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Abstract

β-wrapins are engineered binding proteins stabilizing the β-hairpin conformations of 

amyloidogenic proteins islet amyloid polypeptide (IAPP), amyloid-β, and α-synuclein, thus 

inhibiting their amyloid propensity. Here, we use computational and experimental methods to 

investigate the molecular recognition of IAPP by β-wrapins. We show that the multi-targeted, 

IAPP, amyloid-β, and α-synuclein, binding properties of β-wrapins originate mainly from 

optimized interactions between β-wrapin residues and sets of residues in the three amyloidogenic 

proteins with similar physicochemical properties. Our results suggest that IAPP is a comparatively 

promiscuous β-wrapin target, probably due to the low number of charged residues in the IAPP β-

hairpin motif. The sub-micromolar affinity of β-wrapin HI18, specifically selected against IAPP, is 

achieved in part by salt-bridge formation between HI18 residue Glu10 and the IAPP N-terminal 

residue Lys1, both located in the flexible N-termini of the interacting proteins. Our findings 

provide insights towards developing novel protein-based single- or multi-targeted therapeutics.
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1 Introduction

Amyloid fibrils are protein aggregates deposited mainly in the extracellular spaces of organs 

and tissues in diseases such as type II diabetes (Knowles et al., 2014). Pancreatic islet 

amyloid formed by islet amyloid polypeptide (IAPP) also referred to as amylin, senile 

plaques formed by amyloid-β (Aβ), and Lewy bodies formed by α-synuclein (α-syn) are 

pathological features of type II diabetes (Westermark et al., 2011; Paulsson et al., 2014; 
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Tomita, 2011), Alzheimer’s disease (Huang and Mucke, 2012), and Parkinson’s disease 

(Lashuel et al., 2013), respectively.

Successful strategies in preventing amyloid fibril formation include, but are not limited to, 

the sequestration of amyloid monomers, the use of small molecules, the use of peptide-based 

and protein-(affibody) based inhibitors (reviewed in Härd and Lendel, 2012). Affibody-

derived proteins called β-wrapins (β-wrap proteins) can bind, sequester, and thus inhibit 

amyloid formation by amyloidogenic proteins (Hoyer et al., 2008; Luheshi et al., 2010; 

Mirecka et al., 2014a,b; Shaykhalishahi et al., 2015). β-wrapins are affibody protein 

homodimers with a disulfide bond between Cys28 residues connecting the two identical 

monomer subunits, referred to as subunits 1 and 2 in this study. The scaffold used in 

engineering β-wrapins is ZAβ3, an Aβ-binding affibody protein that not only prohibits the 

initial aggregation of Aβ monomers into toxic forms, but also dissociates pre-formed 

oligomeric aggregates by sequestering and stabilizing a β-hairpin conformation of Aβ 
monomers (Hoyer et al., 2008; Luheshi et al., 2010; Grönwall et al., 2007).

Since the discovery of ZAβ3, a series of β-wrapin variants have been engineered to target 

Aβ, α-syn, and IAPP using phage-display libraries based on ZAβ3 (Mirecka et al., 2014a,b; 

Shaykhalishahi et al., 2015; Lindberg et al., 2015; Wahlberg et al., 2017). Previous 

experiments show that β-wrapin variant AS69 binds significantly stronger to α-syn than to 

Aβ (Mirecka et al., 2014a; Shaykhalishahi et al., 2015); β-wrapin ZAβ3 binds significantly 

stronger to Aβ than to α-syn (Shaykhalishahi et al., 2015); β-wrapin AS10 binds Aβ, α-syn, 

and IAPP with sub-micromolar affinity thereby inhibiting aggregation and toxicity of all 

three proteins (Shaykhalishahi et al., 2015); β-wrapin HI18 binds IAPP with a dissociation 

constant of 220 nM (Mirecka et al., 2014b) and was structurally resolved by NMR in 

complex with IAPP (Mirecka et al., 2016). However, it remains unclear from the NMR 

structure studies why HI18 is the current most potent β-wrapin for IAPP. Additionally, the 

potential of β-wrapins ZAβ3 and AS69 to bind and sequester IAPP has not been previously 

investigated. The sequences of the aforementioned β-wrapin variants and their 

corresponding dissociation constants for IAPP, Aβ, and α-syn are summarized in Fig. 1A.

The sole inhibition of amyloid formation of IAPP, Aβ, or α-syn may not be a sufficient 

potential therapeutic strategy for type II diabetes, Alzheimer’s disease, or Parkinson’s 

disease as these proteins promote the formation and/or aggregation of each other (Mittal et 

al., 2016; Horvath and Wittung-Stafshede, 2016; Roberts et al., 2017). Several studies have 

solidified the connection between diabetes and Alzheimer’s disease (Moreira, 2013; Crane et 

al., 2013; Sridhar et al., 2015; Barbagallo and Dominguez, 2014; Oskarsson et al., 2015; 

Akter et al., 2011; Kroner, 2009; Janson et al., 2004; Zhao and Townsend, 2009; Verdile et 

al., 2015). Approximately a third of the Medicare beneficiaries with Alzheimer’s disease and 

other dementias had a coexisting diabetic medical condition (Alzheimer’s Association, 

2015). Growing evidence suggests a possible molecular link between type II diabetes, 

Alzheimer’s disease, and Parkinson’s disease, thereby increasing the complexity to treat the 

patients with the aforementioned diseases. A direct molecular link between Alzheimer’s 

disease and type II diabetes (Oskarsson et al., 2015) is also indicated from dissections of 

brains from subjects diagnosed with both Alzheimer’s disease and type II diabetes showing 

that Aβ and IAPP coaggregate (Jackson et al., 2013). Furthermore, IAPP deposits in the 
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brain were found in patients who had suffered from Alzheimer’s disease without clinically 

apparent type II diabetes (Jackson et al., 2013). Type II diabetes is also associated with a 

significantly increased risk for developing Parkinson’s disease (Sandyk, 1993; 

Schernhammer et al., 2011; Hu et al., 2007). The presence of IAPP, both as a monomer and 

amyloid seed, accelerates the formation of α-syn amyloids (Horvath and Wittung-Stafshede, 

2016). This observation may explain why type II diabetes patients are susceptible to 

developing Parkinson’s disease (Horvath and Wittung-Stafshede, 2016). Simultaneously 

inhibiting the aggregation of all three of the amyloidogenic proteins can potentially be of 

critical importance for the treatment of type II diabetes, Alzheimer’s disease, and/or 

Parkinson’s disease patients.

The structural elucidation of HI18 in complex with IAPP (Mirecka et al., 2016) provides 

grounds to investigate a series of β-wrapin variants binding to IAPP, analogously to our 

previous study that focused on Aβ and α-syn binding (Orr et al., 2016). To provide energetic 

and structural insight into the inhibition of IAPP amyloid formation by β-wrapins, here we 

used a combination of computational and experimental methods to investigate the binding of 

several β-wrapin variants to IAPP. We find that ZAβ3 and AS69, which were originally 

engineered to target Aβ and α-syn (Grönwall et al., 2007; Mirecka et al., 2014a), 

respectively, are also capable of binding IAPP with micromolar affinity. Our results reveal 

the presence of optimized interactions formed between β-wrapin residues and residues in the 

three amyloidogenic proteins with similar or identical physicochemical properties. We 

furthermore show that the enhanced affinity of HI18, the currently most potent β-wrapin 

binder to IAPP, can be attributed in part to predominantly electrostatic interactions between 

the flexible N-termini of the binding partners.

2 Computational and experimental methods

2.1 Surface plasmon resonance

To enable the elucidation of key determinants of IAPP binding by comparative analysis of β-

wrapins, their affinities for IAPP were determined by surface plasmon resonance (SPR). The 

interaction of IAPP with β-wrapins was studied by SPR on a BIAcore T200 (GE 

Healthcare). Synthetic IAPP, N-terminally modified with biotin and an aminohexanoyl 

spacer and amidated at the C-terminus (Bachem), was dissolved in 20 mM sodium acetate, 

50 mM NaCl, pH 4.0, and immobilized on a series S sensor chip SA (GE Healthcare) to 

~1300 response units (RU). The running buffer was 10 mM HEPES, pH 7.4, 150 mM NaCl, 

3 mM EDTA, and 0.005% (v/v) Tween 20 surfactant. Measurements were performed at a 

flow rate of 30 μl/min and 25°C. The data were fitted using a two-state 1:1 binding reaction 

model, consisting of an initial complex formation step with association rate constant ka1 and 

dissociation rate constant kd1 and a subsequent conformational change in the complex with 

forward and reverse rate constants ka2 and kd2. The overall equilibrium dissociation constant 

Kd was calculated using the equation: Kd = kd1*kd2/(ka1(kd2 + ka2)). The signals of an 

uncoated reference cell and the signals generated by injection of running buffer were 

subtracted from the sensorgrams.
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2.2 Initial computational modeling of simulation systems

Engineered β-wrapins ZAβ3, AS10, AS69, HI18, and ZAβ3_A10E were investigated in 

complex with IAPP; their corresponding sequences are provided in Fig. 1A. The structure of 

the HI18:IAPP complex with residues 13 through 56 of both HI18 subunits and residues 10 

through 30 of IAPP has recently been resolved (PDB ID: 5K5G Mirecka et al., 2016). For 

the subsequent molecular dynamics (MD) simulations, we used the first set of coordinates 

from the NMR ensemble of structures for the HI18:IAPP complex (Mirecka et al., 2016) as 

the initial structural template to model all β-wrapins investigated in this study following the 

methodology of our previous computational study (Orr et al., 2016). While the first set of 

coordinates is not necessarily the lowest in energy, all 10 sets of coordinates are considered 

equally valid representatives of the resolved HI18:IAPP complex structure, which is 

indicated by the low backbone RMSD (0.57 ± 0.08) calculated with respect to the average 

structure.

MD simulations and MM-GBSA association free energy calculations (described briefly 

below and detailed in our previous study (Orr et al., 2016)) using a simulation system 

comprising of residues 12 through 56 of the β-wrapin subunits and residues 10 through 30 of 

IAPP obtained from the NMR structure of HI18 in complex to IAPP (Mirecka et al., 2016) 

with residue 12 of both subunits modeled in accordance to Orr et al. (2016) could not 

sufficiently provide evidence for the improved affinity of HI18 to IAPP in comparison to 

AS10, which has a dissociation constant approximately 6-fold higher than that of HI18 (Fig. 

1A). With respect to AS10, HI18 has 3 mutations: Ala10Glu, Phe31Ile, and Val34Ile; thus 

we postulated that it is critical to include residue position 10 of β-wrapins in the modeling 

and simulations. Residues 9 through 12 of subunit 1 of HI18 and residues 1 through 9 of 

IAPP, which were not experimentally resolved (Mirecka et al., 2016), were modeled using 

replica exchange MD (REMD) simulations described in the following section; their initial 

modeling was guided using I-TASSER (Yang et al., 2015). As a result, experimentally 

unresolved β-wrapin residues in the vicinity of IAPP were included in the modeled system.

2.3 REMD simulations sampling conformations of the unresolved N-terminal domains of 
IAPP in complex with HI18

We performed four independent REMD simulations (Swendsen and Wang, 1986; 

Hukushima and Nemoto, 1996; Hansmann, 1997; Sugita and Okamoto, 1999; Sanbonmatsu 

and Garcia, 2002; Nymeyer et al., 2004) using the structure of HI18:IAPP obtained from I-

TASSER (Yang et al., 2015) as the initial structure to model the HI18:IAPP complex. Water 

was accounted implicitly using the FACTS22 (Haberthür and Caflisch, 2008) solvation 

model and the simulations were performed using CHARMM (Brooks et al., 2009). The use 

of the FACTS implicit solvent model in conjunction with REMD simulations has been used 

in a series of studies to enhance conformational sampling, as well as to model highly 

flexible regions of protein complexes (Tamamis et al., 2009, 2014a,b; Tamamis and 

Archontis, 2011; Deidda et al., 2017; Tamamis and Floudas, 2013, 2014a,b; Jonnalagadda et 

al., 2017). Specifically, Tamamis and Floudas applied an analogous strategy in the modeling 

of the flexible region of the N-terminal domain of CCR5, at which the experimentally 

resolved domain was constrained during the simulations (Tamamis and Floudas, 2014b). 

Similarly, here, to avoid any structural deformation of the experimentally resolved domains 
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of the HI18:IAPP complex, we introduced harmonic constraints of 1.5 kcal/(mol*Å2) on all 

atoms of residues 11-30 of IAPP, residues 14-56 of subunit 1 of the β-wrapin HI18, and 

residues 13-56 of subunit 2 of the β-wrapin HI18. The value of the surface tension 

coefficient in the implicit solvent model was set to 0.015 kcal/(mol*Å2). We used Langevin 

dynamics using a 5.0 ps−1 friction coefficient for all non-hydrogen atoms. The duration of 

each replica exchange run was equal to 10 ps, and a total of ten temperatures (287, 294, 300, 

307, 314, 321, 329, 337, 345, and 353 K) were employed. The total simulation time for all 

temperatures per modeled system was equal to 10 ns. We collected the final conformations 

of each replica exchange run at 300 K per modeled system. These conformations were 

combined into one trajectory containing conformations from all four of the independent 

REMD simulations, corresponding to 40 ns and containing 4000 snapshots.

2.4 Principal component analysis and construction of free energy landscapes

Principal Component Analysis (PCA) is used to investigate the principal motions 

encountered within MD simulations, through eigenvectors of the mass-weighted covariance 

matrix (S) of atomic positional fluctuations calculated for the Cα atoms of the system 

(Amadei et al., 1993; Papaleo et al., 2009; López de Victoria et al., 2012). Here, we 

superimposed all simulation snapshots produced from the REMD simulations onto the initial 

structure of the trajectory using Cα atoms only. Subsequently, we focused our analysis on 

the Cα atoms of the modeled residues that were missing in the NMR studies and conducted 

a PCA by diagonalizing the covariance matrix S of the Cα atom position deviations with 

respect to the average structure. The matrix elements for two i and j Cα atoms, Sij, are 

defined by Eq. (1).

Si j = ri ⋅ r j − ri〉 r j (1)

The vector ri denotes the position of atom Cαi, and 〈〉 denotes the time average over the 

entire trajectory. The diagonalisation of matrix Sij aims at obtaining an orthogonal set of 

eigenvectors and the eigenvector with large eigenvalues represents the largest concentrated 

motion of the system. This analysis was conducted with WORDOM (Seeber et al., 2007, 

2011).

We constructed a free energy landscape from the REMD simulation snapshots extracted at 

300 K, as in López de Victoria et al. (2012), using the projection of the trajectory along the 

first (PC1) and second (PC2) principal components as reaction coordinates. We divided the 

(PC1,PC2) subspace into grids and subsequently calculated the two-dimensional probability 

P(PC1,PC2). Using the two-dimensional probability, the free energy landscape was 

constructed through Eq. (2).

G PC1, PC2 = − kBTln P PC1, PC2 (2)
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We identified the global free energy minimum basin of the landscape (Fig. 2). We observed 

that the vast majority of the ensemble of structures within the basin of the global free energy 

minimum encompass a salt-bridge formed by the subunit 1 Glu10 residue of HI18 with 

primarily the charged N-terminal end of Lys of IAPP and, in some structures, the side chain 

group of the same residue. A representative conformation from the free energy landscape in 

which the negatively charged group of Glu10 of HI18 is at relatively close proximity to both 

positively charged groups of Lys1 of IAPP is shown at the bottom of Fig. 2. The same 

structure was used as the initial structural template to model and investigate via MD 

simulations all the β-wrapin variants in complex with IAPP (see below). To additionally 

verify that the identified salt-bridge was not an artifact of the selected simulated system and 

that the salt-bridge would exist even when the truncated β-wrapin termini would be present, 

we modeled and simulated the entire HI18: IAPP complex following an analogous 

procedure to Sections 2.2–2.4. The analysis showed that the salt-bridge is reproduced in the 

vast majority of snapshots modeling the entire complex, and that the β-wrapin residues 

sequentially prior to Glu10 are highly flexible in line with the NMR studies (Mirecka et al., 

2016).

2.5 Molecular dynamics simulations

Six independent 24-ns simulations were performed for each β-wrapin variant in complex 

with IAPP. The β-wrapin:IAPP complexes were solvated and simulated using the same 

protocol detailed in Orr et al. (2016). All MD simulations were conducted using 

CHARMM36 topology and parameters (Best et al., 2012). Each complex was solvated in an 

84 Å cubic explicit-water box with a potassium chloride concentration of 0.15 M. Additional 

potassium ions were introduced to neutralize the charge of the systems. After the solvation-

equilibration stage described in Orr et al. (2016), production runs were initiated with 

simulation snapshots extracted every 20 ps resulting in 1200 snapshots per production run. 

All solvent molecules were stripped from each simulation trajectory in preparation for 

subsequent free energy analysis. The MD coordinates of the HI18:IAPP complex, extracted 

at 12 ns and 24 ns of each of the three replicate MD simulations, are provided in PDB 

format in the Supplementary Material.

2.6 MM-GBSA association free energy calculations

The association free energy calculations were computed using Molecular Mechanics-

Generalized Born/Surface Area (MM-GBSA) (Still et al., 1990; Lazaridis and Versace, 

2014) calculations employing the one-trajectory approximation (Gohlke and Case, 2004). In 

this approximation, the representative coordinates of the bound and free states of the β-

wrapin and IAPP are extracted from the β-wrapin:IAPP complex simulation snapshots 

(Tamamis et al., 2010, 2011, 2012, 2014c; Kieslich et al., 2012; Tamamis and Floudas, 

2014a,b; Khoury et al., 2014; Cheng et al., 2017). In our previous study, we showed that the 

total MM-GBSA association free energy can distinguish between active and inactive or 

minimally active β-wrapins in complex with amyloidogenic proteins Aβ and α-syn, as well 

as provide a decent correlation with experimentally determined affinities (Orr et al., 2016). 

In addition, we showed that a significantly low MM-GBSA polar energy component is 

indicative of a β-wrapin’s high activity (Orr et al., 2016). Here, we used MM-GBSA 

association free energy calculations to predict the ability of β-wrapins to bind and sequester 
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IAPP. The reported average and standard deviation MM-GBSA association free energy 

values (Table 1) for each complex were calculated on the basis of the average association 

free energies calculated from the six independent simulation runs of each complex. 

Snapshots for these calculations were extracted in increments of 20 ps from each of the 

simulation runs. In line with our previous study (Orr et al., 2016), we have decomposed the 

total MM-GBSA association free energies into nonpolar and polar components. Additional 

details on how the MM-GBSA association free energy calculations were performed are 

provided in Orr et al. (2016).

2.7 Residue pairwise interaction free energy analysis

The residue pairwise interaction free energies for each β-wrapin:IAPP complex production 

run were calculated for the full length of the 24 ns simulation in increments of 200 ps using 

CHARMM (Brooks et al., 2009), Wordom (Seeber et al., 2007, 2011), and in-house 

FORTRAN programs. The standard deviation value for each pairwise interaction in each β-

wrapin:IAPP complex was calculated on the basis of the average corresponding interaction 

free energy values from the six independent simulation runs. Residue pairwise interaction 

free energy calculations were performed for β-wrapin subunit 1:IAPP, β-wrapin subunit 

2:IAPP, β-wrapin subunit 1:β-wrapin subunit 2, β-wrapin subunit 1:β-wrapin subunit 1, and 

β-wrapin subunit 2:β-wrapin subunit 2 interactions, and are discussed in different sections in 

the Results. Covalently bonded residue pairs were neglected in these calculations. Additional 

information on how the residue pairwise interaction free energy calculations were performed 

is provided in Orr et al. (2016).

2.8 Determination of corresponding residues using a structural-based sequence 
alignment of β-wrapins’ binding to IAPP, Aβ, and α-syn

To determine pairwise interactions between corresponding residues across all β-

wrapin:IAPP/Aβ/α-syn complexes we projected the pairwise interaction free energies in 

accordance with structure-based sequence alignment of the bound IAPP to the bound Aβ 
and bound α-syn as shown below:

Aβ ‐‐𝙺𝙻𝚅𝙵𝙵𝙰𝙴𝙳𝚅𝙶𝚂𝙽𝙺𝙶𝙰𝙸𝙸𝙶𝙻𝙼𝚅𝙶𝙶𝚅𝚅
α − syn ‐𝙴𝙶𝚅𝙻𝚈𝚅𝙶𝚂𝙺𝚃𝙺‐‐𝙴𝙶𝚅𝚅𝙷𝙶𝚅𝙰𝚃𝚅𝙰‐‐
IAPP 𝚀𝚁𝙻𝙰𝙽𝙵𝙻𝚅𝙷‐‐‐𝚂𝚂‐‐𝙽𝙽𝙵𝙶𝙰𝙸𝙻𝚂𝚂𝚃‐

The structure-based sequence alignment was determined by superimposing the AS10:Aβ/α-

syn/IAPP complexes’ backbone atoms using Visual Molecular Dynamics (VMD) 

(Humphrey et al., 1996; Eargle et al., 2006) and was also validated via the residue pairwise 

interaction free energies in accordance with our previous study (Orr et al., 2016).

2.9 Identification of potential β-wrapin:IAPP and β-wrapin:β-wrapin interactions acting as 
switches diminishing β-wrapin affinity (activity) for IAPP

Using AS10 as a basis, we independently calculated the polar and nonpolar residue pairwise 

interaction free energy differences of HI18:IAPP, AS69:IAPP, and ZAβ3:IAPP residue pairs 

with respect to the AS10:IAPP complex using Eq. (3).
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In Eq. (3), for residue pairwise interactions between subunit 1 of the β-wrapins and the 

amyloidogenic proteins, R corresponds to a given residue in subunit 1 of the β-wrapins and 

R′ corresponds to a given residue of the IAPP monomer; for interactions between subunit 2 

of the β-wrapins and the amyloidogenic proteins, R corresponds to a given residue in subunit 

2 of the β-wrapins and R′ corresponds to a given residue of the IAPP monomer. For 

interactions between subunits 1 and 2 of the β-wrapins, R refers to a given residue in subunit 

1 and R′ corresponds to a given residue in subunit 2; for interactions between residues 

within subunit 1 of the β-wrapins, R refers to a given residue in subunit 1 and R′ refers to a 

given residue in subunit 1; for interactions between residues within subunit 2 of the β-

wrapins, R refers to a given residue in subunit 2 and R′ refers to a given residue in subunit 

2.

ΔΔ GRR′
inte,polar = Δ GRR′, AS10

inte,polar − Δ GRR′, HI18orAS69orZAβ3
inte,polar

ΔΔ GRR′
inte,nonpolar = Δ GRR′, AS10

inte,nonpolar − Δ GRR′, HI18orAS69orZAβ3
inte,nonpolar (3)

Polar or nonpolar interactions acting as potential switches diminishing the activity of a β-

wrapin for IAPP are expected to possess unfavorable, or negative, ΔΔG interaction free 

energy values with respect to AS10, which was used as a basis as it is an active β-wrapin for 

IAPP. All such interactions identified have large corresponding standard deviation values, 

denoting that they are not reproducible across the multiple MD simulation runs.

3 Results and discussion

We employed a combination of computational and experimental methods to investigate the 

binding of engineered β-wrapins ZAβ3, ZAβ3_A10E, AS10, AS69, and HI18 to IAPP, 

where ZAβ3_A10E is a new β-wrapin variant introduced in this paper for validation 

purposes.

3.1 Affinity of β-wrapins for IAPP

To enable the elucidation of key determinants of IAPP binding by comparative analysis of β-

wrapins, their affinities for IAPP were determined by SPR. ZAβ3 and AS69, which were 

originally engineered to sequester Aβ and α-syn (Grönwall et al., 2007; Mirecka et al., 

2014a), bound to IAPP with Kd values of 1.31 μM and 1.23 μM, respectively (Fig. 1B and 

C). These values are comparable to the Kd value of AS10, which is 0.910 μM 

(Shaykhalishahi et al., 2015), and ~6-fold higher than the Kd value of HI18, which was 

specifically selected to bind IAPP (Mirecka et al., 2014b). Unlike Aβ and α-syn, IAPP does 

not exhibit a major affinity loss to any of the investigated β-wrapins (Fig. 1A), suggesting 

that it is a comparatively promiscuous β-wrapin target.

3.2 Modeling of the β-wrapin:IAPP complex

MD simulations were introduced to investigate the binding of β-wrapins HI18, AS10, ZAβ3, 

and AS69 to IAPP at an atomistic level. With respect to AS10, HI18 has 3 mutations: 
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Ala10Glu, Phe31Ile, and Val34Ile. The Ala10Glu mutation is not resolved in the NMR 

structure of the HI18:IAPP complex due to absence of NOEs in this region, in line with 

increased flexibility of the N-terminal segments of both interacting proteins (Mirecka et al., 

2016). Initially, we performed MD simulations and free energy calculations using the first 

set of coordinates from the NMR ensemble of HI18:IAPP complex structures (PDB ID: 

5K5G Mirecka et al., 2016), which excludes the experimentally unresolved β-wrapin residue 

position 10. The energetic analysis of these simulations suggested that the inclusion of 

additional experimentally unresolved residues is important to computationally provide 

evidence for the improved affinity of HI18 to IAPP in comparison to the other investigated 

β-wrapins.

The initial modeling of additional residues was performed using REMD simulations. Upon 

the completion of the REMD simulations, we collected the conformations at 300 K, and 

constructed a free energy landscape (Fig. 2) using Principal Component Analysis (PCA), as 

in López de Victoria el al. (2012). In the vast majority of the structures within the global free 

energy minimum, the modeled Glu10 residue of HI18 subunit 1 forms a salt-bridge with 

primarily the charged N-terminal of residue Lys1 of IAPP and, in a few structures, with the 

positively charged ε-amino group in the side chain of the same residue. From the global free 

energy minimum, we extracted a representative structure of the HI18:IAPP complex 

structure. The structure was selected on the basis that the negatively charged group of HI18 

subunit 1 residue Glu10 forms a salt-bridge with the positively charged N-terminal of IAPP 

and is concurrently in close proximity to the charged side chain ε-amino group of IAPP 

residue Lys1. The selected hybrid, NMR-based and computationally modeled, structure of 

HI18 in complex with IAPP was used as an initial conformation in the subsequent MD 

simulations and MM-GBSA association free energy calculations using CHARMM (Brooks 

et al., 2009), through which we aimed to investigate the structural and energetic properties of 

β-wrapins HI18, AS10, AS69, and ZAβ3 in complex with IAPP.

3.3 MM-GBSA association free energy calculations of the β-wrapin: IAPP complexes

Analogously to our previous studies (Orr et al., 2016), here, we used the single trajectory 

MM-GBSA approximation (Gohlke and Case, 2004) to calculate the association free energy 

of the β-wrapin:IAPP complexes and assess the computational modeling of the complexes. 

The calculated MM-GBSA association free energies were used as an assessment of the β-

wrapins’ relative rather than absolute affinities for IAPP. Their systematically large 

magnitudes stem from the combination of the approximations of the continuum solvation 

model (Gohlke and Case, 2004; Kongsted et al., 2009; Genheden and Ryde, 2010) and the 

omission of the entropic effect due to structural relaxation. The resulting average MM-

GBSA association free energies of the β-wrapin:IAPP complexes are decomposed into polar 

and non-polar components in Table 1. The MM-GBSA analysis shows that β-wrapins AS10, 

ZAβ3, and AS69 in complex with IAPP have similar MM-GBSA association free energy 

values and that the HI18:IAPP complex acquires the lowest MM-GBSA association free 

energy. Furthermore, the HI18:IAPP complex also acquires the lowest polar association free 

energy component of all investigated β-wrapin:IAPP complexes, suggesting that HI18 

should be a highly active β-wrapin for IAPP. These results are in line with the SPR data 

depicting that AS10, ZAβ3, and AS69 bind IAPP with similar affinity while HI18 exhibits 
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increased affinity. The agreement of the computational results with current and previous 

experiments (Mirecka et al., 2014b; Shaykhalishahi et al., 2015) supports the validity of the 

computational methods introduced here to study β-wrapins in complex with IAPP, and 

suggests that computational methods can be introduced in future studies for the design of 

novel highly active β-wrapins.

3.4 Interactions contributing to enhanced binding between HI18 and IAPP

The MD simulation snapshots of the HI18:IAPP complex were investigated to determine the 

key interactions contributing to the enhanced binding affinity of HI18 for IAPP through 

structural analysis and free energy calculations. To obtain additional insights into the 

binding of HI18 to IAPP, residue pairwise interaction free energy calculations were 

performed; the resulting maps corresponding to the residue pairwise interaction free energies 

decomposed into polar and nonpolar components between subunit 1:IAPP, subunit 2:IAPP, 

and subunit 1:subunit 2 of the HI18:IAPP complex are presented in Fig. S1.

Within the simulations of the HI18:IAPP complex, the Ala10Glu mutation which is present 

in HI18 but not in AS10, AS69, and ZAβ3, allows for the preservation of the salt-bridge 

between the positively charged N-terminal of IAPP and the negatively charged group of 

Glu10 of HI18 subunit 1 observed in the initial structure of the HI18:IAPP throughout all 

MD simulations. Aside from the aforementioned salt-bridge, Glu10 of subunit 1 in HI18 

alternatively forms a salt-bridge with the charged side chain groups of Lys1 or Arg11 in 

IAPP within the simulation trajectories. The Ala10Glu mutation in HI18 moreover 

contributes to the formation of a hydrogen bond between the side chain carboxyl groups of 

Glu10 in subunit 1 of HI18 with the hydroxyl group of Thr9 in IAPP. These interactions, 

which enhance the binding of HI18 to IAPP, are prevalent throughout the duration of the 

MD simulations and are presented in Fig. 3.

The strong polar interactions between Glu10 in subunit 1 of HI18 and Lys1, Thr9, and 

Arg11 of IAPP also facilitate the formation of nonpolar interactions between the N-terminal 

ends of IAPP and subunit 1 of HI18 (Fig. S1A) and extend the hydrophobic surface of the 

antiparallel β-sheet that constitutes the core of complex (Fig. 4). Nevertheless, the 

interacting N-terminal regions remain more flexible than the complex core, with a backbone 

RMSD of the entire trajectories with respect to the average structure of 4.6 ± 1.7 Å for the 

N-terminal regions, compared to 1.5 ± 0.4 Å for the NMR-resolved complex core (Fig. 3). 

The increased flexibility of the interacting N-terminal regions can explain the absence of 

NOEs in these regions in NMR spectroscopy.

We generated the ZAβ3 mutant ZAβ3_A10E carrying only the Ala10Glu exchange to further 

validate the computational modeling of the β-wrapin:IAPP complexes, with emphasis on 

validating the salt-bridge formed between HI18 subunit 1 residue Glu10 with Lys1 of IAPP. 

We note that this sequence was among those identified in the original phase display selection 

of IAPP-binding β-wrapins (Mirecka et al., 2014a,b). In SPR, ZAβ3_A10E exhibited 

enhanced binding affinity to IAPP compared to ZAβ3 and a reduced binding affinity 

compared to HI18 (Fig. 1D). The improved affinity of ZAβ3_A10E compared to ZAβ3, 

AS10, and AS69 can be attributed to its capacity to form a salt-bridge with Lys1 of IAPP. 

The lower affinity of ZAβ3_A10E compared to HI18 provides evidence for a role of the 
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Leu34Ile exchange in promoting IAPP binding. In agreement with the SPR data, the MM-

GBSA association free energy of ZAβ3_A10E is higher than that of HI18, but lower than 

those of the other investigated β-wrapins, which supports the validity of the computational 

modeling (Table 1). According to visual inspection (Fig. 5), residue Leu34 of ZAβ3_A10E 

contributes allosterically to a weakening of the β-wrapin binding to IAPP compared to 

residue Ile34 of HI18. During the simulations Leu34 faces toward the interior of the core of 

the β-wrapin:IAPP complex and increases residue crowding. This results in the weakening 

of the hydrogen bond interaction between the carboxyl oxygen of Phe15 in IAPP and the 

backbone nitrogen of Leu19 in subunit 2 of HI18, as well as the nonpolar interaction 

between Asn14 in IAPP and Pro20 in subunit 2 of HI18 (Fig. 5).

3.5 Commonalities contributing to the multi-targeted binding of amyloidogenic proteins 
by β-wrapin AS10

AS10 is a multi-target β-wrapin, recognizing IAPP, Aβ, and α-syn with sub-micromolar 

affinity (Shaykhalishahi et al., 2015). According to our previous study, the ability of AS10 to 

bind and sequester both Aβ and α-syn stems from common pair-wise interactions between 

AS10 and corresponding residues of Aβ and α-syn that are physicochemically similar and 

align upon structural superposition of the AS10:Aβ and AS10:α-syn complexes (Orr et al., 

2016). For the purpose of the current study, we expand our analysis on interactions of AS10 

with corresponding residues of IAPP, identified by structural superposition of the AS10 

complexes of IAPP, Aβ, and α-syn.

To investigate the multi-target binding properties of AS10, we calculated the interaction free 

energies between the residue pairs, referred to as pairwise interaction free energies, for the 

AS10:IAPP complex and compared the interaction free energy values to those of the 

AS10:Aβ/α-syn complex (Orr et al., 2016). The average residue pairwise intermolecular 

interaction free energies between subunit 1:IAPP, subunit 2:IAPP, and subunit 1:subunit 2 

occurring in the AS10:IAPP complex were decomposed into polar and nonpolar 

contributions and are mapped in Fig. S2. Upon completion of the calculations, we compared 

the binding properties of the AS10:IAPP complex to the AS10:Aβ and AS10:α-syn 

complexes by projecting the average residue pair-wise interaction free energy values of the 

AS10:IAPP complex onto the corresponding AS10:Aβ/α-syn complex residue pair-wise 

interaction free energies (Orr et al., 2016) to uncover the key commonalities in AS10 

binding to the three amyloidogenic proteins.

The analysis, in conjunction with the analysis performed by us in Orr et al. (2016), 

highlights important contributions of interactions between certain AS10 residues and 

specific Aβ/α-syn/IAPP residues. The residue moieties 15EIVYL19 of AS10 subunits 1 and 

2 interact with two amyloidogenic fragments of IAPP, 14NFLVHSS20 (Gilead and Gazit, 

2008) and 22NFGAIL27 (Tenidis et al., 2000) by forming an antiparallel β-sheet. This is in 

analogy to the complexes AS10:Aβ (amyloidogenic strands 16KLVFFAE22 (Tao et al., 2011) 

and 30AIIGLMV36 (Cheng et al., 2012)) and AS10:α-syn (amyloidogenic strands 

36GVLYVGS42 and 51GVATVA56 (Teng and Eisenberg, 2009)) (Orr et al., 2016). Nonpolar 

interactions between pairs of AS10 and Aβ/α-syn/IAPP residues critically contribute to the 

multi-target binding properties of AS10. These important nonpolar interactions are 
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summarized in Table 2. The common network of nonpolar interactions in the AS10:IAPP 

complex, AS10:Aβ complex, and AS10:α-syn complex are shown in Fig. 6A, B, and C, 

respectively.

The polar interactions between AS10 subunits 1 or 2 and amyloidogenic protein residues 

outside the β-sheet cores correspond with hydrogen bonding and are more specific compared 

to nonpolar contacts. A portion of these polar interactions involve AS10 subunit 

1,2:corresponding amyloidogenic proteins’ (Aβ/α-syn/IAPP) residue pairs. These 

interactions are summarized in Table 3. Additionally, the salt-bridge formed between Glu15 

of subunit 1 in AS10 and Arg11 of IAPP may enhance the binding properties of AS10 (as 

well as all other β-wrapins investigated in this study) to IAPP.

3.6 Intra-subunit interactions stabilizing β-wrapin subunit structure

We investigated intramolecular subunit residue interactions (i.e., subunit 1:subunit 1 residue 

interactions, and subunit 2:subunit 2 residue interactions) occurring in all β-wrapin:IAPP 

complexes using interaction free energy calculations. Maps corresponding to the residue 

pairwise interaction free energies decomposed into polar and nonpolar components between 

subunit 1: subunit 1 and subunit 2:subunit 2 are averaged and are presented in Fig. S3 

(HI18:IAPP complex), with covalently bonded residues excluded from the calculations. 

Further analysis shows that intramolecular residue interactions within a subunit are nearly 

identical across all investigated complexes.

Aside from intra-helical interactions stabilizing the secondary structure of the residue motifs 

24–37 and 41–56 of the β-wrapin subunits, the tertiary structure of both β-wrapin subunits 

are stabilized through hydrophobic interactions, hydrogen bonds, and salt-bridges. Between 

the two helices within each monomer subunit, a cluster of strong nonpolar interactions (Fig. 

S3) are formed between residues within the motif 44–56 and residues within the motif 17–

34 of the opposite helix that lock the conformation of each β-wrapin monomer subunit. 

Additionally, within both subunits, Glu15 forms a salt-bridge with Lys49, the OD1 atom and 

backbone O of Asn21 forms a hydrogen bond with the backbone N and ND2 atom of Asn52 

respectively, the side chain polar groups of Gln26 and Gln55 form hydrogen bonds, and the 

side chain hydroxyl group of Ser39 forms a hydrogen bond with the negatively charged 

groups of Asp37. The hydrogen bond between Ser39 and Asp37 appears to be crucial to the 

stability of the loop connecting the two helices within the subunits. The key polar 

interactions within each subunit are shown in Fig. 7.

According to previous studies, improved intramolecular interactions within β-wrapin 

monomer subunits can contribute to the enhanced binding of a β-wrapin (Orr et al., 2016; 

Lindberg et al., 2015). The introduction of mutations to a β-wrapin strengthening the key 

intramolecular interactions identified above may lead to β-wrapins with increased affinities 

for amyloidogenic proteins. Introduction of mutations at residue positions 17–34 and 44–56 

could improve nonpolar interactions between helices within the monomer subunit, and 

potentially further enhance binding in future studies. Additionally, the results suggest that in 

the potential design of novel β-wrapins with higher affinities, care should be taken to avoid 

mutations disrupting the key identified nonpolar and polar interactions stabilizing the 

monomer β-wrapin subunits.
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3.7 Absence of interactions acting as switches diminishing β-wrapin affinities for IAPP

To determine whether interactions that diminish β-wrapin affinity for amyloidogenic 

proteins are present within the β-wrapin:IAPP complexes, we calculated the average 

pairwise interaction free energies between β-wrapin subunit residues and IAPP as well as 

between β-wrapin residues of opposite subunits in all β-wrapin:IAPP complexes 

investigated. Using AS10 as a basis, we calculated the independent polar and nonpolar 

residue pairwise interaction free energy differences (ΔΔG) for all β-wrapin:IAPP complexes 

with respect to the AS10:IAPP complex. In our previous study, through an analogous 

comparative analysis using interaction free energy differences, we identified interactions 

acting as potential switches diminishing the affinity of β-wrapins ZAβ3 and AS69 for α-syn 

and Aβ, respectively (Orr et al., 2016). We projected these potential switches onto the 

residue pairwise interaction free energies of the AS69:IAPP and ZAβ3:IAPP complexes and 

verified that none of the interactions that diminish the affinity of ZAβ3 for α-syn or the 

affinity of AS69 for Aβ are expected to diminish the affinity of ZAβ3 or AS69 for IAPP.

Using the same criterion used in our previous study (Orr et al., 2016), we determined the 

residue pairs for which the average polar or non-polar ΔΔG interaction free energy value is 

less than −0.6 kcal/mol in at least one of the HI18:IAPP, AS69:IAPP, and ZAβ3:IAPP 

complexes, in comparison to the AS10:IAPP complex (see Eq. (3)). All three identified 

residue pair interactions (Supplementary Table S1) have a significantly large value of 

standard deviation, denoting that the presence of such unfavorable interactions is not 

reproducible across all multiple MD simulation runs, and thus, the specific interactions 

cannot be considered as interactions indicative of reduced affinity of a β-wrapin in complex 

with IAPP.

The absence of potential switches diminishing the affinity of AS10, AS69, and ZAβ3 to 

IAPP suggests that IAPP may be a more promiscuous β-wrapin target than Aβ and α-syn, 

which are analyzed in detail in Orr et al., 2016. This can be due to the lower number of 

charged residues located in the core of the β-wrapin complex in IAPP (one) compared to Aβ 
and α-syn (three and four, respectively). More specifically, the charged domains, 

Aβ-18VFFAED23 and α-syn-38LYVGSK43 are key domains determining binding specificity 

of a β-wrapin to the two amyloidogenic proteins (Orr et al., 2016). The corresponding 

domain in IAPP based on structural superposition of AS10:IAPP/Aβ/α-syn complexes, 

14NFLVHS19, is neutral, assuming that histidine is deprotonated. The neutral charge of this 

segment might allow IAPP to be less selective than Aβ and α-syn.

4 Conclusions

In this study, we present the binding properties of β-wrapins to IAPP by combining 

computational and experimental methods. We uncovered that the Ala10Glu mutation in the 

flexible N-terminal domain of HI18 contributes significantly to HI18’s enhanced IAPP 

binding by establishing electrostatic interactions with Lys1 of IAPP. We show that β-wrapins 

ZAβ3 and AS69, which were engineered to bind to Aβ and α-syn, respectively, have similar 

affinities to IAPP as AS10; IAPP is less selective than Aβ and α-syn in binding to β-

wrapins, potentially due to a lesser amount of charged residues sequestered in the core of the 

β-wrapin upon binding. In addition, we detected common non-polar and polar interactions 
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between the β-wrapin residues and corresponding amyloidogenic protein (Aβ, α-syn, and 

IAPP) residues that can account for the multi-targeted binding of β-wrapins to 

amyloidogenic targets. Our study suggests that the design of high-affinity multi-targeted β-

wrapins should (i) achieve optimization of interactions with corresponding target residues in 

the complex core that forms upon coupled folding-binding, and (ii) exploit dynamic 

interactions with peripheral segments of the amyloidogenic targets that remain structurally 

flexible in the bound state.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) Sequences of the investigated β-wrapin variants aligned to ZAβ3 and their 

corresponding dissociation constants for Aβ, α-syn, and IAPP reported here and in Mirecka 

et al. (2014a), Shaykhalishahi et al. (2015), and Mirecka et al. (2014b). The dissociation 

constant for ZAβ3 to α-syn was not detected (n.d.). (B, C, and D) Binding of IAPP to ZAβ3, 

AS69, and ZAβ3_A10E analyzed by SPR. Representative sensorgrams were recorded by 

injection of ZAβ3 (B), AS69 (C), or ZAβ3_A10E (D) at the indicated concentrations onto a 

flow cell with immobilized IAPP for 90 s, followed by washing with buffer for 600 s. Global 

fitting to a two-state interaction model is shown in black, yielding Kd values of 1.31 μM, 

1.23 μM, or 620 nM for ZAβ3, AS69, or ZAβ3_A10E, respectively.
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Fig. 2. 
Free energy landscape (FEL) constructed from the 2D probability of principal components 

PC1 and PC2, calculated for the modeled region of the HI18:IAPP complex (residues 9 

through 12 of HI18, subunit 1 and residues 1 through 9 of IAPP) derived from REMD 

simulations at 300 K. The global free energy minimum of the FEL is encircled in a black 

oval shape. Within the free energy minimum basin, the structures encompass a salt-bridge 

between subunit 1 residue Glu10 of HI18 with primarily the positively charged N-terminal 

domain of residues Lys1 of IAPP and, in a few structures, the side chain group of the same 

IAPP residue. The representative structure which was extracted from the FEL and used as a 
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template and initial structure for the subsequent MD simulations is shown at the bottom of 

the FEL.
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Fig. 3. 
Molecular graphics images of HI18 in complex with IAPP. (A,B,C) Snapshots extracted 

from the MD simulations illustrating the increased mobility of the N-termini in comparison 

to the core of the complex. Glu10 of subunit 1 in HI18 forms salt-bridges with Lys1 and 

Arg11 of IAPP as well as hydrogen bonds with Thr9 of IAPP. The flexible N-termini are 

encircled with green dotted lines. Interactions between Glu10 of subunit 1 in HI18 and the 

N-terminus of IAPP remain prevalent throughout the MD simulations. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 4. 
Molecular graphics images of HI18 in complex with IAPP. Polar interactions between the 

flexible N-termini enhance nonpolar interactions between IAPP and HI18, extending the 

hydrophobic surface shown in orange (β-wrapin subunit 1), red (β-wrapin subunit 2), cyan 

and blue (IAPP) surface representation, of the antiparallel β-sheet in the structure. β-Wrapin 

subunits 1 and 2 are shown in red and orange tube representation, respectively, and IAPP is 

shown in cyan and blue tube representation. Red and blue labels indicate residues of subunit 

1 of the β-wrapin and IAPP, respectively. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. 
Molecular graphics images of (A) HI18 and (B) ZAβ3_A10E in complex with IAPP. These 

two β-wrapins only differ at residue position 34, which is Ile in HI18 and Leu in 

ZAβ3_A10E. (A) Favorable interactions occurring in the HI18:IAPP complex are 

encapsulated in purple. (B) Weakened interactions occurring in the ZAβ3_A10E: IAPP 

complex are indicated with purple dotted lines between the two interacting residue pairs. β-

Wrapin subunits 1 and 2 are shown in red and orange tube representation, respectively, and 

IAPP is shown in blue tube representation. Red, orange, and blue labels indicate residues of 

subunit 1 of the β-wrapin, subunit 2 of the β-wrapin, and IAPP, respectively. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 6. 
Molecular graphics images of the common hydrophobic interactions of AS10 in complex 

with IAPP (panel A), Aβ (panel B), and α-syn (panel C). AS10 subunits 1 and 2 are shown 

in red and orange tube representation, respectively, and IAPP is shown in blue tube 

representation. The specified hydrophobic and aromatic interactions contribute significantly 

to the ability of AS10 to sequester all three of the amyloidogenic proteins. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 7. 
Molecular graphics images of the intra-subunit polar interactions within the monomer 

subunits of the HI18:IAPP complex. HI18 subunits 1 and 2 are shown in red and orange tube 

representation, respectively, and IAPP is shown in blue tube representation. The specified 

hydrogen bond and salt-bridge interactions are indicated with black dotted lines. These polar 

interactions are present for all β-wrapin:IAPP complexes investigated in this study, 

stabilizing the tertiary structure of the monomer subunits. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Table 1

Average MM-GBSA association free energies (kcal/mol) decomposed into nonpolar and polar components for 

β-wrapin:IAPP complexes.

HI18 AS10 AS69 ZAβ3 ZAβ3_A10E

Total −201.7 ± 5.2 −183.5 ± 5.0 −188.2 ± 3.0 −180.4 ± 5.9 −189.7 ± 2.5

Nonpolar component −170.1 ± 1.7 −169.1 ± 6.2 −170.0 ± 4.6 −164.4 ± 9.4 −163.3 ± 2.1

Polar component −31.6 ± 4.2 −14.4 ± 4.9 −18.1 ± 2.9 −16.1 ± 6.0 −26.4 ± 2.5

Average MM-GBSA association free energies of β-wrapin:IAPP complexes. The total association free energies are decomposed into nonpolar and 
polar components. The energy values were determined using Eqs. (3) and (4) of our previous study (Orr et al., 2016).
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Table 2

Key nonpolar interactions between AS10 subunit residues and corresponding residues of the amyloidogenic 

proteins contributing to multi-target binding of AS10.

AS10 residue (subunit 1) IAPP residue Aβ residue α-syn residue

Ile16 Leu16 Phe20 Val40

Tyr18 Leu16 Phe20 Val40

Leu27 Phe23 Ile32 His50

Phe30 Ala25 Leu34 Val52

Phe31 Ala25 Leu34 Val52

Phe31 Phe15 Phe19 Tyr39

Val34 Ala13 Leu17 Val37

Ser41 Ala13 Leu17 Val37

Leu45 Ala13 Leu17 Val37

Leu45 Ala25 Leu34 Val52

Leu45 Leu27 Val36 Thr54

AS10 residue (subunit 2)

Leu27 Phe15 Phe19 Tyr39

Phe31 Phe23 Ile32 His50

Val34 Asn21 Ala30 Val48

Leu45 Val17 Ala21 Gly41
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Table 3

Polar interactions between AS10 and corresponding amyloidogenic protein contributing to multi-targeted 

properties.

AS10 residue (subunit 
1)

IAPP residue Aβ residue α-syn residue

Y18 OH H18 ND1/NE2 E22 OD1/OD2 S42 OH

S41 OH R11/L12/A13 backbone carboxyl/
amide groups

E35/G36 backbone carboxyl/amide 
groups

AS10 residue (subunit 2)

S41 OH N21 backbone carboxyl/amide groups G47/V48 backbone carboxyl/
amide groups

N27/G29 backbone carboxyl/amide 
groups
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