
UC Irvine
UC Irvine Previously Published Works

Title

A Tetramer Derived from Islet Amyloid Polypeptide.

Permalink

https://escholarship.org/uc/item/84g9w8hj

Journal

Journal of Organic Chemistry, 82(15)

Authors

Wang, Yilin
Kreutzer, Adam
Truex, Nicholas
et al.

Publication Date

2017-08-04

DOI

10.1021/acs.joc.7b01116
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/84g9w8hj
https://escholarship.org/uc/item/84g9w8hj#author
https://escholarship.org
http://www.cdlib.org/


A Tetramer Derived from Islet Amyloid Polypeptide

Yilin Wang, Adam G. Kreutzer, Nicholas L. Truex, James S. Nowick*

Department of Chemistry, University of California, Irvine, Irvine, CA 92697-2025

Abstract

Aggregation of the islet amyloid polypeptide (IAPP) to form fibrils and oligomers is important in 

the progression of type 2 diabetes. This paper describes X-ray crystallographic and solution-state 

NMR studies of peptides derived from residues 11–17 of IAPP that assemble to form tetramers. 

Incorporation of residues 11–17 of IAPP (RLANFLV) into a macrocyclic β-sheet peptide results 

in a monomeric peptide that does not self-assemble to form oligomers. Mutation of Arg11 to the 

uncharged isostere citrulline gives peptide homologues that assemble to form tetramers in both the 

crystal state and in aqueous solution. The tetramers consist of hydrogen-bonded dimers that 

sandwich together through hydrophobic interactions. The tetramers share several features with 

structures reported for IAPP fibrils and demonstrate the importance of hydrogen bonding and 

hydrophobic interactions in the oligomerization of IAPP-derived peptides.
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Introduction

Interactions among β-sheets are central to the misfolding and aggregation of peptides and 

proteins that form toxic oligomers and insoluble fibrils in over 40 amyloid diseases, 

including type 2 diabetes, Alzheimer’s disease, and Parkinson’s disease.1,2 The fibrils share 

the common feature of an extended network of hydrogen-bonded β-sheets that are further 

stabilized through hydrophobic packing.3–11 Less is known about the structures of the 

smaller, often metastable and polymorphic oligomers, but β-sheets and hydrophobic 

interactions appear to be important in oligomer formation.12–17

The 37-residue islet amyloid polypeptide (IAPP) aggregates to form fibrils and oligomers 

that are central to islet β-cell death in the progression of type 2 diabetes.18–23 Tycko and 

coworkers proposed structural models of IAPP fibrils using constraints from solid-state 

NMR spectroscopy.4 In these models, a fibril consists of layers of parallel, in-register β-

sheets that run perpendicular to the length of the fibril. β-Strands consisting of central 

residues 8–17 form one of the layers, while β-strands comprising C-terminal residues 28–36 

form the other layer. A loop region containing residues 18–27 connects the two β-strands. 

Using X-ray crystallographic structures derived from fragments of IAPP, Eisenberg and 

coworkers constructed a similar fibril model in which the side chains are more tightly 

packed.5,24 Langen and coworkers proposed a model of IAPP fibrils using constraints from 

EPR spectroscopy in which the β-strands pack more loosely.25 The residues involved in β-

sheet formation vary slightly among these different models, but central residues 12–17 and 

C-terminal residues 31–36 are generally thought to be involved in β-strand formation.

Although the structures of IAPP oligomers are not known at high resolution, they appear to 

be composed of β-sheets. Through ion mobility-mass spectrometry (IM-MS) studies in 

conjunction with replica exchange molecular dynamics (REMD), Bowers and coworkers 

proposed β-hairpin building blocks for human IAPP oligomers.26,27 Hoyer and coworkers 

obtained an NMR-based structure of IAPP in a β-hairpin conformation bound to an affibody 

and suggested that this β-hairpin might be involved in IAPP aggregation.23 The β-hairpin 

comprises residues 12–28; residues 12–18 and residues 22–28 form β-strands, while 

residues 19–21 form a turn. In a separate study, Zanni and coworkers used 2D IR 

spectroscopy to show that residues 23–27 have β-sheet structure in the oligomer but form a 

disordered loop in the fibril.28

Our laboratory recently introduced macrocyclic β-sheet peptides as a platform to explore the 

interactions among β-sheets in amyloidogenic peptides and proteins (Chart 1).28,29 The 

macrocyclic β-sheet peptides contain a peptide strand and a template strand that are 

connected by two d-linked ornithine (δOrn) turn units.30,31 The peptide strand contains a 

heptapeptide sequence derived from an amyloidogenic peptide or protein. The template 

strand contains four additional a-amino acids and the unnatural amino acid Hao, which 

mimics a tripeptide β-strand, templates β-sheet formation, and blocks uncontrolled 

aggregation.32 Our laboratory has used macrocyclic β-sheet peptides containing 

heptapeptide segments from the β-amyloid peptide Aβ, β2-microglobulin, and asynuclein as 

inhibitors to control amyloid aggregation and reduce amyloid toxicity.29 Recently, we used 
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NMR spectroscopy to study the homotetramers and heterotetramers formed by macrocyclic 

β-sheet peptides containing residues 17–23 and 30–36 from Aβ.33,34

In the current study, we use macrocyclic β-sheet peptides as a platform to explore assembly 

of the central region of IAPP. We designed peptide 1Arg to contain central residues 11–17 of 

IAPP (RLANFLV). We chose the IAPP11–17 heptapeptide for its propensity to form a β-

strand in fibrils and β-hairpin monomers. We also designed homologue peptide 1Cit, in 

which we mutated Arg11 to the uncharged isostere of arginine, citrulline (Chart 2). Here we 

describe NMR spectroscopic studies of peptides 1Arg and 1Cit, report the X-ray 

crystallographic structure of a tetramer formed by a homologue of peptide 1Cit, and correlate 

the X-ray crystallographic structure with the solution-phase assembly of the IAPP-derived 

peptides.

Results

1. Design and 1H NMR Studies of Peptides 1Arg and 1Cit.

The β-strand formed by IAPP11–17 displays a hydrophobic surface comprising the side 

chains of Ala13, Phe15, and Val17, as well as Arg11. To reinforce the hydrophobicity of this 

surface, we incorporated isoleucine residues at positions R8 and R11 of the template strand. 

We incorporated lysine residues at positions R9 and R10 to increase solubility of the peptide 

and render the surface displaying the side chains of Leu12, Asn14, and Leu16 hydrophilic.

In aqueous solution, peptide 1Arg is monomeric. The 1H NMR spectrum of peptide 1Arg at 4 

mM exhibits a single set of sharp resonances, associated with the monomeric peptide (Fig. 

1). The resonances associated with the α-protons are in the 4–5 ppm range, showing little to 

no downfield shifting relative to the typical values for the corresponding residues in a 

random coil conformation (Fig. S3).35 At 8 mM, we observe broadening of the resonances 

but no additional peaks associated with assembly of the peptide (Fig. S1). We hypothesized 

that the positive charge on Arg11 may prevent peptide 1Arg from oligomerizing. To explore 

this hypothesis, we replaced Arg11 with the neutrally charged isostere citrulline, reducing the 

net charge from +5 to +4.

Peptide 1Cit is monomeric at low concentrations but forms a tetramer at higher 

concentrations. At 1 mM, the spectrum is similar to that of peptide 1Arg (Fig. 1 and S2). At 

4 mM, peptide 1Cit displays two sets of broad resonances associated with the monomer and 

the tetramer. At 16 mM, only the resonances associated with the tetramer are visible. The 

resonances associated with the α-protons of the tetramer are shifted downfield by up to 1 

ppm relative to those of random coil values (Fig. S4).35 This downfield shifting reflects the 

folding and assembly of the peptide into the tetramer. The aromatic resonances associated 

with the Phe15 side chain are shifted upfield by approximately 0.5 ppm, to 6.5 ppm, 

suggesting that the side chains of Phe15 pack to form a hydrophobic core within the tetramer.

Comparison of 1H NMR spectra of peptide 1Cit at 1 mM and 16 mM shows that folding 

accompanies oligomerization. The magnetic anisotropy of the diastereotopic δ-protons of 

the δOrn turn units reflects β-sheet folding in macrocyclic β-sheet peptides.30,31 In a well-

folded macrocyclic β-sheet peptide, each diastereotopic pro-S δ-proton resonance is about 
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0.6 ppm downfield of the corresponding pro-R δ-proton resonance. The monomer subunits 

of the tetramer formed by peptide 1Cit are well folded, with the difference in chemical shifts 

of the diastereotopic pro-S and pro-R δ-protons being 0.66 and 0.70 ppm. In contrast, 

monomeric peptide 1Cit is partially folded, with the difference in chemical shifts of the 

diastereotopic pro-S and pro-R δ-protons being 0.19 and 0.29 ppm.

2. X-ray Crystallographic Structure of a Tetramer Derived from IAPP11–17.

To further characterize the structure of the tetramer formed by peptide 1Cit, we turned to X-

ray crystallography. To facilitate X-ray crystallographic phase determination, we designed 

and synthesized homologue peptide 2Cit (Chart 3). Peptide 2Cit contains the leucine isostere, 

(2-bromoallyl)glycine, in place of one of the isoleucines in the template strand to allow X-

ray crystallographic phase determination by means of single-wavelength anomalous 

diffraction phasing.13 Peptide 2Cit afforded crystals suitable for X-ray diffraction in 

conditions containing sodium citrate buffer, isopropanol, and poly(ethylene glycol) (PEG) 

4,000.

The asymmetric unit contains four folded macrocyclic β-sheets, which pack to form a 

tetramer. The heptapeptide β-strand of each monomer subunit is hydrogen bonded to the 

template strand through a network of eight hydrogen bonds (Fig. 2A). The monomers in the 

asymmetric unit are similar in conformation with little variation in the side chains. One 

notable difference is in the Phe15 residues, which exhibit two rotamers (Fig. 2B).

The monomer subunits pair through edge-to-edge hydrogen bonding to form antiparallel β-

sheet dimers (Fig. 3). The two heptapeptide β-strands in the dimer are shifted by two 

residues towards the C-termini. Six intermolecular hydrogen bonds form between the two 

monomers. The dimer presents two surfaces. One surface is hydrophobic and displays the 

side chains of Cit11, Ala13, Phe15, and Val17 of the peptide strand, as well as the Ile and (2-

bromoallyl)glycine of the template strand (Fig. 3A). The two Phe15 side chains on the 

hydrophobic surface adopt different rotamers. The other surface is hydrophilic and displays 

the Leu12, Asn14, and Leu16 side chains of the peptide strand, as well as the two Lys 

residues of the template strand (Fig. 3B).

Two hydrogen-bonded dimers sandwich together on their hydrophobic surfaces to form a 

tetramer (Fig. 4). In the tetramer, the β-sheets of the dimers are nearly orthogonal. The side 

chains of Ala13, Phe15, Val17, Ile, and (2-bromoallyl)glycine create a hydrophobic core 

within the sandwich, with the four phenyl groups packing at the center of the sandwich. The 

two rotamers of the Phe15 side chains allow the phenyl groups to pack together tightly 

through hydrophobic interactions and aromatic stacking at the center of the hydrophobic 

core. The side chains of Ala13, Val17, Ile, and (2-bromoallyl)glycine surround the four Phe15 

side chains, packing through hydrophobic interaction to stabilize the tetramer. The 

hydrophilic side chain of Cit11 extends out of the hydrophobic core. The hydrophilic 

surfaces of the dimer subunits that comprise the tetramer are exposed to solvent.
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3. Solution-State Studies of a Tetramer Derived from IAPP11–17.

Diffusion-ordered spectroscopy (DOSY) provides a useful tool for assessing the relative 

oligomerization state of macrocyclic β-sheets peptides.33,34,36,37 Oligomers diffuse more 

slowly than the monomers, with dimers having a diffusion coefficient of about 0.75–0.79 

times that of the monomer and tetramers having a diffusion coefficient of about 0.58–0.63 

times that of the monomer.33,37,38 At 298 K, the diffusion coefficient of peptide 1Arg is 19.6 

× 10−7 cm2/s in deuterioacetate buffered D2O (Table 1). At 1 mM, peptide 1Cit is 

monomeric, with a diffusion coefficient of 20.0 × 10−7 cm2/s, which is the same as peptide 

1Arg within the limits of experimental error. At 2 mM, peptide 1Cit is largely monomeric, 

with a diffusion coefficient of 18.9 × 10−7 cm2/s.

As the concentration is increased and the resonances from the oligomer grow in, the 

diffusion coefficient of peptide 1Cit decreases. At 4 mM and 8 mM, discrete diffusion 

coefficients cannot be measured for the resonances associated with the monomer and the 

oligomer, because exchange occurs at a rate similar to the 75-ms time scale of the 

experiment. Instead, an averaged diffusion coefficient for the mixture is observed. At 4 mM, 

the diffusion coefficient is 17.4 × 10−7 cm2/s, and at 8 mM the diffusion coefficient is 14.2 × 

10−7 cm2/s. At 16 mM, the oligomer predominates vastly, and only resonances for the 

oligomer are observed. At 16 mM, the diffusion coefficient is 12.4 × 10−7 cm2/s. This value 

is about 0.6 times that of the monomer of peptide 1Cit, and is consistent with a tetramer.

NOESY NMR spectroscopy establishes that the structure of the tetramer formed by peptide 

1Cit in aqueous solution is similar to the tetramer observed for peptide 2Cit in the crystal. We 

observe NOEs from the folding of the monomers and formation of the dimers. Two strong 

crosspeaks in the NOESY spectrum reflect folding of macrocyclic β-sheet peptide 1Cit, one 

between the α-protons of Leu and Lys, and one between the α-proton of Asn14 and the 

proton at the 6-position of the unnatural amino acid Hao (Fig. 5). NOEs between the α-

proton and pro-S δ-proton of the δOrn turn units further reflect folding of the macrocycle. A 

strong crosspeak between the α-protons of Ala13 and Val17 reflect shifted antiparallel dimer 

formation. An additional NOE between the methoxy protons of Hao and the Ile side chain 

reflect packing of the dimers in a sandwich-like fashion (Fig. 6). The interlayer NOE 

between the Hao-methoxy and Ile side chain is characteristic of sandwich-like tetramers of 

Hao-containing macrocyclic β-sheet peptides.33 These NOEs associated with folding, 

dimerization, and packing reflect the congruence of the X-ray crystallographic and solution-

state tetramers.

Discussion

To understand why peptide 1Cit forms tetramers but peptide 1Arg does not, we used the X-

ray crystallographic structure of peptide 2Cit to generate molecular models of tetramers of 

peptides 1Cit and 1Arg. We modeled the tetramer formed by peptide 1Cit by mutating the (2-

bromoallyl)glycine residue to isoleucine and minimizing the resulting structure in 

MacroModel with the MMFFs force field with GB/SA water solvation (Fig. S5). We 

modeled a tetramer of peptide 1Arg in a similar fashion, mutating both the (2-

bromoallyl)glycine and the citrulline residues. Both molecular models overlay well with the 
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X-ray crystallographic structure of the tetramer of peptide 2Cit (RMSD ~1 Å). Inspection of 

the dimer subunits suggests an explanation of the differing stabilities of the 1Cit and 1Arg 

tetramers (Fig. 7). In the dimer subunit of peptide 1Arg, the cationic guanidinium group of 

each arginine is near the ammonium group of one of the δOrn turn units, while in the dimer 

subunit of peptide 1Cit, the neutral urea group of citrulline is near the ammonium group. 

Thus, it appears that charge-charge repulsion destabilizes the dimer and hence the tetramer 

of peptide 1Arg.

The X-ray crystallographic structure and molecular model of the tetramers formed by 

peptides 2Cit and 1Cit share several features with structures reported for IAPP fibrils. Like 

the tetramers, the full atomic models of IAPP described by Tycko and coworkers consist of 

layered β-sheets in which hydrophobic interactions stabilize the layered structure. In 

contrast to the tetramers of peptides 2Cit and 1Cit, the fibrils consist of parallel β-sheets 

formed by IAPP rather than antiparallel β-sheets. In the two different fibril models proposed 

by Tycko and coworkers, the Phe15 side chains are on either the interior or the exterior of the 

layers. The fragment-based model of IAPP fibrils proposed by Eisenberg and coworkers also 

consists of layered parallel β-sheets, with the side chains of Phe15 on the exterior of the 

layers. Recently, Eisenberg and coworkers reported that IAPP15–25 forms fibrils consisting 

of loosely laminated antiparallel β-sheets.39 Hydrophobic interactions of Phe15 appear to be 

more important in the NMR structure of the IAPP β-hairpin bound to an affibody reported 

by Hoyer et al., in which the Phe15 and Phe23 pack tightly against one of the phenylalanine 

residues in the affibody to form a central core.23 This mode of assembly is similar to the 

packing of Phe15 in the tetramers formed by peptides 1Cit and 2Cit.

The tetramers formed by peptides 1Cit and 2Cit share common features with assemblies 

formed by other Hao-containing macrocyclic β-sheet peptides that our laboratory has 

studied (Chart 4). Several Hao-containing macrocyclic β-sheet peptides containing 

heptapeptide sequences from various amyloidogenic peptides and proteins form hydrogen-

bonded assemblies laminated through hydrophobic interactions in the crystal state.29,40 We 

have also identified two Hao-containing macrocyclic β-sheet peptides containing 

heptapeptide sequences from the β-amyloid peptide Aβ, which assemble to form tetramers 

in solution.33,34 The flat, hydrophobic Hao group appears to facilitate the formation of these 

layered structures. These structures differ from those that we have observed for N-

methylated macrocyclic β-sheet peptides, which we have also studied (Chart 4). Most of the 

N-methylated macrocyclic β-sheet peptides containing sequences from various 

amyloidogenic peptides and proteins that we have observed in the crystal state form compact 

higher-order oligomers, such as hexamers, octamers, nonamers, and dodecamers.15,16,41,42 

The N-methylated macrocyclic β-sheet peptides are generally more twisted than the Hao-

containing macrocyclic β-sheet peptides. This twisting appears to facilitate assembly 

through interactions between curved hydrophobic surfaces, in addition to hydrogen bonding. 

The flat sandwich-like structures formed by the Hao-containing macrocyclic β-sheets 

resemble the laminated structures of amyloid fibrils, while the compact globular structures 

formed by the N-methylated macrocyclic β-sheets might offer a glimpse into the structures 

of amyloid oligomers.
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Conclusion

The 1H NMR, X-ray crystallographic, and molecular modeling studies of peptides 1Arg, 

1Cit, and 2Cit described above demonstrate the importance of hydrogen bonding and 

hydrophobic interactions in the oligomerization of IAPP-derived peptides. Peptide 1Arg 

remains monomeric in aqueous solution, whereas peptides 1Cit and 2Cit assemble to form 

tetramers in aqueous solution and in the crystal state. The differences between peptides 1Arg 

and 1Cit suggest that charge-charge interactions can modulate oligomer formation.

Our laboratory has previously used NMR spectroscopy and X-ray crystallography as 

complimentary techniques to investigate the assembly of different macrocyclic β-sheet 

peptides derived from Aβ.37,43 In these studies, the macrocyclic β-sheet peptides assembled 

to form tetramers both in solution and in the crystal, but the structure of the tetramer formed 

in solution differed from the structure formed in the crystal. The findings of the current 

paper are significant because they demonstrate that macrocyclic β-sheet peptides can 

assemble to form the same structure in solution and in the crystal state. Furthermore, the 

tetramer described here might serve as a structural model for understanding important 

contacts within oligomers and fibrils formed by full-length IAPP.

Experimental Section

Synthesis of Macrocyclic β-Sheet Peptides.

Synthesis and purification of the macrocyclic β-sheet peptides were performed as previously 

described.33 The peptides were purified by reverse-phase HPLC and the pure fractions were 

lyophilized to give 22 mg of peptide 1Arg, 37 mg of peptide 1Cit, and 19 mg of 2Cit. Based 

on resin loading, the yields are 9%, 14%, and 7%, respectively.

Macrocyclic β-Sheet peptide 1Arg: 1H NMR, (500 MHz, 4 mM in D2O, 298K) δ 8.06 

(d, J = 8.6 Hz, 1H), 7.94 (s, 1H), 7.25 (d, J = 9.1 Hz, 1H), 6.92–7.05 (m, 5H), 4.92 (t, J = 7.2 

Hz, 1H), 4.69 (t, J = 6.7 Hz, 1H), 4.60 (t, J = 7.1 Hz, 1H), 4.46–4.55 (m, 3H), 4.32–4.42 (m, 

3H), 4.21 (m, 2H), 4.12 (d, J = 9.3 Hz, 1H), 4.06 (d, J = 8.7 Hz, 1H), 4.02 (s, 3H), 3.38–3.50 

(m, 2H), 3.09–3.20 (m, 4H), 3.05 (dd, J = 14.2, 5.5 Hz, 1H), 2.92–3.02 (m, 4H), 2.88 (dd, J 
= 14.0, 6.6 Hz, 1H), 2.71 (dd, J = 15.3, 5.4 Hz, 1H), 2.62 (dd, J = 15.4, 8.8 Hz, 1H), 1.11–

2.10 (m, 37H), 1.31 (d, J = 6.8 Hz, 3H), 0.96 (d, J = 6.4 Hz, 3H), 0.79–0.92 (m, 27H); 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C83H139N24O18 1760.0699; Found 1760.0710.

Macrocyclic β-Sheet peptide 1Cit: 1H NMR, (500 MHz, 1 mM in D2O, 298K) δ 7.99 

(d, J = 8.9 Hz, 1H), 7.91 (s, 1H), 7.25 (d, J = 9.2 Hz, 1H), 6.96–7.12 (m, 5H), 4.65 (t, J = 6.0 

Hz, 1H), 4.56 (t, J = 7.3 Hz, 1H), 4.42–4.50 (m, 3H), 4.28–4.38 (m, 3H), 4.17 (t, J = 6.2 Hz, 

2H), 4.09 (d, J = 8.3 Hz, 1H), 4.03 (d, J = 8.3 Hz, 1H), 4.00 (s, 3H), 3.33–3.44 (m, 2H), 

3.12–3.21 (m, 2H), 2.88–3.10 (m, 8H), 2.71 (dd, J = 14.9, 5.5 Hz, 1H), 2.63 (dd, J = 15.7, 

8.5 Hz, 1H), 1.35–2.07 (m, 35H), 1.28 (d, J = 7.1 Hz, 3H), 1.11–1.25 (m, 2H), 0.96 (d, J = 

6.5 Hz, 3H), 0.78–0.93 (m, 27H); HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for 

C83H137N23O19Na 1783.0359; Found 1783.0337.
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Macrocyclic β-Sheet peptide 2Cit: 1H NMR, (500 MHz, 1 mM in D2O, 298K) δ 7.96 

(d, J = 2.7 Hz, 1H), 7.90 (dd, J = 8.9, 2.6 Hz, 1H), 7.24 (d, J = 9.2 Hz, 1H), 7.02–7.16 (m, 

5H), 5.77 (s, 1H), 5.57 (s, 1H), 4.69 (t, J = 6.5 Hz, 1H), 4.62–4.66 (m, J = 2H), 4.32–4.50 

(m, 5H), 4.22–4.30 (m, 2H), 4.15 (t, J = 5.8 Hz, 1H), 4.10 (t, J = 5.7 Hz, 1H), 4.01 (d, J = 8.2 

Hz, 1H), 3.98 (s, 3H), 3.25–3.37 (m, 1H), 3.20–3.26 (m, 1H), 3.13–3.20 (m, 1H), 3.00–3.10 

(m, 3H), 2.99 (d, J = 7.4 Hz, 3H), 2.83–2.97 (m, 4H), 2.68 (qd, J = 6.1, 16 Hz 1H), 1.40–

2.05 (m, 34H), 1.24 (d, J = 6.8 Hz, 3H), 0.95 (d, J = 6.8 Hz, 3H), 0.80–0.91 (m, 21H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C82H132N23O19Br 1822.9331; Found 

1822.9333.

NMR Spectroscopy of the Macrocyclic β-Sheet Peptides

Sample Preparation.—NMR spectroscopy of the macrocyclic β-sheet peptides was 

performed in D2O (D, 99.96%; Cambridge Isotope Laboratories, Inc.) with 50 mM 

CD3COOD (D, 99.5%; Cambridge Isotope Laboratories, Inc.) and 50 mM CD3COONa (D, 

99%; Cambridge Isotope Laboratories, Inc.). The solutions were prepared by dissolving a 

weighed portion of the peptide in the appropriate volume of solvent. The molecular weights 

of the peptides were calculated as the TFA salts with all amino groups assumed to be 

protonated (1Arg, M.W. 2330.24 mg/mL, 1Cit, M.W. 2331.24 mg/mL, and 2Cit, M.W. 

2394.10 mg/mL). Each solution contained 4,4-dimethyl-4-silapentane-1-ammonium 

trifluoroacetate (DSA) as an internal standard for referencing chemical shifts.44 The 

solutions were allowed to stand for 24 h to allow complete hydrogen to deuterium exchange 

of the amide NH protons.

1H NMR, TOCSY, ROESY, and NOESY Data Collection.—NMR spectra were 

recorded on a Bruker 500 MHz spectrometer with a TCI cryoprobe. TOCSY spectra were 

recorded with 2048 points in the f2 dimension and 512 increments in the f1 dimension with a 

150-ms spin-lock mixing time. TOCSY spectra were recorded with 2048 points in the f2 

dimension and 512 increments in the f1 dimension with either a 100- or 150-ms spin-lock 

mixing time. NOESY spectra were recorded with 2048 points in the f2 dimension and 512 

increments in the f1 dimension with a 150-ms mixing time.

1H NMR, TOCSY, and NOESY Data Processing.—NMR spectra were processed with 

BrukerXwinNMR software. Automatic baseline correction was applied in both dimensions 

after phasing the spectra. TOCSY spectra were Fourier transformed to a final matrix size of 

4096 × 1024 real points using a Qsine weighting function and forward linear prediction. 

NOESY and ROESY spectra were Fourier transformed to a final matrix size of 4096 × 2048 

real points using a Qsine weighting functionand forward linear prediction.

Diffusion-Ordered Spectroscopy (DOSY) Experiments.—DOSY experiments were 

performed on a Bruker 500 MHz spectrometer equipped with a TCI cryoprobe, with a 

diffusion delay (Δ) of 75-ms and a diffusion gradient length (δ) of 2.5-ms. Sixteen sets of 

FIDs were recorded with the gradient strength incremented from 5%–95% using a linear 

ramp. The combined FIDs were Fourier transformed in Bruker’s TopSpin™ software to give 

a pseudo-2D spectrum. After phasing and performing baseline correction, each pseudo-2D 

spectrum was processed with logarithmic scaling on the Y-axis. The Y-axis was calibrated to 
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the diffusion coefficient of the residual HOD peak in D2O (1.9 × 10−9 m2/s at 298 K).45 The 

diffusion coefficients of the peptides were read and converted from logarithmic values to 

linear values.

Crystallization of Peptide 2Cit

The procedures in this section follow closely to those our laboratory has previously 

published.15 Initial crystallization conditions for peptide 2Cit were determined using the 

hanging-drop vapor-diffusion method. Crystallization conditions were screened using three 

crystallization kits in a 96-well plate format (Hampton Index, PEG/Ion, and Crystal Screen). 

Three 150 nL hanging drops that differed in the ratio of peptide to well solution were made 

per condition in each 96-well plate for a total of 864 experiments. Hanging drops were made 

by combining an appropriate volume of peptide 2Cit (10 mg/mL in deionized water) with an 

appropriate volume of well solution to create three 150-nL hanging drops with 1:1, 1:2, and 

2:1 peptide:well solution. The hanging drops were made using a TTP LabTech Mosquito 

nanodisperse instrument. Crystals of peptide 2Cit grew in ~48 h in a solution of 0.1 M 

sodium citrate at pH 5.0, 20% (v/v) isopropanol, and 18% PEG 4000.

Crystallization conditions for peptide 2Cit were optimized using a 4×6 matrix Hampton 

VDX 24-well plate. The sodium citrate pH was varied in each row in increments of 0.5 pH 

units (4.0, 4.5, 5.0, and 5.5) and the isopropanol concentration in each column in increments 

of 2% (26%, 24%, 22%, 20%, 18%, 16%). The first well in the 4×6 matrix was prepared by 

combined 100 μL of 1 M sodium citrate at pH 4.0, 260 μL of isopropanol, 360 μL of 50% 

(w/v) PEG 4000, and 280 μL of deionized water. The other wells were prepared in 

analogous fashion, by combining 100 μL of sodium citrate of varying pH, 360 μL of 50% 

(w/v) PEG 4000, isopropanol in varying amounts, and deionized water for a total volume of 

1 mL in each well.

Three hanging-drops were prepared per borosilicate glass slide by combining a solution of 

peptide 2Cit (10 mg/mL in deionized water) and the well solution in the following amounts: 

1 μL:1 μL, 2 μL:1 μL, and 1 μL:2 μL. Slides were inverted and pressed firmly against the 

silicone grease surrounding each well. Crystals of peptide 2Cit suitable for X-ray diffraction 

grew in ~3 days. Crystallization conditions were further optimized using smaller variations 

in sodium citrate pH (in increments of 0.2 pH units) and isopropanol concentrations (in 

increments of 1%). Crystals were harvested with a nylon loop attached to a copper or steel 

pin and flash frozen in liquid nitrogen prior to data collection. The optimized crystallization 

conditions for peptide 2Cit are summarized in Table S1.

X-ray Crystallographic Data Collection, Data Processing, and Structure 
Determination for Peptide 2Cit.—Diffraction data for peptide 2Cit were collected at the 

Stanford Synchrotron Radiation Lightsource (SSRL) with a synchrotron source at 0.92-Å 

wavelength. Diffraction data were scaled and merged using XDS.46 Coordinates for the 

anomalous signal were determined by HySS in the Phenix software suite 1.10.1.47 The 

electron density map was generated in Phaser using the coordinates of the bromine 

anomalous signal. Molecular manipulation of the model was performed with Coot. 

Coordinates were refined with phenix.refine.
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Molecular Modeling of the Macrocyclic β-Sheet Peptides

Molecular models of the tetramers of peptides 1Arg and 1Cit were generated from the X-ray 

crystallographic structure of the homologous peptide 2Cit (PDB: 5UHR). We modeled the 

tetramer formed by peptides 1Cit by mutating the (2-bromoallyl)glycine residue to 

isoleucine and the side chain torsion angles were adjusted to match the resulting NOE. We 

modeled a tetramer of peptide 1Arg in a similar fashion, mutating both the (2-

bromoallyl)glycine and the citrulline residues. The coordinates were exported from PyMOL 

and the file was imported into MacroModel with the Maestro user interface. Atom types and 

bond orders were edited as needed to correct errors in bond type and charge. Minimization 

was performed with the MMFFs force field and GB/SA water solvation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
1H NMR spectra of macrocyclic β-sheet peptides 1Arg and 1Cit in 50 mM CD3COOD and 

50 mM CD3COONa buffer in D2O at 298 K. The red boxes highlight noteworthy resonances 

of the tetramer.
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Fig. 2. 
X-ray crystallographic structure of peptide 2Cit (PDB 5UHR). (A) Representative monomer 

subunit. (B) Overlay of the four monomers in the asymmetric unit.
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Fig. 3. 
X-ray crystallographic structure of the dimer formed by peptide 2Cit. (A) View of the 

hydrophobic surface with side chains shown as spheres. (B) View of the hydrophilic surface 

with side chains shown as spheres.
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Fig 4. 
X-ray crystallographic structure of the tetramer of peptide 2Cit. (A) Top view. (B) Side view. 

Sphere representations of Phe15 show packing of the aromatic side chains in the 

hydrophobic core.
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Fig 5. 
NOEs associated with the dimer subunit of peptide 1Cit. (A) Shifted, antiparallel hydrogen-

bonded dimer. Blue arrows indicate intramolecular NOEs and red arrows indicate 

intermolecular NOE observed in the NOESY spectrum. (B) Expansion of the NOESY 

spectrum showing selected intramolecular (blue) and intermolecular (red) NOE crosspeaks.
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Fig 6. 
NOE associated with the tetramer of peptide 1Cit. (A) Green arrow indicates interlayer NOE 

observed in the NOESY spectrum. (B) NOE crosspeak between the Ile side chain and the 

methoxy protons of the unnatural amino acid Hao.
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Fig 7. 
Crystallographically based molecular models of the dimer subunits of the tetramers of 

peptide 1Cit (A) and 1Arg (B). The red boxes highlight interactions between the ammonium 

groups of the δOrn turn units and the Arg11 or Cit11 side chains.
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Chart 1. 
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Chart 2. 
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Chart 3. 
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Chart 4. 
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Table 1.

Diffusion coefficients (D) of peptides 1Arg and 1Cit in 50 mM CD3COOD and 50 mM CD3COONa buffer in 

D2O at 298 K

MWmonomer
(Da)

MWtetramer
(Da)

Conc.
(mM)

D
(× 10−7 cm2/s)

Oligomer state

1Arg 1759 7036 4 19.6 ± 0.6 monomer

1cit 1760 7040 1 20.0 ± 2.0 monomer

1cit 1760 7040 2 18.9 ± 1.2 monomer

1cit 1760 7040 4 17.4 ± 1.2 mixture

1cit 1760 7040 8 14.2 ± 0.3 mixture

1cit 1760 7040 16 12.4 ± 0.3 tetramer
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