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Abstract

A number of yeast$accharomyces cerevisjagrains and yeast reductases overexpressgdcherichia colwere investigated as biore-
ductants for severat-keto-lactams substituted with aryl and alkyl groups in the 4-position. Two of the yeast reductases were found to
accept a majority of the substrates tested, while others were more limited. Although none of the reductases investigateodtbastero-
and enantio-selectivity under the screening conditions, these bioreagents are still useful in reduatibei® @flactams.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction This strategy was quite successful in the preparation of the
enantiopurecis-(3R,49 and trans(3R,4R) diastereomers
The high-biological activity of many 3-hydroxy-4- of 4-tert-butyl-3-hydroxy B-lactam [10]. On the other
substituted-lactamg1,2], combined with their importance  hand, baker’s yeast-catalyzed reduction of 3-oxo-4-phenyl
as building blocks for a variety of targd®], has encouraged  B-lactam gave only moderate enantioselectivity for ¢ie
a search for selective methods for the synthesis of these com{3R,4S) alcohol[11]. Analyzing the product composition as
pounds[3,4]. Access to optically pur@-lactams has been a function of fractional conversion suggested that more than
achieved via asymmetric synthesis by using combinations of one enzyme was involved in reduction of this substfaig.
an enantiopure imine and an achiral ketene oran achiralimine  The asymmetric reduction of ketones to chiral alco-
and an enantiopure keteft6], or via directed cyclization  hols is one of the most fundamental reactions that can
of a ketene—imine pair in the presence of a chiral catalyst be accomplished through biocatalysis and baker's yeast
[7]. Lipase-catalyzed resolutions of acylated 3-hydroxy (Saccharomyces cerevisjdeas been the microorganism of
B-lactams was introduced by Sih and co-worK8&isand has choice for decades. Yeast-catalyzed reductions have been

been employed by a number of investigaf®]s We have in- extensively studied and reviewed and simple empirical rules
vestigated the possibility of introducing the desired chirality have been proposed to predict their stereochemical outcome
via baker’s yeast-mediated reductionsogketo B-lactams. [12]. Because the organism harbours a large number of re-

ductase enzymes, these conversions are remarkable for their
tolerance of a large and diverse collection of carbonyl com-

: ) pounds. The downside to this plethora of reducing enzymes
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to lower enantiopurities of the alcohol products; that, we above. These included several recombinant yeast strains and
suspected, was the problem in the above mentioned reductiorEscherichia coloverexpression systems for Yprlp and three
of 3-oxo-4-phenyB-lactam. The ideal solution to finding a other related aldose reductases.

“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 beefr EXPerimental

isolated and studiefll3—15] and systematic investigations The X-ray diffraction measurements of the three
of their properties have commenddd], numerous putative  p-bromobenzoyl derivatives of the compoundsS 4%)-
reductases are still awaiting full characterizatid]. 2d, (3R49-3d and (B 49-2e were performed at room

At the beginning of this project, three yeast enzymes were temperature on a Siemens P4 diffractometer using graphite-
believed to play a major role in reductions@dketo esters: monochromatized Mo K (»=0.71073) radiation. The
Yprlp, Gre2p, and the fatty acid synthase complex (FAS) data collections were made by th#@@ scan technique using
[13,14] Eventually, it was demonstrated that aldose reduc- the XSCANS program (XSCANS, PC Version 5, Bruker
tases Yprlp, Gre3p and Geylp often yisgh{2R 39 al- AXS Inc., Madison, WI, 1995). The coordinates of the
cohols, whilea-acetoxy ketone reductase, Gre2p, catalyzes promine atom were determined by direct methods and all the
formation ofanti-(2S39) alcohols. Fatty acid synthase was other non-hydrogen atoms were found by the usual Fourier
found to produce-alcohols (R configuration atthe hydroxyl)  methods. The refinement of the structures was dorf€ dry
but accepted only unsubstituted(RH) B-keto esters as  full matrix least-squares analysis. The hydrogen atom posi-
substrate$8,13,14,18,19] These results are summarized in  tions were fixed in their calculated position withg=1.2Ueq
Scheme 1 (or 1.5 for methyl groups) of the carbon to which they are

We considered the possibility that the same enzymes honded. Corrections were made for absorption (empitical
might be involved in reductions ef-ketoB-lactams as seen  scan), Lorentz and polarization effects. The calculations were
in Scheme 2To test this hypothesis, we screened several done using the Siemens SHELXTL system (SHELXTL,
racemic 3-oxo-4-substitutefl-lactams against whole cell Release 5.10, Bruker AXS Inc., Madison, WI, 1992)].
biocatalysts with altered levels of the reductases discussedChiral-phase HPLC analyses were performed on a Chiracel
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OD-H column (4.6 mnx 150mm) using hexaniso- The biocatalysts used in this study included commercial
propanol (90:10) as the mobile phase and detection atbaker’'s yeast and two fatty acid synthase mutants: ATCC
254 nm. Capillary gas chromatography was performed on 26403, which is defective in Claisen condensation activity
a DB-1301 (15 nx 0.53 mmx 1.0um) column from J&W but has wild-typeB-keto thioester reduction activitj25]
Scientific. Lipases were generous gifts from Amano Enzyme and mutant yeast strain 2B, in which the gene encoding one
U.S.A. Co. Ltd. Commercial baker's yeast was obtained of the fatty acid synthase subunitl8AS29 was completely
from a local grocery chain. The protocol for the preparation deleted22]. We also investigated the following engineered

of 3-oxo0-4-substitute@l-lactams has been descriljed,24]

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

yeastandE. colioverexpression strains: (a) strain 2B express-
ing a-acetoxy ketone reductase (Gre2p); (b) yeast strain 15C
overexpressing Yprlp; (c) yeast strain InvScl overexpress-
ing Yprilp; (d)E. coliBL21(DE3) overproducing Yprlp; (e)

E. coliBL21(DE3) overexpressing Aralp; . coliJM105

Dry baker'syeast (0.5 g) was added to a solution of sucrose overexpressing reductase Gre3p; anddg)oli IM105 over-

(2 9) in sterile water (25 mL) contained in a 250 mL Erlen-
meryer flask. The mixture was stirred at 3D for 30 min

to activate the yeasp-Lactam (25 mg, finely ground with
25 mgB-cyclodextrin when the solubility was low) was added

expressing reductase Gceylp. The construction and evaluation
of the recombinant biocatalysts has been reported previously
[22,26,27]

An earlier study[11] showed that, in the reduction

to initiate the reaction. The conversion was monitored by GC catalyzed by commercial baker’s yeast, racemiketo{3-

and chiral HPLC as described above.

2.2. General procedure for biotransformations with
laboratory yeast strains

lactamlawas converted completely to a mixture @é-2a
enantiomers and optically pure (>99% etehs{3R,4R)-3a.
Since reduction carried out with the fatty acid synthase-
deficientS. cerevisiastrain ATCC 26403 produced a signifi-
cantly lower proportion of theansisomer3a, we tentatively

Preparation of yeast cells and the general procedure for re-concluded that FAS was a major contributor to the formation

ductions with yeast strains have been described in d2&jil
Analytical samples were prepared by mixing 3A0of the
reaction mixture with 30Q.L of ethyl acetate. After vortex
mixing for 1 min, the sample was centrifuged in a microcen-
trifuge for 1 min, then the organic layer was removed and
dried under nitrogen. The residue was dissolved in200
of iso-propanol and L was used for GC analysis (where
applicable) and 2Q.L was used for HPLC analysis.

2.3. General procedure for biotransformations with
recombinant E. coli strains

The general procedure for reductions withcoli strains
has been describga3]. Analytical samples were treated and
analyzed as described above.

3. Results and discussion

Five representative 3-o0xo0-4-substitute@-lactams,
la—e, with aromatic and aliphatic groups in position 4
(Scheme P were synthesized according to protocols
already describedil1,21,24] Samples of the enantiopure

of thetransisomer. Moreover, a quantitative analysis of the
conversion suggested that either, (1) a single enzyme with
low enantioselectivity, or (2) multiple reductases with similar
stereoselectivities might be responsible for the formation of
2a[11]. To discover the contributing enzyme(s), we screened
our collection of well-characterized yeast enzymes involved
in reductions ofx- andp-keto ester§l1,22,23,26,27]Initial
screenings with the isolated enzymes revealed that “the
single enzyme” hypothesis was incorrect since both Yprlp
and the related enzyme Aralp redudédactam la. Not
every enzyme, however, was a catalyst: neither short-chain
dehydrogenase Gre2p nor two aldose reductases, Geylp and
Gre3p, which share high-amino acid sequence identity with
Yprlp, accepteda[27]. In view of these results, all of the
strains listed above were screened for the ability to reduce
each of thex-keto B-lactams depicted iBcheme 2

Data for the reductions are collected Tlable 1 [28]
For compoundsla—c, both the fractional conversion and
ratios of cistrans alcohol products were obtained from
baseline-resolved GC traces. Conditions for chiral-phase
HPLC analysis and data from X-ray crystallography allowed
complete resolution and assignment of peaks for all four

alcohols were prepared via lipase-mediated resolutionsalcohol-stereocisomerfl0,24] The reduction products of
of the corresponding acetates or yeast reductions of thecompoundsld and 1e could not be analyzed by GC and

correspondingx-keto3-lactams. The structures @b, 3b,
ent2c, and p-bromobenzoyl derivative 0Ba, established
by X-ray crystallographic analyses, in combination with
chiral phase HPLC, allowed unambiguous identification
of the absolute configuration of all isomef$0,24] The
crystal structures of thep-bromobenzoyl derivatives of
Cis-(3549)-2d, trans(3R,49-3d and cis-(3549)-2e which
have not been previously reported, are showhign L

these reactions were therefore monitored by TLC and
chiral-phase HPLC with UV detection. Both, the ketones
and alcohols were resolved by HPLC and standard curves
were established to assess the degree of convd29drhe
HPLC elution pattern of furyl-substitutegHlactam3e was
assigned by analogy with the other compounds in the series.
The results presented ifable 1emphasize differences

between various baker’s yeast strains. While commercial
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Fig. 1. X-ray crystal structures qf-bromobenzoy! derivatives of compoundat2d, 3d, andent2e (a) cis-(3549)-2dX, (b) trans(3R,49)-3dX, and (c)
Cis-(3549)-2eX[20].
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Table 1

Compositions of product mixtures from reductions catalyzed by commercial and laboratory baker’s yeast strains (including FAS deficient meelsithainolerproduce either Yprlp or Gre2p) &doli

cells overexpressing Yprlp, Aralp, Geylp or Gre3p

Biocatalyst (Conversion) o CHs_CHa (Conversion) o CHa CHa (Conversion) s\\ (Conversion) O™y (Conversion)
0 j;%cr—h CO,Et =
N, N
& ewp o PMP o PMP & “ewp & Mewp
e e y — —
Commercial baker's yeast - v —— - - ¥ - g
(>98%, 72h) (>98%, 32h) (>98%, 24h) (>98%, 24h) (>98%, 24h)
E == =" B
S. cerevisiadnvScl -’ - - - — (=S 'iu
(>98%, 72h) (>98%, 72h) (>98%, 24h) (>99%, 48h) (>99%, 24h)
B == ==, =
S. cerevisiad 5C L E=— - ra gy 'i_‘
(75%, 72h) (>99%, 96h) (73%, 24h) (99%, 72h) (99%, 48h)’
= E— —F = ==
S. cerevisia®6403 (FAS-) h ‘ — h ‘ o
(>98%, 52h) (96%, 96h) (>98%, 24h) (>99%, 48h) (>99%, 48h)
} o J_;;" . I/ ; 4
S. cerevisia@B (AFAS) — — - — - S :
(98%, 72h) (99%, 72h) (98%, 72h) (98%, 72h) (98%, 72h)
/ =N o g S
S. cerevisiadnvScl (Yprlg) S L S — . e - ) .
(75%, 72h) (97%, 96h) (100%, 72h) (99%, 72h) (>99%, 48h)
gt = i B =s
S. cerevisiad5C (Yprip) e 7-7' 1 4 e -— .
(88%, 48h) (96%, 72h) (98%, 39h) (98%, 48h) (>99%, 48h)
T [===N — [ .
S. cerevisia@B (Gre2p) S - - g T - .
(93%, 96h) (>99%, 96h) (97%, 24h) (90%, 96h) (>99%, 48h)
o =, B
E. coli BL21(DE3) (Yprig) - N.D.9 (0%, 72 h) B s A
(55%, 72h) (9%, 72h) (94%, 72h) (90%, 72h)
E. coliBL21(DE3) (Aralp) — s N.D.9 (12%, 48 h) S Ha
(81%, 72h) (20%, 48h) (93%, 72h) (98%, 72h)

E. coliJM105 (Gre3p)

E. coliJM105 (Geylp)

N.D. (0%, 72 h)

N.D. (0%, 72 h)

N.D. (0%, 72 h)

N.D. (0%, 72 h)

N.D. (0%, 72 h)

N.D. (0%, 72 h)

(92%, 72h)

| l“‘\
(20%, 72h)

Py
(44%, 96h)"
P

(57%, 72h)

aThe peaks for thransisomers were not well resolved on chiral phase HPLC and the enantiomeric composition of the two enantiomers is tentatively assigned.

bThecisisomers produced as lacton&heme B
CThecisisomers include lactones: InvSc1(Yprlp), 38%; 15C(Yprlp), 9%; 26403, 9%; 2B(Gre2p), 6%; BL21(DE3)Yprlp, 5%.

dNot determined.
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baker’s yeast and laboratory strains InvScl and 15C gavethat the (&)-ketone was accepted preferentially by the en-

comparable results fotc—e 15C-catalyzed reductions re- zyme. Similar conclusions can be reached in the case of sev-

semble those carried out with the FAS deficient mutant ATCC eral other transformations depictedTiable 1

26403 forlaandl1b. Interestingly, strain 2B (FAS deletion Aralp, which reduced-ketoB-lactamla, also converted

strain), afforded product distributions quite different from 1d andleto mixtures ofcis- andtrans-alcohols. These are

those obtained with the ATCC 26403 FAS point mutant potentially useful transformations as they provide access to

(Table J. Nonetheless, both FAS-deficient strains showed di- the enantiopure, separable diastereomers, which are other-

minished production of thrans(3R,4R)-alcohols and con-  wise very difficult to obtain. Compoundd and1care poor

sequently we concluded that fatty acid synthase accepts prefsubstrates and the conversions were very low, even after 72 h.

erentially (R)-ketones ((8)-configuration in compoundsd Moreover, as is frequently the case with poor substrates, large

and 1€)) and converts them to E§-alcohols. This agrees quantities of metabolites contaminated the isolated products.

with our earlier conclusions based on yeast-catalyzed re- Gre3p and Gceylp overexpresseddncoli strain IM105

ductions ofla [11]. Reduction oflc mediated by the 2B converted thienyl and furyl substituted compoutidsandle

strain produced a mixture of alcohols and the correspond-to a mixture of alcohols, although the other substrates showed

ing lactones as shown Bcheme 3This was the only strain  no conversion after 72 h. Interestingly, both enzymes showed

that efficiently catalyzed cyclization of the product alcohols enhanced proportions of the enantioptiess-products. The

to lactones. identity of (3R,45)-3d was confirmed by X-ray crystallogra-
Comparing the results from yeast strains 2B (FAS knock- phy and the absolute configuration of alcoBelwas tenta-

out) and the same strain with the Gre2p short-chain dehydro-tively assigned by analogy to its close relatBa:

genase overexpressed showed considerably different product

distribution profiles. This suggests that Grafmespartici-

pate in reduction of thB-lactams studied, contributing tothe 4. Conclusions

formation of enantiopure or highly enrichégns products

in four out of five compounds studied. This study has shown that yeast-catalyzed reductions of
The large number of reductase genes prefErit and 3-ketoB-lactams provide a practical route to some enantiop-

the possibility that patterns of gene expression might changeure or highly enriched 3-hydroxy derivatives (for example,

as a result of gene knockout and/or overexpression, makeq3R,4S)-2band (3R,4R)-3b). More frequently, however, these

it difficult to interpret studies with whole yeast cells unam- reductions lead to mixtures of products. Our initial suspicion

biguously. We therefore examined the reductionsafeby that this was due to a large complement of yeast reductases
four E. coli strains that each overproduced a single yeast with overlapping substrates but different enatioselectivities
dehydrogenase (Yprlp, Gre3p Gceylp, or AraIgble J). was only partially correct. Of the five yeast reductases studied

Control reactions carried out with the tio coli host strains here, three aldose reductase family members (Yprlp, Gre3p
showed no conversion of any of theketo B-lactams over and Gcylp) were relatively non-selective in reducing 3-keto
the experimental time-frame (72 h). B-lactams, although both Gre3p and Gcylp-catalyzed reac-

TheE. coli Yprlp overexpression strain catalyzed reduc- tions yielded high proportions tfans-products fronie The
tion of substrateéaandlc—e The reactions were slow under  Aralp reductase showed promise in producing optically en-
the screening conditions; however, conversions of 50-94%riched diastereomers not accessible via transformations with
could be achieved after 72h. No reductionteft-butyl sub- other reductases.
stituted1b was observed even after 96 h. Yprlp-catalyzed  Contrary to our initial expectations, short-chain dehydro-
reduction ofla gave a 1:1 mixture o€is-alcohols and the  genase Gre2p appears to accegteto B-lactams and sig-
enantiopurdrans<{3S,49)-product. The conversion of & nificantly contributes (along with fatty acid synthase) to the
lato thetrans(3S49)-alcohol proceeded at a slower pace, formation oftrans(3R,4R)-products. A recombinari. coli
as was deduced from kinetic runs. Interestingly, reductions strain overexpressing this enzyme might be useful in cleanly
of laby yeast strains overexpressing Yprlp consistently pro- reducing these substrates.
vided increased quantities of the§8R)-alcohol compared to It appears that all reductases studied so far contribute
the host strains; however, with these biocatalysts, 8a1&- only partially to the reductions @-lactams by whole cells
product could be detected, probably because tBgKdtone of baker's yeast. This can be deduced from the fact that
is more rapidly converted to the R39)-alcohol by one or  while both Aralp and Yprlp afforded significant quantities of
more enzymes present in the yeast célb{e J). (3549-alcohols (when overexpressed inviduallyEncoli),

The reduction ofld by the E. coli strain overexpress- the reactions mediated by wild-type yeast strains did not re-
ing Yprlp was almost complete (94% conversion), relatively sultin observable quantities of this isomer. Thus, one or more
rapid, and the product alcohols were uncontaminated by anyadditional enzymes that reduce these substrates have yet to
cellular metabolites. The product ratio (79% of the com- be identified.
bined (R4R)- and (54R)-products compared with 21% In summary, while easy-to-perform baker's yeast-
(3R,49-alcohol at 94% conversion) indicates tHat must catalyzed reductions may be useful with some of these
have epimerized under the biotransformation conditions andsubstrates, manipulating expression levels of the various
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