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ABSTRACT: Ultraviolet resonance Raman spectroscopy (UVRR) in combination with a nanosecond
temperature jump (T-jump) was used to investigate early steps in the temperature-indhebxl to
pB-sheet conformational transition of polylysine) [poly(K)]. Excitation at 197 nm from a tunable
frequency-quadrupled Ti:sapphire laser provided high-quality UVRR spectra, containing multiple
conformation-sensitive amide bands. Although un-ionized poly(K) (pH 11.6) is madkfiglical below

30 °C, there is a detectable fraction-15%) of unfolded polypeptide, which is mainly in the paly(
proline) Il (PPII) conformation. However, deviations from the expected amide | and Il signals indicate an
additional conformation, suggested to fstrand. Above 30C un-ionized poly(K) forms g-sheet at a

rate (minutes) which increases with increasing temperature-/422C T-jump is accompanied by prompt
amide | and Il difference signals suggested to arise from a rapid shift in thesPidhd equilibrium.
These signals are superimposed on a subsequently evolving difference spectrum which is characteristic
of PPII, although the extent of conversion is low2% at the 3us time limit of the experiment. The rise
time of the PPII signals is-250 ns, consistent with melting of shaxthelical segments. A model is
proposed in which the melted PPIl segments interconvert fegtrand conformation, whose association
through interstrand H-bonding nucleates the formatioff-sheet. The intrinsic propensity f@¢strand
formation could be a determinant Bfsheet induction time, with implications for the onset of amyloid
diseases.

Several degenerative diseases, including Alzheimer’s, (20%), A3's aggregation rate is maximas)( Other kinetic
Huntington’s, Parkinson’s, and transmissible spongiform studies of A6 oligomerization have reported the emergence
encephalopathies (TSE), are associated with misfolding andof transiento-helical structure just prior to the appearance
aggregation of proteinsl). The misfolded proteins form  of g-strand structured), indicating that thex-helix to 5-sheet
fibrillous aggregates, termed amyloid fibrils, which have a transition is associated with aggregation. The physical
crosspg-sheet structure in which the polypeptide backbone mechanism of the-helix — 5-sheet transition is uncertain.
is perpendicular to the fibril axi2j. This allows the fibril It is enticing to speculate that an intermediate of this
to grow lengthwise with the addition of subsequent misfolded transition may be similar to the structure characterized in
protein molecules. It is interesting to note that conditions poly(L-proline), termed PPII, as its presence has been
which promote partial folding of proteins appear to promote indicated in partially denatured proteins0j.
fibril formation in vitro (3—5). PPIl has an extended;-Belical structure with three

Certain proteins with abundaathelical structure, includ-  residues per turnj= —70°, v = +145), which minimizes
ing the prion protein (PrH and apomyoglobin, convert to  interactions between side chains. In 1968, similarities in the
pB-sheet-rich structures under denaturing conditichs6]. circular dichroism (CD)spectra of PPII and poly{glutamic
What is equally provocative is the correlation between acid) [poly(E)] led Tiffany and Krimm to propose that the
metastablen-helices and3-sheet amyloid formation. The  unfolded conformation of poly(E) and poly{ysine) [poly-
p-amyloid (AB) peptide involved in Alzheimer’s disease and (K)] contained significant amounts of PPII structurkl)
its constituent fragments contain no stable secondary structureSince then, PPII structure has been identified in numerous
in aqueous solutions7( 8), but when the nascent helical unfolded peptides by various spectroscopic methods. These
structure is partially stabilized by low concentrations of TFE proteins include the unstructuredfApeptide fragment
(ABa-—28, PH 4) (7), the full-length peptide and several

* This work was supported by NIH Grants RO1 GM 025158 to T.G.S. N-terminal fragments (B(1-40), AB(1-9:16,28) PH 7.4, 0°C)

and F32 AG 022770 to R.D.J. (12), the reduced ovine P¥P244 (pH 4.0), unfolded poly-
* To whom correspondence should be addressed. Telephone: (609)
258-3907. Fax: (609) 258-0348. E-mail: spiro@princeton.edu.

*Current address: Department of Chemistry, University of Misseuri 1 Abbreviations: UVRR, ultraviolet resonance Raman; T-jump,
Columbia, Columbia, MO 65211. temperature jump; CD, circular dichroism; poly(K), pahjysine); PPII,

§ Current address: Department of Food Science, Cornell University, poly(L-proline) II; poly(E), poly(-glutamic acid); poly(A), poly(-
Ithaca, NY 14853. alanine).

10.1021/bi051507v CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/08/2005



UVRR/T-Jump Studies of Poly(Kp-Sheet Formation

(K) (13), ribonuclease AX4), and a seven-residue nonhelical
alanine peptide (XAO)15). Studies of short alanine peptides
reveal that the unfolded conformation is primarily PPII
structure 15—18). PPII structure has also been observed in
prefibrillar intermediates of human lysozymé&dj. It is
becoming clear that partial unfolding of proteins promotes
amyloid formation and that PPII structure is associated with
unfolded proteins. However, whether PPII structure is the
decisive intermediate in thee-helix to 5-sheet conformational
transition remains unclear.

While identifying the initial protein conformational changes
that lead to protein misfolding is critical to understanding

the events that lead to the eventual polymerization phenom-

ena of amyloidogenic proteins, rapid oligomerization and
aggregation make it difficult to study amyloidogenic proteins
such as & and PrP. An alternative approach is to use a
model system such as poly(K). Because of its structural
plasticity and ease of manipulation, poly(K) is a good
candidate system for modeling the dynamics of the initial
protein conformation changes involvedarhelix to S-sheet
transitions. At high pH, poly(K) isa-helical and readily
converts tgs-sheet structure at elevated temperatufeé}. (
The major protein conformationa;helix andj-sheet, can
be distinguished by their UVRR spect20(-22). The protein
conformational sensitivity of UVRR arises from the selective
excitation of thex*<—m electronic transition of the amide
bonds. The excitation maximum for the*s—m, dipole-
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Circular Dichroism (CD).CD data were collected over
the wavelength range of 19@50 nm, with 1 nm spectral
resolution, and averagedrf® s ateach wavelength. The
concentration of the peptide was 0.5 mg/mL at pH 11.6 with
50 mM sodium perchlorate. Sodium perchlorate was added
to maintain similar solution conditions between the UVRR
and CD studies. CD spectra were collected on an Aviv 62DS
CD spectrometer.

Ultraviolet Resonance Raman (UVRRJVRR spectra
were measured using the fourth harmonic from a tunable
(193-210 nm) 1 kHz frequency quadrupled Ti:sapphire laser
(Photonics Industries, Bohemia, NY323). The Ti:sapphire
laser was pumped using the second harmonic of a Nd:YLF
laser (Photonics Industries, Bohemia, NY). All samples were
excited at 197 nm, the pulse width wa25 ns, and the
average power at the sample was less than 1 mW. Scattered
light was collected in the 13%ackscattering geometry and
dispersed using a 1.26 m spectrograph (Spex 1269) equipped
with a 3600 groove/mm holographic grating. An intensified
photodiode array detector (Roper Scientific) was used for
detection of the scattered light. Win Spec software (Roper
Scientific) was used for data collection. The experimental
apparatus is described in detail elsewhed).(Spectra were
calibrated using a standard cyclohexane spectrum, and 50
mM perchlorate (CIQ") was used as an internal intensity
standard in all samples.

Temperature Jump (T-Jum@.Q-switched Nd:YLF laser

allowed transition is 188 nm. Although amide modes are Was used to pump a tunable (+.8.05uM) KTA-crystal-
readily detected below 220 nm, enhancement increased?ased OPO (Phontonics Industries, Bohemia, NY) to generate

rapidly at shorter wavelengths. Our laboratory has exploited
the capabilities of a frequency-quadrupled Ti:sapphire laser
(23) to achieve high-quality amide spectra via excitation at

197 nm.

Using both steady-state and time-resolved temperature-

jump (T-jump) ultraviolet resonance Raman (UVRR) spec-
troscopy, the early kinetic intermediates in thehelix to
f-sheet pathway of poly(K) have been investigated. Steady-
state UVRR spectra at 197 nm excitation reveal that poly-
(K) exists in a complex equilibrium of conformations. This
equilibrium is markedly shifted toward PPII at low pH, while
high pH promotes a mixture ef-helical and PPII structure.
T-jump difference spectra reveal that the initial events in
the a-helix to 5-sheet conformation change involve unfolding
of a small fraction ofo-helical structure. Further, the
unfolded conformation of poly(K) at early times appears to
contain a fraction ofs-strand structure.

EXPERIMENTAL PROCEDURES

Materials. Poly(L-lysine) hydrochloride (MW 22100) was
obtained from Sigma Aldrich (St. Louis, MO) and used
without further purification. Samples were prepared by
dissolution in doubly deionized water, and the pH was
adjusted to 4.0 (unfolded) or 11.@elical) using 3 M
hydrochloric acid ad 4 M sodium hydroxides-Sheet poly-
(K) [B-poly(K)] was generated by heating a solution of the
peptide, at pH 11.6, to 5%C for 15 min. For experiments
in 40% TFE (trifluoroethanol) and 60% glycerol, poly(K)
was dissolved in doubly deionized water, and the pH was
adjusted to 12.0 prior to addition of the appropriate volume
of organic solvent. The concentration of the peptide waS8 2
mg/mL for UVRR studies.

~10 ns laser pulses at 1.8n [see Balakrishnan et al. for a
detailed description2d)]. The 0.8-1.2 mJ 1.um IR pulses
were used to generate a rapid-223 °C T-jump. Excitation
of the sample at 1.@m (absorbance maximum of water)
leads to a rapid<70 ps) T-jump of the solvent wate?¥).
The initial temperature was held between 21 and°@2
resulting in a final temperature range of-445 °C.

The change in temperature was measured using thid O
stretching band of water at 3400 ctnwhich is red shifted
at higher temperature2€). A calibration curve was con-
structed for 197 nm excitation and used to determine the
T-jump of the solution upon excitatior24).

Sampling System&or steady-state UVRR experiments,
a peristaltic pump (Cole Palmer Instrument Co., Vernon
Hills, IL) was used to circulate-4 mL of sample solution
through at 24 gauge needle tip (Hamilton Co., Reno, NV).
A water-jacketed sample reservoir, of in-house design, was
used to maintain and control the solution temperature. The
exiting solution was guided by two metal wires (0.015
diameter), separated by less than 1 mm, creating a narrow
thin film which was excited by the 197 nm laser light. A
stream of N was passed over the sample to remove ambient
O..

Given that thex-helix to 5-sheet conformational transition
is not rapidly reversible, a single pass flow system was used
for the T-jump experiments. Two water-jacketed 50 mL glass
syringes (BD, Franklin Lakes, NJ) were used as a sample
reservoir and a rapid cooling sink. The reservoir was
maintained at 2322 °C, and the sink was held at less than
10 °C. A Harvard apparatus infusion/withdrawal syringe
pump (model no. 915) was used to pump the solution through
the wire-guided sampling system and withdraw the sample
back into the cooling sink after heating. The total volume
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of sample used for these experiments was 350 mL-& 2 ' ' '
mg/mL. The 50 mL aliquots were rapidly cooled 1 min)

in the sink syringe to preveptsheet formation. The solution
was allowed to rest for at least £30 min before reexposure

to the T-jump. No detectable differences in the UVRR spectra
of the sample were observed due to repeated exposure to
the T-jump. However, the 50 mL aliquots were limited to
three to four sampling intervals.

Data AnalysisAll spectra were calibrated using Grams
Al (Thermo Electron Corp., formerly Galactic Industries). .
The data were analyzed using either the Grams Al or Matlab g
(Mathworks, Natick, MA) platforms. pE 116,10°C

RESULTS

Assignment of the Major Spectral Features in the UVRR
Spectra of the Three Conformers of Poly(Rhere are three
structurally sensitive regions in the UVRR spectra of peptides
and proteins, the amide | (1660690 cm?), amide II
(1450-1580 cnml), and amide III/S (12061420 cm?) a-helix
regions. The amide | mode is composed mainly of carbonyl G120, 10°C, 40% TFE.

C=0 stretching, and its frequency is sensitive to hydrogen e P 116, 10°C) - 0.I5*[pH 43, 16°CT)
bonding and interresidue couplin@7 28). The amide Il
mode is composed mainly of an out-of-phase combination [ ;...
of N—H in-plane bending (NH ib) and €N stretching (CN

s) and is sensitive to the relative contribution of NH #9).
The amide Ill mode is an in-phase combination of NH ib
and CN s 80). The structural sensitivity of the amide IlI unfolded
and S modes arises from the mechanical coupling of the NH
ib and (C)G—H bending (GH b) coordinates 30). This pHA43,10°C
coupling is the likely source of the observational relationship
between the amide Il frequency and thedihedral angle /U\
(31). Structural assignments are based on the systematic

studies of Krimm and co-workers29, 32—35), which
provide detailed comparisons between normal-mode calcula-
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[poly(A)] and poly(L-egC|.ne) [pon(G)].. ) ) Ficure 1: UVRR (top) and second derivative (bottom) spectra of
As a prelude to exploring the fast kinetics of théhelix poly(K) under the indicated solution conditions. The dotted line in

to B-sheet conformation change, UVRR spectra were col- the third panel is the second spectrum minus the bottom spectrum
lected for a series of conditions known to promatéelical with a 15% weighting.

(high pH),3-sheet (high pH, high temperature), and unfolded
(low pH) conformations of poly(K). These new spectra

Table 1: Assignment of the UVRR Amide Modes of Poly(K)

(Figure 1) are highly resolved and show multiple compo- shift (cnr™?)
nents, which indicate a degree of structural heterogeneity in a-helical B-sheet unfolded (PPII)
the solutions. Understanding these basis spectra is essential 5pige | 1670 1677
to discerning the complex shifts in equilibrium structure 1650 1652
associated with the-helix to 5-sheet conformational transi- amide Il { 112?(1) 1564 1554
tion. . ' amide S 1406 1397
B-SheetAt 50 °C, a-poly(K) rapidly (~2 min) converts { 1354 1374
to a -sheet-structured peptid86). The UVRR spectrum amide Il 1339 1306 1314
of this solution (Figure 1, top) shows a single amide | band 1293 1293
(1670 cm?), but the amide Il band is broad and asymmetrical 1276 11223?? 11223770
(Figure 1), consistent with the observation of both low- and 1212

high-frequency components in crystallifiesheet poly(-
alanine) p-poly(A)] (29). The amide Ill and S maxima of observed Raman bands f@rpoly(A) (29). All of these
B-poly(K) occur at 1237 and 1406 crh respectively, observations are consistent with previous UVRR studi&s (
consistent with previous observatior87(38). Several less  30). TheS-sheet structural assignments of the UVRR amide
intense contributions are better resolved in the secondmodes are summarized in Table 1, along with ¢hbelix
derivative spectrum ofs-poly(K) (Figure 1). There is a  and unfolded structural assignments (discussed below).
moderately strong band at 1354 chhwhich is tentatively o-Helix. Although un-ionized poly(K) is mainly-helical
assigned as an amide S mode in accordance with previouslyat low temperature, the UVRR spectrum at pH 11.6 at 10
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Ficure 2: Temperature-dependent UVRR spectra of poly(K) at pH 11.6. Arrows indicate the direction of the intensity change upon going
from 10 to 55°C. Inset: Temperature difference spectrg for poly(K) at pH 11.6 via CD (top, 264 °C) and via UVRR (bottom, 265

°C), and pH 11.64.3 difference spectra (- - -) at low temperature [0 pH 4.3, and £C (CD) or 5°C (UVRR)] with 10% weighting

(i.e., 10% unfolding).

°C reveals a significant fraction of unfolded peptide, as can breadth and asymmetry of the amide | band also reflect
be seen by the effect of adding 40% trifluoroethanol (TFE), interresidue coupling of the=€0 oscillators 46).
which is known to stabilizex-helices 89—41). Bands at We note that the band at 1270 cthis proposed by
1676, 1394, and 1242 crh which are attributed to the  Mikhonin et al. @4) to arise from arg-strand structure, but
unfolded peptide (see below), are nearly eliminated. The 40%this assignment seems unlikely since its temperature depen-
TFE spectrum can be closely matched (Figure 1, dotted line) dence parallels that of the neighboring 1237 &mPII band
by subtracting the pH 4.3 spectrum of unfolded protein (44), whereas the two should have exchanged intensity if
(bottom) from the pH 11.6 spectrum, with a 0.15 weighting there are interconverting structures. More likely the 1270
factor. The 40% TFE spectrum shows the main amide I, Il, cm™! band is an additional PPIl amide Ill component,
and Ill frequencies at canonicakhelix frequencies 1650,  although its relative intensity is lower in the UVRR spectra
1550, and 1276/1293/1339 cf A second amide Il com-  of XAO and other alanine peptide$? 44).
ponent is evident as a prominent shoulder at 1511'and Steady-State Temperature Profile of thélelix to 5-Sheet
is assigned to the A component, computed at 1519'ém  Conformational TransitionlUVRR spectra were collected
a-poly(A) (29), while the main 1550 crmt band is assigned  at 5 °C intervals from 10 to 55°C at pH 11.6 and a
to the two E symmetry components. concentration of 23 mg/mL (Figure 2). Although previous
The a-helical amide band is shifted up 5 ctn(1645— studies have indicated a sharp two-state transition from
1650 cn1?) in 40% TFE, reflecting the dehydrating effect a-helix to -sheet 88, 47, 48), the absence of isosbestic
of the organic solvent (a less effective dehydrating medium, points in the UVRR spectra (Figure 2) signals at least one
60% glycerol, produaa 2 cn1? upshift; data not shown).  additional component. The higher concentrations employed
The amide | band is sensitive to the extent of solvent in the previous studies may explain the failure to detect
hydrogen bonding with the backbone carbonyl. The IR amide intermediates, since the intermolecular association involved
I" band of a-poly(K) is even lower, 1638 cmi(42), the in 5-sheet formation is highly concentration dependent. We
position expected for the fully hydratedhelix in D,O. The note that McColl et al.{3) did detect Raman optical activity
IR/Raman frequency difference reflects the characteristic (ROA) signals (albeit associated with side chain conforma-
downshift of the amide | frequency upon N-deuteratid8) ( tion) which were different from the limitingr-helix and
Unfolded.At acidic pH the lysine side chains are proto- [-sheet signals.
nated, and poly(K) is fully unfolded. Our 197 nm UVRR As noted above, the low-temperature UVRR spectra reveal
spectrum (Figure 1, bottom) is similar to the 206 nm UVRR a fraction of unfolded molecules, as well as the dominant
spectrum published recently by Mikhonin et @4) and can o-helix structure. This fraction increases with increasing
be similarly assigned to PPII (Table 1) on the basis of temperature, up to about 3C; the intensity of the amide I,
frequency matches to XAQLY), a short polypeptide which  II, 1ll, and S bands increased gradually with increasing
has been established via NMR to be mainly in the PPIl temperature (Figure 2). A least-squares fit of the CD
conformation 15). However, the bands are broad, probably difference spectrum af-poly(K) at pH 11.6 between 4 and
reflecting a distribution of conformations, consistent with 20 °C indicates that-10% of the helical structure is lost in
the early CD analysis by Tiffany and Krimm4%). The this range to an unfolded conformation like that at low pH,
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FiGure 3: UVRR T-jump (22-44 °C) difference spectra of poly-
(K) (pH 11.6) at the indicated delay times (ns) (left side, above
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~1235,~1388, and~1669 cn1?, positions characteristic
of the PPIlI amide Ill, S, and | bands. When the 1235 and
1388 cn! were plotted against time, the data could be fit
to single exponential delays with time constants of 192
(£121) ns and 3024251) ns (Figure 4), respectively, similar
to time constants reported for the melting of stwtelices
(50, 51). However, the limiting amplitudes of these bands
are only about 2% of those produced by unfolded PLL at
low pH (Figure 2). (This is why the T-jump difference

PPII. Both the CD and UVRR temperature difference spectra spectra are quite noisy). Thus the data implicate rapid

up to 30°C can be reproduced fairly closely by a combina-
tion of the unfolded (pH 4.3, 4C) anda-helical (pH 11.6,
4 °C) spectra (Figure 2, inset). However, the UVRR

unfolding of only a small fraction of the-helix structure
present at 22C.
Although the T-jump difference spectra resemble the

difference spectrum deviates from the modeled spectrum inexpected signals foo-helix melting to PPII, there are
the amide | and Il regions; we interpret this as reflecting a significant differences at the amide | and especially at the

contribution fromg-strand structure, as discussed below.
Above 30 °C, the spectra change rapidly toward the

p-sheet spectrum, indicating an initiation temperatdig,

around 3C°C. Above 35°C, the scattering intensity progres-

amide Il positions. Compared to the spectrum obtained by
subtracting low-temperature pH 11.6 (mostlyhelix) and

4.3 (mostly PPII) spectra (Figure 5), the T-jump difference
amide | band is stronger than expected, relative to amide Il

sively increased at frequencies consistent with the formation and S, while amide 1l is weaker than expected and is shifted
of f-sheet structure, accounting for the second phase ofto lower frequency, as indicated by the sigmoidal signal.
conformational change. In addition, a small decrease in These deviations are similar to, but more pronounced than,
spectral intensity was observed between 1270 and 133D cm those noted (above) for the static 20 °C temperature
in the amide Il region, indicating loss of-helical structure difference spectrum at pH 11.6 (Figure 5). Moreover,
[cross sections are much lower fothelix thang-sheet 49)]. evolution of the positive amide | and sigmoidal amide I
Nanosecond T-Jump Studies of theHelix to 5-Sheet signals precedes that of the PPII amide Ill and S bands in
Conformational Transition.A nanosecond T-jump was the T-jump difference spectrum. They can even be seen in
employed to monitor events prior to thehelix to S-sheet the zero-time spectrum, arising within the40 ns time
conformational transition of poly(K), which occurs on the resolution of the instrument (convolution of pump and probe
minutes time scale. UVRR spectra were collected at time pulse widths).
delays from 0 to s, following excitation of the solvent Thus, in addition to thex-helix — PPII transition, we
water by a 1.9um IR laser pulse, which produced a-224 detect prompt formation of an additional conformation,
°C jump. The difference spectra (pump plus probe minus having enhanced amide | and diminished amide Il intensity,
probe only) are shown in Figure 3. They show a clear as well as a downshifted position for amide Il. Some of this
evolution on the~100 ns time scale toward a spectrum with additional conformation, which we suggest to bstrand,
weak negative features at1335 and 1643 cni, thea-helix is also formed at equilibrium, at temperatures below the
amide 1l and | positions, and strong positive features at $-sheet initiation temperature.
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Ficure 5: Comparison of difference UVRR spectra for a-24 °C T-jump (pH 11.6) at 2«s (---), the static 26-5 °C temperature
difference at pH 11.6 (- - -), and the pH 1%+.8.3 difference at 10C (—). The spectra were scaled to the same amplitude at the 1235
(amide Il1) and 1388 (amide S) crhpeaks.

DISCUSSION driven by the greater stability conferred by the interstrand
.. H-bonds. If the PPII conformation is on the pathway to sheet
Poly(K) was chosen as a model system for fast kinetic ¢5mation, it is a low-concentration intermediate.

study because of its facile conversion fronhelix to 5-sheet The T-jump spectra establish the formation of an additional
upon heating. We wanted to establish the steps in this Procesgonformer, via the amide | and Il signals. Positive amide |
and to investigate the nature of intermediate conformations 5,4 sigmoidal amide Il signals appear in the T-jump
via UVRR spectroscopyi-Sheet formation involves inter-  gitterence spectrum within the-40 ns time resolution of

as well as intramolecular H-bond formation between adjacent o experiment, and these signals are later superimposed on
strands and is concentration-dependent. At the dilute con-i,q evolving PPII amide Il and S signals. Consequently,
centrations employed in this study, sheet formation by poly- \he 3,5 difference spectrum deviates at the amide | and Il
(K) takes minutes and is clearly separated kinetically from positions from that expected from the-helix — PPII

the nanosecond to microsecond time scale of the T-Jump ¢qnyersion. Similar deviations are seen in the equilibrium
experiments. melting spectra, although to a lesser extent.

The B-sheet fibrils associated with amyloid diseases  Structural interpretation of these new signals is uncertain,
generally form from unfolded proteins which had been put we offer the suggestion that they arise from conversion
considered to be disordered but have been shown to contairof PPII to -strand conformation. Since the signals arise
significant PPII content52), and PPIl has therefore been promptly, they do not refleat-helix melting, which occurs
suggested to be the “killer conformation” in the development on the 100 ns time scale. However, PPII could convert
of neurodegenerative diseas2) However, the mechanism  rapidly to another conformation, since no intrastrand H-bonds
whereby PPII could be responsible fssheet formation has  need be broken. We are unable to model the spectrum of an
not been addressed. individual 8-strand, sincg-strands are unstable with respect

The present data establish that, although polylysine is to association via interstrand H-bonds. However, Abe and
mainly o-helical at high pH and low temperature, a detectable Krimm (33) concluded from their vibrational analysis of
fraction, on the order of 15%, is unfolded and has PPII-like crystalline polymorphs of poly(G) that amide Il does shift
amide Il and S bands. These same PPIl-like bands areto low values for extended peptide structures, such as
apparent in the T-jump difference spectrum, and the time g-strand. A downshift relative t3-sheet would be expected
constant for their appearance?250 ns, is similar to those  from the loss of interstrand H-bonds (and their replacement
reported for the melting of short poly(A) helices. This by weaker H-bonds from water), since amide Il frequency
similarity suggests that the poly(K) helices melt in short is known 63) to correlate directly with H-bond strength.
segments. Moreover, the extentoshelix — PPII conversion  Thus the downshifted amide Il position seen in the sigmoidal

is low, although at the final T-jump temperature, 2@, difference signal would be a plausible correlatgdedtrand
essentially all of the poly(K) eventually formgsheet. At formation.
the 3 us time limit of the T-jump experiment, the PPII The appealing aspect of the postulgfestrand population

intensities correspond to about 2% of that expected [from is that it is properly aligned for the formation @gfsheet
the poly(K) spectrum at low pH] if all of the molecules interstrand H-bonds. We propose a model foisheet
adopted this conformation. Thus the poly(i§}helix is formation (Figure 6) in whicto-helical segments of poly-
intrinsically quite stable; its transformation f®-sheet is (K) melt transiently to segments of extended conformation,
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Ficure 6: A model of the structural equilibrium between thehelix, PPII, ands-strand and the penultimate stepfdrsheet formation,
formation of hydrogen bonds between tyestrands (shown as yellow dotted lines).

replacing theo-helix intrastrand H-bonds with water H-  S-strand population; reported UVRR spectra of alanine
bonds. However, the melted segments are suggested to b@olypeptides do not contain the putatigestrand signals
in rapid equilibrium between PPIl antétstrand conforma-  observed for poly(K).
tions. PPII is dominant, but thg-strand fraction increases It may generally be the case that the ratefe§heet
with increasing temperature; consequently, additigrstrand formation depends on the propensity for forming fhgtrand
is formed following a T-jump. A prompg-strand signal is  conformation. This hypothesis could have important implica-
observed because there is preexisting PPII structure at theions for the onset of amyloid diseases.
initial temperature (22C), which converts rapidly during
the T-jump, prior to thex-helix melting. ACKNOWLEDGMENT
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