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Abstract 

Target-binding small proteins are promising alternatives to conventional monoclonal 

antibodies (mAbs), offering advantages in terms of tissue penetration and manufacturing costs. 

Recently, we developed a design strategy to create small proteins called fluctuation-regulated 

affinity proteins (FLAPs) consisting of a structurally immobilized peptide from the 

complementarity-determining region (CDR) loops of mAbs (CDR-derived peptide) and a protein 

scaffold. Because mAb paratopes are usually composed of multiple CDRs, FLAPs with multiple 

binding peptides may have an enhanced target-binding capability. Here, we describe a strategy 

to create FLAPs bearing dual CDR-derived peptides (D-FLAPs) using the anti-human epithelial 

growth factor receptor type 2 (HER2) mAb trastuzumab as a basis. Computationally selected 

CDR-derived peptides were first grafted onto two adjacent loops of the fibronectin type III 

domain (FN3) scaffold, yielding 80 D-FLAP candidates. After computational screening based on 

their similarity to the parental mAb with regard to the conformation of paratope residues, two 

candidates were selected. After further evaluation with ELISA, one D-FLAP with HYTTPP and 

GDGFYA peptides from CDR-L3 and CDR-H3 of the parental mAb, respectively, was found to 

bind HER2 with a dissociation constant of 58 nM. Our method applies to various mAb drugs and 

allows the rational design of small protein alternatives. 

  



 

This article is protected by copyright. All rights reserved. 

1 Introduction 

Monoclonal antibodies (mAbs) target a wide range of disorders, including cancer and 

inflammatory diseases [1]. Their effectiveness is attributed to their unprecedentedly high 

affinity and specificity for their targets, which are mediated by paratopes consisting of amino 

acid residues across six complementarity-determining regions (CDRs) in the heavy (CDR-H1–

H3) and light (CDR-L1–L3) chains [2]. However, several challenges have been recognized in the 

therapeutic application of mAbs, including insufficient penetration into solid tumors [3,4] and 

prohibitive treatment costs [5,6].  

Target-binding small proteins have emerged as viable alternatives to mAbs. With a small 

molecular weight (2–20 kDa), they have several advantages over mAbs in terms of tissue 

penetration and manufacturing requirements [7]. These proteins are often composed of a small 

protein scaffold that confers conformational stability and one or more surface-exposed loops 

that facilitate target binding [7]. The standard method to develop target-binding small proteins 

involves the creation of a large protein library, which consists of mutant scaffold proteins with 

amino acid sequence-randomized loops, followed by in vitro or in vivo selection of target 

binders [8]. An alternative and emerging approach is grafting CDRs onto small protein scaffolds. 

The technique of CDR grafting was originally used for mAb humanization through reconstitution 

of the original non-human mAb paratope on a human mAb framework [9]. Following the same 

principle, a general strategy for reconstitution of mAb paratopes on small protein scaffolds 

through CDR grafting may make it possible to more efficiently create target-binding small 

proteins with the same epitopes as those of the parental mAbs. 

 A leading example of success is the development of lysozyme-binding small proteins by 

grafting CDRs from camelid single domain antibodies or nanobodies, which have three CDRs 

(CDR-1–3), onto small protein scaffolds [10-12]. Because CDR-3 of lysozyme-binding 

nanobodies serves as the primary point of target binding [13] and fits concave epitopes such as 

deep pockets [14], grafting of a single CDR-3 is sufficient to transfer the original paratope to a 

small protein scaffold. However, the creation of target-binding proteins from nanobody-derived 

CDRs has been met with limited success [11,12]. An alternative approach is to use mAb-derived 

CDRs. Since antibody paratopes are usually formed by a combination of dominant and ancillary 

CDRs [15-17] that bind to linear or planar epitopes [14], optimal paratope reconstitution is 

difficult with a single CDR graft onto a small protein scaffold. However, grafting multiple CDR 
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peptides onto a small protein scaffold is challenging. To date, there have been no reports that 

describe such an undertaking. 

 In this study, we sought to confront this problem and succeeded in obtaining a small 

protein with two CDR-derived peptides that conformationally mimic the parental antibody 

paratope. Recently, we reported a computational design strategy to develop target-binding 

small proteins called fluctuation-regulated affinity proteins (FLAPs). These FLAPs have a 

structurally immobilized single CDR-derived peptide [15] or target-binding peptide [18] to 

reduce entropic energy loss upon target binding. Based on the same concept, in this study, we 

describe the computational design of FLAPs bearing dual CDR-derived peptides (D-FLAPs). We 

designed and screened a human epithelial growth factor receptor type 2 (HER2)-binding D-

FLAP with dual CDR-derived peptides from the anti-HER2 mAb trastuzumab immobilized on a 

fibronectin type III domain (FN3) scaffold. The selected D-FLAP, which had HYTTPP and 

GDGFYA peptides from CDR-L3 and CDR-H3 of trastuzumab, respectively, bound to HER2 with a 

dissociation constant (KD) of 58 nM. Furthermore, additional simulations and binding energy 

calculations suggested that the grafted CDR peptides were indeed important for binding to 

HER2. This study is the first example of multiple CDR grafting from a mAb onto a small protein 

scaffold and may serve as a foundation for the development of therapeutically applicable target-

binding small proteins from mAbs. 

2 Materials and methods 

2.1 Molecular dynamics (MD) simulations 

The initial coordinates of the trastuzumab Fab-HER2 complex and FN3 structures were 

obtained from Protein Data Bank (PDB) accession codes 1N8Z and 1TTG, respectively. The 

structures of FN3 with CDR-derived peptides (D-FLAP candidates) were generated by 

introducing point mutations into the FN3 structure. All MD simulations were performed using 

the AMBER 16 program package [19] on TSUBAME (Global Scientific Information and 

Computing Center, Tokyo Institute of Technology). 

For binding free energy calculations using the trastuzumab Fab-HER2 complex, the 

systems were fully solvated with explicit solvent and 2 Na+ counterions were added to obtain 

electrostatic neutrality. We employed the AMBER ff14SB force field for proteins and the TIP3P 

model for water molecules. The systems were optimized by energy minimization and 
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equilibrated with backbone restraints. Production runs were then performed for 100 ns. The 

binding free energy of the trastuzumab Fab and HER2 during the final 50 ns of the production 

run was calculated using the molecular mechanics/generalized Born surface area (MM/GBSA) 

module. 

To predict the structures and molecular dynamics of D-FLAP candidates, production 

runs were performed for 100 ns for trajectory analysis. The AMBER ff14SB force field and 

GB/SA implicit solvent model were used. The time-step for MD simulations was set to 2 fs with 

the SHAKE algorithm. A non-bonded cutoff of 999.9 Å was used. The temperature was kept 

constant at 300 K using the Berendsen rescaling method. The root-mean-square fluctuation 

(RMSF) values during the final 10 ns of each production run were calculated to investigate the 

backbone fluctuations in each system using the cpptraj module. Similarly, the conformational 

similarity of HER2-binding residues between the trastuzumab Fab and FN3 mutants during the 

final 10 ns of each production run was evaluated by calculating the root-mean-square deviation 

(RMSD) values using the cpptraj module. 

Docking simulations were performed using RosettaDock 4.0 [20]. First, local all-atom 

protein-protein docking was carried out, generating 3,000 complex models. Structural 

clustering analysis was then performed on the 200 lowest interface energy-scoring models to 

identify commonly occurring poses. The lowest energy model from this analysis was used as the 

initial structure for local refinement docking to further optimize the energy of the docked 

complex, producing 1,000 models. Finally, interface energy (energy at the interface between D-

FLAP models and HER2 target) was plotted against interface RMSD (RMSD between D-FLAP 

models and initial structure). 

For binding free energy calculations using the D-FLAP-HER2 complex, docking models 

from the three lowest energy clusters obtained after structural clustering analysis were used. 

The AMBER ff14SB force field and GB/SA implicit solvent model were used. The time-step for 

MD simulations was set to 2 fs with the SHAKE algorithm. A non-bonded cutoff of 999.9 Å was 

used. The temperature was kept constant at 300 K using the Berendsen rescaling method. The 

systems were optimized by energy minimization and equilibrated with backbone restraints. 

Production runs were then performed for 100 ns. The binding free energy of D-FLAP and HER2 

during the final 10 ns of production run was calculated using the MM/GBSA module. For all 

MM/GBSA calculations, the generalized Born method developed by Onufriev and colleagues 
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(igb=5) was used [21]. Salt concentration, surface tension, and rgbmax, or the maximum 

distance between atom pairs to be considered during the calculation, were all set to default 

(saltcon=0.0, surften=0.0072, and rgbmax=25.0, respectively). The final 10 ns of each 

production run was also used for the calculation of RMSD values between the three models and 

the trastuzumab Fab using the cpptraj module. 

2.2 Plasmid construction and protein purification 

Recombinant DNA experiments were carried out according to the Tokyo Institute of Technology 

recombinant DNA experimental safety management regulations defined by the Tokyo Institute 

of Technology recombinant DNA experimental safety management committee. cDNA encoding 

the fusion protein consisting of wild-type FN3, a GGGS linker, and His-tag (FN3) was inserted 

into the multiple cloning site of the pGEX-6P-3 plasmid (GE Healthcare, Little Chalfont, UK). 

cDNA constructs encoding the FN3 mutants (FN3-L, FN3-H, FN3.38, and D-FLAP) were prepared 

by site-directed mutagenesis using the previously constructed FN3 cDNA as the template. E. coli 

BL21 (DE3) pLysS cells (Promega, Fitchburg, WI, USA) or E. coli Shuffle® T7 Express cells (New 

England BioLabs, Ipswich, MA, USA) were transformed with the plasmid vectors expressing FN3 

and FN3 mutants. For enzyme-linked immunosorbent assays (ELISAs), the GST- and His-tagged 

FN3 and FN3 mutant proteins were expressed and purified from the supernatants of bacterial 

extracts using glutathione agarose beads (Sigma-Aldrich, St. Louis, MO, USA) and a HisTrap HP 

column (GE Healthcare) with an AKTA pure 25 system. 

2.3 ELISA 

ELISAs were carried out in 96-well black plates (Thermo Fisher Scientific, Waltham, MA, USA) 

with all steps performed at room temperature except coating that was conducted by incubation 

with HER2-Fc (50 ng/50 μL PBS) overnight at 4℃. Blocking was performed with 2% Perfect 

Block (MoBiTec, Göttingen, Germany) in PBS (PBS-PB) for 2 h, followed by washing three times 

with 0.05% Tween-20 in PBS (PBS-T) and incubation with FN3-L, FN3-H, or D-FLAP in PBS-PB 

for 1 h. The wells were then washed again three times with PBS-T and incubated with a 1000-

fold diluted HRP-conjugated anti-His-tag antibody (Abcam, Cambridge, MA, USA) in PBS-PB for 

1 h. Before detection using the QuantaRed Enhanced Chemifluorescent HRP Substrate kit 

(Thermo Fisher Scientific), the wells were first washed three times with PBS-T and then another 

three times with PBS. The resulting fluorescence signals were measured using an Infinite F500 

plate reader (Tecan, Mannedorf, Switzerland) with specific filters (Ex/Em = 535 nm/590 nm).   
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3 Results 

3.1 Selection of CDR-derived peptides 

The basic design concept of FLAPs, in which single CDR-derived peptides are structurally 

immobilized by grafting onto small protein scaffolds, led us to hypothesize that the paratope of 

mAbs could be reconstituted by immobilizing multiple CDR-derived peptides within the same 

scaffold (Figure 1A). To test the hypothesis, we first identified CDR-derived peptides that 

comprise the paratope of the anti-HER2 mAb trastuzumab. HER2 was chosen as the target 

because of the availability of the structural data of the trastuzumab-HER2 complex [22] and the 

status of HER2 as a well-established molecular target for breast cancer [23]. After calculation of 

the binding free energy of each residue, four (F53, Y92, T93, and T94) and six (R50, Y57, R59, 

R98, F104, and Y105) residues from the light and heavy chains of trastuzumab, respectively, 

were identified as HER2-binding residues with calculated binding free energy values of less 

than -2 kcal/mol (Figure 1B). Among them, Y92, T93, and T94 (YTT) residues in CDR-L3 and 

F104 and Y105 (FY) residues in CDR-H3 were found at loop regions, while the other residues 

were located on β-sheet structures (Figure 1C). Therefore, we used CDR-derived peptides 

containing these five residues for grafting. 

3.2 Grafting of CDR-derived peptides onto an FN3 scaffold 

FN3 exhibits many properties of an ideal protein scaffold, such as a small molecular size (10 

kDa), high stability, high solubility, and high tolerance to mutations. Furthermore, its structural 

similarity to the mAb immunoglobulin domain [24] makes it a suitable scaffold for mAb-derived 

CDR grafting. To graft CDR-derived peptides, we selected two loops of FN3, 21-SWDAPAVTVR-

30 (loop A) and 51-PGSKST-56 (loop B), because their proximity and anti-parallel structure 

were similar to those of CDR-L3 and CDR-H3 in trastuzumab (Figure 2A). In a previous study, 

we found that in 99% of mAb light chains and 93% of mAb heavy chains, the longest contiguous 

sequence of antigen-contact residues was six amino acids [15]. Therefore, we prepared 

continuous peptides with six amino acids each that contain HER2-binding residues L3.1–L3.4 

and H3.1–H3.4 from CDR-L3 and CDR-H3, respectively (Table 1) and grafted them into loops 

A.1–A.5 and B.1, respectively (Figure 2B), for a total of 80 D-FLAP candidates (FN3.1–FN3.80).  

3.3 Identification of a D-FLAP with a reconstituted HER2-binding surface 

The structures of FN3.1–FN3.80 predicted by MD simulations were screened to identify a D-

FLAP with the reconstituted paratope of trastuzumab. First, the fluctuation of the five HER2-
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binding residues in each loop was evaluated based on the RMSF values of all hydrogen-free 

atoms calculated using the trajectories of MD simulations. A previously determined threshold of 

RMSF <1.5 Å was used to evaluate the structural immobilization of peptides, because structural 

immobilization was generally found to yield higher binding affinities in a previous study [15]. 

These calculations revealed that the average RMSF values of both the YTT and FY residues of all 

candidates and the trastuzumab Fab were <1.5 Å (Figure 3A), indicating that these residues 

were structurally immobilized on both trastuzumab and the FN3 scaffold. Then, the 

conformational similarity of the HER2-binding residues in each candidate to the corresponding 

residues in the antigen-free and antigen-bound structures of the trastuzumab Fab (i.e., the 

structure of the trastuzumab Fab extracted from the original trastuzumab-HER2 complex, alone 

and with its target molecule HER2, respectively) was evaluated using the RMSD values of the 

five Cα atoms, which were calculated using structures generated after 100-ns MD simulations 

(Figure 3B). As expected, the RMSD value between the antigen-free and antigen-bound states of 

the trastuzumab Fab was small (1.01 Å) considering that the residues on the original 

trastuzumab Fab were structurally immobilized. Among the 80 candidates, we found two 

candidates, FN3.38 (23-QHYTTP-28 and 51-GDGFYA-56) and FN3.58 (24-HYTTPP-29 and 51-

GDGFYA-56), which had RMSD values of <2 Å between both antigen-free and antigen-bound 

states of the trastuzumab Fab. The structural comparison also showed that both FN3.38 and 

FN3.58 had HER2-binding surfaces similar to that of the trastuzumab Fab (Figure 3C).  

3.4 Evaluation of D-FLAP binding to HER2 

Recombinant FN3.38 and FN3.58 proteins were expressed using a bacterial system and purified 

by affinity chromatography, after which their affinity toward HER2 was determined. Because 

FN3.38 had a lower binding affinity for HER2 in comparison to that of FN3.58 when evaluated 

by ELISA (KD values of 380 and 58 nM, respectively) (Figure 4A), we decided to further 

characterize FN3.58 (hereafter referred to as D-FLAP). To evaluate the effect of dual CDR 

grafting, FN3 mutants harboring single CDR-derived peptides FN3-L (24-HYTTPP-29) and FN3-

H (51-GDGFYA-56) were also prepared. Measurement of affinity for HER2 by ELISA revealed 

that D-FLAP, FN3-L, and FN3-H bound to HER2 with KD of 58, 3700, and 620 nM, respectively, 

suggesting that both CDR-derived peptides in D-FLAP contributed cooperatively to target 

binding (Figure 4A). As expected, wild-type FN3 showed no apparent binding to HER2. These 

results support the validity of the rationale behind our design.  
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To further investigate the binding of D-FLAP to HER2, we first performed protein 

docking simulations. Analysis of the docking energy landscape yielded a binding funnel 

converging toward the lowest energy structure (Figure 4B), suggesting that the docking 

simulations were able to successfully produce low-energy models. In the three lowest energy 

models, the loops containing the grafted CDR sequences appeared to be most proximal to HER2, 

suggesting that target binding was mediated by these loops (Figure 4C). Using these models, we 

then performed MM/GBSA binding free energy calculations coupled with per-residue 

decomposition to determine the contribution of each residue to HER2 binding (Figure 4D). The 

binding energy values of the segment containing the heavy chain CDR-derived peptide were 

more negative than those of other residues comprising the FN3 scaffold for all three models, 

suggesting that this peptide was critical for HER2 binding. In particular, the 54-FY-55 residues, 

which were initially identified and used as the basis for CDR-derived peptide selection, 

exhibited greater negative values than nearby residues, supporting the approach to identify 

CDR residues important for target binding. In contrast, the peptide derived from the 

trastuzumab light chain exhibited negative binding values in only one model. Additionally, in 

that same model, the CDR-derived histidine residue (H24) on the same loop yielded a much 

greater negative binding energy value than the initially selected residues (25-YTT-27). As our in 

vitro results demonstrated the contribution of the light chain-derived peptide to target binding 

(Figure 4A), the difference in binding energy values may be due to the light chain CDR residues 

accommodating the change in the framework from IgG to FN3. This is in line with previous 

findings that light chain CDRs generally play a more secondary or supporting role in target 

binding, such as stabilization of other CDRs [15-17]. Finally, we calculated the RMSD values of 

the HER2-binding residues between the three models and the antigen-free and antigen-bound 

structures of trastuzumab Fab. The rank 1 model yielded RMSD values of 1.64 Å and 1.86 Å to 

the antigen-free and antigen-bound structures, respectively; rank 2, 1.73 Å and 2.00 Å; and rank 

3, 1.74 Å and 2.10 Å. The small RMSD values associated with the top-ranked model further 

support our use of CDR grafting to achieve paratope reconstitution in D-FLAP. Overall, these 

results suggest that multiple CDR grafting from mAbs to small protein scaffolds is a promising 

strategy to develop target-binding small proteins from mAbs. 
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4 Discussion 

In this study, we present a computational method to design and select dual CDR-grafted 

mimetics known as D-FLAPs. This method involves calculation of the binding free energy to 

select important target-binding residues, followed by a screening step that employs 

conformational similarity as the basis to select candidates for further investigation in vitro. This 

approach was used to screen 80 protein candidates generated by simultaneously grafting CDR 

sequences from CDR-L3 and CDR-H3 of the anti-HER2 mAb trastuzumab onto the FN3 scaffold 

to reconstitute the mAb paratope. The final candidate, D-FLAP, was found to bind to HER2 in 

vitro. Furthermore, the binding affinity of D-FLAP was superior to that of the corresponding 

single chain controls (Figure 4A), suggesting cooperative binding from both CDRs, which agrees 

with previous observations [16,17]. These results indicate that the design strategy described in 

this study can facilitate the development of small protein alternatives from currently available 

mAbs.  

 The scaffold used in this study, the FN3 protein, is often used in the design of target-

binding proteins due to its small size and high stability [24]. Antibody alternatives that are 

based on the FN3 protein scaffold are sometimes referred to as monobodies. There have been 

several reports regarding the development of these FN3-based antibody mimetics, with a wide 

range of targets including VEGFR-2 [25] and PD-L1 [26]. These monobodies were developed 

primarily using technologies such as phage display and mRNA display to select binders from 

libraries with randomized sequences in up to three loops present in the FN3 protein [27,28]. 

Our group has also succeeded in creating HER2-binding small proteins based on the FN3 

protein scaffold through conventional phage display library screening and subsequent affinity 

maturation [18]. In this study, an FN3-based antibody mimetic was developed using an 

alternative approach that does not involve designing and creating libraries in vitro. The FN3 

protein has structural similarity to the mAb immunoglobulin domain, making it an attractive 

candidate scaffold for mAb-derived CDR grafting because CDR peptides grafted onto the FN3 

scaffold would be more likely to mimic their original conformation on the parental mAb. This is 

supported by findings from our recent study involving the grafting of single CDR peptides onto 

several scaffold proteins, which showed that the FN3 scaffold produced more target-binding 

mimetics than other scaffold proteins [15]. The current study builds on our previous work and 

improves upon them by demonstrating the following: 1) Computational design and selection of 

FN3 mutants bearing grafted CDR peptides can generate a target-binding mimetic on par with 
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that obtained through conventional screening methods [18], and 2) the binding affinity of FN3 

mutants bearing single CDR-derived peptides [15] can be improved using multiple CDR peptides 

(Figure 4A).  

The goal of this study was to reconstitute the paratope of the mAb trastuzumab. 

However, the binding affinity of the D-FLAP developed using our strategy did not reach that of 

trastuzumab (KD = 0.47 nM) [15]. Notably, although the grafted CDR residues were structurally 

immobilized, as indicated by their RMSF values (Figure 3A), most candidates exhibited RMSD 

values of >2 Å between the trastuzumab Fab (Figure 3B). Therefore, inadequate structural 

similarity between the designed D-FLAPs and parental mAb may be the primary reason for the 

lower binding affinity of D-FLAP than that of trastuzumab. To overcome this, a preliminary step 

to select scaffolds based on their structural similarity to the variable region of the parental mAb 

can be incorporated. Using scaffolds with high initial structural similarity to parental mAbs can 

lead to a better design of D-FLAP candidates with high binding affinities for their targets. 

Previous findings from studies on CDR grafting for mAb humanization describe 

enhancements in binding affinity upon the addition of several critical framework residues 

considered to be important to maintain the conformation of CDR loops [29,30]. Indeed, the 

results from binding energy calculations performed on the trastuzumab Fab showed that 

several residues outside the CDR loops (i.e., in the framework region) also exhibited values of <-

2 kcal/mol (Figure 1B). In particular, R50 from the VH domain of trastuzumab may be of 

interest because it has been previously found to form hydrogen bonds with HER2 despite being 

in the framework region [31]. Similarly, CDR residues with favorable binding energy values, 

such as Y57 and R98, may also improve binding affinity if used for grafting despite being located 

on β-sheets. In summary, the inclusion of other critical residues may lead to the design of D-

FLAP candidates with improved structural similarity to the parental mAb as well as better 

binding affinities.  

One limitation of performing screening computationally rather than through standard in 

vitro display library methods is that the use of ideal conditions (i.e., both the target and the 

respective binding protein are isolated) makes it difficult to account for selectivity and off-target 

binding. This also highlights the need to further characterize any peptides obtained from 

computational screening through additional experiments both in vitro and in vivo. However, in 

vitro and in vivo experiments are time-consuming and expensive. Therefore, better strategies to 
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connect computational screens that efficiently select reliable candidates to actual drug 

development are desired, and this study presents one such strategy. 

In conclusion, our study describes the successful development of a D-FLAP that is the 

first example of an antibody mimetic created by grafting of multiple CDR-derived peptides onto 

a small protein scaffold. Our strategy provides a foundation for the development of high affinity 

target-binding small protein alternatives from existing mAbs, which have various applications 

in diagnostics and therapeutics. 
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Table 1. Amino acid sequences of the grafted CDR-derived loops 

Loops Amino acid sequences 

L3.1 QQHYTT 

L3.2 QHYTTP 

L3.3 HYTTPP 

L3.4 YTTPPT 

H3.1 GGDGFY 

H3.2 GDGFYA 

H3.3 DGFYAM 

H3.4 GFYAMD 
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Figure legends 

 

Figure 1. Selection of CDR-derived peptides for grafting. A) Overview of D-FLAP development 

by double CDR grafting for reconstitution of the trastuzumab paratope. (1) Binding energy 

calculations were used to select CDR residues from trastuzumab. (2) Hexapeptides containing 

these CDR residues were grafted onto two loops (dotted lines) of the FN3 scaffold, yielding 80 

D-FLAP candidates. Red and green circles symbolize residues from VL and VH, respectively, 

with dark-colored circles representing HER2-binding residues. (3) Candidates were screened 

based on fluctuation and conformational similarity to the trastuzumab Fab. B) Identification of 

HER2-binding residues on the variable regions of trastuzumab light (VL) and heavy (VH) chains. 

The binding free energy of each residue to HER2 was calculated and shown as the mean ± SEM 

from 50 ns of the production run. Areas shaded in gray indicate the locations of CDR regions. C) 

Structures of trastuzumab VL and VH regions. Loops in the VL and VH regions are shown as pink 

and light green, respectively, and the positions of the HER2-binding residues selected using 

binding energy calculations are shown as red and green residues, respectively. β-Sheets and 

helices are shown as yellow and gray, respectively.  
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Figure 2. Grafting of CDR-derived peptides onto the FN3 scaffold. A) Structure of the loops used 

for grafting. FN3 had antiparallel loops A (red) and B (green) in close proximity, which 

resembled the conformation of the VL (red) and VH (green) HER2-binding residues depicted by 

the stick representation. B) Schematic diagram of the grafting sites in FN3. The amino acid 

residues of loops A and B are shown on each panel by one-letter notations in white boxes. The 

gray boxes to the right of A.1–A.5 and B.1 indicate the positions where Loop A and B amino 

acids were replaced by CDR-derived hexapeptides. 
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Figure 3. Assessment and screening of D-FLAP candidates. A) Profiling of fluctuation using 

RMSF calculations. The RMSF of the HER2-binding residues was calculated using hydrogen-free 

atoms from MD simulation trajectories. B) Screening of D-FLAP candidates by conformational 

similarity. The Cα atoms of the five HER2-binding residues generated after 100-ns MD 

simulations were used in calculations. The RMSD values of the candidates were then compared 

with those of the trastuzumab Fab in its antigen-free (free) and antigen-bound (bound) states. A 

and B) Shaded circles denote the antigen-free trastuzumab Fab (blue), FN3.38 (yellow), and 

FN3.58 (green). Data represent averages from three replicate simulations with random seeds. 

C) Side-by-side comparison of HER2-binding surfaces of the trastuzumab Fab, FN3.38, and 

FN3.58 (left to right). The HER2-binding residues are highlighted (F104, yellow; Y105, orange; 

Y92, blue; T93, cyan; T94, green).  
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Figure 4. Evaluation of D-FLAP binding to HER2. A) Estimation of D-FLAP binding affinity to 

HER2 by ELISA. KD values were estimated by curve fitting with non-linear regression. 

Representative data from three independent experiments are shown. B) Interface energy versus 

interface RMSD plot of the models obtained after local refinement docking of the lowest energy 
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model from structural clustering analysis. The crosses in red indicate the three models with the 

lowest energy scores. The structure of the three models (Rank 1-3) and their position relative to 

HER2 are shown beside the plot. C) Structures of the three docking models with the lowest 

energy scores obtained after structural clustering analysis. The models are labeled according to 

their energy scores, with Rank 1 having the lowest score. The rightmost structure shows the 

three models superimposed relative to HER2. The CDR-derived peptides from the VL and VH 

regions are depicted by the stick representation. D) Binding energy of each D-FLAP residue to 

HER2 was calculated for the three docking models and shown as a heat map. The sequences and 

positions of the CDR-derived peptides are also indicated. C and D) The colors of the residues in 

the stick representation in C correspond to the residue letter colors in D: Orange and red 

represent the VL CDR-derived peptides, while turquoise and green represent the VH CDR-

derived peptides, respectively. Red and green represent the initially identified HER2-binding 

residues from the VL and VH CDRs, respectively. 
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Target-binding small proteins are promising alternatives to monoclonal antibodies (mAbs). 

In this study, a computational strategy to design and screen D-FLAPs, which are mimetics 

bearing dual complementarity-determining region peptides derived from a mAb, is 

described. This strategy can be applied to various mAb drugs and allow the rational design 

of small protein alternatives.  
 


