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ABSTRACT: In an attempt to determine how the folding dynamics of multistrandedâ-sheets vary with the
strand number, we have studied the temperature-induced relaxation kinetics of a four-strandedâ-sheet,
DPDPDP. Our results show that the thermally induced relaxation ofDPDPDP occurs on the nanosecond
time scale; however, a comparison of the current results with those obtained on a sequence-related, three-
strandedâ-sheet suggests that increasing the strand number from three to four increases the folding free
energy barrier by a minimum of 0.8 kcal/mol, depending on the folding mechanism. Therefore, these
results together suggest that the relaxation kinetics ofDPDPDP can be analyzed according to a two-state
model even though its folding may actually involve parallel (but degenerate or nearly degenerate) kinetic
pathways. The apparent, two-state folding time ofDPDPDP is determined to be∼0.44 µs at the thermal
melting temperature, which makes it one of the fastest folders known to date.

Recently, many studies aimed at providing a molecular
understanding of how proteins fold (1-5) have focused on
small, designed peptides in an attempt to extract physical
parameters critical to the description of the folding energy
landscape of a specific fold or motif (6-19). The advantage
of using designed peptides, capable of folding into a well-
defined secondary or tertiary structure, is the ability to
systematically vary the sequence content in order to examine
the molecular interactions essential for the folding and
stability of the targeted fold. For example, our current
understanding of the thermodynamic and kinetic determinants
of â-hairpin folding largely results from studies on designed
peptides (20-31), since naturally occurring two-stranded
â-sheets are usually unstable and/or prone to aggregation in
the absence of stabilizing tertiary contacts. Moreover, the
use ofde noVo designedâ-sheet systems has allowed critical
assessment of the effect of strand length and number on the
conformational stability of various antiparallelâ-sheet motifs
(32-36). In light of these previous thermodynamic studies,
it would be quite useful and also interesting to further explore
how the folding kinetics of aâ-sheet depend on its strand
number. Herein, we have studied and compared the temper-
ature jump (T-jump) induced relaxation kinetics of two
antiparallelâ-sheets consisting of three or four strands, in
an attempt to elucidate how the folding rate of theseâ-sheets
varies with the number of strands and also to determine if
the four-strandedâ-sheet shows cooperative folding kinetics.

It has been shown that aâ-sheet can exhibit cooperative
folding in both parallel (35, 37) and perpendicular directions
(34, 36) with respect to theâ-strand. For example, using
various designed peptide sequences, Gellman and co-workers
and Searle and co-workers have shown that within certain

limits the stability of aâ-sheet increases with increasing
strand length (35) and strand number (34, 36), indicative of
thermodynamic folding cooperativity along these directions.
On the other hand, their studies have also indicated that each
strand in a multistrandedâ-sheet could show different
thermal melting tendencies (34, 36), suggesting that the
folding of these designedâ-sheet molecules may involve
partially folded intermediate states, distinct steps and/or
parallel pathways. Using NMR chemical shift measurements,
Andersen and co-workers (38) have shown that the thermal
unfolding transition of a designed, three-strandedâ-sheet,
DPDP (sequence: VFITSDPGKTYTEVDPGOKILQ, where
DP ) D-Pro and O) Orn), is indeed consistent with a
microscopic folding scheme wherein four conformational
states, including the folded, unfolded, and two intermediate
states, are involved. Furthermore, their study suggests that
the two intermediates lie along parallel folding pathways yet
share a similar structure wherein either the C-terminal or
N-terminalâ-hairpin is folded. This finding, at first glance,
seems to contradict our recent study on the folding kinetics
of a sequence-related, three-strandedâ-sheet,DPDP-II (se-
quence: RFIEVDPGKKFITSDPGKTYTE), which shows that
the conformational relaxation of this peptide in response to
a T-jump occurs on the nanosecond time scale and over a
single-exponential time course (39). However, this apparent
discrepancy may be resolved if symmetry is considered.

For many designed, multistrandedâ-sheet systems, espe-
cially the DPDP series (36), the turn and strand sequences
are (often) optimized forâ-sheet formation, thus resulting
in a certain degree of symmetry in their folded topology and
consequently in their folding. In other words, the putative
parallel pathways involved in the folding of a symmetric,
multistrandedâ-sheet should be degenerate (in both folding
thermodynamics and kinetics) (40, 41). Therefore, we suspect
that many designed, multistrandedâ-sheets show simple
phenomenological relaxation kinetics even though they fold
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via parallel pathways, provided that these individual path-
ways are nearly degenerate and also exhibit simple folding
kinetics. To verify this hypothesis and to further determine
how the folding rate of multistrandedâ-sheets varies with
the number of strands, we have studied the conformational
stability and folding kinetics of a 28-residue peptide, named
DPDPDP, using infrared (IR) spectroscopy.DPDPDP was
originally designed by Gellman and co-workers (36), who
showed that this peptide adopts a four-stranded antiparallel
â-sheet structure in aqueous solution. As indicated (Figure
1), DPDPDP is a lengthened version ofDPDP-II, with eight
residues being added at the C-terminus to form an additional
â-turn and strand. Therefore, by studying the relaxation
kinetics of this four-strandedâ-sheet we expect not only to
determine if it folds cooperatively but also to determine the
apparent increase in the folding free energy barrier associated
with the addition of an extra strand to the three-stranded
â-sheetDPDP-II.

MATERIALS AND METHODS

Materials.DPDPDP was synthesized using standard solid-
phase peptide synthesis on Rink resin and purified to
homogeneity by reverse-phase HPLC. The identity of the
peptide was further verified by matrix-assisted laser desorp-
tion ionization mass spectrometry. Subsequently, multiple
rounds of lyophilization were carried out in 0.1 M DCl
solution to remove the residual trifluoroacetic acid (TFA)
from peptide synthesis. For both equilibrium and time-
resolved IR studies, the peptide sample was prepared by
directly dissolving lyophilized peptide solid in D2O. The
peptide concentration was determined to be∼3 mM using
Tyr absorbance at 276 nm. No aggregation was observed
under the current experimental conditions.

FTIR Measurement.FTIR spectra were collected on a
Magna-IR 860 spectrometer (Nicolet, WI) equipped with a
HgCdTe detector using a spectral resolution of 2 cm-1. A
home-made, two-compartment, 52µm CaF2 sample cell
mounted on a programmable translation stage was used to
allow separate and alternate measurements of the single-beam
spectra of the sample and reference under identical condi-
tions. Temperature control with(0.2 °C precision was

achieved through a thermostated copper block and a tem-
perature bath. The reported spectra correspond to the average
of 256 scans.

Infrared T-jump Apparatus.The time-resolvedT-jump IR
apparatus used in the current study has been described in
detail elsewhere (11). Briefly, a 1.9µm laser pulse, generated
via Raman shifting of the fundamental output of a Q-
switched Nd:YAG laser in H2, was used to generate an
8-10 °C T-jump, and theT-jump induced transient absor-
bance change of a sample was measured by a continuous
wave (CW) IR diode laser in conjunction with a 50 MHz
HgCdTe detector. Digitization of the signal was carried out
by a digital oscilloscope. A thermostated, two-compartment
sample cell with a 52µm path length was used to allow
separate measurement of the sample and D2O under identical
conditions. The measurements on D2O provide information
for both background subtraction andT-jump amplitude
determination. The latter was achieved by using theT-jump
induced absorbance change of D2O at the probing frequency
ν, ∆A(∆T, ν), and the following equation:∆A(∆T, ν) )
a(ν)*∆T + b(ν)*∆T2, where∆T corresponds to the differ-
ence between the final (Tf) and initial (Ti) temperatures, and
a(ν) andb(ν) are constants that were determined by analyzing
the temperature dependence of the FTIR spectra of D2O.

RESULTS AND DISCUSSION

TheDPDPDP peptide used in the current study is identical
to that designed by Syudet al. (36), except that the non-
natural amino acid ornithine in the original sequence was
substituted with lysine. An earlier study has shown that the
secondary structural propensity of ornithine is similar to that
of lysine (35). Therefore, it is expected that such substitution
will not result in any significant change in the thermal
stability of the folded conformation (36). Our previous study
on DPDP-II indeed corroborated this expectation (39).

Equilibrium Study. The thermal unfolding transition of
DPDPDP was assessed by monitoring the change of its amide
I′ band as a function of temperature (from 1.6 to 88.0°C
with a step of roughly 6°C). The amide I′ band of
polypeptides mainly arises from the stretching vibrations of
amide carbonyls and is an established reporter of protein

FIGURE 1: Amino acid sequence ofDPDPDP with backbone alignment: RFSEVDPGKKFITSDPGKTYTEVDPGKKILQ.

Multistrandedâ-Sheet Folding Biochemistry, Vol. 47, No. 7, 20082065



secondary structure content (42). As shown (Figure 2), the
amide I′ band ofDPDPDP at low temperatures is composed
of four resolvable spectral features centered at about 1612,
1637, 1655, and 1678 cm-1, respectively. Following Keider-
ling and co-workers (24), we attribute the 1612 cm-1 band
to the stretching vibration of the amide carbonyl of theD-Pro
residues. This assignment is further supported by the fact
that the area of this band is estimated to be∼11% of the
total area of the amide I′ band of the peptide, which is
consistent with the percentage ofD-Pro residues in the
sequence ofDPDPDP. The pair of bands centered at about
1637 and 1678 cm-1, on the other hand, is characteristic of
antiparallel â-sheets, arising from the unique coupling
patterns among amide vibrators in such structures (43, 44).
Thus, these IR results corroborate the study of Syudet al.
(36), demonstrating thatDPDPDP folds into an antiparallel
â-sheet conformation in aqueous solution.

The FTIR difference spectra ofDPDPDP, obtained by
subtracting the spectrum collected at the lowest temperature
(i.e., 1.6°C) from those collected at higher temperatures,
indicate that the pair of bands associated with the antiparallel
â-sheet structure loses intensity with increasing temperature
(data not shown), further demonstrating that they can be used
to probe the thermally induced conformational changes of
DPDPDP. To obtain a quantitative description of the thermal
unfolding transition of thisâ-sheet, we further analyzed these
FTIR difference spectra using a global fitting method (45),
allowing the determination of the temperature dependence
of the 1678 cm-1 band. As shown (Figure 3), the resultant
thermal unfolding transition is broad, indicating that ther-
modynamically this designed, four-strandedâ-sheet folds in
a less cooperative manner than many naturally occurring
â-sheet proteins. However, we find this transition can still
be described by a two-state folding model (Figure 3),
revealing that the fractional population of theâ-sheet
conformation at 4°C is approximately 84%. This result is
in good agreement with that of Syudet al. (36), who
estimated that the population of one hairpin within the four-

strandedâ-sheet is 75-83%, depending on the residue
selected for NMR chemical shift analysis.

Our analysis further shows that the thermal melting
temperature (i.e.,Tm ) 50.5 ( 0.8 °C) of DPDPDP is
comparable to that (∼52.6 °C) of DPDP-II (39), suggesting
that the enthalpy gain arising from extending the strand
number from three to four is well balanced by the concomi-
tant entropy loss. In other words, increasing the strand
number to five or larger is unlikely to further increase the
conformational stability of the folded state of such designed
â-sheet systems. Similarly, it has been shown that increasing
the peptide length along the strand direction increases
â-hairpin stability, yet the enhancement is saturated at a
strand length of 7-9 residues (35).

T-Jump Kinetic Study. The folding/unfolding kinetics of
DPDPDP were studied by aT-jump IR technique, which has
been described in detail elsewhere (11). Briefly, this tech-
nique uses a burst of photons at about 1.9µm to heat up a
D2O solution within a few nanoseconds. The resultantT-jump
subsequently induces a population-redistribution among
conformational ensembles or substates that are accessible to
the molecular system in question and originally at equilib-
rium. Hence, the time course in which the nonequilibrium
state, initially created by theT-jump pulse, evolves toward
the new equilibrium position determined by the final tem-
perature contains information regarding the kinetics of
folding and unfolding. In this study, theT-jump induced
relaxation kinetics were probed by monitoring the absorbance
change at a characteristic frequency (i.e., 1634 cm-1) of
â-sheet conformations. Similar to those observed forDPDP-
II (39), the T-jump induced relaxation kinetics ofDPDPDP
consist of two distinct phases (Figure 4). Based on our
previous studies (31, 46), the fast phase, which is too fast to
be resolved by the current setup, is attributed to temperature-
induced spectral changes, such as those arising from tem-
perature-induced dehydration (46), as well as imperfect
background subtraction. The slow phase is resolvable for
final temperatures below 70°C and is attributed to confor-
mational relaxations betweenâ-sheet and disordered con-
formations. Interestingly, we find that the slow phase can
be adequately modeled by a single-exponential function with
a sub-microsecond time constant (Figure 5), suggesting that

FIGURE 2: Representative FTIR spectra ofDPDPDP in D2O (pH*
4.0) at 1.6, 45.0, 88.0°C, as indicated. Also shown is the resolution
enhanced FTIR spectrum at 1.6°C (black), which is achieved by
Fourier self-deconvolution (FSD) using an enhancement factor of
2 and a bandwidth of 18 cm-1. The FSD spectrum at the amide I′
band of DPDPDP at low temperature consists of four resolvable
spectral features, centered at ca. 1612, 1637, 1655, and 1678 cm-1,
respectively. The narrow band at 1678 cm-1 is characteristic of
antiparallelâ-sheet structures.

FIGURE 3: Integrated area of the 1678 cm-1 band (lefty-axis) and
the fraction of â-sheet (righty-axis) versus temperature (open
cycles). Fitting these data to a two-state model (solid line) with
temperature-independent folded and unfolded baselines yields the
following thermodynamic parameters for unfolding:∆Hm ) 9.3
( 1.2 kcal mol-1, ∆Sm ) 28.9 ( 3.8 cal mol-1 K-1, ∆Cp ) 121
( 25 cal mol-1 K-1, andTm ) 50.5 ( 0.8 °C.
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the folding of this four-strandedâ-sheet is not only kinetically
cooperative but also fast. For example, the folding time
constant at 50.5°C is determined to be 0.48( 0.08 µs,
similar to that observed for protein loop dynamics (47).

Due to the reasons discussed below, these kinetic results
are both interesting and surprising to some extent. First,
despite the fact thatDPDPDP folds into a more complex
structure, its relaxation rate is similar to that observed for
many alanine-based monomericR-helices (48), the folding
of which mostly involves local interactions. Second, con-
sidering the fact that several segments ofDPDPDP (e.g.,DPDP-
II and DPDP) can fold independently, and also that multi-
strandedâ-sheet folding has been suggested to involve
parallel kinetic pathways (34, 36, 38), one would expect that
the conformational relaxation ofDPDPDP in response to a
T-jump should follow non-single-exponential kinetics, pro-
vided that these parallel pathways are kinetically distinguish-
able.

The molecular folding mechanism ofDPDPDP is difficult
to assess on the basis of this study alone. However, there
have been several attempts made in the past to provide a
microscopic understanding of the folding mechanism of
designed, multistrandedâ-sheets via computer simulations
(40, 41, 49-52). The study of Caflisch and co-workers (40,
41) indicates that the folding of a designed, 20-residue, three-
stranded antiparallelâ-sheet involves two folding pathways,
both involving the almost complete formation of one of the
two â-hairpins, followed by consolidation of the unstructured
strand. However, their simulations also show that both the
folding and unfolding kinetics of this peptide are well
described by a single-exponential function. While the
simulation of Wang and Sung (50) on DPDP indicates an
alternative folding mechanism wherein the folding is initiated
by fast formation of the turns, followed by a collapse to a
compact structure which then finally folds to the native state,
their results also demonstrate that the folding kinetics are
characterized by one rate-limiting step. Using replica ex-
change molecular dynamics simulation, Simmerling and co-
workers (53) further show that although the folding ofDPDP
involves multiple states, the cooperativity perpendicular to
strand direction, which is measured as the degree to which
a preformed hairpin reduces the free energy of formation of
the other, is about 3 kcal/mol regardless of which hairpin is
considered. Taken together, these simulation studies therefore
suggest that while the microscopic folding mechanism of
designed, multistrandedâ-sheets could be complex, the
overall folding/unfolding kinetics, such as those observed
in a T-jump IR experiment, may not show significant
deviation from simple two-state kinetic behavior. In addition,
such designedâ-sheet systems often contain optimized turn
and stand sequences forâ-sheet formation (36, 54). Thus, it
is reasonable to assume that any parallel folding pathways
involved in such systems are practically degenerate, leading
to simpler relaxation kinetics.

Regardless of the microscopic detail of its folding mech-
anism, the ultrafast relaxation or folding behavior ofDPDPDP
is consistent with the view that turn formation contributes
significantly to the folding free energy barrier of simple
â-sheet motifs (e.g.,â-hairpin) and that an intrinsically rigid
turn can speed up the folding process (25, 30). This is
because the three type II′ â-turns connecting the antiparallel
â-strands ofDPDPDP are formed byD-Pro-Gly (DPG) seg-
ments. It has been shown not only that the use ofDPG
segments to form two-residue turns between adjacentâ-strands
promotesâ-hairpin formation in shorter peptides (54) but
also that the intrinsic structural rigidity of theD-Pro residue
backbone can constrain the flexibility of the thermally
unfolded ensemble (39, 55). Consequently, the conforma-
tional space accessible to the thermally unfolded state
becomes highly reduced, leading to a rapid conformational
relaxation in response to aT-jump. Consistent with this
argument, our previous study (39) shows that theT-jump
induced conformational relaxation ofDPDP-II also occurs on
the nanosecond time scale. Taken together, these results
suggest that both peptides fold on the sub-microsecond time
scale as a result of preformed turn structures which bias the
thermally unfolded conformation toward the folded state.

Folding Free Energy Barrier. The observation here that
the T-jump induced population redistribution ofDPDPDP
follows single-exponential kinetics is consistent with, al-

FIGURE 4: A representative relaxation kinetic trace probed at 1633
cm-1 for DPDPDP in response to aT-jump of 31.6 to 39.1°C. The
smooth line is the fit to the function OD(t) ) A[1 -B*exp(-t/τ)],
with A ) -0.0035,B ) 0.58, andτ ) 253 ( 25 ns, convolved
with the instrument response function determined from the rise time
of the D2O temperature.

FIGURE 5: Arrhenius plot of the measured relaxation rate constants
(O) and also the folding (4) and unfolding (0) rate constants
obtained from a two-state analysis. Lines are fits to the Eyring
equation. Also shown (+) are the relaxation rate constants forDPDP-
II (39).
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though not definitive proof of (56), kinetic cooperativity of
folding along the direction perpendicular to theâ-strands.
Evidence in support of this picture comes from the fact that
theT-jump induced relaxation rate ofDPDP-II is roughly three
times that ofDPDPDP. If the folding of DPDPDP is non-
cooperative, within a certain temperature range one would
expect to observe aT-jump induced relaxation rate that is
similar to that observed forDPDP-II, corresponding to the
folding/unfolding kinetics of a partially folded, three-stranded
â-sheet conformation. However, the relaxation rate ofDPDPDP
is always slower than that ofDPDP-II over the entire
temperature range studied here (Figure 5), thus suggesting
that the respective three-strandedâ-sheet conformations, as
well as other partially folded conformations, are likely only
transiently populated. Furthermore, the slower folding kinet-
ics ofDPDPDP indicates that adding the fourth strand amplifies
the free energy barrier separating the folded from the
thermally unfolded states, due to chain connectivity (which
allows coupling of local chain motions to motions of other
chain segments). SinceDPDPDP andDPDP-II have similar
thermal unfolding temperatures, we can estimate, for tem-
peratures near the midpoint of the thermal unfolding transi-
tion, the apparent increase in the folding free energy barrier
(i.e., ∆∆Gq) due to the increase in peptide chain length,
according to the following equation derived based on the
transition state theory:

wherekIV andkIII represent the relaxation rates of the four-
and three-strandedâ-sheets, respectively. At 50°C, ∆∆Gq

is calculated to be about 0.8 kcal/mol using the data presented
in Figure 5.

It is worth noting that the interpretation of the above∆∆Gq

value depends on the microscopic folding mechanism of
DPDPDP. For instance, if the folding of this four-stranded
â-sheet involves only one predominant pathway, then the
recovered∆∆Gq value reflects the net increase in the folding
free energy barrier. On the other hand, if folding involves
two parallel, but nearly degenerate pathways, in which the
rate-limiting step corresponds to the formation of either the
N-terminal or C-terminal three-strandedâ-sheet for example,
the net increase in the folding free energy barrier for each
path would become 1.4 kcal/mol (0.8 kcal/mol+ RT ln(2)),
when compared to the folding ofDPDP-II. While the increase
becomes more difficult to estimate if both peptides involve
parallel folding pathways, the value of 0.8 kcal/mol never-
theless represents a lower bound. Although the current study
does not allow us to determine how many parallel pathways
are involved in the folding ofDPDPDP, the results nonetheless
indicate that size is an important determinant of protein
folding rates, as observed in simulation and experimental
studies (57-60). Moreover, our results are consistent with
studies concerning the effect of additional tails on the kinetics
of interior loop formation (61-64). For example, the study
of Fierz and Kiefhaber (63) indicates that the formation of
type III loops (i.e., interior-to-interior loops) is 1.7-fold
slower than formation of type II loops (i.e., end-to-interior
loops), whereas the rate of type II loop formation is 2.5-
fold slower than the end-to-end collision rate.

While DPDPDP exhibits a very fast relaxation rate in
response to aT-jump, the above comparative analysis
suggests that the folding free energy barrier associated with
the individual kinetic pathways is sufficiently large (65) that
the measured relaxation kinetics can be analyzed according
to a two-state model. As shown (Figure 5), such a two-state
analysis reveals that the folding rate ofDPDPDP is remarkably
fast and exhibits only a weak temperature dependence, a
feature that has also been observed in computational (21,
40, 41, 53) and experimental studies ofâ-sheet folding (25,
30, 39). For example, the folding time ofDPDPDP at 50°C
is ∼0.44 µs, whereas at 25°C it folds in ∼0.67 µs. Given
its ultrafast folding rate, small size and complex structure,
we believe thatDPDPDP represents an interesting yet chal-
lenging model system for further computational studies
(66-68).

CONCLUSIONS

De noVo designedâ-sheets have been widely used to
explore factors governing the thermodynamics ofâ-sheet
formation. Here, we further show that the folding kinetics
of sequence-related, multistrandedâ-sheets can be investi-
gated to understand certain features of the folding dynamics
of â-sheet motif. Specifically, we have studied the thermal
unfolding transition and alsoT-jump induced relaxation
kinetics of a designed, four-strandedâ-sheet,DPDPDP, and
compared the results with those obtained previously on a
three-strandedâ-sheet,DPDP-II, in an attempt to elucidate
how the folding dynamics vary with the number of strands.
Our equilibrium IR results show that the thermal unfolding
transition of DPDPDP is broader than that ofDPDP-II,
indicative of a decrease in the thermodynamic folding
cooperativity. Furthermore, our time-resolved measurements
show that the conformational relaxation ofDPDPDP in
response to aT-jump occurs on the sub-microsecond time
scale and follows single-exponential kinetics; however, its
relaxation rate is distinctly slower than that ofDPDP-II. Using
a simple comparative analysis, we are able to further show
that the addition of the fourth strand increases the folding
barrier by a minimum of 0.8 kcal/mol, which underscores
the length-dependence (perpendicular to the strand) of the
folding rate of multistrandedâ-sheets. Taken together, these
results strongly suggest that the folding ofDPDPDP can be
described by an apparent two-state model, although its
folding may actually involve microscopic parallel, but
degenerate pathways.
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