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Abstract

Nanobodies show a great potential in biomedical and biotechnology applications. Bacterial expression is the most widely
used expression system for nanobody production. However, the yield of nanobodies is relatively low compared to that of
eukaryotic systems. In this study, the repetitive amino acid sequence motifs (GAGAGS) found in silk fibroin protein (SFP)
were developed as a novel fusion tag (SF-tag) to enhance the expression of nanobodies in Escherichia coli. SF-tags of 1 to 5
hexapeptide units were fused to the C-terminus of 4G8, a nanobody against human epididymis protein 4 (HE4). The protein
yield of 4GS variants was increased by the extension of hexapeptide units and achieved a 2.5 ~7.1-fold increase compared
with that of untagged 4GS (protein yield of 4G8-5C =0.307 mg/g vs that of untagged 4G8 =0.043 mg/g). Moreover, the
fusion of SF-tags not only had no significant effect on the affinity of 4GS, but also showed a slight increase in the thermal
stability of SF-tag-fused 4G8 variants. The fusion of SF-tags increased the transcription of 4G8 by 2.3 ~7.0-fold, indicat-
ing SF-tags enhanced the protein expression at the transcriptional level. To verify the applicability of the SF-tags for other
nanobody expression, we further investigated the protein expression of two other anti-HE4 nanobodies 1G8 and 3A3 upon
fusion with the SF-tags. Results indicated that the SF-tags enhanced the protein expression up to 5.2-fold and 5.7-fold for
1G8 and 3A3, respectively. For the first time, this study reported a novel and versatile fusion tag system based on the SFP
for improving nanobody expression in Escherichia coli, which may enhance its potential for wider applications.

Key points

e A silk fibroin protein—based fusion tag (SF-tag) was developed to enhance the expression of nanobodies in Escherichia coli.

e The SF-tag enhanced the nanobody expression at the transcriptional level.

e The fusion of SF-tag had no significant effect on the affinity of nanobodies and could slightly increase the thermal stability
of nanobodies.
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Introduction

Nanobodies are derived from the heavy-chain antibodies
Jianli Yu and Yang Guo contributed equally to this work (HCAbs), which are naturally present in all Camelidae.
These HCAbs have an antigen recognition part composed of
single variable domains, referred to as the variable domain
of the heavy chain of a heavy-chain antibody (VHH). Owing
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nanobodies have attracted extensive attention in the biotech-
nology and biomedical industries owing to their nanoscale
size, high stability, strong affinity and specificity, water solu-
bility, superior cryptic cleft accessibility, and sustainable
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source. With the peculiar properties, nanobodies have been
developed into various research tools for basic research,
including affinity purification, chaperone-assisted crystal-
lization, protein—protein interaction, and cellular bioimaging
(Wang et al. 2016). The small structure of nanobodies facili-
tates their fast extravasation, deep tumor penetration, and
rapid clearance in vivo, which highly benefits tumor-targeted
molecular imaging. Several nanobody targeting probes for
cancer diagnosis have entered clinic trials (Liu et al. 2021).
Apart from the application in vivo tumor imaging, nano-
bodies have been developed to detect disease biomarkers in
the blood or other biopsies. Further, nanobodies have also
been developed for therapeutic use. Caplacizumab, a biva-
lent nanobody, was approved by the European Medicines
Agency (EMA) and the US Food and Drug Administration
(FDA) for the treatment of patients with thrombotic throm-
bocytopenic purpura (Scully et al. 2019). Moreover, several
nanobody therapeutics are under clinical investigations for
a variety of human diseases including breast cancer, lung
diseases, brain tumors, inflammatory diseases, and infec-
tious diseases (Jovcevska and Muyldermans 2020). Recently,
nanobodies that neutralize SARS-CoV-2 were identified by
several independent research groups to assist in combating
the pandemic diseases (Custodio et al. 2020; Hanke et al.
2020; Huo et al. 2020; Li et al. 2021; Schoof et al. 2020;
Xiang et al. 2020). Hence, the nanobody is considered a
next generation of antibody-derived tool in antigen-related
recognition, and will occupy a momentous portion of the
antibody reagent market.

The expression of recombinant proteins is one of the most
critical parts for protein applications in biotechnology and
pharmaceuticals as it influences the bioactivity, cost, and
yields of products. Compared to conventional antibodies,
nanobodies can be expressed in Escherichia coli cells instead
of mammalian cells owing to their single gene format as well
as non-requirement for post-translational modifications (Liu
and Huang 2018). As nanobodies contain a disulfide link-
age between complementarity-determining regions (CDRs)
1 and 3, they are generally expressed in the oxidative envi-
ronment of the E. coli periplasm to facilitate correct folding
and disulfide bond formation (Billen et al. 2017; Salema and
Fernandez 2013). Thus far, many nanobodies are success-
fully expressed in the periplasm of E. coli with the strains
TG1 (Clontech), Shuffle® T7 (New England Biolabs), Ori-
gami (Novagen), Rosetta-gami (Novagen), and BL21 (DE3)
(Novagen) (Liu and Huang 2018). However, a large amount
of nanobodies is still only expressed at a very low yield
due to the insufficiency of chaperones in the periplasm.
Although various protein fusion tags (e.g., GST, MBP, Trx,
NusA, SUMO, Fh8) have been developed to enhance protein
expression and solubility (Ki and Pack 2020), large fusion
tags may interfere with the protein structures or impair the
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affinities of nanobodies. Therefore, short peptide fusion tags
to enhance nanobody expression have continued to be inves-
tigated and developed.

Silk fibroin protein (SFP) is a natural polymer-based pro-
tein from the silkworm Bombyx mori. The B. mori SFP is
comprised of a heavy chain (HC) and a light chain (LC)
linked by a disulfide bond (Shimura et al. 1976). P25, a
25-kDa glycoprotein, is non-covalently linked to these
chains to maintain the integrity of the complex (Tanaka
et al. 1999). The LC is hydrophilic and relatively elastic.
The HC consists of 12 crystalline domains interspersed
with amorphous regions. Each crystalline domain consists
of subdomains of ~70 residues, which primarily starts with
the repeated glycine-, alanine-, and serine-rich hexapeptides
(GAGAGS) and terminates with a GAAS tetrapeptide (Zhou
et al. 2001). SFP exhibits numerous attractive properties,
such as excellent mechanical property, good biocompatibil-
ity, controllable biodegradability, aqueous processability,
and ease of functionalization and patterning. Therefore, SFP
has been employed in a multitude of biomaterial applications
(Kundu et al. 2013). In the study by Wang et al., SFP showed
antiproliferative effects on lung cancer cells both in vivo and
in vitro by inducing cell apoptosis (Wang et al. 2019).

In this study, we investigated the potential of SFP
hexapeptide (GAGAGS) blocks (SF-tag) as an expres-
sion enhancement tag for nanobody production in the
periplasm of E. coli cells. We selected 4G8, a nanobody
against human epididymis protein 4 (HE4) that was screened
from an immune library, as the model nanobody (Liu et al.
2018). The SF-tag was fused to the C-terminus of 4G8. The
resulting recombinant fusion proteins (termed 4G8-SF-tag
fusions) were assessed for the production yields, affinities,
protein secondary structures, thermal stabilities, and tran-
scription levels compared to the untagged form. Meanwhile,
the expression enhancement effect of SF-tag was also tested
on two other anti-HE4 nanobodies 1G8 and 3A3. The results
imply that the SF-tag is an excellent and versatile fusion tag
to increase the expression levels of nanobodies in E. coli
cells.

Materials and methods
Strains, plasmids, and reagents

E. coli strain TG1 (Clontech) was used as the host for phage
display. E. coli strain DH5a (Invitrogen) and BL21 (DE3)
(Novagen) cells were used as the host for gene cloning and
nanobody expression, respectively. HEK293 cells (Thermo
Fisher Scientific) were used as the host for HE4-Fc expres-
sion. A pMES4 vector containing a signal peptide pelB at
the N-terminus of multiple cloning sites (MCSs) was used
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for expressing recombinant nanobodies in E. coli. The
pcDNAT™3 1(+) vector was used for expressing recombi-
nant HE4-Fc protein in HEK293 cells.

DNA molecules were synthesized by Tsingke (China).
Lipofectamine 3000 was purchased from Invitrogen (USA).
Restriction endonucleases and Gibco® FreeStyle™ 293
Expression Medium were purchased from Thermo Fisher
Scientific (USA). Ni Sepharose 6 Fast Flow, HiTrap™ Pro-
tein G HP column, and CM5 sensor chip were purchased
from Cytiva (USA). eStain L1 Protein Staining Kit was
obtained from GenScript (China). BCA Protein Assay
Kit was obtained from Tiangen Biotech (China). TriPure
Isolation Reagent was purchased from Merck (Germany).
5% All-In-One RT MasterMix Kit was purchased from ABM
(Canada). SYBR Green qPCR mix and 96-well fluorescent
gPCR plates were purchased from Monad (China).

Expression and purification of HE4-Fc

HE4 (NCBI Accession No. NP_006094.3) was fused with an
Fc fragment of Camelus bactrianus (NCBI Accession No.
ALB75438.1) at the C-terminus for immunization (Supple-
mentary Fig. S1). A whole HE4-Fc gene was synthesized and
cloned into the pcDNA™3.1(+) vector by EcoRI/HindIIl
restriction enzymes sites. HEK293 cells (5 x 107) were
transfected with 100 pg of the pcDNA™3.1(+)-HE4-Fc
expression vector using Lipofectamine 3000 following the
manufacturer’s recommended procedure. After transfection,
cells were cultured in Gibco® FreeStyle™ 293 Expression
Medium at 37 °C, 100 rpm, and 5% CO, for 3 days. After
cells were removed by centrifugation, the supernatant was
filtered through 0.22-um filters for purification of HE4-Fc.
Purification of HE4-Fc was performed using a HiTrap™
Protein G HP column (1 mL). The column was equilibrated
with 10 mM PBS (pH 7.2) at 1 mL/min, and the supernatant
was injected. After a wash step with 10 mM PBS (pH 7.2),
the bound protein was eluted using 0.1 M glycine-HCI (pH
2.7). The UV absorbance was monitored at 280 nm. The pro-
tein peak was neutralized using 2 M Tris and dialyzed into
10 mM PBS (pH 7.2). The purity of HE4-Fc was evaluated
by sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE), and the protein concentration was deter-
mined through BCA Protein Assay Kit as mentioned above.

Isolation of HE4-specific nanobodies

Alpaca immunization and phage display were performed
as described previously (Pardon et al. 2014). In brief, an
adult alpaca was immunized five times at 2-week intervals.
The immunogen contained a total of ~400 pg of HE4-Fc
mixed with an equal volume of Gerbu adjuvant for each
immunization. Four days after the final immunization, RNA
was isolated from peripheral blood lymphocytes (PBLs)

with TriPure Isolation Reagent and reverse transcribed into
cDNA. Nanobody sequences were amplified and cloned
into a pMES4 phagemid. TG1 cells were transformed with
this library by electroporation. Then, cells were inoculated
with the VCSM13 helper phage, and the resulting phage was
enriched in four consecutive rounds of phage display on HE4
immobilized on 96-well plates. After the fourth round of
phage display, individual colonies were randomly selected
to identify HE4-specific nanobodies by performing phage
ELISA.

Construction of expression plasmids

Three anti-HE4 nanobodies (termed 3A3, 1G8, and 4G8)
were selected for the expression research in this work.
Among them, 4G8 was designed with an in-framed
(GAGAGS)n (n=1, 2, 3, 4, or 5) sequence at the C-termi-
nus of 4G8. The 4G8-(GAGAGS)n nucleotide sequences
were chemically synthesized and inserted between the
pelB signal peptide and His, tag of the pMES4 plasmid
by Tsingke (China), yielding expression plasmids pMES4-
4G8-(GAGAGS)n (n=1, 2, 3, 4, 5). Additionally, 3A3 and
1G8-(GAGAGS)n expression plasmids were constructed by
restriction enzyme digestion of pMES4-4G8-(GAGAGS)n
plasmids and ligated with digested 3A3 or 1G8 sequences.
Briefly, the synthesized pMES4-4G8-(GAGAGS)n plas-
mids were digested with restriction enzymes PstI and
BstEIT at 37 °C for 3 h to obtain a linearized vector pMES4-
(GAGAGS)n. Next, restriction enzyme Pstl- and BstEII-
digested 3A3 and 1G8 were ligated into the linearized
PMES4-(GAGAGS)n vector by T4 ligase at 16 °C overnight
and the ligated products were transformed into E. coli DH5a
competent cells, yielding expression plasmids pMES4-1G8-
(GAGAGS)n and pMES4-3A3-(GAGAGS)n, respectively
n=1,2,3,4,5).

Expression and purification of recombinant
nanobodies

All recombinant nanobodies were expressed in E. coli BL21
(DE3) and purified using nickel immobilized metal affinity
chromatography. To express 4G8-SF-tag fusions, 1G8-SF-
tag fusions, and 3A3-SF-tag fusions, the nanobody expres-
sion plasmids were transformed into E. coli BL21 (DE3).
The E. coli clones containing the expression vectors were
cultivated in LB medium (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L. NaCl) supplemented with ampicillin (100 pg/
mL), and grown at 37 °C until ODg, reached 1.0. Following
induction by 1 mM IPTG at 30 °C for 20 h, the cell pel-
lets were harvested by centrifugation at 12,000 g for 10 min
at room temperature (RT). The periplasmic proteins were
extracted as described previously (Fan et al. 2019) and sepa-
rated by 15% SDS-PAGE. To compare protein expression
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levels with and without SF-tags, each sample was loaded
with the same volume (20 pL) from 20 mL of periplasmic
protein extracts, recovered from 200 mL culture broths. The
resolved protein bands were visualized using eStain L1 Pro-
tein Staining Kit.

The recombinant proteins were purified by immobilized
metal affinity chromatography using a 1-mL gravity column
prepacked with Ni Sepharose 6 Fast Flow. In short, the col-
umn was pre-equilibrated with the binding buffer (20 mM
Tris—HCI, 0.3 M NaCl, pH 8.0). Then, periplasmic protein
extracts were loaded onto the column at a constant flow rate
of 10 drops per minute. After washing with the washing
buffer (20 mM imidazole, 20 mM Tris—HCI, 0.3 M NaCl,
pH 8.0), the bound proteins were eluted using the elution
buffer (250 mM imidazole, 20 mM Tris—HCI, 0.3 M NaCl,
pH 8.0). The purified proteins were evaluated by SDS-PAGE
and dialyzed into 10 mM PBS (pH 7.2). Protein concen-
trations were determined using BCA Protein Assay Kit. In
brief, 25 L of the standard solution (bovine serum albumin,
BSA) and samples were added into a 96-well microplate,
and then 200 pL working solution was added to each well.
After incubation at 37 °C for 30 min, the absorbance was
measured at 562 nm on a microplate reader (Spark, Switzer-
land). A standard curve of BSA was prepared to determine
the protein concentration of each sample.

Affinity analysis by surface plasmon resonance
binding assay

The affinity values (Kp) of 4G8 variants, 1G8 variants, and
3A3 variants were estimated by surface plasmon resonance
(SPR) technology using the BIACORE T100 system (GE,
USA). HE4-Fc (100 pg/mL) was immobilized on the CM5
sensor chip surface through amine coupling. Afterwards, the
chip was incubated in 1 M ethanolamine-HCI (pH 8.5) to
completely block the remaining activated NHS groups. Run-
ning buffer HBS-N (10 mM HEPES, 150 mM NaCl, pH 7.4)
was pumped at a constant flow rate for setting up the assay.
Nanobody variants (5 ug/mL) were sequentially injected
at a flow rate of 30 pL/min for 120 s and then dissociated
for 1000 s. After each injection, the chip was regenerated
with 10 mM glycine-HCI (pH 1.5) for 30 s and then 0.1 M
NaOH for 60 s at a flow rate of 30 pL/min. SPR signals
were measured in response unit (RU) and recorded as a sen-
sorgram. The kinetic parameters, including the association
rate constant (k,,), the dissociation rate constant (kg), and
the equilibrium dissociation constant (Kp,), were calculated
based on a 1:1 fitting model.

Circular dichroism

A Chirascan circular dichroism spectrometer (Applied Photo-
physics, UK) was utilized to determine the secondary structure
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and the melting temperature (7m) of nanobody variants. The
proteins were diluted to 0.25 mg/mL by 50 uM PBS (pH 7.4).
Far-UV (190~250 nm) circular dichroism (CD) measurements
were carried out in a quartz cuvette with a 1-mm optical path
length at 1-nm resolution. Raw ellipticity data, given in mil-
lidegrees (mdeg), was converted to molar ellipticity [0] in deg
cm?dmol by the following equation (Greenfield 2006):

[0] = (mdeg X MRW) + (pathlength X [nanobody])

where the mean residue weight MRW = (molecular weight
of the nanobody in Da/number of backbone amino acids),
pathlength =cell path length in millimeters, and [nano-
body] = concentration of nanobody variants in milligrams
per milliliter. Thermal unfolding experiments was followed
at 200 nm with CD measurements taken every 2 °C from
20 to 85 °C with a temperature increase of 1 °C/min using
a Peltier junction temperature controller. The melting tem-
perature analysis was performed in triplicate, and thermal
denaturation data were fitted using the Global 3 software
(version 3.1.0.1, Applied Photophysics, UK).

Real-time RT-PCR analysis

After inducing with 1 mM IPTG at 30 °C for 6 h, the E. coli
cells were pelleted and lysed by 1 mL TriPure Isolation Rea-
gent. These samples were mixed with 200 pL chloroform and
incubated at room temperature for 5 min, and then centrifuged
at 4 °C 12,000 rpm for 15 min. RNA was extracted from the
water phase through isopropanol precipitation. After washing
by 1 mL 75% ethanol, the RNA pellets were allowed to air-
dry at room temperature and dissolved in 15 pL nuclease-free
water. The quality and quantity of the RNAs were examined
using a NanoVue Plus spectrophotometer (GE Healthcare,
UK) and confirmed by electrophoresis.

cDNAs were synthesized using 5 X All-In-One RT Mas-
terMix Kit according to the manufacturer’s procedure. The
transcription levels of 4G8 were determined by real-time RT-
PCR using SYBR Green qPCR Mix on a LightCycler 480
II thermal cycler system (Roche, Germany) (forward primer:
TGGAGGCACCTTCAGTAACTATAAC; reverse primer:
GATCCTTCACGGAGTCTGCATAG). The internal standard
gene, 16S rRNA, was used as an internal control to normalize
the transcription levels of the samples (forward primer: CTC
TTGCCATCGGATGTGCCCA; reverse primer: CCAGTG
TGGCTGGTCATCCTCTCA). The real-time RT-PCR was
set up as follows: 95 °C for 30 s and 40 cycles of 95 °C for
10s, 60 °C for 30 s.
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Results

Effect of the repetitive SFP hexapeptide motifs
on nanobody production

We immunized one alpaca with HE4-Fc. A phage display
library was generated, and we performed four consecutive
rounds of phage display, followed by a phage ELISA—based
binding screen. We isolated three nanobodies (termed 4GS,
1G8, and 3A3) that bind specifically to HE4 (Supplementary
Fig. S2).

To investigate the influence of the SF-tag in nanobody
expression, nanobody 4G8 against HE4 was selected as
the model nanobody. Previous studies showed that N-ter-
minal fusion tags might affect the affinities of nanobodies.
Thus, the SF-tag was fused at the C-terminus of 4G8. To
facilitate target purification, we also added a Hisg tag at
the C-terminus. To examine the effect of the numbers of
SFP hexapeptide units on nanobody production, 1 to 5 SFP
hexapeptide units were fused to the C-terminus of 4G8 to
form 4G8-1C, 4G8-2C, 4G8-3C, 4G8-4C, and 4G8-5C,
respectively (Fig. 1). 4G8 without SFP hexapeptide units
was used as a reference. The presence of the SF-tags on
the protein molecular weight was minor owing to the small

Fig. 1 Schematic diagrams 4G8 4G8

of the target proteins with or
without the C-terminal SF-tags.

SF-tags were fused with 4G8 4G8-1C

via the flexible (GGGS); linkers

(red broken lines) 4G8-2C
4G8-3C
4G8-4C
4G8-5C

Table 1 Properties of 4G8-SF-tag fusions

size of one SFP hexapeptide unit (0.4 kDa) (Table 1).
The 4G8-SF-tag fusion genes were inserted into pMES4
expression plasmids and successfully expressed in the
periplasm of E. coli BL21 (DE3) with a molecular weight
identical to their expected sizes (Fig. 2A). There was no
significant difference in E. coli cell growth among these
recombinants, indicating that the SF-tags were suitable for
protein fusion labels (Fig. 2B). As shown in SDS-PAGE
analysis (Fig. 2A), the 4G8-SF-tag fusions showed a seem-
ing yield increase compared with that of untagged-4GS. To
assess whether the SFP hexapeptide units could be used
as an expression-enhancing tag, the 4G8-SF-tag fusions
were purified using nickel immobilized metal affinity chro-
matography (Fig. 2C) and the yields of purified proteins
were calculated. As shown in Fig. 2D, all the 4G8-SF-
tag fusions showed remarkable increases in the protein
yield compared with that of untagged-4GS, resulting in
fold increases in the protein yield of 4G8-1C, 4G8-2C,
4G8-3C, 4G8-4C, and 4G8-5C by 2.5-fold, 4.0-fold, 5.8-
fold, 5.2-fold, and 7.1-fold, respectively. Thus, the protein
yields of 4G8-SF-tag fusions were increased greatly by
the extension of SFP hexapeptide units, indicating that the
length of SFP hexapeptide units had a significant effect on
protein production.

His-tag

(GAGAGS His-tag

(GAGAGS),  His-tag

(GAGAGS),

(GAGAGS)s

Protein pl Molecular GRAVY mRNA free Protein yield 7m (°C) kon ™M 1sTh kot s™ Ky M)
weight (Da) energy (kcal/mol) (mg/g)

4G8 8.67 139517 —0.678 —62.1 0.043 61.8 5.938x10* 1.413x107%  2.379%x1078
4G8-1C  8.67  15,126.5 —0.624 —80.4 0.108 62.2 2.792x10° 2.764x107  9.900x107°
4G8-2C  8.67 155267 —0.588 —83.7 0.172 63.4 4437%x10° 4333%1073  9.767%x107°
4G8-3C  8.67  15927.0 —0.555 —84.7 0.249 63.4 2.091x10° 2.926x107  1.400x1078
4G8-4C  8.67 16,3273 —0.525 -90.1 0.225 63.7 3.799x 10° 3.563x107  9.381x107°
4G8-5C  8.67  16,727.5 —0.496 —-89.8 0.307 63.3 2.797x10° 3.226x107°  1.153x1078

The mRNA free energy was analyzed by an mRNA structure analyzer (http://rna.urmc.rochester.edu/RNAstructureWeb). The GRAVY was ana-
lyzed by a GRAVY calculator (http://bioinformatics.org/sms2/protein_gravy.html). The association and dissociation rate constants (k, and k)
were measured by SPR and used to calculate the equilibrium dissociation constant (Kp,)

pl isoelectric point, GRAVY grand average of hydropathy
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Affinity and stability characterization
of the 4G8-SF-tag fusions

The antibody—antigen binding characteristic is generally
evaluated by affinity analysis. To investigate whether the
SF-tags interfere with the affinity of 4G8, we assessed the
binding of 4G8-SF-tag fusions to HE4 by SPR binding
analysis. The antigen, HE4 with an Fc fusion (HE4-Fc),
was expressed by transient expression in HEK293 cells
and purified by protein G chromatography. The binding of
4G8-SF-tag fusions to HE4-Fc was analyzed with a series
of 4G8-SF-tag fusion concentrations ranging from 0.05 to
2 uM. The binding affinities were 23.8 nM for 4G8, 9.9 nM
for 4G8-1C, 9.8 nM for 4G8-2C, 14.0 nM for 4G8-3C,
9.4 nM for 4G8-4C, and 11.5 nM for 4G8-5C (Table 1).
Thus, the SPR values showed no significant difference in

Fig.3 Representative far-UV A

8000

4G8

4G8-1C 4G8-2C 4G8-3C  4G8-4C  4G8-5C

binding affinities between 4G8 and 4G8-SF-tag fusions,
indicating that SF-tags did not affect the binding affinity
of 4G8.

CD spectroscopy is a tool to analyze the secondary
structure of protein. We firstly examined various sec-
ondary structures (a-helix, f-sheet, and random coils) of
4G8-SF-tag fusions by far-UV CD (190 ~250 nm). The
spectra displayed one positive peak centered at 200 nm
and one negative peak centered at 220 nm, which are the
characteristic peaks for the pB-sheet structure (Fig. 3A).
Although the overall shapes of the far-UV CD spectra from
4G8 and 4G8-SF-tag fusions were similar, the intensity of
the peak at 200 nm was lower for 4G8-SF-tag fusions, and
the peak intensity was lower with the extension of the SFP
hexapeptide unit length, indicating that the structure of
4G8 might change upon the addition of SF-tags.

B

CD spectra of 4G8 in the pres-
ence and absence of SF-tags. A
Far-UV scans (185~250 nm)
were performed at 24 °C. B
Tms were determined by CD
spectroscopy at 200 nm
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Thermal stability is the unique property of nanobod-
ies. The melting temperature (7m) of a protein represents
the temperature at which it exists in a state of equilibrium
between unfolded and folded states. Thus, temperature-
induced unfolding experiments were conducted to deter-
mine the Tm of 4G8-SF-tag fusions. Figure 3B shows the
ellipticity at 200 nm plotted versus temperature for 4G8
with and without SF-tags. The Tm values of 4GS, 4G8-
1C, 4G8-2C, 4G8-3C, 4G8-4C, and 4G8-5C were 61.8 °C,
62.2 °C, 63.4°C, 63.4 °C, 63.7 °C, and 63.3 °C, respectively
(Table 1). In the presence of SF-tags, the 7m values showed
a minor increase, indicating a slight increasement in the
thermal stability of the protein. The hydrophobic interac-
tion was reported to play an important role in increasing the
thermal stability of proteins (Stepanenko et al. 2008). The
GRAVY value of a protein is a measure of its hydropho-
bicity or hydrophilicity. Positive GRAVY values indicate
hydrophobicity, and negative values mean hydrophilic-
ity. Consistent with the 7m values determined by CD, the
GRAVY values of 4G8-SF-tag fusions become less nega-
tive, indicating a stronger hydrophobicity of proteins which
may contribute to the higher thermal stability of 4G8-SF-tag
fusions (Table 1).

SF-tags enhanced the transcription of 4G8 protein

To investigate the effect of SF-tag on nanobody expres-
sion at the transcription level, we performed real-time RT-
PCR analysis on the encoding gene of 4G8. As expected,
we observed a substantial increase in the mRNA level of
the 4G8-SF-tag fusions (Fig. 4). In addition, the increase in
4GS transcription was correlated with the size of the SFP
hexapeptide unit. Compared with untagged 4GS, the mRNA
levels of 4G8-1C, 4G8-2C, 4G8-3C, 4G8-4C, and 4G8-5C
increased by 2.3-fold, 2.6-fold, 3.9-fold, 3.4-fold, and 7.0-
fold, respectively. The results indicated that 4G8 with longer
SFP hexapeptide units showed a higher transcription level,
which was consistent with the protein yield results.

The structural stability of mRNA plays an important role
in both transcription and translation of proteins (Mao et al.
2014; Shpaer 1985; Zur and Tuller 2012). The mRNA free
energy for 4G8 with or without SF-tags was calculated by
an mRNA structure analyzer (http://rna.urmc.rochester.edu/
RNAstructureWeb). A lower free energy indicates a higher
mRNA stability. As shown in Table 1, SF-tag fusions showed
a significant decrease in the mRNA free energy, lowering the
free energy of — 18.3 kcal/mol for 4G8-1C, —21.6 kcal/mol
for 4G8-2C, —22.6 kcal/mol for 4G8-3C, —28.0 kcal/mol for
4G8-4C, and — 27.7 kcal/mol for 4G8-5C. Hence, there was
a negative correlation between the mRNA abundance and
mRNA free energy. Further, combined with protein expres-
sion results, it seemed that the more stable the mRNA of
4G8-SF-tag fusions become, its expression value increases.

kK

Relative mRNA level
-
1
*
*
*

4G8 4G8-1C  4G8-2C 4G8-3C  4G8-4C  4G8-5C

Fig.4 Relative mRNA levels of 4G8 in SF-tag fusions. The mRNA
level of untagged 4G8 was set to 1. Error bars, standard deviations
from three independent experiments. P values were determined by
Student’s ¢ test. *P <0.05; **P <0.01; ***P <0.001

Fusion of the SF-tags is effective for other
nanobodies

We isolated a series of nanobodies against HE4. To further
explore the applicability of SF-tags on other nanobody
expression, nanobodies 1G8 and 3A3 were fused with the
SF-tags and expressed in E. coli cells. Without the SF-
tag fusion, 1G8 showed a yield of 0.049 mg/g of wet E.
coli cells, while the fusion with the SF-tags increased the
yield level of 1G8 variants by 2.5-fold for 1G8-1C, 2.2-
fold for 1G8-2C, 2.9-fold for 1G8-3C, 2.6-fold for 1G8-
4C, and 5.2-fold for 1G8-5C (Fig. 5A, B). Nanobody 3A3
was expressed poorly in the periplasm of E. coli cells as
indicated by the SDS-PAGE gel in Fig. 5C that no 3A3
protein band could be visualized. However, the expression
level of 3A3 was greatly enhanced upon the fusion with
SF-tags, resulting in the yield level increasing by 2.1-fold
for 3A3-1C, 1.6-fold for 3A3-2C, 2.3-fold for 3A3-3C,
4.9-fold for 3A3-4C, and 5.7-fold for 3A3-5C (Fig. 5D).
These results indicated that the SF-tags could enhance the
expression of other nanobodies.

Further, we examined the binding affinities of 1G8
variants and 3A3 variants with antigen HE4-Fc by SPR
binding analysis. As shown in Table 2, the dissociation
constant (Kp,) values were 0.7 nM for 1G8, 0.9 nM for
1G8-1C, 1.3 nM for 1G8-2C, 1.6 nM for 1G8-3C, 2.1 nM
for 1G8-4C, 2.2 nM for 1G8-5C, 64.9 nM for 3A3,
55.8 nM for 3A3-1C, 28.7 nM for 3A3-2C, 54.0 nM for
3A3-3C, 36.5 nM for 3A3-4C, and 42.6 nM for 3A3-5C.
As expected, there was no significant difference in binding
affinities between the untagged nanobodies and nanobod-
ies with SF-tag fusions, suggesting that the SF-tags did not
affect the affinities of nanobodies.
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Fig.5 Effect of the SF-tags

on the production of 1G8 and
3A3. A SDS-PAGE analysis

of 1G8-SF-tag fusion expres-
sion in the periplasm of E.

coli BL21 (DE3). M, marker.
B Comparison of the protein
yields of the purified 1G8-SF-
tag fusions. Error bars, standard
deviations from three inde-
pendent experiments. P values
were determined by Student’s ¢
test. **P <0.01; ***P <0.001.
C SDS-PAGE analysis of
3A3-SF-tag fusion expression
in the periplasm of E. coli BL21
(DE3). M, marker. D Compari-
son of the protein yields of the
purified 3A3-SF-tag fusions.
Error bars, standard devia-
tions from three independent
experiments. P values were
determined by Student’s ¢ test.
*#%P <0.001

Table 2 Properties of 1G8-SF-tag fusions and 3A3-SF-tag fusions

Protein  Protein kyy M7 s kg 57H Ky (M)

yield

(mg/g)
1G8 0.049 3.519%10°  2.585x107°  7.346x107'°
1G8-1C  0.117 3.791x10°  3.586x107°  9.460x107'°
1G8-2C  0.108 2.548%x10°  3.222x107°  1.264x107°
1G8-3C  0.142 3.415%10°  5.533x107°  1.620x107°
1G8-4C  0.128 1420%10°  3.025x107°  2.131x107°
1G8-5C  0.254 1.543%x10°  3.335x107  2.162x107°
3A3 0.025 7.854x10*  5.097x107°  6.490%x 1078
3A3-1C  0.053 4414x10*  2462x107° 5577x1078
3A3-2C  0.041 1.396x10°  4.007x107>  2.869x107%
3A3-3C  0.058 2.392x10* 1.292x107%  5.399%1078
3A3-4C  0.123 4.337x10* 1.585x107%  3.654x1078
3A3-5C  0.142 2.694%10* 1.148x107°  4.261x1078

The association and dissociation rate constants (k,, and k) were
measured by SPR and used to calculate the equilibrium dissociation
constant (Kp)

Discussion

Over the decades, nanobodies have attracted an increas-
ing amount of attention from the pharmaceutical and bio-
technology industries owing to their peculiar properties.
One of the main limitations in the successful commer-
cialization of any recombinant protein is the production
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yield and purification level. However, a large number of
nanobodies are currently mainly produced in E. coli cells
with a low yield. Although several fusion tags have been
used to functionalize nanobodies (Gotzke et al. 2019; Veg-
giani et al. 2020), few of them demonstrated an expressing
enhancement effect on nanobodies. Previously, we found
an interesting result that the expression of nanobodies
was enhanced by the fusion with an SFP hexapeptide
(GAGAGS). The SFP is a widely abundant natural pro-
tein derived from the silkworm cocoons, which has been
extensively used as biomaterials in biological and biomed-
ical fields (Kundu et al. 2013). To our knowledge, there
is no study on the effect of SFP on the expression level
of recombinant proteins. We systematically assessed the
effect of SFP hexapeptide on the expression of nanobodies
in the present study. Three nanobodies against HE4 (4GS,
1G8, 3A3) were selected as the model nanobodies and
designed with different numbers of SFP hexapeptide units
(SF-tags) at the C-terminus. To avoid interfering with the
protein structure and alleviate metabolic burden on E.
coli, short peptide tags (up to 5 SFP hexapeptide units,
30 residues) were fused to the nanobodies. All the nano-
bodies with SF-tag fusions showed a significant increase
in protein expression level compared to the untagged
nanobodies. Meanwhile, there was a trend in enhanced
expression level with an increasing number of the SFP
hexapeptide fusion tags. Therefore, 10-, 30-, 40-, 50-SFP
hexapeptide units were fused to another model nanobody
11C12, which was isolated from immune libraries to
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target carcinoembryonic antigen (CEA) (Lin et al. 2020).
As expected, the yield of the 11C12 variants was greatly
enhanced by the extended SF-tags as compared to the
untagged 11C12 (data not shown). Hence, these results
indicated that the SF-tags can be used as a novel fusion tag
to enhance nanobody expression in E. coli cells.

Several mechanisms have been proposed to explain the
expression-enhancing effects of fusion tags. For instance,
fusion tags can enhance the protein solubility by attracting
or acting as the molecular chaperones (e.g., MBP, NusA,
and SUMO tags), slowing down the protein translation
(e.g., NusA tag), or regulating the formation of disulfide
bonds (e.g., Trx and PDI tags) (Ki and Pack 2020). However,
nanobodies themselves show an excellent solubility owing
to a large number of hydrophilic residues in frame region 2
(FR2). Therefore, we speculated that the enhanced expres-
sion of nanobodies with SF-tag fusions may not be due to
promoting protein solubility.

Furthermore, transcription is another key factor in protein
expression. To investigate whether the increased yield of
SF-tag fusions is due to an increased transcription, we per-
formed real-time RT-PCR analysis on the encoding gene of
4G8. As expected, we observed a substantial increase in the
mRNA level of 4G8 in the fusion constructs. In addition, the
increase in 4GS transcription was positively correlated with
the size of tags, which was consistent with the expression
yield results. The mRNA secondary structure and stability
have been identified as the major factors that influence sev-
eral cellular processes, including transcript splicing (Patter-
son et al. 2002), ribosome abundance and its binding (Mao
et al. 2014), and regulation of gene expression level and its
accuracy (Grunberg-Manago 1999; Mao et al. 2014; Shpaer
1985). Based on our prediction of the mRNA free energy
using a structure analyzer, the mRNA sequence of untagged
4G8 had a higher free energy than those of the 4G8-SF-tag
fusion sequences, indicating that the mRNA structure of SF-
tagged proteins is more stable than that of the untagged one.
The results indicated that the stability of the mRNA second-
ary structure holds a positive correlation with mRNA abun-
dance, and high abundance of mRNA favors a greater protein
abundance. These findings are homologous to the findings of
Victor et al. that the mRNA stability positively regulated the
mRNA expression level in Saccharomyces cerevisiae (Victor
et al. 2019). Greater mRNA stability tends to have a higher
protein abundance, presumably by preventing the aggrega-
tion of mMRNA molecules (Zur and Tuller 2012), leading to
a high translation efficiency (Mao et al. 2014) or increas-
ing the accuracy of translation (Shpaer 1985). However,
some studies found that the decrease in mRNA structure
stability contributed to an increase in mRNA expression, as
ribosomes must unwind every structure encountered dur-
ing translation (Jia and Li 2005; Kudla et al. 2009; Nguyen
et al. 2019). The counterintuitive findings suggest that the

stability of the mRNA structure affects the translation in a
complex manner.

The SF-tags used in this study are mostly composed of
hydrophobic amino acids such as glycine and alanine. Most
hydrophobic residues are totally or partially buried in the
protein matrix, and could create a strong hydrophobic inter-
action network in the protein (Stepanenko et al. 2008). Ser-
ine provides an extra hydroxyl group that is able to engage in
the hydrogen bonds between the serine side chains (Mayen
et al. 2015). Weak non-covalent forces such as hydrophobic
interactions and hydrogen bonds have been identified to play
an important role in increasing the structural and thermal
stability of proteins (Kumar et al. 2000). Furthermore, the
silk-like (GAGAGS) blocks have been shown to spontane-
ously form hydrogen-bonded p-sheet crystals, which impart
thermal stability (Anderson 1998; Anderson et al. 1994).
Hence, these may explain the thermostability-enhancing
effect of SF-tags.

The advantage of SF-tags for nanobody expression is that
the amino acid sequence is 30 residues or less, which does
not impair the activity when fused to the protein of inter-
est. Therefore, it may be not necessary to remove the fusion
tags for the protein application compared with the large-
sized tags. In addition, SFPs have been known to possess
various biological attributes. As a biomaterial approved by
FDA, SFPs show an excellent wound healing and antibacte-
rial activity, which can be used for cell growth matrix and
tissue engineering (Joseph and Raj 2012). Furthermore,
the SFP-derived peptides were reported to have anticancer
effects. In the study by Wang et al., silk fibroin peptides
with a molecular weight of ~ 10 kDa inhibited the growth of
human lung cancer cells by inducing the cell cycle arrest at
the S phase and promoting cell apoptosis (Wang et al. 2019).
In a later study, the melanin synthesis in B16 melanoma
cells was inhibited with the silk fibroin peptide treatment via
downregulation of microphthalmia-associated transcription
factor (MITF) and tyrosinase expression (Wang et al. 2021).
Therefore, apart from the expression-enhancing effect found
in the present study, the fusion of the SF-tags might endow
nanobodies with new functions for wider applications.

In conclusion, for the first time, the repetitive amino acid
sequence motifs (GAGAGS) found in silk fibroin protein
were developed as a novel and versatile fusion tag (SF-tag)
to enhance the expression of nanobodies in E. coli. SF-tags
of 1 to 5 hexapeptide units were fused to the C-terminus of
three nanobodies against human epididymis protein 4 (4G8,
1G8, and 3A3). The protein yields were increased by the
extension of hexapeptide units, resulting in a 2.5 ~7.1-fold
increase for 4G8 variants, a 2.2 ~5.2-fold increase for 1G8
variants, and a 1.6 ~5.7-fold increase for 3A3 variants com-
pared with those of untagged forms. Moreover, the fusion of
SF-tags not only had no significant effect on the affinities of
the nanobodies, but also showed a slight increase in thermal
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stability. The fusion of SF-tags increased the transcription
of 4G8 by 2.3 ~7.0-fold, indicating SF-tags enhanced the
protein expression at the transcriptional level.
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