








FIG 2 Effects of ATP, glucose, and pH on NfGlck activity. (A) NfGlck (10 nM) activity in response to
increasing glucose concentrations (2.44 to 312 �M) (A), increasing ATP concentrations (0.04 to 5.0 mM)
(B), and different pH levels (C). Two different buffers with buffering capacity in the range of pH tested

(Continued on next page)
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The structure of NfGlck was refined against diffraction data up to 2.2-Å resolution
(Fig. 4). The structure refines with appropriate quality indicators (Table 1), and NfGlck
crystallizes with one molecule per asymmetric unit. N-terminal residues Met1-Glu22
and C-terminal residues Gly401-Lys443 do not have the sufficient electron density
needed to be modeled, while a consecutive model could be built for residues Pro23-
Leu400. NfGlck consists of two domains, a small �/� domain (residues Pro23-Asn171
and Asn384-Leu400) and a larger �/� domain (His174-Glu382). NfGlck was crystallized
in the presence of adenylyl-imidodiphosphate (AMPPNP) and D-glucose, and both
molecules could be modeled with confidence, even though AMPPNP did not appear to
be fully occupied (81% refined occupancy). While D-glucose is located at the domain
interface, AMPPNP mostly binds to the large domain.

Despite the low sequence identity and high RMSDs, NfGlck and TcGlck have an
identical topology; all secondary structure elements match up well. Notable exceptions
are loops around residues Leu42-Phe47, Pro179-Gln190, and Gly238-247. None of these
loops are involved in ligand binding. NfGlck appears to adopt the same nearly closed
conformation as that described for inhibitor-bound TcGlck structures. The binding
modes and binding environment for both D-glucose and AMPPNP or ADP, respectively,
in NfGlck and TcGlck (2Q2R) are also very well conserved.

(ii) Quarternary structure. NfGlck purifies mostly as a monomer in size exclusion
chromatography; however, at higher concentrations the peak has a distinct higher-
molecular-weight shoulder. NfGlck crystallizes with one molecule in the asymmetric
unit. While the interface of a crystallographic dimer per PISA (12) only comprises 1,970

FIG 2 Legend (Continued)
were used for the assay, Tris-Cl (pH 7 to 8.5) and sodium carbonate (pH 9.0 to 10.5). For pH analysis,
glucose and ATP concentrations were 425 �M and 1.5 mM ATP, respectively. Reactions were carried out
in triplicate, and standard deviations are indicated.

FIG 3 (A) NfGlck (10 nM) activity with various hexoses (5 mM). (B) Impact of phosphoryl-bearing sub-
strates on NfGlck activity. NfGlck activity was measured in the presence of 1.5 mM ATP supplemented
with ADP, PPi, and ATP (all at 5 mM). Assays were carried out in triplicate, and standard deviations are
indicated.
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Å2, its shape complementarity as calculated by SC (13) is high (0.755). Furthermore, the
crystallographic dimer of NfGlck is very similar to the noncrystallographic interface of
TcGlck. We therefore assume that TcGlck is able to form dimers, for instance, at high
concentrations in the crystal lattice.

(iii) Ligand binding. In NfGlck (Fig. 5A), all hetero atoms of glucose form hydrogen
bonds with protein residues or water molecules: O1 forms hydrogen bonds with His231
N�2 and Glu268 O�1/O�2; O2 forms hydrogen bonds with Thr127 O�1, Glu228 N�2, and
His231 N�2; O3 forms hydrogen bonds with Glu228 O�2 and Asn155 N�2; O4 forms
hydrogen bonds with Asp156 O�1 and water 727; O5 forms a hydrogen bond with
water 838; and O6 forms hydrogen bonds with Asp156 O�2 and water 635.

In contrast to a mostly buried glucose, the AMPPNP molecule is partially solvent
accessible, especially the three phosphate groups. The adenine moiety makes a minor
hydrophobic interaction with a small hydrophobic patch formed by the side chains of
Leu276, Ala296, and Ala299. Most hetero atoms of AMPPNP interact with protein
residues or water molecules: N1 and N6 form hydrogen bonds with Asn346 N�2 and
O�1, respectively; N7 forms a hydrogen bond with water 624; O2= forms hydrogen
bonds with waters 620 and 784; O3= forms hydrogen bonds with waters 620 and 730;
O4= forms a hydrogen bond with Asp342 N�2; O1A forms a hydrogen bond with water
650 and O1B with water 613; O2B forms hydrogen bonds with Thr 207 O�1 and N and
with water 635; N3B forms hydrogen bonds with waters 660 and 788; and O1G, O2G,
and O3G form hydrogen bonds with Thr 58 O�1 and N, Thr 207 O�1, and water 660.

In TcGlck (Fig. 5), there is no equivalent to the hydrogen bond of Thr127 with the
1-hydroxyl group of glucose. Similarly, in NfGlck, His231 provides additional hydrogen
bonds with the 1- and 2-hydroxyl groups of glucose. This interaction is not available in
TcGlck, where the equivalent Ser210 does not reach the glucose (Fig. 5A and B). The
amine moiety of a glucosamine substrate would extend toward His231. This might
explain the different specificities of NfGlck and TcGlck for glucosamine as a substrate.
In HsGlck, the glucose binding is a blend of the NfGlck and TcGlck binding mode; there
is no direct replacement for the interaction of His231. However, in HsGlck, Thr168 has
a role similar to that of Thr127 in NfGlck.

Additional TcGlck structures have been described in the presence of several gluco-
samine analogue inhibitors (10) (Fig. 5C, CBZ-GLCN), where the glucose moiety of the
ligand binds identically to glucose. The phenyl moiety of CBZ-GLCN, for instance, has
hydrophobic interactions with residues Met334, Phe337, and Phe339 from the other

FIG 4 Structure of a crystallographic dimer of NfGlck bound to AMPPNP (ANP) and glucose (Glu) is shown
in two color schemes. The left monomer is colored by secondary structure elements. The right monomer
shows the smaller �/� domain (Pro23-Asn171 and Asn384-Leu400) in lavender and the larger �/�
domain (His174-Glu382) in light blue. The glucose molecule is mostly buried, while part of AMPPNP is
solvent accessible.
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chain in the dimer. Despite a variety of aromatic substituents, the orientation of Phe337
and Phe339 remains largely unchanged. In NfGlck, the equivalent residues are Lys334=,
His369=, and Trp370= of the other chain of the crystallographic dimer. Polar nitrogen
atoms of the side chains point toward the site that the aromatic moiety of TcGlck
ligands occupies. These differences in geometry and chemistry suggest a significantly
different binding profile for glucosamine analogue inhibitors for NfGlck and TcGlck and
options for specificity.

(iv) Identification of small-molecule inhibitors of NfGlck. To identify inhibitors of
NfGlck, a subset of known HK inhibitors and related structural analogs were tested
against the N. fowleri glucokinase enzyme. For example, the screening collection
assessed for this effort contained compounds selected from the Pathogen Box chemical
library that were known to inhibit T. brucei hexokinase 1 (TbHK1), other structurally
distinct small-molecule inhibitors identified in our TbHK1-based high-throughput
screening (HTS) campaigns, and analogs subsequently developed from these hits (14).
The advantage of using these compounds included the possibility that they would
inhibit a different (15.2% identical at the amino acid level) parasitic metabolic enzyme
through binding to conserved domains found in both proteins, including substrate

TABLE 1 Crystallography parameters

Crystal parametera Value(s)b

Data collection statistics
Space group I422
Cell dimensions

a, b, c (Å) 202.5, 202.5, 68.8
� � � � � (°) 90.0

Data set
X-ray source Rigaku F-RE�SuperBright
Wavelength (Å) 1.5418
Resolution (Å) 50–2.20 (2.26–2.20)
Rmerge 0.090 (0.572)
I/�(I) 17.95 (3.27)
CC1/2 99.0 (86.8)
Completeness (%) 99.6 (99.7)
No. of reflections overall 258,457 (13,992)
No. of reflections, unique 36,362 (2,642)
Multiplicity 7.1 (5.3)

Refinement statistics
Reflections used in refinement (test set) 36,357 (2,015)
Rwork 0.1539
Rfree 0.1872
RMSD

Bond length (Å) 0.007
Bond angle (°) 0.822

Ramachandran plot
Favored (%) 97.61
Allowed (%) 2.39
Outliers (no.) 0

No. of:
Protein chains 1
Protein residues 374
Solvent molecules 357
Ligand molecules 2

Wilson B factor (Å2) 27.1
Avg B factors, all/main chain/solvent (Å2) 35.6/31.0/44.6
Molprobity clash score 1.46
Molprobity score 1.03
PDB entry 6DA0

aRmerge 	 �
hkl

n

i	1|Ii�hkl� � Iav�hkl�|�⁄
hkl

n

i	1Ii�hkl�, Rwork 	 
hkl|Fobs�hkl� � Fcalc�hkl�|⁄
hklFobs�hkl�,
CC1⁄2 	 ��

2⁄��
2  ��

2 	 ��
2 � 1⁄2��

2⁄��
2  1⁄2��

2 (where ��
2 is the variance of average intensities of unique

reflections of a resolution shell and ��
2 is the average of all sample variances of the averaged intensities

across all unique reflections), and Rfree 	 
hkl|Fobs�hkl� � Fcalc�hkl�|⁄
hklFobs�hkl�, using a test set of 2,015
reflections, 5.5% of the data.

bValues in parentheses are for the highest-resolution shell.
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binding domains. Additionally, our past experiences with validating these compounds
indicated (i) that these agents did not interfere with the coupled enzyme used in the
screen and (ii) that the compounds were generally nontoxic to mammalian cells
(compounds were from Medicines for Malaria Venture [MMV]) (14).

NfGlck was inhibited by two structurally related bis-guanadinyl compounds from the
Pathogen Box collection, MMV688179 and MMV688271, which had antiparasitic activity
against African trypanosomes (15). Interestingly, MMV688179 yielded a 50% inhibitory

FIG 5 Nucleotide and glucose binding sites of various Glcks. (A) In NfGlck, AMPPNP (ANP) and glucose
(Glu) are bound with a strong hydrogen bond network, including hydrogen bonds from the 1- and
2-hydroxyl groups to His231. AMPPNP and glucose are shown in sticks, while residues and water
molecules interacting with the ligands are shown in thick bonds. Residues Lys367=, His369=, and Trp370
are from the other molecule in the crystallographic dimer. (B) In TcGlck, ADP and glucose are bound with
a very similar hydrogen bond pattern. Ser210 replaces His231 and cannot engage in a hydrogen bond
with glucose. Residues Met334=, Phe337=, and Phe339= are located in the other chain of the dimer. (C)
TcGlck bound to several glucosamine ligands (BENZ-GLCN, green, PDB entry 5BRD; CBZ-GLCN, gold, PDB
entry 5BRE; HPOP-GLCN, orange, PDB entry 5BRF; BDT-GLCN, brown, PDB entry 5BRH), the amine moiety
is part of the space that the His231 side chain of NfGlck occupies.

Structure and Inhibition of the N. fowleri Glucokinase Antimicrobial Agents and Chemotherapy

May 2019 Volume 63 Issue 5 e02410-18 aac.asm.org 9

 on D
ecem

ber 1, 2020 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://www.rcsb.org/pdb/explore/explore.do?structureId=5BRD
http://www.rcsb.org/pdb/explore/explore.do?structureId=5BRE
http://www.rcsb.org/pdb/explore/explore.do?structureId=5BRF
http://www.rcsb.org/pdb/explore/explore.do?structureId=5BRH
https://aac.asm.org
http://aac.asm.org/


concentration (IC50) value of 2.02 � 0.31 �M against NfGlck and was similarly active
against TbHK1 and Plasmodium falciparum hexokinase (PfHK), with IC50 values of
2.90 � 1.13 and 0.78 � 0.17 �M, respectively. This compound, which was a mixed
inhibitor with respect to ATP, did not inhibit HsGlck at 10 �M (Table 2). Comparatively,
the related compound MMV688271 was a mixed inhibitor with respect to ATP and
showed modestly more potent inhibition of parasite enzymes, with IC50 values at least
2-fold better than that for MMV688179. However, the two compounds differed in that
MMV688271 was less selective, inhibiting HsGlck with an IC50 value of 2.58 � 0.53 �M,
a value similar to those found for parasite enzyme inhibition. Neither Pathogen Box
compound was toxic to Naegleria at 10 �M, but given their IC50 values, this was not
surprising (data not shown).

From the TbHK1 HTS, two distinct scaffolds were identified and pursued for analog
development against TbHK1. Ebselen (SID856002) and the structurally similar isoben-
zothiazolinone (SID17387000) were identified as potent inhibitors of the trypanosome
enzyme and are active against the Plasmodium HK (16). Of the two agents, only ebselen
showed inhibition of NfGlck, with an IC50 of 0.88 �M, a notably higher concentration
than that required to inhibit the other parasite HKs (Table 2). The second scaffold, a
benzamidobenzoic acid-based inhibitor of TbHK1 (14), was developed through
structure-activity relationship (SAR) optimization against the trypanosome to yield
ML205, a potent inhibitor of TbHK1 (17). While this particular compound was not active
against the Naegleria enzyme (IC50, 	10 �M), evaluation of related analogs revealed
some promising activity.

Analogs of ML205 tested in this work included compounds featuring substitution of
the bromine atom on the benzoic acid core. One of the best modifications found for
inhibition of TbHK1 involved exchange of the bromine atom of ML205 with a phenyl
ring to afford SID144241590 with a TbHK1 IC50 value of 0.28 �M; however, this analog
showed no significant inhibition of NfGlck. Likewise, bromine replacement with a
cyclopropyl group (SID162211071), a 3-pyridyl moiety (SID162211077), or monofluori-
nated phenyl groups (SID162211078 and SID162211083) did not generate analogs that
inhibited NfGlck, despite showing submicromolar activity in some cases against TbHK1.

While monofluorination of the phenyl appendage did not impact NfGlck, incor-
poration of chlorinated phenyl rings was advantageous against this enzyme. The
analog bearing a 3-chlorophenyl group (SID162211084) gave moderate NfGlck
inhibition (IC50 of 6.5 �M), the 3-chloro-4-fluorophenyl analog (SID162211073)
trended towards marginally better potency, and the 3,4-dichlorophenyl derivative
(SID162211080) showed the most improved potency against NfGlck, with an IC50 of
2.9 �M. Alternative phenyl ring substitutions, which included hydroxylation, methyl,
or methoxy groups, did not afford analogs with appreciable inhibition of NfGlck,
although several of these did demonstrate reasonable inhibition of TbHK1. Other
analogs that inhibited NfGlck with potency better than 10 �M featured a
4-trifluoromethylphenyl or 4-trifluoromethoxyphenyl group (SID162211070 and
SID162211074, respectively) or a 3-nitrophenyl group (SID162211082). Relative to that
of ML205, the data suggest that elaborate phenyl rings in place of the bromine atom
help to refine potency against NfGlck, and the specific substitution patterns that are
favored are a result of a combination of spatial and electron-withdrawing effects.
Further, this effort revealed that the structural elements that improve NfGlck inhibition
appear to differ from those driving TbHK1 inhibition for this particular structural series
as it relates to changes in this region of the scaffold. For instance, analogs with
electron-donating substituents on the phenyl ring registered with some TbHK1 inhibi-
tion but did not do the same for NfGlck. Alternatively, analogs with more electron-
deficient phenyl rings appended to the core favored NfGlck inhibition and not TbHK1.

DISCUSSION

As a thermophilic free-living amoeba, N. fowleri is found worldwide in or nearby
warm freshwater. In the freshwater habitat, free glucose in the water column is likely
limited, raising the possibility that NfGlck has only a limited role in parasite metabolism
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TABLE 2 Small molecule inhibitors of NfGlck

Entry Sample ID Structure

IC50
c (�M)

NfGlck TbHK1 PfHK HsGlck

1 MMV688179 2.0 � 0.31 2.9 � 1.1 0.78 � 0.17 	10

2 MMV688271 0.70 � 0.09 1.3 � 0.43 0.16 � 0.06 2.6 � 0.53

3 SID856002 (ebselen) 0.88 � 0.06 0.05 � 0.03a 0.01 � 0.00 b NDd

4 SID17387000 (ebsulfur) 	10 2.0 � 0.5a 0.23 � 0.03b ND

5 SID144241589 (ML205) 	10 0.98 � 0.07e 	10 	10

6 SID162211071 	10 6.7 � 0.38 ND 	10

7 SID162211077 	10 	10 ND 	10

8 SID144241590 	10 0.28 � 0.00 	10 	10

9 SID162211078 	10 	10 ND 	10

10 SID162211083 	10 6.7 � 1.0 ND 	10

11 SID162211084 6.5 � 0.61 	10 ND 	10

12 SID162211073 5.9 � 0.26 	10 ND 	10

13 SID162211080 2.9 � 0.32 	10 ND 	10

14 SID162211075 	10 3.9 � 0.65 ND ND

15 SID162211076 	10 9.3 � 0.55 ND 	10

(Continued on next page)
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in this environment. However, the amoeboid trophozoite feeds on a variety of prey in
the water, including bacteria, fungi, and other protists, which may generate substrates
for NfGlck. The sediment at the bottom of freshwater sources is different, with free
sugars, including glucose (1.1 mg/g dry weight), characterized in lake sediment samples
(18, 19). Carbohydrates have also been characterized from lake surface mud samples,
with glucose found at 13 to 191 mg/kg dry weight (20). These findings suggest that
NfGlck plays a role in metabolism of nutrients acquired from the environment through
either predation or directly from the sediment.

What role could NfGlck play during human infection? The process is usually initiated
following forceful introduction of water contaminated with trophozoites into the nasal
cavity. The presence of the trophozoites induces the host to secrete mucus, a response
that serves as a barrier to invasion of the nearby tissue (21). The mucus contains an
abundance of glycoproteins (including mucins), which compose the majority of its dry
weight (22). To overcome this obstacle, the parasites release enzymes, including
glycosidases, that degrade the mucin glycan components, potentially liberating sub-
strates for NfGlck while aiding the parasite in accessing underlying tissue for ultimate
invasion of the brain (23).

Degradation of host tissues during invasion provides access to glucose and glucose-

TABLE 2 (Continued)

Entry Sample ID Structure

IC50
c (�M)

NfGlck TbHK1 PfHK HsGlck

16 SID162211079 	10 3.1 � 0.17 ND 	10

17 SID162211085 	10 1.2 � 0.1 ND 	10

18 SID162211086 	10 	10 ND 	10

19 SID162211072 	10 3.5 � 0.33 ND 	10

20 SID162211070 6.0 � 0.20 	10 ND 	10

21 SID162211074 5.0 � 0.26 	10 ND 	10

22 SID162211081 	10 	10 ND ND

23 SID162211082 9.3 � 0.74 	10 ND 	10

aData from reference 14.
bData from reference 16.
cND, not determined.
d97.8 � 0.1% inhibition at 10 �M. Data from reference 14.
eData from reference 17.
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bearing host macromolecules. As the parasite attacks the host cribriform plate, glucose
availability is presumably enhanced once sufficient tissue damage has occurred to
allow access to host blood, which has glucose levels that are maintained at �5 mM. The
brain infection that follows exposes the parasite to lower (though still abundant)
glucose concentrations, and the presence of parasites has been implicated in reducing
the overall CSF glucose levels (5).

Whether NfGlck plays a central role in glucose catabolism in the diverse environ-
ments in which the parasite can reside, particularly the human brain, remains to be
determined. However, because the enzyme also provides substrate to the pentose
phosphate pathway (PPP) for the generation of sugar nucleotides, the activity is likely
indispensable, a possibility that awaits the development of suitable molecular tools for
genetic ablation of the enzyme activity in vivo. Nevertheless, the position of the enzyme
at the head of glycolysis and the PPP suggests that interfering with its activity will yield
potent antiparasitic compounds, and the differences in sequence and structure of
NfGlck and HsGlck suggest inhibitor specificity can be established. Here, we have
identified a number of enzyme inhibitors, but none that we tested impaired parasite
growth at the levels tested (typically 10 �M). This may be for various reasons, including
abundant substrate competitor molecules in the cytoplasm and insufficient access to
the target in the cell. It is likely that much more potent inhibitors are required to see
inhibition of parasite growth. Notably, however, the inhibitor ebselen (IC50 value of
0.88 �M) has been shown by others to be toxic to N. fowleri, with an EC50 value of
6.2 �M (24). It remains to be resolved if the toxicity is due to inhibition of the NfGlck or
is the consequence of the known promiscuity of the reagent.

The NfGlck structure is highly similar to that of TcGlck. The T. cruzi enzyme was
noted for having a structure consistent with that described for E. coli glucokinase
(EcGlck), a group A Glck, which is a member of the group A ribokinase enzymes (10).
Like other group A enzymes, NfGlck was limited to using ATP as a phosphoryl donor.
However, kinetic differences between NfGlck and TcGlck raise the possibility that the
Naegleria enzyme is an atypical group A member. This is primarily based on the
observation that NfGlck, which can use glucose, glucosamine, or fructose as a substrate,
lacks the glucose-limited substrate specificity that is a hallmark of group A enzymes.
NfGlck and TcGlck also have distinct kinetic properties (7). NfGlck has an affinity for
glucose that is �23-fold higher than that of TcGlck, perhaps explained by the additional
hydrogen bonds provided by NfGlck His231 with the 1- and 2-hydroxyl groups of
glucose, which are not present in TcGlck, where the equivalent residue is a Ser (Fig. 5A
and B). Additionally, ADP inhibited NfGlck at much lower concentrations than those
required for TcGlck inhibition (7).

The finding that NfGlck requires ATP for activity seems at odds with the presence of
an N. fowleri PFK that is PPi dependent (4). Other pathogenic protists, like the anaerobes
Entamoeba histolytica and Trichomonas vaginalis, have PPi-dependent glycolytic en-
zymes (4, 25), presumably because the alternative phosphoryl group donor allows
optimized ATP production under energy-limiting conditions. The metabolic flexibility
noted in Naegleria gruberi supports the notion that N. fowleri has a PPi-dependent PFK
in order to support anaerobic fermentation (26). N. fowleri would likely encounter
oxygen-poor environments, particularly when lake sediments are at higher tempera-
tures during summer months. Alternatively, it is possible that an ATP-dependent PFK
exists and has not yet been detected. It is known, for example, that some organisms
can express either an ATP-dependent or PPi-dependent PFK in response to the
types of environmental carbon sources available (27). Lastly, in some organisms a
PPi-dependent PFK has been postulated to function as both a PFK in glycolysis and a
fructose-bisphosphatase in gluconeogenesis (28). This is possible because thermody-
namically (and under physiological conditions) PPi can be either consumed or regen-
erated. A similar role for the N. fowleri PPi-dependent PFK is unlikely, as parasites do not
grow in the absence of glucose (Fig. 1). This suggests that any G6P generated by the
PPi-dependent PFK is insufficient to meet the metabolic demands of the parasite and
supports the notion that NfGlck is essential.
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MATERIALS AND METHODS
Chemicals and reagents. Glucose-6-phosphate dehydrogenase, �-NADP (NADP�), and phosphoe-

nol pyruvate (PEP) were purchased from Alfa Aesar (Haverhill, MA). �-NAD (NADH), ATP, and dimethyl
sulfoxide (DMSO) were from Fisher Scientific (Pittsburgh, PA), while 2-phenyl-1,2-benzisoselenazol-
3(2H)-one (ebselen, [Eb]; PubChem SID856002) and glucosamine hydrochloride were obtained
from VWR International (West Chester, PA). MMV688179 (2-[3-chloro-4-[5-[2-chloro-4-(diamino-
methylideneamino)phenyl]furan-2-yl]phenyl]guanidine and MMV688271 (2-[2-chloro-4-[5-[3-chloro-
4-(diaminomethylideneamino)phenyl]furan-2-yl]phenyl]guanidine) were provided by Medicines for
Malaria Venture (Switzerland). The benzamidobenzoic acid-derived compounds (Table 1, entries 5 to
23) were provided by Jennifer E. Golden at the University of Wisconsin–Madison with 	95% purity
as determined by UV-mass spectrometry. See supporting information for synthetic details and
characterization in Data File S1 in the supplemental material.

Growth inhibition assay. N. fowleri (ATCC 30215) trophozoites were cultured axenically at 37°C in
Nelson’s complete medium (NCM; 0.17% liver infusion broth [BD Difco, Franklin Lakes, NJ], 0.17% glucose,
0.012% sodium chloride, 0.0136% potassium phosphate monobasic, 0.0142% sodium phosphate dibasic,
0.0004% calcium chloride, 0.0002% magnesium sulfate, 10% heat-inactivated fetal bovine serum [FBS],
1% penicillin-streptomycin) in tissue culture-treated flasks (353135; Corning). Trophozoties were seeded
at 2 � 106 cells/ml in 10 ml of NCM or NCM lacking glucose, and cultures were imaged daily on an EVOS
imaging system (Thermo Fisher Scientific, Waltham, MA).

Recombinant NfGlck purification. The open reading frame NF0035880 for the N. fowleri glucokinase
(NfGlck) (http://amoebadb.org/amoeba/app/record/gene/NF0035880) was synthesized for codon opti-
mization (Genescript, Piscataway, NJ), sequenced, and cloned into pQE-30 (Qiagen, Valencia, CA).
Recombinant NfGlck, an �49-kDa protein, was purified by following a protocol developed for heterol-
ogous expression and purification of an HK from the African trypanosome. Briefly, an 8-ml bacterial
culture of E. coli M15(pREP4) harboring pQE30-NfGlck was used to inoculate a 4-liter culture, which was
grown to an optical density at 600 nm (OD600) of �0.6 and then induced for 24 h at room temperature
with 500 �M isopropyl �-D-1-thiogalactopyranoside (IPTG) and purified using an approach modified from
reference 29. After nickel column isolation (HisTrap FF; GE Healthcare Life Sciences, Pittsburgh, PA), active
fractions were dialyzed into 20 mM Tris-HCl, pH 8, 50 mM NaCl and further purified by anion-exchange
chromatography on a HiTrap Q XL (GE Healthcare Life Sciences, Pittsburgh, PA). The purified protein was
stored in 25 mM HEPES-Na, pH 7.4, 150 mM NaCl, and 50% glycerol. Protein concentration was deter-
mined by Bradford assay using bovine serum albumin to generate a standard curve.

Glucokinase assay. Enzyme was assayed in triplicate using a coupled reaction to measure enzyme
activity. Briefly, enzyme (10 nM) in assay buffer (50 mM triethylamine hydrochloride [TEA-HCl], 3.3 mM
MgCl2, pH 7.4) was added to clear 96-well plates and incubated for 15 min at room temperature. To start
the reaction, 100 �l of substrate buffer (425 �M glucose, 1.5 mM ATP, 1 U/ml glucose-6-phosphate
dehydrogenase, and 0.75 mM NADP�) was added to each well. The absorbance at 340 nm was then
measured on a Biotek Synergy H1 microplate reader every 15 s for 2 min. Alternatively, enzyme activity
was measured in a coupled reaction mixture containing pyruvate kinase and lactate dehydrogenase.
Briefly, the 200-�l reaction mixture was placed in 96-well plates with NfGlck (10 nM) incubated in reaction
buffer containing 50 mM TEA-HCl, pH 7.4, 3.3 mM MgCl2, 20 mM hexose, 2 mM ATP, 2.5 mM PEP, 0.6 mM
NADH, and 1 �l pyruvate kinase-lactate dehydrogenase (Sigma, St. Louis, MO). This reaction measures the
production of ADP through the coincident change in absorbance at 340 nm. Kinetic analyses were
performed using KaleidaGraph 4.1 (Synergy Software, Reading, PA).

Expression and purification of NfGlck for crystallography. The gene for NfGlck (AmoebaDB
NF0035880) was amplified from N. fowleri RNA (the generous gift of Dennis Kyle, University of Georgia)
and cloned into the expression vector pBG1861 using ligand-independent cloning (30). Expression
from the vector yields a noncleavable 8-amino-acid tag (MAHHHHHH) immediately upstream of the
start methionine of the gene (SSGCID target identifier [ID] NafoA.19900.a, SSGCID construct ID
NafoA.19900.a.B11, and SSGCID batch NafoA.19900.a.B11.PW38443). NfGlck was expressed in E. coli
Rosetta BL21(DE3)R3 by following standard SSGCID protocols as described previously (31). Purification
was done using nickel-nitrilotriacetic acid affinity and size exclusion chromatography by following
standard SSGCID protocols (32). The purified protein was concentrated to 13.78 mg/ml in its final buffer
(25 mM HEPES, pH 7.0, 500 mM NaCl, 5% glycerol, 2 mM dithiothreitol, 0.025% NaN3), flash frozen in
liquid nitrogen, and stored at �80°C.

Crystallization, data collection, and structure solution. Crystallization set ups were performed
using the apo protein and with the addition of 2 mM (each) MgCl2, adenylyl-imidodiphosphate
(AMPPNP), and D-glucose and NfGlck at 13.78 mg/ml in 96-well XJR crystallization trays (Rigaku Reagents)
with 0.4 �l protein mixed with a 0.4-�l reservoir, equilibrating against 80 �l reservoir solution. Crystal-
lization conditions were searched for by using sparse matrix screens JCSG� (Rigaku Reagents), MCSG1
(Microlytic/Anatrace), and Morpheus (Molecular Dimensions). Crystallization trays were incubated at
285 K. Several crystals were observed in the ligand trays, while no crystals grew in the apo trays.

Crystals from Morpheus condition C8 (12.5%, wt/vol, polyethylene glycol [PEG] 1000, 12.5%, wt/vol,
PEG 3350, 12.5%, vol/vol, 2-methyl-2,4,-pentanediol, 30 mM each sodium nitrate, disodium hydrogen
phosphate, ammonium sulfate, 100 mM morpholinepropanesulfonic acid-HEPES-Na, pH 7.5) were har-
vested and vitrified without adding additional cryoprotectant by plunging the crystals in liquid nitrogen.
A diffraction data set was collected in house on a Rigaku FR-E� SuperBright rotating anode equipped
with Rigaku VariMax optics and a Saturn 944� detector, using CuK� X-rays. The diffraction data were
reduced with the XDS package (33) and are summarized in Table 1.
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The structure was solved using the program MorDa (11) from the CCP4 package (34). The initial
model was refined and extended using the phenix.ligand_pipeline script within Phenix (35). Manual
model building was done with Coot (36), and the structure was refined in reciprocal space with
Phenix.refine (35). Ligand restraints for AMPPNP and �-D-glucose were generated using the Grade web
server (http://grade.globalphasing.org). The structure was validated using the built-in validation tools
within Phenix.

Data availability. The coordinates and structure factors were deposited in the PDB under accession
code 6DA0.
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