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Addressing the Numbers Problem in Directed Evolution
Manfred T. Reetz,* Daniel Kahakeaw, and Renate Lohmer[a]

Introduction

Directed evolution has emerged as a useful means to engineer
the catalytic properties of enzymes, including thermostability,
robustness in hostile organic solvents, and enantioselectivity.[1]

Although an ever increasing number of successful studies con-
tinue to appear, the overall process remains time-consuming
and generally requires robotic equipment to screen relatively
large libraries of enzyme variants, which typically comprise
103–106 transformants (clones). Probing the vast protein se-
quence space, which of course is much larger, is a central chal-
lenge in directed evolution. Selection based on growth advant-
age of bacteria can, in principle, handle much larger num-
bers,[1, 2] but these systems have not been developed to include
such catalytic properties as enantioselectivity and/or substrate
acceptance in a general way.[3]

Since the “numbers problem” in directed evolution persists
to this day,[1,2,4] methodology development in the quest to
probe the vast protein sequence space more efficiently than in
the past has become a pressing issue. One strategy calls for
even larger libraries in the order of 107–109 or more transform-
ants, thereby covering a greater portion of protein sequence
space, but requiring ultra-high-throughput screening sys-
tems.[1,2–6] In spite of progress, such as in in vitro compartmen-
talization,[5] pooling techniques[6] and various display sys-
tems,[2,7–10] it is currently unclear how these systems can be ex-
tended to cover such important catalytic properties as the
aforementioned enantioselectivity and/or substrate acceptance
in a general way. The other strategy is to consider the oppo-
site, namely to construct smaller libraries characterized by
higher quality.[1g,h] In this endeavor the comparative evaluation
of two different libraries is meaningful only if the same
number of transformants are screened in each case. Higher

quality then means a higher frequency of improved enzyme
variants (hits) in a given library and a higher degree of im-
provement of a given catalytic property. Consequently, library
quality needs to be viewed in the light of the screening effort
needed to identify beneficial hits, which is the persisting issue
in directed evolution. Ideally, the size of the libraries would be
reduced to such an extent that conventional GC or HPLC
would suffice even in the face of such analytically challenging
problems as enantio- and/or regioselectivity.

Whatever strategy is chosen, the question regarding the
best choice of the mutagenesis method remains to be an-
swered. To this day the most often applied technique in direct-
ed evolution is error-prone polymerase chain reaction
(epPCR),[1, 11] in addition to other methods such as saturation
mutagenesis[1,12, 13] and DNA shuffling[1,14] as well as variations
and combinations thereof.[1] Unfortunately, few studies illumi-
nate systematically the relative merits of the various ap-
proaches.[1,15,16] Random mutagenesis based on epPCR is often
considered to address the whole gene (and thus the entire
enzyme), but for several reasons it has severe disadvantages
theoretically and in practice.[17,18] Due to the degeneracy of the
genetic code, epPCR has significant biases. Taking this into ac-
count, it has been shown that the actual diversity of a library
can be as low as 20% of the “theoretical” size, based on the
usual algorithm that neglects this aspect.[17] This means that
large numbers of enzyme variants are not accessible in a prac-
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tical way, regardless of whether super-high-throughput screen-
ing or selection is used to find the rare positives.[1, 11,17,18]

One way to address the numbers problem is to consider sat-
uration mutagenesis, a method that restricts randomization to
predetermined sites in the enzyme with the creation of fo-
cused libraries.[12,13,16,19–23] Such targeted randomization reduces
the extent of protein sequence space drastically, but it requires
structural information in order for the correct mutagenesis
sites to be chosen. Fortunately, such data are available in most
cases of interest. For example, in the quest to enhance the
enantioselectivity of a lipase, we demonstrated some time ago
that simultaneous randomization at a site composed of four
amino acid (aa) positions next to the binding pocket is far
more efficient than four consecutive rounds of epPCR, despite
the fact that, in the latter case, more transformants were
ACHTUNGTRENNUNGactually screened.[16]

We recently introduced a more systematic approach to fo-
cused library generation, namely iterative saturation mutagen-
esis (ISM), which is a structure-based strategy integrating
knowledge-guided design and evolutionary randomization.[20–23]

Two forms of ISM were developed, combinatorial active-site
saturation test (CAST), for controlling substrate scope and/or
enantioselectivity,[20,21] and the B-FIT technique, for increasing
thermostability.[22,23] In both, sites in the enzyme, denoted as A,
B, C, D, etc. , are first chosen as loci for saturation mutagenesis
with formation of focused libraries, a given site being com-
posed of one, two or three (or more) aa positions in the
enzyme. Following the identification of a hit from a given li-
brary, that mutant gene is used as a template for performing
saturation mutagenesis at a different site, and the process is
repeated as often as needed at other sites. When considering
enantioselectivity and/or substrate acceptance, the criterion for
choosing the proper sites is straightforward: all sites around
the complete binding pocket are identified on the basis of
crystal structural data or homology models.[22]

In our studies[16,20–22] and in reports by other groups regard-
ing saturation mutagenesis[12,13, 19] the issue of “oversampling”,
a parameter that refers to the number of enzyme variants
needed to be screened in order to ensure a certain percentage
coverage of a given library, was neglected.[23] However, it is es-
sential to consider this aspect when estimating the quality of a
library correctly. Fortunately, algorithms developed by Patrick
and Firth,[24] Boseley and Ostermeier,[25] and Denault and Pellet-
ier[26] are available that can be used as a basis for designing
and assessing all kinds of mutagenesis libraries.

In previous studies[20–23] we generally applied NNK codon de-
generacy (N: adenine/cytosine/guanine/thymine; K: guanine/
thymine), which is the conventional way to perform saturation
mutagenesis. It involves 32 codons and relates to all 20 protei-
nogenic aa’s as building blocks. In the hope of profound im-
provements in library quality as defined above, we addressed
the numbers problem from a different angle, specifically by
considering codon degeneracies that encode smaller aa alpha-
bets. Reduced aa alphabets in enzymology studies have been
utilized for various purposes,[27–30] the question of minimal re-
quirements for proper folding and enzyme activity[27,29] and
binary patterning[28] being two prominent examples. For our

purpose, a variety of different codon degeneracies can be con-
sidered, NDT being one of several possibilities (D: adenine/
guanine/thymine; T: thymine). This choice involves 12 codons
and reduces the number of aa’s to twelve (Phe, Leu, Ile, Val,
Tyr, His, Asn, Asp, Cys, Arg, Ser, Gly), which is a balanced mix of
polar and nonpolar, aliphatic and aromatic, and negatively and
positively charged representatives, while excluding most cases
of structurally similar aa.

In this model study we focused on the relative merits of
NNK versus NDT[20c] codon degeneracy. The diversity of an NNK
library in terms of the number of structurally different (distinct)
transformants is obviously higher than that of the respective
NDT library, provided essentially full library completeness (for
example, >95% coverage) is ensured by the required degree
of oversampling in each case. However, the percentage of im-
proved variants relative to the total number of transformants
present in the two libraries, that is the frequency of occurrence
of hits with distinct sequences, cannot be expected to be iden-
tical. Moreover, if oversampling is limited to a specified
number of screened clones, which in one library correlates
with full or nearly full coverage, while in the other library the
same number means a significantly lower percentage cover-
age, then vast differences in quality can arise. As shown in this
study, consideration of these facets is indispensable when de-
signing and generating higher-quality (“smarter”) libraries. We
thereby provide a practical tool for increasing the efficiency of
saturation mutagenesis as a method in directed evolution.

Results and Discussion

Statistical analysis

We first wanted to visualize the relationship between percent-
age coverage of a library and the degree of oversampling, irre-
spective of codon usage or type of mutagenesis method. To
this end we employed the previously mentioned algorithms,
which are based on Poisson statistics and on the assumption
that all sequences occur with equal probability.[24, 25] The pro-
posed algorithm for estimating completeness as a function of
the number of transformants (clones) actually screened,[24] T,
can be transformed into Equation (1), where Pi denotes the
probability that a particular sequence occurs in the library, and
Fi is the frequency.

T ¼ �ln ð1�PiÞ=Fi ð1Þ

Upon substituting for Fi, the relationship then reduces to
Equation (2), where V is the number of gene mutants compris-
ing a given library:

T ¼ �V lnð1�PiÞ ð2Þ

This relationship defines the correlation between the
number of mutants V of a given library and the number of
transformants T that have to be screened for a specified
degree of completeness. On this basis we define Of as the
“oversampling factor” [Eq. (3)]:
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Of ¼ T=V ¼ �lnð1�PiÞ ð3Þ

Upon calculating the oversampling factor Of as a function of
the percentage coverage, one obtains the curve shown in
Figure 1, which should be kept in mind when designing and

analyzing libraries. It can be seen that for ensuring 95% cover-
age, for example, the oversampling factor Of amounts to about
three, which means that a threefold excess of transformants
needs to be screened. Due to the exponential character of the
relationship, degrees of coverage beyond 95% require vastly
higher screening efforts. Of course, lower degrees of library
coverage might suffice in a given experiment,[16] but decisions
ACHTUNGTRENNUNGregarding this important aspect can be guided by consulting
Figure 1.

In many saturation mutagenesis experiments sites that are
composed of more than one aa position are random-
ized.[13, 16,19–23] Using the appropriate algorithm,[24] we calculated
for the NNK and NDT libraries the amount of oversampling, in
absolute numbers, necessary for 95% coverage of relevant
protein sequence space (Table 1). It is immediately clear that
the potential screening effort is very different for the NNK
versus NDT systems. For example, in the case of a site com-

posed of three aa’s, NNK requires almost 100000 clones,
whereas NDT needs only about 5000 for 95% coverage.

Figures 2 and 3 show this dependency over the whole range
of coverage (0–95%) for sites composed of 1, 2, 3, 4, and 5 aa
positions as a function of NNK or NDT codon degeneracy. Here

again the pronounced differences in NNK and NDT libraries
become apparent. For example, if in the case of a three-aa site,
the experimenter restricts the screening to 5000 transformants
for practical and economical reasons, the use of an NDT library
correlates with about 95% coverage, whereas the same
number of screened clones in an NNK library allows for only
15% coverage. One can suspect that in such size-restricted
ACHTUNGTRENNUNGlibraries, the NDT library should be characterized by higher
quality.

It is straightforward to analyze in the same way other codon
degeneracies that might be more suitable for a given task. In
general we conclude that it is best to choose systems in which
the number of codons is equal to the number of aa’s. This re-
duces the inherent bias and over-representation of certain aa’s.
Assuming all aa’s are equally probable, a maximum number of
distinct protein variants in a given library is then ensured.
Moreover, codon degeneracies such as NDT exclude the occur-
rence of WT transformants in the enzyme libraries. Both facets
can be expected to contribute to the quality of the focused
ACHTUNGTRENNUNGlibraries.

Figure 1. Correlation between library coverage and oversampling of enzyme
variants.

Table 1. Oversampling necessary for 95% coverage as a function of NNK
and NDT codon degeneracy.

NNK NDT
No.[a] Codons Transformants Codons Transformants

needed needed

1 32 94 12 34
2 1028 3066 144 430
3 32768 98163 1728 5175
4 1048576 3141251 20736 62118
5 33554432 100520093 248832 745433
6 >1.0K109 >3.2K109 >2.9K106 >8.9K106

7 >3.4K1010 >1.0K1011 >3.5K107 >1.1K108

8 >1.0K1012 >3.3K1012 >4.2K108 >1.3K109

9 >3.5K1013 >1.0K1014 >5.1K109 >1.5K1010

10 >1.1K1015 >3.4K1015 >6.1K1010 >1.9K1011

[a] Number of aa positions at one site.

Figure 2. Library coverage calculated for NNK codon degeneracy at sites
comprising 1, 2, 3, 4 and 5 amino acid positions.

Figure 3. Library coverage calculated for NDT degeneracy at sites compris-
ing 1, 2, 3, 4 and 5 amino acid positions.
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Saturation mutagenesis experiments

In order to test these expectations in the laboratory, we
ACHTUNGTRENNUNGdevised an experimental platform upon which NNK and NDT
ACHTUNGTRENNUNGlibraries can be compared systematically under identical con-
ACHTUNGTRENNUNGditions. The epoxide hydrolase (EH) from Aspergillus niger
(ANEH)[31] served as the enzyme, which had been employed
previously in the investigation into iterative CASTing as a
means to enhance the enantioselectivity of the hydrolytic ki-
netic resolution of glycidyl phenyl ether (rac-1; Scheme 1).[21] In
that study five cycles of ISM based on NNK codon degeneracy
at five different sites led to a stepwise increase in the selectivi-
ty factor E from 4.6 to 115 in favor of (S)-2.

In this study, we first employed a more “difficult” substrate
that is not accepted by the WT ANEH, namely the trans-disub-
stituted epoxide rac-3 (Scheme 2). Thus, substrate acceptance

(rate) had to be engineered before considering the enantiose-
lectivity of the respective hydrolytic kinetic resolution, making
this transformation a particularly challenging model reaction
for directed evolution. We return to the reaction of rac-1 in the
latter part of this study.

The substrate rac-3 was manually docked into the binding
pocket of the WT ANEH; this revealed the geometric relation-
ship between the relevant saturation sites A–F (Figure 4).
These are identical to the sites utilized in the earlier study.[21]

On the basis of preliminary saturation mutagenesis experi-
ments, sites A (Ile193/Ser195/Phe196), B (Leu215/Ala217/
Arg219), and F (Phe244/Met245/Leu249) were chosen for fur-
ther randomization experiments. Note that these sites are all
composed of three aa positions and that positions 217 (part of
site B) and 245 (part of site F) harbor Ala and Met in the WT,
which are not encoded by NDT.

We first applied saturation mutagenesis[12] at site B, employ-
ing NNK and NDT degeneracy to form two separate focused li-
braries. By using an activity screen based on the known adren-
aline test developed by Reymond,[32] which we modified to be
suitable for whole-cell catalysis,[33] a total of 5000 transformants
were evaluated in each library. The conditions were adjusted
so that a positive hit was indicated when �10% conversion of

rac-3 has been reached within 10 h of reaction time under the
conditions operating in the wells of the microtiter plates. At a
later stage the enantioselectivities of the hits were established
by HPLC analysis of the reaction products.

The results from the two libraries proved to be drastically
different (Figure 5). Whereas the NDT library provided 511 hits,
the NNK library was found to contain only 38 positives. We
therefore conclude from this initial observation that the utiliza-
tion of NDT codon degeneracy constitutes the superior strat-
egy. This conclusion was corroborated upon applying a more
stringent catalytic threshold, namely �20% conversion (10 h).
The NDT library was then found to contain 180 active trans-
formants, whereas the NNK library provided only ten positives.
Finally, upon tightening the restriction further to �40% con-
version (10 h), the NDT library was found to contain 78 posi-
tives, whereas only a single hit remained in the case of NNK.
Rather than sequencing all of the original 549 transformants
found in the two libraries as a result of the initial screen, se-
quence characterization was confined to the 79 positives dis-
covered in the final screening step. This procedure revealed 26

Scheme 1.

Scheme 2.

Figure 5. Frequency of active transformants in the NNK and NDT library
from site B as catalysts in the hydrolytic kinetic resolution of rac-3.

Figure 4. Predicted CAST sites of ANEH harboring the substrate rac-3 (red)
based on the X-ray structure of the WT.[31d] A) positions 193/195/196
(yellow), B) positions 215/217/219 (blue), and F) positions 244/245/249
(gray).

1800 www.chembiochem.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1797 – 1804

M. Reetz et al.

www.chembiochem.org


structurally different (distinct) variants in the NDT library, which
all solved the problem of substrate acceptance of rac-3. In
striking contrast, only one such variant was found in the NNK
library.

The observation that some of the transformants occur more
than once is to be expected when applying saturation muta-
genesis.[12,13] However, the number of redundant positives in
the libraries described herein is gratifyingly small. Only a frac-
tion of the original 511 (NDT) and 38 (NNK) active transform-
ants in the initial screens were actually sequenced; this means
that numerous ones displaying significant (although lower) ac-
tivity have been excluded from further consideration. Interest-
ingly, of the 26 final hits from the NDT library (site B) display-
ing distinct sequences, 22 are characterized by three-aa substi-
tutions and four are double mutants, but none is a single
mutant. The final hit from the NNK library is a double mutant.
These results show that the highest increase in enzyme activity
is achieved when all three aa’s at site B are exchanged. Since
the catalytic activity of the WT ANEH is extremely low (essen-
tially no substrate acceptance), and a background reaction
occurs to a small degree, it is difficult to specify accurately the
actual rate acceleration. However, a rate factor of at least 103

can be estimated as a lower limit.
Some of the most active hits were then tested for enantiose-

lectivity in the hydrolytic kinetic resolution of rac-3. Table 2
shows that most, but not all, of the mutants of the NDT library
identified and sequenced in the final screening step show high
degrees of enantioselectivity in favor of (2R,3S)-4, two having E
values of >200. The kinetic property of the most active and
enantioselective mutant (DK-35) was studied more closely. We
used turnover frequency (TOF) as the most reliable measure of
enzyme activity in this kind of transformation, as recommend-
ed in earlier studies regarding other epoxide hydrolases.[34,35]

The TOF value of 55 (mol product per mol catalyst per second)
proved to be considerably higher than in related cases with a
different EH as a catalyst in the hydrolysis of cis-1,2-disubstitut-
ed epoxides (TOF=0.07–7.2 mol product per mol catalyst
per s).[34] For further comparison (Table 2), the final mutant
from the NNK library was found to lead to a lower activity
(TOF=17) and to a selectivity factor of only E=101.

With respect to methodology development in directed evo-
lution, which is the purpose of this study, we note that an
ACHTUNGTRENNUNGunusually small experimental effort encompassing only 5000
transformants has generated at least two dozen solutions to
the catalytic problem originally defined, namely the rapid evo-
lution of substrate acceptance and high enantioselectivity.

Saturation mutagenesis was also performed at sites A and F,
each harboring three aa positions. Here the search for im-
proved ANEH mutants was confined to the respective NDT
ACHTUNGTRENNUNGlibraries, in each case 5000 transformants being screened.
Figure 6 shows that initial saturation mutagenesis at these

sites is not as productive as the one executed previously at
site B; this need not come as a surprise. The initial test (�10%
conversion in 10 h) in the case of library A showed the pres-
ence of 162 active transformants, this number being reduced
to 30 at �20% conversion (10 h) and to four at �40% conver-
sion (10 h). The most active mutant arising from the library
generated at site A (DK-01) proved to be fairly enantioselective
(E=57 in favor of (2R,3S)-4). Library F provides fewer active
hits (Figure 6). The lower catalytic performance of these mu-
tants does not mean that their genes are of little use in future
iterative saturation mutagenesis experiments, since they can
be employed as starting points for CASTing at the other sites.
Alternatively, the genes of some of the best mutants obtained
from the library at site B could serve as logical templates for
saturation mutagenesis at sites A or F.

Finally, we considered the hydrolytic kinetic resolution of
substrate rac-1, which had served as the model reaction in the
original study when using NNK codon degeneracy.[21] Rather
than screening the already available NDT library at site B in its
entirety, we simply restricted this part of the study to some of
the best hits identified earlier as active catalysts in the reaction
of rac-3. Upon testing only ten transformants, this search led
to the discovery of several highly active and surprisingly enan-
tioselective ANEH mutants (Table 3). For example, mutant DK-
27 has an E value of 35 in favor of (S)-2. In our original study
such respectable enantioselectivity was not achieved until the

Table 2. Selected ANEH variants (site B) as catalysts in the hydrolytic
ACHTUNGTRENNUNGkinetic resolution of rac-3 favoring (2R,3S)-4.

Variant Codon Mutations TOF[a] E
degeneracy

DK-09 NDT Leu215Ser/Ala217Tyr 14 6
DK-11 NDT Leu215Asp/Ala217Tyr/Arg219Phe 29 56
DK-17 NDT Leu215Gly/Ala217Tyr/Arg219Cys 12 >200
DK-21 NDT Leu215Phe/Ala217Tyr/Arg219Leu 10 85
DK-26 NDT Leu215Tyr/Ala217Ile/Arg219Asn 12 64
DK-27 NDT Leu215Ser/Ala217Val/Arg219Leu 18 180
DK-28 NDT Leu215Gly/Ala217Arg/Arg219Leu 26 62
DK-35 NDT Leu215His/Ala217Tyr/Arg219Val 55 >200
DK-36 NDT Leu215Phe/Ala217Cys/Arg219Ser 11 27
DK-10 NNK Leu215Met/Arg219Ser 17 101

[a] TOF: Mol product per mol catalyst per s.

Figure 6. Frequency of active transformants in the NDT libraries from sites A
and F as catalysts in the hydrolytic kinetic resolution of rac-3.

ChemBioChem 2008, 9, 1797 – 1804 B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 1801

The Numbers Problem in Directed Evolution

www.chembiochem.org


fourth cycle of iterative CASTing at four different sites (B, C, D,
and F) along the upward pathway when using NNK codon
ACHTUNGTRENNUNGdegeneracy.[21]

Conclusions

We have addressed once more the numbers problem in direct-
ed evolution by considering statistical aspects of library gener-
ation and performing appropriate laboratory experiments
based on saturation mutagenesis. The model study involves
the epoxide hydrolase from Aspergillus niger (ANEH) as the
enzyme with enhancement of the reaction rate (substrate ac-
ceptance) and enantioselectivity in the hydrolytic kinetic reso-
lution of a chiral substrate serving as the catalytic parameters.
Whereas previous studies have demonstrated the merits of tar-
geted randomization,[12,13,16, 19] culminating in iterative satura-
tion mutagenesis (ISM),[22,23] this contribution provides a tool
that is useful in the quest to generate even “smarter” enzyme
libraries. Its basis is the optimal choice of the codon degenera-
cy when tailoring saturation mutagenesis experiments. In the
model study, we have compared systematically two different
codon degeneracies that relate to two differently sized aa al-
phabets, specifically the conventional NNK (32 codons) encod-
ing 20 aa versus NDT (12 codons) encoding only 12 aa’s. This
led to the discovery that vastly different library qualities result.
Upon comparing identically sized NNK and NDT libraries each
limited to 5000 transformants, the frequency of hits in the NDT
case turned out to be much higher. The catalytic profiles of
the best hits in terms of activity and enantioselectivity also
proved to be different, those resulting from NDT codon usage
again being superior. These experimental results are in line
with a statistical analysis based on algorithms proposed earli-
er.[24,25] The basic prediction regarding the main trends is not
expected to change by considering possible aa bias. Neverthe-
less, this aspect is the subject of an ongoing project in our lab-
oratories.

We conclude that it is possible to decrease the size of fo-
cused libraries generated by targeted mutagenesis, while in-
creasing their quality in terms of the frequency of beneficial
variants and the degree of catalyst improvement. This is possi-
ble for two reasons. The correct choice of codon degeneracy
ensures the proper minimal set of aa’s in terms of structural
and electronic characteristics and allows for nearly complete
coverage of a given size-restricted library. Both factors working
together maximize the probability of hits and reduce the
number of “junk” transformants. These features have been

ACHTUNGTRENNUNGuncovered experimentally for the first time in a model case,
but we expect the trends to be general.

NDT is not the only codon degeneracy for constructing re-
duced aa alphabets, others can likewise be considered de-
pending upon the nature of the protein property to be engi-
neered (catalytic profile of enzymes or binding property of
proteins). Excluding those aa’s that are similar to those that are
needed minimally is one important recommendation. The
other general guideline for achieving more efficient and there-
fore faster directed evolution is derived from our latest data
and from the statistical analysis, namely that the number of
codons should be equal to the number of aa’s being used as
building blocks when performing saturation mutagenesis.

This approach is not limited to CASTing, other forms of tar-
geted mutagenesis as in the B-Fit method[22,23] are also rele-
vant. Moreover, reduced aa alphabets as described herein can
also be used when combining site randomization with DNA
shuffling[16] or synthetic shuffling.[36]

Finally, we point out that the screening/selection problem
when applying targeted mutagenesis becomes even more
acute when randomizing sites composed of five or more aa
positions. Even if assay systems capable of rapid evaluation of
108–109 transformants for activity/enantioselectivity were to be
developed in a general way,[37] this would not suffice to cover
the relevant protein sequence space when applying saturation
mutagenesis based on the conventional NNK approach
(Table 1). We suggest that in this kind of broadly targeted mu-
tagenesis, which might be beneficial in some systems (for ex-
ample, randomization at aa positions of an enzyme domain),
the strategy described herein could provide the experimenter
with an effective tool for handling the numbers problem in
ACHTUNGTRENNUNGdirected evolution.[38]

Experimental Section

Vector construction : The PCR-amplified ANEH genes were cloned
into vector pET22b(+) (Novagen, Madison, USA) between the
EcoRI and MscI restriction sites, and E. coli BL21Gold ACHTUNGTRENNUNG(DE3) (Nova-
gen, Madison, USA) was transformed with the resulting plasmids.

Oligonucleotides : The NDT and NNK libraries at site B (215, 217,
219) were prepared by using the complementary primers (Invitro-
gen) NDT-B-for (5’-CGGTTCATTTGAACNDTTGCNDTATGNDTGCTCC-
ACHTUNGTRENNUNGCCCTGAG-3’) and NDT-B-rev (5’-CTCAGGGGGAGCAHNCATAHNGACHTUNGTRENNUNGC-
ACHTUNGTRENNUNGAAHNGTTCAAATGAACCG-3’) as well as NNK-B-for (5’-CGGTTCATT-
ACHTUNGTRENNUNGTGACHTUNGTRENNUNGAACNNKTGCNNKATGNNKGCTCCCCCTGAG-3’) and NNK-B-rev (5’-
CTCAGGGGGAGCMNNCATMNNGCAMNNGTTCAAATGAACCG-3’). Pri-
mers for NDT library at site A (193, 195, 196) were: NDT-A-for (5’-
GGGAGGTGATNDTGGTNDTNDTGTTGGACGACTGTTGG-3’) and NDT-
A-rev (5’-CCAACAGTCGTCCAACAHNAHNACCAHNATCACCTCCC-3’).
For NDT library at site F (244, 245, 247), NDT-F-for (5’-CGAATGGA-
GAAGNDTNDTACCGATGGCNDTGCTTATGCCATG-3’) and NDT-F-rev
(5’-CATGGCATAAGCAHNGCCATCGGTAHNAHNCTTCTCCATTCG-3’)
were used.

Library construction : Saturation mutagenesis libraries were gener-
ated by the QuikChangeTM mutagenesis method[12] with the above
degenerate primers. Briefly, each PCR contained (25 mL final
volume): 10KKOD buffer (Novagen; 2.5 mL), MgCl2 (1 mL, 25 mm),
dNTP (5.0 mL, 2 mm each), appropriate degenerate primers (5.0 mL,

Table 3. Selected ANEH variants as catalysts in the hydrolytic kinetic reso-
lution of rac-1 favoring (S)-2, obtained previously in the case of substrate
rac-3 by saturation mutagenesis at site B by using NDT codon degenera-
cy.

Variant Mutations E

DK-04 Leu215Ser/Ala217Ile/Arg219Arg 16
DK-27 Leu215Ser/Ala217Val/Arg219Leu 35
DK-35 Leu215His/Ala217Tyr/Arg219Val 25
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2.5 mm), template plasmid (0.5 mL, 10 ngmL�1) and 0.5 units of KOD
Hot start polymerase. PCRs were carried out on a Biometra Ther-
mocycler (Whatman Biometra, Gçttingen, Germany). Thermal cy-
cling consisted of an initial denaturation of 3 min at 94 8C, followed
by 25 cycles of 60 s at 52 8C, 60 s at 72 8C, 480 s at 72 8C, and a
final elongation of 14 min at 72 8C. Residual template in each PCR
reaction was removed by double digestion with 1 unit of DpnI
(New England Biolabs) in 1K manufacturer’s buffer for 2 h at 37 8C,
followed by further addition of 1.0 unit of DpnI for 1 h. The PCR
product was used to transform competent BL21Gold ACHTUNGTRENNUNG(DE3) (Nova-
gen) cells, the cells were plated on LBCB/TET plates.

Gene sequencing : Mutant genes were sequenced by using the
standard T7 and T7-Ter primer (Medigenomix, Martinsried, Germa-
ny).

Expression for screening : Colonies were picked with a colony
picker QPIX (Genetix, New Milton, UK), and precultures were grown
overnight at 3 8C and 800 rpm in deep-well plates with lactose-free
505 medium (800 mL per well ; formula per liter : 20 mL of 50K505
solution (250 gL�1 glycerol, 25 gL�1 glucose, and distilled water),
50 mL of 20KNPS solution (66 gL�1 (NH4)2SO4, 136 gL�1 KH2PO4

and 142 g Na2HPO4), 2 mL of 1 mm MgSO4, and filled to a volume
of 1 L with ZY medium (10 gL�1 tryptone, 5 gL�1 yeast extract)).
The preculture (50 mL) was used to inoculate an expression culture
with 5052 medium (800 mL per well) containing lactose as inducer
(formula per liter: 20 mL of 50K5052 solution (100 gL�1 a-lactose,
250 gL�1 glycerol, 25 gL�1 glucose, and distilled water), 50 mL of
20KNPS solution, 2 mL of 1 mm MgSO4, and filled to a volume 1 L
with ZY medium)). In both media, carbenicillin was used as anti-
ACHTUNGTRENNUNGbiotic (100 mgL�1). After being grown at 37 8C and 800 rpm for
6 h, cultures were centrifuged at 4000 rpm for 5 min. Cells were
washed by centrifuging for 3 min at 4000 rpm and 4 8C with PBS
buffer (800 mL; Na2HPO4 1.1 gL�1, NaH2PO4 0.3 gL�1, NaCl 9.0 gL�1).
Supernatants were discarded, and cells were resuspended in PBS
buffer (800 mL).

Screening : Stock solutions of rac-1-phenyl-2,3-epoxy butane (rac-
3 ; 72 mmol substrate in acetonitrile) were stored at �20 8C. The
ACHTUNGTRENNUNGreactions were performed as follows: washed expression culture
(20 mL) was added to PBS buffer (150 mL, 57 mmol, pH 7.2), and the
substrate was dissolved in acetonitrile (10 mL, 72 mmol). The reac-
tion suspension was incubated for 10 h at 800 rpm and 37 8C. The
hydrolytic reaction was monitored by using a cell-based adrenaline
assay for high-throughput screening.[33] The change of absorption
was obtained with a Spectramax UV/Vis spectrophotometer (Mo-
lecular Devices Corp.). Initial activity was assessed with a threshold
value of 10%, incorporating procedural variabilities and the ex-
pected conversion. Active clones were collected and reproduced in
triplicate based on the aforementioned preculture. Mutant genes
were sequenced by using the standard T7 and T7-Ter primers
(Medigenomix). A similar procedure was used for 20% and 40%
conversions.

Variant expression and purification : For all variants, expression
was performed in a ZY 5052 expression culture (100 mL) supple-
mented with carbenicillin (100 mgL�1). The culture was incubated
at 30 8C and 250 rpm overnight. The cells were chilled on ice for
20 min, harvested (5 min, 10000 rpm, 4 8C), washed with PBS
buffer (57 mmol, pH 7.2), and centrifuged again (3 min, 10000 rpm,
4 8C). The cell pellet was typically resuspended in PBS buffer (8 mL,
57 mmol, pH 7.2) containing DNase I (0.5 mgmL�1; Applichem,
Darmstadt, Germany) and lysozyme (1.0 mgmL�1?; GERBU Biotech-
nik, Gaiberg, Germany). The suspension was chilled on ice for 1 h
before sonication (Bandelin, 2K30 s, 40% pulse, on ice). After cen-

trifugation (14000 rpm, 45 min, 4 8C) a clear supernatant was col-
lected. The variants were purified by ion-exchange chromatogra-
phy (HiTrap Q HP, 5 mL, GE Healthcare) with a step-gradient and a
5 mLmin�1 flow rate (starting buffer A: 57 mm phosphate buffer
pH 7.4; elution buffer B: 57 mm phosphate buffer pH 7.4 with 1m

NaCl).

HPLC analysis : The chiral analyses of the hydrolytic kinetic resolu-
tion reaction of rac-3 were performed by using Chiracel AD-RH
chiral column (2.5 m, 4.6 mm i.d. , Daicel Chemical Industries,
Tokyo, Japan). Conditions: methanol/H2O, 0.5 mLmin�1, UV 210 nm.
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