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Thermodynamics and Kinetics of a Folded-Folded’ Transition at Valine-9
of a GCN4-Like Leucine Zipper

D. André d’Avignon, G. Larry Bretthorst, Marilyn Emerson Holtzer, and Alfred Holtzer
Department of Chemistry, Washington University, St. Louis, Missouri 63130 USA

ABSTRACT Spin inversion transfer (SIT) NMR experiments are reported probing the thermodynamics and kinetics of
interconversion of two folded forms of a GCN4-like leucine zipper near room temperature. The peptide is '*C*-labeled at
position V9(a) and results are compared with prior findings for position L13(e). The SIT data are interpreted via a Bayesian
analysis, yielding local values of T, T1p, Kap, Kpar @and K, as functions of temperature for the transition FY9 = FY° between
locally folded dimeric forms. Equilibrium constants, determined from relative spin counts at spin equilibrium, agree well with
the ratios k_/ky, from the dynamic SIT experiments. Thermodynamic and kinetic parameters are similar for V9(a) and L13(e),
but not the same, confirming that the molecular conformational population is not two-state. The energetic parameters
determined for both sites are examined, yielding conclusions that apply to both and are robust to uncertainties in the
preexponential factor (kT/h) of the Eyring equation. These conclusions are 1) the activation free energy is substantial, requiring
a sparsely populated transition state; 2) the transition state’s enthalpy far exceeds that of either F, or F,; 3) the transition
state’s entropy far exceeds that of F,, but is comparable to that of F,; 4) “Arrhenius kinetics” characterize the temperature
dependence of both k,, and k., indicating that the temperatures of slow interconversion are not below that of the glass
transition. Any postulated free energy surface for these coiled coils must satisfy these constraints.

INTRODUCTION

Two-stranded coiled coils—comprising two parallel, regis-mal unfolding curves, curves that are seen to differ from site
tereda-helices slightly supertwisted—are important modelsto site; 2) at most (but not all) sites, separate resonances
for addressing physical questions concerning protein foldappear for more than orfeldedform, allowing investiga-
ing (Lupas, 1996). The simplicity and linearity of the struc- tion of the thermodynamics and kinetics of interconversion
ture long since allowed the link between sequence andf these folded substates.
structure to be forged. The structure is based upon a pseudo-Thus far, detailed study of the interconversion of two
repeating heptad of amino acids, designasdtdefg in  such dimeric folded substates has been reported for only one
which residuesa and d are hydrophobes ané and g  site: L13§) (d’Avignon et al., 1998). That study was carried
oppositely charged (Crick, 1953; McLachlan and Stewartput by spin inversion transfer (SIT) NMR, resulting in
1975). The resulting pattern of hydrophobic and electro-determination of the equilibrium constant and rate constants
static interactions drives the dimerization. (both ways) as functions of temperature for the process:
Among coiled coils, the GCN4 leucine zipper (called F5*3 = F:*3 wherein E* signifies an ensemble of dimers
GCN4-Iz here) has been especially thoroughly studiedolded at L13€) in the form that dominates at the lowest
(O'Sheaetal., 1989, 1991; Goodman and Kim, 1991; Kenatemperatures, and;E signifies the corresponding ensem-
et al., 1995). In particular, we have employed a pseudoble folded at L13§) in the form that dominates at moderate

wild-type version (called GCN4-I1zK here) mutated at four temperatures. Information is not yet available on the precise
sites: R1K, H18K, R25K, and R33K, and with 99%1C*  structural difference between these two dimeric folded

labels placed at selected sites as NMR targets (Lovett et akgrms.
1996; Holtzer et al., 1997; d'Avignon et al., 1998). The full  |f the interconversion of these two folded forms is a
sequence of GCN4-IzK is given below. molecule-wide process, then corresponding data, taken at
The latter strategy has revealed several features of thgnother site, would provide the same values for the rate and
population of conformational states as GCN4-IzK is heatedequilibrium constants and therefore the same activation
suggesting that it comprises more than two states: 1) at garameters. Here, we test this idea by SIT studies aa)y/9(
given site, separate resonances appear for folded and ug-ste distinct from L13), but in the same heptad. Specif-
folded species, allowing determination of site-specific ther'ically, we employ in this study the GCN4-1zK sequence:
Ac-KMKQLEDKVEELLSKNYKLENEVAK LKKLVGEK-
Am, wherein each underlined residue—¥g(L19(d), and
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inadequate to describe the population of global moleculasomewhat greater dynamic range. The resulting values of the kinetic
conformations in these coiled coils. Our data also allowParameters are indistinguishable.

certain conclusions to be drawn about the transition state, A" €auilibrium**C-NMR spectrum, without signal inversion, was also
Obtained at each temperature using relaxation delays of 2.60 s between

ensem_ble for the interconversion, conclusions that apply tQransien'[s. Spin counts from the latter provide assessments of the relative
both sites. equilibrium populations of ¥° and R/°. The resulting, separately deter-
mined, equilibrium constants can be compared with K¥KYS ratios
obtained from the SIT data.
Such SIT and equilibrium data were collected at five temperatures from
MATERIALS AND METHODS 20.1 to 31.6°C. The total data collection time at each temperatur@6sh.

Synthesis, purification, and characterization of
GCN4-1zK labeled at V9(a), L19(d), and G31(b) Bayesian data analysis

) ) . - 1a
Methods for solid-phase peptide synthesis, pfePafe}t'O"' ©Of-labeled |, the SIT experiment, the time course of restoration of the equilibrium is
Fmoc-amino acids, and purification and characterization of the completedE

, ) : overned by four constants: the respective spin-lattice relaxation times at
end-capped GCN4-IzK peptides have been described earlier (Holtzer et al =9 and Y0 (TY2 andTY?) and the rate constants for the forwakiy) and
1995, 1997; Lovett et al., 1996).

/e ) . " reverse K'2) conformational reactions¥® = FY°. The modified Bloch
The molar mass of the purified peptide with 99%€* at positions differential equations appropriate to such a system and their solutions have
V9(a), L19(d), and G31f) was found to be 3947.6 Da (3947.5 Da, |5ng peen known (McConnell, 1958; Rudin and Sauter, 1992). The form
expected) by electrospray mass spectrometry. The purified peptide 'Sctually used here has been given earlier (d’Avignon et al., 1998).
>98% pure by reversed-phase high?performgnce ”q‘%‘d chromatography 635 FiDs for each temperature were subjected to joint Bayesian
using a Vydac C18 column, as described earlier ('Avignon et al., 1998) 55y js as characterized earlier (d’Avignon et al., 1998). This analysis

Its thermal CD unfolding prr}%E:IS isindistinguishable "F’m that of the produces the time course of longitudinal magnetization at each site (after
natural abundance and of ot -labeled GCN4-IzK peptides (Lovett et inversion at each respective site) and the four rate constants. The method

al., 1996). Solution concentrations, in formality of peptide chains, were; ¢ already been described in detail (Bretthorst, 1990a—c, 1997).
determined from absorbance at 275 nm using an extinction coefficient of

1.40cmiML
RESULTS

13c«.NMR Fig. 1 shows the relevanfC*-NMR spectra at the various
temperatures employed. Our principal concern here is the

The equilibrium and spin inversion transfer (SIT) experiments employedregion of resonances of residue #R(The complete range

solutions of the peptide chains at a formal concentration of 1.24 mM iNof resonances for this residue is marked from 62 to 69 ppm,

(NaCl),o(NaPi)(D,0)s5:47.4), wherein we designate aqueous solvents . . .
by giving the formula of each solute species with its millimolarity as a as established earlier (Lovett et al., 1996; Holtzer et al.,

subscript followed by the pH in parentheses. This millimolarity gop ~ 1997). Near room temperature, resonances for two folded
corresponds to 10% (v/v). Thermal unfolding equilibria of GCN4-IzK are forms at V9@) appear: E° at 68 ppm, dominant at low
independent of the presence of@up to 17% (Lovett et al., 1996; Holtzer temperature, andg’ﬁ at 67.5 ppm, dominant at moderate
et al, 1997). Reversed-phase HPLC before and after the SIT studiegsmperature. The resolution of resonances for the two folded
showed no changes in the peptide. . .

In the relevant room-temperature region, the relative equilibrium pop-fo_rmS at_ V96_) 'S_ nOtlcea_bly less than seen fPr the LQ)S(
ulation of the two folded forms is independent of peptide concentration Sit€ Studied earlier (d’Avignon et al., 1998). It is noteworthy
and the population of unfolded form at \&(is small at the relatively high  that the dominant form at low temperature is downfield
concentration of the SIT experiments (Lovett et al., 1996; Holtzer et al.from the other at V), just opposite to the case of LE}(
1997). studied earlier (d’Avignon et al., 1998). In this temperature

All **C*-NMR data were collected as previously described with respect th lati f folded f 63 .
to spectrometer, probe, NMR-tube size, susceptibility plugs, field-fre-range' € population ot untolded torms (near ppm) IS

quency lock methods, chemical shift referencing, sample temperaturflUite small.

control, and decoupling techniques (Lovett et al., 1996; Holtzer et al., In the particular peptide investigated here, residues

1997; d’Avignon et al., 1998). L19(d) and G31) are also labeled. Their resonances ap-
Magnetization transfer data were generated for sitea)/@¢ing meth- pear in the range 54-59 and 44—47 ppm, respectively. The

ods differing only slightly from those used earlier for L&B(d’Avignon et . . .
al,, 1998). For VGf), data were obtained by successively 1) issuing aL19(d) resonance is unusual in that only one folded form is

Gaussianm-pulse of 40 ms duration, with 15.64 ms full width at half €vident (Lovett et al., 1996; Holtzer et al., 1997). The
height, and centered at the resonance frequend§asf at position V96) G31p) resonance region shows evidence of two poorly
in its FY° folded form (the downfield, i.e., less shielded, resonance); 2)resolved folded forms (45.6—47 ppm), and of a small
delaying by a variable intervalr(= 0-1.7 s); 3) interrogating via a amount of unfolded form (45.5 ppm)_ AIthough we are

17.5us, broad-bandm/2 pulse; 4) recording the free induction decay . . .
(FID), the time from interrogation to the succeedingpulse (relaxation pr|n0|paIIy concerned here with the \'@( resonance, the

recovery period) being 2.3 s. Corresponding inversion at fidrequency ~ Others are a helpful check, since they must, and do, stay
(the upfield, i.e., more shielded, resonance) followed, with identical pro-constant during the spin manipulations constituting the SIT
tocol. Approximately 1400 transients were recorded, with interleaving,experiments.

among 16 separate delay tlmes. Thus, at each tg_mperature, 16 separate—l—he changes Wrought in the spectra with time in the SIT
FIDs were measured aftet¥inversion and an additional 16 FIDs after . . . .
FY° inversion. Our SIT data base at each temperature comprises these Q(perlment are very similar to those d|splgyed earlier
FIDs. Some measurements were made with a 30-ms inversion pulséd’Avignon et al., 1998) and are not shown. Fig. 2 shows

instead of 40-ms. The latter is more discriminating, but the former providesnormalized longitudinal magnetizations just before and just
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FIGURE 1 °C*~NMR spectra of GCN4-1zK in (NaCly{NaPi),
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(D20)s5147-4) near room temperature. Formal concentration of peptideriGURE 2 Effect of inversion pulse on longitudinal magnetization at
chains, 1.24 mM. Regions for full range of resonances at the respectivgg(a) of GCN4-IzK. Solvent and peptide chain formality as in Fig. 1. All

labeled sites V), L19(d), and G31) are marked. VH) resonances
assigned to local folded form favored at Iow(FY°) and at moderatd
(FY®) are also marked.

after inversion at V) and allows assessment of the effi-

magnetizations first normalized to glycine (see text), then self-normalized
to equilibrium values (see textOpen symbolsat equilibrium; filled
symbols:at 0.0 s after Gaussian inversion centered-8t020 s.Squares:
values at 9 circles: values at £°. (A) FY° inverted. B) FY° inverted.

ciency of the Gaussian inversion pulse. To provide arin Fig. 2 A. Since our data analysis makes no assumptions
internal amplitude reference, each magnetization was direquiring perfection in the initial inversions, we conclude

vided by the value for glycineM) in the same spectrum,
providing m,, = M,/M,s and m,, = M, /M,c. These

that, as in the case of L1§( the inversion protocol pro-
vides a dynamic range appropriate for characterization of

values were then self-normalized by dividing each by thethe time course of magnetization recovery.

equilibrium valuemg at the same site. Thus, at spin equi-
librium the ordinates at both sites arel, and perfect
inversion would change that te-1 at the inverted site,
leaving the uninverted site unchanged. FigA 8hows that
the inversion at ° changes+1 to ~—0.4 to —0.6, de-

Fig. 3 shows the temporal changes in magnetization in-
tensities after inversion at each site at 28.7°C, along with the
corresponding curves from the Bayesian analysis of the
data. Evidently, Bayesian probability theory mimics the
observations quite well in the case of the data foray94s

pending very slightly on temperature. This average inverin the prior case of L13%).

sion is perhaps slightly less than seen for L€ 3but quite

The Bayesian analysis yields the marginal posterior prob-

adequate to produce a substantial dynamic range in thabilities for the intrinsic spin-lattice relaxation timeBys

recovery of spin equilibrium. In the same experiment (Fig.

2 A), the F/° spin changes only slightly, from-1 to +0.8,
independent of temperature.
If the initial inversion is at E° instead (Fig. 2B), the

and TYg, and for the rate constantgy and k’2. The T,

values depend upon the molecular rotational correlation
times, which are directly proportional to the medium’s
viscosity (, which is temperature-dependent) and inversely

performance is quite comparable. There, the ordinatg@roportional to the Kelvin temperature. In Fig. 4 the result-

change is a bit larger, from+1 to —0.5 to —0.7, again
depending slightly on temperature. In FigB2he leakage

ing T, values are plotted versugT. The positive slope of
these plots, which is also evident in the case of E),36

of the inversion to the uninverted peak is almost the same asxpected for a molecule of the size of GCN4-IzK, whose
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FIGURE 4 SIT-derivedT; values at site V&) of GCN4-1zK versus
n(T)/T. Filled squaresFY®; filled circles: FY°. Error bars are from Bayes-
ian probability distributionsDot-dashed lineprior result for '3, dashed
line: prior result for K2,
E . . . . .
= different, but similar, line for the L1&j case is shown for

comparison.

Fig. 6 displays Arrhenius plots of the rate constak}fs
(open squargsandky? (filled diamond$, which are well fit
by the Eyring equationsplid lineg. Corresponding lines for
the L13€) site allow comparison. The relevant derived
thermodynamic and kinetic parameters are shown in Table
2, along with previously determined values for site Le)3(
It is apparent from Fig. 6 that the major difference between
the two sites lies in the values of the forward rate constant,

FIGURE 3 Time course of magnetization in SIT experiments foray9(

of GCN4-IzK at 28.7°C. Solvent and peptide chain formality as in Fig. 1. kab,

Open circles:experimental E° magnetizationsppen diamondsexperi-

mental F/° magnetizationsSolid curves:solutions to kinetic differential

equations with parameters from Bayesian analyBiashed horizontal DISCUSSION

lines: calculated asymptotes forY¥ sites; dot-dashed horizontal lines:
calculated asymptotes for'® sites. ) FY° inverted. B) FY° inverted. Correct interpretation of an experiment requires precise
ideas about what is measured. We emphasize here again that
rotational correlation time is likely appreciable. The numer-the SIT-NMR technique refers to a particular site. There-
ical values of the spin-lattice relaxation times at residuefore, the reaction ° = F° signifies transition from an
V9(a) and the temperature dependence are quite similar tensemble of dimers folded at V9 in thg €onformation to
those for L13¢), except that the values @¥ show a slope the corresponding ensemble folded at the same site inthe F
that is about twice that of the others. It is not possible atconformation. In addition, it should be recognized that the
present to interpret thedg values in physical terms. These SIT experiment manipulates nuclear spins only; the confor-
relaxation times and other kinetic and thermodynamic conmational equilibrium is left intact by the procedure. Thus,
stants determined from the Bayesian analysis of the data fdhe rate constants determined refer to interconversion at

V9(a) are summarized in Table 1.

Fig. 5 shows the relevant values from Table 1 as a van’

Hoff plot. The equilibrium constants for thel¥ = FY°
reaction from spin equilibrium dateojpen circley agree
well with those from the ratio of the rate constarkg/K,z

equilibrium. It is, of course, a long-held principle that rate
tonstants in idealute solutions are independent of whether
the system is near or far from equilibrium, provided only
that the reaction is not so fast as to cause the distribution of
states to vary from thermal with time. There is no danger of

filled triangles. The fit of the combined data to the van't this happening in protein conformational transitions.

Hoff equation, assuming constant enthalpy, is also shown Table 2 juxtaposes the thermodynamic and kinetic ener-
(solid line). The agreement between the equilibrium valuesgetic parameters for position V&( with those obtained
and the kinetically determined ones is slightly less exactarlier for position L13§). Fig. 7 summarizes this informa-
than in the case of the data for residue Lg)3{one earlier tion pictorially. As can be seen, the general features of the
(d’Avignon et al., 1998). We ascribe this to the somewhattransition are the same for both, but they differ in detail and
poorer resolution of the two resonances seen ina)9( the differences are outside the experimental errors. In par-
and/or the somewhat lower concentration employed. Théicular, significant differences are seen in 1) the midpoint
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TABLE 1 Thermodynamic and kinetic constants at V9(a) from 3*C*-NMR

Temp. (°C) Tods* Tyy/s* kay/s™ Koo/~ Katf/Koa" Keq'
20.1 0.58+ 0.02 0.88+ 0.08 0.41+ 0.03 0.88* 0.07 0.46+ 0.01 0.41+ 0.04
23.0 0.56* 0.03 0.71+ 0.05 0.81+ 0.06 1.21+ 0.09 0.66+ 0.01 0.59+ 0.05
25.9 0.54+ 0.03 0.61+ 0.03 1.30* 0.07 1.46= 0.07 0.89+ 0.01 0.81+ 0.07
28.7 0.49+ 0.02 0.65+ 0.03 2.12+ 0.09 1.80+ 0.07 1.18+ 0.01 1.21+0.10
28.7 0.50+ 0.04 0.57+ 0.04 2.20+ 0.12 1.85+ 0.10 1.19+ 0.02 1.21+ 0.10
31.6 0.45+ 0.04 0.60+ 0.04 4.00+ 0.23 2.63+ 0.14 1.52+ 0.02 1.62+ 0.14

Values for F¥° =2 F/° of GCN4-I1zK in (NaCl) o(NaPi)y(Ds0)ss14 (7.4).
*From spin inversion transfer.
#From equilibrium magnetization intensities.

temperature for the transitiodT,,, > 3°C); 2) the standard implies a rather rich array of conformational states. Addi-
enthalpies and entropies of the overall transition (from thetional evidence for this conclusion already exists in the
combined fits of the equilibrium and SIT experiments); 3) substantial local differences seen in amide proton exchange
the activation entropies in the forward reaction direction; 4)rates in parent GCN4-lz (Goodman and Kim, 1991). The
the activation enthalpies and entropies in the reverse reatatter study also concludes that dynamics can be markedly
tion direction. different from site to site.

The existence of more than two resonances at a given site Although results for the transitions at \é@(and L13§)
(Lovett et al., 1996) and the observed differences in thermahre not in quantitative agreement, they are qualitatively
unfolding curves at different sites (Holtzer et al., 1997)similar. The values in Table 2 and Fig. 7 thus should allow
leave little doubt that the global equilibrium conformational certain conclusions to be drawn that apply to both. With
ensemble in GCN4-1zK comprises more than two statestegard to the thermodynamic parameters for the overall
The present finding that the thermodynamic and kinetictransition, it is clear that the standard enthalpy change for
energetic parameters for interconversion between foldethe transition is substantial, 15-20 kcal/mol, perhaps as
states also depend on chain position underscores thatuch as one-third of the value for complete unfolding of the
conclusion. analogous molecule of GCN4-Iz, as measured by calorim-

The geometrical relationship between the two sites istry (Kenar et al., 1995). We do not as yet have comparable
schematically shown in Fig. 8, which represents a moleculacalorimetric data for GCN4-IzK. The overall entropy
cross-section at the level of the heptad containingly@6d  change is also large, its contribution exactly compensating
L13(e). It may seem remarkable that two sites within thethe enthalpy near room temperature, specifically 27.2°C at
same heptad could display such differences. This finding/9(a) and 24.0°C at L1%).

0.6

1.5
0.4
3 1.0
0.2
0.0 I 0.5
M i =
g 021 < 0.0
- 3 £
-0.4
3 -0.5
-0.6
-08 -1.0
_1.0 L 1 L 1 L 1 -1-5
3.25 3.30 3.35 3.40 3.45 3.25 3.30 3.35 3.40 3.45
1000/T 1000/T

FIGURE 5 van't Hoff plot of equilibrium constants at site \&9(of
GCN4-IzK. Open circles{Fy°J/[FY®] at spin equilibriumfilled triangles:
KIS/ from SIT; solid line: least-squares combined fitashed lineprior

FIGURE 6 Arrhenius plots of rate constants for interconversion of
folded forms at site V&) of GCN4-IzK. Open squares: ; filled dia-
monds: K2; solid lines: least-squares fits to Eyring equatidbot-dashed

result for L13€). Error bars appear only where error is larger than the line: prior result forkt® dashed line:prior result forks3. Error bars

symbol.

appear only where error is larger than the symbol.
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TABLE 2 Derived thermodynamic and kinetic parameters

AG™* AH™* ASS AGE, o AHE? ASS AHEF ASS
V9(a) 0.00+ 0.03 20.0+ 0.7 66.6+ 2.5 17.28+ 0.02 33.5+ 1.0 54.0+ 3.4 15.2+ 1.0 -7.0+34
L13(@)" 0.00=+ 0.02 15.7+ 0.6 52.8+ 1.9 17.20+ 0.01 29.8+ 0.4 422+ 1.4 13.5+ 0.5 -12.7+15

For F, 2 F, at V9(a) and at L13¢) of GCN4-IzK in (NaCl),o(NaPik(D,0)s514 (7.4).

*kcal/mol; interpolated to 27.2°C for V@ and to 24.0°C for L134), using van't Hoff AG™) or Eyring AG*) equation; for V984), AG” is from combined
data fit of Fig. 5, and error estimates are from r.m.s. residuals in FigG) or 6 (AGE, ).

#cal/mol; for V9@), AH™ from combined data fit of Fig. 5, with error estimates from standard least-squares analysis.

Scal/(K - mol); for V9a), AS” from combined data fit of Fig. 5, with error estimates from standard least-squares analysis.

TAIl L13(e) values from d’Avignon et al., 1998.

Turning to kinetic characteristics, one must recognizebroad acceptance for the purpose. It has been widely used
that some of the kinetic values in Table 2 depend not onlyfor over half a century to interpret data in all branches of
on the kinetic data, but on the Eyring equation, which waschemistry.
used to interpret them. This equation gives for the rate For reactions involving conformational changes of mac-
constant in either direction romolecules, the uncertainties are compounded by both the

vast phase space involved and the small secondary-bond

ke 0a= K(KT)XP(—AGe5,54/RT) energies connecting neighboring states. There is certainly

= k(KT/)exp(AS,, vi/R)eXP(— AH,p v 3/RT), no kinetic theory of such reactions that has gained general

o o o acceptance. Simulations have been useful, but invariably

wherein « is the transmission coefficienk Boltzmann's  employ drastically reduced representations of the molecular
constanth Planck’s constant, an the gas constant. The girycture and of the free-energy surface. Consequently,
transmission coefficient measures the probability that theome workers have used Eyring theory in this context (Tan
reaction will pass through the transition state in the produckt g1, 1996: d’Avignon et al., 1998), but others have not
direction along the reaction coordinate and go on to prod{chan and Dill, 1997; Oliveberg et al., 1998; Laurents and
ucts, as opposed to retracing its trajectory back through thBaIdwin, 1998). Indeed, it is fair to say that none of the
transition state in the opposite direction. The value of thisgrms normally encountered in a kinetic investigation—e.g.,
parameter is rarely known in kinetic investigations and is«ansition state,” “reaction coordinate’—has a clear mean-
generally assumed to be near unity. We will do so here, angly \here protein folding is concerned. Different investiga-
the issue will not be further discussed below. _ tors use different definitions (Chan and Dill, 1998; Du et al.,

It is axiomatic that the chemical kinetics of a particular 1998: Laurents and Baldwin, 1998; Nymeyer et al., 1998).
reaction is dictated by the free energy surface of the system, Criticisms of Eyring theory have generally focused on the
a multidimensional surface rarely known, even in CrUdepreexponential factokT/h whose numerical value near

approximation, to the investigator. In absence of such, . temperature is-6 X 102 s L. Two grounds are
knowledge, a general theory that mimics major features oga

he phvsics is desirabl 4 th ing th h > ~Usually presented for rejecting it. First, it is noted that the
the physics is desirable, and the Eyring theory has gaineg, .1, is often derived in the context of breaking an unstable

covalent bond, and is therefore approximated as the inverse
of the time for a single bond vibration, a derivation entirely
inappropriate for protein folding transitions. Second, the
Eyring theory is said to fail, because in the limit of zero
Gibbs energy of activation, it requires the rate constant to be
kT/h i.e., of the order of 1t s, which is numerically far
greater than for the fastest possible protein folding process.
The latter is generally agreed to be the helix-coil transition,
whose rate constant is10” s *.

Although we certainly agree that no general theory of
protein folding is yet available, we find this verdict on
Eyring theory to be overly harsh. The preexponential in
Eyring theory is essentially the reciprocal of the mean
lifetime of the transition state. As such, approximating it as
FIGURE 7 Schematic energy diagram at interpolated midpoint (27.2°C)KT/h can be justified by other means than through bond
of reaction E° = Fy°. Double-dagger superscript designates transitionviprations (Weston and Schwarz, 1972). The uncertainty
state. From left to right, standard Gibbs energy, enthalpy, and temperatur rinciple requires thatAE = h, wherein 7 is the mean

entropy product, all from SIT. Abscissas (reaction coordinate) are shifteq., .. . . .
to allow parallel presentation. Ordinate3, H, and TS for form FY° are ifetime of the transition state aniiE the uncertainty in its

arbitrarily set to zeroDashed linesprior results for L13 at its midpoint ~ €NErgy along th? reaCti_On coordinatg. In Eyring the.o.ry,. the
(24°C). transition state is considered to be in thermal equilibrium
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K27
E20

FIGURE 8 Schematic cross-section of the
GCN4-1zK coiled coil at the level of residues
9-15, the heptad containing both \&p(and
L13(e). Helix direction is outward from the plane

of the page. Residue types at corresponding sites
in other heptads are also indicated. Double-
headed arrows indicate canonical interhelicaIIQm\121
E20@)-K15(g) and K27€)-E22(@) salt bridges,
which are seen in the x-ray crystal structure of
parent GCN4-Iz. The additional E§¢K1(g) in-
terhelical salt bridges are canonical, but are not
shown in the figure because the corresponding
E6()-R1(g) bridges are not seen in the crystal
structure of the parent.

N21K28

with the system, and therefo®E must be something like ble state of high free energy, then use of the Eyring equation
the root-mean-square variance of the energy distribution imay be justified. However, it is certainly not clear that even
one dimension, i.e., of the order kT. Thereforey = h/kT.  these minimalist requirements are met for protein folding.
Furthermore, Eyring theory postulates that the transitiorConsequently, it is necessary to inquire as to the effects of
state is a maximum along the reaction coordinate, i.e.failure of the Eyring equation on our conclusions.
inherently unstable. Hence, the lower limit for the lifetime It should first be noted that the existence Bfin the
can be selected, giving as a crude approximatien h/KT, Eyring preexponential is essentially immaterial. The tem-
the same preexponential as before. Other derivations, moggerature dependence introduced by this linear term is neg-
rigorous but less readily epitomized, yield the same resulligible compared to the exponential dependence in the en-
via arguments independent of bond vibrational considerthalpy term. Second, it is evident from the form of the
ations (Levine and Bernstein, 1987). Eyring expression that a change in the preexponential af-
The second argument against Eyring theory is also quedects the values (as obtained from fitting data)A@* and
tionable. The Eyring theory assumes that the transition stataS', but notAH*. In order to estimate the effect of failure
is an unstable state of free energy sufficiently large that it iof the Eyring equation, we therefore recalculated these
sparsely populated, but a state thatistbe traversed (be- values, changing the preexponential td $0*, mimicking
cause it is the “least worst” way) to reach the reactionthe fastest process involved in folding. Since this new value
products. The entire theory rests on these assumptions aiglactually a measured rate constant, it includes both expo-
therefore on the proviso thahG* >> RT. The Eyring nential and preexponential factors. It therefore represents a
equation therefore cannot be expected to reduce to thiewer limit to the proper preexponential, just &$/h rep-
correct rate constant when the activation free energy is zereesents an upper limit.
The preexponential is of the order of the rate constant that The results of the recalculation are very similar for both
would be observed, not if the activation free energy is zerosites, V96) and L13€), so they can be discussed together.
but if the entire molecular ensemble were to start in theThe value of AG* changes appreciably from 17 to 9.3
transition state. This is not an experimentally accessiblécal/mol, but is still substantial. The entropy ascribed to the
limit. transition state is no longer 20% less, but rather 25% more,
It is therefore not correct to say that Eyring theory givesthan that of . However, the enthalpy of the transition state
a rate constant ®#T/hwhenAG* = 0. The theory is, in fact, remains 70-90% higher than for,H
helpless in that regime. This limitation is perhaps more The following conclusions concerning the kinetics are
familiar in the case of bimolecular chemical reactions,therefore robust, surviving possible deficiencies in the Ey-
where Eyring theory has also been quite successful, buing equation.
certainly does not reduce to the Smoluchowski equation in
the zero activation limit. It is easy to find cases whereinl. At both sites, V) and L13€), the activation free
diffusion control leads to rate constants far below th&*10 energy is large enough so that the transition state ensem-
s ! limit given in the Eyring equation. Yet, Eyring theory ble is sparsely populated compared to bothaRd F,
has been highly useful in such reactions when considerable i.e., exp-G/RT) >> exp(— G'/RT) << exp(—G,/RT). It
activation is required. One must remember that the preex- has already been noted that only one folded form is seen
ponential in a collision theory is independent of the free in the NMR spectrum for site L18J. We do not as yet
energy surface, whereas in Eyring theory it is the offspring know whether this is because the two forms there happen
of that surface. to share the same chemical shift, or only one folded form
It thus appears that, if the transition state ensemble for exists there, or the local transition is so rapid there that
protein conformational changes can be viewed as an unsta- only an average resonance position is observable.
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