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ABSTRACT: °C-NMR relaxation experimentd{, T,, T1,, and NOE) were performed on selectively enriched
residues in two peptides, one hydrophobic stapleelix-forming peptide GFSKAELAKARAAKRGGY

and onef-hairpin-forming peptide RGITVNGKTYGR, in water and in water/trifluoroethanol (TFE).
Exchange contributionsRe,, to spin-spin relaxation rates fot®C, and **Cs groups were derived and
were ascribed to be mainly due to peptide foldinmfolding. To evaluate the exchange timg, from

Rex, the chemical shift difference between folded and unfolded stai&sand the populations of these
states i, were determined from the temperature dependendéCothemical shifts. For both peptides,
values forze fell in the 1us to 10us range. Under conditions where the peptides are most folded (water/
TFE, 5°C), tex values for all residues in each respective peptide were essentially the same, supporting the
presence of a global foldirgunfolding exchange process. Rounded-up avetagealues were 4s for

the helix peptide and @s for the hairpin peptide. This-23-fold difference in exchange times between
helix and hairpin peptides is consistent with that observed for fotdingolding of other small peptides.

It is well known that proteins and peptides undergo internal

usually occur on the nanosecond to microsecond time scales,

motions over a wide range of time scales from picosecondswhereas conformational reorganization of the entire molecule,

to milliseconds and longer. NMRspectroscopy 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
(**N—H or **C—H) or small groups of atoms (e.g., Gldr
CH,) that are faster than the overall tumbling time of the
molecule. These fast motions contribute to NMR relaxation
parameters, such as the splattice (longitudinal) relaxation
rate, Ry, the nuclear Overhauser effect (NOE), the spin
spin (transverse) relaxation rats, and the rotating frame
spin—lattice relaxation rateRy,. Derivation of amplitude

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,
This process is referred to as chemical exchange, and the
motional time is given by the exchange lifetime,. To
simplify derivation of slower motions from NMR relaxation
data, it is usually assumed that exchange occurs between

(order parameter) and frequency (correlation time) of these tyo states, a and b. When the exchange process falls within
fast motions in proteins and peptides is usually based on thethe sjow or intermediate time regime on the chemical shift

analysis of these NMR relaxation parameters.
Internal motions of larger groups of atoms, correlated

time scale, i.e., @Avtey)? > 1 or~ 1 (Av is the chemical
shift difference between two states), it is possible to derive

motions of several residues, segmental motions, and the likeparameters that characterize the chemical exchange process,
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i.e., Tex and the populations of each conformational stpse,
andp,, from analysis of the temperature dependence of line
shapes or from the dependence of the transverse relaxation
rate on the effective field strengthy; = yB; (1). On the
other hand, if the exchange between the two states is fast on
the chemical shift time scale, #Av1e)? < 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 fidg, 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 rai, and its temperature and/
or field dependence. To estimatg, one needs to use a value
for the chemical shift difference\v, and the populations of
the two statesp, and p,, 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 3. For this, these authors merely
assumed that the chemical shift differende;, between
folded and unfolded conformations was 2 ppm. For an
alanine-based helix-forming peptide, Thompson et 3J. (
found that the helix folding time was about /s. For
cytochromec, the shortest folding time was found to be 130
us @). Folding times forg-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 antiparallgl-sheet in aqueous solution, the folding
time for g-sheet formation was estimated from NMR
measurements to be in the range4t us at 10°C (5).
Folding of a 16-residug-hairpin has been shown to occur
in about 6us at room temperaturey

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 informative'H—'H NOESs, 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 using®C-NMR relaxation methods to derive
the range of possible foldirgunfolding exchange timesd)

from the exchange contributiorRey, to R.. 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
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Ficure 1: NMR-derived structures fo-helix (bottom) and

B-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.

between two-state and multiple-state exchange processes. Foren coupling constants, NOE intensities, and CD data, the

this analysis, chemical shift differences and populations of

different states have been estimated from analysis of the>0

temperature dependence of chemical shifts. The hairpin
peptide being studied (RGITVNGKTYGR) is partially folded
under a variety of solution conditions7)( NOE-based
distance geometry calculations demonstrate formation of a
pB-hairpin from residue 3 to residue 10 and centered at NG
(Figure 1). In this peptide, seven residues, G2, 13, T4, V5,
G7, Y10, and G11, were selectively and uniformt¢-en-
riched. While G2 and G11 monitor dynamics at the unstruc-
tured termini, G7 is part of thg-turn, and the two remaining
residues with bulky side chains, V5 and Y10, are positioned
on the same face of a shgtsheet in the hairpin and show

o-helix population is most significant at &, i.e., about
0.

MATERIALS AND METHODS

Peptides.Both peptides, one helix-forming peptide GF-
SKAELAKARAAKRGGY and onef-hairpin-forming pep-
tide RGITVNGKTYGR, were synthesized on a Milligen/
Millipore Excell peptide synthesizer or on an Applied
Biosystems 431A peptide synthesiz8y (sing Fmoc solid-
phase methodology. Peptides were isotopically enriched with
uniformly °C-labeled amino acids (CIL, Cambridge) at
residues F2, A5, L7, A8, and A10 in the-helix-forming
peptide and at residues G2, 13, T4, V5, G7, Y10, and G11

cross-strand NOEs. The second peptide being studied is an the -hairpin-forming peptide. Peptides were purified by

short linear peptide 18mer, GFSKAELAKARAAKRGGY,
which has been shown to fold in ashelical 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 uniformi§C-enriched. For
this peptide in water at 8C, numerous conformationally
constraining, long-rangtH NOEs have been observed, and

HPLC using a linear acetonitrile/water gradient, and the
purity was checked by analytical HPLC on gs®ondclone
(Phenomenex) column and fast atom bombardment mass
spectrometry. The peptide concentration was determined
from the dry weight of freeze-dried samples. To avbd
resonance overlap, separate peptides, each with different
residues enriched iFC, were produced: three peptides for

distance geometry calculations using these NOE constraintsthe helix (F2-A8, A5—L7, and A10) and five peptides for

have demonstrated formation of a turn centered at SK which
leads into aro-helix conformation from A5 through Al12.

The C-terminal portion appears to form a nascent helix and
is much less structured. From analysis of chemical shifts,

the hairpin (G2-V5, 13, T4, G#Y10, and G11). For
assurance that peptides behaved the same in soldkien,
NMR and CD spectra were acquired on each peptide and
were found to be identical.
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NMR Relaxation MeasuremenEor 13C-NMR relaxation Chemical exchange contributionBey, to sSpin—spin re-
measurements, freeze-dried peptides were dissolveddn D laxation rates,R,, were obtained using a Monte Carlo
or in 65/35 (v/v) BO/trifluoroethanol (TFE). Peptide con-  minimization protocol 20) which minimized the function
centration, determined from the dry weight of freeze-dried (11):
samples, was 15 mg/mL. The pH was adjusted to 6 by adding _ _ _ _
microliter quantities of NaOD or DCI. NMR experiments  °= Z[(R}ep~ Riineod/Ried” + [(Roep—
were performed on Varian Inova-500, -600, and -800 NMR j i 12 i i i 12
spectrometers equipped with triple-resonance probes and on RIZthEONRZEXF] +I(NCE exp NOE‘“‘EO)/NOE‘EXJ (2)

a Bruker AM-250 NMR spectrometer equipped with*a
direct-observe probe. The temperature was varied fr@n
to 65°C.

Spin—lattice relaxation rate$y;, were determined by using
the direct homonuclear inversiemecovery method with a
composite 180 (90°,—180°,—90°,) pulse with broad-band 1
1H-decoupling GARP10). The number of acquisitions was ~ F1 = 7gkadJ(@c = @) + 3 wc) + 6)(wc + o)l +

whereR jexp R2exp @and NOE,,, are the experimental values
andR 1theos Riotheos aNd NOBeorare the calculated values of
the NMR relaxation parameters which can be expressed in
terms of spectral densities:

chosen to give a signal-to-noise ratio greater than 10 and, 2 .

therefore, was varied from 200 to 1000. Ten to fifteen time- I_SAO wcJwe) (33)
incremented (partially relaxed) spectra were routinely ac-

quired for each relaxation measurement. Relaxation rates R, = Rygg T Rex (3b)

were determined as described by Daragan etld). (*H}-
13C NOE coefficients were measured by using the standardwhere
gated decoupling technique. 1

13C spin—spin relaxation ratesR,, were measured as a — 4 _
function of the effective field strengtiBier, Using Cart- 240 = HfedI@c — wp) + 3)wc) + 8Iwe + op) +
Parcel-Meiboom-Gill (CPMG) spin—echo and off-reso- 1,2 2
nance spin-lock experiments. CPMG experiments were 4X(0) + 8J(wy)] +45A0 0 TA(0) + (o)l
performed using the pulse sequence described by Farrow et
al. (12) with a few minor modifications. The first modifica- o= 1 Vn Kid6J(we + o) — Hwc— o) (30)
tion in the CPMG pulse train consisted of applying soft 10 y¢ W,
rectangular 180 pulses (7141250 Hz) exactly on the
resonance frequency of a given nucleus. Selective excitationwhereRyqq is the3C—'H dipole—dipole contribution tdR,,
avoids modulation of the spirecho decay byl-coupling Kga = Nyc?yu?hlrben, vc andyy are the magnetogyric ratios
(13—15), which occurs when nuclei have at least one bonded for 13C and'H nuclei, respectivelyf is the Planck constant,
13C-labeled neighbor. The second modification involved the rcy is the length of CH bond, andlis the number of attached
use of narrow-band, constant irradiation proton decoupling protons. Chemical shift anisotropfg, was estimated to be
during the relaxation period because wide-band decoupling—25 ppm for’3C (21). Since contributions frort®C CSA to
schemes such as WALTZ and GARP do not work well for the relaxation rates are much smaller (less th@%o) than
J-coupled nuclei 16, 17). ¢, was varied from 150 to 400  contributions fromt3C—*H dipole—dipole interactions even
us. Relaxation times were determined from the slope of the at high field @1), this term was neglected during data
relaxation decay using 15 points. analysis. In addition, dipolar coupling between adjacent

Off-resonance rotating fram@y,, relaxation experiments  carbons in uniformly*C-labeled amino acids can contribute
were performed using pulse sequences described by Zinn+o carbon relaxation rate2). In general, the effect is greater
Justin et al. 18) and by Mulder et al. X9). The same  for molecules exhibiting larger overall tumbling correlation
modifications (soft pulses and narrow band decoupling) astimes and at higher magnetic fields. Because of this,
were done for CPMG measurements were employed. Therelaxation data were corrected by assuming that contributions
strength of the effective spin-lock field was determined as from C—H and G-C spectral densities were equal. This
Bieit = [AZ + (B1)?]*2, whereA is the resonance offset of reasonable assumption contributed less than 2% to the error
the appliedB; field. A was varied from 400 to 5280 Hz. in calculating relaxation rates. Using this approach, it was
The duration of the spin-lock pulse (the relaxation period) found that the contribution frodrfC—23C dipole interactions
was varied from 0 to 300 ms to yield 15 points on the was less than about 5% for these short peptides in aqueous
relaxation decay curve. Iy, experiments, the transverse solution at 30°C. This contribution increased somewhat at
relaxation rateR, (=1/T,), was obtained from the equation: lower temperatures and was maximally 11% in TFE solution

at 5°C due to larger overall tumbling times resulting from
R,, = R, C0S 0 + R,sir’ 6 1) increased solution viscosity.

During minimization of eq 2, the summation was per-
whereR,, andR; are the longitudinal relaxation rates in the formed over all the NMR frequencies for which data were
rotating and laboratory frames, respectivedyis the angle available. In this analysis, no specific model is used for the
between the effective spin-lock field and tBefield. 6, as spectral density function; rather the spectral density function
well as the amplitude of the effective spin-lock field, is is directly fit during the minimization protocol as discussed
regulated by the combination of the resonance offset of theby Mayo et al. 20). The R term was taken to be
appliedB; field and its strength1(8). In our experiments proportional to the Larmor frequency squared. Recently,
was optimal between 3@nd 50. Millet et al. (23) demonstrated that this usual assumption,
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i.e., at the fast exchange limiR.« scales quadratically with Following substitution ofvy, and v. (from eq 8) andpy

the magnetic field, may be incorrect if the population of one (from eq 7) into eq 6, the temperature dependence of the
exchanging state is greater than 70% and the productobserved chemical shift,,g can be expressed as
(2nAvTey)? is less than 1 but not that much less than 1;i.e.,

the fast exchange condition is not fully met. Even though ,,  _— 1 f(%) T+, +
folded—unfolded state populations of these helix and hairpin o0 T—T, \dT)ne ©

peptides can be greater than 70%, it is evident that when 1+exp2 AT

their exchange timesy,,, are in the +10 us range withAv

= 400 Hz, (2rAVTe,)? is 6.3 x 107 t0 6.3 x 10 These ox p(zT - Tm)

values are much, much less than 1, indicating that the fast AT [(dv T+ (9
exchange condition would be fulfilled. Even witk, of 100 T-T, | dT)h,c c.0

us, (2tAvte)? would be 6x 1072, For the peptides studied 1+ ex;{Z AT )

here, therefore, takinBex proportional to the square of the
Larmor frequency is valid. Experimental temperature dependencies of carbon chemi-
Values forRex were then used to derive exchange times, cal shifs were fit to eq 9 using the Marquardtevenberg

Tex. Although a multistate exchange process could not be algorithm for nonlinear regression. To remove the temper-
ruled out, analysis was greatly simplified by using a two- ature dependence of the deuterium lock frequency from
state model. For a two-site exchange process occurring onthe temperature dependencergis the temperature depen-
the fast chemical shift time scal&x measured by using  dence of the deuterium lock frequency was determined
the Carr-Purcel-Meiboom-Gill (CPMG) pulse sequence  separately for water and for exactly the same mixture of

can be approximated4q) as water/TFE solution using DSS as a reference, and the
5 temperature dependence was approximated using a second-
Rex = P00 T {1 — 2(tedTcpmd) 1aNN(0.5cpyd Tey] order polynomial and was subtracted from thatgf, To
(4) 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 parameter3i,, AT, vho, Vc0,

and (d/dT)n. Since the folding-unfolding process was
assumed to be global;, and AT should be the same for

all residues. Bothu-carbon and carbonyl carbon chemical
shifts were fit in order to provide chemical shift differences
R, = (Sa)zp PuTo/[L + (0,7, X)z] (5) teilggsf)opulatmnS of structured and random coil conforma

wherep, andp, are the relative exchange site populations,
dw = 2mwAv, with Av being the chemical shift difference
between the two statese, is the time constant for the
exchange process, andpyc is the time interval between
180 pulses in the CPMG pulse sequence. Fgrmeasure-
ments 25), the exchange contribution is given by

Folded State Populations and Chemical Shift Differences.
To determine chemical shifts, proton-decoupté@ spectra ~ RESULTS
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 shift
was analyzed by assuming fast exchange between two state
(folded and random coil):

13C—H relaxation experimentd{, T, T1,, and NOE) were
Sperformed on isotopically enriched backbone and side-chain
roups of residues F2, A5, L7, A8, and A10 in thiéhelix-
orming peptide GFSKAELAKARAAKRGGY and of resi-
dues G2, 13, T4, V5, G7, Y10, and G11 in tffehairpin-
Vaps= Prvy + (1 — PV, (6) forming peptide RGITVNGKTYGR in water and in water/
TFE. T; and NOE data were acquired at four Larmor
vy, andp, are the carbon chemical shift and the population frequencies’fC frequencies of 63, 125, 150, and 201 MHz),
of peptide, respectively, in either thehelix or s-hairpin whereasl; andT,, data were measured at 125 and 201 MHz.
conformation;v. is the carbon chemical shift in the random In deriving the exchange contributioRey, 10 R, (=1/T2),
coil state. Both populations and chemical shifts are temper- relaxation data acquired at 201 MHz (f&C) were most
ature dependent. Since the-helix (or g-hairpin)—coil useful becaus®ex contributes more t&; at higher Larmor
transition is a cooperative process, the temperature depenirequencies. Data were also acquired at temperatures from
dence of the peptide population in each conformational state® °C, where the peptides are mostly structured, t0°G0

is described by a sigmoidal curvg) such that where the peptides are mostly unstructured. To exemplify
the quality of relaxation data, Figure 2 shows the temperature

In Ko = IN[(1 — p)/p] = 2(T — T,)/AT @) dependence oR; and Figure 3 shows the temperature
dependence of selectiVg (=1/T;) and NOE data from both
Kex is the equilibrium constant for the conformational peptides. For the helical peptide; (Figure 2) for residues
transition, T, is the midpoint of the transition, andT is within the helix segment (A5, L7, A8, and A10) are nearly
the width of the transition. The temperature dependence ofthe same, whered® for residue F2 is significantly smaller,
chemical shifts within structured and random coil conforma- consistent with F2 being positioned at the more mobile
tions is assumed to be linear: N-terminus of the peptide. For the hairpin peptiBeyvalues
for most residues are nearly the same and follow the same
vy = (%) T+w, and v,= (@ T+, (8) temperature trend. For both peptiddd, and NOE data
dT/ne ‘ dT)hec ' (Figure 3) behave similarly, demonstrating comparable
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Ficure 2: Backboné=3C, spin—spin relaxation ratess,, for both
B-hairpin (bottom panels) ang-helix (top panels) peptides in water/
TFE are plotted versus the inverse temperature ih. Oata are
presented for twdC Larmor frequencies, 125 and 201 MHz.
Legends for the symbols identifying residues in each peptide are
presented in the figure.

T T T T
—m—F2 o - helix '
—0— A5
—v—L7
— —0—A8
IUJ —v—A10
~-10' | ar 1
- % 1¢f Ca (150MHz )
[ s 1c
L R
17T E"§§§§§ ——C
"“Ca. (63MHz ) TS
1OO 1 1 I 1 1 1 " | " 1
T T T T T T
—B—G2
30F 7%
—v—V5
——G7
EJ) e DZO + TFE
220 o 7
= P —w
- 13, -
0} 0,0
L 1 L 1 L L | L 1 L 1 L 1
3.3 3.4 3.5 3.6 33 34 35 3.6
1000/T, K™
3

Ficure 3: Backboné3C, spin—Ilattice relaxation rate;, for the
o-helix peptide in water/TFE (top panels) afitH}-13C, nuclear
Overhauser effects (NOEs) for tlfichairpin peptide in water and
water/TFE (bottom panels) are plotted versus the inverse temper-
ature in K1, Data are presented for twéC Larmor frequencies,

63 and 150 MHz, in the top panels and fo¥¥& Larmor frequency

of 150 MHz in the bottom panels. Legends for the symbols
identifying residues in each peptide are presented in the figure.
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FIGURE 4: 13C, spin—spin relaxation rated3,, measured by using
the CPMG pulse sequence at various delays betweehdi#es
are shown as open symbols, along with data from off-resonance
T, experiments performed at various spin-locking fields (solid
symbols).z¢, is the time delay between 18@ulses in the CPMG
sequenceQ is the effective spin-locking frequenc® = [A2 +
(yH1)3°5, whereA is the resonance offset of the appliedfigld.
Data are shown for the-helix peptide in water at 3C and for the
B-hairpin peptide in water at 8C (*H resonance frequency of 800
MHz). Solid lines indicate the dipotedipole contributions to the
spin—spin relaxation rate, which was obtained from the minimiza-
tion protocol described in the Materials and Methods section.

As will be presented later, there is a clear exchange
contribution,Rey, to Ry. To establish limits on the frequency
or time range in which the exchange process could be
occurring, the dependence &% was investigated as a
function of the spacing between 18pulses in the CPMG
pulse sequence and as a function of the field-lock strength
in off-resonancd’y, experiments. Foa-helix ands-hairpin
peptides, typical examples of the frequency dispersidryin
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 f& over the accessible range
of frequencies is flat, one cannot conclude from these data
alone that any exchange process is occurring. Howéer,
is larger than the dipotedipole contributionRyqq, to Spin—
spin relaxationR,, which is shown as solid lines in the figure.
Rzq¢ 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 ré®, Moreover, the lack
of frequency dependence R from 160 to 5280 Hz (see
Figure 4) indicates the exchange time limits (6 ms to 190
us) 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 19@s. This is consistent with the observation that,
under all conditions investigated, only o€ 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 populationZ7). Folded state populations for these

temperature trends and magnitudes over all labeled sitespeptides were initially estimated from analysis of circular

within each peptide.

dichroism (CD) data. Since at®& both folded and random



Folding—Unfolding Exchange in Peptides Biochemistry, Vol. 40, No. 9, 20012849

a-helix B - hairpin
6.0 : . . : . 10.0 — . . : . : ‘
—m—F2cCp Dzo Dzo +TFE :Z:léccﬁﬁ DZO DZO + TFE .
—vL7Cp | I 8.0r —v—vsCp 1t : / 1
ety side chains —v—Y10Cp - -
a0k - ] - me chains I }
- n 60 1t / F

ex’

s e S A

% ;/l/ 207 _ L /0/4/
_/ LA A‘A—A’—/%Zif :/; —
PN, el . ~
0.0 8 ;4; . . L . 0.0 ii@‘ﬁ"./ . ; . . .
33 34 35 36 33 3.4 35 3.6 T 33 3.4 3.5 36 33 3.4 35 3.6
80— ‘ ' ‘ ' ' ' ‘ 10.0 — ;
—u— D,O + TFE .
e D,0 2 - D,0 D,O + TFE
—v—-L7 ~ 8.0F —a—Ta 1t
—o— A8 rCﬂ v— V5 -
- 4.0F —A4—A10 1 —0— G7 E}(X]
' 0 —v— Ti0 T
UJ. - n 601 _oan 1
o E

%

T
3.5 3

. 7/; | — o Ll ]
L ﬁﬁ% i %% " =

v ¢ | o
_ i s 1 B

%égi% /t ./%/. 2.0 s //JZ/Z _ é g;
34 I 3.3 34

Y =
" L —
: . ‘ . ‘ ‘ i_ﬁf ;:§:,)8ii§f§
0. ; . ;
3.3 3.5 3.6 33 34 35 3.6 3.3 34 35 36

1000/T, K 1000/T, K

FIGURE5: The temperature dependencies of the chemical exchangeFicure 6: The temperature dependencies of the chemical exchange
contributions Rey, to spin-spin relaxation rates are shown for data  contributions Rey, to spin-spin relaxation rates are shown for data
acquired at 201 MHz for backbor#éC, and for some side-chain  acquired at 201 MHz for backbor&C, nuclei and for some side-

Cs and G, nuclei of residues in the-helix peptide in water and in chain G nuclei of the residues in thg-hairpin peptide in water
water/TFE. Vertical bars indicate errors in determinitg These and in water/TFE. Vertical bars indicate errors in determiriag
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errors were determined by varying relaxation teriRg R, and These errors were determined by varying relaxation teRasR,
NOE) within their experimental error range and recalculatfag and NOE) within their experimental error range and recalculating
as described in the Materials and Methods section. In effect, this Ry, as described in the Materials and Methods section. In effect,
gives a range of acceptable values Rk this gives a range of acceptable values Ray.

coil states have comparable populations, 50% folded in the nature and is most likely due to foldirginfolding. For the
a-helix peptide 8) and 35% folded in th@-hairpin peptide hairpin peptide R.x values are essentially the same for all
(7), it was concluded that exchange must be fast on theresidues at any temperature (Figure 6). With the exception
chemical shift time scale. of F2, residues in the helix peptide also show the s&xne

The exchange contributioRey, to R, for individual sites values at any given temperature (Figure 5). The fact that
was determined as described in the Materials and MethodsRex for F2 behaves differently may be explained by it being
section by fitting all relaxation data acquired for that atthe more mobile N-terminus. In any event, in water/TFE
particular site. Values foRe, are plotted as a function of ~at 5°C where the peptide is most foldef, for F2 is the
the inverse temperature in Figures5 and 6 for the helix and Same as for all other residues in the helix peptide.
hairpin peptides, respectively, in water and in water/TFE. 10 better understand the exchange processes, knowledge
In both figures, the bottom panels are #8€,-labeled sites ~ Of the exchange timez, is required. To a first approxima-
and the top panels are f8#Cs- or 13C,-labeled sites. For tion, chemical exchange events often can b_e e>_<pla|ned by
both peptides in wateRex values for’3Cy- or 13C,-labeled using a two-state model Whlch not only 5|m_pl_|f|es data
sites were mostly 0 or were very small, whereas in water/ @nalysis but, given the experimental and fitting errors
TFE, they became comparable to thoselfx-labeled sites. discussed below, was Qeemed appropriate here for deriving
Rex values for’*CH, groups were 0 or very small both in values forzex. For two-site e>_<change.rEX can be calculgted
water and in water/TFE and, therefore, will not be discussed from Rex by using eq 4 or 5 with values faxv, the chemical
further. For thoseC-labeled sites indicated in Figures 5 Shift difference between conformational states, andhe
and 6, the increase iRe, as the temperature is decreased Populations in each state. Since the fast exchange limit is
reflects the trend in the exchange time, (egs 3 and 4),  observed on the chemical shift time scale aRgl is
which is usually greater at lower temperature; i.e., the independent of the spacing between ?1g0Ises in CPMG
exchange process is slower. Note, however, that the tem-and the field-lock strength in off-resonanitg experiments
perature dependence Ry, may not be the same as that for (See Figure 4), egs 4 and 5 can be simplified to
Tex because the populations in different states are also
temperature dependent. Addition of TFE also tends to Ry = 007D PyT ey (10)
increaseRyy, i.€., slow the exchange process. Sifggfor
backbone ¢ and side-chain gC, groups of both peptides Initially, upper and lower limits forex were estimated. Since
at low temperature and in the presence of TFE, are, within Ty, data (Figure 4) indicate an exchange time cutoff of 190
error, the same, this exchange process is probably global inus, 7ex must be less than that value. Reasonable limits for
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' ' ' ' Table 1: Parameters for Derivation of Exchange Times for Helix
and Hairpin Peptides
Pn, %
residue  Av, Hz AT, °C T, °C 5°C 30°C
Helix Peptide in Water
F2 228 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 Wate- TFE
F2 398 45+22 —-4+12 40+14 18+13
A5 397+ 44 45+ 22 —-44+12 40+14 18+13

L7 392+ 45 45+ 22 —44+12 40+14 18+13
A8 395+ 44 45+ 22 —-4+12 40+14 18413
A10 3974+ 45 45422 —44+12 40+14 18+13

Hairpin Peptide in Water
13 213 51+32 —-124+36 34+33 16+24
T4 215 51+32 —124+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

Av, ppm

FiGure 7: The theoretical chemical exchange contributigg, to
spin—spin relaxation rates is plotted vs thé&C chemical shift
difference,Ad, between folded and unfolded states of a peptide.
Calculations have been done for three different exchange times,
Tex, and the shaded box illustrates the most probable region in which
Tex Should be for these systems, given the magnitudég,afhown

in the previous figures. Y10 218 514+32 —12+36 34+33 16+ 24
Hairpin Peptide in Watet- TFE
13C Av between foldedd-helix ands-hairpin) and random 13 235+41  35+12 4+5  49+7  19+£9
coil states have usually been found to be between 100 and 4 247 85412 445  49%7 1949
. : V5 247 35+ 12 445 4947 1949
800 Hz (0.5 and 4 ppm, respectively, at 201 MHZ)( This, G7 247 351 12 415 4947 1949

together withRex found for these peptides (Figures 5 and  v10 2594 44 354+ 12 445 494+7 1949
6), restricts the region wherein, should lie. This region is
indicated in Figure 7 by the shaded area. By selecting values
of 7ex according to the condition that the dependencBLf

aValue shown is an average for all residues.

should pass through the shaded area, the limitsfamust 58.0f — —

be betwr:aen 20s (é;asheddotted lines) and 0.4s (dashed = T
lines). TheR. dependencies oAv have been calculated <& L7 62.0r %

for two populations f, of 50% and 5%). These two % g,l — e

populations were chosen becauge = 50% gives the 8 b,0 D,0+TFE
maximum value of the produgi, (1 — py), whereagp, = = so0l

5% (or 95%) is close to the maximally reasonable population 2 50l A5

at which one can expect to experimentally observe an © A10 — Y10
exchange contribution tB,. Therefore, for each particular . //W

value ofzey, all possible dependenciesif at the population 250 360 380200 B0 e a0 o o

pn between 5% and 50% will lie between these two curves

which were calculated fogo, = 50% andp, = 5%. Atp, = T.K T.K

50%, the curve forex = 1 us falls mostly within the most FiIGURE 8: Thel3C, chemical shift is plotted vs the temperature in
probable, shaded area. K for select residues in helix (left panel) and hairpin (right panel)

peptides. Actual data are shown as open symbols, and the solid

For derivation of actuate values fromRey it is necessary lines represent fits to these data as described in the text.

to know py, p,, and Av. Although folded-state populations
have been given in the literature for both hairpiZ9) and lines represent the fits to these data, as described in the
helix (8) peptides, all three terms were independently derived Materials and Methods section. With the exception of
using eq 9 with the temperature dependence of chemicalN-terminal residue F2 in the-helix peptide, this analysis
shifts for backbone Cand carbonyls which yielded similar  yielded reasonable values for, Qv (determined at &3C
results. The best fits to eq 9 can be obtained when thefrequency of 201 MHz) for the peptide in water and in water/
experimentally available temperature range covers the transi-TFE (Table 1). The observed chemical shift difference of
tion temperatureTy, between folded and unfolded states, about -2 ppm is as expected for an-helix-folding

as well as the width of the temperature transitia, The transition @6). For residue F2, the chemical shift data did
lowest temperature that was accessible experimentally wasnot show a good inflection over the accessible temperature
—2 °C in water and—8 °C in water/TFE. For the helix  range; therefore, the fits were poor. For this reasgnfor
peptide in water, for examplel,, could be accurately F2 was derived using the simple averageMof values for
determined because it was well above this low-temperaturethe other residues in the helix peptide.

cutoff, i.e.,+8 £ 3 °C [14 °C from the literature4)], and For the S-hairpin peptide in water, the hairpircoil

AT was 38+ 6 °C (see Table 1). To exemplify these data transition temperaturd,,, was found to be about 1 less

and fits using eq 9, Figure 8 plots the temperature dependenceghan the lowest temperature accessible experimentally. For
of 13C, chemical shifts for a few residues in each peptide. most residues where a clear inflection was not readily
The actual data are given as open symbols, and the soliddiscernible, the lowl,, made it difficult to accurately obtain
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chemical shift differences and populations. For this reason, ' ' ' Fu—| '

Av for °C, could only be determined for V5 and G7 (Table o'l o nelix

1), and the average dfv 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 =
o

‘ "

-

problem becaus&, was significantly higher. However, in

this case overlap of carbon resonances with those from TFE
was a problem, andwv for *°C, could only be determined

for I3 and Y10 (Table 1). Therefore, becausevalues were D.O
close to each other in each case (water and water/TFE, 33 37 35 38 :
respectively) and were consistent with the range usually - - - el e e
found in the literature28), Av values for G were simply hairpin |
averaged and used for the other hairpin residues as listed

)i
<P
<
T

Pom— O\%O*QD
i |
<9O0—< >

= o (o}

H
—

in Table 1. In fitting any of these chemical shift data I~ B f”i,i [ =
using eq 9, only one value fakT and T, was used for all = T I =Y oy %»; g
residues in a given peptide in water or in water/TFE (Table 5 Lo %v o =

1). This resulted in good fits of the chemical shift data - o T} -

(see Figure 8) and also yielded reasonable values for folded- TS| PO DR CL G | S

- —v- V5

- O=G7
D,0 || 3%, D,0+TFE
33 3.4 35 36 33 34 35 3.6

state populations that were generally consistent with those
given in the literature. Average populations for the folded
helix peptide,py, in water, for example, were found to be »
55+ 4% at 5°C and 24+ 4% at 30°C. These values agree 1000/T, K
well with values determined from circular dichroism Ficure 9: Calculated exchange times,,, for 13C, groups are
measurements: 50% at’& and 20% at 30C (8). For the plotted as a function of the inverse temperature int Kor the

; A ° a-helix peptide (top panel) and tifiehairpin peptide (bottom panel)
gglItﬁgteg':gg(;nir?;?arll-il;elzgcrh?é)s(?/vﬁevrveaas ne:trl)é Ekga stzr:e in water and in water/TFE. Legends for the symbols identifying

Pon residues in each peptide are presented in the figure.

found to be 40+ 14%, much less than that of about 85%
stated in the literatureBj. Since our value of 40% seemed D|SCUSSION
low, further analysis to deriveex used both this value . o .
and that from the literature. Using either value fpryielded For both theo-helix andj-hairpin peptides, an exchange
similar results forzex because egs 4, 5, and 10 are not process is occurring on the microsecond time scale. This,

very sensitive to changes ip, between about 20% and however, does not indicate the microscopic mechanism
80%. responsible for the observed exchange phenomenon. Three

possible mechanisms are aggregation, foldingfolding,

and local conformational rearrangements. Aggregation was

: i ruled out because chemical shifts and line widths did not
of fo_lded .and unfolded .states given in Table_l._ For both 4emonstrate any dependence on peptide concentration and
peptides in water and in water/TFi,, falls within the 1 sed-field gradient-derived diffusion coefficients indicated
microsecond time regime (Figure 9) as expected from the yhe apsence of self-association. Local conformational rear-
probable range forre illustrated in Figure 7. In water,  yangements, which are known to occur on the microsecond
however,zex values for both peptides vary from residue to  ime scale, were a possibility. However, this is more a case
residue from about 0.8 to s at 30°C to about 1.5 to &s for larger, well-folded peptides or proteins where, for

at 5°C. Even though this might suggest the presence of a example, groups of residues fluctuate simultaneously in
nonglobal exchange process, such a conclusion cannot b&egmental motions. For short, linear peptides like those
made given experimental errors. Moreover, in water/TFE, jnvestigated here, internal motions do not occur over groups
Tex Values for all labeled sites within each respective peptide of residues in a concerted fashion, unless they are linked to
are essentially the same from site to site, consistent with thefo|ding—unfolding of the peptide. Therefore, the most likely
idea that this folding-unfolding exchange process is a global - explanation for the observed exchange in these peptides is
phenomenon. The only exception might be taken as residuefolding—unfolding. This is supported by several observations.
F2 in the helix peptide whereex at higher temperature  First, when the peptides are more folded as in water/TFE,
deviates greatly from the other residues (A5, L7, A8, and r, values for individual residues in each of these peptides
A10). As mentioned above, this deviation may be due to are essentially the same, suggesting the presence of a global
the fact that F2 is positioned at the more mobile N-terminus process like folding-unfolding. In waterze, values for both

of the peptide. From the temperature dependenceeof  peptides appear to vary from residue to residue. This is partly
(Figure 9), the activation energg,, for folding—unfolding due to experimental error. Nonetheless, values are all

in the helix peptide, averaged over residues in the helix part, within the 0.7-10 us range. Second, the exchange contribu-
can be estimated to be 6 kcal/mol in water and 5 kcal/mol tion to T, is correlated to changes in the population of folded

in water/TFE. For the hairpin peptide, averdgesalues are and unfolded states of the peptides. The exchange contribu-
3 kcal/mol in water and 7 kcal/mol in water/TFE. Overall, tion to T, is maximal at the folded:unfolded population of
the activation energy for foldingunfolding is close to the  about 50:50 and decreases as this ratio decreases. Last, this
activation energy for the self-diffusion of water, i.e., 4.5 kcal/  microsecond time scale has been identified with foleing
mol. unfolding processes in other small peptides using NMR

Exchange timeste, Were calculated using eq 10 with
values for the chemical shift differencéy, and populations
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relaxation and other experimental techniques. For an alanine-and reduces the spread g values.

based helix-forming peptide, for example, Thompson et al. It should be mentioned that some folding and unfolding

(3) found that the folding time was aboutus. For a 20- times given in the literature are unidirectional, i.e., either

residue peptide designed to fold into a monomeric three- folding or unfolding times. For example, the room temper-

stranded antiparall@-sheet in aqueous solution, the folding ature folding time of 6:s found for the 16-residyé-hairpin

time for §-sheet formation was estimated from NMR peptide derived from protein GBBY is for the transition

measurements to be in the range efl us at 10°C (5). from the unfolded state to the folded state. Exchange times,

By using laser flash-induced, rapid thermal denaturation, 7.y, derived from NMR relaxation measurements are average

Munoz et al. 6) observed that folding of a 16-residue values of folding and unfolding times. Nevertheless, the time

B-hairpin peptide derived from protein GB1 occurs in about scales must be the same in order Rax contributions toR,

6 us at room temperature. to be measured. If we define the lifetime in the folded (helix
For the derivation of folding-unfolding exchange times,  or hairpin) state as and that in the unfolded (random coil)

a simple two-state model (folded state and unfolded state)state ag., then the measured exchange time is actually an

was used. Although this is not unusual and a two-state modelaverage of these two lifetimes:

is often used, at least to a first approximation, to analyze

and to discuss protein and peptide foldingfolding events, Tex = TiTd (T 1+ 7¢) (11)

one cannot rule out the possibility for the presence of o o
microsecond time scale exchange among multiple states. InStabilization of the folded state means that the lifetime of

fact, Ramirez-Alvarado et al.30) have found that the the peptide in the folded stat.a,.should increase..To'have
unfolded state for this same hairpin peptide contains sig- @ Somewhat larger, or even similar, value fgg the lifetime
nificant elements of a collapsed state. Therefétg, may of the peptide in the unfolded state, must decrease. In
contain contributions from exchange among folded, unfolded, other words, the folding rate constant should become larger
and collapsed states. In any event, given the experimenta@nd the unfolding rate constant should become smaller such
errors, it is not possible to distinguish between two-state and that the folding equilibrium constant should increase, which
multistate exchange, and the use of a more elaborate,it does. In this regardce¥ for the hairpin peptide measured
multistate folding model would not yield better fits to the DY NMR, for example, is about the same as that measured
data and would only complicate the analysis. by Munoz et al. §) for the folding time of the GBJ-hairpin

In water/TFE, the folding exchange times, were, within peptide. . _
error, the same from residue to residue within each respective 1his study also showed that the foldingnfolding ex-
peptide, helix, and hairpin. For the helix peptide in water/ change time for the helix peptide in water/TFE is abot82
TFE at 5°C, 7« falls between 3 and 4s for all residues fold less than that for the; hairpin peptide, and this dlfferen(_:e
(simple average of 3.4s). Not only does this support the appears to be even Iess_ in water alone. In other words, folding
idea of a global exchange mechanism for folding but also Of & helix-forming peptide occurs somewhat faster than the
that use of the two-state model is sufficient to explain the folding of a hairpin-forming peptide. This conclusion is
data. At 30°C, 7eis also essentially the same for all residues consistent with other studies on peptide folding. As men-
within the helix part of the peptide (simple average of 1.9 tioned above, for example, Thompson et &). found that
us). However, at 30°C, ey for N-terminal, hydrophobic the folding time for an alamne-based_ helix-forming peptide
staple residue F2 was found to be much smaller (about 0.5Was about lus, whereas the folding time for a comparably
us). In the well-folded state (water/TFE at’g), the helix sized 20—res!dué-halrpm/sheet—formmg peptide was esti-
peptide is more structured with F2 being packed against L7 Mated to be in the range of-4.4 us (5), as was the folding
in the hydrophobic staple8] and the mobility of the  time fora 16-residug-hairpin peptide (Gs) (6). The fastest
N-terminus is reduced, whereas at higher temperature (30folding time for a helix-forming peptide (21 residues) has
°C), the folded-state population is lower and the N-terminus P€en reported to be 0.16 at 28°C (31). However, given
is more mobile, contributing to a smaller value fag. In that rate con;tants fpr formation of a single turn of helix
terms of the adequacy of using the two-state model, the samegenerally fall in the time range of 0-114 ps 82), peptide
can be said with the hairpin peptide for which values for folding—unfolding should occur on a time scale greater than
all residues are, within error, the same (simple average of0-1us.
8.8 us at 5°C and 3.1us at 30°C).

In water alone, howeverre varies slightly in some CONCLUSIONS
cases from residue to residue for both helix and hairpin  NMR spectroscopy has been used to derive exchange
peptides. The residue-dependent variability Qfwith these contributions to the transverse relaxation rates for individual
peptides in water is at least partly due to errors in determin- residues in one helix peptide and in one hairpin peptide. From
ing Rex and in estimating populations and chemical shift these data, exchange times were estimated using a two-state
differences between folded and unfolded states, especiallyfolding model and were found to be in microsecond range
for the hairpin peptide, as indicated by the errors shown for as observed for folding events with other peptides and
Tex Values. In addition, the presence of broader conforma- consistent with the view that peptide folding occurs on a
tional distributions in folded and unfolded states could time scale greater than about 4. TFE, which is known
contribute to this variation. Peptides in water could exist in to stabilize the conformations of both peptides, had little
structured, collapsed, and random coil states to variouseffect on average exchange times but did significantly narrow
extents at different temperatures, aggdcould be dependent  the site-to-site variability of exchange times. The difference
on residue type and position in the sequence and structurein folding—unfolding exchange times between these helix
Addition of TFE narrows the conformational distribution and hairpin peptides was found to be, at most3Zold,
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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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