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Introduction

Interest in biocatalysis in industrial and academic settings
continues to grow, as judged by an ever-increasing number
of reports.[1] Epoxide hydrolases (EHs)[1,2] are beginning to
gain industrial importance in the synthesis of enantiopure
intermediates needed in pharmaceutical and agrochemicals.
New representatives of these enzymes continue to become
available by classical techniques of microbiology, metage-
nome panning, and directed evolution.[3] The latter two
methods require high-throughput assays for screening the
activity of thousands of (mutant) enzymes.[4] For example, in
the emerging area of the directed evolution of stereoselec-
tive epoxide hydrolases,[5,6] it is useful to install an efficient
pretest that assesses the activity of large numbers of clones.
This eliminates unnecessary further consideration of inactive
mutants (which may populate a given library by up to 90%
or higher), thus decreasing the more-time-consuming ee de-
termination[7] that follows the pretest. Several pretests[8,9]

(including a plate test)[10] for evaluating the activity of EHs

have been reported. Generally, these are quantitative UV
and fluorescence-based systems that are characterized either
by labeled surrogate substrates or indirectly by monitoring
indicators. The first group comprises substrates that contain
and liberate chromophoric or fluorogenic molecules such as
p-nitrophenolate[8a] or umbelliferone.[8b] A drawback of this
first system is that these substrates are generally not those
of actual interest in applications, which means that an addi-
tional screening step is necessary to evaluate the real sub-
strate. The credo in directed evolution “You get what you
screen for”[3] dictates that methods are desired that allow
direct catalyst optimization. From a practical point of view,
this is a crucial issue in directed evolution. An important
step forward was the introduction of the adrenaline test as
an endpoint measurement by Reymond and co-workers
which uncouples the EH-catalyzed reaction from the signal-
ing step.[9] Accordingly, the enzymatic reaction of the sub-
strate of interest is carried out in the first step followed by
periodate-mediated product cleavage and final detection in
the second step (Scheme 1). Thus, this assay can be applied
to EHs, which are used in the production of a wide variety
of chiral or achiral diols.

Although successful, the adrenaline test was described for
systems involving purified enzymes. Indeed, other groups
have applied it successfully, but also after purification of the
EH.[11] However, a cell-based test for probing thousands of
samples would be even more desirable, because it avoids
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time- and labor-intensive cell rupture and purification of the
enzymes. Unfortunately, adapting the adrenaline test to a
cell-based arrangement is not trivial, because data-quality
issues arise which are highly dependent on the quality and
accuracy of each high-throughput screening (HTS) event.
This problem is caused by low specificity and sensitivity in a
cell-based environment leading to false-positive and -nega-
tive hits.[12] Herein we describe the development of a robust
and reliable cell-based HTS assay as a primary screen for
the activity of EHs by using the chemistry of the adrenaline
test, thereby leading to the perspective of faster and more-
efficient directed evolution of this class of enzymes.

Results and Discussion

Our endeavor entails a number of challenges. Random error
reflects inevitable uncertainties in all measurements and in-
cludes biological, instrumental, and human-related influen-
ces. Inferential errors can also occur, however, caused by
noise due to procedural factors that can be minimized by
quality control. For this reason, we first directed our atten-
tion to factors leading to optimized signal specificity in
order to obtain a robust and reproducible cell-based pretest
for EHs. In a further step we considered signal sensitivity by
evaluating threshold values, thereby ensuring an accurate hit
identification. Generally, measured activity can be assigned
to at least two factors: the true catalyst activity in a given
reaction and unspecific activity. Several factors can be at-
tributed to the latter aspect which we have evaluated in
order to increase the precision of the cell-based test.

In principle, the adrenaline assay is based on a back-titra-
tion procedure, which simply indicates the quantity of per-
ACHTUNGTRENNUNGiodate-sensitive products formed.[9,11] This indirect setting
permits a separate enzymatic reaction and signaling step. In
the present study we chose the hydrolytic kinetic resolution
of glycidyl phenyl ether (1) as the model reaction because
this substrate is known to be accepted by the epoxide hydro-
lase from Aspergillus niger (ANEH) with formation of diol
2 (Scheme 2), albeit with low enantioselectivity.[5] With
regard to whole-cell catalysis, which is the most convenient
form in directed evolution, the epoxide 1 is enzymatically
hydrolyzed in vivo to afford the corresponding diol 2. After
passing the cell membrane, the oxidizable product is cleaved

by the equivalent amount of sodium periodate. The unreact-
ed periodate reagent, in turn, is treated with l-adrenaline
(3) to give adrenochrome (4), an orthoquinone dye with a
specific red absorption in the visible spectrum at 490 nm. As
this system is based on an indirect process, it must be em-
phasized that a product-containing sample will be indicated
by a colorless tone, because all periodate is consumed and
no chromophoric dye 4 can be formed. In directed evolution
these are the active hits (EHs), which then have to be
checked for enantioselectivity in a more-refined secondary
ee assay.

To minimize false hits, we first considered factors that are
expected to bias the assay specificity. A common source of
artifacts that lead to a high background in cell-based assays
is the oxidation-sensitive medium itself. Generally, highly
dilute, oxidation-stable organic solvents are preferred, usual-
ly less than 10% in water. Other major sources of unspecific
results are the growth media and supernatants, because car-
bohydrates and other polyols are highly sensitive to oxida-
tion reactions. Even the highest dilution leads to inaccura-
cies. Therefore, we devised an automated cell-washing step,
which can be performed by a multifunctional automated
HTS system employing a cell-wash station.[13] Along these
lines, the buffer itself should contain no alcohol functionali-
ties. We therefore chose a phosphate saline buffer. Apart
from either a fluorogenic or a chromophoric system necessa-
ry for detection, the removal of all oxidizable compounds is
mandatory as long as periodate is involved in the quantita-
tive back-titration.

The use of whole cells in UV/Vis-based tests creates fur-
ther problems. Accurate measurements can be prevented by

Scheme 1. Adrenaline test for assaying the activity of epoxide hydrolases
(EHs).[9]

Scheme 2. General Scheme of the cell-based adrenaline assay. Spatial
separation of in vivo product formation (2) from substrate (1) and in
vitro product detection is featured.
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either turbidity or background absorption. Therefore, the
noise effect caused by whole cells was examined systemati-
cally, thereby making visible the influence of unspecific ab-
sorption at 490 nm (Figure 1). As described above, cells

were subjected to a washing step before the developer solu-
tion was added. By increasing the cell density, a linear trend
was observed which clearly demonstrates that the whole
cells are, indeed, another source of background signals. The
challenge herein consists in finding the balance between rea-
sonable cell density for a detectable conversion and suffi-
cient chromophore absorption for a reliable detection. With
respect to fluctuating cell expression and therefore well-to-
well variable background noise, a normalization of absorp-
tion data was applied. Furthermore, to increase the accura-
cy, an individual correction of the cell background of each
well was considered, which can be performed automatically
by using data software (e.g. Excel). Thus, to test the viability
of the system, we assumed for a sufficient turnover a nota-
bly high cell density of OD600=1, which in turn affords
product signal intensities higher than 1.

In a second step, the concentration range of l-adrenaline
was investigated (Figure 2). Whole cells were resuspended
in sodium phosphate buffer (pH 7.2, 180 mL, OD600=1) and
subjected to the corresponding periodate solution. For a fur-
ther normalization, the individual whole-cell background at
490 nm was measured. After adding adrenaline, the suspen-
sion was developed for 1 min at room temperature before
measuring the final absorption. As expected, a linear in-
crease in intensity was observed up to a developer concen-
tration of 10 mm followed by saturation behavior (Figure 2,
green line). This can be circumvented by further dilution.
As a notable signal is obtained for low concentrations,
which can be related to unspecific absorption (red line), an
individual correction of values is necessary to obtain the
specific product absorption (blue line).

Owing to variations caused by autohydrolysis of the spe-
cific substrate, variable protein-expression levels, and non-
specific EH activity from E. coli, an exact determination of
the enzymatic activity is not possible. Such data would be
misleading for further analysis. For primary screens in cell-

based HTS, a clear and reliable result or signal response is
necessary to minimize false-hit indication. Rather than mon-
itoring full conversion, a simple detection of low conversion
is desired which goes along with improving assay sensitivity.
This, in turn, can be realized in a more sensitive manner by
introducing absorption scopes that cover turnovers less than
50%. We therefore aimed for the determination of thresh-
old conversion values that allow a reliable detection of
product formation in order to give a simple YES/NO re-
sponse for hit detection (Figure 3). Thus, we propose to de-
termine threshold conversion values that incorporate the
aforementioned variations and the expected conversions
that should be at least as high as these variations. Since the
adrenaline assay is based on back-titration, periodate con-
sumption indicates product formation, which means a low
absorption for the adrenochrome chromophore. Thus, to
monitor higher threshold conversions, the corresponding
amount of periodate has to be added, which leads to a con-
tinuous increase in maximal signal intensity (SI). However,
to indicate accurately a YES response to a set threshold

Figure 1. Background absorption caused by whole cells.

Figure 2. Absorption range and specificity of cell-based adrenaline assay.
Absorption (green) was evaluated by various developer concentrations.
Considering unspecific cell absorption (red) led to corrected and prod-
uct-specific intensities (blue).

Figure 3. Evaluation of threshold values for YES/NO response. A thresh-
old for detecting conversions between 12.5 and 50% (green, red, and
blue) for a 4-mm substrate/product solution. A positive sample should
give an absorption below SI50 line (gray), which corresponds to a YES
ACHTUNGTRENNUNGresponse.
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value, the measured absorption should be at least below
50% signal intensity (SI50) of the given threshold (Figure 3,
gray line), which now can be related to specific EH activity.
To verify this concept, a cell density of OD600=1 and a 4-
mm product concentration range were chosen. Periodate
and adrenaline concentrations were adjusted to monitor
conversions higher than the set benchmark as a clearly posi-
tive sample (colorless).

In doing so, we investigated a threshold range between
12.5 and 50% product conversion in order to evaluate the
detection limits of the cell-based assay. We first tested the
benchmark of 50% product formation and recorded the
signal intensity with increasing product concentration (blue
line). For low or no turnovers, a strong absorption could be
observed, being related to a NO response. The complemen-
tary result was obtained at higher yields. They were correct-
ly indicated either by a definite YES response (yields
>50%) or by intensities below (yields 35–50%) which can
be analyzed for further decision. In the same manner we in-
vestigated a 12.5 and 25% detection threshold. For the
latter case, clear indications below and above 25% conver-
sion were recorded as expected (red line).

It became clear that a 12.5% benchmark constitutes a
problem because the specific chromophore absorption rep-
resents only a small fraction compared to the cell absorption
(green line). As shown in Figure 3, the cell-corrected signal
for a negative sample can be clearly distinguished from a
positive reaction since its corrected value for 12.5% yield
ranges below the SI50. As we were aware of the variability
at lower concentrations, this screening arrangement benefits
even from slightly increasing yields and leads to a clearer
and more-accurate response.

As a proof of principle for the preceding concept, we ex-
amined the cell-based assay under automated HTS condi-
tions with a 25% threshold for a 4-mm substrate concentra-
tion. We chose once more the hydrolytic kinetic resolution
of glycidyl phenyl ether (1) as model reaction, catalyzed by
the ANEH with formation of diol 2 (Scheme 2). For a pre-
screen with the cell-based adrenaline-test, we followed a
general procedure for preparing the cell cultures (Scheme 3,
right arrow). It can be seen that the present pretest elimi-
nates two work-intensive steps in the traditional approach
(center arrows). When handling thousands of clones in di-
rected evolution, this shortcut constitutes a significant in-
crease in overall efficiency.

In the case of EHs, the present pretest coupled with a re-
fined ee assay based on MS,[7] GC, or HPLC provides a
viable screening platform. However, it is conceivable that
our pretest can also be modified so as to indicate roughly
enantioselective hits (see below).

The previously reported recombinant expression system
(pQEEH) for Aspergillus niger epoxide hydrolase[5] was
used as a positive control, whereas the same plasmid con-
struct without EH-coding insert served as the negative con-
trol. Cells were prepared and harvested (see Experimental
Section) as reported in a 96-well multi-titerplate, which af-
fords variable cell densities and expression levels. The reac-

tion was carried out in 96-test-plates as described above and
allowed to proceed for 30 min at 37 8C. The visual results
clearly identify active and non-active cultures as YES/NO
signal responses (Figure 4). Whereas inactive cultures with a
conversion definitely lower than 25% are shown in red (NO
response, for example, in the series A–F1), samples with a
conversion higher than 25% are depicted as colorless (YES
response, for example, in the series G–H1).

For more detailed information about quantity and quality
in hit identification, analysis of processed absorption data is
desired. Besides common absorption value analysis, we have
also visualized the data in a grayscale color scheme, which is
particularly easy and fast to read (Figure 5): According to
the real sample, probes can be differentiated by gray tones
proportional to their true conversion. Light squares indicate
the most-active EHs. Owing to the higher degree of con-
trast, this visualization mode allows a more convenient iden-

Scheme 3. General procedure for a high-throughput activity prescreen
for epoxide hydrolases by using the conventional adrenaline test (center
arrows). Two steps—cell rupture and enzyme purification—can be cir-
cumvented when the cell-based adrenaline assay is employed (right
arrow).

Figure 4. Whole-cell adrenaline assay for HTS. Conditions were opti-
mized towards YES/NO response using 4 mm substrate and 25% thresh-
old. A turnover higher than 25% is shown as a white field, which is en-
coded as a YES response, whereas a conversion less than 25% is identi-
fied as a red field.
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tification of samples with lower conversion than the thresh-
old. Although the threshold was set for 25% conversion,
sample F6 could be identified as a possible hit with low
turnover. This was confirmed by a workup step and HPLC
analysis, which yielded 10% product formation. This pattern
can be simply obtained by converting the raw data into port-
able-picture-map format (.ppm) and visualized by a graphics
software of choice (see Experimental Section). This cell-
based procedure should be applicable to other back-titra-
tion-based tests that use periodate.[9g]

A very important application of directed evolution is to
enhance enantioselectivity.[3h,i, 4a] If both enantiomers of an
epoxide substrate are used in separate wells and tested pair-
wise with a given EH clone, the assay would detect the opti-
cally pure products, which in turn would allow a rough as-
sessment of the apparent enantioselectivity. Hereby, the
adaptation of the threshold conversion values—according to
the faster and the slower reacting enantiomer—would form
the basis of an ee prescreen.

Conclusions

We have developed a reliable cell-based pretest to assess
the activity of epoxide hydrolases (EHs). It is based on the
known adrenaline test, which had previously been devel-
oped by Reymond and co-workers for the assessment of
EHs in pure form or in supernatants.[9,11] The present cell-
based adaptation saves considerable time because cell rup-
ture and purification of enzymes can be avoided. It delivers
reliable and clear signals in combination with threshold
values for relatively precise decision making by simple visu-
alization or automatic indication during the screening pro-
cess. This is a prerequisite for probing large numbers of
samples. Indeed, we have applied our test to the directed
evolution of enantioselective EHs, processing thousands of
clones per day.[14] We believe that this new form of the
adrenaline assay will become a practical and therefore val-
uable tool in the development of new EHs, especially in the
evaluation of strain collections and in directed evolution of

these useful enzymes. Synthetic organic chemistry can thus
be expected to profit indirectly from our study.[15]

Experimental Section

General

All reagents were purchased from Sigma and used without purification.
For the preparation of PBS buffer, deionized water was used and adjust-
ed to pH 7.2. Absorption spectra were obtained on a Spectramax UV/Vis
spectrophotometer from Molecular Devices Corp. Sodium periodate and
l-adrenaline were dissolved in deionized water and 270 mm stock solu-
tions were prepared for the development reagents used in the assay with
deionized water. Aqueous HCl (10%) was added to solubilize l-adrena-
line. DH5a competent cells were obtained from Invitrogen.

Protein Expression

The epoxide hydrolase ANEH-encoding plasmid pQEEH as positive
control was used to transform the enzyme in DH5a-competent cells.[5]

The same plasmid construct without insert served as negative control.
Randomly single colonies were isolated from Lauria-Bertani (LB) agar
plates, supplemented with carbenicillin (100 mgmL�1) and inoculated in
LB media (800 mL) supplemented with carbenicillin (100 mgmL�1) using
96-deepwell plates. The cultures were incubated overnight at 30 8C, under
shaking at 800 rpm. The cells were washed by using an automated cell-
washing device. Alternatively, this step was carried out manually by cen-
trifuging at 4000 rpm for 3 min at 4 8C. Supernatants were discarded and
cells were resuspended in PBS buffer (800 mL).

Reaction Conditions and Cell-Based Assay Development

The reactions were performed as follows: Washed expression culture
(20 mL) was added to PBS buffer (150 mL, 57 mmol, pH 7.2) and the sub-
strate was dissolved in acetonitrile (10 mL). The reaction suspension was
shaken at 800 rpm for 30 min at 37 8C. In order to monitor the reaction
development, sodium periodate (20 mL) was added and the samples
shaken at 800 rpm at 37 8C. The exact reaction time is dependent on the
amount of diol formed. The reaction mixtures (with a 4-mmol substrate
concentration) were allowed to develop for 5 min at 37 8C and 800 rpm.
A blank measurement on a Spectramax spectroscope was carried out to
obtain the cell background absorption A490 cells [cells + buffer + solvent
+ substrate + sodium periodate] followed by the addition of l-adrena-
line solution (20 mL). For a uniform detection, the reaction mixtures were
allowed to proceed for 1 min at 37 8C and 800 rpm before the adreno-
chrome absorption was measured A490 Adren. [cells + buffer + solvent +

substrate + sodium periodate + l-adrenaline].

It should be noted that when working with other substrates, it is necessa-
ry to adjust the appropriate development time and temperature.

Evaluation of Concentration Range, Development Times, and Threshold
Values

Optimal results can be obtained by determining concentration range, de-
velopment times, and threshold values individually of the substrate by
using the previous described protocol.

Data Processing and Visualization

Raw data were processed by correcting the absorption values as cell
background absorption was subtracted: A490 Corrected =A490 Adren.�A490 cells by
using Microsoft Excel software. For visualization in gray, portable-gray-
map (.pgm) or a portable-pixel-map (.ppm) formats were used to gener-
ate the gray-scale visualization proportional to the conversions in the 96-
well array. Each grid position is first assigned to a whole number between
0 (full black, NO response) and 255 (white, YES response) by converting
the corrected absorption data to a range from 0 to 255 which can be real-
ized by Microsoft Excel. Each column was replicated and grouped as a
triplet to obtain a RGB (red-green-blue) color model which was per-
formed by using an Excel macro. The values in the first column (red)
were set to 255, whereas the next columns (green, blue) contained twice

Figure 5. Gray-color-coded representation of the activity of EHs. Tones
are proportional to the individual intensities of the wells of the 96-well
plate. By applying this, data can be stored and processed for further anal-
ysis.
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the proportional absorption value. The file was saved as a comma-sepa-
rated-value (.csv) file and opened in a text editor (Wordpad, Notepad,
Simpletext) for modifications in the first line as follows:

P3

# (optional line with identifier)

X Y

255

X denotes the number of columns in the RGB value array, and Y refers
to the number of lines—for a 96-well array usually 36 and 8, respectively.
The file is then saved as portable-gray-map (.pgm) or portable-pixel-map
(.ppm) files and opened with commercial graphics software (such as Pho-
toshop, Paintshop, Coreldraw, etc.), resized to a width of 500 pixels, and
saved in bitmap file format (.bmp). Color visualizations other than gray
can be generated by editing the columns for either red, green, or blue in
the Excel file.
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