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A method of mutagenic and unidirectional reassembly (MURA) that can generate libraries of DNA-shuffled
and randomly truncated proteins was developed. The method involved fragmenting the template gene(s)
randomly by DNase I and reassembling the small fragments with a unidirectional primer by PCR. The MURA
products were treated with T4 DNA polymerase and subsequently with a restriction enzyme whose site was
located on the region of the MURA primer. The N-terminal-truncated and DNA-shuffled library of a Serratia
sp. phospholipase A, prepared by this method had an essentially random variation of truncated size and also
showed point mutations associated with DNA shuffling. After high-throughput screening on triglyceride-
emulsified plates, several mutants exhibiting absolute lipase activity (NPL variants) were obtained. The
sequence analysis and the lipase activity assay on the NPL variants revealed that N-terminal truncations at a
region beginning with amino acids 61 to 71, together with amino acid substitutions, resulted in the change of
substrate specificity from a phospholipase to a lipase. We therefore suggest that the MURA method, which
combines incremental truncation with DNA shuffling, can contribute to expanding the searchable sequence

space in directed evolution experiments.

The in vitro recombination method, or DNA shuffling,
greatly expands the potential applications of the field of pro-
tein engineering. Many successfully engineered proteins have
proven that various DNA shuffling techniques are effective
tools for directed evolution of proteins, such as the improve-
ment of enzyme activity (2) and stability (16) and alteration of
the substrate specificity (22). These techniques generate ho-
mologous recombination between two or more genes and can
also introduce new point mutations during PCR reassembly
(17, 24). Point mutations, as well as recombination in DNA
shuffling, may provide useful sequence diversity for more rapid
adoption of novel properties.

Various methods for incremental truncation or nested dele-
tion have also been developed for the acquisition of novel
function in proteins and/or for use as a diagnostic tool for
protein structure-function analysis. Nuclease-based methods
using controlled digestion of linearized plasmid DNA can gen-
erate unidirectional truncations (1, 5, 10). The ITCHY method
of creating incremental truncation with exonuclease III was
recently reported and is especially well suited for the creation
of hybrid enzyme libraries between two nonhomologous se-
quences (9, 11). In addition, many PCR-based deletion studies
have been reported. Unfortunately, most of the PCR-based
deletion methods produce only one deletion per experiment
and require a series of DNA manipulations (6, 7, 23).
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We have developed a method for the creation of DNA-
shuffled and truncated enzyme libraries in which the different
types of DNA sequences generated by either DNA shuffling or
incremental truncation can be simultaneously introduced to a
parent gene in a single experiment. The methodology, termed
mutagenic and unidirectional reassembly (MURA), involves
fragmenting template genes, reassembling their own small-
length fragments with a unidirectional primer (MURA prim-
er), and then cloning in the form of blunt- and sticky-ended
termini. A unidirectional primer containing an appropriate
restriction site was used for a unidirectional reassembly PCR,
thus increasing a portion of genetic material truncated in a
single desired direction among total reassembled DNA mole-
cules.

Phospholipases A; (PlaA) (EC 3.1.1.4), such as, for example,
PlaA from a Serratia sp. (15), hydrolyze the sn-1 acyl ester bond
of 3-sn-phosphoglycerides and show no activity on neutral lip-
ids such as triacylglycerols. In contrast, typical lipases (EC
3.1.1.3) hydrolyze the acyl ester bonds of triacylglycerols to
release glycerol and fatty acids and show no or very little
activity on phospholipid substrates. However, they have the
same catalytic triad residues acting on the same chemical
bonds of relatively similar substrates and are believed to share
a common structural fold termed the o/B-hydrolase fold (12).
Moreover, exceptional lipases with remarkable phospholipase
activity, such as the Staphylococcus hyicus lipase and the lidless
guinea pig pancreatic lipase, were identified (14, 21) and
evolved further to increase their phospholipase/lipase ratios by
directed evolution and rational design (18, 19, 20). In this
study, the MURA method for creating DNA-shuffled and trun-
cated libraries was used to alter the substrate specificity of
PlaA from a phospholipase to a lipase in the reverse direction
relative to that of other previous approaches.
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Here the feasibility of MURA as a novel method to create
DNA-shuffled and truncated enzyme libraries is demonstrated.
We used this method to produce DNA-shuffled and N-termi-
nal-truncated variants of PlaA and then performed a screening
for lipase activity. In this manner we obtained the shuffled and
truncated phospholipase variants that were able to hydrolyze
the acyl ester bonds of neutral lipids such as triglycerides, while
the wild-type PlaA was not active on the same substrates.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions.Escherichia coli XL1-Blue
{recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl [F' proAB lacl? ZA15 Tnl0
(Tet)]} (Stratagene, San Diego, Calif.) was used as a host strain for DNA
manipulation and gene expression. Plasmid pSTV28 (Takara Shuzo, Shiga, Ja-
pan) was used to construct a DNA-shuffled and truncated enzyme library. A
PlaA gene (plaA) from a Serratia sp. (GenBank accession number U37262) was
originated from plasmid pMJ1 (15). Recombinant E. coli cells were grown in
Luria-Bertani (LB) medium. When necessary, chloramphenicol (50 pg/ml) was
added to the medium.

DNA manipulation and sequencing. All restriction enzymes, DNA-modifying
enzymes, and related reagents used for DNA manipulation were purchased from
New England Biolabs Inc., Sigma, Takara, or Boehringer Mannheim. DNA was
sequenced by cycle sequencing by using an ABI PRISM BigDye Terminators v3.0
cycle sequencing kit and AmpliTaq DNA polymerase (Perkin-Elmer/Applied
Biosystems, Foster City, Calif.).

MURA and library construction. The substrates for the MURA reaction were
0.96-kb double-stranded DNA PCR products from pMJ1 and were obtained by
using a Pfu polymerase (Stratagene) with the primer pair plafl (5'-TTGAGTT
TTACCTCTGCGATCG-3', which anneals to the 5’ end of the pla4 gene) and
plaf2 (5'-TCAGGCATTGGCCATCGCCTC-3', which anneals to the 3’ end of
the plaAd gene). About 5 pg of the DNA substrate was digested with 0.3 units of
DNase I (Promega, Madison, Wis.) in 50 pl of 40 mM Tris-HCI (pH 8.0), 10 mM
MnCl,, and 1 mM CaCl, for 4 to 5 min at room temperature. After the DNase
I digests were purified with a Qiaquick nucleotide removal kit (Qiagen), it was
confirmed on a 2.5% Metaphore agarose gel (FMC, Rockland, Minn.) or a 2%
agarose gel, the size of which was about 100 bp. About 250 ng of gel-purified
100-bp fragments was reassembled with a unidirectional primer (i.e., MURA
primer, 5'-AGCGTCGACTCAGGCATTGGCCATCGCCTCCCATGG-3"),
which is annealed to the 3’ end of the plad gene and is flanked by a Sall
restriction site. A 100-pl mixture of MURA reaction contained 20 mM Tris-HCI
(pH 8.7), 10 mM KCl, 2 mM MgSO,, 0.1 mM each deoxynucleoside triphosphate
(dNTP), 50 to 500 pmol MURA primer, and 2 U of Pfu polymerase. The MURA
reaction was performed with an automatic thermal cycler (Ericomp, San Diego,
Calif.) for 30 cycles, with each cycle consisting of 94°C for 60 s, 54 to 62°C for
40 s, and 72°C for 60 s.

The MURA products were purified with a Qiaquick PCR purification kit
(Qiagen) and then treated with 1 U of T4 DNA polymerase (Takara) in 40 wl of
the manufacturer’s 1X buffer and 0.17 mM each dNTP for 10 min at 37°C or with
10 U of S1 nuclease (Takara) in 40 .l of the manufacturer’s 1X buffer for 10 min
at 25°C. After being purified with a Qiaquick PCR purification kit, the blunt-
ended MURA products were digested with Sall for the purpose of converting the
blunt ends to sticky ends at the 3’ ends of the MURA products. The DNA
fragments in the range of 500 to 960 bp were separated by agarose gel electro-
phoresis and purified by using a Qiaex II kit (Qiagen). The resultant MURA
products with 5’ blunt ends and 3’ sticky ends were ligated into Smal- and
Sall-digested pSTV28. After ligation for 16 h at 16°C, E. coli XL1-Blue was
transformed and plated on LB or tributyrin agar plates.

Library analysis.XL1-Blue cells expressing the DNA-shuffled and truncated
PlaA libraries were spread on LB plates containing 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside, isopropyl-B-p-thiogalactopyranoside, and chloramphen-
icol. The plasmids were isolated from 90 randomly chosen colonies and digested
with EcoRI and Sall. The length variation of truncated genes was determined by
agarose gel electrophoresis and the Quantity One software package (Bio-Rad,
Hercules, Calif.). DNA from 10 randomly chosen colonies was also sequenced to
estimate the location and frequency of mutation.

Screening.E. coli transformants harboring a library of DNA-shuffled and trun-
cated PlaA variants were spread on LB medium plates containing 1% (wt/vol)
tributyrin (Sigma) and chloramphenicol (LB-TB plates). Plates were incubated
overnight at 37°C and subsequently placed at 4°C. Lipase activity on the tribu-
tyrin substrate in the LB-TB plate was visible as a transparent halo surrounding
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the colony of interest due to hydrolysis of the turbid tributyrin. Positive colonies,
whose activity became visible, were selected to measure enzymatic activity and to
determine DNA sequences. Under these conditions, E. coli colonies expressing
wild-type PlaA did not produce any detectable halo.

Enzyme activity.Cell extracts expressing functional variants and wild-type PlaA
were prepared as described by Henne et al. (4). Based on the previous methods
(3, 16), enzymatic activities were determined in a pH-stat assay with substrate
solutions of pure micelles of lecithin as a phospholipase substrate and mixed
micelles of tributyrin as a lipase substrate. The enzymatic activities were mea-
sured with an autotitrator and an autoburette (Radiometer Copenhagen, Lyon,
France) and quantified according to the NaOH consumption that was recorded.

RESULTS AND DISCUSSION

MURA.The MURA method described in this study allows
the creation of truncated enzyme libraries in which point mu-
tation and homologous recombination of general DNA shuf-
fling are also involved. The MURA process consists of four key
steps (Fig. 1). The method starts with random fragmentation of
the parental gene obtained by PCR amplification or restriction
digestion. The second step involves fragment reassembly in the
presence of the unidirectional primer (MURA primer) con-
taining an appropriate restriction site. Next, the MURA prod-
ucts covering the DNA region of interest are isolated by pre-
parative agarose gel electrophoresis, subjected to T4 DNA
polymerase or S1 nuclease in order to polish both termini of
the fragments, and then digested with a restriction enzyme that
has a site in the MURA primer.

One experimental example of this MURA procedure was
demonstrated by the construction of a library for the expres-
sion of DNA-shuffled and N-terminal-truncated variants of the
PlaA from a Serratia sp. (GenBank accession no. U37262).
Figure 2 shows DNase I-digested random fragments of 0.96-kb
PCR products and the products of MURA PCR. Purified
DNase I digests of about 100 bp were reassembled in the
presence of a MURA primer. In order to generate the N-
terminal truncation, we used a unidirectional MURA primer
annealed to the 3’ end of the plaA gene. In fact, any region of
a whole gene can be chosen as sequences of a MURA primer,
and in that case any direction of unidirectional reassembly may
also be selected.

It is believed to be important that the population of reas-
sembled MURA fragments should be obtained without a bias
toward a specific size range. Although the MURA primer
sequences and the length of parent gene can affect the effi-
ciency in applying the MURA method to other genes, the
MURA primer concentration (i.e., the molar ratio of MURA
primer and template fragments), annealing temperature, and
cycle number can be easily manipulated to obtain a uniform
smear. Thus, we tested for the range of 50 to 500 pmol (i.e.,
about 5- to 50-fold excess of the MURA primer over DNase
I-digested fragments) of the MURA primer, and we found that
the higher primer concentration yielded a higher efficiency of
library construction. Moreover, we obtained a uniform smear
without a specific band (i.e., without an uneven distribution of
reassembled fragments) on agarose gels when the MURA was
performed for 30 cycles at an annealing temperature of 56°C.

After the unidirectionally reassembled DNA fragments were
purified, they were blunt-ended on both ends with T4 DNA
polymerase or S1 nuclease and then sticky-ended on the 3" end
with Sall. Fragments in the range of about 500 to 960 bp were
isolated by preparative agarose gel electrophoresis and cloned
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FIG. 1. Schematic overview of the construction of a DNA-shuffled
and truncated enzyme library by the MURA method. The sequences of
the MURA primer can be chosen on any desired site of the parent
gene. This figure represents a procedure using a 3’-complementary
MURA primer, and thus N-terminal-truncated and shuffled variants of
PlaA are constructed. The steps shown are random fragmentation of
the parent gene pool by DNase I (a), unidirectional reassembly with
the MURA primer (b), separation of the fragments of interest by
preparative agarose gel electrophoresis (c), formation of blunt ends by
S1 nuclease or T4 DNA polymerase on both termini (d), sticky-end
formation by a restriction enzyme on one terminus (e), and ligation
into an expression vector (f). The order of steps ¢, d, and e can be
altered to d, e, and ¢ without affecting the efficiency of library con-
struction. The diamonds on the bars representing genes indicate pos-
sible mutations during shuffled and unidirectional reassembly PCR.

into pSTV28. As shown below, the treatment of T4 DNA
polymerase and the subsequent restriction digestion guaran-
teed that the randomly truncated and shuffled DNA fragments
having exclusively MURA primer sequences at their 3’ end
(ie., fragments reassembled together with MURA primer)
could be correctly ligated into 5" blunt- and 3’ sticky-ended
vector (i.e., Smal- and Sall-digested pSTV28).

DNA analyses of MURA libraries. We created N-terminal-
truncated and DNA-shuffled PlaA libraries by the MURA
method. One hundred randomly chosen colonies from the
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FIG. 2. Agarose gel analysis of DNA fragments generated during
the MURA process. The Serratia sp. phospholipase gene (0.96 kb) was
prepared by PCR (lane 1). The template DNA was digested with
DNase I and the digests were purified (lane 2) and subjected to the
MURA PCR as described in Materials and Methods; the resultant
DNA fragments reassembled with a unidirectional primer (lane 3)
were purified by using a Qiaquick purification kit. Lane M, 100-bp
ladder DNA size marker.

MURA library were analyzed. When the plasmids from ran-
domly selected members were digested with EcoRI and Sall,
we determined that the MURA products were correctly intro-
duced in the form of 5’ blunt- and 3’ sticky-ended fragments,
which had been generated by treating T4 DNA polymerase and
restriction enzyme Sa/l. Moreover, the length variation of trun-
cated and shuffled genes was evaluated and found to be essen-
tially random (Fig. 3 and Fig. 4). In other words, the popula-
tion of truncations covering the DNA region of interest did not

M123 456 7 8 910111213

FIG. 3. An example of restriction enzyme digestion on randomly
chosen colonies from the MURA library. E. coli colonies were ran-
domly selected from the library, and their plasmids were isolated. Each
sample of plasmid DNA was digested with EcoRI and Sall and then
examined by electrophoresis in a 2.5% Metaphore agarose gel (FMC).
Lane M, NEcoRI and HindIII digests and a 100-bp ladder DNA size
marker; lanes 1 to 13, EcoRI and Sall digests of each plasmid.
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1000 TABLE 1. Amino acid sequences and catalytic activities of
wild-type PlaA and NPL variants
R f Relative activity (%)”
; Lipase Phospholipase
§, 800 - o o PlaA (wild type) 1 to 320 <0.1 100.0
° NPL-3628 61 to 320 49.4 109.1
il NPL-0601 62 to 320 53.6 107.3
c NPL-0401 63 to 320 63.1 113.2
B P00 g NPL-0602 63 to 320 (R246C) 76.8 109.3
‘© NPL-0901 66 to 320 100 115.9
o NPL-3128 67 to 320 92.3 115.2
0 800 ey NPL-1901 68 to 320 89.3 107.8
NPL-1328 70 to 320 90.5 107.5
NPL-0428 71 to 320 69.0 97.8
500 . : . . .
0 2|0 4|() GTO Bl() 100 “ All numbers are the positions of amino acids from PlaA. Amino acid sub-

Variant number

FIG. 4. Size distribution of the MURA libraries. The truncated
gene sizes of 100 randomly chosen variants in MURA libraries were
determined by restriction digestion of each sample. The digest samples
were estimated by agarose gel electrophoresis (2.5% Metaphore aga-
rose gel) and the gel analysis software package Quantity One (Bio-
Rad). The calculated sizes of the insert genes of randomly selected
members were arranged in the order of ascending size.

have a significant bias against, for example, relatively small
fragments or specific size ranges.

In addition to the analyses related to the truncation aspect of
the MURA library, we determined DNA sequences of 20 ran-
domly selected variants in order to confirm the DNA shuffling
aspect of MURA for a single gene. The rate of mutation that
was derived from unidirectional reassembly PCR in the
MURA procedures, which is a phenomenon similar to that of
general DNA shuffling, was 0.11% under the experimental
conditions used in this study. Generally, DNA shuffling and the
MURA method involve the random fragmentation of target
sequences and the reassembly of their own small-length frag-
ments by inevitable mutagenic PCR, except that in the MURA
method a unidirectional primer is added to the reassembly
PCR. Moreover, it has been noted that the mutagenesis rate
associated with DNA shuffling can be adjusted over a wide
range, namely, 0.05 to ~0.7%, by controlling some experimen-
tal conditions (24). In fact, when conditions for error-prone
PCR, such as a higher concentration of Mg?*, the addition of
mutagenic Mn?", and the use of relatively large amounts of
Taq DNA polymerase, were applied to unidirectional PCR
reassembly, we obtained a similar pattern of smear on an
agarose gel without a significant difference in the level of
amplification achieved in PCR reassembly (data not shown).
Therefore, the mutagenesis rate in the MURA method is be-
lieved to be varied by the application of the same experimental
conditions that have already been well established in other
previous studies of error-prone PCR and DNA shuffling.

Judging from this type of DNA sequence, the MURA
method represents a combination of DNA shuffling and incre-
mental truncation and therefore is believed to add one more
method of genetic diversification to the repertoire of methods
already available.

Changing the substrate specificity of PlaA by the MURA
method.Following the simultaneous introduction of truncation
and shuffling by the MURA method, DNA fragments in the

stitutions are indicated in parentheses.

> The E. coli cells expressing the selected variants were harvested when they
reached an optical density at 600 nm of 2. Enzymatic activities were measured
using at least three independent cell lysates of each variant, and values whose
error ranges were within 5% were averaged. The lipase and phospholipase
activities were expressed as percentages of the activities of NPL0901 (the variant
with the highest lipase activity) and the wild-type enzyme, respectively.

range of 500 to 960 bp were cloned, and E. coli cells that were
transformed with this plaA library (2,500 to 3,000 transfor-
mants) were plated on an LB-TB plate, on which the wild-type
PlaA did not produce a transparent halo indicative of enzy-
matic hydrolysis of tributyrin. After overnight incubation of the
plate at 37°C and a subsequent 6 h at 4°C, the 12 transformants
displayed lipase activities. To verify the results from the screen-
ing procedure, both lipase and phospholipase activities were
measured for cell lysates of these variants (Table 1). To begin
with, the lipase activity of the wild-type PlaA was too low to
monitor any liberation of fatty acids from triglyceride under
the assay conditions used. NPL-0901 showed the highest lipase
activity, which was twofold higher than that of NPL-3628,
which had the lowest lipase activity among the NPL variants.
Surprisingly, the phospholipase activities of all NPL variants
were almost equal to that of wild-type PlaA or were somewhat
higher. These results indicate that the NPL variants acquired
lipase activity without the decrease of their inherent phospho-
lipase activity, thus increasing the lipase/phospholipase activity
ratio.

Unlike typical lipases that showed no or little activity to-
wards phospholipid substrates, the lipase from S. hyicus was
highly active on phospholipids (13). The conversion of a lipase
into a phospholipase by directed evolution and rational design
has been also studied for the past several years (8, 18, 19, 20).
Originally, two lipases of Staphylococcus aureus and Bacillus
thermocatenulatus exhibited a low activity or no activity on
phospholipid substrates. These lipases were engineered by di-
rected evolution into a lipase with a high phospholipase activ-
ity. Error-prone PCR mutagenesis followed by screening of the
resulting mutant libraries on phospholipid plates had yielded
several variants with an increased phospholipase/lipase activity
ratio (8, 20). Thus, lipolytic enzymes that have hitherto been
ascertained to be active both on lipids and on phospholipids
were naturally occurring lipases and in vitro-evolved variants
of typical lipase, whereas the NPL variants reported here were
the first examples that were evolved from a phospholipase
toward a lipase. In fact, we are now attempting to further
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increase the lipase activities of NPL mutants through addi-
tional rounds of directed evolution. The detailed results, fo-
cusing on the acquisition of a best variant as a compromise
between a higher lipase/phospholipase activity ratio and a
higher absolute lipase activity, will be described in another
report.

Sequence analysis of NPL mutants.The amino acid se-
quences of twelve NPL variants with newly obtained lipase
activity were determined by DNA sequencing (Table 1). First,
each variant was one of the variants with PlaA from which the
N-terminal region up to amino acid positions 61 to 71 had been
deleted as a result of the MURA process, and 9 different
variants were identified among 12 variants sequenced. The
number of amino acid substitutions found in the NPL variants
with a newly obtained lipase activity was relatively small when
compared to those found in the randomly chosen members of
the MURA library. Moreover, we assumed that a significant
level of structural changes would be required to evolve from
the PlaA phospholipase to a lipase, because random point
mutations introduced into the whole phospholipase gene by
error-prone PCR amplification, in fact, had not yielded any
variant with lipase activity (data not shown). Therefore, the
drastic structural changes obtained through the truncation as-
pect of the MURA process were regarded to be more critical,
while point mutations were thought to be a matter of second-
ary importance.

Previously, it has been shown that each S. aureus and B.
thermocatenulatus variant with a higher phospholipase activity
contained two to eight mutations at the amino acid level (8,
20). Moreover, the amino acid exchanges of the B. thermo-
catenulatus variants with increased phospholipase activity were
predominantly in regions of the N-terminal part corresponding
to putative structural elements for efficient interaction with the
phospholipid substrate and/or interface (8). In fact, the sub-
strates for phospholipase, like glycerophospholipid, are be-
lieved to require a more strict recognition for the enzyme-
substrate binding (e.g., a structural element for the interaction
with the phosphate head group) compared to triglyceride. Al-
though the estimate obtained without precise crystallographic
information is somewhat imperfect, the newly obtained lipase
activity of N-terminal-truncated and DNA-shuffled variants
(NPL variants) is therefore considered to arise from the dele-
tion of the N-terminal region responsible for the recognition of
phospholipid substrates, which is achieved without a significant
loss of catalytic activity acting on the ester bond. In other
words, PlaA could discriminate the substrate for phospho-
lipase (i.e., glycerophospholipid) from that for lipase (i.e., tri-
glyceride), while the NPL variants seemed to be unable to
discriminate between them because the important structural
motif no longer existed as a result of truncation.

Conclusions. We developed a MURA method that can cre-
ate a library of DNA-shuffled and truncated proteins and then
used this to alter substrate specificity from a phospholipase to
a lipase. As shown in the insert size distribution and the DNA
sequences of all of the randomly selected members, the differ-
ent types of DNA sequence generated by either DNA shuffling
or general incremental truncation could be simultaneously ob-
tained by employing the MURA method. Furthermore, judg-
ing from the fact that the NPL variants newly obtained lipase
activity through the shuffled truncation of PlaA by the MURA
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method, the combination of DNA shuffling and incremental
truncation could allow workers to access a more diverse se-
quence space for directed evolution.

Meanwhile, of various methods established for directed evo-
lution, the MURA method is a very flexible and easy-to-im-
plement alternative technique for generating mutant libraries.
Just as DNA family shuffling can recombine a family of ho-
mologous sequences, for instance, so the MURA method can
recombine several homologous sequences along with a concur-
rent truncation. Furthermore, by applying the MURA method
to the existent methods for using recombination in vitro, it
should be also possible to create hybrid enzyme libraries with
multiple crossovers from multiple parents irrespective of se-
quence identity.
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