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Patients with type 1 diabetes mellitus who are dependent on an external supply of
insulin develop insulin-derived amyloidosis at the sites of insulin injection. A major
component of these plaques is identified as full-length insulin consisting of the two
chains A and B. While there have been several reports that characterize insulin mis-
folding and the biophysical properties of the fibrils, atomic-level information on the
insulin fibril architecture remains elusive. We present here an atomic resolution structure
of a monomorphic insulin amyloid fibril that has been determined using magic angle
spinning solid-state NMR spectroscopy. The structure of the insulin monomer yields
a U-shaped fold in which the two chains A and B are arranged in parallel to each other
and are oriented perpendicular to the fibril axis. Each chain contains two p-strands. We
identify two hydrophobic clusters that together with the three preserved disulfide bridges
define the amyloid core structure. The surface of the monomeric amyloid unit cell is
hydrophobic implicating a potential dimerization and oligomerization interface for the
assembly of several protofilaments in the mature fibril. The structure provides a starting
point for the development of drugs that bind to the fibril surface and disrupt secondary
nucleation as well as for other therapeutic approaches to attenuate insulin aggregation.

amyloid fibril structure | MAS solid-state NMR | molecular modeling | SAXS

Administration of insulin is essential for the survival of individuals diagnosed with type
1 diabetes and is key for patients suffering from type 2 diabetes where production of the
hormone is hampered due to P-cell failure (1, 2). Insulin-related amyloidosis is a
skin-related complication of insulin therapy. In patients, fibrillar insulin aggregates are
found at the site of frequent insulin injections (3-6). In drug manufacturing, insulin
fibrillation is complicating the preparation of large quantities of the peptide (7, 8). During
production, the pH value is lowered to pH 2 to 4 which facilitates aggregation (9), which
results in a reduction of functional activity and unwanted immunological responses in
patients (10). In fact, an increase in the autoimmune response to insulin has been observed
in Parkinson's disease (PD) patients in comparison to healthy controls, hinting toward a
link between insulin aggregation and PD reflecting the impaired insulin homeostasis in
PD (11). Moreover, fibrils, which potentially present a reactive surface for secondary
nucleation, might induce the formation of toxic intermediates in a fibril-catalyzed reaction
in tissue (10). Therefore, elucidating the structural details of insulin fibrils is an important
first step toward the understanding of this autocatalytic process. In addition, the insulin
fibril structure can open an avenue for the rational design of diagnostic and therapeutic
tools for the treatment of insulin amyloidosis.

Amyloid fibrils result from the self-assembly of many copies of a protein into insoluble
polymers which are deposited in tissue and organs (12, 13). In recent years, cryoelectron
microscopy (cryo-EM) evolved into a powerful tool to investigate the structure of amyloid
fibrils (14, 15). Alternatively, solid-state NMR can be employed to yield structural infor-
mation at atomic level resolution (16, 17). Using magic angle spinning (MAS) solid-state
NMR, high-resolution structures of fibrils formed by the Alzheimer’s disease p-amyloid
peptide (18-20), a-synuclein (21), glucagon (22), and several other disease-relevant proteins
have been obtained (23-25). Previously, the physical and chemical parameters that affect
insulin amyloid formation including the effect of temperature (9), ionic strength (26), pH
(9, 27), the influence of mechanical agitation (28), and contact with hydrophobic surfaces
(29) have been investigated. Dobson and colleagues have proposed a hypothetical arrange-
ment of the polypeptide chains in the insulin amyloid protofilament (30). There, each insulin
molecule occupies two P-strand layers with the strands parallel to each other. Several studies
have implicated that the mature insulin amyloid fibrils are composed of several even-numbered
protofilaments wound around one another. The number of subunits in a fibril layer can
differ from 2 to 6 (30-32). It is found that all three disulfide bonds are retained in the mature
fibrils and each disulfide bond is crucial to the insulin fibril fold and its structural stability
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Fig. 1. (A) Native human insulin structure (PDB code 2HIU) (41). Chain A, chain B, and disulfide bonds are shown in blue, red, and yellow, respectively. The
primary sequence of the individual chains and the position of the three native disulfide bonds are represented at the bottom. (B) Negative-stain TEM micrograph
of human insulin fibrils used for solid-state NMR. (C) 1D "3C and "°N MAS solid-state NMR spectra of human insulin fibrils. Characteristic side chain resonances
are indicated. (D) CD analysis of insulin fibrils of human insulin before (red) and after (black) 48 h of incubation at 60 °C, in HCl (pH 1.9). The CD spectrum after

incubation is indicative of a p-sheet-rich structure.

(33, 34). Other studies focused mainly on the identification of
potential amyloidogenic regions in the insulin sequence and char-
acterized the residues which are crucial for fibril formation
(31, 35-38). The fundamental principles of the molecular mecha-
nism of amyloid formation and the details of the molecular structure
of insulin amyloid fibrils are not yet understood. In this work, MAS
solid-state NMR experiments are emPloyed to identify the residues
forming the fibril core. The °C and "°N chemical shifts were used
to yield information on the secondary structure propensity of a
particular residue and to determine the exact location of the
f-strands in the insulin fibril. We find that the core of the insulin
fibril structure is formed by complementary residues from chains
A and B. We collected more than 200 unique, nontrivial Be,Be
and "N, N distance restraints using long-mixing time PAR exper-
iments (39, 40) to yield a structural model of the insulin fibril. The
dimensions of the fibrils were estimated from transmission electron
microscope (TEM) and small-angle X-ray scattering (SAXS) exper-
iments. The insulin monomer adopts a U-shaped conformation
which is stabilized by three disulfide bonds connecting the two
insulin chains. These disulfide bridges largely determine the fold of

https://doi.org/10.1073/pnas.2401458121

the monomer. Consequently, each insulin molecule adopts two lay-
ers in the fibril topology, where each layer in turn contains two
f-sheets. Two hydrophobic clusters further stabilize the U-shaped
subunit. Surface-exposed hydrophobic residues facilitate the adher-
ence of filaments and induce assembly of protofilaments into mature
fibrils. We observe a single set of resonances suggesting that the
minimal fibril subunit is a symmetric oligomer. We cannot differ-
entiate between intra- and intermolecular contacts between atoms
of residues in the same region of the fibrils suggesting that the min-
imal fibril subunit is presumably a dimer with cyclic symmetry.

Results and Discussion

Insulin fibrils formed spontaneously when the protein was incu-
bated at 60 °C and pH 2. Fig. 1B shows a TEM image of the fibrils
that were obtained this way and that were employed in the solid-
state NMR experiments. The fibrils appear very homogeneous in
terms of cross-over distance and thickness. The average length of
a fibril is on the order of 500 nm. We do not observe any amor-

phous aggregates. Similar left-handed helical twisted fibrils have
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Fig. 2. (A) 50 ms mixing DARR spectrum obtained for a u-">C,"N labeled insulin fibril sample. Cross peak assignments are indicated in the figure. Unassigned
cross peaks are due to peak doubling for loop residues of chain A and B (see below). (B) Residue-specific secondary *Ca NMR chemical shifts for chains A and
B in insulin fibrils. Residues with negative Ca secondary chemical shifts have a high p-sheet propensity (Top). Distribution of ¢ & y backbone torsional angles

according to Talos (45) (Bottom).

been reported previously (30). The solid-state NMR experiments
yield information on the core of the fibril structure. In SAXS, we
observe a fibril thickness of 8 to 10 nm which is consistent with
the model that mature fibrils are composed of 2 to 6 intertwined
insulin filaments (30).

Following the nomenclature introduced by Tycko, we refer to
the “protofilament” as the filamentous unit in an amyloid fibril
with minimal width and minimal mass-per-length (12). A proto-
filament refers to a stacked arrangement of monomers in a cross-f
fibril configuration, where a monomer corresponds to an insulin
molecule that consists of one A chain and one B chain that are

linked by disulfide bridges.

MAS Solid-State NMR 1D Experiments. To confirm the structural
homogeneity of the sample, we recorded 1D-"C and "°N spectra
(Fig. 1C). In cross-polarization (CP) experiments, peaks with high
intensity are observed suggesting that the respective residues are
part of a well-defined rigid structure w1th1n the insulin fibrils.
Beyond the amide resonances, the 1D-""N spectra yield lysine
amino (B29K, ~33 ppm), arginine guanidinium (B22R, ~72,
74, 84 ppm), histidine imidazole (B5H, B10H ~184, 193 ppm)
side chain resonances, as well as the two N-terminal amino
NH?* groups (~33, 38, 42 ppm). The "N spectrum is a sensitive
indicator of homogeneity and suggests that the insulin fibril
sample is microscopically well ordered.

Chemical Shift Assignments. 2D DARR spectra (Fig. 2A4)
confirm the high structural homogeneity of the fibril sample.
In the ex eriment, the °C mixing time was set to 50 ms. We
observe "°C line widths on the order of ~ 0.7 ppm for resolved
resonances. To yield chemical shift assignments, we performed
3D NCOCX, NCACX, and CONCA experiments (42-44).
Representative strip plots are shown in (SI Appendix, Fig. S3).
Essentially, all observable cross peaks in the 3D spectra could

PNAS 2024 Vol.121 No.23 2401458121

be assigned. The most intense resonances in the 3D NCOCX,
CONCA, and NCACX spectra are observed for residues 1 to
20 for both chains A and B, indicating that these residues are
particularly rigid compared to the C-terminal part of the peptide.
All residues of chain A (except A21N) could thus be sequentially
assigned (SI Appendix, Table S3). The C-terminal residues of chain
B (starting from B24F) yield no NMR signal and could not be
assigned. Presumably, these residues are dynamic in agreement with
previously published data (35). Scalar coupling—based experiments
yield no significant intensity, suggesting that the C terminus of
the B-chain is structurally heterogeneous (S7 Appendix, Fig. S1).
The assigned backbone and side chain atoms are schematically
shown in ST Appendix, Fig. S2. Strip plots of the 3D assignment
experiments are represented in S/ Appendix, Fig. S3. Most residues
yield a single set of resonances. Exceptions are residues in the
loop regions of insulin chains A and B such as A8T, A10I and
B6L-B10H, B14A, respectively, where we observe two sets of
resonances. The appearance of two sets of resonances is related
to the “arrangement of the fibril superstructure and packing of
protofilaments” as discussed in the respective paragraph in detail
below. This implies that the minimal fibril subunit consists of a
symmetric oligomer and that mature insulin amyloid fibrils adopt
a single polymorph under the conditions employed here.

Secondary Structure Analysis. Subsequently, the secondary
chemical shifts of the assigned residues were used as input for
TALOS+ to estimate the backbone torsion angles (¢, y) (Fig. 2B).
In turn, the dihedral angles were employed to predict the location
of the secondary structure elements within the insulin fibril. We
find four B-strands, two per chain, in each insulin monomer. This
is consistent with the cryo-EM insulin fibril model for which two
B-strands per layer were reported (30). The exact location of the
B-strands has not been described previously in the literature. Our
analysis suggests that each insulin chain forms two complementary

https://doi.org/10.1073/pnas.2401458121
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Fig. 3. Solid-state NMR long-range distance restraints and subunit model. (4) Aliphatic region of the 2D "3C,"*C MAS PAR spectrum of u-">C/"°N-insulin fibrils
obtained for a mixing time t,,; of 20 ms. Nontrivial long-range correlations are denoted with orange labels, e.g., A2I-A13L, A2I-B15L, B2V-B15L, B2V-A15Q, A6C-
A10l, A6C-B12V, and B7C-B13E. (B) 2D "°N,"°N MAS PAR correlation spectrum obtained for a u-">C,"*N labeled insulin fibril sample acquired for a mixing time
Tmix Of 30 ms. Long-range and sequential connectivities are denoted with red and gray labels, respectively. Long-range contacts such as A4E-B4Q, A11C-B9S,
A11C-B10H, A12S-B13E, A13L-B13E, A16L-B17L, and A20C-B19C suggest a parallel arrangement of the two insulin chains in the fibril structure. (C) NMR-derived
distance restraints. Interchain (Top) and intrachain (Bottom) connectivities are shown as dashed lines. A and B chain interactions are drawn in green and orange
color, respectively. For clarity, only medium- and long-range distance restraints are shown. Chain A and B are colored in cyan and magenta, respectively. (D)
Schematic representation of the insulin conformation in an amyloid protofilament. Each insulin molecule is arranged in two parallel layers, linked by interchain
disulfide bonds. Chain A, chain B, and disulfide bonds are shown in cyan, magenta, and black, respectively.

p-strands involving residues 2 to 5 and 14 to 19. These p-strands
are located in the core of the fibril structure and are supposedly
rigid. The loop region involving residues 6 to 13 is stabilized by two
disulfide bridges (A6C-A11C, A7C-B7C). The rigid configuration
of the loop ensures a high quality of the solid-state NMR spectra.
The strain induced by the two disulfide bonds also explains the
atypical °C secondary chemical shifts observed for residues 6 to
12 in the chain A (Fig. 2B). Observation of unusual chemical shifts
for disulfide-stabilized loops is not surprising and was observed
previously in solution-state NMR experiments (37, 46). This part
of the protein was therefore omitted in the subsequent secondary
structure analysis using Talos.

Analysis of the Three-Dimensional Insulin Fibril Structure. Next,
we were aiming for the three-dimensional structure of the fibril
using solid-state NMR data. Experiments were recorded using a
100% uniformly >C/"N labeled insulin sample. Proton-assisted

https://doi.org/10.1073/pnas.2401458121

recouplin% (PAR) experiments were employed to achieve °C,"’C
(39) and N, N (40) recoupling and to yield long-range distance
restraints. Fig. 34 shows a PAR spectrum that was obtained for
a mixing time of T, = 20 ms. The favorable resolution allowed
us to extract numerous long-range distance restraints. Important
contacts to determine the fold of the monomer structure include
A2I-A13L, A2I-B15L, B2V-B15L, B2V-A15Q, A6C-A10],
A6C-B12V, and B7C-B13E. In addition, we recorded a °N,”N
PAR spectrum shown in Fig. 3B, which yields long-range "N,"" N
contacts and provides information on backbone-to-backbone
interactions. The most important medium- and long-range contacts
are illustrated in Fig. 3C. We identified contacts between equivalent
residues in chains A and B all along the fibril core indicating that
the A and B chain B-sheets are arranged in parallel above or below
one another. Particularly important cross-peaks include A4E-B4Q,
A11C-B9S, A11C-B10H, A12S-B13E, A13L-B13E, A16L-B17L,
and A20C-B19C. A complete list of the experimental contacts

pnas.org
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is provided in S Appendix, Table S1. The final set of restraints
contains 205 unique contacts (178 Be,BCy27 15N,15N), among
which 17 restraints are long-range intrachain and 64 restraints are
interchain contacts. The monomer structure is defined by 81 long-
range and interchain restraints, which corresponds to 3.4 restraints
per ordered residues. In the fibril, monomers are stacks on top
of each other with the f-strands forming a parallel in-register -
sheet with a slight left-handed twist. We obtain a well-converged
ensemble of fibrils with a backbone RMSD of 1.16 A for three
neighboring monomers. The monomer structure is well defined
with an ensemble RMSD of 1.28 A for the core residues when
superimposing all nonhydrogen atoms. Burial of hydrophobic
side chains appears to be the driving force for fibril formation. In
addition, the fibril structure is constrained by the preservation of
the disulfide bonds, which assists to induce a beta-roll fold (47).
Cross-peaks obtained from a uniformly °C,"”N labeled sample
can be due to both intramolecular and intermolecular contacts.
Interestingly, in the case of insulin, the contacts observed in the
100 % labeled sample converge well to a single monomer structure
during structure calculation, suggesting that insulin adopts a
symmetric multimer structure.

The structural model obtained from the ARIA/CNS calcula-
tions is represented in Fig. 4. We observe two distinct hydrophobic
cores, one containing residues B2V, B15L, B17L, the other B6L,
B11L, A13L. The hydrophobic core regions are interrupted first
by the hydrophilic residues B4Q, B13E which are part of the inner
core. Next, the hydrophobic core is discontinued in every other
layer by a more hydrophilic region in the chain A (residues AGC,
A9S, A11C) and (residues A1G, A7E) which prevents an endlessly
repeated hydrophobic core along the fibril axis. Hydrophilic res-
idues A7C, B7C, AST, B9S, B10H, and B12S in the middle of
the sequence are solvent exposed and are part of the turn between
the two main P-strands in each fibril layer. The arrangement of
the disulfide bonds in parallel to the fibril axis is in agreement
with Raman experiments (33).

We analyzed the stabilizing energy following the approach sug-
gested by Eisenberg et al. (48, 49). The insulin molecule in the
fibril experiences a Gibbs free energy of AG, = -12.9 + 1.3 keal/
mol which corresponds to ~0.31 kcal/mol per residue. The respec-
tive energy map is shown in Fig. 44. The overall energy is on the
same order of magnitude as what is found for Alzheimer’s disease
AB(1-40) or hIAPP fibrils. Also hIAPP fibrils contain polar resi-
dues in the fibril core. However, the average per residue contribu-
tion to the stabilization (0.31 kcal/mol/residue) is rather at the
lower end of the amyloid spectrum, close to values reported for
proteins that undergo reversible fibril formation. Interestingly, the
energy map of insulin fibrils has similar properties as glucagon
fibrils that bury three negatively charged residues and that are
stable only at low pH. In the estimation of the solvation energy,
the disulfide-bonding network in insulin fibrils might not be fully
considered and, as a consequence, the standard free energy is pos-
sibly underestimated.

The most destabilizing residues in the core are three glutamates
(A4E, A17E, and B13E) (Fig. 4C). In the structural ensemble,
hydrogen bonds between side chains of A4E-B4Q and
B13E-A13Q, respectively, are occasionally found. In addition, the
side chain A17E forms a hydrogen bond with the N-terminal
amino group of AlG. Cross-peaks involving A4E-CP and
A15Q-Cy confirm the proximity of these residues in the core of
the cross-p structure.

Arrangement of the Fibril Superstructure and Packing of
Protofilaments. Next, we addressed the question how the fibril
protofilaments are arranged to one another to yield a mature fibril.

PNAS 2024 Vol.121 No.23 2401458121

'The insulin protofilaments expose seven hydrophobic side chains
such as B1E A3V, A10I, B12V, B14A, A16L, and B18V. These
residues likely facilitate the attachment of other protofilaments.
Packing of two protofilaments against one another allows to hide
those exposed hydrophobic residues. In SAXS experiments, we
observe a fibril cross-section diameter on the order of 8 to 10 nm.
This diameter allows to accommodate 2 to 8 protofilaments in a
twisted fibril. This is confirmed by several other studies (30-32), in
which a fibril thickness of 8 to 10 nm was observed. These fibrils
can accommodate 2 to 4 protofilaments with a dimension of 2 x
4 nm for each protofilament. The morphology of a mature fibril
is obtained by cross-sectional arrangements of the structurally
conserved building blocks that constitute the protofibrils (50).
Stacking of protofilament pairs perpendicular to the fibril axis
implies burial of hydrophobic clusters within the fibril core and
allows to further increase fibril stability. We speculate that insulin
fibril dimer/oligomers should be formed by parallel arrangement
of identical subunits.

Choi et al. have suggested possible quaternary arrangements of
protofilaments (32). Potential dimeric arrangements of the basic
protofilament substructure obtained with ARIA using ambiguous
intra-/interprotofilament restraints are shown in Fig. 4B and
SI Appendix, Fig. S8. We can rule out a stacked arrangement, as
this implies an asymmetric arrangement of the molecules in the
fibrils. Atoms in the two laterally stacked subunits would experi-
ence a different chemical environment which would result in a
doubling of the NMR resonances. For the p-strands in chains A
and B, however, only one set of peaks is observed. Alternatively,
the protofilament subunits can be arranged by implying C2, sym-
metry. In this case, long-range contacts between either residues 1
to 7 or 10 to 18 of each chain should be observed. The NMR
experiments do not support this, and rather suggest a parallel
arrangement of the B-strands in chain A and B (Fig. 3D). Only,
C2y symmetry yields a model that is in agreement with the MAS
solid-state NMR data. The C2,“" symmetry, in which the C ter-
minus is in close proximity to the symmetry axis, is supported by
a higher number of explained NMR connectivities between pro-
tofilaments. Additionally, the dimeric arrangement with C2,“*
symmetry is energetically more favorable as it allows to bury more
hydrophobic residues in comparison to the C2,\* symmetry.
Mixed interfaces involving both chain A and B are energetically
not allowed since this arrangement results in unfavorable interac-
tions between polar and nonpolar side chains. A quantitative
estimate of the different symmetric ensembles obtained from
ARITA calculations with respect to the experimental distance
restraints, the stabilizing energies (AG' in kcal/mol) per molecule
for each assembly and the buried surface area are represented in
SI Appendix, Fig. S10.

To finally yield a mature insulin fibril and to match the results
of the SAXS experiments, another symmetry operation is neces-
sary. Application of C2, symmetry yields a fibril with four proto-
filament subunits (Fig. 4D). Of note, we observe two sets of
resonances in the loop regions of insulin chains A and B (Fig. 4E),
involving A8T, A10l and BG6L-B10H, B14A, respectively.
Apparently, both (A-A)o(A-A)’ and (B-B)o(A-A)’ interfaces are
possible resulting in differences in the chemical environment for
the respective loop residues in chain A and B. The resulting fibril
has a dimension of 10x5 nm which is in good agreement with the
SAXS and TEM data.

Recently, an acid-induced insulin fibril cryo-EM structure
(PDB-ID: 8SBD, EMD-40305) has been published (51). Even
though fibrils were produced using the same preparation protocol,
the cryo-EM structure is in conflict with earlier biophysical data
and our solid-state NMR structural model. The cryo-EM structure
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Fig. 4. Insulin fibril structure. (A) Cartoon representation of an extended insulin fibril. A tetrameric filament arrangement is shown that is in agreement with the
experimental NMR and SAXS data. The first peptide layer is color in red. In addition, the side chain packing arrangement of chain A (Top) and chain B (Bottom)
in insulin fibrils is shown. The fibril axis is oriented perpendicular to the peptide plane. Each residue is color coded using its standard free energy according to
Sawaya et al. (48) Red and blue indicate stabilizing and destabilizing residues, respectively. The backbone trace is visualized as a thick black line. The Connolly
surface is drawn in gray. In addition, the insulin monomer inside the fibril is represented in a cartoon and stick representation (Right, Top). To visualize hydrophobic
matching, a superposition of chain A and B in the fibril structural model is shown on the bottom right. The first buried hydrophobic side chain cluster involves
residues B2V, B15L, B17L, the second cluster includes B6L, B11L, A13L. Disulfide bridges are shown in yellow. Dimensions of the protofilament are indicated. All
molecular figures were generated using the PyMOL software package. (B) Potential dimeric protofilament arrangements in the insulin fibril structure. The basic
building block is represented in (A). Protofilaments can be either stacked upon each other laterally yielding an asymmetric arrangement (stacked). Alternatively,
C2 symmetry can be applied with the symmetry axis aligned either in parallel (C2,) or perpendicular (C2y) to the fibril axis, with the N- or C-termini in proximity
to the symmetry axis. The symmetry C2, matches the NMR-derived distance restraints. (C) Experimental and theoretical SAXS scattering curves and pairwise
distribution function of the insulin fibril sample used in this study. The theoretical scattering curves were calculated assuming a dimeric, tetrameric, or octameric
arrangement of insulin protofilaments. (D) Tetrameric bundle of an insulin fibril. The conformer is obtained after application of an additional C2, symmetry
operation and is in agreement with the experimental EM, SAXS, and solid-state NMR data. (E) 2D-"°N,'*C correlation spectrum for a uniformly '*C,'*N labeled
insulin fibril with residue specific assignments. We observe two sets of resonances for residues in the loop regions of insulin chains A and B, involving residues
A8T, A10l and B6L-B10H, B14A, respectively. The second set of resonances is color coded in red and labeled using an apostrophe.
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contains a very small amount of cross-f topology involving only
19% of all residues. The interface of the two protomers in the
fibril dimer adopts a non-p-sheet conformation. As such the fibril
structure should suffer from a decreased stability. The cryo-EM
dimer interface involves furthermore the C-terminus of the
B-chain which has been shown to be flexible and dynamic in the
fibril state (35). A possible fit of the solid-state NMR structural
model into the cryo-EM map is shown in S/ Appendix, Fig. S4.
While isolated segments of the solid-state NMR monomeric
model fit into the electron density, the overall topology is very
different. The disulfide bonds in the cryo-EM structure are ori-
ented perpendicular to the fibril axis. This is in contrast to Raman

https://doi.org/10.1073/pnas.2401458121

experiments which showed that the disulfide bonds are arranged
in parallel to the fibril axis (33). Further, insulin fibrils appear to
have diameters greater than 10 nm in negative stain TEM exper-
iments. It is difficult to imagine how larger assemblies can be
formed from an asymmetric dimer structure as the basic building
block. The fibrils in the cryo-EM study were prepared at relatively
low concentrations (1 mg/mL or 172 pM, respectively). By con-
trast, fibril formation for the samples described here and in pre-
vious biophysical studies was induced at a 10-fold higher protein
concentration. The differences in concentration might result in a
different fibril morphology which could explain the discrepancies
between the two studies.
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Structural Polymorphism of Insulin Fibrils. In vitro, insulin readily
forms amyloid-like fibrils under a variety of conditions which
promote dissociation of the native oligomer and which induces
unfolding of the insulin monomer. These conditions include low
protein concentration, acidic pH, high ionic strength, denaturant
such as urea, guanidine hydrochloride, or organic solvents, high
temperature, and extensive agitation. The overall shape of the
amyloid aggregates depends on the conditions of their formation.
However, sometimes different morphologies are observed in similar
insulin fibril preparations (13, 30, 50, 52). Variability of amyloid
fibril morphology is observed as well in ex vivo fibrils extracted
from amyloidogenic tissue (53) This morphological variability is
attributed to the number and arrangement of protofilaments. For
fibrils formed by antibody light chains (50), transthyretin (54), and
B2-microglobulin (13), differential arrangement of protofilaments
has been shown to contribute to polymorphism, which was suggested
to be a consequence of the lateral arrangement of protofilaments.
Thereby, the molecular structure at the protofilament level is not
considerably changed (13, 50, 52).

To address polymorphism, we prepared insulin fibrils using
20% acetic acid and compared the fibrils obtained this way with
fibrils that were grown in the presence of 0.1 M HCIL. A TEM
image of the corresponding fibril preparation is displayed in
SI Appendix, Fig. S5. In contrast to the samples prepared in HCI,
we observe laterally associated insulin fibrils that are forming bun-
dles. These results are consistent with prior findings showing that
in the presence of 0.1 M HCl, insulin generally forms helical fibrils
with a diameter of up to 10 nm (55, 56). In 20 % acetic acid,
similar fibrils are formed but with less twist and a larger diameter
on the order of 60 to 80 nm. Despite the apparent morphological
differences, the insulin fibril spectra yield almost identical 2D
BC,BC correlation spectra (SI Appendix, Fig. S6A) indicating a
preserved fibril core structure. Interestingly, the N-terminal resi-
dues of chain B are not observable in the acetic acid preparation
(residues BIF-B5H) (87 Appendix, Table S4). This is puzzling since
the N-terminus of the B chain is an integral part of the insulin
fibril structural model. In the A chain, the loop connecting the
two f-strands is stabilized by a disulfide bond involving residues
Cys-6 and Cys-11. In chain B, this disulfide bond is missing and
we speculate that this results in a decreased stability of the fibril.
In fact, we find that the chemical shifts of the observable atoms
in both preparations are highly correlated (S7 Appendix, Fig. S6B),
suggesting that the conformational differences are very small in
the two preparations. In the presence of 20 % acetic acid, thicker
fibrils are observed in EM images suggesting that larger fibril
assemblies are obtained by packing of tetrameric filaments. Again,
assemblies in which chains A and B form mixed-chain interactions
are not populated, since we only observe one set of resonances for
the first f-strands of chain A and B, respectively. Chain B contains
a histidine residue that is protonated under the conditions that
are employed in this study. The lack of a disulfide bond, and
repulsion between positively charged histidine side chains is pre-
sumably responsible for the disappearance of the N-terminal res-
idues of chain B.

In patients, injection-localized amyloidosis forms under phys-
iological conditions. In addition, nearly all-commercial injectable
insulin formulations (except insulin glargine) are currently for-
mulated at neutral pH. Here, we characterized the insulin fibril
structure at low pH. It will be interesting to see whether the fibril
structure presented here will be preserved, and whether the glu-
tamate side chains (A4E, B13E) will be protonated at neutral pH.
Interestingly, in a recent cryo-EM structural model of Alzheimer’s
disease AP42 fibrils that was solved at acidic pH, stabilizing inter-
actions between lysine and aspartate side chains were observed (57).

PNAS 2024 Vol.121 No.23 2401458121

It has been shown that the fold of the AB(1 - 42) fibrils does not
change over the complete pH range from pH 2 to 7 (58). Similarly,
the increase in pH from 2 to 8 induces a partial disruption of the
cross-ff network in insulin fibrils leading to a reduction of stability
without disrupting the amyloid fibril structure (59). Further struc-
tural studies under conditions that resemble more closely the
physiological environment are needed to extend our understand-
ing of the nature of injection-localized amyloidosis.

Conclusions

So far, the structural features of insulin fibrils were yet unknown.
We performed MAS solid-state NMR experiments using uni-
formly "°C,""N labeled protein to yield three-dimensional models
of insulin fibril structures at low pH. These fibrils consist of a
single polymorph. Insulin molecules are arranged in two layers,
adopt a U-shaped conformation for both the chain A and B,
respectively, and fold into four p-strands within the fibril unit cell.
Interchain "°N,"’N distance restraints suggest that the amyloid
fibrils are arranged in parallel and in register. Residues 1 to 20 of
each chain are part of the amyloid fibril core, while the C-terminal
residues of chain B (21 to 31) appear to be unstructured. The
monomer structure has a heavy atom backbone RMSD of ~1.4 A.
‘The structure of the basic subunit has a dimension of ~2 x 4 nm.
We identified two hydrophobic clusters buried in the interior of
the fibril, while two hydrophobic patches exposed on the surface
potentially serve as a dimerization interface and a site for seeding
and secondary nucleation. In the mature fibril, protofilaments are
packed into a dimer-of-dimers arrangement which allows to effi-
ciently bury solvent-exposed hydrophobic amino acids consistent
with SAXS and TEM analysis. Our structure represents a valuable
resource for the understanding of insulin aggregation and opens
an avenue for the rational design of small molecules that have high
selectivity for the fibril surface and that can potentially disrupt
secondary nucleation.

Materials and Methods

sample Preparation. Isotopically labeled insulin was obtained from Sanofi-
Aventis and was produced as described previously (60). Briefly, recombinant human
insulin was produced by Escherichia coliinto inclusion bodies. During cultivation *C
labeled glucose was used as carbon source and "N labeled ammonia as nitrogen
source. The peptide was purified from inclusion bodies by chromatographic steps
including preparative CEX and RP resins as summarized before (61).

Preparation of the Solid-State NMR Sample. The fibril sample was prepared
by incubating the insulin monomer solution at pH 1.9 in the presence of 5 %
seedsat 60 °Cata concentration of 10 mg/mLfor 24 h. Seeds were prepared from
preformed fibrils by sonication for 30 s in a water bath. To prepare one solid-state
NMR sample, 10 mg of protein was used. A Beckman Coulter ultracentrifuge
equipped with a SW32Ti swinging bucket rotor (run at 28,000 rpm), in combi-
nation with a packing device from Giotto Biotech (https://www.giottobiotech.
com) was employed to transfer amyloid fibrils into a Bruker 1.9 mm MAS rotor.
This way, fibrils were directly sedimented into the MAS solid-state NMR rotor.

TEM. Fibrils were characterized by TEM, using Formvar/Carbon 300 mesh copper-
coated grids from Electron Microscopy Sciences (Hatfield, PA). To charge a grid,
5 pL of sample was pipetted on the surface for 2 min. The excess material was
blotted off using filter paper. Subsequently, the grid was washed two times with
distilled water. The excess liquid was wiped off using filter paper. Afterward, 5 plL
of 2 % uranyl acetate was applied to the grid. After 30 s of incubation time, the
staining solution was removed with a filter paper. Finally, the grid was dried
for 10 to 15 min. AJEOL 1400 plus microscope (JEOL) operating at 120 kV was
employed to take micrographs, using a Ruby camera.The nominal magnification
was set to 60 k, which yields a pixel size of 0.275 nm/px. IMAGEJ2 software was
used to apply the scale bar.
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CD Spectroscopy. CD experiments were carried out at room temperature
employing a JASCO spectropolarimeter. Spectra were collected at a final insulin
concentration of 20 pM. Quartz cells with a path length of 0.1 cm were used.
Spectra were recorded between 190 nm and 260 nm at 0.1 nm intervals with
a response time of 1s. Each spectrum represents the average of five scans. To
avoid instrumental baseline drift between measurements, the background buffer
signal was subtracted.

Solid-State NMR. Solid-state fibril samples were measured at a magnetic field
strength of 17.6 T which corresponds to a 'H Larmor frequency of 750 MHz.
The measurements were acquired setting the MAS frequency t0 16.65 kHz. The
effective sample temperature was adjusted to 0 °C. 2D "*C,"C correlation exper-
iments were acquired using DARR (62) for mixing, employing a mixing time of
50 ms.To assign the NMR chemical shifts, conventional 3D NCACX, 3D NCOCX,
and 3D CONCA were recorded (42, 43). For "3C,"N transfers, specific CP-based
experiments were employed (63). In addition, 3D CANCO experiments were
performed to confirm and to assign ambiguous residues. In these experiments,
optimal control CP (OC-CP) was used to improve sensitivity (64, 65). Long-range
interactions were obtained from long mixing time as well as PAR experiments (39)
(C,™C: 20 ms, "*N,"N: 30 ms). CCPN (66) was employed to assign, compare,
and characterize all solid-state NMR spectra.

SAXS. SAXS experiments were performed on a Rigaku BioSAXS1000 instrument
attached to a Rigaku HF007 microfocus rotating anode with a copper target (40 kV,
30 mA).Transmissions were measured with a photodiode beam stop. The scattering
vector calibration was done with a silver behenate sample. Fibril samples with con-
centrations of 2.5 mg/mLand 5 mg/mLas well as respective buffers were measured
insingle capillaries with approx. 50 uLsample capacity. A typical measurement con-
sisted of eight 900 s frames, which were compared to check for radiation damage,
for a total measurement duration of 7,200 s. Sample temperature was controlled
using aJulabo F25-MA thermostat with a specified temperature stability of £0.02 K.
Circular averaging and solvent subtraction were done using Rigaku SAXSLab soft-
ware. Respective pair distance distribution functions were obtained with the GNOM
program from the ATSAS 3.0.4 software suite (67). Backcalculation of scattering
profiles was performed using CRYSOL from the ATSAS suite (68).

Structure Calculation of Insulin Fibrils. The structure of insulin fibers was
calculated using ARIA2.3 (69), in conjunction with the software CNS (70) in an
iterative way with several cycles of restraints analysis. Distance restraints derived
from "C,”C and "*N,"N cross-peaks were employed with an upper bound of
7.5 A and allowed to be automatically discarded by ARIA across iterations. In the
calculation, five insulin molecules (chain A and chain BA,, 5,) were modeled,
while stacking of protomers was imposed using symmetry-distance restraints
between neighboring molecules (71, 72). An additional CNS energy term was
added to minimize the RMSD between insulin molecules (71). Canonical back-
bone dihedral angles for B-strand topology (¢ = —135° = 20°; y = 135° + 20°)
were imposed for residues 1 to 6 and 14 to 19 of chain A and B. In each ARIA
iteration, 100 conformers were calculated. The number of simulated annealing
steps was increased to 20,000/120,000 for the high-temperature and cooling
stages, respectively, to ensure convergence. Three disulfide bridges (A6C-A11C,
A7C-B7C,and A20C-B19C) were imposed during structure calculation since pre-
liminary calculations without any disulfide-bond restraints converged to the same
topology and spatial proximity of the cysteine side chains.

Aninitial round of ARIA calculation was performed using NMR-derived distance
restraints and ambiguous Co-Cax restraints between residue i of a particular chain
and residues[i-1,,i+1] of a neighboring chain (intra- orintermolecular),imposing
an upper-hound of 4.8 A, expected for parallel B-strands. Additionally, an empirical
hydrogen-bonding potential (73) was incorporated into the energy scoring function
to favor hydrogen bond formation of backbone donors and acceptors that are in
close proximity and which adopt favorable geometry. This strategy was designed
to objectively determine intra- and intermolecular B-strand arrangements with-
outimposing explicit hydrogen-bonding restraints between specific residues, nor
register, nor orientation of buried/exposed side chains of residues in B-strands.

In parallel, a series of ARIA calculations was carried out with NMR restraints and
explicit hydrogen bonding restraints (intra- and intermolecular) imposing differ-
ent orientations (inside/outside) and register (i, i-1, i+1) of B-strands of chain A
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and B along the fiber axis. The comparison of the structure and restraints statistics
among these 12 calculations (restraints, energy, convergence, etc.) shows that the
calculation with in-register B-strand pairing and buried Q15(A)/L15(B) side chains
is most favorable (S/ Appendix, Figs. S5-S7 and S9). The resulting topology of the
insulin monomer structure in the fibril is highly similar to the one obtained without
explicit hydrogen-bonding restraints. The monomer structure is well defined with
an ensemble RMSD of 1.28 A for well-ordered residues when superimposing all
nonhydrogen atoms (S/ Appendix, Fig. S5 and Table S2). The fibril ensemble con-
verged well with a backbone RMSD of 1.16 A for three neighboring monomers.
Finally, after manual inspections of unsatisfied restraints, a final round of ARIA cal-
culation was performed with NMR restraints and the most favorable hydrogen-bond
restraints, followed by refinement in a shell of water molecules of the 10 lowest-
energy conformers (74). The quality of the final structural ensemble of insulin fibers
was evaluated with PROCHECK (75) and PSVS (76). The restraints and structure
statistics is given in S/ Appendix, Tables S1 and S2.

Modeling of 2-Protofilament Assemblies. Models of 2-protofilament assem-
blies were generated using a similar procedure as described above for the single
filament calculation. Now, 10 copies of the insulin molecule were calculated in
ARIA(2 x 5 molecules, each with two chains, corresponding to two protofilaments).
To include possible contacts between the two protofilaments, each assigned
cross-peak was considered to be originating from either intra-protofilament or
interprotofilament contacts, thus resulting in ambiguous distance restraints.
Hydrogen-bond restraints and dihedral angle restraints were added similarly as
in the single filament calculation. On top of the restraints maintaining the sym-
metry of each protofilament (a group of five molecules), a noncrystallographic
symmetry (NCS) term was added to minimize the RMSD between the atomic
coordinates of the two groups of five molecules. In addition, a packing restraint
between the centers of mass of the two groups was included. Two types of topol-
ogies were tested implying either C2 symmetry or no symmetry between the
two protofilaments. Point symmetry between the protofilaments was imposed
using distance restraints in the calculations, thus avoiding to specify any explicit
symmetry axis (69, 71). Upon visual inspection of the C2 symmetric calculation,
the pool of generated conformers was clustered based on Car atom coordinates
(77).This resulted in four clusters which are referred to as C,;"", G, C, Cp™t
For the stacked assembly, no C2 symmetry was imposed. However, ambiguous
interprotofilament restraints were allowed between the N-terminal part of a proto-
filament (residues A1-A9+B1-B9) and the C-terminal region of the adjacent one
(residues A9-A21+B9-B21). The initial calculations without symmetry resulted
in two virtually identical set of conformers in which the two protofilaments were
simply exchanged. Statistical analyses (cross-peaks distances, free energy, and
buried surface area) were computed using the eight lowest energy conformers
from each cluster.

Energetic and Interface Analysis. Standard free energy of insulin fibrils was
calculated using the program developed by Sawaya et al. which was downloaded
at https://doi.org/10.5281/zenodo.6321286 (48, 49). The calculations were per-
formed using the coordinates of the pentameric NMR structure of insulin fibrils.
The indicated energy values refer to the energy determined for the center mol-
ecule in the pentamer. Energies were averaged over all conformers of the NMR
ensemble. For models with two protofilaments, the reported energy corresponds
to the mean energy of the central monomer from each protofilament. The bur-
ied surface area of the 2-protofilament assembly models was computed using
NACCESS software (78). The buried surface area, i.e., the interface area between
two protofilaments, was calculated as the difference between the sum of the
accessible surface area of the central monomer in each isolated protofilament
and the surface area of the two central monomers in the assembly, divided by two.

Data, Materials, and Software Availability. The B3C/"N chemical shifts for
the insulin fibrils are deposited in the BioMagResBank (BMRB) under the ID
is 51867 (79). The fibril structure is uploaded in the PDB under the accession
code 8RVT(80). All other data are included in the manuscript and/or S/ Appendix.
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