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ABSTRACT. We showed that the genetically engineered carrier-protein albebetin and its biologically active
constructs with interferons, octapeptide LKEKKYSP or differentiation factor hexapeptide TGENHR

are inherently highly amyloidogenic at physiological pH. The kinetics of fibrillation were monitored by
thioflavine-T (ThT) binding and the morphological changes by atomic force microscopy. Fibrillation
proceeds via multiple pathways and includes a hierarchy of amyloid structures ranging from oligomers to
protofilaments and fibrils. Comparative height and volume microscopic measurements allowed us to identify
two distinct types of oligomeric intermediates: pivotal oligomers ca. 1.2 nm in height comprised-of 10

12 monomers and on-pathway amyloid-competent oligomers ca. 2 nm in height constituted3tf 26
molecules. The former assemble into chains and rings with “bead-on-string morphology”, in which a
“bead” corresponds to an individual oligomer. Once formed, the rings and chains remain in solution
simultaneously with fibrils. The latter give rise to protofilaments and fibrils, and their formation is
concomitant with an increasing level of ThT binding. The amyloid nature of filamentous structures was
confirmed by a pronounced ThT and Congo red binding fasstheet-rich far-UV circular dichroism. We
suggest that transformation of the pivotal oligomers into the amyloid-prone ones is a limiting stage in
amyloid assembly. Peptides, either fused to albebetin or added into solution, and an increased ionic strength
promote fibrillation of albebetin (net charge ©fL2) by counterbalancing critical electrostatic repulsions.
This finding demonstrates that the fibrillation of newly designed polypeptide-based products can produce
multimeric amyloid species with a potentially “new” functionality, raising questions about their safety.

Over the past decade, unprecedented progress achievediseases or systemic amyloidoses but is a generic property
in biomolecular engineering has led to the discovery and of the polypeptide backbon8)( Indeed, numerous proteins,
rational design of polypeptide-based materials in diverse including such well-known ones as lysozymeslactalbu-
areas of pharmaceutical, biomedical, agricultural, and envi- min, myoglobin §—7), and others, can be prompted to adopt
ronmental applications. The frequency of therapeutic inter- amyloid-type architecture with a characteristic cr@ssheet
ventions with high-valuele nao molecules, including drug  core under destabilizing conditions eithiervivo or in vitro.
delivery of biologically active peptides, enzymes, and Given the universal character of amyloid conformation and
vaccines, will continue to increasg, @). In the past several  the variety of conditions existing in the body, the questions
years, a large body of evidence has also accumulatedarise whether such species can be evokedléennao-
suggesting that the assembly of soluble proteins and peptidesiesigned protein-based therapeutics and which properties of
into ordered amyloid structures is not limited to the pathology the precursor states can promote such a conversion.
of human diseases such as Alzheimer's and Parkinson’s To address this problem, we studied the amyloidogenicity
of carrier-protein ABB and its genetically engineered
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Ficure 1: Primary structure of ABB. Peptides of interferan-or HLDF-6 fused to ABB are shown as arrows. Amino acid residues with

positively charged side chains at pH 7.3 are denoted with italic capital letters, and those with negatively charged groups are denoted with
bold capital letters.

immunogenicity 10). To prevent ABB from aggregating,
the charged residues were introduced into all elements of
its secondary structure, creating a net chargei? (Figure

2).

In controlled drug delivery, a variety of therapeutic agents
such as small molecules, peptides, proteins, and oligonucle-
otides are conjugated to carrier-proteins, which are able to
protect the labile compounds from degradation and also to
reduce their immunogenicity2( 11, 12). For this purpose,
the LKEKKYSP octapeptide of human interferon-or the
TGENHR hexapeptide of the human leukemia differentiation
factor were fused to the N-terminus of ABR(Q, 13, 14),
which resulted in two biologically active constructs possess-
ing the functionality of the fused peptides. The first construct,
ABBI, activates the thymocyte blast transformation in a
manner similar to that of interferom, (15), while the second,
ABB-DF, induces the differentiation and inhibits proliferation
of human leukemia cells in a manner similar to that of
molecules of the differentiation factot4, 16). The inserted
sequences also produced a very pronounced effect on the
amyloidogenic properties of ABB, providing insight into the
molecular forces driving amyloid formation.

EXPERIMENTAL PROCEDURES

Protein SamplesThe designed proteins ABB, ABBI, and
ABB-DF were expressed ikscherichia colias described
previously 9, 13, 14). The protein concentration was
determined by the absorbance measurement at 280 nm using
an extinction coefficient;s, of 3 for both ABB and ABB-

DF and ankE;q, of 17 for ABBI, calculated using the amino
acid composition of the proteins. To initiate fibrillation, the
solutions of proteins and HLDF-6 peptide were prepared at
a concentration of 20 mg/mL in 20 mM bis-Tris buffer and
0.2% sodium azide (pH 7.3).

Structure Modeling Structural models of thele nao-
designed proteins were constructed using the Swiss-Pdb-
Viewer program for alignment (version 3.7; www.expasy.ch/
spdbv/) (L7) and the optimise mode of the SWISS-MODEL
program server for automatic model building (version 3.5;
Ficure 2: Structural modeling of ABB proteins. (a) Ribbon WWW'eXpaSy'Ch/SW!SsmOd/SWISS_M.ODEL'html)' They Wer.e
representation of the ABB molecule, where positively and nega- P@sed on the obtained sequence alignments and recognized
tively charged side chains are shown in blue and red, respectively.folds found by the 3D-Jury method §) at the MetaServer
The same color coding is used for the calculated electrostatic surface(www.bioinfo.pl). The fold of ABB was modeled in compari-
ggt‘iﬂgal': f?fh':r?(? ébgéAcﬁBl é%)élgng Aé?eB-cE?i ﬁl(tje)ad T,f;]e g“%i%‘i}'grs son with those of three RNA-binding proteins (PDB entries
identical to that of rl)anel a?while the moleclules or: the right-hand 1B7F, 1D8Z, and 1QMH)’ while the m.Odelmg ABBI and-
side have been rotated T8@round a vertical axis. Figures were ABB-DF structures included the coordinates of two addi-
prepared by using MOLMOL4Q). tional RNA-binding proteins (PDB entries 1CVJ and 1JMT).

The evaluation of the quality of the models as well as their
of the secondary structure and limiting the number of visualization was carried out as previously describ&g).(
conformations which can be adopted. While ABB possesses Amyloid AssaysThe ThT binding assay was performed
a well-defined secondary structure, it is characterized by ausing a maodification of the method of Levin@Q; 21).
labile tertiary structure, which correlates with its low Fluorescence measurements were carried out on a Fluoro-

(a)
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Max-2 spectrofluorometer (JOBIN YVON/SPEX Instruments adsorption time to 3040 min prior to recording images in
SA). The fluorescence of ThT was excited at 440 nm, and MilliQ water to produce the same population density of
the emission spectrum was recorded between 450 and 55@myloid structures as under ambient conditions. Alterna-
nm, setting the excitation and emission slits at 5 nm. tively, we have achieved a similar effect by adding 100 mM

The Congo red binding assay was performed according NaCl to the imaging solution with preformed amyloid species
to the procedure described in ré&8and23. Optical spectra  but keeping the adsorption time to 3 min. The adsorption of
were recorded on a Beckman UV spectrophotometer; the ABB structures to graphite in water was also rather poor,
spectra of the reaction solution were collected together with resulting in a low population density of oligomers and fibrils
negative controls containing dye and protein separately, on the substrate even after adsorption for 40 min. To reduce
subtracting from the former the signals associated with the adsorption time and avoid artifacts induced by salt during
absorption of the dye and the scattering contribution from scanning, we have selected ambient conditions and a mica
the fibrils. substrate for further measurements.

Spectroscopic Method€D spectra were collected on a Molecular Volume CalculationThe volume of protein
Jasco J720 CD UV spectrometer equipped with a water bathspecies was derived from AFM images as described in ref
temperature controller ugina 1 mmlight path quartz cell. 26. Because of adhesion forces, all multimeric complexes

The fluorescence of ANS was measured on a FluoroMax-2 were spread on the mica substrate, giving larger lateral
spectrofluorometer with excitation at 365 nm and emission dimensions than vertical measurements. Generally, AFM also
at 470 nm and setting 10 nm spectroscopic slits for both overestimates the lateral dimensions of biological samples
excitation and emission. due to the geometry of the tip, which induces a broadening

AFM. AFM measurements were performed on PICO SPM effect in the image. To determine the actual tip geometry
(Molecular Imaging) and Nanoscope llla Multi-Mode mi- and the accuracy of our measurements, we used the tip
croscopes (Digital Instruments) in a tapping mode using deconvolution module of the Scanning Probe Image Proces-
acoustically driven cantilevers. The radius of curvature of sor (SPIP) (Image Metrology) and performed measurements
the AFM tips was less than 10 nm (Atomic Force). Scanners on the reference samples such as carbon nanotubes ca. 1 nm
with a 100um scan size were used in both instruments. in diameter, spherical latex particles ca. 1.5 nm in diameter,
Before images were recorded, the scanner was calibrated byand individual molecules of equine lysozyn#.(Processing
using a standard Zm calibration grid (Molecular Imaging)  images with the SPIP tip deconvolution module indicated
in the x—y plane and measuring atomic steps on a highly that there were no topological artifacts due to the shape of
oriented pyrolytic graphite surface in tlzeaxis. the tip. Measurements of the reference samples confirmed

Etched silicon probes attached to triangular cantilevers the suggestion made in re26 and 27 that the diameter at
100-200 um in length (NanoDevices, Metrology Probes half-maximal height of individual particles sufficiently
Inc.) with a nominal spring constant of 35 N/m were operated compensates for the AFM-induced overestimation of lateral
at resonance frequencies of H00 kHz. The scan rate  dimensions of protein structures.
was in the range of-23 Hz depending on the scan size with The height and half-height diameters of the amyloid
a resolution of 256 and 512 pixels. Height, amplitude, and oligomers were measured from multiple cross sections of
phase data were collected simultaneously. The scanning ofthe same particle, which was treated as a spherical cap. The
samples was performed in trace and retrace to avoid the scarvolume of each particle was calculated using the following
artifacts. The cross-section analysis in the height images wasequation 26, 27):
carried out to determine the dimensions of amyloid structures.

For ambient imaging of amyloid samples, we followed Vagm = (nh/6)(3r? + h?) Q)
the preparation procedure described previously The
incubation samples were diluted up to 1000 times to the final whereh is the particle height and is the radius at half-
concentration of 26100 ug/mL, placed on the surface of height.
freshly cleaved mica (GoodFellow), left for 3 min, rinsed  The molecular volume of monomeric proteins was calcu-
three times with MilliQ water, and dried by evaporation in lated using the equatior2¢, 27)
air at room temperature overnight. Thus, the time exposure
of the original sample to the mica substrate (3 min) was Vi, = (MJ/N)(V; + dV,) (2)
significantly shorter than the amyloid incubation time (hours
and days). Taken together with the strong dilution of the whereM, is the protein molecular weigh, is Avogadro’s
incubation samples, these ensured that aggregation or fibrilnumber d is the extent of protein hydration (0.4 mol of®&/
formation was not triggered or affected by the mica surface. mol of protein), and/, andV; are the partial specific volumes
To evaluate the effect of imaging environment and the of the individual protein (0.74 cfng™!) and water (1 crh
substrate surface on amyloid structures, the control measureg™!) molecules, respectively. The molecular volumes of
ments were performed under ambient and liquid conditions equine lysozyme estimated from AFM measurements by
using both mica and graphite as substrates. Previous invesusing eq 1 and calculated by using eq 2 gave a good
tigations suggested that behavior of adsorbed protein struc-agreement. The calculated molecular volumes of ABB,
tures is not a general phenomenon and each pregeirface ABBI, and ABB-DF are 14.8, 16.7, and 16.1 Amespec-
combination must be examined individuallg4( 25). To- tively.
pographical images of amyloid oligomers and fibrils were ~ The number of monomers in oligomeric species was
essentially the same under all conditions. However, due to determined by the equation
electrostatic repulsion between the mica surface and highly
negatively charged ABB structures, we have increased N=Vaem/Vin 3)
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FIGURE 3: Spectroscopic assays of fibril formation of ABB-based monitored by ThT fluorescence. (a) Time dependence of amyloid
proteins. (a) The absorption spectra of the Congo red dye bound toformation of ABB (1), ABBI (2), and ABB-DF (3). (b) Time
ABB protofilaments {-) and in the absence of ABB (---). The  dependence of amyloid formation of ABB (1), ABBI (2), and ABB-
shift of the absorption spectrum is more clearly presented (inset) DF (3) in the presence of an equimolar concentration of HLDF-6
by subtracting the latter and the scattering light caused by and of ABB in the presence of 100 (4) and 200 mM NaCl (5).
protofilaments alone from the former. (b) The far-UV CD spectra Each data set represents a mean value of four measurements.
of the freshly prepared ABB-DF at 26-) and 57°C (---), at a

protein concentration of 0.2 mg/mL, with 20 mM bis-Tris buffer  pown in Figure 3b; the secondary structure of ABB and
0, -
§5;'i|§?-).3”9e252r§’e3°§#$ iif:lggétTigﬁ ?greztgjgsz‘%_ DF amyloid A_BBI were also unchange.d at the higher temperature._ The
high degree of conformational flexibility of ABB and its
RESULTS constructs was consistent with a pronounced random-coil CD
Spectroscopic Assays for Amyloid Formatidhe forma- signal at 208-210 nm. The formation of fibrils, by contrast,
tion of fibrils during incubation of ABB, ABBI, and ABB- was manifested in significant changes in the far-Uv CD
DF at pH 7.3 and 57 and 23 (room temperature) was spectra of individual proteins, revealing a substantial increase
detected by ThT and Congo red dye binding assays, used a# f5-sheet content (Figure 3b).
classic markers of amyloi®0—23). The 10uM aliquots of The interaction of ABB and the constructs with the
all proteins were added to the solution containing ThT, and hydrophobic dye ANS was probed by measuring ANS
subsequently, we measdra 1 order of magnitude enhance- fluorescence at both 23 and 3C. The fluorescence did not
ment of the fluorescence signal compared to the fluorescencechange under either condition compared to the dye free in
of the free dye after incubation for a few days at&7. A solution, indicating the absence of extended hydrophobic
similar effect was observed after incubation of ABBI and patches Z8) on the protein molecules that are able to bind
ABB-DF for 4 days at 23’C. ThT fluorescence was not ANS, and heating did not increase the level of exposure of
changed even after incubation of ABB for 24 days af@3 such hydrophobic surfaces. However, heating increases the
The interaction of the amyloid fibrils of ABB and ABB-  conformational mobility of the protein structure which can
based constructs with the dye Congo red produced aprompt protein to enter an alternative pathway and facilitate
significant red shift of the light absorbance spectrum of assembly into amyloid fibrils. A further increase in temper-
Congo red. The representative spectrum of Congo red in theature would lead to unfolding of the secondary structure and
presence of ABBI demonstrating the shift from 495 to 505 subsequently nonstructured aggregation. This is why we
nm is shown in Figure 3a. selected 57C as a second condition for amyloid formation.
Both ABB and ABB-based constructs were characterized Kinetics of Amyloid FormationThe time dependence of
by very similar far-UV CD spectra, and the representative fibril formation was monitored by measuring an enhancement
spectrum of ABB-DF is shown in Figure 3b. This indicated of ThT fluorescence bound to the aliquots of protein samples
that fusing the peptides to the N-terminus of ABB did not collected at differing time intervals (Figure 4). The intensity
affect its secondary structure. Heating the sample of ABB- of ThT fluorescence remained at the same level when ABB
DF to 57 °C did not perturb the far-UV CD spectrum as was incubated for up to 12 h, indicating a distinct lag phase.
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Ficure 5: Amyloid assemblies of ABB observed by AFM. (a) Height image of pivotal ollgomers ca. 1.2 nm in height, during day 1 of
incubation, at pH 7.3 and 57C. Thez scale is 5 nm. (b) Chain and ring oligomeric assemblies of amyloid-prone oligomers ca. 2 nm in
height and protofibrils, on day 2, with ascale of 5 nm. (c) Height image of protofilaments recorded on day 7, witkscale of 5 nm.
Insertion in the left corner shows the rings and the chainszadcale of 3 nm. (d) Panel of 100 ns 100 nm images of individual rings
illustrating that they are composed of four or five oligomers. The cross-sectional analysis of an individual ring (top right panel). Cursors
indicate the highest points on the ring wall. (e) Cross section of the ABB protofilament made along its axis (panel c) and marked by
cursors. It demonstrates that theeight is ca. 2 nm and the period of twist is ca. 40 nm. (f) Granules of ABB formed &€ 2 day 24,

with a z scale of 10 nm. (g) Amyloid fibrils formed at 57C in the presence of 200 mM NacCl, withzascale of 10 nm. (h) Network of

ABB fibrils formed in the presence of HLDF-6, withzascale of 15 nm. The inset shows the cross section of an individual fibril along its
axis relative to the mica substrate; the maxima and minima ar¢- 8.6 and 6+ 0.5 nm, respectively. The distance between the maximum
heights is 60+ 5 nm.

During this stage, only round oligomers were detected in fluorescence intensity at the plateau was the same as for
the sample by AFM. Subsequently, a gradual increase in theABB-DF (Figure 4a).
level of ThT binding was observed in the course of 1 week  All three proteins were also incubated in the presence of
(Figure 4a), indicating an appearance and accumulation of100 and 200 mM NacCl. An increased ionic strength did not
amyloid structures confirmed by AFM analysis. Fibrillation affect the kinetics of ABBI and ABB-DF amyloid formation.
of the ABB constructs proceeded more rapidly, resulting in By contrast, in the presence of salt in the sample with the
a pronounced increase in ThT fluorescence within hours of ABB protein, the plateau level of ThT was reached in 2 days
incubation for 12 h (Figure 4a). The plateau level of ThT and was 2 times higher than in the absence of salt, but
fluorescence was significantly (5-fold) higher in the latter remained 2-2.5-fold lower than that for ABB constructs
than in the sample containing the ABB fibrils. In the case (Figure 4a,b).
of ABB-DF, the plateau level of ThT fluorescence was  AFM Imaging of Amyloid Structure&\FM is a powerful
reached after incubation for 2 days in contrast to the period tool for monitoring the process of amyloid formation (Figures
of 6 days required for ABBI. 5 and 6). Within hours of dissolving, all three ABB proteins
An equimolar addition of the HLDF-6 peptide to the formed round oligomers presented in the AFM images as
solutions with the monomeric ABB-DF did not change the round specks (Figures 5a and 6a). The population density,
kinetics of amyloid formation, but the level of ThT fluores- i.e., more oligomers on the mica surface, increased progres-
cence at the stationary phase increased compared to that aively during incubation as shown for ABB for a period of
ABB-DF incubated in the absence of the peptide (Figure 4b). 1 week (Figure 5&ac). Theirz height measured in a cross
The fibrillation of ABB and ABBI proceeded significantly  section was 1.2 0.3 nm, and th&—y dimension measured
faster in the presence of HLDF-6, reaching the level of at a half-height was 18 3 nm. These oligomers were
plateau in 2 days (Figure 4b), and the magnitude of composed of 810 protein molecules calculated by using
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egs -3 and were defined as pivotal ones. They assembled
subsequently into the linear chains comprised of two to six
round units or into rings (locked chains) (Figure-5f). The
rings were characterized by a diameter of #4510 nm
measured between the maximal heights of their walls and
by an oscillating height along the circumference with the
maximal values of ca. 1.2 nm (Figure 5d). They were
apparently made up of four or five pivotal oligomers.
Individual amyloid rings were observed under ambient

conditions on both the mica and graphite substrates by using

a 10000 times higher dilution of the initial incubation
sample, confirming that they were sampled from solution
but not assembled during exposure to the surface. The
proportion of the rings versus the chains increased in the
samples of all three proteins during the course of incubation
(Figure 5b,c), though both of them remained in large
guantities at the later stages of incubation when mature fibrils
had accumulated.

Larger round oligomers with a height of 2.0+ 0.3 nm
and anx—y dimension at half-height of 2% 5 nm emerged
in the sample of ABB after 1 day (Figure 5b) and in the
ABBI and ABB-DF solutions within hours of incubation
(Figure 6a). They consisted of 280 monomeric proteins
as estimated by using eqs-3. In the sample of ABB, well-
segmented protofibrils were formed on day 2 of incubation
(Figure 5b). They consisted of a few repetitive (a minimal
number of 2) units ca. 2 nm in height. Filamentous structures
of ABB with a length distribution between 100 and 500 nm
and az height of ca. 2 nm were monitored after incubation
for 3 days and more (Figure 5c). Suchzadimension

corresponds to a minimal cross-sectional parameter of single-

stranded fibrils categorized as protofilamer28) (A periodic
repeat of 26-40 nm was measured along the main axis of
the protofilaments of all three proteins; a representative cross
section of the ABB protofilament with the periodic repeat
of ca. 40 nm is shown in Figure 5e.

Both ABBI and ABB-DF proteins developed extended
networks of flexible fibrils (Figure 6b,c), exhibiting a
significant variability in their morphology like fibrils as-
sembled from other amyloidogenic proteir9); Their z
height varied from 2 to 12 nm, and the length sometimes

Biochemistry, Vol. 43, No. 30, 2008615
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Ficure 6: Amyloid structures of ABB constructs observed by
AFM. (a) Height image of the ABBI sample after incubation for 2

h at pH 7.3 and 57C, with az scale of 5 nm. Pivotal oligomers
ca. 1.2 nmin height, chain, and ring assemblies are shown in lighter
colors; the stretches of protofibrils and amyloid-prone oligomers
ca. 2 nm in height are shown in brighter color. (b) Image of ABBI
fibril demonstrating a variable height along its axis; the right panel
shows the cross sections made perpendicular to the fibrillar axis
relative to the mica substrate and marked by cursors.Zi$eale

is 10 nm. (c) Height image of the network of ABB-DF fibrils after

exceeded a few micrometers. They were characterized byincubation for 3 days, with @ scale of 15 nm.

their tubular appearance and consisted of a few twisted
substructures or protofilaments. The edge split of a single
fibril into protofilaments with a characteristic height of 2
nm is shown in Figure 6b. The periodicity along the fibrillar
axis spanned the range of 200 nm, which corresponded
to the different tautness of protofilaments twisting around

At room temperature in all samples, the round oligomers
were formed rapidly, being present as dominant species up
to day 4. During further incubation of ABB, the oligomers
were not transformed into protofilaments as af67instead,
the enlarged granules with amorphous edges anteaght

each other in response to the packing constraints imposedf =4 nm emerged and remained in the sample even after

by twisted neighbors30). It was suggested that the chiral
twist of fibrils defines their finite width30). In our samples,
the periodicity of twist depended on the number of protofila-
ments in the fibril; the fibrils withe heights of~12 and~5

nm were characterized by repeat periodicities~af0 and
~40 nm, respectively. In the cross-section analysis in Figure
6b, we have shown that tteheight of the individual ABBI
fibril can change along its axis from4.5 to~3 nm and to

~2 nm, consequently, indicating that the shorter protofila-
ments can wind around the longer carrier. Some short
protofilaments remained in the samples of ABB constructs
even after significantly longer periods of several weeks
(Figure 6c¢).

24 days (Figure 5f). In the samples of ABBI and ABB-DF,
the mature fibrils similar to those shown in panels b and ¢
of Figure 6 were formed after incubation for 4 days and
remained unchanged during the longer period of 24 days.

When ABB, ABBI, and ABB-DF were incubated at pH
7.3 and 57°C in the presence of the HLDF-6 peptide, we
did not observe any effect of the peptide on the morphology
of ABBI and ABB-DF fibrils, while ABB formed signifi-
cantly longer and thicker fibrils (Figure 5h), similar to those
observed in the samples of the constructs (Figure 6b,c).
HLDF-6 itself taken at a concentration of 20 mg/mL did
not polymerize and remained soluble at both 23 and&7
during the incubation for 34 weeks.
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10 e SROPECTELT R though that the optimal peptide charges woulditie (35),

- while the solely hydrophobic interactions would lead to a
rapid unstructured aggregation. To produce fibrils from ABB,
we heated the sample to 8C. The heating neither leads to
changes in the ABB secondary structure, as has been shown
by far-Uv CD (Figure 3b), nor increases the surface
hydrophobicity as shown by ANS binding. The structural
fluctuations of a very flexible ABB molecule occurring at
higher temperatures can, however, increase the accessibility
of the stickier innef3-strands promoting amyloid assembly.

It is remarkable that the fusion to the N-terminus of ABB
. : . : . of the short polar peptides significantly enhances the amy-
0 10 20 30 4 S e 70 loidogenicity of ABB, increasing the kinetics of oligomer-
Residues ization (the lag phase disappeared), the rate of fibrillation
E:;IgREIZédHVSLOPVEQELCA%’eF;VQS|i grf];gi SABSBSBUIIC“;;O quéqt'szq;ﬁgce (increasing the slope of ThT fluorescence time dependence
neg;tive va?uésgind=cate hy%rophobicityuand hyd'rophiI:cl;{y, respec- during the asser_nbly stage), promot!ng elongatlo_n O.f protofil-
tively. a-Helices and3-strands are shown with bars and arrows, aments and their lateral assembly into mature fibrils. These
respectively. The dashed line shows the location of positive and altogether are manifested in the formation of the dense
negative chargesi(l) in the amino acid sequence. The polypeptide fibrillar network (Figures 4 and 6). In ABBI, the insertion
sequence of ABB is presented at the top of the figure. of the LKEKKYSP octapeptide stabilizes the ABB molecule
| (13), which can be considered an unfavorable factor for
amyloid formation. Under the conditions of our experiments,
the net charge of the interferon octapeptidetia and the
net charge of HLDF-6 peptide is zero, though it bears one

Hydrophobicity

In the presence of 100 and 200 mM NacCl, the structura
features of ABBI and ABB-DF fibrils did not change, while
the morphology of ABB fibrils (Figure 5g) resembled those
formed by ABB constructs (Figure 6b,c) or by ABB in the

; Arg. Being nonamyloidogenic itself, HLDF-6 equally pro-
resence of HLDF-6 (Figure 5h). L : "
P (Fig ) motes fibrillation of the carrier-molecule ABB whether it is
DISCUSSION covalently linked or present free in solution. The ABB model

demonstrates that th&sheet interface is easily accessible
to the peptides (Figure 2a), which can counterbalance

X k - electrostatic repulsion of six Glu residues located in this
of this paper demonstrate that the carrier-protein ABB and amyloid assembly critical region. This is why an increased

its constructs readily self-assemble into a variety of amyloid ;i< strength produces a qualitatively similar effect on the
structures at physiological pH. The design preventing ABB i atics (Figure 4b) and morphology of amyloid assembly
from aggregation was achieved by introducing 22 charged g re 5g): however, the effect of the peptides is more
amino acid _re5|dues (17 Glu and Asp _resn_jues and 5 Arg pronounced. In addition, the peptides contain aliphatic groups
and L.ys res[dues) throughout the protein primary structure, which can provide a hydrophobic contribution to the pep-
creating a high net charge 6f12 (http://wwvy.expasy.org/ tide—protein interactions, stabilizing the fibrillar interface.
tools/protparam.html). The large electrostatic repulsion con- . . .
tributes, though, to an overall instability of ABB, which is !t IS noteworthy that there are a few proteins with the
characterized by the conformational mobility of the molten OP0Iogy based on an antiparalléisheet covered by two
globule type, and that can facilitate adoption of an alternative Sﬁgﬂl‘ggz g)"hiﬁg fgg”(‘q lji;?j)rlbor;(lje fﬁﬂiznénglu::]ggtsgy\:\mjos-

amyloid-prone fold. ) ; o
The3-sheet region of ABB is characterized by the highest type S6 protein (our unpublished results, the fibrillation at
2.0 and elevated temperatures), indicating that the

hydrophobicity within the amino acid sequence, as shown P _ i X _
in the hydrophobicity plot (Figure 7). Thus, it can be a amyloid-prone con_formatlon can be evoke_d in this fold.
primary candidate for formation of the fibrillar crogssheet. ~ Among them, ABB is the most charged protein. These results
In the quadruple mutant of ribosomal S6 protein character- dgmonstrate that the'gatekeeplng electrostatic mtgrachons
ized by a similar fold, thg-sheet in the amyloid tetramer is  Within the hydrophobic sequence81{ can be effectively
also built up by thes-strands from the native proteiB). medlated' by addmg or fusing cqqntercharged_mqlecules or
The crossg-sheet is usually a very stable structuse, (33), by changing environmental conditions such as ionic strength
suggesting that the intrinsically unstable building blocks of OF temperature.

ABB should undergo structural conversion to integrate into  Model of ABB Fibrillogenesis. Oligomeric Intermediates
fibrils. Indeed, the intacf-sheet of ABB would satisfy the  and Fibrillation Pathways.The fibrillation of the ABB
principles of the “negative design” providing unsticky edges proteins, as shown in Figure 8, is a multiple-step process,
for the fibrillar assembly (Figures 1 and 2a). The two inner including more than one intermediate preceding fibril forma-
p-strands of thg-sheet of ABB carry a charge ofl each, tion. The initial oligomerization involves an association of
while the outers-strands are characterized by a charge of the ABB monomers into the pivotal oligomers ca. 1.2 nmin
—2 each. An inward-pointed charged side chain on the edgeheight, containing 1812 monomers. These species do not
of the de nao fS-sheet 84) as well as the gate-keeping bind ThT, indicating the lack of the crogssheet of a typical
consecutive charges of Asp61/62 and Arg46/47 in the S6 amyloid, and correspond to a lag phase in the time
structure 81) was suggested to prevent amyloid formation. dependence of amyloid formation. They serve as a pivotal
In the hexapeptide amyloid assembly, it has been shownpoint leading to a few separate pathways.

Intrinsic Amyloidogenicity of ABB Proteins. Role of
Electrostatic Interactions in Amyloid Formatiomhe results
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Chains and rings (h ~ 1.2 nm)

[ —
R —————

Off-pathway

oligomeric

assembly i )
Al A" / Protofilaments
Fibrillation R (h ~ 2 nm)
———————————
————————— 3 i
Pivotal oligomers Amyloid-prone oligomers
(h ~ 1.2 nm) & protofibrils Peptides
(h ~ 2 nm) & ionic strength

Aggregation

Protofilaments &
fibrils (2 <h < 12 nm)

Non-amyloidogenic
aggregates
(h =4 nm)

Ficure 8: Model of ABB fibrillogenesis. Each graph shows the schematic presentation of the species (left) and the corresponding AFM
image (right). Arrows indicate favorable pathways.

At room temperature, they assemble into the larger off-pathway assemblies. To transform these structures into
granular aggregates (a heighte#4 nm), which do not form  f-sheet-containing protofilaments, a significant free energy
amyloid. At 57°C, the top path in Figure 8, these oligomers barrier should be overcome. This could be a reason that ABB
become linked together into the linear chains with a well- does not polymerize at room temperature while the pivotal
defined bead-on-string morphology7). The dimensions of  oligomers ca. 1.2 nm in height are formed. An increase in
constituting beads remain very similar whether they are temperature effectively lowers the energy barrier, facilitating
present as individual oligomers or as a part of the chains. transformation of the smaller oligomers into the amyloid-
The circularization apparently stabilizes the chain structures, prone ones, which indicates that this can be a limiting stage
protecting their edges from assembly and disassembly andin amyloid assembly.
preventing them from being converted into protofilaments.

The beginning of the assembly phase in the kinetics of CONCLUSIONS
ABB amyloid formation (Figure 4) coincides with an The ABB-type molecules were designed for biomedical
appearance of the round oligomers of a larger size (ca. 2applications; however, they have proven to be a valuable
nm in height) comprised of 2630 molecules. At this stage  model for amyloid formation. ABB and the constructs form
the short protofibrils also emerged, indicating that a critical a hierarchy of amyloid structures, including two distinct types
size of oligomers requires initiation of an extengegdheet of oligomeric intermediates. Under appropriate conditions,
pattern. In cross-sectional analysis of the protofibrils, the the pivotal oligomers can give rise to chain and ring-type
well-distinguished segments can be identified by measuring oligomeric assemblies. The on-pathway amyloid-prone oli-
oscillation of the heights along the axis, giving maxima of gomers are coupled with formation of crgssheet structure
ca. 2 nm, which is consistent with assembly via oligomeric and fibrillar growth. The inherent amyloidogenicity of ABB
intermediates 38, 39). In some protofibrils, we observed can be easily modulated by grafted polypeptide sequences
neighboring segments with ca. 2 and 1.2 nm maxima (Figure and by environmental conditions, resulting in the population
8). This suggests that the elongation of protofibrils can occur of a dominant amyloidogenic species of a certain type. That
through association of both types of oligomers. Given that can lead to important implications because the on-pathway
the larger species are involved, they can initiate the trans-oligomers of proteins, either involved in neurodegenerative
formation of the latter into the crogssheet type structures.  diseases 40) or not related to human pathologies, are

At the stationary phase of the fibrillation of all three considered to be cytotoxic4). In the field of newly
proteins, the round oligomers 1.2 nm in mean height, the designed polypeptide-based therapeutics, the amyloidoge-
chains and the rings are not consumed. Apparently, thenicity of protein products can create a new “hazardous”
proportion of the rings versus the chains increases with functionality not foreseen by the initial design and should
incubation time (Figure 5b,c). This indicates that they are be identified prior to their application.
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