2-morpholin-

4-ium-4-ylethanesulfonic acid colored red and yellow respectively. Divergent residues (Thr30;Nf and Ser30;Hs) within citrate acid binding pocket are

shown in as sticks and annotated.

https://doi.org/10.1371/journal.pone.0241738.g002
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which preferentially bind HsPRMT1 vs.HsPRMT5 enzyme. A similar approach could be con-

sidered for selective NfPRMT inhibitor development [35, 36]. There is still a need to improve

both the affinity and selectivity of these micromolar, sub-micromolar potent PRMT inhibitors

as well as to better understand the enzyme’s biological and disease processes in greater scope

[37].

Despite high sequence identity in the ligand binding pocket, there are distinct differences

in side chain orientation between the structures. These residues may change conformation

upon binding inhibitor. A number of distinct features of NfPRMT1 exist which can be

exploited for potential structure-based approach to developing selective allosteric inhibitors

against the Nf enzyme. A methionine is present in the NfPRMT1 structure adjacent to the ade-

nine moiety of the S-adenosyl homocysteine (SAH) which differs significantly from all nine-

known human PRMTs. The substrate binding region is lined by residues variant between Nf
and all nine-known human PRMTs; for example, though the NfPRMT1 pocket is similar to

Fig 3. A. Quaternary structure of NfPRMT1 (6CU5) with chain A and B colored blue and green respectively with SAH ligands in red. B.

Structural alignment of Chain AHsPRMT1 (6NT2) and Chain A NfPRMT1 (6CU5) colored pink and blue respectively with SAH ligand and

GSK3368715 colored yellow and red respectively. C. Depiction of the electron density surrounding the GSK3368715 inhibitor from the 6NT2

model. |Fo|–|Fc| electron density omit map shown sculpted around GSK3368715 inhibitor at 2.0 Å, calculated using the composite-omit-map

function of Phenix [25]. N-terminal residues which contact the ligand within 4 Å are shown in ball and stick (blue:nitrogen; red: oxygen; gray:

carbon) and are labelled. All labelled residues are within the allosteric inhibition site ofHsPRMT1.

https://doi.org/10.1371/journal.pone.0241738.g003
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the allosteric inhibition pocket of HsPRMT1, there are two tyrosines lining the pocket of

the HsPRMT1 [38] (Fig 3C). These N-terminal residues which interact with inhibitors of

HsPRMT1 are largely not present in NfPRMT1 [39]. Thus, inhibitors that selectively target

NfPRMT1 vs. the 9 HsPRMTs are envisioned due to structural differences near the ligand

binding sites.

N. fowleri peptidylprolyl isomerase (NfPPI) is a member of a superfamily of proteins

comprised of three structurally distinct main families: cyclophilins, FK506 binding proteins

(FKBPs), and parvulins. Based on structural and sequence alignment, the N. fowleri structure

falls in the FKBP family, a group of enzymes inhibited by compounds such as FK506 and rapa-

mycin [40]. PPIs assist protein folding and influence protein denaturation kinetics by catalyz-

ing the cis/trans isomerization of peptide bonds preceding prolyl residues [41]. The enzymes

participate in a diverse array of processes ranging from signal transduction to gene regulation

and have been found to have close interaction with heat shock 90 proteins [42]. PPI inhibitors

are an emerging class of drugs for many therapeutic areas including infectious diseases and

many potent small molecule inhibitors have been derived for each of the members of the

superfamily. However, selective inhibitor design has been difficult due to the shallow, broad,

solvent-exposed active sites and their conservation between homologs and protein families

[43].

The interior of the binding pocket of NfPPI is mostly hydrophobic. Only four putative

hydrogen-bonding interactions are observed between the enzyme and substrate. All residues

involved in polar interactions in the NfPPI are also present in the human homolog HsFKBP51

(PDB: 1KT0) (Fig 4C), but the regions occupied by two hydrophilic residues in HsFKBP51

(Ser118 and Lys121) are instead occupied by hydrophobic residues, (Ile and Leu, respectively)

(Fig 4D) [42]. Another difference found in the conformation of this loop region is the insertion

of an additional residue after Gly95 of NfPPI. These changes in structure and sequence may

lead to selective inhibition and thus establish PPIs as a selective drug target for Naegleria.

N. fowleri Prolyl-tRNA synthetase (NfProRS). Aminoacyl-tRNA synthetases (ARSs) are

globally essential enzymes among all living species. Their roles in protein translation and bio-

synthesis have been heavily researched and understood as attractive therapeutic targets.

Recently, evidence of their propensity for adding new sequences or domains during ARS

evolution hints at broader functions and complexity outside of translation [44]. Protein trans-

lation as a drug target has been validated for anti-infective compounds for a wide array of

microbes [45]. The natural product known as febrifugine, a quinazolinone alkaloid, and its

analogues have shown antiparasitic activity in targeting ProRS. Halofuginone, a halogenated

derivative of febrifugine, has shown promising potency though a lack of specificity, in that it

inhibits both the parasite and human ProRS [45].

The structure of NfProRS folds into a α2 homodimer (Fig 5A) with each subunit containing

three domains characteristic of Class II ARSs: the catalytic domain, the anticodon binding

domain, and the editing domain (Fig 5C). The NfProRS catalytic domain features the three

motifs which are exclusively conserved between class II ARSs for both sequence and structure-

function (Fig 5D). Motif 1 is located at the interface of the dimer and is hypothesized to facili-

tate communication between the active sites of the two subunits [46]. Motif 2 consists of β-

strands connected by a variable loop which makes critical contacts with the acceptor stem of

tRNAPro and thus plays an important role in proper tRNA recognition [47]. Motif 3 is made

up of entirely hydrophobic residues and comprises an integral part of the aminoacylation

active site.

Alignment of NfProRS bound to AMP and proline ligands (PDB: 6NAB) with apo HsProRS

(PDB: 4K87) exhibits no significant structural changes between the apo and ligand forms of

the ARS (Fig 5B). The eukaryotic and archaeal origins of these ProRS make them suitable

PLOS ONE Naegleria fowleri: Protein structures to facilitate drug discovery

PLOS ONE | https://doi.org/10.1371/journal.pone.0241738 March 24, 2021 10 / 19

https://doi.org/10.1371/journal.pone.0241738


comparisons for the reason mentioned earlier: their strict conservation in all three structural

domains. Both the proline and AMP bound NfProRS (PDB: 6NAB) and the halofuginone and

AMP-PNP bound NfProRS (PDB: 6UYH) structures have been solved. The proline and AMP

NfProRS (6NAB) shares structural homology with the halofuginone liganded ProRS (6UYH)

and halofuginone binding induces a conformational change of residues 80–87 of the N. fowleri
enzyme. In the proline bound 6NAB structure, residues 80–88 form a two-turn alpha helix.

However, the halofuginone compound displaces Phe87 and disrupts the short helical structure.

Residues making up this helix (EKDHVEGFS) are disordered in the 6UYH coordinate set.

Fig 4. A. Quaternary structure ofNfPPI (6MKE) with chain A, B, C and D colored blue, green, pink and yellow respectively with FK506 ligands in red.

B. Structural alignment of Chain AHsPPI (4DRO) and Chain A NfPGM (6MKE) colored pink and blue respectively with FK506-AN inhibitor and

FKBP51 colored red and yellow respectively. C. Depiction of the electron density surrounding the FK506-AN inhibitor from the 6MKE model. |Fo|–|Fc|

electron density omit map shown sculpted around FK506-AN inhibitor at 2.0 Å, calculated using the composite-omit-map function of Phenix [25].

Residues which contact the ligand within 4 Å are shown in ball and stick (blue:nitrogen; red: oxygen; gray:carbon). Dotted lines represent polar contacts

within 4 Å of the ligand, calculated using PyMol [26]. Conserved polar interactions are labelled. D. Depiction of the electron density surrounding the

FKBP51 compound from the 4DRO model. |Fo|–|Fc| electron density omit map shown sculpted around the FKBP51 compound at 2.0 Å, calculated

using the composite-omit-map function of Phenix [25]. Surrounding in a gray cartoon is Chain A of theHsPPI with hydrophilic residues surrounding

the active site that diverge from theNfPPI hydrophobic residues annotated.

https://doi.org/10.1371/journal.pone.0241738.g004
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Fig 5. Structure of theNfProRS A. Quaternary structure of NfProRS (6UYH). Homodimeric structure depicted with

individual polypeptide chains A and B colored blue and green respectively with AMP-PNP ligands, halofuginone

inhibitors and sulfate ions in red, orange and yellow respectively. B. Structural alignment of Chain AHsProRS (5VAD)

and Chain A NfPRMT (6NAB) colored pink and blue respectively with AMP-PNP and ADO ligands colored red and

yellow respectively. C. The three structure-function domains of NfProRS (6NAB). The catalytic, anticodon binding,

and editing domains are colored cyan, green, and orange; respectively. D. The three highly conserved sequence motifs

that characterize class II ARSs. Motif 1, colored lime, comprises the dimer interface. Motif 2, colored red, forms part of

the acceptor stem. Motif 3, colored blue, is involved in forming the activated prolyl-adenylate. E. Structural alignment

of halofuginone boundNfProRS in tan with halofuginone colored orange (6UYH) and halofuginone absentNfProRS

in blue (6NAB). Close up of disordered loop associated with halofuginone binding and phenylalanine positions in each

loop configuration.

https://doi.org/10.1371/journal.pone.0241738.g005
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The equivalent region of the human ProRS (PDB: 4K87) is structurally homologous to the pro-

line bound N. fowleri in the absence of halofuginone binding. The equivalent helix in 4K87,

residues 90–98 (EKTHVADFA), includes non-conservative amino acid substitution adjacent

to the crucial phenylalanine which must be displaced for halofuginone to bind the human

enzyme, including Glu85-Gly86 which are Ala95-Asp96 in the human sequence. Exploiting

differences in the mobility of this non-conserved loop adjacent to the active site of NfProRS

andHsProRS could enable selective targeting. In addition, allosteric inhibitors that take advan-

tage of sequence differences throughout the NfProRS might be found by screening, as was the

case for P. falciparum ProRS (PfProRS) [48]. Thus, ProRS may be a reasonable drug target for

N. fowleri drug development.

3. Conclusion

This manuscript reports 19 new protein structures from N. fowleri that are potential targets for

structure-based drug discovery. Eighteen of 19 possess a>31% difference in AA alignment in

comparison to the human homologs, suggesting selective inhibitors may be found by screen-

ing campaigns. In this paper we analyzed five of the N. fowleri enzymes that have ligands that

define the active sites and compared them to human homologs. Though all are somewhat

homologous at the active site, differences in four of the five N. fowleri enzymes analyzed sup-

port the hypothesis that selective active site inhibitors could be developed as therapeutics.

There are therapeutic opportunities, as well for some of the other 14 unexamined proteins.

For example, the Nf serine tRNA synthetase (NfSerRS) structure (PDB: 6BLJ). SerRS is

required for charging tRNAs with serine critical for protein synthesis and thus is an essential

gene. An insertion of four residues (391–395) adjacent to the substrate and tRNA binding sites

creates a pocket with differential sequence identity to HsSerRS and provides a foothold for the

design of selective inhibitors blocking tRNA charging.

Even if selective active site inhibitors cannot be identified, high-throughput screening of

compound libraries can still reveal selective inhibitors, as was found for Plasmodium falcipa-
rum ProRS compared with humanHsProRS [48]. In this case, two allosteric inhibitors were

found to bury themselves into a lobe of the PfProRS enzyme, distant from the active site, and

inhibit the activity of the PfProRS enzyme, but not HsProRS. Selective high throughput screen-

ing of a eukaryotic enzyme including counter screening against the homologous human

enzyme, can also identify selective inhibitors as has been shown by us in the case of Plasmo-
diumN-myristoyltransferase [34]. Another approach that could be considered is fragment-

based screening for novel building blocks to support a medicinal chemistry effort [49]. Indeed,

this fragment-based approach can take advantage of some of the selectivity pockets discussed

for each target above.

It is a good time to pursue drug development for N. fowleri therapeutics, for in addition to

the new structures of potential drug targets reported here, a number of advances are being

made. The availability of N. fowleri growth assays for moderate-to-high-throughput screening

efforts has allowed identification of compounds for repurposing efforts [12, 50] and has led to

chemical implication of potential targets for drug development [50]. Some targets, such as

HMG-CoA reductase [51–53] and other sterol biosythesis pathway enzymes [54], farnesyl-

transferase [53], and glucokinase [19] have been explored through chemical inference and

biochemical inhibition, and these targets are well-positioned for structure-guided drug devel-

opment. A mouse model for N. fowleri meningoencephalitis has long been available and reca-

pitulates the pathophysiology, while responding to anti-amoebic drugs [12, 55]. Some aspects

of N. fowleri research could be improved to support drug development. A facile means to

manipulate the genome of N. fowleri is not yet available, and would be useful for establishing
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essentiality of targets as well as chemical validation of targets. The need for new therapeutics,

as well as advances in N. fowleri biology and biochemistry, support a concerted effort for N.

fowleri drug discovery. Focusing on essential genes and drug targets of other eukaryotes and

producing a pool of potential drug target structures, SSGCID has created a foundation on

which to build structure-based drug discovery. The relatively quick successful progress of tar-

gets through the pipeline has catalyzed a consortium of investigators interested in addressing

N. fowleri drug discovery.

4. Materials and methods

4.1 Bioinformatics

The complete genome and transcriptome is available on the EupathDB BRC website (www.

amoebadb.org) [2]. The complete ORFs and annotated predicted proteome from Naegleria
fowleri strain ATCC30863 was downloaded from AmoebaDB release 24. Analysis of the ORFs

indicated that 39% were missing a start codon and 12% were missing a stop codon. The

sequence authors, the Wittwer group at the Spiez Laboratory, confirmed that the 40% of tran-

scripts without an AUG start codon were most likely due to the ORF finder they used, which

searches for the longest ORFs in the RNA assembly, but has no start codon finding function.

To address this issue, we applied a conservative strategy to select high quality sequences from

the draft genome. A sequence homology search using BlastP against DrugBank v.4.3 targets

(4,212 sequences) [15] and potential drug targets in the SSGCID pipeline (9,783 sequences)

was performed. Sequences with at least 50% amino acid sequence identity over 70% coverage

were selected for further filtering. Manual inspection indicated that half the potential targets

without a start codon appeared to be significantly truncated when compared to the Naegleria
gruberi and other closely related Eukaryota orthologues. Therefore, additional filters were

applied to remove likely truncated sequences: (1) targets without a start or stop codon were

discarded, (2) remaining candidates were blasted against the Naegleria gruberi proteome and

sequences with over 10% length difference to their Naegleria gruberi orthologues were dis-

carded, and (3) shorter variants with 100% match to a longer ORF transcript were discarded.

In the end, 178 ORFs with a start and stop codon were identified, nominated, and approved by

the SSGCID target selection board and NIAID to attempt structure determination.

4.2 High-throughput protein expression and purification

All proteins discussed were PCR-amplified using cDNA as a template. RNA template of Nae-
gleria fowleri ATCC30215 was provided by Dr. Christopher Rice (University of Georgia, Ath-

ens) through RNA extraction and cDNA synthesis using previously published methodology in

Acanthamoeba [56]. PCR, cloning, screening, sequencing, expression screening, large-scale

expression and purification of proteins were performed as described in previous SSGCID pub-

lications [18, 57]. All described constructs were cloned into a ligation-independent cloning

(LIC) pET-14b derived, N-terminal His tag expression vector, pBG1861. Targets were

expressed using chemically competent E.coli BL21(DE3)R3 Rosetta cells and grown in large-

scale quantities in an auto-induction media [58]. All purifications were performed on an

ÄKTAexplorer (GE) using automated IMAC and SEC programs in adherence to prior estab-

lished procedures [18].

4.3 Crystallization and structure determination

Crystal trials, diffraction, and structure solution were performed as previously published [16].

https://www.zotero.org/google-docs/?ENVcX2 Protein was diluted to 20 mg/mL and single
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crystals were obtained through vapor diffusion in sitting drops directly. The screens and con-

ditions that yielded the crystals are listed in S1 Table. The screens that were used to find the

crystallization conditions were typically JCSG+ (Rigaku Reagents), MCSG1 (Microlytic/Ana-

trace), Morpheus (Molecular Dimensions), in some cases supplemented by ProPlex (Molecu-

lar Dimensions) and JCSG Top96 (Rigaku Reagents). All data was integrated and scaled with

XDS and XSCALE [59]. Structures were solved by molecular replacement with MOLREP [60–

62], as implemented in MoRDa. The structures were refined in iterative cycles of reciprocal

space refinement in Phenix and real space refinement in Coot [63, 64]. The quality of all struc-

tures was continuously checked using MolProbity [65] as implemented in Phenix. Structural

comparisons for analysis among homologues was done using DALI Protein Structure Com-

parison Server.

Supporting information

S1 Table. Crystallographic data.

(XLSX)

S1 File. PDB summary validation reports.
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41. Ünal CM, Steinert M. Microbial peptidyl-prolyl cis/trans isomerases (PPIases): virulence factors and

potential alternative drug targets. Microbiol Mol Biol Rev MMBR. 2014 Sep; 78(3):544–71. https://doi.

org/10.1128/MMBR.00015-14 PMID: 25184565

42. Sinars CR, Cheung-Flynn J, Rimerman RA, Scammell JG, Smith DF, Clardy J. Structure of the large

FK506-binding protein FKBP51, an Hsp90-binding protein and a component of steroid receptor com-

plexes. Proc Natl Acad Sci. 2003 Feb 4; 100(3):868–73. https://doi.org/10.1073/pnas.0231020100

PMID: 12538866

43. Dunyak BM, Gestwicki JE. Peptidyl-Proline Isomerases (PPIases): Targets for Natural Products and

Natural Product-Inspired Compounds. J Med Chem. 2016 10; 59(21):9622–44. https://doi.org/10.1021/

acs.jmedchem.6b00411 PMID: 27409354

44. Lee E-Y, Kim S, Kim MH. Aminoacyl-tRNA synthetases, therapeutic targets for infectious diseases. Bio-

chem Pharmacol. 2018 Aug; 154:424–34. https://doi.org/10.1016/j.bcp.2018.06.009 PMID: 29890143

45. Pham JS, Dawson KL, Jackson KE, Lim EE, Pasaje CFA, Turner KEC, et al. Aminoacyl-tRNA synthe-

tases as drug targets in eukaryotic parasites. Int J Parasitol Drugs Drug Resist. 2014 Apr; 4(1):1–13.

https://doi.org/10.1016/j.ijpddr.2013.10.001 PMID: 24596663

46. Pang YLJ, Poruri K, Martinis SA. tRNA synthetase: tRNA aminoacylation and beyond. Wiley Interdiscip

Rev RNA. 2014 Aug; 5(4):461–80. https://doi.org/10.1002/wrna.1224 PMID: 24706556

47. Burke B, Yang F, Chen F, Stehlin C, Chan B, Musier-Forsyth K. Evolutionary coadaptation of the motif

2—acceptor stem interaction in the class II prolyl-tRNA synthetase system. Biochemistry. 2000 Dec 19;

39(50):15540–7. https://doi.org/10.1021/bi001835p PMID: 11112540

48. Hewitt SN, Dranow DM, Horst BG, Abendroth JA, Forte B, Hallyburton I, et al. Biochemical and Struc-

tural Characterization of Selective Allosteric Inhibitors of the Plasmodium falciparum Drug Target, Pro-

lyl-tRNA-synthetase. ACS Infect Dis. 2017 Jan 13; 3(1):34–44. https://doi.org/10.1021/acsinfecdis.

6b00078 PMID: 27798837

49. Begley DW, Davies DR, Hartley R, Edwards TE, Staker BL, Van Voorhis WC, et al. Fragment Screening

of Infectious Disease Targets in a Structural Genomics Environment. Methods Enzymol. 2011;

493:533–56. https://doi.org/10.1016/B978-0-12-381274-2.00021-2 PMID: 21371605

50. Rice CA, Colon BL, Chen E, Hull MV, Kyle DE. Discovery of repurposing drug candidates for the treat-

ment of diseases caused by pathogenic free-living amoebae. PLoS Negl Trop Dis. 2020 Sep 24; 14(9).

https://doi.org/10.1371/journal.pntd.0008353 PMID: 32970675

51. Hahn HJ, Abagyan R, Podust LM, Roy S, Ali IKM, Debnath A. HMG-CoA Reductase Inhibitors as Drug

Leads against Naegleria fowleri. ACS Chem Neurosci. 2020 Oct 7; 11(19):3089–96. https://doi.org/10.

1021/acschemneuro.0c00428 PMID: 32881478
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