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Abstract: We used UV resonance Raman spectroscopy to characterize the equilibrium conformation and the
kinetics of thermal denaturation of a 21 amino acid, mainly alarirleglical peptide (AP). The 204-nm UV
resonance Raman spectra show selective enhancements of the amide vibrations, whose intensities and frequencies
strongly depend on the peptide secondary structure. These AP Raman spectra were accurately modeled by a
linear combination of the temperature-dependent Raman spectra of the pure random coil and dhieghre
conformations; this demonstrates that the AP hetigil equilibrium is well-described by a two-state model.

We constructed a new transient UV resonance Raman spectrometer and developed the necessary methodologies
to measure the nanosecond relaxation of AP following a 3-pgnp. We obtained th&-jump by using a

1.9um IR pulse that heats the solvent water. We probed the AP relaxation using delayed 204-nm excitation
pulses which excite the Raman spectra of the amide backbone vibrations. We observe little AP structural
changes within the first 40 ns, after which thehelix starts unfolding. We determined the temperature
dependence of the folding and unfolding rates and found thatitfig@ding rate constants show Arrhenius-

type behavior with an apparemt8 kcal/mol activation barrier and a reciprocal rate constant of 248D ns

at 37°C. However, thdolding rate constants show a negative activation barrier, indicating a failure of transition-

state theory in the simple two-state modeling of AP thermal unfolding, which assumes a temperature-independent
potential energy profile along the reaction coordinate. Our measurements of the initial steps.ihdlieal

structure evolution support recent protein folding landscape and funnel theories; our temperature-dependent
rate constants sense the energy landscape complexity at the earliest stages of folding and unfolding.

Introduction been well-characterized. The ability to predict structure and
function of normal and mutated proteins from their primary

A protein’s biological function is determined by its three- sequences could lead to molecular strategies to alleviate human

dimensional structurk.Since the majority of native protein .
structures self-assemble, these three-dimensional structures mus Isease. ) ] )
be encoded by the proteins’ primary sequeric€The major The encoding rules must be complex since for most proteins
challenge in enzymology today is to elucidate this encoding the primary sequence will encode both the native static structure
mechanism, to develop decoding methods to directly predict a@s well as the folding dynamics. These folding dynamics are
protein’s structure from its primary sequence. likely to be complex, with different structural components
Despite the decades of studies of protein folding mechanism- @ppearing in different time scales. In fact, recent theoretical
(s), it is still impossible to predict a protein’s secondary and/or models propose complex energy landscapes, which serve to
tertiary structure from its primary sequerfderediction of native  efficiently funnel the folding protein toward its native
protein structure has become more urgent due to the imminentform(s)#®713 Theoretical studies predict, for example, that
completion of the sequencing of the human genome. It will soon o-helix propagation occurs on subnanosecond time scales, while
be possible to empirically correlate disease with primary nucleation of secondary structure motifs occur on nanosecond
sequence mutations. Unfortunately, it is unlikely that identifica- time scaled-16 Recently, fluorescence and IR studies have
tion of a protein mutation will give insight into the molecular begun to examine protein folding and unfolding in nanosecond
origin of a disease since less thai% of human proteins have
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time scaled’-26 The large body of earlier work has clearly
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These methods are limited by the dead time associated with

established that tertiary structures form within microsecond to the stimuli or the time resolution of the monitoring techniques.

second time scale$:28
Despite the complexity of the folding dynamics, many

Chemical stimuli such as pH jumps and denaturant concentration
changes are limited by the time required for mixing; the fastest

proteins and peptides appear to fold and unfold via simple two- mixing technique has a dead time 20 us3*

state kinetics without significant accumulation of intermediates

in the folding pathway?222%32 The low concentrations of

Much faster kinetics can be studied by using laser-induced
T-jumps in small volumes (nanoliter¥}?2-26 The characteristic

intermediates makes it difficult to experimentally probe mecha- time for the heating pulse energy redistribution into a temper-

nistically crucial intermediates and transition sta¥eFhese

ature increase is very fast {0 ps)?* These relaxation processes

states can only be probed kinetically, since they are too have been studied by fluoresceH®26and infrared spectro-

transiently populated to be directly obser¥ih equilibrium.

scopy?—24 to probe the protein and polypeptide secondary

Kinetic studies of protein folding must characterize the structure evolution during the resulting thermal denaturation
structure of transient intermediate states and their rate ofinitiated by the nanosecond to microsecomgumps. The
evolution. The typical approaches transiently destabilize the fluorescence studies require a fluorescence probe, which can
equilibrium protein structure using external stimuli such as pH be either an existing aromatic amino acid residue, or an
jumps, denaturant concentration changes, solvent changesartificially attached luminescent fluorophore.

temperature jumpsT¢umps), heme photoexcitation, etc. The

The information obtained from the fluorescence data is

relaxation kinetics and the structural evolution are typically somewhat indirect because the fluorescence spectrum, lifetime,

monitored by using techniques such as CD, NMR,-tiNsible
absorption spectroscopy, IR and Raman spectroscophf;88:33
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and quantum yield do not simply report on protein structure.
IR spectral measurements, in principle, directly probe the
polypeptide backbone secondary structure, but until now only
the amide | region between1600 and 1700 cmi 22724 has
been available to study peptide secondary structure. Despite
these hurdles these recent transi@jump fluorescence and

IR pioneering studies have achieved breakthroughs in the
understanding of the earliest stages in protein folding and
unfolding17-24.26

Our work presented hefedemonstrates a powerful new
nanosecond structural tool to studying protein folding and
unfolding dynamics. This work extends the powerful technique
of steady state UV resonance Raman spectroscopy (UVRS) to
protein dynamical studies. We have recently argued that UVRS
is the most powerful structural probe for characterizing dilute
solution protein secondary structi#&’ UV excitation within
the peptide backbone amide— x* transitions results in the
selective enhancement of numerous amide vibrations whose
frequencies and intensities directly report upon the protein
secondary structurg.In addition, excitation at-230 nm allows
the study of tyrosine and tryptophan environmefitthe tyr
and trp Raman cross sections directly report on the solvent
exposure of these residus.

We report here the use of nanosecond kinetic UVRS to
examine peptide folding and unfolding. A 1.8r laser pulse
T-jump is used to initiate ther-helix — random coil thermal
transition of an alaninearginine-based 21 amino acid residue
peptide. A variably delayed 204-nm UV excitation pulse excites
the UVRS which provides information on the nanosecond
secondary structure evolution of the peptide.

Experimental Section

Materials and Sample Preparation. The 21 amino acid peptide
(AP) of composition A(AsRA)sA was preparedX95% purity) at the
Pittsburgh Cancer Institute by using the solid-phase peptide synthesis
method. Tri- and pentaalanine {Aand As) obtained from Sigma
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Figure 1. TheT-jump spectrometer consists of a Nd:YAG laser (YAG), 0 0 05 ATIAT ]
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two H, Raman shifters (R1 and R2), a thermostated flow cell sample ] i )
circulator (FC), and a Spex Triplemate triple monochromator with a Figure 2. (A) Calculated sample depth intensity dependencies of
blue enhanced ICCD detector (SP). The heating pump beam is obtainedncident 1.94m pump beam and the 204-nm incident UV Raman
by Raman shifting the YAG fundamental inp kb 1.9um (first Stokes). excitation beam, given the sample absorbances atr.@nd 204 nm.

The probe beam is obtained by Raman shifting the YAG third harmonic Also shown is the calculated. sample depth qepgndeqce for the collected
to 204 nm (fifth anti-Stokes). The time delays between the pump and 180 backscattered Raman intensity assuming identical absorbances at

probe pulses are provided by the variable delay line (DL). 204 nm and at the Raman scattered wavelength. (B) Fractional
contribution of Raman scattering from the heated sample surface region

Chemical and trifluoroethanol (TFE) obtained from Aldrich were used calculated using eq 1 as a function of the parametev ¢ yr/yr).

as received.

T-Jump Raman Spectral MeasurementsThe third harmonic of a
Coherent Inc. Infinity YAG laser operating at 100 Hz with a 3.5-ns
temporal pulse width was anti-Stokes Raman-shifted five harmonics
in Hz to 204 nm to excite the amide UVRS (Figure 1). At the 4D-
excitation pulse energies used, we saw no evidence of nonlinear optical
phenomena, Raman saturatirit or formation of amide cis specié3. |_R - [1 _ ( AT )(Vuv+VR)/V|R] o
The Raman instrumentation used to collect, disperse, and detect the |§ - AT
Raman scattered light has been described in detail elsevthere.

To selectively heat the water solvent, we Raman-shifted the
remaining part of the 1.06m YAG fundamental {16 mJ) to 1.%«m
(1st H Stokes shift) by using a 1-m Raman shifter (Light Age Inc.;
1000 psi H) to obtain~1.5-mJ pulse energies at our 100 Hz repetition
rate. This 1.94m excitation is absorbed by water overtones and the

energy is thermalized in picoseconds by vibrational relaxafon. Equation 1 assumes only collection of 28Raman backscattering.

We_vaned_ the delay “m? between the pump and probe pulses by Thus, this expression underestimates the fraction of Raman scattering
changing their path length difference. The pump and probe beams were

made collinear and were focused onto the sample with spot size derived from the “hottest” volume of the sample.
diameters 0f-300 um (near-IR) and<200 zm (UV). Figure 2 illustrates the dependence of the fractional Raman scattering

- from the sample volume experiencingTgump betweerATmax and
We utilized a free surface temperature-controlle® 6 °C) sample .
. : ) ) AT upon the relative absorbances of the sam /yir. For
solution stream of~0.6-mm diameter which circulated the sample b plev €+ vr)/yim

through the laser beams. This free surface sample stream avoide urT-jump experiments, we utilized 204-nm absorbances§0 cr
: ~ > 0, i
problems such as interference from the Raman spectra of quartz (yuv + yr)lyw ~ 7). Thus,>80% of Raman scattering was collected

indows, surface nonlinear optical phenomena and deposition on the "C1, [N sample volume experiencingrgump >80% of ATrmax.
windows, su ine ptical p - op tor We are developing a new transient Raman spectrometer which will
windows of decomposition products. We utilized a°€ initial

; ture f fth s to minimize the shock utilize a~1.5«m IR pump pulse which occurs in a region of smaller
temperature for many ottné measurements to minimize the Shock Wave, ;o absorption. This will allow us in the future to decrease the peptide
induced by the incident IR heating pulse. This allowed us to utilize a

maximum 65°C T-jump, which was obtained by focusing the 1.5-mJ concentration and to examine the concentration dependence of the

1.9um laser pulses to a300um diameter in the flowing sample folding/unfolding dynamics.
stream. Measurements in the absence of the pump pulse demonstrateﬁ1 \We independently verified the magnitude of figimp by measuring

L . S e pump beam energy dependence of {3200 cn1* water Raman
thellt negligible sample heating occurs from the«J0204-nm excitation bang. ThF:s band shovs;/a Iaprge, well-known frequency and band shape
pulse.

. . temperature dependent®We constructed a-jump calibration curve
To ensure that the Raman signal was obtained from the sample P P jump

| imallv heated by the IR bul diusted th | (Figure 3) using our measured steady-state temperature spectral
volume maximally heated by the IR pulse we agjuste € sample dependence (Figure 3B). We used the UVRR water difference spectrum
absorbance at 204 nm to be sufficiently large such that the resonance presence versus absence of the pump beam (Figure 3C) and the
Raman light collected originates mainly from the sample stream surface

(Figure 2A). The water absorbance of 40/cm at Am® decreases the measured calibration curve to determine the actual “averageinp

. - . e ! in the probed volume.
IR beam intensity and the resultinfgjump 2.5-fold within the first Absorption and CD Measurements.We measured the near-IR,

100um sample thickness. The fractional contribution of Raman signal,
I/1%, collected from the sample volume experiencingTgump
between the maximun Tmaxand a smalleAT may be estimated from

wherelg is the Raman intensity collected from a sample volume which
experiences a-jump betweenATmax and AT and IE is the total
Raman intensity collectegtyy, yr, andyr are the absorbances (chh

of the sample for the 204-nm excitation wavelength, for the Raman
scattered wavelength and for the 19+ IR heating pulse, respectively.

(40) Teraoka, J.; Harmon, P. A.; Asher, S.JA.Am. Chem. S0d.990Q visible, and UV absorption spectra by using a Perkin-Elmer Lambda 9
112, 2892-2900. absorption spectrometer. The CD spectra were measured by using a
1154?7?3_”;170% P. A.; Teraoka, J.; Asher, S. A, Am. Chem. Sod.99Q Jasco 710 spectropolarimeter. We calculated the temperature depen-

(42) Li, P.; CHen, X. G.; Shulin, E.; Asher, S. A. Am. Chem. Soc. (43) Walrafen, G. E.; Fisher, M. R.; Hokmabadi, M. S.; Yang, W.JH.

1997 119 1116-1120. Chem. Phys1986 85, 6970-6982.
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Figure 3. (A) Steady-state temperature dependence of the 204-nm Ap peptide studied here is very similar to a peptide first studied
UVRS of the O-H water stretching band at3400 cm™. (B) T-jump by Lockhart and Kim84® Their peptide, which had different

calibration curve which relates the magnitude of theHDstretching erminal arouns. was shown by CD and NMR to be predomi
peak spectral shift to the temperature change. The abscissa is the ratitg ! 9 _UP » W o 48Z\; y _p -
of the peak to trough difference relative to the-B stretching band nantly o-helical at 0°C,*>*but melted noncooperatively as

peak intensity of the temperature difference spectra, as shown in partthe temperature increased.

C. (C) UVRS of the G-H water stretching band measured (1) in the Figure 4 shows the absorption spectra of our AP peptide at
presence and (2) absence of the heating pulse. Also shown is the relativel = 1.7 and 90°C. The increase in AP absorbance with
difference spectrum obtained by subtracting these spectra and ratioingtemperature derives mainly from conversion of théelix to

the difference to the original spectrum. The measured valugl 6§ the random coil, which results in hyperchromism due to the
was used in conjunction with the calibration curve to determine the |gss of o-helix excitonic interaction&®
actualT-jump value. We used CD to monitor directly changes in thehelical

content. Figure 5A shows the temperature dependence of the
dence of the AP secondary structure from the measured temperatureAP cb 59 L hile Ei 5B sh h
dependence of the CD spectra by using eqgs 2 spectra (5.9 mg/mL), while Igur(_-:' shows the
temperature dependence 6{222 nm)}psand Figure 5C shows
(O] o= (O], — [O]) f, + [O(D)], (2a) our eq 2 calculated temperature dependence of the fraction of
o-helical content.

where P(1)]oss are the observed 222-nm molar ellipticities per residue ~ Our low-temperature AP CD spectra (Figure 5A) are similar

at each temperature affiglis the fractionalo-helical content. to those found for-helical peptides with minima at 222 and
The meano-helix molar ellipticity per residue for shont-helical 206 nm** The low-temperature CD spectra of AP shows a 222-
peptide may be estimated*as nm trough associatétwith the existence of a substantiahelix
content. The magnitude of this trough decreases as the temper-
[6], = [0]..(n — K)/n (2b) ature increases due to melting of thehelix.

Addition of a-helical stabilizer TFE to the AP solution
where Pl, and (2 = 222 nm)}, = —40 000 (deg crf)/dmol are the  increases the 222-nm ellipticity as shown in the Figure 5A inset,
mean residue ellipticity for a helix af amides and for an infinite helix, and also increases thehelix melting temperature by-40 °C
respectivelyf’ andk = 4.3 is an empirically determined constdht, g e 5B). This dependence of the 222-nm AP ellipticity on
which takes into account the number of penultimate amino acid reS|duesTFE concentration (Figure 5A, inset) is similar to that reported

not involved in thea-helix. Since AP has 21 amino acid sequence its 4553 .
o-helical molar ellipticity at 222 nm is estimated via eq 2b to be for other A peptides®?We can use the low-temperature, high

—31 400 (deg c)/dmol. The estimated value is close to the values of TFE concentration 222-nm molar ellipticity of AP to estimate

[6(2)]« = —32 500 and-32 640 (deg crf)/dmol reported for the mean (48) Lockhart, D. J.; Kim, P. SSciencel992 257, 947—951.
residue ellipticity averaged over several polypeptitiaad proteing’ (49) Lockhart, D. J.; Kim, P. SSciencel993 260, 198-202.
We determined a random coil molar ellipticit¢(f. = 222 nm)} = (50) (a) Gratzer, W. B. InPoly-a-Amino Acids, Protein Models for

—32004+ 600 (deg cr)/dmol (see Discussion) compared to previous Conformational Stydies=asman, G. D., Ed.; Marcel Dekker: New York,

1967; Chapter 5. (b) Robin, M. Bdigher Excited States of Polyatomic
(44) Woody, R. W In Circular Dichroism and the Conformational Molecules Academic Press: New York, 1975; Vol. Il, p 140. (c) Momii,

Analysis of Biomolecule$asman, G. D., Ed.; Plenum Press: New York, R. K.; Urry, D. W. Macromoleculesl968 1, 372. (d) Onari, SJpn. J.

1996; pp 25-67. Appl. Phys.197Q 9, 227.
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N. R. Biopolymers1991 31, 1605-1614. the Conformational Analysis of Biomolecul&gsman, G. D., Ed.; Plenum
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Figure 5. (A) Temperature dependence of aqueous solution CD spectra
of AP (5.9 mg/mL). Also shown in the inset is the dependence of the
AP 222-nm ellipticity as a function of TFE concentration measured at
15°C. (B) The 222-nm CD melting curves of AP (5.9 mg/mL) (1) in
water and (2) in a waterTFE mixture (45% V/V). The solid curves
are the best fits to eq 7 of the measured temperature dependence of th
222-nm molar ellipticities. ], was determined to be-26 000 (deg
cn¥)/dmol from the CD of AP in the presence of TFE. This fit also
yields values of (1)4]; = —32004+ 600 (deg crf)/dmol, AH = —12.1

=+ 1 kcal/mol, andAS= —43.2 + 4 cal/(mol K), withR? > 0.999 for

AP in pure water, and (2AH = —9 + 2 kcal/mol, andAS= —27 +

8 cal/(mol K), withR? > 0.988 for AP in the watet TFE solution. (C)
Calculated temperature dependence of AP (5.9 mg/mibelical
fraction, f, determined from CD measurements (curves 1 and 2) and
UVRS measurements (curves 3 and 4). Curves 1 and 2 were calculate
using eq 8 with thermodynamic parameters determined from the fits
to curve 1 of Figure 5B. Curve 1 was calculated by uding= 0.215,
while curve 2 was calculated by usifigq = 0.38 (see text). Curves 3

Ledeteal.

the ellipticity which would occur for 100%:-helical AP, to
obtain the value off(1)], = —26 000+ 1000 (deg cr&)/dmol
of eq 2a%>52

This calculated value oPfA)] is 19% smaller than the value
[6(A)]e = —32 0004700 (deg cr)/dmol reported for a capped
21-residue A-based peptideOur decreased value may reflect
disorder at the uncapped AP termini. For AP we calculate a
value ofk = 7.6 in eq 2b which has previously been reported
to range between 4.6 and 6.3, because it strongly dependls on
and ¥ values in theo-helix*®> The CD spectra are also
dependent on the side chain identitte$he fully ordered helical
form of poly-.-alanine has{]. = —31 000 (deg cr®)/dmol >3

We also measured the temperature dependence of the AP CD
spectra at higher concentrations to check whether any aggrega-
tion phenomena occur at the higher concentrations used for our
transient Raman measurements and affecboinelix content.

For our time-resolved experiments we require AP concentrations
as high as 15 mg/mL (6.7 mM) to have sufficient absorbance
in the UV to define ourT-jump values. Neither the AP CD
spectra nor the melting curves show a dependence over the
concentrations required for the UV Raman studies. This is
consistent with previous A-peptide studies, which found no
evidence of aggregation, and found that the hetixandom

coil thermal transition is independent of peptide concentration
between 4uM and 4 mM#®

Figure 5C compares the calculated CD and UV Raman
temperature dependence of the ARhelical content. As
discussed fully below, our CD calculation of the temperature
dependence of the-helical content indicates a 5%0%a-helix
content at—4 °C which decreases to zero by75 °C. Also, as
discussed below we calculate substantially nuoitgelix content
using our UV Raman methodology.

Steady-State AP UV Resonance Raman StudieSigure 6
shows the static temperature dependence of the 204-nm UVRS
of AP in water (~15 mg/mL). The spectra are dominated by
the peptide linkage amide vibrational bands without any
noticeable contribution from water. The high-temperature spectra
(~70 °C) are dominated by the AmI~1658 cnt?), Amll
(~1547 cnY), C,—H bending 1384 cntl), and Amlll
(~1245 cmY) bands. These Aml, Amll, and &H bending
band frequencies are close to those observed for the average
random coil conformations of proteifis(Table 1), while the
Amlll band is downshifted by~20 cnt!. The three relatively
weak bands at1452, 1166, and 1086 crhare at the correct
frequencies to derive from the arginine side chain chro-
mophores’ However, their Raman cross sections appear to be
3—5 times higher than that expected. Th&456 cnm! weak
dand also occurs in the UVRS of tri- and pentaalanine (vide
infra).

The steady-state UVRS of AP change with temperature. At
—5.5°C the spectra are consistent with a dominatiabelical
content whose abundance decreases as the temperature in-
creases$? the ~1250 cnt! random coil Amlll band has the
lowest relative intensity at = —5.5 °C, while the maximum
relative intensity is observed in the region of thé&300 cnr?!

-helix Amlll band. The intensity of the random coit1382
cm~1 C—H sb band, which is weakest @t= —5.5 °C, grows
as the temperature increases. Only modest changes occur for
the Amll band, which shows only small differences between

and 4 show the UVRS calculated temperature dependence of the Apthe o-helix and random coil forms, while the Aml band

fractional a-helix abundance (curve &), 15 mg/mL; curve 4a, 0.5
mg/mL). The solid lines through the data points are the best fits to
thermodynamic model eq &enqwas determined to be 0.32 0.1 for

the 15 mg/mL sample and 0.28 0.06, for the 0.5 mg/mL sample.
The thermodynamic parameters are listed in Tabl&?2, 0.994 in
both cases.

increases in frequency and broadens as AP melts to form the
random coil.

(53) Quadrifoglio, F.; Urry, D. WJ. Am. Chem. S0d 968 90, 2755~
2760.

(54) Scholtz, J. M.; Qian, H.; York, E. J.; Stewart, J. M.; Baldwin, R. L.
Polymers1991 31, 1463-1470.
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occur at 1381 cmt, and the symmetric COOstretching bands

Am |l occur at~1400 cntl. The difference spectrum, which models
the internal two A amide linkages and avoids the contribution
of the penultimate carboxylate and amine groups, is satisfyingly
close to that of random coil AP which occurs at high temper-
atures.

Figure 8A shows the modeling of thesA- Aj; difference
spectrum to a minimum sum of mixed Gaussidorentzian
5.5 °C band shapes; the best fit was obtained when all the bands were
Gaussian except those atl369 and~1394 nm which were
Lorentzian. The excellent fitting to the sum of mainly Gaussian
band shapes, one for each observed band, gives us confidence
in the underlying simplicity of the 204-nm excited UV Raman
spectra, where we believe we have identified all of the
underlying components.

We measured the temperature dependence of the random coil
As — Aj difference spectra in order to model the temperature
dependence of the AP random coil basis spectra. Figure 9 shows
that as previously observed for NMA, the frequencies mainly
o downshift and the bands broaden slighhit is evident from
! ! the low-temperature A— Aj difference spectrum that the,8
000 G200 D 180 1800 bending band consists of two narrow peaks #4869 and~1394

Wavenumber / cm™ 1 which b | ved at higher t ‘
Figure 6. Comparison between steady-state and time-resolved 204- cm =, which become poorly resolved at higher tlemperatures.

-H

3

70°C
30 °C

o

=

oy

<

5.5 °

Raman Intensity ——
[¢]

SR A S S -
= o o e,

e

i

nm UVRS of AP (15 mg/mL). AP UVRS measured at (570 °C, As shown in Figures 9 and 10 and tabulated in Table 1, for
(2) +30 °C, and (3)—5.5 °C. (4) The 0°C UV Raman difference ~ témperatures between5.5 and 80°C, the Amll (d/dT =
spectrum between penta-Ala and tri-Ala; (5) pure random doH=( —0.154 0.02 cm*/°C) and Amlll (d/dT = —0.10 + 0.02
—5.5°C); and (6)a-helix (T = —5.5 °C) basis Raman spectra of AP ¢cm~%°C) bands show the largest temperature dependencies,
(see text). Transient UVRS of AP measured at (7) 95 ns affejuanp which are negative, while the Aml band shows a smaller positive
of ~ 60 °C and (8) a static UVRS of AP at %C in the absence of a  slope (d/dT = 0.08 & 0.01 cnt/°C). The other bands have
T-jump. much smaller negative slopes. These temperature-induced

changes are also similar to that observed for pH 7 random coil

Attempts to utilize our previously determined protein basis polyglutamic acid (data not shown). In addition, Table 1 also
spectra, obtained via pure secondary structure resonance Ramaglisplays the temperature slopes of the band peak height
spectroscopy (PSSR$, to model the temperature dependence intensities and bandwidths obtained from spectral fitting to the
of the AP secondary structure were not completely satisfactory, pest sum of Lorentzians and Gaussians by the use of the program
presumably because these “average spectra” are inhomogeGrams from Galactic Instruments.
neously proadened by a small side chain dependence of the pand The temperature dependence of the frequencies presumably
frequencies. The UVRS bands of AP are much narrower (vide yesyits from anharmonic coupling to low-frequency modes,
infra). As demonstrated below, the AP random coil basis \yhich when thermally populated decrease the bond force
spectrum shows a significant temperature dependence of itSconstant$657 The AmIl and Amill bands are dominated by
intensity and frequency. Thus, we must carefully characterize coupled G-N stretching and N-H bending motion. The NH
these dependencies to accurately model the temperature deperbending coordinate would be expected to be strongly coupled
dence of the AP secondary structure. to numerous low-frequency amide group torsional motions. In

Temperature Dependence of Random Coil UVRSNe can contrast, the Aml band mainly derives from=O stretching
model the UVRS of random coil AP by characterizing the motion, which would be expected to be less coupled to low-
Raman spectra of the interior segments of small peptides whichfrequency vibrations. The UVRS intensities decrease with
are too small to fornu-helices. The UVRS of small random  temperature, despite the observed (Figure 4) increased 204 nm
coil peptides will differ from that of AP because of the larger absorption and the apparent amide> 7* absorption redshift.
relative contribution from the penultimate carboxylate and amine These intensity decreases most likely result from a homo-

group in the small peptides. Previous studfiex isotopically geneous line width increase for the resonant amide 7*
substituted peptides demonstrated th@ir UV Raman en- transition.

hanced amide vibrations are localized within each amide  cajlculated AP Random Coil Basis SpectrawWe can use
fragment. Thus, we should be able to subtract spectra of peptideghe observed 76C random coil AP spectrum and the measured
of different lengths to obtain spectra of particular interior temperature dependence of thg-A As UV resonance Raman

segments. _ difference spectra to model the AP random coil spectrum at
Figure 7 compares the 204-nm UV Raman“&0difference any temperature. Since we see little temperature dependence
spectrum between pentaalanines(and trialanine (A) to the of the As — Az difference spectral band shapes, we neglect band-

69 °C spectrum of AP. The CD spectra ot And As indicate  shape changes. We can model the spectra by utilizing the linear
that they are both completely random coil (not shown), while temperature dependencies of the band frequeneiemtensi-

the Figure 5A AP CD data clearly demonstrate that AP is :
Complete'y random coil at this temperature Th@ and A,) (56) Song, S.; Asher, S. A.; Krimm, S.; Shaw, K. D.Am. Chem. Soc.

1991, 113 1155-1163.
spectra show Aml, Amll, and Amlll bands at1660,~1550, (57) (a) Harris, C. B.; Shelby, R. M.; Cornelius, P. Rhys. Re. Lett

and~1245 cn?, respectively, while the €H sb bending bands 1977 38, 1415. (b) Shelby, R. M.; Harris, C. B.; Cornelius, P.JAChem.
Phys.1979 70, 34. (c) Asher, S. A.; Murtaugh, J. Am. Chem. Sod983
(55) Sieler, G.; Asher, S. A. Unpublished results. 105, 7244-7251.
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Table 1. UV Raman Bands (cnt) of AP (15 mg/mL), Trialanine, and Pentaalanine in Water and Their Temperature Deperidences

AP A5 - Agd Troom
assignment 70C —5.5°C troom dv/dT di/dT dw/dT cm/°C random cofl a-helix?
Am | 1658 1643 1663 0.08+0.01 —0.18 0.11 1665 1647
broad
Am | 1547 1549 1560 —0.15+ 0.02 —1.16 0.063 1560 1545
Co-H® 1384 1382 1369 —0.03£0.01 —1.39 0.1 1386 none
broad broad 1394 —0.02+0.01 -13 0.1
Am il 1245 1254 1250 —0.10+£ 0.02 —1.59 0.07 1267 1299
? (A) 1303 1304 1303 —0.03+£0.02 —0.8 0.2
2 (A) 1355
Arg®?
Arg ~1452 ~1454 ~1450 1454
Arg ~1166 ~1169 1176
Arg ~1086 ~1090 1091

adv/dT, dI/dT, and dv/dT are the temperature dependence of frequency, intensity, and bandwidth, respectively, for the individual Raman bands

(see text)” Amide bands in pure secondary structure Raman component spectra of proteins and polyfepBaesliing moded “Internal” residues

of As (see text); A, alanine; Arg, arginine.
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Figure 7. Comparison between the 8@ 204 nm UVRS of trialanine
(As, 1.5 mM) and pentaalanine £20.54 mM), their difference spectrum
(As — A3), and the UVRS of 69C random coil AP.
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ties, 1], and bandwidthsy, given in Table 1:

o,

v, =, +W(T_ Ty (3a)

|T—|°+aIiTT T 3b

i ﬁ( - o) ( )
dw!

a)iT=w?+a—T'(T—TO) (3¢)

Wherei designates the bandl,is temperature, ant, = 70 °C.
The CD measurements clearly indicate that AP is completely

random coil at high temperatures. Thus, the high-temperature

AP spectra (such as tfle= 70 °C AP spectra in Figures 6 and

Raman Intensity / a.u.

1300 1500 1700

Wavenumber / cm-!

Figure 8. (A) Spectral modeling of the 8C As — A3 UVR difference
spectrum decomposed into a minimum number of Gaussian and
Lorentzian band shapes. The best fit for most bands was obtained by
utilizing pure Gaussians. The only exceptions were #3869 and
~1394 cm! bands which were pure Lorentzians. Part B shows (2)
directly calculated 40°C to O °C temperature difference spectrum
between the A— Aj; difference spectra; (3) calculated 40 to 0°C
temperature difference spectra between the spectrally modeled A

As difference spectra at 40C and 0°C spectra; and (4) difference
(residual) spectrum between theg A A; UVR spectrum measured at

0 °C and the modeled spectrum. Note the lack of noise in the curve 3
modeled temperature difference spectrum compared to that using the
actually measured spectra. Fitting the observed spectra to sums of bands
whose bandwidths are constrained to be experimentally reasonable,
effectively results in a realistic Fourier noise filtering of the observed

1100

7) can be utilized as pure random coil basis spectra to model spectra to result in much higher apparé ratios. The random noise
the secondary structure composition. For lower temperaturesevident in curve 4, which shows the difference spectrum between the

we spectrally modeled the high-temperature AP UVRS with a
minimum number of GaussiariLorentzian bands and calculated
the random coil AP UVRS using egs 3 and 4:

—(
ol =S{gl exg——
r lz (10.59F

T_
i

V)2
+

(w]/2)

a- gi)IiT
W —v)’ + (@] 12)

experimentally measured difference spectrum and that modeled, is
indicative of a lack of bias for the modeling.

whereg; is the relative contribution of Gaussian to Lorentzian
line shape for each single Raman band.

Figure 11A shows the accurate spectral modeling of the 69
°C AP random coil UVRS, while Figure 11B shows the resulting
calculated temperature dependence of the random coil spectra.
The fact that we can accurately model the € AP amide
band UVRS with the same minimum number of bands as the
As — Az difference spectra encourages us in the modeling. As
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AP A

69 °C
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Figure 9. Temperature dependence of the 204-ng-AA; difference
spectra. The spectra were normalized using the intensity of the 932
cm! sodium perchlorate (0.2 M) internal standard band (*).

107

1 1 i
1000 1200 1400 1600 1800

Wavenumber / cm™!

gﬁm’:,"g::‘%s Figure 11. (A) Spectral modeling of 69C 204-nm AP (0.5 mg/mL)
UVRS into a minimum number of Gaussiahorentzian; the best fit

was obtained when all the bands were Gaussian except for1B69

and ~1394 cn1! bands which were Lorentzians. (B) Calculated

Amll temperature dependence of the AP random coil spectra using egs 3

and 4. Arrows indicate directions of changes due to temperature

increases.

. i i temperatures below 38C, where the contributions from the
0 40 80 o-helix conformations become important and, in fact, dominate
Temperature/° C by 10°C.
Figure 10. Temperature dependence of UVRg A Az amide band Modeling the Steady-State Temperature Dependence of
frequencies obtained from measurements such as in Figure 9. AP Secondary Structure. The calculated APa-helix and
random coil spectra basis spectra shown in Figure 6 are similar

expected we see decreases in both frequencies and intensitiet® the PSSRi-helix and random coil “average protein” specifa,
of all, but the Aml band, which slightly increases in frequency €xcept that the AP basis spectra bands are narrower and their
and is almost invariant in intensity. In fact, the random coil frequencies are shifted. For example, the AP Amlil random coil
Aml band is a good candidate for a temperature-independentfrequency region is resolved into a peak at 1250 and a shoulder
internal intensity and frequency standard. at 1300 cm? compared to a single asymmetric broad band
Calculated AP a-Helix Basis Spectra.The pure secondary centered at 1267 cm in the PSSR random coil spectrum. The

structure resonance Raman (PSSR) lix and random Amlll ba_nd in the AP a-helix basis spectrum is_partially
coil protein spectra demonstrate that thgHCbending band resolved into three components centered 8800 cntt instead

) 1 o
occurs only in random coil angd-sheet peptides and no band of the single~1300 cn* lump observgd for .th& helix PSSR
maxima occur in this frequency region for thehelix confor- spectra. The Amlll band cross section differences observed

mation3” Thus, we can use the,& bending band intensity at between theo-helix and random coil AP basis spectra are

any temperature to determine the relative contribution- () essentially identical to those observed for the_ PSSR spectra.
of the pure random coil AP spectrum, provided fisheet is ;I’he sa(;ne C—:Hls'at\)Pbang frr]equer:jcy 0#1?;?328%?1 IS Obser_\ll_ﬁd AP
present. Since the AP thermal transition occurs only between or random coll AP and the r?n om col R spectra. I €
the a-helix and random coil conformations, we can use eq 5 to AmI_I random coil (1547 cm) and thec-helix (1554 cnT’) .
calculate the APo-helix basis spectrumS,(v), from the ngr'i viﬁuzcgaeiﬁeZ?ar|r|§ws$r:kt2%nfg;iﬁi %f‘feﬁff&;pfg{a- This
observed AP spectruntu{v) at this temperature: Aml band which occurs at the same frequency as that in the
_ PSSR spectrum. The AP random coil 1660 énAml is
Su(v) = [Sipdv) = S0) @ = VA, ®) downshifted about 5 crt from that of the PSSR spectra.

The Aml frequency upshift and broadening in the AP random
Whel'efa is the fractionabi-helical CompOSition. Figure 6 shows coil basis Spectrum’ Compared to that of th@e”xy is similar
the calculated pure-helix UV resonance Raman basis spectrum  to the previously observed Aml IR absorption band shift from
of AP atT = —5.5°C. 1633 to 1665 cm! due toa-helix melting to random coil in a

Figure 12A shows our modeling of the random coil spectral short alanine-arginine-based peptide of similar amino acid

contribution to the spectra of AP from7.4 to 69°C. The sequence to AP This shift to higher frequency was attributed
calculated random coil basis spectrum is essentially identical both to the weaker hydrogen bonding to water compared to the
to the AP spectra at high temperature. The observed spectrantrahelix hydrogen bonding and to changes in the Aml
differ increasingly from that of the random coil spectrum for vibrational coupling. The broadening of the Aml band was
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CD and UVRS Display Different AP Secondary Structure
Temperature Dependences.The UVRS-calculatedu-helix
content significantly differs from that calculated from the CD
spectra. This results from differences in the physical basis of
the spectroscopies. CD secondary structure determination in our
4c case only monitors the-helix since the random coil gives a
negligible spectral contribution. In contrast, the UVRS, which
monitors both the random coil andhelix spectral signatures,
should better determine secondary structure.

CD is expected to more heavily weight longehelices>85
This may explain why we calculate similarhelical contents
with CD and UVRS at low temperatures where the helices are
abundant and long. In contrast, at higher temperatures the CD
may underestimate thee-helix content because it fails to detect
shortera-helices. We will discuss detailed comparisons of CD
and UVRS secondary structure determinations in a future
publication.

Steady-State Random Coil— a-Helix Transition Ther-
modynamics.The thermodynamics of polypeptides and protein
70 °C helix — random coil transitions have been extensively studied
both theoretically and experimentaf§5° Special attention has
been paid to A-oligopeptides which fororhelical structures
in agueous solution at low temperatub&8t-63 IR spectroscopy
shows that these A-oligopeptides unfold to the random coil on
the same time scale as thehelix conformation is depleted.

30°C 256°C

Raman Intensity ————>

1000 1200 1400 1600 1800 1000 1500
Wavenumber / cm-

Figure 12. (A) Comparison between the observed temperature

dependence of the 204-nm UVRS of AP (0.5 mg/mL) and modeled ;. rosoiution NMR measurements reveal that these peptides
spectra, where temperature-dependent random coil spectra from Figur

11 are used to model the intensities in thetl€bending band region. efOld !nto a ml)fture ofq-hellx and 30'hel'x’64,Wh'|e recent VCD

The modeled pure random coil spectra are moved down for clarity. StUd.'es OT A-rich peptides Syggest thad—BellcaI.structures form

(B) Modeling the steady-state temperature dependence of the observedhe junctions between-helix and random coil segmerits.

204-nm AP (15 mg/mL) UVRS using eq 6, and the temperature- Our CD and the UVRS results can be used to independently

dependent random coil basis spectra of Figure 11 and the assumeddetermine the thermodynamics of thehelix — random coil

temperature independeathelix basis spectrum shown in Figure 6.  transition by applying the standard two-state médahd by

The excellence of the modeling is shown by the small residuals which assuming thaAC, = 0. We assume that the standard enthalpy,

result from subtraction of the calculated spectra from those observed.AH] and entropy changeAS, are independent of temperature.
CD-Determined Thermodynamic Parameters.The tem-

attributed to an increased inhomogeneous broadening due toyerature dependence of the equilibrium constégtfor the

an increased distribution of peptide random coil conform&rs.  random coil< helix equilibrium can be modeled using eq 7.
We can use the temperature-dependent AP pure random coilThis empirical modeling of the thermodynamic parameters is

spectra shown in Figure 11 and the= —5.5°C a-helix basis independent of the values &fand [B]..

spectrum of Figure 6, curve 6 to calculate the fractianalelix

conformationf, for each observed AP spectra at each temper- K = exp(~AH/RT+ ASR) = ([6] — [01)/([6], — [6]) (7)

ature. We modeled the observed spectra by using eq 6 through

a nonlinear least-squares best fit of the basis spectra: whereR and 7] are the gas constant and the 222-nm AP mean

T T residue molar ellipticities observed at temperaflirerhile [6],,
OopdV) = 0, (V) o + 0 (v) (1 — ) (6) is the limiting ellipticity at low temperature determined from
TFE experiments, and[; is the 222-nm mean residue molar
wherea], (v) are the observed 204-nm UVRS cross sections at ellipticity for 100% random coil AP at high temperature.
Raman frequenciesat temperatur&, ando,(v) andorT(v) are Curve 1 of Figure 5B shows the least squares best fit of eq
the basis spectra Raman cross sections. We note that at thig to the CD melting data which yield®*> > 0.999. The
point we approximate,(v) to be temperature independent. (58) Fasman, G. D., EdCircular Dichroism and the Conformational
The excellence of this modeling approach is clearly seen in Analysis of Biomolecules?lenum Press: New York996.
Figure 12B which compares the modeled to the observed 1552%)_\1(83% G.; Pancoska, P.; Keiderling, T. BiochemistryL997, 36,
spectra; the small residuals indicate that over the temperature (60) (a) Gruenewald, B.; Nicola, C. U.; Lustig, A.; Schwarz, G.; Klump,
region of significani-helix abundance little change occurs in H. Biophys. Chem1979 9, 137-147, and references therein. (b) Scholtz,
thea-helix basis spectra. The residual spectra mainly show high- ii g/l.;(CB)aCI-}dL\JI:Zl)in’ZRLr h-?unnq:iali?emBimfI\ygicl)?;iolgﬁgg g(tsr?:ic?1’12939_23§% 95—
frequ?ncy noise. ThIS_ is another indication that. a two-state (él) Scholiz,j. M.; BarricI’<, D:; Yori(, E. J Stewart, J. M.; Ba]dwin, R.
o-helix to random coil model adequately describes the AP | proc. Natl. Acad. Sci. U.S.A995 92 185-189.
a-helix — random coil thermal transition. (62) Ooi, T.; Oobatake, MProc. Natl. Acad. Sci. U.S.A991, 88, 2859
Flgure 5C shows the temperature dependence od.thelix 28((363:'3) Scholtz, J. M.; Marqusee, S.; Baldwin, R. L.; York, E. J.; Stewart,
fractional abundance calculated from the AP UVRS for AP 3 M.:'santoro, M.: Bolen, D. WProc. Natl. Acad. Sci. U.S.A.991, 88,
concentrations of 0.5 and 15 mg/mL. The estimdtedalues 2853;2'3'5”8ri G L Stentand. C. 3- H b Bolin K. A
are essentially identical for the two concentrations and indicate de_(Ve)n' I; Ja_“;/SUG_rMO-I_ éiolfgg";,nzéz 96-3’_9%?%';; dro feroelr?ées' thé'r;’i?r‘]r_‘
a decrease in the-helical content from~63% at—4 °C to 0% (65) Becktel, W. J.; Schellman, J. Biopolymersl987, 26, 1859-1877,
by 70°C. and references therein.
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Table 2. Thermodynamic Parameters for AP Celflelix

Transition Delay time

AP AH, AS,
concentration  kcal/mol  cal/(mol K) fend
CD 0.5-15mg/mL -12.1+1 -—43.2+4
UVRS 15 mg/mL -11+3 —37+9 0.32+0.1
UVRS 0.5 mg/mL -12+2 —41+7 0.29+ 0.06
IR 2mM —12+4+2 —36+6 =
<

2 The two-state model applied to the temperature dependence of the
Aml' IR band of 21 residue A-based peptide, SugfAsRA);-A-NH
(Suc= succinyl), in 0.2

thermodynamic parameters are listed in Table 2 along with the
standard errors#20). We calculate tha\H = —12.1 kcal/
mol, which results in a meanH value per residue of-0.77
kcal/mol, if we exclude the typical 4.3 terminal residues which
cannot effectively fully forma-helix structure$* (vide infra).

1100 1300 1500 1700 1900
Wavenumber / cm-1

Previous CD and calorimetric studies found values per . 9ure 13. Temperature jump difference UVRS of AP at different
delay times between pump and probe. The top infinite delay time

residue OfN_,l keal/mol both for |qn|z§1ble p°|ypept'0@§7, spectrum is a static difference UVRS of AP measured at 37 i@l 4
(after correction for the heat of ionization of the side chains) Ths static difference spectrum is identical to that of the transient
and for A-oligopeptide$*©2Our calculated entropy of folding gifference spectrum measured at an infinite delay time. Transient
per residueAS = —2.8 cal/(mol deg) is close to the3.4 cal/ difference UVRS of AP initially at £C were measured 22, 33, 50,
(mol deg) value reported for polyglutamic aéid. and 95 ns after -jump of ~33°. The static UVRS of AP at 4C is

AC, has been found to be negative and of significant value subtracted from each of the transient spectra and the difference spectra
for several protein& due to hydrophobic effects such as the are ratioed to the maximum Amll band intensity in the statfC4AP
transfer of nonpolar side chains from water to the nonpolar UVRS. _The transient difference spectra were Fourier-smoothed (40%
protein interior®® However, ourAC, = 0 assumption used here, smoothing degree).
for AP should still be appropriate, because of the small ala side
chain surface water accessibifityand because the ala amino
acid side chains are too short for significant intramolecular side-
chain hydrophobic interactions within tleehelix.

Our uncertainties in the exa&tand [f]. values result in
corresponding uncertainties in the CD determination of the
a-helical fraction. Curves 1 and 2 of Figure 5C represent two
limiting cases: curve 1 was calculated by uskg 4.3 and
[6] = —32 245 (deg cr®)/dmol, while curve 2 utilizek =
7.6 and Pl = —40 000 (deg c)/dmol. Thus, our CD results
indicate that at=5 °C AP in aqueous solution is between 50
and 64%o.-helical, and that AP is negligiblg-helical by 50
°C.

UV Raman-Determined Thermodynamic ParametersWe

Fluorescence probe studies have shown significantly smaller
a-helical abundances for the terminal residues of A pepfidles.
Our UV Raman results calculate a significantly larger fraction
o-helical content than is calculated from our CD results (Figure
5C). As will be discussed more fully in a subsequent publication,
we believe that this mainly results from a bias of the CD
ellipticity per residue values against shorhelical segments.
This gives rise to a decreased estimate ofdHeelical content
at higher temperatures where the helices are shorter. This also
accounts for the closer Raman and CD calculdiedhlues at
the lower temperatures.
Time-Resolved UVRS Nanosecond@-Jump Dynamics.We
measured nanosecond transient UVRS of aqueous AP solutions
initially at 4 °C by inducingT-jumps of between 30 and 6%

gan uze our fUrY Rarr?alln determinagon gf th? tzmperqture with our 1.9um IR pump beam. We then probed the sample
ependence of the Ag-helix content and eq 8 to also determine i 04.nm UVRS probe pulses at delay times between 22

Eeh‘hlefm°d¥%am'° parameters associated with the random coily g 95 s Figure 6, curve 7 shows a transient resonance Raman
elix equilibrium. spectrum of AP measured 95 ns affejump of ~65 °C,

1—f compared to a 4C spectrum measured in the absence of the
f, = end (8) pump beam (curve 8). Th&jump at the longest time delays
14+ exp—(& _AS results in spectral changes similar to those observed by heating
RT R the sample (Figure 6, curves-B); intensity increases most

. . ) . o visibly occur for the random coil Amlll and €H sb bands at
Wherefengis the terminal residue fraction remaining unordered 1244 and 1382 cni-

atlow temperatures. \We obtain thermodynamic parameters Very  igyre 13 shows a series of difference spectra obtained by
close to that determined from our modeling of the CD spectra gypiracting the “cold” equilibrium spectrum measured 4€4
(Table 2). fens was calculated to be 0.3 0.05, which from the “hot” transient spectra measured at different delay times
corresponds to a value &= 6 in eq 2b. after a~33 °C T-jump. Each of the difference spectra was

_ The terminal amide groups of a peptide can only form one ormalized to the intensity of the cold equilibrium spectrum
internal hydrogen bond instead of the two hydrogen bonds of a1 band.

the centrabi-helix amide groups. Consequently, these residues Figure 13 shows a 37C — 4 °C difference spectrum between

may not overcome the entropy change associated aviilix static 37°C and 4°C equilibria spectra. This difference spectrum
formation and may remain unordered at low temperatures. corresponds to the transiefijump spectrum with an infinite
(66) (a) Chou, P. Y.; Scheraga, H. Biopolymers1971, 10, 657—680. delay time for the probe pulse. The spectral differences observed
(b)(gz;:;xlgi, G.; Her?ajr;s,P;l]. J. CArr]n nigtég.%ogfg_ﬁsig, 5719-5720. here result from a decrease frorb2% a-helix at 4°C to 20%
ermans, J. . Fhys. Lhe ) - a-helix content at 37C.
68) (a) Spolar, R. S.; Record, M. T. 9 1994 263 777-784. ) .
(b)(Diﬂy(ﬁ). AF°B?gchemistrf§§5 29, 713}‘:%91%%? 4263 The relative difference spectrum at the 95-ns delay closely

(69) Richards, F. MAnnu. Re. Biophys. Bioeng1977 6, 151—176. resembles this infinite delay time spectrum, but the relative
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Figure 14. (A) Deconvolution of the £C 204-nm AP (15 mg/mL) 3 34 3.8
UVRS into its underlyinga-helix and random coil basis spectral . s
contributions. (B) Curve 1: UVR temperature difference spectrum 1T x10
between a modeled 37C spectrum where AP has the secondary -
structure composition at 4C and the observed 2C AP spectrum.
Curve 2: Transient APT-jump UV resonance Raman difference 1
spectrum obtained by subtracting 4@ steady-state Raman spectrum
from the spectrum measured 22 ns after38 °C T-jump (from Figure 11
14). Curve 3: This smooth curve, which does not have the noise of
the directly subtracted experimental data of curve 1, was obtained by X C
subtracting modeled curve fit spectra. This effectively improves the

spectralgN (see text).
Figure 15. (A) UVRS measured kinetics of AP thermal denaturation.

intensities are between 2- and 3-fold smaller. and the bands areThe ordinate is the relative change in the Raman intensity at 1236 cm
somewhat broadened. Thus. tlhehelix unf(’)Iding is still obtained from the transient difference UVRS of Figure 14. Temperature

. . dependence of (B) the AP folding and unfolding rate constants and
0, 0,

Incomplete 95 ns after th'é—]ump (to between 36% a.nd 42% (C) thea-helix < random coil equilibrium constank was calculated

a-helix). At 50-ns delay, the difference features are still weaker, ¢, the Raman data.

but still resemble the infinite delay time spectra. The spectral
features diagnostic af-helix melting are not observed for 22- 1 ;4 3 (Figure 14B) especially, in the region of th@400
or 33-ns delays; instead other difference features occur. cm ! C,H bending mode indica,tes that some AP secondary
. Thesg shprt delay time o_llfference spectral fgatures do not gty crural alterations have occurred even at the shortest tested
signal significant conformational changes, but instead merely delay times.
result from temperature-dependent band shifts. For example, Figure 15A displays the kinetics of the relaxation phenomena

g_lfgfure 8 ShOWSj[ that tlhe E‘AI‘_ As 40b°|C _tho ;(2: terrépggaturz | associated with the 3% T-jump as measured by the magnitude
iference Spectrum closely resembles the 22- an NS A€1AY .t the maximum relative difference spectral feature at 1233'cm
time difference spectra of Figure 13. The major changes due to

. measured at different delay times (data extracted from the
t_he T'J“”.‘p occur for the A_mII and AmI_II bands at short delay difference spectra of Figure 13). The value at the infinite delay
times. Since no changes in conformation have occurred for the

A — A tra. the temperature dependence results entirel time was determined from the static difference spectrum
fr(5)m th e3 tseprﬁce?éturg dee gﬁ d?erl:c?es i??he eR;riar?Sbljansd?nter?s)ilpbtained from equilibrium measurements. The spectral relaxation
. perat P time for theT-jump was estimated assuming monoexponential
ties and frequencies.

. . kinetics. For this 33C T-jump we obtain a 210-ns relaxation
Figure 14A shows the 4C static AP spectrum deconvoluted time for the 1233 cmt band (Figure 15A) and a 188 60 ns

into its component-helix and random coil contributions. We _average relaxation time using all four peaks of the Figure 13

usedt thf terppclar?tL:Le glegpg?fdence of thf rankfiotm COI|37baSI ifference spectra. We similarly measured the relaxation times
spectra fo calcuate the Ifierence spectrum between 37 ant, T-jumps of 43 and 65C, which gave times of 126- 50

4 °C, for the situation that the 37C fractional a-helix .
composition remains identical to that at°€. Figure 14B and 70+ 30 ns, respectively.
compares this modeled difference spectrum (curve 1) to the Discussion

observed 22-ns transient difference spectrum (curves 2 and 3).

Obviously, the 22-ns observed transient features derive mainly  Kinetics of Random Coil — a-Helix Transition. Monoex-

from theT-jump. Thus, we can reliably conclude that the spectral ponential relaxation kinetics must occur for any simple two-
changes prior to 50-ns are mainly indicative of temperature state system. However, monoexponential relaxation is often also
alterations. At the same time, the discrepancy between spectraobserved for more complex systems that dynamically partition
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Table 3. Kinetic Parameters for Al-Helix—Random Coil along the reaction coordinate. This behavior could occur if the
Thermal Transition energy surfaces are temperature-dependent. This of course leads
T,°C E. (AH°), to a much more complex model which is not strictly two-state.
37 48 64 kcal/mol Our measured 37C 180-ns relaxation time is very close to
T NS 180+ 60 120+ 50 70+ 30 the 27.4°C 160-ns relaxation time measured for a similar short
peptide using IRT-jump spectroscop$ However, our calcu-
Ramaid  0.31 0.16 0.07 —124+2 latedk, andk; values differ from those experimentally deter-
CD; 0.14 0.062 0.016 —124+2 mined by recenff-jump IR measurements for this similar 21
s . . . . .
g’amaﬁ 240+ 60 140+ 50 754 30 8 amino acid residue A-peptlc?ébecgqse our UVRS Qetermlned
cDP 210 130 70 72 static secondary-structure compositions differ considerably from
Tos S those they reported. The source of this discrepancy may result
Ramad  0.76+0.4  0.87+05 1.1+0.6 —473 from their less accurate IR composition measurements. Our
CDP 1.1, - - -7+3 UVRS measured compositions are also similar to those of an

abKinetic parameters were calculated using the thermodynamic A peptl_de studied in ref 19-' our r_ates are also Clqse to those
parametersk, AH, andAS, determined fromd) Raman or ) CD* theoretically c_alculated using a zipper mddebr this short
measurements. A-based peptide.

Our value of ~0.8 us for the reciprocal of thex-helix

into two-state systems. For example, the recent energy landscapéormation rate constant is close to previous estimates of the
and the protein folding funnel theories predict monoexponential upper rate limit for protein foldindg? but is somewhat smaller
relaxation even in the presence of complex energy landscapesthan the 6us value observed for A-hairpin folding of a 16
Thus, we begin our analysis of the peptide unfolding kinetics amino acid residues. In fact, a weak anti-Arrhenius behavior

by assuming monoexponential decay for our Ahelix — (Ea = —1 kcal/mol) was recently observed in fluorescence
random coil T-jump relaxation. Because 95 ns is the longest spectralT-jump studies of a modes-hairpin peptide.’-18
delay time possible in our single lasgjump experiment, we Complex (non-Arrhenius) protein folding temperature de-

are as yet unable to experimentally verify that the relaxation is pendencies have previously been obse®é8These behaviors
monoexponential out to long delay times. However, we will were proposed to result either from a super-Arrhenius reaction
soon complete construction of an independeptmp transient  temperature dependence on a rough energy landscape, or to
UV resonance Raman spectrometer which will permit any delay result from an unusual temperature dependence of hydrophobic
time desired. This will allow us to directly determine whether interactions’* The “zipper” modef3which appears to accurately
the decay is truly monoexponential. describe folding kinetics of short peptides, predicts complex
PreviousT-jump unfolding studies of an-helical A peptidé? temperature dependences for foldiidn agreement with this
demonstrated that unfolding to the random coil occurs during model, we observe that the rate constant for folding of the
the time interval ofo-helix depletion. This is consistent with  random coil to thea-helix decreases as the temperature
our results and further justifies our use of a two-state model jncreases, while the helix random coil unfolding rate constant
(random coil= oa-helix) to interpret the kinetic data. In this increases with temperature.
case the relaxation kinetics are determined by the sum of the  The relaxation rate for the random ce#l a-helix equilibrium
rate constantsk, andk;, for the formation and the melting of s getermined by the faster of the random ceilo-helix and
a-helices. The ratio of these rate constants determines they_helix— random coil reaction rates. The relaxation rates should
equilibrium constantK = ki/k, which we independently  exhibit a minimum at the midpoint of the folding curié?1
determined from the steady-state UVRS measuremerfiS@§  The energy landscape theory similarly predicts an increase in
6). Thus, we calculate reciprocals of thehelix melting rate  he relaxation rates at low and high temperatdi@il et al.’s”8
constants of 24G 60, 140+ 50, and 75+ 30 ns at 37, 48, yecent 2D lattice model predicts Arrhenius behavior for protein
and 69°C, respectively. Our value of the reciprocal of the ynfolding and an anti-Arrhenius behavior (negative apparent
a-helix formation rate constant is0.8 us at 37°C. The  activation energy) for protein folding around the heat denatur-
increased uncertainties in the reciprocals ofatHeelix formation ation region. This is in good qualitative agreement with our
rate constants result from the rather small contributions that neasured temperature dependence otthelix formation and
the a-helix formation rate constant makes to the ovefglimp melting rate constants.
relaxation rate at this temperature.
A plot of the temperature dependence of theelix melting
rate constants demonstrates that they show Arrhenius-type

behavior with an & 2 kcal/mol(?cltlvatlon enerr?y (F|gl|1re|15B).h on whether local or nonlocal interactions dominate the folding
Assuming our two-state mode|, we can then calculate the dynamics’* Fast protein folding events would occur in the

tempe.ratu_reKdepg_ndencle é)f rhehehx formatrllon rate con- presence of a dominating energy bias toward the native state,
stants: ko = Kk (Figure 15B). In contrast, to the rate constant pere the roughness of the landscape does not significantly

for unfoldlng_, the folding rate cons@arka de_creases as the_ impede progress toward the native state conformafi@ower
temperature increases to give an anti-Arrhenius negative activa-

tion energy of—4f§ kcal/mol (Figure 15B, Table 3P This (71) Scalley, M. L.; Baker, DProc. Natl. Acad. Sci. U.S.A997 94,

indi ; it in 10636-10640, and references therein.
re_sult_ clearly indicates the _fallure of transition state theory in (72) (@) Tan. ¥.-J.: Oliveberg, M.: Fersht, A. B.Mol. Biol. 1996 264
this simple two-state mod(_almg of AP thermal u_nfoldlng, Whlch_ 377-389. (b) Schindler, T.; Schmid, F. X8iochemistry1996 35, 5:
assumes a temperature-independent potential energy profile16833-16842. (c) Alexander, P.; Orban, J.; BryanBochemistry1 992
31, 7243-7248.

(70) The value of-473 kcal/mol for the apparent activation energy for (73) Cantor, C. R.; Schimmel, P..Rhe Behaviour of Biological
AP a-helix formation differs slightly from the value of 7 + 3 kcal/mol MacromoleculesBiophysical ChemistiyW. H. Freeman: San Francisco,
reported in our preliminary CommunicatiéhThe difference derives from 1980; Part Ill.
the more sophisticated spectral analysis approach used here to characterize (74) Dill, K. A.; Bromberg, S.; Yue, K.; Fiebig, K. M.; Yee, D. P
the AP secondary structural composition. Thomas, P. D.; Chan, H. ®rotein Sci.1995 4, 561-602.

The competition between the energy bias toward the native
conformation and the landscape roughness determines the
detailed folding mechanisfiThus, the folding kinetics depends
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folding processes often result from the formation of a energy mol. In contrast, the folding rate constant of (.8~* shows
landscape bottleneck in folding which slows progress toward anti-Arrhenius behavior and decreases with temperature with
the native staté®11.327%Although multiple configurations may  an apparent activation barrier ef4 kcal/mol.

simultaneously be involved in the effective bottleneck state, the e pelieve that these results, which are the first measure-

multiple configuration Ifinetigs can average out to result in a ments of activation barriers for the earliest stages-inelical
simple folding behaviot: In this case the occurrence of a single peptide or protein folding and unfolding, are clear experimental
effective thermodynamic barrier separating the folded and jpgicators of the complexity of the peptide folding mechanism.
unfolded states gives rise to an eﬁ_‘ectlve two-state system with Although monoexponential relaxation is expected for simple
monoexponentlaizrseolagauon kinetics, as halsg been reported forgystems, macromolecules utilize much more complex multidi-
sevgrgl proteiri§22=%31and short pepndg’i ) . mensional reaction coordinates. This concept has recently been
It is important to note, however, that biexponential relaxation emphasized by the proposed energy landscape and protein
k|n_et|cs have been ot_)served for a similar sh(_)rt A-based Ioelot'defolding funnel theories which propose that the folding and
uzmg a_nanosecon‘ﬂ-Jumr%sa_Pg follqwed t;y tk:mef-resolvlegl IR unfolding rates are determined by the competition between the
absorption measuremerts.The origin of the faster 10-ns landscape energy surface slope and the landscape roughness
relaxation time component O.f the b_|exponent|al decay is still along the paths connecting the native and unfolded protein
controversial. One interpretation attributes the faster components,[ructure§,4 Obviously, our temperature-dependent rate con-

f/f/)i ;tirgggg?jt:rre"snt?aggj OrI(eIRciF;erngtf:éei jlkt]:af:r:\;?il\(/:glls ntck)ltiscofg(::ated stants are sensing this energy landscape complexity at the earliest
y Y, stages of folding and unfolding. The slower folding kinetics

component could result from the melting of termiraheli- : . ;
1976 - - and their unusual temperature dependence signals a folding
cest®’®Very fast (~1 ns) nonexponential relaxation was also ; . ) .
bottleneck which may involver-helix nucleation.

observed in theT-jump studies of ribonuclease A-sheet )
melting24 Hochstrasser and co-workers argued that particular We believe that our nanosecond UVR§ump methodology
intermediates must form in order to destabilize fhsheet has a unique ability to probe the complexity of the energy
structure; the formation of these intermediates are involved in landscape. In the future we will isotopically substitute along
the fast kinetics, while melting of these intermediates occurs the amide chains to separately examine the secondary structural

for the longer time relaxatioff: evolution of different parts of the reaction coordinate space.
For other peptides and proteins we can selectively monitor the
Conclusions environments of aromatic amino acids witt230 nm excitation

to examine additional portions of the reaction surface. These

We have demonstrated the utility of UV resonance Raman .
experiments are now underway.

spectroscopy to probe the earliest events of the thermal unfolding
of ana-helical peptide. We find that the unfolding rate constant
of (240 ns) at 37°C shows Arrhenius behavior by increasing ~_Acknowledgment. We gratefully acknowledge Dr. C. H.

with temperature with an apparent activation barrier of 8 kcal/ Munro for his valuable technical advice and NIH grant
GM30741 for financial support.
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