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ABSTRACT

INHIBITION OF YEAST HEXOKINASE BY THE ANTIMALARIAL DRUG
ARTEMISININ: PROBING MECHANISM OF ACTION WITH A MODEL ENZYME

Jennifer S. Spence
Old Dominion University, 2009
Director: Dr. Roland A. Cooper

A leading infectious cause of death, malaria threatens approximately half of the
world’s population, and drug-resistant strains of Plasmodium falciparum have created
immense difficuity in chemotherapy of the disease. The artemisinin (ART) class of
antimalarials may represent a powerful solution. In addition to their safety, effectiveness,
and moderate cost, they are the only drugs in use for which there has been no
widespread evidence of clinical resistance. The exact parasiticidal mechanism of ART is
highly contested, but evidence suggests that protein alkylation may play a role in
cytotoxicity. /n vitro assays were performed using yeast hexokinase (HK) to demonstrate
a hypothesized relationship between alkylation by ART and activity inhibition of a model
enzyme. ART, in the presence of ferrous iron, irreversibly inhibited HK
phosphotransferase activity. The drug’s endoperoxide bridge was essential for activity
against HK, indicating that inhibition is mediated by radicals. MALDI-TOF mass
spectrometry failed to detect ART adducts of inhibited HK, however, which suggests that
alkylation may not be responsible for inhibition of enzymatic activity. Further, although
alkylation of thiols by ART has been confirmed and was hypothesized as the means of
inhibition of HK, solvolysis-released adducts of ART and Thiopropyl Sepharose 6B resin
were not observed by thin-layer chromatography. Loss of protein function through ART-
induced oxidation, which has already been implicated in membrane damage, is therefore

proposed as a component of the in vivo mechanism of ART.
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INTRODUCTION

Responsible for 500 million infections and 1-3 million deaths annually [1],
malaria is the world's leading parasitic cause of morbidity and mortality. Nearly
half of the global population lives in regions endemic to malaria, mainly sub-
Saharan Africa, southeast Asia, and parts of Central and South America.
Disease etiology derives from protozoans of the genus Plasmodium; of the four
species infecting man, P. vivax, P. malariae, and P. ovale rarely cause death [2].
P. falciparum, on the other hand, represents the greatest threat, accounting for

approximately 50% of all clinical cases and the vast majority of fatalities [1].

Life Cycle of Malarial Parasites

Transmitted to man only by mosquitoes of the genus Anopheles, Plasmodium
demonstrates a unique heteroxenous life cycle (Fig. 1) that necessitates
vertebrate hosts [2]. Following entry into the human circulatory system,
sporozoites from mosquito salivary glands penetrate hepatocytes for a
nonpathological phase that first involves metamorphosis into trophozoites.
Mature trophozoites replicate exponentially through schizogony into merozoites,
with each trophozoite producing approximately 30,000 daughter merozoites.
Merozoites are released from hepatocytes to invade erythrocytes. Inside blood
cells, the parasite undergoes ring, trophozoite, and schizont stages, the latter of

which results in clonal reproduction and release of more daughter merozoites (8-

The model for this thesis is the journal Biochemical Pharmacology.
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Fig. 1 - Life cycle of Plasmodium falciparum. From http://www.pasteur.fr/

recherche/unites/ImmStr/en/projects/malaria.htmi.

32 produced). In select circumstances, merozoites may differentiate into

gametocytes, which are infective to the anopheline mosquito and can engage in

sexual reproduction within their insect host.

The Pathology of Malaria

Intraerythrocytic forms of Plasmodium are solely responsible for disease



pathology. The classic malarial symptom of periodic fevers is caused by massive
hemolysis upon synchronized merozoite release [2]. Infections can be
characterized by species, in part, by whether paroxysms occurs every 48 or 72
hours. Loss of erythrocytes also leads to anemia. In addition to extremely high
levels of blood parasitemia (> 60% of cells may be infected, while 25%
parasitemia is usually fatal), the severity of falciparum malaria stems from
parasite-induced alteration of the erythrocyte ultrastructure. Knob-like
erythrocyte membrane protrusions cause cytoadherence of parasitized cells to
the cerebral microvasculature. Neurological symptoms include seizures and
coma, which frequently precede death. Prenatal malaria is a leading cause of
maternal death and poor infant development and mortality in Africa, primary
location of the world’s malaria burden [1] and most P. falciparum infections. As
with most infectious diseases, malaria poses the greatest risk to children and the
immunocompromised, while adults in endemic regions of sub-Saharan Africa

may have partial immunity due to repeated, long-term exposure to the parasite

12].

Drug Management of Malaria

Most classes of antimalarial drugs target the more metabolically-active intra-
erythrocytic forms of the parasite. The parasite endocytoses and catabolizes the
hemoglobin within erythrocytes to meet its need for amino acids and must
sequester the toxic heme moiety in a less harmful form in its digestive vacuole

(DV) [2]. Quinine, chloroquine, and other quinolines interfere with the



crystallization of heme into inert hemozoin [3]. Atovaquone, a ubiquinone analog,
affects protozoal mitochondrial electron transport [4]. Because Plasmodium is
unable to synthesize purines de novo, drugs such as proguanil, sulfadoxine, and
pyrimethamine target purine salvage [5]. Other antibiotic agents, among them
doxycycline, have also proven useful against the parasite. [6,7]. Vaccines
represent an ideal form of prophylaxis but have yet to show more than limited
efficacy in clinical trials [8].

Clinical malaria treatments, as well as attempts to combat the disease on a
global scale, have been severely hampered by the emergence and spread of
drug resistant parasites. P. falciparum displays a remarkable capacity for
rendering antimalarials clinically ineffective. Mutations in pfcrt, which encodes the
P. falciparum chloroquine resistance transporter spanning the DV membrane,
allow increased quinoline drug efflux, reducing antimalarial effects [9]. Mutated P-
glycoprotein homologue Pgh1, the product of the pfmdr1 (multidrug resistance
transporter) gene, also has been implicated in reduced effectiveness for several
types of drug [10]. Additionally, due to a common point mutation in cytochrome b
[4], clinical resistance to atovaquone was observed mere months after the drug's
release for prophylaxis [11]. In particular, the unfortunate advent of resistance to
chloroquine, previously the gold standard among antimalarials, created arguably
the largest obstacle to worldwide malaria eradication [12]. Despite disease
resurgence, the rediscovery of an ancient folk remedy is giving rise to a new era

in malaria treatment.



Artemisinin Background

Preparations of sweet wormwood (Artemisia annua L.) have been used as
antipyretics, thus accidental antimalarials, in China for more than 2000 years
[13], but only in the last three decades has the plant’s active component been
isolated and identified [14]. Artemisinin (ART) and its derivatives are the only
agents for which no widespread clinical resistance has been demonstrated in P.
falciparum [15], although recent studies indicate that resistance may be
developing in limited foci [16, 17]. The World Health Organization currently
advocates the use of ART combination therapies (ACTs), typically employing the
guinoline amodiaquine, the quinoline-like lumefantrine, or
sulfadoxine/pyrimethamine, as a first-line defense against malaria [1]. ACTs
usually feature the derivatives artesunate (ARS) or artemether (ARM) due to
poor solubility of the parent compound. The combination of ART derivatives,
which have particularly short half-lives, with slower-clearing, mechanistically-
unrelated drugs is meant to improve treatment efficacy and decrease the
possibility of widespread resistance [18]. ART itself is highly potent, with an I1Csp
frequently lower than that of chloroquine [18], it eliminates parasites from the
blood quickly, and its specific targeting of Plasmodium produces few side effects
on hosts [19]. Further, good shelf stability and moderate cost make ART
attractive to heailthcare providers in malaria-endemic areas [1]. The precise
manner in which this excellent drug works, however, has yet to be resolved

conclusively.



Artemisinin Pharmacokinetics

Derivatives of ART are most commonly administered orally, but intravenous,
intramuscular, or suppository dosage can be used in severe malaria or with
infants. ART drugs are hydrolyzed to dihydroartemisinin (DHA) in the stomach
(quickly) and blood (more slowly), with maximal blood concentrations for oral
doses occurring after two hours [20]. Intramuscular oil suspensions are absorbed
at a much slower rate, and DHA blood levels peak after six hours [21]. Once in
the blood, DHA has a half-life of approximately one hour [20].

ART derivatives enter erythrocytes by means of passive diffusion, as their
basic chemical structures are highly lipophilic [22]). Plasmodium actively takes up
the drug from inside the blood cell via a tubulovesicular network of membranes
that extend from the parasitophorous vacuole to the erythrocyte periphery [23]. It
is presumed that uptake occurs through a carrier-mediated process [22]. Only

after entering the parasite does the drug unleash its selective cytotoxicity.

Possible Mechanisms of Artemisinin Action

ART (Fig. 2) is a sesquiterpene lactone featuring an endoperoxide bridge
within a 1,2,4-trioxane ring. The endoperoxide moiety is essential for antiparasitic
activity [24], as derivatives lacking one or both of the peroxy oxygens are
pharmacologically inactive. In general, peroxides are unstable and can easily
form reactive oxygen species (ROS), and this structural feature of ART led to
theories of radical-induced parasite death [14, 25). Formation of ROS is

enhanced by Fenton reagents, such as ferrous heme iron, which is available in



the parasite through hemoglobin metabolism [26]. The drug is commonly

believed to be converted to radicals via reductive cleavage of the endoperoxide

H

eanitl

Fig. 2 - Structure of ART and derivatives. X = O (ART), OH (DHA), OCH3; (ARM),
OCOCH2CH2COOH (ARS). Oxygens 1 and 2 comprise the endoperoxide bridge,
while oxygens 1, 2, and 4 are part of the trioxane moiety. Carbons 3 and 4 of the

sesquiterpene lactone structure are also labeled.

moiety—possibly due to heme or an endogenous parasitic iron source such as
catalase or cytochromes [27]). Evidence in favor of iron activation is seen in the
reduction of ART-induced damage to erythrocyte membranes by metal chelators
[28]. The drug is also effective in vitro against many types of cancer cells, which
have higher cytosolic iron leveis due to increased transferrin receptor expression
[29]; addition of iron can further enhance drug potency against cancer cells [30,
31]. Following peroxide bond cleavage, ART undergoes rearrangement to free-

radical intermediates, which are thought to account for cytotoxicity. Heterolytic
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Fig. 3 - Proposed heterolytic activation of ART by ferrous iron complexation. This pathway generates a
metalloperoxide that decomposes to a carbocation and/or oxygen free radicals capable of oxidatively damaging

biomolecules. Adapted from Olliaro et al. [32]



cleavage of the endoperoxide has been suggested as a mode of reduced iron
activation (Fig. 3) [32]. In this scheme, O4 of the trioxane ring stabilizes the
positive charge added by iron complexation and facilitates ring opening.
Intermolecular rearrangement creates a metalloperoxide that can further
decompose to a carbocation or oxygen free radicals. Most experimental
evidence, however, appears to support homolytic bond cleavage (Fig. 4). Attack
by reduced iron produces a radical at either oxygen, depending on reaction
conditions, and alkoxyl drug radicals can rearrange to form carbon-centered
radicals. Oxygen-centered radicals of ART have been shown to increase
oxidative stress within the parasite [34] and damage erythrocyte membranes
[35]. Adducts of alkoxyl radicals have been proposed, including the iron-oxo
species Fe(IV)=0, formed as a leaving group during radical rearrangement [32].
However, carbon-centered radicals may provide a more suitable explanation of
the means by which ART effects parasite death.

Much has been made of the greater stability of carbon-centered ART radicals
over their oxygen-centered precursors [36]. Being less transient, they may have
a greater likelihood of interacting with targets prior to degradation or 'quenching.
In order to demonstrate the importance of carbon radicals in ART cytotoxicity,
Posner et al. synthesized two sets of trioxanes: in the first set (Appendix [), two of
three compounds were unable to complete the O1 pathway due to lack of an
appropriate hydrogen for abstraction at C4, while in the second set, two of three
compounds were unable to complete the O2 pathway due to steric hindrance at

C3 [37]. Within each set, only the compounds that were capable of producing
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self-quenched metabolites following reaction with iron acted as potent
antimalarials. Posner et al. took these findings to indicate an importance for
carbon radicals, because they could not be formed by the inactive trioxanes. As
alkylating species, carbon-centered radicals can react with a wide variety of
biological molecules bearing nucleophiles such as thiolates, amines, phosphates,
and carboxylates [38], and alkylation is an established mode of cytotoxicity [39,

40].

Potential Targets of Artemisinin

Because ART has the ability to form species capable of alkylation, a definitive
target for its action has been long sought. Heme was identified early as a
prospective target, since it serves a target for a number of antimalarials and
possesses a central iron molecule that might activate the drug. ART has, in fact,
been demonstrated to bind to heme [41, 42], and heme-ART adducts (Fig. 5)
have been recovered from the spleen (which removes parasitized erythrocytes)
and urine of P. vinckei-infected, but not healthy, mice [{42]. The parasite DV has
been proposed as a primary site of ART activation and/or action, as the earliest
signs of drug-induced morphological alteration are seen in this organelle [43].
Asawamahasakda et al. showed greatest localization of the drug occurring in the
DV fraction of parasite lysates [45]. In that study, only a minor percentage of
ART was covalently-associated with heme, and drug localization within the

parasite has been disputed by other researchers [46]. In spite of demonstrated
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Fig. 5 - Structure of a heme-ART adduct. Adapted from Bousejra-El Harah et al.

[44].

alkylation, a role for ART in interference with heme sequestration is debatable, as
the drug has little effect on hemozoin formation {47, 48]. Heme-ART binding may
contribute to oxidative damage within the parasite, since peroxidase activity of
heme increases in the presence of ART [35].

An early study by Asawamahasakda et al. [45] demonstrated alkylation of six
parasite proteins by radiolabeled ART derivatives. The proteins were not among
the most abundant in the parasite, suggesting a high degree of reaction
specificity. While the other labeled proteins are still unknown, one was identified
as the P. falciparum translationally-controlled tumor protein homologue (TCTP)
[49], found in the cytosol and DV membrane [50]. ART binds to the thiols of the
protein, but TCTP function and whether ART alkylation of it contributes to

parasite death are uncertain.
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Recently, the P. falciparum sarco-endoplasmic reticulum Ca"-dependent
ATPase (SERCA) orthologue PFATP6 has received support as a purported ART
target. Inhibition of this ATPase by ART was demonstrated when the protein was
expressed in Xenopus oocytes [46]. Eckstein-Ludwig et al. also showed
pharmacological antagonism between ART and thapsigargin, another
sesquiterpene lactone and a known SERCA inhibitor, and the two drugs are
predicted to occupy the same binding site [51]. An amino acid substitution in
PfATP6 may be associated with decreased parasite susceptibility to ART [51],
but sensitivity to the drug appears to be modulated by more than a single protein,
as Pgh1 has also been implicated in increased ART tolerance by Plasmodium
[10].

Several other proteins have been offered as possible ART targets, among
them, the heme-binding histidine-rich protein Il [52] and cysteine proteases [53],
which are present in the DV. Cysteine is of particular interest, as ART has been
demonstrated to alkylate it in vitro [54]. The amino acid possesses a highly
nucleophilic sulfhydryl group, making it an exceptionally good target for free
radicals. Alkylation of glutathione has been reported [55], and ART may
potentially bind to a number of cysteine-bearing proteins or other biomolecules.
The notion of ART having multiple targets within the parasite or being a
nonspecific alkylator is also a distinct possibility. Building on the research of
Asawamahasakda et al. [45], previous work by this laboratory showed moderate
alkylation of a wide range of parasite proteins following incubation with PHIDHA

(R. Cooper, unpublished results, Fig. 6). As Figure 6 indicates, ART may have
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abundant protein targets in the parasite. Further evidence against a specific
target, such as PfATP6, was provided by pure 1,2,4-trioxane enantiomers
synthesized by O’'Neill et al. [56]. The enantiomers were structurally related to
and exhibited similar potency as ART. The latter observation would be unlikely if
there were a single parasite target, which would require stereospecificity for
chiral recognition of the drug by the target. Most importantly, the fact that clinical
resistance to ART has rarely arisen in Plasmodium infections supports the theory

that the drug acts on a multiplicity of targets.

230

24

&0

Bt
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Fig. 6 - SDS-PAGE (left) and autoradiograph (right) of P. falciparum lysates.
Parasites were isolated following 12 h exposure to [PH]DHA, [*H]chloroquine

(CQ), or [*H]quinine (QN). Drug-bound proteins are visible in the autoradiograph.
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in addition to Plasmodium and cancer cells, ART is effective against a variety
of other pathogens. ART has been shown to cause calcium imbalances in
trypanosomes [57] and Toxoplasma gondii [58], which suggests a role for it in
impairing Ca"-dependent ATPases, much like that purported in Plasmodium. The
drug also reduces Schistosoma burdens in mice [59]. Although schistosomes, as
blood flukes, generate hemozoin [60], ART toxicity appears to be completely
unrelated to heme metabolism in these parasites. Instead, schistosomes exhibit
tegumental damage [61]. Cutaneous Leishmania promastigotes and amastigotes
are susceptible to ART, as well [62]. Additionally, the drug possesses antiviral
action against hepatitis B [63] and C [64] viruses and bovine viral diarrhea virus
[65] in vitro. No ART-induced cytotoxicity is observed in host cells, while both
viral production and cytopathy due to the viruses are significantly reduced. In
particular, hepatitis C virus polymerase exhibits activity loss upon exposure to the
drug [64]. ART effectiveness against so many disparate pathogens appears to
support selective activation, which precludes damage to host cells, and
nonspecific targeting, as parasite proteins such as PFATP6 have no viral

homologue.

Aims and Rationale

The three aims of our research were investigation of the effect of ART on
protein function, demonstration of covalent binding of ART to protein targets, and
characterization of ART adducts. In particular, we examined protein alkylation by

ART radicals as a possible component of cytotoxicity and malarial parasite death.
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To date, researchers have shown covalent ART binding to proteins without
characterizing the effect on their biological roles, or they have established
inhibition of protein function without providing incontrovertible evidence of
alkylation. We intended to bridge previous findings on the drug'’s interaction with
proteins and demonstrate that functional inhibition of vital proteins due to
alkylation could be an important mode of drug action within the parasite.

For our first aim, investigation of the effect of ART on protein function, a
model enzyme system was used in place of direct experimentation with parasite
proteins. The failure thus far to validate targets or pathways of ART points toward
inherent complexities of in vivo drug metabolism. Instead of an attempt to
identify, isolate, and investigate the activity of one or a few parasite proteins from
the multitude alkylated by the drug (Fig. 6), a model in vitro system might better
serve to explore the effects of ART on protein function—specifically, enzymatic
activity. Because the drug appears to be a moderate, nonspecific alkylator, its
inhibitory effect on a single essential enzyme may be representative of its effect
on other proteins.

Yeast hexokinase (HK, E.C. 2.7.1.1., from Saccharomyces cerevisiae), which
catalyzes the initial reaction of glycolysis, was selected as the model enzyme
with which to investigate the effects of proposed ART alkylation on catalytic
activity. It was chosen on the basis of several notable properties: the enzyme is
able to be alkylated—typically at its cysteine residues [66]; alkylated HK can
exhibit a measurable decrease in phosphotransferase activity [67, 68]; and

enzyme activity is easily assayed. The sensitivity of HK to alkylation gives the
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enzyme the advantage of being well-studied with a range of alkylators. Further,
HK has been useful in demonstrating cytotoxicity for a variety of compounds [69,
70]. Agents such as alloxan, ninhydrin, and lonidamine, the latter of which is also
effective against trypanosomes [71], act specifically on hexokinase to induce
cytopathy [71, 72].

Building upon the first aim, the second aim of our research was investigation
of covalent binding of ART to HK. Matrix-assisted laser desorption-ionization—
time-of-fight (MALDI-TOF) mass spectrometry, frequently used to verify covalent
modification of proteins, was intended to provide evidence of alkylation of HK by
ART. Because the amino acid sequence of HK is known [73, 74], identification of
any alkylated residues was theorized.

Finally, our third aim was the characterization of ART adducts in order to
identify the pathway(s) involved in drug activation in this system. As a
complement to the HK experiments, resin-linked sulfhydryl groups were used to
capture drug radicals under in vitro conditions. Adducts were cleaved from solid
matrix-bound thiols for structural confirmation though chromatographic methods.

We hypothesized that nonspecific covalent binding of carbon-centered ART
radicals, particularly to protein sulthydryl groups, causes inhibition of enzymatic
activity. A purified model enzyme system, along with solid-matrix thiols for radical
trapping, was used to enable a simplified and unified investigation of structural
and functional aspects of the drug’s mechanism of action. Cumulative deleterious
effects resulting from moderate alkylation of essential proteins by ART may be

responsible, in part, for cytotoxicity toward parasites. After decades of research,
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ART remains an enigmatic drug, and thorough understanding of its mechanistic
properties is essential if it is to be wielded effectively against malaria, as well as

other diseases.
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MATERIALS AND METHODS

Hexokinase Assays

Purified HK (MP Biomedicals) was incubated at 28°C in 125 mM Tris-HCI
buffer, pH 6.8, (Quality Biologicals), in the presence and absence of ART and
FeCl,, FeCls or hemin chloride, separately or combined. Reagents were obtained
from Sigma-Aldrich unless noted. Because ART (Acros) was dissolved in
absolute EtOH to a concentration of 50 uM prior to addition to enzyme solutions,
control samples with equivalent EtOH concentrations were included. HK was
initially incubated 96 h with ART and/or iron, and enzyme activity was assessed
at various time points in order to establish optimal incubation time in this in vitro
system. All subsequent experiments employed 24 h incubation of HK with
reagents. Residual enzyme activity was measured at 340 nm in 96-well non-
protein binding microplates (Coming) with a Fluostar spectrophotometric plate

reader (BMG LabTech). A coupled-enzyme reaction (Fig. 7) with glucose-6-

HK
Glucose + ATP —> (lucose-6-phosphate + ADP

GBPD
Glucose-6-phosphate + NADP+ —> 6-phosphogluconate + NADPH

Fig. 7 - Coupled-enzyme reaction used in HK studies. The reduction of NADP" to

NADPH creates a spectrophotometrically-detectable product.
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phosphate dehydrogenase (G6PD) was used to assess HK activity by methods
adapted from Muicahy et al. [75].

Drug-treated and control HK was added to reaction solutions immediately
prior to measurement. UV absorbance readings were taken every 45 s for 15
cycles, and each sample was measured in duplicate at room temperature. The
final concentrations in each well were: 0.005 U HK, 0.156 U G6PD (MP
Biomedicals), 0.290 mM ATP (MP Biomedicals), 0.680 mM NADP"
(Calbiochem), 4.8 mM glucose, and 9.7 mM MgCl. in pH 7.5 125 mM Tris-HCI.
For substrate protection assays, HK was pre-incubated 20 min with ATP or
mannose prior to receiving any other treatment. For activity restoration assays,
HK was incubated 24 h with ART and iron prior to 20 min treatment with ATP or
mannose. Absorbance values were plotted over time, and slope values were
derived by linear regression (Prism 4.0). Residual HK activity rates were
normalized by establishing the slope value of untreated HK control samples as
100%. Activity rates of treated samples were reported as percentages of control
activity rates. Mean enzyme activity values were analyzed for statistically

significant differences using ANOVA (p < 0.05) with a post hoc Tukey test.

Dialysis of Artemisinin-Treated Hexokinase
Dialysis was performed using 10 kD MWCO Slide-A-Lyzer cassettes (Pierce).
Cassettes were dialyzed 30 min against dH2O to remove excess membrane

glycerol prior to use. Following 24 h incubation at 28°C with 350 uM ART and/or
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35 uM FeCl,, HK samples (15 pgin 3 mL 125 mM Tris-HCI, pH 6.8) were
injected into cassettes and dialyzed 3 h at 28°C in 1 L 125 mM Tris-HCI buffer,
pH 7.5, with hourly buffer changes. HK activity was assessed post-dialysis, and
protein content of dialyzed samples was verified by means of Bradford assay.
Mean enzyme activity values for each assay time point were analyzed for
statistically significant differences using ANOVA (p < 0.05). Pre- and post-dialysis
values for each sample were analyzed for statistically significant differences

using paired t-test (p < 0.05) .

Solvolysis of Artemisinin-Treated Resin-Linked Thiols

A solvolysis reaction (Fig. 8) was performed to isolate ART adducts from thiol
groups using methods adapted from Mattocks and Jukes [76]. Thiopropyl
sepharose 6B resin (GE Healthcare) was washed and activated with BME
according to manufacturer’s instructions. Aliquots of resin samples (each with a
dry weight of 200 mg) were incubated 24 h on a rocker at 28°C and contained 1
mL 125 mM Tris-HCI (pH 6.8) with 350 pM ART and/or 35 pM or 350 uM FeCl,.
The resin was washed with 50 mL each dH,O followed by MeOH to remove any
unbound drug and incubated 20 min with 11 mL 134 mM AgNO3; in 90% MeOH.
The solvolysis reaction was stopped with 2 mL 10% NazCOs;. Samples were
centrifuged 3 min at 4000 rpm, and the supernatants were extracted with 2 mL
toluene. Toluene extracts were evaporated to 100 pL under a nitrogen stream

Solvolysis reaction products were separated on 60 A silica gel plates (Merck)
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Fig. 8 - Overview of the reactions involved in thiopropyl sepharose 6B resin
preparation, drug treatment, and derivative release. B-ME reduces the disulfide
bond to a thiol that can react with carbon radicals. Adducts are cleaved in an

ethanolic AgQNO3; reaction to yield ethoxy derivatives.

using methods adapted from Beekman et al. and Gabriels and Plaizier-
Vercammen [77, 78]. Toluene extracts (10-20 puL) were spotted on TLC plates
and allowed to dry. Development was carried out with a hexane/diisopropyl
ether/glacial acetic acid (130:85:8, v/v/v) mobile phase. Air-dried plates were

sprayed with a glacial acetic acid/sulfuric acid (80%)/p-anisaldehyde (100:2:1,
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v/viv) derivatizing reagent and heated 6 min at 100°C in order to visualize ART
products.

The reaction products of ART with iron alone were also run on TLC plates.
Solutions of 125 mM Tris buffer, pH 6.8, contained 350 uM ART and 0, 35, 100,
or 350 uM FeCl,. Following 24 h incubation, 25 uL of the solutions were spotted

directly on plates and developed and derivatized as described above.

Two-Dimensional Electrophoresis of Artemisinin-Treated Hexokinase
Isoelectric focusing was employed to separate the HK isoforms, which are
both 50 kD but share only 75% peptide sequence homology [53, 54], present in
commercial HK preparations. Enzyme samples were incubated with drug and
ferrous iron for 24 h at 28°C and assayed for activity. For the first set of 2DE gels,
the HK solutions (each 150 ug HK in 30 mL 125 mM Tris-HCI buffer, pH 6.8)
were concentrated using 10 kD MWCO Vivaspin 15R centrifugal filtration units
(Vivascience Sartorius Group) and then precipitated with acetone to remove Tris
salts and to further concentrate the enzyme. A parallel experiment was
conducted in order to establish amounts of protein present at each stage of
sample concentration by Bradford assay along with SDS-PAGE. For the second
set of 2DE gels, additional control samples were included. HK solutions (each 50
ug HK in 10 mL 125 mM Tris-HCI buffer, pH 6.8) were again incubated 24 h at
28°C with 350 uM ART and/or varying iron concentrations and assayed for
activity. After 24 h, the solutions were centrifuged 25 min at 4°C and 4000 rpm to

pellet any insoluble enzyme resulting from drug treatment. The supernatants
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were then concentrated with 10 kD MWCO Amicon Ultra 15 centrifugal filtration
units (Millipore) and precipitated with acetone. Bradford assay and SDS-PAGE
were again used to quantify the amount of protein collected from each sample.
Kendrick Labs (Madison, WI) performed 2DE on the collected protein. HK
samples were resolublized in boiling buffer (5% SDS, 5% BME, 10% glycerol,
and 60 mM Tris) to a concentration of 2 mg/mL, and 5 ug of each sample was
loaded. Isoelectric focusing was carried out with 2% pH 3.5-10 ampholines for
9600 Veh, and a 10% acrylamide slab gel was used for electrophoresis. Gels
were stained with Coomassie brilliant blue, and spots were excised for mass
spectrometry. The most highly-separated spots were selected for excision; where
possible, spots corresponding to the same location on multiple gels were

excised.

Mass Spectrometry of Artemisinin-Treated Hexokinase

Matrix-assisted laser desorption/ionization—time-of-flight mass spectrometry
(MALDI-TOF) of trypsin-digested HK gel spots was performed on a Voyager DE
Pro (Applied Biosystems) at the Columbia University Protein Core Facility (New
York, NY). Peptide mass fingerprints were analyzed using Protein Prospector
software (http://prospector.ucsf.edu/). Protein identification was made by
comparing masses of the highest intensity (> 15%) MALDI-TOF ion peaks with
the fragments predicted for HK-A and HK-B by the MS-Digest program. The

following parameters were used for generating predicted fragment masses:
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trypsin proteolysis, two missed cleavages at maximum, and variable modification
of cysteines by acrylamide. Mass tolerance of monoisotopic ions was set to

< 100 ppm in order to match resulting to predicted fragments.
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RESULTS

This study examined the molecular interactions between the established
protein alkylator ART and HK, an enzyme well-suited to alkylation experiments.
We hypothesized that enzyme inhibition occurred through covalent drug binding,
which might explain the in vivo mechanism of action of ART. To characterize
ART alkylation and its effects, a spectrophotometric assay of HK activity was
combined with 2DE and mass spectrometry for identification of drug-modified
peptides. ART-treated Sepharose 6B resin was used to demonstrate sulfur-

bound adducts of ART in an in vitro system.

Inhibition of Hexokinase Activity by Artemisinin

Because activity of HK in these coupled-enzyme assays cannot be assessed
directly, a means of data interpretation is required. Provided that substrates are
in excess, G6PD production of NADPH, as measured by absorbance readings,
proceeds in a linear manner. Linear regression, therefore, was used to establish
slope values that translate into residual HK activity rates, as HK function was the
limiting factor in these assays. In Figure 9, linear regression of the plotted data
points yielded lines with coefficient of determination (r’) values of 0.9980 (2 units
of HK activity/mL), 0.9984 (1 U/mL), and 0.9961 (0.5 U/mL), demonstrating the
appropriateness of this method of data-fitting. When the slope of the 1 U/mL line

(m = 0.0004313) is established as 100% residual activity, the 2 U/mL (m =
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Fig. 9 - Plot of absorbance over time at varying HK concentrations. Data

represent means of two replicate measurements.

0.0008920) and 0.5 U/mL (m = 0.0002167) samples represent 206.8% and
50.2% activity of the control, respectively. Therefore, slope values are directly
proportional to the amount of functional enzyme.

In order to demonstrate that the activity of the model enzyme in this system is
susceptible to inhibition via alkylation, established inhibitors of HK, ninhydrin and
iodoacetamide [71, 79), served as positive controls. Incubation of HK with the
non-specific alkylating agent ninhydrin resulted in concentration-dependent
inhibition of activity (Fig. 10). lodoacetamide, which selectively alkylates thiols,
also inhibited activity in a similar manner (Fig. 11). At 1 mM, ninhydrin and
iodoacetamide produced comparable levels of inhibition, with 78.0 + 5% and 81.7

+ 0.7% activity remaining, respectively. These results are in agreement
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Fig. 10 - Dose-dependent inhibition of HK activity by ninhydrin. At 2 mM
ninhydrin, HK was pre-incubated with no substrate, 1 mM ATP, or 1 mM
mannose. Data represent means (t s.d.) of three independent experiments.
*Indicates that mean inhibition was significantly different than control (p < 0.001).

**Indicates that mean inhibition was significantly different than control (p < 0.05).
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lodoacetamide
Fig. 11 - Dose-dependent inhibition of HK activity by iodoacetamide. Data
represent means (t s.d.) of three independent experiments. *Indicates that mean
inhibition was significantly different than control (p < 0.001). **Indicates that

mean inhibition was significantly different than control (p < 0.05).
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with published findings [71, 79] and validate use of this system for the study of
inhibition via alkylation. Further, pre-incubation with a substrate such as
mannose or ATP fully protected the HK active site against inhibitory effects of

alkylators.
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Fig. 12 - Time-dependent loss of HK activity in the presence of ART and/or

ferrous iron. Data represent means (t s.d.) of three independent experiments.

For the incubation of HK with any reagents, pH 6.8 Tris buffer was used. In
addition to preventing immediate autoxidation of ferrous iron [80], this pH
preserves HK activity, as the enzyme becomes less active when buffer pH falls
much below the optimal pH 7.0-9.5 range [81]. The phosphotransferase activity
of HK was measured following 24 h incubation with reagents. This time point was
established for maximal inhibition by ART in conjunction with iron as compared to

no treatment or to treatment by ART or iron alone (Fig. 12). After 24 h, activity of
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HK treated with both ART and iron was approximately 50% of the control, while
ART and iron individually were responsible for less than 10% loss of activity.
ART significantly inhibited HK activity only in conjunction with iron. The rate of
inhibition depended on the concentrations of both drug and iron. Even at 350 pM
(Fig. 13), ART showed no significant intrinsic inhibitory effect on enzyme activity,
and, although ferrous iron can itself inhibit HK activity, its influence at 35 uM was

minimal (< 5% activity loss, Fig. 14). Inhibition by ART together with iron was
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Fig. 13 - HK activity following incubation with ferrous iron and varying
concentrations of ART. Measurements were taken after 24 h incubation. Data
represent means of three independent experiments (+ s.d.). *Indicates that mean

inhibition was significantly different than control (p < 0.001).
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Fig. 14 - HK activity following incubation with ART and varying concentrations of
ferrous iron. Measurements were taken after 24 h incubation. Data represent
means of three independent experiments (£ s.d.). *Indicates that mean inhibition

was significantly different than control (p < 0.001).

more than additive and was highest (in comparison to drug and iron controls) at

350 yM ART and 35 pM FeCly, with 56.5 = 4.9% activity remaining for the ART-

and iron-treated sample versus 98.0 + 1.4% and 97.3 + 2.8% residual activity for
samples treated with ART alone and iron alone, respectively (Fig. 13 and 14).
Inhibition was concentration-dependent with both ART and iron. It was unlikely,
however, that more moles of ART could interact with HK than were moles of iron
present, as the drug is thought to react with ferrous non-heme iron in a 1:1
stoichiometric manner [82]. The approximate ICsy for ART, 350 uM, in the

presence of 35 uM Fe", was lower than the estimated ICs of either
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iodoacetamide or ninhydrin, signifying that the drug is a more potent inhibitor of
HK activity under the assay conditions.

Unlike ART, deoxydihydroartemisinin (dDHA), which lacks an endoperoxide
moiety, caused considerable activity loss (< 20%) when added alone to HK (Fig.
15). This finding indicates that structural alterations to the drug, in this case,
replacement of the endoperoxide bridge with an epoxide and the C10 carbonyl
group with a hydroxyl, modulate ART derivative interaction with the enzyme.

However, inhibition by dDHA did not increase significantly, or to such a

100+

[l 35 M FeCl,

% Residual Activity
8
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Fig. 15 - HK activity following incubation with ferrous iron and ART or dDHA.
Measurements were taken after 24 h incubation. Data represent means of three
independent experiments (x s.d.). *Indicates that mean inhibition was

significantly different than control (p < 0.001).
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Fig. 16 - HK activity following incubation with ART and ferrous or ferric iron.
Measurements were taken after 24 h incubation. Data represent means of three
independent experiments (t s.d.). *Indicates that mean inhibition was
significantly different than control (p < 0.001). **Indicates that mean inhibition

was significantly different than control (p < 0.05).

degree as by ART, when iron was available (p > 0.05), suggesting that the
peroxide is essential for ART action against HK.

The oxidative state of iron is also critical in these assays, as only the reduced
form was able to induce significant inhibition together with the drug (Fig. 16). This
observation is consistent with what is known about ART activation [14, 28]. When
combined with ferric iron (Fe"), ART did not inhibit HK activity to the same extent
as when combined with ferrous iron (86.7 + 2.1% versus 47.0 + 11.0%). Further,

there was no significant difference in the activity of FeCls-treated samples in the
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presence or absence of ART (p > 0.05). Only the reduced form of iron appeared
capable of activating the drug.

The requirements of reduced iron and an endoperoxide moiety, neither of
which is significantly inhibitory on its own indicate that inhibition of HK was
mediated through free radicals generated through attack by iron and opening of
the trioxane ring of ART. Although activity loss may have been caused by
unreactive ART metabolites, these results show that activation of the drug is
necessary for significant inhibition. At 350 uM ART and 35 pM FeCl,, loss of
activity was approximately five-fold greater than the combined independent

activity loss caused by each reagent. This manner of Fe'-dependent inhibition
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Fig. 17 - HK activity following incubation with ART and FeCl, or hemin.
Measurements were taken after 24 h incubation. Data represent means of three
independent experiments (+ s.d.). *Indicates that mean inhibition was

significantly different than contro! (p < 0.001).
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is consistent with the wealth of literature showing the necessity of reduced metal
ions for ART activation.

Heme iron was incorporated into the assays in order to test the effects of a
biologically-relevant source of iron with ART on HK activity (Fig. 17). However,

heme displayed strong inherent inhibition of the enzyme that precluded further

investigation.
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Fig. 18 - Protection of HK activity against inhibition by ART and iron by pre-
treatment with ATP. ATP was added 20 min prior to other reagents.
Measurements were taken after 24 h incubation. Data represent means of three
independent experiments (x s.d.). *Indicates that mean inhibition was
significantly different than control (p < 0.001). **Indicates that mean inhibition

was significantly different than control (p < 0.05).
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Fig. 19 - Protection of HK activity against inhibition by ART and iron by pre-
treatment with mannose. Mannose was added 20 min prior to other reagents.
Measurements were taken after 24 h incubation. Data represent means of three
independent experiments (t s.d.). *Indicates that mean inhibition was
significantly different than control (p < 0.001). **Indicates that mean inhibition

was significantly different than control (p < 0.05).

Because occupation of the HK active site by substrates can protect against
inactivation by agents that act at or near that region, mannose and ATP were
incubated with HK prior to the addition of drug and iron. Pre-incubation with
either substrate protected HK activity against inhibition by ART and iron together
(Fig. 18 and 19). Equivalent activity rates were retained by HK with overall lower

concentrations of ATP in relation to mannose. Full protection of activity was
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reached with approximately 100 yM ATP and 1 mM mannose. In general,

concentrations of mannose one magnitude greater than those of ATP are needed

for comparable protection levels.

When additional substrate was added to HK that had been incubated 24 h

g

No ATP
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Fig. 20 - Inability of ATP to reverse inhibition of HK treated with ART and iron.
First measurements (dark bars) were taken following 24 h incubation. Samples
were then incubated 25 min with ATP before second measurements (patterned
bars) were taken. Data represent means of three independent experiments (+

s.d.). *Indicates that mean inhibition was significantly different than control (p <

0.001).
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Fig. 21 - Inability of mannose to reverse inhibition of HK treated with ART and
iron. First measurements (dark bars) were taken following 24 h incubation.
Samples were then incubated 25 min with mannose before second
measurements (patterned bars) were taken. Data represent means of three
independent experiments (z s.d.). *Indicates that mean inhibition was

significantly different than control (p < 0.001).

with ART and iron, HK exhibited an activity increase of approximately 30% (Fig.
20 and 21). This increase in activity was consistent among all the samples,
regardless of drug treatment. Compared to other HK samples, the original activity
loss of 50% remained in the ART- and iron-treated sample, indicating that
relative residual activity rates are largely unchanged by the addition of substrate.

Neither ATP nor mannose was able to reverse inhibition of drug-treated HK.
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These results indicate a possible interaction between activated ART and the
enzyme’s active site. The precise mode by which ART inhibited HK was not
revealed through protection assays, as the presence of substrates has been
demonstrated to reduce activity inhibition from a variety of sources, including
heat [83], pH [84], and free radicals [85], in addition to alkylation [86].

To further demonstrate that inhibition by ART and iron was irreversible, HK

was dialyzed following incubation. Dialysis, which can separate noncovalently-

[C1Pre-dialysis
Il Post-dialysis

% Residual Activity

Fig. 22 - Inability of dialysis to restore activity to ART- and iron-treated HK. First
measurements (grey bars) were taken after 24 h incubation. Samples were then
dialyzed 3 h before second measurements (black bars) were taken. Data
represent means of three independent experiments (t s.d.). *Indicates that mean

inhibition was significantly different than control (p < 0.001).
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interacting compounds from proteins, was unable to restore activity to HK that
had been treated with drug and iron (Fig. 22), indicating that alkylation, or

possibly another form of irreversible damage, had occurred.

Artemisinin Reaction with Thiopropyl Sepharose Resin

The interaction of ART and ferrous iron with HK resulted in clear inhibition of
enzymatic activity, indicating possible modification of HK. Detection of drug
adducts would support the primary hypothesis of this research, that ART
alkylation of proteins impairs their functions, and might provide a means of
characterizing the drug activation pathway(s) involved in this system. Because
alkylation likely targets HK cysteine residues, thiopropyl sepharose 6B resin,
which possesses immobilized thiol groups, was used as a trap for alkylating ART
metabolites. The substitution of thiopropyl sepharose resin for HK approximated
the availability of sulfhydryl groups in the assayed quantities of enzyme.
Following incubation with ART and iron, the resin was washed to remove
unbound ART and then treated with ethanolic AGQNO; in order to cleave drug
adducts . ART products were extracted and then separated by TLC and
visualized with p-anisaldehyde derivatization.

Figure 23 shows the results of solvolysis reaction products from ART-treated
thiopropyl sepharose resin that had been resolved via TLC. In a mobile phase of
hexane:diisopropyl ether:acetic acid, the unreacted ART control (lane 1)

produced a band with an R¢ value of 0.36 and a bright pink color when
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derivatized with a solution of p-anisaldehyde. This band also occurred when the
resin sample did not undergo washing or solvolysis prior to extraction (lane 5).
The presence of unreacted ART in the sample prior to washing was expected,
given the excess of drug in relation to iron. Some self-quenched metabolites
were also expected in this lane as indicators of drug activation, but none were
visible. P-anisaldehyde has been demonstrated to detect the self-quenched ART
product resulting from iron-catalyzed B-scission of the endoperoxide [76]. This
compound, a ring-contracted ester, yields a green color upon derivitization. P-
anisaldehyde also reacts with ART derivatives such as DHA and ARM [77] and
could therefore be expected to permit visualization of various metabolites. Given
a total availability of 12 pumol sulfhydryl per resin sample and usage of excess
AgNO;, up to 12 ymol ART product could have been released. Optimal yield
should have produced 1.2 pmol cleaved adduct per each 10 uL TLC spot,
presumably an amount more than sufficient for visual detection; for comparison,
a total of 100 nmol ART was spotted as a highly-visible standard (lane 1).

No artifactual reaction products were detected in extracts from resin not
incubated with ART or iron (lane 2). Additional negative controls, in which resin
samples were treated with ART alone prior to extraction, were also run (lanes 3
and 4), since drug activation was believed to be iron-dependent. As expected, no
novel bands that might indicate ART reaction products were visible (lanes 2-4).
However, extractions of samples that had been treated with both ART and FeCl,,

did not display any unique bands, either (lanes 6-9). The lack of visible
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Fig. 23 - TLC of ART-thiopropyl sepharose resin solvolysis reaction products.
Resin samples were incubated 24 h with reagents prior to AgNO3; solvolysis and
extraction. Solvolysis was performed on all samples except two (lanes 1 and 5).
ART standard (lane 1). Resin unexposed to ART or iron (10 pL extract spotted,
lane 2). Resin treated with 350 uM ART alone (10 pL extract spotted, lane 2; 20
ML extract spotted, lane 4). Resin treated with 350 uM ART+35 uM FeCl, without
solvolysis (lane 5,10 pL spotted). Resin treated with 350 yM ART+35 pM FeCl,
(10 yL spotted, lane 6; 20 pL spotted, lane 7). Resin treated with 350 uM
ART+350 uM FeCl, (10 uL spotted, lane 8; 20 uL spotted, lane 9). Arrows

indicate bands of unactivated ART.
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metabolites in solvolysis extracts of ART- and FeCl,-treated resin suggests that
that drug adducts were not present in sufficient quantity for detection or at all.
These results may indicate that AgNOs-mediated thioether cleavage did not take
place as theorized or because alkylation of resin thiols did not occur, possibly
due to a failure to activate ART.

To assess whether the drug was, in fact, reactive under the assay conditions,
ART was incubated with varying amounts of ferrous iron, and the aqueous
solution was spotted directly on plates for TLC. Figure 24 clearly shows that ART
was consumed as the amount of iron increased, as seen in the disappearance of
the characteristic pink spot of unreacted derivatized drug. However, again, no
metabolites were visible, which indicates that the derivatizing agent may have

been unsuitable for visualizing the ART reaction products of this system.

1 2 3 4 5

Fig. 24 - TLC of ART following 24 h incubation with varying concentrations of
FeCl,. ART standard (1). 350 uM ART without iron (2). 350 yM ART+35 uM iron

(3). 350 yM ART+100 uM iron (4). 350 uM ART+350 uM iron (5).
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Alkylation of Artemisinin-Treated Hexokinase

Because we hypothesized that ART inhibited HK through alkylation, a
proteomic approach was used to investigate this interaction. Two-dimensional
electrophoresis was employed prior to mass spectrometry in order to separate
predicted HK isoforms A and B, which share sequence 75% homology. We
anticipated that performing MALDI-TOF separately on each HK isoform would
facilitate interpretation of the resulting spectra and provide direct evidence of
covalent binding of ART to inhibited HK.

In the first set of gels (Fig. 25), the untreated HK control sample (gel A) did

A Control B 350uM ART
1 2 60 4

oy 2 0

% 43 .

C 350uM ART + 35 uM FeCl,

3533

V=W +

0 \
6

Fig. 25 - Two-dimensional electrophoresis of drug-treated HK (first gel set).
Soluble enzyme fractions were used for all gels. Spots excised for MALDI-TOF
are circled. Trypsin standards (pl 5.2) in bottom left corners are indicated by

arrows.
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not separate into two discrete spots—one for each isoform—as expected.
Instead, seven spots were visible at 55 kD between pH 5.5 and 7, and four spots
at 50 kD, all below the most intense 55 kD spots. The other two samples, one
treated with ART (gel B) and the other with ART and FeCl; (gel C) also
showedmultiple spots at 55 kD in the same pl range of 5.5-7. These samples
exposed to ART both produced a number of spots at 43 kD. Approximately 30%
less protein was recovered from the drug- and iron-treated HK sample, as
confirmed by Bradford assay and fainter 2DE gel spots, which may be due to
degradation or precipitation of modified HK. Where possible, spots sharing the
same molecular weight and pl were excised for MALDI-TOF to increase accuracy
of comparisons between treatments.

The second set of gels (D-K) included additional control samples (Fig. 26).
The HK control (gel D) yielded a number of closely-grouped spots at 55 kD and
two faint spots at 43 kD. The EtOH-treated sample (gel E) separated into three
spots at 55 kD and six spots at 43 kD; approximately half of the total protein in
the sample appeared to migrate to the lower molecular weight. Separation of the
ART-treated sample (gel F) was much the same as in its counterpart in the first
set of 2DE gels, with 43 kD spots occurring at lower pls than do 55 kD spots. For
this 2DE set, iron concentrations were increased to 50 yM and 100 yM in order
to facilitate ART activation and activation and alkylation of HK. To determine
possible drug modification to insoluble HK, the enzyme fraction that had
precipitated during incubation with 100 yM FeCl; was also used (gels J and K).

Both of the HK samples exposed to iron alone (gels G and J) showed spots only
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Fig. 26 - Two-dimensional electrophoresis of drug-treated HK (second gel set).
Soluble enzyme fractions were used for all gels except two (J and K). Spots

excised for MALDI-TOF are circled. Trypsin standards (pl 5.2) in bottom left

corners are indicated by arrows.
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at 55 kD. The insoluble HK sample incubated with ART and 100 pM FeCl; (gel K)
also resolved only as spots visible at 55 kD, but the lack of overall intensity may
indicate that too little protein was loaded onto the gel. Little difference was
evident between the samples treated with ART and the EtOH control, but 2DE
was intended primarily as a preparatory step, and alkylation of an uncharged
residue such as cysteine would not likely affect pl. Notably, the gel spots at 43
kD were observed almost exclusively in enzyme samples exposed to EtOH,
either alone or as a drug vehicle. Another unexpected resuit of 2DE was that the
pl for every gel spot was more basic than the 4.25-5 range previously reported

for HK isoforms through affinity chromatography and chromatofocusing [87].

Mass Spectrometry of Drug-Treated Hexokinase

Following separation of ART-treated HK isoforms by 2DE, MALDI-TOF was
used to identify possible alkylated residues. Mass spectrometry is able to
demonstrate covalent modification of proteins by a variety of agents [88-90].
Peptide “fingerprints” of treated enzyme samples were generated by MALDI-TOF
(Fig. 27 and 28; Appendix il), and Protein Prospector was used to predict peaks
for both HK isoforms for comparison.

In the first set of gels, spot 1 was revealed to be a combination of isoforms
HK-A and HK-B. Considerably more fragments resulted from this spot than from
the other spots, and peaks at m/z 1022, 1548, 1916, 2067, 2254, 2410, 2483,

3259, and 3459, all of which are unique to HK-B, were present, as well (Appendix
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Fig. 27 - MALDI-TOF spectrum of untreated HK-A, fragment mass 900-2200. The enzyme sample was taken
from 2DE spot 2. Peaks are labeled with corresponding predicted amino acid fragments. Asterisks mark

fragments possessing an acrylamide-modified cysteine. Autolyzed trypsin standards are noted.
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Table1 - 2DE gel spots used for MALDI-TOF.

Spot Treatment Mass (kD) pl

1 Control 85 2.5
2 Control 25 1.0
3 350 uM ART 43 6.2
4 350 uM ART 55 70
5 350 uM ART+35 uM FeCly a5 70
6 350 uM ART+35 uM FeCl; 43 6.2
7 0.7% EtOH 55 70
8 0.7% EtOH 43 6.2
9 350 uM ART+50 uM FeCl; 55 7.0
10 350 uM ART+50 ui FeCl; 43 6.2
11 100 uM FeCl; 55 7.0
12 350 uM ART+100 uM FeCl; 55 7.0

II). Spots 2-6 (Table 1) contained primarily isoform HK-A; possible trace

50

presence of HK-B cannot be excluded. Coverage of 61.7% of the HK-A peptide

sequence was established for 55 kD spots 2, 4, and 5 (Fig. 29). For spots 3 and

6, both migrating to 43 kD, peaks at m/z 1332, corresponding to peptide
fragments 395-406 or 411-423, and m/z 1926, corresponding to fragment 411-

428, were not detected. The absence of these peaks likely indicates loss of the

C-terminus of the enzyme.
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Fig. 29 - MALDI-TOF peptide matches to the amino acid sequence of HK-A.
Gray-shaded regions represent fragments (0-2 missed cleavages) corresponding
to peaks identified in all 12 spots. Underlined regions represent fragments
corresponding to peaks identified only in spots 2, 4, 5,7, 9, 11, and 12 (all 55
kD). The black region represents a fragment corresponding to a peak identified in
spots 6-12. The inset shows the peak at m/z 1932 matched with the peptide

fragment it represents, as an example.

The second set of MALDI-TOF spectra indicated that HK-A comprised spots
6-12. Again, no peaks which might have represented peptide fragments 395-406,
411-423 or 411-428 were present in the 43 kD spots, even though they were
detected in all of the 55 kD spots. Because the 43 kD spots were prominent only
in the HK samples exposed to EtOH, which was used as a drug vehicle, EtOH-
induced C-terminus degradation appeared to be responsible for the lower mass.

A low-intensity peak at m/z 1490 common to all six spots, representing amino
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acids (AA) 1-12, suggested that the N-terminus of the enzyme remains fully
intact, regardless of treatment. Several peaks prominent in all of the samples
were unable to be matched with any predicted fragments for either isoform.

With respect to various drug treatments, no novel or mass-shifted peaks were
observed. A mass shift reflecting an increase of 282, the approximate size of an
ART radical, would have indicated covalent drug binding to a given fragment.
Additionally, no variant patterns in peak intensity were evident, suggesting
consistent handling of all of the enzyme samples throughout the MS process.
Such similarity between spectra indicates that the MALDI-TOF instrumentation
was unable to detect hypothesized ART-bound fragments or that those

fragments were not present in sufficient quantity for detection or at all.
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DISCUSSION

ART derivatives are currently in global use against malaria, but knowledge of
their mechanism of action remains limited. Although it is accepted that the drug’s
potency hinges on its endoperoxide moiety, every other aspect of its action is
uncertain. Exactly how ART is activated, the structure of its reactive
intermediate(s), and its target(s) within Plasmodium are topics of considerable
debate in the malaria community. Previous work on the interaction of ART with
proteins has demonstrated either alkylation (hemoglobin [27, 41], albumin [27],
TCTP [49]) or activity inhibition (ATPases [46, 91], hepatitis C virus polymerase
[64]). To date, no published study has provided evidence for enzyme inhibition
due to alkylation beyond what is circumstantial. This void cannot not preclude
inhibition due to nonalkylating drug intermediates or protein alkylation that is not
significantly deleterious to the parasite. Because we hypothesized a causal
relationship between alkylation and activity inhibition, the investigation centered
on a model enzyme, HK, which was treated with ART and assayed for
phosphotransferase activity. An inactive ART derivative, various iron sources,
and enzyme substrates were used to help characterize the interaction of ART
and HK and to place these experiments in the context of previous work. Mass
spectrometry was used to test for alkylation of inhibited HK by activated ART.
The reaction between ART and resin-bound thiols was intended to elucidate the
interaction between the drug and its possible targets in HK. We aimed to provide
a cohesive examination of the effects of covalent modification by ART on HK

function and structure, so as to shed light on the in vivo action of ART.
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Inhibition of Hexokinase Activity by Artemisinin

Under the conditions of the assays, phosphotransferase activity of HK clearly
was inhibited by ART, but only in the presence of ferrous iron, as shown in
Figures 13 and 14. Unlike a number of other sesquiterpene lactones [92], ART
had very little intrinsic ability to inhibit HK, even at just under the limits of drug
solubility [93]. ART and iron inhibited HK activity in a concentration-dependent
manner. At a ferrous iron concentration of 35 uM, raising the ART concentration
in approximate threefold increments (35 pM, 100 uM, 350 uM) yielded a linear
relationship (r* = 0.9549) in the resulting amounts of inhibition. That is, each
threefold increase in ART concentration resulted in an additional activity loss of
approximately 25%.

Drug potency against the enzyme was noteworthy; assuming that all of the
ferrous iron in the assays reacted with ART (i.e., 35 uM activated ART if 35 yM
iron was available), the approximate ICs for ART in the assays is nearly 100-fold
lower than experimental ICso values for the established, widely-used alkylating
agents ninhydrin and iodoacetamide against HK (Fig. 10 and 11). The results
also indicate that the drug is more potent than hydrogen peroxide and other ROS
[94]. Because the buffer pH was not acidic enough to prevent gradual
autoxidation of ferrous iron [80], it is likely that the inhibitory effects of ART were
caused by even fewer moles of drug radicals than were moles of iron added, if
iron is consumed in a 1:1 stoichiometric ratio to ART in drug activation [82]. The
potency of ART may reflect an especially strong affinity of activated drug for HK

or more extensive modification of the enzyme than seen with other inhibitors.
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As shown in Figure 15, the ART endoperoxide bridge is essential for
significant inhibition of HK in conjunction with ferrous iron. This finding is
consistent with virtually every study published on its mechanism of action.
Likewise, the necessity of a reduced metal source for drug activity is strongly
supported in the literature {28, 32, 33]. Ferric iron (Fig. 16) did not induce HK
activity loss to nearly the same extent as did ferrous iron, in the presence of ART.
Taken together, the requirements of reduced iron and an endoperoxide moiety,
neither of which is significantly inhibitory on its own, indicate that drug effects on
HK are mediated through free radicals. Reduced iron catalyzes scission, whether
homolytic or heterolytic, of the endoperoxide bridge that leads to decomposition
of ART to radical intermediates. It can be inferred that, in the enzyme assays,
ferrous iron activates ART by peroxide cleavage to metabolites that inhibit HK.
Because no FeCl; plus EtOH control was used, we cannot rule out possible, if
unlikely, synergy between the drug vehicle and iron. Although ferrous iron has
been demonstrated to induce oxygen free radicals with EtOH, no radicals are
detected via NMR when the reaction is carried out in Tris buffer [80].

While ferrous iron had little inherent inhibitory effect on HK activity at 35 pM,
the same concentration of hemin nearly eliminated enzyme activity (Fig. 17). This
finding may be due to hemin'’s peroxidative capacity or to hydrophobic
interactions between HK and the heme porphyrin ring. Although hemin

I atom, when ferric iron is complexed within a

possesses a central Fe
metalloporphyrin, it retains peroxidative capacity [95, 96}, similar to free ferrous

iron cations.
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Substrate assays are useful in demonstrating the irreversibility of inhibition by
ART and probing possible drug binding sites on the enzyme. HK was incubated
with ATP or mannose prior to the addition of ART and iron in order to investigate
whether substrate occupation of the enzyme’s active site could preserve activity
against inhibition. Full protection of activity was achieved with ATP and mannose
(Fig. 18 and 19), possibly indicating that ART acts at or near the HK active site.
The greater protection afforded by ATP may be artifactual, due to its propensity
for forming complexes with divalent cations [97], thereby chelating iron that could
otherwise activate ART. Drug-inactivated HK was also incubated with substrate,
which could displace ART from the active site if a competitive, noncovalent
interaction were involved between drug and enzyme. Presence of excess
substrate is also known to protect HK activity from the effects of oxidants [85], so
alkylation may not be the only means by which drug radicals inhibit catalysis. The
observation that mannose and ATP could not restore activity to inhibited HK (Fig.
20 and 21) may refute ionic interaction and conformation-driven docking as
possible noncovalent modes of drug action. ART may associate with the HK
active site to decrease capacity for hexose phosphorylation, but an allosteric
mechanism is also possible. Allosteric inhibition may be especially important, as
HK exhibits model cooperativity [98]. The HK monomer possesses a bilobed
shape, and the binding of hexose in a cleft between the lobes induces
conformational change, in which the lobes are brought closer together to create a
binding site for ATP [99]. Any secondary or tertiary structural modification may

interfere with the enzyme’s ability to transition between conformational states.
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Dialysis of inhibited enzyme was also used to investigate possible covalent
drug-ART interactions (Fig. 22). During the course of dialysis, the concentration
of ART in the enzyme samples was diluted approximately one thousand-fold,
which likely would have washed away much or all of the drug from HK, provided
that it were not covalently-bound. No restoration of activity was observed in
dialyzed ART- and iron-treated samples, suggesting that inhibition was
irreversible. Dialysis, however, does not exclude the possibility of oxidative
damage to the enzyme, as the procedure would also be unable to restore activity

in such a situation.

Alkylation of Hexokinase by Artemisinin

As a preparatory step for mass spectrometry, 2DE was performed on ART-
and iron-treated HK as well as on control samples (Fig. 25 and 26). Because
sequence homology varies between HK isoforms, 2DE was meant to simplify
MALDI-TOF specitra interpretation by separating the isoforms prior to mass
spectrometry. HK-A and HK-B were expected to resolve as two discrete 55 kD
spots, the former at pl 4 and the latter at pl 5.25. Instead, numerous spots in the
pl 5-7 range were observed. Because these spots were present in the Tris buffer-
incubated HK control sample, the likeliest explanation is differential post-
translational modification. Addition of methyl and phosphoryl groups, for
example, has been invoked to account for variations in predicted and observed pi
in HK [100, 101]. Other alterations such as esterification could account for

multiple spots as well as basic pl shifts [102). Low-level hydrolysis of the enzyme
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stock by contaminants might also result in pl shifts without causing an observable
change in mass [103].

Another unexpected finding was evidence of EtOH-induced truncation of HK,
as shown by 43 kD 2DE gel spots and supported by mass spectrometry results.
This observation may stem from partial HK denaturation during exposure to
EtOH and peptide degradation or fragment loss in a subsequent experimental
step, such as resolublilization in 2DE boiling buffer. Although it does not directly
relate to thesis aims, there appears to be no published data for this manner of
HK truncation. The HK C-terminus peptide fragment comprising AA 392-485 has
an estimated mass of 9.65 kD, and its absence would account for much, if not all,
of the mass differential between the expected 55 kD 2DE gel spots and the 43
kD spots observed in the samples exposed to EtOH, whether alone or as a
vehicle for ART. The loss of the 392-485 AA fragment might be anticipated to
cause decreased activity in the EtOH-treated samples due to hampered
nucleotide binding: in HK-A, AA 422-424 are binding sites for the adenine ring of
ATP, and regions 425-439 and 453-473 are associated with the overall ATP-
binding motif [101]. However, no significant reduction of HK activity was found,
indicating that fragment loss likely occurred after, rather than during, drug
treatment.

Apart from gel spot intensity, no significant difference was observed in the
spots treated with ART alone or with ART and iron. Even though activated drug
caused some HK precipitation, the difference in intensity was probably due to

underestimation of the amount of protein present. The resolution of the 2DE gel
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would not allow detection of one or multiple covalent ART groups added to HK,

but the procedure was not intended to provide information in that regard.

Detection of Covalent Hexokinase-Artemisinin Adducts

HK displayed significant loss of activity following incubation with ART and
ferrous iron, the enzyme is typically inhibited by alkylators via thiol binding, and
ART has been demonstrated to alkylate thiols. In light of these observations,
thiopropyl sepharose 6B resin was incubated with ART and iron to serve as a
model for the integral cysteine-ART interaction that may inhibit HK activity. An
ethanolic silver nitrate solvolysis reaction was performed to cleave drug adducts
from the resin and convert them to more lipophilic ethoxy derivatives prior to
analysis by TLC. We theorized that any adducts recovered could be structurally
identified by GC-MS due to the increased volatility imparted by the ethoxy group.

No adducts released through solvolysis were detected through TLC (Fig. 23).
Although the ethanolic silver nitrate solvolysis reaction has been demonstrated to
cleave thioether-linked adducts of other alkylating drugs to produce ethoxy
derivatives [76], it may not have been compatible with or efficient in this in vitro
system. Alternatively, adduct yield may have been below the limits of detection.
Further, the derivatization procedure may have been inappropriate for visualizing
any adducts recovered. Although p-anisaldehyde has been used to detect an
ART metabolite, the ring-contracted ester resulting from B-scission and self-
quenching of ART [77], this metabolite was not observed by TLC. P-

anisaldehyde reacts with a variety of ART derivatives to produce colored spots
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when heated [78] and would likely enable detection of additional metabolites or
cleaved adducts. it is also possible that the lack of evidence for adducts reflects
a non-alkylating interaction between HK and ART.

Evidence of ferrous iron-mediated decomposition, thus activation, of ART was
demonstrated by TLC of reaction solutions of drug and iron in buffer (Fig. 24).
Disappearance of the pink ART spot, indicating unreacted drug, was dependent
on the iron concentration present in the reaction, however, increases in FeCl,
may have caused some precipitation of ART rather than activation. Because the
reaction solutions were spotted directly onto silica plates, every stable end
metabolite of the pathway(s) involved in drug activation in the in vitro model was
present on the plates. No spots other than those of the parent compound were
visible by derivatization, indicating that the end product of the homolytic O2
pathway was absent and that p-anisaldehyde cannot detect other ART
metabolites. A nonspecific positive control, such as iodine staining, might have

been useful in visualizing drug metabolites that did not react with p-anisaldehyde.

Mass Spectrometric Studies of Covalent Artemisinin Binding

Even though released ART-thiol adducts, particularly those of the O2
pathway, were not detected by TLC, a possibility of adducts due to homolytic O1
pathway carbon radicals or heterolytic scheme carbocations still existed.
Therefore, MALDI-TOF was used as an additional strategy to provide evidence of
alkylation as well as the identities of any modified HK peptide fragments (Fig. 27

and 28; Appendix Il). No differences, however, were observed in the spectra of
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ART- and iron-treated HK versus control enzyme samples. We hypothesized
mass shifts of approximately 282 (or a muitiple thereof) to reflect the covalent
addition of a single (or more) drug radical to HK fragments, particularly those
containing cysteine residues.

Although MALDI-TOF is a powerful tool for characterizing covalent protein
modification, several theories may account for the observations made with HK:
ART-bound enzyme may have been present below the limits of detection in the
2DE spots selected; fragments bearing adducts may not ionize well under the
laser or may have a poor fit with the matrix material; alkylated fragments may
exceed the 3600-3800 upper mass limit imposed by the detector; finally, HK may

not be alkylated by ART under-assay conditions.

Oxidative Damage to Hexokinase by Artemisinin Radicals

Given the irreversible inhibition of HK by ART and iron, along with the lack of
evidence of alkylation, oxidative damage may provide an answer for the drug’s
mechanism of action, at least in these assays. Oxidation by free radicals can
modify a wealth of molecules, such as lipids and metal complexes, but
comparatively few studies have investigated effects on proteins [104]. Oxygen
radicals have been demonstrated to inactivate enzymes through side-chain
cleavage, fragmentation, denaturation, and cross-linking, especially through
disulfide bridges. Such modifications might account not only for the loss of HK
activity and absence of adducts but for the precipitation of ART- and iron-treated

enzyme, as well. Disulfide cross-linking and hydrogen abstraction due to ROS
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can cause increased surface hydrophobicity, leading to protein aggregation
[104]. Studies on various forms of HK have shown the enzyme to be particularly
sensitive to oxidation. Rabbit erythrocyte HK is one of the first cellular enzymes
to lose activity in oxygen radical-generating systems [97], and rat lens HK is
likewise inhibited in the presence of peroxides [86]. Because homology between
the yeast and mammalian forms of the enzyme is high [105, 106}, similar
damage might be expected when yeast HK is exposed to a known alkoxyl

radical-generating drug such as ART.

Pathways in Artemisinin-Induced Oxidative Damage

Closer examination of ART activation may reveal a more specific mechanism
in its action against HK. Reductive cleavage of the endoperoxide bridge in ART
results in an alkoxyl radical, with either of the peroxidic oxygens bearing an
additional electron [107] (Fig. 4). Attack by ferrous iron on a given oxygen results
in a radical at the other oxygen. If O2 is attacked, the additional electron
associates with O1 to mark entrance into the O1 pathway. In the next step,
provided that the alkoxy! radical does not react with another molecule, a
hydrogen atom shifts from C4 to O1 to yield a carbon radical at C4. If O1 is
attacked, however, the electron associates with O2 (the O2 path); this
arrangement leads to scission of the bond between C3 and C4 to create a C4
carbon radical that is structurally-distinct from that of the O1 pathway.

Whether drug activation proceeds down the O1 or O2 path depends on

reaction conditions, and the solvent present appears to be an important factor.
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Products of the O1 pathway predominate in purely aqueous solution; as the
percentage of organic solvent in the reaction solution increases, O2 pathway
products increase proportionally [108, 109]. The O1 path, therefore, would be
more likely to occur in the Tris incubation buffer used for the HK activity assays
and may favor oxidation over alkylation, as well.

Quantum chemical calculations on ART compounds performed by
Tonmunphean et al. [33] found that, although the O1 alkoxyl radical has a lower
energy of activation (EA) than does its O2 counterpart, the O2 carbon radical has
a significantly lower EA than does the O1 carbon radical. Thus, completion of the
02 pathway is energetically favored, overall. The lower EA of O1 versus 02
alkoxyl radicals may mean that ART enters into the O1 pathway more readily,
which appears to hold especially true for aqueous solutions. However, of the
alkoxyl radicals that do form, the O2 species is more likely to rearrange to the
alkylating carbon radical. The high AEA between the O1 alkoxyl and carbon
radicals may contribute to stabilization of the former, even though the half-lives of
alkoxyl radicals tend to be particularly short, owing to their high reactivity.
Provided that suitable labile hydrogens are available for intramolecular transfer,
rapid H-shifts (k = 10%-107 s™) occur with a primary or secondary alkoxyl radical
[104] such as that in the O1 pathway, but even a slight delay in rearrangement to
the carbon radical could greatly increase the likelihood of alkoxyl radical
interaction with a target.

Support for O1 radical-mediated damage to HK may be seen in the TLC

results of ART reaction products (Fig. 23 and 24). If the O2 pathway, which is
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favored to result in alkylation, were the primary mode of ART activation, then the
ring-contracted ester metabolite should have been detectable. This product can
only arise through self-quenching of the O2 carbon radical. Self-quenching will
occur, to some extent, in every scenario, since ART is thought to exist only for
nanoseconds in radical form [41], and not every free radical will interact with a
target. A fairly high amount of self-quenched products could be expected, then, in
a dilute solution of HK. Clear consumption of ART by ferrous iron, along with lack
of published confirmation of self-quenched O1 carbon radical detection by p-
anisaldehyde derivatization, further supports the O1 pathway at work in this
system. However, oxygen radicals generated by iron complexation and
heterolytic endoperoxide bond opening cannot be excluded, even though there is
a paucity of published data for this activation scheme. Figure 30 depicts the
scheme proposed by this thesis for the activation of ART to oxygen radicals

capable of inhibiting HK activity.

Significance of Artemisinin Alkoxyl Radicals in vivo

At present, inhibition of HK activity by O1 alkoxyl radicals is speculative, but
there is evidence that this species may be important to the cytotoxicity of ART.
Three of the aforementioned trioxane alcohol ART derivatives (Appendix 1)
synthesized by Posner et al. [37] as a stereochemical probe yielded significant
results: of the compounds (which were all differently substituted at C4), only the
compound which was able to complete the O1 pathway demonstrated efficacy

against Plasmodium on par with ART. Because the O2 pathway was not
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Fig. 30 - Proposed pathways in the ferrous iron-mediated activation of ART to oxygen radicals capable of HK
activity inhibition. Endoperoxide bridge opening occurs by iron attack at O2 (the O1 pathway) and homolytic

cleavage or by iron complexation and heterolytic cleavage.
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hindered by the substitutions, it was proposed that O1 carbon radicals, which
could not be formed by the less active compounds, held some significance in
parasite death. Any evidence of in vivo O1 radical alkylation, however, has yet to
be found, and it is unknown whether substitution affected the stability of the O1
alkoxyl radicals. In a separate study, Opsenica et al. [110] synthesized several
tetraoxanes that had antimalarial activity comparabie to or better than ART. Spin
trapping experiments with these compounds detected the generation of only
alkoxyl radicals. Although synthetic analogues may not necessarily be
metabolized exactly as ART within the parasite, the experiment demonstrates
that structurally similar peroxides can exert cytotoxic effects through oxygen free
radicals.

The structural studies performed on ART adducts have confirmed that only
the O2 carbon radical binds to heme, whether in vivo or in vitro [42, 111], and of
those performed on cysteine, only one has indicated binding of an O1 carbon
radical. Wu et al. detected an adduct resulting from the O1 path in low yield
under aqueous experimental conditions [54]. The lack of evidence for O1
alkylation may be due to second-step energetics in the activation of ART or to
steric hindrance. The C4 O1 radical, unlike the C4 O2 radical, is still a part of an
intact seven-membered ring structure, and, as such, may experience difficulty in
interacting with targets, particularly those that are not highly exposed. A
secondary radical, the O1 carbon radical is more stable than the primary O2
carbon radical, due to increased substitution. As such, it might be expected to

play a larger part in alkylation, but this does not appear to be the case.
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Interestingly, ART compounds that are calculated to move most easily through

the O1 pathway have the highest antimalarial activity [33].

In vivo Correlations of the in vitro Hexokinase Assay

Some difficulty always exists in drawing parallels between in vitro and in vivo
systems, but the yeast HK assays may allow a glimpse of representative ART
interactions with cytosolic parasite proteins. The cytosolic milieu is considerably
more complex than the in vitro environment, and there are no lipids or lipophilic
molecules in the incubation buffer with which ART might preferentially associate.
Additionally, the assays necessitate a dilute (5 yg/mL) HK solution that,
therefore, presents few, homogenous protein targets. Tris buffer, however, more
accurately replicates the aqueous environment of the cell than organic solvents
such as DMSO and acetonitrile used experimentally by a majority of researchers,
owing partly to the drug’s poor water-solubility.

The concentration of ART in the assays, while substantially higher than the
nanomolar quantities needed to kill Plasmodium, remains pharmacologically-
relevant. During treatment regimens, plasma levels of ART derivatives can reach
0.5-2.5 uM [112], and parasitized erythrocytes are known to accumulate the drug
to greater concentrations than uninfected cells. Vyas et al. [22] reported that 55-
60% of available ART was partitioned by parasitized cells through passive
diffusion versus 35-40% by nonparasitized erythrocytes. Higher accumulation—a
150-fold increase in relation to uninfected cells—was demonstrated using

[*HIDHA in an earlier study [113]. Ostensibly, drug levels within the parasite
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could approach the millimolar range due to active uptake by the parasite.

Drug concentration in these experiments was high in order to facilitate
interaction between ART and iron and between activated ART and HK. Relative
molar concentrations of high ART and low iron in the assays necessarily create
the converse of the situation in the parasite DV, assuming that is the actual site
of ART activation and action. The heme concentration within the DV is 350-400
mM [114], as an erythrocyte contains 10-16 mM hemoglobin [115], approximately
80% of which is digested within 24 h [116). The amount of iron in the assays
could not exceed low millimolar levels due to the enzyme’s sensitivity to
inactivation by metal ions [117].

Ferrous chloride was originally intended to serve as a biomimetic source of
iron, as heme, commonly presumed to be the activator of ART within the
parasite, inhibits HK activity to a high extent on its own. It has been recently
proposed, though, that the site of drug action is the cytosol, not the DV.
Uhlemann et al. reported diffuse cytosolic localization of a synthetic trioxolane
that antagonizes ART action [118]. The same research group also proposes
PfATPS6, an endoplasmic reticulum analogue of the mammalian SERCA, as the
definitive drug target [46]. If the drug does exert its actions in the parasite cytosol,
then HK assay conditions of high drug concentration in relation to iron
concentration might act as a reasonably good mimic of biological conditions. Iron
concentrations and oxidative states within a cell must be strictly controlled so as
to prevent excessive damage from oxidation [119].

Further contention is growing over whether heme plays a significant role in
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parasite killing by ART. Although in vitro alkylation of heme by ART is well-
documented, the association constants of the two molecules indicate a low-
affinity interaction [53)]. The reaction of ART and heme in aqueous environments
is also questionable. Hemoglobin reacts with the drug to cause decreased
intensity of the Soret band, the characteristic peak of porphyrins occurring near
400 nm, indicating drug coordination or reaction with heme. Approximately
equimolar concentrations of ART and heme in buffer with 4% DMSO (v/v) yield a
Soret band decrease of 80% after 20 h as well as a heme-ART adduct [111]. The
reaction causes only a 25% decrease in the absence of DMSO. Additionally, the
amount of heme-ART adducts recovered from the spleens of infected mice is
estimated to correspond to 0.4-1.1% of the administered drug dosage, while
urine adducts are thought to account for another 0.4-0.9% [42]. The recovery of
such small amounts of drug adducts may indicate that only moderate alkylation
of heme is required to exert cytotoxic effects or that alkylation plays a minor role
in ART action. There are conflicting reports on whether the drug adversely affects
hemozoin formation [47, 48). ART is effective against a broad range of blood-
stage forms of the parasite, from newly-formed rings that have little hemozoin, to
schizonts, and it impedes gametocyte growth, as well [120, 121]. The
development of synthetic alternatives to ART that retain its key feature of an
endoperoxide bridge within a 1,2,4-trioxane ring may aid provide more
information about the drug’s need for interaction with heme. A trioxane able to
generate carbon radicals but lacking the ability to alkylate heme exhibits no

toxicity against Plasmodium [122]. This suggests that either heme alkylation has
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biological importance or that carbon radicals are not necessary for drug activity.

What appears as conflicting theories on the action of ART may, in fact, point
toward a multifaceted mechanism. It is possible that protein oxidation is only one
way in which ART exerts its effects on Plasmodium. Multiple mechanisms of
action, rather than a single mechanism with perhaps muitiple targets, could
account for the lack of clinical resistance seen in the malarial parasite, as well for
the drug’s effectiveness against viruses [63-65], cancer cells [30, 31], other

protozoans [57, 58, 62], and heiminths [59, 61].
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CONCLUSIONS

Currently, the single most effective drug against malaria also happens to be
the most puzzling. A number of mechanisms and targets involved in the action of
ART have been proposed, but none have been thoroughly substantiated.
Although widely accepted, the link between the ability of ART to alkylate proteins
and its mode of action is tenuous. The experiments described herein were
originally intended to provide evidence of activity inhibition of an ART-alkylated
enzyme, which could indicate an important cytotoxic mechanism.

ART is considered a pro-drug that is activated at its endoperoxide bridge by
ferrous iron, and the results of this research support that view. ART significantly
inhibited HK activity only in the presence of ferrous iron. Because neither ART
nor ferrous iron alone was significantly inhibitory against HK, and because ferric
iron was unabile to induce inhibition to the same extent as ferric iron, opening of
the drug’s endoperoxide bridge was implicated in inhibition. The importance of
this structural feature was further borne out by the inability of dDHA, an ART
derivative lacking an endoperoxide moiety, and iron to effect HK activity inhibition
that was more than simply additive.

Inhibition of HK by activated ART was irreversible. Activity could not be
restored to ART- and iron-treated enzyme by addition of excess substrate or by
dialysis, although it could be protected by pre-incubation with substrate before
treatment with drug and iron, indicating a possible interaction between ART and

the HK active site.
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Possible alkylation of HK by ART was not detected through MALDI-TOF. No
visible difference was observed between the spectra of control and drug- and
iron-treated enzyme. Further, no covalent drug adducts were detected through
solvolysis of ART- and iron-treated Thiopropyl Sepharose 6B resin, which
mimicked possible HK alkylation sites. The absence of adducts suggests that
alkylation may not be a strong component of ART action against HK. Taken
together, the lack of covalent binding by ART in this in vitro system and the
irreversible inhibition of HK activity strongly suggest a drug activation pathway
leading to enzymatic damage by oxygen radicals. Further supporting this theory
is the lack of metabolites resulting from the O2 pathway, essentially the only
pathway of activation demonstrated to produce alkylating radicals, observed via
TLC of ART reaction solutions. We propose that generation of inhibitory ART
oxygen radicals occurs via homolytic endoperoxide cleavage in the O1 pathway
or heterolytic cleavage by iron complexation.

The research presented herein may provide the first evidence of oxidative
damage by ART to a soluble protein. Although direct extrapolation of in vitro
findings is difficult, we propose that enzymatic inhibition due to oxygen free
radicals of ART may be a significant component of the drug’s mechanism of
action. Future research with ART might incorporate additional activity assays
using purified parasite proteins, kinetic analysis of drug-induced protein
conformational change, or detection and localization of oxidized proteins within
ART-treated parasites. Ultimately, elucidating the mechanism or mechanisms of

action of ART may provide important information about drug bioactivation in
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Plasmodium, preclude possible resistance development, and aid in the rational

design of inexpensive and more potent drugs.
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APPENDIX I: ADDITIONAL DRUG STRUCTURES

Structures of three synthetic trioxane derivatives of ART [37]. Only compound A

is able to complete the O1 pathway.
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Fig. 33 - MALDI-TOF spectrum of spot 3, fragment mass 900-2200. Spot 3 was HK treated with 350 uM ART,

migrating to 43 kD and pl 6.2.
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Fig. 34 - MALDI-TOF spectrum of spot 3, fragment mass 2200-3800. Spot 3 was HK treated with 350 uM ART,

migrating to 43 kD and pl 6.2.
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Fig. 35 - MALDI-TOF spectrum of spot 4, fragment mass 900-2200. Spot 4 was HK treated with 350 uM ART,

migrating to 55 kD and pl 7.0.
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Fig. 39- MALDI-TOF spectrum of spot 6, fragment mass 900-2200. Spot 6 was an untreated HK control migrating

to 43 kD and pl 6.2.
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Fig. 42 - MALDI-TOF spectrum of spot 7, fragment mass 2200-3600. Spot 7 was HK treated with 0.7% EtOH,

migrating to 55 kD and pl 7.0.
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Fig. 43 - MALDI-TOF spectrum of spot 8, fragment mass 900-2200. Spot 8 was HK treated with 0.7% EtOH,

migrating to 43 kD and pl 6.2.
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migrating to 43 kD and pl 6.2.

S

KMass (miz)

66



169 143383 1053

& 1823 83

% Intensity
8
5

TS

18T

Fay 332 180386

REflpy o 14E3 M8
! o
1830

Mass {miz}

Fig. 45 - MALDI-TOF spectrum of spot 9, fragment mass 900-2200. Spot 9 was HK treated with 350 yM ART and 50

HMM FeCl;, migrating to 55 kD and pl 7.0.
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Fig. 47 - MALDI-TOF spectrum of spot 10, fragment mass 900-2200. Spot 10 was HK treated with 350 uM ART and

50 uM FeCl,, migrating to 43 kD and pl 6.2.
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Fig. 48 - MALDI-TOF spectrum of spot 10, fragment mass 2200-3600. Spot 10 was HK treated with 350 uM ART and

50 uM FeCl,, migrating to 43 kD and pl 6.2.
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Fig. 49 - MALDI-TOF spectrum of spot 11, fragment mass 900-2200. Spot 11 was HK treated with 100 uM FeCls,

migrating to 55 kD and pl 7.0.
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Fig. 50 - MALDI-TOF spectrum of spot 11, fragment mass 2200-3600. Spot 11 was HK treated with 100 uM FeCl,

migrating to 55 kD and pl 7.0.
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Fig. 51 - MALDI-TOF spectrum of spot 12, fragment mass 900-2200. Spot 12 was HK treated with 350 uM ART and

100 uM FeCl,, migrating to 55 kD and pl 7.0.
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