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Transferrin is an essential growth factor for African trypano-

somes. Here we show that expression of the trypanosomal

transferrin receptor, which bears no structural similarity with

mammalian transferrin receptors, is regulated by iron availability.

Iron depletion of bloodstream forms of Trypanosoma brucei with

the iron chelator deferoxamine resulted in a 3-fold up-regulation

of the transferrin receptor and a 3-fold increase of the transferrin

uptake rate. The abundance of expression site associated gene

product 6 (ESAG6) mRNA, which encodes one of the two

subunits of the trypanosome transferrin receptor, is regulated 5-

fold by a post-transcriptional mechanism. In mammalian cells

the stability of transferrin receptor mRNA is controlled by iron

regulatory proteins (IRPs) binding to iron-responsive elements

(IREs) in the 3«-untranslated region (UTR). Therefore, the role

of a T. brucei cytoplasmic aconitase (TbACO) that is highly

related to mammalian IRP-1 was investigated. Iron regulation of

INTRODUCTION

Like all living organisms, trypanosomes require iron for growth

[1,2]. The delivery of iron into bloodstream forms ofTrypanosoma

brucei is mediated by host transferrin that is taken up via a

unique receptor. The transferrin receptor of T. brucei is a

heterodimeric complex encoded by two expression site associated

genes, ESAG6 and ESAG7 [3–7], and shows no homology to the

homodimeric mammalian transferrin receptor. ESAG6 is a

heterogeneously glycosylated protein of 50–60 kDa modified by

a glycosylphosphatidylinositol membrane anchor, while ESAG7

is a 42 kDa glycoprotein carrying an unmodified C-terminus [3].

Binding of one molecule of transferrin [7] requires the association

of both ESAG6 and ESAG7 as shown by coexpression in

heterologous systems [4–6]. Usually, ESAGs are cotranscribed

together with the variant surface glycoprotein (VSG) gene as a

large polycistronic transcript from a telomeric VSG expression

site. Since the trypanosome genome may contain as many as 20

different expression sites [8,9], ESAG6 and ESAG7 are multicopy

genes. However, only one expression site is actively transcribed

at one time [10–12].

In mammalian cells, regulation of transferrin receptor ex-

pression by the cellular iron status is a paradigm for post-

transcriptional regulation and is mediated by iron regulatory

proteins (IRPs; for reviews see [13–15]). Upon iron depletion,

IRPs bind to stem-loop structures referred to as iron-responsive

elements (IREs) within the 3«-untranslated region (UTR) of the

transferrin receptor transcript [16,17]. The binding of IRPs

enhances the stability of the mRNA, which leads to increased

Abbreviations used: ESAG, expression site associated gene product ; IRE, iron-responsive element ; IRP, iron regulatory protein ; TbACO,
Trypanosoma brucei aconitase ; VSG, variant surface glycoprotein ; UTR, untranslated region.
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the transferrin receptor was found to be unaffected in

∆aco : :NEO}∆aco : :HYG null mutants generated by targeted

disruption of the TbACO gene. Thus, the mechanism of post-

transcriptional transferrin receptor regulation in trypanosomes

appears to be distinct from the IRE}IRP paradigm. The trans-

ferrin uptake rate was also increased when trypanosomes were

transferred from medium supplemented with foetal bovine serum

to medium supplemented with sera from other vertebrates.

Due to varying binding affinities of the trypanosomal transferrin

receptor for transferrins of different species, serum change can

result in iron starvation. Thus, regulation of transferrin receptor

expression may be a fast compensatory mechanism upon trans-

mission of the parasite to a new host species.

Key words: aconitase, deferoxamine, gene targeting, host range,

iron regulatory protein.

receptor expression [18]. Iron loading of the cell abolishes the

specific RNA-binding activity, thus leading to rapid endo-

nucleolytic degradation of unprotected transferrin receptor

mRNA and subsequently decreased levels of transferrin recep-

tor [19]. Two IRP polypeptides (IRP-1 and IRP-2) have been

identified in vertebrates and shown to be regulated by iron. IRP-

1, also referred to as cytoplasmic aconitase, is a bifunctional

protein that exhibits aconitase activity when cellular iron is

abundant, and RNA-binding activity when cellular iron is scarce

[20]. A labile iron-sulphur [4Fe–4S] cluster in the catalytic centre

functions as the iron sensor [20]. IRP-2, which is closely related

to IRP-1, lacks aconitase activity and is rapidly degraded in iron-

loaded cells [21,22].

In the present study, we show that iron availability regulates

expression of the transferrin receptor in bloodstream forms of T.

brucei. By a reverse genetic approach, we have investigated

whether an IRP-1-like aconitase present in the cytoplasm of T.

brucei is necessary for post-transcriptional regulation of the

transferrin receptor.

MATERIALS AND METHODS

Reagents and chemicals

Bovine holo-transferrin, deferoxamine mesylate, leupeptin, anti-

pain, chymostatin, trans-epoxysuccinyl--leucylamido(4-guani-

dino)butane (E-64), pepstatin A, cycloheximide, chlorampheni-

col, puromycin and dibutyl phthalate were purchased from

Sigma (Deisenhofen, Germany). PMSF, Triton X-100 and

Dulbecco’s modified Eagle’s medium were obtained from

# 1999 Biochemical Society



692 B. Fast and others

Boehringer Ingelheim (Heidelberg, Germany). Nα-p-tosyl--

lysine chloromethyl ketone and paraffin (highly liquid) were

from Merck (Darmstadt, Germany). Sodium boro[$H]hydride

(5–20 Ci}mmol), [α-$#P]dCTP (3000 Ci}mmol) and [α-$#P]UTP

(3000 Ci}mmol)were purchased from Amersham (Braunschweig,

Germany).

Trypanosomes

Culture-adapted bloodstream forms of T. brucei cell line TC221

derived from stock 427 [23,24] were grown in Baltz medium

supplemented with 16.7% (v}v) heat-inactivated foetal bovine

serum [25]. Monomorphic MITat 1.4 bloodstream-form trypano-

somes also derived from stock 427 [26] were propagated in HMI-

9 medium [26] supplemented with 10% (v}v) heat-inactivated

foetal bovine serum but without Serum Plus4. All trypanosome

cultures were maintained at 37 °C in a humidified atmosphere

containing 5% CO
#
.

Targeting constructs

For promoterless replacement of the TbACO gene the following

parts were assembled in a pBluescript backbone: (i) the 5«-UTR

of TbACO, (ii) a neomycin or a hygromycin phosphotransferase

gene cassette flanked by the 5«-UTR of the actin gene and a

truncated 3«-UTR of the procyclic acidic repetitive protein gene,

and (iii) the C-terminal coding sequence plus the 3«-UTR of

TbACO. A XbaI-MluI 3«-UTR fragment of TbACO was ampli-

fied from procyclic T. brucei cDNA with primers 5«CCACCGC-

TCTAGACTCGTTGGG3«and5«CCTCTTCAAACACGCGT-

TGGAAC3« (restriction sites are underlined), subcloned into the

pSL301 polylinker (Invitrogen, Leek, The Netherlands) and

moved as an XbaI-SacII fragment into XbaI-SacII-cut pBlue-

script to give pB3«aco. A SalI and blunt ended 5«-UTR fragment

was amplified from cloned TbACO with primers 5«GCAGCA-

GTCGACGCACAAAATATT3« and 5«GCCACAGAAGAT-

CTCCGCCC3«, and inserted into SalI-SmaI-cut pB3«aco to

generate pB5«3«aco. Subsequently, a StuI-XbaI 3«∆UTR procyclic

acidic repetitive protein gene fragment amplified from

p∆UTR220 (p∆(1–220), cf. [27]) with primers 5«CTGAA-

TCTAGAAAACACTGCAC3«and5«CACTTCTATTTTTTTT-

CAGGCCTTTG3«, the BglII-StuI neo-cassette amplified with

primers 5«ATAGGGAGATCTAGCCCG3« and 5«CCCCAG-

AGGCCTGCTCAGAAG3« from plasmid pLew77 or the BglII-

StuI hygro-cassette amplified with primers 5«CCTTGTTCG-

GTAGGCCTCTACTC3« and 5«GATTCGAGATCTGGCAC-

AGCAAGG3« from plasmid pLew5 were fused with BglII-XbaI-

cut pB5«3«aco in a three-component ligation to give the targeting

vectors pB∆aconeo and pB∆acohyg (pLew77 and pLew5 were

kindly provided by Drs. M. Engstler and G. A. M. Cross,

Laboratory of Molecular Parasitology, The Rockefeller Uni-

versity, 1230 York Avenue, New York, NY 10021, U.S.A.).

Transfection and gene targeting

Trypanosomes were purified from the blood of infected rats [28]

and 2¬10( cells were electroporated with 10 µg of SalI-MluI-cut

pB∆aconeo or pB∆acohyg using a BTX Electro Cell Manipulator

set at 1.2 kV, 25 µF and 186 Ω [29]. For selection, 0.5 µg}ml

G418 and 0.5 µg}ml hygromycin respectively were added to the

growth medium. Double-resistant cells were cloned by limiting

dilution and several independent clones were analysed by

Southern and Western blotting following standard procedures

[30,31].

Immobilization and radioactive labelling of transferrin

Transferrin–Sepharose was prepared by coupling bovine

holo-transferrin to CNBr-activated Sepharose 4B (Pharmacia,

Freiburg, Germany) as described by the manufacturer. Bovine

holo-transferrin was labelled with $H by reductive methylation

using sodium boro[$H]hydride as described previously [7]. The

specific radioactivity of [$H]holo-transferrin was 50 c.p.m.}ng.

Purification of the trypanosome transferrin receptor

Bloodstream-form trypanosomes were harvested by centrifuga-

tion and washed once with ice-cold SB medium (60 mM

Na
#
HPO

%
, 3 mM KH

#
PO

%
, 45 mM NaCl, 50 mM glucose, pH

8.0). Cells were resuspended in ice-cold SB medium to a density

of (0.35–31)¬10)}ml in the presence of proteinase inhibitors

(200 µM Nα-p-tosyl--lysine chloromethyl ketone, 400 µM

PMSF, 10 µM leupeptin, 2 µM E-64, 1 µM pepstatin A). Triton

X-100 was added to a final concentration of 2% (w}v) in order

to lyse the trypanosomes. Lysates were briefly sonicated for

2 min in a water bath and centrifuged at 4 °C for 60 min at

114 000 g. The transferrin receptor was precipitated from super-

natants by end-over-end rotation overnight with a 25000-fold

excess of transferrin bound to Sepharose to ensure quantitative

isolation of the receptor [3,7]. The beads were washed five times

with PBS}0.2% (w}v) Triton X-100 and bound proteins eluted

by boiling the beads in SDS}PAGE sample buffer. The eluates

were analysed by SDS}PAGE and immunoblotting as described

previously [5].

Transferrin uptake experiments

Transferrin uptake experiments were performed as described

previously [7]. Bloodstream-form trypanosomes [(1.15®2)¬10(

cells] were incubated with 10 µg}ml [$H]holo-transferrin in 1 ml

of medium [Baltz medium supplemented with 1% (w}v) BSA] in

the presence of proteinase inhibitors (50 µg}ml each of leupeptin,

antipain, chymostatin and E-64) at 37 °C and in an atmosphere

of 5% CO
#
. After a 1 h incubation the cells were harvested by

centrifugation through 100 µl of oil [95% (v}v) dibutyl phthalate,

5% (v}v) paraffin oil] and analysed by liquid scintillation

counting.

Northern blot analysis

Total RNA was isolated by a single-step guanidine method [31]

and separated, transferred and hybridized as described previously

[32]. The ESAG6-specific $#P-labelled RNA probe spanning the

3«-terminal 195 bp of the open reading frame (ORF) plus 239 bp

of the 3«-UTR was generated from plasmid pHD679 by in �itro

transcription (generous gift from Dr. C. Clayton, Zentrum fu$ r
Molekulare Biologie Heidelberg, Heidelberg, Germany). Plas-

mids containing the coding regions of VSG 117 and α-tubulin

respectively (kindly provided by Drs. M. Engstler and

G. A. M. Cross, The Rockefeller University, New York, U.S.A.)

were labelled by random priming. All hybridization signals were

quantified using a phosphorimager.

RESULTS

Iron-dependent regulation of transferrin uptake and transferrin
receptor expression

To determine whether transferrin uptake is subject to regulation

by the availability of iron in bloodstream forms of T. brucei, we

# 1999 Biochemical Society



693Iron regulation of the transferrin receptor in Trypanosoma brucei

Table 1 Iron regulation of transferrin uptake in MITat 1.4 bloodstream
forms of T. brucei

Transferrin uptake

Cell line Treatment

(ng of transferrin/107

cells per h) Factor*

Wild-type None 47.9†
25 µM deferoxamine 139.5† 2.9

25 µM Fe3+–deferoxamine 50.7†
Aco ®/® 1 None 36.7³0.6‡

25 µM deferoxamine 119.7³17.5‡ 3.3

25 µM Fe3+–deferoxamine 37.1³5.8‡
Aco ®/® 2 None 37.7†

25 µM deferoxamine 97.5† 2.6

25 µM Fe3+–deferoxamine 33.1†

* Fold increase of transferrin-uptake in deferoxamine-treated to untreated cells.

† Mean of two independent experiments.

‡ Mean³S.D. of three independent experiments.

Figure 1 Induction of the transferrin receptor by iron depletion

(A) Exponentially growing wild-type (wt) and null mutant (aco ®/® 1) bloodstream forms of

strain MITat 1.4 were incubated in HMI-9 medium (lanes C), in HMI-9 medium with 25 µM

deferoxamine (lanes Df) or in HMI-9 medium with 25 µM iron-saturated deferoxamine (lanes

FeDf). After a 20 h incubation, trypanosomes were harvested and the transferrin receptor was

precipitated from cell extracts using transferrin–Sepharose. Bound proteins were eluted by

boiling the beads in SDS/PAGE sample buffer and aliquots corresponding to 5¬105 cell

equivalents were analysed by immunoblotting using anti-(T. brucei transferrin receptor)

antibodies [5]. The double band of ESAG6 is due to heterogeneous glycosylation [3]. The relative

band intensities obtained by densitometric scanning of the immunoblots are indicated below the

lanes (the control was set to 1). The molecular mass in kDa of standard proteins is indicated

in the left margin. (B) TC221 bloodstream forms were grown in the presence of protein synthesis

inhibitors (25 µg/ml each of chloramphenicol and puromycin and 50 µg/ml cycloheximide

[34]) in medium alone (lane C) or in medium supplemented with 50 µM deferoxamine (lane

Df). After a 5 h incubation, trypanosomes were harvested and the transferrin receptor was

purified and analysed as described above but equivalents of 1¬107 parasites were applied to

each lane. The additional double band at 80 kDa corresponds to bovine transferrin released from

the beads and non-specifically detected by the antiserum. The molecular mass in kDa of

standard proteins is indicated in the left margin.

Figure 2 Iron regulation of ESAG6 mRNA

Exponentially growing wild-type (wt) and null mutant (aco ®/® 1 and 2) bloodstream forms

of strain MITat 1.4 were incubated in HMI-9 medium (lanes C), in HMI-9 medium with 25 µM

deferoxamine (lanes Df) or in HMI-9 medium with 25 µM iron-saturated deferoxamine (lanes

FeDf). After a 20 h incubation, trypanosomes were harvested, and 6 µg of total RNA was size

fractionated on a 1.2% (w/v) formaldehyde agarose gel. The blots were sequentially hybridized

with ESAG6 (panel A) or VSG 117 (panel B) probes and an α-tubulin probe. The size of the

RNA standard is given in kb. ESAG6 and VSG 117 mRNA was quantified on a phosphorimager

and normalised to the α-tubulin mRNA signal. Relative values (the control was set to 1) are

given below the autoradiograms. The ESAG6-specific probe hybridized to a transcript of 1.7 kb

as reported previously [35,36]. Cross-hybridization to an anonymous 2.2 kb RNA transcript is

indicated by an asterisk. This transcript is not regulated by iron.

first measured the upake rate of radiolabelled transferrin under

iron-depletion conditions. Exponentially growing bloodstream

forms of T. brucei were incubated for 20 h with or without

the iron chelator deferoxamine or, as a specificity control, with the

chelator presaturated with iron. The uptake of labelled transferrin

was increased by iron depletion approx. 3-fold relative to both

controls. These measurements were performed with strain MITat

1.4 (Table 1) and with the cell line TC221 (results not shown).

The transferrin uptake rates of the controls were within the range

of previous results [2,5,7,33]. Since the uptake of transferrin is

receptor-mediated in T. brucei, the expression of the transferrin

receptor in iron-depleted bloodstream forms was determined.

The transferrin receptor was affinity purified from the respective

cultures using transferrin–Sepharose and was detected with

antibodies directed against both ESAG6 and ESAG7, the two

highly related subunits of the transferrin receptor. The amount

of transferrin receptor was increased 3-fold in iron-depleted

bloodstream forms of strain MITat 1.4 (Figure 1A) and cell line

TC221 (results not shown) as quantified by densitometric scan-

ning of the Western blots. The control with iron-presaturated

deferoxamine confirmed that the effect was specifically due to

iron depletion.

Mechanism of transferrin receptor regulation

To elucidate the mechanism of regulation by iron availability,

possible changes in the transferrin receptor protein stability as

well as changes of transferrin receptor synthesis under iron-

depletion conditions were considered. First, bloodstream forms

were treated with deferoxamine in the presence of a cocktail of

protein synthesis inhibitors that has been shown to inhibit
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Figure 3 Gene disruption of TbACO

(A) Schematic drawing of targeting constructs and targeting strategy. (B) Southern blot analysis of SacII-digested genomic DNA (1 µg per lane) from MITat 1.4 wild-type trypanosomes (lanes

wt) and three G418 and hygromycin double resistant cell lines (lanes aco ®/® 1, 2 and 3). The specific probes are indicated below the autoradiograms. Size markers are given in kb pairs.

(C) Western blot analysis of transfectants from the TbACO gene disruption experiment. Whole cell lysates (2¬106 cells per lane) of MITat 1.4 wild-type (lane wt) and three mutant cell lines (lanes

aco ®/® 1, 2 and 3) were separated on an SDS-10% (w/v) polyacrylamide gel and probed with anti-TbACO serum. The blot was reprobed with an antibody detecting the mitochondrial protein

HSP60 (purchased from StressGen) as an internal control. The molecular mass of TbACO is given in kDa.

overall protein synthesis by " 98% under the given conditions

[34]. The protein synthesis inhibitors elicited a significant decrease

in the amount of transferrin receptor, as expected (results not

shown). However, no difference was noted with and without

deferoxamine under these conditions (Figure 1B). This result

indicated that iron depletion was not affecting the specific rate of

turnover of the transferrin receptor in the absence of de no�o

protein synthesis. The maximally induced transferrin receptor

level was reached in less than 4 h of incubation with deferoxamine

(results not shown). These kinetics suggested a direct effect on

transferrin receptor synthesis. Therefore, the steady state amount

of ESAG6 mRNA coding for one of the two subunits of the

transferrin receptor was determined by Northern blotting (Figure

2A). The hybridization probe covered the region of the gene

encoding the C-terminal end of the ESAG6 subunit that is not

present in the otherwise highly homologous ESAG7 subunit. The

1.7 kb ESAG6 transcript was induced approx. 3-fold in deferox-

amine-treated bloodstream forms relative to the untreated con-

trol. In the presence of chelator presaturated with iron, the

ESAG6 transcript was repressed 2-fold relative to the untreated

control. This effect was attributed to some free iron added with

the saturated chelator. Together, the abundance of the ESAG6

transcript was regulated more than 5-fold by the availability of

iron. To distinguish between transcriptional and post-tran-

scriptional regulation of ESAG6 mRNA by iron, the VSG 117

mRNA was quantitated in the same set of samples. The VSG is

cotranscribed with ESAG6 and ESAG7 as a large polycistronic

precursor RNA from the same promoter located in the telomeric

VSG expression site [8,36–38]. Since the amount of VSG mRNA

did not change significantly upon iron depletion (Figure 2B), the

mRNA coding for ESAG6 is unlikely to be regulated at the level

of transcription initiation. Together, our results indicate that

ESAG6 mRNA is regulated by a post-transcriptional mechanism

and that the degree of regulation of the mRNA is sufficient to

explain the observed induction of transferrin receptor expression

as well as the observed changes in the transferrin uptake rate.

It is noteworthy that iron availability regulates both the

T. brucei transferrin receptor and the mammalian transferrin re-

ceptor by a post-transcriptional mechanism, although the recep-

tors are structurally unrelated. The stability of mammalian

transferrin receptor mRNA is regulated by the iron-dependent

interaction of a member of the IRP family with IREs in its 3«-
UTR. Recently, we have identified a T. brucei aconitase which is

highly related to mammalian cytoplasmic IRP-1 but more

distantly related to mitochondrial aconitases (J. Saas and M.

Boshart, unpublished work). This protein is present in the

cytoplasm of bloodstream forms. This striking analogy prompted

us to test whether this IRP-1-related protein plays a role in iron-

dependent transferrin receptor regulation in trypanosomes. To

this end, both alleles of the single copy TbACO gene were deleted

by targeted gene replacement (see the Materials and methods

section and Figure 3A for details of the targeting strategy).

Figure 3B shows that TbACO was successfully deleted in three

independent MITat 1.4 bloodstream-form clones. The size of the

DNA fragments detected with neomycin- and hygromycin-

specific probes respectively was as expected (Figure 3B) and

thus indicated correct homologous recombination events. In

accordance with this result, the TbACO protein was absent in the

three knock-out clones (Figure 3C). Since disruption of TbACO

in bloodstream forms did not result in an altered growth

phenotype in culture, we were able to analyse the effect of iron

depletion on ESAG6 mRNA abundance, transferrin receptor
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Table 2 Regulation of transferrin uptake in bloodstream forms of T. brucei
by iron starvation upon culture in sera from different vertebrates

TC221 bloodstream-form trypanosomes were grown in Baltz medium supplemented with 16.7%

(v/v) sera from different vertebrates in the presence or absence of additional bovine holo-

transferrin. After a 15 h incubation, transferrin uptake was measured as described in the

Materials and methods section.

Serum

Bovine

transferrin

addition*

(µg/ml)

Transferrin uptake†
(ng of transferrin/107

cells per h) Factor‡

Foetal calf 0 49.9 -

333 49.5

Horse 0 108.8 2.2

333 52.4

Pig 0 102.6 2.1

333 43.2

Chicken 0 99.9 2.0

333 43.5

* Media were supplemented with additional bovine holo-transferrin as indicated.

† Mean values of two independent experiments.

‡ Fold increase of transferrin-uptake relative to that in trypanosomes grown in foetal-calf-

serum-supplemented medium.

expression and transferrin uptake in the ∆aco::NEO}
∆aco : :HYG deletion clones. In all experiments the effect of iron

depletion by deferoxamine treatment was very similar in wild-

type and ∆aco::NEO}∆aco::HYG cells. The results presented

in Table 1, Figures 1A and 2 clearly show that the IRP-1-related

TbACO is not required for post-transcriptional regulation of

ESAG6 mRNA by iron.

Physiological role of transferrin receptor regulation

Trypanosomes infect a variety of mammalian hosts. Mammalian

transferrins show quite large sequence diversity [39] and thus

have different affinities for a given trypanosomal transferrin

receptor [6,7,40]. Therefore, culture in serum of certain hosts can

lead to limiting iron supply and poor growth of the parasite [40].

Up-regulation of the transferrin receptor could help trypano-

somes to satisfy their iron requirement in different host environ-

ments. To test this hypothesis, foetal calf serum-adapted TC221

bloodstream-form trypanosomes were incubated in medium

supplemented with serum from horse, pig, or chicken, and after

15 h the transferrin uptake rate was measured. The uptake of

transferrin was increased approx. 2-fold in medium supplemented

with these sera relative to the uptake rate of parasites grown in

foetal calf serum-supplemented medium (Table 2). Addition of

bovine holo-transferrin abolished the effect (Table 2) indicating

that the increase in transferrin uptake was only due to iron

deficiency.

DISCUSSION

This report shows that expression of the transferrin receptor and

hence transferrin uptake in bloodstream forms of T. brucei are

regulated by iron availability. The increase in the transferrin

receptor level in iron-depleted trypanosomes was 3-fold and

similar to the extent of regulation of the transferrin receptor

upon iron depletion in human K562 cells [41,42]. The abundance

of ESAG6 mRNA, encoding one of the two subunits of the T.

brucei transferrin receptor, was increased in iron-depleted

trypanosomes via a post-transcriptional mechanism.

In mammalian cells, the transferrin receptor mRNA is

stabilized in iron-depleted cells due to binding of IRPs to specific

IREs in the 3«-UTR of transferrin receptor mRNA [43–45]. In

analogy to this paradigm for post-transcriptional control of gene

expression, we have investigated the role in ESAG6 regulation of

an aconitase highly related to mammalian IRP-1 and present in

the cytoplasm of T. brucei. Targeted deletion of the TbACO gene

showed that this IRP-1-related aconitase is not essential for iron

regulation of ESAG6 mRNA. In mammalian cells the closely

related IRP-2 can independently mediate the iron status via IREs

[46]. However, in trypanosomes the presence of an additional

IRP-related protein seems very unlikely for the following reasons:

(i) low-stringency Southern hybridizations did not reveal any

TbACO-related gene (J. Saas and M. Boshart, unpublished

work), (ii) several highly-degenerated PCR primer combinations

did not amplify any other IRP- or aconitase-related sequence (J.

Saas and M. Boshart, unpublished work), (iii) four rat or rabbit

anti-TbACO sera did not detect any band in the 98–101 kDa

range in Western blots with extracts from procyclic ∆aco::

NEO}∆aco::HYG null mutant lines (results not shown), and

(iv) the same null mutant lines were devoid of any detectable

aconitase activity (results not shown). In summary, the available

evidence that the T. brucei genome contains only one IRP-related

gene suggests that a different mechanism and a different type of

trans-acting factor are responsible for iron sensing and regulation

of transferrin receptor mRNA in this protozoan.

We cannot by any means exclude the possibility that the IRP-

1-related TbACO has a function in the cytoplasm of trypano-

somes, e.g. in translational control of other target genes. How-

ever, our results suggest that trypanosomes have developed a

distinct mechanism to transmit the low iron signal to ESAG6

mRNA. This corresponds to the complete structural dissimilarity

of the mammalian and trypanosome transferrin receptors [3–7].

Both subunits of the trypanosome transferrin receptor, ESAG6

and ESAG7, are structurally related to the N-terminal domain of

the VSG suggesting an evolutionary and structural relationship

between these proteins [47]. Thus, the evolutionary origin of the

trypanosome transferrin receptor is certainly distinct from

the origin of the mammalian transferrin receptor. In addition,

trypanosomes evolved both antigenic variation and the ability to

use mammalian transferrin for iron supply when they acquired a

parasitic life style.

The amount of transferrin in host blood is always in excess of

the parasite’s needs [2,7]. Why do trypanosomes then need a

mechanism to up-regulate the transferrin receptor in response to

iron depletion? Antibodies against ESAG6}7 can inhibit trans-

ferrin uptake of trypanosomes in �itro [6,7], but significant iron

starvation is unlikely to result in �i�o from host antibodies

produced during the infection [7]. The 20 different VSG ex-

pression sites encode slightly different ESAG6}7 heterodimers,

only one of which is expressed at one time. These transferrin

receptor variants have widely different affinities for transferrin of

a given mammalian host. The dissociation constants for bovine

transferrin vary between 2 nM and 1 µM [6,7,40,47]. The affinity

of a given trypanosome transferrin receptor variant for trans-

ferrin of different host species also varies [40]. Thus, the parasite

will encounter limiting iron supply during natural transmissions

from one host species to another when a low affinity transferrin

receptor is expressed. Up-regulation of the transferrin receptor

may allow immediate adaptation to a new host environment

upon transmission, eventually followed by selection of an ap-

propriate VSG expression site coding for a high affinity variant

transferrin receptor [40]. Regulation of transferrin receptor

expression thus may be one aspect of the parasite’s ability to

adapt to a variety of mammalian hosts.

# 1999 Biochemical Society



696 B. Fast and others

This work was supported by grants of the Bundesministerium fu$ r Forschung und
Technologie to M.B. (Genzentrum Mu$ nchen, 0311092) and to D.S. (Schwerpunkt fu$ r
tropenmedizinische Forschung in Heidelberg, 01 KA 9301/3). We thank Joachim
Saas and Christine Clayton for providing antibodies and plasmids, and for critically
reading the manuscript, and Anke Baar for excellent technical assistance.

REFERENCES

1 Schell, D., Borowy, N. K. and Overath, P. (1991) Parasitol. Res. 77, 558–560

2 Steverding, D. (1998) Parasitol. Res. 84, 59–62

3 Steverding, D., Stierhof, Y.-D., Chaudhri, M., Ligtenberg, M., Schell, D., Beck-

Sickinger, A. G. and Overath, P. (1994) Eur. J. Cell Biol. 64, 78–87

4 Chaudhri, M., Steverding, D., Kittelberger, D., Tjia, S. and Overath, P. (1994) Proc.

Natl. Acad. Sci. U.S.A. 91, 6443–6447

5 Ligtenberg, M. J. L., Bitter, W., Kieft, R., Steverding, D., Janssen, H., Calafat, J. and

Borst, P. (1994) EMBO J. 13, 2565–2573

6 Salmon, D., Geuskens, M., Hanocq, F., Hanocq-Quertier, J., Nolan, D., Ruben, L. and

Pays, E. (1994) Cell 78, 75–86

7 Steverding, D., Stierhof, Y.-D., Fuchs, H., Tauber, R. and Overath, P. (1995) J. Cell

Biol. 131, 1173–1182

8 Cully, D. F., Ip, H. S. and Cross, G. A. M. (1985) Cell 42, 173–182

9 Zomerdijk, J. C. B. M., Ouellette, M., ten Asbroek, A. L. M. A., Kieft, R., Bommer,

A. M. M., Clayton, C. E. and Borst, P. (1990) EMBO J. 9, 2791–2801

10 Pays, E. and Steinert, M. (1988) Annu. Rev. Genet. 22, 107–126

11 Cross, G. A. M. (1990) Annu. Rev. Immunol. 8, 83–110

12 Borst, P. (1986) Annu. Rev. Biochem. 55, 701–732

13 Hentze, M. W. (1995) Curr. Opin. Cell Biol. 7, 393–398

14 Rouault, T. and Klausner, R. D. (1997) Curr. Top. Cell. Regul. 35, 1–19

15 Hentze, M. W. and Ku$ hn, L. C. (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 8175–8182

16 Casey, J. L., Koeller, D. M., Ramin, V. C., Klausner, R. D. and Harford, J. B. (1989)

EMBO J. 8, 3693–3699

17 Horowitz, J. A. and Harford, J. B. (1992) New Biol. 4, 330–338

18 Mu$ llner, E. W., Neupert, B. and Ku$ hn, L. C. (1989) Cell 58, 373–382

19 Binder, R., Horowitz, J. A., Basilion, J. P., Koeller, D. M., Klausner, R. D. and Harford,

J. B. (1994) EMBO J. 13, 1969–1980

20 Haile, D. J., Rouault, T. A., Harford, J. B., Kennedy, M. C., Blondin, G. A., Beinert, H.

and Klausner, R. D. (1992) Proc. Natl. Acad. Sci. U.S.A. 89, 11735–11739

21 Guo, B., Phillips, J. D., Yu, Y. and Leibold, E. A. (1995) J. Biol. Chem. 270,
21645–21651

Received 14 May 1999 ; accepted 13 July 1999

22 Iwai, K., Drake, S. K., Wehr, N. B., Weissman, A. M., LaVaute, T., Minato, N.,

Klausner, R. D., Levine, R. L. and Rouault, T. A. (1998) Proc. Natl. Acad. Sci. U.S.A.

95, 4924–4928

23 Hirumi, H., Hirumi, K., Doyle, J. J. and Cross, G. A. M. (1980) Parasitology 80,
371–382

24 Cross, G. A. M. (1975) Parasitology 71, 393–417

25 Baltz, T., Baltz, D., Giroud, Ch. and Crockett, J. (1985) EMBO J. 4, 1273–1277

26 Hirumi, H. and Hirumi, K. (1989) J. Parasitol. 75, 985–989

27 Schu$ rch, N., Furger, A., Kurath, U. and Roditi, I. (1997) Mol. Biochem. Parasitol. 89,
109–121

28 Vassella, E. and Boshart, M. (1996) Mol. Biochem. Parasitol. 82, 91–105

29 Carruthers, V. B., van der Ploeg, L. H. T. and Cross, G. A. M. (1993) Nucleic Acids

Res. 21, 2537–2538

30 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular cloning : a laboratory

manual, 2nd Edn., Cold Spring Harbor Laboratory, Cold Spring Harbor, NY

31 Ausubel, F. M., Brent, R., Kingsten, R. E., Moore, D. D., Weidman, J. G., Smith, J. A.

and Strul, K. (1995) Current Protocols in Molecular Biology, Massachussetts General

Hospital, Harvard Medical School, Wiley Interscience, NY

32 Boshart, M., Weih, F., Nichols, M. and Schu$ tz, G. (1991) Cell 66, 849–859

33 Steverding, D. and Overath, P. (1996) Mol. Biochem. Parasitol. 78, 285–288

34 Stieger, J., Wyler, T. and Seebeck, T. (1984) J. Biol. Chem. 259, 4596–4602

35 Schell, D., Evers, R., Preis, D., Ziegelbauer, K., Kiefer, H., Lottspeich, F., Cornelissen,

A. W. C. A. and Overath, P. (1991) EMBO J. 10, 1061–1066

36 Pays, E., Tebabi, P., Pays, A., Coquelet, H., Revelard, P., Salmon, D. and Steinert, M.

(1989) Cell 57, 835–845

37 Kooter, J. M., van der Spek, H. J., Wagter, R., d’Oliveira, C. E., van der Hoeven, F.,

Johnson, P. J. and Borst, P. (1987) Cell 51, 261–272

38 Johnson, P. J., Kooter, J. M. and Borst, P. (1987) Cell 51, 273–281

39 Baldwin, G. S. (1993) Comp. Biochem. Physiol. 106B, 203–218

40 Bitter, W., Gerrits, H., Kieft, R. and Borst, P. (1998) Nature (London) 391, 499–502

41 Mattia, E., Rao, K., Shapiro, D. S., Sussman, H. H. and Klausner, R. D. (1984)

J. Biol. Chem. 259, 2689–2692

42 Bridges, K. R. and Cudkowicz, A. (1984) J. Biol. Chem. 259, 12970–12977

43 Mu$ llner, E. W. and Ku$ hn, L. C. (1988) Cell 53, 815–825

44 Koeller, D. M., Casey, J. L., Hentze, M. W., Gerhardt, E. M., Chan, L. N. L., Klausner,

R. D. and Harford, J. B. (1989) Proc. Natl. Acad. Sci. U.S.A. 86, 3574–3578

45 Seiser, C., Posch, M., Thompson, N. and Ku$ hn, L. C. (1995) J. Biol. Chem. 270,
29400–29406

46 Schalinske, K. L., Blemings, K. P., Steffen, D. W., Chen, O. S. and Eisenstein, R. S.

(1997) Proc. Natl. Acad. Sci. U.S.A. 94, 10681–10686

47 Salmon, D., Hanocq-Quertier, J., Paturiaux-Hanocq, F., Pays, A., Tebabi, P., Nolan,

D. P., Michel, A. and Pays, E. (1997) EMBO J. 16, 7272–7278

# 1999 Biochemical Society


