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Abstract: After a hierarchical microbial screening process, new microorganisms have 
been discovered that act as biocatalysts for the stereoselective oxidation of secondary 
alcohols or for ketone reduction. Oxidation activity is more widespread in yeasts and 
bacteria, while actinomycetes, filamentous fungi and yeasts present the highest reduction 
activities. QSAR-3D/CoMFA is an adequate technique to design predictive models of the 
biocatalysts’ activity. In this paper CoMFA models are designed to compare the activities 
of the biocatalysts selected for the oxidation of alcohols and for the reduction of ketones, 
starting from the results obtained during the screening process. These models are useful 
for learning about the activity of these microorganisms and to compare the substrate 
specificity requirements between alcohol oxidation and ketone reduction biocatalysts. 
 
Keywords: Biotransformations; screening; CoMFA; red-ox; whole cells. 
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Introduction 
 

Red-ox biotransformations catalyzed by microorganisms have been in the focus of organic 
chemists working in Biotransformations because the use of isolated enzymes is limited by their 
requirements for cofactors. The use of whole cells presents the advantage that the cofactors are 
produced and recycled by the cell’s metabolic pathways [1]. Nevertheless, traditional biocatalysts such 
as the well known baker’s yeast give poor enantiomeric excesses, low yields or large biomass 
production, especially when large or medium ketones or alcohols are used as the substrates. 

The oxidation of alcohols leading to aldehyde formation is an interesting reaction in Organic 
Chemistry. It has been previously developed using a Gluconobacter oxidans strain as a whole cell 
biocatalyst [2-5]. The use of biocatalysts is very interesting for the stereoselective reduction of ketones 
and the stereospecific oxidation of secondary alcohols, reactions that sometimes cannot be performed 
using conventional chemistry procedures [6]. Consecutive red-ox biotransformations can also be used 
to achieve desymmetrization and asymmetryzation processes, in order to increase the low enantiomeric 
excesses obtained using certain biocatalysts [6].  

The oxidation of alcohols and the reduction of ketones are commonly carried out by alcohol 
dehydrogenases (ADHs). These intracellular enzymes are ubiquitous, being present in microorganisms, 
plants and animals. ADHs are NAD+ or NADP+ dependent enzymes [7-8]. The formal enzymatic 
mechanism for the oxidation of alcohols is well established since 1951 [9]. The process consist of a 
series of equilibria where the rate controlling step is the hydride transfer from the alcohol to NAD(P)+ 
in the ternary “enzyme + NAD+ + alcohol” complex. 

 
Scheme 1. Alcohol dehydrogenase mechanism. 
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As a result of all this the discovery of new biocatalysts to increase the screening libraries is always 
of interest in Organic Chemistry [10]. Nowadays, this is possible by the application of the newest 
screening and selection technologies that allow the rapid identification of enzyme activities from 
different sources. 
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Comparative Molecular field analysis (CoMFA) is a method for three dimensional (3D) 
quantitative structure-activity relationships (3D-QSAR) developed at Tripos1. Although the concept of 
the approach has been known as DYLOMMS (dynamic lattice-oriented molecular modelling system) 
[11] for over a decade, it was not until the 90s that the method became widely used after it was reborn 
as CoMFA in 1988 [12-13]. The methodology has been patented and the program is available as a 
QSAR package in SYBYL1. 

Comparative Molecular Field Analysis (CoMFA) applied to enzyme catalyzed biotransformations, 
as a QSAR-3D methodology, may produce a semiquantitative active site structure picture. CoMFA has 
proven its ability to predict biological properties of systems not amenable to direct analysis. The 
fundaments of this methodology are well described in the literature [12-20] but CoMFA has only been 
applied a few times in Biocatalysis, to the best of our knowledge [21]. The CoMFA model is a 3D 
representation of the steric and electrostatic zones of the active-site, directly related to amino acid 
composition. In Biocatalysis, the model is built starting from the experimental data obtained from the 
enzyme-substrate interaction (represented as a percentage conversion).  

The CoMFA model is obtained starting from the fitting model of the substrates aligned according 
to a rational established criteria, and is complementary to the fitting model of the substrates (bioactive 
conformers) taking into account the yield (percentage conversion - experimental data) obtained against 
each substrate characterized by its steric and electrostatic properties.  

QSAR-3D/CoMFA methodology could be a good way to obtain a predictive model of the activity 
and substrate specificity of a biocatalyst. Using these models we can select a priori the appropriate 
biocatalyst for each substrate, saving time and reagents. In this paper, a hierarchical screening process 
looking for new alcohol oxidation and ketone reduction biocatalysts has been performed starting from 
a collection of 416 microorganisms from public libraries, selected trying to acheive the maximum 
biodiversity. We describe, comparatively, the results of both ketone-reduction and alcohol-oxidation 
microbial screenings. Afterwards the combinatorial screening of the alcohol oxidation biocatalysts and 
the design steps of the CoMFA model are also explained. 
 
Results and Discussion 
 
Screening of microorganisms 
 

The selected reactions for the screening were the reduction of cyclohexanone and the oxidation of 
cyclohexanol. The aim of the selection process was to obtain good biocatalysts for one of the reactions 
that did not show activity in the reverse reaction. The microorganisms that lead to secondary 
metabolites of cyclohexanol or of cyclohexanone were rejected. In this way microorganisms that lead 
to ε-caprolactone by Baeyer-Villiger monooxygenation [22] were not selected. Both reactions are 

                                                 
1 SYBYL; Tripos Inc.; 1699 South Handley Rd., St. Louis, MO 63144. 
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dependent on coenzymes. The enzymes responsible of these reactions are alcohol dehydrogenases 
[E.C. 1.1.1.245] that could catalyze both reactions according to Scheme 2.  

 
Scheme 2. 
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Table 1. Microorganisms giving yields higher than 20% in the oxidation of cyclohexanol. 
[Cyclohexanol] =10 mM. Reaction time = 72 h. T = 28 ºC, Stirring speed = 250 
rpm. [23] 

Entry Phylum Microorganisms Reference 
Oxidation 
Yield (%) 

1 Yeast Williopsis californica CBS 2158 94 
2 Yeast Williopsis saturnus NCYC 2313 78 
3 Bacterium Rhodococcus rhodochrous DSMZ 11097 68 
4 Yeast Fellomyces sp CBS 8616 61 
5 Yeast Pachysolen tannophilus NCYC 1597 60 
6 Yeast Kluyveromyces lactis CBS 2896 56 
7 Yeast Arthroascus fermentans CBS 7830 56 
8 Yeast Sporidiobolus johnsonii NCYC 421 51 
9 Bacterium Rhodococcus erythropolis DSMZ 8424 46 

10 Yeast Chelatococcus asaccharovorans ATCC 51531 45 
11 Yeast Pichia fermentans NCYC 1657 40 
12 Filamentous Fungus Phialemonium curvatum CBS 505.82 38 
13 Yeast Sporopachyderma cereana NCYC 856 37 
14 Yeast Stephanoascus ciferii NCYC 2305 32 
15 Bacterium Ralstonia eurotropha DSMZ 2839 32 
16 Filamentous Fungus Corynascus novoguineensis IMI 291955 31 
17 Marine Fungus Ceriosporopsis tubulifera ATCC 64283 27 
18 Basidiomycete Irpex vellereus CBS 515.92 27 
19 Yeast Trichosporon equatile NCYC 2635 25 
20 Bacterium Cytophaga lytica DSMZ 2039 24 
21 Filamentous Fungus Coniochaeta velutina CBS 981.68 23 
22 Filamentous Fungus Tetracladium setigerum IMI 94061 23 
23 Bacterium Pseudomonas sp DSMZ 7322 21 
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The reaction was carried out using batch fermenting cells under the optimum culture conditions 
selected for each strain type. The microorganisms giving high yields (>20 %) in the oxidation of 
cyclohexanol to cyclohexanone are shown in Table 1. The yields of the secondary reactions – 
reduction and monooxygenation of cyclohexanone – were lower than 10% for all selected 
microorganisms. Only the fungi Coniochaeta velutina and Tetracladium setigerum display 
considerable activity without side-reactions. 

In Table 2 we present the results of the microorganisms selected as active biocatalysts for the 
reduction of cyclohexanone. These strains do not shown activity in the oxidation of the cyclohexanol 
produced in the reaction. In this reaction, many more microorganisms were active compared to the 
oxidation reaction. Therefore, we selected microorganisms that do not give secondary reactions and 
that gave more than a 50% yield of cyclohexanol. 
 

Table 2.  Reduction of cyclohexanone. Microorganisms that afford cyclohexanol yields 
greater than 50%.  [Cyclohexanone] = 10 mM. Reaction time = 72 h. T = 28 
ºC. Stirring speed = 250 rpm. [24] 

Entry Phylum Microorganisms References 
Reduction 
Yield (%) 

1 Filamentous Fungus Gongronella butleri CBS 157.25 97 
2 Marine Fungus Zopfiella latipes ATCC 26183 96 
3 Basidiomycete Coriolus azureus CBS 410.66 96 
4 Filamentous Fungus Monascus kaoliang CBS 302.78 89 
5 Marine Fungus Buergenerula spartinae ATCC 62545 88 
6 Yeast Schizosaccharomyces octosporus NCYC 427 87 
7 Filamentous Fungus Diplogelasinospora grovesii IMI 171018 85 
8 Yeast Issatchenkia scutulata CBS 6670 81 
9 Filamentous Fungus Absidia glauca CBS 100.48 81 

10 Marine Fungus Dactylospora haliotrepha ATCC 66950 78 
11 Filamentous Fungus Rhizomucor variabilis CBS 384.95 78 
12 Filamentous Fungus Neosartorya hiratsukae CBS 294.93 71 
13 Yeast Sirobasidium magnum CBS 6803 69 
14 Filamentous Fungi Pyrenochaeta oryzae IMI 195679 67 
15 Yeast Schwanniomyces occidentalis NCYC 133 66 
16 Filamentous Fungus Actinomucor elegans CBS 100.09 66 
17 Filamentous Fungus Neosartorya aureola CBS 105.55 65 
18 Yeast Filobasidium capsuligenum NCYC 606 65 
19 Yeast Trichosporon aquatile NCYC 2635 64 
20 Filamentous Fungus Marssonina brunnea . IMI 202552 63 
21 Yeast Schizoblastosporion starkeyi-henricii CBS 7647 61 
22 Filamentous Fungus Sphaerostilbella lutea CBS 224.85 61 
23 Filamentous Fungus Talaromyces wortmannii CBS 384.67 59 
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Table 2. Cont. 

24 Basidiomycete Hypholoma radicosum CBS 792.85 58 
25 Filamentous Fungus Echinosporangium transversale CBS 357.67 58 
26 Filamentous Fungus Absidia pseudocylindrospora CBS 480.66 57 
27 Yeast Sporidiobolus johnsonii NCYC 421 55 
28 Yeast Botryoascus synnaedendrus CBS 6186 55 
29 Actinomycete Actinoplanes sp. DSMZ 43031 52 
30 Filamentous Fungus Monascus ruber CBS 254.65 50 
31 Filamentous Fungus Rhizomucor pusillus CBS 245.58 50 

  
After the screening process we decided to compare the results obtained for each taxonomic group, 

to evaluate how these activities are distributed between the different phyla (actinomycetes, bacteria, 
basidiomycetes, filamentous fungi, marine fungi and yeasts) under the set conditions. In Table 3, we 
show the percentage of each phylum showing interesting activity for: i) the oxidation of cyclohexanol 
or ii) for the reduction of cyclohexanone. It is remarkable that cyclohexanone reduction activities are 
common in actinomycetes (51% positive strains among those tested), yeasts (47 % positive) and 
filamentous fungi (41 % positive), while the cyclohexanol oxidation activities are more widespread in 
yeasts (24 % positive) and in bacteria (19 % positive). Moreover, the percentage of filamentous fungi 
capable of oxidizing cyclohexanol is very low 3% (5 of 148 screened) According to this data, yeasts 
are the most versatile phylum in red-ox reactions. 

 
Table 3. Percentage of microorganisms of each taxonomic group that present activity in 

the reduction or in the oxidation reactions studied. 
 

 
The next step was to explore the resistance of the best strains towards the intrinsic toxicity of the 

substrates. In Figure 1 we show the results for the oxidation of cyclohexanol (Figure 1A) and for 
reduction of cyclohexanone (Figure 1B). This study is fundamental in order to get true information 
from the synthetic process, avoiding any toxicity problems.  

 

Reaction Actinomycetes 
Filamentous 

Fungi 
Bacteria Basidiomycetes 

Marine 
Fungi 

Yeasts 

Reduction 51% 41 % 4 % 13 % 33 % 47 % 
Oxidation 11 % 3 % 19 % 2 % 12 % 24 % 
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Figure 1.  Comparison between the toxicity of cyclohexanol (Figure A) and of cyclohexanone 
(Figure B) at different concentrations for the selected strains (batch fermenting 
cells). T = 28 ºC. Reaction time = 72 h. Stirring speed = 250 rpm 
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As may be observed in Figure 1, higher concentrations of cyclohexanone than of cyclohexanol are 
tolerated by the selected microorganisms. This result could be related to the lower hydrophobic 
parameter (logP) value of cyclohexanol (log P= 1.32) compared to that of cyclohexanone (log P= 
1.53), in accordance of the theory of Brick and Tramper [25]. These authors state that hydrophilic 
solvents with low partition coefficients (log P) are more toxic towards free whole cells than 
hydrophobic solvents [26]. Indeed, in the case of cyclohexanone we can achieve good reduction yields 
even at 100 mM concentrations. In the case of cyclohexanol oxidation, the concentrations of substrate 
tolerated by the strains are noticeably lower. Only residual activity is reported over 50 mM. 

The kinetic profiles (Figure 2) indicate the existence of a latency period in the oxidation reaction 
(Figure 2B) that is not detected in the case of the reduction reactions (Figure 2A). This fact makes the 
reduction biocatalysts achieve the maximum conversion rates faster than in the case of the strains 
selected for cyclohexanol. 

 
Figure 2. Kinetic profiles of the reduction of cyclohexanone (Figure A) and of the 

oxidation of cyclohexanol (Figure B) using the selected microorganisms as 
batch fermenting cells. T=28ºC. [Substrate] 10 mM . Stirring speed =250 rpm. 
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Figure 2.  Cont. 
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Comparative Molecular Field Analysis (CoMFA): CoMFA oxidation model 
 

After the first screening step three yeasts: Williopsis californica, Williopsis saturnus and 
Pachysolen tannophilus, were chosen and thoroughly studied by testing their activity in the oxidation 
of a collection of substrates selected in order to analyze the molecular structures that could be 
recognized by these biocatalysts. The results of the oxidation reactions using the selected strains under 
batch fermenting conditions are shown in Table 4. The yeasts display activity in the oxidation of 
different alcohols, their stereoselectivity in the oxidation of S-enantiomer of secondary alcohols being 
noteworthy. In the case of tetrahydronaphtol enantiomers the yeasts are S-stereospecific. 
 

Table 4. Results obtained using the alcohol oxidation biocatalysts as batch fermenting cells. 
T = 28 ºC. [Substrate] 2.5 mM. Reaction time = 48 h. Stirring speed = 250 rpm. The 
substrates listed in the table are those towards which the three microorganisms 
display a similar behaviour. 

 Compound W. californica W. saturnus P. tannophilus
1 Cyclobutanol 96 99 81 
2 Cyclopentanol 90 98 96 
3 Cyclohexanol 94 78 60 
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Table 4.  Cont. 

4 Cycloheptanol 79 25 99 
5 Cyclooctanol 74 12 65 
6 Cyclododecanol 9 31 61 
7 2-Adamantanol 0 0 35 
8 Benzyl alcohol 0 0 0 
9 R-Myrtenol 0 0 0 

10 S-Myrtenol 24 6 0 
11  (1R)-(2-Furyl)-ethanol 50 56 20 
12  (1S)-(2-Furyl)-ethanol 99 82 84 
13  (1R)-Phenyl-ethanol 9 7 13 
14  (1S)-Phenyl-ethanol 43 68 51 
15 1-Decalol 0 0 0 
16 (1R)-Tetralol 0 0 0 
17  (1S)-Tetralol 98 66 55 

 
The fundaments of CoMFA methodology are well described in the literature [11-20] but to the best 

of our knowledge CoMFA has only been applied a few times in Biocatalysis [21]. Several fittings were 
used but the best results were achieved when the carbon of C-OH was in the coordinate origin, the 
largest group was fitted to C3 and C4 and the small one over C1. The fitting criterion used for alignment 
of the conformers of the molecules in CoMFA analysis is shown in Figure 3. The optimization of the 
geometry of the molecules and the conformational analysis are described in the Experimental. The 
CoMFA statistical parameters are shown in Table 5. The q2 value (>0.5) 0.614 indicates that the model 
obtained is predictive. 

 
Table 5. Statistical parameters of the CoMFA model for the oxidation microorganisms. 

Parameter Analysis  
q2  Leave one out LOO 0.614 
Number of components Leave one out LOO 3 
R 2 No validation 0.945 
F values     (n1 = 2, n2 = 11) No validation 40.08 
R2 Prob = 0 (n1 = 2, n2 = 11) No validation 0.000 

  
The CoMFA model displays the steric and electrostatic properties of the active site of the 

biocatalyst providing important information about what kind of molecular structures could be accepted 
as substrates by the selected strains. These models could be used to hypothesize “a priori” if a certain 
type of substrates are or not susceptible to be transformed by the described catalyst. 
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Figure 3.  (Figure A): Fitting criterion used for alignment of the conformers of the 
molecules in CoMFA analysis and the alcohol oxidation biocatalysts CoMFA 
model. In the CoMFA model (Figure B) the steric hindrance zones (yellow 
and green) and electrostatic zones (red and blue) are shown. The color code 
used in the figure is as follows: Steric hindrance zones: Green areas depict 
zones of space where occupancy by the substrates increases affinity, whereas 
yellow areas depict zones where occupancy decreases affinity. Electrostatic 
zones: areas where a high electron density provided by the ligand increases 
(red) or decreases (blue) the activity. 

 

A                                                                                          B 

 
 
 
Using the CoMFA model we can consider if a new substrate could be biotransformed well and, in 

the case of enantiomers, the stereopreference of the biocatalyst. For that purpose, as a first step the 
minimum energy conformer (considered as the bioactive conformer) of the new substrate must be 
aligned to the fitting model following the set alignment rules. In Figure 4 we show the fitting of a new 
substrate, menthol, to the CoMFA fitting model for oxidation of alcohols. 
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Figure 4.  Alignment of menthol to the fitting model of all the substrates oxidized by the 
yeasts. Example of alignment designed using Accelrys WebLab® Viewer  

 

 
 

Afterwards the presence of representative zones (steric or electrostatic) in the space occupied by 
that substrate must be analysed. This method has been used to predict if menthol enantiomers would be 
oxidized by a particular strain and the expected enantiopreference of that oxidation. Taking into 
account the CoMFA model information we can predict that 1-tetralol, 1S-1-phenyl ethanol, 1S-1-(2-
furyl) ethanol, menthol and neo-menthol must be oxidized but not iso-menthol, as we show in Table 6.  

 

(R)

(R) (S)

HO

(S)

(R) (S)

HO O

Menthone  (-)-neo-Menthol (1R,2R,5S) (+)-Menthol (1S,2R,5S)  
 
Table 6. Oxidation of menthol and neo-menthol using the selected strains for oxidation of 

alcohols. 

 Substrate 
Williopsis 
californica 

Williopsis 
saturnus 

Pachysolen 
tannophilus 

18 (-)-neo-Menthol (1R,2R,5S) 37 44 9 
19 (+)-Menthol (1S,2R,5S) 44 64 14 
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CoMFA reduction model 
 

In the case of microorganisms selected for the stereoselective reduction of ketones: 
Diplogelasinospora grovesii, Gongronella butleri and Schizosaccharomyces octosporus a similar study 
was performed. The yields obtained in the reduction of different ketones are shown in Table 7.  

  
Table 7.  Yields obtained in the reduction of ketones using batch fermenting 

conditions. T = 28ºC. [Substrate] = 2.5 mM. Reaction time = 72 h, except in 
the case of S. octosporus (48 h). Stirring speed =250 rpm.  

 

D.grovesii G. butleri S.octosporus Substrate 

74 70 22 2-Adamantanone 
90 99 85 2-Furaldehyde 
53 95 37 Bicyclo[3.3.1]none-9-one 
0 0 0 cis-Bicyclo[3.3.0]-octan-3,7-dione 
0 0 0 (R)–fenchone 

88 95 98 (1R,4R)-dihydrocarvone 
0 0 0 Verbenone 
0 0 0 2-Azetidinone 
0 0 0 4-Acetoxyazetidin-2-one 

96 86 83 (4aS, 8aR)-trans-1-Decalone 
96 71 50 (4aR, 8aS)-trans-1-Decalone 
43 45 35 (4aR, 8aR)-cis-1-Decalone 
80 85 71 (4aS, 8aS)-cis-1-Decalone 
82 28 99 (4aR,8aR)-trans-2-Decalone) 
85 96 87 Cyclohexanone 
3 2 0 (4a R)- (-)-4a-Methyldeca-1(8 a)en-1-one 
3 1 0 (4R,S)-4-Methyldeca-2-en- 1-one 

 
The substrates were aligned in the fitting model using the alignment rule in Figure 5, in the same 

way used for the alcohols in the oxidation screening assay. 
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Figure 5. Alignment rule of the ketones for CoMFA study 

 
The 3D-CoMFA model obtained to depict the substrate requirements common to D. grovesii, G. 

butleri and S. octosporus is shown in Figure 6.  
 

Figure 6.  Steric hindrance (green-yellow, Figure A) and electrostatic (red-blue, Figure 
B) zones. CoMFA models of the reduction biocatalyst. Steric hindrance zones: 
Green areas depict zones of space where occupancy by the substrates 
increases affinity, whereas yellow areas depict zones where occupancy 
decreases affinity. Electrostatic zones: areas where a high electron density 
provided by the ligand increases (red) or decreases (blue) the activity.  

 
A                                                                                   B 
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Table 8.  Statistical parameters of the CoMFA model of ketone reduction by the 
selected microorganisms. 

Parameters Analysis  

q2 Leave one out LOO 0.798 
Number of components Leave one out LOO 2 
R 2 No validation 0.95 
F values     (n1 = 2, n2 = 11) No validation 97.618 
R2 Prob =0 (n1 = 2, n2 = 11) No validation 0.000 

  
The q2 value is almost 0.8 (Table 8), indicating that the model could be considered highly 

predictive. In order to test this predictiveness of the model, we tried to hypothesize the activity of the 
biocatalysts towards two new cyclic substrates: pulegone and menthone.  

 

O
Pulegone

O
Menthone  

  
The substrates must be aligned to the fitting model to observe the CoMFA zones occupied by these 
substrates (Figure 7).  
 

Figure 7.  Alignment of menthone to the fitting model of the substrates selected for the 
CoMFA model. 
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According to the model, pulegone would not be reduced by the strains, due to the presence of the 
double bond in an electrostatic zone where the presence of negative charge is not allowed (Figure 6B). 
This fact correlates with the experimental data, because none of the biocatalysts reduces pulegone. In 
the case of menthone, the structural properties of the substrate are accepted by the model (Figure 6) 
and this ketone would be reduced to give menthol, showing S-stereoselectivity (95%) and yield of 
52%. 

 
Conclusions 
 

Under our working conditions, the observed oxidation activity is expressed mainly in yeast and 
bacteria, while ketone reducing ability is more widespread in actinomycetes, filamentous fungi and 
yeasts (Table 3). Using the data obtained from the screening process a QSAR-3D/CoMFA model was 
obtained to display the substrate specificity of alcohol oxidation and ketone biocatalysts. These 
CoMFA analyses can be used as a predictive model for future biotransformations. QSAR-3D/CoMFA 
is a useful technique to depict the screening results in a 3D figure in order to simplify its 
comprehension and to hypothesize if a new substrate could be biotransformed or not by this kind of 
biocatalysts.  
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Experimental 
 
General 

 
Chemicals 
 

All the substrates for the oxidation reactions were obtained from Sigma-Aldrich. All the culture 
media components were from Difco Laboratories and from Merck.  

 
Microbial collection 
 

The microorganisms used in this study were obtained from different public collections: American 
Type Culture Collection, U.S. (ATCC); Fungal Biodiversity Center, Utrecht, The Netherlands (CBS); 
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International Mycological Institute, U.K. (IMI); German collection of cell cultures, Germany (DSMZ) 
and National Collection of Yeast Cultures, U.K. (NCYC). 

 
Conservation of microorganisms 
  

Bacteria, actinomycetes, yeasts, filamentous and marine fungi, were conserved as suspensions in a 
30% glycerol solution. All these strains were stored at -80 ºC in Nunc cryotubes. Basidiomycetes were 
also conserved as cell suspensions in 30% glycerol and stored at -150 ºC in a liquid nitrogen tank. 
 
Culture media 
 

A preliminary screening was performed in order to select the most appropriate culture media for 
each type of microorganisms. After that, the following culture media were selected for the different 
microbial groups: Bacteria: LB Medium [26]: Tryptone (Difco), 10 g/L; Yeast extract (Difco), 5 g/L; 
NaCl (Merck), 5 g/L; KH2PO4 buffer, pH 6.5. Actinomycetes: ABME [27] Medium: CaCO3 (Merck), 
10 g/L, FeSO4.7H2O (Merck), 0.003 g/L, KCl (Merck), 0.5 g/L, MgSO4.7H2O (Merck), 0.5 g/L, Meat 
Extract (Oxoid), 5 g/L, Malt extract (Difco), 40 g/L. Yeasts: Yeast Extract (Difco), 3 g/L; Malt Extract 
(Difco), 3 g/L; Bactopeptone (Difco), 5 g/L; Bactodextrose (Merck), 10 g/L. Basidiomycetes: 
Lyophilized potato, 22 g/L; Dextrose (Merck), 20 g/L. Filamentous Fungi: HAGGS Medium [28] 
(Adjust to pH 6.6): Glycine, 2 g/L; Tryptic soy broth, 6 g/L; Starch, 20 g/L; Mineral solution, 10 ml/L. 
Mineral solution: FeSO4.7H2O, 1 g/L; MnSO4.4H2O, 1 g/L; CuCl2, 0.025 g/L; CaCl2, 0.10 g/L; H3B03, 

0.056 g/L; ZnSO4.7H2O, 0.2 g/L; (NH4)6Mo7O24.4H2O, 0.019 g/L. Marine Fungi: Lyophilized 
potatoes, 22 g/L; Dextrose (Merck), 20 g/L, NaCl (Merck), 5 g/L. 

 
Screening method: growing cells 

 
Bacteria and Yeasts 
 

Conical 100 mL flasks containing 20 mL of the selected culture media were inoculated with 50 µL 
of the microbial cells suspension in glycerol (previously thawed). Cultures were performed in an 
orbital shaker at 28 ºC and 250 rpm [29-30]. After 48 h of incubation, the substrate was added to the 
flasks at a 10 mM final concentration (in the case of the final screening reactions, the substrate 
concentration was set to 2.5 mM) [29, 31]. The reaction time was 72 h. When the reaction was 
finished, the content of the conical flask was transferred into a Falcon tube and 5 mL of ethyl acetate 
(containing 1 mg/mL of hexadecane as internal standard) were added. After vortexing for 10 s, the 
organic phase was transferred to a 2 mL Hewlett-Packard vial. All the reactions were repeated three 
times and the results displayed are the arithmetic mean values. 
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Other microorganisms 
 

For the other microbial groups the screening process was essentially the same as described above. 
Culture and reaction times were 72 h for actinomycetes and filamentous fungi. For basidiomycetes and 
marine fungi the culture time was set to 120 h and the reaction time was 72 h. 

 
Analysis: Gas chromatography 
 

The analysis of the samples from the reactions was performed with a Hewlett Packard 5890 Series 
II gas chromatograph provided with an automated sampler (Agilent Technologies) and an electrolytic 
hydrogen generator UHP-601 (Domnick Hunter). The capillary column was a Carbowax SGL-1000 
(60m, 0.25mm, 0.25 µm) from Sugelabor (Spain). We defined the following analytical parameters. Ti 
155 ºC; ti: = 1 min; Tf  = 175 ºC; Tf  = 10 min; Heating rate = 4 ºC/min ; Carrier flow (He) = 40 psi; 
Split ratio = 100 mL/min. Injector and Detector Temperatures = 250 ºC. 

The analysis of the oxidation of chiral alcohols and the reduction of prochiral ketones were 
performed using a Varian 3400cx gas chromatograph equipped with an automated sampler. A CP 7502 
Carbowax capillary column (25 m, 0.39 mm) from Sugelabor (Spain) was employed under the 
following conditions: Ti = 90 ºC; ti = 5 min; heating rate = 5 ºC/min; Tf: = 175 ºC; tf: = 7 min. Carrier 
flow (He) = 25 psi, and split ratio = 100 mL/min. Injector and detector temperatures = 250 ºC. 

The yield calculation was performed by dividing the peak area of the product by that corresponding 
to the standard extraction value of the substrate in the same conditions. The standard extraction value 
was established using the data from 10 conical flasks with the same volume of culture medium, stirring 
speed, temperature and reaction time. The substrate was extracted using ethyl acetate and analyzed by 
gas chromatography. No significant variation in the value of the area was detected between flasks. The 
arithmetic mean of these areas was used for the yield determination. The standard extraction value is a 
reference value that serves to avoid potential problems owing to the physico-chemical properties of the 
organic substrates tested. 

 
CoMFA analysis 
 

The SYBYL/CoMFA® analysis was performed on a Silicon Graphics Octane-2 workstation at the 
Computer Service of the Universidad Autónoma of Barcelona. The optimization of the geometry of the 
database molecules in the postulated active conformation was performed using a 6-31G* basis set. The 
charges of each atom were calculated from the molecular electrostatic potential [13] using a 6-31G* 
basis set. The solvating energies of the substrates were calculated with a continuous polarized model 
[12,13] using a 6-31G* basis set. The QSAR table for CoMFA included the steric and electronic field 
values, the stabilization energy of enzyme substrate complex, the solvating energy and the yield in 
alcohol obtained for each carbonylic group. The electrostatic and steric fields were calculated at each 
lattice intersection grid of 2 Å. 
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Partial Least Squares (PLS) analysis [18,19] was used to obtain straight lines from the matrix.  The 
Leave One Out (LOO) cross validation method was used to select the number of main components of 
QSAR-3D analysis and to calculate the statistical parameters (q2). The CoMFA model was generated 
using a no-cross-validation method and the number of components indicated by the LOO validation. 
QSAR 3D/CoMFA analysis was performed with the QSAR module of the SYBYL 6.5 program and 
the calculus was performed using GAUSSIAN-98 [20]. 
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