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Heme activates artemisinin more efficiently than hemin,
inorganic iron, or hemoglobin
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Abstract—Artemisinin derivatives appear to mediate their anti-malarial effects through an initial redox-mediated reaction. Heme,
inorganic iron, and hemoglobin have all been implicated as the key molecules that activate artemisinins. The reactions of artemisinin
with different redox forms of heme, ferrous iron, and deoxygenated and oxygenated hemoglobin were analyzed under similar in vitro
conditions. Heme reacted with artemisinin much more efficiently than the other iron-containing molecules, supporting the role of
redox active heme as the primary activator of artemisinin.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A multi-step mechanism has been proposed for the
anti-malarial action of artemisinin and other related
endoperoxides.1 In the first step, reductive cleavage
of the endoperoxide bridge of artemisinin occurs,2 fol-
lowed by intramolecular electronic rearrangements
that produce carbon-centered radicals.3 Subsequent
reactions, including alkylation of proteins, lead to
death of the parasite. Because Fe2+ is a catalyst that
can generate free radicals from peroxides and large
amounts of iron accumulate in the food vacuole,
hemoglobin, heme, and free iron have been studied
as key molecules participating in the initial artemisinin
interaction and cleavage event.4 Artemisinins are effec-
tive at reducing parasite levels within a short time
after administration, killing all stages of the malaria
parasite.5,6

Hemin (Fe3+ protoporphyrin-IX) has been reported to
react directly with artemisinin by spectroscopic analy-
sis,7 and by analysis using ESI-MS/HPLC.8 However,
the reaction between hemin and artemisinin was very
slow at 37 �C (not reaching completion in 24 h) and
experiments were performed at a non-physiological tem-
perature of 70 �C casting doubt on the biological signif-
icance of the findings.9 Heme (Fe2+ protoporphyrin-IX)
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has been reported to activate artemisinin through in situ
reduction of hemin by glutathione.10 Within 1 h at 37 �C
in these reducing conditions, a high yield of covalent
heme–artemisinin adducts formed through a carbon-
centered radical generated at the C4 position of
artemisinin.

Other studies support a role for non-heme (inorganic)
iron in an artemisinin activation process.1 For example,
iron chelators antagonize the anti-malarial effect of arte-
misinin,11,12 although such chelators may be effective
against both heme and inorganic iron.13 In addition, car-
bon-centered radicals generated from artemisinins by
Fe2+ (or heme) are then oxidized to carbocations by the
subsequent Fe3+ that is formed by reductive cleavage of
the peroxide.14 This has led to the suggestion that interac-
tion of artemisinin with free iron (II) represents a compet-
itive decomposition pathway.15 Other forms of iron, such
as hemoglobin,16 in particular ferrous but not ferric
hemoglobin, have been reported to react with
artemisinin.17

Given the disparate results reported for the roles of
heme, free iron, and hemoglobin on the initial activation
of artemisinin, we examined the interaction of the differ-
ent redox forms of these molecules with artemisinin
under defined conditions in a short time frame. The re-
sults support heme as the primary iron molecule that
activates artemisinin. In addition to a role in the activa-
tion of artemisinin in an anti-malarial mechanism, a
central role for heme may have relevance to the anti-
cancer effects of artemisinin.18,19
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2. Results

2.1. Reaction of artemisinin with hemin and heme

The Soret and Q absorption bands of heme serve as
observable markers of the reaction with artemisi-
nin.17,20 The absorption spectra of ferric heme (hemin)
and ferrous heme (heme) were compared at a 20 lM
final concentration with or without artemisinin at var-
ious molar ratios immediately after mixing in 0.25 M
sodium acetate buffer, pH 5.0. DMSO (22% final con-
centration) was used in the assay buffer to maintain
the hydrophobic heme or hemin and artemisinin in
solution.21 A pH of 5.0 was selected to reflect the
acidic conditions of the parasite food vacuole22,23

and the heme concentration of 20 lM was selected
because it was much lower than may be expected in
the food vacuole,24 but was sufficient to provide ade-
quate signal detection. As seen in Figure 1a, hemin
displayed its characteristic Soret band at 402 nm that
did not change with the addition of artemisinin, even
in large excess, in agreement with previous observa-
tions.17 We conclude that no redox-mediated interac-
tion between (ferric) hemin and artemisinin occurred
using these conditions. Essentially identical results
were obtained at pH 7.0 in phosphate buffer (data
not shown).
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Figure 1. (a) Activation of artemisinin by (ferrous) heme but not (ferric) hem
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line) absorbance was dramatically by reaction with artemisinin. (b) The h
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one molecule of heme.
Hemin was then converted into heme by the addition of
dithionite25 with the expected shift in the Soret band to
the characteristic 415 nm (Fig. 1a). Dithionite was used
as a reducing agent to ensure full reduction of ferric
heme and because it does not absorb at 415 nm as does
heme or hemin. Under these low pH and reducing con-
ditions, artemisinin caused an instant decrease of the
heme A415 peak in a concentration-dependent manner,
along with the appearance of a new absorption peak
at 476 nm. At a (ferrous) heme:artemisinin molar ratio
of 4:1, virtually complete disappearance of the A415 peak
occurred. The new absorption peak observed at 476 nm
following the reaction of heme and artemisinin was
found to have a half-life of about 25 min (Fig. 1b and
c). Essentially identical results were obtained at pH 7.0
in phosphate buffer (data not shown).

At the point of the loss of the heme Soret band peak and
the presence of the full peak at 476 nm, the heme–arte-
misinin mixture was precipitated with KCl. After recov-
ery by centrifugation and washing, the absorbance
spectrum was taken and compared with the spectra of
heme and hemin. The Soret peak of the complex was
zlocated at 411 nm (data not shown), very different from
the Soret peak of either ferrous heme or hemin, but sim-
ilar to the Soret peak of a ‘hemart’ complex previously
reported.26 Addition of dithionite did not restore the
t1/2=25.5 min
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Figure 2. Absorption spectra of dithionite with (black line) or without

(red line) artesunate. The molar ratio of artesunate to dithionite was

approximately 3:1 in 0.25 M acetate buffer, pH 5.0, with a final DMSO

concentration of 20%. The dithionite absorbance spectrum is the same

with (artesunate) or without (DMSO) artesunate.
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Soret peak to 476 nm, but caused a red shift to 429 nm,
as would be observed for a bathochromic shift when fer-
ric hemin is reduced to ferrous heme, also described for
‘hemart’.26 Based upon the extent of reaction at increas-
ing molar ratios, the stoichiometry of the artemisinin–
heme reaction was estimated to be two molecules of
artemisinin that react with one molecule of heme
(Fig. 1d).

To exclude the possibility that artemisinin was first acti-
vated by dithionite, which then reacted with heme, the
spectra of dithionite with and without artemisinin were
compared since oxidation by artemisinin would abrogate
the dithionite absorption peak.27,28 As shown in Figure 2,
the presence of artemisinin did not cause a change in the
dithionite absorption spectrum, indicating no redox reac-
tion occurred between these two molecules.
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Figure 3. (a) Activation of artemisinin by inorganic ferrous iron. The percent
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reaction between heme and artemisinin. Results are expressed as means of t
2.2. Reaction of artemisinin with inorganic ferrous iron

The interaction of ferrous iron with artemisinin was
determined using ferrocyanide as the source of Fe2+ be-
cause it does not absorb at 419 nm but its oxidized form
ferricyanide does, which can be used to follow the oxida-
tion state of the iron during its reaction with artemisi-
nin.29 Hydrogen peroxide (H2O2) was used as a
positive control for the generation of ferricyanide. The
time course of ferrocyanide oxidation in the presence
of artemisinin was compared to the rate of reaction of
ferrocyanide with hydrogen peroxide at both pH 5.0
and 7.0 using a 4:1 molar ratio of 8 mM artemisinin
or H2O2 and 2 mM ferrocyanide (a concentration
needed for sufficient signal strength) in a reaction vol-
ume that included 30% DMSO (Fig. 3a). No oxidation
of the ferrocyanide occurred with either artemisinin or
H2O2 at pH 7.0. At pH 5.0, however, over 50% of the
ferrocyanide was oxidized by H2O2 within 12 min, but
only about 0.6% with excess artemisinin over the same
time frame. These results suggest that the endoperoxide
structure of artemisinin is much less effective than H2O2

in oxidizing inorganic ferrous iron under these condi-
tions. The relative time course of the reaction of inor-
ganic ferrous iron with artemisinin occurred at a much
slower rate than the reaction with (ferrous) heme under
similar conditions.

The ability of inorganic ferrous iron to compete with
(ferrous) heme in the activation of artemisinin was also
determined. Reactions of artemisinin and heme with or
without ferrocyanide (or ferrous chloride) were run with
the same final concentration of DMSO under reducing
(2 mM dithionite) and acidic (acetate buffer pH 5.0) con-
ditions. Absorbance readings at 415 nm (to monitor
heme) were taken within one minute after the addition
of excess dithionite to reduce heme. Even at 80-fold ex-
cess, ferrocyanide was not able to interfere with the reac-
tion between heme and artemisinin (Fig. 3b). Similar
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results were obtained using ferrous chloride as the
source of inorganic iron (data not shown).

2.3. Reaction of artesunate with hemoglobin

Conflicting data have been reported on the activation of
artemisinins by hemoglobin in neutral or weakly basic
(pH 7.0–8.0) buffer conditions.30,31 The interaction of
artesunate with either metHb, deoxyHb, or oxyHb was
therefore determined. Because hemoglobin is sensitive
to changes in protein conformation in non-aqueous
environments, an aqueous buffer system was used. So-
dium artesunate, a derivative of artemisinin, was used
because it is more soluble in aqueous solutions17 but
has similar reactivity as artemisinin toward (ferrous)
heme (data not shown). All assays involving hemoglobin
therefore had only �1% DMSO unless otherwise
specified.

The reaction of sodium artesunate and metHb was
determined spectrophotometrically at neutral pH in
phosphate buffer. No reaction was observed with or
without artesunate over 30 min (Fig. 4a). The reaction
of artemisinin with deoxyHb was then determined.
deoxyHb was produced by reducing metHb with dithio-
nite as described in Materials and Methods. Its presence
was confirmed by the Soret band peak at 429 nm and a
broad single Q band at 555 nm (Fig. 4a). A decrease in
Soret band absorbance was used as the indicator of the
reaction between deoxyHb and artesunate. At pH 7.0,
deoxyHb exhibited only a very slight decrease in the
Soret band absorption (Fig. 4a). The same experiments
were then performed at pH 5.0 (Fig. 4b). At this pH,
similar results were obtained for metHb, consistent with
little or no reaction after 30 min of incubation with
artesunate. The Soret band absorption of deoxyHb,
however, decreased more than when measured at pH
7.0. The kinetics of reaction between deoxyHb and
artesunate at the two pH levels was then determined
(Fig. 4c). Most of the reaction occurs within the first
minute of incubation. To exclude the possibility that
the presence of dithionite may have altered the structure
or conformation of the Hb exposed the heme moiety,
deoxyHb was preincubated with dithionite for 30 min
prior to the addition of artesunate, which had no effect
on the rate of reaction (data not shown).

With little reaction occurring with metHb or deoxyHb,
oxyHb was next studied. A significant decrease in the
Soret peak absorbance of oxyHb after a 24-h incubation
with artesunate at 37 �C was previously reported and the
results were interpreted as an artesunate–oxyHb interac-
tion.17 This result may be somewhat unexpected because
the heme iron in oxyHb is tightly bound with oxygen
and therefore is unlikely to be accessible for activation
of artemisinins. The previous report also did not include
an oxyHb only control. We replicated the experiments
using the same conditions, but included an oxyHb only
control. The presence of oxyHb was confirmed by the
absorption spectrum pattern (Fig. 5a) of the Soret band
at 414 nm and two Q bands at 541 nm and 576 nm,
respectively.32 The spectra of oxyHb were recorded over
24 h at 37 �C using conditions similar to those that were
previously found to show an interaction between oxyHb
and artesunate.17,30 A 10 mM ammonium acetate buffer
was used at pH 8.0 with 4% DMSO. At 37 �C, the Soret
band absorbance of oxyHb did indeed decrease, but this
occurred whether artesunate was present or not (Fig. 5a
vs Fig. 5b).

Because specific reaction conditions could affect the
interaction of artesunate and oxyHb, in particular,
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DMSO and pH levels could alter the protein microenvi-
ronment/structure to render the heme group more acces-
sible or reactive to artesunate,33 experiments were
performed using phosphate buffer with minimal DMSO
at neutral pH, also similar to conditions previously
used.17 In phosphate buffer at pH 7.0, some spontaneous
decay in the oxyHb absorbance was observed during the
period of incubation, with a much slower rate at room
temperature (Fig. 6a) than at 37 �C (Fig. 6c). Under
both temperature conditions, similar decreases in the
oxyHb absorption spectra were observed in the samples
including artesunate (Fig. 6a vs Fig. 6b and Fig. 6c vs
Fig. 6d) up to an 8:1 molar ratio (data not shown). Sim-
ilar results were obtained with a 2:1 molar ratio of ascor-
bic acid (data not shown), as used in previous studies.17

These results indicate that artesunate does not react with
oxyHb to cause the observed spectral changes, which are
likely due to spontaneous changes in oxyHb.
3. Discussion

Artemisinin drugs harbor a unique endoperoxide bridge
that undergoes a redox-mediated activation34,35 that is
essential for their anti-malarial activity. Derivatives
without the endoperoxide structure (e.g., deoxyartemis-
inin) lack anti-malarial activity.36 Activation of artemis-
inin involves reductive homolysis of the endoperoxide
bridge by a reducing equivalent obtained from the par-
asite’s microenvironment, followed by formation of
C4-centered carbon radicals that can alkylate other
molecules.

Artemisinin drugs are toxic to the malaria parasites in
their vegetation stage in host red blood cells, where they
engulf and digest large amounts of hemoglobin in the
food vacuole, releasing very high concentrations of
heme that can be further degraded to release iron. The
exact distribution of different types of iron-containing
molecules in the parasitic food vacuole is not yet known.
The parent molecule from which all other iron-contain-
ing species are derived is hemoglobin, which harbors
(ferrous) heme when it is engulfed into the food vacuole.
The known acidic pH and relatively high level of reduc-
ing equivalents (i.e., glutathione37) would slow the oxi-
dative rates of ferrous iron and ferrous heme. A
variety of in vitro studies have implicated hemoglobin,
heme, or iron in the activation of artemisinins,1,17 how-
ever their relative reactivities, and therefore their poten-
tial pharmacological relevance in mediating artemisinin
drugs’ anti-malarial function, are still not known. Since
artemisinin drugs are effective within a short time after
administration the activation of the drug is relatively ra-
pid,6 thus short-term studies may be most relevant. The
results reported here demonstrate that under the in vitro
conditions tested, (ferrous) heme reacts with artemisinin
much more efficiently than the other iron-containing
molecules analyzed.

Previous in vitro studies indicate that heme promotes
radical formation in, and forms adducts with, artemisi-
nins.10,26,38,39 Previous studies using glutathione to
maintain the reducing environment with similar condi-
tions as used here, found that the formation of the arte-
misinin–heme adduct reached 85% in 1 h at 37 �C, with
heme derivatives alkylated by artemisinin at different
meso-positions.40 These results suggest that heme may
be both the trigger and the target of artemisinins. In
vivo, artemisinin alkylated heme was also detected in a
mouse model of malaria using pharmacologically rele-
vant doses of the drug.41

The potential mechanisms by which heme is involved in
the malarial toxicity of artemisinin have also been stud-
ied. Heme dramatically increased the inhibitory effect of
artemisinin on the parasite’s cysteine protease digestion
of hemoglobin.31 Heme–artemisinin adducts have been
reported to be incapable of self-polymerization, compet-
itively inhibiting the binding of heme to parasite histine-
rich protein II, thereby blocking heme polymerization to
form beta-hematin,26 although other data have been re-
ported that do not support this mechanism.15

In addition to (ferrous) heme, activation of artemisinin
by hemin (ferric heme) has also been reported, as evi-
denced by a significant decrease in hemin Soret band
absorbance over a 24 h period.7 These results were not
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replicated here using an air-tight cuvette with hemin and
artemisinin, or with a hemin only control (data not
shown). In an another report, hemin–artemisinin ad-
ducts were detected in dimethyl acetamide solvent con-
taining 200 mM hemin and artemisinin at 37 �C for
24 h.26 However, an artemisinin only control was not in-
cluded in those experiments, and in subsequent studies,
adducts were not detected in aqueous acetonitrile after
1 h incubation.16

Artemisinin has been reported to interact with deoxyhe-
moglobin,42,43 although our results indicate that the ex-
tent of reaction is relatively low. Previous studies
showed that artemisinin binds only weakly to normal
hemoglobin but strongly to abnormal hemoglobin H
(HbH), which cannot effectively transport oxygen.44

The strong binding may be due to better access of the
drug to the heme molecule in HbH relative to normal
hemoglobin A. In patients with alpha-thalassemia, this
creates a sink that partitions artemisinin away from
the parasite-infected erythrocytes, which may account
for why the drug is less effective in patients with
alpha-thalassemia.44

An interaction between oxyHb with artesunate has been
reported at alkaline pH (8.0) with a 1.2:1 artesu-
nate:oxyHb ratio at 37 �C within 1 h using HPLC.30
However, the conditions used for HPLC likely dena-
tured the Hb and exposed free heme that could then
interact with artesunate. Similar results were reported
for metHb and artesunate using HPLC and MS, which
would also likely be complicated by denaturation of
the Hb with 50% acetonitrile.16,17 Another question
not addressed was the degree of oxygenation of the
Hb. In follow-up studies, the spectral absorption of
the oxyHb–artesunate reaction was reported.8,17 How-
ever, an oxyHb only control was not included, which,
as shown here, would manifest decay of the Soret band
absorption even without artesunate.

Our results showed that, while deoxyHb interacts with
artemisinin at a slow rate, oxyHb is inert to artesunate.
These data may be of physiological relevance, since
oxyHb in circulation does not appear to be able to activate
artemisinin. Following engulfment into the parasite’s
food vacuole, oxyHb would be exposed to an acidic pH
which, according to the Bohr Effect, would drive the dis-
sociation of oxygen from oxyHb to become deoxyHb.
Such spatial restriction of artemisinin activation might
be one of the reasons that the drugs are relatively non-
toxic to the human host but very potent to the parasite.

Inorganic iron has also been implicated in artemisinin
activation.12 Artemisinin has been reported to oxidize
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ferrous ions and reduce ferric ions to produce dihyd-
roartemisinin,45 although this appears to involve the lac-
tone side groups and not the endoperoxide bridge, thus
the relevance to drug activation being not clear. The
reaction of artemisinin with ferrous sulfate in aqueous
acetonitrile produced a number of stable isomeric rear-
rangement products.46 We did not see a significant reac-
tion with ferrous iron, which also could not compete
with the interaction of heme and artemisinin.

Alternative redox mechanisms for the activation of
artemisinins independent of heme may also exist. For
example, the sub-cellular distribution of artemisinins in
infected RBCs indicates that artemisinins can be found
in multiple organellar compartments in addition to the
food vacuole.47 Redox systems are likely present in
other parasite sub-cellular compartments that could
serve as an activation mechanism for artemisinin,
although the concentration of redox active heme in the
food vacuole may be quite high. In addition, artemisinin
derivatives are hydrophobic, as is heme, and may also
partition into biological membranes such as in the food
vacuole.

Malaria infection is associated with severe hemolysis
that releases ferrous hemoglobin, which can be readily
oxidized. For example, in the presence of reactive oxy-
gen species (ROS) generated by white blood cells, free
ferrous hemoglobin can be readily oxidized to ferric
methemoglobin (MetHb), the major heme species in
chronic hemolysis,48 from which free hemin is released.
Carbon monoxide (CO) has been shown in a mouse
model to arrest this process through binding of CO to
Fe2+ in the heme groups of ferrous hemoglobin, which
then prevented hemoglobin oxidation and subsequent
release of free hemin from oxidized hemoglobin.49 The
existence of significant circulating levels of free ferrous
heme could potentially activate artemisinin during the
hemolytic stages of malaria. Pharmacological manipula-
tion of hemoglobin oxidation to increase the amount of
free ferrous heme, for example, through scavenging
ROS, could thus potentially increase the efficacy of arte-
misinin. Several previous studies have examined the role
of antioxidants as a potential primary and/or adjuvant
treatment of malaria.50 For example, certain com-
pounds with potential antioxidant activity may increase
the effectiveness of artemisinin.51 Our results may point
to a focus on heme as the key molecule to modulate,
although the pro- and antioxidant defense systems in
both the human host and malarial parasite are
complex.52

The activation of artemisinin by heme may also have
relevance in the induction of apoptosis by artemisinin
and related compounds.53 Cytotoxicity of these endop-
eroxides toward rapidly dividing human cancer cells
has been reported,18,19 and has been hypothesized to
be dependent upon activation of the endoperoxide
bridge by an iron(II) species to form C-centered radi-
cals that trigger caspase-dependent apoptosis.18

Exploiting artemisinin activation by heme for apoptosis
may be a novel mechanism for developing anti-cancer
therapeutics.
4. Experimental

4.1. Chemical reagents

Hemin (ferric heme chloride, >98% HPLC, Fluka
51280), potassium ferrocyanide, ferrous chloride, di-
methyl sulfoxide (DMSO), sodium dithionite (>82%),
artemisinin, methemoglobin (metHb, from horse
hemoglobin), ascorbic acid, and buffers and salts were
purchased from Sigma–Aldrich (St. Louis, MO).
Sodium artesunate was a gift from Dafra Pharma
N.V. (Turnhout, Belgium). Reverse osmosis-purified
water was used for all experiments. A hemin stock solu-
tion at 2 mM was prepared in 0.05 N NaOH (used
immediately) or in DMSO (used immediately or stored
at �20 �C for later use). Artemisinin and sodium artesu-
nate stock solutions were prepared in DMSO at 10 mM.
A hemoglobin stock solution (0.5 mM) was freshly pre-
pared in phosphate buffered saline (PBS) at pH 7.2 be-
fore use. Sodium acetate buffer at pH 5.0 was made at
0.25 M in water with or without DMSO as specified in
the assays. Saturated sodium dithionite stock solutions
were freshly prepared in 50 mM phosphate buffer, pH
7.0, or in sodium acetate buffer before use. A 10 mM
ascorbic acid stock solution was freshly prepared in
water and used immediately. Solutions of ferrous chlo-
ride and potassium ferrocyanide at 20 mM were freshly
prepared in water prior to use.

4.2. Artemisinin interaction assays

All assays were done at room temperature or 37 �C. All
assays were cuvette-based, with a 1-ml total volume, ex-
cept for the determination of heme–artemisinin stoichi-
ometry and the inorganic iron and heme-competition
experiments, in which microplates with a total volume
of 260 ll were used.

4.2.1. Interaction of artemisinin with hemin and heme.
Absorption spectra were performed in a 1-ml cuvette
using either ammonium acetate or phosphate buffer.
For hemin, 10 ll of a 2 mM hemin solution in DMSO
(20 lM in final), 10 ll of artemisinin solution at various
concentrations in DMSO, and 980 ll of 0.2 M acetate
(20% DMSO) pH 5.0 buffer solution or 0.1 M phosphate
(20% DMSO) pH 7.0 buffer solution were combined and
the spectrum measured. In order to generate heme
through reduction of hemin, 2 mM dithionite was in-
cluded in the buffer.

To investigate the absorbance peak observed at
476 nm after the reaction of heme and artemisinin,
a large volume of 1 M KCl solution was added with-
in seconds of the complete disappearance of the Soret
band characteristic of heme and the appearance of
the full peak at 476 nm, to consume dithionite and
precipitate the heme-containing complex. The precipi-
tate was recovered by centrifuging at 13,000g fol-
lowed by three washes with 1 M KCl and then one
wash with water. The precipitate was re-dissolved in
DMSO for determination of the absorption spectrum
in 0.2 M acetate, pH 5 with or without 50 mM
dithionite.



7860 S. Zhang, G. S. Gerhard / Bioorg. Med. Chem. 16 (2008) 7853–7861
4.3. Interaction of artemisinin and inorganic iron

The time course of the reaction (consisting of 2 mM fer-
rocyanide and 8 mM artemisinin or hydrogen peroxide
in ammonium acetate (pH 5.0) or phosphate (pH 7.0)
buffer, with 30% DMSO) was recorded at 419 nm in
1-ml containing cuvette. The heme-competition experi-
ments were conducted in ammonium acetate buffer pH
5.0 (22% DMSO in final) in microplates with a total vol-
ume of 260 ll containing 20 lM heme, 40 lM artemisi-
nin, and various concentrations of ferrocyanide or
ferrous chloride at a range of molar ratios of inorganic
iron to heme from 0 to 80.

4.4. Interaction of artesunate with different forms of
hemoglobin

MetHb stock solution (0.5 mM in PBS) was used as the
initial source of hemoglobin for all experiments. The fi-
nal concentrations of various forms of hemoglobin in all
assays was 5 lM (equivalent to 20 lM hemin or heme
iron). The molar ratio of artesunate to hemoglobin
was 2:1, similar to that used in previous studies.17,30

Both deoxygenated hemoglobin (deoxyHb) and oxygen-
ated hemoglobin (oxyHb) were made from metHb using
dithionite. For deoxyHb, 10 ll of metHb solution was
first added to 980-ll reaction buffer solution, then satu-
rated dithionite stock solution was added. By doing so,
deoxyHb was formed because the oxygen in the reaction
solution was rapidly consumed by the dithionite, which
was confirmed by its characteristic absorption spectrum.
In order to make oxyHb, 150-ll concentrated metHb
solution (0.5 mM) was added to 2-ll saturated stock
dithionite solution to make a concentrated deoxyHb
solution. When 10 ll of this solution was added to
980-ll phosphate buffer solution, the deoxyHb was oxy-
genated to form oxyHb, confirmed by its characteristic
absorption spectral pattern. During 24-h incubations,
all cuvettes were sealed to prevent exposure to air.

4.5. Spectrophotometry

Assays with cuvettes were recorded on a Spectronic�

GenesysTM 5 instrument (Spectronic Instruments, Inc.
Rochester, NY) at room temperature. Readings on
microplates were done using a Spectra MAX250 micro-
plate reader (Sunnyvale, CA, USA).
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