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ABSTRACT. A characterization of the conformation and stability of model peptide systems thaffshmeets

in agueous solutions is considerably important in gaining insights into the mechanfssheét formation

in proteins. We have characterized the conformation and equilibrium folding and unfolding of two 20-
residue peptides whose NMR spectra suggest a three-strghsleeet topology in aqueous solution:
Betanova [Kortemme, T., Ramirez-Alvarado, M., and Serrano, L. (1$8nce 281253-256] and

PPPP with p-Pro-Gly segments at the turns [Schenck, H. L., and Gellman, S. H. (1098n. Chem.

Soc. 1204869-4870]. Both circular dichroism (CD) and infrared measurements indicate ort2 &%
B-sheet-like structure at & for Betanova and 4259% 3-sheet fo°PPP. For both peptides, the CD and
infrared spectra change nearly linearly with increasing temperatures (or urea concentrations) and lack a
sigmoidal signature characteristic of cooperative unfolding. Fluorescence resonance energy transfer (FRET)
measurements between donor and acceptor molecules attached to the two ends confirm that Betanova is
largely unstructured even at 2Q; the average end-to-end distance estimated from FRET is closer to that

of a random coil than a structurgdsheet. INPPPP, the FRET results indicate a more compact structure

that remains compact even at high temperature®0(°C) or high urea concentrations-8 M). These

results indicate that both these peptides access an ensemble of conformations at all temperatures or
denaturant concentrations, with no significant free energy barrier separating the “folded” and “unfolded”
conformations.

The elementary processes in protein folding are the tions (1—5). Are the ensemble of states representative of the
hydrophobic collapse of the heteropolymer, the formation “folded” and “unfolded” conformations separated by a
of the secondary structural elementshelices angh-sheets), significant free energy barrier, or is there a continuum of
and the rearrangement of these structural elements influenceghopulations? Signatures of cooperative transitions are sig-
by long-range tertiary interactions. A complete understanding moidal changes in all order parameters that characterize the
of how the information for a stable and relatively unique extent of thermal or denaturant-induced unfolding, and
three-dimensional protein structure is encoded in its amino kinetics of folding and unfolding that are single-exponential.
acid sequence will come from a detailed investigation of each Short peptides usually exhibit very broad transitions, thus
of these elementary steps. One of the exciting opportunitiesmaking it difficult to identify cooperativity. An important
offered by the folding studies on small peptides is that the criterion for cooperative folding and unfolding is that the
thermodynamics and kinetics can be compared directly with equilibrium transitions and/or kinetics measured with dif-

molecular dynamics simulation studies, thus providing an ferent probes of the overall conformation exhibit identical
important benchmark for the simulation studies. behavior.

An important issue that remains unresolved from studies
of model peptide systems is the degree and extent of
cooperativity in the folding and unfolding at the secondary
structure level without the larger context of tertiary interac-

Although the thermodynamics and kinetics of helooil
transition have been intensively studied for several decades,
there is relatively little information about the thermodynamic
and kinetic factors that influence the stabilitybgheet folds.

A major obstacle to the study gi-sheets has been the
difficulty in isolating designed or naturally occurriffigsheet
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studies have important implications in biology, both in the ~ The second peptide in this study is VFARBGKTYT-
design of novel protein-like molecules and in the fundamental EVPPGOKILQ, which was designed by Schenck and Gell-
understanding of the factors that lead to amyloid fibril man and name®P°P because of the twm-Pro-Gly segments
formation, caused by-sheet aggregation, which leads to that promote turn formation9j. This peptide was also
many pathological disease$2( 13). reported to form a three-strandgesheet in aqueous solution
The most extensively studied model system ffesheets with a CD spectrum at 24C that is much more characteristic
is the 16-residue segment from the B1 domain of strepto- of a 8-sheet than the corresponding Betanova spect@m (
coccal protein G that formshairpin @) and which exhibits PPPP has been proposed as a model system for cooperative
“two-state” folding and unfolding, both in its thermodynam- formation of3-sheet at the secondary structure level, without
ics (14) and in its kinetics 15, 16). The only three-stranded  long-range tertiary interactions. Schenck and Gellman have
pB-sheet that has received much attention is a 40-residueshown that replacing one of thePro-Gly segments with
segment called the WW domain, which also exhibits single- an L-Pro-Gly segment abolishes that hairpin and, more
exponential kinetics 1(7, 18). However, the equilibrium importantly, destabilizes the remaining hairpin; replacing
thermal and denaturant unfolding of WW show deviations both thep-Pro-Gly withL-Pro-Gly segments yields a largely

from that expected for a simple two-state syster).( random coil-like CD spectrumdj. However, there are no
In this study, we have focused on two 20-residue peptides, measurements on the thermodynamics of unfoldin¢f8P.
whose NMR spectra suggest a three-strangistieet topol- A comparison of the thermodynamics ®°P, which has

ogy, to investigate further the extent of cooperativitydim well-defined nucleation sites at the turns, with model systems
novo-designed peptides capable of formjfigheet structures.  such as Betanova without turn nucleation should reveal
The first peptide, RGWSVQNGKYTNNGKTTEGR, de- further insights into the relative importance of the factors
sighed by Serrano and co-workers and named Betanova, washat initiate and stabilizg-sheet formation.

one of the firstde nao-designed peptides that appeared to | this paper, we report a detailed thermodynamic inves-
adopt a three-strandel-sheet in aqueous solutior1). tigation of these two peptides of similar lengths but which
Serrano and co-workers measured urea-induced unfoldingexhibit very different3-sheet conformations as indicated by
of Betanova as monitored by an increase in the intensity of theijr low-temperature CD and FTIR spectra, with the view
Trp (W3) fluorescencel@). In addition, they measured the  of comparing their conformations and unfolding behavior.
thermal unfolding monitored by circular dichroism (CD)  |n addition to the standard spectroscopic probes such as CD,
ellipticity changes at 217 nm. They interpreted their results FT|R, and intrinsic fluorescence, we report the first estimate
as indicating a cooperative unfolding transition. However, of the end-to-end distance of these peptides using fluores-
their fluorescence measurements were done with no controlcence resonance energy transfer (FRET) measurements
for the intrinsic changes in the quantum yield of Trp as a petween extrinsic donor and acceptor dyes attached to the
function of urea. Furthermore, the ellipticity changes were . and N-termini. FRET measurements provide a sensitive
nearly linear with increasing temperature frorl2 to 102 probe of changes in intermolecular distances and hence the
°C, with only a slight hint of a “toe” in the melting profile  oyerall compactness of the polypeptide as a function of
below 12 °C. Subsequent measurements using Fourier temperature and denaturant concentrati@#s-6). These
transform infrared (FTIR) and CD spectroscopy showed that measurements provide a basis for future studies aimed at

Betanova has bands_that are consistent with a significantynderstanding the kinetics and thermodynamics of three-
amount of random coil and perhaps sofhsheet structure,  strandeds-sheet folding.

and their thermal denaturation profiles, although reversible,
were not sigmoidalZ0). Measurements using UV resonance MATERIALS AND METHODS
Raman (UVRR) spectroscopy showed a disruption of the
hydrophobic cluster with temperature, but no change in the Materials and Sample Preparatioill peptides without
peptide vibrational spectr{). In a reexamination of the  extrinsic fluorescence labels were synthesized at the Protein
NMR and CD spectra of Betanova, Serrano and co-workers Research Facility at the University of lllinois at Chicago.
modified their estimate of-sheet population from-80%, Peptides labeled for FRET measurements were purchased
as reported in the original study, t10% @2). from Biopeptide Co. (San Diego, CA) and were synthesized
The conformation, stability, and free energy landscape of with Lys at the C-terminus. For both Betanova &P,
Betanova have also been investigated in molecular dynamicsthe donor was 5(6)-carboxyfluorescein (FL), attached to Lys
simulation studies?, 23). A remarkable feature of the energy ~ at the C-terminus, and the acceptor was 5(6)-carboxytetra-
landscape obtained from these studies is the lack of a freemethylrhodamine (TMR), attached to the N-terminus. All
energy barrier between the compact state, with a significantsamples were HPLC purified, and the accuracy of the
fraction of “native” contacts, and the ensemble of more labeling was determined by mass spectroscopy. For CD ref-
extended conformations. Taken together, these experimentagrence spectra, we used a cyclic peptide, cyclo-(RYVEV
and theoretical studies contradict the results of the original PGOKILQPPG), with the first and last residues covalently
study on Betanova that described a stable three-strandedinked via a peptide bond. This peptide was a generous gift
B-sheet that unfolded cooperatively9dj. Thus, additional ~ of S. H. Gellman from the University of Wisconsin (Madi-
measurements on Betanova are warranted to gain a cleare$on, WI) and poly(-lysine), which was obtained from Sigma
picture of its conformation and stability. (St. Louis, MO). Fluorescein (F-1300, Molecular Probes,
Eugene, OR) was used for standard measurements of

1 Abbreviations: FL, 5(6)-carboxyfluorescein; TMR, 5(6)-carboxy- fluorescence guantum yield.

tetramethylrhodamine; CD, circular dichroism; FTIR, Fourier transform . .
infrared spectroscopy: FRET, fluorescence resonance energy transfer; 1 hermal Denaturation Measurements Using CD and ETIR

UVRR, UV resonance Raman. Static CD measurements in the range of 1960 nm were
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taken with a JASCO (Easton, MD) J-600 spectropolarimeter. measurements, respectively. The concentrations of the refer-

The peptide concentration was 0.2 mg/mk89 uM) for

ence peptides relative to that of Betanova were determined

Betanova in 1 mM sodium cacodylate buffer at pH 4.8 and accurately by a least-squares fit of the absorption spectrum

0.2 mg/mL ¢85 uM) for PPPP in 100 mM acetate/fD,

of Betanova in the range of 24B30 nm with linear

pH 3.8 buffer. The CD measurements were made in a cell combinations of the absorption spectra of the reference
with a path length of 0.5 mm. The sample temperature peptides.

was controlled with a circulating water bath (model 9100,

Deconvolution of Trp and Tyr Components in Beta@o

Fisher Scientific) and measured with a digital thermometer Two sets of fluorescence measurements were taken with
(model HH503, Omega, Stamford, CT) equipped with a type Betanova: one with excitation at 295 nm, to excite Trp

K thermocouple, which was placed directly inside the sample fluorescence only, and the other at 274 nm, which also
cell. Samples were allowed to equilibrate at each temperatureexcites Tyr fluorescence. Excitation at 274 nm leads to
for ~5 min. CD measurements were taken approximately fluorescence emission from both W3 and Y10 in Betanova,

every 5°C in the temperature range of-95 °C. Typically,

with the component from Y10 as only a small shoulder on

eight scans were collected at each temperature at a scanninthe much larger W3 fluorescence. To determine the relative

speed of 20 nm/min with a 2.0 nm bandwidthdaa 2 s

contributions of W3 and Y10 to the measured spectra of

response time. All spectra were corrected by subtracting theBetanova under each set of conditions, we used the following

spectra of the appropriate buffers.
FTIR measurements of the amide (N—D-exchanged
C=0 stretch) were taken with a Digilab (Randolph, MA)

approach. First, the fluorescence of reference peptides
RGWSV and GKYTN were measured under identical
conditions and normalized to the same concentration as

FTS-60A spectrometer. The peptide concentrations were 20Betanova. Next, the contribution of W3 in Betanova was

mg/mL (~8.9 mM for Betanova and-8.5 mM for PPPP).

determined by fitting the spectra of RGWSYV to the Betanova

Excess trifluoroacetic acid (TFA) remaining from the peptide spectra in the wavelength range of 3460 nm, where there

synthesis, and whose IR absorption at 1672 troan
interfere with amide’lvibrations, was removed by dissolving
the peptide in dilute HCI10 mM) and then lyophilized to

is no contribution from Y10. The emission spectra of
RGWSYV were shifted to the blue by2.5 nm to account
for the small spectral shifts in Trp fluorescence between

a powder. Powdered samples were dissolved in approxi-Betanova and RGWSV. Next, the W3 contribution was

mately 30uL of buffer (100 mM sodium cacodylate buffer
at pH 4.8 for Betanova and 100 mM acetatgdD pH 3.8
buffer for PP°P) and placed between two Gawindows
separated by a 5@m spacer. The windows were held

subtracted from Betanova to obtain the Y10 component as
a function of condition, and which could be directly

compared with the corresponding amplitude of Tyr fluores-
cence in the reference peptide GKYTN, for each set of

together in a brass compression ring and placed in a water-conditions.

jacketed holder attached to a circulating water bath (model

FRET Measurement3 hree sets of FRET measurements

RTE-110, Neslab). To allow for exchange of amide protons were taken: (i) thermal unfolding of Betanova, (ii) thermal

with deuterium, samples were heated in their cells at@0
for ~2 h and then cooled rapidly to 4C. Spectra were
measured in the temperature range of92 °C. Ap-

unfolding of PPPP, and (iii) urea unfolding oPP°P. The
sample concentrations for all FRET measurements wéfe

uM. For Betanova, the solvent was 5 mM sodium acetate

proximately 300 symmetric interferograms were collected buffer (pH 5), and foPPPP, the solvent was 100 mM sodium

at 4 cm'! resolution at each temperature.

acetate buffer (pH 3.8). For each set of measurements, the

Thermal and Urea Denaturation Measurements Using Trp fluorescence emission spectra were measured in the wave-

and Tyr FluorescenceStatic measurements of the intrinsic

length range of 466750 nm, for the peptides with only the

fluorescence of Betanova, with excitation at 295 and 274 donor attached (peptide-FL) and for the peptides with both
nm, were obtained as a function of temperature and ureathe donor and acceptor attached at either end (TMR-peptide-
concentration. The fluorescence emission spectra wereFL), after excitation at 450 nm where there is negligible
measured using a FluoroMax-2 spectrofluorometer (Jobin absorption from TMR. The efficiency of energy transfer from
Yvon-Spex, Edison, NJ). The sample temperature wasthe donor to the acceptor was determined from the equation

controlled by a circulating water bath (model RTE-110,

E = 1 — (Ipa/lp), wherelpa andlp are the fluorescence

Neslab) and measured using a YSI 44008 thermistor (YSI, intensities of the donor with and without the acceptor,

Inc., Yellow Springs, OH) in direct contact with the sample
cell. The peptide concentration waslO0 «M for thermal
unfolding measurements with excitation at 295 nm,
~119uM for thermal unfolding measurements with excita-
tion at 274 nm, and-119 uM for urea unfolding measure-

respectively. Thepa/lp ratio was obtained from a least-
squares fit of the blue edge of the fluorescence emission
spectra of peptide-FL to the blue edge of TMR-peptide-FL,
in the wavelength range of 4640 nm, where there is no
contribution from the TMR fluorescence. The multiplicative

ments. The solvent used for all measurements was 5 mMfactor required to scale the peptide-FL fluorescence to the
sodium acetate buffer (pH 5) which was chosen so the solventTMR-peptide-FL fluorescence, after correcting for the dif-
would be identical to that used by Serrano and co-workers ferences in the concentrations of the two samples, gives

(19).

directly thelpa/lp ratio, and hence the efficiency of energy

For each set of fluorescence measurements on Betanovatransferg, under each set of conditions.
a corresponding set of measurements was made on reference Determination of the Forster Distance.R he efficiency
peptides that were five residues long, under solvent condi- of energy transfer is related to the distance between the two
tions identical to those for the Betanova measurements. Theprobe moleculesR, by the equatiorE = 1/[1 + (R/R,)q],
five-residue reference peptides were fragments from thewhereR, is the Forster distance at which the efficiency of

Betanova sequence: RGWSV and GKYTN for Trp and Tyr

energy transfer is 50%. The Forster distance (in angstroms)
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Table 1: Measurements for Calculation of Forster Distahces
Jb
sample o (Mlcminn?d) n© RPA) RA)

Betanova (25C) 0.30 2.68x 10'° 1.33 46 45
Betanova (80C) 0.25 2.68x 10'° 1.32 44 46

DPOP (25°C) 027 297x 10 1.33 45 31

DPOP (80°C) 017  297x10% 132 43 31

DPOP (8 Murea 0.22  3.75x 105 140 45 31 7
at 25°C)

aThe notations are as described in Materials and Methotlse
standard errors are estimated to-b8.02 for ¢g, +0.15 x 10> M~*
cm1 nmt for J, and+1 A for R.. ¢ The values of the refractive indices
are from theCRC Handbook of Chemistry and Physié3rd ed., CRC
Press, Boca Raton, FL.

Molar ellipticity x 107 (deg cm’ dmol™)

was calculated fronR, = (9.79 x 10%)(k®n~*¢p4J)*6, where

«? is the orientation factom is the refractive index of the ) 200 220 240
solvent,¢q is the quantum yield of the donor in the absence Wavelength (nm)
of the acceptor, and is the spectral overlap integral [ FiGURE 1: Far-UV CD spectra of Betanova aRBPP. (a) The CD

JoFda(A)ea(A)A* dA]. Here Fq(1) is the normalized fluores-  spectrum of Betanova at°& (—) is compared with a characteristic
cence intensity of the donor (normalized to unit integrated random coil spectrum---—) and a characteristjé-sheet spectrum

: : . o . —-—). Alinear combination of the two reference spectra that best
intensity) anck,(4) is the molar extinction coefficient of the & 0. s o0 v spectrum at & (-+) yields ~22% f-sheet

acceptor 27). ¢4 andFq(4) were determined for both peptides  ang ~78% random coil. (b) The CD spectrum BF°P at 8°C

by measuring the fluorescence emission spectra of peptide{— — —) is compared with that of Betanova afg (—). A linear

FL at all temperatures and urea concentrations used in thecombination of the two reference spectra shown in panel a that
FRET measurements. The emission spectrum of fluoresceinPest describes tP°P spectrum at &C () yields~53%5-sheet

at pH 13, with a quantum yield of 0.92, was used as a and~47% random coil.

standard referenc@8). ¢4(1) was obtained from the absorb- RESULTS
ance spectrum of TMR-peptide-FL at two reference tem-

perature?, 25 and BT, for both p_eptideos, ar&dSal\o/lldi;[ion_?ll\l/lyR Far-UV CD Spectra of Betana andPPPP. The far-UV
at two reference urea concentrations, 0 an , for " CD spectrum of Betanova at & is shown in Figure 1a.

°PPP-FL, at 25°C. The.measure'd absorbgnce spect.rum' of The CD spectrum of polyflysine), which adopts a random
the doubly labeled p_eptlde was fitted to a linear combination coil structure in DO at pH 7 B0), is shown for comparison.
of the speqt_ral profile of peptide-FL, 'measured under the We also measured the CD spectrum of cyclo-(RYWEV
same CO!’IdItIOh, and the spectral profile of free TMR. The PGOKILQPPG), which exhibits a very high population of
contribution of the FL component was then subtracted 10 5 inara|iel s-sheet conformation as shown by NMR data
obtain the absc_)rpt!on spectrum of the TMR qomponent, and (31). This peptide exhibits a typicgi-sheet spectrum, very
the molar extlnctlon.values were determlned from the similar to the standarg-sheet spectrum seen in paly(
measured concentrations of the TMR—peptlde—EL S?‘mples'lysine) at pH 11 and 51C, with a minimum at 217 nm and
The overlap mteg_rals were d_etermmed by numenpal integra-  ,arg crossing at 205 nrB@, 32). As reported previously,
tion of the normalized emission spectrum of p(_eptlde—FL and {he cD spectrum of Betanova in the far-UV region is not
the e5(4) of the TMR component in TMR-peptide-FL. The o1y 4 sheet-like 20). It is apparent that the Betanova band
results of these measurements and the corresporing  ghape more closely resembles that of the random coil than a
values (assuming & value of?/;) are summarized in Table s sheet In the simplest analysis to determine the extent of
1in the Results. [-sheet content in Betanova, we expressed its CD spectral
Singular-Value Decomposition AnalysiEhe raw data in  shape as a linear combination of the reference random coil
the fluorescence, CD, or FTIR measurements, consisting ofand 3-sheet spectra. We assumed that the CD spectrum of
spectra as a function of condition (temperature or ureathe reference cyclic peptide hasfasheet contribution of
concentration), were first filtered using singular-value de- ~71%; i.e., 10 of the 14 residues form thesheet, with the
composition (SVD) prior to any further analysis. SVD remaining residues forming the two turns. The coefficients
transforms the data matriXx into a product of three matrices, that describe the contribution of the reference spectra to the
i.e.,, D = USVT (29. The columns ofU are a set of = measured peptide spectra were normalized to 100%. This
orthonormal basis spectra that describe all the spectra in theanalysis yields~22% f-sheet and~78% random coil for
data matrixD; the columns ofV are the corresponding Betanova at 5C (Figure 1a).
amplitudes as a function of condition, agds a diagonal It is important to note that the molar ellipticity of Betanova
matrix with non-negative elements called the singular valuesis much weaker than the molar ellipticity of our model
which are a measure of the contribution of the corresponding peptides. Also, the aromatic side chains can distort the CD
basis spectrum to the data matrix. SVD has the useful spectral profile from that of a typicagi-sheet 83), which
property of the components with thdargest singular values  has not been taken into account in our analysis. As an
providing the best (in the least-squares seksgmponent alternative estimate gf-sheet content, we used the factor
fit to the data. The spectra that were used for further analysisanalysis/restricted multiple-regression algorithm of Pancoska
were reconstructed from the first three basis spectra. et al. 34) referenced to the CD spectra of 23 proteins whose
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FiGURE 2: Temperature dependence of the far-UV CD spectra. The first two basis spectra of Betanov®&Pafutj were obtained from

an SVD analysis of the measured spectra as a function of wavelength. The first basis spegtmeprésents the average shape of the
spectrum, averaged over all temperatures; the second basis speetru) {epresents the deviations in the shape of the spectrum. The

basis spectra have been multiplied by the corresponding singular values and by the amplitude of the first component at the lowest temperature
so that the spectra are in units of ellipticity. The second basis spectrum has been amplified by a factor of 10 for Betanova (a) and by a factor
of 2 for PPPP (d). The amplitudes of the firs©) and second®) basis spectra of Betanova (b) a?ePP (e) as a function of temperature

are shown. The amplitudes are normalized such that the amplitude of the first component at the lowest temperature is equal to 1. The lines
are drawn to guide the eye. The CD spectra of Betanova (cPEP (f) at the lowest and highest temperatures in our measurements are

shown.

structures are well-known from X-ray crystallography. This peratures (Figure 2b). In Figure 2c, we compare the CD

analysis yields~26% (-sheet content in Betanova at'6. spectra at 8 and 88C. The negative ellipticity at-195 nm

In Figure 1b, we compare the CD spectrumP&PP at diminishes in amplitude from approximatety9 mdeg to
8 °C with that of Betanova. The spectral shapeP&PP approximately—6 mdeg as the temperature is increased,
is obviously much closer to that of a typicAtsheet, al- indicating an increased level of disorder in the structure with

though its molar ellipticity is also much weaker than that of increasing temperature. A corresponding increase in the
the model peptides. Partitioning of tHiB°P spectrum into ~ magnitude of the (negative) ellipticity in the range of 220
the two reference CD spectra give$3%j3-sheet structure 240 nm is observed.

and ~47% random coil. We also estimated tifesheet For PPPP, the changes in the CD spectrum as a function
content of PPPP using the factor analysis algorithm and of temperature are much larger, compared to those in
obtained~44% f-sheet. Betanova, as indicated by the magnitude of the second

Thermal Denaturation of Betama and®PPP Monitored component of the SVD analysis (Figure 2d). The spectral
with Far-UV CD. The changes in the secondary structure of changes ir’PPP also do not exhibit any noticeable cooper-
Betanova andPPPP were monitored as a function of ativity with increasing temperature (Figure 2e). At high
increasing temperature by measuring the far-UV CD spectra.temperatures, the positive peak all95 nm disappears,
The data, consisting of spectra as a function of temperature,suggesting that thg-sheet secondary structure is essentially
were first filtered using the singular-value decomposition lost at~80 °C but the local turns may have some residual
(SVD) procedure, as described in Materials and Methods. population, as suggested by the non-zero CD between 210
The first basis spectrum represents the average shape of alnd 230 nm (Figure 2f).
the temperature-dependent CD spectra in the data matrix, Thermal Denaturation of Betama and®PPP Monitored
and the second basis spectrum represents the largest deviayith FTIR As an independent probe of the secondary
tions from the average shape. The corresponding amplitudesstructure content, we measured FTIR spectra of Betanova
monitor the temperature dependence of the contribution of and °PPP as a function of temperature (Figure 3). These
each basis spectrum to the measured spectra. Higher-ordegpectra monitor the amide’ labsorption band, arising
components contributed less than 3% to the measured spectrgrimarily from the amide €0 stretching vibrations. The

The first two basis spectra and their corresponding SVD analysis of the temperature dependence of the FTIR
amplitudes for Betanova are plotted in panels a and b of spectra of Betanova is summarized in Figure-8aThe
Figure 2. Both spectral components obtained from the SVD primary changes in the FTIR spectra are a decrease in the
analysis exhibit nearly linear changes with increasing tem- average amplitude with increasing temperature and a shift
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Ficure 3: Temperature dependence of the FTIR spectra. The first two basis spectra of Betanova®?@)Pa(d) were obtained from an

SVD analysis of the measured spectra as a function of wavelength: first compet)eanid second component{-—). The second basis
spectrum has been amplified by a factor of 10 for both Betanova®’Bfie. The amplitudes of the firsD) and second®) basis spectra

of Betanova (b) an8PPP (e) as a function of temperature are shown. The lines are drawn to guide the eye. The spectra and their amplitudes
are normalized as described in the legend of Figure 2. The FTIR spectra of BetanovaReYRr{f) at the lowest and highest temperatures

in our measurements are shown.

of the spectrum to higher wavenumbers. Again, the ampli- excitation at 295 nm. As a control, we also monitored the
tudes of both SVD components change nearly linearly with fluorescence of a five-residue fragment of Betanova,
temperature (Figure 3b). The SVD analysis of the temper- RGWSV, under the same set of conditions. The local
ature dependence of the FTIR spectr@@tP is summarized  environment of Trp in the peptide fragment mimics closely
in Figure 3d-f. As in Betanova, the temperature-dependent the environment of W3 in Betanova, making it a more
changes in the FTIR spectra BIP°P are nearly linear but  appropriate choice for reference spectra than free Trp. The
do show a slight toe at low temperatures, suggesting antemperature and urea dependencies of the fluorescence
approach to a stable low-temperature structure. intensity of RGWSYV, after correcting for differences in
The FTIR spectra can also be used to estimate secondaryconcentration between the reference peptide and Betanova,
structure content in a number of ways. In one approach, wewere found to be identical to that of W3 in Betanova in the
analyzed the FTIR spectra by Fourier self-deconvolution of ranges of 16-80 °C (Figure 4a) and©9.75 M urea (Figure
the amide 'l band and fitted the components to a sum of 4b). Our primary conclusion from these measurements is that
Gaussian bands, each of which corresponded to extrema inW3 fluorescence is not a very sensitive probe of the
the second derivative of the amideFITIR absorbance3b). conformational state of Betanova; the temperature and urea
The relative areas of bands assigne@{sheet and random  dependencies of W3 are dominated by the intrinsic changes
coil predict 5-sheet contents of 20 and 59% for Betanova in the quantum yield, and the behavior is identical, to within
andPPPP, respectively. As a check, in th#°P case, the  our signal-to-noise ratio, to the temperature and urea de-
Xxx-Pro amide has a unique amidebland at~1609 cnr?! pendencies of the reference peptide. These results are in
and contributes~11% to the area, which is in excellent contradiction with the conclusions drawn by Kortemme et
agreement with the expected contribution of two out of 20 al. (19), who suggested that Betanova unfolds cooperatively
peptides. Alternatively, we used band shape methods basedvith increasing urea concentration, based on their measure-
on the same factor analysis/restricted multiple-regressionments of changes in W3 fluorescence.
approach used above for CD data with our basis set of 17 In the second set of measurements, we measured the
protein FTIR spectra34, 36), and predicted 26 and 42% fluorescence emission spectra from 285 to 450 nm, with
B-sheet content for Betanova aR8PP, respectively. The  excitation at 274 nm, which maximizes the excitation of Tyr.
p-sheet contents obtained from the FTIR analysis for both According to the NMR data of Kortemme et al9, as well
peptides are in good agreement with the CD results. as the molecular dynamics simulations of Bursulaya and
Thermal and Urea Denaturation of Betara Monitored Brooks @), Y10 is part of a hydrophobic cluster, together
with Intrinsic FluorescencéVe monitored the unfolding of ~ with W3, Val (V5), Asn (N12), and Thr (T17), which
Betanova using two sets of measurements with intrinsic stabilizes the three-strand@dsheet conformation. Tyr and
fluorescent probes. In the first set of measurements, weTrp also form a doneracceptor pair for fluorescence
monitored the fluorescence of W3 from 300 to 450 nm, after resonance energy transf&7j. Therefore, disruption of the
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T are smaller by about a factor of 2 than the corresponding
asr i intensities in GKYTN. This drop in the fluorescence of Y10
relative to GKYTN and the slight increase in W3 relative to
RGWSV may be attributed, in part, to resonance energy
(a) transfer from Y10 to W3 in Betanova&7).

0.5 .
10 20 30 40 50 €0 70 The dominant effect of temperature on the fluorescence

T e (°C. of W3 and Y10, and the reference peptides, is a decrease in
emperature (C) the quantum yield with increasing temperature. However,

as the temperature increases and Betanova unfolds, the

251 1

Fluorescence Intensity (a.u.)

10.5 + b
®) distance between Y10 and W3 is expected to increase, thus
6.5 W . decreasing the efficiency of energy transfer and increasing
the intensity of Y10 relative to that of the reference peptide
25¢ . . . 7 GKYTN. We can see this effect by plotting the ratio of the
0 ) 4 6 3 Y10 component in Betanova and GKYTN as a function of

temperature (Figure 5d). The change in this ratio is the only

Ficure 4. Comparison of the fluorescence properties of Trp in signature of cooperativity we find in Betanova, which
Betanova (W3)pand in the reference pepF'?idep RGWSYV, \F/)vith SqueSts. that_perhaps there is S.Ome coopgrativity in the
excitation at 295 nm. (a) Amplitudes of the fluorescence emission thermal disruption of the hydrophobic cluster. Figure 6 shows
spectra of W3@) and RGWSV Q) vs temperature. (b) Amplitudes  the increase in Y10 fluorescence, relative to the reference
of the fluorescence emission spectra of V@9 and RGWSV Q) peptide GKYTN, with increasing temperature for two
as a function of urea concentration. The amplitudes of REWSV gitferent concentrations of urea (0 and 4.5 M), as well as
have been corrected only for the differences in concentration . . . . . .
between the RGWSV and Betanova samples. with increasing urea concentrations (Figure 6, inset). These
independent sets of measurements provide a consistency
hydrophobic cluster should result in an increase in the check for the calculated ratio, with reproducible values
average distance between Y10 and W3, and hence a relativé@btained under identical temperature and urea conditions.
increase in the fluorescence of Y10. The fluorescence The primary source of noise in these measurements is the
emission spectra, with excitation at 274 nm, show two difficulty in estimating the amplitude of the small Tyr
components; the dominant one is from the W3 fluorescence, COmponent in Betanova relative to the large amplitude of
which is also excited at 274 nm, and a shoulder at the blue the Trp component, especially at low temperatures (Figure
reference spectra, we monitored the fluorescence of RGwsyvdisrupted as the temperature is increased or the urea
and another five-residue fragment of Betanova, GKYTN, concentration increased, with some evidence, albeit weak,
with excitation at 274 nm (Figure 5b). The fluorescence that this disruption is cooperative.
intensities of the W3 component in Betanova are marginally ~Thermal and Urea Denaturation of Betase and °P°P
larger than the corresponding intensities in RGWSV. The Using FRET Measurements with Extrinsic Labelkhe
fluorescence intensities of the Y10 component in Betanova strongest support for gsheet topology of Betanova under
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Ficure 5: Fluorescence emission spectra of Betanova with excitation at 274 nm. (a) The fluorescence spectra of BetafiGv@ete&h

and 60°C (brown) are shown; the deconvoluted components &8&re Tyr (red) and Trp (pink) and at 6C are Tyr (black) and Trp

(blue). The Tyr and Trp components are centered 200 and~355 nm, respectively. (b) Tyr emission spectrum in the reference peptide
GKYTN at 25°C (blue) and 60C (green) and Trp emission spectrum in the RGWSV reference peptide®°@ @6d) and 6C0C (black).

In all cases, excitation is at 274 nm. The concentrations of the reference peptides have been normalized to match the concentration of
Betanova. (c) The lower left corner of panel a is amplified to show the Tyr components more clearly. (d) The ratio of the amplitudes of
the Tyr component in Betanova and that in the reference peptide GKYTN is plotted vs temperature. The line is drawn to guide the eye.
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FicurRe 6: Temperature and urea dependence of the Tyr component
in Betanova. The ratio of the Tyr component in Betanova and that
in the GKYTN reference peptide is plotted vs temperatui@®) (
identical to the data in Figure 5d an@)(in 4.5 M urea. The inset
shows the corresponding ratio as a function of urea concentration
at 25°C. The lines are drawn to guide the eye.
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Ficure 7: Minimized average NMR structure of Betanova at
0—7°C (19.

native conditions came from the original NMR data of
Serrano and co-workerd 9); their data indicate a distance
of ~21 A between the Catoms of the N- and C-termini for
the folded conformation (Figure 7). Here we have taken

Kuznetsov et al.
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Ficure 8: Equilibrium FRET measurements on Betanova #itP.

The fluorescence emission spectra of (a) Betanova-FL (top three

curves) and TMR-Betanova-FL (bottom three curves) an8pBlp-

FL (top three curves) and TMRPPP-FL (bottom three curves),

after excitation at 450 nm, are plotted at three different temperatures.

The inset shows the ratio of the amplitudes of the fluorescein

component in TMR-peptide-FU{s) and that in peptide-FLIf)

plotted vs temperaturé®) and urea concentratioi®j.

and FL at the N- and C-termini, respectively (TMR-
Betanova-FL), with excitation at 450 nm. The fluorescence
intensity of FL in TMR-Betanova-FL is smaller by a factor
of ~2 than the corresponding intensity in Betanova-FL,
measured under identical conditions (Figure 8a). This drop
in intensity arises from resonance energy transfer from FL
(the donor) to TMR (the acceptor). To obtain the efficiency
of energy transfer between the donor and the acceptor, we
calculated thdpa/lp ratio from the FRET measurements,
wherelpa andlp are the fluorescence intensity of the donor
with and without the acceptor, respectively (see Materials
and Methods). The primary conclusion that can be drawn
from these measurements is that the efficiency of energy
transfer changes very little as a function of temperature (inset
of Figure 8a), from~56% at 10°C to ~44% at 80°C,
indicating that the average end-to-end distance of this peptide
remains close to the Forster distariRgeat all temperatures.
The values oR,, calculated using the measured values of
the quantum yield of the donor and the overlap integral at
two reference points for each set of FRET measurements,

FRET measurements between fluorescent labels attached tare summarized in Table 1, together with the estimated values

the ends of the peptide to estimate the distance between th
two ends.

@f the average end-to-end distance between the two fluo-
rescent probes. The observed changes in FRET efficiency

We measured the fluorescence emission spectra of Bet-arise primarily from changes in the quantum yield of the

anova labeled with only fluorescein (FL) at the C-terminus
(Betanova-FL) and with both tetramethylrhodamine (TMR)

donor and henceR, (see Table 1). The most notable
conclusion here is that, for Betanova, the average distance
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between the two fluorescent probes, even at the lowestnor the Lys at the C-terminus significantly perturbs the
temperature in our measurements, is found to~#& A, structure.

with practically no change observed under thermal denatur-

ation. To model this distance, we took thesheet conforma-  DISCUSSION

tion obtained from the NMR analysis of Kortemme et al. i ) i i
(19) for Betanova shown in Figure 7, and estimated the The_ma!or focus of this study |s_athoroughthermodynamlc
distance between FL, attached through an additional Lys atinVestigation of two short peptides, Betanova &P,

the C-terminus, and TMR attached to the N-terminus. designed to adoptt_hree-strand?adheet structures. We find
Allowing full rotation of the amide link to each fluorescent that, for both peptides, the CD and FTIR spectra change
probe, the center-to-center distance between the probes &€y linearly with temperature. Our measurements of the
estimated to be in the range of 294 A, which is changes in the CD ellipticity of Betanova at 217 nm with
considerably smaller than the distance estimated from FRET'"Creasing temperatures are in agreement with the measure-

measurements. These results support our conclusion frorf€NtS of Kortemme et al.; however we cannot conclude from
the CD and FTIR analysis that thesheet population in our CD measurements that the thermal unfolding of Betanova

Betanova is very small and that the thermal denaturation IS COOPerative. As mentioned earlier, the changes in the CD
change is modest. glhpthlty measured by Kortemme et a.I. are also very nearly
linear as a function of temperature, with only a slight toe at
ntemperatures below I°Z, which they interpreted as evidence
oﬁf cooperative thermal unfolding. More importantly, we find
o evidence for a stabJ@sheet topology for Betanova even
at the lowest temperature in our measurementsgtbbeet
content is estimated to be less than 26% aC5rom both
the CD and the FTIR analysis. The CD and FTIR measure-
ments are not conclusive regarding the extent of disruption
of the secondary structure content in Betanova with increas-
ing temperatures, because they indicate a largely unstructured
peptide at all temperatures. The primary conclusions we can
draw are that although the secondary structure content of
Betanova changes somewhat with increasing temperature,
the changes are gradual and noncooperative.

The most novel finding of this study is from direct
measurements of the changes in the FRET efficiency between
donor and acceptor labels attached to the two ends. Our
FRET measurements are consistent with the conclusion that
Betanova has a largely unstructured conformation, even at

25°C, again with essentially no change in the distance with low temperatures. In fact, the average end-to-end distance

increasing temperatures or increasing urea concentrations (Segstimate_d from FRET;-45 A for Betanova at 250 is more
Table 1). For the folded topology 8P°P, based on model s_uggestlve of that expected for a random coil for a polypep-
building using typical three-strand@dsheet conformational t'd_e of that length th?“ of A-sheet structure. For a random
parameters and the design conformation of thero-Gly coil, the end-to-end distance squared is given by the equation

2 2 ; ; -
turns, we estimate the center-to-center distance between th% [~ ﬁ"nijz wherent:s the number of peptide bonds; |3'8
two fluorescent probes, TMR on the N-terminus and FL A iS the distance between two successiveabms along

attached to the side chain of a Lys added to the C—terminus,the I_ength of 'the ponpeptide, and, is the. Flory constant
to be in the range of 3635 A. This estimate is in excellent and is appr'OX|mately the ratio of the statistical segment length
agreement with the end-to-end distance estimated from FRETLO the peptide bond lengtBT). Tanford et al. §8) estimated

measurements diP°P. The FRET results, therefore, clearly the e_n(_JI-to-end distar_me Of_ a ”“”_‘ber of protein_s in 6 M
demonstrate that in the structurBEPP the ends are much ~ guanidine hydrochloride (with chain lengths varying from
closer than in the apparently less structured Betanova. 26 to 1790 amino acids). From their measurements, we obtain

] . ,_arange of values fd€, from ~5.4 to~7.6, with an average
_ One concern vyhen attacr_nng fluprescent Iabel_s to peptides, 5 forC, of ~6.6. If we assume that our labeled peptide
is th_at the labeling may disturb the conformations of the ¢ approximately 23 residues long (we have attributed the
peptides. As a check of how much the labels perturb the extra length to the Lys at the C-terminus and the two
structure, we compared the CD spectra of Betanov&Bfid fluorescent labels), we can estimat&to be~(46 A). This

]‘fl‘t 5°C, in tlhg rlang(; of 196260 nm,f V\r/]ithlagdl V(‘j’ithOUt_d value is remarkably close to the average end-to-end distance
uorescent labels. The CD spectra of the labeled peptidesggiimateq for Betanova from the FRET measurements.

were found to be identical, within experimental error, to that .

of the unlabeled peptides, indicating that neither the labels There are s_everal caveats to the calculations of the average
end-to-end distance, both from FRET measurements and

from random coil estimates. First, we have used a geometrical

2 The emission spectra of TMR-Betanova-FL show almost no TMR factor of %5 in the calculation of the Forster distan&g,

spectra, suggesting that the quantum yield of TMR attached to Betanov: ; feai ; ;
is very small. Direct excitation of TMR (at 543 nm) also shows that “which assumes that the emission and absorption dipoles of

the fluorescence emission from TMR-Betanova-FL is a factor 90 the donor and the acceptor molecules have random orienta-
smaller than that from TMRPPP-FL (data not shown). tions relative to each other. The assumption that the

For comparison, we also made FRET measurements o
PPPP, which exhibits a more complefesheet conformation
than Betanova, as suggested by its low-temperature CD an
FTIR spectra and NMR data at 2€ (9). The fluorescence
emission spectra &P°P labeled with the donor onl{P°P-

FL, and labeled with the donor and acceptor, TIF®P-

FL, were recorded as a function of temperature after
excitation at 450 nm. The emission spectra of TVIRP-

FL now clearly show two components: one from the
fluorescence of FL and another one from TMR (Figure B8b).
The intensity of the FL component in the doubly labeled
peptide is now almost a factor of 10 smaller than the
corresponding intensity in the singly labeled peptide, indicat-
ing ~90% FRET efficiency in this peptide. With increasing
temperatures, the FRET efficiency varies fror@1% at 7

°C to ~88% at 80°C; with increasing urea concentrations,
the FRET efficiency varies from-91% (at 0 M urea) to
~82% (at 8 M urea) (inset of Figure 8b). The average end-
to-end distance for this peptide is estimated to84 A at
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fluorophores have random orientations is most likely not a 43—100% hydrogen bonds formed. What is most notable
bad approximation for labels attached to the ends of the from their simulations is that the potential of mean force
peptides, especially since FL is attached to the amino groupversus the fraction of native contacts is found to be essentially
of Lys at the C-terminus. The geometric factogfis valid downhill with no significant barriers separating the native
if even one of the fluorophores has complete reorientational basin from the basin of collapsed states at low temperatures.
freedom. Nevertheless, it is an assumption we have not Both experiments and simulations suggest that Betanova
experimentally verified. Second, we measure average FRETiIs only marginally stable even at low temperatures, although
efficiencies, from which we can obtain the average end-to- there is a very wide variation in the estimates/$heet
end distances only if we know the distribution of conforma- population in Betanova. In particular, our CD and FTIR
tions adopted by the peptide under each set of conditions.measurements indicate a very low46%) 5-sheet popula-
Our data show that the conformation of Betanova is primarily tion at 5°C, which is considerably less than the estimate of
unstructured, but it is not straightforward to guess, a priori, 80—90% f-sheet at 3C by Serrano and co-workers from
what the distribution of conformations may be. Therefore, their original NMR and CD measuremeni®). Boyden and
our estimate of average distances is only approximate. Third,Asher have estimated63% 3-sheet population from their
the Flory constantC, depends on the sequence of the UVRR studies?21) based on a fit to basis spectra empirically
polypeptide 89—41), and moreover, these peptides are not derived fora-helix, 5-sheet, and disordered structures from
long enough for the Gaussian chain limit to be strictly valid. the UVRR spectra of 13 proteins with well-known X-ray
Nonetheless, the remarkable agreement between the experierystal structures4@). Furthermore, they conclude that the
mentally obtained and theoretical values of the end-to-end peptide retaing-sheet structure even at 8Q based on their
distance provides confidence that our FRET measurementsobservation that their UVRR spectra do not change signifi-
give reasonable estimates of the end-to-end distances ircantly between 5 and 8 when excited at 206.5 nm, which
Betanova, and corroborates our conclusions from the CD andexcites the peptide bond transition. They do observe a
FTIR analysis that the conformation of Betanova is not very loosening of the hydrophobic core as monitored by changes
structured. in the UVRR spectra when excited at 229 nm, which excites
Our conclusions from FRET measurements on Betanovathe aromatic side chain transitions. One explanation, con-
are also in agreement with results from FRET between Y10 sistent with our results, for why Boyden and Asher do not
and W3, monitored using fluorescence changes in Y10. Thesesee any changes in their peptide UVRR spectra is that
measurements showed that the fluorescence of Y10 is a factoBetanova is largely unstructured even a3 and that their
of ~2 smaller than the corresponding fluorescence in a result of~63% 3-sheet population at all temperatures is an
reference peptide GKYTN. If we assume that the decreaseoverestimate. As acknowledged by Boyden and Asher, it is
in the fluorescence of Y10 relative to that of GKYTN is difficult to make accurate estimates/@fsheet content from
solely from resonance energy transfer between Y10 and W3,their UVRR spectra. The reference spectra they use for
we can estimate that the distance between Y10 and W3 israndom coil angB-sheet differ primarily in amplitude, with
approximately the Forster distance for Tyr and Trp in very little shape changes, and moreover, the reference spectra
Betanova. Under denaturing conditions, we can make thediffer quite significantly from the measured peptide spectrum.
assumption that Y10 and W3 have random orientation They assume, erroneously, a mostly folded peptide & 5
relative to one another, which gives a Forster distance of based on the original work of Serrano and co-workés) (
~14 A between Tyr and Trp2(7), and therefore~14 A as and on the results of the MD simulatiof){ both of which
the distance between Y10 and W3 at ®D or at 9.75 M had indicated a stability of0.6—1 kcal/mol between 2 and
urea. This estimate is in good agreement with the distance5 °C. More recently, Serrano and co-workers have re-
of ~14 A between the centers of Y10 and W3 observed in estimated th@-sheet population in Betanova and report only
molecular dynamics simulations of Betanova for transiently ~10% f3-sheet in aqueous solutio23), significantly less
more open conformations (J. Hilario and T. A. Keiderling, than what they had reported in their original study, and much
unpublished results). At low temperatures and with no more in agreement with our results.
denaturant, the distance between Y10 and W3 is estimated The measurements reported in this paper indicate an
to be~12 A from the FRET analysis, which is significantly ensemble of structures even under “native-like” conditions,
larger than the distance of8 A obtained from the NMR  and provide new insight into the extent to which these model
coordinates (Figure 7). This analysis is, at best, qualitative, peptides are actually “folded” into the conformation de-
since it assumes a Forster distance of 14 A under all scribed by the NMR parameters. The FRET measurements,
conditions. together with the CD and FTIR measurements, show that
Bursulaya and Brook®(23) have done an extensive study the conformation of Betanova is largely that of an unstruc-
on the conformational stability of Betanova using molecular tured peptide, with no cooperative unfolding under thermal
dynamics (MD) simulations; they have calculated the free or chemical denaturation. The absence of a cooperative
energy surface of Betanova at@ along various coordinates transition in our experimental studies corroborates the finding
such as the radius of gyration, the fraction of native tertiary of the MD simulation studies that there is no significant
contacts, and the number of hydrogen bonds. Their calcula-barrier between the folded and unfolded conformations. The
tions suggest a two-stage collapse mechanism for Betanovdack of cooperativity in all the unfolding transitions that were
at ~2 °C. In the first stage, the unfolded conformations measured, with perhaps the exception of changes in Y10
collapse into a large basin of compact states with native fluorescence, suggests that there is a nearly continuous
contacts ranging from 10 to 60% and no significant hydrogen ensemble of secondary structure states, with a small fraction
bond formation. In the second stage, the polypeptide adoptsof peptides whose compact topology is stabilized by inter-
the nativeS-sheet topology with~70% native contacts and strand hydrogen bond formation as shown by the NMR
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results of Kortemme et all1@). It appears that the strength a simple two-state system ). The temperature-dependent
of the hydrophobic interactions in Betanova is not sufficient change in the ellipticity at 230 nm, which originates from
to compensate for the loss of conformational entropy. the contribution of aromatic amino acids to the far-Uv CD
The second peptide in this studyPPP, exhibits more  spectrum, the ellipticity measurements in the near-UVvV CD
typical 5-sheet-like CD and FTIR spectra at low tempera- (at 290 nm), and Trp fluorescence changes, all of which
tures, and its thermal denaturation shows a much largerprobe the disruption of the hydrophobic cluster formation,
change in these spectra than in the spectra of Betanovaexhibit sigmoidal transitionsl(). It is not straightforward
However, as for Betanova, the CD and FTIR spectra do notto compare the disruption of the hydrophobic cluster with
exhibit any cooperativity in the thermal unfolding ®F°P. the loss of secondary structure for this peptide because the
The average end-to-end distances between the fluorescen€D spectrum of WW in the far-UV is not that of a typical
probes attached t¢PPP, obtained from the FRET measure- [S-sheet, presumably because of the contributions from the
ments, are in remarkable agreement with the distancedisordered tails at the N- and C-termidi7§, and the change
estimated for probes attached to the ends of a three-strandeth ellipticity in the far-UV region (195215 nm) is very
f-sheet topology, thus confirming the stalfiesheet-like small. With increasing urea concentrations, the WW domain
topology forPPPP. The surprising result here is that, although exhibits a cooperative transition when monitored by Trp
the CD and FTIR spectral changes fron8 to ~80 °C fluorescence, but a noncooperative change in ellipticity at
indicate that the peptide loses a significant amount of its 290 nm. Furthermore, the near-UV CD spectrum, which
secondary structure, the FRET efficiency does not changemonitors the aromatic side chains, shows a significant signal
very much with temperature. Even with increased urea from hydrophobic clustering event & M urea or 5 M
concentrations, this peptide remains in a collapsed state withguanidine hydrochloridel(). Even for the WW domain,
little change in FRET efficiency. This may well be a which is an example of the most cooperatfizfeheet system,
consequence of the strong propensitpdfro-Gly sequences  the j-sheet-like structure, as monitored by both CD and
to form highly stable turns persisting even under denaturing FTIR, disappears when the tails are removed as does any
conditions. We have been able to obtain consistent CD andindication of cooperative unfolding, monitored by CD and
FTIR spectra for these-Pro-Gly sequences for model Trp fluorescence; these results strongly suggest that tertiary
systems as short as a tetrapeptide (J. Hilario, J. Kubelka,interactions of theg-sheet with the tails are responsible for
and T. A. Keiderling, manuscript submittedioAm. Chem.  the stable secondary structurgd).
Soc). Recently, Cochran et al. have demonstrated that the
Our primary conclusion from the thermodynamic stability tryptophan zipper peptide (trpzip) adoptgnairpin con-
measurements on short designggheet-forming peptides  formation that is stabilized by the formation of Trp-Trp
is that the interstrand hydrogen bonds that stabfiizheets hydrophobic clusters4g). The CD spectrum of trpzip has
are formed noncooperatively. The lack of cooperativity in intense exciton-coupled bands at 215 and 229 48h The
the thermal denaturation of both peptides raises the questiondistinctly sigmoidal changes observed in the CD spectra at
of how cooperative smafi-sheet-forming peptides are. The 229 nm with increasing temperatures thus reflect the disrup-
one system for which cooperative folding and unfolding are tion of the hydrophobic cluster, and not changes in the
well-documented is thg-hairpin from protein GB1, which ~ extended secondary structure as monitored by far-Uv CD
appears to be a “two-state” folder by several indicators. In or FTIR. Cochran et al. conclude from these measurements
response to a laser temperature jump (T-jump), this hairpin that the peptide unfolds cooperatively. However, preliminary
exhibits identical single-exponential kinetics when monitored FTIR data on the trpzip analogue with an NG-based turn
by the change in the fluorescence of a single Trp that is partly show thermal unfolding that involves an intermediate state
buried in a hydrophobic cluster and by energy transfer from when one specifically investigates the secondary structure
Trp to a dansylated Lys at the C-termind$), Furthermore,  with a spectroscopic probe (V. Setnicka, J. Hilario, and T.
the equilibrium unfolding of this hairpin, monitored by NMR, A. Keiderling, unpublished results). Further studies are
shows that the temperature dependencies of the chemicatherefore necessary to establish cooperativity in this peptide.
shifts of all G, protons except that at one end of the peptide  Itis very likely that cooperativity if--sheet proteins arises
overlap (L4). A caveat that is worth noting is that the CD from tertiary contacts that are lacking in small peptides and
spectrum of this peptide does not show a typiéasheet that a broad transition is more the norm than the exception
spectrum 43), a puzzling fact that remains to be explained. here. In fact, even for helices that fold in isolation,
Moreover, the folding-unfolding transition as monitored by  independent of tertiary contacts, NMR and vibrational
CD at 201 nm 43) appears to be much broader than the spectroscopy measurements show deviations from strict two-
transition monitored by Trp fluorescences]. Despite the state behavior4, 46). In particular, experiments employing
unusual CD spectrum, the data strongly argue that thisisotope labeling show that the peptides unfold via a series
peptide exhibits a two-state foldirginfolding transition. of intermediate structured), MD simulation studies of helix
The evidence for cooperative folding and unfolding is not formation kinetics for an Ala pentapeptide showed that the
so straightforward fof3-sheet-forming peptides. The most kinetics can be described as downhill diffusion on a broad
extensively studiegb-sheet structure is the three-stranded energy landscape without a significant free energy barrier
fB-sheet of the WW domain. Here the experimental data are separating the helical and unstructured conformati@s (
more complex. The kinetics of folding and unfolding, The authors of this study predict nonexponential kinetics for
initiated by a laser T-jump and monitored using Trp helix formation and, more interestingly, relaxation kinetics
fluorescence 18), are single-exponential, as in the case of that depend on the initial distribution of the unstructured
the p-hairpin. The equilibrium thermal and denaturant conformations and hence the initial temperature of the
unfolding of WW, however, shows deviations expected for T-jump. Recent experiments on an Ala-based helical peptide,
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using infrared spectroscopy to probe changes in conforma- 18.
tions after a laser T-jump, confirm nonexponential kinetics
that do indeed depend on the initial and final temperatures

().

strand hydrogen bonding, it will be necessary to compare
the kinetics obtained from Trp fluorescence and FRET
measurements with a direct probe of the kinetics of secondary 26,
structure formation as from time-resolved infrared measure-

ments b, 47, 48).
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