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ABSTRACT: The X-ray crystal structure of an arginase-like protein from the parasitic
protozoan Trypanosoma brucei, designated TbARG, is reported at 1.80 and 2.38 Å
resolution in its reduced and oxidized forms, respectively. The oxidized form of
TbARG is a disulfide-linked hexamer that retains the overall architecture of a dimer of
trimers in the reduced form. Intriguingly, TbARG does not contain metal ions in its
putative active site, and amino acid sequence comparisons indicate that all but one of
the residues required for coordination to the catalytically obligatory binuclear
manganese cluster in other arginases are substituted here with residues incapable of
metal ion coordination. Therefore, the structure of TbARG is the first of a member of
the arginase/deacetylase superfamily that is not a metalloprotein. Although we show
that metal binding activity is easily reconstituted in TbARG by site-directed
mutagenesis and confirmed in X-ray crystal structures, it is curious that this protein
and its parasitic orthologues evolved away from metal binding function. Knockout of
the TbARG gene from the genome demonstrated that its function is not essential to
cultured bloodstream-form T. brucei, and metabolomics analysis confirmed that the enzyme has no role in the conversion of L-
arginine to L-ornithine in these cells. While the molecular function of TbARG remains enigmatic, the fact that the T. brucei
genome encodes only this protein and not a functional arginase indicates that the parasite must import L-ornithine from its host
to provide a source of substrate for ornithine decarboxylase in the polyamine biosynthetic pathway, an active target for the
development of antiparasitic drugs.

Human African trypanosomiasis is a neglected tropical
disease caused by Trypanosoma brucei, parasitic protozoa

transmitted by the tsetse fly.1,2 In humans, this disease is more
commonly known as sleeping sickness, and in livestock, it is
known as nagana.2,3 Early-stage infection involves parasitic
infestation of the hemolymphatic system and in humans
presents with nonlethal symptoms, such as chronic intermittent
fever and headache. Late-stage infection begins as the parasite
crosses the blood−brain barrier, giving rise to neurological and
psychiatric dysfunction, including sleep disorders.2 If left
untreated, late-stage infection is almost always lethal.
The incidence of human trypanosomiasis has diminished in

recent years, and the World Health Organization has set a
target date of 2030 to eliminate the disease as caused by the
subspecies Trypanosoma brucei gambiense. However, there is a
dearth of effective drugs for the treatment of early- and late-
stage infections.4,5 Current first-line treatment depends on
eflornithine (D,L-α-difluoromethylornithine) therapy, particu-
larly in combination with nifurtimox.5,6 Eflornithine is a
mechanism-based inhibitor of ornithine decarboxylase, which
catalyzes a key step in the biosynthesis of polyamines that
facilitate growth and proliferation of the parasite.7−10 Possibly,

other enzymes of polyamine biosynthesis could also serve as
drug targets for the treatment of parasitic infections.11,12 For
example, the manganese metalloenzyme arginase catalyzes the
hydrolysis of L-arginine to form L-ornithine and urea.13−15 In
the related parasite Leishmania mexicana, knockout mutants
confirm that arginase is required for parasite viability,16 so the
inhibition of arginase is a validated strategy in the search for
new antiparasitic agents.
Interestingly, T. brucei contains a single gene, Tb927.8.2020,

that encodes an arginase-like protein, henceforth designated
TbARG; this gene is syntenic with a gene in Leishmania that is
present in addition to the verified arginase.16 The amino acid
sequence of TbARG is only 24% identical with that of rat
arginase I, and even less identical to those of arginases from
other organisms, but this minimal level of sequence identity is
sufficiently high to suggest a homologous three-dimensional
structure. Strikingly, however, analysis of the amino acid
sequence suggests that TbARG lacks all but one of the ligands
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that coordinate to the catalytically obligatory Mn2+ ions found
in the arginases. Accordingly, TbARG may not be a
metalloprotein. There is precedent for the evolution of
alternative metal binding function in the arginase fold; this
fold is also adopted by metal-dependent deacetylases such as
polyamine deacetylase or the histone deacetylases, which utilize
a single Zn2+ ion for catalysis.17 However, there is no precedent
for the complete loss of metal binding function in the arginase
fold.
Here, we report the X-ray crystal structure determination of

TbARG, conclusively demonstrating that this protein adopts
the arginase fold. We also show that TbARG is the first
arginase-like protein that lacks the capacity for binding metal
ions in its active site. However, we can restore metal ion
binding by reintroducing metal ligands into the active site
through site-directed mutagenesis. Removal of the protein from
bloodstream-form trypanosomes by gene knockout reveals it to
be nonessential, and no changes in L-arginine or L-ornithine
levels are detected in knockout cells. Finally, we have screened
wild-type TbARG for ligand binding activity against a library of
small molecules, and we find a slight preference for the binding
of cationic amino acids such as lysine. Even so, the molecular
function of this protein remains an enigma.

■ MATERIALS AND METHODS
Materials. Tris(2-carboxyethyl)phosphine hydrochloride

(98%, TCEP) was purchased from Gold Biotechnology. A
50% (w/v) polyethylene glycol (PEG) 3350 solution, 50%
Jeffamine ED-2001, and a 100% Tacsimate solution (pH 7.0)
were purchased from Hampton Research. All the peptides used
in this study were purchased from Bachem. All other chemicals
were purchased from either Fisher Scientific or Sigma-Aldrich.
Expression and Purification of TbARG. The pET-28a

plasmid encoding wild-type TbARG (UniprotKB entry
Q581Y0, gene name Tb927.8.2020) with a 20-residue N-
terminal His6 tag and a thrombin cleavage site was transformed
into Escherichia coli BL21(DE3) and B834(DE3) cells
(Novagen Inc.). Native TbARG was overexpressed in E. coli
BL21(DE3) grown in lysogeny broth (LB) media supple-
mented with 50 mg/L kanamycin. Expression was induced by 1
mM isopropyl β-D-1-thiogalactopyranoside (Carbosynth) for
16 h at 22 °C until the OD600 reached 0.6−0.7. Cells were
harvested by centrifugation at 5000g for 10 min. The cell pellet
was suspended in 50 mL of buffer A [50 mM K2HPO4 (pH
8.0), 300 mM NaCl, and 10% (v/v) glycerol]. Cells were lysed
by sonication on ice using a Sonifer 450 (Branson), and the cell
lysate was further incubated with 5 μg/mL DNase I (Sigma)
and 6 μg/mL RNase A (Roche Applied Science) at 4 °C for 30
min. Cellular debris was removed by centrifugation at 15000
rpm for 1 h. The clarified supernatant was applied to a Talon
column (Clontech Laboratories, Mountain View, CA) pre-
equilibrated with buffer A. TbARG was purified with a 200 mL
gradient from 10 to 300 mM imidazole. Pooled fractions were
dialyzed into buffer B [15 mM K2HPO4 (pH 7.5), 2 mM β-
mercaptoethanol (BME), and 100 μM MnCl2] and sub-
sequently loaded onto a 10 mL Q-HP anion exchange column
(GE Healthcare). Protein was eluted with a 500 mL gradient
from 0 to 800 mM NaCl. The estimated purity of protein
samples was greater than 95% based on sodium dodecyl
sulfate−polyacrylamide gel electrophoresis. Fractions contain-
ing TbARG were combined and concentrated using Amicon
ultra filter units (Millipore) with a 10 kDa molecular weight
cutoff followed by exchange into buffer C [50 mM bicine (pH

8.5), 100 μM MnCl2, and 1 mM TCEP] using a Superdex 200
preparative grade 26/60 size exclusion column (GE Health-
care). Mutants were expressed and purified using a procedure
similar to that employed for wild-type TbARG, except that
minimal medium [1× M9 salts, 0.5% casamino acids, 20 mM D-
(+)-glucose, 2 mM MgSO4, and 100 μM CaCl2] supplemented
with 200 μM MnCl2 was used to prevent metal contamination,
and the induction temperature was lowered to 16 °C.
Selenomethionine-derivatized (Se-Met) TbARG was overex-

pressed in E. coli B834(DE3) cells grown in Seleno-Met
Medium Base (AthenaES) supplemented with SelenoMet
Nutrient Mix (AthenaES) and 40 mg L−1 seleno-L-methionine
(Acros). The expression and purification of Se-Met TbARG
were performed using a procedure essentially identical to that
used for wild-type TbARG, except that 2 mM TCEP was
included in buffer A and buffer C and 5 mM BME was included
in buffer B.

Mutagenesis. To re-engineer metal binding sites in
TbARG, selected active site residues were mutated to
reintroduce the Mn2+A site and the Mn2+B site separately, as
well as both sites simultaneously. Five mutants were generated
using the QuikChange method (Stratagene) and verified by
DNA sequencing. Primers are listed in Table S1 of the
Supporting Information. Briefly, mutants MA1 (S149D/
S153D) and MA2 (S149D/S153D/G124H/Y267A) were
prepared to reintroduce the Mn2+A site; mutant MB (S149D/
R151H/S226D) was prepared to reintroduce the Mn2+B site,
and mutants MA1B (S149D/S153D/R151H/S226D) and
MA2B (S149D/S153D/G124H/Y267A/R151H/S226D) were
prepared to mimic both sites simultaneously.

Crystallography. Crystals of TbARG and its mutants were
prepared by the sitting-drop vapor diffusion method at 21 °C.
For wild-type TbARG in its oxidized form (space group H32),
a 0.4 μL drop of protein solution [20 mg/mL TbARG, 50 mM
bicine (pH 8.5), 100 μM MnCl2, and 1 mM TCEP] was mixed
with a 0.4 μL drop of precipitant solution [2% (v/v) tacsimate
(pH 7.0), 5% (v/v) 2-propanol, 0.1 M imidazole (pH 7.0), and
8% PEG 3350] and equilibrated against a 80 μL reservoir of
precipitant solution. For wild-type TbARG in its reduced form
(space group P3), a 0.4 μL drop of protein solution [20 mg/mL
TbARG, 50 mM bicine (pH 8.5), 100 μM MnCl2, and 10 mM
TCEP] was mixed with a 0.4 μL drop of precipitant solution
[0.1 M HEPES (pH 7.5) and 18% PEG 3350]. For TbARG
mutant MB, a 0.4 μL drop of protein solution [20 mg/mL
TbARG mutant MB, 50 mM bicine (pH 8.5), 100 μM MnCl2,
and 1 mM TCEP] was mixed with a 0.4 μL drop of precipitant
solution [20% (v/v) Jeffamine ED-2001 and 0.1 M imidazole
(pH 7.0)]. For TbARG mutant MA1, a 0.4 μL drop of protein
solution [20 mg/mL TbARG mutant MA1, 50 mM bicine (pH
8.5), 200 μM NiCl2, and 1 mM TCEP] was mixed with a 0.4
μL drop of precipitant solution [0.2 M KF and 20% (v/v) PEG
3350]. For TbARG mutant MA1B, a 0.4 μL drop of protein
solution [20 mg/mL TbARG mutant MA1B, 50 mM bicine
(pH 8.5), 200 μM NiCl2, 100 μM MnCl2, and 1 mM TCEP]
was mixed with a 0.4 μL drop of precipitant solution [0.2 M
KNO3 and 20% (v/v) PEG 3350]. For Se-Met TbARG, a 5 μL
drop of protein solution [20 mg/mL protein, 50 mM bicine
(pH 8.5), 100 μM MnCl2, and 1 mM TCEP] was mixed with a
5 μL drop of precipitant solution [0.1 M HEPES (pH 7.0), 5%
2-methyl-2,4-pentanediol, and 10% PEG 3350] and equili-
brated against a 500 μL reservoir of precipitant solution.
Crystals appeared after 2−3 days and were flash-cooled after

being transferred to a cryoprotectant solution consisting of the
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reservoir solution and 20% (v/v) glycerol, with the exception
that the crystal of wild-type TbARG in space group P3 was
cryoprotected with reservoir solution, 25% (v/v) 2-methyl-2,4-
pentanediol, and 25% PEG 400. Diffraction data were collected
on beamline X29 at the National Synchrotron Light Source
(NSLS, Brookhaven National Laboratory, Upton, NY). Crystals
of native TbARG diffracted X-rays to 2.4 Å resolution and
belonged to space group H32 with one monomer per
asymmetric unit (Matthews coefficient VM = 2.49 Å3/Da;
solvent content = 51%). Attempts to phase the initial electron
density map by molecular replacement using known structures
of arginase/deacetylase family proteins were unsuccessful. For
experimental phasing, single-wavelength anomalous dispersion
(SAD) data were collected from a single crystal of Se-Met
TbARG at the peak wavelength of 0.9788 Å (as determined by
an X-ray fluorescence scan). The Se-Met TbARG crystal
diffracted X-rays to 2.6 Å resolution and belonged to space
group P321. With two monomers in the asymmetric unit, the
Matthews coefficient VM = 3.22 Å3/Da, corresponding to a
solvent content of 62%. Diffraction data were integrated and
scaled with HKL2000.18 Data collection and reduction statistics
are listed in Table 1.
The structure of Se-Met TbARG was determined by SAD

with data truncated to 3.2 Å resolution. Initially, 21 selenium
sites in the asymmetric unit were located using HKL2MAP.19

Two additional sites were located by using PHENIX AutoSol.20

A Bijvoet difference Fourier map showing the positions of
selenium atoms in monomer A is found in Figure S1 of the
Supporting Information. Initial experimental phases were
improved by noncrystallographic symmetry averaging and
solvent flattening using RESOLVE (PHENIX),20 and phases
were extended to 2.7 Å resolution. Automatic model building
performed by phenix.autobuild successfully fit 70% of the
protein residues. Iterative cycles of refinement and manual
model building against 2.55 Å resolution data were performed
using phenix.refine20 and Coot.21

The structures of wild-type TbARG were determined by
molecular replacement using the coordinates of Se-Met
TbARG as a search probe for rotation and translation function
calculations with PHASER22 implemented in the CCP4 suite.23

The structures of mutant MA1, mutant MA1B, and mutant B
were similarly determined by molecular replacement using the
coordinates of wild-type TbARG as a search probe. Solvent
molecules and ligands were added in the final stages of
refinement for each structure. The degree of crystal twinning
was assessed using routines implemented in PHENIX
(phenix.xtriage);24,25 only wild-type TbARG in the P3 crystal
form exhibited nearly perfect twinning. Structure factor
amplitudes were detwinned computationally using the
structure-based algorithm of Redinbo and Yeates26,27 for the
calculation of electron density maps, and twinned structure
factor amplitudes were utilized for refinement after the twin law
was applied, similar to our approach first outlined for inhibitor
complexes with rat and human arginases.28,29

Disordered segments not included in the final models are as
follows: Se-Met TbARG, M316−H331 in monomer A and
E307−H331 in monomer B; wild-type TbARG (H32 crystal
form), E71, T72, and E312−H331; wild-type TbARG (P3
crystal form), H200−R211 and A299−H331; mutant MB,
H305−H331 in monomer A and E71−V73, A88, A89, and
H305−H331 in monomer B; mutant MA1, T306−H331 in
monomer A, E71, T72, and E307−H331 in monomer B, and
E307−H331 in monomer C; mutant MA1B, E307−H331 in

monomer A, E71, T72, and E307−H331 in monomer B, and
E87−G90 and H305−H331 in monomer C. The quality of
each final model was verified with PROCHECK.30 Surface area
calculations were performed with PISA.31 Refinement statistics
are listed in Table 1.

Thermal Stability Shift Assay. To evaluate potential
ligands capable of binding to TbARG, a thermal stability shift
assay was performed by screening a small library of ligands
(listed in Table S2 of the Supporting Information) based on the
protocol described by Niesen and colleagues32 with minor
modification. Protein/ligand mixtures [20 μL of 50 mM
HEPES (pH 7.5), 100 mM NaCl, 5× SYPRO Orange
(Invitrogen), 3 μM TbARG, and 1−5 mM ligand] were
dispensed into MicroAmp Fast 96-well Reaction Plates
(Applied Biosystems). Thermal melting experiments were
performed with the StepOnePlus Real-Time PCR System
(Applied Biosystems). The melt curve was programmed with a
ramp rate of 1 °C/s from 25 to 95 °C. All experiments were
performed in triplicate, and data analysis was performed using
StepOnePlus.

Activity Assays. To evaluate possible biological functions
of TbARG, several enzyme activity assays were performed.
Ureohydrolase activity was assessed using the colorimetric assay
developed by Archibald.33 The following compounds were used
as potential substrates for the ureohydrolase activity assay: L-
arginine, agmatine, Nα-acetyl-L-arginine, L-homoarginine, α-
guanidinoglutaric acid, 3-guanidinopropionic acid, 4-guanidino-
butyric acid, and L-2-amino-3-guanidinopropionic acid. Lysine
deacetylase activity was assessed using the Fluor-de-Lys
deacetylase substrate (BML-KI104 ENZO Life Sciences) and
the Fluor-de-Lys-HDAC8 deacetylase substrate (BML-KI178,
ENZO Life Sciences) according to the manufacturer’s
instructions. Arginine deiminase activity was assessed using a
colorimetric assay to detect the formation of L-citrulline from L-
arginine.34 Formiminoglutamase activity was measured colori-
metrically with the substrate L-formiminoglutamic acid (Dalton
Pharma Services, Toronto, ON).35 The binding of NADPH
and that of NADH were investigated by monitoring the
fluorescence emission change of NAD(P)H upon titration of
NAD(P)H into TbARG solutions. Fluorescence emission
spectra (from 400 to 600 nm) were recorded with a Varian
Cary Eclipse fluorescence spectrophotometer with an excitation
wavelength of 340 nm.

Metal Content Analysis. To analyze TbARG and its site-
specific mutants for bound metal ions, inductively coupled
plasma-atomic emission spectrometry (ICP-AES) was em-
ployed. Prior to analysis, samples were extensively dialyzed
against 10 mM bicine (pH 8.5) to remove free trace metal ions.
Samples were sent to the Center for Applied Isotope Studies of
the University of Georgia (Athens, GA) for analysis.

Parasite Culturing and Δarg Construction. Blood-
stream-form T. brucei parasites were cultured in cardiac
myocyte media36 supplemented with 10% fetal bovine serum
at 37 °C and 5% CO2. The TbARG gene was knocked out in
the Lister 427 strain to obtain strain Δarg. The 5′ and 3′ UTRs
of the TbARG gene were amplified from T. brucei genomic
DNA [primers 5UTR_F, 5UTR_R, 3UTR_F, and 3UTR_R
(Table S1 of the Supporting Information)] and cloned flanking
a hygromycin or puromycin resistance cassette into vector
pTBT.37 Parasites were transformed in two rounds with a NotI-
linearized construct as described previously,38 to replace both
allelic copies with the hygromycin and puromycin resistance
cassette, respectively. Positive clones were selected using 2.5 μg
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mL−1 hygromycin and 0.2 μg mL−1 puromycin, and correct
integration of the resistance cassettes was confirmed by
polymerase chain reaction (PCR) (Figure S2 of the Supporting
Information). Sensitivity to oxidative stress was assessed by
alamarBlue assay,39 where oxidative stress was induced by
methylene blue.

Metabolomics Analysis. Metabolites were extracted from
Lister 427 and Δarg strains as described previously40 and
analyzed on an Exactive Orbitrap mass spectrometer (Thermo
Fisher) coupled to a U3000 RSLC high-performance liquid
chromatography (HPLC) instrument (Dionex) with a ZIC-
HILIC or ZIC-pHILIC column (Sequant), as described
previously.41,42 Data analysis was performed using mzMatch43

and IDEOM.44 Metabolite identifications are generally at level
2 according to the Metabolomics Standards Initiative, i.e.,
putative and based on exact mass measurement translated to
the elemental formula, although identification of L-arginine, L-
ornithine, and putrescine was corroborated using authentic
standards and matched retention times using HPLC.45

Significantly changed metabolites were selected using a
nonparametrical statistical method, rank products,46 and
10000 random permutations of the data sets were used to
calculate false discovery rates (FDRs). An FDR of <5% was
designated as significantly changed.

■ RESULTS AND DISCUSSION
Structure of Wild-Type TbARG. TbARG crystallizes as a

hexamer in both H32 and P321 space groups (Figure 1), but as
a trimer in space group P3 (data not shown). The hexamer
consists of a dimer of trimers assembled with D3 (H32 crystal
form) or pseudo-D3 (P321 crystal form) point group symmetry,
burying ∼5000 Å2 of surface area between two trimers and
∼7100 Å2 of surface area within each trimer. Notably, three
intermolecular C209−C209 disulfide linkages form between
monomers related by 2-fold crystallographic symmetry in the
H32 crystal form, but not in the P321 crystal form. Disulfide
linkage formation brings the two trimers closer together and is
accompanied by significant conformational changes in the C-
termini that allow closer contact. The tertiary structures of
TbARG in all crystal forms are essentially identical [root-mean-
square deviation (rmsd) of 0.23 Å for 252 Cα atoms between
the P321 and H32 crystal forms; rmsd of 0.38 Å for 254 Cα
atoms between the P3 and H32 crystal forms], apart from
conformational changes of the C-terminus and loop L6
(G206−P218), which contains C209.
The hexameric architecture of TbARG resembles that of

prokaryotic arginase and arginase-like enzymes,47−51 as well as
that of eukaryotic Plasmodium falciparum arginase.52 However,
the TbARG hexamer assembles in an orientation such that the
central parallel β-sheet of each trimer points away from the
dimer interface. In contrast, the central parallel β-sheet of each
trimer is oriented toward the dimer interface in previously
reported hexameric arginase structures, such that the active sites
are buried between two trimers.47−52 It seems that the close
association of one TbARG trimer with another in the crystal
can be mediated by either face of the trimer as one compares
hexameric quaternary structures, perhaps suggesting that the
dimerization of trimers is artifactual. Under reducing
conditions, TbARG is determined to be a trimer in solution
by size exclusion chromatography (Figure S3a of the
Supporting Information). Thus, the trimer is most likely to
be the physiologically significant species, and the disulfide
linkage observed in the crystal structure of the reduced form ofT
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the hexamer is probably artifactual. A comparison of TbARG
quaternary structure with that of P. falciparum arginase is found
in Figure S3b of the Supporting Information.

Despite a very low level of amino acid sequence identity
(∼20%) shared with other ureohydrolase family proteins and
the loss of ligands to the catalytically essential binuclear

Figure 1. Hexameric structures of TbARG in the P321 (top) and H32 (bottom) space groups. In the P321 crystal form, the top trimer (dark blue)
and the bottom trimer (light blue) result from crystal symmetry operations with two separate monomers in the asymmetric unit. Red arrows indicate
2-fold symmetry axes. In the H32 crystal form, the entire hexamer results from crystal symmetry operations with one monomer in the asymmetric
unit. C209 is shown in ball-and-stick representation and forms intermolecular disulfide linkages in the H32 crystal form. Note that in the P321 crystal
form, the C-termini of the bottom trimer (light blue) are disordered and are not shown.

Figure 2. (a) Stereoview of the TbARG monomer. Secondary structure elements are defined by the DSSP algorithm.67 (b) Topology diagram of
TbARG. Two inserted secondary structural elements relative to the classic arginase-deacetylase fold are highlighted in red: α-helix A0 and β-strand
1a.
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manganese cluster indicated by amino acid sequence align-
ments, the TbARG monomer adopts the classical α/β arginase/
deacetylase fold first observed in the crystal structure of rat
arginase I (Figure 2a).53 The overall topology of TbARG is
characteristic of the arginase/deacetylase family with a 2−1−3−
8−7−4−5−6 strand order, with an additional β-strand inserted
between strands 1 and 2 (β1a) and an additional α-helix (αA0)
at the N-terminus (Figure 2b). Structural analysis using the
DALI server54 shows that ureohydrolase family proteins are the
most closely related structural homologues of TbARG, followed
by zinc-dependent deacetylases. The closest structural homo-
logue is proclavaminate amidino hydrolase from Streptomyces
clavuligerus,49 with an rmsd of 2.2 Å for 254 Cα atoms.
The active site of an enzyme belonging to the arginase/

deacetylase family is located at the edge of β-strands 8, 7, and
4;55 loops L1, L4, and L5 flank the active site and largely define
the active site contour and substrate specificity.56 Although
loop L5 is structurally similar between TbARG and human
arginase I, loops L1 and L4 exhibit significant differences when
the two structures are superimposed. In particular, loops L1 and
L4 and their connecting helices shift back away from the mouth
of the active site, resulting in a broader cleft in TbARG. Even

so, the putative active site cleft of TbARG is ∼9 Å deep and is
characterized by negative electrostatic surface potential (Figure
3a).
The crystal structure of TbARG confirms the lack of any

bound metal ions in the putative active site. Therefore, the
structure of TbARG is the first of an arginase/deacetylase
family member lacking a metal binding site. Active site
comparisons reveal that only the μ−η1,η1 bridging aspartate
ligand of human arginase I (D232) is conserved in TbARG as
D224. The remaining aspartate and histidine ligands are
substituted with serine, glycine, and arginine residues, as shown
in Figure 3b. Interestingly, the side chain of Y267 occupies the
steric void caused by the substitution of H101 in human
arginase I with G124 in TbARG.
Assembly of the TbARG trimer is generally similar overall to

the assembly of arginase trimers from other species, particularly
with regard to the orientation of each monomer with respect to
the 3-fold symmetry axis. However, oligomerization motifs in
TbARG differ from those observed in other arginases. In
mammalian arginases, the S-shaped tail at the C-terminus
mediates significant intermonomer contacts, and two salt-linked
networks stabilize trimer assembly: D204A−R255B−E256A and

Figure 3. (a) Electrostatic surface potential of TbARG calculated by the APBS server68 at pH 8.0 ranges from −10 kT (red) to 10 kT (blue). The
ABH ligand from the HAI−ABH complex (PDB entry 2AEB) is superimposed onto TbARG and shown as stick model to indicate the position and
orientation of arginase active site. (b) Active site superposition of TbARG (white) and human arginase I (blue, PDB entry 2PHA). Mn2+ ions from
human arginase I are shown as salmon spheres.

Figure 4. Top and side views of the TbARG trimer. Loops L7 and L8 are colored orange and blue, respectively; F208 from loop L6 is colored
magenta. Selected side chains of hydrophobic residues from loops L7 and L8 are also indicated. Inter- and intramonomer interactions involving loops
L8A, L8B, and L7B are illustrated on the right; green dashed lines represent hydrogen bonds.
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D204A−R308B−E262B (human arginase I numbering con-
vention).53,57 These networks are not conserved in TbARG.
Instead, loops L6−L8 predominantly mediate the trimerization
of TbARG. A cluster of hydrophobic residues, including F208
(L6), A231 and F232 (L7), and V275 and L283 (L8), is buried
along the 3-fold symmetry axis. Additionally, several inter- and
intrasubunit hydrogen bonds that involve loops L7 and L8 are
observed (Figure 4). The backbone NH group of K278A (L8A)
donates a hydrogen bond to the backbone carbonyl of D274B
(L8B). The side chain of R277A (L8A) donates two hydrogen
bonds to the backbone carbonyls of P234B and V236B (L7B)
and also forms an intramonomer salt link with D279A. These
interactions may be important for maintaining loop con-
formations that support trimer assembly. Parenthetically, we
note that the nine-residue insertion in loop L8 of TbARG
relative to human arginase I is reminiscent of the 11-residue
insertion in loop L8 of protozoan P. falciparum arginase, which
is also involved in trimer assembly.52

Structure and Metal Binding Activity of TbARG
Mutants. Although most of the active site metal ligands are
absent in TbARG, the backbone atoms of corresponding
residues superimpose well with those of human arginase I,29

indicating that the overall protein scaffold is relatively
unchanged in TbARG. Accordingly, we hypothesized that
arginase-like metal binding sites could be reintroduced in
TbARG through site-directed mutagenesis. As outlined in
Materials and Methods, mutants MA2, MB, and MA2B were
designed to fully reintroduce the Mn2+A, Mn2+B, and binuclear
Mn2+A−Mn2+B sites, respectively, into TbARG. Our rationale in
this work was that if we could successfully reintroduce a
binuclear manganese cluster in TbARG, we might be able to
confer a new chemical function in the putative active site.
However, mutants MA2 and MA2B were not robustly
expressed and exhibited poor behavior in solution; i.e., they
formed aggregates that eluted with the void volume via size
exclusion chromatography. Accordingly, mutants MA1, MB,
and MA1B were used for further study. Recall that mutant MA1
contains S149D and S153D mutations to partially reintroduce
the Mn2+A site; however, this mutant lacks a histidine metal
ligand that would ordinarily complete the Mn2+A coordination
polyhedron in arginase. Mutant MB contains S149D, R151H,
and S226D mutations to reintroduce the Mn2+B site, and
mutant MA1B contains S149D, S153D, R151H, and S226D
mutations to partially reintroduce the Mn2+A site along with the
fully reintroduced Mn2+B site.
Metal content analysis by ICP-AES indicates that the

engineered mutants are capable of binding metal ions, in
contrast with wild-type TbARG (Table 2). Mutant MB
contains Mn2+, whereas mutant MA1 preferentially binds to
Ni2+ and is also capable of binding Co2+ and Zn2+, but not
Mn2+. To confirm the incorporation of metal ions at the
designed metal binding site, we determined the crystal
structures of mutant MB in its oxidized form at 3.1 Å
resolution and mutants MA1 and MA1B in their reduced forms
at 2.2 and 2.0 Å resolution, respectively. The overall structures
of all mutants are quite similar to the structure of wild-type
TbARG with rmsds of 0.31 Å for 270 Cα atoms in mutant MB,
0.38 Å for 303 Cα atoms in mutant MA1, and 0.38 Å for 304
Cα atoms in mutant MA1B.
The binding of Mn2+ to the engineered metal B site in

mutants MB and MA1B is confirmed by the appearance of
strong peaks in simulated annealing omit maps. In mutant
MA1B, the Mn2+ ion is coordinated by H151 Nδ, D149 Oδ1,

D224 Oδ1, D226 Oδ1, and a solvent molecule with distorted
octahedral geometry (Figure 5). For mutant MB, the Mn2+ ion
adopts similar coordination geometry except that the metal-
bound solvent molecule is observed only in monomer A in the
asymmetric unit (Figure 6); in monomer B, the corresponding
solvent molecule is too far from Mn2+ to be considered an
inner-sphere coordination interaction, so the metal coordina-
tion geometry is classified as square pyramidal (Figure S4 of the
Supporting Information).
In mutants MA1B and MB, the D226 Oδ2···Mn2+ distance

(2.6−2.7 Å) is too long for an inner-sphere coordination
interaction. Even so, structural comparisons of TbARG mutants
MA1B and MB with human arginase I show that the metal
coordination geometries of the engineered metal B sites in
TbARG mutants are very similar to those of the natural Mn2+B
site in human arginase I (Figures 5b and 6b). However, there
are differences in the position of the nonprotein metal ligand:
metal-bound solvent molecules in mutants MA1B and MB
deviate from the position of the metal-bridging hydroxide ion in
human arginase I by 1.0 and 1.3 Å, respectively.
In contrast to the ICP-AES data, no bound Ni2+ ions are

observed in the electron density maps of mutants MA1 or
mutant MA1B. Inspection of the crystal structure of each
mutant reveals that the side chain of D153 is not ideally
oriented for metal coordination and would require conforma-
tional change to incorporate metal ions at the engineered A
site; the superposition of human arginase I with mutant MA1B
in Figure 5b illustrates this feature. The unfavorable orientation
of D153, as well as the lack of the histidine side chain ordinarily
conserved in site A, is likely responsible for the lack of a bound
metal ion at the Mn2+A site. The partial metal binding behavior
detected in ICP-AES measurements may very well arise from
nonspecific binding to the hexahistidine tag installed at the N-
terminus to allow facile protein purification. We hypothesize
that the Mn2+A site must be fully reconstituted with an
additional histidine ligand to reintroduce significant metal
binding activity, as designed in mutant MA2. Unfortunately,

Table 2. Metal Content As Determined by ICP-AES

metal:protein molar ratio

protein Mn Fe Co Ni Cu Zn

expressed from minimal
medium supplemented
with 200 μM MnCl2

mutant MA1
(S149D/S153D)

0.09 0.00 0.02 0.00 0.00 0.02

mutant MB
(S149D/R151H/
S226D)

0.89 0.00 0.06 0.00 0.00 0.06

mutant MA1B
(S149D/R151H/
S153D/S226D)

0.92 0.00 0.01 0.00 0.00 0.05

expressed from LB
medium

wild type 0.00 0.00 0.00 0.00 0.00 0.03

mutant MA1
(S149D/S153D)

0.09 0.01 0.00 0.01 0.00 0.40

mutant MB
(S149D/R151H/
S226D)

0.74 0.02 0.02 0.003 0.006 0.20

mutant MA1
(S149D/S153D)a

0.01 0.00 0.19 0.80 0.00 0.07

aPrior to sample preparation (dialysis) for ICP-AES analysis, the
sample was incubated with 0.5 mM CoCl2 and 0.5 mM NiCl2 for 30
min on ice.
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this mutant was poorly behaved in solution and was not
amenable to biophysical measurements.
Ligand Binding and Activity Assays. Although the

putative active site of wild-type TbARG lacks the characteristic
binuclear manganese cluster of an arginase-like enzyme or a
single metal ion binding site like that of a histone deacetylase or
polyamine deacetylase,13−15,17 it is characterized by a ∼9 Å
deep cleft with negative electrostatic surface potential that
could conceivably accommodate the binding of cationic amino
acid ligands such as L-arginine and L-lysine (Figure 3a). Using
the thermal stability shift assay described by Niesen and
colleagues,32 which is based on the principle that protein
thermostability increases in a protein−ligand complex, we
studied the binding of 58 different ligands, including cationic
amino acids such as L-arginine, L-lysine, and L-ornithine, and six
different divalent metal ions (a complete list is found in Table
S2 of the Supporting Information). None of the ligands tested
significantly increased the melting temperature (Tm) of the
protein; the largest increase was observed for D-lysine, with a
ΔTm of 1.4 ± 0.2 °C; for L-lysine, ΔTm = 1.3 ± 0.2 °C, and for
L-arginine, ΔTm = 0.4 ± 0.1 °C. As a point of calibration for the
significance of such relatively small shifts in thermal stability,
ΔTm values of ≥2 °C can generally be regarded as
significant,57,58 although there can be occasional exceptions to
this empirically derived threshold.59 Thus, we used X-ray
crystallography as a secondary screen for binding in crystal
soaking experiments with millimolar concentrations of L-lysine
and L-arginine: no evidence of binding was observed.

Accordingly, it is unlikely that any of the compounds listed
in Table S2 of the Supporting Information are biologically
relevant ligands for TbARG. We also evaluated the binding of
NADPH and NADH using fluorescence spectroscopy. No
changes were observed in fluorescence emission spectra upon
titration of NAD(P)H into TbARG solutions, thereby ruling
out any possible functional role for this cofactor.
Reasoning that a substrate might not bind tightly enough to

an enzyme to yield a significantly high ΔTm value in a thermal
shift assay, and hypothesizing that TbARG might have
divergently evolved with a metal-independent mechanism for
ureohydrolase activity, we additionally tested TbARG for
arginase-like hydrolytic activity with eight guanidinium
derivatives, including L-arginine, agmatine, and 3-guanidinopro-
pionic acid. We also tested for arginine deiminase activity,
formiminoglutamase activity, and lysine deacetylase activity as
outlined in Materials and Methods. TbARG exhibited no
catalytic activity in any of these assays. Therefore, the potential
ligand binding and/or catalytic function of TbARG remains
unknown.

Implications for the Loss of Metal Binding Function.
While the biological function of TbARG remains undeter-
mined, the crystal structure provides definitive confirmation
that TbARG adopts the tertiary structure and quaternary
structure of an arginase despite only weak similarity at the level
of primary structure (amino acid sequence that is 24 and 22%
identical with those of rat and human arginases I, respectively).
The crystal structure clearly shows that wild-type TbARG lacks

Figure 5. (a) Simulated annealing omit maps of the Mn2+ ion in mutant MA1B (blue mesh, contoured at 14σ) and its nonprotein ligand (green
mesh, contoured at 4σ). The Mn2+ ion is shown as a purple sphere, and water molecules are shown as small red spheres. Red dashed lines indicate
metal coordination interactions. (b) Superposition of human arginase I (light yellow, PDB entry 2ZAV) with mutant MA1B. Green dashed lines
indicate hydrogen bonds. Metal coordination interactions in human arginase I are shown as blue dashed lines.
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metal ligands and metal ions normally characteristic of an
arginase-like enzyme. However, we demonstrate that metal
binding activity can be reintroduced into the putative active site
by mutagenesis. However, the question of what chemical or
biological function wild-type TbARG serves in the life cycle of
T. brucei remains.
The genome of T. brucei is unique in that it encodes no

arginase-like protein except for TbARG;60 in comparison, the
genome of another parasite, L. mexicana,61 encodes a TbARG-
like protein (related by a 68% identical amino acid sequence) as
well as a functional arginase.16 The TbARG is not syntenic to
the functional Leishmania arginase. Interestingly, a TbARG-like
protein with similarly high levels of amino acid sequence
identity is found in other parasites that infect animals, insects,
and plants (Figure 7). Like TbARG, none of these proteins
contain an arginase-like metal binding site, yet residues in the
putative active site are largely conserved.
On the basis of the amino acid sequence alignment in Figure

7, potential functional residues in the putative active site of
TbARG would be highly conserved and include H147, D224,
and Y267. The conservation of such polar residues could
support a variety of chemical functions in catalysis. For
example, the carboxylate side chain of D224 might serve as
general base (although this residue appears as N224 in
Phytomonas, where the asparagine side chain would be less
effective as a general base), and the imidazole side chain of
H147 might serve as a general acid. It is interesting to note that
Y267 appears as a histidine in all other homologues shown in
Figure 7, perhaps implying that this residue, too, might be
capable of serving in some catalytic function as a general acid.

However, the identity of a substrate for any catalytic function
remains elusive. Analysis of TbARG using structural
bioinformatics approaches has not provided any additional
clues regarding a potential biological function. For example, the
COFACTOR server62 returns only arginases and arginase-like
enzymes, all of which contain intact binuclear manganese
clusters.
While it is perhaps unsatisfying that a catalytic function

cannot be assigned to TbARG, the fact that T. brucei contains
this protein instead of a functional arginase is nonetheless
informative. Functional arginase enzymes in other parasites
generate a cellular pool of L-ornithine that is subsequently
converted into putrescine by ornithine decarboxylase, a key
step in polyamine biosynthesis.8 The fact that T. brucei contains
a functional ornithine decarboxylase,63,64 but not a functional
arginase, indicates that the L-ornithine utilized by T. brucei for
polyamine biosynthesis must derive from an alternative
pathway. For example, L-ornithine could derive from acetyl-L-
ornithine, given that the T. brucei genome60 encodes a putative
acetylornithine deacetylase (ArgE; gene Tb927.1.3000 on
chromosome 1). However, the T. brucei genome lacks ArgA−
ArgD enzymes, which in other organisms function with ArgE to
generate L-ornithine from L-glutamate (ArgE also functions in
prokaryotic L-arginine biosynthesis).65,66 Thus, lacking any
other source of L-ornithine for polyamine biosynthesis, T. brucei
must import L-ornithine from its host to maintain viability. This
is corroborated by transport assays42 showing that T. brucei is
capable of importing L-ornithine with a Km of 310 μM and a
Vmax of 15.9 pmol (10

7 cells)−1 min−1. With L-ornithine levels in
human blood and cerebrospinal fluid at 54−100 and 5 μM,

Figure 6. (a) Simulated annealing omit maps of the Mn2+ ion from monomer B (blue mesh, contoured at 14σ) and its nonprotein ligand (green
mesh, contoured at 3σ) in mutant MB. The Mn2+ ion is shown as a purple sphere, and water molecules are shown as small red spheres. Red dashed
lines indicate metal coordination interactions. (b) Superposition of human arginase I (light yellow, PDB entry 2ZAV) with mutant MB. Green
dashed lines indicate hydrogen bonds. Metal coordination interactions in human arginase I are shown as blue dashed lines.
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respectively, T. brucei is able to directly transport L-ornithine
from its environment to fulfill its requirements, signaling that T.
brucei does not require a functional arginase.
The TbARG Gene Is Nonessential to Bloodstream-

Form T. brucei and Appears To Have No Role in L-
Arginine Metabolism. Both alleles of the TbARG gene were
removed using gene replacement. PCR analysis revealed that
both alleles were successfully removed from the genome. The
Δarg cells grew at a rate only marginally slower than that of the
wild type (Figure 8a), indicating that the gene is not essential to
these parasites, in contrast with Leishmania, in which a Δarg
strain required supplementation with L-ornithine.16 Using an
untargeted metabolomics approach (i.e., a comprehensive
analysis of all small molecule metabolites) to compare T. brucei
Δarg and the wild type, no difference in the abundance of L-
arginine, L-ornithine, or any of the polyamines such as
putrescine was noted (Figure 8b), confirming the fact that
TbARG is not an arginase. A combined total of 127 putatively
identified metabolites were significantly changed (FDR < 0.05)
in the Δarg strain (Table S3 of the Supporting Information);
however, these differences did not provide a clear suggestion
about the in vivo role of TbARG.
Concluding Remarks. This work demonstrates that T.

brucei cannot generate its own source of L-ornithine through

the activity of a functional arginase enzyme, even though the
TbARG protein adopts the characteristic α/β arginase fold.
Nevertheless, site-directed mutagenesis experiments demon-
strate that metal binding behavior can be easily reintroduced

Figure 7. Alignment of the amino acid sequence of TbARG (T_brucei/1−331) with those of similar proteins from other parasites.

Figure 8. (a) Growth of the Δarg strain compared to wild-type T.
brucei. Cultures were daily diluted to 105 cells mL−1, and the resulting
cumulative cell densities were plotted. An exponential fit is shown,
yielding doubling times of 6.2 h for the wild type and 7.4 h for Δarg.
(b) Signal intensities of L-arginine, L-ornithine, and putrescine as
measured by liquid chromatography and mass spectrometry. No
significant difference is detected between the wild type and Δarg.
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into the TbARG protein, so the α/β scaffold appears to be
readily evolved by nature or by design. Amino acid residues in
the putative active site of TbARG are highly conserved in
similar proteins from other parasites (Figure 7), so a common
active site architecture presumably evolved to serve a common,
cryptic function. We are continuing our search for this function
through chemical and biological approaches and will report our
results in due course.
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