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ABSTRACT
The immunoglobulin (Ig) CH2 domain is a promising scaffold for the development of candidate
therapeutics. We have previously shown that the stability of isolated CH2 could be increased by the
introduction of an additional disulfide bond and removal of seven N-terminal residues (m01s). However,
both isolated CH2 and m01s aggregate, likely due to the existence of aggregation-prone regions (APRs)
that we identified by using computational methods. This knowledge was used to generate a phage
display library of mutants. The library was incubated at high temperature to remove aggregating CH2
domains, and then panned against a mouse anti-human CH2 monoclonal antibody targeting
a conformational epitope to remove misfolded CH2s. After two rounds of panning, one clone, m01s5,
with smaller APRs, was identified. After additional mutagenesis one clone, m01s5.4, which aggregated
much less than m01s as measured by a turbidity assay and dynamic light scattering, was identified.
m01s5.4 also exhibited much lower nonspecific binding than m01s. Engineering of a previously identi-
fied m01s-based tumor antigen-specific binder led to a dramatic reduction of its aggregation without
affecting its binding. In summary, we describe a new approach for reducing aggregation based on
a combination of computational and phage display methodologies, and show that aggregation of CH2-
based scaffolds can be significantly reduced by the newly identified mutants, which can improve the
developability of potential CH2-based therapeutics.

ARTICLE HISTORY
Received 16 August 2019
Revised 8 October 2019
Accepted 30 October 2019

KEYWORDS
Immunoglobulin; CH2
domain; aggregation prone
region; aggregation;
nonspecific binding; phage
display; CH2-based
therapeutics

Introduction

Monoclonal antibodies (mAbs) are currently widely used for
the treatment of diseases such as cancers, immune disorders,
and infections.1 However, a major problem encountered dur-
ing the manufacture of these antibodies is aggregation, which
can occur during production, purification and long-term sto-
rage, and in the high concentration formulations required for
disease treatment.2–5 Aggregated antibodies have decreased
activity and can elicit an immunological response, which
may hamper clinical development.6–8 Although aggregation
may be decreased by the improvement of extrinsic factors,
such as careful manipulation, and optimization of the storage
and formulation,9–12 decreasing the aggregation tendency of
the antibodies themselves is a better solution. For an immu-
noglobulin (Ig) molecule, the intrinsic factors for aggregation
propensity include framework regions,13 complementarity-
determining regions,14 constant domains,15–21 glycosylation
patterns,22,23 as well as many others.24–29 Therefore, solving
the aggregation challenge requires an understanding of the
fundamental mechanisms involved in aggregation, which
could be helpful for stabilizing the therapeutic antibodies to
prevent aggregation in vitro and in vivo.

The antibody CH2 domain has been proposed as
a promising scaffold for the development of novel antigen
recognition units termed C-based single domain antibodies
(C-sdAbs) or nanoantibodies (nAbs) as next-generation can-
didate therapeutics. Compared to other antibody fragments,
such as antigen-binding fragments (Fabs), single-chain vari-
able fragments (scFVs) and heavy chain variable domains
(VHs), the CH2 domain contains binding sites or portions
of binding sites conferring neonatal Fc receptor and effector
binding.17,30–32 The autonomous CH2 domain mainly consists
of two β-sheets that contain seven β-strands connected with
three loops and two helices. There is a native disulfide bond
between strand B and F. We stabilized a human IgG1 CH2
domain by the introduction of an additional disulfide bond
and removal of the seven N-terminal amino acids in CH2
(m01s).32–34 However, we found that most clones tend to
aggregate and become sticky after the introduction of foreign
sequences in CH2 or m01s for library construction, which
constrained the selection of high-affinity binders based on
CH2 (m01s).35,36

To decrease the aggregation propensity, we used
a combination of computational, structural and phage display
methodologies. Since several computational programs have
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been developed to predict aggregation-prone regions (APRs),
we used one of them, TANGO,37–39 for the prediction of
APRs in CH2 (m01s), which resulted in the identification of
three major APRs. We also analyzed the crystal structure of
an isolated CH2 domain and found a potential hotspot
involved in aggregation besides the three APRs. These aggre-
gation-related regions were selected for optimization by
phage display technique and site directed mutagenesis.
Finally, we identified a mutant, m01s5.4, with dramatically
increased aggregation resistance compared to m01s.
Interestingly, m01s5.4 showed no or very low nonspecific
binding to other proteins. We introduced the corresponding
mutated residues to a binder (D3-m01s) derived from an
m01s-based phage display library40 to make a D3 mutant
(D3-m01s5.4). As expected, D3-m01s5.4 aggregated much
less than D3-m01s. Importantly, the binding was still main-
tained. Therefore, m01s5.4 could be a good candidate as
a scaffold for the selection of C-sdAbs. These binders may
have increased drugability as candidate CH2-based
therapeutics.

Results

Design and construction of an m01s mutant library

TANGO is an online program (http://tango.crg.es/) based on
simple physicochemical principles of secondary structure for-
mation extended by the assumption that the core regions of
an aggregate are fully buried. Here, it was used to predict the
ARPs in the CH2 domain. Three major APRs (1–3) in CH2
were identified at strand B, C, and E, respectively (Figure 1a).
All the three clusters contain a relatively high percentage of
hydrophobic amino acids, indicating that these residues could
contribute to misfolding and aggregation. APR3 is the largest
region, and it is located on the same side (one β-sheet) with
APR1, while APR2 is on the other side (the other β-sheet).
m01s, as mentioned above, has the same APRs predicted by
TANGO as CH2 (Figure 1a). According to the crystal struc-
ture of an isolated CH2 domain (PDB entry: 3DJ941), the
residues T260 (EU numbering42), V262 and V264 in APR1,
and R301, V303 and V305 in APR3 are exposed on the surface
of one β-sheet, while the residues N276 and Y278 in APR2
protrude on the surface of the other β-sheet (Figure 1b). The
directions of these residues were also confirmed by the ana-
lysis of the crystal structure of the CH2 domain in the context
of an intact human IgG (PDB entry: 1HZH43) (Figure S1). We
also noticed that two hydrophobic residues F241 and F243 in
strand A (Figure 1b), which are exposed to the solvent, could
also be involved in aggregation formation.

We selected the “sticking out” residues in one β-sheet,
including F241 and F243; T260, V262 and V264; and R301,
V303 and V305 for random mutagenesis (Figure 1c). It should
be noted that, although T260 and R301 were not hydrophobic,
they were still selected for phage display construction because
we wanted to increase the diversity of the library to allow
selection of the best combination of amino acids. To reduce
the aggregation propensity of APR2, we simply did full sub-
stitution from F275 to V279 by lysine scanning to try in spite
of exposure or burying (Figure 1c).

Identification of one soluble clone m01s5 with reduced
APRs

To obtain mutants with reduced APRs, we used a heat-
denaturation panning approach for isolating non-aggregating
mutants from the m01s library. After two rounds of panning
against a mouse anti-human CH2 IgG, several clones with
positive binding activity were obtained by monoclonal phage
enzyme-linked immunosorbent assay (ELISA). The candidate
clones were selected for expression and sequencing. Among
these clones, the soluble expression level in E. coli of one
clone, m01s5 was higher than or equal to that of m01s.
Hence, the mutant m01s5 was selected for further character-
ization. TANGO was applied for the prediction of the APRs in
m01s5. Compared to APRs in m01s, APR1 and APR3 were
significantly reduced in m01s5 (Figure 2a). However, APR2
was not changed because this region was not mutated.

Elimination of APR2 in m01s5

As a basic amino acid, lysine has been widely used in protein
engineering to reduce aggregation. To decrease APR2 in m01s5,
lysine scanning was performed to mutate the residues one by
one in this region (Figure S2a). After scanning, only one mutant
(m01s5.4) with the replacement of N276 by lysine still main-
tained a good soluble expression level (Figure S2b). TANGO
analysis showed that the APR2 in m01s5.4 was significantly
reduced compared to that in m01s5 (Figure 2b vs. Figure 2a).
Sequence alignment of m01s, m01s5, and m01s5.4 was also
performed (Figure 2c). It could be observed that many hydro-
phobic residues in APRs in m01s were replaced by hydrophilic
or charged amino acids, whereas the original hydrophilic resi-
due T260 in APR1 and the basic residue R301 in APR3 were
either unchanged or changed to hydrophilic serine, respectively
(Figure 2c). The soluble expression levels of m01s and m01s5.4
were compared side by side at 30°C and 37°C. In general, both
of them could be expressed at comparable levels (Figure 2d).
m01s5.4 was subjected to further characterization.

Well-folded β-structural monomer of m01s5.4

Size exclusion chromatography (SEC) was performed to deter-
mine themolecular weight ofm01s5.4 in solution. Only a unique
peak was eluted in the position that corresponded to a monomer
according to a standard curve (Figure 3a and Figure S3). The
secondary structure of m01s5.4 determined by circular dichro-
ism (CD) showed a maximum negative peak at 216 nm, which
represents typical β-sheet structure (Figure 3b). In addition,
m01s5.4 could still be recognized by a mouse anti-human CH2
mAb targeting the conformation epitope described above
(Figure 3c) and a human Fab, m01m1, specific for CH2 used
previously34 (Figure 3d). Taken together, m01s5.4 is a well-
folded β-strand rich monomer similar to m01s.

m01s5.4 is less stable against heating and urea

The thermal stability of m01s and m01s5.4 were also mon-
itored by CD. Notably, the melting temperature (Tm) of m01s
was 82.0 ± 0.1°C as reported previously,34 which was higher
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than that of m01s5.4 (Tm = 68.5 ± 0.3°C) (Figure 4a). The
stability against the chemical reagent-induced unfolding of
m01s and m01s5.4 was also compared in the presence of
urea. The urea concentration at the middle point of urea-
induced unfolding of m01s was 8.4 ± 0.1 M, which was higher
than that of m01s5.4 (5.6 ± 0.2 M) (Figure 4b). Therefore,
m01s5.4 is less stable than m01s.

Aggregation resistance of m01s5.4 as measured by
a turbidity assay

Despite the change of stability, it was still interesting to
compare the aggregation propensity of m01s and m01s5.4.
A turbidity assay was first used for comparison of the
aggregation between m01s and m01s5.4. The optical density
(OD) at 320 nm was measured after 60°C incubation of
prepared samples at different time points (Figure 5a).
Turbidity of m01s increased faster than that of m01s5.4,
which showed m01s aggregated more than m01s5.4. This
result was confirmed by SEC at the end of incubation,
which showed that no obviously soluble large oligomers
formed in the case of m01s5.4 (Figure 5b). In contrast,
a remarkable second peak that eluted earlier in m01s was
observed, indicating the formation of aggregates. In addi-
tion, we incubated m01s and m01s5.4 at 15 mg/mL in two
tubes at 37°C. After a 3-day incubation, the tube containing
m01s was visibly cloudy, while that containing m01s5.4 was
still clear. Obvious precipitate was observed in the m01s-
containing tube after centrifugation, while no precipitate
formed in the tube containing m01s5.4.

Aggregation resistance of m01s5.4 as measured by
dynamic light scattering

We also used dynamic light scattering (DLS) to monitor the
existence of soluble oligomers at different temperatures and
incubation times (Figure 6). After 6 h incubation at 60°C, the
peaks in the case of m01s shifted to a larger size, indicating
the formation of large soluble oligomers. In contrast, no
obvious change of the peaks was observed in the case of
m01s5.4, showing that m01s5.4 was stable and resistant to
aggregation. Similar results were observed at 37°C (Figure 6).
As expected, these results indicate that m01s5.4 is more
aggregation-resistant than m01s.

Low nonspecific binding of m01s5.4

In order to explore the relationship between aggregation and
nonspecific binding, we also compared the binding of m01s
and m01s5.4 to human serum albumin (HSA), and a panel
of viral and cancer-related antigens (Viral antigen 1, Cancer
antigen 1, Cancer antigen 2, Cancer antigen 3 and Cancer
antigen 4). Interestingly, m01s displayed relatively strong
nonspecific binding to all tested proteins, especially at the
highest concentration tested, while no obvious binding of
m01s5.4 to these antigens was found (Figure 7). The non-
specific binding could be caused by the hydrophobic clusters
in APRs. Therefore, reduction of hydrophobicity could
decrease the nonspecific binding.

Improving aggregation of a previously selected
m01s-based binder

To find whether the aggregation propensity of antigen-specific
binders based on m01s could be reduced using the same muta-
tions as those in m01s5.4, we mutated a tumor-associated

Figure 1. Analysis of residues involved in aggregation in CH2 for optimization.
(a). Prediction of APRs in CH2 and m01s by the online program TANGO. Three
major APRs (APR1-3, highlighted by purple, green and red, respectively) that
located at three different β-strands in two different sides are identified. (b). The
analysis of the crystal structure of CH2 domain (PDB entry: 3DJ9). The exposed
residues F241 and F243 in strand A (blue), T260, V262, V264 in APR1 (purple),
N276, Y278 in APR2 (green) and R301, V303, V305 in APR3 (red) are shown. (c).
The conceptual sketch of the CH2 optimization approach. Six residues in APR1
(T260, V262, and V264) and APR3 (R301, V303 and V305) and two exposed
“phenylalanine” on strand A (F241 and F243) in one side were randomly
mutated for library construction. Those resides in APR2 (from F275 to V279)
on the other side were scanned by site mutagenesis of lysine.
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antigen (TAA) specific binder (D3-m01s) that was selected from
an m01s-based phage display library.40 As expected, D3-m01s
mutant (D3-m01s5.4) existed as a monomer after direct affinity
purification, whereas large oligomer formation was observed in
the case of D3-m01s (Figure 8a). Importantly, the binding ability
of D3-m01s5.4 to the corresponding tumor antigen was still
maintained (Figure 8b). These results indicate that the
m01s5.4-specific mutations could be used for the development
of better CH2-based therapeutics.

Discussion

Aggregation is a fundamental problem that can impede the
development of therapeutic mAbs. The CH2 domain is prone

to aggregation. In one example, the location and size of APRs
in an intact IgG were identified using spatial aggregation
propensity technology.44 After mutation of L235 and L309
in the CH2 domain to two lysines, the aggregation resistance
and thermostability of the IgG1 significantly increased.15 The
role of CH2 glycans in modulating Fc aggregation has also
been revealed.16 Interestingly, the CH2 domain could also be
stabilized by engineering an enhanced aromatic sequon
(Q295F/Y296A) into the N-glycosylated DE loop, which also
confers enhanced stability against thermal- and low pH-
induced aggregation in the context of a full-length monoclo-
nal IgG1.19

In an intact IgG or Fc fragment, several APRs in CH2 are
buried inside the molecule due to the dimerization. In

Figure 2. Selection of clone m01s5.4. (a). Prediction of APRs in m01s5. Only one major APR (APR2 in m01s in Figure 1) could be identified after panning. (b).
Prediction of APRs in m01s5.4. No obvious cluster is identified. (c). Sequence alignment of m01s, m01s5 and m01s5.4. (d). Soluble expression of m01s and m01s5.4.
Left: SDS-PAGE, right: Western blot. m01s5.4 shows good soluble expression as m01s at 37°C.
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contrast, when expressed in isolation, more aggregation-
related residues, such as hydrophobic amino acids in the
CH2 β-strands, are exposed, which increases the risk of

aggregation. We found that the N-terminal and C-terminal
residues in the CH2 domain are important for stabilization of
the molecule, and could be truncated or substituted,

Figure 3. Characterization of m01s5.4. (a). Oligomer formation of m01s5.4 and m01s measured by SEC. m01s5.4 exists as a monomer. (b). CD for secondary structure
measurement. Typical maximum negative peak appears at 216 nm indicating a β-sheet structure. (c). Binding of m01s5.4 and m01s to mouse anti-human CH2
monoclonal antibody. HSA was used as a negative control. (d). Binding of m01s5.4 and m01s to anti-human CH2 Fab (m01m1). HSA was also used as a negative
control. In general, m01s and m01s5.4 show similar binding to these two tested antibodies.

Figure 4. The stability of m01s and m01s5.4. (a). Thermo-induced unfolding curve measured by CD. The CD signal was recorded at 216 nm in the temperature range
from 25–94°C with a heating rate of 0.5°C/min. Tm of m01s (82.0 ± 0.1°C) is higher than that of m01s5.4 (68.5 ± 0.3°C). (b). Urea-induced unfolding of m01s and
m01s5.4. m01s (8.4 ± 0.1 M) is more stable than m01s5.4 (5.6 ± 0.2 M) in urea-induced unfolding.

MABS e1689027-5



respectively, to increase the aggregation resistance.17,21

However, little is known about the effects on aggregation
propensity after mutation of the residues in the β-strand
regions. In this study, we first performed computational pre-
dication of APRs in CH2 by TANGO, which resulted in the
identification of three APRs in the CH2 domain. Although
two hydrophobic residues F241 and F243 were not recognized
as APRs by TANGO, we still selected them for random
mutagenesis due to their exposure in the crystal structure of
an isolated CH2 domain. In the identified mutant m01s5.4,

most of the selected residues are mutated to hydrophilic or
charged amino acids. Hence, the hydrophobicity of the
exposed residues is significantly decreased, which leads to
the improvement of aggregation resistance.

We also noticed that the stability against thermo- and
urea-induced unfolding was weakened after mutation
(m01s5.4 vs. m01s). In m01s5.4, many hydrophilic and
charged amino acids have been introduced to substitute the
hydrophobic residues, which might result in an increase in the
flexibility of the molecule, as well as a decrease of its rigidity

Figure 5. Comparison of aggregation tendency between m01s and m01s5.4. (a). Turbidity assay of m01s and m01s5.4 after 60°C incubation at different time points.
OD320 of m01s increases obviously while that of m01s5.4 only changes slightly. (b). Evaluation of soluble aggregation formation by SEC. Besides Peak 1, there is an
obvious aggregation peak (Peak 2) in the case of m01s at the end of 60°C incubation. In contrast, only one peak (Peak 1) is observed in the case of m01s5.4.

Figure 6. Measurement of aggregation formation in m01s and m01s5.4 after incubation at 60°C and 37°C by DLS. In general, the peak in the case of m01s becomes
larger after incubation, indicating the formation of large soluble oligomers, while the peak in the case of m01s5.4 does not obviously change.
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and the total β-sheet-forming propensity. Therefore, it is
reasonable that the stability of m01s5.4 is lower than that of
m01s. Interestingly, while it is believed that in general stability
correlates with aggregation resistance, here we found an
example that suggests an inverse correlation. This phenom-
enon was observed previously.45 In addition, m01s5.4 does
not show nonspecific binding to tested proteins, in contrast to
m01s, possibly because of the replacement of hydrophobic
residues and subsequent nonspecific interactions that could
confer advantages in selection of specific binders (e.g., reduc-
tion of “sticky” clones). Recently, we reported that several
residues at the C-terminus of CH2 could be optimized by
the introduction of triple mutations (K338I, A339K, and

K340S), which resulted in the identification of a mutant CH2-
IKS with increased stability and aggregation resistance.21

Additional work is needed to determine whether m01s5.4
could be further improved by C-terminal optimization.

In our previous study, using an analysis of potential APRs
and solvent accessible surface areas, we found two hydropho-
bic residues, V264 and L309, involved in the aggregation
propensity of different m01s-based binders against
nucleolin.36 After the mutation of both of them to two lysines,
the formation of aggregation was significantly reduced in one
of the binders, NCL2H2. However, the percent of the mono-
mer was about 40%. There was no obvious change in aggrega-
tion formation of the other binder, NCL2H9. Therefore, the

Figure 7. Binding of m01s5.4 and m01s to HSA and a panel of viral or cancer-related antigens. m01s displays relatively strong nonspecific binding to all tested
proteins especially at the high concentration, while m01s5.4 has no obvious binding to these antigens at the same concentration, indicating the low nonspecific
binding capacity of m01s5.4.

Figure 8. Application of m01s5.4 in a specific m01s-based binder (D3-m01s) against a tumor-associated antigen (TAA). (a). Oligomer formation of the parental clone
D3-m01s and its mutant D3-m01s5.4 measured by SEC. D3-m01s5.4 exists as a monomer, while the mixture is observed in D3-m01s. (b). Comparison of binding of
D3-m01s and D3-m01s5.4 to TAA measured by ELISA. The EC50 of binding of D3-m01s and D3-m01s5.4 to TAA is about 63 and 45 nM, respectively, indicating the
promising application value of m01s5.4.
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elimination of CH2 aggregates is complex and our current
study will hopefully help reduce aggregation for some, if not
all, binding molecules.

Since the overall secondary structure of m01s and m01s5.4
is quite similar, use of the m01s5.4-specific mutations for an
m01s-based specific binder could successfully eliminate the
aggregation formation without loss of the binding activity.
This, however, may not be true in the general case because
slight conformational changes may lead to a significant
decrease of binding. When we performed panning, we used
an antibody-guided strategy to enhance the preservation of
the CH2 conformation. Hence, m01s5.4-specific mutations
could be used for the optimization of m01s-derived binders
or for the design of new scaffolds for the selection of binders
with better drugability. Our strategy for reducing aggregation
of an isolated CH2 domain could also be helpful for the
optimization of other scaffolds and binders.

Materials and methods

Design and construction of m01s mutant library

The CH2 domain used in this study was from the human
IgG1 as reported previously.33 The online program
TANGO37–39 was used to identify the APRs in CH2 and
m01s. The crystal structures from an isolated CH2 (PDB
entry: 3DJ9) and CH2 in the intact human IgG (PDB entry:
1HZH) were used to determine the directions of related
residues. Structural analysis was processed by PyMOL soft-
ware. For m01s mutant phage display library construction,
F241 and F243 in strand A, residues from V259 to V264 in
APR1, including T260, V262 and V264, and residues from
R301 to L309 in APR3, including R301, V303 and V305 were
randomly mutated by PCR according to our published
protocols.21 The phagemid vector pComb3XSS (Addgene,
USA) with the replacement of HA tag by FLAG tag was
used for library construction.

Identification of m01s mutant with reduced APRs

The panning steps were performed as previously described.21

The m01s mutant phage display library was heated at 80°C for
10 min to denature phage-displayed mutants, cooled at 4°C
for 20 min for refolding, and subsequently added to wells pre-
coated with an anti-human CH2 mAb.34 After two rounds of
panning, the candidate clones were screened by monoclonal
phage ELISA. The clones with positive binding signal were
sequenced and the plasmids were extracted for expression in
E. coli strain HB2151. The clone with the best soluble expres-
sion level was further modified by “lysine” scanning in its
APR2.

Analysis of expression by western blot

The cell lysate of E. coli strain HB2151 used for protein
expression was clarified by centrifugation at 14,000 rpm for
30 min at 4ºC. Then, 20 μL of each clarified supernatant was
loaded in SDS-PAGE (15% gel), and then transferred onto
a polyvinylidene fluoride membrane (Millipore, ISEQ00010).

After blocking with TBST buffer containing 5% w/v nonfat
milk for 1.5 h at room temperature, the membrane was
washed three times for 5 min each time in TBST and incu-
bated with mouse anti-His tag mAb (Proteintech, 66005-1-Ig)
at a 1:3000 dilution at room temperature for another 1.5
h. The membrane was washed and incubated with alkaline
phosphatase (AP)-conjugated goat anti-mouse antibody
(Proteintech, SA00002-1) at a 1:3000 dilution for 1 h at
room temperature. Finally, the membrane was washed again,
and the signal detection was performed by BCIP/NBT
Alkaline Phosphatase Color Development Kit (Beyotime,
C3206) according to the manufacturer’s instructions.

Size exclusion chromatography

One clone (m01s5.4) that showed high-level soluble expres-
sion was expressed and purified as previously described33 for
characterization. The purified m01s5.4 was loaded into the
Superdex 75 10/300 GL column (GE Healthcare, USA) run-
ning on ÄKTA pure system (GE Healthcare, USA) to assess
possible oligomer formation. Phosphate-buffered saline (PBS),
pH 7.4 was selected as the mobile phase. The molecular mass
standards, including bovine serum albumin (67 kDa), β-
lactoglobulin (35 kDa), cytochrome C (13.6 kDa), aprotinin
(6.512 kDa) and vitamin B12 (1.355 kDa), were used to
calculate the molecular weight of the proteins. m01s was
used for comparison.

Circular dichroism

The secondary structure and thermal stability of all proteins
were determined by CD spectroscopy. The purified m01s and
m01s5.4 were diluted in PBS at the final concentration of
0.4 mg/mL, and the CD spectra were recorded on Applied
Photophysics Chirascan-SF.3 spectrophotometer (Applied
Photophysics Ltd, UK). Wavelength spectra were recorded at
25°C using a 1 mm path-length cuvette in the range of
200–260 nm. The scan rate was 1 nm/s, and the final spec-
trum was averaged over three scans. Thermal stability was
measured by recording the CD signal at 216 nm in the
temperature range of 25–94°C with a heating rate of 0.5°C/
min. The experiments were repeated twice.

Conformation of m01s5.4 detected by the corresponding
antibody

ELISA was used for further comparison of the structures of
m01s and m01s5.4. Briefly, a commercial mouse anti-human
CH2 mAb (Bio-Rad, MCA647) was coated on 96-well plate
with a concentration of 2 µg/mL. After blocking by PBS + 3%
milk, then three-fold serially diluted proteins were added with
concentrations from 0 to 1 µM. 1:2000 diluted horseradish
peroxidase (HRP)-conjugated anti-FLAG antibody (Sigma-
Aldrich, A8592) was used as secondary antibody. To confirm
the result, an anti-human CH2 Fab (m01m1)34 targeting the
conformational epitope in CH2 selected from a human naïve
phage display library was also used for ELISA. m01s, m01s5.4
and HSA at concentrations of 2 µg/mL were coated on 96-well
plates. The serially diluted anti-human CH2 Fab (m01m1)
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from 0 to 10 µM in PBS + 1% milk were added. HRP-
conjugated anti-human Fab antibody (Sigma-Aldrich,
A0293) was used as the secondary antibody.

Urea-induced denaturation

The purified m01s and m01s5.4 were diluted into PBS (pH
7.4) with urea from 0 to 10 M. Intrinsic fluorescence mea-
surements were performed using a protein concentration of
100 µg/mL with excitation wavelength at 280 nm, and emis-
sion spectra at 340 nm at 25°C. After incubation at 4°C over-
night, the intrinsic fluorescence intensity was recorded on
EnVision™ (PerkinElmer, USA) to compare their stability
against chemical denaturant. With all samples, fluorescence
spectra were corrected for the background fluorescence of the
solution (buffer + denaturant). The fraction folded (ff) of the
protein is calculated as ff = ([F] − [Fu])/([Ff] − [Fu]). [Ff] and
[Fu] are the intrinsic fluorescence with excitation wavelength
at 280 nm and emission wavelength at 340 nm at 25°C of the
folded state in the absence of urea and the unfolded state in
the presence of urea concentration of 10 M. The experiments
were repeated twice. Four parameter logistic curve analysis
was used to fit the data.

Turbidity assay

A turbidity assay was carried out on purified and filtered
m01s and m01s5.4 with a concentration of 1 mg/mL in PBS
(pH 7.4) after different time points of incubation at 60°C.
Turbidity was quantified by recording the absorbance values
at 320 nm with ultraviolet spectrophotometer (Beijing Liuyi
Biotechnology Co., Ltd, China). After incubation at 60°C for
300 min as the final point, the protein samples were centri-
fuged at 4°C, 13,000 × g for 15 min, then the supernatant was
injected into the Superdex 75 10/300 GL column running on
ÄKTA pure system to assess oligomer formation.

Dynamic light scattering

In order to compare the tendency of soluble aggregation
formation, both m01s and m01s5.4 protein samples were
incubated at 60°C (6 h) and 37°C (1 d). Then, the samples
were taken out and centrifuged at 13,000 × g for 10 min. The
supernatants of samples were used for DLS measurement to
determine the size of protein particles. Measurements were
carried out on Zetasizer Nano ZS90 (Malvern Panalytical Ltd,
UK). Each sample was measured three times.

Comparison of the nonspecific binding of m01s and
m01s5.4

ELISA was used to test the binding of m01s and m01s5.4 to
HSA and viral and cancer-related antigens to compare their
nonspecific binding activities. Antigens were coated on 96-
well ELISA plates overnight with a concentration of 2 µg/mL
in PBS at 4°C, and blocked with 100 µl per well of protein-free
blocking buffer (Pierce, 37584). The serially diluted m01s and
m01s5.4 in protein-free blocking buffer only from 0 to 10 µM
were added. 1:2000 diluted HRP-conjugated anti-FLAG

antibody (Sigma-Aldrich, A8592) in protein-free blocking
buffer only was used as secondary antibody.

Use of m01s5.4-specific mutations to improve an
m01s-based binder

An m01s-based binder D3-m01s selected in our lab against
a TAA was used here. Then, the corresponding mutated
residues in m01s5.4 were introduced into the D3-m01s binder
by multi-step PCR to get D3-m01s5.4. The oligomeric state of
these two binders was assessed by SEC as described above.
ELISA was used to determine the binding capability of the
selected binders to the corresponding TAA. Briefly, the TAA
(2 μg/mL) was coated on 96-well ELISA plate, while HSA (2
μg/mL) was used for the detection of nonspecific binding as
a negative control. After blocking by PBS + 3% milk, the
three-fold serially diluted D3-m01s and D3-m01s5.4 were
added with concentrations from 0 to 1 µM in 1% milk. HRP-
conjugated anti-FLAG antibody (Sigma-Aldrich, A8592) was
used as the secondary antibody. ELISA data analysis with four
parameter logistic curve fit.
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