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ABSTRACT: Hydrophobic interactions are essential in stabilizing protein structures.
How they aﬀect the folding pathway and kinetics, however, is less clear. We used timeresolved infrared spectroscopy to study the dynamics of hydrophobic interactions of βhairpin variants of the sequence Trpzip2 (SWTWENGKWTWK-NH2) that is stabilized
by two cross-strand Trp−Trp pairs. The hydrophobicity strength was varied by
substituting the tryptophans pairwise by either tyrosines or valines. Relaxation dynamics
were induced by a laser-excited temperature jump, which separately probed for the loss of
the cross-strand β-hairpin interaction and the rise of the disordered structure. All
substitutions tested result in reduced thermal stability, lower transition temperatures, and
faster dynamics compared to Trpzip2. However, the changes in folding dynamics depend
on the amino acid substituted for Trp. The aromatic substitution of Tyr for Trp results in
the same kinetics for the unfolding of sheet and growth of disorder, with similar activation
energies, independent of the substitution position. Substitution of Trp with a solely
hydrophobic Val results in even faster kinetics than substitution with Tyr but is
additionally site-dependent. If the hairpin has a Val pair close to its termini, the rate constants for loss of sheet and gain of
disorder are the same, but if the pair is close to the turn, the sheet and disorder components show diﬀerent relaxation kinetics.
The Trp → Val substitutions reveal that hydrophobic interactions alone weakly stabilize the hairpin structure, but adding edgeto-face aromatic interaction strengthens it, and both modify the complex folding process.

■

INTRODUCTION

powerful approach to get insights into the folding mechanisms
even in the context of a larger protein fold.11
In this study, we analyze the impact of speciﬁc hydrophobic
interactions on the formation of a β-hairpin structure by
mutations of the Trpzip2 sequence to alter the cross-strand
alignment of residues (Scheme 1). The hydrophobicity was
modiﬁed by substituting tryptophans with either tyrosines
(aromatic and hydrophobic) or valines (solely hydrophobic).
Previous thermodynamic analyses of equilibrium FTIR and CD
measurements as well as NMR studies have shown that these
mutant peptides are destabilized with respect to Trpzip2,
resulting in a reduced transition temperature, but in most cases
they can still form a β-hairpin structure.12−14 Our previous
NMR studies showed that, when substituted for Trp in
Trpzip2, Tyr forms edge-to-face interactions with other Tyr or
Trp aromatic side chains. This interaction has been shown to
result in circular dichroism (CD) spectra characterized by a
strong couplet shape centered at ∼220 nm that arises from
coupling of the indol 1Bb transitions.15 The β-hairpins formed
were strongly twisted, with the exception of the mutant that has
cross-strand Tyr−Trp interactions which was somewhat ﬂatter,
and all exhibited somewhat distorted Type I′ turns.3,12,13 The

Hydrophobic interactions play a fundamental role in protein
folding mechanisms. Many folding processes are driven by a
hydrophobic collapse that precedes and facilitates the formation
of secondary structure elements. However, quantiﬁcation of the
hydrophobic-driven contribution to the folding process is
diﬃcult. Studies of small peptides with a well-deﬁned secondary
structure, ideally suited to analyze folding dynamics of β-sheet
like structures at the residue level, have often focused on
tryptophan zipper peptides (“Trpzip”), which were designed by
Cochran and co-workers to form β-hairpins.1 The two crossstrand Trp−Trp pairs are in alternate sequential positions so
that they lie on one side of the hairpin and stabilize the βhairpin structure by the aromatic indole rings forming two
favored edge-to-face interactions.2 By contrast, polar groups in
the sequence and the turn promote solubility.3
The folding mechanism of the Trpzip2 sequence
(SWTWENGKWTWK-NH2) with an aspargine−glycine
(NG) turn has been intensively studied by time-resolved
measurements that all indicate a multistate process.4−10 One
way to probe the details of the folding mechanisms is by use of
infrared (IR) spectroscopic detected relaxation dynamics after a
laser-excited temperature jump (T-jump), which allows
separate analyses of conversion between conformations in the
peptide. IR T-jump-detected kinetics have proven to be a
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Scheme 1a

As an extension of our previous equilibrium studies to now
incorporate analyses and comparison of dynamics, we here
present results of laser-induced temperature-jump measurements that diﬀerentiate two aspects of hydrophobic interactions
contributing to the hairpin folding dynamics. We determined
relaxation times for several Trpzip2-like peptides with pairwise
mutations of the tryptophans at diﬀerent positions in the βhairpin structure (as shown in Scheme 1). This allowed
identiﬁcation of the impact of speciﬁc types and locations of
hydrophobic residues on the folding mechanism. To the best of
our knowledge, this is the ﬁrst time that eﬀects of aromatic
versus just hydrophobic cross-strand interactions on dynamics
of tight hairpin structure formation have been measured and
distinguished at the residue level in order to explore their role
in modifying folding pathways. Some earlier studies have done
Trp → Tyr → Ala mutations on hairpins with larger turns (i.e.,
Trpzip4) but used single residue mutants, not the cross strand
interactions we focus on here.16

■

EXPERIMENTAL SECTION
Peptide Synthesis and Sample Preparation. All
tyrosine mutant peptides were synthesized at the University
of Illinois at Chicago (UIC) using standard Fmoc-based solidstate synthesis methods, but the valine mutants were obtained
commercially (GenScript Corp.), as was described previously.12,13 Crude peptides were puriﬁed by reverse-phase
HPLC (VYDAC 218TP510 reversed-phase column) and
characterized by MALDI-MS. For IR samples, the peptides
were dissolved in 0.1 M DCl and lyophilized three times to
remove residual triﬂuoroacetic acid (TFA), which absorbs at
∼1672 cm−1 and interferes with the amide I IR absorbance
region. The peptides were dissolved at 20 mg/mL in D2O (pD
∼ 1.5, using standard correction of adding 0.4 to measured
pH). The IR cells are composed of two CaF2 windows
separated by a 100 μm Teﬂon spacer corresponding to the
optical path length of the cell.
FTIR Studies in Thermal Equilibrium. The thermal
unfolding behavior of the peptide variants was determined from
the temperature-dependent IR spectra measured with an
Equinox 55 FTIR (Bruker, Germany) using an MCT detector
and spectral resolution of 4 cm−1. The amide I band was used
as a vibrational probe for secondary structure (termed amide I′
when D2O is used as solvent instead of H2O). Spectra were
collected as an average of 128 scans with ΔT = 5 °C steps over
the range from 5 to 85 °C, for both the peptide solution and
the D2O reference measured sequentially using a homemade
temperature-controlled shuttle device that is connected to a
water bath (Lauda Ecoline E300, Germany). The switching
between the two cells and the data collection were automated
to allow for equilibration after each temperature step. The
actual temperature in the cell was monitored by a Pt100
temperature sensor to ensure a precise control. The transition
temperatures were derived from a ﬁt to a two-state model of
the change in amide I′ intensity (Supporting Information).
Time-Resolved Temperature-Jump Measurements.
The measurements of the relaxation kinetics were performed
with a home-built T-jump spectrometer. Rapid heating of the
solvent was induced by a Q-switched Nd:YAG laser pulse (5 ns,
700 mJ at 1064 nm, Continuum, Excel Technology, Europe)
whose 1909 nm Raman-shifted component excites an overtone
vibration of D2O. The Raman shifter (Radiant Dyes, Germany)
contains H2 gas at 30 bar. The pump pulse was split into two
counter propagating beams to provide more homogeneous

a

(A) Tripzip2 sequence with the four tryptophans on positions 2, 4, 9,
and 11 forming the hydrophobic core; mutant variants follow in the
order (B) XWWX, (C) WXXW, and (D) WXWX, which have one
tryptophan pair exchanged with either tyrosines (Y) or valines (V) on
positions marked with X.

analyses of the Tyr mutants’ spectral behavior showed the three
variants studied to be relatively consistent and have similar
transition temperatures as monitored by FTIR (secondary
structure) or CD (cross-strand aromatic interactions). However, the Val mutants showed diﬀerent CD and FTIR
transitions, which indicates a diﬀerence in stability for the
backbone and residual aromatic interaction. In addition, the Val
mutants only folded if the structure maintained a direct crossstrand Trp−Trp interaction; the Val−Trp interaction was
insuﬃcient for folding.
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Table 1. Peptide Sequences
peptidea
WWWW (Trpzip2)
WWWW (Trpzip2C)
WYWY
WYYW
YWWY
WVVWb
VWWVb

sequence

Tm (K) at neutral pHc

SWTWENGKWTWK-NH2
AWAWENGKWAWK-NH2
SWTYENGKWTYK-NH2
SWTYENGKYTWK-NH2
SYTWENGKWTYK-NH2
SWTVENGKVTWK
SVTWENGKWTVK

±
±
±
±
±
±
±

352
340
338
331
331
332
326

12

3
117
213
213
413
212
712

Tm (K) at acidic pHc
340
337
341
320
322
317
311

±
±
±
±
±
±
±

112
510
1
1
1
412
412

a
Speciﬁed residues are on positions 2, 4, 9, 11. bIn previous studies, WVVW and VWWV were termed W2W11 and W4W9, respectively. cMonitored
with FTIR equilibrium measurements.

■

RESULTS AND DISCUSSION
Mutations in the Hydrophobic Core. The 12 amino acid
peptide Trpzip2 (SWTWENGKWTWK) contains four tryptophans (W) on positions 2, 4, 9, and 11 that form cross-strand
pairs and is designated as WWWW (Table 1). The mutant
peptides vary by the substitution of two tryptophans at diﬀerent
positions (Scheme 1 and Table 1). Either aromatic tyrosines or
aliphatic valines are substituted for the cross-strand tryptophan
pair close to the turn on positions 4 and 9 to give (WYYW) or
(WVVW), respectively, or alternately for the cross-strand
tryptophan pair close to the hairpin termini on positions 2 and
11 giving (YWWY or VWWV). Another variant has been
studied that has an alternating cross-strand Trp/Tyr pair
(WYWY). This latter peptide forms a well-deﬁned β-hairpin,
whereas the analogous alternating Trp/Val pair (WVWV) has a
more disordered structure and was not analyzed. Equilibrium
FTIR and CD studies and NMR structures of the mutant
peptides have been reported previously.12,13 Table 1 summarizes the transition temperatures of the peptide variants derived
from FTIR studies at neutral and acidic pH.10,12,13,17 Mutations
in the hydrophobic core of Trpzip2 lead to a lower Tm,
indicating their lower structural stability. At acidic pH, the
peptide is less stable, and the Tm values consistently shift to
lower values. The mutant transition temperatures decrease
signiﬁcantly from the WWWW value for WYYW and YWWY
but less so for the cross mutant, WYWY. The valine variant
WVVW has a thermal stability similar to that of WYYW and
YWWY, whereas the VWWV variant has the lowest Tm. The
solubility is enhanced at low pH resulting in a more reliably
reversible thermal transition. Thus, low pH conditions were
chosen for the T-jump measurements because several thousand
transients have to be averaged for the kinetic analysis. The pH
might inﬂuence the absolute values of the relaxation times.
However, all T-jump measurements were performed at the
same pH conditions, and thus, the comparisons of relaxation
times determined for the various peptide variants reﬂect the
impact of the mutation. Trpzip2C is a variant of Trpzip2 having
three alanine mutations on positions 1, 3, and 10 but otherwise
has the same amino acid sequence. In particular, Trpzip2C
maintains the hydrophobic core with the four tryptophans on
positions 2, 4, 9, and 11 (Table 1). The alanine mutations have
virtually no impact on the kinetics as evidenced by a
comparison of our T-jump studies on Trpzip2C and the Tjump IR data of Trpzip2 from other groups.5,8 Trpzip2C is used
as the WWWW reference in this study, because we have
obtained relaxation rates for it over a large temperature
range.9,10
Probing Structural Dynamics. Based on the temperatureinduced FTIR equilibrium unfolding studies, representative
amide I′ frequencies were chosen to best probe conformation-

heating of the sample and to reduce cavitation problems by use
of a (5 ns) delay between them.18 Additionally, a beam
homogenizer (SUSS MicroOptics, Germany) was inserted into
each pump beam to reduce hot spots due to the nonlinear
eﬀects in the Raman-shifting process. This addition provided a
more uniform heat distribution in the pumped volume. The
size of the temperature jump can be varied by the intensity of
the pump pulse. To produce a T-jump of ∼7 °C the energy of
the 1909 nm beam was about 50 mJ focused to a spot size of
∼1 mm diameter at the sample position. A quantum cascade
laser (QCL, Daylight Solutions Inc., U.S.A.) provided a tunable
cw light source used as the IR probe. The usable spectral range
for this QCL lies between 1715 and 1580 cm−1, which covers
the whole amide I region. The probe beam was focused to a
diameter of ∼200 μm at the center of the sample heated area.
The sample was equilibrated at a deﬁned temperature by ﬂow
from a water bath connected to the cell holder. Relaxation
kinetics were determined from the change in transmission
measured at selected amide I′ frequencies using a photovoltaic
MCT detector (18 MHz, KMPV11−1-J2, Kolmar Technologies, Newburyport, MA, U.S.A.). The transients were digitized
with a 16 bit transient recorder board (Spectrum, Germany).
Data Analysis of the T-Jump Studies. In order to
determine the relaxation times of the investigated peptide,
∼2000 transients were averaged. Each data set was
preprocessed to ﬁlter out those transients distorted due to
cavitation eﬀects using a program written in-house (MATLAB2010, The MathWorks, MA, U.S.A.). The observed
transients comprise both peptide and solvent dynamics. We
used a biexponential ﬁt (ΔA(t) = A0 + A1 exp(−t/τ1) + A2
exp(−t/τ2)) to decompose the kinetics of the peptide
relaxation and the solvent cooling, each corresponding to
independent monoexponential decay functions (ORIGIN,
OriginLab, MA, U.S.A.). The time interval analyzed for the ﬁt
was based only on the data points between 500 ns to 200 μs,
because signal perturbations due to thermal lensing eﬀects and
electronic detector ringing are observable at <500 ns and
because the cooling of the solvent becomes strongly
nonexponential for time scales >200 μs. (The water cooling
time constant is >150 μs and has no distortion impact on the
fast hairpin dynamics we measure.) The size of the applied
temperature jump was determined by the apparently
instantaneous change in the absorbance signal ΔA after the
laser trigger. This may be slightly overestimated due to
additional temperature-dependent absorbance changes of the
peptide, but the error is probably ≤1 °C. The peptide
temperature after the T-jump was calculated by referencing
to the temperature-dependent FTIR absorption spectra of D2O
measured in thermal equilibrium and taking the initial peptide
temperature and probed wavenumber into account.
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ally speciﬁc structural dynamics that primarily reﬂect β-hairpin
cross-strand formation (∼1628 cm−1) and change of the
disordered component (1663 cm−1). Figure 1 shows, as an

the T-jump studies. The transition temperatures for all peptide
variants studied, as determined from these spectra, are
summarized in Table 1. Relaxation kinetics were monitored
after the laser-induced T-jump starting at various peptide
temperatures.
Figure 2 shows example transient absorbances for the same
WYWY variant probed at 1628 cm−1 (decay of the β-hairpin

Figure 2. Laser-excited T-jump relaxation kinetics probed at 1663
cm−1 (red, sensing dynamics of the growth of disordered structure)
and 1628 cm−1 (blue, β-hairpin decay dynamics) for WYWY (with a
ﬁnal peptide temperature after the temperature jump of T = 46.5 °C).
Data shown are for the measured transient after subtraction of the
varying D2O contribution, as obtained from the biexponential ﬁt.

structure) and 1663 cm−1 (rise of the disordered structure).
The transients were ﬁt as described in the Experimental
Section, and relaxation times were determined as a function of
temperature. Some conclusions can be immediately drawn from
this single example. The loss of sheet (blue data) and the gain
of disorder (red data) are fast processes but have similar time
constants (∼1.3 μs), which is in contrast to the previously
reported data for WWWW.9 To get insights about how these
kinetics might vary with position and type of substitution, we
present T-jump data for the Tyr and Val mutants below.
Example transients for all mutants can be found in Supporting
Information and selected time constants in Table 2.
Tyrosine Mutants. There is a strong impact on the Trpzip2
kinetic behavior and temperature dependence when tryptophans are substituted by tyrosines. The relaxation times for the
three mutants, WYYW, YWWY, and WYWY, measured at
various temperatures decrease with increasing temperature over
the range studied (selected values listed in Table 2), as would
be expected for normal Arrhenius behavior. In contrast to the
WWWW hairpin, the dynamics for the β-strand decay
(1628 cm−1) and rise of disordered structure (1663 cm−1)
yield almost the same values for all three mutants. The virtual
overlap in the variation in their rate constants over the
temperature range is shown in Figure 3. Apparent activation
energies for this potentially multistep process were determined
(listed in Table 3) from the temperature dependence of these
Arrhenius plots but will be referred to as activation energies for
simplicity.
As clearly shown in Figure 3, the relaxation kinetics of the
loss of β-strand (1628 cm−1) and gain of disorder (1663 cm−1)
behave equivalently in terms of activation energy for all tyrosine
mutants, but they have some variation in pre-exponential factor.
Only the relaxation rates of YWWY probed at 1628 cm−1 and at
high temperatures (>45 °C) deviate from the common slope

Figure 1. FTIR thermal equilibrium data for one of the tyrosine
mutants (WYWY) at acidic pH. A: Amide I′ absorption varying from 5
°C (blue) to 85 °C (red) in steps of 5 °C. B: Diﬀerence spectra,
obtained by subtracting the spectrum at 5 °C from the higher
temperature spectra. The decrease at ∼1628 cm−1 represents the loss
of β-hairpin, whereas the increase at ∼1663 cm−1 is correlated to the
rise of disordered structure. C: Analysis of the unfolding transition
represented as a plot of the intensity at 1628 cm−1 versus temperature.

example, the FTIR equilibrium measurements for one of the
peptides studied (WYWY). The amide I′ reveals a frequency
shift and intensity variation at the selected frequencies upon
heating the sample that correspond to aspects of the folding/
unfolding transition. Representation of the thermal variation of
the FTIR as diﬀerence spectra highlights the frequency
positions for the maximum intensity changes (1628 and
1663 cm−1), which in turn are used as probe frequencies for
14237

dx.doi.org/10.1021/jp506658x | J. Phys. Chem. B 2014, 118, 14234−14242

The Journal of Physical Chemistry B

Article

Table 2. Relaxation Times (μs) at Selected Peptide Temperaturesa,b
1628 cm−1
10 °C
WYWY
WYYW
YWWY
WVVW
VWWV

6.7
7.5
6.0
3.8
3.5

(13 °C)
(9 °C)
(10 °C)
(11 °C)
(11 °C)

25 °C
3.5
3.0
2.6
3.0
1.3

(24
(27
(25
(25
(24

°C)
°C)
°C)
°C)
°C)

1663 cm−1
40 °C

55 °C

1.6 (41 °C)
1.7 (38 °C)
1.2 (40 °C)

0.7 (57 °C)
0.6 (55 °C)
0.3 (56 °C)

0.6 (36 °C)

10 °C
7.3
6.7
6.4
6.5
3.7

25 °C

(9 °C)
(10 °C)
(10 °C)
(10 °C)
(10 °C)

3.1
2.5
2.6
2.7
1.5

(25
(27
(25
(25
(25

°C)
°C)
°C)
°C)
°C)

40 °C
1.7
1.4
1.2
1.4

(40
(41
(39
(39

°C)
°C)
°C)
°C)

55 °C
0.9
0.5
0.5
0.9

(55
(55
(54
(55

°C)
°C)
°C)
°C)

Values refer to the nominal, targeted ﬁnal peptide temperatures after the T-jump; numbers in brackets indicate the temperature values actually
measured in each experiment. bThe statistical error in ﬁtting the transients is low (10−20 ns), but the experimental (reproducibility) error for
repeated transients is in the range of 150 ns.
a

to the WWWW stabilized parent hairpin where the relaxation
times for loss of strand and gain of disorder clearly diﬀer from
each other in the low temperature region but tend to merge at
higher temperatures.9
Valine Mutants. By contrast to the Tyr results above, the
two Val mutants studied (WVVW, VWWV) show diﬀerent
conformational dynamics from each other (as shown in the
separate Arrhenius plots in Figure 4). The VWWV variant (Trp

Figure 3. Arrhenius plots of the temperature dependence of the
relaxation rate constants for the tyrosine mutants (YWWY, WYYW,
WYWY). The temperature refers to the ﬁnal peptide temperature after
the temperature-jump. Activation energies were determined by ln(k) =
−Ea/(RT) + ln(A) and are listed in Table 3.

and increase signiﬁcantly (data not shown). We have eliminated
this data (although reproducible) from the ﬁt and Figure 3 due
to their lower reliability. The remaining data have the same
Arrhenius slopes for all the tyrosine mutants. Consequently, the
activation energies determined for the hairpin decay and the
rise of the disordered structure deviate only slightly (Table 3).
Table 3. Apparent Activation Energies (kJ/mol)
variant
WWWW
WYYW
YWWY
WYWY
VWWV
WVVW

probe ν
1625
1661
1628
1663
1628
1663
1628
1663
1628
1663
1628
1663

cm−1
cm−1
cm−1
cm−1
cm−1
cm−1
cm−1
cm−1
cm−1
cm−1
cm−1
cm−1

Ea
27.8
33.2
43.4
40.5
42.7
40.5
38.2
39.2
46.9
43.2
12.8
33.8

±
±
±
±
±
±
±
±
±
±
±
±

2.3
1.4
1.1
1.2
1.0
1.1
0.7
0.5
1.5
2.3
1.4
1.0

Figure 4. Arrhenius plots for the valine mutants (A) VWWV and (B)
WVVW probed at the two wavenumbers (1628, blue, and 1663 cm−1,
red) characteristic of strand and disorder.

pair substituted with Val closer to the hairpin termini) has the
lowest transition temperature of all the peptides studied (Table
1) and the fastest relaxation times (Table 2), which are virtually
equivalent for dynamics probed at 1628 cm−1 (strand) and
1663 cm−1 (disordered structure). In contrast to VWWV, the
relaxation times of WVVW (which has Val substituted for the
Trp pair adjacent to the turn) diﬀer for the strand and
disordered structure in at least the low temperature region (<25
°C). The strand decay is faster than the rise of disordered

Although the relaxation times for WYWY probed at 1628 cm−1
tend to be systematically slower than for the other Tyr mutants
(Table 2), the eﬀect on the Arrhenius slope is marginal. The
WYWY variant shows the smallest deviation in activation
energies for change in the two monitored structural
components, strand and disorder, 38.2 kJ/mol (1628 cm−1)
and 39.2 kJ/mol (1663 cm−1), respectively. This apparent twostate behavior for the Tyr substituted variants stands in contrast
14238
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Conformational Dynamics Driven by Hydrophobic
Interactions. In previous T-jump studies, we showed that at
lower temperatures (<40 °C) the Trpzip2C (WWWW) hairpin
has slower relaxation times for growth of the disordered
structure in comparison to loss of the β-strand.9,10 Even though
the strong Trp−Trp interactions remain largely intact at these
low temperatures, residue-speciﬁc conformational changes of
the peptide backbone were identiﬁed using isotope labeling that
revealed the contribution of intermediate states having partial
loss of cross-strand H-bonding both at the termini and near the
turn. Considering our mutations, Val has a signiﬁcantly higher
hydrophobicity than Trp or Tyr, while those are similar in
hydrophobicity.19 Trp and Tyr both have aromatic side chains
with heteroatom functionality, which are capable of forming
hydrogen bonds, but more importantly which can enhance
structural stability by either ring stacking or, in this case, edgeto-face interactions. In contrast, Val has an aliphatic side chain
that cannot form hydrogen bonds or develop dipolar
interaction. The aromatic edge-to-face interaction between
cross-strand pairs appears critical for stabilization of the hairpin
structure because there is a fundamental diﬀerence in stability
between the alternate variants, WYWY and WVWV; WYWY
forms a stable (and less twisted) β-hairpin structure, whereas
WVWV is mostly disordered.12,13 On the other hand, one
aromatic cross-strand pair is suﬃcient to stabilize a hairpin
structure at low temperature as seen with the WVVW and
VWWV variants.12 The Tm of WVVW is even similar to that of
the WYYW and YWWY variants, which are stabilized by two
aromatic cross-strand pairs. Interestingly, the alternate variant
WYWY reveals the highest Tm among the three tyrosine
mutants, its value being signiﬁcantly higher than for WYYW
and YWWY.
Comparing the activation energies (Table 3), only the
WVVW variant shows clearly diﬀerent values for the hairpin
decay (12.8 kJ/mol) and the rise of disordered structure (33.8
kJ/mol), as was also the case for the WWWW stabilized
Trpzip2. All other variants (WYYW, YWWY, WYWY, VWWV)
have experimentally equivalent activation energies for both
probe wavelengths (within ±2 kJ/mol, the approximate
accuracy limit). The VWWV variant reveals the fastest kinetics
of all studied peptides and the same two-state-like behavior as
the tyrosine variants. The conformational dynamics of the
WVVW variant (Figure 5C) is diﬀerent and resembles more
that of WWWW, for which the strand and disorder relaxation
times cannot be diﬀerentiated within the data accuracy at
temperatures above ∼40 °C, making their high temperature
behaviors two-state-like. By contrast, below 40 °C there is a
clear diﬀerentiation in strand and disorder kinetics for
WWWW, which is also obvious in the Arrhenius plot
(Supporting Information) and reveals the existence of folding
intermediates. Likewise, the relaxation times of WVVW also
become diﬀerentiated but at a lower temperature (below ∼20
°C) than for WWWW (Figure 5C). The much lower Ea
determined for WVVW (12.8 kJ/mol) as compared to
WWWW (27.8 kJ/mol) (Table 3) is probably less reliable
due to the reduced number of measurable data points for the
Arrhenius ﬁt.
Mechanistic Model. This variation in β-strand kinetics
between WWWW, YWWY, and VWWV suggests that the
stabilization provided by aromatic (Trp−Trp or Tyr−Trp)
versus purely hydrophobic (Val−Val) interactions result in
diﬀerent mechanisms of unfolding due to the relative strengths

structure at low temperatures, whereas at higher temperatures
the relaxation times tend to become similar. This is qualitatively
the same pattern that was seen with WWWW but with faster
relaxation times, as compared in Figure 5.9,10 Unfortunately, we

Figure 5. Impact of hydrophobic interactions on the dynamics.
Comparison of the relaxation times between the various mutant
peptides (black) and the WWWW variant Trpzip2C (whose data
points are eliminated for clarity and represented with colored lines
from the ﬁts). A: WYYW, YWWY, WYWY; B: VWWV; C: WVVW.

could not measure reliable data for temperatures above 30 °C
for WVVW because the absorbance changes are very small
when probed at 1628 cm−1, and cavitation eﬀects become more
of a problem at higher peptide temperatures in general. (This
also aﬀects both measurements for VWWV.) From the
thermodynamic point of view, WVVW has a higher Tm than
VWWV. Concerning the relaxation times, the strand decay
(1628 cm−1) of WVVW is similar to that of the WWWW
variant but is not as fast as for the VWWV variant. The 1661
cm−1 dynamics of WVVW is also slower than for VWWV, but
in this case, it was similar to that of the tyrosine mutants (Table
2 and Figure 5).
14239
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activation energies (Table 3). These diﬀerences are small, but
the trends are consistent and outside the error limits. Using
transition state theory, the free energy of activation ΔG# can be
divided into an entropic and an enthalpic part:

of their cross-strand contacts. In this section, we compare
potential mechanisms for WWWW with its variants.
The WWWW peptide unfolding has an intermediate where
the four Trps retain cross-strand interaction at higher
temperatures and thus stabilize substantial structure and local
H-bonds in the center of the hairpin, while the ends and the
turn become more disordered, losing their cross-strand Hbonds. This more structured WWWW intermediate favors a
multistate unfolding process (as shown by the red and blue
lines in Figure 5 plots). The next step in WWWW unfolding is
presumably to form a second intermediate with just one pair of
Trps interacting, resulting in substantial fraying of the strand.
The Trps by the turn may lose their interaction ﬁrst, but our
data suggest the Trp interaction on the strand termini are more
likely to be lost.
For YWWY, there is a weaker edge-to-face aromatic
interaction with only Tyr close to the termini than with W,
as in WWWW. At a temperature suﬃcient to break the stronger
Trp−Trp interaction, the weaker Tyr−Tyr one may already be
broken or be too weak to hold the hairpin together. In this case,
the Trp−Trp interaction would aid the Tyr−Tyr one in
stabilizing the cross-strand H-bonds and β-structure, but when
the Trp−Trp is lost, the whole hairpin would open. In this case,
only a minimal population of any intermediate, presumably one
with residual Trp−Trp contact, would occur. This could result
in a process that experimentally appears, with IR monitoring of
the strand conformation, to be two-state, the strand and
disorder kinetics having the same thermal behavior (Figure
5A).
On the other hand, for VWWV, with Val close to the termini
and lacking the stronger aromatic interaction, maintaining the
strand conformation depends on the cross-strand H-bonds and
the relatively weak van der Waals attraction of Val residues. The
turn is stabilized by the remaining two cross-strand Trp
residues, but the termini lack added aromatic stabilization, so
that at low temperatures the hairpin is folded but at higher
temperatures the strand termini fray to a larger extent. This can
lead to formation of a substantially populated ensemble of
intermediate states that are more like the unfolded state with
few H-bonds but with some aspect of the turn remaining.
Consequently, for VWWV, the weaker aliphatic interaction,
only hydrophobic with no aromatic contribution, results in a
less stable structure, with more fraying and faster kinetics
(Figure 5B).
By contrast, for the varients with Trp at the terminal
positions, a diﬀerent mechanism dominates. The WYYW
variant behaves very much like the YWWY one with similar
rates and an apparent two-state behavior, to our level of
sensitivity. In these cases, overcoming the Trp−Trp interaction,
which is more stable than Tyr−Tyr, leads to simultaneous
break down of the H-bonded interstrand interaction, which is
not suﬃcient to stabilize the hairpin at higher temperatures.
The result is apparent two-state behavior.
For WVVW, rates similar to those of WYYW are observed at
high temperatures but the kinetics diverge at lower temperatures in contrast to WYYW, with the loss of sheet faster than
gain of disorder (Figure 5C). This suggests that the Trp−Trp
interaction stabilizes the termini while the strand structure is
partially lost, unwinding from the turn in this case, as
temperature is increased, resulting in a diﬀerent mechanistic
path than postulated above.
Most kinetics studied for the hairpin variants are faster than
for the parent WWWW but counterintuitively have higher

k(T ) = ko exp(−ΔG # /RT )
= ko exp(ΔS # /R ) exp(−ΔH # /RT )

(1)

In this model, Ea is included in the enthalpy of activation,
ΔH# = Ea − RT, which when increased reduces the rate
constant, k. The pre-exponential factor, in turn depends on
ΔS#, the entropy of activation. Thus, given their higher Ea
values, which should reduce the rates, the apparent rate
enhancement for the mutants must be due to the entropic
contribution, particularly for the rate-determining steps. The
mutation of a cross-strand Trp pair makes the hairpin structure
more ﬂexible and increases the conformational space of the
transition states. The dependence on ΔS# implies that the
transition state must be at least partially unfolded, which would
suggest that the weaker (non-Trp−Trp) cross-strand interaction is lost in the transition state or intermediate with the
larger activation energy (rate-determining step in the process).
Thermodynamic analysis of equilibrium FTIR data showed that
some of the tyrosine and valine mutants have higher and some
have lower ΔS values compared to Trpzip2. If we assume the
ﬁnal states are fully disordered, this would imply the initial
states diﬀer in order. However, our NMR structures do not
support this, making these ΔS values diﬃcult to rationalize and
suggesting that the ﬁnal states are not equivalently
disordered.12,13 The pattern indicates the faster rate of sheet
loss for VWWV with the Val substitution depends on its having
a transition state that is substantially disordered (i.e., closer to
the ﬁnal unfolded state). This would ﬁt the increased fraying
expected for the VWWV structure. However, in this case, the Ea
values are less reliable because only low temperature kinetic
data could be determined.
All the Tyr mutants have Ea greater than for WWWW and
also have predominantly faster rates, which are additionally very
similar for the loss of sheet and gain of disorder. Thus, the
WWWW transition state must be more ordered than for the
Tyr mutant ones, yet the Tyr mutants must have similar ΔS#
changes in their transition states, even though the site of
substitution changes among them. If formation of the WWWW
intermediate with both Trp−Trp cross-strand interactions
intact is rate determining for the parent Trpzip2, then ΔS#
for that step might be signiﬁcantly lower than for the transitions
with either the Val or Tyr mutants we have studied. This
diﬀerence could explain the relative variation in their T-jump
relaxation rates. Such a mechanistic picture suggests the
aromatic−aromatic interactions are similar in quality following
a Tyr−Trp substitution but are overall weaker with Tyr,
consequently destabilizing more fully folded transition states
and favoring more disorder in the transition state. Unfolding
would require more energy to break up more H-bonds and the
hydrophobic interactions, but this could still result in faster
kinetics due to the gain in entropy.
Impact on Folding Mechanism. In an attempt to
illustrate the overall impact of the various mutations and
their relative energetics on the folding mechanism, we have
postulated a simpliﬁed reaction coordinate diagram isolating
these qualitative aspects of that part of the potential surface
important for the unfolding process (Figure 6). In WWWW
(blue curve), the folded state ﬁrst loses sheet cross-strand H14240

dx.doi.org/10.1021/jp506658x | J. Phys. Chem. B 2014, 118, 14234−14242

The Journal of Physical Chemistry B

Article

the modiﬁcation of the potential surface is small, changing the
barriers only slightly can have a large eﬀect and could critically
inﬂuence if the sequence would fold into the biologically active
structure or to a misfolded and dysfunctional one.
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Figure 6. Proposed change in the qualitative folding energy landscape
when hydrophobic interactions are modiﬁed (not to scale). The blue
curve indicates the lower Ea and more organized transition state for the
rate-determining step in the WWWW unfolding, whereas the red trace
is a possible alteration when two Trps are substituted with Tyr
resulting in a higher Ea but a more disorganized transition state.
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bond structure on the termini and near the ends, creating an
intermediate form. Once formed, the system can then unfold in
a second or, more likely, in multiple steps through other
intermediates having single pairs of Trp−Trp contacts and
fewer cross-strand H-bonds to eventually form an unfolded
state. The rate-determining step is that to the ﬁrst intermediate
and has a reduced Ea because the hydrophobic contacts and
central H-bonds from the folded form remain in the transition
state, indicating little loss of energetic components.
The mutated forms do not show this intermediate, because
the single Trp−Trp coupling is insuﬃcient to stabilize a
structure with strands maintaining these central cross-strand Hbonds. Due to the less consistency in the Val kinetics, we
address the Tyr variant here. This can be most consistently
seen for the YWWY case. Here the structure most likely unzips
from the termini, leaving an intermediate with just a residual
Trp−Trp contact close to the turn. This results in a higher
energy transition state but one which is much less structured.
This transition would lead to an intermediate or directly to an
unfolded product possibly sampling various signiﬁcantly
unfolded states on a downhill route to the ﬁnal state (red
curve). Thus, the activation energy is larger for these mutants
than for WWWW because most stabilizing interactions need to
be broken, and the process seemingly would appear to be twostate to the observer.
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