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ABSTRACT: Flow cytometry-based screening systems have
successfully been used in directed evolution experiments.
Herein, we report the first whole-cell, high-throughput
screening platform for P450 monooxygenases based on flow
cytometry. O-dealkylation of 7-benzoxy-3-carboxycoumarin
ethyl ester (BCCE) by P450 BM3 generates a fluorescence
coumarin derivative. After one round of directed evolution, P450 BM3 variants with up to 7-fold increased activity (P450 M3
DM-1: R255H) could be identified at a sampling rate of 500 events s−1. The reported screening platform can likely be applied to
directed evolution campaigns of any P450 monooxygenase that catalyzes the O-dealkylation of BCCE.
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Enzymes provide a broad variation of catalytic activities
enabling reactions that are highly desirable for organic

chemists, such as regio- and stereoselective hydroxylation of
nonactivated carbon atoms by cytochrome P450 monooxyge-
nases.1 Tailoring catalyst properties by directed evolution to
specific application demands in terms of stability, enantiose-
lectivity, or stereoselectivity became a standard approach in
biocatalysis and medical science as well as in synthetic
biology.2−4 Rational and evolutive protein engineering
strategies employ focused mutant (OmniChange,5 CASTing6)
or random mutant libraries.4,7 The theoretically generated
diversity exceeds the possible throughput of high-throughput
screening platforms with respect to the number of variants that
can be screened.4 For instance, in focused mutant libraries with
five simultaneously NNK-randomized codons, 108 clones have
to be sampled for 99% coverage (PEDEL AA and GLUE-IT8,9).
A few thousand clones are usually screened in directed
evolution experiments employing a microtiter plate screening
format10 in which costs as well as time requirements are
commonly high.11 The availability of reliable and efficient
prescreening systems (>104 clones/day) is the main limitation
to identify beneficial variants in diverse mutant libraries.12

In the past decade, innovative ultrahigh-throughput screening
platforms based on flow cytometry13−15 or microfluidic
devices11,16−18 have been developed. Flow cytometer-based
screening systems enable sampling of more than 108 clones/day
with excellent accuracy.13,19 The throughput is 4 orders of
magnitude higher than with commonly employed microtiter
plate-based screening platforms, and accuracy is usually higher
than in agar plate-based prescreening systems.21,22 In general,
fluorescent screening systems have a high sensitivity that
ensures that active and inactive clones can be reliably separated,
even in very small reaction volumes (femtoliter droplets).23

A key requirement in every directed evolution campaign is to
keep the link between phenotype and genotype, which is
usually ensured by compartmentalization of mutant libraries;
for instance, in emulsions or whole cells.13,17−19,23,24 In the case
of whole cell screening systems, the challenge lies in entrapping
the product within the cell and thereby avoiding cross-
contamination.20 In the case of emulsion systems, a main
limitation often lies in generating double emulsions (water/oil/
water) so that sorting in aqueous solution with a flow
cytometer becomes possible. In double emulsions, often more
than one single emulsion droplet is entrapped, reducing the
fraction of active variants that should be sorted. Nevertheless,
flow cytometry-based screening systems have successfully been
used to enrich the active population in mutant libraries13,20,25

and to identify in successive rounds of sorting or diversity
generation better variants with improved specificity,26 inhibitor
resistance,27 and activity.28

For P450 monooxygenases (CYPs) (>5000 cloned mem-
bers29), colorimetric and fluorescence-based high-throughput
screening platforms based on microtiter plates (MTP) are
available with a reported throughput of 103−105 clones/
day.30,31 Fluorescence-based screening systems in MTP format
were reported for monooxygenases with excellent sensitivities
(e.g., 900-fold increase activity; detection limit in the
nanomolar range).32 Among the fluorescence-based screening
systems for P450 monooxygenases, coumarin derivatives are
used preferentially.33−35 Coumarin derivatives have further-
more been employed successfully in directed evolution
campaigns of cellulases,36 lipases,37 and phosphatases.38,39
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In this Letter, we report the first whole-cell, high-throughput
screening system for P450 monooxygenases employing a flow
cytometer that allows efficient sorting and enrichment of active
variants from random mutant libraries with a throughput of 500
events s−1. The developed flow cytometry screening system
does not require double emulsions for sorting since the
converted fluorogenic substrate 7-benzoxy-3-carboxycoumarin
ethyl ester (BCCE) is retained within the Escherichia coli
BL21(DE3) Gold expression host. The ethyl ester is cleaved to
the corresponding carboxylic acid in E. coli. Because of the
negative charge the product cannot penetrate easily by diffusion
through E. coli membranes, in contrast to the corresponding
ester.40,41 The monooxygenase P450 BM3 (CYP102A1)
(variant F87A)42 was selected for development of the screening
system as the model monooxygenase because of its industrial
attractiveness and broad substrate profile.31,43,44

BCCE was synthesized (see Supporting Information) and
fluorescence was recorded upon hydroxylation (see Figure 1)
via O-dealkylation, as previously described for 7-benzoyloxytri-
fluoromethyl coumarin by Cheng et al. using P450 3A4.35 The
BCCE flow cytometry screening system was developed in two
steps. In the first step, the variant P450 BM3 F87A was
employed in investigating the signal-to-noise ratio in crude cell
extracts and in a whole-cell flow cytometry setup. In the second
step, the mutant M3 DM (R47F F87A M354S D363H R471C
N543S) was randomly mutated (epPCR) and sorted to identify
more active variants. The mutant M3 DM was evolved for
improved electron transfer via mediators starting from the
reported variant P450 BM3 M3 (R47F F87A M354S
D363H).45,46 The BCCE flow cytometry screening system
was used as a prescreen to sort out the most active variants and
enrich the population of active P450 BM3 variants. The sorted
variants were subsequently screened in a 96-well microtiter
plate to identify P450 BM3 variants with higher activity toward
hydroxylation of BCCE and to validate the developed BCCE
flow cytometer screening system.
BCCE conversion of P450 BM3 variants displayed a

detectable fluorescence (λex = 400 nm and λem = 440 nm),
and the control samples (pET28a(+)/lacking P450 BM3 gene)
(Figure 2A) revealed a low noise-to-signal ratio in MTP. No
fluorescence could be detected for E. coli cells harboring the
pET28a(+) vector without the P450 BM3 gene. Figure 3 shows
a control population lacking P450 BM3 F87A (left) and a
population expressing P450 BM3 F87A in E. coli. The flow
cytometer analysis illustrates that both populations can clearly
be distinguished (Figure 3; fluorescence intensity and
distribution) with a final signal-to-noise ratio of about 10:1
(Figure 3; λex 350 nm and λem 450 nm). Interestingly, a whole-
cell conversion of BCCE by P450 BM3 F87A could be achieved
in E. coli (5 × 106 cells/μL), and microscopic analysis proved
entrapment of the coumarin derivate in E. coli (see Supporting
Information Figure S1). Figure 2A shows that conversion in

crude cell extracts follows the same trend as in whole cells for
the variants DM, DM-1, and DM-2 (Figure 2B, P450 M3 DM
= R47F F87A M354S D363H R471C N543S, P450 M3 DM-1
= R47F F87A M354S D363H R471C N543S R255H, P450 M3
DM-2 = R47F F87A M354S D363H R471C N543S R203H
I401V F423L).
For further evaluation, mixed populations consisting of varied

ratios of active (P450 BM3 F87A) to inactive populations
(pET28a(+) without P450 gene) were merged (ratios of 9:1
and 1:1) and sorted (threshold >50-fold pET28a(+) RFU).
After sorting of both mixed populations, cells were plated
without further concentration on LBkan agar plates and
incubated overnight (37 °C). Sixty clones were picked and
investigated for whole-cell BCCE conversion in 96-well
microtiter plates (Supporting Information Figure S2). The
ratio 9:1 yielded a 100% active population, and the ratio 1:1
resulted in an increase from 50 to 82% of active variants after
only one round of sorting. This demonstrates that the BCCE-

Figure 1. Scheme of the 7-benzoxy-3-carboxycoumarin ethyl ester (BCCE) conversion catalyzed by P450 BM3 variants.

Figure 2. Conversion over time of BCCE using cell free lysates with
adjusted protein concentration by CO titration50 (A) and whole cells
(B). pET28a(+) (⧫) as background signal, variant P450 BM3 M3 DM
(R47F F87A M354S D363H R471C N543S) (■) and the obtained
mutant P450 BM3 M3 DM-2 (x) (R47F F87A M354S D363H R471C
N543S R203H I401 V F423L) and P450 BM3 M3 DM-1 (▲) (R47F
F87A M354S D363H R471C N543S R255H). Novel substitutions in
bold and fluorescent signals were measured in a 96-well microtiter
plate reader.
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based flow cytometry screening system can efficiently enrich
the population of active variants and thereby fulfills require-
ments postulated for high-throughput screening systems.15,20

As a final proof, error-prone PCR libraries (0.05, 0.1, 0.2 mM
MnCl2) were generated on the basis of the P450 BM3 M3 DM
variant. The P450 M3 DM library (∼104 variants) was sorted
and enriched three times.
After each round of enrichment, the percentage of active

clones was determined by measuring the BCCE activity of 90
clones in a 96-well MTP. After the third enrichment, 600 clones
were picked, expressed, and subjected to activity measurements
in MTP employing BCCE as substrate. The “true” standard
deviation of P450 BM3 activity in the 96-well MTP format was
determined to be 10%, ensuring a reliable detection of
improved variants.30 Around 8% of the rescreened variants
displayed increased P450 monooxygenase activity for BCCE
when compared with the starting variant P450 BM3 M3 DM.
The three most active variants were sequenced, and two

turned out to have identical substitutions (P450 BM3 M3 DM-
1 and P450 BM3 M3 DM-3, R255H; P450 BM3 M3 DM-2,
R203H I401 V F423L). Variants P450 BM3 M3 DM-1 and
P450 BM3 M3 DM-2 were purified and finally used for kinetic
characterizations applying varying concentrations of BCCE, as
shown in the Supporting Information (Figure S3). Sequencing
results revealed that all four identified substitutions in P450
BM3 M3 DM-1 and DM-2 are located in the heme domain of
P450 BM3 (R255H and R203H I401 V F423L).43 To the best
of our knowledge, of the four mutated positions, the positions
R203H and F423L have not been reported to influence any
P450 BM3 property. Position R255S improves alkane
hydroxylation,47 whereas position I401P influences electron
transfer and coupling efficiency of P450 BM3.48 Remarkable
improvements could be found for the variant P450 BM3 M3
DM-1 (R47F F87A M354S D363H R471C N543S R255H),
where kcat was increased 7-fold and Km remained unchanged
(Table 1).
Characterization of variants P450 BM3 M3 DM (R47F F87A

M354S D363H R471C N543S), P450 BM3 M3 DM-1 (R47F

F87A M354S D363H R471C N543S R255H), and P450 BM3
M3 DM-2 (R47F F87A M354S D363H R471C N543S R203H
I401 V F423L) demonstrates that the developed flow
cytometer screening system identifies improved variants in
random mutant libraries. A BCCE turnover of >0.07 s−1 can be
regarded as lower limit and as a prerequisite for flow cytometer
sorting of active and nonactive populations. The library of
sorted active variants can furthermore be used in standard
microtiter plate screening systems for P450 BM3 monoox-
ygenase properties, such as organic solvent resistance,49

improved selectivity12 and activity toward nonnatural sub-
strates.30

In summary, we developed the first flow cytometer-based
high-throughput screening platform that can be applied in
directed evolution campaigns of P450 monooxygenases. All
requirements for an efficient ultrahigh-throughput screening
platform were fulfilled and optimized (reliable fluorescent
reporter; compartmentalization in whole cells and, therefore,
direct link of geno- and phenotype). In this Letter, we have
aimed to prove that the BCCE-based flow cytometer screening
can be employed as prescreening to sort out active or activity-
improved variants. Sorting and enrichment were possible at an
excellent throughput of 500 events/s−1, with an average
sampling time of 4 min, corresponding to 1.2 × 105 screened
events per run (theoretically 3.6 × 107 events per day). Variants

Figure 3. Overlay of the emitted fluorescence from two different cell populations. (A) Flow cytometer analysis: blue cells represent the negative
control (E. coli BL21 (DE3) Gold and empty vector pET28a(+) and in orange: E. coli BL21 (DE3) Gold cells expressing active P450 BM3 F87A).
(B) Flow cytometer analysis after conversion of BCCE with P450 BM3 F87A-expressing E. coli BL21 (DE3) Gold cells and pET28a(+)-harboring E.
coli BL21 (DE3) Gold cells (as negative control). R1 (C) shows the gated population; side scatter (SSC; log3 scale), forward scatter (FSC; log3
scale), and UV-laser (FL3: λex 350 nm and λem 450 nm; log4 scale) were recorded.

Table 1. Kinetic Characterization of P450 Variants
Converting 7-Benzoxy-3-carboxy-coumarin Ethyl Estera

variant kcat
b Km (μM) Keff

c

P450 BM3 M3 DM
(R471C N543S)d

0.07 ± 0.005 25.2 ± 4.2 0.17

P450 BM3 M3 DM-1 (R255H) 0.48 ± 0.05 25.3 ± 5.5 1.14
P450 BM3 M3 DM-2 (R203H I401
V F423L)

0.24 ± 0.01 34.3 ± 3.4 0.42

aNovel substitutions in the parent P450 BM3 M3 DM are highlighted
as bold letters. bmmol product s−1 mmol−1 of P450. cCatalytic
efficiency in min−1 μM−1. dStarting variant P450 BM3 M3 DM = P450
BM3 M339 + N543S R471C
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with up to 7-fold increased activity (P450 BM3 DM-1) could
be identified from a random mutant library. From our point of
view, a main advantage of the BCCE screening system is the
direct sorting of fluorescent whole cells (E. coli), omitting the
preparation of double emulsions and thereby simplifying
screening procedures. In general the reported BCCE screening
system will very likely be applicable to all P450 monoox-
ygenases that can be expressed in E. coli and catalyze an O-
dealkylation of coumarin derivatives (e.g., human CYP3A4),
and furthermore, it can likely be used in directed evolution of
cellulases, lipases, and phosphatases as well as screening of
metagenome libraries.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details, NMR data, and microscopy images. This
information is available free of charge via the Internet at http://
pubs.acs.org/.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: +49-241-80 24176. Fax: +49-241-80 22387. E-mail: u.
schwaneberg@biotec.rwth-aachen.de.
Present Address
⊥4-Antibody AG, Hochbergstrasse 60 C, 4057 Basel, Switzer-
land
Author Contributions
§Both authors contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was part of the OXYGREEN project, funded by the
European Union Seventh Framework Programme (FP7-KBBE;
Project Reference: 212281). We thank Julie Ruff (Chair of
Inorganic Chemistry and Electrochemistry, RWTH Aachen)
and Stefan Sing-Hong Chang (DWI an der RWTH Aachen
e.V.) for the BCCE synthesis and Prof. Dr. J. Okuda and Dr. T.
P. Spaniol (Chair of Organometallic Chemistry, RWTH
Aachen) for the NMR analysis of BCCE and 3-CCE.

■ REFERENCES
(1) Hollmann, F.; Arends, I. W. C. E.; Buehler, K.; Schallmey, A.;
Buehler, B. Green Chem. 2011, 13, 226−265.
(2) Wong, T. S.; Zhurina, D.; Schwaneberg, U. Comb. Chem. High
Throughput Screening 2006, 9, 271−288.
(3) Kaur, J.; Sharma, R. Crit. Rev. Biotechnol. 2006, 26, 165−199.
(4) Shivange, A. V.; Marienhagen, J.; Mundhada, H.; Schenk, A.;
Schwaneberg, U. Curr. Opin. Chem. Biol. 2009, 13, 19−25.
(5) Dennig, A.; Shivange, A. V.; Marienhagen, J.; Schwaneberg, U.
PloS One 2011, 6, e26222−e26222.
(6) Reetz, M. T.; Wang, L.-W.; Bocola, M. Angew. Chem., Int. Ed.
2006, 45, 1236−1241.
(7) Bornscheuer, U. T.; Pohl, M. Curr. Opin. Chem. Biol. 2001, 5,
137−143.
(8) Firth, A. E.; Patrick, W. M. Nucleic Acids Res. 2008, 36, W281−
W285.
(9) Volles, M. J.; Lansbury, P. T. Nucleic Acids Res. 2005, 33, 3667−
3677.
(10) Wong, T. S.; Wong, T. S.; Roccatano, D.; Schwaneberg, U.
Biocatal. Biotransform. 2007, 25, 229−241.
(11) Agresti, J. J.; Antipov, E.; Abate, A. R.; Ahn, K.; Rowat, A. C.;
Baret, J.-C.; Marquez, M.; Klibanov, A. M.; Griffiths, A. D.; Weitz, D.
A. Proc. Natl. Acad. Sci. U.S.A. 2010, 107, 4004−4009.

(12) Tee, K. L.; Schwaneberg, U. Angew. Chem., Int. Ed. 2006, 45,
5380−5383.
(13) Griffiths, A. D.; Tawfik, D. S. Trends Biotechnol. 2006, 24, 395−
402.
(14) Yang, G.; Withers, S. G. ChemBioChem 2009, 10, 2704−2715.
(15) Bershtein, S.; Tawfik, D. S. Curr. Opin. Chem. Biol. 2008, 12,
151−158.
(16) Taly, V.; Kelly, B. T.; Griffiths, A. D. ChemBioChem 2007, 8,
263−272.
(17) Guo, M. T.; Rotem, A.; Heyman, J. A.; Weitz, D. A. Lab Chip
2012, 12, 2146−2155.
(18) Lee, C.; Lee, J.; Kim, H. H.; Teh, S. Y.; Lee, A.; Chung, I. Y.;
Park, J. Y.; Shung, K. K. Lab Chip 2012, 12, 2736−2742.
(19) Mayr, L. M.; Bojanic, D. Curr. Opin. Pharmacol. 2009, 9, 580−
588.
(20) Bernath, K.; Hai, M.; Mastrobattista, E.; Griffiths, A. D.;
Magdassi, S.; Tawfik, D. S. Anal. Biochem. 2004, 325, 151−157.
(21) Turner, N. J. In Enzyme Assays: High-Throughput Screening,
Genetic Selection and Fingerprinting; Reymond, J.-L., Eds.; Wiley-VCH:
Weinheim, Germany, 2006; Chapter 5.
(22) Link, A. J.; Jeong, K. J.; Georgiou, G. Nat. Rev. Microbiol. 2007,
5, 680−688.
(23) Bernath, K.; Magdassi, S.; Tawfik, D. S. Discovery Med. 2004, 4,
49−53.
(24) Olsen, M. J.; Stephens, D.; Griffiths, D.; Daugherty, P.;
Georgiou, G.; Iverson, B. L. Nat. Biotechnol. 2000, 18, 1071−1074.
(25) Stapleton, J. A.; Swartz, J. R. PloS One 2010, 5, e15275−e15275.
(26) Santoro, S. W.; Wang, L.; Herberich, B.; King, D. S.; Schultz, P.
G. Nat. Biotechnol. 2002, 20, 1044−1048.
(27) Tu, R.; Martinez, R.; Prodanovic, R.; Klein, M.; Schwaneberg, U.
J. Biomol. Screening 2011, 16, 285−294.
(28) Aharoni, A.; Amitai, G.; Bernath, K.; Magdassi, S.; Tawfik, D. S.
Chem. Biol. 2005, 12, 1281−1289.
(29) Bernhardt, R. J. Biotechnol. 2006, 124, 128−145.
(30) Wong, T. S.; Wu, N.; Roccatano, D.; Zacharias, M.;
Schwaneberg, U. J. Biomol. Screening 2005, 10, 246−252.
(31) Tee, K. L.; Schwaneberg, U. Comb. Chem. High Throughput
Screening 2007, 10, 197−217.
(32) Lussenburg, B. M. A.; Babel, L. C.; Vermeulen, N. P. E.;
Commandeur, J. N. M. Anal. Biochem. 2005, 341, 148−155.
(33) Reinen, J.; Ferman, S.; Vottero, E.; Vermeulen, N. P. E.;
Commandeur, J. N. M. J. Biomol. Screening 2011, 16, 239−250.
(34) Park, S.-H.; Kim, D.-H.; Kim, D.; Kim, D.-H.; Jung, H.-C.; Pan,
J.-G.; Ahn, T.; Kim, D.; Yun, C.-H. Drug Metab. Dispos. 2010, 38,
732−739.
(35) Cheng, Q.; Sohl, C. D.; Guengerich, F. P. Nat. Protoc. 2009, 4,
1258−1261.
(36) Bayram Akcapinar, G.; Gul, O.; Sezerman, U. O. J. Biotechnol.
2012, 159, 61−68.
(37) Zhang, N.; Suen, W. C.; Windsor, W.; Xiao, L.; Madison, V.;
Zaks, A. Protein Eng. 2003, 16, 599−605.
(38) Garrett, J. B.; Kretz, K. A.; O’Donoghue, E.; Kerovuo, J.; Kim,
W.; Barton, N. R.; Hazlewood, G. P.; Short, J. M.; Robertson, D. E.;
Gray, K. A. Appl. Environ. Microbiol. 2004, 70, 3041−3046.
(39) Wu, N.; Courtois, F.; Zhu, Y.; Oakeshott, J.; Easton, C.; Abell,
C. Electrophoresis 2010, 31, 3121−3128.
(40) Kanaya, S.; Koyanagi, T.; Kanaya, E. Biochem. J. 1998, 332, 75−
80.
(41) Henne, A.; Schmitz, R. A.; Bamerke, M.; Gottschalk, G.; Daniel,
R. Appl. Environ. Microbiol. 2000, 66, 3113−3116.
(42) Schwaneberg, U.; Schmidt-Dannert, C.; Schmitt, J.; Schmid, R.
D. Anal. Biochem. 1999, 269, 359−366.
(43) Whitehouse, C. J. C.; Bell, S. G.; Wong, L.-L. Chem. Soc. Rev.
2012, 41, 1218−1260.
(44) Appel, D.; Lutz-Wahl, S.; Fischer, P.; Schwaneberg, U.; Schmid,
R. D. J. Biotechnol. 2001, 88, 167−171.
(45) Nazor, J.; Dannenmann, S.; Adjei, R. O.; Fordjour, Y. B.;
Ghampson, I. T.; Blanusa, M.; Roccatano, D.; Schwaneberg, U. Protein
Eng., Des. Sel. 2008, 21, 29−35.

ACS Catalysis Letter

dx.doi.org/10.1021/cs300115d | ACS Catal. 2012, 2, 2724−27282727

http://pubs.acs.org/
http://pubs.acs.org/
mailto:u.schwaneberg@biotec.rwth-aachen.de
mailto:u.schwaneberg@biotec.rwth-aachen.de


(46) Nazor, J.; Schwaneberg, U. ChemBioChem 2006, 7, 638−644.
(47) Glieder, A.; Farinas, E. T.; Arnold, F. H. Nat. Biotechnol. 2002,
20, 1135−1139.
(48) Whitehouse, C. J. C.; Bell, S. G.; Yang, W.; Yorke, J. A.;
Blanford, C. F.; Strong, A. J. F.; Morse, E. J.; Bartlam, M.; Rao, Z.;
Wong, L.-L. ChemBioChem 2009, 10, 1654−1656.
(49) Wong, T. S.; Arnold, F. H.; Schwaneberg, U. Biotechnol. Bioeng.
2004, 85, 351−358.
(50) Omura, T.; Sato, R. J. Biol. Chem. 1964, 2379−2385.

ACS Catalysis Letter

dx.doi.org/10.1021/cs300115d | ACS Catal. 2012, 2, 2724−27282728


