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ABSTRACT: Affitins are a class of small artificial proteins,
designed as alternatives to antibodies for therapeutic, diagnostic,
and biotechnological applications. Recent patents by Bracco
Imaging S.p.A have demonstrated the potential of two engineered
affitins for designing imaging probes to detect and monitor human
epidermal growth-factor receptor 2 (HER2) levels in vivo.
Targeting HER2 is critical, as its overexpression is linked to poor
prognosis of several cancer diseases, making it a key marker for
treatment strategies and diagnostic tools. Interestingly, these affitins
do not compete with the commonly used monoclonal antibodies
trastuzumab and pertuzumab for HER2 binding sites, allowing their
concurrent use in vivo and making them suitable for imaging or
diagnostic purposes. Since these two affitins compete for the same yet unidentified binding site on HER2, structural insights into
these interactions are essential for facilitating the design and development of more effective diagnostic tools and treatments. In this
study, we used protein−protein docking and molecular dynamics simulations to model the binding of these affitins to HER2. The
stability of the predicted complexes was quantified by using the DockQ parameter, a widely used metric for evaluating protein−
protein docking predictions. The docking poses were then compared with HER2 sites likely to interact with a protein partner, as
predicted by the matrix of local coupling energies method. The combination of these two computational methods allowed for the
identification of the most likely docking poses. Comparative analysis with HER2-protein complexes from the Protein Data Bank
suggests that both affitins may bind HER2 at the same epitopes as an antibody fragment and an affibody. These findings indicate that
targeted competitive binding assays could efficiently reduce the experimental efforts to map the HER2−affitin interactions. The
computational approach proposed in this study not only provides insights into this specific case but also establishes a robust
framework applicable for facilitating the structural modeling and interaction prediction of other affitin−protein systems.

■ INTRODUCTION
The receptor tyrosine-protein kinase erbB-2, also known as
tyrosine kinase-type cell surface receptor human epidermal
growth-factor receptor 2 (HER2), proto-oncogene c-ErbB-2,
proto-oncogene Neu, or human epidermal growth-factor
receptor 2 (HER2), is encoded in humans by the gene
ERBB2 (Uniprot code:P04626).1 The HER2 receptor, a
member of the epidermal growth-factor receptor (EGFR)
family of tyrosine kinases, is a mediator of cell proliferation and
differentiation in human tissues. If inappropriately activated,
HER2 is closely associated with the development and the
severity of many tumoral pathologies.2 Among these diseases,
HER2 is known to be overexpressed in 20−25% of breast
cancers.3 Consequently, it is a well-assessed molecular target
for both diagnostic and therapeutic purposes.
Common cancer therapies involve the use of monoclonal

antibodies (mAbs), such as trastuzumab4 and pertuzumab,5

which have now been approved since more than two and one
decade, respectively; they are also used in combination.6 The
crystal structures of their antigen-binding fragments (Fab) with
the extracellular domain (ECD) of HER2 have been
determined through X-ray diffraction2,7 and have been
deposited in the Protein Data Bank (PDB), giving insights
into the mechanisms of action toward the target. The cryo-EM
structure of the HER2-trastuzumab−pertuzumab complex is
available too.8
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Despite being well-assessed targeting agents, mAbs suffer
from several drawbacks; these are mostly related to their size,
which causes a difficult penetration in the tissues and a
complicated production, due to the many domains they are
composed of. For these reasons, attention has been shifted to
the use of mAbs fragments, such as antigen-binding fragments
(Fab), single-chain variable fragments (scFv), diabodies,
triabodies, minibodies, and single domain antibodies
(sdAb).9 As the use of these fragments still presents some
limits,10 small-sized, stable, synthetic proteins that are referred
to with the term “antibody mimetics,” have also been taken
into account.9,10 These alternatives to the mAbs-based
scaffolds have been considered for targeting HER2 too, and
several examples can be found in the recent literature, which
include, e.g., an affibody,11 a designed ankyrin repeat protein
(DARPin),12 and a repebody.13

In the category of the antibody mimetics, affitins, 7 kDa-
proteins engineered from the wild-type DNA-binding protein
Sac7d,14 can be included as well. These proteins have been
studied for their interesting properties such as high tissue
penetration potential and the conservation of the exceptional
biophysical features of the wild-type, i.e., resistance to
temperature (up to 90 °C) and pH (0−13). A quite recent
application foresees the employment of an affitin for the
recognition of the molecular target epidermal growth-factor
receptor (EGFR).15

Recently, two patents have been published by Bracco
Imaging S.p.A16,17 in which two affitins (Affitin_1 and
Affitin_2 from now on) have been engineered, through the
full randomization of 14 residues responsible for the
interaction with the DNA in the wild type, in order to achieve
a high binding affinity toward HER2. Competitive binding
assays have shown that both affitins recognize HER2 at specific
epitopes�which are at least partially overlapping�distinct
from those recognized by the mAbs trastuzumab and
pertuzumab.16,17 This suggests that Affitin_1 and Affitin_2
could be used, upon appropriate functionalization, which is
also object of the patents,16,17 as molecular probes for the
detection of HER2 concurrently with a trastuzumab- or
pertuzumab-based therapy. This could give the possibility of
monitoring HER2 levels during therapy, thus evaluating the
effectiveness of the latter.
Although it is known that both affitins bind HER2, the

structures of HER2−affitin complexes have not yet been
determined. However, gaining structural insights into these
interactions would be essential for the comprehension of the
binding mechanisms, which can in turn help, e.g., in the
optimization of the binding affinity.
Well-known methods for the study of protein−protein

interactions, e.g., X-ray diffraction and nuclear magnetic
resonance, require the preparation of adequate samples and
are time-consuming and expensive. For these reasons, in silico
approaches such as molecular docking are widely used for a
rapid, preliminary prediction of the three-dimensional
structure of a protein−protein complex. Despite being well-
assessed methods, the accuracy of a docking prediction is
nowhere near the one that can be achieved with experimental
methods. From this, two consequences arise. First, if some
experimental evidence is available, then it must be used for
driving the prediction. Second, what results from the in silico
prediction should be used for guiding further experiments
rather than to be taken as a definitive result. The second point
is particularly true when docking results are concerned as they

consist in an ensemble of poses often characterized by similar
scores; in other words, they are equally likely. A “post-docking”
procedure, aimed at the rescoring of the docking poses, is thus
necessary. The selection of a subset of all the possible poses,
extracted thanks to the “post-docking” stage, can then be used
for performing targeted experimental tests.
The aim of this study is to gain a deeper understanding of

the binding between Affitin_1 and Affitin_2 to the receptor
HER2. For this purpose, docking calculations have been
carried out by exploiting the experimental information at our
disposal, i.e., the lack of competition toward the binding of
HER2 between the affitins and the mAbs trastuzumab and
pertuzumab, and the awareness that the mutated residues of
the affitins are the most relevant for the interaction. In the
second part of the study, the considerations we made in a
previous work18 have been applied for finding out which are
the more likely docking poses. In brief, the poses were
evaluated by two different approaches. The first one consists in
the evaluation of their stability along molecular dynamics
(MD) simulations; the stability is quantified with the
calculation of the DockQ parameter.19 The second approach
consists in the comparison of the poses with HER2 patches
predicted to be able to bind a protein partner; that prediction
was made with the matrix of local coupling energies (MLCE)
method.20−23 Finally, the subset of docking solutions selected
with DockQ and MLCE was compared with the HER2 sites
that are experimentally known to be responsible for the
interaction with other protein partners. Thanks to this
comparison, two of the many interactors of HER2 were
selected for future competitive binding assays, thus reducing
the time and the costs required for carrying out the
experiments.

■ METHODS
Preparation of the Input Files. The structure of the

Affitin_1 and Affitin_2 have been prepared starting from their
sequences, stated in the patents16,17 and shown in Supporting
Figure S1. A homology modeling procedure has been used,
using a tool included in Bioluminate [Schrödinger Release
2023−3: BioLuminate, Schrödinger, LLC, New York, NY,
2023] and by setting as a template the three-dimensional
structure of the wild-type affitin Sac7d (PDB ID:1AZQ).
Molecular dynamics (MD) simulations of the generated
models and of Sac7d have then been carried out to evaluate
the conservation of the fold of the wild-type affitin following
the introduction of the mutations. Simulations have been
performed with Gromacs (release 2020.6)24 and the united
atom Gromos 53A6 force field25 together with the SPC water
model.26 Following energy minimization and solvent equilibra-
tion, three independent 300 ns production runs were
performed at constant temperature (300 K) and pressure (1
bar). Analysis, performed for each affitin on the three
concatenated trajectories, include clustering of sampled
conformations; calculations of the root-mean-square fluctua-
tions (RMSF) of backbone atoms; calculation of the fraction of
secondary structure. Further details about the MD simulations
and their analysis are shown in Supporting Text S1. MD
simulations of the affitins were carried out with the all-atom
AMBER99SB-ILDN force field27 too, to ensure that the results
obtained were not strongly dependent on the chosen force
field. These simulations were conducted with the same setup
used for those with the Gromos 53A6 force field; however, the
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TIP3P water model28 was used, as it is the one used in the
development of the AMBER99SB-ILDN force field.
The three-dimensional structure of receptor HER2 was

retrieved from the PDB (PDB ID:6OGE). The structure file
was processed with the Protein Preparation Wizard29

[Schrödinger Release 2023−3: Protein Preparation Wizard;
Prime, Schrödinger, LLC, New York, NY, 2023] to remove
water molecules and counterions, add hydrogen atoms and
other potentially missing atoms, rebuild missing side chains
and loops, optimize the hydrogen bonding network, and
perform energy minimization of hydrogen atoms. This
prepared crystallographic structure was then used for docking
calculations.
Additionally, MD simulations were conducted for the

complex HER2-trastuzumab to obtain a number of con-
formations for the subsequent MLCE prediction (see para-
graph MLCE-based prediction of HER2 binding sites). The
rationale for performing simulations in the presence of the
mAb trastuzumab is related to the large displacement observed
in domain IV of the receptor during MD simulations of the
receptor alone (data not shown); this displacement was absent
when the mAb was bound. The simulations were performed
using the GROMOS 53A6 force field with the same setup used
for the affitins, except that three replicas, each 100 ns in length,
were performed.
Docking Calculations. Protein−protein docking calcu-

lations have been carried out with the web server ClusPro.30−32

The structures of the affitins and HER2 prepared as previously
stated were uploaded as “ligand” and “receptor,” respectively.
The “balanced” scoring scheme has been employed. The
experimental information is exploited as follows. An attractive
potential has been applied on the 14 mutated residues of the
affitins (see Supporting Figure S2), in such a way to drive the
docking prediction toward poses having those residues part of
the affitin−HER2 interface. As for the receptor, the residues
within 10 Å from the mAbs trastuzumab and pertuzumab were
masked during the calculation (see Supporting Figure S3), to
satisfy the experimental evidence that the affitins bind HER2
on different epitopes. The docking models were visually
inspected, and a subset of them was selected for further
analysis (see Results and Discussion�Docking Calculations).
DockQ Evaluation of the Quality of the Docking

Models. MD simulations were performed on the selected
docking models, following the approach proposed by Jandova
and co-workers33 which suggests that near-native models, i.e.,
models closer to the true structure of the complex, should be
more stable during the simulations with respect to non-native
models. Details of the setup of the MD simulations are shown
in Supporting Text S2.
The stability, and thus the quality of the models, was

evaluated through the calculation of the parameter DockQ19

along the MD trajectories. DockQ originates from the three
CAPRI parameters34 interface-RMSD (i-RMSD), ligand-
RMSD (l-RMSD), and fraction of native contacts (Fnat).
The average values of three parameters i-RMSD, l-RMSD and
Fnat are calculated from MD trajectories every 500 ps, and the
DockQ values are thus evaluated. DockQ ranges from 0 to 1:
high-quality models are defined by DockQ ≥ 0.80, medium-
quality for 0.80 > DockQ ≥ 0.49, acceptable-quality for 0.49 >
DockQ ≥ 0.23, and models are incorrect if DockQ < 0.23. The
CAPRI parameters and the DockQ were calculated along the
MD simulations with respect to the starting structure of the
simulation, which corresponds to the docking pose after energy

minimization and short NVT and NPT equilibrations stages,
performed as in Supporting Text S2.
MLCE-Based Prediction of HER2 Binding Sites. The

matrix of local coupling energies (MLCE) method20−23 was
employed for the prediction of HER2 areas that are more likely
to bind a partner (from now on, patches), and thus affitins too.
This approach combines the analysis of a given protein’s
energetic properties with that of its structural determinants,
based on the idea that some residues stabilize the protein fold,
while others, less energetically coupled to the protein itself,
may interact with a partner. The calculations have been carried
out with the program REBELOT, version 1.3.2 (https://
github.com/colombolab/MLCE) on the centrotypes of 4
clusters (Supporting Figure S4) which cover around 90% of
the conformation variability of HER2 sampled during three
MD simulations (100 ns each). The patches were predicted on
the crystal structure of HER2 (PDB ID:6OGE, the same used
for docking calculations) by considering the top 15% of
spatially contiguous residue pairs with the lowest-energy
interactions.

■ RESULTS AND DISCUSSION
Structure Prediction of Affitin_1 and Affitin_2. The

wild-type affitin Sac7d and the homology models of Affitin_1
and Affitin_2 were subjected to MD simulations (three 300 ns
replica each). Convergence of MD simulations was checked by
looking at the root-mean-square deviations (RMSD) of
backbone atoms (Supporting Figure S5). All the analyses
were conducted on the three concatenated trajectories as
specified in Supporting Text S1. The most representative
conformations of the affitins in aqueous solution, i.e., those
more frequently sampled during the simulations, were
retrieved by a cluster analysis (0.4 nm cutoff). The centrotypes
of the clusters were then visually inspected. It can be observed
that (i) the fold of Sac7d in aqueous solution is almost entirely
conserved with respect to the crystallographic structure; (ii)
the fold of the two engineered affitins is mostly identical to the
wild-type affitin fold (Figure 1).
The calculation of the fractions of secondary structure

elements confirms the similar behavior of the three affitins in
aqueous solution. The engineered affitins, Affitin_1 and
Affitin_2, exhibit minor differences compared to the wild-
type Sac7d, being slightly less structured (sum of secondary
structure elements: 67 and 65% respectively, compared to 73%

Figure 1. Superposition of the centrotypes of the most populated
clusters obtained from the MD simulations (GROMOS 53A6 force
field) of the wild-type affitin Sac7d (green), Affitin_1 (blue), and
Affitin_2 (red) onto the Sac7d crystallographic structure (PDB ID:
1AZQ, in black). The populations of the most populated clusters are
75, 79, and 87% for Sac7d, Affitin_1, and Affitin_2 respectively.
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of Sac7d). All values are reported in Supporting Table S1. The
similarities among the three affitins are also evident from the
RMSF values of the backbone atoms. All three affitins show
higher RMSF values at the terminal, α-helix, and interstrands
residues (see Supporting Figure S6). Overall, the introduction
of mutations into the sequence of the wild-type affitin Sac7d
does not affect the fold, which is conserved in both mutated
affitins. Simulations performed with the AMBER99SB-ILDN
force field produced comparable RMSD and RMSF values
(Supporting Figures S5 and S6) as well as secondary structure
elements (Supporting Table S1). Given the similar results
obtained with both force fields, the computationally cheaper
Gromos 53A6 force field was selected for the simulations of
the receptor and HER2−affitins docking poses.
Docking Calculations. Docking calculations carried out

with ClusPro, guided by the experimental information
available, resulted in 27 and 28 models for the partners
HER2−Affitin_1 and HER2−Affitin_2, respectively, out of a
maximum of 30 that ClusPro can provide. They were visually
examined by superimposing them on each other on the
receptor structure. Both Affitin_1 and Affitin_2 appear to bind
to only four different areas of the HER2 receptor. These areas
are highlighted by coloring the affitins in red, yellow, orange,
and green (Supporting Figure S7). Table 1 shows, for both
affitins, the first ten docking models by ClusPro ranking, which
is based on the population of the clusters; the binding areas
(red, yellow, orange, and green) for each docking model are
also shown.
For the evaluation based on DockQ and MLCE, the best

scoring models of each area for Affitin_1 and Affitin_2 were

selected from all of the obtained models. The selected models,
shown in Figure 2, are labeled by their ClusPro ranking and the
color indicating the binding area. For Affitin_1, the selected
models are #0-red, #1-yellow, #4-green, and #7-orange. For
Affitin_2, the selected models are #0-red, #1-yellow, #2-
orange, and #3-green.
DockQ-MLCE Evaluation of the Docking Models. The

four models of each affitin were subjected to MD simulations,
and the DockQ parameter was calculated along the trajectories.
In parallel, an MLCE calculation was performed on
representative conformations of HER2. The docking models
were compared with the patches by visual inspection and by
calculating the number of HER2 residues belonging to a patch
and involved in the docking solutions. The decision on which
docking models are most likely should be made on the basis of
the two combined approaches, i.e., possibly seeking a
consensus between the two. It is important to remark that
DockQ and MLCE rely on totally different assumptions.
Indeed, the MLCE method analyzes protein energetics to
identify potential binding sites on protein surfaces, focusing on
regions minimally coupled to the rest of the structure. It is
based on the observation that epitopes, recognized by binding
partners like antibodies, are mutation-tolerant, flexible, and
accessible on the protein surface and thus do not significantly
stabilize the protein’s fold. Based on this assumption, MLCE
evaluates residue−residue interactions by constructing a matrix
of average nonbonded interaction energies from molecular
dynamics simulations, which is then simplified using eigenvalue
decomposition to identify strong and weak interaction sites.
Low-intensity couplings suggest protein areas that are

Table 1. First Ten Docking Poses for Affitin_1 and Affitin_2, by ClusPro Rankinga

aFor the first ten docking poses, the ClusPro ranking, the number of cluster members, and the number of the mutated affitins’ residues in contact
with HER2 (within a cutoff of 5.5 Å) are shown. The color of the rows indicates the binding areas on the receptor (red, yellow, orange, and green).

Figure 2. Superimposition of the four HER2−Affitin_1 (left) and the four HER2−Affitin_2 (right) best scoring docking models for each binding
area (red, yellow, orange, and green). Affitins are colored based on the binding area and labeled with “#ClusPro ranking-colour”. HER2 is shown in
gray. The docking models shown in this figure are selected for the DockQ and MLCE evaluations.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07317
ACS Omega 2024, 9, 49522−49529

49525

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07317/suppl_file/ao4c07317_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07317/suppl_file/ao4c07317_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07317/suppl_file/ao4c07317_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07317/suppl_file/ao4c07317_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07317/suppl_file/ao4c07317_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07317?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07317?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07317?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07317?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07317?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07317?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


energetically unoptimized, making them more likely to tolerate
mutations or interact with other molecules.
In contrast, the DockQ score is a metric used to assess the

quality of protein−protein docking models, based on geo-
metrical features rather than energetics features. It integrates
three established measures, Fnat (fraction of native contacts),
l-RMSD (ligand root-mean-square deviation), and i-RMSD
(interface root-mean-square deviation), into a single score,
with higher scores indicating better quality.
Since the two methods complement each other, providing a

more robust framework for evaluating the models of the
complexes, the combined use of DockQ and MLCE can
strengthen the conclusions that can be drawn. Moreover, it is
worth noting that the ClusPro score can be included as a third
criterium to determine the most probable poses.
Table 2 shows the DockQ values and the number of HER2

residues belonging to a patch that are at the same time
involved in the binding of the affitin in the docking model for
the four models HER2−Affitin_1 and the four models HER2−
Affitin_2.
Considering the HER2−Affitin_1 docking models, the

results show that for three of the four poses, there is little or
no overlap with the MLCE patches: model #0-red and model
#7-orange match only 3 and 4 residues belonging to a patch,
respectively; model #4-green has no match at all. Model #1-
yellow totally overlaps to the patch (consisting of 27 HER2
residues, shown in violet in Figure 3) instead, but it also has
the lowest DockQ value overall (0.27). However, based on
previous results,18 small differences (<0.1) in DockQ values
are not considered significant, as these values lie often in a
narrow range, thus not being always remarkably useful for
assessing the actual quality of the models. It was therefore
concluded that model #1-yellow is the most likely, followed by
model #0-red, which has the highest DockQ value (0.45) and
is the first in the ClusPro ranking.
Similar considerations can be made for the HER2−Affitin_2

models. Models #2-orange and #3-green have no overlap with
the patches; model #0-red shows only a partial match with a
patch (9 residues). Model #1-yellow totally overlaps with the
violet patch in Figure 3, although it has the second lowest
DockQ value in the series (0.29). As it was stated for the
HER2−Affitin_1 docking poses, it can be concluded that also
for the HER2−Affitin_2 pair, model #1-yellow might be the
most probable, followed by model #0-red, which has the

second highest DockQ value (0.37) and is the first one in the
ClusPro ranking.
The most likely models for the HER2−Affitin_1 and

HER2−Affitin_2 pairs, i.e., the #1-yellow models in both
cases, show a high degree of overlap between the two affitins.
The same is observed for the two second most likely models,
i.e., models #0-red. The superimposition of these models is
shown in Figure 3. In Supporting Table S2, the list of HER2
residues in contact with the affitins in the #1-yellow and #0-red
poses is reported.
The overlap between the two #1-yellow models, and

between the two #0-red models, is in accordance with the
experimental evidence that Affitin_1 and Affitin_2 compete for
the same binding site, i.e., epitope, on the HER2 surface
(Bracco Imaging S.p.A. internal communication).
As shown in Table 2, the DockQ scores for most docking

poses fall within the acceptable-quality range or lower. This
suggests that while these poses retain essential characteristics
for potential binding, they may not maintain the predicted
pose consistently throughout the simulation time.
Similar results have been obtained in a previous study we

conducted on seven complexes available in the Protein Data
Bank and consisting of different mutated affitins and their
protein partners.18 Briefly, we observed that the MD
simulations carried out for the crystallographic structures

Table 2. ClusPro Rankings, DockQ Scores, and MLCE Values of the Selected Docking Poses of Affitin_1 and Affitin_2 with
HER2a

aClusPro ranking of the docking poses, with lower numbers indicating better predictions. DockQ values, which assess docking pose quality on a
scale from 0 to 1, where high-quality models are defined by DockQ ≥ 0.80, medium-quality models by 0.80 > DockQ ≥ 0.49, acceptable-quality
models by 0.49 > DockQ ≥ 0.23, and incorrect models by DockQ < 0.23. MLCE indicates the number of HER2 residues in a predicted patch that
are actually involved in binding the affitin in the docking model, for the four models HER2−Affitin_1 and HER2−Affitin_2.

Figure 3. Superimposition of HER2−Affitin_1 and HER2−Affitin_2
docking models #1-yellow and #0-red. HER2 is shown in gray, the
MLCE patch in violet, and Affitin_1 and Affitin_2 in blue and red,
respectively. The list of HER2 residues in contact with the affitins in
the poses is shown in Supporting Table S2.
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never led to high-quality DockQ values (≥0.80), while only
two out of seven fell in the medium-quality area. Moreover,
from the simulations performed on native docking poses, i.e.,
poses very similar to the crystallographic structures, only three
(out of seven) medium-quality DockQ values (≥0.49) were
obtained, while the remaining were in the acceptable-quality
range.
Several factors could explain this outcome. First, the docking

poses generated by established algorithms are approximations
that might not fully represent the most stable or optimal
configurations of the complexes. Additionally, the flexibility of
proteins during MD simulations can lead to significant
variations in pose stability, as the conformational landscape
of the complexes is more extensively explored. As a result, the
average DockQ score derived from MD, which uses as
reference the initial docking pose, may reflect a wide range
of conformational states, resulting in lower scores. Further-
more, the integration of dynamic evaluations in the DockQ
assessment process may reduce the influence of individual
high-quality poses, decreasing the impact on the final score.
These results highlight the complexity of modeling protein−

protein interactions and the need for further refinement of
both protein−protein docking methodologies and simulation
protocols.
Comparison of the Docking Models with the Map of

HER2 Interactors. As previously mentioned, the results of a
modeling procedure require careful evaluation and verification.
They can, however, be helpful to guide experimental tests,
which are necessary to validate what is obtained through the in
silico procedure. Among the experimental tests, competitive
binding assays measure the binding affinity of a ligand toward a
target, in the presence of a different ligand whose binding
mode to the same target is known. In this perspective, the
structures of complexes available in the PDB involving HER2
and different protein partners were collected; these were
compared by superimposing the HER2 chains in the
complexes considered onto each other. The resulting “map”
of HER2 interactors is shown in Supporting Figure S8: 14
protein partners, including mAbs fragments (Fab, scFv, sdAb)
and antibody mimetics, bind HER2 to different, yet sometimes
overlapping epitopes mainly located in domains I, II, and IV.
HER2 structures in complexes with the protein partners

were superimposed on HER2 structures in the #1-yellow
docking models. The eventual overlap between Affitin_1 and
Affitin_2, and the known protein partners, was then visually
inspected. Figure 4 shows that an overlap does exists between
the docking models #1-yellow and the HER2 partners included
in PDB entries 3MZW11 and 3N85,35 of which the former is an
affibody, i.e., an antibody mimetic, and the latter is a Fab.
This observation suggests that the identified area is indeed a

plausible binding site of Affitin_1 and Affitin_2, supporting its
potential as a target for further experimental validation.

■ CONCLUSIONS
The present study concerns the prediction of the structures of
the complexes that Affitin_1 and Affitin_2, which can be used
as molecular vectors to design in vivo imaging probes, form
with the receptor HER2, an important target for therapeutic
and diagnostic purposes.
The first part of the study focused on the impact that the

introduction of mutations in the amino acid sequence of wild-
type affitin Sac7d has on the fold. This was achieved by
building the homology models of Affitin_1 and Affitin_2 and

performing MD simulations. Analysis of the MD trajectories
showed that the fold is overall conserved, indicating that the
engineered affitins retain structural stability similar to that of
the wild type.
The second part of the study dealt with predicting the

binding modes of Affitin_1 and Affitin_2 with the HER2
receptor. The experimental information at our disposal, i.e., the
lack of competition with the mAbs trastuzumab and
pertuzumab, and the awareness that the affitin residues
responsible for the interaction with HER2 are the ones
mutated with respect to the wild-type affitin, was used to guide
the docking calculations. In this way, the same four possible
binding areas were identified for both of the affitins. The best
scoring models belonging to each of these areas were selected
for further evaluation with a DockQ-MLCE-based procedure
that was validated in a previous work on affitin−protein
complexes with experimentally known structures. The analysis
of these 8 poses (4 for Affitin_1 and 4 for Affitin_2) led to the
conclusion that, for both affitins, the most likely poses are the
#1-yellow ones. This suggests that Affitin_1 and Affitin_2
should bind HER2 in the same area, which aligns with the
experimental data, indicating competition for the same HER2
epitope.
In the last part, we demonstrated how the results of the

modeling procedure can guide competitive binding assays. By
superimposing the HER2 structures in the complexes with the
HER2 known protein partners onto the most likely docking
models, we identified an overlap between the affitins and the
protein partners in PDB entries 3MZW and 3N85 (an affibody
and a Fab, respectively). This indicates that competitive
binding assays with these two partners could be performed,

Figure 4. Comparison of HER2 known binding sites with Affitin_1
and Affitin_2 #1-yellow docking poses. Top: HER2 binding sites of
protein partners are from PDB IDs 3MZW (left, light green) and
3N85 (right, cyan). Middle: comparison of Affitin_1 docking pose #1-
yellow with the 3MZW (left) and the 3N85 (right) binding sites.
Bottom: comparison of Affitin_2 docking pose #1-yellow with the
3MZW (left) and the 3N85 (right) binding sites. The list of HER2
residues that interact with both the protein partners from complexes
3MZW and 3N85 and the affitins is shown in Supporting Table S3.
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thus reducing the number of experiments needed to
unambiguously determine the structures of the HER2−
Affitin_1 and HER2−Affitin_2 complexes.
In conclusion, this study combined experimental informa-

tion with a computational modeling procedure at two stages.
First, experimental data guided the docking predictions.
Second, we showed how the results of such predictions can,
in turn, be used to perform “targeted” competitive binding
assays, thereby reducing the number of HER2 partners to be
considered for such tests, significantly enhancing the efficiency
of experimental investigations. The identified overlap with
known protein partners supports the potential of the predicted
binding sites as promising interaction regions, providing a
strong foundation for future experimental investigations.
Additionally, this study underscores the value of integrating
computational and experimental methodologies to streamline
the process of validating molecular interactions, which is
crucial for the development of therapeutic and diagnostic tools.
Finally, although this approach was designed for the HER2
target, it is a versatile method that can be easily generalized to
other targets.
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