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ABSTRACT: A series of β-hairpin peptides based on variations of the TrpZip2 sequence, SWTWEN-
GKWTWK, of Cochran and co-workers were studied using electronic circular dichroism (CD) and infrared
(IR) spectra by varying temperature and pH. Selected tryptophan residues were substituted with Val to test
the impact of specific Trp interactions on hairpin stability. Native-state structures of two of the variants were
determined using 2-DNMR and shown to have the same cross-strand edge-to-face Trp-Trp interaction as in
Trpzip2. Thermally induced conformational changes of the hairpins formed with these various sequences
were studied with CD and IR. Thermodynamic analyses of the temperature variation of both IR (as analyzed
using the amide I0 frequency shift) and CD (intensity) spectra were fit to a two-state model that yielded
different Tm values, consistent with a multistate process of folding/unfolding. At low pH these differences
were minimized, suggesting a change in the energetics. Cross-strand interacting Trp residues with an edge-
to-face orientation had the strongest impact on hairpin stability, as judged by CD and IR data. The diagonal
interaction between Trp2 and Trp9, which have a more parallel orientation in Trpzip2, contribute to the
spectral response but do not independently stabilize the structure. Comparative study of these various
physical interactions emphasizes the complex folding pathways that are important even for these small
peptides.

The simplest model of a β-sheet is the β-hairpin structure
consisting of a single sequence folded back on itself to generate
two antiparallel strands coupled by a turn or a loop. In proteins,
β-hairpins can be found in isolation, in a sequence to form a
sheet, or stabilized by interaction with other structural elements.
The study of β-hairpin structure and stability is of wide interest in
part because hairpins have been proposed to act as nucleation
sites for protein folding, both by providing a framework for and
by participating in formation of hydrophobic cores (1-9).
Additionally, understanding β-sheet structure and formation is
biomedically relevant because of the underlying β-structures
characterizing protein aggregates, which have a role in many
pathological diseases (10). In contrast, the β-hairpin provides a
structurally more controllable system where only two strands
interact, rather than forming an ensemble of structures as is
characteristic of an aggregation process. Thus hairpins provide
an appropriate system for theoretical modeling and detailed
analysis of spectra-structure relations.

Folding of β-hairpins can be initiated either by formation of a
turn, which utilizes specific residue sequences and thereby brings
the strands together, or by interaction of opposing residues on the
two strand segments, which stabilizes the resulting compact state
and allows the turn to form, as has been the subject of many
studies (4, 11-13). The latter mechanism is often promoted by
hydrophobic collapse of separated residues in the sequence
leading to cross-strand hydrogen bond formation in the resulting
dehydrated cluster with loop and turn formation following that

in a sequence of steps. In contrast to this sequence of structure
development from the middle to the outside, the turn-initiated
mechanism is likely to be a zipping process of forming hydrogen
bonds starting from residues adjacent to the turn, but alternate
processes are possible (2, 14). Some recent studies indicate that a
mixture of these twomechanisms is likely to be operative (15, 16).

Designs of sequences that form model β-hairpin peptides
which are stable in water have taken two routes (or some
combination of both) based on these mechanistic models,
stimulating hairpin formation by turn stabilization or by hydro-
phobic coupling of cross-strand residues (1, 4, 17-19). Such
hairpin sequences have often included nonproteinogenic residues
to constrain the stereochemistry, thereby enhancing strand
interactions. Many of these have yielded at least partial hairpin
formation, but their thermal denaturation studies have often
been characterized by broad unfolding transitions (5, 20, 21).
Increasing the number of interstrand hydrophobic interactions
has been shown to stabilize structures and result in hairpins that
exhibit more sigmoidal denaturation profiles (1, 11, 16, 18, 22,
23), but this hydrophobicity can also lower solubility and increase
the risk of intermolecular aggregation.

Hydrophobic interactions have led to formation of some of the
most stable β-hairpin models, particularly with the tryptophan
zipper (Trpzip) models of Cochran and co-workers (1). These
have been analyzed by study of thermodynamic stability using
CD1 and IR for tertiary and secondary structure transitions,
respectively (1, 16, 23). Such spectral studies have been expanded
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to look at mechanistic aspects of the transition using relaxation
kinetic data obtained from temperature jump (T-jump) experi-
ments (16, 24-26). In a series of related studies, Waters and co-
workers have studied the impact of aromatic residues at various
positions in the hairpin and have determined that Trp has an
unusually high stabilizing impact in several positions (27, 28).
Previously, Fauve et al. (29) studied a series of small cyclic
peptides with turns stabilized by a D-Pro-L-Pro template, one of
which showed the same Trp-Trp edge-to-face (“T stack”)
geometry as in Trpzip. Subsequently, several other papers have
appeared studying the effect of Trp-Trp interactions in peptide
structures (30-34). This work suggested Trp-Trp was a means
of creating more stable designs and led to our interest in further
probing the pairwise Trp-Trp interaction and its impact on the
hairpin stability. The impact of turn stability on hairpins has also
been studied (1), and our parallel studies on the impact of
variation of turn residues in Trpzip peptides will be presented
separately.

Electronic circular dichroism (CD) spectroscopy can in princi-
ple be used to study β-sheet formation. However, in the 200-
230 nm region, β-structures develop only a weak amide CD as
compared to R-helices, and β-hairpins sometimes develop non-
unique CD band shapes (5, 35, 36). Thus β-structure CD
contributions can be easily obscured by contributions from
aromatic groups, such as one might incorporate to promote a
hydrophobic collapse. In the TrpZip hairpins, the pairwise
Trp-Trp interactions result in a strong exciton CD signal
(an intense derivative shape due to the π-π* dipole coupling)
that indicates a distinctive cross-strand contact, effectively a
tertiary structure. When the hairpin unfolds, this coupling is lost,
and without a specific geometry the aromatic side chains generate
little chirality. The observed CD then reverts back to that of a
peptide amide chain in a “random coil” conformation, which is
locally similar to poly-proline II, or an extended left-handed
twist (37, 38).

By contrast, vibrational spectra, especially that measured in
the amide I0 region (CdO stretch vibration), have advantages for
β-sheet determination (39-41). The amide I0 IR band for β-sheet
proteins and peptides is distinct from other secondary structure
types in both band shape and frequency position of themaximum
intensity (42). This pattern can be found in the spectra of TrpZip
molecules at low temperatures and, with temperature increase,
reverts to a form (frequency shift and broadening) more char-
acteristic of disordered structures (16, 23-26). Optical spectra
allow us to monitor the folding and unfolding of these hairpins
and determine thermodynamic properties, assuming a model for
the process, and enable evaluation of the relative stabilities for
different sequences. Comparison of CD and IR results allows
separate monitoring of tertiary and secondary structure forma-
tion, respectively.

We have previously reported studies of equilibrium and kinetic
unfolding of the Trpzip2 hairpin, designed by Cochran et al. (1):
Ser-Trp-Thr-Trp-Glu-Asn-Gly-Lys-Trp-Thr-Trp-Lys (SWTW-
ENGKWTWK; TrpZip2), with all four Trps but minor mod-
ifications for isotopic labeling (23, 26). Here we report studies of
TrpZip2 related sequences where the three sets of Trp-Trp
interactions are pairwise substituted by Val residues, first on the
outer cross-strand pair (positions 2-11), then the inner pair
(positions 4-9), and finally on the diagonal pair (positions 2-9).
An independent study by Takekiyo et al. used alternate substitu-
tion patterns of Tyr for Trp on the TrpZip1 sequence, while
pursuing a related goal (43).

The solution-phase structure of the parent peptide has been
determined based on NMR analyses, which we have subse-
quently confirmed (1, 23, 44). TrpZip2 adopts a well-defined
β-hairpin conformation with a type I0 β-turn at residues 6 and 7
and a sharply twisted hydrogen-bonded pair of strands (residues
1-5 and 8-12) stabilized by cross-strand tryptophan interaction
(two pairs packing edge to face). Since the side chains on one
strand insert between sequential residues on the other, there is less
contact between adjacent tryptophan pairs in a strand (1, 44). As
will be shown here, variation of the Trp residues to Val,
maintaining hydrophobic but not aromatic interaction, has
impact on both the structure and the thermodynamics.

MATERIALS AND METHODS

Peptide Synthesis and Purification. The variations of the
Trpzip2 sequence studied here are termed W4W9, W2W11, and
W2W9, each of which has two tryptophans on the indicated
positions (out of the four, Trp2, Trp4, Trp9, and Trp11, in the
Trpzip2 sequence; see Table 1), the other two positions being
substituted by Val. These mutants were originally obtained from
GenScript Corp. Peptide TZ2 was synthesized in house using
standard Fmoc-based solid-state synthesis methods. In this
process, four equivalents of amino acid was activated with
TBTU, HOBt (final concentration of 0.25M), and diisopropy-
lethylamine (DIEA) at a final concentration of 0.5M. A stepwise
coupling of each amino acid was obtained using standard solid-
phase Fmoc coupling chemistry. Once the synthesis was com-
plete, the peptide was removed from solid-phase resin using a
cleavage cocktail (by dissolving in 88:5:5:2 TFA/phenol/water/
TIPS for 2 h). Crude peptides were isolated by precipitation into
10 volumes of cold ether, purified by reverse-phaseHPLC (Vydac
218TP510 reversed-phase column), and characterized by MAL-
DI-MS. The Trpzip2 mutants studied here are diagramed in
Scheme 1, and their sequences are listed in Table 1.
NMR Spectra and Structure Analysis. We measured the

NMR spectra of both W4W9 and W2W11 for ∼4 mM (∼5 mg/
mL) concentrations in 20 mM phosphate buffer (90% H2O and
10% D2O) at pH 5.8. Spectra for structure determination were
acquired at 281 K on a Bruker Avance 800 MHz spectrometer
with gradient selection and excitation sculpting for water sup-
pression (45). 2-D NOESY were acquired (mixing times = 80
and 300 ms) with 12 ppm sweep widths, 2048 � 1024 complex
points in t2 � t1 and 16 scans per increment. 2-D TOCSY were
acquired under similar conditions with DIPSI2 mixing of 70 ms
and a radio-frequency field of 8 kHz. All spectra were processed
within NMRPipe (46) and viewed/assigned in NMRView (47).

The NOESY peaks were manually selected and assigned with
CYANA 2.0 (48). The 100 lowest energy structures were selected
from an ensemble of 500 and further refined by restrained MD
using a previously describedmethodologywithinAMBER8 (49).
We used the ff99sb force field (50) plus the SHIFTS restraint (51)
for the Trp rings with a force constant of 10 kcal/mol. The

Table 1: Comparative Sequences of Peptides Used for This Studya

peptide sequence

Trpzip2 SWTWENGKWTWK-NH2

W4W9 SVTWENGKWTVK

W2W11 SWTVENGKVTWK

W2W9 SWTVENGKWTVK

aBold and underlines represent the mutated position.
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resulting 20 unique structures with the lowest AMBER and
restraint violation energies were subjected to structure validation
within PROCHECK_NMR (52).
CD Sample Preparation and Spectral Parameters. For

CD experiments, peptide solutions were prepared at∼0.2mg/mL
(∼0.13 mM) in 20 mM phosphate buffer (pH = 7 and pH ≈ 2).
Far-UV CD spectra were acquired between 185 and 260 nm at
50 nm/min, with a 1 nm bandwidth and 2 s response time on a
Jasco J-810 spectrometer using a 1 mm quartz cell (Starna, Inc.).
Determination of sample concentrationwas based on absorbance
at 280 nm (Trp ε280: 5560 M-1 cm-1). Final spectra were
recorded as an average of eight scans and baseline subtracted.
Variable-temperature experiments were done with a 1 �C/min
ramp speed and a 5 min equilibration time, the temperature
controlled by flow from a water bath (Neslab RTE7DP). Spectra
over the range of 5-85 �C (in steps of 5 �C) were obtained for
sample and buffer (for baseline subtraction) under identical
experimental conditions. No smoothing was performed on the
spectra. The CD amplitude variation with temperature was fit to
a two-statemodel that used a linear folded (low temperature) and
a flat unfolded (high temperature) baseline with ΔCp = 0 (23).
[It should be noted that use of the ΔCp = 0 parameter is a result
of the fact that inclusion of a variable ΔCp in the fit resulted in
very large errors forTm and values ofΔCp thatweremuch smaller
than the error. Examples are provided in the Supporting In-
formation, Tables S2-S4. Thus ΔCp is undetermined by our
data.]
IR Sample Preparation and Spectral Parameters. Puri-

fied peptides were lyophilized twice against 0.1 M DCl/D2O

solution (both DCl and D2O obtained from Sigma) to remove
TFA counterions remaining from the peptide synthesis and then
redissolved inD2O, neutralized byNaOD, and lyophilized again.
Equilibrium IR measurements have been carried out at different
pH values to evaluate pH effects on the peptide structure and its
un/refolding processes. Peptide solutions for IR studies were
prepared in a range of concentrations, ∼5-25 mg/mL (∼3-17
mM), by dissolving lyophilized peptides inD2O and adjusting pH
with 20 mM deuterated phosphate buffer (to get pH ∼ 7) and
DCl (to get pH ∼ 2).

IR spectra were acquired on aDigiLab FTS-60A spectrometer
(Randolf, MA). Peptide solutions were sealed in a homemade
demountable cell with CaF2 windows separated by a 100 μm
Teflon spacer. Sample and background spectra were collected at
4 cm-1 resolution with a zero-filling factor of 8. Temperature-
variation experiments were conducted by placing the sample
in a homemade cell holder stabilized at selected temperatures
from 5 to 90 �C by flow from a bath (Neslab RTE 111). The
sample was heated in 5 �C steps and equilibrated, and then 940
coadded scans were accumulated before the next temperature
step.

RESULTS

Characterization of Tryptophan Mutant Peptide Struc-
tures. To determine the structure of the investigated peptides,
NMR spectra including TOCSY and NOESY were measured
(see Supporting Information, Figure S1). The observedNOEs are
uniquely related to the β-hairpin structure. Cross-strand NOEs
between atoms on the peptide backbone and lying near the
Trp-Trp pair position are indicated by arrows in the molecular
schemes below the NOESY plots. W2W11 (Trps near the
termini) developed clearer and more extensive cross-strand
NOEs than W4W9 (Trps near the turn), which implies that a
strong Trp-Trp interaction at the 2 and 11 positions can draw
the β-strands closer, locking the hairpin. These appear to bemore
effective, in terms of hairpin stabilization, than the pair at the 4
and 9 positions, which presumably lock in the turn and initiate
hairpin formation.

Similar to what we have found for TZ2 (23), qualitative
analysis of the chemical shifts (chemical shift index) for the HR
and amide resonances of W4W9 and W2W11 is also consistent
with their having β-hairpin structures. Residues in the strand
segments for W4W9 andW2W11 generally evidence a downfield
shift of their HR proton resonances from random coil values,
whereas residues in the turn are shifted upfield more than
0.1 ppm, indicating formation of a β-hairpin (see Supporting
Information, Figure S2) (53, 54). However, the positive shifts in
theW2W11 strandHR values are more extensive and continue up
to the turn, while those forW4W9 become negative near the turn
and suggest a deformation. The stabilities and extent of the
β-hairpins are suggested by strong downfield shifts for the V4, E5,
and K8 residues in W2W11, while in both TZ2 and W4W9 those
have weak downfield or even upfield shifts. From this, W2W11
appears to have more well-formed β-strands than do TZ2 and
W4W9 and a somewhat different turn geometry, while TZ2 and
W4W9 are suggested to have quite similar turn structures. This is
borne out in our structure determination, below.

By contrast, W2W9 did not show any clear evidence of
β-hairpin formation in terms of HR chemical shift, indicating a
globally random coil (disordered) conformation. The W2W9
chemical shifts at theN6 andK8positionsmay indicate a residual
population of turn residues.

Scheme 1: Sequences Showing Trpzip2, TZ2 (black), and the
Mutant Peptides with Two Trp’s Remaining, One on Each
Strand: W4W9 (Blue), W2W11 (Pink), and W2W9 (Green)
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Optimizations of the solution structures to fit our NMR data
were undertaken to confirm these experimental observations. A
simulated annealing protocol was used in conjunction with
constraints based on the NMR chemical shift and NOE data
to generate a number of low-energy structures for these
β-hairpins. Relevant information used for and obtained from
our structure determinations, indicating distance restraints from
NOE and rms deviations from an ideal covalent geometry, is
listed in the Supporting Information, Table S1. An overlap of the
20 lowest energy structures obtained from this analysis for
W4W9 and W2W11 is shown in panels a and b of Figure 1,
respectively. These structures show a high level of overlap in the
center of the β-strand, and the variations at the termini (fraying)
and turn (distortions) reflect the relative stabilities we have found
spectroscopically (see following section). The 1H chemical shifts
of W4W9 and W2W11 in 20 mM phosphate buffer (H2O with
10% D2O) have been deposited in the BioMagResBank (http://
www.bmrb.wisc.edu), BMRB accession numbers 16399 and
16407, respectively, and structural details are available from
the authors.

The side-chain orientations of the Trp pairs in W4W9 and
W2W11 shown in Figure 1 closely follow those determined for
Trpzip2 NMR structures (1, 23, 44). They maintain the relative
Trp-Trp geometries with high agreement in the overlap, and
computations based on these geometries yield CD patterns that
fit those seen experimentally (see below). Both pairs are deter-
mined to be oriented with one Trp indole ring packing edge-on to
the face of the other Trp indole ring (∼84� between indole planes)
as seen for both pairs in Trpzip2. Other side chains show
increasing disorder, but the Val (4 and 9 or 2 and 11) and Thr

(3 and 10) are surprisingly regular (especially in W2W11; see
Supporting Information Figure S3).

As compared toW2W11, theW4W9 structure (Figure 1a) has
more twist, much more fraying at the termini, and more disper-
sion in the turn overlap, yet most of these 20 structures evidence
type I0 turns, as seen in Trpzip2. By contrast, the 20 lowest energy
structures for W2W11 (Figure 1b) overlay better and have more
extended β-strands, but their β-turn residues evidence two
distinct populations with variations centered on the Glu5 (ψ)
and Asn6 (φ, ψ) angles. A survey of our 100 best structures for
W2W11 shows a bimodal distribution in the Glu5 ψ and Asn6 φ
values that encompasses these two structural types as shown in
the Ramachandran plot in the Supporting Information, Figure
S4. That these are reliable representations of the two types of
turns is further supported by there beingmoreNOEs forW2W11
thanW4W9 or even for Trpzip2, the latter of which have one (the
same) turn geometry (see Supporting Information, Figure S5).
All of these structural characteristics are consistent with our
experimental spectroscopic data, as detailed below.
Native-State Spectral Properties of TryptophanMutant

Peptides. Trpzip2 has an unusual CD spectrum with intense
exciton-coupled Trp π-π* bands at 213 and 228 nm, which
indicate a tertiary-structure-like interaction between the aromatic
chromophores but, due to spectral overlap with amide transi-
tions, allow no insight into the peptide secondary structure (23).
[Compared to this strong dipole coupling CD band, the amide
contribution is much weaker in intensity.] In Trpzip2 two Trp
pairs couple cross-strand at positions 4-9 and 2-11, and two
diagonally related tryptophans, 2-9, also can couple. These
assertions follow from our model TD-DFT calculations of the
aromatic CD, based on the relative geometries of the Trp indole
rings as determined from the Trpzip2 NMR structure, which are
detailed separately in our previous work (23, 55). W4W9 and
W2W11,with just one pair of cross-strand coupled Trps, have the
same experimental CD band shape as Trpzip2, evidencing strong
negative-positive Trp π-π* exciton-coupled bands, but have
about one-third the band intensity of Trpzip2 (see Figure 2).
W2W9, with a potential diagonal cross-strand Trp-Trp inter-
action, does not exhibit exciton-coupled Trp bands in CD but
rather shows a broad negative band at ∼198 nm, consistent with
amide CD arising from a mostly disordered secondary structure.
[Computationally, CD of indoles in the TZ2 W2W9 geometry
have the same sign and similar magnitude as for W2W11 and
W4W9 but are shifted higher in frequency (55).]

IR spectra of the amide I0 mode (CdO stretch) primarily
reflect the dominant secondary structure forms in a peptide. At
neutral pH, W4W9 and W2W11 have similar amide I0 (D2O
solution) band shapes at 5 �C, a broadened, intense band whose
maximum is at ∼1632 cm-1 and a weak band at ∼1675 cm-1

evident as a shoulder, which are consistent with formation of
partial antiparallel β-sheet cross-strand interaction. As compared
to Trpzip2, these are somewhat broader, and the lower energy
component is shifted down by ∼5 cm-1 (see Figure 3). By
contrast, W2W9 has a qualitatively similar shape but is signifi-
cantly broadened, and the lower component is shifted up in
wavenumber as a result of a reduced amide I exciton splitting for
any remaining β-strand structure (intense 1637 cm-1 and weak
1671 cm-1). Thus the lack of exciton CD forW2W9 (Figure 2) is
reflected in a band shape difference for the IR (corresponding to
reduced vibrational exciton coupling), both indicating reduced
β-hairpin formation. In practice, the observable IR absorbance
intensity is limited by the peptide solubility in water, so the

FIGURE 1: Peptide backbone overlap of 20 best NMR structures
determined for (a)W4W9and (b)W2W11. Structures are aligned for
the residue 2-4 and 8-11 positions. Additionally shown are the Trp
side chain interaction (pairwise, edge to face). Other side chains are
removed from the figures for clarity. Note the variation in turn
structure at Glu5-Asn6 in W2W11 (b).
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spectra were normalized to a constant absorbance maximum just
for comparison (original absorbance values are given in the
caption).W4W9, with twoTrps near the turn, is relatively soluble
in water, whileW2W11 andW2W9 are less so. Consequently, IR
spectra of W4W9 were measured at ∼20 mg/mL, while W2W9
were measured at ∼10 mg/mL, the limit of its solubility in D2O,
and W2W11 at ∼5 mg/mL.

There is a big difference in concentration between the CD and
IR studies. In our previous study (23), CD spectra for Trpzip2
variants over a range from 0.1 to 7mg/mLwere shown to have no
change in the CD band shapes. In addition, we carried out a
comparative NMR TOCSY study for W2W11 (the least soluble

sample) at 0.6 and 6.0 mg/mL, that resulted in complete overlap
of the resolved features (Supporting Information, Figure S6).
Thermal Unfolding of TryptophanMutant Peptides. The

thermal stability of the Trp-Trp interaction for W4W9 in
phosphate buffer (pH ≈ 7) was monitored by variable-tempera-
ture CD (Figure 4a). For both W2W11 and W4W9 with
increasing temperature, the strong negative-positive tryptophan
exciton-coupled bands at 213 and 228 nm almost vanish at higher
temperatures while a weak negative band at 198 nm, characte-
ristic of disordered peptides (amide π-π*), appears as tempera-
ture increases from 5 to 85 �C. This suggests a loss of Trp-Trp
interaction and increase in the fraction of disordered peptide
conformation at the same time. The intensity loss of both the 213
nm negative and 228 nm positive peaks with increasing T was
measured to yield thermal transition curves, which were then fit
to a two-state model that used a linear folded and flat unfolded
baseline with ΔCp = 0 (23). These constraints were chosen to
yield the best fits, within acceptable errors. The errors for ΔCp

make it undetermined (essentially zero, which is why it was fixed
for the best fits) with our data (see Supporting Information,
Tables S2-4). Intensity loss at 228 nm with temperature for TZ2
and the cross-strand Trp pair mutants, W4W9 and W2W11, is
plotted in Figure 4b.

As monitored by CD, W4W9 and W2W11 have similar
stabilities, evidenced by Tm ∼342 K for W4W9 and ∼347 K
for W2W11, both of which are lower than the Tm for the parent
peptide, Trpzip2 (∼352 K, using the same analysis method,
Table 2). The broad thermal transitions for the mutants show
little curvature and suggest that these peptides are not fully folded
at low temperature and may not undergo a simple two-state
unfolding process. However, the quality of our NMR data
suggests the unfolded population is low for W2W11 and
W4W9. The high-temperature band shape indicates that these
peptides losemost of their Trp-Trp interaction on heating and is
consistent with our detecting amide CD characteristic of a
primarily disordered secondary structure for these peptides at
85 �C. Because the W2W9 CD at room temperature already
indicates significant disorder, its thermal variation was not
pursued.

The thermal stability of the secondary structure of W4W9,
W2W11, and W2W9 in phosphate buffer was monitored by
variable-temperature IR. The IRabsorptionmaximumofW4W9
shifted from 1632 to 1645 cm-1 as temperature increased from 5
to 90 �C (see Figure 5a), corresponding to a secondary structural
change from hairpin to mostly disordered that is correlated with
the CD-detected tertiary structure change (Figure 4a). The
intensity variation of W4W9 and W2W11 at ∼1632 cm-1

(W2W9 at 1637 cm-1), which corresponds to the amide I0

maximum at 5 �C and is characteristic of the β-strand contribu-
tion to the amide I0 hairpin IR, was fit for thermal analyses. At
high temperature all yield a similar broad, symmetric amide I0

band with a maximum at ∼1649 cm-1, which is consistent with
their all reaching a similar disordered state at 90 �C. The
absorbance intensity measured for these peptides varied widely,
reflecting the concentrations we could employ due to their
solubility differences. To obtain an improved comparison, we
plotted the IR intensity transition curve for TZ2 and the mutant
peptides in Figure 5b by normalizing their maximum intensity to
1. [Since W2W9 is partially unfolded at low temperature, its
change at 1637 cm-1 senses both β and disordered structures,
and sensible comparison was not possible; thus it is not in
Figure 5b.].

FIGURE 2: CD spectra of Trpzip2 and the mutant peptides W4W9,
W2W11, and W2W9 measured at 5 �C at different pHs. Peptide
concentration is∼0.2 mg/mL in 20 mM phosphate buffer (pH= 7).
The path length of the cell is 1 mm. Vertical axis was corrected to
molar ellipticity onapermolecule basis using solution concentrations
determined by UV absorbance at 280 nm. Trpzip2 (black), W4W9
(blue), W2W11 (pink), andW2W9 (green), see Table 1. Correspond-
ing dashed lines are for pH ≈ 2.

FIGURE 3: IR spectra of TZ2, W4W9, W2W11, and W2W9 mea-
sured in 20 mM deuterated phosphate buffer under neutral pH
(pH = 7) at 5 �C. Sample concentrations were varied to account
for their different solubilities: TZ2, 20 mg/mL; W4W9, 20 mg/mL;
W2W11, 5mg/mL;W2W9, 10mg/mL.The path lengthof all samples
was 100 μm. Spectra were normalized to a maximum absorbance of
1 from their measured maxima of 0.22 for TZ2 (black), 0.13 for
W4W9 (blue), 0.07 for W2W11 (pink), and 0.11 for W2W9 (green).
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From the variable-temperature IR, we obtained Tm ∼ 326 K
forW4W9 andTm∼ 332 K forW2W11, as summarized with the
CD results in Table 2. [Attempts to fit the W2W9 IR yielded a
considerably higher value, which is unlikely to be meaningful.].
As for CD, the Tm values for W2W11 and W4W9 are similar to

each other and significantly lower than for Trpzip2; however, the
absolute Tm values obtained for the mutant IR intensity changes
are very different from the Tm values found with CD, providing
further evidence that these two peptides do not follow a two-state
thermal unfolding process. The baseline for the amide I band at
pH ∼ 7 is distorted on the low frequency side by overlap with
the COO- band. SVD (singular value decomposition) analysis of
the data was used to separate the baseline component and fit
the result. As shown in the Supporting Information, Table S5, the
SVD has qualitatively the same result; the Tm’s are closer to
Trpzip2 values and to the CD values but still maintain a clear
difference between Trpzip2 and the mutants. That the tertiary
structure transition temperatures (CD) are higher than the
secondary structure transition temperatures (IR) suggests that
the pairwise Trp-Trp interaction between the strands may
have more stability than the β-sheet backbone structure (cross-
strand H-bonded component) which can partially unfold as
temperature increases while still maintaining some Trp-Trp
interaction.

FIGURE 4: (a) Temperature-dependent CD spectra of tryptophan mutant peptides W4W9 measured from 5 to 85 �C, as described in Figure 2.
Color changes indicate increasing temperature, from violet (cold) to red (hot). (b) Ellipticity changes for the positive exciton peak (∼227 nm) of
TZ2, W4W9, and W2W11. Maximum intensity of TZ2, W4W9, and W2W11 mutants was normalized to the same scale for comparison. These
curves were fit to a two-state model assuming linear folded and flat unfolded baselines with ΔCp = 0 to determine the corresponding transition
temperatures (23). TZ2 (black solid dot), W4W9 (blue solid up triangle), W2W11 (pink solid down triangle).

FIGURE 5: (a) Original temperature-dependent IR spectra forW4W9measured as inFigure 3. (b) Two-state fit of the IR intensity change for TZ2
(black solid dot), W4W9 (blue solid up triangle), and W2W11 (pink solid down triangle) at 1637, 1632, and 1632 cm-1, respectively, which
correlates to the maxima of the β-strand contribution.

Table 2: Thermodynamic Parameters for the Two-State Model Fit of CD

and IR Data at pH = 7a

Tm (K) ΔH (kcal 3mol-1) ΔS (cal 3mol-1
3K

-1)

peptides FTIRb CD FTIR CD FTIR CD

Trpzip2 352( 3 352( 2c 15( 2 17( 2 43 48

W4W9 326( 7 342( 7 11( 1 10( 1 33 30

W2W11 332( 2 347( 4 18( 2 16( 2 54 46

aLinear-flat baseline two-state fitting model and ΔCp = 0 used for
fit. bAbsorbance at TZ2 1637 cm-1,W4W9 1632 cm-1,W2W11 1632 cm-1,
andW2W9 1637 cm-1 (Figure 5). cUnpublished data fromUIC (consistent
with Cochran’s original data).
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pH Effect on Structure and Stability. In a previous study,
we found that Trpzip2 at low pH has higher solubility and gives
more reversible thermal transitions (26), so we investigated the
effect of pH on hairpin stability. CD spectra of TZ2,W4W9, and
W2W11 at 5 �C at both pH 7 and pH 2 (Figure 2) have the same
Trp-Trp exciton band shape and comparable peak intensities,

indicating that they have very similar geometries for the Trp
pairs. Themain difference is that the negative Trp exciton band at
218 nm is somewhat weaker at low pH than at neutral pH for
W4W9 and W2W11, which have only one pair of Trps.

In the FTIR spectra, various components of the amide I arise
from cross-strand β-coupled amides (∼1630 and∼1680 cm-1), β-
turns (∼1660-1675 cm-1), and disordered amides (∼1660 cm-1),
but these contributions cannot be fully resolved or uniquely
assigned. Consequently, the amide I bands at different pH were
fit to a sum of three components (see Supporting Information,
Figure S7) with a high level of agreement yielding a consistent
pattern of variation. The relative peak areas for the major (β and
coil) components are compared in Figure 6, showing that all of
the peptides have increased disorder at lower pH, which indicates
a partial unfolding anddestabilization of the secondary structure,
whereas the similar CD spectral response at different pHs
suggests the Trp-Trp interaction changes much less.

IR analysis showsW2W11 to havemore β content and less coil
content than W4W9 at neutral pH, consistent with less disorder
for W2W11, as suggested by the NMR structural results
(Figure 1). It also loses more β content and gains more coil
content thanW4W9 upon pH change. This indicates that pH has
a larger effect on β-strand backbone structurewhen the Trp-Trp
interaction is at the endof the strand (hence close to the uncapped
termini where the C-terminal charge state changes) than when it
is close to the turn, or conversely that the change is larger when
there is more structure. The relative changes with pH and
temperature also can be used to suggest interpretations for the
role of aromatic coupling in stabilizing the hairpins (see next
section). Consistent with the relative CD result (Figure 2), pHhas
less impact on the Trpzip2 peptide IR than for W2W11 or
W4W9.

To further characterize the pH effect, we analyzed the tem-
perature dependence of the exciton CD band and the FTIR
amide I0 peak of these peptides at pH 2. The change in intensity
for the positive CD band at ∼228 nm for TZ2, W4W9, and
W2W11 at different pH (Figure 7) monitors the tertiary structure
unfolding. The CD thermal unfolding curves of all three peptides
were shifted to lower temperature (open symbols) at lower pH,
but the impact is much larger for W4W9 and W2W11 than for

FIGURE 6: Comparison of β-content and random coil content at
different pH values derived from the areas of the IR spectral
deconvolutions in the Supporting Information, Figure S7. Bars for
β-content represent the deconvolution peak at ∼1630 cm-1; coil
content bars represent the deconvolution peak at ∼1660 cm-1.
Neutal pH (black bar); acidic pH (gray bar).

FIGURE 7: Comparison of CD transition curves of TZ2 andW4W9 andW2W11 mutants at different pH. (a) TZ2 (neutral pH, black solid dots;
acidic pH, black open dots) and (b) W4W9 (neutral pH, blue solid up triangle; acidic pH, blue open up triangle) and W2W11 (neutral pH, pink
solid down triangle; acidic pH, pink open down triangle). These curves were fit to a two-state model assuming a linear folded and flat unfolded
baseline with ΔCp = 0 to get corresponding transition temperatures.
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TZ2. TZ2 had Tm = 343 K at pH 2 or ∼10 K lower than at
pH 7, while W4W9 and W2W11 had Tm = 312 and 320 K, res-
pectively, or ∼30 K lower than at pH 7 (Table 3). Again, as at
pH 7, W2W11 is more stable than W4W9, but at pH 2 both are
much less stable than TZ2 as sensed by Trp-Trp interaction
monitored with CD.

When the thermal transition is monitored by IR intensity
variation at∼1638 cm-1 at low pH, we saw a somewhat different
response. The W4W9 transition curve is nonsigmoidal, making
the determined thermal parameters unreliable (also with SVD
analysis). With the Trps closer to the turn, their interaction, and
hence CD, can be maintained while the strands can fray
sequentially as temperature is increased. These contributions
distort the low temperature β-cross-strand H-bonding pattern
that yields the band shape seen and the NMR structure deter-
mined. With IR analysis, all peptides show a lower Tm at lower
pH than at neutral pH, by∼9-15K (Table 3), which is consistent
with but much smaller than the pH-induced Tm lowering found
for the CD analyses. Consequently, at low pH, Tm for thermal
transitions detected with IR and CD are about the same.
However, the errors especially for W4W9 are quite large.
This difference indicates pH has different impact on the
mutant secondary and tertiary structure thermal stability than
on TZ2.

DISCUSSION

Peptide Structure.We have shown that the mutant peptides
W2W11 andW4W9have qualitatively the same β-hairpin fold as
does Trpzip2. Most importantly, they have virtually identical
cross-strand Trp-Trp interaction geometries, which leads to the
observed CD spectral response that is used to monitor the
tertiary-like structure in this small, well-structured foldamer
and results in a stable fold, unlike the diagonal interaction in
W2W9 (potential), which does not form. Theminor differences in
stability between W2W11 and W4W9 are reflected in the higher
quality of overlap between the low energy NMR structures and
are consistently reflected in the thermal stabilities found in our IR
and CD analyses. These structures show that the Trp-Trp
interaction in W4W9 yields the same turn geometry as for
Trpzip2, but both are somewhat distorted from a type I0 turn.
Without having the close-lying Trp-Trp pair, the W2W11 turn
develops two quite different turn structures, indicating that
release of the constraint frees the turn to alternate between forms.
Impact of Trp-Trp Coupling on Stability. Cross-strand

coupling of hydrophobic residues is an important factor in
stabilizing β-hairpin models (1, 11), andWaters et al. have shown

that Trp interactions have a much bigger impact than do those of
other residues (18, 27, 28, 56, 57). Andersen and co-workers have
extensively reviewed such interactions and investigated a number
of sequences with Trp substitutions in a careful extensive
study (31). Using CD data, they also found poorly sigmoidal
thermal transition curves which they referenced to assigned fully
folded states in organicmixed solvents, which brings in a different
dimension to the problem. Guvench and Brooks studied the
edge-to-face interaction with MD simulations in Trpzip2 and
showed it to be dependent on multipole interaction (32). Our
results are consistent with the importance of Trp-Trp interac-
tions but additionally show that the interactions are additive and
have a geometrical aspect.

In the results presented above, the cross-strand couplings of
pairs of Trps at the 4-9 and 2-11 positions appear to be very
similar, but the diagonal coupling for Trps at positions 2-9 is
different and much less effective in stabilizing the hairpin
structure. This is evident in two ways. The CD spectra of
W4W9 and of W2W11 are virtually identical, as would be
expected from the near-identical relative geometries of the
Trp-Trp pairs we have shown to be characteristic of each, but
their CDs are much weaker (less than a third) than that of
Trpzip2 (or Trpzip2C (23)). This could indicate added interaction
between the inner residues (2-9) of the two pairs or added
stability of the hairpin in TZ2 with four Trps interacting. The
NMR structures for W4W9 and W2W11 indicate that both
hairpins are well-formed in the β-strand segments resulting in
the same relative Trp-Trp geometries, albeit with W4W9
showing more variation and having frayed termini. Since both
have the same experimental CD spectra, and are computed to
have very similar CD (55), the added stability (evidenced in
higher Tm) does not seem to be the source of the higher CD
intensity (a factor of 3) for Trpzip 2. The difference in CD thus
appears to be an added interaction present with four Trps,
primarily the W2W9 coupling.

Since the experimental W2W9 CD is a reasonable approxima-
tion to that of the unfolded hairpin, one might hypothesize that
2-9 coupling is not significant and that stability is the main
factor in the resultant signal. Our TD-DFT calculational results,
presented separately, show that four indole rings in the Trpzip2
geometry should have a CD intensity greater than twice that of
two Trps in either the W2W11 or W4W9 geometries (23, 55). In
addition, the W2W9 interaction, which has a different geometry,
would generate a significant CD spectrum of the same sign
pattern. Thus theory does not support a weak interaction
between these residues but rather a different, geometrically
derived one. However, if theW2W9 did not form a stable hairpin
structure at low temperature, which is consistent with our data,
then there can be no significant coupling, and the contribution of
the 2-9 positions cannot be evaluated from W2W9 CD spectra.
This lackof structure inW2W9 is supported by its CDreflecting a
random coil, its broadened and shifted amide I IR, and its CR-H
chemical shifts being closest to random coil values. Thus the
structural variation between the mutants is clear in terms of Trp
coupling.

With IR we can study the stability of the peptide backbone.
Again, W4W9 and W2W11 have very similar band shapes
consistent with cross-strand β-type H-bonding as found in our
NMR structures. Thus by combining the IR and CD observa-
tions, one can determine that the lack of exciton CD inW2W9 is
due to reduced Trp interaction caused by unfolding and is not
an intrinsic geometrical phenomenon. Since the Trpzip2 CD

Table 3: Low pH Thermodynamic Parameters for the Two-State Model

Fit of IR and CD Dataa

Tm (K)

ΔH
(kcal 3mol-1)

ΔS
(cal 3mol-1

3K
-1)

peptides,

pH = 2 FTIR CD FTIR CD FTIR CD

Trpzip2 340( 1 343 ( 0.3 14 ( 1 16 ( 0.3 41 46

W4W9 311( 4b 312 ( 11 -b 6 ( 0.9 -b 21

W2W11 317( 4 320 ( 7 14 ( 1 9 ( 0.3 45 27

W2W9 332( 4 N/Ac 16 ( 3 - 50 -
aLinear-flat baseline two-state fitting model and ΔCp = 0 used for

fits. bTransition curve does not show clear sigmoidal shape; fit with
linear-linear baseline ΔCp = 0, but ΔH and ΔS for FTIR had very large
error, not included. cNo apparent exciton CD band for W2W9.
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magnitudes are about three times those of W4W9 or W2W11,
the W2W9 contribution must be a significant addition, imply-
ing that the four Trps in the TrpZip2 structure gain added
exciton coupling from forming stable interactions between
all the pairs. The Trpzip1 structure follows this same
pattern, as we have shown separately (43), but is overall less
stable.
Thermal Variations. Beyond spectral character, the CD and

IR thermal variations bring out other characteristics. TheW4W9
and W2W11 CD intensity changes with increasing temperature
show broadened sigmoidal transitions that can be fit to a two-
state model yielding similar transition temperatures of about
Tm = 342 and 347 K, but with IR these drop to Tm = 326 and
332K, respectively, all of which are well below theTm=352Kof
the parent sequence, TrpZip2. The ΔH values for W2W11 and
W4W9 differ in a way that parallels the Tm’s for these peptides.
For both IR and CD analyses the ΔH values for W2W11 are
roughly the same as for Trpzip2, implying that the major change
is loss of the well-formed cross-strand H-bonds. The W4W9
values are lower (Table 2), consistent with its reduced stability as
compared to W2W11, as implied by the fraying and fewer NOE
constraints found for its NMR structure.

The CD band profiles have clear isodichroic points as tem-
perature varies, supporting use of the two-state model, which
makes sense for Trp coupling, but the IR transitions have less
well defined isosbestic points. Trpzip2 has the same Tm for IR
and CD, which implies a cooperative unfolding between its Trp
side-chain tertiary structure (CD) and β-hairpin backbone sec-
ondary structure (IR). When the Trp-Trp interaction is lost in
Trpzip2, the secondary structure is so destabilized as to unfold.
By contrast, W4W9 and W2W11 have significantly lower Tm

values for thermal transitions monitored with IR than with CD,
which indicates they can lose β-backbone structure (fray or
distort strand alignment) more easily than break Trp-Trp
coupling with temperature. In the mutant cases the mechanism
is one of gradual β-backbone unfolding (breaking interstrand H-
bonds) followed at some point by loss of the Trp-Trp coupling.
It can be concluded that mutations of Trp to Val or aromatic to
hydrophobic interaction made on TZ2 not only affect β-hairpin
stability but also cause a different unfolding pathway (more
fraying) to become accessible for W4W9 and W2W11 as com-
pared to TZ2.
pH Effect on Peptide Structure and Unfolding Mechan-

ism. With different pH values, TZ2, W4W9, and W2W11 have
very similar CD shape and intensity in their native state (5 �C,
Figure 2), which implies that low pHdoes not strongly impact the
native-state Trp-Trp tertiary interaction. However, their sec-
ondary structure, asmonitored with IR, does change, resulting in
an increase in the degree of disordered structure at reduced pH
(Figure 6). It should be noted that relative change has some
reliability for these IR deconvolutions but the absolute value of
the disordered fraction would also include contributions from
residues in the turn due to our inability to resolve them. All four
peptides lose β-structure and gain coil content at lower pH. The
difference at lower pH may be due to change in charges on
various residues that could destabilize a compact structure, but
since the Trp side chains would not become additionally proto-
nated at pH 2, they would have less change. While the Trpzip2
was C-terminally blocked, this probably has little impact, since
W2W11 with charged termini is highly ordered as found earlier
for Trpzip2 with C-terminal blocking, but W4W9 is less and is
also unblocked.

The overall Tm’s for the secondary structure (IR measure-
ments) and tertiary structure (CDmeasurements) of TZ2 are the
same at pH 7 and are ∼10 K lower at pH 2. This means by
lowering pH TZ2 becomes less stable and unfolds at a lower
temperature. Still, TZ2 appears to lose secondary and tertiary
structure in the same process at both pH values, which is why it
also appears to adopt a two-state unfolding mechanism. The
secondary structure is held together in TZ2 by the hydrophobic
side-chain interaction, andwhen this is lost, the entire peptide can
unfold. By contrast, the single Trp pair mutants, W4W9 and
W2W11, have a higherTm for CDand a lowerTm for IR at pH 7,
while their Tm’s for CD and IR are approximately the same at
pH 2. This indicates that at neutral pH the secondary structure of
W4W9 and W2W11 could unfold gradually as temperature
increases. When the loss of oriented Trp interaction occurs, the
multistep process goes to completion. However, at pH 2, both
secondary and tertiary structures are lost in the same temperature
range.

Put in another way, lowering pH changes the favored unfold-
ing pathway forW4W9 andW2W11 to amore synchronous one.
All of our observations point to a multistate unfolding process
for Trpzip peptides, where the balance between the ordering of
steps and population of different intermediates along the path is
subject to environment. Shifting the number of contacts and the
position of the interaction in the sequence both destabilizes the
hairpin and allows alternate folding mechanistic steps to be
energetically favorable.
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