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ABSTRACT

Aromatic amino acid hydroxylases (AAAH) typically use tetrahydrobiopterin (H4B) as the cofactor. The
protozoan parasite Leishmania major requires biopterin for growth and expresses strong salvage and
regeneration systems to maintain H4B levels. Here we explored the consequences of genetic manipu-
lation of the sole L. major phenylalanine hydroxylase (PAH) to explore whether it could account for the
Leishmania H4B requirement. L. major PAH resembles AAAHSs of other organisms, bearing eukaryotic-type
domain organization, and conservation of key catalytic residues including those implicated in pteridine
binding. A pah~ null mutant and an episomal complemented overexpressing derivative (pah—/+PAH)
were readily obtained, and metabolic labeling studies established that PAH was required to hydroxylate
Phe to Tyr. Neither WT nor overexpressing lines were able to hydroxylate radiolabeled tyrosine or tryp-
tophan, nor to synthesize catecholamines. WT but not pah~ parasites showed reactivity with an antibody
to melanin when grown with L-3,4-dihydroxyphenylalanine (L-DOPA), although the reactive product is
unlikely to be melanin sensu strictu. WT was auxotrophic for Phe, Trp and Tyr, suggesting that PAH activity
was insufficient to meet normal Tyr requirements. However, pah~ showed an increased sensitivity to Tyr
deprivation, while the pah~[+PAH overexpressor showed increased survival and could be adapted to grow
well without added Tyr. pah~ showed no alterations in H4B-dependent differentiation, as established by
in vitro metacyclogenesis, or survival in mouse or macrophage infections. Thus Leishmania PAH may mit-
igate but not alleviate Tyr auxotrophy, but plays no essential role in the steps of the parasite infectious

cycle. These findings suggest PAH is unlikely to explain the Leishmania requirement for biopterin.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Leishmania is a genus of trypanosomatid protozoan parasites
comprising more than 20 species responsible for a number of
severe diseases of humans worldwide, infecting over 12 million
people [1]. Leishmania are transmitted by the bite of Phlebotomine
sand flies, and in the mammalian host reside primarily in an acid-
ified phagolysosome of macrophages, where they must deflect
host defenses and immune responses in order to survive [2]. As a
deep-branching eukaryotic lineage, Leishmania exhibits consider-
able divergence in its metabolic enzyme repertoire [3], providing

Abbreviations:  PAH, phenylalanine hydroxylase; AAAH, aromatic amino
acid hydroxylase; LmjPAH/LmPAH, Leishmania major phenylalanine hydroxylase
gene/enzyme; H;B, dihydrobiopterin; H4B, tetrahydrobiopterin; bp, base pair(s);
ORF, open reading frame; nt, nucleotide(s); PCR, polymerase chain reaction;
Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan; WT, wild-type; L-DOPA, L-
dihydroxyphenylalanine.
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opportunities for basic studies as well as more practical efforts
towards improved chemotherapy.

Here we focus on genetic studies of null and overexpression
mutants of the sole Leishmania gene related to aromatic amino
acid hydroxylases (AAAH). Our interest in AAAHs arose because
their cofactor biopterin is an essential growth factor, distinct from
folate, for several trypanosomatid species. In mammals tetrahy-
drobiopterin (H4B) is required by several enzymes of critical
metabolicimportance, including amino acid hydroxylases (AAAHs),
nitric oxide synthase and the ether lipid cleavage monooxygenase
(reviewed in [4,5]). Leishmania and other trypanosomatids are gen-
eral auxotrophs for pteridines [6,7], and acquire biopterin from the
host by salvage, first by uptake by the transporter BT1 [8,9] and then
reduction to H4B by the broad spectrum pteridine reductase PTR1
([10], reviewed by [11,12]). The direct pteridine product of AAAH
action is 4a-OH-Hy4B (carbinolamine) which is returned to Hy4B
through the successive action of pteridine-4-carbinolamine dehy-
dratase (PCD) and quininoid dihydropteridine reductase [QDPR; 4].
Trypanosomatids encode functional forms of both genes [13,14].

Despite knowledge of H4B metabolism and requirements
in Leishmania, the essential metabolic role of H4B is not
established [15]. In other species, AAAH activity requires the
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amino acid substrate, molecular oxygen, and the reduced cofac-
tor H4B ((6R)-L-erythro-5,6,7,8-tetrahydropterin; [16]). AAAHs
catalyze the conversion of phenylalanine, tyrosine and/or tryp-
tophan to tyrosine, 3,4-dihydroxyphenylalanine (L-DOPA), or
5-hydroxytryptophan, respectively. Typically these activities are
carried out by different enzymes, phenylalanine hydroxylase (PAH;
EC1.14.16.1), tyrosine hydroxylase (TyrH; EC1.14.16.2) and trypto-
phan hydroxylase (TrpH; EC 1.14.16.4), although in some organisms
these hydroxylases can show broader specificities (reviewed in
[16,17]). AAAHs are widespread in evolution, being found in
prokaryotes, protozoans, plants, fungi, and animals. In metazoans
AAAHs play critical roles in metabolism and neurotransmitter syn-
thesis, and PAH participates in Phe catabolism in bacteria [18].
The identification of a putative HyB-dependent AAAH in the
Leishmania genome raised the possibility that this activity might
account for its H4B biopterin requirement. We report here studies
that confirm the activity of Phe hydroxylase (PAH) in L. major, and
characterize its role in parasite metabolism and infectivity.

2. Materials and methods
2.1. Chemicals and reagents

Dihydrobiopterin (H;B) was from Schircks Laboratories (Jona,
Switzerland). Biopterin, epinephrine, norepinephrine, propanolol
and RPMI 1640 vitamin solutions were from Sigma-Aldrich (St.
Louis, USA). L-[5-3H] tryptophan, L-[3,5-3H] tyrosine, and L-[2,6-3H]
phenylalanine) were obtained from Amersham Biosciences Corp.
Phenol red solution and penicillin/streptomycin was from Invitro-
gen. Fetal calf serum was purchased from Bio-Whittaker and bovine
serum albumin (Fraction V) from U.S. Biochemical Corp. M199 with
Hanks’s salts was from US Biologicals. Folate-deficient medium
(fdM199) was custom manufactured by Invitrogen and is identical
to M199 except lacking folate and thymidine [19].

2.2. Parasite and growth media

L. major Friedlin V1 (MHOM]/JL/80/Friedlin) recovered from
infected animals were used within 10 serial passages in vitro.
Promastigotes were grown in M199 medium supplemented with
10% heat-inactivated fetal bovine serum at 26°C [19]; for routine
culture 2 pugml-! biopterin was added. Metacyclic promastigotes
were purified from a stationary phase cells using the negative
agglutination assay [20]. Amastigotes were harvested from BALB/c
mice footpad lesion 3 weeks postinfection.

In some experiments cells were grown in fdM199 (M199
medium lacking folate and thymidine supplemented with 0.66%
bovine serum albumin rather than serum). To deplete internal lev-
els of biopterin, WT and KO cells were grown in fdM199 medium
lacking biopterin for three passages (dilution of cells to ~2 x 10°/ml
and growth into stationary phase at about 2 x 107/ml). For dif-
ferentiation, biopterin-depleted cells were incubated at a cell
density of 2 x 10° cells/ml in fdM199 medium supplemented with
biopterin (0.001 wgml~! or 2 wgml~1), or without biopterin plus
100 wM epinephrine, 100 wM norepinephrine or 10 wM propanolol.
Alternatively, an RPMI 1640 based medium was used, contain-
ing 1% fetal bovine serum, 40 mM Hepes pH 7.4, 1x RPMI 1640
vitamin mix, 1x amino acid mixtures (lacking Phe, Tyr or Trp),
100 uM adenine, 1 wgml-! biotin, 5pgml~! hemin, 50U ml-!
penicillin, 50 pg ml~! streptomycin, 2 g ml~! biopterin, 5.37 mM
KCl, 0.42 mM Ca(NO3),-4H, 0, 102.67 mM NaCl, 5.63 mM Na, HPO,,
0.41 mM MgSO4-7H,0, 23.81 mM NaHCOs3, 11.11 mM glucose, and
0.0005% phenol red. Complete media additionally contained Phe
(91 wM), Tyr (111 wM) and Trp (24 pM).

2.3. Southern and Northern blot analysis

L. major FV1 genomic DNA was isolated from the late loga-
rithmic phase promastigotes by the LiCl method [22]. Genomic
DNA was digested with the appropriate restriction enzymes and
electrophoreses on 0.8% agarose gels and transferred to nylon
membranes. Total RNA of L. major promastigotes and amastigotes
was isolated using the phenol/guanidine isothiocyanate reagent
TRIzol™ (Invitrogen) according to the manufacturer’s instructions.
Southern and Northern were performed following standard proce-
dures and the hybridization probes were labeled with a [a-32P]
dCTP by random-priming [23].

2.4. PAH gene cloning and sequencing

A fragment spanning 870nt to 953 nt of the PAH ORF) was
obtained by PCR amplification (primers SMB1076 5'-GCCGGAC
ATGGTTCACGACATC and SMB1077 5-AGGCCGATCGTCTGGGTG
AAG) and GSS clone Im94b04 [24] DNA template. This DNA was
radiolabeled and used to screen an L. major Friedlin V1 cosmid
library [25]. Three different cosmid clones containing PAH gene
were obtained (c11p6, strain B4089; c10m17, strain B4086; c909,
strain B4087). Following subcloning and mapping, the sequence of
the PAH was determined using the ABI PRISM™ BigDye Termina-
tor Cycle Sequencing Ready Reaction kit (PE Applied Biosystems,
Foster City, CA).

2.5. Mapping the 5’ terminus of the mature PAH transcript

To amplify the 5-end of PAH, L. major total RNA was used
as a template for RT-PCR. Reverse transcription was performed
with Superscript Il reverse transcriptase (Invitrogen) following the
manufacturer’s protocol. PCR was performed using Taq polymerase
(Roche) with 30 cycles of denaturing at 94 °C for 1 min, annealing at
50°C for 1 min and extension at 72 °C for 2 min. Primers specific for
the L. major spliced leader sequence (SMB936: 5'-ACCGCTATATAAG
TATCAGTTCTGTACTTTA) and two specific primers, SMB1122 and
1117 located within the PAH coding region (SMB1122: 5'-TGCAGG
GACGTGCGGCACCGCG and SMB1117: 5'-GTCGGGTACAGGCG
GGTCAGGT). The PCR products were purified and sequenced
directly.

2.6. Overexpression of PAH

The 1362-nt PAH open reading frame was amplified by
PCR with Pfu polymerase (Stratagene) using primers SMB
1155 (5'-GCGGATCCACCATGCTGCTGCGCAGTCGTTTGT; the under-
line sequence corresponds to a BamHI site and the bold
nucleotides correspond to a “Kozak” sequence), SMB 1156 (5'-
CGGGATCCTTAGAAGGTGAAGTTTGTTCGC), and 50 ng of template
genomic DNA. The amplified DNA fragment was digested and
cloned into the BamHI site of the Leishmania expression vector
pXG1a[26], yielding pXG-PAH (strain B4193), whose sequence was
confirmed.

2.7. Molecular constructs for replacement of PAH alleles and
transfection

The 5’-flanking region of the PAH gene was amplified by PCR
using the primers SMB1589 (5'-CGGGGTACCGACGACAGACGTG
CCG) and SMB1590 (5'-CCATCGATCTTATTCTCGAGGCAAGTCAGG)
adding Kpnl/Clal sites, while the 3’ flanking region was PCR
amplified using primers SMB1608 and 1592 adding BamH]I/Notl
sites. These fragments were digested with the appropriate
enzymes and inserted successively into pBSKII (Promega, Madi-
son, WI), yielding (pBS5'3’PAH). Then, BSD and HYG resistance
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ORFs were amplified individually with primers SMB1666 (5'-
CCCAAGCTTATGGCCAAGCCTTTGTCTCAAGA)/SMB1667  (5'-CGG-
GATCCTTAGCCCTCCCACACATAACCAG) or SMB1665 (5'-CCCAA-
GCTTATGAAAAAGCCTGAACTCACCGC)/SMB1594 (5'-CGGGA-
TCCCTATTCCTTTGCCCTCGGACGA), respectively, which added
Hindlll and BamHI sites, and templates pXG-HYG [27] and pXG-
BSD [28]. These fragments were digested appropriately and
inserted into Hindlll/BamHI digested pBS5’'3'PAH, yielding the
final replacement constructs pBS5’BSD3’'PAH and pBS5'HYG3'PAH
(strain B4696, strain B4692). DNAs were cut with Notl and Kpnl,
and the targeting fragment purified. WT parasites were elec-
troporated with the PAH::HYG targeting fragment derived from
B4692 as described [21]. Transfectant colonies were obtained
after plating on semisolid M199 medium containing hygromycin B
(50 wg ml~1), with typical frequencies. Three bearing heterozygous
replacements (formally PAH/PAH:: AHYG) were passaged through
animals where they showed typical infectivity. One (clone 2) was
selected and electroporated with the PAH::BSD targeting fragment,
and, and transfectant colonies obtained after plating on semisolid
M199 medium containing blasticidin (10 wg ml~1) and hygromycin
B (50 wgml~1), again at normal frequencies. Following molecular
confirmation several lines (formally PAH::AHYG/PAH::ABSD,
referred to as pah~ hereafter) where used to infect animals
where they showed typical infectivity, as described elsewhere
in the text. One of these (KO4) was selected and electroporated
with pXG-PAH, and transfectant colonies obtained following
plating on semisolid media containing G418 (10 wgml-1), blas-
ticidin (10ugml~!) and hygromycin B (50 ugml-!). Several
lines (formally, PAH:: AHYG/PAH:: ABSD [pXG-PAH], referred to as
pah~ [+PAH hereafter) were passaged through animals where they
showed typical infectivity, and one (KO4-AB2) was selected.

2.8. Metabolic labeling

Leishmania major were grown in M199 medium until early log
phase (2 x 108/ml), harvested by centrifugation, and washed twice
and incubated further in modified RPMI 1640 medium whose aro-
matic amino acid contents was adjusted as follows. For Phe labeling,
media contained 23 wM Phe and 8 wM Trp, while for Tyr and Trp
labeling 23 uM Phe, 28 uM Tyr and 28 uM Trp were used. Cells
were resuspended in 1ml of medium at final concentration of
5% 107/ml, and 10wl of a 1 mCi/ml stock of radiolabeled L-(2,6-
3H) phenylalanine, L-(3,5-3H) tyrosine or L-(5-3H) trytophan added
(Phe, 480 Ci/mmol, Tyr 55 Ci/mmol or Trp, 32 Ci/mmol). Cells were
incubated for 2 hat 26 °C, and then placed over 200 p.l of dibutylph-
thalate and centrifuged 14,000 x g for 2 min. The upper aqueous
layer was removed, and residual surface material was removed by
washing twice with 1 ml of PBS. The oil layer was then removed,
and the cells were recovered and resuspended in 100 .1 of PBS.

For total amino acid uptake, 50 pl of suspended cells was lysed
with 200 ul of 1% Triton X-100, added to 5ml of Scintiverse II
scintillation fluid, and used for liquid scintillation counting. For
HPLC analysis, 50 1 of cell suspension was heated at 100°C for
10min, and centrifuged at 14,000 x g for 15 min. Then, samples
were derivatized as described [29] with some modifications. Briefly,
10-50 .l of cell lysate was mixed with 110wl of borate buffer
(0.2 M sodium borate, 1 mM EDTA, pH 8.8) and mixed by vortexing.
Then 40l of AccQ-Fluor reagent (N-hydroxysuccinimidyl-6-
aminoquinoyl carbamate Waters, USA) was then added to give a
final volume of 200 I, the sample was vortexed vigorously, and
50 wl of derivatized sample was used for chromatography.

2.9. High performance liquid chromatography (HPLC)

A Waters HPLC and Millennium software was used for system
control, data collection, and peak area calculation. HPLC columns

and buffers were used as described [29], except Waters 600E gra-
dient curve shape 7 was used instead of a linear gradient in order
to improve separation of norepinephrine from valine. Unlabeled
amino acids were included as standards as indicated. Fractions
were collected at 1 min intervals, and 5ml of Scintiverse II scin-
tillation fluid was added prior to liquid scintillation counting.

2.10. Immunofluorescence

Ten microliter suspensions containing 10% Leishmania cells
grown with or without L-DOPA were dried on poly-L-lysine-coated
slides. The slides were washed in PBS, incubated in Superblock®
[Pierce, Rockford, IL] blocking buffer for 1h at 37°C followed
by incubation with 10 wgml-! of the melanin-binding mono-
clonal antibody 6D2 [30] for 1 h at 37 °C. After washing, the slides
were incubated with a 1:1000 dilution of tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated goat anti-mouse IgM (Southern
Biotechnologies Associates, Inc.; Birmingham, AL) for 1h at 37°C.
Slides were washed, mounted using a 50% glycerol, 50% PBS, and
0.1 M N-propyl gallate solution, and viewed with an Olympus AX70
microscope (Melville, NY) equipped with a TRITC filter. Negative
controls were incubated with mAb 5C11, which binds mycobacte-
rial lipoarabinomannan [31] as the primary Ab, or TRITC-labeled Ab
alone.

2.11. Melanin isolation

Promastigotes were suspended in 1.0 M sorbitol-0.1 M sodium
citrate, pH 5.5. Cell wall lysing enzymes (from Trichoderma
harzianum; Sigma-Aldrich, St. Louis) were added (10 mgml~') and
suspensions were incubated at 30 °C overnight. Cells were collected
by centrifugation, washed with PBS, and incubated with 4 M guani-
dine thiocyanate 12 h. The particulate was treated with 1 mgml~!
proteinase K (10 mM Tris, 1.0 mM CaCl,, and 0.5% SDS, pH 7.8) at
37°C overnight and then extracted three times with chloroform.
The debris was collected, washed with PBS, and boiled in 6.0 M HCI
for 1h.

2.12. Mouse infectivity tests

BALB/c mice were from Charles River Laboratories Inc. (Wilm-
ington, MA) and CBA/J mice from the Jackson Laboratory (Bar
Harbor, Me). All studies were performed using protocols approved
by the institutional animal studies committee. Parasites were
grown to stationary phase in M199 medium, and groups of BALB/c
mice were injected subcutaneously (s.c.) into the footpads with 109,
105, 10* parasites per mice [32]. Lesions were monitored by mea-
suring the thickness of the footpad with a Vernier caliper. Lesion
parasites were enumerated in the infected tissue by a limiting dilu-
tion assay [33].

2.13. Macrophage Infections

Infection of peritoneal macrophages with C3-opsonized para-
sites with performed as described [34]. The medium was changed
daily, and at days 1, 2, 3 postinfection, intracellular parasites were
visualized in formaldehyde-fixed macrophages by nuclear staining
with Hoechst 33342 (0.5 wg ml~1).

3. Results
3.1. Identification and properties of an L. major PAH gene
We identified a candidate phenylalanine hydroxylase gene

in blast searches of data obtained from a whole genome shot-
gun library [24]. A radiolabeled probe was used to screen an L.
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n hydroxylases. The predicted amino acid sequence of L. major PAH (Lmaj) was aligned

with human phenylalanine, tryptophan and tyrosine hydroxylase (HsPheH, TyrH and TrpH; accession numbers are provided in the legend to Fig. S3). Residues identical in
two or more sequences are highlighted in gray boxes. Residues implicated in iron binding are marked by a ‘®’, residues implicated in substrate or cofactor binding by a ‘v’,
and residues associated with amino acid specificity by a ‘¢’. The presumptive N terminal ‘regulatory’ and C-terminal ‘oligomerization’ domains are marked by a solid box,

while the region homologous to the pteridine binding region of other AAAH is marke:

major cosmid library, and the relevant regions of several cos-
mids were sequenced. The gene encoded a predicted protein of
453 aa/50.4kDa (Fig. 1) and was given the gene symbol PAH,
as it was subsequently shown below to be required for PAH
activity. Southern blot analysis showed it to be present in a sin-
gle copy (Fig. S1), in good agreement with the current L. major
genome assembly, where PAH bears the systematic gene identifier
LmjF28.1280 [35].

L. major PAH displayed an overall 42-51% identity to AAAH from
mammals, Drosophila or C. elegans. Mammalian AAAHs contain a
variable N terminal domain comprising about 1/3 of the protein
that mediates regulatory functions, a central conserved catalytic
domain, and a short C-terminal domain mediating oligomerization
(reviewed in [16,17]). Similarly, LmjPAH showed a divergent N ter-
minal domain comprising amino acids 1-123, a more conserved
catalytic domain comprising amino acids 124-436, followed by
a divergent C-terminal domain (Fig. 1). Recently two PAHs were
described in Toxoplasma gondii, whose predicted proteins bearing
signal sequences potentially indicative of secretion [36]. However,
L. major PAH lacks an N-terminal extension (Fig. 1) and several
computational methods did not predict a signal sequence for the
Leishmania PAH.

Structural motifs characteristic of aromatic amino acid hydroxy-
lases were found in the central catalytic region of LmjPAH, including
the iron binding site (His295, His301, and Glu331 in LmjPAH)
[37], and conserved substrate and cofactor binding sites (residues
274-301)[38]. LmjPAH contains Asp at the position corresponding
to Glu286 of rat PheH, which has been implicated in H4B binding
[39]. While amino acid hydroxylases often show cross-activity to
varying extents, and several studies have shown it is difficult to
reliably predict amino acid specificity from amino acid sequences
alone, some trends have been observed [16]. Several amino acid
residues determined the substrate specific activity for tyrosine or
tryptophan hydroxylase were not found in LmPAH. These include

d by a dashed box.

the position corresponding to Y235 and F313 in tryptophan hydrox-
ylase [40] and D455 of tyrosine hydroxylase [41].

3.2. Structure and expression of PAH mRNA during the infectious
cycle

In Leishmania and related trypanosomatid protozoans, every
mRNA contains a 39-nt ‘spliced-leader’ at its 5’ end added by
trans-splicing [42]. We used RT-PCR with a spliced-leader and two
primers specific for PAH to map the 5’ trans-splice acceptor site of
the PAH mRNA to an AG dinucleotide 141 nt 5’ of the predicted AUG
initiation codon, which was also the first AUG (data not shown).
Northern blots revealed a single 4kb transcript in all stages of
the infectious cycle (early log promastigote, late log promastigote,
metacyclic promastigote and amastigote) with little variation dur-
ing development (Fig. 2). A similar result was obtained with the
mRNA encoding the H4B regenerating enzyme QDPR [13].

3.3. Generation of PAH null mutants by targeted gene deletion

We were unable to express PAH in an enzymatically active form
in E. coli, or in an active form in vitro, despite many attempts. These
included varying expression conditions or host cells, tests of alter-
native pteridines including folates, or tests of truncations removing
the poorly conserved N terminal ‘regulatory’ domain, or this as well
as the C-terminal domain; several such variations had proven suc-
cessful in studies of other species’ AAAH. Thus we turned to studies
of PAH null mutants, or parasites over-expressing PAH, to explore
its potential roles and activities in vivo.

As Leishmania species are predominantly diploid, two succes-
sive rounds of gene targeting were required to generate null
mutants [27]. The first PAH allele was replaced by the hygromycin
B resistance marker (HYG) and the second was replaced with the
blasticidin (BSD) resistance marker (Fig. 3A). Southern blot analysis
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Fig. 2. Expression of PAH mRNA during the Leishmania major infectious cycle. North-
ern blot analysis of total RNAs probed with the LmPAH coding region sequence are
shown. The autoradiogram is shown in the upper panel with the single ~4-kb LmPAH
transcript. Molecular size markers (kb) are shown to the left. The lower panel shows
the ethidium bromide-stained gel showing the three rRNAs as a loading control.

with a PAH probe confirmed that the PAH gene had been com-
pletely deleted (Fig. 3C), while hybridization with a flanking probe
confirmed the replacements had occurred as planned (Fig. 3D).
Notably, homozygous replacement (pah~) lines were obtained a
typical frequencies, and grew normally in standard M199 culture
media thereafter. Several independent lines were analyzed, all of
which had similar growth properties (not shown). We restored
PAH expression by transfection of an episomal multicopy vector,
yielding lines termed pah~[+PAH, which additionally exhibit PAH
overexpression.

3.4. Invivo detection of PAH-dependent phenylalanine
hydroxylase activity by metabolic labeling

Leishmania were grown to logarithmic phase, collected, washed
twice, and inoculated into media containing radiolabeled pheny-
lalanine, tyrosine or tryptophan. After 2 h, samples were collected,
deproteinized, and separated by HPLC after addition of the appro-
priate standards (Fig. 4A-C). When labeled with [3H]-Phe, WT but
not pah~ extracts showed incorporation into a peak comigrating
with the free Tyr standard (Fig. 4A). In contrast, no incorpora-
tion above background was seen using [3H]-Tyr or [3H]-Trp, into
their predicted products DOPA or 5-hydroxy-tryptophan (Fig. 4B
and C). Since limiting concentrations of radiolabeled essential
amino acids were used in order to maximize the specific activity,
and free amino acids are used in protein synthesis, in prelimi-
nary experiments we varied the time of labeling from 1 to 4h.
As before no further metabolism of radiolabeled Tyr or Trp was
detected, while [3H]-Tyr formation from [3H]-Phe was maximal at
2 h. Other than Tyr formation, no differential was seen between
WT and pah~, or between the pah~/+PAH overexpressor (data not
shown). These data indicate that the Leishmania PAH is required for
phenylalanine but not tyrosine or tryptophan hydroxylase activ-
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Fig. 3. Generation of L. major PAH null mutants. (A) Restriction map of the native PAH locus and planned HYG and BSD replacements. The position of Styl sites and predicted
fragment sizes are shown. Hybridization probes are shown by black bars, codon regions by open boxes, and regions contained within the targeting fragment by gray bars.
(B-D) Southern blot analysis of wild type (WT), heterozygous (+) and PAH null mutant lines (#4, 5, and 6). DNA was subjected to Southern blot analysis using the radiolabeled
PAH ORF (panel C) or a 5’ flanking (panel D) probes shown in panel A. Panel B shows the ethidium bromide stained gel prior to transfer.
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Fig. 4. Metabolic labeling with aromatic amino acids and catecholamine analysis of L. major. Panels A-C, WT (black lines) or pah~ (red line) were grown in the presence of
[3H] amino acids, and incorporation into free Phe, Tyr or Trp in deproteinized cell lysates was determined by liquid scintillation counting following derivatization and HPLC
separation. Panel D, Analysis of L. major for the presence of catecholamines. Deproteinized lysates were separated by HPLC following derivatization as described in Section
2. The fluorescence traces are shown for WT (blue) and WT mixed with norepinephrine (NE), ephinephrine (E) and dopamine (DA) standards (red). Offset below these are

traces (black) for separation of NE, E, and DA run individually.

ity. Potentially, PAH possess a low level of tyrosine hydroxylase
activity not evident in our studies above. Thus we sought but were
unable to detect by HPLC potential downstream catecholamine
metabolites (norepinephrine, epinephrine, dopamine) in WT
extracts (Fig. 4D).

Total uptake and incorporation of radiolabeled Phe after 2 h into
free Phe and Tyr were quantified in the WT, pah~ and pah~[+PAH
lines (Table 1). Total Phe uptake/incorporation was somewhat less
in pah~ (75% WT) and elevated in pah~[+PAH (129% WT), although
these differences were not significant. Free Phe was somewhat
reduced in pah~ (78% WT) and more strongly reduced in the
pah~[+PAH line (27% WT); again the differences were not signifi-
cant. As shown in Fig. 4A, pah~ showed no incorporation of Phe into
free Tyr which was strongly significant (P<0.01), while pah~[+PAH
showed a 2.4-fold increase.

3.5. PAH and aromatic amino acid growth requirements

To probe the consequences of PAH depletion or overexpression,
parasites were inoculated into semidefined medium, or this lacking
phenylalanine, tryptophan or tyrosine. The WT and pah~ lines were
incapable of sustained proliferation in media lacking any of the aro-
matic acids (Fig. 5A-C), consistent with the view that Leishmania are
auxotrophic for aromatic amino acids [43]. Unlike WT cells which
arrested at constant cell numbers, pah~ showed a tendency towards
decreased cell numbers over time (Fig. 5A-C).

After a substantial delay of ~8 days, the pah—[+PAH overexpres-
sor was able to resume growth in Tyr-deficient media, although
more slowly than in the presence of Tyr (Fig. 5C). These para-
sites were adapted further by passage in Tyr-deficient media (six

passages of 1:100 serial dilutions), and then retested. These P6
pah~[+PAH parasites now exhibited growth in the absence of Tyr
comparable to WT in the presence of Tyr (Fig. 5D). Adaptation was
dependent on the presence of the episomal PAH gene, as WT para-
sites never increased in their rate of growth (not shown). The basis
of adaptation was not studied further but its dependency on epi-
somal PAH suggests that increased plasmid copy number and PAH
expression may account for this finding, as seen originally in ‘super-
selections’ of L. major episomal vectors [21]. These data provide
independent confirmation of the PAH activity of PAH, through its
role in provision of Tyr under limiting conditions, and alleviation
of this requirement when overexpressed.

3.6. Infectivity of pah~ L. major in mouse or macrophage
infections

The ability of pah~ mutant parasites to cause lesions in sus-
ceptible BALB/c mice was investigated by inoculating infectious
stationary phase promastigotes (104 to 108) into footpads, and
monitoring parasite-induced pathology by measuring footpad
thickness over time. For the WT, pah~ and pah~[+PAH lines, there
was no difference in the time until lesion pathology appeared, nor in
the progression of lesion pathology thereafter (Fig. 6A and B). Simi-
larly, when inoculated into genetically resistant CBA/J mice, which
show transient lesion pathology, all three lines behaved identically
(data not shown).

The ability of WT and pah~ Leishmania to survive within
peritoneal macrophages was assessed following infection of
complement-opsonized stationary phase parasites. Parasitemia
was monitored by the percent infected macrophages (Fig. 6C) and



64 L.-F. Lye et al. / Molecular & Biochemical Parasitology 175 (2011) 58-67

Table 1
Metabolic labeling studies of L. major with [*H] Phe.
Cell line
WT pah— pah—[+PAH
Total Phe uptake/incorporation 2433 + 251 (n=3) 1820+276" (n=5) 3140 + 190" (n=4)
Free phenylalanine 129 + 49 101+11 345+ 144"
Free tyrosine 6.5+ 1.7 0 (not detectable)™ 15.3 + 10.7

The values shown are pmol [*H]-Phe or Tyr/2.5 x 107 cells).
" Statistical significance from WT is indicated as P<0.1.

™ Statistical significance from WT is indicated as P<0.05.

™" Statistical significance from WT is indicated as P<0.01.

the number of parasites per 100 macrophages (Fig. 6D). Again, no
difference in parasite survival was seen.

3.7. Metacyclogenesis

Previously we showed that H4B levels were associated with
increased differentiation into the infective metacyclic form, which
occurs normally following entry into stationary phase [44]. Since
PAH activity could affect H4B levels, we explored the effect of PAH
depletion or overexpression on metacyclogenesis. Tests were per-
formed in folate-depleted M199 media (fdM199) containing either
minimal (0.001 wg ml~1) or saturating (2 g ml~!) concentrations
of biopterin. As before, no differences in growth rate were observed,
and metacyclogenesis was elevated under low-biopterin condi-
tions (10-11% vs 4.5-5%; Fig. S2, or data not shown). However, no
differences were seen in metacyclogenesis between WT or pah~
under either condition (Fig. S2). Similar tests showed no effect
of epinephrine (100 wM), norepinephrine (100 M) or propanolol
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(10 wM) on either parasite growth or differentiation, for either WT
or pah~ (Fig. S2). We conclude that neither PAH or the presence
of potential downstream effectors arising from PAH activity have
any effect on metacyclogenesis, even when grown in the minimum
level of biopterin required to support normal growth.

3.8. Reactivity with anti-melanin antibody MAb 6D

Melanin is a downstream metabolite of AAAH activity in many
species [45,46] and we used reactivity with the melanin antibody
MAb 6D2 to reveal its presence in Leishmania. While WT para-
sites showed no reactivity, comparable to isotypic MAb controls
(Fig. 7A or data not shown), when grown in media containing
250 M DOPA, strong reactivity was observed (Fig. 7C). In contrast,
pah~ parasites showed no reactivity when grown in the presence of
DOPA (Fig. 7B). Restoration of PAH expression in the pah~[+PAH line
restored MAb 6D2 reactivity (Fig. 7D). We observed in some but not
all experiments that the cells were pigmented in PAH-expressing
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Fig. 5. Growth of L. major WT, pah~ and pah~ [+PAH lines in aromatic amino acid-deficient media. The growth of parasites was measured following inoculation at 2 x 10°/ml
on day 1; all studies were performed at least three times, with a representative experiment shown. Panel A, growth in media containing (dark symbols) or lacking Trp (light
symbols). Panel B, growth in media containing (dark symbols) or lacking (open symbols) Phe. Panel C, growth in media containing (dark symbols) or lacking (open symbols)
Tyr. Panel D, growth in media lacking Tyr. Cell lines were WT (@, O), pah~ (B, O) or pah~ [+PAH (a, A), or pah~ [+PAH adapted by six serial passages of growth in media lacking

Tyr (4).
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Fig. 6. Virulence of pah~ promastigotes is not attenuated mouse or macrophage infections. Panels A and B, 10* (A) or 10° (B) stationary-phase WT or pah~ parasites
were inoculated individually into the footpad of BALB/c mice, and footpad thickness was measured over time. The average and standard deviation from three mice for a
representative experiment is shown. Panels C and D, macrophage infections. Survival of complement-opsonized stationary-phase WT or pah~ is shown. Panels A and B: WT
(@), and pah~ lines KO4 (O) or KO5 (v). Panel C and D: WT (@) or pah~ KO4 (O). The average and standard deviation of triplicate determinations from a representative

experiment is shown.

A

Fig. 7. Immunofluorescence analysis using anti-melanin antibody MAb 6D2. Panel A, WT grown in the presence of L-DOPA; Panel B, pah~ grown in the presence of L-DOPA;
Panel C, WT grown in the absence of L-DOPA; and Panel D, pah~[+PAH grown in the presence of L-DOPA. When added the L-DOPA concentration was 250 wM.

cells grown in the presence DOPA. We sought to confirm that the
reactive material was indeed melanin, using a protocol which sol-
ubilizes most cellular components but leaves insoluble melanin
intact, but were unsuccessful with WT cells grown in the presence
of DOPA (not shown).

4. Discussion

In this work we identified and explored potential roles for L.
major PAH. As we were unable to express active PAH for bio-
chemical characterization, we relied primarily on the predicted
properties based on the PAH protein sequence, and the characteri-
zation of both a pah~ null mutant and a PAH overexpressor obtained
following transfection of a multicopy episomal PAH expression vec-

tor. Collectively the aromatic amino acid hydroxylase family shares
many physical, structural and catalytic properties [4,5,16]. The pre-
dicted L. major PAH protein showed a typical mammalian-type
AAAH domain structure, with a highly conserved central catalytic
core flanked by less conserved N terminal and C terminal regions,
implicated in regulatory and oligomerization roles in other AAAHs
(Fig. 1). The L. major PAH central catalytic core showed good con-
servation of catalytic residues and motifs seen in other AAAHSs.
Importantly, these residues include those responsible for binding
Hy-biopterin.

Several other protozoans bear AAAH genes, including the api-
complexan parasite Toxoplasma which has two genes encoding
potentially secreted Phe and Trp hydroxylase activity [36], and the
cellular slime mold Dictyostelium [47]. Phenylalanine hydroxylases
also occur sporadically throughout prokaryotes [4,18]. Evolution-
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arily, L. major PAH falls as expected near the base of the eukaryotic
radiation (Fig. S3). While all Leishmania species genomes reported
to date encode a PAH ortholog, it is absent from the genomes of
both African and South American trypanosomes. Since a PAH gene
occurs in the free-living Kinetoplastid relative Bodo saltans (fam-
ily Bodonidae; Fig. S3), we infer that PAH was lost in the common
ancestor of trypanosomes following their divergence from Leish-
mania. However, the genome of African trypanosomes predicts a
PCD gene and trypanosomes express high levels of QDPR activity
[13]. This would be consistent with the idea that H4B is required for
essential processes in Leishmania and trypanosomes, other than as
a cofactor for AAAH activity.

Characterization of the L. major pah~ null mutant showed
phenotypes firmly establishing the requirement for PAH for
phenylalanine hydroxylase activity. While WT parasites converted
radiolabeled Phe to Tyr, the pah~ mutant was unable to do so
(Fig. 4A, Table 1), and correspondingly, the pah~/+PAH overex-
pressor showed an elevated ability to do so (Table 1). Despite this
activity, WT L. major were auxotrophic for Tyr as well as Phe and
Trp (Fig. 5A-C), suggesting that WT PAH levels were insufficient for
metabolic needs. Notably, WT and PAH overexpressing parasites
showed reproducibly higher susceptibility to Phe or Trp depriva-
tion than for Tyr deprivation (Fig. 5C). Moreover, the pah~[+PAH
episomal overexpressor showed only partial growth inhibition, and
could be readily adapted for normal growth without Tyr (Fig. 5Cand
D). These data suggest that WT PAH activity can only partially alle-
viate Tyr insufficiency, and is able to facilitate cell survival but not
full growth. The ability of PAH overexpression to rescue Tyr aux-
otrophy of the pah— mutant firmly establishes the PAH activity of
LmjPAH.

In contrast to the PAH-dependent Phe hydroxylase activity, Tyr
or Trp hydroxylase activity was not detected by in vivo radiola-
beling, using either WT, pah~ or the pah~/+PAH overexpressor.
This is consistent with LmjPAH amino acid sequence, which shows
residues more typical of AAAHs with Phe rather than Tyr hydrox-
ylase activity (Fig. 1). Correspondingly, PAH expression levels did
not alter growth under Phe or Trp deprivation (Fig. 5A and B). These
data thus suggest that Leishmania PAH is specific for Phe.

4.1. A melanin-like substance in Leishmania?

Curiously, we were able to show reactivity of Leishmania against
an antibody to melanin, which was dependent on the presence
of both PAH and exogenous DOPA (Fig. 7), and in some experi-
ments the Leishmania appeared pigmented. However, we failed to
recover insoluble acid-resistant pigment characteristic of melanin
[30], suggesting that the reactive substance was unlikely to be
authentic melanin. A number of melanin-like substances have been
described, arising from a variety of diphenolic or other precursors
[48]. In the fungus Cryptococcus neoformans, melanin plays impor-
tant roles in virulence [45]. However, since Leishmania requires
PAH to make the melanin-like substance, yet does not require PAH
for differentiation or infectivity in mice or macrophages (Fig. 7), a
role for the melanin-like substance in Leishmania virulence seems
unlikely.

4.2. PAH null mutants remain viable and virulent

Given the importance of Hy4B to Leishmania viability and viru-
lence, and that melanin-like substances have been implicated in
host-pathogen interactions in several species [36,46,49], we asked
whether PAH-dependent metabolites played a role in the Leishma-
nia infectious cycle. First we examined the ability of the parasite
to differentiate to infectious metacyclic parasites in vitro, a process
known to be up-regulated by low H4B levels in L. major [44]. We
confirmed this result, virulent L. major FV1 line studied here, but

the percent metacyclics was identical between WT and pah~ lines
when grown in either high or minimal biopterin levels, and nor was
it altered in the presence of downstream metabolites including cat-
echolamines or inhibitors (Fig. S2). Similarly, the pah~ line behaved
identically to WT following infections of primary macrophages in
vitro, or in infections of susceptible and resistant mice in vivo (Fig. 6
or data not shown). Finally, in preliminary studies the pah~ line sur-
vived well within sand flies, the insect vector of leishmaniasis (D.
Sacks, L-FL and SMB, unpublished data).

Thus, while under some circumstances PAH can partially mit-
igate the Tyr growth requirement of L. major, it is not essential
for normal growth or virulence across the Leishmania infective
cycle. Similarly, the PAH gene is absent in trypanosomes, which
like Leishmania require H4B [50]. Future studies may consider other
metabolic roles for PAH, perhaps in Phe anabolism, drug resis-
tance or in other metabolic pathways such as thioether metabolism
[45,51]. However, since the pah— mutant grows normally in vitro
and in vivo, it seems unlikely that PAH activity or PAH-dependent
metabolites can account completely for the strong biopterin growth
requirement of Leishmania.
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