
formation of the region (31) to be comparable
with or larger than the rates of deformation
associated with faults bounding western Tibet.
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Derivatives of Erythropoietin
That Are Tissue Protective But

Not Erythropoietic
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Erythropoietin (EPO) is both hematopoietic and tissue protective, putatively
through interaction with different receptors. We generated receptor subtype–
selective ligands allowing the separation of EPO’s bioactivities at the cellular
level and in animals. Carbamylated EPO (CEPO) or certain EPO mutants did not
bind to the classical EPO receptor (EPOR) and did not show any hematopoietic
activity in human cell signaling assays or upon chronic dosing in different animal
species. Nevertheless, CEPO and various nonhematopoietic mutants were cy-
toprotective in vitro and conferred neuroprotection against stroke, spinal cord
compression, diabetic neuropathy, and experimental autoimmune encephalo-
myelitis at a potency and efficacy comparable to EPO.

Erythropoietin (EPO) is a pleiotropic cytokine
originally identified for its role in erythropoiesis
(1). Its hematopoietic effects on the bone mar-
row are mediated by the homodimeric erythro-
poietin receptor [(EPOR)2], a class 1 cytokine
receptor. Sasaki and others identified the pro-
duction of EPO in the central nervous system
and, later, its neuroprotective function (1–7).
Eventually, a proof-of-concept for neuroprotec-
tion by peripherally dosed EPO was obtained in
a phase II clinical trial in cerebral ischemia (8).

Desialylated EPO (asialoEPO) has the same
(EPOR)2 affinity and neuroprotective properties
as EPO, but an extremely short plasma half-life.
Both molecules share the capacity of crossing an
intact blood-brain barrier when dosed peripherally
(3, 8–10), but bear also the risk of unwanted
effects linked to the chronic overstimulation of
(EPOR)2, for example, on the bone marrow.

Extensive structure-activity relationship
(SAR) studies of EPO have identified regions
and amino acids essential for binding to

(EPOR)2 (11), and many chemical modifica-
tions that abolish EPO’s hematopoietic bio-
activity are known (12, 13). However, the re-
ceptor complex mediating the neuroprotective
effects of EPO differs from the hematopoietic
receptor with respect to apparent affinity for
EPO, apparent molecular weight, and associat-
ed proteins (2). The EPO receptor has been
reported to associate functionally with other
cytokine receptors such as CD131 (14, 15), and
a region of EPO not within the (EPOR)2 bind-
ing domains has been associated with neuropro-
tective effects (16). On the basis of these obser-
vations, we postulated that molecular changes to
erythropoietin that neutralize erythropoiesis would
not necessarily alter tissue-protective potency.
One known modification silencing erythropoiesis
is the carbamylation of lysines, a process well
recognized to profoundly alter protein conforma-
tion and function. Surprisingly, we found that
carbamylated EPO is neuroprotective and there-
fore introduces a new class of neuroprotective
cytokines that lack erythropoietic activity yet en-
gage a tissue-protective receptor.

All lysines in EPO were transformed to
homocitrulline by carbamylation (17) (fig.
S1A). CEPO, the resultant product, completely
lacked bioactivity in the in vitro UT7 hemato-
poiesis bioassay (Table 1) and failed to bind to
EPOR on these cells (Fig. 1A). However,
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CEPO protected P19 cells from apoptosis (Ta-
ble 1) and prevented N-methyl-D-aspartate
(NMDA)–induced apoptosis of hippocampal
cells with a potency (IC50 of 6 to 10 pM) and
efficacy (50 to 80% specific protection) similar
to EPO (Fig. 1B). Thus, CEPO represents the
prototype for a family of designer cytokines
with a novel activity spectrum.

We further explored the new principle that
erythropoietic bioactivity and cytoprotection
followed different SARs, generating mutants of
EPO known to disrupt erythropoietic activity,
but not conformation (18, 19). Some mutants,
such as EPO-S100E or EPO-R103E, retained a
high cytoprotective efficacy despite drastically
reduced (EPOR)2 affinity (Table 1). Thus, the
tissue-protective potential of EPO could be sep-
arated from (EPOR)2 interaction by multiple
approaches affecting the protein backbone of

EPO, whereas changes in sialylation had no
effect on the receptor affinities and in vitro
bioactivities of the different types of ligands
(Table 1). We further characterized the binding of
CEPO to live cells (CHO, BaF/3) overexpressing
(EPOR)2 (17). In several of these experiments,
asialoCEPO was used to exclude any binding
effects of sialic acid–specific lectins previously
described for neural cells (20). Depending on the
cellular context and receptor species (apparent
affinity of human EPO for huEPOR was about
three times as high as that for rodent EPOR), EPO
bound at 10 to 200 pM, while CEPO or asialo-
CEPO did not bind at concentrations up to 10,000
pM (fig. S2, A and B, and Fig. 1A).

In contrast to the above hematopoiesis mod-
el systems, we found that EPO and asialoCEPO
had similar binding affinities for living PC-12
cells as representative of a neural cell type (Fig.

2A). These data suggest that while CEPO does
not interact with the classical (EPOR)2 to a
degree detectable by radioligand binding as-
says, EPO and CEPO appear to compete for a
common binding site on some (neural) cell
types. We assessed potential interaction of CEPO
with the (EPOR)2 by measuring the phosphoryl-
ation of the transcription factor STAT-5 or of
Jak2, a downstream kinase directly activated upon
ligand binding to the EPOR. In BaF/3-EPOR
cells, EPO concentrations � 0.5 nM stimulated
the phosphorylation of signaling molecules. In
contrast, CEPO concentrations up to 50 nM
showed only minimal activity (Fig. 2B).

In clinical applications of neuroprotec-
tion, the ability of the engineered cytokines to
cross the blood-brain barrier is critical. We
found that CEPO distributed at least as well
into the cerebrospinal fluid (CSF) as did
EPO. For example, after intravenous (iv) bo-
lus CEPO injection (rat, 44 �g/kg; n � 6),
pM concentrations (15 � 6 pM CEPO versus
7 � 2 pM EPO) were detected in CSF after 4
hours, and after 24 hours the CSF CEPO
concentrations were still significantly elevat-
ed above baseline (4 � 2 pM). The plasma
pharmacokinetic parameters for CEPO were
also in the same range as those for EPO. The
plasma elimination half-life (rat, 44 �g/kg iv;
n � 4) was 3.3 hours. Peak concentrations of
150 pM were reached 14 hours after subcu-
taneous injection (rat, 44 �g/kg; n � 4), and
the plasma concentrations remained signifi-
cantly elevated above 2 pM (the erythropoi-
etic threshold for EPO) for �20 hours (17).

CEPO circulates long enough in vivo to
potentially trigger hematopoiesis indepen-
dently of a classical (EPOR)2 interaction.
Hence, we examined this possibility in sev-
eral systems. Biweekly injections of up to
500 �g/kg CEPO did not increase the hemat-
ocrit in mice (not iron supplemented), in con-
trast with identically dosed 5 �g/kg EPO
(Fig. 2C). Even five times weekly injections
of CEPO administered subcutaneously did
not increase the hematocrit. Moreover, CEPO
was tested on rats in which an 8-week daily
dosing of 50 �g/kg had no augmenting effect
on hemoglobin levels or hematocrit. Finally,
mice were dosed subcutaneously daily for 4
weeks with CEPO at 10, 50, or 200 �g/kg.
Whereas the control group receiving EPO (10
�g/kg) showed a 1.7-fold hematocrit in-
crease, none of the CEPO groups showed any
increase after 4 weeks or after a recovery
period of an additional 2 weeks (�3% in-
crease in any group). Thus, CEPO is not
erythropoietic even when continuously
present at high concentrations in plasma.

We also determined whether the modified
EPOs might function as antagonists to the
(EPOR)2. The new variants were completely
devoid of competitive effects, even at concen-
trations up to 300 times as high as those of EPO
(Table 1 and fig. S2C).

Fig. 1. CEPO is neuroprotective without binding to EPO-R. (A) Binding competition with iodinated
EPO was determined for UT7 cells. Cells were incubated with radiotracer and graded doses of
unlabeled EPO or CEPO and analyzed for radiotracer binding. (B) CEPO/EPO was added to
hippocampal neurons 24 hours before challenge with NMDA, and toxicity was evaluated 24 hours
later by counting apoptotic neurons.

Fig. 2. Differential binding and erythropoietic
signaling of EPO, CEPO, and asialoCEPO. (A)
PC-12 (neural-type) cells were incubated
with radiotracer (EPO) and graded doses of
unlabeled EPO or asialoCEPO and analyzed
for radiotracer binding. Data are in counts
per minute (cpm) for quadruplicate samples.
(B) BaF/3-EPOR cells were stimulated for 10
min with CEPO or EPO. Activation was ana-
lyzed by Western blotting of cell lysates with
phosphorylation site-specific antibodies (PY-
Jak2; Stat5). Equal loading was confirmed by
reprobing of membranes against nonphospho-
rylated Jak2. (C) CEPO was intravenously in-
jected (i.v.) biweekly to mice (n � 8). Injection days are marked by triangles. Data are expressed as
percentage of saline-treated animals [control hemoglobin (Hb) � 15 � 3 mg/100 ml]. One group of
mice was injected with 5 �g/kg EPO, and Hb levels were determined after 5 weeks as positive control.
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In a cerebral infarct model, CEPO showed
the same degree of tissue protection as report-
ed for EPO and was effective over the same
dose range (5 to 50 �g/kg). Delayed admin-
istration of CEPO by up to 4 hours after
occlusion of the middle cerebral artery still
conferred protection (Fig. 3A). This broad
therapeutic time window has also been re-
ported for EPO (9, 10) and distinguishes
CEPO as a potential stroke therapeutic differ-
ent from many other compounds that failed in
clinical trials. Moreover, tissue protection by
CEPO in the stroke model correlated well with a
reduced inflammatory response in the ipsilateral
hemisphere: Interleukin-6 levels were significant-
ly (P � 0.05) reduced from 11,000 U/g in the
control group to 5600 U/g in the CEPO group,
and monocyte chemoattractant protein-1 levels
from 3150 pg/g to 1720 pg/g (P � 0.03). In
addition, we evaluated CEPO’s effects on loss of
function resulting from retinal ischemia (not
shown) or sciatic nerve compression (Fig. 3B)
and, again, observed a protective effect to the
same degree as that described for EPO (9, 10).

Next, CEPO was tested in an established
model of spinal cord injury (9). Neurological
function after injury was significantly improved
in the animals treated over 6 weeks with CEPO
compared with the saline or EPO groups (Fig.
3C). A delay of 24 hours in treatment resulted in
nearly identical recovery as that observed for an-
imals receiving CEPO immediately after injury
(Fig. 3D). Even when the first dose was given
with a delay of 48 hours (not shown) or 72 hours
after injury, we still observed a significant bene-
ficial effect on the neurological function (Fig. 3D).

EPO is beneficial in another subchronic
disease model, experimental autoimmune en-
cephalomyelitis (EAE) (3). The neurological
deficits in mice that had been immunized
with myelin oligodendrocyte glycoprotein
(MOG) to induce EAE were improved by
CEPO over a prolonged observation period
(Fig. 3E). In a modified setup of the model,
first a stable disease state was triggered in the
animals. Even 4 weeks after the robust
plateau of neurological dysfunction was
reached, a three-times-per-week treatment
with CEPO significantly improved neurolog-
ical function (Fig. 3E). Finally, we observed
that CEPO reproduced the recently discov-
ered beneficial effects of EPO (21) on diabet-
ic peripheral neuropathy (Fig. 3F) (17).

We have presented the rationale, synthesis,
and characterization of CEPO, an engineered
cytokine with an activity spectrum preferential-
ly targeting tissues outside the bone marrow.
The findings have implications both for the
biology of EPO and for the design of new
tissue-protective therapies. Unlike other modi-
fied cytokines entering the clinic, the new class
of compounds is not based on alterations of
stability, plasma half-life, or antigenicity with
an otherwise similar bioactivity spectrum as the
parent cytokine. On the contrary, the pharma-

cokinetic properties of CEPO are similar to
EPO’s, while the pharmacodynamics exhibit an
unprecedented profile. CEPO exhibits a new
mode of action, best explained by engaging an
alternative receptor signaling tissue protection.
In this respect, CEPO differs strikingly from
asialoEPO, which behaves on the molecular
level exactly as EPO (9).

Various sets of experiments with cells,
membranes, and EPO receptor constructs show
that the classical homodimeric (EPOR)2 is not
the transducer of the tissue-protective effects of
CEPO. However, the data do not exclude the
possibility of heteromeric receptor complexes
containing at least one EPO receptor chain (e.g.,
with CD131). This would be in agreement with

Fig. 3. Neuroprotection by CEPO. (A) Single intravenous injections of CEPO were given 1 hour or
4 hours after occlusion in a rat model of focal ischemia. Reperfusion was initiated after 60 min, and
the infarct volume was measured after 24 hours. Data are means � SD; n � 8. (Insert)
Representative images of tetraphenyl tetrazolium chloride–stained sections (at 2 mm caudal to
bregma) showing infarct size. (B) The sciatic nerve of rats (n � 6) was compressed for 1 min and
CEPO or vehicle was dosed immediately after the crush as a single intravenous bolus. The static
sciatic index (SSI) is an indicator of motor function after sciatic nerve injury, and data are expressed
as percentage versus saline-treated animals. (C) EPO, CEPO, or saline was injected intravenously
immediately after surgical induction of spinal cord injury and over a period of 6 weeks, as indicated
by triangles. Motor function of all animals was evaluated for 42 days, and data are presented as
means � SEM; n � 6. (D) The experiment was performed as in (C), but the dosing of CEPO (10
�g/kg) was delayed by 0, 24, or 72 hours after the spinal cord compression. Injection days are
marked by triangles. Data are means � SEM; n � 6. (E) Chronic EAE was induced by MOG; n � 8.
The motor deficit was scored on a scale of 0 to 5. Animals were treated for 8 weeks with CEPO (50
�g/kg; three times weekly) versus saline. Alternatively, they were left untreated for 10 weeks and
then dosed for 4 weeks with CEPO as above. (F) Neuropathy in streptozotocin-treated rats. Four
weeks after induction of the diabetic state, the thermal nociceptive threshold was quantified by
measurement of the time to paw withdrawal in a “hot plate” test. CEPO (50 �g/kg) was injected
subcutaneously three times per week for four weeks. *P � 0.05; **P � 0.01; ***P � 0.001.
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observations that EPO receptor expression in
tissues correlates with the protective effect of
EPO (10, 22). Such heteromeric receptors
would likely present new binding sites and
therefore new pharmacological characteristics.

Although the precise means by which
tissue-protective cytokines signal remain to
be clarified, the availability of compounds
such as CEPO that do not trigger (EPOR)2

also opens possibilities to distinguish exper-
imentally between EPO’s tissue-protective
effects (e.g., antiapoptosis) and its potentially
detrimental effects [e.g., procoagulant and
prothrombotic effects (23) within the micro-
vasculature] and excessive erythropoiesis
upon chronic dosing. With these compounds,
it is now possible to trigger EPO-mediated

tissue-protective pathways without cross-talk
with the hematopoietic system.
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Frataxin Acts as an Iron
Chaperone Protein to Modulate
Mitochondrial Aconitase Activity
Anne-Laure Bulteau,1 Heather A. O’Neill,2 Mary Claire Kennedy,3

Masao Ikeda-Saito,4 Grazia Isaya,2 Luke I. Szweda1*

Numerous degenerative disorders are associated with elevated levels of pro-
oxidants and declines in mitochondrial aconitase activity. Deficiency in the
mitochondrial iron-binding protein frataxin results in diminished activity of
various mitochondrial iron-sulfur proteins including aconitase. We found that
aconitase can undergo reversible citrate-dependent modulation in activity in
response to pro-oxidants. Frataxin interacted with aconitase in a citrate-
dependent fashion, reduced the level of oxidant-induced inactivation, and
converted inactive [3Fe-4S]1� enzyme to the active [4Fe-4S]2� form of the
protein. Thus, frataxin is an iron chaperone protein that protects the aconitase
[4Fe-4S]2� cluster from disassembly and promotes enzyme reactivation.

Aconitase, a Krebs-cycle enzyme that con-
verts citrate to isocitrate, belongs to the fam-
ily of iron-sulfur–containing dehydratases
whose activities depend on an intact cubane
[4Fe-4S]2� cluster (1, 2). The purified en-
zyme is highly susceptible to oxidant-induced
inactivation due to release of the solvent-
exposed Fe-� and formation of a [3Fe-4S]1�

cluster (3, 4). Loss of mitochondrial aconi-
tase activity is an intracellular indicator of
superoxide generation and of oxidative dam-
age in a variety of degenerative diseases and
aging (5, 6). Nevertheless, aconitase is rap-
idly inactivated and subsequently reactivated
when isolated rat cardiac mitochondria are
treated with H2O2, suggesting that aconitase

may be an intramitochondrial sensor of redox
status (7). The presence of the enzyme’s sub-
strate citrate diminishes Fe-� release, cluster
disassembly, and enzyme inactivation, and it is
required for enzyme reactivation (7). However,
the physiological mechanisms responsible for
preventing full cluster disassembly and for re-
duction of the [3Fe-4S]1� center and reinser-
tion of Fe(II) are unclear (1).

The mitochondrial matrix protein frataxin
and its yeast homolog Yfh1p are thought to
play a role in the storage of iron within
mitochondria (8–12) and to promote Fe(II)
availability (10, 13, 14) as one of the com-
ponents involved in the maturation of cellular
iron-sulfur–containing and heme-containing
proteins (13–19). Friedreich’s ataxia, a neu-
rodegenerative and cardiac disorder, is char-
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Table 1. Comparison of EPOR binding, as well as hematopoietic and neuroprotective properties of different
variants of EPO. EPOR binding experiments were performed on dimerized Fc-fusion proteins and measured as
inhibition of EPO binding. Block of UT7 proliferation was measured in the presence of 50 pM EPO and 0.3 to
30 nM compound. No, less than 10% block; n.d., not determined; neurons, rat hippocampal neurons exposed
to NMDA; P19, murine teratocarcinoma cells stressed by serum withdrawal.

EPOR UT7 UT7 Neurons P19

Modification IC50 EC50

(pM) (pM) block (% protection � SD at 300 pM)

Wild-type EPO 10 10–30 n.d. 78 � 13 49 � 12
AsialoEPO 14 10–30 n.d. 71 � 15 n.d.
CEPO �10,000 �10,000 No 70 � 9 49 � 10
AsialoCEPO �10,000 �10,000 No 69 � 16 n.d.
S100E-EPO 100 �10,000 No 66 � 9 55 � 15
R103E-EPO �10,000 �10,000 No 55 � 13 n.d.
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