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ABSTRACT Studies by one-dimensional NMR are reported on the interconversion of folded and unfolded forms of the
GCN4 leucine zipper in neutral saline buffer. The peptide bears 99% '3C* labels at three sites: V9, L12, and G31. Time-domain
13C*-NMR spectra are interpreted by global Bayesian lineshape analysis to extract the rate constants for both unfolding and
folding as functions of temperature in the range 47-71°C. The data are well fit by the assumption that the same rate constants
apply at each labeled site, confirming that only two conformational states need be considered. Results show that 1) both
processes require a free energy of activation; 2) unfolding is kinetically enthalpy-opposed and entropy-driven, while folding
is the opposite; and 3) the transition state dimer ensemble averages ~40% helical. The activation parameters for unfolding,
derived from NMR data at the elevated temperatures where both conformations are populated, lead to estimates of the rate
constant at low temperatures (5-15°C) that agree with extant values determined by stopped-flow CD via dilution from
denaturing media. However, the corresponding estimated values for the folding rate constant are larger by two to three orders
of magnitude than those obtained by stopped flow. We propose that this apparent disagreement is caused by the necessity,
in the stopped-flow experiment, for initiation of new helices as the highly denaturant-unfolded molecule adjusts to the newly
created benign solvent conditions. This must reduce the success rate of collisions in producing the folded molecule. In the
NMR determinations, however, the unfolded chains always have a small, but essential, helix content that makes such initiation
unnecessary. Support for this hypothesis is adduced from recent extant experiments on the helix-coil transition in single-
chain helical peptides and from demonstration that the folding rate constants for coiled coils, as obtained by stopped flow,
are influenced by the nature of the denaturant used.

INTRODUCTION

The leucine zipper of the GCN4 transcription factor (called The structurally simplest models for protein folding are
here GCN4-Iz) has become one of the most often usethe synthetic polypeptides, many of which form single
models for examining questions concerning the thermodye-helices in aqueous or organic media and which undergo a
namics and kinetics of protein folding. Its popularity stemshelix-random coil transition under appropriate conditions
both from its structural simplicity and from our relatively (Poland and Scheraga, 1970). However, the population of
reliable understanding of the relationship between amin@onformational states in equilibrium in such transitions is
acid sequence and structure in proteins of its type (Crickactually far more complex than in most proteins. The con-
1953; McLachlan and Stewart, 1975). formational population in small single-chain globular pro-
Structurally, GCN4-Iz is a coiled coil in benign media; it tein unfolding transitions, for example, is often well de-
consists of two 33-residue right-handeshelical chains, scribed by a two-state model. That is, the molecular
arranged side by side in parallel and register, and with gopulation consists of a mixture of native molecules and a
slight negative supertwist (O’Shea et al., 1989, 1991). Suckast array of rapidly interconverting, highly disordered con-
structures are known to result from sequences with a psedermations approximating the random coil of polymer
do-heptad repeat, the amino acids of which are designatezhemistry. In the case of synthetic polypeptides, however,
abcdefgand in which residuea andd are hydrophobic and the equilibrium population comprises a vast array of par-
e andg oppositely charged (McLachlan and Stewart, 1975¢tially folded, partially disordered chains.
Lupas, 1996). The resulting amphipathicity of the helices Coiled coils are structurally intermediate in complexity
leads to helix-helix interactions that direct parallel, regis-between the topologically complex globular proteins and
tered dimerization. GCN4-Iz is also a leucine zipper, a typesingle chain helices. One simply has two helices side by
of coiled coil in which thed residue positions are predom- side. Is the population of states in coiled-coil unfolding
inantly occupied by leucines. equilibria more like globular proteins or more like single-
chain peptide helices? That is among the questions we
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ward processes: = 2U, wherein F signifies an intact the population of states can therefore be gained by using
coiled-coil dimer and U an unfolded monomeric chain methods that report on folding from a local point of view.
(Zitzewitz et al., 1995, 2000; Sosnick et al., 1996; Moran etUnfortunately, such local probes are not common in native
al., 1999). However, studies ByC*-NMR of a GCN4-like  proteins. Aromatic residues are few, and only tryptophan
peptide (called here GCN4-1zK) show plainly that thermalfluoresces strongly. Attached spin or fluorescent labels are
unfolding curves differ from site to site on the molecule andinvariably large hydrophobes and may report only on what
that more than onfoldedform exists at most sites, findings they themselves have caused. Substitutiort®6f for *2C,
incompatible with a two-state population (Lovett et al., however, is conformationally neutral, so selective substitu-
1996; Holtzer et al., 1997; d’Avignon et al., 1998, 1999). tion provides unperturbed site-specific information.

These various findings raise questions as to whether NMR has other advantages as well. Whether one uses
observed differences between laboratories are caused Isaturation-transfer, spin-inversion transfer, or line-shape
variations in the precise sequences and/or conditions used analysis to extract dynamic information, only spins are
these various studies or by something deeper. Various labmnanipulated. The rate information that results therefore
oratories have referred to somewhat different peptides byefers to the undisturbed chemically equilibrated system.
the same name, i.e., “GCN4 leucine zipper.” Originally, theSuch information therefore complements studies of folding
peptide sequence Ac-RMKQLEDKVEELLSKNYHLENE- that involve starting from a denaturant-unfolded state. The
VARLKKLVGER-OH was referred to verbally by that NMR studies therefore do not involve an initial collapse of
name and symbolically as GCN4-pl (O’Shea et al., 1989the unfolded form from a thoroughly unfolded, denaturant-
1991). Other authors have used mutants that feature diffeswollen state to one characteristic of the normal aqueous
ent end-capping (note that GCN4-p1 is capped at the N- bugnvironment.
not the C-terminus) or contain other mutated sites for spe- Finally, we emphasize that many studies of the folding
cial purposes, e.g., a Y17W mutation to enhance fluoreskinetics of proteins, including coiled coils, have drawn
cence (Sosnick et al., 1996; Moran et al., 1999). ¥i@#-  conclusions about transition states from experiments at a
NMR studies referred to above use a GCN4-like sequenceingle temperature. However, a crucial test of the entire
(GCN4-IzK) that not only includes a C-terminal amide, but transition-state idea is in the temperature dependence of rate
also the conservative mutations R1K, H18K, R25K, andconstants. Without a knowledge of the activation parame-
R33K. These lysine substitutions result in reduction of theters, conclusions on transition states must remain uncertain.
melting temperature of the coiled coil, a feature that lessenklowever, one must also recognize that studies of strictly
sample damage during accumulation of NMR data in therthermal unfolding may bring the system into nonphysiologi-
mal unfolding experiments. cal regions of temperature, emphasizing the complementa-

The experiments reported on in this paper were all persity of the various approaches.
formed on peptide with the original sequence and capping With these objectives in mind, we report here on studies
of GCN4-p1, as given explicitly above, except that it con-of the temperature dependence of the rate constants for
tains 99%°C* at sites V94), L12(d), and G31k). This  folding and unfolding of GCN4-Iz in near-neutral saline
peptide will be referred to here as GCN4-Iz, notation thatouffer via analysis of thé*C*-NMR line shapes at sites
facilitates comparison with our earlier work on its relative V9(a), L12(d), and G31§).

GCN4-IzK.

In addition to capping and sequence variation, literatur
reports vary in the solvent media used for folding studiesej"\llm-ERIAI‘S AND METHODS
Despite the known and powerful influence of solvent onSynthesis, purification, and characterization of
folding, studies very often vary the medium drastically; GCN4-Iz labeled at V9(a), L12(d), and G31(b)
often, one has to read the paper in considerable detail to find

. . Peptides were prepared by solid-phase synthesis on an Applied Biosystems
out that a StUdy has been conducted in a medium far fron333A peptide synthesizer using*M-fluorenylmethyloxycarbonyl (Fmoc)

physiological, e.g., at pH 5.5 or lower (Sosnick et al., 1996strategies on Wang resins. All reagents were purchased from Perkin-Elmer
Moran et al., 1999). All the experiments we report on hereFoster City, CA). Syntheses were on 0.1 mmol of resin, but using coupling
were in the medium (NaClyNaPikooD,0)s5147.4), protocols standard for 0.25 mmol synthesis. N-terminal acetylation was
wherein we designate complex agueous media using th@rried out before deprotection and cleavage by reacting with acetic anhy-

formula for each additive with its millimolarity as subscript dride in diethylamine ant\-hydroxybenzotriazole dissolved M-methyl-
Yy P, pyrrolidone. Peptides were deprotected and cleaved from the resins by

followed by the pH in parentheses. The 10%®included  incubation fo 2 h in trifluoracetic acidithioanisole/ethanedithiol/phenol/
in the medium for NMR purposes does not alter the transiwater::83.3:4.2:2.1:6.2:4.2. After precipitation and washing with methyl-
tion (Lovett et al., 1996; Holtzer et al., 1997). tert-butyl ether at 4°C, the peptides were lyophilized before further puri-
If an unfolding process is strictly two-state, any struc- fication. Each peptide was characterized by amino acid analysis, analytical
. . . . HPLC, and electrospray ionization and matrix-assisted laser desorption
tured site on the chain will report the same unfolding mass spectrometry,
process. If the conformational population is more complex, The 13cjabeled F moc-amino acids were prepared as previously

one expects different sites to report differently. Insight intodescribed (Lovett et al., 1996). Protocols for synthesizing the labeled

Biophysical Journal 80(2) 939-951



Folding in the GCN4 Leucine Zipper 941

peptides were the same as described above, except that the labeled amino YL — (D YL YL

acids were dissolved in 2 ml ®-methylpyrrolidone before adding to the dMydt = —[i(w, — @) + kedMi + kMg

amino acid cartridges, and the activation reagents, for those coupling\,hereinmjr is the complex (signified by the circumflex) transverse mag-

cycles only, were reduced fourfold in concentration. netization in the rotating frame (signified by the prime) due to nuclei in
Our peptides were brought to at least 99% purity by reversed-phasgonformational environmerjt &; is the complex Larmor angular velocity

HPLC using a Beckman system equipped with a Vydac preparative (C18&f nuclei in environmenf, given by & = w; — iry, in which o, is the

22 x 250 mm) column for polypeptides. The purity of individual fractions | armor angular velocity and,; the transverse relaxation rate constant

was assessed by analytical reversed-phase HPLC (Vydac Cx8280  (reciprocal of theT, relaxation time) af; w is the angular velocity of the

mm), UV spectrophotometry, and mass spectrometry. The moleculafotating frame (i.e., the spectrometer angular velocity); lgpandk,, are

masses obtained were within 1 Da of the calculated value, 4042 Da, fofhe rate constants for the forward and reverse reactions, respectively. These

peptides bearing thre€C* labels. Bloch equations can be put into more elegant forrta(®udin and Sauter,
For both the CD and NMR experiments described below, analyticalj992) by introducing the definitions:
HPLC was routinely used to check for sample damage after experiments

that exposed solutions to temperatures greater than ambient for extended S = i((;)f — w) + kfu (2)
periods. Samples kept at temperatures above 50°C for several hours are
particularly vulnerable, and such checks, and checks for reversibility, are ASu _ i(&) — o) +k,

- u f

essential to assure that the measurements are done on intact samples.
Peptide concentration was assessed by measurement of absorbance,glj the matrix:
275 nm, using an extinction coefficient for the tyrosine in GCN4-Iz in

benign media of 1.40 mM* cm™*. This value was obtained by alkaline . M/
titration of tyrosine in denaturing media by the Edelhoch method (Edel- M’ = (A ,> 3)
hoch, 1967). Because GCN4-Iz has one tyrosine per chain, tyrosine and My
chain molar-basis concentrations are the same. into Eq. 1, which then becomes:
dV'/dt = XM (4)

CD

whereinX, the kinetic matrix, is:
Digitized CD data were obtained using a Jasco (Easton, MD) J500A
spectropolarimeter equipped with a Jasco IF-500 interface. Procedures for R ( _g Kyt )
CD data acquisition and analysis have been described earlier (Holtzer et al., = ~ . (5)
1995). CD data for natural abundance GCN4-1z and for labeled samples are kfu -

indistinguishable. The form of differential equation (4) is identical to one encountered in

earlier work from this laboratory involving spin inversion transfer exper-
13 iments (d’Avignon et al., 1998, 1999). However, in that earlier context, all
C“-NMR of the quantities involved are real, whereas in the present case, several are
complex. Nevertheless, the solutions to Eq. 4 are formally identical to those

All **C-NMR data were recorded at 11.4 TestdQ resonant frequency: found earlier-

125.703 MHz), using a Varian (Palo Alto, CA) Unity-Plus 500 spectrom-

eter equipped with a Nalorac (Martinez, CA) 10 mm probe and an Oxford . . et o
(Oxford, UK) temperature controller. Before measurements, 1.2 ml M’ =V1( 0 Aot >V|\/|’(0), (6)
GCN4-1z in (NaCl),NaPi}x,(D,0)s5,47.4) was placed in a 10 mm e

matched s_usceptibility Shigemi (Alison Park, PA) tube and adjusted to.‘?‘m which V and V~* are matrices capable of diagonalizing the kinetic
sample height of no less than 16 mm. The sample was allowed to equili- atrix. i.e

brate to the desired temperature for at least 20 min before recording NM T
data. Collection conditions included 6400—8300 transients at each temper- o a 0
ature except those:70°C (4000 transients); 17 &s pulse length (90° flip VXV 1= < A ) (7
angle); spectral width 12,686 Hz; 1.5 s preacquisition delay time; and 0 &

broad-band (GARP) proton decoupling. During a multi-temperature NMR

L - ith:
run, the sample was periodically equilibrated at 25°C and the NMRWlt

spectrum recorded. This allows assessment of the sample integrity to 1 _(“s + é) K,
ensure that damage had not been sustained by prolonged exposure to VvV = H( N R 2 f ) (8)
elevated temperature. The gas bubble generated in the Shigemi tube in a — S+a —kKu
going from ambient conditions to elevated temperature was purged before
data collection. and:
S Kt

: : Vi=1ai1a 843 )
Bayesian data analysis kil Sta Sta
Basic equations and &, and &, are the eigenvalues of the kinetic matrix, obtained from

solutions of the usual quadratic equation:
For an elementary reaction of the foffne= u, after a 90° pulse, the Bloch . . ~ .
equations for transverse magnetizations contributed by nuclei in each of the -S5+9) [(5- S,)Z + 4|(fukuf]1/2
two environments,f or u, are (McConnell, 1958; Carrington and &,= 2 * 2 (20)
McLachlan, 1967):

~ A ~ ~ The reader is reminded that, since the coefficients in the quadratic are not
dM{/dt = —[i(w; — w) + Ky JM{ + kM 1) all real, the two solutions in Eq. 10 are not conjugate pairs.
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The relationship of these equations to our system must next be clarifiedyalue of the diffusion-controlled rate constant for association of two
because, in the case of two-stranded coiled coils, the equation expressimgndom chains of the size of GCN4-Iz in the temperature range of interest

the stoichiometry is of the form: here. This issue is further discussed below, where it will be seen that the
chosen value oZ does not affect any of our conclusions, and in any case,
F=2U (11) has no effect on the activation enthalpies.

whereinF represents one mole of two-stranded coiled coilslache mole
of unfolded, dissociated chains. In chemical kinetics, the equations for apgameter estimation
elementary reaction of this form are:
The parameters in the time-domain, two-state exchange lineshape model

d[F]/dt = _kunf[F] + kfld[U]z (123-) were estimated globally using Bayesian probability theory (Bretthorst,
) 1990a,b,c, Bretthorst, 1990c, 1997). The marginal posterior probability for
d[U]/dt: Zkunf[F] - 2kﬂd[U] (12b) each parameter was computed using a Markov chain Monte Carlo

. ) ) o (MCMC) simulation with the joint posterior probability as its target dis-
Wherelr_1 brackets arou_nd a chemical species symbol indicate molar COibution (Gilks et al., 1996). The MCMC simulation was implemented
centration of that species. using thermodynamic integration to ensure that it located the global max-

The NMR experiment measures magnetizations, not concentration§mum of the joint posterior probability
Because NMR is concerned only with spins, which are conserved in o v sics of the model is that of two-state exchange as discussed
confo.rmatlonal exchange while molecules are not, the reaction appears Whove. In this model there are two basic functions of time at each labeled
be unimolecular both ways. We therefore nee_td to make the correspondengﬁe: the transverse magnetization from spins in the folded environment and
of the r.ate. constants in Egs. _12 to those. n Eq. 1. The change n thﬁﬁe corresponding magnetization from spins in the unfolded environment.
magnetization, per §ecc_)nd .perllter, of nuclei |n.the fqlded enwronmentdu%e assume that the conformations at each labeled molecular site are
1o th‘e forward reaction Is given b_y the change in their mqlar concentratlor]nterconverting at the same rate, which means that these rates are functions
multiplied by the average magnetization those folded species have; thereforsf four quantitiesAH? _ andASF o, the standard enthalpies and entro-
pies of activation for the reactiof = 2U. The purpose of the Bayesian
analysis is to determine the values of these quantities that best mimic the
Likewise, the reverse reaction produces a change in the magnetization . - -
the folded form that is given L?y the change ingthe concen?ratiom of considered to be provisional only. The subsequent finding (see below) that
the analysis, on that basis, mimics the data well, justifies invocation of
magnetization: ;)rzcsaer:ts razor and thereby acceptance of the two-state idea, at least for the
these parameters from Bayesian theory, one must relate them to the
available data, in this case the 11 free induction decays (fid's) obtained

unf,fld
(dM f,/dt)unf = (d[F]/dt)unf(Mf,/[F]) = _kunfo’ (13)
gfalta (fids). At first, the assumption of like rates at the three sites was
molecules responsible for the back reaction, multiplied by their mean
(d|\7| 1)y = (d[F]/dt)ﬂd(ZM U] Table 1 summarizes the 148 parameters involved. In order to determine

— 2 Y

- (kﬂd[U] )(ZM U/[U]) from 11 NMR runs. We next sketch how this was done and the origin and
- nature of the 148 parameters. The two unknown enthalpies and two

= 2kﬂd[U]Mu (14) unknown entropies, along with the estimated temperature, are needed to

compute the NMR exchange rates for a given fid. We have a measured

Addition of Egs. 13 and 14 gives the total rate of change of the magneti-value of the temperature in each case, but we do not know it exactly.

zation of the folded form caused by conformational exchange. Compariso@:onsequently, each temperature was allowed to vary, but only within the
of these results with the Bloch equations given in Eqg. 1 indicates that W& ncertainty in the measured value1°C). There are 11 fids, so there are
have only to make the correspondendgs:= ko andk,s = 2ky[U], for 13 ynknown temperatures. From the computed NMR exchange rates, the
all the equations governing the simpler stoichiometry to hold exactly. S'nCQNeight fraction of each conformation was computed. These fractions and
the total concentration of conformational fokdis obtainable from the rate the total magnetization at time zero were then used to compute the total
constants themselvek,(/kyq being just the equilibrium constant) and the o qhetization at each site for each fid. There are 11 fids and 3 sites,
total peptide concentration, the conformational rate constaqgfs k) making 33 total magnetization parameters. Moreover, each resonance for
follow from determination of the NMR rate constantg,(ky); only the  oach conformation for each fid has an unknown Larmor frequency asso-
latter are, or need be, directly determined from the time-domain data.  gjateqd with it, yielding (3)(2)(11)= 66 frequencies. Also, each resonance
Because we adopt a global Bayesian analysis, in which time-domaifi,, oach conformation has an inherent transverse relaxation rate constant
NMR data at all temperatures and concentrations are combined into g y associated with it. Unlike frequencies, relaxation rate constants are not

single set, it is necessary to provide a relationship giving the form of the ey precisely determined by NMR, so small errors in relaxation times do
temperature dependence of the rate constants for the conformational

change (Eqg. 11). We use the usual form:

_ _ ¥
kunf,ﬂd =Z ex“ AGunf,ﬂd/ RT) TABLE 1 Summary of model parameters
= ZexpASn/Rexp(—AH{/RT)  (15) Number of
' ' Parameter Description Parameters
wherein AX{ 4 represents the change in any standard thermodynamicAH¢ AHE, AS,, AS 4
quantity X (G, S, or H) in going to the transition state in the unfolding or unp = fid) ==nf = d
. S ’ ) . 1 Temperature per fid 11
folding direction, respectively. The preexponential facfors generally . - . )
: , \ 1 Total longitudinal magnetization per site per fid 33
accepted to be&kT/h (k is Boltzmann's andh Planck’s constant) for g . )
2 Frequencies per site per fid 66

chemical reactions involving covalent bond breakage or formation. Its - - .

: 1 . . .4 Longitudinal relaxation parameters per site 12
value is near 1¥ s~*. However, the value appropriate to reactions in 2 Phase parameters per fid 29
which only conformational changes occur is controversial, values rangingl_otal arSmeters i tr?e model 148
from 107 to 10" having precedents (Bilsel and Matthews, 2000). Here, we P

use 16° which is not only a compromise value, but also the approximatefid, Free induction decay.
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not make much difference in how well the model fits the data. Conse-requires that 148 parameters be estimated at one time. Therefore, it is clear
quently, we imposed a linear temperature dependence on the relaxatidhat 148 parameters is a marked reduction from 220, representing a
times. With 2 parameters to determine a line and 6 relaxation rate consubstantial input of prior information into the model. The software was
stants, 12 parameters are needed to describe the relaxation times of thested on simulated data. Chosen sets of parameters were used to generate
resonances. As seen in Table 1, the grand total is 148 parameters. free induction decays, with noise added to mimic that found in the exper-
The MCMC simulation generates a parameter set and then uses Bayeisaents. The actual experiments were analyzed only after verifying that the
ian probability theory to compute the joint posterior probability for all 148 programs converged to the known parameter values in the simulations.
parameters. Two critical quantities are needed within the Bayesian calcudther, subsequent tests are described in the Discussion section below.
lations: the prior probabilities for the parameters (discussed below) and the
direct probability for each data set. The latter is essentially a likelihood
function. A Gaussian prior probability for the noise was used in the RESULTS
calculation, so the likelihood function is closely related to the mean square . . .
residual, i.e., measures the difference between the data and the model. Fa@mple CD spectra are shown in Fig. 1 as a function of
a given fid, the model of the data is the sum of six magnetizations (thredemperature over the range 5.4—73.2°C. The decline in helix

sites, two conformations), each computed as the solution to the two-statgontent with increasing temperature is evident. There is
exchange differential equations (Eq. 6 above). strong evidence of an isodichroic point at 203 nm, where the

Ideally, we would use uniform prior probabilities for many of the . S —1
parameters. However, the functional form of this model precludes tha[nean residue elllptICIty is-127 deQ crf mmol*. These

strategy. If the enthalpies and entropies are not carefully constrained to tié€SUlts are in the range expected Tor a coiled coil (Holtzer
physically meaningful region of the parameter space, the computed exand Holtzer, 1992). However, this only shows that the

change rates will be zero or infinity. Consequently, one is forced to specifyneptide groups in the system are in one of two possible
this meaningful region. Each of these parameters was therefore assigne fates. not that there are only two molecular conformational

bounded Gaussian prior probability. In the absence of specific prior infor- tat Indeed. similar isodichroi int b di
mation, we initially set the bounds, means, and standard deviations of th ales. Inaeed, similar isodichroic points are observed in

priors to our best guess of the physically meaningful region. For exampleC0iled coils where there is no doubt that the number of
the relaxation times were constrained between 0.0001 and 1 s, with a meaniolecular conformations is larger than two.

of 0.03 and a standard deviation of 0.03 s. These bounds are so wide that Fig. 2 shows the negative of the mean residue ellipticity
they serve as little more than a rough guide to the MCMC simulation as toat 222 nm as function of temperature for various concen-

where to look for the parameter. Similarly, the frequencies were specifie({'r . . .
with a mean equal to the location of the resonance in the discrete Fourie ations in the range 3.4-1410M. Here, the typlcal be-

transform with a standard deviation of 10 Hz. Given that the simulationh@vior of thermally unfolding coiled coils is seen: a shallow
determined these parameters to a few tenths of a hertz, these means diall at low T, followed by much more cooperative decline at
bounds on the prior values simply confine the parameters to frequencienigherT. The effect of mass action is clearly evident as an
where we know the resonances to be.

After setting the priors, we ran the simulations and examined the results.
If any of the marginal probability density for the parameters butted up
against the prior bounds, the prior bounds and means were shifted appro-
priately and the simulation re-run. When all the prior bounds covered the
estimated parameters and all the bounds were wide compared to the
estimated parameters, we set all the means to be approximately as esti-
mated by the simulation and set the standard deviations on the priors to be
very wide compared with how accurately the parameters were determined
by the simulation. As a result, the simulation is essentially computing the
marginal posterior probability for the parameters using uniform priors. The
priors serve only to keep the MCMC from wandering into non-physical
regions of the parameter space.

In implementing an MCMC simulation, it is usually better to run many
short simulations than one long one. Consequently, our program runs 150
simulations concurrently. For a fixed annealing parameter, the simulations
were run through 10 steps for each parameter. We then removed the 5
lowest probability simulations and replaced them by copies of higher
probability simulations. We then increased the annealing parameter and
repeated the process until the annealing parameter reached unity. At that
time the simulations were saved, evolved for a number of additional steps,
more samples saved, etc. After gathering a total of 2060 simulations, -300
we then used the distribution of samples to compute the marginal posterior
probability of each parameter.

Because 148 parameters seems to be a dauntingly high number, it may -350 —_
help to put it in perspective. If one were to model each resonance as an 200 210 220 230 240 250 260
exponentially decaying sinusoid, three parameters per resonance plus a
zero and first-order phase correction would be required for each NMR run, Wavelength / nm
i.e., each observed fid. With three labeled sites and two conformations
each, this totals (3)(6) 2 = 20 parameters per fid. With 11 fids the grand FIGURE 1 CD spectra of 31iZM GCN4-Iz in (NaCl) ,NaPi)s(D,0)ss14
total is 220 parameters. Of course, if one were to model the fids run by run(7.4) at various temperatures. Reading upward at 222 nm, temperatures are
only 20 parameters would need to be estimated at a time. However, thén °C): 5.4, 21.3, 37.2, 47.7, 52.8, 55.3, 57.9, 60.5, 63.0, 65.6, 68.1, 70.7,
process would have to be repeated 11 times. Using our global procedui3.2. The isodichroic point is at 203 nm,127.3 deg crimmol ™.
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FIGURE 2 Negative of the mean residue ellipticity at 222 nm of
GCN4-Iz versus temperature at various peptide concentrations. Concentra-
tions are (inuM): 3.41, open circles 39.0,open dels317,filled squares
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increase in the melting temperature as concentration inFIGURE 3 Frequency-domaitfC*-NMR spectra of GCN4-Iz at sites
creases. In general, the melting temperatures of thi¥9(a), L12(d), and G31K) at various temperatures (as marked). Range of

GCN4-Iz peptide are significantly greater than for thechemical shifts for various conformations at each site is also marked.
GCNA4-1zK t t studied h i Peptide concentrationg/l) are: 324, bottom two spectra; 340, remaining
-z counterpart studied here earlier. spectra. Non-noisy lines are results of global Bayesian analysis of all data,

Fig. 3 displays some of the frequency-domain experimenmciuding spectra not shown. Chemical shifts are referenced to external
tal °C*-NMR spectra (noisy curves) at near 38 and  2,2-dimethyl-2-silopentane-5-sulfonic acid (DSS) at 27.8°C. Solvent is as
various temperatures. As is clear from the spectra at th#& Fig. 1.
lowest and highest temperatures, the chemical shift differ-
ence between folded and unfolded forms is greatest at theature of the transition simply then requires higher temper-
VV9(a) resonances;-63—68 ppm, and least at the GBL( atures to reach the transition region, resulting in sample
resonances, near 46 ppm. The NMR time scale for confordamage. Nevertheless, the spectra calculated from the
mational change is set by the frequency difference betweeglobal Bayesian analysis (smooth lines) fit the experimental
the two forms. If the reaction rate constants are large comspectra rather well. This is also seen in Fig. 4, wherein are
pared to that frequency, only one broadened resonance witlisplayed the residuals for spectra at 340 and at 3490
be observed. If those constants are small compared to thasside from a small anomaly in the glycine region for the
frequency, two independent resonances will be observedhigh-concentration spectrum, the fit is satisfactory. This
This means that a given set of interconformational rateanomaly may be connected to the position of glycine near
constants will play out differently at our three different the C-terminus of the peptide. In the related peptide, GCN4-
labeled sites. A conformational reaction with site-independzK, the G31p) site is rather atypical (Holtzer et al., 1997).
dent rate constants will seem slower t&° nucleus at V9  Other glitches in the residuals are readily ascribable to noise
than at L12 or at G31. This effect is seen directly in thein the data. The kinetic constants returned by the Bayesian
spectra. At the valine site, the reaction is very clearlyanalysis are compiled in Table 2 and appear as Arrhenius
evident, for example at 61°C, as two resonances broadengiots in Fig. 5. The corresponding thermodynamic values
S0 as to strongly overlap. The leucine site shows two resoare given in Table 3 and as a van't Hoff plot in Fig. 6. The
nances so strongly overlapping as to almost merge, while dinearity of these plots justifies the assumption that the heat
the glycine site they have merged. The strong influence otapacity changes for these processes are small enough to
conformational interconversion on the line shape is evidentignore. As Figs. 5 and 6 show, the data (fids) at more than

For quantitation purposes, the signal-to-noise (S/N) is nobne concentration are well fit, as they should be, by con-
as great as one would like. Nor is it possible to improve thecentration-independent values for the rate and equilibrium
S/N by increasing the concentration, since the dissociatingonstants.
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G31(b)
—

V9(a) L12(a)

| L 1 !

2.90 2.95 3.00 3.05 3.10 3.15

70 68 € 64 62 60 58 56 54 52 50 48 45 A4
1000/ T

ppm
) FIGURE 5 Arrhenius plots of kinetic constants for conformational
FIGURE 4 Sample frequency-domaifC*-NMR spectra of GCN4-Izat  change: R 2U of GCNA-Iz. Lower line and circlesunfolding (forward)
sites VOg), L12(d), and G31) with residuals from global Bayesian gjrection; upper line and trianglesfolding (reverse) directionUnfilled
analysis.Topr 1410 uM peptide at 66.1°CBottom 340 uM peptide at  gympols 320-340uM; filled symbols 1410uM. Solid linesare results of

61.3°C. Non-noisy lines are from the global Bayesian analysis, and residpe global Bayesian analysis. Solvent is as in Fig. 1. Note break in ordinate
uals appear below each spectrum. Chemical shift referencing as in Fig. 3yiq.

Solvent is as in Fig. 1.

GCN4-1zK peptide, which clearly shows evidence of more

DISCUSSION than one folded form at the various sites investigated by
Population of conformational 13C*-NMR. This evidence includes the appearance of more
states at equilibrium than one resonance in the region of the spectrum ascribed to

_ ) folded forms, and demonstration by magnetization transfer
The Bayesian analysis of our NMR data assumes that thgs interconversion among folded forms (Lovett et al., 1996;
same unfolding and folding rate constants apply at all thregyg|tzer et al., 1997: d’Avignon et al., 1998; d’Avignon et al.
labeled sites. Moreover, these three sites are characterizgdgg),
by chemical shift differences for the folded and unfolded Nevertheless, the question cannot be considered entirely
forms that vary significantly from site to site, thus providing ¢josed in the case of GCN4-lz. Our studies so far include
three different NMR time scales. The satisfactory agreemendpy the three sites: Vaj, L12(d), and G31§). Moreover,
between the calculated and measured spectra therefore CQfg first two are in the same heptad. In GCN4-IzK these two
firms earlier workers who conclude that the two-state modekites djffer in transition midpoint temperature by 3.5°C, a

applies well to GCN4-lz (Zitzewitz et al., 1995, 2000; gypstantial difference despite their close location (Holtzer et
Sosnick et al., 1996). This result is in marked contrast to the

TABLE 3 Standard thermodynamic parameters for GCN4-lz

TABLE 2 Kinetic parameters for GCN4-lz

o % + o % 6 +
unfolding and folding AH; ¢ AS; AGy 106 K,

K AHFT ASTS AGH 54.4 +3.0 146+ 9 5.34+ 0.05 335+ 26
unf  401=+ 13 33.8+ 1.9 66.8+ 5.7 11.4+ 0.03 For F= 2U in (NaCl),oNaPi}7.4). Error ranges are standard devia-

tions from Bayesian analysis.
*kcal -+ su™%; standard state is 1 M, as extrapolated from highly dilute
ForF = A* = 2U in (NaCl),o{NaPi)(7.4) usingZ = 10™. Error ranges  reference state. The value f&Gy,, applies at 62.7°C, the transition

fid (1.20+0.08)x 10° —20.6+2.3 —79.3+6.8 6.03= 0.04

are standard deviations from Bayesian analysis. midpoint at 335uM.

*s~1 for unfolding; M~ - s for folding; values apply at 62.7°C, the 'cal- K *-su %; standard state is 1 M, as extrapolated from highly dilute
transition midpoint at 33M. reference state.

Tkcal- su™%; values forAG* apply at 62.7°C, the transition midpoint at 335 *Strictly speaking, equilibrium constants have no units; here, the nominal
uM. units of K,; are Mol- liter*; the value given is for 62.7°C, the transition
Scal- K™1-suL. midpoint at 335uM.
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-5 T 1 T - 45-60 kcal/su (Kenar et al., 1995). However, we find that
ACY is negligible, whereas the calorimetric value is given as
500 cal K ! su ™. If the standard heat capacity difference
were as large as that, our enthalpy value should have
changed by~12 kcal/su (i.e..~20%) over the temperature
range of 25°C spanned by our data. If that were the case, we
should have seen it. We have no explanation for this dis-
crepancy between our NMR results and the calorimetric
value of the heat capacity change. Our efforts to include
such a difference did not improve the agreement between
the Bayesian results and our NMR data.

It is of interest to compare our enthalpy value for
GCN4-Iz with that for tropomyosin, perhaps the prototypi-
cal coiled coil that is not a leucine zipper. Since tropomy-
osin’s chain is much longer, the relevant comparison is
gram-for-gram. For tropomyosin the value is5.2 callg
L : . ’ (Potekhin and Privalov, 1982), while our value for GCN4-Iz
290 295 300 305 3.10 315 is 6.8 callg, significantly higher. This indicates that a great

1000/ T deal of the greater stability of these short leucine zipper
peptides is energetic in origin.

FIGURE 6 van't Hoff plot of equilibrium constants for unfolding reac-
tion F = 2U of GCN4-Iz. Unfilled circles 320-340uM; filled circles,
1410 uM. Solid line is from global Bayesian analysis. Solvent is as in Kinetics of unfolding
Fig. 1.
The nature of the transition state

al., 1997). In GCN4-Iz, the corresponding difference, if any, The model used here for analysis of the kinetics is:

must be much less. However, it is possible that alternati\_/e Fe= A= 2U (16)
folded forms could be observed at other sites, even in

GCN4-Iz. Indeed, there are hints of a shoulder on each ofvhereinA* represents the dimeric activated complex (tran-
the resonances at lower temperatures and higher concentrgition state). The values in Table 2 leave little doubt that the
tions (not shown) in our current labeled GCN4-Iz peptide,process is an activated one. The standard Gibbs energy of
possibly indicating the presence of such other forms. It mayctivation is substantial, 11.4 kcal/su in the unfolding direc-
be, therefore, that at the higher temperatures required tion at the transition midpoint (62.7°C at 3g®1). It is also
unfold GCN4-Iz, other folded forms have given way to the evident that the unfolding reaction, kinetically speaking, is
one most stable at elevated temperatures. Investigation etropy-driven and enthalpy-opposed. The transition state is
other labeled sites in GCN4-Iz could answer the questiompparently appreciably unfolded with respect to the folded
more definitely. Meanwhile, there is no reason to invokeform. This is, of course, not unexpected, but the values in
more than two states in examining our present kinetic dataTables 2 and 3 provide quantitation. All of these energy

The GCN4-Iz peptide also differs from the GCN4-1zK relations can be grasped more easily by referring to their
variant in the time scale for conformational change. GCN4-graphical representation in Fig. 7.

IzK shows distinct resonances for the folded and unfolded One of the tenets of transition-state theory is that the
forms, indicating interconversion processes that are slow ogoncentration of the activated state is low enough to ignore
the NMR time scale (Lovett et al., 1996). GCN4-Iz, how- in considering the equilibrium populations. One can verify
ever, shows line shapes characteristic of two interconvertinghat this is indeed the case here. For a reaction of the
sites, evidence of kinetics of interconversion on a time scalgtoichiometry appropriate here, the midpoint occurs where
comparable to that of the NMR experiment. These prothe concentration of the folded form is related to the total
nounced differences between peptides differing by only fouformality of peptide (as monomers) byf][= C/4 = 83.8
conservative changes underscores the difficulty of makinguM at C, = 335uM. The transition state concentration then
predictions about thermodynamics and kinetics for everbecomes:A*] = [F] exp(—AG} /RT,) = 3.2 X 10 ® uM,
very minimally mutated peptides. far lower than for the folded or unfolded form.

Because the value of the activation free energy depends
on one’s choice of pre-exponential factat, one might
inquire as to whether a change in our choice of°X0* for
Table 3 indicates an enthalpy of overall unfolding of 54.4this factor affects our conclusions. Within the reasonable
kcal/su. This compares well to the calorimetric value oflimits for Z (10° — 10"?), the value 10provides the smallest

Thermodynamic parameters for F = 2U
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r a helix content for the unfolded form ¢f’ = 0.171, i.e.,

60 |- 2u near 17%, providing one to two helical turns for a 33-
residue chain. This is consistent with our data for many
types of coiled coils.

7 or al To obtain an estimate of the helix content of the folded
E i form we also use the data of Fig. 2. However, the low
x 20} At temperature values indicate a slow linear decline in the
L = negative of the CD withT in the low-T region before the
ol F F cooperative decline that occurs in the region of higher
G~ H= This slow decline at lowT almost surely indicates some

thermally induced loss of helix content of the dimeric,
reaction coordinate predominantly folded species (Holtzer et al., 1997). Extrap-

olating this initial linear decline to the midpoint temperature

FIGURE 7 Energy level diagram for GCN4-lz from Tables 2 and 3. : ;
Standard Gibbs energy, enthalpy, and entropy values for the folded form IEor solutions near 30QM gives a value of 284 deg ¢

are arbitrarily set to zero. Solid lines are for (iny Z = 10'% dashed mmol™* for the folded form, corresponding to a helix con-
lines for Z = 107; dotted lines for Z= 102 tent of 0.811.
Using, then, these measures, we find for the mean helix
content of the transition state ensemble: (0.621)(0.171)

o (0.379)(0.811)= 0.414, i.e., 41.4% helix. This estimate
value for the activation free energy (6.8 kcal/su) and theregp, 4 cterizes the structure of the transition state just as the
fore the largest for the transition state concentration, thg ., es of Table 2 characterize its various energetic proper-
latter becoming 0.0032M, still orders of magnitude lower  yjo5 |t should be kept in mind that this estimate does not
than that of either of the two principal thermody_namic depend on our choice of the preexponential fagosince
components. We therefore conclude that the values in Tablg,q 5 qtiyation enthalpies are independent of it. The proper-
2 satisfy this requirement of the theory. Indeed, none of thgjeg of the transition state dictated by our experiments there-
conclusions drawn here are affected by alterigvithin - ¢,0 gisagree with those found in some extant work that
reasonable limits. ascribes only marginal helix content to the transition state.

The activation enthalpy for unfolding is also high (33.8 We believe our methods to be more direct thandhanal-
kcal/su, 62.1% of the total enthalpy of unfolding) and Onlyysis used in that study (Sosnick et al., 1996).
partly compensated by the activation entropy. This enthalpy '

value can be used to learn something about the nature of the
transition state, i.e., its “degree of unfoldedness.” To do soComparison with stopped-flow studies at low temperature

we assume that the enthalpy-structure relationship is linegt  ation 15 and our values of the activation parameters for
and estimate the enthalpy of the transition state as §nfoding (Table 2) allow estimation of the rate constants
weighted sum of those for the unfolded and folded localt, tomperatures outside the range of our experiments. They
states: therefore make it possible to compare such extrapolated
H = fJ(2HD) + (1 — fHHE (16)  Values with extant values obtained by stopped-flow at tem-
peratures sufficiently low so that folding is strongly favored.
whereinf ¥ is the “fraction unfoldedness” of the transition Such comparison is made in Table 4 with values obtained
state. Equation 16 gives: under solvent conditions similar to ours, but at 5 and 15°C
F = AHE JAH? (17) (Zitzewitz et al., 1995, 2(_)00). The agreement of these
unft = funf stopped-flow values df,¢ with our NMR-obtained ones is
Implementation of the last equation indicates that the frac-
tion unfoldedness is 62.1%, i.e., the transition state, judging
from the_ enthalples, is 62.1%, like the unfolded form, andTABLE 4 Low temperature rate constants from stopped flow
37.9%, like the folded form. and NMR
We can next use this result to estimate the helix content

" X ; X 10° k, 1075 ko *
of the transition state. We first need estimates of the helix Kunt Kia
contents of the folded and unfolded forms at the transitior?"C SH . 3.3 4.2
midpoint. These can be obtained from the CD data of Fig. 2 soe ';'\é'R ig‘g 71330
The observed mean residue ellipticity at 222 nm levels o NMR? 88.0 1930

at high temperatures at a value ned0 deg crd mmol ™%, I E———
and CD values for the unfolded forms are but little depen—*kunf ns ik inM s . , -
- . "By extrapolation from GdmClI solution (5°C, Zitzewitz et al., 1995) or
dent onT. Using a value of-350 (same units) for the CD yrea solution (15°C Zitzewitz et al., 2000).
of a full helix and zero for the fully random chain, we find *By extrapolation from data at high temperature (47-71°C).
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remarkably good, considering that two long extrapolations Two extant proposals on this same process are different
are involved. Our values are obtained from a data set whosieom one another as well as from our own. One study using
lowest temperature is near 47°C, and must be extrapolatedl-analysis suggests that the transition state has little helix
to a region~35° lower. Moreover, the stopped-flow values content (Sosnick et al., 1996). We find that conclusion to be
for unfolding are obtained at high concentrations of denaincompatible with our data because of the enthalpies of
turant and must be extrapolated to zero from a lowest valuactivation involved. These enthalpies, again, are indepen-
of ~3 M. It follows that these two markedly different dent of the arbitrariness in our choice of the preexponential
techniques, deployed in different laboratories, must be astactorZ. We do not see how that finding can be reconciled
sessing the same unfolding kinetic process. with an essentially helix-free transition state. In any case,
later work from related hands appears to amend that view
(Moran et al., 1999). However, one must keep in mind that
Kinetics of folding the ¢-analysis used data taken in acidic media (pH 4.5-5.5),
a very different environment than used here and in the
stopped-flow studies alluded to above (Zitzewitz et al.,
Table 2 makes clear that folding is also an activated procesd 995, 2000). The difference that this environmental change
as earlier workers have recognized (Zitzewitz et al., 1995)produces can be assayed by future experiments.
This is directly apparent from the table, which details the Another extant view is quite different (Myers and Oas,
temperature dependence through the value for the foldind999; Zitzewitz et al., 2000). It avers that the transition state
Gibbs energy of activation. However, this was evident earinvolves a small, locally persistent helix on each chain that
lier from a simple calculation using Smoluchowski’s for- has to search for its counterpart on the other chain in order
mula for the rate constant of a diffusion-controlled reaction.for successful folding to occur. The idea is attractive, and
Tropomyosin was the first coiled coil for which this was one group even makes an estimate of the rate constant,
done (Mo et al., 1991). Modifying that calculation for the finding agreement with experiment (Myers and Oas, 1999).
lower molecular mass of the GCN4-Iz peptide and accountNevertheless, we do not believe their calculation can be
ing for the difference in temperature and aqueous viscositysquared with our results. There are two grounds for our
we find ~10'° M~ s™1 for the magnitude of the folding opinion. First, it is hard to see how their model can yield
rate constant, if it were diffusion-controlled. The observedmuch temperature dependence for the folding rate con-
value is four orders of magnitude lower, indicating that onlystants. The rate limitation effect they propose is exclusively
a fraction of the encounters leads to formation of the intacentropic, contrary to what our data indicate. Their model
coiled coil. was proposed before the effect of temperature in this system
As Table 2 also makes clear, the folding is kinetically had been investigated. Second, the physical basis of the
enthalpy-driven and entropy-opposed. That, however, coul@alculation is questionable. The probability of a collision
have been predicted on physical grounds alone, given thieeing reactive is treated as the square of the product of the
nature of the difference between folded and unfolded coilegbrobability that a chain near the contact point will be helical
coils. These measurements lead to a more detailed model fend the probability that it will present an appropriate contact
the process. As noted in the previous section, the enthalpiegtirface. Each of these probabilities is estimated as crudely
indicate that the transition state ensemble has appreciab@btained for a single chain. Thus, the assumption is made
helix content. We believe, therefore, that the folding procesghat the two chains in the encounter are independent of one
must be quite different from that described in some extangnother. However, the transition ensemble is not only un-
work. When two unfolded chains of GCN4-lz meet, they likely to be indifferent to chain-chain forces, but may be, in
each have (see above) about one or two helical turns. Ourart, a creature of their making.
experiments suggest that in order for the encounter to be
successful, they must form considerably more helix. We
therefore suggest that a successful encounter must be char-
acterized by considerable coiled coil formation preliminaryAs seen above, our NMR-derived values for the activation
to going on to the fully folded native molecule. That this parameters lead to estimates for the unfolding rate constant
could occur by formation of a registered, partial nativeat low temperatures that agree with those from stopped flow
structure seems to us unlikely. More likely, the presence otlespite the vast differences in the methods and conditions.
some helix in the first chain induces associative helix for-The corresponding comparison for the folding rate constants
mation in the second one, wherever they touch. After all, thegiven in Table 4 tells a vastly different tale. In the case of
heptad pattern of amino acids that characterizes coiled coif®lding, the NMR-derived values are two to three orders of
exists all along the chain. The result could be formation ofmagnitude larger than those from stopped flow. In this case,
a broad ensemble of out-of-register structures (averaginthe temperature extrapolation needed is the same as for
near 40% helix) that then can inch-worm or scissors theiunfolding, but the extrapolation to zero denaturant is much
way to the registered product coiled coil. shorter (from 0.5 M), making those values even less likely

The mechanism of folding

Comparison with stopped-flow studies at low temperature
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to be in error than those for unfolding. How can such aseconds, a difference of the same order of magnitude as we
discrepancy be understood? observe. The investigators making this discovery ascribe the
In order for the NMR data to yield low-temperature discrepancy to the necessity of nucleating helices in the
folding rate constants as small as those obtained fronstopped-flow experiment, whereas in T-jump only helix
stopped flow, our value for the activation enthalpy would propagation, a much faster process, is measured (Clarke et
have to be almost zero. To test this possibility we con-al., 1999).
structed two data sets, both very much like the real set; We therefore suggest that in a stopped-flow determina-
however, one set was made with zero folding activatiortion of the folding rate for coiled coils, the highly unfolded
enthalpy and the other with the same value as determineiditial state is affecting the result. The necessity of initiating
from the real data set. These two simulated sets were thamelix formation could make each collision much less effec-
analyzed using the same Bayesian procedure as used on tfive in producing the coiled-coil product. Results for the
real data set. The results left little doubt that the Bayesiarsingle-stranded helix-coil transition imply that a rate reduc-
analysis easily distinguishes the two, emerging with thetion of three orders of magnitude is not out of line for this
correct value in each case. effect. In our experiments, the unfolded chains at all times
We next considered the possibility that a change in heahave the conformation dictated by the benign aqueous neu-
capacity upon activation might alter our temperature extraptral saline buffer, in which CD results suggest strongly that
olation sufficiently to explain the discrepancy. Such a heathere is a definite equilibrium presence of helical content.
capacity change might not be apparent in the rang@ of Helix initiation is unnecessary, leading to a different time
encountered in our experiments, but could be manifest ovescale for folding.
the long extrapolation. However, calculation soon reveals It follows that those single-chain globular proteins that
that the change in activation heat capacity that would bere seen in stopped-flow to fold in microseconds must do so
required is appreciably larger than has been estimated fdrsy mechanisms not requiring helix initiation. One must also
complete folding (Kenar et al., 1995), an extremely unlikelycontend with the results for folding the tropomyosin coiled
result. coil (Mo et al., 1991). This protein forms a dimeric inter-
We are therefore driven to accept both the NMR andmediate that is 2/3 native with a rate constant that is at least
stopped-flow values as basically correct descriptions of thd0’—10* M~ s™* when refolded frmm 6 M urea, a rate
processes measured, in despite the apparent disagreemeargnstant one to two orders larger than found for GCN4-lz,
This view is supported by the agreement of the two in thebut also one to two orders smaller than the tropomyosin
case of the unfolding rate constants. It means that the twoollision rate. This must be a result of retention of some
values ofk;y differ because the processes measured differhelix in urea or the existence of more potential helix-
This difference, and how it might lead to very different rate nucleating sites in the very long, 284-residue tropomyosin
constants, is examined next. chain. Because the tropomyosin stopped-flow work had a
In our NMR determinations, the conformational reaction40-ms dead time, the dimerization rate constant is only an
is never out of equilibrium in the actual solvent milieu of estimate. Measurements on this system as a function of
interest. Nevertheless, the equilibrium is dynamic, andemperature with better instrumentation may resolve the
NMR is sensitive to the rates. In a stopped-flow experimentdimerization step.
however, the system begins very far from equilibrium in a In an effort to examine our proposal critically, one might
highly denaturing solvent. Rapid change of the solvent thersuppose that the extant stopped-flow measurements on
allows folding to occur. We suggest that such differencesGCN4-Iz could be used themselves to estimate the activa-
lead to the discrepancy found. tion enthalpy in each direction, since data for two temper-
The key to the question perhaps lies in a recent findincatures are available. We next show that these data are
concerning the rate constants for helix formation (Clarke etnappropriate for the purpose. Using the stopped-flow de-
al., 1999). It has been a part of the conventional wisdom fotermined rate constants from Table 4, we find 27.3 kcal/su
almost 35 years that helix formation is accomplished inand 26.3 kcal/su for the enthalpy of activation for unfolding
microseconds. The experimental basis for this view residueand folding, respectively. These values make no sense. In
in T-jump experiments on synthetic single-chain helix- the first place, they are both positive. Yet, transition from an
forming peptides (Schwarz, 1965). A T-jump experiment isunfolded state to the activated complex ensemble must
somewhat similar to our NMR technique in that the systemsurely yield zero or less for the activation enthalpy. More-
is at equilibrium to start with. It then is slightly perturbed by over, if one estimates the overall enthalpy of unfolding from
the T-jump and the relaxation rate to a new equilibrium isthese, one finds a mere 1 kcal/su, an absurdly small value.
monitored. Recently, however, the rate of helix formationClearly, something else besides the temperature dependence
has become accessible by stopped-flow CD, because use aff the rate constants is contributing to the difference be-
synchrotron radiation yields a 100-fold increase in signaltween the stopped-flow values at 5 and at 15°C. We suggest
noise. The startling finding is that, in the stopped flow that this difference is chiefly a result of the change in
experiment, helix formation takes milliseconds, not micro-stopped-flow protocol that was made in the two different
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determinations. The experiments at 5°C used guanidiniune. When the corresponding comparison is made for the

chloride as denaturant (Zitzewitz et al., 1995), whereas the folding rate constants, the values calculated from NMR

ones at 15°C used urea (Zitzewitz et al., 2000). The more are two to three orders of magnitude larger than obtained

thoroughly unfolded protein from the former may require  from stopped flow;

more time to nucleate the necessary helix content than thé. The apparent discrepancy in the case of the folding rate

latter, contributing to the apparent temperature dependence. constants is ascribed to the slowness of helix initiation in

Needless to say, appropriate stopped-flow experiments as chains originally resident in the highly denaturing media

functions of temperature and denaturant would test this idea. necessarily used in the stopped-flow technique, as sug-
Further critical scrutiny of our proposal might recognize  gested by recent experiments on the single-stranded he-

that it depends on the assumption that the actual collision lix-coil transition.

rate that applies in the stopped-flow experiments exceeds

the helix nucleation rate. If the reverse were true, the nu-
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