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ABSTRACT: The helical hairpin motif plays a key role as a receptor site in DNA binding and protein-protein
interactions. Thus, various helical hairpins have recently been developed to assess the factors that control the
DNA and/or protein binding affinities of this structural motif and to form synthetic templates for protein and
drug design. In addition, several lines of evidence suggest that rapid acquisition of a helical hairpin structure
from the unfolded ensemble may guide the rapid formation of helical proteins. Despite its importance as a
crucial structural element in protein folding and binding, the folding mechanism of the helical hairpin motif
has not been thoroughly studied. Herein, we investigate the structural determinants of the folding kinetics of
a naturally occurring helical hairpin (porcine PYY) that is free of disulfide bonds andmetal ion-induced cross-
links using an infrared temperature-jump technique. It is found that mutations in the turn region predomi-
nantly increase the barrier of folding irrespective of the temperature, whereas the effect of mutations that
perturb the hydrophobic interactions between the two helices is temperature-dependent. At low temperatures,
deletion of hydrophobic side chains is found to predominantly affect the unfolding rate, while the opposite is
observed at high temperatures. These results are interpreted in terms of a folding mechanism in which the turn
is formed in the transition state and also based on the assumption that cross-strand hydrophobic contacts exist
in the thermally unfolded state of PYY.

The R-helical hairpin, or helix-turn-helix (HTH)1 motif, can
be regarded as a supersecondary structural element of helical
proteins. Inmany cases, theHTHmotif is found to play an impor-
tant functional role. For example, it is the primary recognition
element of a large number of DNA-binding proteins (1, 2) and is
also involved in protein-protein interactions (2). Therefore, it is
not surprising that there has been great interest in designing
stable helical hairpins that exhibit high affinity and specificity
toward DNA or proteins (3-5). In addition, the HTH motif has
been suggested to play an important role in protein folding. Because
it encompasses both secondary structural elements and long-
range tertiary contacts, a rapidly formed local HTH conformation
could serve as a folding nucleus or kernel (6-8), allowing rapid
assembly of the entire tertiary structure. For example, Religa
et al. (9) have shown that the fast phase in the folding kinetics of
Engrailed homeodomain (EnHD) arises from the formation of a
folding kernel consisting of helices 2 and 3 of the protein.

Because of the structural and functional roles of the HTH
motif, the structural determinants and folding-unfolding thermo-
dynamics of various helical hairpins have been extensively studied
in the past few years (5, 10-12). Though these equilibrium studies
provided valuable insights into the factors that control the ther-
mal stability of the HTH motif, they revealed little information
about how folding and unfolding actually take place. As a result,
our current understanding of the folding mechanism of the HTH
motif is mainly based on the kinetic study of a cross-linkedR-helical
hairpin, Z34C (13), whose termini are covalently connected via a
disulfide bond that is introduced to stabilize the folded struc-

ture (3). While Z34C is a useful template for protein and drug
design (3), it may not be a good model system for understanding
the mechanism of R-helical hairpin formation as the disulfide
constraint artificially limits the accessible conformational space
of the unfolded state ensemble.

To provide further insight into the folding mechanism of the
HTHmotif, hereinwe study the folding dynamics of amonomeric,
naturally occurring helical hairpin (porcine PYY; sequence,
YPAKP-EAPGE-DASPE-ELSRY-YASLR-HYLNL-VTRQR-
Y-NH2) by means of temperature-jump infrared (T-jump IR)
spectroscopy (14) in conjunction with site-directed mutagen-
esis (15). As shown (Figure 1), porcine PYY (hereafter termed
PYY) is free of disulfide bonds and assumes a structure known as
the PP fold in which an N-terminal type II polyproline (PPII)
helix folds onto a C-terminal R-helix to form a stable, well-
defined hydrophobic cluster between the interfaces of the two
helices (11, 16, 17). To dissect the kinetic roles of the two most
important structural elements in the PP fold, i.e., the hydro-
phobic cluster and the turn, we studied the folding-unfolding
kinetics of two sets of PYY mutants. The first set of mutants,
A7Y, Y21A, and Y27A, involves residues that contribute to the
hydrophobic interactions between the two helices. The second set
ofmutants, S13A and P14A, targets residues in the turn region of
the peptide. Our results support the notion that the turn sequence
has a strong influence on the folding rate of hairpin struc-
tures (13, 18, 19) and that the turn sequence in wild-type PYY
is highly optimized for folding, whereas the kinetic effect of
mutations in the hydrophobic cluster is more complicated.

MATERIALS AND METHODS

Materials. All materials were used as received. D2O (D,
99.96%) was purchased from Cambridge Isotope Laboratories
(Andover,MA).Amino acids for peptide synthesiswere obtained
from Advanced ChemTech (Louisville, KY).
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Peptide Sample Preparation.The peptides were synthesized
using standard flouren-9-ylmethoxycarbonyl (Fmoc) chemistry
on a PS3 peptide synthesizer fromProtein Technologies (Tucson,
AZ) and were purified by reversed-phase HPLC (Agilent Tech-
nologies, SantaClara, CA). Themass of each peptidewas verified
by matrix-assisted laser desorption ionization mass spectrometry
(Voyager-DE RP, Applied Biosystems, Foster City, CA). Fol-
lowing purification, the peptide solutions were lyophilized, dis-
solved in D2O, and titrated to pH* 5.2( 0.1 (pH meter reading)
with a solution of sodium hydroxide in D2O. Another round of
lyophilization in D2O ensured complete removal of H2O. The
peptide samples used in spectroscopic measurements were pre-
pared by dissolving an appropriate amount of lyophilized peptide
solid in 20 mM D2O 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (pH* 5.2). For circular dichroism (CD) measure-
ments, the peptide concentration was ∼40 μM, determined opti-
cally using the absorbance of tyrosine at 280 nmandan extinction
coefficient of 1492 cm-1 M-1. For IRmeasurements, the peptide
concentration was in the range of 1-4 mM.
CDMeasurement and Analysis.CDdata were collected on

anAvivmodel 410 instrument (Aviv Biomedical, Lakewood,NJ)
using a 1 mm cuvette. For thermal unfolding measurements, the
CD signal at 222 nm was averaged for 30 s at each temperature.
After the highest temperaturewas reached, the samplewas cooled
to 25 �C and another full CD spectrum was measured to ensure
that unfolding was reversible. The folding-unfolding thermo-
dynamics of PYY and the mutants were determined by globally
fitting their CD thermal melting transitions to a two-state model;
the details of the global fitting method have been described
previously (20). Briefly, the folded and unfolded CD baselines
[θF(T) and θU(T), respectively] were assumed to be linear
functions of temperature; i.e., θF(T) = m þ nT, and θU(T) =
p þ qT. n and q (m and p) were treated as global (local) fitting
parameters.
T-Jump Relaxation Measurement. The T-jump-induced

relaxation kinetics of PYY and mutants were measured by prob-
ing the time-dependent absorbance change of the helical amide
I0 band of the peptide at 1631 cm-1. A detailed description of the
T-jump IR setup can be found elsewhere (21). The only difference

is that in our study the transient IR signals were probed by a
tunable quantum cascade laser (Daylight Solutions, Poway, CA).
The T-jump-induced relaxation kinetics of the PYY peptides
were found to develop in two distinct phases. The fast kinetic
phase is unresolvable because of the 20 ns rise time of the IR detec-
tor and is attributed to temperature-induced spectral shift and/or
imperfect background subtraction. Thus, only the slow phase,
which can be described by a single-exponential function, is consi-
dered in the following discussion.

RESULTS AND DISCUSSION

The HTHmotif has recently attracted much attention because
of its DNA and protein binding properties (3-5, 22) and because
of its potential role as a productive (on pathway) intermediate in
protein folding (6-8), such as in the case of EnHD (9). Pre-
viously, we have shown that the folding mechanism of a cross-
linkedR-helical hairpin,Z34C, is similar to that ofβ-hairpins (13),
with turn formation playing a dominant role in the folding
kinetics of the hairpin. However, because of the disulfide cross-
linker, it is unclear whether the folding mechanism of Z34C is
representative of that of unconstrained R-helical hairpins. There-
fore, we extend our study on how R-helical hairpins fold to por-
cine PYY (11, 16, 17), a naturally occurring HTH motif free of
disulfide bonds.
Folding Thermodynamics andKinetics of PYY.As shown

(Figure 2), the far-UVCD spectrum of PYY in phosphate buffer
(20 mM, pH* 5.2) at 25 �C exhibits the characteristic double
minima of R-helices, indicating that it is mostly folded at this
temperature. To better quantify the folding-unfolding thermo-
dynamics of PYY and the mutants studied here (see below), we
globally analyzed their CD melting curves measured at 222 nm
using a global fitting method (see Materials and Methods for
details). As shown (Figure 3 and Table 1), the thermal melt-
ing temperature (Tm) of wild-type PYY thus obtained is 44.0 (
1.6 �C, which is almost identical to that determined by Zerbe and
co-workers using NMR spectroscopy (11).

The conformational relaxation kinetics of PYY in response to
a T-jump were measured using a time-resolved infrared techni-
que (21) with a probing frequency of 1631 cm-1, where solvated
R-helical amides exhibit strong absorbance (23-25). As shown
(Figure 4), the T-jump-induced conformational relaxation of
PYY obtained at 32.2 �C, a temperature that is below Tm, occurs
on the microsecond time scale, indicating that it folds very

FIGURE 1: NMRstructure of porcine PYY(ProteinDataBank entry
2RLK). The side chains of those residues targeted for mutation are
shown as sticks.

FIGURE 2: Far-UV CD spectrum of PYY at 25 �C.



Article Biochemistry, Vol. 49, No. 35, 2010 7661

rapidly. Indeed, decomposition of the relaxation rate constants
into folding and unfolding rate constants based on a two-state
analysis (see Materials and Methods for details) shows that the
folding time constant of PYY is around 3 μs in the temperature
range studied (Figure 5). For example, at 30 �C, the folding and
unfolding rate constants are (2.8( 0.5 μs)-1 and (7.1( 1.3 μs)-1,
respectively (Table 2). Interestingly, the R-helical hairpin Z34C,
whose folded structure is stabilized by a disulfide bond that links
the N- andC-termini of the peptide, folds with a similar rate (13).
Taken together, these results thus corroborate our previous
notion that such disulfide bonds stabilize the folded state of the
HTH motif by primarily decreasing its unfolding rate (13).
Effect of the Turn Sequence on the Folding Thermody-

namics andKinetics of PYY.Forβ-hairpins, it has been shown
that the sequence of the reverse turn plays a critical role in both
the stability and folding kinetics of the native fold (18, 19). To
explore the role of the turn in PYY folding, we further studied the
folding thermodynamics and kinetics of two PYYmutants, S13A
and P14A. The choice of thesemutations is based on the study by
Zerbe and co-workers which showed that both Ser13 and Pro14
are located in the turn region that links the C-terminal R-helix
to the N-terminal polyproline helix and that the Ser13 to Ala

mutation is especially disruptive to the native fold of PYY (11).
Consistent with their NMR study, our CD results show that both
mutations result in a decrease in the thermal stability of the PYY
fold and that replacement of Ser13 with Ala is strongly destabi-
lizing (Figure 3 and Table 1). This observation suggests that the
native turn sequence in PYY is optimized for folding and is also
in agreement with the finding of Hodges and Schepartz (5) that
mutations in the turn region destabilize the folded state of
a designed derivative of avian pancreatic polypeptide (aPP), whose
sequence and fold are similar to those of PYY.

The thermodynamic consequence of a mutation is a direct
outcome of its effects on the folding and unfolding rates. For

FIGURE 3: Thermal unfolding CD curves of PYY and its mutants, as indicated. Lines are fits to the two-state model described in the text.

Table 1: Unfolding Thermodynamic Parameters of PYY and Its Mutants

Obtained from Global Fitting of Their CD Thermal Melting Curves

peptide

ΔHm
0

(kcal/mol)

ΔSm
0

(cal K-1 mol-1)

ΔCp

(cal K-1 mol-1) Tm (�C)

PYY 14.5( 1.6 45.8( 4.8 221( 25 44.0 ( 1.6

A7Y 13.5( 1.3 41.9( 3.9 333( 47 48.7 ( 2.0

S13A 5.5( 0.7 19.1( 2.5 221( 25 13.5( 2.0

P14A 10.2( 0.7 33.1( 2.1 221( 25 36.0( 1.9

Y21A 15.8( 0.2 51.4( 0.7 139( 41 35.1 ( 0.9

Y27A 3.3( 0.5 11.8( 1.9 100( 29 4.1( 2.7

FIGURE 4: Representative relaxation kinetic trace of PYY in res-
ponse to a T-jump of 9.2 �C, from 23.0 to 32.2 �C. For the sake of
clarity, an unresolved kinetic phase has been subtracted from these
data. The smooth line represents the best fit of these data to a single-
exponential function with a lifetime of 1.9 μs.
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example, if amutation preferentially destabilizes the folding tran-
sition state and the folded state, the folding rate of the mutant is
expected to be slower than that of the wild type, whereas the
unfolding rate is largely unaffected. Thus, measurements of the
folding kinetics of the mutant yield additional information that
can be used to assess the characteristic of the transition state (15).
As shown (Figure 5), both mutations in the turn region perturb
the relaxation rate of PYY, consistent with the equilibrium CD
results. A mutation of the turn sequence may increase the chain
entropy of the peptide and/or remove a native side chain-side
chain or side chain-backbone interaction. Thus, if the turn
structure is formed (or becomes nativelike) in the folding transi-
tion state, such a mutation would destabilize not only the native
state but also the transition state, resulting in a decrease in the
folding rate. As indicated (Table 2), at 30 �C the folding time of
P14A is increased by∼146% from that of the wild type, whereas
the unfolding time is only increased by∼34%, suggesting that the
transition state ensemble contains a nativelike turn, which in the
case of PYY, is stabilized by the conformational constraint on the
backbone φ dihedral angle of Pro14. Further evidence supporting
this notion comes from the folding time of S13A (Table 2), which

also shows an appreciable increase from that of the wild type (i.e.,
from 2.8 to 5.6 μs). In addition, the results obtained with S13A
and P14A are consistent with the fact that the sequence of SPE is
frequently found at the N-terminal end ofR-helices in proteins as
it is an efficient end-capping group and can increase the rate of
R-helix formation (26). Furthermore, because the side chain of
Ser13 can form twohydrogen bondswith themain chain nitrogen
and the side chain of Glu16 (11), it is expected that elimination of
these hydrogen bonds via mutation would result in not only a
decrease in the folding rate but also an increase in the unfolding
rate if only one of these hydrogen bonds is formed in the transi-
tion state, as observed (Table 2).
Effect of the Hydrophobic Cluster on the Folding Ther-

modynamics and Kinetics of PYY. It is well-known that the
formation of a tightly packed hydrophobic cluster involving
residues fromboth helices is essential to stabilization of the folded
hairpin structure (3-5, 22). However, kinetically this can be
achieved by either increasing the folding rate or decreasing the
unfolding rate. To dissect these possibilities, we studied the ther-
modynamic and kinetic effects of two mutations (i.e., Y21A and
Y27A) that weaken the hydrophobic interactions between the
two helices (11). As expected, both mutations destabilize the PP
fold (Figure 3 and Table 1), although the Y27A mutation has a
much larger effect than the Y21A mutation, which is in agree-
mentwith theNMRmeasurements of Zerbe and co-workers (11).

As shown (Figure 5), mutation of either Y21 or Y27 to Ala
results in a change in the T-jump-induced relaxation time of the
peptide. It is clear that at 30 �C this change mostly arises from a
change in the unfolding time (Table 2). For example, the
unfolding time of Y27A is 2.1 μs, which is significantly shorter
than that (7.1 μs) of the wild type, whereas its folding time only
shows a marginal increase in comparison to that of the wild type

FIGURE 5: Arrhenius plots of the observed relaxation rates (0) aswell as folding (O) and unfolding (4) rate constants for the peptides as indicated
in the respective panels. For each peptide, lines represent global fits of the folding and unfolding rate constants to the Eyring equation [ln(k) =
ln(D)-ΔGq/(RT), whereD is a constant andΔGq is the free energy of activation]. In this work,Dwas arbitrarily set to 1010 s-1 andΔGf

q andΔGu
q

were constrained so that ΔGf
q(T) - ΔGu

q(T) = ΔG�(T), where ΔG�(T) is the equilibrium free energy of unfolding at temperature T.

Table 2: Folding and Unfolding Rate Constants of PYY and Its Mutants

at 30 �C

peptide kf
-1 (μs) ku

-1 (μs)

PYY 2.8( 0.5 7.1( 1.3

A7Y 3.6( 0.6 9.6( 1.7

S13A 5.6( 1.0 2.8( 0.5

P14A 6.9( 1.2 9.5 ( 1.7

Y21A 2.8( 0.5 4.2( 0.8

Y27A 4.3( 0.8 2.1( 0.4
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(i.e., from 2.8 to 4.3μs). Thus, taken together, the results obtained
withY21A andY27A suggest that the native hydrophobic cluster
in PYY is formed at the downhill side of the folding free energy
barrier.
Effect of Temperature. The kinetic data obtained at 30 �C

support a folding mechanism in which the turn, but not the
hydrophobic cluster, is formed in the transition state ensemble of
PYY. To check whether such a conclusion remains true at higher
temperatures, we further analyzed the folding and unfolding
times of these PYY peptides at 50 �C. As shown (Table 3), the
results for S13A and P14A corroborate the folding mechanism
described above. However, those of Y21A and Y27A seem to
indicate that the hydrophobic cluster is partially formed in the
transition state, as their folding times are significantly longer than
that of the wild type. In other words, the kinetic data obtained at
50 �C suggest a folding mechanism of PYY that is different from
that deduced from the 30 �C data. While it is possible that the
characteristics of the transition state ensemble of PYY show such
a dependence on temperature, another possibility is that this
apparent discrepancy arises from mutation-induced changes in
the unfolded state. Many studies have shown that native and/or
non-native hydrophobic contacts can exist in the denatured state
of proteins (27-34). If such contacts exist in the thermally de-
natured state of wild-type PYY, they are expected to have a
strong effect on the folding rate of the peptide. The NMR
structure of PYY shows that Y21 and Y27 lie on the R-helix
side, while their side chains extend toward the PPII helix
(Figure 1). Thus, it is possible that even in the unfolded state
of PYY, interactions involving Y21 and Y27 and/or multiple
residues on the PPII helix side persist. It is expected that such
cross-strand interactions will reduce the entropic cost associated
with formation of the turn by effectively restricting the confor-
mational space of the unfolded polypeptide chain, thus accel-
erating folding. In other words, mutations that eliminate or dec-
rease such cross-strand interactions are expected to decrease the
folding rate, as observed.

In addition, we investigated the folding kinetics of the A7Y
mutant, which was previously shown to be more stable than the
wild-type peptide (11). Our CD results confirm that the A7Y
mutation increases the thermal stability of the PP fold (Figure 3
andTable 1). However, the stability increase ismarginal, and as a
result, the changes in the folding and unfolding rates induced by
this mutation are close to the uncertainty of the experiments
(Tables 2 and 3). To avoid overinterpretation of the experimental
results, no further assessment is made.

CONCLUSIONS

In summary, we present a detailed mechanistic study of the
folding mechanism of a naturally occurring helical hairpin
(porcine PYY) that is free of disulfide bonds and other types of

cross-links. At a relatively low temperature (e.g., 30 �C), the effect
of mutations in both the turn and hydrophobic cluster on the
folding and unfolding rates of PYY supports a folding mecha-
nism in which the turn is formed in the transition state, whereas
the hydrophobic cluster is consolidated on the downhill side of
the folding free energy barrier. However, a more complex picture
emerges at relatively higher temperatures (e.g., 50 �C) at which
the folding rate of PYY is more significantly affected, even by
mutations that weaken the cross-helix interactions. While this
result could manifest a temperature-dependent transition state
ensemble, a more likely scenario is that it reflects changes in the
unfolded conformational ensemble induced by such mutations.
As the strength of the hydrophobic interaction increases with an
increase in temperature, it is conceivable that the unfolded state
ensemble of PYY ismore compact at 50 �C than at 30 �C because
of residual hydrophobic interactions between the two strands.
Therefore, the comparatively slower folding rates of the hydro-
phobic deletion mutations at higher temperatures are reflections
of their more flexible unfolded state ensembles, which allow the
turn sequence to explore a larger region in the allowed confor-
mational space, thus increasing the entropic penalty associated
with turn formation and hence the folding time of the helical
hairpin.
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