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Abstract

Whole cells of afEscherichia colstrain overexpressing 4-hydroxyacetophenone monooxygenase (HAPMO) originatirRseanomonas
fluorescen?\CB have been used to study the stereopreference in the Baeyer-Villiger reaction of ketones bearing a cyclobutanone structural
motif. The enzyme catalyzes the oxidation of several prochiral cyclobutanones to antipodal butyrolactones as obtained in cyclohexanone
monooxygenase mediated conversions. However, chemical yields and enantiomeric purity are usually moderate. The regioselectivity in
oxidations of fused cylobutanones differs from the previously observed behavior for Baeyer—Villiger monooxygenases with highly varying
ratios of “normal” and “abnormal” product lactones and enantioselectivities. Taken together with previous substrate profiling data, HAPMO
represents a distinctively different biocatalytic entity compared to monooxygenases characterized so far.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction carried out in enantioselective manrjgf. Baeyer-Villiger
monooxygenases (BVMOs) were established in recent years
Oxidations still represent a key challenge for the develop- as catalytic entities with a remarkably broad substrate toler-
ment of sustainable processes compatible with the concept ofance and specificity for this oxygen insertion prodé$s
“green chemistry” and simultaneously implementing highest By exploiting previous advances in molecular biology, an
safety standards. An armament of highly diverse enzymesincreasing number of novel BVMOs originating from various
can be offered for various oxygen incorporation reactions natural sources have been identified over the past |&ar$
and this strategy is highly compatible with the above pre- Together with recent attempts to modify the stereospecificity
requisiteq1]. One of the representative domains to demon- of such enzymef8], the characterization of these enzymes
strate the versatility and potential of biotransformations is is becoming a key aspect in order to evaluate their potential
the Baeyer-Villiger oxidatiorf2], in particular when it is as biocatalysts in organic synthesis.
Recently, 4-hydroxyacetophenone monooxygenase
., . (HAPMO) was described as a novel BVMO with an
* Corresponding author. Tel.: +4315880115420; fax: +43 15880115499
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enzyme displays high catalytic activity for the conversion of plete conversion to two regioisomeric lactodegnormal”)
aryl and hetaryl ketones and moderate acceptance of aliphatiand 5 (“abnormal”) was observed with several enzymes
ketones. Furthermore, the monooxygenase performs highly[15,16] Both optically pure products are key intermedi-

enantioselective sulfoxidations of aryl sulfidgb]. With ates for the synthesis of prostagland[ig], brown algae
the exception of fused bicycloketor8s, no cycloketones  pheromone$l8] and cytostatics (sarkomycif}9], as out-
were described as substrates, so far. lined in Scheme 1

With this study we are closing this gap and present In order to circumvent the obstacles of enzyme isolation
our results for the biooxidation of precursors bearing a and coenzyme recycling, a recombinant whole-cell overex-
cyclobutanone structural motif utilizing this newly identified pression system was utilized in this study. In recent years,
BVMO. The corresponding lactones represent interesting this strategy was successfully employed in synthetic applica-
intermediates for the synthesis of natural products and bioac-tions of several BVMOs from various native origin utilizing
tive compounds. Butyrolactones derived from prochiral S. cerevisiag20] andE. coli [21-23](as in this project) as
3-substituted cyclobutanondscan be used as precursors suitable expression hosts.
for the synthesis of various lignans such as enterolactone,
hinokinin and arctigenifil1] (Scheme L Such compounds
can also serve as platforms for the subsequent synthesis op. Experimental
B-amino acidg12], GABA inhibitors such as baclofei3]
or analgesics like eptazocifi&]. 2.1. General

While biotransformations of such prochiral substrates
generate the required lactones in a 100% theoretical yield, Unless otherwise noted, chemicals and microbial growth
racemic starting material can undergo a kinetic resolu- media were purchased from commercial suppliers and used
tion process. In the case of fused bicycloketoBesom- without further purification. All solvents were distilled prior
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Scheme 1. Desymmetrization and regiodivergent Baeyer-Villiger oxidation of prochiral cyclobutdnaneésused ketone3 to key intermediates for the
synthesis of various bioactive compounds and natural products.
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to use. Shake flask fermentations were performed in a2.3. Cyclobutanone substrates

Gerhard THO5S orbital thermoshaker. Flash column chro-

matography was performed on silica gel 60 from Merck Prochiral cyclobutanone substrates were prepared accord-
(40—63um). Preparative MPLC was carried out on adai ing to the literature either by Cu/Zn couple mediated cy-
681/684 system with silica gel packed columns. Melting clization under thermal24] or ultrasound[25] conditions
points were determined using a Kofler-type Leica Galen from the corresponding alkenes and trichloroacetyl chloride.
11l micro hot stage microscope and are uncorrected. NMR- Subsequent dechlorination gave the required ketone subst-
spectra were recorded from CQGr DMSO-d; solutions rates.

on a Bruker AC 200 (200 MHz) or Bruker Avance Ultra- With the exception of commercially available ketodeg
Shield 400 (400 MHz) spectrometer and chemical shifts are fused bicycloketones were prepared according to a [2+2]
reported in ppm using TMS as internal standard. Enan- cycloaddition and dehalogenation sequence from the corre-
tiomeric excess was determined by chiral phase GC anal-sponding cyclic alkeng@5].

ysis usinga BGB 173 or BGB 175 column (30410.25 mm

i.d., 0.25um film) on a HP 6890 series chromatograph and 2 4 Biotransformations

compared to racemic reference material obtained by chem-

ical oxidation (n-CPBA) where applicable. Biotransforma- Fresh LB-ampicillin medium was inoculated with an
tion progress and conversion control were performed with @ gjiquot (1%, v/v) of an overnight preculture of recombinant
ThermoQuest Trace GC 2000 using a standard capillary col-g coliin a baffled Erlenmeyer flask. The culture was shaken
umn DB5 (30 mx 0.32mm i.d.). Specific rotation[2’was  at 120 rpm at 37C for 2h until it reached an optical den-

determined using a Perkin-Elmer Polarimeter 241. sity at 600 nm (Olgoo) between 0.2 and 0.4. Then HAPMO
_ . production was induced by adding arabinose, the substrate
2.2. Bacterial strains and growth (3-5mM) was added neat together wikcyclodextrirj26]

(1 equiv.) and the culture was continuously shaken at 120 rpm

E. coliTOP10 containing the structural gene for HAPMO  atroom temperature. Conversions were monitored by GC and
on a pBAD vector was routinely cultivated on LB-agar (1% typically required between 12 and 24 h to reach completion.

Bacto—Peptone, 0.5% Bacto-Yeast Extract, 1% NacCl, 1.5% The culture was centrifuged to remove the cells and eventu-
agar) plates supplemented by ampicillin (209mL) and  ally (in case of incomplete separation of cell material) passed
stored as frozen stocks (addition of glycerol to a final con- through a bed of Celif& The aqueous layer was saturated
centration of 15%) at-80°C. with sodium chloride and extracted with ethyl acetate. In the
Liquid cultures were grown in standard LB media (1% case of ketone3e-g, the aqueous layer was not saturated with
Bacto—Peptone, 0.5% Bacto-Yeast Extract, 1% NaCl) sup- sodium chloride and extracted with dichloromethane. Extrac-
plemented by ampicillin in baffled Erlenmeyer flasks on an tions were usually carried out with approximately equal vol-

orbital shaker (120 rpm at 3T). Protein expression was in-  umes of organic solvent (to avoid emulsions) and repeated un-
duced at 25C by addition of arabinose to a final concentra- j| complete recovery of the products (checked by TLC). The

tion of 0.002% (wW/v). combined organic layers were dried over anhydrous sodium
Table 1
Desymmetrization of prochiral cyclobutanories
R Ketones Lactones
Starting material Yield e.e. (absolute configuratidh)  [«] 20 References
Ph la  100pL,110mg 2a  12%(14.1mg)  92%9 +42.6 €0.28, MeOH)  [27,28]
Bn 1b 100p.L, 106 mg 2b 26% (29.8 mg) 44%R) +2.7 €0.52, CHC}) [11,28,29]
1c  100uL,108mg  2c  42%(49.3mg)  56%R) +2.6 (¢ 0.99, CHC}) [11,28]
OMe
o
< 1d  100pL,935mg 2d  63%(63.9mg)  66%R) +2.4 ( 1.28, CHC}) [11,28,29]
o
BnOCH, le 100pL, 116 mg 2e 35% (44 mg) 29%R) —8.8(c1, CHCE) [28,29]
Bu 1f 200p.L, 150 mg 2f 52% (88 mg) 44%%) —2.8 (1, CHCE) [29]
i-Bu 1g 100pL, 94 mg 2g 31% (32.7 mg) 13%9) —0.46 € 0.65, CHC}) [29]

a Isolated yield of purified product.
b e.e. determined by chiral phase GC.
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sulfate, filtered and concentrated in vacuo. The crude lactonedow yield for compounda was obtained, however, in good
were purified by flash column chromatography or MPLC and optical purity. We attribute formation of the alcohol to an un-
subsequently analyzed by NMR and chiral phase GC. expected reductase activity from the hastcoli strain with
a remarkable reactivity for substrate.
Benzyl-substituted precursofid-d as well as ethelle

3. Results and discussion were readily converted by HAPMO producing cells. It is
striking, that biotransformations with HAPMO produced lac-
Desymmetrization of prochiral cyclobutanoriesg with tones2a-e bearing an aromatic ring in antipodal form to

recombinantE. coli was compared to transformations with  previous biooxidations using whole-cells of native bacteria
a similar expression system for cyclohexanone monooxyge- (Acinetobacteyor fungi (Cunninghamell®[28]. This enanti-
nase (CHMO) fromAcinetobactef21a]. The assignment of  ocomplementary oxidation was not observed for ketdries
absolute configuration for lacton@s-g is based on the lit-  with aliphatic substitutents.

erature[27-29] Conversion with HAPMO producing cells Stereospecificity of the enzyme seems to depend on
usually gave moderate to acceptable yields of the expectedthe distance of sterically demanding groups relative to the
lactones with minor amounts of indole as product contamina- reactive carbonyl center. While a phenyl substitueks) (
tion (Table J). Lactone were generally purified by prepara- induces good enantioselectivity, optical purity for benzyl
tive chromatography and analyzed by NMR and chiral phase substituted precursorslig-d) with an additional methy-
GC. Precursoflawas the only exception, where whole-cell lene spacer is significantly decreased. Further increase of
mediated biotransformations gave significant amounts of athe spacer between the prochiral center and the phenyl
by-product. In this case, a 1:2 mixture of lactd?eeand 3- group (e or a straight as well as branched alkyl chain
phenylcyclobutanol was isolated upon fermentation work-up, (1f/g) possess comparably inefficient potential to induce
which was rather difficult to separate. Consequently, a rather chirality.

Table 2
Regiodivergent oxidation of racemic ketorgs
Ketone Starting material Total yieid “Normal” lactonesda—g Ratio “Abnormal” lactone$a—g
e.e.(%Y Absolute configuration e.e. (%) Absolute configuration

|

50uL, 51 mg 56% (33 mg) 75 3 5R 32:68 32 R 55
3a
o)
Of 50uL, 51 mg 53% (31 mg) 36 35S 45:55 29 R 55
3b
o)
Oj 50pL, 55mg 56% (34 mg) 15 3 6S 87:13 99 B 6R
3¢
A
50uL, 51 mg 79% (45 mg) 0 N.D. 58:42 95 N.D.
3d
o)
OG:/( 50uL, 58 mg 63% (42mg) 71 R 5R 31:69 37 B 5R
3e
o)
Q:/r 50pL, 58 mg 62% (41 mg) 59 3 55 15:85 6 R 55
3f
o)
(j:/f 50uL, 54 mg 79% (48 mg) 52 3 6S 90:10 >99 B 6R

Q

3g
@ Combined isolated yield of and5 after purification by flash column chromatography.
b e.e. determined by chiral phase gas chromatography.




M.D. Mihovilovic et al. / Journal of Molecular Catalysis B: Enzymatic 32 (2005) 135-140

Biooxidation of compoun@®ais one of the “benchmark”
reactions for BVMO performance. In the case of CHMO from
Acinetobacterbiotransformation to a 1:1 mixture of lactones
4 and5 is observed in high stereoselectivity.

An array of carbo- and heterocyclic substratesg
[15,25,30]was studied to investigate the effects of ring size,
hybridization, and polarity on the biotransformation. Micro-
bial Baeyer-Villiger oxidation of ketone®a—g with recom-
binantE. coliexpressing HAPMO gave complete conversion

139

properties of the biocatalyst are confirmed by its position
in a comprehensive phylogenetic tree analysis of a multitude
of flavin dependent monooxygena$gk as it has only a very
remote relation to the other four proteins.

Although enantioselectivites of products obtained by
biooxidation with HAPMO do not attain values of the com-
monly utilized BVMOs, so far, some quite unusual biocat-
alytic properties of the enzyme were discovered in the context
of this project. This might serve as a starting point to further

of substrates to lactone products in all cases. A mixture of lac- investigate the potential of this enzyme, as fine tuning of
tones4 and5 was obtained after preparative chromatography novel catalytic features is becoming more and more labora-
and analyzed by chiral phase GC. Biotransformation results tory routine with the modern armament of molecular biology,
are summarized iffable 2 Assignment of absolute config- demonstrated recently for CHM[8]. Considering the enor-
uration is based on biotransformations with recombirtant  mous number of monooxygenases yet unstudied with respect
coli expressing CHMO and literature ddteb]. Separation  to their biocatalytic performance, substantial progress can be

of lactonest and5 can be accomplished by repeated column

expected in this field in years to come.

chromatography and physical properties for these compounds

agreed with published data.

Biooxidation of compound3a has been studied for
HAPMO, recently, using isolated enzyrif#h]. Compatible
with this study, we observed predominant formation of “ab-
normal” lactone5a in low stereoselectivity by whole cells
transforming racemic substrate. “Normal” lactofia was
obtained in higher enantiomeric excess. A similar trend for
product distribution was obtained for all five-membered pre-
cursors3a/band3e/ffavoring formation of the corresponding
“abnormal” lactone. In all cases, the e.ebefas significantly
lower thand.

A different situation was observed for six-membered ke-
tones3c/dand3g. Here, the major product was the “normal”
lactone4. Consequently, enantiomeric excess for this com-

pound was low to moderate compared to the corresponding

“abnormal” lactonéb. In all cases the stereopreference for
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