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Abstract

A number of yeast (Saccharomyces cerevisiae) strains and yeast reductases overexpressed inEscherichia coliwere investigated as biore-
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uctants for several�-keto-�-lactams substituted with aryl and alkyl groups in the 4-position. Two of the yeast reductases were
ccept a majority of the substrates tested, while others were more limited. Although none of the reductases investigated showedbothdiastero
nd enantio-selectivity under the screening conditions, these bioreagents are still useful in reductions of�-keto�-lactams.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The high-biological activity of many 3-hydroxy-4-
ubstituted�-lactams[1,2], combined with their importance
s building blocks for a variety of targets[3], has encouraged
search for selective methods for the synthesis of these com-
ounds[3,4]. Access to optically pure�-lactams has been
chieved via asymmetric synthesis by using combinations of
n enantiopure imine and an achiral ketene or an achiral imine
nd an enantiopure ketene[5,6], or via directed cyclization
f a ketene–imine pair in the presence of a chiral catalyst

7]. Lipase-catalyzed resolutions of acylated 3-hydroxy
-lactams was introduced by Sih and co-workers[8] and has
een employed by a number of investigators[9]. We have in-
estigated the possibility of introducing the desired chirality
ia baker’s yeast-mediated reductions of�-keto �-lactams.

∗ Corresponding author. Tel.: +1 506 648 5576; fax: +1 506 648 5948.
E-mail address:kayser@unbsj.ca (M.M. Kayser).
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This strategy was quite successful in the preparation o
enantiopurecis-(3R,4S) and trans-(3R,4R) diastereomer
of 4-tert-butyl-3-hydroxy �-lactam [10]. On the othe
hand, baker’s yeast-catalyzed reduction of 3-oxo-4-ph
�-lactam gave only moderate enantioselectivity for thecis-
(3R,4S) alcohol[11]. Analyzing the product composition
a function of fractional conversion suggested that more
one enzyme was involved in reduction of this substrate[11].

The asymmetric reduction of ketones to chiral a
hols is one of the most fundamental reactions that
be accomplished through biocatalysis and baker’s y
(Saccharomyces cerevisiae) has been the microorganism
choice for decades. Yeast-catalyzed reductions have
extensively studied and reviewed and simple empirical r
have been proposed to predict their stereochemical out
[12]. Because the organism harbours a large number o
ductase enzymes, these conversions are remarkable fo
tolerance of a large and diverse collection of carbonyl c
pounds. The downside to this plethora of reducing enzy
is that several catalysts with overlapping substrate ac
abilities may have opposite enantioselectivities, which l
381-1177/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1.

to lower enantiopurities of the alcohol products; that, we
suspected, was the problem in the above mentioned reduction
of 3-oxo-4-phenyl�-lactam. The ideal solution to finding a
“perfect-for-the-reaction” enzyme is to identify and charac-
terize all yeast reductases and overexpress them in appropri-
ate host organisms. While several yeast reductases have been
isolated and studied[13–15], and systematic investigations
of their properties have commenced[16], numerous putative
reductases are still awaiting full characterization[17].

At the beginning of this project, three yeast enzymes were
believed to play a major role in reductions of�-keto esters:
Ypr1p, Gre2p, and the fatty acid synthase complex (FAS)
[13,14]. Eventually, it was demonstrated that aldose reduc-
tases Ypr1p, Gre3p and Gcy1p often yieldsyn-(2R,3S) al-
cohols, while�-acetoxy ketone reductase, Gre2p, catalyzes
formation ofanti-(2S,3S) alcohols. Fatty acid synthase was
found to produced-alcohols (R configuration at the hydroxyl)
but accepted only unsubstituted (R2 = H) �-keto esters as
substrates[8,13,14,18,19]. These results are summarized in
Scheme 1.

We considered the possibility that the same enzymes
might be involved in reductions of�-keto�-lactams as seen
in Scheme 2. To test this hypothesis, we screened several
racemic 3-oxo-4-substituted�-lactams against whole cell
biocatalysts with altered levels of the reductases discussed

above. These included several recombinant yeast strains and
Escherichia colioverexpression systems for Ypr1p and three
other related aldose reductases.

2. Experimental

The X-ray diffraction measurements of the three
p-bromobenzoyl derivatives of the compounds (3S,4S)-
2d, (3R,4S)-3d and (3S,4S)-2e were performed at room
temperature on a Siemens P4 diffractometer using graphite-
monochromatized Mo K� (λ = 0.71073Å) radiation. The
data collections were made by the 2θ/ω scan technique using
the XSCANS program (XSCANS, PC Version 5, Bruker
AXS Inc., Madison, WI, 1995). The coordinates of the
bromine atom were determined by direct methods and all the
other non-hydrogen atoms were found by the usual Fourier
methods. The refinement of the structures was done onF2 by
full matrix least-squares analysis. The hydrogen atom posi-
tions were fixed in their calculated position withUeq= 1.2Ueq
(or 1.5 for methyl groups) of the carbon to which they are
bonded. Corrections were made for absorption (empirical�
scan), Lorentz and polarization effects. The calculations were
done using the Siemens SHELXTL system (SHELXTL,
Release 5.10, Bruker AXS Inc., Madison, WI, 1997)[20].
Chiral-phase HPLC analyses were performed on a Chiracel
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OD-H column (4.6 mm× 150 mm) using hexane:iso-
propanol (90:10) as the mobile phase and detection at
254 nm. Capillary gas chromatography was performed on
a DB-1301 (15 m× 0.53 mm× 1.0�m) column from J&W
Scientific. Lipases were generous gifts from Amano Enzyme
U.S.A. Co. Ltd. Commercial baker’s yeast was obtained
from a local grocery chain. The protocol for the preparation
of 3-oxo-4-substituted�-lactams has been described[21,24].

2.1. General procedure for biotransformations with
commercial baker’s yeast

Dry baker’s yeast (0.5 g) was added to a solution of sucrose
(2 g) in sterile water (25 mL) contained in a 250 mL Erlen-
meryer flask. The mixture was stirred at 30◦C for 30 min
to activate the yeast.�-Lactam (25 mg, finely ground with
25 mg�-cyclodextrin when the solubility was low) was added
to initiate the reaction. The conversion was monitored by GC
and chiral HPLC as described above.

2.2. General procedure for biotransformations with
laboratory yeast strains

Preparation of yeast cells and the general procedure for re-
ductions with yeast strains have been described in detail[22].
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The biocatalysts used in this study included commercial
baker’s yeast and two fatty acid synthase mutants: ATCC
26403, which is defective in Claisen condensation activity
but has wild-type�-keto thioester reduction activity[25]
and mutant yeast strain 2B, in which the gene encoding one
of the fatty acid synthase subunits (FAS2) was completely
deleted[22]. We also investigated the following engineered
yeast andE. colioverexpression strains: (a) strain 2B express-
ing �-acetoxy ketone reductase (Gre2p); (b) yeast strain 15C
overexpressing Ypr1p; (c) yeast strain InvSc1 overexpress-
ing Ypr1p; (d)E. coliBL21(DE3) overproducing Ypr1p; (e)
E. coliBL21(DE3) overexpressing Ara1p; (f)E. coli JM105
overexpressing reductase Gre3p; and (g)E. coliJM105 over-
expressing reductase Gcy1p. The construction and evaluation
of the recombinant biocatalysts has been reported previously
[22,26,27].

An earlier study [11] showed that, in the reduction
catalyzed by commercial baker’s yeast, racemic�-keto-�-
lactam1awas converted completely to a mixture ofcis-2a
enantiomers and optically pure (>99% e.e.)trans-(3R,4R)-3a.
Since reduction carried out with the fatty acid synthase-
deficientS. cerevisiaestrain ATCC 26403 produced a signifi-
cantly lower proportion of thetransisomer3a, we tentatively
concluded that FAS was a major contributor to the formation
of the trans isomer. Moreover, a quantitative analysis of the
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nalytical samples were prepared by mixing 300�L of the
eaction mixture with 300�L of ethyl acetate. After vorte
ixing for 1 min, the sample was centrifuged in a microc

rifuge for 1 min, then the organic layer was removed
ried under nitrogen. The residue was dissolved in 20�L
f iso-propanol and 1�L was used for GC analysis (whe
pplicable) and 20�L was used for HPLC analysis.

.3. General procedure for biotransformations with
ecombinant E. coli strains

The general procedure for reductions withE. coli strains
as been described[23]. Analytical samples were treated a
nalyzed as described above.

. Results and discussion

Five representative 3-oxo-4-substituted�-lactams
a–e, with aromatic and aliphatic groups in position
Scheme 2), were synthesized according to protoc
lready described[11,21,24]. Samples of the enantiopu
lcohols were prepared via lipase-mediated resolu
f the corresponding acetates or yeast reductions o
orresponding�-keto-�-lactams. The structures of2b, 3b,
nt-2c, and p-bromobenzoyl derivative of3a, establishe
y X-ray crystallographic analyses, in combination w
hiral phase HPLC, allowed unambiguous identifica
f the absolute configuration of all isomers[10,24]. The
rystal structures of thep-bromobenzoyl derivatives
is-(3S,4S)-2d, trans-(3R,4S)-3d and cis-(3S,4S)-2e which
ave not been previously reported, are shown inFig. 1.
conversion suggested that either, (1) a single enzyme
low enantioselectivity, or (2) multiple reductases with sim
stereoselectivities might be responsible for the formatio
2a[11]. To discover the contributing enzyme(s), we scree
our collection of well-characterized yeast enzymes invo
in reductions of�- and�-keto esters[11,22,23,26,27]. Initial
screenings with the isolated enzymes revealed that
single enzyme” hypothesis was incorrect since both Yp
and the related enzyme Ara1p reduced�-lactam1a. Not
every enzyme, however, was a catalyst: neither short-c
dehydrogenase Gre2p nor two aldose reductases, Gcy1
Gre3p, which share high-amino acid sequence identity
Ypr1p, accepted1a [27]. In view of these results, all of th
strains listed above were screened for the ability to red
each of the�-keto�-lactams depicted inScheme 2.

Data for the reductions are collected inTable 1 [28].
For compounds1a–c, both the fractional conversion an
ratios of cis:trans alcohol products were obtained fro
baseline-resolved GC traces. Conditions for chiral-ph
HPLC analysis and data from X-ray crystallography allow
complete resolution and assignment of peaks for all
alcohol-stereoisomers[10,24]. The reduction products o
compounds1d and 1e could not be analyzed by GC a
these reactions were therefore monitored by TLC
chiral-phase HPLC with UV detection. Both, the keto
and alcohols were resolved by HPLC and standard cu
were established to assess the degree of conversion[29]. The
HPLC elution pattern of furyl-substituted�-lactam3ewas
assigned by analogy with the other compounds in the se

The results presented inTable 1emphasize difference
between various baker’s yeast strains. While comme
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Fig. 1. X-ray crystal structures ofp-bromobenzoyl derivatives of compoundsent-2d, 3d, andent-2e: (a) cis-(3S,4S)-2dX, (b) trans-(3R,4S)-3dX, and (c)
cis-(3S,4S)-2eX [20].

Scheme 3.
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Table 1
Compositions of product mixtures from reductions catalyzed by commercial and laboratory baker’s yeast strains (including FAS deficient mutants andcells that overproduce either Ypr1p or Gre2p) andE. coli
cells overexpressing Ypr1p, Ara1p, Gcy1p or Gre3p

Biocatalyst (Conversion) (Conversion) (Conversion) (Conversion) (Conversion)

Commercial baker’s yeast

S. cerevisiaeInvSc1

S. cerevisiae15C

S. cerevisiae26403 (FAS-)

S. cerevisiae2B (�FAS)

S. cerevisiaeInvSc1 (Ypr1p+)

S. cerevisiae15C (Ypr1p+)

S. cerevisiae2B (Gre2p+)

E. coliBL21(DE3) (Ypr1p+) N.D

E. coliBL21(DE3) (Ara1p+)

E. coli JM105 (Gre3p+) N.D. (0%, 72 h) N.D

E. coli JM105 (Gcy1p+) N.D. (0%, 72 h) N.D

aThe peaks for thetrans isomers were not well resolved on chiral phase H
bThecis isomers produced as lactones (Scheme 3).
cThecis isomers include lactones: InvSc1(Ypr1p), 38%; 15C(Ypr1p), 9%
dNot determined.
(2
0
0
5
)
1
6
7
–
1
7
4

171

.d (0%, 72 h)

N.D.d (12%, 48 h)

. (0%, 72 h) N.D. (0%, 72 h)

. (0%, 72 h) N.D. (0%, 72 h)

PLC and the enantiomeric composition of the two enantiomers is tentatively assigned.

; 26403, 9%; 2B(Gre2p), 6%; BL21(DE3)Ypr1p, 5%.
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baker’s yeast and laboratory strains InvSc1 and 15C gave
comparable results for1c–e, 15C-catalyzed reductions re-
semble those carried out with the FAS deficient mutant ATCC
26403 for1a and1b. Interestingly, strain 2B (FAS deletion
strain), afforded product distributions quite different from
those obtained with the ATCC 26403 FAS point mutant
(Table 1). Nonetheless, both FAS-deficient strains showed di-
minished production of thetrans-(3R,4R)-alcohols and con-
sequently we concluded that fatty acid synthase accepts pref-
erentially (4R)-ketones ((4S)-configuration in compounds1d
and 1e)) and converts them to (3R)-alcohols. This agrees
with our earlier conclusions based on yeast-catalyzed re-
ductions of1a [11]. Reduction of1c mediated by the 2B
strain produced a mixture of alcohols and the correspond-
ing lactones as shown inScheme 3. This was the only strain
that efficiently catalyzed cyclization of the product alcohols
to lactones.

Comparing the results from yeast strains 2B (FAS knock-
out) and the same strain with the Gre2p short-chain dehydro-
genase overexpressed showed considerably different product
distribution profiles. This suggests that Gre2pdoespartici-
pate in reduction of the�-lactams studied, contributing to the
formation of enantiopure or highly enrichedtransproducts
in four out of five compounds studied.

The large number of reductase genes present[17], and
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that the (4R)-ketone was accepted preferentially by the en-
zyme. Similar conclusions can be reached in the case of sev-
eral other transformations depicted inTable 1.

Ara1p, which reduced�-keto�-lactam1a, also converted
1d and1e to mixtures ofcis- andtrans-alcohols. These are
potentially useful transformations as they provide access to
the enantiopure, separable diastereomers, which are other-
wise very difficult to obtain. Compounds1b and1care poor
substrates and the conversions were very low, even after 72 h.
Moreover, as is frequently the case with poor substrates, large
quantities of metabolites contaminated the isolated products.

Gre3p and Gcy1p overexpressed inE. coli strain JM105
converted thienyl and furyl substituted compounds1dand1e
to a mixture of alcohols, although the other substrates showed
no conversion after 72 h. Interestingly, both enzymes showed
enhanced proportions of the enantiopuretrans-products. The
identity of (3R,4S)-3dwas confirmed by X-ray crystallogra-
phy and the absolute configuration of alcohol3ewas tenta-
tively assigned by analogy to its close relative3d.

4. Conclusions

This study has shown that yeast-catalyzed reductions of
3-keto�-lactams provide a practical route to some enantiop-
u ple,
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s a result of gene knockout and/or overexpression, m

t difficult to interpret studies with whole yeast cells una
iguously. We therefore examined the reductions of1a–eby

our E. coli strains that each overproduced a single y
ehydrogenase (Ypr1p, Gre3p Gcy1p, or Ara1p;Table 1).
ontrol reactions carried out with the twoE. colihost strain
howed no conversion of any of the�-keto �-lactams ove
he experimental time-frame (72 h).

TheE. coliYpr1p overexpression strain catalyzed red
ion of substrates1aand1c–e. The reactions were slow und
he screening conditions; however, conversions of 50–
ould be achieved after 72h. No reduction oftert-butyl sub-
tituted1b was observed even after 96 h. Ypr1p-cataly
eduction of1a gave a 1:1 mixture ofcis-alcohols and th
nantiopuretrans-(3S,4S)-product. The conversion of (4S)-
a to thetrans-(3S,4S)-alcohol proceeded at a slower pa
s was deduced from kinetic runs. Interestingly, reduc
f 1aby yeast strains overexpressing Ypr1p consistently
ided increased quantities of the (3S,4R)-alcohol compared t
he host strains; however, with these biocatalysts, no (3S,4S)-
roduct could be detected, probably because the (4S)-ketone

s more rapidly converted to the (3R,4S)-alcohol by one o
ore enzymes present in the yeast cells (Table 1).
The reduction of1d by theE. coli strain overexpres

ng Ypr1p was almost complete (94% conversion), relati
apid, and the product alcohols were uncontaminated b
ellular metabolites. The product ratio (79% of the c
ined (3R,4R)- and (3S,4R)-products compared with 21
3R,4S)-alcohol at 94% conversion) indicates that1d must
ave epimerized under the biotransformation conditions
re or highly enriched 3-hydroxy derivatives (for exam
3R,4S)-2band (3R,4R)-3b). More frequently, however, the
eductions lead to mixtures of products. Our initial suspi
hat this was due to a large complement of yeast reduc
ith overlapping substrates but different enatioselectiv
as only partially correct. Of the five yeast reductases stu
ere, three aldose reductase family members (Ypr1p, G
nd Gcy1p) were relatively non-selective in reducing 3-
-lactams, although both Gre3p and Gcy1p-catalyzed

ions yielded high proportions oftrans-products from1e. The
ra1p reductase showed promise in producing optically

iched diastereomers not accessible via transformations
ther reductases.

Contrary to our initial expectations, short-chain dehy
enase Gre2p appears to accept�-keto �-lactams and sig
ificantly contributes (along with fatty acid synthase) to

ormation oftrans-(3R,4R)-products. A recombinantE. coli
train overexpressing this enzyme might be useful in cle
educing these substrates.

It appears that all reductases studied so far contr
nly partially to the reductions of�-lactams by whole cel
f baker’s yeast. This can be deduced from the fact
hile both Ara1p and Ypr1p afforded significant quantitie

3S,4S)-alcohols (when overexpressed invidually inE. coli),
he reactions mediated by wild-type yeast strains did no
ult in observable quantities of this isomer. Thus, one or m
dditional enzymes that reduce these substrates have
e identified.

In summary, while easy-to-perform baker’s ye
atalyzed reductions may be useful with some of t
ubstrates, manipulating expression levels of the va
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reductases involved by gene knockout and overexpression in
order to enhance selectivity does not appear to be practical.
With such a large number of reductases present, and an
apparent lack of discrimination shown by the few that we
have studied, “background” contributions are always likely
to compromise stereoselectivity.E. coli overexpression of
single yeast reductases is far more promising. Fermentation
experiments designed to manipulate product distribution and
increase the rate of conversion by these recombinant strains
are in progress.
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R. Ferńandez, A. Ferrete, J.M. Lassaletta, J.M. Llera, E.M. Zamora,
Angew. Chem. Int. Ed. 41 (2002) 831;
S.N. Joshi, A.R.A.S. Deshmukh, B.M. Bhawal, Tetrahedron: Asym-
metry 11 (2000) 1477;
S. Brown, A.M. Jordan, N.J. Lawrence, R.G. Pritchard, A.T. Mc-
Gown, Tetrahedron Lett. 39 (1998) 3559;
I. Ojima, F. Delaloge, Chem. Soc. Rev. 26 (1997) 377;
S. Matsui, Y. Hashimoto, K. Saigo, Synthesis (1998) 1161;
Y. Hashimoto, A. Kai, K. Saigo, Tetrahedron Lett. 36 (1995) 8821;
T. Fujisawa, A. Shibuya, D. Sato, M. Shimizu, Synlett (1995)
1067.

[7] P.A. Magriotis, Angew. Chem. Int. Ed. 40 (2001) 4377;
B.L. Hodous, G.C. Fu, J. Am. Chem. Soc. 124 (2002) 1578;
A.E. Taggi, A.M. Hafez, H. Wack, B. Young, W.J. Drury III, T.
Lectka, J. Am. Chem. Soc. 122 (2000) 7831;
H. Wack, W.J. Drury III, A.E. Taggi, D. Ferraris, T. Lectka, Org.
Lett. 1 (1999) 1985.

[8] R. Brieva, J.Z. Crich, C.J. Sih, J. Org. Chem. 58 (1993) 1068.
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