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are still needed to more efficiently optimize the functional performance of protein-based drugs and
enhance their druggability. Here, we extended an evolution-based design protocol to create a novel mini-
binder, BindHer, against the human epidermal growth factor receptor 2 (HER?2). It not only exhibits super
stability and binding selectivity but also demonstrates remarkable properties in tissue specificity. Radiola-
beling experiments with 99mTe 68Ga and '®F revealed that BindHer efficiently targets tumors in HER2-
positive breast cancer mouse models, with minimal nonspecific liver absorption, outperforming scaffolds
designed through traditional engineering. These findings highlight a new rational approach to automated
protein design, offering significant potential for large-scale applications in therapeutic mini-protein

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Non-antibody protein scaffolds, small monomeric proteins with
stable tertiary structures and high binding specificity, hold the
potential to address the limitations of monoclonal antibodies
regarding size, stability, and production cost'?. It has seen a
growing number of engineered binding protein scaffolds docu-
mented in the SYNBIP?. These scaffold proteins are typically
engineered by introducing random mutations in surface-exposed
residues and are experimentally screened using display technol-
ogies to bind with specific targets. Some of the scaffolds include
afﬁbody4, anticalin® s DARPins®’ and monobodys, have been
successfully engineered for various clinical applications, demon-
strating great promise as diagnostic tools and therapeutics for
conditions such as cancer”'®, metabolic disease!!, and in-
fections'*'3. Despite the significant promise and advancements, it
remains crucial to develop or discover novel molecules to address
critical limitations associated with protein scaffolds, such as pat-
ent monopolies and the need for optimization of physicochemical
properties'*. Meanwhile, engineering-based approaches often
target a limited number of mutation sites on existing nature pro-
teins, which constrains sequence and functional variations of the
produced scaffold, thereby limiting their therapeutic potential and
utility.

In recent years, significant advancements have been achieved
in computer-based protein design, aiming to computationally
simulate and generate novel protein sequences and scaffolds
with desired physiological functions®'*>"!°. This approach offers
a distinct advantage over traditional protein engineering,
allowing the creation of features and functions beyond those
found in nature®>?'. Successful applications include the design
of immune system modulators22’23, viral infection inhibitors'6’24,
protein-based  vaccines®>?, and  self-assembling  bio-
materials®>’?%. In protein engineering, improving existing func-
tional proteins requires de novo design or redesign to more
precisely meet practical needs, optimizing function or stability
without the need to create entirely new structures or functions.
Furthermore, the design process must be more efficient, reducing
the workload associated with experimental screening. However,
protein design still faces challenges in this application, and
further validation is urgently needed to support its broader use in
protein engineering.

The advancements in protein design have motivated interest in
computationally designing scaffold proteins, such as ABY-

025%°3° known as a second-generation affibody molecule that
binds to the human epidermal growth factor receptor 2 (HER2),
which was found overexpressed in tumors of several cancers. Due
to its low molecular weight (6 kDa), ABY-025 is characterized by
rapid blood clearance and favorable biodistribution for molecular
imaging applications, as evidenced by an increased tumor-to-
organ accumulation ratio compared to the anti-HER2 IgG
monoclonal trastuzumab®'. Clinical studies of ®*Ga-ABY-025
have demonstrated exceptional sensitivity and specificity in
detecting HER2-expressing metastases in breast cancer patients>2.
The development of ABY-025 involved an iterative optimization
process, wherein substitutions of one or several amino acids were
made in the HER2-binding affibody molecule ZHER?2:342,
resulting in enhanced stability and hydrophilicity®®. However, it
still exhibits significant hepatic uptake during in vivo imaging™,
even with an increased injection dose®* or replacement of the
nuclide and chelating sequence®>*¢. This relatively high back-
ground uptake in the liver can obscure signals from smaller liver
metastases, particularly for those exhibiting low to moderate
levels of HER2-receptor expression, thereby potentially compro-
mising the accuracy of PET-based HER2 scoring®’.

In this study, we explore the potential to create novel mini-
protein through redesign with the focus on the HER2-targeted
Affibodies. We extended the evolutionary profile-based
EvoDesign protocol®®>° developed in our group to create and
optimize sequence decoys through Monte Carlo design simula-
tions. In order to further enhance the therapeutic qualities of the
general protein design procedure, we developed a pipeline to
simultaneously constrain binding affinity, folding integrity, and
spatial aggregation properties (SAP) using EvoEF2%°, I-
TASSER*', and a novel high-throughput SAP estimation
approach*? (see Methods). To evaluate he computational results,
we conducted multiple experimental assessments on the designed
sequences, including binding affinity, thermal stability, enzymatic
stability, solubility, tissue permeability, and immunogenicity,
following their expression and production. Additionally, we uti-
lized Single-Photon Emission Computed Tomography (SPECT)
and Positron Emission Tomography/Computed Tomography
(PET/CT) to demonstrate the superior imaging capabilities of our
computationally designed mini-proteins, labeled with radionu-
clides, in comparison to ABY-025, which is currently employed in
clinical practice. These results underscore the efficacy of
computational protein design as a robust approach for large-scale
therapeutic mini-protein development.
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Figure 1  Illustration of in silico design and experimental validation of HER2-binding proteins. (A) Structure of ZHER2:342 (green cartoon) in
complex with HER2 (gray surface), utilized as a probe for structural profile detection. EvoDesign REMC simulations are performed to create sequence
decoys as guided by the structural profile and physical force fields. (B) Left: histogram displaying EvoDesign sequence decoys ranked by EvoEF2 binding
energy, folding integrity of - TASSER model to the probe, and spacial aggregation property, respectively. Eleven top-ranking designs are highlighted in
purple. Right: eleven designs are selected based on consensus scoring, with colors in the Venn diagram corresponding to those in left. (C) Left: The
pCTCON plasmid vector is engineered to express the designed sequences (BindHer) with N-terminal HA and C-terminal cMyc epitope tags, fused to the
yeast mating protein Aga2p on the yeast surface. Right: density plots of protein expression (y-axis, Alexa Fluor 647 detected via anti-cMyc antibody)
versus HER2 binding (x-axis, Alexa Fluor 488 via Streptavidin—Alexa assay). Design-A: high HER?2 affinity; Design-NA: low HER?2 affinity.
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Figure 2  Experimental characterization of designed HER2-binding (BindHer) proteins. (A) Real-time binding profile of computationally
designed proteins with the HER2 ECD through surface plasmon resonance (SPR), where designed proteins were injected as analytes in a 2-fold
dilution series ranging from 100 to 3.125 nmol/L. K}, is the equilibrium dissociation constant. (B) Denaturation curves obtained using differential
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Table 1  The physicochemical characteristics of the optimized binders.
Characteristic Design candidate
Design.01 Design.02 Design.03 Design.04 Design.05 ABY-025
Kp (mol/L) 1.99E-09 5.83E-10 7.84E-09 5.55E-09 4.66E-09 1.07E-10
Tm (°C) 95.00 64.7 75.00 84.60 90.73 79.80
CD spectrum of heated The spectrum The spectrum  The spectrum  The spectrum The spectrum The spectrum
protein does not shift does shift does shift does not shift does not shift does not shift
Anti-digestion (%) 46.86 87.73 56.04 0 98.24 39.18
Binding HER?2 positive <90 >90 >90 >90 >90 >90
cells in intro (%)
Binding HER2 positive No binding Binding No binding Binding Binding Binding

tumour in vivo

Kp: The binding affinity (See Fig. 2A and Supporting Information Table S1).

Tm: Melting temperature (See Fig. 2B).

CD spectrum of heated protein: no spectral shift observed compared to the unheated protein (See Fig. 2C and E).
Anti-digestion resistance: Percentage of target protein remaining undigested at a 10 pmol/L trypsin concentration.
HER2-positive cell Binding in vitro: Refer to Fig. 2D and F for binding results.

HER2-positive tumour Binding in vivo: Refer to Fig. 2H for in vivo binding results.

2. Results

2.1.  Computational design of mini-proteins and initial HER2-
binding affinity validation

We aim to overcome the limitations of HER2-targeted antibody
scaffolds by extending a computational approach to design highly
druggable scaffolds for HER2 binding. Our design strategy,
illustrated in Fig. 1A, begins with the crystal structure of the
HER?2 extracellular domain (HER2 ECD) bound to an affinity-
matured 3-helix affibody known as ZHER2:342 (PBD ID
3MZW)*®. Using 3MZW as a template, we performed an in silico
structural alignment screen of the Protein Data Bank (PDB) using
the TM-align program™*, identifying 159 structurally analogous
scaffolds. Subsequently, an evolutionary profile constructed from
multiple sequence alignment (MSA) combined with knowledge-
based energy terms guided the replica-exchange Monte Carlo
(REMC) simulations®, producing a set of 500 low-energy
sequence decoys selected by EvoDesign force field (Supporting
Information Fig. S1A).

Although the general protein design process can produce a
range of protein binders, only a few meet the stringent re-
quirements for therapeutic application*®. To address this, we
developed a pipeline that integrates the optimization of binding
affinity, folding integrity, and spatial aggregation properties (SAP)
using EvoEF2*°, I-TASSER*!, and a novel high-throughput SAP
estimation method, respectively (see Methods, Fig. 1B). Firstly,
we used EvoEF2, a cutting-edge force field for sequence design, to
predict binding affinity*®. Subsequently, we assessed the folding

integrity of the designed sequences with I-TASSER, a highly ac-
curate threading assembly simulation method*”*®. Next, in order
to minimize nonspecific hepatic absorption by reducing protein
hydrophobicity*®, we utilized SAP for evaluating the hydrophi-
licity. However, it traditionally requires extensive molecular dy-
namics simulations to sample protein conformations. To
substantially speed up this process, we employed the protein side-
chain packing method CIS-RR*® which performs conformation
sampling by enumerating rotamer pairs near each residue. Finally,
only designs excelling in all three druggability metrics to further
validation*®.

We ultimately identified 11 promising designs by using Wynn
statistics to determine the overlap in the designed sequences and
filtering based on three parameters: binding energy, RMSD, and
SAP score (Fig. 1B and Fig. S1B). To evaluate the binding affinity
of each HER2-targeting design, we cloned the 11 designs as
Design.01 to Design.11, with C-Myc as an expression tag, into a
yeast surface-expression vector for display on the yeast surface.
The affinity of the biotinylated HER2 ECD to each design protein
displayed on yeast cells was evaluated by flow cytometry. Designs
01 to 05 along with the positive control ABY-025, showed strong
binding affinity to HER2 (Design-A), while Designs 06 to 11
demonstrated negligible interaction with HER2 (Design-NA)
(Fig. 1C).

2.2.  Super stablity with high HER2-binding affinity

To enable a comprehensive investigation of structural and func-
tional characteristics, we expressed the five highest affinity

scanning fluorimetry (DSF), where designed proteins were subjected to thermal scans from 25 to 95 °C at a heating rate of 1 °C/min with signals
recorded at wavelengths of 350/330 nm. Melting temperature (7},) is marked by vertical lines. (C) Circular dichroism (CD) spectra of designed
proteins under controlled temperature and timing conditions. (D) Flow cytometry assessing HER2 binding to MDA-MB-231, BT-474, and SK-
BR-3 cells using FITC-conjugated designed proteins. (E) Quantification of the signal transformation in terms of molar residue ellipticity (MRE) at
a wavelength of 222 nm for the designed proteins in CD spectra. (F) Quantification of fluorescence intensity performed in Fig. 2D. (G) Evaluation
of trypsin resistance, where designed proteins are incubated with trypsin concentrations in 0.01—10 umol/L, followed by the analyses using SDS-
PAGE gel electrophoresis (top) and gray intensity analysis comparison (bottom). (H) In vivo living imaging from 1 to 8 h after FITC-labelled
designed proteins administration via tail vein in HER2-overexpressing xenograft tumor-bearing mice; where other two designs (Design.01 and
Design.03) which failed to target HER2 tumors well in vivo, are not shown. (I) Semiquantitative ex vivo biodistribution in tumors and organs post-
sacrifice, with values expressed as means = SD (n = 3); where *P < 0.05, **P < 0.01, ns non-significant.
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Figure 3

In vitro pharmacodynamic characterization of BindHer. (A) Flow cytometry analysis of HER2 levels in SK-BR-3 cells treated with

HER?2 siRNA, using Trastuzumab-PE/Cy7 to confirm HER2 expression. (B) ELISA confirming BindHer’s binding specificity to HER2 across
concentrations from 100 to 0.098 nmol/L. (C) In vivo immunogenicity of BindHer and ABY-025 with hIgG used as a positive control. (D) Western
blot of SK-BR-3 cell lysates following BindHer treatment at various concentrations, with EGF as a positive control. Equal protein amounts were
loaded in each lane; SDS-PAGE gels were run, and membranes were sectioned by molecular weight for analysis of total HER2, phospho-HER2,
and (-actin. Phospho-HER2/HER?2 quantification is depicted in graphs, where ****P < 0.0001; ns denotes non-significant results.

optimized binders in Escherichia coli. All designs exhibited high
levels of soluble expression, exceeding 200 mg/L (Supporting
Information Fig. S2A), and were predominantly present in the
soluble fraction, allowing for efficient purification through Ni**-
NTA chromatography with a purity levels above 95% (Fig. S2B).

The kinetics of protein binding to the immobilized HER2 ECD
were analyzed using surface plasmon resonance (SPR). Dissoci-
ation equilibrium constants (Kp) ranging from 0.191 to 1.99 nmol/L,
indicating affinity levels comparable to ABY-025 (see Fig. 2A and

Supporting Information Table S1). Protein conformational stabil-
ity was evaluated by differential scanning fluorimetry (DSF), with
melting temperature (7},) values determined as the peak of the
first-order derivative of the fluorescence trace using UNcle soft-
ware. Ty, values of Design.01, Design.04, and Design.05 were
observed to be higher than that of ABY-025 (Fig. 2B), indicating
their superior thermal stability compared to ABY-025.

Circular dichroism (CD) analysis confirmed that all six pro-
teins predominantly adopted alpha-helical structures. The
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structural stability of each design under thermal stress was
assessed by examining the changes in CD spectra after exposure to
100 °C for various durations. Designs.01, Design.04, and
Design.05 showed minimal peak shifts in their CD spectra
(Fig. 2C and E), indicating minor structural alterations and
enhanced stability under thermal stress.

To further assess stability, we subjected the proteins to incre-
mental concentrations of trypsin (0.01, 0.1, 1, and 10 pmol/L) and
compared their degradation profiles to ABY-025. At a trypsin
concentration of 10 umol/L, ABY-025 showed significant degra-
dation, whereas Design.05 maintained its structural integrity even
at higher trypsin concentrations (Fig. 2G). This resilience suggests
that Design.05 exhibits superior resistance to proteolytic degra-
dation, making it a promising candidate for in vivo imaging
applications.

2.3.  BindHer demonstrated high binding specificity for HER2-
overexpressing tumor cells

To facilitate subsequent experiments, the optimized proteins were
labeled, achieving labeling efficiencies above 0.7 for all samples
(Supporting Information Fig. S3). Flow cytometry was conducted
to assess the affinity of FITC-labeled designed proteins for HER2-
positive breast cancer cell lines (SK-BR-3 and BT-474) and
HER2-negative breast cancer cells (MDA-MB-231). The designed
proteins exhibited strong specificity for HER2-positive cells, as
indicated by significantly lower mean fluorescence intensities in
HER2-negative MDA-MB-231 cells (Fig. 2D and F).

Fluorescence imaging of mice injected with FITC-labeled
Design.05 and ABY-025 showed substantial fluorescence uptake
in transplant tumors for 6 h (Fig. 2H), indicating their ability to
target and bind HER2-positive tumors in vivo. Next, the mice were
sacrificed, and their tumors and main organs were collected for
ex vivo fluorescence imaging to assess biodistribution. Results
indicated that Design.05 and ABY-025 exhibited higher fluores-
cence signals in tumors compared to other organs, with signifi-
cantly lower hepatic uptake observed for Design.05 compared to
ABY-025 (P = 0.0018) (Fig. 2I). Overall, these findings
(Table 1) led to the selection of Design.05, designated as
“BindHer” for its superior performance.

2.4.  In vitro pharmacodynamic characterization of BindHer

The binding specificity of BindHer was evaluated through HER2
knockdown experiments using SK-BR-3 cells treated with HER2/
neu-specific siRNA. Trastuzumab-PE/Cy7 was utilized to assess
the protein expression level of HER2. The results demonstrated a
significant reduction in HER?2 protein expression in SK-BR-3 cells
treated with HER2 siRNA compared to control siRNA-treated
cells. Moreover, FITC-labeled BindHer demonstrated a complete
loss of binding affinity to HER2-silenced cells (Fig. 3A).
BindHer’s binding specificity was further validated by an ELISA
binding assay, which detected binding exclusively to HER2, with
no binding observed to other receptors within the HER family
(Fig. 3B).

The immunogenicity of BindHer was evaluated in naive mice
treated at 0, 2, and 4-week intervals. After three intravenous ad-
ministrations of BindHer every two weeks, a minimal antibody
response was observed (Fig. 3C). Antibody levels were similar to
those induced by ABY-025 and BindHer but significantly lower
than those elicited by human IgG, which served as a positive

control. These results confirm that BindHer elicits a low immu-
nogenic response, comparable to that of nanobodies.

To assess the cytotoxicity of BindHer, an in vitro MTT assay
was conducted to evaluate its effects on breast cancer cell pro-
liferation. SK-BR-3 cells were incubated with varying concen-
trations of BindHer for 48 h, showing no inhibition of cell
growth or proliferation (Supporting Information Fig. S4).
Additionally, to investigate the impact of BindHer binding to
HER?2 on receptor activation, SK-BR-3 cells were treated with
different concentrations of BindHer (0.01—1000 nmol/L) for 2 h,
and total and phosphorylated HER?2 levels were analyzed by
Western blot. Compared to untreated cells, the EGF positive
control showed a significant increase in phosphorylated HER2
levels, whereas no significant differences were observed across
the various concentrations of BindHer (Fig. 3D). These findings
indicate that BindHer does not activate the HER?2 signaling
pathway, highlighting its potential as an effective tool for in vivo
targeting.

2.5.  %"Tc-BindHer accumulated in tumor in vivo with
significant uptake over ABY-025

The labeling procedure for *™Tc-BindHer with a C-terminal
GGGC tag is illustrated in Fig. 4A. After assessing radiochem-
ical purity,”™Tc-BindHer was prepared with high radiochemical
purity (>95%, as depicted in Supporting Information Fig. S5),
thereby eliminating the need for further purification post-
radiolabeling. In vitro stability results showed that °°™Tc-
BindHer exhibits relatively higher stability compared to **™Tc-
ABY-025 in both PBS and serum (Fig. 4B).

The effectiveness of “™Tc-BindHer for tumor imaging was
evaluated in mice bearing HER2-positive SK-BR-3 and HER2-
negative MDA-MB-231 tumors. SPECT/CT images were ob-
tained at 1, 2, and 4 h post-administration of 99mTc_BindHer. As
shown in Fig. 4C—E, uptake of **™Tc-BindHer in SK-BR-3 tu-
mors was significantly higher than in the MDA-MB-231 tumor
group and the BindHer-blocking group (P < 0.0001; n = 3),
indicating that **™Tc-BindHer specifically targets HER2 in vivo.
In addition to tumor uptake, the biodistribution patterns of *™Tc-
BindHer across normal organs were consistent among the three
groups of mice. Significant renal uptake suggests that the probe is
primarily metabolized via the urinary system®'.

A comparative SPECT/CT imaging analysis of **™Tc-BindHer
and ™Tc-ABY-025 was conducted in mice with subcutaneously
implanted SK-BR-3 breast cancer cells, with imaging at 1, 2, and
4 h (Fig. 4F). Starting at 2 h post-administration, uptake of **™Tc-
BindHer in SK-BR-3 tumors was significantly higher than that of
PMTc-ABY-025 (P < 0.01; n = 3).Non-specific binding of
99m T ABY-025 to the liver was observed at all time points, while
9mTc-BindHer showed significantly lower liver uptake than
9mMTc-ABY-025, with statistically significant differences
(P < 0.01; n = 3) (Fig. 4G).

2.6.  Micro-PET/CT imaging of ®*Ga-NOTA-BindHer in HER2-
positive tumor xenografts

The N-terminal sequence of BindHer was modified with an
additional cysteine residue to enable incorporation of the NOTA
linker, as shown in Fig. SA. Various protein concentration ratios
were tested, demonstrating that a 1:1 ratio enabled efficient
coupling of BindHer and NOTA, more easily achieved than with
ABY-025 (Fig. 5B and C). Mass spectrometry validation of
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Figure 4 9mTC-BindHer noninvasive SPECT imaging of HER2 expression and biodistribution in mice with breast cancer xenografts. (A)
Schematic of *™Tc-labelled BindHer structure, with a GGGC chelator at the C-terminus for **™Tc complexation. (B) Radiochemical stability of
9mT¢_BindHer (red curve) and **™Tc-ABY-025 (blue curve) is assessed in vitro in PBS (dot) and serum (square) at 37 °C. (C) SPECT/CT
imaging of 99mTC-BindHer in tumour-bearing mice at 1, 2, and 4 h, the arrows indicate the location of the tumor. (D) Data for tumor uptake
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NOTA-BindHer showed a ~0.5 kDa increase in molecular
weight, confirming successful modification (Supporting Informa-
tion Fig. S6).

SDS-PAGE analysis revealed slight upward shifts in NOTA-
ABY-025 and NOTA-BindHer bands relative to their original
forms, with no detectable degradation after 1 h at 85 °C or 1
month at 25 °C. Quantitative analysis indicated that over 95% of
the primary bands retained their initial intensity (Fig. 5D and E),
suggesting comparable thermal stability between NOTA-BindHer
and NOTA-ABY-025. This stable interaction with NOTA supports
its potential in further radiolabeling experiments. The *®*Ga-la-
beling procedure was completed in under 15 min, yielding a
radiochemical purity of over 95% as confirmed by radio-HPLC
and iTLC (Supporting Information Fig. S7).

The comparative analysis of tumor uptake between %®Ga-
NOTA-BindHer and ®®Ga-NOTA-ABY-025 (Fig. 5F) shows that
both BindHer and ABY-025 effectively target HER2-positive tu-
mors in tumor-bearing mice. Over time, liver uptake of ®*Ga-
NOTA-BindHer decreases rapidly, while ®*Ga-NOTA-ABY-025
shows progressively higher liver uptake (Fig. SF), with statistically
significant differences between the two proteins (Fig. 5G). Fig. SH
shows that °Ga-NOTA-BindHer effectively targets HER2-
positive tumors in tumor-bearing mice. As seen in the tumor up-
take trends in Fig. 51, when HER2 receptors are pre-blocked with
an excess of unlabeled protein, BindHer does not target the tumor
and does not bind to tumors formed by HER2-negative cells,
confirming that BindHer can specifically bind to HER2-positive
receptors for in vivo imaging. This finding further validates the
specificity of the designed molecule for targeting HER2-positive
receptors. The statistical analysis in Fig. 5J shows that in
HER2-positive tumor-bearing mice, BindHer uptake was highest
in the kidneys, followed by uptake in the tumor, indicating that
%8Ga-NOTA-BindHer is excreted through normal metabolic
pathways.These results indicate that our protein design approach
has successfully produced a protein with improved imaging
contrast, targeting specificity, and stability, further addressing
clinical diagnostic needs, reducing research workload, and
enhancing the efficiency of obtaining optimized proteins.

2.7.  Micro-PET/CT imaging of 'SF-NOTA-BindHer in HER2
tumor xenografts

The '®F-NOTA-BindHer labeling procedure is depicted in Fig. 6A,
with a final radiochemical purity of over 90% after purification
(Supporting Information Fig. S8). Micro-PET/CT imaging of SK-
BR-3 (HER2-positive) and MDA-MB-231 (HER2-negative)
mouse models demonstrated detectable radioactive uptake at
tumor sites for both '*F-NOTA-BindHer and '*F-NOTA-ABY-025
at 10, 30, and 60 min post-injection (Fig. 6B and C). Five minutes
post-injection, both '8 F-NOTA-BindHer and '®F-NOTA-ABY-025
showed liver uptake, which decreased over time. However, from
20 min onwards, a significant difference in liver accumulation
between the two was observed (P < 0.01) (n = 3) (Fig. 6C).
These experiments validated that BindHer reduces nonspecific
liver accumulation. PET/CT images of mice bearing SK-BR-3 and

MDA-MB-231 tumors at 10, 30, and 60-min post-injection are
presented in Fig. 6D, showing notably higher signal intensity in
HER2-positive tumors as 30 min post-injection, which remained
consistent over time. HER2-positive tumors were clearly visual-
ized, whereas HER2-negative tumors showed minimal detect-
ability. Tumor uptake differences among SK-BR-3 tumor-bearing
mice, SK-BR-3 tumor-bearing mice with blocking, and MDA-
MB-231 tumor-bearing mice were statistically significant
throughout the imaging process (Fig. 6E and F).

2.8.  Structural validation of BindHer and ABY-025

Fig. 7A shows the sequence alignments of BindHer, ZHER?2:342,
and ABY-025, all of which are affibodies with HER?2 affinity ob-
tained through library screening and site-directed mutagenesis,
originating from the wild-type Z-domain from the immunoglobulin-
binding region of staphylococcal protein A%, Notably,
ZHER2:342 and ABY-025 exhibit typical and one of the largest
variations in previous affibody designs®, which have 13 and 24
mutations from the wild-type Z-domain, respectively. In contrast,
BindHer introduces 38 residue changes, demonstrating the power of
protein design in exploring new sequence and structure spaces for
novel affibodies.

To examine the structural feature of the designed BindHer,
we used two different methods, I-TASSER*** and
AlphaFold253 which are built on statistics and deep-learning
principles respectively, to create structure models of BindHer.
Despite the different modeling principles, both programs
generate models with high confidence: I-TASSER model has
C-score = 0.48 and TM-score = (.78, AlphaFold2 has
pLDDT = 93.4 and TM-score = 0.93 to the scaffold structure
(PDB ID 3MZM). Here, C-score for I-TASSER is in the region
[—5, 2] with C-score > —1.5 indicating a correct fold‘”, while
pLDDT is in [0, 100] with pLDDT>70 indicating a correct
fold™, suggesting that the confidence scores of I-TASSER and
AlphaFold2 are both significantly beyond the thresholds. The
TM-score** between the I-TASSER and AlpahFold2 models is
0.86 (Fig. 7B). Such high-level of modeling confidence and
structural consensus from different folding methods show the
reliability of the structure models, which also partly reflects the
folding stability of the designed BindHer by the EvoDesign.

In Fig. 7C, we present a comparison of the AlphaFold2 model of
BindHer with the structure of ABY-025 in complex with HER2
ECD. Although BindHer and ABY-025 have very different se-
quences (i.e., with 39.6% of residues having different identities, see
Fig. 7A), the binding interface with HER2 was highly conserved
(Fig. 7C). Our analysis revealed reduction in surface hydrophobic
networks and hydrophobic surface area. Specifically, the hydro-
phobic surface area of BindHer was notably smaller than that of
ABY-025 (Fig. 7D). As anticipated, bis-ANS fluorescence assays
showed that ABY-025 had 3.66 £ 0.52 times higher fluorescence
than BindHer at equivalent protein concentrations (Fig. 7E), indi-
cating less exposed hydrophobic patches in BindHer. These results
indicate that rationally reducing surface hydrophobicity through
design can effectively lower nonspecific hepatic uptake.

at different time points. (E) Data for tissue uptake at 2 h point. (F) SPECT images of HER2 tumor-bearing mice after tail vein injection of 99mC.
BindHer (top) or *™Tc-ABY-025 (bottom) at 1, 2, and 4 h. Coronal imaging was performed to visualize the mice (top), while transverse imaging
captured the tumor and liver regions (bottom). The arrows indicate significant radionuclide accumulation in various tissues, including liver (L),
kidney (K), and tumor (T). (G) Quantification of SPECT signals in HER2 tumors (top) and liver (bottom). Values are expressed as the
means £ SD (n = 3). where **P < 0.01, ***P < 0.001, ****P < 0.0001, ns represents non-significant.
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Figure 5 ®3Ga-NOTA-BindHer noninvasive PET imaging of HER2 expression and biodistribution in mice with breast cancer xenografts. (A)
Synthesis flow chart of ®*Ga-NOTA-BindHer. The precursor protein was first formed through a Michael addition reaction at 25 °C overnight using
BindHer and MAL-NOTA, followed by chelation of ®*Ga and precursors in sodium acetate buffer (pH 4.0) at 75 °C for 15 min which resulted in
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Additionally, surface charge analysis reveals that BindHer has
significantly reduced surface charge compared to ABY-025 as
shown in Fig. 7F. Differences in charged residues were observed,
with net charges of —4 for BindHer and +1 for ABY-025,
respectively (Fig. 7G). This result is consistent with recent
studies demonstrating that net negative surface charge reduces
nonspecific hepatic uptake®*>>. The observed increase in net
negative charge in BindHer is linked to the application of the SAP
filtering criterion in our design strategy. This outcome sub-
stantiates the fundamental principles and effectiveness of our
design approach.

3. Discussion

Many existing Affibodies are developed through directed evolu-
tion and mutation engineering of wild-type protein scaffolds, such
as the B-domain in the immunoglobulin-binding region of staph-
ylococcal protein A*?°. This traditional approach often imposes
constraints on sequence and functional variations, thereby limiting
their therapeutic potential and application range. Previous studies
have shown that non-specific liver uptake during hepatic metas-
tasis diagnosis has adversely affected their use in HER2-specific
imaging agents®**>*®. In response,we have enhanced the
EvoDesign evolutionary protein design protocol by incorporating
a druggability-directed screening process. This innovative
approach ranks the designed proteins based on their optimal
binding affinity, folding integrity, and spatial aggregation prop-
erties, ensuring that only the most promising candidates advance
to further development. It finally engineered a novel mini-protein
that exhibits exceptional thermal stability and high selectivity in
binding to HER2, with a significant reduction in liver uptake.
Furthermore, it is anticipated that the pharmacokinetic and phar-
macodynamic properties could be further enhanced by fusing it
with an immunoglobulin Fc domain or conjugating it with a
cytotoxic drug, making it highly suitable for immune-oncology
therapeutic applications. Consequently, this computational
designed mini-protein holds significant potential as a versatile
therapeutic agent, functioning as an antibody-like protein with
improved efficacy and broader therapeutic applications’®’.
Conventional protein engineering often involves random
mutagenesis and/or site-specific mutation to optimize drug can-
didates®. Such approaches often suffer from a heavy workload
and low success rate, especially for small protein molecules that
involve extensive negative selections in mutation discrimination.
The evolutionary protein design protocol, as demonstrated in this
example of BindHer, can effectively integrate homologous-profile
guided design simulation with physical force field filtering and
structure folding-based design selections. This integrated meth-
odology shows particular promise for optimizing existing thera-
peutic proteins while maintaining their core functional properties.
Recent machine learning-based protein design tools create
innovative folded structures through generative models, enabling
the exploration of new folding spaces and the design of complex

and unique proteins. However, the complexity of these structural
designs is high, often requiring extensive experimental validation,
which affects their rapid application in functional protein opti-
mization. In this study, we chose EvoDesign due to the demon-
strated reliability and high success rate by the combination of
evolutionary profile with physical energy terms®*®°. Compared to
other tools, EvoDesign has remarkable advantages in balancing
structural innovation with stability and functionality optimization.
This high level of sequence changes induced from automated
design simulations, while still maintaining functionality and sta-
bility, offers a promising potential for broader range of therapeutic
applications, compared to the traditional protein engineering
approaches.

4. Experimental
4.1. Cell lines and animal models

Human breast adenocarcinoma cell lines SK-BR-3 (ATCC, HTB-
30), BT-474 (ATCC, HTB-20) and MDA-MB-231 (ATCC, CRM-
HTB-26) cells were obtained from the American Type Culture
Collection. The yeast cell EBY100 was donated by Professor
Zhang Yang’s Lab. All experimental studies were approved by the
Experimental Animal Management Committee and the Experi-
mental Animal Ethics Committee of the State Key Laboratory of
Biotherapy at Sichuan University.For the xenograft mouse model,
female BALB/c nude mice (Beijing Huafukang Biotechnology
Co., Ltd., China) at 4—6 weeks of age were injected with
2 x 10° cells. Once palpable tumors were established, tumor size
was measured every two days with calipersa every two days.
Tumor volume was calculated as Eq. (1):

Tumor volume = (4 x B*) / 2 (1)

where A and B represent the tumor length and width, respectively.
For in vivo evaluation, tumors were monitored until the average

size of xenograft tumors reached about 100 mm?®.

4.2.  Computational design of BindHer designed by a modified
EvoDesign protocol

The crystal structure of HER2 ECD with affinity matured 3-helix
affibody ZHER2:342 (PBD ID 3MZW)* was refined with the
EvoDesign protocol®®>° with coordinate constraints, where the
ZHER2:342 component was extracted and used as the starting
point (probe) for docking and design. EvoDesign first searched for
template proteins (templates) with similar structures to the probe
in the PDB library through the structural similarity comparison
algorithm TM-align**, which have similar backbone structures but
may not be similar in sequences to the target. By structurally
aligning the template and probe proteins, we obtained a MSA
based on the structural similarity. Next, a structural profile is
created from the MSA, which is specified by an L x 20 matrix,
with L being the scaffold length and 20 denoting the number of

the production of *Ga-NOTA-BindHer. (B) SDA-PAGE analysis of ABY-025 and BindHer reaction products with MAL-NOTA at varying
chelation ratios. (C) HPLC analysis of reaction products at various chelation ratios. (D, E) Stability of NOTA-ABY-025 and NOTA-BindHer at
85 °C for 60 min or 25 °C for 4 weeks, with SDA-PAGE on the left and gray-value analysis on the right. (F) PET/CT imaging of **Ga-NOTA-
BindHer and “®Ga-NOTA-ABY-025 at different time points in HER2-expression tumor bearing mice. L: liver, K: kidneys, and T: tumor. (G)
Quantification of PET signal in tumor (left) and liver (right), respectively. (H) The PET/CT imaging of **Ga-NOTA-BindHer at different time
points in tumor bearing mice. (I) Comparison of tumor absorptions of ®*Ga-NOTA-BindHer at different time points. (J) Comparison of tissues
absorption of 68Ga-NOTA-BindHer at 90 min. Values are means & SD (n = 3), where ****P < 0.0001, ns represents non-significant.
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Figure 6 '®F-NOTA-BindHer noninvasive PET imaging of HER2 expression and biodistribution in breast cancer xenograft mice. (A) Synthesis
of "®F-NOTA-BindHer through Al18F chelation in sodium acetate buffer (pH 4.0) at 100 °C for 15 min, followed by impurity removal via gel
filtration chromatography. (B) Coronal and transverse Micro-PET/CT imaging of breast cancer xenograft mice treated with '*F-NOTA-BindHer
and '8 F-NOTA-ABY-025, showing the presence of HER?2 positive breast cancer tumors (T), liver (L) and kidneys (K) at various time points. (C)
Quantitative time—radioactivity curves of 18R_NOTA-BindHer (blue circle) and '®F-NOTA-ABY-025 (red tirangle) in tumors and liver, based on
dynamic PET/CT imaging over 0—1 h. (D) Static Micro-PET/CT scanning of both HER2" SK-BR-3 (blow, blue circle) (Imaging is shared with
the image in Fig. 6B), HER2" SK-BR-3+Blocking (orange square) and (MDA-MB-3) (blue circle) tumor-bearing nude mice models at 10, 30,
and 60 min. Arrows indicate tumor locations. (E) Tumor absorption of '®F-NOTA-BindHer at different time points. (F) Tissue absorption of '*F-
NOTA-BindHer at 60 min. Values are means + SD (n = 3), where ****P < 0.0001, ns represents non-significant.
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different amino acid types. The elements of the profile matrix for
amino acid a at position p are given by Eq. (2):

M(p,a) = Zw(p,x) x B(a,x) (2)

where B(a, x) is the BLOSUMS62 substitution matrix®!' with x
varying for 20 amino acids. w(p, x) is the weighted frequency of
the amino acid x appearing at the pth position of the MSA by the
Henikoff weight® H(p, x), i.e., w(p,x) = 3. H(p,x).

The sequence design search was performed by REMC simu-
lations*> under guidance of a composite energy function which
combines the evolutionary structure profile with multiple knowl-
edge- and physics-based energy terms, including secondary
structure prediction®, solvent accessibility prediction®*, backbone
torsion angle prediction®, and the FoldX force field®®. While the
original EvoDesign protocol selects sequence designs by sequence
clustering®®, we extended the protocol and made the selection
based on the consensus of therapeutic qualities of protein binders.
It includes the constraints of binding affinity, folding integrity, and
spatial aggregation property(SAP). For this, we first collected 500
sequence decoys from the EvoDesign trajectory sorted by the
EvoDesign energy score. Next, we ranked the decoys by the
binding and folding energy terms of EvoEF2*’, RMSD of the I-
TASSER*®% to the target scaffold ZHER2:342, and the residue
number of SAP hotspots. SAP of residue i is calculated as Eq. (3):

SAA of side chain atoms within R

incubated with Anti-cmyc (p01106, Gallus Immunotech) and
biotinylated HER2, while being agitated at 4 °C. After a 30-min
incubation, cells were washed again in chilled PBS buffer and
then incubated on ice for 15 min with Goat Anti-Chicken IgG
Antibody-Alexa Fluor 647 (A-21449, Thermo Scientific, 1 puL per
100 pL yeast suspension) and Streptavidin-Alexa Fluor 488
(5832345, Thermo Scientific, 1 pL per 100 pL yeast suspension).
Yeast cells were then counted by flow cytometry (ACEA
NovoCyte, Agilent).

4.4.  Protein expression and purification

The genes encoding the designed protein sequences were syn-
thesized and cloned into the pET-29a(+) expression vector
(Novagen). Each designed protein incorporated an N-terminal tag
sequence (MHHHHHH), immediately followed by the designed
protein sequence and a cysteine residue at the C-terminus for la-
beling purposes. The plasmids were transformed into chemically
competent E. coli BL21 (DE3) cells. Protein expression was
carried out in LB broth at 37 °C with 50 pg/mL kanamycin until
the optical density at 600 nm (OD600) reached approximately 0.8.
Expression was induced with 1 mmol/L isopropyl B-p-thio-
galactopyranoside (IPTG), and the temperature was lowered
to 18 °C for approximately 18 h. Cultures were pelleted and
resuspended in lysis buffer (20 mmol/L Tris pH 8.0, 500 mmol/L

Simulation Average | Residue vathim R from i SAA of side chain atoms of fully exposed residue

It is important to note that traditional calculation of SAP relies
on averaging conformations from molecular dynamics simula-
tions, which is prohibitively time-consuming for assessing a large
number of designed protein structures. To overcome this, we
introduced a protein side-chain conformation sampling method
that identifies the most probable side-chain rotamers around each
residue. This approach, named Clash-Detection Guided Iterative
Search (CIS-RR)™, significantly accelerates the SAP calculation,
completing it in approximately 10 s for proteins with fewer than
100 residues. This is over 100 times faster than traditional mo-
lecular dynamics simulations. Benchmarking demonstrated that
our enhanced SAP method produces results highly consistent with
molecular dynamics-based SAP calculations (Supporting Infor-
mation Fig. S9). Our enhanced SAP program can be obtained at
http://cao.labshare.cn/SAP-cistr/. Finally, a set of 11 designs are
selected based on the consensus of selected designed which all
filtering based on each of scoring functions.

4.3.  Yeast display

Proteins were synthesized from synthetic DNA (GeneWiz). Yeast
cells were then transformed with genes encoding the proteins for
display, along with a linearized pCTcon2 vector (41843, Addg-
ene). The sequences of the expression vectors pCTcon2 were
inserted between HA and Myc using Ndel and BamHI restriction
enzyme digestion sites, and then transformed into yeast cells for
surface display. Yeast cells were cultured in SDCAA medium
before induction in SGCAA medium. Following 18—24 h of in-
duction, the cells were washed with chilled PBS buffer and

x Residue Hydrophobicity) } (3)

NaCl) using an ultrasonic disintegrator. The soluble fraction was
clarified by centrifugation at 15,000 g for 30 min. Purification of
the soluble fraction was performed using Ni Sepharose 6 Fast
Flow resin (17531803, Cytiva), followed by size-exclusion chro-
matography on a Superdex 75 prep grade column (17104402,
Cytiva) in 20 mmol/L sodium phosphate buffer pH 8 with
150 mmol/L NaCl. The purified proteins were characterized by
SDS-PAGE and mass spectrometry to verify their monomeric state
and molecular weight. Purity was confirmed by reverse-phase
high-performance liquid chromatography.

4.5.  Surface plasmon resonance (SPR) interaction analyses

Recombinant Human HER2 ECD (1004-HCCH, Sino Biological)
was immobilized (~2000 resonance units) on a CMS5 sensor chip
(BR-1000-12, GE Life Sciences) and analyzed using a Biacore
instrument (Biacore X100, GE Life Sciences). Two-fold serial
dilutions of proteins were allowed to flow over the immobilized
ligands for 180 s, with dissociation measured for 420 s. Surface
regeneration for all interactions was conducted using a 120-s
exposure to 10 mmol/L HCI, pH 2. The SPR experiments were
carried out in 10 mmol/L HEPES, pH 7.4, with 150 mmol/L NaCl
at 25 °C, with a flow rate of 10 pL/min to prevent analyte
rebinding. Data visualization and processing were done using
Biacore evaluation software (Version 2.0, GE Life Sciences).
Equilibrium titration curve fitting and equilibrium binding disso-
ciation values were determined using GraphPad Prism (Version
8.0, GraphPad Software Inc.).
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Figure 7  Characteristics of designed BindHer protein. (A) Sequence alignments of BindHer (Design.05) with ZHER2:342, ABY-025, and
wild-type Z-domain. Conserved residues are indicated by “:”, yellow highlights mutated residues against Z-domain, and blue stars mark the core
interface binding residues (R10, Y13, W14, R28, R32, Y35) with HER2. (B) Structural alignment of the I-TASSER (green) and AlphaFold2
(orange) prediction of BindHer. (C) Structure overlay of AlphaFold2 model of BindHer on ABY-025 in complex with HER2. The right panel

shows the zoom-in of the ABY-025 structure, where the core interface residues to HER2 ECD are displayed in sticks. For reference, the Fab
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4.6.  Differential scanning fluorometry

All proteins were prepared in the same buffer at a concentration of
1 mg/mL prior to the experiment. Each 9 pLL sample was loaded in
triplicate into test tubes and heated from 25 to 95 °C at a rate of
1 °C per minute, using a high-throughput protein stabilization
analyzer (Uncle, Unchained Labs).

4.7.  Circular dichroism

Purified proteins were dialyzed overnight at 4 °C in 20 mmol/L
sodium phosphate buffer, pH 7.4, with the addition of 500 umol/L
TCEP for cysteine-containing proteins. All circular dichroism data
were collected using an AVIV Model 400 spectrometer (Aviv
Biomedical Inc.). Far UV spectra and temperature melts were
measured with 10 umol/L protein in a quartz cuvette with a path
length of 10 mm. Wavelength spectra were recorded between 195
and 260 nm at both 25 and 100 °C.

4.8.  Trypsin digestion

Trypsin was diluted into various concentration gradients and
added to equal amounts of protein (1 mg/mL) to achieve final
reaction concentrations of 10, 1, 0.1, 0.01 pmol/L. The mixtures
were incubated for 60 min at 25 °C subsequently, the reaction was
terminated by adding an equal volume of 1% BSA. Samples were
then analyzed by non-reducing SDS-PAGE, and the grayscale of
the bands was examined for analysis.

4.9.  Fluorescence conjugation

BindHer molecules contain a unique C-terminal cysteine residue
that allows for site-specific labeling. To reduce oxidized cysteine
levels prior to conjugation, the BindHer molecules were incubated
with 5 mmol/L neutral TCEP (pH 7.4) for 20 min at 25 °C.
Immediately after reduction, Fluorescein-5-maleimide (62245,
Thermo Fisher Scientific) dissolved in DMSO was added, and
conjugation was completed following the manufacturer’s protocol.
Unreacted Alexa Fluor-maleimide dyes were removed using a
NAP-5 desalting column (17-0853-02, GE Life Sciences). All
procedures were performed under dimmed light. The protein
labeled with fluorescent markers and the protein from which free
fluorescein was removed were analyzed using paper chromatog-
raphy. Imaging was conducted using the IVIS LUMINA III system
(PerkinElmer) to ensure complete removal of free fluorescein. The
degree of labeling was calculated according to the manufacturer’s
instructions.

4.10.  Flow cytometry

Cell suspensions of SK-BR-3, BT-474, and MDA-MB-231 were
adjusted to a concentration of 2 x 10° cells/mL in phosphate-

buffered saline (PBS). These cells were stained with 100 nmol/L
FITC-labeled protein and incubated for 2 h at 25 °C. After incu-
bation, cells were washed once with PBS before flow cytometry
analysis. Flow cytometry assays were conducted using a
NovoCyte Flow Cytometer (Agilent).

4.11.  In vivo fluorescence imaging

The imaging agent was administered via tail vein injection into
breast cancer-bearing mice. Small animal live imaging was then
performed using the IVIS LUMINA III system (PerkinElmer).
Tumor-bearing mice were anesthetized with isoflurane before
imaging. Imaging settings included auto exposure and an ab-
sorption value of 488 nm for static acquisition. Four hours post-
injection, the mice were euthanized via spinal dislocation. The
brain, heart, lungs, liver, kidneys, spleen, muscles, bones, and
tumor tissues were immediately harvested and collected in a
weighing dish, arranged on a dark board, and imaged using the
small animal live imaging system to measure the fluorescence
intensity of each tissue.

4.12.  Immunogenicity

BALB/c mice (female, 6—8 weeks old, three mice per group)
received tail vein injections of BindHer, human immunoglobulin
(hIgG), or ABY-025 every two weeks, for a total of three doses at
3 mg/kg. Blood samples were collected bi-weekly to determine
antigen-specific IgG titers. 96-well plates were coated with pro-
teins at a concentration of 1 pg/mL in carbonate coating buffer
and incubated overnight at 4 °C. After three washes with PBS
containing 0.1% Tween-20 (PBST), the plates were blocked with
200 pL/well of 1% bovine serum albumin for 1 h at 37 °C. The
immune serum was thawed slowly at 4 °C, serially diluted, added
to the plates, and incubated at 37 °C for 1 h. Following three
additional washes with PBST, 100 pL/well of Goat anti-mouse
IgG Secondary Antibody HRP (31430, Thermo Fisher Scientific)
was added and incubated for 1 h at 37 °C. The plates were then
washed five times before adding 100 pL/well of TMB reagent for
color development. After 10—15 min, 100 pL/well of ELISA stop
solution was added to stop the reaction. Finally, a microplate
reader (Spectramax i3x, Molecular Devices) was used to measure
the absorbance.

4.13.  *"Tc radiolabelling

BindHer radiolabeling was performed using an optimized two-vial
kit method as described by Ahlgren®’. Each kit contained 5 mg of
sodium «-D-gluconate dihydrate, 100 ng of edetate disodium
(Na2EDTA), and 75 pg of tin (II) chloride dihydrate
(SnCl, x 2H,0). To perform the labeling, the kit contents were
dissolved in 100 pL of degassed PBS and added to 100 pg of the
BindHer molecule. Subsequently, 100 pL. (~37 MBq) of the

fragments of therapeutic monoclonal antibodies trastuzumab (red) and pertuzumab (cyan) are shown binding HER?2 epitopes, which are distant
from the binding regions of BindHer and ABY-025.Right showed that the core interface binding residues (R10, Y13, W14, R28, R32, Y35) with
HER2. (D) Distribution of surface hydrophobic networks, with orange indicating hydrophobic residues of ABY-025 and BindHer. (E) Bis-ANS
fluorescence of ABY-025 and BindHer at different concentration, with error bar representing 95% confidence interval (CI) from three technical
replicates, ****P < 0.0001. (F) The ABY-025 and BindHer structures are depicted in the electrostatic surface view, with red representing po-
tentials of —5 KTe ' and blue representing potentials of 5 kTe™'. The electrostatic potentials were computed using PyMol’s APBS module. (G)
Comparison of positive, negative and net charges of ABY-025 and BindHer. The secondary structure, surface hydrophobicity, and surface
electrostatic potentials of each protein in the plot were visualized using PyMol and UCSF ChimeraX.
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99mTc-pertechnetate-containing  generator eluate (DRN4329,
Curium Netherlands B.V.) was added to the reaction mixture. The
vial was then filled with argon gas to prevent oxidation. The re-
action vials were vortexed thoroughly and incubated at 25 °C for
20 min. The radiochemical purity (RCP) was assessed using
instant thin-layer chromatography (iTLC) after the reaction.
Chromatography was conducted with a mobile phase consisting of
PBS and a pyridine: glacial acetic acid: water mixture in a ratio of
10:6:3. Stability tests were performed by incubating the labeled
molecules in either PBS or serum for 4 h, followed by iTLC
analysis.

4.14. NOTA-BindHer-conjugation

Proteins were conjugated with MAL-NOTA (56491-86-2, Chem-
atech) under standard reaction conditions®®. Specifically, a solu-
tion of 6 pmol BindHer was mixed with 18 pmol MAL-NOTA in
0.2 mol/L ammonium acetate solution. The reaction was carried
out at 25 °C for 12 h. After the reaction, excess MAL-NOTA was
removed using a NAP-5 desalting column. The chelated protein
was then analyzed by RP-HPLC, SDS-PAGE and mass
spectrometry.

4.15.  Preparing 68Ga-NOTA-BindHer

The concentration of NOTA-BindHer was adjusted to 1.5 mg/mL
in 0.1 mol/L sodium acetate solution at pH 6.0. This was mixed
with lysed ®®Ga at a volume ratio of 1:1. Specifically, 100 uL of
pre-buffered %Ga (20—40 MBq) solution was added to 100 pL of
1 mg/mL NOTA-BindHer solution, mixed thoroughly, and
allowed to react at 75 °C for 15 min. As a control, 100 pL of pre-
buffered %Ga (20—40 MBq) solution was also added to 100 pL of
0.1 mol/L pH 4.0 buffer, mixed thoroughly, and reacted at 75 °C
for 15 min. The resulting solution was diluted with 10 mL of
saline and passed through a 0.22 um Millipore filter into a sterile
vial. Quality control was performed using radio-HPLC and thin-
layer chromatography (TLC).

4.16.  '3F radiolabelling

A solution of NOTA-BindHer molecule (200 pg) in sodium ace-
tate buffer (20 pL, pH 4.0, 0.2 mol/L) was mixed with a solution
of AICIl; (6 pL, 2 mmol/L in sodium acetate buffer, pH 4.0,
0.5 mol/L) and Fluoride-18 (~370 MBq) in 20 pL of target water.
This mixture was heated at 100 °C for 15 min. Following the
reaction, the solution was diluted with 10 mL of water and purified
using a NAP-5 column, which had been equilibrated with 10
column volumes of PBS. The purified product was reconstituted in
saline and passed through a 0.22 um Millipore filter into a sterile
vial.

4.17.  In vivo SPECT/CT imaging

For small-animal SPECT/CT imaging, mice bearing SK-BR-3 or
MDA-MB-231 tumors were scanned at 1, 2, and 4 h post-injection
of approximately 3.7 MBq *°™Tc-BindHer (approximately 10 pg
BindHer). In the blocking group, mice were subcutaneously
injected with 500 pg of unlabeled recombinant BindHer in 250 pL
PBS 1 h before the injection of the radioactive compound. The
mice were anesthetized with 2% isoflurane in O,. SPECT/CT
scans were performed using a nanoScan-SPECT/CT (MILabs)
with the following parameters: peak at 140 keV, 20% width, and a

frame time of 25 s, for a total acquisition time of 13.5 min.
Subsequently, CT images were acquired at 50 kVp, 0.67 mA, with
a rotation of 210 and an exposure time of 300 ms. All SPECT
images were reconstructed and analyzed by delineating volumes
of interest on the tumor and major organs, and tissue uptake values
are presented as the percent injected dose per gram (%ID/g).

4.18. Invivo PET/CT imaging

For small-animal PET/CT imaging, mice bearing SK-BR-3 or
MDA-MB-231 tumors were given a ~3.7 MBq injection (in
100 pL PBS) of ®Ga-NOTA-BindHer or '®F-NOTA-BindHer. A
dynamic PET scan with using the micro PET/CT (SIEMENS). As
in the previous protocol, the blocking group received a subcu-
taneous injection of 500 pg of unlabeled recombinant BindHer in
250 pL PBS 1 h before the radioactive injection. Dynamic PET/
CT imaging was performed using the PET imaging instrument
immediately after the injection of the imaging agent. All mice
were anesthetized with isoflurane and placed in the prone position
on the examination bed before imaging. Acquisition parameters
included a magnification of 3 x , an acquisition matrix of
256 x 256, and an acquisition time of 1.5 h. All PET/CT images
were reconstructed and analyzed by delineating volumes of in-
terest on the tumor and major organs, and tissue uptake values are
presented as the percent injected dose per gram (%ID/g).

4.19. ANS fluorescence detection

The protein was initially incubated at concentrations ranging from
0 to 0.8 mg/mL with a solution of 25 pumol/L bis-ANS in PBS
buffer (pH 7.2) for 5 min at room temperature to ensure equili-
bration. The fluorescence emitted by bis-ANS was then measured
using a spectrofluorometer (SpectraMax i3x, Molecular Devices).
The excitation wavelength was set to 385 nm, and emission was
recorded at 475 nm, with both excitation and emission band passes
adjusted to a width of 2 nm. A negative control experiment (blank)
was established by omitting the protein.

4.20.  Cell proliferation assay

The MTT assay was employed to assess the toxicity of BindHer.
Briefly, cells were seeded at a density of 1 x 10* cells per well in
96-well plates. Following exposure to varying concentrations of
the protein under specific treatment conditions, the cells were
incubated with MTT at a final concentration of 0.5 mg/mL for 4 h
at 37 °C. Subsequently, the medium was removed, and the for-
mazan crystals were dissolved by adding 150 pL of dimethyl
sulfoxide (DMSO). The absorbance was measured at 570 nm
using a multiwell scanning spectrophotometer.

4.21.  Knockdown of HER2

SK-BR-3 cells were plated in 6-well plates at a density of 10 cells
per well and incubated for 24 h. HER2 siRNA I (#6282, Cell
Signaling Technology) and control siRNA (#6568, Cell Signaling
Technology) were transfected into the cells using Lipofect-
amine™ 3000 (Invitrogen) according to the manufacturer’s in-
structions. Cells were harvested 72 h post-transfection, and HER2-
silenced cells were subjected to an aptamer-binding assay
analyzed by flow cytometry.
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4.22.  Immunoblotting analyses for protein phosphorylation
detection

SK-BR-3 cells were treated with BindHer at concentrations of
0.01, 0.1, 1, 10,100 and 1000 nmol/L for 2 h, followed by EGF
(10 ng/mL, Sino Biological) for 10 min. The cells were then
washed once with PBS and solubilized at 4 °C for 30 min in RIPA
lysis buffer. The samples were pelleted by centrifugation at
13,000x g for 15 min at 4 °C, mixed with 4 x sample buffer, and
heated to 100 °C for 10 min. Proteins were fractionated by 10%
SDS—PAGE and transferred to nitrocellulose membranes (Cell
Signaling Technology). The membranes were blocked in TBST
buffer containing 5% skim milk for 1 h at room temperature,
followed by overnight incubation at 4 °C with specific primary
antibodies, including (-actin (4970, 1:1000, Cell Signaling
Technology), HER2/ErbB2 (D8F12) XP® Rabbit mAb (4290,
1:1000, Cell Signaling Technology), and phospho-HER2
(Y1221 + Y1222) (2243, 1:1000, Cell Signaling Technology).
After three 5-min washes in TBST, the membranes were incubated
with the appropriate HRP-conjugated secondary antibody (7074,
1:10,000, Cell Signaling Technology) at room temperature for 1 h.
Following three additional 5-min washes in TBST, the membranes
were incubated with SignalFire™ ECL Reagent (Cell Signaling
Technology) and imaged using the chemiluminescent imaging
system (iBright 1500, Invitrogen).

4.23.  Figures and statistical analysis

Figures were created using Inkscape, GraphPad Prism, PyMOL,
UCSF ChimeraX, BioRender, Python, InteractiVenn, and FlowJo.
Statistical analyses were conducted in GraphPad Prism 9. Detailed
information about sample sizes and the specific statistical tests
used is provided in the Figure legends. Differences between two
groups were analyzed using Student’s paired #-test. For multiple
comparisons, two-way analysis of variance (ANOVA) followed by
a Bonferroni post hoc test was performed. Values of P < 0.05
were considered statistically significant, with *P < 0.05,
¥*P < 0.01, #**P < 0.001, and ****P < 0.0001 indicating
increasing levels of significance.
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