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ABSTRACT. The folding kinetics of a 16-residyé-hairpin (trpzip4) and five mutants were studied by a
laser-induced temperature-jump infrared method. Our results indicate that mutations which affect the
strength of the hydrophobic cluster lead to a decrease in the thermal stability ghthiepin, as a result

of increased unfolding rates. For example, the W45Y mutant lgagadue of approximately zero, implying

a folding transition state in which the native contacts involving Trp45 are not yet formed. On the other
hand, mutations in the turn or loop region mostly affect the folding rate. In particular, replacing Asp46
with Ala leads to a decrease in the folding rate by roughly 9 times. Accordingly)-tredue for D46A

is determined to be-0.77, suggesting that this residue plays a key role in stabilizing the folding transition
state. This is most likely due to the fact that the main chain and side chain of Asp46 form a characteristic
hydrogen bond network with other residues in the turn region. Taken together, these results support the
folding mechanism we proposed before, which suggests that the turn formation is the rate-limiting step
in s-hairpin folding and, consequently, a stronger turn-promoting sequence increases the stability of a
p-hairpin primarily by increasing its folding rate, whereas a stronger hydrophobic cluster increases the
stability of a-hairpin primarily by decreasing its unfolding rate. In addition, we have examined the
compactness of the thermally denatured and urea-denatured states of another 163rkaiduia, using

the method of fluorescence resonance energy transfer. Our results show that the thermally denatured state
of this 3-hairpin is significantly more compact than the urea-denatured state, suggesting that the very first
step ing-hairpin folding, when initiated from an extended conformation, probably corresponds to a process
of hydrophobic collapse.

The-hairpin structural motif is proving to be very useful  (29) have recently shown that the folding rate gf-&airpin
for understanding the thermodynamics and kinetigs-siieet could be substantially accelerated when the loop connecting
formation (L—4). Because of their structural simplicity, the hydrophobic cluster is made shorter. Similarly, the study
p-hairpins offer several advantages opesheet proteinsin ~ of Chan and co-workers also suggested that the turn
the study of hows-sheets fold and what determines their formation plays an active role in directiffjhairpin folding
conformational stability. While mogt-hairpins are small,  (32). In addition, our recent study on the folding kinetics of
some of them show cooperative folding behaviors that are a series of 12-residug-hairpins, which differ only in the
characteristic of proteins. Therefore, the mechanism of amino acid sequence of the putative turn regi®),(further
f-hairpin folding has been a subject of great interest in recentshowed that the entropic penalty associated with the turn
years b—21). While extensive equilibrium studies have (or loop) formation is an important determinant of the free
yielded significant insights into our understanding of the energy barrier of3-hairpin folding. Thus, this observation
molecular interactions that govern the thermodynamics of is in agreement with the computational results of Klimov
B-hairpin formation {—4, 22—26), the exact nature of how and Thirumalai 8), which showed that the folding speed of
these interactions control the folding dynamicgdiairpins B-hairpins depends on the stiffness of the turn.

is not well understood. For instance, the stabilizing effects  The kinetic role of the hydrophobic cluster has not been
provided by an appropriate turn sequence and a cluster ofsystematically examined, for example, using the method of
hydrophobic side chains have been shown to be essentiab_vmue analysis 33). While it was thought that the
for the stability of the-hairpin fold @, 23—26). However,  Lydrophobic cluster stabilizes the folding transition state, our
it is only regently thgt experlm'ental stud|e§ ha\{e begun 10 study of the folding kinetics of a 16-residyé-hairpin
explore their roles in controlling the folding kinetics of peyertheless suggested that the role of the hydrophobic
p-hairpins €0, 21, 27-32). _ cluster is largely to prevent thg-sheet strands from
So far, a limited number of experiments have attempted ynfolding. In other words, the native contacts defining the

to address the question of how folding dynamics vary with hygrophobic cluster are formed mostly on the downhill side
the turn (or loop) sequence and length. Consistent with the of the folding free energy barrieB().

zipper model of Mtinz et al. 6, 27), Dyer and co-workers These early experimental studies undoubtedly provided

- new insights into our understanding of the folding mechanism
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Table 1: Name and Sequence of the Peptides Used and Discussed
in the Current Study

peptide sequence

gh1 GEWTYDDATKTFTVTE

trpzip4 GEWTWDDATKTWTWTE

trpzip4-m1 GEWTWADATKTWTWTE

trpzip4-m2 GEWTDDATKTWTWTE

trpzip4-m3 GEWRDDATKTWTWTE

trpzip4-m4 GEWRDDATKTATWTE

trpzip4-m5 GEWTWIAATKTWTWTE

gb1-m3p KKWTYNPATGK-Phen-TVQE
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there is a lack of understanding of tifehairpin folding (b) i -+ Tl
mechanism at the residue level. Therefore, a thorough study " : pd, o
of the folding kinetics of a specifig3-hairpin via the = s E56

commonly used-value analy3|s:{3) in pmte!n folding will Ficure 1: (a) Hydrogen bond network of trpzip4 in the turn region.
help us not only to verify these conclusions but also t0 This image was generated using the Chimera program (http://
provide a more comprehensive picture regarding the folding www.cgl.ucsf.edu/chimera) and the NMR structure of trpzip4 (PDB
mechanism of-hairpins at the residue level. code 1LE3, structure 1). (b) Schematic representation of the
For this purpose, we have studied the folding kinetics of Eackbone conformation of trpzip4. The dashed lines represent the
several mutants of trpzip4a 16-residugs-hairpin originally ydrogen bonds.
designed by Cochran and co-workesd)( As shown (Table
1), trpzip4 is a triple mutant of the gbl peptide, a widely
studied 16-residug-hairpin derived from the C-terminus of
the B1 domain of protein G36). Cochran et al.34) have
shown that in aqueous solution trpzip4 adopts-hairpin
conformation and its thermal foldirgunfolding transition
follows a two-state process with a thermal melting temper-
ature of about 70°C. Previously, we have shown that
although trpzip4 and the glfd-hairpin show quite different
thermal stabilities, they fold with similar rate8@). While

this study revealed a possible kinetic role for the hydrophobic o .
cluster in B-hairpin folding, these results alone are not f-hairpins, we have aiso studied the compactness of the

sufficient to allow us to gain a comprehensive understanding thermally and chaotropically denatured states of a 16-residue
of the folding mechanism of trpzip4. For example, it is not p-hairpin, gbl-m3p, using the method of fluorescence
yet known how the transition state is stabilized and what féSonance energy transfer (FRET). Our results showed that
key residues are involved in this process. Clearly, further the thermally denatured state of tifiiairpin remains quite
studies on the folding kinetics of specifically selected trpzip4 cOmpact. However, the urea-denatured state becomes more
mutants are needed in order to provide a better understandingXt€nded. Taken together, these results suggest that the very
of the nature of the folding transition state of tjfisairpin. irst step in/-hairpin formation, when folding begins from
Using a laser-induced temperature-jump infrarggunp an extended ct_)nformatlon, pro_bably corresponds to a process
IR) technique 86), we studied the folding kinetics of a series ©f (hydrophobic) collapse, which leads to the formation of
of mutants of trpzip4 (Table 1). The D46A mutant (trpzip4- & compact structure. Only in a later step does the native
m1) was chosen because the main chain and side chain optructure emerge, through a searching process within this
Asp46 are found to form a characteristic hydrogen bond MOreé compact ensemble.
network with other residues in the turn region (Figure 1).
Since a similar hydrogen bond network existing in the turn MATERIALS AND METHODS

region of the gbJ5-hairpin has been shown to play a crucial - The peptides used in the current study were synthesized
role in stabilizing its folded statelg, 24), we expect that  op the basis of standard Fmoc protocols on a PS3 automated
Asp46 is also important to the stability of trpzip4. Further- peptide synthesizer (Protein Technologies, Inc., Woburn,
more, because this residue is located at the end of the turnMA)_ All products were purified to homogeneity by reverse-

it is quite likely that it also plays an important role in the  yhase chromatography and identified by matrix-assisted laser
formation of the transition state. Therefore, the kinetic role desorption ionization mass spectroscopy. The residual trif-
of Asp46 should be examined through mutation. For jygroacetic acid (TFA) from peptide synthesis, which has a
comparison, we have also studied the folding kinetics of a sharp mid-IR band centered at 1678 &rwas removed by

mutant in which Asp47 was mutated to Ala. To gain a myjtiple lyophilizations against a 0.1 M DCI solution.
detailed understanding of the role of the hydrophobic cluster

in 5-hairpin folding, we further studied the following mutants

of trpzip4: WA45Y (trpzip4-m2), W45A (trpzip4-m3), and
WA45A/W52A (trpzip4-m4). Our results showed that Asp46
is indeed crucial not only to the stability but also to the
folding rate of trpzip4. Although mutation of the Trp residues
also results in a decrease in the stability of trpzip4, the loss
of stability is mainly caused by an increase in the unfolding
rate. Thus, these results are consistent with our previous study
which shows that the turn formation is the rate-limiting step
in S-hairpin folding 30).

To better understand the nature of the unfolded states of

Circular dichroism (CD) data were obtained on an Aviv
62A DS spectropolarimeter (Aviv Associates) lvd 1 mm
— _ - sample holder. The peptide concentration was aboutMO
* Abbreviations: T-jump, temperature jump; FRET, fluorescence i 59 mm phosphate buffer solution (pH 7). The temperature-
resonance energy transfer; TFA, trifluoroacetic acid; CD, circular .

dichroism; FTIR, Fourier transform infrared: trpzip, tryptophan zipper; dependent eIIipti_cities at 229 nm, i.ed](T), were further
FSD, Fourier self-deconvolution. analyzed according to an apparent two-state model, namely
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Oy(T) + KeMO(T) The T-jump IR setup has been described in detail
[61(T) = 15K (M (1) elsewhere 37, 38). Briefly, a heating pulse at 1,8m (3 ns
eq( and 10 mJ) was used to generatelump of ~10 °C.
_ - Transient absorbance change induced byTijemp pulse
Keq(T) expC-AG(T)/RT) 2) was probed by a continuous wave IR diode laser and a 50
AG(T) = MHz HgCdTe detector. As in the static FTIR measurement,

a sample cell with dual compartments was used to allow the
AHp, + ACD(T —Tw) — TIAS, + AC, In(TT1 (3) separate measurements of the absorbance change of the
Here, 6x(T) is the pretransition baselingdy(T) is the sample and reference under identical conditions. The refer-
posttransition baselinéKe(T) is the folding equilibrium ence measurement provides the information for both back-
constantT, = AH/ASy is the thermal melting temperature, ground subtraction and-jump amplitude determination.
AHn, is the enthalpy change &, ASy is the entropy change  Because the stability of @-hairpin depends on temperature,
atTm, andAGC, is the heat capacity change, which has been a rapid increase in temperature, with the use of an appropriate
assumed here to be temperature independent. In the currentonformational probe (e.g., IR), allows the measurement of
study, both9(T) andOy(T) were treated as a linear function  its T-jump-induced relaxation kinetics and, thus, the folding
of temperature, i.efe(T) = a+ bTand6y(T) = ¢ + dT, and unfolding rates of the system of interest. For a simple
wherea, b, ¢, andd are constants. In the data analysis, all two-state scenario, e.g., & N (U and N represent the
of the CD thermal melting curves presented in Figure 3 were unfolded and the folded states, respectively), it is easy to
fit globally, wherein b and d were treated as global show that the observed relaxation rate constant is exactly
parameters. the sum of the foldingl¢) and unfolding k;) rate constants.
Fluorescence spectra were obtained on a Fluorolog 3.10Therefore, the folding and unfolding rate constants can be
spectrofluorometer (Jobin Yvon Horiba) with 2 nm spectral obtained individually if the equilibrium constar{y = ki/
resolution (excitation and emission)cha 1 cmquartz sample  k,) of this two-state reaction at the final temperature is
cuvette. Temperature was regulated using a TLC 50 Peltierknown.
temperature controller (Quantum Northwest). The peptide Inthe FRET study, the FRET efficiendl, was calculated
sample was prepared by directly dissolving lyophilized solids according to the equatior39)
into 20 mM phosphate buffer (pH 7), and the final concen-
tration was around 2aM, determined optically usingzso E=1—1Ipalp (4)
= 850 M1 cm for the reference peptide (GK-PheTV) i . N
and x50 = 6540 Mt cmt for gbl-m3p. Temperature- wherelpa andl.? are the '|ntegrated fluorescence intensities
dependent fluorescence spectra (2860 nm) of gb1-m3p of the d_onor, with and without the presence of the acceptor,
and the reference peptide (GK-RReTV) were collected _respectlvely. For the current studya corresponds to t_he
from 5 to 95°C, in a step of 10°C, with an excitation m_tegrated area of the.P&}equorescence spectrum obta_lned
wavelength of 240 nm. For the urea FRET experiment, the With the gb1-m3p peptide, ang corresponds to that obtained
urea concentration of the peptide solution was adjusted usingith @ pentapeptide, GK-Pe TV, under the same condi-
an equimolar peptide~25 xM) stock solution containing tions. Here, we h_ave assur_ned that the JRHkiorescence
urea (7 M). Each time, an aliquot of the peptide solution ©f GK-Phex-TV is proportional to that of the gbl-m3
was removed from the fluorescence cuvette, followed by the PePtide in the absence of FRET. To accurately determine
addition of an equal amount of the urea-containing peptide the integrated area of the Rfxdluorescence, which overlaps
stock solution, resulting in an increase of the urea concentra-the emission spectrum of Trp, we fit the fluorescence
tion by 0.75 M. spectrum of these peptides b_y using a linear combination of
Temperature-dependent Fourier transform infrared (FTIR) two profiles generated fr_om fitting the fluorescence spectra
spectra were collected on a Magna-IR 860 spectrometer®f TrP and Phey plus a linear background.
(Nicolet) using 2 cm? resolution. A Cak sample cell that RESULTS
was divided into two compartments with a Teflon spacer
was used to allow the separate measurements of the sample CD SpectroscopyDue to the excitonic coupling between
and the reference under identical conditions. The optical paththe paired Trp side chains, tryptophan zippers (trpzips)
length of the sample cell was determined to be«&2by its exhibit a unique far-UVv CD band centered~a229 nm @0).
interference fringes obtained from the transmittance signal Similar to that of trpzip4, the far-UV CD spectra of trpzip4-
of the empty cell. Temperature control with0.2 °C m1, trpzip4-m2, and trpzip4-m5 at 4C show substantial
precision was obtained by a thermostated copper block. Topositive intensities around 229 nm (Figure 2), indicating that
reduce the uncertainties induced by slow instrument drifts, these mutants remain folded at this temperature. In contrast,
both the sample and reference sides of the sample cell wereboth trpzip4-m3 and trpzip-m4 lack significant CD intensities
moved in and out of the IR beam alternately, and each time at 229 nm (Figure 2), indicating that mutations of the Trp
a spectrum corresponding to an average of eight scans wasesidues significantly compromise the conformational stabil-
collected. The final result was usually an average of 32 suchity of the S-hairpin conformation. Furthermore, the thermal
spectra, both for the sample and for the reference. For bothstability of trpzip4-m1, trpzip4-m2, and trpzip4-m5 was
static and time-resolved IR measurements, the sample wagjuantitatively investigated by monitoring their CD signals
prepared by directly dissolving lyophilized solids in 20 mM at 229 nm as a function of temperature. As shown (Figure
phosphate and f® buffer (pH* 7). The final concentration  3), the CD thermal unfolding curves of thgsdairpins show
was typically -2 mM, estimated by either the Trp or Tyr characteristics of a cooperative thermal unfolding transition.
absorbance. Compared to trpzip4, however, these data suggest that
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Ficure 3: CD signals of trpzip4®) (29 uM), trpzip4-m1 () (30
uM), trpzip4-m2 @) (40 uM), trpzip4-m3 @) (112 uM), and
trpzip4-m5 &) (40 uM) in 20 mM phosphate buffer solution (pH
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Ficure 4: FTIR spectra (in the amidé fdegion) of trpzip4 and its
mutants around 6C. Also shown are the corresponding FSD
spectra of these data (thinner lines). The band narrowing was
achieved by the Fourier self-deconvolution (FSD) meti)l (ith
k=2 and fwhm= 18 cm%. These data have been normalized and
offset for clarity.

Nonetheless, this result indicates that Theof trpzip4-m3
is less than 10C.

Infrared SpectroscopyFTIR spectroscopy was also em-
ployed to study the thermal unfolding transition of these
mutants. In particular, the amidelands of these peptides
were collected as a function of temperature. Consistent with
the results obtained from CD spectroscopy, the amide |
bands of trpzip4-m1, trpzip4-m2, and trpzip4-m5-& °C
exhibit characteristic features of antiparalfEkheets, i.e.,
the peaks centered at1630 and~1680 cnt?, respectively

7) at 229 nm as a function of temperature. Smooth lines correspond(Figure 4). This pair of bands, which can be seen more

to fits of these data to a two-state model (i.e., egs3}L The
resulting thermodynamic parameters were listed in Table 2.

Table 2: Thermodynamic Folding Parameters Obtained from
Equilibrium CD Measurements

AHn ASn (cal AC, (cal
peptide Tm (°C) (kcal mofl)  K™imoll) K~imol™?)
trpzip4 70.4+1.8 —20.2+1.6 —58.8+4.1 —374+35

trpzip4-m1 321+ 0.9 —13.84+0.2 —4514+25 —343+41
trpzip4-m2  61.1+1.2 —-15.0+1.4 —45.0+3.7 —-307+53
trpzip4-m3 <10

trpzip4-m4

trpzip4-m5 71.9-1.4 -189+1.1 —-54.7+4.7 —245+60

clearly from the Fourier self-deconvoluted (FSD) spectra of
these peptides, arises from interstrand and intrastrand transi-
tion dipole couplings of amide carbonyls and is an established
indicator of antiparalleB-sheet structured@—44). While the
amide | bands of these peptides are similar, they show
guantitative differences. Theoretical studies have shown that
the exact position and intensity of these two coupled bands
of -sheets depend on several factors, such as the relative
twist angle and distance between the t@strands 45—

47). Therefore, the small but apparent differences between
these spectra may indicate that the ovefalairpin con-
formations adopted by these peptides are slightly different.
Also consistent with the CD thermal melting data, the

trpzip4-m1 and trpzip4-m2 are less stable. Fitting these CD spectral features associated with the folgkedairpin con-

data globally to a two-state model (i.e., eqgs3) yielded

formation are gradually melted away with increasing tem-

those thermodynamic parameters summarized in Table 2.perature. This is indicated by the negative-going signals
Since only part of the thermal unfolding transition of trpzip4- centered at~1630 and 1678 cnt in the FTIR difference
m3 was observed in the temperature range employed in thespectra of trpzip4-m1 (Figure 5). Similarly, the positive-going

current study, we did not attempt to fit its CD data.

signal at~1660 cnmt in the FTIR difference spectra, which
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0.02 g g T T T T T the relaxation kinetics of the equilibrium between the folded
\ i and thermally denaturgéthairpin conformations. Consistent

with the results of other studie®{—30), the observation
here of first-order relaxation kinetics for thegehairpins
indicates that their folding from the thermally denatured state
can be described by a two-state process. Thus, using the
equilibrium constants obtained from CD and the measured
relaxation rate constants, we were able to determine the
folding and unfolding rate constants for trpzip4-m1, trpzip4-
m2, and trpzip4-m5. As shown (Figure 7), the folding rate
of thesep-hairpins only weakly depends on temperature,
whereas their unfolding rate shows Arrhenius-like temper-

0.00 F

AOD

-0.02

Higher T ature dependence, typical to protein unfolding. Moreover,
relaxation kinetics obtained using different trpzip4-m1l
0.04 —————t— concentrations (Figure 7) showed that they are independent
1575 1625 1675 1725 of the peptide concentration (from approximately 0.5 to 4
Wavenumber (cm™) mM), further substantiating our assignment that the observed

Ficure 5: Difference FTIR spectra of trpzipd-m1, which were relaxation kinetics arise from the folding and unfolding

generated by subtracting the spectrum collected &G fflom those processes of t_hﬁ-hairpin conforma}t_ion. .
collected at higher temperatures. Because of its low thermal stability, the folding thermo-

dynamics of trpzip4-m3 could not be reliably determined
from its thermal unfolding CD data. Therefore, we were
unable to uncover its folding rate constant from the measured
relaxation rate constant. However, over the temperature range
in which the kinetic data were obtained, the observed
relaxation rate constant of trpzip4-m3 can be treated ap-
proximately as its unfolding rate constant because in this
temperature range (35 °C) the population of the unfolded
state dominates. Interestingly, these results suggest that
replacing an aromatic side chain in the hydrophobic cluster
"""""""""" with a methyl group substantially increases the unfolding
rate of the resultang-hairpin.

FRET Study.To help to further understand the folding
e TP LRI 118 mechanism ofi-hairpins, we studied the thermally induced
R S and urea-induced unfolding transitions of a 16-residue
" 45 95 145 195 B-hairpin, gbl1-m3p, using the meth_od of flu.ore.scer?ce
resonance energy transfer. The goal is to gain insight into
- 6 R ative relaxation t troziodum the conformation of the unfolded state and to investigate how
IGURE 6. Representative relaxation trace of rpzip4-mdl In response the compactness of the denatured statefhairpin depends
to aT-jump of about &C, from 20.8 to 30.0C. The smooth line on the r%ethod of denaturation. The gi)l-mp3 pe;?tide was

is the fit to the functionAOD(t) = A1 — B exp(—t/7)], with A = ) . S
—0.0018,B = 0.70, andr = 25.1 us. Also shown (inset) is a designed on the basis of the sequence of thehairpin

0.5

0.5

0.0 ¥

trpzip4-m2
-15 pzip

AOD(t) x 1000

AOD(t) x 1000

-1.5

[ trpzip4-m1

Time (us)

representative relaxation trace of trpzip4-m2 in responsdtump by Andersen and co-workers and has been shown to have a
of 5.4 °C, from 50 to 55.4°C. The smooth line is the fit to the  much higher thermal stability than the pareR6) To use
function, AOD(f) = A[1 — B exp(~t/7)], with A= —0.0029,B = the method of FRET, we have replaced the single Phe residue

0.54, andr = 2.6 us. The probing frequency was 1630 chfor

both cases. in gb1-m3 with a nonnatural amino acipkcyanophenyla-

lanine (Phey). The resulting peptide was named gb1-m3p

arises from the thermally denatured conformations and (Table 1). Tucker et al. have recently shown thatdrhe
becomes increasingly more intense at higher temperaturesan efficient FRET donor to Trp with a’fster distance of
also shows the thermal unfolding of tfiehairpin structure. about 16 A and have used this FRET pair to study the
In practice, these spectral changes can be used to monitocconformational distribution of unstructured peptid&g)(
the T-jump-induced conformational kinetics of tj#ehairpin Our CD results show that the thermal stability of gbl-
of interest (see below). m3p is comparable to that of gh1-m3, although its unfolding

T-Jump Infrared StudyThe folding kinetics of these transition becomes less cooperative (data not shown). This
fB-hairpins were studied using th&jump IR technique, is due most likely to the fact that the hydrophobicity of Rhe
wherein a 1.9«m nanosecond laser pulse is used to rapidly is smaller than that of Phe. As shown (Figure 8), the emission
change the temperature of the sample solution. The resultingspectrum of the gb1-m3p peptide at 20, resulting from a
relaxation kinetics of thg-hairpin of interest were probed selective excitation of the Phgresidue at 240 nm, shows
by IR spectroscopy. As shown (Figure 6), tAigump- features indicative of fluorescence resonance energy transfer.
induced relaxation kinetics exhibit two distinct phases. The This is further supported by the fluorescence spectra of gh1-
fast phase is instrumentation limited and is due to temper- m3p obtained in solutions of different urea concentrations.
ature-induced spectral changd8§{50). The slow phase can  As indicated (Figure 8), the fluorescence intensity of the
be fit by a single exponential function and is attributed to donor (i.e., Phg\) increases with the increase of the urea
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Ficure 7: Arrhenius plot of the observed relaxation rate constantds well as the foldingd) and unfolding &) rate constants of
trpzip4-m1, trpzip4-m2, and trpzip4-m5, as indicated. For trpzip4-m1, other symbols represent the relaxation rate constants obtained with
different peptide concentrations (i.e:,for 0.6 mM andx for 3.9 mM). Lines are fits to the Eyring equation, i.e. Kn& In(D) — AG¥RT,
whereD was set to 1.0« 109 s~ andAG¥ is temperature-dependent free energy of activation. Also shown are the observed relaxation rate
constants of trpzip4-m3 as well as the folding and unfolding rate constants of trpzip4 (derived fr8@). ref
concentration, indicating that as tfiehairpin conformation hydrogen bonding, electrostatic interaction, turn preference
unfolds at higher concentrations of denaturant, the FRET (sequence), and hydrophobic packing of side cha®s-(
efficiency decreases, as a result of the increased separatio6). For example, a commonly used strategygiiairpin
distance between the FRET donor (Bfjeand acceptor  design is to use a hydrophobic cluster, formed by several
(Trp). It should be noted, however, that the intensity of the cross-strand hydrophobic side chains, to stabilize the folded
Trp emission should not be used as a quantitative measureconformation 85, 53—55). Recently, Cochran and co-
of the FRET efficiency because several amino acids in this workers @4) have shown that a combination of two Trp-
peptide, such as Lys and GIn, can quench the Trp fluores-Trp non-hydrogen-bonded cross-strand pairs is generally
cence $2). useful in stabilizings-hairpin structures. They have used this

Using this FRET pair, we were able to monitor the tryptophan zipper structural motif in several peptides, includ-
thermally induced and chaotropically induced unfolding ing trpzip4, and showed that these peptides fold into a
transitions of gb1-m3p. As shown (Figure 9), the apparent g-hairpin structure in which the paired Trp side chains adopt
FRET efficiency calculated using the method described in an edge-to-face geometry. A recent computational study by
the Materials and Methods section was found to be inde- Brooks and co-workerss6) indicated that this type of Trp
pendent of the peptide concentration (between 25 and 250sjde chain orientation found in the trpzips could be attributed
uM). Furthermore, the FRET efficiency decreases with the mainly to the electrostatic multipole moments of the indole
increase of either the temperature or the concentration ofring. Because of the strong and favorable interaction between
urea, indicating that the average distance betwees\T&  the paired Trp side chains, trpzip4 exhibits thermodynamic
Trp increases as thehairpin conformation unfolds. Interest-  properties similar to those of proteind4j. Therefore, it is
ingly, however, these results suggest that the thermally expected that mutation of each one of the four Trp residues
unfolded state of gb1-m3p is more compact than its urea- would lead to a decrease in the thermal stability of the
denatured state. For example, the FRET efficiency only g.hairpin conformation. Consistent with this expectation, our
changes from~90% to ~60% when the temperature is  equilibrium studies show that mutation of Trp45 to Tyr
changed from 5 to 95C, where thes-hairpin populationis  yesults in a decrease in tfig by ~9 °C, while the effect of
very small according to CD spectroscopy, whereas in 6.75 mytation of Trp45 to Ala is even more drastic. The CD and
M urea the FRET efficiency reduces to about 40%. IR data of trpzip4-m3 suggest that at room temperature the

population of its folded state is quite small. Although we

DISCUSSION were unable to quantitatively determine the foldingnfold-

It is well recognized that a stabfehairpin structure results  ing thermodynamics of trpzip4-m3, it is apparent thaflits
from an intricate interplay among several factors, including is lower than 10°C (Figure 3). Finally, when two Trp



2674 Biochemistry, Vol. 45, No. 8, 2006

6.0E+04

+— M

gb1-m3p peptide

4.0E+04

2.0E+04

Intensity (count)

0.0E+00

260 310

5.0E+04

gb1-m3p peptide

2.5E+04

Intensity (count)

L T —
260 310 360

Wavelength (nm)

Du et al.

1.2E+05

+— (M

reference peptide

8.0E+04

4.0E+04

0.0E+00

260 310 360 410

6.0E+05

5°C

reference peptide

4.0E+05

2.0E+05

0.0E+00

260

360

410 460

Wavelength (nm)

Ficure 8: Upper panel: Fluorescence spectra of gb1-m3p{@%and the reference peptide (2B1) at 20.0°C as a function of the urea
concentration, as indicated. Lower panel: Fluorescence spectra of gb1-ma3d)28d the reference peptide (2M) collected at different
temperatures, as indicated. An excitation wavelength of 240 nm was used in these experiments.
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Ficure 9: FRET efficiency of gb1-m3p vs temperatui@)(and
urea concentratiory). The peptide concentration was 281. Also
shown are FRET efficiencies{ obtained with a peptide concen-
tration of 250uM. The urea data were collected at 200.

residues were mutated to Ala, the resulting peptide (i.e.,
trpzip4-m4) yielded no detectabj@hairpin population at

room temperature. These results further highlight the im-
portance of Trp residues in maintaining the stability of the

trpzip p-hairpins. Similarly, it has been shown that for the
gb1-hairpin the hydrophobic cluster also largely contributes
to the stability of the native structur@4). For example,
mutation of Tyr45 to Ala strongly destabilizes the gbl
p-hairpin.

Apparently, the turn (loop) sequence is another important
determinant off-hairpin stability. For example, in the design
of stables-hairpins,p-Pro is commonly employed to increase
the turn propensity23) and, consequently, the stability of
the B-hairpin. The reason is thatPro is conformationally
rigid and, therefore, can decrease the entropic cost associated
with the turn formation. Similarly, interactions that can
restrict the flexibility of the turn are also very important.
For example, Frank et al57) have shown that even in 7.4
M urea the B1 domain of protein G still shows residual
structures that involve Asp46, Thr49, and Thr51, indicating
that the loop region of the GB1 secoehairpin is quite
stable and rigid and, thus, beneficial for folding. The study
of Baker and co-worker$g) further showed that mutations
of Asp46 and Thr49 to Ala dramatically decrease the folding
rate of the B1 domain of protein G, indicating that the rigidity
of this loop is also crucial to the folding kinetics of this
protein.

Recently, Munekata et al.24) have shown that a
characteristic hydrogen bond network in the loop region of
the gb1s-hairpin, which involves mostly Asp46, Thr49, and
Lys50, is important for its stability because most single
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Table 3: Folding and Unfolding Time Constants of trpzips and the us)™ _at 45°C, ap_prOX|mater _56 tlmes_ faster than that _Of
gb1 Peptide at 48C andg¢-Values of trpzip4-m1, -m2, and -m5 the wild-type trpzip4. For trpzip4-m4, its unfolding rate is

peptide 71at45°C (us) 7o at 45°C (us) svalue probably even more rapid than that of trpzip4-m3 because
there is no detectabje-hairpin population at even the lowest

ggi:gi_ml 4%& g:g ig:gi %:S 0.774 0.04 temperature employed in the current study. In agreement with
trpzip4-m2 5.4+ 0.6 11.24+0.9 0.0+ 0.12 our early conclusion3Q), these results therefore suggest that
trpzip4-m3 ~0.5 the major kinetic role of the hydrophobic cluster is to prevent
trpzip4-m5 5.6+ 0.4 37.6£ 1.5 0.0+£0.15 the B-hairpin conformation from unfolding, primarily by
gbx 6.2 18 decreasing its unfolding rate. Thus, any mutations that
? Adopted from the study of Mioe et al. £7). decrease the cohesive strength of the hydrophobic cluster

will lead to an increase in the unfolding rate and, as a result,

mutations in this region destabilize tfiehairpin conforma-  a decrease in the conformational stability of fhaairpin.
tion. They further pointed out that the reason that this On the other hand, these results also show that mutations
hydrogen bond network plays a stabilizing role in the folding which change the hydrophobic cluster do not significantly
of the gb1A-hairpin is that it is particularly crucial for  affect the folding rate, suggesting that most of the native
maintaining the rigidity of the loop by restricting rotational contacts between those hydrophobic side chains are formed
freedoms of the main chain and/or the side chads (Using after the folding transition state. Consistent with this picture,
molecular dynamics simulations, Tsai and Levitt have Searle and co-workers have shown that frstrand has a
reached a similar conclusioad). Since a similar hydrogen  natural predisposition to adopt an extended conformation in
bond network also exists in the loop region of trpzip4 (Figure the absence of secondary structure interacti®3ys (Thus,
1), wherein Asp46 is mostly involved, it is therefore expected the folding process, which may be viewed as the coalescence
that mutation of this residue to Ala will affect the stability of two preformed “rigid rods”, would be insensitive to
of the 8-hairpin conformation. Indeed, the thermal stability mutations in thes-strand.
of trpzip4-m1 is significantly decreased as compared to that  Previously, we have shown that the formation of the turn
of trpzip4, indicating that Asp46 plays a crucial stabilizing (or loop) is the rate-limiting step ifi-hairpin folding G0).
role in trpzip4. This is consistent with the experimental result The kinetic results obtained on trpzip4-m1 are thus supportive
of Munekata et al.Z4) and also the simulation result of Tsai  of this mechanism. As discussed above, Asp46 is crucial to
and Levitt (L3). On the contrary, mutating Asp47 to Ala the stability of trpzip4 because both its main chain and side
results in a slight increase in the thermal melting temperaturechain are involved in the formation of a characteristic
of the S-hairpin 4), further corroborating the idea that hydrogen bond network in the turn region, similar to that
Asp46 plays a unique role in the folding of trpzip4 and the found in the gbl13-hairpin. Therefore, mutations that can
gb1 S-hairpin. disrupt this hydrogen bond network will change the folding

Microscopically, the stability of the folded state of a two- rate, provided that this hydrogen bond network is fully or
state folder is controlled by both the folding and unfolding even partially formed in the folding transition state. Indeed,
rates. For example, a decrease in stability can result from aour results show that mutating Asp46 to Ala leads to a
decrease in the folding rate, an increase in the unfolding rate,significant decrease in the folding rate (by approximately 9
or both. Therefore, studying the foldinginfolding kinetics times) and also a larg¢-value (~0.77 at 45°C), whereas
of these trpzip4 mutants will shed light on the question of mutating Asp47 to Ala results in only a minor change in the
kinetically what controls the conformational stability of folding rate and, consequently, a smgivalue. Unlike those
trpzip4. Moreover, it will help to delineate the molecular amino acid side chains packed in the core region of a protein,
mechanism of3-hairpin folding. the side chain of a residue (e.g., Asp47) in the turn region

The folding kinetics of these peptides were studied by the of a S-hairpin may be dynamic and lacks well-defined
T-jump initiation technique in conjunction with infrared interactions with other amino acids. Therefore, one should
spectroscopy. The folding rates obtained in the temperaturetake extra care in interpreting the experimengalalues.
range of the data measured are comparable to those observeldevertheless, these results indicate that Asp46 plays a key
for other S-hairpins @7—31, 59). However, comparisons  role in stabilizing not only the native turn conformation but
between the foldingunfolding rates of thesg-hairpins also the folding transition state. This picture is consistent
revealed that mutations in the loop and hydrophobic cluster with the conclusion reached by Tsai and Levit8), who
regions result in different effects on the folding kinetics. For pointed out that the hydrogen bonds in the turn region of
example, when Trp45 was mutated to either Tyr or Ala, the the gbl peptide most likely help to guide correct turn
folding rate of the resulting mutant is almost identical to formation in thiss-hairpin. Moreover, the unfolding rate of
that of the wild type, whereas its unfolding rate increases trpzip4-ml is approximately doubled compared to that of
(Figure 6 and Table 3). For example, at 46 (60) the trpzip4, suggesting that the characteristic hydrogen bond
folding rates of trpzip4 and trpzip4-m2 are (2t40.4 us)* network associated with Asp46 is only partially formed at
and (5.4+ 0.6 us) %, respectively, whereas their unfolding the transition state or that the mutation of Asp46 to Ala
rates are (28.5+ 1.2 us)!' and (11.2+ 0.9 us)?, weakens the hydrophobic packing, resulting in a faster
respectively. Thus, the¢-value of trpzip4-m2 is practically  unfolding rate.
zero at this temperature, suggesting that the native contacts The results obtained here are consistent with the zipper
involving Trp45 are not developed at the folding transition model of Muroz et al. 6, 27), which emphasizes the
state. Consistent with this picture, the unfolding rate of initiating role of the turn in3-hairpin folding. However, the
trpzip4-m3 becomes even faster. As shown (Figure 7), the ¢-value analysis allowed us to pinpoint those interactions
unfolding rate of trpzip4-m3 is estimated to be about (0.5 that stabilize the conformation of the transition state. Clearly,
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our results suggest that for trpzip4 (probably it is also true  The implication of these FRET results is that the very first
for the gb1 peptide) Asp46 plays a key role in stabilizing step along the folding pathway ¢@hairpin is a collapse
the transition state. Apparently, the formation of the char- process, probably hydrophobic in nature, provided the initial
acteristic hydrogen bond network associated with Asp46 and conformation is extended. Since the process of hydrophobic
other turn residues can significantly decrease the folding free collapse has been shown to occur on the nanosecond time
energy barrier and, consequently, increase the folding rate.scale {0), an initial hydrophobic collapse process in
On the other hand, the near-zegevalue obtained with  S-hairpin formation may speed up the rate of folding because
trpzip4-m2 and also the significantly increased unfolding rate it can narrow the conformational space that must be searched
observed for trpzip4-m3 suggest that the hydrophobic clusterassociated with the formation of the turn (or loop). Interest-
has a rather small effect on the energetics of the transitioningly, we recently observed that the folding rate of the cold-
state (when folding proceeds from the thermally denatured denatured state of a 16-resid@énairpin is slightly slower
states). than that of its heat-denatured sta®8)( Given the fact that

A large number of stopped-flow folding studies have the strength of hydrophobic interactions decreases with
shown that an initial collapse process occurs before the maindecreasing temperature, this result is thus not entirely
folding kinetics 61—63). While ample evidence suggests unexpected because the cold-denatured state may become
that this process is driven by hydrophobic interactions, which slightly more extended than the heat-denatured state.

lead to the formation of a compact “denatured state” from  Taken together, these results suggest a comprehensive
which the native state emerges, it is not clear if such a processg-hairpin folding mechanism wherein the initial step corre-
always favorably guides foldings§). One view is that this  sponds to a collapse process if the denatured state assumes
initial collapse process effectively reduces the conformational 3 highly extended conformation, which is followed by the
space that a protein has to search, therefore, speeding Uormation of the turn (or loop), and then the consolidation
folding. On the contrary, some studies have shown that anof the native strands in which most of the native contacts
initial collapse process may actually slow folding. Since petween hydrophobic side chains are only formed at the
several computational studies (L1, 12, 16) have indicated  downhill side of the free energy barrier. While the turn
that the first step in3-hairpin formation is a process of  formation is shown to be the rate-limiting step, it is worth
hydrophobic collapse (when the folding simulation starts pointing out that here the turn formation should be regarded
from an extended conformation), we have examined the as a process wherein the dihedral angles of the backbone
thermally induced and urea-induced unfolding transitions of are |ocked into their native values, whereas individual side
a 16-residugs-hairpin (gb1-m3p) using the technique of chains may or may not be placed in their native conforma-
FRET with the aim of elucidating if such a collapse process tjons. Finally, it is also worth pointing out that mutations in
exists on the folding pathway @thairpins. While the FRET  the turn region could also lead to a significant change in the
technique has been used in the study of the foleing unfolding rate if such a mutation affects the native packing
unfolding transition of othef-sheet proteins angthairpins  of the strands, such as those resulting from cross-strand
(65, 66), the major distinction between our method and those hydrophobic and electrostatic interactions. Similarly, the
used in other studies is that we employed two amino acidsfolding rate could also be affected if a mutation in the
as the FRET pair (i.e., Pbg and Trp), and therefore, the  g.strand affects the unfolded state. Therefore, one should
perturbation to the native structure is minimized. For small be cautious when interpreting the effect of a mutation to the
peptides and proteins, introducing a bulky dye FRET pair folding kinetics ofS-hairpins.
into their sequence may significantly affect their folding
properties. CONCLUSION

Our results indicate that even at 95, where most of the
gb1-m3p molecules are presumably unfolded according to The folding thermodynamics and kinetics of a series of
CD spectroscopy, the apparent FRET efficiency is still very mutants of trpzip4 were studied using spectroscopic methods.
high (~60%). This result suggests that the thermally unfolded Our results indicated that Asp46 plays a crucial role in
state of gb]_-mgp is quite Compact because thesteo stabilizing the foIdlng transition state of trpzip4, suggesting
distance of the FRET pair employed in the current study is that the turn (or loop) formation is the rate-limiting step in
only about 16 A. However, in 6.75 M urea, the FRET A-hairpin folding. On the other hand, mutations at the
efficiency is reduced te-40% at 20°C, indicating that the ~ hydrophobic cluster region were found to mostly affect the
urea-denatured state of gb1-m3p becomes more extendeddnfolding rate, further suggesting that the role of the
For comparison, it is worth noting that a fully extended gb1- hydrophobic cluster is to prevent the natiy®hairpin
m3p would give rise to a FRET efficiency 0f5%. The conformation from unfolding, which substantiates our previ-
observation here that the gbl-m3phairpin adopts a  ous conclusions30). In addition, our FRET study indicated
compact thermally unfolded state is certainly interesting, but that the thermally denatured state of a 16-resifwirpin
not surprising. Similar behaviors have also been observed(gb1-m3p) is much more compact than the urea-denatured
for other peptides and proteirsl( 57, 67—69). For example, state. The implication of this finding is that when folding
Gruebele and co-worker$7), who studied the conforma-  proceeds from an extended conformation, the very first step
tional changes of one of the tryptophan zippers (trpzip2) as Probably corresponds to a collapse process.
a function of temperature and concentration of urea using
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