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Protein fibril formation is of considerable interest due to the
association of fibrils with many neurodegenerative disedsgébe
details of the fibrillation process in solution are not yet understood
in detail, owing in part to insufficient sensitivity to fibril structural
changes in situ. We report vibrational circular dichroism (VCD)
spectra of aqueous solutions of two proteins, hen egg white
lysozyme and bovine insulin, that exhibit unusually large spectral
features in the amide | and Il regions under conditions for which
protein fibrillation is known to occur. It is found further that changes
in the enhanced VCD occur as protein fibrils form and develop. , 1624 ,
This demonstrates that VCD is a unique probe of protein fibrillation
dynamics in the solution state.

Previous solution studies of fibril formation in a variety of
proteins and peptides have utilized electronic circular dichroism
(ECD) in the ultraviolet (UV) regiofd;* infrared absorption in the
amide | and Il region8;8 Ramar? Raman optical activity (ROA)?
and deep UV resonance Ranmbscattering across a wider region
of vibrational modes. In these studies, spectral changes as a function
of conditions such as pH, solvent, heating, and concentration have
been explored that lead to changes in frequency distributions of
intensities but not to large changes in the magnitude of the observed

intensities. By contrast, VCD spectra show dramatic increases in _ ) i
Figure 1. VCD and IR spectra of native lysozyme, centrifuged lysozyme

spectral intensities by more than an order of magnl.tud.e as fibrils supernatant, and centrifuged lysozyme fibril gel at pH 2. The supernatant
fOI‘m, and ShOW fUI’thel’ Changes as they deve|0p Wlth time. and the ge| were obtained after heating at°@0for 2 days_

The infrared (IR) absorbance and VCD spectra of lysozyme and
insulin solutions are presented in Figures 1 and 2, respectively.
All spectra were measured using a CHiralDual-PEM VCD (+ + — + +). The frequencies for lysozyme are 1558, 1596, 1624,
spectrometer from BioTools, Inc. with 8 crhresolution, for 1647, and 1677 cmi, while for insulin they are 1554, 1593, 1627,
aqueous samples in aubn path length cell, followed by subtraction 1647, and 1670 cni. Since these bands are not fully resolved, the
of solvent spectra. Native protein was measured as a solution ofvalues of the peak frequencies are affected by the relative
100 mg/mL, pH 2.0, for 12 h. Fibril formation was initiated by magnitudes of the overlapped bands, which are somewhat different
heating the solution at 68C for 2 days for lysozyme &h2 h for for the two proteins. Of these five bands, the most dramatic is the
insulin. Samples were then centrifuged at 10 000 rpm for 10 min. negative VCD band near 1625 ci which is larger by nearly a
The VCD spectra of the supernatant phase and gel phase werdactor of 2 for insulin compared to lysozyme. The VCD spectra
measured for 12 and 1 h, respectively. Spectra have been normalizedrom the supernatant also exhibit interesting features. For both
to approximately equal amide | absorbance. proteins, the supernatant VCD shows small but distinct departures

The IR and VCD spectra in Figures 1 and 2 exhibit interesting from the spectra of the native protein in the direction of the full
similarities. On the VCD intensity scale, appropriate to the fibril  fibril VCD spectrum. In particular, the development of the negative
gel spectra, the VCD of native proteins are difficult to see, yet \ycD band near 1625 cm can be seen in both cases and most
they exhibit normal levels of VCD intensity. The IR spectra of gasily in the case of insulin. The appearance of fibril-like VCD
native lysozyme and insulin are typical of proteins with predomi- features is an indication that small proto-filament structures are
nantly PPII andu-helix structure, although they differ in relative  present that are not large enough to be removed from the supernatant
amounts as indicated by their differing VCD spectra. As fibrils, py centrifugation. Finally, the normalized IR spectra in Figures 1
these two proteins exhibit similar enormous VCD intensities with 54 2 show only a shift in the frequency of the main absorption
peaks at five closely correlated frequencies with the sign pattern pand from 1654 to near 1623630 cnt, which has been shown
to be characteristic of fibril formation in previous IR studfes.
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T Syracuse University.

* University at Albany, SUNY. The same measurements of IR and VCD of insulin fibrils grown
§BioTools, Inc. ; : ;
TCurrent address: Department of Global Cellular and Analytical Resources, ata reduceq Concemratllon of 10 mg/mL W?re carried as shown in
Amgen Inc., Thousand Oaks, CA 91320. the Supporting Information and found to yield the same spectral
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Figure 2. VCD and IR spectra of native insulin, centrifuged insulin
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Figure 3. VCD and IR spectra of insulin in # (70 mg/mL) at pH 2,

supernatant, and centrifuged insulin fibril gel at pH 2. The supernatant and heated 45 min at 65C, measured at room temperature at the times indicated
the gel were obtained after heating at %D for 2 h. after heating was complete and solvent baseline corrected.

features, confirming that the spectra presented here are not the result Acknowledgment. We thank the National Science Foundation

of starting from high-concentration protein solutions. for support of this work through the REU (A.S.) and iRES (C.W.)
Centrifugation is not necessary to follow the progression of fibril programs at Syracuse University. The assistance of Ludmila Popova

formation using VCD, as shown in Figure 3, where the evolution and Ming Xu for sample preparation is acknowledged.

of the fibril state occurs after heating for 40 min at®5at pH 2.

IR and VCD spectra were measured at room temperature at the

time in_tervals indicated following thg completion of hea_ting. T_he lysozyme and insulin, expanded views of the VCD of native lysozyme

same five VCD peaks are present with different relative intensities ;4 insulin, and IR and VCD of insulin fibrils grown from lower

compared to those in Figure 2 and which also change with time concentration solution. This material is available free of charge via

Supporting Information Available: AFM images of fibrils of
lysozyme and insulin, comparison of secondary structure content of

and likely correspond to changing states of fibril development. The the |nternet at http://pubs.acs.org.

positive VCD bands develop slowly at first and increase more

rapidly and differentially later. The intensity of the negative VCD References

band near 1625 cm steadily increases over the measurement
period despite only small changes in the IR intensity distribution
without an increase in intensity.

These spectra demonstrate the sensitivity of VCD to fibril
formation and growth. The origin of the unusually intense VCD is
currently under investigation. Scattering from large fibril particles
is a possibility, but evidence does not point in this direction since
the hallmark of scattering in the infrared is asymmetric band shapes

in the parent IR spectra, while the band shapes here are symmetric.

Most likely, the enhanced VCD originates in long-range vibrational
coupling from interg-sheet contacts as well as possible twists of
single-sheet fibrils or braiding of multiplg-sheet proto-fibrild?
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