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ABSTRACT: In an attempt to determine how the folding dynamics of multistragfisbeets vary with the

strand number, we have studied the temperature-induced relaxation kinetics of a four-sft-zatded,

PPPPPP, Our results show that the thermally induced relaxatioRRSPPP occurs on the nanosecond

time scale; however, a comparison of the current results with those obtained on a sequence-related, three-
stranded3-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 kineticgP8PPP 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 timéB?PPP is determined to be-0.44 us at the thermal

melting temperature, which makes it one of the fastest folders known to date.

Recently, many studies aimed at providing a molecular limits the stability of a-sheet increases with increasing
understanding of how proteins fold5) have focused on  strand length35) and strand numbeB4, 36), indicative of
small, designed peptides in an attempt to extract physicalthermodynamic folding cooperativity along these directions.
parameters critical to the description of the folding energy On the other hand, their studies have also indicated that each
landscape of a specific fold or moté{19). The advantage  strand in a multistrandeg@-sheet could show different
of using designed peptides, capable of folding into a well- thermal melting tendencies34, 36), suggesting that the
defined secondary or tertiary structure, is the ability to folding of these designe@-sheet molecules may involve
systematically vary the sequence content in order to examinepartially folded intermediate states, distinct steps and/or
the molecular interactions essential for the folding and parallel pathways. Using NMR chemical shift measurements,
stability of the targeted fold. For example, our current Andersen and co-worker8%) have shown that the thermal
understanding of the thermodynamic and kinetic determinantsunfolding transition of a designed, three-strangkesheet,
of f-hairpin folding largely results from studies on designed PPPP (sequence: VFIT®GKTYTEVPPGOKILQ, where
peptides 20—31), since naturally occurring two-stranded PP = p-Pro and O= Orn), is indeed consistent with a
p-sheets are usually unstable and/or prone to aggregation irmicroscopic folding scheme wherein four conformational
the absence of stabilizing tertiary contacts. Moreover, the states, including the folded, unfolded, and two intermediate
use ofde nao designegB-sheet systems has allowed critical states, are involved. Furthermore, their study suggests that
assessment of the effect of strand length and number on thehe two intermediates lie along parallel folding pathways yet
conformational stability of various antiparalf@isheet motifs share a similar structure wherein either the C-terminal or
(32—36). In light of these previous thermodynamic studies, N-terminalf-hairpin is folded. This finding, at first glance,
it would be quite useful and also interesting to further explore seems to contradict our recent study on the folding kinetics
how the folding kinetics of g-sheet depend on its strand of a sequence-related, three-strangesheet,"PPP-II (se-
number. Herein, we have studied and compared the temperquence: RFIEVPGKKFITSPGKTYTE), which shows that
ature jump T-jump) induced relaxation kinetics of two the conformational relaxation of this peptide in response to
antiparallel-sheets consisting of three or four strands, in a T-jump occurs on the nanosecond time scale and over a
an attempt to elucidate how the folding rate of thessheets single-exponential time cours@9). However, this apparent
varies with the number of strands and also to determine if discrepancy may be resolved if symmetry is considered.
the four-strande@-sheet shows cooperativg fc_>|ding kinet_ics. For many designed, multistrand@esheet systems, espe-

It has been shown that/asheet can exhibit cooperative  ¢jg|ly the PPPP series 36), the turn and strand sequences
folding in both parallel §5, 37) and perpendicular directions  gre (often) optimized foB-sheet formation, thus resulting
(34, 36) with respect to thef-strand. For example, Using i 5 certain degree of symmetry in their folded topology and

various designed peptide sequences, Gellman and co-workergnsequently in their folding. In other words, the putative
and Searle and co-workers have shown that within certain parallel pathways involved in the folding of a symmetric,

s 3 by the National Institutes of Health (Grants GM-065978 multistranded-sheet should be degenerate (in both folding
upported by the National Institutes of Heal rants - H : .
and RR-01348) thermodynamics and kineticg)( 41). Therefore, we suspect
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Ficure 1: Amino acid sequence &PPPPP with backbone allgnment. RFSEVGKKFITSPPGKTYTEVDPGKKILQ.

via parallel pathways, provided that these individual path- achieved through a thermostated copper block and a tem-
ways are nearly degenerate and also exhibit simple folding perature bath. The reported spectra correspond to the average
kinetics. To verify this hypothesis and to further determine of 256 scans.

how the folding rate of multistrande@sheets varies with Infrared T-jump ApparatusThe time-resolved-jump IR

the number of strands, we have studied the COﬂfOfmationalapparatus used in the current study has been described in
stability and folding kinetics of a 28-residue peptide, named detail elsewherel(l). Briefly, a 1.9um laser pulse, generated
PPPPPP, using infrared (IR) spectroscopyPPPPP was  via Raman shifting of the fundamental output of a Q-
originally designed by Gellman and co-workeg6), who switched Nd:YAG laser in bl was used to generate an
showed that this peptide adopts a four-stranded antiparallelg3—10 °C T-jump, and theT-jump induced transient absor-
pB-sheet structure in aqueous solution. As indicated (Figure pance change of a sample was measured by a continuous
1), PPPPPP is a lengthened version 8P°P-II, with eight  wave (CW) IR diode laser in conjunction with a 50 MHz
residues being added at the C-terminus to form an additionalHgCdTe detector. Digitization of the signal was carried out
B-turn and strand. Therefore, by studying the relaxation py a digital oscilloscope. A thermostated, two-compartment
kinetics of this four-strandefl-sheet we expect not only to  sample cell with a 5«m path length was used to allow
determine if it folds cooperatively but also to determine the separate measurement of the sample ag@l ihder identical

apparent increase in the folding free energy barrier associatedtonditions. The measurements opDprovide information
with the addition of an extra strand to the three-stranded for both background subtraction arifijump amplitude

B-sheetPPoP-II. determination. The latter was achieved by usingTjemp
induced absorbance change ofat the probing frequency
MATERIALS AND METHODS v, AA(AT, v), and the following equationAA(AT, v) =

a(v)* AT + b(v)* AT?, whereAT corresponds to the differ-
ence between the final{) and initial (T;) temperatures, and
a(v) andb(v) are constants that were determined by analyzing
the temperature dependence of the FTIR spectra,6f. D

Materials.PPPPPP 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 RESULTS AND DISCUSSION
rounds of lyophilization were carried out in 0.1 M DCI
solution to remove the residual trifluoroacetic acid (TFA)  ThePPPPPP peptide used in the current study is identical
from peptide synthesis. For both equilibrium and time- to that designed by Syuet al. (36), except that the non-
resolved IR studies, the peptide sample was prepared bynatural amino acid ornithine in the original sequence was
directly dissolving lyophilized peptide solid in,D. The substituted with lysine. An earlier study has shown that the
peptide concentration was determined to~&& mM using secondary structural propensity of ornithine is similar to that
Tyr absorbance at 276 nm. No aggregation was observedof lysine @35). Therefore, it is expected that such substitution
under the current experimental conditions. will not result in any significant change in the thermal

FTIR MeasurementETIR spectra were collected on a stability of the folded conformatior8). Our previous study
Magna-IR 860 spectrometer (Nicolet, WI) equipped with a on PPPP-II indeed corroborated this expectati@9)

HgCdTe detector using a spectral resolution of 2-&ni Equilibrium Study The thermal unfolding transition of
home-made, two-compartment, 32n Cak, sample cell PPPPPP was assessed by monitoring the change of its amide
mounted on a programmable translation stage was used td' band as a function of temperature (from 1.6 to 880
allow separate and alternate measurements of the single-beawith a step of roughly 6°C). The amide 'l band of
spectra of the sample and reference under identical condi-polypeptides mainly arises from the stretching vibrations of
tions. Temperature control with-0.2 °C precision was  amide carbonyls and is an established reporter of protein
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the fraction of 5-sheet (righty-axis) versus temperature (open

) ) cycles). Fitting these data to a two-state model (solid line) with
FIGURE 2: Representative FTIR spectra @°P°P in D,O (pH*  temperature-independent folded and unfolded baselines yields the
4.0) at 1.6, 45.0, 88.8C, as indicated. Also shown is the resolution  following thermodynamic parameters for unfoldingeH,, = 9.3
enhanced FTIR spectrum at 1’6 (black), which is achieved by 4 1.2 kcal mot?, AS, = 28.94 3.8 cal mot! K1, AC, = 121
Fourier self-deconvolution (FSD) using an enhancement factor of 1 25 cal mot! K-, and T, = 50.54 0.8 °C.

2 and a bandwidth of 18 cm. The FSD spectrum at the amide |

band of °PPP°P at low temperature consists of four resolvable strandedp-sheet is 7583%, depending on the residue
spectral features, centered at ca. 1612, 1637, 1655, and 1678 cm  gg|acted for NMR chemical shift analysis.
respectively. The narrow band at 1678 ¢nis characteristic of our analvsis furth h h he th | It
antiparallels-sheet structures. ysIS urther shows that the therma mgtlng
temperature (i.e..T, = 50.5 + 0.8 °C) of PPPP°P is
secondary structure contert?j. As shown (Figure 2), the  comparable to that«52.6 °C) of PPPP-II (39), suggesting
amide | band ofPP°PPP at low temperatures is composed that the enthalpy gain arising from extending the strand
of four resolvable spectral features centered at about 1612 number from three to four is well balanced by the concomi-
1637, 1655, and 1678 crh respectively. Following Keider-  tant entropy loss. In other words, increasing the strand
ling and co-workers24), we attribute the 1612 cm band number to five or larger is unlikely to further increase the
to the stretching vibration of the amide carbonyl of thEro conformational stability of the folded state of such designed
residues. This assignment is further supported by the factS-sheet systems. Similarly, it has been shown that increasing
that the area of this band is estimated to~b&l% of the the peptide length along the strand direction increases
total area of the amide' band of the peptide, which is  S-hairpin stability, yet the enhancement is saturated at a
consistent with the percentage ofPro residues in the strand length of 79 residues35).
sequence oPPPPPP. The pair of bands centered at about  T-Jump Kinetic StudyThe folding/unfolding kinetics of
1637 and 1678 cmt, on the other hand, is characteristic of PPPPPP were studied by @-jump IR technique, which has
antiparallel -sheets, arising from the unique coupling been described in detail elsewhefd)( Briefly, this tech-

Wavenumber (cm")

patterns among amide vibrators in such structud@s44). nigue uses a burst of photons at aboutAn® to heat up a
Thus, these IR results corroborate the study of Sgudl. D,0 solution within a few nanoseconds. The resul@jitmp

(36), demonstrating tha?PPPPP folds into an antiparallel ~ subsequently induces a population-redistribution among
pB-sheet conformation in aqueous solution. conformational ensembles or substates that are accessible to

The FTIR difference spectra diPP°P°P, obtained by  the molecular system in question and originally at equilib-
subtracting the spectrum collected at the lowest temperaturerium. Hence, the time course in which the nonequilibrium
(i.e., 1.6°C) from those collected at higher temperatures, state, initially created by th&-jump pulse, evolves toward
indicate that the pair of bands associated with the antiparallelthe new equilibrium position determined by the final tem-
[B-sheet structure loses intensity with increasing temperatureperature contains information regarding the kinetics of
(data not shown), further demonstrating that they can be usedfolding and unfolding. In this study, th&-jump induced
to probe the thermally induced conformational changes of relaxation kinetics were probed by monitoring the absorbance
PPPPPP. To obtain a quantitative description of the thermal change at a characteristic frequency (i.e., 1634 ¢rof
unfolding transition of thig-sheet, we further analyzed these [-sheet conformations. Similar to those observedPf$iP-
FTIR difference spectra using a global fitting methdé)( Il (39), the T-jump induced relaxation kinetics &P°PPP
allowing the determination of the temperature dependenceconsist of two distinct phases (Figure 4). Based on our
of the 1678 cm? band. As shown (Figure 3), the resultant previous studies3({, 46), the fast phase, which is too fast to
thermal unfolding transition is broad, indicating that ther- be resolved by the current setup, is attributed to temperature-
modynamically this designed, four-strandegheet folds in induced spectral changes, such as those arising from tem-
a less cooperative manner than many naturally occurring perature-induced dehydratiodd), as well as imperfect
[-sheet proteins. However, we find this transition can still background subtraction. The slow phase is resolvable for
be described by a two-state folding model (Figure 3), final temperatures below 70C and is attributed to confor-
revealing that the fractional population of th&sheet mational relaxations betwegftsheet and disordered con-
conformation at £C is approximately 84%. This result is formations. Interestingly, we find that the slow phase can
in good agreement with that of Syuet al. (36), who be adequately modeled by a single-exponential function with
estimated that the population of one hairpin within the four- a sub-microsecond time constant (Figure 5), suggesting that
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FicurRe 4: A representative relaxation kinetic trace probed at 1633
cm~1 for PPPPPP in response to @-jump of 31.6 to 39.2°C. The
smooth line is the fit to the function OP(= A[1 —B*exp(—t/t)],

with A = —0.0035,B = 0.58, andr = 253 + 25 ns, convolved
with the instrument response function determined from the rise time
of the D,O temperature.
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Ficure 5: Arrhenius plot of the measured relaxation rate constants
(©) and also the folding 4) and unfolding [0) rate constants
obtained from a two-state analysis. Lines are fits to the Eyring
equation. Also shownt) are the relaxation rate constants ¥&PP-

11 (39).

3.5

the folding of this four-strande@-sheet is not only kinetically
cooperative but also fast. For example, the folding time
constant at 50.5C is determined to be 0.4& 0.08 us,
similar to that observed for protein loop dynamids

Biochemistry, Vol. 47, No. 7, 20082067

The molecular folding mechanism BPPPPP 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, multistrandegl-sheets via computer simulations
(40, 41, 49-52). The study of Caflisch and co-worker((
41) indicates that the folding of a designed, 20-residue, three-
stranded antiparallgl-sheet involves two folding pathways,
both involving the almost complete formation of one of the
two S-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 Sundg@) on PPPP 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 63) further show that although the folding BP°P
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, multistrande@-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 designefl-sheet systems often contain optimized turn
and stand sequences foxsheet formation36, 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 behavioPEPP°P
is consistent with the view that turn formation contributes
significantly to the folding free energy barrier of simple
p-sheet motifs (e.gf3-hairpin) and that an intrinsically rigid
turn can speed up the folding proces®5,(30). This is
because the three typé A-turns connecting the antiparallel
B-strands of°’PPPPP are formed by-Pro-Gly PPG) seg-
ments. It has been shown not only that the use’6G
segments to form two-residue turns between adjg&sirands
promotesS-hairpin formation in shorter peptide$4) but
also that the intrinsic structural rigidity of thePro residue

Due to the reasons discussed belOW, these kinetic reSUlt%ackbone can constrain the ﬂex|b|||ty of the therma”y

are both interesting and surprising to some extent. First,
despite the fact tha?PPPPP folds into a more complex
structure, its relaxation rate is similar to that observed for
many alanine-based monometdehelices 48), the folding

of which mostly involves local interactions. Second, con-
sidering the fact that several segment8@BP°P (e.g.PPPP-

Il and PPPP) can fold independently, and also that multi-
strandedf-sheet folding has been suggested to involve
parallel kinetic pathways34, 36, 38), one would expect that
the conformational relaxation dfP°PPP in response to a
T-jump should follow non-single-exponential kinetics, pro-
vided that these parallel pathways are kinetically distinguish-
able.

unfolded ensemble3@, 55). Consequently, the conforma-
tional space accessible to the thermally unfolded state
becomes highly reduced, leading to a rapid conformational
relaxation in response to &jump. Consistent with this
argument, our previous studg9) shows that thel-jump
induced conformational relaxation ®F°P-Il 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 BarrierThe observation here that
the T-jump induced population redistribution &P°PPP
follows single-exponential kinetics is consistent with, al-



2068 Biochemistry, Vol. 47, No. 7, 2008

though not definitive proof of6), kinetic cooperativity of
folding along the direction perpendicular to tfestrands.
Evidence in support of this picture comes from the fact that
the T-jump induced relaxation rate BP°P-Il is roughly three
times that ofPPPPPP. If the folding of PPPPPP is non-
cooperative, within a certain temperature range one would
expect to observe @-jump induced relaxation rate that is
similar to that observed fo*PPP-II, corresponding to the
folding/unfolding kinetics of a partially folded, three-stranded
B-sheet conformation. However, the relaxation rateRsP°P

is always slower than that oPPPP-Il over the entire

Xu et al.

While PPPPPP exhibits a very fast relaxation rate in
response to al-jump, the above comparative analysis
suggests that the folding free energy barrier associated with
the individual kinetic pathways is sufficiently largé5) 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 rateP#PP°P is remarkably
fast and exhibits only a weak temperature dependence, a
feature that has also been observed in computatidtial (
40, 41, 53) and experimental studies Bfsheet folding 25,

30, 39). For example, the folding time &P°PPP at 50°C

temperature range studied here (Figure 5), thus suggestings ~0.44 us, whereas at 25C it folds in ~0.67 us. Given

that the respective three-strandegheet conformations, as
well as other partially folded conformations, are likely only
transiently populated. Furthermore, the slower folding kinet-
ics of PPPPPP 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). SindeP°PPP andPPPP-Il have similar

its ultrafast folding rate, small size and complex structure,
we believe thaPPPPPP represents an interesting yet chal-
lenging model system for further computational studies
(66—68).

CONCLUSIONS

De nao designeds-sheets have been widely used to
explore factors governing the thermodynamicsfesheet

thermal unfolding temperatures, we can estimate, for tem- formation. Here, we further show that the folding kinetics
peratures near the midpoint of the thermal unfolding transi- of sequence-related, multistrand@esheets can be investi-
tion, the apparent increase in the folding free energy barrier gated to understand certain features of the folding dynamics
(i.e., AAG') due to the increase in peptide chain length, of g-sheet motif. Specifically, we have studied the thermal

according to the following equation derived based on the
transition state theory:

k
AAG = —RTln(ﬂ)
k|II

wherek,, andk;, represent the relaxation rates of the four-
and three-strandegtsheets, respectively. At 5IC, AAG*

is calculated to be about 0.8 kcal/mol using the data presenteoC

in Figure 5.

It is worth noting that the interpretation of the abavAG*
value depends on the microscopic folding mechanism of
PPPPPP. For instance, if the folding of this four-stranded
pB-sheet involves only one predominant pathway, then the
recoveredAAG* 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-strandgesheet for example,
the net increase in the folding free energy barrier for each
path would become 1.4 kcal/mol (0.8 kcal/meIRT In(2)),
when compared to the folding BPPP-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 ofPPPPP, the results nonetheless
indicate that size is an important determinant of protein
folding rates, as observed in simulation and experimental
studies §7—60). Moreover, our results are consistent with
studies concerning the effect of additional tails on the kinetics
of interior loop formation §1—64). For example, the study
of Fierz and Kiefhaberg3) indicates that the formation of
type 1l loops (i.e., interior-to-interior loops) is 1.7-fold
slower than formation of type Il loops (i.e., end-to-interior
loops), whereas the rate of type Il loop formation is 2.5-
fold slower than the end-to-end collision rate.

unfolding transition and als@-jump induced relaxation
kinetics of a designed, four-strandgesheet,PPPPP, and
compared the results with those obtained previously on a
three-strandegs-sheet,PPPP-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 PPPPPP is broader than that oPPPP-II,
indicative of a decrease in the thermodynamic folding
ooperativity. Furthermore, our time-resolved measurements
show that the conformational relaxation 8P°PPP in
response to &-jump occurs on the sub-microsecond time
scale and follows single-exponential kinetics; however, its
relaxation rate is distinctly slower than thatRH#°P-11. 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 multistranded-sheets. Taken together, these
results strongly suggest that the foldingR#°P°P can be
described by an apparent two-state model, although its
folding may actually involve microscopic parallel, but
degenerate pathways.
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