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ABSTRACT: The energy surface for the folding/unfolding reactions of the homodimeric coiled-coil peptide
M2V GCN4-p1, 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 55-65% 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. (2000)J. Mol. Biol. 296,
1105-1116].

The existence of multisubunit proteins in all forms of life
is thought to reflect their increased stability and the op-
portunities for cooperativity in ligand binding, allosteric
control of enzyme activity, and rate enhancement in sequen-
tial metabolic reactions (1). Therefore, understanding the
mechanism by which the formation of secondary, tertiary,
and quaternary structures is coordinated in the folding of
multimeric proteins and the specific nature of subunit-
subunit interactions have become pivotal issues in the protein
folding field.

A quantitative assessment of the folding and assembly of
multisubunit proteins requires equilibrium studies of the
stable states and kinetic studies of transition states and any
transient intermediates. Energy surfaces for the folding and
unfolding reactions have been mapped for many monomeric
proteins (see, for example, refs2-9). However, the inher-
ently more complex folding mechanisms usually observed
for multimeric proteins have limited the information available
for these systems. Thermodynamic characterization of transi-
tion states and/or intermediates has been reported for only a

few such proteins, e.g.,Escherichia coliTrp repressor (10,
11), P22 arc repressor (12), ROP (13, 14), and hGST A1-1
(15). The structural complexity of these dimeric systems has
limited the insights obtained.

One of the simplest model systems for studying protein-
protein interactions is the two-stranded, parallel coiled-coil
motif. First postulated by Crick (16), the structure is
comprised of two right-handedR helices that wrap around
each other to form a left-handed superhelix. The amino acid
sequence is characterized by a heptad repeat, (abcdefg)n, in
which hydrophobic residues in the a and d positions and
oppositely charged residues in the e and g positions form
the dimer interface. One of the better studied members of a
large class of coiled-coil peptides is GCN4-p1, the 33-residue
leucine zipper domain of the yeast transcriptional activator
GCN4. This small fragment adopts a stable, well-folded
dimeric form that has enabled high-resolution structural
analysis by both NMR (17, 18) and X-ray crystallography
(19).

Some of the thermodynamic parameters characterizing the
folding/unfolding transition of GCN4-p1 and several ana-
logues have been reported. A simple two-state monomer-
dimer equilibrium for the thermally induced unfolding
reaction and the urea-induced unfolding reaction is supported
by differential scanning calorimetry (DSC)1 and circular
dichroism (CD) spectroscopy, respectively (20-25). How-
ever, recent NMR results by Holtzer and co-workers (26-
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28) suggest that a more complex model is required to explain
the site-specific data. A simple two-state kinetic mechanism
has been postulated for GCN4-p1 and various GCN4-based
analogues, on the basis of both CD and fluorescence
measurements (22, 25, 29, 30). Two-state mechanisms have
also been reported for other designed homodimeric (24, 31)
and heterodimeric (32) coiled-coil systems. By contrast,
multistep folding has been reported for the GCN4 leucine
zipper (33) and for related analogues (34) when the folding
reaction is probed using extrinsic fluorescent labels attached
to the amino terminus. The discrepancies between these
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-p1 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-p1 (35) 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-workers (30), 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-p1, 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 Purification.A 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 -
NH2, 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 (MWcalc ) 4006.7 Da).

Reagents and Experimental Conditions.Ultrapure guani-
dine HCl and urea were purchased from ICN Biomedicals
Inc. (Costa Mesa, CA). Urea was further purified by passage
of aqueous solutions of about 9.5 M through an AG 501-X8
(D) ion-exchange resin (Bio-Rad, Hercules, CA) prior to
adding the buffer components. All other chemicals were
reagent grade. Spectra/por 2000 MWCO dialysis membrane
was purchased from Spectrum (Houston, TX). Deionized and
degassed water was used throughout. The buffer conditions
used in all the experiments were 50 mM sodium phosphate,
pH 7.0, and 150 mM sodium chloride. Peptide concentrations
were determined spectrophotometrically in 6 M GdnHCl by
monitoring the absorbance of the only chromophore (Tyr
17) at 276 nm using an extinction coefficient of 1500 M-1

cm-1 (36). Guanidine and urea concentrations were deter-
mined from refraction index measurements (37).

DSC. Calorimetric experiments were performed as de-
scribed previously (38), using a VP-DSC microcalorimeter
(Microcal, Northampton, MA;39) with cell volumes of 0.52
mL, under an excess pressure of 30 psi to prevent boiling at
high temperatures. The scan rate was 1°C min-1 in all cases.
Aqueous stock solutions of the peptide were prepared by
exhaustive dialysis at 4°C against the buffer solution. The
peptide concentrations in terms of monomer ranged from
105 to 422 µM. 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 Studies.The 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 200µM, and cell path lengths of 1-5 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 and 23µM and the
cell path length was 5 mm. In all cases, the spectra were
collected from 5 to 85°C. Equilibration times of 3-7 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 to∼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-
p1 was studied by CD measurements at 2.5°C increments
within the temperature range of 5-40 °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 0 to 8.5
M using the automatic titrators. Prior to the measurements,

1 Abbreviations:∆ASAapol, change in apolar accessible surface area;
∆ASApol, change in polar accessible surface area; [θ]222, mean residue
ellipticity measured at 222 nm; CD, circular dichroism;Cp, partial molar
heat capacity; DSC, differential scanning calorimetry; GCN4-p1, coiled-
coil region derived from the yeast transcriptional activator GCN4
(residues 249-281); GdnHCl, guanidine hydrochloride;∆Hcal, calori-
metric enthalpy;∆HvH, van’t Hoff enthalpy;ka, preexponential factor;
kcorr, apparent rate constant corrected for urea viscosity;kobs, observed
rate constant; M2V GCN4-p1, variant of GCN4-p1 in which the
naturally occurring methionine in position 2 is replaced with a valine;
N2, native dimer;Tm, melting temperature (temperature at which the
fraction of the native state is 0.5);T°, temperature at which∆G ) 0;
‡, transition state; U, unfolded state;Xi, molar fraction of the statei;
∆Y°, variation of the thermodynamic propertyY at 1 M standard-state
dimer concentration;η, viscosity in the presence of denaturant;η0,
viscosity in the absence of denaturant.
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the peptide was allowed to equilibrate for a time sufficient
to ensure that the denaturation equilibrium was reached (5-
10 min, depending on the temperature and the urea concen-
tration). Control experiments were carried out by preparing
the samples manually and waiting 1 h prior to collecting the
data. Similar results were obtained with both procedures,
ensuring that the samples were fully equilibrated during the
automated titration experiments. The final peptide concentra-
tion ranged from 10 to 30µM. 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 400µM using an eight-cell
rotor rated at 50 000 rpm. Equilibrium sedimentation experi-
ments were run at 40 000 rpm for>36 h until equilibration
was reached. The temperature for all the experiments was
15 °C. Data were analyzed as described previously (40).

Unfolding and Refolding Kinetic Experiments.The change
in the ellipticity signal at 222 nm with time was monitored
using an AVIV 202SF stopped-flow CD spectrometer. The
temperature was controlled by Peltier elements in the mixer/
optical cell assembly and syringe drive. Temperature probes
in these locations measured the actual temperature, and two
software controlled feedback loops allocated power to the
Peltier elements. Kinetic measurements were carried out at
10, 15, 20, 25, 27.5, 30, and 35°C, yielding a total of 303
experimental traces. For the unfolding experiments, the
peptide was initially in buffer. For the refolding kinetics,
the peptide was allowed to equilibrate in high concentrations
of urea (5.5-7.5 M) for 1 h at thedesired temperature prior
to initiation of the refolding reaction. The reaction was
initiated in each case after a rapid 10- or 7-fold dilution of
the appropriate peptide solution into the buffer containing
different concentrations of urea. Because the refolding
reaction is peptide concentration dependent, at least two
different sets of data at different peptide concentrations were
collected to ensure the reliability of the results. Typical final
peptide concentrations ranged from 10 to 28µM. The cell
path length was 1 mm, the bandwidth was 2.5 nm, and the
dead time was 5 ms (41). An average of 19 shots were
collected per trace to enhance the signal-to-noise ratio.

DATA ANALYSIS

Equilibrium. All the equilibrium unfolding profiles were
analyzed according to a two-state dimeric model in which
only the native dimer (N2) and unfolded monomer (U) are
significantly populated:

The relative amounts of each species at a given temperature
are determined from the denaturation equilibrium constant,
K, at that temperature:

wherePT stands for the total peptide concentration in terms

of monomer (PT ) 2[N2] + [U]). The fraction of unfolded
form, XU, can be easily obtained from eq 2:

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

DSC Data Analysis.The thermograms were corrected for
the instrumental (solvent-solvent) 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 g-1 for the partial specific volume,
calculated from the amino acid sequence (42). The temper-
ature dependence of the partial molar heat capacity function
is described by the following expression (43-45):

whereCp
N2 and Cp

U are the partial molar heat capacities of
the native and unfolded states, given by the pre- and post-
transition baselines in the experimental profiles, respectively.
The excess heat capacity,Cp

exc, corresponds to the heat
absorbed during the unfolding reaction and can be written
as

where∆H°cal is the calorimetric enthalpy and∆H°vH is the
van’t Hoff enthalpy which gives the temperature dependence
of the denaturation equilibrium constant,K. It was assumed
that the temperature dependence of the enthalpies may be
neglected within the comparatively narrow range of the
calorimetric transition. The calorimetric enthalpy was as-
signed atTm, the temperature at whichXN2 ) 0.5 (45). In
the data analysis, a linear dependence of the partial heat
capacities of the native and unfolded states with temperature
was considered:

Because the native and unfolded baselines were experimen-
tally very well defined in all cases, the actual values for the
y intercepts and slopes (Cp,ref

N2 , Cp,ref
U , R, and â) were not

allowed to vary during the fitting process. The heat capacity
change was considered temperature-independent because it
has been shown to be a good approximation within the
temperature range from 0 to 80°C (46, 47). The heat capacity
change between N2 and U, ∆Cp, was then obtained,
extrapolating the pre- and post-transition baselines toTm. The
temperature dependence of the free-energy change is given
by the Gibbs-Helmholtz equation:

whereK(Tm) is equal toPT (see eq 2).

N2 / 2U (1)

K )
[U]2

[N2]
)

2PTXU
2

1 - XU
(2)

XU )
xK(T)2 + 8PTK(T) - K(T)

4PT
(3)

Cp(T) ) Cp
N2(T) [1 - XU(T)] + Cp

U(T) XU(T) + Cp
exc(T)

(4)

Cp
exc(T) )

∆H°vH

RT2

∆H°calXU(1 - XU)

2 - XU
(5)

Cp
N2(T) ) Cp,ref

N2 + RT (6)

Cp
U(T) ) Cp,ref

U + âT (7)

∆G°(T) ) -RT ln K(T) ) ∆H°vH(Tm) (1 - T/Tm) +
∆Cp[T - Tm - T ln(T/Tm)] - RT ln K(Tm) (8)
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The experimental profiles were fit using eq 4 [expanded
through eqs 2-8], where Tm, ∆H°cal and ∆H°vH were the
adjustable parameters.

CD Data Analysis. (1) Thermal Unfolding in the Absence
of Urea.The thermal denaturation profiles at 222 nm and at
different peptide concentrations were analyzed assuming a
two-state model as described by eq 1. The observed mean
residue ellipticity is given by

where [θN2] and [θU] are the mean residue ellipticities
corresponding to the folded dimer and unfolded monomer,
respectively. On the basis of the experimental data, [θN2] was
assumed to vary linearly with temperature:

where [θN0] andγ are they intercept and slope, respectively;
by contrast, [θU] was considered to be independent of
temperature. Equation 9 together with eqs 2, 3, 8, and 10
was used to perform nonlinear, least-squares fitting to the
experimental profiles. The temperature dependence of the
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 when∆Cp 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
extrapolation method was assumed to estimate the peptide
stability in the absence of urea (48, 49):

wherem is the dependence of free energy on the denaturant
concentration. Linear dependencies of the native and un-
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
process. To obtain more accurate thermodynamic parameters
and also to help in model discrimination, isothermal urea
titrations between 5 and 40°C together with thermal
denaturation data in the presence of urea were simultaneously
fitted to a simple two-state dimeric model. A matrix of 26
experimental profiles describing the change in the CD signal
at 222 nm along three axes (urea concentration, temperature,
and peptide concentration) was globally analyzed using the
in-house software package Savuka 5.2. It was assumed that
∆Cp does not change either with temperature or urea
concentration and that themvalue is temperature-dependent.
The fitting parameters globally linked throughout the data
set wereTm, ∆S°m, ∆Cp, the y intercept and slope values
defining the temperature dependence ofm, and the spectro-
scopic properties corresponding to the native state. The total
protein concentration and the parameters describing the
unfolded baselines were considered as local parameters in
the fitting routine. The resulting values obtained for the
peptide concentration were within 10% of the expected
values.

Kinetic Data Analysis. Local 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
transition region because both the refolding and the unfolding
reactions contribute significantly to the observed rate con-
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 (0.6-8 M) were globally
fit to a two-state kinetic mechanism (50) as described
previously (22). A linear dependence of the activation free
energies on the urea concentration was assumed (51).
Transition-state theory relates the microscopic rate constant
with the denaturant concentration as follows (52):

When the fitting was performed, the following parameters
were globally linked through the experimental traces: the
rate constants for refolding (kUf‡) and unfolding (kN2f‡) at
0 M urea and the parametersmUf‡ andmN2f‡, which describe
the urea effect on the rate constants for refolding and
unfolding, respectively. The molar ellipticities of the native
dimer, [θN2], and the unfolded monomer, [θU], 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
was allowed to vary to account for small offsets in the
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
refolding rate constants at each temperature was corrected
for the effect of urea on viscosity according to (53)

wherekcorr is the apparent rate constant after the viscosity
correction andη andη0 are the viscosities in the presence
and in the absence of the denaturant at 25°C. Data forη/η0

as a function of urea concentration was taken from ref54. It
was assumed that the temperature dependence ofη/η0 of urea
solutions is not significant between 10 and 35°C (54, 55).
The effect of the urea viscosity correction on the extrapolated
unfolding rate constants at 0 M urea was found to be within
experimental error.

RESULTS

By examination of the equilibrium and kinetic folding
properties of M2V GCN4-p1 at a variety of temperatures,
urea concentrations, and peptide concentrations, rigorous tests
of the mechanism can be applied and quantitative assess-
ments of the thermodynamic parameters can be obtained.

Analytical ultracentrifugation experiments as well as CD
spectroscopy were used to confirm that the replacement of
Met at position 2 with Val did not perturb the native folded
state of GCN4-p1. The dimeric form of the coiled-coil M2V

[θ] ) [θN2
](1 - XU) + [θU]XU (9)

[θN2
] ) [θN0

] + γT (10)

∆G° ) ∆G°H2O
- m[urea] (11)

ki ) ki,H2O
exp(mif‡[urea]/RT) (12)

ln kcorr ) ln ki + ln(η/η0) (13)
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GCN4-p1 at 15°C and within the concentration range from
10 to 400µM 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-
p1 peptide. Both spectra were superimposable (data not
shown), showing the typical features of anR-helix: two
minima at 222 and 208 nm with a ratio of 1.1, consistent
with full helical content (56). 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
characterization of the leucine zipper peptide, M2V GCN4-
p1, has been carried out based on urea- and heat-induced
denaturation experiments. The combination of these two
approaches increases the experimentally accessible temper-
ature range, providing a more accurate measurement of the
properties governing the conformational transition (57, 58).

The temperature dependence of the partial molar heat
capacity corresponding to solutions of different peptide
concentrations (105-422 µM) in buffer was obtained by
DSC; the results are shown in Figure 1. Plots ofCp versus
temperature yield a single asymmetric peak, whose maximum
is shifted toward higher temperature as the peptide concen-
tration increases (43, 44, 59). Fits of each of the scans to a
two-state dimeric model yielded excellent agreement (Figure
1), and the calorimetric enthalpies determined from the fits
were equivalent to those obtained by integration of the peak
area when a smooth third-order spline function was used to
connect the pre- and post-transition baselines. The results
obtained from the analysis are summarized in Table 1. An
average ratio for∆H°cal/∆H°vH of 0.97 ( 0.11 was obtained
over the concentration range explored, supporting the validity
of the two-state assumption (60). The average value of∆Cp

was 406( 89 cal (mol of dimer)-1 K-1.
The thermal unfolding of M2V GCN4-p1 at peptide

concentrations ranging from 10 to 200µM was also
monitored by CD. The sigmoidal transitions observed at 222
nm (Figure 2A) indicate a cooperative disruption of the
helical structure with increasing temperature. The midpoint
of the transition is concentration-dependent, as is predicted
for an unfolding process that is coupled with dissociation.
The mean residue ellipticity at 222 nm of M2V GCN4-p1
under native conditions (low temperature) is∼ -35 000 deg
cm2 dmol-1, which is in agreement with the value reported

by O’Shea et al. (61) for GCN4-p1 and consistent with a
full helical structure. The experimental profiles are well-
described by the formalism given in eq 1, in which the folded
dimers and unfolded monomers are the only states signifi-
cantly populated. As shown in Figure 2A, there is an
excellent agreement between the observed and the predicted
denaturation curves.

Figure 2B displays the dependence of the transition
midpoint temperature on the peptide concentration for both
the CD and DSC experiments. The small but consistent
differences between the two sets of data might reflect heat
diffusion processes in the CD cell holder where the thermal
isolation is not as effective as that in the calorimetric cells.
Values for the van’t Hoff unfolding enthalpy and entropy
corresponding to the middle of the transition temperature
range covered (61.1°C for DSC and 56.2°C for CD) were
obtained using the following expression (62):

Table 1: Thermodynamic Parameters Obtained from the Analysis of the DSC Experiments Using the Two-State Denaturation Model N2 / 2U

PT
a

(µM)
Tm

b

(K)
∆H°cal

[kcal (mol of dimer)-1]
∆H°vH

[kcal (mol dimer)-1] ∆H°cal/∆H°vH

∆Cp
c

[cal (mol of dimer)-1 K-1]

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
279 335.4 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
162 333.4 48.7 55.9 0.87 335
105 331.4 53.7 54.6 0.98 451

averaged 51.2( 4.1 52.9( 2.2 0.97( 0.11 406( 89
a Total peptide concentration in terms of monomer.b Temperature at which the fraction of native peptide is equal to 0.5.c Values obtained by

extrapolating the native and unfolded baseline toTm and measuring the difference between them.d Thermodynamic parameters obtained from the
average of 10 experiments. Errors correspond to the standard deviation.

FIGURE 1: DSC profiles for M2V GCN4-p1 unfolding. The protein
concentration for each experiment, expressed in terms of monomer,
is indicated to the right of the corresponding profile. Buffer
conditions were 50 mM sodium phosphate, pH 7.0, and 150 mM
NaCl. The solid lines represent the fit of the data to the two-state
dimeric model. Curves have been shifted along they axis for display
purposes.

1
Tm

) - R
∆H° ln PT + ∆S°

∆H° (14)
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The values for∆H° and ∆S° at 25 °C were obtained by
extrapolation according to eqs 15 and 16 and are summarized
in Table 2:

The thermodynamic parameters obtained using two different

techniques, DSC and CD, are in good agreement. Average
values for the enthalpy, entropy, and free energy change of
unfolding of the dimer under standard conditions are 37.5
kcal (mol of dimer)-1, 92.6 cal (mol of dimer)-1 K-1, and
9.9 kcal (mol of dimer)-1, respectively.

Urea Denaturation.CD was also used to monitor the urea-
induced denaturation of M2V GCN4-p1. A total of 20 urea-
induced denaturation curves was collected at temperatures
ranging from 5 to 40°C. A representative subset of these
data is shown in Figure 3. As expected, an increase in
temperature correlates with a decrease in the resistance of
the peptide to chemical denaturation. A slight increase in
the ellipticity of the unfolded baseline was observed in the
temperature range from 5 to 15°C, possibly resulting from
enhanced urea binding at low temperature. The thermally
induced unfolding of M2V GCN4-p1 in the presence of
various urea concentrations (from 0 to 3 M) was also studied.
Increasing denaturant concentration leads to a monotonic
decrease in the transition midpoint temperature (data not
shown).

The solid lines in Figure 3 represent the global analysis
of the entire set of data represented by the 26 urea- or
temperature-induced (in the presence of urea) unfolding
curves. The thermodynamic parameters obtained at 1 M
standard state peptide concentration are∆Cp ) 556 ( 10
cal (mol of dimer)-1 K-1, ∆S° ) 188 ( 1 cal (mol of
dimer)-1 K-1, T° ) 95.8 ( 0.1 °C, m25°C ) 0.82 ( 0.06

Table 2: Comparison of the Thermodynamic Parameters at pH 7.0 and 25°C for the Unfolding of M2V GCN4-p1 Obtained by Different
Experimental Approachesa

DSCb CDb
kineticc

(Eyring)
kineticc

(Kramers)

∆H° [kcal (mol of dimer)-1] 38.6( 0.7 36.5( 0.1 32.4( 4.8 32.4( 4.8
∆S° [cal (mol of dimer)-1 K-1] 96.0( 5.8 89.2( 3.2 76.0( 16.1 80.6( 13.5
∆G° [kcal (mol of dimer)-1] 9.9 ( 2.4 9.9( 1.0 9.7( 6.7 8.3( 6.4

a Errors correspond to 2 standard deviations.b Parameters extrapolated at 25°C from those obtained from the dependence of 1/T with ln PT

(Figure 2B), as indicated by eq 14. The peptide concentration range was 105-422µM for DSC and 10-200µM for CD experiments.c Thermodynamic
parameters calculated from kinetic values using Eyring and Kramers formalisms (reported in Table 4), according to the equation∆Y°kn ) ∆Y°N2f‡
- ∆Y°Uf‡.

FIGURE 2: (A) Thermal denaturation of M2V GCN4-p1 monitored
by CD at 222 nm and at peptide concentrations of 12 (circles), 20
(diamonds), 50 (squares), 76 (inverted triangles), 100 (hexagons),
137 (crosses), and 200µM (triangles). Profiles are normalized to
mean residue ellipticity for comparison. Buffer conditions are
described in the caption to Figure 1. The lines represent the fits of
the individual data sets to a two-state dimeric equilibrium unfolding
model. (B) Plot of the inverse ofTm (defined as the temperature at
which XN2 ) 0.5) versus the natural logarithm of peptide concentra-
tion (expressed in terms of monomer). The symbols correspond to
CD thermal melts (triangles) and DSC experiments (circles) in the
absence of urea, and the solid lines represent the fit of each data
set to a straight line.

∆H°(T) ) ∆H°(Tm) + ∆Cp(T - Tm) (15)

∆S°(T) )
∆H°(Tm)

Tm
+ ∆Cp ln(T/Tm) (16)

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 40°C (circles). Profiles are normalized to
mean residue ellipticity for comparison. The peptide concentration
ranged from 10 to 30µM. 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-p1, respectively, at the given
conditions.
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kcal M-1 (mol of dimer)-1, and dm/dT ) (-7.1 ( 0.3) ×
10-3 kcal M-1 (mol of dimer)-1 K-1.

A comparison between the far-UV CD spectra correspond-
ing to the thermally induced and urea-induced unfolded states
is displayed in the inset in Figure 3. The significant difference
between these two spectra suggests that the thermally induced
unfolded monomer has a higher residual helical content.

Kinetic Studies.The change in ellipticity at 222 nm with
time was monitored after rapid dilution of the peptide
solution into solutions with different final urea concentra-
tions. Representative subsets of unfolding and refolding
traces at 20°C are displayed in Figure 4, parts A and B,
respectively. For all temperatures studied, unfolding data is
well-described by a single-exponential rate equation, whereas
a second-order bimolecular association reaction is required
to describe the refolding data. Although the inherently low
signal-to-noise ratio of CD spectroscopy could mask a more
complex response, similar experiments using fluorescence
detection to monitor the folding of Y17W GCN4-p1 do not
reveal any additional kinetic phases (63). In all cases, the
good agreement between the mean residue ellipticity signal
at infinite time and the equilibrium signal at comparable
denaturant concentrations indicates that no slow reactions
take place (data not shown). Furthermore, because less than
10% of the far-UV CD signal (the limit of detection)
develops in the dead time of the instrument, 5 ms, for both
unfolding and refolding reactions, rapidly formed intermedi-
ates, if present, are not measurably populated. This result is

consistent with the observed exponential dependence of the
rate constants obtained from the fits of individual kinetic
traces on the denaturant concentration (data not shown;51).
Deviations from this simple behavior at low and/or high urea
concentrations, termed “roll-over” in the chevron plots (64),
would imply the presence of intermediates.

A global analysis to a two-state kinetic model (N2 / 2U)
was performed over all kinetic traces collected at the same
temperature. The resulting urea dependence of the unfolding
and refolding rate constants, i.e., the chevron plot (51), for
each temperature after correction for urea viscosity is
depicted in Figure 5. The rate constants for refolding (kUf‡)
and unfolding (kN2f‡) in the absence of denaturant and the
mUf‡ and mN2f‡ parameters, describing the urea effect on
the activation Gibbs energies for refolding and unfolding,
respectively, are listed in Table 3. The predominant effect
of temperature on the rate constants is observed for the
unfolding reaction:kN2f‡ increases by 170-fold from 10 to
35 °C, whereaskUf‡ only increases by∼2-fold. Although
mUf‡ displays no significant dependence on temperature,
mN2f‡ diminishes as the temperature increases.

The equilibrium parameters can be calculated from the
kinetic results by using the standard relations∆G°kn ) -RT
ln(kN2f‡/kUf‡) and mkn ) mN2f‡ - mUf‡. As is shown in
Table 3, there is an excellent correspondence between the
∆G° and m values obtained from equilibrium and kinetic
experiments. The same monotonic decrease of these param-
eters with increasing temperature is observed in both
approaches.

Arrhenius Analysis.The temperature dependence of the
unfolding and refolding rate constants in the absence of
denaturant was analyzed according to the Arrhenius equation:

where Ea represents the activation energy andAi is the
preexponential term. The Arrhenius plots for refolding and
unfolding, shown in Figure 6, parts A and B, respectively,
are well-described by linear fits. It has previously been shown

FIGURE 4: Representative kinetic traces for unfolding and refolding
of the M2V GCN4-p1 peptide at 20°C, normalized to mean residue
ellipticity for comparison. (A) Unfolding from 0 M urea to the final
urea concentration indicated alongside each trace. (B) Refolding
from ∼6 M urea to the final urea concentration indicated alongside
each trace. Lines represent the results of a global analysis of 26-
56 combined refolding and unfolding traces for each temperature
studied. Buffer conditions are described in the caption to Figure 1.

FIGURE 5: Urea dependence of the refolding (dashed lines) and
unfolding (solid lines) rate constants for M2V GCN4-p1 at 10
(circle), 15 (triangle), 20 (square), 25 (inverted triangle), 27.5
(diamond), 30 (hexagon), and 35°C (cross); note that symbols do
not represent experimental data. Lines represent the result of
performing a global fit of 26-56 unfolding and refolding kinetic
traces for each temperature studied. Correction for the urea viscosity
effect was made according to eq 13. Buffer conditions are described
in the caption to Figure 1.

ln ki ) ln Ai - Ea,i/RT (17)
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that curvature is observed in the Arrhenius plot if the reaction
occurs with a significant change in the activation heat
capacity (2, 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: ∆Ea°Uf‡ ) 2.8 ( 0.9 kcal (mol of dimer)-1 and
∆Ea°N2f‡ ) 35.2 ( 3.9 kcal (mol of dimer)-1.

The activation entropy,∆S°if‡, can be estimated from the
observed rate constant,kobs, and the activation enthalpy using
transition-state theory:

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
analyzing the data is supported by the fact that single-
exponential unfolded kinetics were always observed under
the different experimental conditions explored (10-35 °C
and 0.6-8.0 M urea). Also, simple second-order bimolecular
reactions were observed for the refolding process. These
experimental facts suggest a single activation barrier for
unfolding and refolding. The magnitude of the preexponential
factor, ka, depends on the formalism chosen. The Eyring
formalism was developed initially for describing simple
chemical reactions in the gas phase and represents an upper
limit for estimating the value ofka. According to the Eyring
formalism (68), ka ) kBT/h ) 6.2× 1012 s-1 at 25°C, where
h and kB are the Planck and Boltzmann constants, respec-
tively. Despite widespread use of Eyring’s theory to model
protein folding rates (2-4, 7, 69), there are some limitations
when it is applied to complex conformational changes in
macromolecules. Those limitations include the role of the
solvent, entropic considerations related to the ensemble
nature of the states involved in the reaction, and the existence
of a complex reaction coordinate. By contrast, Kramers’
model (70) provides a more realistic approach to study
reactions in the condensed phase and protein folding because
it explicitly considers the contribution of Brownian motion
in the formation of the encounter complex. The adequacy

of diffusional models in describing protein folding has been
pointed out extensively (71-74), and there are a number of
examples in the literature supporting the fact that protein
folding transitions can be explained as diffusional barrier-
crossing processes (75-79), including GCN4-p2′ (29). In
Kramers’ theory, the measured rate constant is proposed to
depend on the height of the activation barrier and the
diffusion of reactants in the activated state. A value of
3.3 × 109 M-1 s-1 has been previously used forka for the
diffusion-limited association reaction of a homodimeric
coiled coil (80) and other dimeric systems (10). A value of
5 × 108 s-1 was used forka in the case of the unimolecular
unfolding reaction (10), which is in the range observed for
folding and intrachain diffusional collisions in small peptides
(81-85).

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

Ta kUf‡ × 10-6 b kN2f‡ × 10b mUf‡
c mN2f‡

c ∆G°kn
d mkn

d ∆G° e 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

a Temperature expressed in°C. b Refolding and unfolding rates in the absence of urea,kUf‡ in units of M-1 s-1 and kN2f‡ in units of s-1,
respectively, were determined from the global fits of the data to the two-state model. Errors are(10%. c mUf‡ and mN2f‡ represent the urea
dependence of the refolding and unfolding rate constants, respectively, in units of kcal (mol of dimer)-1 M-1 obtained from the global fits of the
data and after correction for the urea viscosity effect according to eq 13. Errors are(0.05 kcal (mol of dimer)-1 M-1. d Free-energy change of
unfolding of the dimer in the absence of urea andm value in units of kcal (mol of dimer)-1 and kcal (mol of dimer)-1 M-1, respectively, were
calculated from the global analysis of the kinetic data.e Free-energy change of unfolding of the dimer in the absence of urea andm value in units
of kcal (mol of dimer)-1 and kcal (mol of dimer)-1 M-1, respectively, were obtained from the individual fits of the corresponding urea titration.
Errors are(0.2 kcal (mol of dimer)-1 and(0.05 kcal (mol of dimer)-1 M-1 for ∆G° andm, respectively.

kobs) ka exp(-∆G°if‡

RT ) ) ka exp(-∆H°if‡

RT ) exp(∆S°if‡

R )
(18)

FIGURE 6: Arrhenius plot for the refolding (A) and unfolding (B)
reactions. The values ofkUf‡ andkN2f‡ at each temperature were
taken from the extrapolation to 0 M urea in the corresponding
chevron plot. Lines represent first-order regressions [according to
eq 17] to the data. Error bars are as shown or smaller than symbol
size.
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According to transition-state theory, the activation enthal-
pies at 25°C can be calculated, considering thatEa )
∆Hif‡ + RT (86): ∆H°Uf‡ ) 2.2 ( 0.9 kcal (mol of
dimer)-1 and∆H°N2f‡ 34.6( 3.9 kcal (mol of dimer)-1. In
Kramers’ theory, the activation energy (derived from an
Arrhenius plot) contains both thetrue activation enthalpy
and the activation enthalpy reflecting the temperature
dependence of the water viscosity [∆H°‡,vis ) R ∂ ln η0/∂(1/
T) ) 3.8 kcal mol-1 (87)]. Correcting for∆H°‡,vis yields the
refolding and unfolding activation enthalpies,∆H°Uf‡ )
-1.6 ( 0.9 kcal (mol of dimer)-1 and∆H°N2f‡ 30.8 ( 3.9
kcal (mol of dimer)-1, respectively.

Estimates for∆S°if‡ and∆G°if‡, at 25°C in the absence
of urea for the unfolding and refolding of M2V GCN4-p1,
using both the Eyring and Kramers formalisms, are given in
Table 4. According to the Kramers formalism, the energetic
barrier for refolding is dominated by the activation entropy,
whereas the unfolding barrier is dominated by the activation
enthalpy. The small negative enthalpic component diminishes
the refolding barrier; for the unfolding reaction, the activation
barrier is diminished by the increase in entropy. This view
is qualitatively in agreement with results obtained with the
Eyring formalism.

DISCUSSION

Validity of the Two-State Assumption.Insights into the
thermodynamic properties of the native, unfolded, and
transition states of the coiled-coil M2V GCN4-p1 have been
obtained by combining thermal- and urea-denaturation studies
of both the equilibrium and kinetic folding reaction. Several
lines of evidence support the two-state behavior of this
dimeric peptide:

(a) The DSC experiments, performed at a variety of
peptide concentrations (105-422µM), yield a unitary ratio
of ∆H°cal/∆H°vH, within experimental error (Table 1). This
observation has traditionally been considered as proof of a
close adherence to a two-state equilibrium model (60, 88),
although recent arguments suggest that a unitary ratio may
be a necessary but not sufficient condition (89).

(b) The observation of monophasic kinetics in both
refolding and unfolding experiments (Figure 4) demonstrates
that intermediate states are not significantly populated under
these experimental conditions. The absence of a detectable
burst phase and roll-over in the urea dependence of the rate
constants obtained from individual fits are also consistent
with the two-state kinetic mechanism.

(c) The good agreement between the enthalpy and entropy
changes obtained from equilibrium (DSC experiments and
the CD thermal melts) and kinetic studies (Table 2) supports
the two-state model. Further support is provided by the
excellent agreement between themand∆G° values obtained
from kinetic experiments and from CD equilibrium measure-
ments at different temperatures (Table 3).

The validity of the two-state assumption for M2V GCN4-
p1 is also consistent with previous theoretical (90) and
experimental reports of calorimetric (20, 21, 23) and
spectroscopic (22, 24, 91) studies on the wild-type peptide
and closely related analogues.

The use of two different perturbants, temperature and urea,
to induce the unfolding reaction allows a comparison of the
effects of these agents on the unfolded ensemble. To
minimize errors associated with long extrapolations, 60°C
was selected as a reference temperature to compare the
thermodynamic parameters obtained by DSC and the global
analysis of the CD urea titrations and thermal melting profiles
in the presence of urea:∆H°DSC ) 52.8 kcal (mol of
dimer)-1, ∆S°DSC ) 141 cal (mol of dimer)-1 K-1, ∆G°DSC

) 5.8 kcal (mol of dimer)-1, ∆H°CD ) 49.6 kcal (mol of
dimer)-1, ∆S°CD ) 132 cal (mol of dimer)-1 K-1, and∆G°CD

) 5.6 kcal (mol of dimer)-1. The excellent agreement among
these values suggests that thermally induced and urea-
induced unfolded states belong to the same thermodynamic
ensemble. The observation of different far-UV ellipticities
for the urea- and temperature-induced unfolded states (inset
Figure 3;92-95) is consistent with the general view that
chemical denaturation is more effective than thermal dena-
turation and, therefore, that the residual structure is less likely
to exist in chemically denatured proteins (96). In fact, the
predicted values for∆Cp and m based on their empirical
linear relationships with∆ASApol and∆ASAapol for totally
unfolded states (97), 680 cal (mol of dimer)-1 K-1 and 0.91
kcal M-1 (mol of dimer)-1, are in good agreement with the
experimental values obtained from the global analysis of the
urea-titration and thermal-denaturation experiments in the
presence of urea, 556 cal (mol of dimer)-1 K-1 and 0.82
kcal M-1 (mol of dimer)-1, respectively. Furthermore, the
existence of a certain degree of residual structure in the
thermally unfolded chain has been experimentally shown by
Holtzer and co-workers (26). By examining13C chemical
shifts at specific sites of GCN4-lzK, a GCN4-like leucine
zipper peptide, the authors concluded that the urea-unfolded

Table 4: Thermodynamic Parameters Describing the Transition State for the Folding and Unfolding Reactions of M2V GCN4-p1 at 25°C,
According to the Kramers and Eyring Formalismsa

∆H°if‡
b

[kcal (mol of dimer)-1]
∆S°if‡

[cal (mol of dimer)-1 K-1]
∆G°if‡

[kcal (mol of dimer)-1]

2U f ‡
Kramers -1.6( 0.9 -19.04( 0.2c 4.1( 1.4c

Eyring 2.2( 0.9 -20.5( 2.8c 8.3( 1.7c

N2 f ‡
Kramers 30.8( 3.9 61.56( 13.3d 12.4( 5.0d

Eyring 34.6( 3.9 55.5( 13.3d 18.0( 5.0d

a Errors correspond to 2 standard deviations.b Eyring: 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 water viscosity (87).
c ∆G°if‡ and ∆S°if‡ values are dependent on the formalism employed to relate the rate constant to the activation energy (eq 18). They were
calculated usingka ) 3.3× 109 M-1 s-1 andka ) kBT/h ) 6.2× 1012 s-1 for the Kramers and Eyring formalisms, respectively.d ∆G°if‡ and∆S°if‡
were determined usingka ) 5 × 108 and 6.2× 1012 s-1 for the Kramers and Eyring formalisms, respectively.
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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-lzK, detected by13C NMR (26-28). Additionally, a
stable folding subdomain of GCN4-p1, comprised of residues
8-30, has been proposed (98). The apparent discrepancy
with the two-state analysis carried out in the present work
probably arises from the global nature of the far-UV CD
signal and from the existence of a single dominant barrier
that separates two ensembles, each with many rapidly
interconverting forms. Mohanty et al. (90) suggest that a
more relaxeddefinition of the two-state model is necessary
to account for the gradual conformational changes experi-
enced by thenatiVe- and unfolded-state ensembles in the
respective baseline regions.

Equilibrium Properties of M2V GCN4-p1.The stability
of GCN4-p1 on a per-residue basis at 25°C and standard
state conditions [0.15 kcal (mol of res)-1] is greater than
that reported for a number of dimeric systems, such as Trp
repressor [0.11 kcal (mol of res)-1] and its fragment [2-66]2

[0.11 kcal (mol of res)-1] (99); Arc repressor [0.10 kcal (mol
of res)-1] (100); and SIV protease [0.07 kcal (mol of res)-1]
(101). This high degree of stability for the leucine zipper
peptide is proposed to be the result of a densely packed
hydrophobic interface comprised of branched aliphatic side
chains (mainly Leu and Val). The important role of subunit
interfaces in the stability of oligomeric proteins has been
pointed out previously (1, 102-104). Interestingly, a com-
parison with dimeric proteins of similar stability such as the
four-R-helical-bundle protein ROP [0.15 kcal (mol of res)-1]
(105) and the N-terminal domain of LFB1, B1-Dim [0.18
kcal (mol of res)-1] (106), yields a value for the change in
enthalpy of unfolding for GCN4-p1 that is much higher [0.58
vs 0.23 and 0.32 kcal (mol of res)-1 for ROP and B1-Dim,
respectively]. This higher enthalpic contribution to stability
for GCN4-p1 may reflect the very high helical content in
the form of a single unbroken helix.

A calorimetric∆Cp value of 406( 89 cal (mol of dimer)-1

K-1 was measured for the unfolding of M2V GCN4-p1, in
good agreement with previous results on the wild-type
peptide (21, 23) and a fragment containing the leucine zipper
and a part of the basic region of GCN4 (20). The small
discrepancies observed when comparing the enthalpy and
entropy changes at 70°C for the M2V mutant and the wild-
type peptide [56.5 kcal (mol of dimer)-1 and 152 cal (mol
of dimer)-1 K-1 vs 47.9 kcal (mol of dimer)-1 and 128 cal
(mol of dimer)-1 K-1, respectively] may reflect the presence
of the formal charges at the termini in the wild-type peptide
and the replacement of methionine by valine.

Structural Implications of the Temperature Dependence
of mN2f‡ on the NatiVe-State Ensemble.It has been shown
previously that them values extracted from equilibrium
unfolding experiments correlate with the total buried surface
area (97). Therefore, insights into the gross structural
properties of the transition state can be obtained by examin-
ing themN2f‡ andmUf‡ values extracted from the analysis
of the chevron plots at different temperatures and them
values from the equilibrium profiles (Table 3). Under the

assumption that the ratiomUf‡/m is a measure of the position
of the transition state along the unfolding reaction coordinate
(107), 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
reported values of∼55% for unmodified GCN4-p1 between
5 and 15°C (22, 35, 63), in agreement with the present study.

Closer examination of the results in Table 3 shows that
the decrease inmkn with increasing temperature is almost
entirely due to a monotonic decrease inmN2f‡, given that
mkn ) mN2f‡ - mUf‡. This implies that fraying or local
unfolding in the native ensemble is decreasing the amount
of buried surface; the change in buried surface area between
the unfolded ensemble and the transition state is not affected
by temperature. This interpretation is consistent with the
increasing ellipticity observed for the native baseline (Figure
2A) and previous NMR results that detect significant end-
fraying of a GCN4-like peptide before the cooperative
transition (26). Taken together, these results imply that the
temperature dependence observed formN2f‡ is a manifesta-
tion of a native-state ensemble of rapidly interconverting
coiled-coil forms with decreasing amounts of helical structure
at increasing temperature.

Energetics of the Transition-State Ensemble.On the basis
of the kinetic data reported in this paper, a reaction coordinate
diagram for M2V GCN4-p1 can be constructed (Figure 7).
The data are shown at 25°C, and the free energy, enthalpy,
and entropy of the native form have been set to zero as a
reference state. Values for∆H°if‡, ∆G°if‡, and ∆S°if‡,
according to the Eyring (solid lines in Figure 7) and Kramers
(dashed lines in Figure 7) formalisms, are also provided. By
either formalism, there is an increase in the entropy (decrease
in -T∆S°) when going from N2 to U. Because the transition
state is dimeric, the entropy change for N2 f ‡ only reflects
partial unfolding of the coiled coil, whereas the value
obtained for ‡f 2U reflects further unfolding and dissocia-
tion of the two chains. Because the majority of the entropy
change occurs between N2 and ‡, the translational/rotational
entropy gain is not the dominant factor for the dissociation
reaction. This conclusion is in accord with an estimate of 5
( 8 cal mol-1 K-1 for the translational/rotational entropy

FIGURE 7: Reaction coordinate for M2V GCN4-p1 at a standard
state of 25°C and 0 M urea. N2 was taken as a reference state, and
its properties were arbitrarily set to zero. The values for∆G°if‡,
∆H°if‡, and∆S°if‡ were taken from Table 4. The reaction profiles
were calculated using both the Kramers formalism, with preexpo-
nential factors of 3.3× 109 M-1 s-1 and 5× 108 s-1 (dashed lines),
and the Eyring formalism, with a preexponential factor ofkBT/h )
6.2 × 1012 s-1 (solid lines).
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by Privalov and colleagues (108), on the basis of calorimetric
measurements on a homodimeric coiled coil and its cross-
linked version (108) and with other experimental (109-111)
and theoretical (112) results. As has been pointed out by
Karplus and Janin (113), this experimental value relates to
the entropy for the dissociation of the native dimer to two
unfolded polypeptide chains, whereas theoretical estimates
of 30-60 cal mol-1 K-1 have been reported for the unfolding
of a native dimer to two native monomers (114, 115). It is
not possible to ascertain the validity of either estimate for
the translational/rotational entropy on the basis of the
experimental value for the activation entropy observed for
the association reaction of GCN4-p1. The large positive
entropy of dehydration accompanying the formation of the
transition state and the large negative contributions from helix
formation and side-chain packing in the dimer interface make
it impossible to accurately estimate the translational/rotational
component.

The barrier for the unfolding reaction of M2V GCN4-p1
is dominated by enthalpic contributions (Figure 7), presum-
ably arising from the disruption of H bonds and van der
Waals interactions. The height of the activation barrier for
the unfolding reaction is significantly diminished by an
overall entropy gain because of the disruption of part of the
helical structure (an increase in the backbone conformational
entropy is expected to be on the order of 6 cal (mol of res)-1

K-1 (23)) and the side-chain packing at the interface. By
contrast, the barrier in the bimolecular folding is almost
entirely accounted for by the activation entropy. This
observation is not readily generalized to other dimeric
systems because enthalpic barriers have been reported for
the P-22 Arc repressor (12) and the Trp repressor (10).

General View of the Transition State of GCN4-p1.A
critical aspect in defining the energy landscape of a folding
reaction involves the characterization of the rate-limiting
transition state(s). Mutational analysis (35) has shown that
the transition state for GCN4-p1 involves the docking of
helical stretches located primarily, although not exclusively,
at the C termini of a pair of monomers. On the basis of these
results, the following folding model for GCN4-p1 has been
proposed:

A rapid equilibrium is established between the unfolded
monomers and the monomeric intermediate I, which contains
helical structure localized primarily in the C terminus. Under
folding conditions, the concentration of the association-
competent form I remains sufficiently low that the apparent
rate constant observed for the association reaction is on the
order of 106 M-1 s-1. This value is approximately 3 orders
of magnitude smaller than that of the diffusion limit, implying
that not all collisions between monomers lead to the native
dimer. According to this simple model, only collisions
between association-competent species I are successful. Note
that I is not a single structural form but rather an ensemble
of rapidly interconverting species. Once the transition state
is formed, the complex between preformed helical segments
acts as a nucleation site to extend the helices toward the less-
structured N terminus. This scenario for the folding reaction

is consistent with both diffusion-collision and nucleation-
condensation models (116).

The activation parameters extracted from the transition-
state analysis carried out in the present study agree quali-
tatively with the above scenario. Perhaps the most informa-
tive result is the small nearly zero value for the refolding
activation enthalpy change [-1.6 or 2.2 kcal (mol of
dimer)-1, depending on the formalism]. The observation that
the transition state appears to bury about 55-65% of the
urea-sensitive surface area combined with the results from
previous studies in trifluoroethanol (117) suggests that the
peptide chains undergo considerable desolvation upon fold-
ing. Thermodynamic data for the transfer of aliphatic
nonpolar hydrocarbons from the pure liquid phase to water
yield enthalpies of hydration in the range of 0 to-0.478
kcal mol-1 at room temperature (46, 118). Therefore, if
dehydration was the only event involved in surmounting the
folding barrier, a large positive value for∆H°Uf‡ should
have been observed. The implied negative contribution from
another source reflects the formation of intramolecular
hydrogen bonds in the activated complex. This conclusion
is consistent with the results of a study by Sosnick and co-
workers, who explored the formation of H bonds during the
folding reaction of GCN4 D7A using equilibrium and kinetic
deuterium/hydrogen amide isotope techniques (25). These
authors concluded that∼50% of the native H bonds are
formed in the transition state. On the basis of an estimated
value of∼ -0.84 kcal (mol of res)-1 for the formation of a
hydrogen bond in the coil-helix transition (119), the
activation enthalpy should be decreased by∼25 kcal mol-1

for the pair of helical segments in the dimeric transition state
of M2V GCN4-p1. Therefore, the dehydration effect must
almost exactly cancel the H-bond effect.

The activation entropy is also consistent with this model
for the transition state. The entropic contribution to the barrier
for the dimerization reaction is approximately-20 cal (mol
of dimer)-1 K-1 (Table 4). The burial of 55-65% of the
urea-sensitive surface area in this step means that a substan-
tial amount of dehydration must occur. On the basis of
thermodynamic data of transfer of hydrocarbons from the
liquid phase to water (46, 118), the hydration entropy has
been estimated to be negative at room temperature (reported
values ranged from-13.8 to -26.0 cal mol-1 K-1).
Therefore, the negative entropy change observed in the
refolding of M2V GCN4-p1 means that the contribution from
dehydration is overwhelmed by the penalty of bringing two
chains together and of ordering side chains and the backbone
in the transition state.

Summary.Equilibrium and kinetic folding experiments on
M2V GCN4-p1 have elucidated the features of its energy
landscape. The unfolding barrier is mainly enthalpic, reflect-
ing the disruption of a substantial fraction of the hydrogen
bonds in the coiled-coil structure. The association reaction
is primarily retarded by an entropic component, reflecting a
delicate counterbalance between solvent effects and intramo-
lecular interactions. These thermodynamic results are con-
sistent with a previous proposal that the transition state is
partially organized (35).
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