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Abstract: We studied conformational stability and folding kinetics of a three-stranded f-sheet containing
two rigid turns. Static infrared measurements indicate that this S-sheet undergoes a broad but cooperative
thermal unfolding transition with a midpoint at ~53 °C. Interestingly, time-resolved infrared experiments
show that its relaxation kinetics in response to a temperature-jump (7-jump) occur on the nanosecond
time scale (e.g., the relaxation time is ~140 ns at 35.0 °C), thereby suggesting that the conformational
relaxation encounters only a small free energy barrier or even proceeds in a downhill manner. Further
Langevin dynamics simulations suggest that the observed T-jump relaxation kinetics could be modeled by
a conformational diffusion process along a single-well free energy profile, which allowed us to determine
the effective diffusion constant and also the roughness of the folding energy landscape.

Introduction Recently, Du et al. have shown that the entropic cost associated
with the turn formation could dominate the total free energy
barrier in 8-hairpin folding2* Their results indicated that the
folding rate of ag-hairpin could be fine-tuned by varying its
turn sequence. Given the fact that the energetic barrier for

Recently, there has been an increased interest in identifying
and designing single-domain proteins that fold on the ultrafast
time scalet=8 The goal is not only to provide model systems

for computer simulations but also to understand determinants > T & 170 :
of protein folding kinetics, such as the folding “speed lindit®. p-hairpin folding is smalk="" this may prove to be an effective

The latter may be interpreted as the fundamental rate in proteinmeans to des'g” or identif§-sheet sequences that are capable
folding dynamics because it is analogous to the pre-exponentialOf uItr.afast foId.ln.g. qu.example, the folding processﬁdheet .
factor of transition state theory rate constant, kgT/h. Until proteins containing rigid turns that are predisposed to fold in
now, a number of proteins composed of predominantly helical the gnfolded states coulq encounte_r only a small free energy
secondary structures have been shown to fold in less than terParrier or even l!oroceeel ina d_ownhlll_ manner.
microseconds; >’ providing an estimate of the folding speed qunh'” or *type 0" protein folding process has been
limit for helical proteins. The reason that those proteins can predpted by tzh(fzgnergy |aancape théeRand studied through
fold extremely fast may well be related to the fact that folding exper_lment§: . A downhill folding Process does not |nvc_)l\_/(_a
of individual helices occurs on a time scale of about-+800 crossing over_dlstlnct free energy barriers, thereby ‘?Xh'b'“r?g
ns, depending on temperature, sequence, and chain ferigth. unique behavprs that are _dlfferent from_ those associated W|_th
However, mos§-hairpins fold at least 10 times slower than a two-state folding mechanism where a single free energy barrier
monomeric helices, suggesting that the native state topology isSeparates the folded from the unfolded states. A downhill folder

an important determinant of the folding energy landscdpe. cou!d be used to study some fundamental propgrties of the
folding free energy landscape that are not attainable from
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Table 1. The Sequence of °PPP—Il and Its Mutants were collected. Consequently, the compactness of this peptide
peptide sequence? should exhibit modest temperature dependence. To verify this
DPOP—|| R-Phe-IE\PPGKKFITSPGKT-Tyr-TE hypothesis, we further employed a fluorescence resonance
DPPP—[|-m1 R-Phé-IEVPPGKKFITSPPGKT-Trp-TE energy transfer (FRET) method to evaluate how the compactness
PPOP—1I-m2 R-Phé-IEVPPGKKFITS’PGKT-Phe-TE of PPPP—I| changes as a function of temperature. Our results

indeed show that the distance between the donor and acceptor,
which are located at the N- and C-terminus strands, respectively,
does not change significantly with increasing temperature.

aphé represents Pl

p-Proline PP) is commonly used to enhance the conforma-
tional stability of designed3-sheet$?® This is because the
molecular geometry ofP is compatible with the right-handed
twist of the3-sheet structuré® and thus, it can effectively reduce Samples.Peptides were synthesized using the standard fluoren-9-
the entropic cost associated with the turn formadoand ylmethoxycarbonyl based solid-phase me_thod_on Rink resin, purified
consequently increase the stability of the folded state by by reverse-phase chromatography. The identity of each peptide was
increasing the folding rat¥. Therefore, antiparalleB-sheets further verified by matrix-assisted laser desorption ionization mass
containing aPP residue in their turn sequence are potential spe_ctroscopy. The residual trifluoroacetic acid from peptide syr_nhesis,
candidates for exhibiting ultrafast or even downhill folding Wh'Ch..has an IR_band at 1672 cin was removed by_ .mglt'ple
behavi = le Du et @lh h that lyophilizations against a 0.1 M DCI solution. For both equilibrium and

e aVIOrS‘_ or exgmp e . u _e aye S (_)W” at, among e resolved IR experiments, the sample was prepared by directly
four 12-residugs-hairpins differing only in their turn sequences,

- -~ dissolving the lyophilized peptide solid in,© and the final concentra-
the one containing &PN turn segment exhibits the fastest tion was 23 mM.

folding rate. Similarly, Nguyen et ap. have shown that the Infrared Measurements. FTIR spectra were collected on a Nicolet
folding rate of the hPin1 WW domain could be sped up by an magna-IR 860 spectrometer using 1 cmspectral resolution. A
order of magnitude simply by mutating four native residues in thermostated and two-compartment Gagmple cell with a 52m

its loop 1 toPPG. Herein, we investigated thermodynamics and optical path length was used to measure the temperature-dependent
kinetics of aPP-containing peptide originally designed by FTIR spectra of the sample and reference@P under identical
Gellman and co-worker$, who have shown that this peptide conditions. The laser-induc&djump infrared setup has been described
(i.e.,°PPP—Il in Table 1) folds into a three-stranded antiparallel  in detail elsewheré.Briefly, a 3 ns, 1.92m pulse was used to generate
B-sheet conformation in aqueous solution. Due to the high turn- a T-jump and the r_esultant tr_anS|ent ab_sorbance (_:hang_e was detected
forming propensity of th@PG turn segments iPPPP—I, this by a CW lead salt infrared diode laser in conjunction with a 50 MHz
p-sheet is fairly stable. Consistent with our speculation, time- MCT detector.

resolved infrared (IR) measurements indicate that the relaxation FRET Measurements. Fluorescence spectra were obtained on a

Kineti fOPOP_ || | {0 A-i t v fast Fluorolog 3.10 spectrofluorometer (Jobin Yvon Horiba, NJ) with 1 nm
INEUCs o |n. response to a-jump are e>.( remeY ast, . spectral resolution (excitation and emissiondl@anl cmquartz sample
on the nanosecond time scale, thereby suggesting that its fOIdIngcuvette. Temperature was regulated using a TLC 50 Peltier temperature

encounters either a relatively small free energy barrier between controlier (Quantum Northwest, WA). The peptide sample was prepared
two distinguishable conformational states or no distinct barriers py directly dissolving lyophilized solids into 4 and the final

at all, i.e., a downhill folding without traditionally defined folded  concentration was around 2M, determined optically usingago =

and unfolded states. To understand these results, we have850 M~ cmi for the reference peptid@R°P—II-m2) andezgo = 5690
analyzed theT-jump induced relaxation kinetics according to M~ cm*for °PP°P—II-m1. Temperature-dependent fluorescence spectra
two different scenarios. A two-state analysis allowed us to in the spectral range of 25850 nm were collected from 0 to 9%,
explicitly determine the temperature-dependent folding rate, in @ Step of S'C, with an excitation wavelength of 240 nm. The FRET
whereas Langevin dynamics simulations where folding was efficiency, E, was calculated according to the following equation:
assumed to proceed along a one-dimensional, barrierless free L=}

energy surface allowed us to determine the roughness of the E=>2_PA (1)
folding potential. Although we were unable to distinguish o

between these two possibilities, this study nevertheless revealed

information that is important for understanding the folding Whereloa andip are the integrated fluorescence intensities of the donor,
dynamics ofg-sheet conformations. with and without the presence of the acceptor, respectively. For the

current study,lpa corresponds to the integrated area of the jhe
fluorescence spectrum obtained witf°P—II-m1 peptide, andip

Materials and Methods

It appears that we can attribute the ultrafast relaxation
behavior of?PPP—Il to its PPG turn segment, which has been corresponds to that obtained with the reference pepiRi®—I11-m2,
shown to be able to form a type tum that is extremely tolerant 5 qer the same conditions. To accurately determine the integrated area
to various denaturation conditioA?® Hence, we expect that  of the Phey, fluorescencé which overlaps the emission spectrum of
the turn conformations oPPPP—II do not show significant T, we fit the fluorescence spectrum of these peptides by using a linear
changes within the temperature range in whichTthemp data combination of two profiles generated from fitting the fluorescence
spectra of Trp and Phg plus a linear background.

@3) fggénosa, J. F.; Syud, F. A; Gellman, S.Rotein Sci2002 11, 1492~ Langevin Dynamics Simulations.The T-jump induced conforma-
(24) Chothia, CJ. Mol. Biol. 1973 75, 295-302. tional kinetics of°’PPP—I| at selected final temperatures were modeled
(25) Nguyen, H.; Jger, M.; Kelly, J. W.; Gruebele, M. Phys. Chem. B005 by Langevin dynamics in the high friction limit. For simplicity, the

(26) ég,%d%séBﬁlgtﬁgér‘ H. E.; Schenck, Mortell, H.; Espinosa, J. F.; Fisk, J. conformational motion was assumed to occur on a one-dimensional
D.; Fry, C. G.; Gellman, S. HJ. Mol. Biol. 2003 326, 553-568. free energy surfacés(q),

(27) Kuznetsov, S. V.; Hilario, J.; Keiderling, T. A.; Ansari, Biochemistry
2003 42, 4321-4332.

(28) Hilario, J.; Kubelka, J.; Keiderling, T. Al. Am. Chem. So@003 125, (29) Tucker, M. J.; Oyola, R.; Gai, RH. Phys. Chem. R005 109, 4788~
7562-7574. 4795.
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G(q) = 10(q — 1)? x H(q — 1) + 0.5(q — 1)? x H(q — 0.5) x
H(L - q) + (1 — gA/6 x H(0.5— q) x H(q+ 0.5)+
0.5+ 1)* x H(—q — 0.5) x H(—q — 1) + 0.5(q + 1)* x

H(=g— 1)+ AT x (@- 1)+ AG,, (2)

whereq is the reaction coordinate and is related to the IR observable
used in the current study(q) is the Heaviside function, andGan
represents the intrinsic roughness of the free energy sudéceis a
function of temperature and is adjusted to match the equilibrium
populations obtained from the equilibrium FTIR experiments. The latter
was achieved by assuming that conformations with 0.7 would give

rise to the characteristic amidebland of antiparallgb-sheet. We found
that A(T) is a nonlinear function of over a broad temperature range.
However, between 20 and 6C A(T) depends approximately linearly
on temperature (see below). The dynamics of Thgimp induced
population redistribution on a new free energy surface, which is
determined by the final temperature, were evaluated using the following
equation,

keTag_ _ 96(9)
D ot aq

whereD is the diffusion constant anB(t) represents the fluctuating
force exerted by the thermal bath. This diffusion equation was
numerically solved using a fourth-order Rurgf€utta algorithm in
Matlab (Mathworks, Natick, MA). In one type of simulatioAGan
was set as zero. Whereas in another type of simulathdB, was
mimicked by Gaussian random noise with a root-mean-square of
€’kg?T?, which was assumed to be independent of the reaction
coordinate AGran is rescaled to reproduce the kinetic data for a given
D, which was set as 0.04 #ms*®3tin the current study and the free
energy fluctuatio®G is expressed aksT. To compare the calculated
population relaxations with experimental relaxation kinetics, the time-
dependent population distribution functip(g,t) is further converted

to a kinetic signalS(t) using the following equation:

+I® ®)

St = [ H(a - 0.7)p(a.)dg (4)

where the Heaviside functiod(q — 0.7) =0ifq=< 0.7;,=11if q >
0.7), which is used as a step switching function for calculating the IR
kinetics, is the same as that used in the equilibrium calculation.

Results

The 20-residué’PPP—II peptide was synthesized based on
the sequence designed by Gellman and co-woréanée made
a minor modification to the original peptide sequence wherein
the unnatural amino acid ornithine, which was used to maximize
the NMR signal€632was mutated to lysine because it has been
shown that both amino acids show simifagisheet propensi-
ties26:32

The thermal unfolding transition dfPPP—Il was studied
using FTIR spectroscopy. As shown (Figure 1), its amide |
band, which mainly arises from the stretching vibration of
backbone €0O's, consists of four overlapping but resolvable
spectral components. The spectral features centered @34
and ~1678 cm! are due to various coupling mechanisms
among individual amide carbonyfs**and have been shown to

(30) Buckler, D. R.; Hass, E.; Scheraga, H.Biochemistryl995 34, 15965~
15978

(31) Hagen, S. J.; Hofrichter, J.; Eaton, W. A.Phys. Chem. B997, 101,
2352-2356.

(32) Syud, F. A.; Espinosa, J. F.; Gellman, SJHAm. Chem. S0d.999 121,
11577-11578.

(33) Miyazawa, T.; Blout, E. RJ. Am. Chem. S0d.961, 83, 712-719.

(34) Moore, W. H.; Krimm, SProc. Natl. Acad. Sci. U.S.A975 97, 4933~
4935.
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Figure 1. Representative FTIR spectra (solid lines)$PP—Il in D,0

(pH* 4.5) at 2.9, 44.2, 79.8C, as indicated. Also shown (dashed line) is
the resolution-enhanced FTIR spectrum atZ9which was achieved by
Fourier self-deconvolution using an enhancement factor of 2 and a
bandwidth of 18 cm™.
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Figure 2. Integrated area of the 1678 ciband (lefty-axis) and the

fraction of 8-sheet (righty-axis) vs temperature (open cycle). Fitting these
data to a two-state model (solid line) with temperature-independent folded
and unfolded baselines yields the following thermodynamic parameters for
unfolding: AHy = 12.34 0.9 kcal mot?, AS, = 37.7+ 2.8 cal mot?

K™%, ACp, = 173+ 15 cal moft K™t and Ty, = 52.6 + 0.4 °C.

be characteristic IR markers of antiparajiebheets® Consis-
tently, the difference spectra computed from these FTIR spectra
(data not shown) indicate that the intensities of these bands
decrease with increasing temperature, owing to the decreased
pB-sheet content at higher temperatures. Keiderling and co-
workers have shown that the band centered 2610 cnt! can
be assigned to the amide=© of thePP residue’28 Indeed,
the band area of this component, obtained from curve fitting,
accounts for about 13% of the total amideand area oPPPP—
Il, in good agreement with the percentage of #iferesidue in
PPPP—|| sequence.

To quantify the thermal unfolding transition BPPP—II, we
have employed a global fitting methd’ to determine the
temperature dependent integrated area of the 1678 band
from the corresponding FTIR difference spectra. As shown
(Figure 2), the integrated area of this band, which is proportional
to the antiparalle|s-sheet content, decreases with increasing
temperature. Although the thermal unfolding transition revealed
by this band is broad, it can be described by an apparent two-
state model. On the basis of the method proposed by Klimov

(35) Surewicz, W. K.; Mantsch, H. H.; Chapman, Biochemistry1993 32,
389-394.
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Figure 4. FRET efficiency of°PPPP—II-m1 vs temperature.
_2.5 i L i L i L L Il 1
0.1 0.1 0.3 0.5 0.7 0.9 acid FRET pairp-cyano-phenylalanine (Pbg) and tryptophan

(Trp), was used. Tucker et #have recently shown that Phe
can be used as a FRET donor to Trp and have applied this FRET
pair to study the conformational distribution of a 14-residue

Time (Us)

Figure 3. Representative relaxation kinetic trace probed at 1633 ¢ar
DPOP—|| in response to &-jump of 25.4 to 35.0°C. The smooth line is

the fit to the following function, ODj = A[1-B*exp(—t/z)], with A= —1.8, unstructured peptid@and also the thermal unfolding transition
B = 0.54, andr = 0.14+ 0.02us, convolved with the instrument response  of a 16-residueﬁ-hairpin.14 To utilize this FRET pair, we
function determined from the risetime of the buffer temperature. synthesized a double mutant RFCP—I1, i.e., F2Phen/Y18W
_ _ o _ (i.e.,PPPP—II-m1in Table 1). FTIR studies indicate th2@PP—

and Thirumalaf? the width of the transition (i.e., the full width | _\1 aq0pts an antiparallg@-sheet conformation and exhibits
at ha(l’f-m.ax[mur.n of the ¢ff}/dT profile) was determined to be 5 thermal unfolding transition very similar to that of the wild
~59 °C, indicative of a weak but cooperative transition. type (data not shown). As shown (Figure 4), the FRET efficiency

The T-jump induced relaxation kinetics 6P°P—II were of PPPP—|I-m1, calculated based on the method described in
studied by an IR methott. Similar to those observed for other  the Materials and Methods section and the fluorescence of a
B-sheet system&;!6.1737the T-jump IR kinetics of °PPP—II reference peptid®PPP—II-m2, only changes modestly from 0

contain two distinctive phases (Figure 3). According to our early to 95 °C. This result indicates that the separation distance
interpretatior?’ the fast phase, which was too fast to be resolved petween the donor and acceptor, which could be used as a
by the current setup, was assigned to spectral changes that argeasure of the compactness RP—II-m1, does not vary

not associated with the global folding/unfolding of the peptide. sjgnificantly in this temperature range. Consistent with this
Because the amide | band of proteins and peptides depends Ophservation, the results of Kuznetsov ef’ahlso suggest that
the hydration status_ of the “ex_posed" amide groups,_changlng peptide °PPP, which has the same turn sequence to that of
temperature affects its absorption profifetherefore, &-jump DPOP—||, remains highly compact even under high denaturation
would produce an unresolved IR kinetic phase because suchconditions?” Therefore, the relative compact conformation
temperature-induced spectral changes occur on a time scale thaédopted byYPPP—II-m1, even at temperatures where fheheet

is faster than the time resolution of the current séfuf3.*°The content is small, appears to arise from the intrinsic rigidity of
slow phase was resolvable for final temperatures belo’®G5  the stableS-turn formed by the?PG segment, which could
and could be adequately modeled by a single-exponential constrain the flexibility of the polypeptide chain. Because of
function. Because a two-state folder always yields a single- the similarity in the sequences BPPP—II-m1 andPPPP—Il, it
exponential relaxation in response to a perturbation, this resultjs reasonable to assume that the latter also adopts a compact

is thereby consistent with (but not necessarily indicative of) a structure even under thermal denaturation conditions.
two-state folding scenario wherein a single free energy barrier

distinctly separates the folde®PPP—II from its thermally Discussion
unfolded counterpart. Furthermore, the ultrafast (i.e., nano-  ajthough the folded state oPPPP—II consists of three
second) relaxation behavior 8P°P—Il in response to &-jump B-strands, its conformational relaxation in response Tejamp

(Figure 3) suggests that the corresponding conformational s much faster than that @#-hairpins!4-17 For instance, the

process encounters only a relatively small, if any, free energy rejaxation rate oPPPP—II is (0.14 + 0.02 us)* at 35.0°C,

barrier. which is not only the fastesE-jump relaxation rate observed
To facilitate understanding of ultrafast relaxation behavior for a p-sheet system so far, but is also comparable to that

of PPPP—I1, we further investigated the effect of temperature opserved for monomerio-helices?~12 the folding of which

on its compactness using a FRET technique whereby an aminomostly involves local interactions. These results suggest that

the T-jump induced relaxation i®P°P—Il does not involve

(36) Klimov, D, K- Thirumalai, D.Proc. Natl. Acad. Sci. U.S./2000 97, large-amplitude conformational motions, and as a result, the
(37) Xu, Y.; Wang, T.; Gai, FChem. Phys200§ 323 21—27. structural evolution can proceed quickly to the new equilibrium

(38) Walsh, S. T. R.; Cheng, R. P.; Wright, W. W.; Alonso, D. O. V.; Daggett, it i
V.. Vanderkooi, 3. M.. DeGrado. W. frotein Sci.2003 12, 520531 posm_on. In other words, our results suggest t_hat the radius of
(39) Volk, M.: Kholodenko, Y.; Lu, H. S. M.; Gooding, E. A.; DeGrado, W.  gyration or compactness of the conformational ensembles

F.; Hochstrasser, R. Ml. Phys. Chem. B997 101, 8607-8616. ; ; ; ;
(40) Bredenbeck, J.; Helbing, J.; Kumita, J. R.; Woolley, G. A.; Hamn®rBc. !”Y_O'Ved in _SUCh relaxations, na_mel_y t_hose corr(_aspondlng to Fhe
Natl. Acad. Sci. U.S.A2005 102, 2379-2384. initial and final temperatures, is similar. Consistent with this
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7.5 d d d Considering the fact that this rate is comparable to that of the
helix-coil transitiod~12 but is much faster than that gfhairpin
formation!*~17 this result suggests that the folding free energy
barrier encountered by the ‘thermally unfolded state SRP—
Il must be relatively small. This result is in agreement with
several previous studies that demonstrated that turn formation
nucleates the foldirf§*4 of S-sheets and is the rate-limiting
stepl41745As suggested by the above FRET results and also a
NMR study?® the PPG segment helps form a rigid and stable
turn that may resist thermal denaturation. Hence, the entropic
penalty associated with the search for the native turn conforma-
tions in the folding process dtPPP—II from its “thermally
unfolded states” is expected to be greatly reduced. Also
consistent with this notion, a recent study regarding the effect
of the Pro residue on the loop formation rate indicated that short
) ) loops are formed fastest aroumds-prolyl bonds due to the
Figure 5. Arrhenius plot of the measured relaxation rate constaBjs (

and also the folding4) and unfolding (x) rate constants obtained from a largely restricted Co_nformatlonal Spaﬂé&ma”y’ globally fitting .
two-state analysis. Lines are fits to the Eyring equation. these two-state folding and unfolding rate constants to the Eyring

_ o _ ) equatioA’ yielded an apparent enthalpy of activatioxH*) of
picture, our FRET results indicate that the separation distance4 4 4 0.4 keal/mol for folding. Because solvent4D) friction
between the F@Dand Trp, which are located near the-N  ¢ould produce an apparent energetic barrier as large4as
and C-termini of °P°P—Il-m1, respectively, only changes  cal/mol4” this result suggests that the intrinsic enthalpic barrier

Log(k, s™)

3.0 3.1 3.2 3.3 3.4
1000/T(K)

modestly within the temperature range of@ °C (Figure 4). encountered durin§P°P—I folding is small.
Qualitatively speaking, these FRET data are supportive of the  ajthough the relaxation kinetics 8P°P—II can be described
idea that theT-jump induced structural evolution #P°P—II by a single-exponential function and is thus consistent with a

involves a (relatively) short path because the conformational yyo-state folding scenario, a downhill folding mechanism cannot
search is limited in a compact space, similar to the notion that e ryled out. Hagéf has shown that an ensemble of conforma-
an initial collapse process could effectively reduce the confor- tjons diffusing on a one-dimensional downhill free energy
mational space that a protein has to search and, thereby, speedingrface could result in folding kinetics that are practically
up folding** Although several types of interactions can lead to jngistinguishable from single-exponential or two-state folding
the formation of a collapsed or compact conformation, wWe inetics. Therefore, we have also analyzed Bjump results
believe that in the current case it is tABG turn that causes i the context of downhill folding wherein only one conforma-
PPPP—II-m1 and also®P°P—II to adopt a compact structure, - tional ensemble is populated at a given temperaturé ddlinas
even under highly denatured conditions. Comparative studiesgiscussed such downhill folding processes by employing a
have shown thabPG has a very high turn propensity when  single-well potentiaf? where strong deviation from cooperative
placed at the center of a loop sequefit¥,partly due to the  thermodynamics is expecté@i®
fact that the molecular geometry of tAB residue is compatible Specifically, we have attempted to quantitatively reproduce
with the right-handed twist of thg-sheet**?and is ideal for the T-jump induced relaxation kinetics ofPPP—II using
the -1 position of a type'lor type I f-tumn. Therefore, a | angevin dynamics simulatihin the high friction limit221.22
turn formed by a sequence containiABG cannot be easily  similar to those used in other studfe&224%two single-well
disrupted and could be maintained even at conditions wherefree energy surfaces corresponding to the initial and final
other secondary structures are I¢sEor this reason®PG is temperatures, respectively, were constructed for a giviemp
often used in designettsheetd2642because its intrinsic rigidity experiment using eq 2, whergrepresents a putative folding
helps reduce the entropic cost associated with the turn forma-coordinate that could be interpreted as the structural similarity
tion?® and consequently stabilizes the folded state by increasingig the native state. Although protein folding occurs on a
the folding rate’ _ _ y multidimensional free energy landscape, it has been shown that
If we were to assume that the folding-unfolding transition of - for minimally frustrated sequences a low-dimensional (one or
PPPP—I follows a two-state mechanism, the measured relax- o) reaction coordinate can quantitatively describe their folding
ation rate constantkg) could be further separated into the  ratesSt |n addition, a recent simulation study also suggests that
corresponding folding) and unfolding k) rate constants using 4 single folding conformational coordinate is likely to properly
the thermodynamic parameters determined from FTIR measure-gescribe-hairpin folding processe®. To better mimic the
ments (Figure 2) in conjunction with the following relation-  experimental conditions, the temperature-dependent native bias
ships: kg = ki + ky andKeq= ki/ki, whereKeqis the equilibrium
constant for unfolding. As shown (Figure 5), such an analysis Eﬁg ﬁléocvaﬁi-;tlf"Emf'?klﬁ]Bigp_ogggﬂgagt3&313’&13%' 2000 7, 666
yielded a folding rate constant that is only weakly temperature 673. . T B ’
dependent, similar to that observed for otlﬁiesheetsl.“vmv” (45) Jayer, M.; Nguyen, H.; Crane, J. C.; Kelly, J. W.; Gruebele, MMol.

) Biol. 2001, 311, 373-393.
However, the folding rate extracted from such a two-state (46) Krieger, F.; Malich, A.; Kiefhaber, T.J. Am. Chem. So2005 127, 3346~

L —1 o 3352.
analysis is extremely fast, e.g., (0.260.02us)™* at 25°C. (47) Cho, C. H.; Urquidi, J.; Singh, S.; Robinson, G. WPhys. Chem. B999
103 1991-1994.
(41) Roder, H.; Caln, W. Curr. Opin. Struct. Biol.1997, 7, 15-28. (48) Hagen, S. JProteins2003 50, 1—4.
(42) Das, C.; Nayak, V.; Raghothama, S.; Balaram).PPeptide Res200Q (49) Muroz, V. Int. J. Quantum Chen002 90, 1522-1528.
56, 307-317. (50) Veitshans, T.; Klimov, D. K.; Thirumalai, Orolding Des.1996 2, 1—22.
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Figure 6. Comparison between the experimental data (gray) and those 225.0
(black) obtained from a Langevin dynamics simulation for the relaxation
kinetics in response to &jump from 25.4 to 35.0C.
of these free energy surfaces was adjusted us{iyin such a _
way that the totaB-sheet content of the equilibrium population 7, -260
at each temperature matches that obtained from the FTIR ‘g
analysis (i.e., those presented in Figure 2). To do so, we have «°
. . Q
assumed that any conformation wigh> 0.7 would produce et
the characteristic amidé fleatures of antiparallg-sheet; and = -27.0
the resultanfA(T) exhibits a linear temperature dependence in
the temperature range of 2060 °C, i.e.,A(T, °C) = —3.086
+ 0.0577. Although such an assumption is somewhat arbitrary
and has been used in othBjump studies;?1??the choice of -28.0
the cutoff alongg does not affect the results discussed below. 9.2 10.2 11.2
In response to d-jump perturbation, the structural ensemble (1000/T(K))

of interest _dlffuses_toward th_e new _eq_umb_rlum position and Figure 7. (a) Effective diffusion constantD() vs temperature. (b)
the dynamics of this population redistribution was evaluated Logarithm of D* vs (1000T).2
by numerically solving eq 3.

The first type of simulation was carried out using smooth temperature-independent constants. Considering the fact that the
free energy surfaces, which essentially uses the effectivetemperature dependence of the solvenidpviscosity could
diffusion constant ") to account for the roughness of the produce an apparent activation energy of about 4.5 kcalfmol,
folding energy landscape or the averaged effect exerted by manythese results suggest that interactions with the solvent molecules
degrees of freedom, including those from the solvent, on the are important determinants of the roughness of the folding free
conformational diffusion proceg$® As shown (Figure 6), the  energy landscape 6P°P—II, which play a more pronounced
measured relaxation kinetics (the slow phase) in response to aole in retarding the conformational motion at low temperatures.
T-jump of 25.4 to 35.0°C can be described by a diffusive  Consistent with our observations, Garand Sanbonmat%t
process with an effective diffusion constant of 0.002ms, a as well as Zhou and co-worké&P$® have shown that the
value similar to that (0.001 n#ms) obtained for a mutant of ~ roughness of the folding energy landscapg-tfairpin GB£4>°
J-repressor at 63C.2 Although friction or energetic roughness  and miniprotein Trp-cagé decreases with increasing temper-
can arise from various effects, such as nonnative interactionsature. Similarly, Wolynes and co-workers have shown that
or native interactions in the wrong topology as well as side chain specific water-mediated interactions can affect the folding funnel
steric effects, their specific contribution cannot be explicitly of a protein in a significant wa¥/.
determined by the current method. However, simulations carried  In the second type of simulation, we sought to use random
out at different temperatures may allow us to further estimate Gaussian noise to mimic the residual roughness A€n in
the magnitude of the roughness of the one-dimension free energyeq 2) of the folding free energy surface, which fluctuates with
profile used in this study. As shown (Figure 7a), the resultant time. Because the root-mean-square of the free energy fluctua-
effective diffusion constant exhibits a nonlinear temperature tion, G, and the diffusion constanD] are interrelated, they
dependence and appears to follow the relationship suggestedannot be independently determined using the current approach.
by Zwanzig2®i.e., D* = Do exp(—(e/kgT)?) with ane of about Therefore, we assumed that the conformational diffusion
2.4 kcal/mol (Figure 7b) where bofby ande were treated as

(54) Garca, A. E.; Sanbonmatsu, K. YProteins Struct. Funct. Gene2001,

42, 345-354.
(51) Nymeyer, H.; Socci, N. D.; Onuchic, J. Rroc. Natl. Acad. Sci. U.S.A. (55) Zhou, R.; Berne, B. J.; Germain, Rroc. Natl. Acad. Sci. U.S.£2001,
200Q 97, 634-639. 98, 14931-14936.
(52) Daidone, I.; D’Abramo, M.; Di, Nola, A; Amadei, Al. Am. Chem. Soc. (56) Zhou, R.Proc. Natl. Acad. Sci. U.S.2003 100, 13280-13285.
2005 127, 14825-14832. (57) Papoian, G. A.; Ulander, J.; Eastwood, M. P.; Luthey-Schulten, Z.; Wolynes,
(53) Zwanzig, R.Proc. Natl. Acad. Sci. U.S.A988 85, 2029-2030. P. G.Proc. Natl. Acad. Sci. U.S.2004 101, 23352-3357.
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that the observation of first-order folding kinetics is not sufficient
to exclusively determine the mechanism of folding, although a
two-state scenario always results in single-exponential folding
as well as relaxation kinetics. In addition, this result is in
agreement with the studies of Zwan#Agand Yang and
Gruebele?! They have suggested that conformational diffusions
along a folding coordinate with uncorrelated roughness and a
strong bias toward the native state can be described by single-
exponential kinetics because the barrier is completely dominated
by the residual roughness along the free energy sufface.
Therefore, the single-exponential relaxation behaviors observed
-2 -1 0 1 2 for PPPP—I1I and the random free energy fluctuations used in
Reaction Coordinate (g) the Langevin dynamics simulations are self-consistent.

It is worth pointing out that even though the current study
does not allow us to pinpoint the magnitude of the folding free
energy barrier, it nevertheless allows us to set limits on several
important physical parameters regarding the folding process of
pB-sheets. For example, it clearly demonstrated that the “at-
tempting” frequency for folding ofi-sheets with similar size
should be on the order of (0-D.3 us)™?, a value well within
the range estimated by Li et &.

Free Energy (kgTg)
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Conclusion

In summary, we have studied the folding thermodynamics
0 0.2 04 0.6 0.8 1 and kinetics of a 20-residue peptidBPP—II. It folds into a
Time (ps) three-stranded antiparallgtsheet and possesses rather unique
Figure 8. (@) Free energy profiles used in the !_angevin dynamics simulation folding properties because its turn sequences contdR@
for 25.4°C (gray) and 35.0C (black), respectively. For both surface; segment. The latter is known to facilitate the formation of stable
~ 0.7 kgT. (b) SimulatedT-jump induced relaxation data at 35°G. The . . .
smooth line is a single-exponential fit to these data. -turns that are resistant to highly denatured conditions. The
folding of this peptide is expected to occur on a very fast time
constant of°PPP—I1 is similar to that measured for relative ~ Scale because it has been shown that the turn formation plays

motions between two positions along a polypeptide chain of an important role in controlling the folding free energy barrier
similar length3%.3and have used a value of 0.04 #ns forD of B-hairpins. Indeed, th&-jump induced relaxation kinetics,
in the calculation. A similar value has also been used by Yang Probed by infrared spectroscopy, proceed on the nanosecond
and Gruebele in describing the downhill folding behaviors of a time scale, indicating that th&-jump induced conformational
five-helix bundle proteirt As shown (Figure 8), the resultant ~relaxation encounters either a relatively small, two-state folding
4G from Langevin dynamics simulations that yielded relaxation free energy barrier or no distinct barriers at all. Without making
kinetics matching those measured from experimentg]%T further effort to distinguish these two pOSSibiIitieS, we employed
at 35.0°C and~0.5T at 45.9°C, respectively. Interestingly, ~ two theoretical models to analyze thoBgump kinetic data. A
the estimatedG for PPPP—Il is smaller than that (Ol&T) simple two-state analysis yielded both folding and unfolding
measured folD14A at 63°C2! indicative of the important  rate constants for thig-sheet. As it is expecte@P°P—II folds
effect of the polypeptide chain length. In addition, this result With an exceedingly fast rate, e.g., (0.260.02us)* at room
may also be compared with that (ke7) inferred from the rate ~ temperature. In the second analysis, we assumed that the
of loop closure in model peptides by Lapidus and co-workérs. ~conformational relaxation dynamics dfP°P—II could be

It has been suggested that a downhill folding process would described by diffusion motions on a single-well free energy
lead to stretched exponential kinetics, especially when the surface. Consequently, Langevin dynamics simulations allowed
roughness of the f0|d|ng energy |andscape increases as f0|ding,l$ to estimate the effective diffusion constant of the diffusion
proceeds$?°However, the diffusion dynamics 8P°P—II can motion corresponding to specific experimental conditions.
be adequately described by a single-exponential function (Figure Interestingly, our results suggest that residual roughness of the

8b). This is consistent with the study of Haggand indicates free energy surface arises mainly from interactions between the
peptide and solvent molecules.
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