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The Trypanosoma brucei TbHrg protein is a heme transporter
involved in the regulation of stage-specific morphological
transitions
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The human parasite Trypanosoma brucei does not synthesize
heme de novo and instead relies entirely on heme supplied by its
vertebrate host or its insect vector, the tsetse fly. In the host
bloodstream T. brucei scavenges heme via haptoglobin-hemo-
globin (HpHDb) receptor-mediated endocytosis occurring in the
flagellar pocket. However, in the procyclic developmental stage,
in which T. brucei is confined to the tsetse fly midgut, this recep-
tor is apparently not expressed, suggesting that 7. brucei takes
up heme by a different, unknown route. To define this alterna-
tive route, we functionally characterized heme transporter
TbHrg in the procyclic stage. RNAi-induced down-regulation of
TbHrg in heme-limited culture conditions resulted in slower
proliferation, decreased cellular heme, and marked changes in
cellular morphology so that the cells resemble mesocyclic trypo-
mastigotes. Nevertheless, the ThHrg KO developed normally in
the tsetse flies at rates comparable with wild-type cells. T. brucei
cells overexpressing ThHrg displayed up-regulation of the early
procyclin GPEET and down-regulation of the late procyclin
EP1, two proteins coating the T. brucei surface in the procyclic
stage. Light microscopy of immunostained 7bHrg indicated local-
ization to the flagellar membrane, and scanning electron micros-
copy revealed more intense ThHrg accumulation toward the flagel-
lar pocket. Based on these findings, we postulate that 7. brucei
senses heme levels via the flagellar ThHrg protein. Heme depriva-
tion in the tsetse fly anterior midgut might represent an environ-
mental stimulus involved in the transformation of this important
human parasite, possibly through metabolic remodeling.

Heme, an iron-containing porphyrin, is a prosthetic group
involved in numerous key cellular processes in the majority of
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extant organisms (1). Due to its capacity to transfer electrons
and bind diatomic gases, heme is implicated in oxidative metabo-
lism such as electron transport-dependent oxidative phosphoryla-
tion, oxidative stress response, oxygen transport, sensing, and
detoxification. It is also used as a signaling molecule in many aer-
obic organisms (2). In heterotrophic eukaryotes, the first step of
heme biosynthesis involves the condensation of glycine with suc-
cinyl-CoA, whereas photosynthetic eukaryotes initiate its synthe-
sis from glutamate bound to tRNA"Y. However, all seven subse-
quent steps of heme biosynthesis are performed by enzymes highly
conserved in all three domains of life (3, 4).

In contrast to organisms capable of synthesizing heme,
trypanosomes and related flagellates belong to a small group of
eukaryotes that do not synthesize heme de novo and totally rely
on external heme (5, 6). As heme auxotrophs, they acquire this
prosthetic group from their invertebrate vector or their verte-
brate host. Interestingly, there seems to be a fundamental dif-
ference in a way distinct life cycle stages of trypanosomes
acquire heme. The bloodstream stage (BS)* of T. brucei, which
is covered by a hypervariable variant surface glycoprotein
(VSG) (7), proliferates in blood with haptoglobin-hemoglobin
(HpHb) complexes being the major source of extracellular cir-
culating heme (8). The BS flagellates obtain heme via a specific
HpHDb receptor localized in the flagellar pocket (9). However, in
the procyclic stage (PC), which is confined to the midgut of the
tsetse fly vector and has its surface covered with two coat pro-
teins, GPEET and EP procyclins (10), the HpHb receptor
appears not to be expressed (9, 11). Nevertheless, due to an
active respiration chain and a corresponding requirement for
cytochromes (12, 13), the PC cells are likely to require more
heme than the BS trypanosomes. Moreover, in the posterior
midgut (PM), PCs transiently face a high amount of free heme
as a consequence of large quantities of ingested vertebrate
blood (14). From there, the parasites expand in the ecto-

“The abbreviations used are: BS, bloodstream stage; HpHb, haptoglobin-he-
moglobin; HpHbR, HpHb receptor; PC, procyclic stage; PM, posterior midg-
ut; AM, anterior midgut; SG, salivary gland; HRG, heme-response gene;
Lhr1, Leishmania heme response 1; TbHrg, T. brucei heme-responsive gene;
TMD, transmembrane domains; gRT, quantitative real-time; ns, not signif-
icant; tet, tetracycline.
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peritrophic space upward to the anterior midgut (AM)
accompanied by a progressive elongation of the parasites, the
mesocyclic trypomastigotes. Some of these will enter the
proventriculus (PV) lumen and undergo a complex differentia-
tion into epimastigotes, which have typical anterior kinetoplast
and BARP surface coat. Trypanosomes re-enter the gut lumen
and migrate to the salivary glands (SG) to finish the differenti-
ation by forming infectious metacyclic trypomastigotes (15,
16). Overall, tsetse fly digestive tract is a highly dynamic and
harsh environment, where uptake, sequestration, and utiliza-
tion of heme have to be tightly regulated (17).

Several paralogs of membrane-bound transporters of heme
were first identified in the free-living roundworm Caenorhab-
ditis elegans and named HRG (heme-response genes) (18, 19).
In contrast, mammals have a single gene that is only ~20%
identical to the C. elegans homologues (20). Previous studies
have demonstrated that both roundworm and human HRG-1
bind and transport heme and that the knockdown of Hrg-1 in
embryos of the zebrafish Danio rerio results in severe anemia,
which is fully rescued by the C. elegans Hrg-1 homologue (18).
Furthermore, the HRG genes were shown to be dramatically
up-regulated (up to 200-fold) in response to heme deficiency,
and their depletion resulted in aberrant cytochrome ¢ distribu-
tion that was partially restored by heme supplementation (21).
A single homolog of the C. elegans Hrg-4 gene was identified
also in the genome of Leishmania amazonensis (Lhrl, Leishma-
nia heme response 1) and in other trypanosomatids, including
Trypanosoma brucei (22) and Trypanosoma cruzi (23). Notably,
viable parasites with both Lhr1 alleles disrupted could not be
obtained, suggesting that this gene is essential for the survival of
L. amazonensis. Heme deprivation in these protists increased
the amount of Lhr1 mRNA 4-fold, which to a limited extent
mimics the situation in C. elegans (22). Several unique amino
acids were identified to be critical for the function of Lhrl, as
their mutations affected transport of heme across cellular mem-
branes and consequently the virulence of L. amazonensis (24).
Recently, based on RNAIi evidence, ThHrg was reported to be
essential in BS of T. brucei and was characterized as a lysosomal
transporter responsible for heme salvage from hemoglobin, down-
stream of HpHb receptor (HpHbR)-mediated import (25).

Here we studied the function of ThHrg transporter in PC of
T. brucei. We show that the ThHrg protein mediates heme
import into the PC trypanosomes and seems to be the sole
candidate for such a function in the tsetse fly. Interestingly, 7bHrg
is also localized in the flagellar membrane, and its overexpression
coincides with remodeling of the cell surface. Moreover, expres-
sion of the ThHrg gene was observed to be at the highest level in PC
harvested from the tsetse fly posterior midgut. Based on these
results, we suggest that in the tsetse fly vector this transporter is
involved in the regulation of the important switch from the PC into
the mesocyclic trypomastigotes, perhaps via heme availability and
downstream metabolic remodeling.

Results
Characterization of heme transporter in T. brucei

Based on the results of a Blast search, using L. amazonensis
Lhr1 as a query, Th927.8.6010 was identified as a candidate for
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the putative heme transporter in T. brucei. It has a molecular
mass of 18.1 kDa and was named ThHrg (T. brucei heme-re-
sponsive gene). The ThHrg protein has 26% identity and 42%
similarity with L. amazonensis Lhrl. Amino acid sequence
analysis by MINNOU revealed four predicted transmembrane
domains (TMD) similarly to Leishmania Lhrl and Hrg-4 from
C. elegans (Fig. 1). Even though ThHrg lacks the histidine resi-
due between TMD3 and TMD4, conserved in Lhrl and Hrg-4,
it contains another conserved histidine in TMD2 (Fig. 1) that is
essential for heme transportation in Hrg-1 from C. elegans as
well as in human HRG-1 (26). Notably, ThHrg was found to be
phosphorylated on serine 147 (27), the amino acid present also
in human HRG-1 but not in its Hrg-4 or Lhrl homologues
(Fig. 1).

TbHrg is differentially expressed during the T. brucei life cycle

The expression profile of ThHrg during differentiation was
reported earlier in several high-throughput studies. 7hHrg
mRNA was shown to be 5-fold decreased in the BS compared
with PC cells (28 —30) and increased in the salivary glands (31).
Itis known from C. elegans and L. amazonensis (21, 22) that the
transcript may be also regulated by heme availability and con-
sequently vary in different life cycle stages.

To test this possibility in T. brucei, we performed qRT-PCR
to monitor the expression of ThHrg in the PC and BS flagellates.
The analysis showed that the level of ThHrg transcript in the BS
is ~10X lower than in the PC grown in regular SDM-79 (Fig.
2A). We also compared the levels of ThHrg transcript in PC
under three cultivation conditions with different concentra-
tions of hemin and fetal bovine serum (FBS), which serve as a
source of heme in axenic culture. Unlike in other heme aux-
otrophs, the level of ThHrg transcript seems not to be modu-
lated by heme availability in PC, as under all conditions tested
the expression changed only slightly (Fig. 2A4). Next, we moni-
tored the relative abundance of ThHrg mRNA in different
T. brucei developmental stages within the tsetse fly vector, i.e.
in the PC, anterior midgut (mesocyclic trypomastigotes),
proventriculus/foregut (post-mesocyclic trypanosomes), and
salivary glands (different stages of metacyclogenesis). The
TbHrg transcript abundance in these tissues was monitored by
qRT-PCR using telomerase reverse transcriptase (TERT) and
double-strand break repair nuclease (MRE11) mRNAs as nor-
malizers. The tsetse in vivo data (Fig. 2B) correlated well with
the experiment done with cells under axenic culture condi-
tions. The ThHrg transcript is expressed mainly in the PC flag-
ellates, a life cycle stage that dwells in the tsetse PM. At a later
stage of the development in the tsetse fly, i.e. in the AM, proven-
triculus (PROV) and SG, the expression level of ThHrg dropped
to ~50% of the posterior PC level. The AnTAR1 BS cells
showed low ThHrg expression level, with a mere 10% expres-
sion as compared with the PM-derived PC cells (Fig. 2B).

Down-regulation of TbHrg causes a growth defect under low
heme conditions

High-throughput RNAi screen predicted abnormal cell pro-
liferation in both PC and BS stages (32). Because the protein
was already found to be essential in the BS (25), we studied
function of the ThHrg in the PC cells only. For that we gener-
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Figure 1. Multiple sequence alignment of TbHrg and its homologues. Sequence of T. brucei (TbHrg, TriTrypDB accession number Tb927.8.6010), L. ama-
zonensis (Lhr1, Genbank™ accession number CBZ27556), C. elegans (Hrg-4, WormBase Gene ID WBGene00009493), and Homo sapiens (HRG-1, ID SLC48A1)
were used in this alignment generated by ClustalW. Boxshade was used to highlight the identical domains. Rectangular frames show TMDs predicted by
MINNOU in TbHrg. The TMDs in other genes are adapted from Huynh et al. (22). Asterisks indicate conserved histidine residues. # indicates phosphorylated

serine at position 147 according to TritrypDB.

ated PC RNAi knockdown cell line and confirmed a substantial
decrease of the ThHrg transcript by qRT-PCR. At day 4 post-
RNAi induction the ThHrg mRNA level dropped by ~80% as
compared with its level in the non-induced cells (Fig. 34, inset).
Based on a study from C. elegans (18), we decided to test cell
viability under two conditions: (i) in the high heme medium,
where trypanosomes are cultivated in standard SDM 79, which
contains 7.5 mg/liter hemin (11.4 uMm) and (i) in the low heme
medium with no hemin added. We note that the low heme
medium is not completely heme-free, as 10% FBS added to
the medium supplements trace amount of heme. When cul-
tured in the high heme medium, the PC cells RNAi-depleted for
ThHrg did not show any significant growth defect as compared
with the non-induced control (Fig. 34). In contrast, the prolif-
eration of the same cell line was significantly reduced in the low
heme medium after RNAi induction (Fig. 3B). Further analysis
of DNA by DAPI staining revealed a slight shift toward the
non-dividing cells (IN1K) in the ThHrg knockdowns as com-
pared with the wild-type strain induced in low heme medium
for 10 days (data not shown).

To achieve complete elimination of the ThHrg protein, ho-
mologous recombination was used to generate knock-out cell
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line for both alleles of the single-copy ThHRG gene (ThHrg
KO). The ThHRG alleles were replaced by either hygromycin or
puromycin resistance cassettes, and the elimination of the tar-
get gene in the ThHrg KO cell line was confirmed by PCR using
primers specific for ThHrg and a-tubulin as a control (Fig. 4C).
This result showed that ThHrg is not essential for the viability
of cultured PC T. brucei.

Down-regulation of TbHrg decreased heme content and heme
uptake

To monitor changes in cellular heme levels upon the down-
regulation of ThHrg, we employed an HPLC-based analysis.
This methodology enabled accurate quantification of the non-
covalently bound heme b and heme g, the latter being in T. bru-
cei synthetized from heme b (33). In RNAi-induced ThHrg PC
cells grown in the high heme medium, the heme b content was
decreased by 30% when compared with the non-induced
cells (Fig. 4A). This effect was even more pronounced during
cultivation in the low heme medium, where heme b went
down by 60% (Fig. 4B). The cellular concentration of heme a
was more stable, showing no significant decrease in the PC
ThHrg RNAi knockdowns grown in the high heme medium
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Figure 2. Comparative expression of TbHrg transcript in different devel-
opmental stages. A, quantitative real-time PCR of the TbHrg transcript in PC
and BS of T. brucei 427 from axenic culture. Transcripts from wild type BS
grown in 10% FBS and wild-type PC cells grown in 10% or 1% FBS were com-
pared with PC cells grown in medium with 10% FBS and 11.4 um hemin, which
was set to 100%. Telomerase reverse transcriptase was used as an internal
control. Statistical significance was determined by Student’s t test with
Welch's correction (n = 3; ns, p > 0.05; *, p =< 0.05; ***, p =< 0.001). B, quanti-
tative real-time PCR of the TbHrg transcript in T. brucei AnTAR1 BS cells and in
individually collected AnTAR1-infected tissues of G. morsitans morsitans flies:
PM (n = 5), AM (n = 5), proventriculus/foregut (PROV) (n = 4),and SG (n = 4).
The TERT (telomerase reverse transcriptase) and MRE11 housekeeping genes
were used for normalization. Statistical significance was determined by
Student'’s t test with Welch's correction (ns, p > 0.05; ¥, p = 0.05; **, p =< 0.01;
*** p =<0.001). An overall test (all the groups) was done by a one-way analysis
of variance (**, p = 0.0023).

(Fig. 4A). However, in the same cells grown in the low heme
medium, heme a level was substantially decreased (by ~60%)
(Fig. 4B).

Next, we have monitored the dynamics of heme uptake using
“C-heme in ThHrg KO cells. In these trypanosomes, the
uptake of radioactive heme was practically abolished, whereas
in the wild types the radioactive heme content grew steadily to
1 ng/107 cells (Fig. 4C). This result strongly indicates that
ThHrg has a key role in heme transport in PC 7. brucei and that
the transporter internalizes free heme, most likely as a solo
player.
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Depletion of TbHrg caused a change to mesocyclic-like
morphology

The ThHrg KO cells underwent morphological changes,
which were apparent already by standard light microscopy.
Flagellates depleted for heme due to the absence of the ThHrg
gene became markedly longer than the parental wild-type
strain (Fig. 5, A and B). Statistical analysis of cell measurements
documented that the ThHrg KO flagellates were almost twice as
long as the wild-type PC cells. This also applies to the flagellum,
which was prolonged, reflecting the particular extension of
its attached part (Fig. 5A). Moreover, these morphological
changes affected the shape of the single mitochondrion, which
lost its reticulated structure and turned into a sausage-shaped
organelle that resembled the mitochondrion of the BS cells (Fig.
5C). In the genetically modified trypanosomes, we also exam-
ined the relative position of the nucleus and the kinetoplast.
Although the kinetoplast was often more distant from the elon-
gated nucleus, it remained positioned in the posterior part of
the cell, which is a defining feature of the PC morphology (Fig.
5C). All observed morphological changes hint to mesocyclic
trypanosomes, which are found in the anterior midgut and
proventriculus (34).

We observed a similar phenotype in the ThHrg RNA| strain
when grown in low heme conditions for 10 days, although the
emerging population was more heterogeneous in size and
shape (Fig. 3D), with significant repositioning of the kinetoplast
in respect to the nucleus. In ~40% of the ThHrg RNA.i cells, the
nucleus overlapped with the kinetoplast, and a minority of
the cells (7%) had their kinetoplast positioned anterior to the
nucleus. Such morphotypes were detected in the wild-type
strain very rarely, with the majority of cells (98%) having the
kinetoplast at the posterior end of the cell (Fig. 3C). The pres-
ence of an anterior kinetoplast would suggest the appearance of
epimastigote stage, but we failed to detect the marker protein
BARP in any of the cell lines studied (data not shown).

TbHrg KO cells are not compromised in tsetse flies

The ThHrg KO cells and the corresponding wild-type cells
were further scrutinized in vivo within the tsetse fly vector. The
establishment of PC infection of 7hHrg KO in the tsetse fly
midgut and the subsequent development of the trypanosomes
into the infective metacyclic stage in the salivary glands were
observed to be at similar level to the wild-type cells (Fig. 5D).
The posterior midgut, where blood meal digestion takes place,
is considered to be a heme-rich environment (35, 36), leaving
the ThHrg KO cells unaffected. However, later the protists
encounter a heme-low environment in the anterior midgut that
stimulates the transformation into the mesocyclics stage, a pre-
disposition already established in the ThHrg KO cells. Taken
together, these results suggest that heme, either directly or indi-
rectly through the downstream heme-based metabolic activity,
may act as a regulator of 7. brucei cell shape and differentiation.

TbHrg localizes to the flagellar pocket and membrane

To establish the intracellular localization of the ThHrg pro-
tein, BS and PC trypanosomes overexpressing the C-terminally
tagged protein were generated using a tetracycline-inducible
expression system. The production of ThHrg-V5 fusion protein
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Figure 3. Down-regulation of TbHrg affects proliferation and kinetoplast positioning in low heme medium. Growth curves of non-induced (—tet; black
line) and RNAi-induced (+tet; gray line) cells grown with 11.4 um hemin (+hemin) (A) or in a medium without hemin (—hemin) (B). The inset shows verification
of the TbHrg RNAi knockdown by quantitative real-time PCR. Total RNA was harvested from non-induced (—tet) and RNAi-induced (+ tet, day 4) cells. TbHrg was
compared with18S rRNA transcript, which was used as an internal control. C, mutual positions of nucleus and kinetoplast in wild type (WT) and TbHrg
knock-down cells 10 days after RNAi induction (KD), respectively. The percentage calculated out of 200 cells per each strain is shown. D, fluorescence
microscopy showing nuclear staining (blue) of representative cells from panel C with the kinetoplast positioned posterior or anterior with respect to the nucleus

or overlapping with it (over).

was verified by Western blot analysis in both life cycle stages
(Fig. 6A) with the expression higher in the PC flagellates as
compared with the BS flagellates. Notably, in the SDS-PAGE gel
the protein migrated at ~120 kDa, although its predicted size
along with the V5 tag is ~20 kDa (Fig. 6A). This mobility shift
was most likely caused by extreme hydrophobicity of this mem-
brane protein, which contains four transmembrane domains.
Additionally, we used LDS-PAGE to better resolve the protein,
and indeed the V5-signal correlated with molecular mass of 20
kDa (data not shown).

The cell lines overexpressing ThbHrg-V5 were further studied
by light and electron microscopy. Upon decoration with mono-
clonal a-V5 antibody, immunofluorescence microscopy local-
ized the signal within the flagellum in both the PC and BS cells
(Fig. 6B). The same approach, but with the methanol-permea-
bilization step omitted, located all the V5-tagged ThHrg pro-
tein to the same cellular compartment (data not shown). Hence,
the ThHrg protein seems to be incorporated into the surface
layer of the flagellum as part of its membrane. Moreover, the
flagellar pocket also contained a fraction of the fluorescent sig-
nal (Fig. 6B). In the BS cells, signals could additionally be
detected in the intracellular vesicles compatible with the endo-

7002 J Biol. Chem. (2017) 292(17) 6998-7010

cytic compartments, suggesting a possible role of the trans-
porter in heme mobilization across the endomembrane sys-
tems downstream of the HpHb cargo delivery in the acidic
compartments (Fig. 6B), in agreement with previous findings
(25).

Next, the PC cell line overexpressing V5-tagged ThHrg was
subjected to immunostaining with primary a-V5 and second-
ary a-mouse gold-labeled antibodies followed by scanning elec-
tron microscopy. This sensitive technique confirmed the pres-
ence of ThHrg in the flagellar membrane with the pixels
progressively increasing toward the flagellar pocket (Fig. 6C,
1-3), as compared with the wild-type strain where no pixels
were detected (Fig. 6C, 4). This approach did not enable detec-
tion of the tagged protein within the flagellar pocket but pro-
vided evidence for its presence on the surface of the flagellum
(Fig. 6C).

To rule out possible artifacts caused by protein overexpres-
sion, a PC cell line was generated that carried endogenously
tagged ThHrg with the V5 tag attached to its C terminus
(Fig. 6A). We examined the intracellular localization of the
endogenously tagged protein, which is essentially the same
asin the ThHrg-overexpressing cell line, as most of the signal
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Figure 4. Heme content and uptake is affected in TbHrg KD and KO cells. Relative heme content (heme a and heme b) in the non-induced (—tet, dark gray
columns) and RNAi-induced (+tet, day 4, light gray columns) cells grown in the presence of 11.4 um hemin (A) or its absence (B). Heme content in the
non-induced cells was set to 100%. Heme was extracted from 1 X 10° flagellates, separated by HPLC, and detected by diode array detector. Statistical
significance was determined by Student’s t test with Welch's correction (n = 4; ns, p > 0.05, **, p < 0.01; ***, p < 0.001). C, verification of TbHrg knock-out (KO)
cells. Genomic DNA was isolated from the wild type (WT) and TbHrg KO cells and PCR-amplified with specific primers for part of the TbHrg and « tubulin genes,
with the latter used as a control. The amplicons were visualized in an ethidium bromide-stained agarose gel. D, dynamic accumulation of '*C-heme in WT (black
line) and TbHrg KO cells (gray line) is shown. WT and TbHrg KO cells were incubated with '*C-heme, which was quantified in each sample by Beckman Coulter

LS 6500 scintillation counter.

decorates the flagellar membrane and the flagellar pocket
(Fig. 6B).

Overexpression of TbHrg led to accumulation of heme in BS

In L. amazonensis, overexpression of Lhrl led to elevated
uptake of heme analog zinc protoporphyrin (22). We tried to
use the same approach for T. brucei, but the zinc protoporphy-
rin did not enter live cells. Therefore, we decided to employ
another methodology using radioactively C'*-labeled heme,
and this way the dynamics of heme accumulation in the verified
BS ThHrg-V5 cells could be followed. Indeed, flagellates over-
expressing the V5-tagged protein showed a substantially higher
ability to internalize heme as compared with their wild type
counterparts (Fig. 7A). After 24 h of RNAi induction, 2X more
radioactive heme accumulated in the former cells as compared
with the wild-type cells (Fig. 7A).

Overexpression of TbHrg triggers a switch of procyclins in PC

PC cells expressing ThHrg-V5 were monitored for their sur-
face procyclins. By Western blot analysis, the overexpression of
TbHrg-V5 reproducibly triggered strong up-regulation of early
procyclin GPEET with the concomitant decrease of the late
procyclin EP1 (Fig. 7B). The switch was apparent already in the
non-induced cells probably due to a leaky tetracycline-induci-
ble expression system. In the wild-type cells, the GPEET pro-
tein was almost undetectable, yet after 24 h of tetracycline
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induction, a 5-fold increase of GPEET occurred. On the con-
trary, EP1 was negligible in the cells induced for 24-h, 10X lower
compared with wild-type levels (Fig. 7B). Combined, the results
indicated that ThHrg might play a role in the life cycle progres-
sion, in particular in driving the complex morphological
changes associated with the move of the infection from the
midgut into the proventriculus.

Discussion

Progress in understanding heme homeostasis in most
eukaryotic systems is often hampered by the inability to sepa-
rate heme biosynthesis from downstream intracellular trans-
port pathways. We bypassed this problem by using genetically
tractable T. brucei, which is unable to synthesize heme but
instead relies on heme scavenged from its hosts (1, 5, 37),
whereas few related trypanosomatids likely acquire heme from
their bacterial endosymbionts (38). Interestingly, another
trypanosomatid-parasitizing plant, Phytomonas serpens, was
recently shown to survive without any heme, the first example
of its kind among aerobic eukaryotes (39). This is certainly not
the case of PC T. brucei, which contains over a dozen essential
heme-carrying proteins (9, 37, 39, 40).

Despite its overall essentiality and versatility, heme has high
cellular toxicity due to its iron-induced effect on DNA, pro-
teins, and membrane lipids (41). Therefore, to reduce the dele-
terious effects of free heme, every prokaryotic and eukaryotic
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Figure 5. TbHrg KO cells with mesocyclic-like morphology are not com-
promised in tsetse flies. A, comparison of morphology of wild type (WT)
(dark gray column, N, = 40) and TbHrg KO cells (KO) (light gray column, Ny, =
37) grown in low heme medium for 10 days. Statistical significance was deter-
mined by Student’s t test (ns, p > 0.05; ***, p = 0.001). B, schematic represen-
tation of measurements from the graph shown in Fig. 3A. Scanning electron
microscopy of WT (upper panel) and KO cells (lower panel). The baris 1 um.C,
immunofluorescence assay of PC TbHrg KO cells grown in the low heme
medium for 10 days, stained with DAPI (blue), a-tubulin antibody (green), and
MitoTracker (red). D, infection rates at day 28 post-infection of G. morsitans
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cell tightly regulates its uptake and storage. Transport and dis-
tribution of heme in trypanosomatids remain elusive, although
several high affinity heme-binding proteins were identified that
allow active heme uptake (1, 9, 37, 40). The HpHb complex,
internalized by the HpHDbR, is the main source of heme for BS
T. brucei (9). HpHbR is conspicuously missing from the PC
cells. Consequently, the PC cells were predicted to acquire free
heme by other means than via the HpHb complex (9).

Here we show in vitro and in vivo that TbHrg functions as the
free-heme transporter with an expression pattern complemen-
tary to HpHbR, with 7hHrg being abundant in PC yet negligible
in BS T. brucei. Somewhat unexpectedly, the abundance of the
ThHrg transcript was not modulated by heme availability. This
is, however, not unprecedented, as there are other heme trans-
porters in C. elegans, which are constitutively expressed and
not at all regulated by heme (42). Unlike in the BS cells, where
the down-regulation of ThHrg appears lethal (25), we found
that its RNAi-mediated targeting in PC causes growth pheno-
type only under low heme conditions. The BS cells have been
proposed to use ThHrg for transportation of endocytosed heme
from the lysosome into the cytoplasm (25). The fact that endo-
cytosis is up-regulated in BS as compared with PC (43) may
explain the differences in viability between these two stages.

It was reported that in Leishmania donovani high concentra-
tion of heme reduced the level of protein synthesis, namely of
B-tubulin with a concomitant up-regulation of heat shock pro-
tein 90 (36). Moreover, morphological changes similar to in situ
transformation from the promastigote stage to the macro-
phage-dwelling amastigote stage were observed which sug-
gested that heme may be the key factor triggering transforma-
tion of these flagellates (44). Similar modulation by heme
concentration was later reported in 7. cruzi, which responded
to high heme concentration with decreased growth rate, fol-
lowed by the transformation of the epimastigotes into amastig-
otes (45). Moreover, heme was recently found to be a regulatory
molecule affecting the elF2a kinase2 activity and regulating
development in the insect form of T. cruzi (46).

Our observations support an important role of heme in the
life cycle progression of T. brucei, as the disruption of ThHrg
decreased intracellular heme and eventually led to its disap-
pearance. The extremely low heme environment may mimic
the challenging conditions in the anterior midgut and proven-
triculus of the tsetse fly, where transformation of the PC
trypanosomes into the mesocyclic stage occurs. We noticed a
substantially prolonged cell shape of the ThHrg KO cells,
although the kinetoplast and the nucleus remained in positions
characteristic for the PC cells, contrary to the ThHrg RNAi
knockdown cells in which the kinetoplast moved toward the
anterior end of the cell. The length of the free flagellum was not
altered by the absence of ThHrg, whereas the flagellum attach-
ment zone grew significantly. This is an important feature, as
the length of the attachment zone was recently shown to be a
key regulator of trypanosome cell shape (47, 48). Additionally,
we provide evidence that ThHrg KO mutant could colonize the

morsitans flies with the WT (AnTART) and TbHrg KO PC cells. Gray column:
established midgut infection; black column: % maturation of midgut-infected
flies; n = number of dissected flies.
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Figure 6. TbHrg localizes into the flagellar membrane and pocket. A, overexpression and endogenous expression of the C-terminally V5-tagged TbHrg in
PCand BS flagellates. Western blot analysis with a-V5 antibody shows the absence and presence of the tagged protein in non-induced (—tet) and induced cells
(+tet, day 1), respectively. a-Tubulin was used as a loading control. B, immunofluorescence assay of C-terminally V5-tagged TbHrg in PC and BS cells, which
were stained with monoclonal a-V5 antibody (green), MitoTracker (red), and DAPI (blue). C, scanning electron microscopy of PC cells overexpressing the
C-terminally V5-tagged TbHrg. Processing for scanning microscopy was followed by immunodecoration with a-V5 antibody labeled with gold nanoparticles
(1.4 nmin diameter). 7, low magnification view imaged using secondary electrons. 2 and 3, silver-enhanced nanoparticles were observed using back-scattered
electrons. Varying density of nanoparticles on the flagellar membrane in different parts of flagellum is shown by white arrows. Bars are 1 um (7) and 100 nm (2
and 3). 4, wild type cellsimmunodecorated with a-V5 antibody attached to gold nanoparticles, used as a negative control, lacked any signal. The baris 100 nm.

tsetse flies at rates and intensities comparable with the wild- by a concurrent drop of the EP1 procyclin. The developmental
type cells. regulation of surface proteins expression in PC has been exten-

Furthermore, we show here that the overexpression of sively studied (49, 50). Upon ingestion by the tsetse fly, devel-
TbHrg-V5 causes a dramatic increase of GPEET accompanied opmentally competent stumpy forms readily transform into the
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Figure 7. Overexpression of TbHrg-V5 leads to accumulation of heme in BS cells and switch of procyclins in PC cells. A, dynamic accumulations of
radioactive '*C-heme in WT BS cells (black line) and in those overexpressing TbHrg-V5 (gray line). Cells incubated with '“C-heme were quantified by scintillation.
B, Western blot analysis of wild type (WT) PC cells and those overexpressing V5-tagged TbHrg, non-induced (—tet), and RNAi-induced cells (+tet, 24 h). Their
lysates were immunodecorated with antibodies against the early GPEET procyclin and the late EP1 procyclin as well as with a-tubulin antibodies, used as a
loading control. The overexpression of TbHrg-V5 was monitored with a-V5 antibodies. Statistical significance for GPEET (n = 3) and EP1 (n = 2) protein
expression (WT value set to 100%) was determined by Student’s t test (*, p < 0.05; **, p < 0.01, ***, p = 0.001).

early PC cells expressing both the GPEET and EP procyclins.
During the first days of midgut colonization, GPEET will largely
dominate the surface coat. At a later stage, under the control of
undetermined environmental stimuli, the surface coat will be
replaced by the EP procyclins. In vitro studies have revealed that
the switch from GPEET to EP could be accelerated under
hypoxic conditions or prevented by the addition of exogenous
glycerol (51). We demonstrate here that the ThHrg function
and heme bioavailability act as positive regulators of the early
GPEET procyclins. Compatible with these observations, the
GPEET-to-EP transition in the tsetse fly occurs after the com-
pletion of the blood meal digestion, leaving behind the PC flag-
ellates in a heme-depleted midgut. We hypothesize that this
heme-rich to heme-poor transition could, via ThHrg, trigger
cellular differentiation.
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In L. amazonensis and BS T. brucei, Hrg localizes to the
plasma membrane and to endocytic compartments, respec-
tively (22, 25). Moreover, it was also found in the flagellar
pocketregion in 7. cruzi, indicating possible regulation of heme
uptake in this compartment (23). In PC and BS T. brucei, we
observed the ThHrg protein in the endocytic vesicles associated
with the flagellar pocket but additionally found it also in the
flagellar membrane. This unanticipated localization was func-
tionally confirmed by the increased uptake of heme upon the over-
expression of the tagged ThHrg. A further line of evidence verify-
ing the flagellar localization was obtained from a PC strain with
endogenously V5-tagged ThHrg. Very little is known about sens-
ing and signaling in the flagellum, but proteins regulated by Ca®"
have previously been localized in the T. brucei flagellum (52), lend-
ing additional support to its putative sensing capacity.

SASBMB

/T0Z ‘82 1Hdy U0 SVD ‘THLNTD AD0T0IE 1 /B10-0g [ Mmmy/:dny Woj papeojumog


http://www.jbc.org/

Collectively, we present first evidence that in PC T. brucei
heme is acquired via flagellum-located ThHrg, implying that
heme has to be transported into the cytoplasm through the
flagellar membrane and flagellar pocket. Moreover, it is plau-
sible that heme is one of the environmental stimuli that is
involved in the transformation of this important human para-
site during its journey through the midgut of the tsetse fly
vector.

Experimental procedures
Quantitative real-time PCR

Total RNA from each cell line was isolated using TRI reagent
(MRC). To remove residual DNA, the DNase treatment was
performed using the Turbo DNA-free DNase kit (Ambion).
The SuperScriptllI reverse transcriptase (Invitrogen) and oli-
go(dT),, (Invitrogen) were used to generate cDNA. Quantita-
tive real-time PCR was performed as described elsewhere (53).
The primer pair TbHrg-QP-FW (5'-GTGGACGGGTGAA-
TCCAACT) and TbHrg-QP-RV (5'-ACAACATGCTCGTC-
TGAGGG) was used to detect the ThHrg mRNA. The primer
pair of telomerase reverse transcriptase was used as internal
reference following a protocol described elsewhere (54). The
relative ThHrg mRNA abundance between either the RNAi-
induced and non-induced cells or the PC and BS cells was deter-
mined by the Pfaffl method (55).

Preparation of cell line overexpressing V5-tagged TbHrg

The full-length ThHrg (Tb927.8.6010) gene without stop
codon was PCR-amplified from the T. brucei genomic DNA
using primer pair TbHrg HindIII_FW (5'-CGCAAGCT-
TATGGCTCTTTCAGAGAAAGC) and TbHrg_BamHI RV
(5'-CGCGGATCCCAACATGCTCGTCTGAGGGC) (the
added restriction sites BamHI and HindIII are underlined). The
amplicon was subsequently cloned into pT7V5 plasmid and
verified by sequencing. The ThHrg-V5 contains V5 tag at its C
terminus. The construct was linearized by Notl and then trans-
fected into T. brucei 29 —13 (PC) using BTX electroporator and
selected as described elsewhere (56). The construct was also
electroporated into T. brucei 427 (BS) cell using the Amaxa
Nucleofector II electroporator, with transfectants maintained
in HMI-9 medium and selected following a protocol described
previously (53). The expression of the ThHrg-V5 protein tagged
was initiated by the addition of 1 ug/ml tetracycline to the
medium.

Preparation of cell line with endogenous V5-tagged TbHrg

Primers were designed according to the protocol for endog-
enous C-terminal tagging (57). Used primers for ThHrg are the
following: TbHrg_FW_GFPc_pPOT (5'-ACCCCATCTA-
ACCCACCCGAATTCGACAGTTTACGTAAGGGGGAAG-
AAGAGGTAACGGAAAGGAGGGCCCTCAGACGAGCAT-
GTTGGGTTCTGGTAGTGGTTCC) and TbHrg RV_GFPc_
pPOT (5'-TCACGCGAGTCTTTTCTTCATTCTCTCAT-
AGAAGTGGGGAGTTTCATCACGGACAGGGTGCCG-
CTGTTGATGCGCTCCAGGTGTCCCAATTTGAGAG-
ACCTGTGC). We modified pPOTv4 by replacing the
enhanced YFP with 3X V5 tag. The product for electroporation
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was amplified by PCR according to the published protocol and
directly used for the electroporation of SmOxP9 cells (57).

Western blot analysis

Cell were harvested at the density 2—5 X 10° cells/ml and
lysed. Lysates (5 X 10° cells) were loaded on a 15% SDS-PAGE
gel and proteins were subsequently transferred to the PVDF
membrane. The membrane was incubated with primary anti-
bodies, the monoclonal a-V5 antibody (Invitrogen), polyclonal
K1 a-GPEET antibody (provided by Isabel Roditi) and poly-
clonal antibody against enolase (provided by Paul A. M.
Michels), using 1:1,000, 1:1,000 and 1:200,000 dilutions, respec-
tively. The membrane was subsequently incubated with appro-
priate secondary antibodies conjugated with horseradish per-
oxidase (Sigma) and visualized using Clarity western ECL
substrate (Bio-Rad).

Growth curves

PC cells were routinely grown in SDM-79 media which con-
tains 11.4 um hemin and 10% fetal calf serum (FBS). Cells were
placed in media with different heme content and the measure-
ments started after 24 h incubation in different heme condi-
tions. Cell densities were measured daily using cell counter and
diluted back to density 5 X 10°/ml.

Production of "*C-heme and heme uptake assay

The E. coli AN344/pTYR13 was grown in LB medium with
12 uM ferric citrate, 35 mg of ampicillin/liter and 31 um of
50-60 mCi/mmol 5-[4-'*CJaminolevulinic acid (American
Radiolabeled Chemicals). Isolation of '*C-heme was done
according to a protocol described elsewhere (58). Heme con-
centration was measured using pyridine hemochrome assay.
The purified "*C-heme (~370 Ci/mol) was used in heme uptake
assay (see below). The PC (107 cells/ml) and BS flagellates (8 X
10° cells/ml) were incubated in SDM-79 and HMI-9 media,
respectively, which contained 1% FBS and were supplemented
with 0.031 ug/ml of "*C-heme. Cells were harvested by centrif-
ugation through oil (dibutyl phthalate: phthalic acid bis(2-eth-
ylhexyl ester) in a ratio 2:1 v/v) and at each time point, the pellet
was subsequently added to Ecoscint H (National Diagnostics)
scintillation solution. The radioactivity was determined by liq-
uid scintillation using Beckman LS 6500.

Generation of TbHrg RNAI cell lines and cultivation

A 301-nt long fragment of ThHrg was PCR-amplified from
the T. brucei genomic DNA, strain 29 -13, using primer pair
TbHrg BamHI FW (5'-GCGGGATCCAGAGAAAGCGT-
GTCTCCGAA) and TbHrg Xhol RV (5'-GCGCTCGAG-
GCGCCTCTTAATACCAACCA) (added BamHI and Xhol re-
striction sites are underlined). The amplicon was subsequently
cloned into the vector p2T7-177, which was subsequently elec-
troporated into the 7. brucei strain 29 —13. Electroporation and
selection were performed following a protocol described previ-
ously (50). The PC cells were cultivated in SDM-79 medium at
27 °C. The RNAI of ThHrg transcript was induced by the addi-
tion of 1 ug/ml of tetracycline to the medium. Cell growth was
measured by the Beckman Z2 Coulter counter at 24 h intervals.
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Generation of TbHrg knock-out cell lines

A 500-nt-long fragment of 5'- and 3’-UTR of ThHrg
was PCR-amplified using primer pairs 5'-UTR_Xhol FW
(5'-CGCCTCGAGAGAGGCGTTTGTGGCTTCTC) and 5'-
UTR_Xbal_RV (5'-CGCTCTAGATTTCTCTTATTTAT-
TCACTCTTGACTTAT) (added Xhol and Xbal restriction
sites are underlined) and 3’-UTR_BamHI_FW (5'-CGCG-
GATCCGACACCTGGAGCGCATCAAC) and 3'-flanking
Xhol RV (5'-CGCCTCGAGACGGAACTCGTGAGAT-
GCCA) (added BamHI and Xhol restriction sites are under-
lined). The amplicons were subsequently cloned into the
plasmids pUCKO-HYG and pUCKO-PURO carrying the
hygromycin and puromycin resistance genes, respectively,
resulting in pUCKO-HYG-TbHrgKO and pUCKO-PURO-
TbHrgKO constructs. After linearization with Xhol, the
pUCKO-HYG-TbHrgKO cassette was transfected into the PC
T. brucei to replace the first ThHrg allele. The single-allele
knock-out (KO) cells were subsequently transfected with the
pUCKO-PURO-TbHrgKO cassette to obtain the 7hbHrg KO
cells. Primer pairs TbHrg FW_HindIIl and TbHrg RV_
BamHI and tubulin_ FW (5'-GAAGGAGGTTGATGAGCA-
GATGC) and tubulin_RV (5'-TACCAGTGCAAGAACGC-
CTTG) (used as control) were used to verify deletion of both
TbHrg alleles.

Heme measurement

The experiment was started after cultivation of cells in
SDM-79 medium with or without additional hemin for 1 day. A
total 1 X 10 PC cells (non-induced, RNAi induced for 4 days)
were harvested and washed 3 times with phosphate-buffered
saline. The pellet was then resuspended in 60 ul of H,O and
extracted with 400 ul of acetone, 0.2% HCI. The supernatant
was collected after centrifugation for 5 min at 12,000 rpm. The
pellet was resuspended in 200 ul of acetone, 0.2% HCl and cen-
trifuged again for 5 min at 12,000 rpm. Both supernatants were
combined, and 150 ul of each sample was immediately injected
onto an HPLC machine (Agilent-1200) and separated using a
reverse phase column (4 wm particle size, 3.9 X 75 mm, Waters)
with 0.1% trifluoroacetic acid and acetonitrile, 0.1% trifluoro-
acetic acid as solvents A and B, respectively. Both heme @ and b
were eluted with a linear gradient of solvent B (30-100% in 12
min) followed by 100% of B at a flow rate of 0.8 ml/min at 40 °C.
Heme a and b were detected by diode array detector Agilent
1200 (Agilent Technologies) and identified by retention time
and absorbance spectra according to commercially available
standards (Sigma).

Immunofluorescence assay

Approximately 1 X 107 PC and BS cells were harvested and
centrifuged, and the cell pellet was resuspended in a fresh
medium. Before the fixation step, cells were labeled with mito-
chondrial marker MitoTracker Red (20 nm). The following
steps were done according to the protocol described previously
(27). The samples were visualized using an Axioplan2 imaging
(Zeiss) fluorescent microscope.
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Scanning electron microscopy

For immunolabeling, cells were centrifuged (1140 X g, 10
min, 4 °C), washed in 0.1 M Hepes buffer, and fixed in 4% form-
aldehyde for 1 h at room temperature. Cells were 3 times
washed in Hepes, 0.01 M glycine, centrifuged, and transferred to
glass slides. Prior this step, the slides were washed in ethanol,
coated by a thick carbon layer, thoroughly rinsed in ethanol,
and dried at 60 °C for 48 h. Finally, slides were glow-discharged
for 30 s to make their surface hydrophilic and were immediately
used. Cells were left to adhere for 10 min and were then incu-
bated in 5% low-fat milk, 0.01 m glycine in Hepes for 2 h at room
temperature. Mouse monoclonal antibody against the V5 tag
(Invitrogen) was diluted in the blocking solution (25 ug/ml).
After washing, the cells were incubated for 1 h with Alexa fluor
488 FluoroNanogold Fab anti-mouse IgG (Nanoprobes) diluted
in the block solution to final concentration 2.5 ug/ml. Next,
cells were washed in Hepes and deionized water (3 X 5 min).
For silver enhancement, the HQ Silver kit (Nanoprobes) was
used according to the manufacturer’s instructions; the incuba-
tion time was 2 min. Cells were rinsed in deionized water (3 X 5
min), post-fixed in 2% osmium tetroxide for 30 min, washed in
deionized water (3 X 5 min), and dehydrated in a graded series
of acetone (30%, 50%, 70%, 80%, 90%, 100%; 4 min in each step).
The samples were dried using critical point drying (CPD2
Pelco). Finally, slides were carbon-coated and observed in a
scanning electron microscope JSM 7401-F (JEOL) equipped
with Autrata YAG/BSE detector at an accelerating voltage 4—6
kV, working distance 9 mm, beam current 10-20 nA and
imaged using both secondary and backscattered electrons.
Cells for length measurements were fixed in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer overnight at 4 °C. After three
washing steps in 0.1 M phosphate buffer with 4% glucose, pel-
leted cells were transferred to poly-L-lysine-coated slides, post-
fixed using 1% osmium tetroxide for 2 h at room temperature,
washed, and dehydrated in the graded series of acetone for 15
min at each step. Finally, samples were critical point-dried
(CPD2 Pelco™, Ted Pella), mounted on aluminum stubs, gold-
coated (sputter coater Bal-tec SCD 050, Leica), and examined as
described above. The length of both the flagellum (unattached
and full-length) and the cells were measured using Image J soft-
ware (rsbweb.nih.gov), and the obtained results were statisti-
cally evaluated.

Fly infection

Freshly emerged Glossina morsitans morsitans male tsetse
flies were used in the infection experiments. Within 24—-48 h
after their emergence, flies were fed their first blood meal
through in vitro membrane feeding on a mixture of saline-
washed horse red blood cells (E&O Laboratories) with PC
trypanosomes in SDM79 culture medium (without antibiotics)
at a final concentration of 2 X 10° cells/ml. Only fully engorged
flies were selected and subsequently maintained for 30 days by
feeding 3 times per week on sterile defibrinated horse blood.
Then, different parts of the alimentary tract (posterior midgut,
anterior midgut, proventriculus/foregut) and the salivary
glands were dissected and collected in 1 ml of TRIzol for RNA
extraction.
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Statistical analyses

Statistical significance was determined by one-way analysis
of variance for multiple comparisons and by Student’s ¢ test
with Welch’s correction for one-to-one comparison using
GraphPad Prism software.
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