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SUMMARY

Peptide-based biopolymers have gained increasing attention due to their versatile applications.

A naphthalene dipeptide (2NapFF) can form chirality-dependent tubular micelles, leading to
supramolecular gels. The precise molecular arrangement within these micelles and the mechanism
governing gelation have remained enigmatic. We determined, at near-atomic resolution,
cryoelectron microscopy structures of the 2NapFF micelles LL-tube and LD-tube, generated by
the stereoisomers (L,L)-2NapFF and (L,p)-2NapFF, respectively. The structures reveal that the
fundamental packing of dipeptides is driven by the systematic rt-r stacking of aromatic rings

and that same-charge repulsion between the carbonyl groups is responsible for the stiffness

of both tubes. The structural analysis elucidates how a single residue’s altered chirality gives

rise to markedly distinct tubular structures and sheds light on the mechanisms underlying

the pH-dependent gelation of LL- and LD-tubes. The understanding of dipeptide packing and
gelation mechanisms provides insights for the rational design of 2NapFF derivatives, enabling the
modulation of micellar dimensions.
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Sonani et al. study the assembly of a naphthalene dipeptide (2NapFF) in homochiral and
heterochiral tubes, which form supramolecular gels. Using cryo-EM, the structures of LL- and
LD-tubes are related to the configuration of the dipeptide, revealing how aromatic rings’ rt-m
stacking and carbonyl group repulsion shape these structures.

INTRODUCTION

Short peptides are now well-established building blocks for a range of useful supramolecular
materials.1~7 In addition, there is much to be learned from the self-assembly of synthetic
oligopeptides with regard to biological processes, including the misfolding of proteins that
lead to diseases such as amyloid and Huntington’s.8 There is huge diversity in the short
peptides that have been examined, and the resulting range of self-assembled structures

that can be formed is also large.>10-12 Self-assembled aggregates that have been reported
include tapes, tubes, fibers, spherical structures, helices, two-dimensional (2D) films, and
toroids.1® These aggregates often have a hierarchical assembly and can further form larger
structures and useful materials. For example, it is not uncommon for gels to be formed from
the aggregation of 1D structures such as fibers or nanotubes.14

A key question, especially from the perspectives of rational design and of extrapolating
understanding to biological processes, is how the peptides pack within the self-assembled
structures. Different properties result from the same short peptide self-assembled in different
ways,1° and it is clearly important to understand why this is the case. Further, if one wants to
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carry out selective reactions on a self-assembled aggregate, it is necessary to know whether
specific functional groups are accessible.

It is relatively easy to visualize the larger aggregates that are formed using techniques

such as negative-stain transmission electron microscopy or atomic force microscopy and

to use small-angle scattering to determine some structural parameters in the formation of
fibers or helical tapes.1® However, such techniques do not necessarily provide insight into
the atomic structures. Infrared spectroscopy and circular dichroism can potentially provide
insight into the arrangement of the peptides, and it can be possible to interpret spectroscopic
data as showing that the peptides form B-sheets or a-helices.2® Caution is required here,
especially for short, functionalized peptides, as it is not always clear that the data from

such well-studied systems as poly(lysine) can be extrapolated to, for example, dipeptides.
However, it is still common to see reports using such information to provide a detailed
cartoon as to molecular packing with little concrete evidence. There is a belief that solving a
crystal structure or collecting powder X-ray diffraction data on a sample (usually dried) can
be informative.17-20 However, it is clear, at least in some cases for the dipeptides discussed
in this paper, that such approaches are not always useful. For example, for a dipeptide-based
gel, the structure of a crystal grown directly from the gel phase does not agree with the fiber
diffraction data from the gel phase, showing that the molecular packing must be different.2!
Similarly, drying often leads to changes in morphology,2? meaning that extrapolation from
data on dried samples to solvated supramolecular structures should be treated with caution.
In structural biology, it has been well established for more than 80 years that the structure
of a protein or protein crystal is only maintained when it is fully hydrated,?3 and it is
inconceivable that most peptides would behave differently.

Contrast-matching small-angle neutron scattering (SANS) approaches with selectively
deuterated analogs of a functionalized dipeptide have been used to understand the molecular
packing in a micellar and gel state.24 This approach allowed molecular-level information to
be accessed, but this method requires extensive synthesis, access to competitive beamtime
at large-scale facilities, long data collection times, and models fit to the data that may not
be unique. Further, one must assume that such selective deuteration does not change the
molecular self-assembly. A more accessible technique is therefore required to determine
structures of these assemblies at near-atomic resolution. One method that is providing
high-resolution structures for many proteins is cryoelectron microscopy (cryo-EM), which
has emerged over the past 10 years as the dominant technique in structural biology of
macromolecular complexes.2>-27 Although the applications of cryo-EM to peptides have
been rather limited, they are rapidly growing.28.29

It has been demonstrated that the naphthalene-conjugated dipeptide possesses better
biocompatibility.30 Extensive investigations have been conducted on various derivatives
within this novel class of gelators, as reviewed in Hamley.3! Specifically, functionalized
analogs of diphenylalanine are widely used and have been shown to be highly effective
gelators.32-36 The self-assembly of a naphthalene dipeptide (2NapFF; Figure 1) forming
gels with different rheological properties has been previously studied widely by the

Adams group.2437 2NapFF, like a surfactant, undergoes concentration-dependent structural
transformation from free molecules to worm-like micelles at alkaline pH, followed by the
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association of these wormlike micelles into a gel at neutral to acidic pH.24:38 The molecular
packing of worm-like micelles has only been predicted by molecular dynamics or modeled
into low-resolution data from SANS and small-angle X-ray scattering (SAXS).24:38 Thus,
the actual molecular packing of these micelles remains undetermined. Here, we directly
determine the molecular packing of these dipeptides by cryo-EM. Our results reveal how the
small peptide assembles into giant and ordered micelles and, further, how the chirality of the
dipeptide dramatically changes the packing, shape, and size of the resultant micelles.

Self-assembly of (L,L)-2NapFF and (L,0)-2NapFF micelles

The (L,L)-2NapFF dipeptide is a very simple chemical structure—a naphthalene attached
to the N terminus of diphenylalanine (Figure 1A). The (L,0)-2NapFF is a stereoisomer

of the (L,L)-2NapFF, as its second Phe is a D isoform (Figure 1C). The self-assembly of
dipeptides (L,L)-2NapFF and (L,0)-2NapFF into micelles is induced by continuous stirring
of 1% peptide solutions at pH 11 and room temperature. After overnight stirring, they
polymerize into long tubular micelles of ~80 and ~300 A diameter, respectively, which we
name LL- and LD-tubes (Figures 1A and 1C).

Cryo-EM structure of (L,0)-2NapFF micelle

Movies are acquired rather than single images, taking advantage of the extremely fast
frame rates of the direct electron detector cameras. These movies allow one to correct for
beam-induced motion during the imaging. One can then determine the defocus that was
present to generate the phase contrast for each image and use this to correct for the phase
reversals that occur in the contrast transfer function (CTF). Automated methods are then
used to cut segments from the tubes. A 2D class average from 427,056 segments (Figure
1A) shows high-resolution features, and these periodic high-resolution features are also
apparent in the averaged power spectrum of LL-tube segments (Figure 1B), with layer lines
(1) arising from the helical symmetry extending out to 3.9 A resolution. This suggests

that, unlike amorphous lipid micelles, the LL-tube has highly ordered packing. The helical
symmetry that we determined for this tube was an axial rise of 0.59 A and a helical rotation
of —134.57 relating each asymmetric unit (ASU). We have used 3D reconstruction from

the 2D segments, and the map shows clear density for the phenylalanine side chains, the
naphthalene aromatic rings, and the peptide backbone, allowing for an atomic model to

be built with high confidence (Figure 2A). It is of note that the map-to-map Fourier shell
correlation (FSC), which has been called a “gold standard” in estimating resolution in
structural biology,3® overestimates the resolution of the map to be 2.7 A (Figure S1). In
contrast, the map-to-model FSC#C yields a value of 3.3 A, which is much more consistent
with the visual features of the map. The LL-tube is an eight-start helix consisting of eight
protofilaments, where each protofilament is formed by three strands, two outer and one inner
(Figures 2A and 2B). The helical ASU of the LL-tube is a trimer of dipeptides, with one
forming the inner wall and two forming the outer wall. There is an intrinsic enantiomorphic
ambiguity in 3D maps generated by cryo-EM due to the fact that projection images have
been collected.28 In protein structures, a resolution better than ~4.5 A will show a hand for
a-helices that will allow for the determination of which of the two enantiomorphic volumes

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sonani et al.

Page 5

is the correct one. For proteins or peptides that contain no a-helices, the hydrogen-bonding
pattern in B-sheets can be used when the resolution is ~2.5 A or better.4! For the LL-tubes,
it was difficult to determine the correct hand of the map due to the absence of a regular
secondary structure. For the determination of the hand, we built LL-tube atomic models
(containing ~75 copies of the dipeptide) into both the right- and left-handed maps and ran
the Real-space refinementand Molprobity validations in Phenix. The Cg-outliers in the left-
handed model (~33.3%) are double those of the right-handed (~16.7%) map, indicating that
the right-handed map is most likely the correct one. Moreover, the H-bond distance, ~3.4 A
(see below), in the right-handed model is consistent among the three strands, suggesting that
the strands are indeed right-handed.

There are three conformations of the dipeptide present, as each dipeptide in the ASU adopts
a different conformation. The conformations of the two outer dipeptides are similar, while
the inner dipeptide has a completely different conformation (Figure 2B). Looking from the
top, the inner dipeptide orients all aromatic rings (naphthalene and two Phe rings) on the
same side of the peptide back bone, whereas in both outer dipeptides, the second Phe ring
flips to the opposite side of the peptide backbone (Figure 2C). The stacking of dipeptides
within each strand is mainly mediated by the -7 stacking of all three aromatic rings with
an average (ring center-to-center) stacking distance of 5.0 + 0.1 A (Figure 2D). The packing
involves a weak H-bond between a carbonyl oxygen and a naphthalene-connecting nitrogen
in the inner strand and between a carbonyl oxygen and an amide nitrogen in both outer
strands (Figure 2D). With this packing, dipeptides bury all their aromatic rings in the lumen
between the outer and inner walls of the LL-tube, exposing the carbonyl group and polar
atoms of the peptide backbone on the inner and outer surfaces of the tube (Figure 2E).

We note that the data collected here agree well with the previous low-resolution SANS
study, which used contrast-matching approaches to determine the packing within the
aggregates.24

Cryo-EM structure of (L,0)-2NapFF micelle

Interestingly, the (L,0)-2NapFF oligomerizes into a tube of very different morphology than
its stereoisomer, a ~300-A-wide tube having a thin two-layered wall, which we name the
LD-tube (Figure 1C). Its 2D class average (Figure 1C) reveals only a single set of helical
striations arising from the top and bottom surfaces of the tube, while the averaged power
spectrum of LD-tube segments (Figure 1D) shows Il extending out to ~3.0 A. Like the
LL-tube, the LD-tube appears to be homogeneous and highly ordered. The reconstruction
for the LD-tube was challenging, as there were ~50 possible symmetries that would all be
consistent with the power spectrum. These symmetries are defined by an axial rise and a
helical rotation relating each ASU, with the possibility that there may also be a rotational
point group symmetry. Further complicating the problem, the expected axial rises for closely
related symmetries, in some cases differing by only a few thousandths of an A. For example,
I11 at 1/(21 A) might contain a Bessel order 28, 29, 30, 31, 32, or 33. Similarly, 117 at 1/(3
A) might contain a Bessel order 7, 8, 9, 10, 11, or 12. Now, if we consider two helical
symmetries, 31/9 and 32/9, described by the Bessel orders on 111/117, the axial rises for

them will be 0.102 and 0.0989 A, respectively. The difference of 0.003 A in the axial rise
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between these two helical symmetries makes their helical nets very similar. In practice, the
refinement of the helical symmetry will have many local minima in which the alignment
procedure can get stuck.

After exhaustively testing all possible symmetries, we could generate a 3D reconstruction
for the LD-tube with a global resolution of 3.3 A by imposing the symmetry parameters
0.09892 A/78.6977 (111/117 orders —32/+9). The hand of the LD-tube was selected using
the same procedure employed for the LL-tube. The ratio of the wall thickness of the
LD-tube (~20 A) compared to the tube diameter (~300 A) is much smaller than in the
LL-tube, where the wall thickness and tube diameter were 24 and 80 A, respectively. The
LD-tube is composed of an inner and an outer shell (Figures 3A and 3B) and is a 32-start
helical assembly made up of 32 protofilaments, each consisting of two strands forming

the inner and outer wall of the tube (Figures 3A and 3B). Unlike the LL-tube, the helical
ASU contains two (L,0)-2NapFF dipeptides (one forming the inner wall and the other the
outer) having almost identical geometry (Figures 3A and 3B). However, the orientations
of naphthalene rings in the inner and outer strands are in opposite directions (Figures 3A
and 3B). The basic stacking of dipeptides in each LD-tube strand is similar to that of the
LL-tube, i.e., it is mediated by r-r stacking of aromatic rings and a weak H-bond. Like the
LL-tube, the LD-tube strands orient all aromatic rings into the space between the inner and
outer walls while orienting the carbonyl groups and peptide backbone polar atoms onto the
inner and outer surfaces of the tube (Figure 3C).

We prepared partially deuterated analogs of the (L,n0)-2NapFF allowing a contrast-matching
SANS experiment. Essentially, the deuterated segments of the dipeptide will become
invisible to the neutrons.#243 As noted above, we previously used this approach to model
the packing in the LL-tubes, with the data agreeing with those presented here (Figures

4A and 4B). For the LD-tubes, the data from the SANS experiments can all be fitted to

the same model (Figure 4D), showing that there is little change in the dimensions of the
structures. However, these data would be hard to rationalize or understand without the
cryo-EM structure. Using the cryo-EM structure, we find excellent agreement with the
SANS results (Figure 4C). The molecular packing is such that making part of the molecule
neutron invisible would not be expected to lead to a change in the overall dimensions of the
tube, although a change in intensity of the neutron scattering, as observed, is expected.

Cryo-EM analysis of micelles of (L,L)-2NapFF derivatives

We investigated the morphological characteristics of three distinct micelles formed by
derivatives of the 2NapFF dipeptide, namely CarblF,*4 3MeOFF,*> and ThNapFF,*6 which
have been recently characterized to form supramolecular gels.

These micelles exhibit varying morphologies despite their closely related chemical
compositions.

Our cryo-EM analysis revealed noteworthy differences in the morphological features of
these micelles. The CarblF micelle, as shown in Figure 5A, displayed a tubular structure
with a diameter of approximately 88 A, resembling the LL-tube. However, the packing
arrangement of strands in CarblF appeared to differ, indicated by its smaller diameter
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(~88 A) and a discerned helical periodicity of around 110 A, as observed in the power
spectrum (Figure 5B). Conversely, the 3MeOFF micelle exhibited a significantly larger
tubular structure akin to the LD-tube, boasting a diameter of approximately 620 A, nearly
twice that of LD-tubes. Interestingly, despite its larger size, the helical periodicity of the
3MeOFF micelle remained consistent with that of the LD-tube, measuring 22 A (Figures 5C
and 5D). In contrast to both LL- and LD-tubes, as well as CarblF and 3MeOFF micelles, the
ThNapFF micelle adopted a worm-like, non-hollow structure, featuring an apparent helical
periodicity of approximately 61 A.

It is noteworthy that the dimensions of these three micelles, as determined through cryo-EM
analysis, corroborate previous observations made using indirect methods.*4-46 Furthermore,
our analysis provided the additional information that all three micelles are formed by the
highly ordered packing of dipeptides, as evident from the high-resolution features in their
respective 2D class averages and the presence of high-resolution Il in the corresponding
power spectrum (Figure 5).

DISCUSSION

Cryo-EM structures of LL- and LD-tubes not only reveal that they are highly ordered
micelles but confirm previous conclusions about packing of these micelles and the gelation
phenomenon derived from lower-resolution data. The LL- and LD-tubes are similar in many
ways but are remarkably different structures. The fundamental packing of dipeptides in each
strand is similar in both tubes, where the dipeptides stack through their aromatic rings and
are held together by additional H-bonds. However, the packing of strands into the higher-
order assemblies is different for both tubes. Our structures explain why the altered chirality
of a single residue produces drastically different micelles. It is clear from the structures that
(L,L)-2NapFF can have three different conformations, which give rise to three different types
of strands packed in the smaller diameter LL-tube compared to the single type of strand
formed by (L,0)-2NapFF that packs together in the larger-diameter LD-tube. Two outer
strands align their aromatic rings against those of an inner strand, forming a protofilament,
eight of which twist in a right-handed manner to form narrow, hollow LL-tubes. In the
LD-tube, the single outer strand aligns against the inner one to make a protofilament, and
32 of them twist in a left-handed manner to form the large, hollow LD-tube. The packing

of both the LL- and LD-tubes suggests that the nearest-neighbor interactions in the tubes
are driven by burying the aromatic rings in the hydrophobic core while keeping the carbonyl
groups solvent accessible.

The overall dimensions of tubes and the orientation of aromatic rings and carbonyl groups
seen in the cryo-EM structures match well with prior models from SAXS, SANS, and
atomistic molecular dynamics stimulation data.2438 The morphology of both tubes is very
straight, arising from a structural rigidity. They do not appear to aggregate at high pH in
micellar forms, as no side-by-side stacking of tubes is apparent in cryo-EM images. In
contrast, at low pH, it was previously observed that they start to stick and entangle with
each other, as evident from the gelation.# It is of note that the outer and inner surfaces

of both tubes contain the exposed carbonyl groups. At high pH, the carbonyl tends to

be deprotonated, and the overall charge on both surfaces will be highly negative. It has
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been demonstrated in polymer-electrolyte physics that a polymer with uniformly charged
functional groups on its surface adopts a straight conformation because of same-sign charge
repulsion.#849 Such charge repulsion between carbonyl groups of LL- and LD-tubes would
resist tube bending and favor the straight morphology. Same-sign charge repulsion could
also prevent the aggregation of tubes in micellar form at high pH.

Cryo-EM structures of LL- and LD-tubes shed further light on their gelation mechanism.
Both LL- and LD-tubes form gels upon lowering the pH.38 The previous SAXS and SANS
data suggest that the LL-tube transforms from a hollow cylinder to a (hon-hollow) elliptical
rod structure at low pH. As the pH is decreased, protonation of the carbonyl groups present
on both the inner and outer surfaces of the tube masks the apparent negative charge on tube
surfaces and allows for tube bending and inter-tube interactions leading to gel formation.

In the absence of charge-charge repulsion, the inner walls collapse at low pH to form an
elliptical rod; indeed, previous data show that this aggregate has two apparent pKj values,
with the highest (around 9) being ascribed to the carboxylic acid in the inner wall.24 The
close proximity of these groups as shown in the cryo-EM structure explains this high value
for a carboxylic acid on the basis of the packing leading to strong ion-dipole interactions
between RCOO™ and RCOOH, stabilizing the charge. In contrast, the inner walls of LD-
tubes do not collapse upon pH reduction and maintain a large tubular structure with slight
change in overall dimensions.38 Our hypothesis is that the lower curvature in the walls
means that losing local order in the walls does not lead to collapse overall, as charge balance
is maintained as the pH is decreased. Hence, protonation results in a removal of charge,
allowing the tubes to come together to form a gel, but no inner wall collapse.

There are many chemical derivatives of 2NapFF that form micelles of different
dimensions.#446 The knowledge that the fundamental assembly of 2NapFF is driven

by systematic rt-m stacking and that the long-range stiffness is likely mediated by

the negatively charged carbonyl groups will be crucial in rational design strategies for

the modification of these compounds. The cryo-EM approach used here improves our
knowledge of these systems immensely, moving away from cartoonlike structures, and
allows us to understand aspects such as the multiple pKj values, as well as why specific
structures change upon pH adjustment while others change far less. The data here explain
the contrast-matching SANS experiments. While the SANS and cryo-EM experiments are
complementary, the SANS experiments require significant, expensive synthesis as well the
assumption that deuteration does not lead to structural changes. The near-atomic resolution
that has now become routine with the cryo-EM approach should lead to the determination
of many non-biological supramolecular structures and directly address whether specific
functional groups are accessible for specific reactions or as catalytic sites.50:51

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Further information and requests for resources and reagents should be
directed to the lead contact, Edward H. Egelman (egelman@virginia.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability—Atomic models of LL- and LD-tubes are provided as
Data S1 and S2, respectively. Cryo-EM maps of LL- and LD-tubes have been deposited
in the Electron Microscopy Data Bank with accession IDs EMD-42434 and EMD-42436,
respectively.

Materials preparation

(L,L)-2NapFF and (L,0)-2NapFF were synthesized as described elsewhere.38 The partially
deuterated analogs of (L,p0)-2NapFF were prepared using similar procedures. Full synthetic
and characterization details are described in the supplemental information (supplemental
experimental procedures; Figures S4-S40).

Preparation of LL and LD tubes

500 mg either (L,L)-2NapFF or (L,0)-2NapFF was suspended in deionized water. To this
suspension was added one molar equivalent of a sodium hydroxide solution (0.1 M, NaOH,
Sigma-Aldrich) such that the final volume was 50 mL. The solution was stirred at 1,200
rpm overnight to allow complete dissolution of the gelator. At this point, all solid had
dissolved, and a free-flowing, viscous solution was formed. Finally, the pH of each solution
was measured and adjusted if necessary to pH 11 G 0.1 using either NaOH (1 M) or HCI (1
M) as appropriate.

Vitrification of sample on copper grid for cryo-EM

Cryo-EM

3 WL tube suspensions were applied on glow discharged lacey carbon grids, and excessive
sample was blotted away, leaving a thin film of sample on the grid, which was plunge frozen
in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). Frozen grids were
stored in liquid nitrogen until the cryo-EM experiment.

Cryo-EM data collection and image preprocessing—The frozen grids were
screened on a 200 keV electron microscope (Glacios, Thermo Fisher Scientific) for selection
of grids with the best ice thickness and tube distribution. The best grid was used for full

data collection on a 300 keV electron microscope (Titan Krios, Thermo Fisher Scientific)
equipped with a K3 direct electron detector (Gatan). Dose-fractioned movies were recorded
by total exposure per movie of ~50 e A=2 with pixel sizes of ~0.67 and ~1.08 A for LL- and
LD-tubes, respectively. Beam-induced and full-frame motions in raw movies were corrected
by the “patch motion correction” job in cryoSPARC.52 Motion-corrected movies were used
for the CTF estimation by the “patch CTF estimation” job in cryoSPARC.52

Reconstructions of LL- and LD-tube volume map—The 3D reconstructions of LL-
and LD-tubes were performed using the helical processing workflow in cryoSPARC.52 Tube
segments were manually boxed from only a few micrographs to generate 2D class averages
for further automatic template-based particle picking by “filament tracer.” The averaged
power spectra of vertically aligned segments of tubes were generated for both tubes and
used for indexing, which yields the helical parameters. Almost ~5 and more than ~50
symmetries were calculated for LL- and LD-tubes, respectively, from the power spectra.
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Initial volumes for LD-tubes were generated using SPIDER and were then used as starting
models for reconstructions in cryoSPARC. The “helix refine” job in cryoSPARC was used
for the reconstruction of both tubes. The maps were further improved by iterative cycles of
refinements with different options like “non-uniform refinement,” “local-CTF refinement,”
and map sharpening by deepEMhancer.>3

Cryo-EM data collection and processing statistics are provided in the supplemental
information (Table S2). The local resolution maps and map-to-map FSC curves generated
from cryoSPARC for both LL- and LD-tubes are provided in the supplemental information
(Figures S1 and S2).

Model building

The PDB models for (L,L)-2NapFF and (L,0)-2NapFF with geometry restrain were generated
using Phenix.elbow.>* The PDB models were rigid-body fit into the respective maps. The
models were further refined by iterative cycles of interactive refinement in COOT® and
automatic refinement by Phenix Real Space Refinement.>* The model fitting statistics are
provided in the supplemental information (Table S2).

Structural analysis

Structural analysis and representation were performed using ChimeraX.>6

Sample preparation for SANS measurements

Solutions of different hydrogenated and partially deuterated (L,0)-2NapFF at 10 mg/mL
were prepared as follows: 50 mg (L,0)-2NapFF was weighed into a 7 mL Sterilin vial. Then,
4 mL D,0 was added, followed by 1 mL of a solution of NaOD in D,0O (0.1 M, diluted

in D,0 using the commercially available 40 wt % solution, Sigma-Aldrich). The solutions
were stirred overnight at 1,000 rpm until dissolution. Once dissolved, the pH was adjusted to
11 using 1 M NaOH.

SANS measurement and analysis

SANS experiments were performed using the ZOOM instrument at the ISIS Neutron and
Muon source of the STFC Rutherford Appleton Laboratory (Didcot, UK), experiment
numbers RB2310030 and RB2310049. The samples were measured using a sample changer
and a water bath at 25°C. The source-to-sample/sample-to-detector distance was setto L1 =
L2 = 8 m to access a q range of 0.0045-0.8 A~1, where q = 4rsin(6/2)/A using neutrons of
wavelengths spanning 1.57-14.6 A. All solutions were measured in UV-spectrophotometer-
grade quartz cuvettes (Hellma) with 2 mm path length. The 2D scattering patterns were
azimuthally integrated to obtain 1D plots of intensity vs. Q using the facility-provided
software. The scattering from the DO background and the empty cell were subtracted

from the gelator solutions using MantidPlot, and SANS curves were fitted using SasView
(v.4.2.0, http://www.sasview.org/). The SANS plots and fitting parameters are provided in
the supplemental information (Figure S3; Table S1).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Atomic structures of 2NapFF micelles are solved by cryo-EM
Aromatic rings’ rt-me stacking and repulsion between carbonyls shape 2NapFF micelles

Structural analysis of 2NapFF micelles reveals the mechanism underlying gelation
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Figure 1. Morphology of the self-assembled LL - and L D-tubes
(A) Chemical structure of (L,L)-2NapFF dipeptide (top) and cryo-EM with 2D class average

of LL-tube (bottom).

(B) Averaged power spectrum of LL-tube segments. Three layer lines with their associated
Bessel orders are labeled. The diffuse water ring, at ~ 1/(3.7 A), arises from the average
separation of water molecules being ~3.7 A

(C) Chemical structure of (L,0)-2NapFF dipeptide (top) and cryo-EM with 2D class average
of LD-tube (bottom).

(D) Averaged power spectrum of LD-tube segments, with two layer lines and the water ring
labeled. The self-assembly of the here-shown LL- and LD-tubes was induced by continuous
stirring of 1% peptide solution at pH 11 and room temperature. Scale bar: ~50 nm.
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Figure 2. Cryo-EM of LL-tube

(A) Cryo-EM density map of LL-tube.

(B) LL-tube model fit in map from top view. The helical asymmetric unit (ASU) of the
LL-tube (right).

(C) Individual structures of the three (L,.)-2NapFF dipeptides and their superimposed view
(bottom) present in the ASU of LL-tube.

(D) Interpeptide interaction, w-r stacking, and H-bond in three strands of LL-tube.

(E) Top view of LL-tube atomic structure. The aromatic rings are shown as sticks, and all
polar atoms are shown as blue spheres.
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Figure 3. Cryo-EM of L D-tube

(A) Cryo-EM density map of LD-tube. The packing of the (L,0)-2NapFF dipeptide in the
outer and inner strands is shown in the middle and on the right.

(B) Top view of LD-tube atomic model showing molecular packing of inner and outer
strands.

(C) Top view of LD-tube atomic model. The aromatic rings are shown as sticks, and all polar
atoms are shown as blue spheres.
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Figure 4. Correlation between SANS data and cryo-EM model of LL-tube and L D-tube
(A and C) Superposition of SANS-derived models of wall thickness and diameter (black

circles) for different deuterated constructs (top rows) for (A) LL-tube and (C) LD-tube on
the cryo-EM atomic models.

(B and D) SANS curves of deuterated (B) LL-tubes and (D) LD-tubes.

The deuterated region is shown as red (A and C) in both chemical structure (top) and
atomic models (bottom). The SANS-derived models for wall thickness correspond to the
non-deuterated portions of the molecule, and the models change for the LL-tubes (A) but
remain the same for all deuterations of the LD-tubes (C). Refer to Figure S3 and Table S1
for SANS data fitting statistics for LD-tubes.
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Figure 5. Morphology analysis of micellesfrom (L,L)-2NapFF derivates by cryo-EM
(A) Chemical structure of CarblF dipeptide (top) and cryo-EM with 2D class average of its

micelle (bottom).

(B) Averaged power spectrum of CarblF micelle segments. Layer lines with their associated
Bessel orders are labeled. The diffuse water ring, at ~ 1/(3.7 A), arises from the average
separation of water molecules being ~3.7.

(C) Chemical structure of 3MeOFF dipeptide (top) and cryo-EM with 2D class average of its
micelle(bottom).

(D) Averaged power spectrum of 3MeOFF micelle segments, with two layer lines and the
water ringlabeled.

(E) Chemical structure of ThNapFF dipeptide (top) and cryo-EM with 2D class average of
its micelle (botom).
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(F) Averaged power spectrum of ThNapFF micelle segments, with a layer line and the water
ringlabeled. Scale bar: ~50 nm.

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 March 08.



	SUMMARY
	Graphical Abstract
	INTRODUCTION
	RESULTS
	Self-assembly of (l,l)-2NapFF and (l,d)-2NapFF micelles
	Cryo-EM structure of (l,l)-2NapFF micelle
	Cryo-EM structure of (l,d)-2NapFF micelle
	Cryo-EM analysis of micelles of (l,l)-2NapFF derivatives

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Materials preparation
	Preparation of LL and LD tubes
	Vitrification of sample on copper grid for cryo-EM
	Cryo-EM
	Cryo-EM data collection and image preprocessing
	Reconstructions of LL- and LD-tube volume map

	Model building
	Structural analysis
	Sample preparation for SANS measurements
	SANS measurement and analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

