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Reversible Thermal Denaturation of a 60-kDa Genetically Engineered
B-Sheet Polypeptide
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and John T. Welch
Department of Chemistry, University at Albany, State University of New York, Albany, New York

ABSTRACT A de novo 687-amino-acid residue polypeptide with a regular 32-amino-acid repeat sequence, (GA)sGY(GA)s.
GE(GA)sGH(GA)sGK, forms large B-sheet assemblages that exhibit remarkable folding properties and, as well, form fibrillar
structures. This construct is an excellent tool to explore the details of B-sheet formation yielding intimate folding information that
is otherwise difficult to obtain and may inform folding studies of naturally occurring materials. The polypeptide assumes a fully
folded antiparallel B-sheet/turn structure at room temperature, and yet is completely and reversibly denatured at 125°C, adopting
a predominant polyproline 1l conformation. Deep ultraviolet Raman spectroscopy indicated that melting/refolding occurred
without any spectroscopically distinct intermediates, yet the relaxation kinetics depend on the initial polypeptide state, as would
be indicative of a non-two-state process. Thermal denaturation and refolding on cooling appeared to be monoexponential with
characteristic times of ~1 and ~60 min, respectively, indicating no detectable formation of hairpin-type nuclei in the millisecond
timescale that could be attributed to nonlocal “nonnative” interactions. The polypeptide folding dynamics agree with a general
property of B-sheet proteins, i.e., initial collapse precedes secondary structure formation. The observed folding is much faster
than expected for a protein of this size and could be attributed to a less frustrated free-energy landscape funnel for folding. The
polypeptide sequence suggests an important balance between the absence of strong nonnative contacts (salt bridges or

hydrophobic collapse) and limited repulsion of charged side chains.

INTRODUCTION

The molecular self-assembly of the constituent building blocks
of nature, such as amino acids, have found frequent appli-
cations in modern nanotechnology and have led researchers
to develop biomimics of these processes (1-7). The problems
of protein folding, self-assembly, and sequence-structure
relationships are as important in nanotechnology as in bio-
logy. Genetic engineering affords a plethora of options for
the examination of these fundamental problems, as well as
for the development of novel materials with the desired
functionalities (8). It is not surprising that a great variety of
small polypeptides have been utilized both for modeling
protein folding and development of novel nanomaterials
during the last decades. In the case of biological studies,
small model systems can mimic the folding properties of
major secondary structural motifs of globular proteins in-
cluding a-helices and B-sheets, and -turns (9-15). However,
tertiary structural elements, which play an important role in
globular proteins (16-23), could not be modeled in such
small polypeptide-based systems. The widely recognized
importance of the role of tertiary contacts in protein folding
(16) has led to the development of model systems based on
small proteins (24-28). Another important phenomenon, pos-
tulated to influence the kinetics and the pathway of protein
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folding, is nonspecific, Flory-type coil-to-global-protein col-
lapse with changes in temperature or solvent quality (e.g., de-
naturant concentration) (29,30). Nonspecific collapse might
result in nonnative contacts that roughen the free-energy
landscape funnel and slow the folding process (31-33). In
the case of a-helical proteins, molecular dynamic simula-
tions (27,34,35) predicted (36,37) that helix formation and
native tertiary packing occur simultaneously, an observation
that was verified experimentally (24,26,36-38). In contrast,
for proteins composed of S-sheets, the initial collapse
precedes the formation of secondary structures (15,39,40).
Again, small polypeptide systems cannot be used for mod-
eling this process. In contrast, with large polypeptides, which
exhibit a well-defined 3D structure in a folded state, a model
for the folding process requires a surrogate where nonspecific
collapse is invoked in the first stage. Spiro and co-workers
(41) have recently investigated the kinetics of a-helix-to--
sheet transition of poly-L-lysine using time-resolved deep
ultraviolet (UV) resonance Raman (DUVRR) spectroscopy.
They demonstrated that sheet formation takes minutes and is
clearly distinct from submicrosecond melting of helices that
result in the polyproline II conformation.

Our long-term strategy for studying protein folding, with
particular focus on aggregation and fibrillation phenomena,
is based on 1), the development of a family of large poly-
peptides that would form fibrils and show reversible folding,
and 2), establishment of a structural relationship between
polypeptide sequence and folding properties. Model com-
pounds such as the materials described below are not only
simple by virtue of their highly repetitive nature but also
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enable dissection of various contributions to the folding
and fibrillation processes. Genetic engineering affords excel-
lent opportunities to verify the mechanism of folding and
fibrillation by tuning selectively the primary polypeptide se-
quence and testing the influence of those changes on kinetic
and equilibrium properties. Our recent study (42) has demon-
strated that a de novo, genetically engineered 687-residue
peptide with 32 amino acid repeats utilizing carbamylate
lysines, GH6[(GA)3GY(GA)3GE(GA)3GH(GA)3GK]21GAH6
(YEHK21), based on the pioneering work of Tirrell (43),
self-assembles into a well defined antiparallel B-sheet struc-
ture (Fig. 1) stabilized by intramolecular hydrogen bonds.
YEHK?21 forms a gelatinous phase in solution and fibril-type
ribbons (44) on well defined, hydrophobic surfaces. Here we
report on equilibrium and kinetics of the reversible thermal
denaturation of YEHK?21. Being well folded to a single
“‘native’’ conformation initially, YEHK21 was completely
and reversibly denatured on heating. YEHK21 was demon-
strated to be an excellent model for large B-sheet proteins,
known to form well organized fibrillar aggregates.

EXPERIMENTAL PROCEDURES
Materials

Poly(L-glutamic acid) (PGA, 17,000 mol wt; Sigma, St. Louis, MO),
poly(L-lysine) (PLL, 28,200 mol wt, Sigma), tripeptide H-Gly-Tyr-Gly-OH
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FIGURE 1 Two and a half repeats of (GA);GY(GA);GE(GA);GH(GA);GK
constituent polypeptide unit of YEHK?21 (42).
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(Bachem), NaCl, Na,HPO,, NaH,PQ,, urea, and imidazole (all from Aldrich
Chemical, Milwaukee, WI) were used as received.

Expression and purification of YEHK21

Construction of the expression vector was described in detail elsewhere
(42,45). The overnight preculture (30 mL of TB media containing kana-
mycin, 50 wg/mL; chloramphenicol 34 wg/mL; and glucose, 3.6 mg/mL)
was used to inoculate 800 mL of 2x YT media containing kanamycin, 50 pg/
mL, and chloramphenicol, 34 ug/mL. The cultures were grown to an initial
ODgp = 1.5 and polypeptide expression was started by the addition of IPTG
to a final concentration of 1 mM and allowed to incubate for 3—4 h (45).
Cells were harvested by centrifugation (3500 X g, 20 min at 4°C). The cell
pellets were resuspended in water (15 mL per 800 mL of cell culture) and
stored at —20°C.

Cell lysis was performed by freeze-thaw sonication for 20 min. in the
presence of benzonase (2 uL per 800 mL culture) and PMSF (phenyl-
methanesulfonyl fluoride), 2 mM with subsequent incubation for 30 min at
room temperature. For protein denaturation and chemical modification, urea
was added (19.2 g per 800 mL culture, 8 M at final concentration) and the
sample was incubated in a boiling water bath for 4 h with occasional mixing.
The resulting solution was centrifuged for 45 min at 15,000 X g at 20°C and
the supernatant was diluted twofold with 10 mM imidazole, 8 M urea,
phosphate-buffered saline (PBS) solution (0.1 M phosphate buffer, pH 7.4,
0.5 M NaCl at final concentration) and then was recentrifuged for 45 min at
15,000 X g at 20°C.

The recovered supernatant was applied to a Ni-NTA column preequili-
brated with 40 mL of 10 mM imidazole in 8 M urea and PBS buffer. The
column was washed with 80 mL of 20 mM imidazole in 8 M urea and PBS
solution, and then was eluted with 80 mL portions of 300 and 500 mM
imidazole in 8 M urea and PBS. Most of the desired polypeptide was found
in the 300-mM fraction.

The eluent containing the polypeptide was dialyzed against doubly
distilled H,O at 4°C using a dialysis membrane with a 3500-Da molecular
mass cutoff. After 4 days of dialysis, formation of a gelatinous phase within
the solution was observed. The gelatinous phase was separated by centrifuga-
tion at 15,000 X g for 45 min at 4°C and subsequent decantation of the sup-
ernatant. The polypeptide aggregates were rendered more soluble by adding
to the gel an equal volume of water followed by intensive vortex mixing. An
aqueous phase containing a soluble polypeptide fraction was separated from
the remaining gelatinous phase by centrifugation at 15,000 X g for 45 min at
4°C. This solution (referred to as the initial YEHK21 solution hereafter) was
used for the reported studies.

Expression and purification of polypeptides were analyzed by SDS-
PAGE and western blotting using SuperSignal West HisProbe kit (Pierce
Biotechnologies, Rockford, IL). The concentrations of the polypeptide in
solutions were determined by UV absorption spectroscopy using a 276-nm
tyrosine band (1280 M~' cm™") (46).

Raman measurements

Deep UV Raman instrumentation has been described in detail elsewhere
(47). Briefly, a 197-nm laser beam (~1 mW, Indigo-S laser system, Coherent,
Santa Clara, CA) was focused into either 1), a temperature-controlled open
stream (0.5-mm diameter) of circulating solution, or 2), a spinning Suprasil
NMR tube (5-mm outer diameter, 0.38 mm wall thickness) containing
150-u1 solution. To avoid NMR tube sample heating, the solution was also
mixed using a magnetic stirrer. Scattered radiation was collected in back-
scattering geometry, dispersed using a home-built double monochromator,
and detected with a liquid-nitrogen-cooled CCD camera (Roper Scientific).
For steady-state measurements, the accumulation time for every spectrum
was 6 min. GRAMS/AI (7.01) software was used for Raman spectroscopic
data processing. The contribution of Suprasil and water was quantitatively
subtracted.
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Fluorescence, UV absorption, and CD spectroscopy

Fluorescence spectra were measured in a 1-cm rectangular quartz cell with a
magnetic stirrer using a Jobin Yvon Fluoromax-3 spectrofluorometer (Jobin
Yvon, Edison, NJ). Typically, 275 nm excitation, with 2-nm excitation and
4-nm emission slits, a 1-nm data interval, and a 0.5-s integration time were
used for fluorescence measurements. UV absorption spectra were measured
in 1-mm quartz cell using Hewlett-Packard HP 8452 diode array spectro-
photometer. Far-UV circular dichroism (CD) spectra were measured in
0.05-cm temperature-controlled quartz cell using Jasco J-720 spectropolar-
imeter (Tokyo, Japan). A bandwidth of 1 nm, scan speed of 100 nm/min,
resolution of 0.5 nm, and response time of 4 s were utilized. Five accumu-
lations were averaged normally. The absorbance of the sample in the CD cell
did not exceed 1.5, which was well within the recommended absorbance
range (<3). The photomultiplier voltage was recorded in each run and did
not exceed 600 V, which was also within the recommended range (not to
exceed 900 V for a 4-s response time).

Kinetic measurements

Two types of kinetic experiment were performed. A temperature jump with
an ~2-s time resolution was utilized using a solution circulator with a heat
exchanger connected to two thermal baths. First, a circulating solution of
YEHK21 was held at room temperature using one thermal bath. Raman
spectra, measured in the open stream immediately after the heat exchanger,
were recorded continuously with an accumulation time of 20 s. Switching
from the room-temperature bath to a high-temperature bath (85°C) resulted
in the desired temperature jump. Twenty-second Raman spectra were re-
corded until no further changes were evident in the Raman spectra. Melting
kinetics of YEHK?21 induced by a 25-85°C temperature jump was studied
using this approach.

The kinetics of YEHK?21 refolding on thermal denaturation and sub-
sequent cooling was found to be slow. This slow process allowed conser-
vation of substantial quantities of polypeptide by using a spinning NMR
tube for Raman measurements. A YEHK21 solution (2 mL in a boiling-
proof Eppendorf tube) was heated to the desired ‘‘melting temperature’’ for
5 min and then cooled to a ‘‘recovery temperature’’. After various recovery
times, 150-uL samples were withdrawn, placed into an NMR tube, and
cooled to room temperature for immediate Raman measurements (see Re-
sults for further justification of this approach).

Raman and CD spectra of homopolypeptides

Deep UV resonance Raman and far-UV CD spectra of pure secondary struc-
ture conformations, B-sheet and unordered, were obtained using homo-
polypeptides, PGA, and PLL. Completely unordered PGA was obtained in
aqueous solution at 25°C and pH 7.1 (48, 49). A freshly prepared, pH 7.0
PLL solution (0.5 mg/mL) was used as an unordered PLL sample (50). A
B-sheet-rich (59%) conformation of PLL was prepared by incubating a PLL
solution at 52°C and pH 11.3 for 3 hr (48). The spectra of pure -sheet
conformation were obtained by numerically subtracting the spectra of un-
folded PLL from the spectra of the B-sheet-rich solution of PLL. Concen-
trations of both homopolypeptides were 0.5 mg/mL. Sodium perchlorate
(150 mM) was added to the solutions as an internal standard.

RESULTS
Polypeptide characterization
YEHK21 charge state

Increased ionic strength was found to reduce the solubility of
YEHK21. Therefore, no buffer was used for YEHK?21 solu-
tions dialyzed with distilled water. As a result, the solution

3807

pH remained within the range of 6.5 * 0.5. Based on the pKa
values for isolated amino acid residues, all tyrosine and car-
bamylated lysine residues should remain uncharged, all glu-
tamic acid side chains (total of 21) should be deprotonated,
but the extent of histidine protonation might vary. However,
no difference in YEHK21 behavior was found when the pH
was varied between 6 and 7 by addition of HC1 or NaOH. The
latter might indicate that either 1), the pKa of the YEHK21
histidines was different relative to that of an isolated amino
acid residue, as the extent of histidine protonation did not
change in the pH range between 6 and 7; or 2), the extent of
histidine protonation does not influence the YEHK21 be-
havior. In future studies, this question will be resolved by
monitoring the extent of histidine protonation, for example,
by measuring 229-nm excited resonance Raman spectra of
histidine (51).

Deep UV Raman spectra

After 4 weeks at 4°C, the initial YEHK21 solution showed
no changes in the fluorescence, Raman, and UV absorption
spectra. Fig. 2 shows 197-nm excited Raman spectra of gela-
tinous YEHK?21 and the initial room-temperature YEHK?21
solution. The spectra were dominated by contributions from
the amide chromophore and tyrosine as indicated in Fig. 2.
Amide I mode (Am I) consists of carbonyl C=O stretching,
with a small contribution from C-N stretching and N-H
bending. Amide I and Amide III bands involve significant
C-N stretching, N-H bending, and C-C stretching. The C,-H
bending vibrational mode involves C,-H symmetric bending
and C-C,, stretching (48). Deep UV resonance Raman spec-
tra are widely recognized as being sensitive to the changes in
the protein/polypeptide secondary structure due to the cou-
pling of various amide vibrational modes (41,48,52-54).

— Gel,25°C
....... Solution, 25 °C
Tyr, Am Il Am!

Intensity —»

Solution, 90 °C

1300 1500 1700
Raman Shift / cm™

FIGURE 2 The 197-nm excited Raman spectra of YEHK?21 in gelatinous
phase and in solution measured at 25°C and 90°C.
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The DUVRR spectra of a gelatinous phase and the initial
YEHK?21 solution shown in Fig. 2 were practically identical,
indicating that the secondary structural composition of the
polypeptide was the same in these two samples. The shape of
the amide component of Raman spectra of the gelatinous
phase and the initial room-temperature solution suggests the
dominant contribution of B-sheet conformation (see Discus-
sion section for details).

Fluorescence spectra

It is known that tyrosine fluorescence is sensitive to the local
environment and is therefore often used as a natural bio-
marker (46). The fluorescence spectrum of YEHK21 was
very similar to the spectrum of a tyrosine tripeptide (H-Gly-
Tyr-Gly-OH) in water (Fig. 3). In the latter spectra, the tyro-
sine residues of the polypeptide were fully exposed to water
and do not interact with any charged amino acid residue or
another tyrosine. The fluorescence spectrum did not change
over 4 weeks if the YEHK21 sample was kept at 4°C. Simi-
larly, the absorption spectrum of the YEHK?21 solution in the
wavelength range of the ~280-nm peak of tyrosine did not
change when the solution was kept at room temperature.
However, dramatic changes were observed for the fluores-
cence spectrum of the room-temperature sample: the emis-
sion peak became smaller and broader (Fig. 3). Although
work is in progress in our laboratory to understand the cause
of these changes in YEHK21 fluorescence, the work reported
in this study utilized only solutions stored at 4°C.

Far-UV CD spectra

The initial far-UV CD spectra of YEHK?21 (Fig. 4), consisted
of a strong trough at ~206 nm and a peak at ~197 nm. The

YEHK21 kept at 4 °C
.......... Gly-Tyr-Gly
- = YEHK21 kept at 25 °C

Intensity / a.u.

300 350 400
Wavelength / nm

FIGURE 3 The 275-nm excited fluorescence spectra of YEHK21 and
tyrosine. The fluorescence of a YEHK21 sample kept at 4°C does not change
for at least 4 weeks, whereas storage at room temperature resulted in a
weaker and broader fluorescence peak. The fluorescence spectrum of tyro-
sine (as a part of tripeptide) aqueous solution was normalized with that of
YEHK21 for comparison.
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FIGURE 4 (Upper) Far-UV CD spectra of YEHK21 measured at room
temperature (initial solution), at 80°C and 95°C. (Lower) Far-UV CD spectra
of poly-L-lysine in B-sheet and unordered form.

overall shape of this curve resembles qualitatively the
far-UV CD signature of the B-sheet conformation of poly-
peptides and proteins. For comparison, the far-UV CD spec-
tra of poly-L-lysine B-sheet and unordered conformations
are also shown together (Fig. 4, lower). Although the far-UV
CD data strongly indicated that YEHK?21 adopted a predom-
inantly B-sheet conformation in the initial solution, traditional
deconvolution programs do not provide good approxima-
tions of YEHK?21 secondary structure, presumably because
globular protein databases were used in the comparison of
CD spectra (55).

Temperature effect
Steady-state studies

The temperature-induced changes in the YEHK?21 far-UV CD
spectrum were consistent with 3-sheet melting (Fig. 4, upper).
The CD spectrum measured at 95°C resembled the CD spec-
trum of unordered poly-L-lysine. DUVRR spectra of YEHK21
were also measured at various temperatures between 25 and
90°C using the open stream of a flow cell (see Experimental
Procedure). Multiple spectra were measured at each temper-
ature to assure that the equilibrium had been attained. The
spectra measured at ~5, 10, and 30 min after a temperature
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change were practically identical. Substantial changes in the
spectra were evident at temperatures exceeding 80°C. For
example, the Raman spectra of YEHK?21 measured at 25 and
90°C are shown in Fig. 2. The observed spectral changes
were consistent with those expected for the melting of a
B-sheet structure and the formation of unordered conforma-
tion (47,56,57). In particular, the sharp Am I peak indicative
of a B-sheet conformation broadened at high temperatures. A
quantitative analysis of the spectra targeting the evaluation of
the polypeptide secondary structure content was complicated
by the temperature dependence of the basis spectra of pure
secondary structural elements including random coil (58,59)
and S-sheet (57). To avoid these complications, we took
advantage of the slow recovery process (discussed below) of
the Raman spectrum at room temperature after heating the
YEHK21 sample. Using this approach, the polypeptide so-
lution was heated for 5 min to various temperatures between
25 and 125°C and cooled quickly to room temperature, after
which two consecutive DUVRR spectra were measured
using a quartz NMR tube. No noticeable differences were
observed between spectra in these pairs, indicating that no
changes occurred during the spectral measurements. Any
changes in DUVRR spectra obtained using this approach
could be directly attributed to the temperature-induced struc-
tural rearrangements of the polypeptide without any contri-
bution from the temperature-induced changes in the basis
Raman spectra of secondary structural elements (since all
spectra were measured at the same temperature). Raman
spectra of YEHK?21 measured at room temperature after a
brief heating to various temperatures (selected spectra are
shown in Fig. 5) were used to evaluate the melting of the
YEHK?21 polypeptide.

Kinetic studies

The kinetics of YEHK21 B-sheet melting initiated by a tem-
perature jump was measured in an open stream using a flow
cell with a heat exchanger. DUVRR spectra of YEHK21
were accumulated and recorded at 85°C every 20 s after
a temperature jump from 25°C. The spectral changes were
similar to those found for the steady-state Raman spectra
measured at various temperatures (Fig. 6). In Fig. 7 a, the
decrease in intensity of the Am I band with time after a tem-
perature jump can be seen. The kinetic data fit the mono-
exponential function (Eq. 1) with the characteristic time, 7,
of ~1 min:

I = Igs + (Is — Igs)exp(—1t/7), (1)

where [, Igs, and I,5 are the Am I Raman peak intensity at
delay time .

Our preliminary study showed that the YEHK21 Raman
spectrum was completely or partially restored if the poly-
peptide was cooled after a brief (5-min) treatment at high
temperature. The higher the treatment temperature, the less
complete was the recovery. For example, upon heating the
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FIGURE 5 DUVRR Raman spectraof YEHK21 measured at room temper-
ature after a brief heating to various temperatures. The calculated spectra (see
Discussion), as well as difference spectra between the measured and calcu-
lated ones, are also shown for 35 and 85°C. The near overlap of the calculated
and measured spectra are indicative of the high quality of the model.

polypeptide to 85°C, the complete recovery of the spectrum
was observed after ~6 h at room temperature (data not shown).
Eighty percent recovery was found for the sample kept at room
temperature for 4 h after a brief heating to 100°C (Fig. 7 b). The
recovery kinetics were found to be approximately mono-
exponential, with the characteristic time of ~60 min.

Biophysical Journal 91(10) 3805-3818
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Melting:

20 sec

60 sec
340 sec

0 sec - 60 sec

0 sec - 340 sec

Steady-state

Intensity

60 min -1 min

240 min - 1 min

Recovery:
fully folded
240 min

60 min

T
1300 1500 1700
Raman Shift / cm™

FIGURE 6 Kinetics of YEHK21 melting and folding initiated with tem-
perature change. (¢) DUVRR spectra of YEHK21 measured 20, 60, and 340 s
after the 25-85°C temperature jump. The spectra were measured in an open
solution stream. The accumulation time was 20 s. (b and ¢) The difference
spectra shown were obtained by subtracting DUVRR spectra of YEHK21
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FIGURE 7 (a) Intensity of the Amide I band in the DUVRR spectrum of

YEHK?21 as a function of time after the temperature jump from 25°C to 85°C
(selected spectra and the experimental conditions are given in Fig. 6 a). (b)
The percent contribution of the folded conformation to the DUVRR spectra
of YEHK21 measured at various stages of folding at room temperature after
a brief exposure to 100°C (selected spectra and the experimental conditions
are given in Fig. 6 g).

For a comparison of melting and recovery kinetics at the
same temperature, the YEHK21 Raman spectrum recovery
was also measured at 85°C after heating to 100°C. Although
the spectral changes were small in this case, the recovery oc-
curred in the range of tens of minutes, which was still slower
than the melting kinetics at 85°C. There were some indica-
tions that the recovery kinetics, as well as the completeness
of recovery, depend to some extent on the heating time and
the age of the sample, and therefore the extent of intermo-
lecular aggregation.

measured 20 and 340 s, respectively, after the temperature jump from that
measured before the jump. (d) The difference between the room-temperature
DUVRR spectra of YEHK?21 obtained for the initial folded polypeptide and
that briefly heated to 125°C and cooled to room temperature (see Fig. 5). (g)
DUVRR spectra of YEHK21 measured at room temperature 1, 60, and 240
min after a 5-min exposure at 100°C. The spectra were measured in an NMR
tube. The accumulation time was 60 s. The spectrum of the initial folded
polypeptide (black) is shown for comparison. (e and f) The difference spectra
shown were obtained by subtracting the DUVRR spectrum of the initial
folded YEHK21 from those measured at room temperature 60 and 240 min,
respectively, after a brief exposure at 100°C.
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DISCUSSION

A variety of novel experimental methods, including 2D
solid-state NMR spectroscopy, electron and IR microscopy,
and x-ray and neutron scattering, have been utilized in
attempts to understand amyloid fibril structure at a molecular
level (60—65). These methods require deposition of fibrils.
Far-UV CD spectroscopy is a conventional technique for the
determination of protein secondary structure and for char-
acterization of protein structural rearrangements both under
equilibrium conditions (66) and in real-time Kkinetic ex-
periments (21,67,68). Far-UV CD spectra shown in Fig. 4
resemble qualitatively a reversible melting of B-sheet con-
formation of YEHK21 on heating and subsequent incubation
at room temperature. However, the ‘‘unusual’’ shape of the
spectrum obtained for folded YEHK?21 samples complicates
the quantitative analysis of the CD data. Traditional decon-
volution programs did not provide good approximations of
YEHK?21 secondary structure transformations because glob-
ular protein databases were used to compare CD spectra (55).
At this point, one can only speculate about the origin of an
unusual shape and the position of the ~206-nm trough in the
CD spectrum (Fig. 4). In addition to the general suggestion
that the CD of the YEHK?21 polypeptide in the folded state is
different relative to a 3-sheet conformation of a global pro-
tein, at least two other hypotheses are possible. The differ-
ence found in CD spectra could be attributed to a strong
contribution from either 1), tyrosine and/or histidine side
chains in the formation of m-stacked arrays (Fig. 1), or 2), a
strong contribution to the spectrum from the regularly ar-
ranged peptide turns. Since the CD phenomenon results from
coupling of magnetic and electric dipole transition moments
of coupled electronic transitions (69), stacked structures,
which facilitate coupling of the dipole transition moments,
might result in an intense CD signal. Additional studies will be
required for understanding the origin of YEHK?21 CD spectra
and retrieving structural information about the polypeptide.
In contrast to CD, the Raman scattering phenomenon is
based on short-range interactions. Consequently, regularly
stacking of chromophores might result in no substantial
contribution to the additive Raman scattering of individual
chromophores. In contrast to CD, a Raman spectrum of the
polypeptide backbone results from independent contribu-
tions of each peptide bond (70-72). As discussed below, the
Raman spectroscopic signature of folded YEHK21 poly-
peptide backbone is very similar to a typical spectrum of
homopolypeptide B-sheets and allows for quantitative char-
acterization of YEHK?21 structural rearrangements.
Resonance Raman scattering from amide chromophores
makes the major contribution to Raman spectra of proteins
under deep UV excitation (41,48,53,73-76). The amide
chromophore Raman signature is extraordinarily sensitive to
the polypeptide backbone conformation and provides direct
quantitative information about the secondary structure of
proteins (41,48,53,74,77,78). In the first approximation, a
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linear combination of the basis DUVRR spectra obtained
for pure secondary structure elements, a-helix, 3-sheet, or
random coil, could be used to evaluate the secondary-struc-
ture composition of polypeptides and proteins from deep UV
Raman spectra (48). The accuracy and validity of structural
information retrieved from DUVRR spectra are determined
primarily by the quality and completeness of the set of basis
spectra. Chi et al. (48) determined the average pure a-helix,
B-sheet, and random coil DUVRR spectra from the amide
resonance Raman spectra of 13 proteins with well-known
x-ray crystal structures. This set of basis spectra has allowed
the determination of the protein secondary structure (48). In
the case of homopolypeptides, DUVRR spectra have been
reported to be somewhat different from the protein spectra
(57,58). In particular, the fact that homopolypeptide amide
Raman bands are narrower than those of proteins can be
attributed to the greater structural inhomogeneity of proteins
due to a wide range of amino acid residues. It was not sur-
prising that the attempt to fit the YEHK21 Raman spectra
using the average protein basis set gave unsatisfactory re-
sults (data not shown). Consequently, a detailed analysis of
YEHK21 Raman spectra was required to retrieve quantitative
information about polypeptide structural transformations.

DUVRR spectra of YEHK21 polypeptide backbone

Consistent with our fluorescence results, where we proposed
that the tyrosine side chains were fully exposed to the solvent,
we propose that the tyrosine contribution to the resonance
Raman spectra of YEHK21 could be similar to the Raman
spectrum of tyrosine tripeptide in aqueous solution. More-
over, if the contribution of tyrosine to the resonance Raman
spectra of YEHK21 Raman spectra does not change with
polypeptide heating, the tyrosine Raman bands could be used
as an internal standard for normalization of YEHK21 Raman
spectra. It is worth noting here that the use of common
internal standards such as perchlorate or sulfate ions were not
practical in this study because the YEHK?21 peptide precip-
itated when perchlorate or sulfate were added in quantities
sufficient to reach concentrations of ~0.1 M.

Melted YEHK21

Fig. 8 shows the room temperature DUVRR spectrum of
YEHK?21 shortly after heating to 125°C. The Raman spec-
trum of an aqueous solution of the tyrosine tripeptide (Fig. 8)
was quantitatively subtracted from the YEHK?21 spectrum to
separate the contribution of the polypeptide backbone. One
could appreciate a similarity between the latter spectrum
and the spectra of unordered homopolypeptides, such as a
20-amino-acid, mainly alanine, peptide or PGA (Fig. 8 and
Table 1). The spectra of YEHK21 backbone and that of the
alanine peptide are especially close. Asher et al. (59) have
recently reported that polyproline II (PPII) is a dominating
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FIGURE 8 DUVRR spectra of unordered polypeptides. (Top to bottom)
The 197-nm excited room-temperature Raman spectrum of YEHK21 melted
at 125°C and the Raman spectrum of tyrosine; the Raman spectrum of
melted YEHK?21 backbone obtained as a difference between the spectrum of
melted YEHK?21 and the spectrum of tyrosine; the 204-nm DUVRR spec-
trum of 20-amino acid mainly alanine peptide adopted from Lednev et al.
(58), previously reported (59) to be dominated by PPII conformation; the
197-nm DUVRR spectrum of PGA adopting PPII and extended 2.5;-helix
conformations (59).

conformation of a thermally unfolded alanine peptide. It has
been concluded that the Amide III3 UV Raman peak located
at ~1245 cm ™! (Table 1) is a characteristic signature of this
conformation (57). In contrast, unordered PGA and PLL
have been reported to form a mixture of two predominant
conformations, polyproline I and an extended 2.5;-helix
(57). A characteristic UV Raman signature of the 2.5;-helix,
the Amide III; peak at ~1270 cmfl, was evident as a shoul-
der in the Raman spectrum of an unordered PGA (Fig. 8 and
Table 1). There was no indication of the presence of this peak
in the spectra of thermally denatured YEHK21, polyalanine
(57) or poly-L-lysine (41,57) (Fig. 8). The observed close
similarity between the Raman spectra of thermally unfolded
YEHK21 and the alanine peptide enables us to make three
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conclusions. First, the YEHK21 polypeptide adopted a com-
pletely unordered conformation (no residual B-sheet struc-
ture) after heating to 125°C and remained disordered upon
rapid cooling to room temperature. Second, our tactic of
retrieving the Raman spectrum of a polypeptide backbone by
subtracting the spectrum of tyrosine tripeptide in aqueous
solution from the spectrum of YEHK?21 was well justified.
The latter approach was further supported by the observation
that the tyrosine contribution was not at all evident in the
difference spectra (Fig. 6, curves b—f) suggesting that this
contribution did not change as a result of YEHK21 un-
folding. Third, it was deduced that the thermally unfolded
YEHK?21 adopted a PPII conformation without any notice-
able contribution from the extended 2.5;-helix. Complete
thermal denaturation and reversible folding make YEHK?21
an excellent model for studying the folding mechanism of
B-sheet proteins.

The major discrepancy between the Raman spectra of
the polyglutamic acid and unordered YEHK?21, where the
sequence was dominated by the AG repeats, occurred in
the area of C,H bending mode. This is not surprising since
the resonance Raman band associated with C,H bending vi-
bration is very sensitive to the polypeptide sequence. In fact,
the C,H bending band in the unordered YEHK21 Raman
spectrum is more like the corresponding band in the spectrum
reported for the unordered mainly alanine peptide (Fig. 8).

Folded YEHK21

Fig. 1 depicts schematically the major structural motif of
folded YEHK21 consistent with all data available at this
moment (42,45). Although a B-sheet conformation domi-
nates the proposed structure, the contribution of turn-type
conformations to the spectra might be as high as 15-30%
depending on the turn type and the number of amide chro-
mophores involved. Differing turn motifs can be assumed by
B-hairpins as reflected in the number of amino acids per turn
and the number of hydrogen bonds formed between the distal
strands (79,80) with a consequence that the faces of B-sheet
may be differentiated by the orientation of the methyl groups
of constituent strands toward a single face of the sheet. It
has been previously shown that closely related constructs
poly((AG)3EG), poly((AG);YG) and poly((AG);KG) form
amphiphilic B-sheet structures via the intermediacy of y-turns
to redirect the B-strand subunits (81). If a y-turn-containing
structure is assumed for YEHK?21, as shown in Fig. 1, the
amphiphilic character of the resultant 8-sheet would be con-
sistent with the observed bilayer formation (42). There is very
little information about DUVRR spectral signature of turns
(82,83). This is mainly due to the relatively low abundance
of turns in proteins and the difficulty in preparing a stable
turn using a small peptide.

Fig. 9 compares the DUVRR spectra of a folded YEHK?21
and a pure -sheet conformation obtained for a homopoly-
peptide, polylysine, and a lysozyme. Aromatic amino acid
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TABLE 1 Amide UV Raman bands (cm™") of TABLE 2 Amide UV Raman bands (cm™") of
unordered polypeptides B-sheet-rich polypeptides
PGA PLL-PGA PLL-PGA
PGA unfolded (57), AP PLL, mixture (57), mixture (57),
YEHK21  unfolded PPII + extended unfolded (57), Lysozyme pure B-sheet ~60% [-sheet, pure B-sheet
denatured (this work) 2.5;-helix essentially PPII YEHK?21 fibrils (56) spectrum ~40% unfolded spectrum
Am I 1667 1672 1673 1659 Am I 1665 1674 1671 1668 1672
Am II 1556 1560 1555 1548 Am II 1555 1558 1561 1548 1550
C.Hq 1392 1394 1396 1399 C.Hg 1391 1400 1405 1402 1403
C.Hp) 1377 1360 weak 1359 1377 broad C.Hp) 1374 1371 1350 1381 1379
Am III, 1299 1315 1319 1311 shoulder weak
~1295 1298 Am I, 1316 1285 (1350) 1290
Am 113 1266 shoulder 1269 NA shoulder
(2.5;-helix) 1310
Am III; (PPI) 1246 1243 1240 1247 Am III; 1243 1233 1237 1239 1228

AP, alanine peptide.

contributions to the spectra (tyrosine in the case YEHK21,
phenylalanine and tyrosine for lysozyme) were quantitatively
subtracted. There was an obvious similarity between all three
spectra especially in the areas of the Am I, Am II, and Am III
bands (Table 2). The substantial differences evident in the
area of C,H bending mode might be attributed to the nature
of amino acid residues forming B-sheet conformation.

As evident from Figs. 8 and 9 and Tables 1 and 2, the deep
UV Raman spectroscopic signatures of polypeptide back-
bones in disordered and B-sheet conformations are strikingly
different. The shape of the Am I Raman peak (narrow for
B-sheet and broad for unordered conformations) and the

B-sheet
lysozyme
fibrils
backbone

Folded
YEHK21
backbone

Intensity —»

B-sheet
PLL

T T T
1300 1500 1700

Raman Shift / cm™

FIGURE 9 DUVRR spectra of ordered, mainly B-sheet, polypeptide
backbones. (Top to bottom) The 197-nm excited Raman spectrum of mainly
B-sheet lysozyme backbone obtained from the lysozyme fibril Raman spec-
trum (56) by subtracting the contribution of aromatic amino acid residues.
DUVRR spectrum of folded YEHK21 backbone obtained from the spectrum
of folded YEHK21 (Fig. 5) by subtracting the contribution of tyrosine.
DUVRR spectrum of B-sheet PLL (see Results).

relative intensities of Am I and Am II peaks could be used to
distinguish the B-conformation of a polypeptide backbone.
A comparative analysis of the Raman spectra (Fig. 9 and
Table 2) indicates that the secondary structure of naive
YEHK?21 is dominated by a 3-sheet conformation. These
Raman spectroscopic data confirmed the conclusion derived
from our earlier transmission electron microscopy results
(42) that the initial YEHK21 was completely folded, with
very few if any unordered regions. In particular, deposition
from solution onto a highly oriented pyrolytic graphite sur-
face followed by atomic force and transmission electron
microscopy studies (42) indicated the presence of fibrils with
very few if any unordered (not involved in the fibril struc-
ture) polypeptide domains. From this viewpoint, YEHK?21, a
687-residue peptide, folds into a single ‘‘native’”’ state stabi-
lized by internal hydrogen bonds.

Melting curve

The absence of reliable basis DUVRR spectra for the YEHK?21
B-sheet and turns made it impossible to retrieve complete
quantitative information about structural rearrangements of
the polypeptide during thermal denaturation. Instead, we
utilized three spectra including two YEHK21 backbone
Raman spectra obtained at room temperature for 1), the
initial sample (Fig. 9); 2), the sample treated at 125°C (Fig.
8); and 3), the Raman spectrum of tyrosine (Fig. 8) as a set of
basis spectra to which the Raman spectra measured for the
polypeptide solutions treated at various temperatures (Fig. 5)
can be fitted. The first spectrum represents completely folded
YEHK?21 composed mainly of B-sheet and turn contribu-
tions. The second spectrum represented an unordered
YEHK?21 in the predominant PPII conformation. We chose
to use the tyrosine contribution as a separate basis spectrum
because this allowed us to utilize tyrosine as an internal
standard.

Fig. 5 shows the fitting results of Raman spectra of YEHK21
treated at various temperatures. In addition to experimental
spectra and best linear combinations of three basis spectra,
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the residual spectra are also shown for the temperatures of
35° and 85°C. One could appreciate that the fitting was very
good and that allowed several conclusions to be drawn.
Firstly, these fitting results provide further support for our
suggestion that the tyrosine contribution to the Raman spec-
trum of YEHK21 did not change as a result of heating the
polypeptide to various temperatures. Second, two confor-
mations that could be preliminarily described as folded and
unfolded dominate in various proportions at different points
on the melting curve. Melting of the predominantly 3-sheet/
turn conformation resulted directly in unfolded polypeptide
with the dominant PPII conformation. No contribution from
any of the intermediate states was evident independent of the
treatment temperature. The two-state behavior found for
YEHK?21 melting does not necessarily result from an all-or-
none transition. For example, a 20-amino-acid residue con-
sisting mainly of alanine has exhibited a two-state-like
melting transition from the a-helical state to the predominate
PPII conformation without any noticeable intermediates based
on DUVRR spectra (58,59). At the same time, isotope label-
ing has validated the proposal for a gradual melting with
temperature of the alanine peptide helices instead of an all-
or-none transition (84). Chemometric treatments of electro-
spray ionization mass spectra and DUVRR spectra have been
utilized to establish the presence of the all-or-none transition
during thermal denaturation of lysozyme (M. Xu, V. A.
Shashilov, V. V. Ermolenkov, L. Fredriksen, and I. K.
Lednev, unpublished data). The utilization of this method for
testing the thermal denaturation of YEHK?21 is currently in
progress in our laboratory.

The fitting results of the Raman spectra of YEHK?21 treated
at various temperatures allows determination of the relative
proportions of the YEHK21 polypeptide in the folded and
unfolded states. The corresponding melting curve is shown

100

60 -

% Folded

0 ®

T T

T
20 70 120
Temperature / °C

FIGURE 10 YEHK21 melting curve. The solid line represents the best fit
with Eq 2.

Biophysical Journal 91(10) 3805-3818

Lednev et al.

in Fig. 10. As a first approximation, the data was fitted by
Eq. 1 to determine the thermodynamic parameters associated
with the unfolded < folded equilibrium,

1

<AH AS)’ @
I+exp—|—x——

fr=

where fr is the fraction of folded polypeptide after treatment
at temperature 7 and R is the gas constant. This equation is
normally applied to two-state processes only and then only
when the effect of heat capacity change ACp on the enthalpy
of folding is negligible over the narrow temperature range of
the transition (86). The curve in Fig. 10 shows the least-
squares best fit of Eq. 2 to the melting data, which yields
R* > 0.996. The obtained thermodynamic parameters were
AH =135 * 14 kJ/mol and AS = 370 = 40 J/(mol K), where
a standard error represented *2o0. Since the YEHK21
melting discussed below is most probably not a two-state
process, the estimated thermodynamic parameters should be
considered as preliminary and interpreted with caution. We
plan a more detailed study of YEHK21 melting thermody-
namics in the near future, including the estimation of AC,
using scanning calorimetry and the effect of denaturants on
the melting curve and folding/unfolding kinetics.

Denaturation and refolding kinetics

The relaxation of YEHK21 to a new equilibrium conforma-
tion, after the temperature jump from 25° to 85°C, occurs
monoexponentially, with a characteristic time of ~1 min
(Fig. 7 a). Transient DUVRR spectra measured at various
delay times after the temperature change were accumulated
for 20 s, with the result that the spectra were quite noisy (Fig.
6 a). The fitting of these spectra with the three basis spectra,
utilized for the fitting of the room-temperature steady-state
spectra obtained for samples treated at various temperatures,
would not be justified since the basis spectra obtained for
completely folded and completely unfolded polypeptide
could be temperature-dependent (57,58). It is important that
the changes in the Raman spectrum of YEHK?21 with time
(Fig. 6, difference spectra b and c) were consistent with those
during polypeptide melting (Fig. 6, difference spectrum d).
The incubation of unfolded YEHK?21 at room temperature
resulted in folding, as was evident from the difference spectra
presented in Fig. 6 (curves e and f). Since the recovery kinetics
were relatively slow, the spectra were accumulated for 1 min.
These transient spectra were fit well by a linear combination of
the three basis spectra, the room-temperature folded and
unfolded YEHK21 backbone and tyrosine spectra. The
contribution of the folded conformation was evaluated from
the fitting of the transient spectra as a function of the incuba-
tion time at room temperature (Fig. 7 b). The solid curve
represents the best fit by a monoexponential function, with a
characteristic time of ~60 min. This suggests that the folding
process is much slower than unfolding. As was noted in
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Results, the incubation was also effected at 85°C for a sample
heated briefly to 100°C. Although the degree of folding was
relatively small, the characteristic time was much longer than
the melting time at the same temperature. Consequently, the
YEHK?21 thermal folding-unfolding process could not be
described as a simple two-state model. The same character-
istic time is expected for relaxation processes occurring at the
same temperature regardless of the initial state of the system.

Although 1-min melting and 60-min folding seem like slow
processes, much longer folding kinetics would be expected
(87) for a protein of size comparable to that of YEHK21
(687-amino-acid residues). The faster folding dynamics of
YEHK?21 relative to a typical globular protein could be at-
tributed to a less frustrated free-energy landscape funnel for
YEHK?21 folding. The YEHK21 polypeptide is mainly com-
posed of electrically neutral amino acid residues, with only
glutamic acids being charged. This structure might result in
an important balance between the absence of strong non-
native contacts (salt bridges or hydrophobic collapse) and
limited repulsion of negatively charged side chains. Alter-
natively, a relatively fast refolding of YEHK?21 can be attri-
buted to the presence of residual -sheet structures (nuclei)
surviving thermal denaturation that preceded the refolding
experiments. The presence of prearranged nucleating B-sheet
regions could influence both the rate and the degree of
folding. More detailed description of the YEHK21 folding
mechanism will require additional investigation, including
MBD simulations. Speculation at this point must be based on
published information on related systems. An accurate pre-
diction of the protein folding rate has typically required con-
sideration of the contact order of the 3D protein structure
(88,89). Alternatively, a method has been suggested for pre-
diction of the folding rates for proteins and short peptides
from their primary structure without any information on the
3D folding (89). In the latter approach, the folding rates have
been estimated from sequence-dependent secondary-structure
predictions and sequence length. Theoretically, the protein
chain length is determined by a number of links between
folded units (not the number of amino acid residues) that
substantially reduces the effective length of the folding chain
(90). For example, a high helical content has been noted to
accelerate folding of two-state proteins due to a rapid and
independent formation of folded segments (89,91); local
helix folding in a globular protein has been reported to occur
on a nanosecond timescale (22). A similar approach has not
been realized for B-sheet domains in proteins, largely be-
cause internally stable and therefore rapidly folding B-hairpins
could not be predicted based on an amino acid sequence (89).
Nevertheless, it has been well documented that the formation
of local structures, such as helices, hairpins, and loops, can
be orders of magnitude more rapid than the rate-limiting step
in protein folding (92). Consequently, a simple hypothetical
mechanism of YEHK?21 folding predicated upon multiple
nucleation (since the chain length exceeds 100 amino acid
residues (93)) and spontaneous formation of -sheet seg-
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ments could explain the relatively fast folding found for
YEHK?21. Although the -sheet folding is often a slower
process than the a-helix formation, the characteristic time is
still in the microsecond time range (11,12). It is evident from
the data presented in Fig. 7 that there was no noticeable
change in the B-sheet content during the first micro- and even
milliseconds of YEHK?21 thermal denaturation and reverse
folding. Most probably, there is no substantial contribution
from the fast spontaneous formation of isolated 3-sheet seg-
ments at early stages of folding. Such isolated [3-sheet seg-
ments could form as a result of nonlocal interactions, perhaps
simply as a result of the fact that the stabilizing hydrogen
bonds are between residues distant in sequence space (94).

CONCLUSIONS

Amyloid formation can be considered self-assembly into a
very well defined structure, e.g., one-dimensional crystalli-
zation (95,96). This process can occur at as low as nanomolar
concentrations, indicating that specific molecular recognition
elements mediate this process (95). The investigation of small
peptide fragments initiating the fibrillation is therefore an
important and trendy approach to the study of fibrillation
mechanisms. However, tertiary structural elements, which
play an important role in globular proteins (16—23), could not
be modeled in such small polypeptide-based systems. Our
long-term strategy for studying protein folding, with partic-
ular focus on aggregation and fibrillation phenomena, is
based on the development of a family of large polypeptides
that would form fibrils and show reversible folding, and
establishment of a structural relationship between polypep-
tide sequence and folding properties. To the best of our
knowledge, YEHK21 is the first example of a large polypep-
tide genetically engineered from repetitive units, which forms
an extended 3-sheet conformation and a fibril-type structure.
The thermal reversibility of B-sheet folding demonstrated in
this study illustrates the promise of this system for inves-
tigations of the mechanism of folding and fibrillation. We
used deep UV Raman spectroscopy to characterize the sec-
ondary structure of folded and thermally denatured confor-
mations of YEHK?21. By demonstrating efficient, reversible
B-sheet folding and fibrillation of YEHK?21, we established
the basis for studying the detailed mechanism of fibrillation
that utilizes all the potential of genetic engineering.

A de novo 687-amino acid residue polypeptide, YEHK?21,
has been designed to self-assemble into antiparallel 3-sheet
structures (42). Deposition from the solution onto a highly
oriented pyrolytic graphite surface followed by atomic force
and transmission electron microscopy studies (42) indicated
the presence of fibrils with very little if any unordered (not
involved in the fibril structure) parts of polypeptide. From
this viewpoint, YEHK?21, a 687-residue peptide, folds into a
single ‘‘native’’ state stabilized by internal hydrogen bonds.
At the same time, heating of YEHK21 resulted in com-
plete and reversible denaturation that makes this system an
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interesting model for studying the folding mechanism of
globular B-sheet proteins. In particular, as a large polypep-
tide with numerous ‘‘native’’ tertiary contacts, YEHK21
exhibited folding/unfolding dynamics that are quite different
from those found for small B-sheet-forming peptides.
Although the far-UV CD spectra resembled qualitatively a
melting of the YEHK21 (B-sheet conformation on heating
and subsequent incubation at room temperature, the ‘‘un-
usual’’ shape of the CD spectra complicated structural inter-
pretation of CD data. In contrast to CD, the Raman scattering
phenomenon is based on short-range interactions. Conse-
quently, a regular stacking of chromophores, which strongly
influence CD spectra, should result in no substantial contri-
bution to the additive Raman scattering of individual chromo-
phores. The Raman spectroscopic signature of folded YEHK?21
polypeptide backbone is very similar to a typical spectrum of
homopolypeptide 3-sheet conformation and therefore facil-
itated the use of Raman spectroscopy for quantitative char-
acterization of YEHK?21 structural rearrangements. Raman
data established that heating of YEHK?21 to 125°C resulted
in complete denaturation of the 3-sheet and formation of a
predominant PPII conformation. The YEHK21 Raman spec-
tra obtained for various heating points were found to fit well
to a linear combination of spectra of completely folded, pre-
dominantly B-sheet, and PPII conformational spectral sig-
natures. No noticeable contribution of an intermediate state
between these two forms was found. This did not necessarily
indicate an all-or-none transition and/or a two-state reaction
mechanism. Most probably, the denatured portion of a poly-
peptide molecule quickly adopted PPII conformation, leav-
ing a small (spectroscopically insignificant) intermediate area
between folded and PPII conformations. Both the tyrosine
fluorescence spectrum and tyrosine Raman signature were
unchanged in the course of YEHK21 thermal denaturation.
Moreover, the tyrosine fluorescence spectrum of YEHK21
was practically identical to that of a model tripeptide and was
indicative of the complete exposure of tyrosine side chains to
water in both folded and unfolded forms of YEHK21.
Thermal denaturation of YEHK21 initiated by the 25—
85°C temperature jump appeared to be monoexponential,
with a characteristic time of ~1 min. The folding of heat
denatured YEHK?21 on cooling of the solution followed
monoexponential kinetics as well. However, folding was ~2
orders of magnitude slower than melting, indicating that the
folding mechanism is not reproduced well by a simple two-
state model. No noticeable formation of a 3-sheet confor-
mation in subminutes was found. This indicated that no
hairpin-type local structures were formed on this timescale.
This is in contrast to short B-sheet peptides, which have been
reported to fold in microseconds (11,12). The absence of fast
spontaneous formation of isolated 3-sheet segments at early
stages of folding could be attributed to nonlocal ‘‘nonnative’’
interactions. Thus, YEHK?21 folding dynamics agree well
with a general property of B-sheet proteins; that is, initial
collapse precedes secondary structure formation (15,39,40).
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Although 1-min melting and 60-min folding are superfi-
cially slow processes, much longer folding kinetics would
be expected (87) for a protein with a size comparable to
YEHK21 (687-amino-acid residues). The faster folding
dynamics of YEHK?21 relative to a typical globular protein
could be attributed to a less frustrated free-energy landscape
funnel for YEHK?21 folding. The YEHK21 polypeptide is
mainly composed of electrically neutral amino acid residues
with only glutamic acids being charged. This structure might
provide an important balance between the absence of strong
nonnative contacts (salt bridges or hydrophobic collapse)
and limited repulsion of negatively charged side chains.
Alternatively, a relatively fast refolding of YEHK21 could
be the result of residual 3-sheet structures (nuclei) that might
survive thermal denaturation preceding the refolding exper-
iments. Further work will be required to elucidate a detailed
folding mechanism for YEHK21. In particular, we will
evaluate 1), the possibility of YEHK?21 folding via an initial-
stage Flory-type coil-to-global collapse (29), and 2), the role
of intermolecular aggregation under folding conditions. The
important outcome of the study we have presented is that this
very large genetically engineered protein exhibits remark-
able folding properties and offers a novel platform for study
of B-sheet and fibrillar structures.
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