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A high efficiency cloning approach of multi-points
combinational mutagenesis
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Abstract: The combination of high-quality mutagenesis and effective screening can improve the efficiency of enzyme
directed evolution. In this study, a high efficiency cloning construction method of Multi-points Combinational Mutagenesis
(MCM) was developed. Efficient multi-point combination mutations were performed in this MCM method by introducing
DNA assembly, fusion PCR and hybridization techniques. After optimization, the efficiency of MCM was tested by directed
evolution of benzoylformate decarboxylase. The obtained number of Colony Forming Units (CFUs) by electroporation to
competent cells E. coli Trelief™ 5a exceeded 10° CFUs/ug DNA. Test results show that 90/100 clones were precisely
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assembled. The efficiency of simultaneous mutation at 5 sites (L109, L110, H281, Q282 and A460) was up to 88%. Finally, a
mutant enzyme (L109Y, L110D, H281G, Q282V and A460M) with a 10-fold increase in kq/Kr,, was obtained. Therefore, this
method can effectively create diverse mutant libraries and promote the rapid development of enzyme directed evolution.

Keywords:

Introduction

Due to the high specificity and selectivity,
enzymes were extensively researched in the fields
of metabolic engineering and synthetic biology™.
Directed evolution is a powerful and widely used
enzyme engineering method which has been found
in industrial scale applications™®. With the
continuous improvement of computational programs
and computer capabilities, computational design has
been frequently applied to enzyme engineering™.
The combination of directed evolution and
computational design for generating a high-quality
mutant library is increasingly important!®!.
Computational design has advantage to identify the
responsible positions or residues for protein
function®®. The structure and function of proteins
depends on the cooperative interactions among
amino acids!™, therefore, there is an increasing need
to develop a directed evolution method to facilitate
the joint mutation of different amino acid targets
obtained by computational design.

Recent years, a variety of multi-point
combination mutagenesis methods have been
developed to improve the efficiency of directed
evolution, including PCR based (such as Error-prone

PCRE!  DNA shuffling®, Rapidly Efficient
Combinatorial ~ Oligonucleotides  for  Directed
Evolution (RECODE)*”, Combinatorial Codon

Mutagenesis (CCM)*Y, etc.) and non-PCR based
methods (such as Multiplex Automated Genome
Engineering (MAGE)™?,  Multiplex Iterative
Plasmid  Engineering (MIPE)*®, etc). The
advantage of RECODE and CCM is that multiple
mutations can be introduced simultaneously, but a
large number of colonies can not be guaranteed.
MAGE and MPGE can get a large number of
colonies, however, the mutation rate per cycle is
very low and it is necessary to repeat many times
for more mutations. Therefore, it is necessary to
achieve a large number of colonies to cover all
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possible mutant populations to ensure the diversity
of mutations.

In this research, a high-efficient MCM method
was established to achieve combinational mutations
and enough colonies simultaneously by combination
of DNA assembly™, fusion PCRM™ and
hybridization®®"). In the DATEL method (DNA
assembly with thermostable exonuclease and ligase,
DATEL) the phosphorylated fragments were ligated
using Taq DNA polymerase (5-3" exonuclease
activity), Pfu DNA polymerase (3'-5’ exonuclease
activity) and Tag DNA ligase without introducing
any scar sequences™. DNA assembly guaranteed
the access to get the targeted gene with multiple
mutagenesis. Fusion PCR offering an improvement
on combination of long PCR and overlap extension
PCR was used to assemble up several fragments
simultaneously“sl. Genes and vectors assembled
into linear plasmids by fusion PCR. After simple
denaturation and renaturation, linear plasmids
hybridized into ideal circular plasmids. The
hybridization didn’t require special equipment or
enzyme and sequence-independent™®. MCM method
took the advantage of DNA assembly, fusion PCR
and hybridization to construct the high-quality
mutation library. Then, MCM method was optimized
and tested with benzoylformate decarboxylase (BFD)
from Pseudomonas putida which can catalyze the
synthesis of glycolaldehyde from formaldehyde™®.
Indeed, MCM method was proved that can
guarantee high mutation rate and number of clones.

1 Materials and methods

1.1 Materials

Escherichia coli Trelief™ 50 competent cells
were used in this research for cloning and
characterization of the library of pET-28a-bfd. The
E. coli BL21 (DE3) was used for the expression of
BFD. Luria-Bertani medium (LB medium, 10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl) was used
for cloning and cell culture and 2xYT Growth
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Medium (2YT medium, 16 g/L tryptone, 10 g/L
yeast extract, 5 g¢g/L NaCl) was used for
overexpression of proteins. If necessary, 1%o
100 pg/mL kanamycin and 0.5 mmol/L IPTG were
supplemented. Spectrophotometric detection of
glycolaldehyde chromogenic reagent: 1.5 g
diphenylamine was dissolved into 100 mL acetic
acid, then added 1.5 mL concentrated sulfuric acid.
Protein buffer A: 50 mmol/L K3;PO,, 5 mmol/L
MgSO,, pH 7.4; Protein buffer B: 50 mmol/L
K3PO4, 5 mmol/L MgSO,4, 1 mol/L imidazole, pH
7.4. All primers (Tsingke, China) were designed
with Snap Gene and used in this study. Strains and
plasmids, tool enzymes and reagents used in this

Table 1 Strains plasmidsused in this work

work are listed in Table 1 and Table 2.

1.2 Methods
1.2.1 Primer design

According to the previous research results, the
five sites of BFD protein were L109, L110, H281,
Q282 and A460, and the mutation of amino acid
residues at these sites had a significant effect on
BFD protease activity!*®*®!. This study performed a
combined mutation for the selected 5 sites. The
MCM method introduced mutations by using the
degenerate codon NDT. There are 12 possible amino
acid mutations based on E. coli codon preference (F,
R,H,S,N,Y,V,G I, C,D,L).

Strains and plasmids

Description Sources

Strains
Escherichia coli Trelief™ 5q

F~ ®80dlaczaM15, A(lacZYA-argF) U169, deoR, recAl, endAl,

Tsingke, China

hsdR17 (rK™, mK"), phoA, supE44, A-, thi-1, gyrA96, relAl

E. coli BL21 (DE3)
Plasmids
pET-28a

F~ompT hsdSB (rB-mB-) gal dcm (DE3)

Kan* His-Tag T7-Tag T7/lac promoter

Transgen, China

Our laboratory

Table 2 Tool enzymes used in this work

Tool enzymes and reagents

Sources

Tool enzymes

I1-5TM 2x High-Fidelity Master Mix
T4 DNA ligase buffer with 10 mmol/L ATP
Taq DNA ligase

Taq DNA ligase buffer

Cut Smart™ Buffer

T4 Polynucleotide kinase

Trans Fast Taqg DNA polymerase
Trans Start Fast Pfu DNA polymerase
DMT enzyme

Reagents

5%XDNA loading buffer

DNA marker

Kanamycin
lopropyl-B-D-thiogalactoside (IPTG)
Hydroxyacetaldehyde

Tryptone

Yeast extract

NaCl

MgSO,

K,HPO,

KH,PO,4

Diphenylamine

NADH

Acetic acid

TPP

Parafilm

Molecular Cloning Labs, Inc
New England Biolabs, USA
New England Biolabs, USA
New England Biolabs, USA
New England Biolabs, USA
New England Biolabs, USA
Transgen, China
Transgen, China
Transgen, China

Solarbio, China
Solarbio, China
Solarbio, China
Solarbio, China
Solarbio, China
Oxoid, British
Oxoid, British
Solarbio, China
Solarbio, China
Solarbio, China.
Solarbio, China
Sinopharm, China
Solarbio, China
Sinopharm, China
Solarbio, China
BEMIS, USA

% : 010-64807509
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Mutant primers were designed according to the
DATEL method**!. The mutated primers comprised
a 5-end overlap region and a 3'-end extension
region and the overlaps of the adjacent primers
5-end overlap region is 30 bp (Fig. 1). The
relatively uniform optimal annealing temperature
for all overlapping sequences of primers is
approximately 55 °C. Primers used in this work are
listed in Table 3.

The size of the overlaps between the gene bfd
and the vector pET-28a was used as an influencing
factor, and the size of overlaps on corresponding
primers were designed to be 50, 100, 200, 300 bp.
Primers used in this work are listed in Table 3. The
size of the overlaps between the two types of linear
plasmids pET-28a-bfd were designed to 400, 500,
600, 800, 1 200, 1 500, 1 800, 2 000 bp. Generally,
the size was close to the intact genes. There was a
nick on both sides of the gene bfd of two types of
linear plasmid pET-28a-bfd, but no base gaps (Fig. 2).
Primers used in this work are listed in Table 3.

1.2.2 The MCM manipulation

Primers should be phosphorylated before PCR
amplification for the mutated gene fragments. The
phosphorylation reaction mixture (50 pL) contained
100 pmol of each primer (primers with different
mutations), 10 U T4 polynucleotide kinase and 1x
T4 DNA ligase buffer with 10 mmol/L ATP. The
reaction system was incubated at 37 °C for 30 min
and subsequently terminated by heating 10 min at
75 °C.

All the DNA fragments were amplified with
I-5™ 2x High-Fidelity Master Mix, according to
the manufacturer’s protocol. And then the PCR
products were purified using a Zymoclean Gel DNA
Recovery Kit. The DATEL method used for gene
fragments assembly was performed. In the reaction
system, phosphorylated fragments were ligated
using Taqg DNA polymerase (5-3' exonuclease
activity), Pfu DNA polymerase (3'-5’ exonuclease
activity) and Tag DNA ligase without introducing
any scar sequences™. According to the protocol of
DATEL method, the intact genes were obtained with
mutations.

The intact genes with overlaps at both end and
linear vectors, respectively. By using fusion PCR!®!,
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two types of linear plasmids were obtained. The
influencing factors of the fusion PCR reaction
focused on the size of the overlaps between the
genes and the vectors (50, 100, 200, 300 bp), the
annealing temperature, the number of thermal
cycles, and whether the non-nested primers were
added. Performed the thermal cycling under the
following program: (a) 98 °C, 2 min; (b) 98 °C, 10 s;
(c) 55 °C, 15 s; (d) 72 °C, 1 min 45 s; (e) 50 °C,
5 min; (f) Go to step b and repeat 10 times; (h) 4 °C,
hold. If necessary, primers at both ends were used to
amplify linear plasmids.

The overlaps between the two linear plasmids
pET-28a-bfd were focused on, which the size was
400, 500, 600, 800, 1 200, 1 500, 1 800, 2 000 bp,
respectively. Equimolar linear plasmids were mixed
in Cut Smart™ buffer for hybridization and
immersed in boiling water (about 95-100 °C) until
the temperature dropped to near room temperature
(25-35 °C)™. 1t usually took about 2.5 hours.
Subsequently, the hybrid recombinant products
were transformed into E. coli by electroporation
transformation.

1.2.3 Establishment of high-throughput detection
method for glycolaldehyde

An efficient method to detect glycolaldehyde
for high-throughput screening was established.
30 pL variousconcentrations of glycolaldehyde were
prepared, and then 150 pL spectrophotometric
chromogenic reagent was added, keeping at 90 °C
for 15 min. At last, glycolaldehyde concentration
was measured by spectrophotometrically monitoring
at 650 nm. A standard curve of glycolaldehyde was
made.

30 bp

i i Gene-MCM-1F
LT
{36TCABCABACCCATOCTATOATCOGTAT TBAAGCTNDNDNACEACGTTBACG
CGTTACCGCTE.‘:GTCAGCAGACCCGI’GCTATG‘\TCGGTGTT‘I;.U\GCTCTGCTGﬂ:CACGTTG;\CGCTG
e at - ot B S B L e S S NI I AR S
GCAATGECGACCAGTCGTCTEGOCACGATACTAGCCACAAT TTCOAGACGACTG6TGCAACTGCGAC

v T A E G Q T R A M I G v E E A L L T v D A
ag (gene 10 l&ader) 0 .
I
v T AL G Q Q T R A M 1 @ VLE A L L T v D A

ATGCCOACCACTCGTCTG GCC.\CGATACTACCCACARF

Gene-MCM-0R

Fig. 1 Primers design with introduced mutation. The
size of overlap between gene bfd and vector pET-28a as
an influencing factor.
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Table 3 Primers used in this work
Primer name

Various length of overlaps
between genes and vectors

Primer sequence (5'-3')

Genel-F
Genel-R
pET-28a-50F
pET-28a-50R
pET-28a-100F
pET-28a-100R
pET-28a-200F
pET-28a-200R
pET-28a-300F
pET-28a-300R

Various length of overlaps

between linear plasmids
Linear Plasmid-A-F

Linear Plasmid-A-R
Linear Plasmid-B-400F
Linear Plasmid-B-400R
Linear Plasmid-B-500F
Linear Plasmid-B-500R
Linear Plasmid-B-600F
Linear Plasmid-B-600R
Linear Plasmid-B-800F
Linear Plasmid-B-800R
Linear Plasmid-B-1200F
Linear Plasmid-B-1200R
Linear Plasmid-B-1500F
Linear Plasmid-B-1500R
Linear Plasmid-B-1800F
Linear Plasmid-B-1800R
Linear Plasmid-B-2000F
Linear Plasmid-B-2000R
Mutant introduction
primers design
Gene-MCM-0F
Gene-MCM-0R
Gene-MCM-1F
Gene-MCM-1R
Gene-MCM-2F
Gene-MCM-2R
Gene-MCM-3F
Gene-MCM-3R
Vector-pET-28a-1F
\ector-pET-28a-1R
Vector-pET-28a-2F
\ector-pET-28a-2R

TGATGCCGGCCACGATGCGTCCGGCGTAGAG
CGGGGAAAGCCGGCGAACGTGG
CCTTTCGCTTTCTTCCCTTCCTTTCTCGCC
CCGGCGCCACAGGTGCGGTTGCTG
TGGTTACGCGCAGCGTGACCGC
CCGGCGCCACAGGTGCGGTTGCTG
TAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGG
CCGGCGCCACAGGTGCGGTTGCTG
ACCACCACCACTGAGATCCGGCTGCTAAC
CCGGCGCCACAGGTGCGGTTGCTG

TGATGCCGGCCACGATGCGTCCGGCGTAGAG
CGGGGAAAGCCGGCGAACGTGG
GGCTCCGCAGGGTCCGGTTTACCTGTCTGTTC
ATAGAAGCCATGTGGATAGCACGAGACATAGCGTGC
TTCTGTTCGTCTGAACGACCAGGACCTGGACATCCTG
GAAGAAACGTGACGGTCGAACAGGTGGTGAGACTG
AACGCTAACGCTGACTGCGTTATGCTGGCTGAACG
AGCAGCGTCAACGTCCGGACCCAGAACGATAG
CCAGTACGACCCGGGTCAGTACCTGAAACC
TGGTAACGGAAAACCGGAGCACCGATAACCAGAAC
CTGGCTGAACCGGAACGTCAGGTTATCGCTG
CTGAACACCGATAGCAGCCGGCAGAGCGAAAC
GGTCCGGTTCTGATCGAAGTTTCTACCGTTTCTCCGG
TTTAGCAGACAGAGCTTCCTGCAGAGAACCTTTCAGCTG
CGCCCGCTCCTTTCGCTTTCTTCCCTTCC
CTAGGGCGCTGGCAAGTGTAGCGGTCAC
ATCGCCCTGATAGACGGTTTTTCGCC
GGCCCACTACGTGAACCATC

TGATGCCGGCCACGATGCGTCCGGCGTAGAG
AACACCGATCATAGCACGGGTCTGCTGACCAGCGGTA
GGTCAGCAGACCCGTGCTATGATCGGTGTTGAAGCTNDTNDTACCAACGTTGACG
GAAAACCGGAGCACCGATAACCAGAACAACGTCGTGACCTTCCAG
GTTGTTCTGGTTATCGGTGCTCCGGTTTTCCGTTACNDTNDTTACGACCCGGGTCAGT
GGTACCGTTGTTCATGATAACGAAGATGGTCGGGATGTTGTACTGAGCAG
ACCATCTTCGTTATCATGAACAACGGTACCTACGGTNDTCTGCGTTGGTTCGCTG
CGGGGAAAGCCGGCGAACGTGG

TCAAGCTCTAAATCGGGGGCTCCC

GGTTACCGAAAACGGTGTCGATACCCTGAC
CTGCAGGAAGCTCTGTCTGCTAAAGGTCCG

CCGGCGCCACAGGTGCGGTTGCTG

% : 010-64807509
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I
. 5-S
[TGATGCCGGEECACGATGEGTCCG
AACCOCACCTOTOGCOGCCOOTOATOCCOGCCACGATOCOTCCD
S SOSISE000 SEBSEIS OO0 ISEO00s SEB0LINERS.
TTGGCOTGGACACCGCOGCCACTACGGCCGOTGCTACGCAGGE

N R T € G A {! D A G M D A S
"

|
TTGGCGTGGACACCGEEGEE

1-AS I _Nick

Fig. 2 Detailed diagram of nicks. A: The location of nicks. The dotted line refers to the overlaps, including the
overlaps at both ends of the gene. The blue line refers to the location where nicks exist. B: Detail of nick. The dotted

line indicates the position of nick, where has no base gaps.

The BFD-variants were picked into 96-well
plates and cultured in 2YT medium containing
100 pg/mL kanamycin at 37 °C. When the ODggo
reached 0.6, the final concentration was 0.5 mmol/L
IPTG at 16 °C for 16-18 hours. The cell pellets
were rinsed using protein buffer A, subsequently,
the whole cell catalytic system was carried out in
protein buffer A containing 5 g/L formaldehyde at
30 °C for 2 h. The amount of glycolaldehyde
produced was detected by the above.

1.2.4 Activity assay and kinetic properties of
BFD and mutants

Enzyme Kinetics with formaldehyde as
substrate were determined in assays with
formaldehyde concentrations of 0.1-1 000 mmol/L.
An initial continuous assay included 0.5 mmol/L
TPP, 5 mmol/L MgSO, 0.8 mmol/L NADH,
50 pg/mL glycerol dehydrogenase and 50 mmol/L
potassium phosphate buffer (pH 7.4). The reaction
was initiated by the addition of purified BFD or
mutants (0.05 mg/mL) at 37 °C, and then an initial
linear decrease in absorbance at 340 nm was
observed. One unit of enzyme activity was defined
as the amount of enzyme catalyzing the conversion
of 1 umol NADH per minute. Kinetic parameters
keat and K, were estimated by measuring the initial
velocities of enzymic reaction and curve-fitting
according to the Michaelis-Menten equation, using
GraphPad Prism 5 software. All experiments were
conducted in triplicate.

2 Results and discussion

2.1 Design of the MCM method
In recent years, many DNA assembly methods

http://journals.im.ac.cn/cjbcn

in vitro have been designed and developed, including
overlap extension PCR methods®®®, introduction
of mutagenesis DNA  oligonucleotides®® 2,
hybridization of DNA fragmentst*®*”  assembly
method dependent on exonucleases and ligase!**!,
Golden Gatel®® and Gibson assembly™®24, etc. We
proposed a multi-point combinatorial mutagenesis
method based on DNA assembly. In order to achieve
both high mutation rates and enough colonies, we
proposed to combine DNA assembly™, fusion
PCRI*?% and hybridization™®72% together (Fig. 3).
Firstly, multiple mutations were introduced into
gene fragments by PCR amplification. Then an
intact gene with multi-point mutations can be
assembled by the DATEL method™. Subsequently,
since both ends of the intact gene contain overlaps
with the vector backbone (V1/V2), we could
generate two types of linear plasmids by using
fusion PCR. Finally, the two types of linear
plasmids (V-1/V-2) were hybridized to form circular
double-stranded DNA molecules with two nicks.
The circular plasmids were transformed into E. coli
to construct a library with abundant mutation
diversity for directed evolution of enzyme.

2.2 Optimization of the MCM method

To confirm and optimize the MCM method, we
performed a series of optimization experiments with
BFD which can catalyze formaldehyde to form
glycolaldehyde. The previous results confirmed that
five positions (L109, L110, H281, Q282 and A460)
displayed important roles in enzyme activities™®*°!.
Using the degenerate NDT codons to introduce
mutations, we obtained four gene fragments with
saturated mutations by PCR. Phosphorylated
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fragments (D@®@ @) were ligated using Taq (5'-3'
exonuclease activity) and Pfu (3'-5' exonuclease
activity) DNA polymerase and Tag DNA ligase!™*!. Then
intact genes with multiple mutations were generated in
two steps by using DATEL method (Fig. 4).

In order to improve the fusion efficiency
between the intact genes with multiple mutations and
the vector backbones (V1/V2), we optimized the size

of the overlaps between the genes and the vectors (50,

100, 200, 300 bp), annealing temperature (45 °C,
55 °C, 65 °C), number of thermal cycles (10, 20, 30
cycles), and whether the non-nested primers were
added. Without adding non-nested primers, we chose
100 bp overlaps with an annealing temperature of
55 °C after comparison (Fig. 5). The agarose gel

s SPErTE Vi
SP O D SPTRDT V2
v
i | L I
Fu51on PCR
Hybrldlzatlon
N
N

Fig. 3 Schematic diagram of the MCM method. @©, @, ®
and @ represent gene fragments with different mutation
obtained by PCR. V1 and V2 represent linearized vectors.
V-1 and V-2 refer to linear plasmid containing mutated
genes. Orange-red lines refer to genes, black lines refer to
vectors, and blocks or dots of different colors refer to
different mutants. N stands for Nick, indicating that the part
is not connected but has no base gap.

% : 010-64807509

Fig. 4 Assembly efficiency of intact genes containing
mutations. M: marker; lane 1 or 2: DNA mixture of
fragments W@ before or after assembly, respectively;
lane 3 or 4: DNA mixture of fragments @@ before or
after assembly, respectively; lane 5: DNA mixture of
fragments ©®@®®@ after assembly.

kb M 1
EekauiakiE

o o b e
2 50bp

2 34 5 6 7 8 910

ié-"_“__f_ud
2

100 b

8 :

4 'Eﬂ- - -
o b e

2 200 bp

y— 300 bp

Fig. 5 Effect of different size of overlaps, annealing
temperature and number of thermal cycles on fusion PCR
efficiency. M: marker; lane 1: the DNA mixtures before
fusion PCR; lane 2, 3 and 4: the DNA mixtures after 10,
20, 30 fusion PCR thermal cycles, respectively, when the
annealing temperature was 45 °C; lane 5, 6 and 7: the

DNA mixtures after 10, 20, 30 fusion PCR thermal cycles,

respectively, when the annealing temperature was 55 °C;
lane 8, 9 and 10: the DNA mixtures after 10, 20, 30
fusion PCR thermal cycles, respectively, when the
annealing temperature was 65 °C.

. cjb@im.ac.cn
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electrophoresis analysis results show thata large and
10 thermal cycles for subsequent fusion PCR number
of non-target fragments were introduced in other
conditions. Subsequently, when non-nested primers
Gene-MCM-0F/Vector-pET-28a-2R or Vector-pET-
28a-2F/Gene-MCM-0R were added, the annealing
temperature was set to 60 °C in the latter 20 cycles,
which were close to the T, value of primer design. As
expected, we obtained linear plasmids (V-1/V-2) (Fig. 6).
Finally, we verified the effect of different size
overlaps between two types of linear plasmidson the
colony forming units in hybridization. We found
that the CFUs exceeded 10° CFUs/ug DNA, when
the size of overlaps ranges from 400 bp to 2 000 bp
(Fig. 7). Here, we successfully constructed the
MCM method, which can be used for the directed
evolution of enzymes. In addition, we have obtained
enough colonies to cover the abundant mutants.

kb M 1 2 3 4 5

’

Fig. 6 Ligation efficiency of fusion PCR. M: marker;
lane 1 or 3: DNA mixture for V-1 before or after fusion
PCR, respectively; lane 2 or 4. DNA mixture for V-2
before or after fusion PCR, respectively; lane 5: the
linear plasmids of pET-28a-bfd (6 916 bp).

Mutagenic DNA fragments
at the targeted residues sites .. 4355 in MCM

(109, 110, 281, 282, 460) system

Fig. 8

http://journals.im.ac.cn/cjbcn

Plasmid library

2.3 Application of the MCM method

BFD was chosen as a candidate for rapid
evolution by MCM method. After DNA assembly
and hybridization, all the mutants were transformed
into BL21 (DE3). Subsequently, 1 000 colonies
were picked in 96 deep-well plates for cultivation
and assay of BFD activity. And then, variants with
significant difference compared to controls require
further investigated (Fig. 8). Remarkably, many
variants with different activities toward BFD were
successfully created by the MCM method. We found
a mutant with a 2-fold increase in the production of
glycolaldehyde (Fig. 9B).

After obtaining enough colonies, whether these
colonies contain abundant mutants has become the
focus of our concern. To validate the efficiency of
the MCM method, 100 colonies were randomly
selected for PCR amplification and DNA sequencing
analysis. 90 out of 100 colonies are precisely
assembled according to PCR verification (Fig. 10).

x10°
30

<ZC25
£ 20
215
510
B

S
0

400 500 600 800 1200 1500 18002 000
The size of overlaps (bp)

Fig. 7 Effect of different size of overlaps on hybridization
efficiency. The different size overlaps between two types
of linear plasmids range from 400 bp to 2 000 bp. CFUs,
the colony forming units.

Séree.n_ing and assaying
in 96-well plates

Transformation

Illustration of the construction and screening for the BFD mutant library.
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Fig. 9 Enzyme activity assay of variants. (A) Standard curve of glycolaldehyde. (B) The relative activity of random
BFD variants generated by MCM method (Parts). The y-axis label represents the relative catalytic activity of different
mutants. The relative activity was defined as the ratio of the concentration of glycolaldehyde in the mutants to wild BFD
using whole-cell system.

Through further sequence analysis, we found that
these mutants contain 12 possible amino acid
derived by the NDT degenerate codon (Fig. 11B).
These results indicate that the MCM method was
high mutation diversity, which is beneficial for
directed evolution.

We found a mutant with a 2-fold increase in the
production of glycolaldehyde, subsequently, we

Fig. 10 PCR amplification for verifying assembly
efficiency. Target gene is about 2 kb.

After DNA sequencing analysis, we found that the
simultaneous mutation frequency at 5 positions was
up to 88%, which was a little higher than the
theoretical estimation. The reason may be that the
number of samples for DNA sequencing analysis is
not large enough; Biases exist for the mutation of
continuous base™. In addition, the frequency of
simultaneous mutation at 4 positions is 12% (Fig. 11A).

extracted the purified protein and characterized the
function of wild type and mutant. The k., of the
best mutant BFD-F3 (L109Y, L110D, H281G,
Q282V and A460M) is improved about 6-fold and
the final catalytic efficiency is 1.35 L/(mol:s), which
is roughly 10-fold than the starting enzyme (Table 4,
Fig. 12). These results confirm that the MCM method
can be used to rapidly improve enzyme function.

Percentage of amino acids at

A B mutated residues

—_ F
X 1007  mStatistical mutation frequency mR
> mThe oretical mutation frequency . H
2 80 LN
5} mN
g9 ‘ i =y
~ ]
2 y  H]
: ull =D
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0 ) 3 4 5 L

Number of amino acid changes

Fig. 11 The results of DNA sequencing analysis. (A) Comparison of theoretical and statistical mutation diversity.
(Theoretical mutation frequency: Primers were designed using the NDT degenerate codon at 5 mutated sites (L109,
L110, H281, Q282 and A460). Considering the codon preference of E. coli, the 12 possible amino acid residues at
mutated sites were included (F, R, H, S, N, Y, V, G, I, C, D and L), and the simultaneous mutation frequency at 5
positions: 11*11*11*12*12/12°~77%; the simultaneous mutation frequency at 4 positions: 3*1*11*11*12*12/12°~21%;
the simultaneous mutation frequency at 3 positions: 3*1*1*11*12*12/12°~1.9%; the simultaneous mutation frequency at
2 positions: 1*1*1*12*12/12°~0.1%. (B) Percentage of 12 possible amino acidresidues at mutated sites. Different colors
indicate the percentage of each amino acid encoded by NDT in all mutants.
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Table 4 Kinetic parameters of BFD-WT and BFD-F3

Variants keat(S™) Km(mol/L)  kea/Kim[L/(mol-s)]
BFD-WT 0.01 0.09 0.14
BFD-F3 0.06 0.05 1.35
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Fig. 12 Catalytic rate of BFD-WT and BFD-F3 under
different formaldehyde concentrations.

3 Conclusion

In this study, the MCM method, which combined
DNA  assembly™  fusion PCRM™?*!  and
hybridization™ %! \were successfully constructed
for rapid and efficient multipoint combinatorial
mutagenesis of enzymes. This method introduced
different mutations by PCR, and the mutation
diversity was ensured as much as possible by the DNA
assembly method. The hybridization technology
increases the number of final colonies, enabling high
mutation richness and high colony counts to be
achieved simultaneously. In the research, in order to
confirm and optimize the MCM method, we
performed a series of experiments with BFD. Previous
experiments demonstrated that the 5 sites selected for
this study had a significant effect on the activity of
BFD enzymes!®*%. The 5 sites selected in this study
use the NDT degenerate codon to mutate the key
amino acid sites, 12 possible amino acid residues were
founded due to the codon preference of E. coli, the

http://journals.im.ac.cn/cjbcn

high mutation rate of MCM (4/5 points combination
mutation) was confirmed by the actual statistical
mutation rate (Fig. 11). If the key amino acid sites use
the NNK degenerate codon to mutate, 20 possible
amino acids at mutated sites will be found. The result
would not cause a deviation in the mutation rate for
the multi-point combination  (1/2/3/4/5 point3
combination mutation), which could better explore the
effects of different mutant amino acids at key mutated
sites. Directed evolution of multi-site combinatorial
mutations of enzymes using the MCM method does
not mean that the more sites of the combined
mutations, the better it is. Since multiple site-mutant
amino acid interactions affect the structure and
function of the enzyme, the effective combination of
key sites is the most reasonable.

Directed evolution is a valuable tool for synthetic
biology, enabling the identification or separation of
desired functions from large libraries of variants!?’>%.
It plays an important role in improvement of the
activity and stability of biocatalyst, development of
desired complex phenotypes in biological systems,
engineering of biosynthetic pathways and tuning of
functional regulatory systems and logic circuits® 2.
In this study, we obtained mutants with significantly
increased activity by screening 1 000 colonies. These
results indicate that the MCM method can
significantly shorten the period of enzyme directed
evolution. If the MCM method combined with
computer-aided design, beneficial mutations will be
efficiently screened. There will be a huge impact on
the development of directed evolution of enzymes.
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