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ABSTRACT: The irreversibility and autocatalytic character of
amyloidogenesis and the polymorphism of amyloid fibrils
underlie the phenomenon of self-propagating strains, wherein
the mother seed, rather than the seeding environment,
determines the properties of daughter fibrils. Here we study
the formation of amyloid fibrils from bovine insulin and the
recombinant Lys"*'-Arg® human insulin analog. The two
polypeptides are similar enough to cross-seed but, upon
spontaneous aggregation, form amyloid fibrils with distinct
spectral features in the infrared amide I’ band region. When
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bovine insulin is cross-seeded with the analog amyloid (and vice versa), the shape, absorption maximum, and even fine
fingerprint features of the amide I’ band are passed from the mother to daughter fibrils with a high degree of fidelity. Although
the differences in primary structure between bovine insulin and the Lys"*'-Arg®** analog of human insulin lie outside of the
polypeptide’s critical amyloidogenic regions, they affect the secondary structure of fibrils, possibly the formation of intermolecular
salt bridges, and the susceptibility to dissection and denaturation with dimethyl sulfoxide (DMSO). All these phenotypic features
of mother fibrils are imprinted in daughter amyloid upon cross-seeding. Analysis of noncooperative DMSO-induced denaturation
of daughter fibrils suggests that the self-propagating polymorphism underlying the emergence of new amyloid strains is encoded
on the level of secondary structure. Our findings have been discussed in the context of polymorphism of fibrils, amyloid strains,

and possible implications for mechanisms of amyloidogenesis.

Misfolding of protein molecules, their subsequent
aggregation, and the formation of f-sheet-rich amyloid
fibrils are intimately connected to the etiology of several
degenerative disorders, including Alzheimer’s disease, Parkin-
son’s disease, and diabetes mellitus type IL." As the formation of
amyloid fibrils is thought to represent a common property of
proteins as polymers (polyamides), the process may also be
induced in vitro in benign proteins, synthetic peptides, or even
polymerized a-amino acids.” Proteins, which in the native
“precursor” state may be very different in terms of size,
structure, and biological function, often form almost indis-
tinguishable amyloid fibrils sharing similar S-sheet content,
nanometric diameter, and elongated unbranched morphology.
However, the apparent similarity and structural simplicity of
amyloid fibrils from different proteins conceal the complexity of
a different nature. First, the similarities of fibrils from various
amyloidogenic proteins and peptides hold only on a rather low-
resolution level of structural analysis that is currently accessible
in most amyloid studies.®> Second, unlike formation of a
correctly folded native state in which the end structure is
unequivocally encoded in the amino acid sequence, aggregation
of misfolded protein molecules with an identical primary
structure may lead to distinct fibrils. The resulting poly-
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morphism is a violation of the Anfinsen’s dogma stipulating that
the thermodynamic control of the folding process (ie., the
native state corresponds to the minimum of the free energy)
determines its unambiguity.* Nevertheless, a wealth of new
experimental evidence of polymorphism of amyloid fibrils from
diverse proteins (e.g., refs S—10) and the idea that at least some
of these amyloid structural variants may represent lower-than-
the-native-state free energy level even under in vivo
conditions' "> have recently led to a paradigm shift in this
field."*™'¢ The relative thermodynamic metastability of singly
dispersed protein molecules is the driving force of autocatalytic
self-assembly of amyloid fibrils. That, coupled to the
irreversibility of amyloidogenesis and polymorphism of fibrils,
evokes a particular type of non-Anfinsenian behavior: self-
propagating polymorphism observed upon seeding of certain
amyloidogenic proteins with preformed structural variants of
fibrils (assembled from covalently identical molecules) in which
structural features of mother fibrils (the seed) are passed on to
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the daughter amyloid regardless of environmental biases
favoring alternative types of fibrils. An alternative term,
conformational memory,® has been coined to reflect the
profoundly conformational-transition-pathway-dependent na-
ture of protein amyloidogenesis. The most important clinical
implications of the self-propagating polymorphism of amyloid
fibrils are as follows: (i) a single type of unmutated
amyloidogenic precursor protein may convert into distinct,
also in terms of biological activity (i.e., toxicity), types of fibrils,
and (ii) a local conformational fluctuation at early stages of
aggregation may spread, through the autocatalytic loops, to
large quantities of the misfolded protein. Such kinetically stable
self-propagating structural variants of amyloid fibrils formed
from a single unmutated type of protein are often called strains,
by analogy to mammalian and yeast “prion strains”.'” Today, it
is generally accepted that self-propagating variations in amyloid
structlllé'ezéunderlie the existence of different strain pheno-

types.
Undertaking efforts to elucidate strain-type polymorphism of

amyloid fibrils is crucial for gaining deeper insights into obscure
structural factors ruling the toxicity (or infectivity) of protein
aggregates in Alzheimer’s and Creutzfeld-Jakob’s diseases and
for finding new effective therapeutic strategies. Because strain-
dependent fibrillation patterns can be reproduced in vitro in
benign and more accessible proteins, using amyloidogenic
models such as insulin has become common and led to many
important findings. While fibrillation of insulin in vivo does not
seem to pose any major clinical problem,”” the hormone readily
aggregates also in v1tro, producing a variety of structural forms,
including spherulites,”® twisted or flat protoﬁbrlls,29 %% or larger
superstructures of many laterally aligned fibrils®" that may also
exhibit fascmatmg chlroptlcal properties, as we have shown in
our earlier works.*”

One of the most interesting aspects of polymorphism of
insulin fibrils emerged when it was discovered that in the
presence of certain diluted cosolvents such as ethanol or acetic
acid insulin forms distinct and kinetically stable conformational
variants of fibrils with characterlstlc spectral fingerprints in the
amide I’ vibrational region.*® We employed two types of insulin
fibrils formed spontaneously either in an entirely aqueous
environment (type I) or in the presence of diluted ethanol
(type II) in a cross-seeding experiment in which the phenotype
of the mother seed (determined by 1ts spectral FT-IR
characteristics,” and morphological traits® %) was competing
with the environment’s bias favoring an alternative type. As the
daughter fibrils revealed spectral and morphological features of
mother fibrils (rather than of those forming de novo in the
absence of cross-seeding), we proposed that this behavior
mimics the essential features of prion strains, implying thereby
that strain-dependent polymorphism may be common among

amyloidogenic proteins. 93637 We used FT-IR spectroscopy as
the main tool permitting detection of tiny variations between
different amyloid stralns In fact, infrared absorption®™'%**~*
and Raman scattering®>**~*¢ are two vibrational spectroscopic
methods often employed to probe conformation of amyloid
fibrils. Certain vibrational bands, especially the amide I band
(marked I' for a fully deuterated peptide backbone), are
sensitive not only to the type of conformation but also to its
fine structural details: mutual orientation of strands within a /-
sheet, its local twist, and strength of inter-f-strand hydrogen
bonding,*”**

This FT-IR study is focused on cross-seeding behavior
between two types of insulin: from bovine pancreas (BI) and
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the Lys™'-Arg®* analog of human recombinant insulin (KR),
whose differences in primary structure are located outside of
insulin’s main amyloidogenic regions, according to Eisenberg et
al.*¥™>! Our primary interest was to see if variations in the
amino acid sequence beyond critical amyloidogenic regions can
induce new strains and whether conformational memory effects
could determine the stability and disaggregation pathways of
amyloid strains.

B MATERIALS AND METHODS

Samples. BI (insulin from bovine pancreas) was from
Sigma-Aldrich, while HI and its analogs (GEKR, GKR, GR, and
KR) were manufactured by the Institute of Blotechnology and
Antibiotics using recombinant DNA technology D,0 (“99.8
atom % D” grade) was from ARMAR Chemicals, and
deuterium chloride (35 wt % DCI solution in D,0, 99 atom
% D) was from Sigma-Aldrich.

Mother amyloid fibrils were obtained through a quiescent
incubation of 1 wt % insulin solutions in 0.1 M NaCl in D,O
[pH* 1.9 adjusted with diluted DCl (where pH* is the pH-
meter readout uncorrected for isotopic effects)] at 65 °C for 48
h. Subsequently, insoluble aggregates of amyloid fibrils were
subjected to FT-IR/TEM analysis or, after sonication, used as
seeds to induce daughter amyloid fibrils.

For seeding experiments, sonicated mother fibrils were added
to freshly prepared 1 wt % insulin solutions in 0.1 M NaCl in
D,0 (pH* 1.9) at a 100:1 native insulin:insulin fibril mass
ratio. To prevent competitive de novo formation of amyloid
nuclei, the temperature of the following incubation phase was
set at 37 °C.

FT-IR Spectroscopy. For FT-IR measurements, a CaF,
transmission cell equipped with a 0.05 mm Teflon spacer was
used. The temperature in the cell was controlled through an
external water-circuit connected to a programmable thermostat.
All FT-IR spectra were recorded on a Nicolet NEXUS FT-IR
spectrometer equipped with a liquid nitrogen-cooled MCT
detector. Typically, for a single spectrum, 256 interferograms at
2 cm™! resolution were co-added. During measurements, the
sample chamber was continuously purged with dry CO,-
depleted air. All insulin spectra were corrected by subtracting
the correct amount of buffer (D,O, or a proper D,0/DMSO
solution) and water vapor spectra prior to being baseline-
corrected and then normalized by the integrated intensity of
the amide I’ band. Data processing, including calculations of
second-derivative spectra (Savitzky—Golay), was performed
using GRAMS (ThermoNicolet). Values of the center of
spectral mass used in Figure 1C were calculated according to
the formula

zl A,
Zi:l Ai

where A, is the absorption at wavenumber v.>> The summation
was conducted for wavenumbers in the range between 1700
and 1590 cm™'. All further details have been described
previously.”>

CD Spectroscopy. Insulin samples in acidified D,O-based
solutions (as prepared for FT-IR measurements) were further
diluted 100 times with 0.01 M hydrochloric acid prior to far-UV
CD measurements. All CD spectra of native and aggregated
insulin samples were collected at 25 °C on a Jasco J-815 S
spectropolarimeter using 1 mm quartz cuvettes, as specified in
our previous work.
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Figure 1. (A) Amide I’ vibrational region of FT-IR spectra of fully
deuterated insulin samples in their native states at pH* 1.9 and 25 °C.
The inset shows the corresponding far-UV CD spectra. (B) Amide I
bands of corresponding amyloid fibrils (obtained through spontaneous
aggregation of fully deuterated insulin samples). Spectra were collected
after a brief sonication of completely aggregated samples. Correspond-
ing far-UV CD spectra of amyloid samples before and after sonication
are shown in the left inset. The right inset shows infrared spectra of
[HI], [BI], and [KR] fibrils before (-+) and after (—) sonication. (C)
Scattergraph of the amide I' band positions and corresponding centers
of spectral mass calculated for the infrared bands from panels A and B.
Plotted are mean values obtained from averaging measuremnts of five
independent samples of each native or amyloid type of insulin. The
exact values and corresponding standard deviations are provided as
Supporting Information.

Kinetic Measurements of ThT Fluorescence. For kinetic
experiments, a Fluoroskan Ascent FL fluorometer equipped
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with a pair of 4., = 440 nm/A,,, = 485 nm optical filters and 96-
well black microplates was used. Sample conditions were the
same as those for FT-IR measurements except that ThT was
added to a final concentration of 20 M. Aggregation of insulin
samples was monitored by probing the intensity of ThT
fluorescence excited at 440 nm. Kinetic experiments were
conducted at 40 °C with gentle agitation at 420 rpm. To assess
the reproducibility of aggregation kinetics, six microplate wells
were filled with 170 uL portions of each sample for parallel
measurements. All further details were described previously.*?

Transmission Electron Microscopy. For TEM, 400 mesh
copper grids (Sigma-Aldrich) covered with collodion (SPI
Supplies, West Chester, PA) and carbon were used. A 10 uL
sample (1 mg/mL) was applied to a grid for 40 s and then
negatively stained for 2S5 s with 2% (w/v) uranyl acetate (SPI
Supplies). Grids were dried at room temperature and examined
using a JEM 1400 electron microscope (JEOL Co.) with a high-
resolution digital camera (CCD MORADA, SiS-Olympus).

DMSO-Induced Denaturation. Briefly, sonicated fibrils
were centrifuged at 13000 rpm and subsequently resuspended
in a proper DMSO/D,0 solution so that the final insulin
concentration was maintained at 0.3 wt % while DMSO:D,0O
ratios varied. After a brief incubation and equilibration,
spectroscopic measurements followed. FT-IR data were
collected as specified earlier. For fluorescence measurements,
samples were additionally stained with 3 M ThT. Emission
spectra were collected using AMINCO Bowman Series 2
luminescence spectrometer (4., = 450 nm) and 2 mm quartz
cuvettes. Measurements of static light scattering at 350 nm
were taken using the same cuvette and spectrometer setup in
the absence of ThT. All further experimental details were the
same as specified previously.*>>*

B RESULTS AND DISCUSSION

Even minor substitutions in a protein’s amino acid sequence
may affect the stability and conformation of the native state.
Structures of both HI and BI are quite similar, while the
modifications of HI analogs studied in this work lie mostly in
C-terminal parts of insulin’s chains (Table 1) and as such are
not expected to affect significantly the native conformation.
This was corroborated by FT-IR and far-UV CD spectra of fully
deuterated insulin samples acquired before and after sponta-
neous aggregation (Figure 1). A very high level of similarity
between secondary structures of all six types of insulin may be
inferred from the almost identical infrared spectra in the amide
I band region shown in Figure 1A. This is further confirmed by
the lack of any clear differences in the corresponding far-UV
CD spectra (inset in Figure 1A). The almost symmetrical amide
I’ band centered around 1648 cm™ and the double CD minima
at 208 and 222 nm are spectroscopic manifestations of a-helical
structure that is the main secondary structural component of
the native insulin conformation. As the conversion of native
insulin into amyloid fibrils entails refolding of a-helices into
stacked f-sheets, the process is accompanied by pronounced
changes in both infrared absorption and optical activity. FT-IR
and CD spectra of fibrils obtained from all the six types of
insulin through spontaneous aggregation of acidified samples of
the native forms are shown in Figure 1B. As some freshly
prepared fibrils were visibly inhomo§eneous (with larger
particles corresponding to spherulites™ and other higher-
order structures precipitating from the viscous gel), the samples
were briefly sonicated prior to the acquisition of spectra.
Unexpectedly, the ultrasound treatment affected spectra of
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Table 1. Amino Acid Sequences of the A and B Chains of Different Types of Insulin®

type of insulin symbol
bovine insulin BI
human insulin HI
Gly*?2-Glu™-Lys™'-Arg® human insulin analog GEKR
Gly*?2-Lys®!-Arg®* human insulin analog GKR
Gly**-Arg®®! human insulin analog GR
Lys®*'-Arg®*? human insulin analog KR

sequence

A chain, GIVEQCCASVCSLYQLENYCN

B chain, FVNQHLCGSHLVEALYLVCGERGFFYTPKA

A chain, GIVEQCCTSICSLYQLENYCN

B chain, FVNQHLCGSHLVEALYLVCGERGFFYTPKT

A chain, GIVEQCCTSICSLYQLENYCNG

B chain, FVEQHLCGSHLVEALYLVCGERGFFYTPKTKR
A chain, GIVEQCCTSICSLYQLENYCNG

B chain, FVNQHLCGSHLVEALYLVCGERGFFYTPKTKR
A chain, GIVEQCCTSICSLYQLENYCNG

B chain, FVNQHLCGSHLVEALYLVCGERGFFYTPKTR
A chain, GIVEQCCTSICSLYQLENYCN

B chain, FVNQHLCGSHLVEALYLVCGERGFFYTPKTKR

“Underlined are insulin’s two amyloidogenic regions (according to refs S0 and S1).

insulin aggregates, as well. The amide I’ band became narrower
and CD signals more intense (right and left insets in Figure 1B,
respectively). An overlap with broad spectral components
originating from insulin molecules not fully converted into
orderly f-sheets is a likely cause of the initial “bloated”
appearance of amide I’ bands, which disappeared after
sonication (right inset in Figure 1B). Given the high insulin
concentration used in the fibrillation protocol, and the absence
of agitation, it seems likely that a portion of protein molecules
missed the opportunity to dock and integrate with tips of
elongating fibrils and became trapped in the viscous matrix of
grown amyloid afterward (i.e., until the sonication released
them and allowed them to bind to fibrils’ ends). That the case
of [BI] is quite different (right inset of Figure 1B) could be
explained by a more accessible secondary nucleation pathway
(nucleation on surfaces of existing fibrils);>"°%%7 i.e., contact
interactions even with surfaces of [BI] fibrils could promote a
complete conversion of trapped molecules into mature amyloid
without sonication.

The red shift below 1630 cm™ and the narrowing of the
amide I’ band reflect the formation of f-sheet-rich fibrils.>®
Interestingly, unlike for the native states, fibrils from different
types of insulin reveal distinct spectral features in terms of the
absorption maximum, the shape of the amide I’ peak, and other
fine details such as the tiny spikes appearing in spectra of [KR]
and [GKR] at 1651 and 1728 cm™. The latter bands cannot be
assigned to vibrations of amino acid side chains introduced
along with the amino acid modifications of KR and GKR
because of the lack thereof of the corresponding spectra of
native forms of the two analogs (apart from the fact that of all
the substituting side chains only arginine could give a weak
signal around 1608 cm™').>® Hence, the subtle differences in
FT-IR spectra of fibrils from six types of insulin should be
primarily attributed to conformational variations. Figure 1C
summarizes the effects of the sequence modifications on the
amide I’ bands (of native and fibrillar forms of insulin). Plotting
the center of spectral mass (defined in Materials and Methods)
against the peak’s position accentuates conformational differ-
ences between insulin forms. On the basis of that, we have
selected two types of fibrils ([BI] and [KR]) whose infrared
features turned out to be sufficiently distinct to track possible
conformational memory effects (Figure 1C). The tiny
discrepancies in the amino acid sequences between the two
polypeptides [two in the A chain and three in the B chain
(Table 1)] lie outside of insulin’s “core” amyloidogenic
segments’”' and thus were not expected to prevent cross-
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seeding. Docking interactions between the amyloid seed and
“incoming” monomers are highly specific, which generally
requires that an active template be formed through self-
assembly of the same protein as the one that is seeded or one
very similar.® However, there are many examples of effective
seeding with heterologous fibrils.*’ ™ Insulin is particularly
promiscuous in this respect, as it can be seeded with fibrils from
either its individual A and B chains®* or insulin isomers with
scrambled disulfide bridges.*> Even amorphous aggregates of a
single-chain analog of insulin exhibit the capacity to trigger
aggregation of HL* We have confirmed that cross-seeding
between [KR] and [BI] is very effective (and mutual) using
ThT fluorescence (Figure 2). Time traces of fluorescence
intensity exhibit no lag phases, while in the absence of seeds but
under otherwise identical experimental conditions, ThT
emission remains at the “zero” level for the first 5 and 10 h
for KR and BI, respectively (data not shown). There are several
interesting aspects of the data reported in Figure 2 that lie
beyond the scope of this paper and will not be analyzed here in
detail. For example, the low fluorescence plateau for BI seeded
homologously with [BI] (Figure 2 A) may originate either from
different properties of surface ThT-binding moieties of
resulting [BI]y fibrils (dumping quantum yield of the
fluorophore) or from the superstructural organization of
daughter fibrils restricting access to ThT-binding sites. The
quasi-sigmoidal shape of time traces in Figure 2D suggests a
pronounced acceleration of fibrillation that is typically
associated with secondary nucleation events but could also be
caused by the greater brittleness of [KR]g; fibrils. This would
lead to rapid multiplication of fibrils’ ends upon agitation.”*
Confirming that [BI] and [KR] fibrils can efficiently catalyze
each other’s growth was a starting point for conducting the key
experiment of this study, which was a comparison of properties
of daughter fibrils obtained through cross-seeding of both types
of insulin fibrils. To minimize de novo formation of competing
amyloid nuclei, cross-seeding was conducted in quiescent
samples thermostated at 37 °C. Absorption and second-
derivative FT-IR spectra of fibrils formed through spontaneous
(unseeded) aggregation at 65 °C and through seeding with
homologous fibrils via cross-seeding at 37 °C are shown in
Figure 3. Clearly, the spectra of mother amyloid and
homologous daughter fibrils are, within the accuracy of the
method, indistinguishable. This holds true for the amide I’
band’s absorption maximum (1628 cm™ for [BI]/[BI]y; and
1620 cm™ for [KR]/[KR]gg) and tiny spectral features at 1728
and 1651 cm™! visible only in the spectra of [KR]/[KR]yx

dx.doi.org/10.1021/bi301144d | Biochemistry 2012, 51, 9460—9469
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Figure 2. Kinetics of seeded aggregation of BI and KR at 40 °C
monitored by ThT fluorescence. Aggregation of native BI in the
presence of 1 wt % [BI] amyloid (A) or [KR] amyloid (B) and of
native KR seeded with 1 wt % [KR] amyloid (C) or [BI] amyloid (D).
The multiple lines correspond to several wells monitored simulta-
neously under identical sample and temperature conditions.

fibrils. Importantly, all the spectral traits of mother fibrils appear
to be reproduced in daughter fibrils upon cross-seeding, which
proves the occurrence of a conformational memory eftect. Also,
the presence of the 1728/1651 cm™ bands in the spectrum of
[BI]kg fibrils wherein approximately 99% of the total mass of
fibrils corresponds to BI molecules lends further credence to
the argument that they do not reflect the amino acid
composition of the seeded polypeptide (overlapping vibrational
bands of KR side chains) but a more subtle effect controlled by
the seed’s conformation. The 1728 cm™" band lies outside of
the amide I’ wavenumber range. Likewise, the 1651 cm™" peak
is unlikely to originate from backbone amide I' vibrations for
different reasons: this frequency range corresponds to helical or
disordered structures that, even if residually present in the
aggregates, have much larger bandwidths, making it overlapped
and unresolved from the main amide I' band’s background
(unlike the amyloid core’s -sheet known to give rise to narrow
signals but at lower wavenumbers). The two peaks are likely to
stem from amino acid side chains, glutamic acid (1728 cm™)
and asparagine/glutamine (1651 cm™!),%® that are abundant in
insulin (Table 1) and whose structural surroundings in [BI]
and [KR] might be very different. The 1728 cm™' band
corresponds to stretching vibrations of a deuterated carboxyl
group (-COOD) that could be either of a Glu side chain or of
the main chains’ C-termini. In spite of the pH* of the samples
being well below the pK, of either type of carboxyl group65 and
the same concentration of -COOD groups in BI and KR, the
1728 cm ™! band disappears from the spectra of [BI], [BI]y;, and
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Figure 3. Amide I spectral region of fully deuterated insulin fibrils
obtained through spontaneous aggregation [[BI] (A) and [KR] (B)
(black lines)], seeded with homologous fibrils [[BI]s; (A) and [KR]gx
(B) (blue lines)], or cross-seeded [[KR]g (A) and [BI]gr (B) (red
lines)]. Corresponding second-derivative spectra are shown in the
insets.

[KR]y, (Figure 3). We propose that the most plausible
explanation for the vanishing 1728 cm™ band is ionization of
carboxyls, e.g., through salt bridge interactions with positively
charged groups (antisymmetric and symmetric -COO~
stretches give rise to broad and featureless bands around
1580 and 1400 cm™, respectively®®). Hence, the simultaneous
imprinting of the major and minor infrared spectral features
upon cross-seeding of [BI] and [KR] implies that strain-specific
patterns of inter-f-strand hydrogen bonding and local f-sheet
twists typified by the amide I' band’s position*”*® evoke
distinct modes of packing and interactions for insulin side

dx.doi.org/10.1021/bi301144d | Biochemistry 2012, 51, 9460—9469
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homologous fibrils ([BI]g; and [KR]gg), and cross-seeding ([BI]xy and [KR]).
[Bllg 1660

Figure 4. Negatively stained TEM images of insulin amyloid fibrils formed through spontaneous aggregation ([BI] and [KR]), seeding with
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Figure S. Gradual DMSO-induced denaturation of different types of insulin fibrils reflected in spectral changes in the amide I infrared band. The
spectra have been collected for fibrils formed through spontaneous aggregation ([BI] and [KR]), seeding with homologous fibrils ([BI]y; and

[KR]kg), and cross-seeding ([BI]xy and [KR]g).

representative TEM images of mother and daughter fibrils are

chains. We have also employed Raman spectroscopy to check
whether these conformational differences affect insulin’s three
intramolecular disulfide bridges that are said to remain intact in
amyloid fibrils.’”> Our Raman data suggest rather similar
geometry and surroundings of S—S bonds regardless of the
insulin amyloid type (Supporting Information).

Various amyloid strains often reveal distinct morpholo-
which prompted our interest in comparing TEM

- < 21,36
gies,
images of the different types of insulin fibrils. In Figure 4,

presented. Although there are visible differences between
amyloid aggregates formed from BI and KR molecules, there
is no evidence that the memory effect controls the morphology
of daughter fibrils. Regardless of the seeding history, second
generations of bovine insulin fibrils tend to be shorter (100—
600 nm) than corresponding KR fibrils that are often longer
than 2 pm. Only mother [KR] fibrils have a broader length
distribution, a likely artifact of a robust aggregation scenario

dx.doi.org/10.1021/bi301144d | Biochemistry 2012, 51, 9460—9469
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Figure 6. DMSO-induced denaturation of insulin fibrils monitored by light scattering at 350 nm and ThT fluorescence intensity at 482 nm. The data
correspond to the samples and conditions used to collect the FT-IR data shown in Figure S.

involving the rapid occurrence of high concentrations of
amyloid nuclei. Another conspicuous difference between fibrils
formed from BI and KR molecules is the strong tendency for
lateral aggregation of the former, whereas [KR], [KR]gg, and
[KR]g; fibrils are singly dispersed. Still, diameters of individual
protofibrils in all six types of amyloid shown in Figure 4 are
similar and range between 3 and 8 nm. The strong propensity
to form laterally aligned fibrils could be a consequence of the
higher hydrophobicity of BI compared to that of KR. Thus, the
conformational memory effect between [BI] and [KR] fibrils
does not seem to affect the morphology or superstructure of
amyloid fibrils, at least in a way that could be captured with
TEM.

Taken together, the FT-IR and TEM data suggest that the
differences between pairs of amyloid strains, [KR]gr versus
[KR]g, and [BI]y versus [Bllgg, are imprinted on the
secondary and tertiary structure levels of a single protofibril,
rather than on the quaternary level (ie, through different
modes of association of essentially identical protofibrils). The
relationship between amyloid polymorphism and the level of
structural hierarchy, on which it is encoded, may vary
depending on the protein aggregate (e.g., refs 29 and 46). A
valuable insight into this problem may be obtained from
amyloid dissection experiments that provide a gauge of the
relative stability of fibrils. For example, different hamster prion
strains were shown to have distinct stabilities against
denaturation with guanidine hydrochloride.”® Employing
DMSO instead of guanidine is advantageous because it permits
the acquisition of infrared spectra (amide I' band), ThT
fluorescence, and light scattering measurements under an
identical set of sample conditions. We have shown previously
that in the presence of DMSO insulin amyloid fibrils undergo a
noncooperative disassembly with a dissection of quaternary

9466

. . 33,54
structures preceding denaturation of secondary structures.

As this approach appears to be suitable for the problem of the
level of amyloid structure on which the strain-specific
information is stored, we have subjected the six different fibril
samples to DMSO-induced disaggregation monitored with FT-
IR spectroscopy, ThT fluorescence, and light scattering. Figure
S displays stacks of infrared spectra of insulin fibrils in the
presence of DMSO at a gradually increasing concentration,
while Figure 6 shows the corresponding changes in ThT
emission and light scattering at 350 nm. All types of fibrils
undergo disassembly of the amyloidal scaffold (reflected by the
decline in ThT emission) and fragmentation of fibrils (probed
by light scattering intensity) at DMSO concentrations markedly
lower than those required to disrupt intrafibrillar f-sheet
structure. However, a more thorough analysis of spectral
changes accompanying the DMSO-driven denaturation reveals
intriguing details. The position of the amide I’ band remains
intact at ~1628 cm™ up to 80 wt % DMSO for [BI] and [BI]g;
and up to 75%f DMSO for [KR]g. Only at the highest
cosolvent concentration does f-sheet structure break down and
do new peaks at 1643 cm™' (random coil) and 1662 cm™
(“DMSO-solvated random coil”>*) emerge. On the other hand,
the amide I’ band of [KR], [KR]xg, and [BI]xg fibrils titrated
with DMSO shifts gradually from ~1621 cm™ to higher
wavenumbers even at the lowest denaturant concentrations.
The two ways insulin fibrils respond to DMSO-induced
disaggregation (“steady” for [BI]-templated fibrils and “upshift-
ing” for fibrils seeded with [KR]) are clearly controlled by the
type of seed used to trigger daughter fibrils. Importantly, these
two different “imprinted” denaturation scenarios take place
under conditions of profound disruption of higher-order
structures, as the data in Figure 6 indicate. The highest
accessible DMSO concentrations lead to profound denatura-
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tion of elementary building blocks of amyloid fibrils and the
transition of f-sheet structure to DMSO-solvated random coil
(with the corresponding amide I’ position at 1662 cm™). It
may be hypothesized that such tiny (perhaps of the size of the
smallest oligomers or even monomers) protein particles lack
the structural complexity affording kinetic traps that are
necessary for different strains to coexist under identical
physicochemical conditions. Hence, DMSO causes the
transition from the metastable to the unstable. In other
words, the completely denatured and singly dispersed protein
monomers are more likely to be under thermodynamic rather
than kinetic control; i.e., the conformational memory is erased,
and the transient conformation reflects the free energy
minimum of interactions between the insulin molecule and
the solvent. Indeed, spectra of DMSO-denatured fibrils
composed predominantly of KR monomers ([KR], [KR]gg,
and [KR]g;) share a similar appearance. On the other hand,
spectra of DMSO-denatured BI fibrils exhibit residual -
structure, suggesting that the distinct covalent structure of BI
aggregates makes them more resistant to DMSO treatment, and
that under the conditions of this study, [BI]g; and [BI]gg fibrils
are not completely denatured even at the highest DMSO
concentration probed. One puzzling aspect of the data shown
in Figure 6 is the unusual resistance of quaternary structures of
cross-seeded [BI]xy and [KR]p; against low concentrations of
DMSO. Moreover, in the case of [BI]yy, this extra stabilization
appears to hold also for higher DMSO concentrations and
secondary structures (Figure S). Further studies are needed to
explain mechanisms of stabilization of cross-seeded fibril
variants and to assess the possible relevance of this behavior
for studies on cross-species transmission of amyloid strains.

We have shown that two types of amyloid fibrils obtained
from BI and KR insulins have distinct infrared features that are
passed on to daughter fibrils upon cross-seeding. This closely
resembles the conformational memory effect upon proliferation
of amyloid strains. Also, in an analogy to strain-specific kinetics
of the elongation phase in prion self-assembly,”” we have
observed variations in the kinetics of elongation of homo-
logously seeded and cross-seeded [BI] and [KR] fibrils (Figure
2). The template-controlled intensity of ThT emission
observed in this work has a parallel in the work by Cloe et
al. on mutant Ap fibrils with the capacity to cross-seed daughter
fibrils with a lowered quantum yield of fluorescence of the
bound stain.>> Our FT-IR data and results of the DMSO-
induced dissection of fibrils strongly suggest that structural
variations underlying the strain-specific polymorphism of [BI]
and [KR] fibrils are encoded on the conformational level. This
agrees with the fact that no strain-specific morphological
differences were observed via TEM (Figure 4).

It has been proposed that amyloid core regions with tightly
packed steric zippers are particularly vulnerable to sequence
modifications that would result in the emergence of new
structural variants of fibrils."***** An important finding of this
study is that modifications of insulin’s primary structure even
outside of critical amyloidogenic regions [which for insulin have
been mapped by Eisenberg et al.*~>' (listed in Table 1)] may
cause the emergence of new self-propagating amyloid strains.
This statement cannot be generalized, however. For example,
mutating prion protein outside of the regions responsible for
critical intermolecular contacts led to amyloid fibrils with new
distinct fingerprint features in the amide I' band that
nevertheless were not passed to daughter fibrils upon cross-
seeding.*® The C-terminal part of the insulin B chain is not
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amyloidogenic itself* but instead is involved in the formation
of an intramolecular antiparallel S-sheet that binds together
native insulin dimers. A recent study by Haas et al. suggests that
the dynamics of the C-terminal part of insulin’s B chain not
only strongly depend on local charge distribution but also pla

an important part in early stages of amyloidogenesis.®®
Therefore, adding two positively charged amino acid residues,
Lys and Arg, to the C-terminus is expected to have a
pronounced impact on insulin dynamics. The differences in
amino acid sequence between BI and KR are far from the core
regions, but they can still significantly affect events on insulin
amyloidogenic pathways and, in particular, interactions within
the aggregation intermediate state. While structural variations
related to amyloid strains may originate from core steric
zippers, dynamics in remote protein parts may determine which
of many accessible amyloidogenic pathways leading to different
strains is taken.

B CONCLUSIONS

Two types of insulin, BI and KR, form amyloid-like fibrils with
distinct infrared features in the amide I' band region and
different morphologies. Cross-seeding of natively folded
peptides with amyloid preformed from BI or KR induces
daughter generations of fibrils whose infrared characteristics,
but not morphology, are the same as those of the mother seed.
This conformational memory effect is reminiscent of the
behavior that is a hallmark of prion strains. Comparison of
infrared features and DMSO denaturation profiles of mother
and daughter fibrils suggests that the strain-dependent
polymorphism is encoded on the level of secondary structure.
Differences in the primary structure between BI and KR lie
outside of the critical amyloidogenic regions of insulin but are
likely to affect the dynamics of amyloidogenic intermediates
leading to different amyloid strains.
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