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Understanding the biochemical mechanism of amyloid fibrillation
is one of the most intriguing and pressing problems in modern
biology and mediciné.On the basis of kinetic studies of fibril
formation, several hypothetical mechanisms for fibrillation have
been proposed recenfiyt is well accepted now that the fibrillation
starts with a thermodynamically unfavorable nucleation step fol-
lowed by a rapid elongation of fibrilsThe understanding of the
nucleation mechanism is crucial for developing inhibitors for a
limiting stage of the pathological process. So far, the proposed
nucleation modefs® have been verified by correlation of the
fibrillation lag-time or the rate of fibril accumulation with protein
concentrations and other experimental conditions. According to the
thermodynamic nucleus model for homogeneous nucleation, the
nucleus is defined as a metastable species (free energy minihfium),
the formation of which determines the lag-phase of fibrillation.
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We report here on the application of deep UV resonance Ramanlysozyme incubated for various times. The nature of Raman bands is

(DUVRR) spectroscopy combined with advanced statistical analysis
including 2D-correlation spectroscopy, independent component
analysis (ICA), and pure variable methods, to study nucleus
formation during the fibrillation of hen egg white lysozyme, a well

studied model of amyloidogenic proteins. Over the course of
fibrillation, the soluble portion of the sample, as well as those

described in Supporting Information.

fibrillation, the melting of native lysozyme and the formation of a
partially unfolded intermediate has been repditéo be ac-
companied by a small-sheet contribution. Classical factor analysis
suggested the existence of only two principle components, indicating
that the formation of-sheet and the unfolding of native lysozyme

insoluble aggregates separated by ultracentrifugation, were analyzeq,jlre highly correlate8We utilized 2D correlation Raman spectros-

separately. Although the supernatant contained no fibrils, as
evidenced by dynamic light scattering, the solution was a potent
initiator of fibrillation, eliminating the fibrillation lag-phase on

addition to lysozyme. The application of advanced statistical

analysis to the Raman spectroscopic data yielded spectroscopic
signatures of a partially unfolded intermediate and newly formed D(vy,

p-sheet and enabled determination of species-specific kinetic
profiles in the early stages of fibril formation and evaluation of
the rate constants for corresponding process.

Fibrils were prepared by incubating a solution of lysozyme at
pH 2.0 and 65C for various times. Three sets of spectra (over 20
spectra each) were obtained at three different initial lysozyme
concentrations, 70, 14, and 1.4 mg/mL. The time dependent
lysozyme DUVRR spectra are shown in Figure 1. The spectra
exhibit pronounced amide bands which report on the protein
secondary structureln particular, the @—H bending band is strong
in deep UVRR spectra of random coil arfdsheet, where the
adjacent G—H and N-H bending vibrations are coupled, and weak
for peptides in thexr-helical form? The frequency of the £&-H
bending mode is different fgf-sheet ¢1396 cnt!) and random
coil (~1387 cn1?) conformations. This band is especially sensitive
to secondary structural transformations of proteins. The- K
bending band intensity increased with lysozyme incubation time,
indicating the melting of thex-helix and the formation of the
fB-sheet and random coil. The evident decrease in the 1000-cm
phenylalanine band intensity during the incubation corresponds to
the tertiary structural changes of lysozyfat the early stages of
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copy to distinguish these correlated processes and establish their
sequential order. Synchronodgv,v,) and asynchronou¥ (v,,v;)
2D-Raman spectra were calculated following Noda’'s appré&ch:

1
JT(Tmax - Tmin)
Js V(@) Yy(w) do (1)

vy) +iW(vy, vy) =

where Yy(w) and Yy(w) were calculated based on experimental
spectral intensitiesy(v,t) for all wavenumbersy and incuba-
tion timest1°.

The asynchronous 2D-Raman correlation map is shown in Figure
2 for the G,—H bending region. The peak and the valley centered
at 1385 and 1400 cmd, respectively, illustrated (i) that changes in
random coil angb-sheet spectral regions occurred asynchronously
and (i) that the formation of thg-sheet was delayed with respect
to the formation of the random coil. These data can be used to
distinguish between two alternative mechanismg-sheet forma-
tion. In a parallel process mechanism, random coil gustheet are
produced directly from the native protein and should be completely
correlated. In a step-by-step mechanigrsheet develops from the
partially unfolded intermediate (Scheme 1). In the latter case, the
formation of 5-sheet and the partially unfolded intermediate could
correlate, but only partially. Consequently, the step-by-step mech-
anism proposed by Dobson and co-worké(Scheme 1) was in
complete agreement with our analysis above. Following the
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Table 1. Characteristic Times for Transformations: Native —
Partial Intermediate (r1), Partial Intermediate — Nucleus (z2), and
Nucleus — Partial Intermediate (r—2)

g before f-sheet

characteristic time, hours

concentration

30,5— mg/mL 7 7 -2

S o 70 30+ 2 70+ 20 15+ 5

B 14 30+ 2 70+ 10 12+ 3
0.5~ 1.4 30+ 2 74+ 16 14+ 5

partially unfolded intermediate calculated by ICA, and the experi-
mental spectrum of native lysozyme. A mixed sdfiard modeling
Figure 2. Asynchronous 2D correlation spectrum of thgHCregion of approack provided the refined DUVRR spectra gfsheet and
lysozyme DUVRR spectra. Two opposite-sign areas at 1387/1398 cm  nartially unfolded intermediate, kinetic profiles for all three species,

and 1396/1387 cmt indicate asynchronous formation of random coil and T .
p-sheet: valley at 1396/1387 crhshows thag-sheet appeared after random and the characteristic times for each step of lysozyme transformation

an shig femr 1910 1910 @6‘

coil. This result unambiguously indicated that the appearanggsifeet (Table 1). Namely, the algorithm was used to (i) calculate kinetic
and random coil at the early stages of lysozyme fibrillation was incompletely profiles by guessing the initial characteristic times, (ii) fit experi-
correlated. mental spectra using the kinetics profiles and pure components

. - ' spectra, and (iii) iterate over the characteristic time constants until
Scheme 1. Mechanism of Lysozyme Fibril Formation?@ N ) . .
Partially unfolded the best fitting is achieved. The independence of the characteristic
Native . interm,:jiate Unfolded times on prot_ein_congentratiqn indica_ted that t_he early stages of
?\ lysozyme fibrillation, irreversible partial unfolding and nucleus
~* VWV S\ «* [-sheet formation, were intramolecular processes.
6 This study showed that deep UV resonance Raman spectroscopy

combined with 2D-correlation spectroscopy, independent compo-

rs
10h [|70h . . g
v > nent analysis, and advanced alternating least-squares modeling is
oy S Ef Nucleus a powerful tool for the quantitative characterization of protein
" structural rearrangements and could be used for various protein

folding problems.
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proposed step-by-step mechanism, the newly forflietleet in the
solution part of the incubated samples could be assigned to the
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