
U
o

M
a

b

a

A
R
R
A
A

K
A
S
S
W

1

c
i

s
s
c
r
a
p
a
c
r
E
e
v

s
e
r
c

m
T

1
d

Journal of Molecular Catalysis B: Enzymatic 72 (2011) 90– 94

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis B:  Enzymatic

j ourna l ho me  pag e: www.elsev ier .com/ locate /molcatb

se  of  Saccharomyces  cerevisiae  as  a  whole  cell  system  for  aldol  condensation  in
rganic  medium:  Study  of  the  factors  affecting  the  biotransformation

arcel·lí del  Olmoa, Cecilia  Andreub,∗,  Gregorio  Asensiob

Departament de Bioquímica i Biologia Molecular, Universitat de València, Spain
Departament de Química Orgànica, Universitat de València, Spain

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 27 December 2010
eceived in revised form 31 March 2011
ccepted 2 May  2011

a  b  s  t  r  a  c  t

Saccharomyces  cerevisiae  has  been  employed  as  a  whole  cell  catalyst  for a number  of  asymmetric  trans-
formations.  This  work  explores  the  ability  of  this  microorganism  to  carry  out the  asymmetric  aldol
condensation  between  4-nitrobenzaldehyde  and  acetone.  For  this  purpose,  lyophilized  cells  of  the FY86
laboratory  strain  from  stationary  phase  cultures  were  employed.  This  reaction  shows  stereoselectivity,
vailable online 31 May 2011
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and  its progress  is  affected  by  the  water  concentration  in the  medium,  temperature  and  the  growth  stage
of the  yeast  culture.  Cell  lysis  experiments  indicate  that  activity  responsible  for  this  biotransformation  is
located in  the  soluble  fraction.

© 2011 Elsevier B.V. All rights reserved.
hole cell catalysis

. Introduction

Asymmetric biocatalysis is essential for most basic life pro-
esses. It results in the generation of the functional molecules
nvolved in chemical transformations in every cell.

The yeast Saccharomyces cerevisiae has been at the forefront of
cientific research for decades. Although the use of S. cerevisiae in
ynthetic organic chemistry started at the beginning of the 20th
entury, it was not until after the 1970s that yeast biocatalysis
eceived exponentially growing interest, and numerous reports
bout organic synthesis reactions carried out by yeasts have been
ublished [1–4]. Whole cells provide simpler catalyst preparation
nd easy strategies for efficient cofactor recycling or multistep
onversions than using isolated enzymes as catalysts [5].  A main
eason that makes yeasts useful biocatalysts in comparison with
scherichia coli is the presence of a relatively rigid cell wall that
nables high tolerance and robustness to chemical and organic sol-
ents [6].

Biocatalysis offers a considerable advantage over chemical
ynthesis: enzyme-catalyzed reactions are often highly enantios-

lective and regioselective. Particularly for the aforementioned
easons, yeasts have been considered ideal organisms by those
hemists looking for a stereoselective biocatalyst which should
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eventually lead to chiral intermediates in the synthesis of enan-
tiomerically pure compounds [7–9].

S. cerevisiae has been employed as a whole cell catalyst for a
number of asymmetric transformations, especially in bioreduction
reactions for the preparation of chiral alcohols [1,7,10,11],  and for
the reduction of activated C C bonds to a lesser extent [12–14].

Carbon–carbon bond forming reactions are most interesting
from a synthetic point of view as new asymmetric centers can be
formed. However, this type of yeast whole-cell transformation has
so far been limited only to acyloin-type condensation, and very few
examples have been described in the literature [1,7,10].

Aldol condensation is considered one of the most impor-
tant carbon–carbon bond forming reactions in organic synthesis
because it is a way to obtain chiral �-hydroxy carbonyl compounds
[15]. Aldolases are important enzymes in several metabolic path-
ways that are capable of catalyzing aldol condensation. Several of
them have been explored for their use as catalysts in organic syn-
thesis [16–19].  Stereoselectivity in aldolases is controlled by the
enzyme, and depends on neither the structure nor the stereochem-
istry of the substrate, which allows for highly predictable products
[20].

Catalytic promiscuity has been recognized as the enzymes’ abil-
ity to catalyze different chemical transformations depending on
the reaction conditions [21]. In this work, we used S. cerevisiae as
a whole cell catalytic system to study the aldol reaction between

acetone and p-nitrobenzaldehyde (Scheme 1). We  carried out the
reaction using lyophilized cells in an organic medium (acetone),
and studied the influence of different conditions to achieve the best
results from the stereoselective viewpoint.

dx.doi.org/10.1016/j.molcatb.2011.05.001
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:cecilia.andreu@uv.es
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Scheme 1.

. Experimental

.1. Yeast cells growth and manipulation

For this work, the six different yeast laboratory or commercial
trains described in Table 1 were used.

Cells were grown by incubation in an orbital shaker (150 rpm)
t 30 ◦C in YPD medium (1% (w/v) yeast extract, 2% (w/v) bac-
opeptone, 2% (w/v) glucose). For most experiments, those cells
rom 200-mL overnight cultures were collected at an OD600 ∼ 14,
nd washed twice with sterile water, Tris–HCl 0.1 M pH 7.6 or MES
.1 M pH 6.4. Then they were quickly frozen in liquid nitrogen and

yophilized.
In order to determine the effect of the growth phase on biotrans-

ormations, exponentially growing cells were obtained in some
ases. For this purpose, the overnight cultures in YPD medium were
iluted in fresh YPD to OD600 = 0.1 and incubated at 30 ◦C until the
ulture reached OD600 = 1. Then cells were collected as described
bove.

For some experiments, cells were washed twice with 200 mM
DTA or 200 mM ZnSO4·H2O. In each case, they were incubated in
hese solutions for 30 min  before being collected for centrifugation
nd processed as described above.

For cell fractionation experiments, cells were washed twice in
ris buffer 0.1 M pH 7.6 and lysed with glass beads (425–600 �m,
igma) by vortexing. After separating the solution from the glass
eads, the sample was centrifuged at 2500 rpm for 3′ and the
upernatant was clarified by another centrifugation (12,000 rpm
or 15′), which was repeated to avoid any residual amount of pel-
et. This supernatant represents the soluble fraction. The pellet
rom the second centrifugation constitutes the membranous frac-
ion.

An aliquot of the soluble fraction was incubated with 10 mM
DTA for 2 h. Then, it was desalted using a PD-10 column (GE
ealthcare) following the manufacturer’s instructions. Zinc sulfate
as added to a fraction of the eluted sample at a final concentration

f 10 mM.

.2. Chemicals
All the commercially available chemical reagents were pur-
hased from Aldrich. Reaction was monitored by thin layer
hromatography (TLC) on Merck silica Plates 60 F254. Flash chro-
atography was performed on Merck silica gel (60 particle size:

able 1
east strains used in this work.

Strain Origin

Saccharomyces cerevisiae FY86 Laboratory stock
Saccharomyces cerevisiae Lalvin T73 Lallemand Inc.a

Kluyveromyces marxianus CECTb (CECT 1018)
Pichia jadinii (Candida utilis) CECTb (CECT 1060)
Pichia fermentans CECTb (CECT 1455)
Torulaspora delbrueckii CECTb (CECT 1880)

a Maisons-Alfort, France.
b Colección Española de Cultivos Tipos, Servei Central de Suport a la Investigació

e  la Universitat de València.
alysis B: Enzymatic 72 (2011) 90– 94 91

0.040–0.063 mm).  NMR  spectra were recorded on Bruker DRX
300 spectrometers in deuterated chloroform. Chemical shifts are
reported in ppm relative to TMS  as internal standard. Absolute
configurations were determined by comparison with the optical
rotations reported in the literature and these were performed on a
Perkin-Elmer 241 Polarimeter using a Na lamp [22,23]. High per-
formance liquid chromatography (HPLC) was  carried out in a Merck
Hitachi Lachrom system. For analytical work, a Chiralpak IC column
(5 �m,  250 mm × 4.6 mm ID) was  used with the solvent mixture
indicated in each case. The wavelength for detection was  fixed at
254 nm.

2.3. Typical procedure for biocatalytic aldol condensation using
dried S. cerevisiae cells

Reactions were carried out in capped vials (15 mL), where
lyophilized cells (40 mg)  were resuspended in 2.5 mL  of the sol-
vent mixture (acetone:water in the proportion indicated in each
case). The corresponding aldehyde (4 mg)  was added and stirred
with an orbital shaker at the indicated temperature. The reaction
was  monitored by TLC and, finally, the mixture was centrifuged
(3500 rpm, 3 min), treated with an ammonium chloride solution
and acetone was  evaporated in vacuum. The aqueous solution was
extracted with methylene chloride and the organic phase was dried
over sodium sulfate. Crude material was employed to determine
the yield by NMR  and the ee by HPLC using the chiral stationary
phase.

The reaction products were previously purified by column chro-
matography (hexane:ethyl acetate 4:1) and characterized by NMR
and chiral HPLC. Data were consistent with those described in the
literature [22,23].

4-Hydroxy-4-(p-nitrophenyl)-butan-2-one. 1 HNMR (CDCl3):
2.21 (s, 3H), 2.84 (m,  2H), 3.60 (s, 1H), 5.26 (m,  1H), 7.53 (d, 8.8 Hz,
2H), 8.20 (d, 8.8 Hz, 2H). The ee was determined by HPLC with a
Chiralpak IC column (94/6 hexane/2-propanol, 254 nm,  1.0 mL/min,
tr = 31.6 (minor, S), tr = 33.5 min  (major, R).

4-Hydroxy-4-(o-nitrophenyl)-butan-2-one. 1 HNMR (CDCl3):
2.16 (s, 3H), 2.63 (dd, 17.8 Hz, 9.4 Hz, 1H), 3.09 (dd, 17.8 Hz, 2.0 Hz),
3.90 (s, 1H), 5.60 (m,  1H), 7.40 (m,  1H), 7.61 (m,  1H), 7.86 (m,
1H). The ee was determined by HPLC with a Chiralpak IC column
(60/40 hexane/2-propanol, 254 nm,  1.0 mL/min, tr = 7.0 (minor, S),
tr = 9.3 min  (major, R).

4-Hydroxy-4-(m-nitrophenyl)-butan-2-one. 1 HNMR (CDCl3):
2.23 (s, 3H), 2.90 (m,  2H), 3.59 (s, 1H), 5.30 (m, 1H), 7.53 (m,  1H), 7.70
(m,  1H), 8.24 (m,  1H). The ee was  determined by HPLC with a Chi-
ralpak IC column (80/20 hexane/2-propanol, 254 nm,  1.0 mL/min,
tr = 12.6 min  (major, R), tr = 13.6 (minor, S).

3. Results and discussion

Whole cell catalysts may  be considered “bags of proteins” that
are capable of catalyzing different reactions depending on the
medium conditions and the substrates supplied. In this work, S.
cerevisiae’s ability to carry out asymmetric aldol condensation
between 4-nitrobenzaldehyde and acetone to yield 4-hydroxy-4-
(4-nitrophenyl)butan-2-one has been explored. For this purpose,
the lyophilized cells of the FY86 laboratory strain from stationary
phase cultures were employed.

3.1. Effect of water content on biotransformations

The introduction of organic solvents into yeast biocatalysis

improves the solubility and chemical stability of the substrates,
and offers easy product recovery [24]. In this sense, the use of ace-
tone as both a donor in the aldol condensation and a solvent was
decided. No reaction was observed in the first experiments using
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ig. 1. Effect of water content on conversion and stereoselectivity of yeast (FY86)
atalyzed aldol condensation.

ure acetone, therefore a certain amount of water was  added to
he reaction mixture. The amount of water present in the medium
ffected both the reaction rate and the stereoselectivity of the prod-
ct. Fig. 1 shows the results obtained for both parameters when
ifferent concentrations of water were used (1.25, 2.5, 5, 7.5, 10, 20
nd 35%) in the reactions carried out at room temperature. Highest
tereoselectivities of 45% ee were obtained with 2.5% of water at a
onversion of 30% after 96 h. The enantiomer obtained in excess (ee,
5%) had an R configuration. No side reactions were observed, and
nly the aldol product and the starting material were recovered in
ll cases.

.2. Effect of temperature on biotransformations

Having optimized the solvent reaction composition, the next
arameter to be considered was temperature. Table 2 presents the
esults obtained at 4 ◦C, 25 ◦C and 37 ◦C. The best stereoselectivity
as achieved at the lowest temperature (1.11 times higher than

hat found at 25 ◦C); however, conversion was very poor (just 12%
fter 15 days). The opposite result was obtained at 37 ◦C. Therefore
he following experiments were performed at a standard temper-
ture of 25 ◦C.

.3. The kinetics of biotransformations

To investigate a potential dependence of stereoselectivity on
onversion, the kinetics of the reaction at 25 ◦C was studied (Fig. 2).
he ee was unmodified during the time period considered. Con-
ersion increased with time, and duplicated between 48 h and
6 h. The reaction rate decreased afterwards. This might indicate
amaging effects on S. cerevisiae produced by the organic solvent.

urrently, strategies for improving yeast tolerance to organic sol-
ents have been described [25].

able 2
ffect of temperature on aldol condensation carried out by FY86.

Temperature (◦C) Conversion (%)a %eeb rc

25 30 45 1
37  58 37 0.82

4  4d 50 1.11

a Reactions in acetone with 2.5% water after 96 h.
b Determined by chiral HPLC (Section 2).
c Ratio between the ee at each temperature and that found at 25 ◦C.
d The reaction at 4 ◦C was continued for 15 days, and the maximal percentage of

ransformation was 12%.
Fig. 2. Kinetics of the transformation carried out by strain FY86 at 25 ◦C.

3.4. Influence of other factors on stereoselectivity and conversion

Several factors were tested for a potential effect on yeast aldol
condensation: the culture growth phase, use of fresh cells and
the nature of the aqueous solution used for washing cells before
lyophilization.

The protein and enzyme composition in “the bag” can change
depending on the growth stage. For this reason, experiments were
carried out with the lyophilized cells from the cultures in the expo-
nential phase. A decrease in the enantiomeric excess (23%) and a
slight increase in the conversion (33%) were observed in relation to
the standard conditions when using the cells from the stationary
phase cultures.

The use of lyophilized cells allows a better control of the reaction
conditions (amount of catalyst and water in the reaction mixture).
Previous studies have described higher conversions in the reduc-
tion of carbonyl compounds when fresh (instead of lyophilized)
cells were used [26]. For this reason, we  performed reactions using
fresh cells. In this case, the same trend in both stereoselectivity and
conversion was observed, and no significant differences were noted
when compared to lyophilized cells (data not shown).

Finally, as pH variations can influence enzyme activities, exper-
iments were also carried out to determine the effect of buffer pH
during the washing step of cells prior to their dehydration. Two
different buffers (Tris 0.1 M pH 7.6 and MES  0.1 M pH 6.4) were
employed for this purpose. When using Tris, the enantiomeric
excess slightly improved (50%), while no difference was observed
with MES. In both cases, the percentage of transformation was  sim-
ilar to that observed under the control conditions.

3.5. Localization of the activity responsible for stereoselective
aldol condensation

A simple cell fractionation experiment was  considered to sepa-
rate the soluble components from the membranous fraction. Prior
to fractionation, the whole cell lysate displayed a 30% conversion
with an ee of 55% (Fig. 3). The dispersion of the lyophilized soluble
fraction in the reaction solvent was  not possible and an aggregate
material was formed; notwithstanding, this fraction retained the
ability to enantioselectively carry out the substrate transformation.
Residual activity was found in the membranous fraction with no

enantiopreference. Thus, it is possible to conclude that the activ-
ity responsible for this conversion should be mainly located in the
cytosol of yeast cells.
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Table 3
Effect of yeast strains on biotransformations.

Strain Conversion (%)a %eeb

FY86 30 45
K.  marxianus 42 38
P. jardinii 32 31
T73  28 45
P.  fermentatis 53 38
T.  delbrueckii 13 43
ig. 3. Catalytic activity in the samples obtained during the cell fractionation pro-
ess.

.6. Effect of yeast cells incubation in the presence of EDTA or
n2+ in the biotransformation

According to their mechanism, two different types of aldolases
ave been identified and classified. The first (class I) includes
nzymes that contain a lysine residue at the active site, which
s involved in the formation of a nucleophilic enamine interme-
iate. This activated donor adds stereoselectively to the acceptor
ldehyde. The second type of aldolases (class II) contains a Zn(II)
ofactor at the active site, which is coordinated to His residues. This
ation acts by coordinating with the carbonyl oxygen of the ketone
onor and facilitates enolate formation. Aldolase from the S. cere-
isiae cytosol has been isolated and identified as a class II species
27,28].

To test the possibility that this enzyme could be responsible
or the aldol condensation described in this work, yeast cells incu-
ations in the presence of 200 mM EDTA were carried out before

yophilization to chelate the Zn2+ cation required for the catalytic
ctivity of the enzyme. Under these conditions, neither the ee nor
he percentage of transformation was significantly affected (Fig. 4).

This experiment is not conclusive because EDTA could most
robably not cross the lipidic membrane of yeast cells. Accordingly
he same experiment was performed, but with the soluble frac-
ion obtained in the above-described experiments as it appeared
o be the most active. After EDTA treatment, it was submitted to
 desalting process using a PD-10 column, which resulted in the
omplete loss of enantioselectivity. Surprisingly however, transfor-
ation still occurred to a great extent. Addition of zinc sulfate to

ig. 4. Effect of yeast cells incubation in the presence of EDTA or Zn2+ in the bio-
ransformation. Control cells (A), cells previously incubated with 200 mM EDTA (B),
ontrol soluble fraction (C), soluble fraction previously incubated with 10 mM EDTA
nd  desalted (D), sample D after addition of Zn sulfate to a 10 mM final concentration
E).
a Reactions at 25 ◦C in 2.5% water for 96 h.
b Determined by chiral HPLC (Section 2).

this sample did not result in the recovery of stereoselection ability,
suggesting that other components are required.

Therefore, the aldolase already characterized in S. cerevisiae is
probably not responsible for the reaction considered in this work,
although this assumption cannot be completely ruled out. To deter-
mine this, it would be required to test the transformation with a S.
cerevisiae strain carrying a deletion of the FBA1 gene, which encodes
the aldolase, but this is not possible because this gene is essential
for yeast cells [29]. Identifying the enzyme responsible for the stud-
ied reaction could open up the possibility of improving the process
by introducing this enzyme into yeast cells by means of inducible
or constitutive expression systems [30] or yeast cell surface display
[31].

3.7. Effect of the yeast strain considered on the
biotransformations

Yeast strains can display differences in not only protein levels,
but also in resistance to organic solvents. For this reason, several
laboratory or industrial strains were tested under the standard con-
ditions presented in this work to determine their ability to carry out
the analyzed biotransformation. As Table 3 shows, laboratory strain
FY86 used in this study is found to be among those strains that dis-
play the best stereoselectivity. However, transformation improved
in several of the studied strains, particularly in Pichia fermentatis,
which displays a higher conversion, but lower enantiomeric excess.
The differences found among the strains considered may  be due to
peculiarities in the genetic background, as suggested in previous
studies [32].

3.8. Aldol condensation by strain FY86 of other aldehydes

Similar results, regarding yield and ee, as with 4-
nitrobenzaldehyde were observed for its 2- and 3-regioisomers
as substrates under standard conditions. Both transformations
preferentially led to the aldol product with R configuration (54%
ee), although transformation took place to a lower extent in the
most sterically hindered substrate 2-nitrobenzaldehyde (17%)
than in 3-nitrobenzaldehyde (23%).

4. Conclusion

This work indicates the ability of lyophilized yeast cells to carry
out stereoselective aldol condensation between an aldehyde and
acetone, which may  also be used as organic solvent. To our knowl-
edge, this is the first report of aldol condensation carried out by
whole yeast cells. It is worth mentioning that under these con-
ditions the carbonyl reduction of the starting materials does not

occur, and only the aldol product and the aldehyde substrate were
recovered in all cases. An improvement in the ee could be achieved
increasing the stability of the yeast cells to the organic solvent by
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