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ABSTRACT

Production of fine heterologus pathways in micrbh@sts is frequently hindered by insufficient
knowledge of the native metabolic pathway anddignate enzymes; often the pathway is unresolved and
enzymes lack detailed characterization. An altévagiaradigm to using native pathwayslésnovo

pathway design using well-characterized, subspadesiscuous enzymes. We demonstrate this concept
using P45@ys from Bacillus megaterium. Using a computer model, we illustrate how key ®g5activ

site mutations enable binding of non-native substaanorphadiene, incorporating these mutations into
P45@); enabled the selective oxidation of amorphadietesransinic-1%,12-epoxide, at titers of 250 mg
L™ in E. coli. We also demonstrate high-yeilding, selectivesfarmations to dihydroartemisinic acid, the immeelia
precursor to the high value anti-malarial drug mitnin.

Engineering biosynthetic pathways for low-cost prcttbn of fine chemicals is becoming an increasingl
attractive alternative to synthetic chemisrtry emutin many cases, however, an enzyme in the desire
native pathway is missing or difficult to functidlyaexpress in a heterologic host, leading to lawduct
yields. An alternative paradigm to using nativehpatys and their cognate enzymeddsiovo pathway
construction through incorporation of engineerdossate-promiscuous enzymes—enzymes capable of
acting upon a broad range of substrates. Substiateatalytic promiscuities are believed to berhatk
characteristics of primitive enzymes, serving asl@ionary starting points from which greater sfieity

is acquired following application of selective meges (1-3). In this respect, substrate-promissuou
enzymes are logical starting points iernovo metabolic pathway design. This process functignaiimics
one method for how nature is believed to evolveshbiosynthetic routes. Following demonstratioraof
desired enzyme activity, computational, rationallioected evolution engineering strategies cathéur
tailor a promiscuous enzyme toward greater spdgific

As an example of using substrate-promiscuous engymengineered biosynthetic pathways, we sought to
develop a novel semi-biosynthetic route for progturcof the sesquiterpene lactone endoperoxide
artemisinin. Naturally derived from the plafttemisia annua, artemisinin is a highly important
antimalarial pharmeceuticartemisinin-based combination therap{@€Ts) are currently being
recommended by the World Health Organization aditheline malaria treatment4). However, under the
production regime in which artemisininhiarvested from natural sources, ACTs are 10—20stimere
expensive than existing alternativé$. (Paucity of supply and higtost currently make ACTs prohibitively
expersive in areas to which malaria is endemic. In lighthis and other difficulties, malariamains one of the most
debilitating and prevent infectious diseases; between 300 0@ million people are infected annuallysudting
in more than 1 million death§); High-level production of a precursor to artemisiimira microbial host could
significantly reduce production costs and enabtatierdistribution of ACTsAlthough there exist multiple
routes forboth the complete and partial chemical synthesartgimisinin {), they are all too lowdelding and
complicated to enable prodian of low-cost artemisinin. When examinitige native artemisinin biosynthetic



route, two distinct challenges emerge: syn-thesikemcomplicated terpene olefin pre-cursor,
amorphadiene, and selective oxida-tion and reductf@amorphadiene to produce dihydroartemisinid aci
(Scheme 1). Dihydroartemisinic acid is the immee@ifarecursor to artemisinin and has been showe to b
readily transformed (8, 9). The first complicatican be overcome by pro-ducing amorphadiene
microbially. To this end, we have previously engiresl both Escherichia coli and Saccharomyces cerevi
siae for the high-level production of amorph-adiéh@-13).

Selective oxidation and reduction of the undecaratmorphadiene skeleton re-mains a difficult task.
There exist multiple routes for oxidizing amorpheadt: chemi-cal oxidations, biological oxidationggs
native enzymes, or biological oxidations us-ingmative enzymes. Oxidation of amorphadiene using
chemical catalysts poses numerous problems, ingudigh expense, low product yield, and poor regio-
and stereoselectivity (7, 14). Use of the na-tivawnua cytochrome P450 monooxyge-nase (CYP71AV1,
referred to herein as P450AMO) and oxidoreductaseigies a biological alternative to chemical systhe
Compared to synthetic chemistry-based oxi-datibitg;atalyst-based approaches are often able to
circumvent problems with regio- and stereoseletstipervasive to syn-thetic chemistry (15, 16). Hoare
eukary-otic P450s have their own share of diffites- and are notoriously problematic to express in
heterologous hosts such as E. coli. Difficultiethvgrotein—-membrane association, folding, post-
translational modification, and cofactor integratall hinder successful integration of native emeg into
heterologous pathways ex-pressed in E. coli (1ithofigh we previ-ously engineered both E. coli &nd
cerevi-siae for production of artemisinic acid (18), E. coli cultures harboring the P450AMO-cataly
biosynthetic route exhibit numer-ous handicaps.adirxidation products with a relatively low arteimis
acid yield (100 mg L"1), 7-day culture period2at°C to obtain functional P450AMO activity, anath
need for selective reduction of the terminal olédirproduce dihydroartemis-inic acid all inhibitlustrial
scale-up of this route. In particular, selectiveugtion of amorphadiene’s terminal olefin over éme
docylic olefin using synthetic chemistry is diffitto achieve at high yields (19, 20).

Here we demonstrate an alternate semi-biosynttmite, producing dihydroarte-misinic acid using an
engineered substrate-promiscuous P450BM3 in cotipmuwiith high-yielding, selective synthetic
chemistry. We selected P450BM3 derived from Basitliegaterium for this study. Wild-type P450BM3 is
known to catalyze the hydroxyla-tion of long chaaturated fatty acids. P450BM3 possesses thedtighe
turnover rate of any known P450, approaching 1718001 in the case of arachidonate (21), and has a
demonstrated capacity to be re-engineered (22—-24).

Minimizing the number of side reactions and produsta difficult task when re-engineering enzynas f
non-native sub-strates but is a near requirememigita-bolic engineering applications. In the cdse o
P450BM3, when using amorphadiene as a substrabelieved that the lower transi-tion state energy of
CAC epoxidation com-pared to C—H hydroxylation wbfdvor pro-duction of a few, or at best one,
product species. Artemisinic-11S,12-epoxide (artgifit epoxide), the result of terminal ole-fin
oxidation, could serve as an intermediate in omehsemi-biosynthetic route toward artemisinin (Stie

1). Epoxide cleavage to form dihydroartemisiniomalcl necessates two oxidations that are not required in
the native biosynthetic pathway to fodimydroartemisinic acid; however, this route negdte need for the
difficult regioseletive reduction of the terminal olefin of amésinic acid to form dihydroartemisinic acids is
required when using P4&6b.

SCHEME 1. Semi-biosynthetic strategies for productf artemisinina
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A comparison of the routes catalyzed by Pgr0and P458y; for the production of dihydroartemisinic
acid, from which artemisinin can be readily synsiimed. Both routes necessitate additional synthetic
chemistry following P450-catalyzed functionalizatiof amorphadiene.

TABLE 1. Amor phadiene epoxidation rates of P450gy 5 variants®

P450g\m3 NADPH Amorphadiene Coupling
varian
t consumption rate epoxidation rate (%)
WT N.D. N.D. N.D.
G1 22.20é4.10 7.77é14 35
G3 48.23 € 3.61 30.38 € 2.27 63
G4 60.90 é 3.84 30.45é3.84 50

®NADPH consumption rates and amorphadiene epoxidatites are given in nmol (nmol P450hin™ (mean é
SD,n % 3). Coupling is the ratio of the amorphadienexégation rate to the NADPH consumption rate. No
epoxidation of amorphadiene was detected using-type P45Q,;. Observed increases in amorphadiene
epoxidation rates between G1 and G3 match with in vivo production data; G4 exhibited a NADPH
consumption rate higher than that of &8 this did not manifest itself as a higher anhagtiene oxidation
rate. This may be explaineit, part, by the low coupling efficiency measuraditro for variant G4.

Technical feasibility of our proposed synthetic mhgry steps was demonstrateddpnversion of artemisinic
epoxide to dihydroartemisinic acid. First, artemisiacidwas reduced to dihydroartemisinic alcof®1%
yield based on reacted epoxide); sequently, dihydroartemisinic alcohol wasidized to dihydroartemisinic
aldehydeand dihydroartemisinic acid with yields of 76% affPo, respectively. Identificatioof the
intermediates along the above routas confirmed by gas chromatographgss spectrometry (GC/MS) and
'H NMR spectrometry comparison to both an authentic stanatad published result8g, 26). The yields
witnessed at the bench scale indicate our propsgghetic route is competitive with the natiP&5Qyo-
catalyzed route for artemisinin production.

The initial overexpression of wild-type P4RQ in E. coli engineered to produ@norphadiene
demonstrated no detectalobeidation activity toward the substrate aditated by GC/MS analysis. Purified



wild-type enzyme also did not show any deabte activity duringn vitro assays using amorphadiene as a
substrate (Table 1). model structure of the lowest energy traiosi state complex for amorphadiene in the
P45@Q); active site was created usiRQ SETTA-based energy minimizatio27]. This model clearly
illustrates the steric hindrance imposed on amatjgme by reside Phe87 in the wild-type enzyme

(Figure 1). This analysis was supporteddogvious work demonstrating that mutations at jpmsit
Phe87 strongly dictate alternate substrate prontys¢2d, 23, 24).

Our first goal was to increase the sizdlaf active site binding pocket, which we believealid impart
broad substrate pronusity on P45@y3. To this end, we incorpated mutation F87A into the wild-type
enzyme (referred to as G1 hereiB)coli ergineered to produce amorphadiene andhaeng P45@y; variant G1
produced a single compound exhibiting a retentime and electron-impact (El) mass dpem entical to
those of an artemisinic egide standard when analyzed by GC/MS (Supplemgiftigure 1) (4).

While the promiscuity of P45, variantG1 enabled production of our desired prod thein vivo
expression of this enzyneeuld potentially have the negative effecioaddizing a wide range of
intracellular meéabolites. Fatty acids, the native substrédesvild-type P45@y3, were identified as theost
likely intracellular candidates for ajation. In an attempt to address this issue, watedean additional
variant containinghe mutations G1!R47L/Y51F (referredherein as G3). Residues Arg47 and Tyr51 are
found along the entrance of the substrate accesmeh These residues interadth the carboxy group of
fatty acids, stalizing the molecule in the channel duriogidation, and the combination of both tations
has been demonstrated to greatlyuee fatty acid oxidatior2g). We hypotlesized the incorporation of P45
variant

G3 into our biosynthetic pathway would:ciease product titers as a result of the elaiion of potential sources
of competitiveinhibition.
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Figure 2. Improved in vivo production of artemisinic epoxide from P450g) 3 variants. E.

coli DH1 harboring pAM 92 and a P450g)3 variant or the empty vector control plasmid

pCWori was used for in vivo artemisinic epoxide production.

a) Production levelsat 24 and 48 h post-inoculation.

b) Growth curves. (All data represent mean " SD, n # 3.) Strains harboring pCWori or WT
P450g; demonstrated no detectable production of arte-misinic epoxide. No adverse
physiological effects from P450g,; overexpression or artemisinic epoxide production were
observed, as demonstrated by the similar growth characteristics between all strains.

Product titers were quantified by comyzam to a purified sample of microbially ghaced artemisinic epoxide of
known corentration. P45§,; variant G1 yielded 110 é 8 mg'lof artemisinic epoxide; axpected,
variant G3 provided a modestimovement in production over G1, to levels of 14®rag L* (mean é SD of
triplicate measurements, Figure 2).

To investigate the possibility of further improvipgoduct titers, we selected four mses supported by our
structure-basethodels in the P45@); active site on which saturation mutagenesis wa®peed. Paition Phe87
was selected on the basisppévious results demonstrating a dramatipact upon amorphadiene
epoxidationPositions 11e263, Ala264, and Ala328 wellso selected; all three residues lie neasaittére site and



were believed to potentiallyffect substrate access to the prosthetioe group. Using P450BM3 variant G3 as
the starting template, each position wadividually mutagenized, the resulting tants were screened by
sequencing for all possible amino acid mutationsl, the resultant oxidized amorphadiene metabolite
distribution and production of artemisinic epoxide each mutant was analyzed BC/MS (Supplementary
Figure 3).

P45@); variants G3!A328L and G3!A328N were each identifie inprove production of
rtemisinic poxide by&2.5-fold and &3-fold over that of G3, spectively. Again, no other oxidized amoggliene
products were witnessed. Mutargriant G3!A328L (G4) demonstratedkts of artemisinic epoxide at levels
greaterthan 250 é 8 mg L following 48 h of cuiure (Figure 2). A structure-based interptieta of the active
site mutations usinBOSETTA-based energy minimizationadaed a prediction of the amorphadiene
epaidation transition tate complé¥igure 1). Introduction of mutation F87@pened up the active site and
relieved the steric hindrance the phenylalaningltesmposed upon the ring structure of amorphadienetakiin
A328L decreased the sipé the P45@y; binding pocket, restricting the mobility of amogatiene and promiigy
access of the terminal olefin to the heme grouB48Q,; in the correct orientation.

a b
Wild-type P450y,,, P450y,,, variant G4

2 / \ Y

Figure 1. Transition state structures of active site mutations. Lowest ener gy transition state complexes were
built using the Rosetta algorithm for both the wild-type (a) and mutated (b) active sites of P450gy3 with
amorphadiene as a substrate. Mutation F87A appearsto relieve the steric hindrance imposed upon
amorphadiene and allows for increased accessto the heme group. Mutation A328L appear sto decrease the
mobility of amorphadiene in the active site, promoting epoxidation.

Thus, the predicted transition state stuues are in agreement with the obseriredvo production
titers. The increase in termal olefin epoxidation activity toward amorphadiéneariant G4 is in agreeent
with previous research showing th#g828V increases terminal olefin epoxidatiaativity on linear
hydrocarbons29). Together, these results suggest a genetabzstrategy for increasing epoxidationivaity
toward terminal alkenes in a broaghge of structurally diverse substrates dederve further exploration.

Of particular importance fdn vivo expression of an engineered cytochrome Pié5the uncoupling of
reduced NADPH consumption to oxidized products.(egperoxide radicals and hydrogen peroxideulteng in
increased oxidative stredmgineered P45%Q; variants often exhibigxtremely low coupling of NADPH to prodt
formation @3, 24), potentially limitingthein vivo application of these engineered variants. To dater the extent
to whichdecoupling could hinden vivo perfomance, purified, wild-type P45Q; and varants G1, G3, and G4
were incubated with amorphadiene, and NADPH congiomgas monitored spectrophotometrically. Bugtion of
artemisinic epoxide was m&ared via GC/MS following complete cenmption of NADPH, allowing the
determination of uncoupling and amorghee oxidation rates (Table 1). Whereasithéitro NADPH consumption
rates betweemutant variants followed a trend similartteein vivo artemisinic epoxide production measurements,
the amorphadiene oxitlan rates plateau and incomplete corsien of added amorphadiene wasnessed. This
finding suggests NADPH avaibility may be a limiting factor duringn vivo production, a hypothesis supported by the
observation that significant quantities of amorgbad are also witnessed at #red points of thén vivo
culture experents. Increasing the vivo NADPH supplyto increase enzymatic activity has beencessfully



employed irE. coli previously by increasing carbon flux through tleatpse phosphate pathwap,(31). A logical
next step in improving artemisinic epoxide titersuld explore this and other potential routes.

Duringin vitro experiments, all P45§); variants exhibited NADPH coupling efficieres of
approximately 50%, suggesting that amorphadienairesra difficult substrate for the studied P4&dvariants
to epoxidize. However, as exhibited by the growihves (Figure 2), production of artemisiipoxide did not
appear to elicit adverggysiological effects. We believe differenéesell growth between P45{s-producing
strains and the empty vector control wigkely due to increased cell stress fr&#5Q,; overproduction.

The oxidation rate of palmitic acid wit45Q,,s variant G4 was measured to esdite residual activity
of our evolved P45@ward native fatty acid substrates. The palmitic @xidation rate was 154 é 7 "1
nmol (nmol P450) min (mean é S% 3), compared to an oxidation rate opapximately 2,600 nmol (nmol
P450)" min™ for wild-type P45@ys (22). Thus,there is a &15-fold decrease in activityvard a fatty acid
substrate using the evolvedutant variant G4. However, the activity of vari&# toward amorphadiene is a
fraction (86-fold less) of that of wild-typB45Q; with fatty acid substrates. In lighf this, further directed
evolution of P45@; variant G4 is warranted and holds higheaial to increase both substrate selectivity and
activity toward amorphadiene over fatigid substrates.

In conclusion, production of artemisirg low cost is highly dependent upon theaaity to
successfully complete whathsth relatively expensive and low-yielding synthethemistry (i.e.,
oxygenation andeduction) in a microbial host. Three sdiee oxidations at the terminal alkane anduetion of
the terminal olefin are requirddr the conversion of amorphadiene to dihyartemisinic acid; conversion of
dihydroartemisinic acid to artemisinin is well establist{8d9). Here, we present a novel rotieg the selective
oxidation of amorphadne, yielding artemisinic-1912-epoxideat titers greater than 250 mg' LMicrobial
production of artemisinic-1312-epoxidecan be followed by a high-yielding synthetisemistry route to
dihydroartemisinic aciand onward to artemisinin. The strategylioetd here demonstrates improved prdehrc
titers inE. coli compared to those prewsly achieved using the native P428-based pathway. Additionally,
the P45@y; route reduces culture time from 7 to 2 days, isnoptat 30 °C, and does not requireuetion of the
terminal olefin, as is thease when using P4R6. Thus, the straigy outlined here is a viable alternativate
native P45Qy0-catalzyed route. Thisemi-biosynthetic approach outlinematabolic engineering paradigm
for pathway design based on incorporation afyeres with broad substrate promiscuity tbah be well
expressed in a heterologous host. In contrasteaiquis works withP45@y3, in which mutations are
introducedrandomly or based on crystal structuresative substrate-bound P4hR, transition state complex
modeling with amorphadiene greatly improved outigbio select a minimum number of active site desis for
mutation. The model provided both a rationfdeselecting residues and putative expténes for observed
changes in activity. These of transition state complex structyreddictions is a highly robust approach that
improves upon our ability to rationally reslgn promiscuous enzymes and tailor thenvard specific
applications in metabolic engineering.

METHODS
Reagents and Equipment.

All enzymes anahemicals were purchased from New England IBlas and Sigma-Aldrich Co.,
respectively, unless otherwise indicated. Gas chtography wasonducted on a Polaris Q (Thermo
Electron Corporation) gas chromatograph, a DB5ligapicolumn(30 m ' 250 Om internal diameter, 0.25 Om
film thickness, Agilent), and a TriPlus auto samipliector (Thermo Electron Corporatiorid NMR
spectra were collected in CDZCambridge Istwpe Laboratories) at 25 °C on a Bruker AV-5008-400
spectrometer at the University of Califidx at Berkeley, College of Chemistry NMR Facility.

Transition State Complex Structural Predictions.

) The transition state complex for the epoxidatibamorpha-4,11-diene was constructed on the
basis of_lprewously performed energy density caliaths on propene hydroxylation and epoxida{ig?).
ROSETTA-based energy minimization wasre out based on previously described methodoto@®.
The resulting model was visualized using PYMGH)(

Purification of P45@y; Variants.

_ DH1 strains hdsoring ag([rcSBM3-15 variant (WT, G1, G3, Gégre inoculated into 5 mL of
Teggﬂc Broth (TB) coniaining CB~ and grown overnight at 30 °C. Ne%00 mL of fresh TB containing
Cb’ was inoculatedising the overnight cultures to an optical denaity Wavelen%;[h of 600 nm (Q@ of
0.05 and grown at 30 °C. Approximately 1 h prioirtduction, cultures were further supplemented \&&h



mc? L' ALA. Upon reaching an O, of 0.60, cultures were induced with 0.05 mM IPTi@ @rown for an
additional 15 h. Cultures were then centrifugedd®®, 4 °C, 15 min) and respsnded in 10 mL of S-ta%
purification kit (Novagenjvash/bind buffer containing 20 U of Dnase | andt&aal protease inhibitor. The
suspension was then sonicated (VirTis) on ice amirduged (150009, 4 °C, 15 min), and the resulting
su- pernatant was passed through a 0.45 Om fitéag purification was used following the recommezhd
protocol with the exception that the thrombin cleger SWJ was extended to 4 h. The eluted protesn wa
concentrated using a centrifugal %pln filter (Milre, MWCO 10,000). P45(); concentration was
measured by its carbon monde difference spectr&%).

In Vitro P45Q); Characterization.

The NADPHturnover rate was determined b&éncubation of afipdrP45Qy; variantin the
resence of amorphadiene or palmitic acid and NADRH-mL reaction volume contalnmgbl OM purified
45Qu3 and 500 OM substrate in 100 mM ﬁotassmm phosghdter (pH % 7.5) was equilibrated to 30

°C. To initiate the reaction, 250 OM NADPH was adidie the solution), and the absorbance at 340 nm was
monitored. NADPH turnoverates were calculated withy % 6.22 mM cm. )

For amorphadiene samples, foIIowmﬁ complete comsiom of NADPH, 900 OL of the reaction
volume was taken and added to 500 OL of ethyl &eetntaining 5 0g mL caryophyllendor use as the
internal standard in GC/MS analysithe mixture was vortexed and centrifuged (58@,02’5 °C, 1 min),
and the organic layer was sampled. Samples weneattelyzed by GC/MS using the method indicated

previously. o . )
goupllng of NADPH turnover to epoxidation of amoapliene was calculated by measuring the

decrease in amorphadiene peak area. The appaiteitrate of amorphadiene epoxidation was then

obtained by multiplying the c_ouplln? efficiency the NADPH consumption rate. For palmitic acid

s?rln 0I/es, %0 OLIO the reaction volume was dewmedtiwith 20 OL of 2 M TMS-diazomethane and 50 OL

0 % methanol.

The reactions were allowed to proceed for 30 miRaand quenched with 5 OL of acetic acid. The
samples were then analyzed by GC/MS using the uelyi described method. Coupling of NADPH
turnover to hydroxylation of palmitic acid was callated by measuring the decrease in palmitic peak
area. The apparent initial rate of palmitic aciditoxylation was then obtained by multiply-ing the
coupling efficiency by the NADPH con-sumption rate.

In Vivo Production, Purification, and Chemidahalysis of Artemisinic-18,12-epoxide.

Precul-turect. coli DH1 transformed with pAM92 and ei-ther a pTrcBM&8-dr pCWoriBM3
variant (pTRC for initial screening assays and pCWiar final pro-duction assays) was inoculatedint
fresh TB supplemented with 2% glycerol (% v/v),r8§ L -aminolevulinic acid hydrochloride (ALA),
and 50 0g mi* each of carbenicillin (CB) and chlor-amphenicotp). All cultures were inoculated at
an Oy of 0.05. Cultures were induced with IPTG (0.05 miith pTRC and 1 mM with pCWori) upon
reaching an OR, of 0.25. After 24 and 48 h of cul-ture at 30 °602DL of culture was extracted
with 750 OL of ethyl acetate spiked with caryo-péyge (15 0g mi®) as an internal standard. The organic
layer was then sampled and analyzed by GC/MS (70ra¥rmo Electron) equipped with a DB5 capillary
column (30 m ' 0.25 mm internal di-ameter, 0.25fm thickness, Agilent Technolo-gies). The gas
chromatography program used was 100 °C for 5 rim tamping 30 °C mihto 150 °C, 5 °C min to
180 °C, and 50 °C mihto 300 °C. Identification and quantification ofare-bially produced artemisinic-
11S12-epoxide was carried by GC/MS using authentignaisinic ep-oxide standards (obtained from
Amyris Biotech-nologies) of known concentratidH. NMR spec-troscopy was used to confirm the
GC/MS identification (Supplementary Figure 2).

Experimental Determination of Microbially Produc&demisinic-11S12-epoxide Stereochemistry.

DH1 strains harboring pAM92nd pTrcBM3-14 (G4) used in production assays w&tected
into an equal volume of ethyl ac-etate. After dgyithe crude epoxide was purified by silica gel
chromatography using 5% ethyl ac-etate in hexaseduent. The mixture was driéuvacuo, yielding
impure epoxide (5.6 mg, cd5% pure, 0.019 mmol, contains amorphadiene). Tikeure was dissolved in
0.40 mL of tetrahy-drofuran, and solid sodium cyammohydride (27.4 mg, 0.44 mmol) was added,
followed by
5 mL of bromocresol green indicator solution. Fdmeps of 0.15 mL of boron trifluoride in 1.0 mL of
tetrahydrofuran was added, causing the blue calodischarge. After 112 h of stirring, an additional



portion of sodium cyanoborohydride (26.6 mg, 0.4280l) was added, followed by an addi-tional 5 mL
of the indicator, followed by 5 drops of the bortifluoride solution. The mixture was stirred an
additional 48 h and then dried vacuo. The residue was dlssolved in a mixture of 1 mlethlyl acetate

e—ser 3SE oncen-trated. The oil was
purn‘led by silica geI chromatog raphy using 10%yd>tacetate as eluant to give 2.7 mg of recovered
epoxide, along with 2.2 mg of dihydroartemisinicadol (39% vyield, or 81% based on recovered
epoxide). Stereochemistry of the purified dihydtearisinic alcohol was con-firmed to b&)( by
comparison to published

'H NMR results 25). Hyride attack to produce thB)(stereochemistry of the alcohol under these con-
ditions necessitates that artemisinicSIIP-epoxide be the substragsy.
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