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ABSTRACT

Artemisinin and its semisynthetic derivatives @-f2ioxanes) are potent antimalarials, and at highncentrations,
are also cytotoxic to a variety of cancer cell BneSynthetic ozonides (1,2,4-trioxolanes) arecéffe antimalarials
that also contain a peroxide pharmacophore, bus¢heompounds have not been tested against carlténes. In

this study, we measured the effects of 25 ozooi&saji lymphoma cell viability using the MTT ass&jght of the
compounds greatly decreased cell viability at 10 wMle the remainder had limited to no effect. olnputational
analysis was performed to determine the commortstral features of the most active compounds.ofAthe most
active compounds contain an ionizable amine wittaaowly defined distance between the ionizablenanaind the
trioxolane heterocycle. The fifteen compounds Veith activity did not fit these criteria. The twompounds with
intermediate activity may form an intramolecularidnd, effectively reducing their activity agairntst fymphomas.
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INTRODUCTION

Artemisinin is a natural product valued for its rivioll properties, particularly in the treatmentroélaria. The
compound can be extracted from the Chinese Aeidmisia annual or sweet wormwood that has been used for
centuries in China [1]. It is a sesquiterpenedaet containing a 1,2,4-trioxane heterocycle codestsucture
required for its antimalarial action [2,3]. Synticebzonides (1,2,4-trioxolanes) have been devel@sediternatives

to the semisynthetic artemisinins for the treatnmanalaria[4]. They have demonstrated relativgghpd efficacy
and low toxicity in animal studies [1,5]. Like tlsemisynthetic artemisinins, antimalarial ozoniétasn carbon-
centered free radicals due to reaction of the péeoketerocycle with heme produced by parasite lgbobin
digestion [4,6]; this is thought to account for tiigh antimalarial specificity of diverse classé®ganic peroxides.

In addition to activity against the malarial patasartemisinin and its derivatives have also ts®wn to decrease
the viability of cancer cells,[7-12] albeit at cemtrations orders of magnitude greater than thegeaired to Kkill
malaria parasites. For example, Efferth, et aleh@ported the semisynthetic artemisinin arteguisatytotoxic to
55 National Cancer Institute cell lines [12,13] witCsy's ranging from 0.250 t¢100 uM. In some instances,
exposure of the cancer cell lines to semisynthetiemisinins induces apoptosis [9,10]. Howeverdata have
been published to date on the effects of syntlwaiimides on cancer cell lines.
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Figure 1. Ozonide structures.
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The synthetic ozonides tested have four substrestar spiroadamantane ring, a 1,2,4-trioxolanerdeyele, a 1,4-
disubstituted cyclohexane ring, and an “R” groupresenting a wide range of functional groups (Hig. In
addition to the peroxide ring, the presence of biith adamantane and cyclohexane rings are reqfired
antimalarial activity [4]. By altering the R gnouof the ozonides, one can relatively easily chatigar
physicochemical and pharmacokinetic properties.[14]

Using Raji human lymphoma cells as a model, we Istvgtied then vitro effect of twenty five ozonides (Fig. 1) on
cell viability to determine if there were specifitructural characteristics that could be used tierntiate active
compounds from those with low to no activity. Té¢mmpounds were separated into a set of eight yhigttive
compounds, fifteen low activity compounds and twonpounds with intermediate activity. Preliminatyusture-
activity relationship (SAR) studies determined thportance of an amine and an aromatic ring to etesz cell
viability, but these features alone were insuffitig predictive. To better map the pharmacophaorettie active
compounds, molecular modeling was performed.

EXPERIMENTAL SECTION

2.1 Cell culture

Raji lymphoma cells (generously supplied by Dr.8heam Joshi of the Department of Genetics, Calldgjy, and
Anatomy at the University of Nebraska Medical Centeere grown in T-25 flasks in RPMI 1640 media
supplemented with 10% fetal calf serum (Hyclone)n® L-glutamine and 10Qg/mL penicillin-streptomycin
(GIBCO) at 37°C in a humidified 5% C@incubator. When cells became dense and the mealiteds to turn
slightly acidic, the cells were subcultured by reing a small volume of cell suspension (1 mL) axddiag the
cells to 7 mL fresh complete supplemented media.

2.2 MTT assay in 96 well plates

Raji cells growing in T-25 flasks were counted gsinhemocytometer and an inverted microscope.s C&0,000 in
100 pL fresh media) were added to each well of a@bplate and exposed to the experimental treatroesolvent
control for 2 days unless otherwise noted. Cialbiity was determined using the MTT method [13,&#®nilar to
the conditions used by Mercer, et al [11]. Aftepesure to the test compounds (generously supiiedr.
Jonathan Vennerstrom of the Department of Pharamiaaeé Sciences at the University of Nebraska Malic
Center), 25 uL MTT reagent (5 mg/mL 1-(4,5-dimethidzol-2-yl)-5-diphenylformazan in phosphate brdfd
saline) was added to each well and the cells wamebiated for 2 hours at 3T. After the 2 hour incubation, 100
puL of stop solution (pH ~4.7, 50% dimethylformamidZ0% sodium dodecylsulfate, 0.5% of an 80% acetic
acid/2.5% hydrochloric acid solution) was addeckllCwere covered and sealed with Parafilm (Peghiiastic
Packaging) and incubated overnight at’@7to dissolve the cells and the purple productsokbance of the purple
solution was measured at 550 nm using a plate-regudetrophotometer. All cell studies were perfednat least in
replicates of 6 with average background absorb&idel reagent in wells without cells) subtractedelliability
was reported as a percent absorbance relativentootaells. Control cells were exposed to the saencentration
of solvent as the cells treated with test compoundstesunate was used in each experiment as itveosontrol
and generally 10 uM artesunate-treated cell vighilias ~30-50% that of control. Compounds weraalised in
either dimethyl sulfoxide (DMSO) or ethanol to madteck concentrations 100 times the concentrattodied
during the experiment.

2.3 Compound alignment and pharmacophore featuneggion

Using the Protonate 3-D feature in MOE, the libraffyompounds (Fig. 1) was adjusted to the levegdrofonation
that would occur at pH 7.4 and minimized using MMFF94x forcefield [17,18]. There were three datsd®m one
with eight highly active compounds, one with twongmunds of intermediate activity, and one witheffh
compounds of low activity. The highly active compds were aligned by their non-hydrogen atoms usieg
Alignment feature of MOE [17]. The energy-minimizeompounds were initially aligned with the autoethRigid
Body and Flexible Body alignment functions. Thenpmunds were then aligned manually by the non-tgeimo
atoms in the compounds. A pharmacophore was purfoed the aligned positively charged nitrogen ahd t
distance to ozonide oxygen atoms.
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RESULTS

3.1 Ozonides

Twenty-five ozonides were tested for their effeatsthe viability of Raji lymphoma cells. We iniia chose R-
group structures that varied greatly in their fimal groups until we began to observe generalctira-cell
viability trends. After noticing the importance amine functional groups, we chose compounds thdtrhore
structural similarity for further investigation.

The MTT assay was used to monitor cell viabiliells were exposed to 10 uM concentrations of camgs. At
concentrations below 10 uM, no compound measuraffgcted cell viability (Fig. 2). Interestinglgrtesunate
exhibited a more typical dose-response curve fbviability as a function of concentration.

Cell Viability
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Figure 2. The effect of representative ozonides drartesunate (Art) on the viability of Raji lymphoma cells
Bars represent the average of 6 replicates plusissid. dev. using the MTT assay to measure edility as
described in Methods

The compounds were divided into three groups bagetieir activity against cells exposed to 10 pMamtrations
for two days. The compounds were grouped intogoates of high, intermediate and low activity. awmment with
the “highly active” compounds resulted in less tl@86 viable cells in all but one of 16 experimestsl in most
cases cell viability was less than 1%. (In on¢hoge experiments with OZ388, viability was 28%,leitthe other
two experiments with OZ388 viability was less thE#b.) Two compounds demonstrated intermediatesicti
similar to the artesunate control, with cell vidtgilaround 30-40%. The other fifteen compoundst thare
classified as “low activity” were less active thédme artesunate in over ninety percent of paireceemgents. The
viability of cells treated with 10 uM of these comumds ranged from about 60 — 100% of control. déikeviability
of the two intermediate activity points lies mohat 2 standard deviations away from the averagsaoii of the
highly active and low activity groups of compoundbig. 3).

A trend is evident with a cursory look at the stames of the highly active and low activity compdan Five of the
eight highly active compounds have a primary anainthe end of the substituent chain, while thiaditrre is less
common in the low activity compounds (5 of 15 commpds). In addition, the compounds of intermedattvity

each have a primary amine. During our initial witrkppeared the presence of the primary amineanasy feature
in highly active compounds, but as we extendedhti@ of compounds, it became obvious that theiozlahip was
more complex. The Log P/D values of the compoumee calculated (ACD Labs Log D suite software si@r

7.04, Jonathan Vennerstrom, personal communigatiodetermine the relationship to activity. Altlgh seven of
eight highly active compounds had calculated LoD Rélues greater than 5.1 while only seven of sean
compounds with low or intermediate activity hadccédted Log P/D values greater than 5.1, thereisignificant
trend between Log P/D values and activity (Fig. 3).
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Figure 3. Calculated log P/D values do not correta to activity of test compound
Resultlustered into the effects of active compoundscamapounds with low activity while only two compaieghibitec
intermediate activity. All cells were exposed @ouM test compound as described in methods. LDg/Bllues were calculad
using the AC[Labs Log D suite software, version 7.04 (persomahmunication, Jonathan Vennerstrc

Although higher Log P/D values have some correfatidactivity, it is insufficient to explain ourselts. To try tc
determine the structural features common tchighly active compounds we used computer mode

Trioxolane Oxygen lonizable Amine

Minimum distance between
the regions for highest activity

Figure 4. In this alignment image, the oxygens aned, the nitrogens are blue, the carbonare grey and the
hydrogens have been omitted for clarity. The distace between the ionizable amine and the trioxolaming
required for activity is shown in Table 1.

3.2 Pharmacophore modeling

After several attempts to develop a pharmacophorehighly active compounds and perform pharmacopl
conformational searches against both the highliy@aend low activity compound databases it wasrdgteed that
the highly active compound library did not contaimough structural diversity to produce a phaiophore. The
highly active molecules did not match a search gishe pharmacophore features initially developainfithe
automated Flexible Alignment of the highly activengpound data set. Results from the alignment bea
demonstrated that some higlactive compounds did not match the chemical featthought to be important in t
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initial development stages. Instead, manual raatif the sigma bonds was performed to improvenatignt of the
nitrogens in the library to develop a new pharmaooe (see Fig. 4).

Manually rotating individual bonds in the highlyt@e compounds produced a better alignment of tstipely-
charged nitrogens, while keeping the oxygen atamthé hydrogen acceptor regions of the trioxolaligned.
0Z406 was rotated 180 degrees about its backboniehwesulted in the peroxide oxygen aligning witie ether
oxygen of the other library members. The nitroggnQZ406 was realigned to the other nitrogens in its
pharmacophore region. This change in orientatidacté¥ely extended the amine group of OZ406 claseits
respective pharmacophore region (see Figure 5).

A. 072406

B. 0Z409
9.60

Figure 5. A. Rotation of OZ406, rendered as the Bleand stick in the top set, aligned the peroxidexygens of
the library members allows the ionizable amine toif within the putative pharmacophore region. B. 0Z49’s
amine also projects into the putative region requied for inhibiting Raji cell growth if the distal peroxide
oxygen is aligned with the proximal peroxide oxygenf the other library members.

This flipped orientation for 0Z406 was the onlydeeeable way to place the amine in the pharmacepikgion
while keeping the hydrogen-acceptor regions ofttisxolane aligned. The ether oxygen and peroxidelg in the
trioxolane ring could be interchanged within theaphacophore region with respect to the hydroger@ow
regions, and even shifted as seen with OZ409 inrEi¢p. Ultimately, only the trioxolane ether oxygend the
peroxide oxygen proximal to the amine were necgdssardetermining activityin silico. It was also noted that any
highly active compound with an oxygen bonded t@eban in the structure’s phenyl ring had naturaligned its
oxygen to those of other highly active compound®rafnanual bond rotation to align the amine group a
trioxolane moiety oxygen atoms. This oxygen resulta secondary hydrogen acceptor region and stegtydisat
the phenolic oxygen atom maintains some kind arattion with the putative target, but since ihé found in all
of the highly active molecules, it is not esserfialactivity.

Table 1. The distances between the cationic nitreg and the trioxolane ring oxygens

Compounds | Distancein Distance in
Angstroms fromthe | Angstromsfromthe
nitrogento the nitrogento the
trioxolane non- trioxolane proximal
peroxide oxvgen peroxide oxygen

07323 13.05 9.74

0Z388 12.34 8.86

0QZ401 12.32 8.83

07406 12.51 9.06

QZ409 11.83 8.49

0Z429 12.81 9.47

07436 12.72 9.42

0Z438 12.47 9.13
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The distances from the positively-charged nitrogémm to the two designated oxygen atoms of thexdtane

heterocycle were measured and compared (Tabl&Hg.average distance from the nitrogen to the dtame non-
peroxide oxygen was 12.6+0.26 angstroms and fraennitrogen to the proximal peroxide oxygen was 8%0.
angstroms.

DISCUSSION

Initial interest in these ozonides was to expldneirt effect on lymphoma cell viability. Compounds the
artemisinin family have been shown to be cytotdricancer cells, so we investigated the effechef¢ ozonides
on lymphoma cells. Interestingly, all of the oztes we tested at 1 UM exhibited essentially noctffevhile the
highly active ozonides killed more than 90% of tedls at 10 pM. Thus, a subset of the ozonidestive against
the cancer cell line, but at a concentration ordémmagnitude higher than reported for thevitro activity of these
ozonides against the malarial pardsiteimited dose-response curves at concentratietseen 1 and 10 pM did
not show intermediate effects on cell viability i#her the compounds were maximally active or weractive.
However, determination of the mode of action fa #ffects of these compounds on cell viability Wwagond the
scope of this study.

The set of ozonides with the highest activity agathe Raji lymphoma cells have a humber of featimecommon.
Observation of the 2-dimensional structures revkaeme general features of these molecules beybed t
adamantane and ozonide heterocycle. The mosingtiikas an ionizable nitrogen that is predominafelytonated
at pH 7.4, usually a primary amine. The most higidtive compounds also had a narrow distance raatgeen
the ionized amine and the 1,2,4-trioxolane heterlecydefined in Table 1). In addition, all but ookthe highly
active compounds contained a phenyl ring betweerp#roxide ring and the amine. The low activitynpounds
were individually overlaid onto the flexibly aligdehighly active compounds and their bonds rotatetil similar
atoms and characteristic regions overlapped witisehof the highly active compounds. These confdonsat
showed the structural differences between the higtlive and low activity compounds, and gave imfation as to
why they have low activity. Below, we discuss features of the compounds that do not fit the medel are
likely to cause them to have low activity.

A number of compounds with low activity have ob\gostructural differences compared to the highlyivact
compounds; these include carboxylic acids OZ078@#A#65, and phenols 0Z288 and OZ374. The low dgtofi
these compounds supports our hypothesis that ameamiequired for activity. Another low activitpmpound with
a partial negative charge is the N-oxide 0OZ270. phioline OZ461 is an interesting compound that iy w@milar
to the more basic and highly active piperidines 8&Zé4nd OZ438. The presence of the oxygen redheealtility
of the nitrogen in the morpholine to act as a Hasénductively pulling electron density. This sgtcompounds
further supports our hypothesis that a predomipdtelized nitrogen is important for inhibiting tlggowth of the
Raji cells. Compounds OZ255, 0Z282, 0Z283, OZ30% 0Z383 contain nitrogens, but are not predomipnat
protonated at physiological pH. 0OZ283 is unionizgdphysiological pH because the lone pair electr@inthe
terminal amine are delocalized through the aromédig. These data support the idea that the icioizaif a weak-
base nitrogen is a critical component of ozonidéviag against lymphomas.

0Z209 is one of the low activity compounds thatteors an ionizable amine required for our modeadtivity.

However, the core structure of 0Z209 does not éorggphenyl substructure present in most of théliigctive
compounds. Lack of this phenyl group along with éxéstence of only a short carbon chain prevent2@Zrom
making simultaneous contact with the hydrogen aoceggions of the trioxolane ring and the positveharged
amine region of the putative pharmacophore. OZa@$orts our hypothesis of a minimum distance requent
between the trioxolane ring and the ionizable angiimee it lacks the phenyl seen in most of the caumpls but
does have two more methylenes than 0Z209.

Amino amide 0Z335 is a weakly active compound. miegens that fit the pharmacophore distance sezng for
activity are found in a neutral amide group, sugipgrour hypothesis that a nitrogen atom roughly @day from
the trioxolane moiety is not sufficient for activitinless the nitrogen is positively charged. Anotlosv activity
compound containing a nitrogen atom is OZ375 whetminates in a guanidine moiety. Under physiolabic
conditions, the positive charge is delocalized sethe three nitrogens. This data suggests thathtaemacophore
for activity may be further refined to state thastatic positive charge is required for activity @@osed to the
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delocalized positive charge possible in other fiometl groups. Additional compounds would need totdsted to
fully support this claim. Interestingly, althougiis compound is substantially less active thaasamate, it led to
the lowest cell viability of all the compounds thet classified as low activity.

0Z284 and 02348 were classified as having interatedactivity, which can be structurally explainedhat they
are not always in their active conformations or éstvenergy conformations. These two compounds fzleeta
adopt conformational isomers that promote the foionaof an intramolecular H-bond involving the amithat may
contribute to reduced activity. First, the chartgb#ization provided by the H-bond reduces theitpas character
of the nitrogen. Since some of the compounds desdrabove demonstrated the need for an unencumbteiic
positive charge for activity, then it is possibdeenvision a scenario where the conformation withihtramolecular
H-bond is less active and supports the low actigibgerved by OZ271 and OZ335 since primary amimethe
alpha carbon are in a favorable position for pguditton in an intramolecular hydrogen bond. Theosecfactor that
may contribute to a reduction in activity for thesempounds could be a steric effect. One podsilifiat has to be
considered is the distance dependence of bondirgations. The positively charged nitrogen maysbaply
unable to reach the target site in a manner thatdyorovide the optimal bonding distance.

CONCLUSION

In conclusion, a series of antimalarial ozonidesewassayed in a MTT cell viability screen. Eiglit tbe
compounds were active against the Raji lymphomb e¢l10 uM. A computational analysis of the liyravas
performed in an effort to develop a pharmacophbbat would account for the high activity of the dighembers of
the library. An ionizable amine was present indadlthe highly active compounds, separated fromttioxolane
heterocycle by a narrow distance range. Fifteenpoamds had low activity and did not fit the critedf the model.
Two of the compounds appeared to have an interreedietivity that may be explained by formation af a
intramolecular H-bond.
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