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ABSTRACT: 13C-NMR relaxation experiments (T1, T2, T1F, and NOE) were performed on selectively enriched
residues in two peptides, one hydrophobic stapleR-helix-forming peptide GFSKAELAKARAAKRGGY
and oneâ-hairpin-forming peptide RGITVNGKTYGR, in water and in water/trifluoroethanol (TFE).
Exchange contributions,Rex, to spin-spin relaxation rates for13CR and 13Câ groups were derived and
were ascribed to be mainly due to peptide folding-unfolding. To evaluate the exchange time,τex, from
Rex, the chemical shift difference between folded and unfolded states,∆δ, and the populations of these
states,pi, were determined from the temperature dependence of13C chemical shifts. For both peptides,
values forτex fell in the 1µs to 10µs range. Under conditions where the peptides are most folded (water/
TFE, 5°C), τex values for all residues in each respective peptide were essentially the same, supporting the
presence of a global folding-unfolding exchange process. Rounded-up averageτex values were 4µs for
the helix peptide and 9µs for the hairpin peptide. This 2-3-fold difference in exchange times between
helix and hairpin peptides is consistent with that observed for folding-unfolding of other small peptides.

It is well known that proteins and peptides undergo internal
motions over a wide range of time scales from picoseconds
to milliseconds and longer. NMR1 spectroscopy has been
used extensively to investigate many types of internal
motions. Fast motions falling in the picosecond to nanosec-
ond range generally arise from motions of individual bonds
(15N-H or 13C-H) or small groups of atoms (e.g., CH2 or
CH3) that are faster than the overall tumbling time of the
molecule. These fast motions contribute to NMR relaxation
parameters, such as the spin-lattice (longitudinal) relaxation
rate, R1, the nuclear Overhauser effect (NOE), the spin-
spin (transverse) relaxation rate,R2, and the rotating frame
spin-lattice relaxation rate,R1F. Derivation of amplitude
(order parameter) and frequency (correlation time) of these
fast motions in proteins and peptides is usually based on the
analysis of these NMR relaxation parameters.

Internal motions of larger groups of atoms, correlated
motions of several residues, segmental motions, and the like

usually occur on the nanosecond to microsecond time scales,
whereas conformational reorganization of the entire molecule,
like folding-unfolding, occurs on the slower time scale of
microseconds to milliseconds. Internal motions occurring on
these time scales contribute primarily to the transverse
relaxation rate that results from dephasing of spin coherences
caused by random jumps between or among states of nuclei
having different chemical environments such that the NMR
line for each state will have a different chemical shift,ν.
This process is referred to as chemical exchange, and the
motional time is given by the exchange lifetime,τex. To
simplify derivation of slower motions from NMR relaxation
data, it is usually assumed that exchange occurs between
two states, a and b. When the exchange process falls within
the slow or intermediate time regime on the chemical shift
time scale, i.e., (2π∆ντex)2 . 1 or ∼ 1 (∆ν is the chemical
shift difference between two states), it is possible to derive
parameters that characterize the chemical exchange process,
i.e., τex and the populations of each conformational state,pa

andpb, from analysis of the temperature dependence of line
shapes or from the dependence of the transverse relaxation
rate on the effective field strength,ω1 ) γB1 (1). On the
other hand, if the exchange between the two states is fast on
the chemical shift time scale, (2π∆ντex)2 , 1, then only one
single, narrow resonance is observed at the chemical shift
position that is the weighted average of the chemical shifts
of both states. In this fast exchange regime, the averaged
resonance is independent of the effective field,B1, which
makes analysis of the exchange process complicated. In this
case, it is impossible to independently obtain the exchange
time and the populations in the different states from analysis
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of the transverse relaxation rate,R2, and its temperature and/
or field dependence. To estimateτex, one needs to use a value
for the chemical shift difference,∆ν, and the populations of
the two states,pa andpb, from independent measurements.

Mandel et al. (2), for example, used NMR spectroscopy
to demonstrate that the upper limit for conformational
exchange in RNase H is 10µs. For this, these authors merely
assumed that the chemical shift difference,∆ν, between
folded and unfolded conformations was 2 ppm. For an
alanine-based helix-forming peptide, Thompson et al. (3)
found that the helix folding time was about 1µs. For
cytochromec, the shortest folding time was found to be 130
µs (4). Folding times for â-hairpin/sheet formation are
usually longer than those for folding of helical peptides. For
a 20-residue peptide designed to fold into a monomeric three-
stranded antiparallelâ-sheet in aqueous solution, the folding
time for â-sheet formation was estimated from NMR
measurements to be in the range 4-14 µs at 10°C (5).
Folding of a 16-residueâ-hairpin has been shown to occur
in about 6µs at room temperature (6).

Short linear peptides usually exist in solution as a
distribution of transient, rapidly interconverting conforma-
tions making structural characterization using NMR prob-
lematic, given the presence of few, if any, long-range,
conformationally informative1H-1H NOEs, J-coupling
constants, or chemical shifts. Several peptides, however, have
been designed or identified as having at least some structure
under certain solution conditions. In the present study, two
model peptides, one helical and one hairpin, have been
investigated using13C-NMR relaxation methods to derive
the range of possible folding-unfolding exchange times (τex)
from the exchange contribution,Rex, to R2. Even though
folding-unfolding may occur via multiple steps, a two-state
process was assumed to simplify analysis of NMR exchange
data, which, in any event, would not allow discrimination
between two-state and multiple-state exchange processes. For
this analysis, chemical shift differences and populations of
different states have been estimated from analysis of the
temperature dependence of chemical shifts. The hairpin
peptide being studied (RGITVNGKTYGR) is partially folded
under a variety of solution conditions (7). NOE-based
distance geometry calculations demonstrate formation of a
â-hairpin from residue 3 to residue 10 and centered at NG
(Figure 1). In this peptide, seven residues, G2, I3, T4, V5,
G7, Y10, and G11, were selectively and uniformly13C-en-
riched. While G2 and G11 monitor dynamics at the unstruc-
tured termini, G7 is part of theâ-turn, and the two remaining
residues with bulky side chains, V5 and Y10, are positioned
on the same face of a shortâ-sheet in the hairpin and show
cross-strand NOEs. The second peptide being studied is a
short linear peptide 18mer, GFSKAELAKARAAKRGGY,
which has been shown to fold in anR-helical conformation
stabilized by formation of a hydrophobic staple motif (see
Figure 1) (8). In this peptide, five residues, F2, A5, L7, A8,
and A10, were selectively and uniformly13C-enriched. For
this peptide in water at 5°C, numerous conformationally
constraining, long-range1H NOEs have been observed, and
distance geometry calculations using these NOE constraints
have demonstrated formation of a turn centered at SK which
leads into anR-helix conformation from A5 through A12.
The C-terminal portion appears to form a nascent helix and
is much less structured. From analysis of chemical shifts,

3JRN coupling constants, NOE intensities, and CD data, the
R-helix population is most significant at 5°C, i.e., about
50%.

MATERIALS AND METHODS

Peptides.Both peptides, one helix-forming peptide GF-
SKAELAKARAAKRGGY and oneâ-hairpin-forming pep-
tide RGITVNGKTYGR, were synthesized on a Milligen/
Millipore Excell peptide synthesizer or on an Applied
Biosystems 431A peptide synthesizer (9) using Fmoc solid-
phase methodology. Peptides were isotopically enriched with
uniformly 13C-labeled amino acids (CIL, Cambridge) at
residues F2, A5, L7, A8, and A10 in theR-helix-forming
peptide and at residues G2, I3, T4, V5, G7, Y10, and G11
in theâ-hairpin-forming peptide. Peptides were purified by
HPLC using a linear acetonitrile/water gradient, and the
purity was checked by analytical HPLC on a C18 Bondclone
(Phenomenex) column and fast atom bombardment mass
spectrometry. The peptide concentration was determined
from the dry weight of freeze-dried samples. To avoid13C
resonance overlap, separate peptides, each with different
residues enriched in13C, were produced: three peptides for
the helix (F2-A8, A5-L7, and A10) and five peptides for
the hairpin (G2-V5, I3, T4, G7-Y10, and G11). For
assurance that peptides behaved the same in solution,1H-
NMR and CD spectra were acquired on each peptide and
were found to be identical.

FIGURE 1: NMR-derived structures forR-helix (bottom) and
â-hairpin (top) peptides. For the helical peptide, the superposition
of the structures is shown, whereas for the hairpin peptide, the
general backbone fold is shown with interresidue NOEs indicated.
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NMR Relaxation Measurements.For 13C-NMR relaxation
measurements, freeze-dried peptides were dissolved in D2O
or in 65/35 (v/v) D2O/trifluoroethanol (TFE). Peptide con-
centration, determined from the dry weight of freeze-dried
samples, was 15 mg/mL. The pH was adjusted to 6 by adding
microliter quantities of NaOD or DCl. NMR experiments
were performed on Varian Inova-500, -600, and -800 NMR
spectrometers equipped with triple-resonance probes and on
a Bruker AM-250 NMR spectrometer equipped with a13C
direct-observe probe. The temperature was varied from-8
to 65 °C.

Spin-lattice relaxation rates,R1, were determined by using
the direct homonuclear inversion-recovery method with a
composite 180° (90°x-180°y-90°x) pulse with broad-band
1H-decoupling GARP (10). The number of acquisitions was
chosen to give a signal-to-noise ratio greater than 10 and,
therefore, was varied from 200 to 1000. Ten to fifteen time-
incremented (partially relaxed) spectra were routinely ac-
quired for each relaxation measurement. Relaxation rates
were determined as described by Daragan et al. (11). {1H}-
13C NOE coefficients were measured by using the standard
gated decoupling technique.

13C spin-spin relaxation rates,R2, were measured as a
function of the effective field strength,B1eff, using Carr-
Parcell-Meiboom-Gill (CPMG) spin-echo and off-reso-
nance spin-lock experiments. CPMG experiments were
performed using the pulse sequence described by Farrow et
al. (12) with a few minor modifications. The first modifica-
tion in the CPMG pulse train consisted of applying soft
rectangular 180° pulses (714-1250 Hz) exactly on the
resonance frequency of a given nucleus. Selective excitation
avoids modulation of the spin-echo decay byJ-coupling
(13-15), which occurs when nuclei have at least one bonded
13C-labeled neighbor. The second modification involved the
use of narrow-band, constant irradiation proton decoupling
during the relaxation period because wide-band decoupling
schemes such as WALTZ and GARP do not work well for
J-coupled nuclei (16, 17). τcp was varied from 150 to 400
µs. Relaxation times were determined from the slope of the
relaxation decay using 15 points.

Off-resonance rotating frame,T1F, relaxation experiments
were performed using pulse sequences described by Zinn-
Justin et al. (18) and by Mulder et al. (19). The same
modifications (soft pulses and narrow band decoupling) as
were done for CPMG measurements were employed. The
strength of the effective spin-lock field was determined as
B1eff ) [∆2 + (Β1)2]1/2, where∆ is the resonance offset of
the appliedB1 field. ∆ was varied from 400 to 5280 Hz.
The duration of the spin-lock pulse (the relaxation period)
was varied from 0 to 300 ms to yield 15 points on the
relaxation decay curve. InT1F experiments, the transverse
relaxation rate,R2 ()1/T2), was obtained from the equation:

whereR1F andR1 are the longitudinal relaxation rates in the
rotating and laboratory frames, respectively,θ is the angle
between the effective spin-lock field and theB0 field. θ, as
well as the amplitude of the effective spin-lock field, is
regulated by the combination of the resonance offset of the
appliedB1 field and its strength (18). In our experiments,θ
was optimal between 30°and 50°.

Chemical exchange contributions,Rex, to spin-spin re-
laxation rates,R2, were obtained using a Monte Carlo
minimization protocol (20) which minimized the function
(11):

whereRi
1exp, Ri

2exp, and NOEi
exp are the experimental values

andRi
1theor, Ri

2theor, and NOEi
theorare the calculated values of

the NMR relaxation parameters which can be expressed in
terms of spectral densities:

where

whereR2dd is the13C-1H dipole-dipole contribution toR2,
kdd ) nγC

2γH
2p2/r6

CH, γC andγH are the magnetogyric ratios
for 13C and1H nuclei, respectively,p is the Planck constant,
rCH is the length of CH bond, andn is the number of attached
protons. Chemical shift anisotropy,∆σ, was estimated to be
-25 ppm for13C (21). Since contributions from13C CSA to
the relaxation rates are much smaller (less than∼5%) than
contributions from13C-1H dipole-dipole interactions even
at high field (21), this term was neglected during data
analysis. In addition, dipolar coupling between adjacent
carbons in uniformly13C-labeled amino acids can contribute
to carbon relaxation rates (22). In general, the effect is greater
for molecules exhibiting larger overall tumbling correlation
times and at higher magnetic fields. Because of this,
relaxation data were corrected by assuming that contributions
from C-H and C-C spectral densities were equal. This
reasonable assumption contributed less than 2% to the error
in calculating relaxation rates. Using this approach, it was
found that the contribution from13C-13C dipole interactions
was less than about 5% for these short peptides in aqueous
solution at 30°C. This contribution increased somewhat at
lower temperatures and was maximally 11% in TFE solution
at 5 °C due to larger overall tumbling times resulting from
increased solution viscosity.

During minimization of eq 2, the summation was per-
formed over all the NMR frequencies for which data were
available. In this analysis, no specific model is used for the
spectral density function; rather the spectral density function
is directly fit during the minimization protocol as discussed
by Mayo et al. (20). The Rex term was taken to be
proportional to the Larmor frequency squared. Recently,
Millet et al. (23) demonstrated that this usual assumption,

R1F ) R1 cos2 θ + R2 sin2 θ (1)

ø2 ) Σi[(R
i
1exp- Ri

1theor)/R
i
1exp]

2 + [(Ri
2exp-

Ri
2theor)/R

i
2exp]

2 + [(NOE i
exp - NOEi

theor)/NOEi
exp]

2 (2)

R1 ) 1
10

kdd[J(ωC - ωH) + 3J(ωC) + 6J(ωC + ωH)] +

2
15

∆σ2ωC
2J(ωC) (3a)

R2 ) R2dd + Rex (3b)

R2dd ) 1
20

kdd[J(ωC - ωH) + 3J(ωC) + 6J(ωC + ωH) +

4J(0) + 6J(ωH)] + 1
45

∆σ2ωC
2[4J(0) + 3J(ωC)]

NOE ) 1
10

γH

γC

kdd[6J(ωC + ωH) - J(ωC - ωH)]

W1
(3c)
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i.e., at the fast exchange limitRex scales quadratically with
the magnetic field, may be incorrect if the population of one
exchanging state is greater than 70% and the product
(2π∆ντex)2 is less than 1 but not that much less than 1; i.e.,
the fast exchange condition is not fully met. Even though
folded-unfolded state populations of these helix and hairpin
peptides can be greater than 70%, it is evident that when
their exchange times,τex, are in the 1-10 µs range with∆ν
) 400 Hz, (2π∆ντex)2 is 6.3× 10-6 to 6.3× 10-4. These
values are much, much less than 1, indicating that the fast
exchange condition would be fulfilled. Even withτex of 100
µs, (2π∆ντex)2 would be 6× 10-2. For the peptides studied
here, therefore, takingRex proportional to the square of the
Larmor frequency is valid.

Values forRex were then used to derive exchange times,
τex. Although a multistate exchange process could not be
ruled out, analysis was greatly simplified by using a two-
state model. For a two-site exchange process occurring on
the fast chemical shift time scale,Rex measured by using
the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
can be approximated (24) as

wherepa andpb are the relative exchange site populations,
δω ) 2π∆ν, with ∆ν being the chemical shift difference
between the two states,τex is the time constant for the
exchange process, andτCPMG is the time interval between
180° pulses in the CPMG pulse sequence. ForT1F measure-
ments (25), the exchange contribution is given by

Folded State Populations and Chemical Shift Differences.
To determine chemical shifts, proton-decoupled13C spectra
were acquired with a resolution of 0.5 Hz. Chemical shifts
were expressed in absolute frequency with no internal
reference. The temperature dependence of chemical shifts
was analyzed by assuming fast exchange between two states
(folded and random coil):

νh andph are the carbon chemical shift and the population
of peptide, respectively, in either theR-helix or â-hairpin
conformation;νc is the carbon chemical shift in the random
coil state. Both populations and chemical shifts are temper-
ature dependent. Since theR-helix (or â-hairpin)-coil
transition is a cooperative process, the temperature depen-
dence of the peptide population in each conformational state
is described by a sigmoidal curve (26) such that

Kex is the equilibrium constant for the conformational
transition,Tm is the midpoint of the transition, and∆T is
the width of the transition. The temperature dependence of
chemical shifts within structured and random coil conforma-
tions is assumed to be linear:

Following substitution ofνh and νc (from eq 8) andph

(from eq 7) into eq 6, the temperature dependence of the
observed chemical shift,νobs, can be expressed as

Experimental temperature dependencies of carbon chemi-
cal shifs were fit to eq 9 using the Marquardt-Levenberg
algorithm for nonlinear regression. To remove the temper-
ature dependence of the deuterium lock frequency from
the temperature dependence ofνobs, the temperature depen-
dence of the deuterium lock frequency was determined
separately for water and for exactly the same mixture of
water/TFE solution using DSS as a reference, and the
temperature dependence was approximated using a second-
order polynomial and was subtracted from that ofνobs. To
reduce the number of fitting parameters, the temperature
dependence of chemical shifts in structured and coiled states
was assumed to be the same, i.e., have the same slope. The
final equation had five fitting parameters:Tm, ∆T, νh,0, νc,0,
and (dν/dT)h,c. Since the folding-unfolding process was
assumed to be global,Tm and ∆T should be the same for
all residues. BothR-carbon and carbonyl carbon chemical
shifts were fit in order to provide chemical shift differences
and populations of structured and random coil conforma-
tions.

RESULTS

13C-H relaxation experiments (T1, T2, T1F, and NOE) were
performed on isotopically enriched backbone and side-chain
groups of residues F2, A5, L7, A8, and A10 in theR-helix-
forming peptide GFSKAELAKARAAKRGGY and of resi-
dues G2, I3, T4, V5, G7, Y10, and G11 in theâ-hairpin-
forming peptide RGITVNGKTYGR in water and in water/
TFE. T1 and NOE data were acquired at four Larmor
frequencies (13C frequencies of 63, 125, 150, and 201 MHz),
whereasT2 andT1F data were measured at 125 and 201 MHz.
In deriving the exchange contribution,Rex, to R2 ()1/T2),
relaxation data acquired at 201 MHz (for13C) were most
useful becauseRex contributes more toR2 at higher Larmor
frequencies. Data were also acquired at temperatures from
5 °C, where the peptides are mostly structured, to 30°C,
where the peptides are mostly unstructured. To exemplify
the quality of relaxation data, Figure 2 shows the temperature
dependence ofR2 and Figure 3 shows the temperature
dependence of selectiveR1 ()1/T1) and NOE data from both
peptides. For the helical peptide,R2 (Figure 2) for residues
within the helix segment (A5, L7, A8, and A10) are nearly
the same, whereasR2 for residue F2 is significantly smaller,
consistent with F2 being positioned at the more mobile
N-terminus of the peptide. For the hairpin peptide,R2 values
for most residues are nearly the same and follow the same
temperature trend. For both peptides,R1 and NOE data
(Figure 3) behave similarly, demonstrating comparable

Rex ) papbδω2τex[1 - 2(τex/τCPMG) tanh(0.5τCPMG/τex)]

(4)

Rex ) δω2papbτex/[1 + (ω1τex)
2] (5)

νobs) phνh + (1 - ph)νc (6)

ln Kex ) ln[(1 - ph)/ph] ) 2(T - Tm)/∆T (7)

νh ) (dν
dT)h,c

T + νh,0 and νc ) (dν
dT)h,c

T + νc,0 (8)

νobs) 1

1 + exp(2T - Tm

∆T )[(dν
dT)h,c

T + νh,0] +

exp(2T - Tm

∆T )
1 + exp(2T - Tm

∆T )[(dν
dT)h,c

T + νc,0] (9)
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temperature trends and magnitudes over all labeled sites
within each peptide.

As will be presented later, there is a clear exchange
contribution,Rex, to R2. To establish limits on the frequency
or time range in which the exchange process could be
occurring, the dependence ofR2 was investigated as a
function of the spacing between 180° pulses in the CPMG
pulse sequence and as a function of the field-lock strength
in off-resonanceT1F experiments. ForR-helix andâ-hairpin
peptides, typical examples of the frequency dispersion inR2

are shown in Figure 4. Although data are presented for only
one residue in each peptide, essentially the same trends were
observed for all residues investigated. Since spin-lock
frequencies above a few kilohertz could not be achieved
experimentally and the curve forR2 over the accessible range
of frequencies is flat, one cannot conclude from these data
alone that any exchange process is occurring. However,R2

is larger than the dipole-dipole contribution,R2dd, to spin-
spin relaxation,R2, which is shown as solid lines in the figure.
R2dd was calculated during the minimization protocol using
eq 3 (see Materials and Methods section). Given this
inequality, an exchange process must be contributing to the
observed transverse relaxation rate,R2. Moreover, the lack
of frequency dependence inR2 from 160 to 5280 Hz (see
Figure 4) indicates the exchange time limits (6 ms to 190
µs) within which dynamic processes are not occurring. This,
in turn, indicates that an exchange process is occurring on
the sub-millisecond time scale, with an exchange time of
less than 190µs. This is consistent with the observation that,
under all conditions investigated, only one13C resonance was
observed for each labeled carbon atom in either peptide.
Chemical exchange, therefore, is occurring either on the fast
exchange time scale or, alternatively, on the intermediate or
slow exchange time scales with one state having the major
population since no signals were observed from states having
a minor population (27). Folded state populations for these
peptides were initially estimated from analysis of circular
dichroism (CD) data. Since at 5°C both folded and random

FIGURE 2: Backbone13CR spin-spin relaxation rates,R2, for both
â-hairpin (bottom panels) andR-helix (top panels) peptides in water/
TFE are plotted versus the inverse temperature in K-1. Data are
presented for two13C Larmor frequencies, 125 and 201 MHz.
Legends for the symbols identifying residues in each peptide are
presented in the figure.

FIGURE 3: Backbone13CR spin-lattice relaxation rates,R1, for the
R-helix peptide in water/TFE (top panels) and{1H}-13CR nuclear
Overhauser effects (NOEs) for theâ-hairpin peptide in water and
water/TFE (bottom panels) are plotted versus the inverse temper-
ature in K-1. Data are presented for two13C Larmor frequencies,
63 and 150 MHz, in the top panels and for a13C Larmor frequency
of 150 MHz in the bottom panels. Legends for the symbols
identifying residues in each peptide are presented in the figure.

FIGURE 4: 13CR spin-spin relaxation rates,R2, measured by using
the CPMG pulse sequence at various delays between 180° pulses
are shown as open symbols, along with data from off-resonance
T1F experiments performed at various spin-locking fields (solid
symbols).τcp is the time delay between 180° pulses in the CPMG
sequence;Ω is the effective spin-locking frequency,Ω ) [∆2 +
(γH1)2]0.5, where∆ is the resonance offset of the applied B1 field.
Data are shown for theR-helix peptide in water at 5°C and for the
â-hairpin peptide in water at 5°C (1H resonance frequency of 800
MHz). Solid lines indicate the dipole-dipole contributions to the
spin-spin relaxation rate, which was obtained from the minimiza-
tion protocol described in the Materials and Methods section.
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coil states have comparable populations, 50% folded in the
R-helix peptide (8) and 35% folded in theâ-hairpin peptide
(7), it was concluded that exchange must be fast on the
chemical shift time scale.

The exchange contribution,Rex, to R2 for individual sites
was determined as described in the Materials and Methods
section by fitting all relaxation data acquired for that
particular site. Values forRex are plotted as a function of
the inverse temperature in Figures5 and 6 for the helix and
hairpin peptides, respectively, in water and in water/TFE.
In both figures, the bottom panels are for13CR-labeled sites
and the top panels are for13Câ- or 13Cγ-labeled sites. For
both peptides in water,Rex values for13Câ- or 13Cγ-labeled
sites were mostly 0 or were very small, whereas in water/
TFE, they became comparable to those for13CR-labeled sites.
Rex values for13CH3 groups were 0 or very small both in
water and in water/TFE and, therefore, will not be discussed
further. For those13C-labeled sites indicated in Figures 5
and 6, the increase inRex as the temperature is decreased
reflects the trend in the exchange time,τex (eqs 3 and 4),
which is usually greater at lower temperature; i.e., the
exchange process is slower. Note, however, that the tem-
perature dependence inRex may not be the same as that for
τex because the populations in different states are also
temperature dependent. Addition of TFE also tends to
increaseRex, i.e., slow the exchange process. SinceRex for
backbone CR and side-chain Câ/Cγ groups of both peptides
at low temperature and in the presence of TFE, are, within
error, the same, this exchange process is probably global in

nature and is most likely due to folding-unfolding. For the
hairpin peptide,Rex values are essentially the same for all
residues at any temperature (Figure 6). With the exception
of F2, residues in the helix peptide also show the sameRex

values at any given temperature (Figure 5). The fact that
Rex for F2 behaves differently may be explained by it being
at the more mobile N-terminus. In any event, in water/TFE
at 5 °C where the peptide is most folded,Rex for F2 is the
same as for all other residues in the helix peptide.

To better understand the exchange processes, knowledge
of the exchange time,τex, is required. To a first approxima-
tion, chemical exchange events often can be explained by
using a two-state model which not only simplifies data
analysis but, given the experimental and fitting errors
discussed below, was deemed appropriate here for deriving
values forτex. For two-site exchange,τex can be calculated
from Rex by using eq 4 or 5 with values for∆ν, the chemical
shift difference between conformational states, andpi, the
populations in each state. Since the fast exchange limit is
observed on the chemical shift time scale andR2 is
independent of the spacing between 180° pulses in CPMG
and the field-lock strength in off-resonanceT1F experiments
(see Figure 4), eqs 4 and 5 can be simplified to

Initially, upper and lower limits forτex were estimated. Since
T1F data (Figure 4) indicate an exchange time cutoff of 190
µs, τex must be less than that value. Reasonable limits for

FIGURE 5: The temperature dependencies of the chemical exchange
contributions,Rex, to spin-spin relaxation rates are shown for data
acquired at 201 MHz for backbone13CR and for some side-chain
Câ and Cγ nuclei of residues in theR-helix peptide in water and in
water/TFE. Vertical bars indicate errors in determiningRex. These
errors were determined by varying relaxation terms (R1, R2, and
NOE) within their experimental error range and recalculatingRex
as described in the Materials and Methods section. In effect, this
gives a range of acceptable values forRex.

FIGURE 6: The temperature dependencies of the chemical exchange
contributions,Rex, to spin-spin relaxation rates are shown for data
acquired at 201 MHz for backbone13CR nuclei and for some side-
chain Câ nuclei of the residues in theâ-hairpin peptide in water
and in water/TFE. Vertical bars indicate errors in determiningRex.
These errors were determined by varying relaxation terms (R1, R2,
and NOE) within their experimental error range and recalculating
Rex as described in the Materials and Methods section. In effect,
this gives a range of acceptable values forRex.

Rex ) δω2papbτex (10)
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13C ∆ν between folded (R-helix andâ-hairpin) and random
coil states have usually been found to be between 100 and
800 Hz (0.5 and 4 ppm, respectively, at 201 MHz) (28). This,
together withRex found for these peptides (Figures 5 and
6), restricts the region whereinτex should lie. This region is
indicated in Figure 7 by the shaded area. By selecting values
of τex according to the condition that the dependence ofRex

should pass through the shaded area, the limits forτex must
be between 20µs (dashed-dotted lines) and 0.1µs (dashed
lines). TheRex dependencies on∆ν have been calculated
for two populations (ph of 50% and 5%). These two
populations were chosen becauseph ) 50% gives the
maximum value of the productph (1 - ph), whereasph )
5% (or 95%) is close to the maximally reasonable population
at which one can expect to experimentally observe an
exchange contribution toR2. Therefore, for each particular
value ofτex, all possible dependencies ofRex at the population
ph between 5% and 50% will lie between these two curves
which were calculated forph ) 50% andph ) 5%. At ph )
50%, the curve forτex ) 1 µs falls mostly within the most
probable, shaded area.

For derivation of actualτex values fromRex, it is necessary
to know ph, pc, and∆ν. Although folded-state populations
have been given in the literature for both hairpin (7, 29) and
helix (8) peptides, all three terms were independently derived
using eq 9 with the temperature dependence of chemical
shifts for backbone CR and carbonyls which yielded similar
results. The best fits to eq 9 can be obtained when the
experimentally available temperature range covers the transi-
tion temperature,Tm, between folded and unfolded states,
as well as the width of the temperature transition,∆T. The
lowest temperature that was accessible experimentally was
-2 °C in water and-8 °C in water/TFE. For the helix
peptide in water, for example,Tm could be accurately
determined because it was well above this low-temperature
cutoff, i.e.,+8 ( 3 °C [14 °C from the literature (4)], and
∆T was 38( 6 °C (see Table 1). To exemplify these data
and fits using eq 9, Figure 8 plots the temperature dependence
of 13CR chemical shifts for a few residues in each peptide.
The actual data are given as open symbols, and the solid

lines represent the fits to these data, as described in the
Materials and Methods section. With the exception of
N-terminal residue F2 in theR-helix peptide, this analysis
yielded reasonable values for CR ∆ν (determined at a13C
frequency of 201 MHz) for the peptide in water and in water/
TFE (Table 1). The observed chemical shift difference of
about 1-2 ppm is as expected for anR-helix-folding
transition (26). For residue F2, the chemical shift data did
not show a good inflection over the accessible temperature
range; therefore, the fits were poor. For this reason,τex for
F2 was derived using the simple average of∆ν values for
the other residues in the helix peptide.

For the â-hairpin peptide in water, the hairpin-coil
transition temperature,Tm, was found to be about 10°C less
than the lowest temperature accessible experimentally. For
most residues where a clear inflection was not readily
discernible, the lowTm made it difficult to accurately obtain

FIGURE 7: The theoretical chemical exchange contribution,Rex, to
spin-spin relaxation rates is plotted vs the13C chemical shift
difference,∆δ, between folded and unfolded states of a peptide.
Calculations have been done for three different exchange times,
τex, and the shaded box illustrates the most probable region in which
τex should be for these systems, given the magnitudes ofRex shown
in the previous figures.

Table 1: Parameters for Derivation of Exchange Times for Helix
and Hairpin Peptides

ph, %

residue ∆ν, Hz ∆T, °C Tm, °C 5 °C 30°C

Helix Peptide in Water
F2 225a 38 ( 6 9 ( 3 55( 4 24( 4
A5 200( 14 38( 6 9 ( 3 55( 4 24( 4
L7 256( 18 38( 6 9 ( 3 55( 4 24( 4
A8 254( 18 38( 6 9 ( 3 55( 4 24( 4
A10 191( 14 38( 6 9 ( 3 55( 4 24( 4

Helix Peptide in Water+ TFE
F2 395a 45 ( 22 -4 ( 12 40( 14 18( 13
A5 397( 44 45( 22 -4 ( 12 40( 14 18( 13
L7 392( 45 45( 22 -4 ( 12 40( 14 18( 13
A8 395( 44 45( 22 -4 ( 12 40( 14 18( 13
A10 397( 45 45( 22 -4 ( 12 40( 14 18( 13

Hairpin Peptide in Water
I3 215a 51 ( 32 -12 ( 36 34( 33 16( 24
T4 215a 51 ( 32 -12 ( 36 34( 33 16( 24
V5 184( 67 51( 32 -12 ( 36 34( 33 16( 24
G7 246( 87 51( 32 -12 ( 36 34( 33 16( 24
Y10 215a 51 ( 32 -12 ( 36 34( 33 16( 24

Hairpin Peptide in Water+ TFE
I3 235( 41 35( 12 4( 5 49( 7 19( 9
T4 247a 35 ( 12 4( 5 49( 7 19( 9
V5 247a 35 ( 12 4( 5 49( 7 19( 9
G7 247a 35 ( 12 4( 5 49( 7 19( 9
Y10 259( 44 35( 12 4( 5 49( 7 19( 9
a Value shown is an average for all residues.

FIGURE 8: The13CR chemical shift is plotted vs the temperature in
K for select residues in helix (left panel) and hairpin (right panel)
peptides. Actual data are shown as open symbols, and the solid
lines represent fits to these data as described in the text.

2850 Biochemistry, Vol. 40, No. 9, 2001 Nesmelova et al.



chemical shift differences and populations. For this reason,
∆ν for 13CR could only be determined for V5 and G7 (Table
1), and the average of∆ν for these two residues was used
in the analysis of other hairpin residues. For the hairpin
peptide in water/TFE, on the other hand, this was not a
problem becauseTm was significantly higher. However, in
this case overlap of carbon resonances with those from TFE
was a problem, and∆ν for 13CR could only be determined
for I3 and Y10 (Table 1). Therefore, because∆ν values were
close to each other in each case (water and water/TFE,
respectively) and were consistent with the range usually
found in the literature (28), ∆ν values for CR were simply
averaged and used for the other hairpin residues as listed
in Table 1. In fitting any of these chemical shift data
using eq 9, only one value for∆T andTm was used for all
residues in a given peptide in water or in water/TFE (Table
1). This resulted in good fits of the chemical shift data
(see Figure 8) and also yielded reasonable values for folded-
state populations that were generally consistent with those
given in the literature. Average populations for the folded
helix peptide,ph, in water, for example, were found to be
55 ( 4% at 5°C and 24( 4% at 30°C. These values agree
well with values determined from circular dichroism
measurements: 50% at 5°C and 20% at 30°C (8). For the
helix peptide in water/TFE,ph at 30°C was nearly the same
as that stated in the literature (8), whereasph at 5 °C was
found to be 40( 14%, much less than that of about 85%
stated in the literature (8). Since our value of 40% seemed
low, further analysis to deriveτex used both this value
and that from the literature. Using either value forph yielded
similar results forτex because eqs 4, 5, and 10 are not
very sensitive to changes inph between about 20% and
80%.

Exchange times,τex, were calculated using eq 10 with
values for the chemical shift difference,∆ν, and populations
of folded and unfolded states given in Table 1. For both
peptides in water and in water/TFE,τex falls within the
microsecond time regime (Figure 9) as expected from the
probable range forτex illustrated in Figure 7. In water,
however,τex values for both peptides vary from residue to
residue from about 0.8 to 5µs at 30°C to about 1.5 to 9µs
at 5 °C. Even though this might suggest the presence of a
nonglobal exchange process, such a conclusion cannot be
made given experimental errors. Moreover, in water/TFE,
τex values for all labeled sites within each respective peptide
are essentially the same from site to site, consistent with the
idea that this folding-unfolding exchange process is a global
phenomenon. The only exception might be taken as residue
F2 in the helix peptide whereτex at higher temperature
deviates greatly from the other residues (A5, L7, A8, and
A10). As mentioned above, this deviation may be due to
the fact that F2 is positioned at the more mobile N-terminus
of the peptide. From the temperature dependence ofτex

(Figure 9), the activation energy,Ea, for folding-unfolding
in the helix peptide, averaged over residues in the helix part,
can be estimated to be 6 kcal/mol in water and 5 kcal/mol
in water/TFE. For the hairpin peptide, averageEa values are
3 kcal/mol in water and 7 kcal/mol in water/TFE. Overall,
the activation energy for folding-unfolding is close to the
activation energy for the self-diffusion of water, i.e., 4.5 kcal/
mol.

DISCUSSION

For both theR-helix andâ-hairpin peptides, an exchange
process is occurring on the microsecond time scale. This,
however, does not indicate the microscopic mechanism
responsible for the observed exchange phenomenon. Three
possible mechanisms are aggregation, folding-unfolding,
and local conformational rearrangements. Aggregation was
ruled out because chemical shifts and line widths did not
demonstrate any dependence on peptide concentration and
pulsed-field gradient-derived diffusion coefficients indicated
the absence of self-association. Local conformational rear-
rangements, which are known to occur on the microsecond
time scale, were a possibility. However, this is more a case
for larger, well-folded peptides or proteins where, for
example, groups of residues fluctuate simultaneously in
segmental motions. For short, linear peptides like those
investigated here, internal motions do not occur over groups
of residues in a concerted fashion, unless they are linked to
folding-unfolding of the peptide. Therefore, the most likely
explanation for the observed exchange in these peptides is
folding-unfolding. This is supported by several observations.
First, when the peptides are more folded as in water/TFE,
τex values for individual residues in each of these peptides
are essentially the same, suggesting the presence of a global
process like folding-unfolding. In water,τex values for both
peptides appear to vary from residue to residue. This is partly
due to experimental error. Nonetheless,τex values are all
within the 0.7-10 µs range. Second, the exchange contribu-
tion toT2 is correlated to changes in the population of folded
and unfolded states of the peptides. The exchange contribu-
tion to T2 is maximal at the folded:unfolded population of
about 50:50 and decreases as this ratio decreases. Last, this
microsecond time scale has been identified with folding-
unfolding processes in other small peptides using NMR

FIGURE 9: Calculated exchange times,τex, for 13CR groups are
plotted as a function of the inverse temperature in K-1 for the
R-helix peptide (top panel) and theâ-hairpin peptide (bottom panel)
in water and in water/TFE. Legends for the symbols identifying
residues in each peptide are presented in the figure.
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relaxation and other experimental techniques. For an alanine-
based helix-forming peptide, for example, Thompson et al.
(3) found that the folding time was about 1µs. For a 20-
residue peptide designed to fold into a monomeric three-
stranded antiparallelâ-sheet in aqueous solution, the folding
time for â-sheet formation was estimated from NMR
measurements to be in the range of 4-14 µs at 10°C (5).
By using laser flash-induced, rapid thermal denaturation,
Munoz et al. (6) observed that folding of a 16-residue
â-hairpin peptide derived from protein GB1 occurs in about
6 µs at room temperature.

For the derivation of folding-unfolding exchange times,
a simple two-state model (folded state and unfolded state)
was used. Although this is not unusual and a two-state model
is often used, at least to a first approximation, to analyze
and to discuss protein and peptide folding-unfolding events,
one cannot rule out the possibility for the presence of
microsecond time scale exchange among multiple states. In
fact, Ramirez-Alvarado et al. (30) have found that the
unfolded state for this same hairpin peptide contains sig-
nificant elements of a collapsed state. Therefore,Rex may
contain contributions from exchange among folded, unfolded,
and collapsed states. In any event, given the experimental
errors, it is not possible to distinguish between two-state and
multistate exchange, and the use of a more elaborate,
multistate folding model would not yield better fits to the
data and would only complicate the analysis.

In water/TFE, the folding exchange times,τex, were, within
error, the same from residue to residue within each respective
peptide, helix, and hairpin. For the helix peptide in water/
TFE at 5°C, τex falls between 3 and 4µs for all residues
(simple average of 3.4µs). Not only does this support the
idea of a global exchange mechanism for folding but also
that use of the two-state model is sufficient to explain the
data. At 30°C, τex is also essentially the same for all residues
within the helix part of the peptide (simple average of 1.9
µs). However, at 30°C, τex for N-terminal, hydrophobic
staple residue F2 was found to be much smaller (about 0.5
µs). In the well-folded state (water/TFE at 5°C), the helix
peptide is more structured with F2 being packed against L7
in the hydrophobic staple (8) and the mobility of the
N-terminus is reduced, whereas at higher temperature (30
°C), the folded-state population is lower and the N-terminus
is more mobile, contributing to a smaller value forτex. In
terms of the adequacy of using the two-state model, the same
can be said with the hairpin peptide for whichτex values for
all residues are, within error, the same (simple average of
8.8 µs at 5°C and 3.1µs at 30°C).

In water alone, however,τex varies slightly in some
cases from residue to residue for both helix and hairpin
peptides. The residue-dependent variability ofτex with these
peptides in water is at least partly due to errors in determin-
ing Rex and in estimating populations and chemical shift
differences between folded and unfolded states, especially
for the hairpin peptide, as indicated by the errors shown for
τex values. In addition, the presence of broader conforma-
tional distributions in folded and unfolded states could
contribute to this variation. Peptides in water could exist in
structured, collapsed, and random coil states to various
extents at different temperatures, andτex could be dependent
on residue type and position in the sequence and structure.
Addition of TFE narrows the conformational distribution

and reduces the spread inτex values.
It should be mentioned that some folding and unfolding

times given in the literature are unidirectional, i.e., either
folding or unfolding times. For example, the room temper-
ature folding time of 6µs found for the 16-residueâ-hairpin
peptide derived from protein GB1 (6) is for the transition
from the unfolded state to the folded state. Exchange times,
τex, derived from NMR relaxation measurements are average
values of folding and unfolding times. Nevertheless, the time
scales must be the same in order forRex contributions toR2

to be measured. If we define the lifetime in the folded (helix
or hairpin) state asτf and that in the unfolded (random coil)
state asτc, then the measured exchange time is actually an
average of these two lifetimes:

Stabilization of the folded state means that the lifetime of
the peptide in the folded state,τf, should increase. To have
a somewhat larger, or even similar, value forτex, the lifetime
of the peptide in the unfolded state,τc, must decrease. In
other words, the folding rate constant should become larger
and the unfolding rate constant should become smaller such
that the folding equilibrium constant should increase, which
it does. In this regard,τex for the hairpin peptide measured
by NMR, for example, is about the same as that measured
by Munoz et al. (6) for the folding time of the GB1â-hairpin
peptide.

This study also showed that the folding-unfolding ex-
change time for the helix peptide in water/TFE is about 2-3-
fold less than that for the hairpin peptide, and this difference
appears to be even less in water alone. In other words, folding
of a helix-forming peptide occurs somewhat faster than the
folding of a hairpin-forming peptide. This conclusion is
consistent with other studies on peptide folding. As men-
tioned above, for example, Thompson et al. (3) found that
the folding time for an alanine-based helix-forming peptide
was about 1µs, whereas the folding time for a comparably
sized 20-residueâ-hairpin/sheet-forming peptide was esti-
mated to be in the range of 4-14 µs (5), as was the folding
time for a 16-residueâ-hairpin peptide (6µs) (6). The fastest
folding time for a helix-forming peptide (21 residues) has
been reported to be 0.16µs at 28°C (31). However, given
that rate constants for formation of a single turn of helix
generally fall in the time range of 0.1-14 ps (32), peptide
folding-unfolding should occur on a time scale greater than
0.1 µs.

CONCLUSIONS

NMR spectroscopy has been used to derive exchange
contributions to the transverse relaxation rates for individual
residues in one helix peptide and in one hairpin peptide. From
these data, exchange times were estimated using a two-state
folding model and were found to be in microsecond range
as observed for folding events with other peptides and
consistent with the view that peptide folding occurs on a
time scale greater than about 0.1µs. TFE, which is known
to stabilize the conformations of both peptides, had little
effect on average exchange times but did significantly narrow
the site-to-site variability of exchange times. The difference
in folding-unfolding exchange times between these helix
and hairpin peptides was found to be, at most, 2-3-fold,

τex ) τfτc/(τf + τc) (11)
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indicating that the folding of short helix-forming peptides
occurs only slightly faster than that of hairpin-forming
peptides of comparable length.
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