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THE BIGGER PICTURE

Small molecules self-assemble to

form higher-order nanostructures

that act as functional materials.

However, a priori design of small

molecules for self-assembly

remains a grand challenge due to

the limited understanding of the

transition from disorder to order

and the lack of structures of such

assemblies. The guaranteed

disorder phase of IDPs makes

them the ideal targets for studying

disorder-to-order transition in

supramolecular assemblies. This

work reveals the atomistic

structures of the IDP assemblies, a

poorly characterized and the most

disordered subgroup of peptides,

and uses molecular engineering

to identify several key factors that

contribute to the disorder-to-

order transition. Elucidating the

driving force, stimuli response,

and structures of short IDP

assemblies will not only establish

IDP sequences as a new molecular

platform to build hierarchical

superstructures but may also offer

useful insights to antagonize

pathological IDPs, such as

beta-amyloids.
SUMMARY

The understanding of how short peptide assemblies transit from dis-
order to order remains limited due to the lack of atomistic struc-
tures. Here, we report the cryo-EM structure of the nanofibers short
intrinsically disordered peptides (IDPs). On lowering pH or adding
calcium ions, the IDP transitions from individual nanoparticles to
nanofibers containing an aromatic core and a disordered periphery
were composed of 2–5 amino acids. Protonating the phosphate or
adding more metal ions further assembles the nanofibers into fila-
ment bundles. The assemblies of the IDP analogs with controlled
chemistry, such as phosphorylation site, hydrophobic interactions,
and sequences, indicate that metal ions interact with the flexible pe-
riphery of the nanoparticles of the IDPs to form fibrils and enhance
the interfibrillar interactions to form filament bundles. Illustrating
that an IDP self-assembles from disorder to order, this work offers
atomistic molecular insights to understand assemblies of short pep-
tides driven by noncovalent interactions.

INTRODUCTION

This article reports the self-assembly of an intrinsically disordered peptide (IDP).

IDPs are the peptide sequences from intrinsically disordered regions (IDRs) of

proteins.1 Despite intensive exploration of the peptide assemblies that adopt

well-defined conformations, such as a helices2,3 and b sheet,4–10 for various applica-

tions,11–22 the self-assembly of IDPs is much less explored.23–26 Particularly, there

are very limited numbers of structures of IDP assemblies (i.e., the disorder is still pre-

served in the nanofibers) except human amyloid fibers, such as Ab4227 recently

determined by cryoelectron microscopy (cryo-EM). It would be of great interest if

we can understand the main driving forces for the self-assembly of IDPs, including

the modulatory effect of posttranslational modification (PTM) on self-assembly,

the effect of metal ions on enabling self-assembly, and most importantly, the atom-

istic structures of IDP assemblies.

To partially address the above important questions, we conjugated an aromatic

motif and introduced a phosphate group to a heptapeptide, YSPTSPS (Y = tyrosine,

S = serine, P = proline, and T = threonine) that is derived from a validated IDR,28 via

solid-phase peptide synthesis (Scheme S1) to generate an IDP (1) for interacting with

metal ions. The phosphopeptide (1) contains pyrene as the aromatic motif,

Y1S2P3T4S5P6S7 as the IDP, and phosphorylation at the C-terminal serine (S7) as a

representative PTM (Scheme 1). Using fluorescence spectroscopy and negative-

stained EM, we found that 1 self-assembles to form nanofibers. With cryo-EM,29

we determined the structure of the nanofibers of 1 in the presence or absence of

Ca2+ at a resolution of 3.0 and 3.1 Å, respectively, judged by the ‘‘gold-standard’’
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Scheme 1. Illustration of the hierarchical assembly of an IDP and the corresponding assemblies at three stages

1Department of Chemistry, Brandeis University,
415 South Street, Waltham, MA 02453, USA

2Department of Biochemistry and Molecular
Genetics, University of Alabama at Birmingham,
Birmingham, AL 35233, USA

3Physical Science and Engineering Division, King
Abdullah University of Science and Technology,
Thuwal 23955-6900, Saudi Arabia

4Department of Biochemistry and Molecular
Genetics, University of Virginia, Charlottesville,
VA 22908, USA

5O’Neal Comprehensive Cancer Center
University of Alabama at Birmingham,
Birmingham, AL 35233, USA

6Lead contact

*Correspondence:
egelman@virginia.edu (E.H.E.),
jerrywang@uab.edu (F.W.),
bxu@brandeis.edu (B.X.)

https://doi.org/10.1016/j.chempr.2023.04.023

ll
Article
Fourier shell correlation (FSC) method. Interestingly, under both conditions, only

one type of filamentous morphology is observed, but the helical symmetry of the

two conditions is different. In both fiber structures, a conserved packing pattern

was observed: the aromatic groups and N-terminal residues constitute the core of

the nanofiber; certain disordered C-terminal residues and the phosphate group at

the C terminus form the flexible periphery. Different design strategies that may attri-

bute to nanofiber formation, such as alteration of the phosphorylation site, hydro-

phobic motif, and amino acid composition, were also examined. Using fluorescence

spectroscopy, negative-stain EM, circular dichroism (CD), high-angle annular dark-

field scanning transmission EM (HADDF-STEM), and energy-dispersive X-ray spec-

troscopy (EDS), we further demonstrate that divalent metal ions mediate the transi-

tion of nanofibers to filament bundles (Scheme 1). Combining cryo-EM structural

elucidation and molecular engineering, this study probes the hierarchical self-as-

sembly of a short IDP and provides atomistic details on how order arises from intrin-

sically disordered small molecule building blocks. Such molecular insights may find

applications in designing self-assembly materials and improve our understanding of

the aggregation of pathogenic IDPs or proteins that are associated with neurode-

generative diseases.

RESULTS

Molecular design of the short IDP

We decided to study the self-assembly of 1 (Scheme 1) for several reasons. (1)

YSPTSPS is an IDP from a validated IDR28 and the C-terminal domain (CTD) of pro-

tein POLR2A.30 (2) Although the prominent characteristic of IDRs is their low content

of bulky hydrophobic amino acids, the functions of IDRs rely more on hydrophobic

interactions than on polar-polar interactions.31 In addition, a recent study reported

that attaching hydrophobic alkyl chains to an IDP results in the self-assembly of the

IDP to form micelles.24 Thus, we hypothesized that aromatic motifs would provide

unique hydrophobic interactions to enhance the interactions among IDPs to pro-

mote the self-assembly of IDPs for generating nanoscale assemblies. (3) Compared

with alkyl chains used for hydrophobic interactions in the recent report of peptide

amphiphiles containing an IDP,24 aromatic-aromatic interactions possess several
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unique features: being well-established as a stabilizing force for proteins,32 aro-

matic-aromatic interactions should be a powerful strategy to control the self-assem-

bly of IDPs; an aromatic motif, having a relatively compact volume compared with

the bulky and long alkyl chains, would reduce the steric repulsion and conforma-

tional dynamics that are often associated with alkyl chains; usually adopting plane-

to-plane or edge-to-plane orientation,32 aromatic-aromatic interactions result in

more predictable and efficient molecular self-assembly. (4) As a local chemical

change affecting proteins following the synthesis of proteins via the translation of

mRNA, PTMs induce changes to protein structures, regulate protein function, and

increase proteomic complexity. IDRs house large numbers of PTM sites in eukaryotic

proteins,33 which regulate their functions and structures.34 Among various PTMs, we

chose phosphorylation as a PTM of YSPTSPS because it strongly correlates with

IDRs35 and two-thirds of human proteins involve phosphorylation.36 (5) Because

metal ions can affect the aggregation of proteins containing IDRs,37,38 we also exam-

ined the response of the IDP assemblies to metal ions.

Cryo-EM reveals the self-assembly of short IDP

A precise structural description of the helical assemblies of IDPs remains a challenge

in X-ray crystallography due to peptide packing incompatible with crystallographic

space groups and solid-state NMR due to its limitation in determining long-range

structure. The recent advances in cryo-EM have provided a unique opportunity to

determine the structures of peptide assemblies,29 including the assemblies of amy-

loid-like fibrils.27,39–41 Thus, we chose cryo-EM to determine the structures of the

nanofibers formed by the self-assembly of 1. We collected the cryo-EM images of

1 at pH = 2 and at pH = 4 with 2.0 mM Ca2+ (Figures 1A and 1F). Under both condi-

tions, only one species of nanofiber was observed from the reference-free 2D

classification (Figures 1B, 1G, and S1A). The nanofiber’s helical symmetry was deter-

mined by trial and error to test all possible symmetries indexed from the average po-

wer spectrum (Figures 1C and 1H) until recognizable peptide-like features were

seen. At pH = 2, the nanofiber of 1 demonstrated C1 symmetry with a helical rise

of 4.74 Å and a twist of 5.38�. At pH = 4 and 2.0 mM Ca2+, the nanofiber exhibited

C2 point group symmetry with 4.95 Å helical rise and �3.80� helical twist. The reso-

lution of each structure was estimated by map:map FSC (Figures S1B and S1C). The

atomic model built into the 3D reconstruction shows parallel cross-b packing of 1,

with seven or eight hydrophobic pyrene motifs residing in the center of the nano-

fiber, whereas the hydrophilic phosphoserines remain conformationally disordered

on the outer surface of the nanofibers, where little density is observed in the cryo-

EM map (Figures 1D, 1E, 1I, and 1J). This suggests that amino acids/residues not

involved in helical packing remain conformationally flexible, resulting in a loss of

Coulomb potential density in the maps, making model building impossible. Consid-

ering common conformers observed in other b sheet forming, amyloid-like fila-

ments,42 it is quite unusual that this heptapeptide 1 self-assembles into only one

type of cross-b filament. This phenomenon, we speculate, likely originates from

that pyrene dominates the helical packing and provides extra restraints of inter-pep-

tide interactions other than the typical hydrogen bonds formed between b sheets. In

some other polymorphic amyloid filaments, on the other hand, the major interac-

tions holding the filaments together are those b sheet hydrogen bonds. Those

bonds are insensitive to a few degrees’ change in the helical twist and therefore

have some plasticity; hence, filaments will end up with a very flexible twist that leads

to polymorphism.

Although the nanofibers display a uniform morphology under both conditions

judged by 2D averages, it is unexpected that they possess a different helical
2532 Chem 9, 2530–2546, September 14, 2023
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Figure 1. Cryo-EM structural reconstruction of the nanofibers of 1

(A) Representative cryo-EM image of the filaments of 1 (made at 1.3 mM, pH = 2). Lacey carbon grids were used for imaging.

(B and C) (B) 2D average, and (C) average power spectrum of nanofibers of 1 at pH = 2.

(D and E) (D) 3D helical reconstruction, and (E) the cross-section view of the nanofibers of 1 pH = 2.

(F) Representative cryo-EM image of the filaments of 1 (made at 1.3 mM, pH = 4.0, 2.0 mM Ca2+). Lacey carbon grids were used for imaging.

(G and H) (G) 2D average, and (H) average power spectrum of nanofibers of 1 at pH = 4.0, 2.0 mM Ca2+.

(I and J) (I) 3D helical reconstruction, and (J) the cross-section view of the nanofibers of 1 at pH = 4.0, 2.0 mM Ca2+.
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symmetry. The existence of a mirror plane in a 2D average is often used to judge the

presence of an even number point group symmetry (e.g., C2). Here, the average of

the nanofiber at pH 2 without Ca2+ does not contain a mirror plane (Figure 1B),

whereas the average of the nanofiber at pH 4 with Ca2+ does (Figure 1G). This result,

together with well-separated cross-b densities (Figures 1D and 1I) and well-resolved

peptide side chains (Figures 1E and 1J) in both nanofibers, validate the helical sym-

metry assignments.

We then asked what similarities and differences were present between the two nano-

fibers. Comparing the pyrene cores of both nanofibers reveals a conserved but

slightly altered packing feature consisting of four pyrene rings (Figure 2A). This slight

packing difference in the nanofiber with 2.0 mMCa2+ allows onemore pyrene ring to
Chem 9, 2530–2546, September 14, 2023 2533
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Figure 2. Slightly different architectures of nanofibers 1 under different conditions

(A) The alignment of two nanofiber structures reveals a conserved four pyrene packing. Green, the

nanofiber 1 at pH 2; red, the nanofiber 1 at pH 4 with 2.0 mM Ca2+. The well-aligned four pyrene

rings are labeled.

(B) All unique peptides were aligned together by the pyrene ring. A major cluster of pyrene-tyrosine

conformation was observed. Two outliers were highlighted in both (A) and (B).
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stack during nanofiber formation. We think this is another example of quasi-equiva-

lence, a concept originally introduced in icosahedral viruses in the 1960s43 and

recently discussed in helical assemblies44: the existing plasticity in local pyrene con-

tacts allows the nanofiber to adopt a slightly different helical symmetry. We next

asked how many peptide conformations exist in those two nanofibers. Theoretically,

there are seven unique environments in the nanofiber without Ca2+ and four in the

nanofiber with Ca2+ (Figure S2). Alignment of all peptides by the pyrene rings shows

a preferred cluster with respect to tyrosine and pyrene orientation. Two outliers were

observed, but neither of those peptides packs in the conserved core of four pyrenes

(Figure 2B).

Metal ions-induced self-assembly and nanofiber bundling

The structure of 1 suggests that calcium ions may promote self-assembly by interact-

ing with the surface-exposed phosphate group of S7.45 Bearing a pyrene motif, 1

tends to form excimers in an aqueous environment, displaying an ensemble of the

monomer peaks (375–410 nm) and an excimer peak (�480 nm) in its fluorescence

emission spectra of pyrene. The ratio of the excimer peak to the monomer peak of-

fers a convenient assay for monitoring self-assembly. We first examined the Ca2+

responsiveness of 1 by observing changes in the fluorescence spectra. On the addi-

tion of Ca2+, the intensity of the excimer peak increased, whereas that of the mono-

mer peaks decreased (Figure 3A), indicating that Ca2+ promotes the self-assembly

of 1. To quantify the monomeric and assembled portions of the phosphoheptapep-

tides on the addition of Ca2+, we conducted peak deconvolution (Figure S3) and

used the accumulative peak area of the excimer (Ae) and the monomer (Am) to calcu-

late the ratio of excimer to monomer (Ae/Am). The Ae/Am value increases gradually

with the addition of Ca2+ from 0 to 2.0 mM, followed by a decrease after increasing

the Ca2+ concentration from 2.2 to 2.8 mM (Figure 3B). The formation of aggregated

1 on the addition of 2.8 mM Ca2+ demonstrates reduced solubility of the growing

assemblies, which led to a decline of Ae/Am. The aggregate exhibited less fluores-

cence than the soluble 1 (Figure S4) due to aggregation-induced fluorescent

quenching. To investigate how the interactions between 1 and Ca2+ change the sec-

ondary structure of 1, we monitored the change of the CD signal of 1 in the presence
2534 Chem 9, 2530–2546, September 14, 2023
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Figure 3. Metal-ion induced self-assembly of 1

(A) Fluorescence emission spectra of the effect of metal ions (1.3 mM) upon the addition of Ca2+ at different concentrations.

(B) Pyrene excimer and monomer ratios (Ae/Am) of 1 (1.3 mM) upon adding Ca2+.

(C) Circular dichroism spectra of 1 (1.3 mM) before and after Ca2+ (20 mM) addition and monitored at designated time points.

(D) TEM images of 1 (1.3 mM) with different concentrations of Ca2+ (0–2.8 mM) for 3 h.

(E) TEM images of 1 (5.0 mM) with Ca2+ (10 mM) on the addition of EDTA at different concentrations (0–7.5 mM) for 3 h.

(F) TEM images of 1 (1.3 mM) at various pHs.

(G) TEM images of 1 (1.3 mM) with Mg2+ (10 mM) or Sr2+ (10 mM) addition.

(H and I) HAADF image and EDS mapping of (H) 1 (1.3 mM) + Ca2+ (2.8 mM) or (I) 1 (1.3 mM) + Sr2+ (10 mM). Samples were prepared in H2O and

incubated for 24 h unless indicated otherwise.
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of Ca2+ over 24 h (Figures 3C and S5). The addition of calcium immediately changes

the induced CD (ICD) signal (250–400 nm) from pyrene, whereas longer incubation

gradually changes peak intensities (Figure 3C). The ICD changes agree with the

increased bundle widths over time (vide infra) (Figure S6B).

We then sought to investigate the morphological changes of 1 on Ca2+ addition.

As shown by TEM imaging, incubating 1 with different concentrations of Ca2+

transforms the nanoparticles into thin nanofibers. These nanofibers grow and

entangle to form networks. Additionally, with the introduction of more Ca2+, the

interfibrillar interactions become stronger, resulting in the formation of filament

bundles (Figure 3D). We also took TEM images of 1 + Ca2+ at increasing incuba-

tion time intervals to verify the process of hierarchical self-assembly. The results

(Figure S6A) indicate that Ca2+ rapidly induces the formation of nanofibers and in-

ter-filament interactions (magenta arrows). The nanofibers further group together

and form bundles after 30 min (blue arrows). Subsequently, these nano-bundles

continue to merge after 4 h, either into wider bundles (green arrows) or to form

crossovers initiating the formation of bundles with a larger twist (yellow arrows). Af-

ter 24 h of incubation, twisted bundles were observed (red arrow). The hierarchical

self-assembly of 1 is supported by the increasing bundle width over time (Fig-

ure S6B). However, incubation of 1 (1.3 mM) in H2O alone retains nanoparticle

morphology (Figure S7). We speculate that this is because surface serine phos-

phates alone without Ca2+ are repulsive. Moreover, these noncovalent interactions

facilitate interfibrillar stacking to generate self-oriented filaments and bundles. To

determine the critical excimer formation concentration of 1 in the presence or

absence of Ca2+, we obtained the fluorescence emission spectra of 1 (0.020–

1.3 mM) with or without Ca2+ (10 mM) (Figures S8A and S8B). The results of

peak deconvolution and Ae/Am values show significant excimer formation above

0.31 mM of 1 and that Ca2+ also further promotes the formation of excimers above

the critical excimer concentration of 1 (Figures S8C, S9, and S10). We decreased

the concentrations of 1 to 0.31, 0.16, and 0.080 mM, which led to fewer excimers

(Figure S11A), and examined their responses to Ca2+. At these concentrations, 1

only forms broken fibers or larger nanoparticles on Ca2+ addition (Figure S11B).

These results confirm that the initial aggregation (excimer formation) of 1 is indis-

pensable in filament bundle formation.

We also determined how the addition of Ca2+ transforms the morphology of 1 at

various excimer-rich concentrations (0.63, 2.5, and 5.0 mM) (Figure S12A). As re-

vealed by TEM, at 0.63, 2.5, and 5.0 mM in water and the addition of 2.8 mM of

Ca2+, 1 forms short bundles of nanofibers, separated nanofibers, and a mixture of

nanoparticles and nanofibers, respectively (Figure S12B). This result indicates that

the ratio between 1 and Ca2+ plays a key role in forming the assemblies. In addition

to solubilizing 1 in water, we dissolved 1 in several biocompatible buffers, including

PBS and Tris-HCl. TEM shows the formation of nanofibers and filament bundles on
2536 Chem 9, 2530–2546, September 14, 2023
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the addition of Ca2+ to PBS or Tris-HCl-buffered solutions of 1, respectively

(Figures S13A and S13B). However, higher concentrations of Ca2+ are required for

fiber formation. The hierarchical self-assembly of 1 incubated with Ca2+ is less sen-

sitive to the buffer concentrations, evidenced by the bundle formation in Tris-HCl

from 10 mM to 1 M (Figure S13C). Adding monovalent metal ions, such as Na+

and K+ (10mM) into the solution of 1 (1.3 mM) results in themixture containing nano-

fibers and amorphous particles (Figure S14A). In addition, we calculated the ionic

strength, maintained the same ionic strength, and used TEM to examine the interac-

tion of Ca2+ and Na+ with 1. At the same ionic strength, Ca2+ and Na+ induce 1 to

form bundles and nanofibers, respectively (Figure S14B). To determine whether

the effects of salts on initial peptide solubility would affect the self-assembly of 1

with Ca2+, we decreased the solubility of 1 by adding NaCl (100 mM) and incubated

with or without calcium to investigate the changes in morphology. These results

show that unlike calcium, although Na+ induces nanofiber formation, it fails to

initiate the hierarchical self-assembly of 1 to form bundles (Figure S15). These results

confirm that the interactions between the phosphate group of 1 and Ca2+ are unique

and specific. To exclude the possibility of negative staining-induced nanostructures,

we determined the morphology of 1 incubated with Ca2+, but without uranyl acetate

(UA) staining (Figure S16). Although giving lower contrast than that with the UA

staining, the TEM image shows the long bundles of filaments. The addition of

ethylenediaminetetraacetic acid (EDTA), a calcium chelator, with increasing concen-

tration, gradually dissociates the bundles made of 1 and Ca2+ to nanofibers and

eventually to nanoparticles (Figure 3E). These results, thus, unambiguously confirm

the interactions between 1 and Ca2+ for the formation of the filaments. Moreover, we

found that at pH = 0, 1 also forms filament bundles (Figure 3F). Cryo-EM images of

the bundles exclude the possibility of drying effects (Figure S17). Agreeing with the

pKa of phosphate monoester (pKa1 = 2.2, pKa2 = 5.8),46 the result indicates that

reducing residual charges on the phosphate groups (or complete protonation of

phosphates) of 1 promotes aggregation to form bundles and also suggests that

decreasing pH produces similar effects compared with increasing calcium concen-

trations on filament formation of 1.

Because the electrostatic interactions between the phosphates in 1 and calcium ions

result in the filament bundles, other alkaline earth metal ions likeMg2+ or Sr2+ should

lead to similar results. This assumption turns out to be valid. As shown by TEM

(Figure 3G), adding Mg2+ or Sr2+ in the solution of 1 results in filament bundles,

with 1+Mg2+ generating larger assemblies than those of 1 + Sr2+. These results indi-

cate that the atomic sizes of themetal ionsmay also affect the nanostructures formed

by 1. This observation also suggests that electrostatic interactions contribute to

filament formation. Similarly, 1 interacts with Mg2+ or Sr2+ to form filaments in the

Tris-HCl buffer, with an increasing concentration of the metal ions to generate

more rigid filaments (Figure S18).

To confirm the existence and to probe the distribution of the metal ions in the

filaments, we conducted EDS mapping on the filaments formed by 1 with Ca2+ or

Sr2+ (Figures 2H and 2I). The EDS mapping shows a correlated distribution of phos-

phorus with calcium or strontium. Notably, Sr2+ produces a better signal-to-noise

ratio owing to its relatively high atomic number. The EDS mapping results also

correspond with the EDS spectrum of a specific area in the nanostructures, where

other elements such as C, O, N, and U are detected (Figure S19). Together

with the HAADF-STEM and TEM images showing the filament bundles of 1 + Ca2+

(Figure S20), these results verify that the interactions between 1 and calcium ions

result in bundle formation.
Chem 9, 2530–2546, September 14, 2023 2537
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Figure 4. Self-assembly of the analogs of 1

(A) Molecular structures the analogs of 1 for determining the role of each structural motif in forming filaments via the calcium-enabled hierarchical

assembly.

(B) TEM images of peptide analogs (1.3 mM) with Ca2+ (10 mM) addition in H2O for 24 h.
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Analogs of the IDP and their interactions with calcium ions

Although the single filaments have a global helical symmetry, the bundle is simply lack-

ing global symmetry or any ordered repeating architecture for averaging. This is

because filaments in the bundles do not necessarily pack in the register. In addition,

some density regions of 1 were undetectable in the cryo-EM model (Figure S2).

Thus, we designed nine analogs of 1 to further ascertain the factors contributing to sin-

gle nanofiber and filament bundle formation. Specifically, we sought to investigate the

significance of the (1) phosphorylation site position, (2) hydrophobic motif, (3) amino

acid sequence, and (4) 1without phosphorylation. Figure 4A shows the general design

of the analogs, where LC-MS was used to confirm their identities (Figures S21–S32).

To validate whether phosphate accessibility is necessary from the nanofiber surface,

we synthesized three analogs with phosphorylation at Tyr1 (2a), Ser2 (2b), and Ser5

(2c). As expected, deeply buried phosphorylation at Try1 and Ser2 (2a and 2b) pro-

duces amorphous aggregates and hardly results in filament formation, presumably

due to the inaccessibility of the phosphorylation site for interacting with Ca2+. Inter-

estingly, the phosphorylation at Ser5, 2c, interacts with Ca2+ to produce filament

bundles of smaller sizes (Figure 4B) when compared with those formed by 1. This

result is consistent with the cryo-EM structure of 1, wherein Ser5 residues are

observed to be solvent accessible in all peptide copies in the asymmetrical unit.

These results suggest that the presence of phosphorylation near the nanofiber sur-

face is crucial for Ca2+-induced bundling.

To examine whether the pyrene core is essential for this type of nanofiber, we

substituted the N-terminal hydrophobic pyrene in 1, with other hydrophobic groups

(Figure 4A). Specifically, a pyrene derivative with a butyl spacer, Pyn-bu-, confers

increased flexibility in the peptide’s pyrene group (3a). In addition, a smaller aromatic

residue, naphthyl (Nap), was also explored (3b). Interestingly, with the addition of

Ca2+, similar bundles with smaller diameters than 1 were observed for 3a, suggesting

that the filament’s core that was composed of the four fused benzene rings dominate

the packing interactions and the short flexible linkers would be unlikely to significantly

affect filament formation. When replacing the pyrene with the naphthyl motif (3b), fila-

ment formation is ultimately aborted, indicating that strong hydrophobic interactions

(provided by pyrene in this study) are essential for the single filament architecture.

To understand the role of proline within the nanoparticles, we mutated one or both

proline residues to alanine in 1 to generate three phosphopeptides (4a, 4b, and 4c).

We were particularly interested in the structural contribution of proline residues

because they are overrepresented in intrinsically disordered proteins.47 TEM imag-

ing analysis indicated that the loss of proline residues reduced the diameter of nano-

fiber bundles formed. Bundles of reduced width were seen in 4a and 4b, suggesting

Pro6 adjacent to the phosphoserine aids the interaction between 1 and Ca2+. Re-

placing both proline residues with alanines, 4c interacts with Ca2+ to form nanostruc-

tures similar to that of 4b+Ca2+. Notably, mutating both proline residues to alanines

in 4c resulted in increased filament formation when solubilized in water compared

with 4a, 4b, and 1, indicating that alanine facilitates ordered self-assembly in water

(Figure S33). These results suggest the ‘‘proline-phosphoserine’’ motif or sequence

likely favors the morphology transformation that occurred on the addition of Ca2+.
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We synthesized 5 by removing the phosphate of the C-terminal serine. In this way,

we examined the possibility of carboxylic acid interacting with alkaline earth metal

ions to form bundles of filaments. After the addition of Ca2+, Mg2+, or Sr2+ to 5,

TEM images display individual nanofibers (Figures 4B and S34). These results

confirm the crucial role of phosphoserine in the formation of nanofiber bundles.

The above results suggest that the noncovalent, yet strong directional interactions

and the presence and correct position of the proline-phosphoserine sequence in 1

are the two key contributors to the interactions between 1 and Ca2+ to form nano-

fiber bundles.
DISCUSSION

By obtaining the cryo-EM structure of the nanofibers of an IDP (1), this study provides

the first structure of the supramolecular assemblies formed by intrinsically disor-

dered short peptides. By examining the roles of phosphorylation, sequence, and

noncovalent interactions, this work illustrates that the C-terminal proline-phospho-

serine sequence and noncovalent interactions of the hydrophobic pyrenes are two

crucial parameters in dictating the formation of the filament bundles in the presence

of calcium ions. The hierarchical assembly of 1 in the presence of metal ions,

together, with the structure of the nanofibers of 1 at near-atomic resolution, offers

molecular insights into how the order arises from intrinsically disordered building

blocks.

Although a considerable number of assemblies of pyrene-conjugated peptides

have been reported,48 structural detail is lacking. Contrasting to the previously

suggested pyrene dimers in the assemblies, pyrenes form heptamers or octamers

as the core of the peptide nanofibers. The arrangement of pyrene in the nanofibers

formed by 1 represents a significant advancement of knowledge and will help un-

derstand other nanofiber assemblies formed by small molecules containing pyrene

and peptides.49–52 Moreover, attaching large hydrophobic group (e.g., pyrene) to

generate self-assembled nanofibers of an IDP for cryo-EM structural reconstruction

may offer a general approach to reveal the most probable conformations of IDPs in

the assemblies. Considering that fibrillar architectures are common in peptide as-

semblies, cryo-EM helical structural reconstruction is emerging as a powerful

approach to obtain atomistic structures of other peptide assemblies that form he-

lical polymers.14,53,54 In addition, the slightly different pyrene core packing

observed under cryo-EM further emphasizes the cruciality of using cryo-EM struc-

tures as the starting point, but not as the end point of examination, for rational

peptide design. An experimental model can provide more information, such as

peptide-peptide interaction critical for filament formation, engineerable locations

not contributing to the supramolecules structures, and structural plasticity of the

assembly, etc., while the hypothetical model could be misleading and

incomplete.42,55

These results also underscore the combination of structural determination using

cryo-EM single-particle reconstruction and chemistry is a powerful approach to un-

derstand hierarchical self-assembly processes involving IDPs. Cryo-EMmaps of pep-

tide assemblies at near-atomic resolution (better than 4.0 Å) offers a better alterna-

tive to small-angle X-ray scattering (SAXS) or nuclear magnetic resonance (NMR) for

building a reliable atomic model.56,57 Moreover, this work explores the possibility of

using metal ions in controlling interfibrillar interactions for generating higher-order

assemblies, such as filament bundles. In addition, this work also implies the need to

consider the role of calcium and magnesium ions, in addition to copper or zinc
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ions,38 in the pathology of other IDPs (e.g., b-amyloids) as calcium and magnesium

ions mainly exist as metal ions at physiological conditions.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Bing Xu (bxu@brandeis.edu).

Materials availability

The peptides reported in this work are available upon request.

Data and code availability

The supplementary figures generated during this study are available in the supple-

mental information. The structural information generated in this study is available at

the Protein Data Bank (PDB: 7UUQ and 8GI5).
Methods

Chemicals

2-Cl-trityl chloride resin (1.02 mmol/g), Fmoc protected amino acid building blocks,

and 2-Naphthaleneacetic acid were purchased from GL Biochem (Shanghai, China).

Fmoc-Osu was purchased from Creosalus. O-benzotriazole-N,N,N,N0-tetramethy-

luronium-hexafluorophosphate (HBTU) was purchased from Chem impex. N,

N-diisopropylethylamine (DIPEA) and L-O-Phosphoserine were purchased from

TCI America. 1-pyreneacetic acid and 1-pyrenebutyric acid were purchased from

Sigma-Aldrich. Dimethylformamide (DMF), methylene chloride (DCM), trifluoroace-

tic acid (TFA), methanol (MeOH), triethylamine, and other reagents and solvents

were purchased from Fisher Chemical. All reagents and solvents were used without

further purification.

Instruments

All crude compounds were purified using a reverse phase HPLC (Agilent 1100 Series)

with HPLC grade water (0.1% TFA) and HPLC grade acetonitrile (0.1% TFA) as elu-

ents. LC-MS spectra were obtained on a Waters Acquity Ultra Performance Liquid

Chromatography with Waters Micromass Quattro Mass Spectrometer. TEM was

conducted on Morgagni 268 transmission electron microscope. HADDF-STEM

and EDS were done on the FEI Titan Cubed Themis G2 300 TEM. CD was conducted

on Jasco J-810 spectropolarimeter. Fluorescence emission spectra were obtained

using Shimadzu RF-5301PC spectrometer. Cryo-EM was conducted on a Titan Krios

(300 keV, Thermo Fisher) with a K3 camera (Gatan). pH was measured using Hydrion

pH test paper (1.0–2.5; 3.0–5.5; 6.0–8.0; 0–13).

Peptide synthesis (1 as an example)

Compound 1 and its analogs were synthesized via solid-phase peptide synthesis

(SPPS) using 2-chlorotrityl resin (Scheme S1). Resins were dipped in DCM for

15min, and then the amino acid building blocks (2mmol/g resin) in DMFwere loaded

using DIPEA to adjust pH to 8 for 1.5 h. Capping solution (DCM:MeOH:DIPEA =

17:2:1) was added for 20min. 20%piperidine inDMFwas added for 30min for depro-

tection. For subsequent couplings, amino acids (2 mmol/g), HBTU (2 mmol/g), and

DIPEA were loaded for 1 h. Wash with DMF after each step. Peptides were cleaved

using a cleavage cocktail (95% TFA, 2.5% triisopropyl silane, and 2.5% H2O) and re-

acted for 1 h. After concentration, ice-cold ethyl ether was added for peptide precip-

itation. The crude peptides were then purified by HPLC (purity > 97%).
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Synthesis of O-phospho-L-tyrosine (pY)

Phosphorus pentoxide (10.0 g, 70.4 mmol) and 85% phosphoric acid (13.0 g) were

added into a round-bottom flask under nitrogen gas protection. L-tyrosine (3.22 g,

17.8 mmol) was added when the system cools to 50�C–60�C. The reaction mixture

was heated to 80�C and stirred for 24 h, with water (30 mL) added and stirred for

30min to quench the reaction. The reactionmixture was cooled to room temperature

and then added dropwise into cold n-butanol (650 mL). Collect the white precipitate

through vacuumfiltration andwashwith icewater, ethanol, and ethyl ether. Thewhite

powder was lyophilized and used for the next step.

O-phospho-D-serine can be synthesized using this protocol.

Synthesis of Fmoc-pY

pY (0.5 g, 1.9 mmol) and Fmoc-Osu (0.78 g, 2.3 mmol) were added into 5 mL water

and 5 mL acetonitrile. Triethylamine was added dropwise to adjust pH to 8.5–9.0.

The reaction was stirred for 1 h at room temperature. Remove acetonitrile and

add ethyl acetate (50 mL) and water (50 mL). Use 12 N hydrochloric acid to

adjust pH to 2.0 and collect the organic phase. Furthermore, extract with ethyl

acetate (2 3 50 mL). The organic phase was washed with 1 N hydrochloric acid

(2 3 40 mL), water (2 3 40 mL), and brine (2 3 40 mL). Remove the solvents and

collect the product. Purity: 99%.

Fmoc-(L)-pS can also be synthesized using this protocol. Purity: 98%.

CD

CD spectra were recorded (180–400 nm) using a JASCO 8-10 spectrometer under

nitrogen atmosphere. Peptide 1 was added into a quartz cuvette (1 mm) and

scanned with 1 nm interval at the scanning speed of 100 nm/min for 3 times.

TEM

Glow discharge 400 mesh copper grids coated with carbon film and add 3 mL sam-

ple. Let it stand for 1 min and then wash with 40 mL ddH2O. Stain the sample with 2%

UA for 20 s, and air dry the grid. The grids were then imaged at a high tension

of 80 kV.

HADDF-STEM

High-resolution HADDF-STEM images were obtained by using the Titan TEM equip-

ped with a spherical aberration corrector, at an acceleration voltage of 300 kV.

Sample preparation

Peptides were dissolved in double-distilled water at 10 mM as stock solution. CaCl2,

MgCl2, SrCl2, NaCl, and KCl were dissolved in double-distilled water at 200 mM as

stock solution. Samples that involve the addition of metal ions were directly diluted

from the stock solution using double-distilled water or buffers (10, 20, 50 mM, or 1 M

Tris-HCl [pH = 7.5]; PBS [pH = 7.4]). Samples that involve the addition of protons

were directly diluted from peptide stock solution using double-distilled water and

use 2 M hydrochloric acid to adjust pH to the desired value (Figures 1A, 1F, and

3F). All the samples are prepared and incubated at room temperature before

characterization.

The pHs of samples in double-distilled water: 1.3 mM 1 in H2O, pH = 4.0; 1.3 mM 1 +

2.0–20mMCa2+ in H2O, pH= 4.0; 5.0 mM 1+ 2.8mMCa2+ in H2O, pH= 3.0; 5.0 mM

1 + 10 mM Ca2+ in H2O, pH = 3.0; 5.0 mM 1 + 10 mM Ca2+ + 2.5 mM EDTA in H2O,
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pH = 3.5; 5.0 mM 1 + 10 mM Ca2+ + 5.0 mM EDTA in H2O, pH = 4.0; 5.0 mM 1 +

10 mM Ca2+ + 7.5 mM EDTA in H2O, pH = 4.0; 2.5 mM 1 + 2.8 mM Ca2+ in H2O,

pH = 4.0; 0.63 mM 1 + 2.8 mM Ca2+ in H2O, pH = 4.5; 0.31 mM 1 + 2.8 mM Ca2+

in H2O, pH = 4.5; 0.16 mM 1 + 2.8 mM Ca2+ in H2O, pH = 5.0; 0.080 mM 1 +

2.8 mM Ca2+ in H2O, pH = 5.0; 1.3 mM 1 + 10 mM K+ in H2O, pH = 4.0; 1.3 mM

1 + 10 mM Na+ in H2O, pH = 4.0; 1.3 mM 1 + 30 mM Na+ in H2O, pH = 4.0;

1.3 mM 1 + 100 mM Na+ in H2O, pH = 4.0; 1.3 mM 1 + 100 mM Na+ +20 mM

Ca2+ in H2O, pH = 4.0; 1.3 mM 1 + 10 mM Mg2+ in H2O, pH = 4.0; 1.3 mM 1 +

10 mM Sr2+ in H2O, pH = 4.0; 1.3 mM analogs of 1 in H2O, pH = 4.0; 1.3 mM analogs

of 1 + 10 mM Ca2+ in H2O, pH = 4.0; 1.3 mM 5 + 10 mMMg2+ in H2O, pH = 4.0; and

1.3 mM 5 + 10 mM Sr2+ in H2O, pH = 4.0.

The pHs of samples in buffers: 1.3 mM 1 in 10 mM Tris-HCl (pH = 7.5), pH = 5.0;

1.3 mM 1 + 20 mM Ca2+ in 10 mM Tris-HCl (pH = 7.5), pH = 4.5; 1.3 mM 1 in

20 mM Tris-HCl (pH = 7.5), pH = 6.8; 1.3 mM 1 + 20 mM Ca2+ in 20 mM Tris-HCl

(pH = 7.5), pH = 6.0; 1.3 mM 1 in 50 mM Tris-HCl (pH = 7.5), pH = 7.4; 1.3 mM

1 + 2.8–20 mM Ca2+ in 50 mM Tris-HCl (pH = 7.5), pH = 7.4; 1.3 mM 1 in 1 M Tris-

HCl (pH = 7.5), pH = 7.6; 1.3 mM 1 + 20 mM Ca2+ in 1 M Tris-HCl (pH = 7.5),

pH = 7.6; 1.3 mM 1 + 10 mM Mg2+ in 50 mM Tris-HCl (pH = 7.5), pH = 7.4;

1.3 mM 1 + 10 mM Sr2+ in 50 mM Tris-HCl (pH = 7.5), pH = 7.4; 1.3 mM 1 in PBS

(pH = 7.4), pH = 6.4; and 1.3 mM 1 + 2.8–5.0 mM Ca2+ in PBS (pH = 7.5), pH = 6.4.

Cryo-EM of nanofiber

The peptide (1) samples (first sample at 1.3 mM, pH = 2, and second sample at

1.3 mM, pH = 4 and 2.0 mM Ca2+) were applied to glow-discharged lacey carbon

grids and vitrified using a Leica plunge freezer. Grids were imaged on a Titan Krios

(300 keV, Thermo Fisher) with a K3 camera (Gatan). For the first sample, 6,233 micro-

graphs were collected under electron counting mode at 1.08 Å per pixel, using a de-

focus range of 1–2 mm with �50 electrons/Å2 distributed into 40 fractions. For the

second sample, 10,517 micrographs were collected under electron counting

mode at 1.11 Å per pixel, using a defocus range of 1–2 mm with �50 electrons/Å2

distributed into 40 fractions. Motion correction and contrast transfer function

(CTF) estimation were done in cryoSPARC.58–60 In both samples, a few million parti-

cles were auto picked by ‘‘Filament Tracer’’ with a shift of 15 or 18 pixels. Next, non-

peptide junk particles and particles in low-resolution averages were removed by

multiple rounds of reference-free 2D classifications. Particles having clear 2D

average patterns were then selected. All possible helical symmetries were calcu-

lated from an averaged power spectrum of the raw particles and then were tested

by trial and error in cryoSPARC until recognized peptide features, such as clear sep-

aration of b sheets and good side chains densities, were observed.29,61 The final vol-

umes were then sharpened using local sharpening or DeepEMhancer available in

cryoSPARC. Statistics are listed in Table S1.

Model building of filament

The (1) filament reached the �3.1/3.0 Å resolution, respectively, according to map:

map FSC. Since the filaments are made of only b sheets, the hand of the cryo-EM

map cannot be determineddirectly. This is unlike cryo-EMmaps that contain an a-he-

lix, in which the hand is obvious when the resolution is 4.5 Å or better.29 In the

published cross-b structures, the parallel b sheets typically have a left-handed twist.

However, this observation may not be deducible to short peptides containing non-

standard residues. Therefore, we didmodel building for both hands of themap. First,

themodel was manually adjusted in Coot62 and then real-space refined in PHENIX.63

The model fits better in the left-handed 1-start map than the right-handed 1-start
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map in both cases, with better real space correlation coefficient (RSCC) (0.85 vs. 0.82,

0.85 vs. 0.84, respectively) and better hydrogen bonds within b sheets. Therefore, we

suggested both maps probably have a left-handed twist in 1-start or 2-start, respec-

tively. The refinement statistics of both (1) nanofibers are shown in Table S1.
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