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While there have been great advances in the design and synthesis of supramolecular gels,
their characterization methods have largely stayed the same, with electron microscopy of
dried samples, or small-angle scattering and spectroscopy dominating the approaches
used. Although these methods provide valuable insights into structural properties, they
are unable to unambiguously generate reliable atomic models that can further guide
the site-specific modification of supramolecular gelators. Cryogenic electron
microscopy (cryo-EM), allowing the high-resolution imaging of the sample in a hydrated
state, has emerged as the dominant technique in structural biology, but has yet to
become a routine method in materials science. Here, we describe the use of cryo-EM
to determine the atomic structure of the tubular micelle formed by the dipeptide
CarblF, revealing the mechanism of assembly and gelation. Using the CarblF micelle as
an example, we highlight some of the challenges in using cryo-EM to study such
materials, and how determination of the helical symmetry can be the most difficult
aspect of such a project.

Introduction

Supramolecular gels, formed by low-molecular-weight gelators through non-
covalent interactions, have gained significant attention for their wide range of
applications in fields such as drug delivery, tissue engineering, catalysis, and
sensors.”® These gels form three-dimensional networks that are responsive to
environmental stimuli, making them ideal candidates for use in various
biomedical and industrial applications.”® Structural characterization of supra-
molecular gels is essential for understanding their physical properties, func-
tionality, and self-assembly mechanisms, while also guiding the design of
modified gelators with tailored properties.” Numerous techniques, including
small-angle scattering, electron microscopy of dried samples, nuclear magnetic
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resonance (NMR), X-ray fiber diffraction, spectroscopy, atomic force microscopy,
and computational approaches, are commonly used for studying the assembly,
molecular packing, and structural features of these gels.®** While these tech-
niques provide valuable information about the nature of molecular interactions
and overall morphology, they are unable to provide reliable, unambiguous atomic
models.

Cryo-electron microscopy (cryo-EM) has emerged as a powerful and dominant
tool in structural biology, enabling high-resolution visualization of specimens in
their native states without the need for crystallization or drying.'*>* Unlike
traditional electron microscopy, cryo-EM preserves the hydrated state of a sample,
offering insights into molecular structures at the atomic level.** This technique
has proven particularly effective for studying helical polymers, which are often
found in biological systems such as virus tails,> cytoskeletal filaments,>¢
extracellular filaments,*” filamentous enzymes****> and amyloid fibrils.** Structure
determination of helical polymers via cryo-EM requires knowledge about the
helical symmetry present in them, and often presents ambiguities.>* Helical
symmetry, in X-ray crystallographic terms, can be described as a screw symmetry
with two parameters: twist, describing rotation around the helical axis, and axial
rise, describing translation along the axis, together defining the repetition of
identical units. Accurately determining these parameters is critical for solving the
structures of helical polymers using cryo-EM.

Determination of helical parameters usually involves examining the power
spectrum, which is the averaged intensities of the Fourier transform of the
segments of the helical polymer. The power spectrum is only non-zero along layer
lines in reciprocal space, each corresponding to a certain periodicity of the helical
structure. Once initial estimates of the helical parameters are obtained, the 3D
structure of the helical object can be reconstructed via Iterative Helical Real-Space
Reconstruction (IHRSR) or conceptually similar methods.*” While cryo-EM has
been widely used to resolve the structures of biological helical polymers, its
application to materials science remains at an early stage, particularly in the study
of helical structures in synthetic materials like supramolecular gels.***° None-
theless, cryo-EM offers great potential for understanding the atomic structures
and packing of helical polymers in materials science, as exemplified in recent
papers,*** which could help design advanced materials with customized
morphology and properties.

Functionalized dipeptides have emerged as a promising class of supramolec-
ular gelators due to their modular nature, enabling control over their gelation
properties.****” These peptides offer inherent flexibility and functionality, which
can be tuned through chemical modifications such as the introduction of non-
natural amino acids or functional groups. By adjusting these modifications,
researchers can enhance the morphology, solubility, gelation strength, and
structural integrity of dipeptide-based supramolecular gels. One such modified
dipeptide, CarbIF, has been studied for its gelation properties,*® which occur
through a two-step process. In the first step, CarbIF assembles into micelles at
alkaline pH, and in the second step, these micelles aggregate to form a supra-
molecular gel at neutral-to-acidic pH.

Here, we describe the application of cryo-EM to determine the atomic structure
of the tubular micelle formed by CarblIF, offering new insights into the dipeptide's
mechanism of assembly and gelation. Using CarbIF as a model system, we
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highlight some of the challenges in employing cryo-EM to study helical polymers,
particularly the complexities involved in accurately determining helical
symmetry.

Results and discussion
Self-assembly of CarbIF micelles

CarbIF is a dipeptide consisting of isoleucine-phenylalanine (IF) modified at its
N-terminus (Fig. 1A).*® Under continuous stirring at room temperature, CarbIF
self-assembles at pH 11 into long tubular micelles with a diameter of ~90 A
(Fig. 1B). These CarbIF micelles further transition into a supramolecular gel at
lower pH, as previously characterized.*® We aimed to investigate the atomic
structure and packing within the CarbIF micelle to gain insights into both the
assembly and gelation mechanisms.

Cryo-EM structure of the CarbIF micelle reveals the mechanism of assembly and
gelation

A total of 1742 371 overlapping segments of the CarbIF micelle were extracted
from motion-corrected cryo-EM micrographs and subjected to 2D classification to
remove poor quality segments, resulting in a stack of 1516 102 good CarbIF
micelle segments. A representative 2D class average derived from these good
segments is shown in Fig. 1C. Unlike lipid micelles, which exhibit an amorphous
structure, CarbIF micelles display a highly ordered arrangement, as apparent
from high-resolution features in their 2D class average (Fig. 1C). This is further
supported by the high-resolution layer line at a spacing of 1/(4.8 A) in the averaged
power spectrum generated from these segments (Fig. 1D). The information from
the power spectrum was used to derive potential symmetries®~>* and associated
parameters, the axial rise and twist, as outlined in the following section.

The 3D reconstruction of the structure from these 2D segments was deter-
mined using the Helical Refinement tool in cryoSPARC.*” This tool is conceptually

<—~1/(4.8A),117

come. ~1/(110A),1

Fig. 1 (A) Chemical structure of CarblF. (B) Representative cryo-EM micrograph, (C) 2D
class average, and (D) averaged power spectrum of the vertically aligned segments of
a CarblF micelle. Scale-bar in (B) = 50 nm.
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similar to the Iterative Helical Real Space Reconstruction (IHRSR) algorithm,>
while also integrating a maximum likelihood framework and an accelerated
branch-and-bound alignment algorithm. Due to ambiguities in determining the
correct symmetry, as described below, all possible symmetries were tested.
Applying the correct symmetry (0.692 A rise and 153.94° twist) resulted in a high-
resolution map of the CarbIF micelle, revealing well-defined density for both the
peptide backbone and side chains (Fig. 2A). The resultant map allowed atomic
model building for the CarbIF micelle. Since the hand determination of the map
was ambiguous, as described below, we arbitrarily selected the left-handed map
for model building. The CarbIF micelle is a hollow tube with a lumen diameter of
~4 nm and an outer diameter of ~9 nm, with a double-layered wall ~2.5 nm
thick. The tube has dipeptides arranged along seven strands (Fig. 2A and B). The
asymmetric unit of five CarbIF peptides stacks to form each strand, with two
forming the inner layer and three forming the outer layer of the wall. Notably, all
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Fig.2 (A) Cryo-EM map showing 7-start helical packing of the CarblF micelle. (B) Top view
of the CarblF map shown in (A) with the asymmetric unit having five copies of CarblF —
three forming the outer wall (orange) and two forming the inner wall (green) of the micelle.
(C) Hydrogen bonds between stacked CarblF molecules. (D) Superimposed view of five
CarblF conformations present in the asymmetric unit. (E) The interaction between the
aromatic rings of stacked CarblF molecules. (F) Atomic model of the CarblF micelle.
Carbon — brown stick, oxygen — red sphere, nitrogen — blue sphere.
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five peptides exhibit distinct conformations, consistent with the expected flexi-
bility in the CarbIF geometry (Fig. 2D). Structural analysis suggests that the
packing of the micelle is primarily driven by hydrophobic interactions between
the aromatic rings of the CarbIF subunits. These aromatic rings within the
strands show well-ordered stacking (5.0 £+ 0.2 A) in both the inner and outer
strands (Fig. 2E). The association of these strands is further aided by hydrophobic
interactions, where the aromatic rings are buried between the two layers of the
wall, exposing the polar atoms on the inner and outer surfaces of the micelle
(Fig. 2F). Since the hydrophobic interactions are inherently non-specific, their
role in the assembly of CarbIF raises the question of what contributes to the
micelle's ordered structure. Structural analysis suggests that, while the assembly
is predominantly driven by hydrophobic forces, each dipeptide makes two
hydrogen bonds with a neighboring dipeptide (Fig. 2C) with their amide nitro-
gens and carbonyl oxygens. These interactions are likely crucial for maintaining
the order within the micelle.

We then sought to understand how the CarbIF micelle adopts the straight,
rigid morphology and remains in an unaggregated state at high pH, but becomes
flexible and aggregates at lower pH to form a supramolecular gel. The atomic
structure of CarbIF provides insights into this behavior. The C-terminal carbonyl
group of the dipeptide is exposed on both the outer and inner surfaces of the
micelle (Fig. 2F). At high pH, this carbonyl group tends to be negatively charged
due to deprotonation, which renders the micelle surface highly negative. The
charge repulsion between carbonyl groups likely favors the straight, rigid
morphology of CarbIF as observed for other polymers®~>® and further inhibits
aggregation. However, at low pH, the increased proton concentration would make
the carbonyl neutral, promoting aggregation and formation of the supramolec-
ular gel. This gelation model aligns well with previous observations for a related
system*®**® that, upon a decrease in pH, CabIF micelles transform into non-hollow
flexible cylinders with a radius of approximately ~4.9 nm. At lower pH, the
carbonyl groups in the lumen of the CabIF micelle form strong ion-dipole
interactions between RCOO~ and RCOOH, causing the collapse of the hollow
lumen.

Challenges in Cryo-EM of CarbIF micelles and similar systems

While the Cryo-EM helical reconstruction for most protein polymers, like bacte-
rial flagella, pilins, and bacteriophage tails, is relatively simple, it is more chal-
lenging for helical structures made up of small peptides, like supramolecular gel-
forming structures. The main challenge is due to ambiguities in helical
symmetry®” and the increased number of symmetries that may appear to be
correct at high resolution.* The power spectrum of a protein polymer such as F-
actin or a cytochrome nanowire can be completely unambiguous and have only
a single possible symmetry.*>*® This is not the case for short peptides, which
typically generate power spectra with many possible symmetries.> The CarbIF
micelle can have up to 24 potential symmetries from analysis of its power spec-
trum (Fig. 1D). By measuring the radius (r) of the CarbIF micelle from the 2D class
average (Fig. 1C) and calculating the ‘R’ value (the distance from the meridian to
the first peak of the layer line in the power spectrum, shown in Fig. 1D), the
argument x for a Bessel function Jn(x) can be determined using the formula x =
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2meRr for layer lines 111 (at 1/(110 A)) and 117 (at 1/(4.8 A)) (Fig. 1D). It is important to
note that the radius, r, is not fixed due to the finite thickness of the tube walls.
Considering a range of r values reveals that 111 may correspond to Bessel orders 4,
5, 6, or 7, while 117 may correspond to orders 1, 2, or 3, leading to at least 12
distinct combinations (4 x 3). When accounting for the sign of the Bessel orders,
where each order can be either positive or negative (corresponding to a right- or
left-handed helix, respectively), the total number of possibilities increases to 48.
Since the absolute handedness cannot be determined from the power spectrum,
there is no need to calculate, for example, both 7/7 and —7/—7 for l11/117, as they
represent mirror images. Assuming the Bessel order for 111 is positive, this results
in 24 possible helical symmetries, including combinations such as Bessel orders
713, 7/-3, 7/2, 7/—2, etc. for 111/117. CarbIF is not the most complex case, as its
smaller diameter limits the number of possible symmetries. Larger structures,
like the LD-tube reported previously,* can have even more potential symmetries.
Although many of these potential symmetries have closely related rise and twist
values (Fig. 3A), determining the correct symmetry requires testing all possibili-
ties discretely, as typically the algorithm becomes locked into a starting symmetry
and will never evolve to a different symmetry. Furthermore, the reconstructed
map requires careful manual inspection, as incorrect symmetries can yield maps
that appear correct at first glance. Fig. 3 illustrates two CarbIF micelle maps,
reconstructed with the correct symmetry and an incorrect (but closely related)
symmetry. The map with the incorrect symmetry still results in an estimated
resolution of 3.5 A by cryoSPARC. At first glance, this incorrect symmetry appears

A B
n/nz Rise (A) | Twist (%)
7/3 0.694 -102.53
7/-3 0.668 103.17
2 0.692 -153.94
7/-2 0.673 154.60
7/1 0.685 51.75
e, 0.677 5111
6/3(c3) |2.436 61.31 5
6/-3(C3) | 2.333 -58.78 ’,f,:z/ X
6/2(c2) | 1.610 60.87 ’;f;//,/ : Comeck Symméity
6/-2(C2) |1.566 120.85 LR GSFSC Resolution: 3.0 A
6/1 0.757 60.43 i
6/-1 0.789 -59.572
5/3 0.979 144.64
5/-3 0.929 -143.39
5/2 0.970 -143.37
5/-2 0.937 144.61
5/1 0.962 72.63
5/-1 0.945 -71.38
4/3 1.232 -89.00
4/-3 1.154 90.94
4/2(C2) |2.436 91.98
4/-2(c2) | 2333 91.90
VESN P ET T
4/-1 1.179 -89.04

Fig.3 (A) Possible helical symmetry parameters for the CarblF micelle calculated from the
power spectrum shown in Fig. 1(D). Cn in parentheses indicates the relevant point group
symmetry if one is present. (B and C) Cryo-EM maps of CarblF generated by imposing the
correct (B) and wrong (C) symmetry parameters. Strands are separated in both maps, while
the peptide backbone within a strand is resolved well only in the correct map.
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correct due to the well-separated strands visible from the top view. However,
closer inspection of the structure reveals that the peptide backbone is poorly
resolved (Fig. 3C). Additionally, there are vertical connections visible in a side
view of the structure that should be resolved at a resolution better than 4 A. In
contrast, the map generated with the correct symmetry shows well-defined
separation of the peptide backbone and sidechains (Fig. 3B). Part of the
problem is that the measure of resolution used in cryo-EM, the Fourier Shell
Correlation (FSC), is not really a measure of resolution, but rather of reproduc-
ibility.*® The measure of reproducibility comes from dividing the data set into two
halves, independently reconstructing the two half sets, and comparing these two
reconstructions in Fourier space to look at their correlation as a function of
resolution. Thus, one can impose the same wrong symmetry on the two half
maps, and they will show a strong correlation at some high resolution, but the
maps themselves are useless. An alternative, independent method for assessing
resolution is using a map:model FSC (Table 1), rather than the map:map FSC,
which provides more of a reality-based metric for actually estimating the true
resolution.

The initial symmetry parameters derived from the power spectrum require
further refinement. This is typically achieved through local symmetry searches
during each iteration, using the volume generated from the previous iteration of
the reconstruction. Starting the local symmetry search after the map reaches ~6 A
is effective for many biological structures, as they typically contain medium-
resolution information due to the presence of protein secondary structures
such as o-helices and B-sheets. To illustrate this, we performed a helical recon-
struction of the type 1 pilus by imposing an initial helical symmetry of —114.894°
twist/8.557 A rise, which deviated significantly from the correct values of —115.01°
twist/7.848 A rise. With the local symmetry search initiated at 6 A, the search
converged to the correct symmetry, leading to a map with 3.5 A resolution (Fig. 4A
and B). In contrast, such a test for the CarbIF micelle failed. The symmetry
parameters did not converge from 153.80° twist/0.685 A rise to 153.94° twist/0.692
A rise, despite the relatively small distance from the starting parameters (Fig. 4C
and D). This is likely due to the lack of medium-resolution details at 6 A in the
CarbIF micelle, which are essential for guiding the local symmetry search.
Therefore, the optimal point at which to initiate the local symmetry search is also
a critical factor to test during the helical reconstruction of helical structures
formed from small peptides.

Table1 Cryo-EM data collection and refinement statistics

EMBD entry EMD-45610
PDB file ESI file

Voltage (kV) 300

Electron exposure (e /A%) 50

Pixel size (A per pixel) 1.08

Particle images (no.) 1516102
Helical parameters (axial rise/twist) 0.692 A/153.94°
Map:map FSC (0.143) resolution 32A
Model:map FSC (0.5) resolution 3.4 A

Model vs. map CC (mask) 0.90
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Fig. 4 Helical symmetry error surface plots and resultant maps generated by the Helix
refine job in cryoSPARC for (A and B) E. coli Type 1 pili, and (C and D) the CarblF micelle.
The local search for symmetry was enabled at 6 A for both cases. While symmetry
parameters for Type 1 pili converged well, resulting in a high-resolution map, the
convergence for the CarblF micelle failed.

Can prior knowledge of the subunit size be used to aid in determining the
correct symmetry? The observation of five conformationally different peptides in
the asymmetric unit of CarbIF micelles suggests that this approach may not be
feasible. CarblIF is not the only case. It was assumed from high-resolution X-ray
fiber diffraction that the Lanreotide octapeptide assembled into tubes with two
peptides per asymmetric unit.®* A cryo-EM study showed that the actual asym-
metric unit in these tubes contained eight peptides, in eight different confor-
mations.”> A dipeptide (r,.)-2NapFF was shown to form an LL-tube with three
peptides in the asymmetric unit,* while it might have been imagined that the
tube would contain two peptides, one forming the inner wall and the other
forming the outer wall. Additionally, small a-helical peptides have been shown to
assemble into nanotubes with multiple peptides per asymmetric unit.*® Such
cases are not limited to the peptide polymers, but also extend to protein polymers:
archaeal pili have been found with three subunits in the helical asymmetric
unit,**% archaeal flagellar filaments with six subunits,*® and bacterial flagellar
filaments with two or four subunits.®” Assuming in each of these cases that the
asymmetric unit would contain a single subunit would lead one to the wrong
symmetry.

It is important to note that cryo-EM images do not retain information about
the handedness of the structure, resulting in a 50% probability that the Cryo-EM
map will exhibit the incorrect hand.** Additional information is therefore needed
to determine the correct hand of the map. For protein polymers, the correct hand
can typically be determined by looking at an a-helix, which we know is right-
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handed. However, this approach may be problematic for structures lacking o-
helices, such as cross-B structures and supramolecular gel-forming assemblies
built from small peptides. One possible method for identifying the correct hand
in these cases involves model building in both possible maps and evaluating
which map best accommodates the model, as previously described.®>*® However,
this approach typically requires high resolution (better than 2.8 A) and may not
yield definitive results for very short peptides or other small chemical building
blocks commonly used in supramolecular gelation, as they can fit equally well in
both the correct map and its mirror image. Atomic force microscopy (AFM), which
looks at the surface of a structure, offers a means for determining the correct
hand.® Other techniques that visualize surfaces, such as scanning EM (SEM) or
metal-shadowed EM, may also be useful but are problematic if the resolution is
not sufficient to determine the hand of helical features.

Experimental
Synthesis of CarbIF

The synthesis of CarbIF was carried out as described elsewhere.”

Preparation of CarbIF micelles

CarbIF (500 mg) was dispersed in deionized water. A 0.1 M sodium hydroxide
solution (NaOH, Sigma Aldrich) was then added in a 1 : 1 molar ratio to the CarbIF
suspension, resulting in a final volume of 50 mL. The mixture was stirred at
1000 rpm overnight to facilitate the complete dissolution of the gelator. Once all
the solid material had dissolved, a viscous, free-flowing solution was formed. The
pH of the solution was measured and adjusted to 11 + 0.1 using either 1 M NaOH
or 1 M HCI as required.

Vitrification of sample on a copper grid for cryo-electron microscopy

A 3 pL aliquot of the CarbIF micelle suspension was applied to glow-discharged
lacey carbon grids. Excess sample was removed by blotting from both sides of
the grid, leaving behind a thin film. The grid was then plunge-frozen in liquid
ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). The frozen grids were
stored in liquid nitrogen until they were used for cryo-EM imaging.

Cryo-electron microscopy

Data collection and image preprocessing. The vitrified grids were initially
screened using a 200 keV electron microscope (Glacios, Thermo Fisher Scientific)
to select grids with optimal ice thickness and micelle distribution. The selected
grid was then used for high-resolution data collection on a 300 keV electron
microscope (Titan Krios, Thermo Fisher Scientific) equipped with a K3 direct
electron detector (Gatan, Inc.). Dose-fractionated movies were captured with
a total exposure of approximately 50 e A~ per movie, utilizing a pixel size of ~1.08
A. Raw movie frames, including beam-induced and full-frame motions, were
corrected using the “patch motion correction” module in cryoSPARC.?” Motion-
corrected frames were subsequently used to perform contrast transfer function
(CTF) estimation through the “patch CTF estimation” module in cryoSPARC.*”
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Reconstruction. 3D reconstruction of the CarbIF micelles was performed using
the helical processing workflow in cryoSPARC.*” Tube segments were manually
selected from a subset of micrographs to generate 2D class averages, which were
then used for template-based particle picking via the ‘Filament Tracer’ tool.
Averaged power spectra of aligned micelle segments were generated for indexing,
which provided the helical parameters and symmetry options for reconstruction.
Various symmetries were tested using the ‘Helix refine’ module in cryoSPARC.
The final map was refined iteratively using options such as ‘Non-uniform
refinement’, ‘Local-CTF refinement’, and map sharpening through EMReady.”*
Cryo-EM data collection and processing statistics are summarized in Table 1.

Model building. The PDB model of CarblIF, incorporating geometry restraints,
was generated using Phenix.elbow.”” The model was rigid-body fitted into the
cryo-EM map and further refined using iterative cycles of manual adjustments in
COOT” and automatic refinement with Phenix Real Space Refinement.”” Model
fitting statistics are provided in Table 1. Structural analysis and representation
were conducted using ChimeraX.”

Conclusions

This study demonstrates the potential of cryo-EM as a powerful tool for deter-
mining the atomic structure of supramolecular gels, as exemplified by the cryo-
EM structure of CarbIF micelles, revealing the mechanism of assembly and
gelation. However, challenges remain, particularly in determining helical
symmetry, which can be a complex aspect of the cryo-EM-based structural anal-
ysis of such polymers. By overcoming these hurdles, cryo-EM could play a trans-
formative role understanding the atomic structure and packing of the
supramolecular gel-forming materials and guide the rational design of novel
gelators with tailored properties.
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