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Abstract

High—-Throughput Flow Cytometry
Screening coupled with a split—GFEP for
Enhancing Soluble Expression

of al,2-Fucosyltransferase in E. coli

Jeonghwa Kim
Chemical and biological engineering
The Graduate School

Seoul National University

Recently, various researches on the biological advantages of human
milk oligosaccharides (HMO) have been described. HMOs can be used
as prebiotics for Bifidobacterium strains, helping the growth of
intestinal microorganisms. Furthermore, HMOs help immunity by
preventing the attachment of pathogens to the intestinal mucosa. 2’-
Fucosyllactose (2'-FL), one of the major human milk oligosaccharides,
was produced in several microorganisms engineered to produce 2'-FL
for high titer such as FEscherichia coli. Generally, al,2-
Fucosyltransferase (al,2-FucT) can synthesize 2'-FL from GDP-L-

fucose and D-lactose. However, the low solubility of al,2-FucT acts
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as a bottleneck for the production of 2'-FL through microorganisms,
which limits the industrial application of al,2-FucT.

In order to solve this solubility issue, the following studies were
conducted to improve the soluble expression of al,2-FucT. First, we
generated mutant libraries by site—saturation mutagenesis based on
the a—helix rule. We plotted the helical wheel of a—helix on the surface
of the enzyme. Subsequently, hydrophobic amino acids present in the
hydrophilic surfaces of each a—helix were targeted and grouped. Site
saturation mutagenesis was performed for each group. Second, a split—
GFP system was applied for screening of mutants with enhanced
soluble expression. The GFP11 fragment is linked to the C-terminal
of the al,2-FucT so that the expression of GFP11 is affected by the
solubility and expression of the al,2-FucT. Each mutant library was
screened via FACS to separate soluble mutants for high—-throughput
screening. Cells showing the highest 10% fluorescence were
separated in two rounds of enrichment. The selected cells were picked
for further assay using 96-well deep plates and each fluorescence
intensity/OD600 of the colonies was measured by fluorescence
spectrometer.

As a result, a quadruple mutants L80C/A121D/P124A/1.125V was
generated, which showed 1.73-fold improvement in the 2'-FL titer
relative to wild—type. The results of this study show us the possibility
of industrial application of al,2-FucT for the increased productivity of

2’ —fucosyllactose in £, colr.
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1. Introduction

Human milk oligosaccharides (HMOs) are the essential
oligosaccharides that amount to the third most abundant
oligosaccharides in human milk. Also, it is known that more than two
hundred different HMOs have been reported. [1, 2] HMOs play
important roles related to health promotion and immune system
development, such as prebiotics to stimulate the growth of gut
microorganisms. [3] Furthermore, HMOs help to enhance immunity by
preventing the attachment of pathogens and inhibiting pathogenic
infections in the intestinal mucosa. [4] (Figurel.l) With these
advantages, HMOs are high value—added substances that have
recently been developed as food ingredients, cosmetics [5], and
pharmaceutical applications. [6] 2'-Fucosyllactose(2’'FL) is one of the
fucosylated oligosaccharides in HMO and contained about 30% in
HMOs. [7] (Figurel.2) 2’ -FL is produced by separation from human
breast milk, chemically synthesized, and obtained by the enzymatical
synthesis 7n vitro. [8] Also, it has been reported that 2'-FL can be
produced in several microorganisms for high titer and productivity. [9]
In engineered £ coli, al,2-fucosyltransferase (al,2-FucT)
synthesized 2'-FL by transferring the fucose from the substrate GDP-
L-fucose to another sugar backbone, lactose. [10] (Figurel.3) The
method of synthesizing GDP-L-fucose in £ coli consists of the de

novo pathway and salvage pathway. GDP-L-fucose is synthesized



from D-Glucose via the de novo pathway, whereas from L-fucose
through fucose—-1-phosphate in salvage pathway. [8] (Figurel.4)
However, despite the various engineering studied on the . col/i strains,
the industrial application of al,2-FucT is limited by the low soluble
expression and efficiency. [11] To overcome this solubility issue, we
tried to increase the soluble expression of al,2-FucT from
Helicobacter pylori by site saturation mutagenesis.

To enhance the soluble expression of the protein, several studies
applied engineering techniques such as optimization of growth
conditions, co—expression with molecular chaperones, and fusion with
peptide tags. [12, 13] Also, the low solubility of protein can be
increased to identify and mutate aggregation hotspots in insoluble
proteins, applying the a—helix rule and the hydropathy contradiction
rule by Asano group. [14] We tested the a-helix rule to identify
aggregation hotspots in al,2-FucT and targeted two or three
hydrophobic amino acids present in hydrophilic surfaces of each a-
helix to applying site saturation mutagenesis using degenerated
codons.

For screening the enhancement of soluble expression of the enzyme,
we applied the split—-GFP system that was utilized to monitor protein
interactions, protein folding, and assay protein solubility. [15, 16] A
split—-GFP consists of two GFP fragments, containing GFP1-10
detector fragment and 15-amino-acid GFP11 fragment. [16] Two GFP
fragments can combine spontaneously to form a complete GFP and

fluorescence. [17] The GFP11 fragment is very small, soluble, and
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hardly affects protein solubility and folding, so it can be used for
screening of protein solubility, protein interactions, and protein folding
in vivo and in vitro. [16] We applied this system for high—-throughput
screening of soluble mutants. C—terminal of the al,2-FucT was linked
to the GFP11 fragment so that whole—cell fluorescence is affected by
the soluble expression of the al,2-FucT.

The mutant library was screened using fluorescence—activated cell
sorter (FACS) and fluorescence spectrometer for the second
screening. FACS is a specialized instrument for the powerful and
quickly screening of large libraries of mutants up to 10, [18] After
sorting the cells with the top 10% fluorescence twice, whole—cell
fluorescence/OD600 of the colonies measured by fluorescence
spectrometer for further screening. (Figurel.5)

As a result, we generated a quadruple mutant which showed 1.73-
fold improvement in 2’'-FL titer than that of wild-type. The results of
this study show the possibility of industrial application of al,2-FucT

for the production of 2'-FL in E. coli,
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Figurel.l Various effects promoted by HMOs
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Figurel.3 Overall reaction of 2’-FL synthesis in E. coli
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2.MATERIALS AND METHODS

2.1. Chemicals and materials

E. coli BL21(DE3) and E. coli :: PtacAZ (modified by Bumseok Park,
Park et al, 2020.) were used as host strains for expression of cFutC,
cFutC-GFP11, F-ePGK-cFutC-GFP11, and GFP1-10 gene. E. coli
DHb5a was used for several gene cloning. Luria Bertani (LB) broth was
used with kanamycin or ampicillin for the growth and induced with L-
arabinose or isopropyl B-D-1-thiogalactopyranoside (IPTG). The
minimal media with yeast extract (1.2%), D—(+)-glucose (1.92%), and
Lactose monohydrate (18mM) was used for the batch culture in .
coli :: PtacAZ.

As previously reported by Choi et al, minimal media containing
monopotassium phosphate (3 g/L), dipotassium phosphate (12 g/L),
ammonium sulfate (5 g/L), sodium chloride (0.1 g/L), magnesium
sulfate heptahydrate (0.3 g/L), calcium chloride dihydrate (0.015 g/L),
ferrous sulfate heptahydrate (0.11 g/L) in sodium citrate (1.5 g/L),
thiamine (7.5 pg/L) and trace element was used for the production of
2 -FL. The trace element was prepared with
ethylenediaminetetraacetic acid (5g/L), ferric chloride hexahydrate
(0.83 g/L), zinc chloride (84 mg/L), copper(Il) chloride dihydrate (13
mg/L), cobalt(Il) chlorate dihydrate (10 mg/L), boric acid (10 mg/L),
manganese(Il) chloride tetrahydrate (1.6 mg/L) with pH 7.5. [19]
Other chemicals were obtained from Merck (Merck, St. Louis, Missouri,

USA) and Duksan (Duksan Pharmaceutical, Seoul, South Korea).

I ;
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All restriction enzymes, DNA polymerase, DNA ligase, and PCR
reagents were purchased from Thermo Fisher Scientific (Thermo
Fisher Scientific Korea, Seoul, South Korea) and NEB (New England
Biolabs, Ipswich, MA, USA). Other enzymes and buffers were
purchased from Takara (Takara Bio, Shiga, Japan) and Promega

(Promega Corporation, Madison, WI, USA).

2.2. Construction of expression vector for split-GFP system

The pET24ma vector was used for expression of cFutC (codon-
optimized FutC, modified by Yunhee Choi) for batch—culture. [20] For
cloning and expression of cFutC-GFP11 and F-PGK-cFutC-GFP11
genes, both pET15b and pBAD/HisA vectors were used in this study.
Modified pET28a (changed the origin to P15A by our lab) was used for
expression of the GFP1-10 gene. All host strains and plasmids in this
study are listed in Tables 2.1. Also, all primers in this study were
synthesized by Bionics and listed in Table 2.2-2.3.

The cFutC and F-ePGK-cFutC genes were fused to GFP11 tag with
linker in C—terminal of the genes by amplifying with primers in Table
2.3. First, cFutC and F-ePGK-cFutC inserts were prepared by PCR
using primers that introduce the linker sequence and the GFP11 gene.
Also, primers were synthesized to contain Ncol and Xhol restriction
enzyme sites for cloning into the IPTG inducible pET15b vector.
cFutC-GFP11 and F-PGK- cFutC-GFP11 genes were inserted into
pET15b using the restriction enzymes Ncol and Xhol. By heat—shock,

each reaction mixture was transformed into £. coli DHba cells for

73 by " Yy —
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ligation. The recombinant strains were sequenced for expression of
each of GFP11 fused genes to verify the feasibility of split—-GFP for

screening enhanced soluble expression of enzyme.

2.3. Verify the feasibility of split—-GFP for screening enhanced soluble
protein of al,2-FucT

By heat-shock, each of cFutC-GFP11 and F-PGK-cFutC-GFP11
genes was transformed into £ coli BL21(DE3) cells with pET28a
GFP1-10 plasmid for protein co—expression. The transformed cells
were spread on LB-agar plate containing kanamycin (50ug/ml) and
ampicillin (100ug/ml). A single colony was picked into 3mL LB media
with kanamycin and ampicillin and incubated at 37 °C for 16 h. Cells
were transferred into 50 mL of LB media containing the same
antibiotics and incubated at 37 °C. After that, cells were induced with
IPTG (0.1mM) until OD600 reached at 0.6.

After induction at 18°C for 16 h, cells were centrifuged and washed
using sodium phosphate buffer (20mM, pH 7.6). Cells were lysed via
sonication and the soluble protein was collected from each supernatant
using centrifuge at 22,250g at 4 °C for 30 min. Next, green
fluorescence intensity of soluble fraction was quantified using a
fluorescence spectrophotometer (Spark multimode microplate reader,

Tecan, Minnedorf, Switzerland)

19 M 21



Strains

Description

E. coli ::Ptac AZ

E. coli BL21 (DE3) AlacZ AfuclK ::Ptac
*Park et al, 2020 (modified by Bumseok Park)

Plasmids Description
T7 promoter, CloDF13 ori, Sm', modified for
pCDFm de novo pathway

*Park et al, 2020 (modified by Bumseok Park)

pET28a-P15A ori

T7 promoter, P15A ori, Km'
(changed the origin in our lab)

pET15b

T7 promoter, pBR322 ori, Amp"

pBAD/HisA

araBAD promoter, pBR322 ori, Amp"

Table 2.1 Host strains and plasmids used in this study

20




B 5> 3 RSO e
sites
9'FT-Ncol-F | ATATCCATGGCCTTTAAGGTGGTGCA Neol
F-ePGK-2'FT | ATATCCATGGGCTCTGTAATTAAGATG Neo
~Ncol-F ACCGATC €0
ATATCTCGAGTGTGATTCCAGCAGCGT
TCACGTACTCGTGCAGCACCATGTGGT
o CTCT AGAGCCGCCGCCAGAGCCGCCGC
2FT-linker-G CATCTAAAGCGTTATACTTCTG Xhol
FP11-Xhol-R ©
« GFP11
=*. ]inker sequence
Primers 5> 3
ZFT-GEPI1= | 1 A CCGGCGGCGGCTCTGGCGGCGE
Kpnl-F
2 Fg;ff_PRl 1= | ATCTAAAGCGTTATACTTCTGGGAT

Table 2.2 Primers used in the construction of expression vector for

screening system
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Primers 5> 3

L79P73L80N | AAACTAGTACGCGATGCGNDTAAGTGTATGGGATTCG
DT-F | ACCG

L72P73L80A | ACACTTAHNCGCATCGCGTACTAGTTTAHNAINGTGT
HN-R | TGCATTTTCGCTATGGC

F94P9SL101 | GATTGTTNNKGAGTACGAANNKAAGCTGNNKAAACCA
_NNK-F | TCGCGCCTGACATAT

F94P9SL101 | TTTMNNCAGCTTMNNTTCGTACTCMNNAACAATCTC
“MNN -R | CTGACTAACACGGTCG

A;géﬁfﬂl NNKATATCANNKNNKATTAAGCAAACCTTTACGCTGC

A121P124L1 | GGTTTGCTTAATMNNMNNTGATATMNNGTCAAAGTA
95MNN-R | TCGTGGATCCTGG

P134§_1§4NN CGCTGCCGNNKNNKCCTGAAAATAATAAAAATAA

P134P134MN | TATTATTTTCAGGMNNMNNCGGCAGCGTAAAGGTTTG
N-R C

L179A192- | TGTCAGNNKGGTATTGACTATCAAAAAAAGGCGCTTG
NNK-F | AGTATATGNNKAAACGCGTGCCGAACAT

L179A192- | TTTMNNCATATACTCAAGCGCCTTTTTTTGATAGTCA
MNN -R | ATACCMNNCTGACAACCGATCCCCACATAATCGC

L207L215- | GACNNKGAATTCACGCAGAATCTCGATNNKGGCTACC
NNK-F | CTTTTATGGACATGAC

L207L215- | GCCMNNATCGAGATTCTGCGTGAATTCMNNGTCTTCG
MNN-R | CAAAAAACAAACAGTTC

Table 2.3 Primers used for the construction of each mutant library




2.4. Construction of mutant library using Site—Saturation Mutagenesis
The cFutC-GFP11 gene was inserted into pBAD/HisA vector for
titratable regulation of protein expression. First, cFutC-GFP11 insert
was prepared by PCR and primers that contain Ncol and Xhol
restriction sites were used for construction into the pBAD/HisA vector.
The cFutC-GFP11 gene was digested and inserted into pBAD/HisA
vector using the restriction enzymes Ncol and Xhol. By heat—shock,
each reaction mixture was transformed into £. co/i DH5a cells to
construct mutant library.

After that, helical wheel diagrams of 6 a—helix in cFutC were drawn
and hydrophobic amino acids in hydrophilic regions were targeted and
grouped by applying the a—helix rule. The GFP11 fused cFutC mutant
libraries were constructed by site saturation mutagenesis using
inverse PCR and primers containing degenerated codons in table 2.3.

By electroporation, each GFP11 fused cFutC mutant library was
transformed into £. cofli :: PtacAZ with GFP1-10 gene for co-
expression of split—-GFP and spread on LB-agar plate with kanamycin
(50ug/ml) and ampicillin (100ug/ml). Each mutant library contains
more than 10° colonies and was prepared for FACS screening after

induction by IPTG (0.1mM).

2.5. High—Throughput screening using flow cytometry
Each library was collected into 10mL LB media with antibiotics and

cultured at 37 °C for 12 h. Precultured cells were transferred into 50

3 by 1 3 -
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mlL of LB media with antibiotics and incubated at 37 °C. After that,
cells were induced with IPTG (0.1mM) until OD600 reached at 0.6.
After induction at 30°C for 16 h, cells were centrifuged and washed
using phosphate—buffered saline (1X PBS, pH7.4) to prepare samples.

Each sample was screened by flow cytometry, FACS (S3e cell sorter,
Bio-Rad, Hercules, CA, USA). Cells showing the 10% highest
fluorescence intensity were separated. By the same method, 10% of
enriched cells were separated and recovered on LB-agar plate
containing kanamycin (50ug/ml) and ampicillin (100ug/ml). Single
colonies picked for further screening in a 96-well deep plate. In each
plate, four wild type controls were included. After induction by
arabinose and [PTG, whole—cell fluorescence intensity and OD600
were measured using fluorescence spectrometry. Mutants with more
than 1.8-fold in fluorescence intensity/OD600 than average of four
wild types were selected for sequencing.

After sequencing, each selected mutant gene was inserted into
pET24ma vector to verify soluble protein fraction using primers that
introduce mutations into cFutC gene. After that, SDS-PAGE analysis
was performed to examine the increase in protein soluble expression
of the mutants. Each of cFutC mutant was transformed into £. coli
BL21(DE3) by heat-shock transformation for expression cFutC
mutants. The transformed cells were cultured on LB-agar plate with
kanamycin (50ug/ml). Each single colony was picked into 3mL LB

media containing kanamycin (50ug/ml) and incubated at 37 °C for 16

24 A =T



h. Cells were inoculated into 50 mL of fresh LB with kanamycin
(50ug/ml) and induced with IPTG (0.1mM) until OD600 reached at 0.6.
After induction at 18°C for 16 h, cells were removed using
centrifugation and washed using sodium phosphate buffer (20mM, pH
7.6). Cells were lysed by sonification and obtained to prepare SDS-
PAGE samples from each supernatant by centrifugation at 22,250g at

4 °C for 30 min.

2.6. In vivo batch—culture

For the production of 2'-FL through the de novo pathway, pCDFm
gene for the synthesis of GFP-L-fucose and each cFutC mutant gene
inserted into pETZ24ma vector were co-transformed into £. colr ::
PtacAZ using electroporation.

Each transformant was picked into 3mL LB broth with kanamycin
(50ug/ml) and streptomycin (100ug/ml) and cultured at 37 °C with
200rpm for 12 h. Precultured cells were transferred into 50 mL of
minimal media with yeast extract, D(+ )-glucose containing kanamycin
and streptomycin and induced with IPTG and lactose monohydrate
until OD600 reached at 0.8. After induction at 30°C with 200rpm for
16 h, cells were centrifuged and each supernatant was obtained to

prepare Bio—LC sample.
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2.7. Bio—LC analysis

To analyze of 2'-FL titer, each supernatant was obtained from culture
medium by centrifugation at 22,250g at 4°C for 5 min. Each
supernatant was heated at 95°C for 3 min to stop the remained reaction.
After that, media was centrifuged at 22,250g at 4°C for 10 min to
obtain 2'-FL synthesized in £. coli Samples were analyzed as
previously reported by Choi et al. [20, 21] Each supernatant was
diluted with HPLC grade water (Duksan) and analyzed through a Bio—
LC DX-300 (Dionex Co., Sunnyvale, CA, USA). Also, a CarboPac PA-
1 column (Dionex Co., Sunnyvale, CA, USA), was used to separate 2'—

FL and lactose [20, 211
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3. RESULTS AND DISCUSSION

3.1. Construction of the split—~GFP screening system

First, we tested whether the split—-GFP system could be utilized for
screening increased soluble protein of al,2-FucT. Therefore, we
verified the feasibility of split—GFP using a mutant that fused F-ePGK
(full length of phospho-glycerate kinase from E. colr) into the N-
terminal of codon-optimized FutC al,2-FucT (cFutC) as a control.
cFutC has 87% homology with its original sequence, and total protein
expression was dramatically enhanced 5—fold than original FutC, while
the protein solubility was not improved. [20] F-ePGK is one of the
fusion proteins of 40kDa in size and is well known as water—soluble
and stable in £. coli. Also, F-ePGK fused cFutC was known to
dramatically increased the soluble expression of the protein. [20]
The GFP11 fragment was fused to the C-terminal of the cFutC and
F-ePGK-cFutC. Each GFP11 fused gene was inserted into pET15b
vector and the GFP1-10 gene was inserted into pET28a vector to
construct expression plasmids. (Figure3.1) Each GFP11 fused gene
was transformed into Z. co/f BL21(DE3) cells with GFP1-10 gene for
protein co-expression. After induction by IPTG, the fluorescence
intensity of F-ePGK-cFutC-GFP11 was more than 3-fold than
fluorescence intensity of cFutC-GFP11 induced by 1mM IPTG after
16hr. (Figure3.2) Also, F-ePGK-cFutC-GFP11 showed increased

soluble protein than that of cFutC-GFP11 on SDS-PAGE. (figure 3.3)
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Therefore, we decided it is reasonable to use split—GFP for screening

of increased soluble protein of al,2-FucT.

3.2. Optimization of expression levels of split—-GFP

To optimize the expression level of GFP11, the cFutC-GFP11 gene
was inserted into pBAD/HisA vector for titratable expression. (figure
3.4) One of the popular expression plasmids, the pET15b vector
contains the T7 promoter and lac operon system. The pBAD/HisA
vector 1s one of the pBAD expression systems and contains the
araBAD promoter and araBAD operator sequence. The pBAD
expression system is known to be effective for the expression of
proteins with toxicity and optimizing solubility in £. co/i by allowing
tightly controlled and titratable expression of proteins. [22] When the
expression vector of the cFutC-GFP11 gene is changed to the pBAD
expression system, cFutC-GFP11 and GFP1-10 genes are more

tightly regulated on SDS-PAGE. (figure 3.5)
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Figure3.2 Verify the feasibility of split—-GFP using a mutant that fused
F-ePGK into the N-terminal of cFutC as a control

(A) Fluorescence comparison on LB-agar plate

(B) Fluorescence intensity of F-ePGK-cFutC-GFP11 and cFutC-
GFP11 induced by IPTG after 16hr at 30°C
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Figure 3.3 Protein expression of cFutC-GFP11 and F-ePGK-cFutC-
GFP11

Total (T) and soluble (S) proteins of co—expression with GFP1-10 for
cFutC-GFP11 and F-ePGK-cFutC-GFP11 were analyzed by SDS-
PAGE. M : protein marker; lanel : co—expression with GFP1-10 for
cFutC-GFP11; lane?2 : co—expression with GFP1-10 for F-ePGK-
cFutC-GFP11
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Figure 3.5 Protein co—-expression with GFP1-10 for cFutC-GFP11 in
pBAD/HisA and pET15b vecor

Total (T) and soluble (S) proteins of co—expression with GFP1-10 for
cFutC-GFP11 were analyzed by SDS-PAGE.

M : protein marker;

lanel : co—expression with GFP1-10 for cFutC-GFP11 in pBAD/HisA
vector; lane2 : co-expression with GFP1-10 for cFutC-GFP11 in
pET15b vector
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3.3. Construction of the mutant library using SSM

To construct the mutant library, helical wheel diagrams of 6 a—helix in
cFutC were structured by applying the a-helix rule. (Figure 3.6) After
that, two or three hydrophobic amino acids present in hydrophilic
regions of each a—-helix were targeted. (table3.1) Amino acids targeted
in one a-helix were grouped into one group and performed site
saturation mutagenesis. Each GFP11 fused mutant library was
developed using site saturation mutagenesis with NNK degenerated
codon. Each GFP11 fused mutant library was transformed into £. coli ::
PtacAZ with GFP1-10 gene for protein co—expression and it contains
more than 10° colonies. After induction by IPTG, each mutant library

was prepared for FACS screening.

3.4. High—throughput screening using flow cytometry
First, each mutant library was screened using flow cytometry to

determine whether there is a correlation between the increase in

soluble expression of cFutC and the fluorescence intensity of split GFP.

First, cells showing the highest 10% fluorescence were separated and
recovered for second round sorting. (figure 3.7) After that, enriched
cells showing the highest 10% fluorescence were separated by the
same method and picked for further screening in a 96-well deep plate.

In each plate, four wild type controls were included. After induction
by arabinose and IPTG in a 96-well deep plate, fluorescence intensity

and OD600 were measured. (figure 3.8) After that, each mutant with
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more than 1.8-fold in fluorescence intensity/OD600 than average of
four wild types was selected.

According to the sequencing, 15 mutants contained the amino acid
mutations to more hydrophilic amino acids than wild type amino acid
were obtained. (table3.2) Therefore, according to the a-helix rule,
when hydrophobic amino acids are substituted with hydrophilic amino
acids, soluble protein expression was increased, which leads to an

increase in split GFP intensity.

3.5. Soluble expression of al,2-FucT

We expected that the mutants with higher fluorescence
intensity/OD600 than the wild type cFutC have higher soluble protein
fraction on SDS-PAGE. Therefore, SDS-PAGE analysis was
performed to examine the increase in protein soluble expression of
the mutants selected through high-throughput screening. To analysis
the expression level of soluble protein, the mutant gene was inserted
into pET24ma vector, One of the popular expression plasmids. After
construction, the selected mutants were cultured to analyze total and
soluble fraction of protein by SDS-PAGE gel. The results
demonstrated that the fraction of soluble protein was similar to the

wild type or slightly increased in the majority of mutants. (figure 3.9)
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Group Selected targets
a-helix 1 L72, P73, L8O
a-helix 2 F94, P98, L101
a-helix 3 Al121, P124, 1.125
a-helix 4 P134, P135
a-helix 5 1179, A192
a-helix 6 1.207, L.215

Table 3.1 Selected targets applying the a-helix rule
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Figure 3.7 FACS analysis of alpha-helix groupl library

Cells with the 10% highest fluorescence intensity were separated and

recovered for second round sorting.
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Figure 3.8 Further screening of alpha-helix groupl library in 96-well
plate

Each whole-cell fluorescence intensity and OD600 were measured
using fluorescence spectrometry. In each plate, four wild type controls

were included. (four wild type controls).
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Group fluorescence/OD600 Mutation
2.29 L8OY(TAT)
a-helix 1
2.01 L8OC(TGT)
a-helix 2 1.84 F94K(AAG)/PI98P(CCQR)
2.40 A121D(GAT)/P124A(GCG)/L125V(GTT)
2.02 A121A(GCGR)/P124G(GGT)/L125R(AGQR)
a-helix 3
1.89 A121S(TCQ)/P124A(GCG)/L125M(ATG)
1.81 A121A(GCG)/P124T(ACG)/L125P(CCT)
2.34 P134Q(CAG)/P135A(GCG)
a-helix 4 2.24 P134P(CCQR)/P135R(AGQG)
2.09 P134W(TGG)/P135L(CTT)
2.53 L215V(GTT)
a—helix 6 2.23 L207R(AGG)
2.10 L215I(ATT)

Table 3.2 Sequence data of improved mutants

—
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3.6. In vivo 2’-FL production using a1,2-FucT mutants

The increase in 2'-FL titer of selected mutants, 13 mutants in which
the fluorescence intensity/OD600 increased compared to the wild type,
were cultured to produce 2'-FL in shake flask. Glucose was added as
a C-source to synthesize GDP-L-fucose through the de novo pathway,
and then lactose was added as another sugar backbone, to the culture
medium.

After 16 hours of batch culture, 12 mutants except for two mutants,
L8OC and A121D/P124A/1.125V, were not significant in the increases
/n vivo production of 2'-FL titers. (figure 3.10-3.13) But the L&0C
mutant produced 1.39g/L 2'-FL, which was 1.29-fold higher 2'-FL
titer as compared to the wild type. (1.07£0.02 vs 1.39£0.17 g/L)
(figure 3.10) Specific yield was 1.40-fold higher over the wild type.
(0.139£0.002 vs 0.194%0.038 g/g DCW) (figure 3.12) Also, the
A121D/P124A/L125V triple mutant produced 1.66g/L 2'-FL, which
was 1.12-fold higher 2'-FL titer as compared to the wild type, after
16 hours of batch culture. (1.48%0.28 vs 1.66+0.32 g/L) (figure 3.10)
Specific yield was 1.19-fold higher over the wild type. (0.12940.002

vs 0.153+0.006g/g DCW) (figure 3.12)

3.7. 2’-FL synthesis using quadruple mutant

After that, batch fermentation was performed on three single mutants
of the A121D/P124A/L125V mutants, A121D, P124A, and L125V
mutants, to examine the effect of every single mutation. After 16 hours

of batch fermentation, the A121D, P124A, and L125V mutants

-
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produced 1.64g/L, 1.33g/L, 1.76g/L 2'-FL, which were comparable to
2'-FL titer of wild type. (1.48+0.28 vs 1.64£0.37, 1.33£0.03,
1.76+0.14 g/L) (figure 3.14) Each Specific yield was comparable or
slightly decreased than that of the wild type. (0.164 +0.002vs
0.161£0.010, 0.120 £0.001, 0.148 £0.012 g/g DCW) (figure 3.14) We
conclude that each single mutation did not significantly affect the
increase in 2'-FL production, but the triple mutant has a synergistic
effect through each mutation.

After that, we generated a quadruple mutant
(L8OC/A121D/P124A/1L125V) and shake flask batch fermentation was
performed on that mutant. After 16 hours of batch culture, the
quadruple mutants produced 3.21g/L 2'-FL, which was up to 1.73-fold
higher 2'-FL titer than titer of the wild type. (1.86£0.23 vs 3.21+0.64
g/L) Specific yield was 1.83-fold higher over the wild type.
(0.176£0.011 vs 0.32240.059 g/g DCW) (figure 3.15)

In both single (L80C) and triple (A121D/P124A/L125V) mutants,
mutations were occurred into amino acids with more hydrophilicity
than existing amino acids. These mutants showed slightly increased
2'-FL titer and specific yield than wild type. Also, a quadruple mutant
was assembled, which showed up to 1.73-fold enhancement in 2'-FL
titer than that of the wild type. The results show us the possibility of
application of high—throughput flow cytometry screening using a split—
GFP for screening enhanced soluble expression of enzyme and target

materials, mass production of 2'-FL in £. co// by microbial synthesis.
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Figure 3.10 2’-FL production and OD600 by batch shake flask culture
with selected mutants in alpha—helix group 1-3

(A) 2’-FL production and OD600 by batch shake flask culture with
selected mutants of alpha-helix group 1

(B) 2’-FL production and OD600 by batch shake flask culture with

selected mutants of alpha-helix group 2 and 3
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Figure 3.11 2’-FL production and OD600 by batch shake flask culture

with selected mutants in alpha—helix group 4-6

(A) 2’-FL production and OD600 by batch shake flask culture with

selected mutants of alpha-helix group 4

(B) 2’-FL production and OD600 by batch shake flask culture with

selected mutants of alpha-helix group 5 and 6
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Figure 3.12 Specific yield of 2’-FL (g/g) by batch shake flask culture

with selected mutants in alpha—helix group 1-3

(A) Specific yield of 2’-FL (g/g) by batch shake flask culture with

selected mutants of alpha-helix group 1

(B) Specific yield of 2’-FL (g/g) by batch shake flask culture with

selected mutants of alpha-helix group 2 and 3
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Figure 3.13 Specific yield of 2’-FL (g/g) by batch shake flask culture
with selected mutants in alpha—helix group 4-6

(A) Specific yield of 2’-FL (g/g) by batch shake flask culture with
selected mutants of alpha-helix group 4

(B) Specific yield of 2’-FL (g/g) by batch shake flask culture with

selected mutants of alpha-helix group 6
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Figure 3.14 2’-FL production, OD600 and specific yield of 2’-FL (g/g)
by batch shake flask culture with each single mutant of
A121D/P124A/L125V

(A) 2'-FL production and OD600 by batch shake flask culture with each
single mutant of A121D/P124A/L125V

(B) Specific yield of 2’-FL (g/g) by batch shake flask culture with each
single mutant of A121D/P124A/L125V
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Figure 3.15 2’-FL production, OD600 and specific yield of 2’-FL (g/g)
by batch shake flask culture with quadruple mutant
(L8OC/A121D/P124A/L125V)

(A) 2’-FL production and OD600 by batch shake flask culture with
quadruple mutant (L8OC/A121D/P124A/1.125V)

(B) Specific yield of 2'-FL (g/g) by batch shake flask culture with
quadruple mutant (L8OC/A121D/P124A/1.125V)
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4. CONCLUSIONS

In this study, the soluble expression of al,2-FucT which produces 2’-
FL using substrates, GDP-L-fucose and lactose, was increased using
site saturation mutagenesis through the a—helix rule. Also, the high-
throughput screening using split—GFP system with flow cytometry was
tested for large mutant libraries in £ coli. 2’-FL is important
oligosaccharides in human milk and has potential advantages to affect
the growth of gut microorganisms and the development of immunity in
infants. However, the low soluble expression of al,2-FucT acts as a
limitation for industrial use of enzyme, for increasing the production
of 2'-FL in E. coli, it is important to enhance the low solubility of al,2-
FucT.

To enhance the protein soluble expression of al,2-FucT, we
measured the feasibility of the split—-GFP system for screening the
al,2-FucT solubility first and mutant that fused F-ePGK into the N-
terminal of cFutC was used as a positive control. Each cFutC and F-
ePGK-cFutC was fused with GFP11 to the C-terminal of the gene and
transformed into £. co/f BL21(DE3) cells with GFP1-10 gene to form
a complete fluorescence. After induction, the fluorescence intensity of
soluble mutant, F-ePGK-cFutC-GFP11 was more than 3—fold than the
fluorescence intensity of cFutC-GFP11. Therefore, it was supported
that split—GFP can be used for al,2-FucT solubility screening. After
that, for optimization of expression level, the cFutC-GFP11 gene was

inserted into pBAD/HisA vector to regulate expression tightly. Next,
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aggregation hotspots in cFutC were targeted using the a-helix rule,
and site saturation mutagenesis was applied at hydrophobic amino
acids present in the hydrophilic regions of each a-helix using
degenerated codons.

Each mutant library was screened using Fluorescence—activated cell
sorter (FACS) for powerful and high-throughput screening of large
mutant libraries up to 10'°. After sorting the cells with the 10% highest
fluorescence twice, whole—cell fluorescence/OD600 of the colonies
measured by fluorescence spectrometer for further screening. We
obtained 15 mutants that contained the mutations to more hydrophilic
amino acids than the wild type, and SDS-PAGE analysis was
performed to examine the increase in protein soluble expression of
these mutants. Each mutant gene was inserted into pET24ma vector
and was cultured to perform the SDS-PAGE analysis. The results
showed that soluble protein expressions of the L80C and the
A121D/P124A/1.125V mutant were similar to the wild type or slightly
increased.

The increase in 2'-FL titer of mutants with an enhancement of soluble
protein expression was examined through shake flask culture. Glucose
and another sugar backbone, lactose was fed for batch fermentation.
After 16 hours of batch fermentation, the L8OC mutant produced
1.39¢g/L. 2'-FL, which was 1.29-fold higher 2'-FL titer than the wild
type. And the A121D/P124A/L125V triple mutant produced 1.66g/L
2'-FL, which was 1.12-fold higher 2'-FL titer than wild type. As a

result, a quadruple mutant(L8OC/A121D/P124A/LL125V) was

5 by )
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generated, which showed 1.73-fold improvement in productivity
relative to wild—-type.

In summary, each mutant library was prepared through site-
saturation mutagenesis and hydrophobic amino acids present in the
hydrophilic regions of each a—helix were targeted. Mutants with
increased soluble expression were screened using a split—-GFP system
and high-throughput flow cytometry. As a result, mutants with an
increase in soluble expression were screened, and increases in the
titer and specific yield of 2'-FL were examined. The results show us
the possibility of application of high-throughput flow cytometry
screening using a split-GFP for screening enhanced soluble
expression of enzyme, production of target materials, and industrial
application of 2'-FL in E. coli. Also, if the combination of enzyme
activity measurements and split—-GFP system can reduce false
negatives and false positives, it is expected that the efficiency of the

high—-throughput screening system can be improved.
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