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The biosynthesis of small molecules can be fine-tuned by (re)engi-
neering metabolic flux within cells. We have adapted this approach
to optimize an in vivo selection system for the conversion of
prephenate to phenylpyruvate, a key step in the production of the
essential aromatic amino acid phenylalanine. Careful control of
prephenate concentration in a bacterial host lacking prephenate
dehydratase, achieved through provision of a regulable enzyme
that diverts it down a parallel biosynthetic pathway, provides the
means to systematically increase selection pressure on replace-
ments of the missing catalyst. Successful differentiation of dehy-
dratases whose activities vary over a >50,000-fold range and the
isolation of mechanistically informative prephenate dehydratase
variants from large protein libraries illustrate the potential of the
engineered selection strain for characterizing and evolving en-
zymes. Our approach complements other common methods for
adjusting selection pressure and should be generally applicable to
any selection system that is based on the conversion of an endog-
enous metabolite.

directed evolution � enzyme design � genetic complementation �
prephenate dehydratase � tetracycline promoter

Evolutionary strategies that couple random mutagenesis with
high-throughput screening or selection have been success-

fully exploited to create and characterize protein catalysts on a
human time scale (1–6). Such approaches afford insight into the
complex interactions that influence protein folding, structure,
and catalytic mechanism. They can also aid in the design of new
proteins with tailored catalytic activities and selectivities.

Selection methods are particularly powerful in this context
because they allow exhaustive analysis of protein libraries con-
taining �107 members. Many in vivo selection schemes rely on
the capability of a protein to complement a metabolic defect in
a microorganism (3). Such strains can be engineered by mutating
or deleting an endogenous gene that encodes an enzyme with the
desired activity. Designing this type of selection system is
nontrivial, however. Living organisms are complex, and unan-
ticipated mechanisms may compensate for the engineered de-
fect. As a consequence, it is generally difficult to predict the
threshold of activity needed for survival of an auxotrophic host
and the dynamic range of selectable activities.

The ideal selection system should also allow adjustment of
selection pressure to the task at hand. For example, discovery of
active variants in large protein libraries may initially require a
low selection hurdle, whereas increasing stringency is required
for their evolutionary optimization in subsequent selection
rounds. Because selection pressure is linked to intracellular
catalyst concentration, stringency can be adjusted in practice by
altering gene dose or promoter strength or by targeting the
encoded catalyst for degradation (7, 8). Selection pressure is also
sensitive to the concentration of critical metabolites and can
sometimes be varied simply by changing amounts of substrate
added to the growth medium (7). In vivo, resource allocation is
often accomplished by controlling the flux of branch point
intermediates in metabolic networks (9). We wondered whether
an analogous approach might be used to fine-tune the stringency

of genetic selection systems involving transformations of sub-
strates that are produced biosynthetically by the host.

The shikimate biosynthetic pathway (10), having multiple
branch points, is a good system to evaluate strategies for tuning
selection pressure. In this study we focus on prephenate dehy-
dratase (PDT), which catalyzes the conversion of prephenate to
phenylpyruvate, the penultimate step in the biosynthesis of
L-phenylalanine (Fig. 1). In the cell, prephenate is also converted
by prephenate dehydrogenase (PDH) to 4-hydroxyphenylpyru-
vate, the immediate precursor to L-tyrosine. Negative feedback
inhibition of the dehydrogenase by tyrosine helps to regulate the
relative flux down the two branches of the pathway (11, 12).

Here we show that selection stringency of a phenylalanine
auxotroph lacking an endogenous dehydratase can be system-
atically adjusted by regulating the production of a second
enzyme that diverts prephenate away from the phenylalanine
branch. Controlling the intracellular concentration of pre-
phenate in this way eliminates problems associated with
background growth due to its spontaneous conversion to
phenylpyruvate. At the same time, rapid sorting and isolation
of dehydratase catalysts according to activity over a �50,000-
fold range is facilitated.

Results
Engineering the PDT Selection System. To select for PDT activity,
a bacterial strain lacking the corresponding natural enzyme is
needed. We used a new homologous recombination method (13)
to delete the pheA gene, which encodes a bifunctional chorismate
mutase–PDT, from the genome of a RecA-deficient Escherichia
coli strain. Because of the resulting defect in the shikimate
biosynthetic pathway, the KA34 strain shows severely compro-
mised growth unless the essential amino acid phenylalanine or a
functional dehydratase is provided. Nevertheless, the auxotroph
does grow slowly under some selective conditions. Specifically,
when the cells are plated at high density (�107 cells per 30-ml
agar plate), �30 �g/ml tyrosine is added to the medium, the
intracellular chorismate mutase concentration is increased, or
the pH of the medium is �6.0, background growth is sufficiently
high to complicate selection experiments.

Because phenylalanine auxotrophs are known to accumulate
prephenate (14), residual growth under selective conditions may
be due to the relatively facile spontaneous reaction of prephen-
ate to phenylpyruvate. If so, reduction of intracellular prephen-
ate concentration should help to circumvent this problem. We
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exploited a cyclohexadienyl dehydrogenase (CDH) from Zy-
momonas mobilis (15) to convert prephenate irreversibly to
4-hydroxyphenylpyruvate rather than to phenylpyruvate (Fig. 1).

In contrast to the endogenous prephenate dehydrogenase
(TyrA), CDH is not feedback-inhibited by tyrosine.

To enable fine-tuning of the selection system, we placed the
CDH-encoding tyrC gene on the helper plasmid pMHEtetCDH
(Fig. 2) under the control of a regulable tetracycline-dependent
promoter element (tetR-Ptet) (8). The latter affords homoge-
neous gene expression over a broad dynamic range. In the
absence of tetracycline, no CDH is produced and background
growth is observed after 10–12 days under selective conditions
(i.e., minus phenylalanine). Under these conditions weakly
active dehydratases might restore prototrophy, but a large
number of clones would have to be examined to find them among
the artifacts. Addition of tetracycline to the medium leads to the
production of CDH, which reduces the intracellular concentra-
tion of prephenate and hence background growth. At tetracy-
cline concentrations �0.4 �g/ml background growth is never
detected. In the presence of inducer, complementation of phe-
nylalanine auxotrophy should also require a more efficient PDT,
because this enzyme must compete with CDH for the same
cellular resource. If higher CDH concentrations necessitate the
production of more efficient dehydratases, adjusting the tetra-
cycline concentration should also provide a simple mechanism
for regulating selection stringency.

Calibration of the PDT Selection System. To assess the dynamic
range of the system, KA34/pMHEtetCDH cells were trans-
formed with plasmids encoding dehydratases covering a broad
span of activity (Table 1). The transformants were streaked out
onto minimal medium plates containing different amounts of
tetracycline. As summarized in Table 2, the appearance of single
colonies depends on the inducer concentration and the effi-
ciency of the encoded catalyst. Below 0.5 �g/ml tetracycline, a
dehydratase with a kcat/Km value as low as 24 M�1�s�1 confers a
modest growth advantage over background and, at the same
time, can be clearly distinguished from more active catalysts. At
intermediate tetracycline concentrations, such weakly active
catalysts complement poorly, but moderately active (kcat/Km �
103 M�1�s�1) and highly active (kcat/Km � 104 M�1�s�1) enzymes

Fig. 1. The engineered PDT selection system. The red X symbolizes the
absence of the chorismate mutase–PDT (PheA) in the E. coli KA34 host strain.
As a result of the pheA gene deletion, prephenate (2), generated from
chorismate (1) by chorismate mutase (TyrA), is converted enzymatically to
L-tyrosine (6) via 4-hydroxyphenylpyruvate (5) by prephenate dehydrogenase
(TyrA) and AAT (aromatic amino acid aminotransferase). However, prephen-
ate can accumulate because of feedback inhibition of TyrA by L-tyrosine.
Spontaneous nonenzymatic conversion of prephenate to phenylpyruvate (3),
which is subsequently transformed to L-phenylalanine (4) by AAT, leads to
‘‘leaky’’ growth under selective conditions. By introducing an externally reg-
ulable CDH (TyrC) from Z. mobilis, the intracellular prephenate concentration
can be reduced, diminishing background growth in the absence of exog-
enously added phenylalanine and also affording tunable selection pressure on
dehydratase surrogates.

Fig. 2. Helper plasmid pMHEtetCDH. The plasmid contains a chloramphen-
icol resistance gene (cat), a p15A origin of replication (orip15A) compatible with
the ColE1-type origin of the library plasmid (31), and the CDH gene from Z.
mobilis (tyrC), whose transcription is regulated by a tetracycline-dependent
promoter element (tetR-Ptet). Unique restriction sites are shown with their
position in parentheses.

Table 1. Kinetic parameters of PDT variants

Enzyme variant kcat, s�1 Km, �M kcat/Km, M�1�s�1

MjPDT* 20 � 1 17 � 1 1.2 � 106

WT EcPDT*† 15 � 1 670 � 70 2.2 � 104

W226A EcPDT‡ �10,000 3,000
N160A EcPDT*§ 0.06 � 0.03 2,600 � 1,800 24

*Kinetic parameters were determined at 37°C by using a continuous assay (16).
†Residues 101–300 with appended C-terminal His6-tag.
‡Residues 101–285 with a Trp226Ala mutation; kinetic parameters were de-
termined at 37°C by Zhang et al. (19).

§PDT domain as in † but with an Asn160Ala mutation.

Table 2. Calibration of the selection system

Harbored enzyme
variant

Tetracycline concentration, �g/ml

0 0.5 1 2.5 5

MjPDT 2 2 2 3 3
WT EcPDT 2 2 2 3 5
W226A EcPDT 2 3 4 7 �12
N160A EcPDT 8 12 �12 �12 N.G.

Number of days needed for single-colony formation (colony diameter:
0.5–1 mm) at 30°C. KA34/pMHEtetCDH transformants producing one of the
four PDTs were picked from phenylalanine-supplemented plates and streaked
out onto selective M9s plates as described in Materials and Methods. N.G., no
growth observable.
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can be differentiated based on the distinct growth rates they
afford. At the highest concentration of tetracycline tested (5
�g/ml), it is even possible to single out the most active catalysts.
Thus, by varying the tetracycline concentration, the stringency of
the PDT selection system can be systematically tuned to identify
dehydratase catalysts spanning a �50,000-fold range in activity.

Model selection experiments confirmed the utility of this
system for isolating weakly active enzymes. KA34/pMHE-
tetCDH was transformed with 1:1, 1:10, and 1:100 mixtures of
plasmids encoding either the N160A E. coli PDT (EcPDT)
variant or an E. coli chorismate mutase that lacks PDT activity.
The ratio of colonies obtained under selective conditions in the
absence of phenylalanine relative to the number of colonies on
plates containing phenylalanine corresponds well to the ratio of
the two transformed plasmids (Table 3).

Application of the PDT Selection System. Although PDTs from a
number of organisms have been biochemically characterized (see
for example refs. 16–20), their mechanism of action remains
unclear. We have exploited our selection system to investigate
two sets of highly conserved residues in this enzyme family.
Specifically, using the monofunctional and thermostable PDT
from Methanocaldococcus jannaschii (MjPDT) as a template
(16), we targeted the tripeptide sequence Thr-172–Arg-173–
Phe-174 (TRF) and, independently, three tyrosines (YYY:
Tyr-7, Tyr-14, and Tyr-114) for combinatorial mutagenesis. The
TRF tripeptide is found in �95% of all PDTs. Based on
site-directed mutagenesis experiments with the homologous E.
coli enzyme (19), Thr-172 was expected to be important for
catalysis. Furthermore, Arg-173, as the only conserved cationic
group in the enzyme, seemed like a likely candidate for binding
the dianionic substrate, whereas Phe-174, the most highly con-
served hydrophobic residue in the PDT family, could constitute
part of the active site or play a structural role (16, 19). Positions
7, 14, and 114, which are �85% conserved as phenylalanine,
tyrosine, or tryptophan across the entire PDT family, were
chosen to test the possibility that the cationic intermediate that
forms upon decarboxylation of prephenate (21) might be stabi-
lized by cation–� interactions (22).

The TRF and YYY libraries were constructed from random-
ized oligonucleotides containing three NNS codons each. After
transformation of the KA34/pMHEtetCDH strain, they con-
tained 6.5 � 105 and 6.1 � 105 members, respectively, ensuring
adequate coverage of the 3.3 � 104 theoretically possible codon
variants.† Both libraries were plated under selective conditions in
the absence of phenylalanine using tetracycline to adjust the
selection stringency, and plasmids from functional clones were

isolated and sequenced to assess the preferences at the targeted
sites.

The TRF library was subjected to stringent selection condi-
tions (5 �g/ml tetracycline). Under these conditions, 0.1% of the
library was found to complement the dehydratase deficiency.
Functional clones contained only WT threonine and phenylal-
anine residues at positions 172 and 174, whereas Arg-173 was
found to be surprisingly tolerant to substitution (Fig. 3).

The YYY library was plated on selective medium containing
either 0.1 or 5 �g/ml tetracycline. The complementation fre-
quency under the least stringent conditions was �15% and
decreased to 7% at the higher tetracycline concentration. The
occurrence of aromatic amino acids (including histidine) in
functional clones obtained under the different selection condi-
tions is shown in Fig. 4. On plates supplemented with phenyl-
alanine, no preference for any amino acid is evident at any of the
randomized sites, and the four aromatic residues appear with a
frequency that matches expectations for a random distribution
(�13%). Upon selection, aromatics become significantly en-
riched at position 14, even under the least selective conditions,
and at 5 �g/ml tetracycline only aromatic amino acids are found
at this site (65% phenylalanine, 15% tyrosine, 15% tryptophan,
and 5% histidine). In contrast, only a modest preference for
aromatics is observed at positions 7 and 114, suggesting that
these residues are not directly involved in catalysis.

Discussion
Deleting a key biosynthetic enzyme can severely perturb metab-
olite flux within a cell, especially under selective conditions. For

†Sequencing of randomly picked clones from nonselective plates from each library showed
that approximately half contained one or more additional mutations outside of the
intentionally randomized regions because of oligonucleotide synthesis errors or polymer-
ase mistakes during PCR. Nevertheless, no obvious differences in selection preferences
were observed between functional variants with and without the unprogrammed muta-
tions, suggesting that they do not influence the observed trends.

Fig. 3. Selection results for the MjPDT TRF library. Amino acid frequencies at
the randomized sites were obtained by analysis of 24 functional MjPDT
variants, which were isolated under stringent selection conditions (5 �g/ml
tetracycline). The WT MjPDT gene was not recovered in this experiment,
judging from the observed codons. Under nonselective conditions, the ob-
served amino acid distribution at each position in the tripeptide motif was
random. The WT residue at each of the randomized positions is indicated in
parentheses.

Table 3. Model selection experiments for PDT genes

Ratio of transformed
plasmids* (N160A
EcPDT:EcCM genes)

Colonies on nonselective
plates (M9s � 20 �g/ml

L-phenylalanine)

Colonies on selective
plates† (M9s � 80
ng/ml tetracycline)

Experimentally derived fraction
of complementing clones

1:1 1,900 738 1:1.3
1:10 1,800 158 1:11
1:100 800 6 1:133

*Plasmids pAKZ7-N160A (encoding N160A EcPDT; see footnote § in Table 1) and pAKZ3-EcCM (encoding the chorismate mutase domain
from E. coli PheA) were mixed in different ratios and introduced into KA34/pMHEtetCDH cells. The model selection experiments were
performed as described in Materials and Methods at a tetracycline concentration of 80 ng/ml.

†The identity of representative isolated plasmids from selected colonies was confirmed by restriction analysis.
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example, the flow of precursors into the disrupted pathway often
results in accumulation of one or more metabolic intermediates
upstream of the blocked step (9). Such a situation is potentially
problematic for selection experiments, because elevated con-
centrations of the substrate for the missing enzyme boost the
nonenzymatic background reaction and favor isolation of en-
zyme variants with low substrate affinity.

Our results show that such problems can be minimized or even
eliminated through metabolic engineering. Excess substrate can
be efficiently removed from cellular metabolism by providing a
second enzyme to channel it away from the blocked step. As a
consequence, background growth is reduced and greater de-
mands are placed on the enzyme being selected. In our system,
regulating the production of CDH, which competes with PDT for
prephenate, allows the selection stringency for dehydratase
activity to be adjusted over a broad dynamic range. Differenti-
ation of PDTs with as little as a 10-fold difference in kcat/Km over
a �50,000-fold range establishes the efficacy of this approach.
Efficient isolation of a weakly active dehydratase (kcat/Km � 24
M�1�s�1) further demonstrates the method’s utility for directed
evolution applications.

Genetic selection is a powerful tool for characterizing enzyme
mechanism (3), and we have exploited the PDT selection system
to gain insight into MjPDT. Sequence analysis of several hundred
PDTs had shown that residues 172–174 in this enzyme are highly
conserved across the entire protein family (16), signifying po-
tentially important roles in catalysis. The strict conservation of
Thr-172 and Phe-174 in our selection experiments is consistent
with this interpretation, but the tolerance of Arg-173 to mutation
was unexpected. The crystal structure of a PDT from Staphylo-
coccus aureus Mu50, which was deposited (Protein Data Bank ID
code 2IQ8) after completion of this study, provides a rational-
ization of these results: both Thr-168 and Phe-170 (which
correspond to Thr-172 and Phe-174 in MjPDT) point into a
cavity that likely constitutes the active site, whereas Arg-169
(Arg-173 in MjPDT) is located on the protein surface (Fig. 5).
As previously suggested (19), Thr-172 may thus provide a
hydrogen bond to prephenate during catalysis. Phe-174, which is

physically adjacent to Thr-172, could also bind the substrate
through van der Waals interactions. Although Arg-173 may
contribute to protein stability through salt bridges with two
surface glutamates (Fig. 5B), the selection and structural data
convincingly show that it is not involved in either substrate
recognition or catalysis.

The selection experiments with the YYY library illustrate how
selection stringency can be easily adjusted to probe conservation
patterns simply by altering the amount of tetracycline added to
the selection plates. Of the three randomized tyrosines, a clear
preference for aromatic residues is evident only at position 14,
and this preference increases with increasing selection pressure.
Although aromatic amino acids at this position are not essential
for function, they apparently contribute significantly to the high
efficiency required under stringent selection conditions, consis-
tent with the observation that this residue (corresponding to
Phe-12 in the Staphylococcus structure) is the only one located
in the putative active site (Fig. 5A). Its aromatic side chain could

Fig. 4. Frequencies of aromatic amino acids (including His) in MjPDT variants
selected from the YYY library at different selection stringencies. The data are
based on an analysis of 20 of the largest colonies picked from each plate type.
In the presence of phenylalanine, no significant preference for aromatic
amino acids is seen at any of the randomized positions. In contrast, under
selective conditions, aromatic residues become enriched at position 14 as the
selection stringency is increased upon raising the tetracycline concentration.

Fig. 5. Structure of the S. aureus Mu50 PDT (Protein Data Bank ID code 2IQ8).
(A) Ribbon diagram showing the PDT domain (blue) and an appended ACT
regulatory domain (green). The tripeptide motif randomized in the TRF library
is highlighted in yellow, and the aromatic residues randomized in the YYY
library are shown in red. The gray sphere symbolizes a bound magnesium
atom. The side chains of residues Phe-12, Thr-168, and Phe-170 (corresponding
to Tyr-14, Thr-172, and Phe-174 in MjPDT) point into a cavity that probably
corresponds to the active site. (B) Close-up view of the TRF tripeptide. Whereas
Thr-168 and Phe-170 are directed toward the interior of the protein and line
a well defined pocket, Arg-169 (which corresponds to MjPDT Arg-173) is
located on the exterior surface, where it engages in salt bridges with Glu-54
and Glu-78.
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conceivably stabilize the cationic intermediate (21) that is gen-
erated upon decarboxylation of prephenate through cation–�
interactions (22), but a structural role may be more plausible,
given the observed bias for phenylalanine over tryptophan and
tyrosine, which are normally preferred at cation–� binding sites,
and the appearance of histidine, which is never used for this
purpose (23). Structures of the enzyme complexed with substrate
or transition state analogs will be needed to clarify the precise
nature of this interaction.

Tunable stringency can greatly facilitate efforts to characterize
and evolve enzymes by combinatorial mutagenesis and selection.
Metabolic regulation of intracellular substrate concentration
represents one viable strategy for achieving such control. As
shown here, this can be accomplished by diverting the substrate
of the target reaction down an alternative biosynthetic pathway
using a competing enzyme produced under the control of a
tightly regulated promoter. Our approach is not limited to
manipulations directly at the selection step, however, because
forks are abundant in cellular metabolism. In principle, branch-
ing steps earlier in the biosynthetic reaction sequence, or even
after the target reaction, could be exploited to modulate met-
abolic f lux and, hence, selection pressure. Although similar
control might also be achieved by direct regulation of one of the
catalysts needed to biosynthesize the required substrate, using a
branch point enzyme to divert f lux has the advantage of not
requiring additional chromosomal modifications of the host
organism. The optimal strategy will necessarily depend on the
connectivity of the pathway in question, but an arsenal of
established engineering strategies (24) should allow the creation
of a regulable selection regime for virtually any metabolic
reaction.

Materials and Methods
DNA Manipulations. Molecular cloning was performed according
to standard procedures (25). Restriction endonucleases, Taq
polymerase, and T4 DNA ligase were purchased from New
England Biolabs (Ipswich, MA). Oligonucleotides were ob-
tained by custom synthesis from Microsynth (Balgach, Switzer-
land). PCRs were performed using PfuTurbo polymerase from
Stratagene (La Jolla, CA) or Taq polymerase. All portions of the
constructed plasmids generated by PCR were confirmed by
DNA sequencing on a 3100-Avant Genetic Analyzer (Applied
Biosystems, Foster City, CA) by chain termination chemistry
(26) using the BigDye Terminator Cycle Sequencing Kit from
the same company.

Plasmid Constructions. Details on the construction of plasmids
pDpheA, pMHEtetCDH, pAKZ3-EcCM, pAKZ6, pAKZ7,
pAKZ7-W226A, pAKZ7-N160A, and pAKZ13 are provided in
supporting information (SI) Text.

Construction of the E. coli Phenylalanine Auxotroph KA34. The
PDT-deficient E. coli strain KA34 was derived from KA10, which
was constructed from strain YMC9 (27) by generalized P1
transduction to delete the recA gene as described previously (28).
The genotype of KA10 is 	(srlR-recA)306::Tn10, thi-1, endA-1,
hsdR17, 	(argF-lac)U169, supE44. KA34 [genotype KA10
	(pheA)::neo] was engineered by using a chromosomal gene
targeting technique (13) and the knockout plasmid pDpheA.
The chromosomal lesion in KA34 was verified by PCR using
different combinations of primers that hybridize to the inserted
kanamycin resistance gene and to the chromosomal DNA out-
side of the segments cloned in pDpheA, followed by restriction
analysis of the PCR products. In addition, a plasmid cointegrate
was ruled out by testing for ampicillin and UV sensitivity as
described previously (13).

PDT Selection System. KA34/pMHEtetCDH cells additionally trans-
formed with a library plasmid were subjected to selection on M9s
agar plates. The latter are based on M9c minimal agar plates (29)
but contain 150 �g/ml sodium ampicillin rather than 50 �g/ml, as
well as 5 �g/ml L-tyrosine, 0.2 mM isopropyl 1-thio-�-D-
galactopyranoside, and 10 �M sodium salicylate. Tetracycline was
plated just before use. For nonselective control conditions, M9s was
supplemented with 20 �g/ml L-phenylalanine.

Tetracycline Titration and Model Selections. Each M9s plate con-
taining a given amount of tetracycline had four streak-outs of
four different, single colony-purified transformants of KA34/
pMHEtetCDH (producing MjPDT, WT EcPDT, W226A
EcPDT, or N160A EcPDT) on physically separated agar sectors
(prepared by cutting out slices to prevent diffusion of released
metabolites). MjPDT was produced from plasmid pAKZ11 (16),
WT EcPDT from pAKZ7, and the W226A and N160A variants
of EcPDT from plasmids pAKZ7-W226A and pAKZ7-N160A,
respectively. The tetracycline titration assay was carried out in
duplicate by incubating four identical plates at 30°C at each
tetracycline concentration.

For the model selections, plasmids pAKZ7-N160A (encoding
N160A EcPDT) and pAKZ3-EcCM (encoding the chorismate
mutase domain of E. coli PheA) were mixed in a 1:1, 1:10, and
1:100 ratio. Electrocompetent KA34/pMHEtetCDH cells (50 �l)
were transformed with 1 ng of the plasmid mixtures. Transfor-
mation, washing, plating, and incubation of the cells were
performed as described for the in vivo selection experiments with
the libraries (see below), except that only 1/60th of the cells was
plated on M9s plates containing 80 ng/ml tetracycline. Plasmids
isolated from selected colonies were identified by restriction
analysis.

Library Construction and in Vivo Selection. All randomized library
gene fragments were ligated with the 4,520-bp BsaI–BsaI frag-
ment of the library vector pAKZ6 (5,899 bp) (containing a
stuffer fragment flanked by two nonpalindromic BsaI restriction
sites). The randomized library genes for the TRF library were
created by standard overlap extension PCR (30) of library
fragments sPCR1 and sPCR2 using the f lanking primers
pAKZ4�ins�rev2 and MjPDT�cr�lib�C1 for amplification (see
below). sPCR1 was prepared with primers pAKZ4�ins�rev2
(5
-GTAGGACGGGTCTCTGAACTTTAAGAAGGAG-
ATATACATATG; BsaI restriction site underlined) and
MjPDT�cr�Lib�TRF� (5
-CTTATTATTTTTATAATCT-
TCAATATTTTCATCC), and sPCR2 was prepared with prim-
ers MjPDT�cr�Lib�TRF� (5
-GGATGAAAATATTGAAG-
ATTATAAAAATAATAAGNNSNNSNNSATTTTAAT-
TGGTAAAAAAGTTAAATTTAAATATCATCC; random-
ized nucleotides indicated in bold; N is an equimolar mixture of
all nucleotides and S indicates a mixture of C and G) and
MjPDT�cr�Lib�C1 (5
-GTAGGACGGGTCTCAGTGGTTAT-
TAATCAAAAACTGGGTATTTTCCTAAAAG; BsaI re-
striction site underlined) using pAKZ13 (linearized with
EcoRV, dephosphorylated, and gel-purified) as template.

The YYY library genes were constructed by assembling three
overlapping PCR products (sPCR3, sPCR4, and sPCR5), two of
which contain the randomized codons, and PCR-amplifying the
assembled gene using the flanking primers pAKZ4�ins�rev2 and
MjPDT�cr�Lib�C1. Employing pAKZ13 (linearized with
EcoRV, dephosphorylated, and gel-purified) as template,
sPCR3 was produced by using primers pAKZ4�ins�rev2 and
MjPDT�crLib�Y7/Y14� (5
-AATAACTGCTTTATTCATG-
GATCCAG), sPCR4 was produced by using primers
MjPDT�crLib�Y7/Y14� (5
-CTGGATCCATGAATAAA-
GCAGTTATTNNSACATTACCAAAAGGAACGNNSA-
GTGAAAAAGCTACAAAGAAATTTTTAGACTAC; ran-
domized codons in bold) and MjPDT�crLib�Y114� (5
-
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ATTTCTACATTGAGCTAATGCCTGC), and sPCR5 was
produced by using primers MjPDT�crLib�Y114� (5
-GCA-
GGCATTAGCTCAATGTAGAAATNNSATAAAAAAGC-
ACGGTTGGGATG; randomized codons in bold) and
MjPDT�cr�Lib�C1. These three PCR products were assembled
by using the following temperature program: four cycles of 95°C
for 30 s, 55°C for 1 min, and 72°C for 10 min (the long elongation
times diminished the formation of undesired assembly products).

Electrocompetent cells of the KA34 selection strain contain-
ing the pMHEtetCDH helper plasmid (50 �l) were transformed
with the appropriate plasmid or ligation mixture. Recovery after
electroporation was performed for 50 min at 30°C in 18 ml of
SOC medium (the large volume of SOC, yielding an OD600 of 0.6,

differs from standard protocols and results in an up to 5-fold-
higher transformation efficiency of this strain). The cells were
washed three times at 4°C with 4 ml of M9 salts (25) to remove
residual L-phenylalanine, resuspended in 3 ml of M9 salts, plated
in 50-�l portions per M9s plate (containing a defined tetracy-
cline concentration), and incubated at 30°C.
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