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ABSTRACT. Cold denaturation is a general phenomenon in globular proteins, and the associated cold-
denatured states of proteins have important fundamental and practical significance. Here, we have
characterized the cold-denatured state gftairpin forming peptide, MrH3a, in 8% hexafluoro-2-propanol
(HFIP) and the dynamics of its refolding following a laser-induced T-jupyblairpins constitute an
important class of protein structural elements, yet their folding mechanisms are not fully understood.
Characterization of MrH3a using NMR, CD, and IR spectroscopies reveals residual structure in the cold-
denatured state, in contrast with the highly disordered heat-denatured state. The residual structure in the
cold-denatured state comprises relatively compact and solvent protected conformations. Furthermore, we
find a substantial acceleration in the rate of folding from the cold-denatured state compared to that of the
heat-denatured state. In addition, the cold-denatured state is not populated in 20% HFIP; folding occurs
only from the fully unfolded state and is significantly slower. We interpret the acceleration of the folding
rate of MrH3a in 8% HFIP as a direct consequence of the collapsed conformations of the cold-denatured
state. Finally, there may be some reduction of the loop search cost when starting from the cold-denatured
state, since this state may have some of the stabilizing cross-strand interactions already formed.

Cold denaturation is a general phenomenon in globular formation, hydrophobic collapse, hydrogen bond formation,
proteins, and the associated cold-denatured states of proteinand side-chain packind.{—14). Andersen has demonstrated
have important fundamental and practical significance. The that small peptides that adopt specific secondary structures
residual structures of cold-denatured proteins have beencan also be induced to unfold at low temperatutes; 16).
characterized and found to be comparable to the structuresThis opens the possibility for studying fast events in the
of folding intermediates in several cases, including barstar refolding of such peptide models of secondary structure
(1), p-lactoglobulin @), lysozyme 8), and ribonuclease A motifs using laser-induced T-jumpdJsing this approach,
(4). This observation has led to the hypothesis that residualwe demonstrated that helix formation from completely
structures in the cold-denatured state represent initiation sitesunfolded conformations (thus requiring helix nucleation) is
for refolding. Cold-denatured states also have a practical a fast, sub-microsecond proceds)( Here, we have char-
significance for the study of the early events in protein acterized the cold-denatured state ofs-dnairpin-forming
folding: they can be exploited as a means to rapidly refold peptide and the dynamics of its refolding following a laser-
a protein using a laser-induced temperature juBp 7). induced T-jump.

Despite the importance of cold-denatured states of proteins, B-Hairpins constitute an important class of protein struc-
relatively little is known about how such states compare with tural elements. Recent advances in the design of stable,
other unfolded states (produced either by heat or a chemicalspluble peptides witj3-turn ands-sheet structures.8—25)
denaturant) and how the refolding dynamics might differ, have led to improved understanding of the stability and
depending on the starting state. folding dynamics of such structures. T-jump relaxation

Peptide models are valuable experimental systems fordynamics of a number of-hairpin peptides have been
studying the fundamental processes of protein foldBig ( reported, including the 16-residue C-termin&hairpin
10). Many essential processes have been observed in thédragment of protein G (GB1, 26)), cyclic gramicidin
folding of peptide models, including secondary structure analoguesZ7), and a de novo designed hairpin (HP2)
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fering lengths 29). We found that the entropic cost of the acetonitrile gradient. For the IR studies, the peptides were
loop search contributes to the transition state barrier and thatdeuterium-exchanged by repeated lyophilization frog®D
the folding rate is accelerated by minimizing the loop search. Trifluoroacetic acid (TFA), which was used in the HPLC
These studies employed 21 vol % hexafluoro-2-propanol purification, was present as an impurity in all samples.
(HFIP) as the solvent, since the shorter hairpin sequence wasSamples were dissolved in solutions ranging from 4 to 21
not well-populated without the addition of fluoroalcohol vol % hexafluoro-2-propanol (HFIP) indD (99.9%, Sigma)
cosolvents. with no added buffer, and final concentrations for the IR
Cold denaturation has now been observed for more thanstudies were determined to be in the range e41ImM as
10 peptide hairpins 16, 19, 21, 24, 30—33). The first determined by the UV absorption of Tyr at 274 nm.
observations were made in water and 20 vol % methanol by NMR Melting StudiesAll NMR experiments were per-
the Searle group for a peptide (MrH1) designed to mimic formed using a Bruker DRX-500 spectrometer. A combina-
the two-stranded, antiparallel, DNA-bindimtysheet motif tion of TOCSY (60 ms MLEV-17 spinlock) and NOESY
of the met repressor. We demonstrated that the tendency (150 ms mixing time) 2D NMR spectra was used to assign
toward cold-denaturation was enhanced-i8 vol % HFIP all resonances. The samples consistee®»fmM peptide in
(16). Folding studies of MrH1 are complicated by competing phosphate-buffered water at pH 6 with 10%@ Some
B-aggregate formation3@). Two close analogues were samples used deuterated trifluoroethanol (TFE) or hexafluoro-
prepared, MrH3a and MrH4a (below), displaying a signifi- 2-propanol (HFIP) as cosolvents, which were added in the

cantly reduced tendency to aggregate. appropriate amounts by gastight syringe. Sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) was used as the

MrH1  KKYTVS-INGK-KITVSI (peptide H1 of ref30) internal chemical shift reference and set to 0 ppm for all

MrH3a KKYTVS-INGK-KITVSA cond|t|ons_|ndependent of temperature, pH, and cosolvent
concentration.

MrH4a  KKLTVS-INGK-KITVSA NMR fraction-folded measures based on the difference in

MrH3b KKYTVS-IpGK-KITVSA chemical shift of the Gly9 alpha protons were calculated as

OHaownfiels — OHawpries. The difference values were con-
verted to fraction-folded values using a linear scale, for which
a difference of 0 ppm was considered to represent the fully
unfolded state and a difference of 0.707 ppm was taken to
represent 100% folded. The latter was an extrapolation based
on the observation of a 0.622 ppm difference for MrH3a in
30% TFE at 280 K, conditions under which the peptide was

MrH4b KKLTVS-IpGK-KITVSA

The peptides with an NG turn locus display a typé-turn
in the hairpin state, which is populated to different extents
depending on the solvent composition and p8H)( In
analogy to Gellman’s studies of similar hairpin sequences

233|6’ 37)3ttheéep_lacement otfhthehNG t_urr} Iloc(j:us Wit?‘fro_ d considered to be 88% folded based on strand shift compari-
y unit (pG) increases the hairpin fold population an son with MrH3b in 30% TFE (see immediately below).

1 0
provuldiﬁf i;iy?]temiitth?tra&r]e nearl); 1tcr)0n/gl iolde:.nThesr(]e sr,neirvel Strand-based measures were derived from the sum of the
as cailbration points for tne use ot strand resonance chemicaicgng of inwardly directed ® protons located near the

shift measures of fold population. hairoi » -
) . ) airpin core (positions St 2,4). The deviations were
Peptides MrH3a and MrH4a retain the cold-denaturing yeiermined using a calculation and analysis application
feature first observed for MrH1. To delimit the structural developed in the Andersen laBSDb(19) (available at htp:/
hypotheses appropriate for cold-denaturing hairpins of this 5 jarseniab.chem.washington.edu), capable of correcting for
series, the structural features of MrH3a and MrH4a evidenced ., yent temperature, pH, nearest-neighbor, and end-related

by CD, IR, and NMR Spectroscopy over a range .Of ffects. A sum of 0 ppm was considered to represent 0%
temperatures and solvent compositions have been determine olded, and a sum of 3.516 ppm was taken as 100% folded.

The NMR parameters are residue-specific measures OfAs with the turn-measure, the 100%-fold point represents
structuring and thus provide a means for determining whether 3, oy iranolation from other data; in this case, the most-folded

some, but not all, of the structural preferences of these, e for MrH3b. in 30% TEE at 280 K provided a value
peptides are retained under conditions of incomplete folding. ¢ 3 375 ppm: these conditions are believe to provide a 96%-

Furthermore, the refolding dynamics of MrH3a following a - 4 cyred ensemble based on a fit to the NMR melting curve.
T—jump are far more complex th:_an reported previoug) ( CD Melting StudiesCircular dichroism stock solutions
in the absence of cold-denaturation. Our results demonst.rateare prepared by dissolving weighed amounts of peptides in
that the cold- and heat-_denatureq states are substantlallbo mM aqueous, pH 6, phosphate buffer to make a solution
different and that the_f_oldmg/unfoldmg dynamics are highly ¢ apout 500uM. The concentration of stock solutions is
dependent on the initial state. measured by the UV absorption of tyrosire= 1420 M
cm ! at 276 nm). CD samples were diluted appropriately

MATERIALS AND METHODS to obtain 30 uM solutions of the peptide in buffer.

PeptidesHairpin peptides were synthesized using FMOC Fluoroalcohols were added in the appropriate amounts as
chemistry on an Applied Biosystems 433A synthesizer. The needed using gastight microsyringes.
MrH3a sequence is a modification (a C-terminal | to A Spectra were recorded on a Jasco J715 spectropolarimeter
substitution to improve solubility) of a previously reported using 0.10 cm path length cells. The calibration of the
sequence 16, 30). The C-terminal | to A substitution in  wavelength and degree ellipticity scales has been described
MrH3a improves the peptide solubility and reduces its previously 88, 39). Spectral accumulation parameters were
tendency towarg-aggregate formation. The peptides were usually a scan rate of 100 nm/min, a 0.2 nm step resolution
purified by reverse-phase HPLC (C18 column) using a water/ over the range of 198270 nm with 16 scans averaged for
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each spectrum. The accumulated average spectra were S5 S4 S3 S2 S
trimmed at a dynode voltage of 600 V prior to blank He

o]
Hoa H Ho H H T
. . . . N N N Ha
subtraction and smoothing, which used the reverse Fourier N/w( %N/w( \)kN/Y
H I Ho H 1 He H I 0

transform procedure in the Jasco spectra analysis software. e ‘

For melting experiments, the temperature was increased from T’ - T T

5to 95°C in 10°C increments. Each step was equilibrated K/NWK\N)K/H(\N)K/NWKLM

at the target temperature for 5 min before acquiring data. L O L

CD data for MrH3a and MrH3b are reported in residue-molar S+5 S+4  S+3  S+2 Sl

ellipticity units (deg cr residue-dmol), and for MrH4a  Fguge 1: Structural features and residue nomenclature for [2:2]
are reported in millidegrees ellipticity due to the lack of an hairpins.

aromatic residue for precise concentration determination. The ) o o

CD monitored melting studies are reported @ — [6]min Aljaly5|s of K!net|c_s DgtaAccurate determmathn of the
versus temperature. Th@]fais the value at the maximum peptide relaxation kinetics requires deconvolution of the
if one is observed in the 195802 nm range or the most instrument response function from the observed kinetics.
positive value observed between 198 and 203 nm.¥hgi[ Very accurate deconvolution of the instrument response is
is the value at the minimum if one is observed in the213 Possible because it is determined concurrently with each
219 nm range or the most negative value between 214 ands@mple measurement under the exact same conditions. The

218 nm. This measure, ad]fss — [0]214 is negative € instrument response function for the system is taken to be
—20 000 deg criresidue-dmot?) for the statistical coil state  the derivative of the reference trace, normalized to have an
(16). integral of 1 at the maximum of the reference trace. The

Infrared Spectroscopythe equilibrium melting behavior decay function used is an exponential decay _vvith the formula
of the hairpin peptides was studied using FTIR spectroscopy. (A"exp(—kT)), whereA andk are the change in absorbance
FTIR spectra were collected on a Bio-Rad FTS-40 interfer- and the rate, respectively. The reported relaxgtlon rates
ometer using a temperature-controlled IR cell. The IR cell répresent an average of at least four separate trials.
contained both the sample and areference solution RESULTS
between Cafwindows with a 10Qum spacer. The cell is
translated laterally under computer control to acquire match- Fold Populations and Equilibrium Characterization of
ing sample and reference single beam spectra, and the proteiCold- and Heat-Denatured States of Mr3HEhere are a

absorption spectrum is computed -aBg(lsamdlrer)- number of structural features in a [2:2]-hairpin state that give
T-Jump Relaxation Measurementée T-jump relaxation rise to diagnostic spectroscopic signatures. The antiparallel
apparatus has been described previouly. Briefly, a laser- alignment of numerous amide planes produces a CD

induced T-jump is used to rapidly shift the folding/unfolding signature consisting of a minimum at 21818 nm and a
equilibrium, and the relaxation kinetics are measured using maximum at 198205 nm (6, 42). Cross-strand hydrogen-
time-resolved infrared spectroscopy. The T-jump perturbation bonding interactions between pairs of amides (notably S
generated by a laser heating pulse is faster than the moleculaB and S+ 5, see Figure 1)1, 21, 33, 43, 44) are observed
dynamics of interest. The T-jump pulse is generated by as downfield K, shift deviations. Close spatial interactions
Raman-shifting a Q-switched Nd:YAG (Spectra Physics between alpha methines in the non-H-bonded strand reso-
DCR-4) fundamental at 1064 nm irnpigas (1-Stokes shift),  nances (St 2, S+ 4, etc.) also place these hydrogens in
producing a 10 ns pulse at 1.9dm. The near-infrared  the deshielding region of both same- and cross-strand amide
wavelength is partially absorbed by the(e ~ 6 cnm'?, planes 16, 45), and large phi/psi order parameters at residues
or 87% transmittance in a 1Q0m path length cell), and the S — 1 through S+ 1 are associated with specific turn
absorbed energy is rapidly thermalized within the irradiated geometries that facilitate strand alignment.

volume. The magnitude of the T-jump produced depends on On the basis of these features, a number of spectroscopic
the per pulse energy and the focus of the laser, typically 40 measures of hairpin population have been used in prior
mJ and 1 mm spot diameter respectively, which yields an studies. Both the molar ellipticity of the ca. 216 nm CD
11°C T-jump. The mid-IR probe beam is a continuous wave minimum @30, 46—49) and the amplitude of the couplet
lead—salt diode laser (Laser Photonics) with a tunable output ([0]max — [@]min) (16, 50) have been employed to monitor
range of 1608-1700 cn1®. The probe beam is focused to a thermal and mutational effects on hairpin stability, but neither
50um (1/¢ diameter) spot at the center of the heated volume. is readily converted into a direct measure of folded fraction.
Probing only the center of the heated volume ensures aThere has been greater success in calibrating NMR chemical
uniform temperature distribution in the probe volume by shift measures of folding; the four approaches that have been
avoiding the temperature gradient produced on the wings of used are listed here. (1) The CSDs of the inwardly directed
the Gaussian pump beamlj. The transient transmission Ha resonances (individually or summed)6( 19, 21, 31,

of the probe beam through the sample is measured using &1) appear to be the most sensitive measure. (2) More
fast (100 MHz) photovoltaic MCT IR detector/preamplifier recently, (9, 31) we added the CSDs of theys, but these
(Kolmar Technologies). Transient signals are digitized, and are not as useful for melting studies due to the structure-
the signal is averaged using a Tektronics digitizer (7612D). dependent intrinsic temperature gradients of NH sigrids (
Instrument control and data collection are accomplished using(3) In systems with Gly as residue T2, the chemical shift
a LabVIEW computer program. Measurements of the difference between its diastereotopic kprotons has been
transient absorbance for both the sample and the referenceised to measure both hairpin populati@d, (32, 33, 47, 49)

were collected from 10 to 10 s, and relaxation times were  and as a potential measure of the presence of turn formation
obtained using a deconvolution process described below. in the absence of strand alignmergzll. The Gly—CH;
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B-hairpin signature for the MrH series of peptides. The inset displays O Aqueous (Ho strand) O 8% HFIP (Ha strand)

the difference between the maximum and minimum spectral featuresFicure 3: NMR measures of folding for MrH3a in aqueous and
([0]max — [O]min), see Materials and Methods, over a range of HF|P-containing solvents. The calibration procedure appears in
temperatures for MrH3a in 8% HFIP. Even the system with least Materials and Methods.

populated hairpin, MHr3a at 2% in water, represents a significant

hairpin population: §]1gsis significantly more negative thaf]pi4 Scheme 1

for an unfolded coil state.

PF-1 U
diastereotopicity measure may not be applicabl@@®rturns.
In contrast, NMR measures 1 and 2 can be calibrated and \[/\j ==
expectation values for 100% folded are about the same,
regardless of turn type. (4) The smaller downfield shifts u / ",

(relative to the inward kl at the non-H-bonded sites) of the
Ho resonances of the $ 1 and S+ 3 residues have also :| =
been used extensivelyl1, 14, 53, 54), but there is no F PE.2
theoretical basis for calibration, and in the present case, these
shifts are small and thus subject to greater experimental error
Our interest here is focused on the thermal behavior of
MrH3a in 8% HFIP, the medium in which we observed
unusual initial-state-dependent relaxation kinetics. The gen-
eral usefulness of theflmax — [@]lmn CD measure is
illustrated in Figure 2. Solvent and mutation (an—-N p
mutation to position T2) effects establish that this measure
does reflect hairpin population. The inset panel in Figure 2
provides clear evidence that either the fold population (or

‘of the melting curve is in agreement. While there is some
difference in the folded-fraction measure obtained from either
the turn or strand probes in the case of strictly agqueous
medium, in 8% HFIP this difference is largely absent. Both
measures reveal cold denaturation. The extent of unfolding
(i.e., loss of structuring chemical shifts) upon both warming
and cooling from the maximum at 295 K is somewhat less
using the turn measure. While this might be taken as an
the ordering of the strand amide groups) in 8% HFIP inplication o_f some retained turn st.ructure as the hairpin strand
alignment is reduced at both high and low temperatures,

decreases upon cooling. . . o
Residue—sgecific NM% data have the potential to define fStUd'eS with an analogue, the MrH4a sequence (vide infra),

the extent to which a folding transition is strictly two-state. Idn which the e’“ﬁ?“ O.f cold-induced unfolding is enhanced
If the equilibrium is, effectively, between a statistical coll 0 not support this view.
state and a fully hairpin-like folded state, then all chemical ~ For MrH3a, the extent of unfolding observed upon cooling
shift measures of structuring should display the same solvent,is quite small and the chemical shift and CD changes can
mutation, and temperature dependence. For MrH3a andall be rationalized within the context of the folding scheme
MrH3b in a variety of media (water at two pH’s, 8% HFIP, shown (Scheme 1). Two-state folding would imply only the
and 30% TFE), this was the case for all three NMR measuresU and F states shown. The partially folded states, PF-1 and
mentioned above (data not shown). For conversion to folded PF-2 represent species that could also be populated under
fraction, we have assumed that MrH3b is 96% folded in 30% conditions where the fully folded population is decreased.
TFE at 280 K. Figure 3 shows the fraction-folded ver§us  PF-1 represents conformers in which a fully formed turn at
data in 8% HFIP derived using the strand alignment specific the native locus is present; this is a folding intermediate in
measure (the sum of theoHstructuring shifts for T4, S6,  the Mufbz—Eaton folding pathway26). We hypothesize
K11, and T13) and the diastereotopic shift difference for the that PF-2, an alternative folding intermediate, is a contributor
Gly®—CH,. Both measures show structure loss upon both to the ensemble of unfolded states that form as a result of
cooling and warming with maximal structuring at ca. 295 cold-denaturation. Its looser cross-strand hydrophobic cluster
K. These measures are concordant with the CD measure ins reasonable given the decreased hydrophobic pressure
Figure 2. toward compaction at lower temperatures. The U and both
Qualitatively, the differences in structure as measured by PF states would lack the CD signature of a hairpin, but PF-1
the turn and strand probes are insignificant: the overall shapeshould retain the diastereotopic shift difference for Gly



10410 Biochemistry, Vol. 44, No. 30, 2005 Dyer et al.

25 /}\D‘\D\ 1 A
g’ j/ ~o 508 7
o o
s S
215 £ o6
E / 5"
) k3]
o 1 ®
K| L£04

4 S 04
0.5 T T T T T 1 g
280 290 300 310 320 330 o2 y =1.043x - 0.027
0.9
0 - T T T T 1
0.8 0 02 04 06 08 1
Turn (Fraction Folded)

0.7 Ficure 5: A comparison of turn £46-CH, for Gly®) and cross-
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the sum of the strand residuentsites versus the diastereo-
0.3 7 topic shift difference for the GR~CH, measure (Figure 5),
the slope of the well-correlated dat®?(= 0.98) is 1.04.
0.2 —7 T

T ! T ! The correlation passes very close to the origin, specifically
280 290 300 310 320 330

Temperature (K)
® 8% HFIP (Turn)
O 8% HFIP (Ho strand)

0.03 fractional turn at zero strand alignment: the diastereo-
topic shift difference for GI§—~CH, is thus an excellent
measure of the population of the fully folded hairpin state.
FiGURe 4: CD and NMR measures of fold for MrH4a. The top Infrared Spectroscopic Measures of Folding in 8% HFIP.
panel tracks the 197 — [0]215) measure oB-hairpin structure (in NMR and CD methods are useful for characterizing the
millidegrees) for MrH4a in 8% HFIP. The expectation value for equilibrium structures and populations of fhéairpin, but

this A[6] measure for a coil state is ca:.1.8 mdeg at SC. The  pgijther can follow the fast folding/unfolding kinetics. Most
lower panel employs turn and strand NMR probes to derive the

temperature dependence of the folded fraction in both water and previous StUQ'es of hairpin folding dynamics have _been based
8% HFIP. All measures indicate a significantly greater loss of 0N IR detection of the structural changes following a laser
structure is present due to cold denaturation than was observed forT-jump. Gai and co-worker2g) used the sharp, but weak,
MrH3a. band at 1681 cnt to measure hairpin populations and the
correlated, more intense, but broad, band at 1632'dm
CH,. On the basis of the NMR data, the structured turn form monitor Changes after T_jumps; the two bands are attributed
(PF-1) cannot be the major “unfolded” species upon cooling. to in- and out-of-phase, inter-strand, dipole coupling among
Comparisons with an Analogue That Displays Enhanced amide carbonyls associated witi#-aheet conformation. The
Cold-Denaturation.Peptides MrH4a and MrH4b became same group5) has monitored the kinetics of a trpzip hairpin
available only after the T-jump studies on MrH3a were at 1624 cm™. In a preliminary study35) of MrH1 over the
completed. The Y3L mutation destabilized the hairpin fold cold-denaturation limb, the largest changes in absorbance
and increased the degree of cold-denaturation observed bywere observed at 1618 cth The T-jump kinetics of MrH3a
all spectroscopic measures. Assuming that the folding in 21% HFIP were monitored at 1632 ci(29). These
equilibria of MrH3a and MrH4a are similar, MrH4a provides  studies demonstrate the utility of infrared spectroscopy for
greater access to partially structured species that contributefollowing the folding dynamics oB-hairpin structures.
to the cold- versus heat-denatured state. Spectroscopic data The FTIR spectrum of MrH3a in 8% HFIP provides clear
for MrH4a, analogous to that in Figure 3, appears in Figure evidence for the formation of a stabfehairpin structure.
4. Three low-frequency components of amidete observed
The greater extent of structure loss upon cooling in the in the second derivative spectrum (1628, 1634, and 1645
MrH4a analogue provides a clearer picture of the nature of cm™%; data not shown) at 28C. These three components of
the cold-denatured state. We observe that the order in thethe amide 'l band, assigned to @turn and the inward and
turn is lost to essentially the same extent as strand alignmentputward directed €0 groups of thes-sheet, that is, intra-
additional evidence that cold denaturation does not increaseand intermolecular (to water) hydrogen bonding, respectively
the population of PF-1. Further evidence for the lack of the (27), can be used to follow the temperature-dependent
PF-1 species in hairpin peptide equilibria under partially population of thef-hairpin structure. The temperature-
folded conditions comes from plots of fraction-folded data dependent FTIR difference spectra for MrH3a in 8% HFIP
based on strand probes versus that from turn probes. Wherin the amide | region are shown in Figure 6, along with the
data for MrH3a and MrH4a in Figures 3 and 4B (as well as fraction-folded versu3 data (inset). These difference spectra
comparable data for these peptides in 30% TFE at 280 andare generated using the spectrum at’@5as the reference
320 K, the former representing the most folded conditions spectrum and subtracting the spectrum at temperatfrom
for both peptides) are plotted as fraction-folded based onthat at 25°C for T < 25 (25— T; Figure 6, upper panel)

B Aqueous (Turn)
O Aqueous (Ho strand)
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FIGURE 6: FTIR difference spectra for MrH3a in 8% HFIP. Upper dependence of the amplitude of each component is plotted in the

panel, cold-denaturation limb (25 T); lower panel, heat-  Inset, with the corresponding line type.
denaturation limb (T— 25); inset, melt-curve monitored at 1626

em-L. unfolded, and partially folded or cold-unfolded states) is

required to account for the evolution of the difference

and the inverse fof > 25 (T — 25; Figure 6, lower panel).  spectrum from low to high temperature. These observations
The spectrum at 25C is near the maximum of the melt suggest that th8-hairpin structure is only partially disrupted
curve (inset) and thus is the best representation of the fully in the cold-denatured state, although they do not reveal the
folded spectrum (although the folded fraction is still only exact nature of the residual structure.
0.85 based on the NMR analysis). The difference spectra An SVD analysis of the temperature dependence of the
exhibit spectral changes associated with the loss of folded FTIR spectra provides a clearer picture of the distinction
population as the temperature is raised or lowered from 25 between the cold-denaturing and heat-denaturing transitions
°C. They also contain a derivative-shaped feature centeredthan the difference spectra alone. The results of this SVD
at 1672 cm® that is due to the temperature-dependent shift analysis are shown in Figure 7. Two components capture
of the C=0 stretch frequency of incompletely removed TFA nearly 90% of the variance in the temperature-dependent
from the HPLC purification. While this feature obscures part FTIR spectra. A third component (c1) is essentially invariant
of the amide | region, the features characteristic of the hairpin over the whole temperature range studied, with the spectral
structure are clearly discernible. The IR melt obtained by shape similar to the amide | envelope. The remaining
monitoring the IR absorbance at 1626 dinnear the peak  components (not shown) have small amplitudes and represent
of the maximum difference feature, is shown in the inset. the noise in the data. The two temperature-dependent
The folded fraction has been approximated by setting the components provide a clearer picture of the distinction
maximum to 0.85, the value determined from the NMR between the cold-denaturing and heat-denaturing transitions.
analyses (Figure 3) and fitting the heat-denaturation branchThe temperature dependence of these two components
to a 2-state model. The cold denaturation transition is clearly appears in the inset of Figure 7. Component ¢3 (the one with
observed with approximately the same fraction of unfolding smallest amplitude) captures the changes associated with
as observed in the NMR. The folded fraction estimated from cold-denaturation. It has the sharp 1628 ¢rfeature and
the IR melt agrees well with the NMR determination over only a modest positive feature at 1650655 cnt?, similar
the entire range of the NMR measurements. Clearly, the to what is observed in the low-temperature difference spectra
difference feature centered near 1626 ¢€ns a sensitive of Figure 6. The dominant amplitude change for the c2
measure of the hairpin population and can be used in T-jumpcomponent occurs in the high-temperature region, and its
measurements to follow the dynamics of the folded structure. spectral signature corresponds reasonably well to the differ-

The MrH3a FTIR difference spectra over the cold- and ence spectra for the high-temperature transition of Figure 6.
warm-limbs of the melt are clearly different. First, the The notable features are the broader ca. 1628 gmak and
isosbestic point shifts from 1634 to 1646 chior the low- a readily detected peak corresponding to an increase in the
and high-temperature transitions, respectively. As the tem- population of the fully unfolded coil state. The differences
perature is increased from 4 to 25, the features associated at 1655 cm? between ¢2 and ¢3 are more remarkable given
with the 3-hairpin structure grow in intensity (Figure 6, upper that the strong feature appears in c2 where it would be most
panel). In contrast, as the temperature is further increasedreadily masked by the nearby negative peak due to TFA. In
from 25 to 77°C, these features decrease in intensity (Figure c3, this peak is a weak shoulder on the side of the TFA
6, lower panel). The feature centered at 1626 cimbroader difference feature. Thus, the SVD analysis supports a 3-state
and displays a shoulder at ca. 1615 énover the heat- model to describe the FTIR data, with distinct low- and high-
denaturing limb. There are also differences in the region temperature denatured states. Further, it appears that cold-
(1650-1660 cnt) where the statistical coil band is expected. denaturation does not produce coil spectral features in
The population of at least three different states (folded, proportion to the loss gf-hairpin structure.
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Ficure 8: T-jump relaxation transients of MrH3a in 8% HFIP
monitored in the amide | region (1626 c#) following T-jumps
over the ranges indicated in the legend.

Table 1: Relaxation Kinetics for MrH3a in 8% HFIP/AD
relaxation lifetime

AT (T; — Ty)/°C amplitude/mOD (Lkre))us
5-17 0.003 2.3
0.003 25
16—28 0.002 24
—0.001 111
26—38 —0.002 9.0
—0.002 50

Dynamics of Refolding of MrH3a from a Cold-Denatured
State.Selected IR relaxation kinetic traces following a laser-
induced T-jump are shown in Figure 8. The kinetics are
monitored at 1626 cnt, a frequency that is sensitive to both
the cold- and heat-denaturation transitions (Figure 6). Three
different relaxation measurements are shown: onelp
°C) over the cold-denaturing limb, one strictly within the
melting limb (26-38 °C), and one (1638 °C) through the
temperature of maximal folding. Two well-separated kinetics
phases are observed for T-jumps over 10 different temper-
ature ranges (including the three shown in Figure 8), and all
data can be fitted by biexponential functions. For the three
experiments illustrated in Figure 8, the relaxation amplitudes
and lifetimes are given in Table 1. A striking feature of these
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reported here is clearly related to the cold-denaturation
transition.

A kinetics model with a minimum of three states is
required to fit the observed relaxation data. We postulate a
kinetics model involving U, F, and PF-2 (Scheme 1):

PF-25F=U

The PF-2= F equilibrium dominates the low-temperature
transition, and the B= U equilibrium dominates the high-
temperature transition. We rule out PF-1 (containing residual
turn structure) in this scheme based on the NMR evidence
that this state is not significantly populated in the equilibrium
sense and the absence of any infrared evidence that such a
state is transiently populated. A third equilibrium is possible
in this scheme (between PF-2 and U), but only two relaxation
rates are observed, so only the indicated equilibria are
considered in our model. Quantitative modeling of the
observed relaxation rates in terms of this model requires
knowledge of the individual equilibrium constants. We have
determined the temperature-dependent population of F, but
without a clear spectral signature for the PF-2 species, it has
not been possible to do the same for this species. Neverthe-
less, the model provides an important framework in which
to understand the origin of the observed fast and slow
relaxations. Both a fast and a slow phase are observed for
all T-jumps, regardless of starting temperature, but the signs
and amplitudes of each phase varies depending on the
position within the two transitions. The key to assigning the
origin of each phase is the relaxation data for a T-jump that
carries the system from the low- to the high-temperature
branch of the melt curve (i.eAT = 16 — 28 °C in Figure

8). The fast phase is positive (meaning the population of F
is increasing), whereas the slow phase is negative (decreasing
population of F). Therefore, we assign the fast process to
the relaxation of the PF-2= F equilibrium in our kinetics
model, and the slow process to relaxation of thesFU
equilibrium.

Additional support for these assignments is provided by
the time-resolved spectra in Figure 9. These spectra are
generated from individual relaxation transients obtained for
each wavelength (two of which are shown in the inset),
following a T-jump from 4 to 22°C (within the low-
temperature transition). Both the fast process (represented
by the 5us spectrum) and the slow process (represented by
the 100us spectrum) show similar spectral features. The
positive lobe of the transient spectra represents the growth
of folded structure. This growth occurs with approximately

relaxation transients is that both phases are positive for thegqual amplitude in both the slow and fast phases. The

low-temperature jump (net gain in folded population),

negative for the high-temperature jump (net loss), and
alternately positive and negative for the intermediate tem-
perature jump (with little net change). The observed relax-
ation kinetics of MrH3a in 8% HFIP are in sharp contrast to
the behavior we have reported previously for the same
peptide in 21% HFIPZ9). Under the latter conditions, the

relaxation kinetics are always single exponential, regard-

amplitude of each phase is quantified in the biexponential
fit to the 1625 cm* transient (the positive transient in the
inset), which yields roughly equal amplitudes for the two
phases. The negative lobe of the transient spectra has a major
contribution from U (although there may also be some
contribution from PF-2), based on the difference spectra and
SVD analysis. Therefore, this spectral feature should domi-
nate the relaxation kinetics of the & F equilibrium. The

less of starting and ending temperature. The essentialamplitude of the slow phase is 1.5 times that of the fast phase
difference between these two conditions is that the peptidewhen monitored at 1651 cmy near the peak of the
does not cold-denature in 21% HFIP and the equilibrium disordered structure band (the negative transient in the inset).
transition, as well as the kinetics, is well-described by a two- This observation supports the assignment of the slow phase
state model. Thus, the complexity of the relaxation kinetics to the relaxation of the 3= F equilibrium.
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and H-bonding interactions that define both the turn and
cross-strand interactions of th&hairpin. Moreover, the
NMR data rule out preferential loss of the sheet structure
over the turn at low temperatures, and thus, PF-1 in the
scheme is not significantly populated under these conditions.
Taken together, these results support a model for the cold-
denatured state as a collapsed state (PF-2), with some
hydrophobic packing, but lacking the tight packing and the
full complement of cross-strand H-bonds that define the
e hairpin fold.
10° 10° 10% Turning to the kinetics, two relaxation phases are observed
Time (5) in all T-jump data for MrH3a in 8% HFIP, in contrast to the
strictly single-exponential kinetics observed under conditions
for which there is no cold-denaturation (20% HFIR9)).
We have modeled the 8% HFIP relaxation data with a 3-state
equilibrium, including different cold- and heat-denatured
states. The slowest relaxation rates occur for thesRJ
equilibrium probed on the heat-denaturation limb of the melt.
We have previously shown that the unfolding rate of MrH3a
in 20% HFIP is strongly temperature-dependent and slow
| | | | | | (L/ky, = 75 us at 28°C and 2Qus at 40°C) (29). It is likely
1620 1630 et et (cm Ty 1660 1670 that the relaxation times of the slow phase are dominated
Ficure 9: Time-resolved IR spectra following a T-jump from 4 to by the ynfo!dlng rate, which accounts for the qbserved long
20 °C (within the cold-denaturation branch). The relaxation relaxation times. In contrast, the fast phase within the cold-
transients at 1626 cm (positive; gain of hairpin structure) and  denaturation limb is likely dominated by the refolding rate
1651 cnt* (negative; loss of disordered structure) are shown in from PF-2, at least at the lowest temperatures. The folding
the inset, together with double exponential fits to the data. rate previously measured for MrH3a in 20% HFIP at’C7
is 1/(6.8us) for U— F, compared to a folding rate of 1/(2.3
DISCUSSION us) for PF-2— F. This represents an approximate 3-fold
Determining the effects of residual structure in denatured acceleration of the folding rate when starting from the cold-
states of proteins on the kinetics and mechanism of folding denatured state (PF-2) compared to the fully unfolded state
is an area of active research. If such residual structure is(U). The same faster rate of folding is observed for the initial
native-like, it may serve to reduce the conformational space increase in hairpin population that occurs in a T-jump from
that must be searched and to nucleate the folding reaction the cold-denatured limb to the heat-denatured melting limb.
thus, speeding it up. Conversely, if the structure involves Finally, the observation of differing folding rates from the
non-native interactions, it may be necessary to break up suchcold- and heat-denatured states of MrH3a is in sharp contrast
interactions prior to productive folding, introducing an energy to the recent observation of indistinguishable folding rates
barrier to folding, thus, slowing it down. It is therefore from the cold- and heat-denatured states of the five-helix
important to determine both the nature of the residual bundle proteiris-ss (59). Since no apparent residual structure
structure and its effect on the folding kinetics to understand is present in the cold-denatured statéggs, this observation
its influence on the folding mechanism. In the present study, is further evidence that the rate acceleration for MrH3a is
we have found that the cold-denatured state oftmairpin- due to the presence of such structure.
forming peptide MrH3a has residual structure, which has The acceleration of the folding rate when starting from
important implications for the refolding kinetics of this PF-2 is best understood in the context of other work on the
peptide. mechanism off3-hairpin formation. Previously, we have
Our results demonstrate that the cold-denatured state ofinvestigated the folding mechanism gfhairpin structures
MrH3a comprises relatively compact and solvent-protected having a stabilizing hydrophobic cluster at different distances
conformations. First, the equilibrium FTIR and transient IR from the turn 29). Our results revealed a strong dependence
data provide clear evidence for differences in structure of the folding rate on the length of the loop connecting the
between the cold- and heat-denatured states of MrH3a. Thestabilizing, cross-strand interactions of the hydrophobic
heat-denatured state is highly disordered as evidenced bycluster. Furthermore, we found that the folding rate is
the strong, broad IR feature at 1655 ¢netharacteristic of accelerated in systems that are constrained to “collapsed”
the statistical-coil state. In contrast, the cold-denatured stateconformations. For example, the folding rates of a series of
exhibits this band only weakly and retains a sharp, low- cyclic peptides that form stabje-hairpin structures are all
frequency band with a characteristic frequency for a solvent- about 10 s™!, essentially the upper limit fof3-hairpin
protected amide €0 stretch (1615 cmi). While the IR formation Q7). A related example is the folding of src SH3,
signature for this state is clearly different from the charac- for which insertion of a disulfide cross-link at the base of
teristic hairpin spectrum, at least some of the amide carbonylsthe distal5-hairpin increases the rate of folding of this protein
must be buried and are likely involved in intramolecular 30-fold (56). The SH3 hairpin structure is likely formed in
H-bonding based on this very low amide | frequency. Further the transition state, and the transition state barrier (due in
insight on the nature of the cold-denatured state is providedpart to the loop entropy) is reduced by formation of
by the NMR data, which indicate a loss of the tight packing the disulfide linkage. Theoretical simulations from the
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Thirumalai group support these ideas. Simulation of the 12.
folding rate of a 16 residue, line@rhairpin compared with
the cyclic analogue (formed by cross-linking the C and N
termini) predicts a 2.5-fold acceleration for the cyclic peptide
(57). In addition, a greater than 2-fold increase was predicted
for the rate of folding of thg-hairpin from Ig-binding protein
when confined in an inert spherical porgg]. In light of
these results, we interpret the acceleration of the folding rate
of MrH3a in 8% HFIP as a direct consequence of the 15.
collapsed conformation of the cold-denatured state (PF-2).
We present clear evidence that PF-2 is not a statistical coil 1g
state, but rather has some degree of compactness and solvent
protection. In 20% HFIP, this state is not populated; folding
occurs only from the fully unfolded state and is therefore
slower. Finally, there may be some reduction of the loop
search cost when starting from PF-2, since this state may
have some of the stabilizing cross-strand interactions already 18-
formed.

Clearly, residual structure in the cold-denatured state of 19.
MrH3a speeds up the refolding reaction, possibly by reduc-
tion of the loop entropy and by facilitating the formation of
the cross-strand H-bonds. An interesting question is whether
the PF-2 state resembles the transition state for folding. While
the compact topology and stabilizing cross-strand interactions
present in PF-2 likely resemble the transition state, non-native
interactions in PF-2 are also possible. Such non-native
interactions would introduce additional barriers to folding
that are not present in the transition state. Further charac-
terization of the transition state and PF-2 structures will be 4
necessary to resolve this issue.
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