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bstract

We describe herein a modified quick E to access the enantioselectivity (E) of epoxide hydrolases using chiral fluorogenic probes. Accessing the
rue E values of the same biocatalytic reaction with chiral HPLC validated this methodology.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Enzymatic production of enantioenriched or enantiopure
ompounds is obtained by kinetic or dynamic kinetic resolu-
ion of racemates [1]. The enzymatic resolution quantification
s either referred as the enantiomeric ratio or enantioselectivity
E) and is expressed by the fast enantiomer over the slow enan-
iomer ratios of the turn-over number kcat [2] over the Michaelis
onstant KM [3,4], kcat/KM (Eq. (1)) [5].

nantiomeric ratio = E = (kcat/KM)fast enantiomer

(kcat/KM)slow enantiomer
(1)

The most popular methodology to measure enantioselectiv-
ty was developed by Sih’s group [5], to which other methods
re compared. The E values are obtained by measuring the
nantiomeric excess of the residual substrate (eeS) or the cor-
esponding product (eeP) at a certain degree of conversion (c)
Eqs. (2) and (3)).

product = ln[(1 − c)(1 + eeP)]

ln[(1 − c)(1 − eeP)]
(2)

substrate = ln[(1 − c)(1 − eeS)]

ln[(1 − c)(1 + eeS)]
(3)
or c = (A + B)/(A0 + B0), A and B are the concentration of fast
nd slow-reacting enantiomers and A0 and B0 the initial concen-
rations of both.

∗ Corresponding author. Tel.: +55 19 35213067; fax: +55 19 35213023.
E-mail address: anita@iqm.unicamp.br (A.J. Marsaioli).
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ughput screening

However, measuring enantiomeric excess and conversion are
ime consuming and inappropriate for screening large collec-
ions of commercial enzymes, microorganisms or metagenomic
lones [6]. Therefore, Reymond and co-workers [7] proposed
alculation of E from the initial enantiomeric reaction rates
f both enantiomerically pure fluorescent probes, measured in
ndividual wells of the same microtiter plate and correlated to
he umbelliferone concentration (Scheme 1). Though practical,
eymond’s methodology provides estimated E values that can
e far from the true values.

The main difference between experiments with the separate
nantiomerically pure fluorescent probes in a high throughput
ormat and the true E values calculated by Sih’s methodol-
gy is the absence of enantiomeric competition for the same
nzymatically active site.

This limitation can be overcome by reintroducing competi-
ion as in the quick E assay proposed by Janes and Kazlauskaz
8] to measure hydrolases enantioselectivity using chiral chro-
ogenic substrates. These authors reintroduced competition by

dding the same reference compound of similar reactivity to
ach enantiomer, which was monitored at a different wavelength
uring hydrolyses.

Searching for epoxide hydrolases and monooxygenases in
atural microorganisms and metagenomic libraries using fluo-
ogenic probes and essays in a 96-well microtiter plates format
9,10,11] we felt the urgent need to access true E applying the

ame high throughput screening methodology to whole cells
ith enantiomerically pure fluorogenic probes as proposed by
eymond et al. while introducing competition as proposed by
azlauskaz and Janes for isolated enzymes.

mailto:anita@iqm.unicamp.br
dx.doi.org/10.1016/j.molcatb.2007.12.013
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2.3.3.3. Negative control. Enantiomerically pure epox-
cheme 1. High throughput assay for epoxide hydrolases (EH) using fluorogenic
robes in separate vessels.

. Experimental

.1. General methods

1H NMR (300.07 MHz, CDCl3) spectra were recorded in
DCl3 on a Gemini 300P—Varian spectrometer. Chemical

hifts are expressed in parts per million using (CH3)4Si as inter-
al reference (δ 0.0), and coupling constants J are given in hertz.
C–MS analyses were performed with an Agilent 6890 Series
C System and with a Hewlett-Packard 5973 Mass Selective
etector (70 eV), equipped with a HP-5MS (crosslinked 5%
henyl methyl siloxane, 30 m × 0.25 mm i.d. × 0.25 �m film
hickness) fused silica capillary column and helium as car-
ier gas (1 mL min−1). Chiral HPLC was performed with a
himadzu Prominence System equipped with a DAD detec-

or, using hexane/isopropanol and a Chirasel OJ-H (Daicel
.6 × 250 mm × 10 �m) chiral column. Merck 60 silica gel
230–400 mesh ASTM) was used for flash chromatography. The
uorescence was measured with an Analytic Jena spectropho-

ometer, Analytik Jena AG Flashscan 530, equipped with λex
60 nm and λem 460 nm filters.

.2. Microorganisms and culture conditions for
uorescence measurements

Microorganisms were grown in slants containing culture
edium as follow: filamentous fungi were grown for 48 h at

0 ◦C in 20 g L−1 malt extract (pH 7.6); bacteria were grown
n nutrient broth for 24 h at 30 ◦C and yeast were grown in 1%
east extract, 2% peptone and 10% d-glucose (200 g L−1) for
4 h at 30 ◦C.

.3. Fluorescence assays

All solutions were prepared using Milli-Q deionized water.

he microbial cells were suspended in 20 mol L−1 phosphate
uffer (pH 7.2) or borate buffer (pH 8.0), at 0.2 mg mL−1 for
acteria and yeasts, 0.5 mg mL−1 for filamentous fungi. Sub-
trates were diluted with MeCN/water 1:1 to a 2 mmol L−1 or

i
0
p
(
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mmol L−1 concentration. All the assays and controls were
easured in duplicates and performed in 200 �L polypropylene

6-well microtiter plates used as described below.

.3.1. Selection of epoxide hydrolases in natural
icroorganism whole cells
.3.1.1. Enzymatic assay. Racemic epoxides 1 and 2 (10 �L,
mmol L−1), BSA (80 �L, 75 pmol L−1 or 5.0 mg mL−1), cell

uspension in borate buffer (pH 8.0, 20 mmol L−1, 100 �L) and
aIO4 (10 �L, 20 mmol L−1).

.3.1.2. Positive control. Diol probes (10 �L, 2 mmol L−1),
SA (80 �L, 75 pmol L−1 or 5.0 mg mL−1), cell suspension

n borate buffer (pH 8.0, 20 mmol L−1, 100 �L) and of NaIO4
10 �L, 20 mmol L−1).

.3.1.3. Negative control. Racemic epoxides (10 �L,
mmol L−1), BSA (80 �L, 75 pmol L−1 or 5.0 mg mL−1),
orate buffer (pH 8.0, 20 mmol L−1, 100 �L) and NaIO4
10 �L, 20 mmol L−1).

.3.2. Estimated E

.3.2.1. Enzymatic assays. Enantiomerically pure epoxides 1
nd 2 (20 �L, 1 mmol L−1), BSA (70 �L, 85 pmol L−1 or
.7 mg mL−1), cell suspension in phosphate buffer (pH 7.2,
0 mmol L−1, 100 �L) and NaIO4 (10 �L, 20 mmol L−1).

.3.2.2. Positive control. Diol probes (20 �L, 1 mmol L−1),
SA (70 �L, 85 pmol L−1 or 5.7 mg mL−1), cell suspension in
hosphate buffer (pH 7.2, 20 mmol L−1, 100 �L) and NaIO4
10 �L, 20 mmol L−1).

.3.2.3. Negative control. Enantiomerically pure epox-
des (20 �L, 1 mmol L−1); BSA (70 �L, 85 pmol L−1 or
.7 mg mL−1), phosphate buffer (pH 7.2, 20 mmol L−1,
00 �L) and NaIO4 (10 �L, 20 mmol L−1).

.3.3. Whole cell quick E (introducing competition)

.3.3.1. Enzymatic assays. Enantiomerically pure epoxides 1
nd 2 (10 �L, 2 mmol L−1), non-fluorogenic competition com-
ound (10 �L, 0.2 mmol L−1), BSA (70 �L, 85 pmol L−1 or
.7 mg mL−1), cell suspension in phosphate buffer (pH 7.2,
0 mmol L−1, 100 �L) and NaIO4 (10 �L, 20 mmol L−1).

.3.3.2. Positive control. Diol probe (10 �L, 2 mmol L−1),
ompetition compound (10 �L, 0.2 mmol L−1), BSA (70 �L,
5 pmol L−1 or 5.7 mg mL−1), cell suspension in phosphate
uffer (pH 7.2, 20 mmol L−1, 100 �L) and NaIO4 (10 �L,
0 mmol L−1).
des (10 �L, 2 mmol L−1), competition compound (10 �L,
.2 mmol L−1), BSA (70 �L, 85 pmol L−1 or 5.7 mg mL−1),
hosphate buffer (pH 7.2, 20 mmol L−1, 100 �L) and NaIO4
10 �L, 20 mmol L−1).
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Table 1
Detection of epoxide hydrolases in Brazilian microorganisms whole cells using
fluorogenic probes 1 and 2

Microorganisms Fluorescent
probe

Fluorescence
intensitya

Candida albicans CCT 0776b 1 1919
Aspergillus niger CCT 1435c 2 236
Rhyzopus oryzae CCT 4964c 2 189
Ama 31d 2 154
Ama 32d 2 168

a Fluorescence intensity = (average of duplicate of the samples) − (average of
the duplicate of the negative control) after 10 h of reaction.
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.4. Microorganisms and culture conditions for
iotransformation reactions

The microorganisms were grown in Erlenmeyer flasks
500 mL) containing 300 mL of liquid culture medium (20 g L−1

alt extract for filamentous fungi; 26 g L−1 nutrient broth
or bacteria and, 1% yeast extract, 2% peptone, and 10%
f a solution 200 g L−1 of d-glucose for yeasts) with con-
inuous stirring for 2 days at 30 ◦C in an orbital shaker
150 rpm). The cells were harvested by centrifugation (bacteria,
000 rpm, 20 min and 18 ◦C) or by filtration (filamen-
ous fungi) and suspended in phosphate buffer (pH 7.0,
0 mmol L−1).

.5. Biotransformation reactions

2.0 g of wet cells were added to a 125 mL Erlenmeyer flask
ontaining 40 mL of pH 7.0 phosphate buffer and stirred at
50 rpm at 28 ◦C. The racemic fluorogenic probe (20 mg/100 �L
n acetone) was added to the cell suspension to reach a
nal concentration of 1 �L mL−1. Conversion was calculated
ased on the remaining epoxide present in a 2.0 mL sample
xtracted with ethyl acetate (2 × 1.0 mL) containing benzophe-
one (0.01 mg mL−1) as internal standard and determined by
C–MS. The diol enantiomeric excess was determined by chi-

al stationary phase HPLC using a Chiralsel OJ-H (Daicel:
5 cm × 0.46 cm × 10 �m) column with 4:1 isopropanol/hexane
s eluent.

.6. Calculations

The fluorescence signal was converted into umbellifer-
ne concentration according to a calibration curve built
ith solutions of increasing umbelliferone concentrations (5,
0, 15, and 25 mmol L−1) using phosphate buffer (pH 7.2,
0 mmol L−1) containing sodium periodate and BSA. Thus,

he E values were obtained using the equation described
elow:

uick E = (initial rate)fast enantiomer

(initial rate)slow enantiomer

g
fl
p
w

t

able 2
stimated, modified quick E and true enantioselectivity using fluorogenic probes 1 an

icroorganisms Substratea

andida albicans CCT 0776 1
spergillus niger CCT 1435 2
hyzopus oryzae CCT 4964 2
ma 31 2
ma 32 2
. niger EH 2

a All microorganisms reacted preferentially with the S-enantiomer.
b Enantioselectivity measured using only fluorogenic probes 1 and 2.
c Enantioselectivity measured using the fluorogenic probes and a competitive react
d Enantioselectivity measured using the C.J. Sih’s method, the enantiomeric excess
b Yeasts.
c Fungi.
d Microorganisms isolated in Amazonia soil not yet identified.

. Results and discussion

The screening of 103 Brazilian microorganisms applying
eymond’s [7,12] methodology adapted to whole cells [11]
llowed us to select five microorganisms producing high fluores-
ent signals with the racemic probes 1 and 2 (Table 1) indicating
he presence of epoxide hydrolases for monosubstituted epox-
des (probe 1) and disubstituted epoxides (probe 2). However,
he enantioselectivity (E) of these enzymes remained undeter-

ined, which was the slow step in our screening methodology.
herefore, to increase our efficiency in selecting epoxide hydro-

ases we choose the quick E assay that was originally designed
or chromogenic probes and isolated enzymes [8], requiring
daptations for use with whole cells and fluorescent probes and
etermination of an optimum pH range.

Experiments using whole cells of the previously selected
icroorganisms (Table 1) with fluorescent probes 1 or 2 in

0 mmol L−1 borate buffer (pH 8.0) lead to non-enzymatic
ydrolyses and imprecise E values. Therefore, pH optimization
equired a compromise between spontaneous hydrolyses and the
aximum umbelliferone fluorescent signal that occurs at pH

reater than 7. At pH 7.2 umbelliferone has somewhat reduced
uorescent signal but a minimum spontaneous hydrolysis of

robes 1 and 2 was observed. Consequently, the experiments
ere run at pH 7.2 (Fig. 1).
Our first experiments, ignoring the competitive reactions of

he enantiomers at the enzymatic binding site, revealed that the

d 2

Estimated Eb Quick Ec True Ed

4.5 1.5 1.2
2.7 1.8 1.6
1.3 1.1 –
1.4 1.1 1.0
2.4 1.4 –
1.6 �100 253

ion.
of the diols were determined by analysis in chiral phase HPLC.
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With these optimizations we have obtained modified quick E
values of epoxide hydrolases for the 5 selected microorganisms
(Candida albicans CCT 0776, Aspergillus niger CCT 1435, Rhy-
ig. 1. Kinetics of (a) 1 and (b) 2 spontaneous hydrolyses at various pH, monitor-
ng the released umbelliferone fluorescent signal. (c) Umbelliferone fluorescence
t different pH.

stimated E was high by as much as 67% (Table 2; Fig. 2).
ased on the Kazlauskaz and Janes protocol with chromogenic
robes [8], we introduced competition into our experiments
sing fluorogenic substrates. Searching for a readily available
ethodology we selected a non-fluorogenic racemic compound

o compete with the fluorogenic substrate, bearing in mind that,
hough “invisible”, it was competing for the active site in the
eparate enantiomeric reactions with comparable reaction rates
or low and average E values. Thus we introduced two major
ifferences into the currently published methodologies, the com-
etitive compound is racemic and its biotransformation is not
onitored.
For better accuracy the substitution pattern and reactivity of

he selected competitive compounds were equivalent to those of
he fluorescent probes. Therefore, for the quick E assays using
he fluorogenic probes (R)-1 and (S)-1 the inexpensive monosub-

tituted epoxide, (±)-1,2-epoxyoctane (3), was selected for the
ompetitive reaction. In the experiments using probes (R)-2 and
S)-2 the competitive compound was (±)-3,4-epoxy-1-hexanol
4) (Fig. 3).

F
a

ig. 2. Time course of the C. albicans CCT0776 epoxide hydrolase reaction with
S)-1 (�) and (R)-1 (♦) epoxides. a) non competitive reaction; b) competitive
eaction with (±)-1,2-epoxyoctane.

We additionally investigated whether enantiomericaly pure
R)-1,2-epoxyoctane or racemic (±)-1,2-epoxyoctane compet-
ng with (S)-1 or (R)-1 produced the better results. Measuring
eactions with low E values, no detectable differences were
bserved between these conditions. Thus, the use of a racemic
ompetitive compound was selected based on accuracy and
vailability (Fig. 4).

The next step was to verify whether the competitive reac-
ion was quenching the umbelliferone signal by comparing the
uorescent signal intensity in the presence and absence of the
ompetitive reaction. Both reactions displayed equivalent fluo-
escent signals, indicating that the competitive reaction was not
nterfering with the probe signal (Fig. 5).
ig. 3. Fluorogenic probes and competitive compounds used in the quick E
ssay.
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Fig. 4. Umbelliferone fluorescent signal intensities using chiral probe 1-(S), C.
albicans epoxide hydrolases and racemic (�) or enantiomerically pure (R)-1,2-
epoxy octane (♦) in the competition reaction.
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Pachysolen tannophilus, Pichia canadensis, Pichia kluyveri, Pichia stipitis,
ig. 5. Comparison of the umbelliferone fluorescent signal intensity in the
resence (�) or absence (♦) of competition.

opus oryzae CCT 4964, Ama 31, Ama 32) and for a epoxide
ydrolase recombinant from A. niger (Sigma–Aldrich). These
re presented in Table 2. The true E values were obtained by
onventional methodology using the racemic probes 1 and 2,
or which the conversion values and the enantiomeric ratio were
eterminated by GC–MS and chiral stationary phase HPLC,
espectively (Table 2) and they are in excellent agreement with
he new modified quick E.

These data indicated that monitoring the competitive reaction
ate is not absolutely essential and reliable enantioselectivities
an be obtained in a high throughput screening for epoxide
ydrolases in whole cells and in commercial enzymes using
uorogenic probes.

. Conclusions

The modified quick E assay to determine the enantioselec-

ivity of epoxide hydrolases with fluorogenic probes and whole
ells from natural microorganisms or clone collections is a good
lternative to traditional methodologies. The obtained E values
re in good agreement with the true E values, allowing a rapid
alysis B: Enzymatic 52–53 (2008) 173–177 177

creening of large culture collections requiring minute amounts
f substrates and enzymes.
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