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ABSTRACT Preparation of cryoelectron microscopy (cryo-EM) grids for imaging of amyloid fibrils is notoriously challenging.
The human islet amyloid polypeptide (hIAPP) serves as a notable example, as the majority of reported structures have relied
on the use of nonphysiological pH buffers, N-terminal tags, and seeding. This highlights the need for more efficient, reproducible
methodologies that can elucidate amyloid fibril structures formed under diverse conditions. In this work, we demonstrate that the
distribution of fibrils on cryo-EM grids is predominantly determined by the solution composition, which is critical for the stability of
thin vitreous ice films. We discover that, among physiological pH buffers, HEPES uniquely enhances the distribution of fibrils on
cryo-EM grids and improves the stability of ice layers. This improvement is attributed to direct interactions between HEPESmol-
ecules and hIAPP, effectively minimizing the tendency of hIAPP to form dense clusters in solutions and preventing ice nucle-
ation. Furthermore, we provide additional support for the idea that denatured protein monolayers forming at the interface
are also capable of eliciting a surfactant-like effect, leading to improved particle coverage. This phenomenon is illustrated by
the addition of nonamyloidogenic rat IAPP (rIAPP) to a solution of preaggregated hIAPP just before the freezing process.
The resultant grids, supplemented with this ‘‘spectator protein’’, exhibit notably enhanced coverage and improved ice quality.
Unlike conventional surfactants, rIAPP is additionally capable of disentangling the dense clusters formed by hIAPP. By applying
the proposed strategies, we have resolved the structure of the dominant hIAPP polymorph, formed in vitro at pH 7.4, to a final
resolution of 4 Å. The advances in grid preparation presented in this work hold significant promise for enabling structural deter-
mination of amyloid proteins which are particularly resistant to conventional grid preparation techniques.
SIGNIFICANCE This study presents a methodological advancement in the cryoelectron microscopy of amyloid fibrils. It
elucidates the role of buffers and small proteins in grid preparation, emphasizing how alterations in solution properties
enhance ice quality and fibril distribution on cryoelectron microscopy grids. These insights offer a practical approach to
facilitate the structural determination of amyloid proteins, enabling the exploration of structures formed under diverse
aggregation conditions. The proposed methods potentially apply to amyloid structures derived directly from tissue
samples, opening up new possibilities for approaching more challenging fibril samples in future structural studies.
INTRODUCTION

Cryoelectron microscopy (cryo-EM) has revolutionized the
structural study of amyloid proteins owing to its excep-
tional ability to resolve high-resolution structures of indi-
vidual fibril polymorphs, even within mixtures of diverse
fibrillar species and in complex solution environments
(1). As one of the most rapidly evolving technologies in
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the field, cryo-EM has seen tremendous advances in optics,
detection systems, data acquisition methods, data process-
ing algorithms, and innovative machine learning applica-
tions (2,3). Resolutions as high as 1.15 Å have been
reported for apoferritin protein (4), whose structure was
derived from single-particle analysis of cryo-EM micro-
graphs. Helical reconstruction techniques have enabled
solving the structure of tau amyloid protein to 1.86 Å reso-
lution (5). Despite these tremendous successes, solving 3D
structures of amyloid proteins remains a significant chal-
lenge, largely due to the unpredictable and error-prone
grid preparation process. Grids for cryo-EM imaging are
prepared through a process known as vitrification (6).
Initially, a sample is applied onto a grid, and then any
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Cryo-EM grid preparation for amyloids
excess is removed using filter paper before the grid is
rapidly plunge-frozen in ethane to form a thin layer suitable
for imaging. Commercial instruments such as Vitrobot are
often employed to ensure reproducible grid preparation
by stabilizing various parameters, such as humidity, tem-
perature, blotting force, and blotting time (7). Despite this
controlled environment, the quality of the prepared grids
may still be inconsistent. Consequently, low reproducibility
of ice thickness is common, even under identical prepara-
tion conditions. In addition, controlling environmental
contamination, particularly from high humidity poses a sig-
nificant challenge (8,9). Compared with other proteins, am-
yloid proteins are frequently more difficult to deposit
uniformly on grids. This is partly due to their elongated,
fibrillar nature, as fibrils can be easily stripped off during
the blotting process, leading to the inconsistency of fibril
concentration on the grid (10). Moreover, fibrils tend to
associate into dense, highly bundled clusters that are not
suited for any high-resolution structure determination.
The formation of individual, evenly dispersed fibrils is
further impeded by their tendency to adhere to the grid ma-
terials, such as carbon, rather than remaining suspended in
the vitreous ice solution. To mitigate these issues, surfac-
tants are often introduced before grid preparation (11).
Such an approach is particularly crucial when studying
membrane proteins and other biomolecules that are prone
to adopting a preferred orientation due to interactions at
the air-water interface (12,13). For instance, in membrane
protein studies, detergents are used to simulate bilayer en-
vironments (14), whereas the addition of detergents to sol-
uble proteins can diminish preferred orientation (15),
thereby facilitating the visualization of multiple orienta-
tions in collected micrographs. Although detergents are
useful in grid preparation, especially in stabilizing mem-
brane proteins, they often need to be present in relatively
large quantities to exceed the critical micelle concentration
(CMC) (16). For high CMCs, the presence of detergent in
the samples can reduce the contrast between the protein
and the background (17). Furthermore, the use of detergents
does not guarantee that the preferred orientation of proteins
does not occur. The use of other surfactants, such as amphi-
pathic polymers (18,19), nanodiscs (20), or combination of
amphipathic polymers and low-CMC surfactants (21) has
instead become an alternative to conventional detergents.
Besides reducing preferred orientation, the use of surfac-
tants is also known to improve ice thickness and prevent
particle aggregation near the edges of grid holes (21). How-
ever, it is not known yet if such an approach works well for
amyloid proteins. The advantage of working with amyloid
fibrils lies in their extreme stability and resistance to disag-
gregation, which allows for the application of various solu-
tion additives without the risk of compromising their
structural integrity. However, some care needs to be exer-
cised when selecting the right surfactant as some studies
have indicated that the presence of strong surfactants,
such as sodium dodecyl sulfate (SDS), might disrupt the
secondary structure of shorter fibrils or protofilaments
(22,23). In this study, we outline critical insights from hun-
dreds of grid optimization efforts to uniformly distribute
helically twisted amyloid fibrils formed by the human islet
amyloid polypeptide (hIAPP) at physiological pH. hIAPP is
a hormone peptide associated with the b cell loss in type 2
diabetes. It exhibits diverse polymorphism and has been a
particularly challenging study case for both solid-state
NMR and cryo-EM (24,25). Our results demonstrate that
the distribution of fibrils and the integrity of the grids are
dictated by the properties of the solution during the final
step of grid preparation rather than the initial growth condi-
tions, such as buffers and salts. The presence of either
accompanying proteins or low concentrations of detergents
provided a tremendous improvement on the grids. These in-
sights enable us to recommend optimal buffers for fibril im-
aging and establish comprehensive strategies for effective
grid preparation that are adaptable to different amyloid pro-
teins, pH levels, and are independent of the initial fibril
growth conditions. The results offer a clear path to
higher-quality imaging and a deeper understanding of key
structures in amyloid-associated diseases.
MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich, Taufkirchen, Germany,

unless otherwise specified.
Peptide synthesis and purification

The peptides were synthesized on a 0.10 mmol scale using

9-fluorenylmethyloxy-carbonyl (Fmoc) chemistry with an Intavis Multi-

Pep CF peptide synthesizer (T€ubingen,Germany). Tentagel R RAM resin

(0.21 mmol/equiv) was used to produce a C-terminal amide. Pseudopro-

lines derivatives were used to prevent aggregation and improve coupling

during synthesis (26). Fmoc-Ala-Thr(Psi(Me,Me)pro)-OH was used at

positions 8 and 9 and Fmoc-Leu-Ser(Psi(Me,Me)pro)-OH at positions

27 and 28. A trifluoroacetic acid-based cleavage cocktail (95% trifluoro-

acetic acid, 2.5% triisopropylsilane, 2.5% H2O) was used to cleave the

synthesized peptides. Crude peptides were dissolved in H2O and lyophi-

lized. The peptides were then dissolved in DMSO mixed with 25% acetic

acid solution at a 60:40 ratio, and incubated at 500 rpm at room temper-

ature for 24 h to form the disulfide bridge. Peptides were purified using

reverse-phase HPLC (Isera C18 preparative column, 250 � 20 mm,

D€uren, Germany), with a gradient elution composed of buffer A (100%

H2O with 0.045% HCl) and buffer B (80% acetonitrile with 0.045%

HCl). The method used was 0%B to 40%B in the first 15 min, thereafter

40%B to 50%B from 15 to 30 min. The peptides usually eluted around

45%B and they were collected and lyophilized overnight. Second purifi-

cation was carried out by dissolving the peptide in 50% hexafluoroisopro-

panol and 20% acetic acid. The eluted peptides were lyophilized

overnight. Liquid chromatography-mass spectrometry was used to

confirm the mass of the synthesized peptides. The purified peptides

were dissolved in hexafluoroisopropanol for several hours. A 10 mL of

stock was evaporated with nitrogen gas and resuspended in H2O to deter-

mine the concentration using absorbance at A280 nm with extinction co-

efficient of 1490 M�1 cm�1. The peptides were aliquoted based on the

concentration needed and were lyophilized overnight and stored at

�20�C until use.
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FIGURE 1 Molecular structures of Tris, MOPS, and HEPES buffers used

in the study. To see this figure in color, go online.
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Peptide aggregation conditions

Amyloid fibrils were formed from the monomeric hIAPP under varying

buffer conditions. 2-[4-(2- hydroxyethyl)piperazin-1-yl] ethanesulfonic

acid (HEPES) (Fisher Bioreagent, Pittsburgh, PA, USA) and tris(hydroxy-

methyl)aminomethane (Tris) (Fisher Bioreagent) were selected to eluci-

date the fibril formation and grid quality at physiological pH, whereas

3-morpholinopropane-1-sulfonic acid (MOPS) (PanReac AppliChem,

Darmstadt, Germany) was chosen to test for both acidic and physiological

pH with the use of the same buffering agent. The monomer wild-type

(WT) was aggregated in either one of the buffers: 20 mM Tris-HCl at

pH 7.4, MOPS at pH 6.5, MOPS at pH 7.4, 20 mM HEPES at pH 7.4

for 7 days at room temperature and quiescent condition. To ensure com-

plete aggregation, the kinetics were monitored using a Thioflavin-T fluo-

rescence assay following standard protocols.
Grid preparations

Samples (3 mL) were added to the holey-carbon grids (Quantifoil R 3.5/1,

200 mesh, Cu, Großlöbichau, Germany), which were glow-discharged for

90 s at 20 mA. The grids were blotted for 3 s with blot force 0, at 4�C,
95% humidity, and plunge-frozen immediately into liquid ethane using Vi-

trobot Mark IV (Thermo Fisher Scientific).
Cryo-EM data acquisition and processing

For screening, all samples were imaged on 200 kV Glacios (Thermo

Fisher Scientific) equipped with a field emission gun. Images were

collected at 510� magnification for the grid square view, 8500� magni-

fication for the grid holes view, and 92,000� magnification for the acqui-

sition view with a defocus between 2 and 4 mm. Images were collected

on a 4 K � 4 K Falcon 3 Direct Electron Detector (Thermo Fisher Sci-

entific,) with a pixel size of 1.6 Å/pixel using EPU software (Thermo

Fisher Scientific). For data collection of WT in the HEPES buffer, the

micrographs were collected on a 300 kV Titan Krios (Thermo Fisher

Scientific) equipped with a field emission gun. Images were collected

at 105,000 magnification with a defocus between 0.5 and 1.7 mm. Images

were recorded on a 6 K � 4 K K3 BioQuantum electron detector (Gatan)

with a pixel size of 0.828 Å/pixel using EPU software (Thermo Fisher

Scientific). All data processing was performed using RELION 4.0

(27). Detailed data processing steps are provided in the supporting

material.
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Surface tension measurements

The surface tension of Milli-Q water, HEPES, Tris-HCl, and SDS was

measured using the Wilhelmy plate apparatus. A slide of silica glass (length

24.1 mm) was hung from a holder, positioned on top of an SE 203 LR scale

(VWR). Before every measurement, the glass slide and the beaker contain-

ing the samples were washed first with 2.5 M NaOH 1:5 (v/v) H2O:EtOH

and then with 6 M HCl.
Ab initio calculations

The electrostatic potential maps of Tris-HCl, MOPS, and HEPES were

calculated with density functional theory using the B3LYP functional

(28) and the 6-311þG(d,p) basis set (29–33). The calculations were per-

formed with the Gaussian 16.C suite of packages (34). The computed elec-

trostatic maps were visualized using GaussView 6.1.1 (35).
RESULTS

The influence of buffer composition

We formed amyloid fibrils from monomeric hIAPP under
various buffer conditions. Tris-HCl, HEPES, and MOPS
were chosen to investigate the formation of fibrils and the
quality of grids at physiological pH. The molecular struc-
tures of the studied buffers are shown in Fig. 1. Tris-HCl
is a popular choice in many biochemical studies for its broad
pH range and inert behavior in physiological environments.
Numerous past studies of hIAPP aggregation have utilized
Tris-HCl buffer at pH 7.4 and this prompted our selection
for consistency and comparability with prior research
(23,36,37). HEPES and MOPS buffers were chosen to
explore whether larger organic buffer molecules affect fibril
formation. MOPS was specifically chosen for its capability
to have a buffering range that lies in both acidic and physi-
ological pH levels. This choice was informed by a previ-
ously reported successful cryo-EM study that used 2-(N-
morpholino)ethanesulfonic acid (MES)/NaOH buffer at
pH 6 (38). Each grid in our study was assessed based on
three key quality indicators: ice coverage uniformity, ten-
dency of fibrils to form dense clusters, and the presence of
evenly dispersed fibril filaments that are suitable for high-
resolution structure determination. To provide a quantitative
assessment of ice quality, we selected three atlases for each
sample, from which three grid squares were randomly cho-
sen. This approach yielded a total of nine grid squares per
condition, which included approximately 1250 grid holes.
We calculated the average ice coverage across these holes
and normalized the values to express the percentage of ice
coverage per grid square. In addition, we quantified the de-
gree of fibril clustering by calculating the integrated area of
dense fibril clusters across five atlases, equivalent to 125
grid squares, and then normalized this area per atlas. The re-
sults are compiled in Table 1.

The buffer screening results are shown in Fig. 2, which
highlights the overall ice quality by displaying grid holes
at low magnification and the distribution of fibrils within



TABLE 1 Quantitative analysis of ice coverage and fibril

clustering on cryo-EM grids under different conditions

Condition

Ice coverage per

grid square (%)

Area covered by

clumps (mm2)

Tris-HCl 21.3 5 17.0 849

HEPES 78.5 5 25.0 192

Exchanged

HEPES 50 mM

37.4 5 23.9 429

SDS 94.1 5 6.3 495

DDM 28.3 5 14.0 1089

CTAC 57.7 5 14.4 1008

rIAPP 86.9 5 8.1 14

Ice coverage is calculated as the percentage of suitable grid holes, based on

ice thickness and absence of contamination, averaged from nine grid squares

across three atlases (approximately 1250 grid holes). Fibril clustering is

measured as the percentage area of clumps, assumed to be circular, in

approximately 25 grid squares per atlas. These values provide a standardized

evaluation of grid quality and amyloid fibril distribution for each sample con-

dition. Best conditions in each test (SDS has the best ice coverage, and rIAPP

has the lowest [best] area covered by clumps) are highlighted in bold.

Cryo-EM grid preparation for amyloids
the grid holes at higher magnification. Each condition was
tested at least three times to ensure that poor grid quality
did not result from human error during the operation of
the Vitrobot. Initially, we selected MOPS buffer at pH 6.5
to replicate the high grid quality reported with MES/
NaOH by Röder et al. (38). At this stage, we had already
made several unsuccessful attempts to prepare grids at phys-
iological pH. Therefore, adopting conditions that had
proven successful for other groups was our initial strategy,
which set the stage for a gradual, stepwise progression to-
ward achieving similar grid quality at pH 7.4. As shown
in Fig. 2, the grids prepared with MOPS buffer at low pH
FIGURE 2 Cryo-EM micrographs showing hIAPP fibrils aggregated under di

magnification (8500�) while the bottom panel shows micrographs at acquisitio

only HEPES buffer yields good ice coverage and a satisfactory distribution of fib

the pH to a more acidic level significantly improved both fibril coverage and th

bar).
exhibit excellent fibril coverage, with the majority of the
long, well-separated fibrils displaying a helical twist. This
finding aligns well with the previously reported data for
MES buffer, even though the pH was 0.5 units higher in
our study. Structurally, MES and MOPS differ by only a sin-
gle methylene group separating the morpholine ring from
the sulfonate headgroup, suggesting that similar interactions
are present in both buffers. MOPS buffer is characterized by
a pH range between 6.5 and 7.9. Therefore, in the subse-
quent step, we applied MOPS at the same concentration
but adjusted to physiological pH. We have observed that
the fibrils grown in MOPS buffer at pH 7.4 tended to clump
severely, making the selection of individual fibril filaments
for cryo-EM structure determination impossible. In addi-
tion, a greater concentration of condensed clusters was
observed on the carbon grid material rather than in the
thin layer of vitreous ice. This observation prompted us to
test various types of grids. We selected Quantifoil R 3.5/1
instead of the standard 2/2 grid because its larger holes offer
the additional surface area to support the fibrils and poten-
tially minimize contact with the edges. While the 3.5/1
grid did not reduce clumping on the carbon, the greater
area available for ice coverage led us to continue using
this grid type in all of our amyloid studies. Preparing grids
with Tris-HCl buffer proved even more challenging than
with MOPS. In addition to clumping and accumulation at
the hole edges, the overall ice quality deteriorated, and con-
trolling and reproducing the ice thickness became more
difficult. On average, only 21% of grid holes contained
appropriate ice layers. We evaluated additional neutral pH
buffers (PBS, PIPES) and observed outcomes comparable
fferent buffer conditions. The top panel presents micrographs at grid holes

n magnification (92,000�). Among all the tested physiological pH buffers,

rils. While MOPS buffer did not facilitate adequate fibril coverage, lowering

e ice quality. Scale bars, 1 mm (grid holes) and 100 nm (acquisition scale
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HEPES 10 mM HEPES 10 mM

HEPES 50 mMHEPES 50 mM

FIGURE 3 Cryo-EM micrographs showing hIAPP aggregated in Tris-

HCl followed by buffer exchange to HEPES at final concentrations of 10

and 50 mM. Micrographs were collected at grid square magnification

(512�, left) and grid hole magnification (8500�, right). The grid square

view reveals a trend shift from predominantly dry holes at low HEPES con-

centration to a majority of holes with a well-formed ice layer. In both sce-

narios, clumps of fibrils are still observable. Scale bars, 10 mm (grid

squares) and 500 nm (grid holes).
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with those already described, so these findings have been
excluded from the current study. The exception is the
HEPES buffer, which we will examine in more detail in
the subsequent discussion. Among all the conditions stud-
ied, grids prepared in HEPES buffer show significantly bet-
ter coverage and ice quality. The ice coverage increases
from 21.3% in Tris-HCl to 78.5% in HEPES. It is also the
only physiological pH buffer where substantial clumping
is not observed, allowing individual fibrils to be easily
distinguished and selected during data processing. We
observe approximately four times less area covered by
dense fibril clusters compared with Tris-HCl. While there
is still a tendency for fibrils to associate near the grid edges,
this effect is much less pronounced compared with other
buffers, resulting in a higher proportion of uniformly distrib-
uted fibrils within the ice layer. This finding motivated us to
conduct further investigation into the physical origins of
such improvement in ice control. Structurally, HEPES
shares the sulfonate headgroup with many buffers tested
in this study, and its piperazine ring is also a feature of
PIPES, which did not yield similarly positive results. The
distinctive structural element of HEPES is the free hydroxyl
group situated at the end of the piperazine ring, opposite the
sulfonate. To elucidate the physical mechanisms at play, we
conducted buffer exchange experiments and hydrodynamic
tests to determine whether fibrils grown under various con-
722 Biophysical Journal 123, 718–729, March 19, 2024
ditions could be suitably imaged when HEPES or other mol-
ecules were introduced into the solution as additives. This
would allow us to determine if the improved grid quality
is a consequence of the specific protein interactions with
the buffer components or if it arises from the stabilization
of the thin ice layers due to alterations in the microscopic
behavior of the aqueous solution in the blotting process.
Buffer exchange and effects of solution additives
on ice quality and fibril distribution

To deliver a deeper understanding of the impact of buffer
composition on the quality of cryo-EM grids, we performed
a series of buffer exchange experiments, in which fibrils
initially aggregated in Tris-HCl were subjected to the addi-
tion of HEPES buffer at varying concentrations before
freezing. The final concentrations of HEPES were 10 and
50 mM, respectively. In the data presented in Fig. 3, a con-
centration-dependent improvement in ice coverage was
observed, with the 50 mM concentration demonstrating
the most notable enhancement. The ice layers formed under
this condition showed twofold improvement in the ice
coverage per grid square. However, despite the improved
ice quality, the distribution of fibrils remained unsatisfac-
tory. Most fibrils were predominantly located on the carbon
support rather than being evenly dispersed within the grid
holes. This observation suggests that, while HEPES buffer
aids in forming stable ice, it alone is not sufficient to ensure
a uniform distribution of particles observed in the case
where the peptide was aggregated in HEPES buffer from
the start. The improvement in ice quality upon the addition
of HEPES led us to suspect that constituents of certain
buffers may have a direct effect on the ice formation process
by affecting the behavior of proteins in the vicinity of the
air-water interface, potentially mimicking a surfactant-like
effect. To test if the surfactant monolayers improve the over-
all quality of grids containing amyloid fibrils, we conducted
experiments using a range of surfactants: anionic SDS,
nonionic n-dodecyl b-D-maltoside (DDM), and cationic ce-
tyltrimethylammonium chloride (CTAC). Our objective was
to assess their respective effects on the quality of grids con-
taining amyloid fibrils. All surfactants were used below their
CMC. Interestingly, the addition of SDS results in the most
stable ice observed in all our experiments, as shown in
Fig. 4. The majority of grid holes were filled with ice of
nearly identical thickness, indicating a robust stabilizing ef-
fect of SDS on vitreous ice film formation, with 94.1% grid
holes containing high quality ice. However, the distribution
of fibrils showed only a slight improvement, with elongated
fibrils more frequently entering the grid holes, but still clus-
tering on the carbon. This suggests that, while SDS effec-
tively stabilizes the ice layer, achieving an ideal
distribution of amyloid fibrils for cryo-EM analysis requires
a combination of surfactants and other additives designed to
enhance the separation between fibril filaments. In contrast,
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FIGURE 4 Cryo-EM micrographs of hIAPP

aggregated in Tris-HCl with the addition of SDS,

n-dodecyl-b-D-maltoside (DDM), cetyltrimethy-

lammonium chloride (CTAC), or rIAPP as additive

before grid preparation. Micrographs were

collected at grid squares magnification (512�,

left), grid holes magnification (8500�, middle),

and data acquisition magnification (92,000�,

right). The presence of 2 mM SDS led to a thin

ice layer in every hole, improving the overall qual-

ity of the grid greatly. DDM and CTAC also led to

better ice quality but to a lesser extent than SDS,

with large fibril clumps still visible. The addition

of rIAPP not only improved the ice layer but also

showed a better distribution of fibrils and less

clumping. Scale bars, 10 mm (grid square),

500 nm (grid holes), and 100 nm (acquisition scale

bar).

Cryo-EM grid preparation for amyloids
DDM showed no improvement in ice quality compared with
the pure Tris-HCl buffer. This outcome suggests its limited
effectiveness in this context or points to the need for precise
tuning of its concentration to achieve the desired effects.
CTAC, on the other hand, demonstrated some effectiveness
with about 57.7% ice coverage, indicating a twofold
improvement over Tris-HCl. However, it is important to
note that both DDM and CTAC led to a substantial increase
in areas with clumped fibrils, surpassing even those
observed with the buffer alone. These findings suggest
that, while SDS significantly enhances ice layer stability,
the other surfactants tested, DDM and CTAC, do not offer
similar benefits and in fact may exacerbate fibril clumping
issues. Therefore, achieving optimal fibril distribution for
cryo-EM analysis might require a more tailored approach,
potentially involving a carefully selected combination of
surfactants and other additives to effectively separate fibril
filaments.

The formation of stabilizing monolayers at the interface,
besides conventional surfactants, has also been reported for
denatured proteins. To shed more light on such a possibility,
we examined the impact of adding small amounts of nona-
myloidogenic rat IAPP to the hIAPP solution before grid
freezing. The final concentrations of rat IAPP (rIAPP) and
hIAPP were 50 and 25 mM, respectively. Grids prepared
with rIAPP addition showed a significant enhancement in
ice quality, achieving 86.9% coverage of ice and a negligible
amount of clustered areas. Although the ice film was not as
uniform as that formed in the presence of SDS, as illustrated
in Fig. 4, the improvement was still remarkable. The results
suggest that rIAPP might form a monolayer at the air-water
interface consistent with previously proposed mechanisms,
Biophysical Journal 123, 718–729, March 19, 2024 723
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FIGURE 5 (A) Density map showing the structure of the predominant polymorph found in hIAPP fibrils aggregated in HEPES (pH 7.4). The N-terminal

residues 1–12 are unresolved, reflecting their high flexibility. (B) Illustration of lateral stacking in peptide units with b sheets depicted as ribbons. (C) Hy-

drophobicity map highlighting the interface between individual protofilaments, with hydrophobic interactions in yellow and hydrophilic in teal. (D) Detailed

view of the stabilizing hydrogen bonds between Tyr37 and Ser29. (E) Representation of Asp21 forming ladder-type interactions, stabilizing the stacking of

peptide units. (F) Close-up of the density around His18, suggesting the presence of two rotameric conformations at this site. To see this figure in color, go

online.
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consequently stabilizing the ice layer. Most importantly, be-
sides improving ice films, rIAPP seems to facilitate more
uniform dispersion of fibrils within the grid holes, reducing
the tendency of fibrils to adhere to the carbon support. It ap-
pears that the presence of the nonaggregating spectator pro-
tein may induce intermolecular interactions between
monomeric rIAPP and hIAPP fibrils. This, in turn, may
lead to improvement in separation between individual fila-
ments, further contributing to the enhanced dispersion and
stabilization of fibrils on the cryo-EM grids. It is also
possible that rIAPP competes with fibrillar species for bind-
ing sites on the amorphous carbon film. This competition
may decrease the fibrils’ affinity for the carbon, leading to
an increased number of fibrils entering the grid holes.
Cryo-EM structure determination

The enhanced ice coverage and the abundance of monodis-
perse fibril filaments observed with HEPES buffer facili-
tated the determination of fibril structures formed at
physiological pH. The cryo-EM data processing workflow
is shown in detail in Fig. S1, and the final structure fitted
to the refined map is depicted in Fig. 5. Initially, 8344
micrographs were collected, motion-corrected with
MotionCor2 (39), and underwent contrast transfer function
estimation using CTFFIND4 (40). Autopicking using Topaz
(41) yielded over 4.3 million particles. The 2D classification
step enabled us to discard improperly picked areas resulting
from the low threshold used in the autopicking algorithm
and to exclude unusable fibril particles due to either poor
724 Biophysical Journal 123, 718–729, March 19, 2024
resolution or absence of helical symmetry. Notably, over
80% of the particles corresponded to the same polymorph,
with only a minor fraction representing polymorphs with
longer crossover distances. Following several iterations,
189,867 particles of the dominant polymorph were selected
for further refinement through the 3D classification process.
This classification refined the particle selection, resulting in
10,566 particles that advanced to the final 3D refinement
and postprocessing stages. The resolution of the recon-
structed 3D structure after Bayesian polishing was deter-
mined to be 4.01 Å based on the Fourier shell correlation
at the 0.143 criterion. The final map presented clear density
for the majority of the peptide, which enabled the construc-
tion of an accurate model. The structure is consistent with
those previously reported, indicating that this particular
polymorph can form under a wide range of conditions.
DISCUSSION

The successful preparation of thin ice specimens in cryo-
EM is of utmost importance, as it directly impacts the ability
to resolve high-resolution 3D structures, a key objective in
structural biology. This becomes particularly important in
the preparation of amyloid samples, where the challenge
lies not only in obtaining ice layers of the desired thickness
but also in ensuring their overall stability against the me-
chanical stress imposed by elongated fibrillar species. Our
results suggest that the stability of ice can be improved
through various solution-altering approaches. However, sta-
ble ice layers alone are not sufficient for effective cryo-EM
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analysis of fibrillar species, as their tendency to associate
either with themselves or with support materials presents a
significant challenge. Although careful selection of media
used for the aggregation process may improve the distribu-
tion of filaments, our ultimate goal is to develop protocols
that enable solving 3D structures of amyloid fibrils grown
under any conditions, including samples directly extracted
from human tissues. In the discussion that follows, we sum-
marize potential approaches that may bring us closer to this
goal and discuss the possible physicochemical explanations
for their effectiveness.
Factors contributing to stable ice formation

The factors influencing the formation and stability of thin
vitreous ice films have been thoroughly examined by
Glaeser et al. (42,43). They highlight that uniformly thin
films of pure water are inherently unstable due to molecular
interactions within the film. This instability often results in
dewetting and rupture of the ice film. Crucially, the addition
of surfactants to water can mitigate these fluctuations,
thereby stabilizing the film. Such stabilization is achieved
as surfactants form a monolayer at the air-water interface,
reducing surface tension fluctuations and altering the dis-
joining pressure. In our study, the grids prepared with the
addition of SDS solution supported this hypothesis. In the
case of buffering agents, while some exhibited potential
for stabilizing ice layers, the effects seem to arise from a
more complex interplay, involving both potential stabiliza-
tion of the air-water interface and direct interactions with
the fibrillar protein samples. It has been suggested that
HEPES could act as a surfactant (44). However, our surface
tension measurements of 20 mM Tris-HCl and 100 mM
HEPES show very small changes compared with the values
of Milli-Q water (Table S1), which can be mostly attributed
to changes in the solution density due to the high concentra-
tions of solute. Moreover, the two buffers display statisti-
cally identical values of surface tension. Hence, it is not
possible to simply explain the significant difference between
the samples in HEPES and in Tris-HCl purely based on a
surface tension argument. Therefore, the reason behind the
different quality of ice is probably related to specific inter-
actions of the buffering agents with the proteins. First, the
electrostatic charge of the buffers at pH 7.4 is different:
Tris-HCl is mostly in its protonated positively charged
form, while the sulfonate groups of HEPES and MOPS
are either in their deprotonated negatively charged forms
or protonated neutral forms (45,46). Considering that the
isoelectric point of hIAPP has been reported to be 9.6
(47), at pH 7.4 the fibrils are positively charged. Hence, it
is plausible to assume that interactions with Tris-HCl,
compared with HEPES and MOPS, are partially inhibited
by electrostatic repulsion. To aid our understanding of the
electrostatic forces at play, we carried out ab initio calcula-
tions of the studied buffers in their relevant protonation
states. The electrostatic potential maps of the three buffering
agents (Fig. S2) show that MOPS and HEPES at pH 7.4
display regions of negative and positive charge of similar
magnitude, given their zwitterionic nature, while Tris-HCl
has a predominantly positive charge that dominates the
entire structure. Hence, the first two buffers can take part
in a broader range of interactions than the latter. It is also
important to notice that MOPS at pH 6.5 is 90% in its
neutral form, while at pH 7.4 this value goes down to 30%
(46). From the electrostatic potential maps of two distinct
protonation states of MOPS (Fig. S2) it is possible to see
a dramatic change in charge density that would lead to
different interactions between the buffer and the protein.
Hence, this could be the possible origin of the different
behavior of the samples prepared in MOPS at different
pH. Secondly, while both MOPS and HEPES can both
participate in hydrogen bonding via the sulfonate and amine
groups (48), HEPES can be involved in more hydrogen
bonding interactions with its terminal hydroxyl group.
Such interaction has already been observed via x-ray crys-
tallography in multiple protein structures (49,50). Given
the striking differences between the samples prepared in
HEPES and the ones prepared in MOPS, the terminal hy-
droxyl group seems to have a crucial role in the buffer-pep-
tide interactions that ultimately lead to the formation of
fewer clumps and overall improved ice. Such differences be-
tween buffers and the consequential effects on the study of
biomolecules are known and they have been extensively
investigated (51). In particular, in the case of amyloid fibrils,
it has been demonstrated by Mao et al. that HEPES and Tris-
HCl have different effects on the aggregation of hIAPP11–20
(52). One possible reason for the poorer quality of the ice in
the samples presenting clumps is the potential ice nucleation
activity of the aggregates. In particular, the hIAPP sequence
presents the TxT motif (where T is threonine and x is a non-
conserved amino acid) that is common in ice-nucleating and
antifreeze proteins (53,54). It has been also demonstrated
that aggregation of such proteins makes them more keen
to induce ice nucleation rather than preventing it (55,56).
Moreover, it has been shown that, even in the absence of
the TxT motif, protein aggregation is able to induce ice
nucleation (57). Hence, the fibril clusters present on the
grid can act more efficiently as nucleation sites compared
with the isolated fibrils. This could explain why the samples
containing Tris-HCl present an ice layer of poorer quality
compared with the ones containing HEPES. The electro-
static potential map of the protein is shown in Fig. S3.
The map highlights that the most positive charge is located
closer to the N-terminus. This is due to the presence of posi-
tively charged lysine and arginine residues and is consistent
with the membrane interaction studies showing that hIAPP
associates with a negatively charged membrane through its
N-terminus (58). This means that, close to the potential
ice nucleation site, there are positive charges that can repel
Tris-HCl. In addition, HEPES improves the quality of ice,
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possibly because of specific interactions with the ice nucle-
ation sites. This would explain why the quality of the ice im-
proves after exchanging the buffers, despite the fibrils
distribution being unaffected. As previously mentioned,
the effects of detergents on the preparation of cryo-EM grids
have been already investigated, especially when it comes to
the study of membrane proteins (11,59,60). In addition to
stabilizing the air-water interface, detergents play a crucial
role in stabilizing membrane proteins themselves, making
their use quite common in that field. However, the implica-
tions of using a detergent during the preparation of amyloid
fibrils samples for cryo-EM seem to have never been taken
into consideration before. More interesting is the effect that
rIAPP has on ice. It has been previously showed by Engel
et al. that this protein can act as a surfactant (58). Being a
disordered protein, presenting both polar and apolar do-
mains, it is not surprising that it displays a surfactant
behavior. Given its properties, it can be expected that rIAPP
displays similar properties to amphipol polymers, such as
A8-35, that can act as surfactants (61), and that are known
to improve the quality of the ice layer (11).
Disentangling the fibrils with spectator proteins

The addition of monomeric rIAPP to the solution of fully
aggregated hIAPP fibrils offered unique insights into the
intermolecular dynamics of amyloid structures. The primary
goal of this approach was to establish if rIAPP could act as a
surfactant and enhance the quality of ice on cryo-EM grids.
Surprisingly, the grids frozen after the addition of rIAPP
showed the most impressive grid coverage and fibril distri-
bution compared with all the studied samples. This improve-
ment was consistent, irrespective of the buffer used in the
initial amyloid fibril formation process. Although HEPES
buffer and SDS were found to improve the quality of ice,
they did not reduce the formation of superstructures. There-
fore, the observed improvement upon adding rIAPP is likely
due to specific intermolecular interactions between hIAPP
fibrils and the monomeric rIAPP, rather than general surfac-
tant effects on the ice quality. Interactions between rIAPP
and prefibrillar assemblies of hIAPP were previously stud-
ied with molecular dynamics simulations to evaluate the en-
ergetics associated with the formation of hybrid hIAPP-
rIAPP fibrils (62). The interaction energies were evaluated
across different parts of the peptide sequence, showing
that the N-terminal side of rat IAPP, involving residues 10
to 18, exhibits the strongest stabilizing interaction energy
when in direct interaction with hIAPP. This implies that
there are high attractive forces driving the rIAPP molecules
to interact with preformed or fully formed hIAPP fibrils. It
must be noted that the interaction occurs with the fully
conserved N-terminal part of the peptide, leaving the highly
repulsive C-terminus, containing proline residues, at the
other end. This in turn may reduce the propensity of amyloid
fibrils to associate with each other when rIAPP molecules
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are close to their surface. Cryo-EM results also undoubtedly
show that the N-terminus of aggregated hIAPP is outside the
amyloid core, and instead forms flanking regions that are
exposed to potential interactions with monomeric rIAPP.
It must be noted that many studies involving rIAPP and hI-
APP mixtures primarily focus on the inhibitory properties of
rIAPP or the mechanisms of cross-seeding and hybrid fibril
formation (63,64). In our case, however, we are concerned
with the behavior of rIAPP in the presence of mature fibrils,
rather than prefibrillar forms of hIAPP, which had never
been seriously considered. From our perspective, it was crit-
ical to ensure that the presence of rIAPP does not affect the
final aggregation products produced in other media, such as
Tris-HCl. The use of proteins as stabilizers and contrast-
enhancing scaffolds in high-resolution cryo-EM is a rapidly
developing area. Protein scaffolds, in single-particle anal-
ysis, are attached to smaller molecules to assist in deter-
mining their structure (65). The potential of introducing
‘‘microscope invisible’’ crowders, such as small molecules
or polymers that subtly influence the sample environment,
has not yet been fully explored. Nonetheless, our results us-
ing small proteins in imaging amyloids offer a novel
perspective and provide significant insights into the dy-
namics of amyloid structures such as those formed by hI-
APP. Spectator proteins may enhance cryo-EM grid
quality by reducing unwanted interactions or stabilizing
specimens. Therefore, incorporating these proteins, particu-
larly for complex biological structures such as amyloid fi-
brils, could significantly enhance the capabilities and
insights offered by cryo-EM. Currently, we are investigating
the application of protein crowders and polymers, such as
amphipols, in a broader context of elucidating their ability
to reduce the self-association of fibril species in cryo-EM
specimens.
Resolving in vitro structure of hIAPP fibrils
formed at physiological pH: Insights and future
directions

Resolving high-resolution structures of protein fibrils asso-
ciated with human diseases is extremely important for the
development of innovative diagnostic and therapeutic ap-
proaches. The capability to elucidate amyloid structures
that form under physiological conditions is critical for
ensuring that their structural characteristics are identical to
the debilitating amyloid forms found in human tissues. To
date, the most successful approach has been based on seed-
ing them monomeric hIAPP with fibrils extracted from islet
cells, which has resulted in four distinct polymorphic struc-
tures of hIAPP (25). Nevertheless, the ability to resolve
in vitro structures in varied conditions holds immense value,
particularly when biological samples for seeding are not
accessible, or if the seeding fails to generate cryo-EM grids
of sufficient quality for structural analysis. By applying
HEPES buffer for the aggregation process, we achieved
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optimal fibril distribution and ice layers of sufficient quality
to resolve the high-resolution structural model of hIAPP fi-
brils (presented in Fig. 5). The double S polymorph
observed at pH 7.4 is consistent with previously reported
structures from both ex vivo and in vitro studies conducted
at pH 6 (38,66). Our initial data processing of the fibrils pro-
duced in Tris-HCl buffer suggests that incorporating rIAPP
enables the acquisition of high-resolution particles, suitable
for subsequent 3D reconstruction. While this might seem
like an aggressive strategy, particularly risky for small pro-
tein samples in single-particle cryo-EM, it is important to
recognize the remarkable stability of amyloid fibril struc-
tures. The introduction of rIAPP is unlikely to significantly
alter the amyloid core. Typically, amyloid disaggregation
involves the use of harsh fluorinated solvents and strong
acids, a process that is often slow and inefficient (67).
Hence, we advocate for the addition of small, ‘‘micro-
scope-invisible’’ proteins to facilitate grid preparation. We
anticipate that this approach, with its potential for general-
ization to other amyloid diseases, will become valuable in
revealing 3D structures of amyloid fibrils, including those
extracted directly from tissues or formed in the presence
of phospholipid membranes.
DATA AND CODE AVAILABILITY

Structural data have been deposited into the Worldwide Pro-
tein Data Bank (wwPDB) and the ElectronMicroscopy Data
Bank (EMDB) with the following accession codes PDB:
8R4I and EMDB-18887.
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Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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