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Abstract: The thermal stability and folding kinetics of a 15-residue $-hairpin (SESYINPDGTWTVTE) have
been studied by using infrared (IR) spectroscopy coupled with laser-induced temperature-jump (T-jump)
technique for rapid folding—unfolding initiation. An alternative method based on analyzing IR difference
spectra was also introduced to obtain thermodynamic properties of -sheets, which complements the
commonly used circular dichroism (CD) and fluorescence techniques. Equilibrium IR measurements indicate
that the thermal unfolding of this S-hairpin is fairly broad. However, it can be described by a two-state
transition with a thermal melting temperature of ~29 °C. Time-resolved IR measurements following a T-jump,
probed at 1634 cm™?, indicate that the folding of this 5-hairpin follows first-order kinetics and is amazingly
fast. At 300 K, the folding time is approximately 0.8 us, which is only 2—3 times slower than that of a-helix
formation. Additionally, the energetic barrier for folding is small (~2 kcal mol~1). These results, in conjunction
with results from other studies, support a view that the details of native contacts play a dominant role in the
kinetics of S-hairpin folding.

Introduction can also shed light on the mechanism of protein folding in

Short peptides that fold into well-defined structures in aqueous Eenersl. Wzile magy thellorg(;icgl anq cgrpp;nat.ional stﬁd'ré.g
solution provide ideal model systems for the study in detail of ave been devoted to elucidatifignairpin’s folding energetics

fundamental questions in protein foldik@f particular interest ank(]j _mgfhinizm’ E_nly _fewh expt[e)rimental stu((jliis ccf)ncerning
are S-hairpins. With two short antiparallgd-strands that are p- arpin's folding Inetics have een _report(_a t us 1ar.
connected by a turn or loop;hairpin structure can be viewed The_ first expenn_wental study qﬁ-halrpm foIdmgNklnetlcs |2n

as the smallegt-sheet unit. Despite their small size (normally thﬁ m|crosec03d é'mf quale was C?mﬁd ogt by. Wet. aI..,
12—-16 residues), however, mapyhairpins exhibit properties ‘év 0 n(;e?sure t € % ng t!me Oﬂt el 'res'q‘&?‘a‘fp'" h
that are typical of globular proteins. For example, the mostly erived from proteln_ _Bl using a fiuorescence T-Jump tech-
studied 16-residugg-hairpin, which is derived from the C- nique. Their res_ults |nd|c§1te that thishairpin folds in a two-
terminal fragment (4£56) of protein GB1, contains a hydro- state manner with a folding time constant qﬁ‘fs at .297 K,
phobic “core” and also shows cooperative thermal folding Subsequ_ently, these authors developed a.statlstlcal ;lppergrnqdel
unfolding transitio?— Therefore, theB-hairpin motif has  (©, €xplain the apparent two-state folding behavior of this
become increasingly used to probe factors that govern theﬂ-hawpln.Thls model essentially suggests that the most probable

conformational stability as well as the folding mechanism of first step in the formation of g-hairpin begins with the

B-sheet$.What is more, there is increased evidence suggestingformat'ondthth;ﬁ'tum’bWh'gh |§”f]o||owed_ t_)y the formation c|>f b
that S-hairpin (or turn) could act as the nucleation site in the Interstrand hydrogen bonds. The transition state can only be

early stage of folding Thus, understanding hofhairpins fold stabilized when hydrophobic contacts among side chains start
' to form. However, a different view was put forward later on by

(1) Ferguson, N.; Fersht, A. RCurr. Opin. Struct. Biol 2003 13, 75-81. Dinner et al? who performed multicanonical Monte Carlo

) e 1gg mson. P. A Hofrichter, J.; Eaton, W. Rature 1997 simulations on the same peptide. Their results on the free-energy

(3) Pande, V. S.; Rokhsar, D. Broc. Natl. Acad. Sci. U.S.A.999 96, 9062 surfaces suggest that the very first stepSimairpin folding

@) 9H((])?17da, S. Kobayashi, N.; Munekata, &.Mol. Biol. 2000 295, 269 corresponds to a collapse process that is then followed by the
278. formation of part of the hydrophobic cluster through rearrange-

(5) (a) Serrano, LAdv. Protein Chem200Q 53, 49—-85. (b) Searle, M. SJ.
Chem. Soc., Perkin Trans.2D01, 1011-1020. (c) Espinosa, J. F.; Syud, (7) Bonvin, A. M. J. J.; van Gunsteren, W. ¥.Mol. Biol. 200Q 296, 255~
F. A,; Gellman, S. HProtein Sci.2002 11, 1492-1505. 268

(6) (a) Guo, Z.Y.; Thirumalai, DBiopolymersl995 36,83—102. (b) Gruebele, (8) Muhoz, V.; Henry, E. R.; Hofrichter, J.; Eaton, W. Rroc. Natl. Acad.
M.; Wolynes, P. GNat. Struct. Biol1998 5, 662—-665. (c) Grantcharova, Sci. U.S.A1998 95, 5872-5879.
V. P.; Riddle, D. S.; Santiago, J. V.; Baker, Rat. Struct. Biol.1998 5, (9) Dinner, A. R.; Lazaridis, T.; Karplus, MProc. Natl. Acad. Sci. U.S.A.
714-720. (d) Martinez, J. C.; Pisabarro, M. T.; SerranoNat. Struct. 1999 96, 9068-9073.
Biol. 1998 5, 721—-729. (e) Walkenhorst, W. F.; Edwards, J. A;; Markley, ~ (10) Klimov, D. K.; Thirumalai, D.Proc. Natl. Acad. Sci. U.S.A2000Q 97,
J. L.; Roder, HProtein Sci.2002 11, 82—91. 2544-2549.
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ment and the interstrand hydrogen bonds can only be formedof the time it can only be treated in the thermodynamic fitting

in subsequent steps, whereas the overall folding rate isas a folded or unfolded baseline. As a result, thermodynamic
dominated by the time required for interconversion between properties determined by such methods may be subject to large
compact conformations. Moreover, on the basis of their folding uncertainties. For example, the Trp emission is temperature-

simulations on thé-hairpin from protein GB1 and its variants

by using a coarse-grained off-lattice model with side chains,

Klimov and Thirumalai® have concluded that several factors,
including the rigidity of the turn and the relative position of

dependent; thus, protein thermal equilibrium measurements
using Trp fluorescence are prone to baseline efforserefore,

it would be quite advantageous to devise a method in which a
spectroscopic signal that is only proportional to the folded

the hydrophobic cluster, can have rather complex effects on thepopulation is monitored during the equilibrium unfolding

rate of S-hairpin folding. Therefore, studying the folding
behavior off-hairpins of different sequence would thereby help

titration. Herein, we describe an alternative method of character-
izing B-sheet stability, based on analyzing the difference amide

to better understand the fundamental kinetic determinants inl" spectra of the system. The amidédand off3-sheets, which

B-hairpin formation. Herein, we have studied the thermodynam-

ics and folding kinetics of a 15-residyiehairpin (i.e., peptide
1) originally described by Jifmez et al! using a T-jump IR
method!? This T-jump IR technique allows us to specifically

arises mostly from the amide=€D stretching vibration, exhibits
a characteristic narrow peak atl680 cnrl, due largely to
interstrand transition dipole couplings among amideQ
groupst® Although this band has weak intensity, its narrow

follow the backbone conformational change during the course bandwidth ¢10 cnT?!) renders it the best target for further

of folding by monitoring the conformation-sensitive amide |
absorbancé? It has been shown by NMR spectroscopy that
peptidel, which has a sequence of SESYINPDGTWTVTE,
folds into ag-hairpin structure in aqueous solution with a type
| + G1 S-bulge turn involving residues Asn6, Pro7, Asp8, and
Gly9.11 4 Furthermore, not only does peptitigield appreciable
B-hairpin population at room temperatufegut it can also reach
mM concentration in aqueous solution without forming detect-

guantitative spectral analysis.

Experimental Section

Materials. Fmoc-protectel amino acids and Fmoc-GIn(OBut)-
Wang resin were purchased from Advanced ChemTech (Louisville,
KY). All other chemicals were from Aldrich (Saint Louis, MO). They
were of the highest available grades and were used without further
purification. DO (D, 99.96%) was from Cambridge Isotope Labora-

able aggregates. The latter is important for IR studies becauseiories, Inc. (Andover, MA).

IR techniques normally require a relatively high peptide
concentration.

The T-jump technique is essentially a relaxation method in
which a T-jump pulse quickly perturbs the temperature of the

system and therefore the equilibrium between folded and

Sample Preparation. Peptidel was prepared by standard solid-
phase peptide synthe¥ison Fmoc-GIn(OBut)-Wang resin using a
Milligen model 9600 peptide synthesizer. The cleaved peptide samples
were purified by reverse-phase HPLC, and the identity of the final
product was verified by electrospray-ionization mass spectroscopy.

For samples used in the infrared experiments, the residual TFA from

unfolded states (for a two-state scenario). The measuredpeptide synthesis, whose absorbance at 1672 averlaps with the

relaxation rate to the new equilibrium position corresponding

peptide amide’lband, was removed by lyophilization against 0.1 M

to the elevated temperature contains contributions from both DCI. For both equilibrium and time-resolved IR experiments, the peptide

folding and unfolding. The folding and unfolding rate constants

was dissolved directly in 50 mM @ phosphate buffer solution (pH*

can only be determined if the equilibrium constant corresponding 7, uncorrected pH meter reading) and the final concentration-véas

to the final temperature is known. Nonetheless, it is not trivial
to accurately determine f@-hairpin’s stability or equilibrium

constant by commonly used spectroscopic techniques (e.g., CD°

and fluorescence) because mapyhairpins do not show
characteristic CD features of clasgisheets and also for reasons
discussed below. Typically, a stability determination study
involves measuring either thermally- or chaotropically induced
unfolding curves by following a spectroscopic signal. Neverthe-

mM.

Equilibrium Infrared Measurements. FTIR spectra were collected
n a Nicolet Magna-IR 860 spectrometer using 2 €mesolution. A
split sample cell with 52¢m Teflon spacer and G& windows was
employed to allow the separate measurements of the sample and
reference (RO phosphate buffer) under identical conditions. Temper-
ature regulation was controlled by a water bath (Haake K30) s#@t?
°C precision. In addition, to correct for slow instrument drift, a
computer-controlled translation stage was used to move both sample

less, the measured signal often contains contributions from bothand reference sides in and out of the IR beam alternately, and each
folded and unfolded conformations. Thus, calculating the relative time a spectrum corresponding to an average of eight scans was
population of the folded and unfolded states from the measuredcollected. The final result was usually an average of 32 such spectra,
spectroscopic signal for further stability determination requires both for the sample and the reference.

a priori knowledge of how such a signal arising from the folded Time-Resolved T-Jump Infrared Measurements.The detail of

or unfolded state alone depends on the applied “denaturant”. the 1aser-induced T-junipinfrared setup has been described previ-
ously?2° Briefly, the 1.9um and 10 mJ T-jump pulse (3 ns and 10

Whil metim h an intrinsi nden n r-
. € S0 EI. €s such a . trinsic dependence can be dete Hz) was generated via Raman-shifting the Nd:YAG fundamental, 1064
mined experimentally for either a folded or unfolded state, most

(15) Eftink, M. R.Biophys. J.1994 66, 482-501.

(16) (a) Miyazawa, T.; Blout, E. RI. Am. Chem. Sod.961, 83, 712-719. (b)

Krimm, S.; Abe, Y.Proc. Natl. Acad. Sci. U.S.A972 69, 2788-2792.
(c) Moore, W. H.; Krimm, SProc. Natl. Acad. Sci. U.S.A975 97, 4933~
4935. (d) Chirgadze, Y. N.; Nevskaya, N. Biopolymersl976 15, 627—
636. (e) Arrondo, J. L.; GanF. M. Prog. Biophys. Mol. Biol1999 72,
367—405.

(17) Abbreviations: Fmoc, 9-fluorenylmethoxycarbonyl; Wang, 4-hydroxy-
methylphenoxy; TFA, trifluoroacetic acid; ACN, acetonitrile; HPLC, high-
performance liquid chromatography.

(18) Chan, W. C.; White, P. Dkmoc Solid Phase Peptide Synthesis: A Practical
Approach IRL Press: Oxford, England, 1989; pp-94.

(11) Santiveri, C. M.; Santoro, J.; Rico, M.; Jimez, M. A.J. Am. Chem. Soc.
2002 124, 14903-14909.

(12) Huang, C. Y.; Getahun Z.; Zhu, Y.; Klemke, J. W.; DeGrado, W. F.; Gai,
F. Proc. Natl. Acad. Sci. U.S.A2002 99, 2788-2793.

(13) (a) Krimm, S.; Bandekar, Adv. Protein Chem1986 38, 181-364. (b)
Volk, M.; Kholodenko, Y.; Lu, H. S. M.; Gooding, E. A.; DeGrado, W.
F.; Hochstrasser, R. M. Phys. Chem. B997, 101, 8607-8616. (c) Dyer,
R. B.; Gai, F.; Woodruff, W. H.; Gilmanshin, R.; Callender, R. Atcc.
Chem. Res1998,31, 709-716.

(14) de Alba, E.; Jirmeez, M. A.; Rico, M.; Nieto, J. LFold. Des.1996 1,
133-144.
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nm (Coherent Infinity), in a mixture of fHand Ar pressurized to 750 0.15
psi. A T-jump of 16-15 °C can be obtained routinely in an

approximately 40 nL laser interaction volume (1-mm spot siz@ 05-

mm path length). To minimize nonuniform heating and thermal lensing

effects, a flat-top laser mode and a smaller prob&50 um) were 0.10
used. The magnitude of the T-jump was calibrated using th@ D

absorbance change at the corresponding probing frequency according 8

to a look-up table. A CW lead salts infrared diode laser (Laser
Components) served as the probe, which is tunable from 1550 to 1800 0.05
cm L. Transient absorbance changes of the probe induced by the T-jump

pulses were detected by a 50 MHz MCT detector (Kolmar Technolo-

gies). Digitization of the signal was accomplished by a Tektronix TDS

3052 digital oscilloscope. As in the static FTIR measurements, a sample 0.00 ————
cell with dual compartments was used to allow the separate measure- 1550 1600 1650 1700 1750
ments of the sample and reference,@Dphosphate buffer) under 0.02 b
identical conditions. The D measurements provide the information = t — 61.0°C
for both T-jump calibration and background subtraction. Th® IR & o.01
absorption spectrum is temperature-dependent near the dmaggoh, <
and thus quantitative subtraction of the reference signal at each g 0.00
temperature is essential. o
Equilibrium and Time-Resolved Fluorescence Measurements. [_"\
Steady-state fluorescence spectra of pettifle10xM) were collected = -0.01
on a Fluorolog 3 spectrofluorometer (Jobin Yvon-Spex, Edison, NJ) =
with lex = 295 nm and a spectral resolution of 1 nm. Sample 8-0.02
temperature was controlled by a water-jacketed sample holder and a < A 32.0°C
water bath (Neslab RTE140) and measured with a thermocouple that 0.03 A S
is in direct contact with the sample holder. Fluorescence decay curves 1550 1600 1650 1700 1750

were measured by a time-correlated single photon counting system that 4

has been described in detail previoudiBriefly, the peptide sample Wavenumber (em™)

(~50uM) was excited by a train of 15-ps laser pulses centered at 295 Figure 1. (a) Representative equilibrium FTIR spectra of pepfidie D,O

nm, which were generated from a cavity-dumped dye laser that was Phosphate buffer solution (pH* 7) measured at 3.0, 32.0, and 1,0
synchronously pumped by the second harmonic output of a mode lockegrespectively. The equilibrium FTIR spectra were found to be fully reversible

) - as a function of temperature, indicating that no peptide aggregation occurs
Nd:YAG laser (Coherent Antares-76). The fluorescence emission was at the concentration used and to the highest temperature, °Z2.6b)

first passed through a 300-nm long pass filter and then a subtractive pitference FTIR spectra that were generated by subtracting the spectrum
double monochromator. The emission at 350 nm was detected by acollected at 3.0C from those collected at 32.0 and 620, respectively.
microchannel plate photomultiplier (Hamamatsu R3809U). The full The small negative-going peak around 1681 s a characteristic feature

width at half-maximum of the instrument response function was of B-sheet conformation.
ps. Fluorescence magic angle and anisotropic decays were analyzed
by a nonlinear least-squares deconvolution procedure. charged C-terminus should also increase the stability of the

[-hairpin structure. Indeed, we found that the capped derivative
of peptidel, i.e., Ac-SESYINPDGTWTVTE-NH,, has less

Peptidel was synthesized based ongehairpin sequence  S-hairpin population compared with the uncapped sequence
originally described by Jifnmez et ak! It has been shown by  under the same condition (unpublished results), in agreement
NMR analysidh14 that this peptide folds into g-hairpin with other studied!-22Furthermore, because of the terminal Glu
conformation in aqueous solution with a common type turn and Ser residues, this peptide was found to be quite soluble in
involving residues Asn6, Pro7, Asp8, and Gly9 and has a aqueous solution, and importantly, no detectable aggregates were
p-hairpin population of 5%+ 14% at 5°C and pH 5.5, as  found at the concentration (e.g., a few mM) used in the IR
estimated by thé-values of GH protons and*C, and 3C; studies.

carbons'! Similar to others-hairpins, thes-structure formed FTIR spectra of peptide in the amidel (amide | of peptides

by peptidel is stabilized by a number of forces, in addition to iy p,0) region were collected between 3.0 and 7Z%6in 5.8

the interstrand hydrogen bonds. For example, NOEs were °C steps. Three representative spectra are shown (Figure 1a).

observed between side chains of Trpll-lleS-VaIlS in one face As indicated by the FTIR difference Spectra (Figure 1b)| the

and Tyr4-Thr12-Thrl4 in the other face, indicating that hydro- amide | band loses intensity as temperature increases, with the

phObiC interactions contribute to the Stabl|lty of the folded concurrent formation of a new Spectral feature at h|gher

conformation. In addition, the favorable electrostatic interaction \yavenumbers. The negative-going features in the FTIR differ-

between the positively charged N-terminus and the negatively ence spectra, centered around 1632 and 1681crare

(19) (a) Turner, D. H.; Flynn, G. W.; Sutin, N.; Beitz, J. ¥.Am. Chem. Soc. Cha'.’aCteriStiC Oﬁ_Sh?.et Strucwre@' These bands aris.e from
1972 94, 1554-1559. (b) Dyer, R. B.; Callender, R. H.. Paige, K.; the interstrand transition dipole couplings among amide carbo-

Causgrove, T. PBiophys. J1994 66, A397. (c) Ballew, R. M.; Sabelko, indi _ i i
J.; Reiner, C.; Gruebele, MRev. Sci. Instrum1996 67, 3694-3699. (d) nyls and are indicators (ﬁ sheet conformation. Thus, Iosmg

Results and Discussion

Yamamoto, K.; Mizutani, Y.; Kitagawa, TBiophys. J.200Q 79, 485— intensity in these bands indicates that fhbairpin population
495. T : ;

(20) Huang, C. Y.: Klemke, J. W.: Getahun, Z.: DeGrado, W. F.: Gail.F. decreases with increasing t(_amperature_. Fur?her analys:ls of these
Am. Chem. SoQ001, 123 9235-9238. temperature-dependent amidéénds using either Noda’s two-

(21) Jia, Y.; Sytnik, A.; Li, L.; Vladimirov, S.; Cooperman, B. S.; Hochstrasser,
R. M. Proc. Natl. Acad. Sci. U.S.A.997, 94, 7937-7941.
(22) Jimaez, M. A. Personal communication. (23) Tsai, J.; Levitt, MBiophys. Chem2002 101-102 187—201.
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dimensional correlation meth&tbr Fourier Self-deconvolution 0.035
(FSDY> revealed two more overlapping spectral components

centered around 1645 and 1664 cnrespectively (Supporting

Information). On the basis of empirical rules, the 1645 &m 0.030
component can be assigned to disorder conformations, whereas
the 1664 cm! component is typically associated with turn or
loop structureg® Interestingly, however, the intensity of the
1664 cnt! band increases with increasing temperature, sug-
gesting that the unfolded state contains residual loop or turn
structures and still remains to some extent as a compact
conformation. This result is consistent with the conclusions of 0.020
a number of recent studies concerning the structure of denatured
protein stated’?8and one of them even suggests that the mean
unfolded structure resembles the folded geometry. 0.015

As shown in many studies, the high-wavenumber component
of antiparallel 8-sheets, at~1681 cnt?, is due largely to
interstrand transition dipole couplings among amideCGC
groupst® Therefore, its integrated area should be proportional
to the folded3-structure population and can be used to monitor
conformational transitions. Additionally, this high-wavenumber
band of antiparallgB-sheets is relatively narrow-8—10 cnt?l).

If no other spectral features in the vicinity of this band have

such narrow bandwidth (in the current case), it is possible to
quantitatively decouple this high-wavenumber component from 0.000
its parent amide' Iprofile using a fitting technique that involves 1665 1675 1685 1695 1705
a single band, such as a Gaussian, and a nonlinear background.
Howgver, its weak mtensny preven_ts_ the accura_te determination Figure 2. Difference FTIR spectra) in the high-wavenumber component

of this component from directly fitting the amide dpectra, region (these curves have been offset for clarity). These spectra were
particularly those obtained at high temperatures where the generated by subtracting the FTIR spectrum collected &tGf@om those

B-hairpin population (in this case) is low. Instead, we seek to collected at higher temperatureb € 3.0 + n*5.8 °C, n = 1-12). Solid

use the difference spectra where the spectral changes ar(%nes are fits to a Gaussian function plus a monotonic, nonlinear baseline.
s an example, the baseline corresponding to the difference spectrum at

amplified. As shown (Figure 2), the difference spectra in the 72 6°c is shown ¢). As discussed in the text, the area of the Gaussian at
high-wavenumber component region, which were generated byeach temperatur is proportional to thegs-hairpin population difference

subtracting the spectrum collected at 30 from spectra ~ PetweenT and 3.0°C.
collected at higher temperatures, show well-defined shapes that

can _be modeled_ by an _inverse Gaussian plus a monotonic, buithe sample, as well as the optical path length, AGD is the
nonlinear baseline. It is easy to show (see below) that the jntegrated area of the high-wavenumber band. Accordingly, the

integrated area of the Gaussian derived from flttlng the ﬂ_hairpin population difference between temperatd’raﬂdTR
difference spectrum generated between temperdtaned 3.0 can be expressed as

°C is proportional to th@-hairpin population difference between

these two temperatures. Thus, a series of difference spectra, all

referenced to the same temperatilige(3.0 °C in the current [BI(T) — [BI(Tr) = ofA(T) — A(TR)] = aAA(T)  (2)
case), would allow us to determine the thermodynamic stability

of the f-sheet of interest, as discussed below. For a two-state system with a total sample concentratio@pf [

For a given temperaturel, the $-hairpin population (or the following equation can be further derived
concentration),/f], may be calculated according to Beer’s law:

0.025

AOD

0.010

0.005

Wavenumber (¢cm™)

[B1(T) = aA(T) )

Here,a is assumed to be a temperature-independent constant
whose exact value is determined together by the cross section
of the high-wavenumber component, the total concentration of Therefore,

Ked(T) Keg(Tr) ) 3

AN ~ BT = [C](l TR T KT

(24) Noda, I.Appl. Spectrosc1993 47, 1329-1336.
(25) Kauppinen, J. K.; Moffatt, D. J.; Mantsch, H. H.; Cameron, D.Appl.
Spectrosc1981, 35, 271—276. AA(M) =p
(26) (a) Prestrelski, S. J.; Byler, D. M.; Liebman, M. Riochemistry1991,
30, 133-143. (b) Wilder, C. L.; Friedrich, A. D.; Potts, R. O.; Daumy, G.
O.; Francoeur, R. WBiochemistry1l992 31, 27—31.
(27) (a) Mok, Y. K.; Kay, C. M.; Kay, L. E.; Forman-Kay, J. Mol. Biol. . X
1999 289 619-638. (b) Bai, Y.; Chung, J.; Dyson, H. J.; Wright, P. E.  Wherep = [C]/a is a temperature-independent constant and

(4)

Keq(T) _ Keq(TR)
1+KeT) 1+ K (TR

Protein Sci.2001, 10, 1056-1066. ; i B
(28) Zagrovic, B.: Snow, C. D.; Khalig, S.; Shirts, M. R.; Pande, VJSol. Ke(T) is the equilibrium constant at temperatdréor folding.
Biol. 2002 323 153-164. Furthermore, other thermodynamic parameters may be deter-
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0.01 frequency band gf-sheets exhibits strong temperature-induced
shifting and broadening or its absorption cross section is strongly
temperature-dependent, then application of the current method
will result in large uncertainties. For comparison, we have also
used absorbance changes at individual frequencies to analyze
the thermal unfolding process. Although these data show clearly
a broad but cooperative unfolding transition, they gave rise to
very different thermal melting temperatures, indicating that it
is not reliable to obtain unfolding thermodynamics from
absorbance changes at a single frequency.

As indicated (inset of Figure 3), the thermal folding
unfolding transition of peptidé extends over a broad temper-
ature range with a width 6f100°C, as estimated by the method
of Klimov and Thirumalai'® This low transition cooperativity
is the result of the relatively small enthalpic change upon
folding/unfolding, a characteristic feature of small systems.
However, more or less cooperative foldingnfolding transitions
have been observed for oth@hairpin systems. For example,

a series of smallg-hairpins, named Trpzips, which were
Temperature (°C) designed by Cochran et &f.show strong cooperative foldirg
Figure 3. Integrated areas of the Gaussians obtained from Figu@2 (  unfolding transitions, whereas Ansari and co-worketsave
Fitting these data to_eqstf) (solid Ii?e) yields the following thermodynamic shown that two 20-residue, three-stranquslheets undergo a
T e L e CONNUOUS' ransion wih no igfcant ree-energy batier
separating the “folded” and “unfolded” conformations.

of the percentage of thg-hairpin population.
Interestingly, the heat capacity change upon unfolding of this

-0.01

20 40 60 80 100
Temperature (°C)

-0.03

-0.05

Integrated Area (a.u.)

-0.07

-0.09 1 1 " 1 " " " 1 L L L Il " " "

mined on the basis of the following relationshifis: fB-hairpin is very small, suggesting that the foldgéhairpin
structure does not have a well-packed hydrophobic cluster. This
Keqg= EXP(—AG/RT) (5) is in contrast to the unfolding of the Trpzifdwhich exhibits

a relatively large heat capacity change300 cal K1 mol™1),
AG=AH, + ACp(T =T —TIAS, + AC, In(T/T, )] (6) due presumably to the disruption of a tight hydrophobic cluster

formed among four Trp side chains. As also suggested by
whereTm = AHW/ASy is the thermal melting temperature and  Jimanez et al., the null heat capacity change associated with
AHm, ASy, andAG, are the enthalpy, entropy, and heat capacity the unfolding of peptidel may indicate that in this case the
changes of the folding transition, respectively. Together, egs hydrophobic contribution to th@-hairpin stability is small,
4—6 allow us to determine the thermodynamic properties of an whereas the two electrostatic interactions between the oppositely

apparent two-state transition of @-sheet from its high-  charged termini as well as between Asn6 side-chain amide and
Wavenumbt_er amide tomponent. _ _ Asp8 side-chain carboxylate are strongly stabilizihg.
For peptidel, we fit its difference spectra in the high- To further verify this finding (i.e.AC, ~ 0.), we measured

wavenumber component region to a Gaussian function plus athe fluorescence properties of the single Trp residue (Supporting
monotonic, nonlinear background. As shown (Figure 2), the |nformation). Because of its sensitivity to the environment, Trp
quality of the fits is excellent. This indicates that the temper- flyorescence has been extensively used in conformational
ature-induced change to the high-wavenumber component carstydiests As shown (Figure 3 in the Supporting Information),
indeed be modeled approximately by a Gaussian function. the fluorescence emission spectrum of pepligeaks at-344
Subsequently, the temperature dependence of the integrategym at 2°C, suggesting that the Trp side chain is largely exposed.
areas of these Gaussians was modeled by edswith four However, increasing the temperature to°68causes a further
adjusting parameters, i.a, AHm, ASy, andAC,. The best fit  yed-shift of the emission spectrum and also a decrease in its
(Figure 3) yields the following thermodynamic parameters for intensity. These results clearly indicate that although the Trp
folding: Tm = 29.1°C, AHm = —6.65 kcal mot?, AS, = residue is involved in hydrophobic interactions with other side
—22.0 cal mot* K™%, andACp ~ 0. These values are in good  chains as evidenced by further red-shift of the emission
agreement with those obtained by Jmee et al., who deter-  maximum upon thermal unfolding, the hydrophobic cluster of
mined the stability of peptidé using NMR spectrscop¥. To this S-hairpin is not tightly packed. In proteins, a totally buried
further verify the validity of the current IR analysis, we Trp residue normally produces an emission spectrum iyith
compared the kinetic amplitude obtained from the T-jump < 330 nm32 Furthermore, a time-resolved fluorescence aniso-
experiment (see below) with the calculafédiairpin population  tropic study reveals that the Trp side chain samples a large solid
difference between the same initial and final temperatures. As gngle (~33°), which is also consistent with the picture that the

shown (Supporting Information), the agreement is considerably hydrophobic cluster in this case is only loosely packed, and
good. We note, however, that the assumption used in the current
analysis that the shape of the high-frequency component is(30) Cochran A. G.; Skelton, N. J.; Starovasnik, M.Proc. Natl. Acad. Sci.
i ; ; ; ih. U.S.A.2001, 98, 5578-5583.
temperature-independent is not vigorously valid. If the high (31) Kuznetsov, S. V.; Hilario, J.; Keiderling, T. A.; Ansari, Biochemistry
2003 42, 4321-4332.
(29) Becktel, W. J.; Schellman, J. Biopolymers1987, 26, 1859-1877. (32) Vivian, J. T.; Callis, P. RBiophys. J.2001, 80, 2093-2109.
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Figure 4. A representative relaxation kinetic trace corresponding to a 31 3.2 3.3 34 3.5 3.6
T-jump from 20.1 to 31.6C. The probing frequency was 1634 cThe 1000/T(K)

solid line is the fit to the following function, OBY = A[1 — B* exp(—t/ ) ) )
7)], with A = —0.003,B = 0.79, andr = 313 ns, convolved with the ~ Figure 5. (a) Arrhenius plots of the observe®), folding (@), and

instrument response function that was determined by fitting the rise time unfolding (a) rate constants. Lines are the results of simultaneously fitting
of the buffer temperature. the folding and unfolding rate constants to egs 7 and 8 with constraints

presented in eq 9. The best fits yield the following thermodynamic

. arameters of activation: (1) for foldingy\H* = 2.0 kcal mot?! and (2)
therefore, the heat capacity change between the folded ancfor unfolding, AH* = 8.7 kcal mol. The extrapolated folding time at 300

unfolded states is small. K is ~0.76 us.
The T-jump-induced relaxation kinetics were monitored by
infrared spectroscopl%?° The relaxation kinetics following a
T-jump (Figure 4) show two well-separated phases that can be
described by a biexponential function. The small fast phase rises
instantaneously and was attributed to nonconformational spectral

peptidel, we fit the temperature-dependent rate constants of
both folding and unfolding simultaneously using the following
Arrhenius equations

changes, such as temperature-induced spectral shift. Imperfect In(k) = In(A) — AH: +E, 7)
subtraction of the T-jump-induced;D absorbance change may RT

also contribute to this component. The slow phase is well +

resolved for final temperatures below 46. We attribute this In(k) = In(A) — AH, + B (8)
component to the foldingunfolding process of thg-hairpin RT

conformation. This assignment is consistent with the results of ) S
Mufioz et al. and also a number of theoretical studfe$The whereAH? is the enthalpy of activatior is a constant, anfl,

fact that peptidd exhibits first-order folding-unfolding kinetics is the activation energy due to solvent visiosity. During the fit,
as well as two-state thermodynamics suggests that the rate e also used the following constrain faH*:
limiting step in its folding is the result of a free-energy barrier

+ +
separating the folded from the unfolded states. It is worthy of AH;f — AH; = AH,, )
noting, however, that a barrierless or downhill diffusional
relaxation can also give rise to exponential kinetfts. where AHgq is the equilibrium enthalpic change. In addition,

The folding and unfolding rate constants were further We have takeis = 4.5 kcal mof™ for D20, as suggested by a
calculated from the observed relaxation rate constants based o"eVious study? The best fit of the temperature dependence of
a two-state mod& and the equilibrium constants obtained above the folding and unfolding rate constants yields a folding
(Figure 3). The results indicate that both folding and unfolding 2activation enthalpy of-2.0 kcal/mol (Figure 5), indicating that
processes encounter a positive activation energy (Figure 5)./-hairpin formation encounters a very small energetic barrier.
However, these apparent activation energies may not represen{rh's is in agreement with results from other studies. It is worthy

entirely the intrinsic energetic barriers associated with the folding ©f noting, however, that the recovered prefacty,contains
and unfolding transitions because solvent molecules can alsoSontribution from activation entropyA§). Although it has been

have a substantial influence over the rate of barrier crogging. 2ctively pursued, an accurate determination of this prefactor in

In fact, Hofrichter and co-workers have shown thatfenairpin transition-state folding models has not been realZed.
folding—unfolding transition, its rate depends inversely on  Peptidel folds into thej-hairpin conformation at an amazing

viscosity36 Consequently, this viscosity dependence would result fast rate. At 300 K, the folding rate is determined to be
in an additional activation energf. To reveal the intrinsic ~ aPProximately 1/(0.«s), which is only 2 to 3 times slower

energetic barriers associated with the folding and unfolding of than the rate of individual helix formatié#>-**but roughly 7
to 8 times faster than the folding rate of the 16-resigeirpin

derived from the GB1 proteif® The question to ask then is

(33) Hagen, S. JProteins: Struct., Funct., Gene2003 50, 1—4.
(34) For a two-state relaxation proceksys = ki + ky, Keq = kilky.

(35) Klimov, D. K.; Thirumalai, D.Phys. Re. Lett. 1997, 79, 317—-320. (37) (a) Yang, W. Y.; Gruebele, MNature2003 423 193-197. (b) Zhu, Y.;
(36) Jas, G. S.; Eaton, W. A.; Hofrichterdl.Phys. Chem. B001, 105 261— Alonso, D. O. V.; Maki, K.; Huang, C. Y.; Lahr, S. J.; Daggett, V.; Roder,
272. H.; DeGrado, W. F.; Gai, FProc. Natl. Acad. Sci. U.S.Ain press.
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why this B-hairpin folds so quickly. We tentatively attribute  Thirumalat® have suggested that the rigidity of the turn as well
the fast folding of peptidé to its loosely packed structure. As  as the position of the hydrophobic cluster can play an important
indicated by NMR studies, th@-hairpin structure of peptidé role in determining the rate ¢f-hairpin formation. Therefore,
contains a common type turn that involves residues Asn6, Pro7,the relative closeness of the hydrophobic residues to the turn
Asp8, and Gly9 with a hydrogen bond formed between the in peptidel may also contribute to the observed fast folding
carbonyl oxygen of Asn6é and the amide hydrogen of Gly9. It rate. A similar conclusion may be also drawn according to the
is known that a common type turn cannot connect a tightly statistical model of Mtioz et al.8 which predicts that moving

packedp-hairpin structuré? Also consistent with this picture  the hydrophobic cluster one residue closer to the turn will speed
is the red-shifted Trp emission maximum as well as its flexible yp the folding rate by 4 times.

side chain.
On the basis of their theoretical folding studies on the

ﬂ'hlali[gll? derlvedlfrgn:j :Ee ﬁBl _pr?teln,t_Kllrr_]ov land ;Lh'ru' fundamentally different mechanisms in which the formation of
malar=have conciude ol airpin formation INVoIves three ., hydrophobic cluster either precetie¥4446or follows’8
time scales. On the collapse time scale, compact structures with

the hydrophobic cluster form. Subsequently, interstrand hydro- the formation of the mtergtrand hydrogen b.onds. Our results
S . seem to be consistent with the hydrophobic collapse model
gen bonds form. Last, the complgiéairpin structure is formed

by assembling the remaining interstrand native contacts, which a:hoflijr?i] monrel deitz?]lled sr:usl 'e? neﬁd;o l\tl) evc;ratrrzleld OUtt: efforet
is the rate-limiting step. A similar conclusion has also been any final conclusions can be reached. INevertneless, the fas

reached by Dinner et dl.Therefore, we hypothesize that a fo!d?ng of_peptidgl,_whe_n compared with the folding of oth_er
loosely packegs-hairpin would fold faster than those having miniproteins of similar siz&,suggests that the atomic packing

tighter structures. To verify this assumption, we have measured'S ON€ _Of the |m_portant determinants that govern the rate of
the folding rate of one of the Trpzips, i.e., Trpzip4, which A-hairpin formation.

consists of 16 residues and is known to form a tightly packed
p-hairpin conformation with a degree of structural definition
exceeding that of the average protein dontiAs expected, We demonstrated that the high-wavenumber amidmsin-
Trpzip4 folds in approximately 18s at 300 K (data not shown),  ponent ofg-sheet structures at around 1680éroould be used
which is indeed approximately 17 times longer than the folding 1, getermine their thermodynamic stabilities. Using this method,
time of peptidel. Together, these results suggest that the details ;¢ studied the folding thermodynamics of a 15-resjgtfeairpin

of packing side chains of residues involved in the native contacts (i.e., peptidel). The results indicate that peptideindergoes a

play an important role in determining the rate fhairpin fairly broad thermal unfolding transition that can be described

fgrmgtion ordprotein kfoldirrl]g in genﬁr?jl. W.e 'Inoticed ltha}t by a two-state model with &, of 29 °C. The folding-unfolding
avidson and co-workers have reached a simiiar ConClusIon y;,eticq of peptidel were further studied by T-jump IR

through the folding study of the SH3 doméhA recent technique. Surprisingly, we found that peptididolds at an

simulation study by Zhou and Linhanattalso suggests that S ' . .

atomic packing and native contact interactions play a dominant 2™ 2""9 fast rate. At 300 K, the folding rate of peptitiés
b 9 piay approximately 1/(0.8«s), which is only 2 to 3 times slower

role in the folding mechanism ¢f-hairpins. . . .
9 (ﬁ P . than the rate of helix formation. On the basis of the results of
Moreover, the small enthalpic (and possibly free-energy) ., . . : .
. . . this and other studies, we have tentatively attributed the fast
barrier observed for folding of peptidé as well as other . . ; .
folding of peptidel to its loosely packeg-hairpin structure.

B-hairpins also indicates that folding free-energy barrier is Consistent with | tational studies. thi It al
dominated by entropic contribution. This is again consistent with onsistent with several computational studies, this result also
indicates that the details of native contacts play a dominant role

the picture that the search for native structures within an | o )
ensemble of collapsed conformations dominates the rate of " the rate off-hairpin folding.
B-hairpin formatior®19A recent study by Dyer and co-workéts
on the folding kinetic® of a series of cyclig-hairpin peptides
also supports such a folding mechanism.

It is worthy of noting that other factors may also strongly
affect the rate ofs-hairpin folding. For example, Klimov and

While a number of modeld 1044746 have been proposed to
explain the folding mechanism gthairpins, they involve two

Conclusion
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