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ABSTRACT: The temperature-induced S-hairpin stabilities of selected mutations of the Trpzipl peptide,
SWTWEGNKWTWK (WWWW), have been investigated by electronic circular dichroism (CD), Raman,
and FT-IR spectroscopies. The tryptophan (Trp) residues in the original Trpzipl sequence were
systematically substituted with tyrosine (Tyr) in different positions to test the impact of Trp interactions
on the f-hairpin structure and stability. The CD intensity at ~228 nm, which arises from Trp—Trp
interactions (tertiary structure), and the amide I’ IR absorbance at ~1635 cm™! (secondary structure)
have been measured over a range of temperatures to investigate the impact of Tyr substitution on 5-hairpin
thermal stability in Trpzip peptides. Mutation from Trp to Tyr in the Trpzipl sequence reduces the extent
of fB-hairpin structure and monotonically decreases the B-hairpin stability of Trpzipl mutant peptides
with an increasing number of Tyr substitutions. Substituted Trpzip peptides with just one pair of Trp—Trp
interactions close to either the terminal residues (WYYW) or the turn (YWWY) have similar stabilities.
Comparison of conformational transitions monitored by CD and IR reveals them to have multistate behavior
in which the temperature-induced disruption of the Trp—Trp interaction (tertiary structure) occurs at a

lower temperature than the unfolding of the secondary structure.

Protein folding has been modeled as being dependent on
the formation of segments of secondary structure and their
assembly into globular structures as related by tertiary
structure. Alternatively, tertiary interactions (hydrophobic
collapse) have been proposed to initially condense the
structure and facilitate formation of secondary structure.
Understanding the order of the steps in such an assembly
and the mechanism of each step has long been a major goal
in biophysical studies. The primary segments are often
characterized as helices and sheets, of which the former is a
fairly well-defined continuous part of the sequence, but the
latter additionally involves a tertiary interaction in stabilizing
its secondary structure. The fundamental building block of
sheets is the interaction of two extended strands in a cross-
strand H-bonding arrangement that can bring sequential or
totally nonrelated sequences in the protein together in
antiparallel or parallel alignments. Thus, the driving force
for forming a [3-sheet structure can be local or dispersed in
the sequence, and their balance has been the subject of many
studies (1—4).

If sequential segments come together to form an antipar-
allel (-sheet structure in a protein, this structural element
can be modeled using monomeric $-hairpin peptides, which
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consist of two S-strands linked by a short loop or turn. While
arbitrary sequences abstracted from protein structures rarely
form stable S-hairpins in aqueous solution, many researchers
have shown that designed short peptides can fold to a
[-hairpin structure in aqueous solution (2, 5—38). Thermo-
dynamic studies of such short S-hairpin peptides can provide
basic information for understanding the energies of funda-
mental peptide fragments important for protein folding which
has been the topic of several previous studies (4, 7, 9—31).

The structural stability of S-hairpin peptides is mainly
influenced by three interactions: hydrophobic interaction due
to the side chain, turn stability, and interstrand hydrogen
bonding (H-bond). The sequence dependence of hairpin
stability has been studied by NMR,' CD, and IR methods
as well as theoretical approaches (5, 6, 37). Turn structures
can initiate hairpin formation by promoting cross-strand
H-bonds close to the turn, but the most stable structures have
added stability from side chain interaction in the strands,
particularly through selective hydrophobic interaction. Ac-
cording to Cochran and co-workers (32—36) and Waters and
co-workers (5, 37, 38), aromatic—aromatic interactions make
a higher contribution to S-hairpin stability than do aliphatic—
aromatic interactions.

In this work, we focus on the positional relationship
between the aromatic—aromatic side chain interaction and
the S-hairpin secondary structure stability. Cochran et al. (32)

! Abbreviations: Trpzip, tryptophan zipper; NMR, nuclear magnetic
resonance; CD, circular dichroism; IR, infrared; FT, Fourier transform;
TFA, trifluoroacetic acid.
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synthesized a series of hairpins termed the Trpzip peptides,
which contain two cross-strand Trp—Trp pairs and have
become the basis of many S-hairpin studies. The indole side
chains of each Trp—Trp pair interact with each other by a
pairwise perpendicular stacking arrangement, leading to
increased thermal stability of the hairpin structure. Trpzip
peptides are among the most stable designed S-hairpin
peptides known and provide excellent platforms for inves-
tigation of the relationship between aromatic—aromatic
interaction and secondary structure for $-hairpin stability.
To isolate various interactions, we have mutated the sequence
by systematic substitution of various Trp positions with Tyr
using Cochran’s Trpzipl sequence as a template (32). For
thermodynamic studies, Trpzipl gives more complete con-
formational transitions in the accessible temperature range.
These were then studied using IR, CD, and Raman spec-
troscopies and as a function of temperature for which the
results were analyzed with a thermodynamic model.

Electronic circular dichroism (CD) spectroscopy can
sometimes be useful for characterizing 3-sheet secondary
structure formation. However, in a peptide such as Trpzip,
the strong CD peaks at ~213 and 228 nm are due to exciton
coupling of w—sr* transitions originating from the proximity
of the indole side chains of the interacting Trp residues (24,
32, 39). The strong CD signal from the Trp indole rings at
~228 and ~213 nm overwhelms that originating from the
amides in the [-sheet peptide structure (40) and acts as a
monitor of Trp—Trp interaction. In addition, Raman spec-
troscopy can provide basic information about local interac-
tions of residue side chains in peptides. Raman bands at
~1340 and ~1360 cm™! are assigned to the Trp doublet
resulting from the Fermi resonance between the fundamental
band of an in-plane vibration (largely N=C stretching of
the indole ring) and one or more combination bands of out-
of-plane vibrations (4/—43). The intensity ratio of the Trp
doublet (R = Ij360/1340) changes with the environmental
hydrophobicity of the Trp residue, thus reflecting tertiary
structural changes for Trpzipl peptides.

On the other hand, FTIR spectroscopy is a powerful
technique for directly studying the 3-sheet secondary struc-
tural change of peptides (44—53). The amide I’ vibration in
FTIR spectra, primarily the C=O stretching mode of the
amide linkage, appears in the region from 1620 to 1690 cm ™!
with a frequency position and intensity pattern characteristic
of the dominant secondary structure of the peptide. Therefore,
this mode has long provided a monitor for sensing formation
of f-sheet structures. The combination of CD and FTIR
forms a complementary pair of techniques because the
changes in the Trp exciton-coupled band at 213 and 228 nm
in the CD report on the cross-strand (tertiary) side chain
(Trp—Trp) interaction and the amide 1" band in the FTIR
spectra has a shape and frequency that are dependent on the
S-hairpin secondary structure. In a separately reported study,
a similar comparison of aliphatic versus aromatic interactions,
via modification of selected Trp residues to Val, was
investigated using the Trpzip2 sequence (40).

MATERIALS AND METHODS

Peptide Synthesis and Purification. Trpzipl (SWTWEG-
NKWTWK-NH,) mutant peptides with Tyr (Y) substituted
for Trp (W) at various positions, as indicated in Table 1 and
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Table 1: Peptide Sequences of Trpzipl Mutant Peptides

abbreviation sequence” position substituted
WWWW SWTWEGNKWTWK-NH, Trpzipl
WYWW SWTYEGNKWTWK-NH, Y4
WYYW SWTYEGNKYTWK-NH, Y4Y9
YWWY SYTWEGNKWTYK-NH, Y2Y11
YWYW SYTWEGNKYTWK-NH, Y2Y9
YYYY SYTYEGNKYTYK-NH, Y2Y4Y9Y11

“ Bold and underlined residues represent the mutated positions.

Scheme 1: Schematic Structure of Trpzipl“
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“ The rectangles represent the dominant hydrophobic interactions
(Trp2—Trpl1 and Trp4—Trp9).

Scheme 1, were synthesized using a PS3 peptide synthesizer
(Protein Technologies Co.). A stepwise coupling of each
amino acid was obtained using the standard solid-phase Fmoc
coupling chemistry, with piperidine (PIP) and N-methylmor-
pholine (NMM) for Fmoc removal, 2-(1H-benzotriazol-1-
yD)-1,1,3,3-tetramethyluronium (HBTU) as a coupling acti-
vation agent, and N,N-dimethylformamide (DMF) as a
solvent. Four equivalents of amino acid and HBTU were
used to synthesize these peptides on a 0.1 mmol scale. Once
the synthesis was complete, the peptide was removed from
the Fmoc-NH-SAL resin using a cleavage cocktail (80:12:
6:2 TFA/thioanisole/1,2-ethanedithiol (EDT)/m-cresol mix-
ture for 0.5—2 h). After removal of TFA by rotary evapo-
ration, peptides were precipitated by addition of diethyl ether
and then purified by HPLC (0.1% TFA in 95% acetonitrile/
water). Peptide identification was confirmed by mass spec-
trometry (MS) on a Voyager-DE-PRO ABI time-of-flight
mass spectrometer (TOF-MS).

Circular Dichroism Measurements. For CD spectral
measurements, peptide solutions were prepared at ~0.1 mg/
mL (~0.06 mM) in 20 mM phosphate buffer (pH 6.7).
Sample concentrations were determined using UV absorption
(JASCO V-560) of Tyr and Trp (¢ = 1197 M~! cm™! for
Tyr and 5559 M~! ¢cm™! for Trp at 280 nm). Thermal
denaturation tests run on a Trpzip peptide showed a less than
2% change in absorbance on going from 278 to 363 K,
demonstrating that these extinction values are valid for
Trpzipl. CD spectra were initially recorded on a JASCO
J-805 spectropolarimeter using a 0.1 cm path length cell.
Thermal control of CD spectra used a Julabo F25HD thermal
temperature bath under control of a JASCO program
(JWIJTC-484). For thermal conformational variation (unfold-
ing) experiments, the temperature was increased from 278
to 348 K in 2 K increments and the single-wavelength CD
response was monitored at 228 nm. Temperature variation
studies of the full CD spectrum, measured every 5 K, were
also run in Chicago (using a JASCO 810 with Neslab
controller) under similar conditions to ensure the integrity
of the samples and results. Typical spectra were accumulated
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Table 2: Concentrations of Trpzipl Mutant Peptides for IR
Measurement

concentration (mg/mL) solubility limit (mg/mL)*

peptide pD 1.0 pD 7.0 pD 1.0 pD 7.0
WWWW (TZ1) 12.1 5.6 12.3 6.0
WYWW 10.0 6.0 10.4 6.2
WYYW (W2W11) 8.2 4.1 8.7 4.7
YWWY (W4W9) 79 3.8 8.3 44
YWYW (W4W11) 4.8 4.0 5.1 43
YYYY 32 3.9 3.8 4.1

“ Concentration for noticeable aggregation.

at a scan rate of 50 nm/min with a 0.1 nm step resolution
over the range of 185—260 nm, and eight scans were
averaged for each spectrum. These latter data were used to
obtain [0],s values, reported in molar ellipticity units (deg
cm? dmol™), for the thermal analyses presented here.

FTIR and Raman Spectroscopic Measurements. Purified
peptides were twice lyophilized against a 0.1 M DCI/D,O
solution (both DCI and D,0O from Sigma) to remove TFA
counterions remaining from the peptide synthesis and cleav-
age and then redissolved in D,0, neutralized with NaOD,
and lyophilized again. Peptide solutions for IR measurement
were prepared with a range of concentrations, 3.9—6.0 mg/
mL for pD 7.0 in 20 mM phosphate buffer and 3.2—12.1
mg/mL for pD 1.0 in a 0.1 M DCI/D,0 solution adjusted to
account for variations in solubility with different degrees of
Tyr substitution as summarized in Table 2. These solutions
were sealed in a demountable cell consisting of 25 mm CaF,
windows separated by a 100 um Teflon spacer and held in
a brass compression ring.

FTIR spectra were measured using a DigilLab (Randolf,
MA) FTS-60A spectrometer equipped with a DTGS detector.
All spectra were collected at a resolution of 4 cm™! with a
zero-filling factor of 8. Temperature variation was ac-
complished with a homemade cell holder controlled from
278 to 363 K by flow from a bath (Neslab RTE 111). The
experiments were realized by simultaneous execution of two
independent programs (DigiLab Resolution Pro for spectral
scan and NEScom for temperature ramp). The sample was
heated in 5 K steps at 1 K/min followed by equilibration for
11 min and a 16 min data collect (940 scans coadded) before
the next temperature step.

For Raman spectral measurements, peptide solutions were
prepared using the same conditions as for the FTIR measure-
ments. Spectra were recorded on a Raman spectrometer
constructed at UIC that incorporated an Ar laser (Coherent
Innova 300) to excite the sample. Scattered light was
collected at 90° with a simple (f/1) lens and refocused on
the slit of a Jobin Yvon HR640 monochromator configured
as a spectrograph with a CCD detector (Newton, Andor
Technology) (54, 55). The sample was held in a quartz
rectangular cell at 298 K. A 60 s exposure time with 300
mW excitation was used for each run, and 10 such spectral
collections were accumulated and averaged. The amide I’
and Raman Trp doublet bands were fit with a Gaussian—
Lorentzian mixing function using GRAMS (Galactic Indus-
tries) to investigate the static (298 K) folded state of Trpzipl
mutant peptides.

Thermal Analysis of Trpzipl Peptides. The resulting IR
and CD spectral amplitude variations with temperature at
selected frequencies were fit to a two-state model. Normally,
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FIGURE 1: (A) CD spectra of Trpzipl mutant peptides in aqueous
solution at room temperature: WWWW (=), WYWW (---), YWWY
(***), WYYW (—++—), YWYW (———), and YYYY (—-—). (B)
Variation in [@]ys for Trpzipl mutant peptides normalized to the
number of Trp residues.

we used a linear folded and flat unfolded baseline with AC,
=0 (21, 24) because, after comparison with test calculations
using other models, these constraints yielded improved fits
both statistically and in terms of realistic parameters. (In these
tests, the AC, errors were much larger than the fit-determined
values, indicating that AC, ~ 0.) The two-state model used
for fitting the ECD ellipticity at 228 nm and the amide I’
absorbance at around 1635 cm™! as a function of temperature
is expressed as follows:

AH\(1 1
(mpT + bp) + by exp[(ﬁ)(T— - 7,)]

- (AHm) 11
o2\ % (7, ~7)
where X is the experimental response in terms of ellipticity
or absorbance, AH,, represents the enthalpy differences
between the folded and unfolded states which we evaluated
at the transition midpoint temperature (7},), and the param-
eters mg, b, and by represent the baseline parameters for
the assumed linear and flat baselines of the folded (F) and

unfolded (U) states, respectively.

ey

RESULTS

Room-Temperature f3-Hairpin Structure of Trpzipl Mutant
Peptides. At room temperature, the Trpzip1 hairpin is stable
and gives rise to characteristic derivative-shaped CD in the
far-UV region due to exciton coupling of the interacting Trp
residues. On substitution of the various Trp positions with
Tyr, this coupling is reduced, as shown in Figure 1. A single
Tyr at position 4 (WYWW) drops the CD amplitude by a
factor of more than 1.5, while two of them, in cross-strand
positions, YWWY and WY YW, reduce it by a factor of ~3
(as compared to WWWW), although the exciton coupling
pattern remains dominant. The change in the negative CD
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FIGURE 2: (A) Raman spectra in the Trp doublet region of Trpzipl
mutant peptides in aqueous solutions at room temperature. (B)
Intensity ratios (R = I360/11340) of the Trp doublet as a function of
Tyr substitution of the Trp in the Trpzipl peptide.

band at 213 nm is consistent with that of the positive CD
band at 228 nm which is expected for CD of an exciton-
coupled pair of transitions. YWYW, which has Tyr at
positions 2 and 9, is missing the CD couplet pattern due to
loss of the cross-strand Trp—Trp interaction. Its CD intensity
is not much higher than that for YYY'Y, with no Trp residues,
implying there is much less coupling for this more separated
pair of Trp side chains at positions W4 and W11. With loss
of the cross-strand interaction in YWYW, in which Tyr
breaks up each Trp—Trp pair, or with all Tyrin YYYY, the
exciton pattern is lost and the residual CD pattern tends to
reflect that of a disordered peptide.

In support of this interpretation of the CD results, the
change in the Raman spectrum of the Trp doublet band
resulting from the Fermi resonance of the indole ring
vibrations is consistent with the weakened Trp—Trp interac-
tion resulting from an increased level of Tyr substitution.
Figure 2 compares the Raman Trp doublet spectra (Figure
2A) and their intensity ratios (R) (Figure 2B) for the Trpzip1-
substituted peptides at 298 K. For this test, YYYY does not
have a Trp doublet because all Trp residues were substituted.
For comparison, the Raman spectra are normalized to a
constant area to eliminate experimental variations. According
to previous Raman Trp doublet studies of peptides and
proteins, a large intensity ratio between the 1360 and 1340
cm ! components of the Trp doublet (R > 1) is indicative
of a hydrophobic Trp environment (41, 57). Thus, the
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decrease in the intensity ratio with an increased level of Tyr
substitution indicates a decrease in the level of hydrophobic
interaction, presumably due to more solvation of the Trp side
chain accompanying decreased order. On the basis of the R
value obtained for WWWW (from deconvolved component
areas), a single Tyr at position 4 (WYWW) decreases the
Trp doublet amplitude by a factor of 1.5, while for WYYW
and YWWY, with Trp residues in cross-strand positions, it
drops by a factor of 2 and for YWYW by a factor of 3.
These R values of Trpzipl peptides do qualitatively track
those obtained with a simple Trp compound and with an
acid-denatured protein, o-lactalbumin; however, since our
ratios use fitted band intensities, they are not simply
comparable to quantitative values reported in previous
studies (41, 57).

On comparison of the variation of the CD and Raman
results with Tyr substitution, the same trends are evident for
the change in Trp—Trp interaction. Although Trp—Trp CD
bands and Raman doublets for peptides (WYYW and
YWWY) with one and two Tyr substitutions are weaker than
those for WWWW, these peptides still have a clear Trp—Trp
interaction, but YWYW does not. Moreover, WYYW and
YWWY, which have Tyr in different positions, in pairs near
the turn and near the termini, respectively, show similar
Trp—Trp cross-strand interactions.

In the FTIR spectra, the intensities should reflect the
concentration, so the spectra are normalized to a constant
area. However, the shapes show a steady progression from
Trpzipl (WWWW), having a strong feature at ~1635 cm™!
with a shoulder to a high wavenumber (~1672 cm™!), which
is a form characteristic of a folded hairpin, to hairpins with
an increasing level of Tyr substitution that have a broadened
band shape whose maximum is shifted up in wavenumber.
Efforts to fit the band shape as a sum of four components
yielded the results shown in Figure 3A, which emphasizes
the shift of the main intensity contribution from the lower-
to central-frequency component in the overall band profile.
Plots of the relative intensity of each component show a
steady exchange between them which is consistent with a
partial unfolding and destabilization of the secondary struc-
ture with loss of Trp—Trp interaction. However, the changes,
unlike those seen in the CD and Raman spectra, are
incremental with each substitution. In particular, the two
cross-strand pairs at positions 2 and 11 (WYYW) and
positions 4 and 9 (YWWY) show different intensity patterns,
in contrast to their very similar Raman and CD profiles, and
indicate that the Trp—Trp interaction closest to the turn has
the stronger influence on hairpin stability.

To qualitatively estimate the relative degree of -hairpin
structure, we evaluated the changes in the amide I’ band peak
area for the component fit at ~1635 cm™!, which largely
corresponds to the S-strand contribution, as shown Figure
3B. The rank ordering of the relative 5-strand peak areas
(Aig3s) 1s as follows: WWWW > WYWW > YWWY >
WYYW > YWYW > YYYY, consistent with the CD and
Raman results given above.

To further probe the Tyr role, we looked at the temperature
dependence of the characteristic 1612 cm™! band of Tyr,
which arises from the phenol side chain vibration, in the
various peptides. When a protein unfolds and its Tyr residues
become exposed to the solvent, their absorption shifts to a
higher wavenumber (58, 59). Consistent with this, the peak
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FIGURE 3: (A) FTIR spectra of the amide I’ region of Trpzip] mutant
peptides in aqueous solution at room temperature. The deconvo-
lutions of FTIR spectra used a Gaussian—Lorentzian mixing
function. The peak at ~1613 cm™' is due to the side chain vibration
of the Tyr residue. (B) Dependence on Tyr substitution of the
fractional intensity (f) for the amide I’ component at 1635 cm™!.
The estimation of f used the relationship f1635 = [1635/(J1635 - [1643
+ 1'78), where 1'%, ['®% and I'"® are the integrated intensities of
the peaks at 1635 cm™! (strand), 1643 cm™! (disordered), and 1678
cm™! (turn), respectively.

at ~1612 cm ! in all peptides shifts higher with increasing
temperature as shown in Figure 4A. Thus, the wavenumber
shift of the peak at ~1612 cm™! seems to reflect the strength
and hydrophobic shielding developed by the Tyr—Trp and
Tyr—Tyr interactions (60). To quantitatively discuss the
extent of temperature-induced frequency shift of the peak at
~1612 cm™!, the temperature dependence for the peak at
~1612cm™!, (0vry,/3T), or the slope (Figure 4B), is used as
a characterization. The value of (dv,,/dT), for WYWW is
the largest of all the Tyr-modified Trpzipl peptides. The
value of (v, /0T), for YWWY is slightly larger than that
for WYYW, while YWYW and YYYY exhibit almost the
same values. The rank order of (0vry/d7), values for the
Trpzipl mutants basically shows the same behavior patterns
that were found with the CD and Raman results.

Thermal Unfolding of Trpzipl Mutant Peptides. To further
assess the impact of mutation from Trp to Tyr on S-hairpin
stability, we measured the temperature dependences of Aig3s
and [@]yg for the Trpzipl mutant peptides as shown in panels
A and B of Figure 5. In the CD spectra, the magnitudes of
the strong negative—positive Trp—Trp exciton-coupled bands
at ~213 and 228 nm decrease with an increase in temperature
from 278 to 363 K, while a weak negative band at ~198
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FIGURE 5: Typical examples of temperature variation of (A) FTIR
and (B) CD spectra obtained for the Trpzipl mutant peptides (shown
here for YWWY) in aqueous solution.

nm appears. These changes correlate to disruption of the
Trp—Trp interaction for these Trpzipl peptides with an
increase in temperature. Similarly, the IR absorbance maxi-
mum peak of the Trpzip1 peptides shifts to higher frequency,
decreases in intensity, and broadens with an increase in
temperature from 278 to 363 K, consistent with loss of the
cross-f3-strand interaction. The thermal IR results (secondary
structure) are consistent with the thermal CD results (Trp—Trp
interaction); however, the IR spectra do not have an isosbestic
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FIGURE 6: Fit of the changes for -hairpin unfolding monitored as
(A) the amide I’ absorbance at ~1635 cm™' and (B) the molar
ellipticity at 228 nm for Trpzipl mutant peptides, under conditions
where the thermal changes are reversible. Thermodynamic param-
eters were determined using a two-state fitting model.

point, while the CD does have an isodichroic point. Despite
this indication of a deviation from two-state behavior, the
CD and IR spectra were analyzed as described above.
Thermodynamic parameters (7,,,, AH, and AS) were deter-
mined in terms of the temperature dependences of [6]ys and
Ajg3s using a two-state model with linear folded and flat
unfolded baselines where AC, = 0 (eq 1). Attempts to use
other models resulted in much larger errors for the fit, and
fits including AC,, gave values of zero within the fitting error.

Panels A and B of Figure 6 show the thermal equilibrium
curves for the Trpzipl peptides as obtained from the changes
in Aje3s and [O]ys, respectively. The T;, values determined
by IR and CD spectra shift to lower temperature with an
increased level of Tyr substitution which would be consistent
with a steady decrease in stability as shown in Table 3. The
data result in the following rank ordering of 7}, for secondary
structure (IR) and Trp—Trp interaction (CD): WWWW >
WYWW > YWWY > WYYW > YWYW > YYYY.
Although the T;, values of WWWW for CD and IR are
similar, with an increased level of Tyr substitution they differ.
The result is that the T, for secondary structure (IR) is higher
than that for Trp—Trp interaction (CD), and the T, difference
(AT,,) between the secondary structure and Trp—Trp interac-
tion stabilities becomes larger with an increased level of Tyr
substitution. In other words, the disruption of the aromatic—
aromatic interaction associated with -hairpin formation in
the Trpzipl peptides is easier, i.e., lower Ty, than the
unfolding of secondary structure and becomes more so with
an increased level of Tyr substitution. Such behavior again
suggests that the process cannot be a simple two-state
transition but must be at least stepwise.

The thermodynamic parameters echo this pattern, so that
the AH and AS values for loss of secondary structure and
of Trp—Trp interaction decrease with the same pattern:
WWWW > WYWW > YWWY > WYYW > YWYW >
YYYY. From comparing AH and AS for WYYW and
YWWY, as determined by CD, the W4—W9 and W2—W11
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interactions appear to be similar, but the W4—W9 interaction
is slightly more enthalpically stable and is entropically more
favorable than the W2—WI1 interaction. This result is
consistent with the AH and AS values determined by IR,
reflecting their impact upon the secondary structure.

DISCUSSION

Effect of Tyr Substitution on the B-Hairpin Structure of
Trpzipl Peptides. Our results using a systematic mutation
of the Trpzipl sequence show that the Trp—Trp interaction
is the key element of the unique stability for these peptides.
For this study, we have substituted Tyr for Trp and
destabilized the peptide secondary structure by weakening
the hydrophobic interaction of the side chains. A representa-
tion of the Trp side chains from the Trpzipl NMR structure
of Cochran et al. (32, 33) is shown in Figure 7. Turning to
the CD and Raman results, we find the molar ellipticity at
228 nm ([B],25) and the Trp doublet intensity ratio (R), which
both correlate to the Trp—Trp interaction, have the same
stability ordering (WWWW > WYWW > YWWY >
WYYW) for Trpzipl mutant peptides. Because YWYW and
YYYY do not have a strong positive CD peak at ~228 nm
and have a small R value for the Raman Trp doublet, this
implies that YWYW does not have a significant Trp4—Trpl1
cross-strand interaction, due to either separation or partial
unfolding. From IR results, the value of Ag5 for WYWW
is larger than that for WYYW. If WYWW were just missing
the Trp9—Trpl1 interaction, the value of A,g5 for WYWW
should be the same as that for WYYW. This comparison
shows the level of f-hairpin partial unfolding in WYWW
increases for WYYW and consequently suggests that a
Trp—Tyr interaction is more stabilizing than a Tyr—Tyr
interaction.

As described above, the (dv,,/9T), value for the temper-
ature-dependent shift of the Tyr IR peak at ~1612 cm™! for
YWWY is slightly larger than that for WYYW, while
YWYW and YYYY had almost the same values. All of these
are much smaller than that for WY WW, which demonstrates
again that the mixed side chain, Tyr4—Trp9 interaction has
significant hydrophobic character and stabilizes the hairpin.
[While the exciton band at 228 nm and Trp doublet ratio
(R) of WYWW may be enhanced due to a weak Tyr4d—Trp9
interaction, added f-hairpin stability from this interaction
may also be the cause. These are difficult to separate.] On
the basis of these results and earlier studies, the Trp—Trp
pair clearly has the strongest interaction promoting 3-hairpin
stability, the Tyr—Trp pair has less, and the Tyr—Tyr
interaction apparently has the weakest contribution. Com-
parison of CD, Raman, and IR results for WY YW with those
for YWWY shows the values of [0]xg, R, and Ae35 for
YWWY, which has its Trp—Trp interaction close to the turn
region, are larger than those for WY YW, having the Trp—Trp
interaction closer to the termini. This additionally is con-
sistent with the WYYW versus YWWY (0vy,/0T), com-
parison noted above. Of these, the IR difference (due only
to secondary structure contribution) is the largest, and the
CD (purely Trp—Trp interaction) is the smallest. While the
Trp—Trp interaction is a dominant structure stabilizing factor,
its impact on the hairpin is greater if it is closer to the tight
turn, aiding formation of what is apparently a strained
conformation.
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Table 3: Thermodynamic Quantities for Trpzipl Mutant Peptides in Aqueous Solutions Using the Two-State Fitting Model”

T (K) AH (kcal/mol) AS (cal mol™! K1)

peptide FTIR CD FTIR CD FTIR CD
WWWWwW 325.1+1.2 323.0+ 0.6 15.8 £0.8 121+£04 48.5 37.6
WYWW 319.5+ 09 3140+ 1.3 13.6 £0.9 114+£0.3 42.5 36.4
YWWY 314.1 £ 0.7 299.2 + 0.8 12.6 £0.9 95+03 41.4 31.8
WYYW 311.8+ 1.9 2975+ 1.2 122 +0.5 91404 38.9 30.6
YWYW 305.1+1.5 — 11.2£0.8 — 36.7 —
YYYY 3034+ 1.7 — 105+ 1.3 — 34.6 —

“ The fits assumed linear (folded) and flat (unfolded) baselines and AC, = 0.

A

FIGURE 7: Comparison of Trp—Trp interaction for (A) W4WO, the
inner cross-strand coupled pair by the turn, and (B) W2W11, the
outer pair. Geometries were derived from the Trpzipl NMR
structure of Cochran et al. (32, 33).

Table 4: AAH and AAS for Trpzipl Mutant Peptides

secondary structure (IR)  tertiary structure (CD)

peptide AAH AAS AAH AAS

mutation (kcal/mol) (cal mol™" K1) (kcal/mol) (cal mol™! K1)
WWWW — WYWW —2.2 —6.0 —0.7 —1.2
WYWW — WYYW —-1.0 —1.1 -1.9 —4.6
WYWW — YWWY —1.4 —3.6 —2.3 —5.8

The data we have developed indicate an underlying
multistate folding mechanism, but comparison of the results
of analysis with a two-state thermodynamic model can still
be qualitatively informative in terms of trends found in the
parameters derived. The relative ordering of the thermody-
namic quantities, T,,,, AH, and AS, also supports this analysis
in that the fact that T, and AH decrease with an increased
level of Tyr substitution indicates reduced stability. The Trp
— Tyr substitution can be viewed as destabilizing the
[-hairpin structure for Trpzipl peptides, even though the
Tyr—Trp interaction is stabilizing, as compared to no side
chain interactions, and Tyr alone would offer shielding of
the backbone from “solvent”. Further analysis is possible
by use of AAH and AAS values comparing thermodynamic
changes accompanying various single-residue mutations,
comparing WWWW — WYWW with WYWW — WYYW,
as determined by CD and IR and shown in Table 4. That
these are different is a measure of the Trp—Tyr interaction
in comparison with the Trp—Trp and Tyr—Tyr interactions.
The progress from WWWW to WYWW to WYYW shows
a larger AAH for the change from the Trp—Trp pair to the

Trp—Tyr pair than from the Trp—Tyr pair to the Tyr—Tyr
pair, as judged from secondary structure stability (IR), again
indicating that the Trp—Trp interaction is special, imparting
more structural stability than a simple additive substitution
of Trp into the Tyr—Tyr pair would imply. If the Trp—Trp
pair were not a unique interaction, AAH and AAS from
WWWW to WYWW should be consistent with those from
WYWW to WYYW. The tertiary stability changes are more
complex, and additional relationships cannot be derived from
the YYYY to YWYW comparison because these structures
do not have a sufficiently characteristic response, in terms
of CD band profile.

Comparison with Other B-Hairpin Peptides. The cross-
strand aromatic residue interactions in hairpin peptides induce
stabilization of the S-hairpin structure (37, 38, 58). This study
showed that systematic Tyr substitution for Trp in the
Trpzipl peptide decreases the 5-hairpin stability. This finding
is consistent with various results from other laboratories.
Cochran et al. (32) developed the Trpzip (TZ) structures by
the introduction of two Trp—Trp cross-strand pairs to
enhance f3-hairpin stability. They did a comparative analysis
of the thermal stability for TZ4, TZ5, and TZ6, which have
four, two, and three Trp residues with WWWW, WYFW,
and WWWYV hydrophobic interaction patterns, respectively,
coupled with a turn sequence taken from the B1 domain of
streptococcal protein G, called the GB1 peptide (GEWTY-
DDATKTFTVTE) (7, 32, 61). Of these, TZ4 (WWWW) had
the highest thermal stability. The thermal stability of TZ5
(WYFW) is slightly greater than that of TZ6 (WWWYV),
suggesting that in this system the added enthalpic stability
due to a Trp—Trp interaction close to the turn sequence has
slightly less impact on the hairpin than for one closer to the
termini. Trpzipl (WWWW) has the highest thermal stability
of the peptides studied here, which is consistent with Trpzip
peptides related to the GB1 peptide. However, the thermal
stabilities of the Trp—Trp interaction closer to the turn as
compared to the termini for Trpzipl peptides are different
from the case of TZ5 (WYFW) and TZ6 (WWWYV).

In a separate study, Wu et al. (40) investigated the thermal
stability of related Trpzip2 mutant peptides with Val
substituted for Trp (yielding analogous WVVW and VWWV
hydrophobic patterns) using IR and CD spectroscopies and
confirmed their geometries by obtaining NMR structures. The
CD patterns qualitatively follow those reported here and have
been shown, by use of time-dependent DFT calculations, to
be consistent with the edge-to-face pairwise geometry of the
pairs of Trp indole rings (39). With Val substitution, the
secondary structure thermal stability and degree of Trp—Trp
interaction for TZ2(VWWYV) are higher than those of TZ2
(WVVW), again showing that the Trp—Trp interaction near
the turn in Trpzip2 peptides is stronger than that near the
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termini. This order is consistent with the present, Tyr-
perturbed TZ1 results and opposite the TZ5 (WYFW)—TZ6
(WWWYV) relationship, which may reflect a difference in
the tight S-turn geometry in TZI versus the larger loop
characteristic of the GB1 peptide. (Clearly, more changes
than just the W substitution occur between TZ5 and TZ6,
but if we assume that W—W interaction is highly dominant,
as seen in our studies, this comparison with WYYW is at
least qualitatively valid.) From a comparison of our results
with those of Wu et al. (40), the hydrophobic interaction of
WYYW and YWWY should be stronger than that of TZ2
(WVVW) and TZ2 (VWWYV). However, T, values for
thermal transitions of the secondary structure and the
Trp—Trp interaction for TZ2 (WVVW) and TZ2 (VWWV)
are higher than those for WYYW and YWWY. This is due
to the difference in turn stability between the Trpzipl
(Gly—Asn) and Trpzip2 (Asn—Gly) sequence (their only
difference), further demonstrating the interplay between
hydrophobicity and turn stability. The Trp—Trp interaction
in TZ2 (VWWYV) has the same geometry as in TZ2, and as
that in TZ1 (Figure 7A) as determined by comparison of
the respective NMR structures (40), and, given the consistent
CD results, implies that the edge-to-face structure is main-
tained in all these mutants.

Pastor et al. (62) reported that the aliphatic—aromatic
cross-strand interaction is preferred for the hairpin stability
with the MBH12 peptide, but aromatic—aromatic interactions
seem to be preferred at non-hydrogen bonding (NHB)
positions in models with different turn structures. A number
of studies by Waters and co-workers (5, 37, 38, 63) have
shown that the Trp—Trp interaction is much stronger than
that for other hydrophobic interacting residues. On the basis
of these results, the hydrophobic interaction for S-hairpin
stability can be summarized as being strongly dependent on
both the turn structure and the characteristics of the amino
acid residues composing the hydrophobic cluster.

Thermodynamic Stability of 5-Hairpin Structure of Trpzipl
Peptides. Opening the hairpin or unfolding the structure
implies a loss of intramolecular hydrogen bond (H-bond)
stability. Its net impact on the energetics is difficult to judge
due to the tradeoff with H-bonding to the solvent and in terms
of stability due to entropy gain. Generally, the enthalpy of
H-bond formation in aqueous solution is ~1.5 kcal/mol
(64—66). Our thermal data should reflect this at some level
if the hydrophobic loss is correlated to unfolding of the
secondary structure. From the FTIR analyses, AAH for a
change from WWWW to WYWW is —2.8 kcal/mol, from
WWWW to YWWY is —3.7 kcal/mol, from WWWW to
WYYW is —4.6 kcal/mol, from WWWW to YWYW is —4.7
kcal/mol, and from WWWW to YYYY is —5.6 kcal/mol. If
these AAH values represented just a change in H-bond
enthalpy, they would correspond to change of approximately
1.9 (WYWW), 2.5 (YWWY), 3.0 WYYW), 3.1 (YWYW),
and 3.7 (YYYY) intramolecular H-bonds, respectively. In
such a model, the maximum number of peptide H-bonds
would be 5 and, thus, YYYY would be nearly fully unfolded,
consistent with the spectral band shapes seen experimentally,
but WYYW, YWWY, and YWYW would be about the same,
with residual H-bonds left between the strands as suggested
by our IR results. Our isotopic labeling work and MD studies
on Trpzip2 peptides suggest that these residual H-bonds are
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between the central residues, rather than at the termini or
turn (24, 30), which is reflected in other MD studies (67).

The values of enthalpy change per residue (AH res ')
accompanying hairpin unfolding of Trpzipl mutant peptides
as obtained by IR analysis are 1.31 kcal/mol for WWWW,
1.13 kcal/mol for WYWW, 1.05 kcal/mol for YWWY, 1.02
kcal/mol for WYYW, 0.93 kcal/mol for YWYW, and 0.88
kcal/mol for YYYY, suggesting a value of AH res ! for
Trpzipl peptides of ~1.0 kcal/mol. According to numerous
studies of the helix—coil transition of alanine-rich peptides,
the AH res™! accompanying the helix—coil transition is ~1.0
kcal/mol (68—72). Moreover, the AH res™! accompanying
the B-hairpin unfolding of the GB1 peptide is also 1.0 kcal/
mol (/9). Both of these are consistent with that accompany-
ing B-hairpin unfolding of Trpzip1 mutant peptides. Reported
values for AS res™! accompanying hairpin unfolding and
helix—coil transitions are 3.6 and 2.7 cal mol™! K7,
respectively, which are also close to the values we obtained
for AS res™! of Trpzipl mutant peptides (AS res™! ~ 2.9—4.0
cal mol™! K™"). From these data, the values of AH and AS
per residue for unfolding peptides appear to be ~1.0 kcal/
mol per residue and ~3.0 cal mol™! K™! per residue,
respectively. These admittedly selective results mean that
the thermodynamic quantities for unfolding of peptides are
roughly independent of the sequence details and secondary
structure.

On the other hand, according to the thermodynamic studies
of globular proteins by Privalov et al. (73), the average AH
and AS per residue for globular proteins are 1.2 kcal/mol
and 17.4 cal mol ! K™!, respectively. Thus, the AH value
for protein unfolding is almost consistent with that of peptide
unfolding, but the AS value is much higher. This inconsis-
tency might arise from the relative sizes of proteins and
peptides. In Trpzip as well as helical peptides, the relatively
small size exposes the entire molecule to water, while in
the larger, folded protein, there will be more steric inhibition
for unfolding. Thus, the AS inconsistency may reflect the
high degree of order in globular proteins as compared to
these hairpins. Cochran et al. (32) also pointed out this
difference. Another explanation may be that the Trp side
chains in Trpzip peptides are in a relatively fixed geometry
because of the strong edge-to-face interaction of Trp pairs.
This should have resulted in a high AS for the Trpzip
peptides. However, on the basis of our experimental data
published here, we cannot discriminate between these
possibilities. One test of its source would be measurement
of AS for similar hairpin peptides without strong Trp—Trp
interactions, such as for the Gellman-designed peptides
(2, 18, 20, 23), to see if their AS res™! values are comparable.

CONCLUSION

The S-hairpin thermal stabilities of the Trpzipl peptides
as modified by Trp — Tyr substitution have been investigated
using CD, Raman, and IR spectroscopies. The Tyr substitu-
tion in Trpzipl peptides induces a decrease of [-hairpin
structural stability, yet weak interaction of Tyr with Trp may
still contribute to WYWW and YWYW stabilities. The
Trp—Trp pair forms the dominant hydrophobic interaction
stabilizing the [-hairpin structure in the Trpzipl peptide.
Comparison with other turn sequences, such as those in the
Trpzip2 and GBI peptides, showed that there is a balance
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between turn stability and cross-strand hydrophobic interac-
tion in promoting S-hairpin stability. Thus, hydrophobicity
of residues is not the only factor in stabilizing formation of
these hairpins. Further studies on S-hairpin peptides exploring
variables such as pressure effects and other aromatic residue
substitutions will help us in understanding more details of
[-hairpin stability.
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