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ABSTRACT. Trypanosoma brucei, the causative agent of sleeping sickness in humans, requires transferrin (TF) for growth. Therefore, T.
brucei has a TF receptor that alows it to obtain iron from TF. Lactoferrin (LF), a member of the TF family protein, is an iron-binding
protein that is found in most biological fluids of mammals. LF has been shown to interact with some bacteria species by specifi ¢ recep-
tor-ligand binding. We examined the ability of T. brucei to bind bovine LF (bLF) by using a fluorescence test, streptavidin-biotin (SAB)
microplate analysis, and far Western blotting using a biotin-streptavidin system. We found that bLF bound to components of T. brucel,
and that bLF hydrolysate disrupted the sites responsible for binding to parasite proteins. Furthermore, bLF, human LF, bovine TF, and
ovotransferrin bound same proteins of T. brucei, which exhibited molecular masses of 40 and 43 kDa. The N-terminal amino acid
sequence of the 40 kDa bLF binding protein was identified as glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

key worps: glyceral dehyde-3-phosphate dehydrogenase, lactoferrin, ovotransferrin, transferrin, Trypanosoma brucei.

The flagellated protozoan parasite, Trypanosoma brucei,
which istransmitted by the bite of the tsetse fly, isthe caus-
ative agent of sleeping sickness in humans and Nagana in
livestock. Within the mammalian host, trypanosomes live
and multiply extracellularly in the blood and tissue fluids.
Like al other living organisms, bloodstream forms of T.
brucei requireiron for growth, although thislife-cycle stage
lacks cytochromes. All iron that bloodstream trypanosomes
need for propagation is delivered by the host’s transferrin
(TF) [19, 24]. The parasiteinternalizes host TF by receptor-
mediated endocytosis. This processis 200 times faster than
the rate of pinocytosis [3]. The trypanosomal receptor for
TF uptake is an unusual protein, which bears no structura
similarity to its mammalian counterpart.

Lactoferrin (LF), a cationic iron-binding protein that is
produced and secreted by mammary glands and neutrophils,
exhibits abroad spectrum of antimicrobia properties[8, 22]
including the activation of natura killer cytotoxicity against
tumor cells [7, 16]. LF has been shown to interact with
some microorganisms by specific receptor-ligand binding
[2, 20, 21]. Because protozoan parasites require iron for
growth and development, the sequestration of free iron by
LF may be one of important nonspecific host defense mech-
anisms that starve microorganisms of this essential element.
Therefore, some microorganisms, including trichomonads,
have adapted to using LF as an iron source. The vaginal
tract pathogens Trichomonas vaginalisand T. foetus acquire
iron from LF viaaspecific 136 or 155 kDa receptor, respec-
tively, found onthe cell surface [4, 12]. Furthermore, a 70
kDa TF binding protein was previously identified on the
surface of severa Leishmania spp. including L. infantum,
which is thought to be closely related to L. chagasi [28].
However, previous studies have focused mainly on TF inter-
action with T. brucei, and little information is available on
the interaction of LF with T. brucei. Based on previous

J. Vet. Med. Sci. 66(6): 619-625, 2004

studies on other protozoan parasites, we expected that LF
would aso function as a bridge molecul e between T. brucei
and iron. Therefore, in the present study, we examined the
specific T. brucei protein to which LF binds and compared
it with those that bind TF and ovotransferrin (OTF).

MATERIALS AND METHODS

Chemicals: Complete protease inhibitor (Boehringer
Mannheim, Mannheim, Germany), N-hydroxysuccinimide
biotin, o-phenylenediamine (Sigma Chemical Co., St.
Louis, MO), fluorescein conjugated-avidin (avidin-FITC),
horseradish peroxidase conjugated-streptavidin (streptavi-
din-HRP) (Nichirei Co., Tokyo, Sigma Chemica Co.),
bovine serum albumin (BSA), bovine TF, and OTF (iron-
free type, Sigma Chemical Co.) were used. Bovine iron-
deficient (apo)-LF (bLF) and iron-saturated (holo)-bLF
(Morinaga Milk Co., Tokyo) were prepared according to
Law and Reiter [11]. Bovine LF hydrolysate by pepsin was
supplied from Morinaga Milk Co. The ECL reagent kit
(Amersham Bioscience Co., Piscataway, NJ) was used to
detect chemiluminescence.

Parasites: Bloodstream forms (BDFs) of T. b. rhode-
siense 1L2343, T. b. gambiense, and T. evansi, were
obtained from International Livestock Research Institute,
Nairobi, Kenya. The parasite culture was centrifuged and
the supernatant was removed. The pelleted parasites were
counted using a hemocytometer and washed three times
with phosphate-buffered saline (PBS). Finally, parasites
were distributed into fresh tubes at a ratio of 1 x 10° per
tube. The tubes containing the parasites were stored at
—80°C until use in the following experiments.

Parasite lysis: Soluble proteins were extracted from par-
asites using the following method. The cell pellets were
suspended in 50 ul/tube of TNE buffer (50 mM Tris-HCI pH
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7.5, 100 mM NaCl, 2 mM EDTA pH 8.0), RIPA buffer (10
mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA pH 8.0,
1% TritonX-100, 0.1%SDS) containing 2 ul complete pro-
tease inhibitor or SDSlysis buffer (50 mM Tris-HCI pH 7.5,
0.5% SDS, 1 mM DTT). After an overnight incubation at
4°C, the cell lysateswere centrifuged at 11,000 g for 30 min
to obtain supernatants containing the soluble fraction.

Biotinylation of proteins: To prepare biotinylated pro-
teins, N-hydroxysuccinimide biotin was dissolved at a con-
centration of 10 mg/ml in dimethylsulfoxide and the
proteins (bLF, bTF, and OTF) were dissolved at a concen-
tration of 3 mg/ml in 0.1 M sodium borate buffer (pH 8.8).
The biotin ester was then added at aratio of 250 ug of biotin
ester per 1 mg of protein, mixed well and incubated at room
temperature for 4 hr. Finaly, 20 ul of 1 M NH,CI per 250
ug of biotin ester was added, and the solution was incubated
at room temperature for 10 min. After incubation, the reac-
tion mixture was dialyzed extensively against PBS to
remove the unreacted reagent. The estimated biotinylation
ratio was 32% of total amino groups based on the molecular
mass measured by matrix assisted laser desorption ioniza-
tion-time of flight mass spectroscopy.

Binding on T. brucei assayed by fluorescence test: Trypa-
nosoma brucei BDFs were fixed with methanol and incu-
bated with biotinylated bLF (bLF-bio), biotinylated bTF
(bTF-bio), or biotinylated OTF (OTF-bio) at 37°C for 30
min at a concentration of 10 ug/ml in dilution buffer con-
taining 3% BSA and 0.05% NaN; in PBS. The cellswere
then washed three times with PBS and incubated in avidin-
FITC at 37°C for 30 min, which was diluted 200 times with
thedilution buffer. The cells were again washed three times
and observed under a TCS-NT confocal laser scanning
microscope (L eica Geosytems, Tokyo).

Binding on T. brucei assayed by streptavidin-biotin
(SAB) microplate method: Ninety-six well microtiter plates
(Corning Inc., Corning, NY) were coated with 50 ul of T.
brucei BSF lysate (1 x 108/ml) in 0.05 M carbonate-bicar-
bonate buffer (pH 9.6) overnight at 4°C, washed once with
PBS containing 0.05% Tween 20 (PBST), and blocked with
100 ul of PBS diluted in 1% BSA for 1 hr at 37°C. After
washing with PBST, bLF-bio, bTF-bio, or OTF-bio were
added at a concentration of 10 ug/ml to each well in 50 ul
volumes. The plates were incubated for 1 hr at 37°C and
washed six times with PBST. A 50 ul aliquot of streptavi-
din-HRP diluted at 1:10,000 was added to each well and
again incubated for 1 hr at 37°C. The wells were washed
with PBST six times, and 100 ul of the substrate solution
(0.1 M citric acid, 0.2 M sodium phosphate, 0.003% H,0,
and 0.4 mg/ml o-phenylenediamine) were used for color
development. After 1 hr, the optical density (O. D.) was
read at 492 nm on a MTP-120 plate reader (TOSOH,
Tokyo).

Competitive inhibition assayed by SAB microplate
method: Ninety-six well microtiter plates (Corning Inc.,
Corning, NY) were coated with 50 ul of T. brucei BSFs
lysates (1 x 108/ml) in 0.05 M carbonate-bicarbonate buffer
(pH 9.6) overnight at 4°C, washed once with PBS contain-

ing 0.05% Tween 20 (PBST), and blocked with 100 ul of
PBSdiluted in 1% BSA for 1 hr at 37°C. After washing, a
2-fold serid dilution of bLF in PBS was added into the wells
as a competitor and mixed with bLF-bio, bTF-bio or OTF-
bio at a concentration of 10 ug/ml in volumes of 50 ul.
After 1 hr incubation at 37°C, the plates were washed six
times in PBST, and 50 ul streptavidin-HRP, diluted at
1:10,000 in PBS, was added into the wells and incubated for
1hrat 37°C. The plates were washed six timeswith PBST,
and 100 ul of the substrate solution was added for color
development. After 1 hr,the O. D. wasread a 492 nm on a
microplate reader.

Far Western blotting: Sodium dodecy! sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) analysis was per-
formed on a 10% polyacrylamide gel according to
Laemmli’s method [10]. The proteins were boiled for 5 min
in sample buffer (62.5 mM Tris-HCI pH 6.8, 2% SDS, 5%
B-mercaptoethanol, 10% glycerol, 0.02% bromophenol
blue). After SDS-PAGE, the proteins were blotted onto a
polyvinylidene fluoride (PV DF) membrane (Osmonics Inc.,
Westborough, MA). Electroblotting was performed for 1 hr
at room temperature in 25 mM Tris, 192 mM glycine, 20%
ethanol buffer at 2 mA/cm?. The blotted PV DF membrane
was blocked with the blocking buffer (1% BSA in PBS) for
1 hr at room temperature. After blocking, the membrane
was incubated with biotinylated proteins at a concentration
of 1 ug/ml in the blocking buffer at 4°C overnight. The
membrane was then washed five times in the washing buffer
(0.05% Tween 20 in PBS) and incubated at room tempera-
turefor 30 min with streptavidin-HRP diluted a 1:800in the
blocking buffer. Subsequently, the membrane was washed
five times in the washing buffer and the protein bands were
visualized on X-ray film using the ECL kit according to the
manufacturer’s protocol.

Competitive inhibition assay by the far Western blotting
method: The blotted PV DF membrane, treated as described
above, was blocked with the blocking buffer. After block-
ing, the membrane was incubated with bLF or bLF hydroly-
sate at the concentration 500 pug/ml in the blocking buffer, at
room temperature for 30 min. Then, biotinylated proteins
were added to the competitor solution at a concentration of
1 ug/ml and the membrane was incubated a 4°C overnight.
The membrane was then washed five times in the washing
buffer (0.05% Tween 20 in PBS) and incubated at room
temperature for 30 min with streptavidin-HRP diluted at
1:800 in the blocking buffer. Subsequently, the membrane
was washed five timesin the washing buffer and the protein
bands were visualized on X-ray film using the ECL kit
according to the manufacturer’s protocol.

N-terminal amino acid sequence determination: N-termi-
nal amino acid sequences were determined using a gas-
phase sequencer 492A and chromatograph model 120A
from Applied Biosystems (Foster City, CA).

RESULTS

Protein binding to T. brucei: We performed the fluores-
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Florescence staining of T. brucei using biotinylated proteins. After the

parasites were reacted with controls (avidin-FITC only) (A), bLF-bio (B), bTF-
bio (C) and OTF-bio (D), the avidin-FITC reaction was observed by confocal

laser microscopy.

cence test, SAB microplate analysis, and far Western blot-
ting to confirm the binding of bLF, bTF, and OTF to T.
brucei. In thefluorescence analysis, bLF-bio, bTF-bio, and
OTF-bio reacted with T. brucei, but fluorescence intensity
did not differ among the proteins (Fig. 1). Furthermore,
bLF-bio, bTF-bio, and OTF-bio were analyzed by the SAB
microplate method. O.D. values increased with increasing
concentrations of bLF-bio, bTF-bio, and OTF-bio (Fig. 2).
However, no significant differencesin O.D. were observed
between bLF-bio, bTF-bio, and OTF-bio at 10 ug/mi
(p<0.05). Far Western blotting was performed to compare
the binding pattern of holo-bL F-bio with that of apo-bLF-
bio on TNE buffer-, RIPA buffer-, and SDS lysis buffer-
extracted T. brucel proteins. Two bands (40 and 43 kDa)
exhibited similar binding patterns in al three samples as
demonstrated in Fig. 3. Therefore, we used apo-bLF-bio
and soluble proteins extracted by SDS lysis buffer in the
subsequent experiments. Figure 4 showstheresultsfrom far
Western blotting of the T. brucei soluble proteins. Lane 1
exhibits the binding pattern of the soluble fraction using
bLF-bio as the ligand. Two bands, 40 and 43 kDa, were
observed. Lane 2 (hLF-bio), lane 3 (bTF-bio), and lane 4
(OTF-bio) aso exhibit two bands (40 and 43 kDa) that were
very similar to those observed for bLF-bio. The bLF bind-
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Fig.2. bLF-bio, bTF-bio and OTF-bio binding assay. The wells
were coated with whole T. brucei proteins, reacted with bioti-
nylated proteins, and detected by streptavidin-HRP. Each
value represents the mean = S.D. of triplicate samples.

ing proteinsof T. brucei species (T. b. rhodesiense 1L2343,
T. b. gambiense, and T. evansi) are shown in Fig. 5. The
molecular masses of the bL F binding proteins did not differ
among T. brucei species.

Smilarities in bLF-bio, bTF-bio, and OTF-bio binding:
To study specific binding of bLF to T. brucei, we performed
a competitive inhibition assay using 96-well plates. As
shown in Fig. 6, the O.D. decreased when excess bLF was
added as a competitor to the reaction mixtures. This result
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Fig. 3. The binding of bLF-bio (A) and holo-bLF-bio (B) to T.
brucei proteins. The parasite proteins were extracted from T.
brucei by TNE (lane 1), RIPA (lane 2) and SDS lysis (lane 3)
buffer. The positions of molecular standards are indicated at
theleft, inkDa

indicated that bLF, bTF, and OTF recognize the same pro-
teins. The competitive inhibition assay using far Western
blotting demonstrated that the concentration of bLF
increased 500 times over thefirst ligand. Asshownin Fig.
7, the bands in lane 2 were very faint when bLF was used as
an competitor. However, a second competitive inhibition
assay using bTF and OTF as the competitors did not reveal
inhibition of bTF-bio and OTF-bio binding (data not
shown). Likewise, the bLF pepsin hydrolysate did not com-
pletely inhibit the binding of bLF-bio to T. brucei (Fig. 8).

N-terminal sequence analysis of the 40 and 43 kDa bLF
binding proteins of T. brucei: The N-terminal amino acid
residue of the 40 kDa bLF binding protein was
TIKVGINGFGRIGRM®, Comparison of the N-terminal
amino acid residues derived from the 40 kDa bLF binding
protein with known sequences in the Swiss-Prot protein
database indicated a high degree of homology (100%) to the
glycolytic enzyme glycera dehyde-3-phosphate dehydroge-
nase (GAPDH) of T. brucei. However, we could not analyze
the 43 kDa protein band of T. brucel because it contained
more than two proteins.

DISCUSSION

The TF family proteins, bLF, bTF, and OTF, exhibit
approximately 60% identity in primary structure and are
thus considered to share a close evolutionary relationship
and have similar biological functions. On the other hand,
TF release iron ions at pH 4.0 but LF holds iron ions at
pH>2.0 and it is reported that theiron binding strength of LF
is 260-fold stronger than that of TF [1]. Therefore, it is

43
40V

Fig.4. Thebinding ability of bLF-bio (lane 1), hLF-bio (lane 2),
bTF-bio (lane 3), OTF-bio (lane 4) and streptavidin-HRP only
(lane 5) to T. brucei proteins. The parasite proteins were
extracted from T. brucei by SDS lysis buffer. Molecular
masses are given in kDa.
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Fig. 5. The binding of bLF-bio to T. brucel species proteins
(lane 1, T. b. rhodesiense IL2343; lane 2, T. b. gambiense; lane
3, T. evans). The parasite proteins were extracted from T. bru-
cel species by SDS lysis buffer. Molecular masses are given in
kDa.
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Fig.6. A competitive inhibition assay for the binding of bLF-
bio, bTF-bio and OTF-bio to the T. brucei proteins using bLF
as the competitor. The wells were coated with whole protein
extracts from T. brucei. Then, the reaction using bLF as the
competitor was performed. After reactions with bLF-bio, bTF-
bio, and OTF-bio, detection was performed with streptavidin-
HRP. Each vdue isthe mean + S.D. of triplicate samples.
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Fig. 7. A competitive inhibition assay of the binding ability of
bLF-bio, bTF-bio, and OTF-bio to T. brucei proteinsusing bLF
as the competitor. The parasite proteins were extracted from T.
brucel by SDS lysis buffer. After reaction with BSA only (lane
1) or bLF (lane 2) at 500 ug/ml, 1 ug/ml bLF-bio (A), bTF-bio

(B), and OTF-bio (C) were reacted with the membrane. Molec-
ular masses are given in kDa

expected that the iron metabolism of T. brucei between LF
and TF plays arolein different mechanism.

The fluorescence analysisusing T. brucei fixed in metha-
nol demonstrated the binding of bLF-bio, bTF-bio, and
OTF-bioto BDFs (Fig. 1). Theseresults suggested the pres-
ence of these binding proteins on the parasite. We used far
Western blotting to confirm these observations. As shown
in Fig. 3, only two protein bands were detected (40 and 43
kDa) in the soluble fraction of T. brucei. The molecular
masses of these proteins estimated from electrophoretic
mobility were similar to those detected by hLF-bio, bTF-
bio, and OTF-bio (Fig. 4). However, it was not clear,
whether these detected bands were identical. Therefore, we
performed a competitive inhibition assay using two differ-

1 2
43
40 P

Fig.8. A competitive inhibition assay of
the binding ability of bLF-bioto T. brucei
proteins using bLF hydrolysate as the
competitor. Proteins were extracted from
T. brucei by SDS lysis buffer. After reac-
tion with BSA only (lane 1) or bLF
hydrolysate (lane 2) at 500 ug/ml, 1 ug/mi
bLF-bio was reacted with the membrane.
Molecular masses are given in kDa.

ent methods.

The first competitive inhibition assay was conducted
according to the SAB microplate method using 96-well
plates coated by the whole protein extract of T. brucei. As
shown in Fig. 6, lower absorbance was observed when
excess bLF as a competitor was added to the reaction mix-
tures. This suggested that bTF and OTF may bind to the
same proteins as bLF. To test this, we added excess bTF
and OTF to the reaction but no inhibition was observed (data
not shown). Therefore, based on this assay, we concluded
that bTF and OTF did not bind to the same protein as bLF.
However, the possibility still existed that bLF-bio elimi-
nated the bTF and OTF previously bound to the protein of
interest. Because no band was observed in lane 2 of Fig. 7,
the results suggested that bL F-bio recognized the same pro-
tein bands as intact bLF. Consequently, a second competi-
tive inhibition assay using bLF asan inhibitor of bTF-bio or
OTF-bio binding to the soluble fraction of T. brucei was
performed. Because inhibition was observed, we concluded
that these three TF family proteins could recognize the 40
and 43 kDaprotein bands. The homologous primary struc-



624 T. TANAKA ET AL.

ture of these three TF family proteins suggeststhat theinter-
action with the binding proteins may occur through a
common binding site. Furthermore, we demonstrated that
bLF hydrolysate lost the peptide bond present at the parasite
protein binding site (Fig. 8). Theseresultsindicated that the
binding of bLF to T. brucei mean an importance to conserve
three-dimensional structure or molecular size of bLF.

In order to identify the bLF binding proteins of T. brucei,
we analyzed the N-terminal amino acid sequence of the 40
kDa bLF binding protein. Based on the N-termina amino
acid sequence, the 40 kDa protein was identified as GAPDH
enzyme, which catalyzes the oxidation and phosphorylation
of D-glyceraldehyde-3-phosphate to 1, 3-diphosphoglycer-
ate[6]. T. brucei containstwo isoenzymes for GAPDH; one
enzyme resides in a microbody-like organelle, the glyco-
some, the other one is found in the cytosol [13]. The most
of GAPDHs are generally considered soluble cytoplasmic
proteins, a number of cell surface-associated GAPDHs in
both prokaryotes and eukaryotes have been described.
GAPDHs have, for example, been located in the cell mem-
branes of human erythrocytes[9] and cell wall of Saphylo-
coccusaureus[14]. It isknownthat S. aureusbindsboth TF
[14] and LF [15]. In S aureus, GAPDH has been shown to
bind human TF. Thissuggests a potential means by which
this bacterium is able to accessiron in vivo [14]. Therefore,
our results suggest that bL F may be involved in the metabo-
lism of iron by T. brucei, although further experimental evi-
denceisrequired to confirm this hypothesis.

TF uptake by T. brucei has been well characterized by
many investigations. In this parasite, products of the
ESAG6 and ESAG7 genes associate into aheterodimeric TF
binding protein complex (TFBP) [18, 25]. ESAG6 is a
heavily glycosylated 50-60 kDa molecule anchored to the
membrane by a glycosyl-phosphatidylinositol anchor,
whereas the 42 kDa glycoprotein ESAGY is unmodified at
its C-terminus. The TFBP complex can confer the ability to
bind holo-TF, athough neither ESAG6 nor ESAG7 aone
can facilitate TF binding. Further characterization of the 43
kDa protein identified in the present study is required to
determineits similarity to ESAG6 and ESAGY.

Binding of holo-TF to mammalian cell TF receptorsis
followed by internalization of receptor-ligand complexes
and subsequent acidification in an endosomal compartment.
Iron is released from TF under acidic conditions and is
retained intracellularly, whereas apo-TF remains associated
with its receptor and recycles back to the cell surface. Neu-
tral pH causes dissociation of apo-TF from its receptor and
promotes extracellular release. In contrast, the T. brucei
TFBP-TF complex is internalized and transported to lysos-
omes, where TF is proteolytically degraded [25]. Thus, the
trypanosomal and mammalian holo-TF uptake processes
differ in the fate of internalized TF and in their dependence
on pH for recycling. Pathogenic protozoa other thanT. bru-
cel utilize distinct pathways for iron uptake. Plasmodium
falciparum can take up iron bound to TF and other chelators
[5, 27, 29]. Likewise, thereis evidencethat TF bindsto the
surface of Trypanosoma cruzi and is subsequently internal-

ized through an unknown mechanism [23]. The life cycles
of T.vaginalis and T. foetus are limited to mucosal surfaces,
and these protozoa bind LF, but not TF, in a receptor-medi-
ated fashion [17, 26]. Parasitic LF binding proteins poten-
tially play aroleiniron acquisition. However, we showed
that iron saturation of bLF did not affect the binding pattern.
Further studies are required to determine whether bLF and
the binding protein promote or inhibit iron uptake in T. bru-
cei.
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