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ABSTRACT: The kinetic folding mechanism of the isolated dimerization domain ofE. coli Trp repressor,
[2-66]2 TR, consists of a nearly diffusion-limited association reaction to form a dimeric intermediate, I2,
which is then converted to the native, folded dimeric species, N2 by a first-order folding step (preceding
paper in this issue). The two transition states traversed in the folding of [2-66]2 TR were characterized
by monitoring the folding and unfolding reactions by stopped-flow fluorescence as a function of temperature
and urea. For both transition states, the barriers are dominated by the enthalpic component; the entropic
component accelerates the association reaction but has little effect on the subsequent rearrangement reaction.
The transition state between I2 and N2 is relatively nativelike, as determined by the sensitivity of the rate
constants to denaturant. This study also highlights the key role of solvent entropy in determining the
magnitude of the relative free energy of the transition states and the ground states. The positive entropy
change for the I2 to N2 reaction, presumably arising from the release of solvent from hydrophobic surfaces,
is the driving force for this final folding step, offsetting an unfavorable enthalpic term.

A commonly used strategy for understanding how the
three-dimensional structure of a protein is encoded by its
amino acid sequence is to examine the structure, stability,
and dynamics of partially folded forms that appear during
folding reactions (1, 2). Transiently populated species and
exponential responses that describe their formation and decay
are observed in the folding of many proteins, implying that
substantial barriers exist on the energy surface that describes
a protein folding reaction. Characterization of the transition
states that link intermediates to the native and unfolded forms
provides additional insights into the protein folding code.

By monitoring the temperature dependence of the folding
and/or unfolding reactions, the thermodynamic properties of
the transition states can be ascertained. Transition-state
analyses have been reported for a number of monomeric
proteins, for example: T4 lysozyme (3), the R subunit of
tryptophan synthase,RTS1 (4), chymotrypsin inhibitor 2 and
barnase (5-7), cold-shock protein B (8), the Fyn-SH3
domain (9), the N-terminal domain of phosphoglycerate
kinase, and the domain 1 of the T-cell adhesion protein CD2
(10). A common feature of the temperature dependence of
the folding and unfolding reactions of these proteins is
curvature in the plots of ln(kobs) vs 1/T, rather than a linear
dependence as would be expected for a simple Arrhenius
model. Nonlinear behavior is consistent with a substantial

change in heat capacity and is usually attributed to the burial
of a hydrophobic surface in the folding reaction (3). Another
common feature of the barriers in folding/unfolding reactions
is that they are generally dominated by an enthalpic
component, with∆H°q values of 8-24 kcal mol-1. In
contrast, the entropic contributions to transition states vary
considerably from protein to protein. Both positive and
negative values have been reported; the sign presumably
reflects whether the contribution of the conformational
entropy (negative upon folding) or solvent entropy (positive
upon folding) is more substantial.

The transition-state analysis of the association reaction in
the folding of the dimeric protein, P-22 Arc repressor, has
also been reported (11). The single transition state detected
for this system involves formation not only of secondary and
tertiary structure but also the development of quaternary
structure. Like the monomeric systems, the transition state
of P-22Arc repressor exhibits a substantial change in heat
capacity and a dominating enthalpic component. The net
entropic contribution to the transition state of P-22 Arc is
insignificant, despite the reduction in the molecularity of the
system. Further characterizations of the transition states in
dimeric folding reactions are required to test the generality
of these observations and to enhance the comparison with
monomeric folding reactions.

This paper reports the transition-state analysis of another
dimeric model system, theE. coli Trp repressor (TR1)
dimerization domain, [2-66]2 TR. Full-length TR is a
prototypical member of the helix-turn-helix family of DNA-
binding proteins. Each monomer of 107 residues contains
six R-helices (12, 13). The A-C helices of each monomer
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form the hydrophobic core and dimerization domain of TR;
these three helices from each monomer are intertwined in a
topologically complex interface (Figure 1). A fragment that
contains the dimerization core, spanning residues 2-66, has
been constructed by stop codon mutagenesis (14).

The equilibrium folding responses of WT TR and [2-66]2
TR, reversibly induced by urea, are two-state processes (14,
15). However, the proposed kinetic mechanism for the
folding of full-length WT TR is very complex (16); there
appear to be three parallel folding channels through which
the unfolded monomer can fold to the native dimer. Each
channel contains a burst-phase monomeric intermediate and
dimerization and nonproline isomerization reactions. A
detailed analysis of the transition states in such a complicated
mechanism is practically impossible.

Fortunately, [2-66]2 TR folds by a much simpler set of
reactions (preceding paper in this issue). The kinetic folding
mechanism of this dimeric autonomous folding unit is well-
described by a nearly diffusion-limited association reaction
to form a dimeric intermediate, I2. This intermediate is then
converted to the native, folded dimeric species, N2 by a first-
order folding step (Scheme 1).

The simplicity of this reaction permits detailed investigation
of the thermodynamic properties of a bimolecular association
reaction and a unimolecular rearrangement reaction. This
paper analyzes the transition states for both the bi- and

unimolecular steps, providing insights into the interplay
between the enthalpy and entropy changes that govern the
folding reactions of multimeric proteins.

MATERIALS AND METHODS

Materials. Ultrapure urea was purchased from ICN
Biomedicals Inc. All other chemicals were of reagent grade.
The expression and purification of the [2-66]2 TR fragment
has been described elsewhere (14).

Methods. (a) Stopped-Flow Fluorescence Spectroscopy.
The buffer conditions for the kinetic folding experiments
were 10 mM potassium phosphate, 0.1 mM EDTA, pH 7.6,
with varying concentrations of ultrapure urea. SF-FL traces
with final monomer concentrations of 7µM monomer were
collected using a BioLogic SFM-3 stopped-flow module
interfaced with the BioLogic light source and detection unit.
The dead time of the BioLogic SF instrument was∼5 ms,
with cuvette path lengths of 1.5 and 2 mm. The excitation
wavelength was 295 nm with a 9 nmbandwidth and emission
detected after a 320 nm cutoff filter. Using two channels
for data collection, fluorescence intensity data were collected
over two time ranges: 1 s data (∆t ) 1 ms) with an
instrumental time constant of 1 ms and 2-10 s (∆t ) 2-10
ms) with an instrumental time constant of 2-5 ms. The
signal-to-noise ratio was enhanced by averaging 4-10 shots
per typical SF-FL trace.

To collect SF-FL data at sub-micromolar monomer
concentrations, an Applied Photophysics SFM 17 MV
stopped-flow instrument was used. The dead time was∼6
ms with a path length of 2 mm. The excitation wavelength
was 285 nm with a 9.3 nm bandwidth. Four to six shots
were averaged per kinetic trace.

(b) Data Collection and Analysis.To monitor the dimer-
ization reaction in the folding of [2-66]2 TR, SF-FL data
were collected at 0.2-0.4 µM monomer, at temperatures
between 7 and 17°C. The final urea concentration was 1.0
M. The SF-FL unfolding and refolding traces were also
collected at 7µM monomer, where only the I2 h N2 reaction
can be monitored (Scheme 1). At this higher concentration,
refolding data were collected over a temperature range from
5 to 35°C and urea concentrations from 0.75 to 2.0 M (at
2.5 °C and 0.25 M intervals, respectively). The unfolding
reaction was monitored from 10 to 35°C and from 5.25 to
7.0 M urea, with the same intervals as the refolding data.
Unfolding data could not be collected below 10°C at all
urea concentrations due to the limited solubility of urea. Two
matrices of temperature/urea conditions were obtained, 94
points for unfolding, 65 for refolding, with at least three SF-
FL traces for each condition.

Individual kinetic traces were fit locally, with identical
results, using either the Macintosh version of KaleidaGraph
3.0 (Abelbeck Software) or an in-house fitting routine,
Savuka 5.0 (17), to an equation of an exponential form:

whereF∞ is the fluorescence signal at infinite time and∆Fi

is the fluorescence change associated with the kinetic phase
described by the rate constant,ki. SF-FL data at 7µM
monomer were well-described by local fits to a single-

1 Abbreviations: [2-66]2 TR, dimeric Trp repressor fragment
containing residues 2-66; [2-66] TR, monomeric species of [2-66]2
TR.; RTS, alpha subunit of tryptophan synthase; CD, circular dichroism;
∆ASA, change in solvent accessible surface area;Fapp, apparent
fractional population of a species in the folding reaction; FL, fluores-
cence;kXY, the rate constant for the transformation of X to Y.;∆Z°q,
where Z is one of the thermodynamic properties,H (enthalpy),S
(entropy),G (Gibbs free energy), or∆Cp (heat capacity), the thermo-
dynamic properties of the transition state for the reaction of X to Y, as
noted by attached subscripts; SF, stopped-flow; TR,Trp aporepressor;
WT, dimeric wild-typeTrp aporepressor containing residues 2-108.

FIGURE 1: Ribbon diagram of full-length WTTrp repressor from
the X-ray crystal structure (12). The [2-66]2 TR variant spans
helices A, B, C, A′, B′, and C′, shown in the wider ribbons; the
terminal residues, 66 and 66′, are indicated by the black spheres.
The single tryptophan remaining in core fragment, Trp-19, is shown.
This figure was generated using Molscript v1.4 (51).

Scheme 1

F(t) ) F∞ + ∑
i)1

N

∆Fi exp(-kit) (1)
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exponential term, with rate constants forkIN or kNI (Scheme
1). The Savuka 5.0 program was used for globally fitting
data sets as a function of temperature or urea, as described
in Results.

At sub-micromolar monomer concentrations, the refolding
kinetic response of [2-66]2 TR required fitting to two kinetic
phases to describe the SF-FL traces withkIN as the first-
order rate constant andkUI is the second-order rate constant
(Scheme 1). Data at a given temperature were fit globally
to the differential equations describing second- and first-
order rate constants in a sequential set of reactions by
numerical methods (18, 19); the equations included the values
of the unfolding rate constants (kIU andkNI). In this analysis,
data at three monomer concentrations were used: 0.1, 0.2,
and 0.4 µM or 0.2, 0.3, and 0.4µM monomer. Under
conditions of small perturbations, the expression for a
second-order reaction can be reduced to an exponential form
(20). At the sub-micromolar concentrations used and 1 M
urea, the change inFapp for I2 is e30% (calculated from a
∆G°(H2O) ) 10.3 kcal mol-1 for a standard state of 1 M
monomer and anm value of 1.2 kcal mol-1 M-1; preceding
paper in this issue). When the data at 0.2 and 0.4µM
monomer were fit globally as a function of temperature, a
sum of two exponentials were used to approximate the values
for kUI andkIN. This equation requires fewer parameters than
obtaining numerical solutions to the differential equations
necessary to describe the kinetic mechanism of Scheme 1.

RESULTS

[2-66]2 TR contains one tryptophan per monomer, Trp-
19, which is completely buried in the dimer interface (Figure
1), and makes several interdimer contacts in the folded form
of WT TR (12, 13). The intrinsic tryptophan fluorescence
response, monitored by SF-FL, for both the folding and
unfolding reactions, monitors the development of tertiary and
quaternary structure; the kinetics determined by SF-FL are
similar to that seen by SF-CD, which monitors the develop-
ment of secondary structure (preceding paper in this issue).
However, the much larger signal-to-noise ratio of SF-FL
permits direct detection of the very rapid 2Uf I2 reaction.
Therefore, rapid mixing fluorescence techniques were used
exclusively to monitor the folding and unfolding reactions
of [2-66]2 TR as a function of temperature and urea in the
present study.

In refolding jumps, at temperatures below 20°C and sub-
micromolar monomer concentrations, a second-order reaction
for the dimerization of [2-66] TR monomers can be detected
by SF-FL (Figure 4 of the preceding paper in this issue).
When the data are fitted globally as a function of monomer
concentration, an association rate constant can be determined;
at 1.0 M urea, from 7 to 17°C, this rate is on the order of
108 M-1 s-1 (preceding paper in this issue).

Thermodynamic Properties of the Transition State of the
2U f I2 Reaction. The temperature dependence of the
second-order rate constant was examined by global fitting
of the SF-FL data collected at 0.2 and 0.4µM monomer,
over a temperature range of 7 to 17°C. A set of 27 traces
was fitted to eq 1 with an Arrhenius description of the rate
constants:

The values of ln(Ai) for the second-order reactions were
linked only for data collected at the same monomer
concentration; for the first-order reactions, the value of ln-
(Ai) was either linked only within a given monomer
concentration or linked globally over both monomer con-
centrations, with similar results. The values ofEa were
treated as global parameters for all monomer concentrations.
The results are shown in Figure 2. For comparison, the
values ofkUI andkIN from local fits to the model shown in
Scheme 1, in which the differential equations describing the
first- and second-order rate constants were solved by
numerical methods (19), are also shown. The global fits,
using a sum of two exponentials are in excellent agreement
with local fits employing the more precise differential
equations for describing a second-order reaction (18, 20).

The global analysis of the data yielded anEa value of 13.5
( 0.1 for the second-order rate constant. The value ofEa

can be used to predict a rate constant at 25°C and 1 M urea
of 7 × 108 M-1 s-1 for the 2U f I2 reaction. Since in
solution and at constant pressureEa ) ∆H°q + RT(21), ∆H°q

is estimated to be 12.9 kcal mol-1 under these conditions
(Table 1).

Estimates of∆G°q and ∆S°q depend on the relationship
between the observed rate constant and∆G°q. Transition-
state theories postulate that

though there are different definitions of the preexponential
term. In the Eyring formalism (22), ka ) kBT/h, wherekB

andh are the Boltzmann and Planck constants, respectively.
In the Kramers formalism (23), ka ) κ0/η, whereκ0 is the
rate constant in the absence of a barrier andη is the solvent
viscosity. Although the Eyring equation has often been
employed to relate kinetic and thermodynamic parameters
in monomeric protein folding reactions (e.g. refs3-10and
24), the Kramers model is particularly appropriate for an
association reaction in solution. For a diffusion-controlled,ln(ki) ) ln(Ai) - Ea,i/RT (2)

FIGURE 2: Temperature dependence of the second-(circles) and first-
order (squares) folding reactions of [2-66]2 TR. Stopped-flow
fluorescence data were collected at 0.2 and 0.4µM monomer at 7,
10, 12, 15, and 17°C. The observed rates, from local fits to a 2U
f I2 f N2 model, are represented by the data points. The solid
lines represent the global fits of the data, using an Arrhenius-type
parametrization of the temperature dependence (eq 2). Conditions:
1 M urea, 10 mM potassium phosphate, 0.1 mM EDTA, pH 7.6.

kobs) ka exp(-∆G°q

RT ) ) ka exp(-∆H°q

RT ) exp(∆S°q

R ) (3)
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second-order reaction, a theoretical maximal rate constant
can be calculated to substitute forκ0/η in the Kramers
equation. In a diffusion-collision model, the diffusing
monomers are represented as spheres with uniformly reactive
surfaces with no electrostatic component to their interaction
(20, 25). The upper limit of the rate constant for the
diffusion-limited association of a dimeric system, in the
absence of a barrier, can be obtained using the Einstein-
Smoluchowski relationship:

This equation reflects the fact that the rate constant for a
homodimeric association reaction is half that of a het-
erodimeric reaction (20). This yields a value of∼3.3× 109

M-1 s-1 for a homodimer, at 25°C in aqueous solution (26).
The inclusion of an attractive electrostatic component would
enhance the theoretical maximal association rate. However,
the association of WT TR is unaffected by ionic strength,
suggesting that electrostatic interactions are not important
in the association of TR monomers (52).

Usingka ) 3.3× 109 M-1 s-1 in eq 3, and the∆H°q value
estimated from the data in Figure 2, the values of∆S°q and
∆G°q at 1 M urea are estimated to be 40 cal mol-1 K-1 and
0.92 kcal mol-1, respectively (Table 1). The Eyring formal-
ism reflects an extreme upper limit for the value ofka, and
Table 1 also shows the∆S°q and ∆G°q values calculated
using a preexponential factor ofkBT/h. The ∼1000-fold
higher value ofka increases the value of∆G°q to 5.4 kcal
mol-1 and decreases the∆S°q term to 25.2 cal mol-1 K-1.

Unfortunately, the limited temperature range over which
data could be collected prevented any meaningful fitting of
the data to a more complicated model that explicitly
recognizes the contribution of∆Cp°q to the activation
enthalpy and entropy (such as in eqs 6 and 7 as follow).

Thermodynamic Properties of the Transition State between
the I2 and N2 Species. (a) Analysis.To monitor the I2 h N2

folding and unfolding reactions, data were collected at 7µM
monomer, where the preceding second-order folding reaction
is complete in the stopped-flow dead time. For both the
folding and unfolding reactions, data were collected not only

as a function of temperature but also as a function of urea,
resulting in a matrix of urea/temperature conditions. This
permits the determination of the urea dependence, if any, of
the thermodynamic properties of the transition state, and the
extrapolation of these properties to a standard state of 0 M
urea. The data were analyzed by both axes of the matrix,
i.e. as a function of urea at a given temperature and as a
function of temperature at a given urea concentration.

The urea dependence of the folding or unfolding rates, at
a particular temperature, was globally fitted to the equation:

whereki(H2O) is the rate constant of the folding or unfolding
reaction in the absence of urea andmi

q reflects the sensitivity
of the reaction to denaturant. Equation 5 was also used to
describe the urea dependence ofkIN andkNI from the local
fits of the data to eq 1.

The temperature dependence, at a given final urea con-
centration, was parametrized according to the Eyring formal-
ism (3, 4, 27) in the following manner:

whereT° was chosen as 298 K, andA-C are defined by
thermodynamic parameters as

Equations 6 and 7 were used to extract thermodynamic
parameters for the transition states of the I2 h N2 reactions
from the rates determined from local fits to eq 1, as well as
to fit globally SF-FL traces at several temperatures and a
particular urea concentration. In global analyses, using either

Table 1: Thermodynamic Parameters Describing the Transition States of the Folding Reactions of [2-66]2 TRa

reacn and
formalism

∆H°q

(kcal mol-1)
∆S°q

(cal mol-1 K-1)
∆Cp°q

(cal mol-1 K-1)
∆G°q

(kcal mol-1)

2U f I2
a

Kramers 12.9 (0.1) 40 ND 0.9
Eyring 12.9 (0.1) 25.2 ND 5.4

I2 f N2
b

Kramers 18.8 (0.7) 32 (4) -290 (50) 9.7 (0.4)
Eyring 18.8 (0.7) 14 (2) -290 (50) 15.3 (0.6)

N2 f I2
c

Kramers 16.56 (0.08) 15.6 (0.4) 396 (3) 11.9 (0.3)
Eyring 16.56 (0.08) -3.17 (0.08) 396 (3) 17.5 (0.4)

a T° ) 298 K. Standard deviations are given in parentheses.b The∆H°q value is from global fitting of data in Figure 2 to an Arrhenius temperature
dependence (eq 2). The values of∆G°q and∆S°q are dependent on the formalism employed to relate the rate constant to the activation energy; they
have been calculated settingka ) 3.3× 109 M-1 s-1 andka ) kBT/h ) 6.2× 1012 s-1, as in the Kramers and Eyring formalisms, respectively.c The
temperature dependence of all the SF-FL traces at a given urea concentration (from 0.75 to 2.0 M urea) were globally fitted to eqs 6 and 7. There
was no discernible urea dependence for∆Cp°q. The values of∆H°q, ∆S°q, and∆G°q are derived from a linear dependence of the parameter on urea
concentration and represent the predicted value in the absence of urea. The values of∆G°q and∆S°q were determined using theka of the Eyring
formalism andka ) 5 × 108 s-1 from the Kramers formalism.d All of the SF-FL data in a matrix of 94 urea and temperature conditions were
globally fitted to eqs 6 and 7. The values of∆S°q or ∆Cp°q were treated as global parameters independent of urea concentration. The value of∆H°q

was allowed to vary with the urea concentration. The∆H°q and∆G°q values represent linear extrapolations of values to 0 M urea. Theka values
are the same as those used for the first-order folding reaction.

ka/(M
-1 s-1) ) 4RT

3η
(4)

ki ) ki(H2O) exp(-mi
q[Urea]

RT ) (5)

ln(ki/T) ) A + B(T°/T) + C ln(T°/T) (6)

A )
∆S°q(T°) - ∆Cp°

q

R
+ ln(kB

h ) (7a)

B )
∆Cp°

q - ∆H°q(T°)/T°
R

(7b)

C )
-∆Cp°

q

R
(7c)
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eq 5 or 6, the spectral properties of the I2 and N2 species
(related to the termsF∞ and ∆Fi in eq 1) were treated as
local fitting parameters for each kinetic trace.

(b) I2 to the Transition StatesRefolding Reaction.A
subset of the locally fitted values ofkIN for the first-order
refolding reaction is shown, plotted as a function of urea
and temperature, in Figure 3A,B, respectively. The lines in
Figure 3A represent the global fits of the data, at a given
temperature, to eq 5. When the observed rates are plotted
as a function of urea concentration, an exponential depen-
dence is observed, described by a singlemq value (eq 5).
This simple response is consistent with a single reaction
converting I2 to N2, with no additional dimeric intermediates.
While a singlemq value describes the urea dependence of
kIN at a given temperature, from 5 to 35°C, there is a
significant temperature dependence of themq values for this
reaction (Figure 4). Themq value ranges from 0.29 kcal
mol-1 M-1 at 5-10 °C to 0.61 kcal mol-1 M-1 at 25-35
°C. When the values of ln(kIN/T) are plotted as a function

of 1/T (Figure 3B), a small but significant curvature is seen.
Nonlinearity in such plots has been attributed to a change in
buried surface area and a significant value of∆Cp°q (e.g.
refs 3-10).

The data were fitted using three strategies to compare the
results of local and global fits. (1) Each kinetic trace was
fitted individually to a single exponential, and the observed
values ofkIN at a given urea concentration were then fit to
eqs 6 and 7 to describe the temperature dependence of the
local fits. (2) Kinetic traces at several urea concentrations
and a given temperature were fitted to eq 5. This yielded
values ofkIN(H2O) as a function of temperature, which were
then fitted to eqs 6 and 7 to obtain values of∆H°q, ∆S°q,
∆G°q and∆Cp°q in the absence of urea. (3) Kinetic traces
collected from 5 to 35°C and a given urea concentration
were globally fitted to eqs 6 and 7. The results of these
three fitting methods are in good agreement and are shown
in Figure 5.

The results of the global fits are shown in Table 1 and
represent the thermodynamic parameters in the absence of
urea. The enthalpic contribution to the barrier is large and
positive, 18.8 kcal mol-1. The values of∆S°q and ∆G°q

are given using aka valued derived from both the Eyring
and Kramers formalisms; for the latter, a value of 5× 108

s-1 was used forκ0/η, based on model peptide data (28, 29).
The values for∆S°q and∆G°q range from 14 to 32 cal mol-1

K-1 and from 10 to 15 kcal mol-1, respectively.
When the data are fit as a function of temperature or urea

(method 1 or 3 above), there is a clear linear dependence of
∆S°q and∆H°q, and thus∆G°q on urea concentration (Figure
5). The slopes describing the linear urea dependence of∆S°q,
∆H°q and∆G°q are-9 cal mol-1 K-1 M-1, -1.9 kcal mol-1

M-1, and 0.54 kcal mol-1 M-1, respectively. The∆Cp°q

between I2 and the transition state appears to be independent
of denaturant concentration (data not shown).

In the absence of urea at 25°C, the value of∆G°q is
determined largely by the magnitude of∆H°q. The entropic
contribution decreases the free energy barrier between I2 and
N2, though not as greatly as seen for the 2Uf I2 reaction.
There is a significant burial of surface area between I2 and
the transition state, corresponding to a∆Cp°q value of-0.3
kcal mol-1 K-1 (Table 1).

(c) N2 to the Transition StatesUnfolding Reaction.The
values ofkNI for the unfolding of N2, determined from local

FIGURE 3: Urea and temperature dependence of the first-order
refolding reaction of [2-66]2 TR monitored by stopped-flow
fluorescence. (A) Urea dependence of [2-66]2 TR folding reactions.
The data points represent the local fits of the kinetic traces to a
single exponential. Data were collected at 2.5°C intervals from 35
to 5 °C; for clarity, only the data at 35, 30, 25, 20, 15, 12.5, 10,
7.5, and 5°C are shown. The lines represent the global fits of the
data at a given temperature to eq 5. (B) Temperature dependence
of the folding reactions of [2-66]2 TR collected at every 0.25 M
urea from 0.75 to 2 M. The values ofkIN (H2O) (9) were determined
from the global fits of the data in panel A to eq 5. Representative
local fits to a single exponential are also shown, at 1.0 and 1.75 M
urea (∆ andO, respectively). The solid lines represent fits of the
data points to the Eyring equation (eq 6). The dashed lines for the
1.0 and 1.75 M data are the results of global fitting of the data at
a single urea concentration to eq 6. Conditions: 7µM monomer,
10 mM potassium phosphate, 0.1 mM EDTA, pH 7.6.

FIGURE 4: Temperature dependence of themq value for the folding
reaction. The values were obtained from global fits of the data at
a given temperature to eq 5. The line is drawn to guide the eye.
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fits of SF-FL traces to a single exponential, are shown as a
function of urea in Figure 6A. Like the I2 to N2 folding
reaction, thekNI values depend on the urea concentration in
a simple exponential manner. There is no temperature
dependence of themq value for this reaction, unlike that seen
for the first-order folding reaction. The lines in Figure 6A
represent the global fits of the data, at a given temperature,
to eq 5, with a global value formq. The averagemq value,
derived from fits ofkNI at a single temperature to eq 5, is
-0.175( 0.03 kcal mol-1 M-1; the mq value determined
from global fitting is-0.175( 0.001 kcal mol-1 M-1. The
values ofkNI(H2O) and a subset of locally fittedkNI values
are plotted as a function of temperature in Figure 6B. The
nonlinear behavior of ln(kNI/T) as a function of 1/T implies
a nonzero value for∆Cp°q. The urea dependence of the
thermodynamic properties yielded by the different fitting

methods (as described above for the I2 to N2 reaction) are
shown in Figure 7. The scatter for and error of the data are
highest for the 7.0 M data set because of a smaller
temperature range over which data could be collected (35
to 12.5°C) owing to the marginal solubility of the unfolding
buffer (9-10 M urea) at low temperatures.

Fitting the data as a function of only temperature or urea
shows that there is no urea dependence of∆Cp°q (data not
shown). There is a small but significant urea dependence
for the ∆G°q values, requiring that there must be a slight
urea dependence on the∆H°q and/or ∆S°q values that is
obscured by the scatter in the data. To ascertain the urea
dependence of the∆H°q and/or∆S°q terms, the entire matrix
of data was fit to eq 6, with∆Cp°q globally linked over all
urea concentrations; only the∆H°q and/or∆S°q values were
permitted to vary with urea concentration. The most
satisfactory fit, as judged by the reducedø2 values, was
obtained when all of the urea dependence was placed on the
∆H°q parameter. Forcing the∆S°q term to be urea inde-

FIGURE 5: Urea dependence of the∆S°q (A) and ∆H°q (B) and
∆G°q (C) values describing the transition state of the I2 f N2 first-
order folding reaction. Key for all panels:b, traces fit individually
to a single exponential and the values ofkobs at a single urea
concentration fitted to an Eyring temperature dependence (eq 6);
‚‚‚, linear urea dependence of locally fittedb data points;0,
temperature dependence of all traces at a single urea concentration
fit simultaneously to eq 6; --, linear urea dependence of locally
fitted 0 data points;(, value fitted from the temperature dependence
of kIN(H2O). For panel A, errors are shown or are equivalent to the
size of the data points. For ease of viewing, error bars are not
included in panels B and C; the average error for theb and( data
points are 20-30%. The average error for the globally fitted0
data points is<1% for ∆H°q and∆G°q.

FIGURE 6: Urea and temperature dependence of the unfolding
reaction of [2-66]2 TR monitored by stopped-flow fluorescence.
(A) Urea dependence of [2-66]2 TR unfolding reaction. The data
points represent the local fits of the kinetic traces to a single
exponential. Data were collected at 2.5°C intervals from 35 to 7.5
°C. The lines are the result of global fits of the data to eq 5 as
described in the text. (B) Temperature dependence of the unfolding
reaction of [2-66]2 TR. The values ofkNI(H2O) (9) were
determined from the global fit of the data in panel A to eq 5.
Representative unfolding data, locally fit to a single exponential,
are also shown, 5.5 and 6.5 M urea (∆ andO, respectively). The
solid lines represent fits of the data points to the Eyring equation
(eq 6). The dashed lines for the 5.5 and 6.5 M data are the results
of global fitting of all the data (5.25-7.0 M urea) simultaneously
to eq 6. Conditions are given in caption of Figure 3.

Transition States in a Dimeric Folding Reaction Biochemistry, Vol. 37, No. 45, 199816005



pendent did not increase the reducedø2 value over that
obtained when both thermodynamic parameters were treated
as urea dependent. When only the∆S°q values were allowed
to vary with urea, i.e.∆H°q was globally linked and urea
independent, the reducedø2 value was 3-fold higher than
the most satisfactory fit.

The results of the global analysis (∆Cp°q and ∆S°q urea
independent) are represented by the solid lines in Figure 7,
and presented in Table 1. The values of the∆H°q and∆G°q

parameters, extrapolated to 0 M urea, agree very well with
the values obtained from fitting of thekNI(H2O) data to eq 6
(Figure 7). The results of this global fit for two representa-
tive urea concentrations are also shown in Figure 6B; the
results of the local and global fits are in good agreement.

The urea dependence of∆H°q and∆G°q are both-0.16
kcal mol-1 M-1. In the absence of urea, the∆H°q term,
16.56 kcal mol-1, is the major determinant of the relative
free energy of the transition state, 12-18 kcal mol-1,
depending on the choice ofka. The value of∆S°q ranges
from -3 to +16 cal mol-1 K-1.

Thermodynamic Differences and Changes in SolVent
Accessible Surface Area between I2 and N2. The difference
in the thermodynamic properties between N2 and I2, at 0 M
urea, can be calculated from the data in Table 1 and Figures
5 and 7, given that

whereY is the enthalpy, entropy, heat capacity, or Gibbs
free energy parameter. Such analyses yield∆H°NI and∆S°NI

values of -2.3 kcal mol-1 and -17 cal mol-1 K-1,
respectively. Surprisingly, there is a small favorable enthalpy
contribution for the unfolding of N2, but this is more than
offset by a large negative value of∆S°NI. The entropic
penalty presumably arises from the hydrophobic effect and
the ordering of solvent around hydrophobic surfaces that are
exposed in I2. The free energy difference between N2 and
I2, 2.3-2.6 kcal mol-1, is in very good agreement with that
determined from the urea dependence of folding and unfold-
ing data at 25°C, 2.5 kcal mol-1 (Table 1 of the preceding
paper in this issue).

The heat capacity change upon unfolding of N2 to I2 is
relatively large,∼700 cal mol-1 K-1. From the relationship
between∆Cp° and changes in solvent accessible surface area
(∆ASA) (30), the ∆Cp° value for the N2 to I2 reaction
corresponds to∼4100 Å2. An m value of 0.78 kcal mol-1

M-1, previously determined at 25°C for the N2 to I2 reaction
(preceding paper in this issue) implies an∆ASA of ∼3700
Å2 (30). The good agreement between these two estimates
of ∆ASA increases the confidence in the accuracy of the
result.

DISCUSSION

Appropriate Models for Thermodynamic Analysis of
Transition States in Protein Folding Reactions.The deter-
mination of∆G°q, and thus∆S°q, depends on the choice of
the formalism and its preexponential factor (ka in eq 3). In
contrast, the values of∆H°q and ∆Cp°q are not dependent
on the value ofka (eqs 6 and 7). The most commonly used
formalism is that of Eyring, whereka is assumed to bekBT/
h. However, this equation was derived for a very simple
gas-phase reaction, and its applicability to the complicated
processes of a protein folding reaction in solution is
questionable. The Kramers equation (23) is an alternative
theory that explicitly quantifies a diffusive component in the
free energy barrier, especially pertinent for a second-order
association reaction.

FIGURE 7: Urea dependence of the thermodynamic properties of
the transition state in the N2 f I2 unfolding reaction. Errors or
standard deviations are shown or are equivalent to the size of the
data points. Key for all panels:b (obscured in panel C), traces fit
individually to a single exponential and the values ofkNI at a single
urea concentration fitted to an Eyring temperature dependence (eq
6 and 7);0, temperature dependence of all traces at a single urea
concentration fit simultaneously to eqs 6 and 7;2 and∆, average
of the local fits (∆S°q and∆H°q) or linear extrapolation of the local
fits to 0 M urea (∆G°q) for the data represented by theb and0
symbols, respectively;(, value fitted from the temperature depen-
dence ofkNI(H2O) and representing the value at 0 M urea. The
data points represented by the2, ∆, and( symbols are either urea
independent or the values at 0 M urea; they are plotted at arbitrary
urea concentrations for comparison purposes only. Panel A: The
values of∆S°q from the various local and global fitting methods.
The solid line represents the value obtained from the global fit of
the data at all urea concentrations and temperatures, where∆Cp°q

and ∆S°q were treated as urea independent, globally linked
parameters. The values of∆H°q (B) and ∆G°q (C) are from the
various local and global fitting methods. The results of the global
fit of all data (with ∆Cp°q and ∆S°q were treated as urea
independent, globally linked parameters) are represented by∇; the
solid lines represent the linear urea dependence of global fit. The
arrows to the left ordinate represent the value for a linear
extrapolation of globally fitted data (∇) to 0 M urea.

∆Y°NI ) ∆Y°q
NI - ∆Y°q

IN (8)
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In the application of the Kramers formalism to protein
folding, theκ0 term of the preexponential factor reflects the
maximal rate constant for a diffusive reaction in the absence
of a barrier (31, 32). For a bimolecular reaction, such as
2U f I2 for [2-66]2 TR, a plausible estimate forκ0/η can
be calculated from a diffusion-collision model (see Results),
yielding a value 3.3× 109 M-1 s-1 at 25°C. However, the
appropriate value ofκ0 for an intramolecular folding reaction
is unclear; the increase in the local concentration caused by
the linking of two chains may enhance the value ofκ0, while
excluded volume or chain restriction effects may reduce this
value. Experimental results from peptide models forR-helix
andâ-hairpin formation, as well as the folding of cytochrome
c, suggest thatκ0 should be in the range of 106-109 s-1 for
an intramolecular folding reaction (28, 29, 32).

Transition State for a Nearly Diffusion-Limited Association
Reaction. A purely diffusion-limited association reaction in
aqueous solvent, between two identical spherical proteins
with uniformly reactive surfaces, should proceed with a rate
of 3.3 × 109 M-1 s-1 (26). This rate constant reflects the
diffusional macrocollision process of two molecules that are
initially far apart in solution. This number is smaller than
the total frequency of collisions, including microcollisions,
∼1011 M-1 s-1 (20, 25). This enhancement reflects the cage
effect of a liquid media, which enhances the probability of
subsequent collisions after the initial macrocollision. Thus,
one could write an expanded mechanism for the dimerization
of [2-66]2 TR as shown in Scheme 2, in which a rapid
equilibrium between unfolded and folded monomers (U and
M, respectively) precedes formation of a loose encounter
complex that either disassociates or rearranges/folds to a
tighter, more stable complex, I2.

For WT TR, the monomeric species does fold prior to
association (33, 34); a stable monomeric form of [2-66]
TR can also adopt helical structure and has an apparent
stability of ∼1 kcal mol-1 (53). The folded monomers of
WT TR bind ANS (33, 34), suggesting the presence of
hydrophobic surfaces in the M species of Scheme 2. These
putative hydrophobic surfaces on folded monomeric [2-66]
TR may enhance the rebinding of partially dissociated
monomers in the encounter complex, effectively promoting
a two-dimensional diffusion of one monomer over the surface
of the other. Such a reduction in dimensionality is well-
known for the association of DNA-binding proteins and
DNA, which has been described as the one-dimensional
sliding of cationic proteins along polyanionic DNA (25). An
analogous phenomena, using hydrophobic surfaces, may be
operative in some protein folding reactions.

The broad thermal transition seen for the folding of the
full-length TR monomer (34) suggests that the enthalpy
change for this reaction in [2-66] TR monomers may be a
small, negative value. The presumed, rapid preequilibrium
(KEQ in Scheme 2) will contribute to the apparent activation
enthalpy for the rate-limiting second-order step through its
influence on the temperature dependence of the concentration
of association-competent monomers, M. The activation
enthalpy for a diffusive process,kmacro in Scheme 2, should

derive predominantly from the friction of water, which is
∼4 kcal mol-1 (35). Therefore the observed 12.9 kcal mol-1

enthalpic barrier for the association of [2-66] TR monomers
must reflect a significant, positive contribution from thekmicro

reaction. The positive value of∆H°q for a folding reaction
implies that the hydrophobic effect is the dominant deter-
minant of the magnitude of this barrier (36).

The∆S°q value calculated for the dimerization reaction is
substantial and positive, 25-40 cal mol-1 K-1, depending
on the formalism employed (Table 1). There are three
expected contributions to the entropic component of a
dimeric protein folding reaction: (1) a decrease in entropy
from the loss of side-chain and backbone freedom of∼6
cal K-1 mol-res-1 (37); (2) an increase in the entropy of the
solvent arising from the hydrophobic effect (38); and (3) a
decrease in entropy from the reduction in molecularity of
the system, i.e. two molecules becoming one, that has been
estimated to be∼13-15 kcal mol-1 at 298 K (26). The
favorable∆S°q term for the 2Uf I2 reaction suggests that
the removal of hydrophobic side chains from the solvent is
the major contribution to the magnitude of the entropic
component of the transition state.

The activation free energy for the association reaction, 0.9
kcal mol-1 or ∼1.5RT, is at the lower limit of what is
expected for a simple exponential response (32, 39). This
result suggests that the estimate forka may be too small. A
possible enhancement forka is a long-range hydrophobic
effect, such as that reported for hydrophobic monolayers (40,
41). This behavior would be analogous to the enhancement
expected for Coulombic forces and may operate at distances
of 10-35 Å.

Comparison with the Transition States of Other Dimeric
Folding or Association Reactions.Activation energies have
also been measured for other protein folding dimerization
reactions that are partially diffusion-controlled. The ho-
modimeric P-22 Arc repressor folds in an apparently two-
step process, with a second-order rate constant of 1.4× 107

M-1 s-1 at 26°C (11). The∆H°q value for this reaction is
∼8 kcal mol-1 at 25°C (calculated from data in Table 1 of
ref 11). The enthalpic contribution to the barrier is lower
than that exhibited by [2-66]2 TR; however, the transition
state of P-22 Arc contains a much smaller entropy term, 0.2
cal mol-1 K-1 (employing the Eyring formalism) as com-
pared to∼30 cal mol-1 K-1 for [2-66]2 TR. The net result
is an activation free energy for folding that is∼8 kcal mol-1.

The S-peptide of RNase A associates with the folded S
protein with a rate of∼2 × 107 M-1 s-1 at 25°C (42, 43).
The enthalpy for this transition state,∼10 kcal mol-1, like
those of P-22 Arc and [2-66]2 TR, exceeds that expected
for the friction of water by 2- to 3-fold. It is proposed that
the RNaseS* association reaction, though its rate approaches
the diffusion limit and displays a viscosity effect, is limited
by folding (kmicro component of Scheme 2) rather than
encounter-limited (kmacro) (43). For the association of [2-66]
monomers, which proceeds with a rate constant∼30 times
greater, the apparent second-order rate constant is less likely
to be affected by contributions ofkmicro that may involve
folding processes in the encounter complex.

The association reactions of both the P-22 Arc monomers
and the S peptide and S protein exhibit substantial∆Cp°q

values,-0.9 and-0.7 kcal mol-1 K-1, respectively (11, 43).
The negative values are consistent with the burial of

Scheme 2
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hydrophobic surface area in the folding reaction. Unfortu-
nately, thekUI rate constant for [2-66]2 TR was too great to
monitor over a sufficiently broad temperature range to
accurately determine∆Cp°q from plots of ln(k) vs 1/T.

Urea and Temperature Dependence of the Properties of
the I2 h N2 Transition State.The values ofmq and∆Cp°q

are expected to correlate with changes in∆ASA between
the initial species and the transition state which links it to
the final species in the reaction (30, 44, 45). In the unfolding
reaction, which monitors the changes between N2 and the
transition state, neither of these parameters vary within the
urea/temperature matrix. The temperature independence of
mq

NI and the urea independence of∆Cp°
q
NI strongly suggest

that the unfolding transition state does not shift on the energy
surface, relative to the native state, as a function of
temperature or urea.

In contrast, themq value for the refolding reaction has a
marked temperature dependence. The value ofmq

NI in-
creases by a factor of∼2 from 5 to 35°C, though this change
is not monotonic (Figure 4). There is no discernible urea
dependence of the∆Cp°

q
NI term. Because the transition

state observed in the unfolding reaction does not move on
the energy surface, it is likely that the temperature depen-
dence ofmq

NI is the result of the movement of I2 on the
energy surface. Presumably, I2 is somewhat thermally labile
and undergoes a transition to a more open form between 10
and 22°C (Figure 4).

The N2 f I2 unfolding reaction exhibits a urea independent
∆S°q and a very small urea dependence for∆H°q and∆G°q,
-0.16 kcal mol-1 M-1 (Figure 6). The urea dependence of
the∆H°q parameter has been proposed to correspond to the
enthalpy released or absorbed upon urea binding,∆H°q

bind
(4). Urea binding to an unfolded protein has an enthalpy of
-2.2 kcal mol-1 M-1 and an entropy of-12.9 cal mol-1

K-1 M-1 (46); similar values of∆H°q
bind and∆S°q

bind, -2.9
kcal mol-1 M-1 and-15.4 cal mol-1 K-1 M-1, respectively,
were found for the binding of urea to the transition state in
the unfolding of theRTS (4). Unlike the values for∆G°q

and ∆S°q, the urea dependence of these parameters, i.e.,
∆G°q

bind and ∆S°q
bind, do not depend on the formalism

chosen to relate the rate constant to the activation energy.
The order of magnitude lower value of∆H°q

bind for the
interaction of urea with the unfolding transition state of
[2-66]2 TR suggests that the accessibility of the backbone
to urea in the transition state is similar to that in N2 and that
urea is binding in a manner different from that observed for
an unfolded protein. A different mechanism of urea binding,
such as to side chains, particularly those on the surface (47,
48), may be operative. This interpretation is consistent with
the very low ∆ASA seen between N2 and the unfolding
transition state. The ratio of themq

NI and them value for
the complete unfolding of [2-66]2 TR (2.0 kcal mol-1 M-1;
ref 14) is 0.088, meaning that less than 10% of the surface
area buried in N2 has been exposed to solvent in the transition
state.

In contrast, the values of∆S°q and∆H°q for the I2 f N2

folding reaction show a strong urea dependence. The values
of ∆S°q

bind and ∆H°q
bind are -8.5 ( 0.5 cal mol-1 K-1 and

-1.9 kcal mol-1 M-1. These values are similar to those seen
for urea binding to unfolded proteins (46), suggesting that

the backbone is partially nonhelical and exposed to solvent
in I2. The far-UV CD signal of I2 is ∼30% lower than that
of N2, consistent with this interpretation. Comparison of the
enthalpy of urea binding on the folding and unfolding sides
of the transition state suggests that most of the denaturant
dissociates from I2 when the transition state to N2 is reached.

Location of the Transition State with Respect to I2 and
N2. Insights can be gained from the relative position of the
transition state and its similarity to the native species, with
respect to buried surface area, by examining the value ofR
(44):

where X is either the∆Cp°q or mq value. An R value
approaching 1 indicates that the transition state is very
nativelike; conversely, a value nearer to 0 indicates that the
transition state is more like the intermediate. TheR value
derived from themq value is 0.76 at 25°C (preceding paper
in this issue), though it decreases to 0.62 below 10°C. The
R-value, from the∆Cp°q values, is substantially smaller, 0.43.
The inconsistencies between these twoR values presumably
arise from the different responses ofmand∆Cp° to the burial
of hydrophilic surface area. The values of both parameters
are dominated by a positive contribution for the burial of
hydrophobic surface area (49, 50). However, there is a small,
negative contribution to∆Cp° from the burial of polar
surfaces; in contrast, the sign of the small contribution to
them value from burial of polar surfaces is positive. Thus,
the m value reflects the burial of the total surface area,
whereas∆Cp° is modulated by the nature of the buried
surface. For protein folding reactions whereR values from
both∆Cp°q andmq values have been reported, most exhibit
a discrepancy between these two values. For example, the
∆Cp°q R values are lower than those from themq value for
chymotrypsin inhibitor 2 (5, 7), the Fyn SH3 domain (9),
and cold shock protein B (8).

TheR value determined from the urea-dependence of the
rate constants forRTS is a more reliable measure of the
position of the transition state along the reaction coordinate
than that measured from the heat capacity. Themq values
are more accurately determined than the∆Cp°q values and
are proportional to the total buried surface area. Furthermore,
if the I2 state shifts along the reaction coordinate as proposed,
the interpretation of∆Cp°q becomes complicated. Therefore,
although theR value decreases from 0.76 at 25°C to 0.62
at 10 °C, the transition state remains relatively nativelike.

Reaction Profile for the Folding of [2-66]2 TR. From
the data presented in this paper and the previous reports on
the equilibrium and kinetic mechanisms of the folding of
[2-66]2 TR (14; preceding paper in this issue], it is possible
to construct reaction profiles for the folding of this dimeric
subdomain (Figure 8). The data are presented at the standard
state of 298 K and 0 M urea, except for TSIU, for which
data could only be collected at 1.0 M urea (preceding paper
in this issue). Because the values of∆S°q and ∆G°q are
dependent on the choice of formalism and preexponential
factor, the profiles for both the first- and second-order
reactions are shown using two limits for the prefactor. An
upper limit is given by using the Eyring model, withkBT/h

R )
Xq

IN

Xq
IN - Xq

NI

(9)
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) 6.2 × 1012 s-1 (Figure 8B) as the preexponential factor.
Alternatively, a lower limit can be employed using the
Kramers’ model (Figure 8A) with preexponential values of
3.3 × 109 M-1 s-1 for the second-order reaction and 5×
108 s-1 for the first-order reaction, as estimated from peptide
models that yielded values of (3-8) × 108 s-1 (28, 29).

For both the NI and IU transition states, using either
formalism, the barriers are dominated by enthalpic contribu-
tions. Particularly for the second-order step, the entropic
contribution lowers the free energy of the barrier, accelerating
the reaction. Entropy also mediates the overall reaction from
I2 to N2, which actually has a slightly unfavorable enthalpy
change. The driving force is the opposite for the 2U to I2

reaction, where the loss of∼50 eu is more than compensated
for by an enthalpy gain of∼24 kcal mol-1.

Summary.The transition-state analyses described herein
elucidate the dominant role of enthalpy in retarding both
subunit association and subsequent rearrangement reactions
in the folding of [2-66]2 TR. The magnitude and sign of
the entropic components reflect the interplay between the
loss of entropy of the polypeptide and gain of entropy for
the solvent in the folding reaction; the latter is the predomi-
nant effect in accelerating the association reaction. The data
also highlight the often opposing contributions of enthalpy

and entropy in determining the free energy surface that
describes the folding of [2-66]2 TR.
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