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Structural basis for human RegⅢα
filament formation

Check for updates
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RegIIIα is an antibacterial protein primarily operating in the digestive tract to defend against bacterial
infection through direct bactericidal activity. A previous study proposed that RegIIIα forms hexameric
pores on the membrane of Gram-positive bacteria, leading to cell lysis. These RegIIIα hexamers can
further assemble into filaments, diminishing RegIIIα activity. However, the high-resolution structure of
RegIIIα assembly remains elusive, impeding the comprehension of the molecular mechanisms
underlying RegIIIα function. In this study, we determined the cryo-electron microscopy (cryo-EM)
structure of RegIIIα filaments formed in vitro at a resolution of 2.2 Å. Our structure reveals a similar
subunit arrangement but a distinct subunit orientation compared to the previously reported low-
resolution model of RegIIIα filaments. Through structural analysis and biochemical assays, we
identified two essential interfaces for RegIIIα assembly, offered a potential explanation for the
necessity of lipids in RegIIIα assembly, and elucidated the inhibitorymechanismof the pro-segment of
RegIIIα. Collectively, our study presents the first near-atomic structure of filaments formed by C-tyle
lectin containing proteins, providing structural insights intoRegIIIα assembly that are closely related to
its physiological functions and regulations.

RegIIIα, a C-type lectin domain (CTLD) containing protein1,2, belongs to
the third subclass of the Reg family3–5 and functions as an antibacterial
agent against gram-positive bacteria in the intestine6. Previous studies
have revealed that RegIIIα recognizes its targets by binding to pepti-
doglycan and further disrupts bacterial cells6,7. The removal of the pro-
segment (residues E27-R37) of RegIIIα through proteolytic cleavage is
required to initiate its bactericidal activity8,9. A subsequent study pro-
posed a working model underlying antibacterial activity; RegIIIα forms
hexameric pores to permeabilize the bacterial membrane and induce cell
death8. After long-term incubation with lipids, these hexamers can fur-
ther stack into filaments resembling those found in pancreatic
secretions10,11, which is considered a self-preservation strategy as filament
formation reduces the cytotoxicity of RegIIIα8.

The previous cryo-EM study of the RegIIIα filament resulted in a 9-Å
map, and a filamentmodel was proposed by docking the crystal structure of
theRegIIIαmonomer into thismap8.However, the suboptimal resolutionof
this map has impeded the exploration of detailed subunit-subunit interac-
tions within the filament, thereby leaving the molecular mechanism of
RegIIIα hexamer assembly andmembrane permeabilization unresolved. In
this study, we determined the cryo-EM structure of RegIIIα filaments at a
resolution of 2.2 Å. This structure differs from the previous docking model
in terms of subunit orientation. Structural analysis revealed the interfaces

responsible for RegIIIαfilament formation and ligand binding, aswell as the
inhibitory mechanism of the pro-segment. Our study presents, to our
knowledge, the first near-atomic-resolution structure of filaments formed
by C-tyle lectin containing proteins, offering crucial insights for exploring
the physiological functions of RegIIIα.

Results
Filament preparation and cryo-EM structure determination
Purified RegIIIα was incubated with or without trypsin at either acidic or
neutral pH levels. The SDS-PAGE assays indicated that the molecular
weight of RegIIIα incubated with trypsin was smaller than that of RegIIIα
without trypsin (Fig. 1a and Supplementary Fig. 1), suggesting the
removal of the pro-domain through proteolytic processing6,9. Negative
stain electron microscope (EM) analysis of the incubated samples
revealed filament formation of RegIIIα after trypsin cleavage at a pH level
of 7.4 (Fig. 1b). No filaments were observed in samples without trypsin
cleavage, while only a few filaments were observed in samples after
trypsin cleavage at pH 5.5 (Fig. 1b). Cryo-EM data was collected for
filaments grown in pH 7.4, and two-dimensional (2D) classification of
the cryo-EM dataset revealed a single filament species (Supplementary
Fig. 2). Cryo-EM structure was determined for this filament species with
a resolution of 2.2 Å (Fig. 2a, Supplementary Fig. 3, Supplementary
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Fig. 4a). An atomic model was built using a previously reported crystal
structure of RegIIIα (PDB 4MTH)8 as the initial model. Detailed data
collection and processing statistics are summarized in Table 1.

Cryo-EM structure of RegIIIα filament
Within the filament, all RegIIIα subunits are symmetrically related to each
other with a 1-start helical symmetry and a C3 symmetry (Fig. 2a, b).
Specifically, three identical RegIIIα subunits form a homotrimer with a C3

symmetry, and multiple homotrimers stack on top of each other with a
1-start helical symmetry to construct the filament.

All RegIIIα subunits within the filament exhibit an identical structure
to each other and to the previously reported crystal structure of the RegIIIα
monomer (PDB ID 4MTH8, Fig. 2c). Each RegIIIα subunit contains the
entire C-type lectin domain (CTLD, residues 38-175, Fig. 2d). The N- and

C-termini of each RegIIIα subunit are positioned at the center of the fila-
ment, leaving no room for flexible residues beyond the visible core region
(Supplementary Fig. 4b). This observation indicates that the pro-segment
must be cleaved before filament formation, suggesting a molecular
mechanism involving the proteolytic activation of RegIIIα (see Discussion).

Comparison with the previously reported low-resolution model
Comparing our map with the previously reported low-resolution map of
RegIIIα filaments8, we observed that these two maps closely resemble each
other in subunit arrangements, albeit with reversed handedness (Fig. 2e).
Specifically, the 6-start helix in the cryo-EM map determined here is left-
handed(Fig. 2a),whereas the correspondinghelix in the low-resolutionmap
is right-handed (Fig. 2e). By employing rigid-body docking of the filament
structure into the handedness-reversed low-resolutionmap, we ascertained

Fig. 1 | Filament formation of recombinant RegIIIα. a SDS-PAGE of recombinant
RegIIIαwith orwithout the treatment of trypsin. The uncropped gel was displayed in
Fig. S1. Representative negative stain EM images of (b) wild type RegIIIα with or

without the treatment of trypsin and incubated in indicated pH levels, (c) RegIIIα
mutants with trypsin treatment and incubated in pH 7.4, or (d) RegIIIαH50A with
trypsin treatment and incubated in indicated pH levels.

Fig. 2 | Cryo-EM structure of RegIIIα filaments. a cryo-EM map of RegIIIα fila-
ments, with six subunits being colored. IF, interface. b The helical net of RegIIIα
filaments. c Structural alignment of one subunit in the RegIIIα filament (blue) with
the pre-reported crystal structure (white, PDB 4MTH). d Sequence of RegIIIα with

secondary structures annotated upper the corresponding region. e Comparison of
the RegIIIα filament structure reported here with the low-resolutionmap previously
reported (EMD-5795). Black arrows indicate the handedness of the 6-start helix.
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that the model aligned well with the map, positioning all subunits of the
model within in the blobs of the map (Fig. 2e). As information regarding
handedness is absent in transmission electronmicroscopy, determining the
handedness of the maps at low resolutions poses a challenge, unless the
resolution allows for the observation of the handedness of an α-helix. Based
on these observations, it is reasonable to infer that the RegIIIα filaments
adopt a similar structure in this study and the previous study8.

Further comparison between the previous RegIIIα filament model,
proposed by docking the crystal structure of the RegIIIαmonomer into the
low-resolution map of the RegIIIα filament8, and the filament structure
determined here revealed that they differ from each other in subunit
orientations. Specifically, in the previous model, the N- and C- termini of
RegIIIα are facing outward from the filament center, and the loop 2 is facing
inward, contrasting with the orientation of our structure (Supplementary

Fig. 4b). These observations indicate the need to re-evaluate the proposed
antibacterial mechanism of RegIIIα in light of the revised hexamer model
(see discussion).

Subunit-subunit interfaces within the filament
Based on the 1-start helical symmetry andC3 symmetry described above, all
inter-subunit interfaces within the RegIIIα filament can be categorized into
two types, designated as IF1 (interface 1) and IF2 (Fig. 2a). Three sets of IF1
and IF2 are responsible for stacking one homo-trimer of RegIIIα to another
homo-trimer (Fig. 2a). The interactions in IF1 are established by a long-
distance salt-bridge betweenAsp63 andLys93, hydrogenbonds between the
side chain of Gln69 and themain chain of Ala46, and the insertion of Leu66
into the hydrophobic pocket formed by Phe87, Leu91, and the Cβ-Cε of
Lys45 (Fig. 3a, left panel). On the other hand, the interactions in IF2 entail a
salt-bridge between Glu114 and Lsy70, a salt-bridge between Glu118 and
Lsy59, hydrogen bonds between the side chain of Asn129 and the main
chainsofLeu54andLeu56, hydrogenbondsbetween the side chainofArg71
and themain chains of Ser125 andAsp126, and the insertion of Val127 into
hydrophobic pocket formed by Gly43, Ala53, and Phe55 (Fig. 3a, right
panel). In addition to these direct subunit-subunit interactions, additional
densities are observed in both IF1 and IF2, potentially indicating uni-
dentified ligandbinding could further facilitate subunit-subunit interactions
(Fig. 3b, described in another subsection below).

Mutagenesis study confirmed key residues for RegIIIα filament
assembly
In order to explore the contribution of IF1 and IF2 in RegIIIα filament
assembly, two mutations, L66W and Q69R, were designed to disrupt IF1,
respectively, and one mutation, V127Y, was designed to disrupt IF2.
Specifically, both L66W and V127Y disrupt the interfaces through steric
hinderance with the hydrophobic pockets on the opposing subunit,
whereas Q69R generates static repulsion with Lys45 from the other
subunit (Fig. 3a). When RegIIIα mutants were incubated with trypsin at
pH 7.4, no filaments were observed under EM (Fig. 1c), suggesting that
disrupting either interface of IF1 and IF2 is sufficient to abolish the
filament formation of RegIIIα.

Moreover, we foundHis50 in eachRegIIIα subunit is adjacent to Lsy42
from another subunit, situated at the interface of three subunits, in a
crowded environmentwhere there are no negatively charged amino acids to
neutralize the positive charges of these two amino acids (Fig. 3e). These
observations may explain the pH preference in RegIIIα filament formation.
Specifically, it is plausible that the pKa of His50 is between 5.5 and 7.4.
Therefore, at pH 5.5, His50 is protonated and positive charged, causing
static repulsion with Lys42 and inhibiting filament assembly. In contrast, at
pH 7.4, His50 is deprotonated and without a positive charge, which should
accommodate the positive charge of Lys42 and allowfilament formation.To
validate this hypothesis, we incubated RegIIIαH50Awith trypsin at pH 5.5
and 7.4. Filaments with similar amount were observed at both pH levels,
suggesting that His50 is responsible for the pH preference of RegIIIα fila-
ment formation.

Additional densities in RegIIIα filaments suggest ligand binding
Additional densities observed in both IF1 and IF2 are likely a result of ligand
binding (Fig. 3b–d). These additional densities are encompassedbymultiple
residues with diverse properties, including negatively charged residues (i.e.,
Glu118 and Glu121), positively charged residues (i.e., Lys70 and Arg71),
hydrogen bond donors and acceptors (i.e., Asn136 and Tyr169), and
hydrophobic residues (i.e., Ala67 and Phe173) (Fig. 3d). Collectively, these
residues create suitable binding sites for ligands, enabling high selectivity
and stability in ligandbinding.Thepotential interactions between the ligand
and subunits participating the interfaces could enhance the subunit-subunit
interface, thereby stabilizing the assembly of the RegIIIα filament. Identi-
fying these ligands should aid future studies of themolecular mechanism of
RegIIIα assembly. The shape of these additional densities suggests that these
ligands are likely to possess an elongated molecular conformation (Fig. 3d).

Table 1 | Cryo-EM data collection, refinement and validation
statistics of RegIIIα fibrils

RegIIIα (EMD66219, PDB 9WTD)

Data collection and processing

Magnification ×130,000

Voltage (kV) 300

Electron exposure (e–/Å2) 40

Defocus range (μm) 1.5-2.5

Pixel size (Å) 0.932

Symmetry imposed C3

Helical rise (Å) 20.47

Helical twist (°) 54.24

Initial particle images (no.) 802,654

Final particle images (no.) 762,506

Map resolution (Å) 2.21

FSC threshold 0.143

Map resolution range (Å) 200-2.21

Refinement

Initial model used (PDB code) 4MTH

Model resolution (Å) 2.38

FSC threshold 0.5

Model resolution range (Å) 200-2.38

Map sharpening B factor (Å2) 66

Model composition

Nonhydrogen atoms 13,020

Protein residues 1656

Ligands -

B factors (Å2)

Protein 51.72

Ligand -

R.m.s. deviations

Bond lengths (Å) 0.002

Bond angles (°) 0.462

Validation

MolProbity score 1.14

Clashscore 3.49

Poor rotamers (%) 0

Ramachandran plot

Favored (%) 98.53

Allowed (%) 1.47
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A plausible assumption is that these ligands could be lipids, as a previous
study suggested that the addition of phospholipids can promote RegIIIα
filament formation in vitro8. However, the suboptimal quality of these
additional densities hinders the definitive identification of the ligands in
this study.

Discussion
In this study, we preparedRegIIIα filaments with recombinant proteins and
determined their cryo-EM structure at a resolution of 2.2 Å. Our structure
revises a previously proposed filamentmodel in term of subunit orientation
and provides essentialmolecular details in understanding themechanismof
RegIIIα assembly and activity.

Our structural analysis revealed two subunit-subunit interfaces, IF1
and IF2, that are essential for the assembly of RegIIIα. Disrupting either
interface through site mutation abolished RegIIIα filament formation
(Fig. 1c). However, structural analysis suggested that the primary compo-
nents of these interfaces are not direct subunit-subunit interactions but
rather interactions potentially mediated by ligand binding, as indicated by
additional densities in the cry-EMmap (Fig. 3a–d). Therefore, these ligands,
exhibiting shapes reminiscent of lipids, might play a crucial role in the
assembly of RegIIIα. This observation is consistent with previous findings
indicating that RegIIIα filament formation is lipid-dependent8. We hypo-
thesize that lipids could initiate RegIIIα assembly by directly mediating
subunit-subunit interactions. Notably, no lipids were intentionally intro-
duced during the preparation of RegIIIα filaments used for cryo-EM
structure determination; the presence of potential lipids may have origi-
nated from the membranes of E. coli cells utilized for expressing RegIIIα
proteins. Further studies are required to remove these lipids from RegIIIα
and incubate lipid-free RegIIIαwith various types of lipids to investigate the
lipid specificity in triggering RegIIIα filament formation.

In the filament structure presented here, six adjacent RegIIIα subunits
form a hexamer reminiscent of that observed in the low-resolution map8

(Fig. 2e). This hexamer has been postulated as the functional state of
RegIIIα, given its shape and size, which are suitable for creating pores in the
bacterial membrane to induce cell leakage. The docking model suggested
that the outer surface of the hexamer contains positively charged residues
capable of interacting with the negatively charged phospholipids in the lipid
bilayer8.Althoughourhigh-resolution structure indicates a reversed subunit
orientation in the hexamer compared to the previous model, the updated
modelmaintains consistent shape and size, with positively charged residues
such as Arg135 and Lys159 present on the outer surface of the hexamer.

These findings suggest that the hypothesis of the hexamer serving as a pore-
forming structure remains relevant. However, given that the interfaces
necessary for hexamer assembly are the same as those required for filament
assembly, it remains puzzling howRegIIIα determines its fate between these
two assembly types. This puzzle is further complicated by the fact that the
hexamer is proposed to represent a functional antibacterial state, while the
filament is suggested to be a protective inhibitory state, as filament forma-
tion was observed to partially inhibit RegIIIα activity8.

The pro-segment is known to inhibit RegIIIα activity12 and previous
hypothesis suggested that this inhibition occurs by the pro-segment
blocking the interaction of theN-terminus of RegIIIαwith lipids8. However,
our high-resolution structure has revealed a different orientation of the
N-terminus of RegIIIα towards the center rather than the outer surface of
the hexamer. This finding indicates that the pro-segment does not inhibit
RegIIIα activity by blocking interactions between RegIIIα and lipids.
Instead, it is likely that the pro-segment hinders RegIIIα activity by
impeding hexamer formation, as the space in the center of the hexamer is
inadequate to accommodate the uncleaved pro-segment of six subunits
(Supplementary Fig. 4b). It is worth noting that we cannot fully exclude the
possibility that the previously reported hexameric model of RegIIIα indeed
exhibits the opposite subunit orientation relative to the structure presented
here, since the filaments were generated under different conditions in the
previous study8.

In this study, we observed a pH preference in RegIIIα filament for-
mation, with enhanced filament formation occurring at a pH level of 7.4 but
not at 5.5 (Fig. 1b). Through our structural analysis andmutagenesis study,
we have identified the residue that responsible for this pH preference as
His50 of RegIIIα. Since this residue is also involved in hexamer assembly, it
is reasonable to infer that the activity of RegIIIα is also influenced by pH
through the same mechanism. Further studies can be conducted to inves-
tigate the physiological significance of this pH preference. The pH-
independent mutant, H50A, identified in this study, can serve as a valuable
tool for these studies.

Given that RegIIIα can easily form filament under physiological con-
ditions in vitro, it is plausible that RegIIIα filaments may also be present
in vivo. However, it is challenging to validate this hypothesis through
extracting filament from tissues like other studies13–16 because RegIIIα
monomer canundergofilament formationwithin 2 hof incubation after the
removal of the pro-segment in vitro (Fig. 1b). Therefore, if pro-segment-free
RegIIIα is detected in tissues and RegIIIα filaments are extracted from these
tissues, it is difficult to differentiate whether these filaments were formed

Fig. 3 | Structural analysis of RegIIIα filaments. a Subunit-subunit interactions in
IF1 (left) and IF2 (right). Mainchains and sidechains involved in interactions are
displayed in sticks, labeled, and colored in blue (subunit n), cyan (subunit n+ 1),
and magenta (subunit n”+1). Residues involved in interactions with only main-
chains are labeled with asterisks. bAtomic model of 6 neighboring RegIIIα subunits,

with extra densities at subunit-subunit interfaces displayed in orange envelops.
Detailed illustrations of the extra densities at IF1 (c) and IF2 (d), with nearby
residues displayed. e Locations of Lsy42 and His50 at the subunit-subunit interface.
The side chains of Lys42 and His50 are displayed in spheres.
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within the tissues or during the extraction processes. Specifically, themostly
used filament extraction protocols usually include long-time incubation
before the sedimentationoffilament, suchas a 2-h sarkosyl treatment13 or an
overnight collagenase digestion14. These processes will give adequate time
for RegIIIα to undergo filamentation. In situ methods, such as immunos-
taining of the tissues with filament-specific antibodies, or cryo-electron
tomography (cryo-ET)with a high enough resolution to distinguishRegIIIα
filament from other types of filaments, are required to confirm the presence
of RegIIIα filament in vivo.

To further investigate the physiological roles of the RegIIIα
assembly, we mapped all pathogenic mutations recorded in the
UniPort database17 onto our filament structure (Supplementary
Fig. 5). We found that several mutations are localized to subunit-
subunit interfaces (i.e., K45N, A46D/T, G48V, S90F, A83P, Q69R on
IF1, and V127L on IF2) and could therefore impair filament for-
mation. We experimentally confirmed the disruptive effects of
Val127 and Gln69 substitutions (Fig. 1c). Moreover, all His50-
associated mutations are predicted to be pathogenic or likely
pathogenic, which is likely related to His50-mediated filament for-
mation in responding to pH change. Collectively, our analysis sug-
gested that these mutations may compromise RegIIIα function by
blocking filament assembly, further supporting the biological sig-
nificance of RegIIIα polymerization.

In summary, in this study, we prepared RegIIIα filaments with
recombinant RegIIIα proteins and determined the first high-resolution
cryo-EM structure of these filaments. Our findings provide structural
insights into RegIIIα assembly and bring new perspectives to the mechan-
istic understanding of RegIIIα.

Methods
Expression, purification of RegIIIα and filament preparation
The gene encoding RegIIIα (E27-D175) was cloned from cDNA library and
ligated into pET28a expression vector. All RegIIIαmutants were generated by
overlapping PCR using wild type as a template. The resulting plasmids were
transformed into E. coli BL-21 (DE3) and cultured at 37 °C overnight. The
culture was inoculated into 1 L fresh LB medium and cultured to optical
density of 0.8 (OD600). The expression of RegIIIαwas induced by IPTG at the
final concentration of 1mM and expressed as inclusion bodies for 4 h at
37 °C. RegIIIα andmutants were purified based on the denaturing protocol as
previously reported with minor modifications18,19. Briefly, bacterial cells were
harvested by centrifugation, resuspended in 50ml lysis buffer (20mM Tris-
HCl pH 7.5, 10 μM EDTA, 1% Triton X-100) and lysed by sonication. The
inclusion-body-containing debris was obtained by centrifugation at 12,000 g
for 30min, after which the pellet was washed 2 times with washing buffer
(20mM Tris-HCl pH 7.5, 10 μM EDTA, 1% Triton X-100, 500mM NaCl).
The resulting inclusion body was resuspended in 20ml resuspension buffer
(100mM Tris-HCl pH 7.5, 7M Guanidine-HCl, 150mM Reduced Glu-
tathione, 2mMEDTA) and stirred overnight to thoroughly disperse it. Then,
the solution was clarified by centrifugation, 5-ml supernatant was drop-wise
titrated into 200-ml refolding buffer (50mM Tris–HCl, pH 8.0, l0 mM KCl,
240mM NaCl, 2mM MgCl2, 2mM CaCl2, 0.5M guanidine–HCl, 0.4M
sucrose, 0.5M arginine–HCl, 1mM reduced glutathione, and 0.1mM oxi-
dized glutathione) and stand at room temperature 24 h. After that, the
refolding buffer was dialyzed against 10-folds of dialysis buffer 1 (25mM
Tris-HCl pH 7.5, 2mM CaCl2, 25mM NaCl) twice and dialysis buffer 2
(25mM MES pH 6.0, 2mM CaCl2, 25mM NaCl), sequentially. RegIIIα
proteins from dialyzed supernatant was purified using SPFF column and size
exclusion chromatography. The elute buffer for SPFF purification is 25mM
MES pH 6.0, 2mM CaCl2, 300mM NaCl, and the running buffer for size-
exclusion chromatography is 25mM Tris-HCl pH 7.5, 25mM NaCl. The
purified RegIIIα was concentrated and stored at −80 °C for further use.

For filament preparation, RegIIIα protein was dilutedwith stock buffer
(20mMMES pH 5.5/20mM Tris-HCl pH 5.5 or 7.4, 25mMNaCl) to the
final concentration of 10 μM, followed by the addition of trypsin at the
molar ratio of 20:1 (RegIIIα : trypsin) and incubation at 37 °C for 2 h.

SDS-PAGE assays
Samples weremixedwith 25% (v/v) SDS loading buffer, boiled at 100 °C for
10min, and separated with YoungPAGE 4–20% Bis-Tris precast gels
(GenScript, catalog number M00928). The protein was visualized by Coo-
massie blue staining.

Transmission electron microscopy (TEM)
2.6 μl sample was applied onto 200 mesh glow-discharged carbon-coated
Cu grids and sedimented for 2 min. The excess solution was blotted off
by filter papers, grids were stained using 3.3 μl 2% uranyl acetate
for 1 min and further washed with 3.3 μl 2% uranyl acetate, followed
by air-dried for 2 min. The grids were imaged using Talos L120C G2
(Thermofisher, USA).

Cryo-EM data collection and processing
For cryo-EM sample preparation, 2.6 μl of the sample was applied onto
a freshly glow discharged Quantifoil 1.2/1.3 200 mesh grid (catalog
number N1-C14nCu20-01). The grid was plunge-frozen in liquid
ethane using a Vitrobot Mark IV instrument (FEI). Cryo-EM data
were collected on a 300-kV Titan Krios transmission election micro-
scope (Thermo Fisher Scientific) equipped with a Falcon 4i detector
with a total accumulated dose of 40 e-/Å2 per image, a nominal phy-
sical pixel size of 0.932 Å/pixel, and an energy filter of 20 eV. A total of
2044 micrographs were collected for data processing.

Cryo-EM data processing was performed using cryoSPARC v4.0.120.
Micrographswere processedwithmotion correction andCTF estimation in
cryoSPARC, and particles were automatically picked with filament tracer.
Particle extraction was conducted with a box size of 360 pixels, and 2D
classification was performed with the extracted particles. The resulting 2D
classes all belonged to a single filament species, except for those represent
junk particles. Particles from the optimal 2D classes were selected for helical
refinement without helical parameter and initial reference provided. The
initial helical parameters were determined as a helical rise of 40.9 Å and a
helical twist of 11.52° through automatic helical parameter search using
symmetry search utility in cryoSPARC. This set of helical parameters cor-
responds to that between subunit n andn”+2 along the 6-start helices in the
final reconstruction. The second round of helical refinementwas performed
with this set of helical parameters and the map of the previous helical
refinement as a reference, resulting in a map with a resolution of 3.0 Å.
Manual inspection revealed aC3 symmetry of thismap, and the handedness
of this map needed to be flipped according to the handedness of the α-helix
in this map. Automatic symmetry search with the handedness-flippedmap
revealed the updated helical parameters to be a helical rise of 20.5 Å and a
helical twist of 54.24°. The final helical refinement was conducted with local
CTF-refined particles, the updated helical parameters, and the handedness-
flipped map as a reference, resulting in the final map with a resolution of
2.2 Å. The resolutions were all estimated using the 0.143 Fourier shell
correlation (FSC) resolution cut-off. Data collection and processing statis-
tics are summarized in Table 1.

Atomic model building
The crystal structure of RegIIIα (PDB 4MTH)8 was manually docked into
the final map as a rigid body and adjusted to fit the map using COOT21.
The initial model was expanded to contain 12 identical subunits and
refined with phenix.real_space_refine22. The final model was validated
with MolProbity 23.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Cryo-EMmap and atomicmodel of RegIIIα fibrils have beendeposited into
the Worldwide Protein Data Bank (wwPDB) and the Electron Microscopy
Data Band (EMDB) with accession codes PDB 9WTD and EMD-66219.
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Any other relevant data is available from the corresponding author upon
reasonable request.
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