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Raphanus sativus hairy roots were used in the anti-Prelog stereoselective reduction of a series of prochiral
alkylaryl-ketones. Most of the bioreactions proceeded with high yields and excellent enantioselectivities.
This novel biocatalyst is an easy handle system that allows the employment of the immense potential of
plant enzymes in preparative asymmetric chemistry.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The desymmetrization of prochiral ketones is a wide spread
methodology used to prepare sec-alcohols as pure enantiomers.
Although the asymmetric reduction mediated by isolated enzymes
has been extensively studied [1], the use of whole living cells is
attractive since they do not require the addition of exogenous cofac-
tors and cofactor regeneration systems [2]. Microorganisms, such as
yeasts and filamentous fungi have been successfully used with this
purpose [3]. However, most of these biocatalysts follow ‘Prelog’s
rule’ [4], thus the (S)-alcohol is usually obtained assuming that
the smaller substituent of the ketone has the lower CIP priority.
Only a few ‘anti-Prelog’-(R)-specific whole cell biocatalysts have
been described [5]. On the other hand, plants represent an alter-
native source of “new” enzymes to be used in organic synthesis.
Many transformations of xenobiotics, such as hydroxylation and
oxidation reactions [6], hydrolysis of esters [7], bioreduction of
ketones [8], enzymatic lactonization [9], glycosylation [10], etc.,
can be performed by using plant tissues. Nevertheless, the use
of “wild” plant organs and/or tissues presents the main draw-
back of the lack of reproducibility of the experiments, since some
biochemical characteristics of these biocatalysts are easily change-
able depending on several factors, such as the places they come
from, the season of the year, the climatic conditions, etc. Recently,
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Matsuo et al. have reported the enantioselective reduction of
a,a,a-trifluoroacetophenone and o-chloroacetophenone to the cor-
responding (S)-alcohols by Raphanus sativus L. sprouts obtained
from seeds [11]. Plant cell cultures represent another valuable alter-
native in order to avoid the above-mentioned problems and they
have been successfully used in many bioconversion procedures
[12]. Although their enzymatic potential is great, this kind of cul-
tures is not easy to manipulate by chemists. Moreover, they suffer, in
many cases, of the lack of genetic and biochemical stability. Com-
pared with other plant cell and tissue cultures, hairy roots (HR),
obtained by the integration of a region (T-DNA) of the Ri plasmid
from Agrobacterium rhizogenes to the plant genome, have impor-
tant characteristics that give them potential applicability in fine
chemistry and even in scaling up processes. Other authors have
supported that they show genetic and biochemical stability, they
generally present high growth rates without the addition of phy-
tohormones and their cultures are mechanically stronger than cell
suspensions [13]. There are some reports describing the use of HR
cultures in biocatalysis. Among them, glycosylations are the most
frequent reactions. Our research group is particularly interested in
the stereoselective reductive capacity of this type of cultures. At
the best of our knowledge, besides our previous work [14], there is
only one report of the stereoselective reduction of ketones with HR
[15]. In that paper, the authors describe the ability of Daucus carota
HR in reducing ketones and ketoesters, according to Prelog’s rule,
to the corresponding chiral (S)-alcohols. The present work deals on
the application of R. sativus HR in the stereoselective reduction of
prochiral alkylaryl-ketones to afford the (R)-alcohols.
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2. Experimental
2.1. Biocatalyst

2.1.1. Establishment of R. sativus HR cultures

Leave and stem explants were aseptically taken from in vitro
grown seedlings, wounded by transverse cuts with a sterile
scalpel and then inoculated with a 48-h-culture of A. rhizogenes
LBA 9402, grown in YMB liquid medium. Infected explants were
transferred to a solid medium consisting of 0.9% (w/v) agar in
water, and incubated in the dark for 2 days at 25 & 2 °C. Then, these
infected explants were transferred to solid MSRT medium [16],
supplemented with ampicillin (1gl-1), in order to eliminate A.
rhizogenes. After 7-10 days, the first transformed roots appeared on
the wounded surface of the explants. They were allowed to grow
2-5cm before they were excised and cultured as individual lines
on hormone-free MSRT medium, supplemented with ampicillin
(1gl-1). The results were expressed in percentage transformation
frequency [17]. All the experiments were carried out in triplicate
and the results were expressed as mean+SD. HR cultures were
maintained at 22 + 2 °C, in the dark on an orbital shaker at 100 rpm,
and subcultured once a month to fresh liquid MSRT medium,
using an inoculum of 100-200 mg of roots. Persisting A. rhizogenes
contamination was eliminated by frequent subcultures on medium
containing ampicillin.

2.1.2. Characterization of HR clones by PCR analysis

Total DNA was isolated according to a standard procedure [18].
The primers used were Rol 1 (5'-atggctgaagacgacctgtgt-3’) and Rol
2 (5’-gccgattgcaaacttgcactc-3'), for the amplification of a segment
of 547 bp corresponding to the rol C gene of Ri plasmid. The reaction
mixture contained 1 wg DNA sample, 200 wM dNTPs, 1.5 mM MgCl,,
reaction buffer 1x, 2 U Taq polymerase (Invitrogen) and 0.2 uM of
each primer in 25 pl of total volume. The amplification was per-
formed under the following conditions: initial denaturation at 94 °C
for 5min and 30 cycles of denaturation at 94 °C for 1 min, anneal-
ing at 60 °C for 1 min and extension at 72 °C for 1.5 min followed by
one cycle of 72 °C for 5 min. PCR was carried out using an automatic
thermocycler, PCRICYCLER from Bio-Rad. The amplified bands were
observed under UV illumination after electrophoresis on 1.5% (w/v)
agarose gels and staining with ethidium bromide.

2.2. Substrates and standards

Substrates 1-13 were purchased from Sigma-Aldrich, Argentina
S.A. They were dissolved in dimethylformamide (DMF) in a 1:10
ratio to obtain stock solutions. For standards preparation com-
pounds 1-13 were treated with NaBH, in methanol to obtain
the racemic mixtures of the corresponding alcohols. The (S)-sec-
alcohols were obtained by bioreduction with D. carota roots in water
as described by Yadav et al. [8]. The retention times (Rt) of the
biotransformation products and the ketones were compared with
racemic mixtures by GC on a chiral 3-DEX-column. The absolute
configurations of the alcohols were determined by correlating the
Rt with samples obtained by bioreduction of the ketones with D.
carota fresh roots and comparing with literature [8,19].

2.3. Biotransformation procedures

Hairy roots (0.5 g) were transferred to fresh MSRT media (30 ml)
and incubated in an orbital shaker at 120 rpm and 22 + 2 °C under
darkness. After 30 days, substrates dissolved in DMF (30 l) were
added to the cultures (3 mg or pl/flask) and incubated in dark at
22°C with orbital shaking at 110 rpm. Blank assays without sub-
strates and without hairy roots were carried out. The cultures were
harvested and the media were filtered and extracted with EtOAc

(3x), the solvent dried over Na;SO4 and removed in vacuo. The
results are the media of the repetition of three experiments.

2.3.1. Isolation of compound 7b

Biotransformation was performed as it was described above by
adding 60 mg of 7a distributed in 20 culture batches. After 7 days of
incubation, the biomass was filtered and the media combined and
extracted with EtOAc, the solvent dried over Na;SO4 and removed
in vacuo. The residue was subjected to preparative TLC on Si gel,
using n-hexane-EtOAc (7:3) to afford 41.5 mg (69% isolated yield)
of compound 7b which was confirmed by 'H NMR and GC analysis.

2.4. Chemical yields and enantiomeric excess (ee) determination

The reaction progress was monitored at 2, 4 and 7 days
of incubation by harvesting the cultures. These samples were
extracted with EtOAc (3x) with the previous addition of o-
or p-fluoroacetophenone as internal standards. Chromatographic
analysis were carried out by chiral GC (FID) in a PerkinElmer Clarus
500 instrument equipped with 3-DEX-column (60 m, 0.25 mm ID
and 0.25 pm df), injector 200 °C and FID 300 °C. Compounds 1-13
and their derivatives were grouped in eight categories according to
the GC analysis conditions in agreement with the following detail:

Compounds 1, 3, 8, 9 and 10: Oven: T;=120°C, T, =160°C
(AT=2.5°C/min) for 5 min; carrier N, (28 cm/s). Rt: 1a 11.88, R-1b
14.30, S-1b 14.57; 3a 15.91, R-3b 17.22, S-3b 17.61; 8a 11.45, R-8b
14.92, S-8b 15.30; 9a 12.11, R-9b 17.56, S-9b 18.04; 10a 9.71, R-10b
13.97, 5-10b 14.30.

Compound 4: Oven: T;=130°C for 45min, T,=150°C
(AT=3°C/min) for 3min; carrier N, (32cm/s). Rt: 4a 41.16,
R-4b 48.76, S-4b 50.29.

Compounds 6 and 7: Oven: T;=130°C, T,=185°C
(AT=3°C/min) for 10min; carrier N, (25cm/s). Rt: 6a 20.31,
R-6b 24.81, S-6b 25.22; 7a 16.21, R-7b 19.77, $-7b 20.10.

Compound 2: Oven: T;=155°C for 30min, T,=165°C
(AT=10°C/min) for 2min; carrier N, (27cm/s). Rt: 2a 25.31,
R-2b 25.89, S-2b 26.46.

Compound 5: Oven: T; =190 °C for 20 min, T, =210°C(AT=3°C)
for 4 min; carrier N, (28 cm/s). Rt: 5a 15.83, R-5b 26.07, S-5b 26.52.

Compound 11: Oven: T;=105°C for 40min, T,=120°C
(AT=1°C/min) for 5min, T3=140°C (AT=3°C/min) for 5min,
T4=160°C (AT=5°C/min) for 1 min; carrier N, (32 cm/s). Rt: 11a
35.56, R-11b 66.16, S-11b 66.84.

Compound 12: Oven: T;=120°C for 4min, T,=140°C
(AT=1°C/min) for 3min; carrier N, (28cm/s). Rt: 12a 18.26,
R-12b 22.12, S-12b 22.77.

Compound 13: Oven: T;=130°C for 70min, T,=150°C
(AT=3°C/min); carrier N, (35cm/s). Rt: 13a 54.30, R-13b 72.20,
S-13b 70.85.

a,a,a-Trifluoroacetophenone and o,0L0-
trifluorophenylethanol: Oven: T, =120°C, T,=155°C
(AT=1°C/min); carrier N, (28 cm/s). Rt: o,0L0-
trifluoroacetophenone 6.36, (S)-a,a,a-trifluorophenylethanol

24.68 and (R)-a,a,a-trifluorophenylethanol 25.43.
3. Results and discussion
3.1. HR clones establishment and molecular characterization

For the establishment of HR cultures from radish through the
infection with A. rhizogenes LBA 9402, aseptically growing plants
from commercially available seeds, of approximately 48-day-old
were used as explants, mainly leaves. After 10-50 days post-
infection, the first transformed roots appeared on the wounded
surface of the explants. Each main HR was excised and identified
as an individual HR clone. The transformation frequency was 60%.
These HR clones showed the typical characteristics of transformed
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roots such as plagiotropic growth, large number of lateral roots,
hormone independence and fast growing. To confirm the HR phe-
notype, amplification of rol C genes was carried out. The rol genes
are essential for developing HR disease or phenotype, and they
have other functions besides the production of many alterations in
plant hormone concentrations [20]. Their presence has been used
by several authors to demonstrate the HR condition [21,22]. Thus,
genetic transformation was confirmed by PCR analysis, by amplify-
ing a fragment of the rol C sequence from total DNA. We detected
an expected band of 547 bp which corresponds to a rol C segment
in all HR clones obtained, demonstrating the integration of the rol
C gene into the plant genome. Only one HR clone was selected for
further studies, based on the phenotypic stability and high growth
index (data not shown).

3.2. Acetophenone bioreduction

The ability of the selected HR clone to perform stereoselective
reductions was tested toward acetophenone as model substrate.
The substrate was dissolved in DMF at a concentration that did not
affect the HR viability. Conversion rates and ee were determined by
chiral GC analysis using an internal standard added previously to
the extraction, and no by-products were detected. Interestingly, the
observed enantioselectivity was not in accordance with Prelog’s
rule (Fig. 1) affording the sec-alcohol with the (R) configuration.
This fact represents one of the main advantages of this new system,
since most of the biocatalysts follow Prelog’s rule for this and other
related substrates. As it has been mentioned, these results partially
contrast with the ones recently reported by Matsuo et al. [11]
for R. sativus sprouts, since these authors observed the opposite
enantioselectivity in the reduction of o-chloroacetophenone.
When comparing the bioreduction of acetophenone with HR, and
a,a,a-trifluoroacetophenone with germinated radish, we could
observe that the enantioselectivity was in accordance. However,
when the reduction of this fluorinated substrate was tested
with HR, the conversion rates were optimum (83%) but a scarce
stereoselectivity was observed (15% ee of the R-alcohol). As it was
pointed out by these authors to support their results, this fact could
be explained by the presence of plural alcohol dehydrogenases
(ADHs) with different substrate selectivity and stereopreference.
These enzymes can even present different expression levels
and/or activities in HR clones and untransformed plant tissues.
In this regards, it is important to have into account the ability
of wild freshly cut radish tissues to reduce acetophenone and
p-chloroacetophenone according to Prelog’s rule reported by Yang
et al. [23]. On the contrary, but closer to our findings, Andrade et
al. [24] reported that radish roots, in water, reduced acetophenone
into (R)-1-phenylethanol with excellent optical purity (ee >98%),
but with very low conversion rates (26%).

In our experiments, three different reaction times were tested (2,
4 and 7 days). At lower incubation times either yield or ee were mod-
erate. However, when harvesting was carried out at the seventh day,
both conversion rate and optical purity of (R)-1-phenylethanol were
excellent. Due to the optical purity of the main alcohol increase
along the incubation time, it is possible to assume that the enan-
tioselective oxidation of the (S)-alcohol may be taking place.

o) OH

(a) (b)

Fig. 1. Anti-Prelog reduction of ketones by R. sativus hairy roots.

1a-10a

1aR=H S
2a R=p OCHj3;
3aR=pCH; 12a
4aR=piPr o
5a R=p NO,
6a R=pBr
7aR=pCl
8aR=pF
9aR=mF
10aR=0F 13a

Fig. 2. Substrates for the reduction of ketones by R. sativus hairy roots.

3.3. Bioreduction of a series of prochiral alkylaryl-ketones

Taking into account the excellent conversion rates (98%), opti-
cal purity (ee >98%) and, especially the stereochemistry of the
observed product from the model substrate, we decided to study the
reduction of the prochiral alkylaryl-ketones series shown in Fig. 2.
The results observed at day 7 of biotransformation are depicted
in Table 1. Both conversion rates and stereoselectivities depended
on the substrate nature and, some interesting observations can be
pointed out when comparing to bioreductions carried out by other
whole cell biocatalysts.

In reductions of acetophenones using Rhodotorula sp. AS2.2241
[25] and D. carota roots [8], where their enzymes obey Prelog’s
rule, it has been stated that electron-withdrawing substituents
at para-position favored the rate of the reduction, but electron-
donating ones slowed down the reaction rate. In our experiments,
although the conversion rates of the last type of substituents
(p-OCH3, p-CH3 and p-iPr) resulted slighter than the ones of
the model substrate acetophenone, they are actually quite good.
The behavior of electron-withdrawing substituted acetophenones
(p-NO,, p-Br, p-Cl, p-F), was not so predictable. For example, (R)-
1-(p-chlorophenyl)ethanol was obtained with excellent yields and
optical purities. In concordance, in an already mentioned work
when wild plant tissues were used [23], conversion rates and enan-
tioselectivity of the (S)-1-(p-chlorophenyl)ethanol are higher than
the ones obtained with acetophenone. On the other hand, nitro
analogous was recovered with only 60% of ee. The experiments
showed very good activity (conversion rate 100%) but very low
stereoselectivity of the new biocatalytic system toward this par-
ticular substrate. This result is in agreement with the one reported
by Comasseto et al. [26] who also showed that p-nitroacetophenone

Table 1

Asymmetric reduction of alkylaryl-ketones with R. sativus hairy roots.

Substrate C? (%) ee? (%) Product
1a 98 >98 (R)-1b
2a 86 >99 (R)-2b
3a 92 >99 (R)-3b
4a 85 >98 (R)-4b
5a 100 60 (R)-5b
6a 98 95 (R)-6b
7a 98 >99 (R)-7b
8a 97 92 (R)-8b
9a 78 12 (S)-9b
10a 52 >99 (R)-10b
11a 100 47 (R)-11b
12a 14 96 (R)-12b
13a 16 >99 (R)-13b

2 Measured by GC on a chiral stationary phase.
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was reduced by fungal strains of Aspergillus, leading predominantly
to the anti-Prelog product, with low stereoselectivity.

Interesting differences were observed when ortho-, meta- and
para-fluorinated derivatives were used to test if the substituent
position can influence the course of the biocatalytic transforma-
tion. R. sativus HR reduced the p-fluoroacetophenone with very
good conversion rates and a significant optical purity. When the
substrate was the ortho-derivative, although the yields were not as
good as those obtained with the previous ketone, the ees were excel-
lent. Interestingly, the position of the substituent had an enormous
influence, not only in the conversion rates but also in the stereose-
lectivity of the process. Hence, we observed a significant reduction
of the m-fluoroacetophenone (78%), but with a low stereoselection,
affording the S-alcohol with only 12% ee. In a previous work car-
ried out with these fluorinated-derivatives with three filamentous
fungi, it was not either possible to find out a consistent correlation
between the position of this substituent and the conversion rates
or the stereoselectivity [27].

We also tested a couple of heteroaryl methyl ketones. Acetyl
thiophene was reduced with good stereoselectivity into the (R)-
sec-alcohol but with poor conversion rates. In this sense, other
researchers also reported that moderate conversion took place
when they assayed the reduction of 2-acetyl thiophene into the
(S)-sec-alcohol with Candida viswanathii [28] and D. carota roots
[19]. On the other hand, 4-acetylpyridine was completely trans-
formed although with a moderate stereoselectivity. On the contrary,
the cyclic alkanone, 1-tetralone was reduced exclusively into the
(R)-sec-alcohol but with a low conversion rate.

Finally, in order to check isolated yields, we chose p-
chloroacetophenone as a model substrate based on the excellent
results obtained in its biotransformation screening, regarding
optical purity and conversion rate. After solvent extraction and
chromatographic purification, it was possible to isolate 41.5 mg of
p-chlorophenylethanol, corresponding to a 69% of isolated yield.

4. Conclusions

R. sativus HR may be a useful biocatalyst to afford the (R)-
sec-alcohols by anti-Prelog reduction of prochiral ketones. In
most cases, conversion rates were very good and optical purities
were excellent. HR cultures present new possibilities to synthetic
chemists in terms of efficiency and cost, considering the stere-
oselective transfer of hydrogen without the external addition of
coenzyme NAD(P)H to the media. The genetic and biochemical
stability of these differentiated plant cultures and their efficient
productivity offer substantial advantages over cell suspensions [13]
and plant organs. They are easy handle systems that offer the possi-
bility of scaling up [29], representing an alternative to explore and
use the immense potential of plant enzymes by chemists.
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