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Abstract

After millions of years of evolution, life has chosen proteins as the ultimate functional molecules,
with their rich functionality far beyond our imagination. However, these tools originating from nature
are far from perfect and often require topological modifications to construct proteins with better
properties to meet certain special needs.

Green fluorescent protein (GFP) is an important protein in molecular biology. The research team
led by Zhang Wenbin from Peking University has successfully completed the catenane modification of
GFP, significantly improving its thermal recovery. However, after topological modification of proteins,
certain properties are often compromised to some extent. Whether it is the traditional two-step synthesis
of GFP catenane inside and outside the cell, or the one-step synthesis inside the cell, it will causeloss of
its fluorescence intensity and other properties, resulting in low synthesis efficiency.

To recover this loss, this study innovatively introduced the method of directed evolution. By
simulating natural evolution mechanisms, DNA recombination can be-achieved in the:laboratory. By
establishing a mutant library and conducting high-throughput screening;.targeted gene modification is
carried out, and protein molecules with excellent properties suitable for catenane transformation are
selected to improve the intracellular synthesis efficiency of GFP.catenane.

Firstly, collect and construct wild-type GFP sequences in nature’that are similar to existing
sequences, and express wild-type proteins. Secondly, the'sequence was redesigned using the intracellular
one-step synthesis method of GFP catenane, molecular cloning)was’ performed using overlapping
extension, and the modified catenane protein was expressed. After exploring the reaction conditions, a
mutant library was constructed using a staggered extension process and the efficiency of DNA
recombination was evaluated. Finally, flow cytometryswas/used to select mutants that meet the
fluorescence intensity requirements, and-further screening‘was conducted for thermal recovery.

The final screened protein is suitable for catenane transformation, which is beneficial for improving
intracellular synthesis efficiency. These directed green fluorescent proteins have great potential in
biomedicine and functional materials, and-can serve as the starting point for the next round of directed
evolution, iteratively screening proteins with better traits to achieve the ultimate goal of directed

evolution.
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1. Introduction

1.1 Topological proteins

1.1.1 Natural topological proteins

Proteins are molecular machines with precise structures and rich functions, composed of amino
acids connected by peptide bonds in a specific order, playing an important role in life processes. Under
cellular specific translation mechanisms, most proteins synthesized within the cell have linear main chain
structures. However, natural proteins with non-linear topological structures are not uncommon, such as

cyclic protein!*, knot proteins!?), lasso peptides'®! and catenane!*..

annular kink rotaxane catenane
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These topological proteins have many functional, advantages. due to their stable mechanical
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interlocking spatial structure, such as better thermal stability, mechanical stability, anti-denaturation
stability, and anti-enzymatic stability®l. Therefore, studying the topological structure of biomolecules in
nature and synthesizing proteins with topological effects through advanced methods has become an
important research topic.

1.1.2 Artificial synthesis of topological proteins

Protein engineering involves ‘modifying proteins in nature to construct variants with better
properties to meet specific.needs.

There are various strategies for pfotein engineering, such as site-specific mutagenesis!®), cyclic
rearrangement!”), domain exchange® and split recombination’®. With the emergence and development
of protein reaction‘tools such as'ligasebased coupling!*?, peptide protein reaction pairs**! and isolated
peptides!*?), protein engineering is gradually moving beyond the traditional limitations of only changing
sequences and lengths, from one-dimensional single stranded linear species to multi-dimensional multi
stranded. topological structures; with richer modifiability and wider application prospects.

The research group led by Zhang Wenbin from Peking University is committed to using assembly
reaction synergy, utilizing genetically encoded assembly and reaction elements, to spontaneously fold,
assemble, shear; connect and other processes in newly formed linear proteins in vivo, forming complex

topological structures of protein, and achieving performance modification and improvement.
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1.2 Green Fluorescent Protein (GFP) catenane
1.2.1 Green Fluorescent Protein

Green fluorescent protein is a protein composed of approximately 238 amino acids, which.can be
excited by both blue and ultraviolet light, emitting green fluorescence. This protein was first-discovered
by Xiu Shimamura and others in 1962 in Victoria's multi tube luminescent jellyfish*l:

Crystal structure analysis shows that the peptide chain of green.fluorescent protein folds to form a
B-barrel. The structure of the bucket consists of three adjacent amino.acids, serine-tyrosine glycine (SYG),
which, due to their close proximity in space, undergo cyclization reactions.and form a conjugated
chromophore through dehydration and oxidation. The chromophore is docated in a rigid hydrophobic
environment, isolated from environmental water molecules, so’its fluorescence will not be quenched,

maintaining good fluorescence quantum efficiency.
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In molecular ‘biology, green fluorescent protein is commonly used as a reporter gene. The green
fluorescent protein gene can also.be cloned into vertebrates for expression and used to demonstrate a
certain hypothesis in experimental methods. Through genetic engineering technology, its genes can be
transferred into the genomes of different species and continuously expressed in offspring.

1.2.2 Green Fluorescent Protein catenane

In 2023, the research group led by Zhang Wenbin from Peking University successfully completed
the catenane.construction of GFP by introducing an intrinsic peptide™¥. Compared with ordinary green
fluorescent proteins, GFP catenane exhibit good thermal stability and thermal recovery due to their

interlocking configuration limitations.
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1.2.3 Two step synthesis inside and outside the cell

When synthesizing GFP catenane in two steps, the first step involves the closure of intracellular
GFP ring 1. The gene sequence is designed as IntC-GFP1-IntN-Linker-GFP2;.and the-two'segments of
the peptide recognize each other in the cell, forming a rotane intermediate: Afterwards, the closure of

GFP loop 2 is completed using transpeptidase outside the cell.
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However, when performing transpeptidase‘cyclization, it is easy to form intermolecular cyclization
products and other polymers formed.by GFP ring 2. passing through two rings 1; And the two-step

synthesis process is longer, which reduces the yield-of [2] catenane.
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1.2.4 Intracellular one-step synthesis

To shorten the synthesis steps and avoid the generation of the above-mentioned by-products, the
intracellular’one-step synthesis method is adopted. Design two sets of mutually recognized intropeptides
in the gene sequence, IntC-GFP1-IntN-VidC-GFP2-VidN, which can directly synthesize GFP catenane
in the cell.

However, the experiment found that the yield of generating GFP catenane was low, and the SDS-
PAGE showed that most of the products were single ring product. This indicates that the one-step
synthesis of GFP in cells has a lower efficiency in catenane synthesis, and the topological modification

of proteins to some extent reduces the probability of their correct assembly.
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1.3 Directed evolution of proteins in vitro

1.3.1 Directed evolution
Evolution is constantly taking place in nature. Directed evolution, simulates natural evolution

mechanisms to achieve random mutations, DNA recombination, and screening in the:laboratory, thereby
modifying genes and selecting protein molecules with desired properties. The two most crucial steps in
directed evolution are creating mutant libraries and developing appropriate screening methods!*®!. Under

appropriate screening criteria, directed evolution can accumulate beneficial mutations and potentially

produce novel functions.
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The main methods of directed evolution include error prone PCRI'6], site-specific saturation
mutation!*”), DNA shuffling!*8}, and so.0n. Due to the difficulty in controlling mutation frequency through
error prone PCR; and the difficulty in selecting suitable mutation sites for fixed-point saturation

mutations, thisstudy used a staggered extension process improved by DNA shuffling.

1.3.2 Staggered Extension (StEP) process
In vitro DNA recombination is based on PCR, which exchanges sequences between multiple

homologous templates, which is beneficial for accumulating beneficial mutations without affecting the
otiginal function of proteins, thus completing directed evolution!?®), On this basis, the interleaved
extension process is improved by combining primers and amplification products with different template
sequences in a cycle of denaturation, rapid annealing, and extension. Based on complementary pairing
of sequences, further extension is achieved until full-length genes are obtained. After obtaining the
mutant library, high-throughput screening is carried out, using mutants with excellent properties as the
starting point for a new round of cross extension. After multiple rounds of library construction and

screening, proteins can be effectively modified.
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1.4 Proposal of the project

In summary, the catenane transformation of green fluorescent protein not only improves thermal
recovery but also causes loss of properties, resulting in low synthesis efficiency. And directed evolution
happens to be an excellent solution to compensate for this loss. This study aims to obtain protein
molecules with excellent properties suitable for catenane transformation through extensive library
construction and screening, demonstrating the effectiveness of directed evolution methods and improving
the intracellular synthesis efficiency of GFP catenane.

The research includes the following parts:

1. Collect and construct wild-type GFP sequences that are similar to existing sequences.

2. Design the sequence of catenane protein and express the wild-type and ‘Catenane protein.

3. Use the staggered extension process to construct a mutant library and evaluate the efficiency of DNA
recombination.

4. Screen the fluorescence intensity and thermal recovery; and test the synthesis efficiency.

2. Experiment Methods

2.1 Construction of recombinant plasmids

Centrifuge the ordered primers using’a small centrifuge, let the DNA reach the bottom of the
centrifuge tube, and add ddH»O to dilute to~10-pu M solution. Add 1 to the PCR tube p L template, 2
forward and 2 reverse primers each p L. 2x Pfu MasterMix 20 p L. And supplement the total volume
with ddH,O to 40 L. Set the annealing temperature based on the melting temperature Tm value of the
primer template binding part,and set.an appropriate extension time according to the length of the target
fragment. Usually, the denaturation annealing extension cycle takes about 30 rounds. Use a dual slot
gradient gene amplification instrument for amplification.

When splicing fragments from multiple different sources, overlap extension PCR is used. Overlap
extension PCR is a technique that uses primers with complementary ends to form overlapping chains in
PCR products, and ' then, in subsequent amplification reactions, overlaps and splices amplification
fragments from different sources through the extension of the overlapping chains. The fragments of the
first round of conventional PCR have overlapping and complementary parts at the end. The second round
uses multiple products from the first round of PCR as templates, with 1 template for each p L. Add 2
forward and 2 reverse primers to the target gene fragment p L. 2x Pfu MasterMix 20 pu L. And supplement
the total volume with ddH,O to 40 p L. Set the annealing temperature based on the melting temperature
Tm value of the primer template binding part, and set an appropriate extension time according to the
length of the target fragment.

After PCR, use agarose gel electrophoresis experiment to separate and confirm the reaction system,
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and cut the band that meets the expected molecular weight. Add 300 to the cut gel containing DNA p L
GDP, 55 © C metal bath for 15 minutes, during which it is reversed several times to completely dissolve.
Transfer to the column, centrifuge at 13000 r for 30 s, discard the waste liquid and add 300 more p L
GDP. Add 600 p Wash the DW2 of L twice and idle it again. Add 15 to 20 p Wash DNA with ddH,O of
L, let it stand for 1 minute, centrifuge at 13000 r for 1 minute. Measure concentration and purity using
an ultra micro spectrophotometer.

Inoculate Escherichia coli containing the target plasmid vector into 5 mL of 2xYT medium
containing corresponding resistance at a ratio of 1:100, and incubate in a full temperature shaking
incubator at 37 © C and 220 rpm for 12-16 hours. Collect the bacterial cells, transfer 5 mL of culture
medium into a centrifuge tube, centrifuge at 13000 r for 1 minute, discard any unnecessary culture
medium, and use a small plasmid DNA extraction kit to extract plasmids.

Take purified target genes and vectors 10 p L (approximately 1) p g) Lrestriction endonuclease 1
and 1 restriction endonuclease 2 each p L. 10x FastDigest buffer 4 p L and.ddH»0 24, L.37 © C metal
bath for 1 hour. During purification, add 300 p Mix L GDP well, transfer to a columny centrifuge at 13000
r for 30 s, and discard the waste liquid. Add another 300 p L GDP repeat operation. Add 600 p Wash the
DW?2 of L twice and idle it again. Add 15 to 20 p Wash DNAwith ddH>0O of L.and centrifuge at 13000 r
for 30 s. Measure concentration and purity using an ultra micro.spectrophotometer.

Mix the vector and fragment after dual enzyme digestion.in a melar ratio of 1:4 to 1:10, and add 1
pn L T4 ligase and 2 p L ligase buffer and add volume to 20 with/ddH2O p L. 22 ° C metal bath for 2
hours.

Add 20 p The connecting system obtained from/L molecular cloning is converted to 50 p Incubate
the top 10 receptive cells of L on ice for 10 minutes, apply ‘onto-an agar plate containing corresponding
resistance (shake out scratches with 3 glass beads to indicate uniform application), and incubate overnight
at 37 ° C in an electric constant temperature,incubator.

Pick out 5 large and round colonies on theplate, and add 500 to each colony p L medium, shake for
8 hours, and send to the sequéncing company. for-sequencing. Further expand the culture after obtaining

the recombinant plasmid with/the correct sequence.

2.2 Protein expression and purification

Expand the culture to an OD600.0f 0.6~0.8 in the bacterial solution, add IPTG and express at 16 °
C for 12~20 hours; then transfertoa storage bottle. Separate the culture medium and bacterial cells using
a ground centrifuge at 5000 r for 20 minutes. Discard the waste liquid of the culture medium, and add 30
mL Lysis Buffer to the bacterial body for suction and mixing. Transfer to a 50 mL centrifuge tube and
place it in an ice bath. Use an ultrasonic cell lysis device to perform ultrasonic lysis on the bacterial cells
(ultrasonic treatment for 5 seconds with an interval of 8 seconds, total working time of 30 minutes).
Centrifuge the cracking mixture at 10000 r for 30 minutes.

Mixthe centrifuged supernatant with Ni NTA resin and incubate at 4 ° C for 30 minutes to 1 hour.
Pour'the mixture of protein and resin into the washed column, and add 10 times the volume of Wash
Buffer (50 mM NaH»POj4, 300 mM NacCl, 20 mM imidazole, pH=8.0) to wash out the impurities. Add 2
times the volume of Elution Buffer (50 mM NaH»POs, 300 mM NaCl, 250 mM imidazole, pH=8.0) to
wash out the target protein with HisTag. Recycle Ni NTA using ethanol.

10



2.3 Electrophoretic characterization of proteins

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a common
electrophoresis technique that uses polyacrylamide gel as a support medium to separate proteins and
oligonucleotides. The small vertical electrophoresis tank and gel were used for vertical electrophoresis,
and the buffer solution was Tris glycine system. Electrophoresis at a voltage of 90 V, concentrated and
changed to 140 V for approximately 1 hour. After electrophoresis, stain with Coomassie Brilliant:-Blue
dye for about 30 minutes, and if necessary, microwave heat for 1 minute. After dyeing, decolorize with
a decolorizing solution (50% ddH,O, 40% methanol, 10% acetic acid). Once the protein band appears,

imaging can be performed and the position of the band can be observed.

2.4 Electrical conversion

Electrotransformation, also known as high voltage electroporation, can introduce nucleotides, DNA,
RNA, proteins, sugars, dyes, and viral particles into prokaryotic and eukaryotic eells. The high-intensity
electric field instantly increases the permeability of the cell membrane, thereby absorbing foreign
molecules in the surrounding medium. Electroconversion is a.valuable and effective alternative method
compared to other physical and chemical conversion methods.

The electric shock cup is pre cooled on ice, and the frozen receptive cells are taken out and melted
on ice. one hundred p Add 10 to L receptive cells w Purified connecting solution, incubate on ice for 5
minutes. Add the mixture to a pre cooled electric shock cup and ice bath for 10 minutes.

When electric shock occurs, push the/electric shock cup<into.the electric conversion device, press
the pulse button, and hear a buzzing sound. Electric shoek conditions are 2.5 kV, 200 ohms, 25 p F. The
time constant is approximately 6 ms:Quickly add 1 mL of culture medium insulated at 37 ° C, aspirate
the mixture, and transfer it to a 1.5.mL centrifuge tube. Shake and incubate at 37 ° C and 220 rpm for 1
hour to fully express resistance. Dilute‘the bacterial solution 101-105 times and take 100 p Apply L onto

the plate and incubate overnight at 37 ° C. Clean the electric shock cup after electrical conversion.

2.5 Flow cytometry sorting

When the single-cell suspension stained or labeled with fluorescence is placed in the sample tube,
it is pressurized into the flow chamber under high pressure. The flow chamber is filled with sheath fluid.
Under the wrapping and pushing of the sheath fluid, cells are arranged in a single row and sprayed out
from the nozzle of the flow chamber at a certain speed. Equipped with an ultra-high frequency
piezoelectric crystal at the nozzle of the flow chamber, it vibrates after charging, causing the sprayed
liquid flow to break into uniform droplets, and the test cells are dispersed among these droplets. Charge
these droplets with different positive and negative charges. When the droplet flows through a deflection
plate with several thousand volts, it deflects under the action of a high-voltage electric field and falls into
its‘respective collection containers. The uncharged droplets fall into the middle waste liquid container,
thus achieving cell separation.

series of optical systems in the instrument can collect signals such as fluorescence, light scattering,
light absorption, or cell impedance. Computer systems collect, store, display, and analyze various

measured signals, and perform statistical analysis on various indicators.
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2.6 ELISA reader screening

An enzyme-linked immunosorbent assay (ELISA) reader, also known as a microplate detector, is a
variable phase photoelectric colorimeter or spectrophotometer. The light waves emitted by the light
source lamp are transformed into a single color beam through a filter or monochromator, and enter a 96
well plate (a transparent plastic plate used to place the test sample, with uniformly sized small holes,on
the plate, each of which can hold hundreds of microliters of solution) for the test sample. Part of the
monochromatic light is absorbed by the specimen, while the other part is irradiated onto the photodetector
through the specimen. The photodetector converts the light signals of different strengths and weaknesses
of the specimen into corresponding electrical signals. The electrical signals are processed by pre
amplification, logarithmic amplification, analog-to-digital conversion, etc.,( and then sent to a
microprocessor for data processing and calculation. Finally, the results are displayed on.a display and
printer.

The enzyme-linked immunosorbent assay (ELISA) reader can be divided into. grating ELISA reader
and filter ELISA reader in principle. The grating type ELISA reader ean capture any wavelength within
the wavelength range of the light source, while the filter type ELISA'reader can only capture specific

wavelengths for detection based on the selected filter.

3. Directed evolution of GFP catenane

3.1 Collection and Construction of Similar GFP.Sequences

3.1.1 Protein sequence collection

In order to use DMA shuffling for efficient library construction, it is necessary to search for multiple
protein sequences that have a consistency of about 80% with the template sequence. Using the GFP-OPT
sequence as a template, 5 GFP sequences were screened from FPbase, and the excess amino acids at the
N-terminus were removed to ensure a length of 238 aa. The protein information and multi sequence

alignment results are as follows:

Name Identity Reference
AceGFP 86.1% J. Biol. Chem. 2010, 285, 15978—15984
AausGEP 78.6%

PLoS Biol. 2020, 18, €3000936
mAvicFP1 78.2%
NowGFP 87.8% Biophys. J. 2015, 109, 380—-389
mTagGFP 79.0% Chem. Biol. 2008, 15, 1116—1124

The consistency between the above 5 sequences and GFP-OPT ranges from 78% to 88%, and the

consistency. between each two sequences does not exceed 88%.

—

3.1.2 DNA sequence construction

Write Python scripts to convert protein sequences into DNA sequences. In order to switch between

12



templates at a higher frequency during shuffling, the template DNA sequence difference should be
minimized. Conservative sites directly replicate template codons, while mutation sites minimize the
number of base mutations. If there are multiple possibilities, choose the codon preferred by Escherichia
coli. Python scripts can provide mutation sites, possible mutations, codons before and after mutations;
and complete DNA sequences.

The generated mutation sequence may contain common cleavage sites, all of which are marked and
manually replaced in ApE, following the rules of least mutation and E. coli preference.

The mutation rate of DNA bases ranges from 5% to 10%, which is half lower than the protein
sequence mutation rate of 12% to 21%, because most residues mutate 1-2 bases.,Order the
aforementioned genes from a gene synthesis company and use the same pET-22b vector for protein

expression.

3.2 Expression of wild-type and GFP catenane

Transform the plasmid into BL21 competent cells and culture in-200 mL of medium. Induce with
0.5 mM IPTG and express at 16 © C for 16 hours. Soluble proteins and precipitates-after centrifugation
are shown in the following figure. From left to right are GFP-OTP, aceGFP, AausGFP, mAvicFP1,
nowGFP, and mTagGFP. All GFPs produce green fluoreseence, with only AausGFP showing weak

fluorescence, consistent with the literature.

25........

15

10

The SDS-PAGE .characterization results are shown in the following figure. The molecular weight
of six linear GFPs istabout 28<kDa, with the main band at 25 kDa, slightly smaller than the actual
molecular weight; All-proteins.can obtain a single main band, indicating that linear GFP is well expressed

in Escherichia coli
3.3 Expression of GFP derived from different sources

331 Sequence design
Constructirings 1 and 2 of cat-GFP-OPT, cat-aceGFP, cat-AausGFP, cat-mAvicFP1, cat-nowGFP,
and cat-mTagGFP using the same splitting method as cat-GFP (between 156 and 157).

[ Npu-C_EERRGERE Npu-N |
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3.3.2 PCR and Overlap PCR

Design 5 primers for ring 1 and ring 2 of the catenane protein and primers for Npu-N-VidaL-C as
follows. Using the wild-type as the template, PCR to obtain ring 1 and ring 2. Use PCR.to obtain‘Npu-
N-VidaL-C using cat GFP as the template.

By overlapping extension PCR and using some previous primers, the three gene segments were
assembled into complete fragments using GFP 1, Npu N-VitaL-C, and GFP2 asitemplates, and connected

to the pQE-80L vector. This method only requires one sequencing, greatly reducing the experimental

period.

Npu-N-Vidal-C

Forward primer
Reverse primer

[BamAI-AauscEE-F
[BamAI-ace—mAvicGFP—F|

RTTAGGATCCATGAAAGRAGGAGARARACTTTIC
ATTAGGATCCAT

[PamHI-noWGFP-F

ATTAGGATCCATGAG

[BamHI-mTagcFe-F

PausGFE-Npu-H-R

lacecFP-Npu-N-R
mAvicGEP-Npu-N-R

InoWGFB-Npu-K-R

ITagGFE-Npu-N-R

[fisTag-Aaus-aceGrP-F L

[RisTag-mAvicFPl-F
[HisTag-nowcEB-F

[fisTag-mragoFe-F

AARCAATGGACTCGAA

-

Forward primer
Reverse primer
npu-N-vigal-c iy 0 o

[BanEI-AausCEP-E,

BT TAGEATCCATGARAGAACGAGAARAACTTTTC

[BamBI-ace ‘MAvdCGEEF|

BTTAGGATCCATGAGCARAGEAGCAGAR

[BamBI-nowGFE=E

JATTAGGATCCAT GAGCARAGGA GRAARACTT

[BamBI-mTagGEE-F

ATTABGATCCATGAGCG GRGGAGARGAR

aUs-WAViCGEP-Spel-R

laceGFP-SpeI-R

TCC
CGCCGTGAGTGATCGE

|naus-ma¥ieer p-SpaI-E|

locaBEP- spe 1R

nodEFBRspeT-&
jiTagGFE-Spel -k

lnowGFE-SpeI-R
TagGEe-spel-R

3.3.3 Protein expression and purification

Transform the plasmid into BL21 competent cells, express at 16 ° C for 16 hours, centrifuge for
collection, and sonicate for rupture.<The flow through, elution solution, and precipitation after
centrifugation of GFP. from different:sources purified by nickel columns are shown in the following
figure. Among them, cat-GFP-OPT has the strongest fluorescence and the least precipitation, while cat-
nowGFP has a certain fluoreseence and the precipitation is also green. The other four cat GFPs have
weak or no fluorescence:

The.SDS-PAGE characterization is shown in the following figure. The bands near 25 kDa in the
eluent are catenane bands, bands between 10-15 kDa are ring 1, and bands below 10 kDa are ring 2. Cat
GFP-OPT, cat aceGFP, cat mAvicFP1, and cat nowGFP have a chain and a ring 1 band, and all proteins
have a ring'2 band. The upper band at 10-15 kDa in the precipitate is ring 1, while the lower band may
be ring 2 that has not been closed, indicating that only correctly folded and closed ring 2 is soluble. The

above results indicate that GFP-OPT is still the optimal variant for constructing GFP catenane.
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3.4 Establishment of GFP directed evolution mutant library

3.4.1 Exploration of reaction conditions for staggered extension PCR

To directly amplify the full-length fragment of GFP1-Npu-N-VidaL-C-GFP2 (1500:bp), different
StEP reaction conditions were attempted using six cat GFPs as mixed templates:

No single full-length fragment or band dispersion can be obtained, while conventional PCR using
the same system can yield high concentrations of target bands: Therefore; it was decided to use the

segmented StEP followed by Overlap PCR method.

Length (bp) 21 24 27 Time,ols) 5 10 15

MasterMix  Taqg Pfu High-GC Tem, . U@ 455 60 65

3.4.2 Cross extension PCR construction of mutant library

Replace MasterMix with Hieff Canace Plus; take,100 ng each of the 6 previously obtained cat GFP
plasmids, and mix evenly. With 1 . The L mixed plasmid is used as a template, and the primers and
reaction conditions for staggered extension PCR-are as follows. Recombinant GFP1 and GFP2 were
amplified using staggered extension/PCR, while Npu-N-VidaL-C fragments were amplified using

conventional PCR.

TEV-BamHI-F AACCTGTATTTTEAGGGCGGATCC
KpnI-Npu-N-R ICTCATACGACRGGCRGEGTACC
HisTag-Sael-F ICATCATCATCATCATCATGAGCTC
Spel-Vidal-R CEGCAGACAGCEAGATT CACTAGT
KPRl -NpUI=N-F IGGTACCTGCCTGTCGTATGAG
HISTag-SacI-R GAGCTCATGATGATGATGATGATG

Using Overlap PCR, full-length fragments were obtained using recombinant GFP ring 1, Npu-N-

VidaL-C, and recombinant GFP ring 2 as templates, using the same method as in 3.2.2.

SBC 3mim, | 95IC 308
—

Pre-dendhuration Denaturatipn

Annesling+Extension

LEt . forever _—
4= Cycle 100 fimes = Forward primer

Reverse primer

—_—
Npu-N-Vidal-¢

The electrophoresis results of GFP 1, Npu-N-VidaL-C, GFP 2 and overlapping extended full-length

fragment agarose gel are as follows, and the expected molecular weight products are obtained.
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3.4.3 Evaluation of DNA Recombination Results

The cat GFP recombinant plasmid obtained from StEP PCR was transformed into TOP10 competent
cells, and 15 single colonies were sequenced, of which 9 were correctly recombined sequences. The
sequence alignment after removing the intein is shown in the following figure. The mutations in the
recombinant sequence all come from six template sequences, with a proportion-roughly-similar to that in
the template. The results indicate that a DNA recombinant library has been successfully constructed using

staggered extension PCR, which can be used for subsequent screening.

Expression of wild-type GFP-OPT, cat-GFP, and DNA recombinant cat-GFP StEP on the agar plate,
as shown in the following figure. The wild-type! GFP-OPT was observed to have the strongest
fluorescence, followed by cat-GFP. cat-GFP-StEP. was unable to.directly observe fluorescence due to the
small number of clones grown. Therefore, subsequent electroconversion was performed and flow

cytometry was used to select proteins:that produced strong fluorescence for final screening.

3.5 Screening of GFP.directed evolutionary mutant library

3.5.1 Electroconversion and Fluorescence Intensity Sorting of Cat-GFP Library

Perform electroconversion of GFP-OPT, cat-GFP, and cat-GFP-STEP. Using a flow cytometer for
sorting, collect'bacteria with intensities above 102, 10°, and 10*, as shown blow.
‘°"\i SIEP-1

10“‘ £

PE-A

10°4
{

%102

1070 10 10 10t 10° 1070 10° 10 10 10*
GFP-A GFP-A
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3.5.2 Heat recovery screening of cat GFP libraries

Cultivate bacteria with fluorescence intensity above 10° and 10* after flow cytometry sorting using
a 96 well plate, induce with 0.5 mM IPTG, and express at 30 ° C for 8 hours. Take 50 p Measure the
fluorescence intensity of 480/510 nm on an enzyme-linked immunosorbent assay (ELISA) reader using
L-bacterial lysate. Using a 96 well plate in a boiling water bath, let it cool naturally and then measure the
fluorescence intensity again. The results of the two tests are shown in the left and right figures,
respectively.

Among them, lines A to D correspond to 103 groups, lines E to H correspond to 10* groups, H10 is
the linear GFP control, and H11 is the cat-GFP control. Divide the fluorescence intensity after water bath
by the fluorescence intensity before water bath, select 10 wells with a ratio greater than 90%, namely A3,

C2, D2, F8, G8, G10, D11, D12, E12, F12, and sequence the corresponding bacteria:

12 3 456 7 8 910112 1 23 45 6 7 8 9101 12
[4a78] 120 2173 3280 721 1351 202 2 1 5 292 [aem) 1 2 3 4 5 6 7 S 9 10 1 2
0813341 0070846 0994052 0.743506 0200141 0.723233 0147741 / 0228281 3 0223755 0672693
0833333 0.740494 0.774254 0.545195 0.703283 0389701 0562585 0.745328 0898575 '0.758479 0774433 0576866
0671634 1139205 049450 0.740831 0.795699 0535354 0.774542 0625682 05§38 |0.640864 0312131 0.770077
03884 0862638 3 0.808182 0.286031 0,107636| 0.785617 0@18731 0742857 08796 1133851 0885712
0871193 088423 0816178 0.793376 0815095 US8OFOR 0.567035] 0.806112 DBBO7HE 0671046 0340241 1118583
0.727215 0.708487 0.781401 0.768023 0803177 0752688 0888373 DS27657 0442752 DI337002 0.834848 1188161
0586667 0832021 0.881484 ’ 0524516 0746787 0844928 (PERECC 0B48667 1266149 0724674 0602299
/0580326 0664518 O 0718335 0.80791__ 0.7258 / 0 0845641 0849675

5 3661 3735 1342 1671 613 2984 2792 3216 1476 1981 1605)

2434 1006 1757 2880 1255 1908 2672 1720 1472 1723 1109 2600)

1500 1855 12 2667 774 148 3340 2763 2782 1769 1504

3747 1515 3158 3617 3121 2522 3093 2453 3133 1707 1100 4541

I o nmoo® >

3.5.3 Evaluation of screening results

The screened cat-GFP variants with high heat recovery were sequenced; and the protein sequence
alignment after removing the intein is as follows. Four.out of ten variants (F8, G10, D12, E12) were
found to be template cat-GFP-OPT sequences. Among the remaining six variants, A3, C2, and D11 had
more than 10 mutations relative to cat-GFP-OPT, while D2, F12,and G8 had less than 10 mutations.

Mo ana bk i e 3 e

A G LR NE 1 RN K L

Select 6 variants that‘do not replicate/'cat-GFP-OPT, induce with 0.4 mM IPTG in 50 mL medium,
and express at 30 ° C for 7 hours. The SDS-PAGE characterization is shown in the following figure. The

bands near 25 kDa in the eluent are hydrocarbon bands, bands between 10-15 kDa are ring 1, and bands
below 10 kDa are ring 2. cat-GFP-OPT (denoted as NV) is used as a control.
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Among them, the C2, D11, and F12 mutants have a higher proportion of catenane than NV,
indicating a higher intracellular synthesis efficiency. Other proteins that can improve protein thermal
recovery and fluorescence intensity also have a similar proportion of hydrocarbons as NV.

A round of library building and screening resulted in mutants that improved intracellular synthesis
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efficiency without affecting protein thermal recovery and fluorescence intensity. These mutants can serve
as the starting point for subsequent evolution. After multiple rounds of iteration, mutants with greater

improvement in intracellular synthesis efficiency can be selected.

4. Conclusion and Prospects

The complex structure formed by protein folding is like a beautiful gem, and the topological
modification of proteins based on structure is like the process of meticulous carving on this gem. The
unique topological structure modification can bring specific functional advantages to' proteins and to
some extent damage their biophysical properties: when synthesizing green fluorescent protein (GFP), it
inevitably causes losses in fluorescence intensity and other properties, resulting in low synthesis
efficiency. This study found a solution for it through the introduction of directed evolution.methods. The
specific experimental results are as follows:

1. 5 protein sequences with a consistency of about 80% with the template GFP-OPT sequence were
collected from nature for PCR experiments and protein expression..The protein fluorescence intensity
was similar to that described in the literature.

2. GFP was subjected to hydrocarbon transformation using.the same splitting and modification
method as cat-GFP-OPT, followed by segmented PCR followed by overlapping extension PCR to obtain
full-length genes and express proteins. Among them, cat-GFP-OPT. has the strongest fluorescence
intensity, while the rest of cat-GFP have weak or no fluorescence. The.universality of using this method
for intracellular one-step synthesis of GFP has been demonstrated, and the issue of synthesis efficiency
has been once again verified.

3. Using the previous six cat-GFP templates as templates, staggered extension PCR was performed,
and then overlapped with the Npu-N-VidaLi-C fragmentto obtain the recombinant full-length fragment.
The results showed that the mutations'in the recombinant sequence were all from 6 template sequences,
and a DNA recombinant library was successfully constructed. Due to the limited number of cat GFP StEP
strains, fluorescence couldinot be directly observed, and the cells were subjected to electroconversion
treatment.

4. Perform flow cytometry sorting on bacteria expressing cat GFP StEP protein. About 100000 and
30000 bacteria with fluorescence intensities above 103 and 104 were collected. Select these two groups
of proteins for thermal recovery screening in a 96 well plate. Six mutant proteins with different templates
showed better heat recovery, and three of them showed a higher proportion of hydrocarbon formation
during” expression compared. to GFP-OPT, resulting in improved intracellular synthesis efficiency
compared to the template.

To further improve the intracellular synthesis efficiency of GFP, further research can be conducted
in the following areas in the future.

1. Using the mutants obtained from the first round of library construction and screening as the
starting point for the next round of directed evolution, conduct 2-3 iterations to increase screening
pressure, search for mutants with improved fluorescence intensity and thermal recovery, explore key sites
that affect the intracellular synthesis efficiency of GFP hydrocarbon, and achieve precise regulation of
hydrocarbon transformation.

2. Change the strategy of GFP hydrocarbon transformation, or improve experimental methods and

conditions, and undergo re evolution to obtain mutants that significantly improve intracellular synthesis
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efficiency after a round of library building and screening.

3. Apply the method of directed evolution to the topological modification of other proteins, enhance

the specific properties of proteins, and further understand the functional advantages that topological

modification brings to proteins.
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