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ABSTRACT: The energy surface for the folding/unfolding reactions of the homodimeric coiled-coil peptide
M2V GCN4-p1l, a 33-residue segment comprising the leucine zipper domain of the transcriptional activator
GCN4, was mapped by equilibrium and kinetic methods. Circular dichroism (CD) spectroscopy was used
to monitor the urea-induced unfolding reaction at a series of temperatures and temperature-induced unfolding
at a series of urea concentrations. A global analysis of the urea- and temperature-induced equilibrium
unfolding data provides strong support for a two-state mechanism. The absence of a detectable population
of intermediate states is also consistent with differential scanning calorimetry and thermal CD melts as a
function of peptide concentration. Furthermore, a global analysis of stopped-flow CD kinetic data is
consistent with a kinetic two-state mechanism as well. The urea dependence of the apparent folding and
unfolding rate constants at a series of temperatures reveals that the activation enthalpy and entropy for
unfolding in the absence of denaturant are both significantly greater than those for the refolding reaction.
Although the unfolding barrier is dominated by the activation enthalpy, the activation entropy dominates
the refolding barrier. The relative magnitudes of the urea dependence of the unfolding and refolding rate
constants indicate that 5%5% of the surface area is buried in the transition state. The activation parameters
imply a partially organized transition state and are consistent with a previous model in which the pair of
C-terminal heptad repeats are docked in a coiled-coil-like motif [Zitzewitz et al. (2D00@)!. Biol. 296
1105-1116].

The existence of multisubunit proteins in all forms of life  few such proteins, e.gEscherichia coliTrp repressor0,
is thought to reflect their increased stability and the op- 11), P22 arc repressofl?), ROP (3, 14), and hGST Al-1
portunities for cooperativity in ligand binding, allosteric (15). The structural complexity of these dimeric systems has
control of enzyme activity, and rate enhancement in sequen-limited the insights obtained.

tial metabolic reactionslj. Therefore, understanding the One of the simplest model systems for studying protein
mechanism by which the formation of secondary, tertiary, protein interactions is the two-stranded, parallel coiled-coil
and quaternary structures is coordinated in the folding of notif. First postulated by Crick 1), the structure is
multimeric proteins and the specific nature of subtit  comprised of two right-handed helices that wrap around
subunit interactions have become pivotal issues in the proteinggch other to form a left-handed superhelix. The amino acid
folding field. _ sequence is characterized by a heptad repeat, (abgdefg)

A quantitative assessment of the folding and assembly of yyhich hydrophobic residues in the a and d positions and
multisubunit proteins requires equilibrium studies of the oppositely charged residues in the e and g positions form
stable states and kinetic studies of transition states and anyne dimer interface. One of the better studied members of a
transient intermediates. Energy surfaces for the folding and |arge class of coiled-coil peptides is GCN4-p1, the 33-residue
unfolding reactions have been mapped for many monomericjeycine zipper domain of the yeast transcriptional activator
proteins (see, for example, re2s-9). However, the inher-  GCN4. This small fragment adopts a stable, well-folded
ently more complex folding mechanisms usually observed gimeric form that has enabled high-resolution structural

for these systems. Thermodynamic characterization of transi-(1g).

tion states and/or intermediates has been reported for only a Some of the thermodynamic parameters characterizing the
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28) suggest that a more complex model is required to explain  Reagents and Experimental Conditioktrapure guani-

the site-specific data. A simple two-state kinetic mechanism dine HCI and urea were purchased from ICN Biomedicals
has been postulated for GCN4-p1 and various GCN4-basedinc. (Costa Mesa, CA). Urea was further purified by passage
analogues, on the basis of both CD and fluorescenceof aqueous solutions of about 9.5 M through an AG 501-X8
measurement2p, 25, 29, 30). Two-state mechanisms have (D) ion-exchange resin (Bio-Rad, Hercules, CA) prior to
also been reported for other designed homodimé&dc 1) adding the buffer components. All other chemicals were
and heterodimeric32) coiled-coil systems. By contrast, reagent grade. Spectra/por 2000 MWCO dialysis membrane
multistep folding has been reported for the GCN4 leucine was purchased from Spectrum (Houston, TX). Deionized and
zipper @3) and for related analogue34) when the folding degassed water was used throughout. The buffer conditions
reaction is probed using extrinsic fluorescent labels attachedused in all the experiments were 50 mM sodium phosphate,
to the amino terminus. The discrepancies between thesepH 7.0, and 150 mM sodium chloride. Peptide concentrations

studies may result from the introduction of the spectroscopic
probe or from the different experimental approaches.

The potential simplicity of the thermodynamic and kinetic
behavior of the GCN4-pl peptide allows for a quantitative
analysis of the energy surface of the folding reaction for this
model coiled-coil system. A previous mutational analysis of
GCN4-pl B5) led to the proposal that the dimeric transition-
state ensemble is principally comprised of preformed helical
C-terminal heptads that dock in a coiled-coil-like fashion.
This interpretation is in marked contrast with an early study
by Sosnick and co-workers3Q), who concluded that the
formation of helical structure in the transition state must
occur after the bimolecular collision event.

A systematic study of the temperature- and urea-induced
unfolding and refolding reactions of M2V GCN4-pl, in
which the readily oxidized Met at position 2 is replaced by
Val, provided quantitative assessments of the relative ther-
modynamic properties of the dimeric native state, the dimeric

transition state, and the monomeric unfolded state. Hydrogen

bond formation and the exclusion of solvent from nonpolar
surfaces appear to play significant roles in defining the energy
surface for the folding reaction.

MATERIALS AND METHODS

Peptide PurificationA variant of GCN4-p1 19) in which
Met at position 2 is replaced by Val, was employed to avoid

undesirable oxidation products. The peptide was also acety-
lated at the amino terminus and amidated at the carboxy

terminus to eliminate electrostatic contributions from the
formal charges at the termini. The peptide M2V GCN4-p1,
Ac—RVKQLEDKVEELLSKNYHLENEVARLKKLVGER —

NH,, was purchased from Biomolecules Midwest Inc. (St.
Louis, MO). The purity of the peptide was greater than 95%,

as was determined by the presence of a single peak by
analytical reverse-phase HPLC. Electrospray mass spectros

copy characterization of this purified peptide yielded a
molecular mass of 4005.6 Da (MM = 4006.7 Da).

! AbbreviationsAASAapa, change in apolar accessible surface area;
AASA,, change in polar accessible surface aréh,}, mean residue
ellipticity measured at 222 nm; CD, circular dichrois@y; partial molar
heat capacity; DSC, differential scanning calorimetry; GCN4-p1, coiled-
coil region derived from the yeast transcriptional activator GCN4
(residues 249281); GdnHCI, guanidine hydrochlorid&Hca, calori-
metric enthalpyAH,4, van't Hoff enthalpy;k,, preexponential factor;
keor, @pparent rate constant corrected for urea viscokity; observed
rate constant; M2V GCN4-pl, variant of GCN4-pl in which the
naturally occurring methionine in position 2 is replaced with a valine;
Nz, native dimer;Ty,, melting temperature (temperature at which the
fraction of the native state is 0.5)7, temperature at whicAG = 0;
¥, transition state; U, unfolded sta®§;, molar fraction of the statg
AY?, variation of the thermodynamic propertyat 1 M standard-state
dimer concentrationy, viscosity in the presence of denaturang;
viscosity in the absence of denaturant.

were determined spectrophotometricatys M GdnHCI by
monitoring the absorbance of the only chromophore (Tyr
17) at 276 nm using an extinction coefficient of 1500M
cm ! (36). Guanidine and urea concentrations were deter-
mined from refraction index measuremen®3)(

DSC. Calorimetric experiments were performed as de-
scribed previously38), using a VP-DSC microcalorimeter
(Microcal, Northampton, MA39) with cell volumes of 0.52
mL, under an excess pressure of 30 psi to prevent boiling at
high temperatures. The scan rate wa€Imin ! in all cases.
Aqueous stock solutions of the peptide were prepared by
exhaustive dialysis at 4C against the buffer solution. The
peptide concentrations in terms of monomer ranged from
105 to 422 uM. Aggregation was observed when the
calorimetric experiment was performed at higher peptide
concentrations. The reversibility after two cycles of heating
and cooling was determined to be greater than 90% in all
cases.

Equilibrium CD StudiesThe experiments were carried out
using an AVIV 62DS CD spectrometer equipped with a
thermoelectric temperature controller. A Hamilton 500
Microlab automatic titrator was attached to the CD and
controlled via an external computer. Far-UV CD spectra from
270 to 220 nm were taken using a bandwidth of 2.5 nm, a
signal-averaging time of 2 s, and a 1.0 nm step size.

Two sets of thermal unfolding experiments were collected
in order to study peptide and urea concentration effects. In
the absence of urea, the peptide concentration ranged from
10 to 200uM, and cell path lengths of-15 mm were used.
When studying the urea effect on thermal denaturation
(experiments were done at 0, 0.54, 1.0, and 3.0 M urea),
peptide concentrations were between 12 angi3and the
cell path length was 5 mm. In all cases, the spectra were
collected from 5 to 85C. Equilibration times of 37 min
were used depending on the temperature. All transitions are
highly reversible (greater than 95%), as is shown by the
recovery of the CD signal at 222 nm after cooling the peptide
solution from 85 to 4°C. The degree of reversibility
decreases t6-80% when the exposure time at high temper-
ature is increased, especially in the presence of urea. Under
these conditions, irreversible processes such as aggregation
or chemical modification of the peptide are more likely to
occur.

The equilibrium urea-induced denaturation of M2V GCN4-
pl was studied by CD measurements at Z5ncrements
within the temperature range of80 °C. Stock solutions
of native peptide in buffer and unfolded peptide in 9.5 M
urea were mixed in the desired amounts to vary the final
denaturant concentration in 0.2 M increments from O to 8.5
M using the automatic titrators. Prior to the measurements,
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the peptide was allowed to equilibrate for a time sufficient of monomer Pr = 2[N3] + [U]). The fraction of unfolded
to ensure that the denaturation equilibrium was reached (5 form, Xy, can be easily obtained from eq 2:
10 min, depending on the temperature and the urea concen-
tration). Control experiments were carried out by preparing «/ K('I')2 + 8P;K(T) — K(T)
the samples manually and waigii h prior to collecting the Xy = P 3)
data. Similar results were obtained with both procedures, T
ensuring that the samples were fully equilibrated during the
automated titration experiments. The final peptide concentra-
tion ranged from 10 to 3@M. Reversibility was found to
be greater than 95% for the urea-induced unfolding within
the temperature range studied by titrating the peptide solution
in high urea £9.5 M) with a solution of peptide in buffer.
Analytical Ultracentrifugation Equilibrium ultracentrifu-
gation data were collected on a Beckman XL-I analytical
centrifuge. Absorbance as a function of radial distance was
monitored at 237, 277, and 285 nm for peptide concentrations
of 10, 50, 100, 200, 300, and 400 using an eight-cell
rotor rated at 50 000 rpm. Equilibrium sedimentation experi-
ments were run at 40 000 rpm fer36 h until equilibration Cy(T) = CE‘Z(T) [1 — X,(M] + Cg(T) Xy(T) + CT)
was reached. The temperature for all the experiments was (4)
15 °C. Data were analyzed as described previoudt).(

Unfolding and Refolding Kinetic Experimeniie change  whereC}? and C; are the partial molar heat capacities of
in the ellipticity signal at 222 nm with time was monitored the native and unfolded states, given by the pre- and post-
using an AVIV 202SF stopped-flow CD spectrometer. The transition baselines in the experimental profiles, respectively.
temperature was controlled by Peltier elements in the mixer/ The excess heat capacitg®® corresponds to the heat
optical cell assembly and syringe drive. Temperature probes apsorbed during the unfolding reaction and can be written
in these locations measured the actual temperature, and twg,g
software controlled feedback loops allocated power to the
Peltier elements. Kinetic measurements were carried out at oxc AH AHZ X ,(1 — X))

10, 15, 20, 25, 27.5, 30, and 3B, yielding a total of 303 G, (M= = 5% (5)
experimental traces. For the unfolding experiments, the v

peptide was initially in buffer. For the refolding kinetics, \where AHZ,, is the calorimetric enthalpy andHg, is the

the peptide was allowed to equilibrate in high concentrations yan't Hoff enthalpy which gives the temperature dependence
of urea (5.5-7.5 M) for 1 h at thedesired temperature prior  of the denaturation equilibrium constaHt, It was assumed

to initiation of the refolding reaction. The reaction was that the temperature dependence of the enthalpies may be
initiated in each case after a rapid 10- or 7-fold dilution of neg]ected within the Comparative]y narrow range of the
the appropriate peptide solution into the buffer containing calorimetric transition. The calorimetric enthalpy was as-
different concentrations of urea. Because the refolding signed atT,, the temperature at whicky, = 0.5 @5). In
reaction is peptide concentration dependent, at least twothe data analysis, a linear dependence of the partial heat

different sets of data at different peptide concentrations were capacities of the native and unfolded states with temperature
collected to ensure the reliability of the results. Typical final \was considered:

peptide concentrations ranged from 10 to:28. The cell

In this paper, all the thermodynamic properties are expressed
per mole of dimer.

DSC Data AnalysisThe thermograms were corrected for
the instrumental (solventsolvent) baseline, scan rate, and
peptide concentration in each case, using the software
provided by Microcal (Northampton, MA). The partial heat
capacity of the peptide in solution was determined by using
a value of 0.753 mL @ for the partial specific volume,
calculated from the amino acid sequend®)( The temper-
ature dependence of the partial molar heat capacity function
is described by the following expressioh3(-45):

path length was 1 mm, the bandwidth was 2.5 nm, and the CQZ(U = CF’\)‘Zref-i- oT (6)

dead time was 5 ms4(). An average of 19 shots were ’

collected per trace to enhance the signal-to-noise ratio. C,?(ﬂ = Cﬁ,reﬁ AT 7)
DATA ANALYSIS Because the native and unfolded baselines were experimen-

Equilibrium. All the equilibrium unfolding profiles were  tally very well defined in all cases, the actual values for the
analyzed according to a two-state dimeric model in which Y intercepts and slope<C}?,, Cj o» ., and ) were not
only the native dimer (B and unfolded monomer (U) are allowed to vary during the fitting process. The heat capacity
significantly populated: change was considered temperature-independent because it
has been shown to be a good approximation within the
N, = 2U (1) temperature range from 0 to 8Q (46, 47). The heat capacity
) ) ) change between Nand U, AC, was then obtained,
The relative amounts of each species at a given temperatweextrapolating the pre- and post-transition baselind@tahe
are determined from the denaturation equilibrium constant, temperature dependence of the free-energy change is given
K, at that temperature: by the Gibbs-Helmholtz equation:

P 2P X2 AG°(T) = —RTIn K(T) = AH(T,) (1 — T/T,)) +
TN 12X ACT — T, — TIn(T/T,)] — RTInK(T,) (8)

()

whereP+ stands for the total peptide concentration in terms whereK(Ty,) is equal toPr (see eq 2).
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The experimental profiles were fit using eq 4 [expanded
through eqs 28], where Ty, AHZ, and AH;, were the
adjustable parameters.

CD Data Analysis. (1) Thermal Unfolding in the Absence
of Urea.The thermal denaturation profiles at 222 nm and at

Ibarra-Molero et al.

Kinetic Data AnalysisLocal fits of the data to a single-
exponential rate equation for unfolding and a second-order
bimolecular association reaction for refolding were performed
(50). However, local fits to individual kinetic traces do not
provide a reliable estimate of the rate constants in the

different peptide concentrations were analyzed assuming atransition region because both the refolding and the unfolding
two-state model as described by eq 1. The observed mearreactions contribute significantly to the observed rate con-

residue ellipticity is given by

(6] = [QNZ](]- = Xy) + [0y]Xy ©)
where Py,] and [fy] are the mean residue ellipticities
corresponding to the folded dimer and unfolded monomer,
respectively. On the basis of the experimental d#a] fvas
assumed to vary linearly with temperature:
[On,] =[0n] + T (10)
where Py ] andy are they intercept and slope, respectively;
by contrast, §y] was considered to be independent of

stant. To obtain accurate values for the rate constants in water
and also to improve the reliability of the results, a global
analysis of the traces is required. Thus, the unfolding and
refolding traces collected at the same temperature over an
extended urea concentration range {68aM) were globally

fit to a two-state kinetic mechanisnb@ as described
previously @2). A linear dependence of the activation free
energies on the urea concentration was assuméyl (5
Transition-state theory relates the microscopic rate constant
with the denaturant concentration as follove)(

k = k 1,0 €Xp(_;[ureal RT) (12)

temperature. Equation 9 together with eqs 2, 3, 8, and 10When the fitting was performed, the following parameters
was used to perform nonlinear, least-squares fitting to the were globally linked through the experimental traces: the
experimental profiles. The temperature dependence of therate constants for refoldind-:) and unfolding kn,—:) at

denaturation enthalpy was neglected within the narrow

temperature range over which the transition takes place.

Nevertheless, no significant change in the resulting fitting
parameters was observed wh&C, was fixed to the
calorimetric value.

(2) Global Analysis of Urea Titration Experiments and
Thermal Denaturation Experiments in the Presence of Urea.
Individual fits to the urea titrations and thermal melts in the
presence of urea were carried out initially. The linear

0 M urea and the parametergs—; andmy, 3, which describe

the urea effect on the rate constants for refolding and
unfolding, respectively. The molar ellipticities of the native
dimer, [Bn,], and the unfolded monomeig|], at a particular
urea concentration were calculated from the corresponding
baselines in the equilibrium urea titration profile at the same
temperature. These values were fixed during the fitting
routine and were used to determine the initial fraction of
unfolded monomer in each case. The peptide concentration

extrapolation method was assumed to estimate the peptidevas allowed to vary to account for small offsets in the

stability in the absence of ured§ 49):

AG® = AGy, , — mlurea] (11)

instrument and/or uncertainty in the concentration measure-
ment. In all cases, the resulting peptide concentrations were
within 10% of the measured concentrations.

The resulting urea dependence of the unfolding and

wheremis the dependence of free energy on the denaturantrefolding rate constants at each temperature was corrected

concentration. Linear dependencies of the native and un-

for the effect of urea on viscosity according 3]

folded baselines with respect to the urea concentration and

temperature were assumed, based upon the experimental

profiles. Equations 2, 3, 8, 9, and 11 were used in the fitting

N Koore = In ki + In(7/17) (13)

process. To obtain more accurate thermodynamic parameter¥/Nerekeor is the apparent rate constant after the viscosity

and also to help in model discrimination, isothermal urea
titrations between 5 and 40C together with thermal

correction andy andz, are the viscosities in the presence
and in the absence of the denaturant at@5Data fory/no

denaturation data in the presence of urea were simultaneoushS @ function of urea concentration was taken fronbrett
fitted to a simple two-state dimeric model. A matrix of 26 Was assumed that the temperature dependenpgebf urea

experimental profiles describing the change in the CD signal

solutions is not significant between 10 and %5 (54, 55).

at 222 nm along three axes (urea concentration, temperature,The effect of the urea viscosity correction on the extrapo[ated
and peptide concentration) was globally analyzed using theunfoldmg rate constants 8 M urea was found to be within
in-house software package Savuka 5.2. It was assumed thagXPerimental error.

AC, does not change either with temperature or urea
concentration and that tlevalue is temperature-dependent.
The fitting parameters globally linked throughout the data
set wereTy,, AS;,, AC,, they intercept and slope values
defining the temperature dependencemfand the spectro-

RESULTS

By examination of the equilibrium and kinetic folding
properties of M2V GCN4-pl at a variety of temperatures,
urea concentrations, and peptide concentrations, rigorous tests

scopic properties corresponding to the native state. The totalof the mechanism can be applied and quantitative assess-
protein concentration and the parameters describing thements of the thermodynamic parameters can be obtained.
unfolded baselines were considered as local parameters in Analytical ultracentrifugation experiments as well as CD
the fitting routine. The resulting values obtained for the spectroscopy were used to confirm that the replacement of

peptide concentration were within 10% of the expected
values.

Met at position 2 with Val did not perturb the native folded

state of GCN4-pl. The dimeric form of the coiled-coil M2V
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Table 1: Thermodynamic Parameters Obtained from the Analysis of the DSC Experiments Using the Two-State Denaturatiop ¥dlg¢l N

P2 T AHZ,, AHZ, ACS
(uM) (K) [kcal (mol of dimer)?] [kcal (mol dimer) 1] AHZ JAHY, [cal (mol of dimer)* K]

422 337.1 52.1 51.6 1.01 372
409 336.9 52.3 50.7 1.03 369
372 336.6 55.1 50.5 1.09 446
334 336.4 46.1 54.0 0.85 264
279 3354 53.9 50.6 1.06 314
227 334.3 43.6 55.8 0.78 493
200 333.8 49.3 53.8 0.92 471
190 333.6 56.8 51.4 1.10 550
162 3334 48.7 55.9 0.87 335
105 331.4 53.7 54.6 0.98 451
averagé 51.2+ 4.1 52.94+2.2 0.97+0.11 406+ 89

aTotal peptide concentration in terms of mononfefemperature at which the fraction of native peptide is equal to0/alues obtained by
extrapolating the native and unfolded baseling toand measuring the difference between théfhermodynamic parameters obtained from the
average of 10 experiments. Errors correspond to the standard deviation.

GCN4-p1 at 15C and within the concentration range from
10 to 400uM was demonstrated by analytical ultracentrifu-
gation (data not shown). Also, similar secondary structures
were observed when comparing the far-UV CD spectra
corresponding to the M2V mutant and the wild-type GCN4-
pl peptide. Both spectra were superimposable (data not
shown), showing the typical features of anhelix: two
minima at 222 and 208 nm with a ratio of 1.1, consistent
with full helical content §6). Therefore, the replacement of
Met 2 by Val does not perturb the state of association or the
secondary structure of this coiled-coil peptide.

Thermal Denaturation.An extensive thermodynamic

o
O

T T T v T

Iz keal mol' K™,

422 M
409 pM
372 uM
334 uM
279 uM
227 uM
200 uM
190 uM
162 uM

105 pM

characterization of the leucine zipper peptide, M2V GCN4- eI et
pl, has been carried out based on urea- and heat-induced
denaturation experiments. The combination of these two —_
approaches increases the experimentally accessible temper- 280 300 320 340 360 380
ature range, providing a more accurate measurement of the Temperature (K)

properties governing the conformational trans_itiﬁﬁ, ©8). FicUrRe 1: DSC profiles for M2V GCN4-p1 unfolding. The protein
The_ temperature erendence_of the p"flrt'al molar heatconcentration for each experiment, expressed in terms of monomer,

capacity corresponding to solutions of different peptide s indicated to the right of the corresponding profile. Buffer

concentrations (105422 uM) in buffer was obtained by  conditions were 50 mM sodium phosphate, pH 7.0, and 150 mM

DSC; the results are shown in Figure 1. Plotsgfversus NaCl. The solid lines represent the fit of the data to the two-state

temperature yield a single asymmetric peak, whose maximumdimeric model. Curves have been shifted alongytagis for display

is shifted toward higher temperature as the peptide concen-PUPOSES:

tration increasesA@, 44, 59). Fits of each of the scans to a

two-state dimeric model yielded excellent agreement (Figure by O’Shea et al. §1) for GCN4-p1 and consistent with a

1), and the calorimetric enthalpies determined from the fits full helical structure. The experimental profiles are well-

were equivalent to those obtained by integration of the peak described by the formalism given in eq 1, in which the folded

area when a smooth third-order spline function was used todimers and unfolded monomers are the only states signifi-

connect the pre- and post-transition baselines. The resultscantly populated. As shown in Figure 2A, there is an

obtained from the analysis are summarized in Table 1. An €xcellent agreement between the observed and the predicted

average ratio foAH2 /AHS, of 0.97 + 0.11 was obtained ~ denaturation curves.

over the concentration range explored, supporting the validity ~Figure 2B displays the dependence of the transition

of the two-state assumptio6@). The average value aC, midpoint temperature on the peptide concentration for both
was 406+ 89 cal (mol of dimer) K1, the CD and DSC experiments. The small but consistent

The thermal unfolding of M2V GCN4-pl at peptide differences between the two sets of data might reflect heat
concentrations ranging from 10 to 200M was also diffusion processes in the CD cell holder where the thermal
monitored by CD. The sigmoidal transitions observed at 222 isolation is not as effective as that in the calorimetric cells.
nm (Figure 2A) indicate a cooperative disruption of the Values for the van't Hoff unfolding enthalpy and entropy
helical structure with increasing temperature. The midpoint corresponding to the middle of the transition temperature
of the transition is concentration-dependent, as is predictedrange covered (61.3C for DSC and 56.2C for CD) were
for an unfolding process that is coupled with dissociation. obtained using the following expressiod2j:

The mean residue ellipticity at 222 nm of M2V GCN4-p1
under native conditions (low temperature)s—35 000 deg 1__ R In Py + AS
cn? dmol%, which is in agreement with the value reported T AH?® AH?®

(14)
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Table 2: Comparison of the Thermodynamic Parameters at pH 7.0 ah@ &% the Unfolding of M2V GCN4-p1l Obtained by Different
Experimental Approachés

kinetic® kinetict
DSC CDP (Eyring) (Kramers)
AH? [kcal (mol of dimer) ] 38.6+0.7 36.5+ 0.1 32.4+ 4.8 32.4+ 4.8
AS [cal (mol of dimer)* K] 96.0+5.8 89.2+ 3.2 76.0+ 16.1 80.6+ 13.5
AG®° [kcal (mol of dimer)?] 99+24 9.9+ 1.0 9.7+ 6.7 8.3+ 6.4

aErrors correspond to 2 standard deviatiohBarameters extrapolated at 25 from those obtained from the dependence df With In Pr
(Figure 2B), as indicated by eq 14. The peptide concentration range wag28bM for DSC and 16-200uM for CD experiments® Thermodynamic
parameters calculated from kinetic values using Eyring and Kramers formalisms (reported in Table 4), according to theAe‘(maﬂ'oanﬁ,ri

AV

8.8M urea, 25°

5
X
{

g
N

g

AM urea, 85°C

>4 m

6] (deg cm’ dmol™)
oy B e
g
2

[6] 15, (10° deg cm® dmol™)

000
m 230 M0 20 20 270
Wavelength (nm)

[8],, (10° deg cm’ dmol ™)

6...2.l.4 6 .8
[Urea] (M)

FIGURE 3: Representative urea titrations carried out at 7.5 (crosses),
10 (hexagons), 20 (triangles), 25 (inverted triangles), 27.5 (squares),
32.5 (diamonds), and 4%C (circles). Profiles are normalized to
mean residue ellipticity for comparison. The peptide concentration
ranged from 10 to 3@M. The lines represent the result of a global
analysis to a two-state equilibrium model of experimental profiles
corresponding to urea titrations (20 traces) and thermal melts in
the presence of urea (6 traces). The inset shows the CD spectra of
the urea-induced (solid line) and temperature-induced (dashed line)
unfolded states of M2V GCN4-pl, respectively, at the given
conditions.

1T, (10°K™)

techniques, DSC and CD, are in good agreement. Average
_ . . . . . values for the enthalpy, entropy, and free energy change of
-12 -11 -10 -9 -8 -7 unfolding of the dimer under standard conditions are 37.5
In (P;) kcal (mol of dimer)?, 92.6 cal (mol of dimer)! K-, and
FiGure 2: (A) Thermal denaturation of M2V GCN4-p1 monitored 9.9 keal (mol of d_lmer)l, respectively. .
by CD at 222 nm and at peptide concentrations of 12 (circles), 20 Urea DenaturationCD was also used to monitor the urea-
(diamonds), 50 (squares), 76 (inverted triangles), 100 (hexagons),induced denaturation of M2V GCN4-p1. A total of 20 urea-
137 (crosses), and 2QM (triangles). Profiles are normalized to  induced denaturation curves was collected at temperatures
mean residue ellipticity for comparison. Buffer conditions are ranging from 5 to 40°C. A representative subset of these

described in the caption to Figure 1. The lines represent the fits of : : : : :
the individual data sets to a two-state dimeric equilibrium unfolding data is shown in Flgure_3. As expecte_d, an increase in
model. (B) Plot of the inverse G, (defined as the temperature at témperature correlates with a decrease in the resistance of
which Xy, = 0.5) versus the natural logarithm of peptide concentra- the peptide to chemical denaturation. A slight increase in

tion (expressed in terms of monomer). The symbols correspond tothe ellipticity of the unfolded baseline was observed in the
CD thermal melts (triangles) and DSC experiments (circles) in the temperature range from 5 to 2, possibly resulting from
zgts?gges?:a%ﬁ?iiﬁgd the solid lines represent the fit of each data_enhanced urea binding at low temper_ature. The thermally
induced unfolding of M2V GCN4-pl in the presence of
. various urea concentrations (from 0 to 3 M) was also studied.
The values forAH® and AS’ at 25°C were obtained by = |hcreasing denaturant concentration leads to a monotonic
extrapolation according to eqs 15 and 16 and are summarizeétyecrease in the transition midpoint temperature (data not
in Table 2: shown).
opmm R The solid lines in Figure 3 represent the global analysis
ARH(T) = AR®(Tp) + ACP(T_ Tr) (15) of the entire set of data represented by the 26 urea- or
AHC(T temperature-induced (in the presence of urea) unfolding
(Tw) (16) curves. The thermodynamic parameters obtained at 1 M
T standard state peptide concentration A, = 556 + 10
cal (mol of dimer)! K1, AS = 188 4+ 1 cal (mol of
The thermodynamic parameters obtained using two differentdimer)™* K=1, T° = 95.8 & 0.1 °C, npsc = 0.82 £ 0.06

AS(T) = + AC, In(T/T,)
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= =l Ficure 5: Urea dependence of the refolding (dashed lines) and
2 \ unfolding (solid lines) rate constants for M2V GCN4-pl1 at 10
s 9 (circle), 15 (triangle), 20 (square), 25 (inverted triangle), 27.5
E sl b I, y33M | (diamond), 30 (hexagon), and 36 (cross); note that symbols do
& A |:fr,',|"rti“‘|""-.w',.w not represent experimental data. Lines represent the result of
Lol W WFW‘H‘ il S performing a global fit of 26-56 unfolding and refolding kinetic
= AL AL MW 25M traces for each temperature studied. Correction for the urea viscosity
o 25 ”M’,m ] effect was made according to eq 13. Buffer conditions are described
§N b RS | 0 M in the caption to Figure 1.
30 J
0 ! 2 consistent with the observed exponential dependence of the
Time (s) rate constants obtained from the fits of individual kinetic

FIGURE4: Representative kinetic traces for unfolding and refolding traces on the denaturant concentration (data not shs$n;

of the M2V GCN4-p1 peptide at 2TC, normalized to mean residue  Deviations from this simple behavior at low and/or high urea
ellipticity for comparison. (A) Unfolding frm 0 M ureato the final  concentrations, termed “roll-over” in the chevron pldid)(
urea concentration indicated alongside each trace. (B) Refolding would imply the presence of intermediates.

from ~6 M urea to the final urea concentration indicated alongside . L

each trace. Lines represent the results of a global analysis-of 26 A global analysis to a two-state kinetic modeh( 2U)

56 combined refolding and unfolding traces for each temperature Was performed over all kinetic traces collected at the same

studied. Buffer conditions are described in the caption to Figure 1. temperature. The resulting urea dependence of the unfolding

and refolding rate constants, i.e., the chevron pid),(for

_ . . each temperature after correction for urea viscosity is

kcaé M (mgl of d'mele' an(lj dT_VldT =(71£0.3) x depicted in Figure 5. The rate constants for refoldikg-¢)

107 keal M™* (mol of dimer)™ K™. and unfolding kn,—1) in the absence of denaturant and the
A comparison between the far-UV CD spectra correspond- m, ., and m,-+ parameters, describing the urea effect on

ing to the thermally induced and urea-induced unfolded statesthe activation Gibbs energies for refolding and unfolding,

is displayed in the inset in Figure 3. The significant difference respectively, are listed in Table 3. The predominant effect

between these two spectra suggests that the thermally inducegf temperature on the rate constants is observed for the

unfolded monomer has a higher residual helical content.  ynfolding reaction:ky,: increases by 170-fold from 10 to
Kinetic StudiesThe change in ellipticity at 222 nm with 35 °C, whereasky—; only increases by-2-fold. Although

time was monitored after rapid dilution of the peptide mu—; displays no significant dependence on temperature,

solution into solutions with different final urea concentra- Mmy,-+ diminishes as the temperature increases.

tions. Representative subsets of unfolding and refolding The equilibrium parameters can be calculated from the

traces at 20°C are displayed in Figure 4, parts A and B, kinetic results by using the standard relati®fG°w, = —RT

respectively. For all temperatures studied, unfolding data is In(kn,—#ku—t) and mg = My~ — My—z. AS is shown in

well-described by a single-exponential rate equation, whereasTable 3, there is an excellent correspondence between the

a second-order bimolecular association reaction is requiredAG® and m values obtained from equilibrium and kinetic

to describe the refolding data. Although the inherently low experiments. The same monotonic decrease of these param-

signal-to-noise ratio of CD spectroscopy could mask a more eters with increasing temperature is observed in both

complex response, similar experiments using fluorescenceapproaches.

detection to monitor the folding of Y17W GCN4-p1 do not Arrhenius AnalysisThe temperature dependence of the

reveal any additional kinetic phase&3). In all cases, the  unfolding and refolding rate constants in the absence of

good agreement between the mean residue ellipticity signaldenaturant was analyzed according to the Arrhenius equation:

at infinite time and the equilibrium signal at comparable

denaturant concentrations indicates that no slow reactions Ink =InA — E,/RT (17)

take place (data not shown). Furthermore, because less than

10% of the far-UV CD signal (the limit of detection) where E, represents the activation energy aAdis the

develops in the dead time of the instrument, 5 ms, for both preexponential term. The Arrhenius plots for refolding and

unfolding and refolding reactions, rapidly formed intermedi- unfolding, shown in Figure 6, parts A and B, respectively,

ates, if present, are not measurably populated. This result isare well-described by linear fits. It has previously been shown
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Table 3: Parameters from the Global Fits of the Unfolding and Refolding Kinetic Data Analyzed According to the Eyring Formalism and
Comparisons with the Equilibrium Results

T2 ky—t x 1076P kn,— x 10° my—° My,—-+° AG% ¢ Med AG° ¢ me
10.0 2.32 0.16 —0.53 0.42 10.58 0.95 10.49 0.98
15.0 2.60 0.48 —0.48 0.39 10.21 0.87 10.27 0.96
20.0 2.75 1.53 —0.50 0.33 9.74 0.83 9.86 0.91
25.0 3.48 3.74 —-0.51 0.32 9.52 0.83 9.54 0.89
27.5 3.81 6.24 —0.52 0.30 9.34 0.82 9.36 0.88
30.0 4.23 9.73 —0.53 0.29 9.22 0.82 9.19 0.85
35.0 3.97 27.40 —0.55 0.27 8.69 0.82 8.77 0.87

aTemperature expressed €. ® Refolding and unfolding rates in the absence of utga, in units of M~ s and ky,-: in units of s?,
respectively, were determined from the global fits of the data to the two-state model. Erratd@%e ° my—; and my,—; represent the urea
dependence of the refolding and unfolding rate constants, respectively, in units of kcal (mol of &iet)obtained from the global fits of the
data and after correction for the urea viscosity effect according to eq 13. Erross0a08 kcal (mol of dimer)t M~ ¢ Free-energy change of
unfolding of the dimer in the absence of urea andalue in units of kcal (mol of dimer} and kcal (mol of dimer)! M™%, respectively, were
calculated from the global analysis of the kinetic d&teree-energy change of unfolding of the dimer in the absence of uremaatiie in units
of kcal (mol of dimer)* and kcal (mol of dimer)* M2, respectively, were obtained from the individual fits of the corresponding urea titration.
Errors aret+0.2 kcal (mol of dimer)* and+0.05 kcal (mol of dimer): M~1 for AG°® andm, respectively.

that curvature is observed in the Arrhenius plot if the reaction 15.6 T T T
occurs with a significant change in the activation heat
capacity @, 4, 65—67). The absence of significant curvature
within the temperature range explored in this work made it
impossible to determine the change in heat capacity values
for the refolding or unfolding reactions. The values for the
refolding and unfolding activation energies can be extracted
from the slope of the linear fits shown in Figure 6, parts A
and B: AE, .; = 2.8 + 0.9 kcal (mol of dimer)* and
AEgR, .4 = 35.2% 3.9 kcal (mol of dimer).

The activation entropyAS’.;, can be estimated from the
observed rate constatt,s and the activation enthalpy using
transition-state theory:

s S AT
(18)

where the exponential term(s) represents the activation free-
energy barrier that must be surmounted for the reaction to
proceed. The validity of using transition-state theory for

15.2

Ink.,,

14.8

analyzing the data is supported by the fact that single- '63.2 313 3T4 3?
exponential unfolded kinetics were always observed under o
the different experimental conditions explored {135 °C /T (10°K™)

and 0.6-8.0 M urea). Also, simple second-order bimolecular Ficure 6: Arrhenius plot for the refolding (A) and unfolding (B)
reactions were observed for the refolding process. Thesereactions. The values &, andky,-; at each temperature were
experimental facts suggest a single acivation barte for (7 1or e Sapostomid 1 iee 1 e coresboreiny
unfolding and refolding. The magni'gude of the preexponential eq 17] toQ[he.data. Errgr bars are as showngor smaller than syr%bol
factor, k, depends on the formalism chosen. The Eyring sjze.

formalism was developed initially for describing simple

chemical reactions in the gas phase and represents an uppesf diffusional models in describing protein folding has been
limit for estimating the value o, According to the Eyring pointed out extensively7(L—74), and there are a number of
formalism @8), ko= ksT/h=6.2 x 10*2st at 25°C, where examples in the literature supporting the fact that protein
h andkg are the Planck and Boltzmann constants, respec-folding transitions can be explained as diffusional barrier-
tively. Despite widespread use of Eyring’s theory to model crossing processe§%—79), including GCN4-p2 (29). In
protein folding ratesZ—4, 7, 69), there are some limitations  Kramers’ theory, the measured rate constant is proposed to
when it is applied to complex conformational changes in depend on the height of the activation barrier and the
macromolecules. Those limitations include the role of the diffusion of reactants in the activated state. A value of
solvent, entropic considerations related to the ensemble3.3 x 10° M~! s! has been previously used fly for the
nature of the states involved in the reaction, and the existencediffusion-limited association reaction of a homodimeric
of a complex reaction coordinate. By contrast, Kramers’ coiled coil 80) and other dimeric system4(@). A value of
model (0) provides a more realistic approach to study 5 x 10° s ! was used fok, in the case of the unimolecular
reactions in the condensed phase and protein folding becausenfolding reaction 10), which is in the range observed for

it explicitly considers the contribution of Brownian motion folding and intrachain diffusional collisions in small peptides
in the formation of the encounter complex. The adequacy (81—85).
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Table 4: Thermodynamic Parameters Describing the Transition State for the Folding and Unfolding Reactions of M2V GCN444, at 25
According to the Kramers and Eyring Formalisms

AH?_ AS ., AGY.,
[kcal (mol of dimer)?] [cal (mol of dimer)* K™ [kcal (mol of dimer) ]

2U—%

Kramers -1.6+0.9 —19.04+ 0.2 4.1+ 1.4

Eyring 2.2+ 0.9 —20.5+2.& 8.3+ 1.7
N2 — ¥

Kramers 30.8t 3.9 61.56+ 13.3 12.4+5.(¢

Eyring 34.6+ 3.9 55.5+ 13.3 18.0+ 5.0F

aErrors correspond to 2 standard deviatiohByring: values obtained from the slopes of the Arrhenius plots (Figure 6) according to eq 17.
Kramers: values obtained from the slopes of the Arrhenius plots after correction by the temperature dependence of the water8vjscosity (
¢AG?., and AS’ ., values are dependent on the formalism employed to relate the rate constant to the activation energy (eq 18). They were
calculated using. = 3.3 x 10° M~ st andk, = ksT/h = 6.2 x 10'2s7* for the Kramers and Eyring formalisms, respectivélAG? ., andAS’ .,
were determined using, = 5 x 10° and 6.2x 10'? s™* for the Kramers and Eyring formalisms, respectively.

According to transition-state theory, the activation enthal-  (c) The good agreement between the enthalpy and entropy
pies at 25°C can be calculated, considering that = changes obtained from equilibrium (DSC experiments and
AHi—y + RT (86): AH{_; = 2.2 + 0.9 kcal (mol of the CD thermal melts) and kinetic studies (Table 2) supports
dimer)* andAHg, ., 34.6 + 3.9 kcal (mol of dimer)*. In the two-state model. Further support is provided by the
Kramers’ theory, the activation energy (derived from an excellent agreement between thandAG® values obtained
Arrhenius plot) contains both thieue activation enthalpy  from kinetic experiments and from CD equilibrium measure-
and the activation enthalpy reflecting the temperature ments at different temperatures (Table 3).
deﬂegdge Ecelof t?f vg/atere/ ISCOStl.Yy}'ﬂ?WS A_H 5 91 17(;’/8%/ The validity of the two-state assumption for M2V GCN4-
;Zf(; diﬁg ;32 dnlj(:ﬁol( d;])é' agtri:/ea(;i:)nng e(?]rthalti\i"esg,ﬁ S :e pl is also consistent with previous theoretic@b)( and

Ut experimental reports of calorimetric2@ 21, 23) and

— 1 1 o
kclaf (ﬁg'ifkgﬁlérﬁl gscglg:;?esndAHNf* 308+ 3.9 spectroscopic22, 24, 91) studies on the wild-type peptide
' ' and closely related analogues.

Estimates folAS’ ., andAG/_,, at 25°C in the absence _
of urea for the unfolding and refolding of M2V GCN4-p1, The use of two different perturbants, temperature and urea,
using both the Eyring and Kramers formalisms, are given in 10 induce the unfolding reaction allows a comparison of the
Table 4. According to the Kramers formalism, the energetic effects of these agents on the unfolded ensemble. To
barrier for refolding is dominated by the activation entropy, minimize errors associated with long extrapolations; 60
whereas the unfolding barrier is dominated by the activation was selected as a reference temperature to compare the
enthalpy. The small negative enthalpic component diminishesthermodynamic parameters obtained by DSC and the global
the refolding barrier; for the unfolding reaction, the activation analysis of the CD urea titrations and thermal melting profiles
barrier is diminished by the increase in entropy. This view in the presence of ureaAH°psc = 52.8 kcal (mol of
is qualitatively in agreement with results obtained with the dimer)?, AS’psc = 141 cal (mol of dimer)! K™%, AG°psc

Eyring formalism. = 5.8 kcal (mol of dimer), AH°cp = 49.6 kcal (mol of
dimer) !, AScp = 132 cal (mol of dimern! K%, andAG°cp
DISCUSSION = 5.6 kcal (mol of dimer)™. The excellent agreement among

Validity of the Two-State Assumptiomsights into the these values suggests that thermally induced and urea-
thermodynamic properties of the native, unfolded, and induced unfolded states belong to the same thermodynamic
transition states of the coiled-coil M2V GCN4-p1 have been ensemble. The observation of different far-UV ellipticities
obtained by combining thermal- and urea-denaturation studiesfor the urea- and temperature-induced unfolded states (inset

of both the equilibrium and kinetic folding reaction. Several Figure 3;92-95) is consistent with the general view that
lines of evidence support the two-state behavior of this chemical denaturation is more effective than thermal dena-

dimeric peptide: turation and, therefore, that the residual structure is less likely

(@) The DSC experiments, performed at a variety of tO e>§ist in chemically denatured proteir@gy. In fact, _the
peptide concentrations (16822xM), yield a unitary ratio ~ Predicted values foAC, and m based on their empirical
of AHZ,/AHS,,, within experimental error (Table 1). This linear relationships witlAASA, and AASAa for totally

VH? .
observation has traditionally been considered as proof of aunfolded states97), 680 cal (mol of dimer)! K~ and 0.91

close adherence to a two-state equilibrium moéé| 88), kcal M~* (mol of dimer), are in good agreement with the
although recent arguments suggest that a unitary ratio mayexperimental values obtained from the global analysis of the
be a necessary but not sufficient conditi@9)( urea-titration and thermal-denaturation experiments in the

(b) The observation of monophasic kinetics in both presence of urea, 556 cal (mol of dimerK~* and 0.82
refolding and unfolding experiments (Figure 4) demonstrates kcal M~ (mol of dimer)?, respectively. Furthermore, the
that intermediate states are not significantly populated underexistence of a certain degree of residual structure in the
these experimental conditions. The absence of a detectabléhermally unfolded chain has been experimentally shown by
burst phase and roll-over in the urea dependence of the rateHoltzer and co-workers2g). By examining®*C chemical
constants obtained from individual fits are also consistent shifts at specific sites of GCN4-I1zK, a GCN4-like leucine
with the two-state kinetic mechanism. zipper peptide, the authors concluded that the urea-unfolded
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chain is randomly coiled, whereas the thermally unfolded
chain retains a certain degree of structure.

Other findings support the presence of a relatively complex
array of helical forms in the native state. Holtzer and
colleagues have provided evidence for the existence of a
native-state manifold and demonstrated site-specific differ-
ences in structural content and melting temperatures for
GCN4-IzK, detected by*C NMR (26—28). Additionally, a
stable folding subdomain of GCN4-p1, comprised of residues
8—30, has been proposef§]. The apparent discrepancy 40 Lo
with the two-state analysis carried out in the present work N, i 2U

p_robably arises from the global natgre of the .far-UV CI,D FIGURE 7: Reaction coordinate for M2V GCN4-p1 at a standard
signal and from the existence of a single dominant barrier state of 25°C and 0 M urea. blwas taken as a reference state, and
that separates two ensembles, each with many rapidlyits properties were arbitrarily set to zero. The valuesAG;.,,
interconverting forms. Mohanty et al9@) suggest that a ~ AH?.;, andAS’.; were taken from Table 4. The reaction profiles
more relaxecdefinition of the two-state model is necessary Were calculated using both the Kramers formalism, with preexpo-
to account for the gradual conformational changes experi- nential factors of 3.3 10°M s * and 5x 10°s * (dashed lines),
. 8 and the Eyring formalism, with a preexponential factokgf/h =

enced by thenative- and unfoldedstate ensembles in the 6.2 x 10 s1 (solid lines).
respective baseline regions.

Equilibrium Properties of M2V GCN4-pTrhe stability
of GCN4-pl on a per-residue basis at Z5 and standard
state conditions [0.15 kcal (mol of res) is greater than
that reported for a number of dimeric systems, such as Trp
repressor [0.11 kcal (mol of res] and its fragment [2-66]
[0.11 kcal (mol of res)Y] (99); Arc repressor [0.10 kcal (mol
of res) ] (100); and SIV protease [0.07 kcal (mol of reg)

Energy (kcal mol-!)
(=7
= S

)
S

assumption that the ratio,—+/mis a measure of the position

of the transition state along the unfolding reaction coordinate
(207), the majority of the total change in surface area
expected on going from the unfolded to the native state is
buried in the dimeric transition state (between 55 and 65%,
depending on the temperature). Previous studies have

N o ; - ted values of55% for unmodified GCN4-p1 between
(101. This high degree of stability for the leucine zipper repor - .
peptide is proposed to be the result of a densely packed5 and 15°C (22, 35, 63), in agreement with the present study.

hydrophobic interface comprised of branched aliphatic side  Closer examination of the results in Table 3 shows that
chains (mainly Leu and Val). The important role of subunit the decrease img, with increasing temperature is almost
interfaces in the stability of oligomeric proteins has been entirely due to a monotonic decreasenm,—, given that
pointed out previouslyl( 102—104). Interestingly, a com- ~ Ma = My~ — My—. This implies that fraying or local
parison with dimeric proteins of similar stability such as the unfolding in the native ensemble is decreasing the amount
four-a-helical-bundle protein ROP [0.15 kcal (mol of red) of buried surface; the change in buried surface area between
(105 and the N-terminal domain of LFB1, B1-Dim [0.18 the unfolded ensemble and the transition state is not affected
kcal (mol of resy!] (106), yields a value for the change in by temperature. This interpretation is consistent with the
enthalpy of unfolding for GCN4-p1 that is much higher [0.58 increasing ellipticity observed for the native baseline (Figure
vs 0.23 and 0.32 kcal (mol of red)for ROP and B1-Dim, 2A) and previous NMR results that detect significant end-
respectively]. This higher enthalpic contribution to stability fraying of a GCN4-like peptide before the cooperative
for GCN4-p1 may reflect the very high helical content in transition @6). Taken together, these results imply that the
the form of a single unbroken helix. temperature dependence observednifigy-.; is a manifesta-

A calorimetricAC, value of 406+ 89 cal (mol of dimer)! tion of a native-state ensemble of rapidly interconverting
K1 was measured for the unfolding of M2V GCN4-p1, in coiled-coil forms with decreasing amounts of helical structure
good agreement with previous results on the wild-type at increasing temperature.
peptide 21, 23) and a fragment containing the leucine zipper  Energetics of the Transition-State EnsemKtla.the basis
and a part of the basic region of GCN2(Q{. The small of the kinetic data reported in this paper, a reaction coordinate
discrepancies observed when comparing the enthalpy anddiagram for M2V GCN4-p1 can be constructed (Figure 7).
entropy changes at 7€ for the M2V mutant and the wild-  The data are shown at 2&, and the free energy, enthalpy,
type peptide [56.5 kcal (mol of dimer) and 152 cal (mol and entropy of the native form have been set to zero as a
of dimer)* K~1 vs 47.9 kcal (mol of dimer): and 128 cal reference state. Values foAH?., AG?.,, and AS .,

(mol of dimer)* K1, respectively] may reflect the presence according to the Eyring (solid lines in Figure 7) and Kramers
of the formal charges at the termini in the wild-type peptide (dashed lines in Figure 7) formalisms, are also provided. By
and the replacement of methionine by valine. either formalism, there is an increase in the entropy (decrease

Structural Implications of the Temperature Dependence in —TAS’) when going from Nto U. Because the transition
of my,—; on the Natie-State Ensemblét has been shown  state is dimeric, the entropy change for8 ¥ only reflects
previously that them values extracted from equilibrium  partial unfolding of the coiled coil, whereas the value
unfolding experiments correlate with the total buried surface obtained for ¥ 2U reflects further unfolding and dissocia-
area 07). Therefore, insights into the gross structural tion of the two chains. Because the majority of the entropy
properties of the transition state can be obtained by examin-change occurs between Bnd 1, the translational/rotational
ing themy,—; andmy—; values extracted from the analysis entropy gain is not the dominant factor for the dissociation
of the chevron plots at different temperatures and ithe  reaction. This conclusion is in accord with an estimate of 5
values from the equilibrium profiles (Table 3). Under the =+ 8 cal mol* K~ for the translational/rotational entropy
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by Privalov and colleague48), on the basis of calorimetric  is consistent with both diffusiofacollision and nucleation
measurements on a homodimeric coiled coil and its cross-condensation modeld.16).
linked version 108 and with other experimental (9—111) The activation parameters extracted from the transition-
and theoretical {12 results. As has been pointed out by state analysis carried out in the present study agree quali-
Karplus and Janinl(13), this experimental value relates to tatively with the above scenario. Perhaps the most informa-
the entropy for the dissociation of the native dimer to two tive result is the small nearly zero value for the refolding
unfolded polypeptide chains, whereas theoretical estimatesactivation enthalpy change—fL.6 or 2.2 kcal (mol of
of 30—60 cal mot* K~ have been reported for the unfolding dimer)?, depending on the formalism]. The observation that
of a native dimer to two native monomerkld, 115). It is the transition state appears to bury about-65% of the
not possible to ascertain the validity of either estimate for urea-sensitive surface area combined with the results from
the translational/rotational entropy on the basis of the previous studies in trifluoroethancl17) suggests that the
experimental value for the activation entropy observed for peptide chains undergo considerable desolvation upon fold-
the association reaction of GCN4-pl. The large positive ing. Thermodynamic data for the transfer of aliphatic
entropy of dehydration accompanying the formation of the nonpolar hydrocarbons from the pure liquid phase to water
transition state and the large negative contributions from helix yield enthalpies of hydration in the range of 0 +®.478
formation and side-chain packing in the dimer interface make kcal mol* at room temperature46, 118). Therefore, if
it impossible to accurately estimate the translational/rotational dehydration was the only event involved in surmounting the
component. folding barrier, a large positive value fakHp, ., should
The barrier for the unfolding reaction of M2V GCN4-p1 have been observed. The implied negative contribution from
is dominated by enthalpic contributions (Figure 7), presum- another source reflects the formation of intramolecular
ably arising from the disruption of H bonds and van der hydrogen bonds in the activated complex. This conclusion
Waals interactions. The height of the activation barrier for is consistent with the results of a study by Sosnick and co-
the unfolding reaction is significantly diminished by an workers, who explored the formation of H bonds during the
overall entropy gain because of the disruption of part of the folding reaction of GCN4 D7A using equilibrium and kinetic
helical structure (an increase in the backbone conformationaldeuterium/hydrogen amide isotope techniques).(These
entropy is expected to be on the order of 6 cal (mol of res) authors concluded that50% of the native H bonds are
K~ (23)) and the side-chain packing at the interface. By formed in the transition state. On the basis of an estimated
contrast, the barrier in the bimolecular folding is almost value of~ —0.84 kcal (mol of res)! for the formation of a
entirely accounted for by the activation entropy. This hydrogen bond in the coilhelix transition (19, the
observation is not readily generalized to other dimeric activation enthalpy should be decreasedh®6b kcal mot™
systems because enthalpic barriers have been reported fofor the pair of helical segments in the dimeric transition state
the P-22 Arc repressof®) and the Trp repressof(). of M2V GCN4-pl. Therefore, the dehydration effect must
General View of the Transition State of GCN4-pA. almost exactly cancel the H-bond effect.
critical aspect in defining the energy landscape of a folding  The activation entropy is also consistent with this model
reaction involves the characterization of the rate-limiting for the transition state. The entropic contribution to the barrier
transition state(s). Mutational analys5( has shown that  for the dimerization reaction is approximateh20 cal (mol
the transition state for GCN4-p1 involves the docking of of dimer)* K-1 (Table 4). The burial of 5565% of the
helical stretches located primarily, although not exclusively, urea-sensitive surface area in this step means that a substan-
at the C termini of a pair of monomers. On the basis of these tial amount of dehydration must occur. On the basis of
results, the following folding model for GCN4-p1 has been thermodynamic data of transfer of hydrocarbons from the

proposed: liquid phase to water4@, 118, the hydration entropy has
been estimated to be negative at room temperature (reported
U ey fast values ranged from—13.8 to —26.0 cal mol! K™1).
o Therefore, the negative entropy change observed in the
| o | Reddimiting step refolding of M2V GCN4-p1 means that the contribution from

2 dehydration is overwhelmed by the penalty of bringing two

A rapid equilibrium is established between the unfolded chains together and of ordering side chains and the backbone
monomers and the monomeric intermediate I, which containsin the transition state.

helical structure localized primarily in the C terminus. Under ~ SummaryEquilibrium and kinetic folding experiments on
folding conditions, the concentration of the association- M2V GCN4-pl have elucidated the features of its energy
competent form | remains sufficiently low that the apparent landscape. The unfolding barrier is mainly enthalpic, reflect-
rate constant observed for the association reaction is on theng the disruption of a substantial fraction of the hydrogen
order of 10 M~! s7L, This value is approximately 3 orders bonds in the coiled-coil structure. The association reaction
of magnitude smaller than that of the diffusion limit, implying is primarily retarded by an entropic component, reflecting a
that not all collisions between monomers lead to the native delicate counterbalance between solvent effects and intramo-
dimer. According to this simple model, only collisions lecular interactions. These thermodynamic results are con-
between association-competent species | are successful. Notsistent with a previous proposal that the transition state is
that | is not a single structural form but rather an ensemble partially organized 35).

of rapidly interconverting species. Once the transition state

is formed, the complex between preformed helical segmentsACKNOWLEDGME'\IT
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